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Abstract – This paper presents thermohydrodynamic solutions for a finite-width journal bearing with
single axial groove on the crown by considering turbulent effects in lubricant film. Appropriate governing
equations and boundary conditions are used for the fluid flow and heat transfer process occurring in finite
full journal bearings. A general computer program is developed to numerically solve the set of governing
equations. Results are provided for THD characteristics of journal bearing in terms of Reynolds number,
clearance ratio and eccentricity ratio. Good agreement with published experimental results was achieved.
The results indicate that the bearing temperature field and pressure field are considerably influenced by
the journal bearing parameters.
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1 Introduction

Hydrodynamic journal bearings have been widely used
to support high-speed rotating machinery such as tur-
bines, compressors and pumps. Especially, among the var-
ious types of hydrodynamic journal bearings, cylindri-
cal journal bearings are popular because of their simple
structure, relatively low manufacturing cost, and supe-
rior durability due to the high load carrying capacity and
stability. Therefore, it is an important engineering prob-
lem to improve the operating characteristics of cylindrical
journal bearings in the high-speed operation conditions
for enhancing the quality of rotating machinery. Gener-
ally, as the operating characteristics of high-speed cylin-
drical journal bearings are governed by a number of bear-
ing parameters, the bearing designers usually try to select
the design variables by the conventional trial and error
method using many design charts.

Milne [1] used the two-dimensional Navier-Stokes
equations to derive the one dimensional lubrication equa-
tions with inertia included. Milne found that, though the
two analyses differed in approach, the results of the two
analyses agree in numerical detail. The one dimensional
transient case for a journal bearing configuration was
treated in 1970 by Fritz [2]. Extension to two-dimensional
lubrication was accomplished by Smalley et al. [3], who
treated both discontinuous film thicknesses and turbu-
lence. These authors solved coupled partial differential
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equations with the stream function and pressure as de-
pendent variables.

Saibel and Macken [4] have critically reviewed the lit-
erature and Taylor and Dowson [5] have compared various
turbulent lubrication theories as applicable to bearing de-
sign. Constantinescu [6], Ng and Pan [7], Ho and Vohr [8]
and Hirs [9] have developed different theories for turbu-
lence in lubricant films.

Thermal effects in turbulent lubrication were first in-
troduced by Lund and Arwas [10]. Constantinescu [11]
employed a global heat balance to derive thermal en-
ergy equations in terms of average temperatures across
the film thickness. A semi-analytical solution was intro-
duced by Safar and Szeri [12]. They assumed that the
shaft is isothermal and that the bearing conducts heat in
the radial direction.

A semi-analytical study of the influence of inertia
terms and the effects of convection and dissipation on
an infinitely long bearing was presented by Safar [13].

Hashimoto and Wada [14] developed a theoretical ap-
proach to turbulent lubrication problems including sur-
face roughness effects based on a logarithmic velocity dis-
tribution law in the turbulent boundary layers. The three
dimensional motion in the lubricant layer of a journal
bearing, operating from laminar to turbulent flow condi-
tions, was analyzed theoretically by Venkateswarlu [15].
The velocity and pressure fields were calculated from the
governing differential equations using an iterative numer-
ical method. The eddy viscosity was modeled by consid-
ering the Van Driest damping parameter.
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Nomenclature

c radial clearance

cp specific heat

D bearing diameter

e eccentricity

F force

h lubricant film thickness

hconv convection heat transfer coefficient

K thermal conductivity

L bearing width

n normal direction

p pressure

Pe Peclet number, Vscα
−1

Q lubricant flow rate

rs shaft radius

ri inner radius of the bush

ro bush outer radius

Re Reynolds number, ρ Vs cμ−1

T lubricant temperature

Ti inlet lubricant temperature

TB bush temperature

Ta ambient temperature

ūi mean velocity in i direction

ū, v̄, w̄ mean velocity components in x-, y- and z-directions, respectively

vi oil inlet velocity from the groove

Vs linear velocity of the shaft

Greek Symbols

α coefficient of thermal diffusivity

β temperature-viscosity coefficient

κ turbulence kinetic energy

ε turbulence dissipation rate

θ angle in direction of rotation

θi half angle of groove span

λ ratio of groove length to bearing length

μ dynamic viscosity

μi dynamic viscosity at inlet temperature

ν kinematic viscosity

ω shaft angular speed

ρ density

Subscripts

a ambient

B bush

cav cavitation

l liquid

mix mixing

rec recirculation

s shaft

side side

supply supply

i, j 1, 2 and 3 denote x-, y- and z-directions, respectively

Superscripts

– time average

+ non-dimensional form of the variables
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A model of Reynolds stress in turbulent lubrication
theory was proposed by Tieu and Kosasih [16] based on a
modified Van Driest mixing length formula [17]. The the-
oretical analysis was used to study the effects of pressure
gradient and Reynolds number on the velocity profiles.

