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Recoil Systems

I. 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
cther organizations within the Department of the Army.

2. This document supplements department manuals, directives, military standards, etc., and provides
infor 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)
appearing at the end of this document or 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.
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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 hydropneumatic 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
the US Army Materiel Command’s Engineering Hand-
book Program, under the direction of the US Army
Management Engineering College. The handbook was
written by Intertech Corporation as subcontractor to
the Research Triangle Institute under Contract No.
DAAG-34-73-C-0051.



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)

This page intentionally
left blank.



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)
CONTENTS
Paragraph Page
LIST OF ILLUSTRATIONS ..o itieerterereecesrne e mm et bt s se s s e s s vinsbbnba s e es xii
LIST OF TABLES ... e e e s s s s s eees e e e e g msmn st s s 2eeneas xvil
LIST OF ACRONYMS AND ABBREVIATIONS ...
CHAPTER 1
INTRODUCTION
1-0 LIST OF SYMBOLS .o iiiierirre e e e e e e e ee e irerer e e s ress s sres seamsmmnmmntnepee s ses i nnas 1-1
I-1 GENERAL ..o et ieie i e ee e sas e m e meeetste et saeaa e s asa s s mmm s e sneasmeees s assnmnsnnens I-1
1-1.1 PURPOQSE OF THE RECOIL SYSTEM ..ot 1-2
1-1.2 1L X 0 ] & S OO 1-3
1-1.3 RELATION TO OTHER HANDBOOKS ..ot 1-5
1-2 FUNCTIONS OF RECOIL SYSTEMS ..o it nmn e e s nseane 1-5
1-2.1 MOMENTUM TRANSFER ...ttt e s e ese e e e e s s n e eecneee e 1-6
1-2,2 RECOIL FORCE CONTROL ..ot meenee e bas e st s 1-7
1-2.3 ENERGY TRANSEER ...oovieiiiiiiiiiiiiie e ce ettt itesaese s snmbras e s eeaeeesaeesmasaaabnnseenas 1-8
1-2.4 PROTECTION IN EXTREME CONDITIONS ..o 1-8
1-3 RECOIL MECHANISM TYPES AND THEIR APPLICATIONS ... 1-8
1-3.1 TRENDS IN WEAPON DEVELOPMENT WHICH AFFECT RECOIL
MECHANISM DESIGN . .otiiiiiiiierirrrerresceesns e e cesis s sssns s s s s a s i-9
1-3.2 COMPONENTS OF A RECOIL MECHANISM ..o 1-9
1-3.3 HYDROPNEUMATIC MECHANISMS ... s 1-10
1-3.4 HYDROPSPRING MECHANISMS ..ot necernns s e 1-13
1-3.5 SOFT RECOIL MECHANISMS L et e e I1-i4
1-3.6 NOVEL RECOIL MECHANISMS ...oiiiiiiiceiiiiierteseesesaesrssmrmns ssresseesesae s e an s nnnaes 1-16
1-4 ORGANIZATION OF HANDBOOK ...t ieescrriensrms e et 1-18
REFERENCES ...otinoeieoetiiieiseesasseentnaeeae e e eeesaeaaen s mabbass e seaan s s ss srsamanmn e mrasesnaassansans 1-18
CHAPTER 2
PRELIMINARY DESIGN OF RECOIL MECHANISMS
20 LIST OF SYMBOLS ..o et iirae et mieeee s e se s e e s nmmres e e ne s anea s e s nmsba e s eaeeeaeenans 2-1
2-1 PERFORMANCE OBJECTIVES AND CONSTRAINTS ..., 2-3
2-1.1 PERFORMANCE REQUIREMENT INPUTS ..o 2-4
2-1.1.1 User-Supplied ReqQUITEMENtS ........ocvveiiireriiiiii it 24
2-1.1.2 Derived ReqUIrEMENTS .......coooiiiiieeeciee et r i i se s s s e e e e 24
2-1.2 PERFORMANCE CONSTRAINTS ..iiiiiiieireecaieieeeeeeerecnecrearereenmraasssrnnarseaenssas 2-5
2-1.3 TRADE-OFF RELATIONSHIPS ..o cnirerrssannnas s sanssnes 2-7
2-2 RECOIL DYNAMICS ...ttt erere et e e s s e s mrmsb s ae s s ee s e s e memtab s s s s e 2-8
2-2.1 EQUATIONS OF MOTION ..ottt sttt 2-8
222 MOMENTUM AND ENERGY RELATIONS ... e 2-13
2-2.2.1 Momentum Balance ............cooooiiiiiiiiiie et e s s s 2-13
2222 Energy BalanCe .......oooooiiiiiiiiiceciee e cietbr s e e s e e s et 2-14
2-2.3 FORCE COMPONENTS oo eiertererres e e eeeerae s s s s s s mm e s eeseabans 2-16
2-3 INTERIOR BALLISTIC MODELING ....ooooiiiiiiiiiriecittinne s ssssrsen s sssssnsnnnas 2-16
2-3.1 LEVELS OF SOPHISTICATION IN INTERIOR BALLISTIC MODELING ....... 2-17
2-3.2 A SIMPLIFIED BALLISTICS MODEL FOR RECOIL MECHANISM
DESIGN oottt e e eeceeeee e s stsraaraneaeareese s aememaeneessasssae i s bRt ans s s bresan s nennss 2-18
2-3.2.1 Factors Influencing Breech FOTCe ......oooiiiiirienimcciric it 2-18
2-32.2 IN-BOre Period ...........oovereeiiieieiececeeei et cn e e e ee e eeeee s e e e cee e e st es s s b ne e 2-18



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)
CONTENTS (cont'd)
Paragraph Page
2-3.23 Gas EJection Period ... . e ccreeeesre s eree et eeeeeanva e aes s ea s rannsn b s es 2-24
2-3.24 Muzzle Brake Effects .. e s 2-28
2-3.3 APPROXIMATION OF BALLISTIC PARAMETERS ..., 2-30
24 MOMENTUM BALANCE AND THE MOMENT-AREA METHOD ....................... 2-35
2-4.1 MOMENTUM BALANCE RELATIONS ..t eevenvn e enn e 2-35
2-4.2 THE MOMENT-AREA GRAPHICAL METHOD ..o 2-38
2-4.3 TR ADE-OFF RELATIONS e st e e e eeee 2-338
2-5 SYSTEM TRADE-OFFS AFFECTING RECOIL MECHANISM DESIGN ............. 2-45
2-5.1 RECOIL FORCE, STABILITY, AND RECOILING PARTS WEIGHT
RELATIONSHIPS L et ras e e ee e e ee e se ettt e ettt enenessmenes 2-46
2-5.2 GROUND ANCHORING L.ttt r e r e ne s 2-47
2-5.3 EXAMPLES OF TRADE-OFF CALCULATIONS ... 2-48
REFERENCES ..ottt ee et et et ettt eeer e e e e e e e e e e s ansmnsneeee 2-50
CHAPTER 3
CONTROL ORIFICE DESIGN FOR
HYDROPNEUMATIC RECOIL. MECHANISMS
30 LIST OF SYMBOLS s e e esate s e an e st en s e e e e e ee s 3-1
3-1 INTRODUCTTION e ettt er e e e e e e e s e snbrne e naeaesonnn 3-6
3-2 PRINCIPLES AND TYPES OF HYDROPNEUMATIC RECOIL
M ECH AN LS M S e e ettt ee e ettt ee e e e et tra s e e aasbemmnnean s aeaeen 3-6
3-2.1 THE PUTEAUX MECHANISM Lttt 39
3-2.2 THE ST. CHAMOND MECHANISM et s 3-11
3-2.3 THE FILLOUX MECHANISM e ee e e saas e 3-12
3-24 THE SCHNEIDER MECHANISM .. cciccacinmnnrenenar e rer s s ess s svnenene 3-13
3-2.5 HYDROSPRING RECOIL MECHANISMS et eieeeen 3-15
3-2.6 SELECTION AND REQUISITES OF A RECOIL SYSTEM ... 3-16
3-3 CONTROL ORIFICE DESIGN PROBLEM ... 3-17
3-3.1 GENER AL e et e te e s e e e e e reeaeas ee bt an s aeenre e anneacaeres 3-17
332 DESIGN PROCEDURE e e ee e s e 3-18
3-4 SIMPLIFIED HYDROPNEUMATIC FLUID DYNAMIC MODELS ...................... 3-19
341 BASIC ASSUM P T IO N S et e et e ee e r e e e e ee e aeeeas 3-19
3-4.2 FLUID FLOW LAW ettt ee e et et as e e e e e e e e smeees 3-19
3-4.3 USE OF BULK MODULUS Lo ittt estae et et e e 3-22
344 FLUID FLOW ANALYSIS Lottt et eee e e e e s ae e e een 3-25
3441 Orifices In Parallel ... ..ocooiiiiiiiii et ere s ee e 3-25
3442 OIFICES 1N SETIES 1oiioiiiiiii ittt ettt ee e e eee s et eeeeeeeaeeeeaeeeas s et smnmeeneeemnneesrbnnes 3-26
3-4.5 DISCHARGE COEFFICIENT DETERMINATION ...ccocoiiiiiiiiiiiee e 3-27
34.5.1 LT T 1 USSP 3-27
3452 Use of Experimental Data ...t 3-27
3453 Fluid Compressibility Neglected ..........ccccoiiiiiiiiii e 3-28
3454 Fluid Compressibility Included ...........ccoiiiiiiiiiiiiic e 3-29
3-5 FORCES CONTRIBUTING TO TOTAL RESISTANCE TO RECOIL ..................... 3-29
3-5.1 RECUPERATOR FORCE ..ocooiiiiiiieieii e ee e st e tavteeavemeevesaas rssasbman st nasnsn e ens 3-29
3-5.2 FRICTIONAL RESISTANCE OF BEARINGS ... 3-31
3-5.3 FRICTIONAL RESISTANCE OF PACKINGS AND SEALS ..., 3-36
3-5.4 RESISTANCE OFFERED BY THROTTLING HYDRAULIC FLUID ................. 3-39
3-6 CONTROL ORIFICE DESIGN PROCEDURE ..ot 3-39

vi




Paragraph

3-6.1
3-6.2
3-7
3-7.1
3-7.2
3-8
3-8.1
3-8.2
3-8.2.1
3-8.2.2
3-8.2.3
3-83
3-8.3.1
3-8.3.2

4-0

4-2
4-3
4-3.1
4-3.1.1
4-3.1.2
4-3.1.3
4-3.1.4
4-3.1.5
4-3.1.6
4-3.2
4-3.2.1
4-3.2.2
4-3.2.3
'4-3.3
4-3.4
4-3.5
4-3.6
4-3.6.1
4-3.6.2
4-3.6.3
4-3.6.4
4-4
44.1
4-4.2
443
4-4.4
445
44.6

Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)
CONTENTS (cont’d)

Page
PROCEDURE FOR DETERMINATION OF DISCHARGE COEFFICIENTS ... 3-39
PROCEDURE FOR DESIGN OF CONTROL ORIFICE ........ccoooiviieieeeceeees 3-40
COUNTERRECOIL CONTROL DESIGN ............... U SO UOOTPRUPRRTRPON 3-40
DESIGN OF COUNTERRECOIL MECHANISM ... 3-40
DESIGN OF BUFFERS ettt et cameeae s ae e 3-47
ADVANCED TECHNIQUES IN DESIGN OF RECOIL MECHANISMS ............... 3-48
SECONDARY RECOIL EFFECTS ... e e e e e 3-48
ADVANCED FLUID MECHANICS L iiiiiiiriasirersierassaeeeeaeaeeaenememeneneenes 3-52
Variable Orifice Discharge Coefficient ... 3-53
Effect of Fluid Compressibility ...t 3-53
Two- and Three-Dimensional Effects .............cccooei e 3-56
THERMODYNAMICS OF RECOIL MECHANISMS ..., 3-58
Hydraulic Fluid Properties . ... vee i e 3-58
Temperature Rise in a Recoil Cycle ...t 3-59
REFERENCES ... oottt ee et e ettt ae s 2t s e s e e stme e eeeaeanasaanesmannnnnes 3-60

CHAPTER 4
RECOIL MECHANISM DESIGN FOR TOWED ARTILLERY SYSTEMS

LISTOF SYMBOLS ..ot eretrni et esasassesaaseee s eee et aesen e s e e e aeee msnesneee 4-1

INTRODUCTION L.oooiiiiiiiiieiie s e ei et e e e e ee e ee e rneasae e e ee e e e ee s e eanmenemneneeeeeeeseeans 4-5

PERFORMANCE OBJECTIVES AND SYSTEM TRADE-OFF FACTORS ........... 4-6

DESIGN OF CONTROL ORIFICES .. ...t e e 4-8
SUMMARY OF DESIGN DATA ittt a e et e e e e e 4-10
Recoil Orifice Area @, .....covveeeivieieiiiicieiiecec e, et eetbeeraesateeaeae e menanrenaeaeeenaetnane 4-11
LEAKAZE ATCAS Grieak -.oevvrimreriieieneeiiine i eeeee e aae s esaeteeraaaesaesaerareeee s arn b b nmarsnnbmaannnen 4-17
Recuperator Force Ka ..ot st v e 4-18
Frictional Force Ky of Sliding Surfaces ... 4-19
Frictional Resistance of Packings and Seals .................oiiiiiiinciiieas 4-19
Summary of Design Data ........oociiviiieiiiiiieie e 4-19
DESIGN EQUATION ..ot rrmr e e aeran e e s rrnna s en e 4-21
Equation of Motion for Recoil Parts Without Replenisher ...........cooooveicnciiie 4-23
Equation of Motion With Compressible Fluids ..................cococ. 4-29
Moment-Area Method ... e 4-33
DETERMINATION OF DISCHARGE COEFFICIENTS ....oooociiiiiiiiieeeeeeeee. 4-39
CONTROL ORIFICE AREAS ettt eee ettt e e e e e e ee s 4-40
CONTROL ROD DESIGN CONSIDERATIONS ... evmnaeneenes 4-45
COUNTERRECOIL CALCULATIONS . irierevvreeer s s e s 4-47
Counterrecol]l Orifice Area e ..ooooioeiiii e e e e e aeaaeas 447
Design EQUAtIONS ..ottt et e 4-48
Discharge Coefficient for Counterrecoil Orifice ................o.ooooiiiiiiiiiiii, 4-56
Counterrecoil Control Orifice Area ... e 4-57
DESIGN OF RECOIL MECHANISM COMPONENTS ... 4-58
RECOIL PISTON RO ettt ee e e e e e e e e 4-60
RECOIL PISTON ottt et e et e e e et e e e e e s e ran aanan s 4-62
PACKINGS .oooiieiiereirirreeaeeeerrmeemeimeeeitannemea et m e i besasssras reragaeeeeaseneaneaneeeaeneanaanes 4-63
RECOIL CYLINDER ..ooriiereres e cre ettt eevmeee e am e e e e e 4-64
RECU P ER AT O R et erarr s e e re s seena e e ee s nes s mmaaaneanes 4-67
COUNTERRECOIL BUFFER ...ttt eee et ea e 4-69



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)
CONTENTS (cont’d)

Paragraph Page
4-4.7 FLOATING PISTON ettt ee et e e e eee s e bane e s e rnaseeraniae 4-70
4-4.8 REGULATOR ottt rae e s rae e b e e et e e beeens e enesaerenaes 4-72
4-4.9 RECOIL THROTTLING VALVE ... ee e s e 4-73
4-4.10 REGULATOR VALVE it er e seee e s ettt et e e abe et neeeane 4-75

REFERENCES ettt et ee e e eaeee e e atrarraesasaion 4-75

CHAPTER 5
RECOIL MECHANISM DESIGN FOR SELF-PROPELLED ARTILLERY SYSTEMS

5-0 LS T OF SY M BO LS e e e s e e s e s v sr b betas e e e e 5-1
5-1 INTRODUCTTION ettt ettt et et e vt rasr s e s srbebrseeaeeasseass 5-4
5-2 PERFORMANCE OBJECTIVES AND SYSTEM TRADE-OFF FACTORS ........... 5-4
5-3 DESIGN OF CONTROL ORIFICES .. .ottt 5-8
5-3.1 SUMMARY OF DESIGN DATA et iee s e e 5-8
5-3.1.1 Calculation of Inner Controi (Long Recoil) Orifice Area ar ..o.oooooeeeeieeiii. 5-8
5-3.1.2 inner Control Orifice Depth ..., 5-i0
5-3.1.3 Outer Control (Short Recoil) Orifice Area ds ......ccooooeeeiiviiiiiiee e 5-10
5-3.1.4 Outer Control Orifice WIdth ... 5-12
5-3.1.5 Leakage Areas, Piston Areas, and Port ATeas .......ccoovevvveivvimeoeioieeeeeeeeeeeeeaeer e 5-14
5-3.1.6 Analysis of Fluid Flow Path .. ... eeieeearern. 5-18
5-3.1.7 Design Data ..............coooiiiiiiiiiiiieee et ee et eeeara e eae e raneeeeanann 5-20
5-3.2 DESIGN EQUA T ION S et e s e ar e e e aaranee s 5-22
5-3.2.1 Equation of MOtION ..ottt e 5-22
5-3.2.2 Fluid Compressibility and Calculation of Oil Pressure ...........c.ooooooooiiiiiiiiiiii... 5-23
5-3.23 Recuperator Force EQUAtION ... e, 5-24
5-3.24 Frictional Force of Sliding Surfaces ............cc.coooiiviivieiiiiii e 5-25
5-3.2.5 Frictional Resistance of Packings ..........ccccoooiiiiiiiiiiiieicii e 5-26
5-3.3 DETERMINATION OF DISCHARGE COEFFICIENTS .....cocoooviieiiieceiieeee. 5-27
5-3.4 CONTROL ORIFICE AREAS L et 5-34
5-3.4.1 Moment-Area Calculations ..........ccocoiiiiiiiiiiii et 5-34
5-3.4.2 Calculation of Control Orifice Areas ........ocoooiiiiiiiieiirrirere e ee s 5-38
5-3.5 PRACTICAL DESIGN CONSIDERATIONS ...t 5-38
5-3.5.1 General ... e e et r it et e e et e e e eeas 5-38
5-3.5.2 Piston Lip PLACEIMENT ......uuiiiieiieeei s e ere e e e ee s e ie et ettt s e e e e e s 35-40
5-3.5.3 M127 Mount, Quter (Short Recoil) Orifice Design Approach ........coooeevniiiil. 5-40
5-3.54 M127 Mount Inner (Long Recoil) Orifice Design .......c.coeveiieiiiciiiiinei v, 5-44
5-4 DESIGN OF SELECTED COMPONENTS OF THE RECOIL MECHANISM ....... 5-45
54.1 PRELIMINARY DESIGN ..ottt e e eas e seanes e 5-45
54.2 DESIGN OF CONTROL ROD ..o e 5-47
5-4.3 DESIGN OF RECOIL PISTON ROD L. ettt 5-48
5-4.4 DESIGN OF RECOIL PISTON oottt ea e 5-48
545 DESIGN OF RECUPERATOR L. ..o eervaseessneeneennens 349
54.6 DESIGN OF RECOIL CYLINDER . rerevrer e ereniee e e e e e e e 5-50

REEFE R ENCES et ae e e s e e e e s e e e s e e mreaeens 5-50

CHAPTER 6
TANK RECOIL SYSTEMS

6-0 LIS T OF SYMBOLL S Lttt et e ee et s e e e e e nnaeeeeans 6-1
6-1 PERFORMANCE OBJECTIVES AND SYSTEM TRADE-OFF FACTORS ........... 6-5

viii



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)
CONTENTS (cont’d)

Paragraph Page
6-2 DESIGN OF CONTROL ORIFICES ...t e 6-5
6-2.1 SUMMARY OF DESIGN DATA ..ot ennee s 6-7
6-2.2 DESIGN EQUATIONS ..ottt 6-8
6-2.2.1 Spring Force-Displacement RElations ... 6-8
6-2.2.2 FLHCHOM FOTCES -.neieieeieeie i eeeee e e et s ettt s e s s e e s et s e 6-9
6-2.2.3 Orifice Pressure Drop EQUATION ....oocoiiiiiiiiiiiio et 6-11
6-2.2.4 Orifice Area EQUALION .....ccooiiiiiiiiiiriin i 6-11
6-2.2.5 Fluid Flow Path and EQUation ............coccoiiiiiiiii e 6-12
6-2.3 DETERMINATION OF DISCHARGE COEFFICIENTS ..., 6-14
6-2.4 CONTROL ORIFICE AREAS . oottt 6-14
6-2.5 PRACTICAL DESIGN CONSIDERATIONS s 6-14
6-3 DESIGN OF RECOIL MECHANISM COMPONENTS ... 6-15
6-3.1 BUETFER oo eooeee oot eeee e ee e e e e e e ee e e eab s meaeraneaeeeeeaar i mtabesaesaesaeases s rne e sesasanne s nn e 6-17
6-3.1.1 Selection of Design PATAMETErs .....ocoiiieiiiviioericin i 6-17
6-3.1.2 Design of Buffer System ... 6-18
6-3.1.3 Calculations for Buffer Design ... 6-19
6-3.1.4 Practical Design Considerations .............ooooooiiiimminnrec e 6-21
6-3.2 REPLENISHER ..ottt ee et e e ettt e s bt s s ne e e an e e nm s e s 6-22
6-3.3 o8 o0 8 D ] T OO OO TPV PSP RRTPRPPPIPPRP OO 6-24
6-3.3.1 Coil-Type Counterrecoil Drive SPrings ... 6-24
6-3.3.1.1 Design Constderations ........cocioiiiiiimiiiirririr et ee st 6-24
6-3.3.1.2 Design EQUAIONS ...vevveiecececieieiies ittt st 6-24
6-3.3.1.3 Effects 0f PTesetling ..o ooiiieieiieieieercceainaae s eriia e s e ae et nr e n s 6-26
6-3.3.1.4 Fatigue Effects of Repeated Loading ... 6-26
6-3.3.1.5 EAfects Of End TUTIIS .ouooueerireiiioiieaesieeae s e aaeseseaaaeaneeets s atnstnsnraraanne s orne st 6-27
6-3.3.1.6 Effects of Eccentric LOAdINgG ..o 6-28
6-3.3.1.7 Expansion in Diameter During Loading ... 6-28
6-3.3.1.8 Effects of Dynamic Loading .......ccooviiiiiiinimnmmii e 6-29
6-3.3.2 Belleville Counterrecoil Drive SPring ..o 6-31
6-3.3.2.1 Design Considerations ........covieiiiiurivmemi e ettt 6-31
6-3.32.2 Design EQUAtIONS .. ocoiviut ittt ere e 6-32
6-3.3.23 NOIMUNAL SITESS Gn «oeeermeeetuuiarrenairiasirsrasaeeasaesrassearstonesemnmmarsnsrrbtst b st i sses 6-36
6-3.3.3 Material Properties and Fabrication of Counterrecoil Springs ...........coooiunienn 6-37
6-3.4 BEARINGS oottt oottt aese b raeseerea s eecoessb b bn e s e s s s et e e s a e s et e 6-39
6-3.4.1 Design of Sleeve BEarings .....ooveroiiiiiiei ettt 6-39
6-3.4.2 Design of Bearing for a U-Type Cradle ... 6-40
6-3.4.2.1 LOAG ANALYSIS 1uvveeeeeieiieriiiiins e iee e e 6-40
6-3.4.2.2 Stresses Due to Tipping MOmMEnt ... 6-41
6-34.23 Stresses Due to Rifling TOrqUE .....ooocieiiiiriorimiieeiit it 6-42
6-3.42.4 Stress EQUALIONS ..veoereerireiutieiuienrasis e e st rn s n e ns s 6-42
6-3.4.2.5 Components of Normal STrEss .....oooomriioiiiiiiiiiie e 6-42
6-3.4.2.6 Check for Fracture of Rail and Guide ... 6-44
6-3.4.3 Design of Bearings for an O-Type Cradle ... 6-48
6-3.43.1 Problem Defilition ........ocvvieiiummeimiairrsisreae e eeresieriasiressriaraasasase st nasseienes 6-48
6-3.4.3.2 Design EQUAtions ........coiviiiiiiiniiini i YRR 6-48
6-3.4.4 Effect of Gun Imbalance and Vehicle Dynamics .....c.coceeveeicioiiiiiinnnnin . 6-50
6-3.4.5 Factors Affecting Wear and Methods of Reducing Wear ... 6-51
6-3.5 o8 o N 5 S U OO OO PR SPPTRPRPP T . 6-53



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)
CONTENTS (cont’d)

Paragraph Page
6-3.5.1 Types of SCAIS ..ooo it e et 6-53
6-3.5.2 WIPETS Lot e et e et e s e e st e et e e n e s st e e et ae e neea 6-53
6-3.5.3 Packing SEALS ....oooiioiiiiiiiiii e ettt ae e 6-55
6-3.54 O-RITE SEALS o et r s e st e e e e s e ea st raraeas 6-53
6-3.54.1 Sealing TheOTY ..ooiiiiii et 6-58
6-3.5.4.2 Backup RINES ..oiiiiiiiiiiiie et ee e et eee et e e ey erae e enee 6-58
6-3.5.4.3 Static Seals .......ocooeiiiiiiiiice e e anreeaetataa et abantanaeaaaaseenans 6-58
6-3.54.4 Design Factors ..oovvvvievieevieineeen, et et et e ei—aeeeeveb—eeerenran i raaerarerrrna, 6-59
6-3.5.4.5 O-Ring in Static APPHCAION .....oceeiiiiit et eee e ennas 6-61
6-3.5.5 ToRANE SCALS oot e e et aaaans 6-61
6-3.6 PISTON AND SLEEVE et 6-63
6-3.6.1 Stress and Buckling of Sleeve ..., 6-63
6-3.6.2 Materials for SIEEVE ..o e ee e 6-64
6-3.6.3 Quick Change Barrels 6-64
6-3.7 FOLLOWER ... 6-66
6-3.7.1 Design for RIIIEY . ...eoiiii e ea e e e eaes 6-67
6-3.7.2 FOlloWer Materials ... et re e e s e e e 6-67
6-3.7.3 Fastening FOHower 10 Cradle . .....ocoiiiiiiiiiiiii oo e s v e aeeaeae e aens 6-67

REFERENCES ..ttt s et e e e s bree e e e e b e s 6-67

CHAPTER 7
SOFT RECOIL SYSTEMS
7-0 LIST OF SYMBOLS .ot et nrar e e s emrees 7-1
7-1 PRINCIPLES OF SOFT RECOIL OPERATION ..o es e eeeans 7-2
7-1.1 SOFT RECOIL CYCLE ..ottt v et et e e aaae e ee 7-3
7-1.2 MOMENTUM BALANCE AND PARAMETRIC RELATIGNSHIPS FOR
SIMPLIFIED MODEL OF SOFT RECOIL SYSTEM ..., 7-4

7-1.3 PERFORMANCE COMPARISON WITH CONVENTIONAL SYSTEMS ........... 7-8
7-2 DYNAMIC ANALYSIS AND PRELIMINARY DESIGN ..., 7-8
7-2.14 EQUATIONS OF MOTION AND SIMULATION OF SYSTEM CONTROLS .... 79
7-2.2 SAMPLE CALCULATIONS Lottt e e ea e e 7-16
7-2.3 EFFECTS OF IGNITION DELAY oottt 7-20
7-3 SPECIAL COMPONENTS FOR FUNCTIONAL CONTROL IN SOFT RECOIL ... 7-20
7-3.1 VELOCITY SENSOR et e st es b ra s st e e s e s es et ree e 7-20
7-3.2 BU B R S e ree e et ae e e e e e e e rensaanes 7-20
7-3.3 FLUID FLOW CUTOFF AND PRESSURE DROP SENSOR ......cccoccooveiiiiieennnn. 7-21
7-3.4 ZONE-SETTING CONTROLS ...ttt ee e ettt an e sa 7-21
7-3.5 COUNTERRECOIL CONTROL ..ottt ee e 7-21
7-3.6 MECHANICAL FIRING TRIP oo 7-21
7-4 DESIGN OF 105-mm, ARTILLERY SOFT RECOIL MECHANISM ...............cco.... 7-22
7-4.1 DESCRIPTION OF RECOIL MECHANISM ..occoiiiiiii e 7-22
7-4.2 RIGID BODY MODEL OF SOFT RECOIL MECHANISM ....ccccooiiiiiniieeee 7-25
7-4.2.1 Defining Equations When System Is Completely Filled With Fluid ..................... 7-25
7-4.2.2 Defining Equations When System [s Not Completely Filled With Fluid ............... 7-32
7-4.3 S M M A R Y ettt e e sttt et e s e e e et teaeataeaants 7-32
7-4.3,1 LOZIC DECISIONS .iieiiiiiiiiieiei ettt ettt ee e e e e e s e e et e eeeeeaees s ressenes 7-33
7-4.3.2 Summary of Defining EQUATIONS ......oooiiiiiiiiiiiiiiieciiirien e e 7-33
7-4.3.2.1 System Completely Filled With Fluid, i.e., Ps220 oo, 7-33




Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)
CONTENTS (cont’d)

Paragraph Page
7-4,32.2 System Not Completely Filled With Fluid, i.e., P»<<0 and NAg x<Au(x—p) ...... 7-34
7-4,3.3 Logic CONMIOIS ..ottt 7-35
7-4.4 DETERMINATION OF VALUES FOR BASIC INPUT DATA ... 7-35
7-4.5 DESIGN OF RECOIL AND COUNTERRECOIL CONTROL ORIFICES ........... 7-41
REFERENCES oottt e e e e e e st s st b e e e e e st an e e 7-42

CHAPTER 8
NOVEL RECOIL MECHANISM CONCEPTS

8-0 LIST OF SYMBOLS ittt meece sttt e et eees s e 8-1

8-1 INTRODUCTION AND HISTORICAL PERSPECTIVE ..o 8-4

8-2 COMPRESSIBLE FLUID RECOIL MECHANISMS ..o 8-4

8-2.1 PRINCIPLES AND DYNAMICS OF COMPRESSIBLE FLUID

MECHANISMS ittt ee et e e s s et e st s rsta s ae s es e s m v bnbe e 8-5

8-2.1.1 Basic PrINCIPIES ...o.eviriivrierereiiiie ettt e st e e e e e 8-5

8-2.1.2 Equations of MOUON .....coviiiiiiiiii i e e 8-5

8-2.1.3 Performance Sensitivity to Fluid Property Variations ...........ccccccveciiiioinciciccniann. 8-8

8-2.2 ORIFICE AND BUFFER DESIGN ... 8-8

8-2.2.1 OFiIfice DESIZN orivveiiieee ettt e et e e e e e e e e et e e 8-8

8-2.2.2 BUffer DESIZN .ooveeei oottt e e 89
8-3 HYBRID COMPRESSIBLE FLUID/SOFT RECOIL MECHANISM ... 8-11
8-3.1 BASIC CONCEPT ..oooiiiiiiiiii ettt ee e e men e e eaae e ba b br e s e e ae e s st b e s ae s 8-11
8-3.2 PARAMETRIC TRADE-OFFS ... 8-12
8-3.3 SAMPLE DESIGN CONFIGURATIONS ... 8-13
8-4 DDA M P E R S .ottt ittt et e et e e e e et et eeee e e e ee e n e r et e e b sn s e aeeaeaaan 8-15
8-4.1 DISK AND CYLINDRICAL VISCOUS DAMPING ... 8-15
8-4.1.1 Principle of OPeration .........ccoccoiiiiiiiiiiiiiis e 8-15
8-4.1.2 DISK DAMPET ciiiiiiie et a e ea s 8-16
8-4.1.3 Cylindrical DAMPET ..cooooiiiiiiiiiiii ettt r e 8-18
8-4.2 ATR-OIL DAMPERS ..ot te e siina s rbr e e e e s e e 8-18
8-4.3 OTHER NEW ENERGY ABSORPTION DEVICES ... . 8-20
8-4.3.1 Dry Friction Recoil Device ... 8-20
8-4.3.2 Electromagnetic TIEVICE ......ccooiiiiiiiiiiiiiiiiiiiiin e it s 8-20
8-5 DOUBLE RECOIL SYSTEMS ettt 8-20
8-5.1 RECTILINEAR DOUBLE RECOIL .....ooiiiiiiiiie it as e e 8-21
8-5.2 ROTARY DOUBLE RECOIL ...ttt ettt e 8-25
8-6 ROCKET THRUSTERS oottt cn s s et e e e s esananes 8-26
8-7 BURST FIRE MECHANISMS it ina e 8-26
8-7.1 TOWED ARTILLERY BURST FIRE MECHANISMS ..., 8-26
8-7.2 TANK BURST FIRE MECHANISMS .. i, 8-31
REFERENCES .. oo iiiriiiiiiis ettt ettt e n s e rana a2 e e e e e e e nne e 8-36
AP P E N D X A i e et a e st ra s aans A-1
APPENDILX B oottt ettt e a e ere s B-1
GO S A R Y e et e e oo e e e bbbt a e aaes G-1
| IR 5 25 U USSP P OO SRROUSSUOT SRR OPOPOR I-1

xi



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)
LIST OF ILLUSTRATIONS
Figure No. Title Page
I-1 Schematic of a Hydropneumatic Recoil Mechanism ..., 1-3
1-2 Recoil Mechanism—System Interfaces ..........ooooiiiiiiiiiiiiiiiin e 1-4
1-3 Forces Acting on Recoiling Parts ... I-5
1-4 Projectile and Recoiling Parts Movement .............cc.ocoooooiiiiiiiiiicc e -6
1-5 Diagram of Recoil Mechanism COMPONENES .......c.oiiveveviieeiieiecees it eee e 1-10
1-6 Schematic Diagram {or Independent-Type Recoil Mechanism ....ooocooeveeiiiieviiinienenenn, 1-1i
1-7 Schematic Diagram for Dependent-Type Hydropneumatic Recoil Mechanism ............ 1-12
1-8 Hydrospring Recoil Mechanism (SChematic) .......ccovvveviiee i r o 1-13
1-9 Diagram of Hydrospring TYPES ..oovevieioiiiiiieiie e et 1-14
1-10 Soft Recoil Mechanism (Schematic) .........ccccoiiiiiiiiiiiiii e 1-14
I-11 Schematic of Cycle of Soft Recoil Operation .............cccoovivviviiiiicie e 1-15
1-12 Comparison of Recoil Cyeles ..ot 1-17
2-1 ReECOIl FOTCE ..o e 2-6
2-2 Breech Force vs TUME ..o e s 2-7
2-3 Recoiling Parts Weight vs Impulse ........coooiii e 2-8
2-4 Recoil Force vs Recoil Length, W' << W< W oo 29
2-5 Single-Degree-of-Freedom Model of Recoiling Parts ...........cccooveeiiiiviineiiiceiniec e, 2-10
2-6 Breech Force vs Time With B(f) Sinusoidal ..........oooiiiiiiiieiiiieies e 2-10
2-7 Resisting Forces Acting on Recolling Parts ...........ccoeiiiviineiioiiieiiti e 2-17
2-8 Breech Force and Projectile Velocity vs Projectile Travel (105-mm Howitzer) .............. 2-23
2-9 Recoil Forces for Conventional Recoil Mechanism .......oocooooiiiiiiiiioiiiee e, 2-37
2-10 Curves of Breech Force, Weight Component, and Total Resistance to Recoil .............. 2-39
2-11 A Practical Shape of Total Recoil FOTCE ..ooooiiiiiiiiiiiiiieeeee e eeaar e e 2-39 .
2412 Assumed Shapes of Total Resistance to Recoll K(1) ... 2-41 -
2-13 Weapon Anchoring Schematic ... et 2-46
2-14 Recoil Force vs Recoiling Parts Weight (M 102-Type System) ....coooovviveeeeeieeeeeieeeeneennn. 2-49
3-1 Recoil Mechanism Force Diagram ..o 37
3-2 Methods of Orifice Area Control ........ocooiiiiiiiii e 3-8
3-3 Schematic of Puteaux Mechanism .........oooiiiiiiiiiiiiie e 3-10
34 Schematic of St. Chamond Recoil MechanisSm ......coccoveviviveiiiiiiiiicee e, 3-11
3-5 Schematic of Filloux Recoil Mechanism .........occcoooiiiiiiiiiiiiiie e 3-12
3-6 Schematic of Schneider Recoil Mechanism ....... e, 3-14
3-7 Hydrospring Recoil Mechanism—Concentric C01l Sprmg Type ................................... 3-15
3-8 Hydrospring Recoil Mechanism—Multiple Cylinder Type .......cocoviviiieiiiiiciieec e 3-16
39 Hydrospring Recoil Mechanism—Concentric Belleville Spring Type .....ccccocvvvieneiiiine, 3-17
3-10 Basic Fluid Dynamic Model for Recoil Mechanism ...............ccocvvvevieicviveciieiecesnieean. 3-20
3-11 Flow Through Two Orifices in @ Pipe .....c.coocoiiiniiiiiiic e 3-24
3-12 Orifices in CombINAtION .......ooiiiiiie et e e s 3-26
3-13 Contact Force/Length at Rail-Guide Contact ........c.ccoceveviiiiiiiieciniiiirie e 3-32
3-14 Forces and Reactions on Recolling Parts ..........oooviviiiiieiiiiinicci e, 3-33
3-15 Cross Section Through Gun Tube for Calculating Normal Force Due to Rifling
TOLQUE .ottt bt sttt st et e e e e s n e e e ne e e enneaeens 3-35

3-16 Typical Packing Assembly ...t ran s 3-37
3-17 External Buffer ... e 341
3-18 Internal Buffer ... e 3-41
3-19 Y 0T 3 ) 0] o PO PPN 3-42
3-20 Functioning Components During Counterrecoil .........cooooeiniiiniinrecinrecieceecicecene 343
3-21 Counterrecoll FOrce CRArt ... e e s e e et e eee e 3-47

Xii



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)

LIST OF ILLUSTRATIONS (cont’d)

. Figure No. Title Puge

3-22 Schematic Representation of a Two-Degree-of-Freedom Dynamics Model .................. 3-50
3-23 Value of Orifice Coefficient vs Reynolds Number ... 3-54
4-1 Schematic Diagram of XM45 Recoil Mechanism ...y 4-6
4-2 01l Flow During Recoil SIroke ..o 4-7
4-3 Schematic Diagram for Section A-A of Fig. 4-1 (Control rod during short recoil
] 8 ne) =) IO U PO PP RP 4-3
4-4 Schematic Diagram for Section A-A of Fig. 4-1 (Control rod during long recoil
Y 800 =) OO U PP O UPPP U O 4-9
4-5 Oil Flow During Counterrecoil StroKe ... 4-9
4-6 Schematic Diagram for Section B-B of Fig. 4-1 ... 4-10
4-7 Recoil Orifice Groove Details .........cccciiiiriiiiiciii e e 4-11
4-8 Spacing of Control GroovVES ... 4-16
49 Schematic Diagram of Regulator Front Head ... 4-17
4-10 Top View of One Port of Regulator Front Head ..., 4-18
4-11 Free Body Diagram of Recolling Mass .......c.cocoociiiii e 4-23
4-12 Free Body Diagram of Secondary Components ... 4-24
4-13 Oil Flow During Recoil for Puteaux Recoil Mechanism ... 4-26
4-14 Force Diagram for Recoll Stroke ... 4-34
4-15 Recoil Control Orifice ......oooiiiiiiiin e T US SRR PRSPPI 4-39
4-16 Relation Between Control Groove and Regulator ..., 4-46
4-17 Effect of Replenisher Orifice on Rod Pull Short Reccil—Maximum Impulse Round .. 4-46
4-18 Geometry of Counterrecol]l Grooves ..o et —— 4-48
4-19 Free Body Diagram of Recoiling Mass During Counterrecoil Stroke ... 4-49
. 4-20 Free Body Diagram of Secondary Components During Counterrecoil Stroke .............. 4-49
4-21 Oil Flow During COUNErTeCOil .. ....ooii it 4-51
4.22 Total Resistance Force Diagram During Counterrecoil Stroke ... 4-53
4-23 Counterrecoil Control O@fICes ... it 4-57
4-24 Piston, Piston Rod, and Packing Assembly ... 4-61
4-25 Rod-Breech Ring AttaChmMEnts .......ooouvveriiiiiiiaciiiii e e 4-61
4-26 External Buffer ... e e 4-69
4-27 Internal Buller 4-69
4-28 RESPITALOT ooiviiitii i eeee e e 4-70
4-29 FIOAtng PISTOM _...oooiiiiiiiiiiee e et ca e e e e e s 4-71
4-30 Piston Flange Loading DIagram .......coooveeiiiiiiiiee e i, e 4-71
4-31 Regulator Showing Qil Flow Paths ... e 4-73
4-32 Recoil Throttling VAIVe ... e 4-73
4-33 Regulator Valve ... e 4-76
5-1 Single-Degree-of-Freedom Model for Representation of Recoil Motion ... 5-5
5-2 Schematic of Variable Recoil Assembly of MIOOAT ... 5-5
5-3 Front View of Variable Recoil Assembly ... 5-6
5-4 Cross Section of Recoil Cylinder (Orifice Detail) ... 5-7
5-5 Cross Section of Inner OFifice ... 5-8
5-6 Cross Section of Quter Orifice (Sleeve SLIO1S) v, 5-12
5-7 Cross Section of Sleeve and Quter Portion of Piston ... 5-15
5-8 Cross Section of Rod and Inner Portion of Piston ... 5-15
59 Recoil Cylinder DIMENnSIONS .. ...t 5-16
5-10 Sketch of Piston Head ..o 5-18
5-11 Orifice Detail and Oil Flow Paths, M127 Mount ... 5-19
. 5-12 Breech Force vs Time Plot for M109A1, XM 123, M101, and Fort McCoy Test voevreneen. 5-22
5-13 Recoil Schematic, M 127 MOUNL ittt e ettt r et e e e erann e aee s 5-23



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)

Figure No.
5-i4

LIST OF ILLUSTRATIONS (cont’d)

Title
Flow Through Two Orifices In a PIPe .....oooooii e e,
A Free Body Diagram of Gun for Determination of R and Ry oo,
Free Body Diagram of Gun During Counterrecoil ............c.cooviveeiieiiiiiiiniininin
Experimental and Computed Oil Pressure Curves for Ko = 374, 889.5N ...
Experimental and Computed Oil Pressure Curves for Ky = 256,875.5N ...
Experimental and Computed Oil Pressure Cuives for Ko = 367,540.8N ...
Experimental and Computed Oil Pressure Curves for Ko = 555, 107.86N .__................
Shape of Total Resistance to Recoil ......c.oooiiiiiiiiiei e
Machinability Constraint on Control Rod Grooves ..................ccoo i,
Machinability Constraint on Sleeve SIots ...
Starting Positions of OrifiCes oo e
Front Edge of Piston Lip Determining Orifice Location .............cccccocviiiiiiieeciinninnl
Rear Edge of Piston Lip Determining Control Orifice Location ......oooovvvevciieinieeeennn.
Dimensions of PISton LIPS ..o e s et
Initial Location of Piston Lips ...,
K1} Curve at Start of Short Recoll ...
K(1) Curve for Short Recoil ... e e,
Final Design of Short Recoil Orifice .......ooooiiiii e
Shape of Short Recoii Orifice at Far End and Resuiting Kft) Curve .....o.ooooovveeriieeinil.
Final Shape of Short Recoil Orifice at Far End and Resulting K¢z) Curve ..................
Final Shape of Short Recoil Orifice ... covoiiiiiiiiiiee e
Kft) Curve and Corresponding Outer Orifice Shape ...
Effect on K(1) of Smoothing Control Rod Groove Depth ...
Free Body Diagrams of Control Rod and Recoil Piston Rod ..........c.ooooeo il
Tank Recoill MeChaniSms ... e a e e e
Schematic of Recoil PArtS . ..ot e
RECOH SPIINE oot
Recoil Spring Load Displacement Curve ..........c..cooiveiiiiiiiiii et
Basic Fluid Dynamic Model for Recoil Mechanisms ...,
Buffer OTIICES oo et
Major Orifice in Series With Parallel Orifices ...
Theoretical Recoll TIata ..o e
Comparison of Theoretical and Machined Orifices ...........iivviiiiciii e
An Internal Spear Buffer ..
Pressure-Type Replenisher ..o e e
Gravity-Feed-Type Replenishor e
Helical Compression SPring ..o e
Plastic, Residual, and Load Stress Distributions in Helical Spring of Large Index ...
Fatigue Loading With Alternating Load P, Superimposed on Static Load Po ..............
Types of Ends Used for Compression SPrings ...,
Belleville DIive SPIINE (oo e e e e

Methods of Stacking Belleville Springs
Curve for Determining Factor €7 ..o,
Curves for Determining Load Factor C; (8/1=3)
Curves for Determining Load Factor C; {(8/1>>3}
Curves for Stress Factor K.
Curves for Stress Factor Ky
Curves for Stress Factor K>




Figure No.

