
●

Eiicl
DOD-HDBK-778 (AR)

18 July 1988

MILITARY HANDBOOK

RECOIL SYSTEMS

METRIC

● AMSMCN/A FSC 10GP
DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

DEPARTMENT OF DEFENSE
WASHINGTON, DC 20301

Recoil Systems

1. This standardization handbook was developed by the Armament Research, Development, and Engi-
neering Center of the US Army Armament, Munitions, and Chemical Command with the assistance of
ether organizations within the Department of the Army.
2. This document supplements department manuals, directives, military standards, etc., and provides

infer.nation on the design of recoil mechanisms for artillery and tank main armament.
3, By using the self-addressed Standardization Document Improvement Proposal (DD Form 1426)

aPPea ring at the end of this document m by letter, beneficial comments (recommendations, additions, or
deletions) and any pertinent data that may be used in improving this document can be forwarded to the
Commander, Armament Research, Development, and Engineering Center, ATTN: SMCAR-ESC-S, Pica-
t’nny Arsenal, NJ 07806-5001.

ii

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

FOREWORD

The purpose of this handbook is to provide guidance
to engineers who design recoil mechanisms for artillery
and tank main armament. The handbook includes fun-
damental principles, newly emerged design methods,
and, most importantly, techniques that use digital com-
puter analysis for automated modeling,
The chapters of the book are organized to present, in

sequential logic, preliminary design methods, basic prin-
ciples for bydropneumatic recoil mechanisms, applica-
tion of these principles to dependent and independent

recoil mechanisms, application of general principles to
tank recoil mechanisms, soft recoil applications, and
novel recoil principles of operation.
This handbook was developed under the auspices of

tbe US Army Materiel Command’s Engineering Hand-
book Program, under tbe direction of the US Army
Management Engineering College. The handhook was
written hy Iutertecb Corporation as subcontractor to
the Research Triangle Institute under Contract No,
DAAG-34-73-C-O05 1.
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CHAPTER 1

INTRODUCTION

This chup[er fntrmluws the reader to the de.vi~n ()/ fitJ/d artillery and tank rwufl nw<honi.sms. 77ze.wope o/
recoil !Tle[llutli.s!tl desi,yn is d[:fined, and irs re[u[ [on 10 drsi~n g(olher .suh.%y.~fet?!.sis identified. The djnami[
ftin[tion.s ofu recoil ore(hunislt, are di.~cussed, und principles upon ~t,hi<h Ihc dC.YIAJtIis had ure illu.s[rutd
Buiunw /u bi’.YO(nlt><hani<.siflWhing n70111enlu111,!iinf,t if f’ncr~y, ufld thCrt?lU/WWr,KVOre .YIul<’d.Und (heir use
in r<>wil t?ie[hot?i.s!rl desi~n is illustrated. 7t,pe.%o/ recoil mwhuni.sms emplo.wd in .fidd arrilk’ry and lank
.s.~,stefl?.~are d<:firwd, and /h(,,/k[[or.s heorinx on [heir selection are dism.we d. Finallk’, a guide [(I suhwquent
[huplfvs 0/’ the handbook is pre.wnle(l.

1-0 LIST OF SYMBOLS
Ah = bore area, m?
B(I) = breech force. N

B([),.,,, = maximum breech force. N
< = specific heat of hydraulic fluid, .l/kg.°C
F = force, N

K(r) = recoil force, N
k’{,= cons[a I1t ideal recoil form. N
L = recoil length, m
/nf = mass of hydraulic fluid, kg
tfr,, = mass of projectile, kg
rtt, = mass of recoiling parts, kg
p, = peak interior ballistic pressure, Pa
AT = temperature change, dcg C

, = ~,me, s
/f = firing time, s

A V = velocity change, m/s
W, = work done due to throttling, J
i,, = velocity of projectile, m/s
.ir = velocity uf recoiling parts, m/s

1-1 GENERAL
The subject of this handbook is the design of recoil mechanisms for gun weapons employed in towed

artillery, self-propelled artillery, and tanks. The state of the art of recoil mechanism design presented in this
handbuuk is representative of weapon systems designed and developed in the mid-1970’s. While the funda-
mental principles arethesame mthctime-hono[-cd techniques employed in recoil mechanism design. a number
ofnewdcsign mctbods have emerged and have rcceiwd wide usesin:et hemid-1960’s. Of primary importance
are techniques that use digital computer analysis to predict weapon dynamics and stress distribution in the
weapon. With these automated modeling techniques, recoil mechanism performance prediction has become
much more rapid. Therefore, considerable attention is dct,oted to computer-aided design techniques in this
hand bouk,
A modcmte knowledge of weapon systems on tbe part of the designer is assumed. For an introduction to

hydraulic equipment and weapon systems, Refs. I to 5 may be consulted. A glossary of the terms used in this
handbook is given at the end of tbe handbook.

●
l-l
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1-1.1 PURPOSE OF THE RECOIL SYSTEM
The function ofa recoil mechanism is to transform extremely high interior ballistic forccsacting onthegun

tube by the high pressure burning propellant, which acts over a period of 5 to 20 ms while the projectile is ●in-bore, into much lower recoil forces acting on the carriage for a longer period (0.2 to 0.5 s). “l-he design
objective is. therefore, attenuation of short duration. very high peak loads into longer duralion loads with
much lower peak values through the dynamic action of tbe recoiling parts.
It would be possible. in principle, to attach the gun tube rigidly to its carriage, thereby exposing the structure

tothefull propellant pressure force which mayexcced 9x 10dN in Iargeguns. However, to bestrongenough to
sustain this tremendous load, the structure would become overwhelmingly large and unwieldy; the expanse of
the base to provide stability, i.e., to prevent hop and to provide structural integrity, would be enormous.
In the practical design oflargecaliber weapons, the tube is permitted to recoil or move back. “l-hepropellant

gas force, instead of being applied directly to the carriage structure. accelerates the tube and other recoiling
parts rearward. This motion is retarded by a controlled recoil force that is exerted on the structure. This Iorcc is
much smaller than the original propellant gas force because it acts over a much greater interval of time and
over an appreciable distance; the longer tbe distance, the smaller the force. The resistance to motion is
provided mostly by the recoil mechanism and partly by sliding friction and the muzzle brake.
The principal method of creating the controlled recoil force in a bydropncumatic recoil mechanism is

throttling a fluid lhrough an orifice that varies in area during the recoil stroke. A piston attached to the
recoiling parts by a recoil rod causes flow of fluid through the orifice. Tbe pressure differcnthl across the
orifice multiplied by the piston area is the recoil force that acIs on the carriage.
The two fundamental technical aspects of recoil mechanism performance—recoiling parts dynamics and

bydmulic fluid throttling—receikc substantial attention in this design handbook. Developments during the
195tYsand 1960’s in thecomputer analysis ofw)eapon dynamics, iluid dynamics, and mechanical stresses have
resulted in a new design technology for recoil mechanisms. Virtually all modern artillery and tank recoil
mechanisms have been designed using computer simulation of the dynamics of’the recoil mechanism to aid in
the decision making. Simulations are used for design support prior to fabrication of hardware, during
prototype testing toestablisb physical pammeters,and during refinement of thedcsignand product improve-
ment. There are many general textbooks available on computer analysis methods associated with dynamics,
fluid mechanics, and stress analysis. Recoil mechanism design. however, embodies a unique combination of ●
technology applications which are not found as an integrated package in the open literature. Therefore, the
purpose of this handbook is documentation of the unique design procedure developed and applied during the
past two decades for a rational design of artillery and tank recoil mechanisms.
In addition to the fundamental dynamic aspects of recoil mechanism design, a number of special purpose

components are used in recoil mechanisms which are not found in common mechanical hydraulic equipment.
These include high pressure hydraulic seals that must operate in ad~erse conditions, translational bearings that
must carry high loads, transient hydraulic fluid behavior at extreme pressures, and transient fluid flow through
and around complex geometric surfaces. In particular, the fluid behavior is still a subject of analytical and
experimental research. Models of recoil mechanisms in the 1980’s will be considerably closer to physical reality
and require much less hardware iteration than those previously used in the digital computer programs
mentioned. These improved models will account for temperature and pressure dependent properties of
hydraulic fluids; effective bulk modulus, allowing for structural expansion; and orifice discharge coefficients
that are Reynolds number, geometry, and time dependent. Furthermore, the selection ofw,hat is an orifice will
no longer be left to “engineering experience” (which has led to some gross errors in the past) but will be
determined by rational computation of fluid flow in tbe recoil mechanism.
The user of present computerized methods should be aware that the methods use experimentally determined

discharge coefficients (determined for maximum impulse conditions at tbc time of design) that are constants.
Thus, their analytical basis is essentially prc- 1950 in its representation of hydraulic knowledge (see Refs. I and
2). This makes the methods extremely susceptible to producing wrong answers when used for conditions
different from the conditions for which the empirical \alues were developed. Tbe dynamic friction of packings
and slides also needs to be modeled rather than using static fric[ ion derived values as is done at presen[. These
areas will need experimental and analytical effort.
Component design pcculiarto recoil mechanisms receives considerable attention. Special components such

as internal buffers. replenishers, floating pistons. and followers have no counterparts in general machine
design; consequently, they are described in detail in this handbook. Wherever subsystem and component
design follows established mechanical design practice, the designer is referred to the classical literature. ●
I -2
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Extreme environmental conditions, such as temperature ranges from -53.9°C to 62.8”C, are also accounted for

●
since they affect design

1-1.2 SCOPE
To be more concrete in the definition of the scope of the design process treated in this handbook, consider

the schematic of a hydropneumatic recoil mechanism shown in Fig. 1-1. Attached to the cannon A is a rod B
with a piston C attached at its forward end. When a round is fired, the recoiling parts A, B, and C move
rearward (the recoil direction). The piston C forces fluid in the the recoil cylinder through the orifice formed
between a throttling plate D and the recoil rod B. The area of this orifice is initially large in order to maintain a
moderate pressure differential across the throttling plate of the rapidly moving fluids. As the recoiling parts
decelerate, resulting in a lower velocity, an increased diameter section of the rod is drawn through the orifice
plate to forma smaller orifice. Thus, even with the lower fluid velocil.y a relatively constant throttling pressure
differential can be created to result in an essentially constant retarding force that brings the recoiling parts A to
rest, ending the recoil stroke.
The fluid forced from the recoil cylinder into the recuperator has moved the floating piston E forward and

compressed nitrogen gas that is located in the recuperator cylinder cavity F. After the recoiling parts come to
rest, this compressed gas acts to force the floating piston E rearward and hence drives the fluid back into the
recoil cylinder and forces the piston C forward, to bring the weaporl back into its original in-battery position
(the counterrecoil cycle). Because there are much lower forces acting during the counterrecoil cycle, the
velocity of the recoiling parts is much Iower than during the recoil stroke. The fluid moves through the orifice
at a lower velocity, so it does not significantly impede counterrecoil motion. in fact, in order to prevent
slamming the recoiling parts back into the forward in-battery position, some form of counterrecoil control
may be required. This may be accomplished by providing counterrecoil orifices or a separate (internal or
external) buffer to slow the recoiling parts as they approach the in-battery position. This completes the
countcrrecoil cycle.
One of the major objectives of recoil mechanism design is to select the orifice area versus recoiling parts

●
travel so tha[ the retarding force acting on the recoiling parts (called rod pull) is essentially constant
throughout recoil travel. This delicate design process requires an analytical prediction of both the motion of
the recoiling parts and the fluid throttling process.

Figure 1-1. Schematic of a Hydropneumatic Recoil Mechanism

1-3
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Also given consideration in this handbook is the coupling of recoil mechanism design with the design of the
complete artillery or tank system. Selection from among several recoil mechanism design approaches is
dependent on the class of system being developed. The very short stroke normally required for an armored ●
vehicle recoil mechanism generally dictates a different design from a lightweight towed howitzer that can
readily allow a long recoil stroke. In towed and self-propelled artillery applications, it is important to keep the
peak recoil forces acting on the relatively lightweight vehicles and support carriages to a minimum. Therefore,
in most modern artillery systems variable recoil is employ ed—i. e,, (1) the geometry of the rod-orifice interface
is designed so that at low elevations a large orifice area allows a long recoil stroke with low recoil forces and (2)
at higher elevations, where greater recoii forces can be tolerated and maintain ground support and stability, a
smaller orifice area is employed to yield a larger recoil fnrce and shorter stroke. Trade-offs among the various
types of recoil mechanisms and recuperator configurations are discussed at some length in the handbook, and
various design approaches are illustrated for application in lightweight towed systems, medium to heavy
self-propelled systems, and armored vehicle systems.
Fig. I-2 illustrates schematically some of the interfaces and trade-off paths which occur during weapon

system and recoil mechanism design. The recoil mechanism is the major subsystem in the case of towed
artillery systems. Therefore, a recoil mechanism designer must react to system Ieve[ inputs, including but not
limited to ammunition characteristics (projectile weight and interior ballistic pressure-time histories), crew
space available for recoil travel, armor protection requirements, and crew safety constraints. The recoil
mechanism designer must also play an active role on the system design team since in many systems the recoil
mechanism design dictates major features of the weapon system. Illustrations of this information and trade-off
flow, shown in Fig. 1-2, include the influence of recoil length on trail length and trunnion height; and recoil
force level on stability, carriage strength, trail length and strength, and trunnion height. Other important
trade-offs include the selection of recoil mechanism type and its implications on armor protection, system
weight, and system vulnerability y.
This partial list of design interactions and trade-off factors is noted in this introductory chapter tn

emphasize the re~uirement that the recoil mechanism designer ~law an active. rather than a t)assive, rule in-..
system design. Trade-offs of the kind outlined here pretreated in subsequent chapters of this handbook and in
Refs. 3, 4, and 5.

RECOIL MECHANISM FEATURES

Length of recollc_

Recoil force level ~

Recoil mechanism type ~
● hydropneumatlc

● soft recoil

SYSTEM DESIGN CONSIDERATIONS

Ammunition characteristics

Crew space availability

Weapon stability

Armor protect ion

Carriage strength

Trail length and strength

Trunnion height

System weight

System vulnerobllity

Crew safety

Figure 1-2. Recoil Mechanism — System
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1-1.3 RELATION TO OTHER HANDBOOKS

● This design handbook concerns a major component of artillery and armored vehicle systems, As noted in
par, 1-1.2, design of the recoil mechanism cannot be isolated from weapon system design. Recoil mechanism
and system design are highly interactive and interdependent. As such, recoil mechanism design must be viewed
as a contributing design technology for towed artillery systems (Ref. 3), self-propelled artillery systems (Ref.
4), and armored vehicle systems (Ref. 5). Recoil mechanism design also interfaces with the design of the tube
and breech (Refs, 6 and 7) and muzzle devices (Ref. 8). Design and analysis techniques suitable for recoil
mechanism design are alsn cnmmon to a number of mechanical systems for which computer-aided design
techniques are discussed in Refs, 9 and 10.
In addition to the Engineering Design Handbook series of which the present book is a part, there is a vast

store of commercial and textbook literature on mechanical design and analysis which must be used in modern
recoil mechanism design, Of particular note is the use of modern finite element stress analysis computer
programs such as NASTRAN, that is addressed in more detail in Ref. 3. Reference also is made to specific
technical subjects in other handbooks, textbooks, and defense technical reports throughout this handbook to
guide the designer and his supporting analysts to more detailed accounts of pertinent design methods,

1-2 FUNCTIONS OF RECOIL SYSTEMS
As indicated in the qualitative discussion of Fig. 1-1, the principal function of the recoil mechanism is to

transform very large interior ballistic loads acting on the recoiling parts to tolerable loads that act on the
supporting structure. This transformation is possible if time is used asa leverage factor. The extreme values of
interior ballistic force acting on the recoiling parts, shown as B([) in Fig. 1-3, act for only a few milliseconds,
from about 5 ms to 20 ms. These very large forces accelerate the Lightweight projectile out of the bore at
extremely high velocities but accelerate the heavy recoiling parts tn velocities that are much smaller than the
velocity of tbe projectile. This massive but slower moving recoiling mass can be brought to rest by the recoil
mechanism in 200 to 500 ms, within an acceptable recnil stroke, with a recoil force K([) that slows the recoiling
parts, Fig. 1-3, whose peak value is much smaller than the magnitude of the peak interior ballistic force,

●

Figure 1-3. Forces Acting on Recoiling Parts

1-5
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1-2.1 MOMENTUM TRANSFER

To be more specific concerning the relative magnitudes of breech and recoil forces and the magnitudes of
projectile and recoiling parts velocities, consider first the projectile and recoiling parts relative motion ●
indicated schematically in Fig. I-4, The pressure resulting from the burning propellant acts to accelerate the
projectile and gases and acts in the rearward direction on the recoiling parts. This pressure at the breech
multiplied by the bore area is the breech force B(1) shown in Fig. 1-4. Since both the projectile and recoiling
parts are at rest in conventional artillery when the lanyard is pulled, momentum of the system comprised of the
recoiling parts and projectile—neglecting the momentum of’ the propelling gases which is accounted for in
detail in Chapter 2, and neglecting the force K(I) resisting the recoil motion which is small at the start of the
motion—the momentum of this system of masses must remain zero at projectile exit. Therefore, the forward
momentum of the projectile must be approximately equal to the rearward momentum of the recoiling parts.
To appreciate the impact of this balance law, consider parameters associated with a modern 155-mm

artillery weapon, Let the projectile mass mn = 45 kg, the projectile muzzle velocity i~ = 660 m/s, and the mass
m, of the recoiling parts = 3600 kg, (If one wishes to convert to the English system of units, see Ref. 1I.) Since
the total momentum at projectile exit is zero,

r??r.ir + Vlpip = o (l-1)

where
,~r = velocity of recoiling parts, m/s

Substitute the given values into Eq. 1-l to solve for i,, i.e.,

@

Figure 1-4. Projectile and Recoiling Parts Movement

1-6
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3600 i, + (45)(660) = 0
.?, = — ()45’””— 660 = – 8.25 m/s.

3600

Since the forward momentum of the propellant gases leaving the muzzle may be as much as 20% of the
projectile momentum, .L from Eq. l-l may be as much as 20’% low. More precise momentum balance
calculations are presented in Chapter 2.
Note that the multiplying factor in the example that transforms projectile \)elocity at the muzzle to peak

recoiling parts i,elo cityisthc ratio of projectile mass /I?PtO recoiling parts mass ~)i,which in this case isa factor
of 1/80. Thus while the projec[ iledcpartsat 660 m/s, the massive recoiling parts move rearward with a velocity
of only 8.25 m/s.

1-2.2 RECOIL FORCE CONTROL
The recoil force level K(r) required to bring the recoiling parts to rest at the end oftbe recoil stroke requires

that the recoil Icngth in which the recoiling parts are to be brought to rest be known. Asa sample calculation.
Iettherecoil length be f.= l.5m. Thephysical lawthata ppliesh ereisthatt hew`orkd onebya IIforcesacting
ontherecu ilingparts during the recoil period must equal the change in kinetic energy oftbc recoiling parts.
F“rom Lbe previous example, the recoiling parts are initially moving (rearward with a~elocityof 8.25 m/s. Now
assume theyare brought lorestin thegiven recoil letlgth L = 1.5mt]nder theaction ofanideal constant recoil
form’ K,, = K((). lfonccquates tllework donctotlle ch:it)ge inklneticenergy

●
K,, can be determined, i.e..

~. = (3600) (8.25)Z

(2)(1.5)

(l-2)

= 81.675N

While this is a relatively large force. consider the peak breech fOrce assO~i~ted with apprO~imately
pt, = 344.7 MPa, tbc peak intcriorbal!istic pressure acting on a 155-mm bore diameter. The maximum breech
force /3(/),,,,,.,.is the peak interior pressure multiplied by the bore area Al,

B(f),,,.., = ~b{~h. N (l-3)

HB([)mu.r = 344.7: (0. 155’) = 6.504 MN

This extremely large force would have acted on the carriage if the recoil mechanism had not been operating.
Thus, there is a reduction of a factor of 80 in the force acting on the carriage compared to the breech force
acting on the recoiling parts. This reduction factor is at the heart of recoil mechanism design.
While the ideal constant recoiling force employed in the previous calculations is not precisely achieved in

design practice, it is a goal that is strived for in tbedesign process presented in this handbook. In actuaidesign
practice, it is possible to come very close to achie~ring the constant tetarding force by appropriate selection of
the variable area orifice employed in the recoil mechanism.

1-7
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1-2.3 ENERGY TRANSFER
It may also be noted that theenergy term appearing on the Ieft-hand side of Eq. l-2islhe work rioncin

bringing therecoiling parts to rest. This must beequal tothe energy dissipated bytheslidi ngfriction, the ●
recuperator force, and turbulence in the fluid in the throttling process. The friction and recuperat or forces are
small compared tothefluid throttling force, sothey are neglected here foranapproxi mate calculation .They
pretreated indetail in Chapter3, Forrecoi lduetofiri ngone round of 155-mm ammunitio nwith the foregoing
weapon parameters, the work Wldonedue tothrottling the fluid istipproximatcly

W’, = LK[,, J ( 1-4)
or

W’, = (1.5)(81,675) = 122,513J.

This substantial energy dissipation is accounted for by an increase in temperature of the hydraulic fluid in the
recoil mechanism. For a recoil mechanism with mJ= 40 kg of hydraulic fluid that has a specific heat<:= 646.2
J/ kg.°C, equate the work of throttling of Eq. 1-4 to the thermal energy increase due to an average temperature
rise ATto obtain

W, = m/cAT (l-5)
or

AT= (40)(122,513) = 4,74 de~ C

646.2

Thus, the tempcmture of the fluid can rise substantially if a sequence of shots is fired in rapid succession
without adequate time for cooling of the recoil mechanism.
This temperature calculation follows from the krwofconserwrtion ofencrgy. That is, the kincticencrgy lost

by the recoiling parts is transformed to tbcrmal energy of the fluid during the throttling process. This is the ●second major example of conservation of a basic quantity ofmcchanical energy. As indicated in the analysis
presented in Chapters 2 and 3, a judicious selection of tbe appropriate balance law, usually energy or
momentum, can lead to simple and effeclive design relationships. These balance laws and basic differential
equations of motion of the recoiling system are the fundamental tools of’tbe analyst in supporting his design of
the recoil mechanism.

1-2.4 PROTECTION IN EXTREME CONDITIONS
The basic dynamics of a recoil mechanism have been illustrated for a single set of ballistic inputs. It is

important to realize, however, that the system must operate reliably undera variety ofextrcme operating and
environmental conditions, The weapon may be fired with up to nine zones of charge, mnging from low impulse
for short ranges to high impulse for long ranges. In addition, the weapon will be fired in a wide range of
elevation angles. Each of these operating conditions will lead 10 a different dynamic response of the recoil
mechanism—all of which must be acceptable from an operational point of view.
In addition to this variety of operating conditions, the weapon must function acceptably throughout

extreme ranges of environmental conditions of temperature, moisture, dirt, dust, rough handling, and
unforeseen environmental conditions. The importance of designing for the expected range of environmental
conditions cannel be overemphasized. Many attractive and potentially valuable designs have failed in testing
because the designer failed to consider and design for these conditions. For an extensive treatment of
environmental parameters and conditions, the reader should consult Refs. [2 to 16.

1-3 RECOIL MECHANISM TYPES AND THEIR APPLICATIONS
‘rbere are several basic types of recoil mechanisms which may be considered for application in a weapon

system. Within each type, thcrc are numerous choices for components to perform the basic functions of recuil
control, counterrecoil control, and buffering. The proper choice of recoil mechanism type and components
depends on the system application and user requirements. “I”rcnds in weapon dcvclopmcnt and a survey uf ●
1-8
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recoil mechanism [ypes and their components are presented here to set the stage for more detailed technical

●
considerations encountered in subsequent chapters.

1-3.1 TRENDS IN WEAPON DEVELOPMENT WHICH AFFECT RECOIL MECHANISM
DESIGN

During the past two decades, performance requirements for artillery and tank cannon have become
increasingly severe, Range requirements fortowcd and self-propelled artillery have virtually doubled, and the
need for air transportability has led simultaneously to a requirement for lightweight weapons. These two
conflicting trends—high performance and lightweight—have led to severe design requirements that make
dynamic performance oftbc recoil mechanism and itseflect on thestabilityofthe weapon critically important.
To meet these design requirements. the designer must take trade-(~ffs and optimize to meet user operation
demands. In addition to placing high reliance on analytical methods. these severe requirements demand that
the designer carefully select Ihe design approach early in the design process.
Thescconflicting trends in towed artillcryare illustr~ited bythedata describing 105-mm and 155-mm towed

systems in Table l-i. Of particular significance is the transition from conventional M 101 and M I 14 Howitzers
totheairmobile M 102and M 198 HowitT.ers. In both cases, theratioof impulse to weapon weight has increased
64% and 81%, respectively, which places severe requirements on the recoil mechanism. Not only must the
recoil mccbanism be Iigbtweighl, but the peak recoil force must be reduced and very carefully controlled to
prevent stability difficulties with the new lightweight systems. Stability aspects of weapon design that imply
requirements and tmde-offs on recoil mechanism design are addressed in detail in Refs. 3, 4, and 5.
Increases in the precision needed from tank cannon and the requirement Ior very short intrusion (short

recoil of about 0.2to 0.3 m) into a tank turret Icad to severe requirements on the recoil mechanism. Very high
recoil forces occur, and if there is even a moderate eccentricity of the recoiling forces off the bore centerline,
unacceptably large bearing reactions can occur. Thus, balancing and tolerance control in tank recoil mecha-
nisms play increasingly important roles in the design of modern systems.
These and related system-induced trade-offs in recoil mechanism design are treated in Refs. 3,4, and 5. It is

●
important that the recoil mechanism designer consult these system design documents for other components of
the artillery or tank systems. In Chapters 4 through 7 of this handbook, basically different mechanism design
approaches are defined, analyzed, and designed. [t is important that the designer consider each alternative
available and weigh its advantages and disadvantages for the specific application intended.

1-3.2 COMPONENTS OF A RECOIL MECHANISM
A recoil mechanism is comprised of’three basic components—a Irecoil brake to bring the recoiling parts to

rest, a counterrecoil mechanism to return the tube to battery, and a buffer to provide velocity control during
counterrecoil—as shown diagrammatically in Fig. 1-5.
The recoil brake consists of a hydraulic cylinder and piston assembly, shown schematically in Fig. 1-1. As

the piston C.moves within the cylinder, a force is generated by restricting the flow of hydraulic fluid from the
cbamber of the cylinder. The magnitude of this restricting force is a function of the flow of ffuid through one or

TABLE 1-1
WEIGHT AND IMPULSE OF TOWED ARTILLERY SYSTEMSt

Caliber, Date Type Weight, Impulse, Impulse to
Weapon mm Classified N (lb) N.s (Ib.s) Weight Ratio, s
M(OI 105 1939 22,2 Jo (4993) 8852 (1990) 0.399
MI02 105 1963 13,967 (3140) 9150 (2057) 0.655
M204 105 1977 19,906 (4475) 9733 (2188) 0.489
Mi14 155 1941 55,024 ( 12,730) 27,392 (6158) 0.498
M198 155 1977 65,522 (14,730) 57,244 (12,869) 0.874

●
TAdual systemof units isshownwhenthe originald~lawcr..xprt’sscd in Englishunits and conwxted to metricunits, i.e.,“soft’’metric.
Metric units only are used when the original data are given in m.tric units—inwmtcdto illustrate an .xampk-i. e.. “hard” metric.
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r Recoil Brake

-

Counterrecoil Mechanism

~ Buffer
Figure 1-5. Diagram of Recoil Mechanism Components

more orifices whose sizes are selected during design to provide the desired recoil ~>elocity and pressure curves.
The recoil energy absorbed by this resisting force is dissipated m heat as described in par. 1-2.3.
The counterrecoil mechanism is composed of a recuperator and a counterrecoil cylinder assembly. “rhe

Iattcr may beaseparateunit or it may bctherecoil brake components operating in reverse as shown in Fig. 1-1.
The terms counterrccoil mechanism and recuperator are sometimes used as synonyms. To avoid confusion,
the recuperator is defined here as the equipment that stores some of the recoil energy for counterrccoil,
whereas the counter recoil mechanism is defined as the unit that returns the recoiling parts to battery. It dcriws
its energy from the recuperator. The recuperator can be ofeither the hydrospring type or the hydropneumatic
typ:. ,The, hydrospring type. d,iscmsed in par. 1-3.4. stores the energy required to return the gun to the battery
posltton [n a mechanical spring or springs. The hydropneumatic type generally stores this energy in com-
pressed gas as shown in Fig. 1-1. There is always some recuperator force present to hold the recoiling parts
in-battery at all angles of elevation. During recoil. the spring or gas is compressed further, storing the
additional energy needed for counterrecoil. ●
The buffer mechanism functions similarly to the recoil broke but at Iowcr energy levels. It must absorb

energy at the end ofcounterrecoil since there must be sufficient recuperator encrgytodrivc the recoiling parts
into battery at an appreciable wlocity. If this wet-e not controlled, an impact would occur which might cause
the weapon to nose ovtr. create structural damage. or both. In some systems there is no buffer. Friction force
between sliding surfaces and that due to packings and seals pro~ide enough resistance to the mntion during the
counterrecoil stroke to stop the recoiling parts,
Components aredescribed here as separate units, which is sometimes thccase. Frequently, though, tbeyare

integrated into a single mechanism. W'hether separate orintcgral. allcomponents areinterdepcndent and must
function as one unit.

1-3.3 HYDROPNEUMATIC MECHANISMS
The hydropneumaLic mechanism uses fluid throttling for the recoil brake and compressed gas, usually dry

nitrogen, for its recuperator. The counterrecoil buffer can be integral to the recoil brake or it can be a separate
unit. The gas is compressed during the recoil stroke and stores energy needed during thecountcrrecrril stroke.
The compressed gasexpands during thecounterrecoil stroke and pro~idescnough forccsto bring the recoiling
parts back to tbe in-battery position.
Hydropneumatic recoil mechanisms can be classified M dependent or independent types. A schematic

diagram of an independent type of recoil mechanism is shown in Fig. I-6. In the independent type, the
recuperator is an entirely separate unit from the recoil brake. The piston rods of both the recoil brake and the
recuperator arejoined directly to the recoiling parts. In the recoil brake cylinder. the flow of bydnrulic fluid
from the high pressure side to the low pressure side through an orifice provides the necessary retarding force.
As the gun recoils, hydraulic fluid is forced into the recuperator chamber and compresses the gas. During
counterrecoil, theentire action is reversed, driving the recoiling parts back into battery. As the recoiling parts
come into battery. they arc brougbt to rest by the action of some form of buffer.
The gas and hydraulic fluid aregcnerally separated bya floating piston. Since somcairand recuperator gas

will enter the recoil brake, and oil will absorb gas—the greater the pressure. the more gas absorbed. When ●
1-1o

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

Recuperator
<Floating Piston

Compressed g Hydraulic
Gas $ Fluid

z

II

Recoil Brake Replenisher

Orifice
1;

~Recoil Piston Rod

Hydraulic Fluid I
~Recoil Piston

Direction
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Figure 1-6. Schematic Diagram for Independent-Type Recoil Mechanism

oversaturated with entrained gas, the bulk modulus of the fluid will change, which can affect recoil length.
Therefore the selection of recoil fluid must be carefully made to avoid problems with volubility of gas and
related bulk modulus changes. Detailed design of an independent-type recoil mechanism is presented in
Chapter 5.
Fig, I-7 shows a schematic diagram of a dependent-type hydropneumatic recoil mechanism. l; the

dependent type, only the recoil piston rod is joined to the recoiling parts. Fluid is forced from the recoil brake
cylinder into the recuperator, where it is throttled. Tbe recuperator is connected directly to the recoil brake
cylinder, but a floating piston separates the gas and fluid. During counterrecoi], the direction of fluid flow is

●
reversed; this causes the gun to move forward to the in-battery position. The forward motion of tbe recoiling
parts is arrested by the action of a buffer. Detailed design of a dependent-type recoil mechanism is presented in
Chapter 4.
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Figure 1-7. Schematic Diagram for Dependent-Type Hydropneumatic Recoil Mechanism
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Several types of hydropneumatic recoil mechanisms are discussed in Chapter 3. Dependent-type recoil

●
mechanisms have been most commonly used for modern towed artillery systems, and independent types have
been used for modern self-propelled systems. However, there is no compelling reason to restrict their usage for
any particular artillery system. Dependent-type recoil mechanisms are generally more compact than inde-
pendent recoil mechanisms; consequently, they have been used in towed artillery systems where compactness is
desirable. The reason for this compactness is that usually no external buffers are used. A separate control
orifice is provided forgenerating a desired force during thecounterrecoil stroke to bring the recoiling parts to
rest at the in-battery position. In the independent-type recoil mechanisms, no control orifice is provided during
the counterrecoil stroke. Frictional forces from bearings, packings, and seals provide some resistance to
motion during the counterrecoil stroke. Near the end of the counterrecoil stroke, external or internal buffers
are used to reduce the speed of counterrecoiling parts before mechanical stops are encountered to stop the gun.

1-3.4 HYDROSPRING MECHANISMS
The hydrospring mechanism shown in Fig. I-8 relies on fluid throttling for recoil control and an internal

hydraulic buffer for counterrecoil control. A mechanical spring is used as the recuperator. Most often, the
spring is mounted concentrically to the gun tube. In other arrangements, external spring buffers are mounted
in a symmetric pattern around the recoil mechanism. The manner of mounting depends upon the size of spring
needed, the available space and its location, and the effects of eccentric forces due to alignment errors and
variations in individual spring assemblies.
The diagram of Fig. I-9 distinguishes between the concentric type and the separate type hydrospring recoil

mechanism. US Army recoil mechanisms for armored vehicles haw: been of the concentric type, but other
armies have used external, nonconcentric mechanisms. Detailed clesign of concentric hydrospring recoil
mechanisms is presented in Chapter 6.
The hydrospring recoil mechanism has been used only in applications requiring very short recoil length, as is

thecasefurtank weapons. In these applicationsa coil spring can provide adequate counterrecoil force. When
such a spring can be designed with an adequate margin of safety against breakage, a very simple and reliable

●
mechanism is achieved. As the recoil length is increased, however, difficulties arise in the design of mechanical

w er

- t ’ - - Tube

--*

t .Sleeve \

Figure 1-8. Hydrospring RecoiI Mechanism (Schematic)
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Recoil ~
Mechanism

I S~;;:te ~SJ~~O?/dc~l!~~jr~ein

Spring is separate from brake

and is concentric with gun ,

Figure 1-9. Diagram of Hydrospring Types

springs. Thus, the hydrosp ring recoil mechanism is likely to be the most viable candidate for tank weapon
application. These and r~l~ted matters. along with hydrospring component design. are treated in detail in
Chapter 6.

1-3.5 SOFT RECOIL MECHANISMS
A new principle of recoil mechanism operation called “soft recoil” emerged in the kite 1960’s. The basic

principle of this type of recoil mechanism is quite different from the hydropneumatic and hydrospring types
previously discussed. A schematic of the mechanism is shown in Fig. I-10. It should be noted that there is no

●
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orifice forlluid throttli ngduring the central part of the recoil and counterrecoil stroke in this system. The basic

●
idea of this mechanism is toconser!,e energy, rather than dissipate it. In order to protect against cook-off and
misfires, however, there are hydraulic buffers at the rear and forward ends of the stroke, respectively.
As illustrated in the schematic sequence of gun tube positions shown in Fig. 1-11. the drive cylinder, or

recuperator. exerts a force t“ to accelerate the gun forward (run-up) after the latch is released at time r = O.
When the forward momentum of the recoiling parts k within 15%to 35(?60fthe momentum of the round to be
fired, the propelling charge is ignited (r = (fin Fig, l-l l). “l-he rearward action of’the breech force B(r) on the

F [
(Pre-Firing Period)

F -1

Q% (Latch Release)

1@wFu (Run-Up Period)

%f

t< o
X.o

f>o
X>o

d=~::,g,.
t>tf

J X<o
u (Recoil Period)

F I

(Counterrecoil and Latch)

~x

Figure 1-11. Schematic af Cycle of Soft Recoil Operation
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recoiling parts reverses the motion and causes the recoiling parts to move rearward. During the recoil phase,
the drive cylinder or recuperator force Fserves to arrest the recoiling motion and bring the recoiling parts to
rest slightly to the rear of the original latch position, The recoiling parts then move forward (counterrecoil) ●under the action of the force F, into the latch position, completi ngthccyclc. “f_hcdctailsof analysis of the soft
recoil cycle, including the method oftriggering the round and the action of front and rear buffers, arc discussed
in Chapter 7.
A comparison of conventional and soft recoil cycles of operation is shown schematically in Fig. 1-12. The

fundamental differences in the dynamic principles of operation lead to major differences in performance
characteristics. First, since the actuator or recuperator force acts over the entire run-up and recoil phases, a
much lower peak recoil force is possible than with a hydropneumatic recoil mechanism with the same recoil
length. [n fact, a factor of four reduction is theoretically possible and a factor of three reduction is achievable in
practice. Also since the run-up phase of soft recoil motion occurs at much higher velocities than does the
counterrecoil phase of a conventional hydropneumatic recoil mechanism, a significant reduction in overall
cycle time is achieved. On the negative side of this comparison, the soft recoil mechanism requires a velocity
sensor that is ammunition-zone dependent to fire the round at the proper time. A cook-off or misfire is also a
more severe problem with a soft recoil mechanism. To protect against cook-off and misfire, separate hydraulic
buffers are required at the rear and front of the weapon. The additional weight of these buffers can cause the
soft recoil weapon to be heavier than a weapon employing a conventional hydropneumatic recoil mechanism.
These and other factors in soft recoil design and operation are discussed in detail in Chapter 7.
Because of the low recoil force achievable with soft recoil, it has been used initially in 105-mm towed artillery

application. AS a ,result Of low recOil fOrces, grOund reactiOn forces are quite low, allowing for easy,
emplacement and httle movement of the weapon base even on relatively soft soils. The low recoil forces may
also be attractive in future self-propelled artillery applications to reduce shock loading of the vehicle and to
enhance system reliability,

1-3.6 NOVEL RECOIL MECHANISMS
During recent years, new concepts have emerged for performing some or all of the functions of a recoil

mechanism. These new ideas have a variety of advantages and shortcomings relative to the conventional
methods previously discussed. Furthermore, tbey are in varying stages of development and mayscc substantial ●
development in years to come. Several of these concepts are discussed and analyzed in Chapter 8. Their basic
ideas are noted here.
A promising method of using compressibility ofthc recoil mechanism hydraulic fluid to pro\idccounterre-

coil force has been investigated and basic feasibility has been demonstrated. The iclc>i is simply to cause a
reduction in tbe volume of the cavity occupied by compressible fluid m the recoiling parts move rearward,
compressing the hydraulic fluid. A throttling process brings the moving parts to rest as in a conventional
bydropneumatic recoil mechanism. Duetofluid compression, a pressure is generated in thcfluid which acts nn
a differential area to force tbc recoiling parts back into battery. Tbe concept and design are very simple,
eliminating the need for a separate recuperator or mechanical counter recoil drive spring. Tbc one remaining
hurdle to overcome in reducing tbe concept to practical applicability is to reduce the sensitivity of the
compressibility of the fluid to temperature variation and air induction.
Tbe feasibility of using fluid compressibility to drive the recoiling parts in a soft recoil mechanism also has

been investigated. This concept offers the potential for an extremely simple design with few moving parts.
Many efforts have been made over the years toeliminate throttling of hydmulicfluid as the force generating

element of the recoil mechanism. Viscous dampers, oil-air dampers. and Coulomb dampers have been
considered—some as far as hardware design and test. To date, none of these methods bas emerged as a
practical design alternative.
Applications requiring a high burst rate of fire have led to design. development, and test of burst fire

mechanisms. Successful operating models of i05. remand I 15-mm burst fire artillery recoil mechanisms have
been demonstrated. System weight is, however, considerably higher than tbe conventional mechanisms for
towed artillery. Recent efforts in burst fire combat vehicle weapons have led to successful 75-mm burst fire
weapons that are considered for a lightweight armored combat vehicle system with fielding potential in the
I980’s.
These and related concepts are discussed in greater detail in Chapter 8.
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Figure 1-12. Comparison of Recoil Cycles
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1-4 ORGANIZATION OF HANDBOOK
The entire handbook isdikided into eight chapters. Chapler I has presented an introduction tothesubject of

the design of recoil systems. Chapter 2 presents preliminary design methods and examples to illustrate ●
application Of the methods. Primary emphasis isgiventodytmmics of the recoiling parts, prediction of interior
ballistic inputs to recoil motion, and selection of basic recoil mechanism design parameters. The ideal constant
total recoil force is selected to provide an acceptable recoil length and cycle time, using both analytical and
graphical methods. Design equations are derived from appropriate fundamental laws of physics and from
appropriate empirical relationships.
In Chapter 3, basic principles and techniques for the design of control orifices for hydropneumatic recoil

mechanisms are presented. These principles can be used for the design of independent or dependent types of
hydropneumatic recoil mechanisms and for hydrospring recoil mechanisms. A single-degree-of-freedom
model of the recoil system is generally used in analysis of the dynamics of recoiling parts. Also advanced
techniques fo[ inclusion of full dynamic effects of the supporting structure of the gun are presented briefly.
Similarly, fluid behavior is initially assumed to be one-dimensional, quasi-steady and inviscid. Advanced
techniques that consider complex behavior and dynamics of the fluid are discussed briefly.
In Chapter 4, the general principles developed for the design of control orifices for hydropneumatic recoil

mechanisms are applied for the design of dependent-type recoil mechanisms. The recoil mechanism used for
illustration is for the M 198 towed artillery system. The design of the control orifice for the recoil mechanism,
by including fluid compressibility and by neglecting fluid compressibility, is presented. The design of various
components of dependent-type recoil mechanisms also is presented.
In Chapter 5, the general principles developed for the design of control orifices for hydropneumatic recoil

mechanisms are applied to the design of independent-type recoil mechanisms. The illustration used is the
M 109 self-propelled howitzer. The design of components for the independent-type recoil mechanism also is
presented.
In Chapter 6, the general principles of recoil mechanism design are applied to the design of tank recoil

mechanisms. Component design is treated in detail for seals, translational bearings, and springs to support
applications in all othcrch~pters. Hydrospringrccoil mechanism design is illustrated throughout thcchapter.
Chapter 7 presents a self-contained treatment of design methods for suft recoil mechanisms. Component ●

design peculiar to a soft recoil application is discussed.
Chapter 8 discusses novel recoil mechanisms and their principles of operation. Many of the methods and

ideas discussed hold potential for future applications. Some have been fabricated and tested, but most remain
to be further evaluated and considered for future system applications.
Finally, appendices are included on details of breech force prediction after the projectile has left the bore and

on properties of hydraulic fluids.

1.
2.
3.
4.
5.
6.
7.
8.
9,

10,

11.
I2.
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CHAPTER 2

PRELIMINARY DESIGN OF RECOIL MECHANISMS
The requirements, [rade-oj’s, and dynmnics of recoil mechanisms are dis~usfed and ana@ed 10facili@

the preliminary design of an artillery recoil mechanism. User-supplied requirements are analyzed, and Ihe
constraints and irade- off relationships they imply are discussed. Dynamic modeling of the recoiling parts is
discussed, and basic laws governing the performance of the recoil mechanism are presented and illustrated.
[nlerior ballist ic models suitable for recoil mechanism design are prescmted and illustrated. Basic rnomenlum
balance laws are included to be used in the selectian of preiiminar,v design parameters. Fin4, $Nem
trade- ojfs, which aj’ect recoil mechanism design, are discussed. The sensilivit.v of weapon performance [O
variations in the weight of recoiling parts is calculated us a spec!fic illustration.

2-0 LIST OF SYMBOLS
~ = bore area, m*
a = LeDuc parameter, m/s
B = breech force, N

B(I) = breech force m a function of time, N
B(v) = breech force as a function of recoil travel, N
B, = mean breech force, N
EM = maximum breech force, N
BO= breech force at projectile exit, N
h = LeDuc parameter, m
c = specific heat of the fluid, J/ kg. K

C1,C2,C~,C,, = constants of integration
D([) = impulse of the breech force up to time (, N.S
~ = constant, m/s (see Eq. 2-1 I 1)

d([;) = centroid of breech force up to time [,, s
E = constant, J.s2/k~m (see Eq. 2-107)

E([) = ground reaction force, N
e(t) = centroid of recoil force up to time I, s
F = force on projectile, N
F,) = resisting force due to throttling of hydraulic fluid, N
J = component of rifling reaction parallel to axis of bore, N
,/;, = frictional resistance of packing and seals, N
G = momentum imparted to breech by propellant gas during gas ejection period for a tube

without a muzzle brake, N.s
G,, = momentum imparted to projectile by propellant gas during gas ejection period for a tube

without a muzzle brake, kgm/s
G,, G, = constants, m/s (see Eqs. 2-127 and 2-128)

g = acceleration due to gravity, 9.81 m/s2
H(I) = impulse of recoil force up to time t,kgm/s
~ = constant, dimensionless (see Eq. 2-1 21)
h = constant, dimensionless (see Eq. 2-1 12)
f = total impulse imparted to recoiling parts due to firing, kgm/s

[j = impulse of breech force, kg. m/s

2- I
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11 = total impulse of resisting force, kgm/s
K = total resistance to recoil, N

K(I) = recoil force as a function of time t, N
K(x) = recoil force as a function of recoil travel x, N
K. = recuperator force, N
K, = KO– W,sinO = constant net retarding force = recoil force – component of weight in direc-

tion of recoil, N
Kf = frictional force of sliding surfaces, N
Km = muzzle brake force, N

K“,., = maximum recoil force, h’
K, = net force acting on recoil rod, N
KU= constant recoil force, N
KI = resistance to recoil at x = O, N
Kz = resistance to recoil at x = L, N
k = ratio of heat lost from propellant gases to tube, dimensionless
~ = constant defined in Eq. 2-89, m/s
L = length of recoil, m
m, = mass of recoiling parts, kg

r%,fl = effective mass of projectile (Ref. 6) = ( 1 + K) WP/(2g), kg
rr~ = mass of recoil fluid, kg

mP,fl = effective mass Of propellant charge (Ref. 6) = W’./(3g), kg
OF= forward overload, N
OR = rear overload, N
P = pressure in bore, Pa
P~ = breech pressure, Pa
P, = mean chamber pressure, Pa
P, = breech pressure at end of gas ejection period (J, [>a
PM = peak chamber pressure, Pa
PO= breech pressure al projectile exit, Pa

‘=[ *-’l-R-’dimensiOessss
q = constant, dimensionless (see Eq. 2- 103)
R = gas constant, J/ kg. K

RT* = specific impetus of propellant, m2/ s’
r = ratio of propelling charge plus additive weight to charge weight, dimensionless
S1 = stability index, dimensionless
T = gas temperature in bore, K

AT= temperature rise in hydraulic fluid, deg K
Tfi = gas temperature at breech, K
TO= gas temperature at breech and projectile exit, K
~ = time, s

(r = time at end Of recoil or gas ejection period, s
1, = duration of recoil stroke, s
10= time of projectile exit, s
t) = timcfor recoil force buildup, s
Iz = time for recoil force relaxation, s
~ = timeat which constant recrril force isapplied, s
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UO= tube length, m
u = travel of projectile in bore, m
v’ = in-bore velocity of projectile, m/s
v = velocity of recoiling partS, m/s

v({) = velocity of recoiling parts as a function oftimel, m/s
IY= velocity of recoiling parts at end of gas ejection periud tf(velocity of free recoil), m/s
vo = velocity of recoiling parts at projectile exit, m/s
vd = muzzle velocity of projectile, m/s
V’ = free flight velocity of projectile, m/s
W’= work done by FOonly, J
W.= weight ofadditivies topropellant charge, N
W,= weight ofpropellant charge, N
W.= weight ofprojectile, N
W,= weight ofrecoilingparts, N
Wr = total weapon weight, N
x = travel of recoiling parts, m

X/= travel of recoiling parts at end of gas ejection period ~,, m
xo = travel of recoiling parts at projectile exit, m
,P~= trrrnnion height, m
Zc. = horizontal distance between spade andweapon CG, m
a = constant, dimensionless (see Eq. 2-122)
~ = muzzle brake efficiency factor, dimensionless
~ = constant, dimensionless (see Eq. 2-1 20)
y = ratio ofspecific heats, dimensionless
A= volume of bore andchamber, m’
0= angle ofelevation ofgunbarrel, rad
A = speedup factor, dimensionless
p = velocity ofgases in bore, m/s
PI, = gas density in breech, kg/m’
~ = time variable, s
0 = duration of gas ejection period, s

2-1 PERFORMANCE OBJECTIVES AND CONSTRAINTS
Since the basic function of the recoil mechanism is to absorb the firing momentum of the round very rapidly

and to trmrsfer the firing loads to the mount over an extended time period, tbe mass and dynamic response of
the recoil mechanism play a major role in artillery system design, Thus it is important for the recoil mechanism
designer to interact with the system designer early in the design proc(:ss to establish trade-offs and arrive at a
preliminary design that is consistent with system performance objectives and constraints. The purpose of this
paragraph is to examine relationships that must be established for preliminary design of the recoil mechanism.
In towed artillery design, and to a lesser degree in self-propelled ;artillery and tank weapon design, recoil

mechanism dynamics play a key role in system preliminary design. Selection of the weight of recoiling parts
and recoil length dictates the levels of recoil force that the carriage structure must support, hence the weight of
the structure. Equally important is weapon stability which dictates—once the recoil loads are determined—the
geometry of ground support points. Therefore, stability influences the size and weight of the carriage structure.
Since the size and weight of the overall weapon system generally are constrained by user requirements, it is
clear that the recoil mechanism cannot be designed in isolation. These qualitative ideas must now be made
more precise and quantitative to provide the basis for the preliminary design of the recoil mechanism.

●
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2-1.1 PERFORMANCE REQUIREMENT INPUTS

2-1.1.1 User-Supplied Requirements

Some user-stated requirements bear directly on design of the recoil mechanism: ●
1. Ballistic Requirements, Range and projectile weight dictate the muzzle velocity of the projectile, which

determines the momentum imparted to the recoiling parts, It should be noted, however, that projectile launch
momentum is not equal to momentum imparted to the recoiling parts. The momentum of propellant gases
exiting the tube at high velocity may account for as much as 25% of the momentum imparted to the recoiling
parts. This momentum is calculated in par. 2-3.2.3. Thus projectile and charge design couple with user
requirements to provide precise quantitative inputs to recoil mechanism design.

2. Crew Overpressure Requirements. Blast overpressure from the high velocity gases passing through a
muzzle brake can be harmful to the artillery crew; therefore, the user generally specifies limits on overpressure
in the crew area. These limits bound the efficiency of the muzzle brake, which limits tbe amount of muzzle
momentum of exiting gases which can be compensated for by the muzzle brake. The result may significantly
affect the level of momentum that is imparted to the recoiling parts. This effect is discussed in par, 2-3.2.4.

3. Rate of Fire Requirements. The rate of fire, both short-term and sustained, determines the heat input to
the tube and to the recoil fluid during throttling as illustrated in par, 1-2. Thus some means of heat dissipation
from the recoil fluid must be provided and enough recoil fluid incorporated into the recoil mechanism so that
the temperature rise in tbe fluid is not great enough to lead to unacceptable decreases in its viscosity. The level
of acceptable temperature rise will depend on both the viscosity-temperature relationship of the recoil fluid
used and the tolerable variation in recoil force due to changes in fluid viscosity. Tbe effect of heating the tube
on tube design also may be quite significant and could affect the weight of recoiling parts, a basic parameter in
recoil mechanism design,

4. System Weight Requirements. Recoil mechanism design has a substantial effect on overall system
weight, particularly in towed artillery systems, Since the user invariably places upper bounds on system
weight, considerable interaction must occur in determining recoil mechanism characteristics and design
parameters if the system is to stay within overall weight restrictions.

5. Reliability Requirements. The user generally states requirements for a mean number of rounds between
failure. Such requirements have a direct influence on the design of bearings and seals in tbe recoil mechanism,
Design for tbe acceptable life of bearings and seals is presented in Chapter 6. ●

6. Maintainability Requirements. The level, or echelon, at which recoil mechanism maintenance is to be
performed often is specified by the user and may have a substantial impact on design, Those maintenance
Iirrctions that must be carried out at the user and direct support levels may have a significant effect on design.
The designer must select basic mechanism types and design approaches that allow this maintenance to be
performed readily.

7. Human Factors Requirements. The designer must carefully consider any human factors requirements
and constraints that may limit human inputs to recoil mechanism operation.
The foregoing are representative user-input requirements that may have substantial influence on recoil

mechanism design. As noted, user requirements seldom are stated directly in terms of performance of the recoil
mechanism; rather, there is interaction between the performance of the recoil mechanism and other subsys-
tems of the artillery or tank system, Therefore, the recoil mechanism designer often will have to participate as
part of a system design team to derive explicit requirements and trade-offs on tbe recoil mechanism,

2-1.1.2 Derived Requirements
Since technical requirements on the recoil mechanism seldom are given by the user, they must be derived by

the system design team, which includes the recoil mechanism designer, The basic objectives of preliminary
design of the recoil mechanism are to derive these requirements and to select basic parameters that allow a
detailed recoil mechanism design, which is addressed in subsequent chapters.
Dynamic performance of the recoil mechanism under ballistic input is described by physical laws and

equations that are used to define derived technical performance requirements. Therefore, these relationships
are developed in some detail and are illustrated in par. 2-2,
An example of a rather severe derived requirement is the limitation on recoil length imposed by crew space

constraints in armored self-propelled artillery and tank systems. Tbe crew space allotted and safety require-
ments dictate recoil length in such systems. The extreme situation is encountered in tank systems in which only
0.2- to 0.38-m intrusion of recoiling parts is allowed into tbe crew area, ●
2-4
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As indicated in par. 2-1.1.1, several subsystems generally are involved in meeting user-stated requirements.

o

These interactions dictate that either theoretical or empirical relationships be established relating subsystems
to each other. Such relationships are treated in considerable detail in the companion design handbooks on
towed and self-propelled artillery systems (Refs. I and 2) and tank systems (Ref. 3). For preliminary design of
the recoil mechanism, hnwever, approximate relationships often can be used quite satisfactorily. For this
purpose, trade-off relationships of the kind defined in par. 2-1.3 are established. These relationships may then
be used to derive the performance and weight requirements of the recoil mechanism. This process is illustrated
in par. 2-5.

2-1.2 PERFORMANCE CONSTRAINTS
Performance constraints that dictate the design of recoil mechanisms arise directly from user requirements,

both explicit and derived, and indirectly through physical laws and technological limitations of materials. [t is
important that these constraints be identified during preliminary design and that quantification of the
constraints be made progressively more precise as the design process proceeds. The process of identifying
constraints is a form of pessimistic art that requires the designer to ask first “What can go wrong?”or “How can
the system fail to perform satisfactorily’?”. Once failure modes are identified, the designer can concentrate on
the creative process of constructing a system that will meet the stated needs. Historically, major problems with
weapon systems generally arise when the designer has overlooked a failure mode during the design process.
When failure modes are identified and understood, they usually can be precluded through sound design.
Unknown or forgotten failure modes are the ones that can cause disastrous results.
Since failure modes and constraints are dependent on the type of system being developed, it is not possible to

give a list of constraints that will always be active. However, typical examples are cited:
1. Constraints Defined by Explicit User-Requirement Statements. The user specifies rates of fire,

intrusion nf recoiling parts into crew compartments of combat vehicles. safety requirements, and other related
requirements that have direct implications on recoil mechanism desi,gn.

2. Constraints [mpnsed by Physical Laws. The fundamental role of the dynamics of recoiling parts and

●
the dynamics of I’luid throttling that cun~rols recoil forces in the recoil mechanism lead to basic physical
relationships and constraints that are imposed by Newtun’s laws of motion. Detailed treatment of these laws
and uf the resulting equations of motion is given in the remaining paragraphs of this chapter, so only
element~iry illustrations are given here.
Tbc urea under the recnil curve of Fig 2-1 is equal to the work done to bring the recoiling parts to rest (see

par. 2-2). “lhe work equals the maximum kinetic energy of the recoiling parts, i.e.,

+ = &(x)d.YS LK...,, J (2- I)

where
ni, = mass of recoiling parts, kg

K(.~) = recoil force, N
K,,,,,, = maximum recoil fnrce, N
V/= velocity of free recoil, m/s
L = length of recoil, m
x = travel of recoiling parts, m.

The velocity nf free recoil UJ is determined by equating the impulse 1 of the round that is fired to the
momentum of the recniling parts before the action of the recoil mechanism begins, i.e.,

I = m,v~, kg”m/s (2-2)

where
1 = total impulse imparted to recoiling parts by fired round, kg.m/s.

o Substitute t, = I/m, from Eq. 2-2 into Eq. 2-1 to obtain
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Figure 2-1. Recoil Force
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(2-3)

(2-4)

where
KO= constant recoil force, N.

This constraint, which is a result of the laws of motion, provides the lowest level of recoil force level that is
theoretically possible. As shown in Fig. 2-1, a perfect recoil mechanism would have to he designed —i. e., one
with constant recoil force Ku—to achieve the lowest level of recoil force. In reallty, K,,,,,,.> K,, and the
fundamentals of dynamics presented in this chapter and orifice design presented in Chapter 3 must be used to
define the peak recoil force K~.. that must be used in the design of bearings and other recnil mechanism
components.
The type of analysis just presented—based on physical laws—is crucial to effective recoil mechanism and

system design. Therefore, it is treated in some detail in this handbook. Similar constraints based on the basic
laws of fluid mechanics and thermodynamics play crucial roles in recoil mechanism design.

3. Technological Constraints. Material strength limitations, achievable fluid properties, and other techno-
logical limitations impose many practical constraints on recoil mechanism performance. For example,
material strength limitations play a major role in determining the size required for a counterrecoil drive spring
in a hydrospring recoil mechanism—discussed in Chapter 6. Fluid compressibility and fluid temperature
sensitivity establish limitations in performance of a compressible fluid recoil mechanism—presented in
Chapter 8. In virtually all recoil mechanisms, bearing material wear limits impose constraints on the life of the
recoil mechanism. These and many other technological limitations establish practical constraints that must be
identified and accounted for as early as possible in recoil mechanism design.

4. Derived Constraints Implied by User Requirements, Physical Laws, and Technological Limitations.
Crew overpressure limitations established by the user place constraints on the efficiency of the muzzle brake
that can be employed. Muzzle brake efficiency is discussed in par. 2-3.2.4, where a reference is given for details
of establishing relationships between muzzle brake design and crew overpressure. These relationships and
user-prescribed overpressure limits define the maximum recoil thrust compensation that can be generated by
the muzzle brake.

o
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2-1.3 TRADE-OFF RELATIONSHIPS
As noted in earlier subparagraphs, there are substantial interactions between system requirements and

● design characteristics of the components of recoil mechanisms and c,ther subsystems that makeup a weapon.
Thus trade-offs must be made in designing all subsystems that make up an integrated weapon. This subpara-
graph defines basic relationships that must be established before rational design decisions can be made. This
will be done bydefiningcurves and functional relationships that must be developed for each recoil mechanism
application,
Since the ballistic forces that act on the weapon area significant input to weapon dynamics, particularly for

towed artillery systems, they must be defined and related to ammunition and gun tube characteristics. Par. 2-3
is devoted to modeling the interior ballistic forces and predicting the breech force B(r) for given tube, charge,
and projectile characteristics. The force-time relationship being analyzed is of the form shown schematically in
Fig. 2-2.

Figure 2-2. Breech Force vs Time

At the time to of projectile exit shown in Fig. 2-2, the propellant gases are still in the tube at a substantial
pressure, These gases exit the tube with a moderately high velocity and with considerable momentum (up to
25% of the momentum of the projectile); therefore, they exert a significant force B(t) rearward (action-
reaction) on the tube for f > to. This tube-emptying force is unimportant in ammunition and tube design, but it
is of great importance in recoil mechanism design because it provides up to 25~0 of the impulsive force that
accelerates the tube to the free velocity vf that must be countered by the recoil mechanism. In this connection, it
is important to realize that the time integral of the breech force B(t) is the impulse applied to the recoiling parts
due to firing a round; hence it is equal to the momentum of the recoiling parts prior to the retarding action of
the recoil mechanism in bringing the recoiling parts to rest as expressed quantitatively by Eq. 2-2.
An approximate numerical method that is suitable for predicting B(t) for recoil mechanism design, even

before ammunition parameters are finalized, is given in par. 2-3.2. In par. 2-3.3 a numerical method is
presented for the preliminary determination of tube length and propelling charge weight required to meet
user-imposed exterior ballistics and, hence, derived muzzle velocity requirements. This series of rather
technical calculations allows the recoil mechanism designer to begin with user requirements and to obtain an
acceptable approximation of B(r) for recoil mechanism preliminary design.
The second fundamental required relationship is between the recoiling parts weight W, = m,g, where g is the

acceleration due to gravity, and the impulse lis applied to the recoiling parts by firing. This relationship is not
derived from fundamental mechanics as in the case of the breech furce prediction. Rather, it is a function of
design practice and is determined for preliminary design using historical data. A plot of the weight of recoiling
parts versus impulse fora.nrrmber of related weapons is sed to obtain a collection of points as shown in Fig. 2-3.
A least squares curve fit is then calculated, which is adequate for use during recoil mechanism preliminary
design, A more mathematical approach for determining recoiling parts weight, which may be considered, is
presented in Ref. 4.
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z+

Impulse 1, kg m/s

Figure 2-3. Recoiling Parts Weight vs Impulse

The design objective for the recoil mechanism is generally to achieve, as nearly as possible, a constant recoil
force Ko. The basic relationship among Ko, 1, W,, and L—discussed briefly in par. 2-1.2 and treated in more
detail in pars. 2-2 and 2-4–is from Eq. 2-4 (with m, = W,/g)

or

where

&.&, N
2 W,L

(2-5)

(2-6)
●

W, = weight of recoiling parts, N
g = acceleration due to gravity, 9.8 I m/s’

Eqs. 2-5 and 2-6 provide basic relationships between a constant recoil force KO and length of recoil L as
illustrated schematically in Fig. 2-4. The curves shown correspond to specified values of 12/ W,. Thus if [is held
constant and 1?”,is decreased, a longer recoil stroke is required to achieve the same recoil force. If a muzzle
brake is employed, i.e., decreasing the impulse t applied to the recoiling parts, the recoil length can be
decreased for a given value of Ko.
The empirical methods outlined here for developing trade-off curves and relations have proved to be

adequate for recoil mechanism preliminary design. As the recoil mechanism design and the design of other
subsystems are refined. updated data and trade-off curves should be developed and design decisions reviewed.
Only in this way can the system and its subsystems be optimized.

2-2 RECOIL DYNAMICS
In the preliminary design of a recoil mechanism, motion of the supporting structure is neglected and a

single-degree-of-freedom model is used to describe recoil motion. The single degree of freedom corresponds to
the translational displacement in the direction uf recoil. Thus in this model the supporting structure is
considered to be rigidly fixed to the ground. In reality, there is always some motion of the supporting
structure—which reduces the relative velocity of recoiling parts and carriage—but it is small and may generally
be neglected, The inclusion of dynamics of the supporting structure or vehicle is treated in some detail in Ref. 1.
for the design of towed artillery, and in more moderate detail in par. 3-7.1 of this handbook.

2-2.1 EQUATIONS OF MOTION
After a round has been fired, the recoil mechanism provides the main retarding force to stop the rearward

motion of the tube. The distance L travel led by tbe recoiling parts after a round has been fired is called the
●
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Length of Recoil L, m

Figure 2-4. Recoil Force vs Recoil Length, W! < W; < W;

“recoil length”. At the end of the recoil stroke, the recoiling parts come to rest momentarily and then start the
forward motion to return to the in-battery position. This part of motion is termed the “counterrecoil stroke”.
In this paragraph only the motion of the recoiling parts will be discussed. A description of tbe corrnterrecoil
stroke is deferred to par. 3-6.
In analysis of the recoil motion, three applied forces must be considered-i. e., breecb force, force due to

gravity, and net retarding force. Each is described in the paragraphs that follow:
1. Breech Force. The breecb force is exerted on the recoiling parts by the propellant gas while and after tbe

projectile is in-bore. It is of very short duration and is determined by interior ballistic modeling considerations
(see par. 2-3).

2. Force Due to Gravity. The weight of the recoiling parts is to be taken into account because at positive

● firing elevations it will have a rearward component. This force is constant since the recoiling parts remain at
the firing elevation (see Fig. 2-5).

3. Net Retarding Force. As soon as the charge is ignited and the projectile starts forward, the propellant
gas pressure (breech force) and the weight component accelerate the recoiling parts rearward. This motion is
resisted by the net retarding force of the gun slide friction and the recoil mechanism.
A detailed discussion of these force components is presented in subpar. 2-2.3.
Fig. 2-5 shows a single-degree-of-freedom model to represent motion of the recoiling parts. The coordinate

x([) represents the recoil travel of the recoiling parts, as a function of time, in the direction of recoil motion; 0 is
the angle of elevation of the gun barrel: W, is the weight of the recoiling parts; B(I) is the breech force; and K(r)
is tbe net retarding force to recoil motion.
Newton’s equation of motion yields the second-order differential equation of motion for the single-degree-

of-freedom model as

[1~’x(t) = B(f) – K(r) + W,sint), Nm, —
dt’

where
x = travel of recoiling parts, m
m, = W,/,g = mass of recoiling parts, kg

(2-7)

To minimize peak loads acting on the supporting structure, the ultimate design objective is to make K(f)
constant and equal to Ko. The breech force B(f) is of short duration and may initially be treated as impulsive in
nature. Fig. 2-6 shows a simplified representation of such a force. For illustrative purpose, B(t) is assumed to
be sinusoidal such that
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Figure 2-5. Single-Degree-of-Freedom Model of Recoiling Parts

‘f Time t, s

Figure 2-6. Breech Force vs Time With B(f) Sinusoidal

(2-8)

where
B,+I= maximum breech force, N’
(J = lime at end of gas ejeclion period, s

2-10

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

Forthisexample the maximum value of B(f) is reached at I = tf/2and tfis much smaller than thedurationf, of

●
the recoil stroke. With these simplifications, Eq. 2-7 can be written as

[1[ ()B.sin + –K,, OSt Sff, N

.r&!f.!l=
d~,

– K< t/<t<tr, N

(2-9)

where
K, = K“ — W,sinf7, N
f, = duration of recoil stroke, s

Eq. 2-9, for O< f=tJ, may reintegrated to obtain

‘r[*l=-HcOswK’’+c]>kg”m’s”
Theinitial condition dx/dl = Oatf = Ois used with Eq. 2-II to obtain

C’) = ~, ‘g-m/s.

(2- lo)

(2-11)

(2-12)

Integration of Eq. 2- I 1, using initial condition, yields

●
‘rxQ)=-(~lsini%l-Kc +-+c’f+c2kg”m

(2-13)

Since x(0) = O at [ = O, the constant Cz in Eq. 2-13 is zero, i.e., C, = O. Therefore Eq. 2-[3 reduces to

‘r-’+wsinHKc-:+c’’kg”m
(2-14)

At { = If, Eq. 2- I I—substituting the value for C from Eq. 2-1 2—yields

0[
[ 1.M, dx([) 2 Bdf—— — – KJJ, kg.m/s

d 1=[, 7T

(

2B,w ~i(ff). L_ _—
)
c> m/s.

m, 7r

At I = {r, Eq. 2-14—substituting the value for C, from Eq. 2-12—yields

Kc Bnsj _ 2
n?rx(tf) = — ~ f; +

( 1
;++,——ff ——– kg.m

T 7r

or

●

1(2-15)

I(2-16)
2-[1
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Integration of Eq. 2-9 over the interval If S f ~ t, gives

rn,.i(r) = —KJ + C~, kg”m/s

and use of the initial condition given by Eq. 2-15 yields the value of C, as

2BM
C3 = mri(~f) + KJ~ = — t~, kgm/s.

r

Integration of Eq. 2-17 over the same interval gives

K<(2 +
rnrx(t) = — —

2

2BtntJt
— + G, kg.m.

r

(2-[7) ●

(2-18)

(2-19)

If the initial condition given by Eq, 2-16 is used, the value of Cd is determined to be

Now if f, is the duration of the recoil stroke and since ;([,) = O, Eqs. 2-17 and 2-18 give

* = 2BMtf
,

K,T ‘ “
(2-21)

If L is the prescribed length of recoil, i.e., x([,) = L, substitution of Eqs, 2-18,2-20, and 2-21 into Eq. 2-19 ●
gives

– (%-’)kg”m ‘2-22)

211~t~ + 4Bd$ BM ~ = BMZ}~rL = —
K,T= KCT= r T

Thus Eq, 2-22 shows that for a prescribed L., K, and Kocan be determined in terms of known parameters. This
knowledge can now be applied for preliminary design of components of the recoil mechanism.
In general, the breech force is of a more complex form, and a numerical procedure should be adopted for the

integration of Eq, 2-7. For the preliminary design, K(f) again will be kept constant at Ko. Somewhat more
general shapes for the net retarding force K(t) will be discussed in par. 2-4.
For the actual breech force B(t) and constant recoil force k’(f) = K,, Eq. 2-7 can be rewritten

m,~ = B(r) — KO+ W“,sinO, N. (2-23)

Integrating this once, using the initial condition i(0) = O, yields

m,~ = [B(,)d, - Ko(t –~) + ( W’,sinO)f, kg.m/s (2-24)

where
~ = time at which constant recoil force is applied, s
~ = time variable, s.

The retarding force of the recoil mechanism acts only after some recoil motion occurs. By denoting
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(2-25)

0([) = impulse of breech force up to time r, N.s.

Eq. 2-24 can be written as

m,i = D(t) — Ko(/ —~) + ( W,sin6)f, kg.m/s. (2-26)

It should be noted that D(I) and KO(I –~) are the impulses of the breech and the total retarding forces up to
any time [, respectively.
Integration of Eq, 2-26 again. using the initial condition x(O) = O,which renders the constant of integration

zero, yields

Ko(f –7)2 + @’rsinf3)f2 , ~g.m
,71,.,- = J D(T)dT - z —

2
(2-27)

If the first term of Eq. 2-27 is integrated by parts. the equation may be written as

[1 Ko{l --~)’ + ( W,sin13)z’dqr) & – ——
mr.r = [TD(T)]; – ~; —

\

dr 2 2

or ‘ (2-28)

Ko(t –~)z + ( w,sin@ ~g.m

●
W?r.y= f.qf) — Jr fl(.T)dT —

2 2’ /

Eqs. 2-26 and 2-28 can be used to determine KCand [, for a prescribed recoil length L, which requires that
.<(1,) = Oand x((,) = L. Equations similarly Eqs. 2-26 and 2-28 are used todevelo pa graphical moment-area
method of analysis in par. 2-4.

2-2.2 MOMENTUM AND ENERGY RELATIONS
Since in an actual recoil mechanism it is impossible to achieve a constant net retarding force K(() = Ku, a

method is needed to find achievable retarding forces that yield a desired length of recoil L. For an achievable
K((), integration of the equation of motion wuuld result in far more (complicated expressions than those arising
in Eqs. 2-26 and 2-28. Therefore. it is not generally possible to solve algebraically for f, and and K(t) = Ko aS
was done in P:lI. 2-2.1. ‘f_ocarry out the required analysis for mort realistic variable retarding forces K(t), a
numerical method is required. [n preparation for the moment-area method of carrying out this analysis in par.
2-4, basic momentum and energy balance relations are developed in this paragraph.

2-2.2.1 Momentum Balance
The basic equation of motion for a recoil mechanism with B(I) and K(I) as the breech and retarding forces,

respectively, is given by Eq. 2-7, i.e.,

m,; = B(f) + W,sin@, N.

integration of Eq. 2-7 once. using the initial condition i(0) = O, yields

rnr~ = ~[ B(~)c/~ - ~’ K(.)dr + ( WsinO)f, kg”m/s (2-29)

o where K(I) is applied at time I ‘~; [hetime~ is characteristic of the specific recoil mechanism type under
consideration.
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By denoting

Lf(f) = ~’ ~(~)d~, kg.m/s

where
ff(f) = impulse of recoil force up to time t, N.s.

Eq. 2-29 can be written as

m,.i = D(t) – H(t) + ( W’,sinf?)f, kg.m/s (2-31)

where D(t) and H(I) are the impulses of the breech force and the total retarding force, respectively, up to time [.
Eqs, 2-25 and 2-29 to 2-31 will be used in the moment-area method of par. 2-4,
At the instant I = [, when the recoil stroke ends, the velocity is zero and Eq. 2-3 I becomes

O = D(r,) – H(r,) + ( W,sinr9)f,, kg.m/s. (2-32)

When K(t) is constant and is equal to Ko,

H(f) == Ko(f –~), kgm/s (2-33)

and the integral of the breech force-time curve ~B(r)dr can be calculated for any t by the trapezoidal or
Simpson’s rules, or any other numerical integration technique. Then Eq. 2-32 can be used to obtain the total
duration of recoil f, in terms of K“. This method is similar to the one discussed in par. 2-2.1.

2-2.2.2 Energy Balance
An energy relation can be obtained from the equation of motion (Eq. 2-7) to relate kinetic energy, stored

energy, and heat energy created during fluid throttling. As expected on theoretical grounds and as observed ●
experimentally, the temperature of the fluid used in recoil mechanisms rises after a round is fired. A
temperature rise causes changes in tbe fluid properties (primarily viscosity) and thus affects the design
calculations, particularly the orifice design. Corresponding to a prescribed recoil length L., the designer should
determine the amount of heat ener~v suD~lied bv the conversion of mechanical energv to thermal enemv. . . . .
caused by fluid throttling.
Eq. 2-7 can be rewritten in the form

m,
2-[ 1

& (i’) = B(f)

Integration of Eq. 2-34 over the recoil length L., yields

0= ~ ;:: = /: B(f)dx

or

-.

K(f) + W,sinO, N. (2-34)

(~K(~)dx + (W,sin/3)L, J (2-35)

(2-36)

where
cLr/cit = v(t) = velocity of recoiling parts, m/s

or
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dx = V(l)dt.

● After recoil calculations, V(I) is known at every time step; hence Eq. 2-36 will give the total work done by the
retarding forces.
From the principle of conservation of linear momentum, the mnmentum of the recoiling parts equals the

momentum of mass exiting the tube or

or
Wpvo + 1433 w,v, =

w“ ‘
m/s

I(2-37)
I

where
\y = velocity of free recoil, m/s
v: = muzzle velocity of projectile, m/s
W, = weight of propellant charge, N
W, = weight of projectile, N

1433 = empirical average velocity of exiting gases, m/s

Eq. 2-37 gives an approximation for the velocity of free recoil in terms of other known parameters.
In preliminary design it is often helpful to make the approximation that the breech force is impulsive in

nature and that K(t) = K“. In this case, the velocity of free recoil of Eq. 2-37 is used as an initial condition of
motion, and the shape of the breech force-time curve does not enter into the analysis. Integration of Eq. 2-34
over the recoil length L., using the conditions i(0) = v,, i(L) = O, yields

or

m
2 ‘} = KoL – ( W,sin@L, J

KoL = ~ v} + ( W,sinO)L, J,

i
(2-38)

Eq. 2-38 gives an approximation of the work done by the recoil retarding force Ko.
The fluid throttling force F, defines requirements on the orifice area variation and determines heat input to

the recoil fluid. It is a part of the total retarding force K“, the compc,nents of which are discussed briefly in par.
2-2.3, When all other components are known, FOcan be evaluated b subtracting them frOm ~0 (see Par. 2-2.3).
Let Wbe the work done by F“only. Then the temperature rise ATinthe mass mfof the recoil fluid forasingle
firing is given by

AT=~, deg K
mf

where
AT= temperature rise in hydraulic fluid, deg K
W = work done by force Fo, J
FO= resisting force due to throttling of hydraulic fluid, N
c = specific heat of the fluid material, J/ kg. K.

(2-39)

Thus the energy balance, used in conjunction with dynamics information derived using momentum balance
in par. 2-2.2.1, provides data defining temperature rise in the recoil fluid. This information is indispensable in
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assessing a preliminary design and identifying potential problems early in the design processes. The method of’
analysis presented can also be refined to obtain more precise performance predictions as the recoil mechanism
design is refined, ●
2-2.3 FORCE COMPONENTS
There are several forces that contribute to the total resistance to recoil. These include the frictional furce of

slides, packings, and seals; force due to the elastic medium of the recuperator; gas dynamic forces on the
muzzle brake; and the resisting force offered by the throttling fluid. Muzzle brake effects are discussed in par.
3-4. In this paragraph only brief definitions of thecrrmponent forces aregiven, and an equation relating all of
them to the total resisting force is written:

1. Frictional Force KJof Sliding Surfaces. During recoil motion, the recoiling parts slide over the cradle
bearings, and frictional forces are generated that resist the recoil motion. The resultant of all such bearing
frictional forces is the frictional force of sliding surfaces K].

2. Frictional Resistance ~P of Packings and Seals. The packings and seals in a recoil mechanism bear
against moving parts, such as pistons and piston rods, to prevent leakage and thereby generate frictional
resistance. Packing frictional forces can be found if the total radial force on cylinder walls and a coefficient of
friction are known. The total of these frictional forces is~,.

3. Recuperator Force K.. The recuperator is an energy reservoir for the recoil system. The gas or spring in
the recuperator holds the gun in-battery prior to firing. During recoil, the gas or spring is compressed further
to store energy that is required for counterrecoil. The resisting force of the spring or gas is called the
recuperator force K,,.

4. Muzzle Brake Force K~. During gas ejection from tbe muzzle, gases are deflected laterally or rearward
and thus generate a forward thrust on the muzzle brake. This thrust has a net resisting effect on the recrril
motion and is called tbe muzzle brake force Km.

5. Resistance FOOffered by Throttling of Hydraulic Fluid. During recoil motion, resistance is generated
by throttling fluid through control orifices. The result of all such forces is the resistance due to fluid throttling
F,.
The total resistance to recoil is given by

K= KR+Kf+K., N
●

(2-40)

where
K = total resistance to recoil, N’
Kk = total force acting on recoil rod (rod pull), N.

The total force K~ acting on the recoil rod is

KR= Ka+fp+ Fo, N. (2-41)

Once, Km, K., ~f, and~P have been calculated, tbe force Forequired tO achieve the desired total recOil fOrce K
may be obtained from Eqs. 2-40 and 2-41. Achievement of this force as a function of travel then becomes the
design objective of the control orifices discussed in detail in Chapter 3. Fig. 2-7 is a schematic diagram of all the
resisting forces acting on the recoiling parts.

2-3 INTERIOR BALLISTIC MODELING
This paragraph summarizes the interior ballistic modeling methods employed as input to the design of the

recoil mechanism. Closed-form approximations—based on simplified mathematical relationships presented
in Refs. 5 and 6, rather than large-scale computer simulations—are obtained for breech force input to the
moving parts of the recoil mechanism.
There are three principal design functions of interior ballistic modeling—charge design, tube and breech

design, and recoil mechanism design. Interior ballistic modeling for the latter function is emphasized in this
paragraph. In interior ballistic modeling to support recoil mechanism design, the breech force-time history
must be predicted and must include both the in-bore phase (projectile in tube) and the gas ejection phase ●
2-16
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Figure 2-7. Resisting Forces Acting on Recoiling Parts

(projectile past muzzle) as a force inpul to recoil mechanism dynamics. If a muzzle brake is present, the effect
of it is accounted for in the gas ejection phase.
Modeling in support of recoil mechanism design requires less sophisticated interior ballistic predictions

than :irc needed in charge design and tube design. A breech force-time history is needed that approximates the
actual breech force curve and provides the proper momentum input to the recoiling parts. Approximations of
the breech force curve that meet these objectives may fail to provide actual peak pressures; hence they maybe
grossly inadequate for support of charge design or tube design.

2-3.1 LEVELS OF SOPHISTICATION IN INTER1OR BALLISTIC MODELING
Although they were written in the 1950s, the best references on interior ballistic modeling are the texts of

Coberly ( Kef. 5), Corner (Ref. 6), and Hunt (Ref. 7). The engineering design handbook on interior ballistics
(Ref. 8) also is a valuable reference, but it is less comprehensive. The question of levels of sophistication in
ballistic modeling are addressed very carefully and clearly by Corner (Ref. 6). Corner then proceeds to discuss
simple ballistic models (Ref. 6, Chapter 4), more advanced ballistic methods (Ref. 6, Chapter 5), and
theoretical hydrodynamic problems of interior ballistics (Ref. 6, Chapter 9). The ballistic models treated in
Corner (Ref. 6, Chapters 4 and 5) focus on the problem of predicting interior ballistic pressures, temperatures,
and velocities from fundamental properties of the propelling charge. Each of these models accounts for
burning the propellant grain and its splinters followed by an expansion phase that continues until the projectile

●
exits the tube.
A model presented by Schlenker (Ref. 9) contains a detailed analysis of rotating band engraving and

friction, friction drag of the propelling gases moving down the bore, motion of the recoiling parts, and heat
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transfer to the bore. The model of Baer and Frankel (Ref. 10) accounts for many of these factors but does not
account for motion of the recoiling parts.
A totally different modeling approach is employed by Coberly (Ref. 5) in support of recoil mechanism

design for the in-bore phase of ballistic action. Coberly employs an empirical equation for approximating ●
projectile velocity as a function of travel and takes as inputs the peak bore pressure and muzzle velocity of the
round. He assumes lhat a charge will ultimately be designed 10 yield a known muzzle velocity that is required
by tactical considerations and that the final charge design will stay within the peak pressure limitations of’the
gun tube, These assumptions allow the recoil mechanism designer to represent the force input In his
mechanism during the design phase—even prior to finalization of the charge design.
A second feature incorporated in the Coberly model is the prediction of the force on the breech during gas

ejection that follows the exit of the projectile from the tube. ‘I-his prediction is based on hydrodynamic
modeling and approximations that are presented by Corner (Ref. 6, Chapter 9).
The simplified analytical modeling method of Ref. 5—well-suited for preliminary design of a recoil

mechanism—is presented in par. 2-3.2. It is suggested that the recoil mechanism design team employ the
output of higher resolution interior ballistic models, such as in Refs. 9, 10, and I I, in the final design process as
refined charge, tube, and projectile design data become available.

2-3.2 A SIMPLIFIED BALLISTICS MODEL FOR RECOIL MECHANISM DESIGN
2-3.2.1 Factors Influencing Breech Force
To develop usable analytical equations for predicting breech force m an input to recoil mechanism design,

factors to be accounted for in artillery recoil mechanism design must be considered. The recoil mechanism
designer may begin with muzzle velocity and peak chamber pressure, i.e., parameters that seldom vary widely
because of fundamental constraints on the tube integrity and wear life. It is important for the reader to realize
that these data and the model presented are intended to predict forcing functions for recoil mechanism
dynamics not pressure predictions for gun tube design or acceleration predictions for projectile design.

2-3.2.2 In-Bore Period
For recoil mechanism design and dynamic analysis, a relation between breech force and projectile travel is ●

needed. Other relationships between breech force, velocity and travel of projectile, and time also are
developed. For these, an empirical equation (LeDuc equation), which is particularly attractive in the early
stages of design, is used. Derivations of some detailed equations that are needed are presented in Appendix B.
A sample calculation is presented at the end of this paragraph.
The LeDuc equation approximating velocity of the projectile as a function of the in-bore travel nf the

projectile (Refs. 5 and 8) is

— m/s
‘= b:u’

(2-42)

where
v’ = in-bore velocity of projectile, m/s
~ = projectile travel in bore, m
u = LeDuc parameter, m/s
b = LeDuc parameter, m.

From Eqs. B-23 and B-24, Appendix B, the 1..eDuc parameters are given as

a= v(~(Q+ 1), m/s

b = QUO, m

(2-43)

(2-44)

where, from Eqs. B-22 and B- I I, respectively, of Appendix B,

2-[8
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(~=~f’M ) /(27 PM
16 P. )

– 1 – — — – 1 – 1, dimensionless
16 P,

(2-45)

‘= ““l?~+) ‘din’ension’ess

(2-46)

where
vo’= muzzle velocity of projectile, m/s
L/, = tube length, m
PM = peak chamber pressure, Pa
P, = mean chamber pressure, Pa
g = acceleration due to gravity, 9.8 I m/s~
,4 = bore area, m2
W’,,= weight of projectile, N
W, = weight of propellant charge, N.

To determine the projectile velocity and breech force as functions ,ofprojectile travel, substitute the values of
a and b from Eqs. 2-43 and 2-44 into Eq. 2-42 to obtain

au _ w’(Q + I)u
‘= b+u– QLb+u “

m/s. (2-47)

● The breech force versus projectile travel relationship is obtained from Eq. B-7, Appendix B, as

[)

W’p+y
B=

w,
F, N (2-48)

where
B = breech force, N
F = force on projectile, N.

Tbc substitution for Ffrom Eq. B-16, Appendix B, into Eq. 2-48 yields

Finally, substituting for a and b from Eqs. 2-43 and 2-44 into Eq. 2-49 yields

[

(w, + :)v;2(Q + 1)2
B=

g

QU,U 1,N,~QUO+ U)3

(2-49)

(2-50)
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As shown by Eq, B-17, Appendix B, the maximum breech force f?~occurs when u = h/2, or from Eq. 2-44
when u = QUO/2. Substitution of this expression for u into Eq. 2-50 yields

[1w’,+~BM.$ V;2(Q + 1)2
,N

g QUO

where
5~ = maximum breech force, N,

From Eqs. 2-50 and 2-5 I the breech force B can be written as

[

27Q2U&
B=BM 1>N,4(QUo + u)’

(2-51)

(2-52)

Thus the breech force is obtained as a function of u and f/0, with BM and Q determined by interior ballistic
parameters.
To find the projectile travei versus time relation, the LeDuc equation (Eq. 2-42)

“f=~=~
dt

m/s
b+u’

is rewritten as

d~ = ()b+u du, s.
au

(2-53)

(2-54) ●

Integration of Eq. 2-54, by parts with the condition u = UOat time I = to of projectile exit, gives

‘=’O-[+(+-)+-l=’(’- ‘Uo’%ku”-‘2-55)
where

tO= time of projectile exit, s

To find the time of projectile exit to, equate the momentum of the recoiling parts to the impulse of the mean
breech force B., to obtain

BJ, = ~v13, kg.m/s (2-56)

where
B, = mean breech force, N
vo = velocity of recoiling parts at I = 10, i.e.. projectile exit, m/s
W’,= weight of recoiling parts, N. ●

Also Eq. B-2, Appendix B, can be integrated with the initial conditions v = Owhen v’ = O, to obtain at [o
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where

v’ = in-bore velocity of projectile, m/s
v = velocity of recoiling parts, m/s.

v’, m/s

DOD-HDBK-778(AR)

(2-57)

If the work done by the actual breech force is equated to the work done by the mean value of breech force,
then

&u” ‘j,) Bdu, J. (2-58)

Substitution of B from Eq. 2-52 into Eq. 2-58 gives

B ~ 27 B~Q2Uo
e , /? “U N(QUO + up ‘

This integral is evaluated by using integration by parts or any standard integral table to obtain

J:() Udu ~ 1 ~,N
(QUO – u)’ 2uoQ(Q + 1)-

● Substitution of this value for the integral in Eq. 2-59 gives

()
B, = $BM Q(Q+ ,)2 ,~

From Eq. 2-56, the time uf projectile exit is

~,, = I’vrv(l—,s
gB<.

Substitution of’ B, from Eq. 2-60 intu Eq. 2-6 I gives

8 WrVo(Q + l)’ , s,l,) =
27xBMQ

Substitution of K, from Eq. 2-57, with v’ = v,;, gives

,.. ‘~?,s.
27gB,wQ

(2-59)

(2-60)

(2-61)

(2-62)

(2-63)

● If a breech fore.c-time relationship is desired, Eqs. 2-52 and 2-55 can be used to calculate Band I values for a
selected set of values nf u between u = O and u = UII.These B and t values may then be plotted on a B — t
rectangular courdinatc system, and a graph of B as a function of t is generated.
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To test the validity of the foregoing simplified theory, consider the following ballistic parameters presented
in Ref. 10 for a 105-mm howitzer:

WP = 146.79 NT (33 lb)
W, = 12.37 N (2.78 lb)
PW = 235 MPa (34,063 psi)
v; = 455.2 m/s (1493.5 ft/s)
U, = 2.06 m (81 in.]
,4 = 8.88 X 10-3 m (13. ~7 in:)
g = 9.81 m/s’ (32.2 ft/s )

and compare the calculated versus experimental data—i.e., B = j(u) and V = It(u).
From Eq. 2-46

PM = 2 X 9,81 X 2,06 X 235 X 10’ X 8.88 X 10-3

P, (455.2)2 (146.79 + 12.37/2)

= 2.661.

From Eq. 2-45

[ 11[Q= +(2.661)– 1 –

2

1]
1/2

fi(2.661)– 1 – I

= 0.1463.

The LeDuc parameters a and b of Eqs. 2-43 and 2-44 are

a = 455.2 (0.1463 + 1)

=521.8 m/s.

b = 0.1463 (2.06)

= 0.3013 m.

The projectile velocity v’ as a function of projectile travel u by Eq. 2-53 is

521.8u~’ = m/s.
0.3013+ u ‘

The breech force B as a function of projectile travel U by Eq. 2-50 is

B=

——

(146.79 + 12.37/2)(455.2)2(0.1463 + 1)2 II O.1463(2.06)u
9,81 [0. 1463(2.06) + u]’ 1

1.2796 X 10’u ,N
(0.30138 + u)’

(2-64)

(2-65)
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Graphs of the projectile velocity v’ and breech force Bequations as a function of projectile travel u from Eqs.

●
2-64 and 2-65 are presented in Fig. 2-8. To compare these curves with test results, experimental data presented
in Ref. 10 by Baer and Frankle also are plotted in Fig. 2-8. Although there is some variation between the actual
and predicted breech forces, the area under the two curves (the work done by the forces) is the same. Thus the
approximate method presented gives the correct work done and only a slight shift in the time the breech force
acts on the recoiling parts

2.0

1.5

I

‘rOJec’i’e““”’”~

“ Breech Force

. ( Ref. 10)

500

400

I A Data from Eqs. 2-64 and 2-65

1 1 I I
o 0.5 1.0 1.5 2.0

Projectile Travel U, m

Figure 2-8. Breech Force and Projectile Velocity vs Projectile Travel (lOS-mm Howitzer)

More important is that the velocity of the projectile by the prediction in Fig. 2-8 is almost identical to the
experimental velocity. This is true since the velocity is an integral nf the forces acting on the projectile. From
Eq. 2-57, the velocity of the recoiling parts is

where
v = velocity of recoiling parts, m/s
V’ = i“.bore velocity of projectile, m/S.
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Since the ac[ual and predic[ed plc~jectilevelocities in Fig, 2-8 are essentially the same, Eq. 2-57 shows that the
actual and predicted velocities olthe recoiling par[s areessent ially the same. [t isthe velocity of recoiling parts
th~it is crucial for recoil mechanism design, so the simplified ballistic model presented is adequate for the
preliminary design of recoil mechanisms.

2-3.2.3 Gas Ejection Period
After the projectile leaves the tube, propellant gases exit through the muzzle to the atmosphere. Since the

velocity of the gases leaving the tube is high. the gases have substantial momentum. The forward momentum of
the propellant gases is equal to a momentum increment, in the recoil direction, of the recoiling parts. Thus the
gas ejection period must be modeled to predict recoil dynamics. Results and data describing the in-bore
ballistics in par. 2-3.2.2 are used as initial conditions for analysis of the gas ejection period.
The time [,, of projectile exit is given by Eq. 2-63, and the velocity of free recoil v,, is given by Eq. 2-57 with

v’ = !,;. Since at projectile exit u = U,), Eq. 2-50 reduces to

.o=poA=v5klL!E&N.
gC/O(Q+ 1)

(2-66)

where
BO= breech force at time 10,N
P, = breech pressure at time I“, Pa

Denote the absolute travel (see Appendix B for definition of absolute variables) of the recoiling parts by x;
then. by definition, the absoiuie velocity L,of the recoiling parts is

v= ~, m/s (2-67)

where
.e’= absolute travel of recoiling parts, m

Since forward projectile displacement u is measured relative to the tube, which has moved rearward a distance
.7with the recoilin~ parts, the absolute displacement of the projectile is u — x. Thus, by definition, the absolute
in-bore velocity v of the projectile is

v’ = ~(u —x), m/s.
dt

(2-68)

Since at time f = 0,.~ = Oand u = O, Eqs. 2-67 and 2-68 can be substituted into Eq. 2-57 which is integrated
to give

‘r-y=(wp+3(’’-’)’
Since at projectile exit u = UO,the recoil travel at projectile exit is

2-24
[ -1w , + +

xc) =
J’vr+wp+ w.

2

UO,m

(2-69)

●

(2-70)

•~
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where

●
xo = recoil travel at projectile exit, m.

In arriving at Eq. 2-70, half of the charge weight has been added tc) the recoiling parts.

I The breech is now considered a reservoir of gas with pressure f’b and density pb and the gun tube is
considered a convergent-divergent nozzle. The process is assumed tct be adiabatic, and the gas flow is assumed
to be instantaneously steady-state. With the continuity equation and the energy equation, and the assumption
that the propellant gas is a perfect gas, the velocity p of gas from Eq. B-30, Appendix B, is

J~ R(TL, – T),, m/s~=
y–l

(2-7 1)

where
P = velocity of gas in bore, m/s
y = ~atlo of specific heats, dimensionless
R = gas constant J/ kg. K
T = gas temperature in bore, K
T6= gas temperature at breech, K.

The quantity RT,, is a characteristic of the propellant, called specific impetus, and RT~/(y – 1)is the potential
energy of a unit mass of propellant, which is a known property of propellant.
From Eq. B-52, Appendix B,

‘“=‘()(’+?r-’’papa
● ‘“where

W.R To
P,) = — = breech pressure at projectile exit, Pa

gA

(2-72)

(2-73)

TO= gas temperature in breech at time [o, s

~= A::,)[~*(*l’+’)’’’’-’!’”= duration of gas ejection period, s
(2-74)

A = chamber volume plus bore volume, m3.

A correction in ~he literature to Eq. 2-73 (Ref. 6) to account for a more complicated gas dynamics model is

‘()=%(’+%)pa
By the substitution of POfrom Eq. 2-75, Eq. 2-72 becomes

‘“=%7’+%1(’+ %+)2’’(’-”p a

(2-75)

(2-76)
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and where, with this correction for Po, the refined duration of the gas ejection period is

‘= A(;:,,[*(+)’+l)(--I’,’”,,

Note that since W, is normally much less then 6 W., the correction is suite small

(2-77) ●

To determine the momentum G—the impulse of the breech force~imparted to the breech by the gases
during the gas ejection period for a tube without a muzzle brake, integrate the following expression for G and
then substitute the expression for @ from Eq. 2-77

G = ~> fjdt

- ‘~~TO(l+ & jI~(,+ ~~’-’’’~fwms—

=H+H’@n]’’’2(Y+)[H+r’’’l-’-’’l’’’k’”m’s

where
G = momentum imparted to the breech during gas ejection, without a muzzle brake, kgm/s

(2-78)

By using y = 1.26, which isagood approximation (Ref. 5), and expand ing[l + W’,/(6 W,,)]’”to first order in
fV,/(6 WP),since Wc<6 W,,,yields

(2-79)

To determine To, equate the energy released from the propellant and the kinetic energy of the charge and
projectile at projectile exit, i.e.,

w,

g(Y – 1) ‘(T’-‘1)=Hmpff+mc4v’2>J (2-W)

where
%,,, = effective mass of projectile (Refs. 5 and 6)

_ (1 +/:)wp— —,kg

m,p~ = effect~ve mass of propellant charge (Ref. 6)
w.—‘—kg
3g ‘

k = fraction of heat lost from propellant gases to tube (k= I /7) , dimensionless,

Use these effective* masses and the experimental values for y and k of 1.26 and I / 7 (Ref. 5), respectively, to
obtain

*The term “effective’’-to distinguish it from “actual’’.-is used when a fraction of the charge m:iss is assumed (o move with the
proi~ctde
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G= 1.341 ~
g

( 1RTo = RTi, – 0.0433 + 0.1486 ~ viz, m2/s2
c

DOO-HD8K-778(AR)

(2-81)

“film ‘c)RTb – 0.0433 + 0.1486 # V(Z,kg.m/s. (2-82)

To find the duration of thegasejection period 4 in terms of G, substitute theexpressionfor f~from Eq. 2-72
into Eq. 2-78 and integrate Eq. 2-74 directly, to obtain

where
Bo = PoA, N, breech force at projectile exit,

With y = 1.26

~= (–)- –7+1 G _8.7G
~–l BO – BO ‘s”

(2-83)

(2-84)

To determine the velocity of the recoiling parts during the gas ejection period as a function of time, use Eq. 2-72
to obtain the force B on the breech due to the escaping gases as PbA. To account for the effect of a muzzle
brake, a dimensionless efficiency fiactor f3(see par. 2-3.2.4) is introduced so that the force on the recoiiing parts
is, from Eq. 2-72

B = (1 – /3)P/,A

‘(’-~)ApO(]+%T-”N(2-85)
The equation of motion of the recoiling parts is obtained by equating their accelerations to the force of Eq. 2-85
divided by their masses

~= ‘(17B0(’++Y’’-’)’m’s’
where B,) = ,4 PO has been used.

Since v = v“ when t = I“, integrate Eq, 2-86 to obtain

V=vo+ ;1p7’fu’++T)’(’-’lrnlsn’s
‘ l–y

(2-86)

(2-87)

2-27

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

With y = 1.26 the substitution of G from Eq. 2-83 gives

‘=”o+z[’-(’++r”’lm’s
where

Z = ~(1 ‘/3), m/s.
r

●
(2-88)

(2-89)

Integration of Eq. 2-88 with the initial condition x = X, at t = fo gives the travel x of the recoiling parts, i.e.,

~=xo+(vo +l)(l_ to)+@

[( 11
,+ ~—to -77

7.7
–1 ,m.

4
(2-90)

Note in Eq. 2-85, when y = 1.26, 27/(1 – y) = –9.69; therefore,

[ 1

-9.69
B=(l–/3)APo 1+ & , N. (2-9 1)

Thus Bapproaches zero as t approaches m, but Bis not exactly zero for any finite time. When [ – (o = 4, B is
reduced from its value at projectile exit by a factor of 2-9’69,which is very small and for all practical purposes is
zero. Thus the gas ejection period can be considered finished when I — 10= @, or

rf=fO+l#l, s (2-92)

where
IJ = time at end Of recOil fOrce Or end of gas ejection period, s

Similarly,

P( = 0.0012 Po, Pa (from Eq. 2-72)

vf = vo + ~, m/s (from Eq. 2-88)

xf = xo + (vo + k)~, m (from Eq. 2-90)

where
P, = breech pressure at If, Pa
Vf = Velo:ity Of free recOil (velOcity Of recOiling parts at rf), m/s
x/ = recod travel at I,, m,

2-3.2.4 Muzzle Brake Effects

(2-93)

(2-94)

(2-95)

I

●

At the time tbe projectile leaves the tube, propellant gas is still in the tube at moderately high pressure. The
gas then exits the tube at high velocity, as described in pm. 2-3.2.3. The muzzle brake uses some of the kinetic
energy of these gases to impede the rearward motion of the recoiling parts. Thus the brake serves as a
contributor to the recoil force.
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A muzzle brake has a series of baffles, either perpendicular or nearly perpendicular to the gun tube axis. The

●
resultant direction of the gas flow, which is diverted from a forward (.o a radial, or perhaps a rearward, flow
induces a forward thrust on the tube. This thrust is opposite in direction to the recoil momentum and thereby
reduces that momentum by the amount of the muzzle brake impulse,
A detailed and comprehensive discussion of muzzle brakes can be found in Ref. 12, so the expression for the

forward thrust in Ref. 12 is simply used here, without derivation. The total thrust on the muzzle brake is given
as

Km = ~pbA, N (2-96)

where
Km = muzzle brake fot-ce, N

()~=*7 & “’’-”, muzzle brake efficiency factor, dimensionless
y+l

A = speedup factrrr, dimensionless.

The speedup factor A is determined from the geometry of the muzzle brake.
Thus the net impulse imparted un Lhe recoiling parts is

~,~B - Km)(it = A( 1 – /3)~>bdt

= G( 1 – ~), kg.m/s

(2-97)

(2-98)

● where
G = .4j’=PM// from Eq. 2-X3.()

An alternate viewpoint would be to define the factor (1 – /3) so that the impulse actually applied to the
recoiling parts during gas ejection is (1 — ~)G. Then 1 — ~ would be given by the ratio

1–/3=

impulse applie[i to recoiling parts
during gas ejection with a muzzle brake

, dimensionless,
lMp UISf?applled tn recolllng parts dunn,g
gas ejection without a muzzle brake

The value of/3 is determined from the geometry of the muzzle brake, i.e., il is zero with no muzzle brake and
twu if the flow of gases were reversed in direction, which is not practically possible. For practical brake design,
~ ranges from 0.3 tu 1.5.
In considering the design of a muzzle brake and tbe efficiency sought (the value of ~), the designer must

consider potential adverse effects on weapon accuracy. High efficiency brakes can substantially alter the flow
field near the muzzle and induce undesired asymmetric forces on the projectile and thus induce yaw and other
undesirable transitiumrl ballistic effects. These effects can have undesirable effecls on system precision and
must be considered when evaluating high efficiency muzzle brake designs. Actual evaluation of the effect of the
muzzle brake on accuracy is, however, beyond the scope of this handbook. For introductions to muzzle brake
effects on precision, the reader is referred to Refs. 8 and 12.
The primary factor that limits the efficiency of muzzle brakes employed in weapon design is the blast

overpressure created by the muzzle brake. Parlicrrlarly for towed artillery systems, for which a high efficiency
brake is most valuable, the crew is directly exposed to the high pressures and noise associated with the
deflection of the propellant gases by the muzzle brake. As noted in par. 2-1.1., the user prescribes acceptable
levels of crew overpressure. Plots of overpressure as a function of Iocat.ion relative to the muzzle of the cannon
must redeveloped (Ref. 12) for each muzzle brake considered to assure that overpressures inthecrew areado
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not exceed allowable limits. A generally valid design approach is to select the muzzle brake of highest
efficiency, i.e., maximize ~, while not exceeding user-imposed limits on blast overpressure on the crew,

2-3.3 APPROXIMATION OF BALLISTIC PARAMETERS
The interior ballistics model of pars. 2-3.2.2 through 2-3.2,4 predicts the breech force as a function of time,

once muzzle velocity, peak chamber pressure, charge weight, projectile weight, tube length, and weight of
recoiling parts are given. The preliminary design of the recoil mechanism, however, must often be initialed
before these parameters are known, It is important for the recoil mechanism designer to be able to determine
estimates of these quantities so that he can begin the design process. As ammunition and tube design progress
during detailed design, the designer can then use precise values of these parameters to refine his recoil
mechanism design.
Based on the models presented in pars. 2-3.2.2 and 2-3.2.3, approximations are made in this paragraph,

which allow the recoil mechanism designer to estimate data required to determine breech force. User
requirements on range and terminal effects are used by exterior and terminal ballisticians to determine good
estimates of projectile weight and muzzle velocity, which the weapon designer may then use. The weight of the
recoiling parts may then be estimated using historical data for similar classes of weapons. ‘The weight of
recoiling parts for related weapons is plotted versus muzzle momentum, and a graph is drawn, using, for
example, a technique for fitting a least square curve. Since the muzzle momentum for the weapon being
designed is approximately 1.2 times (to account for momentum of gases) the product of the known projectile
mass and muzzle velocity, an approximate weight of recoiling parts is found from the graph.
It now remains to determine propellant weight and tube length so that the desired muzzle velocity is

achieved. Since the ballistic equations—presented in pars. 2-3.2.2 and 2-3.2.3—involving these parameters are
rather complicated, rough approximations me used to simplify these equations and an iterative method is used
to determine the charge weight and tube length. Such approximations me acceptable during preliminary
design since there is considerable uncertainty in virtually all system parameters. It is important for the recoil
mechanism designer to treat the resulting estimates as approximate and to use more precise data as design of
the ammunition, tube, and recoil mechanism are refined.
To determine tube length U“ and charge weight W’,, Eqs. 2-43 and 2-44 are rewritten as

Q = ~ – 1, dimensionless

CiO=-&, m

where
f/c = tube length, m
b = LeDuc parameter, m
Q = constant, dimensionless
a = LeDuc parameter, m/s
v; = muzzle velocity of projectile, m/s

Note that

B.= APM

where
B~ = maximum breech force, N
A = bore area, m2
PM = peak chamber pressure, Pa

(2-99)

(2- 100)

(2-1OI)

● ’

which are known data. Solve Eq. 2-51 for U“, substitute into Eq. 2-44, and use Eqs. 2-100 and 2-101. The ●
LeDuc parameter b is then
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where
W“ = weight of moiectile, N
~, = wei~ht of ;ha;ge, N
~ = ~cce]eration due to gravity, m/s2.

Define q as

Wc
w.+ 2 a2

APM”’m

‘=‘“?~%)‘dimension’

DOD-HDBK-778(AR)

(2- I02)

(2-103)

Then Eq. 2-45 may be written in simplified form as

Q = q – 1 – ~(q – 1)2 – I, dimensionless. (2- 104)

These relations are based on derivations in preceding paragraphs and are now used with simplifying
assumptions to determine UOand W,, with all other data given. First, assume that the gun tube has infinite
length so that the free flight velocity~of tbe projectile as given by Eq. 2!-42reaches the LeDuc parameter, i.e.,

7= I’m ~=a, m/s.
u-mb+u

(2-105)

Since wear-reducing additives are used in modern artillery weapons, the actual weight of propellant charge
materials is W, + W., where
W“ = weight of propellant additive, N.

To simplify subsequent calculations, define

~= Wc+wa
, dimensionless

w.
(2-106)

where
r = ratio of total propelling charge weight to propellant weight, dimensionless

Use RTb/(y – 1) as the potential energy of a unit mass of propellant, from Refs. 5 and 6,

where
R = gas constant, J/ kgK
T~ = temperature at the breech, K
~ = ratio of specific heats, dimensionless

Assume now that half the weight of the charge, i.e., fV.r/ 2, moves with the projectile, and half moves with
the tube. Further, assume that half the total energy of the propelling charge is transferred to kinetic energy of
thf projectile and gases moving with it. Define E as

~= RTb
J.s2/ kg.m

g’
(2-107)
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Then the assumed energy balance is

‘W’’+ *I”2=+(*IJ2g (
(2-108) ●

where Eq. 2- [05 has been used for muzzle velocity a. Multiply Eq. 2-108 by 2g( IVfl+ ~ rW.)/ W, and take the
square root of both sides. The result is

(2-109)

For simplifying calculations, Eq. 2-109 is written as

a = Dh-’l~, m/s (2-1 10)

where

(2-111)

h = ~ + ~ , dimensionless.
w. 2

(2-1 12)

For calculation of the momentum imparted to the projectile during the gas ejection period, the analysis ●
presented in Ref. 6 shows that the gas force acting on the high velocity projectile should be only two thirds the
force acting on the breech. By using a first-order approximation for [ I + W’/(6 W,)]’”-l + W./(12 W’p),Eq.
2-78 gives the momentum imparted to the projectile during gas ejection as

Gp. +[&
‘? (’+*I(H (y+T’)’[2(’”’)]@To)’’2k’”m‘ 2 - ” 3 )

where
GP = momentum imparted to projectile, kgm/s

and W, has been replaced by r W’,.
Rewrite Eq. 2-80 by substituting the expressions for mP,,Jand m,,,y, and r W’,for W, on the right-hand side of the
equation, i.e.,

w.

