
UNCLASSIFIED

AD NUMBER

LIMITATION CHANGES
TO:

FROM:

AUTHORITY

THIS PAGE IS UNCLASSIFIED

AD476361

Approved for public release; distribution is
unlimited.

Distribution authorized to U.S. Gov't. agencies
and their contractors;
Administrative/Operational Use; AUG 1960. Other
requests shall be referred to Bureau of Ships,
Washington, DC.

USNSSC notice 26 Mar 1970



I
I
I
1
1
I
\

. T' .-WT' '-vSGENERAL
ENGINEERING
LABORATORY

o
io
N

I
I

•i:
. r

-]•

PROPELLER SHAFT THRUST BEARING ANALYSIS PHASE - II

E. B. ARWAS 

B. STERNLICHT

REPORT NO. 606L1B1 AUGUST 1, 1960

I
I
I
I
I

d dc
5]

JAN 19 1966 '
\J Ejy 

ddcira f

GENERALi^ELECTRIC
01^243 (3-58)



The information contained in this report has 
been prepared for use by the General Electric 
Company and its employees. No distribution 
should be made outside the Company except 
when indicated below;

I 1

pip-
i ■ V • ' -
•i .t .



f 

General Engineering Laboratory 

| PROPELLER SHAFT THRUST BEARING ANALYSIS - PHASE II 

I E. B. Arwas 
. B. Sternlicht 

( Report No. (JOGLl 81 Auguet 1. 1960 

i:  
i: 
i. 
[ 
[ 
r 
. GENERAL^EIECTRIC 
i- tCNINKTADV, NtW YOIK 

[ 



(i) 

TABLE OF CONTENTS 

Table of Contents 

References 

Tables 

Figures 

Symbols 

(i) 
Acknowledgements /JJJ 

List of Figures (ijn 

Background and Scope j 

I - Introduction 2 

II - Analysis and Method of Calculation 4 

III - Results 7 

IV - Design Charts g 

V - Discussion 10 

VI - Summary and Principal Conclusion* 16 

VII - Recommendations lg 

Appendix I - Method of Solution of the Elasticity Equation 19 

Appendix II - Input Data 28 

Appendix III - Estimate of Errors 30 

31 



I 
i: 
i 

(ii) 

ACKNOWLEDr^MirMT 

Analytical Engineering Oneratfon    r ?^^  Carter ^^^ Utility 
Carter and MISS MA   HavU W«,'       M?1 EleCtric ComP«y)-   Mr. 
Engineering OperaUoti i-"   tt8;^!^ S,"1^ AnalytiCal 

of the bearing equations and cond^Yhe cTlcu^onr"10"1 ^e«ration 

u^ing the I.B.M.  704 computer at David ^aytr Mod^B!^^ here' 

^        The authors would also like to acknowledge the assistance of: 

^aÄn2™^ 
^er'al ^cSfcrplS1 ^1;^'  ^^ "* *"' ^ ' ' 
the investigation. Ped and «""»"aged the performance of 



I 
r 

20 

21 

(iü) 

LIST OF FIGURES 

Fig.  No. Caption  

Text      , 
       I Average Temperature Chart 

2 Maximum Temperature Chart - 6 pads; h        = 0.0014 in. 
min 

3 Maximum Temperature Chart - 6 pads; h        = 0.0010 in. 
mm 

4 Maximum Temperature Chart - 6 pads; h        = 0.0005 in. 
min 

5 Maximum Temperature Chart - 8 pads; h        = 0.0014 in. 
mm 

6 Maximum Temperature Chart - 8 pads; h        = 0.0010 in. 
mm 

7 Maximum Temperature Chart - 8 pads; h        = 0.0005 in. 
mm 

8 Maximum Temperature Chart -10 pads; h       = 0.0014 in. 
min 

9 Maximum Temperature Chart -10 pads; h       = 0.0010 in. 
mm 

10 Maximum Temperature Chart -10 pads; h       = 0.0005 in. 
mm 

11 Unit Loading Chart   -   6 pads; h    ,    = 0.0014 in. 
mm 

12 Unit Loading Chart   -   6 pads; h    .    = 0.0010 in. 
min 

13 Unit Loading Chart   -   6 pads; h    .    = 0.0005 in. 
min 

14 Unit Loading Chart   -   8 pads; h    .    = 0.0014 in. 
mm 

15 Unit Loading Chart   -   8 pads; h = 0.0010 in. 
min 

16 Unit Loading Chart   -   8 pads; h    .    =0.0005 in. 
mm 

17 Unit Loading Chart   - 10 pads; h    .    = 0.0014 in, 
mm 

18 Unit Loading Chart   - 10 pads; h = 0.0010 in. 
mm 

19 Unit Loading Chart   - 10 pads; h    .    = 0.0005 in. 
mm 

Chart of Hydrodynamic Oil Flow - 6 pads 

Chart of Hydrodynamic Oil Flow - 8 pads 
22 Chart of Hydrodynamic Oil Flow -10 pads 
23 Chart of Horsepower Loss - 6 pads 
24 Chart of Horsepower Loss - 8 pads 
25 Chart of Horsepower Loss -10 pads 



I 
I 
r 

i 
i 

26 

30 

i: 
Appendixes 

(iv) 

LIST OF FIGURES   -   Cont'd. 

Oil Temperature vs.  Unit Loading 
27 Influence of Groove Mixing Temperature 
28 Comparison of Analytical Results - Minimum Film Thickness 

vs.  Unit Loading 

29 Comparison of Analytical Results - Maximum Temperature 
vs.  Unit Loading 

Contour Lines   -   Thermal Deflections Neglected. 
31 Contour Lines   -   Thermal Deflections Included. 
32 Influence of Pad Thickness 
33 Influence of L/R Ratio 

A-l Co-ordinate System 

A'2 Pad Geometry and dimensions of 31 in. O. D.,   8 pad bearing 
A"3 Pad dimensions   -   25 in. O. D. xI2 1/2 in. I. D,  - 6 pads 
A"4 Pad dimensions   -   25 in. O.D. xI2 l/2 in. I.D.  - 8 pads 
A"5 Pad dimensions   -   25 in. O. D. xl2 1/2 in.  I. D.  -10 pads 
A"6 Pad dimensions   -   31 in. O.D. xl5 1/2 in. I.D.   - 6 pads 
A"7 Pad dimensions   -   31 in. O.D, xl5 1/2 in.  I.D.  - 8 pads 
A'8 Pad dimensions   -   31 in. O.D. xl5 1/2 in. I.D.  -10 pads 
A'9 Pad dimensions   -   41 in. O.D. x20  1/2 in. I.D.  - 6 pads 
A"10 Pad dimensions   -   41 in. O.D. x20 1/2 in.  I.D.  - 8 pads 
A"11 Pad dimensions   -   41 in. O.D. x20 1/2 in.  I, D.   - 10 pads 
A"12 Pad dimensions   -   5*in. O.D. x25 in.     .  I.D.   - 6 pads 
A'13 Pad dimensions   -    50in. O.D. x25 in.     .  I.D.   - 8 pads 
A'14 Pad dimensions   -   50 in. O. D. x25   in.        I. D.   -10 pads 
A"15 Pad dimensions   -   31 in. O.D. xl6 1/2 in. I.D.  - Ahead Bearing 

of DD 933 
A"16 Pad dimensions   -   26 in. O. D. xl7 3/4 in. I. D.   - Astern Bear- 

ing of DD 933 



A-17 

A-18 

(v) 

LIST OF FIGURES    -    Cont'd. 

Pad dimensions   -   31 in.  O. D. x 15 1/2 in. I.D.  - 8 pads 

(pi 0.7) 
std 

Pad dimensions   -   31 in.  O.D. x 15l/Ein. I.D. - 8 pads 

std 

A"19 Groove Temperature Vs.  Unit Loading 

A-20 Properties of 2190T Oil 

{-1 = !■ 3) 
t 



I 
I 

-1- 

BACKGROUND AND SCOPE 

In 1958 the General Engineering Laboratory made a study of propeller 
shaft thrust bearing operation and reported its findings in Reference 1. 
Following this study a comprehensive analytical and experimental program 
was undertaken,  for the purpose of extending present understanding of these 
bearings and in order to provide a body of design information for use in 
bearing design and selection.    This program,  like the preceding introductory 
study, was performed under a contract awarded by the Bureau of Ships to 
General Electric Company's Medium Steam Turbine,  Generator and Gear 
Department. 

The program was divided into three phases as follows: 

Ph*8e L:       Investigate analytically the performance of propeller shaft thrust 
bearings using the existing Reynolds-Energy Method of solution 
to provide data necessary in design and selection of these bearings. 

This phase was completed and a final report on it was issued in 
May 1959- 

Phase II:      Extend existing analytical techniques for propeller shaft thrust 
bearings by including a numerical method of solution of the 
Elasticity Equation.    Review,  and where necessary, modify the 
design data obtained in Phase I,  so as to include the effects of 
pad distortion caused by pressure distribution and thermal 
gradients. 

This phase has also been completed and the following is our 
final report on it. 

Phase III:     Instrument thrust bearings on two U. S.  Navy ships and obtain 
experimental data on the performance of these bearings.    This 
data is to be obtained in tests carried out at the time of scheduled 
sea trials.    The thrust bearing performance measurements 
obtained in these sea trials is to be used for correlation with the 
design data obtained analytically in Phases I and II. 

Sea trials were made during 1959 on the U. S. S. Barry,  and a 
final report on these tests is presently being prepared.    The 
second ship for the sea trial tests has not yet been selected. 

A fourth phase which included the building of a thrust bearing test stand was 
contemplated but was not included in the present program,   since the findings of 
the program could be used to determine the features of the stand. 
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I.      INTRODUCTION: 

The need for greater accuracy in predicting the performance of tilting 
pad thrust bearings was discussed in References 1 and 2.    In Reference 2, 
various performance calculation methods were described and it was shown 
that the load capacity of thrust bearing pads is significantly influenced by 
their elastic deflections,  particularly in the case of centrally pivoted pads. 
An approximate method of calculating the pad deflections and including them 
in the film shape equation was worked at in Reference 2 and it formed the basis 
of the design charts and other calculation results given there.    While this 
method of calculation gave results that corresponded more closely with field 
evidence than did results obtained by previous methods,  it suffered from 
several limitations the principal ones being: 

1. Only deflections due to load were considered.   No allowance was 
made for deflections due to thermal gradients. 

2. The effects of cut-outs and ring supports were not considered.    An 
average pad thickness was used in each calculation and point support 
was assumed. 

3. It was assumed that initially flat, pivoted pads assume a spherically 
crowned shape under load,  the magnitude of the crown being 
proportional to the load. 

