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Stud1es weref’made; on . ‘a thrust bearlng w1th two

dlfferent tsllder.-houndary condltlons, namely,, constanty

temperatune and adlabatlc surface.\ ThlS study waSJbased onf

‘ o

the tran51ent momentum and energy equatlons. A number .of
numerlcal 51mulatlons were performed u51ng dlfferent bearldg

_ratios’ and Prandtl andMEcEert numbers.n

v./

It was found that the locatlon of max1mum temperature‘

’

depended on, the bearlng ratlo.p For a- bearlng ratlo of f\z,d

’

max1mum temperature was' near the sllder For a bearln

‘ratio '6:’;1;5, max1mum temperature vas near the statlonar

o surface;Q Temperature computatlons were carrled out‘ untyf

tran51ent values were acceptably closel to the steady state]
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NOMENCLATURE

acceleration of slider

ahg /(Bv?) = dimensionless acceleration
coéfficients used in numerical method

length of slider in direction of motion
specific -heat of lubricant at constant preésure
(Br/h3)*/(Cp T,) = a type of Eckért number

film tﬁickness |

inlet film thickness

outlet film thickness

h/ho = dimensionless filp thickness

numerical method eqguivalents of x, y, and t

respectively

h; /ho = bearing ratio

number of cbmputational points in the x and y
directions respectively

gauge pressure
pph{/(Bu)? = dimensionless gauge pressure
Cpu/k = Prandtl number

-

flow rate per unit width

Oho/(Br) = dimensionless flow rate

time | |

vt/h% = dimensionless time

tehberature of 1ubricant at position (x, y)
constant:Surface‘£emperature

T/T, = dimensionless temperature of lubricant
velocity in x-direction

X1
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i . ..
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. CHAPTER I

i “INTRODUCTION
ﬂ“fBackground to the problem
Numerous studles have heen done ‘on steady state,r
% momentum and energy equatlons_winf connectlon w1th thrust”

‘Tbearlngs( Hahn and Kettleborough [1] used these equatlons'

'lu,tO\solve for pressure and temperature dlstrlbutlons in ay;

f;thrust bearlng The effects of“ 1nert1a terms on pressuref

rﬂand Ioad capac1ty,. and the effect f ~convect1ve terms on.3

‘-2temperatures at the surfaces were 1nvestlgated by Rodk1ew1cz

"',and Anwar [2],. Other studles concentrated on varylng temp—g o

l:”;;keeplng the

’f}eratures at the surfaces and dlfferent bearlng ratlos [3] -

£wo. surfaces adlabatlc [4] a dlfferent numerl—tvf

7A1v5cal procedure for calculatlon of flow 1n f1n1te w1dth bear~jdfj

~

There have been a number of studles done on the tran-)fﬁf

:f*r51ent momentum equatlon. One of the earllest works was done*fﬁ'

S ‘ / -
*?by Ladany1 [6] who 1nvestlgated the effects of accePerataoant

’tyon performance characterlstlcs fin llder and journal bear—;t
:‘1ngsr Lyman and Salbel £7] d1d san analyt1cal study/of the;;f
'.ftran51ent pressuresf1n ‘an 1nf1n1te sl;der'but:dld_notvassumenf
i__that acceleratlon was proportlonal7ﬁto,ftﬁevdistancetacfoss';i
;the bearxng as 1n the prev1ous paper‘ A';more recent'paoer."
”d'by Venkateswarlu and Rodk1ew1cz [8] studled tﬂe developmenthﬁr

kv:of tran51ent load capac1ty and drag f‘ three functlonalh:”

Lfyarlat;ons;ofvyelocltygr’



ThlS study ise concerned w1th tran51ent temperatures g

ﬂ*ln a thrust bear1ng The solutlon of the tran51ent momentum- N

’Therefore, itjfls recommended that further studles be madeh;)’

7_fequat10n 1s used to solve for the temperature dlstrlbutlongt”f

-elnlthe bearlng. As far as th;s author knows,.thls 1s‘prob—f>_ .

5

'fably the flrst study made on the tran51ent energy equat10n,_>

'Thls research was done for a spec1f1c range of parameters.;

» - ¥

’ﬁfon the tran51ent energy equatlon.i

LY

L
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'CHAPTER I1 .

TRANS IENT MOMENTUM AND ENERGY EQUATIONS

equatioh54”\

thrust bearlng conflguratlon con51dered for thlS}:

v

'3is‘ shown 'ihf F1g 1. The govern1ng equatlons

. . f
n 1ncompre551blei.f1u1d of,/constant pqppertles,

)

dlmen51onal bearlng are k¢.uQ g

€_ggr+7&§g!+fvau')’és—;§97+ﬂué?ﬁxji».,f';v ()
-gu i udy.

lo;
i3
+
+
<
Q
3
Il

’KEZT;¥euf¥§E )? 3sdifisf:(3);'i'w

ollow1ng veloc1ty_and pressure bougdary condltlons.

h t) = (x ny) =f0v;‘~i .,;;;ﬁ3~y,““"‘
h ) ; v(x o t) : &kg}yggys;iof,i,hu]*rﬁ

t)-_.p(B t)

0,8) = U 'éff"" )

follow1ng oL,¢a§esﬁ?§f' temperature . boundary

h, t) 'T(05Yﬁ£7;=

| R

’TCX?§{0>N

O t)

h t)

T{x KoY o) -;T(Q,ygp>ﬁeff;.sff«

:””7Affké)‘bj‘f.df?
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' surface moving
. withvelocityU

. Fig. 1. Coordinate System of thrust bearing = .



