
 

 

Abstract—The present paper investigates the influence of 

geometric irregularities on the performance of orifice 

compensated four pocket journal bearing under misaligned 

conditions. Geometrically irregular journals in form of barrel 

shape, bellmouth shape and circumferential undulated shape 

have been considered in the analysis. The misalignment in 

journal bearing system is considered by using two non-

dimensional parameters   and   in the analysis 

corresponding to the misalignment of journal about X and Z 

axis respectively. The governing Reynolds equation is solved by 

using finite element method.  Newton Raphson method is used 

to linearize the flow equation for orifice restrictor in finite 

element formulated system equation. Numerically simulated 

characteristics of bearing system indicate that the geometric 

irregularities of journal substantially affect the performance of 

journal bearing operated in aligned and misaligned condition. 

 
Index Terms— Geometric irregularities, Misalignment, 

Orifice, Newton Raphson Method. 

NOMENCLATURE 

Cij :Oil-film damping coefficients ( zxji ,,  ),N.s m-1 

Cs2              : Restrictor design parameters 

F : Oil-film reaction ( 0




t

h ), N 

Q : Lubricant flow, m3.sec-1 

Sij : Oil-film stiffness coefficients ( zxji ,,  ), N. m-1 

Tf : Frictional torque, N-m 

Wo : External load, N 

XJ, ZJ : Journal center coordinate 

321 // aaa : Barrel/ Bellmouth/ Undulated error, m 

ba  : Axial land width, m 

h : Oil-film thickness, m  

n : Number of waves in undulated journal 
p : Pressure, N. m-2 

pc : Pressure at pocket, N. m-2 

ps : Supply pressure, N. m-2  

α            : Non-dimensional circumferential Coordinate 

β            : Non-dimensional axial Coordinate 

θ          : Inter recess angle  

μ            : Viscosity of the classical fluid, N-s m-2 

Ω                 : Non-dimensional journal speed 

Subscripts and Superscripts 

E : eth element  

J             : journal 

o : Steady state condition 

              : Non-dimensional  
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I. INTRODUCTION 

ESPITE of highly précised, accurate and versatile 

manufacturing techniques are available nowadays, 

several geometric irregularities of the order of microns may 

occur during manufacturing processes of a machine element. 

Likewise a journal and bearing are also bound to have 

several form of micro-geometric irregularities during its 

manufacturing. The effect of geometric irregularities of 

journal on the characteristics of bearing system is quite 

important as geometric irregularities of journal reveal 

dynamic conditions due to rotation of journal. The 

geometric irregularities of journal are generally either of 

barrel type, bellmouth type and circumferential waved type. 

The order of these geometric irregularities are the order of 

oil film thickness. As a consequence of this, these geometric 

irregularities of journal significantly contribute in the 

performance of a journal bearing system.  A number of 

researchers examined the effect of these irregularities on the 

characteristics of various bearing system [1-8]. The studies 

[1-10] reveal that the geometric irregularities of journal 

usually deteriorates the bearing performance. This 

necessitates that the design of a journal bearing system 

should include the influence of these geometric irregularities 

for more realistic and stringent operation of bearing system. 

Improper installation, improper loading, elastic or thermal 

distortion of journal may results in misalignment in journal 

bearing system. Many realistic evident of bearing failure 

revealed the failure of bearing operation caused by 

misaligned operation. In view of this severe operating 

condition of a bearing system, a little tolerance needs to be 

given in design in bearing operation to tackle any 

misalignment condition.  This tolerance may be computed 

by considering the misalignment effect in the analysis of 

bearing system. The misalignment of journal may be (about 

either about horizontal axis or about a plane perpendicular to 

cross–section (1 dimensional) or combination of both (2 

dimensional).  Recently, many researchers investigated the 

misalignment effect on journal bearing performance [9-17]. 

Fisher [9] illustrated that misalignment in bearing system 

results in an irregular heating of bearing. Bou-Said and 

Nicolas [14] illustrated that turbulence in bearing system 

partially compensate the deterioration in bearing 

performance due to misalignment operation vis-à-vis 

operation in laminar regime. 

The literature concerning journal bearing system reveals 

that no study in literature illustrate the influence of 

geometric irregularities of journal on orifice compensated 

journal bearing system operating under misaligned 

conditions. In view of this, the present work is aimed to 

evaluate the combined influence of geometric irregularities 

of journal and misalignment of journal on the performance 

of hydrostatic journal bearing with orifice restrictor. The 

numerically simulated results for bearing characteristics 
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parameters versus external load have been presented for 

different misaligned conditions. 

