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Results are presentedfrom a new model of the lubricating$film in journal bearings. This is based uponjow continuity and permits more 
realistic rupture and reformation boundary conditions to  be employed. I n  dynamically loaded arrangements, this implies that oil-film 
history is accommodated. Comparisons are presented between available experimental measurements and theoretical predictions of 
bearing performance. I t  is shown that combinations of stationary grooves and rotating oil holes can be handled by the computer 
programs employed. 

NOTATION 
radial clearance 
bearing diameter 
cavitation index 
film thickness 
dimensionless film thickness = {h /c )  
power loss 
dimensionless power loss = 

bearing length (width) 
mass flowrate per unit width 
pressure 
dimensionless pressure = { ( C / R ) ~ / ( ~ W ~  R ) } p  
Vogelpohl pressure variable = {ph3”} 
dimensionless Vogelpohl pressure = 

load-carrying capacity 
dimensionless load-carrying capacity = 

flowrate 
dimensionless flowrate = {2/(cto2 RL))Q 
bearing radius 
angular velocity ratio = { o l / w 2 }  
time 
mean surface speed 
Cartesian coordinates 
dimensionless coordinate = x / R }  
dimensionless coordinate = i y / L }  
mesh dimensions 
circumferential coordinate = { x / R )  
eccentricity ratio 
time derivative of eccentricity ratio 
absolute viscosity 
degree of filling 
pressure variable 
lubricant density 
attitude angle 
time derivative of attitude angle 
journal angular velocity 
bearing angular velocity 

R 2 L W  

~ ( c / ~ ) 2 / ( r l ~ 2  R ) b *  

{ ( C / ~ ) ” / ( ? W 2  R N P  

Subscripts 
C Couette component; or cavitation pressure 

C 
F 

i, j 
1 

0 

P 
T 
V 

x, Y 

contribution to power loss from cavitated zone 
power loss of a fully flooded bearing 
in 
refers to cell coordinates in finite difference 
mesh 
out 
Poiseuille 
power loss for JFO boundary conditions 
contribution to power loss from translation of 
the journal 
refers to x, y coordinate directions 

Superscripts 
C Couette 
P Poiseuille 

1 INTRODUCTION 

Gaseous cavitation is usually present in the clearance 
space of liquid-lubricated journal bearings. The choice 
of boundary conditions for the governing Reynolds 
equation which will correctly determine the extent of 
the cavitated zone in theoretical analyses has received 
considerable attention, as discussed by Smith (1) and 
Paydas (2). 

In steadily loaded contacts, the most physically real- 
istic conditions appear to be those proposed by Jakobs- 
son and Floberg (3), who adopt a flow-continuity 
approach at the liquidlgas interface. These are termed 
the JF conditions in this paper, and can be expressed as 
follows: 

At both boundaries, the following expression must be 
satisfied : 

where U is the mean surface velocity, 8 is the degree of 
filling, Ax, Ay are the dimensions of the control volume 
drawn at the interface and AxlAy is an approximation 
to the local slope of the interface 
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At the rupture boundary, it can be shown that equation 
(1)  is satisfied if the following conditions pertain: 

’ p  - 0; e = 1; p = cavitation pressure (2) -=o;  dP -- 
ax 8Y 

that is the Reynolds boundary conditions apply. 
When time-varying loads are applied, the gas-filled 

cavities orbit the clearance space and the appropriate 
boundary conditions are much more complex. It would 
seem that the most appropriate set of conditions in this 
situation are those proposed by Ollson (4), who suggests 
that two distinct regimes must be considered. He 
demonstrates that the following expression is valid at 
both the rupture and reformation interfaces: 

where dx/dt is the velocity of the interface. When the 
velocities of the rupture or reformation boundaries are 
less than or equal to the mean surface velocity, Ollson 
argues that the conditions attributed to Jakobsson and 
Floberg (3) are applicable. When this velocity condition 
is violated, the previous history of motion of the bound- 
aries must be considered. Paydas (2) suggests that the 
resultant set of conditions could be appropriately 
described as the Jakobsson-Floberg-Ollson (JFO) con- 
ditions. Ollson (4) studied an infinitely long partial 
journal bearing with a flooded inlet, subjected to 
varying levels of oscillatory motion. When the bound- 
ary velocity exceeded the mean surface velocity, the 
former was determined by an explicit approach. An 
experimental study of a similar bearing established a 
qualitatively good level of agreement with the theoreti- 
cal predictions. In some pioneering work, these condi- 
tions have also been implemented in dynamically 
loaded, finite-width bearings by Milne (5) and Jones (6). 
Milne employs a finite element approach in the study of 
a full journal bearing where the effects of oil recircula- 
tion are considered. A Runge-Kutta technique was used 
to determine, at each time instant, the boundary posi- 
tions. Advantage was taken of the linear nature of the 
Reynolds equation to express its solution as the sum of 
three partial solutions. The performance of the journal 
bearing was predicted when it was subjected to a step 
change in load. Jones (6) presents an analysis that 
differs from those of Ollson and Milne in that the velo- 
cities of the rupture/reformation interfaces are not 
explicitly determined. Insufficient details are presented 
in Jones’ paper for a detailed critical assessment of the 
method to be conducted, but it would appear that 
severe constraints have to be applied to the time 
increment to ensure that flow continuity is maintained. 