Lee and Kim [18] brought out a physical model which
combined the algebraic Reynolds stress model for the
turbulent kernel and the Prandtl’s mixing length theory
for the near-wall regions. They predicted that the per-
formance of finite journal bearing operated in turbulent
regime can change greatly depending on both the turbu-
lence model and the cavitation boundary condition.

In 2004, Chun and Ha [19] considered the effects of
variable density and variable specific heat on maximum
pressure and maximum temperature in high-speed jour-
nal bearing operation. They used the Reynolds equation
for computing lubricant pressure in a steadily loaded jour-
nal bearing with infinite width under turbulent condition.
Through the result of analysis, they concluded that un-
der high speed operations, the consideration of variable
density and variable specific heat on the calculation of
bearing load and frictional power loss cannot be ignored.

Peng and Khonsari in 2006 [20] developed a
THD model for predicting the three-dimensional temper-
ature field in an air-lubricated journal bearing. In that
study, they used simultaneous solution of Reynolds equa-
tion and the energy equation for air flow in the gas bear-
ing. Parametric studies covering a fairly wide range of
operating speeds and load conditions were carried.

However, from this review it is clear that, as far as
the authors are aware, in the most of previous theore-
tical works the classical theory of lubrication was con-
sidered that inertia forces should be negligible against
viscous stresses and pressure forces; however in journal
bearings, the inertia forces might become preponderant
due to small kinematic viscosity and due to high linear
speed of rotating shaft. The presence of inertia forces in
lubricant films does not allow rigorous use of the Reynolds
equation for bearing calculations. On the other hand,
when the inertia forces reach a certain value, they change
the flow structure that becomes, progressively, turbulent.
Consequently, when the Reynolds number, is increasing,
the Taylor’s vortex pattern flow and the turbulent regime
may occur. Thus, the main goal of the present work is
to provide a comprehensive set of data for the steady
state three-dimensional THD characteristics of journal
bearings running under turbulent conditions. So the full
Navier-Stokes equations, turbulent kinetic energy and its
dissipation rate equations are solved along with the en-
ergy equation in the lubricant flow and the heat con-
duction equation of bush and shaft to obtain the steady
state characteristics. The turbulent flow inside the journal
bearing is modelled using a modified low-Re k− ε turbu-
lence model [21]. The model can reproduce the near-wall
limiting behavior and provides accurate predictions for
the boundary layer of turbulent flows with favorable or
adverse pressure gradients such as flow of the lubricant
in journal bearings. The problem is formulated mathe-
matically and solved numerically using the computational

fluid dynamics (CFD) approach with appropriate bound-
ary conditions. A suitable cavitation model is applied for
considering cavitation effects. In order to investigate the
influence of main parameters on the steady state perfor-
mance characteristics of journal bearings for a variety of
simulated operating conditions, different values of eccen-
tricity, radial clearance and shaft rotation speed are con-
sidered. The computational results are in good agreement
with the experimental and theoretical findings.

2 Formulation

For a three-dimensional, steady state, turbulent flow
with incompressible Newtonian fluid, the dimensionless
form of the continuity and Navier-Stokes equation may
be written as follows: (

Ū+
i

)
,i

= 0 (1)

(
Ū+

i Ū
+
j

)
,j

= −p̄+
,i +

1
Re

[(
μ+
) (
Ū+

i,j + Ū+
j,i

)− uiuj

]
,j

(2)

The term uiuj appears on the right hand side of Equa-
tion (2) is the Reynolds stress tensor. By using Boussinesq
assumptions which links the Reynolds stresses to the ve-
locity gradients via the turbulent dynamic viscosity:

ρuiuj = −μt

(
Ūi,j + Ūj,i

)
+

2
3
δijρk (3)

and inserting Equation (2) in Equation (3), after some
mathematical manipulations, yields:
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In the above equation, i, j equals 1, 2 and 3 denote x-, y-
and z-directions, respectively.

