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ABSTRACT  

Hydrodynamic herringbone-grooved journal bearings ( HGJBs ) are analyzed by solv ing Nav ier–Stokes and energy equations. It is well known 
that the load capacity of hydrodynamic bearings may be affected by high temperatures and low oil viscosity. Therefore, the main objective of 
this study is to understand the pressure distribution of hydrodynamic HGJBs under different oil viscosity and eccentricity ratios. In this paper, 3 
different configurations are studied, namely, a HGJB, a combined HGJB and thrust bearing, and a combined HGJB and grooved thrust bearing. 
The bearing characteristics, such as load capacity and attitude angle that vary with different eccentricity ratios, are also discussed. The results 
show that the load capacity of the bearing decreases with increasing temperature. The pressure difference also increases as the eccentricity ratio 
increases. The high-pressure region is concentrated at the tip of the groove for the HGJB. In addition, the combined HGJB and grooved thrust 
bearing can be used to stabilize the journal because of the low attitude angle. These findings may help and facilitate the design of hydrodynamic 
bearings suitable for working in warm and hot environments in the future. 
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lubricant, thus changing its viscosity. For example, the lubricant 
of an electronic cooling fan changes its viscosity due to the effect 
of the ambient temperature. Therefore, its bearing load capac- 
ity and performance wi l l also be affected. At high rotational 
speeds, the viscosity and pressure change considerably due to 
the increase in the temperature of the lubricant. To predict the 
characteristics of the hydrodynamic bearing more accurately, it 
is important to consider the change in lubricant viscosity. Wang 
and He [ 1 ] used computational fluid dynamics to analyze a hy- 
drodynamic journal bearing and a herringbone-grooved journal 
bearing ( HGJB ) . They found that a herringbone-grooved jour- 
nal redistributes the high-pressure region to the groove tip. The 
leakage rate of a herringbone-grooved journal is smaller than a 
hydrodynamic journal bearing. However, they did not consider 
the effect of temperature on lubricating oil viscosity. In order 
to predict the characteristics of the bearing more accurately, 
we considered the thermal effect of the bearing. Majumdar [ 2 ] 
studied the density of lubricant, which is varied linearly with 
temperature, and the journal bearing viscosity was a function of 
temperature. Majumdar compared their results of temperature 
and pressure distribution with the experimental data of Cole 
[ 3 ]. The conclusion showed the circumferential temperature 
and pressure distribution are in the same trend. The decrease 
in pressure was seen in all the loadings using variable properties 
of lubricant. The variable properties of lubricant lowered the 
load carrying capacity of the bearing. Banwait and Chandrawat 
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NOMENCLATURE  

c = radial clearance ( mm ) 
D = journal diameter ( mm ) 
E = total energy ( J/kg ) 
e = eccentricity ratio 
k = thermal conductivity ( W/m �K ) 
L = length of journal bearing ( mm ) 
N = rotational speed ( rps ) 
p = pressure ( Pa ) 

p ave = average pressure ( Pa ) 
R = radius of bearing ( mm ) 
S = Sommerfeld number 
T = temperature ( K ) 
� v = velocity vector ( m/s ) 

� x = displacement along x -direction ( mm ) 
μ = dynamic viscosity ( kg/m �s ) 
ρ = density ( kg/m 

3 ) 
τ = viscous shear ( Pa ) 

