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COMPUTATIONAL ANALYSISOF M ISALIGNED HYBRID THRUST BEARINGSFOR
ADVANCED CRYOGENIC TURBO PUMPS

EXECUTIVE SUMMARY

The report details an extended computational bulk-flow analysis for prediction of the
datic and dynamic force and moment performance of angled injection, orifice-
compensated hydrogtatic / hydrodynamic thrust bearings. The motion of the cryogenic
fluid within the thin film lands of athrust bearing is governed by a set of bulk-flow mass
and momentum conservation and energy transport equations. Mass flow conservation and
asmple mode for momentum trangport within the hydrostatic bearing recesses are a'so
accounted for. The bulk-flow modd includes flow turbulence with fluid inertia advection,
Coriolis and centrifugd acceeration effects on the bearing recesses and film lands. The
cryogenic fluid properties are obtained from redistic thermophysica equations of state.

A perturbation andysis leads to zeroth-order nonlinear equations governing the fluid flow
for the thrust bearing operating a a datic equilibrium pogtion with misadignment, and
firg-order linear equations describing the perturbed fluid flow for smal amplitude shaft
moationsin the axia direction and shaft angulations around two principa axes. Numerica
solution to the zeroth-order flow field equations renders the bearing flow rate, thrust load,
restoring moments, drag torque and power dissipation. Solution to the first-order
equations determines 27 force and moment coefficients, i.e. nine stiffness, nine damping
and nine inertia coefficients due to shaft disolacements and angulaions. The
computational method implements established agorithms and generic subprograms
available from prior developments.

The enhanced Fortran90 program, HYDROTHRUSTM, runs as a console gpplication on
Windows 95/NT persond computers. The program, help files and examples are available
through Texas A&M University Technology License Office.

The effects of shaft misaignment on the static and dynamic force and moment
performance of arefrigerant hybrid thrust bearing are evauated a an optimal operating
condition. The results complement earlier predictions advanced in Phase | of the project.
The axia force/displacement stiffness coefficient and the direct moment/angle stiffness
coefficients show an optimum value for a certain load (recess pressure rétio) while the
damping coefficient steadily increases with the applied load. Asthe misdignment angle
increases, both moment and force coefficients due to shaft axia displacements and
angulations also increase. A whirl frequency ratio equa to 0.50 is predicted for most
operating conditions. That is, thrust hybrid bearings offer the same limited stability
characterigtics as hydrodynamic thrust bearings when undergoing sdlf-excited shaft
angular motions.

The andys's and computationd capability to predict the performance of (flexure pivot)
tilting pad hybrid bearings were not finalized due to lack of resources and inadequate
planning. Thisimportant objective will be addressed in the near future with the support of
the TAMU Turbomachinery Laboratory.



The lack of experimental data for the performance of hybrid thrust bearings under
operating conditions smilar to those of cryogenic turbo pumps continues to impair the
vaidation of the advanced computational moddl. Rocket engine manufacturers will soon
advance in the practice and implementation of an “dl fluid film bearing technology,” thus
releasing reliable test data to benchmark the model, and most importantly, demonstrating
the superior performance of externdly pressurized fluid film bearings under stringent and
redlistic operating conditions.



NOMENCLATURE

Ao (pdo/4). Effective orifice area[n].
Ag p (RZ,.- R2).Bearing surface area[n?].
Ar ~Qn (Rés - RE J=Qn Dy I Recess (pocket) area).

A= Ayl R?
br recessarc length[m]. by = b/ R
C« Nomind (minimum) film clearance [m).
Co Huid specific heet [Jkg x°K]. C_:p =C,/C,
Cq Orifice discharge coefficient.
Cab Force and moment damping coefficients, a,b =Z,f , f,
Cq Oirifice discharge empirica coefficient
Dout 2Rt . Bearing outer diameter [m].
Din 2R, . Bearing inner diameter [m].
Dr 2RR. Recess center diameter [m].
do Orifice diameter [m]
Ec V. . Eckert (heat transfer) number.

pe
Fz Fluid film axial force [N]. F, = F, /[Ag(P, - P,)]
: Ressg ff

Turbulent flow Moody’ s friction factors at shaft and bearing surfaces.
H, h Film thickness[m], H/C+«
Hpad Pad film thickness induding radid (dR) and crcumferentid (dq)

tapers.
Hg, Hs convection heat flow coefficients on bearing and shaft surfaces

[wait/m?°K]. Hg =Hg/Hp ;Hg =Hg/Hg

Hr Recessdepth [m]. hgy =HR/C



Npad

P, P

Pr, Ps

Pre :Pre
Poin , Poout
Pa

den

Qss

Py

F 8 F &I

=1, -r Sing, r cosg. FIm perturbationsin axiad and angular directions.
Force and moment stiffness coefficients, a,b =Z,f , ,f,,

Equivaent moment coefficient for stability prediction [Nmvrad].

(Rout - Rn). Bearing radid length [m].

(Rro - Rri)- Recessradid length [m].

Bearing mass flow rate [kg/g].

Mass flow rates through inner and outer diameters of bearing [kg/s].
Mass flow through recess orifice [kg/s|. Mz =My /(r.U.CR )
Restoring moments on thrust collar [N.m]

%1 HU T dG . Mass flow from recess boundary into to film lands
[kg/s]. Mgz =M /(r.U.CR)

Force and moment inertia coefficients, a,b =Z,f , ,f,

Number of hydrostatic recesses (pockets) on bearing pad.

Number of pads on bearing.

Fluid pressure [N/nf], (P-Pa)/(Ps-Pa).

Recess pressure, supply pressure [N/n].

Edge recess pressures [N/nr].

Fluid pressures at inner and outer bearing diameters [N/nrf].
Characteristic pressure, MiN[Ppin , Ppoud [N/NF].

1T (W RR)%. Pressure due to centrifugdl inertia effect at pocket radius
Qs + . Radid heat flow through bearing, Qg= Hs(T-Tg), and shaft,
Qs=Hs(T-Ts), surfaces [watt/nT].

Radid coordinate [m], R/ R .

Rout. Characterigtic bearing radius [m].

(r.WRC/m.) Nomind drcumferentia flow Reynolds number.
(r.U.C/m). Nomina pressure flow Reynolds number.

(Re,O C/R ) . Nomina modified pressure flow Reynolds number.

(I‘*WCZ/ m =s Re, ) . Squeeze film Reynolds number.