In order to study the thermal behaviors of journal
bearings, the energy equation and heat conduction equa-
tions should be solved in the lubricant film and bear-
ing, respectively. The nondimensional form of the energy
equations in the flow field and solid element may be writ-
ten as shown below:

(
Ū+

j T̄
+
)
,j

=
[(

1
Pe

+
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t

δTRe

)
T̄+

,j

]
,j

+
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i,j + Ū+
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Ū+

i,j (5)

(
T+

B,j

)
,j

= 0 (6)

Owing to the high viscous dissipation rate, the dynamic
viscosity must be taken into account as a function of tem-
perature, according to the following common form

μ = μi e−β (T−Ti) (7)



8 A. Arab Solghar and S.A. Gandjalikhan Nassab: Mécanique & Industries 12, 5–15 (2011)

In this expression β = 0.032 is the temperature-viscosity
coefficient of the lubricant and Ti is the inlet lubricant
temperature.

A turbulence model is required to determine the tur-
bulent shear stress existing in the governing equations.
The present analysis uses the AKN low Re κ–ε turbu-
lence model (Abe et al. [21]). This model falls into the
class of eddy viscosity models. Two transport equations
are derived which describe transport of the turbulent ki-
netic energy and its dissipation. The Reynolds stress ten-
sor is then computed using an assumption which relates
the Reynolds stress tensor to the velocity gradients and
an eddy viscosity. The latter is obtained from the two
transported scalars. The following equations are used as
transport equation for k–ε:

(
Ū+
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in which
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where n is the direction normal to the journal surface.
The non-dimensional forms of the damping functions fμ

and fε are given as follows:
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and ys is the normal distance of each nodal point to the
nearest solid boundary that damps the turbulence kinetic
energy. In addition, the dimensionless form of turbulent
dynamic viscosity may be written as

μ+
t = ReCμfμ

k+2

ε+
(13)

According to the present turbulence model, the standard
model constants σk, σε, σT , Cμ, Cε1 and Cε2 are 1.4,

Table 1. Nondimensional variables.

Dimensional parameters Normalizing parameter

Linear coordinates xi c

Film velocities components Ui Vs

Turbulent kinetic energy k V 2
s

Turbulent dissipation rate ε V 3
s /c

Pressure p ρV 2
s

Dynamic viscosity μ μi

Turbulent dynamic viscosity μt μi

Kinematic viscosity ν

Temperature T μiω(Rs/c)2/ρcp

1.4, 0.9, 0.09, 1.4 and 1.9, respectively. Moreover, the di-
mensional and normalizing quantities are designated in
Table 1.

Also the Reynolds and Peclet numbers are defined as
Re = ρVsc/μ and Pe = Vsc/α, respectively. In order to
solve the coupled differential equations of the problem,
appropriate boundary conditions should be implemented,
thus the boundary conditions for the above differential
equations are summarized in Figure 1.

It is noteworthy that in journal bearing the cyclic vari-
ation of the shaft temperature is small and the shaft may
be considered as an isothermal surface whose tempera-
ture is much closer to the mean lubricant temperature on
bearing inner surface [22]. Hence, at each axial section the
shaft temperature is computed as follow:

Ts =
1
2π

2π∫
0

T̄
)
r=ri

dθ (14)

where T̄
)
r=ri

denotes the variation of circumferential lu-
bricant temperature on the bearing inner surface at each
axial section.

In the vicinity of inlet groove, the temperature of re-
circulating fluid, Trec, is naturally higher than the tem-
perature of the incoming supply lubricant, Tsupply. Thus,
the recirculating flow transfers a portion of its energy to
the supply oil at the inlet. An energy balance at the inlet
gives (Heshmat and Pinkus [23], Khonsari et al. [24]):

T̄mix =
T̄recQrec + T̄supplyQsupply

Qrec +Qsupply
(15)

where Qrec and Qsupply are given by the following equa-
tions

Qrec =
∫

Δz

∫ ri

l(π−θi)

V̄θ(r, π − θi, z) drdz (16)

Qsupply =
∫ 2θi

Δz

viridz (17)

In addition, at the groove location, the source term in the
energy equation is disregarded across the lubricant film.
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Fig. 1. The boundary conditions of the problem.