[
R(~b–~,)= & (l+k)Wp+ —

1
rwc ,21,(,, J

g(-f – 1) 3

where
\ k = fraction of heat lost from propellant gases to tube, dimensionless.

(2-1 [4)

Solve Eq. 2-114 by substituting the values of k = 1/7 from Ref. 5, for RTo, i.e.,
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(7–1RTo = RTb – —
2 ( 1++U+ #, J/kg.

,

Substitution of the expression for RT~ from Eq. 2-107 into Eq. 2-115 gives

( )(
RTo = Eg– ‘~

1
+++$ V;z, J/kg.

<

(2-1 15)

(2-1 16)

Since the projectile was initially at rest, the momentum Go imparted during the in-bore period is equal to the
momentum of the projectile as it leaves the tube. Eq. 2-109, which was obtained by energy balance equations,
may be multiplied by W,/g. using a = ~from Eq. 2-105, to obtain

%+ %-L(:3 b+W“zkg”m’s (2-1 17)

Note that the left side of Eq. 2-117 is the momentum of the projectile and gases due to the forces of both the
in-bore and gas ejection periods. This momentum—the right-hand side of Eq, 2-1 17—must be equal to the
momentum of tbe projectile and gases at projectile exit, which is ( W{,+ r.W,/ 2)v6 /g, plus the momentum GPof
Eq. 2-113 applied during the gas ejection period, i.e.,

HWP+W+[HY+%)(+1’’1+1(3-’)’[
[~Eg-y+ ( )1

1/2
;++;: V;2

c

= [.%%(WP+ W’kgm’s
(2-1 18)

where the expression for G,, has been substituted from Eq. 2-113 and the expresion for RTo has been
substituted from Eq. 2-116.
Multiply Eq. 2- I 18 byq/ W,, and substitute the expression for Dfrom Eq. 2-111 and theexpression forhfrom
Eq. 2-112. ‘rbe resulting equation is

‘()’+’(’+%+[52-($- +’21’’2+5h’’2s(2-1 19)

where

‘= H+r i*)’3-’)’[2(’-’)]dimensiesses
Define

‘=[’+f%l>dimensi”n’ess

(2-1 20)

(2-121)
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and

4h 5ra = — — — , dimensionless.
7 42

Eq. 2-119 may now be further simplified to

V: h + Hr(~2 — W;2)”2 = Dhl’2, m/s. (2-123)

(2-1 22) ● ,

Since r’ w.2 is zero small compared to 12WP, it may be assumed that H = r in Eq. 2-121. Also by retaining
only the first-order terms in a Taylor expansion,

() 1/2 ,2
1–* =1–

a v~
— , dimensionless,

D 2D’

Thus Eq. 2-123 may be wrilIen as

“’h+rrD’(’- %#=”h’’’s’s

The substitution of a from Eq. 2-122 into Eq. 2-124 gives

(2-1 24)

v:h+rr~— ~r ~h+ ~r’ ~= ~h’’’, s/s.
D 84 D

(2-125)

● ’
In simplified form, Eq. 2-125 becomes

G,h – Dh”2 + G2 = O, m/s

2 r v,;~G,. v;– —r— m/s
7 5’

( }G2=rrfi l+~r v-, m/s.
84 D-

Solving for h in Eq. 2-126,

[

1/2 2
h= D + (~’ – 4GIGz)

1
, dimensionless

2G)

W, is determined from Eq. 2- I 12 as

(2- 126)

(2-127)

(2-128)

(2-129)

~c.&,N
h–;

(2-1 30)
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A summary of equa~ions to determine !-V.and U~-given A, P,>,,v(;,Y, RTh, and r—follows:

●
1. Calculate E, f), and ~ from Eqs. 2-109, 2-111, and 2-120.
2. Calculate G, and G, from Eqs. 2-127 and 2-128.
3. Calculate h from Eq. 2-129.
4, Calculate W. from Eq. 2-130.
5. Determine a from Eq. 2-110.
6. Determine Q from Eq. 2-100.
7. Determine b from Eq. 2-102.
8. Determine U, from Eq. 2-99.

If a different value of UOis desired, a new value of W, may be determined as follows:
9. Determine q for the new Uo from Eq. 2-103 and then determine the value of W, from Step 4.
10. Determine Q from Eq. 2-104.
11. Determine a from Eq. 2-100. _
12. Determine h from Eq. 2-1 10; D was determined from Step 1.
13. Determine W, from Eq. 2-130.

Steps 9 to 13 may be iterated by substituting the value of W. from Step 13 into Eq. 2-103 and repeating the
process until it converges to a final value of WC.

2-4 MOMENTUM BALANCE AND THE MOMENT-AREA METHOD
Momentum balance—a fundamental law governing the motion of recoiling parts in a recoil mechanism—is

first presented analytically and then graphically in the form of the moment-area method. The moment-area
method is a graphical technique created by Coberly (Ref. 5). by which the required total resistance to recoil and
the time of recoil are determined. Once these quantities are known, the velocity and travel Of recOiling parts are
found as functions of time by integrating Eq. 2-7.
To use the moment-area method, the mass of the recoiling parts, the desired length of the recoil stroke, and

the curve for the breech force B(I) versus time must be specified. The breech force curve is given by the interior

●
ballistic techniques described in par. 2-3. The maximum recoil length is determined from various design
constraints such as trunion height, maximum available clearances, and machinable lengths of cylinders.
The basic principle underlying the moment-area calculation is the conservation of linear momentum. Since

the recoiling parts start from rest and come to rest at the end of the recoil stroke, the total change in linear
momentum must be zero, and since the change in momentum of a system is the total linear impulse of all forces
acting on the recoiling parts, the total impulse must vanish. Hence the impulses of the breech force and the
weight component must be equal to the impulse of the total resisting force, all of which act over the duration of
the recoil cycle. Frequently this law is written as

“impulse-in = impulse-out”.

2-4.1 MOMENTUM BALANCE RELATIONS
As noted, momentum balance relations play a central role in determination of recoil mechanism parame-

ters. In this paragraph these relations are developed in a form that is useful in design. As noted in par. 2-2.2, the
first integral (momentum equation) of the.general equation of motiou of the recoiling parts is of the form (with
the notation of par. 2-2.2)

rn,i = D(f) — H(t) + ( W,sinf3)f, kg. m/s (2-131)

where

D(t) = ~ff?(T)dT, kg.m/s (impulse of breech force up to time t) (2-

H(~) = ~~K(T)cIT, kg.m/s (impulse of recoil force up from time~ to t) (2-

●
where

~ = time at which constant recoil fnrce is applied, s.

32)

33)
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Integration of Eq. 2-13 I gives

4, Wlsinf+
m,~ = ‘D(T)dT – ~’~(T)L/T + kg.m.

2’
(2-134) ●

Integration of the right-hand side of Eq. 2-134 by parts gives

WZ,X = f~(f) — @?(T)d7 — f~(f) + j; T~(T)dT +
WrtzsinO kg.m.

2’
(2-135)

where
d(t) = centroid of breech force up to time t, s
e(l) = centroid of recoil force up to time t, s.

Eq, 2-134 can be rewritten, with the aid of Eqs. 2-132 and 2-133, as

WZ,X= tD(r) – d(t)D(r) – tH(t) + e(t)lf(t) + ‘rf~ino , kg.m

(2- 136)

(2-137)

(2-138)

Wrt’sintl
rn,x = [f – d(t)] ~[B(~)dT – [f – e(t)] ~~K(~)dT + kg.m.

2’
(2-1 39)

At the end of the recoil stroke, motion of the recoiling parts ceases, and the linear impulse-momentum law,
“impulse-in = impulse-out”, can be applied. Thus from Eq. 2-13 I at r = 1,.

[~ = [,$ + t, W,sinO, kg.m/s (2- 140)

or

~~K(T)dT = ~~B(T)dT + t, W,sino, kg.m/s (2-141)

where
1, = duration of the recoil stroke, s
L = length of recoil, m

I; = j~K(r)dr = total impulse of recoil force, kg. m/s

[~= ~l’~(T)dT = impulse of breech force, kg. m/s.
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The substitution of x = L and r = /, in Eq. 2-139 gives

Wrt~sin8
rnrL = [2, — Ci(f,)] /: — [L — e(fr)] 1; + kg.m

2’
(2-142)

where
d([,) = centroid of breech force up to time /,. s
c,(I,) = centroid of recoil force up to time I,, s.

Eq. 2-[40 or Eq. 2-141 and Eq. 2-[42 are used to determine the unknowns (, and K({). The breech force is
applied when the firiw cycle is initiated. and a fOrce retarding recoil builds Up rapidly as motion begins and
hnlds until the velocity returns to zero at the end of the recoil cycle. These applied forces are presented
graphically in Fig. 2-9.

z‘ke Denotes Centroid
: of Area
G Q W, sintl

o e
Time t,s

k“,, @
7 T
~ t=tr/2 t=fr

KO

Figure 2-9. Recoil Forces for Conventional Recoil Mechanism

A cunstant value K,, for K([) gives the lowes[ force on the supporting structure. lf~ = O, then from Eq.
2-14[

O = [~+- ( W,sinO)t, – K,?r, k,g.m/s (2-143)

and from Eq. 2-[42. since [A*= /, K,, and e(~,) =4
2

( WsinO)f~ _ & kg.m
)?1,1. = [1, — ci(fr)][] +

2 2’
(2- I 44)

where
K,, = COnSIant resistance (o recoil, N
L = length of recoil, m
fJ = angle of elevation of gun b:irrei. rad.

“I”herefol-e, if any four of the sixvariables—m,, L, I,, K,,, l:, d((,)—arc known or specified, the remaining two
variables may be determined from Eqs. 2-143 and 2-144.
Assume that m, L, /~, and d(t,) are specified parameters, then Eq. 2-143 is

(Ko – W,sinO)t, = [~, kg.m/s (2- 145)

o
and Eq. 2-144 is
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>

(KI – Wsintl) ; – [t, – d(t,)][~ = –wr,L, kg.m.

Eqs. 2-145 and 2-146 may be solved for KOand I, to obtain

‘r=2[*+d(’r)l=2 [n’’Lid([r)’; 1s
and

(I,i)2 + WsinO, N
2[mrL + d(fr)dq

(2-146)

●

(2-147)

(2-148)

2-4.2 THE MOMENT-AREA GRAPHICAL METHOD
The moment balance relations of par. 2-4.1 are used in a wide variety of calculations in recoil mechanism

design. In preliminary design, simplifying assumptions and interpretations of the resulting equations can be
very helpful in carrying out and understanding some of these calculations particularly an interpretation of the
areas and moments of areas under the force-time curves of forces acting on the recoiling parts. One such
graphical interpretation that has aided two generations of designers is presented in this paragraph.
The quantities D([) and If([), given by Eqs. 2-132 and 2-133, are the impulses of the breech and the total

retarding forces, respectively, at any time t. The may also be interpreted as the areas under the corresponding
1’force-time curves. The quantitie:]rB(r)d~ and , T k ( r ) d rare the first moments of area under the breech force

curve and under the total retarding force curve, respectively. It should also be noted that d(() and e(() of Eqs.
2-136 and 2-137 are expressions for the distances of the centroids of the areas generated by the functions B(T)
and K(r), respectively, at any time t, measured from time ~ = O.
Eq. 2-14 I tells the designer that the area under the total resisting force curve K([) is equal LOthe sum of the ●

areas under the breech force and weight component curves. Eq. 2- [42 also has a helpful graphical interpreta-
tion. Consider Fig. 2-10, which shows the breech force, the weight component, and the total resistance to recoil
on the same graph. [n Eq. 2-142 the term [I, — d(t,)]{~ represents the moment of the area under the breech
force curve about point I,, and the term [[, – e(f,)]f~ represents the moment of the area under the weight
component curve about point [,. Therefore, Eq. 2-142 tells the designer that rn, L is equal to the net moment,
about point t,, of all areas under the various curves. Thus Eq. 2-142 establishes a relationship between recoil
force parameters (including peak force) and breech force-time curve shapes for a given recoil length.
Since the breech force goes to zero at I = [,< 1,, the integration in Eq. 2-i 35 need only be carried out to

~ = ~,, as determined in par. 2-3, to obtain d(t,). Thus l~and d(f,) are known for Eqs. 2-140 and 2-142. l-he
mass of recoiling parts rn, is also estimated at this point by methods discussed in pm. 2-3.3, and the recoil length
L is likely to have been dictated by cre~ safety or geometry. Therefore, Eqs. 2-140 and 2-142 are generally most
helpful in determining the impulse IK required by the retarding force and the time of recoil [,.
Regardless of tbe unknown parameters to be determined by Eqs. 2-140 and 2-142, their geometrical

interpretation is helpful for many designers in interpreting the information. Eq. 2-140 may be interpreted as
requiring that “The area under the retarding or total recoil force curve K(I) must be equal to the sum of the
areas (their algebraic signs included) under the breech force and gravity force curves.”. Eq. 2-142 may be
interpreted as requiring that “rn,L is equal to the sum of the moments of all the other forces about ( = /,”. “Ihus
the graphical interpretation and use of Eqs. 2-140 and 2-142 in recoil mechanism design is called the
“moment-area graphical method”.

2-4.3 TRADE-OFF RELATIONS
As noted earlier, despite all endeavors to the contrary, constant retarding force or total recoil force cannot

be achieved. The total recoil force K(t) must be selected from a family of achievable curves. As a practical
example of a one-parameter family of curves that characterizes K(t), the shape of the total recoil force can be
taken as shown in Fig. 2-11. The parameters %~~, K,, K*, t,, and t~ in Fig. 2-1 I represent the following:

o
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d(tr) ~

@ Denotes Centroid
of Area

T—’(’”)-1 ““’”S ‘r
L

K(t)

Figure 2-10. Curves of Breech Force, Weight Component, and Total Resistance to Recoil

nKmox--—

K2 I \
–-l–--–-––-–––––: –-

K1 ;

—

Figure 2-11. A Practical Shape of Total Recoil Force
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K.,. r = maximum recoil force that acts, N
K, = resistance to recoil at x = O due primarily to recuperator, N
K, = resistance to recoil at x = L due primarily to recuperator, N
11= time period for buildup of recoil force in fluid throttling to peak recoil value, s
t2 = time period for relaxation of recoil force in fluid throttling, s.

Thus the area under K([), 1,$, and the centroid e(f,) of the area can be calculated. Now the moment-area
method of par. 2-4.2 can be applied to compute K,.., and f,. It should be stated that when KI = K~ = O, the
total resistance force has a trapezoidal shape—aconcept commonly used in the preliminary design of the recoil
mechanism.
To illustrate such applications of the moment-area method, some simple example problems are considered.

Different shapes (including the trapezoidal shape) of the recoil resistance versus time curves are assumed, and
the magnitude of total r~coil force K(l) and the time of recoil [, are calculated. In case firing takes place from
the in-battery position, r = Oand it is assumed that [,> [,, where (J is the time over which the breech force
B(t) acts. In these sample calculations, the following data are used:

m, = 670.55 kg (3.8292 lb.s2/in.
0 = O rad (O deg) (Consequently, from Eq. 2-140, f;= [~.)
L = 1.219 m(48.O in,)
l;= 8936.48 kgm/s (2008.99 Ib.s)

d(lr) = 0.007 s.
Even though the examples that follow are rather simple, it is instructive to present their solutions in detail.

EXAMPLE2-1:
Consider the simple Iinearshape of K(t) in Fig. 2-12(B). Since the function K(t) is a straight line through the

origin,

()K(i) = Kmo., ~ , N

where
IL.. — maximum recrril force, N

The total impulse f; of the recoil force is, by definition,

The centroid e(t,) is calculated by Eq. 2-37 with~ = O, i.e.,

_ Km,axt?

/

Kjwtr _ 2tr—
3 2 – 7’s’

Use Eq. 2-142 to solve for I,, i.e.,

()670.6 (1 .219) = ([, – 0.007)8936.48 – f, – +- 8936.48

t, = 0.148 S,
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Use the derived expression for T; to solve for F&., i.e.,

● K~ax(O. 148) = 8936,48

2

Kmar= 120,763 N.

(A)

z

(B)

h.-Km ox _ ( ;/2, Knox)—.

1~ /2,r..-. —
Time t, s

(c)

Figure 2-12. Assumed Shapes of Total Resistance to Recoil K(t)
(cent’d on next page)
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Figure 2-12. (cent’d)

EXAMPLE 2-2;
Assume K(l)to beatriangular shape as shown in Fig. 2-12(C). Forthetriangle onthe left-hand side, i.e., OS

, ~ ~,/2,

K(f) = + t, N>OSt Str/2.
r

For the triangle on the right-hand side, i.e., 1,/2 ~ t < ~,, the slope ol’the line is –2K~,,./[,. ‘1’herefore, by the
point-slope equation for a line

–2 K,na,
K(t) – K,n.x = t

(1
~—L

r 2

or

K(r) = ‘w + 2Kmax, N,t,/2St Str.
r

The total impulse [~of the recoil force is, by definition,

_ Krn..,t,— — kg.m/s.
2’

It is obvious that the centroid e(t,) = t,/2
Use Eq. 2-142 to solve for r,, i.e.,
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()670.6 (1.219) = (L – 0.007)8936.48 – fr -– ; 89s6.4~

t, = 0.1969 S.

Use the derived expression for I; tO sOlve fOr ~mx, i.e.,

Krm,r(O.1969) ~ 893648

2

Kmox= 90,772 N.

EXAMPLE 2-3:
Assume K(/)to bea Iinearfunction asshownin Fig. 2-12(D). Theslopeofthe line is–K~../f,. Therefore, by

the point-slope equation for a line

– Km.
K(t) — K.., = ~ (f – o)

r

()K(t) =Kmax 1– & ,N

● The total impulse (i?of the recoil fOrce is, by definition,

J(1;= Knw ;
)

1–: dt

_ K~a.&— — kg.m/s.
2’

The centroid e(t,) is calculated by Eq. 2-137 withy = 0, i.e.,

~;rtK(t)dt
()

K.ax ~; 1 – ~ tdt

e( t,) =
~;rK(t)dt =

‘maw *ldt
~,s,——
3

Use Eq. 2-142 to solve for t,, i.e.,

● (1
670.6 (1.219) = (L – 0.007)8936.48 – f, – ~ 8936.48
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i, = 0.295 S.

Use the derived expression for I; to solve for K~.,, i.e.,

IR.x(O.W = ~936,48
2

Kma, = 60,586 N

Examples 2-2 and 2-3 illustrate an important point. For the same impulse and recoii length, the peak
retarding forces for the two cases are 90,772 N, and 60,586 N, respectively. As the peak retarding force shifts
from near the end of recoil to near the beginning of recoil, the magnitude of the maximum retarding force
diminishes, and the time of recoil increases. These examples support a general design guideline that calls for
retarding force (or rod pull) peaks to occur near the starting point of recoil motion, rather than near the end of
the recoil stroke. In this way, the magnitude of the peak retarding force will be reduced,

Example 2-4:
As a final and more practical example, the shape of the total resisting force curve K(l) is assumed to be

trapezoidal as shown in Fig, 2-12 (E). This is a realistic force-time curve that has been used historically in
design of recoil mechanisms. In the design process, the objective is to obtain a design that gives a nearly
constant retarding force, similar to the shape shown in Fig. 2-12 (E), For sample calculations, II = 0.005s and
tz= 0.010s. Values oft, and tz in actual design of control orifices are selected based on the consideration of
machinability.
For this example, three different functions of K(f) are required to describe the recoil force during the period

OS t< 2,, i.e.,
K(t) = recoil force during the period OS t = II, N
IG(f) = recoil force during the period t, < ( = t, – !,, N
K,(f) = recoil force during per;od r, – I, < t < t,, N.

By use of the point-slope equation for a line, as previously illustrated,

and

Obviously,

Kz(t) = Ktna,, N.

The total impulse I: of the recoil force is, by definition,

= Krw(t,-t, – 2 2 )+
K~ (t, + ZZ),kg.m/s.
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Todetermine thecentroid e(t,), employ theconcept of themoment of the area divided bythearea. The
configuration of Fig. 2-12(E) is redrawn here into convenient shapes as shown in Fig. 2-12(F)—rectangles and

●
triangles—with centroids relative to f, = O axis (~-axis).

Thecentroid e(t,)is. therefore, taking moments about the (,= Oaxis

M,– M,– I!’12
e(tr) ==

AT– A,– A1
,s

where
M. = total moment area of large rectangle
MI = moment area of triangle No. 1
MI = moment area of triangle No. 2
..4, = total area of large rectangle
A I = area of rectangle No. I
,42 = area of rectangle No. 2

or

+ (trK,n..t) –

e’(fr) =

_ 3t:—(: + [: — 3[?[,— , s,
3(2i, – /, – /,)

Substitute the given values f, = 0.005 s and I, = 0.015; the expression for e(t,) becomes

t; – O.Olt, + 0.000025
@(lr) =

2/, — 0.015

= 0.51, + 0.00125, S.

By Eq. 2-142, (, = 0.203 S.
Use the derived expression for l; to solve for K,,,,,.,,i.e.,

8936.48 = Km,ti.,(0.203 – 0.005 – 0.01) + % (0.005 + 0.01)

K ,,,”.. = 45,711 N.

2-5 SYSTEM TRADE-OFFS AFFECTING RECOIL MECHANISM DESIGN
The central role played by the dynamics of the recoil mechanism affects the design of the overall weapon

system and vice-versa. Some of the constraints and trade-offs involving blast overpressure, allowed recoil
length, and rate of fire arc discussed in par. 2-1. These and related system level trade-offs are treated in
considerable detail in Refs. 1, 2, and 3. In this paragraph trade-offs involving selection of recoiling part weights

●
are related to recoil reaction, weapon stability, and soft recuil overloads to illustrate trade-off methods that
should be used in recoil mechanism design.
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2-5.1 RECOIL FORCE, STABILITY, AND RECOILING PARTS WEIGHT RELATIONSHIPS

In modern artillery design a recoiling mass is allowed to recoil against a resistive force over a relatively long
stroke to counter the momentum exchanged as the projectile is ejected, Prior to the advent of the long-stroke
recod mechanism, artillery was used primarily as a direct fire, or line of sight, weapon and a considerable
amount of carriage hop and rearward translation usually occurred during firing. The long-stroke recoil
mechanism has alleviated these problems, but weapon stability remains a potential problem area, particularly
for lightweight, air-towed artillery systems.
To assure positive ground contact of the bottom carriage during the recoil stroke, the net moment about the

spade of the bottom carriage of Fig. 2- 13(A) due to the maximum recoil force K& and the total weapon weight
fVTshould be clockwise, i.e.,

ZCG WT – yrKmax >0, N.m (2- 149)

where
Zc~ = horizontal distance between spade and weapon center of gravity, m
W,= total weapon weight, N
Y, = trunnion “height, M

Km., = maximum recoil force, N

(A) Free Body Diagram of Cradle-Carriage

I Recoi Iing Ports B(t)

1 Cradle 1

~

(B) Weapon Schematic

Figure 2-13. Weapon Anchoring Schematic
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The simplified stability criteria of Eq. 2-149 illustrates fundamental trade-offs that are of concern to the

●
recoil mechanism designer. Since weapon weight generally is constrained by the user and trunnion height is
fixed by geometrical consideration, stability is controlled by minimizing the peak recoil force K~., and
selecting a trail length and carriage configuration so that y~ is large enough to satisfy Eq. 2-149. Since long
trails tend to increase system weight and make the weapon difficult to handle, recoil force control becomes the
critical ingredient in achieving weapon stability. It is, therefore, impurtant that the recoil mechanism designer
play an active role in weapon stability considerations.
To understand how recoil control interacts with system weights, consider the ideal constant recoil force

relation of Eq. 2-5

Ku=&, N
r

(2-5)

where
Ko = constant recoil force, N
{ = total impulse imparted to recoiling parts due to firing, N.s

W, = weight of recoiling parts, N
L = recoil length, m
g = acceleration due to gravity, m/sz.

Eq. 2-5 shows that the recoil force KC is inversely correlated with the ]recoiling parts weight IV,.This correlation
is of fundamental importance since the other variables (1 and L) will be assumed constant. The weight W,
should be as great as possible to reduce recoil force and enhance weapon stability and structural integrity. A
recoil mechanism design should be selected that puts most of the weight of its components in the recoiling parts
when stability is marginal. For this reason, the Puteaux mechanism normally is selected for towed artillery
systems. System weight constraints will generally preclude the increase of IV,only for the purpose of improved

●
stability. Thus the recoil mechanism designer must also play an acl:ive role in system weight trade-offs.
The importance of artillery ground anchoring is illustrated by tbe schematic diagram in Fig. 2-13(B). The

impulse of the breech force B(r) is the sole determinant of the impulse absorption requirement at the ground
anchor. This equality holds true without regard to how the recoil mechanism actually functions within the
system boundary. Although the recoil mechanism does not change the total impulse imparted to the ground, it
does affect the shape, level, and duration of the ground reaction force E(t).It is interesting to note how
different recoil methods affect stability and ground reaction:

1. Conventional (Hydropneumatic) Artillery. A hydropneumatic recoil system lengthens the time dura-
tion of the recoil cycie and lowers the peak recoil force imparted to the nonrecoiling parts.

2. Soft Recoil Artillery. The time duration of the conventional recoil stroke is extended by a factor of
three to four by employing the forward momentum principle. The peak recoil is thus decreased by a factor of
three to four without changing the impulse transmitted to the ground. The counterrecoil stroke occurs in i
much shorter time th~n in a conventional hydropneumatic recoil mechanism, so the total cycle time for soft
recoil is actually shorter.
The substantial differences in recoil force and rate of fire characteristics of these two recoil mechanism types

lead to system level weight and stability considerations. Again, the recoil mechanism designer must be
involved with these system level trade-offs.

2-5.2 GROUND ANCHORING
The force-carrying requirements for towed artillery ground anchors are indicated by the analysis in the

preceding paragraph. In the past, the following anchoring techniques have been used:
1. Spades. Plates that present large facial areas to the ground
2. Stakes. Long, slender insertions into the ground
3. Grousers. Small, sharp devices that penetrate the ground (less then 152 mm (6.0 in.) long)
4. Frictional Surfaces. Contact only.

●
Method I or 2 is usually required for conventional artillery, whereas small caliber soft recoil systems may be

able to employ Method 3 or 4. Analytical expressions for firing stability generally incorporate an empirical
factor to account for tbe particular anchoring method used. In Ref. 13, the following soil stability index is
defined:
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S[ = K“/ W7, dimensionless

where
SI = stability index, dimensionless
W, = tolal weapon weight. N.

(2- 150)

●

A rule of thumb used in the past is that trail spades will resist rearward translation if the S/does not exceed
three or four, and stakes will be adequate only until the S1 reaches about 2.5. This statement is based on
anchoring in loose, sandy soils. The M 102, using stakes, has an S1 = 3.7 and lends empirical support to this
guideline since it is marginally stable on sandy soil.

2-5.3 EXAMPLES OF TRADE-OFF CALCULATIONS
To iliustmte trade-off calculations that quantify some of the preceding discussions, consider the recoil

equations for conventional and soft recoil mechanisms:

~.= &, N, for conventional recoil systems (2-5)
r

“g N for soft recoil systems (see Chapter 7).& =
8W’,L’ ‘

(2-151)

It is noted that the recoiling weight of a weapon usually consists of the cannon and the recoil mechanism.
An increase in cannon (tube and breech) weight leads to conflicting operations measures; total system

weight is increased, but the firing stability is improved and fatigue life of the cannon also is increased. This
means that extra weight in the cannon will give a longer operational life, that the total system weight will be ●
increased, and that firing stability will be improved. To quantify the effect of incremental weight changes in the
cannon (equivalently recoiling parts weight), examine the partial derivatives of Eqs. 2-5 and 2-15 I:

()dK,J _ _ & [’g
—, dimensionless, for conventional recoil

dw, – W; 2L
(2-152)

()dKo ._ ~
~,g

d w,
—, dimensionless, for soft recoil

W; 8L
(2-153)

The negative sign indicates that an increase in recoiling parts weight results in a decrease in KOand vice versa.
Take the M 102, 105-mm towed system as an example: L = 1.22 m (4.0 ft), 1 = 9099 kg. m/s (2046 Ib.s),
g = 9.81m/s2 (32.2 ft/s’), and W, = 6768 N (1522 lb). Thus for conventional recoil

d KU

()

I ‘ (9099)2(9.8) =

dW, ‘–
–7.26, dimensionless.

6768 (2) (1.22)

This equation indicates that a one-unit increase in recoiling part weight will result in a seven-unit decrease in
recoil force if all other things are equal. Therefore, the system is more sensitive to changes in recoiling parts
weight than might be suspected. It is helpful to hypothesize different cannon weights for the M102, to plot the
resulting \Jalues for Ko ,and to calcolate the derivative JA’o/c?W,. A plot of KOversus W, has been constructed in
Fig. 2-14. A decrease in the values for W, results in an increase in KO and dKo/d W,. Such a result has
implications concerning lightweight system design which are not readily apparent by other methods of
analysis. Values for other typical towed artillery systems are included in Table 2-1. ●
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Weight of Recoiling Ports W,, N

Figure 2-14. Recoil Force vs Recoiling Parts Weight (M102-Type System)

III sot’t recoil systems bo(h rear o\wrload RO and forward overload FOconditions may occur. RO is caused
by firing a high zune round at a Iowerzone setting. FOis caused by misfire of a high zone charge. Thus there are
three recoil loads associated with soft recoil systems. These loads and their derivatives with respect 10 W, (from
Rcl. 13) are given in ‘l-able 2-1.
Note from Eq. 2-150 that the stabili(y index S/ increases with K,, assuming the total system weight is

constiint. Since a decrease in recoiling parts weight leads to higher recoil fnrces, the carriage must be designed
tocarrythe increased form level. Thus it may be assumed that total system weight W~remains approximately
constant. If this is the case,

a(s~ _ dKo
I

— – — WT, dimensionless.
d W, d WI

(2-1 54)

Since dK,,/J W, is negative. d(SO/d !+’,is also negative. Thus a decrease in recoiling parts weight decreases—
results in a larger negative number—the st;ibility index, which is an adverse effect on stability. Numerical
values of S[and J(Sf)/d W, for three weapons aregi~)en in Table 2-1. Note that the MI02 with its marginal soil
stability is most susceptible to stability degradation due to a reduction in W,.
The analysis of trade-offs involving recoil force and stability, and recoiling parts weight is extended to

optimization of design in Ref. 13. The trade-off analysis presented is a part of system optimization and

●
illustrates tbe type of analysis and interaction in weapon system design which is required in recoil mechanism
design.
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TABLE 2-1
SENSITIVITY OF SYSTEM PARAMETERS TO WEIGHT OF RECOILING PARTS

SYSTEM PARAMETERS hllo2 M204 M198

Weight of recoiling pints W,, N 6>768 7,396 32.272

Recoil reaction Kc),N 49,237 18,476 18,331

dKo/d W,, dimensionless –7.27 –2.50 –5.68

Forward overload FO, N 89,053 —

d(FO)/J W,, dimensionless –12,04

Rear o~erload R(2, N 177,039

d(RO)/d W,, dimensionless –23.94

System weight W,, N I4>343 15>688 64.096 1
Stability Index SI, dimensionless 343 l,f8 2.86

d(S/)/d W,, N-’ –0.507 x 10-’ –0.159 x 10”’ –0.089 x 1o”’
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CHAPTER 3

CONTROL ORIFICE DESIGN FOR
HYDROPNEUMATIC RECOIL MECHANISMS

In this chapter, ,generulprinciplesfor the designof control orificesqf h.vdropneumaticrecoilmechanisms are
described. These principles can be used for design of both independent and dependent types of recoil
mechanisms and for iank recoil mechanisms. After an introduction to the chrspter in par. 3-1, types of
hydropneumat ic recoil mechanisms and their operating principles we described in par. 3-2. The requirements
of a recoil mechanism and its seleclion are discussed. Detailed descriptions of components and the sequence of
operations uf the Puteaux, St. Chamond, Filloux, and Schneider recoil mechanisms are presented. Advan-
tages and disadvantages of thesemechani.rms in various applications are a[so discussed. [n par. 3-3, [he control
orfice design problem is described, and a general discussion of the design procedure is presented. Par. 3-4
presents simplt~ied h,vdropneumatic jluid dynamic models, for use in the design of control orifices. Assump-
tions made in representing the fikid motion are presented, and the effects of these assumptions and the
limitations they impose are discussed. Advanced techniques in control orl~ice design that overcome ihese
Iimi:ations arepresentedlu[er in the chapter. Par. 3-4 rdsopresents material on the effect offluidcompressibil-
it}, on [he mo tion of reco i[ingparts and (he design of contro[ orifices, f7uidf70 w analysis, and an experimental
procedure for the determination of discharge coefficients. In par. 3-S varirmsforces that contribute to the total
resistance to recoil motion are described and characterized. Theseforces include the recuperatorforce, lhe
.fri,~tionalresistance of sliding hearing$ the f~i~tional resistance of packings and seals, and the resistance
OJJeredby thm~l%fluid lhws+ control ~rfices. Analytical and experimenla[pro ceduresfor determination
of frict ional forces are described. In par, 3-6 a di tailed procedure for the design of control orifices for lhe
hydropneumalic recoil mechanisms is summarize din a step- b.v-stepformat. Par. 3-7 discusses iheproblem of

● count errecoil (:ontrol design. Finally, par. 3-8 presents advanced techniques in the design of the recoil
mechanisms. The effect of secondary recoil, i.e., motion of the supporting structure, on (he design of control
orifices ispresented. Advanced concepts oj’fluid mechanics that maybe used in design af control orifices in lhe
,future are discussed. Thermad.vnami.s of recoil mechanisms also m-e briefly discussed.

3-o LIST OF SYMBOLS
A = area of cylinder, m2
= area of counterrecoil piston, m2

AI, = area of buffer cylinder, m2
= bore area (less rifling groove area), mz

A, = area of control rod, m2
A,, = effective area of counterrecoil piston, m’
Ah = effective area of piston facing high-pressure chamber, m2
Al = effective area of piston facing low-pressure chamber, m’
Afi = area of floating piston, same as recuperator cylinder area, mz
A, = contact area ~Djb on cylinder wall, m’

= cross-sectional area of high-pressure chamber, m2
.42 = cross-sectional area of low-pressure chamber, m2
a = Ii”ear acceleration of projectile, m/s2
= distance between bearings, m (see Fig. .?-14)
= experimental constant, dimensionless

aC= area Of Orifi~e fOr ~o”nterre~Oi], m2
a, = ~ffe~tiv~ ~rifl~~ ~re~, mz
a,., = effective area of an equivalent orifice during counterrecoil, mz
a< = U,ICO,effective orifice area, mz

3-f
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a. = average area of the orifice, mz
= area of orifice for recoil, mz

a,,~= buffer orifice area, m2
a, = peripheral acceleration of projectile in bore, m/s2

a 1 , a 2= o r i f i c eareas, mz (see Fig. 3-12)
a,, = effective upstream area of high-pressure chamber, m*

B or E(() = propellant gas force or breech force, N
B*(T) = total app\ied force including weapon weight component, N

b = width of packing, m
= distance between CC and the bearing about which moments are taken, m (see Fig, 3-14)

C = thermal conductance, W/ m’.k
= constant, P&mq (see Eq. 3-141)
= constant of integration

C, = orifice coefficient of a., dimensionless
— correction factor for compressibility, dimensionless—

C, = discharge coefficient associated with effective orifice area a,, dimensionless
C. = orifice coefficient of a., dimensionless

= discharge coefficient for orifice, dimensionless
(C.). = compressible orifice discharge coefficient, dimensionless
Cl, Cl = discharge coefficients for orifices a, and @, respectively, dimensionless

c = difference between distance of the bearings and that of CC to the bearings about which
moments are taken, m

= damping coefficient, N.m/s
CP= specific heat at constant pressure, J/ kg. K
C. = specific heat at constant volume, J/ kgK
D = hydraulic diameter of recoil mechanism upstream of the orifice, m
D, = inner diameter of recoil cylinder, m
D. = outer diameter of cylinder, m
D, = larger inner diameter of recoil cylinder, m

= inner diameter of cylinder, m
D) = smaller inner diameter of recoil cylinder, m
dJ = depth of bearing from CC, m (see Fig. 3- 14)
d, = depth of bearing from centerline of tube, m (see Fig. 3-14)
d, = distance between cradle slide and recoil cylinder, m (see Fig. 3-14)
= distance between supports, m (see Fig. 3-14)

d, = diameter of a section of gun tube, m (see Fig. 3-9)
d, = diameter of another section of gun tube, m (see Fig. 3-9)
E = Young’s modulus of cylinder, Pa
F. = inertial force due to acceleration of recoiling parts, N
Fh= total resistive force of buffers at end of counterrecoii stroke, N
FI,, = resisting force provided by counterrecoil orifice a,, N
F,, = net counterrecoil accelerating force, N
FJ= cumulative frictional and shear forces, N
F,c = frictional resistance of sliding bearing during counterrecoil, N
F. = force due to throttling fluid, N

= total resistance offered by throttling hydraulic fluid, N
F, = force on counterrecoil piston, N
F, = recuperator force during counterrecoil, N
F, = force defined by Eq. 3-98, N

●
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E,{, = force due to spring in buffer chamber, N’

● F?’ = generalized nonconservative force corresponding to x, N
Fe = radial force A,Pk of packing on cylinder, N
F& = generalized nonconservative force corresponding to @, N
F,’= normal force on rails from rifling torque, N
/ = frictional force of packings and seals of’ recoil brake and counterrecoil cylinder, N
fir = resisting fOrce prOvided by recoil orifice u. during counterrecoil, N
.f, = f’rictiOnal resistance Of packings and seals, N
– effective packing fricdon defined by Eq. 3-104, N—

(fP)i = in-battery frictional force of recuperator due to packings and seals, N
~F) = out-of-battery frictional force of recuperator due to packings and seals, N
(/i-), = frictional force of packings and seals in recuperator, N
,fi = frictional force pFd of packing assembly—p = 0,05 for leather, p = 0.09 for silver, and K =

0.09 for teflon-N
~g) = g~~ i~battery frictional fOrce Of recoil brake and counterrecoil cylinder due to packings and

(f~), = ~j~~~~TO~battery frictional fOrce Of recOil brake and cOunterrecoil cylinder due to packings

f’ = force defi~ed by Eq. 3-101, N.,
= frictional force due to rifling torque, N

~ = ~cceleratio” vector due to gravity, m/s~
g = acceleration due to gravity, m/s’
1. = moment of inertia about z-axis for Body B, kg.m: (see Fig. 3-22)
[C = moment of inertia about z-axis for Body C, kg.mz (see Fig. 3-22)
[,, = mass moment of inertia of projectile, kg.m~
/, = moment of inertia about z-axis for Body A, kg.m’ (se: Fig. 3-22)
f = unit vector in r-direction. dimensionless
; = “nit vector i“ y-direction, dimensionless
K = total resistance force, a function of time I, N
K,, = resistance offered by elastic medium of recuperator, N
K( = frictional resistance of bearings, N
= frictional force of bearings or slides, N

K,, = P./ P., pressure factor (for rubber filler, K,, = 0.73), dimensionless
K. = net force on recoil rod (also called rod pull), N
K(f) = total resistance force at time t, N
K(T) = total resisting force at time f, N

k = unit vector in z-direction, dimensionless
k = torsional spring constant, J
= thermal conductivity, W.(m2. K/ m)-’
= radius of gyration of projectile, m

L = T– V, Lagrange function, dimensionless
I = initial length of oil column in high-pressure chamber, m
m = total mass of recoil fluid, kg
m, = mass of Body B (see Fig. 3-22)
r r z c= mass of Body C (see Fig. 3-22)
nf. = mass of charge, kg
m,, = mass of projectile, kg
rn, = mass of recoiling parts, kg

= mass of Body A, kg (see Fig. 3-22)
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Nmm = maximum number of firings, dimensionless
N, = twist of rifling, calibers per turn
* = gas ~on~ta”t, i.e., ratio of specific heats, dimensionless

P = gas pressure, Pa
= fluid pressure, Pa
= oil pressure in recoil brake cylinder after throttling through a. or a., Pa

AF’ = pressure change, Pa
Pa = average pressure in orifice, Pa
= P, + PH,axial pressure on packing, Pa

P~C= oil pressure before throttling through a., Pa
P.a= oil pressure before throttling through a., Pa
P8= propellant gas pressure, Pa
Ph = pressure in high-pressure chamber, pa

P~~, = maximum fluid pressure, Pa
E = pressure in low-pressure chamber, Pa
P~= KPP., radial pressure on packing, Pa
P, = recuperator gas pressure, Pa
f, = axial pressure in packing produced by spring, Pa
P. = gas pressure at any recoil distance x, Pa
P.r = recuperator gas pressure at any counterrecoil displacement, x,, Pa
Po= gas pressure at in-battery position, Pa

P1,PI = two chamber pressures, Pa (see Eq. 3-1 18)
AP~,AP>= pressure drops across orifices a,, and a~, respectively, Pa

Pe= fluid pressure on packing at any recoil position, Pa
~ = change in pressure with respect to time, Pa/s

~ . = force ordinate at Point A, N (see Fig. 3-13)
PM= force ordinate at Point B, N (see Fig. 3-13)
Q = flow rate (discharge) through orifice u., m3/s
= energy transfer between fluid and wall, J

Q, = flow rate through counterrecoil orifice a,, m3/s
Q. = flow rate through recoil orifice a., m3/s

Q,,.~i, ,,A = amount of heat that recoil mechanism is capable of transferring to atmosphere, J
Q,,Q2 = two flow rates, m3/s (see Fig. 3-12)

R~= radius of bore, m
RI,R~ = reaction forces due to guides or bearings, N

T = kinetic energy, J
= temperature, K

A T = temperature change, deg K
T. = ambient temperature, K
TJ = final temperature, K
T, = initial temperature, K

Tma.= maximum temperature that recoil mechanism is designed to withstand, K
AT. = net temperature increase, deg K
T, = rifling torque, N.m
TO= temperature of hydraulic oil at start of firing, K
f = time, s

U = average velocity upstream of orifice, m/s
AU = increase in internal energy, J
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V = potential energy, J

●
= fluid volume at time t, m’
= gas volume, m3

A V = total change in volume, m~
A V. = volume change due to compressibility, m3
A V, = volume change due to cylinder expansion, m3
V~= volume of high-pressure chamber, m3
K = initial volume of recoil mechanism before start of recoil stroke, m?
V,. = initial volume of fluid, m3
V(= volume of low-pressure chamber, m’
V, = gas volume at any recoil distance x, m3

A V, = change in gas volume, m3
VO= gas volume at the in-battery position, m3
~ = difference between the volume that recoil piston displaces per unit time and fluid discharge

through orifice, m3/s
v = velocity vector, m/s
“ = kinematic viscosity of fluid, m2/S

v(x) = speed of piston, m/s
— speed of recoiling parts, m/s—

v. = average speed of flow through orifice, m/s
v~ = speed of floating piston during counterrecoil, m/s
v, = i,, speed of counterrecoiling parts, m/s

A W = externa~ work done, J

●
W’. = weight of Body B (see Fig. 3-22)
W. = weight of Body C (see Fig. 3-22)
W’~= weight of counterrecoiling parts, N
W, = weight of recoiling parts, N

= weight of Body A, N (see Fig. 3-22)
XC, Yc = coordinates of Body C with respect to X Y-plane (see Fig. 3-22)
X., Y,= coordinates of Point T with respect to XY-plane (see Fig. 3-22)

x = displacement of piston, m
= recoil distance, m

X,,V= coordinates of Body A with respect to xy-plane (see Fig, 3-22)
,Y&~h= coordinates of Body B with respect to xy-plane (see Fig,. 3-22)
XR = control piston rod displacement, m
x, = displacement of counterrecoiling parts, m
,f = change i“ .x with respect to time, m/S
.i~ = recoiling speed, m/s
,y = ac~eleratinn of recoiling parts, m/s2
.tr = acceleration of counterrecoiling parts, m/s2
y, = y-coordinate of line of action Of B(I) with respect tO ~.~plane (see Fig. 3-22)
.M = y-coordinate of line of action of K(O with respect to xv-plane (see Fig. 3-22)
a = angular acceleration of projectile, rad/s2
(3 = bulk modulus of fluid, Pa
y = angle between Xl’- and xy-planes coordinate system, rad
6 = fraction of breech force removed, dimensionless (see Eq. 3-1 17)

● 0 = firing elevation angle, rad
f?, = helix angle of rifling, rad
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K = compressibility of fluid, mz/s
P = mOlecular viscosity, dimensionless
= dynamic coefficient of friction, dimensionless

u = poisson’s ratio, dimensionless
= F’.R/P,ti,leakage factcr, dimensionless
= kinematic viscosity of fluid, m’/s

P = fluid mass density, kg/m3
P. = average mass density, kg/ m~
P, = initial mass density, kg/ m~
~ = average mass density of recoil fluid at any recoil displacement, kg/m’
@ = dissipative function, S-2
0 = generalized cOOrdinate in Fig. 3-22, md

Osr = angular deflection in a static equilibrium, rad
$ = rate Of change Of O with respect to time, rad/s

I

3-1 INTRODUCTION
This chapter presents fundamental principles used in the design of control orifices for hydropneumatic

recoil mechanisms. The principles presented can be used to design either (1) dependent or independent artillery
recoil mechanisms or (2) tank recoil mechanisms, These principles also are applicable for the design of control
orifices for both variable recoil length and fixed recoil length weapon systems. In variable recoil length
systems, the weapon is to be fired at various angles of elevation. Two modes of operation for the weapon with
variable recoil length are defined. The first is called the long recoil mode of operation, which is used at low
angles of elevation. A range of elevation angles is defined for which a longer recoil stroke is acceptable. The
second mode of operation is called the short recoil mode and is used while firing the weapon at high angles of
elevation. A range of elevation angles is defined for which the short recoil stroke is necessary. These ranges of
elevation angles and short and long recoil lengths are determined by the performance requirements and the ●
overall design considerations of the system.
The control orifice for a variable recoil length mechanism is designed for two extreme cases: (1) for low

elevation firing that results in a long recoil stroke and (2) for high elevation firing that results in a short recoil
stroke. In reality, there are two separate orifices that provide controlling force during either the long or short
recoil mode of operation. Numerical details on the design of variable recoil stroke mechanisms are discussed in
Chapters 4 and 5.
The paragraphs that follow present the control orifice design procedure with simplified hydrodynamic

models of fluid motion. This procedure has been developed over the past 20 yr and has been used to design and
to modify virtually all systems now in service. The last paragraph of this chapter presents advanced concepts
for the design of control orifices. These include the incorporation of motion of the supporting structure
(secondary recoil effects) and advanced fluid mechanics models.
At this stage, it is assumed that the designer is thoroughly familiar with the various components of the recoil

system and the terminology used in design. For convenience there is a glossary at the end of this handbook.

3-2 PRINCIPLES AND TYPES OF HYDROPNEUMATIC RECOIL
MECHANISMS

All recoil mechanisms operate on some combination of the same basic principle—i.e., to provide a
controlled resistance to retard and to bring the recoiling parts to rest within a set distance and then to return
them to the firing (in-battery) position, and at the same time to provide a sufficient force to hold them in this
position at maximum elevation. The force K resisting recoil motion should be nearly constant since for a
prescribed recoil distance this will produce the smallest peak force on the structure (see Fig, 3-1). Tbe area
under the force-distance curve represents energy, so it is clear that a rectangular curve will yield the lowest peak
force, However, a precisely rectangular recoil force curve is not possible at the beginning of the recoil stroke
because the recoil resistance is velocity dependent and cannot build up instantly.
The total recoil force is a combination of a hydraulic force, a spring force (which maybe mechanical or from

compressed gas), and friction, Whichever combination is used, the mechanism operates as a unit to enable the ●
parts to interact with each other, Therefore, the entire system must be analyzed and designed as a unit.

3-6

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

I I I [ I 1

I

1

—LI_l
Recoil Distance or Time

K = totol resistance to recoil, N

KR= net force on recoil rod (also called rod pull), N
Ka=resistance offered by elastic medium of recuperator, N

,J$=frictional resistance of sliding bearings, N

Fo=resistance offered by throttling hydraulic fluid, N

fP=frictional resistance of packings and seals, N

Figure 3-1. Recoil Mechanism Force Diagram

Since the recuperator force-distance curve is known once its force at the in-battery position is specified, it is
necessary to adjust the hydraulic brake curve so that the total curve will be as desired (see Fig. 3-l). After the
friction and recuperator force curves are known, their values may be subtracted from the total recoil force
curve. This difference is the bydrarrlic recoil brake force that forms the basis for the design of control orifices.
The hydraulic recoil brake force, at any point along tbe stroke, depends upon the recoil velocity and orifice

area at that point. It is, therefore, necessary to vary the orifice area from point to point along tbe recoil stroke
to achieve the desired resisting hydraulic brake force as a function of recoil velocity. This may be done in any of
several ways or in combinations thereof. Fig. 3-2 illustrates some of these methods.
One method uses a throttling bar (Fig. 3-2(A)), whose cross section varies along its Iengtb and is fastened

●
along the cylinder so that it cannot move longitudinally. This bar passes through a fixed-area orifice in the
piston, As the piston moves, the net orifice area changes to provide the desired change in resistance to fluid
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Figure 3-2. Methods of Orifice Area Control (Right sections are of pistons.)
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flow. The same effect may be achieved with a solid piston and a varying groove cut into the cylinder wall as

●
shown in Fig. 3-2(B). Either method offers excellent control over the fluid pressure curve, hence the recoil
force. As shown in Fig. 3-2(A) and (B), two diametrically opposed bars or grooves are recommended for a
balanced pressure load on the piston.
Another method varies orifices through the piston (Fig. 3-2(C)). A rotatable disk with matching holes is

assembled on the piston, and projection of the disk is guided by a spiral groove in the cylinder wall. As the disk
rotates, the orifices change in size. Again, excellent control is possible.
Controlled throttling may be attained by use of a perforated sleeve inside the recoil cylinder (Fig. 3-2(D)).

Holes are spaced so that those in back of the piston provide a resistance to flow during the first part of the
stroke, and those in front act during the last part of the stroke.
The flow may be regulated by a spring-loaded valve, in which case the pressure is virtually constant (Fig.

3-2(E)).
Par. 1-3.2 describes various components of hydropneumatic recoil mechanisms. This paragraph includes

definitions of dependent- and independent-type hydropneumatic reeoil mechanisms. Advantages of hydro-
uneumatic svstems are

1. Reli~bility
2. Durability (since little mechanical articulation is required)
3. Smooth action (because gas pressure can be finely adjusted to varied conditions)
4. Capacity to adapt to small modifications in the weapon without requiring redesign of the recoil system
5, Po;sibi(ity of relatively long recoil
6. Flexibility of design approach.

Disadvantages are
1. Specialization is required in manufacture, which leads to high leost and some difficulty in procurement.

Although such systems can be mass-produced, fitted or select assembly is usually necessary.
2, Maintenance in storage requires great care to avoid deterioration and damage by internal corrosion.
3. Variation of gas pressure with ambient temperature affects recoil velocity and distance; this may

●
require some form of-compensation.

4. Several internal cylinder walls require accuracy of form and high surface finish. Dents or scratches in
the inside walls cause raDid failure of packings that pass over them.

5. Difficulty of mai~taining a high rate o~fire due to the effect of heat on packings and antifriction metal.
There is a great variety of possible designs of hydropneumatic recoil systems for the same general

performance. The paragraphs that follow describe several existing designs and present them as some examples
of past experience however, these designs are not intended to place limits on new ideas or resourcefulness.

3-2.1 THE PUTEAUX MECHANISM
The Puteaux mechanism, shown in Fig. 3-3, illustrates a dependent type of hydropneumatic recoil mecha-

nism. It consists of a hydraulic brake directly connected by a port to the recuperator that also houses the
controls. The recoil brake is not self-sufficient; it is a simple hydraulic unit that merely provides aforceto
retard recoil. The magnitude of the force is regulated by throttling in the recuperator. The recoil brake
comprises a cylinder, piston, and piston rod. The recuperator contains a regulator, a throttling or control rod,
a floating piston, and several associated parts.
The regulator has three cylindrical sections; the ends or heads are much larger in diameter than the middle

section. The regulator is fixed in position. It is held in place by the closure at the breech end (rear head), which
is threaded to the recuperator. The front head is hollow and fits the cylinder bore. The rear wall of the front
head contains one-way valves that permit fluid passage only during recoil. The front wall is a flat plate with a
central orifice. The regulator is bored axially through the rear head and middle section into the chamber of the
front head to form a cylindrical housing for the control rod and a return passage for the fluid during
counterrecoil. This bore maybe grooved Longitudinally for flow control during counterrecoil.
The control rod is tapered and passes through the orifice, At its forward end, it is attached to and centered by

a diaphragm. The breech end of the control rod is centered in its housing by a piston that provides resistance to
fluid flow during counterrecoil, which is when that feature is desired. The control rod is drilled through its
entire Iengthto accommodate the fluid gage (index) actuating rod.

@

The floating piston separates the recuperator gas from the hydraulic recoil oil and also indicates the volume
of fluid in the system. The piston lies directly in front of the diaphragm, separated from it by a compression
spring that insures proper positioning of the control rod just befot-e recoil starts as the piston forces the
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— Oil Direction During Recoil

---+ Oil Direction During Counter recoil

Figure 3-3. Schematic of Puteaux Mechanism

●

diaphragm against the orifice plate. The volume of fluid between the piston and diaphragm is the fluid reserve.
A slender rod, attached to the piston, extends through the hollow throttling rod to actuate the fluid gauge.
Thus the position of the piston indicates the amount of liquid in reserve.
This description does not include any reference to a counterrecoil buffer because the buffer arrangement will

change asafunction of theapplication of the Puteaux mechanism. For light artillery, where the amount of
energy to be absorbed is small, a buffer may be built into the front end of the recoil cylinder. For heavy
artillery, separate buffers may be necessary to insure adequate performance.
In more recent applications of the Puteaux recoil mechanism, the control rod is not tapered as shown in Fig.

3-3. Instead, a straight control rod having longitudinal grooves is used. The longitudinal grooves are generally
of constant width and variable depth. Thus as the control rod moves under a check valve during the recoil
stroke, it forms a variable area orifice, designed to provide a desired resistance to recoil. With this arrangement
of thecontrol orifice, the Puteaux mechanism can beusedfor variable recoil stroke weapons. For the short
recoil mode of operation, when a higher force due to throttling fluid is necessary, only two grooves are
accessible to the fluid. For the long recoil stroke, a larger area orifice is needed and is obtained by making two
additional grooves accessible to the fluid. These areobtained byrotating thecontrol rodsothat four grooves
areopen tothecheck valve instead ofonly two. Chapter 4presents detailed design ofsucha Puteaux recoil
mechanism.
During the recoil stroke, the retarding force is created by pressure built up on the rod end of the recoil piston.

The piston forces fluid to flow into the regulator where it opens the one-way valves and continues on its way
through the orifice. The fluid forces the diaphragm and floating piston forward against the gas pressure in the
recuperator. As the diaphragm moves forward, it draws the throttling (control) rod through the orifice and,
because of the proper taper of the rod or depth of grooves on the straight rod, adjusts the net orifice to the
desired area at each point of the recoil stroke. The energy of recoil is absorbed principally by throttling through
the orifice. Some energy is stored in compressing the gas, and a small amount is consumed in overcoming the
combined friction of all moving parts. o
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●
At the very start of recoil, the diaphragm is pressed against the orifice plate and no flow can occur. This

means that, for a brief period, resistance is provided only by the gas pressure in the recuperator and almost no
control exists over the hydraulic pressure curve. As soon as an appreciable recoil velocity is attained, the orifice
is regulated to produce the desired resistance.
Asrecoil motion ends andcounterrecoil begins, the flnw of fluid reverses. Thegaspressure pushes the

floating piston rearward toward its original position, which forces the hydraulic fluid back through the orifice.
However, in this direction the fluid takes a different path—the one-way valves in the regulator head are closed,
and the fluid isdiverted tothecenter bore of theregulator where it flows along thecontrol rod. To preclude
excessive courrterrecoil velocities, the flow usually is restricted at the breech end of the control rod either by
slots in the control rod piston orgrooves in the wall of the regulator bore. Although this throttling process
limits the oil pressure during corrnterrecoil, the major retarding force on the recoiling parts is due to the friction
of recoil bearings, seals, and packings.
The Puteaux recoil mechanism has the following positive features:
1, Compact
2. Lightweight
3. Provision for a fluid index
4, Possibility ofvariable recoil stroke
5. One rod connection to the breech lug or to the front end of the cradle.

The Puteaux recoil mechanism has several characteristic limitations:
1, Inadequate fluid reserve mayallow thegunto fallout of batterya thighelevation.
2, Control rod is not positively attached to the gun; therefore, its correct position is not inherently assured.
3. Repairs require special facilities and expert mechanics.
4. Limited counterrecoil control is provided.

3-2.2 THE ST. CHAMOND MECHANISM
The St, Chamond mechanism, shown in Fig. 3-4, is a dependent type of hydropneumatic recoil mechanism

@
featuring variable recoil. It is comprised of a recoil cylinder, a recuperator with floating piston, and a separate
buffer assembly. The recoil cylinder and recuperator are interconnected.

Recoil Piston Rod

jl[

Oil Filler Plug
Recoil Cyllnder

7
Yoke

Recoil Piston ~

‘Air Vent Plug

Figure 3-4. Schematic of St. Chamond Recoil Mechanism
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During recoil, the flow of fluid from the recoil cylinder to the recuperator is regulated by a spring-loaded
throttling valve located between them. Variable recoil is obtained by altering the limit nf the valve opening,
and the pressure that produces the recoil force is determined by the amount of valve opening and the recoil ●velocity.
During counterrecoil, the one-way counterrecoil valve opens and fluid flows back to the recoil cylinder. In

the last part of the stroke, the parts are brought to rest by an external buffer.
Desirable features of the St. Chamond recoil mechanism are
1, Variable recnil is provided at all elevations.
2. It is compact.
3. It is lightweight.

Undesirable features of the St. Chamond recoil mechanism are
1. An inadequate fluid supply may permit the gun to fall out of battery at high elevation.
2. No fluid index is provided.
3. Repairs require special facilities and expert mechanics.

Since this recoil mechanism is not currently in use, it is not treated further in this handbnnk.

3-2.3 THE FILLOUX MECHANISM
The Filloux recoil mechanism, shown in Fig. 3-5, is an example of an independent-type hydropneumatic

mechanism incorporating variable recoil. It comprises a recoil brake and an entirely separate counterrecoil
cylinder with attached recuperator.
The recoil brake cylinder contains the recnil piston, a hnllow piston rod, a control rod, and a buffer. [t is

similar in some respects to the Schneider mechanism discussed in par. 3-2.4. The piston has two ports, 180 deg
apart, leading from the pressure side to the inside of the hollow piston rod and to the variable depth throttling
grooves in the control rod. In this case the cnntrol rod does not tape~ instead there are two pairs of
longitudinal throttling grnoves. One pair is short and regulates the fluid flow for high angles of elevation. Long
recoil is accomplished by bringing into play an additional pair of long throttling gronves. The control rod can
be rotated so that only the short grooves, both the long and short or a continuous graduation in-between, are
exposed to discharge from the ports in the piston. This rotation is accomplished directly and positively from
the weapon elevating mechanism by a cam and gear arrangement.
No attempt at throttling during counterrecoil is made in the recoil cylinder, except for buffing during

the final part of the stroke. Instead, a regulator valve located in the recuperator is of the floating piston
type, in which gas and liquid are separated.
The operation of this recoil mechanism is characteristic of hydropneumatic systems and need not be

repeated here, Finally, counterrecoil buffing is accomplished by a spear buffer Incated in the recnil
cylinder.

Filling and Drain Valve 1

Counterrecoil Piston II! Counterrecoil Cylinder

(A) Counterrecoil Cylinder
Figure 3-5. Schematic of Filloux Recoil Mechanism

(cent’d on next page) ●
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The particular advantages of the Filloux recoil mechanism are
1. Variable recoil to suit all angles of elevation is provided.
2. Adequate counterrecoil buffing is provided.
3. A fluid index is provided.

Some inherent disadvantages of the Filloux recoil mechanism are
1. Inadequate fluid reserve may permit the gun to fall out of battery at high elevation.
2. Repairs require special facilities and expert mechanics.
3. The recoil and counterrecoil cylinders require separate filling.

3-2.4 THE SCHNEIDER MECHANISM
The Schneider mechanism, shown in Fig. 3-6, illustrates an independent type of hydropneumatic recoil

mechanism. It is comprised of a recoil cylinder, a counterrecoil cylinder, a recuperator, and a built-in buffer.
There is no communicating passage between the recoil cylinder and either the counterrecoil cylinder or the

● recuperator. All controls are contained in the recoil cyfinder; the counterrecoil cylinder and recuperator
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Figure 3-6. Schematic of Schneider Recoil Mechanism

simply store energy. The recoil and counterrecoil piston rods are attached separately to the cradle and are
stationary. All three cylinders are mounted on, and move with, the recoiling parts.
The recoil brake consists of three concentric components: the outside cylinder, the recoil piston and hollow

piston rod, and the central control rod.
The control rod is rigidly attached to the cylinder, moves with the recoiling parts, and extends through the

orifice into the hollow piston rod. The contour of the rod is such that it properly regulates the orifice as the rod
passes through the orifice and also permits clearance inside the hollow rod for free flow of the fluid.
The buffer, consisting of a piston at the breech end of the control rod, slides a short distance on a spindle and

thereby acts as a one-way valve. During recoil, pressure forces it away from the end of the control rod and
uncovers the ports. This allows free flow to the void created by the withdrawal of the control rod. During
counterrecoil the valve is forced shut, and the flow bypasses the buffer piston. The bore of the hollow piston
rod is slightly conical for the last part of the counterrecoil stroke, which further restricts the flow and provides
the necessary buffing force.
Fluid movement is not impeded, except by gas pressure between the counterrecoil cylinder and the

recuperator, since no control is attempted in these units. The recuperator is of the direct contact type; it has no
floating piston between gas and liquid.
While the weapon is in the in-battery position, all compartments of the recoil brake cylinder are filled with

fluid. During recoil, the control rod is withdrawn from the piston rod while the piston rod moves out of the
cylinder, which enlarges the volume of the compartment. Tbe fluid displaced on the pressure side of the piston
is much greater in volume than the void created by the withdrawal of the control rod. Consequently, enough
fluid is available as it is forced through the orifice to control the pressure.
The space from which the control rod has been displaced is readily filled with fluid through the one-way

valve, which is open during recoil. However, when recoil ceases and counterrecoil begins, the valve closes and ●
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the fluid is forced between the buffer piston and the wall of the hollow piston rod. Buffering then occurs over

● the entire counterrecoil stroke, and the moving parts are finally brought to rest by the narrowing of the
restriction described earlier.
The Schneider recoil mechanism has the following merits:
1, It provides adequate counterrecoil buffering.
2. No floating piston is used.
3. The control rod is secured to the gun to insure correct positic,n.

Tbe Schneider recoil mechanism has the following limitations:
1, The recoil and counterrecoil cylinders require separate filling.
2. No fluid index is included.

Since this mechanism is not currently in use, it is not treated further in this handbook.

3-2.5 HYDROSPRING RECOIL MECHANISMS
The hydrospring recoil mechanism is similar in principle to other types; it has a hydraulic brake and a

mechanical spring recuperator. The concentric hydrospring system normally is employed on tanks, whose
requirements differ sharply from those of field artillery. Because of space restrictions within the tank turret,
there is limited space for recoil. As a result of this requirement for short recoil, high recoii forces occur.
However, because of other loads on the turret and chassis, it is usually possible to provide recoil loads lower
than critical system design loads. This point illustrates that many design requirements for tanks take
precedence over the recoil mechanism, although the design of tbe latter to the usual high standards of precision
is always attempted.
There are three types of concentric hydrospring recoil mechanisms. All have the same basic hydraulic system

and are concentric with the gun tube, but they differ in spring arrangements.
The first type has one coil spring concentric with the cannon tube as shown in Fig. 3-7. When the diameter of

the cannon is large, it may be impractical to use a concentric spring because more space is required to house it
and the spring itself is difficult to manufacture to the prescribed specifications. The second type, a multicyl-

●
inder recoil mechanism shown in Fig. 3-8, may be used, Usually, four smaller spring assemblies, each
consisting of two springs concentric with each other, are located 90 deg apart around the periphery of the

Piston~ ~Orifice ~Cradle
[Spring

11—f)
\

‘Gun Tube

Figure 3-7. Hydrospring Recoil Mechanism- Concmrtric Coil-Spring Type

—-
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Figure 3-8. Hydrospring Recoil Mechanism—Multiple Cylinder Type

system. This arrangement permits flattening thecylinder housing between springs and thus conserves space.
The third basic concentric hydrospring design employs a Belleville spring assembly and a differential-area

recoiling cylinder to generate adequate hydraulic pressure to return the gun to the in-battery position. The
mechanism, shown in Fig. 3-9, has a recoiling cylinder with a larger diameter D, that enters into the fluid cavity
and a smaller diameter Dz that goes out of the fluid cavity during recoil. As a result, the volume to be occupied ●
by the hydraulic fluid decreases during recoil and compresses the Bellevjlle sprin& assembl}. ‘1’hecclmPressiOn
of the Belleville spring retains adequate pressure acting onthedifferentlal area ~(D~ — f)~)/4to force the gun
back into battery during the counterrecoil stroke.

3-2.6 SELECTION AND REQUISITES OF A RECOIL SYSTEM
Selection of the type of recoil system is governed by the characteristics of the weapon—such as size, purpose,

rate of fire, and range of elevation angles.
The options as to whether the mechanism shall be independent or dependent, shall have variable or constant

recoil stroke, floating piston or direct cuntact recuperator, and internal or external buffer are all strongly
influenced by basic factors such as recoil force and distance, available space, stabili(y, and ground clearance.
The foregoing discussion of several basic mechanism designs and their merits and shortcomings is intended to
aid designers in the selection of mechanism types to be used in future applications.
A long recoil stroke is usually desirable to minimize recoil forces. However, the Iengtb of stroke may be

limited by available clearance, especially at high angles of elevation. At low elevations, where stability is
critical, clearance is normally available for a longer stroke. This suggests the use of variable recoil.
The recoil distance is also influenced by rate of fire. If the recoil cycle must be completed quickly to be ready

for the next round, it may be necessary to shorten the stroke and design the structure to withstand the higher
resultant forces. Short recoil strokes are often required in combat vehicles where tbe recoil stroke intrudes into
the crew compartment. A rapid counterrecoil stroke requires a large amount of’ energy storage in the
recuperator. Even more critical is the large counterrecoil buffer force required. Anuther factor to consider is
whether to have the recoil mechanism mounted on the recoiling parts or on the nonrccoiling parts. Although
several factors need to be considered, if most of the recoil mechanism can be placed on the recoiling parts, their
weight will increase and reductions in recoil force will occur. For this reason, Puteaux-type mechanisms have
been desizned as Dart of the recoiling rmrts, and Filloux-type mechanisms have been used when they are not
part of th~ recoiling parts.

●
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Recoil
>

Figure 3-9. Hydrospring Recoil Mechanims— Concentric Belleville Spring Type

The most important single factor influencing the selection of the recoil system is the available space. This
may dictate the use of a hydrospring mechanism instead of hydropneu:matic, or the choice between dependent
and independent systems, or the type of buffer selected.
Another requisite of extreme importance is ease of maintenance. Ability to be repaired in the field is a prime

goal. Ruggedness and durability should be intrinsic in the design so that ordinary wear and tear may be
withstood without overhaul for long periods of time. When maintenance work does become necessary, it will
be greatly eased by simplicity in the mechanism. For example, minimum number of parts facilitates disassem-
bly and replacement. Also special techniques should be eliminated so that mechanics, with only ordinary skills,
can make repairs simply by following instructions. Various parts of the mechanism should be standard to
allow interchangeability between weapons. The advantages of using ?,tandard, commercially available parts
cannot be overemphasized. They cost less, are readily procurable, an,d can be made in less time than special
parts.

3-3 CONTROL ORIFICE DESIGN PROBLEM
3-3.1 GENERAL
As discussed and illustrated, the purpose of a recoil mechanism is to provide a retarding force to the

recoiling parts after a round has been fired and to stop the rearwar{i motion of these recoiling parts. The
distance traveled by these parts after a round has been fired is called the recoil length, and the motion of the
recoiling parts is termed the recoil stroke. At the end of the recoil sf.roke, the recoiling parts come to rest

● momentarily, and then their forward motion begins to the in-battery position. This part of the motion is
termed the counterrecoil stroke. The force necessary to produce motion during the counterrecoil stroke is
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provided by a counterrecoil mechanism that may or may not be an integral part of the recoil mechanism
(dependent-type or independent-type mechanism).
The force resisting the motion of the recoiling parts is generated from several sources — the frictional force ●

due to motion of the gun tube on rails or guides, frictional forces due to rubbing action between the various
moving parts and packings and seals used to minimize leakage of fluid during motion, resisting force generated
by the elastic medium of the recuperator, and the resisting force generated by the throttling of fluid through
various ports and orifices. The designer has little control over the frictional forces caused by sliding surfaces
and packings and seals. The magnitude of these forces is dictated by the properties of materials and the
configuration of the weapon during firing, i.e., angle of elevation and mass of recoiling parts. The resisting
force generated by the elastic medium of the recuperatoflalso is known once the properties of the elastic
medium (gas pressure and volume, or spring constant) are specified. Thus the designer also has little control
over the force generated by the elastic medium of the recuperator. The operating gas pressure in the
recuperator gas chamber for hydropneumatic mechanisms or the spring constant for the spring in the
recuperator cylinder for hydrospring mechanisms is specified from the condition that the recuperator should
store enough energy to return the recoiling parts to the in-battery position and hold them there without
excessive force at the end of counterrecoil. Therefore, the only force over which the designer has decisive
control is the resistance offered by the throttling fluid. This force can be varied by changing the area of control
orifices because the force of the throttling fluid is related to the orifice area. Thus the design objective is to
determine the control orifice area so that the resisting force stops the rearward motion of the gun tube in a
specified recoil length and the oil pressure in the recoil brake cylinder remains within specified bounds.

3-3.2 DESIGN PROCEDURE
The design of control orifices for a new recoil mechanism is an iterative procedure involving at least two

design iterations. The first iteration involves preliminary design of the mechanism by estimating certain system
parameters such as discharge or orifice coefficients and coefficients of friction. The system is then fabricated,
and firing tests are conducted. Next a comparison of test results and analytical results is made. These results
may disagree because of assumptions made for the system parameters. The system parameters are adjusted so
that test results and analytical results from the mathematical model agree as closely as possible. Generally, this ●
part of the design process is called “validation of the mathematical model”. Once the system parameters have
been established, the design procedure is repeated and a new design is obtained. Firing tests are conducted
again with the newly designed mechanism, and the procedure is repeated until agreement is obtained. Two
design iterations are usually sufficient to obtain agreement between test and analytical results. A general
description of the design procedure follows.
Par. 2-2.1 includes the equation of motion for the recoiling parts. Calculations for the total resisting force to

the recoil motion are described in par. 2-4. The total time of recoil also is known from this calculation. Usually
a shape of total resisting force is assumed, and the desired length of recoil and the breech-force-time history are
specified before calculations for total resistance can be made. For these calculations, the moment area method
may be used, as described in par. 2-4. Alternatively a trial-and-error procedure may be used to calculate the
value of total resistance. At this stage velocity and displacement of recoiling parts are also calculated. After
total resistance to recoil is known, an analysis of the various forces that contribute to the total resisting force is
conducted. Expressions for the recuperator force, the frictional force of slides, and the frictional force of
packings are derived as functions of the recoil distance. Often the frictional force of packings and seals is taken
to be independent of the recoil distance, i.e., assumed constant. After all other forces have been determined, an
expression for resistance offered by the throttling fluid is obtained as a function of the recoil distance.
Calculation for the effective area of an equivalent orifice in terms of the velocity of the recoiling parts and the
force of the throttling fluid is then made. This calculation is done as if there were only one orifice through
which the fluid is flowing; this is possible because several orifices maybe represented in fluid flow analysis as a
single equivalent orifice. The single equivalent orifice that represents the combined effect of all other orifices is
characterized by an area called the “effective area of an equivalent orifice”. An analysis of fluid flow paths in
the recoil mechanism must be conducted before calculations for the effective area of the equivalent orifice can
be made. Values of various discharge coefficients also are established. From the preceding analysis and
assumptions, it is now possible to calculate the actual control orifice area as a function of the recoil distance.
The paragraphs that follow describe in detail the step-by-step design procedure outlined in the preceding

paragraph. Analytical expressions needed to perform various calculations are derived. Chapters 4, 5, and 6 ●
present detailed applications of these expressions.
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3-4 SIMPLIFIED HYDROPNEUMATIC FLUID DYNAMIC MODELS
Once the required resisting force offered by the throttling fluid is known, the designer can proceed with the

● calculations of the control orifice area. Explanation of the calculation of the required fluid throttling force
appears, in par. !-5. 1! this paragraph it is assumed that the fluid throttling force is known, Analytic
expressions used m orlflce design to produce the required fluid throttling force are derived, and assumptions
made in modeling fluid motion are described. The use of a bulk modulus of the hydraulic fluid in design
calculations to account approximately for fluid compressibility is discussed. Analysis of fluid flow paths in the
recoil mechanism is presented. Experimental determination of the orifice coefficient, called the discharge
coefficient, also is described.
The principles presented in this paragraph can be applied to any hydropneumatic recoil mechanism,

Specific applications of these principles to dependent-type recoil mechanisms, independent-type recoil mech-
anisms, and hydrospring recoil mechanisms are presented in Chapters 4, 5, and 6, respectively.

3-4.1 BASIC ASSUMPTIONS
This subparagraph presents a simple fluid dynamic model for tbe recoil mechanism. Although this model is

highly idealized, it has been used successfully in the design of control orifices for recoil mechanisms for a
number of years. Designs obtained with this simple model have been validated with firing tests; however, there
are limitations of the model that arc noted and explained.
During a recoil stroke, the hydraulic fluid may flow through a network of connecting ports, piston ports,

holes, long and short grooves on a control rod, slots in sleeves, and leakage areas. The main control orifice is
provided by the control rod grooves and/or slots in a sleeve that is fitted in the recoil cylinder. The designer is
not in a position to calculate the control orifice areas at this stage since he first has to perform an analysis of
fluid flow paths that account for all leakage areas, piston port areas, hole areas, and fluid-connecting port
areas. However, the designer is in a position to calculate the effective area of a single equivalent orifice that
would provide the same retarding force as a combination of actual orifices of the recoil mechanism. It is
assumed, however, that the resisting force offered by the throttling fluid is generated as if the fluid were flowing
through a single orifice. This assumption permits calculation of the effective area of an equivalent orifice. An

● analysis of hydraulic flow paths. presented in par. 3-4.4, leads to the calculation of the actual control orifice
area.—
To represent the motion of hydraulic fluid, the following assumptions are made:
1. The flow is quasi-steady (acceleration is ignored).
2. The fluid is incompressible and inviscid.
3. The flow is one-dimensional.

The assumption of a quasi-static flow implies that the flow is instantaneously steady and that the force due to
acceleration or deceleration of fluid in the recoil mechanism is negligible, The assumption of incompressibility
of hydraulic fluid implies that the density of the fluid remains constant for all pressures. This assumption can
be relaxed, as explained in par. 3-4.3. The assumption of inviscid fluid implies that there is no shearing stress
between layers or nonturbulent fluid moving in parallel lines. Or, it is assumed that the Reynolds number of
the fluid flow in recoil mechanisms is quite large, whereas the viscous force of the fluid is negligible. The
effect of fluid viscosity and the complex nature of its motion can be crudely accounted for by introducing an
orifice discharge coefficient C,,. This is done by the development that follows.
Advanced techniques for modeling fluid motion in the recoil mechanism by relaxing some of the assump-

tions made previously are discussed in par. 3-8.

3-4.2 FLUID FLOW LAW
To develop an expression for the orifice area based on the preceding assumptions on the fluid motion,

consider a piston moving in a cylinder that is fMed with fluid, as shown in Fig. 3-10. The following notation is
used:

P = fluid pressure, Pa
P{= pressure in low-pressure chamber, Pa
P},= pressure in high-pressure chirmbcr, Pa
AP = Pfi – R, pressure difference between high-pressure and low-pressure chambers, Pa
,4/, = effective area of pislrrn facing high-pressure chamber, rn~

● ,4f = effective area of piston facing low-pressure chamber, m“
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x = displacement of piStOn, m
,4 = area of cylinder, m2

v(x) = speed of piston, m/s
v. = average speed of flow through orifice, m/s
aa — average area of orifice, ml
Q = flow rate (discharge) through orifice a., m’/s
F. = force due to throttling fluid, N
C. = discharge coefficient for orific;, dimensionless
a,, = (aoCo) effective orifice area, m
P== average pressure in orifice, Pa
p = fluid mass density, kg/ m3
& = recoil speed, m/s.

I

-bRecoiling Rod
— & Recoil Speed

L’Low_pre,,ureJO ‘orifice L High-pressure Chamber I
Chamber 2

Figure 3-10. Basic Fluid Dynamic Model for Recoil Mechanism

The force F. due to the throttling fluid is known and is also equal to the difference between pressure forces in
the two chambers, i.e.,

F. = PhAh – fiA,, N. (3-1)

To calculate the orifice area, the continuity equatinn and the equation of motion for the fluid are used. The
continuity equation for inviscid, one-dimensional, steady, incompressible flow is obtained ~ ,sing the law of
conservation of mass. This law states that for a unit vnlume there is a balance between the fluid entering and
leaving per unit time. This yields the fluid discharge equation

Q = Av(x) = a.(x) v.(x), m3/s. (3-2)

The equation of motion for the fluid is obtained using Newton’s second law, which states that time rate of
change of linear momentum is equal to the applied force. For one-dimensional inviscid, quasi-state flow, when
body-forces are neglected, this becomes (Ref. 1) ●
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Eq. 3-3 can be integrated to obtain
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(3-3)

(3-4)
2 P

This equation is also known as tbe Bernoulli equation (Ref. l). The application of Eq. 3-4 to the upstream
orifice surface and to the center of the orifice leads to

$+~=*+~, :m2/s2. (3-5)
P P

Eqs. 3-2 and 3-5 can be viewed as two equations for the two unknowns a. and v..
To solve for a. and v. from Eqs. 3-2 and 3-5, the following assumptions are made:
1. The pressure P. in the orifice is equal to the pressure in the low-pressure chamber, i.e., Pa= R.
2. Areas of the orifice plate facing high- and low-pressure chambers are approximately equal, Ah”=A(.
3. A discharge coefficient C. for the orifice can be used to account for the viscous effects and the complex

nature of the flow in the recoil mechanism.
Solve for the average velocity v. in the orifice by using Eqs, 3-2 and 3-5

{ 11/2v. = Co + (R – E)/[l – (uO/~)21 , m/S.

● In most recoil mechanisms ao << A. Therefore, it is assumed that

in Eq. 3-6, which gives

v. = co r 2AP m/s
P “

(3-6)

(3-7)

where

AP = Pb – P,, Pa (3-8)

is the rise in pressure caused by the orifice. Finally, from Eqs. 3-2 ;and 3-7, the orifice area a. is given as

~o(x) . & . ~— v(x)
d

~ , mz,
co AP

(3-9)
V’J

The substitution of

●
AP = F.) Ah, Pa (3-10)
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from Eq. 3-1 into Eq. 3-Y to ob~ain a,,(x) in terms of the force due to throttling fluid and the velocity of recoil
yields

r

().5pAh ●
so(x) = ~ v(x) , m~.

Fo
(3-11)

o

This equation has been used in the design of many recoil mechanisms (Ref. 2). As noted earlier, specific
applications of this equation will be presented in Chapters 4, 5, and 6.
Often a~C,, is defined as an “effective orifice area”. In the design of control orifices, the effective orifice area is

first calculated. Then, by using the discharge coefficient of the orifice, the actual control orifice area is easily
obtained. Define the effective orifice area a, as

U.CO = a., mz (3-12)

then Eq. 3-11 becomes

a, =

3-4.3 USE OF BULK MODULUS

Av(x)
d

&5pAh 1
Fo ‘m’

(3-13)

[n the previous subparagraph, the hydraulic fluid was assumed to be incompressible in the design of the
conlrol orifice. However, most fluids are compressible; hence this subparagraph describes approximate
procedures for considering fluid compressibility in orifice design calculations.
The comnressibilitv Kof a fluid is defined as the ratio ofcharwe in volume due to a unit increase in messure

and the original volume. Mathematically, this is expressed as

I~._
()
M ,m2/N

Vi,, dP
(3-14) ●

where
Vi. = initial volume of fluid, m’
V z fluid volume at time I, m~
P = fluid pressure, Pa.

The bulk modulus f3 of the fluid is defined as the reciprocal of the fluid compressibility

~= l/ K, P2t. (3-15)

Thus bulk modulus is a measure of the resistance of a fluid to volume reduction by increased pressure, and it is
known to vary with pressure and temperature. A functional relationship for the bulk modulus in terms of
pressure, temperature, and density is called an equation of state for the fluid. No exact equation of state is
available for all hydraulic fluids, but numerous approximate and empirical relationships have been proposed.
Often, experimental data for the bulk modulus of a fluid at various pressures and temperatures are used in the
design calculations. Appendix A explains procedures for calculating the bulk modulus of a fluid.
Another factor that influences the motion of the recoiling parts is the expansion of the recoil cylinder at

elevated pressures and temperatures, which causes a change in the volume of the cylinder. This change in the
volume of the cylinder can be calculated by using the basic mechanics of tbe theory of materials. The expansion
of the cylinder maybe considered an effective compressibility of the fluid. The term “effective fluid crrmpressi-
bility” is used when cylinder effects are included in the compressible fluid model.
For incompressible fluids the distance traveled by the moving parts is directly proportional to the volume of

the fluid displaced. For compressible fluids the recoil piston will move farther than the distance indicated by
the displaced volume. In other words, the continuity equation of Eq. 3-2 is not applicable. ●
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In specifying the recoil length, an additional distance called “overtravel” is provided in case the recoil
energy —forsome unknown reason—is not completely absorbed within the limits of the specified recoil length.

● Fluid compressibility should be considered if it permits an increase in recoil stroke of more than 25% of the
overtravel. Effects of fluid compressibility in design calculations are easily accounted for and should be
routinely included, especially if large oil volume and high oil pressures exist.
Consider the recoil mechanism schematic diagram of Fig. 3-10. l-he travel of the piston (and therefore the

recoiling parts) is influenced by the compressibility of the fluid. Consider first how the “effective fluid
compressibility” influences the displacement of the recoil parts, The volume V~in the high-pressure chamber is
given as

Vh= V’ln– x,4, tT13. (3-16)

The change in volume A V. due to compressibility is, from Eq. 3-14,

()
AV, = V~ ~ ,m’.

B
(3-17)

The change in volume A Vc due to cylinder expansion is (Ref. 3)

where
At’ = pressure change, Pa
E = Young’s modulus of cylinder, Pa

●
u = Poisson’s ratio, dimensionless

D. = cylinder outer diameter, m
f), = cylinder inner diameter, m
t! = length of oil column, m.

Thus the total change in the volume A V is

AV=AV, +AV,, m3,

The recoil travel distance x of the piston is then given as

x=.x’ +Ax. m

(3-18)

(3-19)

(3-20)

where x’ is the travel distance of the piston if the fluid is incompressible, and

Ax = AV/A, m. (3-21)

Consideration of fluid compressibility in the calculation of velocity in the orifice and its size is more
involved, To explain the difficulty, consider flow through the pipe shown in Fig. 3-11. The pressure drop
(P, – P,) across the orifice a, is a function of the fluid flow rate (discharge) through al. Likewise, the pressure
drop (PI – P,) is a function of the fluid flow rate through al. If the fluid in question is compressible, the
continuity Eq. 3-2 is not applicable, i.e., the discharge through a! is not the same as the discharge through a~.
Thus if the fluid is considered compressible, the flow of fluid must be monitored throughout the system. Also
the chamber size at the pressure PZmust be known as well as the vaIue of PI itself. It is not a simple matter to
meet these requirements in the recoil mechanism; therefore, some simplifying assumptions are necessary to

●
treat fluid compressibility in the recoil mechanism.
The simplifying assumption to treat fluid compressibility, which has been used in many control orifice

designs, is that the fluid is assumed to be compressible only in the high-pressure chamber and not in the orifice
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Figure 3-11. Flow Through Two Orifices in a Pipe

or in the low-pressure chamber. Then the pressure in the low-pressure chamber and its size are irrelevant in
treating fluid compressibility. This assumption is reasonable for most recoil systems. For example, in the
Filloux recoil mechanism (independent type) of Fig, 3-5, the pressure in the low-pressure chamber is zero. For
the Puteaux (dependent type) recoil mechanism of Fig. 3-3, the pressure in the low-pressure chamber is much
lower than that in the high-pressure chamber. A study of influence of the “effective fluid compressibility” for
the M45 Puteaux recoil mechanism for the 155-mm, M 198 Howitzer is reported in (Ref. 4). In that study the
fluid compressibility had very little effect on the operation of the recoil mechanism. Test results verified this
conclusion, which leads one to believe that the stated assumption is reasonable.
Now return to the problem of solving for the orifice area. One observes that, with the stated assumption, the

continuity equation of Eq. 3-2 and the Bernoulli equation of Eq, 3-5 are applicable in the orifice. Therefore, the
velocity through the orifice is given by Eq. 3-7 where a. << A has been assumed. Now the discharge Q through
a. is given as

(3-22)

The fluid compressibility equation of Eq. 3-14 can be written in the incremental form as

()

o
.AP=~~ ,Pa (3-23)

where A Vis the total change in volume due to fluid compressibility and cylinder expansion. By dividing both
sides of Eq. 3-23 by Al and taking the limit as At approaches O, the differential form of Eq. 3-23 becomes

P=/3ti/V, Pajs. (3-24)

Now ~ can be interpreted as the difference between the volume that the recuil piston displaces per unit time
and the fluid discharge through the orifice. The volume that the recoil piston displaces per unit time is A~.i.
Therefore, by using Eq. 3-22, V is given as

P = Ah.? – Coao ~~, m3/S. (3-25)

The total volume V in the high-pressure chamber m a function of x can be written m

V= Vjn– ,4x, m~. (3-26)

Substitution of Eqs. 3-25 and 3-26 into Eq. 3-24 yields

P = ~ [Ah.k – Coa. <-p] /( V;,,– Ax), Pa/s. (3-27)

The value of P can be determined from the force F.(r) of the throttling fluid. If all the other quantities are
known, Eq. 3-27 can be solved for the control orifice area uO.Or, if the orifice area is known, Eq. 3-27 can be
integrated for the pressure P~ when P, is known. (PAand P, are Lhe limits of integration. )
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Equations such as Eq, 3-27 will be used in the design of the cc)ntrol

●
discharge coefficients later in this chapter and in Chapters 4, 5, and 6.

3-4.4 FLUID FLOW ANALYSIS

DOD-HDBK-778(AR)

orifice and in the determination of

As mentioned ear!ier, several orifices may be active during a recoi( or counterrecoil stroke. The “effective
area of an equivalent orifice”, calculated from Eq. 3-13. must then be distributed among various orifices by a
fluid flow analysis. Every recoil’mechanism has its own peculiar flow paths, and analysis of these flow paths for
the recoil mechanism is necessary because there may be many flow paths that are in parallel or in series. For
each recoil mechanism an expression for the effective area of an equivalent orifice in terms of areas of various
openings must be established before calculating the control orifice area. Learning how to combine two orifices
in parallel and two orifices in series to calculate the effective area of an equivalent urifice is educational. in the
discussions that follow, the!low is assumed to be one-dimensional, steady. inviscid, and incompressible. This
is consistent with the earlier assumption that the fluid is incompressible in the orifice.

3-4.4.1 Orifices in Parallel
The ra[e of flow (discharge) Q through an orifice. from Eq. 3-Z!, is given as

where
a,, = orifice area, mz
AP = pressure drop acrnss orifice, Pa
c,, = dischl~rge coefficient, dimensionless.

●
Consider ori{’ices with areas a, and u, in parallel. as sho}!)nin Fig. 3-12(A). The pressure drop across both
orifices is the s:imc. “l’he total disch:irge Q through the orifices is

Q= Q) + Q,, m3/s (3-28)

where
QI = disch:irge through Orifice 1, m’/s
Q = discharge tbmugh Otificc 2. m’/s.

If the disch:irge coefficient is the same for botb orifices (i.e.. the same configuration) and the flow velocity
through both orifices is the s~ime. [hen the tot:il discharge Q is given by Eqs. 3-22 and 3-28, as

Q = C,,
d {
~ (al + a,) ~ ‘~ u,, m’/s (3-29)

where u, = L“,,(u]+ al) is the effective orifice area. Thus when two exactly similar orifices are in parallel, the
area of an equi~’alcnt orifice is simply the sum of tbe two effective areas. When the discharge coefficients for
twn orifices ;ire different. the total discharge Q is given as

where C, and Cz arc the discharge coefficients for Orifices I and 2, rcspectikely. In this case the effective orifice
area is a< = CIa I + CxJj.
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Figure 3-12. Orifices in Combination

3-4.4.2 Orifices in Series
Consider Orifices 1 and 2, with respective areas a, and al in series, as shown in Fig. 3-1 2(B). Let API and AP2

—

be the pressure drops across Orifices 1and 2, respectively. The total pressure drop APacross botb the orifices is

AP=AP, +AP2, Pa. (3-31)

The problem is 10 determine the size of a single orifice that will yield the sum of the two pressure drops with the
same discharge Q. Solve for the AP’s from Eq. 3-22 and substitute them into Eq. 3-31, i.e.,

Q2P _ Q2P \ Q2P kg/ m.s2
2a$ 2a?C? 2U;C; ‘

(3-32)

where C!and C~arethe discharge coefficients for Orifices 1 and2, respectively, anda, istheeffective area ufan
equivalent orifice. Eq. 3-32 can be expressed as

I – 1 \ I m-4 (3-33)
a: da? Ciai ‘

and, consequently, the effective orifice area u,is

(3-34)

●
I 3-26

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

It iseducational to see what theresalt will beonthe effective area ofaneauivalent orifice if an orifice is

●
neglected or omitted in fluid flow analysis. Consider two orifices that are in’ series with U2= 5al. AlSO let
C, = C,= C,.. From Eq. 3-34

(I)(s)c,a, =o,9806c,a, ~,,
“e= J= t >

Thus if the larger orifice in series with the smaller one (a? = 5a, ) is neglected. the error in the effective area of an
equivalent orifice will belessthen 2%. Ingenerzll, orifices uithlargea reasthata ctinseriesw ithsmallerorif ices
may be neglected in fluid flow analysis.
However, the effect incompletely oppusitewhcn t\vo orifices act in parallel, as seen in Eq. 3-30, which shows

that two urifice areas are directly added. Thus a very small orifice acting in parallel with other orifices maybe
ncglcclcd in fluid flow analysis.

3-4.5 DISCHARGE COEFFICIENT DETERMINATION
3-4.5.1 General
After preliminary design of the control orifices for the recoil mechanism has been completed, the system is

fiibricated a“d firing tests are conducted. These tests are conducted at various eieVatiOn angles if the system is a
variable recoil mechanism. The data available after the test are

1. Pressure carve for the oil in the recoil cylinder
2. Recoil length
3. Recoil cvcle time
4. Rod pull curve.

If a dyrmmics model of a full system is to be wrified, relevant motion of the supporting structure also is
recorded during firing tests. Addiliona] data are the counterrccoil speeds of the recoiling parts, which maybe

●
recorded ur calculated from the displacement histury and may be used in the design of the counterrecoil orifice
or the external buffer. I“’he rod pull force is recorded also to verify the frictional forces of various packings.
lntbc final design prcrcedare, the prcliminarydesign is verified bycomparingtest results with predictions of

the nlathem~tical model. If these results match, the preliminary design becomes the final design. However, the
test and the calculated oil pt-cssare curves will not generally match, and the test recoil length will be different
fl-om the recoil length used in preliminary design. This may be due to assumptions, such as various discharge
coefficients and frictiun:ii f’urms. made for the system parameters. Thus the test results may be used to improve
the data used ia the design prucess.

3-4.5.2 (Jse of Experimental Data
This subparagraph describes procedures for the determination of (discharge coefficient from the experimen-

tal data Experimental determination of the frictional forces will be described in par. 3-5. The experimental
data needed for the determination of discharge coefficients is the oil pressure curve in the recoil brake cylinder.
Discharge coefficients for various openings mast also be determine& [f the weapon is a variable recoil length
system, the discharge coefficients for both the long and short recoil orifices must be established. This implies
that the experimental pressare curves from firing tests must be available for both long and short recoil modes
uf operatiom
‘l-he coatrol orifice areas for which firing tests were carried out. are available to the designer. Thus the

calculation of discharge coefficients, using test results, is a problem of analysis rather than of design. The
procedure to establish the discharge coefficients is a trial-and-error procedure. The process starts by using
historical values of the discharge coefficients, and tbe oil pressure curve is computed by using the mathematical
models developed earlier. lf the computed oil pressure curve does )not match the test oil pressure curve, the
discharge coefficients are varied and the oil pressure curve is calculated again. The procedure is continued until
acceptable values of the discharge coefficients are established. If the mechanism is to function in variable
recoil, the discharge coefficient for short recoil must be established first because the short recoil orifice is
always active. Once the discharge crrefflcients for the short recoil orifice have been established, the procedure is

●
repeated for the long recoil orifice
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In establishing various discharge coefficients, one needs to know how to calculate the oil pressure curve
analytically. This calculation depends upon whether or not fluid compressibility is to be included in the
analysis. Subpars. 3-4.5.3 and 3-4,5.4 present procedures for calculating oil pressure curves with or without
fluid compressibility. It should be noted that before oil pressure curves may be calculated, the designer must
perform an analysis of fluid flow paths for the recoil mechanism and establish analytical expressions for the
effective area a, of an equivalent orifice for both short and long recoil modes of operation. The expression for
a, is in terms of various discharge coefficients and actual orifice areas. Although the actual orifice areas remain
fixed in this step, the discharge coefficients are varied. This variation in discharge coefficients causes variation
in a. and hence changes in oil pressure.
Occasionally it is not possible to match the computed and experimental oil pressure curves. The reason for

the discrepancy is the assumption—that may not be valid—of a constant discharge coefficient for the control
orifice, which implies that the discharge coefficient for the control orifice does not change with the recoil
displacement. Therefore, a variable discharge coefficient may be used for the control orifice. In other words,
the discharge coefficient may be made to depend on the fluid flow velocity, Reynolds number, or the velocity of
recoiling parts. Further discussion on this subject is in par. 3-8.

3-4.5.3 Fluid Compressibility Neglected
When fluid compressibility is neglected, the change in oil pressure is given from Eq. 3-9 as

AP(x) =
A2v2(x)p pa

2a~ ‘

where
a, — C.a., mz

(3-35)

To calculate the change in oil pressure from Eq. 3-35, it is necessary to calculate the velocity v(x) of recoiling
parts. This is done by integrating the basic equation of motion, Eq. 2-7. By substituting K(f) =
K, + K. + f? + Fa, Eq. 2-7 may be written as

rn,x = B(f) + W,sino — (Kf + K. +fp + F,,), N (3-36)

where
m, = mass of recoiling parts, kg
-i = acceleration of recoiling parts, m2/ S
K{= frictional force of bearings or slides, N
K. = resistance offered by elastic medium of recuperator, N
J,= frictional resistance of packing and seals, N
F. = total resistance offered by throttling hydraulic fluid, N
W, = weight of recoiling parts, N
0 = firing elevation angle, rad.

Expressions for Kf and K. are established in par. 3-5 for use in Eq. 3-36. The value of the frictional force,fi is
also calculated as explained in par, 3-5. An expression for F. can be obtained using Eqs. 3-35 and 3-1o as

~. = A2V2(X)PAk N,
2aZ ‘

(3-37)

Therefore, the right-hand side of Eq, 3-36 is now expressed in terms of x, i, and other known parameters of the
system. The dependence of Eq. 3-36 on various discharge coefficients derives from tbe expression for a,, which
was established previously by the designer. Finally, Eq. 3-36 may be numerically integrated by any of the
methods mentioned in par. 2-2. Once the speed v(x) or i has been obtained by integrating the equation of
motion for assumed discharge coefficients, the change in oil pressure may be computed from Eq. 3-35. The
calculated oil pressure curve then is compared with the experimental oil pressure curve. If these do not match, ●
3-28
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the discharge coefficients are varied and the procedure is repeated. Changing discharge coefficients requires

a
previous design experience. However, some guidelines have been established, and these are explained in
Chapters 4 and 5.

3-4.5.4 Fluid Compressibility Included
When fluid compressibility is included in the analysis of control orifices, the expressions used in calculations

change considerably. From Eqs. 3-8 and 3-10

Fo = (~h – ~/)Ak, N, (3-38)

This expression for F. is substituted into Eq. 3-36, and Eqs. 3-27 and 3-36 are integrated simultaneously for x,
i, and P.

3-5 FORCES CONTRIBUTING TO TOTAL RESISTANCE TO RECOIL
There are several forces that contribute to the total resistance to recoil; some of which are identified in par.

2-2.3. These include the force due to the elastic medium of the recuperator, frictional force of bearings or slides,
frictional force of packings and seals, and resisting force offered by the throttling fluid. In par. 2-4 the required
total resisting force was calculated by the moment-area method. This paragraph analyzes and characterizes the
forces that contribute to the total resistance to recoil. Methods for determining the recuperator force and the
frictional force of slides and packings are described in general. The effect of rifling torque in calculating the
frictional force of bearings is also presented. Specific applications of these methods are presented in Chapters
4, 5, and 6.
Fig. 3- I shows a recoil mechanism force diagram. From this diagram tbe total resistance Kto recoil is given

as

●
where

K= KR+KJ, N

KR = K. + f p + Fo, N.

(3-39)

(3-40)

Here,
K = total resistance force to recoil (it is a function of time), N
K. = net force on recoil rod (also called rod pull), N
K. = resistance offered by elastic medium of recuperator, N
f,= frictional resistance of packings and seals, N
K,= frictional resistance of bearings, N
Fe = total resistance offered by throttling hydraulic ffuid, N.

These forces may be obtained as a function of the recoil distance x or time t. Once K., K~, anrifp have been
calculated, tbe force F. may be calculated as a function of x or t. This force then becomes the design criterion
for control orifices.

3-5.1 RECUPERATOR FORCE
The recuperator is an energy reservoir of the recoil system. Its gas or spring holds the gun in-battery prior to

firing. During recoil, the gas or spring is compressed further to store energy that is required for counterrecoil.
The force of the recuperator also contributes to the total resistance to recoil. This paragraph develops an
expression for this force.
The polytropic expansion law for the gas is used, i.e.,

PVn = constant (3-41)
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where
P = gas pressure, Pa
V= gasvolume, m~
n = c,/c., ratio of’ specific heats, dimensionless
co= specific heat Ofg~s at constant pressure, J/kg. K
c,= specific heat ofgas at constant volume, J/kg K.

Inmany recoil mechanisms nitrogen gas, forwhichn = 1.6, is used in the recuperator. Formore detailson
values of n, refer to Ref. 5.
Now let

Po = gaspressure atin-battery position, Pa
Vo= gas volume at in-battery position, m3
Px=gaspressure atanyrecoil distancex, Pa
V,=gasvolume atanyrecoil distance .x, m3.

Then from Eq. 3-41

Pov; = Pxv;
or

1

(3-42)
E’x= PO(VO/VX)n,Pa.

The volume V.ofthe gme,tany recoil distance .ris given as

Vx= VO–Av.,m3 (3-43)

where A V, is the change in gas volume, which depends upon the type of recoil mechanism. As an example, for a
Puteaux type of dependent mechanism of Fig. 3-3, with the assumption of incompressible fluid, A V, isgiven as

AVX= Vo– V.~A~XR ~Ax, m3 (3-44) ●
where

A = effective area of recoil piston, m*
AR = recuperator cylinder area (same as floating piston area), mz
x~ = control piston rod displacement, m.

For a Filloux-type independent recoil mechanism of Fig. 3-5,

A V. = A.,x, m3 (3-45)

where
.4,, = effective area of the counterrecoil piston, mz

P,, Vo,and V. have been determined from Eqs. 3-43, 3-44, and 3-45, and the gas pressure P, at any recoil
distance may be calculated from Eq. 3-42. A resisting force K. due to the elastic medium of the recuperator is
given as

K. = A,Px, N. (3-46)

The initial gas pressure POin the recuperator has certain maximum and minimum values. Several conditions
must be satisfied in determining Po.The minimum value of POis determined from the condition thal the
pressure in the recuperator at the end of recoil stroke is enough to produce a force that is greater than the sum
of the weight component at elevation plus all the frictional forces that occur during counterrecoil. In addition,
the pressure at the end of the recoil stroke should be enough to produce a small additional force to provide
acceleration and to minimize the time of counterrecoil. The maximum value of POmust also be determined to ●
3-30
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satisfy several conditions. First, POshould not be so high as to cause slamming into battery during counterre-

0

coil. Also maximum value of f ’ oshould be such that the pressure at the end of recoil stroke is not exceeded by
the capability of the seals to hold the pressure. In addition, the maximum pressure should not be so high that it
exceeds the total oil pressure required to produce K — Kf —~F.

3-5.2 FRICTIONAL RESISTANCE OF BEARINGS

To calculate the frictional resistance of sliding bearings, normal reactions at the bearing surface due to
various forces must be compu[ed. Calculations for exact rro’rmal reactions at the bearing surface can be quite
complex because of the following factors:

1. There is continuous contact between bearing surfaces. Thus a normal pressure distribution must be
computed, rather than point reactions. The contact surface may change with the recoil distance.

2. Various forces that contribute to normal reactions may give rise tci moments in two planes because of
eccentricities.

3. The center of gravity of the recoiling parts may vary with the recoil distance.
4. During the projectile ejection period, the effect of rifling torque must be considered in calculating

normal reactions.
In calculating the normal reaction for any recoil displacement, a free body diagram of the recoiling parts

must be drawn. To draw this free body diagram, the points of application of various forces must be known.
Thus the geometry of the gun mount, the points of attachment of vmious piston rods, the location of the center
of gravity (CC) of recoiling p;irts, and the attachment points of various cylinders must be accurately known.
Once an accurate free body diagram for the recoiling parts for any recoil displacement has been developed,
principles of static equilibrium can be used to calculate normal reactions.
When there is continuous contact between the bearing surfaces, the contact pressure at the bearing must be

calculated. Methods developed for contact stress analysis in DA RCOM-P 706-193 (Ref. 6) may be used for
this purpose. These methods predict the normal pressure quite accurately. Another approach to calculating
the normal reaction distribution is first to assume a shape of the normal presscrrecurve with the pressure force

e

at two ends as unknown. Then a static equilibrium analysis is used tu calculate the normal pressure force at the
ends. To further explain this concept, consider the rail-gcridecontact forthegun mount shown in Fig. 3-13(A).
To simplify the analysis, it is assumed that the pressure remains constant along the width of the guide.
Therefore, one is interested in compu[ing only the nrrrmal reaction per unit length (force/ length). Linear force
distribution. as shown in Fig. 3-13(B), or a nonlinear force distribution, as shown in Fig. 3-13(C), may be
assumed. The force ordinates p,, and PR at the contact Points A and B of Fig. 3-13 are then calculated using
equilibrium equations.
To illustrate the calculation for the frictional force KJ of bearings, consider the free body diagram of Fig.

3-14 for the recniling parts at any recoil displacement. It is assumed that all tbe forces act in the xy-plane;
accordingly, they cause moment only about the z-axis. Thus the equilibrium equations for a planar body are
used in the analysis that fnllows. Refer to Fig. 3-14, the following terminology is used:

Kfi = rod pull, N
1?= propellant gas force or breech force, N
F,, = inertial force due to acceleration of recoiling parts, N
K, = friction force of bearings or slides, N

RI, R, = reaction forces due to guides or bearings, N.
To calculate the force of friction, the normal reactions R, and R, )mrrst be determined. The force of friction
K( is governed by the weight of recoiling parts, elevation angle, and the effects of eccentricities. K~is given as
M(RI + RJ where p is a dynamic coefficient of friction fOr the be:iring. The value Of P depends On the twO
materials and is obtained from a table of vaiues (Ref. 7) or is measured by performing simple experiments.
At any recnil displacement, the breech force f?is known from ballistic calculations of Chapter 2. The inertial

force F,, is also known once the moment-area calculations of par. 2-4 have been completed and the total
resistance to recoil has been determined. The rod pull K~ is not known because it depends on the throttling
force of fluid.
If a dependent type of mechanism (Fig. 3-14) with only one rod attached to the breech ring is assumed, the

reaction on the front cradle bearing is calculated by taking moments about the intersection of Rj and K{ and
solving for R, as

3-31
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a

l?,a + Rip + ( W’,sin@” = KRd, + ( W,cos6)b + Fad{
or

“=[+)KR+(+) 01

(3-47)

W’rcos19 + ~ (Fa – W’rsin/3) – ~~ B,N
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Figure 3-14. Forces and Reactions on Recoiling Parts

where
B = propellant gas force, N
d, = distance between cradle slide and recoil cylinder, m
~ = distance between bearings, m
b = distance between CG and rear bearing about which moments are taken, m
df = depth of bearing from CG, m
d, = depth of bearing from tube centerline, m.

The inertial force F. is given as

F. = B + W,sinO – K, N

where the total resistance force K is

KEKR+Kf, N

and

Kf=p( IR, I + IR, I ),N.

It should be noted that when R, Z PV,COSO,ZFY= Ogives

R, = W,COS@– R,, N

(3-48)

(3-49)

(3-50)

(3-51)
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acting in the direction of R,, and when RI > W,COSO,

Ii3 = RI – I?’rcosd, N (3-52) ●
acting in the direction opposite to that shown. [n other words, summation of all the forces normal to the
direction of motion must be zero at all times for force equilibrium to hold.
The elimination of K. and F. from Eq, 3-47, with the help of Eqs. 3-48 to 3-52, yields RI, as a function of K

“=(=++(=) ‘rcoso+(=+NfOrR’<wrcOs‘3-’3)
or

“=(.-)K+(:=) ‘rcOs’+(.m)B>NR’>wrcOs’‘3-54)
Once RI is known, R can redetermined from Eq. 3-51 or Eq. 3-52. Then K/can redetermined from Eq. 3-50.
R, and R,, hence K,, are functions of the recoil distance since distances a and hand the forces Kand Bchange
with the recoil distance.
Another force that induces normal force on the bearings is the rifling torque, i.e., the torque produced by the

projectile rifling. This torque is present during the projectile ejection period, and its effect in calculating the
frictional force of bearings should be considered. Fig. 3-15 shows a free body diagram for the determination of
the normal force on the rails due to the rifling torque.
This normal force F,’ on the rails from the rifling torque is given as

F:. ~,N
d,

(3-55)

where
T, = rifling torque, N.m
d, = distance between supports, m.

