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ABSTRACT

Rotordynamic Force Coefficients of Pocket Damper Seals.
(August 2005)
Bugra H. Ertas, B.S., Texas Tech University;
M.S., Texas A&M University
Chair of Advisory Committee: Dr. John M. Vance

The present work describes experiments conducted on several pocket damper seal
(PDS) designs using a high pressure annular gas seal test rig. Both rotating and non-rotating
tests were conducted for a 12, 8, and 6 bladed PDS. The objective of the tests was to
determine the rotordynamic force coefficients and leakage for the different PDS while
varying parameters such as: (1) clearance ratio, (2) rotor surface speed, (3) PDS pressure
differential, and (4) excitation frequency. Two different methods were used to determine
frequency dependent force coefficients: (1) the impedance method, which involved using a
baseline subtraction and (2) the dynamic pressure response method, which comprised of
measuring seal cavity dynamic pressure and phase relationship to vibration. Both methods
were used to determine coefficients, but the dynamic pressure response method revealed
insights to the dynamics of the PDS that were the first of its kind and allowed the comparison
to the damper seal theory at the most fundamental of levels. The results indicated that the
conventional PDS possessed high positive damping, negative and positive stiffness, and same
sign cross-coupled coefficients. Another objective of the work is to investigate a new fully
partitioned PDS design and accompany experimental results with the development of a
modified damper seal theory. The new fully partitioned PDS design was shown to give twice
as much damping as the conventional design and revealed the ability to modify direct stiffness
without degradation in direct damping. Finally, both the conventional theory and the newly
proposed theory predictions are compared to experimentally determined force coefficients.
The last objective was to evaluate the leakage characteristics of the different designs and to
investigate the effect of blade profile on seal leakage. Results showed that beveled tooth blade

profiles yield higher mass flow leakage compared to rectangular blade profiles.
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1. INTRODUCTION

1.1 Annular Gas Seals in Turbomachinery

Annular gas seals in turbomachinery are necessary components that are used to seal
interstage pressures in turbines and compressors. Gas seals are primarily non-contact annular
seals that are comprised of multiple axially spaced blades or surface patterns that provide a
restrictive path for the working fluid that impedes the leakage between machine stages. Figure
1 shows a typical centrifugal compressor with annular gas seals in various locations around
the rotor. The primary aim of annular gas seals is to prevent fluid leakage from high pressure
regions to low pressure regions, which directly affects the thermodynamic efficiency of the
machine. A secondary function or effect of gas seals is the contribution to the mechanical
dynamics of the rotor-bearing system, which is generated from fluid-structure interaction
forces between the rotor and stator components. When analytically modeling rotor-bearing
systems to evaluate dynamic stability and response, engineers consider seals to have dynamic
coefficients similar to hydrodynamic bearings. Like bearings in a rotor assembly, gas seals
exhibit force coefficients that can either improve or degrade the dynamic stability of the
rotor-bearing system and also can influence the vibration response of the machine. Gas
annular seals, such as labyrinth seals, possess negligible added mass terms and can generally
be expressed by the reaction force model (Childs 1993) as shown in Equation 1.1. This
equation relates the seal forces due to rotor motion and velocity through direct (Kyy, Kyy,

Cyx Cyy) and cross-coupled (Kyy, Kyy, Cyy, Cyy) linear force coefficients.

L R IGHe @0 .
FY KYX KYY Y CYX CYY Y

The most common type of annular gas seal used in present day machines is the
labyrinth seal (Figure 2). Although labyrinth seals are easy to manufacture and provide
adequate sealing of internal fluid pressures, they possess characteristics that degrade the
dynamic stability of rotor-bearing systems. The undesirable effect on dynamic stability can
mainly be attributed to destabilizing stiffness cross-coupling (Ky,=-Ky) that arises from fluid

rotation in the annular plenums within the seal that are in the direction of rotor whirl.

This dissertation follows the style of ASME Journal of Tribology.



The rotation of the fluid amplifies rotor vibration by feeding energy into the whirl orbit and
can result in rotordynamic instability.

Pocket damper seals have been used in several centrifugal compressor applications,
primarily at the center seal location on back to back machines, and also on balance pistons, in
efforts to attenuate rotor vibration response and increase rotordynamic stability. Unlike the
labyrinth seal, the pocket damper seal (PDS) as shown in Figure 2 is fabricated using baffle
walls between paired blades to restrict circumferential fluid flow developed by rotor rotation
and impeller stage pre-swirl. In addition to restricting circumferential flow, incorporating
baffle walls within paired blades gives rise to larger valued dynamic pressure oscillations in the
cavities during machine operation, which yield significant direct damping coefficients. Pocket
damper seals also exhibit other force coefficients as described in Equation 1. Knowing these
force coefficients is necessary for performing an accurate analysis simulating the dynamic
response and stability of a rotor-bearing system. Therefore, experimental tests are required to
measure force coefficients and are also needed to compare with existing theories so the

dynamic behavior of machines can be predicted.
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Figure 1. Annular gas Seals in a Straight-Through Compressor
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1.2 Literature Review

Alford (1965) developed a theory focused on explaining the destabilizing forces
produced in axial flow turbomachinery. Considering the labyrinth seals, he used a one-
dimensional axial bulk flow analysis that showed the difference in the axial flow modulation
across the inlet and exit blades of a seal from rotor vibration. This produced an unbalanced
pressure distribution around the rotor surface; giving rise to destabilizing forces or stabilizing
forces dependent on the seal geometry. Although Alford’s 1965 work was a significant
development in the fundamental understanding of flow-induced forces in gas seals, he failed
to consider circumferential flow in the analysis. In fact, Alford’s analysis would have been
more accurate if he had incorporated baffle walls between the blades of his labyrinth seal
restricting circumferential flow; similar to the PDS design. Due to this fact, the conventional
PDS analysis is fundamentally the same as Alford’s 1965 analysis on labyrinth seals.

Vance et al. in 1993 developed a model for a gas damper actuator for application in
aircraft engines. The premise of the design was to use a series of actuators and the rotor
vibration to produce a pressure-induced reaction force that would oppose the rotor vibration,
therefore yielding positive damping. Using a bulk flow approach the analysis showed that the

damping produced was positive if the inlet area was modulated while the exit area was kept



fixed. This work resulted in the development of the fundamental control volume analysis
used for the present day PDS theory. Closely following the actuator analysis, Sundararajan
and Vance (1993a) improved the model by incorporating choked flow. The result was that
damping increased a lesser amount with increased inlet pressures when considering choked
flow.

Initial experimental testing of the conventional PDS design was first conducted by
Vance and Shultz in 1996. Vance and Shultz measured cavity pressures, leakage, and direct
damping coefficients for a 2-bladed four pocket damper seal with inlet pressures up to 70
psig leaking to atmosphere (14.7 psig) and also developed a refined analytical model based on
the bulk flow equations generated by Sundararajan and Vance (1993b). A cross sectional view
of Shultz’s test rig is shown in Figure 3. The cantilevered shaft-journal assembly (No. 5) was
non-rotating. The two bladed diverging clearance (1:2 clearance ratio) PDS (No. 4) was
mounted on top of test rig base (No. 1). Pressurized air entered the chamber and exited from

the top in between the last blade of the PDS and the journal.

ITEM DESCRIPTION
1 Test Rig Assembly
2 Test Rig Base
3 Shaft
4 PDS Stator
5 PDS Journal
6 Jacking Screw Stand
7 Clamp Mounting Spacers
8 Probe Target
9 Probe Stand
10 Toggle Clamp
11 Socket Set Swivel-Pad Clamp Steel
12 1-12 UNF Steel Hex Nut
13 1" Ground Flat Washer

Figure 3. Shultz’s Test Rig (Shultz 1996)



The motion was measured with a non-contact eddy current proximity probe and the system
was excited using an impact hammer. Damping was measured using log decrement free
vibration tests on the non-rotating test rig, which had a test frequency of 200 Hz.
Additionally, Vance and Schultz measured cavity pressures as a function of inlet pressure and
compared the pressure magnitude and phase with the analytical results at 200 Hz. This study
only investigated the effect of inlet pressure on damping, dynamic pressures peaks, and
leakage. All parameters where shown to linearly increase with increasing inlet pressure. Vance
and Schultz also conducted tests on the same PDS design with the seal reversed so that the
clearance was a converging, which yielded a highly unstable system due to the negative
damping.

In 1995 Li and Vance presented the first rotating tests with the PDS. They tested
PDS with two and three blades on a test rig rotor mounted on ball bearings up to 70 psig
(4.83 bar) inlet pressure. Several coast-down measurements were taken for the PDS and
compared to a conventional labyrinth seal. In addition to the coast-down tests, impact
hammer tests were performed for determining the damping and stiffness of the seal. The
coast down tests were used to observe the effects of the PDS on the critical speed amplitude;
whereas, the impact hammer tests were focused on extracting force coefficients. These tests
were conducted for many inlet pressures and the results showed that PDS had significantly
more damping then the conventional labyrinth seal design. A follow on project by Droste
(1995) and Li and Vance (1995) performed experiments on three and four bladed PDS.
These seals were different than the previously tested seals because all the blades possessed the
same inside bore diameter, but the downstream blades had notches machined into them. This
configuration resulted in twice as much damping compared to the initial PDS design.

In 1997 Ransom tested a two bladed PDS design that yielded a full set of
rotordynamic coefficients. The test rig used for the experiments is shown in Figure 4 and
comprised of a seal housing that was vertically supported by flexible rods with a vertical rotor
bearing system. This test rig was used to extract bearing coefficients, but Ransom used it to
perform impact hammer tests in the X and Y directions at different inlet pressures (up to 45
psig or 4.06 bar) and rotor speeds. The impact tests were used to generate transfer functions
in both orthogonal directions and indicated very little cross-coupling stiffness and almost no
cross-coupled damping. The tests also showed the PDS to have negative direct stiffness and

positive direct damping which increased in magnitude with increasing inlet pressures. Follow



up tests were conducted in 1998 by Ransom et al. on the same test rig for a four bladed PDS
design. The tests demonstrated the insensitivity of stiffness cross-coupling for different

journal speeds, indicating the benefits of low destabilizing forces in the PDS.

Figure 4. Ransom’s Test rig (Ransom 1998)

Further tests were conducted by Laos (1999), which involved both non-rotating and
rotating tests on four bladed damper seals with eight circumferential pockets at pressures up
to 80 psig. The test rig used for his experiments is shown in Figure 5. The rotor is supported
by two self aligning ball bearings one of which is mounted on a compliant squirrel cage
support. The journal is located at the left outboard end of the rotor assembly and is inserted
into the two back-to-back test seals. Inlet pressure is supplied into the center plenum of the
seal housing. The air flow exits at both ends of the housing. The first type of tests that L.aos
conducted were impact hammer rap tests aimed at determining direct force coefficients. He
showed that the PDS exhibited positive damping and negative stiffness force coefficients that
increased in magnitude as the inlet pressure was increased. This result agreed with past
experiments. Also, Laos performed rotating coast-down tests at 7000-3000 rpm to observe
the effects of the PDS on critical speed amplitudes. Tests were conducted with and without
the PDS assembled into the rotor-bearing system. The rotating tests showed an extraordinary

ability to suppress critical speed amplitudes. In addition to his experimental work, Laos also



developed a theory for off-centered operation and predicted negative cross-coupled stiffness

coefficients that possessed the same sign.

ITEM DESCRIPTION
1 Steel Plate
2 Base Plate
3 Alignment Channel
4 Rotor Shaft
5 Self-Aligning Bearing
6 Self-Aligning Bearing
7 Squirrel Cage Ribs
8 Damper Housing
9 Test Seal
10 Seal Journal
11 O'rings
12 Seal Housing
13 Pressure Transducer
14 Centering Plate
15 Squirrel Cage
16 Outboard End Prox Probe
17 Leveling Plate
18 Inboard End Prox Probe

Figure 5. Rotating Test Rig (ILaos 1999)

Li et al. (2000) tested a 4 bladed PDS with 4 circumferential pockets on the test rig
shown in Figure 4. The tests conducted were similar to the previous tests in that both impact
hammer tests and rotating tests were administered at inlet pressure up to 36 psig. The
conclusions to the tests were interesting because they resulted in negative same sign cross-
coupled coefficients even though their theoretical predications showed opposite sign and
same magnitude stiffness cross-coupling. This result (same sign cross-coupling) was rejected

in its authenticity and was believed to be related with the stiffness asymmetry of the test rig.



Although the same sign stiffness cross-coupled coefficients were labeled as a test rig
phenomena and not the inherent behavior of the PDS, these experimental results for cross-
coupled stiffness correlated with Laos’ (1999) findings and would also agree with future
findings by several researchers.

The next set of experimental tests was conducted by Vance et al. (2002) and they
focused on investigating the effects of high frequency excitation and IT groups associated
with the PDS. The test rig used for these experiments is shown in Figure 6 and was
originally used to test for ball bearing radial stiffness. It proved to be a good test rig to test
PDS because of the low baseline damping and the high frequency rotor eigenvalues. The
first type of test performed was the impact hammer free vibration tests for inlet seal
pressures from 1.7-6.0 bar. Experiments showed that damping increased with increasing
inlet pressure at higher frequencies of vibration up to 300 Hz. In addition to the free
vibration tests, critical speed coast down tests were conducted with and without the damper
seal pressurized. The damper seal dramatically decreased the critical speed vibration response

by one-third the response without the PDS.

Damper Seal Pocket Damper Seal
Housing . .
. Test Bearing Cap Slave Bearing Cap
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Figure 6. Ball Bearing Test Rig (Ertas and Vance 2004)



The most recent analytical work was presented by Aguilar (2002) on the topic of
nonlinear vibration amplitude effects on PDS coefficients. This analysis considered both
axial and circumferential continuity equations and also used a second order nonlinear Taylor
series expansion for expressing the control volume partial differential equation terms. His
analysis was generated for a 2-bladed 4-pocket diverging PDS. The results showed that
vibration amplitude has a weak effect on PDS force coefficients. Also, he predicted same
sign stiffness cross-coupling coefficients (same as Laos did in his 1999 work). This was
contradictory to the analytical work by Li et al. (2000).

The latest experiments were carried out by Gamal (2003). Gamal investigated the
leakage characteristics for the 12 bladed and 8 bladed 1:1 clearance ratio PDS. He discovered
that the 8 bladed PDS leaked less than the 12 bladed PDS, which was contradictory to the
analytical simulations. This raised questions on the effects of blade profile on leakage,
because the 12 bladed seal and the 8 bladed PDS possess different blade profile shapes. The
leakage findings by Gamal for these two seals acted as the motivation for the presently
conducted research on blade profiles of the six bladed PDS. Gamal also measured the direct
stiffness and static cross-coupled stiffness of the 12 and 8 bladed seals. His experiments
showed same sign stiffness cross-coupling coefficients, which agree with most (with one
analytical exception) earlier results as previously discussed. His tests were conducted on the
same high pressure gas seal test rig as the present work.

1.3 Research Objectives

There are several objectives of the present research, that when combined, define a
broader research objective, which is to provide the potential to improve the rotordynamic
and thermodynamic performance of turbomachinery by the use of damper seals. Improving
rotordynamic performance can be accomplished by providing engineers with experimental
results of PDS that are applicable to the operating conditions observed in the industry.
Therefore, unlike previous tests conducted on PDS, the present tests are performed at high
inlet pressures (1,000 psi), adequate pressure differentials (400-900 psi), sufficient rotor
speeds (10,200-20,200 rpm), and a test frequency range between 20-300 Hz, which
encompasses a large range of operating conditions in the field. Since past tests with PDS
were limited to low inlet pressures, verification of the damper seal theory for high pressures

was nonexistent. The experiments conducted in this work will not only provide comparisons
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to the damper seal theory, but will also validate the theory at the cavity level with the use of
the dynamic pressure response method.

