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Abstract – In the present paper, the influence of wear on the performance of 2-lobe slot entry restrictor
bearing has been investigated theoretically. The equation of fluid flow field has been solved by using
Galerkin’s technique of FEM. In this study, Dufrane’s wear model has been used to consider the change
in bush geometry due to wear. The performance of 2-lobe slot entry restrictor bearing is studied for both
symmetric and asymmetric slot configurations. The simulated results of the study indicate that the wear
defect substantially changes the performance of 2-lobe slot entry journal bearing systems. A proper choice
of bearing geometry and bearing configuration (12 slots and 6 slots per row) may partially compensate the
loss occurred due to wear.
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1 Introduction1

Extensive advantages of circular hybrid journal bear-2

ings in various industrial applications have been reported3

in published literature [1–10]. However, the wide appli-4

cability of recessed hybrid journal bearing is somewhat5

restricted due to generation of less hydrodynamic ac-6

tion as less land area is available [5]. This leads to the7

development of non-recessed journal bearings. In recent8

times, the non-recessed hydrostatic/hybrid bearings have9

found employed in various engineering applications such10

as high speed turbo machinery, machine tool spindles,11

precision grinding spindles, reactor coolant pumps, rocket12

engines and test equipments etc. A slot entry non-recessed13

bearing is one of the most preferred non-recessed jour-14

nal bearing configuration over the recessed because of its15

improved fluid film stiffness and film damping character-16

istics. One of the main application of slot entry bearing17

is for grinding wheel spindles where gas bearings tends18

to be used for lightly loaded spindles and liquid bearing19

for heavily loaded applications [1, 3, 4]. As a consequence20

of this, many studies related to the performance of slot-21

entry circular journal bearings have been reported in the22

literature [3–10].23

Shires and Dee [1] were the first ones to develop the24

slot-entry journal bearing configuration. They dealt with25

the problem of gas dispersion encountered because of26

a Corresponding author: pbkushare@gmail.com

orifice restrictor by inventing the concept of slot entry re- 27

strictor. Further, consequential detailed studies of various 28

aspects of slot entry hybrid journal bearing were carried 29

by Rowe et al. [3–6]. Further, comparative studies with 30

recessed and axial groove hydrodynamic were presented 31

Rowe et al. [5]. They reported the advantages of slot entry 32

bearing over recessed and hydrodynamic journal bearing. 33

Theoretical analyses of slot-entry non-recessed bearings 34

in turbulent regime also presented by Ives and Rowe [6] 35

by using the Finite Difference Method. Experimental in- 36

vestigation of comparative study of effect of different re- 37

strictors on hybrid journal bearing performance, including 38

double row slot entry reported by Shangxian Xu [7]. The 39

results of experimental studies confirmed the validity of 40

theoretically computed results. Sharma et al. [8–10] thor- 41

oughly investigated the influence of bearing flexibility and 42

micropolar fluid on the performance of circular slot entry 43

hybrid journal bearing by using Finite Element Method. 44

Recently, many bearing designers have focused their 45

attention towards lobed journal bearings owing to their 46

excellent dynamic performance and better anti-whirl 47

characteristics over circular journal bearings. A 2-lobe 48

journal bearing is one of the most adopted multilobe bear- 49

ing configurations used in high speed rotary machines. 50

As a result of this, enormous theoretical and experimen- 51

tal studies related to multilobe bearing geometries have 52

been reported in the literature [11–21]. As the noncircu- 53

lar bearings having 2-lobe, 3-lobe and 4-lobes, is known 54

to exhibit better anti whirl characteristics. This feature 55
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Nomenclature

ab Bearing land width, m
as Extent of slot, m
c Radial clearance, m
C1 Clearance due to circumscribed circle on the bearing, m
C2 Clearance due to inscribed circle on the bearing, m
D Journal diameter, m
e Journal eccentricity, m
E Young’s modulus of elasticity, Pa
F Fluid film reaction (∂h/∂t �= 0), N
Fx, Fz Components of fluid film reactions in X and Z direction (∂h/∂t �= 0), N
F0 Fluid film reaction (∂h/∂t = 0), N
g Acceleration due to gravity, m.s−2

h Nominal fluid-film thickness, m
L Bearing length, m
n Number of rows of slots
p Pressure, Pa
Q Bearing flow, m3.s−1

Rj, RL, Rb Radius of journal, lobe and bearing, m
Sij Stiffness coefficients (i, j = 1, 2), N.m−1

Cij Damping coefficients (i, j = 1, 2), N.s.m−1

t Time, s

ωI (g/c)1/2, rad.s−1

Wo External load, N
Ys Radial length of slot, m
Zs Axial width of slot, m
X, Y, Z Cartesian coordinates
Xj , Zj Coordinates of steady state equilibrium journal

center from geometric center of bearing, m
Greek symbols

λ = L/D Aspect ratio
ϕ Attitude angle of tact bearing
ϕw Attitude angle worn bearing
ρ Density of the lubricant kg.m−3

Oj , OLi Journal Centre, Lobe centre
ωj Journal rotational speed, rad.s−1

ωth Threshold speed, rad.s−1

ps Lubricant supply pressure, Pa
δw Wear depth, m
Ω Speed parameter
β∗ Concentric design pressure ratio
αb Start of the worn region
αe End of the worn region
δ Offset factor
ε Eccentricity ratio

Non-dimensional parameters
āb = ab/L Land width ratio
β∗ = p∗/ps Concentric design pressure ratio