Furthermore, for all dependent variables, periodic
boundary condition in circumferential direction is imple-
mented as follows:(
p̄, T̄ , Ū , V̄ , W̄ , k, ε

)
θ=0

=
(
p̄, T̄ , Ū , V̄ , W̄ , k, ε

)
θ=2π

(18)

(
∂(p̄, T̄ , Ū , V̄ , W̄ , k, ε)

∂θ

)
θ=0

=(
∂(p̄, T̄ , Ū , V̄ , W̄ , k, ε)

∂θ

)
θ=2π

(19)

Besides, in order to calculate the inlet oil velocity vi at
each iteration, firstly, the lubricant side leakage is com-
puted as

Qside =

rB∫
rB

2π∫
0

W̄drdθ (20)

in which, W is the axial velocity component at the outlet
section, and secondly the oil entering flow rate from the
inlet hole must be equal to the lubricant flow rate leav-
ing the bearing, such that at each iteration, the inlet oil
velocity is modified as:

vi =
Qside

riθiλL
(21)

In the above equation λ is slenderness ratio, i.e., the ratio
of groove width to bearing width.

The following is the two equations for the components
of the pressure force along the line of center and normal
to it.

Fx =

L/2∫
−L/2

Rθcav∫
0

p cos θ dθ dz (22)

Fy =

L/2∫
−L/2

Rθcav∫
0

p sin θ dθ dz (23)

Therefore, the attitude angle, i.e., the angle between the
load vector and the line of center is determined from the
two load components as:

ψ = tan−1

∣∣∣∣Fy

Fx

∣∣∣∣ (24)

3 Cavitation modelling

During iterative solution, whenever the pressure falls
below the value of cavitation pressure at a grid point, a
cavitation algorithm is considered. By this method, the
approximate boundaries locations of the cavitated region
at any axial section are determined at each iteration level.
In the cavitated region based on the experimental ob-
servation by Heshmat [25], there are two different parts;
narrow oil streamlets extending over the gap and between
the film rupture and reformation boundary, and a layer of
lubricant adhering to the journal and moving uniformly
with the journal speed (Fig. 2). Such detached pattern
suggests that there is a very weak bond between the mov-
ing streamlets and the stationary surface, permitting side
entrainment of gas to take place in the cavitated region.

Since, the range of cavitated domain can be distin-
guished with the values of lubricant pressure, it is nec-
essary to solve the governing equations for obtaining the
lubricant pressure in the whole domain. Therefore, in the
applied cavitation model, to solve the governing equa-
tions that are written for a single phase fluid, an attempt
is made to substitute an equivalent fluid in the cavitated
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Fig. 2. The film rupture and reformation boundaries of the
cavitated region at each axial section.

region. To formulate this model, it is assumed that a ho-
mogenous mixture of lubricant and vapor exists in the
cavitated zone with mean physical properties depending
on the fraction of liquid and vapor. The liquid fraction γ,
is computed on the basis of continuity requirements. This
parameter is defined as the volume of liquid to lubricant
volume such that one can compute the density of mixture
in the cavitated region by:

ρ = γρ� + (1 − γ)ρv (25)

The value of γ varies in circumferential direction, such
that γ = 1 for the uncavitated part. Now, other mean
properties of the mixture such as dynamic viscosity and
thermal conductivity can be calculated as:

m =
m�mν

m� − γ(m� −mν)
(26)

For computing the value of γ based on continuity require-
ments, a two-dimensional continuity equation is applied.
For the purpose of illustration and referring to Figures 2
and 3, if h(θ) and h�(θ) are the total film thickness and
the liquid film thickness, respectively, then the lubricant
mass flow rate with the assumption of uniform velocity
distribution for the liquid layer and linear one for the va-
por flow is computed as follows:

ṁθ = ρ�V̄sh�(θ) + ρv
V̄s

2
[h(θ) − h�(θ)] (27)

which leads to the following equation for computing the
liquid film thickness

h�(θ) =
ṁθ − 0.5V̄sρvh(θ)
V̄sρ� − 0.5V̄sρv

(28)

where ṁθ is a known parameter which can be computed
in the uncavitated region by

m =

ri∫
�(θ1−Δθ)

ρ�Vθ(θ1 −Δθ, r)dr (29)

Fig. 3. The schematic of cavitation.

