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Study on Flow Mixing Effects in a High-Speed Journal Bearing

Sang Myung Chun'

Graduate School of Automotive Engineering, Kookmin University, Korea

Abstracts : Turbulence in journal bearing operation is examined and the thermal variability is studied for isothermal, convective
and adiabatic conditions on the walls under aligned and misaligned conditions. Also, the effects of a contraction ratio at the
cavitation region and the mixing between re-circulating oil and inlet oil on the fluid field of oil film are included. An algorithm
for the solution of the coupled turbulent Reynolds and energy equations is used to examine the effects of the various factors.
Heat convection is found to play only a small role in determining friction and load under no mixing condition. However, under
realistic mixing condition, the heat convection cannot be ignored. The wall temperature and heat transfer have been found to be

of secondary important factors to the mixing effectiveness at the groove and the final mixture temperature.
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Introduction

Turbulent motion results in significant increase in friction and
changes to pressure and temperature and is induced when the
local Reynolds number exceeds a certain critical value. It
usually occurs at high surface speeds when the Reynolds
number, based on h, exceeds 2000 approximately, that may
result in flow instability and hence turbulence. Such high-
speed applications include turbocharger bearings of internal
combustion engines. However, under certain special conditions
associated with bearings of large dimensions (large clearances)
or a fluid with a low kinematic viscosity used as a lubricant,
turbulence may also occur at the lower velocities.

The onset of turbulence in connection with rotating bearings
did not become evident until Wilcock [1] discovered its effects
on bearing performance by series of experiments. The basic
turbulent lubrication theory has been developed by several
researchers [2-7]. And Hashimoto [8] extended the analysis
with surface roughness effects. Others [9-13] dealt with
practical problems analytically and numerically. Suganami and
Szeri [9] showed that an insulated shaft assumption leads to
results closer to experimental values. In this paper, the effects
of thermal variability including isothermal, convective and
adiabatic conditions on the walls under aligned and misaligned
conditions are numerically investigated. In addition, a
contraction ratio at the cavitation region and the mixing
between re-circulating oil and inlet oil are included. Also, in
order to examine speed effects on journal bearing, the friction
distribution in three-dimensions comparing with the results of
laminar flow is investigated.
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Governing Equations

For turbulent flow conditions, each parameter is represented by
a time-averaged value with Reynolds decomposition, i.e.
instantaneous values are the sum of the time-averaged mean
values and the deviation from it [14]. Here, for a liquid
lubricant, the density is assumed to be constant. .

The Reynolds equation [2,3] for a steadily loaded journal
bearing for finite width may be written as
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The appropriate values of G, and G, are given by the following
[4,5] in the range 1,000<Re<30,000.
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For the steady state, two dimensional, incompressible flow of a
Newtonian fluid, an energy equation [5-7] with heat transfer
boundary conditions at the bearing walls may be derived under
turbulence conditions as

' (U_h—h—SG a_l_’)a(c’j)—ic 9GN] _
2 p fox) ox U %0z 9z

“)

B ropy op\
.U+ E{Gx(i) + Gz(gg) }— (Gs7+ qp7)



Study on Flow Mixing Effects in a High-speed Journal Bearing 77

where

H(T-T,)

qst

and
qpr = Hy(T-T,).

The values of H, and H, [15] are chosen as shown in Table 1.
Here, for a liquid lubricant, the specific heat can be assumed to
be constant.

_In the ge 1,000<Re<30,000, appropriate values of
T, (=1./ th_ ) are given by the following [4,5]:

— 0.94
T = 1+o.0012(9—5—h) . )

The viscosity is considered to vary with temperature
exponentially according to the usual, simplified form:

W= pyexp{-o(T—-T,)}- (©6)

Film thickness, 4, can be defined by the expression:
h =c{l+ecos(0—9)}. N

where €(z) = J{82o+2ﬂeacos(¢—¢0)+ﬂ2},
nSin(q)_(po)/so
1 +1‘|cos(¢—(po)/£0)

0(z) = ¢, + arctan(

n = Bz/c.
The degree of misalignment, D,, [16], is defined as

D, =M,/M,, ®

where 7, is misalignment ratio at both bearing ends, and 7, is
the maximum possible value of 7..

