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ABSTRACT

In the present work, we analyzke thermal Elastohydrodynamigbrication (EHL) of line contact problem with grease as
lubricant. The nonNewtonianHerschelBulkley model is employed to derive the governing equations of the physical problem.
The governing mathematicahodel is andyzed numerically for smoottas well asrough surfaces. Thearious effects of
temperature on pressure and film thickness profileda®ussed in detail. THeadingequations viz., Reynolds, film thickness,
load balance and energy equations along with appropriate bouookasiraintsare discretized by using second order finite
difference approximations. Thesultingsystems of notinear algebraic equationgere solvednumerically throughiNewton
GMRES method with Daubechies D6 wavelet as-qmeditioner. The multilevel multi integration (MLMI) technique is
employed tocomputethe film thickness. The obtained results are illustratedughfigures and tables. The comparison of
isothermal and thermal film thicknepsofiles for various load and speed are presented. It shows that, the isothermal minimum
film thickness iggreater thawompared tdhethermal minimum film thickness, and ¢he flow indexn increaseshe respective

film thicknessalso increases.

Keywords:EHL, MLMI, HerschelBulkley, NewtorGMRES method, Daubechies D6 wavelet
well as theoretically. EHL line contact problem with similar

1. INTRODUCTION model as in [11was considerednd obtained more accurate
film shape by Jonkisz and Freda [12].
In the tribology components, the load appled over Boardenet et al. [13] discussed the pamentact EHL

a small contact regiorwhich results into high pressure Problem andviewedthe two fluid layers at the inlet region.
generated within the contaegion;it leads todeformation of The film thickness expressiooresentecby Baartet al. [14]
the contacting surfaces. This phenomenon of lubricationi&s a function of soap concentration and temperature. The
widely known as Elastohydrodynamic lubrication (EHL). Ifnore advanced film thickness formula wareposecby Ding
most of the machine components viz., cams, rolling beari@ld Qian [15] for EHL line contact problem. HerseBelkly
tappets and geaetc. The variouslubricants used in order tomodel was used tstudy the EHL line contact problem by
reduce the friction, weaand tearof machine elementgo Cheng [16]. This modekas utilizedto study the influence of
increase the life of machine components. Grease is usedefgperature and grease rheology on the fluid film thickness by
lubricant in 8690% of the machine components. Th&©00 and Kim [17] Karthikeyan et al. [18] showtbe effect of
properties offered by grease make it as efficient lubrica@mperature and speed on the nature of grease flow and film
under the operating conditions, dueitocomplexstructure it formation in EHL point contact. The review article of Lugt
behaves as aon-Newtonian fluid. Also, greases different [19] revealed all the aspects of grease lubrication in rolling
from other lubricant as it formed by lubricating oil andearings. Awati and Naik [2G§xaminecthe EHL line contact
thickening agent dispersed in it. The simulation of EHL lineroblem with grease as lubricant using Multigrid metiioat
contacts with grease as a lubricant enatiedvercome the comprisesof HerschelBulkly model. The effect of electric
failure of these components. double layer on EHL line contact probleis analyzed
Experimenta"y Poon [1] was first to Studhe EHL numerica”y by Awati et al. [21] Zhang et al. [22] discussed
problem lubricated with grease, and noticed that the filtie numerical solution of EHL finite line contact by
thickness of grease is higher than the base oil. The simf@nsidering the Ostwald model, predicting the film thickness
observations are made the study of Wen and Ying [2], by neural and genetic algorithms. Li et al. [23] analyzed the
illustrated with sophisticated experimental tools. Using opticgyolution ofgrease film with glass revolutions in rolling EHL
interferometry, Astrom et al. [3] and Kaneta et al. [4] analyzé@ntacts. The mixed lubrication of point contact problem was
EHL problems with fully flooded grease as lubrican§tudied by Yang et al. [24] artie calculated film thickness
Specfically, at the inlet region, greasei] influences an for smooth and rough surfaces.
equal or even more significant for the determination of film In general, contacting surfaces are no smooth in nature.
thickness profiles. The film thickness increases with increa¥er the years many investigators studied the effect of surface
in viscosity of base oil was studied through experiment KQughness on EHL contacts. Three types of surface roughness
Kageyama et al. [9]. Magnetic transducer was used to mead@ind in the literature; viz., longitudinal, transverse and
film thickness of grease in EHL line contact problem bipotropic. Isotropic asperity presents randomly distributed and
Aihora and Dowson [10]. The Hersckgulkely model was does not have apparent directions. The hydrodynamic fluid
used toexaminethe fully floodedEHL problem withgrease flow is governed by surface asperitiyese effectdubricant
by Kauziorich and Greenwood [1ffjrough experimentally as Performance. Stochastic model and deterministic model are
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widely used in the analyses of hydrodynamic arghd micro particle additives on rough surface thermal EHL
elastohydrodynamic lubrication. with  nonNewtonian fluid. Zhang et al. [50] studied

