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ABSTRACT

Process fluid hybrid (hydrostatic/hydrodynamic) bearings find numerous applicationsin
high performance turbomachinery operating under severe environmental congtraints.
Hybrid cryogenic liquid bearings currently replace bal bearings in space propulson
turbopumps due to their high stiffness and damping characteristics derived from the
turbulent fluid flow through the bearing film lands induced by the high rotationa speeds
and large pressure differentials. Extensive anadytical and experimentd research has
shown that hybrid bearings are prone to show two types of dynamic instabilities.
Operation with compressible fluids could lead to pneumatic hammer if the bearing
recesses and feed restrictor and supply line are not properly designed. Operation at high
rotor speeds, on the other hand, generates large cross-coupled forces and induces a
hydrodynamic ingtability characterized by rotor whirl at subsynchronous frequencies,
typicaly 50% of the rotor speed. Thisingability cannot be easily removed within the
congraints of arigid bearing geometry, except for angled injection againg rotation,
adequate only for low to moderately high rotor speeds. A hybrid bearing geometry
alowing stable operation at larger rotor speeds than with conventional multi-pocket
hybrid bearings is presented. The rudiments of the analysis are highlighted followed by a
discussion on computed results (force coefficients and leskage) for the novel bearing and
aconventiona one in a cryogenic turbo pump agpplication. The nove design explaitsthe
features of geometric asymmetry and recess (pocket) positioning to produce a bearing
with alow whirl frequency ratio while sill maintaining adequate levels of direct stiffness
and damping coefficients. Experimenta results conducted on awater lubricated
hydrogtatic bearing facility & TAMU have fully confirmed the advantages of the novel
bearing.
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INTRODUCTION

Hydrogatic bearings derive their load capacity not from shear flow driven effects
(hydrodynamic wedge) but rather from the combination of pressure versus flow
resgance effects through a feed redrictor and within the bearing film lands. Hydrogtatic
bearings can support large loads without journa rotation, have low friction and wear, and
provide large (accurate and controllable) direct siffness and good damping coefficients.
Note that hydrogtatic bearings require an externd pressurized supply system and some
type of flow redrictor. Also, under dynamic motions, hydrogtatic bearings may display a
pneumatic hammer effect due to fluid compresshility. However, and most importantly,



the load and datic iffness of a hydrostatic bearing are independent of fluid viscosty;
thus making this bearing type very dtractive for cryogenic liquid or low viscodty process
flud gpplictions, further satidying severe environmentd — condraints.  Hybrid
(combination hydrogtatic and hydrodynamic) journa bearings (HJBs) endble smdler and
lighter turbo pumps through no bearing DN life limitation and no sub-critical rotor
operation [1-6].

Primary power cryogenic turbo pumps operate at high speeds (~ 170 krpm) and produces
large fluid pressure rises (max. 30 MPa). These typicd operating conditions determine
the flow in the supporting fluid film bearings to be fully turbulent with dominance of
flud inetia and themd transport effectss  San Andrés [1-6] published bulk-flow
andyses and computational programs for the prediction of the static and dynamic forced
response of HIBs and damper seds. More than 30 hybrid journd bearings and damper
sedls with rotationa speeds ranging fom 10 to 25 krpm and pressure differentids from 4
to 7 MPa have been tested for their rotordynamic force coefficients, leakage and load
capacity at a water lubricated, high-speed Hydrodtetic Bearing Test Facility [7-13].
Extensgve comparisons show the buk-flow mode predictions corrdate favorably with
the experimentd results.  Accurate predictions depend greatly on the knowledge of the
bearing operating clearances, and most importantly, on the orifice discharge coefficients.
The references cited also discuss the sengtivity of the computed predictions to variations
in the input empirica parameters[8-13].

Despite the many advantages offered by HJIBs, rotordynamic indabilities due to
hydrodynamic (shear flow) and "pneumatic hammer” effects ae issues of primary
concern for high speed operation with large pressure differentids.  Pneumatic hammer
effects are avoided by appropriate sdection of the flow redrictor, by designing bearing
recesses with smal volumes, and by redricting bearing operation to flow conditions
where the pressure differentid isa smadl fraction of the liquid bulk modulus [14].