6-25
6-26
6-27
6-28
6-29

a0
J-Juv

6-31
6-32
6-33
6-34
6-35
6-36
6-37
6-38
6-39
7-1
7-2
7-3
7-4
7-5
7-6
7-7
7-8
7-9
7-10
7-11
7-12
7-13

7-19

7-20
8-1
8-2
8-3
8-4
8-5
g8-6
8-7

8-9
8-10

Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)
LIST OF ILLUSTRATIONS (cont’d)
Title Page
Loading for Continuous Rails ... 6-41
Loading for Discontinuous Rails ... 6-41
Forces on Recolling Parts ... 6-43
Slide and Guide Showing Assumed Deflections ... 6-45
WIPEE DIESIZIS . oeieieiiiieie oottt oo 6-55
Recoil Rod Piston Packing ..ot 6-56
FIOATINE PISTON 111 eeitiie ittt b e e e b 6-57
Extrusions of O-Ring Under High Pressure ... 6-59
O-Ring SLAtIC SEALS .ovvveiii it 6-60
(e o3 =R VR T U U UPRPPR TP PESPPRPRIER PRI PP 6-61
T-Ring as Dynamic Seal in Concentric Recoil Mechanism ... 6-62
Y (=1 s - SUU T U T T U USSP PP P UP TIPSR PPPTE P PYP R 6-63
Recoil Mechanism Mounting Configuration ... 6-65
Position OF FOHOWET < oot iiiiii it iiiiieee e e et e e e et e e e it s e e e e e o e a o e 6-66
FOLOWEL CTOSS SECTIOTL cuvviriiiioaereeeeeeeereeeeeeatbeteaesmisaae s enies s aassbre s e neaiian e e e bs s n e 6-66
Comparison of Recoil Cyeles ... 7-3
Free Body Diagram of Recoiling Parts ... 7-4
Recoiling Mass FOrce SYStEM ..ot 7-5
Soft Recoil Parts Displacement and Velocity Under Ideal Conditions ... 7-5
Force System During Recoil Cycle ... 7-6
Free Body Diagram of m, and Schematic of Soft Recoil Mechanism ... 7-9
Flow Schematic for Soft Recoll HOWIZET ... 7-10
Free Body Diagram of Floating Piston ... 7-12
Free Body Diagram of Piston Rod ... 7-15
Schematic Diagram of Soft Recoil Mechanism Showing Forces on Recoiling Parts ... 7-23
Free Body Diagram of Floating Piston for XM46 Soft Recoil Mechanism .................. 7-23
Free Body Diagram of Piston Rod for XM46 Soft Recoil Mechanism ..o 7-24
Relative Position of Buffer and Piston During Engagement {As Shown, x <0
For x> xo, @1 << A2, FOT X = Xy @1 T AL i e 7-24
Fluid FIoW DIAETAIN ..oooviiiiiiiieiice et iassires s erns s es et a et a s 7-25
Segments of Recoil SIroke ..o 7-35
Velocity vs Displacement for Different Initial Pressures at 0 deg QF ..o 7-37
Velocity at x = —1.219 m vs Initial Gas Pressure ... 7-38
Predicted Values for Gas Pressure, Fluid Pressures, and Effective Driving Force R(t)
for Run-Up Period at 0 deg QE ... 7-39
Predicted Values for R(z) Run-Up Period at 0 deg QE Showing Reduction in
Force Level With Reduction In o oooooiiiiiriiie et 7-4(}
Velocity vs Displacement Run-Up Period for Po=28.963 MPa ... 7-41
Compressible Fluid Recoil Mechanism ... g-4
Sealing Configuration ................................................................................................... 8-10
Schematic of Recoiling Parts Motion for Soft Recoil Type Recoil Mechanism ... 8-12
Cylinder Pressure vs Percent Compressibility ... 8-13
Exploded View of Rotary Viscous Damper ... 8-16
View of Inside of Rotary Viscous Damper ... 8-17
Rotary VisCous DamPET .....ooiiiiririi et 8-17
Rotary Viscous Damper Temperature Test ... 8-18
Cylindrical Damper (Study A) ... 8-19
AIr-0il Recoil MechaniSIm ....ooei e et e 8-19



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)
LIST OF ILLUSTRATIONS {cont’d)

Figure No. Title Page
3-11 CGun With Double-Recoil Mechanism ..o e 8-21
8-12 Forces on a Double-Recoil SYSIEm ... e 8-22
8-13 Schematic of Rotary Double-Recoil Coneept iiieeinin. U 8-25
3-14 Schematic of Rocket Thruster Recoil Mechanism ..o 8-26
3-15 Two-Barrel Rapid Fire Artillery Weapon ..ot 8-28
8-16 Recoil Displacement and Velocity Curves ... 8-3i
8-17 T5-mm CAnNON SYSIEIM .oiiiiiiiiiii i ettt et 8-32
3-18 Position Where Sleeve Starts to Move Forward or Comes to Rest With Respect to

Receiver (Rox == 55) e 8-32
8-19 Position Where Sleeve Starts to Move With Barrel, With Same Velocity, or Starts to

Move Forward With Respect to Barrel (v = s34 55 85 oo 8-313
8-20 Barrel Assembly at Position Where It Starts to Cease to Contact Front Buffer

(0 T 0 e e e 8-33
8-21 Firing Position (08 = B1) oo e e 8-33
8-22 Barrel Assembly at Rearmost POSIHON e 8-33
8-23 Displacement Curve of Barrel for Run-Out Case at Optimal Point ................cceel 8-35
8-24 Velocity Curve of Barrel for Run-Out Case at Optimal Point ... 8-35

XVi



Table No.

1-1
2-1
4-1
4-2
4-3

A_A
G-

4-9
5-1
5-2
5-3
5-4

55
5-7
5-8
5-9

5-10
6-1

6-6

Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)
LIST OF TABLES
Title Fage
Weight and Impulse of Towed Artillery Systems ... [-9
Sensitivity of System Parameters to Weight of Recoiling Parts ... 2-50
Orifice Area—Short Grooves, for an Existing Control Rod ... 4-20
Orifice Area—Long Grooves, for an Existing Control Rod ... 4-21
Breech Force Data for Zone 8 —XM 123 Charge; Used in Validation of Model ............ 4-22
Compressibility Constants for a Recoil Cylinder and a Recuperator Cylinder f{or
Three Bulk Modull oo e b s 4-33
Definition of Short Grooves for a New Design ... e, 4-42
Definition of Long Grooves for a New Design ..o 4-43
Orifice Area—Counterrecoil Grooves, for an Existing Design, Machined on
Regulator Wall ... e 4-48
Definition of Counterrecoil Grooves, for a New Design. Machined on Regulator
BV B L e s 4-59
Steel Alloy COMPONENT ..ot et e 4-60
Equations for Inner Control Orifice ATea ... 5-9
Depth of Control Rod Grooves (Inner Orifice) ..o 5-11
Width of Sleeve Slots (Outer Orifice) ..o 5-13
Breech Force Data for MI09AT, XM 123, Fort McCoy Test Firing M 101 Projectile
MI0SAL, XM123. Fort McCoy Test Match, 25 November 1975 ... 5-21
Bulk Modulus and Density Table oo 5-20
Final Values of Discharge Coefficients ... 5-29
Breech Force History for MI0SAL, XM20378 MI109A1, XM203E1 Z3 70 Deg
RAD-E-13 XM43A| Projectile Prediction, S March [975 ... 5-35
Calculations for Initial Lip Placement (Recoil Piston No. 10895621) ... 5-41
Final Width of Sleeve Slots (Outer Orifice) ... 5-44
Final Depth of Control Rod Grooves (Inner Orifice) ... 5-45
Properties and Compositions of Carbon- and Alloy-Steel Bars for Springs .................. 6-38
Composition of Steel Bars for Hot-Wound Helical Springs ... 6-39
Chemical Composition of Bearing Alloys (Aluminum Base) ..o 6-52
Mechanical Properties of Bearing Alloys ..o e e e e 6-53
Properties Commonly Used in Bearing ... 6-54
Packing Matertals for Floating PISTON ... 6-57
Diametral Clearances for O-RINES ... e 6-61
Recoil Cylinder Dimensional Parameters ... 8-12

%vii



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)

CHAPTER 1
INTRODUCTION

This chapter introduces the reader 1o the design of field artillery and tank recoil mechanisms. The scope of
recoil mechanism design is defined, and its relation to design of other subsystems is identified. The dynamic
functions of a recoil mechanism are discussed, and principles upon which the design is based are itlustrated.
Balance laws of mechanics involving monientum, kinetic energy, and thermal energy are stated, and their use
in recoil mechanism design is illustrated. Types of recoil mechanisms employed in field artillery and tank
svstems are defined, and the factors bearing on their selection are discussed. Finally, a guide 10 subsequent
chapters of the handbook is presented.

1-0 LIST OF SYMBOLS
A = bore arca, m”
B(r) = breech force. N
B({)men = maximum breech force, N
¢ = specific heat of hydraulic fluid, J/kg-°C
F = force, N
K(r) = recoil force, N
Ky == constant ideal recotl force. N
L = recoil length, m
1y = mass of hydraulic fluid, kg
nt, = mass of projectile, kg
m, = mass of recolling parts, kg
pv = peak interior ballistic pressure, Pa
AT = temperature change, deg C
{ = time, s
ty = firing time, s
AV = velocity change, m/s
W, = work done due to throttling, J
Xp = velocity of projectile, m/s
velocity of recoiling parts, m/s

i

X,

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
handbook is representative of weapon systems designed and developed in the mid-1970%. While the funda-
mental principles are the same as the time-honored techniques employed in recoil mechanism design, a number
of new design methods have emerged and have received wide use since the mid-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 devoted to computer-aided design techniques in this
handbook.

A moderate knowledge of weapon systems on the part of the designer is assumed. For an introduction to
hydraulic equipment and weapon systems, Refs. | to 5 may be consulted. A glossary of the terms used in this
handbook is given at the end of the handbook.
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1-1.1 PURPOSE OF THE RECOIL SYSTEM

The function of a recoil mechanism is to transform extremely high interior ballistic forces acting on the gun
tube by the high pressure burning propellant, which acts over a period of § 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). The design
objective is. therefore, attenuation of short duration, very high peak loads into longer duration loads with
much lower peak values through the dynamic action of the recoiling parts.

it would be possible. in principle, to attach the gun tube rigidly to its carriage, thereby exposing the structure
to the full propellant pressure force which may exceed 9 x 10° N in large guns. However, to be strong enough to
sustain this tremendous load, the structure would become overwhelmingly large and unwicldy; 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 of large caliber weapons, the tube is permitted to recoii or move back. The propellant
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 thatis exerted on the structure. This force 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 the 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 hydropneumatic recoil mechanism is
throttling a fluid through 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. The pressure differential across the
orifice multiplied by the piston area is the recoil force that acts on the carriage.

The two fundamental technical aspects of recoil mechanism performance—recoiling parts dynamics and
hydraulic fluid throttling—receive substantial attention in this design handbook. Developments during the
1950’ and 1960 it the computer analysis of weapon dynamics, fluid 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 mechanismto aid in
the decision making. Simulations are used for design support prior to fabrication of hardware, during
prototype testing to establish physical parameters, and during refinement of the design and product improve—
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fluid mechanics, and stress analysis. Recoil mechanism design, however, embodies a unigue 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 adverse conditions, translational bearings that
must carry high loads, transient hydraulic {luid 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 19807 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 of what 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 the 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 the time of design) that are constants.
Thus, their analytical basis is essentially pre-1950in its representation of hydraulic knowledge (see Refs. 1 and
2). This makes the methods extremely susceptible to producing wrong answers when used for conditions
different from the conditions for which the empirical values were developed. The dynamic friction of packings
and slides also needs to be modeled rather than using static friction derived values as is done at present. These
areas will need experimental and analytical effort.

Component design peculiar to 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 cstablished mechanical design practice, the designer is referred to the classical literature.
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Extreme environmental conditions, such as temperature ranges from -53.9°C to 62.8°C, arc 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. I-1. Attached to the cannon Aisarod B

with a piston C attached at its forward end. When a round 1s 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 ts drawn through the orifice
plate to form a smaller orifice. Thus, even with the lower fluid velocity 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 weapon back into its original in-battery position
(the counterrecoil cycie). Because there are much fower forces acting during the counterrecoii cycle, the
velocity of the recoiling parts is much lower 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
counterrecoil cycle.

One of the major objectives of recoil mechanism design is to select the orifice area versus recoiling parts
travel so that the retarding force acting on the recoiling parts (called rod pull) is essentialiy constant

ghout recoil travel. This delicate design process requires an analytical prediction of both the motion of

thrao
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the recoiling parts and the fluid throttling process.

Figure 1-1. Schematic of a Hydropneumatic Recoil Mechanism
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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 allowa longrecoil stroke. In towed and self-propelled artillery applications, itis 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 isemployed—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 recoil forces can be tolerated and maintain ground support and stability, a
smaller orifice area 1s employed to yield a larger recoil force 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. 1-2 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 level 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
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mecnanisimn ucaigncr Must aiso ’pla'y‘ an active role on the sysiem design teami since in many systems the recoil
mechanism design dictates major features of the weapon system. [llustrations of thisinformation and trade-off
flow, shown in Fig. I-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.

This partial list of design interactions and trade-off factors i1s noted in this introductory chapter to
emphasize the requirement that the recoil mechanism designer plays an active, rather than a passive, role in
system design. Trade-offs of the kind outlined here are treated in subsequent chapters of this handbook and in

Refs 3,4, and 5.
RECOIL MECHANISM FEATURES SYSTEM DESIGN  CONSIDERATIONS
Length of recoil== Armmunition characteristics
Recoil force level&\\ Crew space aqvailability
\‘ Weapon stability
Recoll mechanism type Armor  protection
e hydropneumatic
® hydrospring Carriage strength
e soft recoll

Trail length and strength

, A
Replenisher Type/ Trunnion height
e integrai

e external System weight

System vulnerability

Recoll brake == Crew safety

Figure 1-2. Recoil Mechanism — System Interfaces
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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 also common 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 as a leverage factor. The extreme values of
interior ballistic force acting on the recoiling parts, shown as B(r) 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 to velocities that are much smaller than the
velocity of the 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 recoil stroke, with a recoil force K(r) that slows the recoiling
parts, Fig. 1-3, whose peak value is much smaller than the magnitude of the peak interior ballistic force.

gt

Figure 1-3. Forces Acting on Recoiling Parts
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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. 1-4. 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
mulitiplied by the bore area is the breech force B{r) shown in Fig. 1-4. Since both the projectile and recoiling
parts are at rest in conventional artillery when the lanyard is puiled, 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(f) 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 n1, = 45kg, the projectile muzzie velocity X, = 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. 11.) Since
the total momentum at projectile exit is zero,

rnr.x'.r + ij‘p = 0 (l"l)

where
X, = velocity of recoiling parts, m/s.

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

B“)

\

e y =

Figure 1-4. Projectile and Recoiling Parts Movement
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3600 X, 1+ (45)(660) = 0

o= — (22 V660 = — 8.25 m/s.
3600

Since the forward momentum of the propellant gases leaving the muzzle may be as much as 206, of the
projectile momentum, % from Eq. I-! 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 velocity at the muzzle to peak
recoiling parts velocity is the ratio of projectile mass 1, to recoiling parts mass », which in this case is a factor
of 1/80. Thus while the projectile departs at 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(7) required to bring the recoiling parts to rest at the end of the recoil stroke requires
that the recoil length in which the recoiling parts are to be brought to rest be known. As a sample calculation.
let the recoil length be 1. = [.5m. The physical law that applies here is that the work done by all forces acting
on the recoiling parts during the recoil period must equal the change in kinetic energy of the recoiling parts.
From the previous example, the recoiling parts are initially moving rearward with a velocity of 8.25m/s. Now
assume they are brought to rest in the given recoil length L = 1.5 m under the action of an ideal constant recoil
force Ko = Ki{r). If one equates the work done to the change in kinetic energy

LKo = iﬂﬂ;—@— ) (1-2)

Ku can be determined, i.¢.,

Ky = (3600)(8.25)°
(2)(1.5)

= 81.675 N,

While this is a relatively large force. consider the peak breech force associated with approximately
pr = 344.7 MPa_ the peak interior ballistic pressure acting ona [55-mm bore diameter. The maximum breech
force B(7)m.. is the peak interior pressure multiplied by the bore area A,

B(t)max = Asps, N (1-3)

B()mar = 344.7(—2—)(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 the design process presented in this handbook. In actual design
practice, it is possible to come very close to achieving the constant retarding 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 the energy term appearing on the left-hand side of Eq. 1-2 is the work done in
bringing the recoiling parts to rest. This must be equal to the energy dissipated by the sliding friction, the
recuperator force, and turbulence in the fluid in the throttling process. The friction and recuperator forces are
small compared to the fluid throttling force, so they are neglected here for an approximate calculation. They
are treated in detail in Chapter 3. For recoil due to firing one round of 155-mm ammunition with the foregoing
weapon parameters, the work W, done due to throttling the fluid is approximately

W, = LKU, J “'4)
or

W, = (1.5)81,675) = 122,513 J.

This substantial energy dissipation is accounted for by an increase in temperature of the hydraulic fluid in the
recoil mechanism. For arecoil mechanism with #,= 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 AT to obtain

A/ = 1.0 AT (1_8)
F¥ Illj(l'—'ll ll'J}
or
— (40)(122,513) _ 4.74 deg C.
646.2

Thus, the temperature 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 law ofconser\/dtion of encrgy. Thatis, the kinetic energy lost
uy the recomng parts is transformed to thermal CNCTrgy of the fluid uuring the iui’OLuil"lg i’BFGCC:’b This is the
second major example of conservation of a basic quantity of mechanical energy. As indicated in the analysis
presented in Chapters 2 and 3, a judicious selection of the appropriate balance law, usually energy or
momentum, can lead to simple and effective design relationships. These balance laws and basic differential
equations of motion of the recoiling system are the fundamental tools of the 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 tor a single set of ballistic inputs. 1t is
important to realize, however, that the system must operate reliably under a variety of extreme operating and
environmental conditions. The weapon may be fired with up to nine zones of charge, ranging 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 wiltl lead to a different dynamic response of the recoll
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 cannot be overemphasized. Many attractive and potentially valuable designs have failed in testing
because the desiener failed to consider and desien for these conditions. For an extensive treatment of
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environmental parameters and conditions, the reader should consult Refs. 12 to 16.

1-3 RECOIL MECHANISM TYPES AND THEIR APPLICATIONS

There are several basic types of recoil mechanisms which may be considered for application in a weapon
system. Within each type, there are numerous choices for components to perform the basic functions of recoil
control, counterrecoil control, and buffering. The proper choice of recoil mechanism type and components
depends on the system application and user requirements. Trends in weapon development and a survey of
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recoil mechanism types and their components are presented here to set the stage for more detatled 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
tncreasingly severe, Range requirements for towed and self-propelled artillery have virtually doubled, and the
nced for air transportability has led simultancously to a requirement for lightweight weapons. These two
conflicting trends—high performance and lightweight—have led to severe design requirements that make
dynamic performance of the recoil mechanism and its effect on the stability of the weapon ¢ritically important.
To mcet these design requirements, the designer must take trade-offs and optimize to meet user operation
demands. In addition to placing high rcliance on analytical methods. these severe requirements demand that
the designer carefully select the design approach carly in the design process.

These conflicting trends in towed artillery are illustrated by the data describing 105-mmand 155-mm towed
systems in Table I-1. Of particular significance 1s the transition from conventional M 101 and M 114 Howitzers
to the airmobile M 102 and M 198 Howitzers. In both cases, the ratio of impulse to weapon weight has increased
649 and &10, respectively, which places severe requirements on the recoil mechanism. Not only must the
recoil mechanism be lightweight, 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 trade-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 for very short intrusion (short
recoil of about 0.2 to 0.3 m}) into a tank turret lcad 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. {t1s
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, basicaily different mechanism design
approaches are defined, analyzed, and designed. It 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 recoil brake to bring the recoiling parts to
rest, a counterrecoll 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. As
the piston C moves within the cylinder, a force is generated by restricting the flow of hydraulic fluid from the
chamber of the cylinder. The magnitude of this restricting force is a function of the flow of fluid through one or

TABLE 1-1
WEIGHT AND IMPULSE OF TOWED ARTILLERY SYSTEMS+
Caliber, Date Type Weight, Impulse, Impulse to
Weapon mm Classified N (Ib) N's (Ib-s) Weight Ratio, s
M1G1 105 1939 22210 (4993) 8852 {1990) 0.399
MI02 165 1963 13,967 (3140) 9150 (2057) 0.655
M204 105 1977 19,906 (44735) 9733 (2188) 0.489
Mil4 155 1941 55,024 (12,730) 27,392 (6158) 0.498
M 198 155 1977 65,522 (14,730) 57,244 (12,869) 0.874

t A dual system of units is shown when the original data were expressed in English units and converted to metricunits, i.e., “soft” metric.
Metric units onty are used when the original data are given in metric units—invented to illustrate an example—1.e., “hard™ metric.
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Figure 1-5. Diagram of Recoil Mechanism Components

more orifices whose sizes are selected during design to provide the desired recoil velocity and pressure curves.
The recoil energy absorbed by this resisting tforce 1s dissipated as heat as described in par. 1-2.3.

The counterrecoil mechanism is composed of a recuperator and a counterrecoil cylinder assembly. The
latter may be a separate unit or it may be the recoil brake components operating in reverse as shown in Fig. 1-1.
The terms counterrecoil 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 counterrecoil,
whereas the counterrecoil mechanism is defined as the unit that returns the recoiling parts to battery. It derives
its energy from the recuperator. The recuperator can be of etther the hydrospring type or the hydropneumatic
type. The hydrospring type. discussed in par. 1-3.4, stores the energy required to return the gun to the battery
position in 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 brake but at lower energy levels, It must absorb
energy at the end of counterrecoil since there must be sufficient recuperator encrgy to drive the recoiling parts
into battery at an appreciable velocity. I this were not controlled, an impact would occur which might cause
the weapon to nose over. create structural damage. or both. In some systems there 1s no buffer. Friction force
between sliding surfaces and that due to packings and seals provide enough resistance to the motion during the
counterrecoil stroke to stop the recoiling parts.

Components are described here as separate units, which is sometimes the case. Frequently, though, they are
integrated into a single mechanism, Whether separate or integral, all components are interdependent and must
function as one unit,

1-3.3 HYDROPNEUMATIC MECHANISMS

The hydropneumatic 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 the counterrecoil stroke.
The compressed gas expands during the counterrecoil stroke and provides enough forces to bring the recoiling
parts back to the in-battery position.

Hydropneumatic recoil mechanisms can be classified as dependent or independent tvpes. A schematic
diagram of an independent type of recoil mechanism is shown in Fig. 1-6. 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 are joined directly to the recoiling parts. In the recoil brake cylinder, the flow of hydraulic fluid
from the high pressure side to the low pressure side through an orifice provides the necessary retarding force,
As the gun recoils, hydraulic tluid is forced into the recuperator chamber and compresses the gas. During
counterrecoll, the entire action is reversed, driving the recoiling parts back into battery. As the recoiling parts
come into battery. they are brought to rest by the action of some form of butfer.

The gas and hydraulic fluid are generally separated by a floating piston. Since some air and recuperator gas
will enter the recoil brake, and oil will absorb gas—the greater the pressure, the more gas absorbed. When
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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 solubility of gas and
related bulk modulus changes. Detailed design of an independent-type recoil mechanism is presented in
Chapter 5. .

Fig. 1-7 shows a schematic diagram of a dependent-type hydropneumatic recoil mechanism. Ir 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. The recuperator is connected directly to the recoil brake
cylinder, but a floating piston separates the gas and fluid. During counterrecoil, the direction of flutd flow is
reversed; this causes the gun to move forward to the in-battery position. The forward motion of the recoiling
parts is arrested by the action of a buffer. Detailed design of a dependent-type recoil mechanism is presented in
Chapter 4.

1-11



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)

Gun

Direction of Recoil ————

Recoil Piston

/ ~_Brake Cylinder
y
__Recoil Piston Rod
P
Recuperator
z _
B Control

Compressed Control Rod ¥ Orifice
Gas L /T

\ Orifice Plate

Floating Piston

Figure 1-7. Schematic Diagram for Dependent-Type Hydropneumatic Recoil Mechanism

1-12



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)

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 for generating a desired force during the counterrecoil 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. 1-8 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
sprlng is mounted concentrically to the gun tube. [n 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. 1-9 distinguishes between the concentric type and the separate type hydrospring recoil
mechanism. US Army recoil mechanisms for armored vehicles have been of the concentric type, but other

armies have used external, nonconcentric mechanisms. Detailed design of concentric hydrospring recoil

~lan
|llC\-llalllDlllD ID Pl\uablltbd lll Chal)ttl 6

The hydrospring recoil mechanism has been used only in applications requiring very short recoil length, as is
the case for tank weapons. [n these applications a coil spring can provide adequate counterrecoil force. When
such a sprmg 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

Housing/Cradle
g \\

C
|

Iz/,Sleeve |
Spgﬂ;feigiston 900 oo @ﬁ
222777002277 75

Figure 1-8. Hydrospring Recoil Mechanism (Schematic)
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Springs are concentric with

: brake rod in one cylinder.
Concentric
- Type | All components are concentric
Hydrospring with gun tube in one cylinder.
Recoil
Mechanism ____Brake and spring are in
Separate separate cylinders.
Type Spring is separate from brake

and is concentric with gun,

Figure 1-9. Diagram of Hydrospring Types

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

1-3.5 SOFT RECOIL MECHANISMS

P Y

A new principle of recoil mechanism operation called “soft recoil™ emerged in the late 1960s. 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. 1-10. It should be noted that there is no

_o\

Figure 1-10. Soft Recoil Mechanism (Schematic)
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orifice for fluid throttling during the central part of the recoil and counterrecoil stroke in this system. The basic
idea of this mechanism is to conserve 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. I-11. the drive cylinder, or
recuperator. exerts a force £ o accelerate the gun forward (run-up) after the latch is released at time ¢ = 0.
When the forward momentum of the recoiling parts is within 15%to 35% of the momentum of the round to be
fired, the propelling charge is ignited (r = t7in Fig. 1-11). The rearward action of the breech force B(s) on the

f<Q
F - _ $=0
é (Pre-Firing Period)
t=0
F ] #=0
% {Latch Release)
t>0

F I— i>0
w U (Run-Up Period)

- 501)

F I —
w U (Firtng Period) X changes

from + to -

f>ff
Fé' _j x< 9]
w U (Recoil Period)

t= 2/t
— T 2lf

x20
E (Counterrecoil and Latch)}

.—-—.—.—ix

Figure 1-11. Schematic of 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 posilion completing the cyclc The details of analysis of the soft
recoil cycle, including the method of triggering the round and the action of front and rear buffers, are 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. Infact, 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 mlsflre 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 employmg aconventional hydropneumatlc recoll 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 littie 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. Futhermore, they are in varying stages of development and may sce 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 of the recoil mechanism hydraulic fluid to provide counterre-

d The idea 1e gt Ty tey pantoe «
coil force has been investigated and basic feasibility has been demonstrated. The idea is simply to cause a

reduction in the volume of the cavity occupied by compressible fluid as the recoiling parts move rearward,
compressing the hydraulic fluid. A throttling process brings the moving parts to rest as in a4 conventional
hydropneumatic recoil mechanism. Due to fluid compression, a pressure is generated in the fluid which acts on
a differential area to force the recoiling parts back into battery. The concept and design are very simple.
eliminating the need for a separate recuperator or mechanical counterrecoil drive spring. The one remaining
hurdle to overcome in reducing the concept to practical applicability is to reduce the sensitivity of the
compressibility of the fluid to temperature variation and air induction.

The 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 to eliminate throttling of hydraulic fluid as the force gencrating
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 has 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. Successlul operating models of 105-mm and ! 15-mm burst fire artillery recoil mechanisms have
been demonstrated. System weight is, however, considerably higher than the 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
1980%

170U 5.

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

Theentire handbook is divided into eight chapters. Chapter 1 has presented an introduction to the subject of
the design of recoil systems. Chapter 2 presents preliminary design methods and examples to illustrate
application of the methods. Primary emphasis is given to dynamics 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 ortfices 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 1s generally used in analysis of the dynamics of recoiling parts. Also advanced
techniques for 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 artiliery system. The design of the control orifice for the recoil mechanism,
by including fluid compressibility and by neglecting fluid compressibility, i1s presented. The design of various
components of dependent-type receil 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 prln(:lples of recoil mechanism design are applied to the deslgn of tank recoil
mechanisms. Component design is treated in detail for seals, translational bearings, and springs to support
applications in all other chapters. Hydrospring recoil mechanism design is illustrated throughout the chapter.

Chapter 7 presents a self-contained treatment of design methods for soft 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.
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CHAPTER 2
PRELIMINARY DESIGN OF RECOIL MECHANISMS

The requirements, trade-offs, and dvnamics of recoil mechanisms are discussed and analyzed to facilitate
the preliminary design of an artillery recoil mechanism. User-supplied requirements are analyzed, and the
constraints and trade-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.
Interior ballistic models suitable for recoil mechanism design are presented and illustrated. Basic momentum
balance laws are included to be used in the selection of preliminary design parameters. Finally, system
trade-offs, which affect recoil mechanism design, are discussed. The sensitivity of weapon performance 1o
variations in the weight of recoiling parts is calculated as a specific iflustration.

2-0 LIST OF SYMBOLS

= bore area, m’
a = LeDuc parameter, m/s
B = breech force, N
B{(r) — breech force as a function of time, N
B{x) = breech force as a function of recoil travel, N
B. = mean breech force, N
By = maximum breech force, N
Bs = breech force at projectile exit, N
h = LeDuc parameter, m
¢ = specific heat of the fluid, J/ kg K
C1,C:,Ca,Cs, = constants of integration
D(1) = impulse of the breech force up to time 7, N-S
D = constant, m/s (see Eq. 2-111)
d(1)) = centroid of breech force up to time 1, s
E = constant, J-sz/kgm (see Eq. 2-107)
E(¢) = ground reaction force, N
e(¢) = centroid of recoil force up to time ¢, s
F = force on projectile, N
Fu = resisting force due to throttling of hydraulic fluid, N
/= component of rifling reaction parallel to axis of bore, N
Jfp = frictional resistance of packing and seals, N
¢ = 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, kg'm/s
G, G, = constants, m/s (see Eqs. 2-127 and 2-128)
g = acceleration due to gravity, 9.81 m/s’
H(1) = impulse of recoil force up to time r, kg-m/s
H = constant, dimensionless (see Eq. 2-121)
h = constant, dimensionless (see Eq. 2-112)
I = total impulse imparted to recoiling parts due to firing, kg-m/s
B = impulse of breech force, kg-m/s

2-1



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)

7% = total impulse of resisting force, kg-m/s

K = total resistance to recoil, N .
K(#) = recoil force as a function of time ¢, N
K(x) = recoil force as a function of recoil travel x, N

K. = recuperator force, N
K. = K¢ — Wsinf = constant net retarding force = recoil force — component of weight in direc-
tion of recoil, N
Ky = frictional force of sliding surfaces, N
Km = muzzle brake force, N
Kmer — maximum recoil force, N
Kr = net force acting on recoil rod, N
Ko = constant recoil force, N
K, = resistance to recoil at x = 0, N
K; = resistance to recoil at x = L, N
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
me,, = effective mass of projectile (Ref. 6) = (1 + K)W,/(2g), kg
my — mass of recoil fluid, kg
My, = effective mass of propellant charge (Ref. 6) = W./(3g), kg
OF = forward overload, N
OR = rear overload, N
P = pressure in bore, Pa
Py = breech pressure, Pa
P, = mean chamber pressure, Pa
P = breech pressure at end of gas ejection period 11 Pa
Py = peak chamber pressure, Pa

Eli
I

Py = breech pressure at projectile exit, Pa
27F 27P . .
o=1| =X —1})- UM ] — 1, dimensionless
16P. 16P,
g = constant. dimensionless (see Fa. 2-100)
g = constant , dimensionl ess (see Eq. 2-103)
R = gas constant, J/kg-K
RT, = specific impetus of propellant, m®/s’
r = ratio of propelling charge plus additive weight to charge weight, dimensionless
ST = stability index, dimensionless
T = gas temperature in bore, K
AT = temperature rise in hydraulic fluid, deg K

Ty = gas temperature at breech, K

Ty = gas temperature at breech and projectile exit, K
t = time, §

tr = time at end of recoil or gas ejection period, s

{, = duration of recoil stroke, s

fo = time of projectile exit, s

t; = time for recoil force buildup, s

t» = time for recoil force relaxation, s

i = time at which constant recoil force is applied, s

2
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Uy = tube length, m
= travel of projectile in bore, m
v = in-bore velocity of projectile, m/s
v = velocity of recoiling parts, m/s
v(1) = velocity of recoiling parts as a function of time £, m/s
vy = velocity of recoiling parts at end of gas ejection period i (velocity of free recoil), m/s
vy = velocity of recoiling parts at projectile exit, m/s
v — muzzle velocity of projectile, m/s
v’ = free flight velocity of projectile, m/s
W = work done by F; only, ]
W, = weight of additivies to propellant charge, N
W, = weight of propellant charge, N
W, = weight of projectile, N
W, = weight of recoiling parts, N
W = total weapon weight, N
x = travel of recoiling parts, m
= travel of recoiling parts at end of gas ejection period ¢, m
= travel of recoiling parts at projectile exit, m
yr = trunnion height, m
Z¢o = horizontal distance between spade and weapon CG, m
a = constant, dimensionless (see Eq. 2-122)
muzzle brake efficiency lactor, dimensionless
constant, dimensionless {see Eq. 2-120)
ratio of specific heats, dimensionless
volume of bore and chamber, m’
angle of elevation of gun barrel, rad
speedup factor, dimensionless
velocity of gases in bore, m/s
p» = gas density in breech, kg/ m’
T = time variable, s
¢ = duration of gas ejection period, s

g
1

=™
(L | R |

RS~
I

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 transfer the firing loads to the mount over an extended time pt=r10d the 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 process 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 mechantsm.

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 ofground 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 receil 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 259% 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 the amount of muzzle
momentum of exiting gases which can be compensated for by the muzzie 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 iliustrated 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 the fluid is not great enough to iead 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. The 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 the recoil mechanism.
Design for the 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
functions 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 the 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.

Anexample 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. The 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 the crew area.
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As indicated in par. 2-1.1.1, several subsystems generally are involved tn meeting user-stated requirements.
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—propelied artillery systems (Refs. 1 and 2) and tank systems (Ref. 3). For preliminary demgn of
the recoil mechanism, however, Eippi‘OXLm&’LE I‘EL&ILOHSulpa often can be used qm‘tﬁ‘ SaubfaCtOi’il_y For this
purpose, trade-off relationships ofthe 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 mechanisras arise directly from user requirements,
both explicit and derived, and indirectly through physical laws and technological limitations of materials. It is
important that these constraints be identified during preliminary design and that quantification of the

Aarctrainte he ada 1 1 11
constraints be made progressively more premse 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 preciuded 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 possibie to
give a list of constraints that will always be active. However, typical examples are cited:

I. Constraints Defined by Explicit User-Requirement Statements. The user specifies rates of fire,
intrusion of recoiling parts into crew compartments of combat vehicles, safety requirements, and other related
requirements that have direct implications on recoil mechanism design.

2. Constraints Imposed by Physical Laws. The fundamental role of the dynamics of recoiling parts and
the dynamics of fluid throttling that controls recoil forces in the recoil mechanism lead to basic physical
rel: lr!nnghlna and constraints that are IanQEd by Newton's laws of motion. Detailed treatment of these laws
and of the resulting equations of motion is given in the remaining paragraphs of this chapter, so only
elementary illustrations are given here.

The area under the recoil curve of Fig. 2-1 is equal to the work done to bring the recoiling parts to rest (see
par, 2-2). The work equals the maximum kinetic encrgy of the recoiling parts, l.e.,

2
myvy

= [ K()dx = LK, J -1

where
m, = mass of recoiling parts, kg
K(x) = recoil force, N
Komee — maximum recoil force, N
vy = velocity of free recoil, m/s
L = length of recoil, m
x = travel of recoiling parts, m.

The velocity of free recoil vy is determined by equating the impulse / of the round that is fired to the
momentum of the recoiling parts before the action of the recoil mechanism begins, L.¢.,
[ = mwvy, kgrm/s (2-2)

where
I = total impulse imparted to recoiling parts by fired round, kgrm/s.

Substitute v, = I/m, from Eq. 2-2 into Eq. 2-1 to obtain

2
L
Lh
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Figure 2-1. Recoil Force

[2
S LKmax (2_3)
2m,
or
12
Kinax = Ko, N (2-4)
m, L
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 be designed—i.e., one
with constant recoil force Ko—to achieve the lowest level of receil force. In reality, Kunox = Ko, 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 recoil 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 Contraints. 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 emploved. Muzzle brake efficiency is discussed in par. 2-3.2.4, where areference 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.




Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)

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 other subsystems that make up 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 by defining curves and functional relationships that must be developed for each recoil mechanism
application,

Since the ballistic forces that act on the weapon are a 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.

p=d
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: = >
% Time 7,5

Figure 2-2. Breech Force vs Time

At the time 7 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
259 of the momentum of the projectile); therefore, they exert a significant force B(f) rearward (action-
reaction) on the tube for ¢ > 1o, 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% of the impulsive force that
accelerates the tube to the free velocity vethat must be countered by the recoil mechanism. In this connection, it
isimportant to realize that the time integral of the breech force B(¢) 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(r) 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 aliows 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 gis the
acceleration due to gravity, and the impulse 7is applied to the recoiling parts by firing. This relationship is not
derived from fundamental mechanics as in the case of the breech force 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 for anumber 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.

2-7
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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, I, 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)

Ko= A& N (2-5)
LWVl
or
L= -1& (2-6)
2WrK[]
where

W, = weight of recoiling parts, N
g = acceleration due to gravity, 9.81 m/s’.

Egs. 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 7%/ W,. Thus if /is held
constant and W, 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 7 applied to the recoiling parts, the recoil length can be
decreased for a given value of K.

The empirical methods outlined here for developing trade-off curves and relations have proved Lo 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 singie degree of freedom corresponds to
the translational displacement in the direction of recoil. Thus in this model the supporting structure is
constdered to be rigidly fixed to the ground. In reality, there is alwayvs 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 travelled by the recoiling parts after a round has been fired is called the

2-8
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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 the counterrecoil
stroke is deferred to par. 3-6.

In analysis of the recoil motion, three applied forces must be considered—i.¢., breech force, force due to
gravity, and net retarding force. Each is described in the paragraphs that follow:

I. Breech Force. The breech force is exerted on the recoiling parts by the propellant gas while and after the
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 1s 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(1) represents the recotl travel of the recoiling parts, as a function of time, in the direction of recoil motion; 8 is
the angle of elevation of the gun barrel: W, is the weight of the recoiling parts; B(¢) is the breech force; and K(z)
is the 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

m, [ﬁ?fgt—)} = B(t) — K(t) + Wsing, N (2-7)
t

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

To minimize peak loads acting on the supporting structure, the ultimate design objective is to make K{7)
constant and equal to Ko. The breech force B(7) 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(r) is assumed to
be sinusoidal such that

2-9
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Figure 2-5. Single-Degree-of-Freedom Model of Recoiling Parts
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Figure 2-6. Breech Force vs Time With B(¢) Sinusoidal

I (2-8)

0 ,1'2[_{ , N

Bnsin (“E[—) 0=t=1i N
B(r) =

where
By = maximum breech force, N
Iy = time at end of gas ejection period, s.
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For this example the maximum value of B(#) is reached at r = #,/2 and #sis much smaller than the duration ¢ of

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

[Bmsin( uti ]~Kc.,0£r§zf,N

- 1s
. [ £x(0) ] _ Y

— K. ,h=t1=1,N

where
K’(‘ = K(] - Wrsinﬁ, N
t, = duration of recoll stroke, s.
A 2.0 far << <+ mav
g. 2-9, for 0 = ¢ = ¢, may

”, [ dx(t ] - (M) cos ( Tti'f ) — K+ C), kg'm/s.
™ S

The initial condition dx/dr = 0 at 1 = 0 is used with Eq. 2-11 to obtain

Butr

¢ = , kgem/s.
Integration of Eq. 2-11, using initial condition, yields
. (Buty\ . {me N\ 8
mx(t) = —|—= s |——|)— K, — T Cit v €, Kg'm.
T Iy 2

(2-9)

(2-10)

(2-11)

(2-12)

(2-13)

Since x(0) = 0 at r = 0, the constant C» in Eq. 2-13 is zero, i.e., C; = 0. Therefore Eq. 2-13 reduces to

2 2
mx(t) = — ( BM?) sin (_m_) — K, —t2— -+ Cit, kgem.

A 4, Eq g a, 2-12—vyields
2
mr[ ax(0) } Bty _ K, kg'm/s
dt =y T
or -
X(t) = i ( 2By _ Kc) , my/s.
m, T

At 1 = 1, Eq. 2-i4-—substituting the vaiue for C, from Eq. 2-i2—yieids

2
K. rfz. + Bmtf = f}‘ — _.IEE__ Eﬁ , kg.m
2 T 2 T

m,x(tf) = -

or

x(ty) = s (— Ke . Bu ),m.
m, 2

(2-14)
} (2-15)
] (2-16)
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Integration of Eq. 2-9 over the interval ¢y < ¢ = (, gives
m,x(t) = — K. + Cs, kgrm/s (2-17)

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

Cy = mx(tp) + Kty = 2Bu tr, kg'm/s. (2-18)
w

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

2
K.t n 2Bt
2 T

mx(t) = — + (s, kg'm. (2-19)

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

_ K
a-k— S+

\ 2 K(j!ff' 2181'\4 2 B.t'w’ 2
J i + 5 — Iy=— tr, kg'm (2-20)
T i

B.s
ivi

Now if 1, is the duration of the recoil stroke and since x(¢,) = 0, Egs. 2-17 and 2-18 give

ZBM[f
= ZoMY 2-21
Kn ° (2-21)

. If L is the prescribed length of recoil, i.e., x(1,) = L, substitution of Eqs. 2-18, 2-20, and 2-21 into Eq. 2-19
gives

2Buty , 4Bwti _ Bw_
! »f

BMZ} { 2By ]\
K.’ K. ™ T \ K. ]

J

Thus Eq. 2-22 shows that for a prescribed L, K. and Ko can be determined in terms of known parameters. This
knowledge can now be applied for preliminary design of components of the recoil mechanism.

k

o m (22N
[N RS VL7444

In general, the breech force 1s of a more complex form, and a numerical procedure should be adopted for the
integration of Eq. 2-7. For the preliminary design, K{r) again will be kept constant at Ko. Somewhat more
general shapes for the net retarding force K(7) will be discussed in par. 2-4.

