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Abstract: Robust and well-designed rotor-bearing systems ensure safe operation and a high level of
reliability under severe operating conditions. A deviation in the shaft axis with respect to the bearing
longitudinal axis represents one of the most unavoidable problems in bearing systems. This deviation
results from installation errors, manufacturing errors, shaft deformation under heavy loads, bearing
wear, and many other causes. Each of these deviation sources has its negative consequences on the
designed characteristics of the system. This work deals with the geometrical design of a journal
bearing using three forms of profiles (linear (n = 1), quadratic (n = 2) and cubic (n = 3) profiles)
in order to enhance bearing performance despite the presence of the inevitable shaft deviation. In
addition, a wide range of bearing profile parameters are considered in the analysis to optimize
the bearing profile based on the use of the Taguchi method. A general form of shaft deviation is
considered to account for both horizontal and vertical deviations. A numerical solution is obtained
using the finite difference method. The results show that all three suggested forms of bearing profiles
elevate the film thickness significantly and also reduce the friction coefficient, but with different
effects on the maximum pressure values. The Taguchi method illustrates that the optimal geometrical
design parameters are the quadratic profile and the modification of one-fifth of the bearing width
from both sides at a height of just less than half the radial clearance (0.4 C) at the bearing edges. These
values give the best combination of the considered main bearing characteristics: the minimum film
thickness, coefficient of friction, and maximum pressure. The results show that the minimum film
thickness is increased by 184%, the maximum pressure is reduced by 15.1% and the friction coefficient
is decreased by 6.4% due to the use of the suggested design. The outcome of this work represents an
important enhancement step for the rotor bearing performance to work safely with high reliability
under severe shaft deviation levels. This can be implied at the design stage of the bearing, which
requires prior knowledge about the operating conditions in order to have better estimation for the
levels of shaft deviation.

Keywords: Taguchi method; friction; misalignment; geometrical design

1. Introduction

Hydrodynamic journal bearing is a significant type of bearing which represents a
core component in turbines, generators, pumps, and many types of machinery used in
industrial applications [1]. This type of bearing is characterized by several features, such
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as high reliability, relatively low noise levels, and stable operation [2]. It is widely used
in high-speed and heavy-loaded rotating machinery [3]. However, its performance can
be affected by many factors, such as poor operating conditions, manufacturing errors,
misalignment, and even long service times. These factors and many others may lead to the
failure of the journal bearing or, at least, reduce efficiency, affecting machinery reliability [2].
The rotation of the shaft inside the bearing takes place within a clearance filled with
a relevant lubricant, in the order of tens of microns. Therefore, this thin gap provides
relatively limited tolerance for any deviation from parallelism between the longitudinal
axes of these two components. This deviation is usually called misalignment, which is one
of the most unavoidable problems in journal bearings that has severe negative impacts
on the rotor-bearing system [4,5]. Misalignment results due to a wide range of causes,
such as installation errors, deformation under high loads, bearing wear, and asymmetric
loading [6–8]. Misalignment in the shaft axis with respect to the bearing’s longitudinal
axis results in asymmetric pressure distribution, deviating the point of equivalent support
away from the midplane of the bearing width [9,10]. This asymmetry results in negative
consequences for pressure, friction, and film thickness levels. Extensive work has been
performed to investigate the misalignment effects on the performance of this type of bearing.
Jang and Khonsari [11] examined the impact of misalignment on the characteristics of
journal bearing. The relationship between load-carrying capacity and misalignment was
investigated by Pigott [12], where it was found that a significant reduction in this designed
parameter resulted due to the problem of misalignment. Similar results regarding the drop
in film thickness and load-carrying capacity due to misalignment have also been reported
by [13,14]. Severe thinning of the lubricant as a result of misalignment may lead to metal-
to-metal contact, which may cause failure in the rotor-bearing system [15,16]. Furthermore,
friction also increases due to misalignment at the most affected position along the bearing
width [17]. Misalignment also has an obvious relation with bearing wear [18–20]. Wear
and friction problems have been investigated over the last few decades due to their impact
on the performance as well as the lifespan of the rotor-bearing system [21,22]. Dufrane
et al. [22] showed in their model of wear in hydrodynamic lubrication that there is a
certain film thickness limit in relation to the development of wear. Nikolakopoulos and
Papadoulos [16] proposed a model for the hydrodynamic lubrication of journal bearings to
find relationships among the friction coefficient, wear, and the level of misalignment for a
range of Sommerfeld numbers.

