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A Comparison of Rotordynamic-
Coefficient Predictions for
Annular Honeycomb Gas Seals
Using Three Different

Rohan . D5owz2 1 Friction-Factor Models

Dara W. Childs A two-control-volume bulk-flow model is used to predict rotordynamic coefficients for an

Leland T. Jordan Professor annular, honeycomb-stator/smooth-rotor gas seal. The bulk-flow model uses Hirs’

of Mechanical Engineering turbulent-lubrication model, which requires a friction factor model to define the shear

, stresses at the rotor and stator wall. Rotordynamic coefficients predictions are compared
Turbomachinery Laboratory, for the following three variations of the Blasius pipe-friction model: (i) a basic model

Texas A&M University,

where the Reynolds number is a linear function of the local clearancenfR €™ (ii) a
College Station, TX 77843 y neendRe™s (ii)

model where the coefficient is a function of the local clearance, and (iii) a model where
both the coefficient and exponent are functions of the local clearance. The latter models
are based on data that shows the friction factor increasing with increasing clearances.
Rotordynamic-coefficient predictions shows that the friction-factor-model choice is impor-
tant in predicting the effective-damping coefficients at a lower frequency range7@®0

Hz) where industrial centrifugal compressors and steam turbines tend to become unstable.
At a higher frequency range, irrespective of the friction-factor model, the rotordynamic-
coefficient predictions tend to coincide. Blasius-based Models which directly account for
the observed increase in stator friction factors with increasing clearance predict signifi-
cantly lower values for the destabilizing cross-coupled stiffness coefficients.
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Turbomachinery annular seals are provided to limit leakage be- [y] ' 1)
tween regions at different pressures. Seals increase the efficiency

of turbomachln_es; hOV\_/ever, they can also S|gn|f|gantly |nfluer_1@|ehe direct stiffnesK and direct damping terms account for a
the rotordynamics of high performance turbomachinery. Centrifysaction force in the direction of motion. The cross-coupled stiff-
gal injection compressors use honeycomb stators with smooth fsssk and cross-coupled dampirgerms develop reaction forces
tors, Fig. 1. This configuration provides good leakage control @sat are orthogonal to the direction of motion.
well as improved stability by increasing the seal’s effective damp- Nelson[5] used a bulk-flow model to develop the first complete
ing and is the subject of this paper. Aircraft gas turbines regularjnalysis for determining rotordynamic-coefficients of smooth-
use honeycomb stators as an abradable element with a toothdoore annular gas seals. His model included the continuity equa-
rotor labyrinth seal. As speed increases, the labyrinth teeth diation, axial and circumferential momentum equations, the energy
eters grow, and the teeth tips cut into the honeycomb stator. TRguation, and the ideal gas law as the equation of state. He used
configuration reduces leakage but does not improve rotordynarhl#S’ turbulent lubrication modef6] to define shear forces at the
stability. stator and rotor walls in terms of a Blasi{ig] friction-factor
Childs and Moyef2] cited the elimination of an instability for Model. Elrod et all8,9] modified Nelson’s model by changing the

the High Pressure Oxygen Turbopump of the Space Shuttle Mﬁﬂtrance-loss factor model. Ha and Child9)] used extensive

Engine by changing the turbine interstage seal from a Steppgat_aasurements Of. f.”C“Or.‘ fgctors for honeycomb surfa,ces to de-
Velop a new empirical friction factor model for Nelson’s model.