In the study which is reported here,  a more complete analysis is made in 
which the elastic deflections of the pads are calculated from numerical 
solution of the Elasticity Equation.    The above three limitations of Reference 2 
are eliminated here.    Deflections due both to load and to thermal gradients are 
calculated and,  in each case, the actual pad geometry,  including cut-outs and 
support ring is used in the computations.    Finally,   simple crowning of the pads 
is not assumed; instead,  the more complex deflected shape of the pads is 
described by series expansions in r and 6, whose coefficients are calculated 
in each case to satisfy the minimum energy principle. 

The analysis and calculations described in this report had the following 
objectives: 

1. To derive a general and accurate method for calculating the performance 
of tilting pad bearings of any geometry. 

2. To calculate and plot design charts for bearings with standard geometry 
pads within the range of sizes and speeds used in today's marine main 
propulsion units. 
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3.   To calculate the effect of varying (from the standard) several of the 
geometrical parameters of tilting pads.    This serves,  at least, to 
point out the direction in which these parameters should be changed 
in order to achieve more nearly optimum configurations. 

To meet these objectives an IBM 704 digital computer program was 
written which allows simultaneous solution of the Reynolds,   Energy and 
Elasticity Equations for sector shaped pads of arbitrary geometry.    Since we are 
concerned with tilting pads,   the program includes a section which calculates 
at each operating condition the circumferential and radial pad inclinations 
which satisfy moment equilibrium. 

This program was then used to calculate several bearing configurations 
at a number of operating conditions,   as follows: 

1. Four bearings with standard geometry pads, scanning the size range 
25" O. D. to 50" O. D. were analyzed at speeds up to 320 RPM. The 
results of these calculations were used to prepare the design charts. 

2. The ahead and astern bearings of the DD 933 were analyzed to permit 
direct comparison of theoretical prediction with the field data obtained 
under Phase III.    {Performance data obtained with instrumented thrust 
shoes,  during the sea trials of the DD 933.) 

3. As in Reference 2,  the 31" O. D. bearing was selected to study the 
effect of varying bearing geometry and oil inlet temperatures. 
Calculations we^-e made varying the following parameters one at 
a time: 

a.) Pad thickness 

b.) Groove temperature 

c.) Diameter ratio (O. D. /I. D.) 

d. ) Number of pads 

4. In order to checkout the effect of the assumptions made in Reference 2, 
some additional calculations were made to evaluate the effects of 
thermal distortion of the pads and of the ring support and of the cut- 
outs in the pads. 

In the succeeding sections of this report the method of analysis and the 
calculation results are presented and discussed. 
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II.    ANALYSIS AND METHOD OF CALCULATION 

The following aasumptions are made in the analysis: 

1. Steady state conditions prevail in the film. 

2. Lubricant is Newtonian and incompressible. 

3. Flow in clearance spaces is laminar and adiabatic. 

4. Lubricant inertia forces are neglected. 

5. Pressure and shear effects on viscosity are neglected. 

6. Variations of the specific heat of the lubricant with pressure 

and temperature are neglected. 

When the first four assumptions listed above are valid, the hydrodynamic 

pressures (which are generated in the fluid film that separates the bearing 

pads from the runner) may be calculated by integrating Equation 1 (Reynolds 

Equation): 

/ 

+   50 (1) 

In order to integrate Eq.  (1) for any given geometry and speed,  the 

viscosity and film thickness need to be known as functions of position.    For 

petroleum oil,  in the range of present day thrust bearing practice,  shear and 

pressure effects on viscosity are very small (Ref. 3).    The local viscosity values are 

then functions only of the local film temperatures and the viscosity-temperature 

characteristics of the oil.    In the present analysis,  adiabatic conditions are 

assumed and the temperature distribution is obtained by integrating Eq. 2 

(Energy Equation,  Ref. 4) simultaneously with Eq.  1. 

tw 
(2) 

The film shape,  for pivoted pads,  is determined by the tilt of the pads, 

radially and circumferentially and by the deflections which result from the 

hydrodynamic pressures over the pads and the temperature gradients across 

the pads.   In the present analysis, the pad deflections are calculated from the 
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integration of Eq. 3 (Elasticity Equation.  Refs.  5 and 6). 

Et l 

pad tH^  l3) '' integrated f0r ^ the ^ and 8UPPOrt Plate-    Lo"1 ->- of 

I       THT8 7U8ed 80 that the effect8 of change8 in geomet^ - «-"— | The boundary conditions used with the above equation, are: 

a.)   Pressures fall to zero around the pad perimeter. 

I b.)   Pad inlet oil is at groove mixing temperature. 

c.)   Radial temperature gradients are zero along the inner and outer 

I crcumference. of the pads,  because of the cooling effect of the 
surrounding oil. 

d-)   Shear and bending moment, are zero around the pad perimeter. 

Since pad deformations under high loads may produce diverging film 

th.cknes.e. (and hence breakdown of the film, „ear the trailing edge, of the 

pad,,  an additional condition i. imposed.    Thi. .täte, that the hydrodynamic 

pressures over the pad. are nowhere smaller than atmospheric. 

method^' T6 three eqUati0nB are inte8rated •i™lt—IV.  «.ing numerical 
-.hod   and an iterative procedure.    Finite difference8 _ _, J^ 

17:::T ReynoidsandEnergyEquation"-d— --• ^ 
8.    The Elasticity Equation i. integrated u.ing the minimum energy 

principle,  a. de.cribed in Appendix 1. 

The iterative procedure u.ed for the .imultaneou. .olution of the 
equation, i* briefly, a. follow.: 

1-    For a given geometry,   .peed and minimum film thickne...  integrate 

the Reynold, and Energy Equation., u.ing a preliminary e.timate of 

the deflection..    Thi. integration i. carried out (a. described in 
Ref.. 7 and 8  , and the pad inclinations are ^^^^ M tho(|e ^^ 

which yield a pre..ure profile who.e center of Pre..ure Pa..e. 
through the axi. of the pivot. 

2-    The Ela.ticity Equation i. then integrated for the Pre..ure and 

temperature profile, obtained in .tep 1. 
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3.  Reynolds and Energy Equations are integrated once again, but 

this time for a pad which has the elastic deflections calculated in 
step 2. 

The above procedure is repeated until the differences between two 

successive iterations fall within a specified small limit. 

From the final values of the film thickness, pressure and temperature 

profiles obtained as described above, the remaining items of interest such as 

total load carried on the pads,  oil flow and horsepower loss are calculated in 

the same manner as in Ref. 2.    The input data necessary for the calculations 

described in Appendix 2.    The estimated accuracy of the calculations is discussed 
in Appendix 3. 
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III.    RESULTS 

[ The method of Analysis outlined in the previous section was used to 

determine thrust bearing performance in the range of sizes,  speeds and ■ 

I configuration outlined in the introduction to na, report.    The cases cal- 

culated are listed in Table I and the results are summarized in Tables II 
through XVII. 
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IV.  Design Charta 

The results of the calculations made for the beari        w 

geometry pads (Tables „ through «   J» »tandard 

for ready use. f de81«n charts 

The average film temperature was found from th«      ,    , 

to be independent of si.e and speed.    lt ia ^T ^"^ 
is plotted versus unit load in Figure 1. 

The maximum «1m temperature is nlotf.* 

( «...*„... ,0.00,4 ,„..„. 0010 ta. .nd 0 0005 ,m i
lu"    tt' "■-•»- «» 

of6l0p8i. g at 280 RPM and "rrying a unit load 

Pavg " hmin    =   0-0014 in.  {per Figure 14) 
' 507 psi 

Pavg « h
min    =   0- OOIO in.  (per Figure 15) 

665 pai 



Pavg at   hmin   =   0■0005 in-  (per Fi«ure l6) 848 P" 

Pavg at   hmin   ::    6l0 Psi       (by interpolation) 0.00114 in. 

Tmax at   hmin =   0- 0014 in-   (per Fi8ure 5> 1990F 

Tmax at   hmin =   0- 0010 in-   (Per Fi«ure 6> 2230F 

Tmax at  hmin =   0' 0005 in-  (per Fi8ure 7) 2860F 

Tmax at   hminV"  0-00114 in-  (by interpolation) 2140F 

P B avg      avg 

B        LU 
avg       avg 

B       Lp      U avg   i'avg   avg 

Tavg at   6l0 p8i (per Fi8ure 1) 1750F 

%5 at   Tavg = 1750F   (per Fi8ure A-20> 2. 2 x lO'Sb 8ec/in2 

Uavg=Tr(D-L)N= 473 in/sec 

Bavg=   ^ (D-L) 0TOT = jO. 77 in. 

^avg   UavgS 0-158 x 10'6 

(per Figure 21) 30. 0 x 10"6 

QPerpad 1.64 G.P.M. 

QTotal 13.1G.P.M. 

6600 HP (per Figure 24) V „ :  |ji*S 

H. P.  per pad 5#o6 H> p 

H. P.  Total 40  5 H  p^ 
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V.  DiBcusaion 

The two limiting criteria of thrust bearing performance are the 

maximum film temperature and the minimum film thickness.    Generally, 

however,  the main emphasis in the literature,  as well as in design practice, 

has been on film thickness with little attention devoted to maximum temperature. 

This is because isothermal bearing analysis was used almost exclusively in 

the past.    The results of the more complete study described in this report, 

in which the effects of temperature ( and hence viscosity) variations in the film 

and of the elastic deflections of the pads induced by the thermal gradients 

were both included,  has convinced the authors that maximum temperature is 

the.governing limitation on bearing performance.    Thus, the design charts of the 

previous section were prepared so that both maximum film temperature and 

minimum film thickness can be readily obtained for any operating point within 

the range studied.    In the subsequent discussion we will attempt to show the 

importance of temperature in determining thrust bearing performance. It will 

also be shown that when the film and groove temperatures are known, either 

analytically or experimentally,  the minimum film thickness also is automatically 

defined. 

1.  Maximum and Average Temperatures 

To illustrate the large temperature variation in the film, consider a 

31 in. O. D.  thrust bearing whose pad dimensions are given in Figure A-2. 

The performance data for this bearing are given in Table III and the temperature 

data has been summarized on Figure 26.    This figure shows that while the 

average film temperature and the average pad outlet temperatures are comparable, 

they are considerably below the maximum film temperature, particularly at 

high loads.    In addition note that the slope of the maximum film temperature increases 

with load.    It is clear therefore that: 

(a) The bearing oil drain temperature, which is often used to monitor 

the condition of a bearing,  is in fact a very poor indicator of im- 

pending bearing failure. 
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[ 

b.) With a heavily loaded bearing,  even a moderate increase in load 

may raise the maximum temperature to a dangerous level. 