Conventional pocket damper seals are designed to possess a diverging clearance
geometry in efforts to maximize damping capacity that results in enhanced rotor-bearing
stability. Another consequence of diverging clearance seals is the inherent direct negative
stiffness. The presence of negative stiffness is not a contributor to dynamic instability, but
can moderately lower the locations of critical speeds. In some cases where the operating
speed is lower and relatively close to the critical speed, negative stiffness can pose a
synchronous response problem, which restricts the use of a diverging clearance PDS even
though the seal suppresses the asynchronous instability. To remedy the negative stiffness
problem associated with synchronous response, another objective of this research is to
present and verify a new PDS design that can have significantly more positive direct stiffness
without degrading the damping capacity. The new fully partitioned design is a modification
from the conventional 6 bladed PDS and the comparison of the force coefficients and the
seal leakage between the two seals is presented. In addition, the experimental results are
accompanied by a modified theory that accounts for the new seal design.

The final objective of the present research was to determine the influence of bladed
profile on seal leakage. Turbomachinery stage leakage is an important characteristic when
considering the application of a particular seal in a machine. The seal leakage contributes to
the overall efficiency of a machine and based on previous experiments by Gamal, it seems
that the blade profile plays an important role with the leakage amount for a PDS. Therefore,
the work presented here looks at two different blade profiles: (1) a rectangular profile and (2)
a beveled or chamfered profile. Unlike Gamal’s tests where there was little experimental
control because of the varying parameters between the 12 and 8 bladed PDS, the leakage
tests conducted for this work are conducted on the same seal with identical geometric
parameters. The only parameter which differs from the two tests is the shape of the blade
seal, which eliminates the effect of all other parameters on leakage differences such as cavity

depth, number of blades, axial pitch, inside bore diameters, and notch geometry.



11

Some important questions that will be answered in the present work are:

M
2)
)
)
®)
©)

)
C)

©)

What characteristics do PDS have that affects the dynamics of rotating equipment?
How does blade profile affect seal leakage?

How does experiments compare with theory for high inlet pressures?

Do the X and Y cross-coupled stiffness coefficients have the same sign?

What is the effect of same sign cross-coupling coefficients on rotordynamics?

Do the inactive plenums with no partition walls contribute to the overall seal
coefficients? Is there pressure modulation in these plenums?

What is the effect of clearance ratio on cavity pressure phase?

How does the new fully partitioned design compare with the conventional design?
Can the direct stiffness be changed to be more positive without degrading damping
capacity?

How does the modified theory prediction of coefficients compare with the

experimental results from the new design?

(10) What is the effect of axial pitch ratio on predictions of direct stiffness and damping

for the new design?
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2. TEST SEALS

Experimental tests were performed using 7 different damper seal designs, one of
which is a new design. The test seals are comprised of a 12 bladed seal, an 8 bladed seal, and
a 6 bladed seal. All the damper seals were machined as pairs (two of each type) from high
strength 4140 steel, due to the high inlet pressures. The seals were machined in pairs because
of the back-to-back assembly in the test rig. Also, the seals were fabricated using two
different manufacturing techniques. The rotor diameter was manufactured to be 4.500
inches (114.3 mm), and all test seals possessed a bore diameter of 4.510 inches (114.554
mm), which yields a radial clearance of 0.005 inches (0.127 mm) from the rotor.
2.1 Twelve Bladed Pocket Damper Seal

The twelve bladed PDS was the first to be tested and is shown in Figure 7. This seal
was manufactured by inserting bar stock into 8 angular slots machined into the seal body
where they were brazed in an oven under high temperature, and then the inactive plenums
were machined. The twelve bladed seal was fabricated using this method due to the small
balde-to-blade-spacing of the cavities in combination with the large cavity depth of 1.400
inches (35.56 mm). Two different configurations were tested with the twelve bladed PDS:
(1) 1:1 clearance ratio and (2) 1:2 clearance ratio. The 1:1 clearance ratio represents the ratio
of the inlet blade clearance area from the rotor surface to the exit blade clearance area from
the rotor surface. For the 1:1 case both the inlet and exit areas are equivalent therefore

b

labeling the configuration as a “straight through” seal with no notches. The second
configuration, the 1:2 clearance ratio) utilizes curvilinear notches (as shown in Figure 7) on
the exit blade making the exit clearance area from the rotor equal 2 times the inlet clearance,
which is referred to as a diverging clearance configuration. One important feature worth
noting for the twelve bladed PDS is the blade profile. The blade profile, shown in Figure 7
Detail E, illustrates a double chamfer profile resulting in 6 blades with a bevel on the
upstream flow side of a blade and 6 blades with a bevel on the downstream flow side. Bevels
are usually machined into seal blades to minimize damage in anticipation of rotor to stator
interaction during operation and also to further reduce leakage. Typically bevels are
machined on the downstream side of bladed profiles, but for the 12 bladed PDS, that was

not feasible due to the small active pitch (0.208 in/5.283 mm) in combination with the

existence of baffle walls in the plenum, making it impossible to machine with a lathe.
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2.2 Eight Bladed PDS
The next seal tested was the eight bladed PDS, shown in Figure 8. Unlike the 12
bladed seal the eight bladed seal was manufactured from a single piece of round stock,
therefore a brazing process was not required. Also, the eight bladed seal was fabricated with
different shaped cavities, rectangular notches rather than curvilinear notches, and rectangular
blade profiles. The eight bladed seal was tested for two clearance ratios, 1:1 clearance ratio
(straight through configuration) and a 1:1.5 clearance ratio (diverging clearance). This seal is
composed of 4 circumferential rows of 8 equally spaced cavities separated by three inactive
plenums (no cavities). Four pressure taps were machined into the two middle cavities for
pressure transducers, which will be discussed later. This seal was expected to exhibit larger
force coefficients because of the larger axial pitch of the active cavities.
2.3 Conventional Six Bladed PDS
The six bladed seal, shown in Figure 9, possessed the largest axial pitch for the active
cavities giving it the potential for the largest valued force coefficients. This seal was
manufactured like the twelve bladed PDS, using separate bar stock to make up the partition
walls and also required a brazing process after inserting the barriers into the machined slots in
the body of the seal. Only one clearance ratio of 1:2 was tested for the six bladed seal, and the
notches were rectangular in shape. In addition to testing the rectangular profile blades, the six
bladed seal was modified to incorporate beveled profile blades to investigate the effect of
blade profile on leakage. To accommodate the dynamic pressure method for determining
frequency dependent force coefficients the six bladed PDS was equipped with pressure taps in
each cavity for measuring dynamic and static pressure levels. Note that the conventional six
bladed PDS has a total of 24 diverging clearance cavities. These 24 cavities are called active
cavities because they possess a dynamic pressure component in response to system vibration.
The two inactive plenums, that separate the active cavities, are theorized to have a constant
pressure with no dynamic pressure component.
2.4 Fully Partitioned Six Bladed PDS
A 2002 paper presented by Li et al. discusses the testing of a new type of PDS and
compares the results of the experiments with previous experiments using a conventional
PDS with the same geometry except the configuration of the partition walls between the
paired blades. Although the test did not yield force coefficients, critical speed tests suggested

that the new design exhibited higher positive stiffness and more damping.
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Figure 10 shows the new fully partitioned PDS design and how the design differs from the
conventional PDS. The fully partitioned design incorporates baffle walls throughout the
entire axial length of the seal creating sequentially placed cavities that have diverging and
converging clearance geometries. Unlike the conventional PDS design, the fully partitioned
design has 24 diverging cavities and 16 converging clearance cavities, yielding a total of 40
active cavities in the seal. With this new configuration the 3 circumferential rows of
diverging cavities cease to be bounded by constant pressures of the 2 inactive plenums as
shown in the conventional design (Figure 9). The boundaries to the cavities within the seal
are now bordered by other cavities which possess a dynamic pressure modulated by the
rotor vibration. This implies that the converging cavities, which were previously inactive
annular plenums with no dynamic pressure oscillations, will contribute to the force
coefficients of the overall PDS, resulting in a fully active cavity seal. The fully partitioned
design also has tapped holes in every cavity for measuring static and dynamic pressures. The
detail of the tapped holes for the conventional and fully partitioned 6 bladed PDS are shown
in Figure 11.

2.5 Conventional Six Bladed PDS Blade Profiles

The last seal configuration tested was the six bladed conventional PDS with
modified blade profiles. To determine the effect of beveled geometry on leakage the
conventional 6 bladed PDS was modified to have beveled chamfers machined on the
downstream side of each of the blades. Figure 12 shows the modifications incorporated to
the six bladed PDS.

Table 1 summarizes the geometry for all 7 test configurations. The cavity depth
values for all the seals were optimized at 70 Hz for maximum damping, which is the typical
location of the first natural frequency for industrial centrifugal compressors. The inactive
pitch for the 12 and 8 bladed seals was designed to be 0.125 in (3.175 mm), but the inactive
pitch for the six bladed configurations was required to be 0.200 in (5.08 mm) to

accommodate the pressure transducers.
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Table 1. Summarized PDS Geometry and Parameters

SEAL DESIGN NO. CLEARANCE| CAVITY |INACTIVE| ACTIVE SEAL SEAL SEAL BLADE
CONFIG BLADES RATIO DEPTH PITCH PITCH LENGTH (0))] BORE DIA. PROFILE
CONVENTIONAL 1.400 in 0.125 in 0.208 in 3.425in 7.75 in 4.510 in DOUBLE
1 PDS 12 1TO1 3556 mm | 3.175 mm 5.283 mm | 87.00 mm | 196.85 mm | 114.55 mm CHAMFER
CONVENTIONAL 1.400 in 0.125 in 0.208 in 3.425 in 7.75 in 4.510 in DOUBLE
2 PDS 12 1TO2 3556 mm | 3.175mm | 5.283 mm | 87.00 mm | 196.85 mm | 114.55 mm CHAMFER
CONVENTIONAL 1.00 in 0.125 in 0.50 in 3.425in 7.75 in 4.510 in RECTANGULAR
3 PDS 8 1TO1 25.4 mm 3.175 mm 12.7mm | 87.00 mm | 196.85 mm | 114.55 mm
CONVENTIONAL 1.00 in 0.125 in 0.50 in 3.425in 7.75 in 4.510 in RECTANGULAR
4 PDS 8 1TO 1.5 25.4 mm 3.175 mm 12.7 mm 87.00 mm | 196.85 mm | 114.55 mm
CONVENTIONAL 0.56 in 0.200 in 0.742 in 3.425in 7.75 in 4.510 in RECTANGULAR
5 PDS 6 1TO2 14.224 mm | 5.08 mm 18.847 mm | 87.00 mm | 196.85 mm | 114.55 mm
CONVENTIONAL 0.56 in 0.200 in 0.742 in 3.425in 7.75 in 4.510 in BEVELED ON
6 PDS 6 1TO2 14.224 mm 5.08 mm 18.847 mm | 87.00 mm | 196.85 mm 114.55 mm | DOWNSTREAM
SIDE
FULLY 0.56 in 0.200 in 0.742 in 3.425 in 7.75 in 4.510 in RECTANGULAR
7 PARTITIONED 6 1TO2 14.224 mm | 5.08 mm 18.847 mm | 87.00 mm | 196.85 mm | 114.55 mm
PDS

IC
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3. TEST RIG AND EXPERIMENTAL METHODS

The following section discusses the test rig, the experimental methods used to
determine frequency dependent force coefficients and the testing procedures.
3.1 Experimental Test Rig

The main requirements for the testing were: (1) the necessity of the test facility to
support experiments at 1,000 psig (68.95 bar), (2) the ability to dynamically excite the system
at variable frequencies up to 300 Hz in two orthogonal directions, and (3) different rotor
surface speeds needed to be employed. A picture of the high pressure testing facility used for
the PDS experiments is shown in Figure 13. Item 1 is the variable frequency drive which
interfaces with the test rotor through a Lufkin Gear box. Also shown in Figure 13 are the
two bearing supports, the Y direction hydraulic shaker, the support bracket to the shaker,
and the stator housing assembly where the test seals are located. The high pressure test rig
was originally developed (Childs, D. and Hale, K., 1994) to test hydrostatic bearings, but was
later modified (Dawson, M., 2000) to support testing of annular gas seals. A detailed cross
section of the high pressure test rig is shown in Figure 14 (Dawson, 2000). The stator
housing is a floating (suspended around rotor) assembly that interfaces the test rig at the
bearing supports by the use of six pitch stabilizers (three on each end). To limit the axial
thrust in the test rig the test seals are mounted in a back-to-back configuration where the

inlet air is supplied at the center plenum (between the test seals) of the stator assembly.

1. Variable Frequency
Drive

2. Lufkin Gear Box

3. Coupling-End Brg Support J*

4. Free-End Brg Support [

5. Y-Direction Shaker
Support Bracket

6. Y-Direction Hydraulic
Shaker

7. Stator Housing Assembly

Figure 13. High Pressure Annular Gas Seal Test Rig
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The rotor is supported by two hydrostatic water bearings and it has a first natural frequency
above the test frequency range of 20-300 Hz.

Several static and dynamic measurements were required during experiments. Figure
15 shows an isometric view of the stator assembly. The static measurements included static
inlet pressure taken at the center inlet plenum of the stator housing, temperature at the inlet
plenum, static back pressures at the exit of the test seals, and finally the exit gas temperature
at the test seal exit. The back pressure to the test seals was controlled by a valve that varies
the flow through the three ports on each labyrinth seal. Each labyrinth seal possessed a radial
clearance of 0.004 inches (0.1016 mm) from the rotor surface and was required to hold the
back pressure during testing. An extra addition made to the stator assembly was the use of
two radial squirrel cages that were bolted to the axial face of the labyrinth seals and
interfaced the test rig at the flange of the exhaust chamber housing. Diverging clearance
seals exhibit direct negative stiffness and if the negative stiffness surpasses the magnitude of
the baseline direct stiffness the stator assembly becomes statically unstable making it
impossible to perform dynamic testing. This phenomenon was observed for the diverging
eight bladed seal, and the six bladed seal, therefore two squirrel cage radial stiffeners were
designed to increase the baseline radial stiffness and allow for static stability while testing at
1,000 psig inlet pressure.

To determine rotordynamic force coefficients, for two different testing methods,
several dynamic measurements were taken. Figure 16 shows the standard views of the stator
housing assembly and Figure 17 represents the A-A cross sectional front view revealing all
the dynamic measurements taken during the experiments. The first method of testing
performed in the experiments was the system impedance method, which required the
measurement of the external system dynamic forces, stator displacement motion, and stator
acceleration. Four proximity probes constrained at the labyrinth seal, two in line with the X
direction and two in line with the Y direction, were used to measure the relative motion
between the stator housing and the rotor.

The second experimental method implemented was the dynamic pressure response
method for determining frequency dependent force coefficients. This method required the
measurement of PDS cavity dynamic pressures in combination with relative vibratory
displacement between the stator housing assembly and the test rig rotor. The static cavity

pressure was also measured for optimizing discharge coefficients.
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Figure 16. Stator Assembly Standard Views
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Figure 17. Dynamic Measurements
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3.2 Impedance Method

The first method used to determine frequency dependent force coefficients was the
system impedance method (Childs, D. and Hale, K., 1994). It is labeled as an impedance
method because the method measures the total system impedance (actually dynamic
stiffness), which is comprised of the pitch stabilizers, exit labyrinth seals, squirrel cage radial
stiffeners, and the test seals. The first step in the derivation was to develop the equations of
motion for the dynamic system shown in Figure 17. Note that the complex equations of
motion are derived in the frequency domain, and that each equation possesses a real
component and an imaginary component. Equations 3.1 and 3.2 show the X direction force
equations, where Equation 3.1 represents the direct equation of motion and Equation 3.2
represents the cross-coupled equation of motion. Equations 3.3 and 3.4 show the Y
direction equations of motion. The left hand side of Equations 3.1-3.4 is the effective force
components (Equations 3.5-3.8), which are defined as the dynamic shaker forces minus the
stator inertia forces from the system, where M is the stator assembly mass and A; is the
measured system acceleration from the accelerometers.

