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Abstract: In this modern age of fast growing technology, it is required to attain the need of
compact size and high speed of rotation in rotating machines. The lubrication is an important
aspect along with the bearing geometry, which significantly influence the bearing conduct. The
arc length studied here is 100 degrees for partial bearing with a medium for lubrication as fluid
with couple stresses (i.e. CSF). The influence of elastic deformation along with the fluid on
performance of bearing in static and dynamic manner is obtained by solving the modified
Reynold’s equation and an elasticity equation. The set of system equations are solved by using
FEM approach. The results show a significant improvement in static and dynamic characteristics
of partial bearing and the stability of the bearing is also improved while operating with couple

stress fluid compared to Newtonian.

Keywords: EHL film lubrication, partial arc bearing, couple stress fluid, stability, static properties,

dynamic properties

1. Introduction

The journal bearing with hydrodynamic lubrication are
used from past decades as an important application in
rotating machines. It is required to understand the correct
geometry to attain the emerging increased need of high
rotational speed with machine compactness as well as
high load carrying capacity in modern machineries. From
geometry point of view, the bearings are used according
to the arc length, which covers the shaft (journal). The
bearing with arc length of 360° are most preferably used
which are known as full journal bearings but the bearings
with arc length less than 360° known as partial bearing.
Partial bearings have their remarkable influence on the
performance of rotating system over full journal bearing,
in cases of small-scale applications with high speeds. The
partial journal bearings are characterized as their notable
advantage compared to the full bearing systems. In case
of high speed rotating machines, the introduction of
vibrations and unbalanced forces causes the system to be
failure. So to get the exact solution of performance
characteristics, the effect of elasticity of journal and
bearing both should also be considered practically while
analysis. An assumption is made that the journal is a rigid
body whereas the bearing is an elastic body because the
material used for journal is more inflexible than material
of bearing. The effect of elastic deformation on the

conduct of bearings with partial arc is also required to be
studied. In the series of determination of significant
effects of various parameters on the conduct of bearing
with partial arc, the results were in good agreement with
the available results of Raimondi when compared for
statically and dynamically rather numerically”. A study
was performed? to know the effect of change in arc length
as 150° on the force unbalanced and its transmission in a
system of bearing with symmetric rotor. The Reynold’s
equation for partial arc gas bearing was solved by an
inexpensive, fast and accurate approach® using Galerkin’s
method. The bearing load and stability derivatives were
obtained by solving the set of equations in standard form
according to compressibility number. The results for a
journal bearing having an arc length of 60° with the
consideration of two values of clearance ratios and
Reynolds number up to 12000 emulated” with the
turbulent theory available and the laminar theory as well.
A good resemblance for some particular range of
empirical factor was observed whereas the correlation
becomes poorer progressively beyond this range. The
bearing of arc length 120° studied® to find the effects of
variation in compressibility factor ranging 0 to infinite,
which showed that at low compressibility numbers the
bearing clearance ratio and pivot location maintained
close to the optimum conditions for highest load capacity
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and minimum frictional coefficient. It was founded that
the bearing load capacity and coefficient of friction
effected substantially due to choice of pivot location for
higher compressibility —numbers. The magneto
hydrodynamic partial bearing studied analytically and
experimentally® such that the external current flow axially
between journal and bearing by an induced external field.
The experimental results showed an optimum Hartman
number to give an increased load carrying capacity peaks
and have good agreement with theory. The study of steady
state and dynamic characteristics for the two geometries
of self-acting journal bearings (360° arc and 100° arc)” in
super laminar regimes up to the range of mean Reynolds
number 13300 showed that test performed were in good
agreement with that of the data available in published
theory. It was also concluded that theory generated may
be used to design various bearings working on the
principle of self-acting in high speed machinery and a
lubrication of fluid with low kinematic viscosity, either in
laminar or in super laminar flow regimes. An approximate
numerical method used to solve the equations of a 100°
arc partial bearing®. It was concluded that while
considering the isothermal solution with the dependence
on bearing angle and aspect ratio; the thermo-
hydrodynamic effect lessens the dependence of specific
load on constant eccentricity. The effect of deformation
coefficient on a bearing arc of short span (60°) is more
compared to a long span (120°) whereas there was a
reduction in attitude angle for 60° and 120° type bearing
span with an increase in deformation”. The design chart
of various parameters was presented'” for conduct of
centrally loaded gas bearings with partial arc. The
rotationally non-symmetric bearings i.e. pivoted pad
radial bearings, bearings with partial arc, and oil grooved
pivoted bearings modelled by a method'? of mobility and
impedence tensor introduced for modelling of journal
bearings. It was observed that the capacity of load
carrying decreased for an increase in the misalignment
factor and increase in non-Newtonian behaviour'?, while
studying the influence of misalignment in bearings with
partial arc. The thermo-hydrodynamic solution of a finite
width partial arc bearing lubricated by non-Newtonian
lubricants was obtained'® with an assumption, that the
flow of heat was observed in radial direction only, in
respect of the bush. The static characteristics were
compared with the experimental results by using an
approximate solution method'¥ which shows a good
agreement. The impact of heat transfers on surfaces of
journal and bearing bush also analysed by assuming the
adiabatic boundary conditions. The combined effect of
pad deformation and mixed lubrication studied by using a
deterministic numerical solution'> for partial journal
bearing. The impact of circumferential scratches studied'®
on the conduct of partial bearing in continuation of
previous research. The impact of change in bearing
eccentricity, arc angle, slenderness ratio and the dimple
shape, showed an effective improvement in bearing