For the actual breech force B(r) and constant recoil force K(¢) = Ko, Eg. 2-7 can be rewritten

m.X = B(1) — Ko + Wsinf, N. (2-23)
Integrating this once, using the initial condition x(0) = 0, yields
mx = [ B(r)dr — Kot —T) + (Wsin8)1, kg'm/s (2-24)
where
t = time at which constant recoil force is applied, s

7 = time variable, s.

The retarding force of the recoil mechanism acts only after some recoil motion occurs. By denoting

Ea TR Ba ]
L-12
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D(1) = [ B(r)dr, kg'm]/s (2-25)

where
D{t) = impulse of breech force up to time 1, N's,

Eq. 2-24 can be written as

mx = D(t) — Ko(t —=7) + (W,sinf), kg'm/s. (2-26)

It should be noted that D(z) and Ko(r — ¢ ) are the impulses of the breech and the total retarding forces up to
any time ¢/, respectively.

Integration of Eq. 2-26 again. using the initiai condition x(0) = 0, which renders the constant of integration
zero, yields

Ko(t = 7Y (W,sinf)r’
2 " 2

!
mex = [ D(r)dr — , kgem. (2-27)
If the first term of Eq. 2-27 is integrated by parts. the equation may be written as

mx = [t D(7)]; 'ff [ il?f,i] gr — Kolt ;7)' 4 (Wrsirzle)r

d
(2-28)

or

Ko(t = 7Y n (Wsing)r*

mox = (D(1) = [ B(r)dr — . >

kg'm

Eqs. 2-26 and 2-28 can be used to determine Ky and 1, for a prescribed recoil length £, which requires that
x{(t,) = 0and x(+,) = L. Equationssimilar to Egs. 2-26 and 2-28 are used to develop a 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{(¢} = Ky, a
method is needed to find achievable retarding forces that yield a desired length of recoil L. For an achievable
K(1), integration of the equation of motion would result in far more complicated expressions than those arising
in Egs. 2-26 and 2-28. Therefore, it is not generally possible to solve algebraically for ¢ and and K(7) = Ko as
was done in par. 2-2.1. To carry out the required analysis for more realistic variable retarding forces K(1), a
numerical method is required. In 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(¢) and K{(r) as the breech and retarding forces,
respectively, is given by Eq. 2-7, te.,

m, X = B(1) + W,sinf, N.
Integration of Eq. 2-7 once. using the initial condition x(0) = 0, yields
mx = [ B(r)dr ~ [ K(r)dr + (W.sin6)t, kg'm/s (2-29)
where K() is applied at time t =1 ; the time ¢ is characteristic of the specific recoil mechanism type under

consideration.
2-13
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By denoting

H(1y = [ K(r)dr, kg'm/s (2-30)

where
H(r) = impulse of recoil force up to time ¢, N-s.

Eq. 2-29 can be written as

m.x = D(t) — H(1) + (Wsin0), kg'm/s (2-31)

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

0= D(t,) — H(1) + (W:sind)t,, kg'm/s. (2-32)
When K(¢) is constant and is equal to Ko,
H(t) = Ko(t — 1), kgrm/s (2-33)

and the mtegral of the breech force tlmc curvefB(r)dr can be calculated for dny t by the trapezmdal or

OllIleUll b lUle or dIly UlIlCI llU[llCl]Ldl lllLCBldLlUll u;:uuuqut, l IlCIl I'Lq A )4 can UC ubUU to UULdl[l l.IlU lUI,dl
duration of recoil 4, in terms of Ky. 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 the fluid properties (primarily viscosity) and thus affects the design
calculations partlcularly the orifice design. Corrcspondmg toa prescribed recoil length £, the dcmgner should
determine the amount of heat encrgy supplied by the conversion of mechanical energy 1o thermai energy
caused by fluid throttling.

Eqg. 2-7 can be rewritten in the form

= B(1) — K(1) + W,sind, N. (2-34)

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

0= ”; #10 0 = [ Bo)dx — [, K(ydx + (Wisin)L, J (2-35)
or
f: K(tydx = fO”K(z)v(z)dz = (W,sin§)L + f(:rB(t)v(t)dt, J (2-36)
where
dx/dt = v(t) = velocity of recoiling parts, m/s
or
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dx = v(dt.

After recoil calculations, v(r) 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 lincar momentum, the momentum of the recoiling parts equals the

momentum of mass exiting the tube or

We = Poyi 1433 Ko
g g g
or (2-37)
vy = Wovo + 1433 W, m/s
f W, s
where

vr = velocity of free recoil, m/s
vo = 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(f) = 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 x(0) = vy, x(L} = 0, yields

n, 2

5 V7= KoL = (Wsin6)L, J

(2-38)

or

KoL = ”; Vi (Wisind)L, J.

Eq. 2-38 gives an approximation of the work done by the recoil retarding force K.

The fluid throttling force Fo defines requirements on the orifice area variation and determines heat input to
the recoil fluid. It is a part of the total retarding force Ko, the components of which are discussed briefly 1n par.
2-2.3. When all other components are known, £y can be evaluated by subtracting them from Ko (see par. 2-2.3).
Let W be the work done by £y only. Then the temperature rise A T'in the mass my of the recoil fluid for a single

firing is given by

AT= Y degK (2-39)
my

where
AT = temperature rise in hydraulic fluid, deg K
W = work done by force Fp, J
Fy = resisting force due to throttling of hydraulic flutd, N
¢ = specific heat of the fluid material, J/kg-K.

o n

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

I. Frictional Force Ky of Sliding Surfaces. During recotl 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 f, of Packings and Seals. The packings and scals 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 the muzzle, gases are deflected lateraily or rearward
and thus generate a forward thrust on the muzzle brake. This thrust has a net resisting effect on the recoil
motion and is called the muzzle brake force K.

5. Resistance Fy Offered by Throttling of Hydraulic Fluid. During recotl motion, resistance is generated
by throttling fluid through control orifices. The result of all such forces is the resistance due to fluid throttling
Fa.

The total resistance to recoil is given by

K=Kg+ K-+ Kn, N (2-40)

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

The total force Kx acting on the recoil rod is

Kr= Ks T fp + Fo, N. (2-41)

Once, Kn, K., Ky, and f, have been calculated, the force Fy required 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
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Figure 2-7. Resisting Forces Acting on Recoiling Parts

{projectile past muzzle) as a force input 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 are 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 mementum input to the recoiling parts. Approximations of
the breech force curve that meet these objectives may fail to provide actual peak pressures; hence they may be
grossly inadequate for support of charge design or tube design.

2-3.1 LEVELS OF SOPHISTICATION IN INTERIOR BALLISTIC MODELING

Although they were written in the 1950s, the best references on interior ballistic modeling are the texts of
Coberly (Ref. 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 that a charge will ultimately be designed to 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 to 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 hreech duri ing gas
ejection that follows the exit of the pt’OjELtlle from the tube. This prediction is based on hydrodynamic
modeling and approximations that are presented by Corner (Ref. 6, Chapter 9).

The simplified analylical modeling method of Ref. S5—well-sutted for preliminary design of a recoil
mechdmsm—ls presented m par. 2-3. 2.1t s suggested that the recoil mechanism demgn team employ the
Uul.pul. Ul [llgl]cl [ChUlULlUll 1IJ.LC[1UI UdllJbLlL llluucm bULil as lIl T\Clb '7 |U d.IlU l l lﬂ lIlt: LLH(}.I (.l(..blg[l pr(.(:S\ as
refined charge, tube, and projectile design data become availabie.

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 foree as 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, 1.e., parameters that seldom vary widely
because of fundamental constraints on the tube integrity and wear life. [t is important for the reader to realize
that these data and the modeil presented are intended to predict forcing functions for recoll mechanism
dynamics not pressure predictions for gun tube design or acceleration predictions for projectile design.

2-3.2.2 In-Bore Period

For recoil machaniem decion and dr vnamig nnq]\mw arelation between bhreech forece and nrr\lpnhlp travel ¢
A Wi B WA S LW Wil Al Del \l\/alﬁ 1 “ lu u LEgLiIrn} llul [SR IS} [ LWt LILrE] AWl Y W 1l Ul W IR AV l .1 A% &

needed. Other relationships between breech force velocity and travel of projectile, and llmc also are
developed. For these, an empirnical equation (LeDuc gquation), which 1s paruicularly attraciive 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 approximaiing veiociiy of the projeciiie as a function of the in-bore iravel of the
projectile (Refs. S and 8) is

yo= Uy 42
R (-42)
where
v’ = in-bore velocity of projectile, m/s
1 = projectile travel in bore, m
a = LeDuc parameter, m/s
b = LeDuc parameter, m.

From Egs. B-23 and B-24, Appendix B, the LeDuc parameters are given as
a= V()’(Q + 1), m/s (2-43)
b= QUo, m (2-44)

where, from Eqs. B-22 and B-11, respectively, of Appendix B,
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27 Py 27 Pu o
= — — 1] — — 1] — 1, dimensionless 2-45
¢ ( 16 P. ) ( 16 P. ( )
P 2gloPuA , .
;‘{ = EHolm N dimensionless (2-46)
e VO’Z ( Wp + C )
2
where
vo = muzzle velocity of projectile, m/s
{/y = tube length, m
Py = peak chamber pressure, Pa
P, = mean chamber pressure, Pa )
¢ = acceleration due to gravity, 9.81 m/s”
A = bore area, m’
W, = weight of projectile, N

W. = weight of propellant charge, N.

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

, . au _ vo(Q + Du
= = . m/s. 2-4
VS b a T ol tw ™ (2-47)

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

w, + W

_ 2
= | ———= N 2-4
B w, F, (2-48)

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

The substitution for F from Eq. B-16, Appendix B, into Eq. 2-48 yields
W
W, + :

B= 2 abu__ N (2-49)
g (b +

Finally, substituting for ¢ and & from Eqgs. 2-43 and 2-44 into Eq. 2-49 yields

Wc r2 2
C{0m et Fwie Ui
B = = |, N. (2-50)
g (QUs + u)
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As shown by Eq. B-17, Appendix B, the maximum breech force By occurs whenu = b/ 2:;)r from Eq. 2-44
when u = QU,/2. Substitution of this expression for « into Eq. 2-50 yields

W.
Wp+ -~ r2 2
+ 1
Bu= — 2 | werly y (2-51)
27 g QU

where
By = maximum breech force, N.

From Eqgs. 2-50 and 2-51 the breech force B can be written as
270 Ugu
QU+ uwy |’

B = Bu { (2-52)

Thus the breech force is obtained as a function of ¢ and Us, with Ba and @ determined by interior ballistic
parameters.
To find the projectile travel versus time relation, the LeDuc equation (Eq. 2-42)

v du o _au (2-53)
it b+u
1S rewritten as
dr = (-‘-’—ﬂ) du, s. (2-54)
(717

Integration of Eq. 2-54, by parts with the condition u = Uy at time ¢ = 1y of projectile exit, gives

)
t:,oﬁ[b_ln(&)+11£_“]:,()—QUO]“(,“ R O
a u a vo(Q + 1)

where
to = time of projectile exit, s.

To find the time of projectile exit 7y, equate the momentum of the recoiling parts to the impulse of the mean
breech force B., to obtain

Bty = ”?/’-vo, kg'm/s (2-56)

where
B. = mean breech force, N
vg = velocity of recoiling parts at { = 1o, 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 = 0 when v = 0, to obtain at
2-20




Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)

v= | ——= {v, m/s (2-57)

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

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

-U
B.Uy=]." Bdu . (2-58)

Substitution of Bfrom Eq. 2-52 into Eq. 2-58 gives

~ 27BuQUs (Y, udu
B, — N 2-59
4 f ° (QUo + u) (2-59)

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

fUU u du . | N
° QU — w’ 2000(0 + 1)

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

B[,Z( 27 BM) ¢~ (2-60)
8 (Q+ 1y

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

o= ¥ (2-61)

gB.

Substitution of B. from Eq. 2-60 into Eq. 2-61 gives

QUL ) 4 13
S VlyYy T 1)

o = —- .S, 2-62
' 274 BuQ (2-:62)

Substitution of ¥y from Eq. 2-57, with v = vy, gives

W

S(Wp+ )vO’(QHf

27¢g By Q

o =

s. (2-63)

2

I a brecch force-time relationship is desired, Egs. 2-52 and 2-55 can be used to calculate Band ¢ values fora
selected set of values of v between v = 0 and « = Us. These B and 7 values may then be plotted ona B — t

rectangular coordinate system, and a graph of B as a function of ¢ 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:
W, = 146.79 N (33 1b) .

W,= 1237 N(2.78 Ib)

Py = 235 MPa (34,063 psi)

vo = 455.2 m/s (1493.5 ft/s)
Uy = 2.06 m (81 in.;
A =888 X 107 m" (13.77 in})
g =9.81 m/s’ (32.2 t/s")

and compare the calculated versus experimental data—i.e., B = flu) and V = A(u).

From Eq. 2-46
Py 2X9.81X2.06X235X10°X8.88 X107
P (455.2)" (146.79 + 12.37/2)
= 2.661.
From Eq. 2-45

2 1/2

—| 27 =1 27 _ _
Q—[l6(2.661) 1] [16(2.661) 1] !

= 0.1463.

The LeDuc parameters @ and # of Eqs. 2-43 and 2-44 are

a=4552(0.1463 + 1)
= 521.8 m/s.

b = 0.1463 (2.06)
= 0.3013 m.

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

Ly = 5218y

—= . m/s. (2-64)
03013+ 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 ] { 0.1463(2.06)u }

3
9.81 [0.1463(2.06) + u]
fi
3
(0.30138% + w)
*A dual system ol units is shown when the original data were expressed in English units and converted to metric units, i.e., “solt™ metric. Metric units .
only are wsed when the original data are given in metric units  invented to ilustrate an example  ie., “hard” metric,

2-22



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)

Graphs of the projectile velocity v"and breech force Bequations as a function of projectile travel u from Egs.
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

: ) s

c N - LimAd mencan A o 1
approximate method presented gives the correct work done and only a slight shift in the time the breech force

acts on the recoiling parts.

20
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Figure 2-8. Breech Force and Projectile Velocity vs Projectile Travel (105-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 of the forces acting on the projectile. From
Eq. 2-57, the velocity of the recoiling parts is

me B
W

v = velocity of recoiling parts, m/s

in-bore velocity of projectile, m/s.

-l

where

[
P
[oey
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Since the actual and predicted projectile velocities in Fig. 2-8 are essentially the same, Eq. 2-57 shows that the
actual and predicted velocities of the recoiling parts are essentially the same. [t is the velocity of recoiling parts
that 1s 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 propeliant gdses 15 equa! to a momentum increment, in the recoil direction, of the recmlmg pdrts Thus the
gas cy&CilOﬁ ptliuu must be modeled to pIE:uu_l recoil uyﬂ&mu,s Results and data describing the in-bore
ballistics in par. 2-3.2.2 are used as initial conditions for analysis of the gas eJeLtlon perlod

The ume 1y of projectile exit is gwen by Eq. 2-63, and the velocity of {ree recoil vy is given by Eq. 2-57 with

v’ = vg. Since at projectile exit # = Uy, Eq. 2-50 reduces to
LA
W,
V 0 L W —I_ T) Q

By = PUA —
gU(Q T 1)

_N. (2-66)

where
By = breech force at time 7, N
Po = breech pressure at time fo, Pa.

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

_dx

Vv =
At

u1

,my/s (2-67)

where
x = absolute travel of recoiling parts, m,

Since forward projectile displacement w1s measured relative to the tube, which has moved rearward a distance
xwiththe recmlmg parts, the absolute displacement of the projectile is « — x. Thus, by definition, the absolute
in-bore velocity v of the projectile is

vi= 4 (= m/s. (2-68)
dt

Sinceattimes = 0, x = 0and « = 0, Egs. 2-67 and 2-68 can be substituted into Eq. 2-57 which is integrated
to give

W = ( W, + %) (v — x), L. (2-69)

Since at projectile exit « = Uy, the recoil travel at projectile exit 1s

BT

2
Xo = U 2-70
N, w0 (2-70)

2
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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 to the recoiling parts.

The breech is now considered a reservoir of gas with pressure 7, and density p, and the gun tube is
considered a convergent-divergent nozzle. The process is assumed to 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 g of gas from Eq. B-30, Appendix B, is

= \/ ;2_2’_1 R(T, — T). m/s 2-71)

[T Ry,
WIHCIL

u = velocity of gas in bore, m/s

+ = ratio of specific heats, dimensionless
R = gas constant J/kg'K

T = gas temperature in bore, K

Ty= gas temperature at breech, K.

The quantity R 75 is a characteristic of the propellant, called specificimpetus, and RT:/(y — [)is the potential
energy of a unit mass of propellant, which is a known property of propellant.
From Ea. B-52, Appendix B,

[~ t 2yf{l=7
Po= Pl + —ff)—o , Pa (2-72)
A
' where
W, o
Py = —@ = breech pressure at projectile exit, Pa (2-73)
ffa
Ty = gas temperature in breech at time to, $
28 [ W [yt i\erone o]z . o .
¢ = . [ 4 ) , = duration of gas ejection period, s
A(y — 1) { gy PoA 2 (2-74)

A = chamber volume plus bore volume, m’.

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

_ WCRTO{!+ WC\

o0 , Pa. (2-75)
gAa \ 6 W, }

By the substitution of P; from Eq. 2-75, Eq. 2-72 becomes

WcRTO (l _1,_ W(- ) ( [ + [ — [() )2')"/'(]_7)

— , P 2-76
A a (2-76)

Pb:

o “
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and where, with this correction for Py, the refined duration of the gas ejection period is
172
v + 1 Yorurv=n
b = \
A(y — 1) . "P(I_\r W, 2

, S. (2-77)

Note that since W, is normally much less then 6 W, the correction is quite small.
To determine the momentum G—the impulse of the breech force—imparted to the breec

il Aol U LTLWLVS 3 Y v (AL RN IR} v i ik

hy the gagpc
L] Lin ao

M &
during the gas ejection period for a tube without a muzzle brake, integrate the following expression for G an
then substitute the expression for ¢ from Eq. 2-77

G= [ AP

g
un

(=

_ AW.RT, (1+ W )

0 _ 2¥/{1-7)
- e f (1 4 LT b dr, kg'm/s
4 P

i
¢ (2-78)

1/2 [ {(y+h)y/iv-117 172
= W (1 P mry [ 22 I . kgm/s
g 6W, y+ 1/ 1 v 2

where
G = momentum imparted to the breech during gas ejection, without a muzzle brake, kg'm/s.

By using ¥ = 1.26, which is a good approximation (Ref. 5), and expanding[! + W./(6 W,)]'" to first order in
W./(6 W), since W, <€ 6 W, vields

G=134 Y [1 4+ VvV RTo, kgrm/s. (2-79)
g 12W,

To determine 7q, equate the energy released from the propellant and the kinetic energy of the charge and
projectile at projectile exit, i.e.,

where

Moesy

e, = effective mass of propellant charge (Ref. 6)
. W

g
fraction of heat lost from propellant gases to tube (k= 1/7) , dimensionless.

k

Use these effective®* masses and the experimental values for v and & of 1.26 and 1/7 (Ref. 5), respectively, to
obtain

*The term “effective”—to distinguish it from “actual™—is used when a fraction of the charge mass is assumed to move with the
projectile.

N4
£L=L
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RTy= RTy — ( 0.0433 + 0.1486 o ) vo', m’/ s, (2-81)
Hence from Eq. 2-79
¢=1341 Y [1+ RT — [0.0433 + 0.1486 22 vo', kg'm/s.  (2-82)

To find the duration of the gas ejection period ¢ in terms of G, substitute the expression for P, from Eq. 2-72
into Eq. 2-78 and integrate Eq. 2-74 directly, to ¢btain

oo roo f [ — to Y2y (1)
G= Al Pdt= AP (1 = dr
= By (1’—“—1) , kg'm/s (2-83)
vy L
where
By = PoA, N, breech force at projectile exit,
With v = 1.26
g
¢,:(v+1) G _8 G (-84
Y 1/ B By

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 P,A. To account for the effect of a muzzle
brake, a dimensionless efficiency factor 8 (see par. 2-3.2.4) is introduced so that the force on the recoiling parts
is, from Eq. 2-72

B= (1~ B)PA
{ A2V

= (1 ~ B)APOL | + ‘—d)—"-) 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

r

_ _ 2¥/(1-%)
b= il_@ﬁ(i n ’_qb_f&,)’ /s’ (2-86)

where By = A4 Ps has been used.

Since v = vo when t = 1, integrate Eq. 2-86 to obtain

_ _ {(y+1)/(1-7)
v =vo + &ﬁy—ff%l[(lJr ’—¢’i) 1},m/s. (2-87)
W ( I — 7)

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

8.7
v:vo+%|.l—{l+ —\ ,mj/s (2-88)
| \ ¢ ] ]

where

— Gg
k = (I — B), m/s. (2-89)

W,
Integration of Eq. 2-88 with the initial condition x = xp at 1 = 1 gives the travel x of the recoiling parts, i.e.,

7 -1.7
ok I — 1o

x=x0+ (vo T k) (1 — t0) 77 1 + ) — 1], m (2-90)

Note in Eq. 2-85, when y = 1.26, 2+/(1 — %) = —9.69; therefore,
t— 1o ‘9.69

/

B={l —B)APO(I-i- ,N. (2-91)
\

Thus Bapproaches zero astapproaches e but Bis not exactly zero for any finite time. Whent — 10 = ¢, B is

reduced from its value at pl‘OJGCtlle exit by a factor of 2%, which is very small and for all practical purposes is
zero. Thus the gas gjection period can be considered finished when t — 1, = ¢, or

Ir=tot ¢, (2-92)
where

tr = time at end of recoil force or end of gas ejection period, s.

Similarly,
Pr=0.0012 Py, Pa (from Eq. 2-72) {2-93)
v = vo + k, m/s (from Eq. 2-88) (2-94)
Xr = xo + (vo + k)¢, m (from Eq. 2-90) {(2-95)
where

Pr = breech pressure at ¢, Pa
vr = velocity of free recoil {velocity of recoiling parts at +), m/s
x; = recoil travel at fr, m

2-3.2.4 Muzzie Brake Effects
At the time the projectile leaves the tube, propellant gas 1s still in the tube at moderately high pressure. The

gas then exits the tube at high velocity, as described in par. 2-3.2.3. The muzzie 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 to 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. [2 is simply used here, without derivation. The total thrust on the muzzle brake is given

das

Kn = BPpA, N (2-96)
where
K~ = muzzle brake force, N
7 v _
B = Ay T , muzzle brake efficiency factor, dimensionless (2-97)
Y

A = speedup factor, dimensionless.

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

(B — Kwdi = A(1 — B) [ Puds
= G(I — B), kg'm/s (2-98)

where -
G= AJ’“P;,d[ from Eq. 2-83.

An alternate viewpoint would be to define the factor (I — ) so that the impulse actually applied to the
recoiling parts during gas ejection is (I — 8)G. Then | — B8 would be given by the ratio

impulse applied to recoiling parts

during gas ejection with a muzzle brake . .
| — = £ 535 ¢ -, dimensionless.

impulse applied to recoiling parts during
gas ejection without a muzzle brake

The value of 8 is determined from the geometry of the muzzle brake, i.e., it is zero with no muzzle brake and
two if the flow of gases were reversed in direction, which is not practically possible. For practical brake design,
B ranges from 0.3 to 1.5.

In considering the design of a muzzle brake and the 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 transitional ballistic effects. These effects can have undesirable effects 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. Particularly 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 location relative to the muzzle of the cannon
must be developed (Ref. 12) for each muzzle brake considered to assure that overpressures in the crew 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 8, 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 initiated
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 demgn the designer can then use precise values of these paramelers to refme hlb 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 estimale 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 f{or the weapon being
designed 1s 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 are used to simplify these equations and an iterative method is used
to determine the charge weight and tube length. Such approximations are acceptable during preliminary
design since there is considerable uncertainty in virtually all system parameters. [t 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 j; and charge weight W, Lgs. 2-43 and 2-44 are rewritten as

il LU Oy P Sl g0 B T Qe W [ ]

Q = % — 1, dimensionless (2-99)
Vo

Up = % m (2-100)
where
Uy = tube length, m
b = LeDuc parameter, m
O = constant, dimensionless
@ = LeDuc parameter, m/s
vo = muzzle velocity of projectile, m/s.
Note that
B}'vf - :LP;‘yf (2-!0!)
where

By = maximum breech force, N
2
A = bore area, m
Py = peak chamber pressure, Pa

which are known data. Solve Eq. 2-51 for U, substitute into Eq. 2-44, and use Eqgs. 2-100 and 2-101. The
LeDuc parameter & is then
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W,
4 |W,+ 2 | &
b= £ , m (2-102)
27 g A P
where
W, = weight of projectile, N
W, = weight of charge, N
g = acceleration due to gravity, m/s
Define g as
27g Uy PuA X .
7 AL ., dimenslonless. (2-103)
8 ( W, + Wf)
2
Then Eq. 2-45 may be written in simplified form as

O0=qg—1—+/(g - 1)>— 1, dimensionless. (2-104)

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

vo= lim Q=g m/s (2-105)

T F—>
[ %3

(23

8
o

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

I/ — 1u;ns £ amaralla addies N
Yo — wc15uL Ol plUPClldlll aUUJ.I.lVb, Y,
To simplify subsequent calculations, define
W.+ W,
r = ———= _ dimensionless (2-106)
where

r = ratio of total propelling charge weight to propellant weight, dimensionless.
Use RTu/{y — |) as the potential energy of a unit mass of propellant, from Refs. 5 and 6,

where
gas constant, J/kg'K

temmnerature ot the hreerh K
tLHIplGiulC dal tie Vi, v

ratio of specific heats, dimensionless.

< i
il

Assume now that half the weight of the charge, i.e., W.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

the projectile and gases moving with it. Define £ as

E= RT,

, Js?/ kg'm. (2-107)

l}.)
[P8)
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Then the assumed energy balance is

1 rv. ) I EW.
— |w, + t=m | /=) 2-10
2g ( ! 2 )a 2 ('y— l)’ ( )

where Eq. 2-105 has been used for muzzle velocity a. Multiply Eq. 2-108 by 2g(W, + %rwr)/ W, and take the
square root of both sides. The result is

W , 1/2
Wo v Zha=| B (W o " A7 s (2-109)
W. 2 vy— 11 W. 2

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

a= D" m/s (2-110)
where
_ E 1/2
D= ( gl) . m/s (2-111)
v —
W, : .
h = Wp + ; , dimensioniess. (2-112)

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 [| + W./(6 W,)]*=1 + W./(12W,), Eq.
2-78 gives the momentum imparted to the projectile during gas ejection as

2 W, rw. R R A Al 112
G,= — —— |1+ < RTH', ke 2-113
= B () ) e s

where
G, = momentum imparted to projectile, kg:m/s

and W, has been replaced by r ..
Rewrite Eq. 2-80 by substituting the expressions for My eand me,., and r W, for Weon the right-hand side of the
equation, lL.e.,

W 1
— 2 _RIy—T)= — |(1 +)W, +
oy - T = o [( )

rW“J vl ] (2-114)

where

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

Solve Eq. 2-114 by substituting the values of & = 1/7 from Ref. 5, for R7y. i.e.,
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VI 8 W ’
RTy = RT, — (7 )( ; = Wf’ )voz,J/kg. (2-115)

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

RTOZEg—(y;I) (; + 3 Z)VO,J/kg (2-116)

Since the projectile was initially at rest, the momentum G, 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 ¢ = v’ from Eq. 2-105, to obtain

| rWC)F:[ EW. (Wp+

—(Wp+
g 2 gy — 1

_Wcr
2

1/2
) ] , kgrm/s. (2-117)

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. 2-117—must be equal to the
momentum of the projectile and gases at projectile exit, which is (W, + r ./ 2}ve / g, plus the momentum G, of
Eg. 2-113 applied during the gas ejection period, 1.e.,

LWp-i-rWC 0_|_2rW1+ ch(L
2 3 Y

1/2( v + 1)(3-7)/{2(v—1)]

g g 12W, 2
r _ i { 8 T \ 1i/2
X | Eg — Y + 21 v’
2 3 T W

[ EW. /.., Lo V1 Kkoom /s D-118)
l_g—_(y—l)\ 3 JJ , Kg'm/s. L )

where the expression for G, has been substituted from Eq. 2-113 and the expresion for R7y has been

IR R YA
bUDblllUlCU from E.q Z=-1 10,

Multiply Eq. 2-118 by ¢/ W., and substitute the expression for Dfrom Eq. 2-111 and the expression for 4 from
Eq. 2-112. The resulting equation 1s

1/2
v+ rli+ 2Nl (4 Sy el bt mys @119)
Vooew ) [T b a2 ’
where
2 G-y 20y
= 2fxzt vyt , dimensionless. (2-120)
3 oY 2
Define
N 2
HZ[r-I- &g ],dimensionless (2-121)
P



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)

and

4h Sr

a = — — =—  dimensionless. (2-122) .
42

Eqg. 2-119 may now be further simplified to
’ 7 =2 ’ 2 —
vo h + HT(D — avy )" = Dh'?, m/s. (2-123)

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

r2 7172 2

Vo Vg . .

| — —] =1~ —— , dimensionless.
D

Thus Eg. 2-123 may be written as

vo*h + D (1 - == ) = Dh', m/s. (2-124)

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

N, 12 r2
wh+ D 2,0 > 2 W o pp (2-125)
7 D 84 D
In simplified form, Eq. 2-125 becomes
Gih— DR 4+ G, — 0, m/s (2-126)
G =i — 2 Dl (2-127)
7 D
— e b) ‘V'(;2
Gz—rFD(1+ —_—r _,),m/s. (2-128)
84 D
Solving for i1 in Eq. 2-126,
_ — /2.2
p=| PHD —4G6G) | i cnsionless. (2-129)
26,
W, 1s determined from Eq. 2-112 as
W, = W”r N, (2-130)
J A
2
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A summary of equations to determine W, and Us—given A, Py, vi, v, RT;, and r—follows:
. Calculate £, D, and T from Eqs. 2-109, 2-111, and 2-120.
. Calculate G and G, from Eqgs. 2-127 and 2-128.
. Calculate A from Eq. 2-129.
. Calculate W. from Eq. 2-130.
. Determine a from Eq. 2-110.
. Determine @ from Eq. 2-100.
. Determine b from Eq. 2-102.
. Determine U, from Eq. 2-99.
If a different value of Us is desired, a new value of W, may be determined as follows:
9. Determine ¢ for the new Uy from Eq. 2-103 and then determine the value of W, from Step 4.
10. Determine Q from Eq. 2-104.
Il. Determine g from Eq. 2-100. _
12. Determine # from Eq. 2-110; D was determined from Step 1.
13. Determine W {rom 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 W,

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-arca
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(r) 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

0O~ N B N —

“impulse-in = impulse-out™.

2-41 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 motion of the recoiling parts is of the form (with
the notation of par. 2-2.2)

nx = D() — H(1) + (W,sinf)¢t, kgm/s (2-131)

where
D() = [ B(7)dr, kg'm/s (impulse of breech force up to time 1) (2-132)
H(r) = f; K{(7)dr, kg'm/s (impulse of recoil force up from time7 to ¢) (2-133)

where

7 = time at which constant recoil force is applied. s.
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[ntegration of Eq. 2-131 gives
W,t'sind

mx = [ D(r)dr — [H@dr + :

, kg'm. (2-134)

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

mox = 1D(1) — [1B()dr — tH(t) + [rK(r)dr + 2300 em (2-135)

2
Define
Ll TB(T)dr )
dr)y= 2 —" 5 (2-136)
B(r)dr
f: TK(7)dT
e(y = = - , S (2-137)
J- K(r)dr
where
d{1) = centroid of breech force up to time ¢, s
e(?) = centroid of recoil force up to time ¢, s.
EqQ. 2-134 can be rewritten, with the aid of Egs. 2-132 and 2-133, as
2.
myx = tD(8) — d()D(t) — tH(t) + e(t)H(1) + __lfV,tzs—mB . kg'm (2-138)
or
! [ 61
mox = [t — ()] [ B(r)dr — [t — e(D] J- K(z)dr + MES-T-B— , kg'm. (2-139)

At theend 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. 2-131 at r = 1,

Ix = I3 + t,Wsin8, kgrm/s (2-140)
or

JZK(rydr = [['B(r)dr + 1, Wsinb, kg'm/s (2-141)

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

It =f;er(r)a’r = total impulse of recoil force, kg'm/s

[;:f‘;rB(T)dT = impulse of breech force, kg'm/s.
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The substitution of x = L and + = . in Eq. 2-139 gives

m L= [t, — d(t)] Iz — [t — e(t)] IK + —WL;E?@— kg'm (2-142)

where
d(t:) = centroid of breech force up to time 1. s
e(4,) = centroid of recoil force up to time ¢, s.

Eq. 2-140 or Eq. 2-141 and Eq. 2-142 are used to determine the unknowns ¢, and K(¢). The breech force is
applied when the firing cycle ts initiated, and a force retarding recoil builds up rapidly as motion begins and
holds until the velocity returns to zero at the end of the recoil cycle. These applied forces are presented
graphically in Fig. 2-9.

< & Denvtes Centroid
< of Aren
[Sa
& /W, siné
O L NN
o Time 7,s
X &
u

i \n‘,/z 7=1
Ao

Figure 2-9. Recoil Forces for Conventional Recoil Mechanism

A constant value Ko for K(r) gives the lowest force on the supporting structure. If ¢ = 0, then from Eq.
2-141

0= 13+ (Wsind)t, — Kot,, kg'm/s (2-143)
and from Eq. 2-142. since 5= 1Ky and e(1,) =%
. 2 2
mol = [ — d)]IE+ L‘;H” — K‘;’ kg'm (2-144)

where

Ko = constant resistance to recoil, N

L = length of recoil, m

B = angle of elevation of gun barrel, rad.

Therefore, if any four of the six variables—m,, L. t,, Ko, Iz, d{t,)—are known or specified, the remaining two
vartables may be determined from Eqs. 2-143 and 2-144.
Assume that m,, L, [, and dl(t,) are specified parameters, then Eq. 2-143 15

(Ko — Wisint)t, = I3, kg'm/s (2-145)
and Eq. 2-144 is
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(Ko ~ Wsi — [t — d(t)1i57 = —m.L, kg'm. (2-146)

Egs. 2-145 and 2-146 may be solved for K, and ¢ to obtain

M
=) [ % )] [ el Ed(t’)h’ ] s (2-147)
and
¥, 2
Ko = (s) + Wsin®, N. (2-148)

AmeL + d(1:)15]

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(r) and H(t), given by Eqgs. 2-132 and 2-133, are the impulses of the breech and the total
retardmg forces, respectively, at any time ¢. The / may also be mterpreted as the areas under the corresponding
force-time curves. The quantltlcsfﬂrB( 7)dT and rk(r)dr are the first moments of area under the breech force
curve and under the total retarding force curve, rcspectwely It should also be noted that (¢} and e{¢) of Egs.
2-136 and 2-137 are expressions for the distanccs of the centroids of the areas generated by the functions B(r)
and K(7), respectively, at any time ¢, measured from time 1 = 0.

Eq. 2-141 tells the designer that the area under the total resisting force curve K{(7) is equal to the sum of the
areas under the breech force and weight component curves. Eq. 2-142 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. In Eq. 2-142 the term [, — d(¢, )][B represents the moment of the area under the breech
force curve about point ¢, and the term [+, — e(, )][f represents the moment of the area under the weight
component curve about point ¢,. Therefore, Eq. 2-142 tells the designer that s, 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 1 = ¢y <7 ¢,, the 1nlcgrauon in Eq. 2-135 need only be carried out to
t = 15, as determined in par. 2-3, to obtain d(1,). Thus I5 and d(¢,) are known lor Egs. 2-140 and 2-142. The
mass of recoiling parts m. 15 also estimated at this point by methods discussed in par. 2-3.3, and the recoil length
Lis likely to have been dictated by crew safety or geometry. Therefore, Eqgs. 2-140 and 2-142 are generally most
helpful in determining the impulse I8 required by the retarding force and the time of recoll .

Regardless of the 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(r) 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 “m1,Lis equal to the sum of the moments of all the other forces about+ = £.”. Thus
the graphical interpretation and use of Egs. 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(f) must be selected from a family of achievable curves. As a practical
example of a one-parameter family of curves that characterizes K(¢), the shape of the total recoil force can be
taken as shown in Fig. 2-11. The parameters Kmax, K1, K2, f1, and 12 in Fig. 2-11 represent the following:
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Figure 2-10. Curves of Breech Force, Weight Component, and Total Resistance to Recoil
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Figure 2-11. A Practical Shape of Total Recoil Force -
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Kmax = maximum recoil force that acts, N
Ky = resistance to recoil at x = 0 due primarily to recuperator, N
K> = resistance to recoil at x = L due primarily to recuperator, N

t; = time period for buildup of recoil force in fluid throtthing to peak recoil value, s
t» = time period for relaxation of recoil force in fluid throttling, s.

Thus the area under K{(1), I, and the centroid e(?,) of the area can be calculated. Now the moment-area
method of par. 2-4.2 can be applied to compute Ko and ¢. It should be stated that when K; = K> = 0, the
total resistance force has a trapezoidal shape—a concept commonly used in the preliminary design of the recoil
mechanism,

To dlustrate such applications of the moment-area method, some simple example problems are considered.
Different shapes (including the trapezoidal shape) of the recoil reststance versus time curves are assumed, and
the magnitude of total r_gccnl force K(r) and the time of recoil 1, are calculated. In case firing takes place from
the in-battery position, r = 0 and it is assumed that ¢, > 1, where # is the time over which the breech force
B(?) acts. In these sample calculanons the following data are used:

m, = 670.55 kg (3.8292 Ib-s*/in.
# = 0 rad (0 deg) (Consequently, from Eq. 2-140, = Iq )
L* 1.219 m (48.0 in.)
I3 = 8936.48 kgrm/s (2008.99 Ib-s)
d(t) = 0.007 s.
Even though the examples that follow are rather simple, it is instructive Lo present their solutions in detail.

ll

EXAMPLE?2-1:

_Consider the simple linear shape of K(r)in Fig. 2-12(B). Since the function K(#) is a straight line through the
origin,

K(z)sz( —;—)N

r

where
Kemax = maximum recoll force, N,

The total impulse 7# of the recoil force is, by definition,

_ i _ Kmax g _ \
= [K(ndt = t dez_T,kg-m/s.

r

The centroid e(,) is calculated by Eg. 2-37 withy =0, i.c.,

tr Kmax ir 2
J,1K(0)dr ; INZ'
E’( Ir) — — r

e ng_\:
J, K(1)dr
— Kmaxl% Kmaxfr — 2tr S
3 2 307

Use Eq. 2-142 to solve for ¢, L.e.,

670.6 (1.219) = (1, — 0.007)8936.48 — (tr - 23& ) 8936.48

(!

tr = 0.148 s.
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Use the derived expression for T¥ 1o solve for Kmax, 1.€.,

Kmax(0148) — 8936 48

Kinax = 120,763 N.

< KITJGX < Kmax
o R e -
.E*-.-. D |
2 £~ |
g X T x |
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x o S 8 |
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Figure 2-12. Assumed Shapes of Total Resistance to Recoil K(f)

{cont'd on next page)
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Figure 2-12. (cont’d)

EXAMPLE 2-2;
Assume K(1}to be atriangular shape as shown in Fig. 2-12(C). For the triangle on the left-hand side, i.e., 0 <
154,/2,

K1) = 2—’?‘*: N,0< /<12, )

r

For the triangle on the right-hand side, i.e.. 7,/2 <1<, the slope of the line is —2Kmux/ £, Therefore, by the
point-slope equation for a line

—2K !
K([) — Knax = —l,-mi ([ — 2r )
or
—2 Koaxt
Ky = —==+ 2Knee, N, /2= 1 =14,
r
The total impulse /£ of the recoil force is. by definition,
2K Iy/2 2K, i i
& max max
IK - __"r_J;) [dt - — f[r/2 Idt - 2Krngxflr/2 dl
Koty
= m;x , kg'm/s.

It I1s obvious that the centroid e(s,) = /2.
Use Eq. 2-142 to solve for 1,, i.e.,

242
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670.6 (1.219) = (¢, — 0.007)8936.48 — (tr — ;;) 8936.48

FaNE VL W

Use the derived expression for I§ 10 solve for Kpax, 1.€.,

Konax(0.1969) ,
Dmed” 707 = 8936.48

Knax = 90,772 N.

EXAMPLE 2-3:
Assume K(¢) to be a linear function as shown in Fig. 2-12(D). The slope of the line is — Kunax/ 2. Therefore, by

the point-slope equation for a line

- Kmax

r

K(1) — Knax = (t—0)

K(t):Kmax(l - ),N.

The total impuise /% of the recoil force is, by definition,

IF= Kmaxf;r(l — 4 )dl

kS 7

The centroid e(t,) is calculated by Eq. 2-137 with 7 = 0, i.e.,

Iy I
Jlik@ydr Koo, R
A i
e(tr) = 1 = 1 ;
fO K(t)d[ Kma-‘fo (1 - T ) df
= lr 5
3 77
Use Eq. 2-142 10 solve for ¢, L.e.,

I

670.6 (1.219) = (1, — 0.007)8936.48 — (Ir - ) 8936.48
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t, == 0.295 s.

Use the derived expression for I£ to solve for Kmas, i.e.,

Kmax(0.295)

= 8936.4
5 8936.48

Examples 2-2 and 2-3 illustrate an important point. For the same impulse and recoil 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 exampie, the shape of the total resisting force curve K(#) 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, ¢, = 0.005s and
t2 = 0.010 s. Values of ¢; and ¢ in actual design of control orifices are selected based on the consideration of
machinability.

For this example, three different functions of K(r) are required to describe the recoil force during the period
0<1t=1,1i.e.,

K{(#) = recoil force during the period 0 <7<, N
Ki(#) = recoil force during the period 1 <1<, — 1, N
Ks(1) = recoil force during period ¢, — 12 = ¢t < 4, N.
By use of the point-slope equation for a line, as previously iHustrated,

Ki (1) = Kr;mxt N

1

ED

Kmaxt

I

KB(I) - + Kmax, N.

Obviously,
K?_(t) = Kmax, N.

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

Kinax f [ Y] ir 1
2= 2 [ Ko ], + Kmaxfr!_tz(1~ —)dr

Kmax

= Knax(tr — 61 — 12) T+ (t1 + 2), kg'm/s.
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To determine the centroid e(¢,), employ the concept of the moment of the area divided by the area. 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 ¢+, = 0 axis {y-axis).

The centroid e(t,) is. therefore, taking moments about the ¢, = 0 axis

Mr— M — M,

e(t,) = .8
Ar— A — A:

where

Mt = total moment area of large rectangle

M, = moment area of triangie No. !

M. = moment area of triangle No. 2

Ay = total arca of large rectangle

A; = area of rectangle No. 1

A: = area of rectangle No. 2
or

Ir I Il Kmax _ _ IE l I?_ Kma.\'
o [ (5
e(t) = -

[r Kﬂ’f[l_\' o

_ 36—t + 65— 361, .
32, —nh— 1)

Substitute the given values 1 = 0.005 s and 1, = 0.015; the expression for e(t,) becomes

12— 0.01z, + 0.000025
2t, — 0.015

e(y;) —

=~ ().51, + 0.00125, s.

