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Analysis of Orifice Compensated Four Pocket
Geometric Irregular Misaligned Journal Bearing

Arvind K. Rajput, Saurabh K. Yadav, Satish C. Sharma

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 (i, j = X,z ),N.s m?
Cs : Restrictor design parameters
= - Qil-film reaction (2" o), N

ot

Q . Lubricant flow, mé.sec
Sij : Oil-film stiffness coefficients (i, j = X,z ), N. m*
Tt : Frictional torque, N-m
Wo : External load, N
X3, Z3  :Journal center coordinate

a,/a, / az - Barrel/ Bellmouth/ Undulated error, m
ay, : Axial land width, m

h : Oil-film thickness, m

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

Pc : Pressure at pocket, N. m2

Ps : Supply pressure, N. m

a : Non-dimensional circumferential Coordinate
B : Non-dimensional axial Coordinate

0 > Inter recess angle

u : Viscosity of the classical fluid, N-s m

Q : Non-dimensional journal speed

Subscripts and Superscripts

E : et element

J : journal

0 . Steady state condition

— : Non-dimensional
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. 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-a-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.
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Fig. 1. Schematic of Four-Pocket Cylindrical Hybrid Journal
Bearing System. (The idea of the schematic is from Ref. [8])

Il.  AnaLvsis

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].

a (R ap a (k% ap) _ Qok , oR
oo tarlma) =2t o 1)

For a geometrically irregular misaligned journal bearing,
the fluid film thickness h is expressed as follows [5-8].
h=1—Xcosa — Zisina + h; + hy; ®)

Where, hy, indicates the change in oil film thickness due

to different geometric irregularities of journal and is
expressed as follows [5, 7].

_ . (zp
—ay.sin| = | Forbarrel shape
il (21) ap!

_ 2
hy = éz.sin(gj Forbellmouthshape (23)

0.5.a3.sin(ner) For Undulated shape

And h,; indicates the change in the value of oil film
thickness due to misalignment of journal and is expressed as
follows [8].
hy =BP cosa— Lpsina (2b)

Wherep and i 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.

aR = Esz (1 - 50)

2 12
where, Esz_i[3”do/1r'//dJ£ 2p j
P Ps

12 c3

@)

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
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the residue by using Gallerkin’s orthogonality condition,
yields the following elemental equation [6-8].

Fy]' @ = (@) + QR + %Ry, ) +

— e (= e - =
Z{Ry} +6(R,) - PRy (42)
Where,
=e o h3[aN; ONj  oN; ONj
Fi 7,?9@[ oa oa | op oB }dadﬁ
Qi° = {[i@—gﬁJna-{i@}nﬂ}Nidre
re \121 0 2 12 op

= h &N;
RS. = ——'dad

M= S e 1Y
ﬁ; = [[Njcosadadp

I e
ﬁ; = [[Njsinada dg

Ji Ae

E;,i = ff N; Bsina dadf
Ae

ﬁ;i = ff N; fcosa dadf
Ae

Where, N, and ng are the direction cosines and i,
j=1,2,3,4 (number of nodes per element). A® Refers to area
domain and I"® 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.

— 4 f—
p=2, NP
j=1

Where, P jis the nodal pressure value at ji node of

element and N; is the shape function
Usual globalization procedure of FEM yields the
following system equation in algebraic form.

[F1®} = (@} + o (Ru}+ X, {Rx, } + 2 {Ry, } + +o(R, } -

W{Ry} (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

(4b)

positive region i.e., p= P =0.00.
oa

I1l.  SoruTion 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 owverall solution scheme. The solution
strategy involves the computation of unknown pressure field
for a specified (tentative) values of journal center

coordinates X 3 and Z 3. An iterative procedure is used to
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compute the corrections in journal center position

(AX 3,AZy). 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.
. . 1/2
{(axi)*+(az)’}
PERR = {2—2}1/2 X 100 < TOLIM < 0.001 (5)
(X4)"+(ZY)

Input the 2 D mess of bearing parameters as
.5':‘-_. 2".! H',:,_. -'EI.I |:—_.l I:_“_. E]_. ﬁz.l E:_. i {.l fﬂa'-'

X325

3 v

I Compute film thickness on nodal points using Eqn.2. ]

!