The application of the JF  or JFO conditions to the 
analysis of bearings can give rise to considerable 
numerical difficulties, particularly in the case of dynam- 
ically loaded contacts. Elrod (7) argues that application 
of the conditions through a fluid compressibility 
approach, employing a mass conserving algorithm, can 
greatly simplify the task, particularly in dynamically 
loaded contacts, since the velocity of the interfaces need 
not be determined explicitly. Miranda (8), even when 
analysing steadily loaded journal bearings, demon- 
strates that Elrod’s approach still produces numerical 
Part C: Journal of Mechanical Engineering Science 

difficulties and finds that solutions at high eccentricity 
ratios cannot be obtained. Paranjpe and Goenka (9) 
apply Elrod’s method in dynamically loaded journal 
bearings and compare their results with a more tradi- 
tional approach. They do not discuss numerical di6- 
culties. Paydas (2) attempted to overcome the numerical 
problems associated with Elrod’s algorithm and shows 
that it is not necessary to employ the concept of fluid 
compressibility in order to effect solutions of the Rey- 
nolds equation with the JF or JFO boundary condi- 
tions. Similar conclusions have been drawn by Rowe 
and Chong (lo), who have studied hydrostatic, hybrid 
and hydrodynamic arrangements. Jakeman (1 1) has 
employed a similar approach and applied it to the study 
of a dynamically loaded journal bearing where journal 
mass-acceleration (sometimes called inertia) effects are 
considered. 

Paydas (2) has found that numerical instabilities also 
manifest themselves in his technique and has paid con- 
siderable attention to these to develop an approach that 
overcomes them, to produce a robust, improved method 
of solution. He also demonstrates that this solution 
technique produces different predictions of bearing per- 
formance from those derived by Jones (5). The discrep- 
ancies are thought to be due to Paydas’ more rigorous 
approach to the application of flow continuity and the 
reduction of problems associated with numerical insta- 
bilities. 

This paper presents Paydas’ approach which uses a 
flow-continuity model in the clearance space to auto- 
matically satisfy, at reformation and rupture, the JF 
boundary conditions in steadily loaded arrangements 
and the JFO conditions in dynamically loaded contacts. 
It is shown that the model produces more realistic pre- 
dictions of oil flow and power loss in hydrodynamic 
bearings subjected to constant and time-varying loads. 
In the latter case, the model can be employed to analyse 
lubricant arrangements which are composed of supply/ 
sink grooves or holes in the bearing, supplylsink holes 
in the journal or combinations of both. 

2 THE MODEL 

The clearance space is divided into a series of cells as 
shown in Fig. 1 and the application of flow continuity 
yields 

(3) 

where 

Am, = (k,),” - (a,)! + (rC1,): - (ri2,)F 

and (4) 
Ah,, = (my)! - (ky)j’ 

and 8 is the degree of filling in the cell, h is the average 
height of the clearance space in the cell and the super- 
scripts p and c refer to the Poiseuille and Couette com- 
ponents of the mass flowrate per unit width. Defining 
net mass flowrates due to Poiseuille and Couette flows 
permits equation (3) to become 

+A=-- (Am )p (Ah,)” a(0h) 
A x  +Pat ( 5 )  A x  AY 
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ti 

Fig. 1 Mass flows into the basic control volume 

The terms on the left-hand side of equation (5) are the 
increases in Poiseuille mass flowrate per unit width in 
the x and y directions, and are similar to the corres- 
ponding terms in the Reynolds equation. It is possible, 
therefore, to write 

-- (Ak.JP - p a (" ") 
Ax ax 121 ax 

and (6) 

(AdJP 
AY 

= Si, j P i ,  j + (1 - gi, j k c  

where 

and g is the cavitation index (which has the value 1 for 
a flooded cell and 0 if it is starved/cavitated), p is the 
cell pressure, p c  is the cavitation pressure and the sub- 
script (!, j) refers to the cell ( i , j )  in Fig. 1. Thus a general 
equation similar to the Reynolds equation can be for- 
mulated as 

8 ( h3 an) a ( h3 an) (Ak )" a(&) (7) - -- +- -- =-2 +- ax 121 ax ay 121 ay Ax at 

Groove 

O' 

It is numerically advantageous in journal bearings to 
introduce the Vogelpohl substitution for pressure. Then, 
by writing equation (7) in finite difference form, two 
equations-one for dimensionless pressure j at a 
flooded cell and one for the degree of filling 8 at a 
starved cell-can be formulated as 

j f j  = Jl(K1 + (K2 x j,) + K3 + (K4 x R1) 
+ K5(R1 x Li + Wl)} (8) 

(9) 
K 1 +  (K2 + K6)j, + K3 + K4 x R1 

K7 - K5(R1 x Li + W1) 
where J1, K1, K2, K3, K4, K5, K6, K7, R1 and W1 are 
defined in the Appendix. The oil-film history effect is 
contained in the terms K4 and R1. The distribution of 
pressure in the full-fluid film and the degree of filling in 
the cavitated zone can be determined from these equa- 
tions by adopting a relaxation approach across a finite 
difference mesh covering the clearance space. The pres- 
sure and degree of filling can be obtained for any given 
values of the eccentricity ratio E, attitude angle 4 and 
their temporal derivatives, 8, 4. Considerable attention 
has been paid to suitable values for the size of the differ- 
ence mesh and various convergence variables, and this 
is discussed extensively by Paydas (2). A mesh size of 80 
columns circumferentially and 24 rows axially across 
half the bearing width has been found to be generally 
most suitable. 