L and ’. B Ll ‘ Lol Q Jn

~$*quant1t§% h (x ) descrlbes the shape of the statlonary partﬂf-‘“*ff“

"form as followsl” :

::]The correspondlng boundary condltlons becomeq

The tran31ent momentum equatlon (1) with the. boundaryv

-condltlons (4) have been used in. ref [8 9]. In-these papers

'_and : the present study,;,‘= at where a is the accelera—l,.

A

’;tlon of the sllder\\ Thls means that the sllder is statlon—.

5t"arY when the time is zero. ThlS study w1ll be concentratedf"

7;» on the tran51 nt energy equatlon (3)

-:b Equatlons (1) and (2) can be comblned and together

"fj5w1th the energy equatlon (3) can . be wrltten\ln dlmen51onless

’w o B T NG

Y

vt o+ viaut s - apt AUt N (7)
Byt W 'axr.:ayf?_ SN

4+

?°155f'

‘aT + u aT +v aT+
““a

1
o EyT PayT o wyT e

v (x ,y o)”

ll‘

‘ut (x ‘t )

n‘-
n )
Yo

"4

‘g{i]v (X h*\-;), .V‘(X 0 £ ) ;y;(xﬁ}y;;ds_
Coeptloeti = priey =0

' v,u;(x.io,t_)gé;U*rsrafga;,_‘1.‘»,3:u*j_g«r A

|
|
O
4+
+
S—
1l
[

”“f;;T (x ,o £ ) éim;ohfiFVf

s e 't*iffa :

]
+
P ¥
%
©
S’

IS

; e
(3
ﬂ

+
)
o

.aT” (x 0 €)=
:[“ay

l!

,dIn 'h boundary ncondltlons (9) (10) (11) eﬁfﬂi

o * E. ( TR L B (D

,,‘Tfy_;fg/"i :i(li)_ i i1;:f



# 4

_ of the thrustrbeating with‘referenCe- to the moving slider.

' The shape assumed is for a linear bearing, \namely .
N - N - . N ) w ! ' ' ' . :

| Cht(x') = K+ (1 - K) x' (12)
_ The solution  of eQuation' (7) 'yfelds ythe veloc1ty
.dlstr1but10n in"th bearlng at time t* Sl?ce the flu1d

A

”f_propert1es -ere7 constaht“ the solutlon of equatlon (7)

b

‘uncoupled from equatlon (8) and can be solved 1ndependently

;The veloczty dlstrlbutlon ate-tlme t* ‘15»used in equatlon

(8) to solve 'forj the temperature dlstrlbutlon 1n_the,o11lff“'

. y -

'g;fllm._};l_.v'

R P BRSO
- Numerical method =~ .. .= = LT - S

'vﬁl

:'The d1mens1onless. dlfferentlals in equatlons (7) and

-

l_t(8) can be wrltten in flnlte dlfference form as follows

ST ~. 2Ay 1.a,k SRR AT S B U EL PR SR
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- *by k.

- surface.

‘and
o L
i o o o
a T ‘+Bp T +c T S=a - (14)
‘ilj irjfjrk virj iijrk irj?irj+1rk irj :
_where i
a = - _At*v* - Attt P!
1,3 20y 1,3,k (ay* Y%
b = 1+ At'u® .+ _24t% . P!
irj ]Ax“i(jfk '(AY‘) .
| (15)
c . = At've - At* p
- ifj 2AY* i,j,k (Ay*j‘a' -
d = (attur ) T AT
S iy3 0 axr 1,3,k i-1,3,k i,3,k-1
o+ _ st E (W S D L
BRIV R O L8 I SR O B I |
SN e . o L
| As shown in. Figgﬁ 1 and'2' hrand B_are dividédffntd‘
‘a. f1n1te number'v0f unlform N — 1' and M —vT‘vlntervals,‘

:respectively,land '

‘The origihc

Initially;

is

S

has been replaced by 1, y' by ], and t
‘fixed with respect to-the statlonarya,
1) =

u (1,. 0 for the entlre bearlng

'1afWheh kT
_fof3j
‘of (ap /ax )

i= My

the bearlng acqu1res ‘a veloclty

1 and u’ (1 3 2) =0 fornj A1,

ris used Ec'lstart‘offithé

ut (M, j k) can be calculated for all

Ay
e

An

u* (i, ] 2) a‘t”

arbltrary value

’calculatlons at'

values oflj,and
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k = 3 from equatién (13). In the next step, the dimension-

less fiow,rate"Q; corresponding to : -
‘ » ‘ h* . T i' » :
N? =\f; n *dy” - ‘ (16).
is” dbtained using_siméson's rule on the valnes u*(M,1,k);\\