X Direction Equations of Motion:

F,-MA, =(K,-m,0" +joC.) D, +(K,-m,o"+joC,) D, (3.1)
F,.-MA, =K, -m. o +joC.)-D, +(K —-m,o’+joC,) D, 3.2)
Y Direction Equations of Motion:

F,—MA, =(K, —m, 0"+ joC, )-D, +(K, -m.o+joC,) D, (3.3)
F,-MA,=(K, —m,0’+joC, ) D +(K, —m.0*+joC, ) D, (3.4)

Effective Forces in X Direction:

Joo=Fo—MA, (3:5)
S =F,—MA, (3.6)
Effective Forces in' Y Direction:

fy =F, —MA4, (3.7)
Jo=Fy—M4,, (3-8)
Also note that each force equation has a contribution of direct coefficients and cross-

coupled coefficients. Since we are working in the complex domain each equation has a real

part (determines stiffness) and an imaginary part (determines damping).
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The next step is to define direct and cross-coupled impedances (Equations 3.9-3.12).
Substituting Equations 3.5-3.12 into Equations 3.1-3.4 yields the final equation of motion in
matrix form (Equation 3.13). The force matrix of Equation 3.13 and the displacement matrix
are terms that are measured during testing. Once these measurements are made one can
solve for the impedances (Equation 3.14-3.17), which are composed of the stiffness and
damping terms.

Direct and Cross-Coupled Impedance For X Direction:
HXX = KXX + ja)CXX (3'9)
H, =K, +joC, (3.10)
Direct and Cross-Coupled Impedance For Y Direction:
H, =K, +joC, (3.11)
H,=K, +joC, (3.12)

Final Equation of Motion In Matrix Form:

fxx fy L Hxx ny D xx Dyx
|:fxy fyy:|_|:ny Hyy:|.{ny Dyy:| (3.13)

Direct Impedance in X Direction:

_ fxx'Dyy—fyx'DXy

o T (3.14)
D.-D,-D,-D,
Cross-Coupled Impedance in X Direction:
.D —f .D
w = S Dy =/ D (3.15)
D,-D,-D,-D,
Direct Impedance in Y Direction:
.D —f .D
= Sy Do =S Do (3.16)
Dyy'Dxx—Dyx'DXy
Cross-Coupled Impedance in Y Direction:
— fyy 'ny _fx}’ .D,V,V (317)

w
D,-D,,-D,-D,
The force excitation used in the tests is a pseudo-random complex frequency

waveform tailored to contain several frequencies in the signal that acts as the reference input

signal from which all other signals are phased from. A waveform was constructed for each
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of the three sets of PDS by performing single frequency amplitude tests for X and Y
directions to determine the amplitude ratio between the different frequency components.
The amplitude-ratio plots for building the excitation waveforms are listed in the Appendix.
Unlike single frequency excitation tests, which require a separate test for each frequency,
performing a test using a multi-tone excitation yields results for multiple frequencies,
therefore requiring only one shake test. Figure 18 illustrates the excitation waveform for the
six-bladed PDS. Each test contained thirty-two 0.1 second long excitations resulting in 3.2
seconds of data collection in each direction. The excitations for the 12 and eight bladed PDS

tests are shown in the Appendix.

Y excitation

0.0500
Time
X excitation

Figure 18. Pseudorandom Force Excitation: 6 Bladed PDS Configurations

Figure 19 shows the dynamic measurements recorded for a Y direction excitation of
the 6 bladed PDS stator assembly. Measurements shown in this figure include forces in the
X and Y directions (FX and FY), stator accelerations (AX and AY), and stator motion
relative to the rotor surface (M1, M5, M2, and M6). The black time trace represents the Y
direction shaker force input, and the red trace shows the vibration response of the stator
assembly in the Y direction. Also shown in Figure 19 is the stator acceleration measurement
used to subtract the inertial forces. To determine the four unknown impedance functions
one must generate four independent equations. These equations are generated from two

independent excitations. First, the stator assembly is excited in the X direction, which yields
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two equations, a direct equation of motion and a cross-coupled equation of motion. Then
the system is excited in the Y direction, which also yields a direct equation of motion and a
cross-coupled equation of motion. The direct and cross-coupled impedance values for the X

and Y directions are calculated at each test frequency from the four independent equations.
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Figure 19. Experimental Measurements: Impedance Method

Before determining the test seal coefficients, one must realize that the impedance
measured in the procedure described above is the system impedance, which is composed of
contributions from the entire mechanical system such as the pitch stabilizers, exit labyrinth
seals, and the radial squirrel cage stiffeners. Extracting the PDS force coefficients will require
a separate assembly of the rig and a baseline test using baseline or blank inserts in place of
the test seals. The objective of the baseline test is to measure the contribution of all other
components in the system other than the test seals. This is achieved by replacing the test
seals by smooth baseline seals (Figure 20) with large clearances from the rotor resulting in
negligible effects from the inserts. During the baseline test it was observed that the pressure

drop at the baseline inserts was ~6 psig (0.41 bar) with an inlet pressure of ~700 psi (48.26

bar). After measuring the system impedance with the baseline inserts [H i ]BL it is subtracted

from the system impedance with the test seals [H i ]TS yielding the resultant test seal

impedance [H, ], (Bquation 18).
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(3.18)
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3.3 Rotordynamic Force Coefficients
Figure 21 shows a flexible symmetric rotor with a centered disk that illustrates the
different type of linearized rotordynamic force coefficients acting on the rotor bearing

system from a PDS. Point O is located on the bearing center line, point P is the center of the

rotor disk, and M is the location of the mass imbalance. Let us assume that the rotor spin ®
and the whirl frequency ¢ are the same resulting in synchronous circular rotor whirl. The
dynamic response of point P from the bearing centerline point O, which is defined by the Y,
and X, coordinates, is dictated by various force coefficients depending on the proximity of ®
relative to the rotor- bearing system natural frequency (m,). Part C of Figure 21 shows two
unit directions 7 and?, where 7 is the displacement vector and f represents the velocity
vector. At low frequencies (0 << ®, and P near 0 degrees) the rotor response R is dictated

by the elastic stiffness force K -r, where K =K =K . Direct stiffness values (Kyy and

Kyy) can be directly determined by observing the real component of the direct impedance
functions H ,, and H,, , because the system inertia is subtracted from the shaker force
signal; and that PDS exhibit negligible added mass effects. The first subscript represents the
direction of the excitation, where in this method the excitation is the forcing function.
Therefore, Ky is the stiffness coefficient that relates an X direction force excitation to an X
direction motion and Kyy is the stiffness coefficient that relates an X direction force to a Y
direction displacement. In mechanical systems, direct stiffness acts as a restoring force
opposing the rotor displacement, but for diverging clearance PDS configurations the seal
exhibits a negative stiffness force that acts in the direction of rotor displacement. Also in line
with the direct stiffness is the cross-coupled damping term C, but cross-coupled damping
for PDS is low in magnitude and has little contribution to the rotordynamics. Nevertheless

C. can be extracted from the imaginary part of the cross-coupled impedance functions

H,,and H,,. When ® approaches the natural frequency ®,, the imbalance becomes in

phase with the velocity vector (B=90 deg) and the rotor response R is now dictated by the
direct damping C and the cross-coupled or cross-axis stiffness Ky, whereC =C, =C,,,

and the subscript D stands for destabilizing. The direct damping (Cyy and Cyy) is calculated
from the imaginary component of the direct impedance functions by dividing by the

excitation frequency.
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For forward whitl, direct damping reduces the rotor response at the critical speed. In
addition to rotordynamic response, engineers must also consider the effects of coefficients
on dynamic stability. Rotordynamic stability is dictated by two types of forces: (1) direct
damping and (2) cross-coupled or cross-axis stiffness. Direct damping in a non-rotating
inertial frame of reference is considered to be stabilizing to a rotor-bearing system. This is
apparent in Part C of Figure 21 that shows the damping force acting in the opposing
direction of the rotor whitl velocity vector. Although large positive values of direct damping
is a favorable characteristic for seals, it is not the ultimate indicator to the damping capacity.
One must consider the effective damping, which also accounts for the destabilizing stiffness
cross-coupling force, when simulating the rotordynamics for a machine. The cross-coupled
stiffness force is found through the real part of the cross-coupled impedance values, namely
H,y and Hyy. Note that the presence of the Ky and Ky terms is not always destabilizing
(opposing direct damping); there are some special requirements. In Figure 21 part d the

stiffness cross-coupling force component F, is tangential to the whirl orbit. This implies

that for circular orbits the K, and Ky term must be have opposite for stitfness cross-

coupling to be destabilizing. The effective damping is defined in Equation 3.19-3.20.

K K

Copny =Cxx _TXYZCXX —7[) (3.19)
K K

C.p=C,—to_c _Zo (3.20)

ef (¥) — ¢ ¢
3.4 Same Sign Stiffness Cross-Coupling

Past research on PDS has shown that the cross-coupled stiffness coefficients in the
X and Y directions possess the same sign. Analytical work by Li et al. (1998), Laos (1999),
and Aguilar (2002) have shown same sign cross-coupled stiffness coefficients. Also showing
same sign cross-coupled coefficients are experiments from Li et al. (2000) and Gamal (2003).
Same sign stiffness cross-coupling can be represented by a symmetric stiffness matrix
(Equation 3.21) from a general equation of motion) for a two degree of freedom linear

system (Equation 1.1), where K is the direct stiffness coefficients (K=K y=K), k is the
positive valued cross-coupled stiffness coefficients (+Ky,=+K=k), and K is the stiffness
matrix. The characteristic equation of K (Equation 3.23 ) is used to solve for the

cigenvalues of the stiffness matrix, where I is the identity matrix and D(A) is the
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characteristic determinant; and when expanded the characteristic equation (3.24). The
solution of the eigenvalues (Equation 3.25) is then substituted into 3.22, followed by the
calculation of the eigenvectors (Equations 3.20-3.29). The shift of the initial axis to the
principle axis is shown in Figure 22 and indicates a 45 degree and 135 degree orientation of

the principle stiffness axis. Next, the eigenvectors are used to diagonalize the stiffness matrix

(K ), which transforms the stiffness matrix to the principle axis (Equations 30-31). Clearly,
the transformed stiffness matrix in Equation 31 is not considered to be destabilizing due to
the absence of the off-diagonal stiffness cross-coupling terms. A similar analysis can be
performed for the case where K is the direct stiffness coefficients K =K.,y=K and k is the
negative valued cross-coupled stiffness coefficients -Ky,=-K,y=-k (Equations 3.33-3.44).

The principle axis shift is illustrated in Figure 23 and Figure 24 shows the resultant conical

sections.
il

: =0 (3.21)

k K||Y
_ {K -1k }
K = (3.22)
k  K-2
D(A) =det(K —AI) =0 (3.23)
K> -2KA+A -k>=0 (3.24)
A=K=+k (3.25)
ForA =(K +k):
[K—(K+k) k } {a”}
: =0 (3.26)
k K—(K+k)| |a,

a 1
|: ! } :{ } =a, Normalizing the Eigenvector a,, 4, = (3.27)

a

Sl=51-

ForA=(K -k):

K—(K-k) k | an _0 (3.28)
k K—(K-k)| |a, '
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(3.29)

(3.30)

(3.31)

(3.32)
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(3.37)
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The previous analysis has shown how the symmetric stiffness matrix was
diagonalized to produce an asymmetric stiffness matrix at the principal axis where the matrix
is diagonal but orthotropic. To better understand this result a more illustrative explanation is
presented. Unlike the behavior of equal and opposite valued cross-coupled coefficients,
same sign stiffness cross-coupling does not generate a continuous follower force in the
direction of rotor whirl velocity. Figure 25 shows two cases: (1) negative Ky and Ky and
(2) positive Ky and Kyy. Each case shows a resultant stiffness cross-coupling force F, as it
rotates one complete cycle from point 1 to point 8. Note that points 1, 3, 5, and 7 show
purely tangential forces and points 2, 4, 6, and 8 are purely radial forces. The tangential
forces can be considered as forces that affect the energy input into the whitl orbit whereas
the radial forces are restoring forces like direct stiffness. Based on the force diagram there
are two issues to be considered: (1) radial distortion force on the orbit and (2) tangential
forces responsible for rotordynamic stability.

First, consider the radial forces acting on the circular orbit. Figure 26 shows a
particular same sign stiffness cross coupling resultant force I, at an angle between points 1
and 2, which decomposes into a tangential component F_and a radial component Fy. The

radial component Fy is a maximum at points 2, 4, 6, and 8 and zero at points 1, 3, 5, and 7.
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Figure 25. Same Sign Stiffness Cross-Coupling Coefficient Forces
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Using the radial force components from same sign stiffness cross-coupling coefficients, a
force distribution is generated as shown in Figure 27. The dotted line force distribution
represents positive valued stiffness cross-coupling coefficients and the solid line force
distribution illustrates negative stiffness cross-coupling values. As a result of the radial
distortion forces, the orbit shape becomes elliptical with the major axis of the ellipse either at
45 degrees (negative valued stiffness cross-coupling) or 135 degrees (positive valued stiffness

cross-coupling).

(-) K\Y& K\'x
— (K, & Ky

(a) Radial Distortion Forces Imposed on Circular Orbit (b) Distorted Elliptical Orbits

Figure 27. Orbit Distortion from Same Sign Stiffness Cross-Coupling
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The previous analysis suggests that same sign cross-coupled stiffness is not
destabilizing since there appears to be no net energy input per cycle for the special cases
considered. The following analysis is more general and more rigorous. The objective is to
determine the influence of same sign stiffness cross-coupling on dynamic stability. This is
achieved by performing a complex eigenvalue stability analysis on a single point mass with 2
degrees of freedom. The equations of motion for the system in the X and Y directions are
shown in Equations 3.44-3.45. These equations will address the unstable case first, which is
when K,=-Ky. Note that the equations only account for direct stiffness and the unstable
cross-coupled stiffness terms; there is no damping in the analysis. Assuming exponential
functions (Equation 3.46-3.47) for the x and y motion yields Equation 3.48-3.49. Expressing
the modified equations of motion in matrix form gives 3.50. The equation shown in 3.50
implies that the determinant of the coefficient element matrix is equal to zero, which gives
the relationship shown in Equation 3.51 and solving for S results in Equation 3.52.

Uunstable Case: K=k, Kx=-k, and K =K=K

mx+ Kx+ky=0 (3.44)
my+Ky—kx=0 (3.45)
x=Xe" and ¥ =5°Xe*" (3.46)
y=Ye" and j=8Ye" (3.47)
m(S> Xe* )+ K(Xe* )+ k(Ye* )=0 (3.48)
m(S>Ye' )+ K(Ye' )-k(Xe* )= 0 (3.49)
‘+K k X| |0
(mS” +K) 2 BRI (3.50)
—k mS*+K)| Y] |0
(mS> + K +k> =0 (3.51)
s2-_ Kk (3.52)
m m

Next, S is defined to have a real and imaginary part where ® is the frequency (Equation
3.53). The relationship from 3.53 is substituted into 3.52, which gives Equation 3.54. The
real part of Equation 3.54 is representative of the frequency and the imaginary part of
Equation 3.54 is responsible for the stability.

S = Atiow where A and ® are real numbers (3.53)
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$* = (2 F0*)+i(240) (3.54)
Since the analysis is focused on the system stability and not the frequency, the next step is to
equate the imaginary part of Equation 3.54 to the imaginary part of Equation 3.52. Next, we

solve for A (Equation 3.56) and note that A is real and positive; cleatly an unstable system.