Many studies have been conducted to reduce the impacts of misalignment on the per-
formance of journal bearings [23]. One of the methods is changing the bearing profile, such
as the experimental work of Nacy [24], where side leakage was controlled by chamfering
the bearing edges. Another example was the use of predesigned defects in the bearing
geometry by Fillon and Bouyer [25] to enhance bearing characteristics under misalignment
torque. Chasalevris and Dohnal [26] suggested using variable bearing geometry to improve
the system’s dynamic behavior. Ren et al. [27] recently used a quadratic bearing profile
in a numerical solution to improve bearing performance. Researchers have attempted to
evaluate the impact of varying the bearing geometry on its performance, such as [28–32].
However, these studies did not use any optimization strategy, and they investigated limited
forms of modifications.

Using a variable profile in designing the journal bearing is based on several parameters,
such as the order of the profile, starting position, and height of modification. Every
parameter has an impact on the characteristics of the system. Therefore, statistical methods
represent an essential step in gathering and evaluating the effects of these parameters in an
efficient procedure. The Taguchi method represents an efficient method in this context [33].
The Taguchi method was suggested by Genichi Taguchi in order to reduce the number of
tests required in a process of optimization. Yücel and Saruhan [34] used this method to
identify the minimum vibration amplitude of rotor-bearing systems, where their solution
was found efficient in avoiding operation at critical speeds. Chien et al. [35] used this
method in order to calculate the optimum groove design parameters in journal bearings.
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They found that using this method enabled the design to have minimum side leakage
and also maximum load-carrying capacity. Sharma et al. [36] also used this method to
determine the optimal pressure and speed values in an experimental study of a journal
bearing made of cast lead bronze material.

Chen et al. [37] used this method to investigate the performance of asymmetrical
herringbone grooves in journal bearings. Bhasker et al. [38] used the Taguchi method as an
optimization method to determine the optimal parameters for the assessment of pressure
distribution. Ganesha et al. [33] also adopted this method to optimize multi-groove journal
bearings lubricated with water. Several parameters were considered in their statistical
study, such as the attitude angle, height of the grove, and the number of grooves.

Although extensive research has been carried out to enhance journal bearing perfor-
mance, the problem of shaft deviation, due to several causes such as large shaft deformation
and installation errors, still negatively impacts the performance of the system. Therefore,
this study presents a novel method to minimize the consequences of this problem by im-
proving bearing design. This work aims to use the Taguchi method in order to optimize
the bearing profile under severe levels of misalignment. Three different modification forms
are investigated in this novel strategy for the geometrical design of the bearing profile. The
bearing is modified using a linear, quadratic, or cubic profile on both sides of the bearing
width, with a wide range of height and position modifications. The finite difference method
is considered in this work, along with the iterative solution of the Reynolds boundary
condition method to determine the boundaries of the cavitation zone. The optimization
method considers the combined effect of the studied parameters on the friction coefficient,
maximum pressure, and minimum film thickness in finite-length journal bearings.

2. Governing Equations

Figure 1 illustrates an exaggerated scale for a side view of a typical journal bearing in
perfectly aligned cases, where the cross-section at any position along the bearing length is
the same. In this rarely encountered case in industrial uses of this type of bearing, there
is no deviation between the shaft and bearing longitudinal axes. The ideal parallelism
between these axes results in the gap given by Equation (1) between the inner surface of
the bearing and the journal surface. This equation is used together with the well-known
Reynolds Equation (2) to solve the hydrodynamic lubrication problems in this type of
bearings [5,39].
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h = c(1 + εr cos (θ − β)) (1)

∂

∂x

(
ρh3

12η

∂p
∂x

)
+

∂

∂z

(
ρh3

12η

∂p
∂z

)
= Um

∂ρh
∂x

(2)

where
h: film thickness.
c: radial clearance.
εr (e/c): eccentricity ratio (e is the distance between the centers of the journal and the

bearing).
β: attitude angle.
θ: position angle
p: pressure.
ρ, η: density and viscosity of the lubricant.
Um: mean velocity.
The solution of this partial differential Equation (2) is achieved using the Reynolds

boundary conditions method. In this method, the following conditions have to be satis-
fied [40]:

• The value of the pressure, p = 0 at θ = 0.