Boundary Conditions

The pressure at the ends of a finite length bearing is taken to be
equal to the ambient pressure that is defined as being zero.
Thus

Pr=zs2 = 0. 9

At the point of film rupture, the pressure boundary conditions
are B

p=2L=0uo=06" (10)
At the ends of bearing, it is reasonable to assume that no heat
will be transferred to the surrounding in the axial direction at
the ends of the bearing. That is, the oil temperature having
come out to the surrounding is assumed the same as of that at
the end of the bearing, so

9z=+L/2 = 0. (1

For oil mixing condition, at the groove, the oil temperature is
assumed as the mixing temperature between the re-circulating
oil and inlet oil as shown on Fig. 1. The detailed expression is
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Fig. 1. Diagram of lubricant flow.
defined as
T _ (Qin_QL)Tin+LchecTrec (12)

i (Qin - QL) + Lchec

where is the inlet oil flow rate, the re-circulating flow rate and
the side oil flow rate going through groove land. is the angle of
the beginning of the cavitation region. is contraction ratio [17]
of oil film that defined as
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This ratio is the effective wetted width of the bush in the
cavitating region. Then the heat transfer coefficient to the bush,
adjusted for the reduction of wetting area in the cavitating
region by the contraction ratio, becomes H, = LH,,+(1-L.)H,,

Calculation of Parameters

The non-dimensional load parameter components WC and
W, , parallel and normal to the line of centers respectively, are
given by:
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Note that the total load parameter, V—V, will be

W= (Wt W) . (14c)

For turbulent flow, the non-dimensional form of total friction
force [18] can be expressed as follows

= _ FireL Lpnd (. HOp  —=2m) -
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d (15)
The frictional torque is equal to friction force muitiplied by the
radius of a bearing and the frictional power loss is friction
force multiplied by the velocity of the bearing shaft.
The non-dimensional form of side leakage for turbulent
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lubrication [18] is :

_ 35
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Computation

The turbulent Reynolds and the energy equations with
turbulent similarity parameters have been solved by finite
difference method using successive-over-relaxation iteration.
The central finite difference technique is applied to the non-
dimensional Reynolds equation. The backward difference
scheme in the circumferential direction, and backward and
forward difference schemes in the axial direction are used to
the non-dimensional energy equation. The grid used comprises
43 x 15 nodes. The relaxation parameter used is 1.73 for
Reynolds equation. However, for the energy equation, the
parameter is 1.01.

To speed up the solution procedure, the Reynolds equation
is solved by firstly assuming isothermal conditions to obtain an
initial flow field for other thermal conditions. With the initial
values, the energy equation is solved together with Reynolds
equation. For the cases with very low oil input temperatures,
convergence improves if the viscosity is constrained to change
gradually from the isothermal distribution to the final one.
With the pressure and temperature distributions thus specified,
the load, friction and side leakage parameters can then be
computed from equation (14c), (15) and (16).

Results and Discussions

In this section, the effect of the thermal boundary conditions on
turbulent film bearings (isothermal, adiabatic and convective)
is examined. Previous work [12] indicated that adiabatic
conditions were a good approximation for thick turbulent
films. It would be of interest to investigate the relation of these
results with equivalent results with different thermal
conditions. The bearing geometry parameters and the lubricant
properties used, are summarized in Table 1. A bearing with
one axial groove will be examined. As the resuits of the
calculation, the contraction ratio varies from 0.98 (at the
starting position of cavitation) to 0.26 (at the ending position of
cavitation) for aligned bearings and from 0.99 to 0.31 for
misaligned bearings. The basic algorithm of a numerical model

Table 1. Journal bearing operating conditions.

Bearing Diameter D =736 mm
L/D Ratio 0.5

¢/R Ratio 0.0039837
Eccentricity Ratio €= 0.65
Rotational Speed N = 40,000 rpm
Lubricant Viscosity at 40°C H,=0.0236 Pa-s
Temperature-viscosity Coefficient a=0.028 K'
Lubricant Density at 40°C p = 860Kg/m’

C, = 2000 J/kg'C

gle]::}t] Transfer Coefficient of Lubricant to H,, =7700 W/m*C

Heat Transfer Coefficient of Gas(Air) to
Bush

IS{;;;t Transfer Coefficient of Lubricant to H, =7700 W/m*C

Bush and Shaft Temperature

Lubricant Specific Heat

H,, =2400 W/m*C

T,, = 45°C

T, = 40°C

P, =0.7x10° Pa
17.1°(2 grid intervals)

Inlet Lubricant Temperature
Inlet Lubricant Pressure
Axial Groove Width

used for this study had been verified by Chun [19].