 
Fig. 1. Schematic of Four-Pocket Cylindrical Hybrid Journal 

Bearing System. (The idea of the schematic is from Ref. [8]) 

II. ANALYSIS 

Assuming Newtonian, iso-viscous and incompressible 

lubricant, the governing Reynolds equation for a hydrostatic 

journal bearing system as shown in Fig.1 is expressed in 

non-dimensional form as follows [6-8]. 
𝜕
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For a geometrically irregular misaligned journal bearing, 

the fluid film thickness h  is expressed as follows [5-8].  

ℎ = 1 − 𝑋 𝑗𝑐𝑜𝑠𝛼 − 𝑍 
𝑗𝑠𝑖𝑛𝛼 + ℎ 𝑖𝑟 + ℎ 𝑚𝑖                                (2) 

  Where,  irh  indicates the change in oil film thickness due 

to different geometric irregularities of journal and is 

expressed as follows [5, 7].  
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 And  indicates the change in the value of oil film 

thickness due to misalignment of journal and is expressed as 

follows [8]. 

ℎ 𝑚𝑖 = 𝛽𝛹 𝑐𝑜𝑠 𝛼 − 𝛽𝜑 𝑠𝑖𝑛 𝛼                                              (2b) 
 Where  and  are the misalignment parameters 

indicating the misalignment of journal about horizontal axis 

(X) and vertical axis (Z) respectively. 
The flow rate of lubricant through an orifice restrictor is 

expressed in non-dimensional form as follows. 

𝑄𝑅 = 𝐶𝑠2  1 − 𝑝
𝑐
                                                                 (3) 

where, 
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A. FE Formulation 

To obtain the unknown fluid film pressure field in 

governing Reynolds equation (1), FEM has been used. The 

weak formulation of governing Reynold equation is 

obtained by using weightage residual method. Minimizing 

the residue by using Gallerkin’s orthogonality condition, 

yields the following elemental equation [6-8]. 

 𝐹𝑖𝑗  
𝑒
  𝑝 𝑒  =    𝑄𝑖 

𝑒
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                             𝑍 
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 Where, n α and nβ are the direction cosines and i, 

j=1,2,3,4 (number of nodes per element). Ae Refers to area 

domain and Γe  is the boundary domain of the eth element. 

 The lubricant flow field has been discretized using 4 

noded quadrilateral isoparametric elements. The variation of 

pressure over the element is approximated as follows. 

 

𝑝 =  Njpj

4

𝑗 =1
                                                                   (4b)  

 Where, p j is the nodal pressure value at jth node of 

element and Nj is the shape function  

Usual globalization procedure of FEM yields the 

following system equation in algebraic form. 

 𝐹   𝑝 =   𝑄 +  Ω  𝑅𝐻 + 𝑋 
𝐽   𝑅𝑋𝐽

  + 𝑍 
𝐽   𝑅𝑍𝐽

 + +𝜑   𝑅 𝜑 −

                    Ψ   𝑅 Ψ                                                              (4c) 
 B. Boundary Conditions 

To compute the fluid film pressure field, the algebraic 

system equation (4c), the following boundary conditions 

relevant to the lubricant flow field are used [6-8]. 

(i) Nodes on external boundary possess zero relative 

pressure as these nodes are exposed to the ambient 

pressure.      

(ii) The flow of lubricant through the compensator is equal 

to the bearing input flow  

(iii) All Nodes situated on a pocket have equal pressure. 

(iv) To avoid the cavitation in bearing, the Swift-Striber 

boundary condition is applied at the trailing edge of 

positive region i.e., 00.0







p
p . 

III.  SOLUTION PROCEDURE 

An appropriate iterative scheme has been used to find out 

converged steady state solution of algebraic system equation 

(4c) constraint with the appropriate boundary conditions 

illustrated in subsection 2.2. Fig. 2 indicates the flow chart 

to find out the overall solution scheme. The solution 
strategy involves the computation of unknown pressure field 

for a specified (tentative) values of journal center 

coordinates JX  and JZ . An iterative procedure is used to 
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compute the corrections in journal center position 

( JX , JZ ). Iterations for establishing the journal centre 

equilibrium position are continued until the convergence as 

indicated in equation (5) is attained [27]. As flow equations 

for orifice restrictor is nonlinear, Newton-Raphson method 

(As indicated in Appendix- A) is used to obtain the 

converged solution of these equations and this can be 

achieved by using iterative schemes.  