240 = i (3.55)
m

A= L (3.56)
2mao

So far the analysis has shown that for a system with K, =-K,y the imaginary part of the
eigenvalue solution is real and positive yielding an unstable system. For the next part
consider stiffness cross-coupling where K, # Ky and both coefficients are positive. Using
this assumption the equations of motion are shown in Equations 3.57-3.58. Unlike the
previous analysis that necessitated the square root of a negative valued —k’ between
Equations 3.51 and 3.52 this case requires the square root of a positive real number
(k,ky)'*=+ @ as shown in Equation 3.61. The eigenvalue solution is purely real and does not
possess an imaginary part, which suggests that there is no contribution to the vibration; the
contribution is purely to static stability. Rearranging Equation 3.61 and solving using the
negative sign and positive sign yields Equations 3.63-3.64. The solution of S will depend on
the sign of the direct stiffness and the magnitude of k in relation to K. Therefore, if S is
imaginary than the system is statically stable and if S is a real number then the system is
statically unstable. The important result from this analysis is that the eigenvalue solution for
positive Ky and Ky values fails to possess an imaginary component, therefore rendering
the effects to the mechanical system to be purely static and not dynamic. The conclusion is

that there is no direct influence on rotordynamic stability.

Stable Case: K ,, # K, and both positive

mxX+Kx+k,y=0 (3.57)
my+Ky+k,x=0 (3.58)
(mS* + K) k, X] [o
) . = (3.59)
k, (mS°+K)| Y 0

(mS? + K} —kky =0 (3.60)
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+(mS? + K)=Jkk, =*a ais a real number (3.61)
mS* +(KFa)=0 (3.62)
(+) Sign

-K-«a

§'=— = (3.63)
m
(-) Sign
g2-=K (3.64)
m

Another approach to rigorously determining the influence of same sign cross-
coupling is to analyze the energy fed into the whirling motion of the rotor by stiffness cross-
coupling. Murphy in his 1984 dissertation work shows a detailed analysis in Appendix D
where he analyzes the cross-coupled Jeffcott Rotor. In his analysis he discusses and
computes the effects of cross-coupled stiffness and cross-coupled damping on stability for
several elliptical orbits with different percent asymmetries. In regards to stiffness cross-
coupling and stability, he proceeds to develop an expression for the energy input into a
generalized whitl orbit with variable eccentricity from cross-coupled springs (Equation 3.65).
The energy input is calculated by integrating the force times the displacement around the
closed curve of the ellipse, which is essentially a line integral that calculates the net work
done on the system (Equation 3.65). Then by the use of Green’s Theorem, the line integral is
converted to an area integral yielding Equation 3.66. Next, Equation 3.66 is reduced to
Equation 3.68, where A is the area of the ellipse. Note that for same sign stiffness cross-
coupling the energy input or net work done on the dynamic system is zero, therefore not
affecting the stability. He also explains how same sign stiffness cross-coupling coefficients

have the effect of increasing the stiffness asymmetry in the X and Y directions.

E= j oy ydx— K, xdy) (3.65)
E= jRj ( Kyx) ol gy’”y )]dxdy (3.66)
E = [[(- Ky + K  Mxdy (3.67)

R

E=(-K,, +K,) A4 (3.68)
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3.5 Dynamic Pressure Response Method

The second experimental method used to determine force coefficients was the
dynamic pressure response method. The PDS tested in the present work are comprised of
several cavities configured by the baffle walls and the seal blades. Each cavity possesses a
dynamic pressure during stator vibration, and the pressure in the cavities can be transformed
into a force by integrating the pressure over the projected area of the cavity onto the rotor
surface. The knowledge of the internal seal forces due to stator vibration can allow one to
calculate frequency dependent rotordynamic coefficients. This method differs from the
system impedance method from several points of view. First, the dynamic pressure method
directly measures the seal forces, and the seal forces do not have to be extracted by
subtracting the impedance values from two separate tests, namely the system impedance test
with the test seals and the system impedance test with the baseline inserts. This method
requires one assembly to determine the seal coefficients, which eliminates the error and
uncertainty associated with the separate baseline test necessary for the system impedance
method. Second, the dynamic pressure method provides unique information which can be
directly compared with the damper seal theory on the most fundamental of levels, such as
the frequency dependent cavity pressure phase relationship relative to vibration motion,
dynamic pressure peaks, and the calculation of force coefficients for each individual cavity.
Knowing the pressure phase relationship to vibration can give insight to the cavities with the
strongest frequency dependency and can lead to optimized pitch ratios and clearance ratios
to maximize stiffness or damping. Also, the phase measurement is the basis for
understanding the internal dynamics of the new fully partitioned PDS design in terms of the
seal providing either positive or negative stiffness and either positive or negative damping
for the individual cavities. The pressure peak can be compared to the theoretical predications
and thereby validate the assumptions for excluding viscous and inertial effects from the
analytical model. There are some disadvantages to this method. First, the pressure is only
being measured at a single location in the cavity, therefore small pressure variation that may
arise near the rotor surface (where there exists a flow velocity) are not measured. Second, the
pressure under the circumferential partition walls are not being measured, but these walls
account for a small portion of the projected area on the rotor (less than 2%0).

Although PDS have not been tested before using the dynamic pressure response

method, there has been work conducted on different components that used dynamic
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pressure to determine force coefficients. The earliest work found for utilizing dynamic
pressures to determine force characteristics involves experiments with squeeze film dampers
(SFD). Vance and Kirton (1975) carried out a test which was the first of its kind on SFD.
They experimentally investigated the hydrodynamic force response of a SFD using a
controlled orbit test rig. This involved measuring the pressure wave around the
circumference of the journal while administering circular centered orbits and then integrating
the dynamic pressure around the journal surface to determine the force components of the
squeeze film. This method for determining force coefficients for SFD was adopted for
future tests conducted by numerous researchers such as Hibner and Bansal (1979), San
Andres (1985), and Zeidan (1989).

Gas seal testing is another area in which cavity pressures have been used to extract
force coefficients. Experimental tests by Kwanka et.al (1993), Millsaps and Sanchez (1993),
and Benckert and Wachter (1980) used pressure transducers to determine direct and cross-
coupled stiffness coefficients in different configurations of labyrinth seals. The most recent
and thorough work has been by Kaneko et.al (2003) who used pressure transducers on the
rotor surface to determine a full set (direct and cross-coupled damping and stiffness) of
frequency dependent coefficients for a converging hole pattern liquid seal. This work utilized
the motion of the rotor in combination with the pressure transducers to integrate the
pressure around the surface of the rotor for determining coefficients.

The dynamic pressure response method described in the present work has slight
differences from the previous methods that used pressures to determine coefficients. Unlike
the SFD experiments which only necessitate one transducer for circular centered orbits, the
PDS configuration required multiple pressure transducers to instrument all cavities for a full
set of coefficients. Also, the tests comprised of two independent linear motion excitations
rather than the controlled circular orbit testing. The dynamic pressure response method is
not an impedance method, because an impedance method requires that the system response
is measured relative to a known force imposed on the system in the frequency domain. The
dynamic pressure method measures only the system motion and the cavity pressures. The
seal forces are computed from the measured pressures. This method is valid because
dynamic forces generated from pressures are uniquely determined by the stator’s vibratory
motion. Figure 28 shows the PDS-journal assembly and pressure distribution for the two

directions of excitation. To determine direct and cross-coupled force coefficients the system
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was excited in two independent directions X and Y, therefore yielding four pressure
response equations for an individual cavity (Equation 3.69). Unlike the system impedance

method which uses the force signal as the input excitation and reference signal, the dynamic

pressure method uses the motion(Dij)as the input excitation and the dynamic cavity

pressure as the response to the excitation. Therefore, the motion signal is the reference
signal from which all other signals are phased from. Also, the first subscript shown in
Equation 3.69 represents the direction of excitation, which is the motion not the force signal
as in the system impedance method. The cavity response force can be determined by

integrating the dynamic cavity pressure along the circumference of the rotor (Equations
3.70-3.71), where F, is the pressure force. It is also important to decompose each pressure

generated cavity forces into the X and Y directions. Next, the matrix shown in Equation
3.69 can be solved for the seal coefficients in the frequency domain as a function of the

pressure induced dynamic cavity forces and the vibratory motion (Equations 3.72-3.75).

F._ ]7yx (K, +iC,0) (K, ,+iC o) |D, D,
= = |= : (3.69)
ny Fyy

(K, +iC,0) (K, +iC, o) o D,
— 6,
Fy =" (P(G)-cosd, )dd (3.70)
= 0, .
Fy = [ (PG)-sin6, )d4 3.71)
F_-D -F_-D
(K, +iC o) = ——2 =~ (3.72)
: D,-D,-D, D,
vax .Dyx _F‘yr Dxx
(k, +iC, )= : (3.73)
D, -D,-D, -D,
F -D_—F_-D
(K, +iC, m)= 2 o (3.74)
D, D .-D,-D,
F -D -F_-D
(K, +iC )= o "o o (3.75)
Xy 'Dyx _Dyy D,

The positive X and Y direction motion is illustrated in Figure 28, and also shown is the
angular location for the 8 circumferential cavities. Cavities in the 0°and 180° positions
contributed to the X direction direct and cross-coupled coefficients but did not contribute to

the Y coefficients.



(b) Y Direction Excitation

(a) X Direction Excitation
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Figure 28. Dynamic Pressure
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In addition, the cavities in the 90°and 270° positions only produced coefficients in the Y
direction; they did not generate any direct or cross-coupled coefficients in the X direction.
However, the cavities in the 45°%, 135° 225° and 315° positions possessed direct and cross-
coupled coefficients in the X and Y directions. Also, these cavities in the mid quadrant
locations required that the pressure generated dynamic force be decomposed into the X and
Y direction to calculate coefficients. The dynamic pressure method was only administered to
the eight bladed PDS and the six bladed PDS, which will be discussed in detail in the next
section. The testing scheme involved single frequency excitations in the X and Y directions
for several test frequencies up to 200 Hz, while measuring the stator motion (M1, M5, M2,
M6) and dynamic cavity pressures. The instrument control, data acquisitions, and the data
reduction were achieved using LABVIEW software and hardware (hardware specifications
shown in Appendix). Table 2 shows the data acquisition parameters used for the dynamic
pressure tests. Figure 29 shows a Y direction shake test at 80 Hz on the fully partitioned six
bladed PDS assembly, where P1 through P5 are the dynamic pressures for the row of
cavities at the 90 degree location. A shake test at 80 Hz was also performed in the X

direction.

Table 2. Data Acquisition Parameters

DAQ PARAMETERS

EXCITATION SIGNAL: FIXED SINE WAVE
SAMPLING RATE: 8192 SAMPLES/SEC
SAMPLE LENGTH: 0.25 sec (2048 samples)
SETS OF DATA: 12
FREQUENCY RANGE: 0-4096 Hz
FREQUENCY RESOLUTION: 4Hz
FREQUENCY DOMAIN POINTS: 1024
VIBRATION AMPLITUDE: 1.2-1.8 mils pk-pk
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Figure 29. Experimental Measurements: Pressure Response Method
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4. IMPEDANCE METHOD EXPERIMENTAL RESULTS

This section presents the experimental results for frequency dependent force
coefficients determined using the impedance method. Each PDS configuration was tested
for multiple pressure ratios with an approximate inlet pressure of 1,000 psig and different
rotor speeds of 10,200, 15,200, and 20,200 rpm. Results are discussed and are compared in
terms of pressure ratio, rotor speed, and seal type.
4.1 Baseline Force Coefficients

As discussed eatlier, the impedance method requires a separate test that uses baseline
inserts (Figure 18) in place of the test seals. The first types of tests presented are impact
hammer tests performed on the mechanical structure of the test rig for several
configurations. The aim of these tests was to extract stiffness and damping coefficients so
that they can be compared to the force coefficients generated from the impedance method.
Figure 30 shows the test rig mechanical structure, which is composed of the stator housing
suspended by the use of the shaker stingers, squirrel cages, and pitch stabilizers. This figure
also illustrates the location of the stick-on accelerometer (bottom left) and the force hammer
striking location (bottom right); both in line with the Y direction shaker. Impact hammer test
were used to measure the inertance and free vibration decay of the test rig structure for the

two configurations in Table 3.

Figure 30. Structural Baseline Test Set-up
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It is important to understand that the mechanical system in question does not include the
hydraulic shakers, therefore all tests reported in this section were performed with the shaker
stingers not attached. The acceleration and force signal were used to calculate the structural
compliance, phase, and coherence with and without the squirrel cage stiffeners. Determining
force coefficients was achieved using three different methods. First, the compliance (Figure
31) was curve fit (with LABVIEW software) using a function of the form in Equation 4.1,
which assumes linear stiffness and damping coefficients. Both stiffness and mass values were
extracted using an iterative scheme, whereas the damping was first found using the 90 degree
damping method (Equation 4.2). It is evident from Figure 31 that installing the squirrel cages
provided significant radial stiffness and direct damping to the structural system. Based on the
curve fit the installation of the squirrel cages resulted in a radial stiffness contribution of
55,155 1b/in (9.65 MN/m). In addition to yielding 5 times the radial stiffness of the pitch
stabilizers, installing the squirrel cage stiffeners also increased the direct damping by a factor
more than 4. Although having higher baseline stiffness is advantageous when testing
components that exhibit negative direct stiffness, increasing the direct damping of the
baseline can pose resolution problems if the damping of the baseline is significantly higher
than the damping of the test seals. The results from curve fitting the compliance also
indicated that the modal mass of the system increased when the squirrel cages were attached
due to the added motion of the exhaust air chambers that interface the stator assembly
through the squirrel cages. The second method used to extract stiffness and damping was

curve fitting the real and imaginary components (Figure 32) of the dynamic stiffness.

Table 3. Baseline Test Matrix — Impact Hammer Tests

A 1

‘.L:‘K‘:
Fl o® IFl |k -M0*) +(Co)
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The real part of the dynamic stiffness was easily curve fit, but the imaginary component and

damping posed problems due to the erratic fluctuations. The type of damping being

measured in

this system is structural or hysteretic damping, which is a function of vibration

amplitude. Since these tests were conducted with an impact hammer, the 0-pk force

excitation amplitude for each frequency component was not constant, resulting in varying

values for the damping as shown in Figure 32. The values obtained for the stiffness and

mass from Figure 32 agreed well with the results from curve fitting the compliance and so

did the damping for certain frequency ranges.
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Test 6 for 90-170 Hz shows a damping value between 20 to 30 Ib-sec/in and Test 9 shows a
damping value of ~5 Ib-sec/in for 30-160 Hz. The last test conducted for the two
configurations was a free vibration decay test. The time decay of the acceleration was
converted to vibration motion and is shown in Figure 33, where the dotted lines are curve
fits described by a function incorporating damping ratio and natural frequency. Using the
modal mass and natural frequency, the damping was determined from Equation 4.3. A
summary of the results for the impact hammer tests are shown in Table 4.
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Table 4. Structural Baseline Coefficients-Impact Hammer Tests

CURVE FIT TEST 6
MASS (Ib) [STIFENESS (1b/in) [DAMPING (Ib-s/in)
COMPLIANCE 113 67800 27.2
REAL PART 117 68500 -
IMAGINARY PART - - 213
TEST 9
MASS (Ib) [STIFFNESS (1b/in) [DAMPING (Ib-s/in)
COMPLIANCE 102 12995 5.74
REAL PART 106 12995 -
IMAGINARY PART - - 6.73
TEST 7
DAMPING RATIO DAMPING (Ib-s/in)
VIBRATION DECAY 0.0615 16.4
TEST 8
DAMPING RATIO DAMPING (Ib-s/in)
VIBRATION DECAY 0.081 9.27
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The test matrix for the baseline impedance tests is shown in Table 5, from which
selected results are presented in Figure 34. The coefficients shown for all the impedance
tests, including the baseline, have been divided by two in order to base results on one seal.
Baseline tests were conducted for 150-700 psi inlet pressure at increments of 50 psi for both
configurations (with and without squirrel cages). It is interesting that the direct damping
increase with frequency whereas the direct stiffness decreases with frequency. The linear
decrease in direct stiffness with increasing frequency is moderate for the 150 psi and 450 psi
cases without the squirrel cage and is not indicative of a mass effect. Also, the fact that the
450 psi case with the squirrel cage possesses a different slope to the trend line of the 450 psi

without the squirrel cage is not expected.