Severe sub synchronous vibrations at rotational speeds above a certain threshold denote a
hydrodynamic ingability on rotor-fluid film bearing sysdems and due to the effect of
journd rotationd speed on the shear flow fidd. This condition is typicd of fixed
geometry bearings. The threshold speed corresponds to the rotor speed at which a bearing
is deprived from its effective damping and any smal perturbation from an equilibrium
postion will determine unbounded rotor motions  The whirl frequency ratio (WFR)
denotes the ratio between the whirl frequency (typicdly the system first critica Speed)
and the threshold speed of ingability. Plain journd kearings show a WFR equa to 0.50
for samdl to moderate operaing eccentricities (light loads), and thus ingtability onsets at
rotational speeds equal to twice the system firgt critical speed. Measurements in hybrid
bearings verify closdy the theoreticd WFR prediction. In some circumstances the WFR
even increases above 0.50, in paticular for low rotationa speeds and large supply
pressures[9-11]

The hdf frequency whirl condition severdy limits the application of HJIBs in high speed,
light weight turbomachinery, and thus concerted efforts have been directed towards
concalving (fixed geometry) hybrid bearings with improved gability characteristics, and



without loss in centering giffness and damping ability.  Some of the technologicd
advances evolved from andyss and enginering desgn, while others followed
empiricism and wdl known past experiences. The recommended fixes to improve the
hydrodynamic stability of hybrid bearings by reducing or diminating the WFR are:

Roughen bearing surfaces to decrease the cross-coupled  iffness coefficients. Tet
reults in a rough knurled-pattern HIB showed a WFR as low as 0.30 but with a reduced
load capacity and direct stiffness when compared to a smooth surface HIB [9].

Flexure-pivat, tilting pad HJBs due to their inherent dability. San Andrés [5]
introduces the andyss and fully evduates ther potentid for cryogenic uses.
Flexure-pivot HIJBs conditute a nove dternaive and full-scae testing demonstrated
the expected performance.

Hybrid bearings with angled liquid injection opposing journd rotation to reduce the
devdopment of the circumferentid flow veocity and virtudly eiminate cross-coupled
diffness coefficents.  This concept, dthough lacking firm theoreticd modding, haes
proven successful in some gpplications [15]. Experimental measurements for a 5 recess
water HIB demondrate that angled injection aids in reducing the whirl frequency ratio
without decreasing the bearing centering stiffness and load capacity [11, 12, 13].

Circumferentidly asymmetric pad bearings to produce anisotropy in the rotordynamic
force coefficients [3]. This concept and its andyss are detaled next. A conventiona
360° HJB with an even number of recesses (Nrec) IS Split into two pad hydrostatic
bearings with axia grooves separating the bearings, each with Y2 Nec recesses per pad.
This smple change increases the stable operating speed range of a conventiona HJB,
in paticular for gpplications where fluid compresshility severdy degrades bearing
forced performance. The novel design enhances dability by providing a lower direct
diffness in the plane of the axia grooves as compared to the orthogond tiffness.

ANALYSIS

Figure la shows the geometry of a conventiona (360° extent) hybrid journa bearing. A
liquid a high pressure (Ps) and inlet temperature (Ts) is supplied radidly through orifice
restrictors and enters into the bearing recesses with a mean pressure Pr). The pressure
fidld within the recesses is detemined from flow continuity with the film lands,
momentum exchange a the orifice plane and a viscous rise due to journd rotation. At
the recess edges, an inertial pressure drop aso occurs due to the sudden trangtion from
the recess of depth (Hg) into the film lands of thickness (H), see Figure 2. Past the

recesses, the liquid then flows through the film lands and the pressure drops to the
discharge vaue (Pa).

Figure 1b shows the innovative HJB geometry with axid grooves (180° gpart) effectively
dividing the cylindrical bearing into two arcuate pads. The discharge pressure at the deep
grooves effectively bresks the rotationa symmetry of the bearing. This configuration is
essentia to provide, at the journa centered position, an asymmetry in the dynamic force
coefficients that should reduce the whirl frequency ratio.



recess

Figurel. Geometry of radial hydrogtatic journal bearing (a) conventional design, (b) two pad grooved with

asymmetric r ecesses.