𝑃𝐸𝑅𝑅 =  
  ∆𝑿 𝒊

𝒋 
𝟐

+ ∆𝒁 𝒊
𝒋 

𝟐
 
𝟏 𝟐 

  𝑿 𝒊
𝒋 

𝟐
+ 𝒁 𝒊

𝒋 
𝟐
 
𝟏 𝟐  × 100 ≤ 𝑇𝑂𝐿𝐼𝑀 < 0.001    (5)  

  
Fig.2. A flow chart to illustrate the overall solution scheme 

IV. RESULTS AND DISCUSSIONS 

To find out the unknown pressure field   op for steady 

state conditions a computer program has been developed as 

per the methodology discussed in earlier sections. To 

authenticate the developed program, the present results have 

been compared with earlier published results by Ghai [18]. 

A close validation for the variation in the values of fluid 

film reaction 
oF versus eccentricity ratio ( ) has been 

obtained as indicated in Fig. 3. 

The characteristics parameters of the bearing system have 

been computed for the judiciously chosen values of 

geometric and operating parameters of bearing systems viz. 

𝜆 = 1.0,   𝐶 𝑠2 = 0.659,  𝑎 𝑏 = 0.14,
Ap

Ab
=  0.576,  𝑊    𝑜 = 0.0 −

1.0, Ω = 0.5, 𝜑 = 0 − 0.15, Ψ = 0 − 0.15.  

 The selected value of restrictor design parameter C s2 = 

0.659 corresponds the value of concentric design pressure 

ratio β*=0.5 in aligned ideal journal bearing system.  

Misalignment effect on the performance of geometrically 

irregular bearing has been investigated for aligned condition 

( 0.0 , 0.0 ) and misalignment about X and Z axis 

( 15.0 , 15.0 ).   

 
Fig. 3.  Fluid Film Reaction  With ε  

 

Fig. 4. Variation of  with       

The effect of geometric irregularities of journal on the 

characteristics parameters of orifice compensated four 

pocket misaligned cylindrical hybrid journal bearing system 

are presented through Figs. (4-8) as follows. 

Fig. 4 depicts the variation in the value of minh  with 

respect to the external load ( 0W ) for orifice compensated 

geometrically imperfect misaligned journal bearing system. 

It may be observed that the value of  minh  gets reduced with 

an increase in the value of 0W .  Furthermore, for a specified 

value of 0W , the value of  minh  gets decreased for each type 

of geometric imperfections vis-à-vis ideal journal bearing. 

The consideration of misalignment of journal in the analysis 

results in an enormous decrease in the value of minh  for 

START 

STOP 

Input the 2 D mess of bearing parameters as 

 

Compute film thickness on nodal points using Eqn.2. 

Compute matrices of the system Eqn. 4c. 

 

Apply boundary conditions as subsection 2.2. 

Solve system Equation for unknown pressure field and  

Compute Fluid Film reactions Components 
zx FF ,  

Compute Correction in Journal Centre Position i
J

i
J ZX  , . 

 Compute Static and Dynamic Characteristics parameters of Bearing  

i
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i
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Linearize system equation by using Newton Raphson Method  

for orifice restrictor as illustrated in Appendix A 

Is Convergence 
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ideal journal as well as each type of geometrically imperfect 

journal bearing as for misaligned operating condition, the 

inclination of journal along Z and X axis results in reduction 

in the value of minh . 

 
Fig. 5.  Variation of  Q  with 

0W  

 
Fig. 6. Variation of 

fT  with 
0W  

The variation in the values of the lubricant flow rate ( Q ) 

versus external load (
0W ) is shown in Fig.5 for four pocket 

geometrically imperfect misaligned hybrid journal bearing 

system. It may be clearly seen from Fig. 5 that the value of 

Q  gets increased appreciably for misaligned operating 

condition as compared to the aligned operating condition. 

This may be attributed to the fact that for a misaligned 

journal bearing system, the requirement of the flow is higher 

to operate the bearing with an appropriate fluid film 

thickness. Thus, misalignment of journal causes an 

unfavorable effect from the viewpoint of pumping power 

loss as misaligned journal bearing system requires more 

flow rate of lubricant for satisfactory operation. 