labyrinth, tooth-on-rotpr CF’”f'g“f?‘“O” to a SmOOth'rOtorHowever, when compared to measured results from Pelletti and
honeycomb-stator configuration. Zeidan et[8] and Armstrong  cpjgs[11], this modified model made only modest improvements
and Perricong4] presented case studies where rotordynamic if the direct stiffness prediction.
stabilities were eliminated in centrifugal compressors and a steamp the authors’ response to comments on the paper by Ha and
turbine by replacing tooth-on-stator labyrinth seals with smootlghilds [10], Childs introduced a new two-control-volume to ac-
rotor/noneycomb stator seals. Numerous subsequent papers hgunt for the gas volume that is “trapped” in the honeycomb
documented the successful elimination of rotordynamic instabilells. No axial or circumferential flow is possible in this second
ties via this type of seal replacement. control volume; only transient radial flow is permitted between
In relation to dynamics of rotating machinery, annular gas sedle two control volumes. This model included a continuity equa-
have been modeled traditionally by stiffness and damping coeffion, momentum equations, and the energy equation for both con-
cients, expressed as trol volumes. Physically, the additional control volume acts to
sharply reduce the effective acoustic velocity for wave propaga-
Contributed by the Tribology Division for publication in the ASMBURNAL OF tion through the seal, and drops the acoustic natural frequencies
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fo=A(Q2-C—k)=A-Q-Cq, respectively. We can use these
expressions to define effective stiffnesy and dampingCeg

coefficients:
Keg=K+cQ, (7
PRESWIRL k
Cer=C— g ®)

Note, thatK¢4 andCq¢ are also frequency dependent. As verified
by past and ongoing tests at the authors’ laboratory, the two-
control-volume model does a much better job of predicting the
rotordynamic coefficients of the honeycomb seals. Comparisons
of predictions for the two-control-volume model using different
friction-factor models will provide a better understanding of the
model’'s behavior and a guide for selecting the appropriate or
“best” models as additional rotordynamic test data becomes
available.
Fig. 1 Honeycomb-Stator /Smooth-Rotor seal configuration,
Childs [1] .
Friction-Factor Models

Bulk-flow models have been used almost universally in annular
seal analysis for turbulent incompressible and compressible flow.
for the two-control-volume modelminus the energy equatipn They do not account for variation in the shear stress for the fluid
The governing equations for this reduced model are as fo”owszthln the Clearance, but account for the shear stress at the bound-
aries. In Hirs[6] bulk-flow, turbulent-lubrication model, the shear

Continuity Equation. stress at the stator is defined by
J 1 9 J ad —f 1 2 2
—(pH)+ = o (pUH)+ — (pWH) +Hoe =0 (2) o= fs2p(WHHUT). ®
Models proposed to date for defining the friction facfqrare
Axial-Momentum Equation. discussed below.
IP 9 1 9 The Blasius Model[7]. Hirs used the Blasius model for pipe
—H 7 Tszt Tz pPWV+ E(pWH)-F R %(pUWH) friction in his initial development. With this modefy is only a
function of the Reynolds number Re and is stated,
J = s

where for compressible flow,

P\ (2H)yW?+U?
Z.R,T © '

The two constantss and mg define the stator friction factor and

P are empirically determined from experimental data. The hydraulic

+ — (pUWH) (4) diameter for an annulus isG whereC, is the centered radial
9z clearance. After Hirs, the hydraulic radius in E§1) is 2H, so

that the Reynolds number and friction factor are functions of the

jocal clearance.

Circumferential-Momentum Equation.

Re=

H oP (11)

d 1 9
= _ — 2
R 70 Tso T Tro T pUV+ &t(pUH)-i-Rﬁ@(pU H)

In the continuity equationHy is the averagdover the seal-face
area cell depth. ForH4=0, a constant-temperature version o
Nelson’s model is obtained. The Moody Model [13]. The Moody model is also based on

In contrast to Nelson’s model, the two-control-volume modglipe friction data, and is the following function of the local Rey-
predicted the stiffness and damping coefficients of @g.to be nolds number and relative roughnesf2H wheree is the abso-
strongly frequency dependent. Hence, the motion/reaction-forgge roughness,
model of Eq.(1) was replaced with the general transfer-function

model € v
f=0.00137%1+ 2000m+ Re (12)
{FX(iQ)} pa) B8 [AX(iQ)J (5) For pipe fl thi del i tricted to relati h I
- . = . . ; . or pipe flow, this model is restricted to relative roughness less
Fyi) —E(iQ) D(i)](Ay(iQ) then 10 percent. In general, honeycomb seals have a relative