2.  Influence of Groove Temperature 

A key point of this report is brought out in Figure 27,  which shows 

the relation between the minimum film thickness and the maximum temperature, 

for a range of groove temperatures and unit loads.    This figure shows that 

for the given bearing geometry and speed,  the maximum temperature can be 

used to predict the minimum film thickness with an accuracy of better than 

+ 0.0001 in.    If,  in addition,  the groove temperature is also known,  then the 

minimum film thickness can be predicted even more closely.    Thus, maximum 

temperature can be employed to measure minimum film thickness.    This is 

quite significant for such temperature measurements are.  in general, much 

easier to make than direct measurements of film thickness with presently 

available indicators.   Also,  based on the above, their potential accuracy in 

determining minimum film thickness appear to be superior to presently 

available,  direct indicators of film thickness. 

Fig.  27 also shows the very important influence of groove temperature 

on bearing performance.   To illustrate this point note the gain that can be 

achieved by a 30*F reduction in groove temperature when the bearing is 

operating under 700 psi load (data from Fig.  27): 

Pavg "P" TGR ' OF h   .    - in T - 0F 8 UK nun max 
700 160 0.00063 240 
700 130 0.00093 197 

3.  Influence of Thermal Distortion 

The influence of thermal distortion of the pads on bearing performance is 

shown in Figs. 28 and 29.   In these figures,  the minimum film thickness and 

maximum temperature are plotted versus unit load from the results obtained 

using three methods of analysis: 
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a.)   Present analysis - complete solution,  including the thermal 
distortion. 

b.)   Present analysis,  but neglecting thermal distortion. 

c )   Simplified analysis of Ref.  2 (In this method thermal deflections 

were neglected and it was assumed that the pads deform to a 

spherical shape under load.    Using a simplified representation 

of the pads, the radius   of curvature of the deformed pad (R ). 

was related to the load (W),  the average pad thickness (t) and the 

modulus (E) by the expression: 

R   =2.23 Et3    .) 
c   -w  

The calculations were made in all three cases for the following pad 

geometry and operating conditions: 

R= 15.5in, 

L= 6.75 in. 

t=  2.2 in.   (uniform thickness) 

N = 5, 33 rps 

Oil = 2190 T 

TGR= Per plot of 8roove mixing temperature in Fig. A-20. 

Note in Figures 28 and 29 that at least at loads up to 600 p.i.  the results 

obtained using the simplified analysis of Ref. 2, were reasonably close to those 

obtained using the present analysis,  but neglecting thermal distortion.   When, 

however, thermal distortion is introduced in the analysis, the situation is 

drastically different at high loads.    Thus,  at unit loads greater than 600 psi 

the complete analysis,  including thermal deformations, predicts much smaller 

minimum film thickness and higher maximum temperatures.    Thermal dis- 

tortions are thus seen to have a major effect on bearing performance and must 

be included when designing bearings to operate under high unit loads. 



-13- 

Figure 30 shows the film thickness contour lines,  at a minimum film 

thickness of 0.0004 in. where thermal distortions are neglected.    Figure 31 

shows the contour lines for the same minimum film thickness, but with the 

thermal distortions included.    Note from these figures that: 

a.)   The pad deformations are several times the minimum film thickness 

b.)   The thermal deflections are of the same order as those directly due 

to the hydrodynamic pressures. 

These figures underline again the importance of elasticity in pivoted pad 

thrust bearing analysis and the need to include the effects of thermal distortions 

in such analysis. 

4.  Influence of Geometric Parameters 

Figures 32 and 33 show,   respectively,  the influence of pad thickness and 

L_ ratio on bearing performance (In Figure 32,  the designation   "standard 

pad" refers to the pad shown in Figure A-2). 

Note from Figure 32 that at   600 psi (which is on the high side of the 

range of unit loadings for thrust bearings in marine use) the curves are 

relatively flat,   showing that thickness changes will not much effect bearing 

performance.    When,  however,  operation under higher loads is required, 

pad thickness is seen to have a greater effect.    Thus,   for a bearing which is 

required to carry 800 psi,   Figure 32 shows that a 3056 increase in pad thick- 

ness would achieve a substantial increase in minimum film thickness and an 

even more important reduction in maximum temperature 

Figure 33 shows that there is an optimum L   ratio, both from the stand- 

points of maximum temperature   and minimum    nlm thickness.   While the 

optimum L_ ratio varies to some extent with load,  it is in the neighborhood 

of 0. 5 within the range of loads studied. 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

-14- 

5. Comparison with Rigid Pad 

Thus far the discussion has been limited to centrally pivoted pads which 

deform elastically under load,  and because of the thermal gradients generated 

by the shear losses.    The negative effects of large deformation» which occur 

under high loads was pointed out.    It must, however, be remembered that, 

particularly for the case of centrally pivoted pads,  some deformation is 

desirable for adequate load capacity.    The reason for this is that, in order to 

satisfy equilibrium of moments, the resultant of the hydrodynamic pressures must 

pass through the pivot.    Thus,  for the case of centrally pivoted pads,  the 

pressure profiles should be nearly symmetrical about the radial centerline. 

This condition is achieved when the active faces of the pads exhibit a slight 

convexity.    Because of the deflections,  pivoted pads will automatically achieve 

this convexity when run under load. 

In the case of flat rigid pads,  it is generally desirable to have an off- 

center pivot,   so that the non-symmetrical pressure profiles,  associated with 

flat inclined sliders can be achieved.    A centrally pivoted,  rigid, flat pad, on 

the other hand,  must rely on the viscosity variations over its length,  to allow 

generation of hydrodynamic pressure which satisfy moment equilibrium. 

The tabulation on the next page compares, at one operating point,  the unit 

loads and maximum temperatures for an elastic centrally pivoted pad with those 

for a rigid pad with optimum pivot and with a central pivot.   Note that the unit 

loads carried by the elastic pad and by the flat,   rigid pad with optimum pivot are 

comparable,  whereas that carried by the flat,   rigid,  centrally pivoted pad is 

much smaller. 
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Comparison of Rigid and Elastic Pads 

R = 15.5 in. TCR = 130OF 

L=   7.75 in. h    .    = 0.001 in. 
0 mm 

eT= 38.25 oil   _ 2190 T 

N = 5.33 rps 

Type of Pad unit Loading                        Max.  Fibn 
  (Efi) Temp.  (0F) 

Rigid flat pad with 
optimum pivot 660 
(r% = 51;  6 % = 61) 

P p^ ' 

Rigid flat pad,   centrally 
pivoted. 370 
(r#= 51; e ^ = 50) 

F P 

Elastic,  initially flat pad, 
centrally pivoted 642 
(thickness and pivot location 
per Fig.A-2) 

179 

204 

194 
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VI. Summary and Prinripal Concluainn, 

effects^rr' ^ thrU8t bearing analy8i8 Wa8 ^ ^^ inClud- *e ffects of temperature variation8 „, ela8tic ^^^^^ induced 

an. t, , gradient8>    ^^^ ^^ ^^ ^^ ^^ ^ 

tor a wlde range of 8peed8)  load8 ^ bearing V .s. 

caWUnon re8uUs. a aet of deaign chart8 were ^^ ^ 8ta J ^ 

| geometry beari„g8 in the 8i2e and 8peed ^ ^ ^^ ^^ 

ZZ\ 7m temperature wa8 8hown to be a major——- '    ^zr zrboth becau8e of reduced oii vi8co8ity -—-- 
1 of the "" feel ^ ^ £0ll0Wing are ^ "^ PrinCiPal — 

1.  Elastic deflection, of the pads are «veral times the minimum 

| fxlm thickness.    Thermal deflections are of the same order as 

those due directly to the hydrodynamic pressure loading.    These 

| deflections seriously affect the performance of the bearing and 

-ust be included in the analysis.    Analy8i8 which neglect8 pad 

| elasticity and the effects of thermal gradients gives an erroneous 

and optimistic picture of thrust bearing operation at high loads 

| For operation under high loads,  improvement in performance can 

be gaxned by minimizing deflections and by lowering the groove 
i mixing temperature. 

i      "iTir ,emp""°re r"ch'd 'n ,he "to,"d-""1* -""- | lrom both „,. .v.,.,. „te, ,TOperat„„ ^ ^ ^^ ^ 

«n.p.r.ta„.   Th. ,lop, o£ ^ ^^ .^^^ ^    ^ ^ 

I " " '" ■h'^ " '>* K»"-   Hisäl, ■o.drt b..rta,. M 
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3. Accurate determination of the minimum film thickness in a 

bearing can theoretically be made by temperature measurements 

alone.   It is desirable for this purpose to measure both the maximum 

film temperature and the groove temperature.    This method offers 

greater accuracy than present direct film thickness indicators. 

I 
[ 

[ 

r 
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VII.  RecommendationB: 

The authors feel that future thrust bearing investigations should be 
aimed at: 

1. Modification of the Energy Equation,  to include heat conduction. 

2. Analysis of thrust bearings under transient conditions in the fluid film. 

3. Analysis of thrust bearings under turbulent conditions in the fluid film. 

4. Meticulous and well instrumented experimental study of tilting pad 

thrust bearing performance.    It is realized that such experimental 

work would undoubtedly be both difficult and expensive.    It is.  however. 

essential in order to test the validity of analytical work and present 

understanding of bearing performance. 

5. Utilize the analytical and experimental results to optimize the dimensions 

of bearing designs in present use and to generate new designs capable 

of much improved load carrying capacity. 



[
[

a.

b.

f.
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APPENDIX I

Method of Solution of Elasticity Equation 

1. Assumed Conditions

Aside from the usual assumptions of elasticity theory, the following have 

been used in the numerical solution of Eq~ 3r

Only deflection due to bending is considered; the contributions due to 

shear deformation and to membrane and crushing stresses are omitted. 

The support plate, or button, is circular, of uniform thickness, and at 

uniform temperature.
The support point is at the center of the support plate.
Load is transmitted between the support plate and the sector pad 

through line contact around the outer edge of the plate; the two parts 

are in contact around the entire circumference.
No moment is transmitted through the plate-to-pad joint.

Sharp discontinuities in the pad thickness are averaged out over 

finite area subdivisions; and local stress concentrations are ignored. 

Temperature of the bottom of the pad is assumed to vary linearly 

with radial and circumferential locations.
Temperature of the top of the pad is assumed the same as the lubricant 

film temperature.
No attempt is made to consider actual heat flow distribution; the 

temperature, in effect, is assumed to act as if it varies linearly 

through the pad thickness at every point.

