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Abstract: Roller bearing is one among the varieties of rotating system incorporat-
ing the forces between a system and its environment. It also guides the movement
of rotation smoothly, and hence, rolling bearings are significant machine elements
pertaining to the lifetime of the system and its accuracy. Here, a thick fluid lubrica-
tion of rollers along with normal squeezing motion is considered. The consistency
variation of power law lubricant on temperature and pressure is taken into ac-
count. A specific model for the lubricant consistency is considered to vary along
and across the flow directions. Load, traction, temperature and pressure are cal-
culated for various values of the consistency index n and normal velocity q. These
are matched well with the previous results.
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1. Introduction

The utility of roller bearing to this modern world is bountiful. Its main function
is to transmit the load at very low friction. At normal loads, the bearings do
experience normal pressure and temperature. At heavy load and high speed, the
bearings experience the Himalayan pressure and temperature. In squeezing motion,
this pressure and temperature is even more. Here comes the necessity for the
application of squeeze-film technology to optimize the pressure and temperature.

Reynolds equation influenced its power to investigate film thickness, viscosity,
and density. These properties are temperature and pressure dependent. Cope in
1949, included some changes to classical Reynolds equation like adding viscosity
and density variation with fluid flow. All these changes are included to exhibit
energy equation responsible for the temperature in the film. He put together conti-
nuity equation and energy balance equation in the fluid film to create temperature
and pressure distribution. In this connection, researchers attempted to develop
an intelligible model. Dowson successfully studied such cases and concluded that
the viscosity of Newtonian fluid does not change much in a lightly loaded system.
However, in heavily loaded system, such character of the fluid may not be true
[1]. Rong-Tsonn and Hamrock [2], made a detailed study on compressibility and
squeezing of isothermal Newtonian lubrication. To serve a single non-dimensional
squeeze Reynolds number, Usha and Sridharan [3] examined a laminar squeezing
flow of an incompressible Newtonian fluid between plane annuli.

Further Cheng and Sternlicht [4] analysed EHD rolling/sliding line contact
problem and obtained solutions for equation of motion and heat transfer equa-
tion considering viscosity to be a function of x and y both. Ghosh and Hamrock
[5] also solved such problem using finite difference method while analyzing the film
shape by subjecting each rectangular area to a uniform pressure. Unlike Hertzian
pressure, the temperature there was not found to be continuous. However, in both
cases, squeezing effects were ignored.

Primarily lubricants staged a different character at shear stresses and high pres-
sure. Secondly, Newtonian behavior is seldom exhibited in fluids such as molten
plastic, slurries and pulps. Besides, the presence of high molecular weight poly-
mers earns them the label of non-Newtonian. Within the general framework of
non-Newtonian fluids, the power law model was more attractive. Prasad et al. [6]
exposed the consistency variation of power law fluids with temperature and pres-
sure and displayed how the pressure peak is dragged away from the center line of
contact by temperature influence. The trend was found exactly opposite to that of
cavitated points.

A semi solid substance like grease is one of the most used non Newtonian lubri-
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cants. Neurouth et al. [7] proposed a thermal model for grease-lubricated thrust
ball bearings. Here, thermal network method was utilized to study the tempera-
ture distribution. In addition, the bearings’ power loss was calculated numerically,
and concluded that the bearing’s inner temperature distribution has minimum ef-
fect because of heat convection. Ai et al. [8] developed a feasible thermal model
for a grease lubricated double-row tapered bearing by capitalizing Ohm’s law to
describe the behavior of Herschel — Bulkley model. Various heat sources like: fric-
tional heat dissipation between roller’s large end, frictional heat of roller race-way
contact, roller’s viscous drag loss, raceway flange contact, were incorporated within
the model. The increase in speed and grease filling ratio increases the bearing’s
temperature. This is clearly evident from their numerical results. Yan et al.[9]
model aimed to measure the roller inner ring flange contact of tapered roller bear-
ing and roller raceway contact used in super speed train. It concluded that inner
ring flange receives highest temperature [10]. Viscosity variation because of tem-
perature and pressure was presented by Osterle and Saibel [11]. Cameron [12]
analysed the variation of viscosity across the fluid film thickness. Recently, Prasad
et al. [13, 14] proposed a solution to asymmetric rollers using power law fluids.
However, consistency variation along y direction was not considered.

