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1. This military standard is approved for use by the Naval Sea Systems
Command, Department of the Navy, and is available for use by all Departments
and Agencies of the Department of Defense.

2. Beneficial comments (recommendations, additions, deletions) and any
tlnent data that may be of use in improving this document should be
ssed to Commander, Naval Sea Systems Command, SEA O3R42, 2531 Jefferson
va A‘r11ncrf‘nn V,'-l 22242-5160 hv using the QQ1‘F addraccad

end of this document or by letter.

3. The design methods presented in this document were Fnrmerly presented

in a design data sheet (DDS) 243-1, but are now being published as part of a
supportlng sectlon of MIL-STD- 2189(SH) to promote its wider availability
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1. SCOPE

1.1 General. The procedures established by MIL-STD-2189(SH) are
applicable. This section and the basic standard are to be considered as an
integral single document.

1.2 Scope. This document applies to the propulsion shafting design of
all naval ships, surface and submarine, single- or multiple-shaft.
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2. APPLICABLE DOCUMENTS

2.1 Government documents.

2.1.1 Specifications and standards. The following specifications and
standards form a part of this document to the extent specified herein. Unless
otherw1se specified, the issues of these documents are those listed in the

(UUUlbb) and suppLement thereto cited in the solicitation (see 6.2).

SPECIFICATIONS
FEDERAL
QQ-N-281 - Nickel-Copper Alloy Bar, Rod, Plate, Sheet,
Strip, Wire, Forgings, and Structural and
Special Shaped Sections
QQ-N-286 - Nickel-Copper-Aluminum Alloy, Wrought
(UNS NO5500)
MILITARY
MIL-C-24615 - Castings, Nickel-Chromium-Molybdenum-
Columbium Ailoy
MIL-E-21562 - Electrodes and Rods - Welding, Bare, Nickel
Alloy
MIL-E-22200 - Electrodes, Welding, Covered: General
Specification for
MIL-E-22200/3 - Electrodes, Welding, Covered: Nickel
Base Alloy; and Cobalt Base Alloy.
MIL-S5-23284 - Steel Forgings, Carbon and Alloy,
for Shafts, Sleeves, Propeller Nuts,
Couplings, and Stocks (Rudders and Diving
Planes) .
MIL-5-24093 - Steel Forgings, Carbon and Alloy Heat
Treated
STANDARD
MILITARY
MIL-STD-167-2 - Mechanical Vibrations of Shipboard
Equipment (Reciprocating Machinery and
Propulsion System and Shafting) Types III,
IV, and V.

(Unless otherwise indicated, copies of federal and military
specifications, standards, and handbooks are available frem the
Standardization Documents Order Desk, BLDG. 4D, 700 Robbins Avenue,
Philadelphia, PA 19111-5094.)

2.1.2 Other Government documents drawinss. and publications The
following other Government documents, drawings, and publications form a part
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document to the extent specified herein. Unless otherwise specified,
es are those cited in the solicitation

d (NAVSEA
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NAVSHIPS 803-2145807 - Propulsion Shafting and Components.

es should be addressed to: Commander, Portsmouth
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Vlbratlons of Shlpboard
Equipment.

(Applications for copies should
Documents Order Desk, BLDG. 4D, 700 Robblns Avenue, Phlladelphla, PA
19111-5094.)

2.2 Non-Government publications. The following document(s) form a part
of this document to the extent specified herein. Unless otherwise specified,
the issues of the documents which are DOD adopted are those listed in the
issue of the DODISS cited in the solicitation. Unless otherwise specified,
the issues of documents not listed in the DODISS are the issues of the
documents cited in the solicitation (see 6.2).

American Society For Testing and Materials (ASTM)

B 138 - Standard Specification for Manganese Bronze Rod, Bar, and
Shapes. (DOD adopted)

B 150 - Standard Specification for Aluminum Bronze Rod, Bar, and
Shapes. (DOD adopted)

B 369 - Standard Specification for Copper-Nickel Alloy Castings.

(Application for copies should be addressed to the American Society for
Testing and Materials, 1916 Race Street, Philadelphia, PA 19103.)

Peterson, R. E., Stress Concentration Factors, John Wiley and Sons, New
York; 1974.

services.)
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3. DEFINITIONS

3.1 Usual meanings. Unless otherwise defined
have their usual dictionary meanings appropriate to

herein, the

the context.

‘In th

3.2 Abbreviations and symbols. Abbreviations and symbols u
document are listed here for convenient reference. On occasion,
symbol is used with a different intended meaning from that 1i sted.
event the symbol is spec ially annotated to make its meaning clear in the
particular application.

Symbol Meaning

A Cross-sectional area of shaft

A, Cross-sectional area of shaft

base material

Ay, Bolt cross-sectional area at parting

surface

Sl iace

A Cross-sectional area of clad weld inl
Al Aluminum

A Largest area affected by hydrostatic
pressure aft of the main shaft segl

A, Largest area affected by hydrostatic
pressure forward of the main shaft s

Cross-sectional area of shaft at

propeller nut shaft threads undercut

Effective length of key

Contact depth of keyway

Columbium (also known as niobium, Nb)
va Chamfer

Chromlum

Center of gravity
Copper

Diameter of belt

el bolt

Bolt circle diameter
Outside diameter of flange

Sleeve groove outside diameter at
bottom of groove
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(b,) at mldlength of B,
Dlamete[ of shaft caper at midlength
of B,
Outside diameter of propeller shaft
aft flange

]
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©
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propeller taper
Dlameter of thrust collar
Diameter of undercut at propeller nut
shaft threads
Propeller shaft reduced bore diameter
Outside diameter of propeller nut
Outside diameter of shaft threads
OudLL mUUULUb O[ eLaSClClty
Shaft base material modulus of el

Clad weld inlay material modulus of
Sleeve modulus of elasticity
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Outside diameter at smail end of shaf
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eal

Diameter at midpoint of contact depth
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Meaning

Effective horsepower

Maximum push up force developed by
propeller nut

Fatigue limit

Fatigue limit of shaft base materia

b=

Fatigue limit of clad weld inlay
Factor of safety

Factor of safety at weld-to-shaft base
material interface
Factor of safety at outer diameter of

clad weld inlay

Factor of safety at propeller nut shaft
threads undercut

Shaft shear modulus

Shaft base material shear modulus

Clad weld inla_y material shear modulus

Sleeve shear modulus

Depth of keyway at midlength of B,
(straight side plus corner radius)

Area moment of inertia of shaft

Area moment of inertia of shaft base
material

Shaft inside diameter

Area moment of inertia of sleev
groove

Area moment of inertia of clad weld
inlay material

Polar moment of inertia of shaft

Polar moment of inertia of shaft base

e

material
DAl av mAamAa— ~AF feaAar+T A P e P
rvuitar lllUlllUllL oL iri€eriid OL bLech BLUUVC
Polar moment of inertia of clad weld

inlay material
Stress concentration factor in bendln
Stress concentration factor in torsion
Distance between bearings
Distance from start of shaft taper to
midlength of B,
Length of propeller nut
Distance from aft face of propeller
shaft flange to CG of propeller
Length of propelier shaft aft fia
Length of sleeve aft of design peo
aftermost bearing
Straight shaft length aft of design
point at aftermost bearing
Length of shaft taper

He 3

ge
nt

at
0 ac

Length of propeller nut shaft threads

Maximum

Gravity bending moment at any shaft
location

Minimum
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denum
center bending moment

Number of bolts (1n “shaft coupling)
Number of keys

Niobium (also known as columbium, Cb)
Nickel

Design nominal outside diameter of shaft
Outside diameter of shaft base material

AF ~ATaAd 1A 311
Outside diameter of clad weld iniLay

Outside diameter of sleeve
Propulsive coefficient

Mean or steady full _power tor

Tnfn1 rnrqno 1nc 1 n
required

Propeller rotational speed

Radius of flange fillet

Radius of sleeve orocove fillet

[alliles S AT LOCUVT

Radius of keyway fillet

Radius of propeller shaft aft flange
fillet

Radius of thrust collar fillet

Resultant alternating stress

Resultant alternating stress at
interface of clad weld LnLdy and
shaft base material

Resultant alternating stress at sleeve
groove diameter

"_‘
d

Resultant alternating stress at outer
surface of clad weld inla

Alternating torsional shear stress

Alternating torsional shear stress at
interface of clad weld inlay and shaft
base material

Alternating shear stress at sleeve
groove diameter

Alternating torsional sgshear stress a

outer surface of clad weld inlay
Alternatlng bendlng stress
Alternating bending stress at i

of clad weld inlay and shaft base

material

Alternating bending stress at sleeve
groove diameter

Alternating bending stress at outer
surface of clad weld inlay

Shear stress of shaft coupling bolts

SLCCIU] LUIHPLCDDLVﬁ bLLﬁbb

t

Steady compressive stress at interface of

clad weld inlay and shaft base material
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Symbol Meaning Units

S.; Steady compressive stress at outer 1b/in?
surface of clad weld inlay

Sk Allowable compressive stress of key 1b/in?

SHP Shaft horsepower hp

S, Steady shear stress 1b/in?

S Steady shear stress at interface of clad 1b/in?
weld inlay and shaft base material

S Steady shear stress at outer surface 1b/in?
of clad weld inlay

Sk Allowable shearing stress of key 1b/in?

S.r Resultant steady stress 1b/in?

Serp Resultant steady stress at interface of 1b/in?
clad weld inlay and shaft base material

Sers Resultant steady stress at outer 1b/in?
surface of clad weld inlay

Sy Tensile stress at propeller nut shaft 1b/in?
threads undercut

T Propeller full power thrust pound

T, Shaft thrust due to submergence pound
pressure aft of main shaft seal

T., Shaft thrust due to submergence pressure pound
between main shaft seal and thrust collar

T, Total thrust pound

t Thrust deduction factor

t. Shaft taper at inboard coupling in/ft

t, Shaft taper at propeller in/ft

ur Ultimate tensile strength lb/in®

v Ship speed at full power knot

v, Volume of taper at propeller inch’

Vo Volume of bore at propeller taper inch’

W Width of key inch

W, Weight of propeller cap pound

W,.. Weight of shaft bore internal components pound

W, Weight of shaft component pound

W, Weight of propeller nut pound

W, Weight of propeller (hub, blades, and pound
other components)

W, Weight of propeller shaft aft flange pound

W, Weight of sleeve aft of design point at pound
aftermost bearing

W, Weight of shaft straight section aft of pound
design point at aftermost bearing

W, Weight of shaft propeller taper pound

W, Weight of shaft threads pound

w Weight per unit length of shaft lb/in

X, Moment arm from support point of inch
aftermost bearing to CG of propeller cap

X Moment arm from support point of inch

aftermost bearing to CG of shaft bore
internal components
X, Moment arm of shaft component inch

EUYYR S @ WT 2w rw A - on Guha u I e P o un ol o el TP~ R YDV IVNVAVLTVR LY 1Y v A e T Y e~ a 1 1 1 . Yald Ta%a



Symbol Meaning

X, Moment arm from support point of
aftermost bearing to CG of propeller nut

X, Moment arm from support point of
aftermost bearlng to CG of propeller

Xpt Moment arm from support point of
aftermost bearineg to CG of prnpeller
shaft aft flange

X, Moment arm from support point of
aftermost bearing to CG of sleeve

Xoer Moment arm from support point of
aftermost bearing to CG of straight
shaft length

X, Moment arm from support point of
aftermost bearing to CG of shaft taper

X Moment arm from support point of
aftermost bearing to CG of propeller
nut threads

YP Yield point of material

YP, Yield point of shaft base material

YP, Yield point of weld inlay

Y. Distance from start of shaft taper
to CG of shaft taper

Yo Distance from start of shaft taper
to CG of shaft taper bore

Dicu Density of waterborne shaft bore
in ternal components

Ps Density of sleeve material

[ Density of steel material

3.3 System of units.

Units
inch
inch

inch

ib/in’

Unless otherwise stated or demanded by context,

the U.S. conventional gravitational system of units, commonly called the
foot-pound-second system (ot Luuu-pouuu system) is used throughout this

document. In this system the pound is a unit of force,
identically equal to one pound-second squared per foot,

and the slug,
is the unit of mass.

l"‘ﬁ

Often, one or more other units of mass will be found more convenient. One
such unit is the pound mass, which is 0.45359237 kilogram exactly and 1/32.
slug approximately. Another such mass unit is the pound second squared pe
inch, which amounts to 12 slugs exactly.
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4.1 Design requirements. Unless otherwise specifically approved, the
design of main propulsion shafting shall be in accordance with the methods and
criteria described herein and in Navships Drawing No. 803-2145807, or as
modified in the ship specifications

4.2 Material selection. Shafting materials shall be selected on the
main considerations of fatigue characteristics and strength. Table I lists
physical characteristics of materials approved for use in main propulsion

shafting.