The procedure for deriving an approximate expression for the rifling torque T, is described in the discussion
that follows. The derivation includes the followin symbols:

,4~ = bore area (less rifling groove area), m$

a = linear acceleration of projectile, m/s~
a, = peripheral acceleration of projectile in bore, m/ S2
X = frictional force due to rifling torque, N
1P= mass moment of inertia of projectile, kgm2
k = radius of gyration of projectile, m
rnP = mass of projectile, kg
f?(t) = propellant gas force, N
m, = mass of charge, kg
N, = twist of rifling, calibers per turn
R~= radius of bore, m
Pg= propellant gas pressure, Pa
a = angular acceleration of projectile, rad/s~
8, = helix angle of rifling, rad,

The linear acceleration a of a projectile is given as

~= B(t) , m/s2 (3-56)
tnp + o.5mc

where the Lagrangian assumption of half the charge mass moving with the projectile is used. Also ●
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tan/3r = ~

●
r

and the peripheral acceleration u, of projectile in the bore is

a, = ataru% = 7rfl(f) m/sz.
Nr(mp + 0.5rrrj’

The angular acceleration a is given m

a, = TB(z) _a=— rad/s2.
tb N,k’b(m,, + o.5m,) ‘

The rifling torque T, is

T, = IPCX,N.m

where

1P = mpkz, kg.m2

The substitution of Eqs. 3-59 and 3-61 into Eq. 3-60, yields

T, = rmPk2 B( t) , N.m
ti,&(mp + f).5m,)

(3-57)

(3-58)

(3-59)

(3-60)

(3-6 I)

(3-62)
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An approximate value of kz is used, i.e.,

k = ().74Rb, m. (3-63)

The substitution of Eqs, 3-62 and 3-63 into Eq. 3-55 yields the following expression for ~he normal force F;

~: = (f.5476~mpRbB(t) ,N (3-64)
N,(mP + 0.5m,)d,

The expression for F; may also be expressed in terms of the propellant gas pressure P~since

B(I) = AbPg = TR;Pg, N. (3-65)

Therefore, the substitution of Eq. 3-65 into Eq. 3-64 yields

~: = 0.5476 r2m.RjPZ , N. (3-66)
N,(mo + 0,5m~)d,

The frictional force~~ due to the rifling torque is then given as

Y = /L2F:, N

where
~ = d~nami~ coefficient of friction for rails and guides, dimensionless

(3-67)

This frictional force may be added to the force obtained from Eq. 3-50 to obtain the total force of friction at the
sliding bearing.

3-5.3 FRICTIONAL RESISTANCE OF PACKINGS AND SEALS

Fig. 3-16 shows a typical packing assembly. The packing illustrated is patterned after those already in use
because previous experience is an important factor in its design. Often analytical techniques for the determina-
tion of the frictional resistance of packings and seals are not sufficient. These techniques are then supple-
mented with experiments to determine the frictional force of seals and packings. Experience with previously
designed seals and packings also plays an important role in designing new seals and in calculating their
frictional forces. This subparagraph describes both analytical and experimental procedures for calculating the
frictional force of packings and seals.
The packings in a recoil mechanism prevent leakage of hydraulic fluid past moving parts such as pistons and

piston rods. The packings are forced firmly against the moving surfaces both by the pressure of the fluid itself
and by springs. Because of the nearly hydrostatic behavior of the packing material, axial pressure is ne~irly
equal to the radial pressure that is necessary for sealing. The ratio of the radial pressure to the applied axial
pressure is a property of the packing material and is called the “pressure factor”. It is somewhat analogous to
Poisson’s ratio. To insure positive sealing, the radial pressure must be greater than the maximum fluid
pressure. This is possible because of the force applied by the springs. The ratio is known as the’’leakage factor”
and is usually at least 1.0. Sometimes a small amount of leakage is desirable for Iubricatiun; at such time the
leakage factor is less than 1.0.
Although the packing filler is made of rubber, the liner or packing ring in contact with the cylinder is made of

polytetrafluoroethylene, or Teflon (leather in older weapons). Silver or aluminum alloy rings, having a
right-angled cross-section, are commonly used to confine the corners of the Teflon or the leather packing to
prevent it from extruding between piston ring and cylinder.
Let

P. = radial pressure KPP. on packing, Pa
f. = axial pressure P.,+ Peon packing, Pa ●
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Figure 3-16. Typical Packing Assembly

& = pressure factor PR/ P. (for rubber filler, KP = 0.73), dimensionless
Pm.. = maximum fluid pressure, Pa

“ = leakage factor P~/Pm,dimensionless
P., = axial pressure in packing produced by spring, Pa
Pe = fluid pressure on packing at any recoil position, Pa
Di = inner diameter of the cylinder, m
b = width of packing, m
,4, = contact area mDib on cylinder wall, m2
Fe= radial force AIP~ of packing on cylinder, N
~; = frictional force pFd of packing assembly, N—M = 0.05 for leather, p =

O 09 for T41nn.

Ring Band

0.09 for silver, and p =
. . . . .

To determine the packing frictional force, the radial force F~ of the packing on the cylinder must be
evaluated first. The procedure described is applicable in general and may be used for the recoil cylinder,
counterrecoil cylinder, or recuperator packing assembly.
To determine FO,the radial force of packing on the cylinder and the radial pressure PRc m t h ep a c k i n gmu s t

●
be known. Fd is given as

F8=A, PR, N. (3-68)
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Again, P~isgiven intermsof P.as

PR = KPP., Pa (3-69) ●
where

Pa = P.f + P@,Pa,

The fluid pressure F’flon the packing at any time is calculated from the conditions of recoil motion. To
determine the axial pressure P.,in the packing produced by the spring, write the radial pressure exerted by the
packing in terms of the maximum fluid pressure as

P. ~ VPm = K,(P., + Pm), Pa. (3-70)

The solution for P, from Eq. 3-70 is

(3-71)

Since the spring pressure is known, the packing frictionf; can now be found as

~i = Hi%, N (3-72)

where
~ = coefficient of friction for packing and cylinder materials, dimensionless.

This~~corresponds to the frictional force VP), of packing and seals in the recuperator and to the frictional force ●
j of packing and seals in the recoil brake cylinder.
[f the recoil mechanism is of the independent type, the frictional forcef~ of the packings is given by

~,= ~ + (f,),, N (3-73)

and for the dependent type~~ is given by

(3-74)

where
A = area of recoil piston, m’
A, = area of floating piston, m’

The experimental procedure for calculating frictional force of packings and seals is first to calculate the total
frictional force at some position of the gun and then to subtract the frictional force of beaI-ings or slides for that
configuration to obtain the frictional force of packings and seals. In conducting experiments the gas pressure
in the recuperator is reduced while the gun is in the in-battery position for a particular angle of elevation. At a
certain gas pressure the gun will leave the in-battery position. The static equilibrium equation

kV,sin6 – POAR – (Kf + Fp) = O (3-75)

is used to solve for the total force of friction. By knowing the expression for KJ, Fp is calculated from Eq. 3-75.

●
3-38

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

Sometimes the friction force is quite large, and the gun may not leave the in-battery position, even for very

●
low gas pressures. In such cases, additional loads may be applied to force the gun to move out-of-battery in
order to measure the frictional forces.
In some cases when sealing problems do not exist, firing tests are conducted at low gas pressures. If the

recuperator does not store enough energy to bring the gun back to the in-battery position, the position of the
gun out-of-battery is noted and, again from the static equilibrium condition, the total force of friction is
calculated. This procedure is used in calculating total frictional force for the M 109, 155-mm Howitzer in
Chapter 5.

3-5.4 RESISTANCE OFFERED BY THROTTLING HYDRAULIC FLUID
At this stage in the design process, the following information is available to the designer:
1. The total resisting force K(r) as a function of .r or t—which have been determined by moment area

method
2. The recuperator force IL as a function of .Vor I
3. The frictional resistance K, of bearings or slides as a function of .t’or I
4. The frictional resistance of packings and seals, often taken as a constant during the entire recoil stroke,

Thus all the data are available to calculate the resistance F., as a function of .Yor [, presented by throttling
hydruulic fluid. From Eqs. 3-39 and 3-40

F,, = K – (Kf + K,, +,fp), N. (3-76)

“l’he force F’, is now used to calculate the effective area of an equivzilent orifice and eventually the control orifice
area.

3-6 CONTROL ORIFICE DESIGN PROCEDURE
‘[’his paragraph summarizes the procedure for the design of a control orifice in a step-by-step format. As

●
noted prcviuusly, twonr more design iterations may be necessary to obtain afin:il control orifice design. In the
first de.~ign iteration the discharge coefficients and the frictional forces are only estimates, Firing tests with the
design ulfirst iter~ttic~llgive expcriment;ildtl~~ that ;lre used to establish the value ordischarge coefficients and
the t’rictiuniil fnrcm These cst~iblished values are then used to redesign the control orifice. The same
expressions arc used I’or the establishment of discharge coefficients and for the design of control orifices.
However. in two procedures these expressions are used differently. Both procedures are summarized in the
suhp:m{gmphs [hit 1 0 i ] [ ) W .

3-6.1 PROCEDURE FOR DETERMINATION OF DISCHARGE COEFFICIENTS
.Yfep/. Calculate or obtain numeric~l d:ita fnr the recuil mechanism and include the weight of recoiling

p:il-ts. inili:il re~llp~r:~t(~r presst!re. initi:~l ~lnd find recuper~tOr vc~lume, effective recoil piston area. effective
recuperator ;~rea, fluid density, leakage area, control orifice areas, effective piston areas, initial recoil cylinder
volumt, hrmch force d:lta, and bulk modulus.
S((P 2. For the given recoil mechanism, establish expressions for the recuperator force and the frictional

force uf hearings, as explained in pars. 3-5. I :ind 3-5.2. respectivel!~.
.Yfcl) 3. Calcul>i(c the frictional force uf packings, as explained in par. 3-5.3. If appropriate test data are

ilvail:lhlc, culcu late the frictional force nf packings by using these data, as explained in par. 3-5.3.
S(CP 4. Assume values of discharge coefficients for \arious openings in the recoil mechanism. When fluid

compressibility is neglected, c;ilculate the oil pressure curvc using Eq. 3-35, as explained in par. 3-4.5.3. When
fluid comprcssihility is included in design calculations, calculate the oil pressure curve by numerically
integrating Eqs. 3-27 and 3-36 simuit:incuusly. Any numerical method for integration of differential equa-
tions, such us Runge-Kutta methods, may be used.
S(ep5. f’erlorm an analysis of hydraulic flow paths and establish an expression fortheeffective orifice mea

a, in terms of vario us disc barge coefficients and all orifice areas for the given recoil mechanism, as explained in
par. 3-4.4.
S/ep 6. Compore the calculated oil pressurccurve with the experimental curve. If these match reasonably

●
well, proceed LOStep 7; nthcrwise, adjus[ the discharge coefficients and return tu Step 4.
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Step 7. If the recoil mechanism is to function with variable recoil. repeat Steps I through 6 for the long recoil
control orifice. The discharge coefficient for the short recoil orifice is established first ifthe short recoil orifice
is also active during the long recoil stroke, ●
3-6.2 PROCEDURE FOR DESIGN OF CONTROL ORIFICE
S[ep /. The time history of the breech force is obtained from the ballistic calculations of Chapter 2.
.S[ep 2. The mass of recoiling parts is specified. If an existing system is [o be modified, the mass of recoiling

parts is measured. Constraints on recoil lengths (for both long and short recnil when required) are specified.
Other numerical dala needed in design calculations—such as initial recuperator pressure, initial recuperator
volume, effec~ive recoil piston area, effeclive recuperator area, fluid density, bulk modulus, leakage area,
piston port areas, and initial recoil cylinder \olume-are either calculated or specified.
.SIep3. Establish analytical expressions for[he recuperator force, frictional resistance of packings and seals,

and frictional resistance of bearings, as explained in par, 3-5.
Srep 4. Assume a shape for the Iota] resistance versus time as a one-parameter cur\,e. Calculate a V:IIUCfor

the maximum recoil resistance and the recoil time by either the mnment-area method of par. 2-4 or [he
numerical ~rial-and-error procedure.
SIep5. Numerically integrate the basic equation of’motinn, Eq. 2-f, for the velocity and displacement of the

recoiling parts.
S1ep6. Calculate theeffec(ive area (C,,a,,) ofanequi~alent orifice from Eq. 3-i I when fluid compressibility is

neglected. When fluid compressibility is included, calculate the effective urifice by using Eq. 3-25,
Step 7. Calculate for various forces contributing to the total resistance tn recoil, Specifically, calculate the

recuperator force (par. 3-5.1), the frictional force of bearings (par. 3-5.2), and the frictional force nf ptickings
(par. 3-5.3). Calculate resistance offered by the throttling fluid F,, from Eq. 3-76.
S[ep 8. For the given recoil mechanism, analyze fluid flow paths and establish an analytic expression. such

as Eq. 3-34, for the effective area a,of an equivalent oriftce. Estimate or obtain varinus discharge cnefficicnts.
By using the established relation for u,, calculate the actual contrnl nrifice area.
S~ep 9. If a \,ariable recoil system is stipulated, repeat Steps I thrnu,gh 8 Ior the sccnnd recnil length.

Use of these procedures is illustrated in Chap(ers 4, 5, and 6. ●
3-7 COUNTERRECOIL CONTROL DESIGN
3-7.1 DESICN OF COUNTERRECOIL MECHANISM
At the end of the recoil stroke, all recoiling parts momentarily cumc tn rest. “l”he f’nrcc UI the compressed

recuperator gas starts to push the recoiling parts [oward their original, i.e., in-btittery. pmi~iotr. ‘Ibis mutinn is
opposed by the frictional force of the rails or bearings, friction unpackings, furce due tn the wcightcnmpuncnt
along the direction of motion, the fluid force due to throttling through various openings, and the buffer furce
for the last several inches of the recoil stroke if buffers are present.
Thecounterrecoil mechanism consists of a recuperator and counterrecuil cylinder assembly. “I”hcl~ittcr m:iy

be a separate unit or it may he the recoil brake components nperating in reverse. “The terms countcrrccmil
mechanism and recuperate rare sometimes used synonymously. Huwever, tn avnid con fusinn, the recupcratur
is defined here as the mechanism that stnres some nf the recoil energy for cnunter recoil. “l-he countcrrecoil
mechanism, deriving its energy from the recuperator, is defined m the unit that returns the recoiling p~wts to
the in-battery position. The recuperator can be of either the hydrnspring or the hy(frnpneumalic type. ‘1’hc
hydmspring type stores energy that is required to return the gun to the in-battery pnsitinn in a mccharrical
spring or springs. The hydro pneumatic type stores this energy in compressed gas. ‘l”here is alw~ys some
recupermor furce present to hold the recoiling parts ill-battery at all angles of clcvatiun. During recnil, the
spring or gas is compressed further, and this stores [he additional energy needed fur counterrccnil,
The recoil stroke at the maximum firing elevation generally must be quite short. T-he countetrccuil

mechanism must redesigned for the maximum firing elevation to ensure the return of the recoiling purtstuthc
battery positinn after firing. Since the s~ored energy maygiveexcessive speed to the recniling parts during the
counterrecoil suuke, a wparate cnunterrecnil orifice and/ur buffer may have to be prnvided to reduce the
speed of the recoiling parts and to bring them to rest. The follu wing three types nf’crruntel-mc nil designs arc
nossible:

●
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1. Variable countcrrccoil control nrifice
2. Nn counterrecoil control orifice, but a buft’er
3. f3ulfer and a constant area control orifice.

“l-be function of a buffer is similar to that of tbc recoil brake; it absorbs the energy of counterrecoil, and it
may be hydraulic or pneumatic. The hydraulic type is a form ofdashpot and may be anexternal, separate unit
(as in Fig. 3-17) or an integral part of the interior of the recoil mechanism (spear buffer). In either case the
buffer stroke is selected so that the buffer force will not unduly disturb the stability of the weapon. As tbe
counterrecoiling parts contact the piston rod head, hydraulic fluid is forced through a confined space around
the piston to generate the buffer force. At the same time, the spring, is compressed. During the next recoil
stroke, the spring forces the piston to return to its buffer position; the one-way valve is open to facilitate this
movement. Fig. 3-18 shows an internal buffer (spear buffer), consisting ofadashpot and a buffer spear, which
is fixed to the recoil piston. Duringt hefirst part of thecounterrecoil stroke, the dashpot is filled with fluid. As
the spear enters the dashpot, this fluid is forced out through the clearance and the restriction to flow creates the
force needed for buffing.

m
~ Direction of Counterrecoi I

Figure 3-17. External Buffer

f

Recoil Cylinder

f
Throttling Groove

i /
\ \ Dashpot

im
Oil

/ / \

/
L

Recoil
Recoil Piston

\
Piston Rod Buffer Spear

Figure 3-18. Internal Buffer

A pneumatic buffer is known as a respirator (see Fig. 3-1 9). It consists of an air chamber at the end of either a
recoil or counterrecoil cylinder; this depends upon the type of recoil mechanism. As the operating piston is
withdrawn during recoil, the check valve opens and atmospheric air flows freely into the chamber to fill the
vacated spaces. When counterrecoil begins, the one-way check valves close and trap the air in the chamber. A
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{

Air Intake, Shawn Closed

r
Valve Springs ~Recoil Cylinder

/ ‘-Valve

‘Exhaust Post
(Restricted Flow)

Figure 3-19. Respirator

small, hand-adj ustable orifice remains open, permits theair(o escape at acontmlled rate, and regulates the
pressure that stops the coun(errecoiling parts. Proper lubrica~ion can reduce the tendency for the inner
cylinder walls to rust from exposure to the atmosphere.
Theequationof motion forthecorrn(errecoiling parts istbesameforall three types ofcrrunterrecoil designs

discussed. Depending onthetype ofcounterrecoil control, thenetacceler:~ tingforce onthecc>unterrecc~ iling
parts will be different.
For the firs~ type ofcounterrecoil design (variable orifice area). there is no buffer force resisting the motion

of the counterrecoiling parts because buffers are not used. The general procedure for the design of the
counterrecoil orifice is the same as theonefor tbedesign of the recoil orif’ice. ‘rhedetaileddesign procedure ●
depends upon the type of counterrecoil mechanism use~. Generally, however, an iterative proc~du”re is used.
Tbe orifice area is varied until the velocity of the counterrecoil parts becomes zero at the in-battery position.
The design procedure forthis type ofcounterrecoil mechanism. used in the M 198 [owed weapon, is presented
in Chapter4.
For the second type of counterrecoil design. there is no control orifice, but there is a buffer near the end uf

the counterrecoil stroke. (n this case. the veiocity of the counterrecoiling parts is calculated by integrating the
equation of motion at the point where buffers are encountered. The buffer is then designed to bring the
cottnterrecoiling parts to rest at the end ofthe buffer stroke.
For the last type of design there is a constant area counterrecoil orifice and a buffer during the last several

inches of the coun(errecoil stroke to bring the moving parts to rest. The counterrecoil control orifice is
designed to attain an acceptable speed at the instant the buffer is encountered, and the buffer is designed for
this speed. The design calculations for this type ofcounterrecoil mechanism are presented in tbe discussion
that follows.
Consider acounterrecoil mechanism. composed ofarecuperator andcounterrecoil cylinder assembly, as

shown in Fig. 3-20. Forthis mechanism acounterrecoil orifice a, must be used to provide some restriction to
fluid flow. These defined symbols are used, in the development that follows:

,4 = area ofcounterrecoil piston. m-
,4, = area of control rod, ml
AR = area of floating piston: same as the recuperator cylinder area, m’
a, = area of orifice for counterrecoil. m~
a. = area of orifice for recoil. m?
P = oil pressure in recoil brake cylinder after throttling through a,, Pa

P.c= oilpressure before throttling (hrough u,, Pa
P.o=oilp ressureb eforethrottling( hrougha.. Pa
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lCO”nterrecOil Piston ~ Counterrecoil Cylinder

Figure 3-20. Functioning Components During Counterrecoil

P, = recuperator gas pressure, Pa
P = mass dtmsily of hydraulic fluid, kg/ nl~
C. = orifice coefficient of a,, dimensionless

● C,, = orifice coefficient of a,,, dimensionless
(/;), = frictional force of packings and seals in recuperator, N
F,. = frictional resistance of sliding bearing during counterrecoil. N
/“ = frictional force of’ packings and seals of recoil brake and counterrecoil cylinder. N

(/r~i = in-battery frictional force of recuperator due LOpackings and seals, N
(/,),, = out-of-battery frictional force of recuperator due to packings and seals, N
E, = resistive force O( buffers at end of counterrexoil stroke, N

~p)i = total in-battery frictional force of recoil brake and counterrecoil cylinder due to packings and
seals, N

tip),, = ~otal out-of-battery frictional force of recoil brake and cc,unterrecoil cylinder due to packings and
sezils, N

F,, = net co unterrecoil accelerating force, IN
F,, = force on counterrecoil piston, N
W, = weight of counterrecoiling parts, N
d = firing eleva(ion angle, md
Q, = flow rate through counterrecoil orifice a<,m’/s
Q,, = flow rate through recoil orifice a,,, m3/s
v~ = speed of floating piston during counterrecoil, m/s
v, = speed 1, of counterrecoiling parts, m/s
x, = displacement of counterrecoiling parts, m
F, = recuperator force during counterrecoil, N
P.r = recuperator gas pressure at any counterrecoil displacement x,, Pa

●
F, = force defined by Eq. 3-98, N
F~. = resisting force provided by counterrecoil orifice a,, N
./., = resisting force provided by recoil orifice u,, during counterrecoil, N

3-1:4
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$ = force defined by Eq. 3-1(I 1, N
,f, = effective packing friction defined by Eq. 3-104, N
i, = acceleration of counterrecoiling parts, m/s2.

Before design calculation for counterrecoil control can begin, all the forces acting on the counterrecoiling
parts must be determined. Calculations for these forces are presented first.
Assumptions made in modeling the fluid behavior during counterrecoil are tbe same m those presented in

par. 3-4, In tbe discussion that follows the fluid is assumed to be incompressible. However, as in par. 3-4, the
bulk modulus for the fluid may be used to account approximately for the fluid compressibility.
The driving force for counterrecoil is provided by the recuperator. Resisting forces during counterrecoil

stroke are the frictional force of packings and seals in the recoil brake cylinder of the recuperator, frictional
force of the sliding bearing, force due to throttling of the fluid through the orifices a,, and a., and the force
component along the axis of the gun tube due to the weight of the cnunterrecoiling parts. Frictional resistance
of packings and seals is computed as explained in par. 3-5.3. This resistance force is computed for tbe
in-battery position and the position just before counterrecoil begins. The mean of the two results may be
assumed to act over the entire counterrecoil stroke. Thus

J = [(f,)i + ( f P ) . ] /7., N (3-77)

J = [ff;)i + ( J ; ) o ] / 2 ,N. (3-78)

The net accelerating force F,, for counterrecoil is given as

F,, = FP –~. – Ff. – W’~sinf3, N. (3-79)

The frictional resistance Ffc of the sliding bearing during counterrecoil can be calculated using the procedure
presented in par. 3-5.2. Calculations for the force FP acting on the counterrecoil piston me discussed next.
The force F, on the counterrecoil piston is given as ●

FP= PA, N, (3-80)

Thus if the pressure Pin terms of the known quantities can be calculated, the expression for the force F,,can be
determined.
From Fig. 3-20 the pressure P.. is given as

POO= P + AP, + APO, Pa (3-81)

where

Af. = Pac – P, Pa (3-82)

and

APO = Pa. – Pac, Pa. (3-83)

Tbe pressure drops AP, and AP. can be calculated using Bernoulli’s equation derived in par. 3-4.2. Therefore,
from Eqs. 3-2 and 3-7

Apc = J& pa
2dcat ‘

(3-84)
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where Q“ and Q, are the ffow rates through the orifices a,, and a,, respectively. Since the fluid is assumed to be

●
incompressible, the continuity equation for the fluid gives Q. = Q,,. Therefore, AP,, from Eq. 3-85 is given as

APO = h Pa
2C?ai ‘ ‘

(3-86)

The flow rate Q, through the counterrecoil orifice a, is given in terms of the speed v~ of the floating piston
and its area AR on the fluid side as

Q.= (A. – A.)v.R, m3/s. (3-87)

Also the continuity equation yields the rate of flow Q into the counterrecoil cylinder as

Q ~ Av, = ARVR, m31s. (3-88)

Therefore, the speed v~ of the floating piston is

VR = Av,/AR, mjs. (3-89)

The substitution of Eq. 3-89 into Eq. 3-87 yields an expression for the flow rate Q,

Q ( = ( 1– ~c/~R)Av,, m3/s. (3-90)

The substitution of Qc into Eqs. 3-84 and 3-86 and the resulting expressions for ~. and P“ into Eq. 3-81 yields

P.O=P+( I – A./ AR)2A2V?p + tiC/AR)2A2V2P , pa
2~aZ 2dal

(3-9 I)

Since the forces on the floating piston must balance,

F, = Pa. (AR – Ac) + PA, + (fP), = PaaAR(1 – .A,/AR) + PA. + (JP),, N (3-92)

where the recuperator force FR during counterrecoil is given as

FR = PX,AR, N (3-93)

and the recuperator gas pressure P,r at any recoil displacement is computed as explained in par, 3-5.1 The
substitution of the pressure Pa. from Eq. 3-91 into Eq. 3-92 and simplification of the resulting expression give

‘R=pAR+O’(’-Ac’AR)*)+JN(3-94)

Rearrangement of Eq. 3-94 solves explicitly for P, i.e.,

p= If–
[

1+10.5(1 – A,/ AR)3A2V~p — —
)
–m, pa.

AR Ctat Cla~ AR
(3-95)

The equivalent orifice area concept can now be used to define

●
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(3-96)

●
in Eq. 3-95. Here a,. is the effective area of an equivalent orifice during counterreco il. Since UOand a, are acting
in series, Eq. 3-96 is precisely Eq. 3-33.
The substitution of P from Eq. 3-95 into Eq. 3-80 yields the following expression for the force F, on the

counterrecoil piston:

~p – AFR – 0.5(1 – A,/ AR)3As V~p
(
L. 1

i
–m ,~,

A, & + C;a; A,
(3-97)

For notational convenience, define

F = (1 – AC/ AR)3A3V?p , ~C,
2C~a~

and

f;. M r ! d L ,pJ,
AR

(3-98)

(3-99)

(3- I00)

(3-1OI) ●

F~. is the resisting force provided by the counterrecoil orifice, arrdfi., is the resisting force provided by the recoil
orifice. In terms of the preceding notation, the force FP on the counterrecoil piston is given from Eq. 3-97 as

F. = F, – Fh<– f , ,– , ~ ’ ,N. (3-102)

By the substitution of Fp from Eq, 3-102 intrr Eq. 3-79, the net accelerating force for counterrecoil is given as

F,, = F, – F& – f . ,– , f p– Ff, – WRsino, N (3-103)

wbere~~ is the effective packing friction, i.e.,

Fp = f , ’+ f . ,N. (3-104)

The equation of motion for the recoiling parts is now given as

m,x , = F.,, N

or, substituting tbe expression for F,, from Eq. 3-103,

m,x, = F, — F& — f . ,— f p— Ff. — WRsin6, N. (3-105)

●
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Near the end of the counterrecoil stroke the resistance F~ provided b,y buffers, if buffers are present, must be

●
included in Eq. 3-105. Therefore, the equation of motion becomes

mrxr = Fr – & –~, ‘ f , – & – F b – W’minO, N. (3-106)

The forces present during a counterrecoil stroke may be represented by a corrnterrecoil force diagram
similar to the one given in Fig. 3-1 for the forces acting during the recoil stroke. Fig. 3-21 is an example of a
counterrecoil force chart for a weapon that has a recoil stroke of approximately 0.8 m.
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Distance Out of Battery, m

Figure 3-21. Counterrecoil Force Chart

An iterative orocedure mav be used to determine the counterrecoil control orifice area a, that yields a
desirable speed if counterrec~iling parts at the instant the buffer is encountered. One starts with an ~stimate
for the area ati. The equation of motion, Eq. 3-105, is integrated numerically. Here Runge-Kutta or other
numerical methods for integration of any ordinary second-order differential equation maybe used. Tbe speed
of the counterrecoiling parts is noted at the instant buffers are encountered. If this speed is higher than the
desired speed (for which the buffer is to be designed), the area a, is reduced and the procedure is repeated. If the
speed of the counterrecoiling parts is smaller than the desired speed, the area a. is increased. This trial-and-
error procedure is continued until the desired speed of the counterreccjiling parts is obtained at the instant the
buffers are encountered.

3-7.2 DESIGN OF BUFFERS
The buffer is designed so that its resisting force brings the counterrecoiling parts to rest within the desired

●
length near the end of the counterrecoil stroke. Resistance to motion is generated by throttling a fluid through
the constant area orifice. The motion of the buffer piston also compresses a spring. During the recoil stroke,
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the force due to the compressed spring pushes the buffer piston outward so that it is in the proper position for
the next counterrecoil stroke.
The design of the buffer orifice proceeds in a manner similar to the one used to design the counterrecoil

orifice. A trial orifice area (?.b is selected for the buffer orifice. By using the fluid flow law from par. 3-4.2, the
buffer force Fb is given as

~ b . pJ + & N
2c;db

(3-107)

where
Fb = total resistive force of buffers at end of counterrecoil stroke, N
At, = area of buffer cylindep m2
a~b = buffer orifice area, m
C. = orifice coefficient, dimensionless
F,, = force due to spring in buffer chambe~ N’
P = mass density of fluid in buffer, kg/m

The first term on the right-hand side of Eq. 3-107 is F., obtained from Eq. 3- I 1 with Ah = A = A I,.
The equation of motion, Eq. 3-106, is integrated numerically. The orifice area a,,ti is adjusted in a

trial-and-error procedure until the speed of the recoiling parts approaches zero at the in-battery position.
In addition, variable orifice buffers can be designed. These have the added benefit that they provide

minimum resistive force at impact and slow down the recoiling parts with constmrt deceleration.

3-8 ADVANCED TECHNIQUES IN DESIGN OF RECOIL MECHANISMS
This paragraph presents some advanced concepts that may be used for the design of recoil mechanisms. In

previous paragraphs, the gun is assumed to bc supported on a rigid structure. Thus only a singlc-degrec-of-
freedom model is used to represent the dynamics of the recoiling parts. However, in reality there is always some
motion of the supporting structure. The effect of the dynamics of the supporting structure on the performance
of the recoil mechanism is called the secondary recoil effect. Two techniques are explained in par. 3-8. I to
include the secondary recoil effects in the design of the control orifice for the recoil mechanism.
Also in the previous paragraphs, simplified one-dimensional fluid dynamic models are used 10 rcprcscnt the

motion of the hydraulic fluid in the recoil mechanism. For example, the lluid is tissumcd to be incompressible
and inviscid, the fluid motion is assumed to be quasi-steady and une-dimensiorral, and the effect of frictional
heating during the recoil cycle is neglected.
Par. 3-8.2 presents advanced fluid dynamic models that may be used in the design of recoil mechanisms.

These fluid dynamic models consider such effects as unsteady, viscous, and multidimensiumd flow nf fluid in
the recoil mechanism.
Par. 3-8.3 describes the thermodynamics of recoil mechanisms. Also a method for estimating temperature

rise in a recoil cycle is presented. A discussion is included on the limitations on the I’iring rate from the
thermodynamic point of view, and the effect on the recoil mechanism design of the volumetric changes in the
fluid due to temperature rise is described.

3-8.1 SECONDARY RECOIL EFFECTS
In all the calculations considered so far, the supporting structure for the gun is considered to be rigid, i.e., no

motion of the supporting structure is considered in calculations. Therefnre. a single-degree-of-freedom model
for the dynamics of the weapon system is employed. However, in reality there is always some motion olthe
supporting structure, which is called secondary recoil. If the amount of motion is very small, it may be
neglected, but if the amount of motion is large, its effect must be included in the design of control orifices for
the recoil mechanism. The resultant effects of secondary recoil are to reduce any peak oil pressures that occur
at the beginning of recoil and to increase any oil pressure peaks that might occur at the end of recoil. This
paragraph describes two procedures for including the dynamics of’ the supporting structure in recoil control
orifice calculations. The first procedure employs multidegrce-of-freedom models to represent the dynamics of
the weapon system; the second procedure employs a single-degree-of-freedom model. However, data from the
firing tests arc used to account approximately for the motion of the supporting structure of the recoiling parts.
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As a simple example, let us investigate how we can include the effect of pitch motion of the supporting

o

vehicular structure in orifice design calculations. The two-degree-of-freedom model considered here is shown
in Fig, 3-22. The first thing that must be done is to define the generalized coordinates that describe the motion
of the system, namely, x and 4 in the present system. The ,~-coordinate locates the recoiling parts with respect
to the amount, and C$represents the pitch motion of the carriage. The equations of motion (two second-order,
nonlinear coupled equations) for the system can be derived using the Lagrarrgian approach of classical
dynamics (for details on the Lagrangitm dynamics approach, the Design of Towed Artillery Handbook maybe
consulted (Ref. 8)). This approach requires that the potential and kinetic energies of the system be expressed in
terms of an inertial reference frame. The reference frame OA Bshown in Fig. 3-22 is an inertial reference frame
for the two-degree-of-freedom system. (x,y) is a local coordinate system in which the motion of the recoiling
parts is determined. This system is defined by the position of the mnunt, (X, V) is another coordinate system
associated with the carriage at a point about which the carriage rotates. Rotation of this coordinate system
with respect to the inertial reference frame OA B represents the pitch motion of the carriage. The potential
energy V and kinetic energy T of the system are obtained as follows:

and

W’,[,k’rsinfj + YTcosf#J + xsin(y + @) + .W@y + 4)]

+ W’8[.YTsinrj + YTcos@ + xmin(y + O! i- .P6cos(Y + 4)1
+ ~.(X,sin@ + Yccos@) + ~(r) – k)” , J (3-108)

~~’ + X2~’ + ~~~’ + y$~’ + X2 ~’ + 2*dxTsinY – 2.@ YTCOS?

– 2.@y+ 2xr$’X,cosy+ 2xfj2Yminy– 2!Xr~2ysiny

+ 2Yrrj2ycos7)+ +rnB&(x; + Y#+x; +y; +2xrxacos7

–2XTy,siny +2 Yrx8siny +2 YTy8C0Sy) --- ~ r$2(X; + Y:)

+~(1, + 1, + [c), J
2

(3-109)

where
m,, rr?~, and rn~ = masses of bodies A, B, and C, respectively, kg
IV,, W,, and W’c= weights of bodies A, B, and C, respectively, h’

I#Jm= angular deflection in a static equilibrium, rad
k = torsional spring constant, J

f,, [., and fc = moments of inertia about the z-axis for bodies A, B, and C, respectively, kgm’
~ = ~ngIe between x Y- and .rwplanes coordinate system, rad

and Lhe x;, y;, xj, and Y;are defined on Fig. 3-22.

Also the generalized nonconservative forces F~ and F~c- corrcsponding to the coordinates @ and x.
respectively, needed in the Lagrangian formulation are derived from virtual work concept as follows:

F~ = f3(t)(-XTsin~ + Y,cosy + y,) – c~, N.m (3-1 10)

F.?c = K(t) – B(f), N (3-111)
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Figure 3-22. Schematic Representation of a Two-Degree-of-Freedom Dynamics Model

where
c = damping coefficient, N.m/s.

Then, the two Lagrange equations are

(i
d d{ – ~ = Fj”c, N.m
dl a~ a~

(3-1 12)

(3-1 13)

where the Lagrange function L is

L= T–V,J.

The substitution of Eqs. 3-108 to 3-111 into Eqs. 3-112 and 3-113 yields the following two equations of motion
for the system:

~ {nrr[Xi + Y;+ X2 + y’ + 2XT(xcosy – ysin-y)

+ 2 Yr(xsiny + ycos~)]
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+ WZB[X$ + y; + .d3 + .Y~ + ‘2XT(.YBCOSY – .VbSh7)

+ 2 Y,(x8siny + y8cosy)]

+ n,.(x: + y:) + (1, + I,+ IC))

+ WIr~ (Xrsiny – YTcosy – y) + 2mr i~(x + XTCOSY + Yminy)

+ C~ + wr[(x, + XCOSY – ysiny)cosd – (Y. + xsiny + .wwy)sim$]
+ W~[(Xr + .~,cosy – J’Dsin~)cos@ – ( yT + .~,siny + YBCOS?) ‘in@]

+ Wc(Xccos@ – Ycsin@) + k(cb – 0s,)

– B(t)@, – xrsin-y + YTCOSY) = O, N-m (3-114)

a nd

mr[.; + J (Xrsiny – YTcosy – y) – i~(.~ + XTcosy + Yminy)]

+ B(l) – R(z) + W,sin(y + ~) = O, N. (3-115)

Equations of motion forhigher-degree-of-freedom models may be derived byusingasimilar approach. The
pmhlem is how to include the full dynamic model in the control orifice design calculations. The problem
becomes more complic:ited compared to the single-degree-of-freedom system already described. The main
objective here is still to obtain, first, the tot:il resistance K(I) to recoil for the specified recoil length, and the
velocity and displacement of the recoiling parts. Then. these data are used to calculate the control orifice area,
asexplaincd previously. Previously. A’(I)w;is found by the momenl-areamethod of par. 2-4; however, with the

●
full dynamic model, and the moment-area method can no Iongerbe used. Instead, atrial-and-error procedure
must be used to compute K(/) for the specified recoil stroke. Just as before, the shape of the total resisting force
is assumed to be trapezoidal, as shown in Fig. 3-I. The procedure for calculating K(t) is to start with a
reasonable (perhaps the solution from the moment- area procedure) value of A’(I) and numerically integrate
equations of motion such as those given by Eqs. 3- I 14 and 3-115. The recoil length obtained from this
procedure is compared with the specified recoil length. If they are different, the starting value of K(t) is
ddjusted appropriately :ind the integration procedure is repeated. The process is continued until agreement is
ubtaincd bctwccn the calculated and the specified recoil length. The speed and displacement of the recoiling
parts are simultaneously ubttiined by numerical integration of the equations of motion.
Once K(t) has been calculated, the procedure for the design of the control orifice is the same as explained

earlier. In :ill calculations it is necessary to work with a system of second-order differential equations, such as
Eqs. 3- I 14 and 3- I 15, inswcd of a single equatiun as given by Eq. .3-38.
In the second ~pproach. the single-degree-of-freedom model is still employed. However, the motion of the

supporting structure is accounted for in an approximate manner. An explanation follows.
Frnm conservation principles, the change in linear momentum of a system is equal to the applied impulse.

Since in the weapon system the recoiling parts slart at rest and come to rest again at the end of recoil f,, the total
linear momentum is zero. Therefore, the tolal impulse of all forces acting on the recoiling parts must be zero.
This leads to the equation

(3-1 16)

where
B* ( T )= total applied force including weapon weight component, N

~ ( r )= total resistance force at time ~, N.

:3-.’)1

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

The balance of impulses of Eq. 3-116 should appear in the test data. This is sometimes referred to as
“Impulse-in = Impulse-out”, where “Impulse-in” is the integral on the left-hand side of Eq. 3-116 and
“Impulse-out” is the integral on the right-hand side of Eq. 3- I 16.
Test results have shown that Eq, 3-116 generally is not satisfied. The discrepancy is attributed to the neglect

of the secondary recoil effects with the single-degree-of-freedom model. An explanation follows.
If it is assumed that the trunnions are held rigid, there are five forces applied to a recoil mechanism. The

following three of the five forces are known or may be determined to sufficient accuracy that they are of no
particular interest in explaining the discrepancy in the test and analytical results:

1. Recoiling parts weight components are a constant and can be determined analytically.
2. Recuperator force is simply a function of x and can be determined analytically, as explained in par. 3-5.
3. Friction of guides and packings can be measured directly or estimated on the basis of similar systems, as

explained in par. 3-5.
The remaining forces are the breech force and the resisting force offered by throttling fluid; these forces are

●

of interest.
Breech force, in the case of recoil computer models, is a generated force-time history, which, when lFAt is

calculated, matches the momentum of the projectile and propellant gases. The force of fluid in the recoil
cylinder is of significance since it is a function of the controlling orifices that one is trying to determine.
Evaluation of several tests has indicated that, after the preceding three “known” forces are removed, a

certain percentage of the total applied impulse cannot be accounted for. This difference is attributable to either
an error in the input breech force or impulse absorbed by some sort of vehicle motion. An error of that
magnitude can be discounted for those forces that can be determined analytically or experimentally and is
unlikely in the case of breech force also. Thus the discrepancy is most probably the result of vehicle motion.
The procedure then is to artificially satisfy Eq. 3-116 to balance the total impulse before any design

calculations are made. From the derivation of tbe moment-area method of par. 2-4, it is observed that not only
will impulse be balanced but also the moment of tbe impulse. Thus any removal or addition of impulse must
not alter tbe centroids of either the applied force or the resisting force.
Properly, vehicular motion will be some function of the resistance force K(I) since the breecb force B(I) is not

applied directly to the vehicle. It can be concluded that a fixed percentage could be added to K(I) to account for
the ]mpulse discrepancy without altering its centroids. However, since we are interested in an orifice that
governs a major portion of K(r), an equivalent approach would be to remove a fixed percentage from B([). In ●
this procedure the breech force data are modified and the resulting equation of motion, Eq. 3-36, btxmmcs

m,x = (1 – @B(t) + m,gsint9 — K([), N (3-1 17)

where
8 = fraction of breech force removed, dimensionless (8 has been taken as 0.05 – O.10 for some wcapnn

systems.)
~ = acceleration due to gravity, m/ s’.

Eq. 3-117 now replaces Eq. 3-36 in all recoil control orifice design calculations.

3-8.2 ADVANCED FLUID MECHANICS
This paragraph describes advanced fluid mechanics techniques that may be used in the design of control

orifices for recoil mechanisms. To do this it is instructive to review several basic assumptions that have been
made concerning fluid dynamics of the recoil mechanism. First, the fluid was assumed to be incompressible
and inviscid. Secondly, the fluid motion inside the recoil cylinder or through the control orifice was assumed to
be quasi-sleady and one-dimensional. Thirdly, the loss of kinetic energy due to viscosity or turbulence was
lumped into a single empirical constant C., the orifice discharge coefficient, and the orifice coefficient was
assumed to be constant throughout the recoil motion. Finally, the effect of frictional heating during a recoil
cycle was assumed to be negligible and hence was not considered in the analysis.
This paragraph outlines how a designer may relax the stated restrictions for the design of control orifices.

Although all assumptions may be somewhat relaxed by employing better experimental correlations, much
research work must be done before a refined fluid dynamic model for the design of control orifices can be
presented. ●
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3-8.2.1 Variable Orifice Discharge Coefficient

●
Recall that the orifice discharge coefficient C. in Eq. 3-6 was introduced to account for viscous effect,

complex geometry, and turbulent flow in the recoil mechanism because viscosity and turbulence were not
considered in the momentum equation, Eq. 3-3. C“ normally is assumed to have a value between 0.6 and 0.9.
However, in some cases the designer may find that by merely assigning different constant values for C“, the
actual recoil motion and the recoil oil pressure curve cannot be matched exactly with the experimental data
(Refs. 9 and 10), The reason for the discrepancy is that the governing equation of fluid dynamics used in the
previous analysis, namely, the momentum equation, Eq. 3-3, assumes the fluid flow to be steady. However, the
fluid motion in recoil mechanisms is unsteady. In an attempt to relax the restriction of steady flow in the recoil
motion, it is proposed that the orifice discharge coefficient C. be allowed to vary with the recoil motion. This
would allow the designer to use the analysis of par. 3-4.2 to account approximately for the unsteady effects of
fluid motion in the recoil mechanism.
The general expressions for a variable orifice discharge coefficient Co for recoil mechanisms are not

available to date since the orifice design varies from one weapon to another. Even for the same weapon, if a
different charge is used, the orifice discharge coefficient is different because the resultant recoil forces produce
different recoil speeds. The temporary measure that follows is suggested to determine the variable orifice
discharge coefficient. It is known from experimental correlations that the orifice discharge coefficient for
steady flow through an orifice is a function of the Reynolds number UD/ v where U is the average velocity
upstream of the orifice, D is the hydraulic diameter of recoil mechanism upstream of the orifice, and u is the
kinematic viscosity of fluid. Thus it seems reasonable to assume that the value of the variable orifice discharge
coefficient at any recoil displacement is the same as the discharge coefficient for the steady flow obtained by
using the Reynolds number expressed as iD/ u. The speed U in calculating the Reynolds number is now
replaced by the recoil speed;. This assumption is consistent with the quasi-steady assumption made in par.
3-4.
Fig. 3-23 shows the experimental correlation (Ref. 11) of the orifice discharge coefficient C. with the steady

flow Reynolds number fJD/ u for the experiment performed with an orifice in a pipe. To adapt the orifice
discharge coefficient given in Fig. 3-23 for the design of control orifices, the orifice hole area a. in Eq. 3-2 is

● identified as 7rd2/4 and tbe upstream area (,4, + a.) as 7rD2/4. (For tbe definition of d and D, refer to Fig.
3-23,) Ther geometry of the orifice in Fig. 3-23 differs from the control orifice used in recoil mechanisms. Since
the flow analysis made in Eqs, 3-2 to 3-7 is one-dimensional, this geometrical difference can be resolved in an
average sense only. Therefore, results of Fig. 3-23 may be used in the design of the control orifice until better
techniques for the determination of orifice coefficients become available.
In Fig. 3-23, L,is the thickness of the orifice plate. It is seen that the ratio L/ D has an appreciable effect on the

C. value. For a given Reynolds number, C. values, in general, increase with an increase in the L/D ratio,
except at a large Reynolds number (greater than 103). Designers should consider this fact in the design process.

3-8.2.2 Effect of Fluid Compressibility
All fluids, liquids or gases, are compressible. For example, water and hydraulic Oik may experience a 5-6’%o

change in volume if they are used in recoil mechanisms that operate in a pressure differential range of 2000 psi.
Although percentage change in the volume may be small, a small error in calculating tbe volume of a recoil
mechanism coupled with the change in volume due to cylinder expansion under the hydraulic pressure may
greatly affect the determination of pressure in the recoil mechanism. As a consequence, the response of the
recoil mechanism to a recoil motion may be delayed. This will affect the total retarding force from the recoil
mechanism, and thus the recoil motion may become uneven.
In par, 3-4 the effect of fluid compressibility was included in the design calculations in an approximate

manner, There, the orifice coefficient was not changed, but a change in the volume of the cylinder was included
in design calculations. This paragraph describes another approximate technique that includes the effect of
fluid compressibility by modifying the orifice discharge coefficient,
It is recognized that the effect of compressibility in the design of recoil mechanisms may become significant

in the following cases: (1) when the fluid is a gas, such as air or propellant gas (2) when the recoil mechanism
(compressible recoil mechanism) employs the compressibility of hydraulic oil, such as silicone, in the design
concept, and (3) in the conventional recoil mechanism when the fluid in the recoil mechanism experiences a

●
large pressure change of the order of 2.75–3.45 X 107 Pa during a given recoil cycle. In these cases the
compressibility is a factor in the design of control orifices. [n general, the incompressible continuity equation,
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Figure 3-23. Value of Orifice Coefficient vs Reynolds Number

Eq. 3-2, and the moment umequations, Eqs. 3-3 and 3-5. must now be modified to includcdensi~yds a variable.
To solve the flow through the orifice with the additional unknown parameter, density. the equation ofst:ite
and the type o!’ flow process—such m isothermal or adiabatic-must also be specified. The unsteady
compressible flow, even with the one-dimensional assumption, is difficult to treat in the recoil mechanism.
Here, only :in approximate modification of the equations derived in par. 3-4 is outlined.
If the hydraulic fluid is a gas, airorpropellant gas, Eq. 3-7, v,, = C. -, may still be used in the design

calculations after applying the modification that follows. lf it is assumed that the gas is an ideal gas, Eq. 3-7 is
written as

“]=’CJPTT”’ (3-1 18)

where
o. – average density at the twO chamber pressures R and A kg/ m~

(C.), = compressible orifice discharge coefficient, dimensionless.

The comp]-essible orifice coefficient can be expressed as

(Co)c = CoCC, dimensionless (3-1 19)

●
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where C,, is the original incompressible orifice discharge coefficient, and C, is the correction factor for

●
compressibility. If the flow process is adiabatic it can be shown that

C=fn%[’-(:l(n-’’’nll (’- Hdimension’es’ ‘3-’20)
where n is the ratio of specific heats. For an incompressible fluid, n and C, become unity. Thus Eq. 3-118
reduces to Eq. 3-7.
If the fluid in the recoil mechanism is hydraulic oil or silicone oil, the equation of state for these fluids is, in

general, quite complicated (Ref. 1l). However, if the bulk modulus /3 of the fluid is known in a suitable
operating range of pressures, an approximate functional relation between pressure and density maybe derived
as

()6=–P $=a(P+l]), Pa (3-121)

where a and b are empirical constants determined from experimental data that provide the variations of
density p as a function of pressure P. For Dow Corning 210 silicone oil, an approximate equation

D = 332.8 (P + 2233.5), kPA (3-122)

has been used by Moody (Ref. 9). Here, P is the pressure in kilopascals. A similar form is also used by Subler
and Rathje (Ref. 10). Here, Eq. 3-12 I may be integrated to give an approximate equation of state as

(P+ b) = Cp<’, Pa (3-123)

where a and b are tbe same constants as in Eq. 3-121, and C is the integration constant and is a function of time
in unsteady flows. It is shown in Ref. I I that with Eq. 3-123 the speed v. at the orifice for a one-dimensional
compressible fluid model is

where
u = constant as in Eq. 3-[21. dimensionless
u,, = orifice area, mz
al, = effective upstream area of high-pressure chamber, i.e.,

=A, – (.41 — AZ)(A) + a,,)({ — .r) , m2
V, – x(A) – ,42)

P = average density of the recoil fluid at any recoil displacement i.e.,

Vip;—— kg/m3
Vi– x(A1 – Az) ‘

(3-125)

(3-126)

t = initial length of oil column in high-pressure chamber. m
K = ~n[tial volume of recoil mechanism before start of recoil stroke, m)
p; = ~n!tiai density, kg/m]
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C. = orifice discharge coefficient, dimensionless
~ = ~ecoil distance, ~
,4, = cross-sectional area of high-pressure chamber, mz
,42 = cross-sectional area of low-pressure chamber, mz.

In some designs of recoil mechanism the cross-seclional areas of high- and low-pressure chambers are equal. In
this case the effective area a,, becomes .4, and the average density j5 becomes the initial density p;. The orifice
discharge coefficient C. may be taken as a variable coefficient described in par, 3-8.2.1. Consequently, when
al, = A,, the orifice area a. can be solved as

a. = Ulei—, m2 (3- 127)
v“

where
.t = recoil speed, m/s
v. = speed at the orifice, m/s.

3-8.2.3 Two- and Three-Dimensional Effeets
Various approximate methods have been given previously to relax the assumption of incompressihlc fluid

and quasi-steady flow. However, the fluid flow is still assumed to be one-dimensional. The effect of variations
in the geometry of the control orifice and the pressure chamber is included in a single parameter, i.e., the orifice
discharge coefficient. So that more accurate pressure distribution in the recoil mechanism may bc predicted,
the assumption of a one-dimensional analysis must be relaxed, i.e., the fluid motion must be considered to be
two- orthree-dimensional. However, the analytical solution ofacomplcw set of partial differential equations
that governs the motion of the fluid is not known. Therefore, numerical methods must be used to solve these
equations.
Here, the procedure that the designer must employ to obtain a solution for the two- or three-dimensional

equations of the fluid ffow through a control orifice is outlined.
Consider Fig. 3-10, where a mass m, of recoiling parts is suhjccted to a ~ime-dependent breech force B([). The ●

mass has an acceleration of-i The motion of the mass rrr, forces the fluid 10 flow from Chamber I to Chamber
2. However, an orifice installed between the chambers restricts the flow from Chamber I to Cbamhcr 2 and
creates a pressure difference helween the two chambers. This differential pressure acts on [he recoil piston to
control the motion of recoiling parts. The fnrce balance for the recoil motion can be written as

rn,i = B(t) — K(l) + rrz,gsinfj , N (3-128)

Ph and P; = pressures in high-pressure Chamher I and low-pressure Chamher 2, respectively, Pa
Ah and ,’, = effective areas of pistons facing high-pressure Chamber 1 and low-pressure Chamber 2,

respectively, mz
F] = cumulative effect of frictional force of packings and seals, frictional force ofsliding betirings

recuperator force, and viscous shear force. N.

In Eq, 3-128, pressures Ph and Pi acting on the surfiaces ,4Aand A;, respectively, arc unknown and must be
solved for along with the fluid motion induced by the motion of the recoiling parts. Delails of pressure
distribution intheterm K(t) and their time variations must redetermined byarralyzingthe fluid motion in the
recoil chamber. The pressure forcc thus couples motions of the recoiling parts and the fluid. As explained, the
total resistance to recoil K(I) can be determined using the mrrmcnt-area method of par. 2-4. Once the total
resisting force K([) is known, integration of Eq. 3-128 yields the recoil speed i(~) and the recoil displacement
x(f). The recoil speed and displacemcn~ in turn become the boundary conditions for the solution of fluid flow ●
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in the recoil mechanism. For the recoil mechanism shown in Fig. 3-10, the orifice now must move with the
speed .i during the recoil stroke. The orifice geometry is still an unknown, but it must be determined so that the

● fluid throttling through the orifice produces a resisting force that, when combined with the other resisting force
FJ, gives the desired total resistance K(t).
In general, the fluid motion and the pressure distribution in the recoil mechanism are governed by the mass

conservation equation, the equation of state, the Navier-Stokes equation, and the energy equation for
unsteady compressible fluid (Ref. 11). These equations are

~ = Vpv=O (continuity equation)
dt

(3-129)

Dv __ ~vP+ g + pv’v +
Dt–p

~ pV(V.v) (momentum equation) (3-130)
3

F(p, P, T) = O (state equation) (3-131)

~ == VkVT + ~ + p@ (energy equation)
CPp Dt Dt

(3-132)

where
p = density, kg/m]
v = velocitY vector ~ ui + vj + wk, m/s
P = pressure, Pa
g = acceleration vector due to gravity, m/S’

●
P = molecular viscosity, dimensionless
T = temperature, K
CP= specific heat at constant pressure, J/ kg. K
k = thermal conductivity, W.(m’K/ m)-’

i,j, k = unit vectors in the x-, _~-, and z-directions, respectively, dimensionless
@ = dissipative function, s

’72 = Laplace operator $ + $ + ~

The continuity equation, Eq. 3-129, expresses the fact that for a unit volume there is a balance between the
masses entering and leaving per unit time, and the change in density. The equation of motion, Eq. 3-130, is
derived from Newton’s second law, which staves that the time rate change of momentum is equal to the sum of
the external forces acting on the body. In principle, the continuity equation, Eq. 3-1 29; momentum equation,
Eq. 3- 130; the equation of state, Eq. 3-13 l; and energy equation, Eq. 3-1 32—a total of six equations—provide
the solution for pressure, density, temperature, and three velocity components. Eqs. 3-129 to 3-132, however,
are coupied with Eq. 3- I28 through the moving boundary condition on x([). Thus the fluid motion must be
solved with the piston moving at a speed of ~(r).
The initial condition for the flow problem in recoil mechanisms maybe assumed to be homogeneous. Thus

the velocity is zero everywhere. The initial density and pressure in the recoil mechanism are uniform, or

[=(), ~=o

t=o, ~=f), x(o) = o (3-133)

t=o, T, p, and P are uniform.
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When the weapon is fired, the breech force B(f) and the weight component become the forcing function. The
boundary condition forthefluid motion requires that the fluid at the recoil rod and the surface of the cylinder
assume the recoil velocity .+([) and be at rest on the stationary surface, i.e., ●

1>0, v (on the recoil rod) = ii (3-134)
v = () on the other boundary.

The control orifice must be designed so that the calculated pressure force created by the throttling of fluid
between the two chambers and the other resisting forces is equal to the required total resistance K(t). A detailed
description of the solution technique is beyond the scope of this handbook; however, a discussion of the
subject may be found in Ref. 11.
The basic idea of the described method is to abandon the use of the orifice discharge coefficient used to

calculate one-dimensional orifice flow velocity and the control orifice area. In the two- or three- dimensional
analysis, the orifice velocity is directly determined from the numerical solution of the governing equations for
fluid flow. The pressures on two sides of the orifice also are known. The designer needs to compute the pressure
resistance force F. of a given orifice by integrating the pressure distribution on both orifice surfaces, i.e.,

If the pressure resistance force (or drag force) of Eq. 3-135 plus the frictional force FJequal the required total
resistance force K(I) given in Eq. 3-128, the given orifice is the desired control orifice. If these forces do not
match, the orifice area must be changed appropriately and the equation of motion integrated again. The
process is continued until a reasonable match is obtained between the desired pressure force and the calculated
pressure force. Although complex, the entire process can be programmed for automatic calculations on a
digital computer by using the techniques of Ref. 6.

3-8.3 THERMODYNAMICS OF RECOIL MECHANISMS
The thermodynamics of recoil mechanisms essentially are concerned with two aspects: the effect of

temperature changes on properties of various fluids that are used in recoil mechanisms and the heat transfer
and thermal energy conversion from the recoil motion in the recoil mechanism. This paragraph discusses these
aspects.

3-8.3.1 Hydraulic Fluid Properties
Details of the equation of state (equation relating temperature, density, and pressure) for various hydraulic

fluids and high density gases used in the recoil mechanisms are given in Appendix A of this handbook. Only the
effect of changes in the property of the fluid on performance of the recoil mechanism is discussed here. In
general, the equation of state for a liquid is difficult to determine. Therefore, the equation that relates pressure,
temperature, and density for the hydraulic fluid normally is not used in the design of recoil mechanisms.
Instead, the thermodynamic process, such as isothermal or adiabatic process, is specified first. In doing so the
designer may obtain a simpler relationship between pressure and density from a laboratory experiment
designed to obtain only the data for a pressure-density (F’ – p) relation under a given thermodynamic process,
For example, under an adiabatic or isothermal process, the bulk modulus /3 is given as

(3-136)

Experiments are performed to measure ~ at various pressures P or at various volumes V. Then empirical
relations are obtained for 6 as a function of P or Vby passing a best-fit curve through the data points. Once
these empirical relationships are known, Eq. 3-136 can be integrated to obtain a pressure-volume equation,
Such equations are generally adequate for the design of recoil mechanisms.
Other thermal and transport properties — such as specific heat, thermal conductivity, etc. — also vary with

the temperature and are described in Appendix A. ●
3-58
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3-8.3.2 Temperature Rise in a Recoil Cycle

●
To estimate the temperature rise in a recoil cycle, it may be assumed that the recoil stroke is an adiabatic

process because, during the short duration of recoil stroke, the energy transfer Q between the fluid and wall is
small, or AQ = O. Therefore, from the first law of thermodynamics, one has

AU= AW=&.iI t’dV, J (3-137)

which states that the increase in the total internal energy during a recoil stroke AU is equal to the work done
A Wby the external wall on the flrrid. In Eq, 3-137 Pisthe pressure, and !-”isthe volume. To be more specific,
denote the high- and low-pressure chambers by h and 1, respectively. Then Eq. 3-137 may be written as

AU=~vhPdV +~v, PdV, J. (3-138)

Furthermore, let T/ and Z be the final and initial temperatures, respectively, of the recoil fluid in a recoil
stroke. The increase of internal energy A U of the fluid may then be written as

AU=mcg(~– Z),J (3-139)

where
m = total mass of recoil fluid, kg
c,, = specific heat of recoil fluid at constant pressure, J/ kg. K

The temperature rise AT for each recoil stroke is then given as

AT=(G– Z)= & (~v,PdV+{;7PdV) , deg K. (3- 140)

● To perform the integration in Eq. 3-140, the P- Vrelation for the adiabatic process must be known. For the case
of the perfect gas, the following equation for an adiabatic process may be used:

p~” = c (3-141)

where n is the ratio of specific heats. and C is a constant that may be evaluated from the initial pressure and
\,rrlrrmc in each chamber. For the hydraulic fluid, the equation for the adiabatic process may be written
approximately as

(P+ b)v”=c (3-142)

where a and h me experimentally determined constants for each fluid and may be obtained from the data for
the bulk modulus of elasticity f3 = P’(dP/d V) as described in par. 3-8.3.1.
One may realize that the pressure variation is much larger during the recoil stroke than during the

counterrecoil stroke. Therefore, the values of the integral in Eq. 3-140 are smaller for the counterrecoil stroke.
As an approximation, the temperature increase during the counterrecoil stroke maybe neglected, although the
calculation procedure issimilar to that fortherecoil stroke asgivenin Eqs. 3-140to 3-142. Therefore, ATgiven
in Eq. 3-140 may be taken as the temperature rise in one recoil cycle under the assumption of an adiabatic
process.
The recoil mechanism must not become overheated due to this temperature rise during the continuous firing

of the weapon. Accordingly. the designer should design a recoil mechanism that is capable of transferring heat
away from the recoil mechanism—ideally, by an amount rrrc,,(TJ — Z) during a recoil cycle. If the recoil
mechanism is unable to transfer this amount of thermal energy to the atmosphere, a limitation must beset on
the maximum number offerings orrrrrthefrequency of firing for the weapon. The maximum rrumberoffirings

●
and tbe frequency of firing are obviously imposed by the maximum temperature T,,,..,that a recoil mechanism
is designed to withstand.

:1-5!)
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Let Q,,..,, ~,,~ be the amount of heat that the recoil mechanism is capable of transferring to the atmosphere,
Then tbe net temperature increase AT. during a given firing cycle would be

mcpA ~. = mCP( ~j. — ~i)adimb.fic — Qn,.il nwh, J. (3-143) ●
The maximum number of firings N~”j that a recoil mechanism can withstand maybe calculated approximately
as

N Tm., – T,m.. =
AT.

(3-144)

where To is the temperature of the hydraulic oil at the start of firing. If the maximum number of firings N~., is
smaller than that desired, the designer may require a longer duration between each firing. This allows mnre
time for the recoil mechanism to dissipate its thermal energy to the ambient, i.e., the designer should increase
Q,e..l,m..h.Cpn~equentlY, tbe net temperature increase A T. is reduced, which k in a larger number of firings
permitted wlthm the same temperature restriction.
The calculation of Q,,..i/ ~,,k normally can be performed by multiplying the thermal conductance C by tbe

temperature difference between the recoil fluid temperature Tat the given instance and the ambient tempera-
ture T~,The thermal conductance can be obtained from an approximate one-dimensional analysis covering all
modes of heat transfer such as heat conduction in the solid and combined convective and radiative heat
transfer at the surface of recoil mechanism exposed to the ambient.
When the volumetric change of a given hydraulic oil is known (see Appendix A) as a function of

temperature, tbe additional pressure rise in the recoil mechanism can be calculated from the bulk modulus of
the fluid, i.e., by Eq, 3-136, Hnwever, the increase in the pressure has very little effect on the recoil stroke since
only the pressure differential between the two chambers contributes to the resisting force. Nevertheless, the
designer should consider this additional pressure rise in calculation of stresses in the recoil cylinder.
It should be noted that some recoil mechanisms have special accumulators to absorb the volumetric change

in oil caused by the temperature rise. In this case the calculation of Q,,,~i,~e.~should also include the heat from
the accumulators to the atmosphere.
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CHAPTER 4

RECOIL MECHANISM DESIGN FOR
TOWED ARTILLERY SYSTEMS

[n [his chapter the design of dependent-i,vpe recoil mechanisms commonly used in 10wedarlillery sysrems is
presented; speclficu[ly, lhe Pccieaux type of variable recoil mechanism used in the A4198ho wiizer is considered
us a design example. This mechanism has t wo recoil cylinders that are connecled IO ihe same recuperator, and
its detaile<i operation is deseribed. A ISOincluded are the derivation of express icmsfor arfice and leakage areas
and the ccnalysis offluidjlo w paths, Design data, for the example and o discussion of the de[erminaiion of the
discharge coefficient for various openings are discussed. [n addition to [he practical design consideraticms
evaluated in determining the final ori~ice area, the fined areas of the ccmirol ortfice for short and long recoil are
presented, Finally, par. 4-4 contains the design of the components of[he recoil mechanism.

4-O LIST OF SYMBOLS
A = effective area of recoil piston, m>
= area of each recoil piston, m2
= cross-sectional area of oil column, mz

A. = area of control rod, m2
A,, = area of counterrecoil piston, m’
Ao = area of floating piston—oil side, mz
,4, = gross area of recoil or counterrecoil groove, m2

●
A,, = peripheral discharge area of throttling valve, mz
AR = area of recuperator (same as area of floating piston—gas side), m>

= area of thread root, ml
A ,,AI,A, = areas of subdomains in recoil or counterrecoil groove (Figs, 4-7, 4-8, and 4-18), m’

A, = area of replenisher piston—oil side, m2
Aj = area of replenisher piston—gas side, m’

A(I) = total driving force, N
A(t) = location of centroid of area A(t)at /= f,

cc,= counterrecoil orifice area (effective). mz
a.l,,,k = counterrecoil leakage area, mz
a., = counterrecoil orifice area (machined on regulator wall), m2
a, = equivalent orifice area, m2

aL = iOng grOOve area, Inz
a,),.~ = recoil leakage area, mz
aO = recoil orifice area, ml
as = short groove area, mz

B(t)= breech force, N
b = width of packing, m

AC = increase in cylinder volume due to its expansion, m~
AC8 = increase in brake (recoil) cylinder volume due to its expansion, m’
C. = discharge coefficient for counterrecoil orifice, area cc,

C,M = discharge coefficient for counterrecoil leakage area uC,,.*,dimensionless

@

C,, = discharge coefficient for counterrecoil orifice area a.,, dimensionless
C, = discharge coefficients (subscript i’s indicate the discharge coefficient at ith opening), dimen-

sionless

4-l
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CL = discharge coefficient for long groove area a~, dimensionless
C. = orifice coefficient or coefficient of discharge or discharge coefficient for recoil orifice area a.,

dimensionless ●
C,,,,,, = discharge coefficient for recoil leakage area a,i,~~, dimensionless
Cs = discharge coeffi~ent for short groove area a.,, dimensionless
c = open periphery of valve head, m
c’, = compressibility constant, m’/N (see Eq. 4-57)
c,~ = c, for recoil cylinder, m4/N
C,I,P= c, for recuperator cylinder, m4/N
C*= compressibility constant, m’/ N (see Eq. 4-58)
C2B = cz for recoil cylinder, m4/ N
C1.P= cl for recuperator cylinder, mG/N
D = diameter of control rod, m

(D,,), = inside diameter of recuperator cylinder, m
(fl,p). = outside diameter of recuperator cylinder, m

Dj = cylinder inner diameter, m
D,, = cylinder outer diameter, m
LIP= diameter of valve port, m

(D,), = inside diameter or recoil cylinder, m
(D,), = outside diameter or recoil cylinder, m
D, = piston diameter (inside diameter of recoil cylinder), m
D2 = minimum outside .diameter of recoil cylinder, m
d = variable depth of groove, m
= diameter of piston rod, m

d, = constant depth of flat portion of slot, m
d, = diameter of thread, m
d., = variable depth of slot, m
E = elastic modulus of cylinder, Pa
E, = kinetic energy of free recoil, N.m
F = defined as the sum of NFp + K/+ NA~FF’/ AR, N

~Fp = !lcmting piston friction of packing, N
F. = force due to throttling fluids through various restrictions, N
F, = friction of packing between recoil piston and stuffing box, N (see par. 4-3. 1.5)
Fp = pressure load, N (see par. 4-4.7)

FREP = friction of packing between replenisher piston and stuffing box, N
F, = total spring load, N
F, = static force of recuperator in battery, N
F2 = force at end of recoil, N
Fe = radial force of packing on cylinder, N
~f = decrease in fluid volume due to fluid compressibility, m~
Af~ = decrease in fluid volume of recoil cylinder due to fluid compressibility, m3
~ = friction force in brake cylinder, N
~,= friction force of packing assembly, N
J = friction force in recuperator, N
~;= friction force of a packing assembly, N
g = acceleration due to gravity, m/s~
h = liquid head, m

4-2

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

/r(vi) = pressure drop across the ith orifice, Pa
h, = valve travel, m
f = impulse imparted to weapon, N.s

t~”, = maximum impulse to weapon, N.s
K(f) = total resisting force to recoil as a function of time [, N
K,, = A.QP., recuperator force, N
K. = K(r) at beginning of counterrecoil stroke, N
K, = constant portion of K(I) in counterrecoil stroke, N
Kj = frictional force of sliding surface, N
K,, = pressure factor, dimensionless
K. = recoil rod force or rod pull, N
K, = spring r;ite, N/m
K,, = Co”slant portion of k’([) in recoil stroke. N
k’ = K(I) at beginning of recoil slroke. N
~j = ~(,) ~it e,ld OI recoil stroke. N

K(I) = tutal resisting force at time r. N
K([),,,,,, = minimum value of K(f). N
~(() = Incation of cenlroid of area K(f) at ( = [j
k = stress concentratinrr factor, dimensionless
k,, = f’t,ctor = P(/?~ – /?~)(R,, – /?1)/2, NM
A.,= Factor= F,. (R – R,)/(2rr). N.m
k, = lactor = R,. h/6, III;
L = length of recoil stroke, m
L,,, = length of long groove, m
t = length of oil column, m

L,, = initial length of recuperator oil column. m
f,, = initial Icngth of recoil cylinder oil columm, m
M = total bending moment, N.m
M,, = bending moment due to pressure lofld, N.m (see par. 4-4.7)
M,, = bending moment due to spring load, N.m
m,:i:I= effective mass of recoiling part, kg
Hip = mass of floating piston and control rod assembly, kg (see par. 4-3.2. 1)
m, = mass of’ recoiling pares, kg
N = number of recoil cylinders, dimensionless
)Z= gas constant, i.e., ratio of specific heats, dimensionless
P = oil pressure in recoil cylinder, Pa

AP = pressure change, Pa
P,, = tntal axial pressure on packing, Pa
f< = external pressure, Pa
f~ = hydraulic pressure head, Pa
Pt = internal pressure, Pa

P~..,. = maximum fluid pressure, Pa
P, = proof pressure, Pa
P, = radial pressure on packing, Pa
P.,= axial pressure in packing produced by spring, Pa
P, = recuperator gas pressure at time t, Pa
= gas pressure at any recoil distance x, Pa
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PO = gas pressure at in-battery position, Pa
P, = oil pressure at regulator chamber before check valve, Pa
= gas pressure at end of recoil, Pa

PZ= oil pressure at regulator chamber at rear end, Pa
P, = oil pressure at low-pressure chamber, Pa

= recuperator pressure at time [, Pa
P, = oil pressure at replenisher, Pa
Pa = fluid pressure on packing at any recoil piston position, Pa
R = radius of control rod, m
R. = Rockwell number, dimensionless
R, = radius to center of pressure, m
R.,= radius to center of spring load, m
r = radius of curved part of slot, m

SF= safety factor, dimensionless
s = length of spring, m

AT= time interval, s
M = time period, s
Z = time of centroid uf’~l?(~)d[ = ().0~98, s
[~ = time period of decaying resisting Iorcc during crrunter recoil stroke, s
t.F= time period of cnnstant resisting force during countcrrecoil stroke, s
ffl = tOtal time of recoil stroke, s
II = rise and fall time during recoil = 0.015 s
tz = rise and Cdl time during counterrccoil, s

A V = change nfgas volume during recoil, m’
V, = recuperator gas volume at ~ime 1, m~
= gas volume at any recoil distance x, m~

VO= gas volume at in-battery position, m~
?’,= gas volume at end of recuil, m3
v = recoil speed, m/s
= cutter center, m

v, = flow speed through opening u,, m/s
v,, = flow speed through opening a,,, m~s
vf = maximum speed of free recoil, m/s
v; = fluid flow speed at ith orifice, m/s
u(. = ffow speed through opening UL,m/s
v~ = muzzle velocity of projectile, m/s
v,, = flow speed through opening u,,, m/s
q, = flow speed through opening u,, m/s
w = flow speed through opening aI, m/s
w = flow speed through opening UJ, m/s
f+’= density of hydraulic nil, N/mJ
W, = weight of propellant charge, N
W,ff = effective weight component of recoiling parts, N
l?’? = weight uf floating piston and control rod assembly, N
W,, = weight of projectile, N

WRF;P= weight of replenisher piston, N
W, = weight of recoiling parts, N
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M = cutter bottom, m
E = constant width ofgmove, m
{v, = wid~h of flat portion of slot, m
w, = constant width of slot, m
r = generalized coordinate measured from in-battery POsitiOn
x = displacement of recoiling parts. m
x = specified value for moment area calculation during counterrecoil stroke, m
;7 = terminal speed during counterrecoil stroke, m/s
~ = generalized ~Oordinate measured from the in-battery pOsitiOn

= absolute displacement of control rod and floating piston assembly, m (see Fig. 4-t)
= = generalized coordinate measured from the in-battery position
a = angle, deg
& = angle a expressed in radians
p = bulk modulus of fluid, Pa
A = half the angle subtended by groove width, deg
0 = angle of elevation, deg
~ = angle 0 expressed in radians
A = in-battery sustaining fzactor, dimensionless
— spacing between grooves, deg—

P = coefficient of friction, dime”sio”less
u = poisson’s ratio for cylinder, dimensionless
= leakage factor, dimensionless

~ = ~ass density of fluid, kg/m3

u = bending stress, Pa
u, = rod radial stress, Pa
o, = rod tensile stress (tangential), Pa
U, — rod yield stress, Pa

~.,,,, = maximum shear stress, Pa

4-1 INTRODUCTION
[n this chapter the detailed design procedures of dependent-type recoil mechanisms for towed artillery

systems are presented. (Detailed design for independent-type recoil mechanisms is presented in Chapter 5.)
Generally, towed artillery systems are lighter than self-propelled systems; therefore, the supporting structure
for these systems is not as strong as the supporting structure for self-propelled systems. Consequently, lower
peak force levels are encountered by the supporting structures.
Towed artillery systems generally use dependent-type recoil mechanisms (such as a puteaux mechanism Of

Fig. 3-3) to combine recoil and counterrecoil functions as an integral part of the recoil mass. Therefore, a
reduction of tbe total recoil force and weight is attained. However, the use of independent-type recoil
mechanisms for towed artillery systems or dependent-type recoil mechanisms for the self-propelled systems
should not be ruled out if they offer obvious advantages.
In the design of a recoil mechanism, preliminary component sizes must be specified before the detailed

design of control orifices can begin because after the control orifice areas have been determined, a better
estimate of forces and pressures on various parts of the recoil mechanism is available, By applying these forces
and pressures, recoil mechanism components are checked for failure due to stress. Then sizes of components
are adjusted, if needed, to satisfy stress constraints, and the control orifice areas are determined again by using
the improved estimates of component designs for the recoil mechanism. This iterative process is continued
untii an acceptable design of the recoil mechanism is obtained.
In par. 4-2a dependent-type recoil mechanism for the 155-mm M 198 towed howitzer is described. Par. 4-3

● presents detailed design of the recoil control orifice for a dependent-type recoil mechanism. This design
procedure is slightly different from that presented in Chapter 3 where the area of an equivalent orifice is first
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calculated to obtain a desired fluid throttling force. From this equivalent orifice area the actual control orifice
area is calculated. In the procedure presented here, which is used in the design of several modern towed
weapons (Refs. 1-6), the equivalent orifice area is not calculated. Rather, the control orifice area is calculated
directly without first calculating the area of an equivalent orifice. Both procedures are presented to facilitate
the use of exisling design reports. Also calculations for the counterrecoil control are also presented in par. 4-3.
Design of various components of a recoil mechanism is the topic of par, 4-4. The included components are

the recoil piston rod, recoil piston, recoil cylinder, recuperator floating piston, regulator counterrecoil buffer,
and recoil throttling valve. Preliminary sizing of these components is discussed before final design procedures
are presented.

4-2 PERFORMANCE OBJECTIVES AND SYSTEM TRADE-OFF FACTORS
A modification of the Puteaux recoil mechanism, designated the M45, is used for the 155-mm M 198 towed

howitzer. The Puteaux recoil mechanism, which was described in par. 3-2.1, is a hydropneumatic, dependent-
type recoil mechanism without a replenisher. However, the M45 recoil mechanism does have a replenisher on
the recuperator which maintains nearly uniform pressure on the fluid and keeps the recuperator cylinder filled
with fluid. Fig. 4-1 is a schematic diagram of the M45 recoil mechanism.
Based on the system trade-off factors described in Chapter 2, it is assumed in this paragraph and in par. 4-3

that recoil length and preliminary weight of recoiling parts have been specified, and the preliminary sizes of
various components of the recoil mechanism have been specified as explained in par. 4-4. Therefore, only
detailed design of control orifices is presented in pm. 4-3. As noted, the sizes of various components may
change after a preliminary design of the recoil mechanism has been completed, The procedure for the design of
control orifices is then repeated, and the entire design process is continued until an acceptable design of the
recoil mechanism is obtained.
There are two recoil cylinders that act as hydraulic brakes. Both cylinders are directly connected by a port to

the recuperator. During recoil (refer to Fig. 4-l), oil is forced from these two cylinders through the connecting
port a, to the recuperator and is then separated into two flow paths. The first path is through portal at the rear
head of the regulator to fill the space in the regulator chamber vacated by the control rod. The second flow path
is through the port of the one-way check valve at the front head of the regulator. The oil then flows through the

‘Z, > /!5
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‘Figure 4-1. Schematic Diagram of XM45 Recoil Mechanism
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recoil control orifice a. and into the low-pressure chamber. Once in the low-pressure chamber, the oil may flow

●
through port u,, which connects the recuperator and the replenisher. Fig. 4-~ shows a schematic diagram for oil
flow during a recoil stroke.

Recoil
Control
Orifice

Port
Recoil ~rt Recuperator flo Low-
Cylinder I — Pressure % Replenisher

- - Chamber ~

P < <

+fi Port ~2

Regulator
Chamber
at the
Rear End

<
b

Figure 4-2. Oil Flow During Recoil Stroke

There at-c two lrecoil modes ut operation used for different tube elevation—short find long. Long recoil
(n,:ixirnum 1.78 m (70 ire)) occurs at elevations up lo45deg. Complete short recoil (maximum 1.27 m(50 in.))
occLIrs at an elelation Or 75 deg. ‘1’herecoil cuntrol orifice Ior the M45 is formed by helix-machined grooves of
constant width ond variable dcp~b on the control rod. In some mechanisms the orifices are formed by
m:lclli tlingstt:iight gl-oo\Jes. Generally, there are four diametrically opposed grooves that provide variation in
tbc contlol orifice area a,,. “I”woof lhese diametrically opposed grooves are short in length, and the other two
are long. Du(-ing short recoil--see Fig. 4-3 Ior the Cross Section A-A through the recuperator—the control
ama a, is the area of ~bc short grooves on the control rod. Nole that only tbe short grooves are open and act as
the recoil orifice a,,.
F“nr low eicvtition :Inglcs of fire. i.e.. long recoil. the regulator is rotated through an angle 0 so (hat all four

groo\cs ~rc upc[l-sec Fig. 4-4 for the Cross Section A-A through the recuperator for a long recoil stroke.
Nute that the recoil orifice area u,, is now the sum of the short groove area a, and the long groove area aL.
The leakage area shown in Fig. 4-3 provides another flow path for the fluid during the recoil stroke, and this

flow path must beconsidcred undesigning thecontml orifice area. Leakage areas for both short and Iongrecoil
strokes are explained further and calculated in par. 4-2. I.
During the counterrecoil stroke, the compressed gas expands and pushes the floating piston and control rod

assembly trearward. Also some fluid may be forced out of the replenisher (see Fig. 4-5). Since the check valve is
now closed, the oil must flow through the counterrecoil orifice a, to the rear of the regulator. From there the oil
fluws through ports uz and u, into the recoil cylinders to return the recoiling parts to an in-battery position.
Note that the flow goes through a,, as well asa, during counterrecoil. However, since a,, ~a~and a. and a,are in
series, the orifice a,, can be ignnred for fluid flow analysis without jeopardizing the accuracy or design,
according to the analysis of par. 3-4. Thus during the counterrecoil stroke. the flow in the recuperator is

●
considered only through orif’ices,. Thecounterrecoil orifices. is formed by machining a pair of helix grooves
of constant width and variable depth in the internal surface of the regulator, as shown in Fig. 4-6.
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Figure 4-3. Schematic Diagram for Section A-Aof Fig.4-l (Control rodduringshort recoil str{Jke.
Clearance exaggerated for clarity.)

4-3 DESIGN OF CONTROL ORIFICES
In this paragraph detailed design of the control orifice for the M45 recoil mechanism is presented. The

design procedure, with the assumption of incompressible fluid, is illustrated by an example. The design
equalions for compressible fluid are also given. In par. 4-3. I design data for the recnil mechanism are
summarized. The sizes of various cylinders, radius of the control rod, diameters of piston and pislon rods. etc.,
are determined as explained in par. 4-4. Expressions needed in the design process are given in par. 4-3.2. In par.
4-3.3, determirmtion of thedischarge coefficient is presented. The iterative procedure of matching tbe(est and
the computed oil pressure curves is explained. The determination of control orifice areas is presented in par.
4-3.4. Practical design considerations are discussed in par. 4-3.5. At the end of the paragraph, counterrecoil
calculations are presented.

4-8
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Long Groove AxIs

‘“‘/%.6 \

/

Note: Grooves are helix machined

Figure 4-4. Schematic Diagram for Section A-A of Fig. 4-1 (Control rod during long recoil stroke.)

Counter recoii
~ontrol Orifice

/

Recoil
Regulator /~rt Recuperator jbrt $payhpr $ Low

Cylinder ‘or+ Replenisher
2 Pressure L
_ Rear End ~ Chamber ~&

P f < P <

Figure 4-5. Oil Flow During Counterrecoil Stroke
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1
—Regu

Recuperator

Iator

I
Counterrecoil

Orifice
$/2

Note: Count errecoil grooves are helix
machined on regulator wall.

Figure 4-6. Schematic Diagram for Section B-B of Fig. 4-1 (Counterrecoil orifice a.)

4-3.1 SUMMARY OF DESIGN DATA
In this paragraph data needed for the validation of the mathematical model and for the redesign of the

control rod are calculated or given. These data include recoil orifice area ad in terms of groove dimensions,
leakage areas, breech force, weight of recoiling parts, and recuperator data. The derivations for recoil orifice
areas and leakage areas that follow are taken from Refs. 2 and 4, respectively.

o
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4-3.1.1 Recoil Orifice Area ao

●
Recoil orifice a. (as explained in par. 4-2) for either the short or long recoil is formed by machining grooves

on a control rod. In this subparagraph calculations for the control orifice area as a function of the control rod
groove geometry are presented, For most of the recoil length the groove will consist of a flat portion of
constant depth and will follow a helical path as shown in Fig. 4-7. In Fig. 4-7, Section A-A, the distance r/cosO
is used instead of r to account for the inclination of the groove by the angle 0 with the horizontal, This gives the
condition CL> d/+ r/cosOwhere d,, d,, and r are the dimensions shown in Fig. 4-7. For the condition df +
r/costJ > d,> d,, tbe groove geometry is as shown in Fig, 4-7, Section C-C. These two cases for the calculation
of control orifice area will be considered along with the case when d, = d,,

Control Rod

‘ Y+ s $ y : W& , S-T “-’&zz?i.. .
Section D-D I ./ /.//

‘nvertedWz72

d, .

Figure 4-7. Recoil Orifice Groove Details

The variables displayed on Fig. 4-7 and those associated with subsequent calculations are defined as
W, = constant width of slot, 0.01270 m (0.500 in.)t
WY= width of flat portion of slot, 0,002540 m (O,100 irr.)
R = radius of control rod, 0.04286 m ( 1.688 in.)
r = radius of curved part of slot, 0.00635 m (0.25 in.)
dJ = constant depth of flat portion, 0.00102 m (0.040 in.)

● tAdud systemofunits isshownwhenthe originaldata wereexpressedin Englishunits and converted to metricunits, i.e.,“soft’’metric.
Metric units only are used when the original data arc given in metric units—invented to illustrate an exampk-i. e., “hard” metric.

4-II
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d., = variable depth of slot, m
6 = angle as shown in Fig. 4-7, 12 deg 12 min = 0.21293 rad

A,, ,42, ,43 = areas of subdomains in recoil or c:unterrecoil proove, mz
A, = gross area of recoil or counterrecoll groove, m-.

The orifice areas can then be defined for the following three cases:

Case 1. For d, > d,+ fi (Fig, 4-7, Section A-A)

()AI = + (2@I) – 2 + (Rsin@)~co@

[
1

(4- l)

= R2(@ – sin~cosrj) = R’ @ – ~ sin (2@)
1

R–dfCosrj =
R

2
al = ~r

2COS8

(
aj=2r d,—df—~

Cose )

(4-2)

(4-3)

●
(4-4)

and, since

#fg=2(~, +,4, +~3) (4-5)

[

,4, =2R’ ~–+

1
sin(2rj) + ~ + 4rd., – 4rr.i~– ~ !

(4-6)

‘g=4rds-4rdf-(4=lr2 +2R2[o- +sin(20)l /

Case 2. For d,< d., < d,+ & (Fig. 4-7, Section C-C)

[
AI = R’ c#– ~sin(2@)

1
(4-7)
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where

● R–df
cos@ =

R

(), 4 2 c o s 0= J(2a) – 2 -& (rsina)rcosa

= rz(a — sin~coscx)

= rz
[
a — ~ sin2a)

1

[
r2 a — ~ sin(2a)

A, = 1,
Coso

where

(d, – df)cosO = r – rcosa

r — (d,, — df)cost9
Cosa =

r

Then, since

A, = 2(A, + Az),

[ 2 ““’24+=[a-+sin(2a)l,4g=’2R2 O–L

Case 3. When d, becomes less than or equal to df, the flat depth will be varied and

[
A8 = 2R2 @ – ~ sin(2@)

1

where

R–dr
Cosrj =

R“

● Now substitute the given values into the equations derived for Cases 1, 2, and 3

‘1

‘ (4-8)

1

I(4-9)
(4-lo)

(4-11)

(4-12)

(4- 13)
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For Case 1,,1.> 1.02X10-’+ ~.

From Eq. 4-2

~o~o = 4,286 X10-2 – 1.02 X10-3 = 0,9762
4.286 X10-2

@ = 12.5 deg=0.21817rad

sin(2@) = 0.42262.

From Eq, 4-6

A, = 4(6.35 X10-3)CZ, – 4(6.35 X10-3 )(1.02X 10-3) – ‘4 – ‘)fo~; x]o-’)’

(+ 2(4.286X10-2)2 0.21817 – 04;62

)

—– 0.2540d, – 0.000001 – 0~o~5 , ~’,

Assume tJ to be small, i.e., cosfl = 1*; therefore, the expression for ,4~ becomes

A, = 0.2540cL – 0.000036

or

CL= 39.3701A, + 0.001417, mt.

For Case 2, 1.02X 10-3 + 6“3~o~~-’
)
I .02X 10-3

From Eq. 4-11, and using sin(2@) = 0.42262 and C$= 0.21817 rad from Cue 1,

(
A, = 2(4.286 X10-’)’ 0,21817 – ‘“4%62

1

[

+ 2(6.35 X10-3) ~ sin(2a)
Coso 2 1

*This assu,mplio. uas made in Refs. 2 and 4: however, the exac! value of 8 = 12deg 12min (COS8= 0.9774)could be wed.
}The mctrtc value0.0014[7 mwill not agreewith its Englishequivalent in Rcfz,2 and 4 btcause of an arithmetic error in the reports.

●
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A. = 0.000025 + 0“~0~08’ [a – 0.5sin(2cr)], ml

From Eq. 4-9, assuming f? to be small, i.e., COS8= 1,

~os ~ ~ 6,35 X10-3 – (d, – 1.02 X10-3)(1)

6.35 X10-’

d., = 5.33 X10-’ – 6.35 X10-’cosa, m

where a is a roo~ of the equa[ inn

0.000025 + 0.000081 [a – 0.5sin(2a)] – A: = O.

Fnr Case 3, i.e.. vari;tble flat depth. CL= c/,:
From Eq. 4-12

,4X = 2(4.286X 10-’ )’[@J – 0.5sin(2@)]

= 0.003674[@ – 0.5sin(2@)], m’

Since Irom Eq. 4-13

4.286X 10-’ – <J
Cos(j =

4.286 XI O”’

dr = 4.286X 10-:( I — COSO), m

and 1#1IS a r’no[ of [be cqudt ion

0.003674[~ – 0.5sin(2@)] – Ag = O.

In dcfiningtbe belixanglcolthe Ionggroove. thespacing will be held at 35degat the end of the short grooves
m shnwn in Fig. 4-8. In the figure k is lhc spacing between the groows. and 24 is the angle subtended by the
groove wid~h. The helix angle is determined by Ihc prncedure that follows,

F(II (/, = 0.()()102 m, @ = 12.5 deg.

For r = 0.00635 m.

a = Sin-’ (r/ R) = 0.00635/0.04286 = 8 deg 31 min.

Then at the end of the short grooves

A = 35 deg

●
and at the beginning of recoil, to fill the regulator part completely,

A=70–2@=45 deg.
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Figure 4-8. Spacing of Control Crooves

The width of the flat along each side of a control groove is

width = Rsin~ — r

= 0.04286(0.21644) – 0.00635 = 0.002927m.

For manufacturing the following dimensions arc used:

d, =0.00102 M –0.25X 10-4 m
2r = 0.01262 m +0.76 X 1[)-”m.

At rod station 1(0.0254 m), A = 46 deg * 30 min.
AI rod station 14(0.3556 m), A = 35 deg + 30 min.

Therefore,

46 – 35 11 degrees
change in A per meter =

0.3556 – 0.0254 = 0.3302 meter

and

helix angle = Tan-’
[(gj;,]=Tan.2[(00~:], ]

= 1.428 deg.

4-16
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4-3.1.2 Leakage Areas a,l,~~

●
During the recoil stroke, there is leakage of oil at certain locations in the recoil mechanism. The leakage area

acts as an additional orifice and must be accounted for in the fluid flow analysis. This ~aragraph presents
calculations of the leakage area in the M45 recoil mechanism during the recoil stroke. During the short recoil
stroke, the oil passing through the one-way check valve enters the port at the front end (h::ad) of the regulator.
At this point there are two leakage areas to be considered; one is the frontal leakage md the other is side
leakage. Figs. 4-9 and 4-10 show the frontal and side leakages, respective y. The frontal leakage occurs between
the control rod and the regular front end and depends on the effective sealing of the piston rings in the
regulator head. The oil leaks through this area to the low-pressure chamber. The side leakage occurs because
there is an additional flow path around the control rod between the short and long grooves as shown in Figs.
4-3,4-9, and 4-10. However, during the long recoil stroke this leakage path no Iongerexists between the short
and long grooves (see Fig. 4-4) because all four grooves are open to the regulator port. Thus only the frontal
leakage area must be considered during the long recoil stroke.

In summary,

leakage area during short recoil = frontal leakage area -t side leakage area (4-14)

leakage area during long recoil = frontal leakage area (4-1 5)

— —

.,,=:L \ Pressure

piston Ring
Chamber

“*G>.> -1,: ‘W”, “: ‘-
Frantal

Side Leakage
Leokage

~l,f ~ MM JD

Central Rad d2
Diameter
d Control
Rodd 7

/

dl

Figure 4-9. Schematic Diagram of Regulator Front Head
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Regulato Way
Front He e

‘Frontal
Leakage \ Side Leakage

Figure 4-10. Top View of One Port of Regulator Front Head

where

frontal leakage area = J& (dl – D’) *, m’

●

(4-16)

side leakage area = 4&,(& – ~)/ 2, m’ (4-17)

and dl, D, d~,and LP, are shown in Fig. 4-9; and 0 (in degrees) is shown in Fig. 4-3. Refer to Fig. 4-10; there m-e ●
two sides for each port that will have side leakage. For a pair of ports, a total of four sides should be considered
for side leakage, which is why a factor of 4 is used in Eq. 4-17.
Forthegiven dimensions (Ref. 4), during ashortrecoila,,,a~ = 0.0000303 m’ (0.047 in:), and during a long

recoil arl,.~ = 0.0000135 m’ (0.021 in?).
The orifice area a~ can now be calculated by the following equation:

where
a~ = area of long groove, m’
as = area of short groove, m2

4-3.1.3 Recuperator Force K.
Assume adiabatic compression of recuperator gas as derived in par. 3-5.1, then from Eq. 3-19 [he following

is true:

F’, = Po( V{,/ K)”, Pa (4-19)

where
P,, = gas pressure at in-battery position, Pa
b’, = gas volume at in-battery position, m~
P, = gas pressure at any recoil distance x, Pa
V, = gas volume at any recoil distance .~, m~
~ = ratio of specific heats, dimensionless.
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For the present recoil mechanism,

where
,4, = area of floating pistOn-

VJ = [V. – ,4,(y – x)], m’

gas side, ml

DOD-HDBK-778(AR)

(4-20)

x = displacement of recoiling parts, m
Y = absolute displacement of control rod and floating piston assembly, m, as shown in Fig. 4-1.

Therefore, from Eq. 4-19

[

Vo
1
“

P. = Pa , Pa.
v,, – AR(Y– x)

Therefore, the recuperator force K,, for the M45 recoil mechanism is given as

(4-21)

4-3.1.4 Frictional Force Kf of Sliding Surfaces
To calculate the frictional force of sliding surfaces, the procedure given in par. 3-5.2 is used. As noted there,

the frictional force tf~of the sliding bearing is a function of the recoil displacement x, A functional relationship
for the force K, can be developed by using a free body diagram of the recoiling parts and an equilibrium
analysis. The effect of rifling torque also can be included in calculation of the frictional force as explained in

a
par. 3-5.2.
For the present design exampk, taken from Ref. 2, the frictional force K, of the sliding bearing (at O deg

quadrant elevation (Q E)) is taken as a constant throughout the recoil stroke at 5489.1 N (1234 lb). The reason
for this assumption is that the force of friction is small compared to the other forces.

4-3.1.5 Frictional Resistance of Packings and Seals
In the M45 recoil mechanism the friction of packings and seals must be considered at three locations: (1) at

the recoil piston and stuffing box FP, (2) at the floating piston ~ F P ,a d ( 3 )a tt h er e p l e n i s h e rp i S t Ona n dstuffing
box FREF.These three forces may be determined either by experiments or by the procedure presented in par.
3-5.3. For tbe present design example (Ref. 2), these forces are small and are taken to be constant throughout
the recoil stroke. The forces calculated using the procedure of par. 3-5.3 are ~P = 4848.6 N (1090 lb),
Fm= 5013.1 N(11271b), and FR.P= 1837 N(413 lb).

4-3.1.6 Summary of Design Data
Data needed fur design of the control orifice for the M45 recoil mechanism without fluid compressibility

consideration are summarized as follows:
1. Area of Components:

N = number nf recnil cylinders = 2
,4 = area of each recuil piston = 0.0036023,818 m’ (5.583703 in:)
A. = area of control rod = 0.0057717284 m- (8.946 197 in:)
An = mea of floating piston—uil side = 0.022730633 m’,(35.23255 in~~
,4, = area of floating piston—gas side = 0.028502362 m- (4fl.17875 in:)
,4, = area of replenisher piston—oil side = 0.0038319845 m- (5.939588 in!)
AS = area of replenisher piston—gas side = 0.003325276 m’ (5. 154188 in:)

2. Orifice Areas: (see Fig. 4,-I for identification of these orifices):

●
a! = 0.0031035912 m- (4.8105~6 in:)
al = 0.00050670 m2 (0.7854 m:)
a, = 0.0000019794 mz (0.003068 in:)
u,, = recoil orifice area (see par. 4-3.1. I) variable (for validation purposes).
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The following data—excerpted from Refs. 2 and 4—are needed for calculations of a. (for validation
purposes):
i.

2.

3.

r

Control Areas:
a, = short groove area, shown in Table 4-1
d L= iong groove area, shown in Table 4-2

1short recoil =O.0000303 mz(0.047 in?)a,,,a~ = recoil leakage ,OngrecOil =O.0000135 m*(O.021 in!)

The data in Table 4-1, Table 4-2, and for Urle.k are taken from Refs. 2 and 4 for an existing contrrrl rod. “I”hese
data are to be used for validation purposes (determination of discharge coefficients). The control orifices
can then be redesigned by using the new discharge coefficients.
Weights:
W, = weight of recoiling parts = 30,492 N (6855 lb)
W,D= weight of floating piston and control rod assembly = 591.6 N ( 133. lb)

W’.., = wei~ht of replen~her piston = 53.4 N (12 lb)
Recuperator Gas Data:
V, = initial gas volume = 0.3547798 m’ (2165.00 in?)
PO= initial gas pressure = 7749.7 MI’s (I 124 psi)
n = gas constant = 1.6

TABLE 4-1
ORIFICE AREA–SHORT GROOVES, FOR AN EXISTING CONTRO1, ROD

y— . V . a,,. I . \ ,—. ’ r , u.,. 1 J- x, u!,

I
.V — .x, ( 1 , s .

m m‘ m m’ m In‘ m [n>

9.815X10-3 3.142X10-’ 120.785X10-’ 2.460X 10-4 299.113X 103 6.529X10-’ 313.X86Xll)-’ 2.677X10’
I 1.212X10-3 3.161X10-4 120.802X10-3 2.460X 10-” 299.143X10-’ 6.516X 10-’ 314.355X10-” 2.606X1O’
I I.450X 10-’ 3.164XI0-’ 133.502X10-’ 2.383X10-4 301.683XIO”3 5.948Xlf)-’ 314.X25X10 ‘ 2.548X10””
12.974X 10-’ 3.170X I0-’ 133.515X10-’ 2.383XIO”4 301.747Xi0-’ 5.923Xl(l-’ 3I5.O62X1O i 2.529X10-’
13.081X10-3 3,170X10-4 146.215X10-’ 2.299XI O”’ 304.287X10-’ 5.335X10”” 315.234X10-’ 2.523X11)”’

16.256X10-’ 3.141X1
18.796X10-J 3.103XI()-4 I 222.504X 10-’

13.312X10-3 3.169XI0-” 158.928X10-’ 2.215X10-’ 304.411XlW’ 5.290X10-’ 316.230XI()”’ 2.426X10””
16.I06XI0-’ 3,143XI0-’ 171.653X10-’ 2.125X10-’ 306.951XI()-3 4.652X10-” 317.500Xl W’ 2.065XIO”’

I()-’ 197.053X10-3 1.918X10-’ 307.195XI0-’ 4.555XI0-’ 31X.770X[0-’ 1.555XI0-’
1.698X 10-4 309.735XI()-’ 3.X26XI0-’ 320.040X10-’ ().X90XI()”’

19.388X10-’ 3.083X10-4 247.909X 10-’ 1.432X 10-” 309.974X I0-’ 3.735X10-5 321.310XI0-’ 0.226XI O”’
I

24.364X10-’ 2.887XIO”” 247.942XI O”’ 1.430X10-’ 310.121X10-’ 3.684X10-$ 322.580X10-’ 0.077XIII”’
28.705X10-” 2.755Xlo-” 260.642X 10-’ 1.281X10-’ 310.594X10-’ 3.529X10-” 322.953X10-’ 0.000
50.XOOXIO-’” 2.757X10-’ 260.706X I()-’ L2XIXI0-” 311.064XI()”3 3.3XlX10-’ 462.277X10”” 0.()()0
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●

●

TABLE 4-2
ORIFICE AREA–LONG GROOVES, FOR AN EXISTING CONTROL ROD

1 . )— . I ’ , 0,,

I
.\, — . X - , a,, I y—x> (JL,

I
} ’— x, a.,

m m’ m ml m m’ m m’ I
–3.172X10-’ 2.52.3X10-’ [52.344X 10”’ 12.490X10”’ 322. 199X10-’ 23.639X 10-5 435.033X10-3 8.910x 10-*
4.448X10-’ 6.613X10-’ 177.744X IO”’ 13.129X 10-’ 323.850X10-’ 23.639X 10-’ 435. 158X10-3 8.452X10-’
7.325X10-’ 10.264X10-’ 228.506X10-’ 14.664X10-’ 324.056X 10-’ 23.626X 10-’ 437.698X10-3 8.090X 10-S
11.135X10-’ 10.690X 10-’ 253.868X 10-3 15.826X10-’ 334.213X10-’ 22.794XIO”S 438.005X 10-3 7.890X10-’
11.278X10-’ 10.723X 10-’ I 266,535X10-3 16.600X [0-’ 349.451X10-’ 21.568X10-S ] 440.545X10-3 6.916X 10-’

1 I 1

14.453X 10-3 10.9IOX10-’ 279.210X10-’ 17.503X10-’ 349.491X 10-’ 21.568X10-’ 44O.6O6X1O”’ 6.871X 10-’
\ 14.605X10-3 10.916X10-’ 291.833X10-’ 18.529X10-3 349.491X10-3 19.1IOXIO-5 443. 146X10-3 5.903X10-5
14.714x lo-i l(f.910xlo-’ 304.394X 10-’ 20.18 IX 10”’ 374.942X10-’ 19.103X10-’ 443.558X10-’ 5.613X10-’
19.159X10”’ 10.729X10-’ 310.670X10-3 21.387X10-’ 387.642X10-’ 17.619X 10-’ 444.828X10-’ 5.019X10-$
19.241X10-’ 10.716X 10-’ 310.706X 10-3 21.400X10-’ 387.680X10-’ 17.613X10-* 445.836X10-3 4.503X10-’

24.321X10-’ 10.348X10-’ 313.246X10-’ 21.852X10-’ 400.380X10-’ 15.935X 10-’ 447.040X 1o”’ 3.594x 10-’
24.348X 10-’ 10.342X 10-’ 313.563X10-3 21.890X 10-’ 101.716X 10-’ 15.923X10-’ 448.310XIO-3 2.632X10-’
28.367X10-’ 10.006X 10-’ 316.040X10-’ 22.019X10-’ 413.156X10-3 13.813X10-’ 449,580X10-’ I,703XI0-’
34.717X 10-’ 10.006X10-’ 3 17.246X 10-] 22. 142X10-’ 413.995X10-’ 13.768X10-’ 450.850X10-3 0.877X 10-5
35.563X10-’ 10.135X10-’ 317.500X10-] 22.155X10-’ 424.685X 10-3 1I.490X 10-’ 452. 120X10-’ 0.239X 10-’

36. 154X10-3 10.297X 10-’ 317.726X10-3 22.155X10-S 424.799X 10-’ 11.439X 10-5 452.755X10-3 0.000
48.217X10-’ 10.484X10-5 3 19.385X10-’ 22.671X10-’ 429.859X10-’ 10.27lXIO-’ 462.277XIO”’ 0.000
101.552X10-’ I 1.477X10-’ , 321.196X10-] 23.394X10-* 429.952X 10”’ 10.219X 10-’

4. Friction Forces:
K,= frictional force of sliding surface = 5489. I N ( 1234 lb)
F,= friction of packing between recoil piston and stuffing box = 4848.6 N (1090 lb)
FFF = floating piston friction of packing = 5013.1 N (I I27 lb)
F.., = friction of packing between replenisher piston and stuffing box = 1837 N (413 lb)

5. Interior Ballistics Data (from firing tests):
L, = maximum impulse to weapon = 45,411.9 N.s (10,209 Ib.s)
z = time to centroid of]B(t)df = 0.0098 s

B(l) = breech force, Table 4-3
1! = rise and fall time during recoil = 0.015 s

6. Miscellaneous Data:
W’= density of hydraulic oil = 8372.78 N/m’ (0.030845 lb/in~)
g = ~cceleration due to gravity = 9.80542 m/s2 (386.04 in, /s2).

4-3.2 DESIGN EQUATION
In this paragraph equations needed for the design of control orifices for the M45 recoil mechanism are

derived. The equation of motion for the recoiling parts, with the assumption of fluid incompressibility, is
derived in par. 4-3.2.1. In par. 4-3.2.2 equations of motion with a compressible fluid are derived.
Refs. I-6 do not use the concept of equivalent orifice area developed in Chapter 3 of this handbook in the

design of control orifices or for the validation procedure. In the procedure used in Refs. 1-6, orifices are
combined from the fluid analysis and tbe resulting expressions are substituted into the design equations. Thus
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TABLE 4-3
BREECH FORCE DATA FOR ZONE 8–XM123 CHARGE;

USED IN VALIDATION OF MODEL

1, s B((), N 1, s B(f), N 1, s B(t), N 1, s B(I), N

0.000000 355,622 0.006778 5,411,693 0.012038 455,311 0.022225 156,297

0.000077 373,530 0.007228 4,835,225 0.012055 454,426 0.025110 117,820
0.000543 553,234 0.007647 4,312.621 0.012073 453,550 0.029479 77,973
0.000876 728,383 0.008042 3,852,097 0.012090 452,669 0.033848 52,476
0.001134 699,097 0.008419 3,450,992 0.012178 448,305 0.038217 35,870

0.001347 1,065,482 0.008782 3,[02,963 0.012265 443,990 0.042586 24,874
0.001527 1,227,651 0.009134 2,800,947 0.012352 439,720 0.046955 [7,482
0.001684 1,385,705 0.009476 2,538,284 0.012440 435,494 0.051324 12,437
0.001823 1,539,752 0.009810 2,309,089 0.012527 431,313 0.055693 8,950
0.001947 1,689,884 0.010138 2,108,328 0.012615 427,176 0.060062 6,512

0,002785 2,996,041 0.010460 1,931,765 0.012702 423,084 0.064431 4>786

0.003295 4,002,407 0.010776 1,775,845 0,012789 419,031 0.068800 3,550
0.003671 4,773,239 0.011088 1,637,595 0.012877 415,108 0.073169 2,660
0.003973 5,358,136 0.011397 1,514,526 0.013750 377,200 0.077538 2,006
0.004229 5,795,649 0011701 I>404,577 0.014624 343,140 0.081907 1,526

0.004454 6,115,957 0.012003 1.305,940 0.015498 312.439 0.086276 1,[70
0.004654 6>342,834 0.012005 456,992 0.016372 284,744 0.090644 903
0.004837 6,495,088 0.012006 456,903 0.017246 259,732 0.095014 703
0.005005 6,587,700 0.012008 456,815 0.018119 237,121 0.099382 552
0.005266 6,640,958 0.012010 456,726 0.018993 216,660 0.102800 0

I 1 ,
0.005710 6,502,071 0.012012 456,641 0.019867 198,133 5.000000 0
0.006280 6,004,83 I 0.012020 456,196 0.020741 181,336

the design equations are written directly in terms of the various orifice areas. Accordingly, the control orifice
area is calculated directly without calculating the area of an equivalent orifice. In the procedure presented in
Chapter 3, the area of an equivalent orifice is first calculated. Then by using the equivalent orifice area and the
appropriate equations of fluid flow analysis, the actual control orifice area is calculated. As a guide, both
procedures are presented.
The general equation of motion for the recoiling parts can be expressed as

m,i = A(f) – A’(f) (4-22)

where
~ = di~Pla~ement of recoiling parts, m

,4([) = total driving force, N
K(t) = total resisting force to recoil as a function of time t, N.

4-22
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In a recoil mechanism, A(t) is the breech force plus a force component along the axis of the gun due to the
weight of the recoiling parts. The total resisting force K(t) can be obtained by either a trial-and-error procedure

o
or by the moment-area method explained in par. 2-4, The moment-area method for the present design example
is explained in par. 4-3.2.3.

4-3,2.1 Equation of Motion for Recoil Parts Without Replenisher
flue to the fact that the motion of the piston in the replenisher is restricted, to minimize its effect on recoil

and countcrrecoil control. the motion of the replenisher piston generally is neglected in the design of control
rod grooves. Therefore. the equation of motion for the recoiling parts is derived by neglecting the motion of the
replenisher piston.
In deriving the equation of motion for the recoiling parts, the following assumptions are made:
1. Oil chamber is always completely filled
2. Constant oil leakage
3. Unidirectional flow
4. Constant discharge coefficients
5. Adiabatic gas behavior
6. Constant friction of sliding bearings, packings, and seals
7. Transfer of rifling torque to the recoiling parts is negligible
8. Oil flow is incompressible.

