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Theory Versus Experiment for the
Rotordynamic Characteristics of a
Smooth Annular Gas Seal at
c.n. meanter | ECCENtric Positions’ | .

Stress Engineering Services, Inc., th
Houston, TX 77041-1101 Experimental results are presented for the rotordynamic coefficients of a smooth :

gas seal at eccentricity ratios out to 0.5. The effects of speed, inlet pressure, pressure

ratio, fluid prerotation, and eccentricity are investigated. The experimental results

Df W. Childs show that direct stiffness Kxy decreases significantly, while direct damping and ;V
TurboTn;acmR%‘r“);I Ll?b.orato‘g, cross-coupled stiffness increase with increasing eccentricity. The whirl-frequency L.
Xas niversi . L S e o . ar

. g 1y, g th increasin
College Station, TX 77843-3123 ratio, which is a measure of rotordynamic instability, increases with i g bi

eccentricity at 5000 rpm with fluid prerotation. At 16,000 rpm, the whirl-frequency
ratio is insensitive to changes in the eccentricity. Hence, the results show that eccentric Sps

Z. Yang operatjon of a gas se.al tends to destabilige a roto_r operating.at'lc.)w spfzeds with Ei
Cummins Engine Co., Inc preswirled f{ow. A{ {ugher speeds, eccentric operation has no significant zmpqct on bil
Fuel Sy's‘tems” rotordynamic stability. The test results show thqt the cus-tomary, eccentrtczty.d.n— :
Charleston. SC dependent, model for rotordynamic coefficients is only valid out to an eccentricity
’ ratio of 0.2~0.3. For larger eccentricity ratios, the dependency of rotordynamic Ge
coefficients on the static eccentricity ratio needs to be accounted for. Experimental
results are compared to predictions for static and dynamic characteristics based on the
an analysis by Yang (1993). In general, the theoretical results reasonably predict sea
these results; however, theory overpredicts direct stiffness, fails to indicate the the
decrease in K xx that occurs with increasing eccentricity, and incorrectly predicts the the
direction of change in Kxx with changing pressure ratio. Also, direct damping is rot
substantially underpredicted for low preswirl values and low supply pressures, but ern
the predictions improve as either of these parameters increase. teg
lea
yie
i
Introduction 9[111]
Annular pressure seals are installed in turbomachinery to F K k|(6X C ¢ (86X pre
limit the leakage of a fluid between adjacent regions at different - {F } = [ k K} {6 Y} + [ } { -}’ 0)) po:
A . Y - —c C|(8Y .
pressures. To increase performance, design trends have de- tio;
veloped machinery with higher speeds and tighter clearances where 6X and § Y define rotor relative position, Fy and Fy are ent
which can produce unstable subsynchronous, whirling motion.  the reaction-force components acting on the rotor, and X, k, of |
Annular gas seals are known to provide destabilizing mecha- C, ¢, are the direct and cross-coupled stiffness and damping wh
nisms for high-performance turbomachinery, Childs (1993). coefficients, respectively. The second linearized model is for spe
Two linearized models have been developed for the reaction  small motion about an arbitrary position within the seal and
force developed by an annular gas seal. The first model is for  is stated
small motion about a centered position within a gas seal and e
is expressed B EF } _ [ Kxx(€) ny(e»J {6){}
Fy Kyx(es) Kyy(e,) | (8Y c
Cxx(€0) Cxy(e) 5)_( )
Cyx(e) Cyy(e,) | [8Y ¢
"The research results reported here were supported in part by NASA Lewis  Where Kxx, Kyy, Cxx, Cyy, and Kyy, Kxy, Cyx, Cxy are the
Research Center through NASA grant NAG3-181; Technical Monitor, Robert ~ direct and cross-coupled stiffness and damping coefficients,
C. Hendricks. . . respectively. These coefficients are functions of the static ec-
Contributed by the Tribology Division of THE AMERICAN SOCIETY OF ME- [ :
CHANICAL ENGINEERS and presented at the ASME/STLE Tribology Conference, centricity ratio,
Maui, Hawaii, October 16-19, 1994, Manuscript received by the Tribology e
Division February 7, 1994; revised manuscript received June 17, 1994. Paper €o="" 3)
No. 94-Trib-24. Associate Technical Editor: R. F. Salant. G
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where e, is the static rotor displacement, and C, is the centered
radial clearance within the seal.
The model of Eq. (1) is clearly simpler than that of Eq. (2)

