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Analysis of hydrodynamic journal bearings considering

lubricant supply conditions

J C P Claro and A A S Miranda, MSc, PhD
University of Minho, Guimaries, Portugal

A method of analysis of steadily loaded hydrodynamic journal bearings with a single axial groove (either on the load line or ar 90° to
the load line) or two diametrically opposed axial grooves is described. The method is bused on Elrod's cavitation algorithm (which
ensures conservation of mass flow in both the full film and the cavitated regions) and is uble (o accommodate specified lubricam supply
conditions, namely groove size and location and supply pressure. Special atiention has been given to the determination of flowrate.

The equation governing the distribution of pressure around the bearing has been solved numerically using a finite differences approx-
imation and multi-grid techniques to accelerate the convergence of the solution. Performance predictions of the analysis are compared
with published experimental data and with experimemal measurements obtained in laboratory tests carried oul by the authors. The

data used cover all grooving arrangements studied.

NOTATION

groove dimension in axial (y) dicection

bearing width

diametral clearance

nominal diameter

cavitation index

film thickness

power loss

mass (low per unit width

circumferential number of grid points

shaft speed of rotation

axial number of grid points

pressure

pressure force component perpendicular to the
line of centres

pressure force component along the line of
centres

lubricant Aowrate

relaxation factor in Gauss—Seidel jteration
tangential spced of the shaft surface

groove dimension in circumferential (x) direction
load capacity

circumferential coordinate

axial coordinate

bulk modulus of the lubricant

ecceniricily ratio

Elrod’s variable

absolute viscosity of the lubricant

density of the lubricant

attitude angle
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Subscripts

av average

c cavitation

( supply

i points on the circumferential mesh line (i)
J points on the axial mesh line (j)

max maximum value

p pressure

% velocity
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X circumlerential direction
y axial direction

Dimensionless parameters

h dimensionless film thickness =2h/c,
- Cd
H power loss parameter = H Ubd
co/d)*d)2
D¢ supply pressure parameter = p; W
u
5 flowrate parameter =
¢ P Ubcy2
2
- . C
24 load capacity parameter = W (;‘/4)—-
uub
X dimensionless circumferential coordinate = x/(nd)
y dimensionless axial coordinate = y/b
_ cq/d)?d/2
B bulk modulus parameter = f LEM)—U/—
o

{ INTRODUCTION

Hydrodynamic journal bearings are commonly used for
supporting rotating shafts subjected to high static radial
loads. Applications can be seen in a wide varicty of
machines where satisfactory performance is vital for
proper functioning, such as pumps, turbines, compres-
sors, gear boxes, elc.

The ability of design engineers to predict with con-
fidence and precision important operating character-
istics of such bearings is not good. One of the features
limiting this ability is the poor estimation of lubricant
flowrate, as shown by McCallion et al. (1), Etsion and
Pinkus (2), Basri and Neal (3), among others.

Improving the accuracy of flow determination
becomes rclevant i design whea looking for high
overall efficiency. The present tendency is to reduce the
number of shaft supports and their width, seeking a full
utilization of ecach bearing, which means to take its
operating eccentricity from the vsual value of 0.7-0.8 to

Proc Instn Mech Engrs Vo) 207



94

the 0.8-0.9 range. As flowrate highly influences the lub-
ricant temperature and viscosity and this, in lurn, deter-
mines the load capactty and the eccentricity, an error in
the determination of the first is necessarnly reflected in
the prediction of the last. Thus, a deficient design can
become not just a question of operating parameters
different from those expecled, but a serious possibijlity
of damaging the component.

Widely used procedures for the design of steadily
loaded journal bearings, such as ESDU 8403( (4), have
adopted a lubricant flow analysis based on Barnard's
work (5), assuming that the total flow 1s the sum of a
velocity flow component (Q,) due o the movement of
the shaft and a pressure flow component (Q,) due to the
lubricant supply pressure. Additionally the oil s
assumned to be totally cxpelled and renewed by fresh oil
entering the groove, after having travelled 360° around
the bearing.

