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Abstract: In a previous study handling this subject, a series of six papers has been published covering the fitted type (equal
radii of this sort of bearings) with its configurations in details. The present study handles the same subject investigating the
clearance type of this sort of bearings starting with the un-recessed one. The clearance type of bearings, where the sphere radius is
smaller than that of the seat, provides plenty of complications and great divergence in its behavior compared with the fitted one.
The study investigates theoretically the bearing behavior under the lubricant viscosity variation in the presence of the centripetal
inertia due to the shaft rotation and the surface roughness. Solutions have been derived for the un-recessed clearance type of
bearings with hemispherical and partial hemispherical seats in addition to its two special cases using capillary tube and orifice
restrictors. Unlike other studies, using the conventional integration (i.e., without using the Sommerfeld substitution), only one
equation with one form for the pressure gradient is derived to cover the positive and negative eccentricity ratios. Expressions for
the pressure distribution, temperature distribution in turn the temperature rise, load carrying capacity; volume flow rate, frictional
torque, friction factor, power losses and stiffness factor are obtained. The study shows the combined effects of the viscosity
variation, the centripetal inertia and the surface roughness on the bearing performance. The optimum design (with constant
viscosity) based on the minimum power losses, minimum flow rate and the optimal restrictor dimensions, in a previous study is
checked where it is found out that designing this type of bearings on such basis only is not sufficient in despite of the bearing
consistency. A natural dynamic phenomenon ignored in the previous study is revealed and briefly touched.

Keywords: Externally Pressurized Bearings, Spherical Bearings, Surface Roughness, Hydrostatic Bearing’s Design,
Effect of Rotational Inertia, Bearing Temperature Rise

behavior.

Yacout [1-4] studied the combined effects of the surface
roughness and the centripetal inertia on the hydrostatic thrust
spherical bearing performance (fitted and clearance) where it
is concluded that the central pressure ratio should be (2/3)
showing the bearing behavior in details and offering an
example of a bearing designed on the minimum power losses,
minimum flow rate and optimal restrictor dimensions. The
effect of the viscosity variability on fitted type bearing
behavior in the presence of the surface roughness and the
centripetal inertia has been studied showing the temperature
distribution and calculating the temperature rise through
introducing the energy equation. The aforementioned

1. Introduction

Because of their fabrication simplicity, potential
characteristics of low running friction, high load carrying
capacity, high stiffness, small viscous dissipation, self
aligning property and ability to accept thrust and radial loads,
the externally pressurized spherical bearings are preferably
used in heavy duty and high speed devices as machine tools,
gyroscope gimbals, radar tracking units, craft engines,
dynamometers and telescopes. Where the manufacture
processes in forming and finishing stages consider all bearing
surfaces rough in engineering practice, the recent researches
studied the effect of the surface roughness on the bearing
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example of the designed bearing was checked showing that
the temperature rise is less than 14 degrees centigrade in
addition to the bearing consistency which proved the
reliability of the design technique [2-3]. The clearance type
(un-recessed) bearing behavior under the surface roughness
and the centripetal inertia has been studied where a single
equation with two forms for the pressure is derived to cover
the negative and positive eccentricity ratios, in turn a single
equation with two forms for the load [4].

Woonsil Lee et al [5] offered an actual fruitful industrial
case for a high bearing temperature troubleshooting of
centrifugal heat-pump compressor where the bearing
variables were studied practically (online) finding out
considerable differences between the actual operating data
and those submitted by the designer.

Yongping SUN, Minghui HAO, Baoyu SONG [6]
numerically studied the load capacity and temperature rise of
herringbone groove hydrodynamic lubricating bearing
showing the effects of the rotational speed and the
eccentricity ratio on the load and the temperature rise.

Srinivasan [7, 8] studied, the annular recessed bearing
considering the inertia and the viscosity variation concluding
that the results show that oil cavity pressure is almost
invariant by increasing the workbench rotating velocity while
the oil cavity temperature is increasing gradually by
increasing the workbench rotating velocity. Along with the
work table rotational speed increasing, the turbulent flow in
the oil cavities is more and more obvious. The environmental
temperature around a power transmission system is equally
important because it establishes the stabilized base
temperature for the system.

Shigang Wang et al [9] 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 will affect the
temperature distribution and the temperature rise.

Xibing Li et al [10] studied heavy/large hydrostatic thrust
bearing concluding that, during working, the viscosity
changes as the temperature increases hence the bearing
performance will be affected; therefore control thermal
deformation of hydrostatic bearing and high -efficiency
cooling is the prime problem to solve, in turn an optimal
design of the oil chamber to produce the least amount of heat
is necessary.

Naduvinamani and Kadadi [11] 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.

Bouchehit et al [12] studied a foil lubricated bearing and
concluded that the temperature has a noticeable effect on the
bearing performance.

