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INTPREICUTTION
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11 kbearings are "nterded to operate zt high speeds. For high

¢ kbearings, in general, the effects of fluid inertia, - turbulent

ow and reat transfer become impértant issues 1n analyzing bearing
rformance characteristics. For the foil bearings, the thermoelas-

£ty 2f the flexible foils adds ccmplications to the anaiysis of

© high speed bearings. A competent advanced analytical tocl for the
fo.1 tearings should take the above-menticned issues into consideraticn.

The corventional Reynolds equation approach, for several decades, has
heen a prevailing method fcr hydrodynamic lubricaticn analysis. The
basic zssumptions of the Reynolds equation are: (1) The Reynolds number
is ver, small. (2) The flow across the film is i1nsignificant. And, (2}
+rhe fluid s isothermal. Apparently, these assumptions become inadequate
as the Reynolds number 1is greater thar *he order cf magritude of one.

There have been technical papers and reports contributed to the
understanding of the turbtulent lubrication, the inertial and the thermal
effects. For the turbtulent fluid film, the mixing-length [1] and the
"wall of the law” [2] and [3] are the two most popular approaches.
Ltaunder and Lesch:iiner [4] later employed the low Reynolds number l-e
turtulence model [5] to treat slider tearings. The k-e model [6-7] has
beer proved to be more in l'ine with experimental observations than
cther turbulence models in various flow situaticns such as flat plate
boundary ‘layers, pipe ficws and shear flows c¢f Jets. Although the l-¢
mece] adds Lwo mere equations, the turbulence kinetic energy, K, and
“te dissipation rate of turbulent energy, e, eqguatione tc the compLta-
tion process, it relates the turbuient viscocsity to the lccal torbuls-t
znerg, wLransport and prcyides a better tcol to trace the history of the

-

~urbulent flow.

In dealing with the flurd inertia, represented by the Zcnvective terms
in the morentum eguations, mcot of previcus studiss 1ntegrated the
momenlum egquations acrcess the f1in gap, a procesc similar to the deryva-
tton of the Z2ynolide eguation. £incs the velocity profi’e is nct bnown
beforehard 1rn the film gap, tc carry cut <he “rtegratics, 2 velocity
profile s assumel ¢ bLuriuwed fro the non-Tne~t- -z selution.




= and the bear o . ) surface are rct parzalle’.

the surfazes results =n 2 tra sverse velocity

ocmpenent ccentrituted by the rurner’s tangential veloccity, adding tc

¢ Tiow across the fiim gap. Thic transverse velocity component beccres

cnounced as the rurner’'s speed increases. Consequently, an
velocity prcecfile may not bte able tc revzal the local fleow

ur especially fer the high speced bearings. The zcross-fi'm inte-

ion, &t best, can only catch the velocities 2t the twe ends.

0030

The present study adcpts =z
with the low Reynolds number
5 for the turbulent flcw ¢
‘n cyiindersczal ccordinates s

e dimensicnal Mavier-Stokes zpproach
turb ‘ence model by Jcnes and Launcer
. The Navier-Stokes equatizns are written
that the curvature effects including th
centrifugal and the ceoricld leraticns can ke taken ‘ritc account.
The mementum eguations, the continuity eguation, the energy eguation,
a1.d the h-e egquaticns ars solved by the SIMPLE (Semi-Implicit- Pfescur;
L‘w?cd Equations) algorithm developed by Patankar and Spalding [&] and
elabecrated in the bocik by Patankar [9].
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The thermohydrodynamic sciution of the fluid film provides the
pressure and the temperature distributicns cn the fcil surfaces. The
fluid pressure and thz thermal effect cause the deformation c¢f the
foils. Tc analyze the thermcelasticity of the fcil, z thin plate mcdel
18 chosen to simulate the fcil, Tre gcverning thermoelasticity equation,
2 fourth order partial differential equaticn, is sclved by finite-
difference apprcximat:ons. Tie result =f the numerical calculation gives

the foil deflecticn which, 1n turn, <haiges the fiuid £i'm sheape.

The nteraction between Lhe thermIbiydrod rice oF the Flusid filn  and
the <hermcelascticity <f the f2il is5 dealt with Ly -cmbinina the two
rarts of computations and gerforming iteraticns to reacr a r.cnvergent
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r the Phase I study, two computer programs are developed, the

a1 bearing and the thrust btearing precgrams. The twoe kinds cf

ngs have quite different geometries. Therefcre, the equations

he two bearings are not the same. These twc programs can te

ed toc analyze the steady-state performances of the two kinds of
bearings, including the effects of the inertia, “he heat transfer and
the turbulent flow. The programs can be utilized for the foil bearing
as well as the sclid-walled bearing analycis. The latter is simply a
special zase as far as the program capability is concerned.
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Ccmputational examples are presented fcor both the thrust and the
journal bearings. The performance characteristics, such as the load
carrying capacity, the frictional ccefficient and the attitude angle
{ for the Jjournal bearing) are calculated. Results are comgared with
available solid-walled bearing cdata, [10] and [11] to verify the
accuracy and to reveal the inertial, the thermal and the turbulent flow
effects.