1. INTRODUCTION 

esearchers have generally ignored the effect of lubricating
il temperature, in order to shorten the computational time
f numerical simulation of hydrodynamic bearings. However,
rictional heat can significantly increase the temperature of the
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Figure 1 Schematics of hydrodynamic ( a ) HGJB, ( b ) HGJB-TB, and ( c ) HGJB-GTB. 
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[ 4 ] showed that bush and journal run at higher temperature
when they are used at higher speeds under a given load. In
addition, when both the eccentricity ratio and the journal speed
increase, the maximum bush temperature also increases. A
significant effect of thermal distortions of the bush/journal was
found. Boubendir et al. [ 5 ] analyzed the thermo-hydrodynamic
self-lubrication of porous circular journal bearing. They found
that the effect of temperature on the performance of journal
bearings is very important, and the gradual decrease in pressure
distribution and load capacity was the result of increased per-
meability. The higher the permeability, the greater the area of
maximum temperature. Gao [ 6 ] analyzed the crankshaft of mo-
torcycle engine and solved the Reynolds and energy equations.
The results showed that the load capacity of the journal is quite
large. However, at a high eccentricity ratio, the bearing wi l l be
damaged. As the frictional heat increases, the temperature rises,
so the temperature in the high-pressure zone is higher than
the temperature in the low-pressure zone. The temperature of
the lubricating oil in the high-pressure zone continues to rise
until the lubricating oil enters the cavitation zone. The low-
temperature lubricant forms a cavitation zone, which cools the
high-temperature lubricant. The effect of temperature on viscos-
ity is significant. Sahu et al. [ 7 ] showed that due to the groove in
the shaft, the fluid temperature has a wave-like nature. Due to the
higher-pressure distribution, the maximum fluid temperature
increases as the eccentricity ratio increases. Compared with a
plain journal bearing, a HGJB has a better load carrying capacity
and low-end leakage. It has also been observed that the HGJB is
more stable than the conventional plain journal bearing. Singh
et al. [ 8 ] solved the Reynolds and energy equations to analyze
the thermo-hydrodynamic HGJB problem. They found that the
temperature of the fluid film rises due to frictional heat, resulting
in a decrease in viscosity and load capacity. When the shaft ro-
tating speed increased, the load capacity and bush temperature
also increased. A bearing with smaller groove angles had higher
load capacity. The temperature gradient in the radial direction
was much larger than the temperature gradient in the circum-
ferential direction. Jang et al. [ 9 ] investigated the characteristics
of the hydrodynamic herringbone-grooved bearing of the hard
disk drive ( HDD ) spindle motor, considering the viscosity
of the lubricant due to elevated temperature. They solved the
Reynolds and heat conduction equations to investigate the
coupling temperature and the characteristics of HDD spindle
motor hydrodynamic journal bearings. They found that the load
capacity of the bearing wi l l increase due to the rotational speed
and surrounding temperature. This research showed that the
variation of clearance at elevated temperature is another impor-
tant design consideration that affects the characteristics of the
HDD spindle motor. Yu and Sadeghi [ 10 ] investigated the effect
of groove geometry on the hydrodynamic lubrication mecha-
nism of thrust washers. They studied the pressure distribution
of different groove depths, widths, groove numbers and shapes
by solving the Reynolds equation, film thickness equation and
force balance equation. They found that for certain operating
conditions, thrust washers can support large loads with proper
groove geometry. The key to the load support mechanism is the
presence of grooves, which can cause pressure to build up in the
convergent regions of the grooves. 
The purpose of this study is to understand and compare the

pressure distribution generated by the hydrodynamic HGJB
w ith and w ithout the installation of the thrust bearing. At the
same time, we consider the effect of warm and hot environments
on lubricant viscosity and examine eccentricity ratios ranging
from 0.1 to 0.6. In the previous literature [ 1 ], we have vali-
dated the use of 3-dimensional ( 3D ) Navier–Stokes equations
to calculate the relationship between the Sommerfeld number
and the eccentricity ratio of hydrodynamic bearings. Therefore,
in this study, we use the previous method and add the energy
equation to discuss the pressure distribution and load capac-
ity of the hydrodynamic HGJB while considering the thermal
effect. In addition, grooved and non-grooved thrust bearings
are discussed to understand the stability of the hydrodynamic
bearing. 

2.  PROBLEM  DESCRIPTION  

The geometry of hydrodynamic HGJBs with and without thrust
bearings used in this study is shown in Fig. 1 . The journal radius
is 0.994 mm, the bearing radius is 1 mm, the radial clearance
is 0.006 mm, the bearing length is 2.8 mm, the groove width is
0.0787 mm, the groove depth is 0.01 mm and the groove angle
is 32.8°. The thrust bearing has a radius of 1.6 mm and length
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Figure 2 Top view of hydrodynamic journal bearing ( a ) without eccentricity and ( b ) with eccentricity ratio. 
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Figure 3 Benchmark validation of Sommerfeld number versus 
eccentricity ratio and the ratio of journal bearing length to its 
diameter ( L/D ) . 
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f 0.83 mm. The grooved thrust bearing has a radius of 2 mm,
ength of 0.83 mm, groove width of 0.5 mm and groove depth of
.05 mm. The bearing eccentricity ratio, e , is expressed as: e =
 x / c , where � x is the centerline displacement and c is the radial
learance shown in Fig. 2 . As the eccentricity ratio increases,
he minimum clearance is located in the direction of displace-
ent. The Sommerfeld number [ 11 ], S , is expressed as: S =