Table 5. Baseline Impedance Test Matrix

WITHOUT SQUIRREL CAGES 'WITH SQUIRREL CAGES
TEST PRESSURE (PSI/BAR) ROTOR SPEED (RPM) TEST PRESSURE (PSI/BAR) ROTOR SPEED (RPM)
150/10.34 10,200-20,200 450/31.03 10,200-20,200
200/13.78 10,200-20,200 500/34.47 10,200-20,200
300/20.68 10,200-20,200 600/41.36 10,200-20,201
350/24.13 10,200-20,200 500/34.47 Non-Rotating
400/27.58 10,200-20,200 600/41.37 Non-Rotating
450/31.03 10,200-20,200
500/34.47 10,200-20,200
600/41.37 10,200-20,200
700/48.26 10,200-20,200
400/27.58 Non-Rotating
450/31.03 Non-Rotating
500/34.47 Non-Rotating

The coefficients for these pressurized impedance tests are not only generated from
structural components, but also the fluid pressure forces generated between stator and rotor
components. Picardo (2003) also reported direct stiffness coefficients decreasing with
frequency for labyrinth seal test on the same test rig. For the low inlet pressure case and at
low frequencies the direct stiffness values agree well with the impact hammer test stiffness
results. Recall that the baseline results presented here are per seal, therefore need to be
multiplied by 2 when compared to the results from the impact hammer tests. The 150 psi
case at 20 Hz has a total direct stiffness value of 12,168 1b/in in comparison to 12,995 1b/in
from the impact hammer tests, which results in a 6% difference that is most likely attributed
to the end labyrinth seals at pressure. The results shown in Figure 34 also indicate that the

squirrel cages have a stiffness value of 52,354 1b/in at 20 Hz. The radial stiffness of the
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squirrel cages compares very well with results from the impact hammer tests with less than a
1% deviation between the two methods. The direct damping also agrees well for the 150 psi
case with no squirrel cage, which shows a total system damping of 4.92 Ib-sec/in at 70 Hz
compared to the 5.74 Ib-sec/in from the impedance tests. Baseline direct damping results for
frequencies below 50 Hz are not presented due to the large uncertainty. Also measured using
the impedance method was the baseline cross-coupled coefficients (Figure 35). The cross-
coupled stiffness and damping coefficients for the baseline have small values, which increase

as frequency is increased.
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4.2 Twelve Bladed PDS Force Coefficients

The test matrix for the twelve bladed PDS is shown in Table 6. The ideal testing
scheme was to test for three pressure ratios and three rotor speeds for each seal. Although
the twelve bladed PDS was tested for three pressure ratios only the low pressure ratio is
presented, where the inlet pressure was 1,000 psi (68.9 bar). This is due to the significantly
large statistical uncertainties associated with the data in combination with the significantly
small force coefficients. The direct coefficients are shown in Figures 36-37, from which
several conclusions can be made. First, both Figures 36 and 37 shows that the diverging
clearance PDS possesses more than twice the direct damping compared to the straight
through configuration, and the diverging seal also shows more frequency dependence at the
lower frequencies. Another conclusion is that the diverging seal generated significant
negative stiffness coefficients that increase with excitation frequency. The straight through
configuration yielded direct stiffness coefficients that are small in magnitude, but also

increase with excitation frequency.

Table 6. Test Matrix-12 Bladed PDS Impedance Method

TEST | ROTOR SPEED | PRESSURE RATIO| CLEARANCE RATIO
1 10,200 rpm 0.214 1tol
2 15,200 rpm 0.211 1to1
3 20,200 rpm 0.212 1tol
4 10,200 rpm 0.179 1to2
5 15,200 rpm 0.179 1to2
6 20,200 rpm 0.179 1to2

Inlet Plenum Pressure 1,000 psi (68.9 bar)
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Figure 36. Twelve Bladed PDS 10,200 rpm: Direct Coefficients Impedance Method
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The next set of graphs (Figure 38) show the cross-coupled stiffness for the two

configurations at 10,200 rpm and 20,200 rpm. An important conclusion from Figure 38 is

that almost all the cross-coupled stiffness data points possess the same sign for a particular

frequency. As discussed in Section III, same sign stiffness cross-coupling coefficients do not

generate destabilizing forces and therefore do not subtract from the direct damping, but

significant values of same sign stiffness cross-coupling can induce stiffness asymmetry into a

rotor-bearing system.
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The cross-coupled damping coefficients for selected cases are shown in Figure 39. As shown
in Figure 21, cross-coupled damping generates a radial force in line with the direct stiffness
force. These coefficients are of less concern because of the small magnitudes and the

inability of cross-coupled damping to directly influence rotordynamic stability.
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Figure 39. Twelve Bladed PDS— Cross-coupled Damping Coefficients Impedance Method

4.3 Eight Bladed PDS Force Coefficients

Experimental results presented in this section are for the eight bladed seal
configurations as listed in Table 7. For the 1:1 clearance ratio seal three rotor speeds at three
different pressure ratios were tested resulting in 9 tests. After testing the 1:1 clearance ratio
seal, the seals were modified by machining notches into the downstream blades at a 1:1.5
clearance ratio, resulting in a diverging seal. The modified diverging clearance eight bladed
seals posed static instability problems and restricted dynamic testing due to the negative
stiffness, while the test rig was pressurized to the inlet plenum pressure of 1,000 psig (68.9
bar). To accommodate the large negative stiffness of the diverging clearance test seals, a pair
of squirrel cage stiffeners was manufactured (as shown in Figures 15-16) to increase the
baseline radial stiffness; requiring another round of baseline tests with the baseline inserts
and the squirrel cages. Even with the squitrel cages, which added ~56,000 1b/in to the
system, the eight bladed 1:1.5 clearance ratio seal could only be tested for one pressure ratio

due to the negative stiffness.
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Table 7. Test Matrix-8 Bladed PDS Impedance Method

TEST | ROTOR SPEED | PRESSURE RATIO | CLEARANCE RATIO
1 10,200 rpm 0.116 1tol
2 15,200 rpm 0.112 1to1l
3 20,200 rpm 0.110 1tol
4 10,200 rpm 0.326 1tol
5 15,200 rpm 0.319 1tol
6 20,200 rpm 0.308 1tol
7 10,200 rpm 0.516 1to1l
8 15,200 rpm 0.509 1tol
9 20,200 rpm 0.490 1to1l
10 10,200 rpm 0.531 1to 15
11 15,200 rpm 0.520 1to1.5
12 20,200 rpm 0.502 1to1.5

Figures 40-42 display the direct damping and stiffness for all four seals at 10,200
rpm, 15,200 rpm, and 20,200 rpm. The effect of pressure ratio in the straight through
configuration seems to have the most predominant affect at lower frequency ranges of 20-80
Hz, but for higher frequencies the effect of pressure ratio on the direct damping is small.
The damping plots in these figures suggests that the parameter that influences the damping
capacity the most is the clearance ratio, when comparing the 1:1 clearance ratio cases with
the 1:1.5 clearance ratio test at the pressure ratio (PR) of ~0.5. As observed with the twelve
bladed tests, the rotor speed has very little if no effect on the direct damping values of the
eight bladed results in Figures 40-42. Also shown in Figure 40-42 are the results for the
direct stiffness of the eight bladed PDS configurations. The stiffness results show almost
identical values for the high and medium pressure ratio cases, whereas the low pressure case
of PR=~0.1 and clearance ratio 1:1 shows lower stiffness even though the delta P across the
seal is larger. The reduction of direct stiffness for increasing pressure differential is
contradictory to the conventional theory predictions. Conventional damper seal theory
predicts positive direct stiffness for straight through configurations and increasing positive
direct stiffness for increasing pressure differentials. Negative direct stiffness for the eight
bladed straight through PDS was also measured using the dynamic pressure method, which
will be shown in the following section. The diverging 1:1.5 clearance ratio seal possesses
negative stiffness throughout the entire frequency range and is significant in magnitude,
especially at low frequencies. Next, the cross-coupled stiffness coefficients for the eight
bladed PDS configurations are shown in Figure 43. The main conclusion from these results
is that the cross-coupling stiffness coefficients are of the same sign and therefore are not

destabilizing and do not subtract from the direct damping.
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Figure 41. Eight Bladed PDS-Direct Coefficients 15,200 rpm Impedance Method
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Figure 43. Eight Bladed PDS-Cross-Coupled Stiffness Coefficients Impedance Method

4.4 Conventional Six Bladed PDS Force Coefficients

The next two sections in this section will address the two six bladed PDS

configurations: (1) conventional six bladed design and (2) fully partitioned (FP) six bladed

design. Fist the results for the conventional design are presented for the test matrix shown in

Table 8. Only three tests were performed successfully due to the negative stiffness of the test

seals. The direct coefficients for 10,200 rpm are shown in Figure 44 at two different pressure

ratios. The smaller pressure ratio of 0.496 yielded slightly more direct damping and

possessed a less frequency dependent direst stiffness.
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The trend of the cross-coupled stiffness for theses seals (Figure 45) is similar to the
previous results. The data points are initially positive at low frequency ranges and decrease in
values breaching the zero mark then continuing to decrease with frequency. As shown in
the previous results of cross-coupled stiffness, the Kxy and Kyx values possess the same
sign, therefore not affecting the effective damping. The cross-coupled damping coefficients
are small in magnitude, exhibit large uncertainties compared to the magnitude of the data

points, and are also erratic not revealing a distinctive trend.

Table 8. Test Matrix-Conventional 6 Bladed PDS Impedance Method

TEST | ROTOR SPEED | PRESSURE RATIO | CLEARANCE RATIO
1 10,200 rpm 0.6 1to2
2 15,200 rpm 0.6 1to2
3 10,200 rpm 0.498 1to?2

Inlet Plenum Pressure 1,000 psi (68.9 bar)
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Figure 44. Conventional Six Bladed PDS-Direct Coefficients Impedance Method
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Figure 45. Conventional Six Bladed PDS-Cross-Coupled Coefficients Impedance Method

4.5 Fully Partitioned Six Bladed PDS Force Coefficients

The last seal configuration tested using the impedance method was the FP PDS.
Recall that the FP PDS was identical to the conventional six bladed seal except for the
partition walls in the inactive plenums. Fach of the two inactive plenums of the conventional
design were transformed into eight equally spaces converging cavities with an axial pitch
(0.203 in) more than three time less than the active cavity pitch (0.742 in). Table 9 shows the
test matrix and note that this seal was tested successfully for two pressure ratios and three
rotor speeds, unlike the conventional PDS that exhibited negative stiffness problems.
Figures 46-47 illustrates the direct coefficients at 10,200 rpm and 15,200 rpm. Note that as
observed in previous seals the rotor surface speed does not influence the magnitude of the
coefficients. The direct damping is the largest measured from all the seals at the low
frequencies that peak at a value of ~250 Ib-s/in. At 70-80 Hz, where the first mode
eigenvalue is located for most centrifugal compressors, the damping measures ~120 1b-s/in.
The direct stiffness behavior is very interesting because the stiffness breaches the zero mark
and becomes positive at around 100 Hz. This behavior is very different than the
conventional PDS design where the direct stiffness was measured to be negative throughout
the entire frequency range. After becoming positive, the direct stiffness plateaus and reaches
a magnitude of 22,000 1b/in. The last figure (Figure 48) shows that the stiffness cross

coupling coefficients for this seal also has same signs.



Table 9. Test Matrix-Fully Partitioned 6 Bladed PDS Impedance Method

TEST | ROTOR SPEED | PRESSURE RATIO| CLEARANCE RATIO
1 10,200 rpm 0.602 1to2
2 15,200 rpm 0.588 1to2
3 20,200 rpm 0.572 1to2
4 10,200 rpm 0.522 1to2
5 15,200 rpm 0.52 1to2
6 20,200 rpm 0.501 1to2

Inlet Plenum Pressure 1,000 psi (68.9 bar)
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Figure 47. FP Six Bladed PDS-Direct Coefficients 15,200 rpm Impedance Method
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Figure 48. FP Six Bladed PDS-Cross-Coupled Coefficients

4.6 Comparison of Impedance Test Results

The focus of this section was the impedance test results of frequency dependent
force coefticients for several PDS configurations (Table 10) at different pressure ratios and
rotor speeds. Figures 49-50 summarize and compare frequency dependent force coefficients
for all the different PDS configurations. Clearly, the magnitude of the direct damping is
increased as the number of blades is decreased. Decreasing the number of blades increases
the overall axial pitch of the active cavities for the same pitch ratio. The 12 bladed 1:1
clearance ratio PDS possessed the least amount of damping, and the largest amount of
damping was produced from the six bladed PDS configurations. It is interesting to note that
the damping at the low frequency range (20-100 Hz) for the FP PDS shows significantly
more damping than the conventional design and above 100 Hz the conventional design
retains higher values. The FP design is more frequency dependent compared to the
conventional design. Figure 50 shows the direct stiffness for the different PDS. The 12
bladed PDS with the 1:1 clearance ratio was tested to have significantly small values for
direct stiffness whereas the six bladed conventional PDS has significant negative stiffness.
The eight bladed diverging seal has the second highest negative stiffness values. The trends
for the test seals are in accordance with the theory that predicts the highest negative stiffness
for diverging PDS, with the least number for blades. The most interesting data from the
stiffness is the FP PDS results. Usually in PDS design and optimization, diverging seals that

are modified to produce more positive direct damping yield high negative stiffness values.
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For example, the damping can be increased by increasing the clearance ratio, by reducing the
number of blades, or increasing the pitch ratio. All of these modifications to the design
produce higher damping but also generate higher negative stiffness for conventionally
designed PDS. The results here have shown that modifying the conventional design by
inserting baffle walls into the inactive plenums yields much higher positive stiffness. The
reasoning and dynamics behind this phenomenon with the FP PDS will be discussed in

Section V.

Table 10. Configurations Tested Using the Impedance Method

CONFIG SEAL CLEARANCE RATIO | NUMBER OF TESTS
1 12 BLADED PDS 1to1l 3
2 12 BLADED PDS 1to2 3
3 8 BLADED PDS 1to1 9
4 8 BLADED PDS 1to 1.5 3
5 6 BLADED PDS 1to2 3
6 FP 6 BLADED PDS 1to2 6

DIRECT DAMPING Y DIRECTION 10,200 RPM
INLET PLENUM PRESSURE 1,000 PSIG (68.9 BAR)

0 3000 6000 9000 12000 15000 18000
E -ttt 200
39000 Frequency (rpm) 1
36000 1 180
33000 | « 8 BLADED PDS PR=0.516 CR=1:1 1 160
30000 | * 8 BLADED PDS PR=0.531 CR=1:1.5 |
7000 © « 6 BLADED PDS PR=0.498 CR=1:2 1 140
g * 6 BLADED FP PDS PR=0.522 CR=1:2 |
'E 24000 ¢ » 12 BLADED PDS PR=0.214 CR=1:2 1120 E
9 21000 F * 12 BLADED PDS PR=0.179 CR=1:1 P
-3 : L1008
= 18000 F -
= F L 80 &
© 15000 | o
12000 1 60
9000 ¢ 40
6000 f
3000 | 20
0F 1o

0 25 50 75 100 125 150 175 200 225 250 275 300
Frequency (Hz)

Figure 49. Direct Damping Coefficients: Impedance Method
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5. DYNAMIC AND STATIC PRESSURE TESTS

This section focuses on experiments performed using dynamic cavity pressures in
efforts to determine frequency dependent rotordynamic coefficients. Results shown in this
section describe and present testing conducted on 4 different PDS configurations: (1) 8
bladed PDS 1:1 clearance ratio, (2) 8 bladed PDS 1:1.5 clearance ratio, (3) conventional 6
bladed PDS 1:2 clearance ratio, and (4) FP 6 bladed seal 1:2 clearance ratio. Due to space
limitations for the 8 bladed PDS design, the 8 bladed force coefficients were only measured
for cavities 3 and 5. Also only direct force coefficients are presented for the 8 bladed PDS.
Both six bladed PDS designs however show direct and cross-coupled coefficient results for
each cavity, therefore allowing the calculation of the overall seal coefficients. This required
measurement of dynamic pressures in 40 cavities of the 6 bladed FP PDS design and
dynamic pressures in 24 cavities of the conventional design.