The variation of frictional torque ( fT ) for orifice 

compensated geometrically imperfect misaligned journal 

bearing system with respect to external load (
0W ) is 

depicted in Fig. 6.  It is obvious that the value of 
fT   gets 

increased with an increase in the value of 
0W .  Further, for a 

specified value of
0W , the value of 

fT  gets extensively 

reduced for bellmouth shaped journal and get notably 

increased for barrel shaped journal as compared to the ideal 

journal bearing.  However, undulations on journal results in 

an insignificant effect on the value of
fT . This may be 

attributed to the fact that the value of maximum fluid film 

pressure gets significantly increased    for barrel shaped 

journal and decreased for bellmouth shaped journal   as 

compared to the ideal journal. Therefore, the cumulative 

effect of the fluid film pressure developed in the domain 

may be higher for barrel shaped journal and lower for 

bellmouth shaped journal. Thus, bellmouth shaped journal 

may be beneficial from the viewpoint of frictional power 

loss. Further, misalignment of journal results in an increase 
in the value of 

fT  for each ideal journal and different 

geometrically imperfect journal studied. Thus misalignment 

of journal exhibits the damaging effect on the bearing 

performance from the viewpoint of frictional torque. 

 

 
Fig. 7a.  Variation of 

xxS  with 
0W  

 
                   Fig. 7b. Variation of 

zzS  with 
0W  
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                 Fig. 8a.  Variation of 

xxC  with 
0W  

 
            Fig. 8b.  Variation of 

zzC  with 
0W     

 

Figs. 7(a-b) depict the variation of direct fluid film 

stiffness coefficients ( zzxx SS , ) with respect to external 

load (
0W ) respectively. It may be seen that for a specified 

value of
0W , the values of ( zzxx SS , ) increases for barrel 

shaped journal while decreases for bellmouth and undulation 

type imperfections of journal.  Furthermore, the misaligned 

operating condition of bearing system results in a significant 

reduction in the values of zzxx SS ,   vis-à-vis aligned 

operating condition for each case studied. Thus, 

misalignment of journal is also undesirable from the 

viewpoint of direct as well as cross coupled fluid film 

stiffness coefficients. 

The variation of direct fluid film damping coefficients 

( zzxx CC , ) with respect to external load ( 0W ) are shown in 

Figs. 8(a-b) sequentially.  The different forms of geometric 

irregularities of journal results in substantial effect on the 

values of ( zzxx CC , ) similar as on the values of ( zzxx SS , ).  

The values of ( zzxx CC , ) gets    increased considerably for 

barrel shaped journal while decreased substantially for 

bellmouth shaped journal vis-à-vis ideal journal.  However, 

undulations on journal produces a marginal effect on the 

values of ( zzxx CC , ) vis-à-vis ideal journal.  Misalignment 

of journal results in a significant reduction in the values of 

fluid film damping coefficients ( zzxx CC , ) for ideal as well 

geometrically irregular hybrid journal bearing system as 

indicated in Figs. 8(a-b). Cross coupled fluid film stiffness 

and damping coefficients have been also computed but are 

not presented due to brevity.        

V.   CONCLUSIONS 

A theoretical study to investigate the combined effect of 

geometric irregularities of journal and misalignment on the 

performance of orifice restricted four pocket hybrid journal 

bearing has been carried out. The key conclusions of present 

study are as follows. 

i)    For a specified value of 0W , the value of  minh  gets 

decreased for geometrically irregular journal vis-à-vis 

ideal journal bearing. The consideration of 

misalignment of journal in the analysis results in an 

enormous decrease in the value of minh  for ideal 

journal as geometrically irregular journal bearing. 

ii)    Misalignment of journal causes an unfavorable effect 

from the viewpoint of pumping power loss as 

misaligned journal bearing system requires more flow 

rate of lubricant for satisfactory operation. 

iii)   Misalignment of journal exhibits the damaging effect on 

the bearing performance from the viewpoint of 

frictional torque. 

iv)    For a specified value of 0W , the values of ( zzxx SS , ) 

increases for barrel shaped journal while decreases for 

bellmouth and undulation type imperfections of journal.  

The misaligned operating condition of bearing system 

results in a significant reduction in the values of 

zzxx SS ,   vis-à-vis aligned condition. 

v)    Misalignment of journal results in a significant 

reduction in the values of fluid film damping 

coefficients ( zzxx CC , ) for ideal as well geometrically 

irregular hybrid journal bearing system.  

 

               APPENDIX-1: Newton-Raphson Method 

The flow equations are non-linear for the case of a orifice 

restrictor (equations 3). As the system equations after 

adjustment for the continuity of flow through the restrictors 

becomes non-linear for orifice restrictor. Therefore Newton 

Raphson method has been used for solving these non- linear 

equations for orifice restrictors. The Newton Raphson 

method has been discussed in details as follows. 