;.;; uw(M,N,k).'.Then,fi 1s decreased by 1, i'= i - l,~and':
the comndtatipnv>ef u*(i, ,k),‘...,ﬂ (1 N k) ~and Qi ‘is
performed‘assuming a'naIUe fér.(apf/ax¢ }. It is known that
Q*; if'correct,' annld be a functidn@bf tlme‘only and must
not vary with cnanging i or x°. "Therefore,‘the computedV
flow rate at i and M must be equal 1f there is a signifi¥,
cant dlfference, a new' value ’ df .ap*/éx*){iisdnsed.‘Tne
pressure gradlent at is ad]usted until :a satlsfactory.:‘
"Qz is obtalned It is found that the relatlonshlp‘;etween
‘Bpf/ax_ and Qr is approx1mately llnear Therefore,:f,better'A
.}appreximation'of ap\/a§ can be thalned. The finalvValue o
ofPpressure gqadient}atnsi is found'by'iteratfvely‘edrrectf
ning'tbevprevious“value; | |

Once (3p*/3x" )y vvern (Bp*/axf)mv are  known, 'the

‘I ’ ' ‘ : - - v ' ' : e
- integral ' ' o ' '
3p*dx’ = pm ' R (17)
ax+ . . . : ]
0 - .
-‘ N \ » : - l
is performed u51ng Slmpson s rule over ‘the M —,1‘intervals

' of'.1/ (M - 1) each. It must be equal to zero in -order to '
satisfy the'boundary,condltldns (9). ~If it ls-not,so,'the_

value of‘(ap*/axf)m‘mUst_be adjusted and the'.computation



of u*, Q' and 2p*/23x" is repeated;yThis process is‘repéated
until the. integral is close-tO‘zero;-‘It is also foundfthat
the- relatlon between (ap /ax )m and pm is. approximately
linear and therefore a better approx1mat1on for (ap%/ax*)m
is p0551bleu The pressure dlstrlbutlon can be.determined
ffom‘the following equation | o

+

X ™

ox*

\

Once the veloc1ty dlstrlbutlon is known at k ='3,.the
;temperature dlstrlbutlon can be 'calcutated from equatlon
(14) with. 1ts coeff1c1ents 1n equatlon 1\7

The temperature dlstrlbutlon 1s solved 1terat1vely by

using the 'Gauss—Seldel method with ‘relafatlon. . Equation

<

(14)- together w1th partlcular Prandtl and Eckert numbersa

‘are solved by thls.methodﬂ Iteratlon .is stopped when the_.

oresent-set of .Values are Sin close agreement w1th the

orevious set.. The calculatlons are based on the assumptlon'

!

that one upstream -solutlon is knownrf Formulatlon of.

; eguatlon (14) is based on a 4 p01nt computatlonal molecule'

2o i xg
j j . "y
i} 3 17 »h ;-> t
i+i\v".3,h”ﬂ . ‘\g;

Thereforeeﬁthe calculatlons proceed from the entrance=

10



where i = 1 to the exit where i = M, in one unit increments.

- The first set . of T*(l,j,k) for . j = 1, ..., N is .known,

as shown 'in equation (10). Note that the computation of

temperature goes - from the entrance (i = 1) to the exit

(i = M) which 1is exactly opposite to the way\velocity is

'

calculated After a sat1sfactory set of temperatures have

been calculated k can be 1ncremented and the computatuon

4 .

can. be repeated for the new t1me 1nterval .

ThlS procedure has been programmed in doubleupreci—

'sion on the Amdahl 470/V8 computer. The simulation has. been

~ problem took approx1mately 130 secondigof central process-

> erties (at’ 40 C)

,performed for a number ‘of bear;ng ratios and,Prandtl and

K’ - ¢

Eckert numbers. A 51ngle simulation of the preceding'

'1ng t1me. The lubrlcatlon 011 used has the follow1ng prop—'

N
_c§7; 1.68 kJ/kg°Kiy o jk = 0 117 W/m°K . |
-l#'%IO.OQSZSﬁ'Ns/mz-. . v o= 9.45vx 10‘s 2/s o
,‘Pi=‘877r?9/m3 S ;;{‘F‘ P = 119 | el
T, = 313°K° Lo

vahehdimensions'of’the thrust bearing are as follows:

A

B =0.0914m -+ - ‘hy = 64.62 x 10-°m

.The Eckert‘number CanA be' calculated from the above data -
A compar1son between the type' of -Eckert number used- here

‘and'other_Eckert~numbers used‘ in” ref.[1,2,3]'would show\

11



that the siider velocity, U, does not appear in phé former.
For this study and others [8,9], va;iables that are used
in dimensionless constants must not wvary with time.
Hence, . the slider vélocity which varies with time has been
replaced by suitéble time—inVariant..variables. The comb-

inations used are shown in Table 1.

i
" ~Constant slider 'temperature ‘

K Prandtl Eckert
¢ 2.2

119 . " 0.08140874°

1.5 119 . 0.08140874
Adiabatic slider
‘ K i prandtl Eckert
2.2 119 0.08740874
1.5’

119 0.08140874

Téble I Bearing ratios, Prandtl and Hckert
numbers used in simulations
1 . .

12



CHAPTER 111

STEADY-STATE MOMENTUM AND ENERGY EQUATIONS

Governing equations

The thrust <bearing confiquration considered in the
steady-state analysis of momentum and enerqgy equations is
similar to 'Fig. 1| except for the absence of the time axis.

