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EXECUTIVE SUMMARY
IDENTIFICATION OF DYNAMIC FORCE COEFFICIENTS OF A LABYRINTH AND GAS
DAMPER SEALS USING IMPACT LOAD EXCITATIONS
David Lawrence Ransom, Dr. Luis San Andrés

Experiments to identify stiffness and damping force coefficients of a two bladed
raeth-on;s[atﬂr labyrinth seal and a gas damper seal, both of diverging clearance, are
presented. Calibrated impact guns excite a housing holding the test seal. The seal
displacement and acceleration time responses in two orthogonal directions are measured.
A frequency domain parameter identification procedure allows the determination of the
seals’ dynamic force coefficients over a frequency range. Tests are made for a centered
seal condition without journal rotation and with rotation at 1,500 and 3,000 rpm. The
pressure drop across the seal is controlled by increments in the inlet supply pressure to
values three times the exit (ambient) pressure.

The two bladed labyrinth seal becomes less stable with increasing pressure ratio
across the seal. This seal exhibits positive direct stiffness and negative direct damping.
Cross-coupling effects are observed but identification of cross-coupled stiffnesses are
poor. Comparison with analytical predictions is good for mass flow and direct damping
coefficients. Predicted values for direct stiffness are negative, contrary to identified
values. The same labyrinth seal is transformed into a four pocket damper seal and tested
under identical conditions. The damper seal is shown to be more stable dynamically but
can create a static instability due to excessive negative direct stiffness. In the test facility

used, the seal housing dees not have enough direct stiffness to support the damper seal at




it

pressure ratios greater than 2.0. Cross-coupled stiffness is not detected in the
measurements. The direct damping coefficients are positive and large in magnitude
compared to those from the labyrinth seal measurements. Analytical predictions show
similar trends for mass flow, direct stiffness and direct damping coefficients. Predictions
also show significant cross-coupling effects for tests with journal but these could not be

identified reliably from the seal dynamic response measurements.
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NOMENCLATURE
speed of sound in air [L/T]
least squares estimator matrix
seal damping coefficients [M/T], ij =X ¥
base damping coefficient [M/T], i= X.Y
seal radial clearance [L]
seal journal diameter [L]
time domain external impact force [ML/T*], j = X, ¥
frequency domain external impact force [ML/T?],j = X,¥
fast fourier transform
frequency domain flexibility coefficients [T/M 1, i, f=XY
frequency domain impedance coefficients [M/T” ], i, J=XY
identity matrix
=1
seal stiffness coefficients [M/T ], ij= X.Y
base stiffness coefficient [M/T], i= X, ¥
seal length [L]
Vine/at, seal inlet Mach number
seal housing mass (M), i= XY
mass flow rate through seal [M/T]
eITor matrix

armospheric (seal exit) pressure [MILTE]
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supply pressure to seal inlet [M/LT?]

Puppty/P o, pressure ratio

air line pressure before flow meters [M/LT"]

air line pressure after flow meters [M/LT?]

seal inlet pressure [M/LT"]

seal plenum pressure [M/LT’]

mf aDy |, axial flow Reynolds number

uncertainty of measurements. Subscript indicates measurement type.
time domain seal displacements about equilibrium position [L].

time domain seal velocities in the X, ¥ directions [L/T]

time domain seal accelerations in the X, ¥ directions [L/T"]
frequency domain seal displacements about equilibrium position [L].
frequency domain seal velocities in the X, ¥ directions [L/T]
frequency domain seal accelerations in the X, Y directions [L/T"]
teeth-on-rotor

tecth-on-stator

inlet temperature of air [F]

temperature at seal inlet [F]

temperature at seal exit [F]

lubricant temperature at exit of roller bearing [F]

Re,..(#/ pc), seal inlet velocity [L/T]
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W = instrumental variable matrix

By = Dirac Delta function

A = HyxHyy - HyyHyy

m = 1.8 107 Pa*sec, viscosity of air at T; = 23 °C [M/LT]
p = density of air at seal inlet [M/L"]

W = frequency [1/T]

; = damped natural frequency [I/T], i= X, ¥
SUBSCRIPTS

atm = refers to atmospheric pressure

d = refers to displacement measurement

i = refers to housing support parameters

ij = corresponds to X, ¥ combinations. First subscript indicates direction of

motion. Second subscript indicates direction of force.

ratio = refers to ratio of supply and atmospheric pressures
supply = refers to supply pressure at inlet of seal
SUPERSCRIPTS

T = transpose of matrix




ix

LIST OF FIGURES
Page
Figure 1. Sehematics View of Test RS .. s a s 17
Figure 2. TR VIEW OF TEBERIE. . ocsimnsmisssesoimaamisns A aiss: fans s 18
Figure 3. Two-Bladed Labyrinth Beil.. .o snsnec 19
Figure 4: Position of Displacement and Acceleration Sensors and Coordinate
S¥SIEIML cu v venrssersiiisssres st et ra e nanr s s e sneresnansesneseenansssnseessnsmnnseesnsssnssernnsnn D)
Figure 5. Labyrinth Seal Mass Flow and Direct Stiffness Coefficients for No
Journal Rotation and Varying Pressure Ratio.......ccooocveiririioosee e, 39
Figure 6. Labyrinth Seal Cross-Coupled Stiffness and Direct Damping Coefficients
for No Journal Rotation and Varying Pressure Ratio ......covvvvvveniiveinens 40
Figure 7. Labyrinth Seal Mass Flow and Direct Stiffness Coefficients for Journal
Rotation at 1,500 rpm and Varying Pressure Ratio ....ococoooceiiinneniinnnnnnes, 42
Figure 8. Labyrinth Seal Cross-Coupled Stiffness and Direct Damping Coefficients
for Journal Rotation at 1,500 rpm and Varying Pressure Ratio............... 43
Figure 9. Labyrinth Seal Mass Flow and Direct Stiffness Coefficients for Journal
Rotation at 3,000 rpm and Varying Pressure Ratio ......oecceoeieviervnonnnen. 45
Figure 10. Labyrinth Seal Cross-Coupled Stiffness and Direct Damping Coefficients
for Journal Rotation at 3,000 rpm and Varying Pressure Ratio............... 46
Figure 11. Labyrinth Seal Transfer Functions for No Journal Rotation and Varying

g e a1 ey T e 47




Figure 12.
Figure 13.
Figure l;r.
Figure 15.
Figure 16.
Figure 17.
Figure 18,
Figure 19.
Figure 20.

Figure 21.

Coefficients

Page
Labyrinth Seal Transfer Functions for Journal Rotation at 1,500 rpm and
VarHing Pressute BAMO o s s s e snts 49
Labyrinth Seal Transfer Functions for Journal Rotation at 3,000 rpm and
Varying Pressure Ratio ..o 30
Labyrinth Seal Test Coherences for No Journal Rotation and Pressure
Ratiorof L (X DIA0E s cissromrsesmvmmonssssmensasnssssassastassrsnsigsassebemms monsmesiacrace 52
Labyrinth Seal Test Coherences for No Journal Rotation and Pressure
Ratioof T, 00 Tpact) oo s i S e 33
Labyrinth Seal Test Coherences for Journal Rotation at 1,500 rpm and
Pressure Ratio 0F 1.5 (X TDAGCE) i i i se e 54
Labyrinth Seal Test Coherences for Journal Rotation at 1,500 rpm and
Pressure Ratio of 1.5 (Y IMPACL) .....ccocriiiemreinrea et ss e 35
Labyrinth Seal Test Coherences for Journal Rotation at 3,000 rpm and
Pressure Ratio of 1.5 (X IMPACE) 1..ecvcveierrrrrrreeserersssssssesssssssssssssmssnssseres 56
Labyrinth Seal Test Coherences for Journal Rotation at 3,000 rpm and
Pressure Ratioof 1.5 (Y Impact) coassniii s mbsimmee 57
Labyrinth Seal Cascade Plot of Seal Displacement for Ramp-Up and
Ramp-Down Test............. R S SR P R L 59
Damper Seal Mass Flow, Direct Stiffness and Direct Damping

for No Journal Rotation and Varying Pressure Ratio ........oocvvevviiicinnins 65




Figure 22.
Coefficients
Figure 23.
Coefficients
Figure 24,
Figure 25.
Figure 26.
Figure 27.
Figure 28.
Figure 29.

Figure 30.

Figure 31.

X1

Page
Damper Seal Mass Flow, Direct Stiffness and Direct Damping
for Journal Rotation at 1,500 rpm and Varying Pressure Ratio.............. 66
Damper Seal Mass Flow, Direct Stiffness and Direct Damping
for Journal Rotation at 3,000 rpm and Varying Pressure Ratio............... 68

Damper Seal Transfer Functions for No Journal Rotation and Varying
Pressure RO ....covcciiere et vt ss s ss s sasss ens e ass s eressaes 69
Damper Seal Transfer Functions for Journal Rotation at 1,500 rpm and
Varying Pressure Ratios i i i iimiosmm st sonresrosssarentanressas 71
Damper Seal Transfer Functions for Journal Rotation at 3,000 rpm and
Yarying Prossuie Babil . sanarmsinaam s i 72
Damper Seal Test Coherences for No Journal Rotation and Pressure Ratio
o1& T .0 £ o - o2 [OOSR BV SR (o S 73
Damper Seal Test Coherences for No Journal Rotation and Pressure Ratio
OF 1.5 (Y IMIPACE) 1eoeeceinieeiciriece e sessas s e sesssssssessesaes e ss s mesmgonnsssnensennen 74
Damper Seal Test Coherences for Journal Rotation at 1,500 rpm and
Pressnre RatiGof-] 5 (X Tripaet) s it shorontssbe sabiommmmmrombios 75
Damper Seal Test Coherences for Journal Rotation at 1,500 rpm and
Pressine Ratio of '1:3:(Y Impact)oosannnnaniissnannii 76
Damper Seal Test Coherences for Journal Rotation at 3,000 rpm and

Pressure Ratio 0f 1.5 (X TOPACEY. ....ccsiummen iasisisossssssosssiniisns sinssisssesioss 77




Xii
Page
Figure 32. Damper Seal Test Coherences for Journal Rotation at 3,000 rpm and
Pressiure Batn of 1.5 0¥ TRPactY. i st 78
LIST OF TABLES
Table l.- Test Seal DIMENSIONS ..o.ooveiririernierrrierssressessessecessssensoseessereessesssssesasens 19
Table 2. Data Acquisition PATAIMELIETS ......corvrererrensrsersssessssenssssesasasessssessssesseereans 21
Table 3. 0L 0l e e s e SR 22
Table 4. Fransducer Lncertainiies « s s it 32
Table 5. Base Stiffness, Mass and Damping from Seal/Housing for Labyrinth Seal
TR e it s A e R R L B e L e e 33
Table 6. Identified Labyrinth Seal Force Coefficients and Correlations (Centered
ST LR T, . W W e B 36
Table 7. Temperatures, Pressures and Mass Flow for Labyrinth Seal Tests
(Centercd Condifion) ... sssmeereesssrermmr s serssoo 38
Table 8. Base Stiffness, Mass and Damping from Seal/Housing for Damper Seal
D e S R B e e B S R s 61
Table 9. Identified Damper Seal Force Coefficients and Correlations (Centered
ORI OMY e e i L v G e e S S oy P i 63
Table 10 Temperatures, Pressures and Mass Flow for Damper Seal Tests (Centered
4771k 11 N o S O UDO SIS U 0SS e 1
Table 11. Force Coefticient Comparison of Both Seals..........coccoeieiiiicniniicncinnnnn, B2




INTRODUCTION

(ias seals are used in many turbomachinery applications such as industrial
compressors, aircrafi engines and steam turbines to minimize leakage from a high
pressure region to a low pressure region. Until the late 1970’s, seal design concentrated
mainly on reducing leakage. Childs (1978) reporting on the development of damper seals
for the High Pressure Fuel Turbopump on the Space Shuttle Main Engine shows that
seals not located at shaft vibration nodes have profound effects on the dynamics of rotors
supported on bearings. Since large amplitudes of vibrations may occur at these locations,
even small amounts of seal damping may decrease or even eliminate a critical speed
response completely. Therefore, prediction of both seal leakage and seal forces becomes
important during rotating machinery design to facilitate favorable predictions of rotor-
bearing system performance.

Seal forces are general functions of the seal geometry, fluid properties, flow
condition and operating conditions. For small amplitudes of rotor motion (X, }) about an
equilibrium position these forces (Fy, /) are generally represented as linear stiffness
(K;),~xr and damping (C,,), - r force coefficients (Lund, 1987, Childs, et al. 1986),

(B [Ke KolX] [Ca CalX] ”
L £ ¥ i Ky Ky ,Y G Gy YJ

| -

Fluid inertia is neglected in this description since gas densities are effectively small. These
seal parameters, typically regarded as frequency independent, are necessary to predict

rator critical speeds and logarithmic decrements, The direct coefficients

The journal style followed is the ASME Journal of Tribology.




characterize a force that is in the same direction as the journal motion; whereas the off-
diagonal (cross-coupled) coefficients represent forces that although proportional to the
generalized displacement, velocity or acceleration, act in a direction perpendicular to it.