Bulk-flow equationsin the film lands

The modd congders the fully developed turbulent bulk-flow of afluid whose materid
properties depend on its locd thermophysical state of pressure and temperature. The
generd trangport equations including these features are [6]:
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conservation of mass y=1 0
equation
trangport of circumferential y =Uy _y TP 1P m U, -k, WRo
momentum velocity ix H & o 2
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The film thickness (H) is a function of the nomind dearance (c¢) and journa center

eccentricity (exv), i.e.

H =c(a)+e, cosq +e, Sng 2

The wall shear dtress parameters ky=ky=Y2(ks+kg) with k;=f;R;, ks=fgRs, and the friction
factors (f;8) depend on the bearing and journd surface conditions and the flow Reynolds
numbers relative to the rotating (R;) and Sationary (Rs) surfaces [16].

liquid properties are extracted from the Benedict-Web-Rubin equation of state [17].

The cryogenic



The fluid pressure equds the specified ambient vdue (P,) a the bearing Sdes (y=+L/2)
and a the leading and traling edges of a bearing pad. Other formulae accounting for
(inertid) pressure recoveries at the discharge planes or a ram pressure at the pad leading
edge are not presented for brevity. At the interface with the bearing recesses, continuity
of flow and pressure must be attained as detailed below.

Flow and pressure equations at a bearing recess

Figure 2 depicts a bearing recess with axiad length (I) and circumferentid extent (b). The
recess area Ar =l b, and the feed orifice has diameter d, with a feed volume equd to
Vaupply- The simplified anadlyss of hydrostatic bearings does not modd the flow fidd
within the recess since these are (typicdly) deep and enclose a nearly stagnant large fluid
volume. The present mode accounts only for flow continuity with the film lands and sets
the recess pressures (Pr) from the wel-known orifice flow eguation implementing an
empirica discharge coefficent (Cy). Hill e d. [18] discuss the complexity of the flow
field in hydrogetic pockets as determined from CFD sudies. Ther numerica results
revea the generation of hydrodynamic pressures within the pocket followed by sharp
inertiad pressure drops at the recess edges.
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Figure 2. Hydr ostatic recess geometry and pressuredistribution.

The continuity equation at a hydrogtatic recess establishes a baance among the mass flow
through the feed orifice (Mg), the flow through the boundaries of the recess into the film

lands (Mg), and the accumulaion of fluid mass within the recess volume, Vg=[Ar
(H+ HR)+VSupp|y] . That |S,

,A/2
Mg =C, AJ%[P{ PR]% :MG"'%(r VR) )

where M =¢y HUhd,, A, = Cypdo?/4 is the effective orifice area, and G denotes the
closure of the recess with the film lands and hasanorma h aong the boundary line,



The circumferentid pressure downstream of the feed orifice (P;)is given, as in a
Rayleigh step bearing, by

b i WR
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b

Fuid inertia causes a sudden pressure drop at the interface between a recess and the film
lands. The entrance pressures (P ) to the film lands bounding a recess are given by,

. [+ € o Ge H g u
P :PR+( X)rgl quiy (5)
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i=1,..,Nrec

where (X) represents empirical entrance loss coefficients at the recess edges. The sudden
pressure drop is accounted for only if the fluid flow effectively entersthe thin film lands.

Perturbation analysis

Smdl amplitude radid journad motions (DX, DY) &bout an equilibrium postion (e, .e,,)
dlow expressng the film thickness and flow variddles as the superpostion of equilibrium
and perturbed flow fields, i.e.

H =H,+(DX cosqg +Dstq) wt.

y =y, +(DXy , +DYy,)e""; (6)
y ={P.U, .U, Kk, k]

where (W) is an excitation frequency and i=(-1)"2. Subdtitution of the fidds above into
the trangport equations in the film lands and recesses renders sets of zeroth- and fird-
order flow equations for evaluation of the bearing Satic load capacity, drag torque, recess
flow rates and dynamic force coefficients. San Andrés [1-6] detalls in full the procedure
and resulting equetions.