• The value of the pressure and the pressure gradient, p = ∂p
∂θ = 0 at θ = θcav.

where θcav is the boundary of the cavitation zone, which is identified in this work by an
iterative method [40,41]. It is worth mentioning that there is another cavitation algorithm,
presented by Vijayaraghavan and Keith [42], which can accurately predict film rupture
and reformation in the bearing. However, the Reynolds boundary condition is used in this
work to ensure relatively faster convergence, as this work is focused on the design of the
bearing profile. The other method will be addressed in future work.

The solution model presented in this work is written in a dimensionless form, using
the following relations, x = Rθ, Z = z

L , H = h
c and P = p−po

6ηω ( c2

R2 ).
Using these relations, the previous Equations (1) and (2) are given by

H = 1 + εr cos(θ − β) (3)

∂

∂θ

(
H3 ∂P

∂θ

)
+ α

∂

∂Z

(
H3 ∂P

∂Z

)
− ∂H

∂θ
= 0 (4)

where α = 1
4(L/D)2 = R2

L2 .

The load supported by the journal bearing in a dimensionless form (W = w
6ηωRL (

c
R )

2)
is

W =

√
Wr

2
+ Wt

2 (5)

where

Wr =
∫ 1

0

∫ θcav

0
P cos θ dθ dz (6)

Wt =
∫ 1

0

∫ θcav

0
P sin θ dθ dz (7)

The attitude angle can be calculated after determining the load components, as fol-
lows [43]

β = tan−1 (
Wt

Wr
) (8)
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In the current study, the coefficient of friction is also considered to examine the effect
of the varying bearing profile on this important contact characteristic. The model of friction
used by Lund and Thomsen [44] is considered, which is given by the following:

f = F/W (9)

where
F = ð/u;
ð = ω ∑

[
ηR3ω

∫ θ
0 l dθ

h + 1
2 εr(FXsinβ− FYcosβ)

]
;

u = Rω;
W: total load;
F : friction force;
ð: power loss;
FX , FY: bearing forces in both directions (these forces are determined using numerical

integration).

2.1. Misalignment Model

Figure 2 illustrates the general misalignment model used in this work, which deals
with the deviations between the shaft and the bearing axes in both horizontal and vertical
directions. This 3D modeling of the deviations represents a comprehensive description of
misalignment, which is essentially adopted from a previous study [5]. The main relations
used in this model are given by

∆v(Z) = ∆vo(1− 2Z) f or Z ≤ 1/2
∆v(Z) = ∆vo(2Z− 1) f or Z > 1/2
∆h(Z) = ∆ho(1− 2Z) f or Z ≤ 1/2
∆h(Z) = ∆ho (2Z− 1) f or Z > 1/2

(10)
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Figure 2. An exaggerated scale of the adopted general misalignment model. Circle in solid red: front
side of the misaligned journal, circle in dashed red: rear side of the misaligned journal, and circle in
green: journal in its perfectly aligned case. (BC: bearing center, JCA: journal center for the aligned
case, and JCM: journal center (front side) for the misaligned case).
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The expressions in Equation (10) are also given in their dimensionless forms in order
to be consistent with the other equations in this study, where the dimensionless deviation
is ∆ = δ/c and the dimensionless length is Z = z/L. This method of modeling gives a
more realistic description of the vertical ( ∆v(z)) and horizontal (∆h(z)) deviations of the
journal with respect to the longitudinal bearing axis. These deviations are determined in
terms of the Z position and the maximum horizontal (∆ho) and vertical ( ∆vo) deviations
at the bearing edges.

In ideal aligned journal bearings, the attitude angle as well as the eccentricity between
the shaft and the bush centers are constant along the bearing length, which is not the
case when misalignment occurs. Their values vary in accordance with the Z position as
follows [5]:

β(z) = tan−1 emsinβm+δh(z)
emcosβm−δv(z) when z ≤ L/2

e(z) =
√
(emcos βm − δv(z))2 + (emsin βm+δh(z))2

β(z) = tan−1 emsinβm−δh(z)
emcosβm+δv(z) when z > L/2

e(z) =
√
(emcos βm + δv(z))2 + (emsin βm−δh(z))2

(11)

where
βm: attitude angle at the middle of the bearing length (z = L/2).
em: eccentricity at z = L/2.
Equations (10) and (11), in addition to Equation (3), can be used to determine the gap

resulting from misalignment at any z position.