At present, there is little expenmental data for the force coefficients and leakage of
two bladed labyrinth seals despite their widespread use. A novel gas damper seal known
as TAMSEAL™ exhibits significantly more direct damping than comparable conventional
labyrinth seals as reported by Vance and Li (1995) for tests performed with and without
journal rotation. For the non-rotating tests, seal direct damping is measured by the
logarithmic decrement method. During coastdown tests, increased damping (due to the
damper seal) is inferred by a decrease in rotor response amplitude from the baseline
coastdown response. To date no systematic attempts have identified all of the
rotordynamic force coefficients of the pocket damper seal. Thus, the need arnises for
experimental identification of all the force coefficients and seal leakage for both labyrinth
seals and pocket damper seals. In the following thesis, test force coefficients and leakage
rates for a two bladed labyrinth seal and a pocket damper seal are presented. The
identified force coefficients demonstrate the major advantage (increased direct damping
and reduced cross-coupled stiffness) of the pocket damper seal as compared to the

conventional labyrinth seal,



OBJECTIVE

The objective of this research is 1o identify the rotordynamic force coefficients and
leakage of a two bladed, teeth-on-stator (TOS) labyrinth seal and a pocket damper seal
(TAMSEAL™'). The experiment is performed in an existing test facility where impact
guns excite the test seal and its dynamic displacements, accelerations and load are
recorded as frequency response functions by a data acquisition system. The stiffness and
damping force coefficients are extracted from the averaged spectral data using a
frequency domain parameter identification method. The labyrinth seal test adds to the
limited collection of reports concerning the measurement of force coefficients for this
type of seal. The complete set of measured rotordynamic force coefficients for the
pocket damper seal (direct and cross-coupled terms) is presented for the first time in this
thesis. The intent is to gain better understanding of the rotordynamic force performance

of both seals to be used in better designing similar seals for industrial applications.



LITERATURE REVIEW

The following review consists of three main discussions, each necessary to fully
understand the task at hand. First, a brief review of the literature relevant to gas seal
force coefficients is presented to insure that mistakes are not repeated and results are not
duplicated unnecessanly. This 15 followed by a review of the literature pertaining to the
experimental force coefficient identification in bearings and seals. Due to the nature of
the identification task, two separate sections are necessary to discuss both the
experimental procedure and the parameter identification method.
GAS SEAL FORCE COEFFICENTS

In his report on the experimental measurement of force coefficients for a two-
bladed labyrinth seal (TOS), Wright (1978) presents the seal forces in terms of tangential
and radial components. The direction of the tangential force determines the stability of
the seal such that a positive force in the direction of whirl reduces the stability of the
rotor. The author states that diverging clearance seals become increasingly unstable in
backward whirl with increasing pressure ratios (seal inlet pressure/ seal exit pressure).
Radial stiffness is found to be positive, increases with pressure ratio, and appears
insensitive to shaft speed. In a second publication, Wright (1983) presents more
experimental results from a similar test facility, A divergent labyrinth seal is found to be
unstable in backward whirl although stable in forward whirl. For large pressure ratios the
radial stiffness is positive and for low pressure ratios it is negative. Due to lack of an

analytical model, Wright (1983) intends only to provide some data for use as a
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benchmark in the development of an analysis to determine force coefficients in labyrinth
seals.

In an effort to better understand and predict the rotordynamic performance of
converging and diverging clearance labyrinth seals, Murphy and Vance (1980) analyze the
axial flow through a typical labyrinth seal neglecting circumferential flow. The authors
note that the converging clearance configuration generates a destabilizing tangential force
in the direction of rotor whirl while giving a positive radial force. On the other hand, the
diverging clearance configuration improves the stability of the rotor since it produces a
tangential force opposing the rotor forward whirl, although producing a negative radial
force.

Childs and Scharrer (1988) identify the force coefficients for teeth-on-rotor
(TOR) and teeth-on-stator (TOS) labyrinth seal configurations each with 16 teeth,
varying seal clearances, inlet pressures, inlet swirl conditions, and shaft speeds. Although
the cross-coupled stiffness increases with seal inlet pressure for both TOR and TOS
configurations, the authors find that increasing shaft speed causes cross-coupled stiffness
to increase for the TOR seal and the cross-coupled stiffness to decrease for the TOS seal.
Measured direct damping exhibits little sensitivity to shaft speed for both seal
configurations but increases noticeably with seal inlet pressure. Independent of seal
configuration and rotor speed. direct stiffness is negative, becoming less negative with
increasing inlet pressure. Childs and Scharrer conclude from a stability analysis that the

TOS seal is more stable than the TOR seal for positive inlet circumferential velocity ratio.




Vance. et al. (1993a) reporting on coastdown tests performed on both TOR and
TOS labyrinth seals show the amplitude of the response to imbalance at the critical speed
to increase with increasing pressure ratios. The largest increase occurs when the inlet
pressure is twice the exit pressure corresponding to the onset of choked flow through the
seal. An increase in response amplitude indicates a decrease in effective damping whether
due to an‘increase in cross-coupled stiffness or a decrease in direct damping.
Additionally, Vance, et al. show that for TOS seals the diverging clearance configuration
exhibits more stability than seals with a converging clearance configuration.

Vance and Schultz (1993b) report on initial tests of a novel damper seal,
TAMSEAL™ Similar in geometry to a conventional labyrinth seal, this pocket damper
seal blocks circumferential flow anising from pressure vaniations around the seal annulus
by dividing the plenum into four individual cavities. The authors perform impact load
measurements in a non-rotating test apparatus, and for a range of pressure ratios extract
the seal damping coefficients by the logarithmic decrement method. The authors report
an increase in damping with an increase in seal inlet pressure. Vance and Schultz find that
the novel damper seal has fifteen times more damping than a similar conventional
labyrinth seal at a pressure ratio of 3.1.

FORCED EXCITATION

Accurate identification of seal force coefficients requires an apparatus and
methodology which is unaffected by measurement noise and properly isolates the seal
forces from the myriad of other forces typically found in rotating machinery. An

extensive review of literature reveals that parameter identification procedures comprise



both the method to excite the test element and the method to extract the test element
parameters from dynamic response measurements, Software and hardware limitations
aside, the methods and procedures selected have the largest effect on the quality of the
results,

In the following, three methods of forced excitation and two methods of parameter
identification are examined. Each excitation method can be combined with either
identification procedure, though not completely independent of each other. For instance,
tests with impact load excitations excite transient rotor motions which, depending on the
identification procedure selected, can be stored as time domain records or frequency
domain spectra. Thus, even though the forced excitation procedures and the
identification methods are discussed separately, it is important to remember that indeed
they are closely related.

Three techniques of bearing excitation prevail, namely those due to vibratory loads
(shakers), unbalance loads and impact loads. The number of papers available on vibratory
loading indicates this to be the dominant method to date, though this method requires
sophusticated test arrangements. For example, the stinger (which attaches the shaker to
the test subject) must be rigid in the direction of loading, but fully flexible in all
orthogonal directions. Mitchell and Elliott (1984) provide design guidelines for stinger
flexural stiffness and exciter support stiffness.

Morton (1971) reports measurements made on an industrial size journal bearing
using a single shaker to excite the bearing. A static load is applied using nitrogen

pressurized bellows (50 tons maximum) and the dynamic load is provided by an



electrohydraulic shaker with a maximum load of two tons and top frequency of 50 Hz.
Measured parameters include static force, dynamic forces, and bearing position relative to
the journal, With a single shaker, movement in only one direction is not feasible without
physically constraining the system. Therefore, response motions in two orthogonal
directions are measured for excitation frequencies differing from the rotational speed.
The amplitude of the dynamic force (two tons) provides a linear response and also a good
signal to noise ratio. The resulting stiffness and damping values are found to be
significantly lower than theoretical values. Morton believes theory to be deficient and
states that the experimental results compare well with unbalance tests performed on a
similar bearing.

Parkins (1979) introduces the selected orbit technique where the magnitude and
phase of the shaker forces are controlled to render straight line motions of the test
journal. The time response shows specific times when the journal displacement (relative
to a static equilibrium) is null, and other times when the velocity is zero. Thus,
measurements in two planes (X" and }) render eight separate equations from which eight
dynamic force coefficients (stiffness and damping) are extracted. These linearized force
coefficients are regarded as constants about a static equilibrium position. Parkins’
measurements demonstrate that the linear assumption is not valid for motions about
journal eccentricities greater than 78% of the bearing clearance, and thus, first order
corrections to the test stiffness and damping coefficients become necessary. Parkins also
shows static force coefficients extracted from an incremental load method on the same

test apparatus. Four stiffness coefficients are determined with one added weight in each



direction and measured displacements in both directions. The dynamic values of stiffness
correlate well with the incremental loading values wherever a direct comparison is made,
The cross-coupled stiffness and damping coefficients (K7 and Cyy) are shown to be
nonlinear for journal eccentricity ratios greater than 0.78. All stiffness and damping
coefficients are nonlinear for journal eccentricity ratios greater than 0.86 and 0.90,
respectively.

Childs, et al. (1986) describe a test apparatus to extract rotordynamic coefficients
from annular gas seals using a shaker in the horizontal direction. Eccentric operation is
achieved by a cam displacing the shaft in the vertical direction. By exciting the system at
one frequency, both stiffness and damping coefficients are identified. The extracted
coeflicients are assumed to be linear within a prescribed frequency range. Nelson, et al
(1986) measure leakage and the rotordynamic force coefficients of a plain annular gas
seal and a convergent geometry gas seal using the test rig described in Childs, et al.
(1986). Tests are performed at various pressure ratios, shaking frequencies, and inlet
pre-swirl conditions. The stiffness and damping coefficients are shown as a function of
pressure ratio. The damping coeflicients do not vary with varying inlet pre-swirl
condition. Error bars on each stiffness and damping coefficient (graphical results) show
that damping measurements have higher uncertainties than stiffness measurements.

A second method of dynamic force excitation is due to a rotating imbalance mass.
This method requires a much less sophisticated test facility than the shaker approach and
can require large amounts of testing time if numerous masses are used or if results for

various rotational frequencies are desired (Goodwin, 1991). Hagg and Sankey (1956)



10

report on tests for a 150° hydrodynamic journal bearing and a four pad pivot bearing
using this method. The rotor is mounted vertically and a static load (simulating rotor
weight) is applied with a mass lever system. Vibrations are measured using the wattmeter
technique, so only fundamental vibrations synchronous with journal speed are observed.
The data is presented in dimensionless form for ease of comparison with other works.
The results for the test journal bearing show considerable scatter, and the authors
estimate uncertainties of 10 to 20%. The results for the pivot pad bearing show much
less scatter and also follow theory quite well. The uncertainties are mainly due to
measurement errors.

Tieu and Qiu (1994) use the unbalance mass excitation method to extract sixteen
rotordynamic coefficients from two hydrodynamic journal bearings. The entire procedure
requires five tests, the first with no added masses (baseline response). The second test is
performed with two masses at right angles. For the third test, the same two masses in the
second test merely trade positions. The fourth test corresponds to two masses directly
opposing each other. Finally, in the fifth test, the same two masses from the fourth test
switch places. For each test, orthogonal displacements and one pulse per revolution are
recorded. This information is transformed into the frequency domain for the analysis
procedure. All sixteen coefficients are successfully identified and compared to theoretical
values. As also determined in other relevant works, the stiffnesses better match the
theoretical values than the damping coefficients, particularly in the region of journal
eccentricities below 50% of the bearing clearance. The authors state that the amplitude

of the response produced by placing the masses at nght angles to each other i1s greater
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than when they are out of phase by 180°. In a situation where only a limited number of
tests is available, the two tests with the masses at right angles (and the baseline test)
suffice to obtain reasonable results. No values of uncertainty are presented for the
coefficients in either method.

The third method of excitation is the impact or impulse method. The impact load
has the distinct advantage of exciting a wide range of frequencies at one time. This range
is dictated by the softness of the impact tip and the velocity of the impact. Nordmann and
Schollhorn (1980) report on impact testing of a rotor supported by two fluid film bearings
where the measured parameters are impact force and rotor displacements. The impact is
measured by an accelerometer attached to the hammer. Displacement is measured at
either end of the shaft by eddy current displacement sensors. The time data is
transformed to the frequency domain and recorded on tape. Averaging several impacts
eliminates noise from the response data. For comparison, a linear model is used to
numerically produce the frequency response to an impulse. The values for stiffness and
damping coefficients of the model are altered so that the transfer function of the linear
model matches the transfer function of the rotor-bearing system. Stiffness values show
good correlation with previous test results of a similar bearing; however damping values
show large amounts of scatter.