In stochastic model, it considers some statisticalimerically the effect of finite line contact on bysin hinge
parameters to study the effect of surface asperity on contactadys in industrial chains. The effect of temperature in micro
surfaces as well as properties of lubricant. To find the effectEBifiL finite line contact problem was analyzed by Liu et al.
surface roughness on hydrodynamic lubrication, researchi&®]. For highly loaded EHL contacts a new technique to
like Greenwood and Williamson [25], Greenwood and Trippredict traction was proposed by Liu et al. [52]. The
[26], Patir and Cheng [27] utilized the stochastic model. Bxperimental study on scale and contact geometry effects on
order to explore the effect of surface asperities in EHL lifigction in ThermalEHL problem was discussed by Philippon
contact problem deterministic model was used by Cheng [28].al. [53]. Marian et al. [54] analyzed the point contact EHL
The effect of temperature along with surface roughnessgroblem by using the machine learning and artificial
EHL problem was discussed by Sadeghi and Sui [29]. Furtlietelligence (Al) to predict the film thickness. Coupled finite
they applied NewtoiRaphson method for calculatingelement line contact solver was used to obtain the new
isothermal results and used control volume finite elemerdefficient formula for line contact EHL problem operating in
method to solve energy equation to find the temperatutke linear isothermal region was studied by Higashitani et al.
Numerical solution of point contact EHL problem wa$55].
analyzed by Hu and Zhu [30]. They obtainedd 3surface
asperity under various rolling/sliding parameters. Considering 1.1 KRYLOV SUBSPACE METHODS
the average flow model of Patir Cheng [27] in mixed EHL (KSM)
problem was studied by Wang et al. [31], the computed results
were agree with the findings of Hu and Zhu [30]. The

expgnmental study of Lu et al. [33] pon5|dered bOthDEs by finite difference or finite element methods leads to
longitudinal and transvgrse surface asperity 10 anglyze gparse linear system of equations. To solve these large sparse
the.rmal .e.ffects on elliptical EHL problem for d|1Lferents.ystems of equations there are many direct and iterative
rolling/sliding conditions. . . methods are available in the literature. Among them sparse
Akbarzade_h and thnsan [3.4]. discussed thg effects @lect solvers is one, which cannot be used for wide range of
surface asperity on friction coefficients. EHL point Conta‘zd_oblems. The main focus of available iterative method is to

The discretization ofpartial differential equations

prodeErr? alon_g ;\gth _?rl:rfacf? asp?rity ¥vas studie_d by Soj_o Inimize the number of iterations which is less than the order
?T). _onsarfl [EH]L i ee e(;:t of surtace asp(;?ty On MIXeSt coefficient matrix in order to get the required solutions.
ubrication o Ine and pointcontact problens was g/lost of the large scale linear system of equations is solved by

discussed by Zhu and Wang [36] using deterministic modgl., o.onditioned Krylowubspace method, which is also an

T_he isothermaﬂhermaIE_HL point [ine contact problems with iterative method. Multigrid method is one of the most efficient
bio-based oil as lubricant on smooth and rough surf

8fifiite differencemethodsbut nowadays it is used as an inner
asperity were numericallgfiscussedy Awati et al. [37] [38]. ! ! Ut nowacays 1t 1S U !