Yuan Kang et al [13] studied the stiffness of open and
closed types of hydrostatic plain bearings with constant
compensations to find out the most appreciable technique for
designing a stiffened bearing concluding that the static
stiffness of open-type plain bearing is function of the recess

pressure and the compensations of both constant restrictions
of orifice and capillary correspond to low stiffness in the
range of recess pressure ratio < 0.4 or > 0.8.

G Jaya Chandra et al [14] theoretically studied the effect of
the viscosity variation on the squeeze film performance of a
short bearing operating with couple stress fluids finding that
the load carrying capacity decreases with the decreasing the
viscosity variation factor.

Jun Sun [15] studied the effect of surface roughness,
viscosity and elastic deformation on lubrication performance
of misaligned journal bearings finding that the surface
directional parameter has an obvious effect on the lubrication
performance of the bearings when the ratio of the minimum film
thickness to the surface roughness is small.

Chuan-Chieh et al [16] numerically studied the effects of
lubricant viscosity ratio on the hydrostatic thrust bearing
performance concluding that excellent bearing characteristics
could be obtained from the relationship between effective
area, supply pressure, restriction constants of restrictor and
bearing pad, and specific value of average viscosity of the
lubricant; And when changing viscosity ratio (with fixing the
other design parameters) the simulation results depict that the
lubricant viscosity during restrictor being greater than that in
bearing pad film will make the load capacity decrease, but
will improve the film static stiffness.

Due to the rare works that handles such type of bearings in
details, theoretically or experimentally, the present research
continues the investigation of the hydrostatic thrust spherical
bearing in work [4] where the study offers an attempt to find
out the bearing thermal behavior under variable viscosity of
the lubricant fluid in presence of centripetal inertia and
surface roughness. The solutions are presented for the un-
recessed clearance type of bearings (different radii) with
hemispherical and partial hemispherical seats using capillary
tube and orifice restrictors. The flow of the lubricant is steady
and the fluid viscosity has been treated as a variable in the
flow direction.

2. Theoretical Analysis

The modified form of Reynolds equation derived by
Yacout [1-4] and the suggested equation for the lubricant
viscosity variation applicable to the hydrosphere figure 1
have been adopted with little deviation in this study.

Figure 1. Bearing configuration.
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3. Theoretical Solution
3.1. Pressure Distribution

3.1.1. The Case of (£ &)
From appendix (Al.1):

P=41{a, In (H)+C—lln (H-a,)’

+%ll’ll’l(H—ﬁ1 + lll’l(H +b}+f1 _1 (%)
_(Kz)[ahln (H)+ lvl (H2+b )+f1» -1 (E)]}
8¢& P

-Scos 20)+B

3.1.2. The First Exceptional Case (¢ = ()
From appendix (A1.2):

sin & )+K‘, cosd]—Scos(20) + B
osd

1+b2[ (

3.1.3. The Second Exceptional Case (¢ = 1)
From appendix (A1.3):
1

)1 (H)+mln(2—H)

20°H (4b2

1

e In(H? +b2)+72 tan'l(ﬁ)
2b°(4+b°) b

b*(4+b%)

+K [a, In(H) +%1n(H2 +b%)]} - Scos(20) + B

3.1.4. Dynamic Pressure Phenomenon
From appendix (A1.3):

P,=Alc,In (H-a))] for(+¢&)
Py =Ald,In (H=f)] for (=€)
3.2. Load Carrying Capacity
3.2.1. The Case of (£ &)
From appendix (A2.1):
—in? 6 fi
W =sin" § +2A4[(a,w, +c,w, +dw, +5w4 —ws)

-K, e, S .
‘(7)(“&1 +§[2)]Zj’ + 2[0052 29]5:’ +B[sin’ 5]2"

3.2.2. The First Exceptional Case (£ =0)
From appendix (A2.2):

W =sin’ 6, + (1 -)[sin’ Hln( )+cos9—%
s@

- (%)Kv cos’(20)]7 + 2[008(20)]5:’ + B[sin’ 8]7

3.2.3. The Second Exceptional Case (€ =1)
From appendix (A2.3):

W=sin’ § +24{a,w, +a,w, +aw, +a,w, +a;w;
€ oS % 4 Blsin® O1°
—K.[a1,, +5‘12v]}5’ +Z[Cosae)]q +B[sin b],

3.2.4. Dynamic Load Phenomenon

From appendix (A2.4):
L, =2A4(c,w,) for (+€)
L,=24(dw)  for (=€)
3.3. Temperature Distribution
From appendix (A3):
AT _
JAYZ]
T, =T_ +XAG
T =T,
3.4. Frictional Torque
3.4.1. The Case of (+¢)
From appendix (A4.1):
M=M -M,
_ 1 (H) 2 20°
1 _?[T_Z(H)'F(al 131 +07)In(H)+ q
_apBo’ 19
2H* 4
-K, H' 4H’ (6+0°-2¢)H’
M, = (R A )
£ 4 3 2

-4(a,B +0°YH + (a; B} +60° —=2€°0%) In(H)

_ 40’1 :81 02 _ alzlglzaz
H 2H?