performances compared to smooth bearings'” in terms of
friction coefficient. The resilience in liner had a
significant influence on the conduct of cylindrical
bearing'®. A combined approach with the combination of
FEM and a new method known as boundary element
used'” to analyse the deformation in bearing housing. The
conduct of journal bearing with an impact of flexibility in
liner, determined*” by deformation coefficient parameter
defined relatively by the factors R;, C, t, u, U, and Ep. An
inverse model of porous bearing with flexibility was
proposed®? to evaluate the parameter of permeability and
eccentric ratio. In case of diesel engines, the journal
bearings are widely used so it is required to know
performance of system with bearings. In this concern, the
dimensions of bearings and stiffness in housing combined
on connecting rod was studied??. A numerical algorithm
through which the Reylond’s: Koiter model solved for
differentiating the effect of elasticity on load constraint
presented® to predict the distribution of pressure in fluid
film properly.

Conventionally it was assumed that behaviour of
lubricant to be Newtonian for elasto-hydrodynamic
lubrication. Whereas on going through the extensive
literature review it was founded that to fulfil the emerging
demands of modern machineries, the performance of
lubricant need to be upgraded. In this view the
performance of lubricant is going to be changed and
improved when the additives are added with them such
that the lubricant becomes Newtonian to non-Newtonian.
The influence of the types and viscosities of lubricants on
the basis of interaction with refrigerant, effect on
compressor and impact on system performance were
investigated? which for developing new lubricants to be
used in heat pump for better efficiency. The rheology of
the working fluid as non-Newtonian?® examined to
investigate the particles effect for spiral and circular pipes.
When the Newtonian fluids are blended with polymer
additives of long chain, the nature of fluid becomes non-
Newtonian and it is known to be a CSF' (Couple Stress
Fluid). The rheological behaviour of non-Newtonian
lubricants was explained by many micro-continuum
theories. The influence of couple stresses was elaborated
on the basis of small micro-continuum theory, by a model
known as Stokes model®®. The load capacity improvised
and the friction coefficient reduced on addition of polymer
particles to lubricants?’-?®). The properties because of an
action of squeezing in bearings with partial arc studied by
a model®-3Y for a lubrication of (CSF). The impact of liner
flexibility with (CSP) studied®? and concluded that with
an improvement in static and dynamic properties, the load
capacity of cylindrical journal bearing also enhanced. The
key factors, which govern the highest load capacity and
film thickness ratio, were bearing geometric features,
factor of couple stress and magnetic based parameters®?.
The impact of CSP on the conduct of double layered
bearing showed>? that load capacity increased whereas
friction reduced. The wear and friction near edges were
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decreased® by using the (CSF) in finite line contacts. A
3-D elasticity model*® was used for CSP and elasticity
parameter to evaluate the static and dynamic performance
characteristics along with stability parameters for
hydrodynamic journal bearing. On evaluating the static
and dynamic characteristics of circular bearing’?, it was
founded that the non-linear trajectories become unstable
for the condition of equivalence in mass with critical mass
for both Newtonian and micropolar fluid. The impacts of
irregularities in shapes for a six pocket bearings®®
indicated that the bearing performance was influenced due
to presence of geometrical irregularities, whereas the
characteristic parameters have an improvement by using
fluid with couple stress as lubricant. The amount of radial
deformation had different values in both the upper as well
as lower lobe in two lobe bearing®® for different couple
stress parameter and eccentricity ratio. The stiffness and
damping coefficients as dynamic characteristics with
static properties were obtained for different values of
couple stress parameter*), which showed a significant
improvement in dynamic coefficients of bearing. A
flexible journal bearing lubricated with non-Newtonian
nanolubricant studied and compared with rigid bearings to
find the static performance for different values of power
law index and eccentricity ratio*”. The maximum pressure,
load capacity and friction force or nanolubricants
increased compared to base lubricant whereas decreased
for all values of power law index due to elastic
deformation. The introduction of couple stresses in fluids
improved the efficiency of two lobe bearings*) showed an
increase in load capacity, reduction in attitude angle and
enhanced the damp ability of bearings to rotor
perturbations which in turn improvise the stability. In a
combined study*® of turbulence and non-Newtonian
lubrication the static, dynamic and stability characteristics
showed an enhancement in performance of the bearings.
Through an extensive literature review as mentioned
above it is obvious that the impact of elasticity in bearing
liner and (CSF) is significant and is required to evaluate
the performance characteristics with these parameters.
This paper includes the study of properties in a bearing
with partial arc in terms of static and dynamic behaviour.
The cumulative effect of deformation in bearing and
(CSP) is evaluated in this paper. The approach used for
solution of system equations is FEM (i.e. Finite Element
Method). A 100° arc of bearing considered with 4 = 1.0
for analysis to know the effect using a bearing of arc
length between long arc (180- degree) and short arc (60-
degree). The properties discussed are capacity of load
bearing, pressure distributed, stability parameters and
other performance characteristics of static behaviour and
dynamic behaviour. The study of partial arc bearing using
couple stress fluid with bearing flexibility has not been
studied yet to the best knowledge of authors. This study
will be helpful for the designers and researchers for
enhancement in performance of bearing with partial arcs.

