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Abstract: The study deals with the fluid viscosity variation, the centripetal inertia and the bearing surface roughness
affecting the externally pressurized thrust spherical bearing performance where the partial differential equation of the
temperature gradient previously derived from the fluid governing equations, is integrated and applied to this type of bearings to
calculate and predict temperature distribution along the fluid film. In this part of the research, the recessed fitted type of
bearings has been studied deriving mathematical expressions that not only cover this configuration but also cover the fitted
type of this bearing with its different configurations and showing also the recess effect on the bearing performance. The results
showed the effect of the viscosity variation on the pressure, the load caring capacity, the fluid flow rate, the frictional torque,
the friction factor, the power factor, the stiffness factor and the central pressure ratio as well as the effect of the speed
parameter and the eccentricity on the temperature rise. Applying these derived mathematical expressions, which could be
considered as a general solution for the fitted type, an optimum design for the fitted type with its different configurations (with
and without recess; hemispherical and partial hemispherical seats) has been performed. Using the same bearing dimensions,
the application of these equations proved the excellence of the aforementioned optimum design of this bearing in our previous
papers where the temperature of the outlet flow was less than 14 degrees centigrade over its inlet temperature.
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1. Introduction

Following the 1% part of this research, studying the un-
recessed fitted type, the recessed type of the bearing has been
handled.

Reynolds equation “modified by Dowson and
stochastically developed by the author” to be applicable to
the hydrosphere is thermally re-developed to study and
examine such type of bearings [1-4].

Essam Salem and Farid Khalil [5] studied the hydrosphere
and found that the temperature rise reduces the load and the
frictional torque while increases the flow rate.

Keith Brockwell et al [6] studied the temperature
characteristics of a (PSJ) pivoted shoe journal bearing where

it is stated that the temperature increases with speed and load.

SB Glavatskih and S De Camillo [7] studied the viscosity
effect on thrust pad bearing and concluded that the bearing
temperature is significantly affected by the oil viscosity
grade; increases with the mean sliding speed and the thicker
oil increases the power losses.

Minhui He et al [8] examined the fluid film journal bearing
and concluded that the viscosity shearing generates heat in
the fluid film which leads to reduce the viscosity and to
increase the temperature and the power losses.

Ivan Filipovi¢ and DzevadBibi¢ [9] studied the effect of
the oil viscosity on the journal bearing in internal combustion
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engines and found that reducing the oil viscosity directly
influences theminimum thickness of the oil film and the
resistance of journal in the bearing where it results in
increasing the friction due to the decrease in the min. film
thickness and rough surfaces on the bearing which also
contribute to significant increase of mechanical losses.

Srinivasan V. [10, 11] studied, theoretically and
experimentally, the annular recessed bearing considering the
inertia and the viscosity variation concluding that the speed
increase leads to raise the temperature and pressure.

N. B. Naduvinamani and A. K. Kadadi [12] studied the
effect of the viscosity variation on a short journal bearing
behavior stating that the effect of the variation in the
viscosity leads to decrease the load carrying capacity.

Shigang Wang et al [13] studied the temperature effect on
the hydrostatic bearing performance in both cases of
sufficient and deficient fluid film using the “Fluent 6.5
Software” to simulate the temperature field. According to the
obtained results, it is concluded that the oil viscosity will
affect the temperature distribution and the temperature rise.

B. Bouchehitl et al [14] studied a foil lubricated bearing
and concluded that the temperature has a noticeable effect on
the bearing performance.

NOMENCLATURE

A=—~(6uq]eTp,)

a =Bearing projected area ( 7IR? ).

C=~(6449/10).

¢, = Lubricant specific heat

E (f) =Expected value of.

e= Eccentricity & e, =A+e

f = Dimensionless friction factor.

F = Friction factor.

H = Dimensionless film thickness.

h = Film thickness.

h, = Deterministic (mean) part of the film thickness
(ecos@).

h,, = Random stochastic part of the film thickness.

h = Power factor

K, = Constant of viscosity variation
K.=(e/R)&K,=(e,./R).

m = Frictional torque.

M = Dimensionless frictional torque (mae/ 277JQR4)
m, = Deterministic part of the frictional torque.

mg, = Random stochastic part of the frictional torque.
N = Shaft speed (rpm).

