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In the present study, formulation of the oil film shape for a
Rar sector-shaped bearing surface is done. The thrust
segment enables change of the oil film geomerry and
micrttains ifs optimun shape even with varying load. Twa
dimensional Reynolds' equation is formulared for this
bearing, Finite difference merhod is used 1o convert the
Reynolds” equation rerms into a set of simulianeois linear
algebraic equations. A solution procedure for flnding the
pressure valug in the oil film is described.

Nurmerical integration of the pressiere values gives the load
distribition. A detailed comparison of the present authors'
and Ertles' mumerical predictions with that of Yuwans'
experimental data showed good overall agreement.
Subsequently, the study of dvnamic characteristics of
hegring like non-dimensional iriffness and damping is done
by varving the value of the oil film thickness and
introducing vertical velocity in the runner.

Keywords: oil film, pressure, dynamic characteristics, finise
difference methods.

HOMENCLATURE

a @ oil film shape parameter

b @ oil film thickness, m

h, : oil film thickness at leading edge. m

h, : oil film thickness at the tailing edpe, m

i index of the node in radial direction

i ¢ index of the node in circumfersntial direction

m : numberof the nodes on the grid in racial direction

n - number of the nodes in circumferential direction
coordinate along n -axis.

p - pressurein the oil film, Pa

r : radivs of the runner. m

r, . inner radivs of the drust pad, m

r_: radial coordimate of the centre of pressure, m

n

£ - ouler mdivs of the thrust pad, m

1 : transitnme B s

Al .AZ A3 : coefficients for equation of a plane

B circumferential length of the thrust ssgment. m

beaning damping cocfficient, N-s/m

nen-dimensional damping cocfficient

inner diameter of the thrust bearing, m

outer diametar of the thrust bearing, m

F.. F,: viscosity integrals in the Reynolds" squation

: gap berween the pads, m

;. non-dimensional thickness of the oil film. hho
beasing stiffness coefficient, Nim

: non-dimensional stiffress cosfficient

: radial length of the thrust pad, m

: angular speed of the runner, rpm

P : pressure marrix in Reynolds’ equation

: fon - dimensional radius, rr,

- radial coordinate of the centre of pressure, m

LY : velocity along and normal 1o surface, m's

W - load on beanng, N

BB an

-

"

EFE =R I Q0

o =

Z : po.of pads
¥ ¢ filmthickness ratio
H + viscosity of oil, Pas

B angle from the leading edge, radian

B @ angular locaton of the centre of pressure,
radian.

density of oil, ka/m3
w : angular speed of the unner, radian f&

Ar o division on the grd along radial direction. m
A v ¢ volume of an element of the grid, m?

A8 - angular division of the grid, radian.

§ : «¢oordinate along the z- axis

|; : mean value of t",_'r

=
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1. INTRODUCTION

A major component in the turbine assemblies of
hydroelectric power stations is the theust bearing, The thrast
bearing carvies the weight of the generator components and
the hvdraulic turbine plas the vertical hydraulic daess boad.
The thrust load &5 transmeted from the rotor to the stasor
through lubricant ol films that develop between a rotating
collar on the shafi and the stationary secior pads in the
thrust bearing. Figure | ilhusiraes the geometry of the thrust
pad for large thrust bearings. The present work encompsses
the first stage of research activity aimed &1 onderstanding
the phenomena involved in the working of thrust bearing
tilting pads. The rotor of a bydroebectric generator  must
move with bow friction usder the high load associated with
its ewm weight and the hydraulic thruse. The bearing pads
are supported by either a pivot or a disrributed spring
miattress. The support amangements enable the pad to tikt

ta @

Fig. 1z Geomatry of the thrust pad

and produce a lubricant film which maintains egquilibrium
between the penerated and applied forces and moments.
Large thrust bearings in hydroslectric penerators have used
spring-supported sector pads as an ahermative to pivot-
suppirted pads. The application of the more complicated
spring supports is common in thrust bearings with olside
diameters of more than L m. The present stsdy examined
sector pads supported by springs as shown in figure 2. One
advantage of the distributed spring support, especially with
the larger size of bearing is the ability to reduce the
deflections of the pad.