The governing equations for a two-dimensional bearing of

constant properties. are as follows

p( udu + vdu ) = - dp + wd®u (19)
X oy dx oy”?
au + v = 0 (20)
X ay
pCP( AT + VAT ) = k32T + u( du )? ' (21) -
ax y ay * ay

"with the following velocity and pressufe boundary conditions

.u(x,h) v(x,h) = vi(x,0) 0

(22)

H
i

u(x,0) U, p(0) = p(B) 0

‘and the following two cases of temperature boundary
conditions

T(x,h) =_T(x,05 (23)

T(0,y)

i
-3

r
oL e

- T(0,y)

- T(x,h) = T,, 3T = 0 , (24)

dyly = 0
Equations (19) and (20) can be combined and together
with the energy equation (21) can be written in dimension-

less form as follows

13
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quantlty h ( ) descrlbes the shape of the statlonary part'ir;¢‘h¢,~

of the thrust bearlng w1th reference to the mov1ng slldaern

The shape assumed .1s ofor .5, llnear bearlng 's glven by

o

‘equatlon (12) The solutlon of equatlon‘(25) 1s uncoupled,n";'7’e

| from equatlon (26) because 'Of the assumptlon' that flu1d-hf“

| propertles are constant i Therefore,"equat1on (25) éa befﬁl'
solved 1ndependently to yleld the vgloc1ty dlstrlbutlon 1ny
the thrust bearlng - The results are used in equatlon (26)he5{

to solve for the temperature f}eld 1n\£§e lubrlcatlng fllm

o
g



'vv<1terat1ye process, “an,’

.

. Numerical method - = |

o .

The d1fferent1a15‘fi - equatlons (22) and (23) can'be«‘

wr1tten 1n f1n1te dlfference form as follows o

4,41 . ZEYT i3 PAYT 4, BT 4,5 PAY T

=B (Ut -wt ) sunoT

.ﬂltThe computatlonal gr1d isj:thee same ds before. *Forlt

.

7}fthe steady state calculatlons,fthe t1me varlable does not
ll_appear An 1n1t1al set of startlng values for the veloc1t1es"w

'l”1n the bearlng was generated from a program‘ u51ng equatlon L

4

“(22) w1thout the 1nert1a terms.‘ These values w1ll serve as

-t"fthe 1n1t1al guess to the full equatlon (22) To start thev..o

arbltrary value of dp /dx )m,lS B

:'oi;j+1-7' -,3~1 f v figjlgiTT;j . iil'aiKST):;f:l{

1.



'iguessed | The value used must ‘bef”negativefhecausef‘oflthell
ul,,boundary condltlon (22) ’ | - o SR
U51ng the 1n1t1al pressure gradlent at M 'and start—:‘
‘Q,lng with. i= M u’ (M 3) 1;>5,;; N the 1n1t1al veloc1tyff}
estlmates can be calculated from equat1on (30) u51ng he;;ﬂ

"ﬂ'Gauss Seldel method w1th relaxatlon. The 1teratlon 15 stopf~

.gped Mhenl the present set of values are 1n close agreementﬁﬂ‘
'gw1th the prev1ous set of values The rest of the numerlcaliTV‘"

:procedure qu1te 51m11ar to that used for the tran51ent”

”equatlons., Any references to tlme 1s 1gnored

1

The flnal veloc1ty dlétrlbutlons are saved on compu—ff
v”iter flles These values are then used 1n the energy 'equa—i_pft

’?tlon (31) together w1th the »approprlate Prandtl and ECkertLgl'df
“ﬁinUmber (Table I) ’The 1terat1ve technque used fisvvagarnfjfs

‘ké'é Gpuss Seldel method w1th relaxatlon Iteratlon sﬁﬂtaa

e

'termlnated when thé present set f; temperatures are 1nxi“"

ffclose agreement w1th the prev1ohs set.

A 51ngle”~51mulatlon\ ofy the steady state equatlohsfﬁ7'
‘fbtook approx1mately 20 seconds ot central proce551ng t1me,:ﬁf>

r'fThe programs used to solve the equatlons have been’_wr;ttenf;;,ﬂygx

:ffpln double prec151on on the Amdahl 470/V8 computer

RS
y .
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CHAPTER 1IV. -
DI",SCUSS ION OF RESULTS

rTrans1ent temperature proflles for the case of constant
‘sl1der temperature‘ : : : .

. Graphs have been drawn for bear1ng ratlos.}Hg~of r1r5g' o

- g'and 2 2 . The dlscu551on w1ll apply lto’ both ratlos. hIf_hﬁ.

hthere are” any 51gn1f1ca?t dlfferences between’“the two_'

lfaﬁratlos, the dlscu551on w1ll be separately applled i‘each

'ratlo .Ln the follow1ng dlscu551on,,the reference to tlmeﬁ

:fkrs'samefas saylng that 1t 1s dlmen51onless t1me,‘tfﬂ"
f The sllder' is* unlformly accelerated from rest when ”

eﬂthe tlme 1s zero ‘When a tlme of 0*Is~reached- the«sllderff L

”:assumes a Unlform VelOCItY Of l@O Durlng the accelerat1on”'"w

’llof’the sllder, there 1s fé sharp temperature rlse close tof»:

R

l;:thd mov1ng sllder surface 1Thxs s’ clearly seen 1n the_'

.'lplots pforg'xfe70;l] 0. 4 O 7”‘at_ tlmes fd 0. 5 and 1.0 i
'~:f( Flgs df‘ﬁS,' 9 ) h hlgh temperatures ‘near thef['
‘”meVlng 5urfaceéfar vdue' to v1scous effects At a tlme ofﬁtf