Reg, Res

s, I's

T T
Ts
Tg, Ts

To

Ur, Ur
Ug, Ug

VR

br

DPg
DZ,Df ., Df,

dRo

X’fY

(r Hm [UR + Ug? 12, (r Him) [UR? + (Uq-WR)*] 2

Flow Reynolds numbers reletive to bearing and shaft surfaces.
Roughness depths of shaft and bearing surfaces[m].

R/Rr. Local radia coordinate from pocket radius.

Time[g.

Temperature, T =T /T,

Fluid supply temperature [K].

bearing and shaft surface temperatures [K].

Shear induced torque on bearing surface [Nm]. T, = TOC/(mU* R?)
C2(P, - P,)/ mR. . Characteristic fluid flow velocity [ns].
Buk-flow radid velocity [m/g, U, / U, .

Bulk-flow circumferential velocity [mvs], U, /U. .

[ AR(H+HR)+Vsypply] . Recess volume induding supply line volume
[nP]. Vg =Vg / R®C

External axial load on bearing [N]. W, =W, /[Ag(P; - P, )]

Whirl frequency ratio for shaft angular motions.

(Kab -W? Map +i W Cap). Force and moment impedance coefficients,
a,b=2zf,.f,

Fluid inlet swirl ratio at recess.

+(2/r )(fIr /P). Fluid compressibility coefficient [n?/N]. b, = DPyb,
-(Lr)(Ir /9T). Huid volumetric expanson coefficient [1/K].

by =T.b;

(P<P,). Characteristic differentia pressure [N/nf].

Shaft axid digplacement and angular rotations about the X and Y axes.

Cd Ao(zr* [Ps - Pa])ll2

. Dimensionless feed orifice coefficient.
(r ucR)

Shaft angular displacements (misalignments) about the X and Y axes.

Firgt order shear coefficients [see Reference 2].



ke = kg
ks, ks

W, w

YAks + kg). Turbulence shear factorsin (r, q) flow directions.

fs XRes, fg XReg . Turbulent shear parameters at shaft and bearing.

Fluid density [kg/n?], 7 =r /..

Fluid viscosity [Ngn?], M= m/ m

Circumferentid coordinate [rad].

Angular extent of abearing pad [rad].

Leading edge of abearing pad [rad].

angular extent of hydrostatic recess (pocket) [rad)].

Empirical recessedge entrance loss codfidents in crcumferentia
(upstream, downstream) direction.

Empirical recess-edge entrance loss coefficients in radid direction,
inner and outer radii boundaries.

w t. Dimendonlesstime.

WR. /U.;wR /U.. Circumferentid speed and whirl frequency
numbers

shaft rotationa speed, excitation or whirl frequency [rad/s]

Subscripts refer to:

0
s a
0
a,b
R e
ud
B,S

Orificein recess feed.

Refer to pressure supply and ambient conditions.
Zeroth-order variables.

{Z, T x, T v}. Firg-order variables or perturbations.
Bearing recesses and edges (entrance).

Upstream and downstream of recess.

Refer to bearing and shaft (collar) surfaces.

Overbar denotes dimensionless variables.

Vi
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COMPUTATIONAL ANALYSISOF M ISALIGNED HYBRID THRUST BEARINGSFOR
ADVANCED CRYOGENIC TURBO PUMPS

INTRODUCTION

Hybrid (combination hydrogtatic and hydrodynamic) journa and thrust bearings and
damping sed bearings are currently used asradid support eementsin sate of the art
cryogenic turbo pumps. These compact - low count part turbo pumps operate sub
criticaly at exceedingly high shaft speeds (180 krpm) with pressure differentids as large
as 550 bars (8,000 ps). Externally pressurized fluid film bearings and sedls enable to
cary safdy large thrust and laterd loads with virtudly no DN life limit, little friction and
wear, provide accuracy of pogtioning, and render large direct stiffness and damping force
coefficients for control of critica speeds and attenuation of undesirable vibrations. These
features even dlow unshrouded impdlers, thus significantly increasing turbo pump
reliability.

The development of anayticd models and design tools and the testing of components
address to the mandates of an "dl-flud-film- bearing” technology for advanced and less
costly (per launching cost) turbo pumps. San Andrés (1990-1996) performed the
thermohydrodynamic andyses and developed computer programs for prediction of the
datic and dynamic force response of radid fluid film bearings. The research addressed
effectively the theoretical and practical issues related to the operation and dynamic
performance of cryogenic fluid film bearings, namely high speeds and pressures, flow
turbulence, fluid inertia, fluid compressihility, thermd effects, and two-phase flow
phenomena. The computationa predictions have been validated with test datafrom
process fluid film bearings with minerd oils, water and air in regimes of operation
ranging from laminar flow to turbulent flows, and including the trangtion zone to fully
devel oped turbulence.

San Andrés (1998, 2000) advanced the original bulk-flow anaysis of hybrid thrust
bearings for cryogenic fluid applications. The model and computationa program include
the most important physica aspects paramount to the performance of turbulent flow fluid
film bearings dominated by fluid inertia effects on the film lands and bearing recesses,
and including areditic thermo physical modd and fluid properties. At high surface
Speeds, centrifugal forces could lead to sub ambient film pressures, induce lubricant
cavitation or denude of fluid large areas of the bearing surface, thus significantly

reducing the thrust bearing load capacity. Furthermore, large circumferentid fluid speeds
greatly affect theinertial pressure drop at the edges of the bearing recesses.

The performance of thrust bearing for arefrigerant (dua use) gpplication was evauated
at two operating speeds and pressure drops. The computed results, presented in
dimensonless form, evidenced consistent trends in the bearing performance
characterigtics. Asthe applied axiad load increases, the bearing operating clearance and
flow rate decrease while the recess pressures increase. The axia stiffness coefficient
shows amaximum for a certain intermediate load (recess pressure retio) while the
damping coefficient steadily increases. The predictions show at low recess pressures (i.e.
low loads) fluid inflow through the bearing inner diameter and sub ambient pressures just



downstream of the bearing recess edges. These effects are soldly due to centrifuga and
Coridlisfluid inertiaforces at sufficiently large surface speeds.