Table 2 shows the results for the non-dimensional load,
friction and axial leakage, as well as the maximum film
pressure and temperature for the aligned bearing with an axial
groove operating at the conditions specified in Table 1. For all
configurations, the inclusion of realistic boundary conditions
on temperature resulted in substantial reduction of the load
capacity of the bearing. The reduction is approximately 80
percent. The changes in friction follow the same trend but are
reaching 66 percent. These changes are easily interpreted by
studying the accompanying maximum temperatures. As the
temperature rises and correspondingly the viscosity falls, the
load and friction decreases noticeably and the axial leakage
increases slightly.

From Table 2, it is observed that the isothermal results,
excepting the axial leakage, are around twice the results under
the other two conditions considering no flow mixing and
around 3 to 8 times the results under the other two conditions
considering flow mixing. It is interested that the influence of

Table 2. Non-dimensional load, friction force and axial leakage, as well as the maximum oil film pressure (in MPa) and

temperature (in °C) for an aligned bearing with an axial groove.

Boundary Case No.1 Case No.2 Case No.3 Case No4 Case No.5
Conditions (Isothermal)  (Adiabatic, No Mixing) (Convective, No Mixing) (Adiabatic, Mixing)  (Convective, Mixing
Load 2.387 1.230 1.248 0.324 0.469
Friction force 16.222 9.681 9.809 4.565 5.495
Axial Leakage 0.320 0.353 0.350. 0.368 0.359
Max. Oil Pressure 13.508 6.556 6.658 1.679 2.479
Max Oil Temperature 40.00 112.82 106.97 187.26 141.08
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Table 3. Non-dimensional load, friction force and axial leakage, as well as maximum oil film pressure (in MPa) and temperature
(in °C) for an aligned bearing operating at the conditions specified in Table 1 with bush and shaft wall temperatures as indicated.

Boundary Case No.1 Case No.2

Conditions

(Isothermal) (Adiabatic, No Mixing) (Convective, No Mixing) (Adiabatic, Mixing)

Case No.4 Case No.5

(Convective, Mixing)

Case No.3

a. Wall Temperature = 20°C

Load 2.384 1.230 1.326 0.324 0.512
Friction force 16.222 9.681 10.366 4.565 5.742
Axial Leakage ©.320 0.353 0.349 0.368 0.357
Max. Oil Pressure 13.508 6.556 6.883 1.679 2.721
Max. Oil Temperature 40.00 112.82 103.63 187.26 133.49
b. Wall Temperature = 45°C (see Table 2)

¢. Wall Temperature = 80°C

Load 2.384 1.230 1.232 0.324 0.416
Friction force 16.222 9.681 9.707 4.565 5.177
Axial Leakage 0.320 0.353 0.352 0.368 0.362
Max. Oil Pressure 13.508 6.556 6.354 1.679 2.182
Max. Oil Temperature 40.00 112.82 111.70 187.26 152.88

Table 4. Non-dimensional load, friction force and axial leakage, as well as maximum oil film pressure (in MPa) and temperature
(in °C) for an aligned bearing operating at the conditions specified in Table 1 with inlet oil temperature as noted.

Boundary Case No.1 Case No.2 Case No.3 Case No.4 Case No.5
Conditions (Isothermal) (Adiabatic, No Mixing) (Convective, No Mixing) (Adiabatic, Mixing) (Convective, Mixing)
a. Inlet Oil Temperature = 20°C
Load 3.991 1.664 1.656 0.350 0.502
Friction force 25.852 12.393 12.412 4.749 5.681
Axial Leakage 0314 0.358 0.356 0.366 0.357
Max. Oil Pressure 22.718 8.410 8.379 1.823 2.654
Max. Oil Temperature 20.00 105.86 101.36 173.52 134.92
b. Inlet Oil Temperature = 40°C (see Table 2)
c. Inlet Oil Temperature = 80°C
Load 0.986 0.723 0.759 0.289 0.415
Friction force 8.801 7.081 7.298 4299 5.184
Axial Leakage 0.338 0.351 0.349 0373 0.363
Max. Oil Pressure 5.497 3.807 4.023 1.494 2.188
Max. Oil Temperature 80.00 13347 122.84 218.25 155.14

the boundary conditions at the wall is the relatively small
compared with the mixing details at the inlet port. Under no
mixing condition, the difference of parameters between
convective and adiabatic conditions is very small as below 2
percent. On the contrary, under mixing condition, the
difference of parameters between convective and adiabatic
conditions shows a remarkable contrast as around 30 percent.
The differences of parameters between no mixing and mixing
conditions show up to 70 percent for adiabatic condition and
60 percent for convective condition. Thus, the main differences
are between conditions No. 2 and No. 4 (or between No. 3 and
No. 5) that are resulted in the details of the mixing process at
the groove. The flow mixing become important in determining

the temperature of the oil in the downstream around oil inlet
port. In case No. 2 and No. 3, it is lower since it is essentially
the oil inlet temperature (40°C). While for case No. 4 and No.
S, it is higher by 50 to 70°C with correspondingly lower
viscosity.

