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ABSTRACT

A theoretical analysis of the pressure distribution, load capacity, load angle, and
friction force for a single-step concentric journal bearing is performed. The resulting
expressions were evaluated on a digital computer. The maximum load capacity is ob-
tained when the ratio of the step clearance to ridge clearance is 1.7 and the ratio of the
angle subtended by the ridge to the angle subtended by the pad is 0. 35. Finally, for rela-
tively small radius-to-length ratios, the load capacity of the stepped journal, while con~
centric, is higher than the load capacity of a finite-length Sommerfeld bearing operating
with an eccentricity ratio of 0. 1.



INCOMPRESSIBLY LUBRICATED RAYLEIGH STEP JOURNAL BEARING
I - ZERO-ORDER PERTURBATION SOLUTION
by Bernard J. Hamrock and William J. Anderson

Lewis Research Center

SUMMARY

A theoretical analysis of the pressure distribution, load capacity, load angle (analo-
gous to an attitude angle in an eccentric bearing), and friction force for a single-step con-
centric Rayleigh step journal bearing is performed. The analysis is presented in two
parts, the ridge and the step regions. The pressure in the two regions is expressed in
terms of an asymptotic series expansion in the eccentricity ratio and only the zero-order
term is retained. The pressure in the ridge and step regions is then obtained from the
Reynolds equation. The load capacity, load angle, and friction force can be derived once
the pressure is known. The resulting equations are a function of the radius-to-length
ratio ¢, the ratio of the step clearance to the ridge clearance k, the ratio of the angle
subtended by the ridge to the angle subtended by the pad Y, and the angle subtended by
the lubrication groove 6. The range of applicability of the results covers the entire
range of radius-to-length ratios.

A consideration of load capacity showed the results to yield an optimum step- to
ridge-clearance ratio of 1.7 and an optimum ratio of the angle subtended by the ridge to
the angle subtended by the pad of 0.35. The results indicated that in the Rayleigh step
journal bearing, a positive pressure is developed completely around the journal, whereas
in a plain journal bearing, the pressure theoretically becomes negative over a portion of
the circumference. Also, for small radius-to-length ratios (€ < 0. 2) the load capacity
of the stepped journal, while concentric, is higher than the load capacity of a plain bear-
ing of the same radius-to-length ratio operating with an eccentricity ratio of 0.1. Finally,
the dimensionless friction force of a Rayleigh step journal bearing proved to be less than
that of o plain bearing.



INTRODUCTION

Lord Rayleigh (ref. 1) illustrated that, when side leakage is neglected, the step film
shape has the greatest load capacity in a slider bearing lubricated with an incompressible
fluid. A calculus-of-variations approach was used in obtaining these results. In a recent
paper by Maday (ref. 2), a bounded variable approach was used to arrive at a conclusion
similar to Rayleigh's. Archibald (ref. 3) found that when side leakage is considered, the
optimal step shape changed considerably from that obtained by Rayleigh, and the load ca-
pacity decreased somewhat. Archibald applied his finite stepped slider results from ref-
erence 3 to the journal bearing problem (ref. 4). In the present report, however, the
journal bearing problem is considered directly, Expressions are derived for the radial
and tangential load components, as well as for the load angle and friction force.

Instability and low load capacity, more than any other factors, limit the usefulness of
fluid film bearings when lubricants of low viscosity, such as liquid metals, are used. It
is a known fact (ref. 5) that discontinuous films, such as those produced by steps and
grooves, tend to stabilize the bearing. Finally, the stepped journal is a relatively simple
bearing as opposed to a tilting pad bearing, for example.

Figure 1 shows the stepped journal bearing in a concentric position, The term ''pad"
in this report refers to the angle subtended by the ridge, step, and lubrication groove. In
this report, the bearing and journal will remain concentric. With this assumption, it can
easily be seen that, if more than one step is placed around the journal, the resulting load
is zero. Therefore, the single step case is the only one of interest when the journal is
concentric. The single-step bearing supports a finite load in a unique direction.

In a recent patent disclosure (ref. 6), a single-step Rayleigh journal bearing design
capable of supporting an arbitrarily directed load is presented. The subject invention
(part of which is shown in fig. 2) utilizes the single-step configuration, but in three sec-
tions. Each section is displaced 120° circumferentially with respect to the others to
achieve symmetry. The concept resulted from the analysis of a gas-lubricated stepped
journal bearing (ref. 7), which indicated that the optimal number of steps around the
journal tended toward one.

The objective of this report is to obtain the optimal step configuration for maximum
load capacity for an incompressibly lubricated one-step concentric journal bearing.

SYMBOLS
A,B,D,E integration constants
C radial clearance
e journal and bearing eccentricity
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dimensionless friction force, fC/2rRLuU

friction force

dimensionless film thickness, h/c

thickness of lubricating film

Fourier coefficient

order of perturbation

separation constant

film thickness ratio, C /C_

length of bearing

odd positive integers

number of steps placed around journal

dimensionless pressure, Cz(p - pa)/GuUR

pressure

ambient pressure

flow rate

radius of bearing

velocity of bearing rotation

dimensionless total load, W/paLRI"

dimensionless radial load, Wr/paLRI‘

dimensionless tangential load, wt/paLRl"

radial load component orientated in 8 = 0° direction
tangential load component orientated in 6 = 90° direction
dimensionless axial coordinate, z/L

axial coordinate

angle subtended by step

dimensionless parameter, 6uUR/paCf,
angle subtended by ridge

angle subtended by lubrication groove
eccentricity ratio, e/Cr

radius~to-length ratio, R/L



# angular coordinate

i viscosity of lubricant

7  shear stress

& load angle

¥ proportion of ridge angle to total angle of ridge-step-groove combination, v/(y +8 +6)
Subscripts:

0 zero-order perturbation solution
r ridge region

s step region

ANALYSIS

The steady-state, incompressible Reynolds equation for a journal bearing in cylindri-
cal coordinates (ref. 8) can be written as

2 <h3 @) +RE O (h3 @> - 6uUR 2 (1)
00 26 0z 0z o0

This equation can be written in dimensionless form for the ridge and step regions of the
Rayleigh step journal bearing as

2
P °P oH
2 <Hf ——r> + 20D T2 @)
20 00 57 a6
where
2
N C.(p. - p,)
r 6. UR
hr
HI‘ = -E:—'
r
7z = -.z_ C = B
L L



and

2
0 3aPs 233Ps_ aHs
= (B —=2) +¢°H] =--= (3)
06 a0 BZZ 06
where
2
_Crlpg - py)
s 6L UR
H =h_S
S ¢
r

The reason for the term on the right side of equations (2) and (3) to appear negative where
it appeared positive in equation (1) is that in a Rayleigh step journal bearing (fig. 1) the
velocity U is taken to be positive in the negative 6-direction. This orientation is neces-
sary in order for a positive pressure to develop at the step within the bearing. In equa-
tions (2) and (3), and in figure 1, the subscripts r and s refer to ridge and step re-
gions, respectively. These symbols will be used throughout the analysis.

The equations for the circumferential flow rate in the ridge and step regions may be

written as

Q= - r__r T
2  12uR 00
3
_ Un,  hi dpg
Qg =-—2-

In terms of the dimensionless pressures and film thicknesses, the flow rates are

ucC oP
37 r
Q =-—L(H +H L (4)
t 2 (r T o0



ucC g 9P

Q= --—2-£ (HS + H -80_S> (5)

The equations for the dimensionless film thickness in the ridge and step regions may be

written as

hr

H,=—=1+¢€cos ¢ (6)
C
r
hs

H =—=k+ecosd (7)
Cr

where € = e/Cr and k = Cs/Cr'
The dimensionless pressure in the ridge and step regions may be written as an as-

ymptotic expansion in €:

If only the zero-order perturbation solution is considered, that is, the case where the
journal is in the concentric position, the dimensionless pressure and film thickness equa:

tions in the ridge and step regions are



Substitution of these expressions into equations (2) to (5) gives the following equations:
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(8)

(9

(10)

(11)

Applying the standard technique of separation of variables to equations (8) and (9) gives

the following equations:

P.= [Ar sinh(KrG) +B, cosh(KrG)]

P .= [As sinh(KSQ) + By cosh(KSG)]

s0

The boundary conditions are as follows:
(1) P,y =0, when 6 = 0.
(2) Py = 0, when 6 =27 - 5.
3) apro/az = apso/az =0, when Z = 0.
(4) Pg= Py =0, when Z = 1/2.

(5) Ppg = Pgo =
m=1,3,...
coefficient and ¥ = /27,

This last boundary condition assumes that the dimensionless pressure at the common

boundary is given by the Fourier cosine series.
Archibald (ref. 3) in his thrust bearing work.

Substituting these boundary conditions into equations (12) and (13) gives

This technique was initially used by

[>e]
Z L, cos(mnZ), when 4 = 2my, where L, is a Fourier

(12)

(13)



= L, cos(mnZ)sinh(mnt 0)
P= 5 (14)
w3 sinh(2mn“¢yY)
and
= Imcos(me)sinh[mnC @r -5 - 0)]
PSO = N * (15)
sinh[mn¢ 27 - 2my - 8)]
m=13,...

In order to solve for the Fourier coefficient of equations (14) and (15), the flow rate must
be equated at the common boundary of the ridge and step regions. Therefore, from equa-
tions (10) and (11), the following equation can be written:

<aPr0> _ k3<apso> Ck-1

Equations (14) and (15), can be used to write the preceding equation as

E mmgl_ cos(ng){ctnh(zmnzgw) +Xk° ctnh[mnt @r - 209 - 5)]} k-1 (16)

m=1,

-

The right side of the equation (16) can be expanded in terms of a Fourier cosine series
by use of the standard cosine series for 7/4 (ref. 9), so that the following expression

can be written:

4k - 1)sin<£n2l> cos(mnz)

mn

Substituting this equation into eauation (16) and solving for the Fourier coefficient give



4(k - 1)sm<r;m>
= ) 5 : —— (17)

m°7 C{ctnh(ZmWZCd/) + K3 ctnh[mng 2 - 2myY - 6)}}
Therefore, equations (14), (15), and (17) define the dimensionless pressure in the ridge

and step regions.
The dimensionless radial and tangential load components in the ridge region are

1/2
WRrO = = / / o cos 8 dZ dg
wt 2my ~1/2
= r =2/ / P, sin 0 dZ do
p,LRT 0 0 r

where T = 6uUR/pa Figure 3 illustrates the radial and tangential load components
The radial load component wr is defined as the load acting in the fixed 4 = 0° direction.
The tangential load component wt is the load acting perpendicular to the radial load com-
ponent. Substituting equation (14) into the immediately preceding equations gives the fol-

WTrO

2

lowing:

21 [mag - mng cos(ZmP)cosh(menZ?;’xp) - sin(mm,b)sinh(2m772§tp)]
WR_ = . S B (18)

0
’ mr sin(l—nél> sinh(2m772§1,l/)(1 + m2n2§2)
m=13,...
-ZI [cos(Zm,l/)smh(Zmn Cx,l/) - mnt s1n(2m[1)cosh(2m7r Cxll)]
WT_, (19)
mz sm( >s1nh(2m77 ey + m27r2§2)
2
m=1i, 9,

