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discussed.

Performance characteristics of a rough elliptic bore journal bearing are
studied. The bearing bore of isotropic roughness orientation is
characterized by stochastic function and the film geometry is quantified
to elliptic shape. There after the Reynolds equation and energy equation
are descretized for pressure and temperature respectively. A finite
difference model is developed to evaluate hydrodynamic pressure and
oil temperature. Solution to this model is done using effective influence
Newton-Raphson method. Performance parameters such as load
bearing ability, friction, flow-in and side leakages are computed and

© 2014 Published by Faculty of Engineering

1. INTRODUCTION

Hydrodynamic journal bearings are most widely
used in engines and power plants to support
rotating shafts. Such bearing simply consists of
rotating journal inside the bore of a sleeve.
Constant entraining motion of lubricant into the
converging and diverging conjunction of journal
bearing happens due to rotation of shaft. The
lubricant develops hydrodynamic reaction due
to its inherent rheological properties and
maintains separation between the static bore
and the rotating journal. Theoretically bearing
bore is assumed circular and smooth. But due to
vibration of tools and jobs or due to eccentric
positioning of tools with the job axis during
machining, bearing bore actually becomes oval.
Roughness is also produced due to tool profile

roughness. While, evaluating the performance
parameters, such irregularities must be
addressed in the computation.

Mathematical computation of journal bearing
parameters was first made in 1950s. Standard
plots of different parameters like Summerfield
number, coefficient of friction, power loss
variable, minimum film thickness, position of
minimum and maximum film thickness and
pressure, flow variable, film temperature rise
and viscosity variations were plotted for the
requirement of field engineers [1].

Sometimes the bearing is subjected to load,
which may act in any arbitrary direction [2].
Also, the partial journal bearings (150 9, 100 ©°,
75 0) are used for specific purposes. Hence
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calculation for performance parameters of non-
centrally loaded partially grooved multi-lobe
bearings were done for entire attitude and load
angle in case of short, long and finite journal
bearing. Often, it is more appropriate to assume
the bearing bore to be slightly irregular because
of manufacturing tolerance. Elliptic bore shape
is exact to real practice [3]. The nature of
hydrodynamic action, the effect of load angle
and attitude angle on bearing performance for
various degree of ellipticity are worth
discussing.

Though journal bearing is fluid film bearing, the
bore roughness affects the flow pattern due to
which the performance parameters are
modified. Film that is developed in a rough
surface can be quantified using a stochastic
function [4]. The Reynolds equation for such
rough journal bearing can be modified using the
expectancy operators. Such operators are
different for different rough orientation. Similar
type stochastic model of roughness [4] are
suitable to study the effect of surface texture on
hydrodynamic lubrication of dynamically loaded
journal bearing [5]. Rough porous bearing are
subjected to slip condition while in operation
[6]. The effect of slip velocity on hydrodynamic
action can be modeled using stochastic theory.
The load carrying capacity and the friction
decreases with velocity slip. Hence the combined
effect of surface roughness pattern and the non-
Newtonian rheology on performance of
dynamically loaded journal bearing is significant
[7]. Rough contiguous surface develops more
hydrodynamic pressure than smooth ones. The
surface topography and orientation affects the
EHL (Elasto  hydrodynamic lubrication)
characteristics [8].

Temperature rise in lubricant film occurs due to
rapid shear of lubricant layer. The
hydrodynamic action is affected due to thermal
effect. Such temperature rise for a non-
Newtonian lubricant can be better estimated
using power law model [9]. The temperature
profile [10] of elliptic journal bearing due to
thermal effect shows different trends than
circular one. The performance parameters for
different eccentricity and non-circularity value
show the clear difference [11]. The misaligned
journal [12] and its dynamic stability [13] also
affect the performance to a significant level due
to roughness and non-circularity. The
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tribological principles have wide application
[14], in which the sliding contacts are modeled
for performance during high load and high speed
application.

From the available literatures, it is understood
that few of them are more inclined to roughness
analysis and others are to thermal effects. A
combined study of roughness and thermal effect
will be a better contribution to elliptic journal
bearing analysis and hence is the objective of
this paper.

2. THEORY

In the static state a journal rests on the bearing.
When the journal starts rotating, there develops the
hydrodynamic action that maintains separation
between the journal and the bore and develops
hydrodynamic action as shown in the Fig. 1.