After computing the value of the liquid film thickness
from Equation (28), the liquid fraction in the cavitated
part of the lubricant flow can be obtained by:

γ =
h�(θ)

h�(θ) + 0.5[h(θ) − h�(θ)]
(30)

Consequently, using mean properties of the mixture in the
cavitated region, the complete set of governing equations
those are the continuity, momentum, energy, turbulent ki-
netic energy and dissipation rate are solved in the entire
flow domain at each iteration. As the numerical solution
of momentum equation resulted in a negative absolute
pressure in the cavitated region, the pressure is set equal
to zero absolute pressure as the value of cavitation pres-
sure for gaseous cavitation.

4 The procedure of computation

The nondimensionalized governing equations are dis-
cretized by using hybrid scheme and numerically solved
using the finite volume method and the SIMPLE algo-
rithm. A computer program written in a modular fashion
in FORTRAN was developed.

Numerical solutions are obtained iteratively by the
line-by-line method progressing in axial direction. As the
result of grid tests for obtaining the grid-independent so-
lutions, an optimum grid of 150 × 60 × 30 in circumfer-
ential, radial and axial direction, respectively, with clus-
tering near the journal surface, was used for the flow field
calculations and a uniform grid of the same size was used
for the bearing. Also, the same grid size with clustering
near the journal surface was used for the shaft. The it-
erations were terminated when the sum of the absolute
residuals was less than 10−4 for each equation.

The iterations are repeated until the entire system
converged. Figure 4 depicts the flow chart of the com-
puter program.
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Fig. 4. Flow chart of computer program.

Fig. 5. The comparison between pressure distribution of
present work with theoretical and experimental data(e/c =
0.84, c/rs = 0.0088).

5 Results

In the present work, the set of governing equations for
turbulent lubricant flow in journal bearings were numer-
ically solved to obtain the THD characteristics of such
bearings. In the first step, to examine the validity of the
numerical results, computations were carried out for a test
case and the computed results were compared with exper-
imental data and with the theoretical results of Wada and
Hashimoto [26]. Figure 5 shows the pressure distribution
in the circumferential direction on the shaft surface. Ob-
viously, the generation of hydrodynamic pressure in the
converging zone is seen in this figure such that the max-
imum pressure takes place in a section upstream to the
minimum film thickness. However, Figure 5 shows that
there is a satisfactory consistency between the computed
pressure distribution with experiment and also with the-
ory. Moreover, the following results are THD character-
istics of journal bearings under turbulent flow running
under severe operating conditions. The aforementioned
bearings have axial grooves located on the line of centers
at the section of maximum gap.

In the journal bearing, the Reynolds number, clear-
ance ratio and eccentricity ratio are the main three pa-
rameters such that the THD characteristics of such bear-
ing are markedly affected by these parameters. In order
to study the effects of these parameters on the hydro-
dynamic and thermal behaviors of journal bearings, the
variation of bush inner surface temperature and also the
distribution of the lubricant pressure on the shaft surface
at the mid-plane of the bearing are plotted in Figures 6
and 7 for different values of Reynolds number, clearance
ratio and eccentricity ratio such that Figures 6a, b and c
display the pressure distribution, and that Figures 7a, b
and c display temperature distributions.
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(a)

(b)

(c)

Fig. 6. (a) Circumferential pressure distribution for various
clearance ratios (Re = 8000, e/c = 0.4). (b) Effect of eccentric-
ity ratio on the lubricant pressure (Re = 8000, c/rs = 0.003).
(c) Influence of Reynolds number on the axial lubricant pres-
sure (e/c = 0.4).

Fig. 7. (a) Maximum bush, shaft and mixing temperature
variation versus clearance ratio (e/c = 0.4). (b) Maximum
bush, shaft and mixing temperature variation versus eccen-
tricity ratio (c/rs = 0.002). (c) Shaft and maximum bush
temperature along axial direction (e/c = 0.4, c/rs = 0.002).