Awati and K 29 idered th Newtoni ! iteration with a Krylovsubspace method as outer iteration.
wall and Kumar [39)considere € neewtonianpiezo Hestenes and Stiefel [bthtroduced the Krylov subspace
viscous EHL line contact probleand determine the solution

) A ; method as the direct method to solve large systetmear
by ulsmg Newto(;(;_MRES method with Daubechies I:)Gequations. But Ried [§/called these methods as an iterative
wavelet as preonditioner. method to solve thé&argescalesystem of linear equations of

The study of thermal EHL problems gained muc — e At
attention in the past few decades. Effect of temperature onhthe formAX=B . Let x,be the initial approximation to the

EHL is demonstrated by Sternlicht et al. [40] amedictsthe Solution of system of equations amgl=B- Ax, be the initial
difference between isothermal and thermal film thicknessidual error then

Cheng and Strenlicht [41] study the complete thermal EHL - 2 M- }:
equations for Newtonian fluid. Greenwood and Kauzlarich Kuy (A To) = sparfy, Ay, ATo,...... A_ ]TO . Ky (1)
[42] arrogatethe shear heating and heat conduction into rolleY$hereKu be theKrylov-subspace of dimensiovi generated
to be the only mechanism of heat generation and removly Aandr,. The building blocks of Kryloxsubspace methods

inorder to simplify the energy equation. The similar energye generated via Arnoldi,-hianczosand complex symmetric
equation is used by the Murch and Wilson [43] to discuss thgnczos processThe Arnoldi process produces orthonormal
thermal effects on film thickness. The importance of heatimgsis vectors of Krylosubspace, it never suffers from
effect on the reduction of film thickness is explained by Ghogfteakdown but computational costs increases with increase in
and Hamrock [44]. The effect of temperature and -nothe iteration number. Bianczos proess obtains a orthogonal
Newtonian lubricant on the performance of EHL line contaghsisvectors of Krylovsubspace, the computational cost does
problem was discussed by Salehizadeh and Saka [45]. not increases with number of iterations but breakdown occurs
The CFD model is used texplorethe effect of thermal here and neathe breakdown orthogonality property of basis
and shear thinning EHL line contact problem by Hartinggectors $ lost. Hestenes and Stiefel [Sétroduced the
[46]. Wang and Yi [47] numerically discussed the transie@onjugate gradient (CG) method and it is known as Keylov
thermal EHL analysis of an involute spur gear. By usingibspace method. The rewiarticle of Golub and Leary [$8
NewtonrRaphson and multigrid methp®hanittha and Jesda mentioned the history of CG method ani derived from the
[48] determined theough thermeEHL with nonrNewtonian | anczos process. This method is applied when a matrix
lubricant. Jesda [49] numerically analyzed the effect of nagpmmetric and positive definite. The Conjugate residual) (CR
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method proposed by Stiefel [F9it can be applied to numerical solution of EHL line contact problemwith
symmetric indefinite matrix. The minimal residual (MINRESHerschelBulkley model. The numerical simulation consists of
method was imbduced by Paige and Saundes8]] and CR modified Reynolds, film thickness and load balance equations
method obtains the same approximate solutions. Lanczwe solved simultaneously by using Newt6MRES method
process is used to achieve the minimization. with wavelet based preondi ti oner . I'n thi:

MINRES is generaligd and named it as Generalizednethod is applied in the outer loop and GMRES with wavelet
minimal residual (GMRES) method, the derivatiof the based pr&onditioner isused in the inner loofor the solution.
method was given in [§1The approximate solutiaof linear The obtained results were presented for both smooth and

system of equatimwould be x that minimizes||B- Ax|| rough surfaces with various operating conditions.
over the spacg, +ky, (A r,). The Arnoldi process is used to
generate orthonormal basis for the subspagA 1,

Let V; be N3 nmatrix whose columns are basis for the The HerscheBulkley model is used to predict shear

subspace Ky (Ar,) by Arnoldi process, since Stress with grease as lubricant in the lubricating film is
expressed as

2. GOVERNING EQUATIONS

X: 1 %o +ky (A1), we have

L _.© 1"@
Xe =% *ViYs, Va1 R 2 r= gy+hs u- 0
u
The residual vector for Eq. (2) can be expressed as _
r, =ry- AV.Y,. (3) wheret , is the yield stressfigis the viscosity of greaseyis

Using the matrix representation of Amoldi processan be the shear rate and is the flow index. The modified form of
written as Reynolds equation is considered am account of flow of