C̄SR = π
36

SWR
λ

k
āb

ab
Ys

[
Zs
c

]3
Restrictor design parameter

SWR = as/(as)max

C̄ij = Cij

(
c3/μR4

j

)
(F̄ , F̄0) = (F, F̄o)/psR

2
j

(h̄) = (h)/c
p̄, p̄c, p̄max = (p, pc, pmax)/ps

Q̄ = Q
(
μ/c3ps

)
S̄ij = Sij

(
c/psR

2
j

)
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W̄0 = W0/psR
2
j

(X̄j , Z̄j) = (Xj , Zj)c

X
i
L, Z

i
L = (Xi

L, Zi
L)/c

t = t
(
c2ps/μR2

j

)
ε = e/c

δ̄W = δW/c

δ = C1/C2

ω̄th = ωth/ωI

Ω = ωJ

(
μR2

j /c2ps

)
Speed parameter

Matrices

Ni, Nj Shape functions

[F̄ ] Assembled Fluidity matrix

{p̄} Nodal pressure vector

{Q̄} Nodal flow vector

{R̄H} Column due to hydrodynamic terms

{R̄Xj}, {R̄Zj} Global right hand side vector due

to journal center velocities.

Subscripts and Superscripts

b Bearing

J Journal

R Restrictor

s Supply

L Lobe

i Lobe number

min Minimum

max Maximum

. First derivative w.r.t time

∗ Concentric operation

– Corresponding

non-dimensional parameter

may make them suitable to be used in many applications1

such as high speed turbo machinery. Therefore, to har-2

ness advantages of lobed bearing geometry and slot entry3

bearing configuration in a single configuration, a novel4

2-lobe slot entry bearing configuration is proposed to be5

studied. Similar studies in case of recessed bearing have6

already been reported by Ghosh and Satish [15, 16] and7

Phalle et al. [18].8

Further, during the operation of the machine, the9

bearing is subjected to numerous start and stop oper-10

ations leading to progressive abrasive wear of bearing11

surface. Consequently, wear occurs and bearing bush ge-12

ometry gets changed. It affects the static and dynamic13

performance of the bearing system. In hybrid journal14

bearings also wear occurred because of several start and15

stop operations regardless of the presence of lift-pump16

systems. Therefore, to design bearing more accurately and17

to generate realistic bearing characteristics data, the wear18

must be considered in the analysis. Many studies, both ex-19

perimental and analytical concerning the worn hydrody-20

namic journal bearings and recessed hybrid journal bear-21

ings reported and described in the literature [22–29]. A22

very few studies of worn non-recessed hydrostatic/hybrid23

journal bearings are also available in the published lit-24

erature [20, 21]. The first study of bearing surface wear25

damage of hydrostatic journal bearings was carried out by26

Redcliff and Vohr [26]. They presented an analytical and 27

experimental investigation of hydrostatic bearings used 28

in high-pressure, cryogenic rocket engine turbo pumps. 29

In this experimental investigation; they reported that the 30

occurrence of wear on bearing surface by ten percentage 31

of radial clearance took place after ten start/stop opera- 32

tions.Tokar and Alexandrov [27] theoretically investigated 33

the performance of worn hydrostatic journal bearings us- 34

ing a FEM. Dufrane et al. [22] studied the occurrence of 35

wear in turbo-generator hydrodynamic journal bearing. It 36

was observed that the occurrence of wear due to several 37

start/stop operations, crop ups at the bottom of bear- 38

ing surface. They have modeled the footprint of a worn 39

segment. Further, they validated the wear model with the 40

experimental data. Afterward; several studies [2,23–25,29] 41

based on Dufrane model have been carried out and pre- 42

sented by many investigators. Fillon and Bouyer [25] car- 43

ried out thermohydrodynamic study of worn journal bear- 44

ing system and reported that Dufrane model provides the 45

best approximation with the experimental results of wear 46

study. Further, Bouyer et al. [19] carried out an experi- 47

mental and theoretical study of worn 2-lobe plain journal 48

bearing. Recent study of Phalle et al. [18] indicates that 49

worn out of bearing surface which is more than 30% of 50

radial clearance significantly affects the bearing perfor- 51

mance. They also reported that influence of wear defect 52

can be minimized by choosing appropriate bearing ge- 53

ometry. Recently, Kushare and Sharma [21, 22] studied 54

the influence of cubic law lubricant on the performance 55

of two lobe worn hole entry journal bearing system. Fur- 56

ther, they presented the nonlinear transient stability re- 57

sponse of the symmetric worn bearing configuration. It 58

has been concluded from the study that there is a sub- 59

stantial decrease in the value of the direct rotor dynamic 60

coefficient by 18–30% for worn bearing operated with cu- 61

bic law lubricant. 62

A thorough survey of literature reveals that the influ- 63

ence of wear defect significantly changes the performance 64

characteristics of worn circular hybrid journal bearing. To 65

the best of the author’s knowledge, no study has yet been 66

reported for the case of slot entry bearings. 67

The present study is therefore aimed to bridge the gap 68

in literature. In the present work a novel bearing config- 69

uration of slot entry bearing having 2-lobes is proposed 70

to be studied. Further, the influence of wear on the per- 71

formance of 2-lobe slot entry symmetric and asymmet- 72

ric journal bearing system is also investigated. The study 73

also compares the performance of circular slot entry and 74

2-lobe slot entry bearing w.r.t. h̄minS̄22, C̄22 and ω̄th so 75

that the bearing designer may choose a suitable configu- 76

ration. The computed results of the study are expected 77

to be quite useful to the bearing designers and to the 78

academic community. 79

2 Governing equations 80

The geometry of 2-lobe symmetric and asymmetric 81

slot entry restrictor bearing system have been shown in 82

Figures 1a–1c. The Differential equation governing the 83
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(a)

(b)

(c)