For an efficient operation of a hydrostatic journal bearing 

system, a continuous flow between the restrictor and the 

clearance space of bearing is essential. Let pth,qth,rth and sth 

are the nodes on the pockets 1,2,3 and 4 sequentially, and 

the corresponding flow terms are pQ , qQ ,  rQ and  sQ   in 

nodal flow vector  Q  on the right hand side of equation 4c. 
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For the steady state condition ( 0




t

h
i.e., 0 JJ ZX  ) 

and maintaining the continuity of flow, the system equation 

yield in general form as: 

02211  Hkkoqkqopkpokokk RQpFpFpFpFF          (A.1) 

Where k=1, 2,…p,…q, …r,…s….n 

The flow through pockets p, q, r and s may be replaced for 

steady state condition as follows. 

𝑄𝑜𝑝 = 𝐶𝑠2  1 − 𝑝
𝑜𝑝

   ; 𝑄𝑜𝑞 = 𝐶𝑠2  1 − 𝑝
𝑜𝑞

  

𝑄
𝑜𝑟

= 𝐶𝑠2  1 − 𝑝
𝑜𝑟

   ; 𝑄
𝑜𝑠

= 𝐶𝑠2  1 − 𝑝
𝑜𝑠

            (A.2) 

 It may be clearly understood that the components of nodal 

vector Q  are non-zero at the nodes lying on pockets only.  

The value of Q  is zero for non-pocket nodes. 

Further, for a pocket node and kkth component in system 

equation A.2 yields as follows (as nodal values of flow on 

pocket is function of nodal pressure) 

∆𝐹 𝑘𝑘 = 𝐹 𝑘𝑘𝑝 𝑜𝑘 − 𝑄 𝑘       
The derivative of kkth term may be computed as follows. 
𝜕Δ𝐹 𝑘𝑘  

𝜕𝑝 𝑜𝑘
 

0
= 𝐹 𝑘𝑘 −

𝜕𝑄 𝑘

𝜕𝑝 𝑜𝑘
 
𝑜
   

    (A.3)                  

Where,  k = p, q, r, & s 

Let ooip  (i=1,2,3,………n) are the initial 

approximations of the nodal pressures. 

Taylor’s series approximation is used to linearize the 

equations (A.1) considering the last term of equations (A.2) 

i.e. Ω HiR terms is constant.  

𝐹 𝑙 0 +
𝜕𝐹 𝑙

𝜕𝑝 01
 

0
𝛥𝑝 1+…….+

𝜕𝐹 𝑙

𝜕𝑝 0𝑝
 

0

𝛥𝑝 𝑝 + ⋯
𝜕𝐹 𝑙

𝜕𝑝 0𝑞
 

0

𝛥𝑝 𝑞 +

⋯
𝜕𝐹 𝑙

𝜕𝑝 0𝑟
 

0
𝛥𝑝 𝑟 + ⋯

𝜕𝐹 𝑙

𝜕𝑝 0𝑠
 

0
𝛥𝑝 𝑠 + ⋯

𝜕𝐹 𝑙

𝜕𝑝 0𝑛
 

0
𝛥𝑝 𝑛 = 0             (A.4) 

where,   𝑙 = 1, 2, . …𝑝, …𝑞, …𝑟, …𝑠 … . 𝑛.  
Equation (A.5) is expressed in following matrix form,  
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                                                                                        (A.5)   

The terms

oj

Ri
ij

p

Q
D






, is the derivative of the flow RiQ  with 

respect to pocket pressure ojp . For the orifice compensated 

bearing, the expressions for ijD can be expressed as follows. 

0 sqrpqspr DDDD  

𝐷 pp=-0.5𝐶𝑠2/  1 − 𝑝
𝑜𝑝

  ; 𝐷 qq=-0.5𝐶𝑠2/  1 − 𝑝
𝑜𝑞

  

𝐷 rr=-0.5𝐶𝑠2/  1 − 𝑝
𝑜𝑟

    ; 𝐷 ss=-0.5𝐶𝑠2/  1 − 𝑝
𝑜𝑠

  
 

The solution of equation (A.5) requires nodal pressure 

vector { op } which is used from previous iteration equation. 

Equation (A.5) provides the correction in the value of nodal 

pressure )( op  in current iteration, i.e. if correction in nodal 

flow vector for nth iteration is nop , the new nodal 

pressure for (n+1)th iteration are obtained as: 

{𝑝 𝑜}𝑛+1={𝑝 o}n + {Δ𝑝 o}n                                                     (A.6) 
 Iterations are continued until the corrections in the values 

of nodal pressure follow the convergence criterion indicated 

in equation A.7. 
𝛥𝑝 𝑗

𝑝𝑗
× 100 < 𝑃𝐸𝑅𝑅 = 10−5                                                 (A.7) 
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