6,
13

3.4.2. The First Exceptional Case (¢ = ()
From appendix (A4.2):

M=M -M,:
Msu+aw@§i—m9m
3 5
M, = (=K )(1+0%)feos 6= 28 .02 Oy

3.4.3. The Second Exceptional Case (¢ = 1)
From appendix (A4.2):

M=M-M,

M, :[h;2 -2H+0" ln(H)+E]g
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4 3 2 2
Mv:(—Kv)[H——‘lH +(4+U)H
4 3 2

-40°H+40’In(H) 1}

3.5. Volume Flow Rate

From Yacout [4]:

Q

I
I+
AN

3.6. Friction Factor
From Yacout [1-4]:
F=M/W
3.7. Stiffness Factor

From Yacout [1-4]:

SF=—(BW+BW)

3.8. Bearing Losses

3.8.1. Pump Power
From Yacout [1-4]:
pp = q‘ps‘
mBpic’
P, = :
), = ( 6116 )0

3.8.2. Frictional Power
Yacout [1-4]:
p,=m, . Q

o

_ 2muR*Q?
=TS

3.8.3. Total Losses

R=P+P,

4. Results

Since the objective of this study is finding out the bearing
thermal behavior under the lubricant viscosity variation in the
presence of the centripetal inertia and the surface roughness,
and because of the complexity of the theoretical solution
specially for this type (clearance) it was necessary to select
the viscosity form adopted by the author in a previous study
but with minor deviation to prevent any approximation
needed to derive the equations which can predict the bearing
behavior. The bearing characteristics such as pressure
distribution, temperature distribution, load carrying capacity;
flow rate, frictional torque, friction factor and stiffness factor
have been calculated for the bearing with hemispherical and
partially hemispherical seats. Figures (2-49) represent the
bearing with hemispherical and partially hemispherical seats.

5. Discussion

It is necessary to find out more about this bearing
performance where the thermal behavior hasn’t been
accomplished in Yacout [4]. The visions, of Yacout [2-3] and
others referenced in, of the lubricant viscosity and
temperature gradient for the hydrostatic spherical bearing
have been adopted. The designed bearing example offered in
Yacout [4] has been checked as a guide in the present study.

5.1. The Pressure Distribution

Unlike the fitted type the clearance one has a broad
characteristic spectrum and different special cases. Trying to
cover this bearing performance with least possible figures
without loosing any significant information, six cases in
addition to the two special ones have been studied.

Figures (2-17) represent the effects of the different
parameters on the pressure distribution for a bearing with
hemispherical and partial hemispherical seats.

Effect of (g Effect of (Kv)

ia)

0 20 40 &0 &0 100 ] 20 40 [&11] &0 100
8 (deg.)
Effect of (S)

Ke=-1/100
Kc= U175
e=-0.75
n=1
S=0:1
Ev=0:05
E=0.06:1

The pressure distribution

Figure 2. Hemispherical seat.
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Figure 3. Partial hemispherical seat.
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Figure 17. Partial hemispherical seat.

5.1.1. The Effect of the Surface Roughness

Subfigures (2a-17a) show that the pressure in the case of
both bearing configurations, hemispherical and Partial
hemispherical, hasn’t been significantly affected by the
surface roughness. Compared with the results in Yacout [4]
no remarkable difference could be observed despite the

viscosity variation.

5.1.2. The Effect of the Viscosity Variation

The viscosity effect on the pressure could be easily
observed where Subfigures (2b-17b) show inverse relation
between the viscosity, represented by the viscosity variation
constant, and the pressure. Because of this inverse relation

attention should be given to cases of high speeds (high inertia)

to avoid negative pressures.

5.1.3. The Effect of the Inertia

As in Yacout [1-4] the inertia represented by the speed
parameter has a dominant effect on the pressure where it can
highly increase or decrease the pressure depending on the
eccentricity ratios. It can lead to negative pressures especially
at low and negative eccentricity ratios of both bearing
configurations, subfigures (2c-17c¢).
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Figure 33. Partial hemispherical seat.

5.2. The Load Carrying Capacity

Subfigures (18a-33a) represent the effects of the variable
viscosity and the surface roughness on the load carrying
capacity at low speed parameter (low inertia) and different
eccentricity ratios. The behavior complexity of this type of
bearings could be obviously observed.

5.2.1. The Effect of the Viscosity Variation

The load decreases with the increase in the viscosity
variation constant at the length of the eccentricity ratio
spectrum, subfigures (18a-33a).

5.2.2. The Effect of the Surface Roughness

The load decreases with the increase insurface roughness
at the positive eccentricity ratios while increases at the
negative ones subfigure (18a-19a).

5.2.3. The Effect of the Bearing Configuration

At zero eccentricity ratio the load of the hemispherical
configuration remains constant with the surface roughness
increase while the load of the partial hemispherical one
decreases, subfigures (20a-21a).