5.1 Cavity Coefficients for Eight Bladed PDS

The main objectives for the following tests were to use dynamic pressure
measurements to calculate the peak pressure magnitude, pressure phase (relative to
vibration), force density (P/Y), and the direct stiffness/damping coefficients of the two
cavities. Results from the experiments are compared with theoretical predictions based on
the conventional pocket damper seal (PDS) theory by Schultz (1996). Analytical predictions
for single pressurized cavities were calculated using a MathCAD program. In addition to the
objectives listed above, this section also shows experimental measurements of asynchronous
pressure frequencies in the cavities, which have a direct effect on the force density. Two
different seal configurations were tested: (a) 8 bladed PDS with 1:1 clearance ratio and (b) 8
bladed PDS with 1:1.5 clearance ratio (notched).

The stator housing configuration used for the 8 bladed cavity pressure tests is shown
in Figures 17 and 51, which shows dynamic and static pressure transducers in active cavities
3 and 5 at 90 degrees (in line with the Y direction). Although this testing configuration is
identical to the conventional impedance test set-up shown in Section III, the measurements
used for calculating rotordynamic coefficients is different. Conventional impedance testing,
for determining dynamic force coefficients, requires the use of a baseline measurement,
which accounts for additional forces within the test assembly that are not related to the seal
impedance. Unlike the conventional testing method described in previous section, the use of

the cavity pressures for determining dynamic force coefficients provides a means to directly
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measure the seal forces without having to account for a baseline subtraction. Not only does
this approach eliminate some of the error that accompanies the baseline subtraction, it also
allows the direct comparison with the damper seal theory.

The testing scheme involved shaking the stator assembly with respect to the rotor in
the Y direction and measuring vibration motion, static inlet pressure, static back pressure,
static cavity pressures, inlet flow temperature, and dynamic cavity pressures. The excitation
signal was chosen to be a fixed sine wave for the frequency range of 20 Hz -200Hz and all
tests were conducted with the same pressure differential 450psi-470psi with an inlet plenum
pressure of 1,000 psi. The test matrix for these tests is shown in Table 11. Note that the
diverging seal was tested for two different vibration amplitudes, whereas the straight-through
damper seal was only tested for one vibration amplitude.

The data was acquired using a 16 channel simultaneous sampling NI 4472 DAQ
board. The testing method used was a single frequency excitation, not the pseudorandom
excitation discussed in Section III. After acquiring the data a LABVIEW virtual instrument
was developed for data reduction. Figure 52 shows the front panel DAQ settings and Figure
53 shows the front panel output for the virtual instrument (VI). The VI shown in Figure 53
was developed to display the time trace, the frequency spectra, and also uses 12 averaged sets
of data for each excitation frequency to calculate and display the results. The time trace plot
possesses all four dynamic signals (M2, M6, P3, P5), but the spectrum plots display the
average of M2 and M6 and the two dynamic cavity pressures. Results for the peak signal
amplitudes, pressure phase, cavity coefficients, and force density are also displayed in the VL.

The methodology for experimentally determining the direct cavity coefficients was
based on two equations (5.1-5.2). These equations define the direct stiffness and damping
contributions from a single cavity in a PDS, where A, is the projected area of a single cavity,
y is the 0-pk vibration amplitude, ® is the vibration frequency, and Psc are the pressure
components with respect to the displacement and velocity. To better understand the terms
in 5.1-5.2 refer to the example vibration signal and pressure signals shown in Figure 54.
Consider a sinusoidal motion Y(t) with two different types of cavity pressure signals P(t)
and P,(t). The P,(t) signal is considered to have a phase angle that leads the vibration motion
by an angle 90>¢2>0 and the P(t) signal leads the vibration by an angle 90> ¢1>180. These

time trace signals can be represented as rotating vectors with the reference zero angle

defined at Y (t).
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The Y direction displacement therefore is related to the stiffness coefficient and the

Y direction represents the velocity, which relates to the damping coefficient. Next, one can

decompose the two pressure signals P,(t) and P,(t) into the two directions defined by Y and

Y.

Table 11. Test Matrix- Eight Bladed Dynamic Pressure Tests

8 Bladed 1:1 Clearance Ratio  |1000-530 psi Delta P 8 Bladed 1:1.5 Clearance Ratio 1000-545 psi Delta P
TEST # | FREQUENCY (Hz) [ VIBRATION AMPLITUDE (mils) TEST # FREQUENCY (Hz) | VIBRATION AMPLITUDE (mils)
1 20 ~1.2 11 20 ~1.2
2 40 ~1.2 12 40 ~1.2
3 60 ~1.2 13 60 ~1.2
4 80 ~1.2 14 80 ~1.2
5 100 ~1.2 15 100 ~1.2
6 120 ~1.2 16 120 ~1.2
7 140 ~1.2 17 140 ~1.2
8 160 ~1.2 18 160 ~1.2
9 180 ~1.2 19 180 ~1.2
10 200 ~1.2 20 200 ~1.2

8 Bladed 1:1.5 Clearance Ratio |1000-545 psi Delta P
TEST # | FREQUENCY (Hz) | VIBRATION AMPLITUDE (mils)
20

21 ~1.8
22 40 ~1.8
23 60 ~1.8
24 80 ~1.8
25 100 ~1.8
26 120 ~1.8
27 140 ~1.8
28 160 ~1.8
29 180 ~1.8
30 200 ~1.8
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Note that the P,(t) has both components in line with the displacement and velocity whereas
P,(t) possesses a component in phase with the velocity but 180" out of phase with the
displacement. When the pressure components are in phase with the displacement and
velocity, they produce a positive reaction force against the stator displacement and velocity,
hence yielding positive stiffness and damping terms. For phase angles between 180" and 90°
the cavity pressure P,(t) resolves into positive damping and negative stiffness terms.

After reducing the experimental data, the PDS theory was used to generate analytical
predictions for comparison with experimental results. The first step involved solving for the
steady state for the 8 bladed PDS using the incomplete set of measured static pressures (PO,
P3, P5, P8) shown in Figure 55. Note that to generate analytical solutions for all the test
cases the inactive plenum pressures P2, P4, and P6 needed to be known. The static pressures
P2, P4, and P6 were not measured during testing due to the small axial pitch (0.125 in) of the
inactive cavities. To match the flow rate and pressures in active cavities 3 and 5 the discharge
coefficients were adjusted to 0.75 for the inlet blade and 0.85 for the exit blade. Using the
static pressure results for P2, P4, and P6 the cavity coefficients and parameters were
calculated using a MathCad program. Two sample calculations based on the PDS theory can
be found in the Appendix, along with the MathCAD code. The experiments conducted for
the following results were linear unidirectional vibration tests based on a single degree of

freedom impedance model; therefore, only the direct stiffness and direct damping are

presented.
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Figure 55. Static Seal Cavity Pressure Measurements
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Vibration amplitudes ranged between 0.5-0.7 mils 0-pk (Figure 56) and peak
pressures (Figure 50) are also shown for the experiments and theory. Note that the
theoretical predictions for the peak pressures are significantly different from the
experimental measurements. The damping and stiffness results for the 8 bladed 1:1 clr ratio
seal can be seen in Figure 57. Although the damping results in Figure 57 show similar trends,
the theory significantly under predicts the experimental results. For a straight through seal
(clr ratio 1:1) the PDS theory predicts positive stiffness values for all frequencies, but the
experimental results for stiffness shown in Figure 57 indicate a negative stiffness at low
frequencies and a transition to positive stiffness past the frequency range between 100-120
Hz. This is also apparent in Figure 58, which shows the pressure phase as a function of
frequency. Figure 58 shows that the phase in cavity 3 crosses the 90" mark at ~120Hz and

the pressure phase in cavity 5 crosses 90" at ~100Hz.

b

The second plot shown in Figure 58 displays the force density, which is defined by |£
Y

where P is the 0-pk dynamic pressure and Y is the O-pk vibration amplitude. It is important
to note the pressure resonances at ~80 Hz and ~95 Hz. These are locations where the force
density has a local maximum for the 3" cavity and a local minimum for the 5" cavity. The
damping plot in Figure 57 also shows deviations in the data at 80Hz and 100Hz. Figure 57
illustrates that the 3" cavity increases in damping at 80 Hz and cavity 5 shows a decrease in
damping at 100Hz. The frequency where the force density shows maximums and minimums
is clearly seen in all the frequency spectra of the cavity pressure measurements. Example
spectrum plots displaying the resonance frequencies can be seen in Figures 53 and 59.
Initially the asynchronous frequencies observed from the pressure probes were thought to
be acoustic frequencies, but this hypothesis was discarded because of the difference of the
frequencies in the two cavities. Since the cavities possess the exact same geometry and the
temperature from cavity 3 to cavity 5 is changing no more than 1° F, the acoustic frequencies
should be very close; given that they are a function of temperature (Lucas et al. 1997).
However, the frequencies shown in Figures 53 and 59 display frequencies that with a ~15
Hz separation indicating that the resonances in the force density are attributed to another

phenomena.
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Figure 59. Asynchronous Pressure Frequencies 8 Bladed PDS 1:1 Clr Ratio

One major difference between the two cavities is the static pressure, which also
materializes in a difference in gas density. This variation in gas density yields differences in
cavity flow velocities, where cavity 3 possesses a lower flow velocity than cavity 5.
Calculating flow velocities was achieved by using the ideal gas equation (Equation 5.3) and
the mass flow rate equation (Equation 5.4) and the results are shown in Table 12. It is
interesting to note that the 95 Hz frequency in cavity 5 is ~16% higher than the
asynchronous 80 Hz frequency of cavity 3 and that the flow velocity in cavity 5 is ~14%
higher than the flow velocity for cavity 3. The ratio of velocities and frequencies are similar
and imply a direct linear relation between the two. The asynchronous frequencies are most
likely related to a vortex shedding phenomena, which can be described by a non-dimensional
number called the Strouhal number (Equation 5.5). This equation relates the wake shedding
frequency (f) to the flow velocity (V) using a characteristic length I, and the Strouhal
number (St). Using the axial pitch of the cavity for the characteristic length, the Strouhal

number becomes ~0.11.

Table 12. Cavity Flow Parameters: 8 Bladed 1:1

INLET RESSURE (PSI)] 1,000
EXIT RESSURE (PSI) 525
DELTA P (PSI) 475

INLET TEMP (F)|  56.2
EXIT TEMP (F)]  50.9

MASS FLOW (KG/S)|  0.294

CAVTIY 3 | CAVTIY 5 | % DIFFERENCE
PRESSURE (PSI) 800 OV I —
FLOW VEOCITY (m/s)|  94.5 109.8 14%
FREQUENCY (Hz) 80 95 16%
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P
P=%r (5.3)
m=p-A-V (>4
_ f .Lc
St = (5.5)

The next set of results present the diverging clearance cavity results for the 8 bladed
PDS. For the diverging seal two different excitation amplitudes were investigated: (1)
vibration amplitude of 1.2 mils (0.0305 mm) pk-pk and (2) vibration amplitude of 1.8 mils
pk-pk (0.0457 mm). Figure 60 shows the results for the stiffness and damping coefficients at
1.2 mils excitation, and Figure 61 shows the coefficient results for the 1.8 mils excitation.
The results in Figure 60 indicate that the theory closely matches the experiment for these
cases. Figures 60-61 also show that the experimental results between the two excitation

amplitudes (1.2 mils and 1.8 mils) are almost identical in magnitude and trend.
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Figure 60. Stiffness and Damping 8 Bladed 1:1.5 Clr Ratio ~1.2 mils pk-pk

Vibration and pressure amplitudes for each of the diverging seal test are shown in Figure 62.
The final plots in Figures 63-64 display the pressure phase and force density plots for the
diverging seal. The effect of the diverging clearance, in the form of the square notches, is
evident in all the results compared to the straight through seal results. Comparing the phase
plots in Figures 63-64 to the phase plot shown in Figure 58, it is apparent that the phase at
20Hz is the same, however, when frequency increases the phase between the two types of

seals deviates. The phase shown in Figure 58 indicates a stronger dependence to frequency
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whereas the phase in Figures 63-64 exhibits a weaker dependence on increasing frequency.

The stiffness results also show significant change due to the notch.
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Figure 61. Stiffness and Damping 8 Bladed PDS 1:1.5 Clr Ratio ~1.8 mils pk-pk

The stiffness in Figure 57 starts at -800 1b/in (200 Hz) and ends at 500 1b/in (200
Hz), but the stiffness plots shown in Figures 60-61 have a range between -2400 Ib/in (20
Hz) to -400 1b/in (200 Hz). This is a significant change in stiffness, which is due to the
increase in phase angle and also an increase in peak cavity pressures. The damping portrayed
a moderate increase for the diverging clearance PDS. Damping values ranged from 2.5-0.75
Ib-sec/in in Figure 57 and 3.0-1.25 lb-sec/in for damping plots in Figures 60-61. The
diverging clearance also revealed drastic effects on the force density.

The pressure spectrum plots for the diverging seal also revealed two frequencies
other than the forced excitation frequency. Figure 64 shows an example of two frequencies,
one at 100 Hz (cavity 3) and another at 140 Hz (cavity 5). These values are an increase
compared to the cavity frequencies shown in Figures 52 and 58, which were observed to be
at 80Hz (cavity 3) and 95Hz (cavity 5). This increase in shedding frequency makes sense
because the leakage for the diverging notched PDS was measured to be larger than the
straight through configuration. The diverging seal spectrum plots (shown in the Appendix)
differed from the straight through seal due to the increase in signal noise. This can possibly
be attributed to the increase in turbulence intensity in the flow caused by the notch. Also the

force peak pressure for the diverging seal are considerably larger than the 1:1 clr ratio PDS.
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Figure 64. Phase and Force Density 8 Bladed PDS 1:1.5 Clr Ratio ~1.8 mils pk-pk
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Figure 65. Pressure Spectrum for Diverging 8 Bladed PDS (200 Hz)

The main objective of this section was to compare the conventional damper seal theory

for a single cavity with experimental measurements using two different seals. The

conclusions to the tests with the 1:1 clearance ratio seal are as follows:

(1) The damping was shown to decrease with frequency

(2) The stiffness was shown to increase with frequency

(3) The phase angle decreases as frequency increases with the range of 20-200Hz

(4) The theory for the damping, stiffness, and phase is significantly under predicting the

values

(5) The theory predicts only positive stiffness, where as the experiments show a cross

over from negative stiffness to positive stiffness around 100-120 Hz
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(6) The force density increases with frequency
(7) Dynamic pressure frequencies away from the forced frequency were observed and

are related to a vortex shedding phenomena

The next seal that was tested was the diverging PDS, which has a clearance ratio of 1:1.5.

Conclusions to the tests with this seal are as follows:

(1) The 1:1.5 clearance ratio yielded higher direct damping and more negative direct
stiffness. It was also observed that the negative stiffness for the diverging seal
increased less with frequency compared to the straight through seal. This behavior is
evident in the phase plots as well

(2) The theory closely matches the experimental results for all the plots.

(3) The effect of the different vibration amplitudes (1.2 mils pk-pk and 1.8 mils pk-pk)
revealed almost no effect on the results.

(4) Cavity frequencies other than the forced excitation frequency were observed in the
pressure spectra at 100Hz and 140 Hz. This is an increase compared to the 1:1 clr
ratio PDS which makes sense because of the increases flow velocities.