By Eq. 2-142, ¢, = 0.203 s.
Use the derived expression for /i to solve for K, Le.,

8936.48 = Knux(0.203 — 0.005 — 0.01) + Rmax

(0.005 + 0.01)

Knaxr = 45711 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, ailowed recoil
length, and rate of fire ar¢ discussed in par. 2-1. These and related system level trade-offs are treated in
considerable detailin 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 recoil overloads to illustrate trade-off methods that
should be used in recoil mechanism design.
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2-5.1 RECOILFORCE,STABILITY, AND RECOILING PARTS WEIGHT RELATIONSHIPS

In modern artillery design a recoiling mass is allowed to recotl 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
recoll 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 Kumax and the total weapon weight

Wrshould be clockwise, i.e.,

ZeaWr — prKimax = 0, N'm (2-149)
where
Zcc = horizontal distance between spade and weapon center of gravity, m
Wr = total weapon weight, N
¥Yr = trunnion height, m
Ky — maximum recoil force, N.

& Kmax
1\ Craodle

% 8\
L Carriage er
]

Zce "1

(A) Free Body Diagram of Cradie-Carriage

Recoiling Parts B(1)
Cradle
Carriage

(B) Weapon Schematic

_______ 417 | | ¥ R S T I ) T T
rlguw L-1). YYEApon Anchior ing Scaémaiic
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The simpiified 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 Kpqx and
selecting a trail length and carriage configuration so that yris 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. [t is, therefore, important 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. 2-3

— ‘zg
= _-4 N -

where
Ko = constant recoil force, N
/ = total impulse imparted to recoiling parts due to firing, N's
W, = weight of recoiling parts, N
= recol! length, m
g = acceleration due to gravity, m/s’.

Eq. 2-5 shows that the recoil force Ko is inversely correlated with the recoiling parts weight W.. This correlation
is of fundamental importance since the other variables (/ 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 W, only for the purpose of improved
stability. Thus the recoil mechanism designer must also play an active role in system weight trade-offs.

The importance of artillery ground anchoring is illustrated by the schematic diagram in Fig. 2-13(B). The
impulse of the breech force B(1r) 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 £(7). It is interesting to note how
different recoil methods affect stability and ground reaction:

|. Conventional (Hydropneumatic) Artillery. A hydropneumatic recoil system lengthens the time dura-
tion of the recoil cycle 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 a
much shorter time than in a conventiona! 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.

2-52 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 | 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 the particular anchoring method used. In Ref. 13, the following soil stability index is
Aafinad-
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ST = Ko/ Wy, dimensionless (2-150)
where
SI = stability index, dimensionless
Wr = total weapon weight. N

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 unul the S7 reaches about 2.5, This statement is based on
anchoring in loose, sandy soils. The M 102, using stakes, has an §7 = 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

Herot ezt ~ ~
To illusirate trade-off calculations that quantify some o

equations for conventional and soft recoil mechanisms:

the preceding discussions, consider the recoil

Ko = 2;/“1 , N, for conventional recoil systems (2-5)
12g
Ky = W N, for soft recoil systems (see Chapter 7). (2-151)

It 1s 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 1s 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 wetght), examine the partial derivatives of Egs. 2-5 and 2-151:

Ky, {1\ g . . . .

W ) . dimensionless, for conventional recoil (2-152)
d

BII;] ( ) I's , dimensionless, for soft recoil. (2-153)

The negative sign indicates that an increase in recoiling parts weight results in a decrease in Ky and vice versa.
tha -

Take the MIOE 105-mm mwpd sys m as an e"ample L=122m (4.0 f0), 1 =9099 kg'm/s (2046 lb-s),
g = 9.81m/s’ (32.2 ft/s"), and W, = 6768 N (1522 Ib). Thus for conventional recoil
dK, ] 9099)(9.8 . .
0 —— ( ) ( ) —7.26, dimensionless.
aw, 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. [t1s helpful to hypothesize different cannon weights for the M 102, to plot the
resulting values for Ko, and to calculate the derivative 6[\)/8 W, A plot of Kyversus W, has been constructed in
Fig. 2-14. A decrease in the values for W, results in an increase in Ky and dKo/dW,. 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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Figure 2-14. Recoil Force vs Recoiling Parts Weight (M102-Type System)

10 soft recoil systems both rear overload RO and forward overload FO conditions may occur. RO s caused
by firing a high zone round at a lower zone setting. FO1s caused by musfire of a high zone charge. Thus there are

three recoil loads associated with soft recotl systems. These loads and their derivatives with respect to W, (from

Ref. Iﬁll} are gl\r\.u I dh‘.& 2-1.

Note from Eq. 2-150 that the stability index S/ increases with Ky, assuming the total system weight is
constant. Since a decrease in recoiling parts weight leads to higher recoil forces, the carriage must be designed
tocarry the increased force level. Thus it may be assumed that total system weight Wrremains approximately
constant. 1f this is the case,

K
(2(3{) = 8 J_ /Wr, dimensionless. (2-154)

Since d Ko/ d Wris negative, d(ST)/d W, is also negative. Thus a decrease in recoiling parts weight decreases—
results in a larger negative number—the stability index, which is an adverse effect on stability. Numerical
values of STand d(S1)/d W, for three weapons are given in Table 2-1. Note that the M 102 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 the 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

B -

L

12,
13.

SYSTEM PARAMETERS M102 M204 M 198
Weight of recoiling parts W, N 6,768 7.396 32,272
Recoil reaction Ko, N 49237 18,476 18,331
9Ky/d W,, dimensionless —7.27 —2.50 —35.68
Forward overload FO, N — 89,053 —
HFO /I VW,, dimensionless — —12.04 -
Rear overload RO, N — {77,039 —
I ROY/dW,, dimensionless - —23.94 —
System weight W7, N 14,343 15,688 64 096
Stability Index $7, dimensionless 343 .18 2.86 o
HSH/dW,, N —0.507 X 107 —0.159 X 107 —0.089 X 107
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CHAPTER 3

CONTROL ORIFICE DESIGN FOR
HYDROPNEUMATIC RECOIL MECHANISMS

In this chapter, general principles for the design of control orifices of hydropneumatic recoil mechanisms are
described. These principles can be used for design of both independent and dependent types of recoil
mechanisms and for tank recoil mechanisms. After an introduction to the chapter in par. 3-1, types of
hydropneumatic recoil mechanisms and their operating principles are described in par. 3-2. The requirements
of a recoil mechanism and its selection are discussed. Detailed descriptions of components and the sequence of
operations of the Puteaux, St. Chamond, Filloux, and Schneider recoil mechanisms are presented. Advan-
tages and disadvantages of these mechanisms in various applications are also discussed. In par. 3-3, the control
orifice design problem is described, and a general discussion of the design procedure is presented. Par. 3-4
presents simplified hydropneumatic fluid dynamic models for use in the design of control orifices. Assump-
tions made in representing the fluid motion are presented, and the effects of these assumptions and the
limitations they impose are discussed. Advanced technigues in control orifice design that overcome these
limitations are presented later in the chapter. Par. 3-4 also presents material on the effect of fluid compressibil-
ity on the motion of recoifling parts and the design of control orifices, fluid flow analysis, and an experimenial
procedure for the determination of discharge coefficients. In par. 3-5 various forces that contribute to the total
resistance to recoil motion are described and characterized. These forces include the recuperator force, the

Jrictioral resistance of sliding bearings, the frictional resistance of packings and seals, and the resistance

offered by throttling fluid through control orifices. Analytical and experimental procedures for determination
of frictional forces are described. In par. 3-6 a détailed procedure for the design of control orifices for the

hydropneumatic recoil mechanisms is summarized in a step-by-step format. Par. 3-7 discusses the problem of
counterrecoil control design. Finally, par. 3-8 presents advanced twhnmues in the desmn of the recoil

mechanisms. The effect of sec.ondary recoil, i.e., motion of the supporting structure, on the des:gn of control
orifices is presented. Advanced concepts of fluid mechanics that may be used in design of control orifices in the

Suture are discussed. Thermodynamics of recoil mechanisms also are briefly discussed.

3-0 LIST OF SYMBOLS

A = area of cylinder, m*
= area of counterrecoil piston, m*

) P O

2

Ap = area of buffer \.y'uuucx m
_ 2
= bore area (less rifling groove area), m

A, — area of control rod, m’

A., = effective area of counterrecoil piston, m’

Ay = effective area of piston facing high-pressure chamber, m*

A: = effective area of piston facing low-pressure chamber, m’

Ar = area of floating piston, same as recuperator cylinder area, m*

A, = contact area wD:b on cylinder wall, m’
= cross-sectional area of high-presstire chamber, m2
Az = cross-sectional area of low-pressure chamber, m’
a = linear acceleration of projectile, m/s”
= distance between bearings, m (see Fig. 3-14)
= experimental constant, dimensionless
a. — area of orifice for counterrecoil, m*
a. = effective orifice area, m®
a.. = effective area of an equivalent orifice during counterrzcoil, m*

. e 2
a.,r = a,C,, effective orifice area, m"
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do

Cc'_

Ce
Co

(Co):
C, Gy

Cp

Pheo

D,

Fbc
For

Fr
F,

=

il

il

I

I

1l

I

average area of the orifice, m’

area of orifice for recoil, m’

buffer orifice area, m’

peripheral acceleration of projectile in bore, m/s’

orifice areas, m’ {see Fig 3-11

effective upstream area of high-pressure chamber, m’

propellant gas force or breech force, N

total applied force including weapon weight component, N

width of packing, m

distance between CG and the bearing about which moments are taken, m (see Fig. 3-14)
thermal conductance, W/ m*k

constant, Pa-m’ (see Eq. 3-141)

constant of integration

orifice coefficient of a., dimensionless

correction factor for compressibility, dimensionless

discharge coefficient associated with effective orifice area a., dimensionless

orifice coefficient of a,, dimensionless

discharge coefficient for orifice, dimensioniess

compressible orifice discharge coefficient, dimensionless

discharge coefficients for orifices a; and a,, respectively, dimensionless

difference between distance of the bearings and that of CG to the bearings about which
MOMmEinis are takei, m

damping coefficient, N-m/s

specific heat at constant pressure, J/kg-K

specific heat at constant volume, J/kg'K

hydraulic diameter of
inner diameter of recoil cylinder, m
outer diameter of cylinder, m

larger inner diameter of recoil cylinder, m
inner diameter of cylinder, m

Ahnrioen s
1

sl e ok -
oA TN LIARLELDLNL upallcalll Lo

smaller inner diameter of recoil cylinder, m

depth of bearing from CG, m (see Fig. 3-14)

depth of bearing from centerline of tube, m (see Fig. 3-14)
distance between cradle slide and recoil evlinder, m (see Fig, 3-14)
distance between supports, m (see Fig. 3-14)

diameter of a section of gun tube, m (see Fig. 3-9)

diameter of another section of gun tube, m (see Fig. 3-9)
Young’s modulus of cylinder, Pa

inertial force due to acceleration of recoiling parts, N

total resistive force of buffers at end of counterrecoil stroke, N
resisting force provided by counterrecoil orifice a., N

net counterrecoil accelerating force, N

cumulative frictional and shear forces, N

= [rictional resistance of sliding bearing during counterrecoil, N

force due to throttling fluid, N
total resistance offered by throttling hydraulic fluid, N

force on counterrecoil piston, N
recuperator force during counterrecoil, N
force defined by Eq. 3-98, N
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F,, = force due to spring in buffer chamber, N

F.’\"C
FB
oNC
ol
F/
fe
Sor
Sr
UP)!
(fr)e

(o),

fy

~,

il

f

I

(

(f

i

H

H

f

I

f

li

f

I

I

il

li

i

H

i

il

fi

i

li

i

generalized nonconservative force corresponding to x, N
radial force 4, Pr of packing on cylinder, N

neralized nonconservative force correspon
normal force on rails from rifling torque, N
frictional force of packings and seals of recoil brake and counterrecoil cylinder, N
resisting force provided by recoil orifice a, during counterrecoil, N
frictional resistance of packings and seals, N
effective packing friction defined by Eg. 3-104, N
in-batiery frictional force of recuperator due to packings and seals, N
out-of-battery frictional force of recuperator due to packings and seals, N
frictional force of nnr‘l(lng: and seals in rPCllpPr‘ﬂan N
frictional force uF, of packing assembly—u = 0.05 for leather, u = 0.09 for silver, and u =
0.09 for teflon—N
total in-battery frictional force of recoil brake and counterrecoil cylinder due to packings and
seals, N
total out-of-battery frictional force of recoil brake and counterrecoil cylinder due to packings
and seals, N
force defined by Eq. 3-101, N

= frictional force due to rifling torque, N

acceleration vector due to gravity, m/s’

acceleration due to gravity, m/s’

moment of inertia about z-axis for Body B, kg'm® (see Fig. 3-22)
moment of inertia about z-axis for Body C, kg'm” (see Fig. 3-22)
mass moment of inertia of projectile, kg-m’

moment of inertia about z-axis for Body A, kg'm® (see Fig, 3-22)
unit vector in x-direction, dimensionless

unit vector in y-direction, dimensionless

total resistance force, a function of time ¢, N

resistance offered by elastic medium of recuperator, N

frictional resistance of bearings, N

frictional force of bearings or slides, N

Prj P., pressure factor (for rubber filler, K, = 0.
net force on recoil rod {also called rod pull), N
total resistance force at time 7, N

total resisting force at time ¢, N

unit vector in z-direction, dimensionless
torsional spring constant, J

thermal conductivity, W- -(m’* K/m)

radius of gyration of projectile, m

T— ¥V, L Aagrange fnn(‘nnn dimensionless

initial length of oil column in high-pressure chamber, m
total mass of recoil fluid, kg

mass of Body B (see Fig. 3-22)

mass of Body C (see Fig. 3-22)

mass of charge, kg

mass of projectile, kg

mass of recoiling parts, kg

mass of Body A, kg (see Fig. 3-22)
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Nmax =
Nr:
n=
P =

AP=
P =
Pa, =

Pﬂ'o:
Py =
Proax =
B =
Pr=
Pr:
P =
P =
PX_':
Po=
P],Pz -
APVAP, =

Qe =

Q. =

Qrecoil mech —
Ql’Q2 =
Ry =
R, Ry =

T =

AT =
. =
T =
T. =
Thnax =

AT, =

3-4

maximum number of firings, dimensionless

twist of rifling, calibers per turn

gas constant, 1.e., ratio of specific heats, dimensionless
gas pressure, Pa

fluid pressure, Pa

otl pressure in recoil brake cylinder after throttling through a, or a., Pa
pressure change, Pa

average pressure in orifice, Pa

P; + P,, axial pressure on packing, Pa

oil pressure before throttling through o, Pa

o1l pressure before throttling through a., Pa

propellant gas pressure, Pa

pressure in high-pressure chamber, Pa

maximum fluid pressure, Pa

pressure in low-pressure chamber, Pa

K, P., radial pressure on packing, Pa

recuperator gas pressure, Pa

axial pressure in packing produced by spring, Pa

gas pressure at any recoil distance x, Pa

recuperator gas pressure at any counterrecoil displacement, x,, Pa
gas pressure at in-battery position, Pa

two chamber pressures, Pa (see Eq. 3-118)

pressure drops across orifices a1, and a», respectively, Pa

= 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)
= force ordinate at Point B, N (see Fig. 3-13)

flow rate (discharge) through orifice a,, m’/s

energy transfer between fluid and wall, J

flow rate through counterrecoil orifice a., m’/s

flow rate through recoil orifice a,, m’/s

amount of heat that recoil mechanism is capable of transferring to atmosphere, J
two flow rates, m’/s (see Fig. 3-12)

radius of bore, m

reaction forces due to guides or bearings, N

kinetic energy, J
temperature, K

temperature change, deg K

ambient temperature, K

final temperature, K

initial temperature, K

maximum temperature that recoil mechanism is designed to withstand, K
net temperature increase, deg K

rifling torque, N'-m

temperature of hydraulic oil at start of firing, K

time, s

= average velocity upstream of orifice, m/s
= increase in internal energy, J
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pbtential energy, J
fluid velume at time 1, m’

gas volume, m’

total change in volume, m’

volume change due to compressibility, m’

volume change due to cylinder expansion, m’

volume of high-pressure chamber, m’

initial volume of recoil mechanism before start of recoil stroke, m’
initial volume of fiuid, m’

volume of low-pressure chamber, m’

= gas volume at any recoil distance x, m’

change in gas volume, m’

gas volume at the in-battery position, m’

difference between the volume that recoil piston displaces per unit time and fiuid discharge
through orifice, m’/s

= velocity vector, m/s

kinematic viscosity of fluid, m°/s

= speed of piston, m/s

speed of recoiling parts, m/s

average speed of flow through orifice, m/s

speed of floating piston during counterrecoil, m/s

X, speed of counterrecoiling parts, m/s

external work done, J

weight of Body B (see Fig. 3-22)

weight of Body C (see Fig. 3-22)

weight of counterrecoiling parts, N

weight of recoiling parts, N

weight of Body A, N (see Fig. 3-22)

coordinates of Body C with respect to X Y-plane (see Fig. 3-22)
coordinates of Point T with respect to X Y-plane (see Fig. 3-22)
displacement of piston, m

recoil distance, m

coordinates of Body A with respect to xy-plane (see Fig. 3-22)
coordinates of Body B with respect to xy-plane (see Fig. 3-22)

= control piston rod displacement, m
= displacement of counterrecoiling parts, m

change in x with respect to time, m/s
recotling speed, m/s

acceleration of recoiling parts, m/s®
acceleration of counterrecoiling parts, m/s’

= p-coordinate of line of action of B(#) with respect to xy-plane (see Fig. 3-22)

y-coordinate of line of action of K(¢) with respect to xy-plane (see Fig. 3-22)
angular acceleration of projectile, rad/s’

bulk modulus of fluid, Pa

angie between X Y- and xy-planes coordinate system, rad

fraction of breech force removed, dimensionless (see Eq. 3-117)

firing elevation angle, rad

helix angle of rifling, rad
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x = compressibility of fluid, m’/s
4 = molecular viscosity, dimensionless
= dynamic coefficient of friction, dimensionless
v = Poisson’s ratio, dimensionless
Pr/ Py, leakage factor, dimensionless
kinematic viscosity of fluid, m°/s
fluid mass density, kg/m’
average mass density, kg/m’
initial mass density, kg/m’
average mass density of recoif fluid at any recoil displacement, kg/m’
dissipative function. s
generalized coordinate in Fig. 3-22, rad
¢st = angular deflection in a static equilibrium, rad
¢ = rate of change of ¢ with respect to time, rad/s

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 applicabie for the design of control

orifices for both variable recoil length and fixed recoil length weapon systems. In variable recoil length
systems, the weanonisto be fired at various anoles of elevation. Two modes of aperation for the weanon with

w0 LR 2R a8t ARG BB L MR LALIVAL, RV LIVULO UL VPVI ALV TUVL LT WOapuill wilil

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 angies 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

| I T

S %o ¥

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 thisstage, 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). The area

under the force-distance curve represents energy, so it is clear that a rectangular curve will yield the lowest peak

frrna Iawniar o ;mramioa Te; snmm e Toce s s R, PO R

force. However, a precisely rectangular recoil force curve is not possible at the beginning of the recoil siroke
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 may be 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.

§-6




Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)