2.2. Variation in the Bearing Profile

It is well known that misalignment results in a severe reduction in the gap at the
bearing edges as a result of the slope of the shaft (shaft deviations) with respect to the axis
of the bearing. This reduction in the film thickness of the lubricant can be overcome to a
large extent by using a variable bearing profile. Figure 3 illustrates the suggested design
profiles, with Figure 3a showing the whole bearing with an edge chamfer in a linear form.
Changing the bearing profile in this way causes a discontinuity in the slope at the start
position of the chamfering. Figure 3b shows three forms of bearing profiles: linear, parabolic,
and cubic profiles. The linear profile is the profile mentioned previously in the illustration
of Figure 3a. The use of parabolic and cubic profiles ensures slop continuity between the
unmodified and modified bearing profiles at the starting position of modification. However,
the heights of the two curves are different except at the beginning and the ends of the two
profiles. These differences among the three forms will be investigated in detail in this work
to identify the optimal bearing profile that reduces the negative effects of misalignment.
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These three forms can be represented mathematically using the following general
equation:

γ(z) = (ao + a1z)n (12)

where
γ(z): amount of modification in the radial direction in terms of z position along the

bearing width (see Figure 4 for the z-axis).
ao and a1 : constants that will be determined later.
n : the order of the equation where n = 1, 2, and 3 represents the linear, parabolic, and

cubic profiles, respectively.
Figure 4 shows a longitudinal section of the bearing, with an exaggerated scale of the

resulting bearing edges due to the suggested modifications. The three types of profiles are
shown together for illustrative purposes. The modification parameters are shown in this
figure, which are mr and ml , representing the modification’s value at the bearing edge in
the radial direction and the length of the modified portion from the bearing length on both
sides, respectively.
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Regarding these parameters, the constants in Equation (12) for the considered range
of n are determined using the following boundary conditions:

- Linear profile (n = 1)

when z ≤ ml :
γ(z) = mr at z = 0
γ(z) = 0 at z = ml
when z ≥ L−ml :
γ(z) = 0 at z = L−ml
γ(z) = mr at z = L
when ml < z < L−ml : γ(z) = 0

- Parabolic profile (n = 2)

when z ≤ ml :
γ(z) = mr at z = 0
γ(z) = dγ(z)

dz = 0 at z = ml
when z ≥ L−ml :
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γ(z) = dγ(z)
dz = 0 at z = L−ml

γ(z) = mr at z = L
when ml < z < L−ml : γ(z) = 0

- Cubic profile (n = 3)

when z ≤ ml :
γ(z) = mr at z = 0
γ(z) = dγ(z)

dz = 0 at z = ml
when z ≥ L−ml :
γ(z) = dγ(z)

dz = 0 at z = L−ml
γ(z) = mr at z = L
when ml < z < L−ml : γ(z) = 0
Substituting these boundary conditions into Equation (12) with the use of the cor-

responding n value results in all the required constant equations, which are shown in
Table 1.

Table 1. Equations of the constants ao and a1 for the different values of n.

n=1 n=2 n=3

z≤ml z≥L−ml z≤ml z≥L−ml z≤ml z≥L−ml

ao mr
−mr
ml

(L−ml)
√

mr
−√mr

ml
(L−ml)

3
√

mr
− 3√mr

ml
(L−ml)

a1
−mr
ml

mr
ml

−√mr
ml

√
mr

ml

− 3√mr
ml

3√mr
ml

The previous equations relating to the bearing profile can be written in the following
dimensionless forms in consistency with the other equations in the current model for the
purpose of generality of the results:

• n = 1:

Γ(Z) = ξ(1− Z/ ψ) when Z ≤ ψ

Γ(Z) = ξ
ψ (ψ− 1 + Z) when Z ≥ 1− ψ

Γ(Z) = 0 when ψ < Z < 1− ψ

(13)

• n = 2:

Γ(Z) = ξ(1− Z/ ψ) 2 when Z ≤ ψ

Γ(Z) = ξ
ψ2 (ψ− 1 + Z)2 when Z ≥ 1− ψ

Γ(Z) = 0 when ψ < Z < 1− ψ

(14)

• n = 3:

Γ(Z) = ξ(1− Z/ ψ) 3 when Z ≤ ψ

Γ(Z) = ξ
ψ3 (ψ− 1 + Z)3 when Z ≥ 1− ψ

Γ(Z) = 0 when ψ < Z < 1− ψ

(15)

where the dimensionless variables are given by

Z = z/L, Γ(Z) = λ(z)/C, ξ = mr/C, andψ = ml/L.