- and is normally used in rotordynamic analysis. Measurements
of direct and cross-coupled stiffness coefficients by Benckert
and Wachter (1980a,b) and Leong and Brown (1984) have
confirmed the constant, eccentricity-independent, model of
Eq. (1) for stiffness coefficients of labyrinth seals. For smooth
annular seals, the present tests answer the question: For what
magnitudes of ¢, does the eccentricity-independent model of
Eq. (1) remain valid?

The whirl frequency ratio f,, is a quantitative measure of
rotordynamic instability and is defined using the eccentricity-
dependent definition of Lund (1965):

e (Keg— Kxx) (Keg— Kyy) — K2XYKYX
(CxxCyy— CxyCyx)w
Kig= KxxCyy+ KyyCxx— CyxKxy— CxvKyx
Cxx+Cyy

and w is the angular velocity of the rotor. The speed at which
the tangential force becomes destabilizing is approximately

, where

, “

Wt

w o — 5
=70 (5)
where w,, is the rotor’s first critical speed and f,, is the whirl
frequency ratio. As with hydrodynamic bearings, f,, for a long
annular seals is about 0.5; hence, the seal will become desta-
bilizing at a speed which is about twice the rotor’s first critical
speed. The question of interest here is: What influence does
eccentric operation have on the rotordynamic coefficients, and,
more specifically, how does eccentric operation influence sta-

Dbility as measured by the whirl-frequency ratio?

Gas Seal Theory

The bulk-flow analysis by Yang (1993) is used to solve for
the rotordynamic and leakage characteristics of a smooth gas
seal assuming compressible flow. The fluid is confined between
the stator and the rotor where the fluid flow is governed by
the continuity, momentum, and energy equations. Isothermal
rotor and stator surfaces are assumed. Expansion of the gov-
erning equations yields zeroth and first order equations. In-
tegration of the zeroth-order equations yields the pressure and
leakage rates; whereas, integration of the first-order equations
yields the rotordynamic coefficients.

Input data required for a computer code based on Yang'’s
analysis are presented in Table 1 for the test seal configuration.
The data in this table are for the lowest inlet pressure, back
pressure, and speed, no inlet fluid prerotation, and the centered
position. All values except those pertaining to the Moody fric-
tion factor can be obtained from experimental results. An
entrance loss coefficient was selected as 0.5 based on the success
of Kleynhans (1991). The smooth rotor and stator roughnesses
where chosen as 8.128 E-07m in accordance with the machined
specifications and measurements.

Table 1 Input parameters for nominal values

Input parameter Value
Seal clearance (inlet) .41 mm
Seal clearance (exit) .41 mm
Seal diameter 152 mm
Seal length 50.8 mm
Static rotor eccentricity, €, 0.0
Static rotor eccentricity, €, 0.0

Viscosity (reservoir) 1.85x 10™° N-s/m?