Load Load Load
! :
Static

Start up

Pressure distribution

Fig. 1. Mechanism of journal bearing pressure
development.
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Fig. 2. Elliptic bore bearing and associated geometry
as per Mishra et al [10].
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From observation, it is found that journal
bearing operates in fully flooded lubrication
with film thickness of 5-50 pum. Hence, it is
termed as bearing of infinite life.

In case of a journal bearing with an elliptic bore,
there occurs two conjunctions for which two
pressure bumps are developed. The expression
for film thickness in this case is given in Eq. (1).

i 2 _ 2 _
) R, sin’ (0 -—a)+R,, cos’(0-a) 1)
—r;+ecos(0-¢)

where,

e
and e= —

min

and,

G- (5—1)’5: R,
v R

min

Therefore, the non-dimensional film thickness of
an elliptic bore bearing will be as per Eq.(2):

H =1+Gcos’(0 —a)+ e cos(d —¢) (2)

The non-circularity G is the ovality/ellipticity of
the bore. Its value affects greatly to the fluid film
pressure. The ‘a’ is the angle of inclination of
major axis with the load line. Similarly, ¢ is the
attitude angle of the bearing.

2.1 Roughness Characterization of the bore

Fluid film thickness including surface roughness
is considered as a stochastic process [4]. The
fluid film geometry is split up in to two parts,
namely; nominal film thickness which measures
large-scale variation including any long
wavelength disturbance and the part due to
roughness measured from the nominal level.

Let 4, = nominal film thickness

and
h, = Random/stochastic film thickness

The total film thickness is:

h=h,+h, (3)

where,
h, :c><(l+Gcos2 €+ecos9) (4)
and h, = [(0,2,¢) (5)

The structure of rough surface is a random
variable represented by &.
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Fig. 3. Flow pattern due to different roughness
pattern of bore surface.

In this case the bore is considered rough and the
shaft is smooth. The roughnesses are basically of
three patterns, such as Longitudinal, transverse
and isotropic. It is shown in the Fig. 3.
Longitudinal pattern offers less resistance to
flow. Transverse roughness offers more
resistance to flow and better for pressure
development for sealing devices, while isotropic
roughness are equally good for lubricant flow
and hydrodynamic action. The Reynolds
equation for a rough elliptic bore with isotropic
orientation is given as:

LD e O
X

ox ox ) oz oz
where,
E()= [ af (xkiv (7)
E(x)is the Expect:ncy operator and f (x)=
probability density of stochastic variables.
The Eq (7) can be rewritten as:
a%(%f v, (H)J+%@—f v, (H)j = 61u %\{g a (8)
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where,
¥, (H),¥,(H )and ¥, (H) for isotropic roughness
are given as:
1
¥, =E(H),¥,=E(H)and ¥, = E[;j
and,

HY?

E(H3):H3+

3
6(Y27H2)logH+Y+

O LS
- 7
H) 31Y %HY(ISH" —40Y’H? +33Y")

The Y is the roughness factor with value of 0.1
or 0.2. The value 0.1 means 10% of the surface is
having roughness. Similarly, 0.2 value
represents 20% of the surface contains the
defined roughness height.

2.2 Flow-in to the bearing

Flow-in is the amount of lubricant entered into
the conjuction. The non-dimensional form of its
intensity is given as:

_[ML

E(Hm.}). Pa,—F,; (9

R 2 24 AO

0, [[audoiz

The Q, is calculated by integrating the g, over
the unwrapped bearing area.

2.3 Side leakage from the bearing

The leakage flow Q. out of the bearing is as

follows:
B, i+l })i, j
g, =B () e (10)
0, =[[q.d0dz

and the ¢ calculated by integrating the ¢, over

the bearing area.
2.4 Temperature rise due to fluid friction
The rapid shear of the multi layer lubricant film

and the friction between the relatively moving
surfaces causes the temperature rise in the
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interface of lubricant. Heat generated out of this
rubbing phenomenon is transferred by
conduction to the moving shaft and the
stationary bore (though conduction through
shaft is very less compare to that through bore
due to rapid change of position in the former
case). Heat generated in side the bearing is also
transferred by convection of lubricant flow. Part
of the heat is also radiated. The rise in
temperature and development of variable
isotherm lines cause the viscosity variation in
side a passive film. This variable viscosity causes
the pressure to drop more in comparison to
isothermal case. The increase in temperature
causes decrease in viscosity as per following
relation of thermal degradation.