Besides the inaccuracy that such a supecimposition of
contnibutions can introduce due to Alow discontinuity in
the analytical simulation, other questions are not con-
sidered in this approach, namely the real geometry and
location of the reformation bouundary and the possi-
bility of incomplele renewal of the oil, tmplying a
certain amount of recirculation. In this matter, scveral
experimental published results (6~8) have shown that
important discrepancies between theoretical predictions
and experimental observations can be found.

Elrod and Adams (9) have proposed an algorithm,
later refined by Elrod (10), that automatically takes into
account the occurrence of cavilation, ensuring mass
flow continuity within both the full film and the c... "4~
tion region, and across cavitation and reformation
boundaries. Implementations of the method have
already bcen carmnied out by Dowson ef al (11) for
journal bearings with one axial groove at b, , Clayton
and Taylor (12) for circumferentially grooved beacings
and Brewe (13) and Woods (14) for the dynamically
loaded hydrodynamic journal bearing.

In the present papcr a method of analysis of steadily
loaded journal bearings with a single axial groove,
cither on the load line or at 90° to the load line, and
two diametrically opposed axial grooves (Fig. 1) is
described. The method is based on Elrod’s algorithm
and accepts fubricant supply conditions {namely groove
sizc and location and supply pressurc) as entry param-
eters. Theorelical predictions are compared with experi-
mental data available.

This is part of a broader project aimed at the pro-
duction of a matrix of theoretical results for a wide
range of variation of geometric and operating param-

Fig. 1
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eters (such as g b/d, p;, a/b) and their validation by
experiments. The results obtained allowed the construc-
tion of the design charts for load capacity, Aowcate and
power loss, for those bearing types. This will be the
subject of a future paper.

2 THEORETICAL ANALYSIS
2.1 Implementation of Elrod’s method

The equation governing the generation of hydrody-
namic pressure in the continuous film region of the
bearing is Reynolds’ equation, which for an incompress-
ible isoviscous lubricant and steady state operating con-
ditions takes the form:

o ,ep] arl,,op
L A IR ST
ox [" ax]J“ay[' 6y] 6uU

Elrod (10) has proposed an algorithm for the solution
of equation (1) which allows jts application all around
the bearing and automatically locates the cavitated
region without explicit reference to rupture or reforma-
tion boundary conditions. Mass flow continuity is
ensured all around the bearing by changing the form of
equation (1), introducing a new variable (@) and a cavit-
ation index (g).

The variable ©® had Lwo distinct meanings:

P (0

[. In the continuous Alm rcgion (where p = p), Lhe
change of densily (p) wilh pressurc leads to the
definition of @ as p/p,_ or, based on the definition of
bulk modulus (B),

pP—p.
O=——+1 2
B
2. In the cavitated region (where p = p_), the mass flow
per unit width of film equals @p_h, @ being the [rac-
tion of the bearing width occupied by the oil strips,
dragged by shalt rotation.
Therefore,
<l for p=p, (cavitation region)
6 . ©)
=21 for p>p, {full film rcgion)
Additionally, a cavitation index (g) was defined as
_ o when O <1 7
97 when @321 )

A finite differenccs mesh was considered over half the
developed bearing area, as ooly the case of a well-
aligned bearing was considered. Figure 2 shows the

Grooving arrangements covered by the present analysis
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Fig. 2 Developced bearing surface showing the coordinate
axis and bearing and groove geometry

‘unwrapped’ bearing sorface and on Fig. 3 a point (i, ))
and the corresponding compulational cell are repre-
sented. The number of axial and circumficrential mesh
points was N and M respectively.

The mass Nlow entering the cell 1n a given direction
(say, the x direction) is the sum of Couette and Poise-
ville components, given by

, p. U
(e = Y {@.-,,-—1’1,-—1“ —Gij—0) T G j—ho,

+ g‘_j— lgl'. ! (h_, _ hj_ ))}

2
. h,?v éh_j—i(@;.j—l — ) =g ;(0;;— )
('nx)l‘ - )2“ ﬁpc{

Ax
Mass flow balance applied Lo the cell takes the follow-
ing form:

(A Ay + (Amy) Ax =0 (5)
where Avir, and Amy, arc the net mass flows per unit
width ¢ntering the ccll in the x and y directions.