The present analysis advances the origina work to include the effects of Static shaft
misaignments and dynamic shaft angulations on the gtatic and dynamic force and
moment performance of hybrid thrust bearings. Mass flow conservation, momentum and
transport bulk flow equations are presented and numericaly solved for hybrid thrust
bearings, pressurized face sedls and hydrodynamic thrust bearings. A perturbation
analyss of the flow equations renders first-order (linearized) flow equations for
determination of the dynamic force and moment coefficients due to shaft axid motions
and angulations about two orthogond axes. The andyds renders nine giffness, nine
damping and nine inertia forcemoment coefficients for routine engineering andyss and
prediction usng commercia rotordynamics computationa programs. Formulae for the
threshold speed of ingtability and whirl frequency ratio in digned hybrid thrust bearings
are advanced with important implications for the criticd mass moment of inertiain
compact rotors.

The numericd method of solution implemented follows wdl-known CFD — control
volume procedures for staggered meshes. The features of the computer program
developed are dso detailed.

BULK FLOW ANALYSIS

Figure 1 shows the geometry of a hybrid (hydrostatic/hydrodynamic) thrust bearing. The
thrust bearing maybe composed of a single continuous (360°) pad with (Nrec) recesses
distributed around the bearing area, or a number of pads (Npaq) Separated by radial
grooves. Each pad contains one or more recesses.

Figure 2 displays a runner (shaft) surface with angular static misdignment angles{f x, f v}
about the laterd axes (X,Y), respectively. In generd, the bearing film thickness is written
as

H(Rg,t)=hC =H ,4(Rqg)+Rf cosq - Rf , sing @

where C- isa characteristic clearance, and Hpag is the pad dearance including
crcumferentid (dq) and radid (dr) tapers|[1, 2].

Congder the turbulent flow within the film lands of a hybrid (hydrostatic/hydrodynamic)
thrugt fluid film bearing. The bulk-flow equations of mation within the thin film lands

and the perturbation analysis for description of the equilibrium flow (zeroth-order) and
perturbed flow (first-order) due to smal amplitude axid and angular motions of the shaft
callar follow.
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Figure 1. Geometry of a hydrostatic / hydrodynamic thrust bearing

Figure 2. Depiction of bearing with shaft angular misalignments



The eguations of mass, radid and circumferentid momentum, and energy transport for
the bulk-flow veodities, pressure and temperaiure on the bearing film lands are given in
dimensionlessform as [2,3]:

continuity:

. ﬂ(rh)+;ﬂ(rr_hur)+1‘"(f_huq):o (29
qt r qir r 9q

radial momentum:

‘ﬂ(r_hur)+£ 'n(r r_hur2)+£ 11(r—hur uq)_i
r

Rey qt r qr r 19

@)9; [N

_. LU m 1P
hw'g +—k,u, =-h—  (2.b)
r uqa - U, o

circumfer ential momentum:

f(rhy), 19frhy y) 19(rhed) 1 o0
it T Tr r o} r

é
Re,. &
e
(2.0
m 1 o _ hiP
? g r1q

enerqgy transport:

&Ry 0 1o 9(rhT) 1(rhu ) 19(Fhu )y, afey o | o
Ecp "1 Tt T W p E s

5
e (2.d)
a

Refer to the Nomenclature for a definition of adl dimensonless variables. In the equations

w - .
above, L = U—R ands = VL—R are characteristic surface rotational speed and frequency

numbers, respectively; Re,. =§* U.C %% isanomind Reynolds Number based on the
m g




20
pressure induced flow, and Re, =Rep- s :Emj is the squeeze film Reynolds
m g

U2

number. E, = isthe Eckert heet transfer number, and (F g ) are

*

p*

aRe . 0
dimensonless convection heat transfer coefficients. Theratio ﬁjrefers to the effect
E. &
of heat convection rdative to mechanica shear disspation.

The turbulent flow sheer factors (ki=Kgq, ks) are defined in terms of the friction factors ()
and Reynolds numbers (Re) rdative to the dationary bearing (B) surface and shaft (9
rotating surface. The Benedict-Web-Rubin equation of state is used to obtain cryogenic

liquid properties (r ,m,Cp) [4].

In ahydrogtatic bearing, the fluid at pressure (Ps) and temperature (Ts) is supplied
through orifice restrictors into the bearing pockets or recesses. The continuity equation at
a hydrogtatic recess establishes a ba ance among the mass flow through the feed orifice
(MR), the flow through the boundaries of the recess into the film lands (Mg), and the
accumulation of fluid mass within the recess volume, Vr=[ Ar (H+HRr)+ Vsuppiy] - The
conservation of mass flows at a bearing recessis given in dimensonless form as,

_ Vg - 1— TP — 9Ty U
Mgr =Mg +s Tr &——+Vg bp— - by —vy U; - (39
R G R © rRi I Dp T U i=1, N
g Tt T, fit b
where Wi =dg, [Fo(1- P J'% and Mg, =g, ThuotidG (3.b)

and dg; asthe orifice parameter. The energy transport balance within a bearing hydrogtatic
recess accounts for the mechanica energy dissipated by viscous shear, the heat-carry
over (advection) from upstream conditions and the therma mixing effects, i.e.

I 1 I T
CyVy g -=Co M - oC, T (Fhd)h dGg Tl (3
GR 8 P« ﬂ i=1,.--Nrec

where (P T ), arethe averaged pressure and temperature within the recess, and
(F,b,,b; ), aethe dimensonlessfluid density, fluid compressibility and thermal
expangon coefficients, respectively.

The circumferential and radia pressure rises within the hydrogtatic recesses are given,
respectively, by



(4.9)

(4b)

i=1,...Nrec

Equation (4.a) shows the circumferentid incresse in pressure downsiream of arecess

orifice asin a Rayleigh step bearing. Equation (4.b) shows the radid variation of recess

pressure due to

a) the viscous shear decreasing the pressure as the radius grows, i.e. towards the outer
sde of the bearing,

b) centrifugd forces dueto fluid rotation rising the pressure towards the outer radius of
the recess; and,

c) advection of fluid momentum in the radid direction reducing the pressure asthe
radius within the recess grows.

The entrance pressures to the film lands bounding the iy-hydrostatic recess are expressed

7 > ©)
lJurq
/i

where x ={X; X, Xy, Xqq) areempirical entrance loss coefficients for the recess edges a

itsinner radius, outer radius, upstream and downstream circumferentid directions,
respectively. The sudden pressure drop is accounted for only if the fluid flow effectivey
enters the thin film lands.

The pressures at the inner and outer bearing radii are specified as,
5( rin ): 5Din , 5( rout ) = ﬁDout (6)

These pressures are regarded as uniform or constant, and consequently, their variation
under dynamic shaft motionsis null.