Let .Yand y be the generalized coordinates measured from the in-battery position as shown in Fig. 4-1. The
coordinate x gives the displacement of the recoiling parts, and the coordinate-v represents the displacement of
the control rod and the floating piston assembly. Free body diagrams for the recoiling parts, and the control
rnd and the floating piston assembly are shown in Figs. 4- I I and 4-12, respectively. By summing the forces in
the x-direction, the equation of motion for the recoiling parts is given as (refer to Fig. 4-f 1)

m,~ = B(f) + W’,sin@ — NAP — NFP — K/ + F~P+ Kc — A.Pz — A~Pj, N (4-23)

● where
r r 7 ,and }~,~= mass and weight, respectively, of recoiling parts, N

B(f) = breech force, N
6 = firing elevation angle, deg
N = number of recoil cylinders, dimensionless
A = area of each recoil cylinder, m’
P = oil pressure in recoil cylinder, Pa

iij~~ /’//’/’////’J

— ~ S,ne — — —
8/’2

$< %$

////i~ A - /
/~///////Q!// //////////

‘7
///////////////////// ////////

—/vAP Mg
.

//////////// / L-u/ /////////////7
Figure 4-11. Free Body Diagram of Recoiling Mass
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I I
(A) Control Rod and Floating Piston Assembly

(B) Recoil Rod

Figure 4-12. Free Body Diagram of Secondary Components

F, = frictional force of packing between recoil piston and stuffing box, N
F,w = floating piston friction of packing, N
KJ = frictional force of sliding surface, N
AR = area of floating piston—gas side, m2
Px= recuperator gas pressure, Pa
K. = A. P,, recuperator force, N
A, = area of control rod, m2
,4~ = area of floating piston—oil side, m’
P, = oil pressure at regulator chamber at rear end (see Fig. 4-l), Pa
P~= oil pressure at low-pressure chamber, Pa.

Similarly, the equation of motion forthefloating piston and the control rod assembly is(referto F’ig.4-12(A))

mpy = ~ , ~ z + ~D~ 3 – & – ~ F P + ~Ain6, N (4-24)

where rne and Wp are the mass and weight, respectively, of the floating piston and control md assembly.
Eqs. 4-23 and 4-24 comprise two equations of motion in terms of the variables ~~.~, Pz, f~, and P. Frclnl th~

compatibility condition for the fluid flow, a relation between ~~and ~j can be develOped. AISO~xpressiOns for
the pressures P, PI, and l’s can be developed in terms of various orifict areas and the fl~w speeds thrOugh tb~m.
which can be related to the speed of the recoiling parts. Thus an equation of motion for the recoiling parts in
terms of only the coordinate x and the orifice areas can be developed. This k explained in the discussion that
follows.
If it is assumed that all cylinders remain filled with oil throughout the recoil cycle (Assumption A), the

following compatibility condition for the displaced volumes in the recoil cylinder and the recuperator exists:

NAx = A.(Y – x) + AD(Y – x), mJ. (4-25)

Since y is the absolute displacement of the floating piston, it also includes the x displacement of the recoiling
parts. (Note: they-coordinate is not attached to the recuperator. This is the reason for using@ – x) instead of
y in Eq. 4-25. However, from Fig. 4-1

A. + AD = AR, mz (4-26)

●
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Therefore, by substituting the value OfAR from Eq. 4-26 into Eq. 4-25, the preceding compatibility condition
becomes

● NAx= A.@– X) 1
or } (4-27)

(NA + A,)x = A.y, m’, J

Differentiation of Eq. 4-27 with respect to time yields

(IVA + ,4,)~ = ,4x~, m3/s (4-28)

and differentiation, again with respect to time, yields

(N,4 + A.); = ,4,Qj, m’/s2. (4-29)

Substitute the expression for ~ from Eq. 4-29 into Eq. 4-24, to obtain

[( ‘R)1I + ‘~ mp ? = WpsinO + A~P2 + ADP3 – IL – FFP,N. (4-30)

Add Eqs. 4-23 and 4-30 to eliminate Pj, P~,and Fw, and reduce the equatiOn Of motion to

[m’+(’+a 1
mf > = B(t) + ( WR + Wp)sint9 – NFp – Kf – NAP, N. (4-31)

● It is now necessary to develop expressions for the pressures P, P,, and Pj in terms of orifice areas and flow
speeds,
Fig. 4-13 shows a schematic diagram for the flow of oil during a recoil stroke for the Puteaux recoil

mechanism. From the fluid flow continuity equation and with reference to Fig. 4-13, the following equations
result:

alvl = NA~, m3/s (4-32)

a2vZ = A,@ — ~), m3/s (4-33)

a~v~ = AD(j — ;), m3/s (4-34)

where v,, VI, and v. are flow speeds through the openings al, ru, and a., respectively. Rearrangement of Eq. 4-28
yields

(4-35)

Rearrangement of Eq. 4-32 and substitution of the expression for (j – .i) from Eq. 4-35 into Eqs. 4-33 and
4-34 yield

Hv,= + i, In/s (4-36)
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Recoil
Control
OJifice

Recoi I
Port

Recuperator
Cylinder .~ 1 :

~

P
- ,+L ‘?:

Regulator
g~amber

Rear End

Figure 4-13. Oil Flow During Recoil for Puteaux Recoil Mechanism

Define the pressure drop /z(\,,) across the ith orifice from Eq. 3-22 as

()“i ~

~(vi) . x — ,Pa
2g C,

where
W’= fluid specific weight, N/ m~
g = acceleration due to gravity, m/s~
C = discharge coefficient at ith orifice, dimensionless
}; = fluid flow speed at ith orifice, m/s.

(4-38)

(4-37)

(4-39)

For the flow paths of Fig. 4-13, the following expressions are obtained for pressure drops across the
openings:
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P – PI = h(v)), Pa

PI – P? = h(vz), Pa

1

(4-40)

P] – P3 = k(vo), Pa.

Rearrangement of Eq. 4-40 results in the following expressions for Pi, P~,and P~ in terms of P and v,:

P, = P – A(vl), Pa

P2 = P – A(vl) – h(v2), Pa

1

(4-4 1)

P, = P – h(v,) – h(v.), Pa.

Substitution of P? and PJ from Eq. 4-41 into Eq. 4-30 yields

[( A.) ‘1
1+ ~ m Y= Wrsinfl – F,, – K. + A.P – A./r(v,) – A#r(vz) – ADb(vo), N(4-42)

where ,4N = A,. + A{>.Multiplication of both sides of Eq. 4-42 by NA/AR yields

mp %)(’+%)’=(%)W’S’’6-(Y)FF’-(%I+NAPAP
-NAh(v’)-(%A’h(’’’(+4ADh(v0)N‘4-43)

Addition of Eqs. 4-3[ and 4-43 results in the elimination of Pand yields the following equation for;:

[“’R+(’+* )’’’’’I’’=B(’)+ [WR+([+ %1 “lsino

-[NF,+ (~) F,P+K,]-(~jKa-NAh(V)

-(~) Ach’v2)-(Y)AD’(vO)N
(4-44)

Eq. 4-44 completes the set ofequationsto be used forthedesign ofcontrolorifices. Using the moment-area
calculations, the designer first finds the total resistance to recoil K(I). The equation of motion, Eq. 4-44, then is
used to compute ~, .;, and x(the acceleration, velocity, and displacement of recoiling parts, respectively). The
displacement, velocity, and acceleration of the floating piston and the control rod assembly can be computed
using Eqs. 4-27 to 4-29, respectively. Since displacement of the floating piston has been determined, the
recuperator force K. can be computed from Eq. 4-21. Now Eq. 4-44 can be used to calculate tbe control orifice
area because all other quantities are known.
In Eq. 4-44, NFristbe frictional force of packings and seals in the recoil cylinder; NAFrP/A~is the effective

force component due to the friction of packings and seals in the recuperator: and NA K./AR is the effective

● resisting force due to the elastic medium of the recuperator. The resistance F,, presen~ed by throttling fluid
through various restrictions is
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‘“= NA’(V’)+(%IAC’(V2)+ (%lA’’’(vo)N
(4-45)

Eq. 4-46 is obtained by substituting the expression for the pressure drops h(v) from Eq. 4-39 into Eq. 4-45

“=%[*+(*I*+(*I%l N
The substitution of the various speeds from Eqs. 4-36 through 4-38 into Eq. 4-46 yields

(4-46)

u [G+7+(*13*+(*%JN~(,= ( f v , 4 ) 3w ’
(4-47)

Now,, apply the cqui\,alent orifice area concept. i.e.,

—’(*1*’(2)’*>”-”

~– I
~—
a. (C,U,)2

where a, is the equivalent nrifice area. Then the fluid throttling I’nrce [;,, is

~<, = ( f v / 1 ) 3I’viz, N
2gu;

(4-48)

(4-49)

Eq. 4-48 from the equivalent orifice area is similar to Eq. 4-49, which was derived fnr two orifices in series in a
straight pipe. The difference in the two expressions is due to the fact that, for the orifices in tbe straight pipe,
the flow through the first orifice is the same as the flow through the second orifice, whereas in the case of the
Puteaux mechanism, some of the flow through a, flows through al to fill the space vacated by the rod and the
remaining fluid flows into the low-pressure chamber with area An.
Generally, the orifice area a, is much larger th~in the cmntrnl orifice :Ltca a,,. “I”hcwfow, t the prcssutc drop

across the nrifice a, can be neglected cnmp:i red to the pressure drop acrnss the orifice a,,. and since A,/,4H is
usually between 0, 15—0.25, the second term in Eq. 4-48 can be ignored when cumparcd to the Imt tcrrm
Therefore, fnr many realistic cases Eq. 4-48 rcducm tn

()l_,4D 31-.1~
A, (C(,a,,)’ ‘ m

(4-50)
a.

l-he substitution of ,4,, = ,4. – ,4, from Iq. 4-26 intc} Eq. 4-50 yields

Tht mass mrofthe floating pistnn and cnntrol rod assembly is much srn:dler than the mass of ~he rcc[~iling
par~s. “Therefure, snmctimes m, and W’, am set equal to z.crn in Eq. 4-44, in which case Eq. 4-44 becnmcs
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mr.v= B(/)

Eq. 4-52 has been used in many design cases with good accuracy. The tntal resistance K to recoil can be
identified from Eq. 4-52 as

~=[~~P+[~]~F+K]+[~]K+~N (4-53)

Thus using theequiwdent orifice area concept, first calculatetheforce F,, duetofluid throttling asafunctio,n, of
.x from Eq. 4-53. “l-hen Eq. 4-49 can be used to calculate the area of an equivalent orifice. The control orlflce
area is calculated using either Eq. 4-48 or Eq. 4-51.
For the validation proce(iurc the central orifice arm u,, is known; therefore, the area of an equivalent orifice

is known from either Eq. 4-48 or Eq. 4-51. l-hen the throttling force F,, can be calculated using Eq. 4-49. Eq.
4-440r Eq. 4-52 c~in be integrated tocomputethespeed of the recoiling parts. Then the pressure Pin the recoil
cylinder c:in be computed from the eqwrtinn

P – f] = A(vl), Pa. (4-54)

Next this computed pressure is compared to the recorded pressure

4-3.2.2 Equation of Motion With Compressible Fluids
[n this paragraph the effect of fluid compressibility for the Puteaux recoil mechanism is considered.

Assumptions (1) ~hrough (7), made for the incompressible fluid model in par. 4-3.2.1, still hold for the

● compressible fluid model, and two additional assumptions are added:
1. Constant bulk modulus
2. Pressure drops may be neglected except at control orifices (recoil and cnunterrccoil orifices). This

means no pressure drop at ports UI and u?.
Before deriving the equation of motion, compressibility constants o and cl are defined fOr convenience.

Compressibility as considered here—termed’’thee ffectivefluid compressibility ’’—includesfluid compression
and cylinder expansion. The increase in cylinder volume AC’isdue to the expansion nfthe cylinder and is given
by Eq. 3-IX :1S

where
Al] = pressure change. Pa
D,, = cylinder outer diameter, m
D, = cylinder inner di~meter, m
E = el;istic mndulus of cylinder, Pa
u = Poisson’s ratio for cylinder. dimensionless
f = Icngth of oil column (function nf time), m

The decreme in fluid volume ~/due to the compressibility of [he fluid is gi\en by Eq. 3-17 as

(4-55)

(4-56)
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where
,4 = cross-sectional arel of oil column, m:
B = bulk ln~~dulus of fluid (assumed constant), Pz

By defining compressibility constants c, and <,, respectively, as

?-rLi (D; + D?
,— _
c’ = 2E )

D2_D~ +U ,m4/N.

(4-57)

(4-58)

Eqs. 4-55 and 4-56 may be written as

~f= CI(,AP)l, m3 (4-59)

AC= Cz(AP)& m’. (4-60)

Now, refer to the free body diagrams of Figs. 4-11 and4-12; write the equations of’motion, Eqs. 4-23 and4-24,
as

mR,V = B(i) + WRsino — NFP — Kf + F~-P + AR P., — NAP— A,P2 — ADP~, N (4-61)

mp~ti= WPsM + A,Pz + AIIPS — F~P— ARP.,, N, (4-62)

Next consider the flow paths of Fig. 4-13, In the regulator head theoilvolume is small and (he cylinder walls
are heavy. Consequently, volume changes in this section are neglected, Therefore,

UJV2= AJj — ~), m3/s (4-63)

and

alvl = ajvj + a.v., m3/s,

The substitution of Eq. 4-64 into Eq. 4-63 yields

The fluid velocity a,v] out of the recoil cylinders is expressed as

alvi = NA~ — N(AfB + ACB)/ At, m3/s

where
df. = decrease in fluid volume of brake (recoil) cylinder due to fluid compressibility, m’
AC~ = increase in brake (recoil) cylinder volume due to its expansion, m’
At = time period, s.

(4-64)

(4-65)

(4-66)

.

●

The other symbols were previously defined.
The substitution of Eqs. 4-59 and 4-60 into Eq. 4-66 yields
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alvl = NA.i — N(CIU+ cm)
[P(f!o– x)] , ~,,,

Ar
(4-67)

where
P = recoil cylinder oil pressure at time r, Pa
/,, = initial length of recoil cylinder oil column. m

~,”,c:~ = recoil cylinder compressibility constants. m’/N
.! = displacement of recoiling parts. m

and the ftcctor(f,, – .\-)/ (Ar) is the average speed during the time interval. The substitution Of Eq. 4-65 into Eq.
4-67 yields

[P((’. – X)]
Ac(j – .;) + a,,v. = NA.i – N(CIB + CM) .

or

Al

(4-68)

NA.t — A,(;; — .~) — a~v~

1
, Pa.

N(c, B + cm)

Follow the tcnalysis used in deriving ‘Eq. 4-67 to obtain a similar equation for the fluid velocity through the
control orifice a, as

a(, \,,, = A n(i – i) + [o.,, + o.,,)
[P,(J – .Y + L,,)] ~,,~

At
(4-69)

where
P>= recuperator cylinder oil pressure :it time t,Pa
!,,, = initial length of recuperator oil column, m

[o,,,.[~,,, = recuperator cylinder compressibility cunstants. m’/N
y = ubsolute displacement of con[rol ro,d and floating piston assembly, m

A,] = area of Ilmcting pisto!l-oil side. nl-.

Kearraa?ge Eq. 4-69 to obtilin

P3 =
Ai

[

a,,v{, — A ~(-i — -t)

1
, Pa.

(P – .Y + L,)) ()[{, + Qp
(4-70)

From Assumption 1. par. 4-3.2.1, pressure drops may be neglected except at the control orifices a,, and a,.
Then,

P== P2=Pi, Pa (4-71)

and from Eq. 4-39

‘-’’-)=(%]H’pa
4-3 I
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or

v“ = c“ d+ (P– P,), m/s.

Multiplication of both sides of Eq. 4-72 by a. yields

(4-72) ● ’

a. v. = aOCo
d

* (P– P3), m3/s, (4-73)

Simultaneously solving Eqs. 4-23,4-24,4-68,4-70 and 4-73 yields .r, y, P, P,, and v,,(for valid data). ‘l’hen by
comparvng the pressure versus time curves for the predicted motion and for the firing tests, discharge
coefficients are adjusted until the two oil pressure curves match. After tbe discharge coefficients are deter-
mined, v,, is redetermined from Eq. 4-72 by using the newly determined discharge coefficients. Finally, by using
Eq, 4-69, control orifice areas are determined.
Compressibility constants are now calculated forthegivendesign data. Let c,tiand c,,, be thecompressibil-

ity constant c, for the recoil cylinder and the recuperator cylinder, respectively. Then according to Eq. 4-57

A~,B . — m4/N
B’

(4-74)

A.Clc,,— — m4/N.
B’

(4-75)

Three constant bulk moduli of fluid ~ are assumed—1.034214X103 MPa ( 150,000 psi), 1.723689XI0’ Ml’s ●
(250,000 psi), and 2.413165XI0’ MPa (350,000 psi).

Data used in the calculation of c[8, c,.,, CM,and C*CPfollow:
(D,). = outside diameter of recoil cylinder= 0.092075 m (3.625 in.)
(D,)t = inside diameter of recoil cylinder= 0.07620 m (3.00 in.)
(D,,). = outside diameter of recuperator cylinder= 0.20955 m (8.250 in.)
(D,p); = inside diameter of recuperator cylinder= 0.1905 m (7.50 in.)

v = poisso”,s ratio for cylinders = 0.3
E = Young’s modulus for cylinders = 2.07X 105 MPa (30X 10’ psi),

The cross-sectional area ,4 of the oil on the recoil cylinder side is

‘=”[W2=”[=F0004”m2
and the cross-sectional area AD of the floating piston on the oil side of the recuperator cylinder is

‘D= T[*12=”FH=00285m2
Therefore, from Eqs. 4-74 and 4-75, respectively, for 9 = 1.0342 135X IOyc,~ and cl~pare

~ l B= 0.00456 = 44.095 X10-’3 m4/N
1.0342135X 10’
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and

0.0285 = 275.594 m4/N.
c’” = 1. O342I35X1O’

The c(~and c,.,,forthec orrespondingvalues of~arecalculated in an identical manner. Thevaluesforc, sand
c,,,, are shown in Table 4-4(A).
The c~~and c,.,, for the recoil cylinder and recuperator cylinder, respectively, m-e from Eq. 4-58

Tr(0.0762)2

[(
0’092075)2 + (0”0762)2 + 0.3

C28 = 2(2.068427 IX 10’1, (0.092075)2 – (0.0762)2 1
= 2.48996X 10-’3 m’/N

and

rr(o. 1905)2
[(
0.20955)2 + (0.1905)2 + 0,3

C*CP= 2(2.0684271X 10’‘) (0.20955)2 – (0.1905)2 1
= 29.82999 m4/N.

The combined values (c,. + CZB)and (c,,p and CXP)are given in Table 4-4(B)

4-3.2.3 Moment-Area Method
In this paragraph the moment-area method used to determine the total resisting force K(l) is described.

Assume that the displacement and velocity are both zero at the beginning of the recoil cycle (i.e., x = O and
~ = O at I = O) and that a force system such as that shown in Fig. 4-14 is applied; then the velocity and
displacement at any instant in time ti are obtained from

rrr,,,~ = ~;A(t)dr = j: K(t)df (4-76)

TABLE 4-4
COMPRESSIBILITY CONSTANTS FOR A RECOIL CYLINDER

AND A RECUPERATOR CYLINDER FOR THREE BULK MODULI
(A) (IB and c,,. With Respect to Three Constant Bulk Moduli

p, P. 1.0342135X 10’ 1.7236892X 10’ 2.4131649XI0’

c,., ma/N 44.095X IO”’3 26.457X10-’3 18.897X 10-’3

.,.,, m4/N 275.594X IO”” 165.356X10-” 118.112X10-’3

(B) (c,. + CM)and (.,,,, + c,,,) With Respect to Three Constant Bulk Moduli

/3, Pa 1.0.342135X10’J 1.7236892XI0’ 2.413 1649XIO’

● cl. + CM.m4/N 46.585X10-” 28.947X10-” 21.387X10-”

c,,,, + o,., m’/ N 305.244X10-” 195.186X10-” 147.942X10-”
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/4///
Accelerating
Forces

Location of
Centroid of
Area Under

Effective
Weight
Component

&f
I
I

Resisting
Forces

Figure 4-14. Force Diagram for Recoil Stroke (Dashed lines indicate portions of area used in
moment-area method derivation.)

where
~~A(I)dr = area under curve of A(I) for 0< r < r;

,(’’K(t)dt = area under curve of K(f) for 05 t < [,

[[; – ,4( I)]~~,4(I)c/I = moment of area under ,4([) about I = t,

[I; – k’(()]~~ K(t)& = moment of area under K([) about f = [i

where
~(t) = location of centroid of area A(I) at [ = t,
K(I) = location of centroid of area K(I) atI = Ii,

Before the moment-area method may be used to determine K(t), the forces K, and K, (shown in Fig. 4-14),
which are the resistances to recoil for the in-battery and end-of-recoil positions, have to be calculated. At the

●
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beginning of the recoil stroke t = O, displacement x = O, and velocity .+ = O; hence there is no force due to

●
throttling fluid. The recuperator pressure P.,is the initial gas pressure Po,i.e., P, = Po.Therefore, according to
Eq. 4-53, the total resisting force K, at the beginning of the recoil stroke is given as

()
K(i,)= K, = NAPo + NFP+ K,+ ~ FFR, N. (4-78)

At the end of the recoil stroke I = f,, displacement x = L, and velocity i = O. Therefore, there is no force
due to the throttling fluid. The recuperator pressure P.,is given by Eq. 3-4 as

P., = Po
( i

v“ n
, Pa

VO– NAL

Therefore. tbc ~otal resisting force K? at the cnd nf the recoil stroke is given by Eq. 4-53 as

since K,, — AR P,.
Assume that the tnt:ii resistance to recoil has the trapezoidal shape shown in Fig. 4-14. By specifying the

desired value for the recoil stroke L, the rise and fall time r, (assuming [hey arethesame), and byrequiringthat
A’(f) = K,, over the remainder olthe cycle. the moment-area Eqs. 4-76 and 4-77 can be used to determine the
(WUunknowns K,, and /,
At ~hc end 01 the recnil struke, .i- = (). fly applying Eq. 4-76 Lind by referring to Fig. 4-14, the following

● rcslllls:

()

Kc – K,
t??,,j.(~) = / + ~ f / / R— K,f I — —

2
II – K[)(t~ – 2t))

(4-80)

‘2’’-(K~K~K’1“
where

f~ = tn(al tinle of mcuil stroke, s
/, = rise :Ind fall time during recnil. s

/}I,r = cffccti\c mass cumpunent of recoiling parts, kg
W.,[ = effecti\c weight component of recoiling parts, N
K,l = cunstont pnr[ion of total resisting force, N (see E“ig.4-14)
k’ = total resisting Iurce at beginning of recoil stroke. N (see Fig. 4-14)
k’, = to~al rcsis[ing furce at end of recoil struke. N (see Fig. 4-14)
r = impulse imparted to weapon. N.s.

Simplifying Eq. 4-X() yields

0= f– (K,] – Wfl)r, – (4-8 1)

4-35
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or

& = 1+ 14&R – /,(K, + K,)/2 ~
(R — i,

Multiplying Eq. 4-81 by /./2 results in

From Eq. 4-77 at r = i~ (taking moments about tbe line f = (.)

– Ko(tR – 211)
II(–) –Kzt,-1

(4-82) ● ,

(4-83)

21,

3-1

(4-84)

where7is the time to the ccntroid of~B(o d/. The other notations are the same as in the preceding discussion,
By simplifying the preceding expressions, tbe following results:

““L=E-+l’’+(’++”-+“I’R-(+-af’-[’k’”m’4-’5.
Subtract Eq. 4-85 from Eq. 4-X3 to obtain

/7, kg.m

Substitution of[~from Eq. 4-86 into Eq. 4-82 yields the value for K,,. Thcrcforc, K(I) is obtained fortheentirc
recoil stroke.
Following is an example of the moment-area method for calculating K,, for the M45 recoil mcchtinism fur

short and long recoil strokes, which uses the data summarized in par. 4-3.1.6. Define /;”, the sum of the
frictional forces, as

(1
F= NFp+Kf+ ~ F,-,, N

= 2(4848.6) + 5489. I + 2(~:&~;;~;8)

= 16,453 N.

(4-87)

(5013.1)
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Therefore, according [U Eq. 4-78,

K,= NAP(]+F, N

= 2(0.00360238)7,749,700 + [6>453.43

= 72,288 N.

In the derivation of moment-area equations, since Eq. 4-44 has been taken as the equation of motion, the
effective mass tn,y~of the recoiling parts is given as (left-hand side o!’ Eq. 4-44)

‘e’’=[mr+(’+++p]kg
()=+[w. + l+% ‘L%],kg

— 1

–1 [ II
so492+ , + 2(0.00360238 18) ‘—

9.8054 ‘ 0.028502362
591.61

= 3204.4 kg.

●
In the previous calculation, the motion of the replenisher is considered small, and, therefore, its effect is not
considered. The effective weight component W,yJof the recoiling parts is given by the pertinent term of the
right-hand side of Eq. 4-44, i.e.,

()We,f= [w.+ I+* W,]sin6, N.

For the short recoil stroke the maximum angle of elevation is 75 deg. Therefore, remembering to add the
weight (53.4 N) of the replenisher piston,

( 1W,/f = [(30,492 + 53.4) + I + 2(0’00360238 18) (591 .6)](0.96592)
0.028502362

= 30,221 N

Since L = 1.27 m (50 in. ) for the short recoil stroke. the value of K, is calculated by Eq. 4-79 as

‘2= NApo( KflN’’f.)2 ‘FN

= 2(0.00360238 18)(7,749,700)

[

0.035477984

1
1.6x

0.035477984 – 2(0.0036023818)(1.27)
+ 16,453

= 96,739 N
4-37
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The two unknowns (. and K,, can now be calculated by using Eqs. 4-86 and 4-82. By setting [, = 0.015 s, Eq.
4-86 yields

[
4 (3204.4)(1.27) + (45,41 1.9)(0.0098) + (96’739 ; 72’288) (0.0 15)2

[R = 1
2(45,41 1,9) + (97,739 – 72,288)(0.015)

= 0.197998 S

and Eq. 4-82 yields

45,411.9 + (30,221)(0, 197998) – (96,739 + 72,288) ~
——

0.197998 – 0.015

= 273,925 N

For the long recoil stroke system, 8 = 35 deg. Therefore,

I [
W,ff = (30,492 + 53.42) + 1 + 2(~::&~~~~~8

‘1 1
(591.6) (0.5736)

= 17,945 N.

Since L = 1.778 m (70 in. ) for the long recoil stroke, the value of K? is calculated by Eq. 4-79 as

[

0.03547798

1
1.(,

K, = 2(0.0036023818)(7,749,700)
0.03547798 – 2(0.0036023818)(1.778)

+ 16,453

= 130,788 N.

Then I, and K, are calculated from Eqs, 4-86 and 4-82, respectively, as

[
4 (3204.4)( 1.778) + (45,41 1,9)(0.0098) + ‘130’788 ; 72’288) (0.015)2

~R = 1
2(45,41 1.9) + (130,788 – 72,288)(0.015)

= 0.268033 S

●
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and

(45,41 1.9) + ([ 7,945)(0.268033) – (130,788 + 72,288) ~
~() =

0.268033 – 0.015

= 192,460 N.

4-3.3 DETERMINATION OF DISCHARGE COEFFICIENTS
In this paragraph, an expression for the discharge coefficient of the recoil control orifice for the M45 and

pu~e:]ux ~ecoil ~echa”isms is derived, Guidelines foratrial-and-error procedure for the determination of the
discharge coefficient are then presented. The general procedure for the determination of discharge coefficients
is the sameas that presented in par. 3-4. S. However. a slightly different procedure, used in existing reports on
control orifice design, is described to facilitate usage of these reports by the reader.
For [he M45 recoil mechanism, the recoil control orifice actudlyconsists ofthreeorifice areas—a,, u~, and

u,~,.,,~—acting in parallel. one may define control orifice area a,, as

a. — a~ + as + ark.<,~,m~. (4-88)

Refer to Fig. 4-15: the following rate of flow equation holds across the orifice a,,:

a,, V,, = a~v~ + e70’s + arkokvrk,,k, m 3/s (4-89)

where ),,,, r,., v.!, and w,,I. are the speeds In the respective orlflces a,,. UL,as. and a,~,,,k.Now, the pressure

a differential (PI – f+) across a,, is given x

p – f, = /2(v,,) = h(v.) = h(vs) = h(v,kk), Pa

Recuperator I Low-Pressure

5 Chamber

%~

(4-90)

Figure 4-15. Recoil Control Orifice
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where v,,, VZ,V.T.and V,M are flow speeds at the control orifice a,,, long stroke orifice a~, short stroke orifice a.!, I
and recoil leakage area a,,,.~, respectively, and h(v,) are the pressure drops defined by Eq. 4-39

( )

●
h(v) = $ * 2, Pa.

From Eq, 4-90 and expressions for h(u), the following is obtained

V. _ VL _ Vs _ V,l..k

co – c, c, C,lmk ‘
m/s (4-9 l)

where C., CL, Cs, and C,M are dmharge coefficients for the respective openings u,,, u~, u.<,and u,,A. .Substitute
Eq. 4-9 I into Eq. 4-89 to obtain

aovo=aL(:lv”+as( :)vo+ar’eak(*lvo

I
(4-92)or

Substitute Eq. 4-88 into Eq. 4-92 to obtain

co = 1
(“L + @ + “rlmk)

(aLCL + asC.y + arka~Crkti~),dimensionless. (4-93)
o

Note that C. is afrsnctlon of a~, d.$,drlmk, CL ,C , ,and C,{,,,,. By knowing the areas a,, a,, and a,l,.~, the discharge
coefficients C.!, CL, and C,M can be adjusted to match the two curves for oil pressure in the recoil cylinder, one
predicted by the mathematical model and the other obtained from test results. A graphical comparison
between test and computed oil pressure versus time curves is the most direct comparison and usually is
employed to determine discharge coefficients.
The procedure for establishing the discharge coefficients is an iterative, trial-and-error one. The process

starts with historical values of the discharge coefficients, and the oil pressure in the recoil cylinder is computed
by using the mathematical models developed earlier in this chapter. If the oil pressure curve predicted by the
model does not match the test oil pressure curve, the discharge coefficients arc varied and the oil pressure curve
is calculated again. The procedure is repeated until “acceptable” values of the discharge cncfficients are
established. The question then arises as to what constitutes an “acceptable” match. This is a matter of
engineering judgment and experience, but, as a guide, recoil lengths (test and predicted) should agree to wi(hin
l% or better.
One point to keep in mind is that the discharge coefficient must first be established for the short recoil

control orifice because the short grooves are always active. Once the discharge coefficient for the shurt recoil
orifice has been established, the procedure is repeated for the long recoil orifice. The discharge coefficients
determined—using these procedures and thedatagivenin par. 4-3. I.6—are C, = 0.8(at port a,), C, = 0.8 (at
port al); C,, is calculated according to Eq. 4-93 where C.T= 0.82. C(, = 0.9, and C,M —– 0.8. These discharge
coefficients can be used to redesign the control orifice.

4-3.4 CONTROL ORIFICE AREAS
After the discharge coefficient for the recoil control orifice is determined, the speed v,,can be calculated from

Eq. 4-39 as
●
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(4-94)

lt should be noted that the C. here is the determined discharge coefficient. From Eq. 4-38

NAAD ~~. =
ARVO

, m2.

Substitute Eq. 4-94 into Eq. 4-95 to obtain

(4-95)

(4-96)

By defining G(v,,) = ~(2g/ w’) [h(u,,)] and substituting Eq. 4-96 into Eq. 4-92, the following is obtained:

()NAA~ i
a~CL + a~cs + ar/@dkC?{e.k= —

AR G(vo) ‘ ‘2”

During short recoil, a. = O. Therefore, the short groove area as is sized by

(4-97)

(4-98)

During long recoil, both the short and long grooves are active. Therefore, the long grooves are sized by

NAADk (ISCs + Urlwk Crlmk

a’ = CLARG(VO) – c,
, m=. (4-99)

Because the orifice area obtained by machining the control rod with a cutter will not be exactly tbe design
areas, the following procedure is used to obtain the necessary groove dimensions:

1, After K(i) is used as input to tbe mathematical model, the recoil displacement x is obtained. Relative
displacement of tbe control rod and recoiling parts @ – x) is obtained. Finally, tbe control orifice area is
calculated by using Eqs. 4-98 and 4-99.

2. Tbe groove depth is plotted as a function of fy – x) to determine the cutter diameter required or to
determine the modifications required to use a specified cutter size.

3. After defining tbe actual groove dimensions to be specified for manufacturing, the orifice areas are
computed and stable of orifice area versus either recoil displacement x or relative motion@ — x) is presented.

4, These tables are used as input to tbe mathematical model to evaluate tbe effect of the changes required
as a result of manufacturing limitations.
[t should be noted that these four steps are applied in turn to the definition of(1) short recoil grooves, (2)

long recoil grooves, and (3) counterrecoil grooves (explained in par. 4-3.6). The values obtained by this
procedure for short and long recoil grooves for the M45 recoil mechanism are shown in Tables 4-5 and 4-6.
These tables are taken from Refs. 2 and 4 and are generated by using Eqs. 4-98 and 4-99, respectively.

4-4 I
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Cuttc
Positi<
No.

1
2

3

4
5
6
7

8
9
10
II
12

13

14

15

16

17

[8

19

-42

TABLE 4-5
DEFINITION OF SHORT GROOVES FOR A NEW DESIGN

Lkcd on 0.102 m (4.0 in.)
13iamekr Cutter

+

Iontrol Rod
S[a[il)n Cutter

1 ( ,m Center v. m

0.0000
0. 1270X10-’
0.2540X 10-’
0.3810X I0-’ —
0.5080XI0-’

0.6350X 10-’ —
0.7620X 10-’
0.8890X 10-’
1.0160X10-’
I 1430X10-’

l,6510X10-’ 3.6233X10-’
1.7780X [0-’
I,9050X 10-’

+

2.2860X10-’
2.4 130X10-’
2.7940X 10-’ 3.8024X 10-’

3.1775X10-2
3.3020X 10-’ 3.8024X 10-’
5.0800X10-’ 3.8125X10-’
7.1 120X10-’ 3.8405X10-’
9.3980X10-’ 3.881 lXIO-’

6.5 100XI O-’ 4.0589X 10-’
8.2880X10-’ 4.1 148X10-’
!O.5740X10-’ 4. 1885X10-’

+

!2.4790X 10-’
!4.3840X 10-’ 4.3383X 10-?
!4.6380X 10-Z —

0.26416 4.4348X 10-’
0.26670

Cutter
Wttom w. II

..—

—

—

1.4567X 10”’
1.4567X10-’

—

L2776XIO”’

1.2776X 10-’
L2675X10-’
L2395X10-’
1.1989X10-’

1.1328X10-’
1.0846X 10-’
L0211XI0-’
0.9652X10-’
0.891 5X 10-’

—
0.8255X10-’

0.741;XI0-’

0.6452X10-J

0.558;X10-’

0.4724X 10-’

0.4318XI0-’

0.3835X10-’

iariable Slot
Depth
ds, m

O.1425X10-’
L3175xlo-’
i .3462X 10-’
L3713XIO”’
L3932X10-’

I.4 I20X 10-’
1.4272X 10-J
I.4934x 10-’
1.4483X 10-’
1.4539x 10-’

1.4564X 10-’
1.4567X 10-’
1.4567X 10-’
I.4552x 10-’
I.4503X 10-’

1.4425X 10-’
1.4313XI0-’
1.4168X 10-’
1.3393XIO”’

1.2776X 10”’
1.2776X 10”’
1.2675X 10-’
1.2395X 10-’
1.1989X 10-’

L1328X10-’
1.0846X 10-’
1.0211XI0-’
0.9652X10-’
0.8661XIO”’

0.8877X10-’
0.8280X 10-’
0.8240X 10-’
0.7442X10-’
0.7353XI0-’

0.6502X10-’
0.6388X10-’
0.5652X10-’
0.5525X10-’

0.4826X10-’
0.4582X 10-’
0.4470XI0-’
0.4176X 10-’
0.4064X10-’

Short Game
Area US,m:

3.2310X10-’
3.3123X10-’
3.3852X10-4
3.4490X 10-4
3.5045X10-4

3.5523X10-’
3.5845X10-’
3.6219X10-’
3.6445X10-4
3.6587X10-’

3.6652Xio-”
3.6658X10-’
3.6658X10-’
3.66 19X10-’
3,6497X10-’

6.7833X10-4
3.6013X10-’
3.5645X10-’
3.5200X10-’

3,21 10XI O-’
3.2110X10-’
3.1852X 10-’
3,1129X10-’
3.01 Ioxlo-’

2,8432X10-’
2.7206X 10-”
2.5593X10-”
2.4174X 10-’
2,4174X IO”’

2.2206X 10-’
2.0690X 10-’
2.0587X10-”
1.8561X10-’
1.8335X10-4

0.6368XI O”’
0.6253X10-’
0.5517XI0-’
0.5390X I0-’

0.4763X10-’
0.4448X10-’
0.43 lox 10-’
0.4041XI0-’
0.3929X10-’

L Rclat]ve
Displacement
of COntrOl
Rod and

Recoil Recoiling
)ispkermmt Parts

.Y,m y —x, m

0.0000 0.0000
0.5024X10-’ O.1270X10-’
l,0048X10-’ 0.2540X 10-’
L5075XIO”’ 0.3810X 10-’

T
2.0099X10-’ 0.5080X 10-’

2.5123X10-’ 0.6350X10-’
3.0147XI0-’ 0.7620X10-’
3,5174x 10-’ 0.8890X10-’
4.0198X10-’ 1.0160X 10-’
4,5222X10-’ I 1430X 10-’

5.0246X 10-’ 1.2700X 10-’
5.1755XI0-’ 1.3081XI0-’
5.2761X10-’ 1.3335xlo-’
5.7785X10”’ 1.4605X 10-’
6.2809X10-’ 1.5875X10-’

6.7833X10-’ 1.7145XI0-’
7.2860X10-’ L8415XI0-’
7.7884X 10-’ 1.9685X10-’
8.2908X10-’ 2.0955X10-’

1-

1.3157X10-’ I 2.8600X 10-’m
16.9814x 10-’ I I .8745X 10-’
i5.0210X 10-’ 13.9065X10-’
,4.0654X 10-’ [6. [925X 10-’
1.IO02X10-’ 17.9705X 10-’
:0.1446X10-’ 20.2565X 10-’

:0.6470X10-’ 20,3835X 10-’
;7.1794X[0-’ 22,0345X 10-’
:7.6818X10-’ 22,1615X10-’

HuTET~6.2238X10-- 24.3205X 10--

1.0326 I 0.2610
1.0426 0.2635
1.0929 0.2762
1.1029 I 0.2788
1,1421

I
0.2889

1.1582 0.2927
1.1632 0.2940
1,1783 I 0.2978
1.16’33 0.299 I

(c..t’d on next page,
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E
Cutter
Position
N(].

20
21
22

*

1
2

ZOntml Rod
SlatiOn
u, m

0.30480
0.30734
0.30988
0.31242
0.31369

0.31496
0.31750
0.32004
0.32131
0.32258

0.32385
0.32512
0.32766
0.32977

Based on 0.102 m
(4.0 in.) Diameter Cutter

Cutter Cutter
(lntcr v, m Bottom w. n

T4.7244X 10-’ 0.3556X 10-’
4.7523X 10-’ 0.3277X 10-’
4.7879XI0 0.2921X10-”

Variable Slot
Depth
4X,m

0.3X35XI0-’
0.3581X10-’
0.3302X 10-’
0.3023X10-’
0.2878X10-’

0.2703X10-’
0.2347X10-’
O.1895X10-’
0.1618XI0-’
0.1308X10-’

0,0963Xi0-’

Short Game
Area
m, m>

0.3701XI0-’
0.3447XI O”’
0.3 167X10-’
0.2888X10-’
0.2743X10-’

0.2568X10-’
0.2210X I0-’
0. 1760X10-’
0.1486X10-’
0. I173XI0-’

0.8280X10-’
0.5512X10-’
0.2134XI()-’
0.2540X 10-’

Recoil
displacement

x, m

1.1934
1.2034
1.2135
1.2235
1.2285

1.2336
1.2436
1.2537
1.2587
1.2637

L2687
[,2738
[,2838
L2922

TABLE 4-6
DEFINITION OF I.ONG GROOVES FOR A NEW DESIGN

COntrOl ROd
St*t\On
u, m

().00()()
().1270X 10 ‘
0.2540X 10 ‘
0.3XIOXIO”’
0.50XOXIO”’

0.(350XI O”’
0.7620X 10-’
0.8890X 10-’
L0160X10-’
1.1430X10-’

1,2700X 10“’
1.3208X10-’
L7145XIO”’
L8415X10-’
i .9685X 10”’

Based [>[1().102 [m
(4.0 im) Diameter Cutter

I

+

/ariable SIOt Short Game
Depth Area
‘/,s.m u.,, m’

0.3048Xi0-’ 0.2913X10-’
0,3302X 10”’ 0.3244X 10-’
0.3683X 10-’ 0.3548X 10-’
0.3937X10-’ 0.3802X10-’
0.4166X i0-’ 0.4031XI0-’

0.4343XI0-’ 0.4209X10-’
0.4521X 10-’ 0.4387X10-:
0.4623X10-’ 0.4488X10-’w
0.480 IX 10-’ 0.4666X10-’
0.4750X 10-’ 0.4615X 10-’

Recoil
displacement

.r, m

0.0000
0.5024X 10-’
I.0048X 10-’
1,5072X10-’
2.0096X 10-’

2.5121X10-’
3.0145XI0-’
3.5169X10-’
4.0193XI0-’
4.5217X10-’

5.0241X10-’
5.2250X10-’

5.7749X10-2
6.5314X10-’

(co,

Relative
displacement
of Control
Rod and
Recoiling
Parts
v —.Y.m

0.3016
0.3042
0.3067
0.3902
03105

0.3118
0.3143
0.3169
0.3181
o.3r94

0.3207
0.3219
0.3245
0.3266

Relative
Displacement
of Control
Rod and
Recoiling
Parts

J —r. m

0.0000
0.1270X10-’
0.2540X 10-’
0.3810X 10-’
0.5080X 10-’

0.6350X 10-’
0.7620X 10-’
0.8890X10-’
1.0160X 10-’
1.1430X10-’

1.2700X10-’
1.3208X10-’

1,5240X10-’
1.6510X10-’

‘don next page)
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TABLE 4-6 (cent’d)

Cutter
Position
No,

3
*

4
5

6
7
8
9
10

II
12

13

[4

15

16

17

18

19

20

21

22

23

24

Control Rod
Station
u. m

2.8448X10-’
2.9210X10-’
2.9210X10-’
3.8100X10-’
6.0960X10-’

9.1440XI0-’
10.9220X10-’
13,7160X10-’
17.2720X10-’
21,5900X10-’

24.3840X 10-’
26.4 160X10-’
27.8130X 10-’
27.9400X 10-’
29.0830X10-2

29.2100X10-’
29.9720X10-2
30.2260X10-’
30.8610X10-2

31.1785X10-2
3 1.2420X 10-z
3 1.4960X10-2

3 I.7500X 10-2
32.1310X10-’
32.2580X10-’
32.3850X10-2
32.5 120X iO-’

32.6390X10-’
32.7343X10-2
32.8930X10-2
33.0518X10-2
34.0360X10-2

34.1630X10-’
35.8140X10-’
35.9410XI0-’
37.8460X10-2
38.0365X10-2

39.8780X10-’
40. 1320X10-’
40.2590X10-’
40.8940X10-2
41.2750X10-’

Based on 0.[02 m
(4.0 in.) Diameter Cutter

Cutter
Center v, m

4,6584X10-’

4.6380X 10-’
4,6228X10-’

4,5999XI0-’
4,5822X 10-’
4.5618X10-’
4.5288x10-’
4.4780X 10-’

4,4323XI0’
4.3866X10-’

4.3434XI0-’

4.2977X10-2
—

4.2520X10-’
—

.
4. I808X 10-’

4.1351XI0-’

4.0665X10-’
.
—

—
3.9624X10-’

3.998;X 10-’

4.07 [6X 10-’

4.1732X10-’

4.2926X10-’

4.3663X10-’
—

+

Variable Slot
Cutter Depth

30tt0m w, m </.s,m

3.4216X10-’
0.4242X 10-’
0.4242X I0’”

).4420X 10-’ 0.4420X 10-’
1.4572X10-’ 0.4572X 10-’

1.4801X10-’ 0.4801X 10-’
).4978X10-’ 0.4978X [0-’
).5182X10-2 0.5 182X10-’
).5512X 10-’ 0.5512X10-’
).6020X 10-’ 0.6020x 10-’z).6477X 10-’ 0.6477X 10-’
1.6934X 10- 0.6934X 10--

).7366X10-’
0.779:X I0-’

+

0.9144X10-2
).8992X10-’

0.9576X10-2

).9449X10””
— 1.0617X 10-’

1.0135xlo-2 I.0795X 10-’
1.0922X 10-’
I .1049X10-2

I 1.1125X10”2
L1151XI()-2

1.1176X10-’ —.
IL[151XI()-2

-

).7874X10-’
— 0.7823X10-2
— 0.7722X 10-’

).7137XI0-’
0.7010X 10-2

Short Game
Area
u,, mz

0.4107XI O”’
0.4107XI()-’
0.4285X10-’
0.4437XI0-’

0.4666X 10-’
().4844X i0-’
0.5047XI0-’
0.5377XI0-’
().5885X10-’

0.6342X10-’
0.6800X10-2
O.7206X 10-’

0.7663X10-’

0.8095X10-’

0.8705X10-’

0.9009XI0-’

0.9441XI0-’—

I.04X3X1(1-’
I .0660X”10-’
1.0787X [()”’
I .09 14X10-’

I.099 lx 10-’
1.1016X10-’

1.1016X10-’

1.0660X”10-’

0.9898X10-’

0.8908X10-2
—

0.7689X10-’
0.7587XI O”’

0.6876X10-’

Recoil
displacement

x. m

10.2994Xi0-’
I L5557xlo-
15.0726X 10-
24.1 160X10-:

JRelativeDisplacement
ol COn[rOl
Rod and
Recoilbng
Parts
r ‘r. m

2.6035X10-’
2.9210X10-’
3.8100x10-’
6.0960X 10-’

36. 1742X 10-’ 9, 1440X10”’
43.2079X10-’ lo,9220X[0-”
54.2(i35Xi0-’ 13,7160X [0-’
68.3288X10-’ 17,2720X 10-’

%

85.411 lXi O-’ 21.5900X [O”’

96.464 IX 10-’ 24.3840X 10-’
04.5030X 10-’ 24.4 160X10-’
10.0295XI()”’ 27.X130XIO””

l,9685X 10-’
15.0536X10-’

1.[X57 ().2997

[.2209 0.30X()

[.2334 ().311X

1.2460 ().3I50

1.295o (1.3273
—

1.2950 0,3273
—

4
1.3389 ().33x5

1.4093 0.3562

1.4922 0.3772

1.5751 0.398 I
L5XOI 0.3994

1.61X5 0.4906
(cOnt’d0. (Ic.t IMgt)

●
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TABLE 4-6 (cent’d)

Based on 0,[02 m Relative
(4.0 in.) Diameter Cutter Displacement

of Control
Rod and

Cutter Control Rod Variable Slot Short Game Recoil Recoiling
?osition Station Cutter Cutter Depth Area Displacement Parts
No. u, m Center v, m Bottom w, m ds, m as, mz X, m y —.x,m

25 41.9100 xlo-’ 4.4552XI O”’ 0.6248X10-’
42.3545X10-’ t).6045X10-’ 0.5911X10-2 1.6630 0.4204

26 4~,6720X10-’ 4.5339XI0-’ 0.5461X10-’ — —
27 43. 1800X 10-’ 4.5999X10-2 0.4801X10-’ 0.5207X10-2 0.5072X10-’ 1.6957 0.4286

43.3070 X10-2 — 0.5055X10-2 0.4920X10-’ 1.7007 0.4299

28 0.4343 0.4782 0.4369X10-’
0.4382 0.4394X I0-2 0.4260X 10-’ 1.7208 0.4350
0.4394 0.4216X10-2 0.4082X10-’ 1.7258 0.4362
0.4432 0.3581X10-2 0.3447X I0-2 1.7409 0.4401
0.4445 0.3353X10-2 0.3218X10-’ 1.7459 0.4413

x 0.4452
0.4458 — 0.3073X10-2 0.2939X10-’ I.7509 0.4426
0.4470 0.2743X10-’ 0.2609X10-2 1.7560 0.4439
0.4483 . 0.2413X10-2 0.2278X10-2 1.7610 0.445 I
0.4496 0.2032X10-2 0. 1897X10-’ 1.7660 0.4464

0.4509 — — 0.1600X10-’ 0.1476X10-’ I.771O 0.4477
0.4521 0.1 143X10-2 0. I054XI0-’ I .7760 0.4489,
0.4534 0.0660X 10-2 0.0521X10-’ 1,781[ 0.4502
0.4547 — 0.0127X10-’ 0.0043X10-2 1.7836 0.45[5

~ E last point f<)r~ o, 102.m diameter ~“tter cutting the fiat to a depth Of9.398X10-’m

4-3.5 CONTROL ROD DESIGN CONSIDERATIONS
As mentioned in par. 4-3.4, the control orifice area obtained by machining a control rod with a cutter will

not usually match the designed area. The four steps listed in par. 4-3.4 are used to obtain the necessary groove
dimensions. The relation between the control rod grooves and the regulator which defines the effective orifice
area is illustrated in Fig. 4-16. Also in Fig. 4-16 are groove modifications resulting from the use of a specific
cutter. Note that the front edge of the piston rings defines the minimum orifice when the groove depth is
increasing, and the back edge is the controlling surface when the depth is decreasing. This change may cause an
inadvertent shortening in recoil length if it is not considered when dimensioning the recoil grooves.
Another consideration in design is the motion of the replenisher piston during recoil stroke. The equation of

motion for the replenisher can be derived by considering the free body diagram of the replenisher. However, in
the preceding calculations the motion of the replenisher is assumed to be small and not considered in
design—an assumption that may cause a deviation in the motion of tbe recoiling parts. Such a deviation during
the recoil stroke may result in recoil lengths that are longer or shorter than desirable or that could cause
excessive peaks in recoil oil pressure and rod pull. A deviation in control rod motion during thecounterrecoil
stroke may alter some recoil cycles and cause slamming into battery (an excessive terminal speed). However,
when the size of the orifice ad (refer to Fig. 4-1) is small, the preceding assumption is acceptable because the
designer can define a size for orifice U, which will reduce the motion of the replenisher and maintain recoil and
counterreco il control. A comparison of the predicted value for the rod pull issbown in Fig. 4-17 for no orifice
ad (i. e., replenisher motion neglected), a 1.59X 10-3-m( I / 16-in. ) diameter Orifice (.chOsen fOr the M45 recOil
mechanism), and a 3. 18X 10~-m( I /8-in. ) diameter orifice (producing unacceptable control).
In a practical design, the replenisher orifice size is restricted, and the motion of the replenisher is ignored as is

● done during the derivation in par. 4-3.2.1.
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I

‘“’’+’’0’’0’-7
‘A42C2C.......,in 4 “--...,. . . .

.= cutter T \ I ‘ST’’O”UL
center J / /

L

W= cutter w ‘..

bottom T —UULK euge
v+w= D/2
= Diameter of Cutter

Station = A
y-x. o

—y-x + Comput~d Groove dept~

~Y-x+ ,,2, ‘ ‘n+
Figure 4-16. Relation Between Control Groove and Regulator

350,000
t

300,000 - 1275 roils QE .“-.= 3,18 x 10-3m ( 1/8 in.) Dia
Orifice

1.59 x10-3 m ( 1/16in.) Oia
250,000 -

z 200,000 -_.
5n
: 150,000 -
m

.

100,000 -
...
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, 1 I
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Time, ms

Figure 4-17. Effect of Replenisher Orifice on Rod Pull Short Recoil—Maximum Impulse Roond
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In par. 4-3.2.2 the design with fluid compressibility is presented. The difference between predicted values

●
and actual test data is too large to be explained by neglect of this factor in development of a mathematical
model. In fact, this source of error has been shown to be insignificant with respect to recoil functioning in the
M 198 howitzer. Also it was recommended that effective fluid compressibility be included only in special cases
because of the increased cost of designer and computing times. Identification of some primary parameter is
still required to obtain a better correlation between test data and predicted values, Two factors suggested for
future consideration are (1) the values of the discharge coefficients and (2) accurate definition of all possible
fluid flow paths in the recoil mechanism.

4-3.6 COUNTERRECOIL CALCULATIONS
In this paragraph a detailed design of a counterrecoil orifice for dependent-type recoil mechanisms is

presented. In par. 4-3.6.1 the calculation ofcounterrecoil orifice area a,in terms of its dimension is presented,
and the assumption of countcrrecoil leakage area is discussed.
Design data for the countct-t-ecoil orifice are summarized. except for those already listed in par. 4-3.1.6.

Design equations fcrr the counterrccoil stroke :ire derived in par. 4-3.6.2. The moment-area method used to
determine K([) during the counterrecoil stroke also is presented.

4-3.6.1 Counterrecoil Orifice Area a,
‘I”hccountetrecoil orifice cr, is formed bymachininga pair ofgrooves of constant width and variable depth in

the internal surface of the regulator. The groo~e geometry iS depicted in Fig. 4-18. Let
1 = constant width of groo\e = 0.0047625 m (O. 1875 in. )
D = diameter of control rod = 0.085979 m (3.385 in.)
d = variable depth, m
a = angle shown in Fig. 4-18 (sins = F/ D) = 3 deg IO min 31.2 s = 0.0554 rad.

From geometry, the gmo\)e area a, is

● a,. = 2(u1 + a2 — a3), m? (4-loo)

where

al = (f/ — ~ cosa)b~, m2
2

(4-1OI)

“=wc”sa+rn’ (4-102)

~
a3=!x2,m:

4
(4- 103)

where & is a expressed in radians. By substituting for H,. D. and a in the expression for a., the following is
obtained:

a, = 0,009525tl — 0.00040927, mz (4-104)

and the depth d is

<1= 104.9869a. + 0,0429680, m. (4-105)

● The use of the preceding two equations is the same as it is for tbe recoil control orifice presented in par.
4-3.1.1. Negligible oil leakage during the counterrecoil stroke for the M45 recoil mechanism is resumed;
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Figure 4-18. Geometry of Counterrecoil Grooves

therefore, a,,..~ = O.Validation data for counterrecoil grooves are listed in Table 4-7. Rise and fall time [1 for
the resisting force during tbe counterrecoil stroke is taken m 0.020 s.

4-3.6.2 Design Equations
The equations of motion for a Puteaux recoil mechanism during the counterrccoil stroke maybe derived by

considering the free body diagram of the moving parts. Reference to Figs. 4-19 and 4-20 yields

TABLE 4-7
ORIFICE AREA– COUNTERRECOI1. GROOVES,

FOR AN EXISTING DESIGN, MACHINED ON REGULATOR WALL

Rclatiw Rclat,vc Rclat,vc
[)isplaccmmt

l<.l.[,,.
Displacun.nt Ilisplaccmcnl Ilispl:iccmcul

01C,>nt,<,l 01cOlllml ,>1C<>ntr,ll <)1C<ml,<)l
Rod and Elfec(iw Rod and Effect i,c ROLIand Ellect )“, Rod and [<ff.<,i~~
Kccoiling Co. ntcrrec. il Recoiling Co. ntemcoil Kc.oili.g Co.ntcrrcccnl
Parts

I<cmiling (, ,-te,,,. coil
Area Parts Arc, Parts A,w 1,.,1s A,,,,

y– .x,m a<.m .v—.v, m (,t, m .r—.,, m u,. m .V — .,, 111 “,, In

–0.00642 0.3226~<10”’ ().()2540 3.O.323XI0-’ 0.08890 6.7097X I0-’ ().33()2t)
0.01016 03226X 10 ‘

I 1.0322X10-”
0.03810 4.1290X10-’ o. I3970 8.2580X 10-’ ().35560 i [.9355xlo”i

0.0[270 L2903XI0 ‘ 0.05080 4.9032X10-5 0.20320 9.6774X10 ‘ 0.36830 12.1290XIO”>
0.0[905 2.3226XI0 ‘ 0.06350 5.5484X10-’ ().27940 10.6451XI0 ‘ 0.38100 12.2580X10-’

0.5 I364 12.25XOX10-s ●
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/////////~ ////////

● //////////-

/
$ s,n9 ~ *

~< $$
b

f~/////l///* & /
/ ////////////// /////////

Kf

/////////////

+---- NAP N~
-

////////////////// ///////////7

Figure 4-19. Free Body Diagram of Recoiling Mass During Counterrecoil Stroke

1

(A) Control Rod and Floating Piston Assembly

(B) Recoil Rod

Figure 4-20. Free Body Diagram of Secondary Components During Counterrecoil Stroke

mR,V = w’/?sin8 — NAP + NFP + Kf — FFP + ARPx — A~P2 — ADP~, N (4- 106)

rrIPJ = WpsinO + A.P2 + ADPJ — ARPx + FFP, N. (4-107)

Note that only frictional forces change their sign in the preceding equations compared with the equation of
motion during the recoil stroke (Eqs. 4-23 and 4-24).
From Eq. 4-29

(1y=l+~ i , m/s2,
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Substitution for; in Eq. 4-107 resul[s in

[(’++51mp ~ = Wpsintl + A,R + ADPj — AR P., + FFF,N. (4-108) ●

Combining Eqs. 4-106 and 4-108 yields

[mR+(’+*) 1
~

InpY= (~’ + W’p)sinO+ NFP + K~ – NAP, N. (4-109)

Fig. 4-21 shows the II(]w of oil during [hc counterrecoil stroke for a PuteJux recoil tmechunism Flou path
analysis results in

N,4.i = al\,l, m~/s \

UIV, = UZV:, m~/s (4-1 10)

u[\<.= ADQ”— t), m;/s. /

Eq. 4-2X yields

‘=( A’AIAR)-’m’s

and. therefore.

()

●
. . &
‘–-y= A.

-t. m/s. (4-III)

By subs[i[uting(j – .t) ftmm Eq. 4- I I I into the ktstequ~l[iOn 0f4-1 10 ~md rearrangiwgterms in [he firs~ two
equations, the following resul[s:

(4-1 I2)

From the definition of pressure drop /i(ii) (Eq. 4-39). [he following is obl:iined:

w

(1

“i ~
/?( Ii) = — — . Pa.

2g c,
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Counterrecoil
Control Orifice,

Recoil Port Regulator ;crt Regulator ‘ + Low
Cylinder ~ Chamber 2 Chamber $ pressure

Before the at the- = Chamber
Check Valve - Rear End

P q < <

Figure 4-21. Oil Flow Duriog Counterrecoil

Accol-ding[o Ihc flow, path analysis (see F“ig.4-21). the Ioilowillge xpressic>ns may be written Iorthe pressure
drops:

/’ – P = h(vl), Pa

f: – P, = /7(1,?),Pa

f? – l’, = /7(1,c), Pa,

I{c:lrrungcment of Iq. 4-115 yicids

f, = P+ /?(l’, ), Pa

P, = F’ + /7(1’, ) + /?(v?), Pa

PJ = P + }7(vl) + A(W) + /?(v.), Pa

Suhstitu[ ion of P: nnd /’~ (rolll ~L]. 4-] 16 in[o Eq. 4-108 yields

[( J 1
I + ~ Hip.V= WpsinO + FW – A. P., + (A, + AD)F’

+ (A, + AD)/I(vI) + (At + AD)lI(v~) + ~Dh(v,), N

Multiplictition 01 Eq. 4-117 hy NA/A~ LInd substitution of AH = A, + A“ gives

“7’(%1(’ ‘*) ’’=[%] ‘PS’”’+(YIFF’- NAP’

) (4-1 15)

)

1

(4-1 16)

/

(4- I I7)

+ NAP + NAh(v, ) + NAlr(v,) +
()
~ AD~(V.), N. (4-1 18)

The addition of Eqs. 4-[09 and 4-118 results in

●
4-51

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

[“7R+(’+H”]’l;=[WR (’+*IW’lS’”’

[ m
+ /vF,+K/+ ~ F,, – NAP., + NAh(v, )

(1+ NAh(v,) + ~ A,]h(v<)>N. (4-1 19)

As in the recoil stroke. Eq. 4-119 can be integrated tocidcula(e<, i-, and .t. Howe\cr, bclorc theeqllfition 01
motion can be integrated, the \,alue of K([) during ~he counter recoil s[roke must be obt~iincd either by ~1
tri:il-and-error method or tbe moment-area method.
At the end of the recoil stroke, (he trecuperator gas begins to expand and lhe gun stiirts to move Iorwiird.

During this motion (counterrecoil s~rokc). .i <0. Eq. 4- I 19 may he written ill th~ fOI”IIIOf

mtyj~ = k%sind – N(), N (4-120)

where

mc~~= effective mass

“nR+(’+*r’n’’>kg

Wfl = effective weight

‘WR+(’++IWPN
[ H]

~ F,P + NAP, – NAh(v I) – NA/7(P2)
‘(’)= – ‘F-p+ “+ A.

()NA— Anh(vc), N
AR

At the moment countcrrccoii stroke starts..i = O.Therefore. thetot:~l rcsistanccforce K~:it [hc begin ningol
the counterrccoil stroke is

[ m
Kn= K(tR) = NAP., – NF/, + A’/+ ~ F,, . N. (4-121)

It should be noted that these hydruulic effects can never overbalance ~he recuperator gx Iorcc without
contradicting the basic assumption that the system rem:i ins filled with oil al all limes, “1bus the [minimum v:ilue
of K(() is

●

●
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The shape of resistance force during the counterrecoil stroke is more complex than it is during the recoil

●
stroke. However. only two unknowns may be solved by two moment-area equations, i.e., Eqs. 4-76 and 4-77.
Therefore, some parameters that specify theshape of’the resisting force during counterrccoil must reassigned
numerical values. ‘l-he assumed shape of thetotal resisting forccduring counterrecoil is shown in Fig. 4-22. At
the beginning of the counterrecoil stroke. K(I) has the value K~. K(I) then decays hnearly over the interval In, as
shown in Fig. 4-22. K(t) is held constant—equal [o theclfective weight component—until it isallowed to vary
linearly with time over a reasonable time interval I, to reach the value of K~(which is chosen by the designer;
the \,alue K~is less than tbe minimum value of K([)). The force K(I) remains constant over the time interval [F
aod then returns (again linearly with time overt~) to a value equal to the weight component, and it remainsat
this Ievcl until the end of the counterrecoil cycle.
The moment-area equations of Eqs. 4-76 and 4-77 can be used tosolveforthe two unknowns trand l,~after

specifying two constr:iints:
1. At the end of countcrrecoil stroke. f = r, + r,, .YT = O. and .; = i-r, where .~r is the ternlinal velocity

during the recoil suoke (ideal case .ir = O).
2. Foraspecified x (.\, =0). .i = i,. This means that, ncarthe end ofcountertmcoil stroke, thevelocityof

recoiling parts is assumed equal to the terminal velocity. Therefore,

AT= lX]/.&l, S (4- I22)

w’here AT is shown in Fig. 4-22.

/r//.

I

I
I Effective

Weight

——— ——

I

~$ +$

Figure 4-22. Total Resistance Force Diagram During Counterrecoil Stroke
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Use I,, f:,.\r(,.~r. K,(S minimum of K([)), and the two moment-area equatiorrs to solve lorl~and ro. In these
calcula~ ions only the forces acting during the counterrecoil stroke require consideration. Therefore, referring
to Fig. 4-22. which shows only the total [resisting force during counterrecoil at the end of the counterrecoil
stroke, Eq. 4-76 may be written as

where m,y, and !+j are the effective mass and effective weight components, respectively, Of the recOiling Parts,
and other notations are explained in the preceding discussion and are shown in Fig. 4-22. Rearrangement of
Eq. 4-123 yields

ID = 2(“ + ‘“) (tF + f,) – K~ : f f - ; c f i,S.
KB – Wejy

(4-1 24)

At the beginning of the counterrecoil stroke, x = L, at the end of the counterrecoil stroke, x = O.Therefore,
referring to Fig. 4-22, Eq. 4-77 may be written as

+ (W,ff + K,)
2 ( )

(tF+tF+2t,) AT+t2+ ~ ,kg”m. (4-1 25)

Bysubstitutingfor t~from Eq. 4-124 into Eq. 4-125 and bycollectingterms, aquadratic expression fort~is
obtained, i.e.,

Atj+BtF+C=O (4- 126)

where

‘=iKF~w’’)i4KF~B~i/w”f(4- 127)

1[ 1
8KF+ 9K8– Wcff ~2+ ~T _ ~, _ 8m,ff~r

B ~ (KF+ W.ff
6(K, – W,ff) 6( K, – W.f~) 1

(4- 128)

(4- 129)

After t, is obtained, [D may be calculated by using Eq. 4- 124; then K([) for the counterrecoil stroke is
determined. The calculation of K([) for the counterrecoil stroke, using the design data summarized in par.
4-3,1.6, follows.
As defined in par. 4-3.2.3, Eq. 4-87 is o
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(1F= NFP+ K/+ ~ FF, = 16,453 N

For counterrecoil, K(f) will be defined on the basis of specifying

K, = 8896.4 N (2000 lb, which is less than F~
L = L778 m (70.0 in.)
fl=Odeg QE
12= 0.020 s
.i~ = ‘0.0508 n/s (–2.0 in. /s)
.T, = 0.0[27 m (0.50 in.)
1, = 2.5 s.

At the beginning of recoil we assume P,, = P,. Therefore, substitution of lhese data with that given in par.
4-3. [.6 into Eq. 4-121 gi~es

[
K, = 2(0.00360238 18)(7,749,700) – 2(4848.6) + 8896.4 + 2(0”00:~&5~2:~2013’ 1

‘1

= 55,834.8 – 19,860.8

= 35,974 N

From Eq. 4-122

● AT= 0.0127
–0.0508 I =0.250 S

By using Eqs. 4-[27.4-[28, and 4-129. thecoefficicnts ,4, B, and Cof Eq. 4-126 can redetermined. Note that
the cffccti\c weight component Wsin6 = () since 6 = O deg QF.. ‘I”herefore,

A=

~=

——

KI:(4K, + 3 tin)
6KII

8896.4( 4X8896.4 + 3X35,974) = 5914,96 N
6X35,974

K,
[(

8K, + 9KB

1

8n7,/f.~r
6K,q

IJ+AT—tc ——
6K, 1

8896.4
[
8X889:;3:;7;35’974 (0.02) + 0.25 – 2.50

1
– 8x(32:~::(~7~0508)= 19,637.8 N
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C = (rrz,ffir – KFIZ)tc + WZ,/ /L + KF(A~ + ~z)t2 + & (K~t2 – WZC/ /-~T)2

= [(3204.4)(–0.0508) – (8896 .4)(0,02)](2.5)

+ (3204.4)(1.778) + (8896.4)(0.25 + 0.02)(0.02)

+4
6(35,974)

[(8896.4)(0.02) – (3204 .4)(–0.0508]2

= 4895.9 N.

Therefore,

The smaller root is the practical value and is used in evaluating (~. Eq. 4-124 with the effective weight
component W’sinO= O gives

2~ (0.2715 + 0.02) –— 2(3204.4)(–0.0508)—
35,974 35,974

= 0.1532 S.

4-3.6.3 Discharge Coefficient for Counterrecoil Orifice
In the M45 recoil mechanism the counterrecoil control orifice consists of two orifice areas working in

parallel as shown in Fig. 4-23.
Define the effective counterrecoil orifice a. M

ac = a., + a.kd, m2 (4-f 30)

where
a,, = counterrecoil orifice area machined on regulator wall, m2

a,,,.~ = counterrecoil leakage area, mz.

This subscript notation will be used in the remainder of the handbook.
By referring to Fig. 4-23 and from the flow path analysis, tbe following is obtained:

acv. = acrvcr + ackak V.kak, m ‘/s

and

P2 – R = A(v.r) = h(vckak), Pa.

(4-131)

(4- 132) ●
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Recuperato~

●
Low-Pressure
Chamber

&
%/eak

< I 1 <
Figure 4-23. Counterrecoil Control Orifices

Substitution of the definition of pressure drop, Eq. 4-39,

() 2
vi

)-r(v,) “ ~ — , Pa
2g c,

into Eq. 4-132 results in

Vc _ V.r _ vclmk
, m3cc – cc, f&ok

●
where

Cc = discharge coefficient for counterrecoil orifice a., dimensionless.

Substitution of Eq. 4-133 into Eq. 4-131 yields

““c=ac’(%+c+”c’’ak(%+c>rn”s

(4- 133)

(4-134)

Rearrangement of Eq. 4-134 yields

C. = ~ (u,, C., + a.l,a~C~[~~J,dimensionless. (4-135)

Note that C, is expressed in terms of a,,, u,I,.~, Cc,, and C,M. If the areas a,, and a,i,.~ are known and the
coefficients are adjusted, the oil pressure curves obtained from the mathematical model and test results can be
matched. The same procedure used for the recoil stroke is used to determine the discharge coefficients for the
counterrecoil control orifice.

4-3.6.4 Counterrecoil Control Orifice Area
After the discharge coefficients for the counterrecoil orificearedetermined, the flow speed VCthrough orifice

a, can be calculated by rearranging the definition of /?(v, ),as

/

~ h(vc), m/sVc = cc w (4-136)
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where h(v.) can be obtained from the equation of’ motion.
From the flow path analysis performed in par. 4-3.6.2, F.(I. 4-114 is obtained. Rearrangement of this

equation yields
●

NAA~.~
aC=— , ml.

A~v,
(4- 137)

Substitution of Eq, 4-136 into Eq. 4-137 results in

aCCC= —

‘“2:”]* ‘m”

(4-1 38)

Define G(v) = ~(2g/ W’)[h(v,)] and substitute the expression for a,C, from Eq. 4-135 into Eq. 4-138 to give

()NAA. .k
a.rccr + a.leakCclmk= — — )

A. G(v,)

or (4-i 39)

NA ADi _ a.1..k Ccl@”ka.,. =
Cc,ARG(Vc)

, m2.
cc., /

The values of u,, obtained by using the preceding equations and the procedures listed in par. 4-3.4 for
counterrecoil grooves are given in Table 4-8. ●
4-4 DESIGN OF RECOIL MECHANISM COMPONENTS
As noted previously in this handbook, the design of a recoil mechanism is an iterative trial-and-error

procedure. Based on performance requirements of the system and the simplified analyses presented in Chapter
2, the designer selects preliminary sizes of various components of the recoil mechanism and other system
parameters which affect its design. Once the preliminary design of the recoil mechanism has been completed,
refined analyses of the performance of the system can begin. To this end, detailed mathematical models that
accurately describe the performance of the weapon are developed, which allow the designer to study
analytically the performance of his preliminary design. Because of these analytical studies, certain system
parameters and/ or sizes of various parts of the recoil mechanism may have to be changed and the system
analyzed again. This analytical study of the performance of the system and the development of mathematical
models that describe the system behavior continue until the designer is satisfied with the predicted response of
the system. This design is called the test model for the system, and a prototype recoil mechanism is then
fabricated using the test model design. Live firing tests are conducted, and the performance of the test model is
recorded by measuring various parameters, such as fluid pressures, recoil stroke, recoil time, recoil speed, rod
pull, gas pressure, and counterrecoil speed. High-speed movies of the weapon in operation also maybe made
to study performance of the system. Performance of the prototype for the system is analyzed. [f the system
performs according to specification and constraints and no improvements in its design are possible, this design
is used as a final design for production. If not, the designer must change sizes of various parts, refine his
mathematical models for the system, and arrive at a better design for the recoil mechanism and the entire
system. Live firing tests are conducted again, and the entire procedure is repeated until an acceptable design is
obtained.
In this paragraph procedures for the design of unique components of the dependent-type recoil mechanism

are described. The procedure for the design of these components for the independent-type recoil mechanism
are the same. The design of some components peculiar to independent-type recoil mechanisms is presented in
Chapter 5. ●
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TABLE 4-8
DEFIN1TION OF COUNTERRECOIL GROOVES, FOR A NEW DESIGN,

MACHINED ON REGLILATOR WALL

Relative Displaccme[
of Control Rod and

V:iriabi.s Ocpth of Counterrecmil Orifice Displacement of Recoiling Parts
Rcg[da[oc S’1;{(1011 Gmow d. m A red 4,. m: Recoiling Parts .x. m j- .x, m

0.0000 4.3256XI0-’ 2.77X10-’ 0.0000 0.0000
0.I000 4.3256X 10-’ 2.77XI O”” 1.0058X 10-’ 0.2540X10-’
0.[s00 4.3704XI0-” 7.61x lo-h 1.5062X10-’ 0.3810X10-’
0.2000 4.4171XI O”’ I 1.4XXI0-” 2,0091X10-’ 0.5080XI0-’
0.2500” 4.4450X I()-’ 14t3xl o-(’ 2,5121X10-’ 0.6350X10-’

().30()0 4.4704XIO”” l(l.sxxlo-h 3.0150X I0-’ 0.7620X10-’
0.3s00 4.4933X10-” 18.71XI0-” 3,5179XI0-’ 0.S890XI0-’
0.4000 4.5 II OX1O’ 20.45XI()”” 4.018 .3X10-’ I,0160X10-’
0.5000 4.5466XI O”’ 23.XIXI O-” 5.024 IX 10-’ I,~701jx 10-’
0.6000 4,5745X1O”’ 26,45X10-’ 6.0300XI O”’ 1.524oX10-’

0.7000 4.6025X10-’ 29. [6X 10-’ 7.0333XI0-’ 1.7780X10-’
0.8000 4,6253X10-’ 31.29XI0-’ 8.039 IX 10-’ 2.0320x lo-’
0,()(),)() 4.64X2XI O”’ 33,48XI O”’ 9.0424X10-’ 2,2860X10-’
1.()()00 4.66x5XI O”’ 35.42XI0-’ 10.0482X10-’ 2.5400X 10-’
I I000” 4.6XX8Xl[)-’ .77.35XI0-’ II,0541XI0’”’ 2,7940X IO”’
I,2000 4.7092X10”’” 39.29X[O”’ 12.0574X I0-’ 3.04XOXI0-’
I.7000 4.7269X10 ‘ 40.97XI0-” 13,()(,32XI0-’ 3.3020X 10-2
I.4XO0 4.7879X10 : 4(177xlo”’ 14.S717XI0-’ 3,7592X10”’
20.2220 4.7X79X10 ‘ 40.77XI0 ‘ 203.2000X I()”’ 51.3639X10-’

‘l-he recoil mechanism designer must interact with the system designer to establish preliminary sizes of
various components. Design of an artillery system begins by specifying the projectile payload and r~nge. Then
muzzle velocity for the projectile, tube length, and the charge weight to achieve this velocity are determined.
The charge weight, type of charge, and muzzle brake characteristics (if a muzzle brake is used) determine the
gas pressure in the tube, or equivalently, the breech force-time history is determined. Next, lengths of long and
short recoil strokes are sDecified from various considerations such as ground clearance, crew area, and weauon
stability. The designer ;S now in a position to study trade-offs bet~een the total resisting force KO and-the
weight of recoiling parts by using Eq. 2-35

K(I = #&+ W’,sinO, N
r

where
1 = impulse imparted to the weapon = ~B(/)df, N.s

W, = weight of recoiling parts, N
L = length of recoil stroke, m
0 = angle of elevation, deg
g = acceleration due to gravity, m/s’.

nt
f

(4-140)

Thus a desirable weight of recoiling parts for the system is established. The designer can now use the
moment-area method of par. 2-4 to calculate a better estimate for KOand the time of recoil f~. The force Ko can
be used to determine preliminary sizes of components of the recoil mechanism. The paragraphs that follow

●
consider the design of each component.
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4-4.1 RECOIL PISTON ROD
The recoil piston rod is a tension member and is fabricated from a steel alloy—usually 4130, 4) 35, 4140,

4340, 8630, 8640, or 8740. The chemical compositions of these alloys are given in Table 4-9.

TABLE 4-9
STEEL ALLOY COMPONENT*

Chemical Composition, 7i

AISl~ No. c Mn f~,,,,,, s>,,<,, Si xi ~:, M(1

4130 0.28-0.33 0.40-0.60 0.035 004 0,20- ().35 0.8- [.1 (1.15 ().25
4135 0.35-0.40 0.70-0.90 0.035 0.04 0.20- ().35 0.8 -1.1 ().15 ().25
4140 0.38-0.43 0.75 -1.0 (),035 0.04 0.20- ().35 ().8 -1.1 ().15 ().25
4340 0.38 -0.4.3 0.60-0.80 ().035 0.04 0.20- ().35 [.65 -2.0
8630

(),7 ().9 ().20 ().3()
0.28-0.33 070-0.90 0.035 ().04 0,20-0.35 (),4 -0.7 ().4 ().6 ().15 ().25

8640 0.38-0.43 0.75 -1.0 0.035 ().()4 0.20-035 ().4 -0,7 (),4 ().6 ().15 ().25
8740 0.38-0.43 0.75 -1.0 0.035 ().04 0.20- ().35 ().4 ().7 0.4- ().6 0.20- ().3(1

Where c = C’arh[>n Si = Silicon
M n = M;,ng: mew Ni = Nickel
P = Phosphorou~ Cr = Chromium
S = Sulphur ,Mn = Molyh(knurn

max= max~murn
*t’?ige 6-12 of Rercrcnce 1.
TAmerican lrt)n and StIXl Ins{i[utc

One end of the piston rod is attached to the recoil piston, the other, to the cradle. It may he threaded to the
piston (see Fig. 4-24), or it may bean integral part of the piston. Fig. 4-25 shows two methods nf attach ingthc
rod to the breech ring—Fig. 4-25(A) illustrates the conventional method, and Fig. 4-25(B) illustrates a quickly
detachable method that has a screw adapter. Larger diameter rods are an asset because distorting-prone,
slender rods may soon damage packings to an extent that leakage is inevitable.
The strength of the rod is readily found because it is simply a tension member; however, there are some

abrupt changes in diameter at the threads, which introduce stress concentration. Stress concentrations can be
resolved with factors that are found in available references (Table XVIII, Ref. 7). For example, the mzmimum
stress in the rod of Fig. 4-25(B) is the tensile stress of the root area of the thread increased by the concentration
factor k, i.e.,

(4-141)

where
o, = rod tensile stress, I’J
K. = recoil rod force or rod pull, N
AR = thread rnnt area, mz
d, = diameter nf thread, m
d = diameter of piston rod, m
k = stress concentration factor depending on the ratios r/d, and <~/d, nf Type II of Ref. 2.

dimensionless.

For the preliminary design of the piston rod, K, may be taken as the entire resisting force Ku, and the tensile
stress o, may be taken as a yield slress UJdivided by a safety factor SF. Therefnre, the thread diameter d, is given
from Eq. 4-141 as

●
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nd

Figure 4-24. Piston, Piston Rod, and Packing Assembly

(A

Nut

) Conventional Attachment

Ut

d

(B) Quick Detachable Assembly

Figure 4-25. Rod-Breech Ring Attachments
4-6 I
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(4- 142)

The piston rod can be fabricated by standard machine shop operations; however, it is emphasized that
surface finishes and clearances for moving parts are critical. General finishes for the surface are 3. 175pm ( 125
pin.), but the antifriction faces are finished to 0.406 pm (16 pin.), and sliding surfaces and piston pins are
finished to 0.10 pm (4 pin,), Parts may be forged in accordance with military specification 46172 (MIL-S-
46172). Black oxide should be removed from sliding surfaces before assembling them into the recoil cylinder,
The piston rod is ground, honed (home fixed, rod stated), and draw polished.
Recoil mechanisms that operate with high pressures are potentially too dangerous for any attempt at

maintenance in the field. Akhough inspections and minor adjustments may be performed on site, maintenance
activities must be performed at a depot by trained personnel. A bent piston rod or crushed thread is a positive
indicator of need for repair. Exercising may be accomplished by pulling with a winch or similar apparatus or,
better still, by firing the weapon, if this is necessary.

4-4.2 RECOIL PISTON
The recoil piston is made of steel alloy 4130,4140, or 4340 that has a yield strength of 1.00X 108—5.03X 10*

Pa ( 14.5–73 ksi). Generally, the thickness of the piston is controlled by the space needed for the packing since
this thickness normally is greater than that required for strength. The net piston area and, hence, the diameter
are governed by the maximum fluid pressure. This pressure is limited by the sealing ability of the packing, i.e.,
4.826X I07–5.516X10’ Pa (7.0–8.0 ksi). The effective area A of the recoil piston is given as

,++z
ma.

where
Pm., = maximum fluid pressure, Pa.

The piston diameter is determined from

or T4,4 +d2 ,m(Dr)i = ~

where
d = piston rod diameter, m

(D,), = piston diameter, also inside diameter (D,), of recoil cylinder, m.

(4-143)

1(4- 144)

The finish specifications that follow are presented as an example, they may vary with the specific system.
General surface finishes for the recoil piston are 3.175 Km ( 125 pin.); piston-pin bores and piston crowns are
1,60 ym (63 pin.); piston-rod bushings and antifriction bearing seats are 0.813 pm (32 pin.); antifriction
bearing bores and faces are 0.406 pm ( 16 pin.); and carbon seal mating surfaces are 0.10 pm (4 pin.). Sharp
edges have to be broken by a 7.62 X10-q + 2.54 X10-~-m (0.03 + O.01-in.) R. The piston should show no
evidence of leakage when it is subjected to a pneumatic test of 1.38X107 Pa (2.0 ksi).
Maintenance activities must be performed in a depot area. Disassembly on site is discouraged because the

interior parts become exposed to dirt that may cause leaks by scratching highly polished sealing surfaces.
Scored or worn sliding surfaces are positive indicators of the need for repair. Exercising the mechanism by
moving rods and pistons to reestablish the oil film between packings and sliding surfaces practically eliminates
all corrosion tendencies.

4-62
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4-4.3 PACKINGS
Leather and rubber fillings have been used as packing materials. Silver rings, with a right-angled cross

o
section, were commonly used to confine the comer of the leather packing to prevent it from extruding between
the piston ring and cylinder, Recently, polytetrafluoroethy lene (teflon) has replaced leather, and aluminum
alloys have replaced silver as packing materials. (See Chapter 6 for a detailed discussion of seals.)
Fig. 4-24 depicts a typical packing assembly proportioned after those already in use because previous

experience is an important factor in seal design, Packings prevent leakage past moving parts, such as pistons
and piston rods. The packings are forced firmly against the moving surfaces, both by the pressure of the fluid
itself and by springs. Because of the almost hydrostatic behavior of the packing material, axial pressure is
nearly equal to the radial pressure necessary for sealing. The ratio of the radial pressure to the applied axial
pressure, i.e., “pressure factor”, is a property of the packing material. It is somewhat analogous to Poisson’s
ratio and is usually at least 1.0. To insure positive sealing, the radial pressure must be greater than the
maximum fluid pressure; this is possible because of the force applied by the springs, Sometimes a small
amount of leakage (less than 1.0) is desirable for lubrication; at such times the leakage factor is less than 1.0.
To determine the frictional force of the packing assembly, the axial pressure exerted by the spring is first

determined using the maximum fluid pressure. The procedure follows.
The radial pressure P, exerted by the packing, expressed in terms of fluid pressure, is

PR = KP(P, + Pm,)
(4-1 45)

= VP. OX,Pa

where
~p = pressure factor, dimensionless
u = leakage factor, dimensionless

P“?0. ==maximum fluid pressure, Pa

●
P, = axial pressure in packing produced by spring, Pa.

Solving Eq. 4-145 for P. yields

P, ==() V—KP
—P ~ax, Pa

Kg
(4-1 46)

Since the spring pressure is known, the packing friction can now be determined as a function of the position
of the recoil piston. The total axial pressure f. on the packing equals the spring pressure P. plus the fluid
pressure POon the packing at any recoil piston position, i.e.,

Pa = P. + P,, axial pressure on packing, Pa (4-147)

and

P. = KPPa, radial pressure on packing, Pa (4-148)

A, = ~(Dr)ib contact area on cylinder wall, m2 (4-149)

where
(D,), = inside diameter of cylinder, m

b = width of packing, m
Pe = fluid pressures on packing at any position of the recoil piston, Pa
F6 = A, PR, radial force of packing on cylinder, N
fp = pF@, frictional force of a packing assembly, N

where, p = 0.05 for leather, and p = 0.09 for silver. The force.f? is the general expression for
tbe packing frictional forces—i. e., j; in the recuperator and~. in the recoil brake cylinder.

v = coefficient of friction, dimensionless, 4-63
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If the recoil mechanism is the independent type, the total frictional force of the packings is

f,= fi+J, N.

However, if the recoil mechanism is the dependent type,

(4- 150) ●

(4-151)

where
A = effective area of recoil piston, m’
A. = area of floating piston—gas side, mz

Surface finishes should be approximately 3.175 ~m(125 pin,). Each seal must be packaged as a unit, and it
must be of such a form that the backups are positively actuated into engagement with the dynamic surface by
radially outward pressure of the rubber acting on the inside diameter of the backup. This seal ring must be
capable of withstanding 6.895X107 Pa (10.0 ksi) hydraulic oil pressure for five minutes when it is installed
within the physical envelope specified. Maximum permissible leakage in five minutes must not exceed five
drops. By this pressure test, this seal is visually inspected, and any evidence of fraying, extrusion, or permanent
deformation should be cause for rejection.
Disassembly on site is discouraged because the interior parts become exposed to dirt that may cause leaks by

scratching highly polished and sealed surfaces, Leaks should be detected and, if minor, stopped by tightening
the fitting involved. If leaks persist and require continued refills, defects at the packings or seals are indicated
and call for depot repair, Progressive deterioration has been common in the past due to the corrosive effect of
packings, which is attributed to the residual acid in the leather. However, exercising the mechanism by moving
rods and pistons to reestablish the oil film between packings and sliding surfaces practically eliminates all
corrosion tendencies.

●
4-4.4 RECOIL CYLINDER
In pressure vessels of the recoil mechanism, rigidity and diametral expansion is of more concern than is a

high strength-to-weight ratio, Thick walls minimize the possibility of local damage and prevent excessive
dilation, which makes the seals less effective. Steels of moderate yield strength, such as ductile iron and
wrought iron (AISI 4140, 4340, 8630), are recommended.
The length of the recoil cylinder is specified from the considerations of the long recoil stroke permitted for

the recoil mechanism. The inside diameter of the cylinder is determined by the piston size (par, 4-4.2). Also the
inside diameter of the recoil mechanism determines the volume of fluid displaced during the recoil stroke. This
displaced volume governs the displacement of the floating piston in the recuperator through Eq. 3-44

ARXR = Ax, m3

where
AR = area of recuperator cylinder (same as floating piston area), m’
xR = flO?ting plStOn displacement, m
A = area of recoil cylinder, m’
x = recoil displacement, m.

Eq, 3-44 maybe considered as a trade-off relation between A and A.R.Note also that AR affects the pressure in
the recuperator, through Eq. 3-42. These considerations are discussed when the design of the recuperator is
presented in par. 4-4.5.
As a preliminary design of the recoil cylinder, the inside diameter may be selected as the diameter of the

recoil piston. The outside diameter depends upon the pressure of the fluid, packings and seals, and the yield
stress of the material. From Ref. 8

●
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where

(-Pi, at r = Di/2, Pa
a, =

[
–P,, at r = D0]2, Pa

‘()pD? + D?
atr= ~, Pa

‘ D;– D? ‘ 2

0,=’

,()

_p D: + D? D.
atr= —, Pa

‘ Di–D; ‘ 2

u, = radial stress, Pa
a, = tangential stress, Pa
pi = internal pressure, Pa
P, = external pressure, Pa
D, = cylinder inside diameter, m
D. = cylinder outside diameter, m

DOD-HDBK-778(AR)

(4-1 52)

(4-153)

To detect defects, all pressure vessels should be subjected to hydrostatic proof tests, usually at 1.5 times the
working pressure, i.e.,

PP = 1.5Pm.X, Pa (4-154)

where
PP = proof pressure, Pa

P–ma.— maximum fluid pressure, Pa

The proof pressure, being higher, becomes the basis for design. The maximum shear stress r~.,, according to
the maximum shear stress theory of Tresca and St. Venant (p. 39 of Ref. 9), is given by

a, — 0, UY
r... “ — = —,Pa

2 2
(4-155)

and

Uz — U, = Uy, Pa

where
Oy = yield strength of material, Pa,

A vessel should not be stressed beyond the yield strength at proof pressure. Thus to be slightly conservative,
a safety factor of 1.5 is introduced. Then the previous equation becomes

fJY—,Pa
“-Q’= SF

(4-1 56)

● where
SF= 1.5 = safety factor, dimensionless.
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[t is also known that

0, = —PP, Pa

(1D: + D:
0, = Pp , Pa.

Di – D?
I ●

(4-157)

/

If OYis arbitrarily selected to be twice o,, then

fJY~[ = — , Pa.
2

(4-158)

Substitute in Eq. 4-156 the value of 1.5 for SF, u, from Eq. 4-158, and o, from Eq. 4-157 to give

or

fJY
2

(–p,) = +

PP=~, Pa.

!

(4-1 59)

J

Thus for the selection of u, in Eq. 4-158, the proof pressure Pp should never exceed one-sixth of the yield
strength of the material; conversely, the yield strength should be six times the proof pressure. This establishes a
minimum yield strength, A higher yield strength may be specified if a larger safety factor is desired. On
occasion, it may be desirable to use a material having a higher yield strength than UY= 6PP, To maintain the ●
safety factor of 1.5, the tangential stress U, should be

a, = + cry — PP, Pa. (4- 160)

For example, when a maximum allowable working pressure of 4. 14X 107 Pa (6,0 ksi) is used, by Eq. 4-154

P. = 1.5P~ax = 6.2X107 Pa

and for the condition leading to Eq. 4-159, the minimum yield strength is

6Y = 6PP = 3.72X 108 Pa.

By using Eq. 4-157 the outer diameter Do of the cylinder is

D. = D;
i

0, + Pp
—,m.
0( — Pp

(4-161)

Thus by using the known values of a, and P, and by considering that IX is determined by the diameter of tbe
piston, the minimum outside diameter Dz of thecylindermay redetermined. When o, = 0,/2 and P, = 0,/6,
by using Eq. 4-161,

Do = Di &= 1.41 D~, m. (4- 162) o
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After the outside diameter is known, stresses may be computed by conventional methods for high-pressure
vessels.

● The finish specifications that follow are presented as an example; they may vary with the specific system.
General surface finishes are 3.175 ym (125 pin.). The outside of the cylinder block finish is 1.60 pm (63 pin.),
and the cylinder bore finish is 0.10 pm (4 pin.). To obtain these finishes, the cylinder bore is radially honed and
draw polished. and the black oxide finish is removed at the final honing. The suggested clearance between
sliding members is7.62X10 -’t 1.27X10-5 m(0.0030 +0.0005 in.). The antifriction metal of the ring is fitted on
assembly to assure the proper sliding fit. The cylinder should be subjected to a pressure test consisting of a
hydraulic pressure of 6.2 IX 107–6.89X 107 Pa (9.0– 10.0 ksi), which is maintained for five minutes. After
testing tbe cylinder, there should be no sign of permanent set or deformation.
Became recoil mechanisms with high pressures or large spring forces are too potentially dangerous for any

attempt at disassembly in the field, on-site repair of the recoil cylinder is discouraged. Moreover, the interior
parts become exposed to dirt that may cause leaks fryscratching highly @ished, sealed surfaces. A dented
cytinder is a positive indicator of the need for repair.

4-4.5 RECUPERATOR
By definition, the recuperator is the energy reservoir of the recoil system, i.e., its gas pressure holds the gun

in-battery. During recoil thegas is compressed further to store the additional energy requiI-ed forcounterre-
coil. There are two types of’recupemtors—hy dropneumatic and spring. Both are made of steel alloy.
In a hydropneumatic-type recuperator, the in-battery force is obtained from the gas pressure. The minimum

force required of the recuperator is that which is sufficient to hold the recoiling parts in battery plus the force
necessary to overcome all frictional resistance. In equation form this is

F, =A(WsinO +pWcosO+~,), N (4-163)

where

●
F, =static fnrceol recuperator in battery N
h = in-battery sustaining factor. dimensionless
IJ{= weiuht ofrecoilinSDartS. N
0= ang;eof elevation:deg
A = cOefficierlt Of friction. cfimemionless
.fi = trrt~il frictional resisLrrrce of packing, N.

For preliminary design purposes, the following \’alues may be used:

,fi = 0.3 F,, N
k = 1.3. dimensionless
p = 0.3. dimensionless

l-he area ,4., of the counterrecoil piston, and eventually the size of the recuperator of an independent type of
recoil system, is determined by the in-battery force and the minimum gas pressure POto be

(4- 164)

For a dependent system the piston area was determined by Eq. 4-143. The minimum pressure is also tbe
charging pressure. Consequent ly, the pressure isdcpendent upon thesource of supply, usually high-pressure
bottled gas. Since the source is exhausted when its pressure becomes equal to that of the recuperato~ {he initial
difference inpressures should belarge. Forcfficient useofthe bottled gas at 1.38X107 rrrl.72X10 Pa(2.Oor
2,5 ksi), a recuperator minimum pressure of about 5.52XI0’ Pa (800 psi) is recommended. The maximum
pressure at the end of recoil is seiected to be about twice the in-battery pressure, but it should not exceed a

●
pressare that would induce leakage past the packings. It must, bowever, be adequate to assure prompt
counterrecoil.

4-67

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

Since the minimum and maximum pressures have been established, therecuperator size can be found as
follows:

PI = 2Po, pressure at end of recoil, N
AV= L4,,,changeo fgasvolumed uringrecoil, m3
VI =gasvolume atend of recoil, m3
V, = V, + Ak’, gasvolume in battery, m]
I.= Iengthof recoil stroke, m.

From the equation of polytropic expansion

--( 1P,_von
— , dimensionless

Po v,
(4- 165)

wfiere
n = 1.6 for nitrogen used in recuperator.

Because the quantities Po, PI, and AVareknown, the values of VI and P’,,are now readily determined.
Inaspring-type recuperator the upper and Iowerlimits of thespringforces preestablished similarly to lhose

of thehydropneumatic recuperator. Thein-battery force F, is obtained by Eq.4-163.Then

F2
F,=— ,N

2
(4- I66)

where
~ 2 = force at end of recoil, N
F = in-battery force, N,

With thelength ofrecoil known, theneeded spring constant K,, is calculated as

~c= Fz – F] N/m.
L’

(4-167)

The applied loads and spring constant are known, and the available space is ascertained; therefure, (he
remaining parameters necessary fordesign of thespring (orsprings) are the torsional modulus of rigidity and
allowable torsional stress. These may be obtained from standard references (Ref. 10) by design methods
described in Chapter 6. A spring having a slenderness ratio (free length divided by mean coil diameter) greater
than four may tend to buckle, asdoes a column. Curves that indicate when buckling may be expected arc
available (Ref. 10). Theends of thesprings must berestrained from lateral movement because buckling may
occur at a length s less than shown on the curve, The equations for stress and deflection may be found in
Chapter 6. Because of the interdependence of the variables, several trials maybe necessary before a satisfactory
spring design evolves. Also if a single spring cannot be developed, it is possible that multiple springs will satisfy
the requirements.
inspections and minor adjustments may be performed in the field, but on-site disassembly is discouraged

because the interior parts of the recuperator become exposed to dirt that may cause leaks by scratching highly
polished, sealed surfaces. The oil index of the replenisher should show a sufficient oil reserve at all times, and
the oil should be measured for proper working pressure. Exercising the mechanism by moving rods and
pistons to reestablish theoil film between packings andsliding surfaces practically eliminates all corrosion
tendencies.
Therecuperator cylinder istobeassembled inaccordance with par. 3-4.3 MIL-M-45212, andit shall be

subjected toapressuretestat l.52Xl 07Pa(2.2ksi) for five minutes. After testing, thecylinder shou~dshowno
distortion or leakage. The surface finish of the cylinder bore is 0.10 pm (4 pin.). To obtain these finishes, the ●
4-68

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

cylinder bore isradially honed anddraw polished. Thesuggested clearance of the recuperator is 1.27XIO”4*
2.54X 10-’ m (,0.005 + 0.00 I in.). The finish specifications are presented as examples; they may varY with the

● system. ’rherecuperato rassemblyshordd be cleaned in accordance with MI L-STD-1246.

4-4.6 COUNTERRECOIL BUFFER .

The counterrecoil buffer should be made of steel alloy 4140,4340,8740, R, 30-35, Specification 02-5-624,
and may be hydraulic or pneumatic. The hydraulic type is a form of dashpot and may be either a separate unit,
anexternal, oranintegral part of theinterior of the recoil mechanism. Ineither case thestroke is selected so
that the buffer force will not unduly disturb the stability of the weapon. An external buffer is illustrated in Fig.
4-26. As the counterrecoiling parts contact the piston rod head, hydraulic fluid is forced through a confined
space around thepiston to generate the buffing force; simultaneously, thespring is compressed. During the
next recoil stroke, the spring forces the piston to return to its buffing position; the one-way valve is open to
facilitate this movement. Fig. 4-27 shows an internal buffer consisting of a dashpot and buffer spear. The spear
is fixed to the recoil piston, and, during the first part of the counterrecoil stroke, the dashpot is filled with fluid.
As the spear enters the dashpot, this fluid is forced out through the clearance, and the restriction of flow creates
the force needed for buffing.
Another type ofhydraulic buffer controls thevelocity along the full counterrecoil stroke. ltisnot a true

buffer because it does not absorb the shock of a moving mass; it is merely an orifice that provides a controlled
restriction in the path of the returning fluid, which precludes the counterrecoiling parts from exceeding a
desired maximum velocity. This device provides only minor counterrecoil force and is used only with Puteaux
orsimilar dependent types. ltsmechanics arediscussed inpar.6-3.l.
A pneumatic buffer is known asa respirator (see Fig. 4-28). It consists of an air chamber at the end of either

the recoil or counterrecoil cylinder, depending upon the type of recoil mechanism. As the operating piston is
withdrawn during recoil, the check valve is open and atmospheric air flows freely into the chamber to fill the

CylinderJ ‘Cradle.,,
YoKe Orifice

+-Direction of Counter recoil

Figure 4-26. External Buffer

Recoil Cylinder

w{—’’’’’’”

Piston Rod Recoild Buffer
Piston Spear

Figure 4-27. Internal Buffer
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vacated space. When counterrecoil begins, the one-way check valve closes and traps air in the chamber. A
small, hand-adjustable orifice remains open to permit the air to escape at a controlled rate and thus regulate
the pressure that stops the counterrecoiling parts. A tendency is present for the inner cylinder walls to rust from
exposure to the atmosphere; however, proper lubrication will reduce this tendency. ●

coil

ecoil

Cylinder

Piston

(Restricted FIow)

Figure 4-28. Respirator

The antifriction metal of the bearing, whether on the piston or in the stuffing box, is fitted on assembly to
assure the proper sliding fit. The surface finishes of antifriction-bearing bores and faces are 0.406 pm ( 16 yin.).
Sliding parts in packings are O.20pm(8 pin.), and thecylinder bore is O.10p(4 win.). Thecounlerrecoil buffer
must be free of burrs and sharp edges and subjected to a pressure test in which 3.45X 107Pa (5.0 ksi) oil pressure
is maintained for five minutes. After the test, there should be no distortion or leakage.
Inspections and minor adjustments may be performed on-site. If disassembly of the counterrecoil buffer is

necessary, maintenance activities must be performed at a depot because the interior parts must not be exposed ●
to dirt, which may cause leaks by scratching highly polished surfaces.

4-4.7 FLOATING PISTON
The floating piston separates the liquid from tbegas within the recuperator; it has no piston rod and moves

freely as the gas changes in volume. During recoil, hydraulic fluid forces the piston to compress the gas; during
counterrecoil, the gas pressure forces the piston and fluid to relurn to their original positions. The pislon has
two heads that arejoined integrally by a shank (Fig. 4-29), and each head contains a packing as described in
par. 4-4.2. The void around the shank is packed with grease for lubrication. Insomeapplications an index rod
is attached to the fluid side of the piston to gage the amount of fluid reserve. The floating piston must move
smoothly, so it must be long enough to prevent binding. In practice, the recommended length is usually one
and one-third times the diameter of the recuperator cylinder.
The strength of the flange is determined conservatively by treating a sector cut out by an angle CMas a

cantilever beam acting independently of adjacent sectors (see Fig. 4-30). An expression for the center of gravity
of the pressure area of averysmall circular elemenldescribed by R,. Rj, and CMis then obtained. The pressure
load may be considered as concentrated at Lhe center of gravity. For the remainder of these calculations, the
angle CMneed not be assigned a specific value because, as will be seen, it divides out in the summation of
equations. The total spring load F., is concentrated at R,, midway between R~ and R~. The bending moment M,,
from the pressure load F, is

Af, = F,(RP – R,)

()=P+ (R? – R;)(RP – R,)

= kpdtl, N-m
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Compres
il

Figure 4-29. Floating Piston

Figure 4-30. Piston Flange

whelm R,,, the radius to the center of pressure, is

l+%
Loading Diagram

and

k,, = P(R: – R~)(R,, – R,)/2, N-m

The moment M., due to the spring load F, is

~5 = $ dO(R, – R,)

(4- 169)

= k. d o , N.m (4-1 70)
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where
R, = radius to center of spring load, m

and

k, = E,(R, – R1)/(27r), N.m,

The total bending moment M is

A4 = (kP + k.,)d6 , N-m.

The section modulus z at the shank is

~= +’=L R,dOh2 = k,d~ , m’
6

(4-171)

(4- 172)

where
k, = R~h2/6, m’.

The bending stress u is

M k, + k., , pa,~.—.
z k,

(4-173)

Surface finishes of piston-pin bore and piston top are 1.60 ~m (63 Kin.), the sealing surfaces for hydraulic tube
fittings are O.813 pm(32 pin.), and thepiston outside surfaces are 0.20pm(8pin.). The antifriction metal of the ●
bearing on the piston is fitted on assembly to assure the proper sliding fit. Sharp edges must be broken by a
7.62 X10-4 t 2.54 X10-’ m (0.03 * 0.01 in.) R and show no evidence of leakage through the body when it is
subjected to a pneumatic test of 1.38X 107 Pa (2.0 ksi).
Scored or worn sliding surfaces are positive indicators of need for repair; if disassembly of the ptirt is

necessary, this activity must be performed at a depot. Exercising the mechanism to reestablish the oil film
between packings and sliding surfaces practically eliminates all corrosion tendencies.

4-4.8 REGULATOR
The regulator, Fig. 4-31, is made ofasteel alloy and, when used, is housed in the recuperator cylinder as, for

example, in the Puteaux mechanism of Fig. 3-3. The regrrlator for the M45 recoil mechanism is shown in E“ig.
4-1.
Since the regulator provides the means of adjusting pressures during recoil and counterrecoil, it must

control the flow of hydraulic fluid in either direction. The design is essentially one of cunf’igurati on,i.e.,
reasonable proportions generally insuring adequate strength. The diameter must be large enough tu provide
the flow channels, and the pressures are controlled by restricting the flow with orifices, The orifices should
exercise most of the control; the channels, including open valves, are relatively free of restriction. Trr realize
this control, the channels must be much greater in cross section than the orifice area; a ratio of 5: I is
reasonable. According to par. 3-4.4, when the combined area of all parallel channels Ieading toward an orifice
is at least five times the largest orifice area, the rise in pressure accountable to the channels will not exceed 4qo
of that due to the orifice.
Thesurfaces finished of sliding parts with hydrardicfluid are finished to0.20Pm(8 win.). The static mating

surfaces in the recuperator are finished to 3.75 Prn ( 125 pin.). The sharp ed}es of the index rod and port should
be broken. The suggested clearance between slidlng members is 1.27X 10- i 2.54X 10-’ m (0.005 + 0.00 I in.).
Disassembly on-site is discouraged because tbe interior parts become exposed to dirt that may cause leaks

by scratching highly polished, sealed surfaces. ●
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Figure 4-31. Regulator Showing Oil Flow Paths

4-4.9 RECOIL THROTTLING VALVE
Because the allowable stresses in valves may be lower than in most machinery, they are made of cast iron,

steel castings, or cast bronze.
A spring-loaded throttling valve is used in some dependent-type mechanisms for control of the hydraulic

resistance to flow from the recoil cylinder into the recuperator. Usually, the valve has two springs as shown in
Fig. 4-32. A coil spring is used for light loads, and because of space limitation, a stiffer Belleville spring is used
for heavy loads. The springs may be preloaded if necessary.

x:Valve Stop

Belleville* K

cuperat

Path

or

Oi I
I

Valve \

Recoil
Cylinder

Figure 4-32. Recoil Throttling Valve
4-73

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

At low angles of elevation with long recoil stroke and relatively small force, the resistance of the throttling
valve to opening comes only from the coil spring and recuperator pressure. This permits the valve to open wide
and provides the large orifice needed. When the gun is elevated to intermediate angles, the control arm—
actuated by the elevoting mechanism—moves the upper spindle closer 10 the lower spindle. When the valve is
partially open, the two spindles come into contact and bring into action the higher capacity Bellevillespringto
provide the increased resistance to farther valve (ravel. At maximum elevation, the two spindles are in contact
from the very start of valve travel, and the valve resistance is that of both springs.
The design of the recoil throttling valve is based upon the recoil velocity and required orifice pressure. As a

starting point, the maximum velocity VJof free recoil and the approximate recoil force KO are used (see Eqs.
2-37 and 2-38)

Wpvm+ 1433 w,VI= m/s
w, ‘

where
vJ = maximum velocity of free recoil, m/s
v~ = muzzle veloclty of projectile, m/s
W, = weight of projectile, N
W = weight of propellant charge, N
W = weight of recoiling parts, N
KO = constant portion of total resisting force, N
E, = rn,$/ 2 = kinetic energy of free recoil, J
m, = mass of recoiling parts, kg
6 = angle of elevation, deg
L = length of recoil, m.

Friction is neglected at this time, but the recuperator pressure is an important factor and must be considered.
The orifice area a,, to obtain the necessary increase in recoil cylinder pressure maybe found from Eq. 4-173,

which is rewritten in terms of pressure rise as

where
a,, = area of orifice, mz
v = recoil velocity, mjs
Co = orifice coefficient or coeffic~nt of discharge, dimensionless
~ = IIKMS density of fluid, kg/m
.4 = effective area of recoil piston, m’
F. = P~A = hydraulic force generated by orifice N. N
P,, = pgh = hydraulic pressure heat or pressure rise due to orifice, Pa
h = head of liquid, m.

The peripheral discharge area A,, of the recoil throttling valve is
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The largest orifice is used for a low-elevation angle, and the corresponding valve travel h, is

● kc = A<—,m (4-1 76)
c

where
c = open periphery of the valve head, m

Forgooci control most of the flow restriction must be in the orifice. Therefore, to minimize the effect of the
valve port, its area must be at least five times that of the through flow. Thus

~D~>5,40,m2 (4-f 77)
r

where
D,, = diameter uf valve port. m.

This constitutes a pt-eliminary design procedure.
Tbe antifriction metal of the valve is fitted on assembly to assure the proper sliding fit. On-site disassembly

of the recoil throttling valve is discouraged because the interior parts become exposed to dirt that may become
lodged. To protect against progressive deterior~ition by the corrosive effect of the oil, exercising may be
necessary,

4-4.10 REGLJLATOR VALVE
Theregulator valveis made ofcast iron, steel castings. otc;ist bronze.

o
A regulator valve (Fig. 4-33) issomctimes used intbe Filloux mechanism asacounterrecoil brake. It is

hrruscd in tbc liquid end of the recuperator and regulates the flow, of hydraulic fluid from the recuperator to the
counterrecoil cylinder throughout the counterrecoil stroke. During recoil. fluid under pressure opens the
vaive, which permits reltitively free passage through the ports. As counterrecoil begins, the reversed flow of
hydraulic fluid plus thevalve spring forces eatstlle\ 'alve:t he\)alves pringmustb estiffe n6ughtodot his
promptly. There are now only small orifices in the valve avail;ible for fluid flow; these orifices are designed 10
provide the proper restriction and to maintain specified counterrecoil velocity.
General srrr~acc finishes are 3.175 pm (125 pin.). The inside surface of the valve is 0.813 pm (32 pin.). The

surface, where it is mated with the housing and regulator assembly, should refinished to O.406pm(16 Kin. )so
th~it it pt-ovides a continuous contact around the entire surface. On-site disassembly of the regulator valve is
discuuragcd bcc:iusc the interior ports become cxposcd to dirt that may become lodged. The progressive
damage may be retarded considerably by the use of oil containing ctrrrosion inhibitors. To protecI against
these elfects, exercising may be necessary.

