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Abstract

In present study, a fluid-structure interaction (FSI) approach is proposed for predicting the effects of roughness on the performance of
hydrodynamically lubricated three-dimensional (3D) journal bearing, taking mechanical deformation effects. The multi-phase cavitation
mass flow conservation model is adopted, in which the phase change boundary condition is allowable. The results show that the me-
chanical deformation effect on bearing performance has been confirmed to be substantial. When the deformation of the structure is con-
sidered in calculating the change of [ilm thickness, the bearings carry less load (i.e. 30-70 % smaller depending on the surface roughness
value) as compared to the case in which the deformation is neglected. It is also highlighted that the hydrodynamic pressure and load sup-

port decrease with surface roughness.
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1. Introduction

The main goal of this research is to explore the influence of
roughness on three-dimensional joumal bearing because ideal
(perfectly smooth) surfaces are impossible to find in real due
to irregularities nature. In the main frame of this nature, many
workers [1-4] proposed to investigate the surface roughness
influences on the bearing performance.

Gururajan and Prakash [1] have investigated the effect of
surface roughness in a narrow porous journal bearing. This
work was based on the Christensen's stochastic theory of
rough surfaces. The range of operating parameters for which
the approximate solution is acceptable from an engineering
viewpoint have been determined. Naduvinamani et al. [2]
pointed out the considerable effect of the combined effects of
couple stresses and the bearing surface roughness on the lubri-
cation performance. It was found that for the longitudinal
roughness configuration the effects of couple stresses are more
pronounced as compared to the transverse roughness one. In
the presence of slip boundary, the effect of the surface rough-
ness on porous finite jounal bearing was studied by Kalavathi
et al. [3]. They concluded that the pressure and load support
increase with surface roughness for the bearing with mixed
slip surface. In the context of the bearing operation, the sur-
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face roughness effect in transient condition has been investi-
gated in recent work by Cui et al. [4]. In their work, a mixed
lubrication model taking into account both asperities contact
and hydrodynamic fluid flow was calculated. The transient
average film thickness, the transient movement of the journal
center, the contact pressure, and the hydrodynamic pressure
were examined for different values of surface roughness. It
was highlighted that the surface roughness has a significant
effect on the characteristics during the initial period of startup.

As a note, the available literature survey mentioned above
indicates that the mechanical deformation of structure (i.c.
bearing and/or shaft) was neglected. Dealing with the signifi-
cance of the deformation effect in lubrication, there were few
scholars considering mechanical deformation of the shaft/
journal as well as the bearing housing in the study of journal
bearing performance [5-8]. It is worth to mention the early
work of Liu et al. [5] who explored the use of fluid-structure
interaction (FSI) to predict the bearing behavior varying kinds
of bearing materials and dynamic unbalanced loading of the
joumnal using a commercially available software. It was found
that the elastic deformation of the bearing has a significant
effect on the performance of the rotor-bearing system. To
model cavitation, the simplified phase change boundary con-
dition was assumed. Charitopoulos ct al. [6] based on fluid-
structure interaction (FSI) approach demonstrated that the
stator (pad) deformation generates a pattern similar to the
yielded pressure distribution. In their work, however, one-way
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Fig. 1. Schematic representation of uniform sand-grain roughness.
Note: K, is roughness height.

FSI was employed. It should be noted that in one-way FSI
technique, the deformation of structure was not used in calcu-
lating the change in the film thickness. Other interesting study
conducted by Wodtke ct al. [7] confirmed that the use of FSI
procedure in predicting the bearing performance generates
better agreement with the performance obtained with experi-
mental data compared to non-FSI technique. On the other
words, the authors suggested to consider the deformation of
the structure for predicting the bearing characteristics. In re-
cent publication, Linjamaa et al. [8] showed that the eclastic
and thermal deformations have a significant effect on bearing
performance. In their study, the deformations were predicted
using the integrated finite element method, while hydrody-
namics were based on the Reynolds equation.