_ grease between two cylinders (steady state, isothermal,
Iy —le(bel- Hﬁ+1,ﬁyﬁ)’ (4) incompressible and laminar). The pressure varies along the
where, b= ||ro||, Hnunis  Heisenberg matrix  and flow direction &-direction). The modified Reynolds equation is

" given by (Yoo and Kim [17])
Vi1 Vi = I5sq.- is the identity matrix.

m o ~ ~
5 0a h,d & Q
The 2norm of residual vector is expressed as algg &- ?pg g+ m1+ 1Tp8
— - ¢ TG = ¢ -, 8
||rﬁ|| - ”Vﬁﬂ(bel - Hﬁ+1,ﬁ yﬁx - Hbel - Hﬁ+l,ﬁ Ya: ) K ®)
By choosing a suitabley, the 2norm of the residual vector is . 2 (h' hO): 0
minimized andy. is written as ap gt
_ . wherek = 22™(m+2UuELP-8 | his the viscosity of grease,
Ys =arg Tg‘ﬁ]”bel - HoanYal - (6) ¢V =

his the film thicknessh,is the width of the plug flow and

The above mentionedy_is computed by using Givens . . .
&, P y g m=1/n.The dimensionless parameters used in the present

rotations. The GMRES is based on Arnoldi process

modified GramSchmidt type. As compared to other KMovg{udybecomes ¢

subspace methods, GMRES an attractive features viz., it  x =X H :E, p=P s ="y

never suffers from breakdown and residuaidm decreases b b? P 7t y0

monotonically and optimality regarding the residuahdtm. ¢ h ATy W ©)
The drawback of GMRES method is that, the number of y =X m="" U= Oms yW=—

iterations increases the computational costs and memory also Ph ho (E)"R ER

increases linearly. To overcome thiifficulty, restarted The nondimensional Reynolds equation can be written in the
GMRES method is employetb obtain the solutionln this form
method, we fix the maximum number of iterations, once it is
reached,and thenuse the restarted GMRES method, the
previously obtained solution from GMRES will act as initial
guess for the restarted GMRES method. The crucial point for
successful application of GMRES revolves around the - —mp (H-Ho)=0
decisionwhen to restart was given in [62], many research
[63, 64, 6% discussed the same. n
The complex structure and rheological characteristics of Xged_Pg =(H - Hy) (11)
grease makes it for understanding EHL problems with grease cdX + o
as lubricant lags far behind. The numerical study of grease

lubricant is quite less as compared to the experimental studies. where x =
Most of the numerical methodeequire large number of K
iterations to achieveonverged solution. This is mainly due to

large condition number of the matrix that occurs in solving

large system of equations. The present study carries the

m m+1

QOO

H ; H
M ‘%+ 1 ™o
HS & m+lH

|-CDOL
g
|- OO0

, (10)

' »oa‘.?rlmo
T =
oo

~ ><|'U

e|:Séking the last term to RHS and rearranging the terms, we get

m m+1

R

H m+2

H 3 H
Ap %Jr 1 P
H ¢ m+lH

OO0
OO

Eel Qo
Bp=
-aDOY

o
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. . dP . . * * * *
Te H if —=0 Ariu KT +Bu-[ W*“P+
H p =1 F pX roopr X
tor, | P ¥ Otherwise (1)
17¥Vaw dp/dx 12) TG A T B
uZ aeuz 0

Now, differentiating the Eq. (11) with respectXpwe get
a Q
d 2(adPo 8 dH (13)
dX ¢ ¢dX = dx’ D= -hO%JS—3 . The relevant boundary conditions for Eq. (21)

Eq. (13) represents the modified Reynolds equation for grease ¢b
as lubricant. The boundargonstraintsfor the pressure are in dimensionless form can be expressed as
given in dimensionless form as « kymoR X HT ds

whereA = rocpusTO/b, B=usp,/b, C =-kTyR/b?, and

i Tyst =1+ (22)
ZEDX) 0, attheinletregionX = X;,,and at the outlet region \/p kD’ HZ JX-s'
&—O atx = Xout (14) * —14 k /70 X l.lT* ds (23)
The fluid film thickness equation in dimensionless form can st \/,0 fz’CzUzEkz uZ JXx-s’