I

2

● 3
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CHAPTER 5

RECOIL MECHANISM DESIGN FOR
SELF-PROPELLED ARTILLERY SYSTEMS

[n ~kis chaprer, [he design o~independent-t-vpe recoi[ mechanisms used in se[f-prope~led arli~[ev systems is
presented. Speclyica[ly, the Filloux tvpe ofwiriable recoil mechunism used in the M109 self-propelled howitzer

is considered as a design example. Detailed operation of the mechanism and its /W,Orecoil cylinders is
described. Presented are derivations for the e.rpressions for oi-tfice and leakage areas and an analysis offluid
jlo w paths; design data for the example and a detailed discussion of [he determination qf discharge coeffi-
cients: compre.ssibilit.v of [he f7uid in the design process in an approximate manner, and final areas of the
control or!fice; practical design considerations in urriving at the final or~fice areas; andfinally, the design of
selected mrnponents of cm independent-t.vpe recoil mechanism.

5-O LIST OF SYMBOLS
A = recoil piston area, m~
= recoil piston effective area, m?

.4,, = counterrecoil piston area, m’
AR = recuperator area, m’
A, = thread root area, ml
A ( = leakage area per cylinder for outer clearance, m’
A, = leakage area through circumference of one port, m2
* = Orifice area, m2

= inner radius, m
Au = change in inner radius, m

a. — equivalent orifice area, m2
aL = orifice areas in rod (long recoil), mz

a,,.~ = total leakage area, m2
a,,a~ I = total leakage area for outer clearance, m2
u,,.~ ~ = total leakage area through circumference of all ports, mz
%S = piston slot or hole area, ~z
aw,r — piston pOrt areas, m?

as = orifice areas in sleeve (short recoil), mz
B(I) = breech force, N

B*(T) = total applied force including weapon weight component, N
b = outer radius, m
C = circumference of port, m
= discharge coefficient for orifice, dimensionless

C. = coefficient of discharge for control rod grooves, dimensionless
CM = coefficient of discharge for leakage areas, dimensionless
C,,, = coefficient of discharge for piston holes, dimensionless
CP,,,, = coefficient of discharge for piston ports, dimensionless
C, = coefficient of discharge for sleeve slots. dimensionless
c; = specific heat at constant pressure, J/kg. K
C. = specific heat at constant volume, J/kg. K
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D, = internal diameter of recoil cylinder, m
D? = diameter of recoil piston head, m
d = piston rod diameter, m
= depth of orifice varying with location, m

d, = inner diameter of piston head, m
dj = diameter of control rod, m
E = modulus of elasticity, Pa

fi(i=l ,2,3) = frictional forces, N
Fo = resistance offered by throttling hydraulic fluid, N
F, = total tensile force carried by rod, N
F, = axial force carried by control rod, N
.f, = frictional resistance (force) of packings, N
g = acceleration due to gravity, m/s2
h = height of liquid (pressure head), m
/ = impulse imparted to recoiling parts due to firing, N.s
[~= total area under breech force curve, N.s

K(t), K(r) = total resistance force, N
K. = resistance offered by elastic medium of recuperator, N
K,= frictional resistance of sliding surfiaces, N
= friction of gun tube slide rail at distance x, N

(KJ), = frictional force of slides at end of recoil stroke, N
(K~)o = frictional force of slides for the in-battery position, N

K: = K, – W,sinO, N

KU = maximum constant resistance, N
K, = initial resistance, N
K> = resistance at end of recoil, N
k = stress concentration factor, dimensionless
k! = constant of proportionality, (kg/ m3)[’2
L = length of recoil, m
L, = length defined in Fig. 5-6, m
t, = length defined in Fig. 5-6, m

A4~(P)= bulk modulus of fluid at pressure P, Pa
m,w = mass of recoil piston rod, kg
rrr, = mass of recoiling parts, kg
N= number of recoil grooves, dimensionless
~ = specific heat constant, dimensionless

P= pressure, Pa
= recoil cylinder oil pressure, Pa

Af’=tota lchangeinpressure, Pa
PL= gaspressure atendof recoil stroke, Pa

Pm., = maximum fluid pressure in recoil cylinder, Pa
P,= recuperator gaspressure atdistancex, Pa
Po= in-battery gas pressure, Pa
PI = maximum gaspressure in recuperator, Pa
~= rate ofchange ofpressure with respect totime, Pa/s
Q = flow rate, m3/s
f? = outer radius of sleeve, m
= mean inner radius of recoil cylinder, m

●
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AR = change in mean radius, m

●
RI, Rz = normal reactions at supports, N

r = radius of control rod, m
= inner radius of sleeve, m

(S,),A,~ = longitudinal stress for thick wall cylinder. Pa
(S,),~,n = longitudinal stress for thin wall cylinder, Pa
(SZ),fi;,~= hoop stress for thick wall cylinder, Pa
(sJ,},,. = hoop stress for thin wall cylinder, Pa

r = thickness, m
I, = time at end of recoil, s
[, = rise time (from K, [o Ku). s

= fall time (from K,I to Kz), s
V = initial fluid volume, m~

AV = change in volume, m3
Vi,, = initial recoil cylinder volume at beginning of recoil stroke, m’
V., = recuperator gas volume at displacement .r. m~
VO= gas volume in recuperator for in-battery (initial) position, m~
V, = gas volume in recuperator at end of recoil, m~
~ = rate of change of fluid volume with respect to time. m3/s
ly = maximum velocity of free recoil, m/s
!Jg— velocity of propellant gases leaving muzzle, m/s
v,,, = muz.de velocity of projectile, m/s
v,, = fluid speed through orifice, m/s

●
W = liquid weight density, N/m]
W’ = weight of propellant charge, N
W,, = weight of projectile, N
1+’,= weight of recoiling parts, N
)+,= width of sleeve slot, m
w = width of groove, m
x = generali7.ed coordinate describing recuil motion, m
.< = velocity of recoiling parts, m/s

I

I if.t>O
sgn(.i) = signum function, i.e.. .t = .i/ I.il = Oif.t=O , dimensionless

–1 if.i<O
i = acceleration of recoiling parts, m/s2
a = angle subtended at center of control rod by width of sleeve slot at outer surface of sleeve,

deg
a({,) = centroid of breech force history, s
~ = an:le subtended at center of control rod by width of sleeve slot at inner surface of sleeve,

8 = percentage of breech force removed, dimensionless
0 = angle of gun tube elevation, deg
A = in-battery sustaining factor, dimensionless
P = coefficient of friction, dimensiodess
u — poisson’s ratio, dimensionless
P= mass density of fluid, kg/m’
o, = tensile stress in recoil piston rod, Pa
@= angle subtended at center of control rod by width of groove at surface, deg

5-3
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5-1 INTRODUCTION
As noted earlier, independent-type recoil mechanisms have been used in modern self-propelled artillery

systems. In addition to being heavier than towed systems, self-propelled howitzers must be designed for the
higher shock loads they incur during cross-country travel. Also recoil and counterrecoil stability during firing ●
is less of a problem; hence self-propelled howitzers do not require minimization of recoil loads—a feature that
facilitates the use of shorter strokes and less complex systems. Further, since space may be at a premium, the
designer is pushed toward the shortest possible recoil length and to consider stability and structural integrity.
All of these properties lead to independent systems that are less complex and have separate recuperator and
recoil brake cylinders. Therefore, the total force can be transmitted to the recoil mechanism through two
separate cylinders. This d:sign form results in some economy in the design of independent systems; accord-
ingly, these systems are used whenever possible.
The design of a recoil mechanism tends to be an iterative procedure, as described in par 3-6.2. Based on

system performance requirements and constraints, the designer selects an approximate weight of the recoiling
parts and the peak retarding force that would be transmitted to the gun-supporting structure (see Chapter 2).
Tube length is selected based on ballistic and cannon performance requirements, and bounds on the recoil
stroke are determined by clearances at high and low firing elevations. Then the preliminary sizes of various
components of the recoil mechanism are selected. Once the preliminary sizes of various components of the
recoil mechanism have been determined, detailed design of the control orifice for the recoil mechanism can
begin by using the procedure described in Chapter 3 for the design of control orifices. If pressures in the recoil
brake cylinder and the recuperator are within practical limits, a trial design for the recoil mechanism has been
achieved. However, if the calculated pressures are not acceptable, the diameter of the recoil brake cylinder
and/ or recuperator is increased and analytical design of contrnl orifices is carried out again. This procedure is
repeated until an acceptable preliminary design of the recoil mechanism is obtained. The system is then
fabricated, and firing tests are conducted to validate the analytical models, Firing test results are used to
establish better values of system parameters such as discharge coefficients and friction force. These parameters
and other firing test data are used in the final design of the recoil mechanism.
For example, control orifice design for an independent-type recoil mechanism for the 155-mm, M lf)9A 1

self-propelled howitzer is presented, Redesign of the control orifice is necessitated by the requirement for
increased projectile weight. For this design example a preliminary design of the control orifice and the recoil o
mechanism is known, namely, the existing system design. The problem now is to redesign the control rod and
its grooves.
Initially a single degree-of-freedom model, shown in Fig. 5-1, was used to represent dynamics of the

recoiling parts. Test results for the control orifice of a previous design were also available, and this known
design was incorporated into the redesign process. Control orifice areas for the existing design were calculated
from the measured dimensions of control grooves and other orifice openings. These areas were used for
determination of the discharge coefficients for each of the openings.
In par. 5-2a description of the recoil mechanism for the 155-mm, M I09A 1self-propelled howitzer is given.

Par. 5-3.1 presents details of the existing design and summarizes design data, and par. 5-3.2 presents equations
needed in the redesign calculations. In par. 5-3.3 the calculation of discharge coefficients, using the test data, is
described. Par. 5-3.4 gives the final dimensions of control orifices, and some practical considerations in the
design of control orifices are discussed in par. 5-3.5.
Procedures for design of selected components of the recnil mechanism are presented in par. 5-4 and include

recoil piston, recoil piston rod, and buffers. Methods for the design of other components of the recoil
mechanism were presented in Chapter 4.

5-2 PERFORMANCE OBJECTIVES AND SYSTEM TRADE-OFF FACTORS
Fig. 5-2 shows a schematic diagram, and Fig. 5-3 shows a front view of the recoil mechanism for the 155-mm,

M I09A 1 self-propelled howitzer, i.e., a Filloux type of independent, hydropneumatic, variable recoil mecha-
nism with two separate recoil cylinders that are diametrically opposed, a separate recuperator, and an external
buffer. Two lengths of recoil are used for different tube elevations. Long recoil, 0.9144 m (36.0 in.), is used from
–3 to 51 deg; short recoil, 0.6096-0.6604 m (24.0 -26.0 in. )1. is used fOr high elevatiOnsi 51 tO 75 deg.
The recoiling parts are composed of the gun tube, breech. muzzle brake, recoil brake rods and pistons. and

tA dual systemof.nits isshownwhen[heoriginaldata w.reexpressed in Englishunifsand converted to metric units. i.e.,‘W>ft’’mctric.
Metric units only are used when the original data weregiven in metric units—invented t. illustrate . . ewmple-i. t.. “hard” metric. ●
5-4
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Wr

B(t)= breech force
A’ =recoil resistance
e = angle of elevation
w~ =weight of recoiling parts
x’(t) =generalized coordinate for recoiling parts

Figure 5-1. Single Degree-of-Freedom Model for Representation of Recoil Motion

Figure 5-2. Schematic of Variable Recoil Assembly of M109A1
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Figure 5-3. Front View of Variable Recoil Assembly

recuperator rod and pistons. The main recbil mechanism is rigidly mounted to the trunn ions and [bus rema[ns
stationary. When the gun is fired, the recoil pistons force oil through the cuntrol grnovcs find leakage arem
The recuperator piston compresses [he gas, recoil ends when recoiling parts c~me to rest. and cuun~errcccjil
begins with the expansion of the gas against the recuperator piston. The cxpand[ng gas frrrces the rccoll brakes
to throttle the oil back through the control grooves and leakage ‘area:. An external buffer reduces ,the
counterrecoil velocity to prevent damage tothesemiautom:itic breech opcn[ng mecbanlsm. Thcnthccomblna-
tinn of buffer and breech’opening mechanism reduccs thevelocityto avaluc Irrwenough to prevent damage to
the shock absorbant pads on the recoil cylinder: a mechanical stop brings the recoiling parts to rest. The
external buffer is only active during the final 0.3302 m (13.f) in. ) of the countcr recoil stroke.
The recuperator cylinder, nf double wall construction, has compressed nitrogen gas with oil-filled seals

around the piston and the rod. l-he recoil cylinders are designed for low-pressure operation, 34.47 ,MPa (5000
psi) proof and 20.68-34.47 M Pa (3000-5000 psi) normal operating limits in short recoil. l-he recoil control is
accomplished by (1) urifices cut in brorwe sleeves that surround the recoil, p}stons and (2) orifices cut in the
bronze control rods inside the hollow recoil piston rods (Fig. 5-4). Tbe onficcs in tbe sleeves arc fol-med by

●
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slot

—

Bronze Sleeves

771Y%iF

Figure 5-4. ” Cross Section of Recoil Cylinder (Orifice Detail)
cutting slots ol’varying widths (l’our per sleeve) through the thickness of the sleeve. These orifices are fixed in
pnsitiun and are alw~iys active. Also these are the nnly orifices [hat are active during short recoil (high elevation
angles). Their area is designated as US.C)t-ifices in the rods are formed by grooves of constant width and varying
depth cut in the rod (four per rod). These orifices match up with the four ports cut through the piston and can
be deactivated by turning the rods 45 deg with respect to the pistons. Their area is designated as a,. The two
reco]l lengths are determined in the following manner:

1. Short recoil is obtained through control provided by eight slots cut in the sleeves (four per sleeve) and
by deactivating the rod orifices,

2. Long recoil is obtained through control provided by 16 orifices (eight sloIs and eight grooves).
The clearance between the contrul rnd and the recoil piston rod, and between the piston and the outer sleeve,

designated a,,,,~1and aM , in Fig. 5-4, respectively, is treated as a separate fixed orifice. This leakage orifice is
treated as if it were parallel with all the other orifices, and, like the short recoil orifices, it is always active.
In the computer programs used for analysis and redesign, the two recoil cylinders are considered to be

identical. AlseI all orifices in the sleeves and all orifices in control rods are considered to be identical,
respectively. Thus all orifice calculations arc for eight slots and eight grooves. The recoil piston areaasd initial
oil volume me for tw,o cylinders.

5-1
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In the design of a new recoil mechanism, various trade-offs, such as those discussed in par. 2-1.3, must be
developed. Based on these trade-offs, preliminary sizes of components of the recoil mechanism are established;
these sizes are then used in the design of control orifices. . ●
5-3 DESIGN OF CONTROL ORIFICES
In this paragraph, the procedure in Chapter 3 for the design of control orifices is illustrated by performing a

detailed redesign of control orifices for the 155-mm, M 109 self-propelled howitzer. Since an existing recoil
mechanism is to be redesigned, the preliminary sizes of all components of the recoil mechanisms are known.
Only the size of the new contrnl orifice is to be determined.

5-3.1 SUMMARY OF DESIGN DATA
Control orifices formed by slots and grooves are shown in Figs. 5-2 and 5-4. Expressions for long and short

orifice areas in terms of their respective dimensions are obtained. Additionally, leakage areas and pistnn port
areas are calculated, and an equivalent orifice area is obtained from an analysis of the fluid flow paths. Data
required for the redesign of control orifices-such as the breech force and weight of the recoiling parts—are
presented. These data are needed for validation of the mathematical model and in redesign calculations.

5-3.1.1 Calculation of Inner Control (Long Recoil) orifice Area aL

In Fig. 5-5(A), let
w] = width of groove = 0.001905 + 2.54X 10-’ m (0.0750 + 0.010 in, )
2r = diameter of contrnl rod = 0.050673 + 5,08 X10-S m ( 1.995 + 0.002 in.)

d = depth of orifice, which varies with location

@ = angle subtended at center of control rod by width of groove at surface, deg
AO=CO=r

sin(v/2) = w,/ (2r)

area ABCF = rz(r) — sin@)/2 where @ is measured in radians

I-w’-l

-Y-0

(5-1)

A

(A) (B)

Figure 5-5. Cross Section of Inner Orifice

5-8
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Therefore,

Area ACDE = w, (FG) = w, {d– r + [rz – (wl/2)2])2}. (5-2)

The area of corners D and E, which is included in the calculation of area ACDE, k not an orifice area and
should be excluded from the orifice area calculations.
The sum of the area of corners D and E is 2(0.00 15875)2( I – 7r/4) = 1.08 166X 10-’ m’. Therefore, the area a,.

of the long recoil grooves on the control rod is given as

a~ = N(Area ACDE + Area ABCF — Area of Corners D and E) (5-3)

where N is the number of recoil grooves on the control rod. By substituting the expressions for the areas ABCF
and AC DE, Eqs. 5-1 and 5-2 and the numerical value of the corners, Eq. 5-3 becomes

aL = ~WI(d – r + J-) + rz(+ – sin~)/2 – 1,08166 X10-7, mz. (5-4)

Solving Eq, 5-4 for given data yields the equations of Table 5-l for the inner control orifice area.
In Table 5-1, c1is the depth of the groove to be used by the designer in the validation phase of the redesign

procedure. These depths are given in the next paragraph. It should be noted that as d approaches zero, the
relations in Table 5- I are not valid because the machined flat surface will be narrower than the cutter corners.
Byconsidering thecrosssection shown in Fig. 5-5(B), an approximate groove area can be found for depths in

a

which the flat surface width approaches cutter width. Again, by Eq. 5-3,

Area ABCF = r2(@ – sin@) /2, m2

where in terms of known parameters ~ = 2COS-]( I — d]/r). Therefore, for small depths

a~ = N[r2f,@ — sin@)/ 2], m2. (5-5)

By graphically displaying Eq. 5-5 and the equation from Table 5-1, the depths in which Eq. 5-5 would be
appli~~blecan redetermined. Thus it is determined that Eq. 5-5 should be used for O<rfSO.001854 m(O.073
in.), and the relation UL= N(O.0191d – 1.2705 X10-S) for d> 0.001854 m (0,073 in.).

TABLE 5-1
EQUATIONS FOR INNER CONTROL ORIFICE AREA

Variables Used

Width WI, Rod Radiusr,
Condition m (in. ) m (in,) $. rad Area Equation, m’
Nominal 0.01905 0.025337 0,7708 a, = N(O.01905d– 1.2705X10-5)

(0.750) (0.9975)

Minimum 0.01905 0.025331 0.7710 a,= IV(O.01905d– L2644X10-5)
(0.750) (0.9965)

●
Maximum 0.01930 0.025337 0.7817

(0.760) (0.9975)
a. = N(0.01930d — 1.3120X10-S)

A= number ofgmoves

5-9
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5-3.1.2 Inner Control Orifice Depth
The depth d(given in Table 5-2) of the inner control orifice (the long groove) is experimentally measured and

used in calculating the area of the long grooves during the validation phase. These values are used in Eq. 5-4 or
Eq. 5-5 to calculate the area of long control rod grooves that are to be used in validation of the mathematical ●
model—which means the calculation of discharge coefficients from test data.

5-3.1.3 Outer Control (Short Recoil) Orifice Area as
Thedepth of theouter orifice inconstant (sleeve thickness =0.006350 m(0.250in. ))while the width varies

with location of the recoil cylinder. Thus the outer orifice area is determined in terms of the orifice width.
In Fig. 5-6, Area ABCDEF is the area for one slot. From the geometry

& = Jr’ – (w/2)’ , m

6, = ~R2 – (w/2)2 , m

sin(a/2) = w/(2r) ; or a = 2Sin-’[w/(2r)]

sin(~/2) = w/(2R) ; or ~ = 2Sin-’[w/(2R)].

Note that by the Pythagorean theorem

sin2(a/2) + cos2(a/2) = 1;

therefore,

cos(a/2) = [1 – sin2(rs/2)]”2 – ~.

Similarly,

cos(/3/ 2) = ~[1 – [w/ (2r)]2.

Now, by applying pertinent trigonometric identities and making substitutions for the sine and cosine of a and
&

sins = 2sin(a/2)cos(a/2) = w/r2 < r2 – (w/2)~ = (wL1/r2)

sin~ = 2sin(~/2)cos(~/2) = w/ R2 ~ R’ – (W/’2)2 = (wh2/ R2)

The result is, by Eq. 5-1,
Area ABCG = R2~/2 – (R2sin@/2

= R2Sin-l[w/(2R)] – wh/2 , m’

Area FEDH = r2a/2 – (r2sina)/2 , m2

= r2Sin-l[w/(2r)] — wL2/2 , m’

I (5-6)

1 (5-7)

and, by inspection,

Area AGCDHF = w(~z – &), mz.

5-1o
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L TABLE 5-2

Station
No.

3

4

5

6

7

8

9

I()

II

12

13

14

15

16

17

lx

●

DEPTH OF CONTROL ROD GROOVES (INNER ORIFICE)

Station
Distance,
m (in. )

-0.00635
(-0.250)

0.0! 420
(0.559)

0.01867
(0.735)

0.02385
(0.939)

0.029693
(1.169)

0.036119
(1.422)

0.043078
( 1.696)

0.050495
( 1,988)

0.05831X
(2.296)

0.066472
(2.617)

0.074930
(2.950)

0.083642
(3.293)

0.092558
(3.644)

0.10168
(4.003)

0.11092
(4.367)

0.2261 I
(8.902)

0.274354
(10.801)

0.417957
(16.455)

Depth
d, m (in.)

0.0
(0.0)

0.0
(0.0)

0.00109
(0.043)

0.002057
(0.081)

0.003023
(o. 119)

0.003785
(0.149)

0.004343
(0.171)

0.00480 I
(0.189)

0.005055
(0. 199)

0.005156
(0.203)

0.005436
(0.214)

0.005613
(0.221)

0.005690
(0.224)

0.005893
(0.232)

0.006045
(0.238)

0.00607 I
(0.239)

0.006 [72
(0.243)

0.006858
(0,270)

Station
No.

19

20

21

22

23

24

25

26

27

28

29

30

3[

32

33

34

35

36

37

Station
Distance,
m (in. )

0.48138
(18.952)

0.517042
(20.356)

0.561899
(22.122)

0.583209
(22.961)

0.603809
(23.772)

0.608838
(23.970)

0.613816
(24.166)

0.62207 I
(24.491)

0.628523
(24.745)

0.770788
(30.346)

0.828396
(32.614)

0.846684
(33.334)

0.854786
(33.653)

0.862228
(33.946)

0.868985
(34.2 [2)

0.87508 I
(34.452)

0.880491
(34.665)

0.885215
(34.851)

0,892556
(35.140)

Depth
d, m (in.)

0.007442
(0.293)

0.007950
(0.313)

0.00894 I
(0.352)

0.009677
(0.381)

0.01054
(0.4 I5)

0.01054
(0.415)

0.01072
(0.422)

0.01146
(0.45 1)

0.01128
(0.444)

0.00673 I
(0.265)

0.00452 I
(0.178)

0.003658
(o. 144)

0.003251
(0.128)

0.002819
(0.111)

0.00241
(0.095)

0.0020 I
(0.079)

0.00152
(0.060)

0.00102
(0.040)

0.0
(0.0)

5-II

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

rw’--i

o
Figure 5-6. Cross Section of Outer Orifice (Sleeve Slots)

Therefore, the short recoil orifice area us is gi~)en as

as = N(Area ABCDEF)

= N(Area ABCG + Area AGCDHF – Area FEDH), mz

Substitution of the expressions for areas from Eqs. 5-6 through 5-8 yields

as = N{Rkin-’[w/(2R)] – r2Sin-’[w/(2r)] + w4~/2 – wL1/2], m~ (5-lo)

where N is the number of slots

(5-9)

5-3.1.4 Outer Control Orifice Width
The width of the outer control orifice in the sleeve (short recoil orifice) w:is experimentally measured and

used in Eq. 5-10 to calculate the orifice area us for short recoil, These values are given in “Table 5-3.
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Stat iOn
N(),

I

2

3

4

5

6

7

x

9

I()

II

It

13

14

15

16

17

18

19

20

21

22

TABLE 5-3

WIDTH OF SLEEVE SLOTS (OUTER ORIFICE)

StatiOn
Distmwc.
m (in. )

-0.006350
(-0.250)
0.0006604
(0.026)
0.003378
(0.133)
0.01057
(0.416)
0.02405
(0.947)
0.043282
( I.704)
0.066523
(2.619)
0.092253
(3.632)
0.11948
(4.704)
0.14653
(5.769)
0.17244
(6.789)
0.1973 I
(7.768)
0.22121
(8.709)
0.24420
(9.614)
0.266294

(10.484)
0.287553

(11.321)
0.308051

([2.128)
0.327762

([2.904)
0.346735

(13.65[)
0.364998

(14.370)
0.382575

(15.062)
0.399440

(15.726)

Depth
w, m (in. )

0.02088
(0,822)
0.02250
(0.886)
0.02324
(0.915)
0.02515
(0.990)
0.028727
(0.131)
0.033833
([.332)
0.039319
( 1.548)
0.042824
(l .686)
0.044679
(1.759)
0.042596
(I .677)
0.040665
(1,601)
0.038837
( 1.529)
0.037135
( 1.462)
0.035535
(I .399)
0.033985
(1.338)
0.032512
(1.280)
0.031115
( 1.225)
0.029743
(1.171)
0.028397
(1.118)
0.027102
(1.067)
0.025832
(1.017)
0.02459
(0.968)

Station
No.

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Station
Distance,
m (in.)

0.415671
(16.365)
0.431241

(16.978)
0.446151

(17.565)
0.460426

(18. [27)
0.47409 I

( 18.665)
0.487121

(19.178)
0.499542

(19.667)
0.511378

(20.133)
0.522580

(20,574)
0.53317[

(20.991)
0.543204

(21.386)
0.552628

(21.757)
0.561442

(22.104)
0.569697

(22.429)
0.577342

(22.730)
0.584403

(23.008)
0.590906

(23.264)
0.596798

(23.496)
0.602132

(23.706)
0.617347

(24.305)
0.618922

(24.367)
1.01600

(40.000)

Depth
u,, m (in.)

0.02337
(0.920)
0.02217
(0.873)
0.02098
(0.826)
0.01981
(0.780)
0.018643
(0.734)
0.01750
(0.689)
0.01636
(0.644)
0.01521
(0.599)
0.01407
(0.554)
0.01295
(0.510)
0.01184
(0.466)
0.01072
(0.422)
0.009601
(0.378)
0.008509
(0.335)
0.007391
(0.291)
0.006274
(0.247)
0.005182
(0.204)
0.004089
(0.161)
0.003175
(0.125)
0.003175
(0.125)
0.0
(0.0)
0.0
(0.0)
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5-3.1.5 Leakage Areas, Piston Areas, and Port Areas
In Fig. 5-7, D, = 0.13970 –5.08X10-’ m(5.500–0.002in.) and Dz = 0.13907– 5.08 X10-S m(5.475– O.002

in.) where D, is the internal diameter of the recoil cylinder and Lh is the diameter of the recoil piston head. o
Then the leakage area A,, per cylinder for outer clearance, is

,41 = 7r(D?– D~)/4, m2. (5-II)

Since therecoil mechanism hastworecoil cylinders, thetotal leakage arcaa/,a~ , foroutcr clearance is

L7kk I = 2A1, m2 (5-12)

or

a,eak , = 2(~/4)(0.13970z — 0.139072) = 2,7587 X10-4 m2.

Now consider the total leakage area a,,a~ z through the circumference of the port. In Fig. 5-8,
d,=0.050800 +5.08X 10”s m (2.000+0.002 in. ) and dz=0.050673 – 5.08X10-’ m (1.995–0.002 in.),
where d, is the inner diameter of the piston head and dl is the diameter of the control rod. ‘I”bcn the
approximate circumference C’of one port is

C = 0.0127m + 2(1.9844 X10-z/ sin600) = 0,085725 m

Therefore, the approximate leakage arc~i A? through (he circumference of one porl is

Az= C(dI – Dz)/2, m2.

For eight poru (four per piston) u,,,,, , = 8A,, or

dk.k z = 8(0.085725)(0.0508 – 0.050673)/2 = 4.3548 X10-’ m’

(5-[3)

●

Recoil cylinder expansion is viewed as possibly influencing the recoil cycle by altering the Ieakagc areo nr
internal cylinder volume. Thus thecylinder expansion shouid recalculated. Since the cylinder is supported
from the rear, the stresses inthemiddle of thecylinder(at thethinncst section) are ii [uncxinn ol’prmsure alone,
These pressures precalculated for two cases. lfthethickness of the cylinder is lcssth~n 10%nfthc inner

mdiusoft hecylin der, thenthin wall cylindc r assumpti onis made and the press ureiscalcul: ited reshown in
Case 1. Ifthethickness is greater than IO!%ofthe inner radius, then the thick wallassumptinn is made and
pl-essure is calculated as shown in C’ase. 2.
Case 1. For a thin wail cylinder. the change AR in the mean radius R is given as

AR = R(,S2 – v,SI)/E, m (5-14)

where

(S,),,ir> = Longitudinal stress for thin wall cylinder ~ PR/(21), Pa (5-15)

(S,)[},,,, = hoop stress for thin wall cylinder ~ PR/ t, Pa (5-16)

R = mean radius, m
L“= modulus of elasticity, Pa
f = thickness, m
u = Poisson’s ratio, dimensionless
P = pressure, Pa,
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Figure 5-7. Cross Section of Sleeve and Outer Portion of Piston

Uf &“2

i

{

Figure 5-8. Cross Section of Rod and Inner Portion of Piston

For the recoil cylinder iii operating conditions (refer to Fig. 5-9), the following data apply:
, = ~irli mum ~aII thick”css
= [(0. 17937 + 7.874X10-4) – (0. 1524 – 1.016X10-’)]/2
= 0.013043 m

t’= 24.132 MPa (3500 psi)
u = ().27
E = 200.000 M Pa (29X 10’ psi)
/7 = ((). 1524 + 0.013043)/2 = 8.2722 Xlo-” m

in. )
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Cylinder (10895646)

I
0.1524 + 1.016x 10-4m 0.179374& ~ 7.874x 10-4m

(6.000 + 0.004 in.) (T062i0.031 in.)
Diameter Diameter

Figure 5-9. Recoil Cylinder Dimensions
Therefore,

AR = 8.2722 X10-’

[(

24. I32X1O’)(8.2722X 10-’)
200,000X 10’ 0.013043

_ (0.27)(24. I32X1O’)(8.2722X 10-’
(2)(0,0 13043) ‘1=5.4758X 10-5 m.

At 34.474 MPa (5000 psi) proof pressure, by Eq. 5-15, the maximum longitudinal stress (S]),hin is

(S,)fh,” = [( 34.474X 1O’)(8.2722X 10-’
(2)(0.013043) ‘1=109.32 MPa

and by Eq. 5-16 the maximum hoop stress (S2),fii,, is

(S~),~i. ~ 2(Si)r~i” = 218.64 MPa.

Case2. Forathick wall cylinder subjected to internal pressure only, the change in inner radius Au is a given
as

where
a = inner radius, m
b = outer radius, m

For the recoil cylinder

~ = 007fj251 m (3.002 in.), b = 0.089319 m (3.5165 in.).

Therefore, by Eq. 5-17, a~ operating conditions

~a = (24. 132X 106)(0.076251

‘[(

,

200,000X 10’
0“089319): + ‘0’076251); + 0.27
(0.0893 19)” – (0.076251) 1

(5-17)

= 6.11289 X10-5 m.

5-16

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

Fat- a thick wall cylinder the equations describing longitudinal stress (SI),hi,~ and hoop stress (s2)fhwk are,
respectively,

()(Sl)fhi.k = P * , Pa

()

,
(,!i’,),hick = P ~ , Pa.

(5-18)

(5-19)

AI 34.474 MPa (5000 psi) proof pressure, the stresses—applying Eqs. 5-18 and 5-1 9—are

(Sl)lki.k = 34.~74
[

(0.07625 I )2
(0.089319)2 – (0,076251)’ 1

= 92.639 MPa

and

(s2),hick = 34,474

[(

0.0893 19)2 + (0.076251)2
(0.0893 19)’ – (0.07625 1)21=219.751 MPa.

Thus the radial expansion is about 6. I 1378 X10-S m(O.002407 in.) at thethinnest section. Since the cylinder
is heavily braced and welded to the supporting structure at several places, actual expansion is much less than
6. I I378X 10-’ m (0.002407 in.) and is considered negligible.
Now, calculate the area of the pistons:
1. For the recoil piston:

outside diameter of piston = O.13907 – 5.08 X10-S m (5.475 – 0.002 in.)
outside diameter of rod = 0.076124 – 5.08X 10-5 m (2.997 – 0.002 in.).

The area A of each recoil piston is then

,4 = ~ (0.139072 – 0.076124’) = 10.638 X10-3 m’.

2. For tbe recuperator:
outside diameter of piston = 0.098425 – 5.08 X10-5 m (3.875 + 0.002 in.)
outside diameter of rod = 0.041224 – 5.08 X10-S m (1.623 – 0.0015 in.)

The mea A.s of the recuperator is then

,4, = ~ (0,0984252 – 0.041224Z) = 6.2738 X10-’ m’.

Each of these areas is nominal.
Two types of piston heads are shown in Fig. 5-10, and one type of piston port is shown in Fig. 5-8. This

mechanism has two pistons, so the piston port area uP,,,,and piston slot or hole area apj.,for both cases can be
easily calculated as follows. (Remember ~hat tbe mechanism has two recoil cylinders. )
From Fig. 5-8,

total upOrl = 8[rr(0.00635)’ + (1 .984375 X10-2 )(o.0127)]

= 3.02954 X10-~ m’,
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0.015875 m

\

(5/8in.) dia, 12 holes

0.007938 m u-300-u

0.1143 m dia.

Figure 5-10. Sketch of Piston Head

From Fig. 5-10,

total api~(slots) = 8
[( )

30— ~ (0, 11432 – 0.082552) + m(0.007938)2
360 1

= 4.85615 X10-3 m2

total api, (holes) = 24
[
+ (0.01587)2 1

= 4.75038 X10-3 m’.

[t is instructive toexamine the significance ofaP,,,, and r+,i.,forlatercalculation. Suppose theorificeareasot
a, and al, Fig. 3-12(B), are combined in series and their ratio is 1:5. Then from Eq. 3-34 with C! = C’?= C,thc
effective area a, of an equivalent orifice is

Thus only 290 error is introduced if the larger orifice is ignored

5-3.1.6 Analysis of Fluid Flow Path
From Fig. 5-1 I it can be seen that the orifice pairs m and a,,,,,,UP,,,,and u~, a{..~ , and u,,,,,,and u,,,,,,and u{,,,~? arc

in series, while the four orifice pair combinations are in parallel. The combination a,wraL is made inactive
during short recoil by rotating the inner control rod 45 deg. The other control orifices are always active.
Leakage is treated separately from the control orifice even though from Fig. 5-4 it can be seen that a.sand

a{,.~ I share common rrpenlngs, as do u~ and UM ~. It was decided to treat leakage m a separate constant to
minimize the parameters to be considered during the design phase. Note that

_ 4.75038 X10-’ =aci,s holes) — 17.084 , dimensionless
ak,k 1 0.27806X 10-’ I
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if ice

\
\
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011 Flow, Inner orifice

\ ‘\\’ \’\’\\~

L/ / /, \ . __—

L

Figure 5-11. Orifice Detail and Oil Flow Paths, M127 Mount

and

3.02973X 10-’ = 69.572@vi= , dimensionless.
4.35483 X10-5 1

W,k 2

These’ ratios are quite largeso that a,,;, and 0W,!7the larger orifices, in expressions for al,.~ 1and ai,.k zcan be

ignored. Accordingly, the four parallel “orlflces cited at the beginning of this subparagraph can be reduced to
the following three parzillel ones:
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In Fig, 5-1 I fluid flowcan be seen to occur around [he head of’the pistun, as well asthtc~ughu,,,., af[ertlowing
through as. Again to minimize par:imelers, this flow was assumed constant and considered to be lumped with
a,,;.,.This assigns orifice coefficients to all the five remaining orifices. From Eqs. 3-30 and 3-34, the effective
area a, of an equivalent orifice is

/

(U.SC.S)’(C7pi.sCpi.s)’ +
a, = ak,,k +

i (2CY~~~ji2,m’, (5-20)
(asCs)2 + (Upi$Cpi$)2

Eq. 5-20 is used during long recoil orifice area calculations. For short recoil orifice area calculations, the last
term on the right-hand side of Eq. 5-20 is eliminated by setting aL = O.

5-3.1.7 Design Data
The breech force data used for validation of the model (for calculation of discharge coefficients) are given in

Table 5-4, page 5-21. These breech force data were obtained using Schlenker’s model (Chapter2) and XM [23
charge parameters (Fort McCoy tests carried out in 197 1.) The muzzle brake factor is 1.45. The design data
that follow will be used in later calculations:

Recuperator area AN = 6.2738 X10~~ m: (9.724 in?)
Recoil piston area ,4 = 2. 1275X 10- m- (32.977 in?) (since there are two pistons)
Counterrecoil piston area A,, = AR
Area of piston ports a,.,, = 3.0295X 10-3 m’ (4.696 in:,)
Area of piston holes up,.,= 4.75030X 10-3 m’ (7.36! in:)
Leakage area UM , = 2.7587X 10-’ m’ (0.42760 in:)
Leakage area al,., 2 = 4.355X 10-s mz (0.0675 in:)
Area of short grooves us = From Eq. 5-9
Area of long grooves u, = From Eq. 5-3
Initial recoil cylinder volume at beginning of recoil stroke V,,, = 2088.53X 10-5 m’ ( i 274.5 in:)
Initial minimum recuperator gas pressure f, = 4.482 MPa (650 psi)
Initial recuperator gas volume V, = 1663.3X 10-5 m] (1015 in:)
Weight of recoiling parts W, = 19394 N (4360 lb)
Acceleration due to gravity g = 9.80542 m/s’ (386.04 in./ s’)
Mass of recoiling parts m, = 1977.91 kg (1 1.294 lb.s-/in.)
Breech force f?(I) = Input Data (Table 5-4)
Bulk modulus ML(P) = input Data (Table 5-5)
Fluid density p = Input Data (Table 5-5)
Effective orifice area a, = From Eq. 5-20
Specific heat constant n = 1.6.

TABLE 5-5
BULK MODULUS AND DENSITY TABLE

Pressure P. Bulk Modulus Density p,
Nn. MPa (psi)* M{,.MPa(psi) kg/rn3 (lbm/in?)

I o 1120.70 ( 162,544) 853.787 (0.030845)
2 6.8948 ( 1000) 1231.204 (178.571) 858.603 (0.03 1019)
3 13.790 (2000) 1325.917 (192,308) 862.755 (0.03 1169)
4 20.684 (3000) 1407.096 (204,082) 866.520 (0.03 1305)
5 27.579 (4000) 1459.206 (2 I I ,640) 870.229 (0.03 1439)
6 34.474 (5000) 1498,858 (217,391) 873.882 (0.03157[)
7 41.369 (6000) 1549.383 (224,719) 877.204 (().03169i)
8 48.263 (7000) [587.604 (230,263) 880.553 (0.03 [8 [2)

*For intermediate pressures, linear interpolation is used.
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Figure 5-12. Breech Force vs Time Plot for M109AI, XM123, MIOI, and Fort McCoy Test

5-3.2 DESIGN EQUATIONS
5-3.2.1 Equation of Motion
In deriving the equation of motion, regard thcgunsupporti ngsystem as rigid, except for the recoil motion,

@Thus thesystemcan be treated as asingle degree-nf-freedom system. In thearmlysisthe Following assumpti(]rls
are made:

1. Constant discharge coefficients
2. Adiabatic gas behavior
3. Constant oil leakage
4. Unidirectional flow
5. Constant packing friction.

Let x be the generalized coordinate that describes the recoil motion, as shown in Fig. 5-13. Then the
equation of motion is

m,> = B([) + m,gsinff — A P — A~Px — ~~ + Kf)sgn(i) (5-21)
where

m, = mass of recoiling parts, kg
i = recoiling parts acceleration, m/s~

/3(1) = breech force versus time function, N
g = ~~~eleration due to gravity, m/s2
A = total recoil piston area, m-
P = recoil cylinder oil pressure, Pa
,4H = recuperator piston area, mz
P, = recuperator gas pressure at distance x, Pa
f, = tOt~l packing and seal friction for both cylinders, N
K, = friction of gun tube slide rail at distance x, N
O = weapon elevation angle. deg

1

Iif.i>()
sgn(.~) = .~/ lit, dimensionless = Oifi=O

‘lifi<O, ●
5-22
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Figure 5-13. Recoil Schematic, M127 Mount

5-3.2.2 Fluid Compressibility and Calculation of Oil Pressure
Test data indicate that fluid compressibility is a factor during the recoil cycle and should be considered in the

design ~rTXeSS. Certain assumptions can he made which will greatly simplify the calculations and still
adequately account fur compressibility.
From Fig. 5- I4 the pressure drop (PI – P?) is a function Of the mass flOWthrOugh Orifice a,. SimilarlY, the

pressure drop (P? – P,) is a function of the mass flow through UZ. If the fluid is compressible, fluid
comervation may not apply —i.e., the mass flow through al may not be the same as the mass flOWthrOugh al.
Thus if compressibility is considered throughout, tbe mass flow) of fluid must be monitored throughout the
system, and the chamber size at the pressure P?must be known as well as the value of P2.
If fluid is assumed compressible only in the chamber at pressure PI, both the size and the pressure of the

chamber at P? are irrelevant and the orifices U, and az may be combined as indicated in par. 3-4.
From the basic fluid mechanics in Chapter 3, assuming incompressible fluid flow In the orifice

P=}7W, Pa (5-22)

where
h = height of liquid (pressure head), m
P = pre~sure in recoil cylinder, Pa
W = weight density of liquid, N/mJ.

Fluid speed v,, through an orifice of area u M

V<J— cm= c J-w””
where

C = discharge coefficient for orifice a, dimensionless
~ = ~iis$ d~”sity of liquid, kg/m’

f////l///////// ///l/l/l/l/l//////////////

& q al P2 02 <

7//////////// /////////////////l/l//n/l/f

Figure 5-14. Flow Through Two Orifices in a Pipe

(5-23)
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and a substitution for h fl-orn Eq. 5-22 has been made. Then the flow rate Q is obtained from

Q= UV”, or Q = rCC~2P/P, m3/s, (5-24)

Define aC = a, (effective orifice area) and set ~ = k, (constant of proportionality); then

Q = k,., A tn’js. (5-25)

If fluid compressibility in the cylinder is considered,

,AP = &fb(p)Av/ V

where
V = initial fluid volume, m3

AP = total charge in pressure, Pa
.AV = change in volume due to fluid compressibility, m’

~b(f’) == bulk modulus of fluid at pressure P.

In derivative form with respect to time, Eq. 5-26 becomes

i’= f!fb(p) i’/v, pa/s,

(5-26)

(5-27)

Here, ~can be interpreted as the difference between the volume displaced per unit time by the recoil piston and
the fluid flow rate. The volume of fluid displaced per unit time by the recoil piston is At, where,4 is the recoil
piston area and .< is the velocity of the recoiling parts. Therefore, by using Eq. 5-24

k= A~ – kla,fi, m3/s. (5-28)

Total volume V displaced as a function of x can be written as

V = V,,, – Ax (5-29)

where
Vi. = reccril cylinder volume at beginning of recoil cycle, m~

By combining Eqs. 5-27 to 5-29, the following is obtained:

P = ~b(P)(A.~ – k,u< J~/(vim – Ax), Pa/s. (5-30)

In summary, to account for fluid compressibility, an expression for P is written as in Eq. 5-30 and then
integrated to yield pressure (.t needed in Eq. 5-30 is obtained by integrating Eq. 5-2 l). Even though all
calculations are carried out for an orifice, the same procedure can be applied for a combination of orifices. In
this case, the equivalent area has to be computed by the method in par. 3-4.

5-3.2.3 Recuperator Force Equation
The assumption of adiabzrtic compression of recuperator gas(5.7355X 10-; m’ (350 in~)compression in 0.12

s) yields

PV” = const (5-31)

where
n = cP/c,:, dimensionless
CP= specific heat al cOnstant pressure, J/ kK
[:, = specific heat at constant ~olume, J/kg. K.
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Then

●
or

P. V( = const = P.yV?

P, = Po( VO/ V.)”, Pa.

Bu1 by Eq. 5-29

Therefore

‘r=po(V:ARX~pa

DOD-HDBK-778(AR)

(5-32)

(5-33)

(5-34)

(5-35)

where
A,+ = area recuperator piston, mz
P, = initial recuperator gas pressure, Pa
V,, = Initial recuperator gas volume, m’
V., = recuperator gas volume at displacement x, m]

The recuperator force K. is given as

Ku = P.,AR, N. (5-36)

5-3.2.4 Frictional Force of Sliding Surfaces

●
To determine the frictional force of sliding surfaces, the procedure outlined in par. 3-5 is used. For this

purpose, consider the free body diagram of the gun tube and its support as shown in Fig. 5-15. The
muzzle-brake effect shown in the figure is factored into B(f). Forces R, and Rz are the normal reactions at the
supports. For calculating the frictional force of sliding surfaces, the reactions RI and R2 must be calculated
first. Then the frictional force Iff of the sliding surfaces is given as

~/= f.c(lR,l + IR21), N (5-37)

wherep is the dimensionless coefficient of friction. For the present system, in which a greased bronze bushing
is moving on steel, K is taken as 0.15.
To determine the normal reactions R, and R1 at any position, these equilibrium equations were used:

R, – R2 – W,COS8 = O (5-38)

W, COSfl(l ,7056 – x) = (RI + R2)0.359308, N.m (5-39)

where x is the recoil distance and fl is the angle of elevation. Solving for R, and Rz simultaneously from Eqs.
5-38 and 5-39 yields

RI = W, COSO(2.064918 – x)/O.718617, N

1
(5-40)

R, = W, COV3(1.346302 – x)/ O.718617, N.

For the present recoil mechanism, xis always Iessthen 1.3463 m(53.O in.) and 0<90deg. Therefore, from Eq.
5-40, the valcrcs RI and R, are always positive. Substitute R, and R, into Eq. 5-37 to obtain the following
expression for the frictional force of sliding surfaces:

Kf = p W,COSO(I.7056 – x)/O.359308, N. (5-41)
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k
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Muzzle Brake

w= 19394.2N
y (4 360 lb)

y

//

Note: Muzzle broke effect is factored into B(t)

Figure 5-15. A Free Body Diagram of Gun for Determination of RI and R,

Substitution ofp = 0.15 and W, = 19,394.2 N into Eq
of x and O:

Kr = (13,809.4 –

5-3.2.5 Frictional Resistance of Packings

5-4[ results in the following expression for K, in terms

8096.5 x)cosO> N. (5-42)

In the present design procedure the frictional resistance of packings is not calculated by using the procedure
described in par. 3-5.3. Instead, the resistance is calculated by using available test results. This procedure
should provide a better estimate of the frictional resistance of packings because hard test data are available.
On several occasions during the 197 I Fort McCoy tests, the weapon failed to return to the battery position at

high angles of fire. Recoiling parts would stop approximately 0.10 m (4 in.) short of the battery position and
would return to the battery position only when the gun was lowered to 20-deg elevation. The recuperator
precharge PO used during the tests was 4.482 M Pa (650 psi), and the recuperator could be assumed to have
reached thermal equilibrium in this position (which implies n = I in Eq. 5-35). These data are used to
determine the frictional force of packings as described in the paragraphs that follow.
A free body diagram of the gun and its supports during counterrecoil is shown in Fig. 5-[6. By use of Eqs.

5-35 and 5-36 and thegivendata(par. 5-3.l.7)—A~ = 6.2738 X10-3 m’, V“ = 1663.3 X10-5 m’, and P,, = 4.482
MPa— the recuperator force K. at O.I m out-of-battery is calculated as

Ka = 6,27386 X10-3X4.482X10’
(

1663,3 X10-’

1
= 29,217 N.

1663.3 X10-5 – O. IX6.2738X10-3

5-26

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

g

Figure 5-16. Free Body Diagram of Gun During Counterrecoil

By considering the force equilibrium along the axis of gun tube (Fig. 5-1 6), the following is obtained:

K,, – KJ –,fp – W,sM = O

I
(5-43)

.fP = K. – KJ– W,sin@, N.

The frictional force ~lc;in be determined from Eq. 5-42 fur .r = 0.1 m and 6’= 20 deg, i.e.,

K/= (13,809.4 – 8096.5X0.1) 0,9397 = 12,216 N.

● The substitution of known v:tlues inte Eq. 5-43 results in a frictional resistance,fp of the packing as

~,= 29,217 – 12,516 – 19,394 (0,342) = 10,368 N.

5-3.3 DETERMINATION OF DISCHARGE COEFFICIENTS
In the previous paragraphs ofthischapter, Steps I to4 of the final design algorithm given in par, 3-6.1 have

been carried out,In this paragraph, Steps 5 to 7 of that algorithm arecompleted, i.e., the discharge coefficients
for the orifices are established. These discharge coefficients are calculated as explained in par. 3-4. In the
discussion that follows general guidelines for adjusting discharge coefficients also are given.
With theorifices designed in Ref. I and theareasgiven in par. 5-3. I.1, a test was conducted at Fort McCoy,

WI, in 1971. Four significant parameters were measured: (1) peak chamber pressure, (2) muzzle velocity, (3)
recoil length, and (4) recoil oil pressure versus time. By using these parameters a plot of breech force versus
time was generated, and the results are listed in Table 5-4.
From conservation principles, the change in momentum of a system is equal 10 the applied impulse. Since

the recoiling parts start at rest and come to rest again at the end of recoil, I = f,

j)’(+h = ~:K(T)dT, N.s (5-44)

where
6’*(T) = total applied force, including weapon weight component, N
K(T) = total resisting force, N.

Based on the assumption that the trunnions are held rigid, there are five forces applied to the recoil
mechanism. The following three of the five forces are known or may be determined to sufficient accuracy;
consequently, they are of no particular interest in a discharge coefficient determination:

●
1. Weight component of the recoiling parts is a constanl and can be determined analytically,
2. Recuperator force, in the case of the M 127 mount, is simply a function of .1-and can be determined

analytically as explained in par. 5-3.2.3.
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3. Friction of guides and packings can be measured directly or estimated on the basis of’similar systems as
explained in pars. 5-3.2.4 and 5-3.2.5.
The remaining forces arethe breech force (including the mcrzz.le brake effect) and the resisting force offered by
throttling hydraulic fluid.
In the case ofrecoilcomputer models, the breech force and the force due trrthe muzzle brake aregenerated

force-time tables, which, when XFlu is calculated, match the momentum of the projectile and propellant
gases. The pressure of fluid in the recoil cylinder isofsignificance since it isafunction of theccrntrnlling orif’ices
that are to be determined.
Evaluation of several rounds from the Fort McCoy test indicated that, after the three “known” forces

described previously were removed, approximately 670 of the total applied impulse could not be accounted for.
This difference is attributable to either an error in one or more of the three forces and an error in the breech
force or to impulse absorbed byseconda.ry recoil of the vehicle. Anerrorof that magnitude can rediscounted
forthoseforcesthat can redetermined analytically orexperimentally and is unlikely inthecase of the breech
force. Thus the discrepancy was most probably the result of vehicle motion.
Before any discharge coefficient determination can take place, the momentum of the system must balance to

satisfy Eq. 5-44. From the derivation of the moment-area method of Chapter 2, it is seen that not only will
momentum be balanced but also the moment of the momentum. Thus any remuval or addition of momentum
must not alter the centroids of either the applied force or the resisting force.
The momentum discrepancy due to vehicle motion can be rectified in twu ways, namely,
1. Since the vehicle motion is a function of resisting force K(I), a fixed percentage could be added to K(I)

without altering its centroids to account for momentum discrepancy.
2. Since there is an orifice that governs K(f), an equivalent approach would be [u remnve a fixed

percentage from B(t). This approach was taken for discharge coefficient determination in the M 127 mount
where the equation (modified Eq. 2-7)

kf,~i = (1 – ~)ll(t) + n-r,.gsin~ – K(t), N (5-45)

was evaluated to determine discharge coefficients (here 8 is the percentage of breech force removed expressed
as a decimal).
The most direct comparison (hat can be made to determine discharge coefficients is a graphical comparison

between test and computed recoil oil pressure versus time curves. The computer programs used for analysis
and redesign of control orifices can be made to employ computer graphics for this purpose.
The actual estimation of discharge coefficients is a matter of engineering judgment. Ideally, a recoil

mechanism should have a single controlling orifice with all other flow paths and restrictions large enough to be
ignored. In an actual case, however, fluid flows through several passages and restrictions, which can be
considered as orifices. In addition, all recoil mechanisms have some clearance between sliding surfaces, which
must be considered as orifices. This “leakage” orifice is effectively parallel with all other orifices.
In the case of a Filloux mechanism, such as the M 127, recoil piston ports usuzdly cannot be made large

enough to be ignored. from piston strength considerations, but as a mat[er of design practice the pistnn purt
entrances are made as gradual as possible, and there is a change in fluid flow direction that tends to restrict
fluid flow, as shown in Fig. 5-11. Often Filloux mechanisms will have rectangular ports in the piston or rod
grooves with sharp corners. There will not be as much flow through orifices like these as one might expect since
fluid flow speed decreases rapidly in the corners.
As a rough rule of thumb, a “leakage” orifice due to clearances has a discharge coefficient in the range of 0.8

to 0.95. This range would apply to most annular orifices (concentric recoil mechanisms) as well since
clearances are generally annular openings. In a Filloux mechanism a piston port usually will have a discharge
coefficient of 0.6 to 0.8, but it may vary significantly. The variance depends upon how abruptly the direclion of
fluid flow changes or upon the presence of protrusions that could alter the fluid flow path. Control groo~,es in a
Filloux mechanism typically display a discharge coefficient of 0.7 to 0.85 if the bottoms of the grooves are
circular arcs. If the groove bottoms are flat, the discharge coefficient usually will be somewhat lower. In all
other cases, a first estimate of the discharge coefficient should be in the range of 0.7 tO 0.85, with the general
rule that the sharper the bend in the flow path or the sharper the edge of the orifice, the lower the discharge
coefficient.
It should be noted that none of these guidelines is rigid. Depending upon how and where orifices are defined

and depending on the type of fluid used, discharge coefficients less than 0.5 or more than 0.95 are entirely
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possible. However, this will not usually be tbecase foraconventionally configured recoil mechanism, and the

●
discharge coefficients determined for any one recoil mechanism can be used with some confidence on any
physically similar mechanism.
The procedure followed in the determination of discharge coefficients for the M 127 mount follows:
1. Select a representative short recoil round and plot oil pressure versus time. (Short recoil must be

matched first since short recoil orifices are always active. )
2. Run the recoil mechanism computer model (validation program) with the same conditions (breech

force, elevation, etc.) and plot oil pressure versus time.
3. Adjust relevant discharge coefficients in the computer model until a reasonable match is made with test

data.
In the process of adjusting tbe relevant discharge coefficients, the following should be noted:
1. Kasing the value of a discharge coefficient has the overall effect of increasing the length of recoil,

decreasing the time of recoil, and shifting the peak oil pressure versus travel curve to the rear of the recoil
stroke. Conversely, lowering a discharge coefficient decreases the length of recoil, increases the time of recoil,
and shifts the peak of the curve toward the front of the recoil stroke.

2. In the case of two orifices in series, the simultaneous adjustment of the two discharge coefficients will
alter the relative effect of the two orifices. As an example, suppose two orifices are in series; one is fixed in size
(e.g., a recoil piston port) and the other is varying (e.g., a control rod groove). Also suppose that the ratio of
areas varies from 10: I to 1:1. From pars. 3-4 and 5-3. 1.5 at the IO:I ratio, the piston port will have little effect
on the effective orifice area. Consequently, changing the discharge coefficient of the piston port will have little
effect on pressures at this point. If, later in tbe recoil stroke, the area ratio reaches I: 1, a change in the piston
port discharge coefficient will have a significant effect on fluid pressure at this point.
Due to approximations made in the recoil mechanism model and errors introduced into test data, there

cannot be a perfect match to a test trace. The question then arises as to what constitutes an acceptable match.
l-his is a matter of engineering judgment and experience, but as a guide(I) recoil lengths (test and predicted)
should agree to within 1’% or better and (2) pressure versus time traces should match at least as well as Figs.

●
5-17 to 5-20. In these figures dotted curves are the test data, and solid curves are computer generated. These
figures are generated by the computer program used in Ref. 1. Various values shown in the figures give the
designer a quick view of tbe data being used.
Often, when test data are available for a number of different charge-projectile combinations, for several

different contI-oiling orifice configurations, or from several different testing sites, acceptable matches to all
cases will yield many different sets of discharge coefficients. If the variation in these values is much Over IOyoOr
if average values for discharge coefficients do not produce acceptable oil pressure curves, there is some serious
error in either the test data or the model.
The discharge coefficients used in subsequent redesign of control orifices are listed in Table 5-6.

TABLE 5-6
FINAL VALUES OF

DISCHARGE COEFFICIENTS

Computer Variable Value
C, (Control Rod Grooves) 0.66
C, (Sleeve Slots) 0.63
Cp,,r,(Piston Ports) 0.95
C,,.,(Piston Holes) 0.50
C,.,,, (Leakage Areas) 0.95

5-29

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

Max M;x
PRESS
22447 84;278.5
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Figure 5-17. Experimental and Computed Oil Pressure Curves for K,, = 374,889.5N

1. Fig. 5-17:
C, = 0.66, C, = 0.63> C.,,,, = 0.95
c,,, = 0.50. cl<,,, = 0.95
Percentage Removed from Breech Force Curve 6 = 6.0%
Initial Gas Pressure in Recuperator = $.482 M Pa (650 psi)
Leakage Area a(,~~= 3.2 16061X 10-” m- (0.49849 in?)
Angle of Elevation O = 70 deg
Test Curve = MI19E5 Charge, standard orifice
Maximum Oil Pressure (PRESS)= 15.477 MPa(2244.7 psi)
Maximum Constant Resisting Force K, = 374,889.5 N (84,278.5 lb)
Recoil Time f, = 0.1320 s
Length of Recoil L (LENGTH) = 0.592404 m (23.323 in.)
Area under Weight Component (WTCOMP) = 2405.6 N.s (540.8 Ib.s)
Area under Breech Force Curve (after 6% is removed) (BREECH) = 25737.4 PJ.s (5786.0 Ib.s)
Area under Recuperator Force (RECSUM) = 4970.89 N.s (1 117. S lb’s)
Area under Total Friction Force (FRCSUM)= 1980.3 N.s(445.21b.s)
Area under Test Oil Pressure Force (TSUM) = 21,450.6 N.s (4822.3 lb.s)
Area under Computed Oil Pressure Force (RSU M) = 21,226.5 N.s (477 1.9 Ib.s).
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Max Max

●
PRESS KO
1300.3 57747,9

RECOIL ~1,~~ LENGTH BREECH WTCOMP RSUM RECSUM FRCSUM TSUM
34,260 5662.9 0.0 3581.4 1468.9 617.6 3420.0

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0,14 0
Time, s

Figure S-IS. Experimental and Computed Oil Pressure Curves for K[=256,875.5N

~. Fi& 5-18:
I>:itaother [har][lle i’c)llowitlgarethesame:isin Fig. 5-[7:
C,= O.61, Recoil Time{, =O.1510s
I’est Cur\,e = Ml19L,standard orifice
l..engthol Recoil L(LENGTH) =0.87020m (34.26 itl. )
Angle ot’elevation O = O
Maximum Oii Pressure (PRESS) = 8.96525 Ml)a (1300.3 psi)
Maximum Const,int Resisling Force A’, = 256,875.5 N (57,747.9 lb)
Area under Weight Component (WTCOMP) = 0.0 N.s (0.0 lb.s)
Area under Breech Force Curve (BREECH) = 25,011.9 N.s (5622.9 Ib.s)
Area under Recuperator Force (R ECSUM) = 26,534.0 N.s (1468.9 Ib.s)
Area under Total Friction Force (FRCSUM) = 2747.2 N.s (617.6 Ib.s)
Area under Test Oil Pressure Force (TSUM)= 15,212 .9 N.s(3420.Olb.s)
Area under Computed Oil Pressure Force (RSUM)= 15,930 .9 N.s(3581.41b.s).
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Max Max
PRESS K
2177.6 88,627.8
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35.996 6932,8 0.0 4871.5 1451.9 588.9 5022.5
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Figure 5-19. Experimental and Computed Oil Pressure Curves for ~,, = 367,546.8N

3. Fig, 5-19:
Data other than the following are the same as in Fig. 5-17:
CL= 0,63, C, = 0.58, CP,,= 0,60
Angle of Elevation 6 = O
Test Curve = M123LMOD
Recoil Time t, = 0.1440 s
Length of Recoil L (LENGTH) = 0.914298 m (35.996 in.)
Maximum Oil Pressure (PRESS) = 15,0140 MPa (2177.6 psi)
Maximum Constant Resisting Force K, = 367,546.8 N (82,627.8 lb)
Area under Weight Component (WTCOMP) = 0.0 N.s (0.0 Ib.s)
Area under Breech Force Curve (BREECH) = 30,838.6 N.s (6932,8 Ib.s)
Area under Recuperator Force (RECSUM) = 6458.37 N.s (1451.9 lb.s)
Area under Total Friction Force (FRCSUM) = 2619.6 N.s (588.9 Ib.s)
Area under Test Oil Pressure Force (TSUM) = 22,341.2 N.s (5022.5 Ib.s)
Area under Computed Oil Pressure Force (RSUM) = 21,699.5 N.s (487 1.5 Ib.s)

●
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Figure 5-20. Experimental and Computed Oil Pressure Curves for K,=555,lO7.86N

4. Fifg. 5-20:
Data other than the following are the same as in Fig. 5-17:
C{. = 0.62, C, = 0.60, Cp,, = 0.60
Angle of Elevation d = 60 deg
Test Curve= M123HMDI
Recoil Time [, = 0.1265 s
Length of Recoil L(LENGTH) =O.659409m(25.9fil in.)
Maximum Oil Pressure (PRESS) =23.9358 MPa(3471.6 psi)
Maximum Constant Resisting Force K,, = 555,107.86 N ( 124,793.2 lb)
Area under Breech Force Curve (BREECH) = 30,838.6 N.s (6932.8 Ib.s)
Area under Weight Component (WTCOMP) =2124.5 Ns(477.61b.s)
Areti under Recuperator Force (RECSUM) = 4970.89 N.s (1 117.5 lb.s)
At-eaundcr Total Friction Force (FRCSUM)= 1994.58 N.s(448.41b.s)
Area under Test Oil Pressure Force (TSUM) = 27,470.0 N.s (6175.5 lbs)
Area under Computed Oil Pressu,-e Force (RSUM) = 25,965.2 N.s (5837.2 Ib.s)
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5-3.4 CONTROL ORIFICE AREAS
In previous paragraphs Steps I through 6 of the design algorithm of par. 3-6.2 have been completed. A final

design of the control orifices for tbe M I09A 1, 155-mm, self-propelled howitzer can now be obtained. This ●
paragraph describes the final design of control orifices by using the algorithm of par. 3-6.2. Step I of that
algorithm involves obtaining tbe breech force history, which is generated using Schlenker’s model (Chapter 2)
for the XM203Z8 charge parameters and is given in Table 5-7. The total impulse of this breech force was
34,923.9 N.s (7851.2 Ib.s), with the centroid a(~,) at 0.004030 s. As mentioned earlier, 6% of tbe breech force
was uniformly neglected, and a breech force impulse value of 32,828.3 N.s (7380. I Ib. s) was used in design.
In Step 2 of the algorithm of par. 3-6.2, the designer must specify the design data that have been given in par.

5-3.1.7. The desirable recoil lengths are specified as short recoil length 0.6096 m (24.0 in. ) and the long recoil
length O.9144 m(36.O in.). In Step4 of the algorithmic isnecessaryto assume a shape of the total resistance to
recoil and perform the moment-area calculations; this is done in the next paragraph.

5-3.4.1 Moment-Area Calculations
Common practice has been to assume the total resistance K(f) to be trapezoidal, as shown in Fig. 5-21, with

an initial force K, at the beginning of recoil and a finite rise time to Ko, Tbe constant force is sustained through
the rest of the cycle until near the end of stroke, where the force falls to the final value of Kz. It is assumed that
the rise time and tbe fall time of K(I) are equal. A rise time equal to the projectile in-bore time is almost always
attainable, but a rise time substantially less than the projectile in-bore time (less than half) is difficult to achieve
due to the constraints of machinability. There is a chance for error for the following reason—breech forces are
very large (4.5X 106 N or more) and are applied very quickly (peak force occurs in about 10 ms)—this is why
recoil mechanisms are needed. Hydraulic recoil mechanisms provide a resisting force proportional to the
square of recoil velocity for a given orifice. Since maximum recoil velocity occurs when K(I) = B([) at about 12
to 25 ms, recoil velocity is increasing very rapidly during the initial moments of recoil. Because the recoiling
parts move so short a distance (O.1m) during the projectile in-bore period, an error in orifice location has more
effect at the beginning of recoil than later in the cycle.
Rise time may be chosen from a maximum of about projectile ejection time to a minimum of abrru( 2/3 of

that value. In practice, fall time for K(I) cannot be controlled because of leakage and/or other factors. ●

1
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Before calculating the numerical values of K,,and /,, general expressions for these quantities must be derived
using the moment-area method and the force diagram shown in Fig. 2-10. Since the weight component W,sinO
of the force is constant, one way to use the moment-area method would be first to subtract its value from the
total resistance of recoil and then to apply the method. Accordingly, define

K; = K,] – W’,sinO, N (5-46)

K?= K) – W,sh8, N (5-47)

K: = K, – W,sinO, N (5-48)

where the asterisk-associated parameters indicate that the term W,sinfl has been subtracted from the govern-
ing equations. By the moment-area method, tbe total area 18 under the breech force curve (impulse of the
breecb force) must be equal to the area under the reduced resisting force. Therefore,

f: = K:(L – 1,) + ~,(K; + K;)/2, N%. (5-49)

Also by tbe moment-area method m,L must be equal to the net moment of areas under all forces about I,.
Therefore,

(5-50)

where a([,) is tbe distance (time) of the centroid of /} from the line t,
Eq. 5-50 can be simplified to

[

,
m,L = [~ [t, – a(t,)] – 1+(hf,)+$( KZK~)+KT * , N#. (5-51)

Substitution of K~(t, – t) from Eq. 5-49 into Eq. 5-51 and simplification yield the following expression fcrrt,:

~= 4[mrL+I; a(fr)+/? (K: –K: )/6] ,~
r

2[; + [,(K: – K! )

Also from Eq. 5-49. the following is obtained:

K: =
I&t,(K; + K; )/2 ,N

1, — 1,

(5-52)

(5-53)

Eqs. 5-52 and 5-53 then determine I, and F%, respectively; Eqs. 5-52 and 5-53 can also be expressed in terms of
KI and IL. Eqs. 5-46 to 5-48 yield

I&Jk T=KZ–Kl,N (5-54)

K?+ K= (K, + Kz) – 2W,sin0, N

I 5-36

(5-55)

●

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

●
KO = I@ + W,sinO, N,

Substitution of these relations into Eq, 5-52 results in

(5-56)

~r= 4[?nrL + E a(lr) + ti(K2 – K,)/6]
>s.

2fi + t,(K2 – K,)
(5-57)

From Eqs. 5-53, 5-55, and 5-56, the following is obtained after simplification:

& = I;+ W,t,sh8 – (K, + Kz)t, /2
, N. (5-58)

1, — f,

Eqs. 5-57 and 5-58 are the general expressions for the determination of L and K,, respectively.
Before moment-area calculations may be performed, compute the values of K, and K~. The forces K, and K*

are the resistances to recoil for the in-battery and the end-of-recoil positions, respectively. Use the general
expressions for K (Eq. 2-41 with FO= O) to obtain

K/ = ARf% +~? + (&)o> N (5-59)

Kz = ARPL +f p + (Kf)L, N (5-60)

where
,4~ = recuperator area, m’

●
PO= in-battery gas pressure, Pa
P, = gas pressure at the end of recoil stroke, Pa

(Kj), = frictional force of’ slides for in-battery position, N
(&), = frictional force of slides at end of recoil stroke, N
/“= frictional force of packings, taken as a constant, N

The data to be used in the moment-area calculation may now be summarized as follows:
A = 2.1271 X10-2 m’ (32.971 in!)
A, = 6.2737X 10-3 m’ (9.7244 in?)
PO= 4.482 MPa (650 psi)
.fP = 10,399 N (2337.8 lb)
W, = 19,394 N (4360 lb)
m, = 164.83 kg (135.52 ”slugs = 11.29 lb.s2/in.)
K,= ( 13,809.4 – 8096.5x)cos0, N where x = recoil length

‘X=po(vJJnln=’6
V, = initial gas volume, 1663,3X 10-’ m’ (1015 in?)
1:= 32,828.3 N.s (7380.1 Ib.s)

a(lr) = 0.00403 s
t, = 0.01 s.

For a variable recoil mechanism the design of each orifice should be performed at the maximum angle of
elevation for each recoil length configuration in order to consider maximum impulse resulting from the
weapon weight component. For short and long recoil, the angles of elevation are taken as 75 and 45 deg,
respectively. The moment-area calculations must be performed for both short and long recoil lengths,
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For short recoil
L = 0.660 m (26.0 in.)
O = 75 deg

PL = 7.08712 MPa (1027.9 psi)
(K,). = 13,809 .4cos75° = 3574.13 N
(K,)L = [13,809.4 – 8096.5(0.6604)] COS75” = 2190.2 N

W,sin75° = 18,733.4 N
K, = 42,089.8 h’ (from Eq. 5-59)
K, = 57,055.44 N (from Eq. 5-60).

Therefore, from Eqs. 5-57 and 5-58, t, = 0.08745 s and K,, = 438,616 N’.The maximum oil pressure P-,,, is

approximately calculated as (Ko – K,)//t = 18.64 Mpa.
For long recoil

L = 0.9144 m (36.0 in. )
@= 45 deg

PL = 8.817 MPa(1278.87 psi)
(K,), = 9765 N
(KJ),, = 4529.6 N

W,sin45° = 13,714 N
K, = 48,280 N
K, = 70>248 N.

From Eqs. 5-57 and 5-58, {, = O. I 1787 s and K,, = 313,823 N’.The maximum oil pressure P,,,,,.,is approxi-
mately calculated as (K,, – K)/#t = 12.484 MPa These values of K,,—for both long and short recoil--are
used in the calculation of orifice areas m described in par. 5-3.4.2.

5-3.4.2 Calculation of Control Orifice Areas
Thus farthefirst four steps of the algorithm of par. 3-6.2 have been completed. Amdysisto implement Steps

5 to 7 of the algorithm has already been carried out, i.e., design equations have been established in par. 5-3.2: ●
and the analysis of fluid flow paths has been carried out in par. 5-3.1.6. The designer may numerically integrate
theequationof motion, i.e., m,; = i?(f) – K(f) + W,sinO, todemrminethe vclocityofthc recoiling parts. “l-he
effective area a, of an equivalent orifice area is calculated from

dwa,=[,tA-(Vin — X,4) A4;’ AF] (1 — ,4,//4/?) — , m?
2gA.P

(5-61)

which is used to calculate a,sfrom Eq. 5-20. For the long recoil mode of operation, all calculations are repeated,
and a, is calculated as before. Again, Eq. 5-20 is used to calculate u~.

5-3.5 PRACTICAL DESIGN CONSIDERATIONS
5-3.5.1 General
In this paragraph some practical design considerations—such as fluid flow analysis, machinability of

orifices, and piston lip placements—are discussed. In the design ofa new recoil mechanism or modification of
anexisting system, there aresevcral points that should reconsidered with respect to recoil cylinder fluid flow.
namely,

1. Ideally, there sbould beasimplecontrol lingorificeforthe mechanism. l-his means thal allpassagcs and
restrictions in the fluid flow path should be roughly 5 to 10 limes the area of tbe largest controlling orifice (a
series path is assumed). The reason for this limitation is rela[ivelysimplc; if an orifice is ignorable, noeflort is
required to account for it and no significant error can be introduced tbrougb the use of an erroneous discharge
coefficient. In any case, only one orifice should be \7m’ying at any given moment.

2. Any changes in fluid flow direction should be as gradual as possible. if a fluid passage has sharp bends
without a definable orifice, there is no basis for an estimate of the flow characteristics in the usual terms of a
recoil mechanism analysis.

3. Orifice cross sections, varying m well as fixed, should be circula; if possible. At worst, the corners of ●
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piston ports and the bottom of orifice grooves should be smoothed since fluid velocity will be lower in the

●
corners of an angular cross-sec[ ional orifice. To accoun{ for the decreased velocity, a discharge coefficient that
is not representative of the orifice m a whole must be used.
In actual practice the ideal K(r)of Fig. 5-21 is unattainable f’oranumber of reasons. Three primary reasons

are ( 1) leakage, (2) inability to machine the orifice as designed, and (3) tolerance buildup—all displace the
orifice along the direction of recoil travel.
Manufacturing tolerances introduce some minimum orifice area as leakage around piston/ rod interfaces.

Thus whenever the required a, falls below the leakage mea, K(i) is unattainable. Leakage area has its
maximum effect near the end of travel. At this point recoil velocity is small and since, for a given design fluid
pressure, the controlling orifice area is proportional to recoil velocity, the controlling orifice near the end of
recoil travel approaches the value of the Ie;ikage area. The consequence of a large leakage area is excessive
recuil length for a given peak resisting force; this means that if a recoil length constraint must be met, a peak
resisting force higher than originally anticipated must be applied. Although this condition is undesirable, it is
usually tolerable. In the case of the M 127 mount, [hecombi nation of excessive leakage and, toa Iesser extent,
machinability consideratiorts resulted in :ifinaldesign recoil fnrce that was 15%higherthanthat predicted by
the moment-area method. This was an extreme case, but differences of this magnitude between ideal and
practical cases can occur in Fillcrux mechanisms that do not have seals around the outer circumference of the
recoil piston.
A related. hut more severe. problem is variation in leakage area introduced by manufacturing tolerancesin

component p:irts. This problem is most se~)ere in Filloux mechanisms since the majority of Ieakage area occurs
aruund the circumference of the recoil pis~un where seals are not necessary. Typical drawing dimensions will
have “plus” tnlcrances on inside dimensions (recoil cylinder) and “minus” tolerances on outside dimensions
(recoil piston). Therefore, minimum clearance is the most probable case. In any instance, the manufacturing
tendency is tnward the conditinn nf m>wimum metal, i.e., minimum machining that leads to minimum
clcararrce. If this is taken as a design case. then maximum leakage will allow the mechanism to ovcrrecoil and
produce a peak nn the rear of {he oil pressure cur\e. The opposite approach of designing to the maximum
Ieakage case will produced peak at the beginning of the oil pressure curve. However, this approach will yield an

● op[imum pressure-time curve only for the Ie:ist likely Ieakage condition. Because all other approaches are less
than ideal, the only solutions tu this problcm areeither to reduce the variation in Ieakage due to tolerances or
to eliminate Iedkagc entirely.
In thecmc ofgruoves machined in a rod, whenever thecurvature of the groove isgreater than the curvature

of the cutter used, the desired orifice cannot be machined, as shown in Fig. 5-22. In the case of slots cut in a
sleeve, whenever the required width is less than the diameter of the cutter, the orifice cannot be machined, as
shown in Fig. 5-23.
Dependent on tolerance buildup, orifices can be installed either forward ur rearward of their designed

starting positions. l-he effect of this is minimal, unless either (1) there is a rapid change of orifice area at the
beginning of recuil travel. as shown in Fig. 5-24(A), ur (2) the orifice is designed to start in a closed position, as
shown in Fig. 5-24(B). Either of these cases can produce a severe pressure peak if the controlling orifice is
displ~ced frnm the design position. To counteract this, the usual design procedure is to begin with open orifices
and tu keep the rate of change of the orifice area as small as possible.

Cutter Cutter

%

+

● Figure 5-22. Machinability Constraint on Figure 5-23. Machinability Constraint on
Control Rod Grooves Sleeve Slots
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/////////////////////// //////////

Recoil Piston
{

\\\\\\\\\\\\\\\\—
Control Rod

))) )’>>)))>Y)
(A) Rapid Change of Orifice Area at Start

(B) Gradual Change of Orifice Area at Start

Figure 5-24. Starting Positions of Orifices

5-3.5.2 Piston Lip Placement
The recoil piston has edges (lips) that define both inner and outer orifices that are not sharp-edged, i.e., have

finite thickness. Consequently, the location of the controlling orifice (front or rear edge of lip) depends on
whether the orifice dimension is increasing or decreasing at that point. For an increasing orifice dimension, the
front edge of the lip controls the location of the orifice, as shown in Fig. 5-25, whereas for a decreasing orifice
dimension, the rear edge of the lip controls the location of the orifice, as shown in Fig. 5-26.
Piston lip dimensions as well as starting location of the piston in the recoil cylinder are given as fnllows.

Dependent on whether the orifice in question is increasing or decreasing in area, either the front or the rear
edge of the piston lip will define the orifice. The minimum, the maximum, and the nominal dimensions of
piston lips are shown in Fig. 5-27. The rear edge of each lip is designated as station number zero. Details of lip
placement are shown in Fig. 5-28. Calculations of distances A and B of Fig. 5-28 are given in Table 5-8. These
distances are specifically for the piston described by Drawing Number 10895621.

5-3.5.3 M127 Mount, Outer (Short Recoil) Orifice Design Approach
At the outset it was decided to begin with the outer orifice initially open and with straight sides until the peak

force was reached. A rise time of 0.0 I s was chosen, and peak values from the moment-area calculation were
taken as a target. The recoil model computer program was run for the first 15 ms of recoil travel by allowing the
outer orifice width to vary linearly from 0.0127 m (0.50 in.) at the beginning of travel to 0.102 m (4.0 in.) at
0.152 m (6.0 in.) travel. The resulting K(t) had the general shape given in Fig. 5-29.

- Controlling Edge ~ Controlling Edge

%-

Orifice _

Lip
>-

Orifice _
Direction
of Recoil

L Lip

Fimrre 5-25. Front Edge of Piston Lip Figure 5-26. Rear Edge of Piston

Direction
of Recoil

Lip
fietermining Orifice L-ocation Determining Control Orifice Location
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-H-- 3.17500 x 10-3 m (0,12500 in.) (minimum)

5.55625 x 10-3 m (0.21875 in. )(maximum)
4.76250 x 10-3 m (0.18750 in. ) (nominal)

~ * 1,5875x 10-3 m (0.0625 in,) (minimum)
3.1750 x 10-3m (0,1250 in.) (maximum)
3,1750 x 10-3m (0.1250 in.) (nominal)

Figure 5-27. Dimensions of Piston Lips

r—— 1.1938i7.62. 10”4. (47,0 f0.03in.)—l

+— 1.01798:6.35, 10-41P———~------

1-

—0.08255t3 .81x10-4m
[40.078 ~0.025 in.)

4
A : 2s

(3.251 0.015in.)
0.03175:1.27. 10-4rr

02~ 0.0051.

.4 0.009525 i3.81x 10-4m(0,375 t0,015in.~

%~
0,047625 H27x10-4m
(1.875? 0.005in.l ~ ~

0.0889 t 3.81r 10”4m
(3,5 f0.015, n.]—

0,035t 0.762.10-4” J~– I
(1.378 t 0.003 in.)—–q --

,,,I
0.009525 t !.27x10-%n+—,
(0.375 : 0.005inJ

10668? 3.81. 10-4m(42.0 ?0.015in.l_~t- L-
1

-1.0922 ! 3.81x 10-4m (43. O? O.015in,lJI

L++ 4--0.009525 !3,81 X10”4m[0.375~ 0.015ir

Figure 5-28. Initial Location of Piston Lips

TABLE 5-8
CALCULATIONS FOR INITIAL LIP PLACEMENT

(Recoil Piston No. 10895621)
(A) Outer Orifice (short)

Nominal, m (in,)

0.03 I750 ( 1,250)
1.01798 ( 40.078)
0.088900 ( 3.500)
0.009525 ( 0.375)
-0.009525 ( –0.375)
– I.06680 ~–42.000j

,Minim”m, m (in. ) klaxitnum, m (in.)
0.031623 ( 1.245) 0.031877 ( 1.255)
1,01735 ( 40.053) 1.01798 ( 40.078)
0.0885 19( 3.485) 0.08928 I ( 3.515)
0.009144 ( 0.360) 0.009906 ( 0.390)
–0.009906 ( –0.390) –0.009144 ( –0.360)
–1.06718 (–42,015) – 1.06642 (–41 .985)

(cent’d 0. next page)
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TABLE 5-8 (cent’d)
(B) Inner Orifice (long)

Nominal. m (in.1

0.047625 ( 1.875)
0.031750 ( 1.250)
1.0[798 ( 40.078)
0.088900 ( 3.500)
0.009525 ( 0.375)

–0.009525 ( –0.375)
– 1.09220 ( –43.000)
–0.035001 ( –1.378)
0.009525 ( 0.375)

Minimum, m (in.)

0.047498 ( 1.870)
0.031623 ( J.245)
1.0173s ( 40.053
0.08859 ( 3.485)
0.009144 ( 0.360)

–0.009906 ( –0.390)
–1 .09258 ( –43.015)
–0.035077 ( – [,38 [)
0.009144 ( 0.360)

t

Maximum

0.047752 (
0.031877 [
1.01798 (
0.089281 (
0.009906 (

–0.009144 (
–1.09182 (
–0.034925 (
0.009906 (

, m (in.)

1.880)

1.255)
40.078)
3515)
0.390)

–0.360)
–42.985)
– I.375)
0.390)

Figure 5-29. K(t) Curve at Start of Short Recoil

The two dimensions stated were adjusted to produce a t, of 0.01 s and KOof 438,616 N (98,605 lb) to match
the moment-area calculations. The initial portion of this curve was then input to an orifice design computer
program that generated the rest of the orifice dimensions. At this point K(t) had the shape given in Fig. 5-30,
and the resulting orifice has the shape given in Fig. 5-31.
The end of the ideal orifice (Fig. 5-31) goes smoothly to zero width, which is clearly not machinable since the

minimum width milled slot is 0.003175 m (O.125 in.). If the slot is simply terminated at w = 0.003175 m (O.125
in.), as shown in Fig. 5-32(A), then K(t) has the spike shown in Fig. 5-32(B) because the orifice closes
prematurely. A remedy for this situation is to continue a 0.003 175-m (O.125-in.) slot for some distance before
terminating it, as shown in Fig. 5-33(A). This produces the curve for K([) that is shown in Fig. 5-33(B).
Although this is not an ideal design, it is machinable. The entire orifice configuration then becomes as shown in
Fig. 5-34,
Because of leakage (constraint of starting with an open orifice) and the compromise machining of the end of

the slot, the orifice configuration causes the mechanism to overrecoil—i.e., exceed design recoil length limits,
in this case 0.6604 m (26.0 in.). It is then necessary to repeat the entire process and assume a larger K“. The
iterative procedure continues until a complete orifice configuration is established, which is within the 0.6604 m
(26.0 in.) recoil limit. It is necessary to complete the outer orifice configuration before designing the inner
orifice since in the M 127 mount, as in most variable recoil mechanisms, the short recoil orifices are always
active, which means that the long recoil orifice is the sum of the short and long orifice areas. The final
dimensions of the outer (short recoil) orifice are given in l-able 5-9. ●
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Figure 5-30. K(t) Curve for Short Recoil Figure 5-31. Final Design of Short Recoil
Orifice

3 i+ 0.003175m
~~> (0.125 in.)

-
(A)

Figure 5-32. Shape of Short Recoil Orifice

K-p]

-/

(B)

at Far End and Resulting K(t) Curve

(A) (B)

Figure 5-33. Final Shape of Short Recoil Orifice at Far End and Resulting K(t) Curve

Figure 5-34. Final Shape of Short Recoil Orifice
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TABLE 5-9
FINAL WIDTH OF SLEEVE SLOTS (OUTER ORIFICE)

Station Station

Station Distance, Width w, Station Distance, Width w’,
No. m (in.) m (in. ) No. m (in.) m (in.)

I –0.0063500 (–0.2500) 0.016510 (0.6500) II 0.2651760 (10.4400)
2

0,0367513 ( 1.4469)
0.074808 ( 2.9452) 0.0498500 ( 1.9626) 12 0.5174310 (20.3713)

3
0.013444 (0.5293)

0.092192 ( 3.6296) 0.0545008 (2.1457) 13 0.5513248 (21.7057)
4

0.0095834 (0.3773)
0.101082 ( 3.9796) 0.0558495 (2.1988) 14 0.5766562 (22.7030)

5
0.0061976 (0.2440)

0.110073 ( 4.3336) 0.0558851 (2.2002) 15 0.5951220 (23.4300) 0.0031750 (O.1250)
6 0.132570 ( 5.2193) 0.0526237 (2.0718) 16 0.6045200 (23.8000)
7

0.0031750 (O.1250)
0.149789 ( 5.8972) 0.0507314 (1.9973) [7 0.6061075 (23.8625) 0.0

8
(0.0)

0.174722 ( 6.8788) 0.0467360 (1.8400) 18 0.7464171 (29.3865) 0.0
9

(0.0)
0.198656 ( 7.8211) 0.0441274 (1.7373) 19 0.8734171 (34.3865) 0.0

10
(0.0)

0.214099 ( 8.4291) 0.0420726 ( 1.6564) 20 1.000417 (39,3865) 0.0 (0.0)

5-3.5.4 M127 Mount Inner (Long Recoil) Orifice Design
Inner orifice design is conducted at 45 deg elevation, which is the crossover point for the variable recoil

mechanism. Since KOis lower for long recoil (longer recoil travel) and since the outer orifice is always open, it
was decided to start with the long groove closed until the value KOwas reached and then to proceed with the
inner orifice design.
As with the outer orifice, leakage and machinability problems necessitate that the design stay within the

maximum recoil Iengthconstraint (0.9144 m(36. Oin. )forlongrecoil). When a suitable K(I) isestablished, the
resulting orifice must be inspected. For a K(f) shown in Fig. 5-35(A), a portion of the orifice has the shape
indicated in Fig. 5-35(B). This shape compensates for the compromise at the rear end of the short orifice.
However, the resulting contour cannot be machined. The “corners’’can be rounded in the groove as shown in
Fig. 5-36(A), and this results in the K(I) curve shown in Fig. 5-36(B).

K(f)

P

— —
7

—
7

L

~/ ‘/

(A) (B)
Figure 5-35. K(t) Curve and Corresponding Outer Orifice Shape

/(-’{/1

+ — ~-y *,—
.....

.. ,.
(i)

(B)

Figure 5-36. Effect on K(t) of Smoothing Control Rod Groove Depth ●
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This approach was taken in the initial redesign of Ref. 1 and in all subsequent work. This final depth of the

●
control rod grooves (long recoil orifice) is given in Table 5-10.

TABLE 5-10
FINAL DEPTH OF CONTROL R

Station
Station Distance, Depth d,
No. m (in. ) m (in,)

1 –0.003 175 (–O. 125) 0.0 (0.0)
2 0.018077 ( 0.71 17) 0.0 (0.0)
3 0.0350164 ( 1.3786) 0.0039091 (O.1539)
4 0.0464109 ( 1.8272) 0.0052095 (0.2051)
5 0.3595751 ( 14.1565) 0.0053797 (0.21 18)
6 0.4478909 ( 17.6335) 0.0060350 (0.2376)
7 0.5267960 ( 20.7400) 0.0068428 (0.2694)
8 0.5679262 ( 22.3593) 0.0076556 (0.3014)
9 0.5922137 ( 23.3155) 0.0084049 (0.3309)
10 0.6062675 ( 23.8688) 0.0091948 (0.3620)

ID GROOVES (INNER ORIFICE)

Station

Station Distance, Depth d,

No. m (in.) m (in.)

II 0.6231128 (24.5320) 0.0088544 (0.3486)
12 0,7081368 (27.8794) 0.0065583 (0.2582)
13 0,7545680 (29.7074) 0.0050927 (0.2005)
14 0.7928686 (31,2153) 0.0036551 (O.1439)
15 0.8192491 (32.2539) 0.002436 (0.0959)
16 0.8335391 (32.8165) 0.001557 (0.0613)
17 0.8411286 (33. 1153) 0.0009423 (0,0371)
18 0.8451901 (33.2752) 0.0004496 (0.0177)
19 0.8476894 (33.3736) 0.0 (0.0)
20 1.486139 (58.5094) 0.0 (0.0)

5-4 DESIGN OF SELECTED COMPONENTS OF THE RECOIL MECHANISM
Design of the components of dependent-type recoil mechanisms and components that are common to both

types of recoil mechanisms are presented in Chapter 4. Here, however, the design of these components peculiar
to the independent-type of recoil mechanism is presented. Some such components are the recoil piston, the

●
recoil piston rod, and the recuperator cylinder. Performance requirement inputs and trade-off relations
discussed in Chapter 2 are applied in developing the logical basis for the preliminary design.

5-4.1 PRELIMINARY DESIGN
There are certain parameters of the recoil mechanism that are estimated on the basis of historical data and

some simplified calculations; one such parameter is the weight W, of the recoiling parts. Fig. 2-3 shows a plot of
recoiling parts weight W, and the impulse [ that is imparted to the recoiling parts due to firing. This plot is
obtained on the basis of the available historical data for similar types of weapons and current design practice
(Chapter 2). The impulse f is estimated from the change of momentum of the projectile and the propelling
charge

I = ( Wpvm + W.vg)/g, N’s (5-62)

where
W’P= weight of projectile, N
vm= muzzle velocity of projectile, m/s
W, = weight of propellant charge, N
vg = velocity of propellant gases leaving muzzle, m/s
g = acceleration due to gravity, m/s2.

Normally, an assumption of 1432.6 m/s (4700 ft/s) for the velocity of propellant gases is made. This value
( 1432.6 m/s) is empirical and is based on firing tests. Eq. 5-62 is approximate but is sufficiently accurate for its
intended application. By knowing 1 and using a plot similar to that shown in Fig. 2-3, the weight of the
recoiling parts W, is chosen. once W, is known, the maximum velocity vJ of free recoil is evaluated from the
relation

~,=4- m]s.
w, ‘

(5-63)
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Free recoil defines the condition at which no resistance is offered to the recoiling motion. The concept of free
recoil is useful in estimating the recoil force and is employed later in this paragraph.
Before attempting the design of recoiling parts, it is necessary to select recoil lengths for the maximum and

minimum elevations of the gun tube. This selection is based on general and performance requisites of the recoil
system, Fig. 2-4 shows the relation between recoil force and recoil length.
A long recoil stroke is usually desirable to minimize recoil forces; however, the length of the stroke may be

limited by turret configuration, especially at high angles of elevation. At low angles of elevation, where
stability is critical, clearance is available for a longer stroke. This suggests the use of a variable recoil
mechanism. The recoil length also is influenced by a high rate of fire, The recoil cycle must be completed
quickly to be ready for the next round. It may be necessary to shorten the stroke and to design the structure to
withstand the higher forces that result. A rapid counterrecoil stroke requires a large energy storage in the
recuperator, but even more critical is the large buffer force. A rather severe requirement is the limitation on
recoil length imposed by crew space constraints in armored self-propelled artillery systems. The allotted crew
space and safety requirements dictate recoil length in such systems. Consideration of such pros and cons for a
given weapon leads to the choice of recoil length—short or long.
Preliminary design of recoil mechanism components involves an estimation of the actions carried by tbe

components such as recoil piston rod, recoil piston, and recuperator cylinder. Action, as used here, is a generic
term representing axial force, shear force, bending or twisting moments, pressures, etc. This paragraph
presents a technique for estimating such actions carried by various components of the independent-type recoil
mechanism for the 155-mm, M 109 self-propelled system.
Total resistance K to recoil is usually assumed to be constant. This assumption helps mini miTe the peak oil

pressure obtained in the recoil cylinder. The total resistance is comprised of several resistances—such as sliding
and packing frictions, recuperator force, and throttling force—and is written as

K= Ko+Fo+&+K,, N (5-64)
where

K. = resistance offered by elastic medium of recuperator, N
F,, = resistance offered by throttling hydraulic fluid, N
~, = frictional resistance of packings, N
KJ = frictional resistance of sliding surfaces, N.

Fig. 2-7 gives a graphic description of this equation. For preliminary design the frictional resistances,f~ and
Kf are neglected, which results in slightly higher values for F,, and Ka. Refer to Figs. 5-2 and 5-3; it is clear that
F“ comprises the resistances offered by throttling hydraulic fluid in two recoil cylinders. Since the geometry of
botb of these recoil cylinders and pistons is the same, an assumption of the same resistance offered by tbe
throttling fluid in two cylinders is justified. Eq. 5-64 is, therefore, rewritten in a convenient form as

‘o + ~, N,K= K.+—
2 2

(5-65)

The minimum force K. required of the recuperator is that which is sufficient to hold the recoiling parts in
battery plus the force necessary to overcome all frictional resistance. In equation form

K. = A( W,sintl + p W’,cosf3 +fp), N (5-66)

where
A = in-battery susuiining factor, dimensionless
W, = weight of recoiling parts, N
0 = angle of elevation, deg
P — coefficient of friction, dimenslo”ks
-/, = frictional resistance of packings, N.

The present design practice assigns the following values:

~,= 0.30Ka> N; A = 1.3, dimensionless; and p = 0.3, dimensionless.
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The value of 0.3K. forj~ is used as a preliminary estimate. This value of packing friction may also be used in
Eq. 5-64. After the sizes of the recoil cylinder and the recuperator have been established, a more correct value
for the packing friction can be obtained. Eq. 5-66 gives the value of FL. Once K is known, F,,/2 can be
determined from Eq. 5-65. The total resistance K to recoil motion is estimated on the basis of an energy
equation. The kinetic energy of free recoil after the round is fired is dissipated through the recoil stroke of
length L in overcoming the net resistance of (K’ – W’,sin8). Hence

or

m, v;— == (K – W’,sinO)L, J
2

I

I (5-67)

K. mrvj
~ + fV,sinO, N I

It is now possible to evaluate the resistanw F, offered by the throttling fluid from Eq. 5-65,

F<,= K – Ka, N. (5-68)

5-4.2 DESIGN OF CONTROI/ ROD
Contrnl rods are generally made of leaded manganese, silicon bronze (Hard CA 673, SAE-J463), copper

aluminum alloy (Alloy No. 630, temper-annealed, SPEC QQ-C-465 or ASTM B150), copper-alloy casting
(Alloy No. 953, Heat-Treated Type 11or 111,SPEC QQ-C-390 or ASTM B502), or copper-alloy casting (Alloy
No. 955, Continuous Casting Type 111,SPEC QQ-C-390 or ASTM B0505).
The control rod is an axial force member. and the force carried by the rod can be compressive or tensile; this

depends upon how the control rod is attached to the ends of the cylinder. A possible free body diagram for the
contrnl rod is shown in Fig. 5-37. F, is tbe axial force carried by the rod. Although this axial force is small,
practical design considerations preclude the use of a very thin control rod. The diameter of tbe control rod is
governed primarily by the size of thegroo\es on the rod, which form control orifices for the recoil mechanism.
The control rod can be fabricated by standard machine shop operations. Tbe surface finish for the rod is

3. [75 pm (125 pin.), surface finish for tbe grooves is 0.813 #m (32 #in.), and the rod must be free of burrs.

12
Direction of Recoil Motion

/“’’’’’’’’’y’’’’’’’’’’’””

/“-’ Recoil Piston Rod
Piston Ro d_

F,, F2, and F3 are frictional forces.

Figure 5-37. Free Body Diagrams of Control Rod and Recoil Piston Rod
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Orifice passages, or grooves, must be equally spaced to within O deg 30 min and generally are cut with a
spherical end cutter. However, other cutters also maybe used. The outer corners of grooves must be sharp. The
radius of the inner corners of the grooves is 1,588X10-3 m (1/ 16 in.).
Although inspection and minor adjustments may be performed in the battery area, maintenance must be

performed in a depot; otherwise, highly polished surfaces are likely to be damaged. A bent control rod or worn
spline, found during the inspection, is an indicator for repair or replacement.

5-4.3 DESIGN OF RECOIL PISTON ROD
The recoil piston rod is a tension member and is made of Steel Alloy 4130,4135,4140,4340, 8630, or 8740,

One end is attached to the recoil piston and the other tn the breech ring. It is a hollow, circular member that
moves over the control rod—it may be threaded to the piston, or it may be an integral part of the piston. The
total tensile force F, carried by the rod is

F. NF,=rrrpR; +F, +F, +3 F,+T> (5-69)

as shown in Fig. 5-37 where
rn~~ = mass of recoil piston rod, kg
j = ~cceleratio” of recoil rOd, m/ sz

F,, Fz, and F3 = frictional forces between oil and rod, N
FO/2 = force exerted by throttling fluid on piston, N (The factor of I/2 is used because there are

two recoil cylinders in the M 109,)

In preliminary design inertial and frictional forces maybe neglected. It should be noted that a tensile force of
FO/2 in the recoil piston rod is a reasonably good estimate since FO/2 from Eq. 5-68 is an overestimate of the
actual throttling force and this nearly compensates for the neglect of frictional and inertial forces—namely, F],
F,, F,, and mpR~. The rod, however, has no uniform cross section. There are some abrupt changes in diameter,
especially at the threads, which introduce stress concentration, These can be taken into account with a suitable
stress concentration factor k. The maximum tensile stress u, in the rod is therefore given by

u, = kF~/(2A,), Pa (5-70)
where

A, = thread root area, m2
k = stress concentration factor, dimensionless

F./ 2 = recoil rod force for one rod, N.

Eq. 5-70 can be used to compute A, and the size of the piston rod.
The piston rod can be fabricated by standard machine shop operations. However, it should be emphasized

that surface finishes and clearances for moving parts are critical. General finishes for the surfaces are 3.175 pm
( 125 yin.), the antifriction faces are finished to 0.406 #m (16 pin.), and sliding surfaces and piston pins are
finished to 0.10 pm (4 pin.). Parts may be forged in accordance with MI L-S-46 172, and black oxide should be
removed from sliding surfaces before assembling them into the recoil cylinder. The piston rod is ground, honed
(hone fixed, rod rotated), and draw polished.

5-4.4 DESIGN OF RECOIL PISTON
The recoil piston is made of Steel Alloy 4130,4140, or4340, or it may be made of nodular iron. The thickness

of the piston usually is controlled by the space needed for the packing, which is greater than normally would be
required for strength. The net piston area, and hence the outer diameter, is governed by the maximum fluid
pressure. This pressure is limited by the ability of the packing to seal. Because of the better packing materials,
higher pressures of 48,263—55, 158 kPa (7000—8000 psi) are now permissible in recoil cylinders. The effective
area A of the recoil piston is given as

A = Fa/ (2Pma.,),m2 (5-71)

where
P~”, = maximum fluid pressure, Pa.

I

●

●
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The piston diameter D, is determined from

A = -f- (~; – #), ~2

“=[%1”22“

1

I (5-72)

where
D, = piston diameter, also internal diameter of recoil cylinder, m
c1= piston rod diameter, m,

Many times, the actual recoil piston has complex geometry and complex piston ports; therefore, calcula-
tions for stresses in such a recoil piston are quite complex, Generally, finite element techniques should be used
to calculate stresses in these pistons. The piston for the M 158 gun mount, used in the 8-in., M 110 self-propelled
howitzer, is an example of a complex geometry piston. This piston failed in many weapons because of cracking
of the material. The piston was analyzed by use of finite element techniques to study the problem of material
failure (Ref. 2). The general-purpose computer program NASTRAN was used to compute stresses. The finite
element technique is a natural approach for computing stresses in complex structural elements. These
techniques also may be used to analyze stresses in other components of the recoil mechanism.
The recoil piston is fabricated using standard machine shop operation, and it is usually forged or machined.

However, sometimes it is made of nodular iron casting. General surface finishes for the recoil piston are 3.175
pm (125 yin.). The piston pin bores and piston crown are finished to 1.60 pm (63 pin.). Carbnn steel sliding
surfidces are finished to O.80 pm (32pin.). Sharp edges have to be broken by(7.62t 2.54) X10-4 mradius(O.03
* 0.01 in. radius).

5-4.5 DESIGN OF RECUPERATOR

● The recuperator is made of a steel alloy and is the energy reservoir of the recoil system. Its gas pressure holds
the gun in-battery. During recoil, the gas is compressed to store the energy required for counterrecoil. There
are, then, both maximum and minimum operating pressures to be considered.
The area ,4,, of the counterrecoil piston and eventually the size of the recuperator of an independent-type

recoil mechanism are determined by the recuperator force K“ of Eq. 5-66 and the minimum gas pressure PII,
i.e.,

Ac, = Ka/ Po, m2, (5-73)

The minimum pressure is also the charging pressure. Consequently, it is dependent upon the source of supply,
usually high-pressure bottled gas. Since the source is exhausted when its pressure becomes equal to that of the
recuperator, the initial difference in pressures should be large. For efficient use of bottled gas at 13,789 or
17,237 kPa (2000 or 2500 psi), a recuperator minimum pressure of 5516 kPa (800 psi) is recommended. The
maximum pressure at the end of recoil is selected at about twice the in-battery pressure but not to exceed a
pressure that would induce leakage past the packings. The pressure must, however, be adequate to assume
prompt counterrecoil. Since the maximum and minimum pressures have been established, the recuperator size
can be determined frnm

P, = 2Po. pressure at the end of recoil, Pa
A v = I.AC,, change of gas volume during reCrril, m’
V, = gas volume in recuperator at end of recoil, m3
VO= V, + A V, gas volume, in-battery, m’
,4Cr= counterrecoil piston area, mz

and the equation of polytropic expansion

P,/ P“ = ( V“/ V,)n, dimensionless (5-74)
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where
~ = ~P/cv,~a~ constant = 1.6 for nitrogen, dimensionless
cp = specific heat at constant pressure, J/ kg. K
c, = specific heat at constant volume, J/ kg. K.

The quantities Po, P,, A V are known, so the values of V, and VOare readily determined.

The recuperator cylinder should be assembled in accordance with par. 3-4.3 of SPEC MI L-M-45212. It
should be subjected toa pressure test at 15, [68 kPa(2200psi)for5 min. After testing, the cylinder should show
no distortion or leakage. The surface finish of the cylinder bore is O.10 pm (4 pin.). To obtain this finish, the
cylinder is radially honed and draw polished. Suggested clearance for the recuperator piston head in the
cylinder is ( 1.27+0.254)X 10-’ m (0.005+0.00 I in.). The recuperator assembly should be cleaned in accordance
with M IL-STD-I 246.
Inspection and minor adjustments may be performed at the battery, but disassembly is discouraged because

the interior parts become exposed to dirt that may cause leaks by scratching highly polished and sealed
surfaces. The oil index or replenisher should show an oil reserve at all times, and the oil should be measured for
proper working pressure. Exercising the mechanism by moving rods and pistons to reestablish the oil film
between packings and sliding surfaces practically eliminates all corrosion tendencies.

‘5-4.6 DESIGN OF RECOIL CYLINDER
Design of a recoil cylinder for an independent recoil mechanism is similar to the recoil cylinder design for a

dependent-type recoil mechanism. In the dependent-type recoil mechanism, displacement of the recoil piston
forces the fluid to flow from the recoil cylinder to the recuperator where it is throttled. However, in the
independent-type recoil the fluid flows from one side of the recoil cylinder to the other side of the cylinder
during the recoil stroke. The inner diameter of the recoil cylinder is usually determined by the size of the
piston, However, practical consideration of fabrication of the control rod that houses the control orifice may
also influence the size of the recoil cylinder as may be seen from Eq. 3-13. A larger cylinder area A gives a larger
orifice area for the same throttling force and vice versa. Therefore, based on practical considerations for
fabrication of the control rod minimum and maximum orifice areas, the designer can select the pruper siTe for
the recoil cylinder. o
Thickness of the cylinder walls is determined from strength considerations as explained in par. 4-4.

REFERENCES
1. J. W. Frantz, Design of New Control Or ficesfor the MI09EI, lS5-rrrm Self Propelled HOwi(zer, US Army
Weapons Command, Rock Island Arsenal, Rock Island, IL, March 1971.

2, J, 0, Nazario, NASTRAN Struclura[ Analysis of the M158 Gun Mount Recoil Piston, Technical Note
R-TN-75-032, Rodman Laboratory, Rock Island Arsenal, Rock Island, IL, December 1975.
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CHAPTER 6

TANK RECOIL SYSTEMS
Methods jirr [he design of the control or{fice and basic con!pont’nts of tank recoil mechanisms are, in

principle, [he some us [hose. fir the design qf the artillery re<oi[ mechanisms discussed in Chapters 4 and 5.
tfo ~i,ever,in tank recoil mechanisms u verj short recuil length is required because of limited space in the
turre!. Hence a ver! short c!cle lime uc<urs, and recoil Ioad.s are quite large. Fur {hese reasons, the design
OJ lunk rccoii nzechanisms requires atten[ion 10 unique considerations Thr meihod used in (he design of
an <fjirctive tank recai[ me<hunism in ~,ulves numerous interdependent phenomena consisting of interior
ballistics: vehicle geometry and (Iynamics: hudruu[ic equations ofjlow; and, in some cases, temperature, oil
c(~rtlpre.~.ribi[it.t and vuriabilit> uf discharge we~ficie}l ts through the rrcuil <ont ro I ori~ice. With the use of
mudern cumputers, these design prahlenl.s mu>, he solved with u higher [eve/ of ~o?fidenre than ever
befi)re.

[n this chap(er the desi~n qf ,w{oi[ mechanism components peculiar to tattk recoil mechanisms is dis-
cussed. Part ic[i[ar at ten [ion is ~iven to rhe design qf” the bg$+r, replenisher, counferrecoil drive spring,
beari,zgs, seals, .Yleeve and pis(on, an(l .jbllo}ter, Se~,eral e.rample.r are presented to illustrate praclical
cor7,sic/f,ruri on, s.”