Based on literature survey discussed above, one can find
that the studies related to journal bearing system considering
the mechanical deformation are rather very-very limited. Also,
it has been observed from the literature that the cavitation that
often occurs in the divergent zone of the journal bearing was
not properly modelled. Therefore, to complement the previous
findings, in the present work the elastic deformation is taken
into account. The main aim of the present study is to investi-
gate the surface roughness effects by a means of fluid-
structure interaction (FS1) approach either in one-way FSI or
two-way FSI on three-dimensional journal bearing. During the
calculation process, the phase change boundary condition is
considered to model the cavitation in fluid domain. As a note,
most of previously published works the lubricant vaporization
was not considered. The inclusion of mass-flow preserving
cavitation model as well as mechanical deformation provides
a more realistic prediction of the actual operating process of a
joumnal bearing with roughness. Based on our best knowledge,
this is the first study combining CFD with a two-way FSI
technique to model the elastohydrodynamic (EHD) lubrication
within a roughened journal bearing whilst considering multi-
phase cavitation model.

2. Method
2.1 Roughness model

Once the journal bearing is manufactured, the finishing
process may yield different surface roughness levels. In order
to investigate the effect of roughness, in this work the rough-
ness is modelled as uniform sand-grain roughness defined by
roughness height parameter X, as shown in Fig. 1. In this ap-
proach, the height is assumed constant per surface. For com-
putations, in ANSYS FLUENT® the roughness height K
must be specified in the surface boundary condition.

As a note, the roughness height K, is the equivalent sand
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grand roughness height, and is not equal to the geometric
roughness height of the surface. Therefore, the equivalent
sand-grain roughness height must be correlated with the ap-
propriate geometric roughness parameters as measured surface
roughness parameters, for instance, R, (arithmetic average of
the roughness profile). According to Adams et al. [9], the cor-
relation between K, and R, can be approximated as follows:

K, =5863R,. (1)

Since the correlation as depicted in Eq. (1) has been ex-
perimentally verified [9], for all following computations the
surface roughness parameter &£, measured by the profilometer
can be used as an input to specify the roughness of the bearing
surface.

2.2 Basic theory

The steady three-dimensional turbulent Navier-Stokes equa-
tions are calculated for the lubricant film flow considering the
effects of the body force and inertial force terms. For fluid
dynamics studies, the analysis focuses on solving momentum
conservation (Eq. (2)) and mass conservation (Eq. (3)) equa-
tions. For detailed derivation of these equations, the interested
reader is referred to additional Ref. [10].

In Egs. (2) and (3), g is the density of the fluid: u; and u; are
the average velocity components for x, y, z; p is the static hy-
drodynamic pressure; g is the viscosity: u and u'j are the
fluctuation velocities; — o "', is the Reynolds stress; and i,

JF=12,3(x,» 2). In the present work, the Reynolds stress is

solved by the standards & and £ [10, 11].

As is known, during the operation of the journal bearing, the
cavitation of lubricant often oceurs, especially in the divergent
zone. Therefore, for all, the cavitation phenomenon in the
computational fluid domain is modelled by using a phase
change boundary condition, which assumes that cavitation
results from the pressure change in fluid domain. In this way,
the growth of gas bubbles often accompanies the cavitation
process. The cavitation and fluid models are coupled through
momentum and single set of density equations for the mixture.
The validity of this method has been demonstrated in previ-
ously published works [12-16].

In ANSYS FLUENT®, there are three available cavitation
models: Schneer and Sauer model, Zwart-Gelber-Belamri
model and Sighal et al. model [11]. In this study, the Zwart-
Gelber-Belamri is employed due to their capability (less sensi-
tive to mesh density, robust and converge quickly [11]).

In cavitation, the liquid-vapor mass transfer (evaporation
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and condensation) is govermned by the vapor transport equation

[11]:

&
E(al_pl,h V(apv)=R,-R (4)
where «, is vapor volume fraction and p, is vapor density. R,
and R, account for the mass transfer between the liquid and
vapor phases in cavitation. For Zwart-Gelber-Belamri model
assuming that all the bubbles have the same size in a system,
the final form of the cavitation is as follows [17]:

3u, (1-a,)p., f2 P,-P
()
R, ‘J?' P
3ap, (2P-P
R

pEp, R,=F,,

rpzp, R=F, (6)

o V3P
where F,,,, = evaporation coefficient = 50, F,,,, = condensa-
tion coefficient = 0.01, R, = bubble radius = 10° m, @, =
nucleation site volume fraction = 5x 107, p, = liquid density
and p, = vapor pressure.