The application of equation (5) at each point (i, j)

allowed the construction of a system of linear equations
in @:

@ =

4
AXPr/24(d/b) Y, + AJ x § x X + AVBI96 x 2m)X

(6)

The parameters involved in equation (6) are defined in
the Appendix.

5
T B i+ 1, )
A¥, 1
[ B .
T t § »
1.4 =1 1) IlA}_ i+ 1
Ay, L__ —d
Ax
- S—|
[ Y]
A, Ak,
}' el L. R ‘V _i/

Fig. 3 Point (i, }) and the corresponding computational cell
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2.2 Solution of the finite differences equation

The solution of the system of equations (6} allowed the
determination of @ at each point and, therefore, the
pressure distribution, according to equations (2) and (3).
A Gauss-Seidel iterative method was used. Initially, &
values were sct to zero and g values to unity.

Boundary conditions were tmposed assuming am-
bient pressure along the bearing edges and a value of
pressure equal to the supply pressure over the groove(s).
The corrcsponding valucs of © were calculated accord-
ing 10 cquation (2). Cavitation pressure was assumed to
be the ambient pressure.

After each iteration the starting values of ® at every
point for a new iteration (k) were given by

oW = @*~ Y 4 RF(O® — %~ 1) ()

where
RF = relaxation factor

k — 1 = previous ileration

O = calculated value in the iteration k, using
equation (6)

The following criteria for convergence were used:
(a) stability of the g values at all points:

g = gy
(b) variation of the mean value of @:

R Sl R R L
J=Li=1 MN

< tolerance (8)

Two other parameters were found to be relevant to the
process:

f. The relaxation factor (RF), which was usually set to
unity. The use of values smaller than unity caosed
problems of convergence. The influence of RF on the
number of cycles for convergence of the solution is
shown in Fig. 4a.

2. 'The bulk modulus (), the value of which did not
affect the final solution, had, however, a significant
influcnee on the processing time. This is shown in
Fig. 4b. The valuc of the bulk modulus parameter (8)
adopted was 0.01, because problems of convergence
arose for values in the range 0.02-0.10.

2.3 Grid generation and mesh size

As precision in flow determination is directly dependent
on the geometry and location of the cavitation and
reformation boundaries, a refinement of the mesh in
those regions was convenient. However, due to the wide
variety of parameters used, an cstimation of the extent
of the region where the mesh should be refined was
sometimes difficult to make with some degree of con-
fidence. [t was therefore decided to use a multi-grid
technique, starting with a grid of constant mesh size in
the circumferential direction and then generating auto-
matically two other grids, as follows:

(a) initial grid (Fig. 54), with a constant circumferential
mecsh size and a relatively small number of points;

(b) Gine grid (Fig. 5b), based on the initial grid, with the
number of ciccumferential points doubled in the
cegion of a continuous film;
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Influence on the number of cycles for convergence of the RF and 8

for two sels of operating conditions

{c) coarse grid (Fig. 5c), generated from the fine grid, by
elimination of even points both axially and circum-
ferentially.

During the convergence process the mean variation
of @ in successive iterations decreases as the solution is
approached. The mean varjation of @ at a given stage
of Lhe iterative process was taken as a measure of
‘speed’ of convergence at that stage of the process. The
iterative process was rua over the initial grid until the
mean variation of ® between cycles stayed below 1072
which corresponded {o about 5 per cent of the total
number of iterations needed to final convergence, and
that experience was shown to correspond to a stage
where the position of both boundaries was defined
within two circumferential mesh points.

The fine grid was then generated. From the (less
precise) solution previously obtained the points belong-
ing to the boundarjes were identified and the value of @
for the new points created in the continuous film region
was calculated by quadratic interpolation over the pre-
viously existent points in the neighbourhood. This fine
grid was used unlil the speed of convergence dropped to
a pre-set value. Then @ values were directly passed on
to the coarse grid to continue the iterative process. The
same analysis of the variation of @ in successive iter-
ations was taken once again to return to the fine grid,
over which final convergence was reached.