6-O LIST OF SYMBOLS
~ = area of cylinder, m’
= projected area normal to bearing force P, m’

,4,, = area uf the buffer orifice, m:
,4,,, = prujected bearing area, m~
A,, = effective area of piston facing high-pressure Chamber, m?
,4,, = :irea of piston, m’
A, = valve orifice are:i, m?
,4, = area of’ packing, nl~
A, = effective area of replenisher piston. m’
~ = Ierlgtb of plate in radial direction, m
u“ = buffer piston area, mz

01,= buffer cuntrol orifice al-c:l. mz
u,. = cffecti\,e recoil orifice area, ml
u,, = area uf control orifice, mz
a,, = characteristic mea of buffer valve flow passage, mz
q ==area of bypass slots in one-way sliding valve, m~
a, = width of guide section, m

B(t)= breech force, N
11 = bearing diameter. m
h = length of plate in circumferential direction. m
= outer radius of sleeve, m

h,, = width of packing, m
C = spring index D/d, dimension~ess
C,, = discharge coefficicnl, dimensionless

c,,c2,c3 = coefficients that are a function Of a. dimensionless
C’ = factor depending on f7t,/ fl, dimensionless

●
Ci’ = factor depending on 6/t and h’/t, dimensionless
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D = coil diameter of spring, m
= average diameter of valve, m

AD = diametnd deflection, m
D, = characteristic passage diameter, m

= hydraulic diameter of flow passage, m
D,,, = mean diameter of spring, m
D, = diameter of packing, m
d = wire diameter of spring, m
CL= distance between rails, m
d, = distance from center of guide section to load M, m
E = Young’s modulus, Pa
e = eccentricity, m
F. = inertial force of recoiling parts, N
F, = propellant gas force, N
F~ = spring force at assembled height, N

F.,a., = maximum spring force, N
F. = resistance offered by throttling hydraulic fluid, N
F, = spring force as a function of length of recoil x, N
FO = equivalent force acting on inner edge of washer, N
F~= radial force of packing, N
F; = force due to rifling torque, N
/’= friction factor, dimensionless
~. = bearing friction force, N
~~ = total friction force, N
f, = packing friction force, N

.fI,fi = friction in front and rear bearings, respectively, N
G = modulus of rigidity, Pa
g = acceleration due 10 gravity, m/s’
h = radial clearance between buffer piston and valve seat ring, m
h. = initial cone height of washer, m
h’ = initial cone height of Belleville spring, m
K = total resistance to recoil, N

K., K, I,K,* = factors depending on 8/[, h’/t, and Rb/f)b, dimensionless
KP = pressure factor, dimensionless
K~ = force provided by recoil mechanism, N
K, = stress concentration factor, dimensionless
K’ = curvature correction factnr, dimeIlsio”les~
k = spring rate of stiffness, N/m
L = characteristic passage length, m
= length of flow passage, m
= length of rails/ bearings, m

L, = sleeie length of buffering, m
Lh = assembled height, m
L, = length of sleeve, m
M = coefficient [hat is a function of a, dimensionless
Mb = bending moment at root, N.m
mR = mass of replenisher piston, kg ●
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m, = mass of recoiling parts, kg
N, = normal weight on bearing, N
N,, = number of passes in sleeve bearings, dimensionless
N~ = twist of rifling, calibers/turn, dimensionless
~ = number of active coils in spring, dimensionless
= number of solid coils in spring, dimensionless
= number of port lands, dimensionless

# = number of coils between tip contact points in spring, dimensionless
P = applied force (load), N
= normal bearing load, N
= pressure across span of groove in conical valve support, Pa

AP = rise in pressure due to orifice, Pa
APj, = total pressure drop across buffer orifice, Pa

P, = crushing pressure, Pa
P, = propellant gas pressure, Pa
PA = pressure in high-pressure chamber, Pa

AF’~= pressure drop due to head loss in passage leading to buffer piston, Pa
P, = pressure inside cylinder at location i, Pa

AP, = fluid inertia pressure drop, Pa
~ = pressure in low-pressure chamber, Pa

A}’,, = pressure drop required to open valve, Pa
= static load on spring, N

AP,, = differential pressure across plate, Pa

●
APV = buffer pressure minus counterrecoil pressure, Pa

P, = oil pressure in recoil cylinders, Pa
P., = load on spring, N
= load at deflection 6 from no load position, m

(P.,),.”. = maximum loading on spring, h’
(p,,)min= minimum loading on spring, N
AP., = incremental load in spring, N
AP, = total pressure drop leading to buffer piston, Pa

Pe = radial packing pressure, Pa
p= pitch, m
Q = rate of discharge, m3/s
R = spring rate, N/m

R,. &=norma lreactio ninfruntand rear bearing/ rail, respec~ively, N
RB= radius of bore, m
R~ = outer radius of Bellcville spring, m
R,= Rrrckwell ihardness symbol, dimensionless
R. = washer outer radius, m

Rel, = Reynolds number, dimensionless
rb = radius of annular buffer orifice, m
S= average span of valve, m
S, = axial stress, Pa
.S, = hoop stress, Pa
S’3= radial stress, Pa
S.F= safety factor, dimensionless
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J = average span of \,alve, m

T,= rifling tOrque, N.m
f = thick”es~ of ~]eele, ~

= width of rail bearing, m

= Belleville spring disk thickness, m

= time, s

1. = surge [imeinspringwire, s

t. = washer thickness, m

v(x) = recoil velocity at recoil travel .r, m/s
Vb = wlocity of gun during buffering, m/s
v. = control velocity of flow through orifice, m/s
vP — maximum recoil velocity, m/s
v. = surge wave velocity in spring wire, m/s
W, = weight of recoiling parts, N
w= bending load peruni[ length crfguide, hT/m
w, = Ioadingpercrni[ Iength due to rifling torque, N/m
w? = lrradi”g per unit Iength due to [ipping moment, N/m
x([) = length of recoil at time {, m
.i = velrrciti, of recoil. m~s

,,~ = acceleration of mass mf~, m/s-
; = acceleration of mass nfo, m/s’
~ = sectlo” mOdu[”s. m]

= factor associated with eccentricity ofloading ratio e/r, dimensionless
a = thermal expansion coefficient, “C-’
= outef diamete r/inner diameter. dimensionless

y = specific weight, N/mJ
Yh= radius ofannular buffer orifice, m
YR= funclion of two materials incontact. dimensionless
A = spring deflection, m
~= maximum valve deflectio”, m

A6= incremental deflection perunit spring coil, m
~ = Constant depending onu and h, dimensionless
O = angle of elevation. rad

M= temperature change, deg C
K = coefficient of friction, dimensionless
u = kinematic viscosity, m2/s
= Poisson’s ratio, dimensionless

p = fluid density, kg/m3
u = ccrmb ined stress, Pa
u~ = bending stress, Pa
= maximum bending stress, Pa

o,,, — bearing pressure, Pa
o,, = stress at upper inner edge A in Bellcvilled rives pring, Pa
o,,, = direct stress. Pa
u. = nominal stress, Pa
u,, = stress at Iower inner edge B in Belleville drive spring, Pa
o,~ = stress at lower outer edge C in Bellcville drive spring, Pa
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u,. = maximum stress in washer val\,e, Pa
aW = yield normal stress, pa
T — Uncorrect shear stress, Pa

r,,,,,, = maximum shear stress in bearing, Pa
r, = yield stress of bearing material, Pa
rj,, — yield shear stress. Pa
T’ = cnrrected shear stress, Pa
r; = corrected shear stress range, Pa
fh, = inner radius ufFleIle\illes pring,nl

6-1 PERFORMANCE OBJECTIVES AND SYSTEM TRADE-OFF FACTORS
There are IWO principal types of recoil mechanism [hal are normally considered for tank application—

hydrospring and hydropneumatic. The hydropneumatic mechanism uses compressed gas for its recupera-
tor, usually dry nitrugen because of its relative incrlness. uncf the hydmspring mechanism uses a mechani-
cal spring as the recuperator :Ind a hydraulic system for recoil and buffering.
Sclectiun of the type 01 recoil system is governed by factors such as recoil length, rate of fire, range of

elevation ongles. e:Ise nf maintenance. and space considerations. Due to these factors, most tank designs
emplny ii concentric hydruspring mechanism. Factors le~ding tu the selection uf the hydrospring type
include simplicity of design, ease of manufacture. low, initial cost, rapidity of repait- in the field, and fewer
SCLIIur packing problems. There are. however, some disadvantages-such as unpredictable spring life, high
replacement rate, and bulkiness-that must be carefully treated in design. In most US designs the spl-ing is
mounted concentrically with the gun tube. whereas in other arrangements mul{iple springs are spaced
around the periphery nf the mecb;inisrn. The marrner of mounting depends on the size of spring needed,
the fivailahle spfice and its Iucation in the vehicle, and the effects of the large inertial forces on system
components due [o Ial-gc xcclcratiuns experienced by the vehicle in cross-country movement and firing.

●
Two basically different types of hydrospring have been employed in recent design practice. The first

emplnys :! cnilcd coun~errccuil drive spring, shown schematically in Fig. 6-l(A). Fluid is throttled through
a cnnlrnl orif’icc fnrmcd by a piston-sleeve assembly that recoils with the tube to bring the recoiling parts
tn rest. “1’becounterrecuil drive spring is confined between the piston and rear follower, which is attached
to the statton:iry cradle; hence the spring is compressed during recoil. The spring then drives the tube back
intc battery. with the spear buffer bringing the tube smcm[hiy to rest in the forward (in-battery) position.
The second type uf hydruspring recuil mechanism uses a Belleville spring arrangement, shown schemat-

ically in Fig. (>-I(B). l-his unique recoil mechanism provides counterrecoil action by high fluid pressure
acting on a differential area sleeve (the area differential due to the shoulder behind the piston). The
tbt-ottling action tu bring the recoiling parts to rest is basically the same as in any other recoil mechanism;
however. the diameter uf the front of the sleeve is larger than the diameter of the rear of [he sleeve. Thus in
the rc:irmost positiun of the recoi!ing parts, the volume of lhe fluid cavity is reduced. The result is com-
pression uf the stiff f3elleville spring. i.e., a high fluid pressure is maintained. This pressure then acts on the
differenti;il zrea sleeve to drive the recoiling parts forward into battery.
The remainder of this chapter is devoted to the design of the orifice and components of tank recoil

mechanisms. If a hydro pneumatic type of tank recoil mechanism were desired, the design methods of
Chapters 4 and 5 wuuld be employed.

6-2 DESIGN OF CONTROL ORIFICES
InChapter 3 the principles used to design dependent or independent artillery recoil mechanisms of the

nonconccntric type are presented. These methuds are also applicable for the design of concentric recoil
mechanisms. With a hydrauiic br~ke and a mechanical spring recuperator, however, the concentric recoil
mechanism of a tank must meet requirements that differ sharply from those of field artillery. Recoil and
counterrecnil forces are very high because of limited travel imposed by the turret. The high recoil forces
are not of concern as regat-ds strength of the armored chassis because it is very stiff and massive. The high
loads are, however, of concern in the design of recoil mechanism bearings. components, and seals.

●
As in the nunconccntcic recoil mechanism, the only component of recoil force over which the designer

has decisive control is the resistance offered by the throttling fluid. “l-his force cm be controlled by l’arying
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Figure 6-1. Tank Recoil Mechanisms

thearea o!’control orifices since the force generated bythe throttling fluid is related tothe orifice area. In
concentric recoil mechanisms, the orifice area between the recoil piston and the inner wall of the cylinder is
determined by the methods of C.hapter3 if a sharp-edged orifice uith a discharge coefficient of approxi-
mately 0.60 is assumed. The orifice area is regulated by varying the inside diameter of the cylinder or by
cutting grooves of varying width or depth in the inner wall to achieve a variable orifice area during recoil
travel.
Hydraulic systems now in use in tank recoil mechanisms operate a~ pressures from 6.89 to 34.47 MPa

(1000 to 5000 psi)~ In most cases spring resistance is small compared to hydraulic effects and is not
considered in computing recoil distance. However, this is a matter of judgment, and in the final design it
may be advisable to include the spring force, in which case the hydraulic resistance to recoil may be
reduced.

tA dual systcm.1 unitsis shownwhentheoriginaldatawereexpressedin Englishunitsand convertedto metricunits.i.e.. “s.11” !metri. Metric
units orily are usedwhentheoriginaldata arcgivm in metricunits—invmtedto illustratem example—1.e.. .,h.rd” rnctrIc. ●
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Specific t’actors af’f’ectingdesign of orifices for concentric recoil mechanism for most tank applications

●
are & follows:

1. Short recoil travel, from 0.178to 0.3048 m(7.Oto 12.Oin.), andhigh fluid presstrre are expected.
2. Fixed recoil length isrequired, andtheweapon isrequired to fire only atanarrow range of angles

of elevation.

3. Thecounterrecoil spring andtheorifice areconcentric with the gun tube

6-2.1 SUMMARY OF DESIGN DATA
In this paragraph sample data are given for control orifice design. These data include breech force,

weight of recoiling parts, dimensions of recoil piston and cylinder, spring characteristics, and fluid proper-
ties, which are necessary for design of a tank recoil mechanism (see Fig. 6-2).

/3(t)

.~

x

Figure 6-2. Schematic of Recoil Parts

As in (he independent type of recoil mechanism, the retarding and counterrecoil force in the recoil rod
and the counterrecoil spring act in parallel. Thus the equation of motion is

m,~ = l?(t) + W’,sin@ — F, —jj — Fa, N (6- 1)

where
M, = mass of recoiling parts, kg
x(t) = length of recoil at time ~, m
B(I) = breech force, N
W, = weight of recoiling parts. N
O = angle of elevation, md
F, = spring force, N
,/;, = friction force, N
E, = resistance offered by throttling hydraulic fluid, N.

The force f’,, is used to calculate the effective area of an equivalent orifice and eventually the control
orifice area. Recoil mechanism calculations are made graphically and analytically. First, an interior ballis-
tic curve of pressure versus time is obtained. From this information the breech force and the acceleration
in the equation of motion can be computed. All the design equations will be described in par. 6-2.2. The
following data used for desizn in~ut are associated with a conceptual weapon designated the XM 150
(Refs. I <

1.
.
L.

3.

●
4.
5.
6.

and 2):
Weight of Recoiling Parts = 13,545 N (3045 lb)
Breech Force (max) – 7.8155X 10(’N— (1757 X 10’ lb)
Bore Area = 0.018174m’ (28. 17 in?)
Muzzle Momentum = 20,137 N.S (4527 Ib.s)
Gas Ejection Momentum = 8727.4 N.s (1962 Ib.s)
Total Momentum = 30,466 N.s (6849 Ib.s)
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7. Constant Recoil Force (with recoil =7.117 X1O’N (1.60X 1051b)
= 0.3048 m(12.O in.))

8. Time of Recoil = 0.043 s
9. Counterrecoil Time = I s required, 0.5 s desired
10. Recoil Piston Retarding Area = 0.05684 m’ (88. i in?).

Once the recoil length is specified, data reflected in Items 7 through 9 arc calculated using the moment-
area method of Chapters 2 and 3.

6-2.2 DESIGN EQUATIONS
For use in the equation of motion of Eq. 6-1, analytical relations m-e presented for design calculations,

including spring force-displacement relations, friction forces, orifice pressure drop equations, orifice area
equations, and fluid flow paths and equations.

6-2.2.1 Spring Force-Displacement Relations
Springs are designed by conventional equations and are stressed within elastic limits. Frum Ref. 3 [he

following relations are obtained:

R= P/ A, N/m (6-2)

where
R = spring rate, N/m
A = spring deflection = 8PD~n/ Gc/’, m (6-3)
P = applied force, N

where, for the XM 150,
fl = active ~Oil~ = 6.4
d = wire diameter of spring = 0.031750 m (1.250 in.)

D., = mean spring diameter = 0.365125 m (14.375 in. )
G = rigidity modulus = 79,290 MPa(l 1.5 X 10(’psi)

From Eqs. 6-2 and 6-3

R– Gd4 – 79,290X10° (0.f)s 175)4 = 32,32S N/m.
(6-4)

8Din 8 (0.365 125)3 6.4

Now the spring force-displacement relations can be determined. Refer to Fig. 6-3; the Iree height is
selected so that, with the assembled height specified by recoil mechanism geometry, the load at assembled
height L~ is adequate to return and hold the recoiling parts in-battery. In this example, the fut-ce F},on. [he
spring at the assembled height is

F, = (Heightfree – Heighta~~embled)R, N (6-5)

= (1.17196 – 0.57785) (32,328) = 19>206 N.

Thus the spring force F,, as a function of recoil length, is

F., = 19,206 + Rx, N

where
x = recoil displacement, m

(6-6)

The relationship of x versus F, given by Eq. 6-6 is shown on Fig. 6-4.
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lb E+ 300 lb-150 lb])

Figure 6-3. Recoil Spring

Since the recoil length is given as 0.3048 m ( 12.0 in.), the maximum spring force F,,,~. is, from Eq. 6-6,

F,,,,,., = 19,206 + 32,328(0.3048)
= 29,066 N.

6-2.2.2 Friction Forces
The lotal friction force.f;, consists of the packing friction force,fiand bearing friction force], (Ref. 1, p. 28)

,~;, =f, +~~ , N. (6-7)

The packing friction force.f~. is approximately

~p=/JFO, N (6-8)

where
p = coefficient of friction, dimensionless
Ffl = radial packing force, N.

It isverydifficult to determine pfora T-type seal, but areasormble estimate is P =0.02. The radial packing
force F@on a moving surface is

FO= POA, ,N (6-9)
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Figure 6-4. Recoil Spring Load Displacement Curve

where
A, = ~DPbP , m2
D, = diameter of packing, m
bP = width of packing, m

and the radial packing pressure Pe M

P, = Kp~oit, Pa

where
P,,,I= average oil pressure, Pa
KP = pressure factor = 1.0, dimensionless

Dat~for the XM150 mechanism are
P.,, = 17.237 MPa (2500 psi) (estima[ed)
D, = 0.09500 m (3.74 in.)
b, = 0.032070 m (1.2626 in.).

(6- 10)

(6-II)

●
6-10
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Therefore,

P&= 1(17.237) = 17.237 MPa(by Eq. 6-II)
,4, = 7r(0.095) (0.03207) = 0.009571 m’ (by Eq, 6-10)
Fe = 17.237XI0’ (0.009571) =164,975 N (by Eq. 6-9)
~,= 0.02 (164,975) = 3299,5 N (by Eq. 6-8).

Bearing friction force,f, is

ji = I.LN,, N (6- 12)

where
N~ = normal weight on bearing, N

= I’V,coso
= W, (since O is small)

H = friction coefficient for babbitt on hard steel = 0.15

Thus by Eq, 6-12,
,f, = (o. Is) (13,545)
= 2032 N.

6-2.2.3 Orifice Pressure Drop Equation
The control velocity v,, of flow through the orifice, from Eq. 3-6, is

- /( )/ )
1/2

v“ — cd ~ (P, – P,.) [1 – (aO/A)’] , m/s
P

● where, as shown in Fig. 6-5,
v,, = control velocity of flow through orifice, m/s
a. = area of control orifice, m2
Cd = discharge coefficient of buffer orifice, dimensionless
p = fluid density, kg/m’

P) = pressure in high-pressure chamber, Pa
Pf = pressure in low-pressure chamber, Pa
,4 = area of cylinder, m~.

In most cases, a.<< A or (a./ A)’<< 1. By applying these conditions, Eq. 3-6 reduces to the approximation

v“ = Cd(2AP/p)’J2 , m/s (6- 13)

where
AP= p, – P!, Pa

is the rise in pressure due to the orifice.

6-2.2.4 Orifice Area Equation
Refer to Fig. 6-5; the flow rate of discharge Q is

Q = Av(.x) = U.V. , m’/s (6-14)

where
v(x) = recoil velocity at recoil travel x, m/s
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Basic Fluid Dynamic Model for Recoil Mechanisms

Substitute the value of v“ from Eq. 6-13 into Eq. 6-14 to obtain

or

,4v(.Y) = aoC,I(2AP/ p)’”

r

A V(X) P
a.(x) = — —, m2

cd 2AP
(6-15)

where
AP = F“/A,l , Pa
F. = force (resistance) on recoil piston due to throttling fluid,, N
,4/, = effective area of piston facing high-pressure chamber, m-.

Equivalently, by substituting this expression for AP into Eq. 6-15,

A V(Y)
u“(x) = —

d

pAh
—, mz,

CiI 2F,,
(6- 16)

6-2.2.5 Fluid Flow Path and Equation
The effective recoil orifice u, is a series combination of the major recoil control orifice u. and the parallel

orifices a} and at,, shown schematically in Figs. 6-5 and 6-6,
where

a, = area of bypass slots in one-way sliding valve, m’
ub = buffer control orifice area, m>.

6-12
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Figure 6-6. Buffer Orifices

Fig. 6-7 illustrates the sliding val\,e. and areas a,, and UT.

,5

Retaining Ring

Figure 6-7. Major Orifice in Series With Parallel Orifices

From Eq. 3-34, [he effective recoil orifice area a,. k

Uj(UY+ ab)2d = ,forx<Lb, m’ (6- 17)
a; + (ay + ab)~

where the orifice coel’ficients of all orifices are presumed to beequal, a = u,, and a? = UY+ a~,in Eq. 3-34, and

L.,,= sleeve length of buffering, m

and

a~=ai, for.r>Lfi, m’ (6-18)

6-13
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since the buffer orifices are inactive for .Y> L,.

6-2.3 DETERMINATION OF DISCHARGE COEFFICIENTS
The calculation of discharge coefficients by the use of test resuhs is a problem of analysis, rather than

design. The procedure of establishing discharge coefficients is iterative, The process is started by assuming
certain values of the discharge coefficients and computing oil pressure by using the mathematical models
developed earlier. If the computed oil pressure does not match the measured oil pressure, the discharge
coefficients are varied and the oil pressure is recalculated. This procedure is continued until acceptable
values of the discharge coefficients are established.
The discharge coefficient depends to a great extent on tbe Reynolds number of the flow, on whether the

orifice is sharp- or round-edged, and to a lesser extent on its shape—e. g., circular or rectangular, Also the
counterrecoil spring movement and obstructions to flow of fluid influence the effective discharge coeffi-
cient. A list of dimensionl&s values of discharge coefficients Cd previously used and their associated orifice
geometry follows:

cd = 0.95 for throttling bar (round)
cd = 0.!)5 for rectangular grOOVe (COUnterreCOil)

cd = 0.77 to 0.9 I for throttling valve (recoil)
C,i= 0.7 I to 0.83 for rectangular groove (buffer)
cd = 0.60 for sharp-edged orifice.

The annular orifice in a tank recoil mechanism is based on a sharp-edged orifice with a discharge
coefficient of 0,60. To assure the sharp-edged effect, the lip of the piston adjacent to the orifice should not
exceed I .588X10-3 m (1/ 16 in. ) in width.

6-2.4 CONTROL ORIFICE AREAS
The control orifice area a.(x) in the position x can now be obtained in terms of the force due to

throttling fluid and the velocity of recoil, by Eq, 6-16, as

This equation may now be used in design of the control orifice of the recoil mechanism.
To use Eq. 6-16 in the determination of the control orifice area, the recoil velocity v(r) must be known.

As explained in Chapler 3, a trapezoidal total resistance curve that is nearly achievable is established m
shown in Fig. 6-8, With this trapezoidal curve for the force, W,sinO — F, —f. — F,,, and with the breech
force f?(t) defined in Chapter 2, the differential equation of motion of Eq. 6-2 can be integrated. Initial
conditions for this calculation at I = O are the length of recoil x(O) = O and the velocity of recoil .+(O)= O.
Numerical integration methods outlined in Chapter 2 may be used to solve the equation of motion tn
obtain the displacement and velocity curves of Fig. 6-8.
The known resistive force, – W’,sinfl + F, + -LO,is now subtracted from the total resistance to obtain the

desired hydraulic resisting force Fe(f). The force F’.(f) and velocity v(f) can be calculated as functions of x
by selecting a grid of points on the x-axis, finding the associated times from the (x – f)-crrrve of Fig. 6-8,
evaluating F’,,(f) and v(f) at these times, and finally plotting (v — x)- and (F — x)-curves, It is now a simple
matter to calculate a.(x) using Eq. 6-16. The theoretical orifice area determined in this way is shown in
Fig. 6-9. Due to machining and lubrication considerations, the modified recoil orifice curve shown in Fig.
6-9 is actually fabricated.

6-2.5 PRACTICAL DESIGN CONS1DERATIONS
The design of a recoil control orifice presented in the foregoing is based on the hydraulic equations of

flow for a noncompressible fluid through an orifice. In detailed design this assumption may be removed
by considering effects of temperature, the variance of discharge coefficients, compressibility of the fluid,
secondary recoil of the fluid, secondary recoil of the chassis, and compound orifice conditions. These
factors can be accounted for by comparing empirical test data with theoretical computer solutions and
adjusting resrdls thereafter, as discussed in more detail in Chapter 3. ●
6-14
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Figure 6-8. Theoretical Recoil Data

The large counterrecoil spring in a concentric hydrrrspring mechanism requires special consideration in

conjunction with orifice design. Buckling of the spring must be ~revented. either in the design of the.=
spring itself or by providing guides to insure lateral stability. The inner diameter of the cylinder must be
designed to allow the spring to avoid scraping the cylinder wall. The spring must never be permitted to
reach solid length at maximum recoil but should have an average of about 0.00318 m (1/8 in. ) between
coils so that hydraulic fluid may flow freely between them.
Care must be taken to ensure that accumulated tolerances on piston and cylinder diameters do not

result in an unacceptably large annular area. This is particularly important in concentric mechanisms since
diameters are large and a variation Ad in diameter c1leads to an orifice area variation of approximately
lrdAd/ 2.
If a nonconcentric recoil mechanism is employed, the design of the recoil brake and recuperator pro-

ceeds more along the lines of conventional artillery recoil mechanisms. The reader is referred to Chapters
4 and 5 for a detailed treatment of dependent and independent recoil mechanisms.
In the case of a concentric mechanism with separate counterrecoil assemblies or a recuperator concept

such as compressible fluid or ring spring (as in Fig. 6- I(B)), orifice design considerations presented in this
paragraph are generally of concern. Design of the counterrecoil assembly will, however, require special
considerations. Nonconcentric counterrecoil spring assemblies will generally require no special considera-
tions.

6-3 DESIGN OF RECOIL MECHANISM COMPONENTS

●
In Chapters 4 and 5 the design of components for artillery mechanisms was discussed. Many components of

a tank recoil mechanism are fundamentally the same as those of artillery mechanisms. However, many tank
recrril mechanism requirements differ sharply from those of field artillery. In tank recoil mechanisms the recoil

6-15
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and counterrecoil forces acting on the chassis are much higher because of the short recoil and the rigidity and

●
mass of the chassis. This is just oneexamplein which requirements of the tank system dictate thedesignofthe
recoil mechanism more directly than in the case of towed or self-propelled artillery systems. In this paragraph
comprrnent design that ispeccrliar to tank recoil mechanisms isdisccrssed. Since thedesign of buffers, recoil
bearings, and seals is most critical in tank recoil systems, design considerations presented here are also valid
for the design of related artillery recoil mechanism components.
Because of the extreme loads carried by most components of a tank recoil mechanism, bulky structural

elements result and they must be manufactured to a fine tolerance. Fundamentally, the manufacturing
procedures for tank recoil mechanisms arethesame as those in artillery recoil mechanisms, except for the
mmsivenature ofsome parts. Ifspecialties arerequired inmanufacturing, they should exist in facilities, rather
than in fabrication techniques. Speciai facilities needed may include heat treating and machining equipment
that is capable of handling bulky and irregular structures, whose inherent difficulty is not in the lack of
strength but rather in (he difficulty of holding large dimensions to small tolerances. This is particularly true of
structures that maywarp during fabrication. However, stress relieving ofaproperly restrained and supported
structure will eliminate warpage toa large degree. Furthermore, ifastructural member must have afirrished
surface, the practice of making it uversize is recommended. Then those minor irregularities present after heat
tre:itment can be removed as the member is being machirred to size.

6-3.1 BUFFER
As noted in Chapter 4, the buffer functions similarly to the recoil brake. It absorbs the excess energy of

crrurtterrecoil m the weapon comes into b;ittery. Since the recuperator is designed to have enough energy to
reliably drive the recuiling parts into battery, an appreciable velocity may remain as the weapon comes into
battery.
Counterrecoil buffers maybe hydraulic or pneumatic. The hydraulic type is aformofdashpot and may bea

separate external unit ur an integral part of the interior of the recoil mechanism, as are the spear buffers shown
in Fig. 6- I and in detail in Fig. 6-10. Ineither case thestruke is selected so that the buffer force will not unduly
disturb the stability of the weapon. Even though there are two types of buffers, design considerations of both

● internal and external buffers are similar; accordingly, a common design method is presented.
—

6-3.1.1 Selection of Design Parameters
Design parameters tha[ must be selected in buffer design are
1. Differential area of recoil sleeve
2. Area of buffer piston
3. Detzils of the buffer orifice. i.e., the buffer length. diametral clearance, taper of buffer piston, and

number of ports
4. Battery hydraulic pressure (pressure in recoil mechanism).

Selection of design parameters is subject to the constraint that the recoil piston area and the associated
recuil cylinder dimensions are fixed. As a result of this and the fact that the buffer is located inside the recoil
cylinder, the various piston and orifice areas, strokes, and pressure levels are interrelated; thus design
compromises must be made. In general, there is a trade-off between a small, final velocity and a long buffering
time. This situation is aggravated by variations in gun elevation, changes in battery hydraulic pressure, and
changes in oil viscosity—all of which affect counterrecoil and buffer performance.
As the buffer length is increased, the buffering time is increased. Selection of the buffer orifice taper length

and the number of ports must ensure that the peak buffer pressure is kept within allowable limits. To avoid
excessive buffering times due to low battery pressure at reduced operating temperatures, compensation is
provided at low operating temperatures. If the system is compensated for low temperature, a relief valve opens
at a low operating temperature.
[t should be noted that a substantially lower battery hydraulic pressure could be used if the buffer piston

were located externally to the recoil cylinder. This could be possible since elimination of the buffer piston
would enable a Iarzer outer diameter to be used on the forward Dart of the recoil sleeve to increase the
differential area. -
In addition, an external buffer can use small orifice holes in the buffer piston, instead of a close-clearance

●
sliding seal. This will result in an order of magnitude increase in the buffer flow rate and Reynolds number,
which decreases the sensitivity of the buffer to operating temperature effects that are introduced by changes in
oil viscosity.

6-17
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Figure 6-10. An Internal Spear Buffer

6-3.1.2 Design of Buffer System
Based upon the critical design parameters introduced in par. 6-3.1.1, a final buffer design configuration is

developed. A layout drawing of a typical internal buffer is shown in Fig. 6-10. The major features nf this design
are (items refer to Fig. 6-10)

1. Thevalve seat ring (lmm l)isdesigned tc~bestiff radially andtightly fitted intheouter tube. 'lhis
ensures that the buffer orifice clearance will be closely maintained.

2. Aflange(ltem 2)isprovided onthevalve seat ring(Ilem l)toprovide apositive sealing sLLrfaceforthe
O-ring and to prevent inward radial deflection of the valve ring.

3. A static pressure seal (Item 3) is provided to prevent the buffer pressure from acting on the outer
diameter of the valve seat ring. This feature prevents a possibly unstable inward radial deflection that could
close off the buffer orifice.

4. The flow passages (ltem4) inthevalve seat ring aresized topro\,ide unacceptably low- pressure drop
during recoil. It is also important that the valve seat ring stress be kept low and that the ring be sufficiently
rigid to maintain the buffer orifice clearance. The best design compromise to satisfy these conflicting
requirements is to use a large number of relatively small holes.

5. The front follower (1tem5) hasaconical seattosupport thewashervalve inits(~pen position. Theport
is relieved downstream of its minimum flow area to reduce the pressure drop due to fluid viscosity and inertia
during recoil. The seat region communicates with pressure at the inner diameter of the washer valve. This
pressure is lower than the pressure acting on the upstream side nf the valve because of the radial pressure
gradient that results from the flow being turned in~o the buffer ca\ity. This pressure difference will keep the
valve open during recoil.

6. Thevalve flowarea (Item 6)issized sothata pressure drop substantial lylessthan the battery pressure
insufficient tosupply the flOw required [o fill the void created in the buffer cylinder during initial recoil.

6-18
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7. The buffer piston hasa45-deg ramp (Item 7)toreduce theshock pressure load onthe washer valve

●
when buffering starts,

8. Amultiple port seal(Item 8)isdesigned and fabricated toachieve adequate buffering withpractical
clearances and reduced pressure. Diametral clearances must bekeptlarge enough tominimize the effects of
differential thermal exp&sion.

9, Thcwasher valve (Item 9)isflat initsunstressed condition to facilitate fabrication

6-3.1.3 Calculations for Buffer Design
This paragraph presents equations leading to design of the buffer system shown in Fig. 6-10. The pressure

drop API, due to head loss in the passage leading to the buffer piston can be presented (Ref. 4) aS

Aph =

where

-HHJ+FH (+-’)1 ‘a
vP = maximum recoil velocity, ,m/s
f= frictiOn factor—a function of flow Reynolds number R% dimensionless
~ = characteristic passage length, m
D, = characteristic passage diameter, m
C,(= buffer valve discharge coefficient, dimensionless
an = characteristic area of buffer valve flow passage, m2
p = fluld density, kg/ m3
u“ = buffer piston area, m~
,4U = valve orifice area, m’.

●
The flow Reynolds number ReI, is given as (Ref. 9)

()

a8 D.
Reh= VQ — —, dimensionless

ap v

(6-1,9)

(6-20)

where
v = oil kinematic viscosity, m2/s

The quantity~L/ D, in Eq. 6-19 is a friction factor for Iaminar flow in the entrance region of circular tubes.
The fluid inertia pressure drop APi occurring at the beginning of recoil is given (Ref. 4) as

‘P’=PRHHLP’ (6-21)

Then the total pressure drop AP, leading to the buffer piston is

AP, = Aph + AP; , Pa. (6-22)

The maximum stress u. in the washer valve is calculated using the following relationship (Ref. 4):

d+dc’(+3[c2(+H+c31pa
ah= “; (6-23)

6-19
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where
C = 1/ M, dimensionless

CZ,C~ = coefficients that are functions of a, dimensionless
~ = (outer diameter) /(inner diameter), dimemkmks
M = coefficient that is a function of a, dimensionless
t. = washer thickness, m
h,, = initial cone height of washer, m

8 = maximum valve deflection, m
E = Young’s modulus, Pa
p = poi~son>s ~atiO, dlmen~ ionless

R. = washer outer radius, m.

The pressure drop AP,, required to open the valve can be computed by considering an equivalent force F,,
acting on the inner edge of the washer (Ref. 4), namely,

(1?rDsF,, = APO — ,N
2

(6-24)

where
D = average diameter of valve, m
S = average span uf valve, m

and the factor of 2 is included to account for the smaller moment arm of the average pressure fnrcc.
When the buffer valve is closed, it mus( support the buffer pressure acting acruss the span nf the f’luw

passages in the valve seat ring. The holes are connected by a circumferential grnnve nn the fronl face uf tbc
valve seat ring. If the washer valve is approximated conservatively as a rectangular plate with built-in edges
along the radial direction and freely supported edges along its circumferential edges, the maximum bending
stress U6 is (Ref. 4) ●

oh = 6qu2APl>)i: , Pa (6-25)

where
u = length of plate in radial direction, m
h = length of plate in circumferential directiun, m
q = 0.11 for bfu = 2, dime”slonless

APP = differential pressure across plate, Pa.

When the washer valve is opened, it must support a pressure Pacting acrossthespan of thegrnuvccu[ in the
conical valve support. The stress can reestimated byconsidering a simply supported beam whose Icngth L is
the width of [he groove. This is computed as (Ref. 4)

The total pressure drop AP~ across the buffer orifice is expressed as (Ref. 4)

‘p’=”(+)bJIHpa

(6-26)

(6-27)
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where

●
t’1,= velocity of the gun during buffering, mis
aII = buffer piston area, m-
A,q = area of the buffer orifice + ~D~h. m’
h = radial cle;irance between buffer piston and val\e seat ring, m
D, = 2h, hydraulic diameter of flow passage, m
L = length of flow passage, m
n = number of port lands, dimensionless
C,, = buffer orifice discharge coefficient, dimensionless

!/L/ D. = term account ingforcombined friction and momentum Iosseffectsforeach flow restriction,
or land, dimensionless.

Because of the Iarge diameters and small diametral clearance of the internal buffer geometry, there may be
significant elas[ic deflection of the \al\e ring and recoil sleeve due to the buffer pressure. The diametral
deflection AD is given by (Ref. 4)

‘“”[*I ($+)”
(6-28)

whel-c
AP< = buffer pressure minus counterrecoil pressure, P~.

If lbc buffer piston is AOdegrees hotter than the bulfel-val\)e seat rings, its radius will expand Arb more than
the scat ring radius. Thus the strain is (Ref. 4)

Ar/, _ aA@, dimensionless (6-29)
r)]

where
a = lhc[-mal expansion coefficient, ‘C-’
rj, = radius of ;innular buffer orifice, m.

The c~~lculated value of Ar,, (rem Eq. 6-29 should be compared with clearances and a determination made if
problems ol return to battery may occur.

6-3.1.4 Practical Design Considerations
The internal buffer systcm design illustrated in this paragraph for a tank recoil mechanism must function

with a high degree of confidence. This and related buffer designs are synthesized from several components
attached to the recoil system. The design must be capable of accepting a wide range in the operating
parameters :ind tailored to minimize problems associated with precision fabrication and high-pressure
scaling. Compactness of design is often sacrificed for reduced design risks and higher operational reliability.
It is recommended that a test and evaluation program be conducted to determine the performance and

limitations of any such design. This will valid atethedesign and will provide information that can be used for
design refinement.
other design possibilities that may be considered for future development include
1. A floating metal piston ring design for an annular buffer piston. This design should allow for radial

growth and alignment. Contact loads could be reduced with pressure balancing.
2. Anextermdly mounted buffer system that is free of the recoil tube so that maximum advantage can be

taken of small-diameter designs. A telescoping guard should be provided to prevent anything from being
caught between the buffer and the recoiling parts.
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6-3.2 REPLENISHER
The replenisher is an oil reservoir that is used to keep the hydraulic brake of a recoil mechanism full of fluid.

It functions as an expansion chamber to offset the effects of thermal expansion or contraction of the fluid,
which is brought about by changes in air temperature or by activity of the mechanism, and to replace fluid that
is lost through leakage. Tank recoil mechanisms may slam into battery if there is an excessive amount of oil in
the system or may drive the recoil spring to solid height if there is insufficient oil for complete throttling.
Therefore, reliable functioning of the replenisher is quite important.
Fluid flow between the replenisher and recoil brake is accomplished through the use of tubing and a small

orifice as shown in the schematic diagram of Figs. 6-11 and 6-12.

Replenisher
\

6-22
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Figure 6-11. Pressure-Type Replenisher
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Figure 6-12. Gravity-Feed-Type Replenisher

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

The replenisher in ahydrospring recoil mechanism is required to carry only a small oil pressure (e.g.,0.083
MPa(15 psi)). When thegunfires, the oil pressure in the recoil chamber could go as high as34.474 MPa(5000

m

psi). To protect the replenisher from such a surge, a small orifice is placed in the line between the replenisher
and tbe recoil mechanism, and the replenisher orifice sbould besmall enough to prevent a significant oil flow
into or out of the replenisher during the short duration recoil cycle.
There are two types of replenishers commonly used in tank recoil mechanisms—pressure-type replenishers

and gravity-feed-type replenishers. The pressure-type replenisher, shown schematically in Fig. 6-l I, retains a
constant pressure in the mechanism; tbe gravity-feed-type replenisher, shown in Fig, 6-12, relies only on the
pressure head achieved by locating the replenisher reservoir above the recoil mechanism.
A common pressure-type replenisher consists of a cylinder and a spring-loaded piston with an O-ring seal

(Fig. 6-l l). A line connects the replenisher to the low-pressure end of the brake cylinder. Tbe spring, by
continually applying pressure to the fluid, maintains a pressurized, completely filled brake cylinder at all
times. In a gravity-feed-type replenisher there are no spring, O-rings, or piston in the cylinder (Fig. 6-12). Oil
flows only by gravity; consequently, this form of replenisher is very simple.
Knowledge of how much oil is in any type of replenisher is essential. Many schemes and gages have been

designed to show how full the replenisher is. In apressure-type replenisher an access hole may be provided in
the spring end of the replenisher cylinder from which the position of its piston can be seen. Tbe distance is
calibrated to indicate whether the fluid volume is in the working range. If the piston is too near the spring end,
liquid is in excess and must be removed; if it is too far from the spring, fluid must be added until tbe correct
volume is attained. In gravity-feed-type replenishers, fluid volume can be measured by the height of oil in the
replenisher cylinder.
As mentioned before, the orifice area should be designed to be small enough to prevent a significant oil flow

into or out of the replenisher during recoil. Hence there should be restrictions in oil flow rate during firing.
From the basic theory of fluid mechanics of Chapter 3, the rate of flow Q of oil into the replenisher is obtained
as

Q= C~a.~,m3is (6-30)

● where
C,, = coefficient of discharge, dimensionless
u,, = area of orifice, m-
P = pressure, Pa
p = mass density of oil, kg/ m~.

EX,4 MPLE 6-i :
For a 152-mm tank gun, replenisher parameters are Cd = 0.95, p = 855.53 (N.s2/m’), orifice diameter

d = 0.001575 m (0.062 in.), average pressure during recoil 34.474 MPa (5000 psi), recoil time 0.02 s, and the
gas ejection period is 0.04 s (Ref. 5). Determine Q and tbe volume of oil pumped into the replenisher during
recoil.
With an orifice diameter of 0.00157 m, the area a. of the control orifice is

~. ~ 7r(o.oo 1575)2 = I .95X 10-’ mz.
4

From Eq. 6-30

(
l/2

Q = 0.95(1,95X10-’) 2x3:5~j~10’
1

= 0.000526 m31s.

●
Assume the pressure acts over the entire recoil-gas ejection period of 0.04 s. Then the quantity of oil pumped
into the replenisher during recoil is Qr = 0,000526(0.04) = 21.04 X10-6, m~, During counterrecoil, the
pressure is 1.034 MPa ([50 psi) so the amount pumped is negligible,
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6-3.3 SPRINGS
The primary objective of spring design is generally to obtain the spring that will be most economical for a

given application, will fit into the required space, and will have a satisfactory life in service. The first step in
design is to determine the loads and defections required for a given spring application, together with the type a
of loading (static or fatigue). One of the most important decisions to be made is the choice of the proper spring
material. Since the primary purpose of most springs is to store energy and since the energy stored for a given
volume of material is proportional to the square of the stress, it is desirable to use a high-strength material that
permits operation at relatively high stresses. Generally, large springs are made from hot-rolled, high-carbon,
or alloy steels. In this paragraph, spring design relations and dynamic effects of both coil springs and Belleville
springs are discussed.

6-3.3.1 Coil-Type Counterrecoil Drive Springs

6-3.3.1.1 Design Considerations
For coil drive springs an acceptable level of working stress must be established for the type of load being

applied. If the load were static at normal temperatures, much higher working stresses would be permissible
than could be allowed for cycllc loading (Patigue effects). Additional factors that may be needed to be
considered in the counterrecoil spring and related recoil mechanism applications are stress at solid compres-
sion, effects of eccentricity of loading, variations in dimensions, changes in modulus of rigidity with
temperature, the possibility of buckling or instability, and dynamic or impact effects.

6-3.3.1.2 Design Equations
The following commonly used equations (Ref. 6) are fundamental in the design of helical compression or

tension springs:

6-24

8P,D
r= —,Pa

7rd3

p, =
rrd3r
—,N
8D

8P,D3n~=
Gd4 ‘ m

~D2nr——
Gd ‘m

P., =
Gd46
—,N
8D3n

~– f’s – Gd4 N/m
8 8D3n ‘

_ r3Gd
T— —,Pa

rrD=n

(6-31)

●
(6-32)

(6-33)

(6-34)

(6-35)

(6-36)
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~=4c–1 + 0.615— , dimensionless
4C–4 c
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(6-37)

(6-38)

where
P., = load on spring, N
d = wire diameter of spring, m
D = coil diameter of spring, m

C = D/d = spring index, dimensionless
8 = deflection, m
r = uncorrected shear stress, Pa
G = modulus of rigidity, Pa
# = K’r = corrected shear stress, pa
K’ = curvature correction factor, dimensionless
n = “umber of active coils in the spring, dimensionless
k = P.,/6, spring rate or stiffness. N/m

and Fig. 6-13 illustrates some of the parameters used.
The deflection equation, Eq. 6-.33, is derived by considering the wire of a helical spring to act essentially as a

straight bar under a torsion moment P,D/2. This gives results with sufficient accuracy for most practical uses.
The equation for uncorrected stress Tin Eq. 6-31 is obtained bydividing the torsion moment P, D/2 acting on
the bar or wire by the section modulus in torsion, which is md3/ 16. The corrected stress r’ of Eq. 6-37 is
obtained by multiplying the stress r by a correction factor K’that depends on the spring index C = D/cfand

a
takes into account stress concentration due to curvature and direct shear, Such effects are not large, but
cannot be ignored for highly stressed springs of large index.

Figure 6-13. Helical Compression Spring
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EXAMPLE 6-2:
In a tank recoil mechanism a large counterrecoil spring is used. Its dimensions are d

in. ) and L) = 0.323215 m (12.725 in.). Determine C’and K.
By definition, the spring index C is

C=D= 0“3232’5 = I 1.73
d 0.027559

0.027559 m (1.085

●

and from Eq. 6-38
~? = 4( I 1.73) –1+ *= 1.122.

4(11.73)–4

6-3.3.1.3 Effects of Presetting
A presetting or cold-setting fabrication method frequently is used to obtain higher elastic limits and hence

greater load capacity than is possible without set for helical compression springs. This operation consists of
coiling the spring to a length greater than the free length desired and then compressing the spring beyond the
elastic limit (Ref. 6).
An illustration of what happens to the stress distribution over the cross section of a helical compression

spring during presetting is shown in Fig. 6-14. Depending on the amount of preset, overtraining of tbe
material due to presetting may result in some decrease of modulus of rigidity.

“a~’as’ice“ d~’ic
,’

(A) During Preset (B) Residual (C) Loaded
(After Preset ) (After Preset)

Figure 6-14. Plastic, Residual, and Load Stress Distributions in Helical Spring of Large Index
(Inside of Coil is at u.)

6-3.3.1.4 Fatigue Effects of Repeated Loading
In the case of a spring under static load. it is common practice to neglect stress-concentration effects in

calculating stress. For this redson, the uncorrected stress of Eq. 6-31 is commonly used as a basis for design.
The allowable stress range for helical springs Ihat are subjected to fatigue or repeated loading, however, is

generally Iessthan that for springs under static loading. The allowable stress depends on many factors, not all
of which can be accurately evaluated at present. In general, it may be said that the stress range at the inside of
the coil is the primary criterion of spring life under fatigue loading. Hence it is common practice for such
loadings to use the corrected stress equation, Eq. 6-37, in calculating this stress range. In addition, the surface
condition of the wire or bar is very important when cyclic loading is present.
Assume repeated loading with a cyclic load variation between (P,)~ax and (P.,)~,. (Fig. 6- 15). Then the

corrected shear stress range r; is calculated from Eq. 6-37, taking P, = (P.i)~.. — (P,)~,n, as

K’8[(P,),,,a., – (P.,),.m]f) , pa,~; =
Td3

(6-39)

●
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l?s)m,n Time

Figure 6-15. Fatigue Loading With Alternating Load P. Superimposed on Static Load PO

[n designing springs subject to fatigue loading, it is necessary to employ endurance diagrams (Ref. 16). In
general, it is necessary ako to use a factOr of safety On the actual endurance range tO allOw fOr scatter in the
results.

6-3.3.1.5 Effects of End Turns
Usual types of end turns employed in helical compression springs are shown in Fig. 6-16. The most common

type is squared and ground or forged, as indicated in Fig. 6- 16(A). This form of end has the advantage of less
eccentricity of loading, hence, a lower stress for a given load than would be the case if the ends were made as
indicated in Figs. 6-16(B), (C), or (D).
An accurate determination of deflection in helical compression springs requires that the effect Of the end

turns be estimated with reasonable accuracy. Several theories predict different numbers of inactive end coils,
but it is generally accepted that for tbe usual design of end coils (Fig. 6-1 6(A)) the number of inactive coils may

(A) Squared and Ground or
Forged Ends (Usual Type)

(C) Plain Ends

(B) Squared or Closed Ends
Not Ground

(D) Plain Ends Graund

(E) 24 Turns Set Up

Figure 6-16. Types of Ends Used for Compression Springs
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vary from about 1.65 to 2, considered as a reduction in total turns. A mean value of 1.75 inactive coils is as
good a value as any to use in practice. For higher loads a value somewhat higher m:iy rejustified, although a
Iower value maybe used for lower loads. The seating of the coils as the load increases also tends to produce a
slight curvature of the load-deflection diagram. ●
The preceding discussion has been concerned only with the usual type of end turn. Approximate values of

inactive coils are
1. For plain ends ground (Fig, 6-16(C)) active turns are n – 0.5 where n = total turns.
2. For plain ends ground (Fig. 6-16(D)), active turns are n – 1.
3. lf2.5 turns at each end areset up and ground as in Fig. 6-16(E), the active turns may be taken roughly

asn —5.

6-3.3.1.6 Effects of Eccentric I.oading
If a compression spring of usual design is compressed between two parallel plates, it will be found that the

resultant load is generally displaced from the spring axis by a small amount e. The effect of this eccentric
loading e is to increase the stress on one side of the spring diameter and to decrease it on the other.
Forcalculating the ratio e/rofeccentricity eand coil radius r = D/2, the f’ollowing expression (Kef. 6) may

be used:

~ = 1.123 (z – l), dimensionless (6-40)

where
~ = I + 0.5043 + * + ~ , dimensionless

n J n’
(6-4 I)

n = number of solid coils, dimensionless.

The number of solid coils will be approximately 1.5 turns greater than the number of coils n’ between tip ●
contact points, i.e.,

~ = ~’ + 1.5, dimensionless. (6-42)

As an approximation, it may be assumed that foralargespring index the stress will be increased in the r:~tio
1 + e/r, as compared with the stress for purely axial loading.

EXAMPLE 6-3
Calculate the eccentricity e for a snrin~ that has a coil diameter of O.3229 m (12.715 in. ) and 8 cnils
From Eqs. 6-42, -41, and -40, resp’ecti~ely,

rr=8+l.5 =9.5

~= , + 0.5043 +
9,5

0.1213 + 2.058 = 1,05683
(9.5)2 (9,5)3

23)(1.05683– 1)=0.0103m.

6-3.3.1.7 Expansion in Diameter Drrring Loading
Foracomprcssion spring with ends prevented from unwind ingduring deflection, the expansion indiamewr

AD during static compression from free to solid height is (Ref. 6)
●
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AD = 0.05
(1

# _ ~,
, m

D

where
p= pitch, orcenter-to-center distance ofcoils at free height, m
d= wirccfiameter ofspring, m.

If the ends are free to unwind, the expansion in diameter D becomes (Ref. 6)

AD= O.10 (P’ – 0.8pd – 0.2d’

1
, m.

D

DOD-HDBK-778(AR)

(6-43)

(6-44)

When springs are mounted in guides to prevent
between spring andguideassrnall aspractic~il.

EXAMPLE 6-4:

buckling, it is generally desirable to make the clearance

Calculate theexpansion in diameterof a spring whose pitch is f).152 m(6.0in. ). Let the coil diameter Dand
wire diameter d be 0.322961 m ( 12.715 in. ) and 0.0262S9 (1.035 in.), respectively. This spring is fixed at both
ends by friction.
From Eq. (>-43

Af) = 0.05
[

(O. 152)’ – (0.026289)2 ~ 000349 m

0.322961 1
● This AD is under static conditinm; under dynamic conditions it is much larger

6-3.3.1.8 Effects of Dynamic Loading
A counterrecoil spring is subject to mpid variation in load and may experience substantial dynamic

response. [f one end of a long, precompresscd or free helical spring is suddenly compressed by a heavy mass
mnving with high velocity, asurge wave is propagated along the spring wire with a velocity v,given by(Ref. 6)

d

/

gG“,,=— —, mis
D 2y

(6-45)

where
.? = acceleration due to gravity, nll Sz
G = modulus of rigidity, Pa
y = specific weighl, N/m~.

The surge time /., in seconds for the wa\e to cover the whole length of tbe spring wire is therefore

t., = Trt D—,s. (6-46)
Vs

The increment is uncorrected shear stl-ess AT, when the spring is suddenly compressed with a velocity M, is
(Ref. 6)

r2yG , pa
AT = ?, —

‘z
(6-47)
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Eq. 6-47 indicates that .Ar is independent of the spring dimensions.
The corresponding increments in load AP, (from Eq. 6-32) is

~p, . &

r

2yG
—,N. (6-48)

8D g

The incremental deflection per unit coil A8 is obtained from Eq. 6-33, by substituting AP., from Eq. 6-48, as

(6-49)

The stress, load, and deflection increments are superimposed on the values due to the initial compression of
the spring. These equations do not, however, consider effects of clashing of the coils or of reflections from the
ends—both of which may occur in actual springs that are subjected to extreme transient excitation.

EXAMPLE6-5:
Calculate the velocity of surge wave propagation v,, the surge time I., the increment in uncorrected shear

stress Ar, and the associated increments in load AP,, and deflection Ati per unit coil for a spring whose
dimensions are

cnil diameter D = 0.322961m (12.715 in.)
wire diameter d = 0.026289 m (1.035 in.)
number of active coils n =6
velocity of sudden compression v, = 1.82801 m/s (71.969 in. /s)
mndulus of rigidity G = 7.59597X 104 MPa (11.017X10b psi)
specific weight y = 76,989 N/m’ (490.15 lb/ ft3)
acceleration due to gravity g = 9.80665 m/s’ (32.174 ft/s’).

The velocity of surge wave propagation is, from Eq. 6-45,

~$ = 0.026289

0.322961 m

= 179.05 mjs.

The surge time in seconds for the wave to cover the whole length of the spring wire is, frnm Eq. 6-46,

(. =
(3.14)(6)(0.322961) = 0,034 S,

179.05

The increment in uncorrected shear stress is, frnm Eq. 6-47.

Ar = 1.82801
d

2(76,989) (7.59597 XI0’”) = 63,,3 ~Pa,

9.80665

The corresponding increment in load is, from Eq. 6-48,

~p = T(I.82801)(0.026289)3

{

2(76,989)(7 .59597 XIO’”) = ,395 N,
5

8(0.32296 1) 9.80665

●
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The corresponding increment in deflection per unit coil is, from Eq. 6-49,

La = rr( 1.82801)(0.322961)2

0.026289 =

= l,0358X10-2m.

6-3.3.2 Belleville Counterrecoil Drive Spring

6-3.3.2.1 Design Considerations
In some designs, such as in the M55 I tank recoil mechanism shown schematically in Fig. 6- I(B), the use of

Belleville drive springs is advantageous. Such springs consist essentially of circular disks that are dished to a
conical shape, as shown in the diametral cross section of Fig, 6-17. When load is applied as indicated, the disk
tends to flatten out and this elastic deformation constitutes the spring action.

pq=Lood

c,
t

b@-Rb-i
Figure 6-17. BeBeviIIe Drive Spring

—
Belleville springs may be used singly or may be stacked—either in parallel as shown in Fig, 6-18(A) or in

series, as shown in Fig. 6-18(B). By stacking in parallel, the load capacity is increased in proportion to the
number of disks. In addition, damping is obtained by friction between the disks. By stacking in series (Fig,
6-1 8(B)), the deflection for a given load is increased in proportion to the number of disks.
Advantages of Belleville springs include high capacity for a relatively small space requirement in the

direction of load application, nonlinear load deflection characteristics that are made possible by varying the
ratio of cone height to disk thickness, damping obtained by stacking in parallel (Fig. 6-1 8(A)), possibility of
changing the load deflection characteristic by stacking in series or in parallel, and possibility of use as
structural members. On the other hand, this spring has tbe disadvantage of a rather nonuniform elastic stress
distribution, which may be of importance where fatigue is involved.

(A) Stacked in Parallel

(B) Stacked in Series

Figure 6-18. Methods of Stacking Belleville Springs
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6-3.3.2.2 Design Equations
Belleville springs may be divided into two groups, i.e.,
1. Large deflection 8and/or large-cone height h'todisk thickness tratios (8/{> 0.5, and/or h'/ f> O.5) ●
2. Small, deflection 8andsmall-cone height h'todisk thickness tratios (8/[ S0.5, andh'/t SO.5).

For an M551 tank recoil mechanism, consider the case of large deflection and/ or large height. The load P.,
acting attheedges (Fig. 6- f7)is (Ref. 6)

~,= C: C’Et’
.! —,N

R;
(6-50)

where
P. = load at deflection 8 from no load position, N
C’ = factor depending on Rb/ Ob (Fig. 6- 19), dimensionless

R*,~, = outer and inner disk radii, respectively (Fig. 6- 16), m
CI’ = factor depending on 6/[ and h’/t—from Fig. 6-20 for 6/[< 3 and from Fig. 6-21 for 6/I> 3,

dimensionless
h’ = initial cone height of spring (Fig. 6-17), m
t = disk thickness, m.

3.4(l-l

: 3.0
0
‘~ 2.6

E~ 2.2

G 1.8

, , I , , , , 1 I , 1 ,

1.0 1.5 2.0 2.5 3.0 4.0

Ratio ~, dimensionless
sl~

Figure 6-19. Curve for Determining Factor C’

6-32

Elastic stresses at deflection 8 (negative signs indicate compressive stress) are (Ref. 12)

()

Et2UC. —& — , Pa
R;

()

Et2
U,I = Kt( — , PaR;

()

Et’
o(1 = K,l — , Pa

R;

(6-5 1)

(6-52)

(6-53) ●
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2.2

0 0.5 1.0 1.5 2.0 2.5 3.0
8 Deflection—. , dimensionless
t Disk Thickness

Figure 6-20. Curves for Determining Load Factor C; (8/ &3)

I I I , I I -1

0 1 2 3 4 5

8. Deflection , dimensionless
~ - Disk Thickness

Figure 6-21. Curves for Determining Load Factor C; (8/ (>3)

where
E = Young’s modulus, Pa
u, = stress at upper inner edge A (Fig. 6- 17), Pa
u,, = stress at lower inner edge B (Fig, 6-17), Pa
o,? = stress aI lower outer edge C (Fig. 6-17), Pa

K,. K,,, K,j =,f(il/t. h’/ [, R,,/Oh), dimensionless. 6-33
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For any /r’/[ and 8/[, the factor K, may be determined from Fig. 6-22. Similarly, K,, and K,2 may be
determined from Fig. 6-23 and Fig. 6-24, respectively. Interpolation may be made fot- intermediate values of
R,/ Q,, ●

6-34

0 0,5 1.0 1.5 2.0 2.5 3.0
8_ Deflection , dimensionless
t Oisk Thickness

(A) ~A: = 1.5

14

12

~ 10
%’
08.-
:
,~ 6
u

~$ 4

82
zf

o

-2

0 0.5 1.0 1.5 2.o 2.5 3.o
8 Deflection—. , dimensionless
t Disk Thickness

(B)~b = 2.o

0 0.5 1.0 1.5 20 2.5 3.0
8 Def Iec?ion—, , dimensionless
t Disk Thickness

(C) ~= 2.5

Figure 6-22. Curves for Stress Factor K,
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12

10

14

12

10

-4~
o 0.5 1.0 1.5 2.0 2.5 3.0

14

12

10

-4

(Al ~ = 1.5

O 0.5 1.0 1.5 2.0 2.5 3.0
a. Deflection , dimensionless
7- Dk.k Thickness
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1 1 1 f 1 I

&-~/,0y J

o,.
\f’

?.?

~.5

3,0

-4
0 0.5 1.0 1.5 2.0 2.5 3.0
8. Deflection , dimensionless
~ - D,sk Thickness

(B) ~ = 2.0

(c) ~ =2.5

Figure 6-23. Curves for Stress Factor K, I

6-35

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

I t 1 1 1 1 1

1

0 0.5 1.0 1.5 2.0 2.5 3.0
B= Deflection , dimensionless
t Disk Thi~k”e~~

(A)n~ = 1.5

●

I I I I I I I
O 0.5 1.0 1.5 2.0 2.5 3.0
a. Def Iection , dimensionless
/ - Disk Thi~k”ess

(B):;= 2.0

1 1 I I I 1 I
O 0.5 1.0 1.5 2.0 2.5 3.0
8_ Deflection , dimensionless
~ “ Disk Thickness

(C) ~ =2.5

Figure 6-24. Curves for Stress Factor K,>

6-3.3.2.3 Nominal Stress u.
The nominal stress is also referred to as “simple bending stress” and is used for sta(ic loading (Ref. 6), i.e.,

on = 0.96R , ~a (6-54)
t2

EXAMPLE 6-6:
Design a Belleville spring or a set of Belleville springs so that the load is to be held approximately constant at

22,240 to 26,690 N for a deflection range A8 of about 0.00229 m. Lel the height-thickness ratio h’/ t be 1.5 and
the outer radius RI,and inner radius fl~ of the spring be O.108 m and 0.054 m, respectively. Nominal stress u,, is
to be limited to 690 M Pa. Loads act at the edges. ●
6-36
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0.108 = *
~b/f~b = —

0.054

To avoid a steep rise in load near the flattened spring position, the maximum value of 6/f will be taken as
1.3.
From Fig. 6-20. the load factor Cl is approximately constant for h’/t = 1.5 between 6// = 0.74 to

8/( = 1.3. Based on the given deflection range between the two load limits of A6 = 0.002291 m (0.0902 in.)
and the given range of 8/1.

(A8)/t = 1.3 – 0.74 = 0.56

Thus with A3 = 0.002291 m, f = 0.002291/0.56 = 0.00409 m.
For6/[ = 1.3andk’/[ = 1.5, Fig.6-20gives C~ = 1.67, and from Fig. 6-19, for Rb/~b = 2, C’ = 1.45. Use

Eq. 6-50, with E = 206,840 MPa to obtain

p, = (1.67) (1.45) (2,07 XI O”) (0.00409)4

(0.108)’

= 12.025 N

;it a deflection of

8 = 1.3/ = 1.3(0.00409) = 0.00532 m.

● Thus to get a load range of22,000 to 27.000 N, two of these springs could be used in parallel. From Eq. 6-54 the
nominal stress becomes

0.96 (12,025) ~ 690 ~Pa
u,, =

(0.00409)’

6-3.3.3 Material Properties and Fabrication of Counterrecoil Springs
Data on the composition and properties of commonly used carbon- and alloy-steel wire (bars) for

hot-wound springs are given in Table 6-1. For the larger sizes of helical springs, it is not practical to wind the
spring cold. In such cases tbe spring may be made from carbon- or alloy-steel wire wound hot and then
heat-treated. For winding of these springs ASTM specification A 12552 calls for heating to a temperature of
apP~Oximately 9~7° C. ( 1700° F) and coiling on a preheated mandrel. The springs are then allowed to COOI
unllormly to a distinct black heat, after which they are first heated uniformly to a temperature sufficiently
above the transformation temperature to refine the grain and then are oil quenched. After quenching, the
springs are tempered by heating to a temperature well below the transformation for a sufficient time to yield
the required hardness values. Data on composition of steel wire for such springs are given in Table 6-2.
Counterrecoil spring reliability has been a severe problem in recoil mechanisms, particularly in the M 140.

The actual problem with this mechanism is not the spring, but that the control diameters were not made large
enough to permit the spring to compress freely under dynamic loading. The spring is assembled concentric to
the recoil piston and is made of a material that is much harder than the recoil piston material. When the gun
recoils, the spring compresses in waves, which causes the coils to clash and squeeze between the cradle and the
recoil piston. This action quickly damages the surface of the recoil piston. In addition, the spring causes the lip
on the retainer seat to extrude. Eventually, the lip is severed from the seat, floats freely in the agitated hydraulic
fluid and causes the gun to fail to return to battery. Whenever the spring breaks, it may also cause the gun to

● fail to return to battery. These failures lead to maintenance problems that can be prevented through use of
sound design practice.
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steel”
(SAE No.)

1070
1080
1095
4160 (mod)

50B60Hi
5150H
5160H
51B60HT

6150H
8660H
9260H
9262H
9850H

DOD-HDBK-778(AR)

TABLE 6-2
COMPOSITION OF STEEL BARS

FOR HOT-WOUND HELICAL SPRINGS (Ref. 16)

c

0.65-0.75
0.75-0.88
0.90-1.04
0.55-0.65

0.55-0.65
0.47-0.54
0.55-0.65
0.55-0.65

0.47-0.54
0.55-0.65
0.55-0.65
0.55-0.65
0.47-0.54

Mn

0.60-0.90
0.60-0.90
0.30-0.50
0.70-10..

0.65-1.10
0.60-1.00
0.65-1.10
0.65-1.10

0.60-1.00
0.70-1.05
0.65-1.10
0.65-1.10
0.60-0.95

Composition, %

Si

0.15-0.30
0.20-0.35
0.15-0.30

0.20-0.35
0.20-0.35
0.20-0.35
0.20-0.35

0.20-0.35
0.20-0.35
1.70-2.20
1.70-2.20
0.20-0.35

Cr

0.60-0.90

0.30-0.70
0.60-1.00
0.60-1.00
0.60-1.00

0.75-1.20
0.35-0.75

0.20-0.50
0.80-1.20

Ni

0.35-0.65

0.65-0.95

Mo

0.25-0.35

0.15 V min
O.i5-0.25

0.20-0.30

*Specified as hot-rolled special bar quality, fine grained. Other suitable but less popular grades are 1090, 8650H and
8655H.
TBoron content for these steels is 0.0005% minimum.

● 6-3.4 BEARINGS
In this subparagraph the design of concentric sleeve bearings is discussed, including the calculation of

bearing loads encountered in tank recoil systems due to tbe effect of gun imbalance and vehicle dynamics.
Recoil motion of the gun requires that the gun slide on a translational bearing. Sliding surfaces of the

bearing can be in the form of rails that are attached to the side of the gun tube, which slide on supporting
guideways in the U-type cradle, or they may be in the form of a pair of sliding bearings attached to the outer
cylindrical housing, as in O-type cradles of concentric mechanisms. [f rails are used, the guides are channel
shaped to prevent tbe rails from separating due to the rifling torque that tends to rotate the barrel. If
concentric sliding bearings are used, the barrel is keyed to the bearings and thus allows translator motion but
prevents rotation due to rifling torque. In addition to the rifling torque, tbe sliding surfaces are subjected to
tipping moments caused by axial forces, friction forces, and normal forces due to the weight of the gun.
During design the rails and bearings are checked for the following failure modes:
1. Crushing due to bearing pressure
2. Friction wear
3. In the case of rails, failure by fracture.

6-3.4.1 Design of Sleeve Bearings
Wear analysis and prediction of life are performed by using a model for zero wear (Ref. 8). Basically, the

model states that wear can be controlled by limiting the maximum shearing stress r~~. that occurs in the
vicini[y of Lhe contact region. More specifically, the model states that wear can be held to a zero level, for a
particular number of passes No, if r~.. is less than or equal to a certain fraction y of the yield stress r, of the
bearing material, i.e.,

Tmnx5 YrY, pa (6-55)
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where

I

YR, if Np <2000, dimensionless

,=i ,R(2y:~ , if Np 2 2000, dimensionless
(6-56)

7E = function of two materials in contact, dimensionless
N, = number of passes in sleeve bearings, dimensionless.

For dry or boundary lubrication, y. = 0.54 for materials with low susceptibiiityto transfer and y. = 0.20
for materials with high suscep~ibility to transfer. For quasi-hydrodynamic lubrication

0.54< YR< ]

The maximum stress due to bearing load is

‘max=Kslubr[(+J+ ~21’’21pa
(6-57)

where
K, = stress concentration factor to account for effect of corners at ends of a finite cylinder,

dimensionless
= 3, for well-rounded corners
= 1000 for sharp edges

ob, = pressure over conforming surfaces
= P/A, bearing pressure on sliding bearing, Pa

P = normal load, N
,4 = projected area normal to tbe force P, m’
P = coefficient of friction, dimensionless.

Values of y~ for several combinations are given in Ref. 8. If a particular combination is not listed, y, may be
estimated in one of two possible ways. The first and more conservative way is to assume y~ = 0.2. The second is
to find a combination that is listed and is similar to the one in question and then to use the value of yfi for the
listed combination.
If the yield point r, of the bearing material in shear is not known, it can be estimated from the microbardness

of the material (see Ref. 9). In the case of layered material, rYwill vary with depth. If the outer layer is thicker
than O.00013 m(O.005 in.), only the outer layer need reconsidered for wear. For cases in which the Iayeris not
this thick, Eq. 6-55 must recomputed for all layers with adepthof upto O.00013 m(O.005 in.). In such a case r,
and yk will also vary from layer to layer.

6-3.4.2 Design of Bearing for a U-Type Cradle

6-3.4.2.1 Load Analysis
The sliding surfaces are subjected to both normal forces and shear forces. Tbe normal forces are obtained as

reaclions to the rifling torque and to moments in the vertical and horizontal planes produced by the forces
acting in the direction of recoil, but offset from the tube centerline, and to the weight of the recoiling parts,
whereas the shear forces are caused entirely by friction. To compute the net effect of all these forces, the effect
of each force is determined independently and the results are superposed.

●
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6-3.4.2.2 Stresses Due to Tipping Moment

●
If the two mating sliding surfaces are continuous, atriangular load distribution is assumed, aS in Fig 6-25

This implies zero clearance and a linear compliance of both the rail and guide. For discontinuous or
nonconforming surfaces, a trapezoidal distribution is assumed, as in Fig. 6-26.
The resultant reactions RI and RJ, based on the load distribution shown in Figs. 6-25 and 6-26, are carried

equally by the two rails.

R,l ,

l-----+ l%
Figure 6-25. Loading for Continuous Rails

Figure 6-26. Loading for Discontinuous Rails
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6-3.4.2.3 Stresses Due to Rifling Torque
The stress due to the rifling torque is assumed to be constant along the length of the rails.

6-3.4.2.4 Stress Equations
Basic equations relating the variables of Figs. 6-26 to 6-28 and the go\Jerning motion are

,fi=PR, ,N (6-58)

f,=pR2, N (6-59)

KzKR+j]+fz, N (6-60)

F“ = F, + W’,sin(r’– K, N (6-6 1)

T, = 0.6 iT2PgR~/NR, N.m (6-62)

where
f,~, = friction in front and rear bearings, respectively, N

R,,R~ = normal reaction in front and rear bearings/ rails, respectively, N
Y = coefficient of friction between guideway and slide, dimensionless
K. = force provided by recoil mechanism (rod pull), N
K = total resistance to recoil, N
F, = propellant gas force, N

F., W’, = inertial force and weight of recoiling parts, respectively, N
O = angle of elevation, rad
m, = W,/g, mass of recoiling parts, kg
T, = rifling torque, N.m
P, = propellant gas pressure, Pa
R, = radius of bore, m
N, = twist of rifling (calibers/turn), dimensionless.

6-3.4.2.5 Components of Normal Stress
The force F; resulting from the rifling torque is

F; = T,/c/, , N.

Therefore, the loading w, per unit length resulting from the rifling torque is

W, = F;/L = T,/(Ld,), N/m

where
w, = loading per unit length due to rifling torque, N/ m
d, = distance between rails, m
L = length of rails/bearings, m.

To compute R, and R, from tipping moments by using D’Alembert’s Principle, conditions for dynamic
equilibrium of the model of Fig. 6-27(A) are imposed. Summation of forces normal to the gun tube axis yields

(6-63)

(6-64)

R, – R, + W,COS6 = O, N. (6-65)

●
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Figure 6-27. Forces on Recoiling Parts

Summation of forces parallel to the gun tube axis yields

F. = Fg + W,sinO – K, N

where

K= K.+fl +j,, N.

(6-66)

(6-67)

Summation of moments about the contact point R, in the rear bearing surfaces yields

(C – e)K. + eFg – (e – CO (z% – ~rsi@ – a ~Jos~

– (e– h)f, – (a– b)f?i = O, N“m (6-68)
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where dimensions are defined in Fig, 6-27(A).
From Eqs. 6-58 to 6-68, F,, K, K~, f,, and~? can be determined—either explicitly or in terms of R, (see

Example 6-7). The equations of equilibrium yield three independent equations in the three variables RI, Rz,
and F., which can now be determined. ●
Because of the weight of the recoiling parts, R1 > R,,

R2 = wIL/2, N
I

(6-69)

or

W2 = 2R2]L, N I

Ubr = (W2 + wr)/f, pa (6-70)

where
W2 = loading per unit length due to tipping moment, N/m
u~, = bearing pressure, Pa
I = width of rail bearing, m.

It is recommended that (he maximum bearing pressure for continuous motion be of the order of 1.379 to
2.068 MPa (200 to 300 psi). The maximum bearing pressure for discontinuous motion should be less than
3.447 MPa (500 psi).

6-3.4.2.6 Check for Fracture of Rail and Guide
The flanges of the channel-shaped guide and the rails arc treated as simple cantilevers, and the maximum

bending stress is computed. For dimensions and nomenclature, refer to Fig. 6-28. Loads are
w = bending load per unit length of guide, N/m
M,, = bending moment at root, N.m

= wLdI, N. In. ●
The combined direct and bending stress at the root, due to loading, is related by

WL~I + Y , pacJ=u/, +o,n ——
z al

where
~ = Combined str~s~, pa
u~ = bending stress, Pa
o~ = direct stress, Pa
d, = distance from center of guide section to bending load w, m
z = La~/6, m], section modulus at Section A-A, Fig. 6-28(A)

al = width of guide section, m.

From the maximum shear stress theory of failure

TYP = IJw/ z> and ?dlowobk ~ TYp/(SF)

(6-71)

1(6-72)(Tm,z.)d,,,wab,e = :

(6-73)

644
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where

●
~,,, = yield shear stress, Pa
SF= safety factor, dimensionless
u>,, = yield normal stress, Pa.

A simplifying assumption made in these calculations is that the contact area does nOtchangeas the members
undergo deforma~ion. Two types of deflections may occur. One involves bending of the vertical members (Fig.
6-28(A)), which causes the contact areas to move and results in overloading of the end sections. If both
members are identically constructed, angular deflections of the rail and guide are the same and no change of
contact area occurs with deformation.
The other type of deflection concerns bending of the horizontal members (Fig. 6-28(B)). This deflection

poses a tricky problem since, m the beams deflect, the contact area decreases. This causes the load to
redistribute, which causes higher contact s[resses, with the result that ultimately the contact area continues to
decre;ise and theoretically approaches line contact.
A means of circumventing peak contact stress is LOprovide flexibility in the structure to allow deflections of

the mating surfaces to conf~~rn to each othct- and thus maintain a constant contact area

l-a,4 s
(A) Loading Diagram (B) Cantilever Beam Analogy

Figure 6-28. Slide and Guide Showing Assumed Deflections

EXAMPLE 6-7:
The following data are given for the U-type cradle of Fig. 6-27(A):

~ = 2,032 ~ (gf),~ in,), b = f),5f)~() m (20.0 in.), c = 0,4064 cm (16.0 in.)
d = 0.00254 m (0.10 in.), T, = 61,580 N.m (5.45 XIOS Ib.in.)
e = 0,203 m (8.0 in.), h = 0.178 m (7.0 in.), W, = 44,482 N (10,000 lb)
F, = 2,051XI0’ N (I.8IX1O’ lb), K= 6.67XIOS N (I.5X105 lb)
P = 0.15, 8 = 60 deg, t = 0.076 m (3.0 in.), L = 2.286 m (90.0 in.)
d, = 0.4318 m (17.0 in.).

Determine the bearing pressure LTbr.
By using D’Alembert’s Principle and Eq. 6-66, the sum of all inertial and external forces acting along the

tube axis is zero; consequently,
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F. = ~, t W,sinO – K = 8,051,000 + 44,482(0.86603) – 667,000

= 7,422,522 N.

Similarly, summing the external forces acting in a direction perpendicular to the tube axis, by Eq. 6-65

Rj = RI + 44,482(0.5)

I
(6-74)

= R, + 22,241, N.

From the definition of K, Eq. 6-67,

KR = K– (J +J2) (6-75)

and the relationships, Eqs. 6-58 and 6-59,

j = pRI =0.15R,, N (6-76)

f> = PR2 = 0.15Rz

= 0.15(R1 + 22>241), N
1 (6-77)

by substituting the expression for Rj from Eq. 6-74. Combine Eqs. 6-75, 6-76, and 6-77 to solve for K,, i.e.,

KR = 667,000 – [0.15R, + 0.15(RI + 22,241)] ●
= 663,664 – 0.30 RI, N. (6-78)

Summation of moments at the point of action of R,, i.e., Eq. 6-68, and the substitution of known values for the
various parameters, together with the expressions for~l and K~ (Eqs. 6-76 and 6-78, respectively) yield

(0.4064 – 0.203) (663,664 – 0.30 R,) + 0.203(8,051,000)

– (0.203 – 0.00254) (7,422,522 – 38,523) – (2.032) (22,241)

– (0,203 – 0.178) (0.15 R,) – (2,032 – 0.508)RI = O.

Combining terms gives

1.58865R, = 2.4368X105
R, = 153,386 N.

From Eq. 6-74

R, = (153,386 + 22,241) = 175,627 N.

From Eq. 6-76

j“, = 0.15(153,386) = 23,008 N

646
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From Eq. 6-77

~, = 0.15(153,386 + 22,241) = 26,344 N.

From Eq. 6-78

KR = 663,664 – 0.3(153,386) = 617,648 N

Loading due to the rifling torque T, is, by Eq. 6-64,

w, —
61,577 = 62,353 N/m.

(0.4318) (2.286)

Mean loading per unit length, due to reaction R,, from Eq. 6-69, is

(2) (175,627) = ,53654 N,m,
W2 =

2.286

Net loading on the rails per unit length is

~ = W,, + ~2 = 62,353 + 153,654 = 216>007 N/m.

Bearing pressure oh, = (loading/ unit length) /thickness, by Eq. 6-70, is

● 216,007~br . — = 2,842,203 N/m’.
0.076

This pressure is allowable since the gun is not in continuous use.

,5X,4 MPLE 6-8, Check for Fracture:
By using the analysis of par. 6-3.4.2.6, a check for factor of safety with respect to fracture is carried out with

the data of Example 6-7 and the following given data:
a, = b, = 0.0191 m (0.75 in. ) (Fig. 6-28(A))
d, = e, = 0.05715 m (2.25 in.) (Fig. 6-28(A))
o),, = 414 MPa (60X103 psi)
M = 216,007 N/m (1234 lb/in.) (obtained previously in Example 6-7).

For calculation of bending slress, the section modulus z is calculated as

z = La?/6

_ 2.286(0.0191)2 ~ 0,0001375 M3,—

6

From Eq. 6-71,

(216,007) (2.286) (0.05715) + 216,007 = 216,07 MPa,0=
0.0001375 0.0191
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The factor of safety against fracture is, from Eq, 6-73,

SF= tJYP/U D 414 X10d/(216.07X10c) = 1.91, dimensionless

EX,4 MPLE 6-9, Check for Wear:
The bearing pressure determined from Example 6-7 is oh, = 2.842 MPa(412 psi) and the given coefficient of

friction is p = 0.15. Assume well-rounded corners; the maximum shearing stress r“,..,.is then, assuming a stress
concentration factor K, = 3, from Eq. 6-57,

Trw.y= (3.0)(2 .842)[(0.5)2 + (O. 15)2]

= 4.45 MPa.

Assume the fraction of bearing yield strength is y = 0.2. The yield shear stress T,, is, from Eq. 6-72,

.}, = 414/2 = 207 MPa.

and from Eq. 6-55

YTY,,= (0.2) (207) = 41.4 MPa

Since YTyp > T“,.,, the model for zero wear suggests that friction wear is negligible

6-3.4.3 Design of Bearings for an O-Type Cradle

6-3.4.3.1 Problem Definition
The O-type cradle is cylindrical, i.e., it forms the outer recoil cylinder, and is concentric with the gun tube.

The internal elements of the recoil mechanism fit in the clearance between the cradle and the gun tube. The gun
tube is supported by means of sleeve bearings that are located at the ends of tbe cradle (refer to Fig. 6-27( B)).
Design of the bearing follows essentially the same procedure as for the rails for a U-type cradle. The

bearings must be checked for botb crushing and wear due to friction.

6-3.4.3.2 Design Equations
Summation of forces parallel to the gun tube axis yields (refer to Fig. 6-27(B))

F,, = Fg + lV,sinO – K, N.

Summation of forces normal to the gun tube axis yields

R, – R, – W,COS8 = O, N

Tbe friction force~, resulting from R, is

The friction force.fi resulting from R, k

j2=/.c R2, N

The summation of moments about the point R* yields

(c – e)KR + a W,cos/3 + eFg – (e – ~(Fa – W,sh@

6-48 – (a – b)R, = O, N.m

(6-79)

(6-80)

(6-81)

(6-82)

●
(6-83)
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E,YA .MPLE 6-10:

●
The following data are given fot

a = 2.032 m(80.0 in.)
b = 0.122 m(4.8 in.)
c = 0.4064 m(16.0 in.)
d= 0.002S4m(0.10 in.)
e = 0.203 m(8.0 in.)
h= 0.178 m(7.0 in.)
iv, = 44,482 N(10,0001b)

Determine R,, R,, KR, and oh,.
By Eq. 6-79

the O-type cradle of Fig. 6-27(B):
F: = 8.051XI0’ N(l.81X10’ lb)
K = 6.67XI0’ N (1.5XI0’ lb)
R = 1.78XI0’ N (40X 103 lb)
/.i=o.15
bearing diam B~ = 0.3556 m (14.0 in.)
bearing length L = 0.2540 m (10.0 in.)
c,, = 207 MPa (30X 103 psi).

& = 8,051,000 + 44,482 (0.866) – 667,000

= 7,422,521 N.

By Eqs. 6-81 and 6-82,

J= 0.15R,, N

and

fi=0.15R, ,N

●
or, from Eq. 6-80, by substituting the expression for Rz.

J = o. 15(/?, – Wrcosq

(6-84)

(6-85)

= O. 15R, – O. 15(44,482) (0.5)

= 0.15R, – 3336, N.

By Eq. 6-67

K. = K–,fi –,fi , N.

Therefore, substitution of the expressions for~l and~, fTOm Eqs. 6-84 and 6-85, respectively, gives

K. = 667,000 – 0.15RI – (0.15RI – 3336)

= 670,336 – 0.3R{ , N. (6-86)

By Eq. 6-83 and substitution of the calculated F. value,

(0.4064 – 0.203)& + 2.032(44,482)(0.5) + 0.203(8,05 1,000)

– (0.203 –0.00254) [7,422> 521 – 44,482(0.866)1

– (2.032 – 0.122)RI = O

K, = –980,565 + 9.4089R, , N. (6-87)
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Now substitute the value for K. from Eq. 6-86 into Eq. 6-87, to obtain

670,336 – 0.3RI = –980,565 + 9.4089RI

R, = 170,110N.

By Eq. 6-80

or

By Eq. 6-87

R, – R, – 44,482(0.5) = O

R, = 147,869 N

K. = –980,565 + 9.4089 (170,1 10)

= 619,679 N.

The projected bearing area /fbr normal to R, is

= 0.356(0.254) = 0.09 m’.

Thus tbe bearing pressure Ubr is obtained, due to R,. as

~br= 17O,I1O = ,,89 ~pa,
0.09

With this low value of bearing pressure, the bearing is acceptable

(6-88)

6-3.4.4 Effect of Gun Imbalance and Vehicle Dynamics
Dynamic loading on the bearing is caused by a number of Factors. Barrel whip and vehicle motion muse

lateral acceleration of several g’s of the gun, resulting in high-bearing forces. The location of the center of
gravity of the recoiling parts, relative to the centerline of the barrel, is one of the principal contributors to
dynamic forces on the bearing. Imbalance of the recoil mechanism along tbe recoil axis will cause eccentric
loading on the bearing, which produces nonuniform wear. Misalignment of the bearing itself also causes severe
loading on the bearing, which results in eccentric wear. Impact of the gun or gun support on the bearing,
especially during the beginning of recoil, causes wear due to impacts known as impact chipping.
Prolonged continuous usage of theguncauses inappreciable rise inthetemperature of the gun barrel. This

in turn affects the lubrication between the contacting surfaces and may produce surface damage. Elevated
temperature of the rubbing surfaces effects wear in three major ways and leads to changes in

1. Properties of the rubbing materials
2. Surface finish
3. Lubricant properties.

As the temperature increases, hardness decreases, and thereby, causes an increase in the wear ra[e.
Lubrication deterioration also occurs — first by oxidation of the oil and then by thermal degradation —which
causes a drastic increase in the coefficient of friction. Surface finish can also be altered by O~idatiOn of the
surfiace; this causes wear of the surface.

6-50
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Finally, the normal load P supported by the bearing becomes a function of time and makes wear analysis

o

considerably more complex. A conservative approach to the problem is to consider P = Pm..during the entire
recoil phase for bearing design.
6-3.4.5 Factors Affecting Wear and Methods of Reducing Wear
The complexity of wear is emphasized by a consideration of the number of factors required to describe it.

The chief factors that influence wear are
1. Variables associated with metallurgy—hardness, toughness, constitution and structures, and chemi-

cal composition
2. Variables associated with service—contacting materials, pressure, speed, temperature, and surface

finish
3. Other contributing factors—lubrication, corrosion, and contaminants.

Ref. 3 gives a detailed analysis of the factors affecting wear.
To prevent scoring and seizure of metal parts in sliding contact with boundary lubrication present, two

criteria have been put forth: The materials constituting a sliding pair should be (1) of mutually insoluble
metals and (2) at least one of the contacting materials must be from the B-subgroup of the periodic table.
A bearing alloy should have the following characteristics:
1. Good resistance to fatigue
2. Good surface action
3. Conformability
4. Embeddability
5. Corrosion resistance
6. Manufacturability.

Each characteristic is discussed briefly in the paragraphs that follow.
Resistance to fatigue is tbe first consideration because it is a direct measure of tbe bearing life. The fatigue

resistance, or endurance limit, is not easily defined. Many factors—such as load, temperature, misalignment,
distortion, and dirt—influence this limit. The load-carrying capacity of a bearing is usually a function of the

●
thickness of the bearing alloy.
Good surface action comprises the characteristics of low friction, nonscoring, nonwelding, and good

nettability.
The conformability of a bearing is its tendency to adjust itself to “off conditions” of assembly. The bearing

surfiace should be soft enough to undergo plastic deformation and accommodate misalignments that may
occur during assembly.
Embeddability of bearing material isitstendency toembed, absorb, or bury metal chips. Materials witha

tendency to embed particles will fail through seizure in foul environments.
Corrosion resistance isalsoimportant since itcanaffect thewear rate substantially. Factors affecting

corrosion are operating temperature, oxidation stability of lubricant, ventilation, passivation of bearing
surfaces, and deterioration products in the lubricant. The types of corrosion commonly occurring in bearings
are high temperature corrosion and srdphur corrosion. Ref. 10 presents a more detailed discussion of
corrosion,

Some properties desired of a bearing material tend to be mutually incompatible; hence material selection is
difficult. For instance, bearing materials are expected to have a low modulus of elasticity to allow large elastic
deformations at low stress levels. At the same time, tbe materials should have high load-carrying capacity and
fatigue resistance. To alleviate this problem, metals are alloyed to produce materials with optimal properties.
Babbit, aluminum alloys, and bronze are some alloys that normally are used.
Some of the most commonly used alloys and the methods of fastening them to the underlying structure are
1. Casl Aluminum Bronze (CAB), Type IIClass 4 Condition Heat Treat, Spec. QQ-l-671
2. Arc-Sprayed Aluminum Bronze (ASAB), Mil. Spec. MIL-W-6712B. Thiscoating of8X10-`m (l/32

in. ) is applied by the arc-metallizing spray technique onto a cold-rolled low carbon steel tube. The coating is of
composite structure, i.e., it contains void spaces and small Iaminar aluminum oxide deposits.
3. Arc-Sprayed Babbil (ASB), Tin Base, Mil. Spec. MIL-W-6712B. Material is applied by tbe arc-

metallizing spray technique onto a thin ASAB substrate that has been previously deposited onto a cold-rolled
low carbon steel.

●
4. Babbit-Anl@ic’tiorr Metal, QQ-T-390. This is ababbit layer onabody ofnodular iron casting.
5. Alcoa Aluminum Base AIIoYs—M303-T6, A750-T6. These alloys have significantly better wear

properties than bronze.
Materials in common use are listed in Tables 6-3, 6-4, and 6-5.
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TABLE 6-4

●
MECHANICAL PROPERTIES OF BEARING ALLOYS

Property A750-T6 B750-T5 750-TIOI M303-T6 Bronze
Tensile strength, 151.68 206.84 158,58 206.84
M [’a

Yield strength in 68.95 137.90 I 10,32 I 10.32
tension, MPa*

Yield strength in 6X,Y5 [37.90 I 10.32 — 110.32
compression. MPa*

Rockwell hardness 15H IOOH 85H SOH 45H
*Ollset = 0.2(.%Ior aluminum
Otfst?t = O.1% for bron?.e

6-3.5 SEAI,S
“1’hcnbjectiw ntthis subpar:tgraph is to introduce [hetypes and functions ofsealstha[ areemployed in tank

and other recuil mechanisms Ind to discuss design applic;it ions encourrtered inconmntric recoil mechanisms.
Cenct->illy, the function of a se:il is to seal in oil or other iluids: se:il out dirt. I’luid, or contaminants; and
main~ain applied pressure.
Classifictition 01 sealing devices into “seals” and “packings” is, to some extent, an arbitrary process.

Pnckings usu:illy create a seal by being squeezed between the throat of a stuffing box and gland. Under these
cnmpressi\c furces, the p:wking flows outw,~lrd to seal against the mo\’ing shaft or rod. Packings are used
prim:lril> for sealing high pressure during reciprocming motion,

●
Sezls tm~y be classified nn the b:isis of whether they ;ire static or dynflmic—s[atic seals perform their function

between stationary members: dynamic seals pcl-lorm their function in a sliding or rotating joint.
Confronted with adyr]:inlic sc:tlingproblenl in which fluid leakage between moving parts must decontrolled

or stripped, the designer Ibm rrnt O( the following two techniques available:
1. Controlled Cle~lrance. Operating by \irtue of fluid throttling action in narrow annular or radial

ptissages, cle~itance seals are chiefly effective m de~ices for limiting leakage to acceptable levels, rather than
stripping lmk~ige complc[ely.

2. I’nsitive Contact. When positi\e cont~inment of liquids or gases is required. the positive-contact seal is
recommended. With proper se(ection and :~pplication. the cnntact seal can be relied upon to provide zero
lcukirge Ior almost :~ny liquid or gas. Howe\,er. since it is sensitive to speed, temperature, and pressure,
improper application of [he contact seal mually results in early failure. In recoil mechanisms oil leakage past
the seals will caLIse failure of the recoil brake. Thus positive sealing must be insured.
Se~Ils used in recoil mechanisms function primarily between reciprocating parts, resist high pressure,

produce high friction, and provide zero leakage. The hydraulic pressure in the recoil mechanism is expected to
be uver2f).68 MPa(30tJ0 psi), so seals areamonglhe most critical componentsin artillery hydropneumaticmrd
tank hydrrrsprtng recoil mechanisms.

6-3.5.1 Types of Seals
Various types of seals employed for high pressures encountered in tank recoil mechanisms are wipers,

packing seals. O-ring seals, and T-ring seals. Each type of seal is described in tbe paragraphs that follow.

6-3.5.2 Wipers
in the recoil mechanism a wiper may be required to keep the setding surface clean—i.e., from any foreign

matter that could damage the dynamic seal during recoil. “I-hedesign of wipers is much less critical than the
design of the hydraulic seal. In early designs a leather sleeve was inserted into the cavity, and a gland was

●
screwed in to hold the wiper in place. The leather wiper had poor storage life; consequently, its use has been
discontinued. In recent designs, shnwrn in Fig. 6-29, Teflon wipers are used to keep the surfiace clean.
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(A) Cylinder Wiper

0 LeflorrWiper
LDynamic Seal

(B) Rod Wiper in

Figure 6-29.

Concentric Recoil Mechanism

Wiper Designs

6-3.5.3 Packing Seals
Packings are used as dynamic seals in recoil rods and floating pistons. As shown in Fig. 6-30(A), packing

assemblies are made of five parts: packing filler and liner, Bellcville spring, spacer, cup rings, and antifriction
bearing.
‘l-he packing filler generally is made of synthetic rubber. The liner or packing ring in conmct with the

cylinde!- is made of Teflon; in early designs it was made of leather. Belleville springs, selected because they
require very little space and provide large loads at small deflections, are used to compress the packings. The
springs are designed to fit closely on their inside diameter so they will not tend to move off center and scratch
the inside diameter of the recoil cylinder or provide an uneven load on the packings.
Between the Bellcville springs and the packings, a spacer is used todistribute the spring load uniformly over

the face of the packing (see Fig. 6-30). [n addition, the thickness of thespacer is cut to size at msembiyso that
when the end nut is screwed into the recoil rod, the spring is compressed to its assembled height to obtain the
proper spring load. The spacer is usually keyed to the recoil rod to keep it from turning on the cup ring w,hen
the end nut is screwed into the recoil rod.
(up rings (Fig. 6-30(B)) with a right-angled cross section are commonly used to confine the corner of the

packing to prevent it from extruding between the piston and cylinder. Recent developments use aluminum

●
alloy in place of the older silver rings.
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Figure 6-30. Recoil Rod Piston Packing

The antifriction bearing is used 10 provide a bearing surface and also to back up the rings. The bearing
material is generally a soft-babbit alloy. The material is cast in place and then machined at assembly to provide
a5. IX IO-$m(O.002 in, )diametral clearance with the mating part. If the bearing is not used to back up the cup
ring, the cup ring will extrude as shown in Fig. 6-30(C).
The end nut usually is partially screwed into the recoil rod before it is assembled into the recoil cylinder.

After assembly, it is screwed uptight. If at some time during the Iifeofthe recoil mechanism this packing starts
to leak, it is possible to tighten the nut to increase the Belleville spring load to stop the leak.
Floating pistons separate liquid from gas within a recuperator; hence they require positive seals, as

illustrated in Fig. 6-31. The piston has two heads joined integrally by a shank. The void around the shank is
packed with grease for lubrication. Each head contains a packing such as that described for the recoil rod
piston. [n general, the floating piston separates compressed nitrogen from oil. The oil and nitrogen are at the
same pressure. This puts a severe strain on the packings to separate the two systems effectively since most seals
operate effectively only when there is a pressure differential across the seal. The dynamic sealing of a floating
piston thus presents a difficult problem. The nitrogen tends to leak through the packing, due to its permeabil-
ity, or through the actual sealing surface. Therefore, an extensive test program was set up to develop a packing
for the floating piston. Table 6-6 shows the various combinations of materials used in the tests. Results indicate
that an aluminum cup ring with a Teflon liner and rubber packing work best on hardened steel (I?c 30-35)
cyhnders.
To provide a smooth surface for packing seals and bearings, the cylinder inside diameter is ground, lapped, ●and polished to a four RMS finish. Also the surface hardness should be RC 32 to 35.
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~Secticm A ~ Belleville Spring

cup ““91 ~Liner
ENLARGED SECTION A

~Packing Filler

Figure 6-31. Floating Piston

Thccylinder outside diameter usudlly is based on allowable diametralexpansion at maximum oil pressure.
It is desirable to limit the diametral expansion of the cylinder to provide effective sealing so there will not be
any leakage during recoil.
The actual limit of operating oil pressure is established by the seal or packing that must hold the pressure

during recoil. No serious problems exist during the Belleville spring-loaded, rubber-Teflon packings with
recoil oil pressure upto37.92t044 .82 MPa(5500t06500 psi). There is no available information as to howhlgh
a pressure this packing will hold over the lifetime required foratypicaldeslgn. There aredesigns, with special

TABLE 6-6
PACKING MATERIALS FOR FLOATING PISTON

~

Alummum, Silver, Antlfriction Bemng Material

Leather, Ant! friction Bearing Material, Nylon. Teflon,
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metal-to-metal dynamic seals on rods and cylinders, in which pressures as high as 172.369to 193.053 MPa
(25,000 to 28,000 psi) are used.
A recoil mechanism absorbs heat from the fluid throttling process; therefore, based on a rate of fire and heat

dissipating capacity, the recoil mechanism will heat up to some maximum operating temperature. At the o
present time the maximum tempemture is limited lo about 232” C(450” F), which is the Iimiting temperature of
the MI L-H-5606 hydraulic oil. Above this temperature the oil breakdown and theviscosityis lower. The next
limit is260° to288° C(5000 to5500F), which isthemaximum limit of ther"bbcr a"d Teflo"in the hydraulic
packings.
Mil. Spec. MI L-G-5514, Glond De.~ign, Po<!iings, H~drauli[’, GenwdRequiremcnts./or,prov iciesaddi -

tional insight regarding the design of seals and glands.

6-3.5.4 O-Ring Seals
An O-ring, used as a static seal in the recoil mechanism, is a circular ring of synthetic rubber that relies on

interference of thering andsealing surfaces foreffective sealing, Itsapplication issimilar toothertypes such as
T-rings. The principle of operation of an O-ring is simple; it depends on only two fundamental requirements:
( I) installation should be between two surfaces spaced apart at less distance than the width or cross-sectional
diameter of the ring and (2) elasticity of the ring material should be sufficient to maintain its original width and
hence exert a force against the surfaces.

6-3.5.4.1 Sealing Theory
An O-ring installed in a groove effects a seal through both compression and fluid pressure. The primary seal

ismadeduring installation when the O-ring issqueezed between facing surfaces. Effective sealing occurs only
when the squeeze is uniform around the ring, when the inside surface of the cylinder is smooth. and when
contact presscrre exceeds the fluid pressure. Asthecontained presser reincreases, rubber contact pressure must
increase proportionally to maintain the seal. Fluid pressure deforms and tends to extrude the ring, which
forces it against the contact surfaces and tightens the seal. The combined effect of radinl and transverse forces
makesit possibie for the O-ringto withstand from 4.14 t020.68 MPa(600t03000 psi) withirn initial contact
squeeze of perhaps only O.0069 MPa(l psi) on tbe rubber, ●
6-3.5.4.2 Backup Rings
At high fluid pressure, the O-ring mayextrude into the clearance, Extrusion of thering isone reason for

leakage, At pressures over 10.34 MPa(1500 psi), some form of extrusion protection, such as aTeilon backup
ring, must beusedtogether with averysmall radial clearance (see Fig. 6-32). Backup rings should be flexible
over the entire temperature range, have sufficient strength 10 resist extrusion at high temperature in a
high-pressure gland, be nonabrasive and adjustable to fit slighlly different glands, and be compact and easy to
assemble. They should not be required to seal, lubricate, or scrape off contamination.
Single turn, bias-cut, 0.384-rad (22-deg), Teflon backup rings have proven superior to the military standard

spiral Teflon ring; accord ingly, they might well readopted asan additional standard. Teflon alone istoosofl
to prevent extrustonat temperatures above 177°C(3500 F). Spiral or split metal backup rings without the
Teflon tend to cutup O-rings. The combin~tion of metal and Teflon backup rings appears to be the answer (see
Ref. 7).
New materials such as Teflon-coated glass cloth as well as other high-temperature materials, are becuming

available.

6-3.5.4.3 Static Seals
Fig, 6-33 shows basic design configurations used forstatic sealsin recoil mechanisms, An O-ring witha

backup ring is most widely used in recent designs. It consists of a standard MS 287750 -ring in a standard
AQPX20-ringgroove; if the pressure exceeds 10.34 MPa(1500 psi), a backup ring is added. Various kinds of
backup rings have been used, including a Teflon spiral, per MS 28752; a single {urn, per MS 28774; and a
Teflon triangular sbape. Anyofseveral types of backup ring maybe used, provided they perform the basic
function of the backup ring, i.e., to close up the extrusion gap on the back side of the O-ring groove.
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Figure 6-32. Extrusions of O-Ring Under High Pressure

6-3.5.4.4 Design Factors
Tests have established criteria for determining the interrelationship of a number of conditions. The

following is a brief discussion of conditions that affect operation of O-ring seals:
1. Initial Amount of Squeeze. The minimum squeeze given in the standards are calculated to include all

factors of tolerances, clearances, concentricity, side load, and volume change in fluids. The diametrical
squeeze recommended for the O-ring cross section is about 10’?7o.

2. Amount of Stretch. O-ring stretch, which is applied to the inside diameter of the O-ring, is from 2 to 5%
for military designs.

3. Concentricity. The shaft and cylinder diameters are not perfectly concentric, so there will be more
squeeze on one side and less on the opposite side. The maximum clearance should be checked, and the squeeze
designed to be a maximum of 15 to 20% on the tight side.

● 4. Diametral Clearances. Recommended diametral clearance of piston and cylinder for O-rings is given
in Table 6-7.
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Figure 6-33. O-Ring Static Seals

5, Hardness of Ring. Arubber hardness of70durometer f,~rpressuresto 10.34 MPa(1500psi)and90
durometer for higher pressures is recommended. Softer rubber will seal surface imperfections more effectively
at a given fluid pressure, but precautions should be taken to prevent extrusion.

6. Pressure Differential. High pressure mayrequire aclosef’it between thecylinder andshaft, a higher
hardness, an increase ofcross section diameter of the ring, nraddititrn rrfabackup ring behind the seal.

7. Shape and Design of the Groove. Thesize of thegroovc (Fig. 6-34), which is the product rrfgroove
depth and width, should provide a groove volume approximately 1570 greater than the ring vOlunle. ‘~his
allows the ring toswell under fluid action. Evidencc indicates that extrusion mtiyoccur asa result of material
overfill in seal glands due to swelling of the seals in the hydraulic oil. The distance between the cylinder wall
and groove bottom equals its depth plus the radial clearance between lhc cylinder and shalt. This distance
should be at least 10Yoless than the O-ring width tocreate the squeeze that effects initial stxding. Width of the
grnoveis generally about l.5times O-ring width butvaries with operating conditions. Thegroove shouldn't
be too wide when backup rings iire used because the rings will not stay in position. All sharp edges should be
eliminated to prevent cutting during assembly.

8. (lroove Finish. Longer seal Iife can be obtained by providing the following recommended sur~ace
finishes for the glands and the diameter over which the O-ring mus~ pass during-movement: ●
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TABLE 6-7
DIAMETRAL CLEARANCES FOR O-RINGS

Clearance, m
Hardness Ring
Shore A

Maximum Pressure, MPa
Cross Section.

m 10.34 13,79 17.24 20.68 34.37

0.00178 0.000 Io 0.00005 0.000025
0.00262 0.00013 0.00008

70 0.00353
0.00004

0.00015 0.00010 0.00005
0.00533 0.00018 0.00010 0.00006
0.00699 0.00020 0.00011 0.00006

0.00178 000013 0.00010 0.00008 0.00005
0.00262 000018 0.00190

80 ().00353
0.00010 0.00008

0.00020 0.00015
0.00533

0.00013 0.00010
0.00025 0.00018 0.00015

0.00699
0.00011

0.00030 0.00020 0.00018 0.000 I3

0.00178 ().00025 000020 0.00015
0.00262

0.00013 0.00008
0.00030 0.00023 0.00018

90
0.00015

().()0353
0.00010

().00036 ().()()()25 0.00020
().00533

0.00018 000013
0.00038 0.00030 0.00020

().00699
0.00020

0.00040
0.00015

0.00030 0.00025 0.00020 0.00015

~ Clearance

azzQzuu_L
Q7-—.—- —-

Figure 6-34. Groove

I. Oiameter over which packing must slide during assembly 4.06X 10-7m (I6 #in.) max
2. Groove root diameter: 8. 12X10-7m (32 pin.) max
3. Groove side. when no backup ring is used: 8.12 X10-’m (32pin.) max
4. Groove side, when backup rings are used: 4.06X 10-’m ([6 pin.) max.

6-3.5.4.5 O-Ring in Static Application
Forstatic conditions tbesqueemcan be greater; therefurc. thetolcranceson surface finish are not as critical.

F:lct,}r$ disc~lss~d in ~hc ~revi{>[ls par;lg~aphs still apply, but much greater latitude can be permitted in
choosing the limits of the related factors.

6-3.5.5 T-Ring Seals
The adv~ntages of adaptability to limited spaces, e;ise of installation, and no requirement for adjustment

offered by the squeeze-tube packings have led to their adoption in recent designs of concentric recoil
mechanisms. “l-heT-shaped ring is most widely used asadynamic seal in the concentric recoil mechanism (see
Fig. 6-35). The ‘“f-ring is not susceptible to spiral failure; therefore, it is used as a rod or piston seal for
reciprocating motion. It requires two backup rings to prevent extrusion and is effective for pressure up to
137.92 MPa (20,000 psi). The T-ring can be used with a shaft clearance as high as 1.3X10-J m (0.05 in.).
The “l--ring offers the following advantages over O-rings in dynamic seal applications:
I. No extrusion

● 2. No spiral twisting
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3. No rolling
4. Greater latitude in clearances
5. Higher pressure sealing
6. Machining economy due to less critical surface finishes
7. Higher friction than O-ring.

T-Ring Packingm ~Backup Ring

ton

Y
r

[
‘T-Ring

Moving Sleeve

Figure 6-35. T-Ring as Dynamic Seal in Concentric Recoil Mechanism
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Extrusion andspiral twisting arethegreatest causes ofO-ring failure. Spiral twisting iscaused when the

●
O-ring does not slide, but twists, on its own axis and eventually severs from the strain. A T-ring with
~ntiextrusion backup rings resists these failure modes.

6-3.6 PISTON AND SLEEVE
Most of the resistance to recoil is provided by throttling oil through an orifice while the gun tube moves in

recoil. Foraconcentric recoil mechanism, tbe orifice is an undercut ontbe inner surface of the housing and the
piston is a step on the sleeve. As in Chapter4, the thickness of the piston is controlled by thespaceneeded for
the packing and, accordingly, is greater than would normally be required for strength. The net piston area, and
hence the diameter, is governed by the maximum fluid pressure.
[n this subparagraph, sleeve design is discussed. Due to the oil pressure, the sleeve is subjected simultane-

ously to radial stresses, hoop stresses, axial stresses, and bending stresses. A complete design also should
involve checking for crushing and collapse.

6-3.6.1 Stress and Buckling of Sleeve
From thick wall cylinder theory (Ref. 1l), at the critical inner surface (Fig. 6-36), the following equations
apply:

s’, = 4P,AP pa (6-89)
rr(b2 — a2) ‘

S2 = 2P,b’— ,Pa~, _ ~,
(6-90)

● where

S3 = O, Pa (6-91)

.$l = axial stress, Pa
S~ = hoop stress. Pa
S3 = radial stress, Pa
,4,, = area of piston, Jnz
d = inner and outer radius of sleeve. respectively, m
P, = pressure inside cylinder, Pa.

The Tresca-Guest maximum shear stress theory gives

S2 – s, , Pa
2

(!!iDI s,
‘o

b
s~

(6-92)

Figure 6-36. Sleeve
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%(T,n”x)d,o..bk = , Pa
2(sq

where
rt,,.. = maximum shear stress, Pa
SF= safety factor, dimensionless
IJW= yield normal stress, Pa.

With r,,, = 0,,/2, Eqs. 6-92 and 6-93 give the following condition when TW. = (T~..).m,.,,h/,

(6-93)

●

(6-94)

If the dimensions of the sleeve are known, the maximum allowable oil pressure can be computed; if
maximum oil pressure is known, sleeve dimensions can be calculated. Once the dimensions of the sleeve have
been determined, it is necessary to check the design for crushing, which is another possible mode of failure.
The crushing pressure f, is given by (Ref. 2)

~, = 9,675,600 t2”’9 , pa
2 L.,b

(6-95)

where
{ = sleeve thick ne~~, m
L, = sleeve length, m
b = outer sleeve radius, m.

oIf P, < PmOx,the design is acceptable. In recent designs the trend has been to allow the maximum oil pressure
P~.. to reach a level of 34.473 MPa (5000 psi). However, this could vary, depending on the choice of the
material of construction,

6-3.6.2 Materials for Sleeve
Material for the sleeve is chosen such that the wear of the recoil mechanism is minimized. Alloy steel 4140

Normalized, Quench and Temper Rc 35-40, Alloy steel 4140, Normalized R~ 54, or Class 2 specification
QQ-C-320 plated to a thickness of 1.3X10-’ m (0.005 in.) on 4140 ~. 37 material commonly are used, A chrome
plating ISused only on those portions of the sleeve that ride against the front follower bearing.
On tbe basis of several tests carried out on the M551 SHERIDAN recoil mechanism (Ref. 12), the following

combinations were concluded to be best:
1. Arc-sprayed Aluminum Bronze (ASAB) follower bearing material and 4140 Rc alfoy steel sleeve

material
2. ASAB follower bearing material and chrome-plated 4140 R~ 37 sleeve material lubricated with

MI L-H-6083C or MI L-H-5606B hydraulic fluids.