Fig. 1. (a) 2-lobe worn slot entry symmetric bearing configuration. (b) 2-lobe lobe worn slot entry asymmetric bearing config-
uration. (c) Attitude locus for worn and unworn symmetric bearing configuration.
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pressure distribution of incompressible laminar flow of lu-1

bricant is modified in the form of non-dimensional gener-2

alized Reynolds equation and is expressed as [8,18,29,30]:3

4

∂

∂α

(
h̄3

6
∂p̄

∂α

)
+

∂

∂β

(
h̄3

6
∂p̄

∂β

)
= Ω

[
∂h̄

∂α

]
+ 2

∂h̄

∂τ
(1)

2.1 Fluid film thickness expression5

For a 2-lobe slot entry journal bearing system, the6

fluid-film thickness expression in non dimensional form is7

written as [15, 16, 18]8

h̄L =
1
δ
−(

X̄j + x̄ − X̄ i
L

)
cosα−(

Z̄j + z̄ − Z̄i
L

)
sin α (2)

where, X̄j and Z̄j are the equilibrium co-ordinates of the9

journal centre, X̄ i
L and Z̄i

L are the lobe centre co-ordinates10

of ith lobe. x̄ and z̄ are time dependent perturbation co-11

ordinates of the journal centre measured from its equilib-12

rium position. The non-circularity of the bearing geome-13

try is defined by offset factor (δ).14

Using the footprint of worn out bearing surface iden-15

tified by Dufrane et al. [22] the expression for the change16

in bearing surface geometry is written as [18, 22, 24, 25]:17

∂h̄ = δ̄w − 1 − sinα for αb ≤ α ≤ αe (3a)

and18

∂h̄ = 0 for α < αb or α > αe respectively (3b)

Thus, for worn 2-lobe slot entry journal bearing jounal19

bearing, the fluid-film thickness expression is written as:20

h̄ = h̄L + ∂h̄ (3c)

2.2 Slot entry restrictor flow equation21

The non dimensional flow of Newtonian lubricants22

through a slot entry restrictor is written as [4, 5, 8]:23

Q̄in =
1

12η
(p̄c − p̄)

asZ
3
s

Ys
(4)

The Equation (4) in non dimensional form is written24

as [5, 8]:25

Q̄R = C̄SR(1 − p̄c) (5)
where, the parameter C̄SR is expressed as26

C̄SR =
π

36
SWR

λ

k

āb

ab

Ys

[
Zs

c

]3

(6)

where; Slot Width Ratio (SWR) is defined as:27

SWR =
as

(as)max
=

asn

πD
(7)

At the concentric operation of the bearing, the relation28

between concentric design pressure ratio β̄∗ and slot re-29

strictor design parameter C̄SR can be written as [4, 5, 8]:30

31

C̄SR =
1
kn

π

6λāb

[
β̄∗

1 − β̄∗

]
(8)

2.3 Finite element formulation 32

The discretization of lubricant flow field of 2-lobe 33

slot entry restrictor bearing has been made by using 34

a 4-node isoparametric element. Using Galerkin’s tech- 35

niques, global system of equation is derived [13, 29, 30]: 36

37[
F̄

] {
P̄

}
=

{
Q̄

}
+Ω

{
R̄H

}
+ ¯̇XJ

{
R̄xj

}
+ ¯̇ZJ

{
R̄zj

}
(9)

At a point in the fluid film, the total pressure (p̄) may 38

be expressed as sum of the steady state pressure (p̄0) and 39

pressures (p̄Xj , p̄Zj ) caused by journal centre velocities 40

( ¯̇Xj ,
¯̇Zj). Susequently,the nodal pressure matrix may be 41

written as {p̄} = {p̄0} + {p̄Xj} + {p̄Zj}. The solution 42

of equations [9], satisfying all the boundary conditions 43

and continuity of flow between the restrictor and bearing 44

provides the nodal pressures and bearing flows. Know- 45

ing the nodal pressures and bearing flows, the steady 46

state performance in terms of load capacity, slot pres- 47

sures and total bearing flow can be computed. Establish- 48

ing the steady state matched solution of global system 49

equation and slot entry restrictor equation, the fluid film 50

stiffness and damping coefficients are computed using the 51

derivatives of nodal pressures w.r.t (X̄j , Z̄j) and ( ¯̇Xj ,
¯̇Zj) 52

respectively. 53

2.4 Dynamic performance characteristics 54

The rotor dynamic coefficients are computed using the 55

following expressions as reported in References [8,9,13,17, 56

18,20]. 57

2.4.1 Fluid-film stiffness coefficients 58

S̄ij = −∂F̄i

∂q
(i = x, z) (10)

Stiffness coefficient in matrix form may be written as: 59

[
S̄xx S̄xz

S̄zx S̄zz

]
= −

∫
Ω

[
p̄x̄

j
sin θ p̄x̄

j
sin θ

p̄z̄
j
cos θ p̄z̄

j
cos θ

]
∂Ω (11)

2.4.2 Fluid-film damping coefficients 60

C̄ij = −∂F̄i

∂q̇
(i = x, z) (12)

In matrix form, damping coefficients may be expressed as: 61

62[
C̄xx C̄xz

C̄zx C̄zz

]
= −

∫
Ω

[
p̄¯̇x

j
sin θ p̄¯̇x

j
sin θ

p̄¯̇z
j
cos θ p̄¯̇z

j
cos θ

]
∂Ω (13)

????-page 5



“mi140210” — 2015/4/13 — 9:52 — page 6 — #6
�

�

�

�

�

�

�

�

Prashant B. Kushare and Satish C. Sharma: Mechanics & Industry

Fig. 2. Overall solution scheme.