The functionsD and E are defined from curve fits of the calcu-foughness in excess of 10 percent, limiting the Moody-equation
lated radial and circumfential impedances. The frequenc§iféctiveness. More importantly, the Moody equation predicts a

dependent rotordynamic-coefficients are obtained from the géfcrease in the friction factor with increasing clearance, versus
eral transfer function via flat-plate and seal test results showing the opposite outcome. Be-

cause of this discrepancy, the Moody model is not used here.
{FX(iQ)] K+jCQ k+jcQ

: AX(?Q) Childs and Fayolle Model[14]. For liquid seals with a hole-

. . . (6 h . .
Fy(iQ)] | —(k+jcQ) K+jcQ|lAy(iQ) patterned-roughened stator, Childs and Fayolle defined a Blasius-
. o like friction-factor model based on leakage data from a rotating
Note thatK, k, C, andc are now functions of the excitation fre- annular seal at three different clearances. A least-square curve fit

quencyf). was used to calculate Blasius type coefficients for each clearance
A seal that is whirling at a fixed radiud with precession The friction-factor model yp '

frequency Q) will develop dynamic radial and circumferential
drag reaction force componenfs=A(K+Q-c)=A-K¢ and fs=ngRe™s (13)
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was used where the coefficien and exponening are quadratic 0.05 -

functions of clearanc€, . Assuming that the changes in friction * clearance=0.25mm
! 0.045 -
factor due to a change in local clearance followed these resylts, 4 clearance=0.38mm
andmg are stated: 0.04 -
ns=ap+a;H+a,H?, (14) 0.035 -
M= bgy+b;H+b,H?. (15) .§ 0.03 N\.\‘
£ 0.025

The constanta,, a;, anda, are obtained from a quadratic curve-
fit of ng versus clearanc€, . Similarly, constant®,, b, andb, 0.02 \L\.\‘_.\‘
are obtained from a quadratic curve-fitraf versus clearancg, . i

In Eqg. (13), the Reynolds number Re is a function of the nominal 0.015
radial clearanc€, , not the local clearanci, since the data sets
were obtained by varying the flowrate with the clearance held
constant. Eqs(14—15 model the dependency df on H. This 0.005 -
modeling approach will be used for honeycomb gas seals using
the data collected by Ha and Chilfis5]. Since suitable data are
available for only two clearances, the model reduces to:

ng=ag+asH, (16)

Frictio

0.01

0 5000 10000 15000 20000 25000 30000
Reynolds Number

Fig. 2 Friction-factor versus Reynolds number at varying
ms= by +b;H. (17)  clearances, cell width 1.57 mm, and cell depth 2.29 mm;

friction-factor data, Ha and Childs  [15]
Al-Qutub, Elrod, and Coleman Model [16]. Measurements

were made in a nonrotating annular-seal test rig for a honeycomb
seal with a cell width of 1.59 mm and a cell depth of 1.8 mm. The
results showed that the friction factor was a function of Reynolds
number Re and the seal clearar@e. The clearance effect was
dominant, and the friction factor increased with increased clear-
ance, similar to the results found by Ha and Chi[d§], and Most industrial seal applications have a clearance between 0.2
Childs and Fayollg¢14]. Al-Qutub et al.’s friction factor model is mm and 0.35 mm; hence, the 0.51 mm clearance data were not
also based on the Blasius model and is defined by used. The Blasius model used here has the coefficients
=0.077,mg= —0.1465.

f=0.0973 Re 1277 (20)