L Ky
~~~-W"’”§\
- Ko ]
fad
@
e
S fo
3 e
o
____\]L______-— ____'/ /
t——-"_-_-___-_-_-—--‘ fb ’_/

|
i I { 1

Recoil Distance or Time

—

K = total resistance to recoil, N

Kp=net force on recoil rod(also called rod pull), N
K,=resistance offered by elastic medium of recuperator, N
Kz = frictional resistance of sliding bearings, N
Fo=resistance offered by throttiing hydrauiic fiuid, N
f,=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. 3-1). After the
friction and recuperator force curves are known, their values may be subtracted {from the total recoil force
curve. This difference is the hydrauiic recoil brake force that forms the basis for the design of control orifices.

The hydraulic recoil brake force, at any point along the 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 the recoil stroke
to achicve 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 length 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 plston (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

LRUVILYS Giv Spravitia Sy LER N viw Vol h A, U a4 1Lals 1LL

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 hydropneumatlc recoil mechanisms. This paragraph includes
definitions of dependent- and mucpcnucm type "uropneumauc recoil mechanisms. Advantages of uyer—

pneumatic systems are
1. Reliability
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. Possibility of relatively long recoil
6. Flexibility of design approach.
Disadvantages are
1. Specialization is required in manufacture, which leads to high cost 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.

A Q el 1t 1 1
4. Several internal cylinder walls require a

the inside walls cause rapid failure of packings that pass over them.
5. Difficulty of maintaining a high rate of 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 ex1st1ng demgns and prescnt them as some examples

of past BX}’)CI‘IBI}CC however these demgns are not intended to place limits on new ideas or resourcefulness.
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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—sufflclent itisa 51mple hydraullc unit that merely provides a force to
retard recoil. The magmtude 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 controlrod,
a floating plStOl’l and several associated parts.

The regulator has three cylindrical sections; the ends or hieads 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 may be grooved longitudinally for flow control during counterrecoil.

The control rod is tapered and passes through the orifice. Atits forward end, it is attached to and centered by
adiaphragm. The breech end of the control rod is centered in its housing by a plston that prowdes resistance to
fluid flow during counterrecoil, which is when that feature is desired. The control rod is drilled through its
entire length to accommodate the fluid gage (index) actuating rod.

The floatmg 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 before recoil starts as the piston forces the

la
i
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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 as a function of the application 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 [ongitudinal 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 the control orifice, the Puteaux mechanism can be used for vanable 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 are obtained by rotating the control rod so that four grooves
are open to the check valve instead of only two. Chapter 4 presents detailed design of such a 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.
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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.

As recoil motion ends and counterrecoil begins, the flow of fluid reverses. The gas pressure 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 is diverted to the center bore of the regulator where it flows along the control rod. To preclude
excessive counterrecoil velocities, the flow usually is restricted at the breech end of the control rod either by
slots in the control rod piston or grooves in the wall of the regulator bore. Although this throttling process
limits the oil pressure during counterrecoil, 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 of variable recoil stroke

& M A
3. One rod connection to the breech lug or to the fr ront end Of the cradle.

The Puteaux recoil mechanism has several characteristic limitations:
1. Inadequate fluid reserve may allow the gun to fall out of battery at high elevation,
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

iLaiuaiil

buffer assembly. The recoil cylmder and recuperator are interconnected.
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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 of 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 recoil 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 handbook.

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 recoil piston, a hollow piston rod, a control rod, and a buffer. It 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 control rod does not taper; instead there are two pairs of
longitudinal throttling grooves. 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 grooves. 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 located in the recoil
cylinder.
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- . . Cil Index
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Figure 3-5. Schematic of Filloux Recoil Mechanism
(cont’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 cylinder; 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 counterrecotl 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. The 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 eariier.
The Schneider recel]l 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 position.
The Schneider recoil mechanism has the following limitations:
i. The recoii 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 recoil 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 the 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

Pistony  ~Orifice  Cradle /- Spring
T T T T T T T T T
Buffer S S ﬁ R
/7 i

L

— |

N\

ZGun Tube

Figure 3-7. Hydrospring Recoil Mechanism~-Concentric Coil-Spring Type
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Figure 3-8. Hydrospring Recoil Mechanism—Multiple Cylinder Type

system. This arrangement permits flattening the cylinder 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 D; 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 Belleviile spring assembl}/. The compression
of the Belleville spring retains adequate pressure acting on the differential area m( D} — D3)/4to foree 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 contact recuperator, and internal or external buffer are all strongly
influenced by basic factors such as recoil force and distance, available space, stability, 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 length of stroke may be
iimited 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. 1f 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 the 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. Another factor to consider is
whether to have the recoil mechanism mounted on the recoiling parts or on the nonrecoiling 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 designed as part of the recoiling parts, and Filloux-type mechanisms have becn used when they are not
part of the recoiling parts.

—
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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 hydropneumatic, 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 ficld 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, mintmum number of parts facilitates disassem-
bly and repldcement Alsospecial techniques should be eliminated so that mechanics, with only ordinary skills,
can make repairs stmply by following instructions. Various parts of the mechanism should be standard to
allow mterchangeab:hty between weapons. The advantages of using standard, commercially available parts
cannot be overemphasized. They cost less, are readily procurable, and 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 rearward 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 stroke, 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 recuperator®also 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 resuits
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 may be represented in fluid flow analysis asa
single equivalent orifice, The single equivalent orifice that represents the combined effect of ail 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. 3 5. In this paragraph it is assumed that the fluid throttling force is known. Ana]ync

AV MFACQIANGC ad in arifice Aagion ta nEo tha raniirad flivid thrattling fares ara darived med noocnimntiang
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made in modeling fluid motion are described. The use of a bulk modulus of the hydraullc fluid in design
calculations to account approximately for fluid compressibility is discussed. Analysis of fluid flow paths in the
recoil mechamsm is presented. Experimental determination of the orifice coeificient, called the discharge
coefficient, also is described.

The principles presented in this paragraph can be appited 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 asimple fluid dynamic model for the 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 are noted and explained.

During a recoul siroke, the hydrauiic fiuid 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:

l. The flow is quasi-steady (acceleration is ignored),
2. The fluid is incompressible and inviscid.

? The flaw 1¢ nna_dimencinnal
€ oW 15 One-alnensiona:.

The assumption of a guasi-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 tlow 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 techrigues for modeling flutd motion tn 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 expresalon for the or:flce area based on the preceding assumptions on the fluid m t10n
fong A o wtod o e ST T 03 o oebim Aot Fllad ith flard acch o 3m B AN Tha Fn‘l‘l:u..'..-‘nnntnt
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used:
P = fluid pressure, Pa
P. = pressure in low-pressure chamber, Pa
Py = pressure n high-pressure chamber, Pa
AP = — F, pressure difference between high-pressure and low -pressure chambers, Pa
Ay = effective area of piston facing high-pressure chamber, m

. — effective area of piston facing low-pressure chamber, m’

|
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= displacement of plston m
A = area of cylinder, m*

v(x} = speed of piston, m/s
v, = average speed of flow through orifice, m/s
a, = average area of orifice, m’
Q = flow rate (discharge) through orifice a,, m’/s
F, = force due to throttling fluid, N
C, = discharge coefficient for orifice, dimensionless

ay = (2,C,) effective orifice area, m’
P: = average pressure in orlflce Pa
p = fluid mass density, kg/ m’
= recoil speed, m/s.
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Figure 3-10. Basic Fluid Dynamic Model for Recoil Mechanism
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Chamber 2

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

Fo:PhAh-— R‘A{, N. (3‘])

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

0 = Av(x) = as(x) vo(x), m’/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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dv 1 dP | _
oV (2L =09. 3-3
v(ax)+p(8x) (3-3)
Eq. 3-3 can be integrated to obtain
v P _
-~— + -2— = constant. (3-4)
2 p

This equation is also known as the Bernoulli equation (Ref. 1). The application of Eq. 3-4 to the upstream
orifice surface and to the center of the orifice leads to

+ = 2+ 2 mish (3-5)

Egs. 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 Egs. 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., P = P
2. Areas of the orifice plate facing high- and low-pressure chambers are approximately equal, A = Ar.
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 Egs. 3-2 and 3-5

12
vo = Co —%“ (Pr— P — (ao/A)z]} , m/s. (3-6)
In most recoil mechanisms ao << A. Therefore, it is assumed that
2 \2
( -—9—) << ]
A
in Eg. 3-6, which gives
Vo= Coy| AP s (3-7)
J2
where
AP= P, — 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, 15 given as
_Av(x) _ A \/ 0.50 2 3.9
a.(x) e C. v(x) Ap (3-9)
The substitution of
AP = F,| Ay, Pa (3-10)
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from Eq. 3-1 into Eq. 3-9 10 obtain a.(x) in terms of the force due to throttling fluid and the velocity of recoil

yields
) = Aoy 220 e (3-11)

o ¥ I"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. 1s defined as an “effective orifice area™ Inthe 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 orilice area a. as

2

a,C, = a,, m (3-12)
then Eq. 3-11 becomes
m:AWﬂvlggﬁnm{ (3-13)

3-4.3 USE OF BULK MODULUS

In the previous subparagraph, the hydraulic fluid was assumed to be incompressible in the design of the
control orifice. However, most fluids are compressible; hence this subparagraph describes approximate
procedures for considering fluid compressibility 1n orifice design calculations.

The compressibility « of a fluid is defined as the ratio of change in volume due to a unit increase in pressure
and the original volume. Mathematically, this is expressed as

K= l(ézymWN (3-14)
Vi |\ dP

where
V,, = initial volume of fluid, m’
¥ = fluid volume at time ¢, m’
P = fluid pressure, Pa.

1 Mmoo

The buik moduius 3 of the fluid is defined as the reciprocal ol the {iuid compressibiiity
B =1/« Pa. (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 fiuid. 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 expiains 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 the theory of materials. The expansion
of the cylinder may be considered an effective compressibility of the fluid. The term “effective fluid compressi-
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 compressibie 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—for some 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 recot! 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. The 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

Vi= Vo — xA, m’. (3-16)

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

AV, = Vh( APJ,m3. (3-17)
B
The change in volume AV, due to cylinder expansion is (Ref. 3)
av, = BAD: (Do + Dy ,,) D, m’ (3-18)
2E D(J Di
where
AP = pressure change, Pa
E = Young’s modulus of cylinder, Pa
v = Poisson’s ratio, dimensionless
D, = \,yuuuei‘ outer u:ameter i
D; = cylinder inner diameter, m
¢ — length of oil column, m.
Thus the total change in the volume AV is
AV =AV.+ AV, m’, (3-19)

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

x=x + Ax, m (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, — Py)across the orifice 4, is a function of the fluid flow rate (discharge) through 4,. Likewise, the pressure
drop (P2 — P} is a function of the fluid flow rate through a;. If the fluid in question is compressible, the
continuity Eq. 3-2 is not appiicable, 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 chamher cize at the pressure P must he known as well ag the value of P. thPlf ]f 1S not a clman matter to

LIV vlideiiinsnd Olfw v Siiw prludued v & [ v LR R R LURL U S R S L 4

meet these requrrements 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-préssure chamber is much
iower 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 Lq. 3-7 where a, <<<{ A4 has been assumed. Now the discharge Q through
ao 15 glven as

Q

. AP 1
avo = Coao\| S0 m's. (3-22)
p

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

Ar=g(AY) pa (3-23)
V
where AVis the total change in volume due to {luid compressibility and cylinder expansion. By dividing both
sides of Eq. 3-23 by Ar and taking the limit as Ars approaches 0, the differential form of Eq. 3-23 becomes

P=pV/vV, Pajs. (3-24)

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

V= Awx — Coao /2AP]p, m’/s. (3-25)
The total velume V' in the high-pressure chamber as a function of x can be written as
V= "Vn— Ax,m’. (3-26)
Substitution of Egs. 3-25 and 3-26 into Eq. 3-24 yields
P=8[Ak— Coao V2AP)] |(Vin — Ax), Pays. (3-27)

The value of P can be determined from the force Fy(r) of the throttling fluid. If all the other quantities are
known, Eq. 3-27 can be solved for the control orifice area a,. Or, if the orifice area is known, Eq. 3-27 can be
integrated for the pressure Py when £, is known. { P, and F; are the imits of integration.)

[
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Equations such as Eq. 3-27 will be used in the design of the control orifice and in the determination of
discharge coefficients later in this chapter and in Chapters 4, 5, and 6.

3-4.4 FLUID FLOW ANALYSIS

As mentioned eariier, severai orifices may be active during a recoil 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 paratlel and two orifices in series to calculate the effective area of an equivalent orifice is educational, In the
discussions that follow, the flow is assumed to be one-dimenstonal, steady. inviscid, and incompressible. This
is consistent with the earlier assumption that the fiuid is incompressible in the orifice.

3-4.4.1 Orifices in Parallel
The rate of flow {discharge) O through an orifice. from Eq. 3-22, 1s given as

C.a | 2AP m?/s

Yy —
154

where
u, = orifice area, m’
AP = pressure drop across orifice, Pa
C, = discharge coefficient, dimensionless.

Consider orilices with
b

r\nfr\f-c e the came T
AV N RLVLTIE NN R L L L L

areas @y and «> in parallel. as shown in Fig. 3-12(A). The pressure drop across both

al discharoe n throneh the orifices i

LK lJl.t R A v Cagi nS

O=0 + 0. m'/s (3-28)

where

¢ = discharge through Orifice I, m’ /s

0. = discharge through Orifice 2, m*/s.
If the discharge coefficient is the same for both orifices (i.¢.. the same configuration) and the flow velocity
through both orifices is the same. then the total discharge {0 is given by Egs. 3-22 and 3-28, as

_ 24P — 2AP 3
Q - C{) (Q] + CIE) - - ag., m /S (3_29)
p

where ¢, = C)(ay + a1} is the effective orifice area. Thus when two exactly similar orifices are in parallel, the
arca of an equivalent orifice is simply the sum of the two effective areas. When the discharge coetficients for
two orifices are different. the total discharge € is given as

/ A Iy -
Q= \/ L2 (Ciay + Can), m'/s (3-30)
Je)

where C, and Cs are the discharge coefficients for Orifices | and 2. respectively. In this case the effective orifice
area is 4, = Cia1 + Caaa.

(&5
|
J
[ 4
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Figure 3-12. Orifices in Combination

3-4.4.2 Orifices in Series

Consider Orifices | and 2, with respective areas a: and @z in series, as shown in Fig. 3-12(B). Let AP and AP,
be the pressure drops across Orifices 1 and 2, respectively. The total pressure drop A P across both the orifices is

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

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

Qp _ Qv , @b
2 A 1.0 + 7 2
2ae 201C1 2612C2

, kg/m-s’ (3-32)

where C; and C; are the discharge coefficients for Orifices | and 2, respectively, and «. is the effective area of an
equivalent orifice. Eq. 3-32 can be expressed as

| 1 1 -4
= + m (3-33)
a Ciai  Ca

and, consequently, the effective ornifice area a. 1s

(Cia1)(Czaz) m?.

{2 2 2 77
101+C2(12

ad. —

(3-34)
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It is educational to see what the result will be on the effective area of an equivalent orifice if an orifice is
neglected or omitted in fluid flow analysis. Consider two orifices that are tn series with a» = 5a:. Also let
1= ;= (.. From Eq. 3-34

(D(S)Cear

d, —
V145

Thus if the larger orifice in series with the smaller one (a2 = 5a1) is neglected, the error in the effective area of an
equivalent orifice will be less then 2%, In general, orifices with large areas that act in series with smaller orifices
may be neglected in fleid flow analysis.

However, the effect is completely opposite when two orifices act in parallel, as seen in Eq. 3-30, which shows
that two orifice areas are directly added. Thus a very small orifice acting in parallel with other orifices may be
neglected in fluid flow analysis.

= 0.9806C.a;, m".

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
fabricated and firing tests are conducted. These tests are conducted at various elevation angles if the systemis a
variable recoil mechanism, The data available after the test are

|. Pressure curve for the oil in the recoil cylinder

2. Recod length

3. Recotl cycle time

4. Rod pull curve.
If a dynamics model of a full system is to be verified, relevant motion of the supporting structure also is
recorded during firing tests. Additional data are the counterrecoil speeds of the recoiling parts, which may be
recorded or calculated from the displacement history and may be used in the design of the counterrecoil orifice
or the external buffer. The rod pull force is recorded also to verify the frictional forces of various packings.

In the final design procedure, the preliminary design is verified by comparing test results with predictions of
the mathematical model. 1f these results match, the preliminary design becomes the final design. However, the
test and the calculated oil pressure curves will not generally match, and the test recoil length will be different
from the recoil length used in preliminary design. This may be due to assumptions, such as various discharge
coefficients and frictional forces. made for the system parameters, Thus the test results may be used to improve
the data used in the design process.

3-4.5.2 Use 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 coefticients is the oil pressure curve in the recoll brake cylinder.
Discharge coefficients for various openings must also be determined. If 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 pressure curves from firing tests must be available for both long and short recoil modes
of operation.

The control 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 the oil pressure curve is computed by using the mathematical
models developed earlier, If 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 1s continued untii
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 coefficients for the short recoil orifice have been esiablished, 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. 1s 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.

Occaslionally it is not nncqlh]f’ to match the comnuted and gxpenmpnt:ﬂ oil pressure curves, The reason fo

ldallllidlly 2 11k SMRiAL LR Ll tab Railip il Al irdi Vi T onior

the dlscrepancy is the assumptlonﬁthdt 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 dlscharge coefficient may be made to depend on the fluid flow velocity, Reynolds number, or the velocity of

ICLUlllllg pdl"lb l"Ul"lIlCI' (]lbLleblUI‘l on U'HS SUDJeCT. lS lI'l par. J IS

3-4.5.3 Fluid Compressibility Neglected
When fluid compressibility is neglected, the change in oil pressure is given from Eq. 3-9 as

2 2
AP(x) = A;_—(j‘)p, Pa (3-35)

€

where
i 2
a. = Collo, m’.

To calculate the change in oil pressure from Eq. 3-35, it is necessary to calculate the velocity v(x) of recoiling
parts. This i1s done by integrating the basic equation of motion, Eq. 2-7. By substituting K(r) =
Ky + K.+ fp + F,, Eq. 2-7 may be written as

m% = B(t) + Wsinf — (K, + K. + fr + F,), N (3-36)

mass of receiling parts, kg

X = acceleration of recoiling parts, m’/s

Ky = frictional force of bearings or slides, N

K, = resistance offered by elastic medium of recuperator, N
fp = frictional resistance of paCmng and seals, N

F, = total resistance offered by throttling hydraulic fluid, N
weight of recoiling parts, N

= firing elevation angle, rad.

o =
I

Expressions for Krand K, are established in par. 3-5 for use in Eq. 3-36. The value of the frictional force fp is
also calculated as explained in par, 3-5. An expression for F, can be obtained using Egs. 3-35 and 3-10 as

2.2
F,= AY@eds N (3-37)

Therefore, the right-hand side of Eq. 3-36 is now expressed in terms of x, x, and other known parameters of the
system. The dependence of Eq. 3-36 on various discharge coefficients derives from the expression for 4., 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 X 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
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 Egs. 3-8 and 3-10

I~ r

Fo=(Py— P)An N

£7_130%
. (9-28)

This expression for F, is substituted into Eq. 3-36, and Eqs. 3-27 and 3-36 are integrated simultaneously for x,
x,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. 3-1 shows a recoil mechanism force diagram. From this diagram the total resistance K to recoil is given
as

K=Kz + K, N (3-39)

where

Kr= K, + fp+ F5, N. (3-40)

Here,
K = total resistance force to recoil (it is a function of time}, N
Kr = net force on recoil rod {also called rod pull), N
K, = resistance offered by elastic medium of recuperator, N
fr = frictional resistance of packings and seals, N
Ky = frictional resistance of bearings, N
F, = total resistance offered by throttling hydraulic fluid, N.

These forces may be obtained as a function of the recoil distance x or time ¢. Once K., Ky, and fr have been
calculated, the force F, may be calculated as a function of x or ¢. This force then becomes the design criterion
for control orifices.

3-5.1 RECUPERATOR FORCE

The recuperator is an energy reservoir of the recoil systemn. 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 1s used, 1.e.,

PV" = constant (3-41)

3-29
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where
P = gas pressure, Pa
¥ = gas volume, m’
n = ¢,/ ¢, ratio of specific heats, dimensionless

= tomt Tilg-W
» = specific heat of gas at constant pressure, J/ kg'K

¢ = specific heat of gas at constant volume, J/kg-K.

3

In many recoil mechanisms nitrogen gas, for which # = 1.6, is used in the recuperator. For more details on
values of #, refer to Ref, 5.
Now let
Py = gas pressure at in-battery position, Pa
Vo = gas volume at in-battery position, m’
P, = gas pressure at any recoil distance x, Pa
V. = gas volume at any recoil distance x, m’.
Then from Eq. 3-41

P() Vg = Px V;
or (3-42)

The volume ¥, of the gas at any recoil distance x is given as

V=T, - Al m°>

{
Fx U % ¥ xe L1 1

where AV is the change in gas volume, which depends upon the type of recoil mechanism. As an example, fora
Puteaux type of dependent mechanism of Fig. 3-3, with the assumption of incompressible fluid, A ¥, is given as

AVi=Vo— Vi = Apxg = Ax, m’ (3-44)

where
A = effective area of recoil piston m*
A e P Y

Ar = recuperator cylinder area (same as floating piston area), m
xg = control piston rod displacement, m.

For a Filloux-type independent recoil mechanism of Fig. 3-3,
AVy= A,x, m’ (3-45)

where ,
A, = effective area of the counterrecoil piston, m".

Py, Vo, and Vi 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. = ArP:, N. (3-46)

The initial gas pressure Py in the recuperator has certain maximum and minimum values. Several conditions
must be satisfied in determining Ps. The minimum value of P; is determined from the condition that the
pressuie in the recuperator at the end of recoil stroke is gnoughto pruuuu: aforce thatis greater thanihe 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 P, must also be determined to
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satisfy several conditions. First, Py should not be so high as to cause slamming into battery during counterre-
coil. Also maximum value of Py should 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 — Ky — fp.

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 computed. Calculations for exact normal reactions at the bearing surface can be quite
complex because of the following factors:

[. 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 10 normai reactions may give rise to moments in two planes because of
eccentricities.

3. The center of gravity of the recoiling parts may vary with the recoil distance.

4. Durmg the projectile ejection period, the effect of rifling torque must be Con51dered 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 various piston rods, the location of the center
of gravity (CG) of recoiling parts, 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 1s continuous contact between the bearing surfaces, the contact pressure at the bearing must be
calculated. Methods developed for contact stress analysis in DARCOM-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 pressure curve with the pressure force
at two ends as unknown. Then a static equilibrium analysis is used to calculate the normal pressure force at the
ends. To further explain this concept, consider the rail-guide contact for the gun 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 computing only the normal 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 py 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 Ky of bearings, consider the free body diagram of Fig.
3-14 for the recoiling parts at any recoil displacement. It is assumed that all the 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 follows. Refer to Fig. 3-14; the following terminology 18 used:

Krx =rod pull, N

B = propellant gas force or breech force, N
F, — nertial force due to acceleration of recoiling parts, N
K; = friction force of bearings or slides, N
R\, R: = reaction forces due to guides or bearings, N.

To calculate the force of friction, the normal reactions Ry and R, must be determined. The force of friction
Ky is governed by the weight of recoiling parts, elevation angle, and the effects of eccentricities. Kyis given as
u( R + R:) where yu is a dynamic coefficient of friction for the bearing. The value of u depends on the two
materials and is obtained from a table of values (Ref. 7) or is measured by performing simple experiments.

Atany recoil displacement, the breech force B1s 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 compleied and the total
resistance to recoil has been determined. The rod pull Kg 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 R and Krand
solving for R as
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Figure 3-13. Contact Force/Length at Rail-Guide Contact

Ria + Bd, + (Wsinf)dy = Krd, + (Wcos8)b + Fuds
or (3-47)
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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
a = distance between bearings, m
b = distance between CG and rear bearing about which moments are taken, m
dr = depth of bearing from CG, m
a’ = depth of bearing from tube centerline, m.
The inertial force F, is given as
F,.= B+ Wsinf — K, N (3-48)
where the total resistance force K is
K= Kr+ K, N (3-49)
and
Ky= p( |Ri| + R ), N. (3-50)
It should be noted that when R; <C W.cosf, 2 F, = 0 gives
Rz - WrCDSB - RJ, N (3—51)
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acting in the direction of Ry, and when R, >> W.cos8,
R, = R, — W.os, N (3-52)

acting in the direction opposite to that shown, In 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 Krand F, from Eq. 3-47, with the help of Egs. 3-48 t0 3-52, yields R, as afunction of K

Rlz(——-—d’ddf K+(b—__“d’) Wicos + (———df;d"
a

a

) B, N, for R < W,cos8 (3-33)

r
_ | d—d b+ ud dr — d,
Ri=] ——|K+| ————| Weosd+| ——— | BN, R W.cos8. -

1 (a+2udr) (a+2,ud,) Cos (a+2,ud, 1 > Wicos (3-54)

Once R, is known, R:can be determined from Eq. 3-51 or Eq. 3-52. Then K;can be determined from Eqg. 3-50.
Riand R», hence Ky, are functions of the recoil distance since distances ¢ and b and the forces K and 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 £ on the rails from the rifling torque is given as

=1L _ N (3-55)
d,

where
T, = rifling torque, N-m
d, = distance between supports, m.
The procedure for deriving an approximate expression for the rifling torque 7, is described in the discussion
that follows. The derivation includes the follow'ng symbols:
Ay = bore area (less nifling groove area), m
a = linear acceleration of projectile, m/s’
a, = peripheral acceleration of projectile in bore, m/ s’
f7 = frictional force due to rifling torque, N
I, = mass moment of inertia of projectile, kg-m’
k = radius of gyration of projectile, m
m, = mass of projectile, kg

B(1) = propellant gas force, N
m. = mass of charge, kg
N, = twist of rifling, calibers per turn
Ry = radius of bore, m
P, = propellant gas pressure, Pa

e = angular acceleration of projectile, rad/s’
8, = helix angle of rifling, rad,
The linear acceleration a of a projectile is given as

[ 5 T4PRY

a= — AL __ ¢ (3-56)
mp + Osmc

where the Lagrangian assumption of half the charge mass moving with the projectile is used. Also
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Figure 3-15. Cross Section Through Gun Tube for Calculating Normal Force Due to Rifling

Torque

tanﬂr = T

r

and the peripheral acceleration a; of projectile in the bore is

T B(1)
Nim, + 0.5m)’

]
a, = agtanf, = m/s".

The angular acceleration a 1s given as

o —

Rb B Nbe(m‘p + O.Smg)

The rifling torque 7; is
T, = La, N'm
where
I, = mpk’, kgrm®.

The substitution of Egs. 3-59 and 3-61 into Eq. 3-60, yields

_ ik’ B(1) Nem.
N, R(mp + 0.5m.)

r

(3-57)

(3-58)

(3-59)

(3-60)

(3-61)

(3-62)
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An approximate value of k* is used, i.e.,
k= 0.74Rs, m. (3-63)

The substitution of Egs. 3-62 and 3-63 into Eq. 3-55 yields the following expression for the normal force F;

= 0.54767m, Ry B(1) N (3-64)
Ndmy + 0.5m.)d,

The expression for £/ may also be expressed in terms of the propellant gas pressure P, since
B(t) = ApP, = TRy P, N. (3-65)

Therefore, the substitution of Eq. 3-65 into Eq. 3-64 yields
Fr= 0.5476m'm,RiP,

(3-66)
Nm, + 0.5m0)d,
The frictional force f; due to the rifling torque is then given as
= p2F/, N (3-67)

where
u = dynamic coefficient of friction for rails and guides, dimensionless.

This frictional force may be added to the force obtained from Eq. 3-50 to obtain the total force of friction at the
siiding 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 1s nearly
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 iubrication; 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

Pr = radial pressure K, P, on packing, Pa
P. = axial pressure P; + P, on packing, Pa
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Figure 3-16. Typical Packing Assembly

K, = pressure factor P/ P, (for rubber filler, K, = 0.73), dimensionless
Puax = maximum fluid pressure, Pa
v — leakage factor Pr/ Pn, dimensionless
P, = axial pressure in packing produced by spring, Pa
P, = fluid pressure on packing at any recoil position, Pa
D; = inner diameter of the cylinder, m
b = width of packing, m
A. = contact area wD;b on cylinder wall, m’
Fy = radial force A, Pr of packing on cylinder, N

f# = frictional force g F, of packing assembly, N—u = 0.05 for leather, 4 = 0.09 for silver, and p =
0.09 for Teflon.

To determine the packing frictional force, the radial force Fj 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.

Todetermine £y, the radial force of packing on the cylinder and the radial pressure Pr on the packing must
be known. Fjis given as

. F, = APz, N. (3-68)
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Again, Pgis given in terms of P, as

Pr = K, P., Pa (3-69)
where
Pa: P5+Pg, P'd.
The fluid pressure Py on the packing at any time 1s calenlated from the conditions of recoll motion. To
determine the axial pressure Pg the packing produced by the spring, write the radial pressure exerted by the

packing in terms of the maximum fluid pressure as
PR = VPm - Kp(Ps + Pm), Pa. (3"70)

The solution for Ps from Eq. 3-70 is

(7{— ~ 1\ Pn, Pa. (3-71)

Since the spring pressure 15 known, the packing friction f¥ can now be found as

£
J

w ol

G F N
Mg, IN
where

u = coefficient of friction for packing and cylinder materials, dimensionless,

This f? corresponds to the frictional force (f¢). of packing and seals in the recuperator and to the frictional force
Jfe of packing and seals in the recoil brake cylinder.
If the recoil mechanism is of the independent type, the frictional force f» of the packings is given by

f — r ITAYER N {1 TN
je=je + Jejr, N 13-/3)
and for the dependent type f» is given by
VY o 1 { A \11'\ T s e IV Y
Je—Jjc T\ —— | {Jph, N (3-/4)
Ar
where
A = area of recoil niston, m’

e’ LU P

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 bearings or slides for that
(.,Oﬂllgul'dllorl to UDldlIl lﬂC Il'lLllUndl lOI'LC Ul deKlngS a.rl(.l SCdlh l[l LUHUUCtlTlg expcrlmt‘:nts lﬂt: £4as prt:sburt:
in the recuperator is reduced while the gunis in the in-battery position for a particular angle of elevation. Ata

certain gas pressure the gun will leave the in-battery position. The static equilibrium equation
Wsind — Podr — (K, + F) =0 (3-75)

is used to solve for the total force of friction. By knowing the expression for Ky, Fris 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 M109, 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:
{. The total resisting force K(r) as a function of x or r—which have been determined by moment area
method
2. The recuperator force K, as a function of x or ¢
3. The frictional resistance Ky of bearings or slides as a function of x or ¢
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 x or ¢, presented by throttling
hydraulic fluid. From Egs. 3-39 and 3-40

0 — K o (Kj + Ka +_fP)., N (3‘76)

The force F,1s now used to calculate the effective area of an equivalent orifice and eventually the control orifice
area.

3-6 CONTROL ORIFICE DESIGN PROCEDURE

This paragraph summarizes the procedure for the design of a control orifice in a step-by-step format. As
noted previously, two or more design iterations may be necessary to obtain a final control orifice design. In the
first destgn iteration the discharge coefficients and the frictional forces are only estimates. Firing tests with the
design of first iteration give experimental data that are used to establish the value or discharge coefficients and
the frictional forces. These established values are then used to redesign the control orifice. The same
expressions are used for 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
subparagraphs that follow.

3-6.1 PROCEDURE FOR DETERMINATION OF DISCHARGE COEFFICIENTS

Step f. Calculate or obtain numerical data for the recoil mechanism and include the weight of recoiling
parts, imtial recuperator pressure, initial and final recuperator volume, effective recoil piston area, effective
recuperator area, fluid density, leakage area, control orifice areas, effective piston areas, initial recoil cylinder
valume, breech force data, and bulk modulus.

Step 2. For the given recoil mechanism, establish expressions for the recuperator force and the frictional
force of bearings, as explained in pars. 3-5.1 and 3-5.2, respectively.

Step 3. Calculate the frictional force of packings, as explained in par. 3-5.3. If appropriate test data are
available, calculate the frictional force of packings by using these data, as explained in par. 3-5.3.

Step 4. Assume values of discharge coeflicients for various openings in the recoil mechanism. When fluid
compressibility is neglected, calculate the oil pressure curve using Eq. 3-35, as explained in par. 3-4.5.3. When
fluid compressibility is included in design calculations, calculate the oil pressure curve by numerically
integrating Eqgs. 3-27 and 3-36 simultancously. Any numerical method for integration of differential equa-
tions, such as Runge-Kutta methods, may be used.

Step 5. Perform an analysis of hydraulic flow paths and establish an expression for the effective onifice area
a.in terms of various discharge coefficients and all orifice areas for the given recoil mechanism, as explained in
par. 3-4.4.

Step 6. Compare the calculated oil pressure curve with the experimental curve. If these match reasonably
well, proceed to Step 7; otherwise, adjust the discharge coefficients and return to Step 4.
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Step 7. 1 the recoil mechanism is to function with variable recoil, repeat Steps 1 through 6 for the long recoil
control orifice. The discharge coefficient for the short recoil orifice is established first if the short recoil orifice
is also active during the long recoil stroke.

362 PROCEDUR

R URE FOR DESIGN OF CONTROL ORIFICE

A &Y

Step I. The time history of the breech force is obtained from the ballistic calculations of Chapter 2.

Step 2. The mass of recoiling parts is specified. If an existing system is to be modified, the mass of recoiling
parts is measured. Constraints on recoil lengths (for both long and short recoil when required) are specified.
Other numerical data needed in design calculations—such as initial recuperator pressure, initial recuperator
volume, effective recoll piston area, effective recuperator area, fluid density, bulk modulus, leakage area,
piston port areas, and initial recoil cviinder volume—are either calculated or specified.

Step 3. Establish analytical expressions for the recuperdtorforce, frictional resistance of packings and seals,
and frictional resistance of bearings, as explamed in par. 3-3.

Sron A Accuime a chane farthe tatal recictanes o argug time
e Up) L SRS WL O OHG Pt LU Ll LU LA T aIdta e YUl us L

the maximum recoil resistance and the recoli time by either the moment-area method of par. 2-4 or
numerical trial-and-error procedure.

Step 5. Numerically integrate the basic equation of motion, Eq. 2-1, for the velocity and displacement of the
recoiling parts.

Step 6. Calculate the effective area (C,a,) of an equivalent orifice from Eq. 3-11 when fluid compressibility is
neglected. When fluid compressibility is included, calculate the effective orifice by using Eq. 3-25.

Step 7. Calculate for various forces contributing to the total resistance to recoil. Specifically, calculate the
recuperator force (par. 3-5.1), the frictional force of bearings (par. 3-5.2), and the {rictional force of packings
(par. 3-5.3). Calculate resistance offered by the throttling fluid £, from Eq. 3-76.

Step 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 orifice. Estimate or obtain various discharge coefticients.
By using the established relation for «,, calculate the actual control ontice area.

Step 9. If a variable recoil system is stipulated, repeat Steps | through 8 for the second recoil length.

nf thecos nraradiirsc 1c illnctrated in Chamtare A & and &
UL Liton pruLbUuits 1S oinuairatel il o rid s s Ty U, datlia U,

3-7 COUNTERRECOIL CONTROL DESIGN
3-7.1 DESIGN OF COUNTERRECOIL MECHANISM

raY
i

At the end of the recoil ari 5L,

recuperator gas starts to push the recoiling parts toward their original, t.e., in- battery pmltmn This mnllnn 15
opposed by the frictional force of the rails or bearings, friction ofpdckmés, force due to the weight component
along the direction of motion, the fluid force due to throttling through various openings, and the buffer force
for the last sevcral inches of the recoil stroke M buffers are present.

The counterrecoil mechanism consists of a recuperator and counterrecotl cylinder assembly. The latter may
be a separate unit or it may be the recoil brake components operating in reverse. The terms counterrecoil
mechamism and recuperator are sometimes used synonymously. However, to avoid confusion, the recuperator
1s defined here as the mechanism that stores some of the recoil energy for counterrecoil. The counterrecoil
mechanism, deriving tts energy from the recuperator, is defined as the unit that returns the recoiling parts to
the in-battery position. The recuperator can be of either the hydrospring or the hydropneumatic type. The
hydrospring type stores energy that is required to return the gun to the in-battery position in a mechanical
spring or springs. The hydrepneumatic type stores this energy in compressed gas. ‘There is always some
recuperator force present to hold the recoiling parts in-battery at all angles of elevation. During recoil, the

Lnrlnn Or 9ag 1% (‘(\mT\I"PRCF‘f‘I fnrthpr and thig stores the additional eneruvv needed for counterrecoil.

g fage ] Lasl Gaala SRS [=1U L e L= SR LIS p il

The recoil stroke at the maximum firing elevation generally must be quite short. The counterrecoil
mechanism must be designed for the maximum firing elevation to ensure the return of the recoiling parts to the
battery position after firing. Since the stored energy may give excessive speed to the recoiling parts during the
counterrecoil stroke, a separate counterrecoil orifice and/or buffer may have to be provided to reduce the
speed of the recolling parts and to bring them to rest. The [ollowing three types of counierrccoli designs are
possible:

Arnlke all renraih
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[. Variable counterrccoil control orifice
2. No counterrecoil control orifice, but a buffer
3. Buffer and a constant area control orifice.
The function of a buffer is similar to that of the recoil brake; it absorbs the energy of counterrecoil, and it

The hydraulic type is a form of dashpot and may be an external, separate unit

R ey

mdy be hydlau]lu., Ol pun_ulu?ltic. 1€ NYArauniCiypl s 4 167 01 Gdsapot an
(as in Fig. 3-17) or an integral part of the interior of the recoil mechanism (spear butfter). In either case the
buffer stroke is selected so that the bufter force will not unduly disturb the stability of the weapon. As the
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 of a dashpot and a buffer spear, which
is fixed to the recoil piston. 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 to flow creates the
force needed for buffing.
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Figure 3-18. Internal Buffer

A pneumatic buffer is known as a respirator (see Fig. 3-19). 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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Figure 3-19. Respirator

small, hand-adjustable orifice remains open, permits the air to escape at a controlled rate, and regulates the
pressure that stops the counterrecoiling parts. Proper lubrication can reduce the tendency for the inner
cylinder walls to rust from exposure to the atmosphere.

The equation of motion for the counterrecoiling parts is the same for all three types of counterrecoil designs
discussed. Depending on the type of counterrecoil control, the net accelerating force on the counterrecoiling
parts will be different.

For the first type of counterrecoil 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 1s the same as the one for the design of the recoil orifice. The detailed design procedure
depends upon the type of counterrecoil mechanism used. Generally, however, an iterative procedure is used.
The orifice area is varied until the velocity of the counterrecoil parts becomes zero at the in-battery position,
The design procedure for this type of counterrecoil mechanism, used in the M [98 towed weapon, is presented
in Chapter 4.

nnnnn A sciimn e d o s RN ~ ]l thnen L ififme cvmie tla

For the second type of counterrecoil design. therc is 1o contro ice, but there is a buffer near the end of
the counterrecoil stroke. In this case, the velocity 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
counterrecoiling parts to rest at the end of the 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 counterrecoil stroke 1o 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 of counterrecoil mechanism are presented in the discussion
that follows.

Consider a counterrecoil mechanism. composed of a recuperator and counterrecoil cylinder assembly, as
shown in Fig. 3-20. For this mechanism a counterrecoil orifice a. must be used to provide some restriction to
fluid flow. These defined symbols are used in the development that follows:

A = area of counterrecoil piston. m"

A, = area of control rod, m’
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.. = oil pressure before throttling through a., Pa

P., = oil pressure before throttling through a.. Pa

2]

Ori
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Figure 3-20. Functioning Components During Counterrecoil

= recuperator gas pressure, Pa

mass density of hydraulic fluid, kg/m’
orifice coefficient of ¢.. dimensionless

= orifice coefficient of 4., dimenstonless
= frictional force of packings and seals in recuperator, N

frictional resistance of sliding bearing during counterrecoil, N
frictional force of packings and seals of recoil brake and counterrecoil cylinder. N
in-battery frictional force of recuperator due to packings and seals, N

out-of-battery frictional force of recuperator due to packings and seals, N

= resistive force ol buffers at end of counterrecoil stroke, N
= total in-battery frictional force of recoil brake and counterrecoil cylinder due to packings and

seals, N

total out-of-battery frictional force of recoil brake and counterrecoil cylinder due to packings and
seals, N

net counterrecoil accelerating force, N

= foree on counterrecoil piston, N
= weight of counterrecoiling parts, N

firing elevation angle, rad

flow rate through counterrecoil orifice 4., mJ/s
flow rate through recoil orifice a,, m’/s

speed of floating piston during counterrecoil, m/s

= speed ¥, of counterrecoiling parts, m/s
= displacement of counterrecoiling parts, m

recuperator force during counterrecoil, N
recuperator gas pressure at any counterrecoil displacement x,, Pa

= force defined by Eq. 3-98, N
= resisting force provided by counterrecoil orifice 4., N

resisting force provided by recoil orifice a, during counterrecoil, N
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f+ = force defined by Eq. 3-101, N
fp = effective packing friction defined by Eq. 3-104, N
X, = acceleration of counterrecoiling parts, m/s’.

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 the same as those presented in
par. 3-4. In the discussion that follows the fluid i1s 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 siiding 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 counterrecoiling parts. Frictional resistance
of packings and seals is computed as explained in par. 3-5.3. This resistance force is computed for the