The dimensionless Z position ranges from 0 to 1 as z ranges from 0 to L. Scaling
the dimensions of the modification to the radial clearance (ξ = mr/C) and the bearing
length (ψ = ml/L) gives a much clearer understanding of the amount of required design
variations in terms of these two main journal bearing geometry parameters, which are
required to compensate for the thinning of the film thickness.
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Regarding the determination of the film thickness in the hydrodynamic problem of the
journal bearing, while considering the profile variation and misalignment effects, the total
gap is calculated through the coupling of the related Equations (3), (10), (11), and (13)–(15).

3. Numerical Solution and the Taguchi Method

The current problem is solved numerically, taking into account the shaft misalignment
effects and the variation in the bearing profile. The governing equations are discretized
using the finite difference method. The resulting equations are solved using the Gauss–
Seidel method, considering a successive over-relaxation solution in order to determine
the film thickness, pressure field, and coefficient of friction. The Gauss–Seidel method,
which is an iterative method, provides efficient control over round-off errors, and more
importantly, if the problem physics are well-known, the convergence becomes faster by
selecting relevant initial guesses based on these physics. The discretization scheme results
in the following equations, and the required results are obtained based on an iterative
solution of these equations:

P(i,j) =
1
χ

[
Hb

3P(i+1,j) + Ha
3P(i−1,j) + αC2Hc

3P(i,j+1) + αC2Hd
3P(i,j−1) − C1H(i+1,j) + C1H(i−1,j)

]
(16)

H(i, j) =
(

1 + εr(Z)cos(θ(i,j) − β)
)

(17)

where
C1 = 0.5 ∆θ, C2 = (∆θ/∆Z)2, χ = Hb

3 + Ha
3 + α C2Hc

3 + α C2Hd
3and∆θ, ∆Z are the

step sizes (circumferential direction step and longitudinal direction step, respectively).
A full description of the solution procedure as well as the discretization scheme are

explained in detail in reference [5].
The solution of this hydrodynamic problem is performed using a pressure convergence

criterion that is given by

∑M
j=1 ∑N

i=1

∣∣∣P(i,j)new − P(i,j)old

∣∣∣
∑M

j=1 ∑N
i=1 P(i,j)old

< 10−7 (18)

where M and N represent the number of nodes in the circumzenithal and longitudinal
directions, respectively. Once the solution converges in terms of the pressure distribution,
the load is determined by integrating the pressure field numerically. The resulting load
from this integration must be within an accuracy limit of ±10−5 in comparison to the real
supported load. Otherwise, εr is changed, and all the previous steps are repeated again in
order to obtain a new pressure field. This process continues until both convergence criteria
are satisfied. Then, the optimization process is started using the Taguchi method to identify
the optimal bearing profile in terms of the profile order (n), and the profile parameters ξ
and ψ. Figure 5 illustrates these solution steps. It is worth mentioning that the load in all
cases corresponds to the load of the aligned case when the eccentricity ratio is 0.6.

The complete solution to this hydrodynamic problem requires considering other
important aspects, such as thermal and bearing deformation effects. An increase in lubricant
temperature reduces its viscosity, which leads to a reduction in film thickness under the
same applied load. Bearing deformation, on the other hand, changes its geometry and
affects the distribution of pressure and film thickness. However, an accurate consideration
of these effects requires the solution of energy equations and an elastohydrodynamic
solution. These aspects will be addressed in future work, as this study is focused on bearing
geometry design.
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4. Results and Discussion

This work presents the results for a finite-length misaligned journal bearing, consider-
ing bearing profile modifications in addition to the use of the Taguchi method in order to
optimize the bearing profile. The length-to-diameter ratio for this finite-length bearing is
1.25, requiring the numerical solution to consider pressure gradients in both directions of
the solution space. In this numerical solution, a series of tests are performed to ensure the
independence of the results from the number of nodes, with 65,341 nodes considered. A
much lower number is found sufficient, as increasing the number of nodes only produces a
trivial variation in the friction coefficient. However, the considered number is adopted in
order to minimize any possible errors relating to number of nodes. All the results in this
work are presented in a dimensionless form for the purpose of generality to the suggested
optimization of the bearing profile, as explained previously.