Lo

0 5 v15cous: effects have ‘weakly penetrated across,”'

TK_fl from the sllder to;'ﬁh? statlonarY surface ) theTefﬁﬂf

'ffbearlng ; However, the resultant veloc1ty proflles,-as seen_;;/

"”dpin F1gs.,_1t%f1glfand_ 15 - 17;; show that the veloc1ty ofs]:fif*

ddflu1d closer"iou the sllder ijsfﬂmore fully developed thanffd

”;flu1d ad]acent t ~‘thef='statlonary surface;;('or pad )

'r}'Therefore, the h1ghest shear stress occurs »atf;;he sllderv.j'

e



o surface. kThis'is}thevcase nas_jshown in the plots of shear

tstress acrosstlthe"bearing ( F1gs.v,9'-'j21; 23::;25%%5*7f*°"

T

7Thus,‘the h1ghest temperattres w1ll be: iocated near: 'theﬁcfp
moving surface ' At the next t1me intefvall ( t’= 'VOi),

‘yiSCous.effects,have ~strongly penetrated throughout th

v

"fh bearing Q'This‘his ea51ly ver1f1ed by observ1ng that the

'~veloc1ty proflles faty th;s;t;me,are'not too dlfferent from )

i

v(,jthe steady state profriesrh(iFigs}n11 18 ) : The temp—ry-t

o

'fferature prof11es Stlll exh1b1t sharp temperature ~grad;entsl

. -close to the sllder | Thls ”_,is_ »due :'t“o";,_th.ejf_-‘.,f'act that the

QdSllderf ?fo Stlll belng unlformly accelerated.? Fluidi’.

A

‘31part1cles 1n the bearlng do not have a. Chance tO'fcatch4up

ft,upstream proflles ThlS 1s due to the effect of pressure

e ™

”to the steady state condltlons ‘rThe temperature proflles

‘

ﬂhat the ex1t ( x tT.Q;j are qu1te dlfferent from the other

the development ,of, veloc1t1es din* that reglon ﬁTheh“

'zand reaches a max1mum_iin'fth bearlng ' After that p01nt

';the pressure decreases back } zero gauge pressure at the‘,5‘“‘d

3ffex1t " Pressure d1str1butlons are shown in F1gs 27 and 28

nyeloc1ty proflles located sllghtly after the p01nt of zero

"ﬂpressure grad1ent and earller are adversely affected by the

;pressures present Thls causes_ the veloc1ty proflle to
:7assume f“ bulge»binfﬁth dlrectlon df flow At a p01nt"

'“approx1mately 0 1 un1ts beyond the 'zero pressure gradlent

'r*jfthe veloc1ty proffle varles 11near1y across the bearlng

‘.pressure 1ncreases from zero gauge pressure at the entrance ];,~ e



L .

An analy51s of the full momentum equatlon (1) w1ll glve the -

s

‘freason for statlng that the veloc1ty is 11near at po1nt

‘ _left hand 51de 1s very smalld?compared toﬁthemother#termsls‘"

e SR : L
beyond the zero pressure gradlent. If”-it“'ls assumed that.,rvi*

'C‘Steady—state ki 9 almostr reached, Athengirst‘ftermpon-the_

A3

*Inertla terms W1ll remaln lf the left hand—51de of7the

91ves ‘a llnear veloc1tY prof1le BeYond that locatlon the

e

: ».‘\r

equals 51gn and pressure gradlent and v1scous terms on the o
L rlght hand 51de. In order to get a llnear veloc1ty prof11e,’-7
: ,;the_ pressure gradlent must balance ‘the, rnertla.terms.

1 Therefore;~wa" *sllghtly negatlve pressure' gradient ‘is

N .

necessary to ellmlnatelthe 1nert1a terms Whengthe lnertia .

terms are neglected the case'-of:3zero preSSure gradient s

CH

pressure favourably affects the veloc1ty proflles They
acqu1re a bulge 1n the dlrectlon (‘f flow , Shear stresses
are 1n1t1ally hlghest at the mov1ng surfaceil Flgs ‘19 —'21
23*'24 l;; When the veloc1ty 1s llnear ;shear stress 1s the

same across the bearlng ThlS can be seen - 1n the veloc1ty

( Flg 17 ) and shear stress ( Flg 25 )f dlstrlbutlons, at;y,

0 7 for: ‘a bearlng ratlo of Sf After that p051t10n,

‘fthe hlghest shear ;stress drlfts to the statlonary pad

.. ( F1gs.,4 R 23') Therefore,,heat generatlon w1ll be the

-vhlghest at thej_statlonary shrface. However, the bulge 1n

\

. fthe ex1t veloelty proflles do not appear unt1l t;—;J-OQJfK

When the t1me 1s QQS;l.the‘ shear stress at the ex1t EER

Sy

v( Flgs 22, 26:) 15 almost unlformly dlstrlbuted across\thef.f



Q

: is‘1f5} the two: ratlos are dlscussed 1nd1v1dually 'ff.f-f

R
top half of the bearlng Hence, heat generatlon is about

the same across the upper half of the bearlng but 1ncreases'