[ Compute matrices of the system Eqn. 4c. ]

v

| Apply boundary conditions as subsection 2.2. |

v

Linearize system equation by using Newton Raphson Method
for orifice restrictor as illustrated in Appendix A

Solve system Equation for unknown pressure field and
Compute Fluid Film reactions Components F LR

'

[Compute Correction in Journal Centre Position yx' A7". |

v

Is Convergence
iterion satisfied

Yes

—i+l —i+l

X3 ,Z3

Compute Static and Dynamic Characteristics parameters of Bearing

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

IV. RESULTS AND DISCUSSIONS

To find out the unknown pressure field {p, 1 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 F versus eccentricity ratio (s) 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.

1=1.0, C, =0.659, a, = 0.14,2—p = 0.576, W, = 0.0 —
b
1.0,2=0.5¢=0-0.15% =0 — 0.15.
The selected value of restrictor design parameter C s =
0.659 corresponds the value of concentric design pressure
ratio B*=0.5 in aligned ideal journal bearing system.

Misalignment effect on the performance of geometrically
irregular bearing has been investigated for aligned condition
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(9 =0.0, =0.0) and misalignment about X and Z axis
(p =015,y =0.15).
2

‘ A=1.0,a:/1=0.14,0=0.0, Orifice
1.8 -
16 -
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Fig. 3. Fluid Film Reaction Fy With &
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Fig. 4. Variation of Ry, with W

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 Hmin with
respect to the external load (W, ) for orifice compensated
geometrically imperfect misaligned journal bearing system.
It may be observed that the value of h,,;, gets reduced with
an increase in the value of W,. Furthermore, for a specified

value of W, the value of ﬁm‘n gets decreased for each type

of geometric imperfections vis-a-vis ideal journal bearing.
The consideration of misalignment of journal in the analysis

results in an enormous decrease in the value of hp,, for
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ideal journal as well as each type of geometrically imperfect  depicted in Fig. 6. It is obvious that the value of T, gets
journal bearing as for misaligned operating condition, the
inclination of journal along Z and X axis results in reduction

in the value of hp,jp -

increased with an increase in the value of v, . Further, for a
specified value ofw,, the value of T, gets extensively

21 reduced for bellmouth shaped journal and get notably
4 =10.C;; = 0.659. @, = 0.14,8 = 18° increased for barrel shaped journal as compared to the ideal

6, = a, =04 a;=02n=350=05 . . . . .
journal bearing. However, undulations on journal results in
e, e Tl Sy an insignificant effect on the value ofT,. This may be
2] = - - attributed to the fact that the value of maximum fluid film
B —— A elimonth pressure gets significantly increased for b_arrel shaped
Q Beael ® Undulated journal and decregsed f_or bellmouth shaped journal as
compared to the ideal journal. Therefore, the cumulative

 Vertical (Value) Asis | 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 T, for each ideal journal and different

geometrically imperfect journal studied. Thus misalignment

7 =000,7=000 of journal exhibits the damaging effect on the bearing
e @ =0.15F = 0.15 performance from the viewpoint of frictional torque.
0.2 0.4 0s W, os 1
36
Fig. 5. Variation of @ with wy, 34

-
-—__ .
-

T=10 CJ: — G-GSQrEb =0.14,8 = 130' 32 _ e ™ -
5, = G, =04, G, =050 =5 0= 05, 3 ¢ = 0.00,% = 0.00
______ @ = OlSsz 0.15
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f : , [A=10,C; = 0659 @, = 0.14,8 = 18°
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Fig. 7a. Variation of 5, with W,

. . —— 4
02 0.4 o Wy os 1 —
Fig. 6. Variation of T, with Wy,

? 0.659, =

2 = b‘ =
0.4, a; =02 n

(=

0.14,

The variation in the values of the lubricant flow rate (g ')
versus external load (w;,) 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
© 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 2> - Ideal : Bellmouth
journal bearing system, the requirement of the flow is higher Barre| Undulated
to operate the bearing with an appropriate fluid film

thickness. Thus, misalignment of journal causes an 2
unfavorable effect from the viewpoint of pumping power £
loss as misaligned journal bearing system requires more —— §=000,%=0.00
flow rate of lubricant for satisfactory operation. 1s T $=015%=0.15
The variation of frictional torque (T;) for orifice 0.2 04 06 Wy os .
compensated geometrically imperfect misaligned journal Fig. 7b. Variation of 5, with W,
bearing system with respect to external load (wg) is
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Fig. 8b. Variation of ©,, with W,

Figs. 7(a-b) depict the variation of direct fluid film
stiffness coefficients (Syy,S,,) with respect to external
load (w,) respectively. It may be seen that for a specified

value ofw,, the values of (Syy, S5, ) 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 S,,,S,  vis-a-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

(Cyx,C,; ) With respect to external load (W) are shown in
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Figs. 8(a-b) sequentially. The different forms of geometric
irregularities of journal results in substantial effect on the

values of (C,,,C,,) similar as on the values of (S,y,S,).