The generation of hydrodynamic pressure in the jour-
nal bearing is clearly observed such that Figure 3 reveals a
rapid increase in the lubricant pressure as the fluid passes
through the converging zone of the bearing. The lubricant
maximum pressure occurs near the minimum gap after
which the lubricant pressure decreases sharply. The ex-
tend of cavitated domain can be easily distinguished in
which the magnitude of lubricant pressure is equal to the
vapor pressure.

To investigate the effects of clearance ratio and bear-
ing eccentricity ratio on the hydrodynamic behavior of
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journal bearing, the distributions of lubricant pressure
on the shaft surface at the mid-plane are plotted in
Figures 6a and b for different values of the parameters e/c
and c/rs. These figures display that the value of hydrody-
namic pressure generated in the pressure zone increases
with increasing in e/c and decreasing in c/rs, such that,
the larger eccentricity and smaller clearance ratio, the
higher load capacity. In addition, the effect of bearing ec-
centricity on the angular position of maximum lubricant
pressure is that this point varies towards the minimum
film thickness in the direction of shaft rotation.

The variation of lubricant maximum pressure for dif-
ferent values of axial section are presented in Figure 6c.
This figure illustrates that the value of hydrodynamic
pressure decreases along the bearing from the mid-plane
towards the end section. Besides, the phenomena of pres-
sure increase with decreasing in e/c, c/rs and Reynolds
number is apparently seen in Figures 5 and 6. However, in
comparing the various pressures curves, one should recall
that the pressure is normalized by the factor ρV 2

s , which
differs numerically from one curve to the next. Conse-
quently, the lubricant pressure p = ρV 2

s p
+ increases with

increasing the Reynolds number.
The influence of clearance ratio on the temperature

fields in the journal bearings is shown in Figure 7a. This
figure demonstrates the profound effect of clearance ratio
on the variation of temperature in the journal bearings.
Apparently, the shaft temperature is constantly lower
than the maximum temperature of the bush and higher
than the minimum temperature of the bush and mixing
temperature.

The temperature field of the journal bearing is signifi-
cantly affected by eccentricity ratio as shown in Figure 7b,
such that whenever the shaft runs more eccentric results
higher temperature of the surface of journal and bush.

In order to enhance our understanding of the thermal
behavior of the journal bearings, the variation of lubri-
cant maximum temperature and the journal temperature
for different values of the Reynolds number along the ax-
ial direction are depicted in Figure 7c. This figure reveals
that the value of maximum temperature of the bush and
also the temperature of the shaft decrease along the bear-
ing from the mid-plane towards the two end sections due
to the cooling effect of inlet oil.

One of the main parameters which has a significant
effect on THD characteristics of journal bearing is the
lubricant side leakage. This lubricant axial flow rate has
the key role in the cooling and heat dissipation removing
from the bearing system.

The effect of eccentricity ratio and clearance ratio on
the lubricant side leakage for two different values of Re
is shown in Figures 8a and b, respectively. These figures
exhibit that the lubricant flow rate increases by increas-
ing in e/c, c/rs and Reynolds number. One should recall
that in the computations of Figures 6, the lubricant side
leakage is non-dimensionalized by the parameter VscL.

The variation of the locus of the journal center as
a function of clearance ratio and Reynolds number is
shown in Figures 9a and b. It can be observed that when

Fig. 8. (a) Side leakage as a function of clearance ratio (e/c =
0.6). (b) Side leakage as a function of eccentricity ratio (c/rs =
0.004).

eccentricity ratio increases attitude angle decreases, this
means that load carrying capacity of bearing has im-
proved. In addition, the loci of the journal surface is not
significantly affected by the variation of Reynolds number
and clearance ratio, however the attitude angle increases
with rising in value of those parameters.

6 Discussion

The present paper dealt with the numerical simulation
of the flow and heat transfer inside the journal bearing.
Present computational approach is valuable to the practi-
cal modeling of the journal bearing operating under tur-
bulent regime and in preparing the design charts in pre-
diction of both hydrodynamic and thermal behaviors of
journal bearings. The three dimensional THD character-
istics of journal bearings with single axial groove located
on maximum film thickness, operating under turbulent
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Fig. 9. (a) Locus of journal center as a function of clearance
ratio. (b) Locus of journal center as a function of Reynolds
number (c/rs = 0.002).

regime was modeled by using CFD approach. Besides,
cavitation phenomenon was considered in the computa-
tion. Comparing the simulated and experimental data in-
dicated an acceptable agreement, the following conclu-
sions can be drawn:

(1) The predicted performance of finite journal bearing
operated in turbulent condition can considerably
change depending on the Reynolds number, eccentric-
ity and clearance ratio.