6-3.6.3 Quick Change Barrels
The M140 mount was designed to keep the oil confined to aclrrsed space. Thepurposeof this design was to

allow quick removal of the gun tube without draining the oil as was necessary in the older mechanisms. Quick
removal is achieved by having a double annulus housing, the inner annulus being occupied by the gun tube
(Fig. 6-37(A)). The gun tube slides on a “housing sleeve” with the actual sleeve sliding between the two annuli.
Thus in the quick removal operation, the tube is removed and leaves the housing and sleeve assembly intact.
The alternative is to use the housing as an annular cylinder and attach the sleeve to the gun tube, which slides

in the housing during recoil, as shown in Fig. 6-37(B). The major difference in these designs is that tbe oil is no
longer confined to a closed space and must be drained out if the barrel is to be removed.

@
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(A) M140 Mount for Quick Change

~Gun Tube ~ Sleeve

Tubes

(B) Conventional Arrangement

Figure 6-37. Recoil Mechanism Mounting Configuration

The former design, Fig. 6-37(A), has approximately ~wice the number of sliding surfaces as the more recent
design, Fig. 6-37(B). The trend in recent designs has been to sacrifice the quick change feature for a simpler

●
design.
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6-3.7 FOLLOWER
Followers are annular components that fit between the sleeve and the cradle at both ends of the tank recoil

mechanism. The position and configuration of the rear follower are illustrated in Figs. 6-38 and 6-39. ●
—- —-~._._

/
L Bore Centerline

/

Fluid +
pressure + Spring

+ Force

+
Spring

Spring Seat J I

Figure 6-38. Position of Follower

—- —- -- —-—-_

‘ Exterior Nut

— -— -

‘Bore Centerline
~Polypak Seal

I \
Spring Seat
Surface

Figure 6-39. Follower Cross Section
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As shown in Fig. 6-38, the outer surface of the follower contacts the cradle and acts as a bearing surface. The

●
counterrecoil spring force and high ffuid pressure also act on the rear follower, as shown in Fig. 6-38. Since the
spring force does not act through the center of the follower, it causes twisting of the follower. This twisting may
distort the follower so that it makes contact with the moving sleeve. The follower may then scratch the sleeve
surface and result in uneven wear of the sleeve,
Finally, the follower acts as a seal housing. lt retains a stationary seal with the cradle and also a moving seal

with thesleeve, asshownin Fig. 6-38. Design of these bearings andseals isdiscussed inpars. 6-3.4 and6-3.5.

6-3.7.1 Design for Rigidity
Because the follower supports critically important bearing surfaces and seals and since it transfers the entire

recoil load to the cradle, it must be carefully designed. [t is important that adequate rigidity redesigned into
the rear follower to assure that the twisting deformation is kept within acceptable bounds. These bounds,
established by the clearance between the follower and sleeve, are dictated by bearings and seals. The designer
may wish to make the follower longer than indicated in Figs. 6-38 and 6-39 to minimize the problem of twisting
under load. Because of thecomplex geometry of the follower, finite element analysis isrecommended priorto
construction to assure that deformation under maximum load is acceptable. If contact stress analysis becomes
critical, themethod described in Chapter 15, Ref. 13, maybe employed.

6-3.7.2 Follower Materials
Materials employed for follower construction include
1. Cast A/uminum Br[}nze[CA B,~~[~e( ICias.$4C [~ndi~ionH ea(Treaf,M il. Spec.QQ-B-671 .Thisisthe

material presently used for front and rear follower bearings.
2. Arc-S1~raJ'ed A/un?inum Bronze [A SAB], Mil. Spec. MIL-W-6712B. This coating wasapplied bythe

arc-metallizing spray technique to a thickness of 0.60X 10-3m ( I /42 in.) onto cold-rolled low carbon steel. The
coating is ofacomposite structure and contains void space and small laminar aluminum oxide deposits.

3. Arc-Sprayed Babbi([ASB], Tin Lluse, Mil. Spec. MI L-W-6712 B. This material wasapplied by the

●
m-c-metallizing spray technique onto a thin ASAB substrate that has previously been deposited onto a
cold-rolled Iow carbon steel.
If rigidity is a problem, materials with a bigher modulus of elasticity should be selected.

6-3.7.3 Fastening Follower to Cradle
Since the follower transfers the entire recoil load to the cradle, the method of fastening for load transmission

isquite important. Onemethod, illustratedin Fig. 6-38, isanexterior nutthreaded into thecradlebehindtbe
follower. The nut must be designed to transmit tbe peak recoil load from the follower to the cradle through its
threaded connection with the cradle.
Another method of containing the follower is a large snap ring that is fitted into a groove in the cradle, which

is behind the follower. To assure that it remains in position and, in fact, to increase twisting stiffness of the
follower, screws may be tapped through the snap ring into the follower. This design has the advantage of
eliminating the Iarge diameter screw threads and simultaneously stiffening the follower.
Since the recoil forces transmitted through the follower vary rapidly in time and are extremely high,

dynamic effects are important. Due to elastic vibration ofstructural components, tensiieloads in bolts can be
larger than expected based on quasi-static recoil loads calculated. Experience with fatigue failure of bolts that
are subject to rapid increase in tensile loads during recoil dictates that fatigue life of such bolts be considered
during design.
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CHAPTER 7
SOFT RECOIL SYSTEMS

A new tnelhod oj’rt’(oi[ $Jstelll operation, r<fiirred 10os .Yofl re’<o[[, was de!v/oped during the 1960.sto i’t’dUCe
the IOIUI reco!l,f[~rce si,q}?l~i[antlj. The conwp[ ofoperation ;s to ocmlerote Ihe rec[>ilit?g{>artsfor~vurdprior to
[~r<,,fir;ti~CW!71and to[ir<> (he round when th<,.f<~rwurdrllonlen/11tr7 of the recoilingparts is slighth Ie.f.fthan the
Iorul itnpul.w Of [he r:][~nd being.fired. The result i.s.suhsequtwr trovel qf the re<”~iliflg ports 10 Ihe rearward
larch position [O [ompIete [he [role. For a given recoil length a [heoreticol redu~ti~n in peak re<’(~;l,fOr~ehy o
,fii,tor qffour is po.s.~ible. In this chapter rhe basic principles and.~pecia[design <onsidera(;on. associated with
s(?[I rwoil operation ore discussed and ill[)srrurcvl through Jesigtl cul(ulations.

7-O LIST OF SYMBOLS
AI = area of piston on which PI acts, m~
,4,. = effective area of floating piston (gas side), m’
AR = area of each recoil rod end, ml
A, = primary area of recoil cylinder, mz

= area of pressure P,, m2
A, = area of spear buffer at pressure P~,ml

= secondary recoil cylinder area at pressure P*. mz
Aj = area at pressure P3, ml

,44 = effective area of floating piston (oil side), m~
A(I) = summation of forces causing positive (rearward) accelerations, N

● ~([,) = centroid about I, of area under A(I) curve, s
o, = orifice area between pressures P; and Pi. I. m?
o, = flow are:i through spear buffer check valve. m?

U,,A = annular orifice areo due to clearance between spear buffer and piston head, mz
U) = orifice area between pressures PI and P:, m:
a? = orifice area between pressures P: and PI. nlz

(d,)t,r = value of a, after firing, m’
(,,:),,, = value of a, befot-e firing, m’,
(<,,),,,,= val”c of a, during recoil. n-

UI = orifice area through velocity sensor; effective area between pressures P~and P,, mz

(a,),, = value of aj before firing and when .i >0, m’
((/,),,( = value of aj after firing with .t <0, m’
U(.l-)= (J, variable orifice area dependent on position of’ spear buffer, m?
z = time to ~entroid of mea under l?((). from 1 = V. s

B(f) = breech force, N
C, = (iischarge coefficient for orifice a;, dimensionless
D; = constants of integration, N.s
D = collection of terms defined in Eq. 7-48, N’
F,., = packing friction in floating piston. N
F,; = portion of guide friction independent of clip reactions, N’
F, = packing friction on recoil piston, N
g = acceleration due to gravity, m/s~
H = step function defined by Eq. 7-104, dimensionless
I = area under B(t), N.s

● K([) = summation of forces causing negative (forward) acceleration, N
~([;) = centroid about /, of area under K(t) curve, s
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f = recoil length for conventional system, m
/’ = recoil length for soft recoil system, m
m’ = effective mass defined by Eq. 7-50, kg
rr?~= mass of floating piston, kg
m, = mass of recoiling parts, kg
N = number of orifices of area a,, dimensionless
= number of recoil cylinders of area Al, dimensionless

n = constant for adiabatic gas expansion, dimensionless
P, = pressure on area A,, Pa

AP1= P,– Pi.1,1= 1,2,3, Pa
P,v = gas pressure in recuperator, Pa
PO= initial gas pressure in recuperator, Pa
P, = oil pressure in recoil cylinder, i.e., spear buffer chamber, Pa
PZ= oil pressure at recoil rod, Pa
P, = oil pressure in recoil cylinder, Pa
R = constant conventional recoil force, N
R’ = constant soft recoil force, N
R“ = effective recoil force defined by Eq. 7-50, N
f = time variable, s
(B= time of duration of B(I), s
t, = time of firing, s
L = time of recoil cycle, s

VN = recuperator gas volume for displacement x, m~
lo = initial recuperator gas volume at 9 = O, m~
v, = fluid velocity through ui orifice. m/s

{

lifp>O
sgn vi = algebraic sign of variable K or signum function, i.e., 4 =

IPI
Oifp=O

–lifp<O
W, = weight of floating piston, N
W, = weight of recoiling parts, N
W’ = effective weight defined by Eq. 7-50, N
.X= displacement of reCO1hng parts, m
x, = recoil displacement at which spear buffer becomes effective, m
x, = recoil displacement at which spear buffer check valve ceases to be effective, m
Y = displacement of floating piston, m
8 = angle of elevation, rad
f = intermediate variable of i~tegration
~ = density of recoil 011,N/ m“

7-1 PRINCIPLES OF SOFT RECOIL OPERATION
Since the mid 1960s, development has progressed on a new principle of artillery recoil mechanism operation

called “soft recoil”. The basic difference between soft and conventional recoil operation (Refs. I and 2) is the
sequencing of recoiling parts motion, In conventional recoil mechanisms the firing momentum is directly
transferred to recoiling parts that are at rest prior to firing the round. The momentum is absorbed by the recoil
mechanism and then transferred to the carriage. In soft recoil approximately half the momentum rrfthe round
is imparted to the recoiling parts by accelerating them in the firing direction before the round is fired. The basic
idea of soft recoil artillery in comparison to conventional recoil mechanisms is illustrated in Fig. 7-1.
The soft recoil principle, although offering the advantage of reduced recoil forces, does introduce inherent

design problems. These problems are discussed in par. 7-3. ●
7-2
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Battery

0.2

2.5

Time

Maximum Recoil
Counter recoil

End of Recoil

(A) Conventional Recoil

Battery
,s Position

0.0 - Pull Lanyard to Unlatch
Run-Up1

0.3 I ,+?> Fire
,

0.6
Recoil

I“@&; Maximum Overtravel - Reset Latch
Counter recoil

1.4 * End of Cycle

(B) Soft Recoil

Figure 7-1. Comparison of Recoil Cycles

7-1.1 SOFT RECOIL CYCLE
The main features of a cycle of soft recoil operation can be described as follows (see Fig. 7- l):
1. The recoiling parts are held by a mechanical latch against the force of a gas spring acting in the direction

of firing.
2. The latch is released, and forward acceleration of the recoiling parts begins.
3. Firing is initiated automatically when the proper forward velocity is attained.
4. The breech force stops the forward motion of the recoiling parts and then accelerates them rearward.
5. The recoiling parts reset the mechanical latch as they pass the latch position shortly before the end of the

recoil stroke.
6. Gas pressure returns the recoiling parts to the latch position, where they are stopped by the mechanical

latch, and the cycle is completed.
The soft recoil cycle may be divided into three periods:
1. Run-up. Time between latch release and firing
2. Recoil. Time between firing and maximum rearward travel
3. Counterrecoil. Time between forward travel and return to latch.

The following functional controls are required for this cycle:
1. A velocity sensor, with settings based on the impulse level of the family of rounds to be fired, is required.

This device is also used to sense ignition delay or misfire.
2. A mechanical firing trip initiates firing if the preset firing velocity is not attained.

●
3. A forward buffer stops the forward momentum when a misfire occurs. A rear buffer is required to stop

rearward motion when the required run-up velocity has not been attained or when a cook-off occurs.
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7-1.2 MOMENTUM BALANCE AND PARAMETRIC RELATIONSHIPS FOR
SIMPLIFIED MODEL OF SOFT RECOIL SYSTEM

The method of analysis presented here is useful in preliminary design. In any artillery weapon the recoiling ●
parts are subjected to the action of a force system that is shown schematically in the free body diagram of Fig.
7-2.
For the system described by Fig. 7-2, h’ewton’s equation of motion is

rrtri = A(t) – K(t), N (7-1)

where
m, = mass of recoiling parts, kg
x = displacement of recoiling parts, m

A(l) = summation of forces causing positive (rearward) acceleration, N
K(I) = summation of forces causing negative (forward) acceleration, N.

If B(r) is the breech force,

A(f) = B(t)+ W,sin6, N

where
ff = angle of elevation, md
W’,= weight of recoiling parts, N

(7-2)

The recoil mechanism is at rest initially; therefore, the initial conditions are

x(o) = o, i(o) = o. (7-3)

If the force system shown in Fig. 7-3 is applied to the recoiling mass at an arbitrary time (I, the following
equations hold (see par. 2-4. I for application of centroid approach):

where f is an intermediate variable of integration, and integration by parts has been used.Here ~(fi) and ~((,)

~Firing Direction

‘(’)~”(’)
+X

Figure 7-2. Free Body Diagram of Recoiling Parts
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A(t)

~f
K(t)

t=t;

i’=o

Figure 7-3. Recoiling Mass Force System

are expressions for the cent roids about/, of’the areas under [he curves ,4(I) and K(f), respectively, from the time
[ = () to time , = [,, ~herefOre,

[t, – Z(fi)] ,(; A(T)~~ = moment of area under xl(~), around fi, N“m2

[/i – ~(ti)] ~~ K(T)dT = moment of area under K(r), around t;, N“m’.

These equations are applicable whenever the applied forces are defined or approximated as a function of time.
Eqs. 7-4 and 7-5 can now be applied for preliminary design of a soft recoil system with the assumption of

constant recoil force R’. [n an ideal system. the breech force would be applied at a velocity that will cause x = O

● and .t = Oat the end of the recoil cycle ([ = /,), m shown in Fig. 7-4.
The assumed force system is as shown in Fig. 7-5. Ideally, .r = Oand .i = Oat ~ = f,. Therefore, from Eqs.

7-2 and 7-4, with t; = t,,

O = [ + ( W,sinfl)f, – R’(,, kg.m/s (7-6)
or

1 = (R’ – W,sinf7)t,, kg.m/s (7-7)
where

R’ = assumed constant recoil force, N
W,sin6 = weight component in the direction of recoil. N

/ = zirea undet- B(t), Ns.
Eq. 7-6, assuming[ = (Jat the instant of firing and x = Oat f = [,, yields (taking moments about the fire f = I,)

/
x, i / -’<”’’”city/ \/ \ \

I \\
I

.
t

‘x

\
‘<l

Figure 7-4. Soft Recoil Parts Displacement and Velocity Under Ideal Conditions
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A(t)

K(t)

Breech Force B(t)

r_7—
Wrsin6

t
t=l’f

--’+

t=t~

R‘= Recoil Force (assumed constant )

Figure 7-5. Force System During Recoil Cycle

(2) Hkg”m’sO={((, – tf – Z) + (W, sinO) ~ – R’t,

()=1(G – tf– ii) – (R’ – W,sinfl) ~ , kg.m/s

where
z = time to the centroid of B(l) from 1 = [J, S
f, = time of firing, s.

Therefore, by substituting the expression for / from Eq. 7-7 into Eq. 7-9,

or

tf=~—zs,
2

Use Eq. 7-4 at [i = If and with ~(fJ as the firing velocity, then

rn,,-i(tf) = ( W,sinfl)tf — R’[f = — (R’ — W,sinO)tf, kg. m/s

— -’f=-+(+ -’)=-’(++kg”m”s’s–I—
I,

(7-8)

(7-9)

(7-IO)

{

7-11)

when the expressions for (R’ — W,sinf7) and [~from Eqs. 7-7 and 7-10, respectively, me substituted. Substitute
the expression for t, from Eq. 7-7 into Eq. 7-11 and rearrange to obtain

[

~(tf)=— L +— ii )m/sm, 1’
R’ – W,sin@
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or

●
[

i(f,)=–~ +–

1

Z(l?’ – W,sinf3) _ I + ~(~’ – Wrsin6), ~,s,
I 2mr

(7-12)
m, m,

Now, since B(I) = Ofort< If, and A(f) and K(t) are constant, Eq. 7-1 can be integrated twice to obtain x(t~) as
the firing displacement, i.e.,

t;
mrx(tf) = ( WrsinO) — –R+

2

It;
= – (R’ – W,sinO) ~ = – ~ kg-m (7-13)

r

where the expression for (R — W,sin6’) from Eq. 7-7 has been used. BY using Eq. 7-1o, this becomes

(*;~([,) . — L — -)—fra+iiz ,m
2mrtr 4

(

~2

1
I

(7-14)
— –L fr -u+_— , m.

2mr 4 t,

Since z is small compared to I,. the term Z’/ G may be neglected. TherefOre, Eq. 7-14 reduces tO

I

(i

I, –x(~)=–— — ,m
2mr 4 ‘a

If, the displacement at t = t, is the negative of the length of recoil 8’, i.e., x(lf) =

[)

~=L&_~,m
2mr 4

or
~ = 8m, L’
r — + 4Z, s.

I

If the expression for ~, from Eq. 7-7 is substituted into Eq. 7-16,

I _ 8m,& + AZ = 8m,U + 451

R’ – W,sinO – I I

or

R’=
~,

+ W,sinO, N
4(2m,L’ + ZI)

(7-15)

L’,Eq. 7-15 becomes

\

(7-16)

/

(7-17)

●
which is the constant force applied to the supporting structure by an ideal soft recoil system. This simple
relation is useful for estimating recoil force in the preliminary design of a soft recoil system.
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7-1.3 PERFORMANCE COMPARISON WITH CONVENTIONAL SYSTEMS
The ideal constant for 17applied to thesupporting structcrre byarwnven~iona[ recoil system is given b} Eq.

2-148 with a minor change in notation: ●
R. [’

+ PV,sinO, N
2(wzrL’ + Zf)

where
R = constant conventional recoil force, N
1 = mea under B(t), h’s
~ = time to ~e”tr~id Of area under B([), ~
m, = mass of the recoiling parts, kg
W’,= weight of recoiling parts, N
8 = recoil length for conventional system, m
B = angle of elevation, rad

and the constant force R’ applied by a $ofl recoil mechanism is, from Eq. (7- 17),

R! =
p

= W,sinO, N
4(2mrl)’ + 5/)

Then, for the same 1, Z, and w?,and with L= /l’, at 6 = O rad.

or

R’ _

-[

r’

1[

2(mrh + El)

1

_ M?+ Zir—
R– 4(2mrt? + tit)

~, 4m,t$ + 2iiI

— m,b + iil i—
4mr13+ 41iI – 25[ = ~ _ 251

mrb + al

I (7-18)

For a 105-mm howitzer, Zone 7, f = 8.9454X103 N.s (201 I lb.s), ii = 1.78X10-4 m (0.0070 in.), and
m, = 6.8054X 102kg (3.886 lb. s2/in. ), and considering a recoil length 4= 1.219 m (48.0 in.), Eq. (7-18) yields

R’ = 0.250/?, N.

That is, an ideal soft recoil system could reduce the forces on the supporting structure by a factor of about 4.
Even though there arc practical reasons for not achieving the ideal result, a significant reduction can be
achieved.

7-2 DYNAMIC ANALYSIS AND PRELIMINARY DESIGN
After the total resisting force (or control function) K(I) has been specified from the moment-area calcrrla-

tions discussed in the previous paragraph and in par. 2-4, the differential equation of motion, Eq. 7-1,

m,~ = ,4([) – K(t), N

●
can be integrated for x and i as functions of [. When the breech force curve is given as an analytic function of
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time, it may be possible to integrate Eq. 7-1 analytically and obtain explicit expressions for the velocity .k and

● the displacement x. If’the breech force is given in a tabular form, numerical integration techniques are used to
generate the velocity and displacement data. These results are used in calcc!lating various forces that contribute
to total resistance to recoil. For detailed preliminary and final design, a more refined dynamic model of the
system is needed.

7-2.1 EQUATIONS OF MOTION AND SIMULATION OF SYSTEM CONTROLS
A schematic diagram of a recoil mechanism that employs the soft recoil cycle is shown in Fig. 7-6. Forces

shown are those that act when .r, J, and (.Y—y) are increasing where
N = number of recoil cylinders of area A,. dimensionless
,4, = primary trecoil cylinder area at pressure f,, m?
PI = oil pressure in primary recoil cylinder, Pa
,4? = secondary recoil cylinder area at pressure f?, m?
P: = pressure in secondary recoil cylinder, Pa
a! = orifice area between pressures PI :ind f’?, m?
a? = nrif’ice area between pressures P? and Pj, m:
AN = are;i of each recoil rod, m?
FF = packing friction on recoil piston, N
,4N = effective area of’ floating piston. m’
P~ = oil pressure in recoil cylinder, Pa
P:, = gas pressure in recuperator, I>a
.r = displacemen~ of rccniling parts, m
y = displacement of floating piston. m

F~,J = packing friction in floating piston. N
F,; = guide friction independent of clip reactions, N.

Y,j* ~Flooting Piston
1 /
J//////l//////////////////////////

N4 1

;-,;) -+\ ? GAs ‘“p”
,.

2-
J,,r

] FLUID
M “ “ “ “ “ “ “ “ “ “ “ “ ‘ “ “ “ “ “‘w A, U

Ii=AR

1 ’-+flAI PI

\\\\\\
NA ~P2 01 ~

/ ///////1/ /l///l1/l/m//l/ll/l/ ///1 /’f’Qzz7///////

(See par 7-2.1 for definition of symbols) t-
-x

Figure 7-6. Free Body Diagram of m, and Schematic of Soft Recoil Mechanism
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Equations of motion are now written. The positive direction is in the direction of fire.
During recoil motion, the fluid inchamber,4, is throttled and moves tochamber A*through the port a,. The

fluid in chamber A~flowsto chamber A,. through the port a~.For any increasing, flow will be from,4, to Al ●
to A, as shown intheflowschematic of Fig. 7-7; by this process the pressure increase intheoilside of chamber
A,, causes the floating piston (see Fig. 7-6) to move in the negative y-direction. Thus tbe gas in chamber AN is
compressed. At the end of the recoil stroke, the stored energy in the gas causes the floating piston to move in
tbe positive y-direction and counterrecoil begins.
The relation between pressure drop AP, across an orifice and velocity of flow is developed in par. 3-4 as

~pi= d pa
2gc; ‘

where
A Pi = P, – Pi,, = pressure drop across the ith orifice, Pa

P = weight density of recoil oil, N/ m3
C, = discharge coefficient for orifice ai, dimensionless
vi = velocity of oil through orifice area ai, m/s.

If a sign convention is applied to this relation by defining

pv ;
AP, = — SgIIVi, Pa

2gc;

(7- 19)

(7-20)

where
sgnv, = algebraic sign of vi, dimensionless

or, by rearranging Eq. 7-19,

Api . ~ Vil Vii, Pa.
2gc;

(7-21)

The direction of the pressure drop will change as tbe direction of fluid flow changes. Since pressure has been
defined from P, to P~ when .~isincreasing (.+> O), thepressure drops are

P,– P,=
pvi

sgnvl, Pa
2gc?

pv;
P2– P3=— sgnvz, Pa.

2gc2

P~ P~ P,

o~ u,

A3
I

A2
I

Al

Figure 7-7. F1OWSchematic for Soft Recoil Howitzer

(7-22)

(7-23)
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The continuity of fluid flow through orifices a, and a, gives

● NA, k = Nalvl

or

A,~ = alv,, m’ls

and

Nalv, = NAz~ + alvj, m3/s

where
A, = mea of piston on which Pi :icts, ml
.i = velocity of recoiling parts, m/s
a’ = orifice area between pressure P( and P~.1,m2
vi = velocity of fluid through a;, m/s.

Therefore, by combining Eqs. 7-24 and 7-25

(A, – AI)N~ _ NAR ~ M,s
V2 = —

a2 a2 ‘

where
,4~ = ,4 – ,4J, area ofeacb recoil rod end, mz.

Also, from the continuity of fluid flowing through al into ,4N (Fig. 7-6),

azv~ = AN(~ — j), m3/s

where
j = velocity of floating piston, m/s

.4,v = effective area of floating piston, mz.

Note that sgn(.~ – j) = sgn~. The combination of Eqs. 7-26 and 7-27 yields

or

Integration of Eq. 7-28 with the condition that ; = j = O at t = O yields

~ = (AN– ARN)
x, m.

AN

Differentiation of Eq. 7-28 yields

~ ~ (AN – ARN)
Y, m/s.

A,,

1(7-24)
(7-25)

(7-26)

(7-27)

\

) (7-28)

)

(7-29)

(7-30)

● Eqs. 7-28 through 7-30 hold ifx = Owhen) = Oand if the system remains completely filled with fluid. The
validity of this assumption must be checked by monitoring pressure values to ensure that they remain positive.
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Now Eqs. 7-19 and 7-20 may be rewri[ten as

P,– P2=
(1

PA;

2gC~a;
izsgn.t, Pa (by Eq. 7-24)

[1

p(NAR)’
P2– P3= —

2gC~a~
k~sgn.~, Pa (by Eq. 7-26).

Therefore, from Eqs. 7-31 and 7-32

“=p’+[%%w’sgn’ ~,pa

P,= P2+(Q&]i2sgni j

Bycombining theexpressions of Eq. 7-33, P, maybe written m

(7-31) ●

(7-32)

(7-33)

(7-34)

From the free body diagrams of Figs. 7-6and 7-8, the equations of motion of the rccoilingparts and floating
piston may be written as

mr,V = B(t) + W,sin6 — NFmgni — F(;sgni — ~FPsgn(~ – .0)

– ANPN + ANP3 + NA2Pz – NA]Pj, N

mp~ = 1+’?sin~ + F~psgni + AAJF’N — ANP3, N

where, in addition to variables defined with Fig, 7-6,
m, = mass of recoiling parts, kg
L?(I) = breech force, N
W, = weight of recoiling parts, N
t3 = angle of elevation, rad

rrrp = mass of floating piston, kg
1?, = weight of floating piston, N.

‘*’”’””Q

(7-35)

(7-36)

~FFp sgn x
Figure 7-8. Free Body Diagram of Floating Piston

7-12

Downloaded from http://www.everyspec.com



Eq. 7-36 may be rewritten, using Eq.

●
“(A’v~YR)’i

DOD-HDBK-778(AR)

7-30, as

= WpsinO + FFpsgni + ANP,v – A~PJ, N (7-37)

and added to Eq. 7-35 to give

[m’+(AN~:R)1
mp Y ~ B(t) + ( W, + WF)sintJ — (NFP + FG)sgni

+ NAIPI – NA, Pj, N. (7-38)

Now, the volume V.Vof gas in the recuperator cylinder is

V,v = VII – A~x – y), rnq

where
V() = initial recuperator gas volume at fl = O, m’

and by Eq. 7-29

V~ = k’{]– NAR.Y, m3

Assume that the adiab;itic gas law holds; then

●
[)

,,
p,r = p“ 5 , Pa

v,,

where
n = constant Ior adiabatic gas expansion, dimensionless

P,v = final gas pressure in recuperator, Pa
P,l = initial gas pressure in recuperator, Pa.

Thcrefnre, substitution of the expression fnr VV from Eq. 7-39 into Eq. 7-40 yields
,,

P.v = P()
[

V(1
1
, Pa

v’,, – NARX

or

‘N=(’+d”’pa’
The solution of Eq. 7-37 for P3gives

(7-39)

(7-40)

I
I(7-41)

p3=L
A. [ “sine+ FF’sgni+ANp’v-m’( ANiYR)Jpa ‘7-42)

7-13
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From Eq. 7-38, substituting Eqs. 7-33 und 7-34 yields

[

W, + (AN – NAR)MP

1
:~ = B([) + (W, + Wp)sinO — (NFP + Fc;)sgnx

A,.

Since ,4. = A, – ,4? or –A, = A, – ,4, (defined for Eq. 7-26), substitute this expression into Eq. 7-43
together with the expression for Pj from Eq. 7-42 to obtain

H~, + AN – NAR

)1
mP ; = B(f) + (W, + Wp)sind — (NF.P + FG)sgn.t

A ,V

-(+3“sin’-FH-F’s’ni-NAR

P

[

(NA.)3 +( NA,)3—

1
.t’sgn.t, N,

2g C; a: C; at
(7-44) ●

Simplification of Eq. 7-44 yields

[( H

Av- NAR z
m, +

A iv [(
mP :i = B(r) + w,+ A’~;*~~

H
WP sin(l

(NFP + F,, + ~ F~P) sgn.? – NA ~Ph

[

(NAR)’ +( NA,)3L__—

1
.tzsgn.t, N. (7-45)

2g C~ai ~; a;

From the free body diagram of Fig. 7-9, the force R applied to the carriage is

R = NAIPI + NFpsgn.t – NAIPz, N. (7-46)

In summary, the system equations are repeated here, i.e..

p,, = Po , Pa.

( )

(7-41)
, _ NAM n

Vo ●
7-[4
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A2P2
IVFP S~ n ~

/
t \

IVA , f,

L

Figure 7-9. Free Body Diagram of Piston Rod

p3=L
A. [ “sine+ F’’s’ni+ANpN-m’( AN~YR)ilpa

(7-42)

‘2= P3+[%%W2 S’”’ \,pa,
(7-33)

(

PA;
P,=P2+ —

o

2gc;a?

A. – NAJ -y ~Y=(
AN ‘

(7-29)

R = NA~P1 + NFmgn~

H )1

A. – NAR ‘mp ;
m, +

AN

.iZsgn.i
I

– NA’P’, N (7-46)

[i

= B(l) + w’, +

)1

AN – NAR ~p sino

A.

—

‘F’+ F(;+HW’lS’”’-NARP”

[

(NAR)’L_ NAI)3[(

1
.i2sgni, N. (7-45)

2g Cja~ C; a;

These equations define the motion, pressures, and force applied to the carriage as long as the system remains
filled with fluid.
When the velocity sensor initiates firing, flow through the orifice area aj will be sharply restricted to prevent

a velocity increase during ignition delay. Such a restriction in fluid flow may produce negative values for PI
and PI in the preceding system of equations. These negative pressures would indicate that the oil flow is not
sufficient to keep the system filled with fluid. To approximate system motion after a negative pressure is

●
obtained, the model that follows is used.
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From Eq. 7-35, assuming P, = P, = 0, no relative motion between the floating piston and the recolllng
parts, and P,v = P~, then

m,; = B(t) + W,sin6 — (NFF + FG)sgni, N. (7-47)

This equation is used to describe system motion when P* 50 until x returns to the value it had when the
pressure dropped below zero. During this period, R = NFrsgn.~. The initial conditions fortbis portion of the
numerical solution are taken as the values of t, x, and .~which were obtained at the end of the integration
interval when P~dropped below zero. Results obtained using this approximation should be within the buunds
of engineering accuracy.
Although the governing equations of motion may now be solved by standard numerical methods, the syslcm

controls must be approximated for this model in terms of logic decisions that can be pmgrammcd into the
computer. These logic requirements may be defined as follows:

1. The cycle is initiated with the initial conditions .r = O and ; = O.
2, Firing is initiated onthebasisthat velocity~ will achieve a specified value or that ondisplacementx will

achieve a specified value, and this depends on which value is achieved first.
3. Ignition delay is simulated by varying the time lapse between initiation of firing and application nlthe

breech force.
4. Orifice area al is defined to have one of three values

1(az)~f before firing if i <0, m’
@ = (a&~ after firing if i <0, m’

(ad,,, provided i >0, m’.

These controls on U, allow full fluid flow during run-up. restricted fluid flow during ignition delay, lull fluid
flow during recoil, and restricted fluid flow during counterrecoil.

5. Orifice area a, is constant.
6. Choose tbe governing equation of motion based on f, >0 or f’~<0.

7-2.2 SAMPLE CALCULATIONS
The method of solution for x, ~, at [ and the evaluation of PI, P,, P,, PN, J, and R are iilustrat~d with th~

assumption of a constant recoil force. These results are used to obtain a preliminary estimate of the design and
to check for proper functioning of the system.
Eq. 7-45 can be written as

H )1

~, + A,, – NAR 2

H

,4. – NAR
wzp ~ = B(f) + W, +

AM H
W, sinfl

A.

– D(x,.i,t) , N

where

NA ,
~(x,~,t) = (NFp + F. + — FFr)Sgn.~ + NARPN

AN

(4-48)

●
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and by Eq. 7-41

● ‘v=(’-45’””
Generally, B(f) is given in tabular form and Eq. 7-48 is integrated numerically.
For:isalnple calculatic)n the problem can be simplified by assuming D(.r..t.r) = R’(aconstant)and a simple

Iorm of breech force B(() such m

o, for OSr S~fandt>rf+t~

B(i) =

h 1

7r(/ — //)
/

,N
sin t’ort/<(<if+iB

la

w,berc
[~ = dural ion O( B(f)
[1 = firing Instant. s.

Then Eq. 7-48 becomes simply

–R , fos O<i<t~amfl>tf+t8

~, :< =

[[ 1

7r(/ — [/)

I

,N
sin ‘R’’, fOr(f<l<lf+tB

[“

Wtlem

“=’nr+(A’’~:RI’’>kg(ef feceivemass)s)

‘=[W+K:R1“lsinoN(effectiveweigh’)

R“ = R’ – W’, N (effective recoil force),

(7-49)

\

I (7-50)

Eq. 7-49 is valid for an entire rccoii cycle only ~’hen p: >0.
Integration of Eq. 7-49 yields

–R”[ + D), for OSr S/f, N.s
\

ml’.+=
i -:cos[ Y“)]

–R”I + D~, for [JS [ S V+ [B, N“s (7-51)

\ –Rut + .CSq,for t~ + ~. S r S t,, N.s. I
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where Di—i = [, 2, 3—are constants of integration. Eq. 7-51 gives the initial velocity for the motion in (i< f<
1,+ 18.

Since .+(0) = O, 1), = O and, therefore, from the first expression of Eq. 7-51

(7-52)

From the second expression of Eq. 7-51, D, = IE/~ by setting I = ~J.TherefOre, at I = lf + lE, the secOnd
expression of Eq. 7-5 I gives

tB tB \
~,~. — – R“(t/ + t,) + —

T T
> (7-53)

_ 21,
– R“(f/ + tB), N“s.

v )

Eq. 7-52 also gives the initial veloci~y for the mOtiOnwhen f= lJ + [E.FOrthissegment of mOtiOn, the third
expression of Eq. 7-51 gives

2tB
~3 = R“(t/ + tB) + — – R“(h + ~E)

r

_ 2tB— — , N.s.
T

Thus Eq. 7-51 can be rewritten as
I –Rt, for O < t S If, N*s

—18

-[ 1

~os 7r(t — f/)~r~= –R’’f+~, for t/S t S tf + [B, N.s
T tB rr

I —,for lf + it? < t <1,, N“s_R,rt ● 21B

T

\

(7-54)

/

\

(7-55)

1

where t, is the recoil time.
Integration of Eq. 7-55 and use of initial conditions gives (the arbitrary constant is zero at / = O)

.m’x=-$ for O S I < P, N“sz (7-56)

“x=-$ sin[”(ff7f)l-++ +’+D4’

for tf< f S tf + tB, N“sz (7-57)

R “t’ + 2tBt~rx=— _ — + DS, for tf + tB = t s t,, N“s2 (7-58)
2 r

where D~ and Ds are constants of integration
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From Eq. 7-56 at r = [,,

● ~,,,;
m ‘x(ff) = – ~ , N.s2
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(7-59)

and from Eq. 7-57 with the expression for m’x of Eq. 7-58,

Eq. 7-57 may now be evaluated at f = r, + 1. to obtain

/’r’z’x(f/ + fb) = — +(t/+@’+- ([J + f,) – * t,
r 7r

— – +’ (t, + fB)2 + ~, N.s2
r

Equate Eq. 7-58, evaluated at I = [f + [~, and Eq. 7-60 to arrive at

‘+1/+ 1,)2+ ~ = – ++ // + +{f+ t,) + D5, N-s’
T T

●
or

D5=—& (2t/ + tB), N.s2,
rr

Hence Eqs.7-56 to 7-58 can be written as

~,x = R;t2 , for OSt Stf, N.s2

(B

[ l–

sin m(t — tf) _ R’ff’ + IB~fx.— — (t – 1,),
7r2 in 2 i-r

fOr ifs t < tf+ [,, N.s2

.k.++=-A(2ti+fB),
r T

(7-60)

(7-61)

(7-62)

(7-63)

(7-64)

(7-65)

Eqs. 7-55,7-62,7-63, and 7-64 give,rand .~interms of z. Then P~, Pl, f’z, P~,.v,and Rcan be obtained from
Eqs. 7-41, 7-34, 7-33, ]-42, 7-29, and 7-46.
As noted earlier, if D(x,i-, t) is not constant, numerical integration is unavoidable. The complete simulation

●
for typical data has been treated by Nerdahl and Frantz in Ref. 3, which is recommended as a reference for
more detailed numerical analysis of soft recoil mechanisms.
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7-2.3 EFFECTS OF IGNITION DELAY
Ignition delay time has no particular effect on the conventional recoil cycle. However, ignition delay is an

important factor in a soft recoil cycle. An excessive ignition delay may allow the recoiling parts to develop too ●
high a velocity for properly countering the firing momentum and thus interfere with the momentum cancella-
tion effect.
In cases where the ignition delay time is short enough to insure a proper recoil cycle, but variesfrom round [o

round, range precision may be degraded. This degradation is caused by changes in the angular velocity of the
gun tube and orientation in the pitch plane, which occur as the recoiling parts move forward along the
cantilevered cradle, Although tube motion is essentially the same on each run-up cycle, each position along the
run-up path has a corresponding tube displacement and velocity vector. Round-to-round differences in
ignition delay produce proportional changes in run-up distances, which influence the direction in which the
projectile is launched. For effects of ignition delay on precision in large weapons, see par. 7-5.2 and Ref. 4.
A limited test measuring ignition delay of 105-mm ammunition is described in Ref. 5. Test results given in

this report were used in establishing limits to be considered during the design of the XM46 Recoil Mechanism.
Since the test samples were very small, the procedure of the normally distributed population of Ref. 6 was used
to obtain tolerance limits that could be anticipated with a specified confidence level.

7-3 SPECIAL COMPONENTS FOR FUNCTIONAL CONTROL IN SOFT
RECOIL

In spite of its theoretical advantage, a soft recoil mechanism has several inherent problem areas that must be
considered. The primary problems are associated with the following ammunition characteristics:

1, Zoned ammunition
2. Variety of ammunition types
3. Possibility of a misfire
4. Variation in ignition delay time
5. Possibility of cook-off.

Because of the use of zoned ammunition and the variety of available rounds, a recoil mechanism experiences
several levels of impulse. In case of mismatch of expected and experienced impulse, or a complete misfire, high ●
loads are generated that may damage the mechanism. Under these circumstances buffering devices should be
used to control the motion. Ignition delay, as discussed in par. 7-2.3, is another problem area that affects the
position and velocity of the recoiling mass. To resolve problems associated with these variable performance
aspects of ammunition, the functional controls described in pars. 7-3. I through 7-3.6 should be provided.
The design criteria for several controls that are required are closely related because of their interaction

during functioning of the mechanism. Since the design of one component has an effect on another, many
decisions require modification during the design process.

7-3.1 VELOCITY SENSOR
Since a soft recoil system reduces force levels by initiating the firing cycle after the recoiling parts have been

given the desired forward momentum, triggering of the firing mechanism must be directly related to the
velocity of the moving mass. Hence, the necessity of a “velocity sensor” arises. The velocity sensor must be
adjusted to the impulse level of the specific ammunition being fired before unlatching the recoiling parts. The
velocity sensor should also detect the acceleration of the recoiling parts when the firing mechanism is tripped.
Numerous types of velocity sensors may be considered for artillery application. Electronic mechanical

transducers could beemployed, but they require electrical power and may lack the reliability needed for most
artillery applications. The most promising and commonly used velocity sensor for soft recoil artillery employs
the flow of fluid in the recoil mechanism, as shown schematically in Fig. 7-6. Since the velocity of fluid flow is
proportional to the velocity of the recoiling parts, a reliable measure of the velocity of the recoiling parts is
available. Further, by inserting an orifice in the flow path, a pressure differential can be generated as a measure
of fluid velocity,

7-3.2 BUFFERS
If an error is made in setting the velocity sensor, the following extreme conditions may occur:
1. Lowest expected impulse, bu( highest velocity se[ting
2. Highest expected impulse, but lowest velocity setting.
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[n Case I the firing impulse is not great enough to return the recoiling parts to the latch position. Therefore,

●
the recoiling parts will not be latched and will move forward to the limit of forward travel.
Also in the case of a complete misfire, the recoiling parls will continue to travel forward until stopped by the

forward buffer. In this event and in Case 1, the moving parts must be brought to rest by the application of a
controlled retarding force to protect the weapon against damage due to impact.
In Case 2, in which too low a zone is set, the recoiling parts will have excess velocity at their retcrrnto latch.

Since a positive return to latch (enough travel past latch to ensure resetting the latch) is required, a large
variation in this overt ravel due to a low zone setting must be considered. The overtravel will activate the rear
buffering system, and the resultant loads must be examined in relation to weapon stability.
Some words of caution are necessary. The forward buffer should not be actuated in the normal firing

sequence because the resultant force would tend to rock the carriage forward and degrade system accuracy.
Therefore, the distance between tripping of the firing mechanism and contacting the front buffer should be
such tbat, even in the case of the maximum expected ignition delay, the recoiling parts will not actuate the front
buffering system. The design of buffers is discussed in detail in par. 6-3. I through using techniques of hydraulic
recoil mechanism design.

7-3.3 FLUID FLOW CUTOFF AND PRESSURE DROP SENSOR
Annther basic problem to be considered in soft recoil design is the effect of variable ignition delay in the

propelling charge. If [he driving force that induces forward acceleration prior to firing is maintained after
tripping the firing mechanism, this ignition delay variance will aggravate variations in the position and velocity
of the recuiling mass at the time the breecb force becomes effective. Velocity variation can be reduced to some
extent by reducing the driving force at tbe instant of triggering: however, the position variation still remains.
The driving force is reduced by restricting (he flow of actuator fluid through orifices. Thus “fluid throttling

devices” are required tu res{rict the Iluid flow. Such a restriction in fluid flow, however, may produce negative
values for fluid pressures in the system equations. Such predicted negative pressures indicate that the oil flow is
nut sufficient to keep the system filled with fluid. Tbe appropriate system equation of motion under this

a

circamstancc is described by Eq. 7-47.

7-3.4 ZONE-SETTING CONTROLS
Since the operation of a soft recoil mechanism is highly dependent on the impulse of the round being fired,

the firing velocity of the recoiling parts must be adjusted to compensate for the impulse of the zone of
ammunition being fired. A zone-setting control is thus required to adjust the velocity sensor to fire the round at
the appropriate velocity of the recoiling parts. The mechanics of the adjustment of the velocity sensor will, of
course, depend on the principle of operation of the velocity sensor,
In the design of a zone-setting control handle or assembly, it is important to give the operator a positive

feedback toassurethat the setting he intended is implemented. In addition tovisualfeedback. a click indicator
is needed for operation in darkness. It is important that tbe design team obtain input from human engineering
specialists.
Automatic zone setting is desirable to eliminate the possibility of human error. Since the zone must be

known before the round is fired, ideally some feature of the round itself should be used to distinguish between
zones. To date, no such indicator is available. Thus future developments of soft recoil will require close
coordination with ammunition development.

7-3.5 COUNTERRECOIL CONTROL
A “counterrecoil control” buffer is required to protect the latch mechanism against impact loads when the

recoiling parts return to latch from behind latch. The design of counterrecoil control follows general methods
of orifice design of Chapter 3 and the buffer design approaches presented in Chapter 6. An illustration of
buffer design for soft recoil is presented in par. 7-4.

7-3.6 MECHANICAL FIRING TRIP

●
A “mechanical firing trip” device is required to initiate firing if the present firing velocity, due to any

malfunction, is not reached.

7-2 I
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7-4 DESIGN OF 105-mm, ARTILLERY SOFT RECOIL MECHANISM
Development of a soft recoil mechanism for modern artillery began in 1957 with the experimental

modification of an M 101 Howilzer. Although evaluation test of [his modified weapon demonstrated the ●
feasibility and value of a soft recoil system, mechanism reliability was unacceptable (Ref. 7). In 1964 design
and Fabrication of an experimental firing fixture with an improved recoil mechanism was initiated. Extensive
firing tests of this fixture were conducted to confirm the feasibility of this weapon concept, to determine the
accuracy and durability characteristics. and to identify and to examine the functional design problems
encountered (Refs. 7 and 8).
In 1968 a program was initiated to design and manufacture a prototype howitzer by using a soft recoil

mechanism. This weapon was designated as the Howitzer, Light, Towed, 105-mm, Soft Recoil, XM204. The
major components were the XM205 Cannon, the XM46 Recoil Mechanism, and the XM44 Carriage. Design
parameters for the first prototype were based on firing of the XM606 126.8 N (28.5 lb) projectile with the M85
charge (Zones 3 through 8) and the standard M 1 [46.8 N (,33.0 lb) projectile with the M67 charge (Zones I
through 7). Safety Certification Tests were conducted at Aberdeen Proving Ground, MD, in early 1970.
Military Potential Tests, performed at Fort Sill, OK, were successfully completed in December 1970. Both
standard 105-mm Howitzers (M I02A1 and M 102) were used for comparison during these tests. Stability,
accuracy, and human engineering characteristics of the XM204 were Cavorabiy commented upon by the user.
In all, 2269 rounds were fired from this weapon, with 413 at the maximum impulse level (Zone 8)( Refs. 9, 10,
and 1l).
Mathematical models of the weapon were developed to aid design engineers in establishing and evaluating

physical configuration, structural integrity, and functional controls (Refs. 3, 12, and i 3). These mOdels were
used to verify designs and to study systematically the effects of parametric variation before selection of specific
values.
As a result of changes in the cannon and an increase in ammunition impulse le\,els, new recuil and

counterrecoil orifice designs were required. Consequently, the original mathematical models were mndified to
represent more closely the current design configuration. At the same time, an attempt w,as rnadetogeneralize
the models so that minor alterations would allow, for use of these models in the analysis nf future snft recoil
weapon concepts.
While the models were being developed, the primary considerations were the choice of significant motions o

and physical characteristics of tbe weapon. Specific design features and functional characteristics peculiar to
the XM204 Howitzer were included to adapt the models to the requirements of thedesignteam. ‘rbese models
were intended to provide a reasonable representation of normal firing cycles based on firing of the standard
zoned charges and of abnormal cycles resulting from a cook-off or from a misfire.

7-4.1 DESCRIPTION OF RECOIL MECHANISM
This paragraph will concentrate on the dynamic analysis and design characteristics of the XM46 Soft Recoil

Mechanism and its components used in the 105-mm, Soft Recoil Howitzer, XM204.
The XM46 Soft Recoil Mechanism is schematically described and illustrated in Figs. 7-IO through 7-14. The

differences between [his mechanism and the system described in pars. 7-1 and 7-2 include the following:
1. Introduction of a spear buffer for forward and rearward buffering
2. Introduction of orifices az with role indicated in Figs. 7-10 and 7-14.
3. Projected shape of flnating piston, which makes A, # AN.

Moment-area method calculations and resulting equatluns are exactly as obtained in par. 7-[.2: conse-
quently, they will not be repeated.
The spear buffer shown in Fig. 7-10 is needed to protect the system from an o\)erload that would becacrsed

by firing the maximum impulse charge before imparting forward motion to the recoiling parts (as in the cue of
cook-off). This spear buffer restricts fluid flow between pressures P, and f? during part of the cycle. As
illustrated in Fig. 7-13, this restriction exists when

where x, is the value of x for which al becomes equal to ,4?.
For any x, the flow diagram is shown in Fig. 7-14 with flow from P, to P, when .x is increasing (defined as

recoil). The direction of flow is reversed when .~isdecreasing (during run.up and during collnterrec oil). Values ●
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Figure 7-10. Schematic Diagram of Soft Recoil Mechanism Showing Forces on Recoiling Parts

A4P4
///

mP
. .

/ / / / / / / / / / / / / / / / / / /
‘qy -

/
Y, Y-y////

ANPN +Wpsin e

/’
/d

F~p sgn( i-j)

Figure 7-11. Free Body Diagram of Floating Piston for XM46 Soft Recoil Mechanism

for the orifice areas will vary with the direction of fluid flow, position of the spear buffer relative to the piston,
and functioning of the velocity sensor.
As shown in Fig. 7-13,

a. = flow area through spear buffer check valve, m~
UM = annular orifice area resu}ting from necessary clearance between piston head and spear buffer, mz
a(x) = a,, orifice area which is dependent on position of spear buffer, ml
x, = recoil displacement for which spear buffer becomes effective, m
x, = ~ecoij displacement at ~hich spear buffer check valve ceases to be effective, m/s.

7-23

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

IVFP sgn i
7 //////////////r///////////

/ IVA ~P2
R+ $ +

/

$////////////1/////////////////////// /////// //

NA ~P3

Figure 7-12. Free Body Diagram of Piston Rod for XM46 Soft Recoil Mechanism
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Figure 7-13. Relative Position of Buffer and Piston During Engagement (As Shown, x <0. For x>
x.,al <Az; Forx<x,, al =.42)
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Figure 7-14. Fluid Flow Diagram

Tbc o!ifice area a, may be defined as Iollnws:

Al + UIA, if .V< .Y,, m2

a., + a],,,~ + a,, if Y, > x > .Y, and .t >0, m’
al —

a., + al,,,i, if x > .Y, and .t >0, ml
a., + al,,,k, if .Y> .v, and .i >0, m’.

\

\ (7-66)

)

● BY jn;tking al = Al, lot .r < .r~, the definitions of Eq. 7-66 simpiify to

}

(7-67)-1a,, + UM, unless .Y, > .Y> x. and .i >0, m:
al —

G + al,,,k + a,, when .Y, > .r > x. and i >0, m2.

7-4.2 RIGID BODY MODEL OF SOFT RECOIL MECHANISM
7-4.2.1 Defining Equations When System 1s Completely Filled With Fluid
The equations nfmotion und logic control are determined in a manner shown in par. 7-2. However. they are

presenlcd here wi{h necessary details. The derivation is based on Figs. 7-10 through 7-14.
“l-he pressure drop AP ;icross the ith orifice a, in Fig. 7-lo-i = 1, 2. 3—is given as

(]“i ~

~pj=L —
2~ Ci

sgnvi, i = 1,2,3, Pa. (7-68)

Then

PI – Pz = API, Pa (7-69)

PZ – Pj = APz, Pa (7-70)

P3 – P4 = APJ, Pa (7-71)

where

●
P;= pressure on area Ai (Fig. 7-10), Pa
A; = areas in Fig. 7-IO on which P;acts. m’
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P = fluid weight density, N/mJ
g = acceleration due 10 gravity, M/S?
C, = discharge coefficient for i(h orifice (Fig. 7-10), dimensionless
vi = fluid velocity through ith orifice, m/s.

With l’luid flow restricted bythespear bufler—i. e., for.r>.r,.—the continuity of fluid flow through orificeu,
gives (Fig. 7-10)

NAI.G = Najvl, m3/s (7-72)

where
.~ = recoil velocity, m)s (Fig. 7-10).

Thus
A,

vl=— .?, m/s.
al

(7-73)

Also the continuity of flow through N orifices of area u? (Fig. 7-10) gives

Nalvj + IVA~~ = Na>vl, m3/s. (7-74)

Note that orificesm in this design were not present inthedesign discussed in par. 7-2. I (see Fig. 7-6). ‘I”hus Eq.
7-74, substituting the expression for v, from Eq. 7-73, becomes

!
NA ,i + NAz.~ = Na>vl

or
\ (7-75)

(A, + A2) ~ m,s,V2 = /
a2

Note that the differenI areas are an additional orifice a, in each floating piston if the term on the right of Eq.
7-74 differs from Eq. 7-25 where a, was a $ingle orifice.
The continuity of flow through the single orifice of area a, gives (Fig. 7- IO)

Na~vl = NAvt + aivl, m3/s (7-76)

and by Eq. 7-75 this becomes

a,v, = NAI,i + NA~,i — NA3.i = NAR.i, m~/s (7-77)

where

AR= AI+ A2– A3

therefore,

v, = NA.
— i, m/s. (7-78)
a3

Note the term on the right of Eq. 7-76 is of the same form as the right of Eq. 7-25 since here a, is the .sirrgle
orifice. ●
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‘l’he continuity of flow through uj into A, gIVeS

a~w = Ai(.i — .0), mJ/s

where
j = velocity of floating piston, m/s (Fig. 7-10).

Therefore. by Eq. 7-78, Eq. 7-79 becomes

NAR.~ = A4.; – A4j

or. sulving for .j.

f)iffcrenti~itinn of Eq. 7-80 gives Ihe acceleration ~ as

DOD-HDBK-778(AR)

(7-79)

\

) (7-80)

(7-81)

Integration of Eq. 7-80, with J(O) = x(()). gives

~, = (A, – NA.)
.r, m.

●
A,

(7-82)

These relations hold provided the system remains completely filled with fluid. Monitoring of computed
pressure values to ensure that they remain positive will demonstrate the existence of an oil-filled system.
Re:irrangement of Eqs. 7-71, 7-70, and 7-69 gives

R ==F’4+ AP3, Pa (7-83)

P, = P3 + AP2 = P, + AP2 + AP3, f% (7-84)

P, = P2 + ‘4P] = P, + API + AP2 + AP3, Pa. (7-85)

Fromthe ft-ce body diagrams (Fig. 7-10). with.~>.r,(spearbuffer restrictintzfluid flow), thecqu~ti~n f~rre~~il
mntlon c:in be written zis

rH,.v = B([) + W,sind — NFFsgn.i — f~-psgn(i — }) — ~~sgn.t

– A,vP,v + A~PL + NA3P3 – NA, P2 – NA~Pz – NAP,, N (7-86)

and from the flee body didgr~m of Fig. 7-11, with .x> .s,, th~ equ~tinn of mntion for ~hcllo~tin.g piston k

m<i~ = WFsin O + A.vP,v + ~~psgn(-~ — ~) — A4P4, N (7-87)

where
)}1,= mas$ of recoiling parts kg
B(() = breech force, N
W, = weight of recoillng p:lrts nJ,. N
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@ = angle of elevation, rad

F, = packing friction for floating, N
FFF = packing friction for floating piston. N
Fc; = portion of guide friction which is independent of clip reactions, N
A,, = effective area of floating piston (gas side), rn~
P,v = gas pressure in recuperator, Pa
rn~ = mass of floating piston, kg
W, = weight of floating piston, N.

Note that sgni = sgn(.~ – j); therefore, Eq. 7-86 may be rewritten as

??’Zr.i = ~(t) + W,sino — (N~P + ~G + ~FF) sgn~

– ANP,v + A, P, + NA3P3 – NAzP1 – NAIPI, N (7-88)

and, by substitution of the expression for j; from Eq. 7-81, Eq. 7-87 may be rewritten as

“(A4~:R)’= W~sinO + A,vP.v + F,=Fsgn,~ – A4P4, N. (7-89)

The addition of Eqs. 7-88 and 7-89 yields

[mr+(A4~:Rl1mp ~ = B(f) + ( W + Wp)sin O — (NFp + F~;)sgni

+ NA3P, – NAzP2 – NAIP,, N. (7-90)

By substituting the expressions for the P, in Eqs. 7-83, 7-84, and 7-85, Eq. 7-90 may be rewritten as o

[mr+(A4~YR)m’1’’= B’’’+(wr+ “)sino
– (NF, + F,;)sgni + NA3P4

+ N,43AP3 – NA2P4 – NAIAP2

– NA2AP3 – NA1P4 – NAzAP]

– NA, AP2 – NA, AP3, N. (7-91)

By collecting terms, Eq. 7-91 simplifies to

[n’r+(A47Rlm’1i= B(’’+(wr+ “)sino

– (NFP + ~~)sgni

– N(A, + Al – A3)P4

– NAIAP] – N(AI + A2)A1’2

– N(,41 + A, – A3)AP,, N. (7-92) ●
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The solution of Eq. 7-89 for P, gives

● ~, = WpSin8 + FFPSgn~

+;’”-1(’’~:’)’”
(7-93)

By substitution of the expression for Pi from Eq. 7-93 and noting that AR = ,4 I + ,42 – A3, Eq. 7-92 becomes

[rnr+(A4~~R]rnP]; =B(t)+(l+’,+ W’P)sinO

NAR
– (NFp + FG)sgn~ – ~ WminO

NA ,— — F.rNgn.~ – y P.

+4(A’~H
:~ — NA]AP1 — N(A] + A2)AP2

●
– NARAP3, N

or, rearranging terms,

[mr+(A~~AR)2M]~= B(f)+[Wr+(A4~~AR) ~P]sinO

–(NFp+FG+~
NARAN p~

FFp)Sgn~ – —
A4

NA, AP, – N(A, + Az)AP2 – NARAPB, N. (7-94)

If the initial gas volume is V,, the gas volume V,Vfor any displacement x can be written using Eq. 7-39 as

V,V=VO– A~X–,V)=VO–
ANNARX

, mq.
A4

(7-95)

On the assumption that the adiabatic gas law is applicable, the gas Pressure PN fOr anY displacement x‘s
determined from Eq. 7-40, i.e.,

P,vV~ = POV{, N-m

where

● PO = initial pressure, Pa
~ = ~on~tant for ~diabatic expansion, dimensionless.
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Or solving for P,v,

()

v“ “
P,. = P, — , Pa

Vhf

and when the expression for V~ is substituted from Eq, 7-95,

P.v = Po

[)

v, n
, Pa,

NA RA .x
(7-96)

V(, –
A,

From the free body diagram of Fig. 7-12. the force R on the recoil rod is given by

R = NALPt + NAzP1 – NA3P3 + NFpsgni, N. (7-97)

When fluid flow is not restricted by the spear buffer, i.e.. for .x < x,, the preceding analysis must be modified
by noting that the force on the end of the spear buffer (Fig. 7-10) will be NAIP(, rather than NAIPz, and that
flow from P, to P, will be defined by

N(AI + A2).i = Nalvl

or

(AI + ,@ ~,S,
VI =

al

Therefore, for x < x,, Eq. 7-88 should be written as

m,~ = B(t) + W,sinf7 — (NFF. + F~ + FFF)sgni

– .4.vP,v + A,P, + NA3P3 – NAz PI – NAIP,, N

The addition of Eq. 7-99 to Eq. 7-89 gives

[mr+iA4~:R)m’li ‘B(’) +(wr+ “’sin’
– (NFF + FG)sgn.i

+ NA3P3 – N(A) + A2)P,, N.

Substitution of the expressions for the P, from Eqs. 7-83 to 7-85 into Eq. 7-100 gives

[mr+iA4~:RHi ‘B(’) +(wr+ “)Sine
(NFP + Fc;)sgni

+ NA3P4 + NA3AP3

– N(AI + A2)P, – N(AI + A2)AP1

– N(A, + A,)AP2 – N(A, + A2)AP3, N,

\

(7-98)

/

(7-99)

(7- 100)

(7-101) ●
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Collecting terms of Eq. 7-101 and substituting AR = A I + A3 – AI yields

– (NF, + F.)sgn..i

— NARP, – N(A] + A2)Ap1

— N(A) + A2)AP2 – NARAp3, N

Substitution of the expression for P, from Eq. 7-93 and rearrangement of Eq. 7-102 yield

– N(.41 + A2)(API + AP2) – NARAP3, N.

By defining

● 1I,if.r <x,
H.

O,ifx>x, 1

Eqs. 7-73 and 7-98 may be written as

(A, + HA,) ~ ~,s,~, =
al

Eqs. 7-94 and 7-103, using the notation of Eq. 7-104, may be written as

i

NA.Q
– NFP+F. +—

)
F,, sgn.i

A,

– N(A, + H.42)AP1

— N(AI + A2)AP2 – NARAP3, N

(7-102)

(7-103)

(7-104)

(7-105)

(7-106)

● Thus by using Eqs. 7-105 and 7-106 and Eq. 7-104, a single system of equations defines the entire cycle
provided the mechanism remains filled with fluid.

7.3 I
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7-4.2.2 Defining Equations When System 1s Not Completely Filled With Fluid
Negative pressure values obtained during the solution of the preceding system of equations will denote that

the system is no longer completely filled with fluid. If this occurs, a new set of equations is required. This ●
condition is anticipated since fluid flow through the velocity sensor (orifice area m) is sharply restricted after
initiation of firing by reducing a~, to prevent any increase in velocity during an ignition delay period. To
approximate system motion after a negative pressure has been computed, assume that

P3=Pl=P, =0, Pa.

Then by Eq, 7-83,

P4 = APj, Pa

and Eqs. 7-86 and 7-87 must be rewritten, respectively, as

wz,; = B(t) + W,sinO — (NFF + Fc;)sgn.i

– FFPSgn(~ – j’) – ANPN – A4AP,, N

and

mPy – WPsinf3 + ANPN + FFPSgn(~ – ~) + A,AP3, N,

By continuity of flow throughaj into .44 (Fig. 7-10),

CZ3V3= A4(~ —j)

or

(7-107)

(7-108)

I
~3 = ~(i–j), m/s

and from the adiabatic gas law and the first equality for V~ of Eq. 7-95

[

Vo

1

II
P. = P“ , Pa.

Vo – AN(X – y)

I (7-109)

/

(7-1 10)

These equations will be considered as definitions of system motion provided

NARX < A4x – y), m3.

During this period, P; = O—i = 1,2,3—therefore, Eq. 7-97 reduces to

R = NFPsgn~, N. (7-111)

7-4.3 SUMMARY
The zovernine differential eauations of motion are solved bv standard numerical methods. and the svstem.,

controls of the actual mechanism being simulated by logic decisions are programmed into the computer.

I o
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7-4.3.1 Logic Decisions

●
These logic decisions are defined in the following manner:
1. A cycle is initiated by the setting of appropriate initial conditions, e.g., x = Oand ; = O at t = O.
2. Firing is initiated on the basis of either velocity (is ~ > some specified value’?) or displacement (is x Z

some specified value?).
3. Ignition delay is simulated by a variation of the time lapse between initiation of firing and application of

the breech force.
4. The orifice area a~ may be reduced after initiation of the firing sequence and then increased when

rearward motion occurs, i.e.,

[

(a3)bf before firing, if.~ <0, m’

a3 z (u3).f after firing, if i <0, m’

1

(7-1 12)

(a3)b/ whenever .i >0, m’

where (uI),ris the value of a~ after firing with .;<0, and (a~)~,,is the value of a~ before firing and when ~< O.
S. “l-he orifice area a? has a single value for this model.
6. “l”he orifice area a, varies with both position and direction of fluid flow since it is dependent on

restriction of fluid flow between P, and PI by the spear buffer and by functioning of the check valve in the spear
buffer. It is defined in par. 7-4.1.

7. “rhe step function His defined by Eq. 7-104.
8. Choose the governing system of equations on the basis of

P3>Oor~3=0.

7-4.3.2 Summary of Defining Equations

● The rigid body model of the soft recoil mechanism developed in the preceding paragraphs is summarized in
the repeated equations that follow in pars. 7-4.3.2.1, 7-4.3.2.2, and 7-4.3.2.3.

7-4.3.2.1 System Completely Filled With Fluid, i.e., Pj >0

.(1“i 2
~pi=L —

2g c,
sgnvi, i = 1,2,3, Pa.

I I,if.x<xe
H=

O, if x > xc 1

[mr+(’’~:’rm’I’ =’(f)- *PN

‘[wr(AN~YR)‘Plsino

[
– NFP +

– N(A) +

– N(A, +

NAR
F.+—

)
FFF sgn.i

A4

HA2)AP,

AZ)AP2 – NARAP3, N

(7-68)

(7-104)

(7- 106)
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P,V= PO

[1

P’o “
, Pa

v“ –
NARANX

A,

(A, + HA,) ~ ~,~“, =
al

(A, + A,) ~ ~,~
V2 =

a2

NAR
v3=— ~, m/s

a3

~= (A4– NAR)XM

A, ‘

~, = W~sinO + F~Psgn.i + AN
‘&+

( )

A, – NA, ~ pa
A, A4 A, A,

Pj = Pd + AP3, Pa

PI = P3 + APz, Pa

P, = Pz + API, Pa

R = NA,P, + NA2PI – NA3P3 + NFPsgn~, N.

(7-96)

(7-105)

(7-75)

(7-78)

(7-82)

(7-93)

(7-83)

(7-84)

(7-85)

(7-97)

7-4.3.2.2 System Not Completely Filled With Fluid, i.e., P, <0 and NAR x < A, (x – y)

m,.i = ~(f) + W,sin6 — (NF’F + Fc)Sgn~

– F~Psgn(i – j) – A,vPN – A4AP,, N (7-107)

mp~ = WFsinO + ANP~ + F~mgn(.t — j) + A4AP3, N (7-108)

“3 = *(i – .;), m/s (7-109)

[

Vo

1

“
PN = P, , Pa

V, – AN(X – y)
(7-1 10)

R = NF~sgni, N. (7-111)

●

●

●
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7-4.3.3 Logic Controls

[

i 5 firing velocity
Initiate firing (t = lf) if or

x = firing displacement.

Initiate breech force if t > fr + ignition delay.

a3 =

a] =

(as)li before firing, if i <0, m’

(a3)af after firing, if .t <0, m’

(U3)bf whenever ~ >0, m’ 1

a. + al,.k, unless x. > x > -Y. and i >0, mz
ax + a~,ak, + a., when x. > x > .G and i >0, mz

(7-1 12)

(7-67)

7-4.4 DETERMINATION OF VALUES FOR BASIC INPUT DATA
A total distance of 2.286 m (90,0 in.) has been chosen as the metal-to-metal limit for travel of the recoiling

parts under any firing condition. This distance has been divided into four portions, as indicated in Fig. 7-15.
The following data are based on past experience and preliminary sizing of the XM46 Recoil Mechanism:

g = 9.81066 m/s2 (386.09 in. /s’)T

W,= 6.7613X 103 N(15201b)
m, = 6.8923X 102 kg (3.937 lb.sz/in. )
l?, = 1.335X 102 N (30.0 lb)
nlr = 13.60 kg (0.777 lb.s2/in. )

F,, = 1.201X 103 N (270 lb)
F,, = 3.1 14X103 N (70(3 lb)

Fti = O (assuming roller bearings)

tA dual systemof units isshow” when the origiml data wcrcexpressed in English units and converted to metric units i,c,, ‘kft,, metric.
Metric units only arc usedwhen [he original da(a were given in metric un~ts-i”wmted 1“ illus[mtc m example—i. e., ‘hard,, metric.

x =-1.219 m (-48.0 in. )

, \>

x =-1,524 m (-60.0 in. )

x =0.5080 m (20.0 in, ) x=O(O}

i i

~-1,778 m (-70.0 in.)

‘-lForward
Rear Buffer Run-up Caast Buffer

x~
t !

t!

Latch Mechanical ~~g$~$rd
Firing

Buffering

Figure 7-15, Segments of Recoil Stroke
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,41 = ~ (0,07622 – 0.3812) = 0.0034203 m’ (5.301 in?)

,4, = ~ (0.03812) = 0.0011401 m2 (1.767 in!)

,4, = $ (0.07622 – 0.05715’) = 0.0019952 m’ (3.093 in:)

,4, = ~ (0.1397’ – 0.006352) = 0.015296 m2 (23.71 in:)

An = ~ (0.13972) = 0,015328 m’ (23.76 in!)

,4. = ~ (0.057152) = 0.0025652 m’ (3.976 in:)

az = 0.0009677 m2(1.50 in?)
(a~)~j = 0.0009677 m2 (1 .50 in!)

VO = 0.025810 m’ (1575 inf)
n= {6

p = 8372.8 N/m3 (0,03085 lb/in~)

c, = 0.8
0 = O rad min (O deg rein), [309 rad max (75 deg max)

B(t) = Tabulated in Appendix C, Ref. 12.

Based on past experience, the maximum required firing velocity was chosen as 7.620 m/s (300 in. /s).
Therefore, the design criteria used in establishing the initial gas pressure for the XM46 Recoil Mechanism was
the attaining of velocity just before reaching the mechanical trip, i.e.,

i-= —7.620m/satx= —1.219m.

This firing velocity was based on firing the maximum impulse (Zone 8) round at O dcg QE (qua(irant
elevation).
By using Program 1, Appendix B, Ref. 12, and varying the value oftbe initial pressure P,,, a family ofcurves

relating velocity to displacement (Fig. 7-16) was obtained. From these a plot of velocity at x = —1.219 m as a
function of Po (Fig. 7- 17) was made and 8.9632 M Pa was established as the required initial nitrugen pressure.
Refer to the system schematic of Fig. 7- IO; the pressures P., P,, P,, P,, and P, and the effective force R(I) on the
supporting structure have been plotted in Fig. 7-18.
A lower initial gas pressure could be specified if the maximum impulse round will not bc fired. If the highest

charge were Zone7, it would require afiring velocity of only—6.223 m/s. This velocity could be ohtaincd in a
displacement of —1.219 m with an initial pressure of 6.205 MPa (see Fig. 7-17) and a reduction in the force
applied to the carriage shown in Fig. 7-19.
Fig. 7-20 shows velocity as a function of displacement at O rad (O deg) QE and 1.309 md (75 deg) QE for

PO = 8.9632 MPa. From this graph the maximum firing velocity at x = –1.219 m when 0 = i .274[ rad (73
deg) is–6.223 m/s. Therefore, it will not be possible to obtain the required firing velocity fora Zone 8cbarge,
–7.620 m/s within x = – 1.219 m, without raising the gas pressure farther.
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~= 10.34 MPCI

-8 – ,0 (1500 psi)
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/

/
-4 – /

/

/

-3 – I

-1

0
0 -0.20 ‘0.40 -0,60 -0,80 -1.00 -1.20

Trovel X, m

Figure 7-16. Velocity vs Displacement for Different initial Pressures at Odeg QE
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-7

.*’
x
.-
V
0
z
>

I I I I I I
i.2 6.8 7.4 8.0 8.6 9.2 9.8

Initial Pressure Po, MPa

Figure 7-17. Velocity at x = –1 .219 m vs Initial Gas Pressure
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3 - Piston Head for Spear
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Figure 7-18. Predicted Values for Gas Pressure, Fluid Pressures, and Effective Driving Force R(t)
for Run-Up Period at Odeg QE
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20 – PO=8,96 MPG (1300 psi]

~, -I,09m, , ,-7,65 ~/s, ZONE 8
15 –

z.

2
$

10 –

I ,= .I. zzm, x = -6,25 ~/S, ZONE 7

5

I
1 $ 1 1 I 1 1
20 40 60 80 I00 200 300 400

Time, ms

Figure 7-19. Predicted Values for R(t) Run-Up Period at Odeg QE Showing Reduction in Force
Level With Reduction in PO
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- 7.C

-6.C

-5.C

-4.C

-3.0

-4.0

-1.0

0 I I I I I I
o -0.20 -0.40 -0.60 -0.80 - I .00 -1.20

Travel x, m

Figure 7-20. Velocity vs Displacement Run-Up Period for PO= 8.963 MPa

7-4.5 DESIGN OF RECOIL AND COUNTERRECOIL CONTROL ORIFICES
By use of the equations of motion of par. 7-4.2 and the basic design dam of par. 7-4.4, velocities of the

recoiling parts when they encounter the forward and rear buffers can be calculated. Worst cases, such as
cook-off of a high charge at the latch position and misfire of a high-zone charge, determine velocities of the
recoiling parts that must be arrested by the rear and forward buffers, respectively. Design procedures for

●
control orifices in these buffers are the same in principle as orifice design methods presented in Chapter 3 and
used in Chapters 4 through 6. Details of these calculations are, therefore, not presented here. For a detailed
treatment of this design procedure, refer to Refs. 12 and 14.
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CHAPTER 8

NOVEL RECOIL MECHANISM CONCEPTS

This chapter presents u brief summery of concepts and design methods for novel recoil mechanisms. A
historical perspective of trends in recoil mechanism technology is inicial[y presented, followed by a discus-
sion of six distinctly d!fferent types of recoil mechanisms. CompressibIefluid and hybrid compress ible-sofl
recoil methods are presented in pars. 8-2 and 8-3. Both represent viable alternatives for future develop-
ments. Damping methods, other than fluid throttling, that have been investigated in the past are discussed
in par. 8-4; however, generally, the methods considered are not yet feasible candidates for development.
Double-recoil approaches used in the PUSI are discussed in par. 8-S, primarily for historical perspective,
bu[ they do not appear to offer po~en~ialfor modern weapon application even though they are feasible.
Rocket thrusters art? discussed in par. 8-6, and even though they offer potential for lightweight systems,
tactical problems with hack b[ust and signature make them unattractive. Finally, burst Jire recoil mecha-
nisms ore discussed in some detail in par. 8-7. They are feasible and offer substantial potential for future
tank und artillery applications.

8-O LIST OF SYMBOLS
A = control orifice area, m2

Ah,, = buffer orifice area, mz

●
A, = area of Section i, i = i, 2, m2

A,, = orifice area, mz
,4, = buffer piston area, m’
a = constant in Eq. 8-8, m3/kg.0C
B = bulk modulus of fluid, Pa
B, = front buffer surface radius, m
B,. = buffer spear length, m
B,, = rear buffer surface radius, m

B(I) = breech force, N
b = constant, Pa (see Eq. 8-18)
Cd = coefficient of discharge, dimensionless
C = buffer chamber inner radius, m
C,. = buffer chamber length, m
C, = buffer chamber outer radius, m

C,, C, = constants estimated from fluid compressibility characteristics, Pa
c = cons(anI, m3/kg (see Eq. 8- 18)
d = diameter, m
= outside diameter of concentric cylinder, m

d, = maximum recoil distance, m
F = run-up force, N

F. = cook-off force on piston rod, h’
E, = decay force, N
F, = friction force, N

● F, = retarding force, N
F; = constant counterrecoil force for towed artillery burst fire mechanism, N

8-l
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g = acceleration due to gravity, m/ S2

f’ = impulse imported to recoiling parts for towed artillery burst fire mechanism, N.s
K = primary recoil brake force, N

KE = kinetic energy, J
L = cylinder length, m
L~ = total horizontal movement of center of mass of m, m
L( = primary recoil distance relative to the secondary mass, m
Lz = secondary recoil distance, m
M = constant, P&m’/kg (see Eq. 8-18)
m, = mass of recoiling parts, kg

ml,wrz = primary and secondary recoiling masses, respectively, kg
m; = mass of recoiling parts for towed artillery burst fire mechanism, kg
N, = normal reaction force between primary and secondary masses, N
N, = normal reaction of force between primary and secondary recoiling parts, respectively, N
P = pressure, Pa

AP = change in pressure of fluid, Pii
P, = effective pressure, Pa
Pi = pressure in Section i, i = 1, 2, 3, Pa
P, = pressure in Section i, i = 1, 2, 3, Pa/s
Q, = volume rate of flow through point i, m3/s
R = secondary recoil force, N

R~ = radius of buffer entering chamber, m
r = recoil cylinder wall radius, m

r(t) = angular recoil torque, N.m
S. = coast distance, m
SJ = forward buffing distance, m
S. = run-up distance, m
.S, = rearward buffing distance, m
~ = horizontal dl~t~”~e moved by Center of mass m,, m

u

II

Iifp>f)
sgn~ = signum function, algebraic sign of variable p, i.e., — = Oif V=O

UI –Iifp<fl
T = temperature, ‘C
1 = recoil cylinder wall thickness, m
= run-up time, s

(c,), = time to counterrecoil on the ith round, i = 1,2,...,n, s
(t,~ = time to recoil on ith round, towed artillery for burst fire mechanism i = 1,2,...,n, s.

V = volume, m~
AV = change in volume of fluid, m’
V, = volume of buffer chamber, m’

( V,). = initial buffer volume, m3
v = fluid velocity, mls
V, = cook-off velocity, m/s
~f = velocity of free recoil, m/s
v~ = horizontal velocity of center of mass of m, m/s

,v,,.), = initial velocitv of v,,,, m/s
v, = velocity of primary recoiling mass relative to the secondary mass, m/s
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~vr); = initial velocity of V,, m/s

●
v, = recoil velocity of primary mass, m/s
vz = recoil velocity of secondary mass, m/s
= velocity of fluid through Point 2, m/s

(v,) = initial velocity of v,, m/s
!J/ = forward velocity of recoiling parts for towed artillery burst fire mechanism, m/s
v; = rearward velocity of recoiling parts for towed artillery burst fire mechanism m/s

(v;), = forward velocity of recoiling parts for towed artillery burst fire mechanism, i = 1,2,...,n, m/s
(v/), = rearward recoil velocity after firing ith round for towed artillery burst fire mechanism,

f = 1,2,...,n, m/s
W,, = weight density, N/ m~
W, = weight of recoiling parts, N

W,, l+’, = primary and secondary recoiling weights, respectively, N
-u = in-battery piston displacement, m
x,. = length of Section I prior to recoil, m
.Y; = specified counterrecoil distance for towed artillery burst fire mechanism, m
.~~= specified recoil distance for towed artillery burst fire mechanism, m

(.r~), = counterrecoil distance.f’or towed artillery burst fire mechanism, i = 1,2,...,n, m
(.T,’), = recoil displacement of ith round for towed artillery burst fire m~chanism, i = 1,2,...,n, m
.r,.~,~{ = recoil piston displacement, velocity and acceleration, respectively, m, m/s, m/ Sz

Y* = i“ltial displ~ceme”t from battery for towed artillery burst fire mechanism, i = 1, 2,...,fl, m
6 = angle ofeltwrtion, rad

~ = friction coefficient, dinlens ionless

●
p = mass density, kg/nl~
pi = mass density of fluid in Section i. i = 1,2, kg/m3

P? = mass density of fluid at constant pressure, kg/mJ
PT = mass density of Iluid at constant temperature, kg/ m~
P,, = iniliirl mass density. kg/m~
~ = ~ngular displacement, rad buffer (aper, rad
@ = angular velocity, rad/s
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8-1 INTRODUCTION AND HISTORICAL PERSPECTIVE
Modern military tactics require a lightweight, high performance artillery weapon system that is superior

to existing standard weapons in firepower, mobility, and especially reliability, availability, and maintain-
ability. These are characteristics that should be significantly improved to assure survivability of large
caliber artillery systems on the battlefield of the future.
Therefore, there has been a continuing requirement for the exploration of simpler, more efficient, and

more reliable recoil mechanisms for artillery syslems. The mechanisms currently employed require consid-
erable field maintenance and time-consuming, costly rebuild programs. Evolutionary changes have been
chiefly component improvements based on advances in metallurgical and fabrication techniques. The large
number of components used in present-day recoil mechanism design may tend to lead to early failure
because the efficiency and reliability of a recoil mechanism can be considered inversely proportional to the
nuniber of its component parts. To meet these recognized needs successfully, exploitation of advanced
technologies for application to future artillery recoil mechanisms has been initiated; however, many of the
concepts considered need further developmental work. Some devices appear to be feasible and practical;
others are restricted in practical application. The purpose of this chapter is to introduce and evaluate
unique recoil mechanism concepts and to discuss feasibility studies that have been conducted.

8-2 COMPRESSIBLE FLUID RECOIL MECHANISMS
A compressible fluid recoil mechanism is basically a liquid spring-shock absorber system with fluid

compression replacing the conventional gas or helical spring drive for counterrecoil. The system employs a
compressible fluid as the hydraulic medium in a recoil cylinder that has a differential area piston (shown
schematically in Fig. 8-I) that stores energy by compressing the fluid approximately 4’%. (The 4’%0 value is
for Dow-Corning 200 fluid; other fluids may be more or less compressible.)
During recoil, fluid is throttled frrrm Section I at a pressure PI through a control orifice to Section 2 at

a lower pressure PZ as shown in Fig. 8-1. The orifice area A,, as a function of recoil travel is designed to
provide an essentially constant recoil brake force, here taking account of compressibility of the fluid.
Design methods for the orifice are as presented in Chapter 3 for conventional recoil mechanisms. ●
The diameter of the recoil piston in Section 2 is larger than in Section I (see Fig. 8-f). As the piston

recoils, the volume occupied by the hydraulic fluid decreases, compresses the fluid, and increases the
average pressure in the fluid. During the counterrecoil stroke this high fluid-pressure acts on the differen-
tial area of Sections 1 and 2 and forces the recoiling parts back into battery. In this way the compressible
fluid behavesasa hydraulic counterrecoil spring.
The compressible fluid recoil mechanism program was initiated in the Weapons Laboratory of Rock

Island Arsenal in 1972 and was divided into two phases of development. The objective of Phase I was to
prove feasibility of the compressible fluid concept; the objective of Phase 11 was to produce a working

8-4
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prototype recoil mechanism. Phase I was completed in the fall of 1972 and reported in Refs. I and 2 and

●
included the successful testing of a fuil-scale model. The test of the model was performed by fking live
rounds from a modified 105-mm tank cannon at Camp McCoy, WI. During Phase I development several
types of compressible fluids were evaluated. A pilot mathematical model was developed to simulate the
hardware model, and data were collected and reduced from two fixtures to validate the mathematical
model.
Phase 11 dealt with resolving problems encountered in Phase 1 and was reported in Ref. 3 in the fall of

1973. [n this phase a theoretical computer study was undertaken to improve and modify the Phase I
mathematical model. In addition, modifications were made to the Phase I hardware to incorporate a
replenisher into the system as well as to accept alterations derived from the improved mathematical model
to achieve a more acceptable fluid pressure.
Additional testing of the compressible fluid recoil mechanism has been conducted at the US Army

Armament Research and Development Command, Large Caliber Division, Dover, NJ (Ref. 4) and at the
University of lows, Iowa City, IA (Ref. 5). The research done at the University of Iowa (Ref. 5) concerned
development of a numerical technique to solve equations of two-dimensional fluid motion in the recoil
mechanism. The aim was to predict pressure distribution in the mechanism more precisely and hence to
obtain the desired variable orifice discharge coefficients.

8-2.1 PRINCIPLES AND DYNAMICS OF COMPRESSIBLE FLUID MECHANISMS
8-2.1.1 Basic Principles
The compressible fluid recoil mechanism employs a single compressible fluid, at present siliconeoil, as

the recoil and counterrecoii fluid. The silicone oil is selected as the recoil fluid because of its large com-
pressibility. During recoil the fluid is compressed approximately 494. The cylinder containing the recoil
fluid may also be made deformable in order to increase the amount of energy stored during recoil. This
means that sufficient energy may be stored in the fluid for use in the counterrecoil phase. The energy
stored in the fluid during recoil is used in the counterrecoil phase.

●
Observe the two control volumes of Section 1 and Section 2 in Fig. 8-1, and following the direction of

recoil as shown in Fig. 8-1, it is clear that the pressure P, in Section I is higher than the pressure PZ in
Section 2. Hence there will be some fluid flow through orifice area A., as shown in Fig. 8-1. In addition,
since the fluid is compressible, the fluid is compressed to store the energy for use in counterrecoil. The
velocity at the orifice, as in a conventional recoil mechanism (Chapter 3), is determined by the pressure
difference and the fluid density. The volume flow rate through orifice A. is controlled by the discharge
coefficient, the velocity at the orifice, and the orifice area A~.

8-2.1.2 Equations of Motion
The general three-dimensional fluid flow partial differential equations could not be solved; conse-

quently, the equations were simplified by assuming (1) frictionless motion of the fluid, (2) pressure
dependence on density, and (3) steady state flow along a streamline. In the absence of gravity, the resulting
differential equation for flow between two points on a streamline is

dv’ ~ dP–o
2p

where
v = fluid velocity, m/s
P = pressure, Pa
p = mass density, kg/mJ.

(8-1)

The pressure density relation was assumed to be imposed in a form similar to that of the adiabatic gas
equation

() 7
p.c, J?_ – Cj, Pa

●
PO

where
~ = maSS density at P, kg/ m3

(8-2)
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p. = initial mass density, kg/m3
CI, C, = constants, Pa.

The constants C, and C, were estimated from the compressibility characteristics of the fluid (Ref. 6).
Substitute Eq, 8-2 into Eq. 8-1, integrate between Points I and 2 on a streamline, and neglect the

approaching velocity to the orifice to obtain

~2 = ~ Cl’’(g/ kV.)[(CZ + P,)’” – (C, + /’j)’”], m/s (8-3)

where
g = acceleration due to gravity, m/s2

W. = weight density of the fluid, N/m’
V2 = velocity of fluid through Point 2, m/s.

If the fluid is assumed to be incompressible, Eq. 8-1 gives

V2 = J(2g/ w~)(Pl — P2), m/s. (8-4)

Eqs. 8-3 and 8-4 produce virtually identical results; therefore, the simpler Eq, 8-4 was chosen.
The volume rate of flow Qz is obtained by multiplying Eq. 8-4 by the urifice area A,, and the coefficient

of discharge Cd, i.e.,

Q, = CdA,,Vz,m’]s. (8-5)

Eq. 8-5 expresses the volume rate of flow into Section 2 of the recoil mechanism (see Fig. 8-l). Since the
same mass of fluid must be leaving Section 1, the volume rate of flow Q, from Section I is

Q, = p,Q,ip, m3/s (8-6) ●
where

PI = mass density of fluid in Section 1, kg/ m~
P2 = mass density of fluid in Section 2, kg/ m3.

The pressure change P with respect to time of the silicone fluid upstream from a cuntrul orifice is dc[cr-
mined from (Ref. 7)

where
.4 = control orifice area, m2
i = recoil velocity, m/s
Q = flow rate from upstream section, m3/s
B = bulk modulus of flpid and

—, PaB= (~f’)~
AV

(8-7)

(8-8)

AP = change in pressure of ffuid, Pa
AV = change in volume of fluid, m~

V = volume of fluid, m~.

8-6
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Since the recoil velocity increases the volume of Section 2 and Q? is the flow into Section 2, the algebraic

●
signs of the term on the left-hand side and the first term on the right-hand side of Eq. 8-7 change and P? is given
by

Pz = B(Pl)(–Azt + Qz)/ VZ, Pa/s, (8-9)

Eq. 8-7 is directly applicable to Section I as

~, = B(Pi)(,4,.t – pzQj/pl)/ V,, Pa/s (8-10)

where the dependence 01 the bulk modulus on pressure is shown and

B(P,) = bulk modulus of pressure P,, Pa
Pi = change in pressure with respect to time in Section i, I = 1.2, Pa
,4, = recoil pislon area in Section i, i = [,2, Pa

VI = ,4,(xL – x), m3
V2 = ,42.Y, m3

(8-11)

.~,. = length of Section I prior to rtcoil, m.

Tu deri\e the relationship for B(P), Eq. 8-2 is rewrit~en. replacing the density ratio bythe reciprocal volume
ratio, tu nbtain

P = Cl(V,]/ P’)’ – C?, Pa. (8-12)

●
Therefurc, taking the derikatiw nl P with respect [o V,

~= –7C, v: v-s
dv

(8-13)

Multiply Eq. 8-13 by K and substitute the expression for C, from Eq. 8-12 to obtain

‘dP – –7(P+ Cz) = (A P) V/AV, Pa.
dv

(8-14)

Since the right-hand term in Eq. 8-14 is defined as the bulk modulus,

B(P) = 7(P + c,)> Pa. (8-15)

Ifthc inertia effects ofthe fluid are ignored. the forces acting on the mass of recoiling parts m,can be written

m,; = B([) — ,411’I + AZPZ — Ffsgni + PV,sin(3, N (8-16)

where
FJ = friction force, N

B([) = breech force, N
W, = weight of recoiling parts, N
sgn = signum function
6 = angle of elevation, rad.

● This differential equation and the gi~en compressibility relations comprise the equations of motion of the
recuiling parts in a compressible fluid recoil mechanism.

8-7
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8-2.1.3 Performance Sensitivity to Fluid Property Variations
Subsequent to the live firing test of the original prototype, it was decided that a more precise pressure-

density relationship and bulk modulus expression were needed for the fluid mechmism system. The original
bulk modulus expression and pressure-density relationship were based on a volume of fluid enclosed in a rigid ●
container. However, the recoil cylinder is by no means rigid, and its expanding diameter reduces the system
bulk modulus from that of the fluid. The pressure-density relationship was obtained by a statistical analysis
with the help of a hydraulic gymnasticator. The resulting equation was (Ref. 3)

P= 3.3 I8X1O’P– I .1256X105, Pa (8-17)

and was applied in the mathematical model. This expression incorporates the breathing mode expansion of the
recoil cylinder and, therefore, is valid only for a recoil mechanism with identical wall thickness and shape to the
one tested.
Examination of the Phase I test data disclosed that a large peak in the recoil force occurred at the end of the

recoil stroke, In an attempt to isolate the factors that caused this peak, it was hypothesized that the adverse
effects of temperature rise due to fluid throttling might have been the source of the peak. According to tests
made on the power gymnasticator, heat generated due to throttling fluid through the recoil orifice led to a
temperature rise of I to 2 deg C per round fired.
Eq. 8-17, which is valid for a constant temperature of 26.7° C, was modified to the following form to take

into account the effects of temperature changes (Ref. 3):

where
M = 3.318 XI0’, Pa.m’/kg
b = –I.1256X1O’, Pa
a = 0.017071, m3/ kg.°C
c = 28.679, m3/kg

Pr = mass density of fluid at constant temperature, k~/ m’
PF= mass density of fluid at constant pressure, kg/m
T = temperature of fluid, 0C.

(8-18)

The Phase 1mathematical model was modified to accept the pressure function of Eq. 8-18 into the pressure
equation and fluid velocity equation. Computer studies were made with various inputs. With the assumption
that a frictionless flow was used in the Phase I model, no satisfactory explanation could be given for the
mechanism of converting kinetic energy to heat energy. Thus the frictionless flow assumption did not afford a
means to allow for development of friction that would provide the heat energy needed to produce a 2-deg C
temperature rise. As a result, it was decided to abandon the frictionless fluid tlow of the Phase 1model and,
instead, to modify the model to accept viscous fluid flow. With this provision built into the model, a
satisfactory explanation for the temperature buildup could be given because of the high-speed viscous flow of
the recoil fluid through the orifice. An analysis of this viscous flow to facilitate the redesign of the compressible
fluid recoil mechanism is beyond the scope of this paragraph. For this analysis, refer to par. 3-8, Appendix A.
and Refs. 3, 7, and 8.

8-2.2 ORIFICE AND BUFFER DESIGN
8-2.2.1 Orifice Design
The following equations of motion for recoiling parts, repeated here, were develOped in par. 8-2.1.2:

B(P) = 7(P + C2), Pa (8-15)

8-8
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o
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Q, = C~AOvj,m’/s (8-5)

v, = ~(2g/ WO)(P, – P2) , m/s (8-4)

PZ = B(P,)(–A,.~ + QJ)) V,, Pa/s (8-9)

~, = B(P,)(A,i – pzQ1/P1)/ P’,, Pa/s (8-10)

VI = A1(x~ — x), m~; VZ = AM, m3 (8-11)

m,.V = B(t) — A)f’1 + A,PJ — Ffsgni + W’,sinf), N. (8-16)

To use the equations in the design mode, the orifice area A. must be determined. If an ideal recoil force
constant is assumed, ,4,, can be solved for explicitly. To treat the actual case, an iteration computer analysis
scheme is used. A rise time and value of recoil force me specified, and different values of A,, are tried until one is
found to give the desired recoil force level. A standard second-order fixed increment Kutta-Simpson numeri-
cal integration approximation was used on a digital computer 10 solve the differential equations of Eqs. 8-9,
8-10, and 8-16.
During design of the recoil orifice, the pressure in Section 2 was predicted to drop and remain at the vapor

pressure forafew milliseconds. There would therefore be air intake during this time. To preclude theentiance
of air, the orifice was constrained to remain large enough to sustain a minimum 6.895 MPa ( 1000 psi)t pressure
in the cylinder during recoil.
During design of the orifice, the peak pressure range was determined to be 34.5 to 41.4 MPa. At these

pressures, the recoil cylinder expansion is large enough to increase the orifice areas appreciably, For a

●
thin-walled cylinder of outside radius O.1015 m (4.0 in.) and modulus of elasticity of 2.068X 105 MPa, the
change in cylinder radius Ar (with wall thickness t) is

*r = 0.1015 f’el.5
(2.068X10’)2t’ m

(8-19)

where
P, = effective pressure, Pa
~ = recoil cylinder wall thickness, m.

Since there is a rapid change in pressure at the orifice, the effective pressure is approximated by weighting
the pressure in each section by the ratio of the section length to the total length. Thus Eq. 8-19 is used to
compensate for cylinder expansion during the recoil orifice design.
For a detailed presentation of computer methods that implement the iterative orifice calculation method

outlined here, refer tu Ref. 2. As computer-aided design methods evolve, the increasingly refined methods
of orifice flow analysis of Appendix A and orifice area design of Refs. 3 and 7 will be used for the design
of compressible fluid recoil mechanisms.

8-2.2.2 Buffer Design
Buffer equations describing motion of the recoiling parts are the basis for buffer design. It is assumed

that the pressure in Section 2 of Fig. 8-2 remains constant since the flow from Section 3 is small enough
not to affect this pressure appreciably. The effect of the recoil piston velocity is also neglected because it is
low and the pressure drop across the recoil orifice is small,
After the recoil orifices are calculated, the values of the orifice areas are input to a recoil model. This

model is run through counterrecoil until it reaches the point of buffer initiation. The velocity of counterre-

●
TA dud system of units is show. when the original data were t.xpresscd in English units md converted to metric units, i.e., soft”
memc, Metric units .nl>, are used when the original data were given in metric units—invented to illustrate an example —i.e.,
hard,, metric.

8-9
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Figure 8-2. Sealing Configuration

coil at this point is then used to initiate the buffer model. The following equations are used for buffer
design (see Fig. 8-2):

B(P) = 7(P + C2), Pa

P(H = PO{ (P + CZ)IC,, kglm’

Q, = CdAb.V’(2g/ w.)(P, – 10.342X IO’), m3/s

P3 = B(P3)(–A3~ – f33@/P2)/ ~3, f%/S

m,; = P3A3 — I0.342X106(A1 — A2 + A~) — F/, N

V3 = ( V,)(I — 1.0472 (~b – x)(R; + R@ + B}) + mC?(x~ – x), M3

Rb=B., fOr Xb– X> BL>Ol

Rb = Bf + (xh — x)tarr$b, m for xb — x ~ BL, m

,43 = rr(R~– C:), m’

( V3)0= 7rC.(C; – Cl), m3

Aba = m(C~– R;), mz

where
x = recoil piston displacement, m
Xb = in-battery piston displacement, m

Aba n buffer piston area, m’
A ] = area of Section 1, m2
A> = area of Section 2, m2
A3 = buffer piston area., m]
VI = volume of buffer chamber, m3

( P’,), = initial buffer volume, m’

R~ = radius of buffer entering buffer chamber, m
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B. = rear butler surface radius, m
BJ = front buffer surface radius, m
B, = buffer spear length, m
Ci = buffer chamber inner radius, m
C. = buffer chamber outer radius, m
Ci. = buffer chamber length, m
@ = buffer surface taper, rad
P = general pressure, Pa
P, = pressure in Section 1, Pa
P! = pressure in Section 2, Pa
P, = pressure in Section 3, Pa.

A 0.02 rdd slope for the buffer surface is specified. The buffer radii Bf and B“, and buffer length B~ are
then varied until the impact is less than 0.025 m/s. Very small orifices are required to produce the desired
buffering action. The majority of the buffering occurs within 0.013 m.

8-3 HYBRID COMPRESSIBLE FLUID/SOFT RECOIL MECHANISM
A combination of the compressible fluid and soft recoil principles of operation was proposed in 1975 by the

Weapons System Laboratory of Rock Island Arsenal. This combination of the two recent advances in recoil
mechanism technology offered the potential for reduction in the recoil fOrce by approximately 70% as
compared to the conventional recoil mechanism and with less complexity and fewer parts. The combination,
therefore, has potential for both greater reliability and minimal maintenance requirements.
Principles of compressible Nuid recoil mechanisms al-e discussed in par. 8-2 (also Refs. 1,2,3,6, and 7), and

principles of soft recoil mechanisms are presented in Chapter 7 (also Refs. 7, 9, 10, and 1l). The proposed
combination of the two mechanisms employs a soft recoil mechanism with a mechanical latching device to
hold the gun out-of-battery. The unique aspect of this proposed recoil mechanism is the use of a compressible
fluid tostore energy fordrivingthe recoiling parts forward. Although anumberof methods ofenergystorage

●
through material compression are possible, a compressible fluid will be considered in this mechanism.
The recoil mechanism concept formulated has few components since neither recuperator nor nitrogen

cylinders are required. Compressibility of the fluid will also compensate for variations in internal pressure;
therefore, a replenisher may not be required. Because little throttling occurs in a normal soft recoil cycle,
minimum heat will be generated by the recoil mechanism itsel~ consequently, temperature rise in the recoil
fluid will be limited primarily to heat absorbed from the cannon.

8-3.1 BASIC CONCEPT
A soft recoil/compressible fluid recoil mechanism is first considered for self-propelled artillery application

because of the configuration and weight of the mechanism. The configuration of the recoil cyIinder (or
cylinders) and the quantity of compressible material will be unlike that normally associated with conventional
hydmpneumatic recoil mechanisms. This change is necessary to keep the percentage of compression of the
fluid at a relatively low level.
The schematic of Fig. 8-i can be used to define a concentric compressible fluid/soft recoil mechanism. The

cutaway section reveals the simple working portion of the mechanism and the space taken by the compressible
fluid. Two or more individual cylinders with recoil rods may also be feasible.
Fig. 8-3 illustrates the rectilinear motion of the recoiling parts for the recoil mechanism, The total length of

the recoil rod for a 155-mm howitzer maybe 2.667 m ( 105 in.). This holds true if the final configuration is either
a concentric mechanism or a multiple piston/cylinder mechanism.
Latching the recoil mechanism to retain energy for firing the next round must also be explored. The rear

buffer may have to be designed for the dual purpose of buffering for the latching mechanism and for possible
cook-offs. An exterior buffer may also be necessary to slow the parts as they approach tbe latch position in
counterrecoil.
With the compressible fluid pressure at 13.79 m i 7,24 MPa at the latch position, a force on the differential

area of the piston should be 88,964 N. Calculations indicate that this force is sufficient to generate the forward
velocity required by the recoiling parts and thus counter the impulse level of tbe propellant charge by nearly

●
50Yo; this achieves the desired soft recoil cycle.
Control of the fluid pressure in the recoil mechanism is attained by using a fluid sump with relief valve and

8-II
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Figure 8-3. Schematic of Recoiling Parts Motion for Soft Recoil Type Recoil Mechanism

an attached hand pump. The relief valve allows the fluid pressure to return to the static level while the cannon is
in-battery and builds the pressure when the cannon is fired. A hand pump, integral to the pressure regulator, is
provided to increase the fluid pressure to the prescribed level when required. Since the attached sump will be
unpressurized, additional fluid requirements can be satisfied by simply adding extra fluid as needed.
In this combined recoil mechanism concept, there will be no flow of fluid such as that experienced during

firing of a traditional hydropneumatic recoil mechanism. Therefore, an external velocity and/ or position
sensing device will be required to sense when the moving parts will attain the desired velocity level and initial
propelling charge ignition. ●
8-3.2 PARAMETRIC TRADE-OFFS
A thorough trade-off analysis is required before the optimum final configuration (concentric or multi-

cylinder) is determined since the cost and manufacture of the large cylinders in a concentric mechanism may be
more than that of smaller cylinders in a multicylinder mechanism.
Based on the sample data in par. 8-3.3 and the assumption that the maximum outside diameter of the gun

tube is O.3302 m(13.O in.) and the radial expansion of thecylinderwill be zero, a listing of preliminary sizes of
recoil cylinders can be established as given in Table 8-1. The table indicates some of the basic dimensional
parameters for both concentric (one cylinder) and multiple cylinder recoil mechanism alternatives. These
essential dimensions were calculated using a fluid compressibility of 3% (Ref. 12).
A device is needed that will sense attainment of the desired forward velocity of the moving parts and initiate

the ignition sequence of the zoned charge in the precise manner required. The desired forward velocity of the

TABLE 8-1
RECOIL CYLINDER DIMENSIONAL PARAMETERS

Differential Piston Cylinder Piston Cylinder CNcr:dl Recoil
No, Piston Area, Diameter, Lmgth. I.ength. Diameter. Mechanism Diameter.

Cylinders ~, m m m m m

I 6.45X10-3 0.343 2.794 I,905
2

0.546 0.546
3,22x10-’ 0.064 2.794 I.905

3
0.305 0.940

2.15X10-’ 0.052 2.794 1.905 0.254
4

0.838
L61XI0-’ 0.020 2.794 I.905 0.222

5
0.762

1.29X10-’ 0.040 2.794 I.905 0.197 0.724
6 0.93XI0-’ 0.034 2.794 I.905 0.165 0.660 ●

8-12

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

moving parts is that velocity which will impart an impulse slightly less than one half of the impulse that is

●
generated by the ignited charge.
The compressible fluid will act upon the effective area of the piston during the run-up phase and accelerate

the re~oiling parts to the desired forward velocity. A velocity that will provide the momentum of 45% of the
zoted charge is selected here. Fig. 8-4 indicates the cylinder pressure versus percent compressibility of four
liquids. The silicone base fluids have a higher degree of compressibility than the other fluids and, hence, are
most attractive.
The ultimate goal in this mechanism is a highly compressible substance so that the 13.79- to 17.24-MPa

pressure could be maintained over a portion of the run-up part of the snft recoil cycle.

8-3.3 SAMPLE DESIGN CONFIGURATIONS
A set of sample calculations is presented hereto illustrate approximate parameter values and procedures for

design. Also see Fig. 8-4.
Example 8-1:
Given. Estimated weight of recoiling parts

Cannon and Breech*
piston(s) and Bore Evacuation

24,020 N (5400 lb)
4,893 N (1 100 lb)

Total Weight 28,913 N (6500 lb)
Derertnine. Run-up time I, run-up distance S., forward buffering distance $, rearward buffering distance

S,, coast distance .S,, cylinder length L, and concentric cylinder diameter d.
Solution:
1. Run-Up Analysis:
The recoiling parts must obtain a velocity suitable to remove approximately 45% of the maximum

*Based on Watervliet Arsenal’s experimental 155-mm Cannon WVT-F 25960

Dow Cor ning 210 10(

Wat

o 2 4 6 8 10
Fluid Compression, %

Figure 8-4. Cylinder Pressure vs Percent Compressibility
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impulse / generated by the propelling charge. The impulse used, based on similar ballistics of’ the M 198
Howitzer (Ref. 12), is 57,382 N.s (12,000 lb.s). Then the change in velocity is

~: * = 0“45(57’382) = 8.75 m/s
m, 28,913/9.8

since the initial velocity is zero.
The initial run-up force Fcan be expected to be approximately 88,964 N (Ref. [2), so the run-up lime ~ is

(where a is the acceleration of the recoiling parts)

f=2=L= 8.75 = 0.29 S
a F/m, 88,964/2950

and the run-up length S,, is

Sn = & n 30. 16(0.29)2 = 1.27 m.
2 2

2. CoasI Phase. Ignition delays for cased 155-mm ammunition is expected to be 30 ms. ‘I”herefore, the
coasting distance ,S, is

S. = V( = 8.75(0.03) = 0.26 m.

3. Forward Bujfering Dislrrrrce:
A forward buffering distance .$fis required tnslowthe recoiling parts toz.erc velocity in case ofa misfire.

The kinetic energy KE is

~E – ~,V2 – 2950(8.75) 2 = 112,930 J
2 2

The maximum force that the forward buffer will be designed to withstand will be about 4timesthedecirying
force F. of 75,620 N. Accordingly, the forward buffering distance S, would be

y = * = 112’930 = 0.37 m
4(75,620)

4. Rearward Bujfering ( Overtravel ):
The distance S, required for rearward buffering resulting from a cook-off or improper zone setting can be

determined by assuming

v, = ~ = 5j;~02 = 19.45 m/s
m,

where v, is the cook-off velocity.

Then
KE _ m~v! _ 2950(~.45)2 ~ 558,000 J

Assume a 733,956-N’ cook-off force F, on the piston rod. Then the overt tmvel distance (rearward buffer
distance) S, is

S, – K.E – 558,000 = 0.76 m.
F, 733,956
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5. Cylinder Length. The total length L of the cylinder can be determined by summing the lengths of
Rear buffer S, 0.76 m
Run-up S’,, 1.27 m
Coast SC 0.26 m
Forward buffer S, 0.37 m
Clearances 0.13m
Total cylinder length 2.19 m.

6. Concentric C~l[nder L)iameter:
As wm indicated in Item 2 of the sample calculations, the initial run-up force F will be expected to be

apprcrximztely 88.964 N. Since cylinder pressures P will be expected to range from 13.79 to 17.24 MPa to
function properly with present stdu-of-the-drt seals,a differential piston area AA can be determined as

AA = F/F’ = 88,964/(13.79X10’) = 6.45X10-3 m’.

Then, based on uO.3302-m( 13.O-in. )cannondiameter, theoutside diameter dcrf(he concentric cylinder will be

“={+[(*)2T+645x’0-31 1“2

This would rne;in the piston wall thickness should beapproximaCely 6.1 XI O-’ m. Tbustherun-up, coast, and
forward buffering dist:inces arc t~pproximately 1.9 m of’the 2.79 m long cylinder. This 1.9 m would be forced
into the cylinder after rumap and ignition during a normal soft recoil cycle. This action would reduce the
volume of nil in the cylinder :ind generate a 13.79 to 17.24 MPa press are. Calculations for multicylinder
diameters iire well developed in Ref. 12.

8-4 DAMPERS

● ‘[k objective of this paragraph is to :tna~ym damper concepts as energy absorption devices and to assess
their putcntial for towed :irtillery recuil mechanism application. The basic idea is to usedamping to generate a
retarding force. rather than to thru{(le fluid through an orifice.
Rnck Island Arsenal investigated a number of new energy absorption devices from 1963 to 1964 that maybe

applicable tu ;irtillery recuil mechanisms (through contract with the Cleveland Pneumatic Tool Company,
Rcls. 13 and 14). Some energy absorption device concepts, with supporting calculations, were considered fora
105-mm, M [01 Howit,.er Ctlrriage. The concepts included disk- and cylindrical-type viscous damper energy
absorbem and an dir-oil energy absorber, Other energy absorption devices evaluated were dry friction recoil
and electromagnetic devices. “l-hecriteria for system comparison were weight, efficiency of energy absorption,
cost. reliability, unit life. maint:iinability. ;ind range of impulse absorption.
The results uf the evaluation indicated that the air-oil energy absorber and the disk-type viscous damper

energy absurbct’ had sufficient advantages 10 justify feasibility testing; accordingly, a feasibility test program
was cnndacled at Rock Island Arsenal. It was decided to bench test the disk-type rotary viscous damper
because of the advantages that it offered over the hydropneumatic recoil system—namely, the damper is small
and compact. [t is independent of fluid or gas pressure, and no precision machining or field maintenance is
required. Consequently, a disk-type rotary viscous damper was designed, manufactured, and bench tested.
The lest results demonstrated the feasibility uf using the viscous damper as part of an artillery recoil
mechanism, However, the disk-type damper had to be redesigned to compensate for changes in the viscosity of
the damping fluid, which occurred over the operational temperature range nf the weapon. The redesign was a
cylindrical-type rotary viscous damper that incorporated a temperature compensator, which automatically
compensated for changes in viscosity and provided a constant damping force curve over the operational
temperature range.