2.4.3 Stability parameters1

Using Rouths’ criteria, the stability parameter; a crit-2

ical mass of the journal (M̄c) is written as [13, 21]:3

M̄c =
Ḡ1

Ḡ2 − Ḡ3
(14)

where,4

Ḡ1 =
[
C̄xxC̄zz − C̄zxC̄xz

]
(14.1)5

Ḡ2 =

[
S̄xxS̄zz − S̄zxS̄xz

] [
C̄xx + C̄zz

][
S̄xxC̄zz + S̄zzC̄xx − S̄xzC̄zx − S̄zxC̄xz

] (14.2)6

Ḡ3 =

[
S̄xxC̄xx + S̄xzC̄xz + S̄zxC̄zx + S̄zzC̄zz

][
C̄xx + C̄zz

] (14.3)7

8

Stability threshold speed margin is written as:9

ω̄th =
[
M̄c

/
F̄0

]1/2

(15)

2.5 Boundary conditions10

The Differential equations governing the pressure dis-11

tribution and restrictor flow equation are solved simulta-12

neously by using the following associated pressure bound-13

ary conditions [13, 18, 29]:14

(a) The nodes situated at the external boundary of the15

bearing have zero fluid film pressure. p̄|β=∓1.0 = 0.0.16

(b) Nodes situated on slot have equal value of fluid film17

pressure.18

(c) At the trailing edge of the positive region, p̄ = ∂p̄
∂α =19

0.0; Reynolds boundary condition.20

3 Solution procedure21

To constitute the solution of the flow field system22

equation, the fluid flow field system equation [9] that23

governs the flow of 2-lobe slot entry restrictor bearing 24

is solved by an iterative solution scheme. The procedure 25

of an iterative scheme used to get the required conver- 26

gence of the solution has been presented in Figure 2. 27

The FEM solution of the lubricant flow field of a bear- 28

ing has been obtained by discretizing it with quadrilateral 29

isoparametric elements. The initial trial solution is carried 30

out for a Newtonian lubricant and steady state condition, 31
¯̇Xj = 0.0 and ¯̇Zj = 0.0, the values of fluid film thickness 32

at all the nodal points is calculated in unit FLEM by us- 33

ing Equation (3). Using generated fluidity matrices, the 34

system equations are solved to get nodal values of pres- 35

sure. The iterative process continues until the required 36

convergence of difference in nodal pressures at each node 37

becomes less than the predefined tolerance. It is achieved 38

in PRESSURE block through the up gradation of the so- 39

lution. The Modified fluidity system equation is generated 40

by using BNDY unit. The journal center equilibrium is 41

established through an iterative technique in unit JECP. 42

The iterative process is continued until the required differ- 43

ence in journal center coordinates falls below the required 44

tolerance. i.e. 45⎡
⎢⎣

{
(ΔX̄ i

j)
2 + (ΔZ̄i

j
)2

}1/2

{
(X̄ i

j
)2 + (Z̄i

j)2
}1/2

⎤
⎥⎦ × 100 ≤ 0.001. 46

After achieving equilibrium in JECP, the above obtained 47

nodal pressure is used as the input variable to compute 48

the performance of the bearing system in SDPC block. 49

4 Results and discussion 50

The performance characteristics of a 2-lobe slot en- 51

try restrictor bearing configuration has been computed by 52

employing the developed numeric model and overall solu- 53

tion scheme as described in previous sections. As stated 54

earlier, there are no results available in the published lit- 55

erature for the case of worn 2-lobe slot entry restrictor 56

bearing. Therefore, the results of the present study have 57

been compared and validated using the published results 58

????-page 6
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0

0,1

0,2

0,3

0,4

0,5

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9

Symmetric double row Slot Entry journal 
bearing (12 Slots per row) 

0.0,5.0,0.1/,25.0/ * =Ω=== βDLLab  

0F  
   From Present Work  

    Rowe et al.[31] 

ε

Fig. 3. Fluid film reaction (F̄0) with an eccentricity ratio (ε).

of Rowe et al. [31] and Hashimoto et al. [23] for the case of1

slot entry restrictor bearing and wear study of hydrody-2

namic journal bearing respectively. For circular slot en-3

try restrictor bearing system, the computed results are4

validated with the published results of Rowe et al. [31]5

and are shown in Figure 3. The numerically simulated re-6

sults from the present study are quite close to those of7

Rowe et al. [31]. Further, the computed results have also8

been validated with the published results of Hashimoto,9

et al. [23] for worn (δ̄w = 0.4) and unworn (δ̄w = 0.0) hy-10

drodynamic plain journal bearing as shown in Figure 4.11

The results of the present study match very well with the12

results of Hashimoto et al. [23] with a minor deviation13

of 2%–4%. This deviation in results may be attributed14

due to the different computational schemes used in the15

studies. The bearing performance characteristics of a 2-16

lobe slot entry restrictor hybrid journal bearing have been17

computed by using the judiciously selected bearing pa-18

rameters. The bearing parameters has been selected on19

the basis of their wide applications and are taken from al-20

ready published literature [4,5,8,15,16,18,22–24,31]. The21

values of bearing parameters are shown in Table 1. The22

static and dynamic performance characteristics of 2-lobe23

slot entry bearing has been computed for the different24

values of wear depth parameter (δ̄w = 0.0, 0.5) and offset25

factor (δ = 1.1, 1.0 and 0.9). The defects caused by wear26

are found to be ranged from 10% to 50% of the bearing27

radial clearance [18, 19, 22]. The wear defect more than28

30% of the bearing radial clearance significantly affects29

the bearing performance [18, 22]. Therefore, in numerical30

analysis, the value of δ̄w = 0.5 is considered to represents31

the worn bearing and δ̄w = 0.0 for the unworn bearing.32

For the sake of brevity, the results are presented for at-33

titude angle (ϕ), Fluid-film Pressure (p̄) distribution at34

axial mid plane, fluid film thickness distribution at axial35

midplane (h̄), h̄min, ω̄th, S̄22 and C̄22 through Figures 5–36

11 for both 2-lobe slot entry symmetric and asymmetric37

bearing respectively.38
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0,7

0,9

0,05 0,5 5

 

0=wδ  40.=wδ  

 Present work 

 

 Sommerfeld Number ( 0S ) 
 

0,1

0,3

0,5

0,7

0,9

0,05 0,5 5

 

0=wδ  

Hydrodynamic Journal Bearing , 01.=λ

40.=wδ  
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 Sommerfeld Number ( 0S ) 

Ashimoto et al.