in-battery position and the position just before counterrecoll begins. The mean of the two results may be
assumed to act over the entire counterrecoil stroke. Thus

So=1Ur) + (fr)o]/2, N (3-77)
S =12+ (fr)ol/ 2, N. (3-78)
The net accelerating force F., for counterrecoil is given as

Fo=F, — f. — Fr. — Wasin8, N. (3-79)

The frictional resistance Fy of the sliding bearing during counterrecoil can be calculated using the procedure
: 7 ; & g g e Eicp
presented in par. 3-5.2. Calculations for the force F, acting on the counterrecoil piston are discussed next.
The force F, on the counterrecoil piston is given as

F,= 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
P.,,= P+ AP, + AP,, Pa (3-81)
where
AP.= P,,— P,Pa (3-82)
and
AP, = P, — Pa, Pa. (3-83)

The pressure drops AP. and A P, can be calculated using Bernoulli’s equation derived in par. 3-4.2. Therefore,
from Eqgs. 3-2 and 3-7

Qip
AP = EL_ p, (3-84)
20 .d;
— of2
AP, = 2% _ Pa (3-85)
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where @, and (. are the flow rates through the orifices a, and a., respectively. Since the fiuid is assumed to be
incompressible, the continuity equation for the fluid gives Q. = Q.. Therefore, AP, from Eq. 3-85 is given as

Q2
AP, = XP_ Ppa (3-86)
2Ca;

The flow rate Q. through the counterrecoil orifice a. is given in terms of the speed vg of the floating piston
and its area Ax on the fluid side as

Q. = (Ar — A)ve, m’/s. (3-87)
Also the continuity equation yields the rate of flow Q into the counterrecoil cylinder as
Q= Av, = Agvg, m’/s. (3-88)
Therefore, the speed vg of the floating piston is
Ve = Avr/AR, m/s. (3—89)

The substitution of Eq. 3-89 into Eq. 3-87 yields an expression for the flow rate Q.

The substitution of @ into Eqs. 3-84 and 3-86 and the resulting expressions for P. and P, into Eq. 3-81 yields

2422 2 2.2
P ol - ~ r | (l - A’-IIA ]/4 — PN R
p,=p+ U ASANAvip | (L= AfA)AVD p, (3-91)

204 2 Cﬁaﬁ

Since the forces on the floating piston must balance,

F, = Py (A — A + PA. + (fs)y = P, Ax(1 — A/ Ag) + PA. + (fp), N (3-92)

where the recuperator force Fg durinig counterrecoil 1s given as

Fx = Py Az N (3-93)

and the recuperator gas pressure P, at any recoil displacement is computed as explained in par, 3-5.1 The
substitution of the pressure P, from Eq. 3-91 into Eq. 3-92 and simplification of the resulting expression give

Fr= PAz + 0.5(1 — A/ Az)’ AzA™p CZI —+ —j;-z— + £ N. (3-94)

Rearrangement of Eq. 3-94 solves explicitly for P, 1.e.,

_ Fr . 3412 1 1 _{fp)
P= —£ — (.51 A Ar) AV + , Pa. (3-95
4, O T A AT AV | Gt | T )

The equivalent orifice area concept can now be used to define
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e (3-96)
e Cla: Cia;

in Eq. 3-95. Here a..is the effective area of an equivalent orifice during counterrecoil. Since ¢, and 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:

Fo= x50l — aja'avip | -+ L -4k N (397

Ar Cia: Cod: Ar

For notational convenience, define

F = %,N (3-98)
R
. 3432
Fi = U A;/sz‘ﬂ) Avp N (3-99)
clde
. 3432
F,= U Ad Ay AVip (3-100)

2C5a;
and

fr= Al N (3-101)
Ar

Fy. 15 the resisting force provided by the counterrecoil orifice, and f., is the resisting force provided by the recoil
orifice. In terms of the preceding notation, the force £, on the counterrecoil piston is given from Eq. 3-97 as

F,=F = Fo— fo—f, N. (3-102)
By the substitution of F, from Eq. 3-102 into Eq. 3-79, the net accelerating force for counterrecoil is given as
Fo=F — Foe = for — fo— Fro. — Wgsinf, N (3-103)
where fp is the effective packing friction, t.e.,
Fr=1"+f,N. (3-104)
The ¢quation of motion for the recoiling parts is now given as

mx,= F,, N

or, substituting the expression for F,, from Eq. 3-103,

X, = F,— Foe = fo— fr — Fe — Wising, N, (3-105)
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Near the end of the counterrecoil stroke the resistance F, provided by buffers, if buffers are present, must be
included in Eq. 3-105. Therefore, the equation of motion becomes

Mm%, = F, — Fue — fo — fp — Fp. — F» — Wasind, N. (3-106)

The forces present during a counterrecoil stroke may be represented by a counterrecoil 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.

80|—

Force, N X 1073
Y (o))
O (@]

(V]
O

01 02 03 04 05 06 07 08
Distance Out of Battery, m

Figure 3-21. Counterrecoil Force Chart

An iterative procedure may be used to determine the counterrecoil control orifice area a. that yields a
desirable speed of counterrecoiling parts at the instant the buffer is encountered. One starts with an estimate
for the area a.. 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 may be used. The 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 counterrecoiling 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 4. i1s selected for the buffer orifice. By using the fluid flow law from par. 3-4.2, the

UUIICI lUILC ['b lb EIVCU as

Fo= PAb"f 4 Fpu N (3-107)
2Coaob

where
Fy, = total resistive force of buffers at end of counterrecoil stroke, N

Ap = area of buffer cylinder, m*

ao» = buffer orifice area, m’

C, = orifice coefficient, dimensionless

Fi» = force due to spring in buffer chamber 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. 3-11 with 4, = A = A4,.
The equation of motion, Eq. 3-106, is integrated numerically, The orifice area a.» 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 constant 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 be supported on a rigid structure. Thus only a single-degrec-of-
freedom model is used to represent the dynamics of the recoiling parts. However, in reality there 1s 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 technigues are explained 1n par. 3-8.1 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 Lo represent the

At fithe hydranlio flinid in the 3 " . 14 1e ace e
motion of the hydraulic fluid in the recoil mechanism. Forexample, the fluid 15 assumed to be incompressible

and inviscid, the fluid motion is assumed to be quasi-steady and one-dimensional, 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 recoill mechanisms.
These fluid dynamic models consider such effects as unsteady, viscous, and multidimensional flow of 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 himitations on the firing 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 supparting structure for the gun is considered to be rigid, i.e., no
motion of the supporting structure is considered in calculations. Therelore, a single-degree-of-freedom model

£, + e ~Afthe 1 A U 1
for the dynamics of the weapon system is employed. However, in reality there is always some motien of the

supporting structure, which is cailed 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 oll 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 multidegree-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 are 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
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 ¢ in the present system. The x-coordinate locates the recoiling parts with respect
to the amount, and ¢ 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 Lagrangian approach of classical
dynamics (for details on the Lagrangian dynamics approach, the Design of Towed Artillery Handbook may be
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 04 Bshown in Fig. 3-22 is an inertial reference frame
for the two-degree-of-freedom system. (x,») is a local coordinate system in which the motion of the recoiling
parts is determined. This system is defined by the position of the mount. (X, ¥) 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 QA B represents the pitch motion of the carriage. The potential
energy V and kinetic energy 7 of the system are obtained as follows:

V= WJ[Xrsing + Yrcosd + xsin(y + ¢) + ycos(y + ¢)]
+ W[ Xrsing + Yrcosd + xgsin(y + ¢) + yecos(y + ¢)]

+ We(Xesing + Yecosd) + %(d) — )’ , ) (3-108)

and
T = %(;;2 + X1+ X3+ Yiep' + X1’ + 2k Xrsiny — 2% Yrcosy

— 2%y + 2x$* Xrcosy + 2x¢’ Yrsiny — 2X1d’ ysiny

+ 2Yrd’yeosy) + ;— mpd (X7 + Y7+ xi + vi + 2Xrxscosy

— 2Xpypsiny + 2 Yrxgsiny + 2 Yrygcosy) + «-n;—(' d(Xe+ Yd)

12

+ﬁ;_u, Iy + 10), ] (3-109)

where

m., ma, and mc = masses of bodies A, B, and C, respectively, kg
W, Ws, and W, = weights of badies A, B, and C, respectively, N
¢sT = angular deflection in a static equilibrium, rad
k = torsional spring constant, f
I, I3, and /c = moments of inertia about the z-axis for bodies A, B, and C, respectively, kg-m’
v = angle between X Y- and xy-planes coordinate system, rad

and the x;, v;, X, and Y; are defined on Fig. 3-22.

Also the generalized nonconservative forces F;" and FY° corresponding to the coordinates ¢ and x,
respectively, needed in the Lagrangian formulation are derived from virtual work concept as follows:

F)Y¢ = B}~ Xrsiny + Yrcosy + yi) — ¢, N'm (3-110)

FY¢= K@) — B, N (3-111)
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B = Mount \
C = Carriage

X
!
o >4
: |
Figure 3-22. Schematic Representation of a Two-Degree-of-Freedom Dynamics Model
where
¢ = damping coefficient, N-m/s.
Then, the two Lagrange equations are
d (aL-) — 9L _ pye Nem (3-112)
dt \do d¢p
d | dL ) JdL  _ Fe
- - L N 3_1 13
dt ( dx dx ' ( )
where the Lagrange function L is
L=T—V, 1]

The substitution of Egs. 3-108 to 3-111 into Egs. 3-112 and 3-113 yields the following two equations of motion
for the system:

é ([ X7+ Y3+ x* 4+ y* + 2Xr(xcosy — ysiny)
+ 2Y7r(xsiny + ycosvy)]
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+ ma[XF+ Y7+ xz+ va+ 2Xr(xgcosy — visiny)
+ 2Yr(xpsiny T+ yacosy)]
+ me(XE+ YO+ (L + Is + 1)}
+ m,x (Xrsiny — Yrcosy — y) + 2m, k(i;(x + Xrcosy + Yrsiny)

+ e + W.[(Xr+ xcosy — ysiny)cosd — (¥Yr + xsiny — ycosy)sing]
+ Wa[(Xr + xscosy — yssiny)cosd — (Yr + xgsiny + ygcosy) sing]

+ We(Xccosp — Yesing) + k(dp — ¢bsy)

— B(O)(yy — xrsiny + yrcosy) = 0, N'm (3-114)

and
mlx + ¢ (Xrsiny — Yrcosy — ¥) — é’(x + Xrcosy + Yrsiny)]
+ B() — R(1) + Wsin(y + ¢) = 0, N. (3-115)

Equations of motion for higher-degree-of-freedom models may be derived by using a similar approach. The
problem is how to include the full dynamic model in the control orifice design calculations. The problem
becomes more complicated compared to the single-degree-of-freedom system already described. The main
objective here 1s still to obtain, first, the total resistance K(f) to recotl 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,
as explained previously. Previously, K(7) was found by the moment-area method of par. 2-4; however, with the
full dynamic model, and the moment-area method can no longer be 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. 3-1. The procedure for calculating K(#) 1s to start with a
reasonable (perhaps the solution from the moment- area procedure) value of K(/) and numerically integrate
equations of motton such as those given by Egs. 3-114 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(z) is
adjusted appropriately and the integration procedure 1s repeated. The process is continued until agreement is
obtained between the calculated and the specified recoil length. The speed and displacement of the recoiling
parts are simultancously obtained by numerical integration of the equations of motion,

Once K(1) has been calculated, the procedure for the design of the control orifice is the same as explained
earlier. In all calculations it is necessary to work with a system of second-order differential equations, such as
Egs. 3-114 and 3-115, instead of a singie equation as given by Eq. 3-38.

In the second approach. 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.

From conservation principles, the change in linear momentum of a system is equal to the applied impulse.
Since in the weapon system the recoiling parts start at rest and come to rest again at the end of recoil ,, the total
linear momentum is zero. Therefore, the total impulse of all forces acting on the recoiling parts must be zero.
This leads to the equation

[ /B¥(m)dr = [ [K()dr. N's (3-116)

where
B*(r) = total applied force including weapon weight component, N
K{7) — total resistance force at time 7, N.
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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. 3-116.

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 expianation follows.

If it is assumed that the trunnions are held r1g1d there are {ive 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 werght 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 % FAtzis
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 the moment-area method of par. 2-4, 1t is observed that not only
will impulse be balanced but also the moment of the impulse. Thus any removal or addition of impulse must
not alter the centroids of either the applied force or the resisting force.

Properly, vehicular motion will be some function of the resistance force K(7) since the breech force B(¢) is not
applied directly to the vehicle. [t can be concluded that a fixed percentage could be added to K{z) to account for
the impuise dlscrepancy without altering its centroids. However, since we are interested in an orifice that
governs a major portion of K(#), 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, becomes

mx = (1 — &)B(1) + mgsinf — K(1), N (3-117)
where
& — fraction of breech force removed, dimensionless (8 has been taken as 0.05 — 0. 10 for some weapon
systems.)
7 — nepoloration die te oravity ol
g ACLUOIC alblUil UL LY 5!(1\'1!,)(, i/ > .

Eq. 3-117 now replaces Eg. 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

he quasr -steady and one- -dimensional. Tl-nrrHu the loss of kinetic gnergy due to \ncr‘ncltv or turhulence was
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lumped into a single empirical constant C, the orifice discharge coeffncncnt and the orrfrce 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 ali assumptions may be somewhati 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,
compiex 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 {ind 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 eqguation 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 C, 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 foilows 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/» where U is the average velocity
upstream of the orifice, 1 is the hydraulic diameter of recoil mechanism upstream of the orifice, and » 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 xD/v. The speed U in calculating the Reynolds number is now
replaced by the recoil speed x. 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 UD/v for the experiment performed with an orifice in a pipe. To adapt the orifice
discharge coeff1c1ent given in Fig. 3-23 for the design of conlroI orifices, the orifice hole area a, in Eq. 3-2is
identified as wd’/4 and the upstream area (4, T+ a,) as 7 D*/4. (For the definition of 4 and D, refer to Fig.
3-23.) Ther geometry of the orifice in Fig. 3-23 differs from the control orifice used in recoil mechamsms Since
the flow analysis made in Egs. 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, Listhe thickness of the orifice plate. It is seen that the ratio L/ [ 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 10°). 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 oils may experience a 5-69;
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 the 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 10" Pa during a given recoil cycle. In these cases the
compressibility is a factor in the design of control orifices. In general, the incompressible continuity equation,
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Figure 3-23. Value of Orifice Coefficient vs Reynolds Number

Eq. 3-2, and the momentum equations, Eqgs. 3-3 and 3-5. must now be moditied to include density as a variable.
To solve the flow through the orifice with the additional unknown parameter, density, the equation of state
and the type of flow process—such as 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 an approximate modification of the equations derived in par. 3-4 is outlined.

If the hydraulic fluid is a gas, air or propellant gas, Eq. 3-7, v, = C, \/2A P/ p, may still be used in the design
calculations after applying the modification that fotlows. I it is assumed that the gas is anideal gas, Eq. 3-7 is
written as

vo = (Coe y) 2D (3-118)

Pa

where
pa = average density at the two chamber pressures P and P;, kg/m
(Co). = compressible orifice discharge coefficient, dimensionless.

3

The compressible orifice coefficient can be expressed as

(Co), = C,C,, dimensionless (3-119)
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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

(n-1)/n
Cc:\/nfl [l—(%—) ” (1— —%—-),dimensionless (3-120)

where » is the ratio of specific heats. For an incompressible fluid, » 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. 11). However, if the bulk modulus 8 of the fluid is known in a suitable
operating range of pressures, an approximate functional relation between pressure and density may be derived
as

B:_p( ﬂ):a(PH;), Pa (3-121)
dp

where g 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

8= 332.8 (P + 2233.5), kPA (3-122)

has been used by Moody (Ref. 9). Here, P is the pressure in kilopascals. A simtlar form is also used by Subler
and Rathje (Ref. 10). Here, Eq. 3-121 may be integrated to give an approximate equation of state as

(P+ b) = Cp, Pa (3-123)

where ¢ and b are the same constants as in Eq. 3-121, and Cis the integration constant and is a function of time
in unsteady flows. 1t is shown in Ref. 11 that with Eq. 3-123 the speed v, at the orifice for a one-dimensional
compressibie fluid model is

Ve = o\/( 2a )(P‘EPZ) /1—( EO—)h,m/s (3-124)
a— 1 P die

a = constant as in Eq. 3-[21, dimensionless
. i
a, = orifice area, m”
a,. = effective upstream area of high-pressure chamber, i.e.,

(A, — ANA, + a)({ —x) ,m’ (3-125)
Vi— x(A; — A)

{

:Al_

» = average density of the recoil fluid at any recoil displacement L.e.,

ViPi 3
_ K 3-126
P (A, — 4y ™ (3-126)

¢ = initial length of oil column in high-pressure chamber, m
V: = initial volume of recoil mechanism before start of recoil stroke, m’
p: = initial density, kg/m’
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C, = orifice discharge coefficient, dimensionless

x = recoil distance, m
A1 = cross-sectional area of high-pressure chamber, m’
Az = cross-sectional area of low-pressure chamber, m’.

Insome designs of recoil mechanism the cross-sectional areas of high- and low-pressure chambers are equal. In
this case the effective area a,. becomes A, and the average density p becomes the initial density p;. The orifice
dlscharge coefficient C, may be taken as a variable coefficient described in par. 3-8.2.1. Consequently, when
a1 = A, the orifice area a, can be solved as

g, = ek 2 (3-127)
Vo

X = recoil speed, m/s
v, = speed at the orifice, m/s.

3-8.2.3 Two- and Three-Dimensional Effects

Various approximate methods have been given previously to relax the assumption of incompressible fluid
and quasi-steady flow. However, the fluid flow is still assumed to be one-dimensional. The effect of variations
inthe geometry of the control orifice and the pressure chamber is included in a single parameter, i.c., the orifice

discharge coefficient. So that more accurate pressure distribution in the recoil mechanism may be predicted,
the d“umntmn nfa one- rhmpnclnn.al Ar‘!AI\!mQ must be relaxed. 1.e. H'ni fluid motion must he cancidered to he

assum me elaxed, luid motion must be considered to be
two-or three dimensional. However, the analytical solution of a complele 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
cquaLiOI‘lS of the fluid flow through a conirol orifice is ouilined.

Consider Fig. 3-10, where a mass m, of recoiling parts is subjected to a time-dependent breech force B(1). The
mass has an accelcratlon of x . The motion of the mass m, forces the fluid to flow from Chamber | to Chamber
2. However, an orifice installed between the chambers restricts the flow from Chamber | to Chamber 2 and
creates a pressure difference between the two chambers. This differential pressure acts on the recoil piston to
control the motion of recoiling parts. The force balance for the recoil motion can be written as

myx = B(t) — K(1) + mgsinf , N (3-128)

K(1) = [, PadAn — [A; PdA; + F;, N

Py and P = pressures in high-pressure Chamber | and low-pressure Chamber 2, respectively, Pa
Ay and A; = effective areas of pistons facing high-pressure Chamber 1 and low-pressure Chamber 2,
respectively, m
£r = cumulative effect of frictional force of packings and scals, frictional force of sliding bearings
recuperator force, and viscous shear force, N.

In Eq. 3-128, pressures P, and £ acting on the surfaces A, and A, respectively, are unknown and must be
solved for along with the fluid motion induced by the motion of the recoiling parts. Details of pressure
distribution in the term K{(¢) and their time variations must be determined by analyzing the fluid motion in the
recoil chamber. The pressure force thus couples motions of the recoiling parts and the fluid. As expldined the
iotal resistance to recoil K{1) can be determined using the moment-area method of par. 2-4. Once the total
resisting force K(¢) is known, integration of Eq. 3-128 yields the recoil speed x(r) and the recoil displacement

x(t). The recoil speed and displacement 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 x 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
F;, gives the desired total resistance K(1).

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

%p—— = Vpv = 0 (continuity equation) (3-129)
f
%— =— —I—VP + g+ uViv+ %— #V(V-v) (momentum equation) (3-130)
! P
F(p,P,T) = 0 (state equation) {3-131)
Cpp %:{ = VAVT + % + u® (energy equation) (3-132)

where
p = density, kg/m’
v = velocity vector = wi + vj + wk, m/s
P = pressure, Pa
g = acceleration vector due to gravity, m/s’
w = molecular viscosity, dimensionless
T = temperature, K
¢» = specific heat at constant pressure, J/kg'K
k = thermal conductivity, W+(m™K/m)”’
i,j,k = unit vectors in the x-, y-, and z-directions, respectively, dimensioniess
¢ = dissipative function, 5

Vv’ = Laplace operator A + 9" + il

P dx’ ax’ ax’
b _ 9 + u J +v J + w d
Dt Jt ax dy dz

The continuity equation, Eq. 3-129, expresses the fact that for a unit volume there 1s 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 states 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. 3-129; momentum equation,
Eq. 3-130; the equation of state, Eq. 3-131; and energy equation, Eq. 3-132—a total of six equations—provide
the solution for pressure, density, temperature, and three velocity components. Egs. 3-129 10 3-132, however,
are coupled with Eq. 3-128 through the moving boundary condition on x(¢). Thus the fluid motion must be
solved with the piston moving at a speed of x(1).

The initial condition for the flow problem in recoil mechanisms may be assumed to be homogeneous. Thus
the velocity is zero everywhere. The initial density and pressure in the recoil mechanism are uniform, or

=0, v=20
=0, x=0, x(0)=20 (3-133)

t =0, T, p,and P are uniform,
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When the weapon is fired, the breech force B(r) and the weight component become the forcing function. The
boundary condition for the fluid motion requires that the fluid at the recoil rod and the surface of the cylinder
assume the recoil velocity x(¢) and be at rest on the stationary surface, i.e.,

t >0, v (on the recoil rod) = xi (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{r). 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 1s 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.,

Fy = [, PadAr — [A/ P dA;. Pa. (3-135)

If the pressure resistance force (or drag force) of Eq. 3-135 plus the frictional force Frequal the required total
resistance force K(z) 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. Indoing 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 (P — p) relation under a given thermodynamic process.
For example, under an adiabatic or isothermal process, the bulk modulus 8 is given as

— | 9P\ =yp(dL ]
p=—o(22)= (22 ] pa G139

Experiments are performed to measure 8 at various pressures P or at various volumes ¥. Then empirical
relations are obtained for 8 as a function of P or V by 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.
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3-8.3.2 Temperature Rise in 2 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 @ between the fluid and wall is
small, or AQ = 0. Therefore, from the first law of thermodynamics, one has

AU= AW = frocon PV, ] (3-137)

which states that the increase in the total internal energy during a recoil stroke AU is equal to the work done
AW by the external wall on the fluid. In Eq. 3-137 Pisthe pressure, and Vis the volume. To be more specific,
denote the high- and low-pressure chambers by & and (. respectively. Then Eq. 3-137 may be written as

AU = [y, PdV + v, PdV, J. (3-138)

Furthermore, let 7y and T; be the final and initial temperatures, respectively, of the recoil fluid in a recoil
stroke. The increase of internal energy AU of the fluid may then be written as

AU = meoTr— Ti), ] (3-139)

where
m = total mass of recoil fluid. kg
¢p = specific heat of recoil fluid at constant pressure, J/kg-K.

The temperature rise AT for each recoil stroke s then given as

AT =(T;~ T) = (‘n (JiPdV + [y, PdV) , deg K. (3-140)

ph

To perform the integration in Eq. 3-140, the P-} relation for the adiabatic process must be known. For the case
of the perfect gas, the following equation for an adiabatic process may be used:

PVt =C (3-141)

where 7 1s the ratio of specific heats, and C is a constant that may be evaluated from the initial pressure and
volume 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 b are experimentally determined constants for each fluid and may be obtained from the data for
the bulk moduius of elasticity 8 = VM3 P/d V) as described in par. 3-8.3.1.

One may realize that the pressure vartation 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.
Asan approximation, the temperature increase during the counterrecoil stroke may be neglected, although the
calculation procedure is similar to that for the recoil stroke as given in Egs. 3-140 to 3-142. Therefore, AT given
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 mc,(T; — T;) during a recoil cycle. If the recoil
mechanism is unable to transfer this amount of thermal energy to the atmosphere, a limitation must be set on
the maximum number of firings or on the frequency of firing for the weapon. The maximum number of firings
and the frequency of firing are obviously imposed by the maximum temperature 7., that a recoil mechanism
is designed to withstand.
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Let Qrecoit mecn b€ the amount of heat that the recoil mechanism is capable of transferring to the atmosphere.
Then the net temperature increase A7, during a given firing cycle would be

meA Tn = me( Tj - Ti)adiabmic - Q;ecoﬂ mech, J. (3‘143)

The maximum number of firings Nm., that arecoil mechanism can withstand may be calculated approximately
as

= Tmax — T (35}44)
AT,

LvYmax

where To1s the temperature of the hydraulic oil at the start of firing. If the maximum number of firings Nmax is
smaller than that desired, the designer may require a longer duration between each firing. This allows more
time for the recoil mechanism to dissipate its thermal energy to the ambient, i.e., the designer should increase
Orecoit mecn. Consequently, the net temperature increase A7, i1s reduced, which is in a larger number of firings
permitted within the same temperature restriction.

The calculation of Qr.coif mecr normally can be performed by multlplymg the thermal conductance C by the

temmnerature difference hetween the recoil flaid temnerature T at the o1ven inctance and the amhient temnera_

VwEdlprwa fA LA v fadia s i WL i Lvensas daueall Ll prvl G e 4 Gl oty gLV i IOLALIVY QIR LUV ALEIVITIL L oL A

ture 7,. 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, the additionai pressure rise in the recoil mechanism can be caicuiated from the bulk modulius of
the fluid, i.e., by Eq. 3-136. However, 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 Qrecoi meen should also include the heat from
the accumulators to the atmosphere.
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Inthis chapter the design of dependent-type recoil mechanisms commonly used in towed artillery systems is
presented; specifically, the Puteaux type of variable recoil mechanism used in the M 198 howitzer is considered
as a design example. This mechanism has two recoil cylinders that are connected 10 the same recuperaitor, and
its detailed operation is described. Also included are the derivation of expressions for orifice and leakage areas
and the analysis of fluid flow paths. Design data for the example and a discussion of the determination of the
discharge coefficient for various openings are discussed. In addition to the practical design considerations
evaluated in determining the final orifice area, the final areas of the control orifice for short and long recoil are
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CHAPTER 4
RECOI1, MECHANISM DESIGN FO
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TOWED ARTILLERY SYSTEMS

presented. Finally, par. 4-4 contains the design of the components of the recail mechanism.

4-0 LIST OF SYMBOLS

A

A
Aer
Ap
Ay
A,
Ar

A [,A Z,A 3
Aq
As

A1)
A(1)
i,
Aeleat
Aer
a,

dp
Qrieak
aO
dy
B(t)
b
AC
ACy
C.
Cetear

.

effective area of recoil piston, m’

area of each recoil piston, m*

cross-sectional area of oil column, m’

area of control rod, m’

area of counterrecoil piston, m’

area of floating piston—oil side, m’

gross area of recoil or counterrecoil groove, m’

peripheral discharge area of throutling valve, m’

area of recuperator (same as area of floating piston—gas side), m"
area of thread root, m*

areas of subdomains in recoil or counterrecoil groove (Figs. 4-7, 4-8, and 4-18), m*

area of replenisher piston—oil side, m®

arca of replenisher piston—gas side, m’

total driving force, N

location of centroid of area A{r) at 1 = ¢,

counterrecoil orifice area (effective). m*

counterrecoil leakage area, m’

counterrecoil orifice area (machined on regulator wall), m’
equivalent orifice area, m’

long groove area, m*

recoil leakage area, m’

recoil orifice area, m’

short groove area, m’

breech force, N

width of packing, m

increase in cylinder volume due to its expansion, m’

increase in brake (recoil) cylinder volume due to its expansion, m’
discharge coefficient for counterrecoil orifice, area q,

discharge coefficient for counterrecoil leakage area g...+, dimensionless
discharge coefficient for counterrecoil orifice area a.,, dimensionless

discharge coefficients (subscript i’ indicate the discharge coefficient at ith opening), dimen-

sionless
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C: = discharge coefficient for long groove area a;, dimensionless

C, = onifice coefficient or coefficient of discharge or discharge coefficient for recoil orifice area a,,
dimensionless

Crcar = discharge coefficient for recoil leakage area ayea, dimensioniess
Cs = discharge coefficient for short groove area a., dimensionless
¢ = open periphery of valve head, m
¢ = compressibility constant, m'/N (see Eq. 4-57)
cis = ¢ for recoil cylinder, m*/N
¢1p = ¢ for recuperator cylinder, m*/N
c2 = compressibility constant, m*/ N (see Eq. 4-58)
c18 = ¢; for recoil eylinder, m*/ N
¢2p = ¢ for recuperator cylinder, m*/N
D = diameter of control rod, m
(Dep): = inside diameter of recuperator cylinder, m
(D)o = outside diameter of recuperator cylinder, m
D = cylinder inner diameter, m
D, = cylinder outer diameter, m
D, = diameter of valve port, m
(D)) = inside diameter or recoil cylinder, m
(D). = outside diameter or recoil cylinder, m
Dy = piston diameter (inside diameter of recoil cylinder), m
D» = minimum outside diameter of recoil cylinder, m
d = variable depth of groove, m
diameter of piston rod, m
= constant depth of flat portion of slot, m
diameter of thread, m
variable depth of slot, m
elastic modulus of cylinder, Pa
kinetic energy of free recoil, N'm
= defined as the sum of NFp+ Ky + NAFgp/ Ag, N
Frp = floating piston friction of packing, N
F. = force due to throttling fluids through various restrictions, N
Fp = friction of packing between recoil piston and stuffing box, N (see par. 4-3.1.5)
F, = 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
F> = force at end of recoil, N

I

Il

d
o,
d,
F
o
F

Fy = radial force of packing on cylinder, N
Af = decrease in fluid volume due to fluid compressibility, m’

L2 < L ELERRRY

Afy = decrease in fluid volume of recoil cylinder due to fluid compressibility, m’

f: = friction force in brake cylinder, N

fr = friction force of packing assembly, N
f: = friction force in recuperator, N

fr = friction force of a packing assembly, N
g = acceleration due to gravity, m/s’

h = liquid head, m
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h(vi) = pressure drop across the ith onifice, Pa
h. = valve travel, m
[/ = impulse imparted to weapon, N-s
fmax = maximum impulse to weapon, N-s
Ki{#) = total resisting force to recoil as a function of time ¢, N
K. = AgP., recuperator force, N
Kg = K(1) at beginning of counterrecoil stroke, N
Kr = constant portion of K(¢) in counterrecoil stroke, N
K; = frictional force of sliding surface, N
K, = pressure factor, dimenstonless
K = recoil rod force or rod pull, N
K. = spring rate, N/m
K., = constant portion of K{(¢) in recoil stroke, N
Ky = K(1) at beginning of recoil stroke, N
K> = K(1) at end of recoil stroke, N
K(1) = total resisting force at time 1, N
K(Dwmir = mintmum value of K(r), N
K1) = location of centroid of arca K(1) at 1 = f
k — stress concentration factor, dimensionless

k, = factor = PRI — RI(R, — R1)/2. N'm
&k, = factor = F.. (R. — R\}/(2m). N'm
k.= factor = R.. /6, m’

L = length of recoil stroke, m

L, = length of long groove, m
¢ = length of oil column, m
{.» = initial length of recuperator oil column, m
fo = initial length of recoil cylinder oil columm, m
M = total bending moment, N-m
M, = bending moment due to pressure load, N-m (see par. 4-4.7)
M, = bending moment due to spring load, N-m
myr = etfective mass of recoiling part, kg
mp — mass of floating piston and control rod assembly, kg (see par. 4-3.2.1)
1. = mass of recoiling parts, kg
= number of recoil cylinders, dimensionless
= gas constant, i.e., ratio of specific heats, dimensionless
= oil pressure in recoil cylinder. Pa
pressure change, Pa
= total axial pressure on packing, Pa
= exlernal pressure, Pa
P, = hydraulic pressure head, Pa
Pi = internal pressure, Pa
Poac = maximum fluid pressure, Pa

&
Dy o=
i

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 /, Pa

= gas pressure at any recoil distance x, Pa
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Py
P

B

[
(=1

=

&R
I

®

Ln
ot T m
I

[=

Il

gas pressure at in-battery position, Pa

oil pressure at regulator chamber before check valve, Pa
gas pressure at end of recoil, Pa

oil pressure at regulator chamber at rear end, Pa

oil pressure at low-pressure chamber, Pa

recuperator pressure at time ¢, Pa

oil pressure at replenisher, Pa

fluid pressure on packing at any recoil piston position, Pa
radius of control rod, m

Rockwell number, dimensionless

radius to center of pressure, m

radius to center of spring load, m

radius of curved part of slot, m

safety factor, dimensionless

length of spring, m

time interval, s

time period, s

time of centroid oij(t)dt = 0.0098, s

time period of decaying resisting force during counterrecoil stroke, s
time period of constant resisting force during counterrecoll stroke, s
total time of recoil stroke, s

rise and fall time during recoil = 0.015 s

recuperator gas volume at time ¢, m’
gas volume at any recoil distance x, m’
gas volume at in-battery position, m’
gas volume at end of recotl, m’

recoil speed, m/s

cutter center, m

flow speed through opening «¢., m/s

flaw cnepe thranoh Aamenine o m/
LIV W SPULU LU ELL VPGl g der, 1Y

maximum speed of free recosl. m/s

fluid flow speed at ith orifice, m/s

flow speed through opening a;, m/s

muzzle velocity of projectile. m/s

flow speed through opening a,, m/s

flow speed through opening ., m/s

flow speed through opening a1, m/s

flow speed through opening ¢:, m/s

density of hydraulic oil, N/m’

weight of propeliant charge, N

effective weight component of recotling parts, N
weight of floating piston and control rod assembly, N
welight of projectile, N

weight of replenisher piston, N

weight of recoiling parts, N
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w = cutter bottom, m
w = constant width of groove, m
wy = width of flat portion of slot, m
w, = constant width of slot, m

x = generalized coordinate measured from in-battery position

x = displacement of recoiling parts, m
x1 = specified value for moment area calculation during counterrecoii stroke, m
xr = terminal speed during counterrecoll stroke, m/s
generalized coordinate measured from the in-battery position
absolute displacement of control rod and floating piston assembly, m (see Fig. 4-1)
generalized coordinate measured {rom the in-battery position
angle, deg
angle o expressed in radians
bulk modulus of fluid, Pa
half the angle subtended by groove width, deg
angle of elevation, deg
angle 8 expressed in radians
in-battery sustaining factor, dimensionless
spacing between grooves, deg
coefficient of friction, dimensionless
Poisson’ ratio for cylinder, dimensioniess
leakage factor, dimensionless
p = mass density of fluid, kg/m’
bending stress, Pa

o, = rod radial stress, Pa

o, = rod tensile stress (tangential), Pa

g, = rod yield stress, Pa
T, = maximum shear stress, Pa

=
([T T

® > aa b R R
| T VI I |

g
Il

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 highter 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 the 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 applving these forces
and pressures, recoil mechanism components are checked for fatlure 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
until an acceptable design of the recoil mechanism is obtained.

In par. 4-2 a 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

4-5



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)

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. [-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 existing 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 98 towed
howitzer. The Puteaux recoil mechanism, which was described in par. 3-2.1, is a hvdropneumatic, dependent-
type receil mechanism without a replenisher. However, the Md45 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 1s 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 par. 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. 4-1), oilis 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 port @, 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

Replenisher — -, 7 —Ag
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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 s, which connects the recuperator and the replenisher. Fig. 4-2 shows a schematic diagram for oil
. flow during a recoil stroke.

Recoil
Control
Orifice
Bort Port
Recoil ort | Recuperator [ ¢, |Low- a .
Cylinder ol Pressure 4 | Replenisher
— — | Chagmber |—
Ve A 4
/i? 3
{{ | Port <,
Regulator
Chamber
at the
Rear End
2
. Figure 4-2. Oil Flow During Recoil Stroke

There are two recoil modes of operation used for different tube elevation—short and long. Long recoil
(maximum 1.78 m (70 in.)) occurs at elevations up to 45 deg. Complete short recoil (maximum 1.27 m (50 in.))
occurs at an elevation of 75 deg. The recoil control orifice for the M45 is formed by helix-machined grooves of
constant width and variable depth on the control rod. In some mechanisms the orifices are formed by
machining straight grooves. Generally, there are four diametrically opposed grooves that provide variation in
the control orifice area a,. Two of these diametrically opposed grooves are short in length, and the other two
are long. During short recoil-—see Fig. 4-3 for the Cross Section A-A through the recuperator—the control
arca a, 1s the arca of the short grooves on the control rod. Note that only the short grooves are open and act as
the recotl orifice ..

For low elevation angles of fire, i.e.. long recoil. the regulator is rotated through an angle # so that all four
grooves arc open—sec Fig. 4-4 for the Cross Section A-A through the recuperator for a long recoll stroke.
Note that the recoil orifice area . is now the sum of the short groove area a, and the long groove area a;.

The leakage area shown in Fig. 4-3 provides another flow path for the fluid during the recoil stroke, and this
flow path must be considered in designing the control orifice area. Leakage areas for both short and long recoil
strokes are explained further and calculated in par. 4-2.1.

During the counterrecoil stroke, the compressed gas expands and pushes the floating piston and control rod
assembly rearward. 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
flows through ports a: and @ into the recoil cylinders to return the recotling parts to an in-battery position.
Note that the flow goes through a, as well as a. during counterrecoil. However, since a, 3 a. and @, and a. are in
series, the orifice @, can be ignored 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 orifice a.. The counterrecoil orifice a. 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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Note: Grooves are helix machined

Figure 4-3. Schematic Diagram for Section A-A of Fig. 4-1 (Control rod during short recoil stroke.
Clearance exaggerated for clarity.)

4-3 DESIGN OF CONTROL ORIFICES

In this paragraph detailed design of the control orifice for the M45 recoll mechanism is presented. The
design procedure, with the assumption of incompressible fluid, 15 illustrated by an example. The design
equations for compressible fluid are alse given. In par. 4-3.1 design data for the recoil mechanism are
summarized. The sizes of various cylinders, radius of the control rod, diameters of piston and pistonrods. 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, determination of the discharge coefficient is presented. The iterative procedure of matching the test and
the computed oil pressure curves is explained. The determination of contrel 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.
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Figure4-4. Schematic Diagram for Section A-A of Fig. 4-1 (Controirod during long recoil stroke.)
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Note: Counterrecoil 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 a, 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.
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4-3.1.1 Recoil Orifice Area a,

Recoil orifice a, (as explained in par. 4-2) for either the short or long recoil is formed by machining grooves
onacontrol 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 wili follow a helical path as shown in Fig. 4-7. In Fig. 4-7, Section A-A, the distance r/cosf
is used instead of r to account for the inclination of the groove by the angle # with the horizontal. This gives the
condition ds >> dy + r/cos® where d;, d, and r are the dimensions shown in Fig. 4-7. For the condition dy +
r{cosl > d, > dy, the groove geometry is as shown in Fig, 4-7, Section C-C. These two cases for the calculation

Downloaded from http://www.everyspec.com

of control orifice area will be considered along with the case when d; < d).

Contral

Section D-D

The variables displayed on Fig. 4-7 and those associated with subsequent calcujations are defined as

DOD-HDBK-778(AR)

Spheri?ol End Cutter

Section B-8

Figure 4-7,
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Section C-C
Inverted

]

G =ds =0 * T H

w, = constant width of slot, 0.01270 m (0.500 in.)t
wy = width of flat portion of siot, 0.002540 m (0.100 in.)
R = radius of control rod, 0.04286 m (1.688 in.)

r = radius of curved part of slot, 0.00635 m (0.25 in.)

d- = constant denth of flat nortion, 0.00102 m (0 040 in )
oy P poeruon, { m.)

L ddvdaa g Mo orade

V.UV IUL 1 (V.S y

Recoil Orifice Groove Details

1A dual system of units is shown when the original data were expressed in English units and converted to metric units, i.e., “soft” metric.
Metric units only are used when the original data are given in metric units—invented to illustrate an example—i.e., *hard” metric.
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ds; = variable depth of slot, m
6 = angle as shown in Fig. 4-7, 12 deg 12 min = 0.21293 rad
A1, Az, A; = areas of subdomains in recoil or counterrecoil groove, m*
Ay = gross area of recoil or counterrecoll groove, m".

The orifice areas can then be defined for the following three cases:

Case I. For d, > dr + r—e (Fig. 4-7, Section A-A)
COS§

2
A= 1;— (2¢) — 2 (é—) (Rsing) Rcoso
i . (4-1)
= R(¢ — sindcose) = R’ ld) — é— sin (2q§)J
where
R — df
cosep = 4-2
b R (4-2)
7TI'2
a4 = 4-3)
. 2cosd (
ay = 2r|ds — dr — ! (4-4)
cosf
and, since
Ay =2(A, + A, + As) (4-5)
T 2 2
A, = 2R [¢ = 5o sine)| + Il dard — A ‘
or (4-6)
Ay = 4rd, — 4rdy — (4 — T+ 2R [q’) — l—sin(Zq&)l
) © | cosé L 2 ]
Case?. Fordr < d, < ds+ $ (Fig. 4-7, Section C-C)
A =R [qs — é— sin (2@)} (4-7)
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where
. R—d )
cosg =
¢ R
: 1
Axcos8 = r7(2a) — 2 ( —2—) (rsina)rcosa
= r’(a — sinacosa)
(4-8)
= y? [a - ;_— sin2a)]
r [a — é— sin(2a)]
Az = .
cosf )
where

(ds — df)cosB = r — rcosa

. or (4-9)

r — (ds — dy)cost

cosa =
r
Then, since
Ay = 2(A4) + A3), (4-10)
) R B 2r’ D
A, = 2R |¢p —— sin(2¢p) | + =— |a — —sin(2a)|. (4-11)
2 cosf 2
Case 3. When d; becomes less than or equal to 4y, the flat depth will be varied and
Ay = 2R [q') — é— sin(qu)] (4-12)
where
cosp = R _ 4 (4-13)
R
. Now substitute the given values into the equations derived for Cases 1, 2, and 3.
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6.35X107°

For Case 1, d. > 1.02X107" +
cosf

From Eq. 4-2
_ 4.286X107° — 1.02X107°
= = = (.97
cose 4.286X10° 0.9762
¢ = 12.5 deg = 0.21817 rad
sin(2¢) = 0.42262.
From Eq. 4-6

— -342
Ay = 4(6.35X107)d, — 4(6.35X107)(1.02x107) — & ”)(C‘Z-E;X‘O )

+ 2(4.286X107) ( 0.21817 — _0-422262

\ =

= 0.2540d, — 0.000001 — -0:000035 >
cosf

Assume 6 to be small, i.e., cosf = 1*; therefore, the expression for 4, becomes
Ag =~ 0.2540d, — 0.000036

or

ds =~ 39.3701A4, + 0.001417, mf.

-3
For Case 2, 1.02X107° + —0:33X107 >1.02><103.
cosf

4-11. and using sin(2

g. =11, and using sing Cb} = {.42262 and ¢ = 0.21817 rad from Case i,

A = 2(4.286X10 ) [0.21817 — M)

—————
r2

L 26.35%107" [a B Sin(Za)]
cosh 2

*This assumption was made in Refs. 2 and 4: however, the exact value of 8 = 12 deg 12 min (cosf = 0.9774) could be used.
The metric value 0.001417 m will not agree with its English equivalent in Refs. 2 and 4 because of an arithmetic error in the reports.
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A, = 0.000025 + Q000081 ' 4 s6in2a)], m’.
cosf
From Eq. 4-9, assuming @ to be small, i.e., cosf = |,

6.35X107° — (ds — 1.02X10°)(1)
6.35X107°

CoOsS @ ==

dy = 5.33X107" — 6.35X10 7 coser, m

where « is a root of the equation

0.000025 + 0.000081 [a — 0.5sin(2a)] — A, = 0.
For Case 3, 1.e., variable flat depth, , < d:
From Eq. 4-12
A, = 2(4.286X107° Y[ — 0.5sin(2¢)]

= Q000367414 — 0 Scind?2A\V] m’
o AN A TRV SRy SRS

. 1idi -

Since from Eqg. 4-13
4.286X10° — dy
4.286X10°"

Cosgh —

dr = 4.286X107°(1 — cos¢), m

and ¢ 15 a root of the equation

0.003674[¢ — 0.551n(2¢)] — A, = 0.

In defining the helix angle of the long groove, the spacing will be held at 35 deg at the end of the short grooves
as shown in Fig. 4-8. In the figure A is the spacing between the grooves, and 2¢ is the angle subtended by the
groove width. The helix angle is determined by the procedure that follows.

Fordy = 00002 m, ¢ = 12.5 deg.
For r = 0.00635 m.
o= Sin_i(r/ R) = 0.00635/0.04286 = § deg 31 min.,

Then at the end of the short grooves

A = 35 deg

and at the beginning of recail, to fill the regulator part completely,

A =70 — 2¢ = 45 deg.
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(7717074

Figure 4-8. Spacing of Control Grooves

The width of the flat along each side of a control groove is
width = Rsing — r
= 0.04286(0.21644) — 0.00635 — 0.002927m.

For manufacturing the following dimensions are used:

dr = 0.00102M — 0.25 X [0 m
2r = 0.01262 m + 0.76 X 107 m.
At rod station 1(0.0254 m), A = 46 deg £ 30 min.
At rod station 14{0.3556 m), A = 35 deg & 30 min.

Therefore,
change in A per meter = 46 — 35 = H degrees
0.3556 — 0.0254 0.3302  meter
and
( R_Tr) 11 (0.042867r) 1
helix angle = Tan'' A180) |- an”’ 180
0.3302 0.3302
= 1.428 deg.
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4-3.1.2 Leakage Areas area

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 naragraph 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 (hzad) of the regulator.
At this point there are two leakage areas to be considered; one is the frontal leakage and the other is side
leakage. Figs. 4-9 and 4-10 show the frontal and side leakages, respectively. The frontal ieakage 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 longer exists 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 + side leakage area (4-14)

leakage area during long recoil = frontal leakage area (4-15)

Recuperator ;\\\ MOUOOWN AN

Regulator \

Front Head Low
Pressure

\ Chamber

DA A

~One \ Way Valve .

Port 1of

Middie Section  Redulator piston Ring

of Regulator Front Head "

. \ TN
//JW\\{ZLL%L[ZZM L1770 ———

—l Frontal
Side Leakage

Leakage

a

T S et |

Contral Rod ‘-'72 )
Diameter

of Control

T Rod
=

Figure 4-9. Schematic Diagram of Regulator Front Head
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Figure 4-10. Top View of One Port of Regulator Front Head

where
frontal leakage area = T—(di — D%) 6—, m’ (4-16)
4 57.2958
side leakage area = 4L,(cd: — D)/2, m’ 4-17)

and d\, D, d>, and [, are shown in Fig. 4-9; and 8 (in degrees) is shown in Fig. 4-3. Refer to Fig. 4-10; there are