2. Analysis

A system of bearing with partial arc with a bearing arc
of 100°, denoted by £ and a flexible liner of thickness ¢
considered here in this study for analysis. The bearing
with its geometric properties for partial arc is represented
by Fig. 1 in which the journal is characterized by radius R;
with O; as the center of journal and the bearing center is
depicted as O, with R, as the radius of bearing. The gap
between the journal and liner surfaces separated with fluid
film, known as clearance space and denoted by ¢, such that
the fluid used is non-Newtonian in nature. The fluid used
for lubrication, blended with the polymer additives of long
chain to the fluid of Newtonian nature, considering the
polar effects, which is termed as the (CSF). The body
forces and body couples are assumed to be absent during
the analysis. The characteristics of couple stress fluid are
defined by the characteristic length (/) of couple stress
fluid, where I = (3/1)"”? which depends on new material
constant denoted by #, such that [* = [/ (non-
dimensional). The Reynold’s equation in general terms for
fluid flow alongwith the elasticity equation for
deformation in bearing liner are solved simultaneously to
calculate the performance of a journal bearing system. The
set of equations used for the formulation of system
explained below.

Fig. 1: Geometry of bearing with partial arc with flexible
liner

2.1. Modified Reynold’s equation

The flow of fluid between the journal and liner surfaces
alongwith flexibility is commanded by the modified
Reynold’s equation. The governing (Reynold’s)
equation*® of the couple stress fluid flow obtained by
using the continuity equation and momentum equation
based on the stokes model?® assuming the lubrication
theory of thin film for an incompressible flow. The
continuity equation and the momentum equation
governing the motion are:

pZ= —Vp+ pF+ 1/,pVxC+ pv2—nviv
(D
wW=0 )

where, V = Velocity vector,

F = Body force per unit mass,
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C = Body couple per unit mass,

p = Density,

u = shear viscosity,

p = pressure,

n = material constant responsible for

couple stress fluid property.

After applying the assumptions made for the study,
motion equation in Cartesian coordinate can be expressed
as:

o plio gt 3)
= )
Z—Z= MZZTVZV— n‘;%v )
ou v Z_VZV:O (6)

ax oy
u, v, w denotes the velocity components in
X, V, z directions.

The boundary conditions applicable to bearing as

well as journal surface are:

Uy=g = 0; V)= = 0; Wy—o =0 (7.1)

%u %w

ay2y=0 - ay2y=0 =0 (72)
(equation (7) for bearing surface)

Uyp = U5 Vg =V Wy =0 8.1)

%u %w

ay2y=h - ayzyzh =0 (82)

Integrating equation (3) and equation (5) by applying

boundary conditions to get velocity components as:

u= Uy/h+ 1/2#:;—2 {y(y—h)+212<1—

cos n(*57")

cosh(h/Zl) CAY
cosh(z};—;h)
cos h(h/Zl) ©:2)

where, [ = / 77/ U , characteristic length of additives

— Llor - 21—
w = 2#az{y(y h) + 21 (1

The modified form of Reynolds equation can be obtained

by integrating the continuity equation (6) w.r.t. y using

velocity components with the boundary condition as

below:

;—X(G(h, l)Z—z) + :—Z(G(h, ) ‘;—’Z’) = 6y (U?—Z+ 2V)

(10)

In non-dimensional form the flow equation

can be expressed as,

i(c(ﬁ,z*)@)_l_ Li(c(ﬁrl*) ap
0\ @ 020 Z

(11)
where, G(R,1%) =R® — 1202k + 241" tan h (1)

The factors used for non-dimensionalisation of
equation (1) are,

X 5 Z L = h e
B_Ej' Z—E,A—Z—Rj, h= E,h—l‘l‘SCOSG,S—E,
p= P g Koo wit; U= Rw;;

= #Oijjz_, ,u - s - Jeo - yhad Kl
I* = l/C; [ = [77/“

I] = new material constant, such that » = 0 for
Newtonian fluids, and

1 = Newtonian viscosity (Dynamic viscosity).

The expression for thickness of fluid film for the journal
bearing system with liner flexibility is expressed by;

_i_1=1—(}?j— AX)cos® — (Z;— AZ)sin@ +
o

(12)

where, Xj & Zj = the steady state coordinates of
journal center

such that Xj = esing, & Zj= —ecosa,

AX and AZ =the perturbation components of journal
center from steady state,

8, = the radial deformation of bearing liner

2.2. FEM formulation of Reynolds equation

The equation of fluid flow Eq. (/1) is a nonlinear
differential equation, which have a complex form of
solution, and it is complicated to solve the equation
analytically, so an approach of Finite Element Method
introduced here for the solution the equations. The fluid
flow is discretized into elements with The variation of
pressure p over an element e in the discretized flow field
is represented by:
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pe = XIZINiDY 13)
where,
N; = shape function for the i node, &

pf= corresponding nodal pressure of ¢ element

Now after applying the Galerkin’s orthogonal residual
approach for the solution of equation (11), the form of
equation after finite element formulation can be expressed
as:

i=n 1(6@,1*)6_:7@) ﬂi(“m*)f’ﬁ) 6 _
Zi:l ff [69 u 90 + 42297 u 07 6 20

@ e 7
12 ar] NEdO dZ =0 (14)

It can also be written as

Yizr([Fs]ee] - [A5] - [Bf]) = 0 (15)

For isoviscous lubricants, u = 1.0 (here the viscosity is
independent of both the pressure and temperature)

From equation (15);

= 1 [ONEONT  ang aNS >
(751 = B {6 r) 555+ 5551 Javaz
(16.1)
i,j=1234
[45] = 6 [, mNedodZ, ij=1234 (162)

[B¢] = 12 ffAe%Nf dodZ =0,i, j=1234 (16.3)

The expression for complete domain of fluid flow is
expressed as:

[Fi]pil = [A] (17)
where,

[Fi j] = Assembled coefficient matrix also known as

fluidity matrix,

[Al- j] = Assembled column vector consisting of vector
terms,

[p;] =Nodal pressure vector.