The dimensionless radial and tangential load components in the step region can be written

as



wr_, 27~ 1/2
WRSO = A / / PsO cos 0 dZ dg
paLRl" 2my 0

wt g 271-6 ,~1/2 '
WT )= —S =z/ / P_, sin 0 dZ df
p, LRT omy 0 S

Substitution of equation (15) into the immediately preceding equations gives

Zlm{sin(ZmP)sinh[mng (@m - 2my - 8)] - mrt cos(@my)coshimaf (2r - 2mY - 6)] + mng cos(2m ~ 6)}

WR A =
=0 mr sin(-“;_">sm[mn§(zn - 20y - 8)](1 + m2r % ?) (20)
m=1, 3,
-Zlm{mnt sin(27 - &) - cos(2my)sinh{ma (271 - 27y - 8)] - maf sin(@my)cosh[mnt 27 - 2my - 5)]}
WT o=
s0 mw sin(?} sinh[mn¢ (27 - 20y - 8)](1 + m2”2§2) (2 1)
m=1,3,...

The total dimensionless load capacity and load angle can be written as

P, RT

-1 WTSO +WTro
WRsO +WRrO

(23)

d>0=tan

Therefore, the dimensionless load capacity and load angle are functions only of k, y, €,
and 6. For given values of radius-to-length ratio ¢ and angle subtended by the lubrica-
tion groove 6, values of the ratio of the step-to-ridge clearance k, and the ratio of the
angle subtended by the ridge to the angle subtended by the pad ¢ may be found which
maximize the load supported by the bearing. Appendix A presents a simple analytical
procedure for finding the optimal k for maximum load while ¥ is held constant. Be-
cause of the way Y appears in the load expressions, the optimum value of ¥ must be

determined numerically.
10



The shear stress at the moving member in the ridge and step regions can be written

as
T 0=L1-£__C_1: apro
r
Cr 2R 00
_uU Cs apsO
Ts0™ T " oo
Cs 2R 06

The friction force at the moving member in the ridge and step regions is then

2y
21y 1/2 2 5p
_2RLf / 0 dZ d9 = oRL|TEUY _ S G“UR / / rOdZ do
C
r

27~ 1/2
f »=2RL ,{ / T . dZ do
s0 T 0 sO

8P
2Cg
2wy

Equations (14) and (15) can be used in integrating the immediately preceding equations.
Then the dimensionless friction force in the ridge and step regions can be written as

d mm
£ C Im s1n< 5 )

m

11



The total dimensionless friction force is the sum of the two components, or

. (mm
£.C Im sm<—)
FO=L=¢<1__1_>+1<1_5_)+M —\2/ (24)
2rRLuU k k 27 772 m

m=1,3,...

DISCUSSION OF RESULTS

Numerical solutions of equations (14) to (24) were obtained on a digital computer for
a number of cases of interest. For all the data presented, the angle subtended by the
lubrication groove § was 29, Tables I to VII show the dimensionless load capacity, load
angle, and dimensionless friction force, while varying the step configuration for values of
radius-to-length ratios ¢ of 0.0625, 0. 125, 0.25, 0.5, 1.0, 1.5, and 2. 0. The follow-
ing observations can be made from the data in the tables:

(1) Optimal configurations for maximum load capacity occur for all the radius-to-
length ratios investigated.

(2) The observations made in appendix A are substantiated, that is, for ¢ - 1.0, the
optimal k for maximum load capacity is 1.5, and for Y = 0.5, the optimal k for maxi-
mum load capacity is 1.68. This is true for all the radius-to-length ratios evaluated.

(3) The dimensionless load capacity is substantial, especially when the radius-to-
length ratio is small, even though the bearing is in a concentric position.

(4) The load angle is only slightly affected by the film thickness ratio. Furthermore,
for ¥ = 0.5, the load angle is essentially zero.

(5) For ¢ =0.99 and k =1.01 the Rayleigh step journal bearing approaches a
Sommerfeld bearing. Comparison of the dimensionless friction force of a Sommerfeld
bearing (F = 1. 0) with that of a Rayleigh step journal shows that the friction force of the
stepped journal is lower,

The limiting equations from appendix B were utilized to obtain the data in table I
The reason is that, as the radius-to-length ratio £ approaches zero, the expressions
for the load capacity, load angle, and friction force approach zero divided by zero.
L'Hospital's rule was used to solve for this limiting case.

From the tables it can be concluded that the optimal step configuration over the entire
range of radius-to-length ratio considered (0=¢ =< 2) is k=1.7 and ¥ = 0.35. In sup-
port of this conclusion, figures 4 to 6 are presented. Figure 4 shows the effect of the
step location on dimensionless load capacity for various values of film thickness ratio for
the infinite length bearing (¢ = 0). It is seen that k = 1.7 does indeed yield the maximum
dimensionless load capacity. Figure 5 shows the effect of step location ¥ on the dimen-

12



sionless load capacity for various values of radius-to-length ratio £, while holding the
film thickness ratio k fixed at 1.7. It is seen that for £ = 0.5, Wo changes very little
with ¢, andas € =0, ¥ =0.35 is optimal. Figure 6 shows the effects of film thickness
ratio on dimensionless load capacity for various values of £, while holding ¥ at 0. 35.
It is shown in this figure that k = 1.7 is an optimal for the entire range of €.

Figure 7 shows the midplane circumferential pressure distribution in a single-step
journal bearing. The step configuration used here is that which is optimal for load capac-
ity. This figure shows a significant dropoff of pressure as the radius-to-length ratio is
decreased. Furthermore, as the radius-to-length ratio approaches zero, the pressure
distribution becomes linear as is demonstrated by the pressure equations in appendix B.
Finally, this figure shows that a unique feature of the Rayleigh step journal is a positive
pressure developed completely around the journal.