1n the lower half and reaches ‘a max1mum at the sllder.,

‘ o v

J

There 1s a sllght bulge in the temperature proflle near the

mov1ng .surface ~( Flgs;,,4 10 ). , proflle, graduallyw

tapers off ,to”‘the constant temperature boundary condltlon‘"

A

1
“at the statlonary pad At-the next t1me of 1 O a second

bulge in’ ‘thea temperature proflle ican be seen near the

A

statlonary pad There is a def1n1te sh1ft of max1mum shear

R stress from the sllder ‘to. the statlonary surface ( F1g 22 d;f
: 26 ) Thls-shlft-ls reflected-ln)‘the temperatule plots of'
both bearlng ratlos._ The presence of - two local temperature i‘p

: max1ma at thls t1me 'could be explalned in: ‘the’ follow1ng'

/

k',manner.- In1t1ally, shear stresses, from the entrance tou'
the p01nt of l1near veloc1ty, are the h1ghest on the mov1ngf'

' surface o« Flgs 19 - 21~ 23 - 25 ). As a result; the hlgh—T"

I

est temperatures ape—developed near Ehat surface ' When thedh
xmax1mum shear stress shlfts to the statlonary surface,; theuv

“,hfghest'heat generatlon 1s W' located onr thlS'surface:e,:

N

5pkzFigs} 22; 26 ) Therefore,_local temperature peaks startf

.totform near the statlonary surface. lnﬂ other words, ‘the .

development of temperature peaks at‘ the statlonary surface

'occurred 1n the latter part of the bearlng When the tlme

«

_ For a bearlng ratlo of 2 2 the shear stresses in . the-\

_.r\v Pl

;"bear1ng.rcorrespond closely to »the locatlon ,of'_max1mumf

20
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temperatures. The temperature proflles at x = 0.1, 0.4 and

0. 7 ﬁave maximums whlch correspond well w1th the locat1on

¢
of dmum fshear Stress~ ( Flgs. g -5, 19 - 21 ). The
hlghest shear stress at these locatlons are at the 'mOVing

e

‘surface. At the exit, the'correspondence does not hold for

this ratio'('Eigsa 6,n22 ). Instead ; the ‘highest tempera-”

: ;tures are, near the sllder and maxxmum shear stress is:at

; the statlonary pad fThe. hlgher' shear stresses at the

- pad _result _in hlgher heat -generatiOn ‘but the overall

.f«can be ‘seen that the temperature rlse near the pad 1s 0,04f

temperature 1ncrease is "not great enough to exbeed the

temperatures'at the Jslider,' when ai comparlson i1s made .

5
|

"between the graphs ;at x* = 0.7 and 1 O ( Flgs. 5, 6 ), it

.( 2. 5 (s ) and at the mov1ng »surface is- OJ016’(_5.0 c ).
B However, ‘the . temperatures :near th'x;slider"Stilii remain
'hlgher than the temperatures near the pad |

o For a.bear1ng ratlorof 1,5; the locatlon of“maximumi
Shear.stress roughly corresponds to the locatlon'ofhmaximum'
temperatures At x* 'O,'-and 0. 4 the,temperatures across
;80% of vthe bearlng are about the_samet(fEigst'7, 8 ) butf",
’;:i;the hlghest shear stresses are‘dat‘ the rsiider ( Figs. 23,
'24,), The shear stress at 'xf=5077':is._approximateiy‘the;

'Same across- the bearlng ( Fig, 25 9. 'This is expectedl'

AT

a;because the locatlon &of 1inearhr9elocity. ( Flg )' is
' about_O 1 un1ts from 1the p01nt of zero pressure gradlent

ﬁ;;_( at_0;6‘) ’astvseen_;in Athe preSSure dlstrlbution graph__

21



( Fig. 28 ). The temperature at this point is‘_a"maximum

‘near the pad ( Flg. 9 ). . At the exit, heat generat1on is

. VR _
higher at‘the ‘padl than ' at the slider ( Fig. 26 ). The

temperature increase from x'= 0 7 to Olis 0.04 (12.5°C)

near the‘pad and 0.018 ( 5. 6 C ) near the sllder. It is

_interesting to note _that' the increases in this reglon are
,1about the same for both ratlos. 'However, 'the temperature
lncrease near the sllder is sllghtly hlgher for 1.5. |
| ‘When a comparlson is made between. correspondlng shear
stress proflles for the two bearlng-?ratlos (-compare
| Figs.'19 - 22”with Figs 2334 26 ) it is apparent that the
‘overall shear stress in the bear1ng with the smaller ratlo

‘1s higher'than the larger ratio. ThlS means that the heat

generated in the former bearlng is h1gher and will'vresult .

"1n hlgher temperatures ,Thrs. is the case when temperature

ydproflles at Ythe same location are compared‘ " (. compare

F1gs. 3 - 6 w1th Flgs T - 103)‘ ‘The highest temperatures

for both bearlng ratlos occur at the exit ('Figs; 6, 10 ).

xl_[;For-aa"rat1o of 2;2,'the h1ghest temperature is .0815
- ( 65.5°C ) and for'a:rat1o of 1.5 the highest temperature
1p.{‘ 12 (- 77. 6 c ). The: surface temperatures were assumed

to be at 40°C. Therefore, the,max1mum temperature rlse,for'

“the higher and lower bearing ratios are '25.5°C ahd"37-6°c'
respectlvely AcCordihg to.refr[llr 2], a- temperature rise
of approx1mately 30 C should not- be exceeded However, any

vsubstantlal_deVLatlon from thlS <value w1ll affect bearlng

22



~performance. Therefore, the higher ratio bearing has an
| .

acceptable temperature‘rise. The temperaturefriSe“in the- .

the ‘other béaring is about 25% above - the 'accepted value..
ThlS is not too great a deviation from the norm. For " the

lower ratlo bearlng, the f;atness in the’ proflles could be.