(2) The magnitude of maximum oil pressure on the jour-
nal surface is considerably alternated by eccentricity
and clearance ratio.

(3) The bush and shaft temperature varies in which by
axial direction, which indicates the cooling effect in
the journal bearings.

(4) The amount of side leakage is dramatically affected
by Re, e/c, and c/rs, in which it increases when

Reynolds number, eccentricity ratio and clearance ra-
tio increase.

(5) The loci of the shaft center varies as journal parame-
ters vary.

References

[1] A.A. Milne, On the effect of lubricant inertia in the the-
ory of hydrodynamic lubrication, ASME J. Basic Eng. 81
(1959) 239

[2] R.J. Fritz, The effect of an annular fluid on the vibra-
tion of a long rotor; Part I, Theory, ASME J. Basic Eng.
(1970) 923–929

[3] A.J. Smalley, J.H. Vohr, V. Castelli, C. Wachmann, An
analytical and experimental investigation of turbulent
flow in bearing films involving convective fluid inertia
forces, ASME Paper 73-LubS-l (1973)

[4] E.S. Saibel, N.A. Macken, Nonlaminar behavior in bear-
ings: a critical review of the literature, J. Lubr. Technol.
96 (1974) 174–181

[5] C.M. Taylor, D. Dowson, Turbulent lubrication theory-
application to design, J. Lubr. Technol. 96 (1974) 36–47

[6] V.N. Constantinescu, On turbulent lubrication, Proc.
Inst. Mech. Eng., London 173 (1959) 881–900

[7] C.W. Ng, C.H.T. Pan, A linearized turbulent lubrication
theory, ASME J. Basic Eng. 87 (1965) 675–688

[8] M.K. Ho, J.H. Vohr, Application of energy model of tur-
bulence to calculation of lubricant flows, J. Lubr. Technol.
96 (1974) 95–102

[9] G.G. Hirs, A bulk-flow theory for turbulence in lubricant
films, ASME J. Lubr. Technol. 95 (1973) 137–146

[10] J.W. Lund, E.B. Arwas, A simultaneous solution of the
lubrication and the energy equations for turbulent journal
bearing films. MT1 Rep. No. 64-TR-31, Mech. Tech. Inc.
(1964)

[11] V.N. Constantinescu, Basic relations in turbulent lubri-
cation and their extension to include thermal effects, J.
Lubr. Technol. 95 (1973) 147–154

[12] Z. Safar, A.Z. Szeri, Thermohydrodynamic lubrication in
laminar and turbulent regimes, Trans. ASME, J. Lubr.
Technol. 96 (1974) 48–57

[13] Z. Safar, Inertia and thermal effects in turbulent flow
journal bearing, Wear 53 (1979) 325–335

[14] H. Hashimoto, S. Wada, Theoretical approach to turbu-
lent lubrication problems including surface roughness ef-
fects, Trans, ASME, J. Lubr. Technol. I l l (1989) 17–22

[15] K. Venkaeswarlu, N.J. Rao, E.V. Venugopal, S. Akella,
Three-dimensional laminar and turbulent lubrication in
journal bearings, Wear 126 (1990) 263–279

[16] A.K. Tieu, P.B. Kosasih, An expression of Reynolds stress
in turbulent lubrication theory. Trans. ASME, J. Lubr.
Technol. 114 (1992) 57–60

[17] P.S. Granville A modified Van Driest formula for the mix-
ing length of turbulent boundary layers in pressure gra-
dients, ASME, J. Fluids Eng. Ill (1989) 94–97

[18] D.W. Lee, K.W. Kim, Turbulent lubrication theory using
Algebraic Reynolds Stress model in finite journal bear-
ings with cavitation boundary conditions, JSME, Int. J.,
Series II 33 (1990) 200–207

[19] S.M. Chun, D.H. Ha, Thermohydrodynamic lubrication
analysis of high-speed journal bearing considering vari-
able density and variable specific heat, Trib. Int. 37 (2004)
405–413



A. Arab Solghar and S.A. Gandjalikhan Nassab: Mécanique & Industries 12, 5–15 (2011) 15
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