Ina360° continuous film bearing or flat sed, the fluid pressure, temperature and
velocities are sngled vaued in the circumferentid direction, i.e.

P.T.u u, (ra.t)=P.T,u u, (ra+2p,t) (7)



In a bearing pad, on the other hand, the pressures at the leading and trailing edges are
specified radid function of the inner and outer radii pressures ( PD _Dout ).

Note that the momentum and energy flow equations gpplicable to the film lands are of
hyperbolic character, and consequently, no exit conditions are required for the discharge
temperature and fluid vel ocities at the bearing inner and outer radii. The balance of flow
leaving the bearing recesses and entering the film lands provides the (inner) boundary
conditions for the veloaity fidds within the thin film flow region, see equations (3).

Perturbation analysis of the flow field

A peturbaion andyss of the flow fidd for smal amplitude axid and angular maotions of
the shaft collar about an equilibrium pogtion follows. The andytical procedure renders
sefs of zeroth- and fird-order flow equations for evaudion of the bearing dtaic load
capacity, drag torque, bearing and recess flow rates, and dynamic force and moment
coefficients.

Congder the thrugt collar to undergo smal amplitude axid (DZ) and angular rotations
(Df x, Dfy) & a frequency (w) about an equilibrium pogtion (ho). The film thickness is
written as[5],

20 ju &R 0 i iwt]

0.0, (110 +EZ 2 + B3 [ 01 & Jeosg -, +D1 e }sina @
2 @

with i=(-1)Y2. N peq, @0 {f %o f YO}corr&spond to the pad film thickness and shaft datic

misdignment angles & the equilibrium condition'. Note that only the red part of the
expression above is of importance in the andysis.

Usng linear superpostion, the equilibrium and perturbed films represented by zeroth
and firg-order variables give,

1aDz0 U
h(rgt)=h, +ig~zh ik —hY _n e (9.9)
’ Tgaﬂ ‘ f gc* y
wheret=w t,
h, (r.g)=hyq (ra)+ rf cos( - —rf sing (9.b)
padg g_g Yo g_ Xo
and h,=1; h, =rcosq; h, 6 =-rsing (9.0

1 This equilibrium condition arises from the balance of the fluid film bearing reaction thrust (axial) force
and restoring moments with the externally load and misalignment moments applied on the bearing.



Note that %:ihae“ g . The flow pressure, temperature, bulk-flow veloities

I a=2f, f\
and shear factors are also expressed as the superposition of zeroth-order {y 0}and firg-
order {ya}azzlfm flow fidds describing the equilibium and the perturbed fields,

respectively, i.e,

1éDzu érR U éR U U
Y Yo+ig—@ 2 te~aDf vy, +&=Df x V1, y€' (10)
16C. 0~ &G éC. b

where y ={u, ,u,,P,T,F, Mk, Kk, kgetc}. Subsitution of definitions (9) and (10)
into the thin film land equatiions (2) leads to the zeroth and fird-order governing
equations for the fluid bulk-flow.

Zeroth-order bulk-flow equations on the film lands

continuity:
190 o My o) , 191(Mo Mo go) _ (119
r i r [ |

radial momentum:

1?“(”_0'"'()”30) ﬂ(r_ohourouqo) — o U _ . TR 11b
R 7 & Tr ’ Ta rorbuqoaJrfbkoruro_hoﬂr (D

@

circumfer ential momentum:

Re Eéﬂ(r Mo Mo Uy UqO)_,_ﬂ(r_ohouqzo)

u
+1o Ny Uy, Uy U

pr €
L i 1 g (11.c)
m 1 o_ h 1R
+_€?(q0 Wo- SKgoLT+=-—-—=
hy & g T 1q
enerqgy transport:
aRey 0~ 1 MM ohhuoTy) 1 Mg UgeTo )i, a8 01— | — = _
E: %ﬂcpo% ( o;br 0 o)+? ( o:}oq 90 o) + E: E(Hgo"’HSO)TO_
(11.d)
ey O = = o\, ~ -2 TR 1 TR0
g EUY :( BO BO+HSOTSO)+bTOhOTO Upy _ro+r_uq0 —23
c @ q 7]




First-order bulk-flow equations on the film lands

With h, {h,=1; h =rcosq; h =-rsingq} for dynamic shaft axid motions and
angulations about the () and (X) axis, respectivey. the perturbed flow equations are:

continuity:

S (r_O ha +r_a hO) +
(12.9)

11 (o, +Fohiug + oo 1917 o +7oh, wy, +Tohou }

r qMr r b [}

radial momentum:

P — _
- h0 ! . :grhha +grrura +9g rquqa +grPPa +ngTa +

qr
ep*}gﬂ(”_oho“roura ) +'ﬂ(r_0h0 Uy, Uy, )+ a=Zfvfx (12b)
re fir ‘Hq
& u
—h,r +T .
T X “
circumfer ential momentum:
1P, 5 4o T
- % 19 = ha t0q U, t 0 Uy, T 9 P +quTa +
roh, r.h
p* = eﬂ( ﬂU, o ) ﬂ( %u% ] )+ a=27Zfv,fx (12.c)
r e r q
_ . & fu, 6 _ & Tu 0 U
Foho§is r+u, +—=3u, +i h &r—=+u, iU, 3
0 ﬂq g a ﬂr O‘é a u
ener gy transport:
T, ji — O—
e 0, [T T) 1T b g o R, O
§E 501w B E. ™5
Orh hy +07 U, +0pq Uy, +(gTP -is ETO r’b-ro)xisa - %hO‘ ﬂﬂZa (129

ﬂﬁ qoﬂP o)
0 ﬂr r ﬂQQ

= 5T0 ho-|To§

a=Zfyfx



San Andrés[2] ligts the formulae for the firgt-order wall shear stress coefficients (g s).