The pressure distribution for a system of bearing with
partial arc and flexible liner is obtained by solving the
equation (14) along with an elasticity equation (18) used
to find the impact of deformation in liner used in bearing,
as discussed in section below.

2.3. Deformation of Bearing Liner

As the liner is flexible compared to the journal and the
bearing housing material, the deformation in the liner
effects the conduct of the system considerably. The

approach used to discretize the bearing liner is an
isoparametric, 8-noded hexahedral elements as shown in
Fig. 2. The displacement of any node in the liner is in three
directions viz. circumferential, radial and axial as d, dy, J-.
For calculation of deformation in liner due to film
thickness, only radial (J,) component is considered as the
effect of tangential force is negligible on the
circumferential deformations for the present analysis.

The displacement in three direction is represented by,

Ox
6= [Sy}, and for this study the expression used for

oz
0
deformation is 6, = {8y as only radial deformation is
0

considered for effect of flexibility in partial bearing. The
deformation of liner in radial direction is obtained by
using an elasticity equation®® for the discretized bearing

liner, expressed as:

[R1{5,} = CafF) (18)
where,
K] = <1/ E, Rj) [K] (known  as  stiffness
matrix)  (~ [K]®= [, B"DBdv®) (19.1)

_ 2
F}= (¢ / _ F} (surface traction vector,
(7} ( puoij;*>{ } (surf )

v ((F¥ = [,.NTFdA®) (19.2)
{8,} = (%) {6,} (displacement vector)
({8} = (Caxm) (19.3)
Cq = (#Oij ) (%) C—’:) (coefficient of
deformation) (19.4)

Fig. 2: Eight-noded hexahedral discretised liner

2.4. Performance Characteristics
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The pressure obtained from the iterative solution of
Reynold’s equation along with elasticity equation is used
to calculate the various characteristics of bearing with
partial arc system. The behavior of the system is
represented by static characteristics and dynamic
characteristics.

The characteristics of the system statically calculated in
this analysis are as follows:

Load Bearing Capacity:

The capacity of load bearing has its two components for
journal bearing. The load capacity of the system can be
calculated by using the expressions’” of radial and
tangential components as expressed below:

W, = fﬁf f_?ﬁcos@ dodz and

W= [ [* psing dodz (20)

The expression for obtaining the load capacity is as
follows:
W= JW?+W? €2y
The attitude angle can also be obtained by using
equation (12) as follows:

tang = = 22)

X
The Somerfield number can be expressed as:

22

S = — (23)

The static characteristics obtained at the position of
steady state of journal, whereas the characteristics
obtained at disturbed position of journal are dynamic
characteristics. These dynamic properties give a measure
to the stability of the system of journal bearing at the
position of disturbed system. The dynamic response for
the system of journal bearing is calculated by obtaining
the associated stiffness and damping properties. The

expressions used for calculation of stiffness
characteristics are as follows:
R Kol |37
xx xz ax| ryr 17
_ H = W, W, 24.1
2 &= |dm W) 4.1)
dz
(Where, X= 7= 0)
K. K o
xx xz Bz +1|dx . >
_ M= — z dodz
R Kzz] f1 I a [cosf sinf]
az
(24.2)

Whereas the expressions for calculation of damping
characteristics are:

C_‘xx C_‘xz E _ _
= |7 || W 25.1
[sz Cyz i [ x Z] ( )
dz
(where, X = Z =0)
c.. C ap
Bz r+1|ax _ _
[C_'xx C_'xz] - - /312 f—1 g [cos8 sin@]dOdZ
~ i dz
(25.2)

av dp dp dp
dx’dz’dx’dz
Reynolds’s equation expressed above.

The values of are obtained by solving the

The non-dimensional form of linearized motion
equations is:

m][X] = [c][x] + [Ry]E1 (26.1)
m1|2] = [c,1]Z]+ [Ry1i2) (26.2)

Thus, equation for distributed motion of journal can be
expressed as:

_ 1§ AFy(X,Z,X,Z
[%Hﬂ={ “__73} @)
Z AF,(X,Z,X,2)
_[H, 0 _ ,
where, [MJ] = —| = (M; is the diagonal
0 M

mass matrix),
[)f] = the components of acceleration in X and Z
Z

directions,
AFx and AF7= unbalance forces on journal in X and Z

directions.

By substituting the respective values, the equation of
motion can be expressed as:

M% — CyxX — Cxz7 — RyxX—Ry,Z=0 (28.1)
M7 — CoxX — Cp37 — Ky X —KzzZ=0 (282)
The characteristic equation in form of polynomial
equation can be written as:

oc*+A03+ A0+ A0+ A4, =0 (29)

where, o = Complex variable,

A; = function for mass of journal & dynamic

coefficients.