Figure 8 compares the concentric stepped journal bearing loads with those of the
Sommerfeld bearing operating at an eccentricity ratio of 0. 1 for various radius-~to-length
ratios. The optimal step configuration (¥ = 0.35, k = 1.7) is used for the Rayleigh step
journal bearing data. The finite-length Sommerfeld bearing load capacity results were
obtained from Donaldson (ref. 10). Figure 8 shows that for small radius-to-length ratios
(€ < 0.2), the dimensionless load capacity of a concentric single-step journal bearing is
higher than the dimensionless load capacity of a finite~length Sommerfeld bearing with an
eccentricity ratio of 0.1. Also, the change in load with radius-to-length ratio of a
Rayleigh step journal bearing is greater than that for a finite Sommerfeld bearing. Side
leakage, therefore, is more pronounced in a Rayleigh step journal bearing. The load
capacity of a Rayleigh step journal bearing, with realistic radius-to-length ratios
(0. 5= ¢ = 2) could be increased by placing side rails at the ends of the bearing so that
the axial flow is restricted. This approach is also discussed in the trisector patent dis-
closure (ref. 6). Finally, it should be pointed out that in the comparison of the Rayleigh
step journal bearing with the Sommerfeld bearing, the negative pressure region contri-
butes to a load capacity for the Sommerfeld bearing whereas the Rayleigh step journal
bearing, as was shown in figure 7, contains a positive pressure profile completely around
the bearing.

SUMMARY OF RESULTS

An analysis of a single-step concentric Rayleigh step journal bearing was performed.
The resulting expressions for the dimensionless pressure, load, load angle, and friction
force were evaluated on a digital computer. A consideration of load capacity showed the
results to yield an optimum film thickness ratio of 1.7 and an optimum ratio of the angle
subtended by the ridge to the angle subtended by the pad of 0.35. The results indicated

13



that a feature of the Rayleigh step journal is a positive pressure developed completely
around the journal. Also, for small radius-to-length ratios € < 0.2), the load capacity
of the stepped journal, while concentric, is higher than the load capacity of a finite~length
Sommerifeld bearing operating with an eccentricity ratio of 0.1. Finally, the dimension-
less friction fource of a Rayleigh step journal bearing proved to be less than that of a
finite Sommerfeld bearing.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, June 28, 1968,
129-03-13-05-22,
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APPENDIX A

DETERMINATION OF OPTIMAL FILM THICKNESS RATIO
FOR MAXIMUM DIMENSIONLESS LOAD WITH
CONSTANT STEP LOCATION PARAMETER

From equations (18) to (22), the dimensionless load capacity is seen to be a function
of the film thickness ratio k only through the Fourier coeificient Im Maximizing the
dimensionless load capacity with respect to k may be achieved by maximizing the
Fourier coefficient with respect to k; that is, the k for which oL, /dk = 0 is the same
k for which W, /ok = 0. Therefore, from equation (17) the following equations can be
written:

a_ |4 Si“‘(M) 2 2 .3
2 / || ctnh@mr7¢y) + (3k® - 2k”)ctnh[mng (27 - 2my - §)]

m
ok m2772§ {ctnh(ZmTT2§W) + kS ctnh[ma¢ 27 - 2my - 5)]}2
Therefore
T _
ok
implies
0=a +3k? - 2k° (A1)

where

g  ctoh@mr’ty) (A2)

" ctnh[mag 2r - 2mY - 6)]
Since the angle subtended by the lubrication groove & is usually very small compared

with 27 - 2my (for all the data presented in this report 6 = 0. 035), equation (A2) can be
rewritten as

15



ctnh(2ma2ey) *3)
ctnh[2mr2¢ (1 - )]

o N

The range of values of k and ¥ imposed on the problem by physical considerations
of the bearing is the real numbers defined by the following inequalities:

k=1

and

O=y=1

Observing the optimal value of k for two fixed values of ¥ results in the following

cases:
Casel -y - 1.0:

From equation (A3), it is apparent that o = 0. Then, from equation (A1), k = 1. 5; that
is, for ¢ fixed at 1.0, the optimal k for a maximum load condition is 1. 5.

Case2 -y =0.5:

This indicates that « = 1.0, and from equation (A1), 3k2 - 3k
for k which satisfies this equation is approximately 1.68; that is, for ¢ fixed at 0. 5,
the optimal k for maximum load is approximately 1.68.

3 +1=0. The real number

16



APPENDIX B

EQUATIONS FOR SPECIAL CASE OF INFINITE-LENGTH BEARING

L, Hospital's rule was employed twice to obtain the limiting case when ¢ - 0 for the

pressure, load, load angle, and friction force (eqs. (14) to (23)). The results are shown
in the following equations:

o(k - 1).(1 -y -5_>
2

1

lim P_, = (B1)
£-0 1-2 4y -1
27
limp_, =¥&-1)@r -5 -6) (B2)
¢~0 S0 5 3
1-—+yk" -1)
2w
s\, s 5 5\ .. ) 1/2
. *k - 1){2 (1 —;)[1 -; - cos(2ml/)i| +2¢(1 ~ cos 6)(\[/ -1 +;) +’,l/(1 - ;)[sm@mp)smé + (1 -~ cos &)cos(2my)]
g=0 © [1'%““1{3 3 lﬂ (B3)
Y sind + (1 - 6—>sin(27n,l/)
lim $ = tan™! | 2 (B4)
£~0 (1 - 6—>[1 - cos(@my)] - ¥(1 - cos b)
27
<1-w-—5—> 3k - 1)2<1- w—i)
lim Fo =19 + 2/ — 28 (B5)
2

17
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. 8993
. 9087
. 9176
. 9259
. 9339
. 9618
. 9940

