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Abstract

The purpose of this paper is to present a brief on the
development of cavitation in Hydrodynamic bearing (HDB)
that help design engineer for proper selection of design
parameter i.e. L/D ratio, speed and relative clearance. CFD
analysis was performed to study the cavitation phenomena
causing failure of HDB. It was found that with an increase in
speed and L/D ratio, cavitation occurs at an early stage with
respect to low speed and lower L/D ratio. Greater importance
should be provided for higher load carrying capacity through
pressurised fluid supply to prevent cavitation.

Keywords: Hydrodynamic lubrication, journal bearing,
cavitation, CFD analysis

1.0 Introduction

Cavitation occurred as the pressure falls below atmospheric
pressure when the surface move apart in the divergent region
releasing the dissolved gases within the lubricant[1]. Due to
cavitation, metal to metal contact occur causing material loss,
noise, vibration etc.[2]. The possible reason behind
occurrence of cavitation due to fluctuation in load, speed,
variation in fluid properties, friction etc. [3]. This can be
minimised through use of lubricant feed pressure. Also large
lubricant supply grooves are used to do the same[4]. The
recognized form of cavitation is Gaseous, Pseudo cavitation
and vapour cavitation discussed in literatures[5]

Reynolds’s identified the influence of cavitation due to
formation of cavities resulting in pressure disturbance
adversely affecting load carrying capacity. As formation of
bubbles due to cavitation, film rupture exists in the continuity
of the liquid film which is not fulfilled by Reynolds’s
equation. Sommerfeld [6] solved for 360° full film oil
clearance journal bearing which allowed for sub atmospheric
and even negative pressure with lower values[7] in Cavitation
and related phenomena in lubrication[5]. Gumbel [3]
presented his theory that rupture will originate in the
minimum film thickness region and remains constant in
divergent region followed by swift[8] & Stieber [9] but not
discussed about film reformation. The theory was not
fulfilling mass continuity condition which is also called as
half Sommerfeld condition. Experimental occurrence of sub
cavity pressure loop was observed by Hopkins (6) in 1957,
Bretherton (7), Taylor (8) in 1960, and Coyne and Elrod (9),
in 1970 which was neglected by Gumbel, swift and Stieber.
Separation would occur between film rupture when derivative
of velocity in y direction is equal to zero but due to this
secondary flow generated causing flow reversal region in
which dissolved gases can congregate.
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For running journal bearing system properly eccentricity (e)
should be minimum for keeping optimum equilibrium state
throughout the operation. If direct contact occurs between the
shaft and bearing, generation of high temperature take place
which degrade the mechanical performance. [10] Failure of
HDB may occur due to many reasons such as high
temperature of journal bearing causing sintering, wear out
journal bearing, wear particles in lubricants, severe vibration,
oil whirl and may more. Researcher tries to optimize
parameters that lead to minimize the failure of journal
bearing. A number of failure models are proposed by authors
and discussed[11]. Through the use of composite material for
journal bearing and by mixing additives[12] [13] [14] in
fluids[15]-[19] leads of reduce friction and wear. By using
these different methods operating parameters will improvise
with more stability

Hsu et al (2003) investigated the combined effect of couple
stresses and surface roughness. Results show that with
longitudinal roughness, load carrying capacity was improved
with decrease in attitude angle and friction while with
transverse roughness behaves opposite in nature through
variation in operating parameters with multiphase flow.
Optimised set was presented by several author with attitude
angle, eccentricity, operating speed and load for better
functionality at worse conditions [21].

Pressure in hydrodynamic bearing is always varying with
operating parameters. It was found that the pressure
distribution could be negative [22] in oil lubricated bearing
due to cavitation which causes metal to metal contact
resulting wear. As technology advances in the field of
computer takes place and use of computation fluid dynamics
(CFD) program to solve cavitation, it eases the method of
computation which is based on lubrication theory to analyse
flow in HDJB [23], [24] .CFD approaches were also proposed
to do the same [25]. As shaft rotates during which if whirling
occur causing cavitation due to pressure disturbance was
demonstrated. Fluid film pressure and load capacity can be
optimised with the use of couple stress fluid (CSF). Also
optimized set of journal speed and couple stress fluid shows
better results with cavitated finite journal bearing (FJB)[26].
Effect of cavitation and journal whirl on the static and
dynamic characteristic of journal bearing was evaluated
through CFD for single and 2 phase flow models. Sun et al
[27]studied the Stability of journal bearing which was
affected due to whirl frequency.