8, . = 
1. J 

3 STEADILY LOADED, CIRCUMFERENTIALLY 
GROOVED JOURNAL BEARINGS 

3.1 Comparisons with other theoretical predictions 
By excluding the oil-film history parameter from the 
analysis, the model can be used to study bearings with 
the JF boundary conditions imposed. In the following 
discussion, the predicted performance is presented of a 
steadily loaded, circumferentially grooved, journal 
bearing, which has been studied by Lundholm (12) and 
Ruddy (13). The bearing possesses an LID ratio of 1, oil 
is supplied at non-dimensional pressures of 0.5, 1.0 and 
2.0, and eccentricity ratios of 0.2-0.9 are considered. 
The mesh size is 80 columns x 24 rows over one land. 

3.1.1 Film extent 
Illustrated in Fig. 2 is a plan view of the unwrapped 
bearing area, superimposed on which are three predic- 

Present analysis 
Lundholm (12) I -  - - _ _ _  
Ruddy (13) 

7 I 
Full-film region 

I80 
Y 

- 0.5 
U I0 

deg 
Fig. 2 Theoretical predictions of oil-film extent in a fully circumferentially 

grooved bearing 
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Fig. 3 Effect of supply pressure on oil-film extent: JF analysis compared 
with Reynolds 
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tions of the boundary between the full and cavitated 
films. The predictions are those from the present work, 
along with JF predictions derived by Lundholm (12) 
and Ruddy (13). All three JF predictions agree well, dif- 
ferences being caused probably by the different meshes 
used by Lundholm (36 x 6) and Ruddy (36 x 36). 

The effect of supply pressure on the extent of the full 
film is indicated in Fig. 3, where it can be seen that 
increasing supply pressure decreases the size of the cavi- 
tated zone and pushes it away from the groove and 
towards the bearing edge. This is physically realistic, 
since an increased supply pressure would be expected to 
decrease the size of the zones that are at, or close to, the 
ambient level. Also illustrated in this figure are predic- 
tions from the Reynolds approach. The JF boundaries 
are located close to the Reynolds boundaries at the 
rupture (upstream) side of the cavitated zone, but the 
two predictions differ markedly on the reformation 
(downstream) side. Since, at rupture, the JF conditions 
are identical to the Reynolds conditions, it is to be 
expected that the upstream boundaries predicted by 
both approaches will agree reasonably well. At rupture, 
however, the location of the JF  boundary is influenced 
by the boundary slope, AxlAy, and therefore a diver- 
gence in the predictions is to be expected. 

3.1.2 Pressure and load 

Examination of the pressure distributions in the full- 
film regions indicate that both the JF and Reynolds 
approaches predict very similar zones of high pressure, 

Present analysis 
Reynolds solution - - - - - - - - - 

0.0 0.2 0.4 0.6 0.8 I .0 

Eccentricity ratio E 

Fig. 4 Comparisons of load-carrying capacity of a steadily 
loaded journal bearing predicted by the JF and Rey- 
nolds approaches 
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0 

but that the JF method predicts lower pressures around 
the reformation boundary. The effect of this is that both 
approaches predict similar load-carrying capacities, as 
Fig. 4 demonstrates. 

3.1.3 OiEJlow 
The influence of supply pressure on oil flow is illus- 
trated in Fig. 5. In this diagram, the dimensionless axial 
oil flowrate into the bearing from the groove and out of 
the bearing across its ends are plotted against the eccen- 
tricity ratio for three supply pressures. The two oil flows 
are equal in the JF predictions (indicating that contin- 
uity is maintained) but differ in the Reynolds situation, 
particularly at high eccentricity ratios. When compared 
with the JF  predictions, the edge flow predicted from 
the Reynolds solution is overestimated and the groove 
flow is underestimated. Such a situation can be predict- 
ed from the plots of full-film extent presented in Fig. 3. 
In this figure, the Reynolds boundary predicts a cavi- 
tated zone which has a smaller angular extent than its 
JF counterpart. Thus more of the bearing edge is 
exposed to pressure gradients which are pushing lubric- 
ant out of the bearing, and hence the outflow predicted 
by the Reynolds approach exceeds the JF outflow. The 
Reynolds solution’s higher predictions of inflow can 
again be predicted from the plot of film extent. The 
smaller cavitated zone implies that the mean axial pres- 
sure gradient in the liquid surrounding the sides of the 
zone that faces the groove is smaller in the Reynolds 
predictions. Thus the inflow from the groove in this 
area will be smaller. 