Further, the deep interaction between the rolling elements and fluid makes the
flow complex inside the bearing cavity. This was presented by Gao et al. [15]. Later,
Gao et al. [16] tried to demonstrate two phase flow behavior in roller bearings with
under-race lubrication.

In continuation, the study of thermo-hydrodynamic lubrication for a heavily
loaded rigid cylindrical line contact with incompressible power law fluids is the
goal of this study including cavitations. It is assumed that the lubricant con-
sistency varies with pressure and film temperature under thermal and isothermal
boundaries. Under the said condition, the heat effect of the fluid is observed for
the rolling with and without squeezing motion including lubricant consistency vari-
ation across the fluid flow direction. The modified energy and Reynolds equations
are obtained and solved yielding temperature and pressure.
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2. Nomenclature

- pressure coefficient
: temperature coefficient

o

2

h - film thickness

H, : minimum film thickness

k :thermal conductivity of the lubricant

M :lubricant consistency

i1, - consistency at ambient pressure and
temperature

: hvdrodynamic pressure

F
q

: squeezing parameter
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R :radius of cvlinder
T :lubricant temperature

1, :ambient temperature

T, - traction force
1 - wvelocity of the lubricant in x-direction

U7 : velocity of the lubricant at y=h/2
Vv :wvelocity of the lubricant in v-direction
V' - normal velocity (V/2) of either cylinder

X, : point of maximum pressure

X, - cavitation point

Subscripts: The subscript 1 and 2 denote respectively the corresponding quantities

in the inlet and the outlet regions.
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Fig.1: Lubrication of symmetric rollers
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3. Mathematical Analysis
The governing equations for the one dimensional fluid flow are [17, 18]

ou Ov
%+a—y_o (1)

dp Ot
de Oy
T  du
k—~—+7—=0 3
oF Ty (3)
Where k is the thermal conductivity of the lubricant and is assumed to be con-
stant,p is the hydrodynamic pressure, T being temperature due to heat dissipation;
u and v are the velocities of the fluids in x and y directions respectively. 7, the shear
stress relation for a non-Newtonian power law fluid is:

1
" Ou

ay

ou

o (4)

T=m

Where, the lubricant consistency m of the powerlaw fluid is assumed to vary as

m=mg e’ -8 (T-To) (5)

The boundary conditions for the system under consideration are:

h
g—Z:Oaty:O;u:Uaty:§; (6)

The boundary conditions for the heat equation (3) are

oT h 2
a—yantyzO;T:Thaty:§; whereh:ho—l—;%% (7)
As the consistency m and temperature T being two dimensional, the equations
(1) (2) and (3) cannot be solved analytically. Hence, an intuitive mathematical
relationship for the consistency m is assumed to be [17]:

m =mg/ (Ao + Ay + A2y2) " (8)

Where Ay, AjandA,y are functions of x only and are unknowns right now.
Integrating equation (1) with respect to ‘y’ with the assumed boundary conditions
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(6), one can get for the region —oo < =z < —mxy

1 dpy 1. nAy , ni1 h n1 nA;
_= U —_— n n — ( — n
b +[mo(dx)] [n—i-l(y (2) )+2n—|—1
2n+1 h 2n+1 TLAQ 3n+1 h 3n+1
R e R e G )
Similarly, for the region —x; < z < x4, one can have
I —dpy,1, nAg , nt1 hoan nA;
= U —_ | — n n — [ — n
Uz e g T () )+5. 77
2n+1 h 2n+1 nAQ 3n+1 h 3n+1
S (=) S (=) T 10
P (M) o - ()] (10)
Integration of the continuity equation (2) with the boundary conditions (6) together
with the specified conditions: v/ = %% + %; vg = 0 aty=0 gives
o M2 14
- dy = —— 11
5| e = (11)
Further integration of the above equation with the assumed conditions:
% =0 at x = —x1 and h = hy, one can get

dn _ (g) K%) [ (U(h—h) +V(z+z) ]";_OO@S_% 12

dr h st + 3 (3) T 55 (5)7)]