ε

Fig. 4. Variation of Eccentricity ratio (ε) with Sommerfeld
number (S0).
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53

59

65

1 1,1 1,2 1,3 1,4 1,5

 

     δ=0.90,        δ=1.00,        δ=1.10
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0φ
 

0W

          

(a)

 

 

20

36

52

68

84

100
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0
 

0W

        ̅                     ̅   
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Fig. 5. (a) Attitude angle (ϕ) for symmetric slot entry bear-
ing. (b) Attitude angle (ϕ) for asymmetric slot entry bearing.
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Table 1. Bearing Parameters for 2- lobe slot entry hybrid journal bearing.

Operating parameters Geometric parameters
Parameters Value/ Range Parameters Value

External Load (W̄0) 0.5–0.9 Aspect Ratio (λ) 1.0

Symmetric bearing configuration
No. of slots per row (k) 12

No. of rows (n) 02

Asymmetric bearing configuration
No. of slots per row (k) 06

No. of rows (n) 02
Restrictor flow parameter (C̄SR) 0.087

Land width ratio (āb) 0.25
Speed (Ω) 1.0

Wear depth parameter (δ̄w) 0.0 and 0.5
Clearance ratio (c̄) 0.001

Offset factor (δ) 0.9, 1.0 and 1.1

4.1 Attitude angle (ϕ)1

Figures 5a and 5b show variation of attitude angle2

of symmetric and asymmetric journal bearings configu-3

rations respectively. It is observed that with an increase4

in external load W̄o, the journal center goes down for5

both the configurations thereby increasing the eccentric-6

ity ratio (ε). Thus, the worn bearing operates at high ec-7

centricity ratio and lower value of attitude angle in case8

of both configurations. At a specified value of external9

load, in worn journal bearing, offset factor greater than10

one decreases the value of attitude angle (ϕ) for both11

configurations. This behavior is similar to the pattern re-12

ported in experimental study of Fillon and Bouyer [25].13

For symmetric configuration it is noted that attitude an-14

gle remains nearly same with increase in the external load15

for the case of unworn journal bearings for all the values16

of offset factor whereas, this trend has been changed in17

unworn asymmetric bearing configuration.18

4.2 Fluid-film pressure (p̄) distributions19

Figures 6a and 6b depict the circumferential fluid-film20

pressure distribution for symmetric and asymmetric bear-21

ing configurations at the axial midplane respectively. It22

may be observed that fluid film pressure is maximum23

nearly at about α = 3 × 10◦ for worn journal bearing24

i.e. in the direction of external load for both the symmet-25

ric as well as asymmetric bearing configuration. This is26

attributed because of an increased convergent zone at the27

bottom of worn bearing surface. It is further observed that28

symmetric bearing operates at higher value of pressure29

than that of asymmetric bearing configuration. Further,30

for unworn case the value of circumferential pressures is31

less than that of worn bearing. This behavior in consis-32

tent with the earlier results of References [25,32]. Further,33

it may be observed that the lobed bearing at offset factor34

greater than one provides a higher value of pressure than35

that of a circular journal bearing. The worn out bearing36

surface creates two converging and one diverging zone.37

As a consequence of this, in the divergent zone of wear38

defect, pressure gets reduced after one peak and later on39

further increases at the end of the wear zones.40
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1,4
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     δ=0.90,        δ=1.00,        δ =1.10 

,1=λ  n=2, k=12, 0.1=Ω , 5.0=∗β , Symmetric Bearing 

p  
                              

α
200

(a)

 

 

0
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0,4

0,6

0,8

1
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     δ=0.90,        δ=1.00,        δ =1.10 

,1=λ  n=2, k=6, 0.1=Ω , 5.0=∗β , Asymmetric Bearing 

p  

 

                              

α
(b)

Fig. 6. (a) Circumferential pressure distribution for symmet-
ric slot entry bearing. (b) Circumferential pressure distribu-
tion for asymmetric slot entry bearing.

4.3 Minimum fluid film thickness (h̄min) 41

Figures 5a and 5b show the variation of minimum 42

fluid-film thickness (h̄min) for 2-lobe slot entry symmetric 43

and asymmetric bearing configurations respectively. It is 44

observed from the curves of Figure 5a that for a given 45

value of an external load (W̄0), the value of h̄min gets re- 46

duced for symmetric slot entry bearing configuration. For 47
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,1=λ  n=2, k=6, 0.1=Ω , 5.0=∗β ,  Asymmetric Bearing 

h

                              

 α
(d)

Fig. 7. (a) Minimum fluid film thickness (h̄min) for symmetric slot entry bearing. (b) Minimum fluid film thickness (h̄min) for
asymmetric slot entry bearing. (c) Fluid film thickness distribution (h̄) for symmetric slot entry bearing. (d) Fluid film thickness
distribution (h̄) for asymmetric slot entry bearing.