4.3 Waterborne -vs- line shafting. Shafting starting from the forward
end of the main shaft seal sleeve to the aftermost end of the shafting system

shall be considered waterborne shafting. All shafting forward of this point
shall be considered drv or l1ine chafting
shall be considered dry line shafting.

4.4 Solid or hollow shafts. Unless otherwise specified, shafts with an
outside diameter (OD) less than 6 inches shall be soliid. Shafting 6 inches in
diameter and above shall be bered hellow.

4.5 Hollow (bored) shafting The inside diameter (ID) of bored shafting
shall be 0.65 times the shaft nominal outside diameter {(GD), unless
Specifically apprnvpd otherwisge hv NAVSEA . Where more than one desi gn outsgide
diameter exists within a shaft sectlon, the 0.65 rule shall be based on the
smaller outside diameter. Rounding off the inside diameter dimension to the
nearest 1/8 inch is permitted. For controllable pitch propeller systems, the
ingide diameter chall not be decreased from forward to aft.

4.6 Shafts with multiple bores. For waterborne shafting, where
different size inside diameters exist in a shafting section, calculated
stresses qhn11 hp hnqu on the largegt ingide d1amprpr rpaard]pqq of whether

4.7 Design nominal outside diameter of shafting. The design nominal
outside diameter (OD) of shafting is the minimum diameter which is determined
by calculations using the methods described herein meeting all the criteria

specified.

4.8 Nominal outside diameter of waterborne shaftino. The desi
outside diameter (OD) of the waterborne shafting shall be determined o
basis of the maximum combined stresses that exist in the waterborne sh
Stresses and factors of safety shall be calculated at all fillets, keyway
and other discontinuity points; at bearing support points defined in 4.11;
at locations of maximum moment peaks. Stress concentration factors (K, and
K.) shall be applied as required to determine the point of maximum stress.
Shaft sizes determined by these calculations shall meet the maximum bending
stress (K. ¥ S.) and minimum factor of safetv criteria sp ecified herein,

vvvvvv \svp 2 Phy A A 1200l SalCly S o spel il el
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4.9 Nominal outside diameter of line shafting and thrust shaft. The

7 AN - R T

0e51gn nominal outside diameter (uw) of the line snartlng and thrust shaft

shall be determlned on the basis of th mum combined stresses that exist
r

Of TXmmum moment peaKs.
lied as required to

reyuallicdad

UppOLL pOlan dana at 1ocatiomns

; at b s
e Facrorq (K, and Kt) shall be app
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and waterborne conditions. The stress analysis shal
n or graph(s) of bendlng moments for the shaf
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afety spec ified
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ss times the :tress concenLr t

4.11 Bearing support points. For design purposes the aftermost bearing

shall be considered to act as a point support located at either one shaft
design nominal outside diameter (OD) forward from the aft end of the bearing

or at one-fourth of the bearing length forward from the aft end of the
bearlng, whichever is the greater. All other bearings shall each be

AAAAA ~vad ~ 3~ I TS +1 o Amvina ~oT

bUllb.LUtlLt:U to act as a pULllL buPPULL at tne UddLLLl& center.

4.12 Design torque. Propulsion shafting design shall allow for full
power plus an additional torque imposed by the slowing of the propeller when
the ship makes a turn at full power. Full power torque (@) shall include

other possible increases in torque that the propulsion shafting system may
experience, such as those caused by allowable variations in full power shaft

RPM as specified for the propeller or prime mover in a particular shipbuilding

anori ficatian Tha addit+ianal taovanie 2allawed For 2 akhin mal-d

O £,
SpTliliitactivll. 1411 auuluviviial LULL{UC a4110wed I0Y a SlILp HMaRKlily a LU.Ll.l at ITurs

power shall be 20 percent of full power torque for both single and
multi-propeller ships, except that for ships with geared diesel engine
propulsion, 10 percent (instead of 20 percent) additional torque shall be

3 i o - ochimae A wxranm hair AT rAna
used. In addltlﬁn, the dESl5u of ahaftlu5 LOY snips driven b LUbLPLULdLLU

engines shall be checked in accordance with MIL-STD-167-2 and NAVSEA 0900-LP-

090-3020 for the torsional critical rotational speed at which vibratory
stresses are greatest.

4.13 Steady and alternating stresses. When calculating stresses, the
steady stresses and the alternating stresses shall be calculated separately.

The resultant steady stress (Sm) is due to the steady torque and thrust. The

roagiiltant altavrrating +vyoca As +hn altarvnt3ng i

fiTouliLtaitic aLLCLLlaL—L115 stress \‘)ar/ Lb aue to tne dLLULllaLLLlB LULL‘U.E d[lu
bending (including bending due to off-center thrust for waterborne shafting).
The effects from other sources of bending in a particular shafting d951gn
such as dental or sound isolation couplings, shall also be included in the

calculations. Stress concentratlon factors (K, and K,), where they exist,
shall be applied to the alternating torsional shear (Sﬁ) and bending stresses
(S,).

4.14 High localized stresses. High localized stresses shall be avoided
by use of generous fillets and by avoiding the drilling of holes into the
shafting to secure such items as keys, sleeves, and oil baffles For the same

B e S SE———






MIL-STD-2189(SH)
SECTION 243-1

(c) Lateral vibration analyses shall allow for the stiffnesses of
the bearing supports, including struts and other structures, as
appropriate

4.17 Gravity moments. The shafting alignment analysis shall be used to
determine the gravity moment (M;) at any location along the shafting length.
In addition, a separate detailed gravity moment calculation shall be provided
(with an accompanying sketch) at the point support at the aftermost bearing

(defined in 4.11), in air, to verlry the moment obtained by the alignment
analysis at this critical design point.

4.18 Shaft bore components. Determination of grav1ty moments (M;) in

SnaIClng shall take into account the Welgnt distribution of internal
components in the bore These components include. as apnlicable. such items

....................... LR, as 4adppLilavic,

as piping, control rods, oil, and sand.

4.19 Bending stresses and moments for waterborne shafting. The bending
stresses (S,) determined at all locations for waterborne shafting shall be
based on the combined moments of grav1ty (M) and off-center thrust (M,.) (see
Table II). For the straight-line in-air condltlon the moment due to off-
center thrust shall be based on the Overudug ueuulﬁg moment (M ) due to the
weight of the propeller assembly and shafting components in air at the point
support of the aftermost bearing defined in 4.11. For waterborne conditions,
the moment due to off-center thrust shall be based on the overhung bending
moment due to the Walght of the prpGIICL assembry and ahafurué components in
water at the point support of the aftermost bearing previously defined. The
off-center moment shall be considered a constant value acting along the entire
length of waterborne shafting and always additive to the gravity bending

moment

4.20 Shaft bending stress limit. In no case shall the product of
bending stress and stress concentration factor (K, x S,) exceed 6,000 1b/in?
for steel waterborne shaft material or 12,000 1b/in? for Ni-Cr-Mo-Cb alloy 625

clad weld material.

section areas that have
een designed with a clad weld inlay, such as the aftermost shaft flange
fillet for controllable pitch propeller installations, shall be treated as
nonhomogeneous. When analyzlng these areas of shafting, stresses and factors
of safety shall be calculated at the outer surface of the clad weld inlay and

at the interface of the clad weld inlay and shaft base material (see 5.5).

4.23 Submarine shaft sleeve groove - resultant alternating stress limit.
This 1imit will depend on the material used (see 5.6.1).

4.24 Propeller nut shaft threads undercut. For shafting systems using a
hydraullc propeller nut for installation of the propeller, the tensile stress
at the undercut of the propeller nut shaft threads shall be determined. The
factor of safetv based on the ultimate tensile strength from Table I, shall

be equal to or greater than the minimum waterborne shafting factor of safety.
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Table II. Bending moments for surface ships and submarines.Y
Surface Ships
Submarines
Strut- Nonstrut-
supported supported
o) By oy 4 ~ ol SUPN =R S
Sllal Lil E Slial LLIIE
Off-center thrust moment ) )
tor waterborne shatting (M) M, 2M, 0
Total moment at
AfFravmant hanavdiawos M M LM N oM IM M
AL LT LUIvVO L l-JCClLL 15 \llT - llp h “OC/ - L[lp 2 lp llp
support point
Mat+ral maoese A Ay
1vial inuliciic adco dll]
point of waterborne (M, =M,  + M) = M, + M, M, + 2M; M,
shafting
Total moment at any
point of line M) = M, M, M,
shafting
Y Where applicable, the total moment (M,) shall alsc include bending
moments due to ther sources, such as dental couplings or sound
isolation couplings.
Table II1 Factors of safety for propulsion shafting.
Type of Ship
Surface ships
other than Icebreakers Submarines
Icebreakers ]
EEEEEREEE L e e — e — q
Waterborne shafting 2.00 3.50 2.25
Line shafting 1.75 2.25 2.00

-
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5.1 Design loads. Propulsion shafting is subjected to a variety of
steady and alternating loads that include torsional shear, axial thrust, and
bending. In the detail shaft design analysis, stresses shall be calculated at

all bearing support points, shafting discontinuities, flange fillets, keyways,

moment peaks, and all other areas where high stresses may occur.

5.2 Stresses. Steady and alternating stresses shall be analyzed
separately, then combined using equations based on the Soderberg diagram to
determine factors of safety. For proper shaft inside diameter to use in
equations, see 4.6.

with a clad weld inlay shall be treated as nonhomogeneous and shall be
analyzed using the equations in 5.5. All other shaft sections shall be

SR O 7 A
dnce wilitil _).‘4.

5.3 (Clad weld inlay. Shafting section areas that have been designed

analyzed in accor

CL.

5.4 Shafting design equations.

5.4.1 Steady stresses.

5.4.1.1 Torsional load. The torsional load in the shafting, which
results in steady torsional stresses, is calculated from the full shaft
horsepower output (SHP) and propeller rotational speed (RPM) as follows:

o - 63,025 x sHP (Eq-1)
RPM i

5.4.1.1.1 Additional torque for full power turns. Additional torque
shall be required for full power turns (see 4.12).

(a) For turbine-driven

Q,=1.2x90 (Eq-2a)

(b) For reciprocating-engine-driven shafts, whether diesel or
steam, single- or multi-shaft:

C,=1.1x¢Q (Eg-2b)
5.4.1.2 Steady shear stress. (Eq-3a) through (Eq-3c) apply for the
calculation of steady shear stress.
a QTXOD o 24N
s T2 xJ A
(53 1x0x oD Hollow shaf Eq-3b
Py (Hollow shaft) (Eq-3b)
2o 2 (Solid shaft) (Eq-3c)
oD?

5.4.1.3 Thrust load. Thrust loads shall be calculated for surface ships
and submarines as specified in 5.4.1.3.1 and 5.4.1.3.2, respectively.

16
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p_ - 325.87 x EHP (Eq-42a)
z Vx (1 -8 h
where:
EHP = SHP x PC (Eq-4b)

For preliminary calculations, or in the absence of model test data, it may be
assumed that ¢ = 0.15 and PC = 0.65.

5.4.1.3.2 Submarines. Aft of the thrust collar, propulsive thrust and

submergence thrust shall be calculated as specified 1n (a) through (e) below.
Forward of the thrust collar, propulsive thrust, submergence thrust, and total

5.87 x EgpP
0 (Eq-5)

(1 - t)
where:
EHP = SHP x PC

Submergence thrust aft of the main shaft seal.

—~
cr
~

= 0.44444 x A;, x depth (Eq-6a)

where depth equals test depth in feet.
(c) Submergence thrust between main shaft seal and thrust collar.

Ty, = 0.44444 x A, x depth (Eq-6b)

92

where depth equals test depth in feet.

(d) Total thrust aft of main shaft seal
T, =T+ T, (Eq-7a)
(e) Total thrust between main shaft seal and thrust collar
T,=T+ T, (Eq-7b)
5.4.1.4 Steady compressive stress. (Egq-8) applies for calculation of
the steady compressive stress due to thrust.
T, 1.273x7T,
S, = = (Eq-8)
c q
A op? - ID?
5.4.1.5 Resultant steady stress. (Eq-9) applies for calculation of the
resultant steady stress
- 2 211/2
S,. = [8c + (2 x8,)%1% (Eq-9)

prrrw e wy srrw wy wewrswe
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5.4.2 Alternating stresses.