A study was undertaken in order to determine the
most suitable strategy for speed of convergence, in
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[ |

(a) Imual grid : ~
|
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(b)}"iuc_px_'i:lﬂ - o -
f i
) 1
: |
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(c) Coarse grid

Fig. 5 A sketch of the automatic process of grid generation

Pari C: Journ:l of Mechanical Engincering Science

terms of number of cycles and in processing time, as
iterative cycles over the coarse grid were considerably
quicker but their convergence to a smaller tolerance
had no eflect on time saved over the subsequent finc
grid. Although operating parameters might also influ-
ence the best choice, it was found that a significant
overall improvement could be achicved with the follow-
ing values of ‘speed’, corresponding to the allowed
minimum mean variation of @ in each grid:

10792 = change from initial to fine grid

104‘10

change {rom fine to coarse grid
10~ %* = change from coarse to fine grid (final)

Considerable improvements were noticed both in
number of cycles and processing time, as can be scen in
Tables 1 and 2. However, the main advantage of this
technique was found to be (he possibility of getting the
solution of a considerable number of cases (especially
those at high values of the supply pressuce parameter)
which would not have converged in the single grid
approach. Examples of such cases are marked (*) in
Tables 1 and 2.

2.4 Bearing performance

The program accepted as input parameters the eccen-
tricity ratio (¢), the dimensionless supply pressure (p,)
and the geomeltric parameters b/d, a/b and w/d, referring
to the bearing widih and the groove dimensions. After
convergence was reached in @ the determination of the
pressurc distribution allowed the calculation of the per-
formance parameters. Numerical integrations were per-
formed using Simpson’s rule.

The pressure gradient at a given point in a given
direction was calculaied assuming that the pressure
variation could be represented by a polynomial of
degree threc whose coefficients were determined from
the knowledge of the pressure values at four successive
points in that direction.

2.4.1 Load capacity

This was calculated by axial and circumferential inieg-
ration of the hydrodynamic pressure distribution and
subsequent vectorial addition of these components in
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Table 1 Number of cycles and CPU time for convergence for the case of one axial groove at
+90° to the Joad line {b/d = 0.5, a/b = 0.5, w/d = 0.2)
5 =0 B =0.5
Multi-grid Single-grid Multi-grid Single-grid
Lccentricity
ralio e cycles s cycles s cycles s cycles s
0.3 743 1047 1417 1193 471 676 748 1037
0.5 264 270 808 965 258 963 * *
0.7 212 218 819 960 230 253 562 678
0.9 189 188 762 912 182 185 223 261
two directions. The expressions used were 2.4.3 Power loss
Lt The following expression was used 1o calculate the
P =2 f_[(ﬁ sin a) dx dy dimensionless power loss:
13
a o A=
_ 2 h @ o -
o A=|||Z+22]d5ax (12)
~ _ oo ho 20x
P.= —-2n (p cos a) dx dy ) 00
00
W = (P2 + P22 2.4.4 Artitude angle

24.2 Flowrate

The expressions vsed Lo delermine flowrate in the cir-
cumfcrential and axial directions were

- ! W ap R\ .
Q"_L < 2ar asﬁ’z) dy (10)
< é 2 (1 E.! O_ﬁ B
Qy‘“(b) B (‘24 3}") a an

The precision of the solution was asscssed by com-
parison of the values of flowrale determined in two
different ways (11):

1. Flow (out) from the bearing sides.

2. Flow issuing from the supply groove(s). This calcu-
lation involved the identification of the different
existing boundaries and their location in relation to
the grooves. Several sitvations may be expected
which involve the determination of {lowrate on a
pressure gradient basis in the continuous film region
or directly from the values of @ in the cavilated
region. All the situations that can occur were incor-
porated in the analysis and are shown in Fig. 6.

Since alternative | is mainly dependent on the cir-
cumferential number of points and alternative 2 on the
axial number of points, the diflerence between these two
values of flowrate was taken as a measurc of the suil-
ability of the M/N ratio used.

Film thickncss at ¢cvery point was calculated with refer-
ence to the line of centres, as well as the location of the
groove(s). After cach converged itcration on pressures
the determination of the load components (and, there-
fore, of the attitude angle) might or might not confirm
the initial position assumed for the line of centres.