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 1s used in Eqg. 4-17.

For the given dimensions (Ref. 4), during a short recoil @wesx = 0.0000303 m’ (0.047 in’), and during a long
recoil @iear = 0.0000135 m’ (0.021 in).

The orifice area ao can now be calculated by the following equation:
a, = ar + as + auear, m’ (4-18)

where
a, = area of long groove, m’
as = area of short groove, m".

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 the following
is true:

Po= Pu(Vo/ VY, Pa (4-19)

where
P, = gas pressure at in-battery position. Pa
Ve = gas volume at in-battery position, m’
P: = gas pressure at any recoll distance x. Pa
V, = gas volume at any recoil distance x, m’
n = ratio of specific heats, dimensionless.
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For the present recoil mechanism,

V,=[Vo — Az(y — x)], m’ (4-20)

where
Ar = area of floating piston—gas side, m"
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

Px:PO[ VO ,Pa.
V()*_AR(}}_X) ]

Therefore, the recuperator force K, for the Md45 recoil mechanism is given as

.| Vo I
ARLo [ . AR(y — x) J , N,

[\
—
-

o~

) 2
Ny

4-3.1.4 Frictional Force K, of Sliding Surfaces

To calculate the frictional force of siiding surfaces, the procedure givenin par. 3 3-5.2is used. As noted there,
the frictional force Krof the sliding bearing is a function of the recoil displacement x. A functional relatlonshlp
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
par. 3-5.2,

For the present design example, taken from Ref. 2, the frictional force Ky of the sliding bearing (at 0 deg
quadrant elevation (QE)) is taken as a constant throughout the recoil stroke at 5489.1N (1234 1b). 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 £p,(2) at the floating piston Frp, and (3) at the replenisher piston and stuffing
box Frer. These three forces may be determined either by experiments or by the procedure presented in par.
3-5.3. For the 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 Fpr = 4848.6 N (1090 Ib),
Fre= 50131 N (1127 1b), and Frer = 1837 N (413 lb).

4-3.1.6 Summary of Design Data

o1l mechaniem without fhad r‘nmanccll‘nan

nandad foar AQCI ot th antral aritice ¢
Nniré: Oriiice I il v FECO MICCnAnisiin WIlnOuL 11UIQ COMm PressiDIL

D(lt(l l.l\.’\.;\..lk.’\.l LU gl Er} il ll.l.e CU 1 Il
consideration are summarized as follows:
1. Area of Compeonents:
N = number of recoil cylinders = 2
A = area of each recoil piston = 0.0036023818 m” (5 58370? in?)
A, = area of control rod = 0.0057717284 m’ (8.946197 m 3]
Ap = area of floating pmon—ml side = 0.022730633 m’ 35 23255 in’
Ar = area of floating piston—gas side = 0.028502362 m” (44.17875 in’)
As = area of replenisher piston—oil side = 0.0038319845 m* (5.939588 1 n. )
As = area of replenisher piston—gas side = 0.003325276 m’ (5.154188 in’)
2. Orifice Areas: (see Fig. 4-1 for identification of these orifices}):
a; = 00031035912 m (4.810576 in: Y

a: = 0.00050670 m® (0. 7854 in%)
a4 = 0.0000019794 m’ (0.003068 in’)
a., = recoil orifice area (see par. 4-3.1.1) 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):
1. Control Areas:
a; = short groove area, shown in Table 4-1
a. = long groove area, shown in Table 4-2

short recoil = 0.0000303 m® (0.047 in%)
long recoil = 0.0000135 m” (0.021 in?)

Thedatain Tabled-1, Table 4-2, and for ¢ are taken from Refs. 2 and 4 for anexisting control rod. These
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.
2. Weights:
W, = weight of recoiling parts = 30,492 N (6855 lb)

Wp = weight of floating piston and control rod assembly = 591.6 N (133 ib)
Weer = welrht of renlenisher nlctr\n =534 N (]7 1h)

Wrer = weight of rep 15to
3. Recuperator Gas Data
Vo = initial gas volume = 0.3547798 m’ (2165.00 in. N
Py = initial gas pressure = 7749.7 MPa (1124 psi)
n = gas constant = {.6

Great = TECOH leakage

TABLE 4-1
ORIFICE AREA—SHORT GROOVES, FOR AN EXISTING CONTROIL ROD
VX, as. VX, as. o, ay [ as.
m m” m m- m m- m m-
—2.2012X107 2.105X107" | 50.869X1070 2.757X107Y | 273.406:<1070 11039107 | 311.534X107°  3.239x10°
0.000 2.313X107° 1 69919107 2.706X107° | 286.156X 1070 9.0903<107 | 312.003X107° 3110107
6.680<1070  2.943X107° | 69.959X107°  2.706X10°° | 286.235X107  9.058X1077 | 312.473X1070 298710 "
7.409X107°  3.013X107° | 95.357X107  2.596X107% | 293.855X 107" 7.735X107 | 312946107 2.871X10°
8679107 3.090X107% | 95.385X107°  2.595%107" | 294.033X107  7.665X10°7 | 313.416107"  2.768X10 °
9.815X107  3.142X<107 [ 120.785X107° 2.460X 107" | 299.113X10 0 6.529X107" | 313.886X107 2.677X10°
11.212X<107°0 3061X107 | 120.802X107°  2.460X107° | 299143107 6.516X107° | 314355107 2.606X10°
11. 450><10’-‘ 31641070 | 1335021070 2383107 1 301.683KI07  5.948X107° | 314.825%10 ° 2. 54x><10"
12.974X107  3A70XI07" [ 1335150077 2.383:007™ | 300.747X0077  5.923X107° [ 315.062X410 ° 2.529107°

13081107 3070107 | 146.215X107 2.299%10™ | 304.287X107°  5.335x107 | 315.23a<107" 2,523 107
133121070 3.169X107™ | 158.928X107°  2.215X107° [ 3044111077 S290X107 | 316.230X107"  2.426X107°
16.106X 1070 3.143X10™ | 171653X107°  2.125%107 | 306.951X107°  4.652¢107 | 3175003107 2.065X107°
16.256X107° 3141107 | 197.053X107°  1.918X10™" | 307.195X 107" 4.555X107° | 318770107 1.555X107°
18796107 3.103X107" | 2225044107 1.698X107" | 309.735X 107" 3.826>107° { 320.040X107"  0.890X107
19.3885X 1077 3.083>107% | 247.909<107° 1432107 [ 309.974X107  3.735<107° | 321310107 0.226X10°°
24.364X 107 2887107 1247.942X10°7  1.430X107 13101214107 3.684X107° | 3225801070 0.077X10°°

28,7050 2.755x107° | 260.642>X1070  1.281X10°* | 310.594X 107" 3.529x 107 | 322,953x1¢07° 0.000

50800107 27571077 | 260.706X107°  1.281X107° | 311.064X107°  3.381X107° | 462.277X107 0.000
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ORIFICE AREA—LONG GROOVES, FOR AN EXISTING CONTROL ROD

y—x, ar, yx, as, y—x, dt, y—x, dr,
m ml m m" m ml m m2
—3072X107 2.523X1077 | 152.344X 107 12.490X107° | 322.199X1070 23.639X107° | 435033107 8.910X107°
4.448X107°  6.613X107° | 177.744X107 13.129X107° | 323.850X107°  23.639X107° | 435.158X107°  8.452X10°°
7.325X107° 10.264X107 | 228.506X1070  14.664X107 | 324.056X107°  23.626X107° [437.698X107°  8.090X10°°
TLI35X107" 10.690X107° | 253.868X 107 15.826X107° | 334.213X107 22.794X107° | 438.005X107°  7.890X107°
| 11.278X107° 10.723X107" | 266.535X107  16.600X107° | 349.451X107 21.568X 10" | 440.545X10™  6.916X10™
14.453X107°  10.910X107° | 279.210X107  17.503X107° | 349.491 X107 21.568X107° | 440.606X107°  6.871X107°
14.605X107° 10.916X107° | 291.833X107°  18.529X107° | 349.491X 107 19.110X107° | 443.146X107°  5.903X10~°
14.714X107 10.910X107° 1 304.394X107  20.181X107° | 374.942X107  19.103X107° | 443.558X107°  5.613%107
19159107 10.729>107° | 310.670X107°  21.387X107° | 387.642X107° 17.619X107° | 444 828X107°  5.019X107
19.241X107 10.716X107° | 310706107 21.400X107° | 387.680X107 17.613X107° | 445.836X107  4.503x107
24.321X107° 10.348X107° | 313.246X107  21.852X107° | 400.380X107°  15.935X107° | 447.040X107  3.594X107°
24348107 10.342XX107° | 313.563X107°  21.890X107° [ 101.716X107° [5.923X107° [ 448.310Xi107  2.632X107°
2.367X107° 10006107 | 316.040X107° 22.019X107° | 413.156X 1070 13.813X107° | 449,580 107" 1,703X107
C34.717X107° 10.006X 107 | 317.246X 1070 22.142X107° | 413.995X107°  13.768X107° | 450.850X10° 0.877X107°
35.563X107°  10.135X107° [ 317.500X107°  22.155X10°7° | 424.685X107° 11.490X107° [ 452120107 0.239X107°
36.154X1070 10.297X107° | 317.726X107° 22.155X107° | 424.799X107  11.439X107° | 452.755X10™ 0.000
48.217X107  10.484>107° | 319.385X 107 22.671X107° {429.859X10° 10.271X107° [462.277x10° 0.000
101.552X107" 11.477X107° [ 321.196X107°  23.394X107° | 429.952X107° 10.219X107° — —

4. Friction Forces:
Ky = frictional force of sliding surface = 5489.1 N (1234 lb)
Fp = friction of packing between recoil piston and stuffing box = 4848.6 N (1090 1b)

Frp = floating piston friction of packing = 5013.1 N (1127 1b)

Frer = friction of packing between replenisher piston and stuffing box = 1837 N (413 1b)

5. Interior Balhistics Data (from firing tests):
Imax = maximum impulse to weapon = 45.411.9 N-s (10,209 1b-s)

7 = time to centroid of [B(r)dr = 0.0098 s

B(1) = breech force, Table 4-3

1, = nise and fall time during recoil = 0.015 s

6. Miscellaneous Data:
W = density of hydraulic oil = 8372.78 N/m’ (0.030845 1b/in’)

g = acceleration due to gravity = 9.80542 m/s2 (386.04 in./s%).

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. 1-6 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 the 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

ts B(n, N LS B(n), N 1, s B(1), N LS B(1). N
0.000000 355.622 | 0006778  S.411,693 | 0.012038 455,311 0.022225 156,297
0.000077 373530 | 0007228 4835225 | 0.012055 454,426 0.025110 117,820
0.000543 553234 | 0007647 4312621 | 0012073 453,550 0.029479 77.973
0.000876 728383 | 0.008042 3,852,097 | 0.012090 452,669 0.033848 52,476
0.001134 699.097 | 0.008419 3450992 | 0.012178 448,305 0.038217 35,870
0.001347 1.065482 | 0008782 3,102,963 | 0.012265 443,990 0.042586 24 874
0.001527 1227651 | 0009134  2.800,947 | 0.012352 439,720 0.046955 17.482
0001684 1385705 | 0009476 2538284 | 0.012440 435,494 0.051324 12,437
0.001823 1539752 | 0.009810 2,309,089 | 0.012527 431,313 0.055693 8,950
0.001947 1689884 | 0010138  2,108.328 | 0.012615 427,176 0.060062 6,512
0002785 2996041 | 0010460 1931765 | 0.012702 423,084 0.064431 4,786
0.003295 4002407 | 0010776 1775845 | 0.012789 419,031 0.068800 3,550
0003671 4773239 | 0.011088 1,637,595 | 0.012877 415,108 0.073169 2,660
0003973 5,358,136 | 0.011397 1,514,526 | 0.013750 377,200 0.077538 2,006
0.004229 5795649 | 0.011701 1404577 | 0.014624 343,140 0.081907 1,526
0.004454  6,115957 | 0.012003 1.305,940 | 0.015498 312,439 0.086276 1,170
0.004654 6,342,834 | 0.012005 456,992 | 0016372 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 456815 | 0.018119 237,121 0.099382 552
0.005266 6,640,958 | 0.012010 456,726 | 0.018993 216,660 0.102800 0
0005710 6,502,071 | 0.012012 456,641 | 0.019867 198,133 5.000000 0
0.006280 6,004,831 | 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

mi% = A() — K(1) (4-22)

where
x = displacement of recoiling parts, m
A(r) = total driving force, N
K(#) = total resisting force to recoil as a function of time z, N.
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In a recoil mechanism, A(¢) 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(z) can be obtained by either a trial-and-error procedure
or by the moment-area method explained in par. 2-4, The moment-area method for the present design example
1s explained in par. 4-3.2.3.

4-3.2.1 Equation of Motion for Recoil Parts Without Replenisher

Due to the fact that the motion of the piston in the replenisher is restricted, to minimize its effect on recoil
and counterrecoil 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:

. Oil chamber is always completely filled

. Constant oil leakage

. Unidirectional flow

. Constant discharge coefficients

. Adiabatic gas behavior

. Constant friction of sliding bearings, packings, and seals

. Transfer of rifling torque to the recoiling parts is negligible
. Oil flow 1s incompressible,

Let x and v 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 y represents the displacement of
the control rod and the floating piston assembly. Free body diagrams for the recoiling parts, and the control
rod and the floating piston assembly are shown in Figs. 4-11 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. 4-11)

mX = B(1y+ Wsinf — NAP — NFr— Ky + Frp+ Ko — AcP2 — ApPy, N (4-23)

e B R S N

where
f m, and wyr = mass and weight, respectively, of recoiling parts, N
B(t) = breech force, N
# = finng elevation angle, deg
N = number of recoil cylinders, dimensionless
A = area of each recoil cylinder. m’
P = oil pressure in recoil cylinder, Pa
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Figure 4-11. Free Body Diagram of Recoiling Mass
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Figure 4-12. Free Body Diagram o

Fr = frictional force of packing between recoil piston and stuffing box, N
Frp= ﬂoating piston friction of packing, N

£ Frant 1€ f
K; = frictional force of sliding surface, N

Ar = area of floating piston—gas side, m’

P. = recuperator gas pressure, Pa

Kz = AgrP., recuperator force N

A. = area of control rod, m*

Ap = area of floating p1ston——oi1 side, m’

P: = oil pressure at regulator chamber at rear end (see Fig. 4-1), Pa
P; = oil pressure at low-pressure chamber, Pa.

Il

Similarly, the equation of motion for the floating piston and the control rod assembly is (refer to Fig. 4-12(A))

ij; = A('PZ —‘l— ADP3 - Ka. - FFP + WpSll'lB, N (4-24)

where mp and Wy are the mass and welght respectwely, of the ﬂoatmg plston and control rod assembly.

Egs. 4-23 and 4-24 comprise two equations of motionin terms of the variables ¥, V', P2, Py, and P. From the
compatibility condition for the fluid flow, a relation between X and J can be developed. Also expressions for
the pressures P, P2, and P; can be developed in terms of various orifice areas and the flow speeds through them,
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 is 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 = Ay — x) + Ap(y — x), m’. (4-25)

Since y is the absolute displacement of the floating piston, it also includes the x displacement of the recoiling

parts. (Note: the y-coordinate is not attached to the recuperator. This is the reason for using (y — x}instead of
y in Eq. 4-25. However, from Fig. 4-1

Ac+ Ap = Agr, m’. (4-26)

ey
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Therefore, by substituting the value of Az from Eq. 4-26 into Eq. 4-25, the preceding compatibility condition
becomes

NAx = Ar(y — x)
or (4-27)
(NA + AR)X = ARy, m3.
Differentiation of Eq. 4-27 with respect to time yields

(NA + Ap)x = Axp, m’/s (4-28)

and differentiation, again with respect to time, yields

(NA + Ap)¥ = Ax¥, m’/s’. (4-29)
Substitute the expression for ¥ from Eq. 4-29 into Eq. 4-24, to obtain
[(1 + M) mp] % = Wsin + AP, + ApPy — Ko — Frp, N. (4-30)
R

Add Egs. 4-23 and 4-30 to eliminate Py, Py, and Frp, and reduce the equation of motion to

[m, N (1 + ];_A) mP] %= B(t) + (We + Wp)sing — NFs— K — NAP,N.  (4-31)

R

It is now necessary to develop expressions for the pressures P, P2, and Ps 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 recoll
mechanism. From the fluid flow continuity equation and with reference to Fig. 4-13, the following equations

result;

avi = NAx, m'[s (4-32)
av: = Ay — %), m’[s (4-33)
a,ve = Ap(y — X), m’fs (4-34)

where v;, v2, and v, are flow speeds through the openings a1, a2, and a,, respectively. Rearrangement of Eq. 4-28
yields

G~ %)= ( ﬁf“‘ ) %, m/s. (4-35)

R

Rearrangement of Eq. 4-32 and substitution of the expression for ( — x) from Eq. 4-35 into Egs. 4-33 and
4-34 yield

" :( ’Z“‘ )r m/s (4-36)
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Figure 4-13. Oil Flow During Recoil for Puteaux Recoil Mechanism

A . . NAA. Y .
2 —X) = X, 4-37
1% o w—x) ( v ) X, m/s ( )
yo= Ab (r— %) = ( NAd» ) X, m/s. (4-38)
do ARao
Define the pressure drop A(y:) across the ith orifice from Eq. 3-22 as
W t
hv)= ——|—| .Pa (4-39)
2g Ci
where

W = fluid specific weight. N/m’ i
g = acceleration due to gravity, m/s’

C: = discharge coefficient at ith orifice, dimensionless
v; = fluid flow speed at ith orifice, m/s.

For the flow paths of Fig. 4-13, the following expressions are obtained for pressure drops across the
openings:
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P — P, = h(v1), Pa
Py — P, = h(w2), Pa (4-40)
Py — Py = h(v.), Pa.

i

Rearrangement of Eq. 4-40 results in the following expressions for Py, P2, and P; in terms of P and v
Pi = P— h(w), Pa \
P = P— h(Vi') - h(v;), Pa (4-41)
Py = P — Kvi) — h(v,), Pa.

Substitution of P> and P; from Eq. 4-41 into Eq. 4-30 yields

[(1 + %“_] mp] X = Wesin® — Frp — Ko+ AP — Agh(vi) — Ah(v2) — Aph(v,), N(4-42)

R 7

where Ag = A, + Ap. Multiplication of both sides of Eq. 4-42 by N4/ Ar yieids

s MAN o N e (VA e (NAN o NA
Vae U ) e Ve ) )

— NAh(W) —( NA )A by — | YA Apho N, (4-43)

\ Ar

Addition of Eqs. 4-31 and 4-43 results in the elimination of 2 and yields the following equation for X:

r / R r / \
[mk +(l + N4 )—mpJ ¥ = B(n -I-[WR Jr(l + NA) WpJ sind
Axg Ar
AT + {NA \FFP+ K-If( NA \KH_JI\VTA}E{VI)
\ Ax ) IRy

NA Y 4 pey — [ 24 )Anh(vg), N. (4-44)

AR} \ AR

Eq. 4-44 completes the set of equations to be used for the design of control orifices. Using the moment-area
calculations, the des:gnerhrbt finds the total resistance to recoil K(t) The equatlon of motion, Eq. 4-44, then s
used to compute X, x, and x {the acceieration, velocity, and displacement of recolling parts, respectively). The
displacement, velocity, and acceleration of the floating piston and the control rod assembly can be computed
using Eqgs. 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 the control orifice
area because all other quantities are known.

In Eq. 4-44, NFris the frictional force of packings and seals in the recoil cylinder; NA Frp/ Aristheeffective
force component due to the friction of packings and seals in the recuperator; and ¥4 K./ Az is the effective
resisting force due to the elastic mediem of the recuperator. The resistance £, presented by throttling fluid
through various restrictions is

4-27



Downloaded from http://www.everyspec.com

DOD-HDBK-778(AR)

) Ach(v) + ({Vq—"‘) Aph(va), N. (4-45)

F, = NAh(v)) + ( N

R

Eq. 4-46 1s obtained by substituting the expression tor the pressure drops A(v.) from Eq. 4-39 into Eq. 4-45

2 2 2
L LR JEC A (R B N (4-46)
2g Ci Ag & Ar Co

The substitution of the various speeds from Egs. 4-36 through 4-38 into Eq. 4-46 yields

3 « 2 3 3
po— (NAY W [ 1‘q+(Ac ) I +(AU) 1 }N (4-47)
2g (a]C.])‘_ Ar (UZC?.)h AR (Cuan)—

Now, apply the equivalent orifice area concept, i.c.,

3 3
L1 Af) | ,+(AD) L (4-48)
a; (Clal)h AR (C}‘_a?_)h ‘ AR J (Coan)_

where a. 1s the equivalent orifice area. Then the fluid throttling force £, is

3 .
(NAY Wx
F() = nl bl N' 4 49)

2ga;

Eqg. 4-48 from the equivalent orifice area is similar to Eq. 4-49, which was derived for two orifices in series in a
straight pipe. The difference in the two expressions is due to the fact that, for the orifices in the str: aight 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 a, to fill the space vacatcd by the rod and the
remaining fluid flows into the low-pressure chamber with area Ap.

Generally, the orifice area a1 ts much larger than the control orifice arca @.. Therefore, the pressure drop
across the orifice a; can be neglected compared to the pressure drop across the orifice @.. and since A,/ Az 1s
usually between 0.15—0.25, the second term in Eq. 4-48 can be ignored when compared to the last term.
Therefore, for many realistic cases Eq. 4-48 reduces to

3
Il _{4p )\ 1 .
=2 .m (4-50)

ai \ AR ] (Cvua())z N

The substitution of Ap = Ar — A, from Eq. 4-26 into Eq. 4-50 yields

s — Ay L m (4-51)

[/ ( Cr)au)u

tlan £1. ot ey

TL . - ol vened el T s
111€ [T1dss /tip Ul ine llUcll.ll.lE\ }Jl\LUll di

control rod dbSLillUl._y is much Su‘i 1“61‘ tnan tne mas L
parts. Therefore, sometimes mp and Wy are set equal to zero in Eg. 4-44, in which case Eqg. 4-44 becomes

[
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m¥ = B(t) + Wasin — [NFP + ( i’l"‘ ) Frr + K,] - ( fj’f ) K.— F,,N.  (4-52)

K R

Eq. 4-52 has been used in many design cases with good accuracy. The total resistance K to recoil can be
identified from Eq. 4-52 as

K=|NFr+ XA Fow+ k| + | YA K, F Fo N, (4-53)
Ar Ar

Thus using the equivalent orifice area concept, first calculate the force £, due to fluid throttling as a function of
x from Eq. 4-53. Then Eq. 4-49 can be used to calculate the area of an equivalent orifice. The control orifice
area is calculated using either Eq. 4-48 or Eq. 4-51.

For the validation procedure the central orifice area a. is known; therefore, the area of an equivalent orifice
is known from either Eq. 4-48 or Eq. 4-51. Then the throttling force £, can be calculated using Eg. 4-49. Eq.
4-44 or Eq. 4-52 can be integrated to compute the speed of the recoiling parts. Then the pressure P in the recoil
cylinder can be computed from the equation

P— P, = h(w), 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 {luid compressibility for the Puteaux recoil mechanism is considered.
Assumptions (1) through (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 counterrecoil orifices). This
means no pressure drop at ports e and az.

Before deriving the equation of motion, compressibility constants ¢, and ¢: are defined for convenience.
Compressibility as considered here—termed “the effective fluid compressibility™—includes fluid compression
and cylinder expansion. The increase in cylinder volume ACis due to the expanston of the cylinder and Is given
by Eq. 3-18 as

DD (Dx Dt o] i (4-55)

where
AP = pressure change, Pa
D., = cylinder outer diameter, m
= cylinder inner diameter, m
" = elastic modulus of cylinder, Pa
v = Paisson’s ratio for cylinder, dimensionless
¢ = length of oil column (function of time), m.

=S

The decrease in fluid volume Af due to the compressibility of the fluid is given by Eq. 3-17 as

(AP _ (APYAL 3 4-56
; g m (4-56)

Af
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where
A = cross-sectional area of oil column, m-
B = bulk modulus of fluid (assumed constant), Pa.
By defining compressibility constants ¢, and ¢, respectively, as

A
5

] =

m*/N (4-57)

il

2

mDLf DT Dy ) N, (4-58)
2E | DI - D

Eqs. 4-55 and 4-56 may be written as
Af'= ¢(AP), m’ (4-59)
AC = C(AP), m’. (4-60)

Now, refer to the free body diagrams of Figs. 4-11 and 4-12; write the equations of motion, Eqs. 4-23 and 4-24,
as

mrX = B(t) + Wrsin® — NFp — K; + Frp + AgPc — NAP — AP, — ApP:, N (4-61)
mp_'v' = WPSiI’l@ + Acpz + ADP3 - FFP - ARPx, N. (4"62)

Next consider the flow paths of Fig. 4-13, In the regulator head the oil volume is small and the cylinder walls
are heavy. Consequently, volume changes in this section are neglected, Therefore,

av: = Ay — %), m’/s (4-63)
and
My = axva T aovo, mB/S. (4-64)
The substitution of Eq. 4-64 into Eq. 4-63 yields
avi = Ay — %) + aov,, m'/s. (4-65)
The fluid velocity a,v, out of the recoil cylinders is expressed as
ayvi = NAx — N(Afs + ACs)/ A1, m’/s (4-66)
where
Afs = decrease in fluid volume of brake (recoil) cylinder due to fluid compressibility, m’

ACp = increase in brake (recoil) cvlinder volume due to its expansion, m’
At = time period, s.

The other symbols were previously defined.
The substitution of Egs. 4-59 and 4-60 into Eq. 4-66 yields
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L Clalty) RNEYD (4-67)

avi = NAx — N(cig + ¢23) >

where
P == recoil cylinder oil pressure at time 7, Pa
{, = initial length of recoil cvlinder oil column. m
era.c25 = recoil cylinder compressibility constants, m*/ N
r = displacement of recoiling parts, m.

o

b

i

and the factor ({ — x)/(Ar) s the average speed during the time interval, The substitution of Eq. 4-65 into Eq.
4-67 vields

Ay — X} T aovo = NAX — N(c1g + ¢28) [LEO_\;IA

or (4-68)

At NAX — Ay — X) — a.vo
, Pa.
fy — X N(cis + ¢28)

P =

Follow the analysis used in deriving Eq. 4-67 to obtain a similar equation for the fluid velocity through the
control orifice a. as

) [Py — x = {p)] , m3/S (4-69)

adyVy — AD(l - ‘.‘) + [f'l('p + Caep At

where
Py = recupcrator cylinder oil pressure at time 7, Pa
(., = initial length of recuperator oil column, m
ClopCp = recuperator cvlinder compressibility constants. m’/N
v = absolute displacement of control rod and floating piston assembly, m
Ap = arca of tloating piston—oil side, m”,

Rearrange Eqg. 4-69 to obtain

py = — = v Aol ) | py (4-70)
(_1; — x + (1(‘})) Clep + Caep

From Assumption 1, par. 4-3.2.1, pressure drops may be neglected except at the control orifices @, and a..
Then,

p=P.= P Pa @-71)

and from Eq. 4-39
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ar

vo = C, \/%5— (P— Py, m/s. (4-72)

Multiplication of both sides of Eq. 4-72 by a, yields

aove = a,C, / 28 (P— P3), m’/s. (4-73)
V W

Slmultaneously solving Eqs. 4-23,4-24,4-68,4-70 and 4-73 yields x, y, P, Py, and v, (for valid data). Then by
comparing 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 the 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 arcas are determined.

Compr<3531b111ty constants are now calculated for the given design data. Let ¢ and ¢, be the compressibil-
ity constant ¢, for the recoil cylinder and the recuperator cylinder, respectively. Then according to Eq. 4-57

RS i} 11 dviio g o LAy, TR0

Cip = —fg— . m*/N (4-74)

= Ao N, (4-75)

Clep

Three constant bulk moduli 01 fluid 8 are assumed—1.034214X10° MPa (150,000 psi), 1.723689X10° MPa
(250,000 psi), and 2.413165>10° MPa (350,000 psi).
Data used in the calculation of ¢s, €14, €28, and ¢z, follow:
(D)o = outside diameter of recoil cylinder = 0.092075 m (3.625 in.)
(D,): = inside diameter of recoil cylinder = 0.07620 m (3.00 in.)
(Dq). = 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 = Poisson’s ratio for cylinders = 0.3
E = Young’s modulus for cylinders = 2.07X10° MPa (30X10° psi).

The cross-sectional area A of the oil on the recoil cylinder side is

12 2
Azn[%—’l‘-] ZTr(O'—O;g)O.O(MS(’mZ

and the cross-sectional area 4, of the floating piston on the oil side of the recuperator cylinder is

EE 2
AD:wr(DZLH :w(—o'lsi\zo.ozss m?

Therefore, from Egs. 4-74 and 4-75, respectively, for 8 = 1.0342135X10” ¢,5 and e, are

cp= — 000836 — 44095510 m*/N
[.0342135X 10
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and

Clop= —D028 995 594 m/N.
1.0342135X10

The cizand ¢, for the corresponding values of 8 are calculated in an identical manner. The values for ¢, gand
Clep are shown in Table 4-4(A).
The ¢24 and ¢z, for the recoil cylinder and recuperator cylinder, respectively, are from Eq. 4-58
Cop = 7(0.0762)° (0.092075)° + (0.0762)° , 3]
2(2.068427110""y | (0.092075)° — (0.0762)

= 2.48996X10""" m*/N

and

. = __m(0.1905)° [ 0.20955)" + (0.1905)’ +03]
T 2(2.0684271X10") | (0.20955)° — (0.1905)°

= 29.82999 m"/N.

The combined values (¢15 + ¢25) and {c1; and ¢z} 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(r) is described.
Assume that the displacement and velocity are both zero at the beginning of the recoil cycle (i.e., x = 0 and
x =0 at 1 = 0) and that a force system such as that shown in Fig. 4-14 15 applied; then the velocity and
displacement at any instant in time ¢ are obtained from

mak = [ A(dr = [ K(1)ds (4-76)
mux = [ — AW [ A@dr — [ — K] [, K()ae (4-77)
TABLE 4-4

COMPRESSIBILITY CONSTANTS FOR A RECOIL CYLINDER
AND A RECUPERATOR CYLINDER FOR THREE BULK MODULI

(A) c1g and 1, With Respect to Three Constant Bulk Moduli

B, Pa 1.0342135%10° 1.7236892X10° 2.4131649X10°
cis, m'/N 44.095x107" 26.457X107" 18.897x107"
Clep, M*/ N 275.594X107" 165.356X107" 118.112X107"

(Bj (c1p + 28} and (1o T €20} With Respect to Three Constant Bulk Moduli

A, Pa 1.0342135%10° 1.7236892x10° 2.4131649x10°
cig+ ca.m'iN 46.585X107" 28.947x 107" 21.387<107"
Crp + C2gp. m'YN 305.244X107" 195.186x107" 147.942x107"
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Figure 4-14. Force Diagram for Recoil Stroke (Dashed lines indicate portions of area used in
moment-area method derivation.)

where o
' fOIA(t)a’r = area under curve of A(1) for 0 =<y,
fﬂ{f K(t)dt = area under curve of K(f) for0 <<y,
[t — A(1)] f:A(;)d,r = moment of area under A(!) about 1 = 1;
[ — K(1)] f; K($)dr = moment of area under K(1) about 1 = 1,
where _

A(#) = location of centroid of area A(¢)atr =1,
K(r) = location of centrond of area K(¢) at 1 = 1

Before the moment-area method may be used to determine K{(#), 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 ¢ = 0, displacement x = 0, and velocity x = 0; hence there is no force due to
throttling fluid. The recuperator pressure P, is the initial gas pressure Py, i.e., P. = Po. Therefore, accordingto
Eq. 4-53, the total resisting force K, at the beginning of the recoil stroke is given as

MM=MZAM%+NB+@+(%wﬂ%N (4-78)

R

At the end of the recoil stroke 1 = 7,, displacement x = I, and velocity x = 0. Therefore, there is no force
due to the throttling fluid. The recuperator pressure P, is given by Eq. 3-4 as

Ve Y
Po=p |~ | Pa
| O(MV—NAL) !

Therefore. the total resisting force K> at the end of the recoil stroke is given by Eq. 4-53 as

Y, " NA
— ' | FNF+ K+
mrHNAL) BT (A

MMEKFHMHw )FhN (4-79)

R

since Ko = AgP..

Assume that the total resistance to recotl has the trapezoidal shape shown in Fig. 4-14, By specifying the
desired value for the recoil stroke £, the rise and fall time 7, (assuming they are the same), and by requiring that
K(r) = K, over the remainder of the cvele, the moment-area Eqs. 4-76 and 4-77 can be used to determine the
two unknowns Ky and /.

At the end of the recoil stroke, x = 0. By applving Eq. 4-76 and by referring to Fig. 4-14, the following
results:

’ Ko — K
mcﬁ"(o) = {+ m;/_'ﬂﬂ — K, — ( i—z——l) nH— K()(IR — 2[1)
(4-80)
Ko — K:
- }\/3/{ — ——— 1 4
2
where
tr = total time of recoil stroke, s
£ = rise and fall time during recoil. s
myr = effective mass component of recoiling parts, kg
W,,; = effective weight component of recoiling parts, N
Ku = constant portion of total resisting force, N {see Fig. 4-14)
K\ = total resisting force at beginning of recoil stroke. N (see Fig. 4-14)
K> = total resisting force at end of recoil stroke, N (see Fig. 4-14)
/= 1impulse imparted to weapon, N-s.
Simplifying Eq. 4-80 yields
: K K
0= 17— (Ko= Wohtx = 1: | =Ko+ 5=+ ==|,Nos (4-81)
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or

_ [+ W;fﬂR - ll(K1 + Kz)/z

Ko , N. (4-82)
Ir — 1
Muliiplying Eq. 4-81 by 12/ 2 results in
! 17 K+ K t
0:1( f \_(Ko* Werr) ,AR +11[K()— { L ‘] i (4-83)
Ve 2 I S N

From Eq. 4-77 at 1+ = 1 (taking moments about the line 1 = 1)

. [ 1g | ' T { ' 2t
merl. = Htg — 1) + ”/qﬁtR(—; )_ K (IR_ : )_ : (Ky — Ki) ([R#;i )

! IR \ [ tfi \ FANY; FAW
- K(J([R_zfl)(_)_Klll( )_ 7

5 1 [ 3" J , kg'm. (4-84)

where7is the time to the centroid of [ B(r}dr. The other notations are the same as in the preceding discussion.
By simplifying the preceding expressions, the following results:

W, ; ¢ _
meffL:( 4 5“—) z;s+(1 + Loy, — ﬁn)zk( R ﬁ) L= I, kgrm. (4-85)

2 2 2 2 6 6

Subtract Eq. 4-85 from Eq. 4-83 to obtain

|1 K; — K, K=K, 22— 17 ke
mg_[,f'L—{ 3 ‘1‘( 1 )Ia]!.ﬂ: (“—6—)1 {1, kg'm.

or (4-86)

i

Al.m,,l—l-IT_L.{Kz 1\,2]
—r,.l.rtejj.l_;I I |\ 6 }I]J }
IR — 5
, 8.
21 + (K, — K
Substitution of £z from Eq. 4-86 into Eq. 4-82 yields the value for Ki. Therefore, K{4) is obtained for the entire

recoll stroke.

Foliowing is an example of the moment-area method for calculating K for the M45 recoil mechanism for

short and long recoil strokes, which uses the data summarized in par. 4-3.1.6, Defline F, the sum of the
frictional forces, as

R

F = NEp+ Kf+( ﬁ/“ ) Fip, N (4-87)

— 2(0.0036023818) 13
2(4848.6) -+ 5489.1 + 0.028502362 (5013.1)

— 16,453 N.
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Therefore, according to Eq. 4-78,

K]ZNAP()+F,N

In the derivation of moment-area equations, since Eq. 4-44 has been taken as the equation of motion, the
effective mass m.r of the recoiling parts is given as (left-hand side of Eq. 4-44)

n
FE .

Moy :[m,+(1 + "‘jA \Fm;:],kg
\ /

-1 [WR+(1+{V4A

2
) WP]s kg
g R

1 2(0.0036023818)
+ I
9 8054 [30 1 [l 0.028502362 59 61}

= 3204.4 kg.

herefore, its effect is not
h

e ne rhnoni term r\f the

nnnnnn idarad Tha affacst: ht roamnnnent 7 af the Arlin rrL~

Lilldidel vy, 1 lI.L LllLrLLI.VL W\Jlslll \.'Ulll}JUllLIlL Fr {)‘J’ Ul 'I.ll\a I.\'\r\.flllllb llul

right-hand side of Eq. 4-44 1e.,

"E

NA ) Wr]sing, N.

Pf/eff':[WR+(l +
Y ARF

For the short recoil stroke the maximum angle of elevation is 75 deg. Therefore, remembering to add the
weight (53.4 N) of the repienisher piston,

_ 2(0.0036023818)
L =[(30,492 + 53. [+ 6)J(0.
W, =[(30,492 + 53.4) +( 0028505352 )(591 6)](0.96592)

Il
L

0221 N
Uyl IN

Since L = 1.27 m (50 in.) for the short recoil stroke, the value of K is calculated by Eq. 4-79 as

Vy \?

)y EN
Vo— NAL |

Kz = NAP(J \

= 2(0.0036023818)(7,749,700)

X

0.035477984 Lo
- + 16,453
[ 0.035477984 — 2(0.0036023818)(1.27)

6,739 N

\CD
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The two unknowns tz and Ky can now be calculated by using Eqs. 4-86 and 4-82. By setting 1, = 0.015 s, Eq.
4-86 yields

v

4 [(3204.4)(1.27) + (45.411.9)(0.0098) + ~6.739 = 72,288) (0.015)2] .
L d

Ip —

2(45,411.9) + (97,739 — 72,288)(0.015)

= 0.197998 s

and Eq. 4-82 yields

Ky = L+ Woyrtg — (Ky + Ki)ti/2
tr — 4

45,411.9 + (30,221)(0.197998) — (96,739 + 72,288) ( 0-0215 )

0.197998 — 0.015

= 273,925 N.

For the long recoil stroke system, # = 35 deg. Therefore,

_ 2(0.0036023818) ] !
Wy = (30 492 + 53.42) + [1 + SRt | (591.6)} (0.5736)

AR SLS PULY AV LS F 4

= 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 v
K, = 2(0.0036023818)(7,749,700
} ( )\, )[ 0.03547798 — 2(0.0036023818)(1.778) ]
+ 16,453
= 130,788 N.

Then 1 and Ky are calculated from Egs. 4-86 and 4-82, respectively, as

4 [(3204 4)(1.778) + (45,411.9)(0.0098) + L0788 — T2.288) ¢ 5 ]
— J
& 3(45.411.9) + (130,788 — 72.288)(0. 015)

= 0.268033 s

+
Lad
= o]
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and

(45.411.9) + (17,945)(0.268033) — (130,788 + 72,288) ( ——O‘gls )

0.268033 — 0.015

Ko =

= 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
Puteaux recoil mechanisms is derived. Guidelines for a trial-and-error procedure for the determination of the
discharge coefficient are then presented. The general procedure for the determination of discharge coefficients
is the same as that presented in par. 3-4.5. However, a slightly different procedure, used in existing reports on
control orifice design, is described to facilitate usage of these reports by the reader.

Forthe M45 recoil mechanism, the recoil control arifice actually consists of three orifice areas—as, ar, and
trear—acting tn parallel. One may define control orifice area @, as

hi

d, — dg + dg + Qrlcak, M. (4-88)

Refer to Fig. 4-15: the foellowing rate of flow equation holds across the orifice a.:

—_ 3
dovy, = vy T asvs t dricak Veieak, M [ 8 (4-89)

where v., vz, vy, and ve.q are the speeds in the respective orifices @., gz, as. and @ua. Now, the pressure
differential (A1 — P3) across g, 18 given as

P — Py = h(vs) = h(vi) = h(vs) = M{(Viear), Pa (4-90)
Recuperator Low-Pressure
g Chamber
——— .
%
G /eok
"t 3

Figure 4-15. Recoil Control Orifice
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where v., vi, vs. and vieq are flow speeds at the control orifice a,, long stroke orifice ¢;, short stroke orifice ay.

and recoil leakage area a...i, respectively, and h(v,) are the pressure drops defined by Eq. 4-39 .
2
h(v) = w { L\ . Pa.
2¢ \ G

From Eq. 4-90 and expressions for A{v;), the following is obtained

Vo Vr Vs Vileak
= L= Vs o , 491
Co CL CS Crleak m/ > ( )

where (o, Cr, Cs, and Cpqx are discharge coefficients for the respective onenmgs do, A1, 45, ANd Greqe. Substitute
Eg. 4-91 into Eq. 4-89 10 obtain

doVo — dr ( gj ) + ds ( g: ) Vo + Arleak (%e:k) Vo

)
or (4-92)
aOCo - aLCL + aSC.S‘ + arleakcn'eak, m

Substitute Eq. 4-88 into Eg. 4-92 to obtain
|

{ . D P N
\dL T Wy | Urleak)

(arCr + asCs t aneak Criear), dimensionless. (4-93)

Note that C, is a function of az, a@s, @rieat, Cr, Cs, and Crear. By knowing the areas ay, ¢;, and @, the discharge
coefficients Cg, Cr,and Cyar can be ddeSth to match the two curves for oil preqsure 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 otl pressure curve, the discharge coefficients are varied and the oil pressure curve
is calculated again. The procedure is repeated until “acceptable” values of the discharge coefficients 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 1o within
19 or better.

One point to keep in mind 1s that the discharge coefficient must first be established lor the short recoil
control orifice because the short grooves are always active. Once the discharge coefficient for the short recoil

orifice has been established, the procedure is repeated for the long recoil orifice. The discharge coefficients
determined —usine these nrnr‘Prianq andthedata OIVF“T\ innar.4-3. 1. 6—are C, = 0.8{atnortg,). €, = 0. &{at

.......... MO VLo LAV Ls Al v uGa e Prav ol s, L2 (LIS R hY

port az}; Cos Lalculated accordmg to Eqg. 4-93 where Cs = 0.82. C; = 0.9, and Cueax = 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
Eg. 4-39 as
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vo = C, % h(v,), m/s. (4-94)

It should be noted that the C, here is the determined discharge coefficient. From Eq. 4-38

NAAp
g = —20PX g2 (4-95)

ARVO

Substitute Eq. 4-94 into Eq. 4-95 to obtain
[ NAAp \ X

aoCa:k Ar J{‘?\%—h("")

By defining G(v.) = \/(2g/ W)[h(v.)] and substituting Eq. 4-96 into Eq. 4-92, the following is obtained:

. m”. (4-96)

NAAp X
arCr + asCs + aneak Crieak = ( Ax ) G(V(}) s m2 (4-97)
During short recoil, . = 0. Therefore, the short groove area as s sized by
NAAD}.: rleak C’!ea!: 2 (4 98)
ds — — ., Il . -
3 CLARG(Vo) Cs

During long recoil, both the short and long grooves are active. Therefore, the long grooves are sized by

AA X ried. Créa
4 = NAApx  asCs + aveakCricak m (4-99)

CLArG(v,) Ct

Because the orifice area obtained by machining the control rod with a cutter will not be exactly the design
areas, the following procedure is used to obtain the necessary groove dimensions:

I. After K{(z) is used as input to the mathematical model, the recoil displacement x is obtained. Relative
d:splacement of the control rod and reco:hng parts (¥ — x) is obtained. Finally, the control orifice area is
caicuiated by using Eqgs. 4-98 and 4-55.

2. The groove depth is plotted as a function of {(y — x) to determine the cutter diameter required or to
determine the modifications required to use a specified cutter size.

3. After defining the actual groove dimensions to be specified for manufacturing, the orifice areas are
computed and atable of orifice area versus either recoil displacement x or relative motion{y — x)is presented.

4, These tables are used as input to the mathematical model to evaluate the 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 recotl grooves, (2)
long recoil grooves, and {3) counterrecoll 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.
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TABLE 4-5
DEFINITION OF SHORT GROOVES FOR A NEW DESIGN
Bascd on 0.102 m (4.0 in.) Relative
Diameter Cutter Displacement
of Control
Rod and
Cutter | Control Rod Variable Slot Recoil Recoiling
Position Station Cutter Cutter Depth Short Game | Displacement Parts
No. u, m Center v. m |Bottom w, m s, m Area ag, m” X, m y—x,m
0.0000 — — 0.1425X107 | 3.23t0x10°° 0.0000 0.0000
0.1270X10° — — 13175007 | 3.3123X107° | 0.5024X107° | 0.1270107°
0.2540:X 10" - - 1.34622<107° | 33852107 | 1.0048X107 | 0.2540X10°
0.3810X107 — — 1371310771 344901071 150751077 1 03810107
0.5080x 107 — — 1.3932X107 | 3.5045X107 | 2.0099X107 | 0.5080% 107
0.6350x 107" — — LAI200X107 | 3.5523X107 | 2.5123X1077 | 0.6350X107°
0.7620X 107" — — 1A272X107H | 3.5845X107 | 3.0147X107 | 0.7620%107°
0.8890:X10~° — — 1493451077 | 3.6219X10™ | 3.5174X107° | 0.8890 10
1.0160X107 — — LA483X107 | 3.6445X107 | 4.0198X107 | 1.0160X10™
1.1430X107* — — FASIOXI0T | 3.6587X1071 | 4.5222107° | 1.1430X10™°
[.2700X107° _— — F.4564X1071 | 3.6652X107 | 5.0246X167° | 1.2700% 107
| 130811077 3.6233X107° | 1.4567X107 | 1.4567X107° 1 3.6658>107" | 5.1755%107° | 1.3081x10™
2 LOSIOXI0 ™ | 3.6233X107° | 1.4567X167° | 1.4567X107 1 3.6658x107 | 52761107 | 1.3335%10°
17780 10°° — — F4552X 1077 1 3.6619X107° | 5.7785X107° | 1.4605%10°"
1.9050X10°° — — 1.4503X 1077 | 3.6497X107* | 6.2809X107° | 1.5875X107°
2.0320X107* — — 1.4425X 1077 | 6.7833X107 | 6.7833%1077 | 1.7145X107°
2.1590X10°2 — - [4313X107 | 3.6013X107™ | 7.2860X107° | 1.8415X10°
2.2860X10 — — L4168XI0 7| 3.5645X107 | 7.7884X107 | 1.9685%107
2.4130X107° — — 1.3393X1077 | 3.5200X107' | 8.2908X107° | 2.0955x107°
3 279401077 | 3.8024X107 | 1.2776X107 — — — -
3.1775%107° — — 127761077 1 3.20110X1071 | 11.3157X107° | 2.8600X107"
4 3.3020X1077 | 3.8024X107 | 1.2776X107 | 1.2776X107 | 3.2110X107" | 11.3408X107 | 2.9845X10°°
5 508001077 | 3.8125X107° | 1.2675X107° | 1.2675X107% 1 31852107 | 18.8427X107° | 4.7625% 107
6 71201075 | 3.8405X107° | 1.2395X1070 | 1.2395X107° | 3.1129%107™" | 26.8823X107° | 6.7945%10™
7 939803107 | 3.88I1XI107 | 1.1989X1077 | 119891077 | 3.0010X107" | 35.9270X107° | 9.0805X107°
8 1219201077 | 3.9472X10°° | 1.1328X 1077 | 11328107 | 2.8432X107" | 46.9814>107 | 11.8745%107*
9 142240107 | 3.9954X107° | 1.0846X 107 | 1.0846X 1077 1 2.7206X 107 | 55.0210X107° | 13.9065x107
10 16.5100X107° | 4.0589X107° | 1.0211X107 | 1.0211X107 1 25593107 | 64.0654X107 | 16.1925%X1072
11 [8.2880X107 | 4.1148X107° |0.9652X1072 | 0.9652X10721 2.4174X107 | 71.1002X107° | 17.9705% 10
12 20.5740X1077 | 4.1885X107° [ 0.8915X107 | 0.8661X107° 1 2.4174X107* | 80.1446X107° | 20.2565% 107"
20.7010X 107 — — 0.8877X1077 | 2.2206X107 | 80.6470>107° | 20,3835 10"
13 22.3520X1077 | 4.2545X107° | 0.8255X107° | 0.8280X107° 1 2.0690%107 | 87.1794> 107" | 22.0345% 107"
22.4790X107° — — 0.8240X107° ] 2.0587X107" | 87.6818X107% | 22.1615X10™
14 24.38401077 | 4.3383X107° [ 0.7417X107° | 0.7442}107° | 1.8561<107 | 95.2188%107° | 24.0665X107"
24.6380X107° — — 0.7353X107° | 1.8335X 107 | 96.2238X107° | 24.3205X10°
15 0.26416 | 4.4348X107° | 0.6452X107° | 0.6502X107° | 0.6368X10™ 1.0326 0.2610
0.26670 — — 0.6388X107° | 0.6253X10™ 1.0426 0.2635
16 0.27940 | 4.5212X107° [0.5588X107° | 0.5652X107° | 0.5517X107 1.0929 0.2762
0.28194 - — 0.5525%10™ ] 0.5390X10° 1.1029 0.2788
17 0.29210 | 4.6076X107 {0.4724X107 | 0.4826X107° | 0.4763X10~ 1.1431 0.2889
0.29591 — — 0.4582X107° | 0.4448X107° 1.1582 0.2927
18 0.29718 | 4.6482107° |0.4318X107 | 0.4470X107° | 0.4310X10" 1.1632 0.2940
0.30099 — — 0.4176X107° | 0.4041X107° 1.1783 0.2978%
19 0.30226 | 4.4425X107° | 0.3835X107 | 0.4064X107° ] 0.3929%107 1.1833 0.2991

{cont’d on next page)
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Based on 0.102 m Relative
(4.0 in.) Diameter Cutter Displacement
of Control
Rod and
Cutter | Contrel Rod Variable Slot | Short Game Recoil Recoiling
Position Station Cutter Cutter Depth Area Displacement Parts
No. u, m Center v. m [Bottom w. m ds. m ds, m’ X, m yasm
20 0.30480 ; 4.7244X107 [0.3556X 107 | 0.3835X107 | 0.3701X107 | 1.1934 0.3016
21 0.30734 | 4.7523X107 |0.3277X107 | 0.3581X1077| 0.3447X10™ 1.2034 0.3042
22 0.30988 | 4.7879107 [0.2921x107° | 0.3302X107° | 0.3167X10~ 1.2135 0.3067
0.31242 — — 0.3023X107° | 0.2888X10™ 1.2235 0.3902
0.31369 — — 0.2878X107° | 0.2743X107 1.2285 0.3105
0.31496 — — 0.2703X107 | 0.2568X10° 1.2336 0.3118
0.31750 — — 0.2347X10° | 0.2210X107 1.2436 0.3143
* 0.32004 — — 0.1895% 107 { 0.1760X10™ 1.2537 0.3169
0.32134 — ~ 01618107 | 0.1486X107 1.2587 0.3181
0.32258 — - 0.1308X107° | 0.1173X107 1.2637 0.3194
0.32385 — — 0.0963x107° | 0.8280%10°* 1.2687 0.3207
0.32512 —_ — — 0.5512X107" 1.2738 0.3219
0.32766 — — — 0.2134x107° 1.2838 0.3245
0.32977 — — — 0.2540X107 1.2922 0.3266
TABLE 4-6
DEFINITION OF LONG GROOVES FOR A NEW DESIGN
Based on 0.102 m Relative
(4.0 in.) Diameter Cutter Displacement
of Control
Rod and
Cutter | Centrol Rod Variable Slot | Short Game Recoil Recoiling
Position Station Cutter Cutter Depth Area Displacement Parts
N, u, m Center v, m [Bottom . m ds. m as. m° x, m F X, m
0.0000 — — 0.3048X107 | 0.2913X10™° 0.0000 0.0000
0.1270X10 ° — - 0.3302X107 | 0.3244X107° | 0.5024X107| 0.1270X107°
0.2540X 10 ° — — 0.3683X107 | 0.3548X107° | 1.0048X107| 0.2540X107°
0.3810X10°" — — 0.3937107° | 03802107 | 1.5072X107%| 0.3810X107°
0.5080X 10 — — 0.4166X107 | 0.4031X107° | 2.0096X107| 0.5080X107°
0.6350X10™" — — 0.4343X1077 | 0.4209X107 | 2.5121X107%| 0.6350X107°
0.7620X 107 — — 0.4521X107° | 0.4387X107° | 3.0145X107%| 0.7620X10°
0.8890X 107 — - 046231070 | 0.4488%1072 | 3.5169x107%| 0.8890X107
1.O160X 107 — — 0.4724X1072 1 0.4590%107 1 4.0193X1073] 1.0160X107
1. 1430X107" — — 047751072 | 0.4641%107° 1 4.5217X107%  1.1430% 107
1.2700X 107" — — 0.4801%10 2| 0.4606X107] 5.0241x1073 1.2700X10™
1 1 3208% 107 | 4.5999X107 |0.4801X1072 | 0.4801X107 | 0.4666X107 | 5.2250X107| 1.3208X107
2 [.7145%107° | 4.5999X107° | 0.4801X10™" - — — —
[.8415X107° — — 0.4801X107 | 0.4666X107° | 5.7749X107*| 1.5240X107°
1.9685X107" — — 0.4750X107° | 0.4615X107° | 6.5314X107| 1.6510X107°

{cont’d on next page)
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TABLE 4-6 (cont’d)

Based on 0.102 m Relative
(4.0 in.) Diameter Cutter Displacement
At el
Rod and
Cutter | Control Rod Variable Slot | Short Game Recoil Recoiling
Position Station Cutter Cuiter Depth Area Displacement Parts
No. L. m Center v, m |Bottom w, m ds, m ag, m* X, m r—x.m
3 2.8448X107° | 4.6584X107 | 0.4216X10°° — - — —
* 2.9210X107* — — 0.4242X107° | 0.4107X}1077 | 10.2994X<107| 2.6035X10°
28210107 — - 0.4242X107° | 0.4107X107° | 11.5557X107%| 2.9210%10°
4 38100X107° | 463801070 | 0.44201077 | 0.4420%107° | 0.4285X107 ] 15.0726>X107| 3.8100x10™
5 6.0960X 107" | 4.6228X 107 |0.4572X107° | 0.4572X107 | 0.4437<107 | 2411601072 6.0960X 107
6 9.1440X 107 { 4.5999X107° | 0.4801X107 | 048011077 | 0.4666XX107 | 36.1742X1072| 9.1440x107
7 109220107 | 4.5822X 107 | 0.4978X107° | 0.4978X107° | 0.4844107 | 43.2079X107°| 10.9220107°
8 13.7160X107° | 4.5618X1077 [0.5182X107° 1 0.5182X107 | 0.5047X107 | 54.2635X107°| 13.7160X (07
9 17.2720X 1077 | 4.5288X1077 | 0.5512X1077 1 0.5512X1072 | 0.5377X1072 | 68.3288<107°| 17.2720<107*
10 21.5900X107° | 4.4780X107° | 0.6020X107 1 0.6020X107% | 0.5885X107° | 85.4111¢1072| 21,5900 10"
3l 2438401077 | 4.4323X107 [0.6477X1077 | 0.6477X1077 | 0.6342X107° | 96.4641X107°| 24.3840X 10™-
12 264160107 | 4.3866X 107 | 0.6934X107° | 0.6934X107 | 0.6800X107 [104.5030X107| 24.4160X 107
27.8130X107° — . 0.7341X1075 | 0.7206X 107 [110.0295X10*| 27.8130XX10°°
13 27.9400X 1077 | 4.3434X107° | 0.7366X10™ — — - 1.9685X 107"
29.0830X 107 0.7798X107° | 0.7663X107° [115.0536X107
14 29.2100X107° | 4.2977X107 | 0.7823x 107 — — - -
29.9720X 107 — — 0.8230>107° | 0.8095x 107 1.1857 (.2997
15 30L22600107° | 4.2520< 107 | 08280107 — — —
30.8610X107° — — 0.8839>1072 | 0.8705X1¢™ 1.2209 0.3086
31.1785X107° - — 0.9144X107 | 0.9009Xx107? 1.2334 0.3118
16 31.2420< 1077 | 4.1808X 107 | 0.8992x 107 — — — -
31.4960X107° — — 0.9576X107° | 0.9441X107 1.2460 0.3150
17 3175001077 | 4.1351X107° | 0.9449X 107 — - — :
321310107 — — LOGITXI07 | 1.0483X107° 1.2711 0.3213
18 32.2580X 1077 | 4.0665X107 §LOI35X107 | 1.0795X107° | 1.0660X107° 1.2761 0.3226
32.3850X107° — — 1.0922X107° | 1.0787X107 1.2812 0.3239
32.5120%10°° — — 110491070 | 1.0914X107° {.2862 0.3251
32.6390X107° — — LII2SXI077 ] 1.0991x107 1.2912 0.3264
32.7343X107° — — LHISTXI6 | 1.1016X107° 1.2950 0.3273
19 32.8930X1077 | 3.9624X107° | 1.1176X107" — - - -
33.0518X107° — — LIISEXI07Y | 1L10i6x10™ 1.2950 0.3273
20 34.0360> 1077 | 3.9980>107° | [.0820X10™" — — - —
34.1630X107 — - 1.0795X007T | 1.0660X107" i.3389 £.3385
21 35.8140X107° | 4.0716X107 | 1.0033X107 — — — .
35.9410X107° — — 1.0033X107° | 0.9898x107° 1.4093 0.3562
22 37.8460X1077 | 4.1732X107° | 0.9068X 107" — — — —
38.0365¢107° — — 0.9042510°77 | 0.8908Xx107* 1.4922 0.3772
23 39.8780X1077 | 4.2926X107° | 0.7874X10°° — - — —
40.1320%107° — — (L7823X 1072 | 0.7689X10°° 1.5751 0.3981
40.2590% 107 — — 077221070 | 0.7587X107 1.5801 0.3994
24 40.8940> 1077 | 4.3663X107° 10.7137<107° — — — -
41.2750X 107 - — 0.7010X107° | 0.6876X107° 16185 0.4906

F
&
£a

(cont’d on next page)
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DOD-HDBK-778{AR)
TABLE 4-6 (cont'd)

Based on 0,102 m Relative
(4.0 in.) Diameter Cutter Displacement

of Control

Rod and

Cutter | Control Rod Variable Slot | Short Game Recoil Recoiling

Position Station Cultter Cutter Depth Area Displacement Parts
No. U, m Center v, m |Bottom w, m ds. m as, m’ X, m Vv —x,m
25 41.9100X107° | 4.4552X107° | 0.6248X107" — — — —

42.3545X10™ — — 0.6045X1072 | 0.5911X107 1.6630 0.4204

26 42.6720X107° | 4.5339X107° |0.5461X107° — — — —
27 4318001077 | 45999107 | 0.4801X107° | 0.5207X107 | 0.5072X10 1.6957 0.4286
433070107 — — 0.5055X107% | 0.4920X107° 1.7007 (.4299
28 0.4343 0.4782 0.4369X107" — — — —
0.4382 — — 0.4394X107% | 0.4260X1072 1.7208 0.4350
0.4394 — — o.421¢5.><10*2 0.4082><10‘3 1.7258 0.4362
0.4432 — — 0.3581X% 10 0. 3447><|0’ 1.7409 6.4401
0.4445 — — 0.3353X1077{ 0.3218%10°° 1.7459 0.4413
x 0.4452 — — — — — —
0.4458 — — 0.3073X107° | 0.2939X{07° 1.7509 0.4426
0.4470 — — 0.2743X107° | 0.2609X107° 1.7560 0.4439
0.4483 — — 0.2413%1072 | 0.2278X107° 1.7610 0.445]
0.4496 — — 0.2032¢1072 1 0.1897X 107" 1.7660 0.4464
0.4509 — — 0.1600X107° | 0.1476X107° 1.7710 0.4477
0.4521 — — 0.1143X107° | 0.1054X107° 1.7760 0.4489
0.4534 — — 0.0660X1072 | 0.0521X10™ 1.7811 0.4502
0.4547 — — 0.0127X1072 1 0.0043X107° 1.7836 0.4515

x = Last point for a 0.102-m diameter cutter cutting the flat to a depth of 9.398>10*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 foursteps 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 1s
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 15 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 the recoiling parts. Such adeviation during
the recotl 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 the counterrecoil
stroke may alter some recoil cycles and cause slamming into battery (an excessive terminal speed). However,
when the size of the ortfice a4 (refer to Fig. 4-1) is small, the preceding assumption is acceptable because the
designer can define a size for orifice as which will reduce the motion of the replenisher and maintain recoil and
counterrecoil control. A comparison of the predlcted value for the rod pullis shown in Fig. 4-17 for no orifice
as (1.e. replennsher mouon neglected) a 1.59X107°-m(1/ 16-in.) diameter orifice (chosen for the M45 recoil

.......... 3 - fatmpatar Aarifiea farediiaing 110 a0rem a ramtrall

“lCL“d“lb]Il) d.“u a ISXIU llll lf‘ 0 if. ) Uld.lllCl.Cl LeFRY Pl \pluuut..1115 uua\,\_\;ptaulc LUTILI VLY,
In a practical desngn 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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= Diameter of Cutter machined
Station = A — groove
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«— y-x —= Computed Groove depth