be written as

2
HOO=H+ X0 27 nP(X)In(X X)X+ A (15)
2 pEx 3. DISCRETIZATION OF GOVERNING

whereA = %Ir%z%—g Ais the sinusoidal roughnesgk is EQUATIONS

= The computationalomain for the presenwork is
the amplitude, and=is the wavelength. The Roelands J66 Xy =-4 X =15 with N=256 uniform grid points are
viscosity-pressurdemperature relation is used in the preS(':'rclgnsmered. The second order finitéference approximations
analysis and ican be writterin dimensionless forgr;sas are used to discretize the Reynolds, film thickness and load
?[In(ho)+967][ 1+(1+5.12 10 ° p,P)**®]f balance equations. The modified Reynolds equation Eq. (13)

n=e I Gy - 1) 4-(16)  can be discretized as
- 4 m - A A - 4 m
The yield stress of grease, it can be written in-dionensionall (O +Xi1)(Raa - B) 1& *X.1)(R - R.a)
form as DX , (24)
H. - H.
In(t ) +9.67[- 1+ (1+5.13 10°° p,P) >}l JHit i
ry= F[ ] u(17) DX
I ol - B f/ where, DX - Xout= Xin The boundary conditions in
wheregis the temperatureiscosity coefficient of lubricant, ’ TON+1L y
T,is the initial temperature and” is the dimensionless discretized form as
temperature. The densifyressureemperature is expressed as  P(X;,) =0 ,andp(xo‘“) I-D)T(XOUI_ ) 0. (25)
ro=ls DOTO(T ) 1)' _(18) _ The film thickness equation can be discretized as
where, Dy =-0.00065The force balance equation in Y X,
dimensionless form is expressed as Hi =Hg +7" P allK'J P+ Ksing A I nee—="-0 (26)
Xoul J -
i P(X)dX :%. (19) where, the kernekj is given by
Xm
o 6 1]
Kj=-%- j+= SDXén%- j+= DX8 1
2.1.ENERGY EQUATION c 2 & 20 @
The _energy equation_ is u;ed to calc_ulatm +§e- j- —&Xén%- ji-= g 13
temperature in the contact region which can be written in the ¢ 2+ =0
form of The discretization of load balance equation becomes
2 2 &2 P+P
roubl = KT TW WP Qg (20) x4 (B*Ra) P (28)
X pz=  ruT X gHz+ _1 2 _ 2 _ . _
By using the dimensionless parameters the energy equafi®¢ nordimensional energy equation can be written in
can be written in the form of discretized form as
ITEE, 13 (1), pp. 01-11, FEB 2024 Int. j. inf. technol. electr. eng.
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o © o s ~ dimensionless load. Film thickness distributions are depicted
Af*u*m& BT* W %* R~ Py §+ in Fig. 4, for various values of dimensionless IIDoad
g DX 2 g DX X W = 2.2624E - 05, 4.5249E - 05, 9.0498E - 05, 1.3575E- 04 at
AT"  _oT* 4T . § 87 & (29) 4 'cc.)nstant speed :1.0.181E -.11with n=1. It show; that, the '
Caérhkkﬂ ikk " ikl ppagikkd Tikkg — minimum and central film thickness decreases with increase in
& Dz? 0 g oz 9 load parameter.
where, KKindicates the node number in the film thickness o
direction. 08

4. SOLUTION PROCEDURE ;

0.6

0.5+

Film thickness

0.4

The nonlinear systems of algebraic equatioassesfrom
the discretization of Reynolds, film thickness load balance %3]
equations anthese equationaresolved numerically by using 2]
NewtonGMRES method. Energy equation is solved by using

0.1

finite difference with GausSeidel iteration method. These 2o | 45 4o | 05, oo  0s 10 15

systems of nonlinear equation ng Ne
method in the outer loop, then obtained a system of linear

equationsAX= B, are solved using GMRES method in the Fig. 1 Film thickness profiles for various flow index

inner loop. The matribA is usually dense, sparsand non at a constant loaw = 4524% - 05and speed
symmetric in nature and condition number is large, thus U =1.018E- 11

GMRES method slowly converges. In order to avoid this
drawback, the preconditioned techidgis utilizedby Ford et

al. [66. In our computation a suitable pcenditioner
(Daubechies D6 wavelet) is implemented to the mahrix
order to reduce the condition number to get converged
solution in few iterations.