Fo

0. 8540
. 8756
8949
9040
9127
L9211
. 9293
9590
9940

Fo
0. 8527
8727
8909
. 8997
. 9083
9167
L9249
L9564
. 9940

¥y

0. 2084
. 3485
. 4252
. 4428
. 4482
L4425
. 4268
. 2804
L0137

0. 1669
. 2654
. 3204
. 3345
. 3406
. 3392
. 3307
. 2369
. 0036

0.1296
. 1937
.2284
. 2380
.2432
.2443
. 2415
. 1893
. 0033

%o

-72.11
-54.20
-36. 30
-27.35
-18.40
-9.45
-. 50
+35. 30
+87. 21

TABLE L - EFFECT OF STEP CONFIGURATION ON DIMENSIONLESS LOAD CAPACITY, LOAD

{Eccentricity ratio ¢, 0; angle of lubrication groove &, 2°; number of steps placed around journal N, 1;

Fo
0.7756
8242
. 8619
8778
. 8921
. 8050
. 9168
. 9550
. 9940

Wo
0. 2471
. 3982
. 4725
. 4866
. 4875
. 4770
. 4564
. 3016
. 0140

. 50

.11
. 20
- 30
.35
. 40
. 45
. 50
30
.21

Fo
0. 7508
. 8107
. 8545
L8723
. 8880
9020
. 9146
9545
. 9939

Yo
0. 2802,
. 4352
. 5032
L5130
. 5095
. 4946
. 4700
. 3042
L0138

1.60

%o
7211
-54.20
-36. 30
-27.35
-18.40
-9.45

-.50
+35.30
487,21

Fo

0.7331
. 8029
. 8510
. 8700
. 8865
.9111
. 9140
L9544
. 9939

Wo
0. 3019
. 4561
. 5178
. 5241
L5174
. 4907
. 4726
. 3017
. 0135

1.68

Fo

0.7233
. 7984
. 8499
. 8694
. 8862
. 9010
. 9140
. 9544
. 9938

Film thickness

170
%o | 2 | Fo
0.3076 | -72. 11| 0. 7210
.4610{-54.20] .7988
.5207|-36.30] . 8497
. 5261 -27.35| . 8693
.5185| -18. 40 . 8862
.5000| -9.45| . 9010
.4724| -.50] .9140
.3005] +35.30] 9544
.0134] +87.21| . 9939

TABLE II. - EFFECT OF STEP CONFIGURATION ON DIMENSIONLESS LOAD CAPACITY, LOAD

{Eccentricity ratio ¢, 0; angle of lubrication groove &, 2°; number of steps placed around journal N, 1;

1.40

. 96
. 38
. 60
. 62
. 60
. 53
44
. 04
. 40

%

-90. 80
-69. 56
-47.22
-35.71
~24.02
-12,21

-.34
+46. 67
108. 09

Fo
0.7693
. 8119
. 8467
. 8622
. 8768
. 8904
. 9033
. 9480
. 9939

0.1946
.2987
. 3526
. 3650
. 3688
. 3649
. 3537
. 2482
. 0037

. 32
. 57
. 61
. 59
. 53

. 07
. 41

Fo

0. 7406
. 7921
. 8327
. 8504
. 8669
. 8822
. 8967
. 9457
. 9939

0. 2169
. 3218
. 3122
. 3824
. 3840
- 3777
. 3643
. 2514
. 0037

1.60

.73
. 26

. 59
. 58
. 53
.44
. 09
.41

Fo

0.7182
2
8223
.8418
. 8597
. 8764
. 8919
9440
. 9939

0.2308
. 3339
. 3806
. 3890
. 3889
. 3812
. 3664
. 2501
. 0036

Fo
0.7042
. 7681
. 8159
. 8364
. 8552
8726
. 8888
9430
9939

Film thickness
1.70

W0 dao Fo
0.2343} -79. 64/ 0. 7006
. 3365| -60.21| .17658
. 3822| -40. 53| . 8142
. 3900( -30. 58| . 8350
. 3895) -20. 58] . 8540
. 3813 -10.53| .8716
.3662| -, 44| .. 8880
.2493| +40. 10| . 9426
. 0036 +97. 42} .9939

TABLE IIL. - EFFECT OF STEP CONFIGURATION ON DIMENSIONLESS LOAD CAPACITY, LOAD

[Eccentricity ratio ¢, 0; angle of lubrication groove 6, 20; number of steps placed around journal N, 1;

Fo
0.7635
. 8009
. 8331
8482
. 8628
8770
. 8908
9412
. 9939

0.1478
L2140
.2483
L2574
. 2619
. 2622
.2582
. 1998
. 0034

.71
. 52
.21
.70
. 02
.21
.34
. 69
.10

Fo

0.7314
L7757
. 8133
. 8308
. 8477
. 8641
. 8799
L9371
. 9939

0.1613
. 2266
.2594
. 2676
L2713
. 2708
. 2660
.2036
. 0033

. 49
.20
. 70
.02
.21

.70
.11

Fo
0.7049
.7551
791
. 8166
. 8355
. 8536
L8711
9339
. 9939

0. 1689
.2323
. 2633
. 2709
.2740
. 2728
. 2676
. 2033
. 0033

. 46
.19
. 69
.02
.21
.34
.71

Filn thickness
1.70

FO Wo 60 Fo
0.6874| 0.1707| -90. 56| 0. 6827
.T413| .2334]-69.46[ . 7376
.78631 L2639} -47.19| .7834
. 8072 .2712|-35.69( .8046
. 8272 . 2741|-24.02] .8250
.8466( .2728) -12.21{ . 8447
.8653| .2674 -.34] .8637
. 9317] .2028( +46. 71 .9312
.9939f .0032(109.11| .9939




ANGLE, AND DIMENSIONLESS FRICTION FORCE FOR RADIUS- LENGTH RATIO OF 0

dimensionless load component, Wos load angle, L4 deg; dimensionless friction force, Fo.]

ratio, k

0. 3297
LATT5
. 5280
. 5292
. 5181
. 4969
. 4672
.2930
. 0129

1.80
%o

-72.11
-54.20
-38. 30
-27.35
~18. 40
-9, 45
- 52
+35. 30
+87,21

Fy
0,7131
. 7969
. 8495
. 8693
. 8862
. 9009
. 9139
. 9540
. 9939

0. 3468
. 4862
. 5275
- 5251
. 5112
- 4878
. 4568
. 2831
. 0123

1.80

%o

-54,
-36.
-27.
-18.