Therefore the iterative process to determine (he pres-
sure distribution was inside another 1tcration to calcu-
late the correct value of altitude angle (@). The starting
value of @ for a given ¢ was determined by polynomial
interpolation over curves foc the variable p;, obtained
for fixed values of the geometric parameters (b/d = 0.5,
a/b — 0.5, w/d = 0.2).

At the end of each iteration on pressures the attitude
angle was calculated from

P
(D-—-lzm"l<?*)
P,

This value was checked against the previous one and
the process was terminated if they were within a toler-
ancc of 360°/ M. Otherwisc a new value of @, which was
the mcan of the other two, was taken to start a new
itcrative process.

(13)

3 COMPARISON OF RESULTS

A comparison of theorctical results with experimental
data available was carned out to assess the validity of
the analysis. This comparison was mainly in terms of
Aowrate, but in two cases the predictions of power loss
were also checked.

Table 2 Number of cycles and CPU time for convergence for the case of lwo axial grooves
at +90" to the load line (b/d = 0.5, a/b = 0.5, w/d = 0.2)

B =0 B =05
Mulu-grid Single-gnd Multi-grid Single-grid
Eccentnicity . = - . R
ratio ¢ cycles s cycles s cvcles s cycles s
0.3 364 412 * = S00 617 811 1021
0.5 283 309 806 1020 281 346 813 1092
0.7 352 407 819 1042 326 352 ¥ .
0.9 214 222 768

© IMechE 1993

1003 1017 1263 * *

Proc Instn Mech Engrs Vol 207



98

——| Full film region

Cavitated region Load line
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Load hne

(a) Bearing with onc axial groove

(b) Bearing with (wo diametrically oppused axial grooves

Fig. 6 A sketch of the full film/cavitated regions, which can be identificd by
the program prior 1o calculation of the flow of Jubricant issuing from

the grooves

Experimental results of Dowson et al. (7) and McKee
(15) for bearings with one axial groove on the load line
were used. For bearings with one and two grooves at
right angles to the load line, published results were
scarcc and the few available for the latter case (16) could
not be successfully simutated by the program.

An experimental apparatus was conceived and built,
and a programme of (ests covering a wide range of
varation of parameters was carried out, to validate the
theoretical analysis. A floating bronze bush was
mounted on a 50 mm diameter shaft driven by a vaci-
able speed d.c. motor. The load was applied to the bush
by flexible steel cables connected to a multiplying arm
with dead-weights. The oil was pumped from an oil
tank to the bearing by a constant speed screw pump.
The supply pressure was measured in the supply groove
by means ol a pressure transducer and could be varied,
actuating a flow valve on the oil circuit. Oil nlet and
outlet temperatures were measurcd by K-type thermo-
couples. The oil flowrate was measured using a gear
flowmeter mounted on the supply line. In operation, the

Table 3

displacement of the bush in relation to the shalt was
evalualed using four conlactless displacement (rans-
ducers. two on cach side of the bush, 90° apart. Bushes
of different widlh, clearance and groove size were tested.
This experimental work will be the subject of a future
paper, but sample results are presented here.

Table 3 shows bearing geometrics and operating con-
ditions corresponding to the experimental results used
for comparison. They were made non-dimensional
according to the expressions adopted n the present
work, using an oil viscosity corresponding to the meas-
ured outlet temperature.

Figures 7 and 8 show a comparison ol experimental
values of dimensionless flowrate with the predictions of
the analysis, for bearings with a single axial groove on
the load line. A comparison of dimensionless power loss
is shown in Fig. 9. The operating conditions cover low
and high values of a/b and p; and values of ¢ ranging
from Q.31 (o 0.94. The correlation observed for both O
and H was good. Maximum discrepancies were of 17
per cent on flowrate and 10 per cent on power loss.