Once the hydrodynamic pressure is predicted through Eq.
(2), the load support of lubrication " can be calculated by
integrating the pressure p over the journal surface as follows:

W= j' j' prdéd: (7

where ¢ indicates the circumferential angle from the maxi-
mum film thickness and r expresses the shaft radius.

Fluid-structure interaction (FSI) is coupling finite e¢lement
method (FEM) software environment and computational fluid
dynamic (CFD) software environment. For FSI (fluid-
structure interaction) analysis in this work, the deformation of
shaft journal and the housing is calculated. For solid dynamics
problems, the balance equation goveming the solid domain
derived from Newton's second law reads:

pd =dive, + F, (8)

where subscript s refers to solid designation, p, is the density,
d. denotes the local acceleration vector, o, indicates the
stress tensor and F; expresses the body force vector.

During the solution process, the finite volume method is
used to solve the lubricant performance through FLUENT
module of the ANSYS software, while bearing’s mechanical
performances are calculated with the finite element approach
employed through the transient structural module of this ver-
sion. In ANSY'S, the system coupling may allow the execution
of the data exchange in corresponding iteration stagger be-
tween fluid and solid analysis.

In this research, the fluid-shaft and fluid-housing interfaces
are considered as coupling walls. Two-types of FSI approach
(one-way and two-way FSI) is compared in terms of hydrody-

r

(a) (b)

Fig. 2. Configuration of lubricated joumal bearing: (a) Fluid domain
(lubricant film); (b) solid domain (bearing and shaft); (¢} front view of
bearing-shaft (1. Pressure inlet, 2. Pressure outlet, 3. Bearing interface,
4. Shaft interface, 5. Outside of housing, 6. Wall of housing. Note: A,
is maximum film thickness; h,;, 15 minimum film thickness; e is eccen-
tric distance; r is shaft radius; R is inner radius of the bearing; @ is
circumferential angle from the maximum film thicknesses; ¢ is attitude
angle; @ is angular velocity).

namic pressure, and load support. As a note, for one-way FSI
the deformation of the structure is not considered in calculat-
ing the change of film thickness, while for two-way FSI, the
deformed geometry is used to solve for the flow field and thus
the last one may obtain more realistic behavior of bearing.

2.3 Computational model

The schematic representation of journal bearing is shown in
Fig. 2. The bearing represented in Fig. 2 has the following
dimensions: The total bearing length L = 133 mm, the shaft
radius r = 50 mm, the housing radius R = 50.145 mm, the
eccentricity ratio £ = (L61, and the thickness of housing struc-
ture /, = 50 mm. The elastic modulus £ and Poisson ratio v
for the bearing with lubricant viscosity g of 0.0127 Pa.s are
200 GPa and 0.3, respectively. The angular velocity of shaft w
is 48.1 rad's.

For all following computations, the surface roughness is ap-
plied on both the stator and rotor surfaces. In this study, the
level of surface roughness (R, in this study) is varied from 0
(perfectly smooth) to 12.5 pm. As is known, one of process
for manufacturing bearing is grinding. According to JIS B
0601-2001, the surface roughness due to grinding process can
be categorized as precision (R, = 0.1-0.2 um), fine (R, = 0.4-
0.8 um), medium (&, = 1.6-6.3 um), and rough (&, = 12.5-100
um). Therefore, in the present work, four classes of surface
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roughness, that is, £, = 0.1 pm (precision), 0.4 um (fine), 1.6
wm (medium), and 12.5 pm (rough) will be chosen in terms of
lubrication performance for following computations.

2.4 Boundary condition

At the bearing as well as joumnal interfaces, the no-slip
boundary conditions are assumed. It means that at the inner
surface, the fluid moves with the same velocity as the angular
velocity of the shaft. At the outer surface of the fluid domain,
the fluid velocity equals to zero. On two sides of the three-
dimensional fluid domain, the boundary conditions are set as
“pressure inlet” and “pressure outlet”, respectively with rela-
tive pressure at zero Pascal (see Fig. 2). At this condition, the
volume fraction of the lubricant film is set to one.

In the present study, the governing equations for fluid do-
main are discretized by finite volume method, which has been
employed by ANSYS FLUENT® as commercial CFD sofi-
ware package. In order to obtain an accurate pressure, the

SIMPLE algorithm is chosen in the velocity-pressure coupling.