symmetric slot entry restrictor configuration, it may be1

noted that when influence of wear defect is taken into ac-2

count, the value of h̄min decreases substantially and bear-3

ing operates at a lower value h̄min. It is also observed that4

at lower values of external load, the value of h̄min is higher5

for worn and unworn symmetric slot entry restrictor bear-6

ing. At the value of δ = 1.1 and δ̄w = 0.5; symmetric slot7

entry bearing configuration has a lower value of h̄min. The8

reduction in the value of h̄min for asymmetric configura-9

tion is quite significant for worn out bearing as shown10

in Figure 5b. The value of h̄min gets decreased consider-11

ably at the higher values of external loads (W̄o = 1.2, 1.3)12

for worn out bearing surface. The value of h̄min decreases13

when the value of external load W̄0 acting on bearing14

increases for asymmetric 2-lobe slot entry bearing config-15

uration when compared with that of symmetric bearing16

configuration. For asymmetric bearing configuration, the17

value of h̄min is observed to be higher for higher values of18

external load (W̄0). This is due to the higher load carry-19

ing capacity of the asymmetric 2-lobe slot entry bearing20

at lower values of eccentricity ratio. Further, at the value21

of offset factor (δ = 0.9), 2-lobe slot entry bearing runs at22

higher values of h̄min for both the bearing configurations.23

Figure 9a depicts the bar chart of percentage change in 24

the value of minimum fluid film thickness (h̄min) with re- 25

spect to the base bearing for the case of 2-lobe symmetric 26

and asymmetric slot entry bearing configurations respec- 27

tively. The maximum reduction in the value of h̄min is 28

observed to be about 17.78% for worn (δ̄w = 0.5) non- 29

circular bearing configuration (δ = 1.1). This is due to 30

large clearance at worn zone of the bearing surface. As 31

a consequence of this, journal tends to go down towards 32

the worn out zone of the bearing surface. This increases 33

the eccentricity ratio and bearing runs at lower values of 34

h̄min. For the same operating condition, the maximum re- 35

duction in the value of h̄min is observed to the order of 36

6.27% for unworn journal bearing. For asymmetric bear- 37

ing configuration, the maximum decrease in the value of 38

h̄min is observed to be of the order of 8.27% for δ̄w = 0.0 39

when compared with circular unworn bearing. The worn 40

out bearing surface defined by wear defect parameter (δ̄w) 41

has a significant effect on symmetric bearing configura- 42

tion than the asymmetric bearing configuration. Thus, to 43

avoid the failure of bearing and to maintain the optimum 44

range of minimum value of fluid film thickness (h̄min); a 45

????-page 9



“mi140210” — 2015/4/13 — 9:52 — page 10 — #10
�

�

�

�

�

�

�

�

Prashant B. Kushare and Satish C. Sharma: Mechanics & Industry

 

2,4

2,61

2,82

3,03

3,24

3,45

1 1,1 1,2 1,3 1,4 1,5

,1=λ  n=2, k=12, 0.1=Ω , 5.0=∗β ,Symmetric Bearing 

th
ω

0W  

     δ=0.90,        δ=1.00,        δ =1.10 

                              

(a)

 

2

2,14

2,28

2,42

2,56

1 1,1 1,2 1,3 1,4 1,5

                              

,1=λ  n=2, k=6, 0.1=Ω , 5.0=∗β ,Asymmetric Bearing 

th
ω  

0W  

     δ=0.90,        δ=1.00,        δ =1.10 

(b)

Fig. 8. (a) Threshold speed margin ω̄th for symmetric slot
entry bearing. (b) Threshold speed margin ω̄th for asymmetric
slot entry bearing.

proper care must be taken by bearing designer during the1

selection of geometric and operating parameters.2

4.4 Fluid film thickness distribution (h̄)3

for a specified value of external load W̄0 = 1.2, the4

distribution of fluid film thickness along axial midplane5

is presented for a symmetric and asymmetric 2-lobe slot6

entry hybrid journal bearing system are presented in Fig-7

ures 7c and 7d respectively. It may be clearly observed8

that the wear defect significantly affects value of fluid9

film thickness. Further, the value of fluid film thickness10

is reduced for bearing with offset factor δ > 1.0 when11

compared with circular journal bearing system. At the12

starting and end of the of the worn region, formation of13

coverging zone dereceases the values of fluid film thick-14

ness and creats the two zones in film thickness profile in15

both the configurations. The nature of fluid film thick-16

ness profile depicted in Figures 7c and 7d is similar to the17

work of Fillon and Bouyer [25], their study reported that18

the reduced value of fluid film thickness at midplane for19

1,8

2

2,2

2,4

2,6

2,8

1 1,1 1,2 1,3 1,4

,1=λ  n=2, k=12, 0.1=Ω , 5.0=∗β  
Circular slot entry hybrid journal bearing 

22
S  

0W  

Symmetric  
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              Present work 
            Ref [ 33 ] 

(a)
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(b)

1,6

1,76

1,92

2,08

2,24

2,4

1 1,1 1,2 1,3 1,4 1,5

 

                              

,1=λ  n=2, k=6, 0.1=Ω , 5.0=∗β , Asymmetric Bearing 

22
S
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     δ=0.90,        δ=1.00,        δ =1.10 

(c)

Fig. 9. (a) Direct fluid film stiffness coefficient (S̄22) for
symmetric and asymmetric circular slot entry bearing. (b) Di-
rect fluid film stiffness coefficient (S̄22) for symmetric slot en-
try bearing. (c) Direct fluid film stiffness coefficient (S̄22) for
asymmetric slot entry bearing.