Table 2 shows the effects of shaft axis deviation (misalignment) on the main bearing
characteristics in their dimensionless forms, which are maximum pressure (Po), minimum
film thickness (Ho), and the coefficient of friction ( f ). The dimensionless misalignment
parameters are ∆ho = 0.56 and ∆vo = 0.56, which are selected to have sever negative effects
on bearing performance. This table also illustrates corresponding results for the aligned
case. The deviation in the shaft axis has very clear negative impacts on these characteristics.
The increase in Po is 35.55 %, and more importantly, the reduction in the minimum film
thickness is 79.50%. Furthermore, the friction coefficient is also increased by 11.7%. These
effects will certainly affect the general performance of the bearing in terms of load-carrying
capacity, reliability of the system, and bearing life. Therefore, any possible improvement
in these characteristics represents a significant step toward obtaining a sufficient bearing
design and increasing the rotor-bearing system’s reliability.

Table 2. Effects of shaft axis deviation on the maximum pressure, minimum film thickness, and
friction coefficient (dimensionless values).

Aligned Misaligned % Change

Po 0.6444 0.8735 +35.55

Ho 0.4 0.0820 −79.50

f 2.2178 2.4656 +11.17

Owing to the importance of film thickness, contact pressure, and the coefficient of
friction, which reflect the level of performance of the bearings, a detailed investigation is
required to overcome the problem of shaft deviation. This investigation should consider
the compound effects of these factors to evaluate the performance of the bearing. This
will be very useful for finding and introducing optimal design parameters based on the
weighted sum model (WSM), which can be written as [45]

AWSM−Score
i = ∑n

j=1 wj aij, f or i = 1, 2, 3 . . . , m (19)

where wj and aij are the relative weight and performance value of each factor, respectively.
The relative weight value for each factor affecting the performance of the bearing is chosen
according to its importance. A relative weight of 50% is chosen for film thickness, while the
relative weights for both pressure and friction are chosen equally with a value of 25%. This
decision is made based on more than 15 years of experience in this field. Table 3 presents
the results and performance values of each factor (pressure, film thickness, and friction
coefficient) across nine runs. The details of these nine runs will be explained later.
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Table 3. The results and performance values of pressure, film thickness, and friction.

Run No. Po Po (−) Ho Ho (−) f f (−)

1 0.8449 0.864599 0.0947 0.311411 2.4542 0.864029

2 0.7706 0.947963 0.2384 0.783953 2.2611 0.937818

3 2.6278 0.277989 0.0839 0.275896 2.1205 1

4 0.7539 0.968961 0.1628 0.53535 2.3843 0.88936

5 0.7954 0.918406 0.3041 1 2.2147 0.957466

6 0.8346 0.87527 0.0912 0.299901 2.4276 0.873496

7 0.7305 1 0.1591 0.523183 2.3671 0.895822

8 0.8434 0.866137 0.0935 0.307465 2.4492 0.865793

9 0.7963 0.917368 0.1996 0.656363 2.2766 0.931433

The Taguchi L-9 orthogonal array is used to select the minimum number of numerical
cases that contain different combinations of the design factors to provide significant results
about the effect of these factors on the performance of the system. So, it is considered a
valuable tool in numerical analysis for evaluating the effects of multiple parameters on a
computational model, with minimal resources and time investment. Another reason for
selecting the Taguchi method is to systematically investigate how different combinations of
input parameters influence the numerical results and which combinations leads to more
stable and accurate outcomes. Furthermore, the results of the Taguchi method provide a
better understanding on how different parameters interact and their effect on numerical
analysis, which can be valuable in refining models and improving accuracy.

Table 4 presents the parameters and the weighted sum model using the Taguchi L-9
orthogonal array. The results show that the best outcome (WSM = 0.968) is obtained in run 5,
which contains relatively optimal values for minimum film thickness ( Ho), maximum
pressure ( Po), and coefficient of friction ( f ). On the other hand, the worst results are
obtained in run 3 (WSM = 0.457), where the lowest value of Ho and the highest values of Po
and f have occurred.