Qiu and Tieu (1993) report on further measurements made using the impact
method. The authors claim that their particular experiment is more applicable to industry
because a rotor-bearing system with two asymmetric support beanings could be tested.

By acquiring three sets of data, all sixteen rotordynamic coefficients for the rotor bearing



system can be identified. The first set of data is the initial vibration displacements (due to
remnant unbalance vector). The second set is the response to an impact in the .Y
direction, and the third is the response to an impact in the } direction. After transforming
all data to the frequency domain, the baseline vibration frequency response is subtracted
from the impact frequency responses. This decreases the noise effect of the synchronous
vibration response. Next, sixteen bearing parameters are extracted using the method
described in the paper. The extracted parameters (force coefficients) are used to
calculate time and frequency responses using a linear model, and compared to the actual
acquired time and frequency responses. The authors report that the model results do
compare well with the acquired data and correlate well with theory.
PARAMETER IDENTIFICATION PROCEDURES

As stated earlier, the method of forced excitation is only one part of the parameter
identification process. The actual identification of the rotordynamic force coefficients
requires a procedure to analyze the test data in either the time domain or the frequency
domain. Hagg and Sankey (1956) record time responses of journal motion for a bearing
subjected to both static and imbalance loads. By defining a Cartesian coordinate system
with the (X)) axes along the major and minor axes of the journal orbit, the authors are
able to determine the exact instants in time when the journal displacements are zero on
each axis. The damping and stiffness coefficients are determined from the solution of two
uncoupled steady state equations of journal motion. The authors state that the

inaccuracies in the parameter values are mostly due to phase measurement errors.
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Parkins (1979,1981,1995) uses the selected orbit technique which allows for exact
measurement of times when journal velocities and displacements are null. However,
Parkins uses two coupled equations to describe the journal motion, thus resulting in direct
and cross-coupled terms. As mentioned previously, Parkins measures non-linear
coefficients, so all values are presented in terms of a zero value and a gradient. The test
zero values show very little spread, while the gradient terms show large scatter and do
not seem useful. Parkins concludes that the measurements could have been improved
with an on-line subtraction of journal center coordinates (runout removal).

In an effort to overcome the synchronous noise problem described in Parkins
(1979,1981,1995), Burrows and Sahinkaya (1982) perform an analysis of a frequency-
domain estimation method. The system is modeled by two coupled equations of motion
excited by a Schroeder-phased harmonic signal which contains 100 harmonics. The
identification procedure requires four inputs: two displacement time records and two
force time records (one for each orthogonal direction). The input signals are then
transformed to the frequency domain and used to fill two matrices, one containing
displacements and applied forces, and another containing displacements only. These two
matrices can be applied to a least squares estimator equation which renders the eight
rotordynamic force coefficients. In an effort to estimate the effect of bias on parameter
estimation, another form of the least squares estimator is used which includes a noise
term. In one set of response data, a noise level of 5% completely destroys the method’s
ability to estimate parameters accurately. However, by taking an average frequency

response, the authors found that the effect of 5% noise is almost eliminated. In another
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test, the authors use actual experimental data to determine the coefficients of a squeeze-
film damper bearing. The results of this frequency technique are compared with the
results of a time domain method used on the same data. The frequency domain method
shows much less scatter than the time dornain method. In addition, three of the four
damping coefficients obtained with the frequency domain method are found to be in close
agreement with the n-film theory for squeeze-film damper bearings.

Tieu and Qiu (1994) measure a rotor-bearing system forced response to imbalance
and transform it to the frequency domain where bearing impedances are identified. To
prove the ability of the /T (Fast Fourier Transform) procedure. the authors plot the
inverse /FT of each measured signal against the original time data and show there is
virtually no difference. The test results appear to be repeatable, although no particular
information is given regarding the uncertainty of the estimated force coefficients. Also,
the frequency domain least squares estimation requires much less effort than does a non-
linear curve fit of time domain data.

Rouvas (1993 ) uses the power spectral density method to identify the rotordynamic
force coefficients of hydrostatic bearings. Rouvas states that although the method is
intended for random vibrations, it can be used successfully for deterministic vibrations as
well. There are two distinct advantages to the power spectral density method. First, if
two signals are statistically independent, the cross spectral density of those two signals is
zero. This characteristic allows the effect of noise to be eliminated from the frequency
response function. Time domain analysis methods require that for multiple excitations,

each excitation must start at a similar point in the cycle and the excitations must have the
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same magnitude. The power spectral density method does not require either of the two
previous conditions.

Fritzen (1985) and Massmann and Nordmann (1985) present the instrumental
variable (IV) method for use in identifying the force coefficients of a mechanical system.
The IV method is an extension of a least-squares estimation procedure, and minimizes the
error between identified coefficients and the actual coefficients which make up the test
frequency response function. The IV method has the advantage of eliminating bias
typically seen in an estimator due to measurement noise. Fritzen compares analytical
transfer functions generated by coefficients extracted by a least-squares estimator and
those functions generated by coefficients extracted by the IV method, and demonstrates
clearly that the latter procedure is much more capable of recreating the experimentally
acquired transfer function,

Ewins (1986) discusses coherence as an important measure of causality between an
output response and an input force in the frequency domain. Coherence has a value
between zero and one such that the stronger the relationship between the input and the
output, the closer the coherence is to one, There are several possible reasons to have
poor coherence (much less than unity), many of which are related to failure of the
instrumentation, but the most relevant relate to measurements contaminated with
extraneous noise during the testing. Therefore, signal coherence is a useful tool for
verifying the quality of the measurement although it does not provide information

regarding the cause of poor measurements.



This literature review provides relevant information on gas seal force coefficients
and experimental procedures to identify the same. A clear understanding of gas seal
literature enables the author to make informed decisions about test procedures and
provides some idea of expected results. The extensive review of parameter identification
literature eliminates much of the uncertainty in establishing an excitation procedure and

an analysis method so that confidence in the identified coefficients continues to improve.
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TEST RIG DESCRIPTION

A cross-section of the test rig is shown in Figure 1. Robison, et al. (1995) describes
the original facility and experimental results for a squeeze film damper. The driver is a
7.5 kWatt (10 hp) DC motor utilizing a belt-pulley system to turn the test shafi to a
maximum speed of 14,400 rpm. The base block is made of steel and weighs 104 kg (230
Ib). The test shaft is held in the base by three precision angular contact ball bearings
which are Jubricated by a dedicated oil pump with a 144 liter (38 gallon) reservoir. A
journal is mounted on the end of the shaft with a key and has a measured mechanical
runout of 25.4 um (0.001 inches). The natural frequency of the test shaft with the journal

in place is 417 Hz.
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Figure 1 - Schematic view of test rig

The aluminum housing containing the test seal is suspended by four threaded mild

steel rods. each 8 mm (5/16 inches) in diameter and 152.4 mm (6.0 inches) long. These
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rods are bolted to the top support plate which rests flat on the bottom support plate.
Figure 2 shows a view of the top and bottom support plates. The four positioning screws
shown in the figure provide the ability to center the seal relative to the journal by moving
the top support plate. To insure minimal friction when sliding, the mating surfaces for
both plates (each 0.0127 m [0.5 inches] thick) are flat within 25.4 um (1 mil). Four
clamps hold the top plate in its desired place and prevent it from raising when the housing

is pressurized.
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Figure 2 - Top view of test rig

The test seal is a two bladed labyrinth seal (TOS) with diverging clearance (Figure
3). The nominal dimensions are listed in Table 1. After the seal is tested in its onginal

form, it is altered and tested as a pocket damper seal. The modification involves insertion
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of four partition walls into the labyrinth deep groove dividing it into four cavities of equal
size. The aluminum housing holding the seal also contains four eddy current
displacement sensors fastened to the housing cap, and two (23 gr) piezoelectric
accelerometers mounted to the side of the housing with magnetic bases. Figure 4 shows

the position of the displacement sensors and accelerometers.

Labvrinth seal
Directionof
mass flow [ 1 /— Journal

/

Figure 3 - Two bladed labyrinth seal

Table 1 - Test seal dimensions

Outer Diameter 17.780 cm (7.000 in)
Inlet Blade Diameter 12.725 cm (5.010 in)
Exit Blade Diameter 12.751 em (5.020 in)
Joumal Diameter ([} 12.700 cm (5.000 in)

Inlet Radial clearance (c ) 127 um (5 mils)
Exit Radial clearance {c ) 254 pum (10 mils)
Length (1) 4.064 cm (1.6 in)
Material Aluminum
Weight 1.0 kg (2.1 1b)

uncertainty £12.7 pm (0.5 mils)
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Pressurized air is delivered to the seal through a flexible hose containing a K-type
thermocouple, and a visual flow meter and a turbine type flow meter, Pressure regulation
15 performed well upstream of the test seal. The inlet air pressure to the seal is measured
with a strain gauge pressure transducer mounted on the housing cap. The air flow
through the seal exhausts to atmospheric conditions. The discharge lubricant temperature

from the rolling element bearings in the test rig base is measured with a K-type

thermocouple.
Displacement
Impact gun Y sensor
direction
Test seal
Housing

Accelerometer
X direction
Y direction

Figure 4 - Position of displacement and acceleration sensors and coordinate system

The data acquisition is performed by an eight channel simultaneous sampling FFT
analyzer with a maximum rate of 20,000 samples/sec. Table 2 lists the acquisition
parameters used in the testing. The sampling rate is a compromise between resolution for

the measurement (in time) of the impact loads and resolution of the seal displacement and
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acceleration frequency spectra. Impacts imparted with soft tips in the guns last ~3
milliseconds, while the seal dynamic motion lasts well over 0.5 sec. A sampling rate of
6,600 samples/sec leads to a resolution in the frequency domain of 0.813 Hz, and where

the impact is described by twenty discrete data points.

Table 2 = Data acquisition parameters

Acquisition Parameter Value
Sampling frequency 6,600 samples/sec
Mumber of samples 8,192 per test
Total sampling time 1.24 sec

Full scale voltage (FSV) 4.7 volts all channels
Windowing none
Pre-trigger 5 samples

The full scale voltage (FSV) in the data acquisition process is an important
parameter and must be considered carefully. In terms of measurement accuracy it is best
for each motion transducer to use as much of the FSV as possible. Different transducers
operate in different ranges and the data acquisition system allows each channel to have a
different range. However. the post process requires that all D/A channels must have the
same FSV. The piezoelectric accelerometers produce significantly smaller voltage signals
than the eddy current sensors and the impact gun load cells. Therefore, the accelerometer
outputs are pre-amplified by a factor of 10 with a signal conditioner. The sensitivity for
each transducer is listed below in Table 3.

Each transducer is calibrated before use in the test facility. Displacement sensors

are calibrated on a translating table with electronic position reading accurate to 12.7 pm
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(0.0005 inches). Accelerometers are calibrated with an electric shaker designed to shake
at a frequency of 100 Hz and an acceleration equal to 1 g.. Load cells are calibrated by
impacting a mass suspended from the ceiling and measuring its acceleration with a

previously calibrated accelerometer.

Table 3 - Transducer gains

Displacement X 124 um/volt
Displacement ¥ 126 pum/volt
Acceleration X 9.225 g/volt x 10
Acceleration V 9.461 g/volt x 10
Force X 44.11 N/volt
Force ¥ 43.67 Nivolt

The data acquisition is initiated by an increase of 7% of FSV on the impact load
cell channel. However, since the impacts last very briefly, the data points before the
trigger 7% value are also required. A built-in pre-trigger function allows recovery of the
data to the instant when the impact just initiates. Experiments show that 7% of FSV for
the impact loads amounts to the first 5 data points. Therefore, the pre-trigger is set to
exactly 5 data points.

Despite the time and effort invested in the rig, there exist a few pitfalls which are
encountered during testing. Due to the flexdbility of the support structure, the seal
alignment is altered with a change in seal inlet pressure. This requires the seal to be re-
centered for each pressure ratio. In addition, the bias of the displacement transducers
must be null for each pressure ratio (DC offset) which requires adjustments to the signal

conditioner any time the inlet pressure changes.
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TEST PROCEDURE

The experiments are performed without journal rotation (0 rpm) and at journal
speeds of 1.500 and 3,000 rpm. The seal is centered statically with respect to the journal
and no effort is made to induce fluid pre-swirl. For each shaft speed. four pressure ratios
are tested and each test is repeated once. A pressure ratio is defined as the ratio of the
absolute supply pressure (P to the absolute discharge pressure (P..) corresponding
to ambient conditions (101.3 kPa). All experiments are conducted at a mean air
temperature equal to 73 °F (23 °C).