P = Dimensionless pressure ( p/p;)

p = pressure along the fluid film

p; = Inlet pressure.

p, =Supply pressure (5x105 N/m2 ).

QO = Dimensionless volume flow rate (Q =—4).

q = Flow volume flow rate

R = Bearing radius (50 mm).

S = Speed parameter (30 QZR2/40pl. ).

SF = Stiffness factor

T = Temperature

W = Dimensionless load carrying capacity (w/ R? ;)
w = Load carrying capacity.

z, =(efe,) & a =(z})

B=(p:/py)-

6= Angle co-ordinate.

@, = Seat outer rim angle.

@, =Recess angle

6. =Inlet flow angle.

6, = Outlet flow angle.

A = Recess depth

p = Lubricant density (867 N 52 / m4)

0 = Dimensionless surface roughness parameter.
07 = Variance of the film thickness.

A = Bearing stiffness.

M =Lubricant viscosity (0.068 N .s/ mz)

Q =Rotational speed

2. Theoretical Analysis

The modified form of Reynolds equation derived by
Dowson and Taylor [1-2] and their suggested equation for the
lubricant viscosity variation applicable to the hydrosphere
Figure (1) have been adopted in this study.

Figure 1. Bearing configuration.

Based on Dawson and Taylor [1-2]:

dP 3 C
W (= -— pQ*R? sin20) = 1
(dH ZOpQ sin26) sin @ M
p= (1=K, sin6) )
dp 3 2512 - C(I_K siné’)
/] R 20— =~ 3
[dH ZOpQ sin 207 sin @ ®)

And from Elescandarany [3-4], the pressure differential
equation and its integration are:
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dp _ C(1-k,sin6) +i

2p2
R”sin28 4
d@ (b} +302h,)sin@ 20pQ @

-4
P= dH -4S | HdH
j (H’ +b*H)(1-H?) j
(%)
+ J' Ak, _dH
(H> +b*H)(1-H*)2

{— In(1+5? sec? 6) + In(tan()} .....

b2
{ (l+sin9)+ 1 \/b +1 —s1n9)} ©)
2b2 I=sin@ \/b2+1 \/b2 1 +sin 6
-2Scos’ 0+ B
Where:
P=p/p,; H=h,Je=cos8; A=C/P 0, Je=0

S =(3/40)pQ°R?, 307 =b*, C=-64Q/m

d6 = —(1/sin 6) dH

3. Theoretical Solutions
3.1. Pressure Distribution

3.1.1. Recessed Zone
Following Yacout [4] in treating the recessed zone as a
fitted type bearing of radius (R) and eccentricity (e, ):

b,y =(e./e)h & 4, = a4

Equation (5) and its integration become:

By = [ 28— an -as [ Har
(H* +b*H)(1-H?)
()

+j aAk, _an

(H? +b*H)(1-H?)?
R, = { 1n(1+b2 sec’ @) +In(tan(6)} .....
_a'AkV {ln(l+sin9 L1 ln(\/b2+l—sin9)} ®

26 l=sing B2 41 b2 41 +sin6
-2Scos’ 0+B,

Applying the boundary conditions:
At0=6 —F, =1

At6=6,— R, =P

Then:

sec’ 8) +In(tan(6,)}

_ V{ (1 s1n9,) \/m—sma)}]
2 I=sin Vb \Jb* +1 +5in 6,
2
P :1+a'A[ 1 i (1+b° sec 6’) (tan(8.)
b* 12b2 (1+b7 sec 0) (tan())
1+sm9r o 1 —sing,
2b2 1 sind, 1+sin6, 9)
\b? 1-sin, +1+sin6.