5.4.2.1.1

(a)

—~
o
~rs

(c)

5.4.2.

1.2
eccentricity o

Gravity bending moments.

For preliminary design purposes the gravity bending moment in a
span of line shafting with bearings spaced at distance L, apart
may be approximated by (Eq-10).

w x Ly
P /T~ _ 1NN
AT (Eq-10)

The shaft alignment analysis shall be used to determine the

gravity bending moments (M,) that exist at each design point

(see 4.8 and 4.9) of the propulsion shafting system for the

following conditions:

(1) Straight line in air.

(2) Aligned waterborne with machinery cold

(3) Aligned waterborne with machinery cold and with collective
weardown of water lubricated bearings.

(4) Aligned waterborne with machinery at operating
temperature.

(5) Aligned waterborne with machinery at operating temperature
and with collective weardown of water lubricated bearings.

(6) Aligned waterborne with allowable variations of bearings
lcads for ceonditions (2) through (5) above.

(7) For submarines only, hull deflections due to diving,
rising, sea slap, and submergence pressure shall be
analyzed in combination with conditions (2) through (6)
above

(8) For surface ships only, hull deflections that affect shaft

alignment shall be analyzed in combination with conditions
(2) through (6) above. These hull deflections are usually
the result of large changes in ballast such as those seen

on fleet oilers, amphibious-force ships, supply ships.

Hull deflections due to sea state and steering turns need

not be analyzed.

(o)

The maximum gravity bending moment determined at each design
point shall then be used when calculating shaft stresses at
that point

Off-center moment - waterborne shafting only (see 4.19). The

f the propeller thrust produces a significant propeller shaft

18
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off-center bending moment (M,.) which is additive to the gravity moment. For
desisu purposes, the off-center moment shall be assumed constant at all
locations of waterborne shafting and zero at all locations of line shafting.
Off-center and total bending moments for strut- and nonstrut-supported

shafting systems are listed in Table II.

5.4.2.2 Stress concentration factors. The principal points of stress
concentration in shafting occur at the corners of keyways, at flange fillets,

and at holes (where specifically approved) drilled in the shaft. These points
Nnf arroca ranmrontratian ahall ha t+vaatad o .-“A,.: TaAd i~ K /L 02 92 17 £fhavas.oh

v DQLLTOO vwviiLcililiviaAauelivlil Ollaili b vc LiLTcactcu ao PCL.L ACU 11l J.SH.4L .40 .00 LLILUUBIL
5.4.2.2.3.

2.1 >tress concentratlon at keyway fillets. The stress
~ +n~vr F

AY tava a1 va IV Y a+ lrawvrraxy £311o+0 £ At AN
AL UL L.ULD.LUllClL DbLCDD \I\C/ a o nc]wa_y Lil1LiTLOD LD a Lull\-b.l.\lll

of the ratio of the fillet radius in the corner of the keyway (r,) to the
depth of the keyway at midlength (H). Values of K, shall be taken from Figure
i

2

The fillet radius shall be in accordance with Navshlps Dwg No. 803-

s unity,
and the stress concentration can be neglected at the key end provided that the
ends of the keyway are properly faired into the shaft in accordance with

Navships Dwg No. 803-2145807.

5R2N7 The stress concentration facto hanAdd Asin +a~ Avrrravy 1
SN, 20 \,Ullbcllk{LﬂbLUll La\,LUL Lll UCIIU.LII5 uuc LU a ne WO.] Lo

5.4.2.2.2 Stress concentration at flange fillets. The stress
concentration factors for alternating torsional and bending stresses (K, and
K, respectively) at the fillet of a coupling flange or propeller shaft aft

F1 anoo ﬂonanr] NN f-]f\a F111af— vrar11nr‘ [ + \ +hn chaf+r Ancian hl\"\1r\ P |
ullb y\;ll\) Ll A L UD \Lf UL L f/ ) “ilcT 2li1al o \ACDLBLI lUlllLllaL
outside diameter (OD), and the flange outside diameter (D, or D.). Values for

K. and K, shall be taken from Flgures 2 and 3 respectlvely

E\ /. ') ') g Nil hala i AfFt+r-inag Nil hala Avr3il11aAd mwavrmal +~ +haAa
~ AL llUL!—D Al l DllaL L LI Va4l L1V LCD Wi liTl441CuU Livinaads (S V) “ilc
surface of a shaft usually have a diameter that is small with respect to the
shaft diameter. A stress concentration factor of three for the bendlng stress
shall be used. Note that the drilling of these types of holes in propulsion
chafting ic nrohihited evrcent whare gnacifically annraved by NAUCTA
MAAMA.\—AALb Fee] | ILUL\,\,U \rl\\,bt}\- WilliCT L © DH “widlluvaa LJ QHPLUVCU U] ANV O Ly .

5.4.2.3 Bending stress. (Eq-1lla) through (Eq-llc) apply for the
calculation of bending stress due to bending moment.

a MI'XOD /I 11 \
5= S xT {Eq-ila)
g, - 202 xM x 0D Hollow shaf Eq-11b
b oDt — 1Dt (Hollow shaft) (Eq- )
1.2 x M
8, = —— (Solid shaft) (Eq-1lc)
oD?

For waterborne shafting, the product of the bending stress and the stress
concentration factor (5, x K,) shall not exceed 6,000 ib/in’.

5.4.2.4 Alternating (vibratory) torsional shear stress. Alternating
torsional shear stresses in the shaft are _generated by the propeller and occur

predominantly at blade Irequency, except for diesel propulsion plants, where
the cvelic engine toraue ieg gienificant also

Nnan
LS AR S ot LRI Livauie aroy.

o
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Initially the alternating torsional shear stress may be approximated as
follows‘
8,, =0.05 x 8, (Eq-12)
where
S, = steady shear stress as derived from (Eq-3b) or
(Eq-3c).

Instead of the above, the values determined by the detailed propulsion

LIile OvVe, Lile vVa liles CGelelliiliicd il Uoilaliaitcd PP 1S

vibration analysis shall be substituted in the design calculations if they are
larger at the corresponding shaft RPM than the approximation given by (Eq-12).

system

5.4.2.5 Resultant alternating stress. The resultant alternating stress

shall be found, first by multlplylng the bending and torsional stress
components each by the appropriate stress concentration factor, and then by
combining them as prescribed in the maximum shear theory as follows:
8, = (K, x8,)% + (2 xK, x 8,,)%*? (Eq-13)
wher
K, and K, are stress concentration factors for bending and
torsion re*pectively (see Figures 1, 2, and 3) at shafting
discontinuities such as flange fillets and keyways (see
5.6.2.2)

5.4.3 Factor of safety. The resultant steady stress (S.) and the
resultant alternating stress (S,.) are used to obtain the factor of safety as
follows:

1 Sﬂl’ Snr ;
— = g, Tar Eq-1l4a
FS yp FL (Eq )
_Or_
Fs = 1 (Eq-14b)
s’l’ + Sﬂ.l.’
YpP FL

5.5 Shafts with clad weld inlay. Shafting section areas that have a
1

clad weld inlay shall be treated as nonhomogeneous (See 4.22).

5.5.1 Steady stresses.

5.5.1.1 Torsional load The torsional load (Q,;) for shafting with clad
weld inlay is calculated using (Eq-1) and (Eq-2a) or (Eq-2b)

5.5.1.2 Steady shear stress. The calculation of steady shear stress
shall account for the clad weld inlay and shaft base material as shown in (Eq-
15a) through (Eq-16b)

N
w



(a) Steady shear stress at outer surface of clad weld inlay.

0, x OD, x G, .

= -15a

Set = 3 x (7, xG) + (7, XG)1] (Eq-15a)
[(7,xG,) + (J, XGp)]

(b) Steady shear stress at interface of clad weld inlay and shaft

base material.
S, = 9, x OD, x G, . (Eq-15b)
2 2x [(J,xG;) + (J, XG)] s )
where
% x (oD,* - oD,%)
Jy = 32 (Eq-16a)
_ = x (oD, - IDY) (Eq-16b)
b 32 q

5.5.1.3 Thrust load. The thrust load (T,;) for shafting with clad weld
inlay is calculated using (Eq-4a) through (Eq-7b) in 5.4.1.3.

5.5.1.4 Steady compressive stress. The calculation of steady

compressive stress shall account for the clad weld inlay and shaft base
material as shown in (Eq-17a) through (Eq-17b).

(a) Steady compressive stress at outer surface of clad weld inlay.

m e
£ P, S

S, = r- 1 (Eq-17a)

(A, xE)) + (A, X E)]

b

by

—~

(b) Steady compressive stress at interface of clad weld inlay and
shaft base material.

- . T, x E, ‘o

\

s, = Eq-17b)
©  [(A; xE)) + (A, x E)]

5.5.1.5 Resultant steady stress. The calculation of resultant steady
stress shall account for the clad weld inlay and shaft base material as shown
in (Eq-18a) and (Eq-18b).

(a) Resultant steady stress at outer surface of clad weld inlay.

S,y = [8,2+ (2 x 8,22 (Eq-18a)

sri

(b) Resultant steady stress at interface of clad weld inlay and
shaft base material.

s [S,2 + (2 x 8,)%1/2 (Eq-18b)

srb

5.5.2 Alternating stresses.

5.5.2.1 Bending moments. The calculation of bending moments for
shafting with clad weld inlay shall follow the same criteria given in 5.4.2.1.
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5.5.2.2 Stress concentration factors. For shafts with a clad weld
inlay, the stress concentration factors (K, and K,) shall be determined using

Figures 1, 2 and 3.

5.5.2.3 Bending stress. The calculation of bending stress shall account
for the clad weld inlay and shaft base material as shown in (Eq-19a) through
(Eq-20b).

(a) Bending stress at outer surface of clad weld inlay.

M, xOD, xE,

%t " TxI(E, x I + (B, x I (Eq-19a)

For waterborne shafting, the product of the bending stress at the weld inlay
and the stress concentration factor in bending (K, x S,;) shall not exceed
12,000 1b/in?.

(b) Bending stress at interface of clad weld inlay and shaft base
material.
M, x OD, x E,

% " T x(E, xIp + (B, x 1,1 (Eq-19b)

For waterborne shafting, the product of bending stress at this interface and
the stress concentration factor in bending (K, x S,,) shall not exceed 6,000
1b/in?.

(c) Calculation of moments of inertia for shaft base material (I,)
and for clad weld inlay material (I,).

x x{(oD* - oD,*
.= 154 5} (Eq-20a)

D, ¢ - ID*
7, - X x (9 ) (Eq-20b)

64

5.5.2.4 Alternating (vibratory) torsional shear stress. Initially, the
alternating torsional shear stress may be approximated at the clad weld inlay
and shaft base material as shown in (Eq-2la) and (Eq-21b).

(a) Alternating torsional shear stress at outer surface of clad
weld inlay
S, =0.05Xx8,, (Eq-21a)
where:

S.i = steady shear stress as derived from (Eq-15a).

(b) Alternating torsional shear stress at interface of clad weld
inlay and shaft base material.

S, = 0.05 x 8, (Eq-21b)
where:
Se = steady shear stress as derived from (Eq-15b).
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Instead of the above, values determined by the detailed propulsion system
vibration analysis shall be substituted in the design calculations if they are
larger at the corresponding shaft RPM than the approximations given by (Eq-
2la) and (Eq-21b).
5.5.2.5 Resultant alternating stress. The calculation of resultant
alternating stress shall account for the clad weld inlay and shaft base
material as shown in (Eq-22a) and (Eq-22b).
(a) Resultant alternating stress at outer surface of clad weld
inlav.
sEEEET
2 i/2
S, = (K, x8,)*+ (2xK, x38,,,)° (Eq-22a)

-~
o8
~—

Resultant alternatlno stress at interface of clad weld inlay

5.5.3 Factor of safety. The calculation of factor of safety shall
account for the clad weld inlay and shaft base material as shown in (Eq-23a)

PR | Ve vl LN\
and (Eg-25D).

(a) Factor of safety at outer surface of clad weld inlay.