To explore the effect of the thermal distribution further, the
influence of the wall temperature has also been examined. In
Table 3, load, friction and axial leakage parameters are
presented for the bush and shaft wall temperature of 20°C and
80°C in addition to the previous ones of 45°C. Despite the
different temperatures imposed, the trend remains the same.
The higher temperatures result in lower load, lower friction and
slightly higher leakage in both cases of the 80°C and the 20°C
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Fig. 2 Non-dimensional load, friction and axial leakage, as well as the maximum oil film pressure (in MPa) and temperature (in
°C) vs. degree of misalignment at various thermal boundary conditions. (a) Non-dimensional load, (b) Non-dimensional friction
force, (c) Non-dimensional axial leakage, (d) Maximum oil film pressure, (¢) Maximum oil film temperature.

wall. Despite the large increase and decrease of the wall
ternperature, the changes in load remain less than 9 percent
compared to 70 percent caused by the difference in mixing at
the inlet. The changes in friction remain less than 6 percent
compared to 50 percent caused by the difference in mixing at
the inlet. Thus, the big changes of wall temperature just show
small changes in the load and friction. The high temperature
field is then seen to be the dominant factor in determining the
viscosity and indirectly the load and friction.

This effect becomes more pronounced when the inlet
temperature of the oil is varied. In Table 4, the values for the
load, friction and leakage for three different oil inlet
temperatures are presented. The viscosity-temperature
coefficients are 0.029 for 20°C and 0.025 for 80°C. The
viscosities at each inlet temperature are (0.0420 for 20°C and
0.0078 for 80°C. To obtain the non-dimensional load and
friction with the reference viscosity at 40°C, the 20°C
calculated values were multiplied by 1.7797 and the 80°C ones
by 0.3305. The influences of mixing on the load and friction
are about 1.5 times that of the boundary conditions at the walls
under the high oil inlet temperature but 2.5 times under low oil

inlet temperature. The difference of the load between results
with constant viscosity and variable viscosity varies between
60 percent at high oil inlet temperature to 90 percent at low
temperature under the condition No. 5. The friction also
changes by 40 percent at high values of the inlet temperature
and by 80 percent at the low inlet temperature under the
condition No. 5. This is because the heat generated by friction
in the oil film of the bearing is not as significant as its internal
energy when the oil is at higher temperatures. The changes
between conditions No. 2 and No. 3 (and also between No. 4
and No. 5), i.e. between adiabatic and convective conditions at
the walls, are again much smaller than the ones between No. 2
and No. 4 (and also between No. 3 and No. 5), which are due
to the details of mixing. Of interest is also the variation of the
leakage rate. The effects of the oil inlet temperature on the side
leakage seem to be very small under high shaft speed. The
reason is that relatively small values in pressure gradient in
axial direction are expected.

In most operational situations with variable conditions, the
probability is great that journal bearings will be subjected to
uneven loads resulting in misalignment. Thus to complete out
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Fig. 3. (a) Load capacity and power loss vs. shaft speed for an
aligned bearing at various thermal conditions. (b) Maximum
pressure and temperature vs. shaft speed for an aligned
bearing at various thermal conditions

this study, a set of computations was carried for various
degrees of misalignment. The misalignment was considered to
be only in the plane of the eccentricity vector. Thus
misalignment degree, D,,, refers to the percentage reduction of
the minimum film thickness at the bearing ends. Consequently,
D,, = 1.0 implies that the shaft is touching at top and bottom at
the ends of the bearing. The results of the computations under
conditions Nos. 1 to 5 are shown in Fig. 2. The results could
only be obtained up to more or less 200°C of maximum oil
temperature due to computation overflow or underflow. As the
degree of misalignment increases, the non-dimensional
parameters increase slightly regardless of adiabatic and
convective conditions. Thus, misalignment effects on the load
and friction are reduced substantially when the temperature
variation is included. Under no mixing condition, the
differences in the values of parameters between adiabatic and
convective condition are very small all the way to higher
degrees of misalignment. However, under mixing condition,
excepting the axial leakage, the differences in the values of
parameters between convective and adiabatic conditions
remain around 30 percent through all degrees of misalignment.