1 n( )}]
\b? \b* +1+sin@, ~/b* +1-sin6,

+25(cos” 8, —cos* 6, )

3.1.2. Seat Zone
Applying the boundary conditions:

Atf=6,—»P=P
At8=6,—-P=0

Then:

sec® §,) +In(tan(6,)}

_ Kk, In (1+sm9) 1 \/b2 1-siné,
\/b2+1 \/ +1+sing,

2h2 1-siné,
N (1+b% sec? 8.) +
(1+5? sec? 8,

<)} ]

L1
b? +1 2b*
_ V{ (1+sin6’r*1—sin9(_,
2b> 1-sing, 1+siné,

1 Vb* +1-sinf, Vb’ +1 +sin
—— I - )1
Vb*+1  \Jb*+1+sinf, ~b* +1-siné,

+28(cos? 8, —cos* 6, )

(tan(6,)

P =4
(tan(6,)

r

}

(10)

Equating the two equations (9) and (10) gives:

1+28(cos® 8 —cos* 6,)

A=
Li=-1L,
Where:
1 1+ b2 sec? 6. tan(é
Lol L e 0) @),
b*+1 2% (1+b%sec 9) (tan(6,)
—i{ln( +s?n6r*l—s%n¢9€)+
2b% 1-sing, 1+sind,
1 1(\/bz+ 1-sing, b* +1+sing, an
\/ \/b2+1+s1nt9 \/b +1-sing,
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_a (1+b” sec 9) (tan(8,)
L= [2 21 2
b +1 2b%  (1+b°sec 9) (tan(6})
_ak, {ln(l+s?n9,*1—s%n6’,-
2b% 1-sing. 1+siné,

1 \/b2 1—s1n6?

b +1+sin 6,

)11

«/b2+l \/ +1+sinf, +1=sin6,
Generally:
pP= b2 {—1n(1+b2 sec 9)+1n(tan(9)} .....
adk, . 1+sin@ x/b +1-sin@
—— S {In(——)+ )b (A1)
2b 1-sin@ b2 +1 \/bz +1+siné@
-2Scos> 6+ D

D=B. at(a<l)
D=B at(a=1)

Hint:
This pressure formula covers the un-recessed bearing also
when (a=1)

Where:

3.2. Load Carrying Capacity

From the Appendix (4,):
W =sin® 6+2[(a) +b) = (b,-a,)] (12)
3.3. Temperature Distribution
From Elescandarany [4]:
dP dP. . (Ssin 26)*
)2 —48()sin(26) + ==
ar _ p Cag) e O

a6 e,

dpP
2sin280——
(2sin a’9)

. (Const)sin? Gsec* 8(1- k, sin 6)>

=X
(2sin 20—d—P)
do
ar_
A
T,=T,_,+XAG8
- 13
h=T, (15
160 S 1
Const = (%)
ppi R Ke
3.4. Frictional Torque
Following Yacout and Dowson [1-4]:
m = 27QR* I sin’ d(;+zzquR4js sin*0
e, cos @ 5 ecos@

MU= (1-k, sin6)

8
me ¢ (1-k, sin@)sin® @

= dé
27 QR

=z

b ‘ ecosd

% (1-k,sin@)sin’ @

+J‘( , sin @) sin 0
ecos @

g, . . 3
M:ZbJ'(l k, sin @) sin 9d9
h
9’.
% (1-k, sinB)sin’
+J‘( . sin &) sin 0
; h

The Integration could be found in the Appendix (A3) as:
M=z, M, +M, (14)

Where:

2 2
M :[cos g

r

2 g 6
+(0” —DlIn(cosf) +- -
( )In(cos &) 2CO829]@

kv[((f2 —1){sin@—1In(tan G+secH)} -
2 .3
%{ln(sec9+tan6)—secl9tan6}—%]Z"

(i

cos 9 o’ 0,

+(0? -1)In(cos @) +—
=[O DI (eos ) 4=

V[(J —1){sm¢9—ln(tan9+sec9)} -

%z{ln(sec¢9+tanH)—secHtanH} sin ‘9]9
3.5. Volume Flow Rate
From [1-4]
Q=-4 (15)
3.6. Friction Factor
From [1-4]:
F=M/w (16)
3.7. Power Factor
From [1- 4]:
Eae 7cTon3 6, a7
3.8. Pump Power
From [3- 5]:
LT (18)

6u
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3.9. Frictional Power

From [3- 5]:
2R Q2
Py = M (19)
e
3.10. Total Losses
B =P,+F (20)
3.11. Stiffness Factor
From [1- 4]:
SF=—(BW+LW) 21)
4. Results

As previously mentioned, the main target of the research is
to thermally examine the design of this type of bearings.