The polynomial form of characteristic equation is
solved by using the Routh’s criteria to know the stability
in a system of the bearing with partial arc, in terms of
critical mass (M.). For a stable system it is assumed that
the value of M; should be less than M,.

Threshold speed (the speed of journal at instability
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threshold) is calculated by the use of expression as
expressed below:

M,
o= [t (30)

where, M, = KI/VZ
2 _ (Rxx—KD(Kzz—KD-KxzKzx 31)

(CxxCzz—CxzCzx)

(v is the whirl frequency ratio at threshold instability)

K] = (RxxCzz+KzzCxx—KxzCzx—KzxCxz) (32)
(Cxx+Czz)

2.5. Solution Procedure

The set of equations used in the present study, solved
by applying an iterative scheme/procedure to find the
nodal pressure in first stage of solution. The input
parameters are initialised primarily at an initial stage. The
system initialized by storing some initial values of ¢ and ¢
along with the other required geometric properties into the
memory of the program.

The elastic deformation of liner changes the film
thickness under various loading conditions for bearing
with partial arc. Due to this change in film thickness the
pressure at different node positions also changes because
of the deformation in liner. The sketch of the solution
procedure is shown in Fig. 3.

Thus with consideration of initial values stored in first
step the nodal pressures at various node positions are
calculated, by the solution of Reynolds equation (equation
(4)) along with the equation of elasticity as equation (8).
The solution of the equations is obtained by using Gauss
Siedel iterative approach such that it should satisfy the
boundary conditions stated as follows:

p=0at z= -1 (33.1)

p=0at z= +1 (33.2)

p=0at z= B (33.3)

p=0at z= p, (33.4)
op .

(i)az = 0, Trailing edge (33.5)

pk-pk 5 o
( L Pikl 1) < (1/10°), pressure convergence criteria

where, i is iteration index and k = 1,2, 3..... n.

The thickness of fluid film obtained once are used to
find the pressure distributed along the film thickness,
which satisfy the boundary conditions mentioned above.
The same procedure is continued in a repetitive way for
the e =0.1, 0.3, 0.5 and (/") as 0.0, 0.1, 0.2.

3. Results and Discussions

In elasto-hydrodynamic lubrication analysis, the
material for liner is softer than the material used for
journal and bearing housing. Therefore, due to difference
in pressure profile at the interaction of surfaces, a
deformation in liner is produced. As in fluid film the
pressure is a function of the factors u,, @, R;, and ¢, so with
the deformation of bearing liner the fluid film thickness
varies due which the pressure distribution also varies. So
it is obvious that the deformation of liner and the
distribution of pressure are two interdependent properties.
The property of the fluid used for lubrication have an
impact on the fluid film thickness. According to stokes
theory of micro continuum, on adding some additives to

START

A 4

Converged pressure obtained

v

INITIALIZE
Compute different forces in X & Z directions
<
v (Wx & Wy)
Generate the stiffness & force matrix *

v

Apply boundary conditions

|

Apply Gauss Siedel approach

J '

Compute static characteristics by solving

Establish trailing edge

equations (10) — (13)

v :

Compute Nodal pressures (p) . o .
Compute dynamic characteristics by solving

equations (14) — (21)

Converged pressure obtained

Fig. 3: Solution Procedure

the fluid of Newtonian nature the molecular dimension
of fluid changes. The factor # is responsible for the
property of couple stresses in lubricants of Non-
Newtonian nature. (CSF) is characterizes by the
characteristic length, / = (#/u) !, whereas the factor /* =
l/c termed as the parameter for couple stresses (CSP)
which characterizes the effect of couple stress on the
system. A cumulative effect of (C;) and (CSP) studied
here to determine the performance characteristics
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(statically and dynamically) of a 100° arc journal bearing.
The properties of the system are obtained statically and
dynamically for (CSP), (I*) as 0.0 (rigid), 0.1, and 0.2,
whereas the (Cy) varies from 0.0 to 1.0.

To check the affirmation of model and solution
procedure used to obtain results in this study, the results
for circular journal bearing and 120° are compared and
validated with the published results in form of plots and
table below.

Ref. [40]

Attitude (Ref.)
feel
Il

— Attifude (Ref.)
- — — Attitude (Present)

T T
00 05 1.0 15 20 25

Load {Ref.)
90
X~ —— Attitude(Rer)
80 o ~ - = = Attitude(Present)

70+

60

Attitude

50

40 4

30+

T T T T T T T T
00 0.1 02 03 04 05 06 07 08 09

Eccentricity
Fig. 4: Validation of static properties

The static characteristics are validated by comparing
the results of circular bearing for variation of attitude
angle with load carrying [40] and eccentricity ratio [41]
both in Fig. 4. The program is validated to use for study
of partial bearing by comparing the results of 120° partial
arc journal bearing in Table After going through an
extensive literature review, it is observed that results for
dynamic and stability characteristics of partial bearing
with couple stress lubrication are not available, so to
validate the program for dynamic characteristics the
results of Ky« and C,y for two different values of couple
stress parameter as [* = 0.0 and 0.1, are compared for a
circular bearing [36] in Fig. 5. In Fig. 6, stability
characteristics of a circular bearing are compared for
critical mass and threshold speed [42].