'due to a. comblnatlon of hlgh heat generatlon and the resulth :

ing 1ncrease in heat conduction across the bearlng ‘The

earlier shift 1n max1mum temperature, from Athe sllder to

&

"the pad, ‘for the bearlng ratlo_of 1;5‘15 due‘to‘the change}

32 . . .
in favourable pressure gradient at x'= 0.6 instead of
’X‘= 0.7 - tor ‘the aother'cratio' ('Figs.,S,'9 Y. Since the

temperatures in the bearing. were already quite evenly
'jdistributed"a‘ change in’ maximum shear stress is quickly
, Sy .

reflected in the temperature proflles.

- Wlth reference to the veloc1ty and shear stress, it'is‘

seen that the prof1les from a time of ,5’to steady—state
'Jform a 51ngle curve.( Flgs. j1 —-26 ). /It would seem that
steady state has been reached at. va time of 1,5. However,
" the-. temperature flelds 1nd1cate that steady state,'has'-not
: heen reached eyen'“atv.afgtlme of'13.0,( Flgs ?I— 10 ).
‘Actually,.there are d?fferences'in‘the veloc1ty curves for
‘times'greater' than,-J;S buth‘the. dlfferences between the.
value§'are not signifiCant.enough to be"ev1dent in the
graphs - This is also the case for the shear stress curves

But these small dlfferences are greatly ampllfled ,inv“thev

htemperature graphs. The largest\ dlfferences occur at the

23



exit because smallerfdifferences upstream tend to- have an

additive effect on subsequent downStream temperatures.

_ ‘ .
Therefore, it can be surmised that tran51ent velocities and

W

| ' shear stresses reach the steady-state condition faster than

- .transient temperatures.vi'There\ is - a. greater~temperature
*dlfference im the thrust bearing w1th ratlo of 1.5 than'the
one w1th a 2. 2 ratlo.ghThev differences between. tran51ent

(t*'= 3.0 ) and steady state temperatures are less than 5%.

Co

ThlS is generally the case for most of - the profiles except'

for the'proflles at the ex1t where the difference 15 less
than 10% For the veloc1ty and shear stress distributlons
the dlfferences. between the tran51ent :and steady—state
hvalues is 1n51gn1f1cant after t* 1;5} N o

Therefore, it can be concluded that steady- state cond-

fitions ex1st for -the[ veloc1ty and shear'stress diStri—

butlons when a. t1me of 1 5. is reached ThlS assumptlon 1s,f

not valid for temperature profiles at that t1me However

P . .
the- profiles at a t1me of 3. O adequately represent steady—

f_state condltlons : The differences could be further reduced’

. by carrying out computations for a longer t1me period but

“the changes between succeeding temperature values decreases'

'v.as tlme increases. Therefore,v-there' w1ll ,not' be much

. |4 e ; ' LA
o 1mprovement’,ﬁorj computationsj beyond a- t1me - of 3.0,

However, the costs ‘will - still continue to ,increase at a

~ constant rate.  The law = of diminishing, returns made it

necessary to terminate computations ~at a time of 3.0,
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‘Trans1ent temperature pro£11es for the case of an ad1abat1c

sllder
.. J

A comparison 'between_ the 'temperature distribution§

for an adiabatic slide and a constant temperature sllder

\ .

“‘shows that the only si n1f1cant dlfferences occur close to

'the sllder ( Flgs \_- and 29 - 36 )3» The curves. follOw"b
very 51m11ar paths at dlstances greater than 0.3 unlts away
from  the sllder' Thé hlgh temperatures at the sllder
‘dsurface.are the result of no heat vconductlon through the
;sllder Therefore, any heat generated at that surface can
'only be conducted 1nto the flu&d ; When a surface-.is”adia;'
-bath,‘lt 1smusually»the case that the hlghest temperaturem
will be  found. on that surface.,‘However _an. examination of
"the graphs w1ll reveal that the max1mﬁm temperatures 1n the
‘hearlng occur in the flu1d The Shlft in maxrmum tempera-l
_turedfrom the ad;abatlc ’surface could be due to a comblna-
,tion‘of’factors.i Factors such’ asr'convectlon conductlon,\
:and v1scous effects 'could Contribute itok such 'a;/shlft S
Perhaps an analy51s of 1nd1v1dual energy terms may throw-v
some light on thlS phenomenum. ‘It may also be p0551ble to

, aF
uncover the reason why there are- two temperature maxima at

”the ex1t of the bearing w1th the ratio of 2.2.