[

(Eq-23a)

(b) Factor of safety at interface of clad weld inlay and shaft base

material.
FS, = 1 (Eq-23b)
) s
srb arb
YP, FIL,
Usliione 4+ VD vD T ned 7 chall Ly ~h+ainaed Fraom T2h1la T
vdaiues 10T 11y, Ir;, ri,, ana riL; Snadaii D€ opiaiiied I10m i1aoie 1

5.6 Shafting components. Shafting components shall be as specified in
5.6.1 through 5.6.4.

5.6.1 Submarine sleeve at main shaft seal. The stresses in the sleeve
groove in way of the submarine main shaft seal sleeve shall meet the criterion
that the resultant alternating stress in the sleeve groove (S,,) shall be less

+lhar Ay At hl ~ 1 FA11,\..1,\,..
Lliail UL CL‘\.LGL (8 Ll J.UW_LllB .
Sleeve Material Maximum allowable stress(lb/in?)
1, A 5 77 YR 1 aNN
Cu-nv1 (/U-5V) 1, JUy
Ni-Cr-Mo-Cb alloy 625
Forged 6,400
Cast 2,650

N
(o))



5.6.1.1 Resultant alternating stress. The resultant alternating stress
in the sleeve groove in way of the main shaft seal sleeve shall be calculated
by (Eq-24) through (Eq-28).

(a) The alternating bending stress at the sleeve groove is based on
a nonhomogeneous beam solution:

M, xE, xD,

S, = (Eq-24)
P9 2xI[(E,;xI,) + (Ex1I)]) thame)
[ .
wile L e
4 4
x x (D, - OD*%)
I_ = gr (Eg-25a)
gr 64 \ M 7
4 _ 4
-_ K X (OD ID ) /T~ NEL N\
i = (BQ-20D)
64
(b) The alternating shear stress at the sleeve groove is based on a
nonhomogeneous beam solution in a manner like that of (Eq-24)

N NKE ¥y N w3 » N
ViVUDS A Wpa Uy A L

- gr -
Saas " 2 x (6, xJ,) + (GxdN] (Eq-26)

where:
J_=2x1I (Eq-27a)
gr gr Y 7
J=2x1T (Eq-27b)

(c) The resultant alternating stress at the sleeve groove is
determined from the relationship:

Sye - [(Kyx8,)"+ (2xK, x8

asg

)211/2 (Eq-28)

Values for the stress concentration factors for the fillet at

the base of the groove in bending (K;) and torsion (K,) shall
n nd 55

acn Fionracg
SCI anag >2.

F
'-
Jo);
&
F
q
U
J

Note: Cu-Ni (70-30) and cast Ni-Cr-Mo-Cb alloy 625 are not
notch sensitive. Therefore, for these materials, the stress

concentration factors in bendlng (K,) and tor31on (K,) are

equal to 1.00.

5.6.2 Key and_keyway design. The allowable design key stresses (S, and
S.;) are based, respecgtively, on the yield strength in shear and ultimate

o 94 b ad ] il 111 Sliedal

compressive strength of the key materlal and on a factor of safety of five.
Values for S, and S.. to be used in (Eq-30) and (Eq-31) are given in Tables IV

PP NP R W S

amA U
alu v LCbPULLLVELy

5.6.2.1 Nomenclature. Symbols of special use in key and keyway design
are listed here with their intended meanings: (also see Figures 4 and 5)

B, = Effective length of key (Egq-29a or 29b) inches
b, = Contact depth of keyway [depth of
keyway (H) minus key chamfer (C,)] inches

27
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D, = Diameter at midpoint of contact
depth (b,) at midlength of B, inches
D, = Diameter of shaft taper at midlength
of B, inches
H = Depth of keyway at midlength of B,
(straight side plus corner radius) inches
L, = Length of shaft taper inches
N, = Number of keys o o
S« = Allowable compr9551ve stress of key 1b/in*®
S.. = Allowable shearing stress of key lb/in?
W = Width of key inches
5.6.2.2 Design formulas. (See (Eg-29a) through (Eq-31).)
B, =L, - (8 xH), for propeller key (Eq-29a)
B, = L, - 0.25 inch, for inboard coupling key (Eq-29b)
W (min) 2x o Eq-30
min = -
N, xB,xD, xS, (ha )
b, (min) - 2 x O Eq-31
1 man "N, xB,xD xS, (Bq )
Table IV. Allowable shearing stress for key materials.
Sex
Material Material Allowable shearing stress, (lb/in?)
Spec
1 key 2 or more keys
B e W———RSSRS..|
—_— _—-—ﬂ_—ﬁ
Steel
class 1 MIL-S-23284 11,250 7,500
class 2 MIL-S-23284 8,250 5,500
class 3 MIL-S-23284 6,750 4,500
class 4 MIL-S-23284 5,250 3,500
Ni-Cu (monel) QQ-N-281 7,800 5,200
Ni-Cu-Al (K-monel) QQ-N-286 15,000 10,000
Nickel aluminum ASTM B150 6,000 4,000
bronze Alloy C63000
Manganese bronze ASTM B138 5,250 3,500
half-hard, rolled
Steel, class C MIL-S-24093 15,000 10,000
type I or II

w
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Table V. Allowable compressive stress for key materials.

Sck
) Material Allowable compressive stress, (lb/in?)
Material S
pec 1 key 2 or more keys
P———————_—
Steel
class 1 MIL-S-23284 28,500 19,000
class 2 MIL-S-23284 24,000 16,000
class 3 MIL-S-23284 22,500 15,000
class 4 MIL-S-23284 18,000 12,000
Ni-Cu (monel) QQ-N-281 27,000 18,000
Ni-Cu-Al (K-monel) QQ-N-286 42,000 28,000
Nickel aluminum ASTM B150 24,000 16,000
bronze Alloy C63000
Manganese bronze ASTM B138 19,500 13,000
half-hard, rolled
Steel, class C MIL-S-24093 36,000 24,000
type 1 or II

5.6.3 Shaft coupling bolts. Shear stress of propulsion shaft coupling
bolts shall be calculated as follows:

2xQ,

g = Eq-32
b N, x A, x D, (Ba-32)
where:
Spe = shear stress of shaft coupling bolts 1b/in?
Q. = the total torque including all
increases required 1b-in
N, = number of bolts
Ap, = bolt cross-sectional area at
parting surface in?
D,. = bolt circle diameter inches

The maximum allowable shear stress for coupling bolts shall be determined
based on the yield strength of the bolt material and a minimum factor of
safety equal to that of the shafting being coupled, but not less than 2.00.
Accordingly, using the maximum shear theory, the maximum allowable shear
stress for steel (MIL-S-24093) coupling bolts on a typical surface ship is
25,000 1b/in?.

5.6.4 Propeller nut shaft threads undercut tensile stress. If a
hydraulic or conventional propeller nut is used for the installation of a
propeller, the tensile stress and factor of safety at the undercut of the
propeller nut shaft threads shall be calculated:

g . Fr_1.273xF, (Eq-33a)
- T - -33a
T A, DU2 - d? q
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than 1.5.
5.7 Design examples. Illustrative numerical solutions for the following
+r1n nyantilaiasan chafting gugtamea ave nyogoantnad in Annandiscng A and R
“wu PLU[JULDLU[I DllaLLLllB D]DLCIIID airLc HLLDCIILCU 4kl nyt}cxlu;uca oy alivs ir
(See Appendix A.)
(See

Submarine shafting system.
Surface ship controllable pitch propeller shafting system.

(b)
Appendix B.)
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6. NOTES

(This section contains information of a general or explanatory mnature that may
be helpful but is not mandatory)

6.1 Intended use. This standard is intended for use in designing safe,
workable propulsion shafting for naval ships, both surface and submarine.

6.2 Issue of DODISS. When this standard is used in acquisition, the

applicable issue of the DODISS must be cited in the solicitation (see 2.1.1
and 2.2)

6.3 Conventions of arithmetic in numerical examples. In the numerical

computations in the Appendices,

(a)

~
(=
N

—
(e}
~

(d)

~~
m
~r

6.4

the folliowing conventional rules are observed:

Five significant figures are carried within the computation,
with answers rounded as appropriate.

Quantities given by hyp
er

assumed to be exact,

regardless of the numb

Quantities taken from graphs are assumed to be correct to three
significant figures.

The ratio of circumference to diameter, pi, to five figures, is
3.1416; one-gquarter pi, also to five figures, is 0.78540; and
one-twelfth pi, 0.26180. (All three of these approximations

err on the large side.)

The variation of sea prgssure with depth is assumed toc be
linear at 0.44444 1b/in° per foot

Subject term (key word) listing.

clay

weld

cross-sectional
fatigue limit
surface ships
submarines
propeller

Preparing activity:
NAVY - SH
(Project GDRQ-NO73)
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20. APPLICABLE DOCUMENTS.
Appendix.

30. NUMERICAL EXAMPLE.

30.1 Example reguirement It is
given submarine shafting system (see Fi

military standard.

-

ATWTTATAN OYromMmras

presented in thls Appendlx
The information contained herein is

Thls Appendlx is

This section is not applicable to this

required to check the diameters of a
1gu1e O} dgdlllbL Lne Crlcerla OI Cnls

Shafting and propeller data are as follows:

30.1.1 Ship information.
General Information
Coupling bolt material
Depth
Drive
Key Material
Seal ring diameter
PC = P‘fuyula;vc coefficient
RPM = Propeller rotational speed
SHP = Shaft horsepower
t = Thrust deduction factor
v = Ship speed at full power
W. = Weight of propeller cap in air
W, = Welght of propeller in air
Propeller CG (from fwd face
of hub)
Propeller cap CG (from aft
face of hub)
Line shaft
Material
D, Outside diameter of flange
D,. = Diameter of thrust collar
FL = Fatigue limit
ID = Shaft inside diameter
oD = Shaft outside diameter
r, = Radius of flange fillet
r.. = Radius of thrust collar fillet
Yp = Yield point
Pse; = Density of shaft material

= MIL-S-24093
= 350 feet
Steam turbine

= MIL-S-24093
23.00 inches

n cco
= VvV.O0v

= 155 r/min

= 14,000 hp

= 0.15

= 17 knots
2,000 1bs
17,000 1bs

= 26.375 inches

= 12.00 inches

MIL-S-23284,
24 .00 inches
40.00 inches
47,500 1b/in?
.00 inches
.00 1nches

I I
—
e}

[
(@
<
@

|
o~

w
N ~
™o O
~ O

O =
=
Al
NGO

class

1



SECTION 243-1

wasAS Juiyeys suuewigng °g aandig

"S9UOUI Ul 8B (SI8QIUNU UOIIBS) SUOISUBWIC] :SIO0N

00'02L —p»

00°GEL —p]
00°LLL —pm 00°ELZ —gol
00°9L — R 00689 -—p
00122 —»] 00°LE£9 -—pm
— 00°€29 l||"_
4 ndiogtonttn v Il » afyiusindbiibd sl
Syulyuis o plm ) sy iy SEEE
I |
L ! N
Buueeg Buueeg Buues - m
[BLunor e 19 .mamzm i i
sy S 00°01/00'SH _ s m
3 =a1ao 3 !
_ | |
_ : ! [
: . i Juiod I
| 00 O| :oo_m_ % nw Bunjeys Buyeys - uoddng doig
- sur 8LI0qIalBM g Buuesg 3
3
yeus
- |- eygs Jajjedols
JSnIuL Heus J9| d

PC12306

35




MIL-STD-2189(SH)
SECTION 243-1

APPENDIX A

Material = MIL-S-23284, class 1
D, = Outside diameter at small end = 10.83 inches
~AF chafFtr nranallar t+tanor
v ollal o PLUVGLL\,L tapoL
D = Diameter of undercut at prop = 9.25 inches

[

nut shaft threads

d = Propeller shaft reduced bore = 5.00 inches
d, = QOuter diameter of propeller nut = 16.75 inches
d.,, = Outside diameter of shaft threads = 10.00 inches
E = Shaft modulus of elasticity = 29,500,000 1lb/in?
F, = Maximum force developed by = 350 long tons
ujyuLaulx_\, yLGPQll’c‘r nut
FL = Fatigue limit = 47,500 1b/in?
G = Shaft shear modulus = 11,750,000 1b/in?
ID = Shaft inside diameter = 10.00 inches
L, = Length of prepeller nut = 8.50 inches
L, = Length of shaft taper = 50.00 inches
L., = Length of propeller nut shaft = 10.00 inches
threads
oD = Shaft outside diameter = 15.00 inches
r, = Radius of keyway fillet = 0.375 inches
ur = Ultimate tensile strength = 95,000 1lb/in?
YP = Yield point = 75,000 lb/in?
ficw = Density of sand - 0.064 1b/in’
p;; = Density of shaft material = 0.284 1b/1n
Waterborne shaft sleeve
Material = Ni-Cr-Mo-Cb alloy 625
(forged)
D,, = Sleeve groove outside diameter = 15.75 inches
at hottom of groove
E., = Sleeve modulus of elasticity = 30,000,000 1lb/in?
G,, = Sleeve shear modulus ) = 11,500,000 1b/in?
OD,, = Outside diameter of sieeve = 16.375 inches
S..;, = Resultant alternating stress = 6,400 1bh/in?
at sleeve groove diameter
(maximum allowable)
ry = Radius of sieeve groove fillet = $.0625 inches
p., = Density of sleeve material = 0.305 1b/in’

30.1.2 Shaft alignment analysis results. A shaft alignment analysis was
performed for the submarine shafting system shown on Figure 6 for all
operating conditions. The values shown in Table VI represent the maximum
bending moments that exist at each station throughout the operating range.
Other information from the analysis, such as stress concentration factors, are

introduced into the computation as needed.