-9.

+35.
+817.

Fo
0.7083
7964
. 8494
. 8692
. 8860
9005
.9133
. 9533
. 9939

W
0. 3504
. 4888
. 5213
. 5158
. 4997
4749
. 4431
. 2719
. 0118

2.00

%o
21
-54.20
-36. 30
-27.35
-18.40
-9.45

-.50
+35.30
+87.21

Fo

0. 7056
. 1963
. 8492
. 8687
. 8852
. 8996
. 9122
. 9521
. 9939

o
0. 3729
. 4803
. 4978
. 4877
. 4687
. 4426
L4107
.2482
. 0106

.20
. 30
.35
40
. 45
. 50
. 30
.21

Fo

0. 7038
. 7959
. 8471
. 8658
. 8818
. 8958
. 9083
. 9488
. 9938

ANGLE, AND DIMENSIONLESS FRICTION FORCE FOR RADIUS- LENGTH RATIO OF 0. 0625

dimensionless load component, Wo; load angle, @0 deg; dimensionless friction force, Fo.]

ratio, k

0.2472
. 3445
. 3849
. 3905
. 3881
. 3785
. 3621
.2438
. 0034

1.80

. 55
. 17
. 51
. 57

.53
-.44

.42

Fo
0. 6866
7565
8075
L8292
. 8491
L8674
. 8845
L9412
9939

Yo
0.2561
.34m1
. 3822
3859
. 3820
3Tz
3541
2361
. 0033

1.90

-60.13
. 49
. 56

.13
.42

Fo

0.6752
. 7486
. 8014
. 8239
. 8444
. 8634
. 8810
- 9385
. 9939

We

0.2616
. 3457
. 3758
. 37178
. 3728
.3610
. 3435
L2273
. 0031

.41
. 10
. 48
56
. 57

-.44
. 14
.43

Fo

0. 6657
. 7415
. 7957
. 8187
. 8398
. 8593
. 8774
. 9377
. 9939

0.2646
. 3343
. 3558
. 3553
. 3484
. 3360
. 3185
.2081
. 0028

. 30
. 05
. 46
. 55

. 53
.44
. 16
.43

Fo

0. 6502
. 7285
. 7843
. 8082
. 8302
. 8506
. 8696
. 9332
. 9938

ANGLE, AND DIMENSIONLESS FRICTION FORCE FOR RADIUS- LENGTH RATIO OF 0. 125

dimensionless load component, W load angle, 2 deg; dimensionless [riction force, FO‘]

ratio, k

0. 1766
. 2357
.2636
. 2700
.2722
L2704
. 2645
. 1890
. 0031

. 43
.18
. 69
.01
.21
-.34
.72
.12

Fy
0.6638
.7225
7713
. 7940
8158
. 8368
. 8570
. 9286
. 9939

Wo

0.1797
2346
2600
2656
L2671
2648
L2587
L1934
. 0030

1.90

. 45
. 41
.17
. 68
. 01
.21
-. 34
. T3
.12

Fo
0. 6472
. 7089
. 7603
7843
. 8073
. 8205
. 8508
. 9260
. 9939

Wo
0.1805
L2311
. 2540
2589
2599
2573
2508
1866
. 0028

. 40
. 39
.17
. 68
. 01
.21
- 34
.73
.12

Fo
0.6325
. 6966
7502
7752
. 7993
.8225
. 8449
L9234
. 9938

0. 1772
. 2195
. 2382
. 2419
. 2421
. 2390
. 2326
-1716
. 0026

~35.

-12.

. 33
. 37
.18

.01

.74
.13

68

21

Fo
0. 6070
.6743
7315
7584
7843
. 8093
8334
. 9180
9938

%o
0.3744
L4603
. 4864
. 4536
4334
L4073
L3764
2250
. 0095

0.2598
. 3164
. 3313
. 3291
. 3214
. 3089
.2919
.1891
. 0025

%o
0.1698
2049
2202
2229
2227
.2195
2133
1564
. 0023

2.40
%o

.22
-60. 01
-40. 45
-30. 54
56
-10.

-.44
. 17
.43

.21

Fo
0. 7037
. 7935
. 8424
. 8604
. 8760
. 8898
. 9023
. 9442
. 9937

0.6371
. 7158
L7725
L7971
. 8198
. 8411
. 8609
. 9281
. 9937

Fo
0. 5848
6543
7143
7426
7701
. 7968
8222
_e121
9937

Yo
0. 3674
. 4345
4325
. 4183
. 3978
. 3725
. 3433
. 2036
. 0086

0.2502
. 2957
. 3058
. 3025
. 2945
.2823
. 2662
L1713
. 0023

Wo
0. 1602
1894
2021
2042
2036
. 2004
.1945
L1420
0021

.11

29

-79.16
-59.98
. 44
-30. 53
-20. 56
-10. 52

+40.
+97.