5.3. The Lubricant Flow Rate

Subfigures (18b-33b) show that the increase in the
viscosity variation constant as well as the surface roughness
leads to increase the lubricant flow rate at any eccentricity
ratios.

5.4. The Fictional Torque

Subfigures (18c-33c) obviously show bearing behavior
complexity where the frictional torque increases or decreases
depending on the complicated relationship between the
surface roughness, the viscosity, the eccentricity ratio and the
bearing configuration; hence the eight studied cases have
been carefully selected.

5.4.1. The Effect of the Surface Roughness

The aforementioned Subfigures show the frictional torque
increase with the increase in the surface roughness without
exceptions.

5.4.2. The Effect of the Viscosity Variation

The dominant factor controlling the frictional torque is the
viscosity variation constant where it leads to increase or
decrease the frictional torque depending on eccentricity ratio
and the bearing configuration.

5.5. The Fiction Factor

Represented by subfigures (18d-33d) the friction factor
assure the bearing behavior complexity it (friction factor),
also as the frictional torque, increases or decreases depending
on the complicated relationship between the surface
roughness, the viscosity, the eccentricity ratio and the bearing
configuration. Like the case of the frictional torque, the
surface roughness increases the friction factor without
exceptions while the viscosity variation constant increases or
decreases the friction factor depending on eccentricity ratio
and the bearing configuration.

5.6. The Stiffness Factor

Figures (34-35) represent the stiffness of a bearing (with
different restrictors), which is determined numerically based
on infinitesimally exciting (changing) the eccentricity and
relating the infinitesimal excitation of the load to the
infinitesimal excitation of the eccentricity through the
infinitesimal excitation of the central pressure ratio as seen in
appendix (A.5); it means that this bearing stiffness is in the
thrust direction as in Yacout [1-4].

5.6.1. The Effect of the Surface Roughness

The aforementioned figures (34-35) show that the stiffness
is greatly improved by surface roughness while the central
pressure is decreased.

5.6.2. The Effect of the Viscosity Variation
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Figure 34. Hemispherical seat.
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Subfigures (34a-b & 35a-b) show that the stiffness is
negatively affected by viscosity variation while the central
pressure is slightly positively affected in the presence of high
surface roughness subfigures (34d-35d), regardless the
restrictor type. Normalizing the stiffness factor, subfigures
(34c-35c) show that the bearing performance hasn't been
affected by the viscosity variation while it hasn't been greatly
affected by the surface roughness.

5.7. The Temperature Rise and Distribution

The temperature rise is numerically calculated as in Yacout
(2-3) using the initial temperature as zero degrees centigrade
to make the temperature distribution curves express the
temperature rise distribution figures (36-37).
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Figure 36. Hemispherical seat.

5.7.1. The Effect of the Viscosity Variation

Subfigures (36a-37a). Show the viscosity variation effect on
the temperature rise distribution where the local rise increases
with the increase in the viscosity variation constant except at
the exit zone of the hemispherical seat subfigures (36d-37d).

5.7.2. The Effect of the Centripetal Inertia
Subfigures (36b-37b) show that the inertia severely
increases the local temperature rise.

5.7.3. The Effect of the Surface Roughness
Subfigures (36c-37c) show insensible effect of the surface
roughness on the temperature rise.
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Figure 37. Partial hemispherical seat.
5.8. The Natural Dynamic Phenomenon

Looking at the pressure equation, it could be directly
realized that it includes two logarithmic terms with negative
values depending on the eccentricity ratio appendix (Al.4).
This case has been overcome, in Yacout [4], through finding
two forms for the same equation ignoring completely the
physical meaning of such case. In the present study, these two
logarithmic terms have been simply treated through varying
their forms mathematically to keep the pressure equation in
one form only avoiding the complications in Yacout [4]. It
should be revealed that solving the problem of the logarithmic
negative values doesn't mean preventing the dynamic pressure
in turn the dynamic load. This "Natural Dynamic Phenomenon'
disappears in the two special cases of such bearing where it is
related to the positive and negative eccentricity ratios only.
Because of the importance and the novelty of this natural
dynamic phenomenon which needs to be deeply investigated,
the present study will just touch the case postponing the deep
study to a future separate paper figures (38-45).

5.8.1. The Dynamic Pressure

Subfigures (38a-b-45a-b) show that the dynamic pressure
with its two parts, real and imaginary, increases in the exit
direction regardless the sign of the eccentricity ratio except
the real part in case of positive eccentricity ratios where it
decreases. The viscosity variation has insensible effect on the
real part while increases the imaginary part.

5.8.2. The Dynamic Load
Subfigures (38c-d—45c-d) show that the viscosity variation
and the surface roughness increase both parts of the dynamic
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Figure 43. Partial hemispherical seat.