77* — i= e—ﬂm(T‘To) (11)

Mo
where,
77* = Non dimensional viscosity
n = Viscosity consistency at temperature T

1, = Viscosity consistency at temperature 7,

B, = Viscosity temperature index

The thermal behavior of a bearing system affects
the pressure and subsequently the load carrying
capacity and other performance parameters.

Journal bearing is fluid film bearing. There is no
solid-solid interaction because of full fluid film.
Hence, the only source of heat generation is the
frictional heat generated out of rapid shear of
lubricant layers. The temperature of generated
heat is obtained using power law model [9].

A@+B(2j@:a’7—z(E+F) (12)
06 L )oZ H
where,
1 1(H*0P
A:——— T_
2 12\ e™" 00
and,
1 (Dj H* oP
B=——| = || 5=
12\ L )\ e" 0Z
further,

4 2
E:l.ﬂ,.i]_l_zx 5_P
127"\ 00
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and,

2 2
()
12 ,B,h oz
The temperature in this analysis is computed
using the non-dimensional temperature

expression derived by Mishra et al [10] and is
given in Eq. (13).

1or )30, (ap) 30 ,p (apj
200 127 \60) 1282 \oz
inai)@_F 1 ZHzai)@ +ig
12 0000 124, oZoZ| H (13)
1ppdPh, 1 0P| &
127 0000 128} ozoz| H
The generated heat is transferred to the bush
and to the shaft. Therefore the heat generated

equal to the sum of the heat transferred to the
shaft and that transferred to the bush.

2.5 Method of solution

The objective of this model is to evaluate the load
bearing ability, friction force, flow-in and side
leakage of the elliptic bore bearing and to develop
the correlation between them. The steps involved
in this computation are given as follows:

e At, first the entire bearing surface is
unwrapped and a grid is formed with 90
numbers of nodes in direction of rotation
and 16 numbers of nodes in direction of
side leakage. The grid elements are near to
square shape.

e Solution of Reynolds equation using a low
relaxation method of pressure
convergence as stated in Eq. (14).
includes the finite difference method to
desretize the Reynold equation for
pressure and to iterate the error of
computed pressure based on error criteria
given in Eq. (15).

e The flow chart for computation is given in
Fig. 4. It presents the computational steps
as first to evaluate the isothermal pressure
and then the temperature rise in lubricant.
Finally, to compute thermal pressure.

e The hydrodynamic pressure is integrated
to calculate load capacity. The shear stress
is integrated to calculate friction.

¢ Finally, the intensity of flow-in and that of
side leakage are integrated over area to
obtain total flow-in and total side leakage
respectively.

Compute losd

Y

Fig. 4. Flow chart for computation.
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Grid independent test is carried out for 90x16,

135x24 and 180x32 node combination. There is
less than 5 % deviation in the results.

Error, =
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3. RESULT AND DISCUSSIONS

The gap between an elliptic bore and a circular
shaft develops two conjunctions. Hence two
pressure bumps are formed due to
hydrodynamic action as given in figure5. A
dynamic bearing with some degree of non-
circularity/ ellipticity are found to be more
stable because of hydrodynamic pressure in
more contact area. The Fig. 6 represents
comparison of bearing pressure due to
isothermal consideration with that due to
thermal consideration. The thermal case shows
less pressure than as the temperature rise
reduces the dynamic viscosity.

1.0Beta=0.25 Epslon=0.5,G=1.0

D025 - veeeiee e

0.015

Non-gimensianal pressure

0.005

0 Y ; i
0 20 40 &0 80 100 120 140 160 180

Nodes theta

Fig. 5. Elliptic bore bearing pressure profile
(G=1.0,4=0.25,e=0.5).

ROugh elliptic bore pressure comparision (Beta=1.0,E=0.8,G=1.0)

—=— Isothermal

---------- Thermal

Normalised pressure

50 100 150 200 250 300 350 400

Theta (Degree)

Fig. 6. Thermal and isothermal pressure comparison

(G=1.0,8=1.0,e=0.6).

There is around 20 % decrease in highest
pressure in the primary pressure profile and
near to 15 % in secondary profile due to thermal
consideration. The rise in temperature reduces
the viscosity, for which the ability of lubricant
film to develop hydrodynamic pressure reduces.
The Fig. 7 shows the variation of temperature
along the entraining direction of a finite journal
bearing (B =1). It is difficult to observe the
definite trends due to combined effect of non-
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circularity and eccentricity. But for the case of
(G=1.0 and €=0.6), the temperature rise is
highest among all cases. The lowest being (G=1.5
and €=0.6).

