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between

In this research, two subjects are presented. The first
one was, studying the effect of the ellipticity ratio on
the bearing performance characteristics (flow rate,
load number, power absorbed, and stiffness
coefficients), where three different values of the
ellipticity ratio (0.5, 1, and 1.5) were studied and the
conventional bearing was considered as a reference for
comparison with the elliptical bearing of different
values of ellipticity ratio to demonstrate the effect of
ellipticity ratio on the bearing performance, while the
other aspect was, studying the effect of aspect ratio on
the elliptical bearing performance. Three different
values of aspect ratio (0.5, 1, and 1.5) were studied.
This was achieved within the range (0.1 - 0.8) for the
eccentricity ratio. The finite difference method was
used to solve Reynold’s equation numerically to obtain
the pressure distribution on the bearing surface and
then the bearing characteristics were computed. The
computer program (Matlab R2015a) was used for
solving the equations used in this study. From the
results, it was observed that increasing the ellipticity
ratio gives an increase in the flow rate values and a
decrease in the (load number, power losses, Krr, Kss,
|Krs| and Ksr) values, while, increasing the aspect
ratio gives an increase in the (flow rate, power losses,
Krr, Kss, |Krs| and Ksr) values and a decrease in the
load number values. It was also observed that the
elliptical bearing has a (higher flow rate, lower load
capacity, and less power losses), than the conventional
bearing. In addition, the elliptical bearing has higher
principle stiffness coefficients (Krr and Kss) in the
region (n<0.41) and (n<0.66), respectively, and lower
cross-coupling stiffness coefficients (Krs and Ksr),
than the conventional bearing.
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1. INTRODUCTION

The hydrodynamic journal bearing is an
important element in most of the mechanical
rotating parts, where it provides support for the
rotating shafts axially or radially, and it consists
of two or more parts arranged in a way that
allows loading as well as the relative movement
between them. The bearings are -classified
according to their principle of operation, fluid
film bearings, rolling element bearings, and dry
(or rubbing) bearings, and are widely used in
machinery and equipment’s. For example,
high-speed pumps and turbines, auto motors,
and all mechanical machines that contain
rotating parts. The design of the hydrodynamic
bearings requires careful attention as the
dynamic behavior of the machine and both the
static and dynamic characteristics of the
bearing must be taken into account in the
design process to ensure non-contact between
the bearing and the shaft surfaces during
rotation, reliable operation, safety and
efficiency of the bearing and the provision of
specific values of stiffness coefficients. The
failure in the hydrodynamic bearings occurs by
slip wear when motion starts or ends [1]. The
elliptical journal bearing is one of the most
common types of non-circular hydrodynamic
journal bearings and is widely used in high-
speed rotating machines and large turbines
because it enhances journal stability (high
resistance to whirl), reduces power loss and
increases oil flow (as compared with the
circular bearings), thus reducing bearing
temperature [2], and it is also characterized by
its ability to rotate in both directions [3]. W. A.
Crosby and B. Chetti [4] presented a study that
examined the static and  dynamic
characteristics of an elliptical bearing that is
lubricated using a couple-stress fluid. The finite
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element method was used to solve the Reynolds
equation numerically to obtain the oil film
pressure distribution on the bearing surface. In
this research they studied, the effect of
eccentricity ratio on the static characteristics
(load carrying capacity, attitude angle, and flow
rate) and the effect of Somerfield number on
the dynamic coefficients (stiffness k;; and
dampingC;;) behavior. The obtained results
showed that the bearing load capacity and oil
flow are increased with the increase of
eccentricity ratio while the attitude angle
decreases with the increase of eccentricity ratio.
As for the dynamic coefficients, the coefficients
(Kxx kxy, kyy) Cx, Cyyy) are increased with the
increase of Somerfield number values while the
coefficients (k,,,Cy,) are decreased with the
increase of Somerfield number values. Marco T.
C. Faria [5] presented research that examined
the dynamic performance of an elliptical
bearing. The finite element method was used to
solve Reynold’s equation numerically and using
a coordinate system in which the horizontal axis
was (y) and the vertical was (x), and (L/D=1),
where the effect of Somerfield number within
the range (0.001-1) on the dynamic (stiffness
and damping) coefficients were studied. The
results showed that the stiffness and damping
coefficients took their highest values at a low
Somerfield number, the decrease in the
Somerfield number is associated with the
increase of the applied load on the bearing,
which raises the wvalues of the dynamic

coefficients, then with an increase in
Somerfield number and the dynamic
coefficients significantly decrease. R. K.