International Journal of Mechanical Engineering and Applications 2020; 8(2): 45-64 57

Effect of (Kv) o Effect of (Kv) Effect of (Kv) Effect of (Kv)
04 2, 80 80
£=2055 i 6i ~ Ke=1/2588
= 03 n=1 5 so) M=1501ms
£ o E=1 £ 024 5=085
iz 02 % § =000 = —
T B 0233 < / 40 -
ol e @ D
= Kv=0 g 0z
= 2 E Kv=0_ e 20
0.225 e
(2) (b) (g)
—0.1 022 o
1} 20 a0 ] H0 100 ] 20 40 o0 §0 100 0 20 40 60 50
(8) (8} (8) {8)
Effect of (Kv) Effect of (Kv) - i T, o
05 0,545 Effect of (Kv) & Temp. rise
0.49
024
(X} / - 675
048} — =
1 T 023
0.47 T o
/ Z o & @
0.46 0:05 / E .
1 = 0225 : o
045) T =
Kv=0 @© (d)
0.4 022 6
0 02 04 06 08 ] 0 02 04 06 0S8 1 0 20 40 60 80 0 01 02 03 04 05
13 (&) i) { Kv)
Figure 44. Hemispherical seat. Figure 47. Partial hemispherical seat.
Effect of (Kv) Effect of (Kv) Effect of (Kv) Effect of (Kv)
06 04 23 0.71
£=2,055 Ke=1/2500 {a) -
= 04 n=085 5 039 i 5 2 5 07 is
£ £E= £ T = £ 5
£ & £ z
= 8$=0.09 3 E— L B, s e —,
2 o2 £ 038 = e 13 E 069
£ o g ___,_/—'—’/ £ A 0.2
= Kv=0:0.1 ;, E El s
3 =
2 9 1 Eom ‘_0.'_0_’____,_ . i
@ Kv=0 (b) Kv=0 ()
a
0.3 0.67
-0 036
3 % o % B - o0 pE g 5 D20 40 60 80 100 0D 20 40 60 B0 100
(8) (8)
(8) (8)
Effect of (Kv) Effect of (Kv) " Effiect of (Kv) i Effect of (Kv)
0.73 . . 0.365 . - 2 .
A (c) i 136 0s (e) (d)
0.1 i ;S 5 07 05
N = e i s L e
2 on / 3 o355} — 0.1 < 2.3 =
] === = Sk 0.25 = 064 025
£ 07 Foost E g0 25
S . - —
£ 0.05 i 3§ 23 =
S 0.69 & 0345 065 2 g nes
= — / E e 298 Kv=0 PR Kv=0
0.68 W 0.34 i e ————]
Kv=0 0.67
0.67 0.335 0 02 04 06 08 1 ] 02 04 06 0B 1
0 02 04 06 08 1 0 02 04 06 08 1 e .
(2) (&) - =
_ _ _ Figure 48. Hemispherical seat.
Figure 45. Partial hemispherical seat.
Effect of (Kv) Etfizct of (Kv) : Eftect o (Kv) p Effect of (k)
60 60
Ke = 1/2500 Ke=1/2588 (a) iz (b
100 mps sz _ 095 R
E £ —
= T 0.94
2 3 g 025
= E =y} ———m8
]
e = o9 Kv=0
—
() 1 e 091
0 20 40 60 80 100 0 20 40 60 80 100
100 (@) (8)
Effect of (Kv) Effect of (Kv)
Effect of (Kv) 32 0.
60 S 05
o e ol @
= T 0.5
53 3 315 7| O —
3] 5 025 3
i = T s e T £ 093 -
. $s E i .
i o E 31 g 09
I E] (-3
= Kv=0 = "
i B [P ] T ' —
3.05 09
i 0 02 04 06 08 1 0 02 04 06 08 1
0 20 40 60 80 100 ] 0l 02 03 04 05 (&) (&)
(8) (Kv)
Figure 46. Hemispherical seat Figure 49. Partial hemispherical seat.

5.9. Checking the Design Example

Yacut [4], offered an example for an un-recessed clearance
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bearing designed based on the minimum power losses,
minimum flow rate and optimal restrictor dimensions.

5.9.1. Checking the Bearing Temperature Rise

Checking the bearing reveals its high temperature rise
which reaches to be around sixty degrees centigrade for both
configurations. While slightly decreases the temperature rise
of the hemispherical configuration the viscosity variation
increases the temperature rise of the other configuration.
figures (46-47).

5.9.2. Checking the Bearing Dynamic Phenomenon
Figures (48-49) show that the bearing dynamic pressure
and load are very high for both configurations.

6. Conclusion

From the above mathematical calculations, figures and
discussion, this type of bearings could be really called a
mysterious bearing; hence it is believed that this study is just
a step on the way to correctly design this type of bearings.
However, the aforementioned discussion could be concluded
as:

1. The pressure equation is mathematically reformed to be
put only in one form avoiding the difficulties in the
previous study.

2. The high inertia and high viscosity variation constant
lead to negative pressures and loads.

3. The surface roughness plays a dominant role in bearing
stiffness.

4. The bearing dynamic phenomenon should be carefully
investigated.

5. The previous design technique, based on minimum
power losses, minimum flow rate and optimal restrictor
dimensions proved its invalidity.