The values of (C,y,C,,) gets increased considerably for
barrel shaped journal while decreased substantially for
bellmouth shaped journal vis-a-vis ideal journal. However,
undulations on journal produces a marginal effect on the
values of (C,y,C,,) vis-a-vis ideal journal. Misalignment
of journal results in a significant reduction in the values of
fluid film damping coefficients (C,y,C,, ) 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 ofW,, the value of hy;, gets

decreased for geometrically irregular journal vis-a-vis
ideal journal bearing. The consideration of
misalignment of journal in the analysis results in an

enormous decrease in the value of hg;, 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 ofW,, the values of (S,,S,,)

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

Syx, S5 Vis-a-vis aligned condition.
v) Misalignment of journal results in a significant
reduction in the wvalues of fluid film damping

coefficients (C,y,C,, ) 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 p™,g®,r" and s™
are the nodes on the pockets 1,2,3 and 4 sequentially, and

the corresponding flow terms are Q,, Qq, Qrand Qg in

nodal flow vector {6} on the right hand side of equation 4c.
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For the steady state condition (%h:oi.e., )?J :ZJ =0)

and maintaining the continuity of flow, the system equation
yield in general form as:
(AD)

Ek = Eklf)ol +...+ I?sz)oz +...+ Ekpﬁop +...+ Ekqﬁoq —6k —QﬁHk =0
Where k=1, 2,...p,...q, ...T,...S....n

The flow through pockets p, g, r and s may be replaced for
steady state condition as follows.

\I 1_ op Qg = 1_ oq
or - CSZ,’ or) Qos - 521’ os (A2)

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 kk™ component in system
equation A.2 yields as follows (as nodal values of flow on
pocket is function of nodal pressure)

AFye = FieDor — Qi

The derivative of kk™" term may be computed as follows.

aAF_kk _ _ 6Q_k

Dok 0 T kK Dok 0 (A 3)
Where, k=p,q,r, &s
Let Poi| o (=1,23,......... 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)

ie Q ﬁHi terms is constant.

a _ oF; _
Fio + =+ | APyttt OApp + —ap_oq|0qu +
aF — 5F[ — aF[ _
o OApT + | e | Ap, =0 (A4)

where, [ =1, 2,....p,...q,... T, S e T
Equation (A.5) is expressed in following matrix form,

_E.u Foo oo Fio e Fg e Fr o Fs oo Fin | [0
Fa P BBy o P Fy Doy oo Fy o Fi
Fa P o Fo o (g D) oo e o oDy o P |
o Fa oo BBy o Py o -Br) o Fo Fo |30
Fy Fo o Fo e (Fa-Dg oo A Fa-Ba) oo P30
Fu P o Fo e P B £ £\,
G| [F| [F Fa oo R o Fa o Fa o B P[P
Qo [Rip| [P P oo P Fog o B B P R
Go|  (Foa| [P Fao oo P o P o Py P o P P
HEE O B : :
Guo| [Fw| |Fa Fa o Foo Fa o Fao P PP
5%50 Re| |Fu Fooon Fo oo Fa o e o E 5
Qo) (Ren) |Fu P oo Frp o Fu o P o o o P |lFon
(A.5)
The terms o _ aQ » is the derivative of the flow Qg; with
i fpuj

respect to pocket pressure po; . For the orifice compensated
bearing, the expressions for 5ij can be expressed as follows.
Dpr = Dgs =Dy = Dgg =0
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"GI

0‘1)

Dp=-0.5Cs,/ | (1 - ﬁop), Daa=-0.5C5z/ [(1 -

Dir=-0.5C,,/ /( ; Dss=-0.5C,,/ (1 -

The solution of equatlon (A.5) requires nodal pressure
vector { p, } which is used from previous iteration equation.
Equation (A.5) provides the correction in the value of nodal
pressure (Ap,) in current iteration, i.e. if correction in nodal

G

flow vector for n" iteration is{Ap,}", the new nodal

pressure for (n+1)!" iteration are obtained as:
{po)**'={po}" + {Apo}" (A6)

Iterations are continued until the corrections in the values
of nodal pressure follow the convergence criterion indicated
in equation A.7.

p”f x 100 < PERR = 10~° (A7)
J
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