Experimental bearing geometries and operating conditions

Groove on the load line

Groove at +90° to the load line

Groove al +90° to the load line

McKee (15) Dowson (7) Authors’ experiments Authors’ experiments
Fig. 7a Fig. 7b Figs 8, 9a Figs 8, 9h Fig. 10a Fig. 10b Fig. 10¢ Fig. 11a Fig. 11b Fig. ¢

d (mm) 523 101.6 50 50
hid 0.620 0.750 1.0 1.0
aih 0.098 0.875 (.8 0.8
wid 0.061 0.047 0.2 0.2
cd 0.0016 0.0025 0.0013 0.005 00035
W (N) 6900 Varnable 8900 Variable 824 824 Variable 824 824
n (r/s) 338 25.0 Variable 8.6 8.6 Variable 8.5 8.5 Variable
P, (kKPa) Vaiiable 278 60 Variable 40 50 Variable 30
44(P1)

40°C 0.0630 0.0225 0.0750 0.0750

100°C 0.008] 0.0044 0.0089 0.0089
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Fig. 9 Comparison of theorelical predictions of dimensionless power loss
with experimental results (7). (Calculated eccentricily ratios: (a) 0.31-

0.64 and (b) 0.67-0.51)

A comparison of experimental measurements of flow-
rate with (heoretical predictions of the present analysis
for journal bearings with one axial groove at 90° to the
load line js shown in Fig. 10. Results were obtained for
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a given bearing geometry, varying the applied load,
rotational speed and oil supply pressure. The corre-
lation is acceptable and the resuits showed the same
trend in all cases. Maximum discrepancies were of 28,
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25 and 30 per cent in Fig. 10 for cases {a), (b) and (¢)
respectively. The corresponding mean discrepancies
were of 22, 21 and 23 per cent. The predicted values of
dimensionless flowrate were always higher than the
values measured.

The predictions of ESDU 84031 (4), a commonly used
procedure for the design of hydrodynamic journal bear-
ings, have been worked oul for all cases illustrated in
Fig. 10. These predictions were always higher

094
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Fig. 10 Companson of theoretical predictions of dimension-
less flowrate with experimental results for one
groove at +90° to the load line. (Calculated eccen-
tricity ratios: (a) 0.52-0.80, (b) 0.73 and (c) 0.84-0.62)
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(sometimes significantly) than the predictions of the
present analysis.

The theorctical predictions of dimensionless flowrate
for bearings with two diametrically opposed axial
grooves were also compared with experimental meas-
urements. The bearing geometry was the same as for
Fig. 10. The comparative results arc shown in Fig. 11.
Again the correlation is acceplable in all cases, the
trends being (he same for both theoretical and experi-
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Fig. 11  Comparison of theoretical predictions of dimension-
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mental results. Maximum discrepancies found were of
24, 25 and 28 per cent for cases (a), (b) and (c) respec-
tively. The corresponding mean discrepancies were of
23, 18 and 17 per cent. The predictions of flowrate were
smaller than the measured flowrate in all cases. The
worked-out predictions of ESDU 84031 (4) lay between
the experimental values and the predictions of the
present analysis.

4 CONCLUSIONS

f. A theoretical analysis developed by one of the
authors (17) for steadily loaded hydrodynamic
journal bearings with one axial groove at the
maximum film thickness, based on Elrod’s cavitation
algorithm (10), has been improved and extended to
bearings with a single axial groove (either on the
load line or at 90° to the load line) and two diamet-
rically opposed axial grooves. The method is able to
accommodate variable groove geometry and location
as well as variable lubricant supply pressure.

2. A multi-grid technique has been used which
decreased the number of cycles for convergence of
the numerical solution of the finite difference equa-
tions and allowed convergence for cases where it had
not been possible with a single grid.

3. Predictions of the analysis for flowrate and power
loss have been compared with experimenial measure-
ments of Dowson et al. (7), McKee (15) and the
authors. The correlation observed was good for bear-
ings with a single axial groove on the load line and
nol as good, bul nevertheless acceplable, for the
other grooving arrangements studied.

The work reported in this paper is only one¢ part of a
broader study which included a programme of labor-
atory tesis for validation of the theoretical predictions.
The results of this study allowed the construction of
performance charts for all bearing types considered.
This will be the subject of future papers.
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APPENDIX
Definition of the parameters involved in equation (6):
X, = Ej(l = 0..,‘)
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