6. This type of bearings should be redesigned, after the
careful study of its dynamic phenomenon, based on
more factors.

7. Future Work

The next work will investigate and study the dynamic
phenomenon of this bearing in details to find out the nature
of this force and how it affects the bearing performance.
Appendix
Appendix 1. Integration of the Pressure Equation

Appendix 1.1. Pressure Distribution (+¢)
From Yacout [1-4]:

h, =c+ecosl

dp _ C
- C 13 0R*sin20
46 (W +307h, ysin 2op sin (1

Through introducing the non-dimensional quantities:

p=L gt g 3K
p; ’ C ’ 40 P
o -6
g=20, =51 o 32,
c T
1= u(1-K, sin’ 6),a, =— K4
i v > ¢ 770317;
Equation (1) becomes:
dP 1-K, sin’ 8 .
—=aq (————X——)+28§ 26
de ac((H3+b2H)sin¢9) sin(26)
a,
dP =[(————=5——-)+2S5in(26)]d 0
Cryimang 255N @)
~a( 3K sin® @ )do
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dP =dP, -dP,
[dp=[dp ~[aP, 3)
P=P-P,
Where:
a
aP. = ( a K, sin’ 8 )do

(H® +b*H)sin@
The integration of (dP,) could be easily found in Yacout

[4] or in another form as:

R =Ala,In (H)+"In (H-a1)’

fiia 4)

Lo =g+ @ 4
—Scos(26')+B
The integration of (dF,) is:
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Putting equations (6) into a simple form gives:

P=AZ-Scos(260) +B (7)
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a(a,
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Applying the boundary conditions:
P=lat@=8GandP=0at0=6,
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Appendix 1.2. Pressure Distribution (¢=0)
From equations (2-3):
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The integration of (@F) could be easily found in Yacout [4] as
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Appendix 1.3. Pressure Distribution (e=1)
From equations (2-3):
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(H® +b*H)sin@

dB, =[( ) +2S8sin(20)]d6

dP, =a_(

v

)d6

The integration of (dP,) could be easily found in Yacout [4]
or in another form as:

1
+%IH(H2 +b2)+%tan_'(£)] (11)
2b>(4+b%) B (4+b) b
-Scos(26)+B
P =(-4K,)[a, ln(H)+%“ln(H2 +5%)] (12)

Then:
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1 1

Ly In() +

P=4 In2-H
EYSTaoTe arp) "
e ! —In(H* +b*)+————— tan"(ﬁ)
2b*(4+b%) b’(4+b%) b

+K,[a, In(H) +%1n(HZ +b%)]} - Scos(26) + B
Where:
A=a, a, =(1/b%),e, =- (1/b)
Putting equations into a simple form gives:
P=A4Z-Scos(20) +B
Applying the boundary conditions:
P=latd=8GandP=0atf0=6,

4= 1+ S(cos 26, —cos26,)
Z,-Z,

B=S8cos28, - AZ,

Where:
Z = ! —(L)ln(H)+ ! In(2-H,)
" 2b°H, C4b? 44+ 0% !
+%IH(H,.2 +b2)+%tan"(H")
2b% (4 +b%) B (4+b%) b

+K [a, ln(H,)+%ln(H,2 +b%)]

1 1 1
zZ,= ~(—In(H)+———InQ2-H
TR berrva L CRN
H
b, b S an ()
2W(4+D7) b (4+b) b

+K,[a,In(H,)+ S in(H +07)]

Appendix 1.4. Dynamic Pressure Phenomenon

(13)

Equation (6) shows that it includes two terms naturally
generate dynamic pressure whether the eccentricity ratio is
positive or negative while this phenomenon disappears in the

two special cases.
The first term is:

%m (H-a,)" =c,In (H-a,)

d
71111 (H _:81)2 =d, In (H _181)
Hence:

P, =Alc,In (H -a,)]
P, =A[d,In (H - )]

Jor (+€)
Jor (=€)

Appendix 2. Load Carrying Capacity Equation

(14

Appendix 2.1. Load Carrying Capacity (+g)
From Yacout [1-4]:

f
W =sin’ g +2J‘Psinl900519d6’
)

From Eq. (3) into Eq. (15) gives

6,
W =sin’ 6, +2[ (P, = P,)sin 6cos 64O W =W, -,
8

Where:

g,
W, =sin’ 6, + ZJE sin @cos 8dO
g

g
W, = 2IR sin @cos 8dE
6

(15)

(16)

The integration of (W) could be easily found in Yacout [4]

or in another form as:

W, =sin’ @ +2A4[a,w, +c,w, +d,w, +iw4 +%
+ %(cos2 28, - cos’ 28))+ B(sin’ 8, —sin’ 6))

w; ]