Zeroth- and first-order flow equations at a bearing recess
Perturbation of the recess mass flow and energy transport equations proceeds in the same
manner. For the recess flows the linear combination of equilibrium and dynamic fieds
gives

_ 1éDZU— ér u ér. u — u .
Mr=Mgq+tig=—qMr; t&—Df v MRf +a—(Df x Mg se'! (13)
16C 0 eC a &G 0 fé

The zeroth- and first-order equations for mass flow conservation at each recess are
respectively,

Mg, =dg, [r_Roo ( - ﬁPoi )]M:'WGq =@ To Mo Up H1 dG , i1, (14)
and
(- CF B =Wig, +ib o Ag) i +CR T, ) | a=Zfvfx  (19)
where o
E‘i 2(1_?%)[ - By (1- Py )]+ (SVRObPRr_Fb)Ei
(16.9)
_ i M, _ 7
Cg = by 1} TPO' ' (5 Vry r_RO)gi »i=L,...Nrec

with Mg, =gy (M M Up+Toh, Go+ oy 0, )N dG 5 oy, @=Zfwfx  (16b)
asthe firgt-order mass flow rates through the recess boundaries into the film lands.

The firg-order energy transport equation at the recess and the pressure rise/drop
equations at the recess edges are omitted for brevity.

Fluid film axial force and restoring moments

Integration of the pressure field on the thrust collar surface (shaft) rendersthe axia force
(F2) reacting to an gpplied externd load (W;) and the restoring moments (My, My), i.e.
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F, :-WZ:€(P- P,) RdRdg
As
= @P- P, )Rsing RdRdq (17)
N

@P - P, ) Rcosq RdRdq
Ag

Recdl that the pressure field is the superpostion of zeroth- and firg-order fields

P-P, _ B+ :g
ié

DZu— ER u — érR u _
LJP
¢ C* eC*

P= Dfy P, +a DfPe 18
TRASLAE ¥ ALY (18)

v,
o)

dueto theaxid and angular changesinfilm thickness defined by
ot withh, =1; h =rcosq; h =-rsng
h(r.gt )=h, +|§_zh +§—zh gc*_hf %

Subgtitution of the pressure field, equation (18), into the force and moment equations (17)
gives,

_ 1éDZu= éRU_, — éRU U
F, =(DP. R?)p¥P, v+ g P+ gDy B, +eoDl « B, ye' Grardg
N e~ u e~ u e“ u b @
G - — éR U —  éR U — 0 u
M, (DP RS)QP +1'_€“_}[C):ZBPZ +g%BDfY PfY +g%g|j X Pf f\;e ur snqdrdg (19)
N e a0 é-a - 0 g
1éDZ U éR U . — u — u
My =+ P Q)Qp iec 0 Q%UDfYRY+e—quxF¥ ye" 0r?cosq drdq
Té“ a - { €
where DPg=(PsPa) .
Fluid film dynamic axial force and moment coefficients
The bearing thrugt force (Fz) and restoring moments (Myx, My) are also expressed as the
superpogtion of equilibrium and dynamic forces and moments, i.e.
éF, u éon u éz, Ly, Ly, uéDZ u
é u_e u e Ue U iw
éMY a- eMy g- &z Lys, Zigs eDf t (20)
Ml Ml & Zy, Z {8 ?
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where the {Za b }a .-z correspond to bearing impedances arising from the dynamic

shaft mations. The dynamic iffness (datic siffness and inertia) and damping

coefficients are obtained from the red and imaginary parts of the impedance coefficients,
e

Kap ~W2M,, +iwC,, =Z,,; a,b =Z,f,f (21)
With the definitions forwarded, the bearing equilibrium forces and moments are given by

F,, =(oP, Rf)q‘ﬁordr dq

Ag

My, =- (DP%1 Rﬂ@) rsing rdrdg (22)
Ag

My, :+(DP$ R?’)@j_’o rcosq rdr dq

and the dynamic bearing impedances are determined from

30 ~f—
@P rdrdg y Z4, =- gDpéR* je\ijy}rdrdq,
)

Ag

FDPy, R?

Zy,, =- g
35
Ly, =- ?DPER :@Efx }r dr dq
a9

+§35DPQR§
46 N
Zi s, :+€quéR j@j‘%x}rzsinq dr dg

¢ o €

30 A0 N —
szZ:-gDP R% @D}r cosqdrday Z; = gjpégR j@Pfx}rzcosqdrdq
o}

0 ~\= 40 \—
ZfXZ je\jPz}rzsinq drdq, ZfoY:+§%i®3fY}r2s'nqdrdq
{aAB C 3

O
Q I

(23)

aEDP R:‘
VANES :6 T % cosq dr dq
Zre



Force and moment coefficients at the statically aligned condition
At the gatically aligned shaft and bearing condition, f , =f, =0, theforce coefficients

due to dynamic angulations and the moment coefficients due to axia displacements are
null, i.e

Zy, =24, =0=2, ,=2, ,=0; Z={K,C,M} (24)
A dmple dynamic andlyssfor the stability of arotating inertia determines the equivadent

angular gtiffness and whirl frequency ratio for shaft angulations as,

:KfoXCfoY K G Kon G K, G

K
€q
Cfxfx +CfoY

(25)

2
WFR2:wvn9 =(Keq- Kf fx )(Keq- KfoY )- Kfvfx fofv
gwﬂ V\F(Cfxfx Cfva -Cfvfx Cfva)

The equations above may be used to determine the threshold speed of ingtability for shaft
angular motionsin asmple system.

Furthermore, at the digned shaft condition, the following conditions dso follow due to
the rotationa symmetry of the thrust bearing,

fofx :ZfoY ’ Zfox = fofY ’ Z :{K’C’ M} (26)

That is, the direct moment coefficients are symmetric and the cross- coefficients are anti-
symmetric (due to the characterigtic hydrodynamic effect). In this case, the matrix of
dynamic impedances reduces to

€z, 0 0O u
é 1]
[Z]zé 0 Zi;, -Zis,q (27)
8 O Zf XfY Zf Xf X H
demondtrating the uncoupling between axid and angular shaft motions. The equivaent
moment coefficient and whirl frequency ratio then reduce to
K —_ + fva . VVFR_ Kf va 28
eq — M fy fofy Cf J —W (28)

XfX
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The solution procedure

Equations (11) and (14) describing the equilibrium flow field are solved using a control-
volume numerical procedure. San Andrés details the discretization method and dgorithm
used in the computationd andysis[2, 6]. The (discrete) first order flow fields defined by
equations (12) and (15) are found once the zeroth-order fields are obtained. Bearing
reaction forces and moments as well as dynamic force/moment coefficients follow from
numericd integration of the flow fields on the bearing collar surface.

The interested reader should consult the works of Launder and Leschizer [7] and Van
Dormad and Raithby [8] for complete descriptions on the CFD procedure, including
orders of accuracy and convergence.