Density (reservoir) 9.175 kg/ m?
Viscosity (sump) 1.85% 107" N-s/m*
Density (sump) 6.305 kg/m*
Rotor speed 5000.0 rpm
Absolute pressure (reservoir) 7.918 bars
Absolute pressure (sump) 5.441 bars
Entrance loss coefficient 0.5
Preswirl factor, Uy,/Rw 0.0
Relative roughness of rotor 0.001
Relative roughness of stator 0.001
Temperature (ambient) 300.7 K
Y
STATOR HOUSING LOAD CELLS (3)

PRESSURE QUILLS TEMPERATURE FROBES

ACCELEROMETER (2)

Front view of test section

Fig. 1

Apparatus and Testing

A thorough description of the test facility is provided by
Childs et al. (1986), with the most recent modifications dis-
cussed in the work of Pelletti and Childs (1991). The facility
uses air as the test fluid and allows for static vertical positioning
of the rotor and static and dynamic control in the horizontal
direction. Although the test apparatus only allows dynamic
motion in the horizontal direction, independent identification
of all eight rotordynamic coefficients can be performed by
excitation parallel to the static eccentricity vector in the hor-
izontal position and perpendicular to the static eccentricity
vector in the vertical position. Excitation to identify Kxyx{e,),
Kyxles), Cxx(eo), and Cyxle,) is performed at the static position
(C.e,, 0) with horizontal motion parallel to the static eccen-
tricity vector. In this case, rotor motion along the X axis causes
a direct change in the clearance between the rotor and stator
in the direction of excitation. Excitation to identify Kxy(e,),
Kyi(e,), Cxi(eo), and Cyyle,) is performed for the static po-
sition (0, C,e,) with horizontal excitation perpendicular to the
static eccentricity vector. Rotor motion in this case does not

Nomenclature
R = rotor radius (m)
C, Cxx, Cyy = direct damping (N-s/ K, Kxx, Kyy = direct stiffness coeffi- 86X, 6Y = rotor-to-stator rela-
mm) cients (N/mm) tive deflection at a
¢, Cyx, Cxy = cross-coupled damp- k, Kyy, Kxy = cross-coupled stiff- seal
ing (N-s/mm) ness coefficients €, = static eccentricity ra-
C, = nominal radial seal (N/mm) tio
clearance (mm) P, = back (sump) pressure p = fluid viscosity (N-s/
e, = static rotor displace- (bars) m?
ment (mm) P, = inlet (reservoir) pres- p = fluid density (kg/m’)
Fx, Fy = components of seal sure (bars) w = rotor angular velocity
pressure ratio (P,/P,) (rad/s)

reaction (N) _ P, =

Journal of Tribology
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Fig. 2 Testing apparatus cross-sectional view

Table 2 Test points per static eccentricity ratio, ¢,, and €0
Rotor speed Inlet pressure Pressure ratio

Inlet preswirl

(rpm) (bars) (=) in the direction
%) P, P, of rotation
5,000 7.90 0.67 None
16,000 1.4 0.55 Intermediate
14.8 0.50 High
0.45

cause a change in the minimum and maximum clearance and
is moving parallel to the stator wall at the minimum and max-
imum clearance locations.

A front view of the test section including the seal geometry
is shown in Fig. 1. The rotor is placed at a specified eccentric
position within the seal where it is excited horizontally by
pseudo random excitation forces via a hydraulic shaker head.
The test seal stator is supported by three piezoelectric load
cells which measure the test-seal reaction forces only. The
motion and the reaction-force components exerted on the sta-
tor by the fluid are measured so that a hardware/software
system can be used to identify all eight rotordynamic coeffi-
cients. A thorough description of this excitation process is
provided by Childs and Hale (1994).

Figure 2 illustrates the test cross-section and identifies system
components. Flow enters from the right and precedes through
a set of preswirl vanes and the test seal before exiting through
either the pressure-control port or across the back-pressure
seal. Flow can be either withdrawn or injected from the pres-
sure-control port to control the pressure ratio across the seal
independently from the supply pressure. Note in Fig. 2 that
only the test-seal stator forces are transmitted to the load cells.

Five independent test parameters were used, and the test
matrix for each eccentric position is shown in Table 2. The
inlet preswirl is in the direction of rotation and is the ratio of
the fluid inlet circumferential velocity to the rotor surface
velocity. The pressure ratio is defined as the absolute back
pressure divided by the absolute inlet pressure and is varied
independently from the inlet pressure.