2. Coordinate Systems

The three sets of coordinates used are shown in Fig. A-1. Axis-of- 

rotation coordinates ( r • used for subdividing the pad and for calculations

based on these subdivisions, including all integrations over the pad surface and 

boundary. Point-of-support coordinates (r^, are used for description of the 

deformation modes of both the pad and the support plate. Rectangular 

coordinates (X, Y) are used for load moment and center of pressure eccentricity 

calculations. The location of the support point ( r^, 0^), the circle of contact 

between pad and support plate (r^ » r^), and the bolindary coordinates of the 

pad are also shown.

h.

i.
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3-    Energy of Bending 

The selection of deformation mode function« is critical; it was made 

in this case with consideration of the symmetry of the support pad and of the 

unimportance of the absolute level of the system.    Consequently, the reference 

for deflection calculation is taken as the average location of the edge of the 

support plate; and the shape of the pad is written 

w = Z A. f. (r ,  0 ) 
.      i   i ' c      c' (A-l) 

where A. is a coefficient of length dimension,  and f. is a dimensionles« mode 
shape. 

The actual deflection mode shapes for the pad were chosen from among 

the axially symmetric and wave deflection modes arising in the solution in 

polar coordinates of the plate bending equation 

«4 P V  w=   - 
(A-2) 

for uniform plate thickness, and axially symmetric or wave distribution, of 

load q.   These modes were classified as 

Symmetric: 

.     .2+s 

ft)  - 

Non-symmetric Type I: 

ft) 

Non-symmetric Type II: 

• = 0.  2.  3,  4. (A-3) 

i m+s 

ft)"' 

in n 4 

cos n 0 

in n $ 

cos n 4 

m = 
(A-4) 

n» = 2,  3 : s = 0, 2. 3. 4.  ... 

m = 4.  5 : s = 0,  1. 2. 3. 
{A-5) 
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Solution, involving in r are not included in thi. li.t. although they too could 

be u.ed if desired.    The Type I non-symmetric terms are written to be the only 

one. involving non-zero deflection at the .upport plate edge,  and hence to 

give the only coupling with that plate. 

The boundary condition on the .upport plate i.,  therefore,  of the form 

w    =  2 A     ^^'*™ « * 

cos n <t> 
o      7 "i   ^ 

{A-6) 

corre.Ponding to any Type I term..    For a uniform circular plate under edge 

load giving .uch an edge deflection,  the bending equation can be .olved with 
thi. result: 

c 
(A-7) 

r-  A n(n-l)(l.v)    / r  \ n f 

where v i. Pois.on'. ratio.        ^ ' 

In polar coordinate,, the bending energy of a plate with surface "S" can be 
written a. the following surface integral: 

D     I,    .    .2 
' ■   J 

S 

where 

v-  /   y   J(« + e)2-2(l-v|,.*2(l.v)t2l     ds (A.9) 

0.        *' 
12(l.v)2 (A.9) 

i. the stiffnes. In term, of Young-. Modulu. E and plate thickne.. t; and 

e =  l dw   .     1       ft2 1   dw   .     1       &■„ 
r   or 2 2. IA in» r       & (A-10) 

8 = 
A2 
o w 

d   i äw 
k" §7 7 5e 

(A-ll) 

(A-12) 
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are the deflection derivatives.    In the case of the support plate,  the 

deflection (A-7) can be substituted and gives the bending energy 

V      -   S    A2     'P n2(n2-l)(l-v){3+v) 
VSP-   f    Ai      7-2  (2n+l+v)  ■ (A-13) 

i 2r ' 
o 

The variation,  which is of interest in the Ritz method,   is 

QVgp A.OAj       2 (2n+1 + v) (A-W) 
1 r ' 

o 

In the case of the bearing pad, the nature of the cutouts and the shape 

of the pad make direct integration for the energy impractical.    The result is, 

therefore, approximated by computing an average or mean value of the integrand 

for each of the subdivisions of surface used in the lubrication calculation; and 

these are summed using the weight factors which were developed for the 

integration of pressure to give load.    These weight factors are not quite 

appropriate for the bending energy, but seem within the accuracy of other 

approximations.   Actually,  it is convenient to program the calculation of the 

variation of the bending energy directly; symbolically. 

by--*  S     T, A. 6A 
P     i,j      iJ     l      ■ 

The coefficients I    correspond to integrals of the form 

P'f,    IiJAi6AJ (A.15) 

iJ 

\ = /   D  i («j + «!> (gj + «j) - (1 - vHgj ej + gj e^ + 2 (1 - v) ^ k )     dS (A-16) 

In this case, both subscript i and subscript J refer to the individual deflection 

mode« and can range over all of the modes which are under consideration for 

the pad.   In general, the cross-coupling term« will not cancel, as they do in 

the case of the support plate; so that the terms of T.   can form a complete 

matrix of order equal to the number of assumed mode«.    TheT . matrix is 

obviously symmetric, however, limiting the number of combinations that have 

to be calculated to that extent. 
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The variation of the total bending energy is the sum of the pad and 

support plate values: 

P SP (A-17) 

The result of this summation is a matrix I    of coefficients for the parameters 

A. ÖAy which differs from the pad matrix 1^ only in those main diagonal terms 

corresponding to type I wave modes coupling with the support plate.   The 

resulting matrix 1^ is.  therefore,  also symmetric.   In the present case,  this 

represents the total elastic energy variation; and since it depends only upon 

the assumed deflection modes and the pad and plate geometry,   it can be 

computed initially before starting any of the iterative stages of the bearing 

program.   Moreover, for the point-supported bearing it turns out that I    is 

the complete matrix of coefficients of the linear equations which have to'be 

solved for the deformation parameters A.; consequently, the initial calculations 

can also include the inversion of ly to the solution matrix J   , giving a further 

reduction in the amount of calculation required in the iteration loops. 

*•    Load Energy Variation 

The energy variation corresponding to the lubricant pressure loading is 
given by the variation of 

WP   =^    Pj
2AJfJ(VV   dS (A-18) 

where P is the pressure differential across the pad, and is equal to the pressure 

computed from the solution of the lubrication equations.    The support plate is 

assumed free from pressure differentials.   Since the pressure is known only 

at discrete points, the centers of the mesh areas,  numerical integration is 

again indicated.    This is carried out for each deflection mode in the same way 

as the integration of pressure to obtain total load.    The result gives the 

constants K   of the expression 

6WP   =  j2     "j ^j (A-19) 

This is the only mechanical loading that needs to be considered. 
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There is,  however, a contribution to the deflection due to the temperature 

variation through the pad thickness; any possible similar effect in the support 

plate has been neglected.   Rather than attempt a rigorous anlaysis of this effect, 

the assumptions were made with the objective of conceptually replacing the 

temperature effect by an equivalent mechanical loading, the energy variation 

then being relatively simple to write.   Thus the listed assumptions effectively 

describe the temperature field as varying linearly through the pad thickness at 

every point.   Deformation in the plane of the pad could be prevented under these 

circumstances by developing an internal bending moment, expressed in 

rectangular coordinates,  of 

Mx = My = D(l+v)«(£L {A.20) 

where «(  is the thermal expansion coefficient.    These moments are per unit 

length in the appropriate directions. 

The development of such internal moments requires, in effect, a distributed 

moment loading of 

«»x
s-<l+v)-<   ^    joflj (A.21) 

my=-(l+vM   |-    1^1 (A.22) 

each of these being expressed per unit surface area; and, in addition, 

concentrated edge moments around the free boundary given by expression 

(A-20).    The total effect of the temperature distribution, and of the fore- 

going distributed and concentrated moment loads, is to mainUin the pad 

flat and at the same time in moment equilibrium. 

The deflection due to temperature can, therefore, be represented by the 

effect of applying moment loading equal and opposite to that Just described. 
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Thie potential energy associated with such a load can be written as 

AT 

WT./    (.mx   ^-«y^)   dS-  ;   M£     ^ dß (A-23) 

the line integral being taken around the boundary of the pad.   Again, as a 

practical matter, the integrals are approximated by appropriate summations, 

and the energy variation is calculated directly.   Allowance for the description 

of temperature variation on the bottom of the pad is made by writing the 

temperature differential as 

■{WV^Ve^T-    ['-<*-*-)]} (A.24) 
where T     is the oil inlet edge temperature: and q  ,  q , 

allow for thefirst power variation along the radial and circumferential directions. 

The (x, y) coordinates indicated in (A-20) through (A-23) need not be 

rigorously identified with a fixed coordinate system,  as their function is 

ultimately only to give means of computing energy density, which is then 

integrated by the summation method.   In the program, they are interpreted 

as being the local radial and tangential directions at each mesh center or 

boundary point, since these were the best directions for carrying out the 

necessary numerical differentiations. 

The result of the foregoing temperature calculations is another set 

of load potential energy terms corresponding to  6W   ; the total 

6W = 6Wp + 6WT (A.25, 

comprises a set of coefficients K   for the parameters 6A . 
J J 

5.   Deflection Equations 

By the minimum or stationary energy principle, the equilibrium state 

is approximated when 

Ö(V+W) = 0 (A.26) 

or 

^   ^J Ai 6AJ +   j2 KJ ^j = 0 <A-27) 
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Since the variation of the A'» are arbitrary, this is equivalent to the eet 

of linear equations represented by the matrix equation 

= 0 (A-28) 

The solution is 
N hi * N 
lolution is 

(A.29) 

(A.30) 

The load energy vector K  is calculated at each appropriate point in the program, 

and multiplied by the initially calculated inverse matrix J    to get the new set 

of deflection coefficients A^ 

6.   Functions Used 
In the program development,  and in the calculations made «o far, six 

deflection modes have been used.    They are as follows: 

Symmetric: , 

"■ ft) - 

■■M - 
Non-symmetric Type I: 

(A.31) 

- „.... 
Non-symmetric Type II: 

.    »2       r.     . 2 

'»•% 
-^        -1 sin 2 * 
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cos 2  * 

The choice was made somewhat arbitrarily,  to include all the types of 

functions,  and to match to as good an approximation as possible what is 

known and suspected about pad deformation.     The validity of the choice 

has not been tested,  but operation of the method appears to be successful. 
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APPENDIX 11 

INPUT DATA 

1-  Pad Geometry 

As described in Appendix I.  the programed solution of the 

Elasticity Equation takes account of the thickness variations in each pad 

and of the fact that the pads are ring supported on circular disks.    In the 

calculations, the pad is divided into a 13 x 13 field and its thickness profile 

is represented by the set of thicknesses in each mesh.   A typical pad is 

illustrated in Figure A-2 which shows the information on pad geometry that 

is introduced as input data in each calculation.    This data is shown in 

Figures A-3 through A-18 for all the geometries analysed in the work reported 
here. 