Where:
1 H(H -4
W = [HQ =~ H)n () # U0
wz=(4'12)[<H—al)(H—/s’l)ln(H—al)z
£
-(H-a))(H+3a,-4)17
W, =<4_£12 J(H - a,)(H = B,)In(H - )
—(H = B)(H +3 B, -9
We = (A (2H —H> =b>)In (H? +b%)
4e
+4btan 7! (%)+H2 -4H]y
we = (2;;2){(1{2 -2H +b>)tan "(%)

+b[In(H*+b*)-(H) I}y

The integration of (W) is:

w,=(

- AK e
eyl + 2]

Where:

H -4

I :(%M(H—z)ln(H)— ]

(17)

(18)
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H?-2H +b*?
R

_H-4H
2

yIn (H?2+b2)=2b tan *'(%)
]

W =sin’ G +24[(a,w, +cw, +d\w, +%W4 fl w;)
e (19)
v

5 LE+ %[cosz 26)7 + B[sirt 67

-K,
=( £ Nay, 1, +

Appendix 2.2. Load Carrying Capacity (e=0)
From equations (8, 9) into (16):

W, =sin’ 6,
+2j[ SN0 ) _ ¢ cos(26) + B]
+b2 1+cos6
x(smé?cosﬂ)dé?
o, —_
=2j[( ]sin @ cos 68d6
o,

The integration of (W) could be found in Yacout [4] as:

W, =sin’ 6, +( )[sm 6?1( sin 0 )+cos6’—l]§’
cos @ 27"

—[cos(ZH)] + B[sin’ H]

The integration of (W,) is:

24K |

_ 3 o,
, = —3(1 APER [cos (20)]9‘

Then:

W =sin® 6, +(

Ab )[sin” B1n ( )+ 059——

¢ (20)
- (;)KV cos’(20)]7 + J —[cos(26)]g + B[sin> F]7
Appendix 2.3. Load Carrying Capacity (e=1)

From equations (11, 12) into (16):

w, =sin29

—(

ZbH 4b2) n(H)*

1
——In(2-H
4(4 +b%) n )
+ 1

2b%*(4+0b%) b*(4+b?%)
—Scos(28)+ B}(sin Bcos 8)dE

In(H?>+b*)+ tan'l(%)]
o, e

W, = —2AK‘,J. [a, In (H) + == 1n (H? +b?)]
8,

x (sin @cos 8)dE

The integration of (#,) could be easily found in Yacout [4]
or in another form as:

m =sin’ g +2A[aw, +c,w, +dyw; +ew, + fiwg ]g:)
+§[COSQ9)]Z’ + B[sir? g]Z:,

The integration of (W) is:

Wv = _ZAKV [avllv +ez_v12v]

Then:

—ain?
W=sin" g +2A{a,w, +a2w2 +a,w, +a,w, +asw;

-K,[a,l, + ‘1%]}9 cosQH) : +B[sin” 67 @D

Where:

a, =(1/2b*),a, ==(1/4b>), a, =1/b*(4+b")

a, =1/2b*(4+b%),a;=1/b*(4+b"),a, =(1/b%)
e, =—(1/b%)

=In(H)-H+1

w, :H[ln(H)—l]—HT[ln(H)_%]

2H - H2 (2= ][22 HC+H)

wy =[—— 5

]

2 g2 2
W, 4% In(H* +5%)] +2btan"(H)+[w]

2 2
w =P A o i +0)
2 b 2
Equations (6 & 19) could be easily applied to the positive
and negative eccentricity ratios (with exceptions of both the
zero and the unity eccentricity ratios) avoiding the
mathematical difficulties and complications in Yacout [4].

Appendix 2.4. Dynamic Load Phenomenon

The integration of the dynamic pressure generates the
dynamic load.

From equation (12):

Jor (+€)
Jor (=€)

L, =2A4(cw)

L, =24(dw;) 22)

Appendix 3. Temperature Distribution

From Yacout [2]:

dr _, p, ... dP, . dP . (Ssin26)?
== ) =285in(20) (—) + ——
do (p )[( ) sin( )(dH) 0.84
+12(,uQR smz9) 1(Ssin Z};),l —x

i
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For applying the energy equation to the recessed clearance The integration of (M,) could be easily found in Yacout [4]
2 : .
type of bearings the terle(mpRiI;mg)zof the equation could ' another form as:
. o 1 (H) 20°
be put on the following form: == ( 2) —2(H)+(a, B +0*)In(H)+ I
G [sinz f(1-K,sin’ 9)] Y o* .
(1+&cos8)* 4?2 lg
Where: The integration of (M) is:
1608 122
G=(——7) -K, H' 4H’ (6+0°-2)H’
P Bp, R°K M, =S5 + 2 :
— _ 202
H —_ﬁ;(l K, sin" 0) —4(a,B, + 0> H + (a} B’ +60° =260 In(H)
Pi 3]75 oir: _4a, B, o2 _0'12 120.2 ]9”
s=o P H 2H?
pi