The gun triggering and the data acquisition procedure are fully controlled from a PC
computer. For each impact in either the X or ¥ directions, the signals from the gun load
cell, two accelerometers, and two displacement sensors are acquired and stored
temporanly. The seal dynamic responses are evaluated graphically before permanent
storage. The impact test is repeated if the response is not acceptable. Impact responses
can be discarded for various reasons such as occurrences of a double impact, impact too
large, impact too small, or a failed transducer during acquisition. For each test condition,
the impact guns are adjusted so that the seal and housing move approximately 55-65% of
the seal clearance in the first oscillation. The entire frequency domain response data is
saved upon acceptance. Every test consists of 16 impacts in each direction (X and ) for
a given test condition (journal speed and pressure ratio).

Once all impacts are complete, the responses are frequency averaged and stored.

Finally, the coefficients are identified using a frequency domain method described in the



following section. The identified force coefficients are valid for the entire range of
frequencies excited by the impact force.

An effort is made to correlate the experimental measurements with predictions from
a code presented by Li et al. (1997). The one control-volume bulk-flow model
determines the seal force coefficients for the pocket damper seal and for conventional see
through labyrinth seals with either converging or diverging clearances. Perturbation
equations for seal cavity flow, flow across the partition walls, and axial mass flow rate are
derived for a centered seal condition. Flow turbulence is accounted for by using turbulent
shear stress parameters and Moody's friction factors in the circumferential bulk-flow
momentum equation. The flow equations are numerically solved and a computer
program is developed correspondingly. Sample input data for the analysis code is

provided in APPENDIX A



23

PARAMETER IDENTIFICATION
The identification of the seal dynamic force coefficients is performed by analysis
of the seal forced response and impact load in the frequency domain. The housing and
seal. considered as a rigid mass supported by the four elastic rods, move in a horizontal
plane under the forced excitation of the impact guns, The equations of motion for small

amPiirudés about an equilibrium position are described in linear form by,

M, &+ (Cﬂ.' +Cyp }f +Cy ¥ +(K.\_"I.' + Ky )-T +Kgy=1Fy
(2)
M,y + (Fn +Cy )1 + X+ (K:'r + Ky ]}' +Kyx =

where {f},-vrare external forces, M; is the combined housing and seal mass,
{ K} Cyi} -y y are the support rod stiffness and damping coefficients, and {K,,C,},,-xrare
the gas seal dynamic stiffness and damping force coeflicients, respectively.

The model for equations (2) assumes the journal motion in the lateral directions
(X.Y) to be negligible (i.e. no runout) and does not include the effects of random noise
due to fluctuations in the air pressure and local flow turbulence. The journal lateral
motion is indeed small since the shaft support is nearly rigid at the test conditions.
However, some amplitude of shaft runout (25.4 pm [1.0 mil]) at synchronous frequency
is present in the tests at 1,500 and 3,000 rpm. The effects of random noise are minimized
by averaging 16 impact responses and seal forced frequency responses. Equations (2) in

matrix form become

| |GG Gy i'_! Ko+Ky Ky ||x| | fx
G el woeliHi] 8



26

Let

X(w) = FFT{x(1)), He)=FFT(y1)), Fl(o)=FFI{f1) (4)
be the Fourier transforms of the dynamic seal responses and of the applied impact loads,
respectively. By definition,

X =jay Y= jo¥
' (5)

X=-w'X ¥ =-w’Y
where j=+/—1 and () is the frequency'. Application of the Fourier transform to the

linear ordinary differential equations (3) gives the following set of algebraic equations in

the frequency domain,

o X [CetCe  Go T(X] [KatBe Ko N[X] [5
_”MLF}’"’[ & c:ﬁfm}[FH E, &ﬁ&fJUHFJ i

Complex impedances {H,}, - r are defined as
f{'.r = [(Kl_' = KI” §|,|- ] - m: Mh é;_r ] F j m[{-‘q i {'-‘ﬂn (5.1_7 ] {T]

where &, = [ for7 =j = XV, zero otherwise. The impedances are composed of real and
imaginary parts, both functions of frequency (@). The real part denotes the dynamic
stiffness, while the imaginary part is proportional to the damping coefficient. Substitution

of the impedance definitions into the frequency domain equations (6) leads to:

' Measurements of housing acceleration show this to be the case, i.e. the FFT of the
acceleration is identical to —e@” X', This is of course since the journal does not vibrate
with large amplitude motions.
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These represent two algebraic equations and four unknown impedances (Hy).;-xr. For

two independent impact excitations (f,0)" and (0,/;)", the equations of motion are:
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where X is the fourier transform of the seal displacement in the X direction due to an
impact load in the }" direction. etc. Equations (9) represent four independent equations
with four unknowns, (H,). ;.vs, easily found using Cramers’ rule.
MANUAL CURVE FITTING OF THE TRANSFER FUNCTIONS

At this point, one of two methods is used to actually identify the force coefficients
contained in the impedances described previously. As noted above, the impedances are
general functions of frequency and follow typical formulations for linear systems. The
parameters of the system, {M K.C},,-yyare determined by curve fitting of the discrete
impedances {H,} over a certain range of frequencies. The real part of an impedance is
modeled as a quadratic polynomial, Re(H)~K - M7, and from which the system stiffness
and inertia coefficients are obtained. The imaginary part of an impedance is represented
as a first order polynomial or straight line, Im(H)~aC, and whose slope renders the
damping coefficient. The quality (goodness) and certainty of the identified system

parameters depends on how well the analytical curve fits the test data over the selected
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frequency range. Of course, the linearity of the system response and the invariance of the
force coefficients with frequency must also be accounted for in the procedure.

The system impedances, (H,),,-xr are (in principle) valid for the entire frequency
spectrum and only limited in practice by instrumentation and methodology. In the current
tests, the accelerometers are only calibrated to a low value of 10 Hz. However, the

measured accelerations are not used in the current procedure since it is verified in the

frequency domain that ¥ = —@ X . Furthermore, it is found in the procedure that
subtracting the housing inertia force, (— M, x X } degrades the quality of the curve fit for

the real portion of the impedances. Therefore, the identification method is valid for the
lowest measurable frequency (0.813 Hz). The measurements at exactly 0 Hz are not
useful due to a small dc offset (bias) from the transducers. The upper limit of the
frequency range is determined by the frequency range excited by the impact gun, The
seal displacement frequency response extends up to about 90 Hz for gun excitations with
a soft tip. Therefore, the frequency domain curve fitting is performed in the frequency
range of 1-90 Hz. However, the experimental impedances (especially the imaginary
portion) show considerable scatter for such a wide frequency range. Thus, identification
of the slope (damping coefficient) of the imaginary portion becomes too inaccurate.
Therefore, in the present procedure, the method described is valuable to identify
preliminary seal parameters. These seal coefficients are adjusted when reproducing the

system (output/input) transfer functions,
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System transfer functions (output/input) are used to obtain more precise
measurements of the annular seal force coefficients. In terms of impedance (H,), ;-x 1, the

analytical system transfer functions are generated by the following equations

5 s _Hn' - s ___H_-_‘ff
Gip=TR(X )= s G =TE (K ) = .
(10)
5 - H.. H
Gy = TF(Yy) ZTH Gy =TF (L) = f

where A= H . H,, - H,,H,, . The transfer functions calculated from the experimental

data are evaluated, and the magnitude of analytical transfer functions using the
preliminary estimates for the seal force coefficients are also determined from equations
(10). At first. the test and calculated transfer functions are not likely to match very well
over the selected frequency range. However, at this point small adjustments to the seal
stiffness and damping values in the analytical model quickly lead to a better match
between the model and the experimental results. Unfortunately this method looses
effectiveness when trving to curve fit all four transfer functions simultaneously. It is far
too difficult to determine which ones of the twelve coefficients need be altered to improve
all four curve fits. A method which does not require user input and can simultaneously
curve fit all four transfer functions is desired.
INSTRUMENTAL VARIABLE METHOD

The instrumental variable (IV) method described by Fritzen (1985) and Massmann
and Nordmann (1985) has the ability to simultaneously curve fit all four transfer

functions. The IV method is an extension of a least-squares estimation method.



Massmann and Nordmann (1985) apply the least-squares and 1V methods to
identify annular gas seal coefficients. The flexibility matrix ((7) is defined as the matrix of
transfer functions in equations (10). Since flexibility (or compliance) is the inverse of
impedance (G=H"), then theoretically the product of both matrices is the identity matrix,
I In reality there is some noise associated with the experimental measurements and so an

error matrix, &, is introduced into the following relationship.
G-H=GK-0'M+jaC]=1+N (11)
where K, M and (" are the stiffness, mass and damping coefficient matrices. Equation

(11) is rearranged as follows
AM|=1+N (12)

where 4 consists of the measured transfer functions and the unknown force coefficients
are contained in the stiffness, mass and damping matrices on the left hand side of the
equation. Solution of equation (12) by least-squares requires minimization of the loss
function defined by the Euclidean norm of N. This minimization leads to the normal
equations,
K
ATA M= AT (13)
c|
where A" is a weighting function which places more weight on the resonance frequencies.

The first set of coefficients of the stiffness, mass and damping matrices are determined
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from these equations. At this point, the instrumental variable extension is used to identify
the force coefficients and eliminate the effect of measurement noise.

Analytical transfer functions are generated from the stiffness, mass and damping
matrices found by the least-squares minimization. The weighting function, 47, is replaced
by a new matrix, 7, which is created from these analytical transfer functions. This new
weighting function is free of measurement noise and contains a peak only at the resonant
frequency which is determined from the first estimates for stiffness. mass and damping,

The new normal equation is

K
WiAM =WT (14)
7

so that an improved set of force coefficients are determined. The new coefficients are
used to recalculate analytical transfer functions and next the weighting function, 7. The
new set of identified coefficients are compared with the previous set and the procedure is
complete if correlation is within a desired tolerance. If the tolerance is not met, then the
procedure just repeats until such time. The software used to perform the identification is
produced by Mr. Sergio Diaz, a graduate student in the Rotordynamics Laboratory.
APPENDIX B presents the program developed in Mathcad. Notice the surprising

simplicity of the programmed algorithm.
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MEASUREMENT SENSITIVITY
The measurement uncertainties for displacement, acceleration, force, seal inlet
pressure and mass flow rate are given in Table 4. These uncertainties combine the
precision uncertainty of the sensors and the uncertainties resulting from the analog to
digital conversion. The seal inlet pressure defines the pressure ratio (P ppdPoms), and
since the seal discharges to atmospheric conditions (14.7 psia), the uncertainty of the test
pressure ratio is only 0.3%. The uncertainty for mass flow rate corresponds to that of the

turbine flow meter,

Table 4 - Transducer uncertainties

Transducer Uncertainty
Displacement + 2.0 um (0.08 mils)
Acceleration +0.001 g

Force +0.04 N (0.009 lb)
Seal inlet pressure + 0.34 MPa (0.05 psi)
Mass flow rate + 0.0006 keg/sec (0.001 Ib/sec )

The uncertainties for displacement and force measurements are only valid for single
sample expenments in the time domain. However, the stiffness and damping coefficients
are identified in the frequency domain. Thus, magnitudes of uncertainty for the estimated
force coefficients must be obtained from a method which transforms the time domain
measurement uncertainties to the frequency domain.

Two sets of time domain signals are necessary in the sensitivity procedure
devised. First, an impulse force and associated displacement time response for known

values of force coefficients are generated using analytical formulae for a simple mass,
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spring and damper linear system. A second set of derived responses is generated using an
impulse force whose original value is lowered by one magnitude of force uncertainty, and
a displacement response taken as the superposition of the original response and one
magnitude of displacement uncertainty. The original and derived time responses are
brought into the frequency domain, and the parameter identification method (described
earlier) determines the system impedances; and from these, stiffness and damping
coefficients are identified over a certain frequency range . The difference between the
original magnitudes of stiffness and damping coefficients and the values identified from
the second set of responses reveals the measurement uncertainty for both force
coefficients. As expected, the uncertainties vary with the magnitude of the original
parameters. The largest uncertainty magnitudes for the stiffness and damping coefficients
are equal to 6 kN/m and 3 N sec/m, respectively. Of course, this method does not
address the uncertainty introduced by measurement noise. However, it is expected that
the averaging procedure and the IV method combined minimize this effect. APPENDIX
C details the sensitivity analysis performed to estimate the uncertainty of the identified

parameters.
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LABYRINTH SEAL TEST RESULTS

As described in the formulation of the parameter identification method, the base
stiffness, mass and damping coefficients of the test housing must be subtracted from all
identified coefficients in order to obtain the coefficients attributed solely to the gas seal.
To measure the base coefficients, the impact testing is performed with no journal rotation
and no air mass flow across the seal. The base stiffness, mass and damping coefficients
are identified as described above in the parameter identification section.

Initially, base direct damping is too small so that the seal becomes dynamically
unstable at pressure ratios greater than 2.0, To increase base damping, four sections of
rubber hose are wedged between the support rods which suspend the housing and the
support columns which support the plate assembly. Vertical placement of the rubber
inserts determines the amount of added damping. Measurements show that the optimum
position for each rubber insert is half way between the top of the housing and the bottom
of the support plates. The test structure is not completely symmetric as indicated by the
base coefficients listed in Table 5. The structure exhibited a measurable amount of cross-

coupled behavior as seen by the cross-coupled terms also presented.