2-  Pad Inlet Temperature 

The oil temperature in the grooves between pads is,  in general, 

considerably higher than that of the housing inlet pads.    This is due to the 

mixing in each groove of cold inlet oil with hot oil discharged from the pre- 

ceding pad.    The groove temperature is used in the analysis as a boundary 

condition of the Energy Equation (Eq. 2), 

In the calculations described in this report the experimentally 

obtained plot of groove mixing temperature vs.  unit load that was first used 

in Reference 2. was used again to determine the pad inlet temperature in 

each calculation.    This curve.which is reproduced here is Figure A-19,  was 

used in all the cases calculated,  except for casses 110 through 123 (Table XIIl) 

.    In these cases, which were run for the purpose of studying the 

effect of varying the groove temperature,  curves parallel to that of Figure A-19, 

but displaced 15F above and below it were used. 
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3-  Bottom Fact Temperatures of the Pad 

As shown by the Elasticity Equation (Eq.  3).  the thermal dis- 

tortion of a thrust pad is a function of AT, the axial temperature difference 

between the oil film and the bottom face of the pad (See Eq. A-24).   In the 

calculations,  the film temperatures were obtained from the solution of the 

Energy Equation,  while the bottom face tempe ratures were assumed to be 

at groove tempe rature along   the inlet edge and to rise at the rate of 40 F 

per radian,  proceeding towards the trailing edge.    This gradient was ob- 

tained from the data gathered during trials of the U. S. S. Barry.   In these 

trials,  the back face temperatures of the 31 in.  O. D. bearing pads were 

measured at several points between the leading and trailing edges. 

4.  Oil Properties 

The lubricant properties that are used in the calculations are: 

specific heat,  mass density and viscosity-temperature relation.    In the 

present calculations,  the lubricant properties used were those of 2190 T 

oil and these are shown in Figure A-20. 
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APPENJCIX   III 

ESTIMATE OF ERRORS 

A 13 * " —h was used in the numerical integration of Eq..  , 
2.  and 3.    Thi, wa8 the fine8t grid ^ couid ^ ^ ^ ^ ^      ^ 

was also finer than any previously used by the authors or reported in the 

U erature on th.ust hearing ana^sis     Comparison was made at one point 

with a calculatxon made using an 11 x 11 mesh.    The resulting n 
"".    -"Je resulting pressure and 

temperature fields agreed within #. «He ana 

Since an iterative method was used in the calculations,  limits 

were set to determine when the final solution was achieved.    These were 
as follows: 

a-) Successive iterations of the pressure field had to repeat within 
1^. 

b.) Successive iterations of elastic deflections had to repeat within 
3 x 10      in. 

c ) The resultant of the pressure field harf f,. „   ■     •_. ^ cBoure neia had to coincide with the 
pivot within 0. 2 x 10      in. 

The authors feel that these limits were sufficient to insure that: 

a.) Errors in calculated maximum temperatures 50F. 

b.) Errors in calculated minimum film thickness ««TO. 0001 in. 

much la  With regard t0 ^ CalCUlated 0il ^ and h0r8ep0Wer 1°"'  however. « ch U error8 are ^^^ ^ ^ nece88ary ^^ 

ressure gradients at the edges   (see Ref. 2).   Based on observation of 

the point scatter obtained from a large number of calculations,   it is felt that 

^n extreme cases,  the calculated oil flow and friction losses may be in 
by as much as K$. y or 
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TABLE I 

Case No.     Bearing Size    Pad     Speed    Minimum Film    Calculation 
SizeO,.D..xI..HAngle   R. P.M.   Thickness Results in 
(inches) (Deg.) (inches) Table 

Comments 

1 25 x 12 1/2 51 160 0.0014 
through 38.25 and 0.0007 
18 and 

30.6 
320 and 

0.0004 

19 31 x 15 1/2 51 160 0.0014 
through 38.25 and 0.0007 
36 and 

30.6 
320 and 

0.0004 

37 41 x 20 1/2 51 160 0.0015 
through 38.25 and 0.0008 
54 and 

30.6 
320 and 

0.0005 

55 50 x 25 51 100 0.0015 
through 38.25 170 0.0008 
81 and and and 

30.6 320 0.0005 

82 31 x 16 1/2 38.25 160 0.0014 
through and 0.0007 
87 320 and 

0.0005 

88 26 x 17 1/2 29 160 0.0018 
through 0.0010 
90 and 

0.0004 

91 31 x 161/2 38.25 320 0.0014 
through 0.0007 
96 and 

0,0004 

97 26 x 17 1/2 29 160 0.0018 
through 0.0010 
102 and 

0.0004 

103 50 x 25 30.6 170 0.0015 
through 0.0010 
105 and 

0.0004 

II 

III 

IV 

Standa rd 
Geometry Bearings 

VI 

VII 

VIII 

IX 

Ahead Bearing 
ofDD933.  Calcu- 
lations made for 
comparison with 
sea trial data. 

Astern Bearing of 
DD933.  Calculations 
made for comparison 
with sea trial data. 

Calculations made 
to study influence 
of thermal deforma- 
tion of the pads 

J 



TABLE I   (Contd.) 

Case No.   Bearing Size    Pad       Speed      Minimum Film 
SizeO. D.xl. D.Angle    R. P.M.  ThickneBS 
(inches) (Deg.) (inches) 

106 
through 
117 

31 x 15 1/2 38,25 160 
and 
320 

0.0014 
0.0007 
and 
0.0004 

118 
through 
123 

31 x 15 1/2 38.25 320 0.0014 
0.0007 
and 
0.0004 

124 
through 
126 

31 x 21 38.25 320 0.0014 
0.0007 
and 
0.0004 

127 
through 
129 

31 x 10 38.25 320 0.0014 
0.0007 
and 
0.0004 

130 
through 
132 

31 x 21 38.25 320 0.0014 
0.0007 
and 
0.0004 

133 
through 
135 

31 x 15 1/2 38.25 320 0.0014 
0.0007 
and 
0.0004 

Calculation 
Results in 
Table 

XI   and 
XII 

XIII 

XIV 

XV 

XVI 

XVII 

Comments 

Calculations 
made to study 
influence of 
pad thickness 

Calculations 
made to study- 
influence of 
groove temp- 
erature 

Calculations 
made to study 
influence of 
pad geometry 
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UNIT LOADING-PSI 

OIL TEMPERATURE VS..UNIT LOADING 

(Pad Geometry Per Flg. Ä-2j Oil 2190T) 

FIGURE 26 
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300 PRESENT ANALYSIS- 
SOLUTION NEGLECTING^ 
THERMAL DEFORMATION^^   ' 
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COMPARISON OF ANALYTICAL RESULTS - 
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PAD THICKMPfig ppn^r 

t - R 

r ■ R-L 

e>a 

B s 12.5" 

L ■  6.25" 

eT = jio 

'p " 9.404" 

»p " 25.5° 

h - 1.512" 

*B - O.976" 

P.d dira.„.lon8 . 25 ln. 0.D< x 12 i/2 in> i ^ 8 psd ^^^ 

Figur« A-3 



PAD THICKNESS PROFILE 

•   ■   K 

L.310 1.808 2.306 2.306 2.306'2.306'2.306 2.306 2.306 2.306 2.306 1.808 1.310 
1.310 2.057 2.306 2.306 2.306 2.306 2.306 2.306 2.306 2.306 2.306 2.057 1.310 
1.310 2.306 2.306 2.306 1.843 1.610 1.379 1.610 1.843 2.306 2.306 2.306 1.310 
1.560 2.306 2.306 1.843 1.354 1.303 1.278 1.303 1.354 1.843 2.^06 2.306 1.560 

1.808 
1.808 2.306 2.074 l.55k 1.278 1.278 1.278 1.278 I.278 1.354 2.074 2.306 
2,057 2.306 1.843 1.328 I.278 1.278 1.278 1.278 1.278 1.328 1.843 2.306 2.057 
1.81*4 2.306 1.610 1.303 1.278'1.278 1.278 1.278 1.278 1.303 1.610 2.306 1.844 
1.844 2.306 1.843 1.328 I.278 1.278 1.278 1.278 1.278 1.328 1.843 1.206 1.844 
1.844 2.306 2.074 1.379 1.303 1.278 1.278 I.278 1.303 1.379 2.074 2.306 1.844 
1.844 a. 306 2.306 2.074 1.379 1.354 l^l* 1.354 1.379 2.074 2.306 2.306 1.844 
1.844 2.306 2.306 2.306 2.306 2.074 2.074 2.074 2.306 2.306 2.306 2.306 1.844 
1.310 1.310 L.310 1.310 1.310 1.310 1.310 1.310 1.310 L.310 1.310 1.310 L.310 

R-i, 
1.310 L.310 ; L.310 1.310 1.310 1.310 1.310 1.310 1.310 : L.310 1.310 L.310 • L.310 -L-Jg 

B - 

L - 

off ■ 

'P- 

9P- 

BB- 

12.5" 

6.25" 

38.250 

9.543" 

19.1250 

1.512" 

tB -   0.976" 

Pad Dimendon«-   25 in. O.D. x 12 l/2 In. I.D. 
Figurt A-^ 

- 8 pad bearing 



PAD THICKNESS PROPILE 

r • R. 

• R 
1.310 1.808 2.306 2.306 

l         | 
2.306 2.306 2.306 2,306 2.306 2.306 2,306 1.808 1.310 

1.310 2.057 2.306 2.306 2.306 2,306 2.071* 2.306 2.306 2.306 2.306 2.057 1.310 
1.310 2.306 2.306 1.610 1.610 1.379 1.351* 1.379 1.610 1.610 2.306 2.306 1,310 
1.560 2.306 2.0711 1.379 1,328 1.278 1.278 1.278 1.328 1.379 2.07I* 2.306 1,560 
1.808 2.306 1.379 1.303 1.278 I.278 1.278 1.278 1.278 1.303 1.379 2.306 1,808 
8.057 1.8J*3 1.351* I.278 1.278 1.278 1.278 1.278 1.278 I.278 1.359 1.843 2.057 
2.306 1.9^3 1.351* 1.278 1.278 1.278 1.278 1.278 1,278 1.278 1.359 1.81*3 2.306 
2.306 l.9k3 1.379 I.278 1.278 1.278 1.278 1.278 1.278 1.278 1.379 1.91*3 2.306 
2.306 2.306 1.997 1.351* 1.303 1.278 1.278 1,278 1.303 1.351* 1.997 2.306 2.306 
2.306 2.306 2.306 1.843 1.379 1.379 1.351» 1.379 1.379 1.81*3 2.306 2.306 2.306 
2.306 2.306 2.306 2.306 2.306 2.306 2.071* 2,306 2,306 2,306 2.306 2.306 2.306 
1.310 1.310 1.310 1.310 1.310 1,310 1.310 1.310 1.310 1,310 1.310 1.310 1.310 