As fluids are used in HDB where flow should be laminar or
turbulent which affect the performance characteristics that can
be studied through use of CFD to predict the outcome before
the actual trail run. Also fluid properties affect the bearing
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performance and helps in reducing temperature during the
runs[28].There are several model were presented to solve the
CFD problem that can gave more accurate solution at faster
rate. There are different types of cavitation i.e. gaseous,
Pseudo and vapour cavitation occurred in HDB for which
models were compared with its limitation to evaluate the
performance parameter. The size of nuclei that develop due to
pressure difference in the flow regime aid cavitation. [5] He
experimentally shows that at high rotational speed and low
lubricant supply pressure, bearing performance was affected
due to cavitation. Most of the literature study show that load
carrying capacity decreases at higher speed due to large
cavitation area. [29] Reported that with variation in film
thickness and oil supply pressure, negative effect of cavitation
can be reduced. Stiffness of HDJB was calculated with
cavitation was considered which is of 107 to 108 N/m. Zhang
(2015) presented relationship between clearance, different
L/D ratio with different rotational speed. Author presented a
method for evaluating the stiffness coefficient of
hydrodynamic plain journal bearings lubricated by water.
Results shows that how load carrying capacity and stiffness
coefficient affected with change in diameter. For better load
carrying capacity, hydrodynamic bearings can externally
pressurised with the help of pumps [31]. Also with changes in
bush structure, LCC can be increased[32].

For getting accurate results at faster rate new algorithm were
also developed to reduce the time of getting result through use
of high speed system and with new method of designing the
setup. Schlegel [33] showcase the lower usage of CPU
through “lower dimension” approach for optimization. Also
multiphysics simulation was performed to check stability for
all loading condition, response of the rotor to unbalanced
loads and effect of friction losses of hydrodynamic bearings.
Alakshramsing [34] uses the mass conservation method to
reduce the processing time for convergence in finite element
analysis. Literature shows that attempt was made to improve
the static and dynamic characteristics of journal bearing by
varying the performance dependent parameters but yet
detailed studies do not seem to have been studied sufficiently.

The objective of this study is to apply CFD prediction model
to investigate the effect of variation in L/D ratio, eccentricity
ratio and rpm on the evolution and termination of pressure
variation causing failure of journal bearing due to cavitation at
the middle ring circumferentially.

2.0 Theoretical analysis
2.1 Journal bearing

Journal Bearing is used to cater the high load carrying
capacity with the use of different lubricant. These lubricants
have different properties as per the use. In this arrangement
the bearing is stationary and journal is rotating and when there
is a deviation from the bearing centre, pressure difference is
generated to bear the vertical load. The distance between the
journal and bearing is eccentricity (e) and the angle by which
the journal deviation from its vertical called the attitude angle
(D). At the starting, there is a contact between the journal and
bearing with eccentricity between them which is maximum.
As the journal commences rotation, it tries to minimize the
eccentricity while bearing the load. There are several
parameters which try to deviate the journal from the bearing
center which are load (L), speed (N), L/D ratio, relative
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clearance (¥) and temperature. So bearing model with
different L/D ratio, speed and temperature to be studied which
effect the minimum fluid film thickness. The maximum
relative ratio varies with relative clearance when R is fixed.
To find the failure due to cavitation when the load, speed and
temperature is varied by keeping the diameter of 50 mm. with
reference to bearing design, relative clearance, L/D ration and
speed are listed in table 1 and 2 simulations are modelled to
study the cavitation. To find the reason behind this, a CFD
model was created in Fluent 17.2 on which iteration was done
by varying the L/d ratio, speed and eccentricity.

2.2 Journal bearing modelling

Schematic of journal bearing was shown in fig 1 with
coordinate system. There are several parameters which affect
the proper functionality of HDB such as load, diameter,
relative clearance, L/D ratio and rotational speed. Failure due
to instability in both the region causes cavitation which needs
to be studied as it is affected by load, rpm and relative
clearance etc. For this model with different relative clearance,
speed and L/D ratio was studied which effects the minimum
fluid film thickness which is given by hmin = Ry(1-¢). In this
study, determination of influence of y, L/D ratio and N on
failure due to cavitation for which the diameter is fixed at 50
mm. Relative clearance (y) ranges between 0.06% to 0.2%
and the L/D ratio varied from 0.5 to 2 [30] with speed range
from 10 to 1000 rpm with eccentricity ratio(g) between 0.4 to

0.9. [35]
Oil inlet  _ - bommmmmmm e e e e
Fig 1: Diagram of journal bearing
Table.1: Values of design parameters
D (MM) 50
¥ (%) 0.06,0.08,0.1,0.12,0.14,0.16,0.18,0.2
L/D 0.5,1,2
N(r/min) 10,100,1000
€ 0.4-0.9

The flow is considered isothermal, steady and incompressible,
with zero gravitational or other external body forces.