36
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Table VI. Submarine shafting system maximum gravity bending

30.1.3
30.1.3.1
(a)

moments.
s ~ . |
ax Gravity '
Station Location¥ bending moment Cond.?/
M, (in-1b) |
F==========;================================;===£===========i==========ﬁ

3.00 Thrust shaft forward flange 477 b
20.00 Thrust shaft journal bearing 10,042 b
76.00 Thrust collar fillet 302,146 c
117.00 Thrust shaft aft flange 360,720 d
135.00 Aft face of inboard coupling 358,284 e
221.00 Forward lock ring groove 137,313 c
273.00 Stern tube bearing 162,586 d
637.00 Prop bearing support point 1,116,000 a

¥ The shafting system stations were selected for illustrative
purposes only and do not represent all stations required for
stress and factor-of- safety analysis.

4 Ship condition at which maximum bending moment occurs See
5.4.2 for a complete listing of conditions that are required to
be analyzed.

a) In air, straight line

b) Waterborne, surfaced, machinery cold, aligned, no weardown

c) Waterborne, surfaced, machinery hot, aligned, sea slap, no
weardown

d) Waterborne, surfaced, machinery hot, aligned, 100%

collective weardown
e) Waterborne, 100% test depth, machinery hot, aligned, rise,
100% collective weardown

Station 3.00, thrust shaft forward flange.

Full power torque is obtained using (Eg-1):
63,025 x SHP _ 63,025 x 14,000

RPM 155

= 5,692,600 in-1b

[(O%)
~d
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Torque at 120 percent of full power is obtained using (Eq-2a):

=1,2xQ0=1.2x5,692,600 = 6,831,100 in-1b

w

fo)
b d
Steady shear stress is obtained using (Eq-3b):

_5.1xQ,x0D 5,1x6,831,100 x15.00

op* - ID* 15.00* - 10.0*

g

= 12,863 1b/in?

Steady compressive stress due to thrust.

This station is forward of the thrust cellar. Therefore, the
total thrust, T,, and steady compressive stress, S., are zero
(see 5.4.1.3.2)

Resultant steady stress

The resultant steady stress is obtained as shown in (Eq-9):

y21%/2 - [0 + (2 x 12,863)3]1/2

= 25,726 1b/in*

Alternating stresses.

Gravity bending moment.

The gravity bending moment, M,, is obtained from Table VI.
Because this design example is for a submarine, the total
moment, M,, is equal to the gravity moment (see Table II).

M, - M_ =477 in-1b

g

Bending stress.

The bending stress is obtained using (Eq-1lb):

10 2 vy M v NN anmn A o Aamm o ar AR
S = AV .& A Ep A Ve . 1V.2 X 4a/7 X 2.00
b ~ -
oD* - ID* 15.00* - 10.00*
= 1.80 1b/in?

The alternating torsional shear stress is obtained using
(Eq-12):

8,, =0.05 xS, =0.05 x 12,863 = 643.15 1b/in?
Note: The values determined by the detailed propulsion system
vibration analysis shall be substituted in the design
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Torque at 120 percent of full power is obtained using (Eq-2a):

A — 1 2 A1 2 -
gT—;.axg—4.‘.XS,692,600 =6,831,100 in-1b

Steady shear stress is obtained using (Eq-3b):

g . 5-1x@Qx0D _ 5.1x6,831,100 x 15.00
8 4 4
oDp* - ID 15.00¢ - 10.0°

< . 2
2

= 12,863 Ib/in

Steady compressive stress due to thrust.

This station is f ard of the thrust coliar Therefore, the
total thrust, T,, and steady compressive stress, S., are zero
(see 5.4.1.3.2).

Resultant steady stress.

The resultant steady stress is obtained as shown in (Eq-9):

8, =182+ (2x8)%1"% =10 + (2x

= 25,726 1lb/in?

Alternating stresses.

Gravity bending moment.

The gravity bending moment, M, is obtained from Ta
Recause this design pxamn]p e

it >
moment, M,, is equal to the gr 1ty ‘moment (see Table IT1).

- -~ oa o~ P 7L
M, - M_ - 10,U4< 1Nn-U1D

Bending stress.

7~ 1

The bending stress is obtained using (Eq-11b):

o . 10.2 xM xOD _ 10.2 x 10,042 x 15.00

g = -

b oD* - ID 15.00* - 10.0*
37.82 1b/in?

Alternating torsional shear stress.

The alternating torsional shear stress is obtained using
(Eq-12)
S,, - 0.05 xS, =-0.05x12,863 = 643.15 1b/1in?

Note: The values determined by the detailed propulsion system
vibration analysis shall be substituted in the design
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calculation if they are larger at the corresponding
shaft RPM than the approximation given by (Eq-12).

(d) Stress concentration factors.

The stress concentration factors, K, and K,, equal 1.00 at this
station.

(e) Resultant alternating stress.

The resultant alternating stress is obtained by combining the
alternating bending and torsional shear stresses as shown in
(Eq-13):
3,, = [(K,x8,)* + (2 xK, x8,)3%?
= [(1.00 x 37.82)% + (2 x1.00 x 643.15)?]'/2
= 1286.9 lb/in?

30.1.4.3 Factor of safety.

The factor of safety is obtained by using (Eq-14b):

1 1

FS = = =2.70 2 2.00
S, S, 25,726 , 1,286.9
+
YP FL 75,000 47,500

The factor of safety at station 20.00 is adequate (see Table
II1I).

30.1.5 Station 76.00, thrust collar fillet.

30.1.5.1 Steady stresses.

(a) Steady shear stress due to torque.

Full power torque is obtained using (Eq-1):

0 - 63,025 x SHP _ 63,025 x 14,000
RPM 155

5,692,600 in-1b

Torque at 120 percent of full power is obtained using (Eq-2a):
0,=-1.2x0-=-1.2x5,692,600 =6,831,100 in-1b

Steady shear stress is obtained using (Eq-3b):

5.1x0, Xx0D 5.1 x6,831,100 x 15.0

oD* - I1D* 15.0* - 10.0*

8
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= 12,863 1b/1in?

(b) Steady compressive stress due to thrust.

Effective horsepower and propulsive thrust are obtained by
using, (Eq-5):

EHP = SHP x PC = 14,000 x 0.65 = 9,100.0 hp

P o= 325.87 x EHP _ 325.87 x 9,100.0 - 205,220 1k

vx (1 -1¢t) 17 x (1 - 0.15)

Submergence thrust between the main shaft seal and thrust
collar is obtained using (Eq-6b):

T

82

0.44444 x A, x depth
- 0.44444 x (0.78540 x 23.0%) x 350
= 64,629 1b
Total thrust is obtained using (Eq-7b):
T,=T+ T, = 205,220 + 64,629 = 269,850 1b

Steady compressive stress is obtained using (Eq-8):

1.273 x T
_ r _ 1.273 X 269,850 _ , 440 5 1p/in?

¢ oD?* - ID? 15.0% - 10.02

(c) Resultant steady stress.

The resultant steady stress is obtained by combining the steady
shear and compressive stresses as shown in (Eg-9):

S,, - [82 + (2 xs8,)%1?
- [2,748.2% + (2 x 12,863)3]/2
- 25,872 1b/1in?

30.1.5.2 Alternating stresses.

(a) Gravity bending moment.

The gravity bending moment, M,, is obtained from Table VI.

Because this design example is for a submarine, the total

moment, M,, is equal to the gravity moment (see Table II).
M, =M = 302,146 in-1b

(b) Bending stress.
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The bending stress is obtained using (Eq-11b)
g - 10.2xHM, xOD  10.2 x 302,146 x15.0
b oD* - ID* 15.0* - 10.0*

-~
(¢
~—

8,,=0.05xS5,=0.05x12,863 = 643.15 1b/1in?

Note: The values determined by the detailed propulsion system
vibration analysis shall be substituted in the design

v1iDI4dL1001 dildlVS1ls SLaPS L LiiLced

calculation if they are larger at the corresponding shaft RPM
than the approximation given by (Eq-12).

(d) Stress concentration factors.

The stress concentration factors, K, and K., are obtained by

1oty 3 N

ubL115 L‘L&LALCD L dllU .)

Lo _ 3.00 = 0.20

oD 15.00

D.. 40.00

= —=2.87
oD 15.00
K, = 1.48
K, 1.48
K, = 1.25

(e) Resultant alternating stress.

The resultant alternating stress is obtained by comblnlng the
alternating bending and torsional shear stresses as shown in
(Eq-13):

;- (K, x8)%+ (2 xK, x8,,)°%?
- [(1.48 x1,137.9)% + (2 x1.25 x 643.15)3]*

= [1,684.1% + (2 x 803.94)311/2 = 2,328.4 1b/in?

30.1.5.3 Factor of safety.

The factor of safety is obtained by using (Eq-14b):

FS - 1 = 1 - 2.54 >2.00

S 25,872 . 2,328.4
YP FL 75,000 47,500
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Steady stresses.

30.1.6.1

Full power torque is obtained using (Eq-1):

=5,692,600 in-1b

S

s

ercent of full power is obtained using (Eq-2a):

D
5

120

Qr-1.2x0=1.2x5,692,600 = 6,831,100 in-

1b

is obtained using (Eg-3b):

Steady shear stress

= 12,863 1b/in?

(Eq-5):

Effective horsepower and propulsive thrust are obtained using

EHP = SHP x PC = 14,000 x 0.65 = 9,100.0 hp

= 205,220 1b

17 x (1 - 0.15)

E
- t)

5.
Vx (1

main shaft seal and thrust

T,, - 0.44444 x A, x depth

= 64,629 1b

T,.-T+ T, - 205,220 + 64,629 = 269,850 1b
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oD® - ID*  15.0% - 10.0°

The resultant steady stress is obtained by combining the steady
shear and compressive stresses as shown in (Eq-9):
S

8 _=182+ (2 x8.)%1%/3
B. [+ -4
- [2,748.2% + (2 x 12,863)%]11/3
= 25,872 1b/1n?

Alternating stresses.

ing moment.

Gravity bend

AAAAAAA L: o
chdube tnis

g
desi gn example 1s
moment, M,, is

a
equal to the gravity moment (see Tabl

» = M, = 360,720 in-1b

Bending stress.

The bending stress is obtained using (Eq-11b):

. _ 10.2xM, xOD 10,2 x 360,720 x15.0
®» " T opt ~ 1pe B

§ P onal shear strescs is ohtaine '
The alternating torsional shear stress is obtained using
(Eq-12)

S,, ~0.05x8,=0.05x12,863 = 643.15 1b/1in?
Note: The values determined by the detailed propulsion system
vibration analysis shall be substituted in the de51gn

calculation if they are larger at the correspondlng shaft RPM
1 + n

g
~
to

he stress concentrat actors, K, and K, y
using figures 2 and 3.

r s nn

2 o 3:00 4 2

oD 15.00

D

Y _ 24.00 _ 1.60

(o) 15.00
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K, = 1.44

K, =1.23

a4

(e) Resultant alternating stress.

The resultant alternating stress is obtained by combining the
alternating bending and torsional shear stresses as shown in
(Eq-13):

g =II(k x8)%2 + (2 xK x8 )211/2

~ar L \*tp ¢ b7 N t ~ag’ 4

= [(1.44 x1,358.5)% + (2 x1.23 x 643.15)2%]1/2

30.1.6.3 Factor of safety.

FS = — _ = . . =2.51 > 2.00
s, 8

¥,

[
N
~3 [N
(&, K4,
-
QN

7
n
v

Qi

L.}
|

The factor of safety at station 117.00 is adequate (see Table
I11).