6 
Present analysis, p,, and Qy, 

01 
0.0 0.2 0.4 0.6 0.8 I 

Eccentricity ratio E 

Fig. 5 Axial oil-flow predictions for a steadily loaded journal 
bearing 
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10 
c Present analysis 

0.0 0.2 0.4 0.6 0.8 1 .o 
Eccentricity ratiot 

Fig. 6 Axial outflow in a circumferentially grooved steadily 
loaded journal bearing : comparison of predictions 
from the JF conditions and the oil-feed pressure equa- 
tion 

In journal bearings with full circumferential grooves, 
the so-called 'feed pressure flow' equation is often 
employed to determine the total lubricant flowrate, that 
is 

n D  
Q = - - c3(1 + 1.5~2) 

31 s L  

This equation is derived from the assumptions that the 
flow derives entirely from feed pressure and that the oil 
pressure drops linearly from the groove to the bearing 
edge. The predictions from this equation are compared 
with the JF  predictions in Fig. 6. It is clear that the two 
predictions agree completely, thus giving confidence in 
the use of the feed pressure flow equation for circum- 
ferentially grooved bearings and highlighting the fact 
that flow is directly proportional to supply pressure and 
the cube of radial clearance. 

3.2 Comparisons with experiment 
Four sets of experimental results are studied in this 
section, examining the influence of journal speed on oil 
flow and friction, supply pressure on oil flow, and 
eccentricity and supply pressure on the size and loca- 
tion of the cavitated zone. 

3.2.1 Effect of speed on outjlow, friction and temperature 

Clayton (14) undertook an experimental study of a 
steadily loaded, circumferentially grooved journal 

rise 

bearing, the operating conditions of which are presented 
in Table 1. Also presented in this table are experimental 
measurements of journal speed, oil temperature, effec- 
tive oil viscosity, outflow and coefficient of friction. Pre- 
dictions of outflow and friction coefficient using the JF  
and Reynolds conditions are also tabulated. 

It can be seen that the JF  approach underestimates 
the outflow of oil by around 30 per cent, while outflow 
predicted from the Reynolds approach overestimates the 
flow by about 45 per cent. Theoretical oil flow for a 
circumferentially grooved bearing is proportional to the 
cube of radial clearance [see equation (lo)]; hence a 
variation in radial clearance of + 3  pm will induce a 
corresponding increase or decrease of 30 per cent in 
outflow. Such sensitivity in oil flow could well be the 
cause of the discrepancy between experiment and 
theory. 

Table 1 also indicates that the JF  friction coefficient 
exceeds the actual by between 8 and 25 per cent, which 
would produce similar overstimates in the power loss. 
The Reynolds friction coefficients exceed their measured 
counterparts by between 12 and 30 per cent. 

If the adiabatic temperature rise in the lubricant is 
defined as 

friction coefficient x load (N) x diameter (m) 
x speed (r/min) x x 

outflow (kg/s) x 60 x C,(J/kg"C) 

and a typical value of C, = 2.5 x lo3 J/kg "C is 
assumed, then Fig. 7 can be plotted from the data in 
Table 1. Illustrated in this figure are three curves, two 
representing the JF and Reynolds predictions and one 
from Clayton's experiments. All three curves indicate 
that the temperature will increase as the speed increases. 
The Reynolds predictions correspond more closeiy to 
the experimental measurements than the JF  ones. This 
is a somewhat surprising result and is caused by the 
relatively larger predicted outflows from the Reynolds 
approach. 

3.2.2 EfSect of supply pressure on oil flow 
McKee (15) undertook experimental work on the effects 
of supply pressure on oil flow in a similar bearing to 
Clayton's. Details of the configuration are presented in 
Table 2, along with experimental measurements of 
supply pressure, oil temperature, effective oil viscosity 

Table 1 Effect of journal speed on outflow and friction: theoretical predictions compared with Clayton's experiments (14) 
(steadily loaded journal bearing) 

Diameter: 50.8 mm 
Radial clearance: 0.0318 mm 
Supply pressure: 5.44 bar 

Bearing length: 38.1 mm 
Load: 23.4 kN 
Inlet temperature: 70°C 

outflow 
S P d  Oil temperature Viscosity ds Friction coefficient ( x  lo3) 

rjmin "C Pa s Experiment JF Reynolds Experiment JF Reynolds 

2000 87.0 0.025 3.1 2.2 4.3 2.00 2.16 2.25 

2120 91.5 0.021 3.6 2.6 5.4 - 2.39 2.50 
3000 92.5 0.02 1 4.0 2.5 5.8 2.00 2.50 2.59 

2500 90.5 0.022 3.6 2.5 5.1 2.00 2.30 2.40 

4ooo 99.5 0.01 7 4.7 3.3 7.5 2.15 2.61 2.70 
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80 - - Experiment 
70 -- - Predicted (JF) 

60 
- - - Predicted (Reynolds) 

-- 

' O I  lo 

\I I 

2000 25bo 30bO 4doo 
Rotational speed 

rlmin 

Fig. 7 Estimated adiabatic temperature rise in Clayton's (14) bearing 

and outflow. Theoretical predictions of oil outflow from 
both Reynolds and JF approaches are also listed. 

At low supply pressures, the JF method underestim- 
ates flow by 10 per cent and the Reynolds approach 
overestimates by almost 60 per cent. At high supply 
pressures, the JF predictions are 6 per cent less than 
measured, and the Reynolds predictions are 1 per cent 
greater. These data are qualitatively similar to those 
presented for Clayton's bearing. 