Table 5 - Base stiffness, mass and damping from seal/housing for labyrinth seal
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tests
Parameter Value Uncertainty

Ky 327 kN/m (1870 Ib/in) 6.0 kN/m (34 Ib/in)
Ky 14 kN/m (80 Ib/in) 0.4 kN/m (2 Ibfin)
Ky -4 kN/m (-23 Ibfin) 0.4 kN/m (2 Ib/in)
Ky 293 kN/m (1676 Ib/in) 3.5 kN/m (31 Ib/in)
Crar 89 N sec/m (0.51 |b secfin) 1.5 N sec/m (0.01 b sec/in)
Chr 3 N sec/m (0.02 Ib sec/in) 0.5 N sec/m (0.00 Ib sec/in)
Criy -1 N sec/m (-0.01 Ib sec/in) | 0.5 N sece/m (0.00 Ib sec/in)
Chyy 69 N sec/m (0.40 Ib sec/in) 1.3 N sec/m (0.01 Ib sec/in)
My 7.0kg (154 1b) 0.2kg (0.41b)
My 0.0 ke (0.0 Ib) 0.2 kg (0.4 1b)
My 6.3 ke (13.91b) 0.2 kg (0.4 Ib)

£y 344 Hz 0.8 Hz

o 343 Hz 0.8 Hz

Identified seal coefficients for a centered seal at all test conditions are listed in
Table 6. The base coefficients described previously are subtracted so that the values
listed in the table are contributions of the active labyrinth seal only. The correlation
between the expenmental transfer function and the curve fit is also listed in Table 6.
There are four correlation values corresponding to the four transfer functions, two direct
transfer functions (XX and YY) and two indirect transfer functions (X¥ and ¥X). The
correlation has a value between zero and one so that a value of one indicates perfect
correlation (in the selected frequency range) between the experimental transfer function
and the analytical transfer function generated from the identified values of stiffness, mass
and damping. Almost every transfer function has a high correlation (well into the 0.9
region) with the exception of a few at a journal speed of 3,000 rpm. For reference,

APPENDIX D shows typical time traces of load, displacement and acceleration
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transducers for labyrinth seal tests. Also included are samples of curve fit transfer
functions as they compare to test data.

Table 7 lists values for inlet air temperature, seal top temperature, seal bottom
temperature, roller bearing lubricant discharge temperature, air pressure before flow
meters, air pressure after flow meters, seal inlet air pressure, plenum pressure, mass flow
as measured with the turbine tvpe flow meter, axial flow Reynolds number and seal inlet
Mach number. All of the temperatures are listed in degrees Celsius and the pressures
listed are gauge, not absolute.

RESULTS AND PREDICTIONS FOR TESTS WITHOUT SHAFT ROTATION

Predicted and measured mass flow and identified seal direct stiffness coefficients
are shown in Figure 5 as a function of pressure ratio. Predictions are based on Li et al.’s
(1997) analysis for no fluid pre-swirl and excitation frequency of 37 Hz. As expected,
mass flow steadily increases with pressure ratio, ranging from 0.011 kg/sec to 0.026
kg/sec. The predicted mass flow rate is marginally higher than the measured values. The
direct stiffness coefficients (Kyy, Kyy) are positive and also increase linearly with
increasing seal inlet pressure. This is contrary to the predicted values which show the
coefficients to be negative.

Identified cross-coupled stiffness and direct damping are shown in Figure 6. The
cross-coupled stiffness values are small and are generally positive except for the highest
pressure ratio where all identified values are negative. Predictions show cross-coupled
stiffness to be zero for all pressure ratios. The direct damping coefficients (Civ, Cyy) are

negative, although it is peculiar that the Cyy damping coefficient does not change with
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pressure ratio. The direct damping coefficient (Cyy) continually becomes more negative
with increasing inlet pressure which is demonstrated by predictions as well.

RESULTS AND PREDICTIONS FOR TESTS WITH SHAFT ROTATION TO 1,500
RPM

Test results for journal speed of 1,500 rpm are shown in Figure 7 for mass flow
and direct stiffness as functions of pressure ratio. The mass flow measurements are
nearly identical to the non-rotating mass flow measurements, and again the predicted
values are higher than measured values. Identified direct stiffness coefficients (Kyv, Kiv)
show a trend similar to the non-rotating tests with the exception of a couple scattered
points. The direct stiffness becomes more positive with increasing inlet pressure, contrary
to the predictions. The values of direct stiffness are approximately 10 kN/m less than the
non-rotating tests for all pressure ratios.

Figure 8 shows the cross-coupled stiffness and direct damping coefficients for a
journal speed of 1,500 rpm. The cross-coupled stiffness values are widely scattered
(within uncertainty) making it difficult to identify a clear trend. The prediction shows K
to be negative and becoming more negative with increasing pressure ratio. The direct
damping coefficients (('yy) are similar to the non-rotating tests except that the damping
slightly increases with pressure ratio, having a null value at the highest inlet pressure. The
direct damping (Cyv) is negative and becomes more so with increasing pressure ratio,

agreeing well with predictions.
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RESULTS AND PREDICTIONS FOR TESTS WITH SHAFT ROTATION TO 3,000
RPM

Figure 9 provides the mass flow and direct stiffness measurements for the 3,000
rpm tests. Again, mass flow increases with pressure ratio and is nearly identical to the
earlier measurements at 0 and 1,500 rpm. Mass flow rate predictions are higher than
measured values. Direct stiffness (K, Krr) shows considerably more scatter due to an
unusually large synchronous motion but maintains the trend found in the previous tests.
Due to the excessive scatter it is difficult to comment on the magnitude of the coefficients
in comparison to the previous test conditions.

The cross-coupled stiffness and direct damping values are shown in Figure 10.
The cross-coupled stiffness coefficients (K, X ry) are even more scattered than the 1,500
rpm results. The direct damping (('yy) continues to behave as in previous tests with the
exception that the damping is actually positive at the higher two pressure ratios. The
direct damping (C)yy) also maintains the same characteristics as in previous tests and
becomes increasingly negative with increasing pressure ratio and continues to correlate
well with predictions.
TEST SYSTEM TRANSFER FUNCTIONS

Figure 11 shows the direct transfer functions (G and Gyy) for the non-rotating
tests. Each transfer function represents a different pressure ratio. Although the changes
are not large, it is easy to see that both the damped natural frequency and the amplitude
of vibration are increasing with increasing pressure ratio for the X direction (Figure 11,

top). This trend supports the identified coeflicients as direct stiffness increases with
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pressure ratio and direct damping decreases with increasing pressure ratio. In the ¥
direction (Figure 11, bottom) the damped natural frequency also increases with pressure
ratio but the increase in amplitude of vibration is not as pronounced as in the .Y direction.
This also supports the identified coefficients in that the direct stiffness increases with
pressure ratio but direct damping shows very little change with respect to pressure ratio.

The direct transfer functions for the 1,500 rpm tests are shown in Figure 12. The
synchronous response due to mechanical runout is seen at 25 Hz. There are also two and
three times running speed components. There is also one sub-synchronous response at
about 10 Hz. None of the above mentioned responses are related to the impact load as
they exist even when the seal is not excited by the impact guns. Despite the steady state
excitations, the transfer functions add strength to the identified coefficients as the damped
natural frequency and the amplitude both increase with increasing pressure ratio for the X
direction. The damped natural frequency in the ¥ direction also increases but the
amplitude of the response shows very little change with increasing pressure ratio.

The 3,000 rpm transfer functions are shown in Figure 13. The synchronous
response due to the mechanical runout is seen at 50 Hz, The next multiple of the running
speed is 100 Hz and therefore is not shown. There is a sub-synchronous response which
has increased from 10 Hz for the 1,500 rpm tests to 20 Hz for the 3,000 rpm tests. Once
again, the X direction transfer functions supports the identified coefficients. However,
the ¥ direction does not indicate the same increase in damping as is seen in the identified
direct damping coefficients. In both cases, the direct stiffness increase is supported by

increasing damped natural frequency.
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COHERENCE OF EXPERIMENTAL MEASUREMENTS

A sample of measured coherence is provided for each test speed at a pressure
ratio of 1.5 in Figures 14 through 19. The coherence does not change noticeably with
increasing pressure ratio for any journal speed, so it is not necessary to view all of the
results. Figures 14 and 15 show the coherence for all transducers for the non-rotating
tests and noted as:

a) X displacement measurement to X impact load

b) ¥ displacement measurement to X impact load

¢) X acceleration measurement to X impact load

d) ¥ acceleration measurement to X impact load.
The coherence for the X direction displacement and acceleration is excellent for the entire
frequency range. The poor coherence at the low frequencies of the accelerometer
measurements is due to the instrument limitations. For the ¥ direction measurements the
coherence suggests a weak relationship between the " motion and the .Y impact. Figure
15 shows the coherence of all displacement and acceleration transducers with respect to
the I impact. Again, the coherence for the direct motion is excellent for all frequencies.
However, the coherence for the indirect motion is very poor for almost all frequencies.
This shows of course that cross-coupled terms may be highly inaccurate.

Figures 16 and 17 show the coherence for the 1,500 rpm tests. In all cases the
coherence is poor at 10 Hz, 25 Hz, 50 Hz, 75 Hz and 100 Hz. These frequencies
correspond to the steady state vibrations induced by shaft rotation. In other words, these

motions are not related to the impact load, Fy. The coherence measurements for the
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3,000 rpm tests are given in Figures 18 and 19. The coherence is poor at 50 and 100 Hz,
both due to the motion of the journal. For both rotating test speeds, the coherence of the
indirect terms is very poor and suggests a weak relationship between impacts and
orthogonal motions.

CONCLUSIONS

The following conclusions are made for the two-bladed labyrinth seal (TOS) with
diverging clearance tested at 0, 1,500 and 3,000 rpm journal speeds and seal pressure
ratios ranging from 1.5 to 3.0. The measured mass flow and all rotordynamic force
coefficients are insensitive to shaft rotation except for the increase in scatter of the data.
The trends observed in all measured values at 0 rpm are also obvious at 1,500 and 3,000
rpm.

The labyrinth seal has a positive direct stiffness and increases with increasing seal
inlet pressure, contrary to predictions, The cross-coupled stiffness is small and difficult to
measure with certainty using this facility. No distinct trend is identified due to the scatter
in the results. Direct damping C\ is certainly negative and becomes more negative with
increasing pressure ratio and agrees well with predictions. For reasons unknown, the Cyy
coefficient does not present the same behavior. The author suspects asymmetry in the
test facility to be the most likely cause of this observation.

A cascade plot of seal displacement response from a speed ramp-up and ramp-
down test is presented in Figure 20. As seen in the cascade plot, the seal exhibits a sub-
synchronous whirl instability which starts at about 3,700 rpm. With all certainty, it is

seen that the two-bladed labyrinth seal with diverging geometry does not exhibit
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significant positive damping and becomes less stable with increasing pressure ratio across

the seal
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DAMPER SEAL TEST RESULTS
Next the labyrinth seal is altered and tested as a pocket damper seal. The

modification invelves insertion of four partition walls into the labyrinth deep groove
dividing it into four cavities of equal size, As with the labyrinth seal, the base stiffness,
mass and damping coefficients are identified before any tests are conducted with an active
seal (Table 8). In an effort to increase the direct stiffness of the structure, the added
rubber inserts are moved further down the support rods so that they contribute more to
the structural properties. This allows seal testing at a pressure ratio of 2.0, whereas

without the added stiffness tests above a pressure ratio of 1.5 are not possible.

Table 8 - Base stifiness, mass and damping from seal/housing structure

for damper seal tests
Parameter |  Value  Uncertainty

Ky 608 kN/m (3478 Ib/in) 6.0 kN/m (34 Ibfin)
Koy -22 kN/m (-126 Ib/in) 0.5 kN/m (3 Ib/in)
Kiry -23 kN/m (-132 Ib/in) 0.5 kN/m (3 Ib/in)
Ky 607 kN/m (3472 lb/in) 6.0 kN/m (34 Ib/in)
Crxy 463 N sec/m (2.65 Ib sec/in) | 3.0 N sec/m (0.02 Ib sec/in)
Chxr 38 N sec/m (0.22 Ib sec/in) 0.5 N sec/m (0.00 Ib sec/in)
Cupy 36 N sec/m (0.21 Ib sec/in) 0.5 N sec/m (0.00 Ib sec¢/in)
Chrr 373 N sec/m (2.14 Ib sec/in) | 3.0 N sec/m (0.02 Ib sec/in)
My 6.5 kg (14.3 Ib) 0.2 kg (0.4 [b)
My 0.0 kg (0.0 Ib) 0.2 kg (0.4 1b)
My 0.0 kg (0.0 1b) 0.2 kg (0.4 1b)
My 6.3 kg (13.91b) 0.2 ke (0.4 1b)

ax 487 Hz 0.8 Hz

ay 494 Hz 0.8 Hz

The damper seal is tested at journal speeds of 0, 1,500 and 3,000 rpm and pressure ratios

of 1.5 and 2.0. For a pressure ratio higher than 2.0, the negative direct stiffness of the




damper seal overcomes the base direct stiffness (Table 8) causing the seal to suck against
the journal. It is not possible to perform the impact testing due to this static instability.