In Fig. 3a, the power loss and the load capacity vs. the shaft
speed are plotted for various thermal conditions. The faster the
shaft rotates, the higher the load and power loss are. However,
the change of load is relatively small compared to the power
loss. This is surprising since in Fig. 3b the maximum pressure
is found to vary weakly with the shaft speed whereas the
temperature changes dramatically. One would have expected a
similarly weak increase in power loss since the high
temperature would result in substantially lower viscosity
despite the strong dependence of the friction on speed. By the
mixing between the re-circulating flow and the inlet flow, the
maximum oil temperature increases. Then, the load, the power
loss and the maximum pressure decrease through all ranges of
shaft speed. Implying realistic mixing condition, the results in

the power loss and the temperature under adiabatic boundary
condition show clear differences as comparing with those
under convective condition. :

Conclusions

In studying the behavior of a high-speed journal bearing
generating turbulent motion, it is found that the inclusion of
more realistic convection boundary condition at the walls
under no mixing condition does not result in noticeable
differences from the usual adiabatic wall results. However,
under mixing condition, the convective boundary condition
cannot be substituted by the adiabatic boundary condition for
the design purpose of journal bearing. The mixing process of
the re-circulating oil with the incoming supply oil at the groove
plays an important role in determining the temperature
distribution. The wall temperature has been found not to affect
the load and friction substantially. The lower the temperature
of the inlet oil, the larger the temperature gradient in the film
and the greater the need to include the energy equation in the
calculations for acceptable accuracy. Misalignment effects on
load and friction are reduced substantially when temperature
variation is included. The most dominant factor for frictional
loss for turbulent conditions is the high shaft speed.

Nomenclature

¢ = radial clearance between journal and its bearing (m)

C, = specific heat of lubricant(kl/kg°C)

D = bearing diameter (m)

D,, =degree of misalignment (the percentage reduction of
minimum film thickness at the bearing ends)

e = eccentricity(the offset distance between journal and
bearing centers)

F = friction force

F = non-dimensional friction force (F/LD) (c¢/RUNNL/
D))

G,, = Similarity parameters

h = oil film thickness (m)

H = non-dimensional film thickness (A/c)

H, = convective heat transfer coefficient to bush (W/m*C)

H,, = convective heat transfer coefficient of gas(air) to bush
(W/m*C)

H,, = convective heat transfer coefficient of oil to bush (W/
mZQC)

H, = convective heat transfer coefficient to shaft (W/m*C)

L = bearing length (m)

L. = contraction ratio of oil film

N = rotational speed (rpm)

13 = mean pressure for turbulent flow(Pa)

p = non-dimensional mean pressure (p(c/R)*/ L N)

p = non-dimensional effective pressure (H' 2py ]11/2 )

P,, = inlet pressure (Pa)

gprer = turbulent heat transfer to the bush and shaft (W)
0, = inlet oil flow rate (m%/s)

0O, = side oil flow rate through groove land (m*/s)
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Q... = re-circulating oil flow rate (m%/s)
Q, = lubricant side leakage (m’/s)
Q,, = non-dimensional lubricant side leakage (Q,/NcR’)

R

= journal bearing radius (m)

Re = Reynolds number ( ‘%l )

)
T

T,
T,

= mean temperature for turbulent flow(°C)
= non-dimensional mean temperature

pC,(c/R) -

( 2T€H0N (T_Tin) )

= inlet temperature (°C)
= temperature of the bush (°C)

T, = mixing temperature at groove (°C)
T.. = re-circulating temperature (°C)

TEQCE N

X2

= temperature of the shaft (°C)

= velocity of lubricant (m/s)

= speed of journal (m/s)

= applied load

= non-dimensional load parameter

(%{,%ﬂ%)/(uﬂ) )

= coordinates of circumferential and axial directions,
respectively

9, z = non-dimensional coordinates (8 = x/R, z=z/R)
¥* = position of film rupture

SVEEESI O ™R

= viscosity-temperature coefficient(1/K)

= tilt angle of a shaft

= eccentricity ratio = e/c

= misalignment ratio ()

= lubricant viscosity (Pa.s)

= inlet lubricant viscosity (Pa.s)

= (L/H,)

= lubricant density (kg/m’)

= misalignment directional angle, i.e., the angle between
the plane of the misalignment and the axial plane
containing the load vector

= attitude angle, i.e., angle between the line of centers
and the axial plane containing the load vector

= Couette shear stress

= Similarity parameter (rc/“—h—U )
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