3.2.3 Oil-jilm extent 

Lundholm (12) made observations of oil-film extent in a 
transparent bearing. Three plots of the unwrapped 
bearing area are illustrated in Fig. 8, where it can be 
seen that the JF predictions, from the present approach, 
of the full-film extent agree well with the experimental 
observations and also with Lundholm's JF predictions, 
which are calculated by an alternative numerical 
method. 

4 CIRCUMFERENTIALLY GROOVED, 
DYNAMICALLY LOADED JOURNAL BEARINGS 

By including the oil-film history terms in the solution 
technique, the model can be applied to dynamically 

loaded journal bearings so that the JFO boundary con- 
ditions are imposed. Solutions of the time-dependent 
form of the Reynolds equation were obtained from 
three partial solutions in the full-film region as dis- 
cussed by Milne (5). At any point in the full-film region. 

where 

p = resultant pressure 
pw = unit pressure ascribed to the pure wedge 

action, supply pressure and oil-film history 
p , ,  p+ = unit pressures ascribed to the pure radial 

and translational components of the journal 
centre motion respectively 

Once the oil-film extent in a bearing is known at a given 
journal centre position, the lubrication problem can be 
considered as a linear one. Three partial solutions can 
then be obtained within the full-film region so as to 
determine three separate distributions of unit oil-film 
pressure associated with these three cases. Integration of 
the pressure distributions then enables estimates of i: 
and 6 to be obtained. 

Table 2 Effect of supply pressure on outflow: theoretical predictions compared with 
McKee's experiments (15) (steadily loaded journal bearing) 

Diameter: 52.1 mm 
Radial clearance: 0.0419 mm 
Journal speed: 2030 r/min 

Effective oil Effective oil 
Supply pressure temperature viscosity 

bar "C Pa s 

Bearing length: 28.6 mrn 
Load: 6928 N 
Inlet temperature: 93.3 "C 

Predicted oil flow Measured oil 
flow . .  mlis .- 

mlis Reynolds JF 
~ ~~ 

4.01 95.3 0.0091 
3.05 95.6 O.Oo90 
2.04 96.7 0.0088 
1.35 97.5 0.0086 
0.67 99.7 0.0082 

~ ~~ ~ - 

163 161 154 
122 131 118 
86.0 96.5 80.1 
56.5 72.8 53.0 
31.4 51.3 28.9 
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Fig. 8 Lundholm’s (12) experimental measurements of oil-film extent com- 
pared with JF predictions 

4.1 The Reynolds and oil-film history solutions compared 
In this section, performance predictions for two bearing 
arrangements are compared: firstly, the familiar Ruston 
Hornsby VEB large-end bearing and, secondly, an 
inter-main bearing. 

4.1.1 Ruston Hornsby V E B  bearing 
The configuration of this bearing is detailed in Table 
3. Predictions for minimum film thickness hmin, 
maximum pressure pmax, time-averaged axial inflow and 
outflow, (Qyi)av and (QyJav, and time-averaged cyclical 
power losses (HJav and (HF)av, are compared in Table 
3. The cyclical variations in minimum film thickness 
and oil outflow at constant supply pressures are 
presented in Figs 9 and 10. These are converged 
solutions, starting from a specific set of initial 
conditions, and exclude the initial ‘settling down’ 
period. Also presented in these last two figures are 
predictions made by Jones (6) which have been 
presented and discussed by Martin (16). 

Q IMechE 1992 

The power loss predictions require further 
explanation. The power loss can be considered to 
consist of three components: the loss H ,  due to shear 
and pressure effects in the full film, the loss H ,  due to 

Table 3 Predictions for the Ruston Hornsby large-end 
bearing 

Diameter: 203 mm Effective bearing length: 114.3 mm 
Radial clearance: 0.08255 mm Groove width: 12.7 mm 
Engine speed: 600 r/min Viscosity: 0.015 Pa s 
Crank radius: 184 mm Con-rod length: 782 mm 
Con-rod weight: 801 N Piston/Gudgeon weight: 805 N 

Pressure k i n  P , ~ .  (Q,.JaV Q& ( W a v  W F ) ~  ------ 
bar Solution prn MPa I/s I/s kW kW 

1.378 
1.378 
2.756 
2.756 
4.134 
4.134 
5.512 
5.512 

JFO 
Reynolds 
JFO 
Reynolds 
JFO 
Reynolds 
JFO 
Reynolds 

4.5 
4.3 
4.3 
4.2 
4.3 
4.2 
4.2 
4.2 

38.0 
35.0 
37.0 
35.4 
36.7 
35.5 
36.6 
35.6 

0.0212 0.0227 1.12 1.38 
0.0048 0.0449 1.27 
0.0424 0.0441 1.16 1.39 
0.0289 0.063 1.38 
0.0636 0.0653 1.19 1.4 
0.0517 0.0821 1.38 
0.0849 0.0865 1.21 1.41 
0.0741 0.1018 1.39 
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- - - - - -. Reynolds solution 
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Fig. 9 Theoretical predictions of minimum film thickness 
variation in the Ruston Hornsby VEB large-end 
bearing 

shear effects in the cavitated zone and the loss H ,  
arising from the translation of the journal in the 
clearance space. The total loss H ,  is the sum of these 
three components. In a conventional Reynolds solution, 
H ,  is evaluated on the assumption that the lubricant 
flows through the cavitated zone in streamers, the axial 
width of which is governed by the volumetric flow 
across the upstream boundary at any instant. This 
approach to the determination of the degree of filling is, 
however, not an accurate one because it does not 
consider the influence of the normal motion of the 
surfaces. This leads to erroneous power loss 
calculations, and it is for this reason that values for H ,  
are not tabulated for the Reynolds solution. A more 
conservative approach to power loss calculation is to 
assume that the cavitated zone is fully flooded with 
lubricant, but still at constant pressure. This will clearly 
lead to an overestimate of H ,  and generates a total 
power loss, termed HF . 