THE COMPUTER PROGRAM HYDROTHRUSTM

The HYDROTHRUSTM Fortran 90 computer program is an extension of the earlier
HYDROTHRUST firg released in 1998. Both programs run as console gpplicationsin a
personal computer under the MS Windows operating system. The software includes a
windows based help file (hthrust.help) and severd examples featuring the options and
capabilities of the program.

HYDROTHRUSTM cdculates the static and dynamic force performance characteristics for
the following bearing configurations

1. hydrogatic / hydrodynamic thrust bearings with orifice compensation,

2. annular face sed with a pressure drop from inner diameter to outer diameter,

3. plan hydrodynamic thrust bearings.

Orifice injection is gpecified as axia or angled respect to the shaft rotationa speed
direction. The feed hole may be located anywhere within the recess, i.e. upstream or
downsiream of the middle plane.

HYDROTHRUSTM includes the following therma modes

- adiabatic surfaces, i.e. insulated shaft and bearing surfaces.

- isotherma shaft at pecified temperature and insulated (adiabatic) bearing.
- isotherma bearing at specified temperature and insulated (adiabatic) shaft.
- isotherma shaft and bearing surfaces.

- isothermd shaft and radid heat flow through bearing (stator).

- adiabatic shaft and radid heat flow through bearing (tator).

HYDROTHRUSTM caculates numerica predictions of:
bearing flow rate or sedl |eskage,
friction torque, power disspation and temperature rise,
load capacity if bearing minimum film dearance is given, or bearing film dearance if
the externd thrust load is given,
restoring moments about two axes,
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three axid force stiffness, damping and inertia force coefficients due to collar
displacements (DZ ), and two shaft rotations (Df , Df ),

three x two (=6) moment stiffness, damping and inertia force coefficients due to collar
displacements (DZ ), and two shéft rotations (Df , Df ).

Thus, the matrix of dynamic force coefficients comprises atotd of 27 vaues
corresponding to nine stiffness, nine damping and nine inertia force/moment coefficients.

The program interfaces with the NIST database to cdculate the thermophysica properties
of the following (sngle phase) cryogenic fluids:

(1) parahydrogen, (2) oxygen, (3) nitrogen, (4) methane.
Other fluidsincorporated in the program are:

(5) water, (6)ail, (7)air, (12) barotropic fluid.

The hdlp file hthrust.help gives a detailed description of the program operation and
input/output calculation options.

PREDICTIONSAND DISCUSSION

The andysis and computationa program are applicable to awide range of thrust bearing
gpplicationsincluding operation at low speeds and feed pressures with viscous minera
oils (laminar flow bearings), and high speed hydrogtatic / hydrodynamic thrust bearings
for implementation in modern compact cryogenic liquid turbo pumps and state of the art
turbomachinery using process fluid lubricants. To date, however, experimentd results for
these novel applications are not available in the open literature.

Table 1 presents the geometry and operating conditions of a Six recess hydrostatic thrust
bearing with R134arefrigerant for acommerciad compressor gpplication. San Andrés[2,
3] presents extensive predictions for arange of thrust loads at two operating speeds, 10
and 16 krpm, and pressure drops of 5.17 and 10.34 bars (75 and 150 psl), respectively.
The operating film clearances ranged from 12.7 to 101.6 mm. The computed predictions
show the paramount effect of fluid inertia (on film lands and recess edges) on the
performance characteristics of the thrust hybrid bearing.

The discussion concentrates on the effects of astatic shaft misdlignment (f , ) onthe
performance characteristics of the hybrid thrust bearing operating with a nomina
clearance (C) of 0.508 mm. All caculaions were performed with the full fluid inertia
modd, i.e. induding fluid inertia effects at the film lands and recesses (area and edges
interfacing with the film lands).

For reference in the discusson, Table 2 introduces the definitions for the dimensonless
bearing performance characteristics.
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Table 1. Hydrostatic thrust bearing for R134a compressor application

Axid injection a mid plane of arecess.

Geometry, Nye=6

S dimensions

English dimensions

Inner diameter
Outer diameter
Recess diameter
Recessradid length
Recess arc length

Recess depth

HIm dearance (nomind)
Recess/Bearing arearatio
Orifice diameter
Empirical parameters
Orifice discharge
coefficient

Entrance loss coefficients,

Inlet swirl coefficient

Din
Dout
Dr
Lr
Qr
Hr
C

do

Cq

a

89.13 mm
126.8 mm
108.6 mm
11.68 mm
240

0.508 mm
0.051 mm
0.25

1.70 mm

0.80
0.0, 0.0, 0.0, -

0.5
0.50

3.51inch
4,99 inch
4.28 inch
0.46 inch

0.020 inch
0.002 inch

0.067 inch

Xfi ’Xfo ’XQu ’XQd

Bearing and collar rdlative surface roughness = 0.45%

Operating conditions Sl units English units
Speed W  1,675rad/s 16,000 rpm
Supply temperature Ts  311loK 5600 R (100- F)
Supply pressure, Ps  24.10 bar 350 psa
Exit pressure, Ppin=Ppout Pa  13.80 bar 200 psa
Saturation pressure Psat  9.63 bar 139 psa
Fluid properties R134a refrigerant
Density r. 1210 kg/nt 75.54 |b/ft®
Viscosty m, 0.000198 Pas 0.0288
microReyns
Huid bulk modulus wo,) 1,820 bar 26,667 ps
Circumferential Reynolds number Re 33’000
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Table 2. Definitionsfor dimensionless bearing performance parameters, force and

Pressure

Massflow
rate

Load

Torque

Moments

Axid force
qiffness
coefficients

Axid force
damping
coefficients

Axid force
inertia
coefficients

Moment

diffness
coefficients

Moment
damping
coefficients
Moment
inertia
codfficients

Symbol
P
M
Fz
TO
M, , M,

KZZ’Kny'KZfX

22178 1 27

M

ZZ’KZfY’KZfX

Ksz’ fofy 1 TN f o

fxzinfo’fofX

Csz’CfoY ’Cfox

Cfo’nyfX'Cfxfx

MfYZfony' ff

IVARML IV INERL L IV W

moment coefficients.