Numerical Method of Solution

The computationd method for solution of the trangport equetions in the film lands
coupled to the recess flow equations implements the control-volume CFD scheme of
Launder and Leschziner [19] and the SSIMPLEC procedure of Van Doormaa and Raithby
[20]. Staggered grids containing control volumes for the primitive flow variadles
(circumferentiadl and axia veocity, pressure and temperaiure) cover the flow domain.
Satisfaction of the recess mass flow condraint is ensured through a NewtonRaphson
scheme. San Andrés [1-6] discusses the method and its accurecy, its extension to
compressble fluids and complex geometries, and parametric sudies to determine the
sngtivity of rotordynamic  force predictions to variations in input (usudly known)
parameters and empirical coefficients.



Huid film forces (F) and rotordynamic force coefficients are determined from integration
of the equilibrium and firs-order pressure fields acting on the journd surface, i.e.

F, =@R, h, dxdy; . _xy

K,, -W>M,, +iwC,, =&P, h, dxdy; 0

with {hX =cosqg,h, =49n q}. The bearing equivdent giffness and whirl frequency ratio
are cadculated using the formulae [21],

- KXXCYY + KYYCXX B CYXCXY - G/ C 2
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2
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W, g (CXXCYY - CuvCix )W (&)

for rdatively smdl inertiaforce coefficients.

DISCUSSION OF PREDICTED RESULTS

Table 1 ligs the geometry and operating conditions of a sx recess HIB bearing for
goplication in a Liquid Hydrogen turbo pump. Predictions are presented for (1) a
conventional 3600 bearing, and (2) the nove configuraion with the bearing divided into
two pads of 1650 extent and asymmetricaly positioned recesses.

Figure 3 shows the leskage and torque for both bearings versus increasng journd
eccentricities, (ex) towards the middle of the bottom recess and (ey) orthogond towards
the grooves. Figure 4 depicts the dimensionless bearing reection load (F/LD[P, - P,])as
a function of the journd eccentricity. The predictions show the novel HJB with grooves
does not grestly affect the static load performance nor increase the leskage rate.

N
—& -Load (1) ——Load (2
0ad (1) oad@ [ | //

0.24

1pad bearing
STe——

(Nm

0.14

nle:

< : F o
E - 2 pad bearing s
: =~
0.7 s
’{ 0.34
0.6 - .
I's
' ”* D?eylc " o eccenotricity ” ’ ex/C06 * 1 " O'GEY/C " v eccenomcity " " e></C06 " '
Figure 3. Flow rateand torquefor LH2 HIB vs. Figure4. Dimensionlessload capacity for LH2 HIB
journal eccentricity. (1) 360 deg bearing (2) vs. journal eccentricity. (1) 360 deg bearing (2)
modified 2-pad HIB modified 2-pad HJB



Stiffness coefficients (dimensionless)

Table 1. Hydrogtatic bearing for LH2 turbo pump

Radial injection at mid plane of arecess.

Geometry, N;ec=6 Operating
conditions
Diameter D=2R  927mm Speed (25krpm) W 2,618 rad/s
Length L 37.1mm Supply temperature T 4460 K
Clearance C 0.076 mm Supply pressure, Pg 267 bar
Recess axial length | 190 mm Exit pressure P, 88.1bar
Recess arc length (b/R) Q 5 240 Fluid properties  LH2
Recess depth Hr 0228 mm Density r. 75 56kgn?
Film clearance (nominal) C 0.051mm Viscosity m 0.00135, 0.0007
a centi poise

Recess/Bearing arearatio 0.20 Bulk modulus Wo,) 777 bar
2 pad bearing arc length 165 o _ _
Orifice diameter do (1) 248 mm TyPCircumferentiadl  Re, 58454

(2) 253 mm Reynolds number
Empirical parameters TYPAXxial flow Re,  224,8000

Reynolds number
Orifice discharge coefficient Cq 0.80

Entrance | oss coefficients (x,y) 0.0,05

Inlet swirl coefficient a 050

Bearing and collar relative surface roughness = 0.45%

Figure 5 presents the  dimendonless  synchronous — diffness  coefficients
(K., c/LD[P,- P,]) for both bearings versus the journd displacements toward the

middle of a recess (ex) and toward the grooves (ey). The conventiond bearing shows
gmilar direct diffness coefficents, Kxx~Kyy, for smdl to moderate journd
displacements. However, the grooved HJB renders lagdy asymmeric diffness
coefficients, yet of dgnificant magnitude. The cross-coupled Hiffnesses are rdatively
gndl in this application dominated by axid flow effects. Nonethdess, their importance
on the bearing rotordynamic ingtability cannot be disregarded. Note that the axid flow
Reynolds number is about four times as large as the crcumferentid Reynolds number
(see Table 1).
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Damping coefficients (dimensionless)