For the momentum equations, a second-order upwind discreti-
zation scheme is employed whilst for the volume fraction
equation, the QUICK discretization scheme is chosen and the
others are default. The computational parameters of the fluid
domain include lubrication performance parameters such as
the hydrodynamic pressure and load support (Eq. (7)).

In this research, the structure model is constructed in
ANSYS Design modeler. For all following computations, as
seen in Fig. 2, the bearing outer surface is fixed, whilst the
inside surface of the bearing housing is set as fluid-solid inter-
face.

2.5 Mesh generation

In the present study, the bearing housing as well as the lu-
bricant film is meshed with the hexahedral element for creat-
ing the uniform mesh and enhancing the computation effi-
ciency and precision. Mesh convergence test has been per-
formed to determine an appropriate mesh size in order to
achieve the independent mesh. The total number of the ele-
ments for the lubricant and the meshed bearing is 1292200
and 145395, respectively. For flow analysis the dynamic mesh
technique is employed in ANSYS to model the change in
thickness of fluid domain.

3. Results and discussion

3.1 Validation

In order to validate the multi-phase cavitation model with
the phase change boundary condition and the developed solu-
tion control of numerical approach, a full oil film as well as
the mechanical structure of the three-dimensional (finite
length) journal bearing is modeled in ANSYS Workbench. As
a note, for one-way FSI analysis, the system coupling is not
used, while for two-way FSI, the interaction of ANSYS
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Fig. 3. {a) Nodal hydrodynamic pressure distribution; (b) volume frac-
tion of lubricant vapor. The results are evaluated at the ideal (perfectly
smooth) surface (R, =0). Note: @ is circumferential angle.

Cupillard et al [12]

300 w  Experinent [ 18] H
- = = Presen: Study (Two-way FSI)
Present Study (One-way FSI) 4

Hydrodynamic pressure [kPa)

W15 IHO 210 240 270 M0 330 6D

Circumferential angle [*]

Fig. 4. Numerical and experimental pressure distributions. The *“pre-
sent study™ curves are evaluated at =L = 0.1 with the reference = coor-
dinate at the center-line of the bearing as described in Ref. [12]. The
results are evaluated at the perfectly smooth surface (R, = 0).

FLUENT for fluid flow analysis and “transient structural”
modul for mechanical structure analysis is conducted by sys-
tem coupling. In this way, some most significant hydrody-
namic lubrication performances are calculated.

The parameters of the model for validation purpose are as
follows: The radius of journal r is 50 mm, the length of the
bearing L is 133 mm, the radial clearance ¢ is 0.145 mm, the
angular velocity of the journal @ is 48.1 rad’s, and the eccen-
tricity ratio £ is 0.61. For lubricant properties, the dynamic
viscosity 4 used is 0.0127 Pa.s, and the density of lubricant
2 is 840 kg/m’. For validation of multi-cavitation model stud-
ied here, the vaporization pressure used is 20 kPa which corre-
sponds to a subambient pressure. The dynamic viscosity of
lubricant vapor is set to 2 x 10° Pas and its density to
1.2 kg/m’. It should be noted that the geometry used for vali-
dation in this work has identical dimensions to that in CFD
model of Cupillard et al. [12] and experimental work of Ja-
kobsson and Floberg [18].

The contours of nodal hydrodynamic pressure profile and
volume fraction of lubricant vapor are shown in Figs. 3(a) and
(b), respectively, while the comparison result of the pressure
distribution between present study (one-way FSI and two-way
FSI), CFD simulation [12], and experiment [18] is reflected in
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Fig. 5. Influence of surface roughness on hydrodynamic pressure pro-
file based on (a) one-way FS1 approach; (b) two-way FSI approach.

Fig. 4. As can be observed in Fig. 4, the hydrodynamic pres-
sure distributions predicted by the present approach (one-way
FSI and two-way FSI) are in a good agreement with the ex-
perimental and other numerical works including the cavitation
area with a constant pressure. As a note, the cavitation model
used in Ref. [12] is based on the Rayleigh-Plesset model, that
is, a multi-phase flow model in which lubricant vapor is gen-
erated when hydrodynamic pressure falls below the saturation
pressure p,. In the present study, as mentioned in the previous
section, the multi-phase cavitation model of Zwart, Gelber and
Belamui [17] is considered here, in which there are some equa-
tions of growth and collapse of air bubbles generated in the
cavitation zone. The phase change condition and the negative

pressure can be observed in divergent zone as illustrated in Fig.