I. 
1.310 " L.310 1.310 1.310| 1.310 1.310 1.310 1.310 1.310 L.310 1.310 1.310 L.310 

 'e 

R   - 12.5" 

L   - 6.25" 

% - 30.6° 

rp - 9.607'' 

«_ 15.3C 

RB -   1.512" 

tß -   0.976" 

Pad dinarulon« - 25 in. O.D. x 12 l/2 in. I.D. 10 ptd bearing 

Figur« A-5 



PAD THICKNESS PROFILE 

R-L 

Rl  

1.625 2.2te 2.86c ) 2.86C 
1          | 

) 2.860 2.860 2.860 2.860 P.fl/V 2.86c ) 2.86c ) 2.24S i  f&s 
1.625 2.551 2.86C ) 2.86C 2.86c 2.86c 2.86c ) 2.86C 2.86C 2.86c 2.86C 2.551 1.625 
1.625 2.860 2.860 2.860 2,86C 2.285 1.997 2.285 2.860 2,86C 2.860 2.860 1.625 
1.931» 2,860 2.860 2,860 2.285 1.679 1.616 1.679 2.285 2.860 2.860 2,860 l.QU 
2,21*2 2,860 2.860 2.572 1.679 1.585 1.58511.585 1.679 2.572 2.860 2.860 2.342 
2.551 2.860 2.860 2.285 1.616 1.585 1.585 1.585 1.616 2.285 2.860 2.860 2.551 
2.860 2.860 2.860 2.285 1.616!1.585!1.585 1.585 1.616 2,285 2.860 2.860 2.860 
2.860 2.860 2.860 2.285 1.616 I.585 I.585 1.585 

i  

1.616 2.265 2.860 2.860 2.860 
2.860 2,860 2.860 2.572 1.647 1.585 1.585 1.585 1.647 2.572 2.860 2.860 2.860 
2.860 2.860 2.860 2.860 1.997 1.679 1.647 1,679 1.997 2.860 2.860 2.860 2.860 
2.860 2.860 2.860 2.860 2.860 2.035 1.997 2.035 2.860 2.860 2.860 2.860 2.860 
1.625 1.625 I.625 1.625 I.625 1.625 1.625 I.625 I.625 1.625 1.625 1.625 1.625 
1.625 I.625 1.625 1.625 I.625 I.62511.625 1,625 I.625 1.625 I.625 1.625 1.625 

B   - 15.500" 

L   - 7.750° 

»T " 51° 

rp - 11.661" 

»p - 25.5° 

KB - 1.875" 

tB - 1,21" 

P.d dim.ntlon. - 31 O.D. x 15 l/2 In I.D. - 6 pad bearing 

Figur« A-6 



I 
I 
I 
I 
I 
I 
[ 

I 

PAD THICKNESS PROFILE 

R-L 

R   
1.625 2.2l»2 2.86c 2.860 2.860I2.860I2.86C 2.R60 2.860 2.860 2.860 2.21*2 1.625 
1.625 2.551 2.860 2.860 2.860 2.860 2.860 2.860 2.860 2.860 2.860 2.551 1.625 
1.625 2.860 2,860 2.860 2.285 i.997 1.710 1.997 2.285 2.860 2.860 2.860 1.625 
l.93b 2.860 2.860 2.285 1.679 1,616 1.585 1.616 1.679 2.285 2.860 2.860 1.93U 
2.21*2 2.860 2.572 1.679 1.585 1.585 I.585JI.585 1.585 1.679 2.572 2.860 2.21*2 
2.551 2.860 2.265 1.61*7 1.585 1.585 1.585 1.585 1.585 1.61*7 2.285 2.860 2.551 
2.860 2,860 1.997 1,616 

1 

1.585'l.585 I.585 1.585 1.585 1.616 1.997 2.860 2.860 
2.860 2.860 2.285 1,64? 1.585 1.585 1.585 1.585 1.585 1.61*7 2.285 2.860 2.860 
2.860 2.860 2.572 1.710 1.616 1.585 1.585 1.585 1.616 1.710 2.572 2.860 2.860 
2.860 2.860 2.860 2.572 1.710 1.679 1.679 1.679 1.710 2.572 2.860 2.860 2.860 
2.860 2.860 2.860 2.860 2.860 2.572 2.572 2.572 2.860 2.860 2.860 2.860 2.860 
1.625 1.625 L.625 1,625 I.625 1.625 1.625 1.625 I.625 I.625 1.625 1.625 L.625 
1.625 L.625 1.625 I.625 I.625 1.625 1.625 I.625 1.625 • L.625 L.625 L.625 L.625 

e-a, 

R    - 15.500' 

L    - 7.750" 

*T- 38.25° 

rp- 11.833" 

ep- 13.125° 

RB " 1.875" 

tB- 1.210" 

Pad dimension« - 31 in. O.D. x 15 l/2 in.  I.D. 8 pad bearing 

Figure A-7 



PAD THICKNESS PROFILE 

r - R 

r - R-L 

1.625 2.2U2 2.860 2.860 2.86o;2.86o 2.860 2.860 2.860 2.860 2.860 2.21*2 1.625 

1.625 2.551 2.860 2.860 2.860 2.860 2.572 2.860 2.860 a.860 2.860 2.551 1.625 

1.625 2.860 2.860 1.997 1.997 1.710 1.679 1.710 1.997 1.997 2.860 2.860 1.625 

1.93»» 2.860 2.572 1.710 1.61*7 1.585 1.585 1.585 1.6l»7 1.710 2.572 2.860 1.93»» 

2.2U2 2.860 1.710 1.616 1.585 1.585 1.585 1.585 1.585 1.616 1.710 2.860 2.21*2 

2.551 2.285 1.679 1.585 1.585 1.585 1.585 1.585 1.585 1.585 1.679 2.285 2.551 

2.860 2.285 1.679 1.585 1.585 1.585 1.585 1.585 1.585 1.585 1.679 2.285 2.860 

2.860 2.285 1.710 1.585 I.585! I.585 1.585 1.585 1.585 1.585 1.710 2.285 2.860 

2.860 2.860 1.997 1.679 1.616 1.585 1.585 1.585 1.616 1.679 1.997 2.860 2.860 

2.860 2.860 2.860 2.285 1.710 1.710 1.679 1.710 1.710 2.285 2.860 2.860 2.860 

2.860 2.860 2.860 2.860 2.860 2.860 2.572 2.860 2.860 2.860 2.860 2.860 2.860 

1,625 1.625 I.625 1.625 1.625 I.625 1.625 1.625 I.625 I.625 1.625 1.625 1.625 

1.625 1.625 1.625 1.625 I.625 1.625 1.625 1.625 1.625 I.625 1.625 I.625 1.625 . 
0-0, 

B 

L 

rP 

«P 

RB 

tB 

15.500" 

7.750" 

30.6° 

11.913" 

15.3° 

1.875" 

1.21" 
Pad dimtnsion» - 31 in. O.D. x 15 l/2 In. I.D. 10 pad bearing 

Figur« A-8 



I 

[ 
PAD THICKNESS PROFILE 

r   m R 

R-L 

a. 149 2.965 3.782 3.783 
1            1           1 
I3.783 3.783 3.783 .3783 3.783 3.783 3.783 2.965 2.11*9 

2.1U9 3.373 3.783 3.783 3.783 3.783 3.783 3.783 3.783 3.783 3.783 3.373 2.11*9 
2.11*9 3.783 3.783 3.783 3.783 3.022 2.61*1 3.022 3.783 3.783 3.783 3.783 2.11*9 
2.558 3.783 3.783 3.783 3.022 2.220 2.137 2.220 3.022 3.783 3.783 3.783 2.658 
2.965 3.783 3.783 3.1*01 2.220 2.096 2.096 2.096 2.220 3.1*01 3.783 3.783 2.965 
3.373 3.783 3.783 3.022 2.137 2.096 2.096 2.096 2.137 3.022 3.783 3.783 3.373 
3.783 3.783 3.783 3.022 2.137'2.09612.096 2.096 2.137 3.022 3.783 3.783 3.783 
3.783 3.783 3.783 3.022 2.137 2.096 2.096 2.096 2.137 3.022 3.783 3.783 3.783 
3.783 3.783 3.783 3.1*01 2.178 2.096 2.096 2.096 2.178 3.1*01 3.783 3.783 3.783 
3.783 3.783 3.783 3.783 2.01*1 2.220 2.178 2.220 2.61*1 3.783 3.783 3.783 3.783 
3.783 3.783 3.783 3.783 3.783 3.022 2.61*1 3.022 3.783 3.783 3.783 3.783 3.783 
2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 

2.11*9 : 3.11*9 i 2.11*9 2.11*9! 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 : 2.11*9 2.11*9 2.11*9 ' 2.11*9 
 'e 

B   « 20.5" 

L   = 10.25" 

«T = 51° 

rp =■ 15.1*23" 

»p ■ 25.5° 

RB - 2.1*8" 

tB -      1.601" 
P.d dimension. - ^l m. O.D. x 20 l/2 in.  I.D.   6 pad bearing 

Figur« A-9 
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PAD THICKNESS PROFILE 

r « R 
2.149 

2.149 

2.149 

2.965 

3.373 

3.703 

2.558 3.783 

3.783 

3.783 

3.783 

2.965 

3.373 

3.783 

3.783 

3.783 

3.783 

3^783 3.783; 3.763'3.783 

3.783 

3.783 

3.401 

3.022 

3.783 2.641 

3.022 

3.783 3.783 

3.022 2.641 

3.783 

2.220 

2.220)2.096 

2.178 

3.022 2.178 

2.096 

2.137 

2.096 

2.096 

2.262 

2.096 

3.763 

3.783 

2.641 

2.137 

2.O96j2.096 

3.783 

3-783 

3.022 

3.783 

3.783 

2.220 

2.096 

2.096'2.096!2.096 

2.096 2.096 

2.096 

2.096 

3.783 

3.022 

3.783 

3.783 

3.783 

2.220 

2.096 2.178 

3.783 

2.965 2.149 

3.373 2.149 

3.783 2.149 

3.401 

3.022 

3.783 2.558 

3.783 2.965 

3.783 3.373 

e»e. 