Awasthi and S. Sharma [6] investigated the
effect of aspect ratio (L/D) on the performance
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characteristics and stability of hydrodynamic
bearings. The finite element method was used
to solve Reynold’s equation to obtain the oil
pressure distribution and then to evaluate the
static and dynamic characteristics. The results
showed that attitude angle, stiffness coefficient
Syz and damping coefficients C,, Cy,, C,;, C,y
increase with the increase of the aspect ratio.
While the stiffness coefficients S,,,S,x, S,
increase with the decrease of the aspect ratio. In
this paper, two subjects are presented, the first
one is, studying the effect of the ellipticity ratio
on the bearing performance characteristics
(flow rate, load number, power absorbed, and
stiffness coefficients), where three different
values of the ellipticity ratio (0.5, 1 and 1.5) are
studied and the conventional bearing is
considered as a reference for comparison with
the elliptical bearing of different values of to
demonstrate the effect of on the bearing
performance, while the other aspect is, studying
the effect of three different values of aspect
ratio (0.5, 1 and 1.5) on the elliptical bearing
performance.

2, THEORETICAL ANALYSIS
The geometry of the elliptical journal bearing is
shown schematically in Fig. 1. The elliptical
bearing has two convergence zones [7]. The
journal rotates in the bearing within a position
determined by the eccentricity value and
attitude angle [8].

Z=0
_I/Z 4_|_> +l/z
) b /
[} i
Cou 1 XCF
[ m‘\‘.“. %
% oo a
. . oy - -
CINSN] w5 ’ ’
B
Bearing w //L/
y

Fig. 1. Elliptical bearing geometry.

The Reynolds equation governing the oil film
flow in the clearance space of a journal bearing
is expressed as follows [9]:

1 9 (h30P N d (h30P
b200 \ u 06 dz\ u 0z
(1)

Simplifying Reynolds equation is based on the

following assumptions:

1. Neglecting the body forces.

2. There is no slipping in the lubricant layers at
the boundaries.

3. The pressure does not change radially.

4. The fluid’s momentum forces are neglected
compared with the forces of its viscosity.

5. The flow is laminar.

6. The oil is Newtonian.

7. Neglecting the oil temperature variation
effect in the bearing performance
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8. Non-compressive fluid.

9. The bearing is steady and the load is static.
10.Viscosity is constant.

2.1. Finite Difference Method

The finite difference technique is used for
solving Reynold’s equation numerically to
obtain the pressure distribution on the bearing
surface. The bearing surface is divided axially
and circumferentially using grids, to apply the
numerical solution [10].

Simplifying Reynolds equation according to the
previous assumptions gives [11]:

0%P 30hoP d%Pp U,ub oh
b — b2 — = — .2
0602  h 06 00 az? h3 06
Assuming:
. _30h
" hoo
C, = b? -~ (3)
U,ub dh
€ =655 59)
Substituting (C,, C, and C3) in "Eq. (2)" gives:
8P 0P %P
Cl%-l_ CZWZCS ...(4)

The first and second derivatives of the pressure
ap a%p

(P, ;) in the circumferential direction ( 2’ 692)

and the second derivative of the pressure in the

axial direction (Z ) are given respectively by:

a_P) _PL+21] Pl. 1,j (5)

0071 2(5%/iy _ 1)

a%p P, 2P+ Py

ﬁ) = @)
ij ( T[/m - 1)

a%pP Piiy1— 2P +P .