3. Morcover, the feasibility of using two-way FSI approach (in
which the deformation of the structure is considered) to pre-
dict the lubrication performance of bearing is checked as well.
In terms of load support, compared to that in experimental
work [18], the relative error is (.3 and 0.1 percent, respec-
tively, for one-way and two-way FSI method. Generally
speaking, the multi-cavitation model as well as the simulation
method by considering the deformation of the structure em-
ployed here is more suitable to predict the actual working
condition of lubricated journal bearing. Besides, based on Fig.
4, the two-way coupling method generates results that well
reflect the lubrication behavior of the journal bearing.
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Fig. 6. Comparison of predicted load support between one-way FSI
and two-way FSI techniques for different surface roughness values.

3.2 Effect of surface roughness

As evident from the available Refs. [1-4], the surface
roughness influences the formation of a lubricant film thick-
ness and thus the hydrodynamic pressure characteristic. In the
present study, numerical analysis has been carried out to study
the combined effects of surface roughness and mechanical
deformation on the lubrication performance (i.e. pressure, load
support and volume fraction of lubricant vapor).

The influence of surface roughness on the pressure and load
support is shown in Figs. 5 and 6, respectively. Fig. 5 shows
that the distribution of hydrodynamic pressure over the surface
is strongly affected by the surface roughness regardless of
whether the deformation is considered or not. The higher the
surface roughness level, the lower the pressure profile as well
as the peak pressure. As a consequence, it leads to the de-
crease in load support as indicated in Fig. 6. In the case of
onc-way FSI, for example, compared to ideal (perfectly
smooth, R, = 0) joumal bearing, the load support for rough-
ened bearing reduces up to 1.53 %, 6.37 %, 22.49 % and
67.14 %, respectively, for R, = 0.1, B,= 04, R,= l.6 and R, =
12.5. In the case of which the deformation is included, the
decrease in load support becomes larger for all values of sur-
face roughness compared to that of which the deformation
effect is excluded. For “rough” surface, the deterioration of the
load support up to 86.85 % is observed. From the engineering
point of view, these results indicate that the finishing process
for creating the desired surface roughness level of contacting
surfaces should be well performed in order to prevent the
manufacturing errors and achieve the best lubrication per-
formance.

With respect to the cavitation region, based on Fig. 7, it can
be underlined that based on the simulation results both for
one-way FSI and two-way FSI cases, the distribution of the
lubricant vapor does not change very much with the increase
in surface roughness. However, for “rough” surface (i.e. R, of

12.5 pm in this case), the one-way FSI technique gives the
smaller area of the lubricant vapor. This trend strengthens the
previous result in terms of the length of the cavitation region
as observed in Fig. 5(a). Contradictive result is observed when
the mechanical deformation is taken into account (i.c. two-
way FSI); for “rough™ surface the slightly larger distribution
of the lubricant vapor is highlighted. The plausible reason for
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this is that, for surface with high roughness level, the amount
of vapor bubble along the divergent area is increased by the
presence of deformed surface asperities and thus more gas
bubble is trapped in asperities. It leads to the increase in the
vapor volume fraction in the fluid, leading the hydrodynamic
pressure value in the remaining lubricant in the convergent
area to decrease as well as its peak pressure value.

3.3 Effect of deformation (one-way vs two-way FSI)

In this section, the significance of the inclusion of the de-
formation effect in lubrication analysis is performed in terms
of hydrodynamic pressure and load support through fluid-
structure interaction (FSI) technique. For one-way FSI calcu-
lation, only the lubricant pressure acting at the structure is
transferred to the structure solver. For two-way FSI prediction,
the deformation of the structure is also transferred to the fluid
solver. In this way, the deformed surface of lubricated con-
tacts will make an updating the film thickness.

Fig. 5 as reflected in the previous section gives the compari-
son of the hydrodynamic pressure distribution of lubricated
contact for two cases: One-way FSI versus two-way FSI for
different surface roughness levels. It can be seen from Fig. 5
that one-way FSI method generates the slightly higher result
in terms of hydrodynamic pressure and load support compared
to two-way FSI one. From the physical point of view, it indi-
cates that the mechanical deformation of bearing gives a sig-
nificant role in altering the lubrication behavior. When the
surface deforms due to hydrodynamic pressure, the change of
the film thickness in bearing occurs, and as a consequence the
flow field will change. As depicted in Fig. 6, for all roughened
bearing, the difference in the predicted load support between
one-way and two-way FSI1 techniques is quite significant, i.c.
30-70 % depend on the surface roughness value.

