Fluid Flow Equations for
Rotordynamic Flows in Seals

- | and Leakage Path
C. E. Brennen an ea age atns
Professor
Fluid-induced rotordynamic forces produced by the fluid in an annular seal or in the
Division of Engineering and Applied Science, leakage passage surrounding the shroud of a pump or turbine, are known to contribute
California Institute of Technology, substantially to the potential excitation forces acting on the rotor. The present research
Pasadena, CA 91125 explores some of the important features of the equations governing bulk-flow models of
these flows. This in turn suggests methods which might be used to solve these bulk-flow
equations in circumstances where the linearized solutions may not be accurate. This
paper presents a numerical method for these equations and discusses comparison of the
computed results with experimental measurements for annular seals and pump leakage
paths.[DOI: 10.1115/1.1436093
Introduction ments in which flow reversals and recirculation zones occur in the

Over the last few years a substantial body of experimental de|1 kage patl{Sivo et al.[9], Guelich et al[10]). These changes

has been gathered on fluid-induced rotordynamic foft¢gen- rlﬁ: dlﬁgcggﬁcéli?fgrrgr? flriarlr? :ﬁ;:ﬁt:gggt:gebsys fﬁewg;%h;,frggggg\,'g_
erated in narrow, fluidfilled annuli such as occur in turbulent All5city. Certain 3-D computational analyses, such as Baskharone
nular sealgfor example, Childs and Dressmg2], Nordmann and

- . nd Hense[11], have observed these flow reversals.
Massmanr3]) or in the leakage flows surrounding the shroudef N ; . .
impellers of pumps or turbinefor example, Guinzburg et al. The Reynolds number of most leakage flows is very high. This

[4]). To allow for greater understanding of the underlying flui eans the bulk flow model requires expression_s_whi_ch relate the
mechanics of such flows, it is clearly valuable to view this data i rbulent shear stresses to the averaged velocities in the gap. In

the context of an accurate analytical model and, if necessary, r cge Oflggzn:kfgrga?;:h; eblfg.gﬁ‘;vtégoﬂ;'ﬁ th?riitri]gr?rc?;f?;g]zn the
tune the frictional and other parameters in the model to provid 9

h . ese are defined by:
reliable tool for the designer.
The problem with this strategy is that the available analytical

models have not yet shown themselves capable of accurate and - puh\m
reliable predictions. Perhaps the most promising approach has :n(—) 1)
been the bulk flow model developed by Childs6] and subse- 1 pu? n

guently used by othels]. This linearized model appears to give

reasonable results in some cases and unreasonable, even bizarre

results, in others. Nevertheless, it represents a coherent and ratibereu is the gap-averaged velocity relative to the surface under

nal starting point from which to begin. Some of the inherent prolgonsideration, and thex andn are denoted byns andng for the

lems with this model are summarized in the following section. stator andng andng for the rotor. These expressions, which are a
simple and heuristic extrapolation from the correlations for turbu-

Bulkflow Models of Rotordynamic Flows lent flow in a pipe, are taken from the work of Hirs who recom-

. . . mends that the coefficients and n be “fitted to individual ex-
Based on Hir¢8] lubrication equations, the bulk flow model of eriments.” The frictional coefficients are dependent on six

Childs[6] uses simple correlqtions for. the shear. st.resses base.op r)1/sical parameters, including the curvature of the surface, iner-
the gap averaged flow velocities. This model, in its pert_urbatuf[}le effects. and rouéhness. Thus, the coefficients may nof fully
:guttc')%? ];gim’rgsb\llg%eslyv\:ﬁﬁarrg;ﬂvﬁ asl:;efluel ?é%dﬁ?ggg:fa?rﬁfyabcount for the curvature of the flow path in a particular leakage

. P . y p P ometry. As stated previously any reversal in flow direction near
mains. As presented by Childs, the bulk flow model assumes t

: . - the impeller implies a serious error in the correlation of EL.
the three-dimensional, unsteady, turbulent flow in an annulus P P =

: . . . e sign of the wall-shear stress term for the rotor should change
be accurately approximated by reducing the dimensions of (t‘ﬁ] a region of reverse flow.