Table 1. Validation of results with published results for =
120°, C4=0.0 and A = 1.0

Validation Validation of Load characteristics (8 = 120°, Ca=0.0 and 4 = 1.0)

&=0.1 £=0.2 e=03 e=04 e=0.5 e=0.6 e=0.7
Load by [ 0.36 0.64 1.05 1.75 2.5 3.95 6.3
Ref. [9]

Load by 0.29459 0.6349 1.0570 1.6461 2.5269 3.9308 6.46199

Present 8678 21731 34318 69757 19162 78482 5914

Validation Validation of Pressure characteristics (8 = 120°, C4=0.0 and 1 = 1.0)

e=0.1 €=02 e=03 e=04 £=0.5 £=0.6

Pressure 0.2 0.4 0.65 1.105 1.7 2.755

by Ref.[9]

Pressure 0.17215 0.3768 0.6445 1.0393 1.6672 2.7600

by Present 5961 23593 08865 98577 51688 56022

50

Kaox (Ref). £ — 06
Ksx (Presen, | = 0.0
- KuxqRef), i 1 ;
a0 o Kerfreseno -1 /
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Fig. 5: Validation of dynamic characteristics (Kxxand Cyy)
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On comparing, the results calculated using present £
program, with the available results of reference it shows a
good agreement. The only difference shown here is due to
the difference in approach used for solving the problem.
3.1. Static Properties
The distribution of pressure field along the bearing span
in partial journal bearing towards circumferential and
axial direction is illustrated by the curves shown in Fig. 4 -
SRRy S &
(a) — (f). The pressure distribution for six different <
geometric conditions and eccentricity ratio &£ = 0.5, are ] G RN
. , ‘145;:.-::,'0 asaetae
shown for hydrodynamic (C; = 0.0) and elasto- g N
Ay

hydrodynamic (Cy; = 0.7) bearings.
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Fig. 7: Pressure distributed in discretized domain of partial
journal bearing for e =0.5and A= 1.0

(a) Ca = 0.0, 1* = 0.0 (b) Ca = 0.0, I* = 0.1(c) Ca = 0.0, I* = 0.2
(d) Ca=0.7,1*=0.0 (¢) Ca= 0.7 1* = 0.1 (f) Ca= 0.7, I* = 0.2

It is observed from Fig. 7 (a) — (c) that in case of
hydrodynamic bearings without flexibility in bearing liner,
the pressure p increases as the value of (CSP) changes
from 0.0 (Newtonian) to 0.1 and 0.2. In the same manner,
the pressure field in partial bearings with consideration of
liner deformation is enhanced for the case of (CSP) as 0.0
(Newtonian) to 0.1, and 0.2, as observed from Fig. 7 (d) —

(®.

0.0 0.1 0.2 03 0.4 05 0.6 0.7
4.0 —t—7 71— 71— — 71— T— 71— 4.0
— cari-as
as 2 rTE s
L — i rnaimear
. - g=fdit=dl
30\ — smari=az 30

=0

[ - =aii=ag
251 \_ — eareeas 425

Pmax

Fig. 8: Maximum pressure (Pmax) with Cd

00 01 02 03 04 0.5 06 07

45 T T T T T T 4.5
—_— =000

40 == g=0l0=0] 140
—- E=0lr=02

35 |- —_—e=0ir=00 {35
X - E=03/r=0l
—_—— 0302

SE N — cmasreas | P
. -= s=05r=0r1

25 \ —- e=0sr=02 25

Load (W)

Fig. 9: Load bearing capacity (W) with Cq

The change of maximum pressure, Puq With change in
the deformation coefficient (C,) and different values of (),
depicted from Fig. 8, according to which the P
decreases as the value of (Cy) increases from 0.0 to 0.7. It
is also observed that for the value of ¢ = 0.1, 0.3 and 0.5,
the maximum pressure increases with an increase in (g). A
considerable change in the value of P, observed by using
(CSF) as lubricant in comparison to fluid with Newtonian
nature. When the flexibility of bearing liner increases for
a particular eccentricity for both the Newtonian and (CSF)
lubricant, the load capacity is reduced as shown in Fig. 6.
It is clear from the graph that on increasing eccentricity
ratio for any (Cy), the capacity of load bearing is increased.
The result of using (CSF) in comparison to Newtonian
fluid causes an enhancement in the capacity of load
bearing for any (Cy at any eccentricity. The load capacity
is increased with an increase in the value of (CSP) [* as
depicted from Fig. 9.
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Fig. 10: Somerfeld Number (S) with Cq

The variation of Somerfeld number with flexibility (Cy),
presented in Fig. 10. The parameter (S) improved with an
improvement in the value of (Cy), ranging from 0.0 to 0.7,
but when the medium of fluid is changed from Newtonian
to non- Newtonian (i.e CSF) the value of Somerfield
number is decreased. There is a decrease of Somerfield
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number from 1.023338 in Newtonian fluid to 0.89737 in
couple stress fluid, which shows a decrement of 12.597%
in couple stress fluid compared to Newtonian fluid. The
Somerfield number also reduced with the increase of
eccentricity ratio in flexible bearing.