Theory Versus Experiment

The experimental and theoretical rotordynamic character-
istics for a smooth seal at eccentric operation will be compared.
Results are presented to show the effects of inlet pressure (7.9,
11.4, and 14.8 bar), pressure ratio across the seal (0.67, 0.55,
0.50, 0.45), running speed (5,000 and 16,000 rpm), and inlet
fluid prerotation (none, intermediate, and high). Results are
presented in this section for direct stiffness Kyx, cross-coupled
stiffness Kyy, direct damping Cxy, and the whirl frequency
ratio. The leakage rate was invariant to changes in eccentricity
for all operating conditions and will not be discussed. Data
for cross-coupled damping are also not presented because the
values are generally of the same order of magnitude as the
uncertainty.

150/ Vol. 117, JANUARY 1995
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Fig.3 Experimental (solid) versus theoretical (dashed) results for direct
stiffness, Kyy, as a function of the static eccentricity ratio, ¢, for a
smooth seal at 16,000 rpm

Uncertainty Predictions. The analysis used to calculate the
experimental uncertainty is based on the Kline-McClinktock
method as discussed and presented by Holman (1989). The
calculations are based on the known uncertainties of the meas-
uring equipment. The average uncertainty in the direct stiffness
coefficients K yx and Kyy, are 25.18 N/mm (2.86 percent) and
32.74 N/mm (2.86 percent), respectively. The cross-coupled
stiffness uncertainties are 24.74 N/mm (2.99 percent) for Kyy
and 21.42 (3.78 percent) for Kyy. The uncertainty values for
direct damping, Cxy and Cyy, are 0.0461 N-s/mm (1.88 per-
cent) and 0.061 N-s/mm (2.58 percent), respectively.

Direct Stiffness. Figure 3 shows Kyy as a function of the
static eccentricity ratio e, at 16,000 rpm. Note that Kyy de-
creases with increasing eccentricity and increasing inlet pres-
sure. The results obtained for Kyy at 5,000 rpm are similar
except that the decrease in stiffness at higher eccentricities was
not as significant. The direct stiffness Kyy does not change
significantly with increasing eccentricity at either of the tested
speeds. This is because identification of Ky requires excitation
directly towards the stator wall, while identification of Kyy
uses motion which is nominally parallel to the wall. For the
same reason, Cxy and Kyy change more significantly with
eccentricity than Cyy and Kyy, respectively.

With regards to Kyy, the theoretical predictions are inac-
curate in several regards. The analytical results overpredict
direct stiffness for all conditions and also incorrectly indicate
increasing stiffness with decreasing pressure ratios. Predictions
also fail to indicate that increasing eccentricity causes a notable
decrease in the direct stiffness values.

Cross-Coupled Stiffness. Kyy is presented as a function of
€, at 16,000 rpm in Fig. 4. As discussed previously, Ky does
not change significantly with eccentricity and is not presented.
Theory correctly indicates increasing values of Kyy for in-
creases in inlet preswirl, inlet pressure, speed, and the static
eccentricity ratio. At 5,000 rpm Kyy also increases with in-
creasing eccentricity (although less than at 16,000 rpm) which

Transactions of the ASME
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Fig.4 Experimental (solid) versus theoretical (dashed)results for cross-
coupled stiffness, Kyy, as a function of the static eccentricity ratio, e,
for a smooth seal at 16,000 rpm

is correctly shown by theory. Overall, the results show good
agreement between theory and measurements, although Kyy
measurements consistently increase more rapidly with increas-
ing eccentricity than predicted.

Direct Damping. Figure 5 shows Cyyx as a function of ¢,
at 16,000 rpm. Direct damping increases with increasing ec-
centricity. This trend also held at 5000 rpm but to a less sig-
nificant degree. Both experimental and theoretical results for
Cxxincrease with increasing eccentricity. Theory underpredicts
the increase in direct damping that occurs with increasing ec-
centricity and fails to indicate that increasing inlet preswirl
reduces the direct damping values. The theory correctly pre-
dicts an increase in Cyy with decreasing pressure ratio. Cor-
relation between theory and experiment is worst at low supply
pressure and low preswirl and improves steadily as either pre-
swirl or supply pressure is increased.