 p ave / N μ) ( c / R ) 2 , where p ave is the average pressure, N is the
otational speed, μ is the viscosity of lubricant and R is the ra-
ius of bearing. The lubricating oil is SAE 10W, with a density of
60 kg/m 

3 , a thermal conductivity of 0.13 W/m �K and specific
eat of 2000 J/kg �K. We obtained the viscosity of lubricant from
he engineering toolbox [ 12 ] and assumed that the viscosity of
he lubricant only depends on temperature. We used curve fitting
o find the viscosity polynomial based on temperature. Because
he density varies slightly with temperature from 20°C to 100°C,
here is not much thermal expansion. We assumed the density
f lubricant is constant. For a warm environment from 293K to
43K, the polynomial is μ( T ) = a 1 + a 2 T + a 3 T 

2 + a 4 T 

3 + a 5 T 

4 ,
here the coefficients are a 1 = −238.549, a 2 = 2.986444,
 3 = −0.01396278, a 4 = 0.0000289106 and a 5 =
0.000000022377. For a hot environment from 344K to 373K,
he polynomial is μ( T ) = b 1 + b 2 T + b 3 T 

2 , where the coeffi-
ients are b 1 = 0.208, b 2 = −0.00075 and b 3 = 0.00000056. 

3. NUM ERIC  AL  MODEL  

AE 10W oil is the lubricant used in this study and is gener-
lly considered to be an incompressible viscous fluid. Since the
learance between the journal and the bearing is 6 mm, the flow
ondition is laminar. The maximum Reynolds number under
he given conditions is much less than 50, and gravity and en-
rgy generation are neglected. For an incompressible Newtonian
uid, the steady-state continuity, momentum and energy equa-
ions are given as follows: 

∇ · � v = 0 ( 1 ) 

ρ( � v · ∇ ) � v = −∇ p + μ∇ 

2 � v ( 2 ) 

∇ · [ � v (ρE + p)] = ∇ · [ k∇T + (τ · � v )] ( 3 ) 
here � v is velocity vectors in 3 dimensions, p is pressure, E is the
otal energy, k is the thermal conductiv ity and τ is v iscous tensor.
We validated our numerical results of journal bearing geome-
ry with published values of Sommerfeld number versus eccen-
ricity ratio [ 11 ], shown in Fig. 3 . The published curves were
omputed using the Reynolds boundary condition, which is
ore accurate. For practical engineering applications, a value of
ommerfeld number for a specific eccentricity and L/D ratio
nd then the bearing and operating parameters can be selected to
ive an optimum performance. Higher values of eccentricity ra-
io are prone to shaft misalignment difficulties; lower values may
ause shaft vibration and are associated with higher friction and
ubricant temperature. Our numerical results were in good agree-
ent with the published data. 
We repeated the calculations using coarse, medium and
ne grids. The convergence of the residuals of all discrete
onservation equations was less than 10 –4 for all cases. The
ircumferential velocity along the radial clearance from the
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Table 1 The boundary conditions for all 3 configurations. 