The data in Table 3 and the results plotted in Figs 9 
and 10 indicate the following: 

1. The minimum film thickness and maximum pressure 
are not influenced significantly by the boundary 

35 I ,  

0.3 r 1 

Present oil-film history solution 

Reynolds solution t I- - - - - - - - 
t !I -.-.-.- Jones' oil-film history solution: 

Martin (16) i ii f ii 

Crankangle 
deg 

Fig. 10 Theoretical predictions of axial outflow in the 
Ruston Hornsby VEB large-end bearing 

conditions. Since the pressure distributions predicted 
by both approaches were very similar in steadily 
loaded bearings, this result is to be expected. 

2. Jones' approach predicts an overall minimum film 
thickness which is about half of that derived from the 
current technique. 

3. The cyclical variations of oil outflow differ 
significantly between the two predictions, the JFO 
outflow almost falling to zero at 540" crank angle. 
The instantaneous outflow predicted by Jones 
exhibits a quite different pattern, and falls to almost 
zero at around 180". 

4. Axial outflow increases almost linearly with supply 
pressure. This again is similar to the steadily loaded 
situation. 

5. The oil-film history solution exhibits little 
discrepancy between axial inflow and outflow, in 
contrast to the Reynolds solution which displays 
discrepancies as large as 800 per cent between the 
two flows. This again reflects the results from the 
steadily loaded case. 

6. The JFO predictions of H ,  are around 15 per cent 
less than the often-used Reynolds predictions of HF . 

- JFO(H,) 

- Reynolds (H,) 

--I 
2.76 4.13 5.51 I .38 

Supply pressure 
bar 

Fig. 11 Predictions of adiabatic temperature rise in the Ruston Hornsby 
VEB large-end bearing 
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If the time-averaged adiabatic temperature rise in the 

time-averaged power loss (W)/ 

lubricant is defined as 

time-averaged outflow (m3/s) 
~ 

PCP 
and a typical value of pC,  = 2 x lo6 J m3/”C is 
assumed, then Fig. 11 can be plotted from the data in 
Table 3. Illustrated in this figure are three curves, two 
representing the JFO and Reynolds predictions based 
upon the power loss HF and one predicted from the 
JFO approach using the most realistic power loss 
prediction, H ,  . All three curves indicate that the 
time-averaged temperature rise will decrease as the 
supply pressure increases. The Reynolds predictions 
based upon H ,  are much greater than their JFO 
counterparts and the most realistic predictions from the 
JFO approach using H ,  are the lowest. It is clear from 
this figure that, unless the supply pressure is very high, 
the models employed to predict temperature rise will 
yield significantly different results. This, in turn, will 
effect the predicted mean viscosity, and hence the 
predicted minimum operating film thickness. 

It is also instructive to compare time-averaged power 
loss predictions with predictions from other programs, 
as discussed by Martin (17). Such a comparison is 
presented in Table 4. The most realistic parameter for 
the assessment of power loss is HT and the current 
technique predicts the lowest value of this variable. 

4.1.2 An inter-main bearing 

The configuration of this bearing is given in Table 5. 
Predictions for minimum film thickness hmin, maximum 
pressure pmax, axial inflow and outflow, (Q& and 
(QyoIavy and power losses, (HTIav and (HFIav, are 
compared in Table 5. Figure 12 presents the predicted 
cyclical variations in outflow based upon the JF, JFO 
and Reynolds conditions. 

The data in the table again indicate that minimum 
cyclical film thickness and maximum pressure are 
influenced little by the boundary conditions chosen, but 
oil-flow predictions from the Reynolds solution are 

Table 4 Time-averaged power losses predicted for the 
Ruston Hornsby large-end bearing 

Power loss 
kW 

Analysis H , + H ,  H ,  H ,  

Finite hearing (isothermal) 
No oil-film history 

General Motors (finite element) 1.190 - 1.390 
Glacier (finite difference) 1.090 - 1.375 

~ 1.390 Glacier (Moes mobility) - 

GEC (optimized short bearing) 1.210 ~ 

~ 

Reynolds solution (finite difference) 1.012 - 1.376 
Oil-film history 

Glacier (finite difference) 0.950 1,290 - 
Present analysis (finite difference) 0.903 1.162 1.393 

Finite bearing (variable viscosity) 