hydrodynamic journal bearing with an increase in wear 20

defect except for the case of low speed and high load. 21

4.5 Stability threshold speed margin (ω̄th) 22

The variation of stability threshold speed margin (ω̄th) 23

is shown in Figures 8a and 8b. The value of ω̄th gets 24
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decreased with an increase in the value of δ̄w. Further,1

it may be noticed that the wear defect has a subsidiary2

effect on the value of ω̄th for symmetric bearing config-3

uration than the asymmetric bearing configuration. The4

dynamic response of worn (δ̄w = 0.5) bearing is observed5

to decrease the value of stability threshold speed margin6

(ω̄th) substantially in case of asymmetric 2-lobe slot entry7

restrictor bearing configuration.8

The symmetric 2-lobe slot entry bearing operating at9

the value of offset factor δ = 0.9 is observed to provide10

the lowest value of stability threshold speed margin (ω̄th).11

Further; for a specified value of W̄0 = 1.3 and δ̄w = 0.5 it12

is observed that 2-lobe slot entry journal bearing (δ = 1.1)13

provides higher value of threshold speed margin than that14

of circular journal bearing (δ = 1.0). The percentage15

change in the value of ω̄th is presented in Figure 11b for16

both symmetric and asymmetric 2-lobe slot entry restric-17

tor bearing configuration. The worn out bearing shows de-18

terioration in the value of stability threshold speed mar-19

gin (ω̄th) and confers the maximum reduction of 8.67%20

and 6.18% at δ = 0.9 for both symmetric and asymmet-21

ric configurations respectively. This is attributed to the22

changes in fluid film dynamic coefficients. The threshold23

speed margin is a function of dynamic coefficients and24

the same behavior of increase or decrease in the value of25

ω̄th is observed. The unworn 2-lobe symmetric slot entry26

journal bearing (δ > 1.1) have a larger value of ω̄th than27

that of worn and unworn journal bearing. However, the28

2-lobe worn asymmetric slot entry bearing configuration29

provides highest value of ω̄th for the same operating pa-30

rameters. This is due to the high value of external load31

and large quantity of lubricant flow accumulated in the32

worn out zone of bearing. The maximum enhancement in33

the value of stability threshold speed margin (ω̄th), due34

to δ = 1.1 and δ̄w = 0.0 is found to be of the order35

of 1.98% and 5.68% for both symmetric and asymmet-36

ric bearings respectively. Further, the results presented in37

Figure 11b, reveals that a proper choice of bearing geom-38

etry and bearing configuration is essential for obtaining a39

particular value of ω̄th.40

4.6 Direct fluid-film stiffness coefficients (S̄22)41

The comparative study of direct fluid film stiffness co-42

efficient (S̄22) with the respect to the available results of43

earlier published study [33] of a slot entry circular jour-44

nal bearings has been presented in Figure 9a. The results45

of the present study for symmetric and asymmetric bear-46

ing configuration matches very well with the published47

study of Vijaykumar et al. [33]. The variation in the di-48

rect fluid film stiffness coefficient (S̄22) with external load49

for symmetric and asymmetric 2-lobe slot entry journal50

bearings is shown in Figures 9a and 9b. It may be noted51

that the value of direct fluid film stiffness coefficient (S̄22)52

gets decreased for the value of wear defect (δ̄w = 0.5) for53

symmetric 2-lobe slot entry restrictor bearing. The pres-54

ence of wear defect (δ̄w) have a substantial influence on55

the value of S̄22. The worn symmetric 2-lobe slot entry56

bearing configuration provides a lower value of S̄22 when57
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Fig. 10. (a) Direct fluid film damping coefficient (C̄22) for
symmetric slot entry bearing. (b) Direct fluid film damping
coefficient (C̄22) for asymmetric slot entry bearing.

it operates at δ = 0.90. Further, it has also been divulged 58

that the non-circular bearing at the value of δ = 1.1, of- 59

fer a higher value of S̄22 than that of the circular journal 60

bearing (δ = 1.0). Figure 9b indicates that the effect of 61

increase of δ̄w is to trim down the value of S̄22. At higher 62

value of external load (W̄0 ≥ 1.3), the value of S̄22 gets in- 63

creased for asymmetric noncircular (δ > 1.0) and circular 64

bearing configuration for δ̄w = 0.5. However, an opposite 65

trend is found in the value of S̄22 for unworn asymmet- 66

ric bearing configuration. The percentage change in the 67

value of S̄22 for both the 2-lobe slot entry configurations 68

are presented in Figure 11c. When bearing operates at 69

δ̄w = 0.5, the values of S̄22 for symmetric 2-lobe slot en- 70

try bearing shows a decreasing trend and are observed to 71

offer a lower value than that of asymmetric bearing con- 72

figuration. In case of asymmetric 2-lobe slot entry bearing 73

configuration, the wear depth parameter δ̄w = 0.5 shows 74

higher influence on the value of S̄22 at the lower value 75

of external load (W̄0 ≤ 1.3). The reduction in the value 76

of S̄22 for wear defect of 50% of the radial clearance in 77

case of symmetric bearing is found to be of the order 78

of 317%, 736% and 1177% at the value of offset factor 79

δ = 1.1, 1.0 and 0.9 respectively. Further it is observed 80

that an increase in the value of the offset factor (δ ≥ 1.0); 81
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Fig. 11. (a) % change in h̄min for symmetric and asymmetric bearing configuration. (b) % change in ω̄th for symmetric and
asymmetric bearing configuration. (c) % change in S̄22 for symmetric and asymmetric bearing configuration. (d) % change in
C̄22 for symmetric and asymmetric bearing configuration.
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compensates the loss caused by wear partially. Because1