Identified damper seal coefficients for centered condition and all test conditions
are listed in Table 9. The base coefficients described previously are subtracted so that the
values listed in the table are contributions of the active damper seal only. The correlation
between the experimental transfer function and the curve fit is also listed in Table 9. All
the direct transfer functions have high correlation (well into the 0.9 region). The
correlation for all the indirect transfer functions is very poor indicating that the measured
parameters do not represent the real system accurately. Therefore, either the parameter
identification method is not working properly or the damper seal does not produce any
significant cross-coupled forces. The later is most likely since the seal does not exhibit
any cross-coupled behavior during testing. For this reason, test cross-coupled stiffness
and cross-coupled damping terms are not discussed any further for the damper seal. For
reference, APPENDIX E shows typical time traces of load, displacement and acceleration
transducers for damper seal tests. Also included are samples of curve fit transfer
functions as they compare to test data.

Table 10 lists values for inlet air temperature, seal top temperature, seal bottom
temperature, roller bearing lubricant discharge temperature, air pressure before flow
meters, air pressure after flow meters, seal inlet air pressure, plenum pocket pressure,
mass flow as measured with the turbine type flow meter, axial flow Reynolds number and
seal inlet Mach number. All of the temperatures are listed in degrees Celsius and the

pressures listed are gauge, not absolute.



63

E0F'0 EGE'e | Zii00 Gl Lok 409 559 SE v £7 \z o0z
Z0r 0 LBEE LLLO'D Bl Lok 109 559 Ve v [ Iz ooz
LSED oia'L | sLioo Zl 15 129 550 IE [T £z \Z 05t
GIED g9’y | Ziioo zl IS Izg | 659 Ve ¥ EF 54 05'L 0O0°E
EOF D e8E'Z | BLLDO ! 10} £09 559 OE [ £F |2 one
S0P O vor'z | ELLDD &) Lot 209 559 52 £F ZZ Iz 00z
OBED S09°L | SLIOD zi [ \za 559 Iz [ s [ 0s'h
GIE'Q fz9'L | 100 Zl ¥ 1Z9 559 33 bz EZ 1z 05} oos' |
B0V 0 EOFZ | ELLD0 Bl Ok 109 553 £z EZ EZ E7 DOE
S0P D FOo¥'Z | ELLOD Bl Lol 109 559 EZ EC [ [ [
Bee 0 ZEd | 100 £l i3 5] () EZ (54 [ £Z D5k
Z5E20 | J99'L | ELIOD Zh 5 12a c5g EZ [ EZ £Z 05’1 0
{oas/By) | (edw) (ecin) {(ed™) (2am) (2} {a) (o) [557] oped (s}
e e d £d I b L £l L h ainssald | pasdg

(uonIpuod paialudd) §)53)
[eas tadwep 10§ Jaquinu YIE II[UL [EIS PUE Jdqunu Splouiay [EIxe ‘mop) ssew ‘saanssaad ‘saamesadwag, - o1 2qe ),

Appanoadsar uiaos N g pue wNy o 218 SHUDIisos dmdwmp pur SSaUPNS 10] SHOWELINM WnUNxep ,

1680 250 L0 FEO GLE (A £l B0E BSE- 5 LL 802 a0

LE6'0 0 LED SED ¥eg HE 8- 902 Ere- E 5] oEZ- 0oe

960 EBD FLD E60 LEL 0Oe G- £8 BE L= ) ¥ cal- 05t

G810 £8°0 £9°0 560 s ¥ 8- Gd E¥rl- fa E 18- 05k OOC'E

260 £G'0 S0 &0 IGE FE 9 00E BE2- 0 Z GE1- ao'e

S50 SZ'0 BZD ¥E°0 L9g Ll ) LLIT BLE- G ¥ LEZ- o'z

SE0 630 190 P&'0 FEL Sl Fig E¥ 8O- b 0k Li- 05’

50 Er 0 190 £610 0L ¥ |- bl - LLL- GE- ki &1- 05l 00s' L

LE1 650 S0 FE0 (314 I - S5l aLe- L 3] 051 oge

960 Gt 0 £5'0 FE0 Lgg ¥ £l L ZEL- 2] g SZ- one

<680 0g'o £68'0 E60 AL El £ 8 - a & 0d- 0s'tL

880 6.0 m..m._n_ G50 Z0L ElL ¥ brie Lii- b= |- BE- 054 1]

(wyoas N) [{(woas N) [(woas n) [(wioas N) | (wyny) () (Lugpy ) {uurfpgn) ofed (Wda)

._..rt._u_u .—Cﬁhﬂu hwtﬁ_u : HH.—._.D_U .‘....U_ uu_u .__.__..nu Tiny ..C.V_ E.v_ ..C..x Huv_ 2UINssal ﬂ.m_ﬂnu.m_

(UONIPU0D PIIIIUID) SUOE[III0D PUE SIUIIDIJA0I 340§ [E2s Jadwep paynuapy - ¢ JqeL,




RESULTS AND PREDICTIONS FOR TESTS WITHOUT SHAFT ROTATION

Predicted and measured mass flow, direct stiffness and direct damping coefficients
for non-rotating damper seal tests are shown in Figure 21. Predictions are based on Li et
al.’s (1997) analysis for no fluid pre-swirl and excitation frequency of 37 Hz. It is noted
that the damper seal predictions are only preliminary as the analysis code is still in the
development phase. Mass flow measurements for the damper seal are about three percent
higher than the labyrinth seal measurements and the predicted mass flow is still too high
for a pressure ratio of 2.0. Experimentally identified direct stiffness’ (K, Kyy) agree well
with predicted values having a negative value at a pressure ratio of 1.5 and becoming
more negative with an increase in pressure ratio. Both experimental and predicted direct
damping coeficients are positive and increase with inlet pressure. Although not shown,
the theory predicts a cross-coupled stiffness (K:y) of about 1 kKN/m at a pressure ratio of
1.5 for the non-rotating tests. As mentioned previously, experimental results indicate that
cross-coupling is not present in the damper seal.
RESULTS AND PREDICTIONS FOR TESTS WITH SHAFT ROTATION TO 1,500
RPM

Figure 22 shows the test results for the 1,500 rpm measurements. The mass flow
continues to be about three percent larger than labyrinth seal measurements and is over-
predicted by theory. Direct stiffness is negative and becomes more negative with the
increase in inlet pressure. Prediction shows the same trend except with a higher
magnitude of stiffness. Direct damping is positive and raises with an increase in inlet

pressure. There is some scatter in the damping coefficients but the trend is clear. Unlike
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Figure 21 - Damper seal mass flow, direct stiffness and direct damping coefficients

for no journal rotation and varying pressure ratio
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for journal rotation at 1,500 rpm and varying pressure ratio
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the non-rotating test predictions, the direct damping is severely over-predicted.
Predictions show the seal to have a cross-coupled stiffness (Kiy) of about 10 kN/m at a
pressure ratio of 1.5 and 14 kN/m at a pressure ratio of 2.0 for a Jjournal speed of 1,500
rpm. This is not observed in the experimental results.
RESULTS AND PREDICTIONS FOR TESTS WITH SHAFT ROTATION TO 3,000
EPM

The 3,000 rpm test results are presented in Figure 23. The mass flow
measurements are consistent with the previous two sets of damper seal results.
Experimental values of direct stiffness coefficients are much smaller in magnitude than
indicated predictions for this journal speed. Direct damping coefficients demonstrate the
same trend as in previous tests but are severely over-predicted by theory. Predictions for
cross-coupled stiffness (K\v) at 3,000 rpm are much larger than for the previous journal
speeds (19 kN/m at pressure ratio of 1.5 and 26 kN/m at pressure ratio of 2.0) despite the
lack of any observed cross-coupled behavior on the test seal.
TEST SYSTEM TRANSFER FUNCTIONS

The direct transfer functions (Gyy and G)y) for the non-rotating damper seal tests
are presented in Figure 24. The damped natural frequency of the seal and housing is
shown to be around 40 Hz. There is an additional response at about 75 Hz which is
much smaller in magnitude and is found to be the natural frequency of the support
structure from which the seal is suspended. This frequency does not appear in the
labyrinth seal tests because the connection between the seal housing and the support

structure 1s much more flexible. However, in order to counter the negative direct
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Figure 23 - Damper seal mass flow, direct stiffness and direct damping coefficients

for journal rotation at 3,000 rpm and varying pressure ratio
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stiffness of the damper seal, the stiffness of the seal housing is increased which makes the
link between the support structure and the housing more rigid.

At any rate, the transfer functions clearly demonstrate the decrease in direct
stiffness and the increase in direct damping for both the X and ¥ directions. The transfer
functions for a journal speed of 1,500 rpm are shown in Figure 25, Aside from the steady
state resﬁbn.ses at 10 and 25 Hz (also seen in the labyrinth seal tests), the figures are very
similar to the non-rotating transfer functions shown previously. Figure 26 shows the
transfer functions for the 3,000 rpm tests. It is more difficult to see the running speed
response because it is close to the damped natural frequency of the seal and housing. The
20 Hz response discussed earlier is present for the damper seal tests as well. Once again,
the decrease in direct stiffness and the increase in direct damping is obvious.
COHERENCE OF EXPERIMENTAL MEASUREMENTS

Samples of measured coherences are provided for each test speed at a pressure
ratio of 1.5 in Figures 27 through 32. The coherence does not change significantly with
increasing pressure ratio for any journal speed, so it is not necessary to view all of the
results for the damper seal either. Figures 27 and 28 show the coherence for all
transducers for the non-rotating tests. The coherence for the X' direction displacement
and acceleration with respect to Fy is excellent for the entire frequency range. The same
observation holds for the } displacement and acceleration with respect to Fr. The poor
coherence at the low frequencies of the accelerometer measurements is due to the

mmstrument limitations. Indirect coherence (for example ¥ displacement with respect to
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Figure 29 - Damper seal test coherences for journal rotation at 1,500 rpm and
pressure ratio of 1.5 (X Impact)
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Iy} is poor for both directions indicating a weak relationship between an impact and the
corresponding orthogonal motion.

Figures 29 and 30 show the coherence for the 1,500 rpm tests. In general the
coherence is poor at 10, 25, 50, 75 and 100 Hz much like the labyrinth seal tests already
discussed. The coherence measurements for the 3,000 rpm tests are given in Figures 31
and 32. 'LI“he coherence is poor at 20, 50 and 100 Hz. For both rotating test speeds, the
coherence of the indirect terms is very poor and suggests a weak relationship between
impacts and orthogonal motions.

CONCLUSIONS

The following conclusions are made for the centered, two-bladed damper seal
(TOS) with diverging clearance tested at 0, 1,500 and 3,000 rpm journal speeds and seal
pressure ratio of 1.5 and 2.0. Measured mass flow is insensitive to journal rotation speed.
Companison of force coefficients from one journal speed to another is not particularly
revealing due to the small number of data points and the amount of scatter in the
identified coefficients. Certainly, the same trends which are observed in the non-rotating
tests are also observed in the rotating journal tests.