Dimensionless parameter

— P- Pa
p_PS- P
M = M
Nrech AJ[er(Ps_ F:’a)]l/2

IEZ :%’ Fo= A3(PS- Pa)

— T 0.65 5 MW A R(?
To==2; T =§1+0.024[04° Re, [ 9——F—out
(¢} ToT oT éq- [ c] & C
M, = 7, =My
F* R)ut F* Raut
K — KZZC K = Ksz C K — Kfo c
7z — F 1 ny_ F VINZE F
* *R)ut * Rout
— sz CW — CZfY CW _ Cfo Ccw
Cp = = ’CZfY = R Vzt FR
* * ut * ut
. M,CW - My CW _ M, CW
Mzz - E y Wz, E Ro y Wz E Ro
* * ut * ut
K _KfYZC Va _KfoYC — _KfoXC

_ G ,CW _ G, CW _ G CW
G,z = FZ G, :F—z’Cfox TTER
< R < Rou < Rou
M ,CW . M, CW _
fvz = F*RM ’ foY_F*—R)Zut’ fof «
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Force and moment coefficients for the aligned hybrid thrust bearing
Table 3 details the predicted values of the bearing characterigtics at the nomind clearance
position, C=0.051 mm, and without shaft misdignment. Note that for the digned

condition, the restoring moments are null, i.e. Mx=My=0.

Table 3. Bearing performance parametersat nominal oper ating clearance and

Recess, minimum and maximum film
pressures

Recess mass flow rate, mass flow rate

through inner and outer radii
Axid load and torque
Restoring Moments

Axid force diffness coefficients
Axid force damping coefficients

Axid force inertia coefficients

Moment giffness coefficients

Moment damping coefficients

Moment inertia coefficients

Other cross-force and moment coefficients

aligned shaft collar.

Symbol
PR, F)min, I:)max
MR, IVlRim MRout
FZ1 TO
M, M,
KZZ’KZfY’KZfX
CZZ’CZfY ’CZfX
Mzz’KwaKfo
foX = foY
oty = Ko,
CrXfX :CrYfY
Gy = G,
M =M, ¢
M =- M,

Dimendgond vdue
19.81, 9.95, 23.175 bars

0.0588, 0.0567, 0.297 kg/s

1374 N, 3.57 Nm
0, ONm

41.3 MN/m, O N/rad, O N/rad

29.4 kN s/m, ON s/rad, ON s'rad
2.36 N&/m, O N s/rad, O N S/rad

64.2 kN m/rad,

36.1 kN m/rad
43.65N m srad

6.25 N m srad

3.3010°3 N m s/rad
-0.1910° N m s¥/rad

0

San Andrés [2, 3] discusses the bearing performance for two operating speeds and
increasing axid loads. Figure 3 reproduces some of the calculated axid load performance

parameters for the setically aigned hybrid thrust bearing (f , =f

=0). Note that asthe

axia load increases, the recess pressure (Py,) increases towards the supply value and the
operating (axid) clearance decreases rgpidly. For the smdlest |oad the maximum or
largest clearance equas101.6microns. The dynamic force damping coefficient (" Cz) for
axia motions remains more or less uniform for the range of smal to moderate loads, and
increases rapidly for heavily loaded conditions due to enhanced hydrodynamic effects.
The datic (" Kzz) and synchronous (" Kzz- Mzz) axid diffness coefficients show atypicd
behavior with an optimum value for moderate loads a a recess pressureratio (Pg) ~ 0.6,
as expected from a turbulent flow hydrogtatic bearing.
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Recdl thatathestaticdly digned bearing condition, Z,, =7, =0=Z; ,=Z ,=0;

adz , =72, :Z, =-Z., ;thus theequivalent moment stiffness coefficient and
whirl frequency ratio reducetoK, =K, ; +K; G . \WER= Ki g,
o G WC,

Xf X XfX

Figure 4 depicts the moment coefficients for increasing axid loads. The gtatic and
(synchronous) dynamic direct coefficients (Kf fo fofx - fofx) show asmilar

behavior asthe axid force coefficients, i.e. render low vaues for smal and large recess
pressures and an optimum (maximum) value at about the same recess pressure for the

axid force stiffness. On the other hand, the direct moment/angle damping (q g = nyf Y)

and cross-diffness (Kfox =- K, XfY)coe‘flaentsmcreese rapidly with the applied load,

thus denoting the large influence of hydrodynamic effects as the operating clearance
decreases. The whirl frequency ratio (WFR) is gpproximately 0.50 for al operating
conditions, thus showing hybrid thrust bearings undergoing angular shaft motions have
the same inherent stability limit as hydrodynamic thrust bearings and face sedls

Effect of shaft static misalignment on thrust bearing performance
The following figures depict the effect of the shaft collar satic misalignment

andle(f , ) on the performance characteristics of the hybrid thrust bearing operating with a
nomina clearance of 0.51 mm [ (Py) ~0.6]. Recall that operation at this condition shows
near optimum (direct) axia force and moment direct stiffness coefficients. The
calculations were conducted for misdignment angles (f ,, ) as large as 723 micro radians,
which trandate into aminimum film thickness as low as 10% of the nomind clearance.

Figures 5 through 7 show the predicted static performance characteristics of the hybrid
thrust bearing. Minimum and maximum film pressures and recess pressures increase
(nearly) linearly as the misdignment angle increases. The largest film and recess
pressures are located on the Sde of the minimum film thickness The maximum film
pressureis dreedy larger than the supply pressure for rdaively smal misdignment
angles and denotes the dominance of centrifugd hydrodynamic flow effects as noted
ealier in[2]. The minimum film pressures are lower than the bearing discharge pressure
due to fluid inertia effects as also discussed ther?.

Figure 6 depicts the dimensionless mass flow rates through the inner and outer radii of
the bearing versus the misdignment angle. Again, due to centrifugd fluid inertia effects,
the flow rate leaving the bearing through the inner radius decreases as the misdignment

2 The dimensionless pressure corresponding to the refrigerant saturation pressure equals—0.405. Thus, the
predictionsindicate zones of fluid cavitation (vaporization), in particular at the downstream side of arecess
in the circumferential direction.
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angle increases (minimum film thickness decreases). There is gpproximately a 20%
reduction in flow rate (M="Mpoutrt ~ Mgin) from the nomina condition to that with the
largest misdignment angle.

Figure 7 shows the predicted axia force ( ) drag torque (T, ( )and restoring moments
(M M, )versusthe misdignment angle (f X ) . The axid force and drag torque remain
relatively insengtive to the degree of misalignment while the restoring moments increase
rapidly. The rate of growth of the hydrogtatic reaction moment ( ) appears to be linear

with the misaignment angle, while the cross-moment ( ) due to hydrodynamic effects
isof importance at large misdignment angles.