Table 4. The parameters and the Taguchi L-9 orthogonal array results.

Taguchi Method for Modified Bearing (L/D=1.25)

Parameters
WSM

No. of Run n ξ ψ

1 1 (1) 1 (0.1) 1 (0.01) 0.587862

2 1 (1) 2 (0.4) 2 (0.2) 0.863421

3 1 (1) 3 (1.0) 3 (0.4) 0.457445

4 2 (2) 1 (0.1) 2 (0.2) 0.732255

5 2 (2) 2 (0.4) 3 (0.4) 0.968968

6 2 (2) 3 (1.0) 1 (0.01) 0.587142

7 3 (3) 1 (0.1) 3 (0.4) 0.735547

8 3 (3) 2 (0.4) 1 (0.01) 0.586715

9 3 (3) 3 (1.0) 2 (0.2) 0.790382

Figure 6 shows the main effects plot for means, where the dotted line denotes the mean
of means for all the results (the average of 9 WSM readings). The blue points represent
the mean of three results for each parameter level. Figure 7 represents the main effect of
signal-to-noise (S/N) ratios against the low, medium, and high (L, M, and H) levels of n, ξ,
and ψ.
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Figure 7. The main effects plot for S/N ratios.

Figures 8–10 show the WORKSHEET Contour Plots of WSM vs. ξ and ψ, WSM vs. n
and ψ, and WSM vs. n and ξ, respectively. The examination of these figures (Figures 6–10)
clearly illustrates that the optimal geometrical parameters for the bearing profile are n = 2,
ξ = 0.4, and ψ = 0.2. The effect of these values on the considered characteristics will be
illustrated in detail in the following paragraphs.
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Table 5 shows the effect of using the modification data from the Taguchi method. The
curve order is 2, and the profile parameters are ξ = 0.4 and ψ = 0.2. It can be seen that
the suggested profile reduces Po by 15.08%, increases Ho by 183.9%, and also reduces the
friction coefficient by 6.36%. These are very important outcomes, as the bearing can operate
safely if the profile is modified on both sides of the bearing, despite working under such
severe misalignment conditions. The most important outcome for the results presented in
this table is the improvement in the minimum film thickness (almost doubled) due to the
profile modification, as it was severely thinned due to misalignment. More improvements
due to profile modification will be illustrated later in terms of the distribution shapes.

Table 5. Effects of bearing profile optimization on maximum pressure, minimum film thickness, and
friction coefficient undershaft axis deviation. n = 2, ξ = 0.4, ψ = 0.2.