flow from three t0 two, by using a simple correlation between the In addition, the use of the above expressions for the turbulent

shear stresses and gap averaged velocities, and by treat'ngﬁégar stresses are subject to an even more general criticism. They

rotordynamic flow as a linear perturbation on the mean flow. Ea re correlations for steady turbulent flows based, primarily, on
of these assumptions should be carefully considered when us% erimental observations of steady flows. In contrast, the rotor-

this approach to model the flow in a more complex computation ynamic flows of concern here are fundamentally unsteady. The

do%ina:lsjﬁlr:wp?tsio?] ?ﬁgttrt'ﬁéggilnfggf’oLesalé??ﬁei{gwlggh be redu C%r blem is that very little is known about turbulent flows which
Lo . X L e unsteady in the sense that the flow is being externally excited.
from three 1o two implies that the velocity profiles within th%‘herefore, correlations such as that given above are only useful
L

annulus are self-similar and therefore, that the equations of . . 4
flow can be averaged over the gap without excessive error. T cause there are no alternatives, and it must be recognized that

T . o . e unsteady flows of the present context may lead to substantial
may have limitations under certain conditions noted in EXPelfeviations from these correlations. At present, this issue can only

) ) S o o be resolved by careful comparison of the experimental and model
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Fig. 1 Sketch of fluid filled annulus between a rotor and a stator for turbulent lubrication analysis

accurate assumption for very small eccentricities, there is cur- Tss Tse Ns_ ,
rently no way to know at what eccentricity this linearization be- —=—=_[uZ+ud]"s" YA H/v)"s (5)
. . . . pUg pUg 2
gins to lose accuracy. This paper will present a solution method
that will solve the full bulk flow flow equations and will provide _ o
some idea as to the contribution of the nonlinear terms. and the stressesgs and 7rq , applied to the rotor by the fluid in
the same directions:

The Bulk Flow Model Equations

Black and his co-worker§l2,13 were the first to attempt to  7Rs _ TRO _Mr 24 (U — QR V2 H )R
identify and model the rotordynamics of turbulent annular seals. PUs_ p(ug—OR) 2 [us+(ue )°] (H/v)
Bulk flow models(similar to those of Reynolds lubrication equa- ) (6)

tions) were used. Several deficiencies in this early work caused
Childs[14,15 to publish a revised version of the bulk flow mode
for turbulent annular sealgl6] and, later, to extend this model
[5,6] to examine the rotordynamic characteristics of discharge-
suction leakage flows around shrouded centrifugal pump impe
lers. A general geometry is sketched in Fig. 1, and is described by e . —me—

coordinates of the meridian of the gap as giverzZiyg) andR(s), Ns=Nr=0.079; Ms=ms=-0.25 0
0<s<S, where the coordinate;, is measured along that merid-Childs then proceeds to linearize the equations by dividing the
ian. The clearance is denoted Bys,©,t) where the mean, non- clearance, pressure, and velocities into mean comporisats

k/vhere the constantsg, ng, Mg and mg are chosen to fit the
available data on turbulent shear stresses. Childkuses typical
r’}lues of these constants from simple pipe flow correlations:

whirling clearance is given b (s). script O that would pertain in the absence of whirl, and small,
The equations governing the bulk flow are averaged over thieear perturbationgsubscript 1 due to an eccentric motion of the
gap. This leads to a continuity equation of the form rotor at an eccentricitg and a whirl frequency ob. He develops
differential equations for the coefficients which are functions of
JH Hug dR only, with the perturbation velocities restrained to simple har-

(2) monic functions of®.
For a case with a steady whirl of frequeney and constant
eccentricity e, superimposed on the shaft rotation of radian fre-
uency(), a method of solving the bulk flow equations using a
ream function and vorticity will now be formulated. With this
set of assumptions, the fluid flow in a frame of reference rotating
) at w is steady and it is appropriate to rewrite the equations and
1op 7ss 7rs Up JR dus Ug dUs dUg solve them in this rotating frame. Defining, therefore, a new an-
pds pH + pH R ds + ot + R 00 + Usg 3) gular variable,§, and a new angular velocity,, in this rotating
frame such that

+ L Hug+ = L (Hue) +
Y g( Us) ﬁﬁ( Ug)

R ds
whereug andug are gap-averaged velocities in thkeand © di-
rections. The meridional and circumferential momentum equ
tions are