3.1. Dynamic Properties

When the flexibility of bearing increases it effects the
pressure, as it shows a decreased trend. The increase in
flexibility generates an increase in the space between
surfaces of journal and bearing which effect the pressure
profile in fluid film. Which in turn effects the reaction of
fluid film in journal bearing system during operation. Due
to a decrease in pressure and reaction in fluid film, the
capacity of load bearing for the system is reduced. Fig. 11
(a), (b) shows the behavior of direct stiffness coefficient
in flexible bearing with the change in eccentricity ratio
and (Cy). The Direct stiffness coefficients Ky and K,
both increases with an increase in the (CSP) from /*= 0.0
to 0.2. For small eccentricity i.e. € = 0.1 both the Ky and
I?yy shows a small change in their behavior with
increased (CSP). With an increase in (Cy) both the K«
and l?yy seems to be almost constant and shows
negligible change in their values. It shows that there is no
effect or very small effect of flexibility on stiffness
coefficients for small eccentricities. On increasing, the
value of ¢ from 01 to 0.3, K« & K, both shows an
enhanced increment in their values with the increase in
(CSP), whereas a trend of decrease is shown by their
graphs after increasing the (Cy) (0.1 to 0.7).

0.0 0.1 0.2 03 0.4 05 08 0.7
45 P,
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(b)

Fig. 11: Direct Coupled Stiffness (K«, K,,) with Ca:
(a) Kux, (b) Kyy

The variation of Ky, with an increase in (Cy) for
eccentricity ratio, ¢ = 0.5 and /* = 0.2, shows an
oscillating trend, initially between (Cy) = 0.0 - 0.2 it
decreases, then increases from 0.2 - 0.3. After 0.3 - 0.5
the value of Kyy again decreases, whereas from 0.5 -
0.6 it is increased and from 0.6 — 0.7 it shows a
decrease in its value such that at (C;) = 0.7 it gives us
a negative value. Kyx shows a similar trend as of Kyy
for higher eccentricities. In case of cross stiffness
coefficients it is shown by Fig. 12 (a), (b) that by
increasing the value of (CSP) (I* = 0.0 to 0.2) K, is
going to be increased whereas K,x decreases with /*
increases. When the partial arc bearing is working with
using the Newtonian fluid and couple stress fluid, a
change in the behavior of cross stiffness coefficient is
there in the case using (CSF) in comparison with
Newtonian fluid as shown by Fig. 12 (a), (b). Ate =
0.1, the effect of change in (Cy) on Kxy and Kyx shows
a very small change in their behavior. Whereas at
higher eccentricity ratios i.e. ¢ = 0.5, Ky is increasing
with increase in (Cy). From Fig. 9 (a) it shows that Ky,
gives an oscillating behavior (first decreasing , then
increasing and again further decreasing and then
increasing) with an increase in (Cy) at higher
eccentricity ratio (¢ = 0.5) for /* = 0.2. This behavior
with abrupt changes with (Cy) help us to know that
how the stability of the partial arc bearing system is
affected at higher eccentricity ratios and higher values
of CSP (I*=10.2).
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(b)
Fig. 12: Cross-Coupled Stiffness (Kxy, Kyx) with Ca:
(a) ny, (b) ny

It is shown in Fig. 13 (a), (b) that how the direct
damping coefficients varies with an increase in (CSP) (/*)
and flexibility parameter (Cg). The direct damping
coefficient C,, isincreased with an increase in /* and an
increase in the value of eccentricity ratio. The Cyy also
shows the same pattern of changing behavior with /* and
eccentricity ratio. The variation of direct damping
coefficient Cxxand Cyy with (Cy) is found to be remains
constant or very small change with an increase in (C,) at
& =0.1. On the high value of eccentricity ratio (¢ = 0.5)
both the damping coefficients (direct) (Cx and Cyy)
decreases with the increase in flexibility parameter (Cy).
As the load, capacity W is affected by the increase in
(Cy) such that the capacity of load bearing W decreases
with an increase in (Cy). Due to this pressure in the fluid
film decreases and the thickness of fluid film, such that
reactions are varying proportional to the W, and with a
decrease in fluid film reactions the pressure decreases.
Therefore an increase in (Cy) give rise to a decrease in
W, which leads to a reduction in direct damping
coefficients (Cxx & Cyy) ate=0.5 and [*=0.2.
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Fig. 14: Cross Coupled Damping (Cxy= Cyx) with Cq

Fig. 14 gives us the results for the variation of cross
damping coefficients with 7* (Cpy, and e. At an
eccentricity ratio 0.1, Cy, & Cy shows a very small
change in their values with increasing /*. On increasing
the value of ¢, the cross damping coefficient Cyy and Cyx
shows an enhanced decrease in their values when
increasing /* and eccentricity ratio. The cross damping
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coefficients (Cxy & Cyx) improved with an increase in (C,)
at higher values of eccentricity ratios and (CSP). Fig. 14
shows that Cxy & Cyx have negative values for the entire
¢ and (C,) with changing /*.

Fig. 17: Whirl Frequency (v) with Cqa

Fig. 15-17 represents stability margins in terms of
critical mass ( M, ), threshold speed (om) and whirl
frequency (v). It is founded from Fig. 15 that critical mass
(M,) is increased with an increase in the (CSP) (I*),
whereas it is decreased with an increase in (Cy). The
decrease in the value of (M) with (C,) is at a faster rate in
case of higher eccentricity when ¢ = 0.5 and /* = 0.2 in

comparison with the Newtonian fluid. Fig. 16 gives the
variation of threshold speed (w:) with the change in /* and
(Cy). The value of (wy) is increased with an increase in /*
and the variation of (ws) with (Cz) exhibits the same
manner of increased behavior as observed in case of
variation with /*. The whirl frequency (v) is found to be
decreased with an increase in /* and (C,) both as shown in
Fig. 17. Thus, it is observed from Fig. 12-14 that the
stability of the partial arc bearing with flexibility is
increased by using the (CSF) as lubricant in comparison
to the fluid with Newtonian nature.