Film thickness
amssalg

5. RESULTS AND DISCUSSION

The isothermal and thermal steady state EHL line contact
problem with grease as lubricant is analyzed by using Newton
GMRES method. Théeadingequations are discretized using
second order finite differencmethod The resultantsystems
of nonlinear algebraic equations are solved simultaneously
using NewtoARGMRES method with Daubechies D6 waveletFig. 2 Pressure and film thickness profiles for different speed
as preconditioner. The effect of temperature, dimensionless with constant loadV = 4.524% - 05and n =1.
speed ), load V) on film thickness and pressure is analyzed 12
with different flow index. Also the effect of sinusoidal
roughness on pressure and film thickness is studied in detail
by considering uniform grids siZé¢=257. The operating
parameters are taken from Yoo and Kim [17]. }

Fig.1 illustrates the film thickness profiles for various 7 0o
flow index n at a constant speed .
U =1018E-11 andloadW =4524%E - 05, it is observed oy
that, minimum film thickness decreases with decrease in the
value of flow index n. For n=1 lubricant behaves as

W=4.5249E-05
104 T W=2.2624E-05

024

Newtonian fluid, the film thickness profiles of Newtonian 00 - ’ . ; ; A
fluid is higher than the grease oil. The pressure and film BT W
thickness profiles for various speed

U =59050E - 12, 1.0181E - 11, 1.6968E - 11, 2.3756E - 11.at a

constant loadV = 4.524% - 05and n=1 is depicted in Fig. 2.  Fig. 3Pressure distributions for various load at a constant
It is noticed that, speed increases, the pressure spike and speedU =1.018E-11andn=1

minimum film thickness increases.

Fig. 3 shows the pressure profiles for different load

W =2.2624E - 05, 4.5249E - 05, 9.0498E - 05, 1.3575E - 04

with a constant speedd =1.018E - 11landn=1. It predicts

that, pressure spike decreases with increase in the
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investigated in detail with amplituddc= 0.05and wavelength

F=005. The pressure and film thickness profiles are

demonstrated in Fig. 9 for high speéd=2375€ - 11and

load W = 4.524% - 05with n =1. Pressure spike and the bulge
in the film thickness are noticeable. For the #Nswtonian

04 pressure and film thickness shows similar characteristics, as

ok those are depicted in Fig.10 for high speaéd 2.375€ - 11

e and moderate load/ = 4.524% - 05with n=0.63.

0.154
0.104
005
0.00 T T T T T T

1.00
0.954
0.90
0.854
0.80 4
0.75 4
0.70 o
0.65
0.60 4
0.554
0.50 o
0454
0.40 4

[ W=1.3575E-04

Film thickness

—— W=2.2624E-05
——— W=9.0498E-05
1.0« = W=1.3575E-04| e

Fig. 4 Film thicknessrofiles for different load with a constant .
speedU =1.018E - 1land n=1.

Pressure

0.6~

The nonNewtonian pressure and film thickness 04+
profiles are demonstrated in Figs. 5 and 6 respectively, for
various speed at@nstant loaV = 4524% - 05 andn =0.63.
These figures show the similar profiles as that of Newtonian oo
fluid. Figs. 7 and 8 depicts, the ndlewtonian pressure and
film thickness distributions respectively, for various load with

a constant speed and n=0.63. It is observed that, pressure spil..

and film thickness decreases with increase in load in case 6. 7 Pressure distributions for varying load with a constant
non-Newtonian fluid. speedU =1.018E - 11 and n=0.63.

11

02+

-2.0 -1.5 -1.0

1.2

114 B

109 ——U=5.9050E-12|
0e] ——U=1.0181E-11
—— U=1.6968E-11

1.04 4
I W=2.2624E-05

A 094 [ W=0,0498E-05 P
= W=1.3575E-04

4 08
074
06
054

1
Film thickness

1 044

Pressure

- 034 4
024 -

0.1 p

0.0

Fig. 8 Film thickness profiles for the different load at a

Fig. 5 Pressure profiles for various speed at a constant load constant speedi =1.018E - 11and n = 0.63

W =4.524% - 05and n =0.63.