19 T T au Ug du au UgUs dR
P T TrRe Mo HoMe e Holls T
pRd® pH pH at R 00 s R (7(84) =0 —wt; U,=Up—wR (8)

These are the equations used by Ch[iei$]. Note that they in- it follows that the continuity equation, E2) can be written as
clude not only the viscous terms commonly included in Reynolds
lubrication equationgsee for example Pinkus and Sternli¢h?]) ) 9
but also the inertial terméee FritZ 18]) which are necessary for ﬁ—H{Hug}Jr a_s{RHUS}ZO 9)
the evaluation of the rotordynamic coefficients.
Using Hirs’[8] approach, the turbulent shear stressgg,and
Tse ,» applied to the stator by the fluid in tis&nd® directions are and this is most easily satisfied by defining a stream function,
given by: (s, ) such that
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1 9y 1 9y which demonstrates that the total pressiaeenergy in the flow
ugm%; Up=— Hos (10) is constant along a streamline in the absence of viscous effects.
Furthermore, when written in the above manner, the governing
equations,(18) and (19), indicate a physically reasonable ap-
It follows that the total volume flow rateQ, at any meridional proach to their numerical solution by iterative means.

location,s, is given by

Q=(s,2m)— ¢(s,0) (11) Boundary Conditions and Numerical Methods
and this provides a periodic boundary condition ¢nn the 0 It follows from the above that one method for the numerical
direction. solution of the equations for a rotordynamic flow would be to

In the rotating frame of reference, the equations of motion aRsoceed as follows: _
usefully written using an appropriate total pressi®einstead of (1) First, for given or guessed values of the vorticifys, 0),

the static pressurg, where the Poisson-like Eq17), rewritten as

P p 1 K AN A S

e §(U§+U§— R*w?) (12) as[H s “R TR 6|1 7/ ~RHE (20)
and the equations of motion, Ed8) and(4), then become must be solved to obtain the stream functigifs, §). From this

solution new values foy(s, ), ug(s,d) andu,(s,#) can then be
9 calculated. Appropriate boundary conditions #rfor use in the

P
7 (;) =—Hu,l'—ug(gstar) (13) solution of Eq.(20) are:

(i) Along s=0, we specify an inlet swirl velocity,(0,6),
19 /P which, in order to satisfy conservation of angular momentum,
B35 (—) =Hu —(up+ wR)(gstgr) + @Rz (14) should normally be put equal to the swirl velocity in the reservoir
R a6\ p upstream of the inlet.
(i) An appropriate boundary condition at dischargss S,
where the functiongys andgg, are the shear stress terms for thevould be that the pressure in the flow exiting the annulus should
stator and rotor respectively. Using correlatidbs and (6) be uniform for all g,

J 2
25 (PHiB)s=0 (21)

for a given exit loss coefficient,. This parameter, can also be
used to simulate an exit seal.

ns (H\™s
gszﬁ(—) [UZ+ (uy+ @R)Zms 12 (15)

14

ng (H\™ (iii) The periodic conditions on boundaries &t0 and =2
gR=m(; {U2+ (Uy+ wR—QR)?}MrH12 (16)  such that

The quantity,’, given by ¥(s,2m) = §(s,0=Q (22)

(2) Second, given the new values @f(s,d), ug(s,d) and

1 19 ,o 1.9 uy(s, ), we can integrate to find new values ofs, ) using Eq.

I'= H R g(RUrﬁ‘ wR%) + R2? @(Rus) 17 (18). This requires evaluation of the shear stress functigagnd

gs and values ofl" at inlet, I'(0,6). Clearly this becomes more
mbersome when there is reverse flow either at inlet or at dis-

plays a crucial role both in understanding the fluid mechanics §Earge. Here, we restrict our attention to the simpler circum-

these flows and in the solution methodology. This quankifygan

be termed an “effective vorticity”, and the existence of such a

quantity has led to the development of the current methodology.
The vorticity, I, is a fundamental property of the flow; this can

be discerned by eliminating from Egs.(13) and (14) to obtain

the basic convection equation fbr Fy

ar 190 1

J
J— —_—— = | — — 2

J
- %{Us(gs"‘ gr)} (18)
which demonstrates that, in the absence of viscous effegis ( € \ Fx
=gr=0), the vorticity is invariant along any streamline. Con-
versely, the shear stresses are alone responsible for any change in ot Shaft Center (x,y)
I" along a streamline. The total pressure is obtained by integration X
similar to that for the vorticityI". From Eqgs.(13) and (14) it 0
follows that Fixed Center

P 1P 1
Us— U= — = —5—5—5
*os RO (uZ+ud)i2

X[QRU,gr—{ui+ug(uyt+ wR)}(gr+0s)]

(19) Fig. 2 Force diagram in plane normal to the shaft axis

178 / Vol. 124, MARCH 2002 Transactions of the ASME



stances in which there is no flow reversal at the inlet. Then, as-Using the same parameter values as Marquette and Chids,
suming that the viscous stresses upstream of the inlet aren,=0.079 and complete exit lo$s=0), the rotordynamic force

negligible and that the inlet flow is circumferentially uniform, Eq
(14) provides an initial value fof",

1
L(0.0)= - [(uyt 0RI(Gst0r)+ QRG] (23)

given the results from step 1.
These two steps are then repeated to convergence.