An improved understanding of the hydrodynamics of the
oil film and methods of caleulation are essential to predict

perfarmance and design such bearings. Numerical models
designing thrust bearings for the given operating conditions
introduce an element of risk due 1o the shortage of
experimental dats svailable to check for accuracy of these
predictions. Therefone tere is @ peed, o obtan experimental
data over a wide range of operating conditions and to check
with the numencal model predictions. A possible approach
for cxisting bearing designers is 1o obtain field data for
comparison with mumenical models, A full-scale apparatus
o perform laboratory experiments fos the simultaneous
representation of thermal and mechanical inflsences on fuid
film formation is very expensive to build and operate, The
lack of an integrated theoretical and experimental

Fig. 2= Spring arrangemant &l pad

investigation has made the design of thrast bearings difficult.
To develop design straiegics of a large tiling pad thrust
bearing there is a need for a realistic anal ytical model, It i
essential that the predicnons of this analytical model be
compared with experiments that are realistic, comprehensive
and allow sufficient parameter vanations 5o as o check its
fidelity, Oitherwise it is almost cenain thar designs will be
compromised by inaccuracies in the analytical maodel used
1o develop themn. Therefore, the purpose of the present sudy
i5 to determuine the accuracy of the predictions of the amhors”
theoretical analysis for large tilting pad thrust bearings by
comparing it with Eitles” numerical analysis [1] and Yuans'
2] experimental data.

Wohr (3) mode the most recent sttempl to perform such an
analysis and include comparison with experiments for large
thrust bearings. Although the agreement was good, Yohrs'
amalysis bad certain inherent approximations, Detailed
checks on Vohrs' analysis could not be performed withowt
further experimental data, incleding pressane and ol film
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thickness, The agreemsent between experiment and theory
was 10 be maintained over a narrow range of operating
conditions. Ettles’ included the therme elastic deflection of
the pad for large thrust bearings using the bi-harmonic
equation for plate bending.

2. GOVERMING EQUATIONS

2.1 Shape of the oil fllm,

Operation of a tilting pad thrust bearing is based on the
principle of a convergent wedge formed between two
surfaces moving relatively. Due o shearing action of the
runrier, @il 15 dragged indo it, Reduction of the cross-sectional
area squeezes oil out of the trailing and side edges. The film
thickmess is considered to vary in circumferential and radial
directions due 1o the rell and pitch motion of the pad, about
the centre of pressure obtained after the thrust pad is
assembled. The form of the reduction of film thickness i3
less irnportant than its magninede for a wide variety of film
profile forms. The vanation of film thickness along and across
the pad has bezn taken into aceount. The pressure in a thrust
bearing is sensitive to film profile. Active face of the thrust
pad is assumed flat. A Mat surface has to satisfy the equation
of plane, This discrepancy was pointed out in earlier models
and in [4] a medel based on the concepts of pitch line, tilt
parameter amd flm thickness at the pivot, was proposed.
Hence, the definition of the film thickness requires 1o be
derived. from the equations of the plans, The shape of the
segment is defined by its outer radius r., inner radius r, ,
number of segments = , and the gap berween the pads g,
Crbeer imporiant dimensions ang

g [{52 22 }12]“ (1)

The angle subtended by the thrust segment at r, is
given by

B=2N/z-2sin" (g 1 21, i

Film shape parameter for the Mitchell shope of the film s
defined s

a=(h—h)h=[(h-h)8|BIk]

The film shape for o flat pad is defined by the following
equatign, where the oil film 15 convergent in positive
direetions of x and y axes

h=dl= A2x — A3y e

for x=rsin(8-6,,) and y =rcos(8-8,,) -

The centre —of-pressure i3 assumed 10 be the onigin. The
cocfficients AL, A2 and A3 are determined by specifying the
following boundary conditions.
a)  Iviszeenin figure 3 that film thickness at () 15 the
minimum film thickness h_and using this boundany
condition b in the equation { 3).
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Fig. 3 : Shape of the oil film for a Rat thrust pad
b} By using film thickness along RS and expressing
v &sthe film thickness ratio in the y-direction
¢} Another boundary condition for use in the equation (3)

is by considering the slope between poinis
Crand ©).

d) Splitting §° inio rwo parts, ane that yields uniform film
thickness at the trailing edge ¥, and the other
variable ¥ .