8-4.1 DISK AND CYLINDRICAL VISCOUS DAMPING
8-4.1.1 Principle of Operation

●
I“he rotary viscous damper operates on the principle that shear stress develuped in the fluid is a function of

the d yrmmic viscosity and the rate of strain. A viscous damper is purely velocity dependent since [he dynamic
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viscosity is a constant value (assuming fixed temperature and rate of shearing strain) and the rate of shearing
strain is linearly dependent upon velocity. The viscous damper induces fluid shear between two plates—one
fixed and the other rotating. The dynamic viscosity of the fluid, the distance between plates, the areas of the
plates, and the angular velocity determine the resisting torque developed by the damper. ●
Rotary motion, through a rack and pinion drive, is obtained in the damper by converting linear recoil

motion into rotary motion. The rack is attached to the recoiling portion of the gun, and the pinion is a part of
the fixed carriage. The angular velocity of the damper is, therefore, a linear function of the velocity of the gun
tube. The rotary viscous damper is not pressurized during any phase of its operation; therefore, sealing
problems are greatly reduced because of the lack of pressure and the high viscosity of the fluid.
Counterrecoil action is provided by an air spring recuperator. Counterrecoil motion is controlled by the

damper in the same manner as the recoil motion,
In the design of the rotary viscous damper, viscosity-temperature and viscosity-shear variations are

considered. The cylindrical rotary viscous damper is subjected to a maximum recoil velocity of about 12 m/s,
which corresponds to a shear rate of about 8000 reciprocal seconds. The damping fluid is Newtonian to about
1000 reciprocal seconds (no change in viscosity with respect to shear rate). Between 1000 and 8000 reciprocal
seconds, the fluid exhibits a pseudo-plastic behavior (a decrease in viscosity with an increase in shear rate),
This effect on viscosity change lowers the damping resistance at high velocities.

8-4.1.2 Disk Damper
An experimental disk-type rotary viscous damper was designed, manufactured, and bench tested in the

Weapons Laboratory of Rock Island Arsenal in 1967 to validate design computations and establish design
parameters. The design data and test results discussed in this paragraph are based on Ref. 13.
The damper operates as follows (see Figs. 8-5 and 8-6). The recoiling parts push a rack that turns the pinion

gear attached to the damper shaft. Splined to the damper shaft is a series of rotating disks. These are
alternatively spaced with a series of nonrotating disks splined to the damper housing. When the rotating disks
are turning, the layers of damping fluid between the rotating and nonrotating disks are sheared, and a viscous
force is measured by a load cell that is part of a bracket arrangement that anchors the damper housing.
The spacing between the disks is maintained by small, circular spacers that are varied according to the tests

conducted. The spacers are inserted into four equally spaced notches around the outer hole of the rotating
disks and into four equally spaced notches on the perimeter of the fixed disks.

●
The damper is sealed at the shaft ends with both sealed bearings and commercial seals. The cylinder and end

plates are sealed with teflon gaskets. The cylinder and the rotating and nonrotating disks are made of
aluminum, and the shaft is made of cadmium-plated steel, These materials are compatible with the silicone
damping fluid.
Tests of therotary viscous damper (Ref. 13)were carried outtodetermine theperformance of the damper

during impact and to validate the analytical approach necessary to establish the design parameters of the
prototype. A series of tests also was conducted under constant impulse conditions, and spacing between the
rotating and nonrotating disks was varied. Test results for eight rotating plates are shown in Fig. 8-7. These
results indicate a considerable difference between the computed and actual resistance for 0.79X 10-~m (1 / 32
in.) disk spacing. The difference, however, is much smaller for disk spacings of 1.58X10-3 m (1/ 16 in.).

●
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Figure 8-6. View of Inside of Rotary Viscous Damper
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Figure 8-7. Rotary Viscous Damper (8 Rotating Plates) (Ref. 13)

8-17

Downloaded from http://www.everyspec.com



DOD-HDBK-778(AR)

Theresults oftests conducted todetermine the temperature rise of thecylinder anddamping fluid under
repetitive impact loading are illustrated in Fig. 8-8. Thermocouple No. 2 was mounted ontheoutside of the
case in an area directly under the rotating and nonrotating disks. Thermocouple No, I was inserted in the
damping fluid.

Test Nos. 116-150
Pressure 6.895 MPa (1000psi) Ambient Temp. 26”C(79° F)
12 Rotating Plates
Plate Spacing 0.79x 10-3m(l/32in.l . – lndi~ate~ Test

24 ~–J 1 1 1 , I [
o 5 10 15 20 25 30 35 40 45 50 55

Time, s

Figure 8-8. Rotary Viscous Damper Temperature Test (Ref. 13)

8-4.1.3 Cylindrical Damper
A cylindrical ratary viscous damper was designed to compensate for changes in the viscosity of the

damping fluid andstill provide aconstant damping force over theoperational temperature range of the
weapon (see Fig. 8-9).
Temperature compensation was accomplished by providing athermal actuator that varies the engage-

ment of the set of rotating and nonrotating cylinders as temperature changes. As the temperature
decreases, the viscosity of the damping fluid increases to provide a greater resistance, and the nonrotating
cylinders move out of the rotating cylinders ta provide less cylinder engagement. The converse is true as
the temperature increases.
A reservoir, which isopento theatmosphere, isprovided atthetop of thedamper. The functian of the

reservoir is to keep the damper full of oil and at atmospheric pressure. A position indicator is attached to
the nonrotating cylinders to serve as a check on the operation of the thermal actuator.
Three feasibility studies were made that incorporate a configuration of the rotary viscous damper and a

torsion barrecuperator into arecoil mechanism, These feasibility studies arewell documented in Ref. 13.

8-4.2 AIR-OIL DAMPERS
The air-oil recoil mechanism consists of a hydraulic recoil absorber and an air spring recuperator (see

Fig. 8-10). The piston of the recoil absorber is attached to the retailing portian of the gun, and the
cylinder and recuperator are attached to tbe gun carriage.

8-18
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Bearing~

Figure 8-9. Cylindrical Damper (Study A)
Recoiling Parts
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Figure 8-10. Air-Oil Recoil Mechanism
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As the gun tube recoils, oil is forced from a chamber ahead of the piston through an orifice. The orifice
area is controlled by a contoured metering pin. Oil displaced by the piston passes into the recuperator
cylinder where it is separated from the air by a floating piston. As oil passes into tbe recuperator cylinder, ●
it compresses the air to store energy for coun~errecoil action.
A rod attached to the floating piston indicates when the fluid level is low. The unit is filled with MI I-O-

566 hydraulic oil through the filler and bleed ports. The recuperator is charged with air through the air
valve at the cap end of the recuperator.
Counterrecoil snubbing is provided by a spring steel ring that controls the passage of oil between the

recoil unit and the recuperator. On the recoil stroke, when the oil is passing from the recoil unit to the
recuperator, the differential pressure causes the spring ring to deflect away from the port and opens up the
larger passage. On the counterrecoil stroke, the differential pressure causes the spring ring to cnver the
larger passage and the oil passes through the smaller orifice in the ring. in addi~icrn, at the cnd of the
counterrecoil stroke, tbe passage between the two chambers is closed off by a skirt on the piston, which
provides minimum in-battery velocity. Three versions of the air-oil recoil absnrber are presented in Ref.
14.

8.4.3 OTHER NEW ENERGY ABSORPTION DEVICES
Feasibility studies of other new energy absorption devices in artillery recoil mechanisms have been

conducted (Refs. 13 and 14). The results of the studies arc presented. These devices arc rarely used,
however, because they have basic disadvantages. Such devices are introduced in this paragraph as candi-
dates for further study.

8-4.3.1 Dry Friction Recoil Device
The use of dry friction recoil devices was investigated in Ref. 14. Resisting forces arc produced by a

friction material bearing against a heat sink material. Heat is absorbed by the sink and dissipated to the
surrounding atmosphere. The unit has a very good efficiency since an almost constant resisting force is
produced. The resisting force is a function of the bearing pressure between the friction material and the
heat sink, the friction material used, and the surface of the heat sink. Beryllium heat sinks have the
capacity to absorb large amounts of heat using a lightweight structure. Ceramic friction ma~erials provide
long life without very thick or bulky surfaces.
The major problem in tbe use of a dry friction recoil device is control nf the resisting force. Since the

resisting force produced by the unit is independent of both the velocity and gun tube position, the force is
constant regardless of the firing impulse. ‘Therefore, if the unit were designed for one impulse, it would not
be efficient for any other impulse, Thus the unit would have tn be set for the highest anticipated impulse
and would produce a resisting force of this magnitude for each round regardless of impulse. To make the
dry friction device sensitive to changes in impulse would require a contrcrl device that would change the
bearing pressure of the friction material with changes in velocity or gun tube position.

8-4.3.2 Electromagnetic Device
The use of electrical energy also has been considered for recoil control. The electromagnetic device

considered consists of electromagnetic coils attached to the carriage and a core rod attached to the gun
tube. When the electromagnetic coils are energized, a pull is exerted on the core rod which resists the
motion of the gun tube. The resisting force is a function of tbe flux density, ampere-turns, and core
position. The unit would, however, have to be 35 m long.
The use of eddy-current brakes and magnetic-friction brakes has also been investigated. An eddy-current

brake of the required capability would weigh approximately 19,127 N, require liquid cooling, and require 2
kW of power. This method is thus considered impractical because of size and weight.

8-5 DOUBLE RECOIL SYSTEMS
A double recoil system has two separate recoil mechanisms—one called the primary and the other called

the secondary mechanism (see Fig. 8- I I ). This system has been used on older weapons of very large
caliber. A larger recoil distance results, and additional mass is included in the recoiling parts. Thus the
horizontal ground reaction is reduced, and greater stability of the carriage is attained. The degree to which ●
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Figure 8-11. Gun With Double-Recoil Mechanism

such a system reduces the forcc imparted to the ground ona 105-mm howitzerhm been investigated (Ref.
[5).
The primary recoil ingparts consist of the gun tube, breech, operating mechanism, and parts not fixed to

tbe cradle. The secondary recoiling parts consist of the cradle, top carriage, primary recoiling parts that
are fixed to the cradle, and those parts that move with the carriage. The recoil piston rod, counterrecoil
piston rod, and buffer may reattached toeilher theprimary orsecondary recoiling parts.
The secondary recoiling parts will have no movement until after the primary parts are in recoil. The

primary parts will function ahead of the secondary parts during tbe entire firing cycle. When the secondary
system bas fully recoiled, the primary system generally will be in coucrterrecoil and the primary will be in
b~ittery while the secondary is in counterrecoil.
In a double-recoil system, there are two recoil forces—one between the primary and secondary recoiling

● parts (know nastheprimary recoil force), :indorle between secondary recoiling parts and bottom carriage
(known as the secondary recoil force). ‘l-he primary recoil force consists of three components—the hydrau-
licresistance tclrecoil intberecoil cylinder (the principal resistance torecoil), the force dcreto pressure in
tbe recuperator cylindel-. and the force due to friction in the primary guides. The secondary recoil force
also consists ofa hydraulic force, a recuperator force, and a friction force.
The fin~il calculations fur the recoil action of adrruble-recoil system are laborious. To reduce the work

tu a minimum, several preliminary solutions are made initially. These usually enable the final step-by-step
integmtiun of theeqcmt ions of motion of primary and secondary recoiling masses to be performed once or
twice, which effects a considerable saving in time and labor. The basic principle employed indesigncalcu-
Iatiun momentum balance or. equivalently, integrating a pair—one for Lhe primary and one for the second-
ary recoiling masses—of differential eqcrations simuitaneousiy.
Two basically different types of double-recoil syslem are possible. One is the rectilinear double-recoil

system pt-eviously described in which movement of centers of mass of both primary and secondary masses
is purely rectilinear. The other is rotary double recoil, in which movement of the secondary mass occurs
through rotation, rather than rectilinear motion. To date, no design based onrotary (secondary) recoil has
been fabricated, and its poteatial is doubtful.

8-5.1 RECTILINEAR DOUBLE RECOII.
With assumed recoil distances (primary andsecondary) based onsizeof equipment and space available

fur the recoil mechanisms, preliminary primary and secondary recoil forces may be found from expres-
sions derived in tbe analysis that follows (see Fig. 8-12). The analysis is based on tbe following
assumptions:

1. Theprimary andsecondary recoiling masses reirchzero velocity simcdtaneously.
2. When their) itialrecoil velocity isimparted totheprimary mass, thesecondary is still at rest.
3. Both recoil forces areconstant throughout thelength of recoil.

From the conservation of momentum of the system in the horizontal direction,

● r-rr,v~ = rn, (v,cosd + VZ) + m~vj, N.s (8-29)
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Figure 8-12. Forces on a Double-Recoil System

where
m, = m, + m~, kg
v~ = horizontal velocity of center of mass of m,, mjs

ml, rn2 = primary and secondary recoiling masses, respectively, kg
v, = recoil velocity of primary mass relative to secondary mass, m/s
O = angle of elevation, rad
V2= recoil velocity of secondary mass, m/s.

The initial momentum is

WIr(Vrn)i = ~)[(vr)i COS19+ (Vl)i] + mz(vl)i, N*s

where
(v~)l = initial velocity of v.,. m/s
(v,), = initial velocity of v,, m/s
(w) = initial velocity of W, m/s

But by the assumption that (vz), is zero,

m,(vm)i = WZI(V,);COSO, N.s.

Integration of Eq. 8-29 to the end of recoil yields

m, L,. = m)(L1cosO + L1) + mJLl, kg. m

(8-31)

(8-32)

(8-30)

where
,L = total horizontal movement of center of mass m,, m
L, = primary recoil distance relative tO secOndary mass, m
L1 = secondary recoil distance, m
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and differentiation of Eq. 8-29 gives

For the primary recoiling masses, the equation of motion is

“[cOs’K’)++l=-KcOso+sinoN
where

K = primary recoil brake force, N
N, = normal reaction force between primary and secondary masses, N

and for the secondary recoiling mass

H~,dv, = KcosO – R – N,sinO, N
dl

where
R = secondary recoil force, N.

Now, add Eqs. 8-34 and 8-35, and combine with Eq. 8-33 to yieid

Hdvm— =–R, N
‘r dt

● or

()
rn,.m ~ = -R, N

(8-33)

(8-34)

(8-35)

(8-36)

(8-37)

where
$ = horizontal distance moved by the center of mass of m,, m

Integration of Eq. 8-37 yields

or

from which

~;~,irn,vmdvnj = ~;m - Rds, J

—Wl,(vm):’ _ –RLm, J
2

R. mr(v~)?
—,N.
2Lm

(8-38)

Substitution of the expression form, from Eq. 8-31, L~ from Eq. 8-32 and vffor (v,), in Eq. 3-31 into Eq. 8-38
yields

R. ml(vfcosO)2/2 , N

L,COSd + L2
(1

ml + m2
m

● where
V = free recoil velocity, m/s.

(8-39)
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From the law of the conservation of energy and the assumption that K and R are constant,

Substitution of the expression f~ R from Eq. 8-39 into Eq. 8-40 yield;

(8-40) ●

(8-41)

[

~, Civr ( )1
C/v,

— + Cose — = B(f) + Wlsin6, N
lit dt

I

Although the primary and secondary recoil forces obtained are preliminary, they yield a goud starting point.
Since these values are derived from assumptions, it is necessary that the forces be made more nearly correct;
this is accomplished by an iterative method. The approach is described in the discussion that follows—first for
the primary recoiling masses and then for the secondary recoiling mass. Both recoil mechanisms are designed
for their respective critical conditions, i.e., maximum elevation for the primary and zero elevation for the
secondary.
To design the recoil cylinders, it is necessary to have the variation of the primary relative velocity with the

primary relative recoil distance and the variation of the secondary recoil velocity with the secondary recoil
distance. The study of the variation of recoil velocities with recoil distances requires equations of motion that
can be integrated.
The desired primary constant recoil force is obtained foritscritical condition, i.e., maximum gunele~)ation.

Then, by assuming a primary constant force, the secondary constant recoil force is computed fur its critical
condition, i.e., zero-degree gun elevation. The control rods are then tentatively designed to satisfy these
conditions. Tu check recoil rod designs for excessive recoil force peaks, two equations expressing the
acceleration of primary and secondary recoiling masses are used.
They are obtained by first noting that the acceleration along (be bore of tbe primary recoiling parts ●

perpendicular to the centerline of the bore is (see Fig. 8-12) sinO(dv~/c/[). The equation of motion of the
primary recoiling parts in this direction is

()dv2mlsinf3 — = Ni – WICOS6, N
dt

(8-42)

Substituting N from this equation into Eq. 8-35 yields

dvl = Kcosf3 – W,cosOsinO – R

dt
, mis~. (8-43)

m2 + m1sin20

Note that the acceleration of the primary recoiling parts along the centerline uf the bore in Fig. 8-12 is
dv, /dt + cosO(dvz/ do, and by adding the breech force B([). the equation of motion is

Substituting for dvz/d/ from Eq. 8-43 into Eq. 8-44 yields

(8-44)

dvr

–[

B(t) – K + Wlsintl

1[

KCOS20 – Wlcos2tkin0 – Rcosf3—
dt = 1>

m/s2. (8-45)
ml rn2 + rnlsin20

●
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These equations are integrated step-by-step to determine the recoil forces. If, upon completion, the

●
calculations disclose that excessive recoil force peaks occur near the end of recoil, the recoil rod or rods must be
redesigned. If this is the case, the entire procedure is repeated.
The procedure used for recoil calculations is also applied to counterrecoil, However, design requirements

are less stringent than they are for recoil. [n guns of large caliber, where double-recoil systems are used to best
advantage, there is ample time between rounds for counterrecoil; consequently, very low counterrecoil
velocities are acceptable. Generally, forces large enough to overcome friction under all design conditions are
adequate to insure a time~y return to battery.
The forces producing cuunterrecoil motion are imparted by the recuperators, and counterrecoil velocities

are regulated by buffer mechanisms, the type of which depends upon the recoil system employed. Careful
control of buffering is necessary as the imbattery position is approached so that the inertial forces in
retardation remain crrmmensurale with stability. The counterrecoil \Jeiocities sometimes are permitted to
increase at will until the buffers are contacted and then are decelerated tn rest. An an alternative, the velocities
may decontrolled throughout their strokes so that they increase frnmzern to some predetermined values, are
held there for the greater part of their strokes, and then are buffered to rest.

8-5.2 ROTARY DOUBLE RECOIL
Analngous tn the rectilinear double-recoil ccrncept of par. 8-5.1, secondary rotary recoil of the weapon

carriage may be cnnsidc red. [n a sense, rotary second;iry recoil nf a tank or self-propelled artillery system
always occurs when the weapon is fired, i.e., while the suspension of the vehicle is acting. The idea of the rotary
double-recoil is, however. to design the system to take advantage of the rotary recoil to reduce peak ground
reaction forces.
As shown schematically in Fig. 8-13 for a towed weapon, the tnp carriage that supports the principal

rccnilirrg parts is pivnted to allow large ~mplitade secondary rntary recoil about the trunnion. A rotary recoil
bmkc and recuperator musl therelore be provided as the secondary recoil mechanism. Since this cnncept has
questionable development potential and since no hardwmetesting has been carried out, onlya brief discussion

e
of the concept is presented.
The :ingular rccnil torque r(f) could be generated by hydraulic resistance to angular recoil velocity i or by

dampers of the kind discussed in par. 8-4, several of which are best suited fnr rotary action. The primary
rectilinear recoil fnrm K(/) most likely would be generated by a standard hydraulic recoil brake or by sOft
rccuit. The design nf brr(h ol’these mechanisms has already been discussed in detail in this handbnnk and will
nnt be repeated.
Dynamic modeling of the rotary double-recoil system is required tn determine the recoil force K(t) and

torque r([) to achie\e allowable linear and ‘angular recnii strokes. Such a model w>asdeveloped and applied in
Ref. 16 to assess the potential of the concept. The differential equations of motion for this system are much
more crrmplicated, due to the coupled rotational and rectilinear motion involved, than any encountered thus
far in this handbook. The interested reader is referred to Ref. 16 for details.
The basic conclusion uf the analysis presented in Ref. 16 is that the concept is feasible, but there are no

significant advantages to be accrued. ~JrOUnd reactions do not appear to be reduced enrrugh to justify the
substantial cnmplcxity associated with the rotary recoil brake and recuperator. Thus no serious consideration
has been given to devclnpment nr application of the concept.

,,1,,,,:~””
,$? /-7’ ------f#

.... . . .. -.-’ .--, ---- .,. ,., /

Figure 8-13. Schematic of Rotary Double-Recoil Concept
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8-6 ROCKET THRUSTERS
An interesting and radically unconventional recoil mechanism concept that has received some attention in

the past involves the use of rockets to generate the recoil force that counters the motion of the recoiling parts. ●
The most interesting aspect of this approach is that the impulse acting on the recoiling parts is not transmitted
to the carriage; theoretically, this would allow very light carriages. Rather the impulse is cancelled by the
rocket thrust as shown schematically in Fig. 8-14.
A recoil mechanism using a rocket thruster can operate in either a conventional or soft recoil mode.

Preliminary design of the recoil mechanism is exactly the same as it is in any other mechanism, except that the
method of generating recoil force is different. The recoil force K(I) can be held essentially constant by rocket
design, and its magnitude is selected by analysis of the differential equations of motion or through use of the
moment-area method. That is, the impulse delivered by the rocket must equal the time integral of the breech
force minus frictional forces. The time to burn out of the rocket is then selected to give the desired recoil length.
Both solid and liquid fuel rocket motors have been contemplated for such an application. Solid fuel motors

are simple and can be fabricated to have thrust and burning time characteristics to match the zones of
ammunition to be employed. Liquid fuel rockets are more complex but have the advantage of being adjustable
to adapt more easily to zones of ammunition. Both solid and liquid fuel rocket technologies appear to be
adequate to support such a concept.
The obvious disadvantage of the rocket thruster concept is the backblast effect to the rear of the weapon.

Operational problems of personnel safety have to be overcome through user implementation of proper firing
procedures, Perhaps more important, substantial dust and rocket motor effluent is discharged into the
atmosphere, which leaves a distinct signature for enemy surveillance. To date, these fundamental problems
with the concept have precluded its being seriously considered for artillery or ground combat vehicle
application.
A more natural application of the rocket thruster concept may be in aircraft-launched munitions where

there are less severe difficulties with backblast.

8-7 BURST FIRE MECHANISMS
Feasibility studies have been made on artillery and tank weapons that are intended to provide a rapid, a

multishot capability. The desire for a rapid fire artillery weapon has been motivated by the higher effectiveness
of a few rounds of surprise fire before the enemy can take cover. For tank application the desire to defeat
another tank in a very short amount of time has led to consideration of burst fire automatic weapons.

8-7.1 TOWED ARTILLERY BURST FIRE MECHANISMS
Several feasibility studies of rapid fire, direct support weapons were conducted simultaneously under

contract with Rock Island Arsenal (Refs. 17, 18, and 19). In 1966 the American Machine and Foundry (AM F)
Company (Ref. 17) presented a concept for a lightweight, rapid fire weapon. The objectives and requirements
were extremely severe in weight; stability; rate of fire; simplicity of maintenance and operation: and, most
significantly, the range of firing impulse that the weapon must be capable of delivering. AM F’s concept,
stressing simplicity and employing a reversal of the usual recoil configuration, merited a contract award for an
additional feasibility study of the concept.
During the course of that study, design and engineering solutions were found that could successfully meet all

specifications. Consequently, IWOrecoil system principles were used with a change of mass that kept the kinetic
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energies of recoiling parts low. All forces were transmitted to the ground with minimum firing couples, and

●
mechanisms were kept simple and relatively light, In the design, powder couples were eliminated, gun whip due
to flexibility of the structure was kept to a minimum, and recoil forces were kept low. To handle the wide range
of recoil impulses, the weapon had two recoil systems—a standard recoil system for lower recoil energies and
an oscillating recoil system for higher recoil energies. To reduce further the kinetic energies of recoil and to
shorten the recoil stroke, a quick means of changing the weight of the recoiling parts in both tbe standard and
oscillating modes was studied and determined to be feasible. The results of that study demonstrated feasibility
of the design and concept for a weapon and met the technical specifications and development objectives.
Also in 1966, General Electric (GE) (Ref. 18) completed a feasibility study of a rapid fire, lightweight

weapon. The requirement for this weapon was the same as previously stated, that is, the resuitant configura-
tion was a two-breech, single-barrel weapon. This weapon was designed to operate equally well in burst fire
and single-shot modes.
The study revealed no simple way of maintaining weapon stability and achieving desired firing rates under

ail firing conditions. GE chose to meet the weight requirement with a sacrifice in firing rate. Therefore, a
mechanism concept was selected on the basis of total weight, simplicity of operation, and ability to meet all of
tbe requirements except the desired rate of fire.
The weapon was capable of firing all rounds currently in use as well as those under development and was

both reliable in operation and simple to maintain. It was operated by recoil motion and fired all rounds from
the in-battery position. As a result, the use of delicate mechanical parts could be avoided and the recoil cycle of
the weapon was fixed. Inadvertent mixing of charges or misfires would also not result in instability, and no
normal adjustments were required to fire different zone changes.
The studies noted have pointed out that it is difficult to provide a high rate of fire in a practical weapon when

ammunition with widely divergent recoil impulses is used. This problem could be mitigated by using
rocket-boosted ammunition for the longer ranges.
The Great American Research Division (CARD) (Ref. 19) had participated in previous studies conducted

by Rock Island Arsenal to provide a 105-mm, direct support, rapid fire weapon design to meet specifications
quite similar to those of previous study programs.

● The requirement for high zones for long range tends to impose higher chamber pressures and greater recoil
momentum than previously specified. This seriously affects some concepts that were previously considered to
be acceptable. In particular, chamber seals for multichambered concepts are considered to be impractical at
these higher pressures. To this end, CARD was commissioned in 1966 by Rock Island Arsenal to conduct a
feasibility study of a 105-mm, rapid fire, direct support artiliery weapon that would be light and compact for
air mobility, would make use of conventional ammunition, and would match or exceed the performance of
comparable weapons (Ref. 19). As a starting point, the CARD program used the results of earlier studies that
were devoted to the 105-mm, rapid fire howitzer and also the results of efforts by other contractors in
development of the XM70 weapons.
[n the preliminary phases of many feasibility studies of a shorl burst, high rate-of-fire weapon, several

concepts that showed merit were evaluated. [n the remainder of this paragraph, the conceptual studies for
two-barrel weapons concerned with recoil mechanism are discussed as a starting point for design of an
automatic weapon mechanism. The two-barrel weapon concept is shown in Fig. 8-15.
The recoiling parts include two major components: ( 1) the receiver with attached feeder and (2) a rotor

assembly that is mounted within the receiver and rotates about a line parallel to the firing axis of the weapon.
The receiver is a cylindrical shell with an end plate at the rear and a central shaft protruding fnrward from the
end plate. At the rear end, the inside of the shell forms a stationary barrel cam to operate the ramming and
extraction mechanism. Near the forward end of the receiver is the indexing cam of the gun tube. The feeder is a
hopper that initially contains six rounds and feeds one of these rounds into a loading groove of the loading
mechanism each time the rotor rotates 180 deg.
The rotor assembly consists of two parts that are fixed together and rotate about their common axis as a

unit. The two parts are the barrel assembly and the breechblock/ loader-extractor assembly. The breech-
block/ loader-extractor is a cylinder that rotates on the central shaft of the receiver and contains two firing
mechanisms, two loading grooves, and two loading-extracting mechanisms.
In operation, six or fewer rounds would be loaded into the hopper and the rotor would be indexed once and

would rotate 180 deg. During this period the first round, which was initially in the top loading groove, would

● be forced forward by the loading arm and thus would be loaded into the top gun tube as it moves toward the
lower position. Then the gun tube, with the round, would move into firing position in front of its firing
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Figure 8-15. Two-Barrel Rapid Fire Artillery Weapon

mcchtinism in [he breech block while its loading arm remains forward. Also during this period the other gun
tube has moved out into alignment with its loading groove and al the same time has rotated into the upper ●
location while its loading arm movestc its rearward posilion. As the Ioading grooves come into Iineunderthe
(ceder, the second round is led into place in the groove.
The [recoil system is very similar to the one used in IOS-mm howitzers. However. because of the high rate of

fire iind the lengthened cecoil stroke, there are several major differences. Hydropneumatic recoil system parts
urc enlarged to permit greater flow and faster recoil and counterrecoil velocities. The recoil rod is attached to
the fnrwiwd end of the cradle and is located on the centerline of the gun. The recoil system employs two
accumulators: one Ioc:ited on each side of the recoil rod. This placement of the recoil system counterbalances
both the weight of the gun tube in the “load” position and the weights of the various other gun components
located above the cente!-line of the firing barrel. As the gun is elevated, the length of recoil is shortened by
means of [he control bar attached to the throttling rod. This eliminates the necessity of digging a recoil pit.
‘l-he recoiling parts of the gun will return to battery with the same energy and velocity they had in

recoil-except for mechanical and fluid friction losses in the system—whereas in conventional artillery
counterrecoil velocities are much lower than recoil velocities. In rapid fire weapons, the counterrecoil
velocities must be quite high to obtain the desired cycle rate. These high velocities demand that the fire
initiation system has a quick response time to insure that the weapon will fire out-of-batteryin order to use the
momentum of the weapon in counterrecoil to cancel out some of the recoil momentum created as the weapon is
fired. Since this mode of operation is essentially the same as the soft recoil cycle, the reader is referred to
Chapter 7 for details of design calculation.
Because of certain mechanical features associated with the twin barrel design of the weapon, as well as the

time constraints dictated by the desired rate of fire, the displacement-time profile of the recoiling mass is no less
significant than the forces and velocities of the recoiling mass. A rigorous analysis is essential in finalizing the
design to optimize the balance between conflicting requirements and restraints.
An oscillating recoil system is proposed and has several advantages for a rapidly firing weapon. It is possible

to show that such a system is feasible and consistent with the desired rate of fire (Ref. 19).
For the present analysis, the assumptions that follow are made in the interest of simplification. It is

~

recognized that the resulting approximations and values can be improved through rigorous analysis: ●
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1, The momentum transfer to the recoiling mass from firing is treated as an instantaneous impulse since

●
in-bore time is much shorter than recoil response time.

2. Gravity and friction forces are not considered to act on the system. From the standpoint of a feasibility
study, these ,inffuencescan be neglected, although a complete system analysis should include these effects.

3. Recoil, counterrecoil, and buffer forces are treated as constants. Although it is virtually impossible to
achieve such a condition in practical recoil systems, it is possible tO keep the variatiOn Of these fOrces
sufficiently small that this assumption is useful for purposes of preliminary analysis.

4. The energy required to operate the gun mechanism and that expended in ramming and extracting can
be neglected in this preliminary analysis for the higher zones since such energy is small compared 10 the recoil
energy.
The impulse imparted to the recoiling parts by the first round gives them a rearward momentum that can be

arrested by a constant recoil force that acts over the recoiling distance.
mass is

“;= L,m/~
d

where
~,;= rearward velocity of recoiling parts, m/s
m = mass of recoiling parts, kg
1’ = impulse imparted to recoiling parts, N.s.

rhe rearward velocity of the recoiling

(8-46)

The required constant retarding force is

where

●
FL = constant retarding force, N
d: = maximum recoil distance, m

The time to recoil on the ith round is

m;(v:)zF; = —,N
2d;

(l;)i = ~

(8-47)

(8-48)

where
(t;), = time to recoil on the ith round, i = 1, 2. .... n, s

The time to counterrecoil will depend on the magnitude of the counterrecoil force. The time required to
counterrec oil the mass over a specified counterrecoil distance x;, under a constant accelerating form F:, is
given by (Ref. 19) as

where
(Ij)j = time to counterrecoil on the ith round, i = 1, 2, .... n, s
~. = constant counterrecoil force, N

(x,), = counterrecoil distance on ith round. i = 1, 2, . ... n, s.

The forward velocity of the moving mass at the firing point of the first round is

F:(f:) I
(.$, = —, m/s

m;

(8-49)

(8-50)

● where

(v;), = forward velocity of recoiling parts after ith round, i = 1, 2, . ... n, m/s
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The forward momentum of’ the moving parts from counterrecoil of the first round offsets the rearward
momentum acting from the firing of the second round. Thus the initial recoil velocity (v~)z after firing the
second round M ●

(.;)2 = ~ – (vi),, m/s (8-5 1)
m,

and the time of recoil for the second round is

m;(v; )2
(f;)z = ~ , s.

r
(8-52)

The recoil displacement (x~)z of the second round is now determined. The total recoil distance includes the
initial displacement from battery at the time of firing (Ref. 19)

~x,)z = Wl; (v:)i
r + x*,m

2 F;
(8-53)

where
X* = initial displacement from battery, m

The counterrecoil time for the second round can be computed from Eq. 8-49. where the counterrecoil
distance (x~)~ to the point of firing of the third round is

(X1)2 = (x:)2 – x*, m (8-54)
and the counterrecoil time (t~)2 is

[

1/2
2mr[(.rJ)2 – x*]

(t:), =
1
, s,

F:

Likewise, from Eq. 8-50, the forward velocity (v~)z of the recoiling parts at the firing point is
,,

(v$, = *, m/s.

The time-displacement profile of rounds i = 3, 4, .... n can likewise be calculated as

8-30

I’
(v~)i = 7 – (Vj)(i-1), S

m,

mr(v; )t(X:)l= ~ + x*,m
r

(X:)i = (X;)i - X*, m

I

I1~
2m ;[(x:)i – x*]

(1;), =
1

,s
F;

Fc’(t:)i
(vJi = —, m/s.

m;

(8-55) ●

(8-56)

(8-57)

(8-58)

(8-59)

(8-60)

(8-61) ●
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The time-displacement and velocity profiles for a sequence of’six rounds are shown in Fig. 8-16 as a typical

●
plot for Zone 7 rounds. Firing times are identified as I = Oand at points at which the recoil velocity curve is
discontinuous. [t is observed from Fig. 8-16 that the time to fire six rounds is slightly under 3 s and that the
total elapsed time from the firing of the first round to rematching is about 3.5s. This analysis demonstrates the
feasibility of the recoil system as well as the ability of it to achieve the required rate of fire.
The effect of gravity on the tipping parts, which changes with elevation, requires some means of accommo-

dating changes in recoil and counterrecoil forces. Also elevating the gun changes the. friction force that acts on
the sliding parts of the weapon. The recoil and counterrecoil forces, as determined here, represent the forces
needed to act on the recoiling parts in addition to forces that are necessary to account for friction and gravity
influences.

8-7.2 TANK BURST FIRE MECHANISMS
Recent emphasis on development of automatic weapons for high-impulse, light tank application has led to

the need for a well-designed, automatic fire recoil mechanism. The use of only a limited range of impulse levels
in tank ammunition simplifies the design problem when compared to the zoned artillery requirements
addressed in par. 8-7.1. The application of older mechanisms developed for antiaircraft artillery or naval
automatic guns for tank application can thus be considered. The need for short recoil and an armor-enclosed
ammunition feed system has led to optimization of a recoil mechanism for tank application.
Although design craftsmanship has served well in the past in development of automatic weapons, their

design has not received the level of analytical support it deserves. Typical of this situation is the lack of
literature on mechanisms with intermittent motion. Ref. 20 pr&ents a survey and explanation of the
functioning of mechanisms occurring in clocks, process machinery, and weapons. A survey of the literature on
dynamics of mechanisms quickly reveals that, although intermittent motion is acknowledged as an important
mechanism problem, virtually no literature is devoted to this subject.
The purpose of this discussion is to present an analytical design formulation of a specific automatic weapon

mechanism, characterizing its motion with piecewise, smooth differential equations. A computer program to

●
conduct the dynamic analysis and sensitivity calculation is described.
The 75-mm mechanism shown in Fig, 8-17 consists of three main masses: the barrel assembly B, the sleeve S,

and the sear SR. A caroming action is used to move the sleeve over a telescoped cartridge so that the charge can
be safely ignited during each cycle of system operation. The B-cam path is fixed in the barrel assembly B, and
the R-cam path is fixed in the receiver R. The base of this receiver makes an angle 0 with the horizontal. The
sleeve S is connected by a rigid bar PQ to a pin at point P that is constrained to slide without friction along the
cam paths.
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Figure 8-16. Recoil Displacement and Velocity Curves
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Figure 8-17. 75-mm Cannon System

Two forces b,,and h,, drive the barrel during its forward (counterrecoil recoil) and backward (recoil)
motions, respectively. To slow the barrel msembiy during extreme motion, a front buffer D, and a rear buffer
D* are added to the system. Both buffers are designed to produce constant retarding forces when the barrel is in
contact with them.
Special times I,, at which impact or some other irregularity of intermittent motion occurs, are introduced as

anintegral element of the dynamic model. Between these times, themotion of thesystem isquiteregu Iar. At
these times, bowever, velocity discontinuities or changes in system configuration can occur. Special times will
now be defined to describe clearly the firing from the run-out mode of weapon operation:

1. t,=O. Atthisi nstant,t hebarrela ssemblyB leavest hesearp ositionO withvelocityh,. (Fig.8-l7).
2. ~,=theinstant atwhich thepin Pstarts tomovealong the R-cam path andtherigid bar PQcontlecting

P to S starts to move the sleeve S forward (Fig. 8- 18).
3. l~=theinstant atwhich Preaches the flatportion of the R-cam pathand the bar I' Qbecc~mesparallei

to the x-axis. The sleeve S then moves with the barrel assembly Bat the same velocity and the charge is ready to
fire (Fig. 8-19).

4. f,=theinstant atwhich Bcontacts the front buffer D,(Fig.8-2O).
5. f,=theinstant atwhich thecharge isignited (impulse =b,)(Fig.8-2l).
6. l~+At=the instant atwhich Band Sstartto move rearward (O <A/< l).
7. tj=theinstant atwhich contact between Band D,ceases (Fig. 8-22).
8. t~=theinstant atwhich Sstarts tomoveforward relative to B(i.e., thepin Preaches thecurved portion

of the R-cam path) (Fig. 8-19).
9. [?=the instant at which Preaches the Iowercusp of the R-cam path andthesleeve Scomes to rest

relative to R(Fig. 8-18).
10. t*=theinstant atwhich Bpasses thesear position Oandstarts tomoverearward with thesear SR, bc]th

moving with thesame velocity while compressing therear buffer D~(Fig. 8-[7).
Il. tg=theinstant atwhich Breaches zero velocity, which isprior toitsforward motion duett~thedriving

force b,” (Fig. 8-22).
12. t,"=the instant atwhich Breturns tothesear position O.'l"his completes OnecYcle 0fsYstem0Perati0n

(Fig. 8-1 7).

& W : L’_x
o P R

B: Cam ‘-cam
Figure 8-18. Position Where Sleeve Starts to Move Forward or Comes to Rest With Respect to
Receiver (Rx = s,) ●
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Y

● LKL53

D2 ~R

o

s4+s5-

R-Cam ‘ r!
B-Cam

Figure 8-19. Position Where Sleeve Starts to Move With Barrel, With Same Velocity, or Starts to
Move Forward With Respect to Barrel (x = s~ + s, + .ss)

Y

~--

b7

D2
SR

0 R–Cam \ m

B-Cam

Figure 8-20. Barrel Assembly at Position Where It Starts to Cease to Contact Front Buffer (x = b,)
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Figure 8-21. Firing Position (x = b])
Y
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P
— —x
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Figure 8-22. Barrel Assembly at Rearmost Position
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Equations of motion for this system are not analytically complex but require separate consideration of each
of several phases of motion as follows:

1.0 <(< / ,:

trz>= blnbzg(f.t+ l)sinO, N
where

b, = mass of barrel assembly, kg
r = position of barrel assembly, m
~ = friction coefficient, dimensionless
g= acceleration duetogravity, m/s’
d= angle ofelevation, rad

bI O = force accelerating recoiling parts, N.

2.1, <1 <12:

hi = bI O – b,g(p + l)sintl + (force terms due to cam), N
where cam force is derived in Ref. 20.

3. f2<t <(3:

(bj + b~);, = bI O – (h + b3)AP +l)sin~, N

where
b~= mass of thesleeve, kg,

4, I,< f< l,:

(~, + ~,)~ = ~,” – (~j + /13)g(P + l)Sh10 – b b, N

where
bt, =forward buffer force, N.

5. [4+ Al< f<ts:
(bz + b,)~ = b,, – (b, + b,)g(l – p)sino, N

where
b,, =forceretarding rearward motion ofrecoiling parts, N.

6. [5<1 <[,:
(b, + bs)y = b,, – (b,+ b,)g(l – p)sino, N.

7. f,< f< t,:

bz~ = b,, – b,g( I – p)sine – (force terms due to cam), N.

8. 1,<1 <[8:

hi = bl)–bzg(l –p)sinO, N.

9. /8<1< [9:

(b2 + bd); = /71) – (b, + bd)g(l – p)sin(l
where

b,= mass ofsear, kg.

} b,, N

10. l,<t <[m:

(bz + b,)> = bm – (b, + b,)g(p + I)sin@, N.
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The differential equations for firing on run out were solved by a simple Runge-Kutta numerical integration

●
process to obtain the displacement and curves of Figs. 8-23 and 8-24. This model may now be used to vary
parameters b, through b],, which are design variables to be selected. A trial and error iterative procedure may
be employed or an organized computer-aided design method, based on the theory presented in Ref. 20, may be
used.

E 0.60 –
k“
g 3.50 –
E
g 0.40 —
g
: 0.30 –
ii

0.20 –

0.10 – 0.4 0.46

0 0,1 0.2 0.3
Time t,s

Figure 8-23. Displacement Curve of Barrel for Run-Out Case at Optimal Point

4.0

2 0.1 0.2 0.3 I +
04

Time t,s

-2.0

-4.0

-6.0
Figure 8-24. Velocity Curve of Barrel for Run-Out Case at Optimal Point
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APPENDIX A

TRANSPORT PROPERTIES OF HYDRAULIC FLUIDS

Resistance (~fiered h.b the thro([ling h~draulic fluid in a h~dropneumutic recoil mechanism provides the
primarj force thal conrro[s [h@ morion of t / 7e re(o[l[}?g parts. Therefore, [o design a h,vdropneumaiic recoil
mechanism properly, [he properties and characteristic.s of hjdraulic fluids mu.rz be kno nn and lhOroughly
understood. In [his appendix, some important thern?o[l),nami< [ranspor[ properties of [he hydraulic ffuids
are described. These include the equation qf statefor gases and liquids, viscosity, bulk modulus, speci~ic
heut, and thermal conductivity The efiec[ of temperature and pressure variation on [he transport proper-
ties is discussed. A method for df’lermining (he bulk modulus ofjluids also is given,

A-O LIST OF SYMBOLS
A = empirical constant, Pa (see Eq. A-6)
a = constant. 9!4R,, Z/8, m“.Pa/(kmol)J (see Eq. A-4)
= iscn[ropic sound speed. m/s

B = bulk modulus, Pa (see Table A-3)
B,,,;.,.,,,,,.= bulk modulus of’ mixture of oil and entrained air, Pa (see Fig. A-4)

B,,,,= bulk modulus of oil, Pa (see Fig. A-4)
B., = adiabatic (isentropic) tangent bulk modulus, Pa (see Table A-3)

B.,,,= sonic bulk modulus. Pa (see Table A-3)

● (B,,), = isothermal secant bulk modulus at one atmosphere and at temperature T, pa
B., = adiabatic (isentropic) sec~nt bulk modulus, Pa (see Table A-3)
~r = isothermal secant bulk modulus, Pa (see ‘l-able A-3)
h = constant V./3, m’/kmol (see Eq. A-5)
C = speed 01 sound in liquid, nl/s
= fluid compressibility, Pa-’

{;, = specific heat at constant pressure. J/kg. K
D = empirical constant, dimensionless (see Eq. A-6)
P = pressure, Pa

f. = critical pressure. Pa
P, = Prandtl number, u/a, dimensionless
PT = gage pressure at temperature T, atmosphere
R,, = universal gas constant, 8314.32 J/kmol.K
T = temperature, “C
T. = critical temperature, K
V = volume per kmol, m’/kmol
V. = volume of air entrained in fluid, m’ (see Fig. A-4)
V, = critical volume per kmol of gas, m3/ kmoi
V, = final volume, m’ (see Table A-l)

A V; = change in volume, m’ (see Table A-1)
V. = volume of oil, m’ (see Fig. A-4)
VO = initial volume at one atmosphere, m~

●
u = velocity of flow, m/s
~ = ~oordi”ate normal to the paral]el ff~w, m

A-l
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~ = thermal diffusivity, mz/S
~ = conversion factor (see Eq. A- IO) or volumetric expansion coefficient, “C-’
K = thermal conductivity, W/ m.K
p = absolute (or dynamic) viscosity, N.s/ M’
u = kinematic viscosity, or &L/P, m2/S

T — shear stress, Pa
p = density, kg/ m~

A-1 INTRODUCTION
In modern weapons, the fluid used in the recoil mechanism is primarily a hydraulic lubricant. The basic

requirements of the hydraulic fluid used in the design of recoil mechanisms are that it be chemically inert
and that it remain in the liquid state for the range of pressure and temperature specified in the operational
requirements. Therefore, hydraulic fluids of SAE series processed from mineral oil are used. Recently,
silicone-based hydraulic fluids have also been used.
In this appendix, some important thermodynamic transport properties of hydraulic fluids are described.

These include the pressure-temperature-density relation, viscosity, bulk modulus (volumetric expansion
coefficient), specific heat, and thermal conductivity. Other specific properties are given whenever available.

A-2 EQUATION OF STATE OF HYDRAULIC FLUIDS
The equation of state is a mathematical relation between the pressure, density, and temperature of a

given fluid. For a light gas, the ideal gas equation

PV = RUT, J/kmoi (A-1)
where

R. = universal gas constant, 8314.32 J/ kmol. K ●
T = temperature, K
P = pressure, Pa
V = volume per kmol, m3/kmol

is a good approximation.
The equation of state for hydraulicfluids is extremely difficult to obtain in a simple form. However, due

to the low compressibility of many hydraulic fluids, the incompressible fluid assumption often is used in
relation to the design of recoil mechanisms. The equation of state for such fluids is

p = constant, kg/ m3 (A-2)

where p is the density of the hydraulic fluid. An approximate equation of state, known as Van der Waals’
e~”ation, is used for a dense (real) gas.

(Pc + ~)(V, – h) = RUT., J/kmol (A-3)
c

where
~ = ~ea~ure of attractive forces between molecules—an experimentally determined constant at

P,, V,, and T, —m’. Pa/(kmol)’
b = effective volume of molecules—an experimentally determined constant at P,, V,, and

T,—m3/kmol
P. = critical pressure of gas, Pa
V, ~ critical volume per kmole of gas, m3/ kmol
T, = critical temperature of gas, K

A-2
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or

● u = ~ V,RMT., mb.Pa/(kmol)2 (A-4)

b = ~, m3/kmol.
3

(A-5)

The critical pressure, volume, and temperature are normally available in the Handbook of Chernisrry and
Physics or in engineering handbooks (Refs. 1 and 2). For silicone-based fluids, Benedict, Webb, and Rubin
(Ref. 3) recommend a complicated equation of state. However, the equation has not been used in the
design of recoil mechanisms.
An alternative, but more restricted, way of deriving the pressure-density relation for a given hydraulic

fluid is to assume a thermodynamic process for a recoil motion, A laboratory experiment for a compres-
sion test is then performed under the specified thermodynamic process, such as an isothermal or adiabatic
process, The pressure-density equation is then obtained for the process specified. The adiabatic bulk
modulus B = p(AP/ Ap)s (see par. A-4 for more details), which is a measure of the compressibility of a
given fluid in an adiabatic process, may be derived from a laboratory experiment and approximately
correlated with the pressure P in the linear relation

B= A+ DP, Pa (A-6)

where A and D are empirical constants, It is then possible, using the given expression for B, to integrate
Eq, A-6 to obtain an expression

(.4 + DP)-’/D = CV (A-7)

for the pressure-density relation under the adiabatic process (C is a constant of integration). Eq. A-7 can
be used in the design of recoil mechanisms under the adiabatic assumption. A set of such experimental
data between the pressure and density is given by Chen (Ref. 4) and Subler and Rathje (Ref. 5) for
Dow-Corning silicone fluid and is listed in Table A- l(A) and A- l(B). In the table the fluid is precharged at
O, 10.34, 20.68, and 24.13 MPa above atmospheric pressure to cover a range of pressures.

(Tcxt contin.cd on page A-9)
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TABLE A-1 (cent’d)
(B) Fluid Properties

Specific C,ravity 5.94
Density (a[ STP) ().94XI0’ kgmi (0.034 lb im)
C’ucfficicnt 01 0.00108 n nl. K
“I”hc[nml E,xpan~io”
Vise Osi[y

(0.00060 in 1[1.’R)
[0 ccntistOkcs
(1.076 xlo”’tl’/s)

POur l>Oint at SIOndil Icl 208 K (375 R)
Prus”rc
F-lash 1>01,1[al Sti!ndt, rd 435.7 K (7X4.9 R)
Prmsurc
Spwiiic [lcat at 333.5 K l.(XIO’.l/kg. K

((1.3S B[w lh. R)

/1-5
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Table A-2 lists the details of the military specifications for various hydraulic fluids that may be used in
recoil mechanisms.

TABLE A-2
SPECIF1CATION OF MILITARY HYDRAULIC FLUIDS

(A) MIL-H-46170,HYDRAULIC FLUID, RUST-INHIBITED,
FIRE-RESISTANT, SYNTHETIC HYDROCARBON BASE:

PROPERTIES VALUES
Color Report(Amber)
Pour Point, ‘C (max) –53.9
Flash Point, “C (rein) 218.3
Fire Point, “C (rein) 246. I
Autoignition Temperature, ‘C (max) 343.3
Viscosity, cSt: at 37.7X ‘C (max) 19.5

98.9 ‘C (rein) 3.5
–40.0 “C (maxj 2600
–53.9 “C (max) Report

Additives: Antiwear NR
Oxidation Inhibitor NR
Corrosion Inhibitor NR
Viscosity Improvers No Viscosity Improver
Other No Pour Point Dep.

Acid or Base Number (max) 0.20
Water, 70 (max) 0.05
Evaporation Loss, % wt. 5.0
Bulk Modulus (Isothermal Secant,
O to 10,000 psi at 37.78° C) psi (rein) 200,000’

Corr. and Oxid. Stability: Steel +0.2
168hat121.1° C Aluminum +0.2

Magnesium +0.2
Cad. -Plate +0.2
Copper +0.6

Pitting, Etch, or C.orr. at 20X None
Vise. Chg at 37.8” C. $% 10
Neutral No. Chg (max) +0.30

Solid Particle Content: 5- 15 microns 5000
max number particles/ 100 ml 16- 25 microns I000

26- 50 microns 250
51-100 microns 50

Over 100 microns 10
Low Temp. Stability, 72 h at –40° C No gel, crystallize,

or show separation.
Rubber Swell: Type NBR-L, vol. chg., Yo 15-25
Foaming: After 5.0 min blowing, ml (max) 65

End 10.0 min setding, ml Complete Collapse
Corr. Prot. (Bare Steel): 100 h at 49°+ 1°C

and 100% R H No Rust
Shear Stability NR

Notes: NR, no requirement.
* psi = 6.894757X 103 Pa

Use: For use in any combat vehicles, tank hydraulic systems after a study has been made to determine its applicabil-
ity in such systems, particularly in the area of seal compatibility and low temperature operability. The fluid is
rust inhibited and may be used as a preservative medium for hydraulic system and components.

(mnt’d o“ next page) ●
A-O
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TABLE A-2 (cent’d)

● (B) MIL-H-5606B,HYDRAULIC FLUID, PETROLEUM BAsE, AIRCRAFT, MISSILE AND ORDNANCE:

PROPERTIES VALUES
Color Red
Pour Point. “ F (max) –75
Flash Point, “F (rein) 200
Viscosity, cSt: – 65° F (max) 3000

– 40°F (max) 500

Additives:
130° F (rein) 10

Antiwear; YO wt 0.50
Oxidation Inhibitors, Yowt <2.00
Corrosion inhibitors, % wt NR
Viscosity Improvers S20.00
Others No Pour Point Dep

Neutralization No., mg KOH/g (max)
Precipitation No. (max)
Evaporation: 4 h at 150° F
Corr. and Oxid. Stability, Steel
168 h at 250° F. Aluminum Alloy
max wt chg, mg/cm2: Magnesium

Cad, -Plate
c o p p er

Pitting, Etch. or Corr. at 20X
Vise. Chg at 130° F, %
Neutral. No. Chg (max)

Solid Particle Content: 5- 15 microns
max number particles 100 ml 16- 25 microns

26- 50 microns
51-100 microns

Over 100 microns
Copper Strip Corr., 72 h at 250° F (max)
Low Temp. Stability, 72 hr at –65° F
Rubber Swell: Type “L”, vol. chg., %
Foaming After 5.0 min blowing, ml (max)

(at 75” F) After 10.0 min settling, mI (ma)
Storage Stability, 75° F, (rein)
Water Content (max)
Recommended Temp. Range, 0F, air (closed)
Specific Gravity
Shear Stability: vise. chg, cSt/ 130° F (max)
(30 min Sonic Oscil.) vise. cbg: cSt/–4O” F (max)

Neutral No. Chg (maxj
NATO Symbol/Interchangeable Hyd. Fluid
Corr. Prot. (bare Steel), 100 h at 120° F, 100% RH.

0.20
NR

Oily, nontacky
+0.20
*O.20
+0.20
+0.20
+0.60
None

-550 +20
+0.20
2500
1000
250
25

None
No. 2 (ASTM)

No Solids, nongel
19-28
65

None
12.0

100 ppm
–“65/ 160 (275)

NR
S—1570

<Ref. Fluid
0.20

H-515/none
NR

—
Notes: NR, no requirement.
Use: Auto, pilots, shock absorbers, brakes, flap controls, missile servo, and other systems using synthetic seals.

A-7
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TABLE A-2 (cent’d)
(C) ,MIL-H-6083CHYDRAULIC FLUID, PETROLEUM BASE, FOR PRESER VA TIOIVAND TESTING:

PROPERTIES VALUES ●
Color
Pour Point, “F (rein)

Red (clear)
–75

Flash Point, 0 F (rein) 200
Viscosity, cS1: – 65° F (max) 3500

– 40° F (max) 800
130” F (rein) I ()

Additives: Antiwear; % wt ().50
Oxidation Inhibitors, ~o wt <2.00
Corrosion Inhibitors. % WI Allowed
Viscosity Improvers. % wt I0.()
Others NO Pour Poin[ rkp,

Neutralization NO,, mg KOH/g (max) ().20
Precipitation No, (rnax) o
Evaporation: 4 h at 150” F N R
Corr. and Oxid. Stability, Steel *O. 20
168h at 250° F, Aluminum Alloy +0.20
max wt chg. m.gjcm>: Magnesium +().20

Cad.-Platc +0.20
Copper

Pitting, Etch. or Corr. at 20X
Vise. Ch’p at 130” F. %,
Neutral ~o.C.hg (rn~x)

Solid Particle Content: 5- [5 microns
max number particles/ 100 ml 16- 25 microns

26- 50 microns
5[-[00 microns

Over 100 microns
Copper S1rip Corr., 72 h at 250° F (ma.x)
Low Temp. Stability, 72 hr at –65° F”
Rubber Swell: Type “l.,’>,vol. chg. 70
Foaming: (75° F) After 5.0 min blowing, ml (max)

After [0.0 rnin settling, ml (max)
Storage Stability. 75° F, mo (rein)
Watm Content: y, (max)
Recommended Temp. Rang., 0 F. air (closed)
Specific Gravity
Shear Stability: vise. chg, cSt/ [30” F (max)
(30 rnin Sonic Oscil,) vise. chg, cst/–40° F (max)

Neutral No. Chg (max)
NATO Symbol/ Intcrchangeablc Hyd. Fluid
Corr. l’rot. (bare Steel), 1~0 h at 120” F. 100% R H

Notes: N’R. nc rcauirement.

~0.60
Nunc

–50 to +20
().3()
2500
I000”
250
25
5

NW 3 (AS’I”M)
No Solids, no”gcl

19-26,5
65

Complete collapse
N R
0.05

–65/ 160
h’R

5000 pump CYCIC:Test
Ref. fluid. M 11.-F-5602

+0.30
c-635/SW Note

“[”rvx

Not interchangeable with castor oil or nonpctrolcum base oils
Use: Preser\ativ.? oil for ordnance and aircraft systems. test or flush.

(D) ,MII.-H-81019 (WFP), HYDRA IJLICFLUID, PETROLEIJM BASE, ULTRA -[,0W TEMPERA TURJi:

PROPERTIES VALUES
We:ir (steel): shell 4-Ball: (2 br 167° F,
40 kg, 1200 rpm): Scar Oia

Notes: --, no information.
Use: Auto pilots, shock absorbers. brakes, Ilap control mechanisms. missile hydraulic scrvmcuntml, and other sys-

tems using synthetic sezils. ●
A-8
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A-3 EFFECT OF TEMPERATURE AND PRESSURE ON VISCOSITY

●
All hydraulic fluids possess a resistance to deformation and show gradual yielding to forces. The absolute,

or dynamic viscosity ), is defined as the ratio of the applied shear stress r to the rate of strain. For example,

(A-8)

is a sample relation between the shear stress 7 and the rate Of strain ~u/ dY fOr a simPle Parallel flo~ with the
velocity u, and the distancey normal to the flow. Eq. A-8 is known as Newton’s law of friction. The viscosity y
has units of’ newton. second/ meterz and for hydraulic fluids is nearly independent of’ pressure, except for
silicone fluids. Hrrwever, the viscosity of all hydraulic fluids decreases with increase of temperature.
Fig. A- I illustrates the viscosity (in normalized Iorm) for several Dow-Corning (DC) silicone fluids at

various pressures. This figure shows that the viscOsity Of silicOne fluid at the elevated Pressure maY increase
[WO- or threefold over the viscosity at sea level pressure.
The use of kinematic viscosity, u, instead of the absolute (or dynamic) viscosity y, may also be needed in the

design of recoil mechanisms. The kinematic viscmity u is the absolute (Or dynamic) viscOsitYP divided by
density p. Thus u has dimensions of meter2/second. The centistoke (10-’ m-/s) is the unit usually used to
express kinetic viscosity. Fig. A-2 indicates the variation of the kinematic viscosity with temperature for
hydraulic fluids and Dow-Corning silicone fltlids. In addition, fluid MIL-H-6083, is used in recoil mechanisms
of the 105-mm Howitzer MIOl, MI OIA, and MI02; 175-mm Gun M107: and 8-m. Howitzer Ml IO. MIL-H-
6083 bydmulic fluid has a viscosity 14 centistokes at 38° C (l OO°F). 800 centistokes at –40° C (–40” F), and a
maximum of 3500 centistokes at —54° C (—65° F).

3[

10

&t”m$o here,

, 200 300 400 500
—....—.!. —-, —

.Aeiek:
20 30 40

Pressure, MP O

●
Figure A-1. Absolute Viscosity of Dow-Corn-

ing FIuids as a Function of Pressure

TemDemture.aC

—.OL..—:JO.–_!::_~,-_ -.....-._—
200 300

i

i

Te mwotwe, ‘F

Figure A-2. Viscosity of Dow-Corning Sili-

cone Fluids as a Function of Temperature
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A-4 EFFECT OF PRESSURE ON DENSITY
The effect of pressure on the density of hydraulic fluids normally is expressed by the bulk modulus of’

elasticity, simply known as the bulk modulus. The bulk modulus is a measure of the resistance of a hydraulic ●
fluid to volume reduction due to increased pressure. Bulk modulus B may also be defined as the negative
reciprocal(E = —[/ C) of fluid compressibility C. Several mathematical definitions of brrlk modulus aregiven
in Table A-3. The bulk modulus is often used in design calculations of hydraulic systems and has units of
pressure. The hlgber the bulk modulus, the less elastic, or the stiffer, the hydraulic fluid will be. Hydraulic
fluids with high bulk modulus values are usually desirable in conventional recoil mechanisms since they
provide a more stable and less elastic recoil system.
As indicated in Table A-3, bulk modulus can be defined under an isothermal or adiabatk process. The

isothermal bulk modulus sometimes is referred to as the static bulk modulus because it requires extremely slow
motion to establish the isothermal process in compression. On the other hand, the adiabatic or isentropic bulk
modulus is sometimes referred to as the dynamic bulk modulus because it requires rapid action to establish the
insula~ion of energy transfer during compression. The secant bulk modulus (the mean, or average, bulk
modulus) is defined as the total change in the fluid pressure divided by the total charge in volume pcr unit
volume of fluid. [t is standard practice to set the initial pressure equal to the atmospheric pressure. The tangent
bulk modulus is the modulus, or the slope, taken at the specified temperature or pressure range.
The pressure-volume-temperat ure properties ofalarge number of liquids may be correlated into astries of

empirical equations for determining the bulk modulus at any temperature or pressure. l-he equations that
follow for bulk modulus-pressure or bulk modulus-temperature correlation are valid for pressures in the
range of 1 to 700 atmospheres (1 atmosphere = 1.01325X10~ Pa) and temperatures of 0° to 218° C with an
accuracy of * 596.
1. Bulk Modrrlus-Pressure Equation:

~r = (B”)r + 0.36Pr, atmospheres (A-9)

TABI.E A-3. BULK MODULUS
—

Bulk Modulus Equation—

Isothermal Secant

Adiabatic (Isenlropic) Secant I (1APjs=–v” —
Av .,

Isothermal ‘I”angcnt

Adiabatic (Iscntropic) Tangent I ()APf?, = – v,) —
Al” ,

Sonic
1

B.” = C~P

Vi,= ini!p.1 volume at .“’? alrnospl, me, m’
AP = change in pressure, atmosphere
AV = change in vol.mc, m“

dP/d V E derivative of ~rms.re xith resmct to volume
p e density of liq~id. kg/rm’
C’z speed of sound in tiquid, rn/s

Cummenl

(1) f>rcssure-volume data obtained
at constant temperature.

(2) f>reshure-volume data obtained
at constant entropy,

(3) NO. I above

(3) No. 2 above

(5) Speed of sound in the Ouid is
obtained at constant tempera-
ture.

d~ ,=dP ,
–d~ “ s

●

I
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where
~r = isothermal secant bulk modulus at gage pressure (unit in atmosphere) at temperature T, or

–VO(AP/Ak)T, pa
(~,), = isothermal secant bulk modulus at one atmosphere and at temperature T, Pa

P~ = gage pressure at temperature T, atmospheres
VO = initial volume at one atmosphere, ml

2. Bulk Modulus-Temperature Correlation Equation:

[log(~,, / &2) = ~ B( T, – TI)]F, dimensionless (A-IO)

where
~,i,~~j = isothermal secant bulk modulus at gage pressure p, and temperature T, and T~, respectively,

Pa
~ = conversion factor given in Fig. A-3,0 C-’

T(,72 = temperatures, ‘C.

Silicone ffuids are more compressible than mineral oil. The isothermal secant bulk modulus of several
silicone fluids including Dimethyl, Methyl, Penyl, and Neo Pentamer Dimethyl in a temperature range of O“ to
200° C and a pressure range of I to 5000 atmospheres is given by Tichy and Wirier (Ref. 6). A method for
determining the bulk modulus of a ffuid is given in par. A-7.
[t has been found that air dissolved in hydraulic fluid has little effect on the bulk modulus. However, if the

air is not dissolved and only entrained in the fluid, then the bulk modulus is drastically affected. Fig. A-4 shows
the variation of the bulk moduli of hydraulic fluids with entrained air content. Fig. A-4 also shows that air
affects the bulk modulus Of fluid substantially if the operating pressure range is below 100 atmospheres or

●
10.133 MPa

$ Pressure & atmosphere

G q e Pressure, o,rmwh ere x 10-3 (w&

;~4 56

0.0015

, r 7

{ 1.0 100 200
.6
&
E 0.8
~

0.6-

s >0.4 -
$ Crii

o 5 10 15 20 25
Pressure ~ MPa

:U ~oolo L~
\ 4 ~=volume of entrained air, m~

Q

L >.1

~=volume of oil , m3

-1 ~m,iture=bulk modulus of oir/oil mixture, pa
0,0005

0 100 200 300 400 50o 600 700 Bo,7=bulk modulus of oil, Pa
Pressure, KPo

Figure A-3. Graph of Conversion Factor B Figure A-4. Variation of Bulk Modulus With
Entrained Air Content
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A-5 SPECIFIC HEAT AND THERMAL CONDUCTIVITIES OF HYDRAULIC
FLUIDS

A fluid with ahighspecificheat undergnes a smaller temperature rise than a fluid with aiowspecificheat in a ●
hydraulic systkmthat supplies heat lothefluid. Thus a higher value of specific heat aidsin mainlaininga lower
operating temperature in the system. In some applications this value increases the amount of heat that may be
removed from a system hot spot without musing degradation of the fluid. Most petroleum-based hydraulic
fluids have a specific heat of about 1.5 to 2kJ/ kg. K.
The specific heat increases with temperature for most hydraulic fluids; accordingly, the temperature should

always be stated with the data. A graph of specified beat versus temperature for several hydraulic fluids is
shown in Fig. A-5. Although specific heat varies with pressure, the change is small over the pressure ranges
normally encountered in hydraulic systems.
Thermal conductivity is a measure of the ability of a material tn transfer energy by heat conduction. It is a

time rate of transfer of heat through unit thickness across a unit area for unit difference of temperature. Thus
the thermal conductivity has a dimension of W / rnK. Heat transfer in operating recoil mechanisms is
accomplished primarily by convention because of forced liquid mixing. However, thermal conductivity is
important in the transfer of heat to or from physical boundaries of bydmulic systems. A liquid having a high
thermal conductivity will more readily pick up heat in hot system components such as valves and pumps and
transfer it to cooler system components such its heat exchangers. Liquids commonly used in hydraulic systems
generally have thermal conductivities at room temperature on the order of O.I to O.15 W/m. K, and these
values normally decrease appreciably with increasing temperature. A graph of thermal conductivity versus
temperature for several hydraulic fluids is shown in Fig. A-6.

Tem P,ro, ure, ‘F

0 ,00 200 300 400

F

17T-VI?-- ,7

0.,4 ,,

-“<’\>,MIL.H.,60G

013 ~~““’A.._

M,L-H-2H3

: Poly”wr!~ll”or I”o!ed L!Q,,d

g 009 —

Ch,oc. fy
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I

b 084

0080
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0040

Figure A-5. Specific Heat vs Temperature for Figure A-6. ThermaI Conductivity vs Tem-

SeveraI Types of Hydraulic Fluids perature for Several Types of Hydraulic

Fluids (W/m.K = 0.5778 Btu/ft.h.R)
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A-6 SPECIF1CATION OF FLUIDS

@
The specification of fluids is commonly done with the Prandtl number P, which is a dimensionless

parameter. The Prandtl number is defined as

P“

where
u — kinematic \iscosity. m~ls
—
— PIP

~ = ~bsolute (d},~~”li~) VisCc>Sl[\,

p = density, kg~ ml
o = thermal diffusivity, m~/s.

The thermal dif’fusivity a is defined as

—— & , dimensionless (A-f 1)

(A-12)~.sllm:

~=L m2/s
pc,, ‘

(A-13)

where
K = [berrnal cnnducti~ity. W/m. K
c;, = specific heat at constant pressure. J/kg. K

Substitution of’thee.xpression Jor L from Eq. A-12 and thecxpressicrnfora from Eq. A-13 into Eq. A-1 I yields

~ = QfA , #/s,

●
(A-14)~,

‘1’hcPrancitl numbers ignifics the physical ~ibility olth’c hydraulic fluid to transfer momentum versus its ability
to transfer thermal energy. Tbe higher the Prandtl number. the faster the momentum diffusion will be when
cnmpart!cl tn the thermzil ditfusinn. Most bydrziulic fluids have Prandtl numbers in the range of 100 to 1000.
Rcl. 7 gives the tr;insport properties of several common fluids and tbe value of the Prandtl number.

A-7 DETERMINATION OF BULK MODULUS
Different definitions of bulk modulus are given in par. A-4. Thus the method of determining the bulk

mndulus depends on how it is defined.
“Theisothermal (or static) bulk modulus usually is determined bytheuse of mechanical compression with a

pistc,”-cyli”dcr assembly. ‘rbecompressiondev ice is kept at the constant temperature in atherm~l bath during
the gradual compression. The densi(y is calculated from the tOt~l mass and the volume at the given Pressure.
The density-pressure relation is then obtained at the given temperature; the experiment is repeated for
dillerent temperatures. Anotbermethod is to compress a known mass of fluid with a column of mercury. The
change in the position of the mercury-liquid inter~ace is a measure of the cOmpressiOn Of the liquid. Use Of
capillary tubes of mercury allows easy attainment of high pressure on the order of 100 [o 200 atmospheres.
Another method is the Bridgeman method. In this method the fluid is placed in a bellows, and compression of
the bellows causes movement of an electrical contac{ along a sliding wire, Thus this method provides a
continuous plot of pressure versus volume (Ref. 8). These methods all provide means of determining
isothermal bulk moduli.
Many recoil mechanisms operate at relatively high speeds, and the beat of compression generated during

recoil motion is not entirely dissipated. ‘rhe recoil mechanism itself absorbs heat from the fluid. Therefure, the
compression process in tbe recoil mechanism is not an isothermal process. Rather, it is mtrre like an adiabatic
or an isentropic process. Accordingly. the isentropic (or dynamic) bulk modulus is the more useful in the

● design of recoil mechanisms.
The isentropic bulk modulus maybe measureddirecdy with a sonic apparatus. The speed of the sound in the
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liquid is obtained by measuring the time!eqrrired for a pressure pulse or sound wave to travel through a known
distance. The isentropic bulk modulus B, can then be determined from the following equation:

‘s=- ‘(%)s. “[%1s ‘papa

●
(A-15)

where
a = the isentropic sound speed measured from the experiment, m/s

The subscript “.s” in Eq. A-IS denotes the isentropic condition
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APPENDIX B

PARAMETER DETERMINATION IN BREECH FORCE MODEL

Th[s oppenelix presents the equations for tomputotiotr of’ breech fbrce parameters. The Le Duc system is
ernpiricul and basedon the assumption that lhe velocitJ, space curve for the travel of theprojecti[e up the bore
is represented b.v a hyperbolic function. Par. B-2 di.~cusses the compulatiOn and use Of the Parameters Of the
Le Duc system. The expansion of the propellant gases determines the forces acting on the breech and the
projectile. Par. B-3, assuming a convergent-divergent tube and characteristics ofa perfec! gas, gives equations
for computing the exit pressure on [he projectile.

B-O LIST OF SYMBOLS
A = bore area, mz
a = LeDuc parameter, rn/s
B = breech force, N

B,w= maximum breech force, N
b = LeDuc parameter, m
c = speed of sound in propellant gas, m/s
F = force on projectile, N
F, = mean force on projectile, N

●
FM = maximum force on projectile, N
f = component of riiling reaction paraHel to axis of bore, N
~ = accelcratiun due to gravity, 9.8 I m/ sz
M = ratio between flow velocity and sonic velocity, i.e.. Mach number, dimensionless
P = pressure in bore, Pa
P~= breech pressure, Pa
P, = mean chamber pressure, Pa

PM = peak chamber pressure, Pa
PO= breech pressure at projectile exit, Pa
R = gas constant, J/ kgK
s = position of projectile, m
T = gas [temperature in bore, K
T), = temperature of gas at breech, K
to= time of projectile exit from tube, s
U,, = tube length, m
u = travel of projectile in bore, m
v = velocity of projectile, m/s
v, = velocity of recoiling parts, m/s
vo = muzzle velo city of proje ctile, mls

W, = weight of propellant charge, N
W,, = weight of projectile, N
W, = weight of recoiling parts. N
x = travel of recoiling parts, m

● ~ = ~atlo of specific heats, dimensionless
A = chamber plus bore volume, m’

B- I
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~ = velocity of gas in bore, m/s
v = velocity of recoiling parts, m/s

P = density rrfgas in bore, kg/ml
Pb = gas density at breech, kg/m’
@ = duratiOn of gas ejection period. s

B-1 DETERMINATION OF LEDUC PARAMETERS a AND b
It is assumed (Ref. 1) that half the mass of the charge (gas and unburned propellant) has the same

acceleration m the projectile and that the remaining half has the same acceleration as the recoiling parts. There
are equal and opposite forces on the projectile and recoiling parts; therefore,

(B-1)

where
g = acceleration due to gravity, 9.81 m~s’
W, = weight of recoiling parts, N
w — velocity of recoiling parts, mis

W. = weight of propellant charge, N
Wl, = weight of projectile, N
v = velocity of projectile, m/s.

The Lagrange assumption of linear velocity variation of gases in the gun (ube leads to an equivalen{ moving
charge weight of W./3 (Ref. 2, p. 343, Eq. 9).
W,/ 2 is very small compared to W, and is, therefore, negligible; consequently, F.q. B-1 may be written as

[ 1-

W, ●
w,+—

dv. 2 dv
dt –

m/s.
w, dl ‘

(B-2)

The equations of motion for the recoiling parts and projectile shown in Fig. B- I are

Hw, dvr _B_f N

(ii
.>

t!
(B-3)

,

I

//p.

S.(J. X 1/,,,,<, / / /.//,<<’.;,,/:. -‘“; ;’,..;; ; ... “:>y,;<;,/; , ,,,<,’J.-,,,. ,,. ,, ,., ... /

Figure B-1. Geometry of Moving Projectile and Tube

B-2
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(B-4)(–1Wp dv—= F–fi N
g dt

where
b’ = breech force, N’
f= component of rifling reaction parallel to axis of bore. N
F = form on projectile, N.

The kinetic energy of the projectile maybe equated to the workdone bythemeanforce OntheprOjectile, i.e.,

-H1 w,
v; = F,C/0, J

2g
where

v,, = muzzle velocity of projectile. m/s
F, = mean force on projectile, N
u,, = tube length, m.

Frnm Eqs. B-2. B-3, :ind B-4,

B-/”-
F–j”

B=

or

““\w,,+ —

w,,+ +

w,,

2
1
, dimensionless

w.

~ _ jwc—, N.
2 w,

(B-5)

(B-6)

Si[lce the ~lf(i”g lreaction/”is roughly 27; or less of F (Ref. I), the term .fW,/(2 Wp) is neglected and Eq. B-6
becomes simply

B=

w,‘1‘“ + 2 ~,N,
w,,

(B-7)

The maximum pressure-force conditions are

B,w = P~A . N (B-8)

where
B,, = maximunl breech force, N
P,,, = peak chamber pressure, Pa
A = bore area, m2.

From Eqs. B-7 and B-8,

PMA W,, >N
F.M=

w,
w,, + —

2

(B-9)

●
where

FM = maximum force on projectile. h’

B-3
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Eq. B-5 now gives the mean projectile force F,,

Fe = Wpv;
—,N.
2g u“

Thus from Eqs. B-9 and B-10

f’M = FM = 2gUOP~A
, dimensionless

P, Fe

“(w’++)
where

P,= mean chamber pressure, Pa.

(B-IO) ●

(B-11)

LeIJuc's empirical equation forthevelocity vof[heprojectile, asafunction oftravel, is(Refs. land2)

“=_-QL m/s
b+u’

where
a = LeDuc parameter, m/s
b = LeDuc parameter. m
u = travel of projectile in bore, m

Differentiate Eq. B-12 with respect to u, i.e.,

dv _ ab.— —
du

(b + u), >~-’.

(B-12)

(B-13) ●
Since recoil travel while the projectile is in the tube is small compared to thetravelsof the projectile, d.r/dsis
small (d.x/ CIS< 1) and the approximation

~=*[l+l~)=%ffd]=+~)ms ‘B-”)
is reasonable because by Fig. B-1, u = .s+ .x, du = c/s t d.r. Eqs. B-14, B-12, and B-13 yield

where
s = position of projectile, m
x = travel of recoiling parts, m

ds/dl = v, velocity of projectile, m/s.

Now, neglecting rifling force,fin Eq. B-4 and by usingEq. B-IS, the force Fon the projectile is

F_ w,
[1

a~bu
— ,N

g (b + U)3
or, differentiating with respect to u.

dF __

[

Wp a’b(b – 2u)
du–g 1

N/m.
(b + u)’ ‘

B-4

(B-16)

(B-17) ●
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When Fis maximum, dF/duequals zero. From Eq. B-17, Fis maximum whenb = 2u. Substituting = b/2
in Eq. B-16 gives the maximum force FM on the projectile

FM = 4 Wpa2
—,N.
27gb

(B-18)

Since the projectile velocity is w] at the muzzle, where u = U, %. B-1 z gives

a UO
m/s.

‘0= b+Un’
(B-19)

If v,, of Eq. B-19 is substituted into Eq. B-10, the mean force F, on the projectile becomes

WPa2UO , NFe =
2g(b + UO)2

Solve Eqs. B-18 and B-20 for az, equate them, and solve for 6 to obtain

(B-20)

b=uo[(+-’)il(%-’lm-’lm
(B-21)

Experimental data show that the plus sign gives illogical results (Ref. 1); therefore, the minus sign is chosen. If

Q= (*- ‘)-~(,~ ‘1) ‘1 ,dime.si.nhess (B-22)

is substituted into Eq. B-21, the result is simply written as
b = QUO, m. (B-23)

Substitute Eq. B-23 in Eq. B-19 and solve for a; the result is

a= VO(Q+ 1), m/s. (B-24)

B-2 DETERMINATION OF BREECH FORCE AS A FUNCTION OF TIME
The equation of’ state of’ the propellant gases at the breech is given as

~= RT, J/kgorm’/sz (B-25)
P

where
P = pressure in bore, Pa
R = gas constant, J/ kg. K
T= gas temperature in bore, K
P = density of gas in bore, kg/mJ.

For an adiabatic process, Eq. B-25 becomes

~ = constant
p-l

where
‘i = ratio of specific heats, dimensionless.

(B-26)

B-5
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Differential ion of Eq. B-26 gives

[

~

P“’
01

The local speed of sound is given by

r

dP~. —,
dp

mls

where
~ = speed of sOu”d i“ propellant gas, m/s.

(B-27)

(B-28)

Therefore, from Eq. B-27

c = 4YRT, rnls (B-29)

In classical interior ballistics analysis (Refs. I and 2), the tube is considered as a cor]vergcnt-divergent no~.zlc
(large chamber, smaller bore, and large \’nlume outside tbe bore). Assume that the propellant gas is ii perfccl
gas; it is shownin Refs. I and 2 that

where
H = velocity of gas in bore, m/s
T~ = temperature of gas at breech, K.

From Eqs. B-30 and B-29,

so

Rewrite Eq. B-29 as

(B-30)
●

(B-31)

(B-32)

Dividing T, by 1“,using Eqs. B-3 I and B-32, yields

–-(2M (2)
~b – y – I &_ + I = ~ &f2 + 1, dimensionless (B-33)
T

where
M = ratio between flow velocity and sonic velocity, i.e., Mach number, dimensionless

B-6
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Eq. B-26 must hold both in the bore and at the breech; therefore, it may be rewritten as

P .F&—
P’

~p,), = constant

where
PI, = breech pressure, Pa
Pb = density at breech. !@m3

or

(1& = & ‘, dimensionless.
P P

Since Eq. B-25 must hnld at the breech and in the bore,

‘=[~] [~],dimensionless
P),

Substituting this expl-cssion fot- P/ P}, into Eq. B-35 yields

–( )T/,
[ (.,.1)

PI – _— , dimensionless.
P T

Substituting the cxpre.ssion for 7;,/ Tft-nm Eq. B-33 into Eq. B-36 gi\es

%=[[+(+)M21’’’)’-’)’dimensess’ess
Substituting the expression for pA/p from Eq. B-37 into Eq. B-35 gives

+=[’ ‘(+ I“’l’’(’”’’’dimensiessess

(B-34)

(B-35)

(B-36)

(B-37)

(B-38)

In the cf)nvergen[-divergcn~ nozzle formed by the breech tube atmosphere, the velocity p of gases in the bore
is equal {o the local sonic velocity < (Refs. I and 2), i.e.. M = 1 in the bore. Eq. B-33, B-37, and B-38 then
become, respectively,

T/_y+l—— — , dimensionless
T

(B-39)
2

(1pb _ Y + 1 ‘(-’””,dimensionless
—. —

P 2
and

–-( )Ph=Y+l 7/(7-1)

P
, dimensionless,

2

Since sonic velocity isreached inthebore, Eqs. B-28 and B-27 are valid and

(B-40)

(B-41)

J(1PC=y —, m[s.
P

(B-42)

B-7
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Atthetime ofprojectile exit from the bore, Eq. B-34is

P=PO

P“

(–)

w, ‘

gA
where

Po= breech pressure at projectile exit, Pa
!?, = weight of propellant charge, N
A = chamber plus bore volume, m~.

Substituting theexpression for Pfrom Eq. B-43 into Eq. B-42 gives

m Ag ‘ Y-I~= yPO —
w,

P ,m/s

The mass flow out of the bore during a time interval dt can be written as

(/.l/ip)d[ = ‘A(dp,), kg
where

,4 = bore area, m2.

Sincep= c,substitute theexpression forcfrom Eq. B-44 into Eq. B-45 to give

-A(dpb)=cApdf=A[(7po)’’2 (-%r2p(’+’)21d’kg

Substituting theexpression forpfrom Eq. B-40 into Eq. B-46 gives

(B-43) ●

(B-44)

(B-45)

(B-46)

●

-A,~pb,=[~(ypo,12(~~2p,(,+,i’(&)’’)[2(y-’)],~,,kg \

or
I

‘b-(’+’’’’(dpb)= :[~p”(% r ( *r’’(’-’)]’”d’

(B-47)

/

Sincep~= W./(gA) atprojectile exit fromthe tube, taken hereastimef = <,,,Eq. B-47can reintegrated, i.e.,

‘~;,(gA)Pb-’’)’2@b@b=
[

: yPo

to omun

H[pb’’”’)’-b%
or

“(’-’’’2+3) ’--’’21’+

1–?] / 2

(B-48)

= f [Ypowk%T“’(’-’’l’’’(f-’o)

‘(:~’)[(*1’-’pp0(*r(*r]’)1’’-’o))’2(’-’o)) ●
B-8
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which, by raising both sides to the 2/(y — 1) power, may be written more compactly as

‘=-H+W2’’’-’)’M3’”/lb

where

4= 2’ [+(=r’)’(’-’)”s”sA(y – 1)

= duration of gas ejection period, s

to = time of projectile exit from tube, s,

Writing Eq. B-35 at the time of projectile exit yields

P,
pb=~:—

(–1

, Pa
w. ‘

gA

Substitute from Eq. B-49 into Eq. B-5 I to obtain

‘b=p’(’+=r’(’-’”pa
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GLOSSARY
B

Mast overpressure. Peak pressure in the vicinity of the weapon due to blast waves caused by high pressure
propellant gases exiting the muzzle.

Breech force. The force due to the propellant gases that drives the gun rearward in recoil.

/?reech housing. The structure attached to the rear of the gun tube that houses the breechblock and its
components.

Breechb/ock. The structure used for closing the rear of a gun tube

hr~~er, A device used to absorb the energy of counterrecoil and bring the recoiling parts to a stop withoul
shock.

c
Carriage. The structure that transmits forces resulting from firing of a weapon to the ground

Compressib[ef/uid. A fluid whose volume changes due to a change in pressure.

Control rod. A rod orticrrlated by the rccuiling p:irts whose motion regulates the size of the orifice of a recoil

●
mech~nism.

CounterrecoiL ‘[be motion of the recoiling parts as they return to the in-battery position after recoiling

Counterrecoi/ cylinder. The cylinder that houses the corrnterrecoil mechanism

Counterrecoil velocity. The velocity of the recoiling parts as they move in counterrecoil

Cradle. ‘1’h;it clcmen( of a carriage or mount that supports a cannon and allows movement of the recoiling
parts.

D

Dependent recoil mechanism. A type of hydropneumatic recoil mechanism that has direct oil flow
between the recoil cylinder and the recuperator-. The recoil brake rod is the only attachment to the
recoiling parts.

Di.rcharge coefficient. A coefficient that relates pressure drop to flow velocity through an orifice.

Double recoi[system. A recoil mechanism that has two complete recoiling systems, the primary system and
the secondary system.

F

Fil/oux recoi/ mechanism. A hydropneumatic, independent, variable recoil mechanism with a floating
piston. Hydraulic resistance is developed by a control rod with axial grrmves over which the recoil
piston rod slides.

● Firing stability. An indicator of the tendency of a weapon to remain in position in spite of defects of recoil
force transmission.

G-1
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F[oating piston. An unattached piston that is used to separate gas from hydraulic fluid in the recuperator
of a hydropneumatic unit.

Free recoil velocity. The velocity that the recoiling parts would attain after exit of the projectile and
propellant gases from the Lube if no resistance were provided during recoil.

G

Gun tube. The gun barrel; that part of a gun that controls the initial direction of the projectile.

H

Hydropneumatic recoil mechanism, A type of recoil mechanism that forces hydraulic fluid through an
orifice to develop the recoil brake force and uses gas under pressure to store some of the recoil energy for
counterrecoil.

Hydrospring recoil mechanism. A type of recoil mechanism that operates similarly to the hydropneumatic
except that a spring is used to store energy for counterrecoil.

1

Ignition delay. The period between striking a primer and full initiation of burning of the propelling
charge and generation of chamber pressure.

In-battery. The position of the recoiling parts in the extreme forward position in the cr~idlc.

independent recoil mechanism. The type of hydropneumatic recoil mechanism that has the recoil brake
independent of the recuperator and counterrecoil cylinder. Each has its own rod attached to the
recoiling parts.

L

Leakagefactor. The ratio of the radial pressure of a packing to the applied fluid pressure

M

Mount. The supporting structure of a gun.

Muzzle brake. A unit attached to a gun muzzle that diverts propellant gases rearward and uses the propellant
gas momentum to decrease the total recoil momentum.

Muzzle velocity. The velocity of the projectile as it leaves the muzzle.

o
Oilreserve. A quantity of oil available in a recoil mechanism to replenish thesupplyof working oil as the latter
becomes depleted from leakage.

Orifice. An opening of controlled size through which fluid passes for the purpose of generating retarding
force.

P

Port. A passage of sufficient size to transmit fluid without appreciable loss of energy

Preliminary design. l-he process of defining design alternatives and trade-offs and arriving at an initial
design.

●
G-2
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Pressurefactor. The ratio of the radial pressure of a packing to the applied axial pressure that is treated by a

●
mechanical spring

Propellant charge. The quantity of propellant used in firing a gun.

Propellant gasforce. Pressure at the base of the projectile due to burning propellant

Puteauxrecoi/mechanism. A hydropneumatic, dependent-type recoil mechanism with a floating piston in the
recuperator. Hydraulic resistance is regulated by a control rod passing through an orifice and attached to
and positioned by the floating piston.

R

Recoil. The movement of the gun tube and attached parts in the direction opposite to projectile travel.

Recoil brake. The part of a recoil mechanism that develops the resistance to recoil,

Recoil cyIinder. The cylinder that houses the recoil brake.

RecoiI energy. The energy of the recoiling parts during recoil

Recoi/force. The total resistance to movement of the recoiling parts,

Recoilmechanism. The unit that absorbs the energy of recoil and stores some for returning the recoiling parts
to battery.

Recoi/rod. The rod that transmits resistance of the recoil brake to the recoiling parts

● Recoil system. The complete unit that involves the recoil and counterrecoil processes.

Recoiling parts. The components of a gun and its supporting structure that move during recoil

Recuperator. The portion of the recoil mechanism that stores some of the energy of recoil for counterrecoil.

Recuperator, hydropneumatic. A recuperator that uses a compressed gas for its energy-storing medium.

Recuperator, spring. A recuperator that uses a spring for its energy-storing medium,

Regulator. A structure used in some hydropneumatic recoil systems, and located in the oil end of the
recuperator that contains the means to control the hydraulic pressure during recoil and counterrecoil.

ReguIator va/ve. A valve housed in the liquid end of the recuperator that regulates the flow of liquid during tbe
counterrecoil stroke to produce retardation.

Replenisher. A reservoir for hydraulic brake fluid tha~ maintains nearly uniform pressure on the fluid and
keeps the brake cylinder filled with fluid.

Respirator. A pneumatic-type buffer that admits air during recoil and releases the air during counterrecoil
through a small orifice.

Rodprdl. The force applied to tbe recoil brake rod during recoil.

●
s

St. Chamondrecoilmechanisrn. A hyd ropneumat ic, dependent-type recoil mechanism of variable recoil with
floating piston recuperator. Its hydraulic resistance is regulated by a throttling valve.

G-3
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Schneider recoilmechanism. A hydropneumatic, independent-type recoil mechanism of constant recoil with a
direct contact recuperator. The hydraulic resistance is regulated by a control rod passing through an orifice
and attaching to the recoiling parts.

.Sofl recoif. A mode of recoil operation in which recoiling parts are first accelerated in the direction of projectile
launch prior to ignition of the propelling charge. Action of the propelling charge subsequently propels the
recoiling parts rearward to the original latch position.

Spades. Protrusions from the base of the cradle and trails into soil to provide resistance to motion of the
weapon.

T

Throttling bar. A bar of varying cross-sectional area that changes the orifice area of a recoil mechanism.

Throttling valve. A spring-loaded valve that controls the hydraulic pressure during recoil as a means of
obtaining variable recoil.

Trade-off. The conflicting increase in one performance measure at the expense of another due to changes in
design parameters:

v
Variable recoil. A recoil mechanism having a stroke that varies in accordance with the angle of elevation. At
high angles of elevation the recoil stroke is shortened.

Velocity ojrecoil. The velocity of recoiling parts during recoil,

z
Zones of charge. Increments in quantity of propelling charge beginning with small amounts of propellant and
progressing toward the maximum amount of propelling charge permitted.

G-4
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Absolute (or dynamic) Viscosi!y, A-9
Active coils, (,-2S
Ad\~tnc’ed Iluid mccbanics, 3-52
Advanced tccbniques in design <II rccwil [mcch:lnism
3-48

Air [mobile. [-9
Air-oil
cmrgy ahsorbcr. 8- [5
recoil mcchanlsm, 8-20

Analysis of’ f’luid flow path, 5-18
Angle of elev;t[ion. 2-9
An[ilric[ion hmrings, 6-56
Au[om:ttic ~.onc setting, 7-21
Automotic-f’irc recoil mccbanism, 8-? I

B
H:tli,ncc ol impulws, 3-52
Ballistics

●
i[~~~es.2-7
s,mplificd [model. 2-IX

Bcilriug alloy. (,-5 I
IIcarings. 3-2X, 6-3[)
unlilrict ion. (,-56
c(lnccnt tic sleeve, 6-39
for a U-type crktdlc. 6-40
for an ()-type crocflc, 6-48
frictional rcsis[;~ncc of. 3-2$
Slcwc, (,.39
slicfing, 6-39
translational, 6-39

Hcllc\ille drive springs. 6-3 I
JJcr,lo,illi ccfu:tlio”, 3-21.3-44
Blast OWKP,CSSUR. 2-4, 2-30
Bore area. I-6
Breech force. 1-6, 2-9, 2-1Y
Bricfgernan method. A-13
Buckling of spring, 6-15
Buflcrs. 1-9. I-10, 3-41, 7-20
forn,ard, 7-2 I
piston. 6-19
pneumatic, 3-41, 4-69
spear, 6-17
rear, 7.2 I

Bulk modulus, 3-22
detc!rmination of, A-13

● dynamic, A-10
Isothermal, A-10

of elasticity, A- 10
of fluid, 8-6
pressure Cquatio”. A-IO
secant. A-10
static, A-10
tangent, A-10

Burst-fire
automatic wcapa”. 8-26
recoil mechanism, 8-26

c
~tllCL1l~liO1l (If
cc>ntrol orifice areas, 5-?8
countcr recoil, 4.47
oil pressure, 5-23
,mome.t areas, 4-27.5-34

Cannon. I-3
t:lnk. A-9

Cmiage. I-2
C’haWc weight. 2-7, 2.30
(Y]c;ir:i”cc SC21k. 6-53
Coil
diameter of springs, 6-25
drive springs. 6-24

Coils, active. 6-25
Inactive. 6-27
number of solid, 6.28

Compressibility, 3-22
Compressible fluid, 4-29, 8-5
recoil mechanism. 8-4

Concentric
hydmspring recoil mechanism, l-l.?
rccoi[ mcchmism, 6.5
sleeve bearings, 6.39

Conductivity, thermal, A-12
Conformability. 6-5 I
Conservation of Ii”ear momentum, 2.I5
Contact sdS. 6-53
Continuity equation, 3-20
Control orifice, 1-13, 6.14
areas, 4-40.5-34
depth. 5-10
design, 5-4
design problerm 3-17, 3-39

Co”tml rod design considerations. 4-45
Co”\erge”t-divergent nozzle, 2-25. B-6
Corrected shmr stress, 6-25
Corrosion resistance. 6-5 I
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INDEX (cent’d)

Counterrecoil, 7-3
assembly, 6-15
buffer, 4-69, 6-17
calculations, 4-47
control design, 3-40
c ontrol orific e are a , 4-57
cycle, I-3
cylinder, I-10
design, 3-42
mechanism. 1-9, I-10
design, 3-40

orifice, 1-3, 4-47
area, 4-47

phase, 1-16
spring, 6-15, 6-24

Crew
overpressure, 2-4, 2-29
space constraints, 2-4

Crushing pressure. 6-64
Cup rings, 6-55
Curvature correction factor, 6-25
Cylindrical rotary viscous damper. 8- I8

D
Dependent-type hydropneumatic recoil mechanl~m,
1-11,3-11

Dependent-type recoil mechanism, 4-5
Derived constraints, 2-6
Design
data, 4-fo, 4-19, 5-8, 5-20
equation, 4-21, 5-22
of buffers, 3-47
of control orifices, 4-8, 5-8
of control rod, 5-41
of counterrccoil mechanism, 3-40
of recoil cylinder, 5-50
of recoil piston, 5-48
of recoil piston rod, 5-48
of recuperator, 5-49
of selected components of recoil mechanism, 5-45
procedure, 3-18

Determination of
bulk modulus, A-10
discharge coefficients. 4-39, 5-27

Diffusivity. thermal, A-9
Discharge coefficients, 1-2, 3-39, 6-14
determination, 3-27
for counterrecoil orifice, 4-56
variable orifice, 3-53

Disk-[ypc >iscous damper, 8-15
rotary, 8- I8

Double recoil system, 8-20
rectilinear, 8-21
rotary, 8-2 I

Drive cylinder. 1-15
Dry friction recoil, 8-15, 8-20
Duration of recoil stroke, 2-12
Dynamic
bulk modulus, A-10
SeaIS, 6-53

E
Eccentric loading, 6-28
Eccentricity, ratio of, 6-28
Effect ivc
area, 5-18
of equi\alcnt orifice, 5-20
of orifice, 3-22

fluid compressibility, 3-22,4-29
Electromagnetic recoil device, 8-20
Embeddability, 6-5 I
End turns, 6-27
Energy
absorption device, 8-15
balance, 2-14

Environmental cmnditiuns, I-8
Equation
of motion, 5-22
of state of hydraulic fluids, A-2

Equivalent orifice, 3-28, 5-IX
area, 4-28, 5-8

F

Fallurc modes, 2-5
Fatigue, resistance to, 6-5 I
FiOoux mechanism. 3-12, 5-28
Filloux-type, independent. hydropncumatic. variable
recoil mechanism, 5-4

Firing
stab] lity, 2-47
trip, 7-3

Fixed recoil length, 3-6
Floating piston, 1-3, 4-70, 6-56
Fluid
compressibility, 5-23
discharge equation, 3-20
Ilow

a n alysis, 3-25
cutoff, 7-21
law, 3-19

property variations, 8-8
throttling force, 1-8, 2-15
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INDEX (cent’d)

Followers. 6-66
Focce on recoil rod, 3.’29
Forward buffer, 7-3, 7-21
Free recoil, 2-5
Frictional force of sliding surfaces, 2.]6, 4.19, 5.25
Frictional resistance of
bearings, 3-29, 3-3 I
packings, 5-26
packings and seals, 2-[6, 3-29, 3-36, 4-19

Frictionless flow, 8-8
Front follower, 6-18

G

Gas
constant, 2-25, B-5
ejection
period, 2-24
phase, 2-17

Gravity-feed-type replenisher, 6-24
Groove dimensions, 4-41
Ground anchoring, 2-47
Gr OUSCrS, 2-47

H

● Helical compression springs, 6-27
Human factors. 2-4
Hydraulic fluids, [-9
equation of state, A-2
motion of, 3-19
properties, 3-58
thermodynamic transport, A-2
transport, A-2

thermal conductivitim, A-12
throttling resistance, 3-39

Hydropneumatic
recoil mechanism, 1-2, 1-3, I-10, 3-6, 3-9, 6-5
recuperator, [-10

Hydmspring
recoil mechanism, 1-13.3-15, 6-5
recuperator, I-10

I

Ignition delay, 7-16, 7-20
variation in, 7-20

Imptdse of
brtecb force, 2-13
recoil force, 2-14
round, 2-5

In-battery position, 1-3

In-bore
period, 2-18
phase, 2-f6
VelOCdy, 2-[ 8

Inactive coils, 6-27
Independent-type hydropncumatic recoil mechanism,
i-lo

Independent-type recoil mccbanism, 4.5, 5-4
Inner (long recoil) orifice design approach, 5-44
Interior ballistic
force, I-5
modeling, 2-16

Intermittent motion, 8-3 I
[sentropic, A-13
Isothermal bulk modulus, A-12

K

Kinematic viscosi[y, 3-53, A-9
Kinetic energy of recoiling parts, 2-S

L

Lanyard, I-6
Latch, 7-2
position, 1-16

LeDuc
empirical formula, B-4
equation, 2-18
parameter, 2-18, B-4

Leakage
areas, 4-17, 5-14
factor, 3-36

Length of recoil, 2-5
Long recoil, 1-4, 4-7
grooves, 4-41, 5-9

M

Maintainability, 2-4
Mass conservation equation, 3-57
Mean chamber pressure, 2-19
Mechanical
firing trip, 7-21
spring recuperator, 6-5

Moment-area calculations, 4-27, 5-34
Moment-area method, 2-13, 2-35, 2-38, 3-29, 4-33
Momentum balance, 2-35
Motion of hydraulic fluid, 3-19
Muzzle
brake, 2-4, 2-28, 4.59
efflcu?ncy, 2-29
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force, 2-16, 2-29
momentum, 2.4, 2-30
V CIO CLt~, 2-19

N

NASIRAN. 5-49
Newton’s lawofiriclion, A-9
Number of solid coils. 6-28

0
O-ring seals, 6-58
O-type cradle, 6-4X
Orifice, I-3
area, 3-21
variation, 2-15

Orifices in
parallel, 3-25
series, 3-26

Outer control orifice area, 5-I()
Overpressure, 2-29
blast, 2-4, 2-30

Overtravel, 3-23

P

Packing. 3-28, 4-63, 6-53
filler, 6-55
force, 6-9
rub ber-Tdlon, 6-57
seals, 6-55

Peak chamber pressure. 2-19
Perfect gas. 2-25, B-6
Per formmcc
objectives, 4-6, 5-4
constraints, 2-5

Piston
areas, 5.14
buffers, 6-19
floating, 1-3,4-70,6-56
heads, tvpes of. 5-17
lip plac~rnent, 5-40
rmmil,4-62, 5-17
design of, 5-48
rod, 4-60
design of, 5-48

types of heads. 5-17
Pitch motion, 3-48
Pneumatic b“ffcr, 3-41, 4-69
Port areas, 5-14
Practical design considerations, 5-38

Prandtl number, A-13
Preliminary design. 2-3
Press”re drc?pscrlsc~r. 7-21
Pressure
factor. 3-36, 4-63
overpressure, 2-29
blast, 2-4, 2-30
crew, 2-4, 2-29

proof, 4-65
Pressure.type replenisher, 6-23
Primary recoiling parts. 8-21
Projectile travel, 2-18
Prool pressure, 4.65
Propellant gas, 2-7, 2-24
force, 1-2,3-33

Puteaux mcchanism,3-9

Q
Quick-change bamcls. 6-64

R

Radial expansion, 5-17
Rapid-fire artillmy wcapo”, 8.26
Rate of fire, 2-4
Ratio of eccentricity, 6-28
[<ear
huffcrs. 7-2 I
followers. 6-66

Recoil, 7-3
brake, I-9
tom’, 3-7

control orifice ,4-7
cycle. temperature rise in. 3-59
cylinder, I-3. 4-64
dynamics. 2-8
force, [-2, 1-5, 2-3.2-5
length, 1-7, 2-3,2-9
mechanism. 1-2, I-5, I-9
air-oil, 8-20
burst-fire, 8-26
compressible fluid, 8.4
concentric, 6-5
conccrltr]c h),drospring. 1-13
dependent-type, 4-5
hydropnwmatic, 1-[ 1,3-11

design of selected components of, 5-45
dynamics, 2-3
Fillo”.-typc. imle p e c]d.nt. hy drc,prle ”m a[ic.

v ari>iblc, 5-4
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● hy d m pn e um atic, 1-2, I-3, 1-10,3-6,
independent-type, I-10

hydrospring, 1-[3,3-15,6-5
separale, !-13

independent.type, 4.5, 5-4
soft, 1-[5
tank, 3-6, 6-s
thermodynamics, 3-58

orifice area, 4-1 I
piston, 4-62, 5-17
rod, 4-60

rocket (hrustcrs. 8-25
soft. 7-2
throttling valve, 4-73
lotalrcsis[ancc to, 2-[6,3 -29
travel, 2-5

Recoi[ingp:irts, 1-2, 2-5,2-9
weight. 2-7

Rectilinear double recoil. 8-21
Recuperator, 1-3. I-10, 1-[5,4-67 ,5-17
cylinder, I-3
force, 1-8,2-16,3-29,4-18

C qLl,itl O n, 5-24
Reculator. 4-72
\alve, 4-75

●
Relia bility. 2-4
Replenisher, 6-22
Re quisites otrc c oilsystc[m 3-16
Rcsista”ce to fatigue. 6-5 I
Respirator, 3-41
Rifling torque, 3-34, 6.42
Rocket thrusters recoil nvxhanism,X-25
Rod p“[l, 3-29.3-31
[<ot;iry doubk recoil, 8-2 I
Uotary.type viscous damper, 8-16
Rubber-Tcflo” packings, 6-57
Run-up, 7-3
phase, 1-16

s
Schneider mecha”isrn, 3-13
Seals, 3-28, 6-53
clearance, 6-53
contact, 6-53
dynamic, 6-53
O-ring, 6-58
packing, 6-55
static, 6-53
T-ring, 6-61

Secant bulk modulus, A-10

3-9, 6-5 Secondary recoil
effect, 3-48
parts, 8-2 I

Self-propelled artillery systems. 5-4
Separate hydrospring recoil mechanism, 1-13
Shear StrUS

corrected, 6-25
uncomected, 6-25

Short recoil, 4-7
grooves, 4.4 I

Simplified ballistics model, 2-18
Simplified hydropneumatic fluid dynamics model, 3.I9
Sleeve bearings, 6-39
Slides, 3-28
Sliding bearings. 6-39
Soft recoil, 7-2

C y CiC . 1-16. 7-2
mtchanism, I-15

Solid height, 6-28
Spacer, 6-55
Spades. 2-47
spear buffe(s, 6-17
Specific
heat, 2-25, A-12, B-5
impetus, 2-25

Spccdof sound inpropcllant gas, B-6
Speedup factor, 2-29
Spring rate, 6-25
Springs, 6-24
Belleville dri\e, 6-3 i
coil
diameter of, 6-25
drive, 6-24

counlerrecoil, 6-24
helical compression, 6-27
index, 6-25
wire diameter of, 6-25

St. Chamo”d mechanism, 3-11
Stability
criteria, 2-47
index, 2-48, 2-49

Stakes, 2-47
Static
bulk modulus, A-10
pressure seal, 6-18
seals, 6-53

Streamline, 8-5
Stuffing box, 6-53
Surface action, 6-5 I
s urge

time, 6-29
Wa V C , 6-29
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INDEX (cent’d)

Syste m tra d e - off, 2-45
factors, S-4

T

T-ring seals, 6-6[
Tangent bulk modulus, A-10
Tank
cannon, I-9
recoil mechanism, 3-6, 6-5

Technological constraints, 2-6
Temperature rise in recoil cycle. 3-59
Thermal conductivities of hydraulic fluids, A-12
Thermal
conductivity, A-12
diffusivity, A-12

Thermodynamic tramport properties of hydraulic Il”ids,
A .2

Thermodynamics of recoil mechanism. 3-58
Thick wall cylinder theory, 6-63
Throttling hydraulic fluid resistance, 3-39
Throttling plate, I-3
Time of projectile exit, 2-2o
Total
recoil force, 3-6
resistance to recoil, 2-J6, 3-29
resisting force, 5-27

Towed artillery, I-9
Trade-off, 1-4, 2-7, 2-48, 8-12
curves, 2-8
factors, 4-6
relations, 2-38

Translational bcari”gs, 6-39
Transport properties of hydraulic fluids, A-f
Travel of
projectile in bore, B-4
recoiling parts, B-4

Tube length, 2-7, 2-19, 2-30
Types of piston heads, 5-17

u

U-type cradle, 6-42
Uncorrected shear stress, 6-25
User requirements, 2-4

v
Valve scat ring, 6-18
Variable orifice discharge coefficient, 3-53
Variable recoil, I-4
length, 3-6
mechanism, 3-6
system, 3-6

Variation in ignition delay, 7-20
Velocity
muule vcloci{y, 2-4, 2-30
of [ree recoil, 2-5
of recoiling parls, 2-20
sensor, 7-3, 7-20

Viscosity, A-9
kinematic. 3-53, A-9
temperature and pressure, effect of, A-9

Viscom damper
cylindrical rotary. 8-18
disk-type, 8-15
rotary, 8-18

energy absorber, 8-15
rotary-type, 8-16

w
Weapon stability, 2-3, 2-47
Wear, 6-5o
Weight al
charge, 2-19
projectile, 2-19
propellant charge, B-2
recoiling parts, 2-3, B-2

Wipers, 6-53
Wim diameter c]f springs. 6-25

z
Zone-setting controls, 7-21
Zones of charge. I-8

I-6
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DOD-HDBK-778 ( AR)

SUBJECT TERM (KEY WORD) LISTING

Ballistics
Belleville Springs
Bore
Breech
Burst
Cannon
Carriage
coil
Control Rod
Counter-recoil
Discharge Coefficients
Filloux
Gravity-feed
Grousers
Hydraulic Fluid
Impulse
Le Duc
Muzzle
NASTRAN
Orifice
Piston
Pitch Motion
Port Areas
Prandth
Puteaux
Recoil
Recuperator
Replenisher
Rifling Torque
Schneider
Secant
Self-propelled
St . Chamond
Towed
Viscous Damper

Custodian:
Army - AR

Preparing activity:
Army - AR

(Project 1OCP-AOO6)
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