As the viscous terms were found to be small, Ep) can be
integrated in parallel to thE integration to obtain the total pres-

sure throughout the domain. If entrance losses are neglected Qpp

tween the upstream reservoir and the inlet plesee ), then the
integration begins with a uniform value &f(0,0) equal to the

for the seal in the tangential direction is predicted very well by the
current model as shown in Fig. 3. The normal force, however,
exhibits a large but uniform offset from the experimental data as
manifested by the discrepancykn The predictions are similar to
those using the Childs’ perturbation approach, suggesting domi-
nance of the primary mode in this simple geometry.

Adjusting the exit loss coefficient, can mostly eliminate the
discrepancy in the normal forces. Indeed the forces seem very
sensitive to small changes in the exit condition. Whether the
source of the large offset between theory and experiment can be
ropriately attributed to the exit conditions remains unknown.

An examination of the accuracy of the calculated results from
the bulk flow model was also carried out by comparing the rotor-

total pressure in the reservoR,.s, and this can conveniently be gynamic forces for the conical impeller to the experimental data.
chosen to be zero without loss of generality. On the other handad§ 3 result of direct measurements of inlet swWill], an inlet

entrance losses are to be included thi¥(®,0) can be set to a

swirl velocity of uy(0,0)=0.26 was used for calculations of ro-

value smaller thaf® s by an amount equal to the entrance loss abrdynamic forces with the conical pump impeller geometry. Nu-

that particularé position. Other complications which could be
incorporated include a non-uniform upstream reserysirch as
the volute of a pump operating off-desjgwhich would imply a
circumferentially varying?(0,6).

Having obtained the pressuf@nd the viscous shear stresséts
only remains to integrate these to obtain the normal and tangen
forces acting on the rotor. With the sign convention as defined
Fig. 2, it follows that:

S dR 2\12 rox
Fn:f [1—(—) } j (p cosf+ 7gySinA)RdOds
0 ds 0

(24)

S dR 2\12 rox
Ft:f [1_(—) } f (psinf— 1r,cosf)RAOds
o ds 0

(25)

In the results quoted in this paper the contributions fromhe
parts of these integrals are very small and can often be negleci
Finally, the rotordynamic coefficients are obtained by fitting que
dratics to the functions; ,(w/Q) andF(w/Q),

] el
Fn—M 6 —C 5 —-K (26)
Fi=—C %)H( @7)

The coefficients are termed the direct added mddys direct
damping(C), cross-coupled dampin@), direct stiffnesgK), and
cross-coupled stiffnes®). The forces and coefficients are nondi-
mensionalized as described by Brenmh&hp

Results

The computational model was tested on two sets of geometr
for which reliable experimental data is available. One comparist
was with the seal tests conducted by Marquette and Chlléls
This seal had an axially uniform radius, with a length to radiu
ratio of 0.914 and an average clearance of 0.0029 of the radi
Rotor speed varied from 10400 rpm to 41600 rpm and presst
drops from 4 MPa to 12 MPa. The other comparison is with tk
conical dummy pump impeller tested by {30] whose eye-to-tip
ratio is 0.474 and its average leakage path clearance is 0.03 tir
the tip radius. One difference between the two flows is the pre
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Fig. 3 Comparison of rotordynamic coefficients versus flow
coefficient ¢ between experiment (OJ), and current model (O),
and Childs’ perturbation model  (X) for the seal, with eccentric-
ity equaling 10 percent of average clearance
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pressure drop in the leakage path for the conical impeller occurs

in the exit Seal. AnOtheI’ diﬂ:erence iS that the Clearance iS about ﬁ@ 4 Comparison of rotordynamic coefficients versus flow
order of magnitude smaller for the seal experiments than for teefficient ¢ between experiment (0J), and current model (O),
impeller experiments. This will affect the accelerationugf. and Childs’ perturbation model  (X) for the conical impeller
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merical results for flow coefficients of 0.04 and 0.053 are com- K = direct stiffness coefficient, normalized by