By comparing two conditions, ic. one-way and two-way
FSI as displayed in Figs. 5(a) and (b), another interesting re-
sult is observed, that is, when the two-way FSI is employed,
the cavitation zone becomes quite larger. The most possible
explanation is that when the deformation of the structure oc-
curs, the film thickness changes. Reminding that the lubricant
supply is constant during the bearing operation, the deformed
geometry may become a trigger to the change in hydrody-
namic pressure values, and finally it leads the phase change in
wider area. For detail, dealing with this physical phenomenon,
the contours of volume fraction of lubricant vapor-phase are
presented in Fig. 7 for different roughness values as shown in
the previous section. It can be observed that for all cases the
vapor volume fraction mostly occupies the divergent area that
generates gas. Specifically, for two-way FSI calculation the
distribution of volume fraction of lubricant vapor is larger than
that for one-way FSI for all cases. When the elastic deforma-
tion exists both in housing and shaft of the bearing system, the
clearance value between the housing and shaft increases lead-
ing to the change in film thickness. As a consequence, more
lubricant will fill in the area diminishing the peak hydrody-
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Fig. 7. Comparson of contour of volume fraction for vapor phase be-
tween one-way FSI (left) and two-way FSI (nght) in the case of (a) per-
fectly smooth surface (R, = 0 pm); (b) R, = 0.1 pm; (¢) R, = 0.4 pm; (d)
R, = 1.6 pm; (e) R, = 12.5 pm. Note: @ is circumferential angle.
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Table 1. Maximum deformation at different roughness vahies.

Surface roughness (pm) Maximum deformation (pm)
0 0.26
0.1 0.26
0.4 0.26
1.6 0.24
125 0.19

. 2607307
2376 T
202797

e
U 1,158

869178

5794108
I 1mTed
0 Min

I 2395307
2128187

18E38.7

(e)

Fig. 8. Contour of bearing deformation (in mm) for the case of (a)
perfectly smooth surface (R, = 0 pm); (b) R. = 0.1 pm; (¢) R, =
04 pm;(d) R,= 1.6 pm; (e) R, = [2.5 pm.

namic pressure generated. This is also the reason why the load
support is reduced when the deformation effect is taken into
account. Overall, it indicates that in order to obtain the closer
result to physical observation, the deformation of the structure
should be included in the analysis, which means that two-way
FSI should be employed.

In order to describe the mechanical performance, the de-
formation contours of the bearing are depicted in Fig. 8 for
different surface roughness values. Two specific features can
be found based on Fig. 8. Firstly, for all cases studied here the
maximum deformation appears at the convergent region, es-
pecially at the position of circumferential angle & of 145°,
which is caused by the high hydrodynamic pressure at the

same location.

Secondly, it is easy to observe that the variation in the sur-
face roughness little affects the deformation value, which im-
plies that the surface roughness effect reflects mainly in alter-
ing the tribological performance for the bearing, instead of the
mechanical performance. For detail, Table 1 summarizes the
maximum deformation of the bearing structure for different
surface roughness values.

Based on Table 1, it is interesting to compare the values of
the computed deformation with the minimum film thickness.
In this study, it is found that the minimum film thickness to
maximum deformation ratio ranges from about 200 to 300
depend on the surface roughness level. However, relatively
small deformation has been proven to alter the lubrication
performance and lead to the deterioration of the predicted load
support. From this result, again, it is advisable to consider the
effect of mechanical deformation in the bearing analysis.

4. Conclusions

The effect of surface roughness on the performance of
three-dimensional joumal bearing considering mechanical
deformation was studied using fluid-structure-interaction
(FSI) method. One-way FSI and two-way FSI methods were
compared in terms of hydrodynamic pressure and load support.
The investigations revealed that the pressure distribution and
load support decrease with the increase in roughness. In addi-
tion, it was concluded that the deformation of the solid struc-
ture clearly affects the flow pattem and thus it cannot be ig-
nored in lubrication analysis for obtaining more accurate result
of bearing performances.
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