of this, at offset factor δ = 1.1, the value of S̄22 gets2

increased to an order of 4.12% and 7.06% for both con-3

figurations of 2-lobe slot entry bearing respectively when4

compared to the unworn circular bearing. For the chosen5

values of W̄0 = 1.3 and δ = 0.9; it is observed that the6

value of S̄22 is lower for both 2-lobe slot entry bearing7

configurations. The decrease in the value of S̄22 is found8

to be more in symmetric bearing configuration when com-9

pared with asymmetric bearing configuration for chosen10

values of W̄0 and δ̄w. Further, it is seen that the value of11

S̄22 is largest for worn asymmetric bearing as compared12

to the symmetric 2-lobe slot entry bearing configuration.13

4.7 Direct fluid-film damping coefficient (C̄22)14

Figures 10a and 10b shows the variation in direct15

fluid-film damping coefficient (C̄22) for symmetric and16

asymmetric 2-lobe slot entry journal bearing system17

respectively. It is noticed that the value of C̄22 in-18

creases for unworn symmetric journal bearing configura-19

tion. However, the value of C̄22 decreases when the value20

of δ̄w increases. Further, a reduction in the value of C̄2221

is observed for worn out bearing surface. In symmetric22

bearing configuration, the wear defect shows significant23

reduction in the value of C̄22 when compared with the24

asymmetric bearing configuration for the same operating25

condition.26

As observed from Figure 10b, the tendency of asym-27

metric circular as well lobed slot restrictor bearing is to28

reduce the value of damping in the vertical direction (C̄22)29

when subjected to influence of wear defect of δ̄w = 0.5.30

The value of C̄22 is higher for asymmetric bearing config-31

uration than that of symmetric bearing configuration for32

the chosen values of external load, W̄0 = 1.3 and δ̄w = 0.5.33

Further, it is observed that the value of C̄22 increases34

with an increase in the value of δ. From Figure 10b; it is35

clearly noticeable that the loss occurred in the value of36

direct damping C̄22 due to δ̄w = 0.5 is partially compen-37

sated in both 2-lobe slot entry bearing configurations for38

the value of offset factor δ > 1.1. The results of the per-39

centage change in the value of C̄22 for worn and unworn40

journal bearing have been presented in Figure 11d. It can41

be observed that the tendency of worn bearing (δ̄w = 0.5)42

is to reduce the value of C̄22 to the order of 19.8% and 22%43

respectively for both symmetric and asymmetric bearing44

configurations at the value of offset factor δ = 1.1. Further45

at the value of offset factor δ = 1.1, it is found that the46

value of C̄22 gets enhanced by 4.81% and 6.76% for both47

unworn symmetric slot entry restrictor and asymmetric48

slot entry restrictor bearing respectively.49

5 Conclusions50

In the present study, the influence of wear on the per-51

formance characteristics of 2-lobe slot entry journal bear-52

ing is investigated. Based on the numerically simulated53

results, the following salient conclusions are made:54

1. The influence of wear defect substantially reduces the 55

value of minimum fluid thickness (h̄min). The max- 56

imum reduction in the value of minimum fluid film 57

thickness (h̄min) is found to be of the order of 21.56% 58

for 2-lobe slot entry bearing configuration than that 59

of circular slot entry bearing. Further, a reduction in 60

h̄min is also observed to be more in asymmetric 2- 61

lobe slot entry bearing configuration than symmetric 62

2-lobe slot entry bearing configuration. 63

2. The influence of worn defect deteriorates stability 64

threshold speed margin (ω̄th) by 3%–9% and 1–6% 65

for symmetric and asymmetric noncircular bearing 66

configuration respectively. An increase in offset factor 67

leads to a corresponding increase in stability threshold 68

speed margin (ω̄th) of lobed slot entry bearing. A non- 69

circular bearing configuration (δ > 1.0) may provide 70

improved value of stability threshold speed margin vis- 71

à-vis circular slot entry bearing. 72

3. An increase in the wear depth parameter contributes 73

towards a reduction in the values of stiffness (S̄22) 74

and damping (C̄22) for symmetric bearing configu- 75

ration. However; wear defect increases the fluid film 76

stiffness (S̄22) in asymmetric bearing configuration. 77

Therefore, to compensate the loss in the value of stiff- 78

ness (S̄22) and damping (C̄22) coefficients partially, a 79

suitable configuration may be chosen from the follow- 80

ing criteria: 81

S̄22

∣∣∣∣∣∣
Symmetric
2 − lobe, δ = 1.1
δ̄W = 0.0/0.5

> S̄22

∣∣∣∣∣∣
Symmetric
Circular, δ = 1.0
δ̄W = 0.0/0.5

82

> S̄22

∣∣∣∣∣∣
Symmetric
2 − lobe, δ = 0.9
δ̄W = 0.0/0.5

83

S̄22

∣∣∣∣∣∣
Asymmetric
2 − lobe, δ = 1.1
δ̄W = 0.5

> S̄22

∣∣∣∣∣∣
Symmetric
2 − lobe, δ = 1.1
δ̄W = 0.5

84

C̄22

∣∣∣∣∣∣
Symmetric/Asymmetric
2 − lobe, δ = 1.1
δ̄W = 0.0/0.5

85

> C̄22

∣∣∣∣∣∣
Symmetric/Asymmetric
Circular, δ = 1.0
δ̄W = 0.0/0.5

86

> C̄22

∣∣∣∣∣∣
Symmetric/Asymmetric
2 − lobe, δ = 0.9
δ̄W = 0.0/0.5

87

88

4. The stability of worn noncircular asymmetric bearing 89

configuration (δ > 1.0) is more than that of the un- 90

worn noncircular bearing configuration at higher op- 91

erating external load. 92
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