18
43

Fo
0.7030
. 7887
. 8352
. 8528
. 8681
. 8820
. 8947
. 9389
. 98937

Fo

0. 6248
. 7028
. 7603
. 7854
. 8089
. 8309
. 8516
. 9224
. 9938

24
. 33
.14
. 67
. 01
.21

. 76
. 14

Fo
0. 5648
.6358
6981
7278
7565
7844
8113
. 5060
. 9936

Wo
0. 3388
.3719
. 3688
. 3520
3328
. 3101
. 2846
1670
. 0070

Wo

0.2242
. 2536
L2578
. 2535
. 2457
L2347
. 2207
. 1408
. 0019

Wo

0.1392
. 1600
. 1690
L1702
. 1694
. 1664
. 1613
. 1170
. 0017

3.00
3 | Fy
-72.11/ 0. 6868
-54.20| .7726
-36.30| .8158
-27.35| . 8320
-18.40| . 8486
-9.45| 8631
-.50| . 8768
+35.30| . 9270
+87.21| . 9935
3.00
%o Fo
-79.07] 0. 6005
-59.95| .6763
-a0.42| .7348
-30.53| .7613
-20.56] . 7862
-10.52] .8097
-.44| .8321
+40,18| . 9103
+97.43| . 9934
—_—
3.00
% Fo
-90.19/ 0. 5293
-69.31| .6023
-47.13] . 6684
-35.67| .7002
-24.00| .7311
-12.21| 7612
-.34| .7903
+46.76] . 8938
109.14| .9934

21



Ratio of ridge
to pad angles,

22

¥
W0 fbo
U
0.10 0.0032| -109. 17
.20 .0049] -85.82
.30 .0056| -59.58
.35 .0058| -45.42
.40 .0059| -30.68
.45 .0059| -15.52
.50 . 0059 ~.14
) . 0056 +59.11
.99 . 0002 | +127.11
e
Ratio of ridge
to pad angles,
v 1.01
Yo | %o
0.10 0.0017 ( -126. 98
.20 . 0023 -100. 27
.30 .0024| -69.22
.35 -52. 52
.40 -35.29
.45 -17.173
. 50 -.01
.70 +69. 04
.99 . 0001 | +145. 86
Ratio of ridge
to pad angles, -
v 71. 01
WO fbo
0.10 0. 0007 | -138. 84
.20 -106. 96
.30 ~71. 86
.35 -53.85
.40 ~35. 99
.45 -18. 00
. 50 0
.70 +71. 84
.99 . 0001 | +160. 09

Fo
0. 9856
. 9866
. 9876
. 9881
. 9886
. 9891
. 9896
9916
. 9944

Fo
0. 9856
9866
9876
L9881
9886
9891
9896
9915
9944

Fo
0. 9856
. 9866
. 9876
9881
. 9886
9891
9896
L9915
9944

%o

0. 0523
. 0752
. 0850
. 0871
. 0881
. 0885
. 0885
. 0823

%

. 0022

Wy
0. 0267
. 0340
0356
. 0357
L0356
0355
. 0355
0355
. 0015

Wy

0. 0098
. 0110
L0111

. 0008

-109.
-85,
-59.
-45,
-30.
-15.

+59.
+127.

7
80
57
41
68
52

11
17

1.20

%9

-126.
~100.

-52.

+145.

96
27

92

1.20

-138.83
-106. 96

=71,
-53.

86
95

-35. 99
-18.00

+71.
+160.

84
13

Fo

0. 8508
. 8689
. 8860
. 8945
. 9028
. 9112
. 9195
. 9525

. 9940

Fo
0. 8488
. 8658
. 8825
. 8908
. 8992
. 9075
9158
9492
. 9940

Fo
0. 8472
. 8639
8806
. 8889
8973
. 9056
. 9139
. 9473
9940

o
0. 0829
L1127
. 1251
L1277
1288
. 1292
. 1289
.1188
0028

Yo
0. 0400
. 0497
. 0519
. 0520
. 0519
. 0517
L0517
. 0517
. 0019

0.0146
. 0161
. 0162

. 0011

. 99

+127.

%y

-126.
-100.

+145.

95

.22
. 52
. 29
.13
.01
. 04

%9

~138.83
-106. 96

-53.

.86

95

-35.99
-18.00

+71.
+160. 15

TABLE IV. - EFFECT OF STEP CONFIGURATION ON DIMENSIONLESS LOAD CAPACITY, LOAD

[Eccentricity ratio €, 0; angle of lubrication groove &, 20; number of steps placed around journal N, 1;

Fa
0.7559
1879
8176
L8321
. 8464
. 8608
. 8750
. 9308
9039

Wo
0.0917
.1219
.1343
1369
.1380
L1382
.1379
1265
. 0028

1.50

%o
-108. 96
-85.79
-59. 57
-45.41
-30.68
-15. 52
- 14
+59, 12
27,21

Fo
0.7199
L1573
1918
. 8088
. B255
. 8422
. B588
9236
9939

Wo

0. 0974
. 1267
.1388
. 1413
. 1423
. 1425
. 1421
. 1299
. 0028

1.60
%9

-108. 94
-85. 77
-59. 57
-45. 41
-30. 68
-16, 52

- 14
+59. 12
+127.22

Fo
0. 6890
7310
. 7699
7889
L8077
. 8265
. 8451
L9177
. 9939

o
0. 0100
.1283
. 1400
1423
1432
1434
1429
1304
. 0027

1.68
%o

-108. 92
-85.77
-59. 56
-45. 41
-30.68
-15. 52

-. 14
+59. 12
+127.23

Fo

0. 6679
. 7130
L7547
-T2
. 7955
. 8157
. 8357
. 9136
. 9939

%o
0. 1005
1285
. 1400
1423
. 1432
. 1433
. 1429
. 1303
. 0027

Film thickness

1.70
%o

~108. 91
-85.76
-59. 58
-45. 41
-30.68
-15.52

-. 14
+59. 12
+127.23

Fy

0. 6622
.7081
. 7506
L1715
. 7922
. 8127
. 8332
. 9126
. 9939

TABLE V. - EFFECT OF STEP CONFIGURATION ON DIMENSIONLESS LOAD CAPACITY, LOAD

[Eccentricity ratio ¢, 0; angle of lubrication groove &, 2% number of steps placed around journal N, 1;

Fo
0. 7491
7784
. 8071
8214
8357
. 8500
86842
.9213
. 9939

o

0.0433
.0532
. 0555
. 0560
. 0555
. 0553
. 0553
. 0553
. 0019

-126.
~100.
.22
-52.
. 29
.13

95
27

52

. 04
+145,

96

Fo

0.7101
. 7443
L1778
. 7944
. 8111
. 8278
. 8444
-9110
- 9939

0. 0450
. 0549
. 0572
. 0573
. 0571
. 0570
. 0570
. 0570
. 0549

1.60

%

-126.
-100.
.22
-52.
-35.
-17.