pared with experimental measurements in Fig. 4. This data uses quQZRgL8
ns=n,=0.079 for the shear stress coefficients and no pressure g = cross-coupled stiffness coefficient, normalized by
recovery at exit({=0). The tangential forces agree reasonably O2R2L
. . p Sle
well with the experimental data. The calculated normal forces, L = axial length of the impeller

however, exhibit added mashl, and cross-coupled damping, M

coefficients that are much smaller than the experimental results. 5

The direct stiffnessk, agrees well with the experimenits. pmR3Le )
Figure 4 also shows the calculated rotordynamic coefficientd»Ms = empirical exponent for rotor and stator respectively

using Childs’ perturbation model. Compared with the Childs’ Mr:Ns = empirical constants for rotor and stator respectively

model, the current model gives better predictions for the direct ~ P = total pressure

stiffness and cross-coupled stiffness coefficients as well as the P = static pressure

whirl ratio, k/C. The direct damping coefficien€, is well pre- Q = volumetric leakage flow rate

dicted by both, while both underpredict the added mass term sig- R = radius of rotor

= direct added mass coefficient, normalized by

nificantly. Childs’ model gives more accurate results for the cross- R = tip radius of the rotor
coupled damping coefficient. Calculations of the rotordynamic ~ Us = meridional velocity of fluid _ _
coefficients for two other contoured dummy impellers tested by U, = circumferential velocity of fluid, nondimensional-

Uy [20] yielded similar comparisons. ized by QOR,

= effective vorticity defined by Eq(17)
fluid viscosity

eccentricity of whirl orbit

exit loss coefficient

= fluid density

leakage flow coefficientQ/27HOR3
= stream function, defined by E¢L0)
whirl radian frequency

main shaft radian frequency

wall shear stress

Conclusions

This paper has explored some of the basic characteristics of the
bulkflow model equations for the turbulent flow in a fluid-filled
annulus generated by a combination of rotational and whirling
motions. The analysis unveils the definition of the appropriate
vorticity for these flows and develops evolutionary equations both
for the vorticity and for the total pressure, without resorting to
linearization. Among other features demonstrated by these equa-
tions is the fact that the changes in vorticity and total pressure
along a streamline are entirely due to the shear stresses imposed
on the flow.

This equation structure naturally suggests a way in which niReferences
merical solutions to these equations might be sought, by iterating) grennen, c. E., 1994Hydrodynamics of Pumponcepts ETI and Oxford
between a Poisson-like equation for the streamfunction using a uUniversity Press.
preliminary vorticity distribution and forward integration to revise [2] Childs, D. W., and Dressman, J. B., 1982, "Testing of Turbulent Seals for
that distribution. Several sample calculations are used to illustrate Rotordynamic Coefficients,"Proc. Workshop on Rotordynamic  Instability

. . Problems in High-Performance Turbomachinery, NASA Conf. Publ. ,2250
this technique. 157171,

The numerical solutions are compared to experimental resultgs] Nordmann, R., and Massmann, H., 1984, “Identification of Dynamic Coeffi-
for a seal geometry in addition to discharge-to-inlet leakage ge- cients of Annular Turbulent SealsProc. Workshop on Rotordynamic Insta-
ometries. Results for the seal show very good agreement for the bility Problems in High Performance Turbomachinery, NASA Conf. Publ.
tangential forces. Predictions for the normal forces, however, exr, é?:j?i’gzng;inéremen C. E. Acosta, A, J., and Caughey. T. K., 1684, “Ex.
hibited a large Of'f_SF)t to the, experlmer)tal results, \_NhICh Can_ b perimentalv Résults for the Rot’ordynarr’lic Ch’aracteristics of’ Leak:age F|;)WS in
reduced by changing the exit loss coefficient. Questions remain as centrifugal Pumps,” ASME J. Fluids Engl16, pp. 110—115.
to the reason for this discrepancy. [5] Childs, D. W., 1987, “Fluid Structure Interaction Forces at Pump-Impeller-

For |eakage pa’[h geometries, good agreement with experimen_ Shrou_d Surfaces f_or Rotordynamic CalculationASME Symp. on Rotating
tal results for the conical impeller was found with the exception of __ Machinery Dynamics2, 581-593. .
the added mass term. Compared to the Childs’ perturbation SOIJ_G] Childs, D. W., 1989, “Fluid Structure Interaction Iiorces at Pump-lmpeller-
. . ) . Shroud Surfaces for Rotordynamic Calculations,” ASME J. Vibr. Acoust.
tion method, the current method is more computationally inten-  syess, Reliab. Ded11, pp. 216-225.
sive, though still relatively fast. It also provided better predictions [7] Guinzburg, A., 1992,Rotordynamic Forces Generated by Discharge-to-
for most of the rotordynamic coefficients with the exception of  Suction Leakage Flows in Centrifugal Pumpzh.D. thesis, Calif. Inst. of