(5) The pressure spectrum for this seal displayed more signal noise; most probably due

to the increase in turbulent flow from the rectangular notches.
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5.2 Cavity Coefficients for Conventional Six Bladed PDS

Dynamic pressure transducers were used to determine individual cavity coefficients
and overall seal coefficients for the conventional six bladed PDS at a back pressure of 620
psi (42.74 bar) and an inlet plenum pressure of 1,000 psi (68.94 bar). The requirement for
generating seal coefficients was to measure pressure modulations in 24 active cavities
simultaneously with system vibration. In addition to the active cavity pressure
measurements, the local pressure modulation in plenums 2 and 4 were also measured. Due
to the limitation of 5 dynamic pressure transducers, testing was administered for a single row
of cavities in 8 different angular locations as defined in Figure 26. Figure 66 illustrates the
pressure transducer installation schematic for a single row of 3 cavities separated by 2
plenums. Note that cavities 1, 3, and 5 consist of both a dynamic transducer and a static
transducer, whereas the inactive plenums support a miniature type PCB dynamic transducer.
For determining seal coefficients only the dynamic measurements were used; whereas, the

static pressure measurements aided in determining discharge coefficients.
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Figure 66. Conventional Six Bladed PDS Single Row of Cavities: Transducer Installation
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Although the dynamic pressure and motion measurements were acquired using the
same control panel as shown in Figure 52, the on-line front panel display and data reduction
panel were different from the virtual instrument used for the eight bladed seal. Figure 67
shows the display panel that plots the dynamic pressures and vibration motion. The plot on
the upper left corner displays the dynamic pressure modulation in the active cavities and also
displays the vibration motion. The left middle graph represents the local pressure
modulation in inactive plenums 2 and 4 along with vibration motion. The bottom left graph
displays only the dynamic pressure measurement at the 3 active cavities and the 2 inactive
plenums. This particular example (Figure 67) was for the 0 degree position with an X
direction excitation of 40 Hz. The plots shown on the right side represent the FFT of the
pressures and the motion, where the top graph is the FFT for the active cavity pressures, the
middle graph is the FFT for the local pressure modulation in the inactive plenums, and the
bottom right graph displays the FFT of the motion. In addition to the plots, the front panel
display calculates the O-pk values for all the dynamic signals. The second part of the front
panel is the on-line data reduction program output as shown in Figure 68. A virtual
instrument was programmed to display the individual cavity phase measurements and the
direct/cross-coupled coefficients for the X and Y directions. It also calculates the overall
row coefficients as shown in the top portion of the output screen.

In the previous section it was shown that diverging clearance cavities possess a
dynamic pressure phase relationship to vibration that is between 90 and 180 degrees,
resulting in negative stiffness and positive damping. The tests performed for each of the
cavity rows of the conventional six bladed PDS confirmed the behavior for frequencies
between 20 and 200 Hz, as shown in Figure 69. This figure displays the phase relationship
for the row of cavities located at the 45 degree angle position; in relation to the Y direction
and the X direction. All the phase plots for the other angular locations are shown in the
Appendix. An example plot of direct damping and stiffness for individual cavities at the 0
degree angle is shown in Figure 70. The direct damping was measured to be positive with
little dependency on frequency, whereas the direct stiffness was negative with more of a
frequency dependency. Since the system was excited in two orthogonal directions, cross-
coupled coefficients were calculated for each of the cavities. The cross —coupled stiffness

and damping for the 0 degree position is shown in Figure 71.



Diverging Cavity Pressures & Stator Vibration | pata set 1

Pressure and Yibration {psi & mils)

_2_

_3_

-4 1 1 1 1 1 1 1

0,020 0.030 0.040 0.050 0,060 0.070 0.080 0.090
Time (sec)

Inactive Plenum Pressures & Stator Vibration| w
w3 =
E z5- M2
% 2- 5
(=%

g ‘ .
m
' i
% U— |L 'I iy J,I |!||,:I I | %'i.'.'r!mh"”'h'“ ' ||I l E | I-I'Illlm””. uI!| |1! lI.ﬂ'”Fl"'ﬂ.r
i i I 3,
5o T4 [] Wy i il '”l”l!'l"rl“ i |!H ‘h M ”M
> -
#-1.5-
[ _2_
I I 1 1 I 1 I I I
0000 0010 0020 0030 0040 0050 0060 0070 0080 0,090
Time {sec)

Dwnamic Cavity Pressures |
=

Drnamic Cavity Pressure (psi)

_4 -
Q. UZU

1 1 1
0.0e0 0.070 0.080

Time: {sec)

1 1 1
0,030 0,040 0.0s0

1
0.090

A
Oy

|
0,100

|
0,100

Diverging Cavities Pressure (FFT) |

Cavity 1 [+
2 Cavity 3 |-
B 17T Cawity 5 |/
o 1.5-
3
w125
i
& 1-
=
= 075
¥
= 0.5-
[=%
& 0,25
0=, 1 | ] | | ] ] 1 | 1
0 S0 100 150 200 250 300 320 400 450 S00
Frequency (Hz)
|Inactive Plenum Pressures (FFT) | Cavity 2 [~
2 Cavity 4 |~
= 1,75-
&
= 1.5-
&
31,25-
o
a 1
.
n.75-
m
05—
o
= 0,25
0.0z 1 | 1 ] ] ] ] | ] 1
u] S0 100 150 200 250 300 320 400 450 S00
Stator Vibration (FFT) | Frequency (Hz)

0.7 - % Wibration |
% . ¥ Vibration [~
1k}

E 0.5
S04-
I
50.3-
B
£ 0.2
=
=L
0.1
0= 1 | | | | I | | | |
u] =0 100 150 200 250 300 350 400 450 S0
Frequency (Hz)

Figure 67. Front Panel Dynamic Measurements Display: 0 Degree Angle X Direction Excitation 40 Hz

Frequency (Hz)
! 40
[ Cavity 1 Dynamic |
Pressure 0-pk psi
1.79512
Sk D
0.0966575

Cavity 3 Dynamic
Pressure O-pk psi

1.65804
Sk D
0.103657

Cavity 5 Dynarnic
Pressure O-pk psi

1.89613
St Dewv
0,0590775

Cavity 2 Dynarmic
Pressure O-pk psi

0.134262
Sk Dev
0.0705965
Cavity 4 Dynarmic
Pressure O-pk psi
0.0867124
St D
0.0492565

¥ Yibration O-pk mils
0.607336

Sk Dew
0.0135374

Y Yibration 0-pk. mils
0.0152676

Sk Dew
0,0035045

78



Rotordynamic Coefficients Row Values X Direction

Rotordynamic Coefficients Row Values Y Direction

Row Direct Stiffness 3 Direction (Ib,l'in)|
-4206.47

Row Direct Stiffness 3 Direction Standard Dew (Ib,l'in)|

Rowe CC Stiffness X-Direckion (Ib,l'in)l

112,834

Row CC Stiffness ¥-Direction Standard Dev (Ib,l'in)|

92,0555
Row Direck Damping ¥ Direckion (Ib—sec,l'in)|
16,3697

Row Direck Damping % Direction Standard Dev (Ib—sec,l'in)|

145,753

Row CC Damping #-Direckion (Ib-sec,l'in)|

1.5138

Row CC Danping ¥-Direction Standard Dev (b-secfind

Row Direct Stiffness ¥-Direction {bfin} |

a
Raow Direct Stiffness

¥-Direction Standard Dev (Ibfin)

]

Row Direct Damping ¥-Cirection {Ib-secfing|

]

Row Direct Damping ¥-Direction Standard Dev (lb-secfin|

Row CiC Skiffniess ¥-Direction (bfin) |
1]

Row CiC Skiffness Y-Direckion Standard Dev (bjind |
0

Row Ci Damping Y-Direction (b-secfin)|

0
Row Ci Damping Y¥-Direction Standard Dey (lb-secfing |

0.31584¢

0.5258576

]

]

Diverging Cawvity .
Projected Area (in™2) AU ey Lt

Frequency (Hz

Cavity #3 Coefficients

Cavity #5 Coefficients

X Direction ¥ Direction X Direction Y Direction
Direct Stiffriess (bfin)] Direct Stiffness (hbfin)| Direct Stiffness (bfin)| Direct Stiffress (bfing|
535,523 ] -4497,55 1]

Standard Dey Standard Dey Standard Dey Standard Dey
52,5725 o] 85,2358 i)

Direct Cramping (Ib-sec,l'in)|

Direct Damping (lb-sec/fin)

Direct Darmping (Ib-sec/in)]

Direct Damping {Ib-secfing |

i)l 1.27778 EJ 0 Degree Position

Cavity #1 Coefficients

X Direction ¥ Direction
Direct Stiffness (Ib,l'in)| Direck Stiffness (Ibfin}|
-544,409 0]
Standard Desy Standard Dey
841262 a

Direct Damping (lb-secfin) ||| Direct Damping (b-secfin) |
5.82497 a

Standard Dev Standard Dey
0.152565 ]

CC Stiffress (Ibfin) CC Stiffness (lbfiny |
a0, 1079 u

Standard Dev Standard Dev |
117.977 a

CC Damping (lb-secfin 2 Damping {Jb-secfin
0.502422 0

Standard Dev Standard Dev
0.195132 0

%-Shake Phase (Deg)l Y-Shake Phase (Deg)|
100,383 F6.0472

Standard Diew Standard Diey
1.53205 15,4873

4.28185

1}

Standatd Dev Standard Dew
0.105729 a

_C Stiffness (Ib,l'in)| CC Stiffness (bfind |
-121.351 u]

Standard Dey Standard Dey
62,586 u]

CC Damping (Ib—sec,l'in)|

CC Damping (lb-secfin) |

0.792597

Standard Dey

0,130445
#-Shake Phase (Deg)|

0

Standard Dey

u]
Y¥-Shake Phase (Deg)|

63,8526

Standard Dey

1.55473

110,837

Standard Dey

11.5744

620284

i}

CC Damping (Ib—sec,l'in)|

Standard Dey Standard Dy
0,21599 o

CC Stiffness (Ib,l'in)| CC Stiffness (bjin} |
144,077 u]

Standard Diey Standard Dey
67,6417 u]

CC Damping (lb-sec)in) |

-0.0812165

Standard Dey

0,365343

#-Shake Phase (Deqg)

145,025

Standard Diey

0.646018

1}

Standard Dey

i}

¥-Shake Phase (Deqg)

-18.9519

Standard Dey

42,4315
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Dynamic Pressure Phase: Respect To Y-Direction: 45 Degree
Position - Conventional 6 Bladed PDS (1000-620 psi)
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Figure 70. Direct Stiffness and Damping: Cavity Coefficients Conventional Six Bladed PDS

The cross-coupled coefficients for the 0 degree position are small in magnitude and

are not the dominating cross-coupled coefficients. The total seal cross-coupled stiffness and

damping is mostly determined by the cavities at the 45, 135, 225, and 315 degree positions.

Figure 72 shows the cross-coupled and direct stiffness row values for the X and Y directions

in the 45 degree position and Figure 73 shows the cross-coupled and direct damping. An

important observation from Figure 72 is that the cross-coupled stiffness coefficients in the X

and Y directions possess the same sign and become more positive as frequency increases.

After calculating the row coefficients for each angular position (shown in Appendix)

all the row coefficients are added resulting in a full set of rotordynamic coefficients for the X

and Y directions. These graphs are shown in Figures 74-77. The experiments show that the



87

damping is positive throughout the entire frequency range while the stiffness is negative.
Also, the cross-coupled stiffness and damping coefficients are of the same sign.

One of the research objectives was to determine if the inactive plenums possess
significant pressure modulations and if they contribute to the overall seal coefficients. The
level of contribution from the inactive cavities was investigated by measuring two things: (1)
dynamic pressure phase relation to vibration, and (2) the local O-pk plenum pressure
magnitudes. First consider the pressure phase for the 0, 90, and 270 degree angular locations
shown in Figures 78-79. These figure show that the pressures phase is incoherent until the
excitation frequency reaches 100 Hz, which is when the phase converges to 120-140 degrees.
The second factors investigated for the inactive plenums measurements was the pressure
magnitude, which is shown for six tests performed at the 0, 45, and 90 degree locations
(Figures 80-85). The first two tests conducted at 100 and 200 Hz (Figures 80-81) show local
pressure modulations at the 0 degree position for an X direction excitation, which are ~17 %
the magnitude of the dynamic pressures for the active cavities. For the 200 Hz test, Figure
81 shows an increase in the pressure magnitudes for the inactive plenums at ~40% the active
cavity pressure magnitudes. The tests conducted at the 45 degree angle position for an X
direction excitation are shown in Figures 82-83. The 100 Hz case shows the presence of
significant pressure modulation for the inactive plenum 2, whereas the inactive plenum 4
pressure is significantly smaller. At 200 Hz, the results for the 45 degree angle position are
similar to the O degree angle position 200 Hz test; yielding an average inactive plenum
pressure that is 46% of the average active cavity pressure. The last sets of results (Figures 84-
85) presented are tests at the 90 degree position for an X direction excitation at 100 Hz and
200 Hz. The local pressure modulations at the 90 degree location for an X direction
excitation are significantly smaller than the values for the 0 degree and 45 degree positions.
The results for the 4 cases shown in Figures 80-85 are summarized in Table 13. To
determine the percent contribution of the inactive plenums, Equations 1 and 2 can be
utilized for each plenum in combination with the phase data and the results shown in Table
18. Using these equations the contribution of the two plenums in the X direction at 100 Hz
is (1.06 1b-s/in) 2.5% of the seal direct damping and (1,847.6 Ib/in) 5% of the seal direct
stiffness. At 200 Hz the inactive plenum damping is (2.62 Ib-s/in) 7.1% of the total seal
damping and (0.18188) 18% of the seal direct stiffness.
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Figure 80. X Direction Excitation- 0 Degree Position 100 Hz
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Table 13. Inactive Plenum Pressure Magnitudes

97

FREQ. | ANGULAR EXCITATION 0-PK PLENUM 2 PRESSURE PLENUM 4 PRESSURE
LOCATION X AMP. (MILS) 0-PK MAGNITUDE PSI 0-PK MAGNITUDE PSI

100 HZ 0 DEG 0.5487 0.356 0.235

200 HZ 0 DEG 0.5627 0.825 0.604

100 HZ 45 DEG 0.557 0.41 0.122

200 HZ 45 DEG 0.485 0.591 0.413

100 HZ 90 DEG 0.499 0.187 0.116

200 HZ 90 DEG 0.404 0.151 0.142

FREQ. | ANGULAR | FORCE DENSITY (LBF/IN”3) [ FORCE DENSITY (LBF/IN"3)
LOCATION (P/Y)-PLENUMM 2 (P/Y)-PLENUMM 4

100 HZ 0 DEG 648.81 428.29

200 HZ 0 DEG 1466.15 1073.40

100 HZ 45 DEG 736.09 219.03

200 HZ 45 DEG 1218.56 851.55

100 HZ 90 DEG 374.75 232.46

200 HZ 90 DEG 373.76 351.49
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5.3 Cavity Coefficients for Fully Partitioned Six Bladed PDS

The fully partitioned seal used for the following test results possessed the same
cavity depth, pitch ratio, clearance, clearance ratio, seal length, pressure ratio, and testing
scheme as the conventional six bladed PDS. As discussed in Section II, the fully partitioned
design incorporates baffle walls in the two inactive plenums; resulting in the creation of 2
converging cavities. Figure 86 shows the fully partitioned seal and the cavity numbers that
are used. Note that cavity 1 is the upstream cavity whereas cavity 5 is the down stream
cavity. An example front panel display for a 100 Hz Y direction excitation test at the 90
degree angular location is shown in Figure 87. The data processing program (Figure 88) for
the FP PDS was modified to incorporate two extra cavities (2 and 4) into the overall seal
coefficient calculations. The addition of the baffle walls in the inactive plenums resulted in
higher pressure modulations that are approximately 10 times larger, when comparing results

from Figure 80 to Figure 87.
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Alford’s work in 1965 showed that for converging clearances the seal cavity
produced positive stiffness and negative damping; and diverging clearances yielded positive
damping and negative stiffness. His analysis also is valid for the PDS and has been verified
by researchers such as Shultz (1996). Figures 89-90 show two examples of PDS cavities and
the representative phasor plot for the different clearance geometries. Note that the cavities
shown in Figure 89 are stand-alone cavities or cavities which are bounded by a constant
pressure. It would be incorrect to assume that the converging geometry cavities 2 and 4 in
the FP PDS behave as converging stand-alone cavities as shown in Figure 89. All the internal
cavities in the FP PDS design are bounded by time dependent pressures, therefore coupling
the dynamics between the 5 active cavities, which results in a favorable result in terms of
direct damping for the converging cavities. Figure 91(a) displays the dynamic pressure phase

of the five cavities in the 0 degree location.
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Converging cavities 2 and 4 show a pressure phase between 0 and 90 degree, indicating that
these cavities possess positive stiffness and positive damping. Another consequence from
the P design is the change in pressure phase of the diverging active cavities compared to
the conventional design pressure phase values. This change is shown in Figure 91, where the
pressure phase values for the diverging active cavities of the conventional design in part (b)
of the figure are almost identical and indicate negative stiffness and positive damping
throughout the test frequency range. The FP design results in pressure modulations between
the cavities that are now coupled, resulting in drastically different values for pressure phase
in the diverging cavities 1, 3, and 5. In fact, cavities 1 and 3 cross over to positive stiffness
and are more frequency dependent when compared to the pressure phases from the
conventional seal tests. Figure 92 displays the direct damping coefficients for the 0 degree
position where all cavities possess positive direct damping. The direct stiffness for the same
angular location is shown in Figure 93 and indicates that the converging cavities possess
positive direct stiffness whereas cavities 1 and 3 have negative direct stiffness at low
frequencies and positive direct stiffness for frequencies above 80 Hz.