ﬁ) _ _iJj+1 i,j > ij-1 (7)
v (M)

Substituting "Eq.s (5, 6 and 7)" in "Eq. (4)"
gives:

Piy1,j=2P;j+Pi_yj (Pi+1,j_ Pi—l,j)
D PR e ) g (ST
( O r)” ) T\ 2 1)

Pij+1=2P;j+Pjjq

2 =C ..(8
2 G 3 (8)
Assuming:
C4 = (m B 1/47'[)
2
=M~ Y0t )

2
¢s= (1)

Substituting (C,, Cs and Cg) in "Eq. (8)" and
rearranging it gives:

P i =APyj+ AP+ AP g +

AsP; i — A, . (10)

The film thickness of the elliptical bearing as
shown in Fig. 1 is expressed by the following
equation [7].

h=Cpin +ecosO + (Cpax —

Cinin) SiN?(0 + @) ..(11)

The first derivative of (h) concerning () is:
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oh .
8= "¢ sin@ + (Crpax —
sin2(0 + ¢)
2.2, Boundary Conditions
The boundary conditions of the pressure on the
bearing surface in the circumferential and axial
directions are as follow: The pressure
boundaries in the circumferential direction for
the conventional and elliptical bearings are:
1. For conventional bearing:
P=0 at <6 <2m) ..(3)
2. For elliptical bearing:

P=o0 at(osesgandnses

Cmin)
.. (12)

for
37") e=0 ...(14)
¢=0

The pressure boundaries in the axial direction
for both bearings (conventional and elliptical)
are:

P=o0 at Z = ig ... (15)
op _ _
et at Z=0 (16)

2.3. Forces Analysis

The generated hydrodynamic pressure in the oil
film between the bearing and the journal,
generates a force on each element, and this
force is analyzed into two components as shown
in Fig.1, the first one is parallel to the line of
centers, and the second one is perpendicular,
and are given respectively as follows [11].

F”Lj =a,* P j*cosf; ..(17)
Fli.j =a,* P j*sinf; ..(18)
The total parallel and perpendicular

components of forces on the bearing surface are
expressed respectively by:

k
Fy, = Zi=1z [Fu,,] - (19)
=1
k
F,, = zi:1z [F] o)
Where: =
A
A, = m (21)
A=P, L . (22)

The bearing perimeter is [12]:

2
P,=a [1.2(b/a) +1.1(0/g) + 4] . (23)
The load carrying capacity and the attitude
angle are given respectively by:

w = ((R) +(F)) "
¢ = tan™ [Flt Fut]

2.4.Static Characteristics of the Bearing
The static characteristics of the bearing (oil flow
rate, load number, and power absorbed) are
given respectively as follows [13]:

. (24)
..(25)

Q, =nDLC, n N ..(26)
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Ly = %(CV/D)Z @) @D

b = 21N [(M U L RZ/CV) <2n - nz)l/z)]

+W=xesing ...(28)

2.5. Stiffness Coefficients

The stiffness coefficients depend on the values
of (attitude angle, eccentricity, and load-
carrying capacity) and their variations due to
the journal movement within the clearance
space. These coefficients are calculated using
the following equations [8]:

K, = Z—‘ZCOS(I) — W‘Z—fsin¢ ..(29)
K = %cos ¢ ..(30)
Ko =S2sing +W22cos¢p  ...(31)

Kps=—"sing ..(32)
Where the first subscript represents the
direction of force and the second subscript the
direction of displacement.

2.6. Computation Algorithm

Programming algorithm.

1. Assuming an initial value of the eccentricity
ratio.

2. Assuming an initial value of the attitude
angle.

3. Calculating the oil film thickness at each
node on the bearing surface using "Eq.
(11)".

4. Calculating the pressure value at each node
by solving Reynolds "Eq. (10)".

5. The following convergence

[M < 10‘4] is used to stop the

P a, j)t—l
iteration process and proceed forward
otherwise go to step 4.

6. Calculating the total parallel component of
force and perpendicular component of
force using "Eq. (19 and 20)", respectively.

7. Calculating the attitude angle using "Eq.
(25)".

8. Comparing ¢, with ¢, if [|¢. — ¢p| < 0.1]
then move to the next step, otherwise,
modify its initial value and return to step 2.

9. Calculating the total load carrying capacity
for the bearing using "Eq. (24)".

10. Calculating the oil flow rate using "Eq.
(26)".

11. Calculating the load number using "Eq.
(27)".

12. Calculating the power absorbed using "Eq.
(28)".

13. Calculating stiffness coefficients
(Kyr, Ko, Ko and K,.¢) using "Eq. (29, 30, 31
and 32)", respectively.

14. If the eccentricity ratio (n<0.8) returns to
step1, otherwise move to the next step.

15. Printing the output results.

criteria
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2.7.Flow Chart of the Elliptical Bearing
Case

Input Data

m, K, L,R,ab,
Cinins Cmax» €p N it

!