H
fs=| C1+C2 b Re™, (18) Comparisons of Friction-Factor-Model Predictions. All of
the models except Ha's are variations of the Blasius model. Al-
where Qutub et al.’s model is similar to the Childs and Fayolle model in
C1=0.05126, C2=0.5569, m¢=—0.096. thatng is a linear function of clearance; however, their exponent

. . . mg is constant. We are interested in changes to the rotordynamic-
Note: The Reynolds number Re in Ed8) is a function of the coefficient predictions due to a change in the form of the friction-
nominal radial clearanc€, , not the local clearanch. factor models, versus changes in the model’s internal parameters.
Since empirical constants for Al-Qutub et al.’'s model are not
. . available for honeycomb with cell depth of 2.29 mm and cell
Friction-Factor-Model Predictions width of 1.57 mm, the data obtained by Ha and Ch[lti§] were

A Review of Friction-Factor Measurements. Ha and Childs us_(le_d fobr this modéel’s co_efficie?ft_s: bati sis i
[15] friction factor data were obtained for smooth and honeycomb 0 obtain rotordynamic coefficients, a perturbation analysis Is
surfaces. Tests were conducted for three clearaf@e$, 0.38 car_rled out for the governing equations, based_ ona Sf."a” pertur-
0.51 mm, four cell widths(1.57, 0.79, 0.51, and 0.41 n’)mand’ bation of the seal rotor about the centered position. This develop-

three cell depth€2.29, 3.05, 3.81 min In about 40 percent of the ment requires partial derivatives of the stator friction-factor with
g i ) >spect to pressure, velocity, and local clearance. We will show

cases, the friction factor increased abruptly with increasing Re ; : p . .
nolsds numbelrs(INote that Ithis happenedugtxlglgv)llnollds nurrlb%rs c}ﬁat differences in the solutions for the Blasius, Childs and Fay-
olle, and Al-Qutub et al. models are mainly due to differences in

the order of 20,000 or higheiThe friction factor results used here . o N .
apply for the remaining cases where the friction factor decreas%ﬁllﬁe partial denvatlv_e of the stator friction-factor with respect to
slightly with increasing Reynolds number. The tests allow for inc'earance. The partial derivatives are shown below.
dependent variation of the Reynolds numbghsough changes in  Blasijus Model.
the pressure differentiphnd the clearance. Experiments show that
the friction factor was sensitive to changes in the clearance, gen-
erally increasing with increasing clearance as shown in Fig. 2. The ‘9_fs _
friction-factor also depended strongly on the cell width, cell depth aH
and clearance. The ratio of honeycomb cell depth to honeycomb
cell width d/b and the ratio of clearance to honeycomb cell Widtr\}vhere
C, /b were shown to be important parameters.

The present study considers a honeycomb seal with
=1.57 mm andd=2.29 mm. Figure 2 shows measured friction- P (2cr)\/w§+ Ué
factor data at clearances of 0.25 mm and 0.38 mm respectively Reo=(z R T) .
with applied curve-fits corresponding to the Blasius friction-factor ¢ K
model of Eq.(10). The Blasius friction-factor model at 0.25 mm  chjlds and Fayolle Model.
clearance takes the form

mg 1
mgns Re, . (21)
r

f=0.0776 Ré0-1465' (19) afs =R (bg+b4Cp) b cHl R 22
and at 0.38 clearance is JH - "& [a;+bi(ap+a;C;)loge Rey] (22)
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Fig. 3 Comparisons of computed rotordynamic coefficients with different friction-factor models at 10, 200 rpm, 6.89 bar inlet

pressure, 0.5 pressure ratio, and clearance 0.19 mm  (b=1.57 mm, d=2.29 mm)

with the data taken to develop the models where the Reynolds
pr co number were varied due to changes in pressure for a range of
—S= } constant clearances.
oH b Figure 3 compares predictions for the different friction-factor
In carrying out the partial derivatives, the Reynolds number in tHgodels at a running speed of 10,200 rgh70 H2), inlet pressure
Blasius model is assumed to be a function of the local clearan@@ bar and 0.5 pressure ratio. The predictions nearly coirtfide
H. In the other two models, Re is not a function ldf but the all models for the magnitudes and trends of direct stiffnégs
coefficientng and exponentng are. This approach is consistentdirect dampingC and effective stiffnes& .. Differences arise in

Al-Qutub et al. Model.