30.1.7 Station 135.00, aft face of inboard coupling.

30.1.7.1 Steady stresses.

(a) Steady shear stress due to torque.

Full power torque is obtained using (Eq-1):

. _ 63,025 x SHP _ 63,025 x 14,000
¥ RPM 155

Torque at 120 percent of full power is obtained using (Eq-2a):

5,692,

Steady shear stress is obtained using (Eq-3b):

5.1 xQ,xOD 5.1 x

6
op* - ID* 15.

8

I
N
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(b) Steady compressive stress due to thrust.

Effective horsepower and propulsive thrust are obtained using
(Eq-5):
EHP = SHP x PC = 14,000 x 0.65 = 9,100.0 hp
P - 325.87 x EHP _ 325.87 x9,100.0 - 205,220 1b
Vx (1-t) 17 x (1 - 0.15) !
Submergence thrust between the main shaft seal and thrust
collar is obtained using {(Eg-6b):

T

82

= 0.44444 x A_, x depth

= 0.44444 x (0.78540 x 23.0%) x 350

= 64,629 1b

Total thrust is obtained usin
T. =T+ T, =205,220 + 64,629 = 269,850 1b

Steady compressive stress is obtained using (Eg-8):

g, - 123X Tr _ 1.273 Xx269,850 _ , s40 5 1p/1n

¢ OoD? - ID? 15.0% - 10.02

(c) Resultant steady stress.

ning the steady

O
~—

= [2,748.2% + (2 x 12,863)2]1/3
= 25,872 1b/in?

30.1.7.2 Alternating stresses.

(a) Gravity bending moment
The gravity bending moment, M;, is obtained from Table VI.
Because this design example is for a submarine, the total
moment, M;, is equal to the gravity moment (see Table 11).
M, = M_= 358,284 in-1b
(b) Bending stress

The bending stress is obtained using (Eq-11b):

10.2xM, xOD _ 10.2 x 358,284 x 15.0

4
oD* - ID* 15,04 - 10,04

b

~
~dJ

| CIN I SELIDNSSE BUMI M 1@ SLEHHISTCTIM ™S MHIFTIIEIII . 1Y



(c)
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Alternating torsional shear stress.

The alternating torsional shear stress is obtained using

(Eq-12):

S, = 9.

ns
£, as

Note:

caleulation
cCailuiacilll

x g

8

- 0.05 x 12,863 =

0. x 12, 643.15 1b/1in?

The values determined by the detailed propulsion system
vibration analysis shall be substituted in the design
if thev

b/
than the approximation given by (Eg-12).

are larger at the

Stress concentration factors.

The stress concentration factor in torsion, X,,

using Figure 1.
- 1 Fa¥a) 7 [y 7 N n R ERY
1s 1.0UU (see >.4.2.Z2.1).

.
Kb)
in

30.1.11

Resultant alternating str

1y

™ a1 g o | .
Depth ol Keyway, 1,

€SS.

The resultant alternating stress is obtained by combining the
alternating bending and torsional shear stresses as shown in

(Eq-13) .

g oy
OL

~J

TV e o
TdCLOL

(O8]
o
fu—
W

PR ag
Sdl

_a

LY.

[(K, xS)? + (2 xK, xS,,)2/?

. In - a4 -~ —— ~a~m ar\211/2
T (4 X 1.0U X O453.10) ]

The factor of safety is obtained by using (Eq-14b):

FS -

[y

= + =2.52 22.00

P

b

The factor of safety at station 135.00 is adequate (see Table

III).

[ AP R JE U R 7Y VY O DIy

s o VN

T,

25,872 2,41
75,000 47,500

48
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is determined

The stress concentration factor in bending,
is provided
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W
]
;..-\
©
"
ct

The resultant alternating stress in the seal sleeve lock ring
groove must meet the criteria outlined in 5.6.1.

30.1.8.1 Alternating stresses.

Gravity bending moment.

—
'V
~r

The gravity bending moment, M,, is obtained from Table VI.
Because this design example is for a submarine, the total

______ jvi 2 - - . -1 a vl U vy P f i~ T 1T TTN
momernc, rfir 1S egual L0 tLne grdaviity momenc (see ldblie 11).

M, - M =137,313 in-1b

(b) Bending stress.

The bending stress at the forward lock ring of the sleeve is
obtained using (Eq-25a), (Eq-25b), and (Eq-24).

; . ®x(D,' -0oDY)  3.1416 x (15.75° - 15.00%)
gx 64 64
~ 535.54 in*
r - ®x (op* - IDY) _ 3.1416 x (15.0° - 10.0%)
64 64

1,994.2 int

M xE, xD,

%s ~ 2x [(E,; xI,) + (ExI)]

35.54) + (29,500,000 x1,954.2j)]

Altarna
o LCT NG

-~
0
~

The alternating torsional shear stress at the forward lock ring
groove of the sleeve is obtained by using (Eq-27a), (Eq-27b),
and (Eq-26).

Jy -2xI, =2x535.54 =1,071.1 in*

J=2xT=22x1,994.2 = 3,988.4 in'

0.05xQ. xG,, xD
B o 2xilg,;,xJd,) +{6xd]

0.05 x 6,831,100 x 11,500,000 x 15.75 )
2 x [(11,500,000 x1,071.1) + (11,750,000 x 3,988.4)]

£~
0




(d)

(e)

30.1.9
30.1.9.1
(a)
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= 522.67 1b/in?

Stress concentration factors.

The stress concentration factors, K, and K,, are obtained by
using Figures 49 and 55 from Peterson.

r, 0.0625

- - 0.0038
oD,, 16.375
Dor . 15.75 _§ 9618
oD,, 16.375
K, - 4.7
K, = 2.9

Resultant alternating stress.

The resultant alternating stress at the forward lock ring
groove of the sleeve is obtained by using (Eq-28):
s )21

arg

It

((Ky, X S, )% + (2 X K, X Sy

[(4.7 x433.14)% + (2 x 2.9 x 522.67)%]1%/?
= 3,651.6 1b/1in® < 6,400 1b/in?
The resultant alternating stress at the forward lock ring

groove diameter is well within the maximum allowed (see
5.6.1.).

Station 273.00, stern tube bearing.

Steady stresses.

Steady shear stress due to torque.

Full power torque is obtained using (Eq-1):

63,025 x SHP _ 63,025 x 14,000

0= RPM 155

= 5,692,600 in-1b

Torque at 120 percent of full power is obtained using (Eq-2a):

Or=1.2x0=1.2x5,692,600 = 6,831,100 in-1b
Steady shear stress is obtained using (Eq-3b):

g . 5:1x0,x0D _ 5.1x6,831,100 x 15.00
i opn* - ID* 15.00* - 10.0*

50
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(a)

(b)
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2 < B

NLL o a2 e - ~tevn it arva ~AhbFEadenAd 1ot
Lrirecurive llULbUpUWUL dlld propulilslive LIdluSt alc vvtallicu udSililly
(Eq-5)

EHP = SHP x PC = 14,000 x 0.65 = 9,100.0 hp

= 325.87 x EHP _ 325.87 x9,100.0 Az ma~ 1L

Ir = = = 4UD,440U 1D

Vx (1 - ¢t) 17 x (1 - 0.15)

[P S +hsveiicnts ~F+ ~AF +thhn main ahaftr cnal i Ahtainad n1ginga
QUDMETEETICE LriiusSt dic Or u€ ifidiit Sfdli S€adir 15 Uultdlintlu usiug
(Eq-6a)

= 0.44444 x A,, x depth
= 0.44444 x (0.78540 x 15.0%) x 350
= 27,489 1b
Total thrust is obtained using (Eqg-7a):
T,= T+ T, = 205,220 + 27,489 = 232,710 Ib
Steady compressive stress is obtained using (Eq-8):
1.273 x T, 1.273 x 232,710

Sc: = =

~ " . =2,369.9 1b/in?
op? - I1D? i5.0% - 10.0°

Resultant steady stress.

Tha vonailtaont atnaodv etvrnce i nhtainad ae chawun in (FAa_-Q)
Tilc LCOoOulLuvallo oLTCcau 2LULLTCOOo P vViLealiilcu ao QDLiVUWwWLL AL \l.d\.l <]
- 2 271/2
S, =[82+ (2x8)°%
~ 2. 269.92 4+ (2 ¥ 12 Ag2)311/2
[2,369. 9 (2 x12,863)°]
25,835 1b/in
Ttovnatino etvyoceconc
Alternating stresses
Gravity bending moment
The gravity bending moment, Mg, is obtained from Table VI,
Because this design example is for a submarine, the total

moment, M;, is equal to the gravity moment (see Table II1).




(c)

(d)

(e)

~
h
N

30.1.9.3
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10 X x O AN A 2 129 EQL == 1E AN
S - - an &*p o Y = dV .4 A 104,000 4A 10.VV
b oDp* - ID* 158 nnd — 10 n4
[0/ 2] iAJ5.VUvU ERO R

= 612.32 1b/in?

Stress concentration factors.

The stress concentration factors, K, and K., equal 1.00 at this
station.
Maximum bending stress.
The maximum bending stress, K, x S,, at this station must be
compared to the maximum allowable (see 4.20).

K, xS, =1.00 x612.32

= 612.32 1b/1in?® < 6,000 1b/in® maximum allowable

Alternating torsional shear stress.

The alternating torsional shear stress is obtained using
(Eq-12):

S, = 0.05x8,=0.05x12,863 = 643.15 1b/in?

2

ote: The values determined by the detailed propulsion system
f-Lon analveig chall "\Q cn"\cf—'! fnf‘arl in the degion

1"\1"’2

ibrat analysis shall ubstituted in the design

al ulation if they are 1arger at the corresponding shaft RPM
than the approximation given by (Eq-12).

O<.‘

Resul tant al rp‘r'nat'1no stress

The resultant alternating stress is obtained by combining the
alternating bending and torsional shear stresses as shown in
(Eq-13):
Ak

S

ar

[(K, xS)* + (2 xK, x8,,)?%"?
= [(1.00 x612.32)? + (2 x1.00 x 643.15)2]/2
1,424.6 1b/in?

Factor of safety.

The factor of safety is obtained by using (Eq-14b):

mer 1 1 2.67 > 2.25
I - = = &.07 2 VA
or S, 25,835 |, 1,424.6
YP FL 75,000 47,500
Tl Fomtnrr ~F cafFtyy ot oottt 277 NNO5 o adAa~ii A -~ {f can TSLT A
Ine tactor oif satety at station 2/5.00 is adequate (see Table
IIT)
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30.1.10

30.1.10.1
(a)
(b)
(c)
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Station 637.00, propeller bearing support peoint
Steady stresses.
Steady shear stress due to torque.
Full power torque is obtained using (Eq-1):

63,025 x SHP
RPM

63,025 x 14,000
155

=5,692,600 in-1b

Q =

P N ~AvanT

Q,-1.2x0=1.2x5,692,600 =6,831,100 in-1b

Steady shear stress is obtained using (Eq-3b):

5.1 x9Q,.x 0D
op* - I1D*

5.1 x6,831,100 x 15.0
15.0* - 10.0*

‘377_
8

= 12,863 1b/1in?

Steady compressive stress due to thrust.

Effective horsepower and propulsive thrust are obtained using
(Eq-5):

EHP = SHP x PC = 14,000 x 0.65 = 9,100.0 hp

x EHP
-6

325

8
{

T = 205,220 1b

7
14 i
Submergence thrust aft of the main shaft seal is obtained using
(Eq-6a):

T

=21
21

- 0.44444 x A_, x depth
- 0.44444 x (0.78540 x 15.0%) x 350
= 27,489 1b

m_. 1 a1l LA 2 N IPEE . | R S, Ve nlps iy B N
iotal thnrust 1s obtalined using (Lq-/4a).

T.=T+ 7T, =205,220 + 27,489 = 232,710 1b
Steady compressive stress is obtained using (Eq-8):
1.273 x T
s, - r _ 1.273 x232,710  _ , 349 9 1p/in?
op? - 1p? 15.0% - 10.0°

Resultant steady stress.