Short bearing 

1.710 - GEC - 

~ 1.260 Glacier (Booker mobility) - 
~~~ 

0 IMechE 1992 

Table 5 Predictions for the inter-main bearing 

Diameter: 54.0 mm 
Radial clearance: 0.028 mm 
Engine speed: 40oO rimin 
Supply pressure: 2.750 bar 

Effective bearing length: 15.3 mm 
Groove width: 3.2 mm 
Viscosity: 0.007 Pa s 

- - -  hmin Pmax (QJav (Qyo).v !b& (HF).V 
Solution pm MPa ml/s ml/s kW kW 

JFO 1.4 82.1 6.58 6.87 0.156 0.192 
Reynolds 1.3 83.7 4.46 10.4 0.193 

unreliable. The JFO power loss prediction, H ,  , is again 
much less than the Reynolds prediction of H , .  The 
oil-flow predictions in Fig. 12 again indicate that the 
JFO approach predicts very different characteristics 
from the Reynolds method. The exclusion of the oil-film 
history term has a significant effect upon predicted 
outflow. 

4.2 Comparisons with experiment 
A comprehensive study of dynamically loaded journal 
bearings was undertaken by Cooke (18). Six different 
large-end bearings were examined by simulating them 
on the NEL engine bearing simulator. Journal orbit, oil 
flow and oil-film pressure distributions were recorded. 
Results from two circumferentially grooved 
bearings-the Ruston Hornsby VEB and MOD ASRl 
large-end bearings-are discussed here. Martin (17) has 
also presented experimental results of minimum film 
thickness in the Ruston bearing, and these are also 
discussed. 

4.2.1 Ruston Hornsby VEB 
Cooke’s experiments varied the journal speed from 
336.5 to 700 r/rnin with the load diagram being kept 
constant at approximately one-thirtieth of the size in 
the real bearing. The data in Table 6 show that the JFO 

0.000 1 I I I 
0 1x0 360 540 i 

4, Crank angle - 
deg 

..-~ ....... Reynolds solution ( i s .  Reynolds conditions) 
- Present method of solution without oil-film history 

(i.e, Jakobsson - Floherg conditions) 

Present method of solution with oil-film history 
(i .e. Jakobsson-~loberg-Ollson conditions) 

Fig. 12 Theoretical predictions of axial outflow in the 
inter-main bearing 
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Table 6 Cooke’s (18) experimental measurements on the simulated Ruston 
Hornsby large-end bearing compared with the JFO predictions 
Diameter: 63.5 mm 
Radial clearance: 0.033 mm 

Effective bearing length: 25.4 mm 

Outflow 

Speed 
r/min 

Pressure 
bar 

Oil temperature 
“C 

Viscosity 
Pa s 

ml j s  

Error 
Experiment JFO - 

% 
~ 

336.5 
336.5 
336.5 
490.0 
490.0 
490.0 
700.0 
700.0 
700.0 

2.0 
4.1 
6.2 
2.0 
4.1 
6.2 
2.0 
4.1 
6.2 

51.9 
49.8 
48.4 
51.9 
49.8 
48.4 
51.9 
49.8 
48.4 

0.01022 
0.01107 
0.01 166 
0.0 1022 
0.01 107 
0.01 166 
0.01022 
0.01 107 
0.01 166 

3.4 
7.6 

12.7 
3.6 
7.6 

11.8 
3.3 
7.2 

10.8 

4.3 26 
8.2 6.6 

4.3 19 
8.1 6.6 

11.6 - 1.7 
4.2 15 
7.9 9.7 

11.4 5.6 

11.7 -7.9 

conditions predict the bearing outflow very well at the 
medium and high pressures, with the maximum 
percentage discrepancies occurring at the lowest 
pressure. At this pressure, the flowrate is minimum and 
the discrepancies will be more heavily influenced by the 
accuracy of the flow measurement. 

Figure 13 presents three curves of minimum film 
thickness for the bearing. The experimental results were 
obtained from data presented by Martin (17), and the 
two predicted curves are those obtained by Jones’ 
oil-film history method (6) and the oil-film history 
approach of the current authors. The overall pattern of 
the curves are really quite similar, but it is interesting to 
note that the experimental curve lies midway between 
the two theoretical curves. However, care should be 
taken in examining these experimental results since the 
experimental bearing was found to exhibit a 
considerable degree of flexibility. The predicted curves 
illustrate the earlier findings that the boundary 
conditions exert only a small effect on minimum film 
thickness. 

0.0 1 I 
0 180 360 540 720 

Crank angle 
deg 

4.2.2 MOD ASR bearing 
The data for this bearing are presented in Table 7. The 
agreement between experiment and theory is very good. 

5 DYNAMICALLY LOADED JOURNAL BEARING 
WITH PARTIAL GROOVING AND ROTATING OIL 

HOLES 

The predicted performance of the large-end bearing in a 
large, power-generating diesel unit is discussed here. 
The journal is provided with two oil holes situated at 
f45” from TDC. In the bearing are two partial 
grooves, each of 90” extent, sited symmetrically about 
TDC. The grooves are interconnected via a small 
tapping in the bearing housing: thus, at any time, there 
is always one hole supplying oil to both grooves. 

The predicted cyclical minimum film thicknesses, lub- 
ricant outflows and power losses are presented in Figs 
14, 15 and 16 respectively. Unlike the data presented 
earlier, these plots start at zero time and, therefore, 
exhibit the ‘settling down’, or transient, part of the solu- 
tion. When starting the numerical procedure at TDC 
(exhaust), the transient period generally lasts for about 
180” of crank angle before the solution converges on to 
the correct trajectory. The minimum film thickness pre- 