The pocket damper seal exhibits large amounts of negative direct stiffness and
becomes more negative with an increase in pressure ratio, as is also indicated by the
predictions. Although predictions also show sizable cross-coupled stiffness, tests show
cross-coupled stiffness’ to be extremely small and do not appear in the response data for
damper seal impact tests. Direct damping is positive and raises with an increase in

pressure ratio, agreeing with predictions. Overall, the damper seal becomes more
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dynamically stable but becomes unstable statically due to the overwhelming amount of the

negative direct stiffness. This characteristic prevents tests at pressure ratios higher than

2.0 in the current facility.
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CONCLUSIONS

Measurements of the leakage and identification of the rotordynamic force
coefficients of two gas seals are successfully made. The test labyrinth seal (TOS) is
shown to become less stable with increasing pressure ratios for a range of 1.5 to 3.0.
Particularly, the seal exhibits positive direct stiffness and negative direct damping Cross-
coupled effects are also observed but measurement of cross-coupled stiffness is poor
(high uncertainty). The same labyrinth seal is modified into a four pocket damper seal
and tested under identical conditions. The damper seal is shown to be more stable
dynamically but can create a static instability in this test facility due to excessive negative
direct stiffness. For the test facility described, the seal housing does not have enough
direct stiffness to support the damper seal at pressure ratios greater than 2.0, Cross-
coupled stiffness is not detected from the measurements. The direct damping coefficients
are positive and large in magnitude compared to the labyrinth seal test measurements.
Table 11 emphasizes the difference in rotordynamic performance between the two seal
configurations for identical test conditions. Mass flow measurements for the labyrinth
seal are approximately three percent smaller than corresponding damper seal

measurements.
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Table 11 - Force coefficient comparison of both seals
Speed (RPM) | Pressure Ratio Parameter Labyrinth Seal | Damper Seal
0 1.5 KLT {kam] 25 -88
1.5 Cyy (N sec/m) -15 44
2.0 Cyr (N sec/m) -23 186
1,500 1.5 Ky (kKN/m) 26 -106
1.5 Cyx (N sec/m) -21 74
2.0 Ky (kN/m) 22 -231
- 2.0 -:Z',g- (N sec/m) -20 277
3,000 1.5 Kyr (kN/m) 28 -31
1.5 Ciy (N sec/m) -20 25
2.0 Ky (kN/m) 42 -230
2.0 Cix (N sec/m) -14 266
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RECOMMENDATIONS

Further testing of pocket damper seals is desired since they show increased
damping in comparison to conventional labyrinth seals. The following recommendations
will enhance the capabilities of the test rig. The seal support direct stiffness must be
increased to withstand higher pressure ratios. This can be accomplished with thicker
support r:ads. Consequently, the support structure stiffness must be increased so that
housing motions due not translate into large structure motions. This can be accomplished
by inserting thicker columns in place of the current set.

The contflict between the identified cross-coupled stiffness values from the
labyrinth seal tests and the associated coherences suggests that the orthogonal motion is
due to another excitation besides the impact. It is hypothesized that the motion is due to
the impact striking the housing away from the actual mass center. Doing so causes the
seal to be excited in the direction orthogonal to the impact as well as the impact direction.
It is recommended that some effort be made to ensure that the guns fire directly along the
mass center of the seal and housing to eliminate this possibility.

Finally, in an effort to accurately remove all synchronous responses from the
acquired impact spectra, the once-per-revolution tachometer signal can be used to trigger
the impact guns and the data acquisition, In this way, the motions induced by shaft
rotation are removed from the measured displacements long before the parameter
identification process. These problems aside. the test facility has proven to be capable of
extracting reliable rotordynamic force coefficients for a labyrinth seal and a pocket

damper seal.
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APPENDIX A

SAMPLE INPUT FILES FOR BOTH LABYRINTH SEAL AND DAMPER SEAL

PREDICTIONS

The following two pages show the input parameters necessary for the analysis code
of Lietal. (1997). The conditions are listed for shaft speed of 3,000 rpm and a pressure
ratio of 3.0. The first section describes the geometry of the seal. The second section
describes the operating conditions such as pressure ratio, temperature, pre-swirl, rotating
speed and analysis frequency. In these predictions, 37 Hz is used as a close estimate of
the housing/seal natural frequency. The remaining sections are used by the analyst to

calibrate the code to a particular set of experimental data.



Two-Bladed Labyrinth Seal
3000 rpm, PR,I;., =3.0

Fhwwkk kR k Inpu-t Dﬂtﬂ Shﬁﬂt RSt 2 22 2 LR S

------- Seal Configuration -------——--

Number of cavities NC, NW- I 1

Rotor radius and Seal bottom radius Rr, Rs:  0.635000E-01 0.703580E-01(m)
Seal inside pitch length L:  0.348996E-01(m)

Upstream and Downstream strip height Bs, Bb: 0.673100E-02 0.660400E-02( m)
Upstream and Downstream clearances Hs, Hb: 0.127000E-03 0.254000E-03(m)
Types of Upstream and Downstream clearances: 1 1

Types of seal cavity: 1

Rotor and stator surface roughness :  0.000000E+00 0.000000E-+00(m)

-------- Operating Conditions —=--e-e=asax

Supply pressure and Back pressure Ps. Pb:  0.303900E+01 0.101300E+01(Bar)
Gas constant Rg and Temperature T (K)): 0.287000E+03 0.295000E+03
Specific heat ratio Gamma and Gas viscosity EMU(N-s/m**2):  0.140000E+01
0.182000E-04

Pre-swirl velocity ratio UTRATIO:  0.000000E+00

Rotor Rotational Frequency (SPEED): 0.300000E+04(RPM)

Rotor Whirling Frequency (OMEGA): 0.370000E+02(Hz)

---— Empirical Parameters for the partition wall —----
Velocity modification factor BETAw: (). 100000E+01

-----~ Parameters of Moody Shear Stress Model —---
AMOD= 1.3749999999999999E-03 BMOD= 1000000.000000000 EXPO=
(.3333300000000000

----- Parameter relative to Numerical Computation ——--

No. of grids in one circumferential cavity NCV: 40

Underrelaxation factors ALFU, ALFP: 0.500000E+00 0.500000E+00
Underrelaxation factors ALFU1, ALFP1: 0.700000E+00 0.700000E+00
Underrelax factor at the partitin wall ALFuw: 0.100000E+00

Max. No. of iteration MAXITER. MAXITER1: 200 200

--—---- Convergence criteria ---------

SMAX = ©9900999900900005E-07 PEPS = 9.0900000090000005E-(7
PEPS1 = 9.9999999999999995E-08

EER LS 2 End Df Input Dﬂtﬂ S‘heet FRk AR A kR E
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Two-Bladed Damper Seal
3000 rpm, Pgyo = 3.0

EREFEEEEREES ["pu[ Data Sheet #***sxsssssxsn

——----- Seal Configuration -----=e=-me

Number of cavities NC, NW: 4 |

Rotor radius and Seal bottom radius Rr, Rs:  0.635000E-01 0.703580E-01(m)
Seal inside pitch length L:  0.348996E-01(m)

Upstream and Downstream strip height Bs, Bb: 0.673100E-02 0.660400E-02(m)
Upstream and Downstream clearances Hs, Hb: 0.127000E-03 0. 254000E-03(m)
Types of Upstream and Downstream clearances: 1 !

Types of seal cavity: 0

Rotor and stator surface roughness :  0.000000E+00 0.000000E+00(m)

--------- Operating Conditions
Supply pressure and Back pressure Ps, Pb: 0.303900E+01 0.101300E+01(Bar)
Gas constant Rg and Temperature T (K)): 0.287000E+03 0.295000E+03
Specific heat ratio Gamma and Gas viscosity EMU(N-s/m**2):  0.140000E+01
0.182000E-04

Pre-swirl velocity ratio UIRATIO:  0.000000E+00

Rotor Rotational Frequency (SPEED): 0.300000E+04(RPM)

Rotor Whirling Frequency (OMEGA): 0.370000E+02(Hz)

----- Empirical Parameters for the partition wall ------
Velocity modification factor BETAw:  0.350000E+00

--—-- Parameters of Moody Shear Stress Model -—--—
AMOD= | 3749999999999999E-03 BMOD= 1000000.000000000
EXP0O=0.3333300000000000

----- Parameter relative to Numerical Computation --—--

No. of grids in one circumferential cavity NCV: 20

Underrelaxation factors ALFU, ALFP: 0.500000E+00 0.500000E+00
Underrelaxation factors ALFU1, ALFP1: 0.700000E+00 0.700000E+00
Underrelax factor at the partitin wall ALFuw: 0.100000E+00

Max. No. of iteration MAXITER, MAXITERI: 200 200

------- Convergence criteria =--------
SMAX = 9 9999999999909995E-07 PEPS = 9.9999099909900005E-07

PEPS1 = 59,9920009000000005E-08
FEEEREREET® End of Input Data Sheet **rr*xress
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APPENDIX B

INSTRUMENTAL VARIABLE METHOD AS PERFORMED IN MATHCAD

This page computes the parameters of a system (m,c, and k matrices) given the FFT of the
response and excitation for two different cases. This page is created for Mathecad Plus 6.0

Read frequency domain data from files
j=0,1.250

d.’-:wj = READ( hOe6b] ) dy.\j = READ( hlcéh3) f.\'j = READ( b0cBb®)
d\jl.'j. = REATN bDe6b2) d_\"_n.'j = REAIN blctbd ) ﬁ.'j =READ(hOchb10)

Extract conversion coefficients from data files

el —'L{\'.\.'l[ Al :dx\:”
el =46 Af =08
Set the lowest analysis frequency (Hz): Set the highest analysis frequency (Hz):
=] 2 =110
low ¢ ={1-Af high ¢ =(fl + f2)-Af
low =08 Hz high 7 =90.2 Hz

Build complex variables from the data files
i =010

[ =(i«)Af Hz

o, =2z rad/sec
w2, = .:'m.’|1 (rad/sec)"2
Real counter Imaginary counter

e 3
Hi ...]ri_:"..]|2‘.[‘..|I:I [i:2i+ :1_'_2_[']}

Displacement variables

[

D dm:-Hj:-ct —nth’(llr!-:-l:I 1| D ¥, :[d}ﬁfRi} el + n.l_'-ﬁ[[i:l-c]-: |

Dy _-[dq.-l.Ri,-cl—daa-llll_...;[-i ]. Dy = diy gy el +diy el |




Force variables

.___r_-__._u!_'l-l__lt_'T 1.-_'.-' ot wE Al
Fhi [\'._E;' ¢l hu'i clea | 1"jli Lﬂﬂki}' el +f]r{w cli J

The following is a filter to remove the synchronous response for rotating tests

Low Pass Value; High Pass Value:
BPI =18  f,. =236 Hz BP2 =34 fapy =284 Hz
p =BP1.(BPl +~1).. BP2
B~ B Do =D
ADsx = mpz gy ADvg - BPz  Ygpy
(BPZ - BP1)+ 1 : (BPZ-BP1)+ |
B =D B.. D,
\Dxv - "Brz M ADve - ep2 Yep
7 (BP2-BP1)+ | 7 (BP2-DBP1)+ 1

*** If the filtering is not desired, just toggle the following equaitons off.

,r[f.':@.l Do + ADNx

| P p-1

| ;

ng}. B +ADw

. Pl “ep-t !

B | 1D i + ADvx
S oy |

D VY Dn‘ + ADyy

el L et |

Computation of the Impedances for each frequency:

"Hmi H?\“_-'-tl lfF T ¢ || D . D"‘-'"'. \

1 1

=1 ¥

'H‘.'.‘-:. II"..‘l.,l_l || g ]."-.,',Il ||D"|'.":- DP’JI
LI a7 | S ¥i

Copmputation of the flexibilities for each frequency:

o1
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mitial point: i, =fl o, =102  rad/sec
_ Correponding to:
final point: 1 <12 w; =5667  rad/sec

Construct a vector whose elements are the flexibility matrices at each frequency (each
element of the vertor is a matrix):

Now, the problem to solve isF-H=1+ E

where I is the measured flexibilities, H the approximated impedances, 1 the identity matrix
and E the error to be minimized.

The lefl hand side can be rearranged as to have:

Now, the equations of each frequency are to be decomposed into real and imaginary part.
And stacking all the equations gives an undetermined system of equations (more equations
than unknowns) of the same form, where:

A (as a function of the flexibilities) is given by:
o <= A =real part of the

X L
| | Q- I'.IZ.‘.I1' r-l_.. 0 |1 e §] ﬁrst ﬁ-equenc};
MF) = | A—Rel F i
“lo 1 0 oy ':2 0 1-ms J| N
Il 1 i) ‘o <= stacks what was
!- | 10 - |es il ooy 4] ||| onAwith the
Aestack| A.lm F, | T ’ | imaginary part of the
' 1 |01 ¢ = 'L‘”r.:ﬁ.'z 0 1.0 J first frequency
for igig=1.if <= for loop from the
; G i second the the last
| (10 o) 0 i.w 0 frequencies.