4. Conclusion

The change in the reactions of fluid film caused due to
change in the fluid film extent in a bearing with partial arc
with flexible liner studied here with f = 100° and a
lubrication of (CSF). The pressure profile enhanced due
to flexibility and the (CSF), such that the characteristics
(static and dynamic) of the bearing are enhanced by using
(CSF). The conclusions  made are as follows:

1. The pressure in both the hydrodynamic and elasto-
hydrodynamic bearing increases with an increase
in (CSP) (1#).

2. The value of maximum pressure i.e. P
decreases with an increase in flexibility parameter (Cy),
whereas with an increase in (CSP) the value of P
increases.

3. The capacity of load bearing (W) is reduced for
any value of (g) with an increase in (C,). With an increase
in (CSP) for any (Cy), the (W) is increased in comparison
with Newtonian fluid.

4. The sommerfeld number (S) for the bearing is
increased with an increase in (Cy), whereas it is decreased
with (CSP) in comparison with Newtonian fluid.

5. The direct stiffness (Kxx) and (K,y) increases
with increase in (CSP) for high values of eccentricity
ratios. The effect of change in flexibility parameter (Cy)
for small eccentricity ratio is very small, whereas for
higher eccentricity ratios the (Kxx) and (Kyy) shows a trend
of decrease with an increase in (Cy).

6. The cross- coupled stiffness coefficients (Kyx)
is increasing with an increase in (C,) whereas (Ky) gives
an oscillating behaviour with increase in (Cy) at £= 0.5
and /* = 0.2, such the magnitude of K, is increased from
1.0678 at (Cy) = 0.0 to 1.157 at (Cy) = 0.7. The influence
of change in (CSP) on cross stiffness is such that, Kyy is
increased with an increase in (CSP) whereas K is
decreased.

7. The change in direct damping coefficients (Cxy)
and (C,y) with (C,) is very small for small eccentricity
ratios, whereas at higher eccentricity ratio i. e. £= 0.5,
both Cy and Cyy are decreased with an increase in (C).
The cross damping coefficients (Cxy) and (Cyy) decreases
with an increase in /* and &, whereas these are increasing
with an increase in (Cy).
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8. The stability of the partial journal bearing
obtained and presented by critical mass (M,), threshold
speed (wn) and whirl frequency (v). The critical mass
(M,) is found to be increased with an increase in (CSP),
whereas it is decreased with increasing (Cy). The threshold
speed (@) is improved with increase in /* and (Cy) both.
The whirl frequency (v) is decreased with an increase in
(Cy) and [* both.

Thus, it is concluded that the conduct of a bearing with
partial arc in terms of static and dynamic properties is
enhanced by using couple stress fluid (CSF) as lubricant
in comparison to a fluid with Newtonian nature. It is also
concluded that the stability of a bearing with partial arc is
improved by using the couple stress fluid (CSF) as
lubricant in comparison to a fluid with Newtonian nature.
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Nomenclature
c Radial clearance (mm), ¢ = R-r
Cq Deformation coefficient
Cj Damping coefficient (dimensional)
(Ns/mm)
C; ; ]?ampinc%ﬁcoefﬁcient (non-dimensional),
Gy = uch}'
Coxs C_'yy Direct damping coefficients (non-
dimensional)
Cyy,Cyy Cross  damping  coefficients  (non-
dimensional)
D Journal Diameter (mm), D = 2R;
e Eccentricity of journal (mm)
[F] Surface traction vector
h Fluid film thickness (dimensional) (mm)
h Fluid film thickness (non-dimensional),
h= 1,
Kj Stiffness coefficients (dimensional)
(N/mm)
K; | StiffnessK' lccsgefﬁcient (non-dimensional),
Kij = - U i
Kyx Ky, Direct stiffness  coefficients  (non-
dimensional)
Ky, Ky, Cross stiffness  coefficients  (non-
dimensional)

L Length of bearing (mm)

1)

2)

3)

- 69 -

l Characteristic length of additives (mm), /
=(n/w)"”

I* Dimensionless couple-stress parameter, /* =
l/c

Mj Mass of journal (Kg)
M. Critical mass of journal (Kg)

Oy Centre of bearing

O; Centre of journal

p Pressure distribution (dimensional)
(N/mm?)

p Pressurz Czdistribution (non-dimensional),
pP= T2

R; Radius of journal (mm)

S Somerfield Number

t Time (s)

w Load bearing capacity (dimensional) (N)
w

Loac31 bearing capacity (non-dimensional),
Wce
n.n4

Load in x direction and z direction

Journal centre coordinates
Axial coordinate, Z =2/,
Circumferential coordinate, 6 = X/R

zZ

0

u Lubricant dynamic viscosity (Pa-s)

Uo Dynamic viscosity for reference (Pa-s)
i

Dynamic viscosity (non-dimensional), i =
H/ o =1

Rotational speed of journal (rad/s)

Threshold speed (non-dimensional)

Attitude angle (°)

new material constant peculiar to CSF'

Eccentricity ratio, € = e/c

Aspect ratio, A = L/D

Arc length of partial arc bearing

Angular position at start of partial bearing

Angular position at end of partial bearing

Radial deformation of bearing liner
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