=) Making film thickness to be imvaniant along the trailing
edge.

Thaus, the final form of the equation governing the shape of

the oil film is given by

.r|=.h0[l .(m:"' ; B][m{'ﬂ _B"")l
o B]rsin(ﬂ = H.?]
+&ﬂ[[ﬂ.’3’itm[ﬂ' &q:) = T""-f-]

| ¥ cos H—Ew} =kl {4)
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Equation for mon-dimensional thickness of the oil
Filim is:

H=h”'u=|+(ﬂ"q, IH) m(ﬂ—ﬂq})

= mrm}sm[a—am ]
+lal B) mr‘(ﬁ—ﬂ'{‘ }— ;r.fi'_]

T :

22 Reynolds' Equation

The analviis of hydroedveamic thrust beanings have been
beged on Reynolds” equation for the pressure distribution.
With the increasing capacity of comguitess, numerical models
including the influences of viscosity variations along and
across the lobricaring film have been developed. Deformarion
of the beanng pads due 1o pressure and thermal gradients
were also considered.

If omly the howest order terms are retained, these can be
introduced in the contimsity equation which isthen integrated
across the fluid film to give the Reynolds™ equation. The
iemperature of the ronner along its runmer surfoce varies
much less than the wemperature in the thrust pad active face.
The *{Tash’ termperature of the runner vanes by less then | "C
aunl the temperature along thrust pad rses by 15 0 20"C as
in [5]. Walues of wiscosity obtained from the temperature
field in 1he ol film are substiuted in the Reynolds” equation,
10 determine the pressure field. In load estimation the
pressure “fimng” a1 the edges has been made more appropriae
e sk realishic conditions a5 in [6].

The generzlized Reynolds” equation for rectangular thrus:
segment is:

F.
i a_P ¥ i = i =3 o (6}
dr r.|.r r}l. = ?n B_-p F

1]

F, =.F"j-{§.‘rﬁ,lu§.

= ]t;mk:fi[dfm}

F,. F, and F, are the viscosity integrals with units of m’ sec/
kg. msec and sec respectively. Neglecting variation of
viscosity across the thickness of the film. the Reynolds®
equation for a sector-shaped thrust segmem for
icompressible lubricant, under steady state condition is
demived as in

d
dr

hjap

g ar WET uoog dg ar

3
L1 El'[h ap] w_ﬂ, ik @

Usual assumptions are made in the analysis done herein,
The Reynolds’ equation in non-dimensicnal form is:

o 2w 3%P 2 P d|HY
'3-'? ff ®' O gl pigopas| @
P e e aH
+ﬁ1EFﬁ_lu 2 +24 R .ig'éT [1:3]

As compared 1o the above form of the equation. better
numerkcal sccuracy can be obtained, if all the first denvative
terms in the equathon are coverled i Lo second denvative
terms. Adopting this peocedure the following equation is
obtained.
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4. COMPUTATIONAL PROCEDURE

Solution of Reynolds™ equation wsing finite difference
discretization of thrust pad is done by considering a total of
Bl nogles in the form of a grid as shown in fipore 4. The
Reynolds’ equation 15 a non-homogenesas partial differential
equation of two variables for which closed form analytical
solutions &re mod available. The uge of finite difference
methods for a numerical approximation of this 1vpe of panial
differential exuation is discussed in [7].

The finite difference squation is denvesd by approximating
the denivatives in the differential equation via the truncated
Taylor senes expandion for thiee successive gnd podants.
The central difference form where in the values of the
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function 21 adjacent nodes on either side are required 1o
evaluate the derivatives is used. Writing the Reynolds
equation in the above finite difference form as in equation
(100 resulis in a set of linewr algebeaic equations which can
be transformed into matrix form and solved simultaneoushy
by available subroutines. This yiekds the non-dimensaonal
pressure 31 each node.

i1, 10

MI— i M:
iy Hiog

AR,

H:.’ o HI{I""' :|

P 2-'..,- Hf.- Rl'-l._' H-{I..- .E._,___ H:l,a
ARt O B AR Hiag oXT
_:i____”:‘.-:' -...__‘H'::LI
B F FAET R B 08 R,.r.,.rﬁ“aﬂ-‘J