Similarly for the other region

() Khﬁ) [_(U<+h _h<>T+V Z%él)?n]n;—% sosm (19)

The constants, Ay, Ajand Ay, as mentioned in equation (8) , are calculated using
the heat energy equation (3) with the boundary conditions mentioned in (7); and
are obtained as: )
Ay =0, Ay =0and A, = (4/h?) (1/E)" ;
Making the above two equations dimensionless, these equations (12) and (13) are
reduced to o

%:—moﬁiﬁ . —00< T < —T1 (14)
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dpy mo B g"
AT T T
Where - - -
T =x/\/2Rho;h = h/ho; g = —f; E = P~ TntT0;
P=ap,m=2mcyo; f=7% —T1 2+ 2¢ (T +77);
g = (V/2U)\/2R/ho; ¢o = (2(4n+1) /n)" /2R /ho (U/ho)";

Solving the energy equation (3) with the boundary condition given in (7), one can
get in dimensionless

— =z n+l
— — mo FE ~y _ __
-Th-2f Tl i< om (16)
h n
mo Eg"tyl
=T, - 0_2nzg+5n+7 ; —T1 ST < T (17)
h n
— n 5n+1 7\ 5n+1
Wher67: ﬁgfo 2Ra T= ﬂT y_y/h()a (5n+1)<y " _(%) " )’

Mean Temperature
h
The mean temperature T, , defined as T,, = % Jo 2 T dy is also calculated using

the dimensionless scheme as

. mo Ef" A d,
T =Th + = f2n7 L —c0< T < - (18)
h
— My Eg"t'7 d,
T =Ty + ﬂ%v T <T< T (19)
h
Whered 6n—+1)

Load and Traction
The load component in x-direction is given by

ho h
wx:—/ pdh = —2/ pdh— — 7 —d:c (20)

h1
The dimensionless load w, = ng‘ is given by
T2 dp
W, = dz 21
v /_oo dz 2y
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The load component in y-direction is given by

wy:/ pdx (22)

The dimensionless load w, = \/‘g%ho is calculated as
2 (dp
wy:/oox ﬁdx (23)
The load W is calculated by
W=,/w2+ w? (24)

Traction can be defined as the friction between drive wheel and the surface it moves
upon. It is the amount of force a wheel can apply to a surface before it slips.
Hence, the surface traction force Trh , obtained from the integration of shear stress
7 over the entire length , may be written as

e [0

Then, the dimensionless traction may be written as

S = (dp\ _

Finally, the consistency expression comes out to be

_ h
m = T (27)

4. Results and Discussion

Thermal effect of fluid film lubrication of identical rollers by power law flu-
ids under rolling and squeezing motions is studied. The lubricant consistency is
encouraged to vary exponentially with pressure and the film temperature. The
altered Reynolds and energy equations are derived and solved for pressure and
temperature. For the numerical calculations the following set of values are used:
R = 0.03m; U = 4 m sec™!;a= 1.6 x10%pa~'m?; hy= 6 x 10’ m; 75 = 4;
01 <q<0.1;04<n<115and 0<T,-T, < 5;
The present paper attempts to show the consistency variation m of the lubricant
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in a steady state thermal lubrication. Pressure 7, temperature T , mean temper-
ature T,, and velocity @ are marked as functions of the power — law flow behavior
index n, and squeezing parameter q. From the graph shown below, it can be inter-
preted that the variations in p, 7T, and T with Z for various values of n and q
do not change the general shape of the profile.