13
—— =00, Ep=03

129\ ——G=0.5 Ep=03
114 G=1.0, Ep=0.6
104 |——G=1.0, Ep=0.3
09 G=1.0, Ep=0.6
1 |——G=15Ep=03
G=1.5,Ep=0.6
——G=2.0, Ep=0.3
——G=2.0, Ep=0.6
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Fig. 7. Temperature variation along circumference
with various eccentricity and non-circularity.

As the temperature rise affect hydrodynamic
performance, it is more reliable to study the
temperature distribution on the whole surface
to identify the location of highest temperature
rise. Contour mapping is the most suitable
method to study the isotherms. Figure 8 to Fig.
11 represent the contour of temperature for
various value of noncircularity. The temperature
is higher in the core region than in the periphery
of. It decreases with increase value of non-
circularity. The highest non-dimensional
temperature is in the range of (116 < 1 <1.03)

for(0.3<G <3).

Temperature contowr (G=0.3, f=1.0, €=0.6, y=0.2)

1.0

05

0.0

Ariad length (2)

05 [

o i 80 270 360
& Degrea)

Fig. 8. Temperature contour

(G=03,=1.0,e=0.6,Y=0.2)
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Fig. 9. Temperature contour

(G=05,=1.0,e=0.6,Y =0.2)
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Fig. 10. Temperature contour

(G=1.0,4=1.0,e=0.6,Y=0.2)
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Fig. 11. Temperature contour

(G=3.0,4=1.0,e=0.6,Y =0.2)

The increase of non-circularity beyond G=1.0
develops multiple regions with higher
isotherms, but the highest temperature becomes
lesser in comparison to bearing bore with lesser
non-circularity value.

110 4 —a—L/D=0.5, G=0.3
—e—1,/D=0.75,G=05

100

90

80

70

Non-dimensional friction

60+

50+

T T T T T T T T T T
1.0 15 2.0 2.5 3.0 35

Non- dimensional load

Fig. 12. Load and friction curve.

The Fig. 12 represents the load and friction
inter-relationship for two different non-
circularity values. For increasing load value, the
friction increases. For higher non-circularity
value, this trend is above the lower ones. The
Fig. 13 represents the flow-in and side leakages
inter-relationship. The bearing with roughness
(Y=0.1) has more side leakage than that of
smooth bearing. The Fig. 14 shows the graph of
flow-in with friction. The friction is most in case
of long bearing and least in case of short bearing.

2.5

MR RS S cup NS

g
=]
1

1.5

1.0+

G=1.0,beta=1.0,Y=0.0
0.5+ —— (=1.0,beta=1.0,Y=0.1

Non-dimensional Side leakage(Qs)

0.0

T T T T T T T T T T T 1
4.0 4.5 5.0 5.5 6.0 6.5 7.0

Non-dimensional Flow in (Qin)

Fig. 13. Flow-in vs side leakage curve.
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304
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Non-dimensional Flow in (Qin)

Fig. 14. Friction vs. Flow-in curve.

4. CONCLUSION

An elliptic bore bearing with non-circularity
(0< G < 3.0) and isotropic roughness (Y= 0.1,
Y= 0.2) is modeled for performance
parameters. Parameters like hydrodynamic
pressure, temperature rise, load capacity,
friction, flow-in and side leakage are studied
through plots.
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NOTATIONS

c Radial clearance m
d Journal diameter
e
G

3

Eccentricity

Non-circularity coefficient( 5-1 ]
b4

Film thickness um

h
H Non-dimensional film thickness
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=

‘min
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Bearing length

Dimensional pressure

Non-dimensional pressure(pklf2 J
no

Non-dimensional flow in to the
bearing
Non-dimensional side leakages

Bearing radius
Journal radius

Non-dim Roughness parameter

Major radius of bearing

Minor radius of bearing

Dimensional temperature rise

Initial temperature of the
lubricant.
Journal velocity

Coordinate in the direction of
entraining motion

m
(N/m?)

'K
'K

m/sec

ARSI

h

> £ O O

Axial
side leakage)
Non-dimensional axial

coordinate, [ 2z J
l

Inclination of major axis with
load line

Eccentricity ratio
Length-diameter ratio

Thermal coefficient

Ratio of Rmaj and R,

Angular location of the film with
respect to load line
Clearance ratio (c / Rmu,-)

Attitude angle

Angular velocity
Non-dimensional

temperature {ﬂm (T-T, )}

coordinate (direction of m

radian

radian

radian

rad/sec
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