The Navier-Stokes approach differs frem the Reynolds equation
approach not only in solving more complicated differential equations
and realizing the above-menticred threc effects, but also in previding
an zdvanced tocl for visualizing how the fluid enter the bearing and
hew the flow hehaves ‘ccally. The contiruation of this study such as
a ”hase I1 study should focus on trhe trasient case and the combinat:on
cf the fiuid dyramics and the rcter dynamics. Hence, a better picture
of “he dynamic behavicrs ¢f the rotcr--bearing can be obtainecd. with
1imited time ancd btudget, the Phase I study has achieved tne geoal cof
estatlishing the funcaticn for purs.ing further studies.
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ANALYEIS

Basically, the fluid film in either a journal bearing or a thrust
hearing i1s equivalent to the flow between two inclined surfaces. For
the journal bearing, the flow is between two eccentric cylinders, while
fcr the thrust bearing, 1t is between two unparallel disks. To describe
the three dimensional flcw behaviors and to ccnsider the curvature
effects including the centrifugal and the coroilis forces, cynlindrical
coordinates are chosen to derive the governing equations. The main -
gecmetrical difference between the journal bearing and the thrust
tearing lies in the direction of the film gap; for the former, the film
gap is in the radial (r) direction, while for the latter, it is in the
axial (z) direction. Nevertheless, both bearings have a ccmmon feature
that 1s a main flow in the circumferential (®) direction. Due to this
dominating flow, the parabolization ccncept can be applied to the
Navier-Stokes equations and the so-called marching technigue can be
emplioyed in the numerical computation.

Additionaily, because of the eccentricity of the cylinders, in the
Journal bearing case, and the unparallelness of the disks, in the
thrust bearing case, the main flow, \, , has ccmponents in the other
two directions, i.e., the r and 2 directions., Furthermore, the shaft
misalignment, if present in the journal bearing, and the foil deflec-
ticn wil! modify fluxes contributed by V¢ to the r and z directions.
Censequently, fiim-shape fitted coordinates transformations are very
much desired to enable the realization of “hese additional! fluxes
in bcth the r and 2 directions.

In the fclicwing, formulaticns, cecrdirate transfcrmaticns and
nurerical soluticn procedures will be elaborated:

The Navier-Stches equations for the ccmpress-tle flow can be wr-tien

-~




p4L = pg -vp +uVU +FUV (VU ) (1)

The continuity equation in the cylindrical coordinates takes the
form

28 . 1o ory) L 2 Py s (PY = o (2)

ot ry 9 r
~ The energy equation in terms of the temperature, T, can be written
as

fvpt'—"*UVTJ‘gE ""U'VP‘*&V:F +¢ (2)

where K 1is the thermal conductivity and é’is the dissipation function
which can be expressed as '

¢ = ($-v U | (4)

where ¢' is the stess matrix defined as

% T
¢I= zr q;-& ge . (5)

Gr Go T,
€c far, the above equaticns describe the thermohydrodynamic behaviors
cf the fluid fiim. For the turbulent flow, in the high speed bezaring
case, the turbtulence disturbance zomponents are governed by the Reynolds
+

stress equaticn:
puU; U u.b‘ U b AU; U;
——d = _ AL
ot (uuu)+5 —5 *bi 5.
Z L _‘. Yy 2.‘_J.i_ 19 200 2d;
e ¢ ¥ ) - (bt ;e KX, - 2 2x, ox, &




where i,j,k denote the three orthogecnal coordinate directions, and U is
the mean flow vector.

It is prohibitive tc sclve equation (5), even numerically., Several
turbulence models have been developed to define the turbulent viscosity.
The k-e model is the most popular and well tested model in the current
stage of the computational fluid dynamics.

K is the turbulent kinetic energy and e is the rate of the turbulent
energy dissipation. They are defined as

- aY; \
--{—u;u; , and Vt-_a_i: HKL (7

The turbulent viscosity is then defined as

M= Cu £ K* /e (8)

Based on Launder and Leschziner’s simplification, the k-e equations
for the low Reynolds number case which is suitable for the fluid film
in lubrication can be expressed as

A Vr : 2

2 s 2 K ) et BT (B9 - s BT (o
e k3
S L 45 351+ o UL - B8 - of%-

v oy Mge (FET - (—%?J = 0 (10)

Here, it should be noted that the z-direction is the direction
acrecss the fiim gap; for this case, it applys tc a thrust bearing.

Irn the egquations (9) and (10), 4 ,C{,c; are the laminar viscosity
and the Prandtal numbers for k and e¢. Cy, Cg, Caand Cy are defined
as fcllows:




C3 = 2.0, dx = 1.0, Je = 1.2
Cu = 0.09 exp [ ~ 3.4/( 1 + Re /50 ) ]
Reg = Pk /e

Reg is the turbulent Reynolds number.

Ccnsidering the steady state case ( neglecting %%- terms), applying
the parabolization concept ( neglecting the 2nd order derivatives with
respect tc @, 1i.e 1ﬁg ) and utilizing the continuity equation, all
the above-ment1oned governing equations, including three momentum
equations, two turbulence egquations (k-e) and cne energy (temperature)
eguation, can be written in a generalized form:

+ 2 )+ F Pud) + & (Fué)
[convection terms]
-t Fondt -+ & (rr;w % ()
[diffusion terms] [source terms]
<¢ symbolizes the six aependent variables. ﬂ;is the effective visecsity;
E;:,u + ﬁ%%. sfrepresents the source terms.
fﬂe convection terms, left hand side of the equation (11) anc the

diffusion terms, exceptr', are standard for all ¢ s. The f;and s¢
for aill } s are tabuiated in Table 1.
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Tal'e I 1s appltecablc tr the troust tearing. For the journai bearing,
the roles of r and I are exchanged. Ternc cf Table I can te medified
aizo:r3ingty to sult the Jourral bcaring case.