Figure 6 presents the dimensonless damping coefficients (Cab cW/ LD[PS - Pa]) for both

bearings. As in the case of the diffness, the grooved HIB shows a direct damping
coefficient (Cyy) smdler than (Cxx). Note that the force coefficients remain reaivey
uniform for smal to moderately large journal eccentricity displacements (<0.70 c). This
linear behavior is a characteristic of well-designed hydrogtatic bearings.

Inertia force coefficients are very smdl for LH, bearings and not shown here for brevity.
This is not the case for large dengty fluids such as in water and liquid oxygen HJBs [6,
10].
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Figure 6. Dimensionless damping coefficientsfor LH2 HJIB vs. journal eccentricity. (1) 360 deg bearing
(2) modified 2-pad HJIB.

Figure 7 shows a whirl frequency ratio (WFR)~0.50 for the conventiond cylindricd HJIB
a the journa centered postion (e~0). However, the grooved 2pad HJB offers unlimited
dability snce its WFR is null or negative. The rationde for this important result becomes
goparent when andyzing the cross-coupled diffnesses depicted in Figure 8. The
conventiond bearing shows -Kyx»Kxy while the grooved bearing offers -Kyx < Kxy. This
condition enhances dability since the work brought into a whirl orbit by cross-coupled
destabilizing forcesis proportiona to (Kxy-Kvyx) [21].

Predictions for a HIBs handling liquid oxygen for a cryogenic turbo pump are given in
[4]. In this case, the smple two-pad HJIB 4ill offers a subgantid reduction in WFR
(enhanced dahility) but not as pronounced as in the LH, application. Typicdly, LO,
bearing show dominance of hydrodynamic effects due to the large fluid densty and
reduced operating clearances to keep the flow rate within desired rates. Proprigtary
experimentd results conducted for Rockwell a the water hydrogtatic bearing facility at
Texas A&M Universty have fully confirmed the advantages of the nove bearing and
secured the usability of the patented design.
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CLOSURE

Modern turbomachinery operating a high speeds and large pressures incorporate process
fluid hybrid (hydrostatic/hydrodynamic) journal and thrust bearings to reduce the number
of parts, to diminae expendgve minerd Iubricant sorage and pumping, thus dso
satisfying dringent environmental congraints.

Extensgve andyticd and experimenta research has brought forward the technology of
hybrid journd bearings (HJBs) for advanced turbo pump applications. Computationd
andyses induding flow turbulence, fluid inertia and compresshility and thermd effects
have been advanced to address the unique needs of the technology. The andyses have
been vdidated by careful experimentation with measurements of load, leakage and
torque, and identification of rotordynamic force coefficients. Fixed geometry HJBS,
however, do have limited dability characterisics with a whirl frequency ratio (WFR)
~050, like plan hydrodynamic journd bearings. Thus, invedigations have been
underway to diminate this limiting operating condition.

The andyss of an axidly grooved two pad HJB shows promisng results that
ggnificantly enhance its hydrodynamic dability as evidenced by the predicted low WFR
The engineered asymmetric geometry renders a pronounced asymmetry in the dynamic
force coefficients. The innovative HJB dill offers nearly identicd torque, load capecity
and flow rate, and principd direct iffnesses when compared to a conventiond
cylindricd HJB.

The axidly-grooved two-pad HJB shows remarkably good dynamic dability operating
conditions for operating conditions with dominance of hydrogatic effects, and effectively
counteracts the ddeterious effects of hydrodynamic shear flow and liquid compresshbility
a the recess volumes. The novel bearing offers a promisng dternative, as easy to
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manufacture as the conventional HJB, and much less expensive than other proposed HJB
desgns with improved dability characterisics (angled injection, roughened surfaces or
tilting pads).
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