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A B S T R A C T
In this work a plain (conventional) and a tilted bad bearings are analyzed and
studied (both have the same dimensions and work conditions). Three, four and five
pads models are studied. The pads are fixed circumferentially in a manner each
two close pads are separated with an angle that is the same for all the close pads.
Each pad is pivoted in its trailing edge and is facilitated to be tilted around this
pivot with small angles. This study was achieved for three values of tilting angles.
These angles are, 0.01o, 0.011o and 0.012o. Two dimensions' form of Reynolds
equation is used and solved numerically then the stiffness coefficients had been
calculated. A comparison had been done between the stiffness coefficients values
for the two models (tilted pads and conventional bearings). The results of this
comparison was found that (for n = 0.4), are, +28%, +275%, +270 % and -100%
for Ksr, Krr, Kss and Krs respectively. It was noticed that the values of the principal
coefficients Krr and Kss are increased significantly while the cross coupling
coefficient, (Krs) is decreased significantly and (Ksr) is increased slightly. And this
is a positive sign for stability improvement. Also it was found that increasing the
tilt angle (delta) cause an increase of the stiffness coefficients values. These
increases (for n = 0.4 and changing the tilt angle from 0.010 to 0.011 then to 0.012
respectively) are, Krr=+50%, +47%, Kss = +40%, +32%, Ksr = +33%, +42%, and
Krs = +15%, +20%. And since increasing the values of the cross coupling
coefficients make the bearing stability worse, so increasing the tilt angle is not a
preferable method for improving stability. Changing the number of pads is a better
solution and it was found that three pads bearing is the best among them.
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تأثير عدد الوسادات وزوايا ميالنها على معامل نابضية المسند
الخالصة
 تمت دراسة. حيث ان كال المسندين لهما نفس األبعاد وظروف العمل.في هذا البحث تمت دراسة مسند تقليدي وآخر ذو وسادات قابلة لألمالة والضبط حول حافاتها األمامية
 في كل منها تكون الوسادات مثبته محيطيا ً على جسم المسند وتنحصر بينها فضاءات محيطية متساوية وفي نفس الوقت الزاوية.مسند ذو ثالثة وأربعة وخمسة وسادات
 حيث تم. 0.012o و0.011o, 0.01o  هذه القيم هي. أنجزت هذه الدراسة لثالث قيم لزاوية إمالة الوسادات.المركزية ألي وسادة تكون مساوية للزاوية المركزية ألي فضاء
استخدام معادلة رينولدز والتي حلت عدديا ً باستخدام تقنية الفروقات المحددة ومن ثم تم إيجاد معامالت النابضية لكلي المسندين (التقليدي وذو الوسادات) وكانت النتيجة كما
+270%,+275%,+28%  على التوالي للمسند ذو الوسادات تزيد بمقدارKrs وKss , Krr ,Ksr ) فأن قيم معامالت النابضية األربعةn = 0.4(  لنسبة المركزية مقدارها:يلي
) ونقصان ملحوظ لمعامل النابضيةKrr, Kss (  من النتائج أعاله يمكن مالحظة زيادة قيم معامالت النابضية األساسية.  على التوالي م قارنة بقيمها للمسند التقليدي-100%و
 كذلك وجد أن قيم هذه المعامالت للمسند ذو الوسادات قد.Ksr  وهذا مؤشر على تح سن أستقرارية المسند ذو الوسادات على الرغم من الزيادة القليلة للمعاملKrs المستعرض
) فأن كلn = 0.4(  ولقيمة نسبة المركزية مقدارها0.012o  ثم الى0.011o  الى0.010o  بتغيير زاوية أمالة كل وسادة من:زادت بزيادة زاوية أمالة الوسادات وكما يلي
33 %  قد زاد بمقدارKsr ، +40% +32%,  قد زاد بمقدارKss ، على التوالي+47% ,+50%  قد زاد بمقدارKrr :معامالت النابضية األربعة قد زادت وكما يلي
) والمستعرضــةKrr, Kss (  األساسية، مادامت زيادة زاوية إمالة الوسادات يؤدي الى زيادة كل معامالت النابضية بنوعيها. +20%, +15%  قد زاد بمقدارKrs .42%,
 ) لذا فأن زيادة زاوية أمالة الوسادات التعد الطريقة المفضلة لتحسين استقراريه المسند ويبقى أسلوب زيادة عدد الوسادات هو الحل األمثل لتحسين األستقراريةKrs، Ksr(
.وبالتحديد استخدام المسند ثالثي الوسادات
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Nomenclatures
Bc
Cr
e
Fr
Fs
h
Jc
Jc1
Jc2
Krr
Krs
Ksr
Kss
L
n
N
P
p
r
Rb
Rp
s
U
W
x
z

bearing center
radial clearance, (m)
eccentricity, (m)
force parallel to the line of centers, (N)
force in the direction perpendicular to the line
of centers, (N)
oil film thickness, (m)
journal center
journal center position before excitation
journal center position after excitation
stiffness coefficient in the (r) axis, direction
force in the (r) direction, (N/m)
stiffness coefficient in the (s) direction, force in
the (r) direction, (N/m)
stiffness coefficient in the (r) direction, force in
(s) direction, (N/m)
stiffness coefficient in the (s) direction, force in
(s) direction, (N/m)
bearing length, (m)
eccentricity ratio
journal speed, (rpm)
oil film pressure, (Pa)
pad angle, (degree)
the line of centers axis
bearing radius, (m)
Pads radius, (m)
the axis perpendicular to the line of centers
journal linear speed, (m/sec)
external load, (N)
annual dimension in the bearing surface
axial coordinate in the bearing surface annual
direction in the bearing surface ( = 𝑋/𝑅𝑏),
(degree)