2.3 Governing equation

For solving all fluid problem, Fluent solves conservation
equation for mass and momentum[36]. The continuity
equation to solve the fluid flow problem can be written as
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op +V(v)=0

il Z) =

5 T V(PY)

Where p and ¥ are the fluid density and fluid velocity vector
and is valid for compressible and incompressible flow. P can
be calculated from the one dimensional Reynolds equation but
value of ¥ & e depends on the configuration, loading
condition and lubricant used. The momentum conservation
equation in an inertial (non- accelerating) reference frame is:

a —_— = - =
E(pv)+ Vpvd)=-Vp+ V@) +pg+ F

Where p is the static pressure, T is the stress tensor and pv’

and F are the gravitational body force and external body
force, respectively. The stress tensor (T) is given by

T=pu[(Vi+ VﬁT)—@V.T}I]

Where p is the fluid viscosity, | is the unit tensor and the
second term on the right hand side is the effect of volume
dilation.

2.4 Assumption and boundary condition

The flow model and boundary condition for the journal
bearing created in Design modeller which was used for
simulation purpose. The flow which was taken place in the
journal bearing was considered as isothermal, steady and
incompressible with no gravitational force or other external
body force. The viscosity model was set to laminar model as
Reynolds’s no = 1412.89 (D = 50 mm and N = 1000 rpm).

Statiouary wi

Onatlet

Ldet

Darechion of

rotsthoo

Fig 2: Flow model and boundary condition

Film clearance was taken as inlet on one side and outlet on the
other side of the model. Pressure at inlet and outlet was taken
as 0 Pa (gauge pressure). Outer wall was set as stationary wall
and inlet wall was set as moving wall with no-slip condition.
SIMPLEC model was selected for velocity pressure coupling
for converged solution as compared to SIMPLE[37]

3.0 CFD model analysis

For evaluating pressure on hydrodynamic bearing, simulation
were done on Ansys (CFD)- 17.2 version was used. While
meshing the geometry, quad elements have been used with 10
elements longitudinally with soft behaviour and 1.20 growth
rate with no bias as shown in fig 2a. Also 360 divisions are
made circumferentially with mapped mesh on. The aspect
ratio got after meshing was 143 — 155. For normal analysis
the suggested aspect ratio as per user manual should be within
200. To avoid negative influence of the large aspect ratio,
double precision calculation is employed as per the manual of
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Ansys. The solver selected is pressure based and the
algorithm used is SIMPLEC for coupling the velocity and
pressure. The scheme for momentum equation is second order
upwind discretisation scheme was used. The convergence
tolerance used is 10° for all residual terms. The calculation
was terminated as the force remains unchanged.

\
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v|@ i > ‘ .

B0 00 (rrem)
-

&S00

Fig.2a Meshed journal bearing model
3.1 Methodology validation

To validate the model used in our case, for different L/D ratio
pressure was calculated on the middle ring of the journal
bearing by simulating in fluenti.e. D=80 mm, L/D =1, y =
0.1% ,N = 3000 r/min & € = 0.6 are compared with results
obtained by Xiuli et. al.[30]. From the contour i.e. Fig 3, the
pressure achieved by the author matches almost with the
result as shown in his paper and showing the pressure build up
in the convergent region and occurrence of cavitation in the
divergent film.

Pressure

M 1.00e-005
1.74e+005 R —

1 592005 4 .y
1.44e+005 ; N
1.29e+005 at

114e+005 & 0

9.85e+004 |
8.23e+004
6.81e-004
5290+004
3,782-004
2.26e+004
7 37e<003
-783e-003
23084004
-382e-004
-5.34e-004
6 86e-004

‘ -8 28e-004
-0.90e-004

[Pa]

Fig. 3: Contour of static pressure(Pa) for turbulent model
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Fig 4: Dimensionless pressure (P = py2/uw) distribution at z = L/2