Te next regicn to bc censidered is the fo1l1 which will deform uncer
Lhe "nfiuence ¢f the fluid film prescsure ard the thermal effect. The
equaticr. describing the ther moc!astﬁc tehavior cf the foil which 15
mcdelled ae & thﬁn slate, is adoptecd from Parius® book [12):

3

32
&
;f%%;ﬁj Vw =p - (1 +1f)7§%%3;gy-o<‘7§n1- 12)

In writing the =guation (12), the deflecticn caused by membrane
fcrces has been negiected. This s based 2 the assumpticn that tre
cdzTlection due to stretching is small in compariscn with bending. In tre
eqvaticn {12), the meanings of mbols are:

w : defliectior in the direction normal tc the fcil surface
E : Young's mcdulus
Yy . Pcisson’s ratio

v : foil thickness

A thermad erpansg.or ccef Zient
o) Flute filw precsut e
W& thermal morent,; -t is ZJefined ac

ot

-~ £

h

(1

The factor é%%$ﬁ3 is tie se-called bending Let

m
n
n

- . _E £
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For bearings with combined tcp

and becttom foils (Fig.1) such as MTI's

journal and thrust btearings, ancd AiResearzh's thrust bearing, an
equivalent bending stiffness can be derived as follows:
3
Ry = Et,
12(/-y*)
T - £ t23. rs AN
Ka = = referred to [123] & [14
8 _z(,_vd.jlo? (re (123 {14])
ard, Tn: Ke Ko (14)
Ke +Kga
4
Li, : —
T =
/"v ' .
j N

Fig.t1 Top

To combine the equation {(12) with the equation (12),

%

an

d Wavey Bottom Foils

we take a

simplified model considering one dimensicnal heat conduction across the

foil

i€

thickness with boundary conditions depicted in Fig.

2.
Tw

N

!

Fig. 2 Heat

Cocnsequently, the temperature

dT _
4z = ©
Zcnduction across the Foil

distributicn across the foil thickness,

‘in terms cf the wall temperature, Tw, is:
1 2
T:TW(Z*'T) (15)
2.t
. 10




- P (16)

Using the equation (16}, the thermoelasticity equaticn (12) becomes

U= b - K(l;-V’)'X

For the journal bearing, p and Tw are functions of € and z while for
the thrust bearing they are functions of r and ©.

Tw (17)

B. Coordinate Transformations

As mentioned previously, due to the film thickness veariaticn, the
main flow contributes fluxes t“o the other two directions. Since the
film gap direction of the journal bearing differs from that of the
thrust bearing, different coordinate transformations should be selected
fer the two bearings.

For the thrust bearing, we chocse the following transformaticns of
cocrdinates (referred to the sketch shown in Fig. 3):

4
RUNNEK,

N

)H ‘

Fig.Z Ccerdirnate Transformaticns (Thrust Bearing)

11




f - L=fin
= —aR
- Jié?m_ (18)
S - Bo&n . Z-Sg‘-ﬂ2= 2-Zo .
H H H
where 4R = e - nn , the difference between the outer radius and the

inner radius. @ is the pad angle anc H is the local film thickness.

The new coordinates represent a set of cancnical forms which define
each variable in a unit range, i.e¢., 0 to 1. Applying the chain rule of
differentiation, we have

25 _ 4 2 (-3 aH 2
>r - aR aF H  ar 3%

a8 d
or oF
2 .2 2f ,2_ 28 ,2 238 _ 1 2 aﬂ-i).ifi._,,a
26 2F a0 38 %6 ' 3% a0 ® 28 ° 20 92 (19)
a_ aor 2_ 28 .2 28 _ | .%?

22 PZ 92 ~ H 2

3z - 3F o2 ' 36
bstitution of the coordinate trarsformations renresented by the
tion (19) “nto the genera?l tranrsport egquaticn {(11) results n

a_ _ 2 2af ,
or aP oar 26

_' '.._'_. _Q_ tr ' Y I 2 { A >
R -l S S S -l T AR AL
[e) [fl\.l‘/’ + ‘I"g! _?__H_ Voo 4+ L%Zl L'-‘-— ‘.'Io)¢}
/

T 1E Z H_  oar r 26
i =) e} | - 8t 2H ¢.1 3 ,
- ey L b L o8 (2028, Lo, (29
r (AR)‘L a? *aF i \SE_L v J o\ r /J*az J * \
Tz othe sournzl bearing, the f£1ilm zzg 1e on the ractz) Sirection.,
Thorefsore, referr ng tu Frg., 2, we select the cocrdirnate transformaticns
¥ the ‘27w ing forine




Fig. 4 Coordinate Transformations
of Jcurnal Bearing

- +
rchcose (H=C+ e cose )

2

where ¥Ys is the radius of the shaft;
C is the radial ciearance;
e 1s the eccentrical displacement cf the shaft from the bearing

center.
8 - £-Qin_
®
? =—2—L.:§m L : bearing ""3“‘ (24)
The chain rule of differentiation yijelds:
2 ' 2
3F S H O3
-L:—-L—-L*-(ﬁ)&—% (2‘)\
26 ® 3@ H 20 2 =
2 . 2, U-P)aH 3_
22 - L oF T TH a9z oF

Witk the replacement of the eguaticn {22} for the equation (42), *the
gerera’ transport egucation becomes:




L {1%_ J;_[r9¢,fvr L l=F) %?i. _i_El vé))}

r or A [} °]

- 5 2 Ped) - T: CPVv)

T ;F{ rigor + (-F 28 ]—%} + ; 23 %gi)

‘s, (22)

In the equations (20) and (23), those terms representing the film

thcliness variation, namely, —-:1:- and -?%- in (20), and .g_gL and .2_3: in

~a

23, cenfirm the fact that the flow in the circumferential and axial
directicns, (cor circumferential ard radial directicns) centribute fiux
components to the flcw across the film gap. Fer high speed bearings, the
fiur. component contrituted by, especially, the circumferential flcw
beccmes pronounced. The two dimensional approach or the Reynolds equa%tion
apprcach may nct be able tc reveal locally the significance of this
transverse flux increase.