25

i
144 = Pressure
l:-—l ilm thickness

20

1.0 U=5.9050E-12 1]
——U=1.0181E-11 o}
—— U=1.6968E-11

0.8

wyiy

Film thickness

06

ssauyoIp

044

0.2+ 05

2.0 1.5 1.0 0.5 OIO 05 10 15 o5 6%
s -3.0 25 20 15 1‘0 0.5 D'O 0'5 10 15
X-axis
Fig. 6 Film thickness distributions for varying speed with a
constant loadV = 4.524% - 05and n = 0.63 Fig. 9 Pressure and film thickness profiles for
. i i . ) sinusoidal roughness at a speé¢d 2.3756 - 11,

The sinusoidal roughness is considered in the present study, load W = 4524 - 05with n =1.

the effect of roughness on pressure and film thickness is
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[+ == Pressure
124 Film lmcknessl

0.8

Pressure

0.6

Film thickness

sSaUIIYY Wyt
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Fig. 10Pressure and film thickness for sinusoidal roughness Fig. 12Pressure and film thickness distributions for
with speedU = 23756 - 11, load W = 4524% - 05and load W = 2262 - 05 speedU =1018E - 11 with
n=063 ’ '

Figs. 11 and 12show the pressure and film thickness n=063

distributions for Newtonian and NeMewtonian fluids

respectively, at low load W=22624 - 05and speed pressure and film thickness distributions are depicted in Fig.
U =1018E-11. Figs 13 and 14 shows the temperaturgs for the speed =1.018E - 11, load W = 4.524% - 05with
profiles for the low speedU=5.905C - 12) and low load ( n=08. It is observed that, thermal film thickness is smaller
W =2.2624 - 05) respectively for the flow indexn=06, as compared to isothermal film thickness. In Fig. 16 the
and n=0.8. these distributions predict that, the temperature iemperature profiles for the speédl=2.3756 - 11and load

the contact region (middle layer) is higher than the surfa®é=4.524% - 05with different flow indexn=0.6 and 0.8are
temperatures. illustrated. It is noticed that, the temperature peak increases
14 - ‘ with increase in the flow index.

e+ = Pressure:

N |== Film thickness 11

lower layer
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Fig. 13Temperature distributions for the speed
U =5.905(E - 12 at a constant loaW/ = 4.524% - 05with flow

Fig. 11Sinusoidal roughned2ressure and film thickness i
indexn=0.6.

profiles for a low loadV = 2.2624 - 05and moderate speed
U =1.018E - 11with n=1.
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Fig. 14 Temperature profiles for the low load
W = 22624 - 05at a constant spedd = 1.018E - 11 b) n=0.6

with flow indexn=0.8.

Fig. 16 a and bTemperature distributions for the
high speedJ = 23756 - 11at a constant load

W =4.524% - 05with flow indexn = 0.8,0.6

respectively.

Table 1presents the minimunHd4n and central
(Heen film thickness values for different speed and
flow index. It is observed that, minimum and central
film thickness decreases as the valuen afecreases,
and increases with increase in speed. Table 2
presents, the minimum and central film thickness
values for different dimensionless load and flow
index () at a constant speed. The minimum and
central film thickness decreases with decrease in the
flow index () and minimumand central film
thickness decreases with increase in load. Table 3
shows the isothermal and thermal film thickness
values fordifferent speed, it shows that isothermal

Fig. 15Pressure and film thickness profiles for the minimum film thickness is larger than the thermal
isothermal and thermal cases at a constant Speed minimum film thickness and central film thickness is
U =1.018E - 11and loadW = 4524 - 05with flow always larger than the minimum film thickness.
index n=0.8.

a) n=0.8

ITEE, 13 (1), pp. 01-11, FEB 2024

Table 1. Minimum film thickness values for different speed

and flow index at a constant load

Dimension Dimension Flow index

lessloadV lessspeed n=1 n=0. n=0. n=1 n=0. n=0.

U Hmin 8 63 Hcen 8 63
Hmin ~ Humin Heen  Hcen
5.9050E 082 0.80 0.792 0.88 0.88 0.866
12 60 94 7 56 09 6
4.524%F - 05 1.0181E 083 0.81 0801 091 0.89 0.888
11 05 15 5 54 84 5
1.6968E 085 0.83 0.812 094 0.92 0.905
11 17 30 0 52 68 9

23756E 088 085 0832 098 095 0933
1 88 8 7 81 89 3
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