Figure 4 shows pressure contour in convergent and divergent
region for different L/D ration (0.5,1 & 2) with relative
clearance and (0.0006) & eccentricity ratio (0.05). To study
the performance of HDB in terms of LCC and compare the
variation in pressure vs. theta, simulation were performed
with the input parameters (e, rpm & L/D ratio) for a laminar
model based on Reynolds no. From the contour the maximum
pressure achieved was 676013 Pa for L/D = 2 as compared to
L/D = 0.5, 1 as 115216, 314948 Pa. Also the load carrying
capacity increases with increase in L/D ratio but the pressure
distribution is more stable in fig 4a and 4b as compared with
4c, it is more disturbing due to long length of bearing or
insufficient lubricant supply. Also the divergent region is
more thinning with increase in L/D ratio at same rpm

4.0 Result and discussion

Simulations were performed by varying eccentricity for
different speed & L/D ratio on CFD as per Table 1 & 2.
Graphs were plotted between dimensionless pressure and
theta to study the failure due to cavitation in hydrodynamic
bearings.

e =0.00075
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Fig 5: Pressure contours with different eccentricity for
L/D = 0.5 at 10 r/min with different eccentricity (e)

Simulated results of pressure contour were plotted for positive
and negative region on the fluid film in convergent and
divergent region of HDB at 10 rpm by varying the
eccentricity & L/D = 0.5 were shown in Fig. 5. From the
contour it can be clearly seen that the region of positive
pressure in convergent zone increase with increase in
eccentricity at same rpm. Also the maximum pressure attained
during the simulation was 11054 Pa.
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cavitation in the convergent region but settle to positive

pressure due to higher pressure build up. The outcome of

Fig 6 Dimensionless pressure vs. Bearing angle for L/D = 0.5 these plot indicate that for short journal bearing the pressure

Graphical plot were shown in figure 6 between Dimensionless in divergent zone was negative but in few cases with higher
pressure vs. theta for L/D = 0.5 at 10 rpm with varying eccentricity values the cavitation occur in convergent region
relative clearance (V). It shows that the pressure increases as between 0° — 20° due to minimum fluid film thickness at the
the eccentricity value increases. The —ve pressure region was initial start as speed was low and load was high but after 20°
occurred at 180° to 360° in most of the cases i.e. divergent regain +ve pressure due to high pressure build-up. It was also

region. For ¥ = 0.0006 & 0.0008, cavitation occur at 180° for observer form the plot that form 6 (a —h) that as ¥ increases,
all eccentricity but when ¥ = 0.001 & e = 0.0225 due to load ,

the fluid film rupture at start (0°) and end at 19° causing
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the dimensionless pressure increases leading to higher load

carrying capacity of HDB.

Fig 6 Cavitation Plot at various e (¢) with different rpm and

L/D =0.5 at (i) 10 rpm (ii) 100 rpm (iii) 1000

It was found that with increase in rpm for L/D = 0.5 mm,
occurrence of cavitation was not found at first two
eccentricity values but as the rpm increases the cavitation was
found at same values of eccentricity. The hydrodynamic
lubrication was achieved initially but when the rpm increases
with eccentricity unstability were occurred due to which
sufficient amount of lubricant was not maintained results in
cavitation. Also it was found that the maximum pressure was
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1.6 * e Pa. Fig 7: Relative clearance vs. eccentricity of journal
(occurrence of cavitation) for different L/D ratio
As we found that when the bearing starts running, there was
no cavitation for all the cases i.e. N = 10, 100 & 1000 RPM.
With increase in speed & eccentricity, results shows that the
maximum value of eccentricity is 0.025 mm for all the three
cases while maintaining no contact between journal and shaft.
As the relative clearance increases with speed, load carrying
capacity also increases upto a certain extent after which
cavitation occurs due to insufficient supply of fluid causing
pressure difference region.
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Figure 8 represents plot between pressure vs. theta (degree)
for L/S = 1 at 10 rpm. The peak pressure at different
eccentricity ratio increases with increase in L/D ratio but with
a little disturbance as in comparison to L/D = 0.5, occurrence
of film rupture at start commences early in case of L/D at
same rpm but peak pressure drops form 4e= to -3.80e®. In
figure 8 (i) positive pressure build-up at start of convergent
region between 100° to 120°, the cavitation occur but regain
to positive pressure region. It is observed from the plot that
for initial run at different ¥, the occurrence of negative
pressure between 100° — 120° diminishes in other cases i.e. 8
(v — viii). Simulation shows that as the eccentricity ration
increases, the peak pressure increases till 8 (i — iv) but after
5.0E-05 eccentricity(relative clearance) 5.0E-04 4