Tre steady-state continuity equatior, for the thrust bearing, becomes

|

) . {
FaRIT SN e giS% )

2 =2 _H_ .L_Z_ .QH. - ‘-
hs ‘é‘;[?(VE"’ H V Vr,.‘ - 0 *\..4}
Forothe Journal bearing, the continuit, eguaticn tales the form:
(2 c . Ov. . '
—Fﬁ%—\?Ve) ""E“—QA—\?VI/
ry -A aH ’ w M
- —#_—H_ f"r ;’r“('!—;.dﬁ-ve* \1-?} ‘g—g—\é}} = C (25;

14




e

2. ltwnnerical Soluticn Procedures

{I) Finite Difference Equations

The gecmetry and coordinates of the jcurnail btearing will be used to
iYlustrate the construction of finite difference equations.

e

Fig. 5 Contrcl Volume and Grid System

The numerical computation will be carried out step by step, the
sc-calied marching process, in the circumferential () directicn.

“te range of €, such as the arc angle of a partial arc journal bearing,

is divided into a finite numbter cf steps. At each step, the r-z piare
‘s discretized into a grid network. Fig. 5 shows a central pcint P
surrcunded bye four points cdencted as W (west), E {(east), & (south}
ard N fnorth). Then, a contrecl volume 15 constructed by selecting the
middte grid points, the 'owsr case w,e,s and n, on the ~-:z rlzne,

a ZJerptis 42, The shaded area 1n Fig., £ indicates one 2Ff the control
votume surfaces on the r-z glare.

r.2

[0}

Tiz general trarsport equation and the contiruity equaticn are
~tegrated over the ccrtrcl vcliume tc ¢btzin the Tinite-difference
ecLaTicres,. The transport eguaticon represents a convectizn-<diffusicon

.




Ir. computaticnal fluicd dynamics (CFD), it is well known that the
cchmcn1y used central-difference scheme will lead to unstable sclutions
as the convection is much stronger than the diffus‘on. To prevent

numerical instability, the upwind difference scheme will be used.

To simglify the expression cf the transport equation, we define
the fcliowing symbcls:

R o=Fw
2 =PV
. {1=F) 24 #y g4
Fy =P+ +5= (SE)P v + (1-F) £ Py,
{26)
D| :r}
= req_fy2H ¢
0, = {1+ (1 r)az J}r;
A ~ A ~
Ar = Lr@(ez- 9') (Ze- Zw)
~ <
Ag = LH (F'n‘ 13 ) Ze‘ Lur!
{ 2 N2 N2 ~ ~
Az = 3 @ H (r, - s ) (6,- ©,)
Furtrhermecre, subscripts n,s,e,w and ug are used to indicate five
. . . A
Tocations; up is the up-stream plane, 1.e., £y plane,
Tie upwind differencs scheme ¢an be expresced cc
(R =l Fe .0 1~ gl-35e,¢1 (27)
where J &, £ = nmaxinum ¢cf (a,b.
:: —;e o 3 ther (:, (b :e = plé¢p ¢
1€ Se S, then (5@ ie- :'€4>E
<




sing the abecve-defined symbols, the transport equation becomes

r
(8]
~

3P, = ag aNd)~+ WP, + ag b - S + F2“°¢ZPA9

whrere
aE = {ﬁ -F.e, 0

(L}

* [%%ﬁ?} Aze

= {0 Fw, O A
aw = (D Fun 00 + 7245} ngy
av = 1D Koy O 1 + SR8} 4, (29)

"

. _D
" HaR ) Ars

o=

ap = ag t Ayt Ayt ag v (Fe - Rur) + (Ba- Ry ) + Spy
The source term has been split into two parts:
S¢ = Sc,¢ - SP,¢¢p (30)
The zZcocntinuity equation becomes

(5 Arn = R Ars) + (Fe Age - Fur Agur )

- (R, dn Ag,- F2,up Ag, ) = C (213
F -ite difference eguaticng for %the thermcelacticity eguaticn (17)
arz L be construczted orn the r-2 olane fcor the trszt bearing ard on
the z2-2% plane fcr the jcurnal bcarwng Here, we tzle the journa’
bear "ng case as an illustration example. The same derivaticr H.oceda*ee
a2z appiicable to the thrust bes '1*5 case.
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We cet up grid networl. cr the bearing foil and select eight grid
points surrounding the central point F. The governing equation has
bi-rarmcnic functions; 1t needs 9 poirnts to apprcximate the fourth
derivatives with the use of central-differencing scheme which is
suitabel for this case. ’

Referring to the grid system shown in Fig. &, the thermcelasticity
equation becomes

apWp = ayylWhy + 3 Wy, + agguls * aguy ¢ ag [,

taguy  t G Wt awly + S (22)

{
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Procecdures of SIMPLE Algorithm