The resultant steady stress is obtained by combining the steady
shear and compressive stresses as shown in (Eq-9):

wn
(O8]
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s, - [82+ (2 x8,)%*3
= [2,369.97 + (2 x 12,863)3]1/2
= 25,835 1b/in?

3.1.10.2 Alternating stresses.

(a) Gravity bending moment.

The gravity bending moment, M,, at the aftermost bearing
support point, due to the overhanging weight of the propeller
and shafting in air, is calculated in the following tabulated
procedure (see Figure 7). This moment calculation is intended
to verify the moment obtained by the alignment analysis (see
Table VI) and will be used for the stress analysis at this
station.

(1) Sleeve (aft of support point):

Weight:
W, =P, X % x (oD,;* - oD?) x L,

0.305 x 0.7854 x (16.375% - 15.00%) x 22.75

il

235.1 1bs

Moment arm:

L
x, =21 - 22.75 _ 13,375 inches

2 2

(2) Shaft straight section (aft of support point):

Weight:

W

T
str patl x T x (ODz - dz) x Lstr

=0.284 x0.7854 x (15.00° - 5.00%) x 23.00
=1,026 lbs
Moment arm:

x - Dser _ 23.00

str > > = 11.50 inches

54
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(3) Shaft bore (sand)
To account for the compacting plug, locking plug, and
bore plug; it will be assumed that sand is in the
bore to the end of the shaft.
Weight:
_ n 32 P - -
Wic = Pyc X 4 xd® x (Ly, * Lo * Lep)
- 0.064 x 0.7854 x5.00% x (23.00 + 50.00 + 10.00)
= 104.30 1lbs
Moment arm:
L + L, +L
X, - ser L2 tn . 83.00 _ 44 .50 inches
2 2

(4) Shaft propeller taper:

Weight:

The weight of the shaft propeller taper, W, is obtained
by first determining the volume of the shaft taper, V,,

and then subtracting from it the volume of the shaft bore,

174
Vip-

V. = o> x [0D* + (0D x D)) + Dl x L,

+
1<

-~ 0.2618 x [15.00° + (15.00 x 10.83) + 10.83?] x 50.00

-3

v J
I 111

I

6,60

th=%xd’th

= 0.7854 x 5.00% x 50.00

Moment arm:

The moment arm of the shaft propeller taper, X., is
obtained by first determining the center of gravity of the

w
[enY




(5)

APPENDIX A

taper, Y., and the shaft bore, Y., and then combining the

two.

L, x [oD? + (2 x0oDxD,) + (3 xD?)]

Y =
‘ 4 x [OD* + (OD x D,) + D]
_ 50.00 x [15.0% + (2 x15.0 x 10,83) + (3 x 10,83%)]
4 x [15.00% + (15.00 x 10.83) + 10.833]
= 22.332 inches
L
v, = -t = 30:00 _ 55 05 inches
i 2 2
X = (Ve xy) - (Vy X y) + L
t
VC_th str
(6,607 x 22.332) - (981.75 x 25.008) 23.0
= + 23,
6,607 - 981.75 0
= 44.87 inches
Shaft threads:
Weight:
- p w X o (a3 2 _ 32\ o r
"“th “gt1 ™ Y a \Hen ) oA ey
=0.284 x 0.7854 x (10.00° - 5.002%) x 10.00
=167.29 lbs
Moment arm:
L 10.
Xy = 2+ L, + I, = 2220 4 50.00 + 23.00

= 78.00 inches

Propeller nut
Weight:
__ n PR, 2
Wn - patlex (dn dtb) XLn

= 0.284 x0.7854 x (16.75% - 10%) x 8.5

= 342.34 lbs
Aman -~ v
ALUMICTRL L QL 11l
L
X =(-2) + 1. + 11
n 2 . t str
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+ 50.00 + 23.00

8.5
2

77.25 inches

[

Table VII is a tabulation of the calculated overhung bending
moment, M,.

Since this design example is for a submarine, the total moment,
M., is equal to the overhung bending moment, M, (see Table I1).

Table VII. Tabulation of overhung bending moment, M,

at station 637.00.

Weight Moment Arm
Shaft Component W;; X,
(pound) (inch)
Sleeve We, = 235.10 X,;, = 11.375 2,674
Straight Section Wer = 1,026.00 X,ep = 11.50 11,799
Bore Wi = 104.30 Xie = 41.50 4,328
Propeller taper W, = 1,597.60 X, = 44.87 71,684
Threads Wen = 167.29 X., = 78.00 13,049
Propeller W, = 17,000.00 X, = 48.00 816,000
Nut W, = 342 .34 X, = 77.25 26,446
Cap W. = 2,000.00 X. = 85.00 170,000
Total overhung bending moment, M, = 1,115,980
(b) Bending stress.
The bending stress is obtained using (Eq-11b):
_10.2xM, x0OD  10.2 x1,115,980 X 15.0
b op* - 1D* 15.0% - 10.0*
= 4,203 1b/in?
(¢) Stress concentration factors:

The stress concentration factors, K, and K,, equal 1.00 at this
station.
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(d) Maximum bending stress:

The maximum bending stress, K, x S,, at this station must be
compared to the maximum allowable (see 4.20).

F w9 =1.00 x4.203
Xp X &) ;00U X £,;,202

I

4,203 1b/1inm® < 6,000 1b/in*® maximum allowable

(e) Alternating torsional shear stress.

The alternating torsional shear stress is obtained using (Eq-

19N\ .
12):

8,, ~0.05 x5, =0.05x12,863 = 643.15 1b/in?

asg

NAa+tas-+r Tha als A 3
Note: The values determined by the

[&N
+

P—J

(]
L

1Lk J \,\,al ~a p >
vibration analysis shall be substituted in the design
calculation if they are larger at the corresponding shaft RPM

than the approximation given by (Eq-12).

(f) Resultant alternating stress.

-

The resultant alternating stress is obtained by combini ﬁg the
alternating bending and torsional shear stresses as shown in
(Eq-13)

P " - —n i I — o~ 2 /2

5, = {(K,xS8,)*+{(2xK,x3,,)°1"

= [(1.00 x 4,203)% + (2 x1.00 x 643.15)3%]1/2
= 4,394.5 1b/1in?

30.1.10.3 Factor of safety.

he facto f safety is obtained by using {(Eg-14b)
1 1
FS - = =2.29 22.25
Ser , Sar 25,835 . 4,394.5
YP FIL 75,000 47,5060

The factor of safety at station 637.00 is adequate (see Table
I1I).

30.1.11 Shafting components.

30.1.11.1 Key design, propeller taper.

MIL-S-24093

Key material

H = Depth of keyway at midlength = 1.200 inches
of B,

L, = Length of shaft taper = 50.00 inches

N, = Number of keys =2
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Qutside diameter

start of shaft propeller taper)
Total torque
Allowable compressive stress

of kev
Allowable shearing stress of key
Radius of keyway fillet
Width of key
Shaft taper

Silal o

o 1 L -
Key cnamrer

r, +1/32 = 0.375 + 0.0313

—~
]
£

e roa LIII'I
oD - [t x -2
P IZJ
23.
15.00 - [1.00 x 12
Diameter at midpoint of contact depth
at midlength of B,
D, - b, =12.517 - 0.7937
a) Minimum allowable key width.

15.00 inches
6,831,100 in-1b
24,000 ib/in2

10,000 1b/in
0.375 inches
1 X
1

= 0.4063 inches

= 40.40 inches

= 0.7937 inches

= 29.80 inches

= 12.517 inches

= 11.723 inches

W(min) = ks
N xB xD xS _.
1 e m 8k
_ 2 x 6,831,100
2 x40.40 x12.517 x 10,000

= 1.351 inches < 1.50 inches
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The key is of sufficient width.

~
o
~—

The minimum allowable contact depth is obtained using (Eq-31):

2xQ,
lengDkag,g

b, (min)

2x6,
2 x40.40 x 1

831,100
1.723 x 24,000

= 0.6010 inches < 0.7937 inches

The key has sufficient contact depth.

Accordingly, two keys of 1.500 inch width and 2.4 (2 x H)
inches height are acceptable

.11.2 Key design, inboard coupling taper.

Key materi MIL-5-24093
= Depth of keyway at midlength = 1.400 inches
of B.
= Length of shaft taper = 12.00 inches
= Number of keys =4
= QOutside diameter of shaft (at = 15.00 inches
start of shaft coupling taper)
= Total torque = 6,831,100 in-1b
= Allowable compressive stress = 24,000 1b/in’
of key
= Allowable shearing stress of key = 10,000 1b/in’
= Radius of keyway fillet = 0.375 inches
= Width of key = 2.00 inches
= Shaft taper at coupling = 0.125 in/ft
= Key chamfer
=r, +1/32 =0.375 + 0.0313 = 0.4063 inches
= Effective length of key (Eg-29b)
o J Ao § 7
=L, - 0.250 =12.00 - 0.25 = 11.75 inches
= Contact depth of keyway
=H~-C, =1.400 - 0.4063 = 0.9937 inches
= Distance from start of shaft taper to
midlength of B,
B, 11.75
~Lt*?:12.00——é—— =6.125 inches
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Diameter of shaft taper at midlength
of B,
L
op - [t_x 2]
14
15.00 - [0.125 x 8:125, = 14.936 inches

Diameter at midpoint of contact depth
at midlength of B,

D -b =14.936 - 0.9937 = 13.942 inches

The minimum allowable key width is obtained using (Eq-30)
2xQ
W(min) = T
N xB,xD,x 8,

2 x6,831,100
4 x11.75 x14.936 x 10,000

= 1.95 inches < 2.00 inches

The key is of sufficient width.

(b) Minimum allowable contact depth.

[

il

The minimum allowable contact depth is obtained using (Eq-3
2 x
b (min) = Or
P N, xB,xD. xS
1 X 5, k ck

Accordingly, 4 keys of 2.00 inch width and 2.8 (2 x H) inch
height are acceptable.
30.1.11.3 Bolt design, inboard coupling.
Coupling bolt material = MIL-S-24093
Diameter of coupling bolt = 1.875 inches
Bolt circle diameter = 20.85 inches
Number of bolts =12
Total torque = 6,831,100 in-1b
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= Bolt cross-sectional area at

pnrf{no surface

allilly suliiadlcdc

= - x D2 =0.7854 x 1.875% =2.7612 in?

= Shear stress of shaft coupling bolts
(maximum allowable)

(_I;I_’) ( 100;000) .
= — = = = 25,000 1b/1in*
Fs 2.00

o N A s ~ 1 Y aly 1. 1 b I
o2Nedr Stress O shalIt coupllng DOILITS.

~~
[+¥]
N~

The shear stress of shaft coupling bolts is obtained using (Eq-

32):
-~ 2x Q.
Sbt = e
N, xA, xD,_
) 2x6,831,100 _ 2
= = 19,776 1b/in
12 x 2.7612 x 20.85

19,776 < 25,000; therefore bolt size is sufficient.

.11.4 Shaft thread undercut.

= Diameter of undercut at propeller = 9.25 inches
nut shaft thread
= Propeller shaft reduced bore = 5.00 inches

= Ultimate tensile strength of 95,000 1b/in?

.

shaft material
Maximum force developed by hydraulic

propeller nut
350 long tons x 2,240

il
=

784,000 1bs

(a) Tensile stress at shaft threads undercut

The tensile stress at the propeller nut shaft threads undercut
is obtained by using (Eg-33a):

.273 x F,
s, - 1.27 r _ 1.273 x 784,000 16,479 1b/1im

D32 - g2 9.25% - 5,00?

(b) Factor of safety at shaft threads undercut.

The factor of safety at the propeller nut shaft threads
undercut is obtained by using (Eq-33b):
Fs, - 2 - 23,000 _ g 4

5.76 2 1.50; therefore the factor of safety is acceptable.
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30.1.12 Summary of design results.

A summary of shaft stresses and factors of safety for all design
points considered is tabulated in Table VIII.
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SAMPLE CALCULATIONS,

SURFACE SHIP

CONTROLLABLE PITCH PROPELLER SHAFTING SYSTEM
10 SCOPE
10.1 Scope. Sample calculations for checking the adequacy of the

diameters of

This

ﬂypOLﬂeElLa twin propeller Oestroyer are presenLeo in this Appenulx
Appendix is not a mandatory part of the standard. The information contained
herein is intended for guidance only.

anN ATDDT THAADT T MAATIMATRTIO ml_ - . o 2 2 a I 12 1.1 e a1 s

A VAN Arri.ioApLl DULVUMENILD inis section 1s not applilicapie TO tnis
Appendix.

rr
30. NUMERICAL EXAMPLE.
30.1 Example reguirement. It is required to check the diameters of

a given controllable pitch propeller shafting system (see Figure 8) against

the criteria of this military standard.