Configuration HGJB HGJB-TB HGJB-GTB 

Top 1 atm/293K or 363K 1 atm/293K or 363K 1 atm/293K or 363K 

Bottom Fixed wall/adiabatic Fixed wall/adiabatic Fixed wall/adiabatic 
Inner journal Moving wall/adiabatic Moving wall/adiabatic Moving wall/adiabatic 
Outer bearing Fixed wall/343K or 373K Fixed wall/343K or 373K Fixed wall/343K or 373K 

Figure 4 Pressure distribution of HGJB in a warm environment for ( a ) 3D orientation without eccentricity and ( b ) along the groove tip ( i.e. 
red line ) with different eccentricity ratios in the azimuthal direction. 
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coarse grid to the fine grid is less than 2%. Thus, the medium
grid is chosen. For the mesh of a hydrodynamic HGJB, we
tested 3 different grids with 750 000, 1 840 000 and 3 140 000
cells. The solution was found to be grid independent when
the grid size exceeded 1 840 000 cells. Therefore, in order to
reduce the computation time, 1 840 000 cells were chosen as
our computational mesh. Similarly, for a HGJB with a thrust
bearing ( HGJB-TB ) and a HGJB with a grooved thrust bearing
( HGJB-GTB ) , grid sizes of 2 300 000 and 2 500 000 cells were
selected for the computational meshes. The computing facility
has 12 cores with two Intel Xeon E5-2620 CPUs ( 2 GHz )
and 64 GB of DDR3-1600 memory. Convergence cr iter ia
were satisfied when the residuals of all discrete conservation
equations were less than a chosen value of 10 –4 . Each case took
approximately 2 hours running in parallel to converge. 
Three configurations were considered in the present study,

including a hydrodynamic HGJB, HGJB-TB, and HGJB-GTB.
The viscosity of SAE 10W oil depends on the temperature in
warm ( i.e. below 343 K ) and hot ( i.e. above 363 K ) environ-
ments. The boundary conditions for the 3 configurations are
shown in Table 1 . For all cases, a moving wall rotational speed of
628 rad/s was applied at the inner journal. For the outer bearing
and bottom boundaries, no-slip boundary conditions were as-
sumed. For the top boundary, a zero-gauge pressure outlet con-
dition is employed. 

4. RESULTS  AND  DISCUSSION 

Fig. 4 a shows the pressure contour of the hydrodynamic HGJB
without eccentricity in a warm environment. The results show
that the peak pressure appeared at the tip of the herringbone
groove because the static pressure reaches its maximum at the
stagnation point. The advantage of these herringbone grooves
is that they give higher load capacity. Next, the relationship
between eccentricity ratio and pressure was examined. Fig. 4 b
shows the circumferential pressure distribution along the groove
tip when the eccentricity ratio was 0 to 0.6 in a warm environ-
ment. When the journal moves in the direction of θ = 90°, the
fluid flow experiences converging and diverging regions, generat-
ing hydrodynamic pressure. That is why the pressure wi l l rise and
then fall when the pressure is close to 90°. When the eccentric-
ity ratio increased, the peak pressure increased. For an eccentric-
ity ratio of 0.6, the peak pressure rose to a maximum at an angle
of approximately 100°. Fig. 5 a shows the pressure contour of the
HGJB without eccentricity in a hot environment. A similar pres-
sure distribution trend could be observed. However, the pressure
difference observed in a hot environment was much lower than
that in a warm environment. This is because the viscosity of lu-
bricant is low in a hot environment. Fig. 5 b shows the maximum
pressure increase due to an increase in the eccentricity ratio. As
the eccentricity ratio increased, the high-pressure peak was con-
centrated at the tip of a groove. However, the maximum pressure
was about half that in a warm environment. 
Fig. 6 a shows the pressure contour of the HGJB-TB without

eccentricity in a warm environment. A thrust bearing can be used
to handle thrust load on one side. The results showed that the
pressure near the bottom of the thrust bearing was lower than
the pressure at the top of the HGJB-TB because of its symmet-
rical design. The peak pressure occurred at the tip of the groove



Hydrodynamic herringbone-grooved journal bearings • 17 

Figure 5 Pressure distribution of HGJB in a hot environment for ( a ) 3D orientation without eccentricity and ( b ) along the groove tip ( i.e. red 
line ) with different eccentricity ratios in the azimuthal direction. 