) o Appendix 4.2. The First exceptional case(€ = 0)
Then the temperature rise and distribution could be As (& = 0) equation (24) becomes:
numerically determined as:

9,
M, =( +crz)j sin® 646
6,

Al = X
AG 23 )
T, =T, +X0A6@ (23) M‘,=K‘,(1+02)J.sin59d9
I =T, 4
Appendix 4. Ffvictional Factor Equation The integration of (M,) could be found in Yacout [4] as:
3
Appendix 4.1. The Case of (+g) M =(1+0° )[M ~ cos 61
Yacout [1-4]: 3 ‘
%12 4 g2 The integration of (M) is:
+ v
m, = 27;L1§2R4J‘h"7f”sin3 046
o M 2cos’ 8 | cos’ @
M, = (=K,)(1+0%)[cos 6 - + % e
For variable viscosity: 3 5
6,12 2 Then:
chy+0, . .
m, = 2711,.QR4J *——2sin’ §(1-K, sin*)d@
s N M=M -M,
Introducing the dimensionless groups: Appendix 4.3. The Second exceptional case(¢ = 1)
As (€ = 1) equation (25) could be directly applied to this
=t o= O, yy=_Mc exceptional case where its form changes to be:
c c 2 QR*
2 2
M= 2 g+ o 22
g, H:+0° 2 H @
M = [=——sin’ 81~ K, sin’)d§
8 H As in Yacout [4]
6, yr2 2 6, yr2 2 _ H“_4H3 (4+0*) H?
M:J.H#sifﬁdﬁ—K‘,JﬁH#sinsﬁdﬁ M, =( K”)[T 3 " 2
) H ) H —402 2 8,
i i O H+ 40 In(H) 1
& rr2 2
= [ in> a6 M=M,~M,
H
? 24)
% 4+ g2 ( Appendix 5. Stiffness Factor
M, :K‘,J. —sin’ 8d6
5 M From Yacout [4]:
g 2K, f ” .
M=M-M, (25) 70 or capillary restrictor
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__ 6UK, . .
70 3p, for orifice restrictor

And through an infinitesimal change of the eccentricity

and applying the finite difference method:
( Ib) And (l;V) are numerically calculated; hence:

SE, == (BW +BW)

SE, =~(BW +BW)

Nomenclature

A=+ (6pq¢/mTp,)

a = Bearing projected area (mz)
abs () = Absolute value of.
C=-(6uq/n).

C, = Restrictor Discharge coefficient.
¢ = Radial clearance.

¢, = Lubricant specific heat

d . = Capillary tube diameter.
d , = Orifice restrictor diameter.

d ,», = Bearing inlet orifice diameter.

E (f) = Expected value of.

€= Eccentricity.

F = Dimensionless friction factor.
f = Friction factor.

H = Dimensionless film thickness.
/1 = Film thickness.

h ; = Power factor.

ho =Deterministic (mean) part of the film thickness=
c(1+&cosb).

hst = Random stochastic part of the film thickness.
K. =c/R

K, =e/R

K, = Variable viscosity constant

[ .= Capillary tube length.

L p = Dimensionless dynamic load

m,c
2muQR* )-

M = Dimensionless frictional torque (

M= Frictional torque.
m,, = Deterministic part of the frictional torque.

m, = Random stochastic part of the frictional torque.

N = Shaft speed (1ps).
P = Dimensionless pressure ( p / D).
P = Mean pressure along the film thickness.

;= Inlet pressure.

P, = Dynamic pressure
P, = Supply pressure
P, = Power dissipated by the bearing ( g.p; ).

P, =Pump power (g.p, ).
P ;= Frictional power ( Q.m).
P, = Total losses.

Q= Dimensionless volume flow rate=+ A.

4 = Volume flow rate through the restrictor or the bearing
R = Bearing radius.

Re, = Reynolds number for the capillary tube flow.

Re,=Reynolds number for the orifice restrictor flow.

3 QR
S = Speed parameter= 20 A ).

SF = Stiffness factor for capillary tube restrictor.
SF, = Stiffness factor for orifice restrictor.

T = Temperature

T, = Temperature rise

W = Dimensionless load carrying capacity (w/7R’p,)

W= Load carrying capacity.

,8 = Central pressure ratio ( p; / D).

& = Eccentricity ratio (e/c)

n=22g/m

&= Angle co-ordinate.

Hi = Inlet flow angle.

90: Outlet flow angle.

A = (h,;, /0)=Dimensionless film thickness parameter
(5 to 100) for hydrodynamic lubrication regime

P = Lubricant density

O = Roughness parameter.

g 3 = Variance of the film thickness.
@ = Seat outer rim angle.
@ = Inlet orifice angle.

A = Bearing stiffness.

4= p,(1-sin® 8)=Lubricant viscosity
¢ = Normalized roughness parameter.
Q = Rotational speed.

Suffixes

Fit = fitted type of bearings.

cl = clearance type of bearings.
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