Tre transport and continuity ceqguaticns are to be solved Ly the

SIMPLE algcrithm describted in Patanrkar's bocl. [2]. The werd SIMPLE
f stands fcr Semi-Implicit Method for Pressure-Linked Equations.
. The major cperations ¢f the SIMPLE algcrithm car be summarized as
{1) Quess the pressure field denoted as px.
fay e~ . . * * *
{2; Sclve the momentum equations tc cobtain W ,Vg and Vz.
(2) Sclve the pressure-correction eguation to obtain p’.
"4} Revise the pressure p by adding g’ to p*.
{8) Correct the velccity components by using p°’.
(8) Sclve the transgort eqution fcr cther ¢@'s such as temperature, T
. and e.
Refsrring to the finite difference equaticn (28), the momentum
eguatizns can be written as

- (]
Z.Ai\/oc + Sco + (D“— DP) Dp

op =
g =2 ZoVe + €Ccp + (De- Ba) CE
‘rp v 'y =-r r's ~p P
; = T: Vas 4+ S e - o oprE
z2p = XA Ve * S v iRy Rl Cp
€ Ae r Ar L Az

P @EHS T PGSy P T TaE 4 50




Let

o} :p*+p
Ve = Vo + Vo
Ve = VE 4 VW \
Vg = Vi o+ Y

The primed terms o', Vo » VY and Vi are correction terms.

Substitution of the equation {34) into the equation (33) results

Vo =X AV *+ (PB4 - Py )Dﬁz(p‘; - Py )og
Ve = YRV + (R - ) Dpa(rl - B ) Dp : (3
Ve = XA Ve + (R, - B )D =(p; - P ) Dp

Tre drop of the terms of Ejiiw& accounts for the name of
Cemi-Implicit method. Since the equation (25) has to satisfy the
zontinuity eguaticn and the above-menticned operations are to be
iterated until a converged soluticr is reached, the Semi-Implicit
prozess will noct sacrifice the accurac, of the calculation.

itution of the equation (Z£) intc the continuity equati
in & pressure correcticr equaticn which has the following

+ iy ps‘

p Fp T 3 Pg T Hy Ry t Ay Byt ag +b+ay by {
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, r © 2
ay ( Ox *+ B Gh + Bin Dn) Arn $n

, (] 2
ay = ( D + BygDg + Bis Dg) Ars §s

, ©
a2 = SuDu Asw
ap = ag +a, +ay +ag +ay
a (I=F) 3H
s h e s R 2

o
|

* * % * « #

= £ A (Mne + By Von + Bin Van b ~§3 A (Vps + BasVes + Big Vag )
* * * *

+$3 Vay Aed “ﬁ\'ou Ao *fg Ge Aze - ficVew Aawr

With the establishment of the quations (24) and (26), the SIMPLE
zlgorithm procedures can be readily carried out. The cnly step left out
is the iteration process. For the present case, either the journal
bearing or the thrust bearing, the dominant flow is in the circum-
ferential (®) directicn; especially, in the journal bearing, the flcw
is in cyclical pattern. Consequently, the numerical calculation is
mzrched in the © direction and iterated in 9 until a converged

aclution is obtainred.

tions ¢f the transpert eguation provicde the gress
re distributions or the foil surface. Therefcore, the numerical
ion cf the thermceiasticit; zgquation (22) can be sclvzd oy any
" gebraic equaticn solver. The Gauge-Seide! (with over-relaxation)
iteraticn is empioyed tc carry cut the calcuiaticen of the foil
deflection, :

Tre foil deflection ctrangss e fluid filwm shage, «rich in turn
a”feLls the mormenrtam and the “empereatiure Tielde in the fFluic Film
Trao fleid=-F01T interactien <

te terated tc reach




RESULTS AND DISCUSSION

Load capacity (dimensional and dimensionless), friction force
(dimensional and dimensionless) and attitude angle {(for the journa!
bearing) are calculated as follows:

-

(I) Journal Bearing -
an
Wi = W sing = b o(ev- Fp )(sin®) rg c6 dz
s
Wa = W cos¢ =~]R)Q(q'- QL)(cose) rg d6 dz
9 Yo

where W is the dimensional load capacity;
F, 1S the pressure distribution on the shaft surtacs;
P, 1s the amtient pressure;
£ is the length of the shaft.

Hence,

Wwo=Jwh o+ Wl
The attitude angle is
= -1 A
<¢ = tan ' ( Wz)

The dimensionless load capacity is defined (to be compatibls with
the definition given in [11]) as:

7o- =W
RAD
The friction forces are
4
Fg = joiz;srs de dz (on the shaft surface)
2N : f
Fp = fj; Z;,'Z d® dz (on the bearing surface)

where Zis is the shear stress on the shaft surface while Zusis the
shear stress on the bearing (foil) surface.

The dimensionless friction coefficient is defined (referred tc [11])
as:

‘ I X
1 Hepw




(II) Thrust Bearing

The locad capacity is calculated by integrating the pressure cver
the area of the pad.

.Wi.:j:J:(Q" R) r de dz

The total! load capacity is the summation of the lcads on all pads.
W = N{pad)x*xWg
Cimensionless load capacity is defined (refarred to [10])) as:
-w. - L
55 RLB
Where B = R,- R, and L = 8 x(R; + Ry)/2.

The friction force is calculated by integrating the shear stress on
the bearing surface over the area of the pad.