30.1.1 Ship information.
follows:
General Information.0
Coupling bolt material
Drive
PC = Propulsive coefficient
RPM = Propeller rotational speed
SHP = Shaft horsepower
t = Thrust deduction factor
v = ShLy speed at full power
W, = Weight of propeller in air
L, = Distance from aft face of
propeller shaft flange to
CG of propeller
Line shaft
Material
D, = Outside diameter of flange
FL = Fatigue limit
ID = Shaft inside diameter
OD = Shaft outside diameter
r, = Radius of flange fillet
YP = Yield point
pse; = Density of shaft material

N
(¢

Shafting and propeller data are as

MIL-S-24093
Gas turbine

n £
v.O2o

204 r/min
19,500 hp
O 050

—~~ o

21.5 knots

28,500 1bs
17.70 inches

= MIL-S-23284, class
= 22 .4 inches

= 47,500 1b/in?

= 9. 25 inches

= 14 .00 inches

= 2.80 inches

75,000 1b/in?

—

shafting in a controllable pitch propeller shaftlng system for a
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Material = MIL-S-23284, class 3

D, = Outside diameter of flange = jU.UU inches

D, = Outside diameter of propeller = 45,00 inches
shaft aft flange

E = Shaft modulus of elasticity = 29,500,000 1b/in?

E, = Shaft base material modulus of = 29,500,000 1b/in?
elasticity

E, = Clad weld inlay material = 25,000,000 1b/in?
modulus of elasticity

FL = Fatigue limit = 34,000 1lb/in?

FL,= Fatigue limit of base material = 34,000 1b/in?

FL,= Fatigue limit of clad weld = 25,000 1lb/in?
inlay

G, = Shaft base material shear = 11,750,000 1b/in?
modulus

G, = Clad weld inlay material shear = 9,600,000 1b/in?
modulus

ID = Shaft inside diameter = 12.50 inches

L, = Length of propeller shaft aft = 5.625 inches

) flange

L;; = Length of sleeve aft of design = 20.75 inches
point at aftermost bearing

L,,= Straight shaft length aft of = 27.075 inches
design point at aftermost bearing

OD = Shaft outside diameter = 18.75 inches

OD, = Outside diameter of shaft base = 18.25 inches
material

OD; = Outside diameter of weld inlay = 18.75

OD,= Outside diameter of sleeve = 20.375 inches

r, = Radius of flange fillet = 3.75 inches

r,, = Radius of propeller shaft aft = 7.50 inches
flange fillet

UT = Ultimate tensile strength = 75,000 1b/in?

YP = Yield point = 45,000 1b/in?

YP,= Yield point of shaft base = 45,000 1b/in’
material

YP, = Yield point of clad weld inlay = 60,000 1b/in?

P,ew= Density of waterborne shaft = 0.046 1b/in’
bore internal components

p,, = Density of sleeve material = 0.323 1b/in?

Do = Den51rv of shaft material = 0.284 1b/inl
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B

f‘],,fL s~ A 1 . A
onNdit dllgnment analysls Yesults.

A shaft allgnment analy51s

was performed for the controllable pitch propeller shaftlng system shown in

Figure 8 for all operating conditions.

the maximum bendlng moments that exist at each station throughout the

ANovyat+T A

operating range.

+h A
ULllt:L

concentration factors,

LHLOLllldL.LUII

W
Ind
]
-
o]
ct
=
o]
o
c
0
®
o}
[N
jo]
ct

’15,

SUCI’I as stress

The values shown in Table IX represent

Table IX. Surface ship controllable pitch propeller system
gravity bending moments.
Max Gravity
Station Location? bending Cond.:
moment, M,
(in-1b)
{in-1b)
152.80 No. 1 line shaft forward flange 34,857 c
385.00 Line shaft bearing No. 2 287,919 b
411.25 No. 2 line shaft aft flange 81,011 d
735.00 Aft stern tube bearing 674,364 a
780.75 Intermediate shaft forward 244 352 a
flange
1201.00 Prop bearing support point 1,528,900 a
1228.08 Propeller shaft aft flange 671,450 a
fillet

+* The shafting system stations were selected for illustrative
purposes only and do not represent all stations required for
stress and factor-of-safety analysis.

2 Ship condition at which maximum bending moment occurs. See 5.4.2
for a complete listing of conditions that are required to be
analyzed.

a) In air, straight line

b) Waterborne, machinery hot, aligned, no weardown

c) Waterborne, machinery cold, aligned, 100% collective weardown

d) Uaterborne, machinery hot, aligned, 100% collective weardown
30.1.3 Station 152.80, No. 1 line shaft forward flange.
30.1.3.1 Steady stresses.

(a) Steady shear stress due to torque.

Full power torque is obtained using (Eq-1):
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P o i .

- 6,024,400 in-ib

Torque at 120 percent of full power is obtained using (Eq-2a):

~ -~ o o~ - - o o
O,-1.2x0-=-1. ,024,400 = 7,229,300 in-1b

3}

x

N

Steady shear stress is obtained using (Eq-3b):

5.1xQ,x0D 5,1 x7,229,300 x 14.00

g

opt - ID* 14.00% - 9,25¢
16,600 Ib/in?

(b) Steady compressive stress due to thrust.

1

Effective horsepower is obtained using (Eq-4b):
EHP = SHP x PC = 19,500 x 0.63 = 12,285 hp
Total thrust is obtained using (Eq-4a):

m _ 325.87 x EHP _ 325.87 x 12,285 106
T Vvx (1 - ¢t) 21.5 x (1 - 0.05) U

000 IE

Steady compressive stress is obtained using (Eq-8):

1.273 x T
g, - 2% °r _ 1.273 x196,000 _, 559.3 1b/1in?
- opD?* - ID? 14.00% - 9.25°2
(c) Resultant steady stress.
The resultant steady stress is obtained as shown in (E

s, - [83 + (2 x8,)%*?
[2,259.3% + (2 x 16,600)2]%/2

- 33,280 1b/in?

(a) Gravity bending moment.
The gravity bending moment, M , is obtained from Table IX.
Because this station is on line shafting, the total moment, M,
is equal to the gravity moment (see Table II).

M_ - Mg = 34,857 in-1b

T

(b) Bending stress.

The bending stress is obtained using (Eq-11lb):
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(c)

(d)

-~
@
~—r

1.3

APPENDIX B
N PPN o~ 2 e - P
s 10.2 xM, x0OP  1p.2 x 34,857 x 14.00
L = -
opt - 1p* 14.00* - 5.25¢

= 160.08 1b/1in?

Alternating torsional shear stress

The alternating torsional shear stress is obtained using (Eq-
19N\ .
1Z2):

8,, =0.05x8,=0.05x16,600 =830.0 1b/in?

NaAat+a

Note: The values determined by the detailed propulsion system
vibration analysis shall be substituted in the design
calculation if they are larg r at the corresponding shaft RPM
than the approximation given by (Eg-12)

Stress concentration factors.
The stress concentration factors are obtained by using Figures
2 and 3.
Ir
£ . 2.80 4 59
oD 14.00
D, 22.40 . .
- = =1.60
oD 14.00
7 — 1 AA
l\-b - s h & ]
K, = 1.23
Resultant alternating stress.

The resultant alternating stress is obtained by combining the

alternating bending and torsional shear stresses as shown in
(Eq-13):

S, - [(K, x8,)* + (2 xK, x 8,,)%1/?

. 2 -
- [(1.44 x160.08)% + (2 x 1.23 x 830.0)2]/2

= 2,054.8 1b/1n?

.3 Factor of safety.

The factor of safety is obtained by using (Eq-14b):

) 10 = S 1 1 — -~ - - —
= = = 05 21.75
" s, 8., 33,280 _ 2,054.8

L —

YP FL 75,000 47,500
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The factor of safety at station 152.80 is adequate (see Table
IT1) .

30.1.4 Station 385.00, line shaft bearing No. 2.

30.1.4.1 Steady stresses.

(a) Steady shear stress due to torque.

Full power torque is obtained using (Eq-1):

63,025 x SHP _ 63,025 x 19,500

Q- RDM 204

]

6,024,400 in-1b

Torque at 120 percent of full power is obtained using (Eq-2a):
Q. 1.2xQ=1.2x6,024,400 = 7,229,300 in-1b

Steady shear stress is obtained using (Eq-3b):

5.1xQ, x0D  5.1x7,229,300 x 14.00

s, =
op* - ID* 14.00* - 9.25*%
-~ 16,600 1b/1in?
(b) Steady compressive stress due to thrust.

Effective horsepower is obtained using (Eq-4b):
EHP = SHP x PC = 19,500 x 0.63 = 12,285 hp
Total thrust is obtained using (Eq-4a):

325.87 x EHP _  325.87 x 12,285

= = 196,000 1Lt
T Vx (1 -t) 21.5 x (1 - 0.05)

Steady compressive stress is obtained using (Eq-8):

1.273 x T
r _ 1.273 X 196,000 _ , 559 3 1p/ip?

OoD? - ID? 14.00% - 9,252

(c) Resultant steady stress.

The resultant steady stress is obtained as shown in (Eq-9):
S,, = [82 + (2 x 8,)%1%/2

- [2,259.3% + (2 x 16,600)2]1/2

= 33,280 1b/in?
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30.1.4.2 Alternating stresses.

[N
\<a)

~
o
~—r

(c)

(d)

(e)

30.1.4.

The gravity bending moment, M_,, is obtained from Table IX.

g7

Because this station is on line shaftlng, the total moment,

3o amiial +h A AvrS by e m.
15 €Juas to the 5LavLL] moment \bcc Laouie 11,
M, = M, = 287,919 in-1b

Ramdineg atvaoaoo
OENGINg 5Cress.

The bending stress is obtained using (Eq-11b):

M.,

g - 10-2xM xO0D _ 10.2 x287,91% X 14.00
® opt - ID* 14.00* - 9.25¢
= 1,322.2 Ib/in?
Alternating torsional shear stress
The alternating torsional shear stress is obtained using
(Eq-12)
38,,=0.05x8, =0.05 x 16,600 = 830.0 1b/in?
Note: The wvalues determined by the detailed propulsion system
vibration analysis shall be substltuted in the design
calculation if they are larger at the corresponding shaft RPM

than the approximation given by (Eq-12).

Stress concentration factors.
The stress concentration factors, K, and K., equal 1.00 at
station.

Resultant alternating stress.

The resultant alternating stress is obtained by combining
alternating bending and torsional shear stresses as shown
(Eq-13):

= (K, x8)% + (2 xK xg )211/2
~ar DS Yl ’ A} . ANy n agl 4

3 Factor of safety
The factor of gafetv ige ohtained hv iicine (Fa-14h)
factor of safet vy 1s obtalr red by using (Egq-14b)
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FS - 1 - 1 _-2.05 >1.75
5, 8, 33,280 , 2,122.2
+ —
YpP FIL 75,000 47,500

The factor of safety at station 385.00 is adequate (see Table
I111).

30.1.5 Station 411.25, No. 2 line shaft aft flange.

30.1.5.1 Steady stresses.

(a) Steady shear stress due to torque.

Full power torque is obtained using (Eq-1):

o - 3,025 x SHP 63,025 x 19,500
RPM 204

- 6,024,400 in-1b
Torque at 120 percent of full power is obtained using (Eq-2a):
Qr =1.2xQ=1.2Xx6,024,400 - 7,229,300 in-1b
Steady shear stress is obtained using (Eq-3b):

5.1x0,x0D  s5.1x7,229,300 x 14.00

op* - 1ID* 14.00% - 9.25°*

8

= 16,600 1b/in?

(b) Steady compressive stress due to thrust.

Effective horsepower is obtained using (Eq-4b):
EHP = SHP x PC - 19,500 x 0.63 = 12,285 hp
Total thrust is obtained using (Eq-4a):

p . 325.87 x EHP _ 325.87 x 12,285 . 196.000 1b
T Vx (1 -¢t) 21.5 x (1 - 0.05) !

Steady compressive stress is obtained using (Eq-8):

1.273 x T
o r _ 1.273 X196,000 _, ,oq 3 1p/ip2
oD* - ID? 14.00% - 9.25%
(c) Resultant steady stress.

The resultant steady stress is obtained as shown in (Eq-9)-

T4