Figure 6 Pressure distribution of HGJB-TB in a warm environment for ( a ) 3D orientation without eccentricity and ( b ) along the groove tip 
( i.e. red line ) with different eccentricity ratios in the azimuthal direction. 
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ue to the stagnation pressure. Fig. 6 b shows the circumferen-
ial pressure distribution along the groove tip when the eccen-
ricity ratio is 0 to 0.6. In a warm environment, the pressure dis-
ribution trend of the HGJB-TB is similar to that of the HGJB.
he results showed that the peak pressure is concentrated at the
ip of the groove and increased with an increase in the eccentric-
ty ratio. The increase in pressure is due to the viscous lubricant
s dragged into the converging clearance by the moving surface.
ig. 7 a shows the pressure contour of the HGJB-TB in a hot envi-
onment. Due to the low viscosity at high temperatures, the peak
ressure was about half of that in a warm environment. Fig. 7 b
hows the circumferential pressure distribution along the groove
ip when the eccentricity ratio was 0 to 0.6 in a hot environment.
he peak pressure increased as the eccentricity ratio increased. 
Fig. 8 a shows the pressure contour of the HGJB-GTB without
ccentricity in a warm environment. The grooved thrust bear-
ng includes a number of pads arranged in a circle around the
ournal. These form wedge-shaped lubricant regions of inside
he HGJB-GTB, which support the applied thrust. The results
how that the pressure distribution was similar to the HGJB and
he HGJB-TB. Fig. 8 b shows the pressure distribution of the
GJB-GTB at the cross-section of the bottom-grooved thrust
earing. The high and low peaks of each wedge-shaped groove
ould be found. In addition, the average pressure at the top of
he grooved thrust bearing was higher than the average pressure
t the bottom of the bearing. Fig. 9 a shows the pressure contour
f the HGJB-GTB without eccentricity in a hot environment. A
imilar trend was observed in the pressure distribution in warm
nd hot environments. Fig. 9 b shows the pressure distribution
f the HGJB-GTB at the cross-section of the bottom-grooved
hrust bearing. The peak pressure difference between the high
nd low peak of each wedge-shaped groove is almost half of that
n a warm environment. To understand the pressure difference
etween the top and bottom of a grooved thrust bearing, we
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Figure 7 Pressure distribution of HGJB-TB in a hot environment for ( a ) 3D orientation without eccentricity and ( b ) along the groove tip ( i.e. 
red line ) with different eccentricity ratios in the azimuthal direction. 

Figure 8 Pressure distribution of HGJB-GTB without eccentricity in a warm environment for ( a ) 3D orientation and ( b ) 2-dimensional ( 2D ) 
cross-section at the bottom of grooved thrust bearing ( i.e. red line ) . 
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observed the axial pressure distribution from the corner of the
top rectangular groove to the corner of the bottom rectangular
groove in warm and hot environments. The results show that
the pressure at the top corner was higher than the pressure at
the bottom corner. The peak pressure difference was lower in
a hot environment than in a warm environment. This pressure
difference can stabilize the journal to the grooved thrust bearing.
Fig. 10 a shows a comparison of the circumferential pressure

distribution without eccentricity in a warm environment for all
3 configurations. All 3 configurations show very similar pressure
distribution trends. The peak pressure occurred at the tip of the
groove in all cases. The peak pressure in the HGJB-GTB was
the highest of all 3 configurations because the grooved thrust
bearing provided additional load capacity. Fig. 10 b shows a
comparison of the circumferential pressure distribution without
eccentricity in a hot environment for all 3 configurations. The
results show that in warm and hot environments, the pressure
distribution tended to be very similar. However, the peak pres-
sure in a hot environment was almost half of that in a warm
environment because the lubricant had low viscosity in a hot
environment. Fig. 11 shows a comparison of the circumferential
pressure distribution with an eccentricity ratio of 0.3 in warm
and hot environments for all 3 configurations. The results show
that the peak pressure in the HGJB-GTB was higher than the
other two configurations. Whe n the eccentricity ratio was 0.6,
the same phenomenon could be found, as shown in Fig. 12 .
Tables 2 and 3 show the relationship between the eccentricity
ratio, radial force, tangential force and attitude angle of all 3
configurations in warm and hot environments. We can see that
for all 3 configurations, the attitude angles with an eccentricity
ratio of 0.3 were higher than those with an eccentricity ratio of
0.6. The lower attitude angle indicates that the hydrodynamic
journal bearing had higher stability. It can be seen that the
attitude angle of the HGJB-GTB was the smallest among all
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Figure 9 Pressure distribution of HGJB-GTB without eccentricity in a hot environment for ( a ) 3D orientation and ( b ) 2D cross-section at the 
bottom of grooved thrust bearing ( i.e. red line ) . 