2
F :_S:.S:’[;r dr de

The dimernsionless friction coefficient is definad as:

P -

- —$F __
BALH,

whers /A is the compressbility numter and Hy is the minimum film g

[
k3]

O
-

Scmputations of numerical examples are carried out. Ths results
the computations are gresented in the follawing:

(A} Journal Bearing
For the jcurnal bearirg, we consider a bearing and a shafts with 4hs
inpuwt data:

RS(shaft radius)= 0.0254 meter

RB(bearing radius)= 0.02542673 m

RPMz 5(C00.0

ALEN(bearing lenght)= 0.0508 m

PAMB(amtient pressure)= 101352.0 newton/s3y. m
HC(radial clearance)= 0.0000287286 m

EE(radial displacement)= 0.000015036 m
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BETA(arc angle)= 6.2832 racd. (full journal bearing)
ALMULAM(laminar viscosity)= 0.00002143 k3/m-s (air)
DEN(density)= 0.9611 kg/m

Hence, )
J\L (compressibility number)= 6.0
L/D(length to diameter ratio)= 1.
€ (eccentricity ratio)= 0.6
The computed results in terms of dimensionless load cagacit
coefficient and attitude angle are compared with the data g
Wu [11] using the Reynoclds equation apgrcach, namely, isothe
without the effects cf inertia and turbulence.

0

3CNEBRGY Reynolds £gqn. Aggrcach

Non-
Isothermal isothermal

.92 5.96 _ 2.9
7? (cn bearing] (on bearing)
' 2.45 4.68

{on shaft) (on shaft)

The comparison is made for laminar flow. The load capacity obtained

by the Navier-Stokes approach is higher than that obtained by the s
Reynolds equation solution. The nor-isothermal case carries higher

load than the isothermal case. The fluid inertia enhances the load

capacity, and also increases the friction slightly. On the other hand,

the temperature rise causes the increase of viscosity of gas, and

contributes to the increase of load capacity. However, the temperature

change alsc increases the friction considerably.




To simulate a foil journal bearing, we consider a full jcurnal bearinrg
with a singTe foil leaf, combination of the top and the bottom foils,
which is similar to a MTI's bearing. The foil deforms uncer the
influence of the hydrodynamic pressurs and the heat transfer resulted
from temperature variation. The foil is given an allowakble maximum sway
displacement, SWYMX= 0.00005 meter; the rest of data remain the same
as the previous example. The variations of locad capacity and friction
coefficient are then observed.

The comparison of the solid-walled bearing with the foil tearing
is tabulated in the followint:

Solid-Walled Bearing Fcil Bearing
Isothermal 1.137 1.208
c&; Non- 1.157 1.323
isothermal
Isothermal 12.8 : 12.0

qb Non- 13.2 12.2

isothermal

Isothermal 2.93 2.432
(on bearing) {on bearing)
3.45 2.48
77 {on shaft) (zn shafi)
Non- 5.96 7.48
isothermal {on bearing) (cn bearing)
4.58 3.28
(on shaft) (cn shaft)

The deformation of the foil cause the slight increase of load
capacity. The drop of friction in the isothermal case is cdue to the
wicening of the film gap. For the non-isotherma® case, the local thermo-
elastic deformation of the foil may create pockets. Ccnsequently, the
friction coefficient changes considerably.




For the case of the turbulent flow in the journal bearing, the data
of the previcus example are modified to have:

RPM= 520C0

RS= 0.C508 m

RB= 0.C5093236 m
HC= 0.00013363 m
ES= 0.00008018 m
ALEN= C.1016 m

The L/D ratio and the eccentricity ration remain the same. The Reynclds
number increases to be 1658, The bearing compressibility number becomes

1. Results comparing with the Reynclds solution are tabulated in the
following:
3DNSBRGJ 3DNSBRGJ REYNOLDE SCL.
solid wall foil solid wall
Y 0.409 0.490 2.20
W
4.98 3.31 2.5
'71 (on shaft) (on shaft) {on shaft)

The decrease of friction for the foil bearing may due %o “ha ircreass

of the film gap.

(8) Thrust Bearing

We consider a thrust bearing with the following input data:

RPM=z 2:200C
PAMB= ‘012353 N(newton)/sq.m
1 i m

2 m
0.667 rad.
00016703 m
H2= 0.000012527 m

P 0.
R2= 0.
BETA=
Hi= 0.

AMULAN (viscosity)= 2.143E-5 kg/m-sec

DEN(density)=0.961 kg/cube m
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The bearing compressibility number L, L/B and H1/H2 are calculated 23:

_ B ULeSHRt -
N R 0
_L_-_l_ - Q.S‘gnfoZQ = 1

8 - (Rr.-Rc)
B H
Hy ~ Hy -

The computed results for the isothermal case are ceompared with th
Reynolds equation solution for a sector thrust bearing given in [15
and [10]. The results in terms of load capacity and friction cces¥:
are tabulated in the following:

e~
O s
w

SDNSBRGT REYNOLDS EQUATICN SCL.