R ■ 20.5" 

l ' 10.25" 

er 38.25° 

'p' 15.65" 
ep. 19.125° 

RB= 2.48" 

tg.       1.601" 

P.d dimensions - 41  i„. o.D. x 20 l/2 in.  r.D.  g pad be,rlng 

Figure A-10 



PAD THICKNESS PROFILE 

r - R 

r - R-L 

2.149 2.965 3.7B3 3.783 3.783, 3.783 3.783 3.783 3.783 3.783 3.783 2.965 2.11*9 
2.149 3.371* 3.783 3.783 3.783 3.783 3.1*01 3.783 3.783 3.783 3.783 3.371* 2.11*9 

2.11*9 3.783 3.783 2.01*1 2.61*1 2.262 2.220 2.262 2.61*1 2.61*1 3.783 3.783 2.11*9 

2.558 3.783 3.1*01 2.262 2.178 2.096 2.096 2.096 2.178 2.262 3.1*01 3.783 2.558 

2.965 3.783 2.262 2.137 2.096 2.096 2.096 2.096 2.096 2.137 2.262 3.783 2.965 

3.373 3.022 2.220 2.096 2.096 2.096 2.096 2.096 2.096 2.096 2.220 3.022 3.373 

3.783 3.022 2.220 2.096 2,096 2.096 2.096 2.096 2.096 2.096 2.220 3.022 3.78T 

3.783 3.022 2.226 2.096 2.096 2.096 2.096 2.096 2.096 2.096 2.262 3.022 3.783 

3.783 3.783 2.61*1 2.220 2.137 2.096 2.096 2.096 2.137 2.220 2.61*1 3.783 3.783 

3.783 3.783 3.783 3.022 2.262 2.262 2.220 2.262 2.262 3.022 3.783 3.783 3.783 

3.763 3.783 3.783 3.783 3.783 3.783 3.U01 3.783 3.783 3.783 3.783 3.783 3.783 
2.11*9 2.1i*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 

2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 2.11*9 e-a. 

F   » 20.5" 

L    - 10.25" 

e-r - 30.60 

rp - 15.756" 

»p - 15.3° 

BB - 2.1*8" 

tB =     1.601" 

Pad dimentions - ü In. D.D. x 20 l/2 In. I.D. 10 pad bearing 

Figure A-U 



PAD THICKNESS PROFILE 

«  K 

2.621 3.616 4.613 4.613 4.613 4.61314.613 4.613 4.613 4.613 4.613 3.616 2.621 

2.621 4.114 4.613 4.613 4.613 4.613 4.613 4.613 4.613 4.613 4.613 4.114 2.621 

2.621 4.613 4.613 4.613 4.613 3.685 3.221 3.685 4.613 4.613 4.613 4.613 2.621 

3.119 4.613 4,613 4.613 3.685 2.708 2.606 2.708 3.685 4.613 4.613 4.613 3.119 
3.616 4.613 4.613 4.148 2.708 2.556 2.556 2.556 2.708 4.148 4.613 4.613 3.616 
4.114 4.613 4.613 3.685 2.606 2.556 2.556 2.556 2.606 3.685 4.613 4.613 4.114 

4.613 4.613 4.613 3.685 2.6o6l2.556 2.556 2.556 2.606 3.685 4.613 4.613 4.613 

4.613 4.613 4.613 3.685 2.606 2.556 2.556 2.556 2.606 3.685 4.613 4.613 4.613 

4.613 4.613 4.613 4.148 2.656 2.556 2.556 2.556 2.656 4.148 4.613 4.613 4.613 

4.613 4.613 4.613 4.613 3.221 2.708 2.656 2.708 3.221 4.613 4.613 4.613 4.613 

4.613 4.613 4.613 4.613 4.613 3.282 3.221 3.282 4.613 4.613 4.613 4.613 4.613 

2.621 2.621 2.621 2.621 2.621 2.621 2.621 2.621 2.621 2.621 2.621 2.621 2.621 

R-L 
2.621 2.62. 2.621 2.621 2.621 2.621 2.621 2.621 2.621 2.621 2.621 2.621 2.621 

e-( 

B   - 25" 

L    - 12.5" 

*P- 51° 

rp - 18.808" 

»p - 25.5° 

BB - 3.024" 

»B -     1.952" 
Pid dim«n«ioiu -50  In. O.D. x   25 in.I.D.   8 pad bearing 

Figur« A-12 
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PAD TOICKNESS PROFILE 

r . R 

R-L' 

2.62 I 3.6l( 5 4.6i: 5 4.61. 3 4.6l3V6l3l4.6l2 4.613 4.613 4.61; i 4.613 3.616 2.621 
2.621 4.111» 4.613 4.613 4.613 4.613 4.613 4,613 4.613 4.613 4.613 4.114 2.621 
2.621 4.613 4.613 4.613 3.685 3.221 2.758 3.221 3.685 4,613 4.613 4.613 2.621 
3.119 4.613 4.613 3.685 2.708 2.606 2.556 2.606 2.708 3.685 4.613 4.613 3.119 
3.616 4.613 4.148 2.708 2.556 2.556 2.556 2.556 2.556 2.708 4.11*8 4.613 3.616 
4.111* 4.613 4.685 2.656 2.556 2.556 2.556 2.556 2.556 2,656 3.685 4.613 4.114 
4.613 4.613 3.221 2.606 2.556l2.556 2.556 2.556 2.556 2.606 3.221 4.613 4.613 
4.613 4.613 3.685 2.656 2.556 2.556 2.556 2.556 2.556 2.656 3.685 4.613 4.613 
4.613 4.613 4.148 2.758 2.606 2.556 2.556 2.556 2.606 2.758 4.148 4.613 4.613 
4.613 4.613 4.613 4.148 2.758 2.708 2.708 2.708 2.758 4.148 4.613 4.613 4.613 
4.613 lf.613 4.613 4.613 4.613 4,11*8 4.11*8 4.148 4.613 4.613 4.613 4.613 It. 613 
2.621 >.62l 2.621 i 2.621 2.621' 2.621 2.621 2.621 2.621 2.621 2.621 2.621 i 2.621 
2.621 J J.621 J 5.621 2.62l|: 2.621 2.621 ! 2.621 i 2.621 i 2.621 i >.62l 2.621 |i 2.621 i ?.621 

e-a, 

B   =   25,• 

L  -  12.5" 

»T -   38,25° 

rp -    19,085" 

»p »    19.125° 

BB -      3.024" 

tB "     1•952,, 

Pad dimensions - 50 in. o.D. x   25 

Figure A-13 
I'I.D,    6 pad bearing. 



PAD THICKNESS PROFILE 

r . R 

I 

I 

R-L 

2.621 3.616 4.613 
1  

4.613 4.613,4.613'4.613! 4.613 4.613 4.613 4.613 3.616 2.621 
2.621 4.115 4.613 4.613 4.613 4.613 4.148 4.613 4.613 4.613 4.613 4.115 2.621 
2.621 4.613 4.613 3.221 3.221 2.758 2.708 2.756 3.221 3.221 4.613 4.613 2.621 
3.119 4.613 4.148 2.758 2.656 2.556 2.556 2.556 2.656 2.758 4.148 4.613 3.119 
3.616 4.613 2.758 2.606 2.556 2.556 2.556 2.556 2.556 2.606 2.758 4.613 3.616 
U.115 3.685 2.708 2.556 2.556 2.556 2.556 2.556 2.556 2.556 2.706 3.685 4.115 
"♦.613 3.685 2.708 2.556 2.556 2.556 2.556 2.556 2.556 2.556 2.708 3.685 4.613 
4.613 3.685 2.758 2.556 2.556J2.556 2.556 2.556 2.556 

1  

2.556 2.758 3.685 4.613 

4.613 
4.613 4.613 3.221 2.708 2.606 2.056 2.556 2.556 2.606 2.708 3.221 4.613 
4.613 4.613 4.613 3.685 2.758 2.758 21708 2.758 2.758 3.685 4.613 4.613 4.613 
4.613 4.613 4.613 4.613 4.613 4.613 4.148 4.613 4.613 4.613 4.613 4.613 4.613 
2.621 2.621 2.621 2.621 2.621 2.621 2.621 a.621 2.621 2.621 2.621 2.621 2.621 
2.621 i J.621 i J.621 2.621 2.621 2.631 2.621 2.621 2.621 1 2.621 2.621 i 2.621 i 2.621 

e-c 

R 

L 

r. 

25" 

12.5" 

30.6° 

19.215" 

30.6° 

Bg -     3.024" 

tB -     1.952" 

P 

eP 

Pad dim«n»ion« - 50 in. O.D. x 25 In.I.D.iO pad bearing 
Figure A-U 



1 
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PAD THICKNESE PROFILE 

r - R 

R-L 

*  
1.312 1.700 2.250 2.250 2.250 2.250'2.250 £.250 2,250 2.250 2.250 1.700 1.312 
1.312 1.875 2.200 2.250 2.250 2.200 2.030 2.200 2.250 2.250 2.250 1.875 1.312 
1,312 2.150 2.250 2,250 1,850 1.300 1.250 1.500 I.850 2.250 2.250 2.150 1.312 
1.1*00 2.250 2.250 1.850 1.250 1.250 1.250 1.250 1.250 1.850 2.250 2.250 1.1*00 
1.600 2.250 2.200 1.350 1.250 1.200 1.175 1.200 1,250 1.350 2.200 2.250 1.600 
1.875 2.250 1.950 1.250 1.250 1.137 0.906 1.137 1.250 I.250 1.950 2.250 1.675 
2.150 2.250 1.850 1.250 I.250 '1.062 0.775 1.062 1.250 1.250 1.850 2.250 2.150 
2.250 2.250 1.950 1.250 1.250 1.175 1.062 1.175 1.250 1.250 1.950 2.250 2.250 
2.250 2.250 2.150 1.260 1.250 1.250 1.250 1.250 1.250 1.260 2.150 2.250 2.250 
2.250 2.250 2.250 1.850 1.250 1.250 1.250 1.250 1.250 1.850 2.250 2.250 2.250 
2.250 2.250 2.250 2.250 1.950 1.750 1.650 1.750 1.950 2.250 2.250 2.250 2.250 
1.885 L.885 1.885 1.885 I.885 I.885 I.885 1.885 1.885 I.885 I.885 1.885 1.885 
0.937 ).937 3.937 3.937 3.937 3.937 3.937 3.937 3.937 3.937 0.937 3.937 3.937 

 'e 

B   - 15.5" 

L   - 7.251*" 

eT - 38.25° 

rp . 12" 

9p- 19.1250 

BB - 1.875" 

tB 1,210" 
P«d dimensions - 31 in. O.D. x 16 l/2 in. I.D. Ahead 
Bearing of DD 933 