IF

Pape = Pajpe-1
Pant—1

I Calculate Fj, F, using "Eq. (19) and (20)", respectively |

]

| Calculate ¢ using 'Eq. (25)" |

IF
I = ¢l < 0.1

No

Calculate W using "Eq. (24)"

]

Calculate Q,., Ly, using "Eq. (26), (27) and (28)", respectively |

l

Calculate K,, Kss, K, Krs Using "Eq. (29), (30), (31) and (32)",

respectively <
! D

Yes

Display
0P, &, Ly, Qe Krr,

Korr Kss) Krs

3.RESULTS AND DISCUSSION

It is useful to use the conventional bearing as a
reference for comparison. The elliptical bearing
has a different geometry than the conventional
one. To demonstrate the ellipticity ratio effect
on the static and dynamic characteristics, it is
necessary to assess the static and dynamic
characteristics of the conventional bearing first,
then the elliptical bearing. Therefore, the
computer program was designed to calculate
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both characteristics. The two bearings share
most of the parameter’s values presented in
Table 1. The obtained results for the
conventional bearing have been compared with
the bearing studied by [14], and the comparison
results are presented in Fig. 2. It is clear that
they have similar behavior (static and dynamic
characteristics). In addition, this proves the
validity of this work results.

Table1. Bearing parameter values used
calculation.
Values
Used in
Symbols | Definition | the Units
Current
Study
D Journal 0.05 m
diameter )
. Clearance-
Cmm/ radius ratio | ©-°°16 )
Vertical
Crmin radial 4x10°5 m
clearance
Dynamic
u wscgﬁgy of 3x1073 | Pa.s
lubricant
e Ellipticity 0.5,1 _
P ratio and 1.5
L / Aspect 0.5,1 _
D ratio and 1.5
N Js;l;élgl 5000 r.p.m