L1
= T;h’r.]il s ll-"rr,,r-l ] + ERI._I ﬁ]-" {1}

The calculation procedure uses these caleulated pressures
along with numenical methods for imegration to obtain the
Ioad capacity, radial and anguolar location of centre of

nrmeenre Tn enconrs anmercal arcuracy the nressnre

4. DYNAMIC COEFFFICIENTS

a) The damping of the flaid film is its abality 1o absorb energy
and is measured in Nsecfm,
The damping cocfficient.C;- 15 calenlated using

AW
- =§ {11
The subseript “2* nefers to the vertical direction of motion.
Here W is the component of force causing displacement
mmeasured in N_and ¥ is the vertical velocity measuned in mf's.
The formula for calculaten of non-dimensional damping
coefficient as in [8] 15

ol
c-;cy.._f‘..‘_ (15
I ! BL—Uﬂ'f

by Similrly the stiffness of the fluid film is its abiliey 10 resist
deformation by an applied force measared in Nim.
The stiffness coefficient, O, was calculated using
AW
K s
z 3
o
where Ah_is the change in minimurn oil film thickness,
The formula for calculation of non-dimensional stiffness
coelficient is
&.—'3

K * =K |—— ]
£ | BLUH g e

5. RESLLTS AND DISCUSSIONS

Tase |; Tumist Beaneon GeomeTRY

Outer Diameter (mi 1. 168
Inmer Diameter 0TIl
Number of Pads 12
Thickness (mm} k" | e
Grosowe widih (mmj 5.3
Mumber of Sprmjs 12
Drperating, Conditions
Load (MNy 212
Rotational speed (radsis) il4
Ol pot iemperature (°C) T
Ol Propertics
1500 prade 32
plese) mt 40°C 33158
rlici] a 1007 C 545
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Table | lists the bearing peometry, operating conditions and
ol properties. Ol properties used in the present softoan:
analysis did not corpespond 1o those of the aciual oils ussd
in [7] but the influence of this inconsistency on the
predictions was not significant. The present stady and graphs
aim b validate Wohrs” analysis and defermines the accuracy
of the present authors” analvss by comparing it with that of
Emles” and Yuans'[ 10].

Figure 5 shows the 3-dimensional pressare distributien
abizined for the Mitchells” film shape and its model outlined
insecnion 2.1, The pressure distribution near the mailing sdge
is identical. Near the beading edge, however, the pressure at
the guter radius is slightly less than the value for the
Mitchells” approximation. This is because of the lower oil
fikm theckmess for the Mitchell's model.

Fig. 5 : 3D pressure distribution in the off Him of & Nat pad

The sgreement berween film thickness is related 1o the
agreements for pressures for the present suthors’, Enles”
und Yoans” predictions. Figures 67, buc) show the agreemenm
berween theory and experiment achieved for the film
thickness values measured for the three respeciive
displacement probes. In Yoans' analysas discrete experimental
values directly plotied from by the data scquisition system
resulted in the scatier. The present authors” theoretical film
thackness values compared well and were lower than Yuans'
expermental values, Also varistion of iemperanre in the gl
film was ot consadereed in the author’s analysis.

Figure fifa) showed thar there was good apreement berwesn
the present authors” and Yuans" experimental film thicknesses
and surface shape. This was becanse of a better output
voliage comesponding to zeno film thickness. Comparison
betwesn present authors' and Enles” predictions showed

i

good apreement. However the present authors” values were
Foweer because thermo elastic deflection of the pad was not
consydered
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Fig. & [b) :Theoretical and Experimenial lilm thickness al
r=516mm

Figure fic) showed that Yuans" measured film thickness
values gave a surface shape similar 1o the present authors”
solutiea. In Figure's Tia,b) the comparison beiween present
authors” solution amd Yuans' experimental pressure values
showed that the measured values were slightly higher than
those predicied by iheory.