Figure A-15 



PAD THICKNESS PROFILE 

r  « R 

0.688 

0.688 

0.688 

1.250 

1.1*38 

0.875 

1.1*38 

1.1*38 

1.063 1.1*38 

I.O63 

1.1*38 

1.1*38 

1.1*38 

1.1*38 

l.l*38|l.l»38 i.l^eli.k3& 

0.969 1.1*38 1.1*38 0.969 

1.1*38 

1.282 

1.1*38 

1.250 |l.1*38 

1.1*38 

1.1*38 

1.1*38 

I.123 

0.969 

0.813 

O.81310.813 0.797 

0.797 0.750 

0.797 

1.123 

1.1*38 

1.1*38 

1,1*38 

R-L 
1.^38 

1.1*38 

1.123 

1.123 

0.782 

0,766 0.750 

0.750 O.750 

0.750 

1.1*38 

O.969 

0.813 

1.1*38 

1.1*38 

O.813 

0.750 

0.750 0.750 

0.750 

O.782 

1.282 

1.1*38 1.1*38 

1.1*38 

1.1*38 

0.797 

O.813 

0.750 0.750 lO.750 

0.750 O.750 0.750 

0.750 

1.1*38 

1.1*38 

1.123 

1.1*38 

1.1*38 

0.766 

0.750 

0.750 

O.813 

0.750 

1.1*38 

1.1*38 

1.1*38 

1.1*38 

1.1*38 

0.797 O.969 

0.766 

O.750 

0.750 

0.750 

0.750 

0.750 

0.750 

0.750 

O.813 

0.797 

1.1*38 

1.1*38 

1.250 

1.1*38 

1.1*38 

0.688 

0.688 

1.282 

1.123 

O.782 

0.750 O.782 

0.750 

0.797 O.766 

1.123 I0.813 

1.1*38 1.1*38 

O.766 

O.813 

1.1*38 

0.797 

O.813 

0.750 0.797 

O.813 

I.123 

1.123 

1.1*38 0 

1.1*38 1.063 

0.688 

O.875 

1.1*38 1.063 

1.123 

1.123 

1A38 1.250 

1.1*38 1.1*38 

1.1*36 |l.l*38 

O^i^teli.^S 1.1*38 

1.1*38 1.1*38 1.123 

1.1*38 

1.1*38 [1.1*38 |l.l*38 

1.1*38 

1.1*38 

1.1*38 

1.1*38 

1.1*38 

1.1*38 

1.1*38 
e-a, 

B   . 13" 

L  .     4.25" 

»T - 290 

fp - 10.875" 

e
D- ll*.50 

tß "     0.625" 

Pid dimension« - 26 in. 0 D   » 17 1/* «      T ^ 
Bwring of DD 933 17 3/A in' I'D-  " A«t«rn 

Figure A-16 
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PAD THICKNESS PROFILE 

r « R 
1.321* 

1.321» 

1.321» 

1.576 

1.827 

2.079 

2.331 

1.827 

2.079 

2.331 

2.331 

2.331 2.331 

2.331 

2.331 

2.331 

2.331 

2.331 

2.331 

2.331 

2.331 

2.096 

1.862 

2.331 

2.331 

1.862 

2.331 2.331 2.331 

2.331 

1.862 

2.331 

1.628 

2.331 

1.368 

1.368 

1.628 

2.331 

2.331 

2.331 

2.331 

1.324 

r m R-L 
1.321» 

2.331 

1.862 

2.096 

l.3l»2 

1.292 

1.317 

1.342 

2.331 

2.331 

1.321» 

1.324 

2.331 

1.321» 

1.394 

1.292 

1.317 

1.292 

1.292 

1.391» 

1.292 

2.331 2.331 2.331 

2.331 2.331 

1.628 

1.317 

1.292 1.292 

1.862 

1.368 

I.292 

1.292 

1.292'1.292ll.292 

1.292 

1.317 

2.096 

2.331 

1.321» 

1.321» 1.321» 

1.394 

1.292 

1.317 

1.368 

2.331 

1.324 

1.324 

I.292 

1.292 

1.292 1.292 

1.292 1.292 

2.331 

2.331 

1.862 

1.368 

1.342 

1.317 

2.331 

2.331 

2.331 

2.331 

2.096 

1.862 

I.827 

2.079 

2.331 

2.331 

2.331 

2.331 

1.292 

1.292 

2.096 

1.324 

1.324 

2.096 

1.324 

1.317 

1.292 

1.317 

1.394 1.394 

2.096 2.331 

1.342 

1.394 

2.096 

2.331 

1.628 

1.862 

2.331 

1.324 

1.324 

1.324 

1.576 

1.827 

2.079 

2.331 

2.096 

2.331 

2.331 

1.324 1.324 1.324 

1.324 1.324 1.324 1.324 

1.324 

1.324 

2.331 

2.331 

2.331 

2.331 

1.324 

2.331 

2.331 

2.331 

2.331 

1.324 

1.324 1.324 

1                             B   - 15.5" 

L   . 7.75" 

ftr- 38.25" 

rp" II.833" 

ep- 19.1250 

BB . 1.875" 

|                                 tBm 1.020" 
1 

1. 
Pad dimension« - 31 In.O.D. x 1 

Flgurt A-17 
l»td 

0.7) 



PAD THICKNESS PROFILE 

r  » R 

r - R-L 

1.982 2.735 3.1*89 3.1*89 
1          | 

3.1*89 3.1*89 3.U89 3.U89 3.1*89 3.1*89 ^.l»80 2.7^q I.982 
1.982 3.112 3.1*89 3.1*89 3.1*89 3.1*89 3.U89 3.1*89 3.1*89 3.1*89 3.^89 3.112 1.982 
1.982 3.1*89 3.1*89 3.U89 2.788 2.1*36 2.086 2.1*36 2.788 3.1*89 3.1*89 3.1*89 1.982 
2.359 3.1*89 3.W9 2.788 2.0lf8 1.972 1.931* 1.972 2.01*8 2.788 3.1*89 3.1*89 2.359 
2.735 3.1*89 3.138 2.0U8 1.931* 1.931* 1.931* 1.931» 1.931* 2.0U8 3.138 3.489 2.735 
3.112 3.W9 2.788 2.009 1.931* 1.93"* 1.931* 1.93»* 1.931* 2.009 2.788 3.1*89 3.112 
3.W9 3.1*89 2.1*36 1.972 1.931» 1.931* 1.931* 1.931* 1.931* 1.972 2.1*36 3.489 3.1*89 
3.W9 3.1*89 2.788 2.009 1.931* 1.931* 1.931* 1.931* 1.931* 2.009 

■  

2.788 3.1*89 3.1*89 
3.U89 3.1*89 3.138 2.086 1.972 1.931* 

- 
1.931* 1.931* 1.972 2.086 3.138 3.1*89 3.1*69 

3.1*89 3.1*89 3.U89 3.138 2,086 2.01*8 2.01*8 2.01*8 2.086 3.138 3.1*89 3.1*89 3.1*89 
3.1*89 3.1*89 3.U89 3.U89 3.1.89 3.138 3.138 3.138 3.1*89 3.1*89 3.1*89 3.1*89 3.1*89 
1.982 1.982 1.982 1.982 1.9Ö2 1.982 1.982 1.988 1.982 1.982 1.982 1.982 1.982 
1.982 1.982 1.982 1.982 1.982 1.982 1.982 I.982 1.982 1.982 1.982 1.982 1.982 

e«( 

B  - 15.5" 

L   - 7.75" 

0T - 38.25° 

rp- 11,833" 

Op - 19.1250 

BB " 1'875" 

1.517" 

P«d dim«n«ion« - 31 in. O.D. x 15 l/2 in. I.D. 8 pad bearing 

Figur« A-18 ■ 1.3 

•td 
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SYMBOLS 

A,A. 

B 
avg 

E 

e 

f 

I 

h 

min 

li.Äi 
J 

Ji.j 

Ki'ri 
k 

L 

»'   y 

m 

m  , m 

P 

P 

p 
•»vg 

Q 

Deflection coefficienta (see Eqe. A-l, A-18) 

Average circumferential pad length « 1/2 (D-L)e 

Specific heat 

Flexural rigidity «     Et 

TOT 

12(l-v2) 

inches 

inches 

BTU/lb.x0F 

lb. in. 

Elastic modulus 

Deflection derivative (see Eq. A-ll) 

Deflection functions (see Eqs.  A-l, A-18, A-31) 

Deflection derivative (see Eq. A-10) 

Film thickness 

Minimum film thickness 

psi 

inches 

inches 

incnes 

inche s 

-1 

-1 

Set of deflection coefficients comprising matrices 

Mechanical equivalent of thermal energy («9319 in. Ibs/BTU) 

Inverse of J    matrix 

Set of deflection coefficients comprising matrices 

Deflection derivative (see Eq. A-12) 

Radial length of pad 

Edge bending moments per unit length 

Deflection modes (see e.g. Eq. A-4) 

Internal bending moments per unit length 

circumferential inclination of pad 

radial inclination of pad 

Spaed of rotation 

Deflection modes (see e.g. Eq. A-4) 

Pressure differential across pad 

Unit loading 

Average unit loading 

Hydrodynamic oil flow per pad 

Surface temperature gradient,  radially 

Surface temperature gradient, circumferentially 

Outside radius  of pad 

inches 

inches 

in. lbs/in 

in. lbs/in 

inches/inch 

inches/inch 

RPS 

psi 

psi 

psi 

gpm 
0r/inch 
0F/radian 

inches 



SYMBOLS   -   Cont'd. 

'S 
r 

r c 
r 

o 

r 
P 

T 

T 

T 
GR 

T mMx 

t 

'B 

V 

V 

S 

9TOT 

v 

♦ 

tUdiu«   of aupport ring inches 

Radial coordinate inchea 

tudial coordinate (aea Fig. A-l) inchea 

Radiui of aupport pad (aee Fig. A-l) inchea 

Radial coordinate of pivot inchea 

Radial coordinate of pivot   = 100 [r   - (R-L)]   /L inchea 

Deflection modes (aee e.g.   Eq. A-3) 

Temperature 0f 

Average film temperature 0r 

Groove mixing temperature 0r 

Maximum film temperature "f 

Pad thickness inches 

Thickness of support ring inches 

Average aurface velocity ■Tr(D-L) N inches 

Energy of bending lb. inchea 

Energy of bending of aupport plate lb. Inchea 

Energy of bending of pad lb. inchea 

Potential energy associated with load lb. inches 

Potential energy associated with presaure leading lb. inchea 

Potential energy associated with equivalent tempera-      lb. Inchea 
ture loading 

Elaatic deflection Inches 

Deflection of run of support plate inches 

linear coefficient of thermal expanaion 1/ F 

Increment 

Temperature dlffatence across pad F 

Angular coordinate radians 

Angular coordinate of pivot radians 

Angular coordinate of pivot   •  100 (8 /0 ) radians 

Pad subtended angle radians 

Absolute viscosity lb. sec/in 

Poisson's Ratio 

Angular coordinate (see Fig. A-l) radian« 

Angular velocity radians/sec. 