dictions are virtually identical, confirming earlier find- 
ings. The outflow predictions show a similar level of 
dissimilarity to those computed for circumferentially 
grooved geometries. Note that the oil flow is virtually 

Table 7 Cooke’s (18) experimental measurements on the 
simulated inter-main bearing compared with the 
JFO predictions 

Diameter: 63.5 mm 
Radial clearance: 0.032 mm 

Effective bearing length: 25.4 mm 
Speed: 490 r/min 

outflow 

Present oil-film history solution 
Jones’ oil-film history solution 

Martin (17) } -A- Experiment 

Fig. 13 Theoretical predictions and experimental meas- 
urements of minimum film thickness variation in the 
Ruston Hornsby VEB large-end bearing 
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mlb 
Oil 

Pressure temperature Viscosity ~ ~ ~ ~ i -  Error 

2.0 50.4 0.01083 3.6 3.7 2.8 

6.2 49.7 0.011 12 11.9 11.4 -4.2 

- 
merit JFO % bar “C P d  S 

4.1 49.4 0.01 1 20 7.6 7.5 -1.3 
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- - - - Reynolds 
O.I8  T 

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

360 450 540 630 720 810 900 990 1080 1170 1260 1350 1440 1530 1620 1710 

Crank angle 

deg 
(TDC firing at 720) 

Fig. 14 Instantaneous minimum film thickness in a large-end bearing-two 
partial grooves and two rotating oil holes 

zero at two points during the cycle. The JFO time- 
averaged power loss prediction of H ,  is again less than 
the Reynolds time-averaged prediction of H ,  . 

6 CONCLUSIONS 

Results are presented from a new model of the lubricat- 
ing film in journal bearings. This is based upon flow 
continuity and permits more realistic rupture and refor- 
mation boundary conditions to be employed. In 
dynamically loaded arrangements, this implies that oil- 
film history is accommodated. Comparisons are pre- 
sented between available experimental measurements 

14 l6 I 
12 i 
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and theoretical predictions of bearing performance. It is 
shown that combinations of stationary grooves and 
rotating oil holes can be handled by the computer pro- 
grams employed. 

The model adopted generates performance predic- 
tions for steadily loaded journal bearings that agree well 
with the Jakobsson-Floberg (JF) predictions of other 
workers. For a steadily loaded journal bearing, the use of 
the JF or Reynolds conditions will produce virtually 
identical predictions for load-carrying capacity, but 
quite different predictions for oil-film extent and power 
loss. The Reynolds approach does not satisfy continuity 
and therefore produces unreliable estimates of oil flow, 
in that inflow and outflow predictions differ by very 

--.. Reynolds 

I JFO - 
a 

1 

0 1  , I r I 1 I r 
I I 

I 
1 

360 450 540 630 720 810 900 990 1080 1170 1260 1350 1440 1530 1620 1710 

Crank angle 
(TDC firing at 720) 

deg 
Fig. 15 Instantaneous outflow in a large-end bearing-two partial grooves 

and two rotating oil holes 

Q IMechE 1992 Roc Instn Mech Engrs Vol 206 

 at PENNSYLVANIA STATE UNIV on September 15, 2016pic.sagepub.comDownloaded from 

http://pic.sagepub.com/


68 A PAYDAS A N D  E H SMITH 

- - - - Reynolds(H,) 

JFO (HT) - 

I t -  I 1 -- 
360 450 540 630 720 810 900 990 1080 1170 1260 1350 1440 1530 1620 1710 

Crank angle 

deg 

Fig. 16 Instantaneous power loss in a large-end bearinetwo partial 
grooves and two rotating oil holes 

large amounts. In contrast, the JF conditions are based 
on flow continuity at the interface between the full and 
cavitated films, and therefore inflow and outflow predic- 
tions are in good agreement. It is shown that the often 
used ‘feed pressure flow’ equation for oil flow generates 
identical flow predictions to those from the JF analysis. 

When dynamically loaded contacts are considered, the 
comparisons between theoretical predictions based 
upon the Reynolds and Jakobsson-Floberg-Ollson 
(JFO) conditions reveal that minimum film thickness 
and maximum pressure are not influenced significantly 
by the boundary conditions, oil flow balance is excellent 
with the JFO conditions, predicted axial outflow 
increases almost linearly with supply pressure and 
power loss calculations are based upon a more physic- 
ally realistic modelling of the cavitated zone. Compari- 
sons between experimental measurements and 
theoretical predictions of oil outflow for the simulated 
conditions pertaining in two large-end bearings indicate 
that the JFO conditions can be used with confidence to 
generate very good estimates of oil flow. These new pre- 
dictions of oil flow and power loss are likely to lead, in 
dynamically loaded geometries, to better estimates of 
mean temperature rise and, in turn, better estimates of 
mean lubricant viscosity. Finally, it is interesting to note 
that there are times during a loading cycle when the 
instantaneous oil outflow falls almost to zero. 
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APPENDIX 

I' 3(Ay)' e2 sin2(y, - 4) + Li cos (Yi - 4) 2 
2(1 + JB) + - 

2hZ 
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