4.1. Pressure Distribution

The distribution of pressure p against T for various values of n for a fixed (,
and for various values of ¢ for a fixed n, are shown respectively in Fig. 2 & Fig.
3 and Fig. 4 & Fig. 5 for incompressible fluids in both thermal and iso-thermal
cases. From the graph, it is possibly learnt that p increases continuously in the
input region and decreases in the outlet region [20]. Once the pressure reaches the
zenith, p falls down, making a steep slope in graph and reduces to the ambient
pressure po= 0 at the point of cavitation T = —x5 . The behavior of p against T
for n (fixed) and varying q is similar to that of Dowson et al. [1].

For a fixed value of q, p increases significantly with n, especially when n is
greater than or equal to 1. It is observed that fixed q value brings both the points
of cavitation and maximum pressure nearer to the centre line of contact, (the origin
0) as n increases. Fixed n value increases P considerably as q decreases and the
cavitation points move slowly towards the centre line of contact as q increases [21].
The change in pressure with respect to q accounts for the observation that as the
surfaces approach each other, comparatively more pressure is generated. Maximum
pressure with velocity is presented in Fig. 6 and Fig. 7 which are similar to the
work done by Yu Chen et al [22].
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R

Fis2: p Vs x

Fig3: p Vs x
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Fig: ; Vs x

Figs p Vs x
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Fig7: Max p Vs u
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4.2. Temperature Distribution

The mean temperature distribution 7,, according to the n values is shown
in Fig. 8 and Fig. 9. It is noteworthy to understand that mean temperature
T,, increases in inner area. And the increase is ceased at the maximum pressure
point, T = —z; and then 7,, comes down slowly to the outer region. The increase
T,, in the inner area is because of the dragging action of the faster layers in the
high-pressure region generates more viscous dissipation in the convergence zone
and results in more temperature [23]. From Fig. 8, it is learnt that T,, increases
with n [21, 24, 25]. An increase in n denotes an enhanced effective viscosity. This
increases the resistance to the motion, leading to a higher viscous dissipation.
Similarly, 7,, increases as q decreases with fixed n. The similar trend was also
reported earlier [21]. Mean temperature- velocity graph is given in Fig.10 which is
similar to that of Yu Chen et al [22]. A two dimensional temperature 7 profiles
for a fixed n and q is given in Fig. 11.
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Fig.9: Tn Vs,;
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Fig10; T, Vs x

Figdl: 7 V(X and 1
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4.3. Load and Traction

Load capacity and traction force are the salient features of bearings. It is pre-
sented in Table-1 with different n and q values for thermal conditions only. From
the table it can be clearly stated that both the load W and the traction force
T, , increases with n, which is in accordance with the previous findings [6, 21] for
symmetric rollers and [13, 14] for asymmetric rollers, and the coefficient of traction
decreases with n. Load versus speed graphs, given in Fig. 12 & Fig. 13, and are
similar to the result of Yu Chen et al [22].

Table:1

n/my g=-0.09 gq=-0.05 gq=0.00 g=0.05 g=0.09

X, values

1.15/0.56 | 0.418464 0.440518 0.471939 0.503947 0.531958

1.00/0.75 0.420000 0.441891 0.474049 0.505410 0.534398

0.545/86.0| 0.424184 0.445567 0.480227 0.508814 0.541901

0.40/128.0| 0.427138 0.445961 0.480836 0.508454 0.542826

X, values

p

1.15/0.56 | 0.598464 0.540518 0.471939 0.403947 0.351958

1.00/0.75 0.600000 0.541891 0.474049 0.405410 0.354398

0.545/86.0| 0.604184 0.545567 0.450227 0.408314 0.361901

0.40/128.0| 0.607138 0.545961 0.430836 0.408454 0.362826
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Fig 12 L Vs u

Figl3: L Vsn
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Table: 2
nlmy, q=-0.09 q=-0.03 g=0.00 q=0.03 q=0.09