. The flrstgenergy terms to be‘analysed will beathe'two'
lconyective termS" The f1rst term is concerned w1th convec~
tiQn aiong thev bearlng and ‘thel other is’ concerned"with
.convection aCross “the’ bearlng, lInitiaﬂly; the first'term ;

q a



will be analyzed ( Fig. 37 ). It shows that there is very
high convection close to the slider surface compared to

convection near the ‘pad. This high rate persists over most

of the bearing length ( x*= 0.7 ). This ;would mean that

hlgher temperatures would be near the moving surface. As

seen in the ‘graphs ( Figs. 29 - 31 ), the higher tempera-
- ' . \ ’ X . ' . . .
tures are located in thé lower half of the bearing. Around

. x'= 0.8, convection is about the same across 70% of the

bearihg and . is - lower for the remaining 30% near the pad.
/
Therefore, the temperatures sllghtly above the middle of

the bearlng (y*'= 015 ) should be startlﬁg to catch-up

' with temperatures near the slider. This increase is part-

+

~ially reflected in the temperature curves at x'= 0.7. At
- the exit, convection isAvery high between 0.5 ‘and 0.7. The

term reaChes a value-of abOut' Q,1' units "If the temp-

rature . proflles at the exit 1s examlned ( Flg 32 ),_ it is

seen that the locatlon of a second temperature peak also
A occurs 1n ‘that reglon Therefore, it can be. concluded that\

the flrst term does help explaln ‘the overall shapes of the'

'temperature,proflles. The.overall trend in the convectlon

' _term has been observed in ref.[2]. In that paper, a plot
: ©oose!] $n . e ,

of temperature gradient vérsus x' was doneQ The general
IR B : . .

-

shape |of the.curves at - the pad and ’slider‘werepabout;the

"»bsame It. is . still not quite clear why. the highest

o - 3
temperature is not located on the ad1abat1c surface

26



Now, the other convection term ( Fig. 38 ) will be

discussed. For most of the length of the bearing, this term

does not contribute much to the overall temperature picture.

From the entrance to 0.7, this term does not exceed 6.025
units. It is beyond the point of linear v&lociiy (x'= 0.8)
that this term begins to contribute significantly to the
6vera1l temperature profile. ngvection is higher at the
top 30% of‘the‘bearing. Such high convection rates help to
rapidly‘increasg temperatures near the pad. This observa-
tion was made earlier for the case of constant slider temp-
erature. Howevef, the contribution of both convection terms
do not make the temperatures néar the pad higher than
temperatures near the'slider.

{The graph of the conduction tgrm,K Fig. 39 2 shods
~a somewhat confusing.jumble of‘curves,éﬂat hévé been plott-
ed fbr_var;ous distancés‘across the" bearing. Af the exit,
'it’woﬁld séem'thaf the highest éonductionAoCcurs around 0.4
and.0.5."Comduction'tapers off to either side of this
region. fn-tﬁat region, there.is the presence of a‘saddlg.

To eitherISide of the saddle, the temperatures are higher.

This is seen in the temperature plot ( Fig. 32).

An analysis of the viscous term ( Fig. 40 ) shows

that viscous effects across the bearing stay quite constant
from x'= 0 _té' 0.7. Aé expected, the Vhighést viscous
effecfs“aré closelté the moving surface. /Beyond the point
of lineat velbcity?( about 0.8 ), there 1is a reversai of

5



A

p‘v1scous effects.‘ The hlghest v1scous effects are .hpw “at

'the pad At.the ex1t the very hlgh v1scous effects (0 22)

'aiat tHe pad contrlbuted great deal-u

_ 2 Lo PR P
1ncrease in the reg1on.- . i

e : £

In summary,.lt can be, saidithat

rqcontrlbuted 1n some,way to the overall
: N

5[)The lower temperature on the ad1abat1c

v

»ifto mumerlcal 1naccurac1es.: Numerlcal

q*'ture at and fnear the mov1ng surface

<accurate f1n1te dlfference formula.
” : s

o“ the temperature

311_;hefener9y\t¢rm5'

temperatureﬂprpfiles. ,:'

’surface could be due

jsolutlon of tempera—

based on a lESS* o



CHAPTER V -

o coNCLuSIONs,

Studles *wefe, madetﬁ,ntgar thrust bearlng @@th two

> v".’:v;) v i

[

.. . s \}? Y v
’ dlfferent slider ’boundary condltlons, ,namely,r cohstant-

",esimulations’ vere’ performed u51ng dlfferent bearlng ratlos

‘;Qand Prandtl and Eckert numbers

For the case of a constant sllder temperature,_ithwas

"5found that the locatlon of hlghest temperatures depended onl‘f\

e

:5_'temperature ~and adlabatlc surface A number of numprlcal~‘

'thl bearlng ratlo . The thhest temperature'fw. locatediff

’h“forffad bearlng ratlo wofvgi 5. Steady state gwas reached_.ufj,f~

‘f*f(wlthln 10%)'at a tlme of 3 O

’:.gnear the sllder for a bearlng ratlo of 2 2 and near the padf*f'

For the case of an adlabatlc sllder,_the temperatures;f'

\ﬂ"

on the sllder were much hlgher than 1n the prev1ously con~p"

':51dered case - However, the overall temperature proflles,fr e

‘ except close to the ad1abat1c surface,_'are not too d1ffer~5f7

~:‘-entnfrom the other case._ If the temperature at the surface]“

'fris too. hlgh coollng is requlred Hence* thlS caSe 'would-ft

‘-rhlndlcate whether a constant temperature sllder is needed

”.zghi,*”
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