- i Tech, Pasadena, CA.
cross-coupled damping term. [8] Hirs, G. G., 1973, “A Bulk-Flow Theory for Turbulence in Lubricant Films,”

ASME J. Lubr. Technol., Apr, pp. 137-146.

e e N
Il

Nomenclature [9] Sivo, J., Acosta, A. J., Brennen, C. E., Caughey, T. K., Ferguson, T., and Lee,
G., 1994, “Laser Velocimeter Measurements in the Leakage Annulus of a
C = direct damping coefficient, normalized by Whirling Centrifugal Pump,”ASME Laser Anemometry-1994, Advances and
TOR2Ls Applications FED-191, 111-117.
p 2 . . . [10] Guelich, J., Florjancic, D., and Pace, S., 1989, “Influence of Flow Between
¢ = cross-coupled damping coefficient, normalized by Impeller and Casing on Part-Load Performance of Centrifugal Pumps, Pump-
quQ Rng ing Machinery,” 3rd Joint ASCE/ASME Mechanics Conferen8g, 227—-235.
F, = force normal to whirl orbit, normalized by [11] Baskharone, E., and Hensel, S., 1993, “Flow Field in the Secondary, Seal-
252 Containing Passages of Centrifugal Pumps,” ASME J. Fluids EHLb, pp.
pm(°RoLe 702-709.
F, = force tangent to whirl orbit, normalized by [12] Black, H. F., 1969, “Effects of Hydraulic Forces in Annular Pressure Seals on
przRgLs the Vibrations of Centrifugal Pump Rotors,” J. Mech. Eng. Stl,,No. 2, pp.
206-213.

H = clearance between Impe”er shroud and housmg [13] Black, H. F., and Jensen, D. N., 1970, “Dynamic Hybrid Properties of Annular

- Pressure Seals,” Proc. J. Mech. EntB4, pp. 92—-100.

The highest inlet swirl ratio presented was 0.27, because this is the highekt4] Childs, D. W., 1983, “Dynamic Analysis of Turbulent Annular Seals Based on
experimental data availabl@1]. At higher inlet swirl ratios, resonances occur in Hirs’ Lubrication Equation,” ASME J. Lubr. Technol105, pp. 429—-436.
Childs’ perturbation calculations. The current method also exhibits some resonank5] Childs, D. W., 1983, “Finite Length Solutions for Rotordynamic Coefficients
behavior, but the rotordynamic force curves always remain smooth. Further details of Turbulent Annular Seals,” ASME J. Lubr. TechnalQ5 pp. 437-445.
can be found if21]. [16] Childs, D. W., and Scharrer, J. K., 1986, “Experimental Rotordynamic, Coef-

180 / Vol. 124, MARCH 2002 Transactions of the ASME



ficient Results for Teeth-on-Rotor and Teeth-on-Stator Labyrinth Gas Seal- the Rotordynamic Coefficients of Plain Annular Seals: Theory Versus Experi-
s,”Proc. Adv. Earth-to-Orbit Propulsion Tech. Conf., NASA Conf. Publ. 2436 ment,” ASME J. Tribol., 119 pp. 443—447.

327-345. [20] Uy, R. V,, and Brennen, C. E., 1999, “Experimental Measurements of Rotor-
[17] Pinkus, O., and Sternlicht, B., 196Theory of Hydrodynamic Lubrication dynamic Forces Caused by Front Shroud Pump Leakage,” ASME J. Fluids
McGraw-Hill, New York. Eng.,121, pp. 633-637.
[18] Fritz, R. J., 1970, “The Affects of an Annular Fluid on the Vibrations of a [21] Hsu, Y., 2001,Studies of Rotordynamic Forces Generated by Discharge-to-
Long Rotor,” ASME J. Basic Eng.92, pp. 923-937. Suction Leakage Flows in Centrifugal Pumggh.D. thesis, Calif. Inst. of

[19] Marquette, O. R., Childs, D. W., SanAndres, L., 1997, “Eccentricity Effects on Tech, Pasadena, CA.

Journal of Fluids Engineering MARCH 2002, Vol. 124 / 181