Aestack! A, Rel F, <= stacks to A the

real part of the ith

[ (10 (@) 0 iwe o } frequency
A= stack| A, Im| F- Y ' ; <= stacks to A the
L o o o) o i o || imaginary part of
A the i frequency

<= returns the matny &



Auxiliary matrix of zeros [2x2]:

zcml.l =0

The right hand side of the equation is given by:
I = | Teidentityi 2)
le=slack( ], zero)
for 1ei boig
le—stack{ L identitv{ 2 1)

Te—stack( [, zero)

The least squares solution of the problem (minimum E) is:
[ &

Ry

K Byg

! m LY L ?C:.' i h F

- d al . —

| m we M l i Gl <= Matrix A for the measured flexibilities

| - aa | V-1

| - [ e B : T. . ) ’

Sy Cay Kg=h iy A <= first approximation of the coefficients
o Boya | Xje=X,0 <= initialization of the auxiliar vanable

while max{ X - X | [10° <= maximum admissible error

for 121 .1 : ]
T based on the identified parameters

| vl f .._2_ r 1 V3 i )
| % 05,0~ (%) Koy O Ry Fa X,
Flif—'- * ; . i3 :
. o)X 4 =1 Vv + e

l}& & o [e0:) }‘LU‘ " 1 -m-X D }'nnm ._EIJ.”: :RD_. -1, ){0 .
We=al ) r L A
X=X <= finds the A matrix for the approximated flexibilities

! il

., <=saves the old paramters
X whal whi

- <= this for loop builds the new vector of flexibilities

<= finds the new set of coefficients

<= returns the set of coefficients that fulfills the error eriterion



The numerical values of the parameters are:

.k'“ Far | 35105 1osge10t |
L ".wi 40341 3.186°10°
e AT 6.931-107°
m‘_rx m}}, {1236 6375

Cxx Cyy | | 74382 3.528

Co Oy | L0403 59.553

The approximated impedances are:

0 I

H W, 'k.'-m = (o My FT e

I v, _!"x_a' - [@.1%m Ay H 1B

I )

B W, hi.x @, + 1o ¥
x LR ,

H W, _L!"_'f O Ty

And the approximated flexibilities:
Fag, Pag| A B
| = |

1

XYL |

? w|

! |
Fis Fiy |_I Pox Wiy
] B | R 1 | i | i |

Correlation between test data and curve fit are calculated

s Ll =i | 4 i { 3
v o= sl s Ha .
Cormsx |mrr A x| Comyx = [eorr| F }._.(.F _1.':-:,'|

w= I'F =AY & o= | IF s
Cormi cc:rr._l'x}.,i- ! Cormy |mrr,nl' ﬂ.,f vl

The final coefTicients and associated correlations

¥ - = ] E +. — - 4 ol —
L.\x =3.511+10 Lx:..— 1.O%R- 10 }":.'x‘ 403.41
::_“='M l..‘_\},=4 r.'.},x—l:l

'1 —
mm='.l' mﬂ,=ﬁ.?-lt} m,r.x—-ﬂ.l

Cormx = 0.99 Cormxy =098 Corryx =10.97

kyy =3.186:10°  (N/m)

€ yy =60 (N sec/m)
My =64 (kg)
Comyy =0.99




APPENDIX C

SENSITIVITY ANALYSIS AS PERFORMED IN MATHCAD

The following analysis transforms the measurement uncertainties from the time domain to the
frequency domain. First, the time domain increment and the number of data points is defined.
Thus sheet is created for Mathcad Plus 6.0

Time step Number of samples
di =000015 sec tmax =8192
Counter for time step
L =01 tmax- |
Frequency domain increment (inverse of the total sampling time) (Hz)
1
di-tmax

AF=(:814 Hz

.lt-_

Define the measurement uncertainties in the time domain
Force Displacement Frequency
delf =08 N dely =0.000002 m delw =Af 2.z rad/sec

To generate the time domain impulse, the impact must be defined as a magnitude and duration.
In this case, the impact will last one time step, dt.
Impact magnitude Impact duration

afl =400 N Ml o=d sec
To generate the time domain displacement response, the seal stiffness, damping and mass must
be defined

Stiffness Damping Mass
K1 =608000 N/m Cl =463 N sec/m Ml =64 Kg

The following calculations are necessary for the calculation of the free response to the impulse
load

Natural frequency Initial velocity
[ ALl
@l = lK—i VU! ) EﬂM]
4 Ml

v =0.094  mfsec
ml =308.221 rad/sec i o
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Damping ratio
g - Cl
2:m 1M

El =0.117

Damped natural frequency

e
@ gl :‘“1'_-1"' - 21

i3] di = 30609 Fad:"ISEG

The time domain impulse is generated using the Dirac delta function so that the force is
maximum when t=0, and zero for the remaining time. Two forcing functions are created,
one which is one magnitude of uncertainty less than the original force, and one that is one
magnitude greater than the original force.

t"]l <A Lafl - delfy

£2, = 8(0,t)-(afl + delf)

The displacement response is the exact solution for the free response of a
single-degree-of-freedom system to an initial velocity. The initial velocity is a function of the
impulse. Two displacement functions are created. One which which responds with one
order of magnitude larger displacement than original and responds at a frequency one order
of magnitude larger than the original response frequency. The second response is just the
opposite.

1

z1- 4 dabw )t (v III " ¢ §
xl =g Wl Fdduytd .'—?l._deixlu-smi (o0 g+ delw) t-d

: |0 g1 |

st — detwpear | (VoI T \ ]
A2 =TT : |-—— delx |-sin| (m 4y - dehrlj--i-dl]
[ 19 d] [ |
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The force and displacement time responses are displayed below.

Force i Displacement
000 I 410
I — | |
E -
e n': 4000 — = F‘Il 10 4
e =T E =
¢ R B %
& .- A -
2000 — E 0
-
o : : 210 ?
a 0001 0002 o003
-t -l
time {secomads) time {seonds)

The time domain data is transformed to the frequency domain so that the stiffiess and damping
coefficients can be identified.

Frequency domain counter

1 =0,1..300

F1 =mifl) F2 ={f( {2}
Xl =fiext) X2 =fl(«2)

Define frequency domain parameters

fo=iaf Hz
W, = I}-Z-x rad/sec
w2 = {w ) (rad/sec)"2

N/m

%
sfie

H, -1 N/m 12,
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The real and imaginary portions of the impedance are displayed separately below

& Impedance (Real)
10
i | T I
£
Z
ERSUAS i
=
E
=
0 I I 1
i+ SR et gt
Frequency (Hz)

p°

p Impedance (Imag.)
110 T T
E
Z
u
o =
E 10 —
S
=
§ [ 1
i 100 200 300
Frequency (Hz)

Finally, the stiffness and damping values are identified below. and the uncertainty for each
coefficient is the difference between the two identified values

k1l = intercept( w2, Re{H1 1)

kl =6.086+10° N/m

k2 = intercepl w2, Re([H2})

2=5962:10° N/m
|!_;'[ L
ik ey
2
Ak=6202210 N/m

';]: = s]ﬂFEI:“-'T ].ITI[:HI }-'

el =456.372 N sec/m

c2 =-slope{w, Im{ H21)

c2=462632 N sec/m
=g

fj-l;: = |_I:I L_

Ac =314 M sec/m



Table C1 - Labyrinth seal force coefficient uncertainties

o9

Speed | Pressure| UKy | UlKyy) | UKy | UKyy) | U(Cxy) | UGy | UCx) | U(Ciy)
(RPM) Ratio | (kN/m) | (kN/m) (KN/m) | (kN/m) | (N sec/m) (N sec/m) | (N sec/m) |(N sec/m)
0 1.50 58 1.0 1.0 58 1.0 0.1 0.1 0.1
1.50 58 1.0 1.0 57 1.5 0.1 0.1 1.0
2.00 5.7 1.0 1.0 58 0.3 0.1 0.1 08
2.00 59 1.0 1.0 58 1.2 0.1 0.1 1.0
2.50 58 1.0 1.0 5.9 5.6 0.1 0.1 0.5
_2.50 57 1.0 1.0 58 1.7 0.1 0.1 0.7
- 3.00 6.1 1.0 1.0 59 14 0.1 0.1 0.5
3.00 56 1.0 1.0 5.8 6.9 0.1 0.1 0.7

1,500 | 1.50 58 1.0 1.0 5.8 0.3 0.1 0.1 0.7
1.50 56 1.0 1.0 5.7 0.3 0.1 0.1 1.3
1.75 5.8 1.0 1.0 5.7 0.0 0.1 0.1 0.2
2.00 54 1.0 1.0 5.8 32 0.1 0.1 1.1
2.00 59 1.0 1.0 58 3.8 0.1 0.1 0.5
2.50 6.0 1.0 1.0 5.8 75 0.1 0.1 0.4
2.50 5.6 1.0 1.0 5.8 36 0.1 0.1 1.0
3.00 6.1 1.0 1.0 5.9 43 0.1 0.1 0.2
3.00 57 1.0 1.0 58 45 0.1 0.1 1.0

3,000 | 1.50 58 1.0 1.0 5.7 26 0.1 0.1 0.2
1.50 55 1.0 1.0 5.7 32 0.1 0.1 0.5
1.75 5.8 1.0 1.0 58 2.0 0.1 0.1 0.1
2.00 58 1.0 1.0 56 1.0 0.1 0.1 0.6 |
2.00 ¥ 1.0 1.0 59 0.4 0.1 0.1 0.4
2.50 56 1.0 1.0 58 14.0 0.1 0.1 1.0
2.50 6.0 1.0 1.0 5.7 91 0.1 0.1 0.8
3.00 6.0 1.0 1.0 5.9 7:2 0.1 0.1 0.3
3.00 58 1.0 1.0 59 142 0.1 0.1 0.1




Table C2 - Damper seal force coefficient uncertainties

100

Speed |Pressure| U(Kxx) | U(Kxy) | UKyx) | UKyy) | UG U(Cxy) | U(Cyx) | U(Cyy)
(RPM) | Ratio | (kN/m) | (kN/m) | (kN/m) | (kN/m) | (N sec/m) | (N sec/m) |(N sec/m)|(N sec/m)
0 1,50 6.1 1.0 1.0 6.1 2.8 0.1 0.1 3.1

1.50 6.1 1.0 1.0 6.1 3.0 0.1 0.1 31
2.00 6.1 1.0 1.0 6.1 33 0.1 0.1 3.6
2.00 6.1 1.0 1.0 6.1 3.5 0.1 0.1 3.6
1,500 1.50 6.1 1.0 1.0 6.1 29 0.1 0.1 3.1
- 1.50 6.1 1.0 1.0 6.1 2.8 0.1 0.1 3.2
2.00 6.1 1.0 1.0 6.1 3.6 0.1 0.1 3.8
2.00 6.1 1.0 1.0 6.1 3.6 01 0.1 3.8
3.000 1.50 6.1 1.0 1.0 6.1 29 0.1 0.1 3.2
1.50 G.1 1.0 1.0 6.1 3.0 0.1 0.1 3.2
2.00 6.1 1.0 1.0 6.1 3.6 0.1 0.1 3.
2.00 6.1 1.0 1.0 6.1 3.6 0.1 0.1 3.6




APPENDIX D
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SAMPLE OF TIME DOMAIN LABYRINTH SEAL RESPONSE AND TRANSFER

FUNCTION CURVE FIT FOR NO JOURNAL ROTATION AND PRESSURE RATIO

Amplituds (M)

Amplitude im)

Amplitude (g)

OF 1.5
200 T T T T
100 =
ﬂ -
— I ! ! |
[} 0.0 02 0oz 004 0.05
Time isec)
Figure D1 - Time Domain X Impact Load
210 4 T T T
BPe e | | | ! I | |
=W 0.1 03 03 04 03 Y3 0.7
Time {scx)
Figure D2 - Time Domain X Displacement Response
40 T T T T T T

bt
=
I

Tame {rec)

0.6

0.7

Figure D3 - Time Domain X' Acceleration Response
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i T 0 El 40 a0 ] 70 ED o 100
Frequency (Hz)
Figure D4 - Test Data and Curve Fit Transfer Functions (Gxx)
e
1=10 T T | ] ] 1 ]
1*10 °
£ 10t
]
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__E: 110’
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Figure D5 - Test Data and Curve Fit Transfer Functions (Gxy)
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Froguency (Fix)

Figure D6 - Test Data and Curve Fit Transfer Functions (Gyx)

Frequency (Hz)

Figure D7 - Test Data and Curve Fit Transfer Functions (Gyy)
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APPENDIX E

SAMPLE OF TIME DOMAIN DAMPER SEAL RESPONSE AND TRANSFER

FUNCTION CURVE FIT FOR NO JOURNAL ROTATION AND PRESSURE RATIO

Amplitude (M)

Amplitude (m}

Amplitude (g)

QOF 1.5
Al T i
200 -
0 o
L | I |
-291:1“ 0.431 002 .03 0,04 0.05
Time (ses)
Figure E1 - Time Domain X Impact Load
—
°10 T T T i ——
11074 -
-~ | ! | | ! | =
il 0.2 0.3 4 0.5 0.6 0.7
Tirre (sec)
Figure E2 - Time Domain .Y Displacement Response
16 T T | | | T
50— o

! ! I | | [

—Siy

.1 0.2 0.3 0.4 5 0.6 0.7
Time (ses)

Figure E3 - Time Domain X Acceleration Response



Amplitude {m/)
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Amplitude (mN)

0 H 20 30 A 50 flk T E0

Frequeney (Hz)

Figure E4 - Test Data and Curve Fit Transfer Functions (Gxx)

(1] 16 20 an A 50 G T B 1] 100
Frequeney (Hz)

Figure ES - Test Data and Curve Fit Transfer Functions (Gxy)
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Frequency (Hz)
Figure E6 - Test Data and Curve Fit Transfer Functions (Gyx)

I 1 | 1 | d I I 1
0 10 0 an 40 30 i ] 0 20 i

Frequency [Hz)

Figure E7 - Test Data and Curve Fit Transfer Functions (Gyy)
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