Figure 10 Comparison of circumferential pressure distribution of all 3 configurations without eccentricity in ( a ) warm and ( b ) hot 
environments. 

Table 2 Relationship between eccentricity ratio, radial force, tan- 
gential force and attitude angle in a warm environment for all 
3 configurations. 

Configura- 
tion HGJB HGJB-TB HGJB-GTB

Eccentricity 0.3/0.6 0.3/0.6 0.3/0.6 
Radial force 
( N ) 

0.0376/0.0966 0.0521/0.134 0.066/0.165 

Tangential 
force ( N ) 

0.135/0.294 0.0812/0.194 0.0903/0.212 

Attitude 
angle 

74.4°/71.8° 57.3°/55.4° 53.9°/52.2°

Table 3 Relationship between eccentricity ratio, radial force, tan- 
gential force and attitude angle in a hot environment for all 
3 configurations. 

Configura- 
tion HGJB HGJB-TB HGJB-GTB 

Eccentricity 0.3/0.6 0.3/0.6 0.3/0.6
Radial force 
( N ) 

0.0179/0.0462 0.0249/0.0642 0.0316/0.0807 

Tangential 
force ( N ) 

0.0646/0.141 0.0389/0.0929 0.0432/0.104 

Attitude 
angle 

74.5°/71.9° 57.4°/55.4° 53.9°/52.3°
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Figure 11 Comparison of circumferential pressure distribution of all 3 configurations for eccentricity ratio of 0.3 in ( a ) warm and ( b ) hot 
environments. 

Figure 12 Comparison of circumferential pressure distribution of all 3 configurations for eccentricity ratio of 0.6 in ( a ) warm and ( b ) hot 
environments. 
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3 configurations. Therefore, the HGJB-GTB was the most stable
hydrodynamic bearing design. 

5. CONCLUSIONS  

The main objective of this study was to investigate thermal
effects on the performance of a HGJB, HGJB-TB, and HGJB-
GTB. The 3D Navier–Stokes equations and the energy equation
are solved by the finite volume method. The numerical results
of journal bearing are verified and validated by conducting a grid
independence study and comparing with published data. The
average pressure of the HGJB is related to temperature because
the viscosity is affected by temperature. A low viscosity reduces
the average pressure in a hot environment. As the eccentricity
ratio increases, the pressure difference increases significantly.
For the HGJB without eccentricity, high pressure is generated at
the tip of the groove. When the eccentricity ratio increases, the
peak pressure increases and is concentrated in the vicinity of the
eccentricity direction. A comparison of circumferential pressure
distribution shows that the peak pressure of the HGJB-GTB is
greater than the other two configurations. When the eccentricity
ratio increases, the peak pressure increases. The advantage of the
HGJB is that the high-pressure zone and low-pressure zone is
redistributed, thereby avoiding the cavitation effect. In addition,
the peak pressure at the tip of the groove stabilizes and the jour-
nal is kept in the center of the bearing. The attitude angle is lower
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n the HGJB-GTB than the HGJB-TB and the HGJB. In a warm
nvironment, the average pressure and the maximum pressure
re higher than those in a hot environment. For example, the
aximum peak pressure of the HGJB-TB with an eccentricity
atio of 0.3 in a warm environment is approximately 76 000 Pa,
nd the maximum peak pressure in a hot environment is ap-
roximately 36 000 Pa. The bearing load capacity is the integral
f the pressure. Therefore, the bearing load capacity in a warm
nvironment is higher than that in a hot environment. To gen-
ralize our numerical findings, we found that when we increase
he temperature from 20 degrees to 100 degrees, the pressure
eld at any point in a warm environment is almost twice that
f a hot environment. When we increased the eccentricity ratio
rom 0.3 to 0.6, the maximum pressure difference was doubled.
ower operating temperature and higher eccentricity ratio can
mprove the performance of hydrodynamic journal bearings. 
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