R (23)
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Fig. 4 Comparisons of the k and ¢ rotodynamic coefficients using reduced (constant exponent ) friction-factor models at 10,
200 rpm, 6.89 bar inlet pressure, 0.5 pressure ratio, and clearance 0.19 mm (b=1.57 mm, d=2.29 mm)

the cross-coupled stiffness cross-coupled damping and effec- sors, the honeycomb cell depth is generally varied in an attempt

tive dampingC.« . Note that the magnitude afis about 100 times to maximize damping at thgsubsynchronoys first natural

smaller than the magnitude & hence, the different predictions frequency.

for c make a minor difference i at low frequencies making  Differences in predictions for the Blasius-type models of Childs

an insignificant difference in the location of a lower critical speecnd Fayolle, and Al-Qutub et al. arise because of the coefficients

The magnitude ot is an even smaller fraction df at higher ng and mg depend on local clearance with partial derivatives as

frequencies and ¢ at running speedsSynchronouspredictions presented in Eqs(22) and (23). Absent this dependency, both

for K¢ can be quite important in compressor rotordynamics, singgodel reduce to the original Blasius model. Predictionskfand

the stiffness predictions for the balance piston seal of a higb-using a reduced Childs and Fayolle modebnstantm, values

pressure injection compressor are comparable to the bearthigy) and the Al-Qutub model are shown in Fig. 4 and basically

stiffnesses. coincide. Predictions for the reduced modé®nstantng and
Differences in predictions fo€ arise from the differing pre- mg values of Childs and Fayolle, and Al-Qutub et al. models

dictions fork. The Blasius model predicts a highlkevalue than are shown in Fig. 5. As expected, the predictionskfandc from

the other models, resulting in a lower prediction fog; at low the reduced models are very close to the Blasius model at all

frequencie$60~70 Hz). The predictions foC¢ at running speed frequencies.

(170 H2 basically coincide; hence to the extent that synchron01§ lusi

response depends dDg, all predictions would coincide. The ummary and Conclusions

difference in predictions foC.4 arising at lower frequencies is Except forc andk, all friction-factor models predict the same

important in regards to stability predictions, since unstable motiontordynamic coefficients. Different predictions forwill have

is generally associated with a rotor’s first natural frequency. Ominimal influence on the predicted rotordynamic response. Differ-

viously, higher predictions fo€ at low frequencies would yield ent predictions fok resulted in appreciable differences Oy

predictions of a more stable mode. In trying to stabilize comprepredictions in the 6670 Hz range. Accurat€ 4 predictions are

Frequency (Hz)
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8.00E+05 - — Blasius 0.00E+00 ; ‘ :
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7.00E+05 1 o A-Qutub et al. -2.00E+02 1
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0.00E+00 i . . . i . X = Childs&Fayolle
0 50 100 150 200 250 300 350
Frequency (Hz)
Fig. 5 Comparisons of the k and c rotodynamic coefficients using reduced (constant coefficient and exponent ) friction-
factor models at 10, 200 rpm, 6.89 bar inlet pressure, 0.5 pressure ratio, and clearance 0.19 mm (b=1.57 mm, d=2.29 mm)
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particularly important in this frequency range because of stabili§ubscripts
considerations in centrifugal compressors, and the Childs-Fayolle
model predicts higher values than the Al-Qutub et al. models. At
higher frequencies, predictions fi.s and Co4 tend to converge
for all of the models.

r, s = denotes rotor and stator
0 = parameters calculated Hit=C,
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