Mathematical expressions have been derived to examine
the recessed bearing characteristics such as pressure

Effect of kv onp

@i=35deg \
a Dr=24deg |
Ke = 1/17.6056 l
05t Kr=1/10 |

| §=01925 |
n=1 |
E=1 ‘
D i 1 1.1

0 20 40 60 80 100
0 (degree)

Effectof e on p

(C] Ke=120

1 — / \
®i=S5deg /1ns |
@ r=24 deg '
Kv=05
Kr=1/10
0.5F s=0.1025 1/17.6056 | A
n=1 |

g=1 |

0 20 40 60 80 100
0 (degree)

distribution, temperature distribution, load carrying capacity,
flow rate, frictional torque, friction factor and stiffness factor.

The bearing characteristics have been examined for the
bearing with hemispherical and partially hemispherical seats.
The recess effect on the bearing behavior has been also
examined and an optimal design based on the minimum
losses is performed.

These mathematical expressions could be considered as
general expressions for the fitted type of bearings where they
could also be applied to examine and design the un-recessed
bearing.

5. Discussion

Studying the thermal behavior of the recessed fitted
bearing in the presence of inertia and surface roughness, the
visions of references [1-5] have been followed.

5.1. The Pressure Distribution

The pressure distribution under the effect of different
parameters is represent by figures (2, 3)for a bearing with
hemispherical and partial hemispherical seats.

Effectof Sonp
1.5 . :
(B) )
01925 _4io2sn
1} — _
@®i=5deg $=0
a D r=24deg
ﬁe=l 15 6056 \
r=1/1
05} gy=05
n=1
0 i 1 ‘1 1
0 20 40 60 80 100
0 (degree)
Effect ofo on p
1.5 : .
D)
e
et ,_\
. s ™ £=0.05:1 ‘
©i=5deg \
- ®r=24 deg |
Ke = 1/17.6056 \
Kr=1/10
05F kv=05 |
$=0.1925
n=1 |
0 . . |

0 20 40 60 80 100
0 (degree)

Hemispherical Seat

Figure 2. Effect of different parameters.
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Effect of kv onp

(A)
1} ————m Kv=0 4
Di=35 deg
a Gr=24 deg 0.5
Ke=1/30
Kr=1/10 A
0.5} 5= 01025 \ 7
n=0.285
g=1
0 s s L
0 20 40 60 80
6 (deg.)
Effect of e on
15 ; : -
©)
ot Ke=1/30
‘b:=5deg 3
a © 1 =24 deg N
Kr=1/10
L Kv=035 J
05 $=0.1925 /
n=085
Fu i 15
£
O 1 1 i
0 20 40 60 80

0 (deg.)

Effect of S on p

5}
(B)
1 —— 0.1925 |
©i=35deg
a @ r=24deg P
Ke=1/30
Kr=1/10 551
05F ge=0s i S0 1
n=0.85
E=1 \
0 Il ' 1 \'.
0 20 40 60 80
0 (deg.)
Effectof conp
I.S T T T
D)
] L [_.._. §~;e—' e —— s -
(I|=' g _‘--‘"“-._.
®r=24 deg n
B Ke=1/30 o
Kr=1/10 §=0:1.05
0.5 Kv=05 1
$=0.1925
n=085 .
0 ) N - \
0 20 40 60 80
0 (deg.)

Partial Hemispherical Seat

Figure 3. Effect of different parameters.

5.1.1. The Effect of the Viscosity

From subfigures (2a, 3a) it could be observed that the
viscosity has insignificant effect on the pressure in case of
the hemispherical seat due to the high inertia while its effect
could be appreciable in the case of the partial hemispherical
seat due to lesser inertia.

5.1.2. The Effect of the Inertia

Subfigures (2b, 3b) show the pressure under the effect of
the inertia which has a dominant role in increasing the
pressure specially with the hemispherical seat despite its
lesser effect with the partial hemispherical one. The inertia is
represented by the speedparameter [1-4],

5.1.3. The Effect of the Eccentricity

The eccenrticity effect on the pressure is represented by
Subfigures (2c, 3c) where it is clear that the pressure
decreases with the increase in the eccentricity. This
insignificant decrease inthe pressure despite the presence of
the vicosity variation proovesthe highly stiffened bearing
configuration designed in Yacout [3].