Tangential load

1.15/0.56 0L.005246 0.005010 0.004713 0.004425 0.004195
LOOO.TS 0.001315 0.001266 0.001202 0.0017140 (0L.O0OT1088
0.545/86.0 | 0.000970 0.000953 0.000929 (0.000904 (LO0DBR2
0.40/128.0 | 0.00029] 0.000288 0.000283 0000277 0.000272

Normal lnad
1.15/0.56 0.003119 0.002860 0.002554 0.002277 (1L002076
1.00/0.75 0.000758 0.000702 0.000633 0.000571 0.000525

0.545/86.0 | 0000503 0.000479 0.000447 0.000416 (000393

040/128.0 | 0.000146 0.000140 0.000132 0.000124 (L0001 18

Load
1.15/0.56 L.006103 0.005769 0.005360 0.004977 (L0468
1.00/0.75 0.001518 0.001447 0.001358 0.001275 0.001208

1.545/86.00 | 0.001(092 0.001066 0.001031 0.000995 0.000965

040/128.0 | 0000326 | 0000320 | 0000312 | 0.000304 | 0.000297

Traction
1.15/0.56 0.005221 0.005001 0.004694 0.004427 (LO04188
1.00/0.75 0.001310 0.001264 0.001196 0001141 (LOC1084

0.545/86.0 | 0.000969 0.000955 0.000932 0.000908 0.000880

0.40/128.0 | 0000290 0.000289 0.000286 0.000279 (L000273

Co-efficient of Traction
1.15/0.56 | 0.855425 (1.866792 0.875800 0.889533 | 0.894670
100075 | 0863184 | 0873468 | 0880052 | 0.805066 | 0.807378
0.545/86.0 | 0.887202 0.896060 0.903870 0911924 | 0911129
0.40/128.0 | 0.890755 | 0.903815 0.914467 0.916847 (.918300
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4.4. Consistency

The main feature of this article is to study two-dimensional change in the con-
sistency (m) of the power law fluids with pressure and the two-dimensional tem-
perature as shown in the below figures. The overall consistency changes with =
at different positions of the lubricant heights above the x-axis is shown in Fig. 14:
This indicates basically the dominance of temperature over the pressure (refer the
equation number (27)). Further, (M) changes enormously with ~y. This shows
that changes much near the symmetric line of the two cylinders and least near
the moving surfaces. The consistency versus speed curve is given in Fig.15, and
is similar to the result of Espejel [23]. A one dimensional consistency variation in
(m) with (Z) for different flow index n is given in Fig. 16, and a two dimensional
variation is shown in Fig. 17. Hence, the consideration of the consistency variation
with pressure and temperature is well justified.
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n=115 y=0.09

Figla: m Vs X

n=116:q=-009;ybr=028

Fig!5 m Vs X
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Consistency Profile with different n
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5. Conclusion

To study the consistency variation m of the power law fluids, a two dimensional
temperature 7T is incorporated to the flow index n and the squeezing parameters
q. To analyze the effects of pressure and temperature on the consistency m of the
fluids, a descriptive method is adopted. Loads and tractions are also studied along
with consistency variation. It is found that the pressure and the corresponding
temperature increase with n and decrease as ¢ increases numerically. The point of
pressure peak moves away from the centre line of contact as q increases. The same
trend of pressure with q and n is seen with load and traction. A two-dimensional
temperature profile and consistency variation curves are also drawn for some fixed
values of n and q which are expectedly nowhere found in the literature. These are
the following important observations:
* T,p, n and q are incorporated to observe the consistency variation 7 of the
power law fluids.
* Descriptive/ semi-analytical method is adopted for the study of the effects of
pressure and temperature on consistency.
* Besides consistency variation, load and traction are also reviewed.
* It is observed that the temperature and pressure upsurge with n and downfalls
as q rises numerically. As q increases, the pressure point sidelines from the center
line of contact.
* Load and traction exhibit a similar pattern of pressure with q and n.
* For fixed values of n and g, two dimensional consistency variation along with
temperature curves are drawn.
* The results are in natural agreement with the previous findings.
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