The reason is attributed 1o insignificant crowning, lower
speed and viscosity. It was also likely that the present
software package was underestimaiing pressure. The
difference between the present authors' solution and Ettles’
prediction was accounted fur the inaccuracies in prediciing
the thermo elastic deformation of the rotor surface and thrast
segment.

i
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The input data used for caleulation of damping and stiffness
coefficients  in the tilting - pad thrust bearing was
D‘=lmm.[),uﬂ.?&n.:zﬁ.ﬂﬁm.ﬁtld.ﬂndhﬂ
sec, h, = 52.5¢-6m,

Initially we gradient film thickness coefficients by
substinuting the vahues of a and h_ in the cquation for the oil
film shape, By substitnting these gradient film thicknesses
in modified Reysolds’ equation we get pressure & each node.
Mumerical integration o these pressure poines gives the
losd. V'and b values are varied from +10% w -10% and the
change in valoes of W 50 obiained is denoted as AW,
The reason for changing V' vahees in decrements from 10 to

AW
2% i:mgﬂlh:mrﬂmﬂﬂfﬂv o one point and at
+ 2% 1w get the correct asymptotic vahee. In a similar way

changing h we get the convergence of E 10 one point.

Based on these valoes dimensional and nos-dimensional
damping coefficients are calculated in table 2 for the present
suthors’ dimensional pararmeters considering L/B = 0.7
and a=1.

Tasie2 : Values or 'C* Conspsposneos o "AW' avo

U
= Mb +4% + 6% = i% = 0%
AW | 263.8 4256 - | 1066 10682 | 16167
AV | T93ed | Shde-d | Bled j49ed | LADe-d
C, | 8EBed | Tibed | Hied Tited 10884
C; [L4A%108 | 3*10-8 | 37+108 | 3*10-8 | 4.5"10-8

For the same “L/B’ and “a" values table 3 shows the
corresponding stiffness values calculated for different values

of AW gnd Ak .

]
8 [Degrasd)
Fig. &{c) :Theoretical and Experimantal film thickness at
refE1mm
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Fig. T{b): Thearetical and Experimental Pressures
from R to A

TasLe 3 ; VaLUnS OF 'l('.‘*‘ Comresponmis 0 AW A
..AHO"
=2% =R =¥k R =1{F%
AW | 7538 | 4256 9.6 io6g2 | 16167
A |owsz |ome | mise g | 0260
C'._ TR A0RA0 51011 1302 G216
C 500 10-9] 40t 10-8] 5.0°10-9 | 507102 6.1710-9

Figures 8 and 9 show non-dimensional damping and
stiffness coefficient contour plols respectively for 'a” varied
from 1.010 2.2 and LB from 0.7 to 1.3,
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The present authors’ non-dimensional damping coefficient
valoe at LB = 0.7 and a=1 is 431 1de-18 and decreases
gradually as “a’ and L/B are increased and finally ara =22
and LiB = 1.3 the value becomes 13006 e- 18, The value of
the non-dimensional stiffness coefficient a1t L/B = 0.7 and 'a’
= 1.0 i 1.60066-20 and meredses gradually and at *a’= 2.2
and L/B= 1.3 is equal to 4.571 3e-21

—
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Fig. B: Mon-Di iznal D ing ©, = with respect 1o Fm
shape parameter » and LB ratio
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Fig. % Mon-Dimensional Stifness K ° with respect to
Filen shape parameter a2 and LB Ratio

6. CONCLUSIONS:

Formulation of the ail film shape and varaton of film thickness
along and across the flat sector pad is done. Modifisd two
dimensional Reynolds” equation and a finite difference
solution procodure for finding pressure values is writtken and
verified. Numerical imtegration to thess pressure points gives
the load, Good agreemem occurred berween the theorenical
and experimental film ihicknesses, For the cases considered
expenmenial pressures were usually higher than those
predicted by theory. The dafferences in pressures might have
been cavsed by rolor Ernwnins giving thicker films than
predicted by theory at the outer edge of the bearing.

and maccuracies in the thermo elasuc dellection model of
Ettles’ predictions, No thermo elastic deflsction and vaniation
in temperature of the oil film was considered mn the present
authors® analysis. Subsequently the non-dimensional
damping and stiffness coefficients for the variston of film
thickness and introduction of vemical velocny were
determdned.

Agrearnent between theoretiea] and experimenial resulis

fthougzh not perfect did provide solid suppom for the unlity

of the twio software packages used in predicring large spang-

supprorted thrust beanng behaviour. Thess data are a useful

input for the rotor dynamic studses.
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