Solid-wall Foil

0.0467 0.0514 0.02355

2.98 2.43 0.711

M=)

The dimensionless lcad capacity by the Navier-Stokes sc
higher than that by the Reynolds equaticn soluticn., The r
tha bearing speed is high and the inertial accelzaration i
The friction force is otbtained by selecting 2-gcint velzcit
near the wall for the shear stress and integrating cver the =
surface. The great difference of friction ccefficisnt may ¢t

by
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increase of friction force by the N-S agprcach is physicall; -
With the deflection of the foil, the load capacity increases and

friction ccefficient decrsases slightly.
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BROGRAM

Two computer codes, 3DNSBRGJ and 3DNSBRGT, are developed. The names
stand for three {2) Dimensional Navier-Stokes Bearing, Journal bearing
and Thrust bearing programs. As discussed previously, the gebmetrical
configurations of the two bearings, the journal bearing and the thrust
bearing, are different. The coordinate transformations are Jiffaran<,
The fina® forms of the equations are not the same for the %wo bearings.
Hence, it is more efficient to perform the calculations in ssparat:z
codes than in a single general code. Nevertheless, bcth codas hava <he
same structure which consists of subroutines performing designated
functions:

Subrcutine : Function

DATAIN accepts input data

INITIAL defines initial conditions

UPSTREM establishes upstream conditions

VISCOS & GAMA calculate the effective viscosity
coefficients

FILMTK determines film thickness

FLUX ' calculates fluxes

BOUNCRY set up boundary conditions

SOURZE calculates source terms

COEFFSL calculates transport and gcrossure
correction equations

EWPNSE calculates ccefficients of algebraic =2gns.

COEFMOD modifies coefficiants in algebraic agns.

SOLVE solver for algebraic egns., using tctn
block tri-diagona?l matrix and Gauss-Saidz’
plus over-relaxation interaticn

WLOAD calculates performance charateristics

ELASTHM performs thermoelasticity calculation

CHECK & CHECKA ~ print out value of variable arrays such as

density, viscosity, velocity ccmporents,
pressure and temperature.
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The MAIN program controls the step-by-step marching process. It also
writes the results of the current iteration on a disk file and use this
disk data as the initial data for the next iteration. 1In addition, it
writes data on disk files for later calculations of bearing performnace
charateristics such as load capacity, frictional force and dimensionless
parameters.

The program reads input data in the format of NAMELIST. In the
following all NAMELISTs for the journal bkearing and the thrust bearing
will be explained respectively:

(I) Journal Bearing

NAMELIST VARIABLE MEANING
3RGDAT RPM rem of shaft
PAMB ambient pressure
RS radius of shaft
RB radius of bearing bore
BETA subtended angle of foi)
BETAS starting arc angle of foil
BETA1 ending arc angle of fluid film
on foil
HC radial clearance
EE eccentric displacement of shaft
ALEN length of shaft
FLUIDAT AMULAM laminar flow viscosity
PRLAM laminar flow Prandtl number
CEN initial fluid density
CP heat capacity at constant
prssure
cPCCY ratio of Cp to Cv
GASCON gas constant of fluid
PR Prandtl numbers for all

dependent variables
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GRIDAT

VOLDAT

CONTL

AKFAC
WM
PIN
TIN
PCRIT

Al1,A2,A3

B1,B2,B3

N1,N2,N3
M1,M2,M23
L,M
IMAX, JMAX
PFAC

IPF

PFA,PFB
FMEG

NSWP

IXY,ISWP,JSWP

31

turbulent flow constant for
initial condition (4.3E-6)
molecular weight of fluid
initial pressure

initial temperature

pressure correction equation
criterion (2.0)

2 divisions of computation
domain in © direction

e.g. 0.25,0.5,0.25

same as A1,A2,A3 but in z
direction. e.g. 0.2333,0.3323,
0.3333

number of grid points in At1,A2,A2
divisions respectively

number of grid points in 81,322,283
divisicns respectively

number of control volumes in z &
r directions

total grid points in z and r
directions; IMAX=L+1, JMAX=M+1
relaxation factor on pressure
correction (0.958)

initial pressure profile
selector 0 for sin & cos pgrafila
1 for sin profile only

initial pressure precfile
amplitude

over-relaxaticn factor fcr

all dependen variables(1.5-1.8)
tri-diagonal block matrix solver
sweep number for each variable
(8x%2)

tri-diagonal block matrix sweep
index (1,1,1)




m

LSCCN

(II) Thrust Bearing

BRGCAT

ISOLV

NNV
NITER
NELS

REYCRT
ALPHA

PATHON
YN

T

T2
WAVL

SWYMX

RPM
PAMB
R1

R2
BETA
BETA1
H1

H2
HMEAN

32

on and off key for solving the
transport eqn. for each dependent
variable; 1 solve the egn. C by
pass

dependent variables are in the
order of vr(1),vz(2),Ve(3),p’(4)
HH(total enthalpy)(5), k(S),e(7)
T(8)

total number of dependent
variable, NNV=8

total number of momentum egn.
iteration

total number of thermoelasticity
eqn. iteration

critical Reynolds number

therma! expansion ccafficient

of foil material

Poisson’s ratio of foil material
Young's modulus of foil material
top foil thickness

bottom foil thickness

half wave length of bumgp{bottzm)
foil

maximun displacement of foil sway

rpm of shaft

ambient pressure

inner radius of disk

outer radius of disk
subtended pac angle
subtended fluid film angle
maximum film gap

minimum film gap

mean film gap




FLUICAT

VOLDAT

CONTL

ELSCCN

AMULAM
PRLAM
DEN

cp

CPDCV -

GASCON
PR

AKFAC

WM

PIN

TIN
PCRIT
A1,A2,A3
81,82,B3

N1,N2,N3
M1,M2,M3
L,M

IMAX, JMAX

PFAC
IPF

PFA,PF3

NSWP
IXY,ISWP, JSWP
ISoLv{8)
NITER,NELS
REYCRT

ALPHA
PATHON, YN
T1,T2
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laminar flow viscosity
laminar flow Prandtl number

initial density of fluid

heat capacity at constant

pressure

heat capacity ratio of

Cp to Cv

gas ccnstant cf fluid

array of Prandtl numbers

all dependent variatles

same as journal
same as journal
same as journal
same as journal
same as jcurnal
same as journal
same as journal
in r-direction
same as journal
same as journal

bearing
bearing
bearing
bearing
tearing
bearing
bearing

bearing
bearing

fer

cut

number of ccntrol volumes in
r and z directions
total grid points in r and =

directions

same as journal
same as journal
same as journal
same as journal
same as journal
same as journal
same as jcurnal
same as journal
same as journal
same as journal

bearirg
bearing
bearin

bearing
tearing
bearing
tearing
bearing

bearing

bearing

top and bottom foil

thicknesses




Typical input files for both the journal and the thrust bearings are
provided in the following:

(I) Journal Bearing Input Data File:

$BRGDAT RPM=52000.0,PAMB=101352.97,RS=5.08E-2,RB=5.093363E-2,BETA=6.2822,
BETAS= 0.0,BETA1=6.2832,HC=1.3363E-4 ,EE=8.0178E-5,ALEN=1,016E-1, $END
$FLUIDAT AMULAM=2.143E-5,PRLAM=0.7,DEN=0.9611,CP=1009.9,CPDCV=1.4,
GASCON=8.314E+3,PR(1)=1.0,1.0,1.0,1.0,0.9,1.0,1.2,0.9,0.9,AKFAC=4,3E~7,
WM=23.92,PIN=101352.97,TIN=2367,PCRIT=2.0, 3END

$GRIDAT A1=0.25,A2=0.5,A3=0.25,B81=0.3333,B2=0.33232,83=0.3333,N1=7,
N2=10,N3=7,M1=4,M2=5,M3=4, S$END

$VOLDAT L=10,M=10,IMAX=11,JMAX=11,PFAC=0.75,IPF=0,PFA=0.55,PFB=0.55,
FMEG=1.0, $END

$CONTL NSWP(1)=2,7%2,IXY=1,ISWP=1,JSWP=1,ISOLV(1)=4%1,3%0,0,NNY=8,
NITER=1,NELS=2,REYCRT=1000.0, $END

SELSCON ALPHA=3.3333E-€,PATHON=0.4091,YN=2,1374E+11,T1=0.0001524,
T2=0.0001016,WAVL=0.005, SWYMX=5.0E-5, $END

(II) Thrust Bearing Input Data File:

$BRGDAT RPM=35000.0,PAMB=101352.97,R1=0.1,R2=0.2,BETA=0.667,
BETA1= 0.667,H1=0.00016703,H2=8,3515E-5,HMEAN=1.2527E-4, $END
$FLUIDAT AMULAM=2.143E-5,PRLAM=0.7,DEN=0.9611,CP=1029.0,CPDCY=1.4
GASCON=8.314E+3,PR{1)=1.0,1.0,1.0,1.0,0.9,1.0,1.3,0.93,0.2,AXFAC=
WM=28.93,PIN=101352.97,TIN=367,PCRIT=2.0, $END

$GRIDAT A1=0.25,A2=0.5,A3=0.25,81=0.3333,B82=0.32232,8320.3332,N1=T7,
N2=10,N3=7,M1=4 ,M2=5,M3=4, $END

$VOLDAT L=10,M=6,IMAX=11,JMAX=7,PFAC=0.99,1PF=0,PFA=
$CONTL NSWP(1)=2,7%2,IXY=1,ISWP=1,JSWP=1,ISCLV(1)= 4*
NITER=1,NELS=2,REYCRT=5000.0, $END

SELSCON ALPHA=3.333E-6,PATHON=0.4091,SWYMX=1.E-5,YN=2.1374E+11,
T1=0.0CC1524, T2=0.0001016, $END

)
m
)
N

C.25,PFB=2.23 TENT
1,3%0,0,NNV=

2
Ix
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CONCLUSION

The successful completion of this Phase I study has presented an
advanced analytical tool for predicting the performance of foil bearings
and solid-walled bearings as well, operating at speeds wherein the
Reynolds number is no longer small and the effects of the fluid inertia,
the heat transfer and the turbulent flow become significant. The tocl
utilizes the three dimensional Navier-Stokes approach for the fiuid
film thermchydrodynamics and the thermoelasticity treatment for the €2
deformation.

-
Il

The Navier-Stokes approach is much more complicated than the Reynolds
equation approch, conventional or modified for the inclusion of inertia
or turkbulance. Nevertheless, the N-S approach has the capability cf
investigating the local behaviors of the lubricart and the foil.
Escecial’y, the prediction of the temperature variaticon may eventdiz’l’y
help explain the hot spots or burned spots which are often cbserved in
a failed bearing.

Naturally, tc shed light on the success or the failure cf a bearing
design, the steady-state socluticon even as complex as the Mavier-Stokes
apgroach, is just the first step. Further studiss shculd include ths
transient case, the combined bearing-rotor dynamics and possitly an
expert system for cptimizing the design process.

e}

fzr pursuing the just mentioned further steps. The formulati: ,
csecrdinat2 transformations and the numerical sclution a1,or.:hm o

axtenced tc deal with the transient case and to incorporate «3
rotor dyramic analysis.

[ S 1 I §)

W

The accomplishment of tha oresent study has established 2 fourda

Twe cimputer pregrams, 3DNSBRGJ (for the journal tearing) and 2C0
{for the thrust bearing) are developed through this Phase I study.
prcgrams are capable for predicting the bearing performance charact
tics and calculating the velocity components, the temperature distri
bution, the foil deflection, the turbulence energy distribution and its
dissipation rate.

o
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