5.1.4. The Effect of the Surface Roughness

From subfigures (2d, 3d) it is clear that the two bearing
configurations "hemi and partial hemispherical seats’ haven’t
been significantly affected by the surface roughness.

Comparing these results with those in Yacout [3-4] no
remarkable difference could be observed despite the viscosity
variability which leads to the prediction that the bearing
stiffness will not be seriously affected by the viscosity

variation [4].
5.2. The Viscosity Effect on the Performance

The effect of the viscosity on the performance of a bearing
with hemi and partial hemispherical seats is represented by
figures (4-7).

Subfigures (4a, 6a) show the load decrease with the
increase in both of the viscosity variation costant and the
surface roughness where it could be easily predicted from the
pressure figures.

It could be seen from the subfigures (4b, 6b) that the
volume flow rate increases with the increase in the viscosity
variation constant and the surface roughness parameter in
turn the power factorsubfigures (5d, 7d)dependently
increases where it could be sirectly predicted from the
mathematical equation numbered (17).

Subfigures (4c, 6¢) and subfigures (4d, dc) show
decreasing inthe frictional tourque and the fricrion factor

respectively.
The stiffness factor, subfigures (5a, 7a), shows
insignificant effect specially in case of the partial

hemispherical seat at the high values of thesurface roughness
parameter and when normalized, subfigures (5b, 7b), it
showsconsistancy.

The central pressure ratio, represented by subfigures (5c,
7c), shows insignificant effect in case of the partial
hemispherical seat.
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Effect of o & kvon Q
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Figure 4. Hemispherical seat.
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Figure 5. Hemispherical seat.
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Figure 7. Partial hemispherical seat.

5.3. The Temperature Distribution

Figures (8, 9) represent the effects of the viscosity
variation, the inertia, the eccentricity and surface roughness

on the temperature distribution.

5.3.1. The Effect of the Viscosity

Subfigures (8a, 9a) clearlt show that the temperature

decreases with the increase in the viscosity variation
constant.
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5.3.2. The Effect of the Inertia

Subfigures (8b, 9b) shows that the inertia plays an
important role in raising the temperature where it is more
efficient in case of the partial hemi spherical seat [4].

insignificat in case of the partial hemispherical sea.

5.3.4. The Effect of the Surface Roughness
Subfigures (8d, 9d) shows that the surface roughness has
the least effect on the temperature where it could be
5.3.3. The Effect of the Eccentricity practiclly ignored [4].
Subfigures (8c, 9c) shows that the temperature is
positively affected by the decrease in the eccentricity in case

of the hemispherical seat while its effect could be considered
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Figure 9. Partial hemispherical seat.
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5.4. The Effect of the Recess

Figures (10-13) represent the effect of the recess on the
bearing performance.

5.4.1. The Load Carrying Capacity

Subfigures (10 a, 12 a) show notable increase in the load
reaches to about % 2 in case of the hemispherical seat while it
reaches to about % 30 in case of the partial hemispherical one.
Deepening the recess gets insignificant increase in the load.

5.4.2. The Volume Flow Rate

Subfigures (10 b, 12 b) show increase in the volume flow
rate where it is comperatively more in case of the partial
hemispherical seat. Increasing the recess depth has
insignificant effect.

5.4.3. The Frictional Torque and the Friction Factor

Subfigures (10 ¢, d & 12 ¢, d) show decrease in the
frictional torque and the friction factor and the decrease is
relatively more in case of the partial hemispherical seat.
Deepening the recess has insignificant effect.
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5.4.4. The Power Factor

Subfigures (11 a, 13 a) show decrease in the power factor
but it could be very small in case of the hemispherical seat
comparatively to that in case of the partial hemispherical one.
High values of the recess depth have insignificant effect.

5.4.5. The Central Pressure Ratio

Subfigures (11 b, 13 b) show approximately no effect in
case of the hemispherical seat and notable decrease in case of
the partial hemi-spherical one specially at higher values of
the surface roughness parameter. Deepening the recrss has
insignificant effect.