+69.
+145.

95
27

52
29
73

04
97

Fo
0. 6763
7147
7523
7711
7898
. 8086
. 8273
9023
. 9939

o
0. 0456
. 0553
0575
L0576
L0575
L0573
0573
. 0573
. 0019

%o

-126.
-100.

+145.

94
27

. 52

. 04

97

Fo
0. 6529
L6942
7347
7549
7751
7953
8155
. 8962
. 9939

0. 0456
. 0553
. 0575
. 0576
. 0575
. 0573
. 0573
- 0573
. 0018

Film thickness

1.70
®q Fy
-126.940. 6466
-100.27] .6887
-69.22| .17300
-52. 52| .17508
-35.29| .7711
-17.73| .7917
- 01 .8123
+69. 04| . 8946
+145. 971 . 9939

TABLE VI. - EFFECT OF STEP CONFIGURATION ON DIMENSIONLESS LOAD CAPACITY, LOAD

[Eccentricity ratio ¢, 0; angle of lubrication groove 3, 20; number of steps placed around journal N, 1;

0.7444
.T730
. 8016
. 8159
. 8301
. 8444
. 8587
. 9158
. 9939

o

0.0156
L0172
. 0173

. 0011

3

-138. 83
-106. 96
86
95
-35.99
-18.00

-71.
-53.

84
16

+71.
+160.

Fo

0.7036
- 7370
<7704
. 7870
. 8037
. 8204
. 8370
. 9037
. 9939

0.0161
L0177
. 0179
. 0179
. 0178
. 0178
. 0178
. 0179
. 0011

1.60

%

-138.
~106.

+160.

Fo
0. 6681
7057
.7432
7619
7807
7994
. 8182
8932
. 9939

0. 0162
. 0178
. 0180
. 0180
. 0180
. 0179
. 0179
. 0180
. 0011

1.68
%9

-138.
~106.

-53.

-35.
-18.

+71.
+160.

0. 6435
. 6839
. 7243
. 7445
. 7647
. 7849
. 8051
. 8859
. 9939

Wy
0. 0162
. 0178
0180
. 0179
. 0180
L0179
L0179
. 0180
. 0011

Film thickness

1.70
L2 Fy
-138. 83 |0. 6368
-106.96 | . 6781
-71.86 | .7192
-53.95| . 7398
-35.99 ) . 7604
-18.00| . 7810
0 . 8018
+71.84 | . 8839
+160.17 | . 9939




iNGLE, AND DIMENSIONLESS FRICTION FORCE FOR RADIUS- LENGTH RATIO OF 0. 25

timensionless load component, WD; load angle, &g, deg; dimensionless friction force, Fo.]

ratlo, k
1.80
Wo dio
0.1014-108. 90
L1279 -85.76
. 1388/ -59. 56
.1408| -45.41
.1418! -30.68
. 1418 -15.52
. 1413 -.14
. 1286 +59.12
. 0026 | +127. 23

Fo
0. 6386
. 6878
. 7335
. 7560
. 7783
. 8005
8225
. 9080
. 9939

¥o
0.1013
.1258
1360
.1380
.1387
1387
.1382
.1255
0025

1.80
%o

-108. 88
-85.76
-59. 58
-45.41
-30.68
-16, 52

-.14
+59. 12
+127.24

Fo
0.6175
. 6695
L7181
1420
7658
. 7894
8129
9037
. 9939

Wo
0. 0999
L1227
.1322
.1340
1347
.1346
L1341
.1216
. 0024

2.00

+127.

87

.75

. 41
. 68
. 52
.14
.12

24

Fo
0. 5984
6529
7040
1202
7543
L7182
8040
. 8997
. 9930

o
0. 0950
.1146
L1229
1244
. 1250
L1249
.1243
L1124
. 0022

2.20
L)

~108. 85
-85.75
-59. 58
-45. 41
~30. 68
-15, 52

- 14
+59. 12
+127.25

ANGLE, AND DIMENSIONLESS FRICTION FORCE FOR RADIUS-LENGTH RATIO OF 0. 50

dimensionless load component, Wo; load angle, tbo, deg; dimensionless friction force, Fo.]

ratio, k

Wo
0. 0454
L0547
. 0569
. 0570
. 0568
. 0570
. 0566
. 0566
.0018

1. 80

%9

-126.
~-100.

-52.

+145.

94
27
.22
52
. 29
.73
.01
. 04
98

0. 6201

. 6655
L7101
. 7323
. 7545
L7167
. 7990
. 8877
. 9939

Yo
0. 0447
.0535
. 0557
0557
. 0558
0554
. 0554
0554
0017

1.90
%

-126. 94
-100. 27
-69.22
-52. 52
-35.29
-17.173
-.01
+69. 04
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Figure 1. - Concentric Rayleigh step bearing.
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Figure 2. - Three-section Rayleigh step bearing.
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Figure 3. - Rayleigh step and Sommerfeld journal bearings.
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