Misaligned Modified % Change

Po 0.8735 0.7418 −15.08

Ho 0.0820 0.2328 +183.90

f 2.4656 2.3089 −6.36

Figure 11 shows the shape of the resulting pressure and film thickness distributions
due to profile modification compared to the aligned and misaligned cases. The pressure
distributions are shown on the left side, while the corresponding film thickness distributions
are illustrated on the right side. The results of the modified case are the suggested optimal
profile parameter values from the Taguchi method (n = 2, ξ = 0.4, and ψ = 0.2). Figure 11a
shows the shapes of the pressure and film thickness distributions for the aligned case.
It is clear that the pressure is symmetrical along the middle of the bearing length, and
the film thickness extends along the bearing length. However, as previously explained,
this ideal situation does not exist in real industrial applications of journal bearings due to
unavoidable misalignment. Figure 11b shows the corresponding results for the aligned case,
where both distributions are no longer symmetric (about Z = 1/2). Such distributions
have a clear effect on the generation of obvious pressure spikes and the thinning of film
thickness at the edges of the bearing. Furthermore, this loss of symmetry shifts the point of
equivalent load away from the middle of the bearing width, which may affect the dynamic
behavior of the bearing under external, time-varying excitations. These consequences
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are clearly reduced in the distributions shown in Figure 10c, where the bearing profile is
modified. The distribution of the pressure is more uniform, and the film thickness levels
are elevated on both sides of the bearing (close to Z = 0 and Z = 1).
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More relevant details about the results illustrated in this figure (Figure 10) are shown
in Figures 12 and 13. Figure 12 shows side views (bearing width side) of the pressure
distribution for the aligned, misaligned, and optimized profile. It can be seen how the
modification reduces the pressure values and produces an acceptable distribution of the
pressure in comparison with the misaligned case. The side views (circumferential direction)
of the film thickness distributions are shown in Figure 13. The arrows in this figure point
to the minimum film thickness positions for the three cases. This figure clearly shows the
extent to which misalignment places the bearing system in unsafe operating conditions and
how the modification of the bearing profile is important in elevating film thickness levels.
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Further comparisons among the results for the three cases (aligned, misaligned, and
modified bearing) are shown in Figure 14. This figure illustrates a sectional comparison
at θ = 180◦ along the bearing width. It is worth mentioning that the film thickness is at
its minimum value at this section in the aligned case. Figure 14a shows this comparison
for the ideal case where the pressure is clearly symmetric, with a consistent film thickness
over the whole length of the bearing. Figure 14b shows the corresponding comparison for
the misaligned case, where the thickness of the lubricant is significantly disturbed along
the bearing width. The pressure curve also differs from the corresponding aligned curve,
which emphasizes that misalignment causes an overall change in pressure distribution, not
only in positions where the gap between the surfaces is reduced. It is worth mentioning
that the maximum pressure occurs at different sections (at a section of θ 6= 180◦). The
last figure (Figure 14c) clearly illustrates how the modification is necessary in terms of
increasing film thickness values in positions where shaft deviation has its most negative
impact.
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Figure 14. Variations in dimensionless pressure and dimensionless film thickness along the bearing
width at θ = 180◦. (a) Ideal, (b) misaligned and (c) optimized profile case.

The following bearing and lubricant characteristics are used to obtain results in di-
mensional form: bearing width = 80 mm, diameter = 64 mm, clearance = 0.1175 mm,
eccentricity = 0.6, rotational speed = 3000 rpm, and oil viscosity = 0.0293 Pa.s. These pa-
rameters are taken from [29], except for the eccentricity ratio and the bearing diameter,
which were selected to obtain an L/D ratio of 1.25 in order to be consistent with the value
considered in the current work. The misalignment parameters are 0.56, and the modifi-
cation parameters are n = 2, ξ = 0.4, and ψ = 0.2. Table 6 shows the results in SI units,
demonstrating how the optimized profile improves the level of minimum film thickness
and reduces the maximum pressure value.
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Table 6. Results of the optimized design in a dimensional form.

Characteristic Unit Ideal Case Under Shaft
Deviation

Optimized Design
Under Shaft Deviation

% Change
(4th and 5th Column)

Min. film thickness µm 47.000 9.635 27.354 +183.90

Max. Pressure MPa 2.63966 3.57813 3.03864 −15.08

5. Conclusions

This work uses the Taguchi method to investigate bearing design under the influence
of severe shaft deviation conditions with respect to the bearing’s longitudinal axis. The L-9
orthogonal array of the Taguchi method is used in this analysis, where three parameters are
considered, and each parameter consists of three levels. The three parameters are the order
of the profile (n), the position of the modification along the bearing width ( ψ), and the
amount of modification (ξ) in the radial direction. The three levels of the bearing profiles
are linear, quadratic, and cubic. A general shaft deviation model is considered in order
to simulate deviations in the horizontal and vertical planes, which are incorporated in
the numerical solution using the finite difference method. The solution of the Taguchi
method considers the compound effect of three main bearing characteristics (minimum film
thickness, maximum pressure, and coefficient of friction) based on the use of a weighted
sum model, as investigating a single characteristic does not provide an actual evaluation of
the bearing modification. The results show that shaft deviation increases the maximum
pressure by 35.6% and decreases the minimum film thickness and friction coefficient by
79.5% (from 0.4 to 0.0820) and 11.2%, respectively. Using the suggested profiles and optimiz-
ing the results with the Taguchi method shows that the use of n = 2, ξ = 0.4, and ψ = 0.2
significantly enhances the bearing performance, despite the presence of severe levels of
shaft deviation. The most important outcome is the almost 184% increase in the minimum
film thickness (from 0.0820 to 0.2328) in comparison to the corresponding misaligned value.
This increase in film thickness is also accompanied by 15.1% and 6.4% reductions in the
maximum pressure and friction coefficient, respectively. Further investigations are required
to consider the corresponding effects on the dynamic response of the system.
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