5.4.6. The Stiffness Factor

Subfigures (11 c, 13 c¢) shownotable decrease in case of the
partial hemi-spherical seat specially at higher values of the
surface roughness parameter and insignificant effect in case
of the hemispherical seat. Normalizing the Stiffness, factor,
subfigures (11 d, 13 d) show no effect which reveals the
bearing consistancy. Deepening the recrss has insignificant
effect.
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Figure 10. Hemispherical seat.
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Figure 12. Partial hemispherical seat.
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Figure 13. Partial hemispherical seat.

5.5. The Bearing Design

As in Yacout [3], abearing with the same dimensions is re-
desigend under the same conditions in the presence of the
fluid variable viscosity.

R=50mm,q=5,¢ =24,7=(01&0.85), &=0.05,
K, =(1/10 ), N =100 rps ,S =0.1925 p, =5xlo® N/m”,
B=2/3,p=867 N.s*/m* , ;1=0.068 N.s/m?,
C,=1880 m?/s*. ¢ K, =(0 &0.5)

Designed (¢} at Ky =0 & Kv=0
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5.5.1. Determening the Eccentrecity

Figures (14, 15) show losses at different eccentricities for
the fitted type covering its eight possible cases. Subfigures
(14 a, b & 15 a, b) for the bearing (with and without) recess,
(hemi and partial hemi) seats at constant viscosity.
Subfigures (14 ¢, d & 15 ¢, d) for the bearing (with and
without) recess, (hemi and partial hemi) seats at variable
viscosity.

The optimum eccentricity for each is determined at the
minimu total Power losses from the graphs [14, 15].
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Figure 14. Hemispherical seat.
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Figure 15. Partial hemispherical seat.

5.5.2. The Bearing Characteristics and Behavior
The concerned bearing in this part of the research is the
recessed one at variable viscosity with heni snd partial

hemispherical seats.
Figures (16-21)

represent

the designed bearing

performance and its behavior if operated under conditons
differ from the those of the design.
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5.5.3. Checking the Bearing Design

To check the bearing designed in Yacout [3], Subfigures (14 a,
b & 15 a, b) show the eccentricity ratios (K, = 1/17.606) forboth
the un-recessed and recessed hemispherical seats which coincide
with those in Yacout [3] and (K. = 1/41.831) forun-
recessedpartial hemispherical seat and (K. = 1/43.367) for
recessedpartial ~ hemispherical ~ seat  respectively.  In
Elescandarany [4] the study doesn’t handle the design.
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Figure 16. Hemispherical seat.
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Figure 18. Hemispherical seat.
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Figure 20. Partial hemispherical seat.
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Figure 21. Partial hemispherical seat.

6. Conclusion

This part of the research concerns with the recessed fitted
type of bearings when the fluid film viscosity is variable in
the presence of inertia and surface roughness.

The main items could be abstracted from the aforementioned
discussion are:

a) Deriving mathematical expressions cover this type of
bearings with its different configurations and whether
the fluid film viscosity is constant or variable.

b) Optimal design based on the minimum losses.

¢) Checking bearing design with constant viscosity.

Future Work

The 3" part of the research handles the design of the fitted
type with its different configurations comparing between
their performances revealing the advantages and drawbacks
of each.

Appendix
Aj— The Load Carrying Capacity Derivation

Following Dowson and Yacout [1-4]:

9)’
w = 7IR* sin” 6, p, + 27IR* J- Dy Sin(@) cos(6)d & +
)

i

6,
27TR? I psin(0) cos(68)d 8
6,

G

6, 6,
W =sin® 6, + 2.[ R, sin(6) cos(6)d & + 2-[ Psin(@)cos(6)d @
6 6,

—_ 2
W =sin’ 6 +2(F, + F)

Where:

9
F = j R, sin(6) cos(8)d0
)

i

6,
F, = j Psin(@)cos(6)d 8
6,

The integration of (F2) could be directly found in Yacout
[3, 4] as:

F2 =a;ta,
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And the integration of (F;) has exactly the same form as:

F] = b] +b2
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Ay — The Integration of the Frictional Torque
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Following Yacout [3, 4]:
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The integration could be found in Yacout [3, 4] as
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