To prove the validity of the obtained results
from the computer program for the elliptical
bearing, therefore, it is compared with other
researchers’ results. Static and dynamic
characteristics of this bearing were compared
with those researchers’ results and it was found
in good agreement with slight differences due to
the variation of the design and operational
parameters values. Fig.3 shows the variation of
load carrying capacity (for elliptical bearing)
with the eccentricity ratio for the current study
and Ref. [15]. Fig. 4 shows the variation of the
oil flow rate with the eccentricity ratio for
different values of the ellipticity ratio. It is clear
that the relation between oil flow rate and
eccentricity ratio is linearly proportional for
both, the conventional bearing and the elliptical
bearing of any value of ellipticity ratio, and
increasing the ellipticity ratio value causes an
increase in the flow rate values. It is also clear
that the conventional bearing gave the lowest
value of flow rate than the elliptical bearing of
any value of ellipticity ratio. The flow rate for
the elliptical bearing is higher than that of the
conventional, this is justified by the higher film
thickness value for the first compared with the
second in the divergence regions, and this
droop down the bearing temperature [2]. Fig. 5
shows the variation of load number with the
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eccentricity ratio of the conventional bearing
and the elliptical bearing of any ellipticity ratio
value. Referring to this figure, it is clear that,
the load number value increases with an
increase in the eccentricity ratio value for both,
the conventional bearing and the elliptical
bearing of any value of ellipticity ratio and the
relation between load number and ellipticity
ratio is inverse proportional. It is also clear that
the conventional bearing gave the highest value
ofload number than the elliptical bearing of any
value of ellipticity ratio. As a result of this
negative effect of the ellipticity ratio on the load
number value, therefore, using low ellipticity
ratios is the closest one to the conventional
bearing regarding the loading number, and
always the conventional bearing has a higher
load capacity than the elliptical bearing [16].
Moreover, this is considered a penalty for
improving stability, as assumed to be. Fig. 6
shows the variation of power losses with
eccentricity ratio for different values of
ellipticity ratio. Referring to this figure, it is
clear that, increasing the eccentricity ratio value
causes an increase in power loss values for both,
the conventional bearing and the elliptical
bearing of any value of the ellipticity ratio. It is
noted that for the elliptical bearing, all
ellipticity ratio values gave very close values to
each other and the conventional bearing gave
the highest values of power losses. Generally
speaking, the elliptical bearing of any ellipticity
ratio gives fewer power losses compared with
the conventional bearing [2]. Fig. 7 shows the
variation of stiffness coefficient Krr with
eccentricity ratio for different values of
ellipticity ratio. This figure shows that
increasing the eccentricity ratio value causes an
increase in the Krr values for both, the
conventional bearing and the elliptical bearing
of any value of ellipticity ratio, and increasing
the ellipticity ratio value causes a decrease of
Krr values, and the conventional bearing gave
the highest values of Krr than the elliptical
bearing of any value of ellipticity ratio, in the
region(n > 0.41). Fig. 8 shows the variation of
stiffness coefficient Krs with eccentricity ratio
for different values of ellipticity ratio. This
figure shows that the relation between (Krs)
and eccentricity ratio is inverse proportional for
both, the conventional bearing and the elliptical
bearing of any value of ellipticity ratio and
increasing the ellipticity ratio value cause a
decrease in the Krs (absolute) values. It is also
clear that the conventional bearing gave the
highest (absolute) value of Krs than the
elliptical bearing of any value of ellipticity ratio.
Therefore, it could be concluded that using a
high ellipticity ratio gives a positive influence
on bearing stability. Fig. 9 shows the variation
of stiffness coefficient Kss with eccentricity
ratio for different values of ellipticity ratio. This
figure shows that increasing the eccentricity
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ratio value causes an increase in Kss values for
both, the conventional bearing and the elliptical
bearing of any value of ellipticity ratio while
increasing the ellipticity ratio value gives a
negative influence (decreases Kss values). It is
also clear that the elliptical bearing of any value
of ellipticity ratio gave the highest values of Kss
than the conventional bearing, in the
region(n < 0.487). It was noted that Kss curve
for the conventional bearing suddenly changed
its behavior (going up) and gave the highest
values of Kss at the region(n > 0.487). Fig. 10
shows the variation of stiffness coefficient Ksr
with eccentricity ratio for different values of
ellipticity ratio. Referring to this figure, it is
clear that, increasing the eccentricity ratio value
causes an increase in Ksr values for both, the
conventional bearing and the elliptical bearing
of any value of the ellipticity ratio. It is noted
that Ksr values are close to each other in the
region (0 <n <0.7) for all ellipticity ratios.
Generally speaking, the relation between Ksr
and ellipticity ratio is inversely proportional. It
is also clear that the conventional bearing has
the highest values of Ksr than the elliptical
bearing of any value of ellipticity ratio. Fig. 11
shows the variation of the oil flow rate with the
eccentricity ratio for different values of the
aspect ratio. Referring to this figure, it is clear,
that the relation between oil flow rate and
eccentricity ratio is linearly proportional to any
value of aspect ratio and the relation between
oil flow rate and aspect ratio is proportional.
Fig. 12 shows the variation of load number with
eccentricity ratio for different values of aspect
ratio. This figure shows that, the relation
between load number and eccentricity ratio is
proportional to any value of aspect ratio, while
the relation between load number and aspect
ratio is inversely proportional. As a result of this
negative effect of the aspect ratio on the load
number value, therefore, using low aspect
ratios increase the bearing load capacity. Fig. 13
shows the variation of power losses with
eccentricity ratio for different values of aspect
ratio. Referring to this figure, it is clear that, the
relations between, power losses and
eccentricity ratio for any aspect ratio value,
power losses, and aspect ratio are proportional.
Since the aspect ratio has a negative effect
(increases power loss), thus using low aspect
ratios is preferable since it decreases power
losses and increases the load-carrying capacity
(Fig. 4-3). This is justified as follows: having a
large project area (LxD) gives a large shear rate
of the oil layers hence increasing power losses.
In addition, this means that elliptical bearing
has the same trend as conventional bearing
regarding power losses. Fig. 14 shows the
variation of stiffness coefficient Krr with
eccentricity ratio for different values of aspect
ratio. This figure shows that Krr values increase
with an increase either in the eccentricity ratio
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(of any value of aspect ratio) or in the aspect
ratio. So it may be concluded that increasing the
aspect ratio improves bearing stability. These
results are in a good agreement with the results
of [17]. Fig. 15 shows the variation of stiffness
coefficient Krs with eccentricity ratio for
different values of aspect ratio. This figure
shows that Krs values are decreased with the
increase of eccentricity ratio value for the case
of aspect ratio equal (0.5) only, while for the
cases of aspect ratio equal (1 and 1.5), Krs values
are increased in the range (0 - o0.5) for
eccentricity ratio and then decreased. It is also
clear that the relation between Krs and the
aspect ratio is inversely proportional. These
results are in a good agreement with the results
of [17]. Fig. 16 shows the variation of stiffness
coefficient Kss with eccentricity ratio for
different values of aspect ratio. Referring to this
figure, it is clear that, Kss values increase with
an increase either in the eccentricity ratio (of
any value of aspect ratio) or in the aspect ratio.
These results are in a good agreement with the
results of [17]. Fig. 17 shows the variation of
stiffness coefficient Ksr with eccentricity ratio
for different values of aspect ratio. This figure
shows that Ksr values are increased with the
increase of eccentricity ratio value for the case
of aspect ratio equal (0.5) only, while for the
cases of aspect ratio equal (1 and 1.5), Ksr values
are decreased slightly in the range (0 — 0.3) for
eccentricity ratio and then increased. It also
shows that, the relation between the aspect
ratio and Ksr is proportional. These results are