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Figure 4-16. Relation Between Control Groove and Regulator
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Figure 4-17. Effect of Replenisher Orifice on Rod Pull Short Recoil—Maximum Impulse Round
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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 ts 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 98 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 of counterrecoil orifice area a- in terms of its dimension is presented,
and the assumption of counterrecoil leakage area is discussed.

Design data for the counterrecoil orifice are summarized. except for those already listed tn par. 4-3.1.6.
Design equations for the counterrecotl stroke are derived in par. 4-3.6.2. The moment-area method used to
" determine K(r) during the counterrecoil stroke also is presented.

-3.6.1 Counterrecoil Orifice Area «,

The counterrecoil orifice a. is formed by machining a pair ofgrooves of constant width and variable depth in
the internal surface of the regulator. The groove geometry is depicted in Fig. 4-18. Let

w — constant width of groove = 0.0047625 m (0.1875 in.)

D = diameter of control rod = 0.085979 m (3.385 in.)

d = variable depth, m

« = angie shown in Fig. 4-18 (sina = w/ D) = 3 deg 10 min 31.2 s = 0.0554 rad.

From geometry, the groove area a. 15

a. = 2((11 + a» — as), rﬂ2 (4'100)
where
a = (d — % cosa)iw, m’ (4-101)
W D 2
= M L o 4-1
a: 5 ( 5 Coqa) , m (4-102)
o= B (4-103)

where & is o expressed in radians. By substituting for w. D, and « in the expression for a., the following is
obtained:

a. = 0.009525d4 — 0.00040927, m’ (4-104)

and the depth  is
d = 104.9869q, + 0.0429680, m. (4-105)

The use of the preceding two equations is the same as it is for the recoil control orifice presented in par.
4-3.1.1. Negligible oil leakage during the counterrecoil stroke for the M45 recoil mechanism is assumed:
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Figure 4-18. Geometry of Counterrecoil Grooves

therefore, duear = 0. Validation data for counterrecoil grooves are listed in Table 4-7. Rise and fall time ¢ for
the resisting force during the counterrecoil stroke is taken as 0.020 s,

4-3.6.2 Design Equations
The equations of motion for a Puteaux recoil mechanism during the counterrecoil stroke may be derived by
considering the free body diagram of the moving parts. Reference 1o Figs. 4-19 and 4-20 yields

TABLE 4-7

; ; ; N w T Favat s
ORIFICE AREA—-COUNTERRECOIL GROOVES,

FOR AN EXISTING DESIGN, MACHINED ON REGULATOR WALL

Relative Relative Relative Refalive
Displacement Displacement Displacement Displacement
ol Control of Control ot Control ol Control
Rod and Effective Rod and Effective Rod and Effective Rod and Effective
Recoiling  Counterrecoil Recoiling  Counterrecoil Recoiling  Counterrecoil Recoiling Coornterrecoill
Parts Arca Parts Area Parts Area Parts Area
v X, m d..m = m @, m r—v.m ¢,.m rox,m a.,.m
—0.00642 (.3226X10 0.02540 3.0323><JO“1 0.08890 6.7097X IOi'_\ 0.33020 15.0322X107
0.01016 0.3226<10 i 0.03810 4.1290xX107 0.13970) 8.2580><|07j (335560 1 l,‘)f%55><10"_ﬁ
0.01270 1.2903 <10 " 0.05080 4.9032X107° 0.20320 9.6774X10° (0.36830 |2.|29()X10'f
0.01905 2.322610° 0.06350 5.5484 %107 0.27940 10.6451%10 " 038100 12.2580X10™
0.51364 122580107
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Figure 4-19. Free Body Diagram of Recoiling Mass During Counterrecoil Stroke
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Figure 4-20. Free Body Diagram of Secondary Components During Counterrecoil Stroke
mrX = Wgrsin — NAP + NFp + Kf‘“ EFrp + ArP. — APy — ApP3, N (4-106)
m‘p:l; = Wesinf + AP + ApPy — AgPr + Frp, 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 (Egs. 4-23 and 4-24).

From Eq. 4-29
:(1 + ]j’:)f,m/sz.
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Substitution for ¥ in Eq. 4-107 results in

[(] + ]/\;A ) mp] X = Wesind + AP, + ApPs — AgPc + Frp, N (4-108)
R

Combining Egs. 4-106 and 4-108 yields

Lt (14 YA ] % = (e + Wwigsing + NE» + Ko — NAPN. (4-109)
A R L

Fig. 4-21 shows the flow of oil during the counterrecoil stroke for a Puteaux recoil mechanism. Flow path
analysis results in

NAX = aivi.m'/s

ayvy = ava, m/s (4-110)
acve = Ap(i — X), m'/s. ]
Eq. 4-28 vields
[ . \
- (M) om/s
- AR
and. therefore,
ﬁ—i:(NA)&mm. (@-111)
Ar

By substituting (v — x) from Eq, 4-111 into the last equation of 4-110 and rearranging terms in the tirst two
equations, the following results:

o= (A s (4-112)
\a )
Vo — (NA .%,m/s (4_113)
Vodr
A NAA
Ve — = (r—x)= (—-*9*) X, m/s. (4-114)
tle ARaC

From the definition of pressure drop A(vi) (Eq. 4-39). the following is obtained:
g L G )

d.

+a
on
<o
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Figure 4-21. Oil Flow During Counterrecoil

According to the flow path analysis (see Fig. 4-21), the foilowing expressions may be written for the pressure
drops:

P — P = hA{w), Pa |
P-— P\ = h(v:), Pa (4-115)
Py — P, = h(v). Pa )
Rearrangement of Eq. 4-115 vields
P = P+ h(y). Pa |
P, = P+ h(vi) + h(v), Pa (4-116)
Py = P+ h(vi) + h(v)) + A(v.), Pa.
Substitution of £, and £ from Eq. 4-116 into Eq. 4-108 yields
[0 X4 ] 5 = wosing + Frr APy + (Ao + AD)P
L Ar | ]
4+ (A, + Ap)(v)) + (Ac + Ap)h(v2) + Aph(v.), N. (4-117)

Multiplication of Eq. 4-117 by NA/ Ax and substitution of 4 = 4. + Ap gives

nip (&4—) (1 + M) ¥ = (%“—) Wpsind -+ ( NA

Frp — NAP,
Ax Ar K R) " |

+ NAP + NAh(v)) + NAh(v) + ( ﬁf“ ) Aph(v.), N. (4-118)

R

The addition of Egs. 4-109 and 4-118 results in
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[mR-i- (l + ﬁ"‘)'mp] i [WR+ (1 + ’/\;A )wp] sin6

R R

R

+ [NFP + K+ ( ﬁ"‘ ) FFP] — NAP. + NAR(W)

+ NAh(w) + ( f/‘;’“

R

) Aph(v.), N. (4-119)

Asinthe recoil stroke, Eq. 4-119 can be integrated to calculate ¥, x, and x. However, before the equation of
motion can be integrated, the value of K(7) during the counterrecoil stroke must be obtained either by a
trial-and-error method or the moment-area method.

At the end of the recoil stroke, the recuperator gas begins to expand and the gun starts to move lorward.
During this motion {counterrecoll stroke), v <C0. Eq. 4-119 may be written in the torm of

e = Wsin® — K(1), N (4-120)
where
m.y = effective mass
= mg T (l + A ))np, kg
R
W, = effective weight
= WR+(1+ NA )WP,N
R
K= | NFs+ K/ + ( //Vf) Fpp] + NAP, — NAR(») — NAh(v2)
R
NA
- Aph(v.), N.
AR) nh(ve)

At the moment counterrecoil stroke starts, ¥ = 0. Therefore, the total resistance foree Agat the beginning of
the counterrecoil stroke 1s

R

Ky = K(tg) = NAP, — [NFP + K+ ( fj{" )FFP] N (4-121)

[t should be noted that these hydraulic effects can never overbalance the recuperator gas force without
contradicting the basic assumption that the system remains filled with oil at all times. Thus the minimum value
of K(1) is

K(I)mm - [NFP + K]l+ ( f:A )F}-‘p] N N
R
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The shape of resistance force during the counterrecoil stroke 1s more complex than it is during the recoil
stroke. However, only two unknowns may be solved by two moment-area equations, i.c., Egs. 4-76 and 4-77.
Therefore, some parameters that specify the shape of the resisting force during counterrecoil must be assigned
numerical values. The assumed shape of the total resisting force during counterrecotl is shown in Fig. 4-22. At
the beginning of the counterrecoil stroke, K(7) has the value K. K{7) then decays linearly over the interval 7p, as
shown in Fig. 4-22. K(¢) is held constant—equal to the effective weight component—until it s allowed to vary
linearly with time over a reasonable time interval 1; to reach the value of Kr(which is chosen by the designer;
the value Kris less than the minimum value of K(¢)). The force K(7) remains constant over the time interval 7
and then returns (again lincarly with time over #2) to a value equal to the weight component, and it remains at
this level until the end of the counterrecoil cycle.

The moment-area equations of Egs. 4-76 and 4-77 can be used to solve for the two unknowns trand 1 after
specifying two constraints:

1. At the end of counterrecoil stroke. 1 = . + g, xr = 0, and x = ¥y, where xris the terminal velocity
during the recoil stroke (ideal case xr = 0).

2. Foraspecified x (x; = 0), x = xr. This means that, near the end of counterrecoil stroke, the velocity of
recoiling parts is assumed equal to the terminal velocity. Therefore,

AT = |xi/xr], s (4-122)
where AT is shown in Fig. 4-22.
Ar7/
A
B b4
B
i
I
|
| Effective
Weight
| Component
HirSOmP
A7 - - err \T — — = =/

et 7t -
c #

Figure 4-22. Total Resistance Force Diagram During Counterrecoil Stroke
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Use 7., 12, x1, X7, Kr(= minimum of K(¢)), and the two moment-area equations to solve for trand /p. In these
calculations 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

mg_ff.{‘r = Wyrte — [0.5ID(K3 — W) + Wete — 0.5( Werr + Ke)tr + tr + 21’2)], kg-m/s
(4-123)
where i1 and Wy, are the effective mass and effective weight components, respectively, of the recotling parts,

and other notations are explained in the preceding discussion and are shown in Fig. 4-22. Rearrangement of
Eq. 4-123 yields

20K+ W, 215X
Ip= u (tr + 1) — ﬂﬁT_, (4-124)
Kg — Wyy K — Wy

At the beginning of the counterrecoil stroke, x = £; at the end of the counterrecoil stroke, x = 0. Therefore,
referring to Fig. 4-22, Eq. 4-77 may be written as

Ic [D In I
0 — mey = Wt ( ) — (Ks — Werp) (tc - _) — Wt ( )

2 2 3 2
Wer +
+ (—"-—ffz Kr) (tr + tr + 20) (ATJT“ fH+ _l;_) , kg'm. (4-125)

By substituting for 75 from Eq. 4-124 into Eq. 4-125 and by collecting terms, a quadratic expression for 18
obtained, 1.¢.,

At + Btp + C=0 (4-126)
where
A:(Ker Mff)(41<p+31<5+ m-ff) @-127)
6 Kz — Wer
B= (Kr+ Wy u 8K£ (;Bgf"’wjeﬁ;%ff ] Lt AT— 1~ — (z"ffiuzﬁ) } (4-128)
C = [meygxr — (Kr + Wept2)te + mogr + (Kre + W (AT + 02)12
+ 4 [(Kr + Wepts — megil (4-129)

6(Ka — Wery)

After {7 is obtained, rp may be calculated by using Eq. 4-124; then K(r) 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
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F=NFo+ K+ [ YA | = 16,453 N.
Ar
| I, "t‘\ [ b [ R Y AR [ PO R M Y o AN
ral LUUIILC[I—ELUI {f} Wl DC Uciined On e pasis ol EPCLU}'I lg

K, = 8896.4 N (2000 ib. which is less than F)
L=1778 m (70.0 in.}

# = 0deg QE

= 0.020s

vr = —0.0508 m/s (—2.0 in./s)

x1 = 0.0127 m (0.50 in.)

t.— 255,

At the beginning of recoll we assume Py — P.,. Therefore, substitution of these data with that given in par.
4-3.1.6 into Eq. 4-121 gives

Ky = 2(0.0036023818)(7.749.700) — | 2(4848.6) + 8896.4 + 240 0036
|

= 55,834.8 — 19,860.8
= 35,974 N.
From Eq. 4-122
‘ = 0.250 s.

By using Eqgs. 4-127,4-128, and 4-129, the coefficients 4, B, and Cof Eq. 4-126 can be determined. Note that
the effective weight component Wsingd = ( since 8 = 0 deg QE. Therefore,

Ki{4Kr + 3Kp)
6K

A =

_ 8896.4(4X8896.4 + 3X35,974) _ 14.96 N
6X35,974 =59 6

B= Kr 8Kr+ 9Ky A AT — 1 — 8”73}")‘2\']‘"
6Kp 6Kz

-

— 8896.4 [BXSS%-“ + 9x35.974 4.02) -+ 0.25 — 2.50

635,974

A

vvvvvv = 19,637.8 N
T 6X35.974

=y
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v 2
— MegrXT)

C = (megxr — Krt2)te

+ (3204.4)(1.778) + (8896.4)(0.25 + 0.02)(0.02)

4 Fr/00QN0L ANFOA NN FANNA ANS N NN
T ——— [(88Y0.4) (V. UL} — (DLUq.9)0 7 UV.voud
6(35.974) [t 1\ ! ) ]

= 4895.9 N.

Therefore,

_ /p? _
B+ VB 44C = (.2715 s or 3.0485 s.

A

IFr= "
A

The smaller root is the practical value and is used in evaluating ¢p. Eq. 4-124 with the effective weight
component Wsind = 0 gives

Ip = 2Ky (tr + Iz) — IefiXT
Kz Kg
_ 28896.4) (5715 1 002) — 23204.4)(=0.0508)
35,974 35974

=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 coumerrecoil orifice a. as

de = dor T+ Qcleak, m’ (4-130)

where
a., = counterrecoil orifice area mdchmed on regulator wall, m’
daeax = counterrecoil leakage area, m’.

This subscript notation will be used in the remainder of the handbook.
By referring to Fig. 4-23 and from the flow path analysis, the following is obtained:

AcVe = derVor T QeleakVeleak, M /S (4'13 l)

and

Py — P = h(ve) = A{vaea), Pa. (4-132)

£
'

wh

=8
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Recuperator. Low—-Pressure
Chamber
] %r
p Z/eak P
2 3

Figure 4-23. Counterrecoil Control Orifices

Substitution of the definition of pressure drop, Eq. 4-39,

h(v,-)z—W-( i< ) . Pa

into Eq. 4-132 results in

Ve — Ver — Veleak , m3 (4—133)
C,; Ccr Ceteak

where
r counterrecoil orifice g, dimensionless.

C. = discharge coeflhicient f

LTy

Substitution of Eq. 4-133 into Eq. 4-131 yields

a:y. = acr( %r ) Ve + Qeleak ( CCCIf‘ak ) Ve, m3/S. (4-]34)

4 c

Rearrangement of Eq. 4-134 yields

Cc = ZI‘ (achcr + Acleak Ccleak), dimenSionless‘ (4_]35)

Note that C. is expressed in terms of @o, doeak, Cor, and Ceear. If the areas g and dgu.a 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 {or the
counterrecoil control orifice.

4-3.6.4 Counterrecoil Control Orifice Area

After the discharge coefficients for the counterrecoil orifice are determined, the flow speed v, through orifice
a. can be calculated by rearranging the definition of A(v.), as

2g
c = Cc e h cls 4'136
v W (ve), m/s ( )
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where A(v.) can be obtained from the equation of motion.

From the flow path analysis performed in par. 4-3.6.2, Eq. 4-114 1s obtained. Rearrangement of this
equation yields

g = NAAox (4-137)
ARvC
Substitution of Eq. 4-136 into Eq. 4-137 results in
NAA X 2
mQ:( D) , m’. (4-138)
Ar

_g_ h(Vc)

Define G(v.) = +/(2g/ W)[h(v.)] and substitute the expression for a.C. from Eq. 4-135 into Eq. 4-138 to give

N ,'
Qer Ccr + Ueleak Cc/eak = A A D i
Ar G(v,)
or (4-139)
NAA D).C Aoleak Ucleak 2
acrA = - ? m-. }
CcrA R G( Vc) CL‘.P’

The values of a. 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 rcqu1rcmt‘:nis of the sysiem and ihe simplified analyses presenied 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 recoill 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
fabrlcdted using the test model design. Live firing tests are cond ucted 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 may be made
to study performance of the system. Performance of the prototype for the system s analvzed. If 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. 1f 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 receil 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
DEFINITION OF COUNTERRECOIL GROOVES, FOR A NEW DESIGN,
MACHINED ON REGULATOR WALL

I i Relative Displacement
of Control Rod and
Variabie Depth of  |Counterrecoil Oritice Displacement of Recoiling Parts
Regulator Station Groove d. m Arca g, m’ Recoiling Parts v. m r—x.m
0.0000 43256107 2.77X107 0.0000 T 0.0000
0.1000 4.3256X 107 277107 1.0058X10 0.2540X 10
0.1500 4.3764X 107 7.61X10™ 1.5062>X107 0.3810X10 "
0.2000 4.4170X107 11.48X107° 20091107 0.5080X 10
0.2500 4.4450X 107 1413107 2.5121X107° 0.6350X10™
£1.3000 4.4704X107 16.58X107° 3.0150X107 0.7620X107 ]
0.3500 44933107 18.71X10™ 3.5179X107 0.xs90><10 :
0.4000 4.5110X10 - 2045107 4.0183X107 1.0160X10™
0.5000 4.5466X107" 2381X107 5.024 15107 [.2700X10™
0.6000 4.5745X10°° 26.45X 107 6030010 1.5240X107
0.7000 4.6025X10" 29.16X10 7.0333X10°7 1.7780X107
0.8000 4.6253X10° 31.29X10° 8.0391X10™ 2.0320< 107
0.9000 4.6482X107 33.48X10™ 9.0424X10 2.2860X [0
1.0000 4.6685X 107 35.42X107 10.0482X10™" 2.5400X 107
11000 4.6888X 107 735107 11.0541X10™" 2.7940X10°°
1.2000 4.7092X10° 392007 12.0574X10™ 3.0480X10™
1.3000 4.7269X10 ° 40.97X 107 13.0632X107 3.3020X107°
[ A%00 4.7%79%10 ° 46.77X10° 14.8717X10™ 3.7592X10™
20.2220 4.7%79X10 - 46.77X10 ° 203.2000X10° 51.3639X107" J

The 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 projectiie payload and range. 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 charactenstics (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 specified from various considerations such as ground clearance, crew area, and weapon
stability. The designer is now in a position to study trade-offs between the total resisting force Ko and the
weight of recoiling parts by using Eq. 2-35

Ko= —L& 4+ Wsing, N (4-140)
2WL

where
I = impulse imparted to the weapon :fB(f)dt, N-s
W, = weight of recoiling parts, N
L = length of recoil stroke, m
= angle of elevation, deg
g = acceleration due to gravity, m/s”.

Thus a desirable weight of recoiling parls for the system is established. The designer can now use the
moment-area mUanU Ul pAar. L 4 o Ldl.(.l.lldlt: a Uetier Cb[[fﬂdlt’ IUI' A() dﬂ(l lﬂe tlﬁ‘le 01 IC‘COU ix. l “U lOTCf A() 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, 4135, 4140, .
4340, 8630, 8640, or 8740. The chemical compositions of these alloys are gitven in Table 4-9.

TABLE 4-9
STEEL ALLOY COMPONENT*

Chemical Composition. &

AlISIT No. C Mn Poes Seer Si Ni Cr Mo
4130 0.28-0.33  0.40-0.60 0.035 0.04 0.20 - .35 0.8-1.1 0.15-0.25
4135 0.35-040 0.70 - 0.90 0.035 0.04 (.20 - 0.33 0.8-1.1 0.15-0.25
4140 0.38-043 075-1.0 0.035 0.04 0.20 - 0.35 0.8-1.1 0.15-0.25
4340 0.38-043  0.60-0380 0.035 0.04 0.20 - 0.35 [.65-2.0 0.7-0.9 .20 - 0.30
8630 0.2%-0.33  0.70-0.90 06.035 .04 0.20 -0.35 0.4-0.7 0.4 -0.6 0.15-0.25
8640 6.38-043  075-1.0 0.035 0.04 0.20-0.35 (44 -0.7 0.4-0.06 0.15-0.25
8740 (.38-043 075-10 0.035 (.04 {1.20 - 0.35 .4 -0.7 0.4-0.0 {(1L.20 - (.30

Where C = Carbon St = Silicon
Mn = Manganese Ni = Nickel
P = Phosphorous Cr = Chromium
S = Sulphur Mo = Molybdenum
Max = Muaximum

*Page 6-12 of Reference 1.
TAmerican lron and Steel Institute

One end of the piston rod is attached to the recoil piston, the other, to the cradle. It may be threaded to the
piston (see Fig. 4-24), or it may be an integral part of the piston. Fig. 4-25 shows two methods of attaching the
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 distortion-prone,
slender rods may soon damage packings to an extent that lcakage is inevitable.

The strength of the rod is readily found because it is stmply 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 X VIII, Ref. 7). For example, the maximum
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 &, 1.e.,

ozzk( Kz ),Pa (4-141)
Ar

o, — rod tensile stress, Pa

Kg = recoil rod force or rod pull, N
Ag = thread root area, m”
d. = diameter of thread, m

o = diameter of piston rod, m
k = stress concentration factor depending on the ratios r/d, and d/d, of Type II of Ref. 2.
dimensionless.

For the preliminar}f (‘IPQign of the piston rod, Kz may be taken as the entire rPnicting force K. and the tensile

LSS W) waabops i il LU LARUI A5 LT T A03I3L vy Qaill I35 ISt

stress g, may be taken as a yield stress o, divided by a safety factor S£. Therefore, the thread diameter ; is given

from Eqg. 4-141 as .
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g =2 | KRSH (4-142)

Oy,

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 3.175 pm (125
uin.), but the antifriction faces are finished to 0.406 um (16 uin.), and sliding surfaces and piston pins are
finished to 0.10 um (4 uin.). Parts may be forged in accordance with military specification 46172 (MIL-S-
46172). Black oxide shouid 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. Although inspections and minor adjustments may be performed on site, maintenance
activities must be performed ata depot by trained personnel A bent prston rod or crushed thredd 1s a positive

A ST

ll'l(ll(.dl()r Ul IICCU l(JI ledlI' r:xt:rusrng Illdy Dt’ dLLOH‘lpllbl’lCU Dy pUllll'lg Wllﬂ d WlIlLﬂ or blmlldr dppdrdlUS 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 1.00X10*—5.03X 0"
Pa(14.5—73 ks1). 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 mdx1mum fluid pressure. This pressure is limited by the sedlmg ablllty ofthe packing, ie.,
4.826X10°—5.516X10" Pa (7.0-8.0 ksi). The effective area 4 of the recoil piston is given as

KR 2

A= , 4-143
Pras (4-143)

where
Prax = maximum fluid pressure, Pa.

The piston diameter is determined from
A= ——Z (D) — d*], m’

or

(4-144)
(Dr)f =

where
d = piston rod diameter, m
(D), = piston diameter, also inside diameter (D), of recoil cylinder, m.

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 pm (125 uin.); piston-pin bores and piston crowns are
1.60 um (63 pin.); piston-rod bushings and antifriction bearing seats are 0.813 um (32 uin.); antifriction
bearing bores and faces are 0.406 pm (16 uin.}; and carbon seal mating surfaces are 0.10 um (4 uin.). Sharp
edges have to be broken by a 7. 62X107* £ 2.54X107-m (0.03 = 0.01- m) R. The piston should show no
evidence of leakage when it is subjected 1o a pneumatic test of 1. 38X10" Pa (2.0 ksi).

Maintenance activitics 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 siiding surfaces are positive indicators of the need for repair. Exercising the mechanism by
moving rods and pistons to reestabiish the oil film between packings and sliding surfaces practically eliminates
all corrosion tendencies.
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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
section, were commonly used to confine the corner of the leather packing to prevent it from extruding between
the piston ring and cylinder. Recently, polytetrafluoroethylene (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.¢., “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 possibie 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 Pg exerted by the packing, expressed in terms of fluid pressure, is

Pr = Ky(Ps T Pmax)

(4-145)
= pPuax, Pa
where
K, = pressure factor, dimensionless
v = leakage factor, dimensionless
P, = maximum fluid pressure, Pa
P, = axial pressure in packing produced by spring, Pa.
Solving Eq. 4-145 for P, yields
: v — K
P (22K )Py, Pa (4-146)

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 P, on the packing equals the spring pressure P; plus the fluid
pressure P, on the packing at any recoil piston position, 1.e.,

P, = P + P, axial pressure on packing, Pa (4-147)
and
Pr = K, P,, radial pressure on packing, Pa (4-148)
A, = m{(D,)b contact area on cylinder wall, m’ (4-149)
where

(D)); = inside diameter of cylinder, m

b = width of packing, m

P, = fluid pressures on packing at any position of the recoil piston, Pa

Fy = A, Pg, radial force of packing on cylinder, N

fr = uFy, frictional force of a packing assembly, N
where, u = 0.05 for leather, and u = 0.09 for silver. The force fp is the general expression for
the packing frictional forces—i.e., /7 in the recuperator and /. in the recoil brake cylinder.

u = coefficient of friction, dimensionless. 463
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If the recoil mechanism is the independent type, the total frictional force of the packings is
fr=fc+ f, N. (4-150)

However, if the recoil mechanism is the dependent type,

fr=f+ ( )f N (4-151)

Ar

where
A = effective area of recoil piston, m’
Ar = area of floating piston—gas side, m”.

Surface finishes should be approximately 3.175 um (125 uin.). 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 rmg must be
capable of withstanding 6.895X10’ Pa (10.0 ksi) hydraulic oil pressure for five minutes when it is instailed
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. 1f 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 vield 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

—_ 3
Agxg = Ax, m

where
A = area of recuperator cylinder (same as floating piston area), m’
xr = floating piston displacement, m
A = area of recoil cylinder, m’
x = recoll displacement, m.

Eqg. 3-44 may be considered as a trade-off relation between A and A . Note also that A, 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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—P,atr= Di/2, Pa

. = (4-152)
—P, atr= D,/2, Pa
] > 2_ .
P. _2;._-@% . atr = _D_I_, Pa
Do - D[ 2
o = : (4-153)
2
—P (—-—DZ+D2' , atr= DO,Pa
where
o, = radial stress, Pa
o = tangential stress, Pa
Pi= internal pressure, Pa

D —
e — €Xicr nal pressure, Pa

D, = cylinder inside diameter, m
D, = cylinder outside diameter, m.

To detect defects, all pressure vessels should be subjected to hydrostatic proof tests, usually at 1.5 times the
working pressure, 1e.,

P, = 1.5Pya, Pa (4-154)

nnnnnnn

Py = proof pressure, Pa
Py = maximum fluid pressure, Pa.

The proofpressure bemg igher, becomes the basis for design.
)

PR B nd Kt
LW e 4

The maximum shear stress Tmax, according to
the maximum shear siress theory Oi 11¢5Ca an 90

of Ref. 9), is given by

= 2% = 2 pa (4-155)
2 2
and
o: — 0, = Gy, Pa
where

o, = yield strength of material, Pa.

A vessel should not be stressed beyond the yield strength at proofpressure Thus to be slightly conservative,

a safety factor of 1.5 is introduced. Then the previous equation DECOIMES

, Pa (4-156)

Oy

SF

g; — Or —

where
SF = 1.5 = safety factor, dimensionless.

£
f
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It is also known that

gr — _Pp, Pa l
o = P, —z—-—-—zi) , Pa.
[ D!
If g, i1s arbitrarily selected to be twice a;, then
o
o= -2 Pa (4-158)
2
Substitute in Eq. 4-156 the value of 1.5 for SF, o from Eq. 4-158, and o, from Eq. 4-157 to give
o 20
L — (P = 22 1
Z
or (4-159)
P=-2  Pa
6

Thus for the selection of ¢, in Eq. 4-158, the proof pressure P, 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 o, = 6 P,. To maintain the
safety factor of 1.5, the tangential stress ¢, should be

0= 2 g, — P, Pa. (4-160)
)

For example, when a maximum allowable working pressure of 4.14X107 Pa (6.0 ksi) is used, by Eq. 4-154

PR Wat

and for the condition leading to Eq. 4-159, the minimum yield strength is

a = AP :372

108 Po
Vy Ulp 1

AN v 1 4,

By using Eq. 4-157 the outer diameter D, of the cylinder is

i }Uz+l)_p ......

D, = ) — , m. (4-161)
g, — Pp

Thus by using the known values of g, and P, and by considering that Dy is determined by the diameter of the
piston, the minimum outside diameter D; of the cylinder may be determined. Wheno, = ¢,/2and P, = ¢,/6

by using Eq. 4-161,

i

D, = D;\/2 =141D; m, (4-162)
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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 gm (125 gin.). The outside of the cylinder block finish is 1.60 um (63 uin.),
and the cylinder bore finish is 0.10 um (4 pin ). To obtain these finishes, the cylinder bore is radially honed and
draw polished. and the black oxide flmsh is removed at the final honing. The suggested clearance between
sliding members is 7.62X107° £ 1.27X107° m (0.0030 £ 0.0005 in.). The antifriction metal of the ring is fitted on
assembly to assure the proper shdmg fit. The cylinder should be subjected 1o a pressure test consisting of a
hydraulic pressure of 6. 201X10°-6.89X107 Pa (9.0—10.0 ksi). which is maintained for five minutes. After
testing the cylinder, there should be no sign of permanent set or deformation.

Because recoil mechanisms with high pressures or large spring forces are too potentially dangerous {or 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 by scratching highly polished, sealed surfaces. A dented
cylinder 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, 1.e., its gas pressure holds the gun
in-battery. During recoil the gas is compressed further to store the additional energy required for counterre-
coil. There are two types of recuperators-—hydropneumatic and spring. Both are made of steel alloy.

In a hydropneumatic-type recuperator, the in-battery force is obtatned 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 s

- —_ \r | g T

A Wisind + picos6 + fr), N {4-163)

— static force of recuperator in battery, N
A = in-battery sustaining factor, dimensionless
W, = weight of recolling parts, N

0 = angle of elevation, deg

¢ = coefficient of friction, dimensionless
fr = total frictional resistance of packing, N.

For preliminary design purposes, the following values may be used:

J»=03 F.N
A = 1.3, dimensionless
= 0.3. dimenstonless.

The area A., 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 P, to be

Ar= —  m. 4-164
Pl ( )

For a dependent system the piston area was determined by Eq. 4-143. The minimum pressure is also the
charging pressure. Consequently the pressure is dependent upoun the source of supply, usually high-pressure
bottled gas. Since the source 1s exhausted when its pressure becomes equal to that ofthe recuperato. the initial
difference in pressures should be large. For efficient use of the bottled gas at 1.38X10" or 1.72X10’ Pa (2.00r
2.5 ksi), a recuperator minimum pressure of about 5. 52X10° Pa (800 psi) is recommended. The maximum
pressure at the end of recoil is selected to be about twice the in- bdttery pressure, but it should not exceed a
pressure that would induce leakage past the packings. It must, however, 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, the recuperator size can be found as
follows:
Py == 2 Py, pressure at end of recoil, N
AV = LA, change of gas volume during recoil, m’
V1 = gas volume at end of recoil, m’
o = ¥ + AV, gas volume in battery, m’
L = length of recoil stroke, m.

From the equation of polytropic expansion

P_(
Po

) , dimensionless (4-165)

4

where
n = 1.6 for nitrogen used in recuperator.

Because the quantities Py, Pi, and AV are known, the values of ¥, and ¥, are now readily determined.

Inaspring-type recuperator the upper and lower limits of the spring forces are established similarly to those
of the hydropneumatic recuperator. The in-battery force £ is obtained by Eq. 4-163. Then

F = , N (4-166)

F> — force at end of recoil, N
F\ = in-batiery force, N,

With the length of recoil known, the needed spring constant K, is calculated as

K, = f%FL N/m. (4-167)

The applled loads and spring constant are known, and the available space is ascertained; thcrefore the
remaming parameters necessary for design of the Spi‘lng {or SpringS) are the torsional modulus of ubluuy 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, as does a column. Curves that indicate when buckling may be expected are
available (Ref. 10). The ends of the springs must be restrained 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 may be 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 the oil film between packings and sliding surfaces practically eliminates all corrosion
tendencies,

The recuperator cylinder is to be assembled in accordance with par. 3-4.3 MIL-M-45212, and it shall be
subjected to a pressure test at 1.52X10” Pa (2.2 ksi) for five minutes. After testmg, the cylinder should show no
distortion or leakage. The surface finish of the cylinder bore ts 0.10 um (4 uin.). To obtain these finishes, the
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cylinder bore is radially honed and draw polished. The suggested clearance of the recuperator is 1.27X 10
2.54%107° m (0.005 = 0.001 in.). The finish specifications are presented as examples; they may vary with the
system. The recuperator assembly should be cleaned in accordance with MIL-STD-1246.

4-4.6 COUNTERRECOIL BUFFER v

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,
an external, or an integral part of the interior of the recoil mechanism. In either case the stroke is selected so
that the buffer force wili 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 the piston to generate the buffing force; simultaneously, the spring 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 of hydraulic buffer controls the velocity along the full counterrecoi! stroke. It is not a true
buffer because it does not absorb the shock of a moving mass; it is merely an orifice that provides acontrolled
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
or similar dependent types. Its mechanics are discussed in par. 6-3.1.

A pneumatic buffer is known as a 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

Guide Rod Valve Piston Pad
Head-
1
g! Eﬁ@# FEEEEEEEdY JBUB0U0EEeEYgBEaL L -] e Oil

2 Sprin(:.‘;— Y \\\\\_\\\\\\\ N od Béﬁne;%

Yoke Orifice

-<—Direction of Counterrecoil

Figure 4-26. External Buffer

Throttling
Recoil Cylinder Groove
Dagshpot
c T O P
L
& Qil %
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Recoil Piston Rod Recoil”  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.

Air Intake
Shown Closed Recoil Cylinder
\ Oil
Al
///l.[/ i Aip| ~- 0
,-,gf‘f Recoil Piston
<Y, \
Air Flow
Valve

Exhaust | Post
(Restricted Flow)

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 um (16 pin.).
Sliding parts in packings are 0.20 um (8 uin.), and the cylinder bore is 0.10 u {4 pin.). The counterrecoil buffer
must be free of burrs and sharp edges and subjected to a pressure test in which 3.45X10” Pa (5.0 ksi) oil pressure
1s 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 the gas within the recuperator; it has no piston rod and moves
freely as the gas changes in volume. During recotl, hydraulic fluid forces the piston to compress the gas; during
counterrecoil, the gas pressure forces the piston and fluid te return to their original positions. The piston has
two heads that are joined 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 1s packed with grease for lubrication. In some applications an index rod
is attached to the fluid side of the piston 1o 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 censervatively by treating a sector cut out by an angle df as a
cantilever beam acting independently of adjacent sectors (see Fig. 4-30). An expression for the center of gravity
of the pressure area of a very small circular element described by R,. R, and ¢6 is then obtained. The pressure
ioad may be considered as concentrated at the center of gravity. For the remainder of these calculations, the
angle df need not be assigned a specific value because, as will be seen, it divides out in the summation of

equations. The total springload Fsis concentrated at R,, midway between R:and R;. The bending moment M,
from the pressure load F, is

M, = Fp (R, — R))

= P(—‘?—)(R% — R)R, — R))

= kpd6, N'm (4-168)
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Oil

Figure 4-29. Floating Piston
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Figure 4-30. Piston Flange Loading Diagram
where R,. the radius to the center of pressure, 15
2 [sm (—%‘L) ] (R} — RY)
Rp — 1 m (4'!69)
3( 40 )(R% — R}
2
and
k, = P(Ri — R){R, — R\)/2, Nm.
The moment M, due to the spring load Fiis
F;
M, = — dB(R;, — R))
2w
= ksdf, N°-m (4-170)
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where
R; = radius to center of spring load, m

and
ks = F{(Rs — R)/(2m), N-m.

The total bending moment M is

M= (k, + k;)df , N'm. (4-171)
The section modulus z at the shank is
_ 1 21 7 _ 3
2= —— bh'= —— Ridbh’ = k.df , m (4-172)
where
k:= Rih'/6, m’.
The bending stress o is
g = M = ky + ks , Pa. (4-173)
z k;

Surface finishes of piston-pin bore and piston top are 1.60 pm (63 pin.), the sealing surfaces for hydraulic tube
fittings are 0.813 um (32 pin.), and the piston outside surfaces are 0.20 um (8 gin.). 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
7.62X107" + 2.54X10™ m (0.03 & 0.04 in.) R and show no evidence of leakage through the body when it is
subjected to a pneumatic test of 1.38X10" Pa (2.0 ksi).

Scored or worn sliding surfaces are positive indicators of need for repair; if disassembly of the part 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.

4-48 REGULATOR

The regulator, Fig.4-31,is made of a steel alloy and, when used, is housed in the recuperator cylinder as. for
example, in the Puteaux mechanism of Fig. 3-3. The regulator for the M45 recoil mechanism is shown in Fig.
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 configuration, i.c..
reasonable proportions generally insuring adequate strength. The diameter must be large enough to 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. To realize
this control, the channels must be much greater in cross section than the orifice area; a ratio of 5:1 is
reasonable. According to par. 3-4.4, when the combined area of all parallel channels leading toward an orifice
15 at least five times the largest orifice area, the rise in pressure accountable to the channels will not exceed 4%
of that due to the ornifice.

The surfaces {inished of sliding parts with hydraulic fluid are finished 10 0.20 um (8 gin.). The static mating
surfaces in the recuperator are finished to 3.75 pm (125 pin.). The sharp edﬁes of the index rod and port should
be broken. The suggested clearance between sliding members is 1.27>X10™ £ 2.54X10™ m (0.005 £ 0.001 in.).

Disassembly on-site is discouraged because the 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 mechantsms for control of the hydraulic
resistance to flow from the recoil cylinder into the recuperator. Usually, the vaive 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.

Control Bar

Valve Stop
Guide , \
Belleville a
Spring O
Bushing ==
- o '
3
——Recuperator
<Vc1lve
Spring
'Recoil Flow Path
o Oil
~Valve
LSS Recoll
Qil Cylinder

Figure 4-32. Recoil Throttling Valve
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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 elevating mechanism—moves the upper spindle closer to the lower spindle. When the valve is
partially open, the two spindles come into contact and bring into action the higher capacity Belleville spring to
provide the increased resistance to farther valve travel. 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 vy of free recoil and the approximate recoil force Ky are used (see Egs.
2-37 and 2-38)

vy = 0 , m/s

K, = i 4 Wsing | N

where
vy = maximum velocity of free recoil, m/s
vm = muzzle velocity 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, = m,v;/ 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 may be found from Eq. 4-173,
which is rewritten in terms of pressure rise as

v ‘p/l3 2
0 = Al , 4-174
a Co 2k, m ( )

where
a, = area of orifice, m’
v = recoil velocity, m/s
C, = orifice coefficient or coefficient of discharge, dimensionless
p = mass density of fluid, kg/m’
A = effective area of recoil piston, m’
F, = PyA = hydraulic force generated by orifice N, N
Py = 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

_ Ay Ie 2
A, = o , m’. 4-1
C. 2P m (4-175)
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The largest orifice is used for a low-elevation angle, and the corresponding valve travel A. is

he= 22 m (4-176)

where
¢ = open periphery of the valve head, m.

For good 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, = 54, m’ (4-177)

where
D, = diameter of valve port, m.

This constitutes a preliminary design procedure.

The 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 deterioration by the corrosive effect of the oil, exercising may be
necessary.

4-4.10 REGULATOR VALVE

The regulator valve is made of cast iron, steel castings. or cast bronze.

A regulator valve (Fig. 4-33) is sometimes used in the Filloux mechanism as a counterrecoil brake. it is
housed in the liguid 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
valve, which permits relatively free passage through the ports. As counterrecoil begins, the reversed flow of
hydrautic fluid plus the valve spring force seats the valve; the valve spring must be stiff enough to do this
promptly. There are now only small orifices in the valve available for fluid flow; these orifices are designed to
provide the proper restriction and te maintain 5pecmed counterrecoil velocity.

General surface finishes are 3.175 pm (125 pin.). The inside surface of the valve is 0.813 pm (32 uin. ] The
surface, where it is mated with the housing and regulator assembly, should be finished to 0.406 ym (16 uin. )so
that it provides a continuous contact around the entire surface. On-site disassembly of the regulator valve is
discouraged because the interior ports become exposed to dirt that may become lodged. The progressive
damage may be retarded considerably by the use of oil centaining corrosion inhibitors. To protect against
these effects, exercising may be necessary.
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CHAPTER S

RECOIL MECHANISM DESIGN FOR
SELF-PROPELLED ARTILLERY SYSTEMS

In this chaprer, the design of independent-type recoil mechanisms used in self-propelled artillery systems is
preseited. Specifically, the Filloux type of variable recoil mechanism used in the M 109 self-propelled howitzer
is considered as a design example. Detailed operation of the mechanism and its two recoil cylinders is
deseribed. Presented are derivations for the expressions for orifice and leakage areas and an analysis of fluid
Slow paths; design data for the example and a detailed discussion of the determination of discharge coeffi-
cients; compressibility of the fluid in the design process in an approximate manner, and final areas of the
controf orifice; practical design considerations in arriving at the final orifice areas; and finally, the design of
selected components of an independent-type recoil mechanism.

5-0 LIST OF SYMBOLS

A

Aer

ieak
icak |
Qleak 2
tpis
Aport
as
B(r)
B*(7)

recoil piston area, m”

recoil piston effective area, m’
counterrecoil piston area, m’
recuperator area, m’

thread root area, m"
leakage area per cylinder for outer clearance, m’

leakage area through circumference of one port, m’

orifice area, m”

inner radius, m

change in inner radius, m

equivalent orifice area, m’

orifice areas in rod (long recoil), m’

total leakage area, m’

total leakage area for outer clearance, m’

total leakage area through circumference of all ports, m’
piston slot or hole area, m’

piston port areas, m’

orifice areas in sleeve (short recoil), m’

breech force, N

total applied force including weapon weight component, N
outer radius, m

circumference of port, m

discharge coefficient for orifice, dimensionless

coefficient of discharge for control rod grooves, dimensionless
coefficient of discharge for leakage areas, dimensionless
coefficient of discharge for piston holes, dimensionless
coefficient of discharge for piston ports, dimensionless
coefficient of discharge for sleeve slots, dimensionless

specific heat at constant pressure, J/kg-K

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 lecation, m

d, = inner diameter of piston head, m

¢» = diameter of control rod, m

E = modulus of elasticity, Pa

Fi(i=1,2,3) = frictional forces, N

F, = resistance offered by throttling hydraulic fluid, N
F; = total tensile force carried by rod, N

F\ = axial force carried by control rod, N

Jfr = frictional resistance (force) of packings, N

g = acceleration due to gravity, m/s’

s = height of liquid (pressure head), m

{ = 1mpulse imparted to recoiling parts due to firing, N-s
*

B

‘ = total area under breech force curve, N-s
K(1),K(7) = total resistance force, N

K. = resistance offered by elastic medium of recuperator, N
K; = frictional resistance of sliding surfaces, N
= friction of gun tube slide rail at distance x, N

(K, = frictional force of slides at end of recoil stroke, N
(Ky), = frictional force of slides for the in-battery position, N

K%= K — Wgsing, N
maximum constant resistance, N
initial resistance, N
resistance at end of recoil, N
stress concentration factor, dimensionless
constant of proportionality, (kg/m’)"”?
length of recoil, m
= length defined in Fig. 5-6, m
= length defined in Fig. 5-6, m
My(P) = bulk modulus of fluid at pressure P, Pa

mgp = mass of recoil piston rod, kg

m, = mass of recoiling parts, kg
N = number of recoil grooves, dimensionless

specific heat constant, dimensionless
P = pressure, Pa
= recoil cylinder oil pressure, Pa
AP = total change in pressure, Pa

P: = pas pressure at end of recoil stroke, Pa
Prmox = maximum fluid pressure in recoil cylinder, Pa

P, = recuperator gas pressure at distance x, Pa
in-battery gas pressure, Pa
maximum gas pressure in recuperator, Pa
rate of change of pressure with respect to time, Pa/s
flow rate, m'/s
outer radius of sleeve, m
mean inner radius of recoil cylinder, m
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change in mean radius, m

normal reactions at supports, N

radius of control rod, m

mnner radius of sleeve, m

longitudinal stress for thick wall cylinder. Pa
longitudinal stress for thin wall cylinder, Pa
hoop stress for thick wall eylinder, Pa

hoop stress for thin wall cylinder, Pa
thickness, m

time at end of recotl, s

rise time (from K, to Ku). s

fall time (from Ky to K3), s

initial fluid volume, m’

change in volume, m’

DOD-HDBK-778(AR)

initial recoil cylinder volume at beginning of recoil stroke, m’

: 3
recuperator gas volume at displacement x, m’

gas volume in recuperator for in-battery (initial) position, m’

. . 3
gas volume in recuperator at end of recoil, m’

rate of change of fluid volume with respect to time, m’/s

= maximum velocity of free recoil, m/s

velocity of propellant gases leaving muzzle, m/s
muzzle velocity of projectile, m/s

fluid speed through orifice, m/s

liquid weight density, Njm"

= weight of propeilant charge, N

weight of projectile, N

weight of recoiling parts, N

width of sleeve slot, m

width of groove, m

generalized coordinate describing recoil maotion, m

velocity of recoiling parts, m/s .
y &P / Lif >0

= signum function, i.e., ¥ = x/[x| = Difx—=0

—Lif x <0

. g b
= acceleration of recoiling parts, m/s”

, dimensionless

angle subtended at center of control rod by width of sleeve slot at outer surface of sleeve,

deg

= centroid of breech force history, s

angle subtended at center of control rod by width of sleeve slot at inner surface of sleeve,

deg

percentage of breech force removed, dimensionless
angle of gun tube elevation, deg

in-battery sustaining factor, dimensionless
coefficient of friction, dimensionless

Poisson’s ratio, dimensionless

mass density of fluid, kg/ m’

tensile stress in recoil piston rod, Pa

= angle subtended at center of control rod by width of groove at surface, deg
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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 design 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
narte and the neal rptqrding forece that would be transmitted to the cun-supnorting structure {see Phapter 2
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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 control orifices is carried out again. This procedure is
repeated untt! 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 [55-mm, M10SAI
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
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

T.\.u nnnnn Frw At meifan A a mraviane Aacion weras alan avala Lrnasyn

lta ha 1 ~ . -
€51 FESUILS 101 t1ie COoniro: Orilice O 4 Previous GEsign were aiso available, and this known

recoiling parts.
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. 5-2 a description of the recoil mechanism for the 155-mm, M 109A | self-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 recoil 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 aschematic diagram, and Fig. 5-3 shows a front view of the recoil mechanism for the 155-mm,
M109A1 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 (36.01n.), 1s used from
—3 to 51 deg; short recoil, 0.6096-0.6604 m (24.0-26.0 in.)1, is used for high elevations, 51 to 75 deg.
The recoiling parts are composed of the gun tube, breech. muzzle brake, recoil brake rods and pistons. and

t A dual system of units is shown when the original data were expressed in English units and converted to metric units, i.e.. “soft " metric.
Metric units only are used when the original data were given in metric units—invented to illustrate an example—i.e,. “hard™ metric,
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B(t)=breech force

A =recoil resistance

8 =angle of elevation

W, =weight of recoiling parts
x(t)=generdlized coordinate for recoiling parts

Figure 5-1. Single Degree-of-Freedom Model for Representation of Recoil Motion
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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 recoil mechanismis rigidly mounted to the trunnions and thus remains
stationary. When the gun is fired, the recoil pistons force oil through the control grooves and leakage areas.
The recuperator piston compresses the gas, recoil ends when recoiling parts come to rest, and counterrecoil
begins with the expansion of the gas against the recuperator piston. The expanding gas forces the recoil brakes
to throttle the oil back through the control grooves and leakage areas. An external buffer reduces the
counterrecoil velocity to prevent damage to the semiautomatic breech opening mechanism. Then the combina-
tion of buffer and breech opening mechanism reduces the velocity to a value low enough 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 (13.0in.) of the counterrecoll stroke.

The recuperator cylinder, of double wall construction, has compressed nitrogen gas with oil-filled seals
around the piston and the rod. The recoil cylinders are designed for low-pressure operation, 34.47 MPa {5000
psi) proof and 20.68-34.47 MPa (3000-5000 psi) normal operating limits in short recoil. The recoil control is
accomplished by (1} orifices cut in bronze sleeves that surround the recoil pistons and (2) orifices cut in the
bronze control rods inside the hollow recoil piston rods (Fig. 5-4). The orifices in the sleeves are formed by

4
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Figure 5-4.” Cross Section of Recoil Cylinder (Orifice Detail)

cutting slots of varying widths (four per sleeve) through the thickness of the sleeve. These orifices are fixed in
position and are always active. Also these are the only orifices that are active during short recoil (high elevation
angles). Their areais designated as us. Orifices 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
recoil lengths are determined in the following manner:

I. 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 slots and eight grooves).

The clearance between the control rod and the recoil piston rod, and between the piston and the outer sleeve,
designated @yar 2 and arai 1 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. Also all orifices in the sleeves and all orifices in control rods are considered to be identical,
respectively. Thus all orifice calculations are for eight slots and eight grooves. The recoil piston area and initial

oil volume are for two cylinders.
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In the design of a new r