Figures 8 and 9 depict the dimensonless force stiffness and damping coefficients due to
shaft axid displacements and angulaions, respectively. As the misaignment angle (f x )
increases, the axial force stiffness and damping coefficients(K, , C, ) dueto shaft axia
disolacements are larger (though relatively invariant) than the force coefficients

(IZZf Cx, )and ( Kz, Cax )due to shaft angulations. However, for large misdignment

angles the cross-coefficients (K 2,0 C, ) due to hydrodynamic effects become important.

Figures 10 and 11 show the dimensionless moment stiffness and damping coefficients
due to shaft angulations and axid displacements, respectively. The direct moment-angle
coefficients are sgnificant for an aligned shaft condition while the cross-moment
coefficients are negligible. Note that the symmetry (anti-symmetry) relaions hold & the

digned condition. The direct moment stiffness coefficients (Kf foo K, Ay )reman
relatively congtant even for large misdignment angles, while the cross-stiffnesses
(fofy - K, ) are smaller and increase rapidly due to the hydrodynamic shear flow

effect. The direct moment damping coefficients (Cf f ,nyfY ) , dways larger than the

cross-damping coefficients (Cf o Crg, ) increase rapidly as the misaignment angle
growssncethe locd film thicknessis smdler. Note dso that the hydrodynamic moment
stiffress (- K, , ) and damping (G, )coefficients due to shaft axial displacemernts
increase rapidly for large misdignment angles.

The predicted whirl frequency ratio (WFR= — W ) for ashaft collar undergoing dynamic

angulations remains uniform at approxi maely 0.50 for most misdignment angles. The
equivaent moment diffness ( ) here mainly determined by the hydrogtatic stiffnesses

(K o K. Sy ) , provides a measure of the largest mass moment of inertiafor safe

K
operation of the rotating system, i.e. | = Wezq without the likeliness of a hydrodynamic

instaility.



The predictions presented correspond to a bearing with axia injection a the mid plane of
arecess. Cdculations were dso performed for hydrodtatic feed with atangentia feed
injection (90 degrees) opposite to the shaft rotationa speed and at different
arcumferentia locations upstream and downstream of arecess. These predictions were
conducted to determine if the whirl frequency ratio would decrease so asto render amore
robust bearing free of hydrodynamic ingtability. Table 4 below shows the predicted

results for the axid force, torque, force and moment coefficients for the bearing digned
condition at the nomind operating condition (C=0.051 mm).

Table4. Predictionsfor aligned bearing with angled hydrostatic feed injection.

Feed Pogtion F; To Kz Cz Kf . Kf ; Cf ; Cf . Keq WFR
ag|e X' X X'y X' X X'y

degrees kN Nm MN/m KNsm KNm/frad KNm/rad Nm.grad Nm.srad KNm/rad
0 05 137 356 413 294 64.1 36.1 43.6 6.25 69.6 0.50
0 0.1 141 350 452 30.8 70.8 35.6 45.7 5.88 75.3 0.46
0 05 139 334 407 299 64.2 326 434 542 68.3 044
0 0.9 145 323 373 27.7 504 29.7 41.2 493 62.8 043
Angle: 0 = axial feed, +90 degrees = tangential against shaft rotation, -90 degrees= tangentia parallel to shaft rotation

Position: 0.5 = middle of recess, 0.0 = upstream edge of recess, 1.0 = downstream edge of recess.

The predictions show that angled injection reduces dightly the whirl frequency ratio but
not sgnificantly to free the bearing from its limited ability limit. Note thet this bearing
gpplication has large surface speeds with anomina circumferentid flow Reynolds
number approximately equal t033,000; thus then the limited advantage of angled
injection. Smilar results (theoretical and experimental) have been obtained for radia
hydrogtatic bearings [9]. Nonetheless note that a hybrid bearing with atangentia
injection orifice location well upstream within the recess (podition 0.1) shows a
sgnificant increase for its equivaent angular stiffness (Keg), thus effectively increasing
the critical mass moment of inertia of the rotating system. On the other hand, tangentid
feed injection located well downstream of the recess (position 0.9) shows a Sgnificant

reduction in the cross-coupled stiffness coefficient K. ; thus rendering the lowest whirl

ratio but aso the lowest equivaent angular stiffness. The predictions aso show that the
axid load and axid force digplacement coefficients (Kzz , Czz ) are not grestly affected
by the angled feed injection.
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CONCLUSIONS

A bulk-flow andlysis and computer program for prediction of the static load performance
and dynamic force and moment coefficients of angled injection, orifice-compensated
hydrogtatic / hydrodynamic thrust bearings have been completed. Advanced cryogenic
fluid turbopumps are very compact, operate a extremely high shaft speeds, and require of
hybrid (hydrostatic / hydrodynamic) radid and thrust fluid film bearings for accurate

rotor positioning and control of critical speeds.

The andys's accounts for the bulk-flow mass, momentum and thermd energy transport,
includes flow turbulence and fluid inertia (advection and centrifugdl) effects on film

lands and recesses, and incorporates cryogenic fluid properties using a NIST data base.
The computer program predicts the flow rate, load capacity, restoring moments, power
loss and 27 dynamic force coefficients for rigid surface, tapered land hybrid thrust
bearings.

Predictions on the effects of shaft collar misdignment on the gatic and dynamic force

and moment performance of arefrigerant R134a hybrid thrust bearing are presented. The
The axid force giffness coefficient and the direct moment/angle stiffness coefficients

show an optimum vaue for acertain load (recess pressure ratio) while the damping
coefficient steadlily increases with the gpplied load. As the misalignment angle increases,
both moment and force coefficients due to shaft axia displacements and angulaions dso
increase. The most important result is, however, the prediction of awhirl frequency ratio
equa to 0.50 for most operating conditions. That is, thrust hybrid bearings offer the same
limited gtability characterigtics as hydrodynamic bearings thrust when undergoing self-
excited sheft angular motions.

The research conducted concludes a multiple year effort funded by NASA Centersfor the
development of sound computationa tools able to predict reliably the performance of
externdlly pressurized bearings needed for their current state of the art turbo pump
technology.
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Figure 3. Operating clearance, recess pressure ratio, and axia force coefficients
(Kz, Cg) varsus axid load for gaticdly digned bearing.
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