Whirl Frequency Ratio. The whirl frequency ratio is shown
in Fig. 6 as a function of the static eccentricity ratio ¢, at 5000
rpm. With no swirl, the results closely match theory because
neither theory or prediction change significantly with eccen-
tricity. With preswirl, theoretical and experimental results dif-
fer. Theory predicts a slight decrease in the whirl frequency
ratio, but the experimental results show f,, increasing with
increasing eccentricity. Although the experimental and ana-
lytical results differ considerably at the centered position, they
converge to comparable values at higher eccentricities. The
experimental and theoretical results at 16,000 rpm do not change
with increasing eccentricity. This outcome indicates that at
higher speeds, stability is not altered with changes in eccen-
tricity; whereas, at lower speeds, increasing eccentricity de-
creases stability for preswirled flow.

Discussion and Conclusion
Tests results show that changes in ¢, have a significant effect

Journal of Tribology
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Fig.5 Experimental (solid) versus theoretical (dashed) results for direct
damping, Cyy, as a function of the static eccentricity ratio, ¢,, for asmooth
seal at 16,000 rpm

on the rotordynamic characteristics of a smooth gas seal. The
simple eccentricity-independent model of Eq. (1) is only valid
out to comparatively small eccentricities on the order of
0.2~0.3. For larger eccentricity values, the eccentricity-de-
pendent model of Eq. (2) should be used.

The decrease in the direct stiffness that occurs with increasing
eccentricity is significant when considering seal configurations
which depend on direct stiffness to center the seal stator relative
to the displaced rotor, e.g., floating-ring seals. The theoretical
results fail to show the decrease that occurs with increasing
eccentricity. The experimental and theoretical results both show
that cross-coupled stiffness increases with increasing eccen-
tricity, although the theory fails to indicate the marked increase
that occurs with eccentricity ratios greater than 0.2.

The theory significantly underestimates direct damping at
low supply pressures and low preswirl with a steady improve-
ment as either of these parameters is increased. Direct damping
increases with increasing eccentricity, which is correctly pre-
dicted by theory.

Concerning rotor dynamic stability as measured by the whirl-
frequency ratio f,,, at 5000 rpm, for preswirled flow, stability
decreases with increasing eccentricity. For flow with no pre-
swirl, the whirl-frequency ratio was near zero and did not
change with increasing ¢,. At 16,000 rpm, f,, was insensitive
to operating eccentricity.

Although not illustrated here, out to an eccentricity ratio of
0.5 both theory and experiment showed no changes in the mass
flow rate due to a change in eccentricity. Predictions of leakage
were in good agreement with measurements in all cases.

Yang’s (1993) analysis provides reasonable predictions for
all the rotordynamic coefficients (excluding direct stiffness and
direct damping at low supply pressures and low preswirl) as
well as the leakage and pressure profile characteristics. The
code is effective in predicting the trends associated with the
performance characteristics of a smooth seal, although it does
not show the sensitivity to variations in the pressure ratios
found in the experimental results.

JANUARY 1995, Vol. 117 /151
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Fig. 6 Experimental (solid) versus theoretical (dashed) resuits for whirl
frequency ratio as a function of the static eccentricity ratio, ¢,, for a
smooth seal at 5000 rpm

Most operating turbomachines have seals which operate ec-
centrically, This research indicates that rotordynamic coeffi-
cients are sensitive to changes in the static eccentricity ratio
for all speeds, although the highest operating eccentricity of

162 / Vol. 117, JANUARY 1995

this research was only 0.5. Continued investigations are needed
to study the effects of eccentricity on the rotordynamic and
leakage characteristics of other seal configurations.
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