Green symbols
∆e
∆𝜑
𝛿
𝜂
𝜑

the change in (e) value due to excitation, (m)
the change in 𝜑 value, (degree)
tilt angle of the pad, (degree)
lubricant viscosity, (Pa. sec)
attitude angle, (degree)

positive sign for a high stability while a high value for the
cross coupling stiffness coefficients are responsible for
disturbing the bearing stability. This is because its
displacement is perpendicular to the force direction and so
it causes Journal disturbance, journal whirl and other
consequences, which end with resonance of the bearing
system early at low journal speed [2].
The conventional bearing offers a high value for the
cross coupling stiffness coefficients compared with the
tilted pad bearing. Therefore, it cannot withstand in a high
Journal speed and hence it is not desirable. And the
alternative is the tilted pad bearing that introduced at the
forties of the last century, which offer a high stability at a
high journal speed [3].
2. MATHEMATICAL EXPRESSIONS FOR
THE STIFFNESS COEFFICIENTS
In the journal bearing, the journal center moves in the
(X, Y) plane following the locus shown on Fig. 1.

Fig. 1. Non-circular bearing.
The induced forces in the lubricant film could be
analyzed in either access, (X, Y) or (s, r), therefore the
stiffness coefficients can be expressed in either axis's. In
this work, these coefficients are derived for (s, r) axis using
the following expressions [4,5].
𝐹𝑟 =

𝜕𝐹𝑟
𝜕𝐹𝑟
∆𝑒 +
𝑒 ∆𝜑
𝜕𝑒
𝑒 𝜕𝜑

(1)

𝐹𝑠 =

𝜕𝐹𝑠
𝜕𝐹𝑠
∆𝑒 +
𝑒 ∆𝜑
𝜕𝑒
𝑒 𝜕𝜑

(2)

𝜕𝑤
𝜕𝜑
cos 𝜑 − 𝑤
sin 𝜑
𝜕𝑒
𝜕𝑒
𝑤
𝐾𝑠𝑠 = cos 𝜑
𝑒
−𝑤
𝐾𝑟𝑠 =
sin 𝜑
𝜀
𝜕𝑤
𝜕𝜑
𝐾𝑠𝑟 =
sin 𝜑 − 𝑤
sin 𝜑
𝜕𝑒
𝜕𝑒
𝐾𝑟𝑟 =

1. INTRODUCTION
The stiffness coefficients existence is a response of
the lubricant film to the external forces. The bearing
stiffness basically is described by four coefficients. Two of
them are essential (principal) stiffness coefficients and the
other two are secondary (cross coupling) stiffness
coefficients [1]. For a higher accuracy and assessment, for
the bearing performance, 8,12,16,32, or even more
numbers of coefficients may be determined. In addition to
that, the lubricant film offers a damping action to any
external disturbance.
This damping action is also
described by four coefficients or more. These coefficients
(stiffness and damping coefficients) are very commonly
named dynamic coefficients or dynamic characteristics of
the bearing. These coefficients control the bearing stability
so their assessment is necessary to predict the bearing
stability. High values for principal coefficients are a

(3)
(4)
(5)
(6)

Then to find the values of these coefficients, the
"finite perturbation concept" method is used [5].
In this method, it is assumed that a limited journal
excitation is happened. Then the stiffness coefficients are
calculated based on the finite differences for the forces
corresponding to a finite difference in the displacements
using a mathematical form based on Taylor series for
varying forces.
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solution method. Generally speaking, these coefficients
have a higher value for the present work than the [7]
results.
This difference between them is expected due to the
difference in the geometry dimensions and the work
conditions between the present work and Gangi work,
therefore the comparison is strictly valid for the trends
only, which are the same for both.

Table1
Bearing dimensions and journal speed.
Symbol
Rb
Cr
Rp
L
N
𝜂
𝛿
𝜃𝑝

Value
0.025
0.00004375
0.025
0.05 , 0.025
10000
0.04
0.01,0.012, 0.013
36, 30 , 25.71, 22.5, 20, 18

8

Unit
m
m
m
m
rpm
degree
degree
degree

3. SOLVING REYNOLDS EQUATION
Two dimensional form of Reynolds equation is used:
𝜕 ℎ3 𝜕𝑝
𝜕 ℎ3 𝜕𝑝
𝜕ℎ
(
)+ (
) = 6𝑈
𝜕𝑥 𝜂 𝜕𝑥
𝜕𝑧 𝜂 𝜕𝑧
𝜕𝑥

(7)

The governing equation for the lubricant film
thickness (h) is:
ℎ = 𝐶𝑟(1 + 𝑛 cos 𝜃) − 𝑥 tan 𝛿

(8)

𝑥 = 𝑅𝑝 × 𝜃

(9)

𝜕ℎ
𝑛
𝑥
= [𝐶𝑟 sin ( )] + tan 𝛿
𝜕𝑥
𝑅𝑝
𝑅𝑝

Fig. 3. Variation of Ksr with eccentricity ratio (n).