—8— 0135 (0.0006)

4.56-05 - —e— 014 (0.0008) 4.5E-04
—&— 015(.001)
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Dimensionless pressure (P)

1005 1.0E-04 -

5.05:06 | 5.0E-05

0.0E+00

eccentricity(relative clearance)

this drop in pressure was observed and then again rise
between 8 (vi — viii) which may be due to larger L/D ratio
with more disturbance in pressure plot. Also it was seen that
at occurrence of negative pressure at start achieved at lover
value of W that also due to larger L/D ration and lower speed.
By keeping the same relative clearance & speed with change
in L/D ratio of 1, result show that cavitation occur at earlier
stage when compared with the results of L/D = 0.5. It is clear
from the results that with increase in the length of the
hydrodynamic bearing with eccentricity pressure difference
between convergent and divergent region increases results in
cavitation.
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Fig 8a. Cavitation Plot at various e (¢) with different rpm and L/D =1 at (i) 10 rpm (ii) 100 rpm (iii) 1000 rpm

From fig 8a, the maximum pressure acquired during the
simulation at different rpm with eccentricities is 4*e*% which
is at the lowest speed. The occurrence of negative pressure at
start with different W seen between 0 — 200 with positive
pressure build up with variation in rpm. Also with increase in
rpm, the peak pressure also rises for L/D =1 which
proportionally increases the load carrying capacity but lower
than that of L/D = 0.5 fig 6a (i-viii) & 8a (i-viii).
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Fig 9: comparison of relative clearance and occurrence of
cavitation for different speed

Result shows that by varying the speed of rotation and
keeping the same relative clearance, occurrence of cavitation
is same in each case when L/D ratio was 1. A slight variation
is seen at ¥ = 0.0010.

Simulation was also performed to see the variation in pressure
distribution at N = 10 RPM with L/D ratio = 2 at different ¥
and graph were plotted between Dimensionless pressure and
theta but pressure distribution was troublesome in comparison
to L/D =0.5 & 1 causing cavitation. This may be due to long
length of the bearing which gets more surface area compared
to previous cases and also due to insufficient pressure build
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up and journal bearing was not able to regain to positive
pressure region i.e. convergent region if it occur at the start of
the run. The performance of bearing with different L/D ratio
i.e. 0.5 & 1 was good with better load carrying capacity.
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Fig 12: Comparisons between relative clearance and
occurrence of cavitation for L/D = 2

With same eccentricity values and increasing the speed
to 1000 rpm for L/D = 2 shown in figure 12. Result shows
that failure for y = .0006 and .008. For relative clearance of
0.001, 0.0012 and so on, bearing facing difficulty at start and
after certain cycle it achieve stability. It was also found in few
cases that after attaining stability, unstability occurs with

higher relative clearance (y = .0014) and while in few
completely positive pressure was maintained (y = .0016,
.0018, .002).

5.0 Conclusion

This study investigates the failure phenomena due to
cavitation in hydrodynamic bearing. The parameters were
chosen are the relative clearance, speed, L/D ratio with fixed
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diameter of bearing. Fluent 17.2 was used for simulation and
graphs were plotted between dimensionless pressure and
bearing angle for different eccentricity ratio, speed and L/D
ratio. With the help of these graph, conclusion were made
which are:

a.  Result shows that the pressure range achieved for 50 mm
journal bearing at different speed, L/D ratio and
eccentricity was 10° to 10! Pa.

b.  Hydrodynamic equilibrium was seen at 0.006 and 0.008
relative clearance for L/D = 0.5 but not for L/D = 1 and
2 as it increases with rpm. In L/D =2 maintain stability
of journal bearing during the run was difficult but
maximum pressure achieved.

c.  Occurrence of cavitation at earlier stage was also found
as eccentricity and L/D ratio increases with increase in
speed. This may be due to increase in length of bearing
and it is recommended that precaution is be taken by
designer for selecting the proper ratio between rpm, L/D
ratio and lubricant used for large L/D ratio.

d. At minimum and maximum eccentricity for L/D = 2
cavitation was seen but in-between the run was smooth
with highest pressure attainment that may be due to
sufficient amount of lubricant supply between the
convergent and divergent region as journal stabilises.

e. Load carrying capacity of HIB increases with increases
in L/D ratio but achieving stability was difficult at
different eccentricity and rpm. This can be achieved with
external pressurised fluid supply.
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