in a good agreement with the results of [17].

s [ | | |

E —Kir Present Work

Z ||[Eel4

- 4 H—Krs Present Work

T ||-Es[g]

% —XKss Present Work|

£ 2nKss[l4]

g —XKsr Present Work

| [Ksr[14])

io

£

2 -2 - L L L I L
04 02 03 04 05 06 07 08

Eccentricity ratio (n)
Fig. 2. Stiffness coefficients vs. eccentricity
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=
=
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~—Present work
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4.CONCLUSIONS
The following conclusions are obtained from
this study:

1. The elliptical bearing has high values of flow
rate and fewer values of (load capacity and
power losses) than the conventional bearing.

2.The elliptical bearing has high values of
principle stiffness coefficients (Krr and Kss)
in the region (n<o0.41) and (n<o0.66),
respectively, and fewer values of cross-
coupling stiffness coefficients (Krs and Ksr)
than the conventional bearing.
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3.Increasing the ellipticity ratio gives an
increase in the flow rate values and a decrease
in the (load number, power losses, Krr, Kss,
|[Krs| and Ksr) values.

4.Increasing the aspect ratio (L/D) gives an
increase in the (flow rate, power losses, Krr,
Kss, |Krs| and Ksr) values and a decrease in
the load number values.

NOMENCLATURES

a = Semi-major axis of the bearing, Fig. 1

a, = The area of each element on the bearing

surface m?

A = Bearing surface area m?
b = Semi-minor axis of the bearing, Fig. 1
Cmax = Horizontal radial clearance

(Chax =a — R) m, Fig. 1
Cnin = Vertical radial clearance

(Cin =b — R) m, Fig. 1
D  =Journal diameter m, Fig. 1

e = Eccentricity m, Fig. 1

e, = Ellipticity ratio, (e, = e—nir )
F, = Parallel component of the oil film force

N, Fig. 1

F, = Perpendicular component of the oil film
Force N, Fig. 1

h = Qil film thickness m, Fig. 1

i,j = Grid counter in the circumferential and
axial directions respectively

k = Total number of grids along the bearing
length (axially)

K, = Principal stiffness coefficient (the force
and displacement are in the r-axis
direction) N/,

K, = Cross-coupling stiffness coefficient (the
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K,, = Principal stiffness coefficient (the force
and displacement are in the s-axis
direction N/,

K, = Cross-coupling stiffness coefficient (the
force is the s -axis direction and the
displacement is in the r — axis direction
N/m

L =Bearing length m , Fig. 1

Ly =Load Number

m = Total number of grids around the
bearing (circumferentially), Fig. 1

N =Journal rotating speed r.p.m

N =Journal rotating speed 7.p.s

_ . . _e

n Eccentricity ratio, n /Cv

P = Generated pressure in the oil film
Thickness p,

P = Specific pressure p,, P = W/LD

P, =Bearing perimeter m

Q, =O0il flow rate m3/5

R =Journal radius m, Fig. 1

r,s = (Bearing coordinates system) parallel
and perpendicular axes to the line of
centers, Fig. 1

U, = Linear velocity of the journal ™/,
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