(10)

Reynolds equation is solved numerically using the
finite difference technique of five nodes scheme. Afterward the pressure at each node is estimated and then the
four coefficients of stiffness's are calculated using 3,4 and
5 pads respectively. And for the three pads type, three
tilting angles for the pads are analyzed. These angles are
𝛿 = 0.010o, 𝛿 = 0.01o and 𝛿 = 0.012o. Then the results are
obtained and the graphs are drawn.
4. RESULTS AND DISCUSSION
Referring to Figs. 2-5, the relations between the
stiffness coefficients Krr, Ksr, Kss and Krs, respectively with
the eccentricity ratio (n) representing a comparison
between this work and [7] results (both are conventional
bearings).

Fig. 4. Variation of Kss with eccentricity ratio (n).

Fig. 5. Variation of Krs with eccentricity ratio (n).

Fig. 2. Variation of Krr with eccentricity ratio (n).
This comparison was achieved in order to verify the
accommodated solution method and approach, if it is
acceptable or not. From these figures it could be seen that,
both have the same trends which confirm the validity of the

Figs. 6 and 7 show the variation of the stiffness
coefficients against the eccentricity ratio, for conventional
bearing and a tilted pad bearing, respectively, (both were
modeled and studied in this work, both have the same
dimensions and work conditions). From these figures it
could be seen the differences in the stiffness coefficients
values between them. These differences (for the interest of
the tilted pads type) are (for n = 0.4) are +28%, +375%,

9
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+270% and -100% for Ksr, Krr, Kss and Krs respectively. All
the coefficients values for the tilted pads bearing are higher
than that of the conventional one, except Ksr value is
decreased. And this is a positive sign for improvement of
stability as mentioned early in this study. Also these figures
show that Ksr and Krr are exchanged the positions and
decreased, which is also another sign for stability
improvement [1,2,8].

coefficients. While the two other types exchanged the
positions except for (Krs), four pads type gave a higher
coefficient value than the five pads type. The conventional
bearing gave the highest value among all for (Krs). And
this is not considered as a meretricious for the conventional
bearing since it disturbs stability [1,2,8]. The conflict and
interaction of the curves of four and five pads types is a
result of distributing the pads around the journal gave a
random result for the bearing characteristics.

Fig. 6. Stiffness coefficients variation with the
eccentricity ratio (n) for conventional bearing.

Fig. 9. Variation of Ksr for different number of pads
against eccentricity ratio (n).

Fig. 7. Stiffness coefficients variation with the
eccentricity ratio (n) for tilted pads bearing.

Fig. 10. Variation of Kss for different number of pads
against eccentricity ratio (n).

Fig. 8. Variation of Krr for different number of pads
against eccentricity ratio (n).

Fig. 11. Variation of Krs for different number of pads
against eccentricity ratio (n).

Figs. 8-11 show the variation of the stiffness
coefficients with the eccentricity ratio (n) for different
numbers of pads, also for the conventional bearing. Three
pads type among the three different models of the tilted pad
bearing gave the highest values of all the four stiffness

Figs. 12-15 show the variation of the stiffness
coefficients against the tilting angle (delta) of the pads.
These figures show that, increasing the tilting angle gives
an increase of the stiffness coefficients. These increase (for
n = 0.4 and changing the tilt angle from 0.010 to 0.011 then

10
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+20%. And it could be noted that changing the tilt angle
of the pads is not a good way to improve stability since this
cause an increase of both types of stiffness coefficients,
principal and cross coupling. This is because increasing
the cross coupling coefficients making the stability worse
as mentioned early in this paper [2]. While increasing the
principal coefficients improve stability [1]. Therefore,
improving stability by changing the number of pads is a
better solution. And also probably changing the load line
is another alternative solution for improving stability.
5. CONCLUSIONS
Fig. 12. Variation of Krr for different pad angles against
eccentricity ratio (n).

1. The pad bearing has a higher value for the principal
stiffness coefficients (Krr & Kss) and this justify the high
stability of the tilted pad bearing compared with the
conventional one.
2. For this bearing dimensions, three pads type is the best
choice among the three types (3,4 and 5), regarding the
bearing stiffness and stability.
3. Increasing the tilting angle of the pads is not a good way
to improve stability since it increases both types of
stiffness coefficients
6. RECOMMENDATIONS

Fig. 13. Variation of Kss for different pad angles against
eccentricity ratio (n).

1. Carry out an experimental work in order to reinforce
these theoretical results.
2. Study the damping coefficients and their effect on the
bearing stability.
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