The cavity coefficients were used to determine row coefficients, which were then
added to give the overall seal coefficients. Figures 94-97 show the Y direction and X

direction force coefficients for both the FP design and the conventional design.
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Figure 91. Dynamic Cavity Pressure Phase- FP Design vs. Conventional Design
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Figures 94-95 show that the FP PDS direct damping between 20-100 Hz is significantly
larger than the conventional PDS. The increase in direct damping is attributed to the added
damping from the converging cavities and the change in pressure phase, which shifted the
phase closer to 90 degrees. For frequencies above 120Hz the direct damping of the FP PDS
is less than the conventional design. This trend in the FP PDS direct damping was also
observed with the impedance tests, where the direct damping crosses over the conventional
PDS damping curve around 125 Hz (Figure 49). The direct stiffness of the FP PDS is ~25%
of the conventional PDS at low frequencies 20 and 40 Hz. For higher frequencies the direct
stiffness of the I'P design is significantly higher, breaching the O stiffness mark at 100 Hz.

The cross-coupled coefficients are shown in Figures 96-97.
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The cross-coupled stiffness for the FP seal yielded the same sign, and at low frequencies
both are negative and for frequencies above 100 Hz the cross-coupled stiffness coefficients

become positive. Cross-coupled damping coefficients are positive and also possess the same

Slgl’l.
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Figure 97. Cross-Coupled Force Coefficients X Dir: FP PDS vs. Conventional PDS

In the previous sections showing the pressure signals in the time domain, there exists
a high frequency component. This high frequency component was not easily detectable
when averaging was performed for all 12 sets of data. However, when the frequency
spectrum was displayed without averaging, frequency spikes where revealed at high
frequencies. Figure 98 shows one example of this high frequency component residing at
~3,750 Hz. This test was conducted for the 45 degree angle location at 20 Hz excitation
frequency for an X direction excitation. These high frequency components were observed in
almost all of the tests. Note that the high frequency energy is not observed in the motion
signal, as shown in Figure 98, and that it exists in all three pressure signals for the three
cavities 1, 3, and 5. The frequency spikes are not related to the resonance frequency of the
pressure transducers, because there natural frequencies are located far above 4 kHz. The
frequency excitation at 3,750 Hz is most predominant for the last cavity (cavity 5) and seems
to be at a slightly lower location than the frequency spikes for cavities 3 and 1. Several
possible sources were investigated (Lucas et al. 1997) including the acoustic Helmholtz
frequency and edge tone flow instabilities as shown with the eight bladed PDS, but no

conclusion was reached. The source for the high frequency content is unknown.
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5.4 Six Bladed PDS- Static Pressure Tests

Past research completed on stiffness cross-coupling coefficients of PDS have shown
contradictory results. The main point of contradiction is the signs of the stiffness cross-
coupled coefficients Kxy and Kyx. Gamal (2003) performed non-rotating static displacement
experiments on the same test rig shown in Figure 14 for the 12 bladed and 8 bladed PDS,
but using motion probes and the force transducer readings on the shaker stingers. The
objective of Gamal’s test was to measure direct and cross-coupled stiffness coefficients for
the pressurized 8 and 12 bladed PDS by measuring the displacement of the stator in
combination with the static force imposed on the system. To account for and subtract the
stiffness effects from the mechanical structure of the test rig, a baseline test without the test
assembly pressurized was required. The baseline test for this case did not require a separate
assembly but only a test with no air-flow. His tests were conducted in line with the X and Y
axis, indicating that the stator was not purposely offset before displacing in the X or Y

directions. Table 14 summarizes his results.

Table 14. Gamal’s Results for Static Direct and Cross-coupled Stiffness (2003)

Test Kxx (ID/iN) Kyy (1D/iN) Kyx (ID/iN) Kyy (ID/in)
8-Bladed Test 1 | -46,373.64 76751 8,719.28 4107565
8-Bladed Test 2 | -64,304.27 91230 3,074.13 -60,803.19
12-Bladed Test 1 -11,094 20 -10.01 -751.51 -9,932.93
12-Bladed Test 2| -39,212.94 -3,330.31 1.879.96 -36,302.19

Benchert and Wachter (1980) studied static pressure forces in several labyrinth seal
configurations for offset rotor displacements. One of the tests used a new configuration that
comprised of 4 circumferentially spaced swirl webs between the labyrinth seal blades. This
modification to the straight through labyrinth seal created 5 rows of 4 cavities. There
configuration is similar to the FP 6 bladed PDS, but differs in that the clearance of the seal
blades are constant whereas the FP PDS is made up of diverging and converging cavities.
Also, their seal contained 4 circumferential pockets and the FP design possesses 8 pockets.
The test rig they used and the seal tested are shown in Figure 99. Static pressure probes were
installed in 30 degree angle location around the periphery of the test seal chambers and were
used to determine the resultant force on the seal housing. The rotor is overhung and is

supported by two back to back mounted angular contact ball bearings and one cylindrical
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roller bearing. Also, Benchert and Wachter used pre-switl rings to impose gas swirl into the
inlet chamber of the seal. The rotor is driven by a variable speed drive and the test rig has
the ability to offset (displace) the rotating assembly relative to the housing in one direction.
This is illustrated in Figure 99, where the relative eccentricity € is plotted versus the lateral
force Q. The right side graph shows results for a labyrinth seal without the switl webs and
their modified labyrinth with the switl webs. Their results show that the addition of the switl
webs increased the lateral force QQ, which would resolve in the direction of rotor whirl. They
conclude that if a seal generates a lateral force or a force perpendicular to rotor
displacement, that the seal possess a destabilizing stiffness cross-coupling force. Since the
tests conducted for their work only were administered in one direction, only one of the
stiffness cross-coupling coefficients can be determined, which cannot be used to determine
the presence of destabilizing forces unless the other stiffness cross-coupled coefficient is
known. The knowledge of the other coefficient requires a separate test in the orthogonal
direction, which was not conducted in their work.

The static pressure measurements for the following experiments were used to
determine the sign of the cross-coupled stiffness coefficient for two independent
displacement patterns in the X and Y directions. The two tests conducted for cavities 3 of
the 6 bladed PDS are shown in Figure 100. Tests were conducted at 15,200 rpm, which
yvields a surface speed of 597 ft/sec (182 m/s). Test 1 consisted of offsetting the rotor in the
positive Y direction (position 1) and then traversing in the positive X direction, while
measuring the static pressure in cavity 3 at the 315 degree and 45 degree location. Test 2
offset the rotor in the positive X direction and then moving in the positive Y direction.
Static pressure measurements for test 2 were taken at 45 degrees and 135 degrees. The
summary of the results are shown in Table 15. Recall that the radial clearance of the test
seals from the rotor is 0.005 in or 0.127 mm. First, consider test 1 where position 0 is the
centered position. Of course the seal will always be offset and a truly centered configuration
is not feasible; therefore position 0 represents the closet position to the theoretical center of
the stator. At position 0 the cavity pressures are close to the same value. Position 1 shows a
relative rotor position of 0.001 inches in the positive Y direction. At this point the pressure
in the 45 degree angle cavity has decreased while the static pressure in the 315 degree cavity

increased.
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Next, for points 2-4 the stator is moved in the negative X direction, which is a relative rotor
movement in the positive X direction. Table 15 and Figure 101 show that the static pressure
in the 45 degree cavity is lower than the 315 degree position cavity for these locations and in
the pressure at 45 degrees is decreasing at a faster rate. The deviation in static pressures in
these two pockets suggests that there is a force imposed on the system in the positive Y
direction. A positive force in the Y direction (Fy) is related to a positive displacement in the
X direction (X) through a negative Y direction stiffness cross-coupled coefficient (-Kyy).
Next, Test 2 was performed to determine the X direction stiffness cross—coupled
coefficient. In this test the rotor was offset in the positive X direction and positioned in the
positive Y direction, while the static pressures were measured in the 135 degree cavity and
the 45 degree cavity. The results of these tests produced lower pressures at the 45 degree
position for positions 2-4, compared to the pressure at 135 degrees. The rate of pressure
decline in the 45 degree location is also faster for this test. Considering the static pressure
evolution in these two cavities, the resultant pressure force is imposed in the positive X

direction (Fy), implying a negative sign X direction cross-coupled stiffness coefficient (-Ky).

Table 15. Cavity Pressure Measurements: Rotating Displacement Test Results

TEST NO. 1|STATIC CAVITY PRESSURES AND DISPLACEMENT COORDINATES
POINT X COORDINATE Y COORDINATE P1 (PSI) P2 (PSI) P1-P2
0 0 0 807.34 806.01 1.33
1 0 0.001 in / 0.0254 mm 808.8 803.88 4.92
2 0.0005 in / 0.0127 mm 0.001 in / 0.0254 mm 808.1 802.64 5.46
3 0.001 in / 0.0254 mm 0.001 in / 0.0254 mm 807.01 800.35 6.66
4 0.002 in / 0.0508 mm 0.001 in / 0.0254 mm 803.81 794.11 9.7
TEST NO. 2|STATIC CAVITY PRESSURES AND DISPLACEMENT COORDINATES
POINT X COORDINATE Y COORDINATE P1 (PSI) P2 (PSI) P2-P1
0 0 0 796.91 797.85 0.94
1 0.001 in / 0.0254 mm 0 793.27 798.79 5.52
2 0.001 in / 0.0254 mm 0.0005 in / 0.0127 mm 791.98 797.71 5.73
3 0.001 in / 0.0254 mm 0.001 in / 0.0254 mm 788.36 796.72 8.36
4 0.001 in / 0.0254 mm 0.002 in / 0.0508 mm 783.02 793.05 10.03
TEST NO. 1|CAVITY CLEARANCE AREAS
POINT AREA 1 AREA 2 % CHANGE , A1| % CHANGE , A2
0 0.00885 in”*2 / 0.2248 mm”2 | 0.00885 in”"2 / 0.2248 mm"2 0 0
1 0.0101 in”2 / 0.2565 mm”"2 0.00763 in”2 / 0.1938 mm"2 14.1 -13.8
2 0.0095 in”*2 / 0.2413 mm”2 | 0.00702 in”2 / 0.1783 mm"2 -5.9 -8.0
3 0.00885 in”*2 / 0.2248 mm”2 | 0.00641in”"2 / 0.1628 mm"2 -6.8 -8.7
4 0.00763 in”*2 / 0.1938 mm”2 | 0.00519 in*2 / 0.1318 mm"2 -13.8 -19.0
TEST NO. 2|CAVITY CLEARANCE AREAS
POINT AREA 1 AREA 2 % CHANGE , Al| % CHANGE , A2
0 0.00885 in”2 / 0.2248 mm”2 | 0.00885 in”"2 / 0.2248 mm"2 0 0
1 0.00763 in”*2 / 0.1938 mm”2 | 0.0101 in"2 / 0.2565 mm*"2 -13.8 14.1
2 0.00702 in”2 / 0.1783 mm”"2 0.0095 in”2 / 0.2413 mm”2 -8.0 -5.9
3 0.00641 in”2 / 0.1628 mm”2 | 0.00885 in”"2 / 0.2248 mm"2 -8.7 -6.8
4 0.00519 in”2 / 0.1318 mm”"2 | 0.00763 in”2 / 0.1938 mm"2 -19.0 -13.8
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The result in Tests 1-2 coincides with the discussion in Section III on same sign
cross-coupled coefficients, and also agrees with the force diagram shown at position 2 in
Figure 25 (a). In addition, the results of the cross-coupled coefficient signs support the
experimental results in Figures 96-97. To better understand this effect, consider a simple
example using a 2 bladed diverging PDS (Figure 102). Part a of Figure 102 shows the rotor
centered in the seal where P1 is the pressure in the top pocket, P2 is the pressure in the

bottom pocket, Ph is the high inlet pressure and Pb is the lower back pressure.
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For case (a) the cavity clearance for the bottom and top pocket are the same and therefore
there is no force imposed on the rotor. Now, consider the limiting case where the rotor is
displaced by 0 towards the top cavity and the top cavity clearance goes to zero. The limiting
case results in the top cavity pressure P1 equaling the back pressure Pb and the bottom
cavity pressure P2 is between Ph and Pb, therefore resulting in a force F, in the direction of
displacement (negative stiffness). Table 18 shows the cavity clearance areas for each of the
positions (1-4). The area results show that for smaller clearance areas the pressure is lower,
and that the percent change in area from point to point is different between the two

instrumented pockets.
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6. DAMPER SEAL THEORY

The following section is focused on the derivation of stiffness and damping for a FP
PDS. Figure 103 shows a cross sectional view of the two types of damper seals where the
upper portion of the figure represents a conventional pocket damper seal composed of
active plenums separated by inactive plenums. An active plenum for a PDS is defined as an
annular plenum that has partition walls or barriers inserted in eight equally spaced angular
locations creating 8 pressurized pockets. These pockets of pressurized gas can be modeled as
individual control volumes that contain a dynamic pressure, which varies with time. An
inactive plenum does not have partition walls, therefore possessing small dynamic pressure
modulations for the applicable frequency ranges of rotating equipment. For the conventional
PDS analysis each control volume is separated from adjacent control volumes by a constant
pressure, therefore allowing one to solve the conservation of mass equations for each
control volume separately. The configuration shown in the bottom portion of Figure 103

must utilize a coupled analysis between the conservation of mass equations.
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Implementing walls throughout the seal length requires all the internal pressures in the seal
to be time dependent (dynamic) resulting in the mass flow equations for the internal blades
to depend on two dynamic pressures, therefore coupling the analysis between each control
volume. This ultimately requires the simultaneous solution of 2n (n equals the number of
control volumes) equations to determine stiffness and damping, rather than the single

equation solution for the conventional PDS analysis.
6.1 Mass Flow Derivation and Static Analysis

To determine the force coefficients of the fully partitioned seal, first consider a single
row of three pressurized cavities, shown in Figure 104. For this case the gas flows from left
to right and the rotor is in static equilibrium. Each pocket or cavity can be defined as a
control volume that contains a certain amount of a compressible ideal gas undergoing an
adiabatic reversible process. The derivation of stiffness and damping will begin with the
static conservation of mass equation for each control volume. For no displacement of the

rotor the flow through the seal is in a steady state condition and can be described using

Equation 6.1.
T Wl
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Figure 104. Single Row of Three Pressurized Pockets
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m =M, =n,, =, =, 6.1)

Deriving the equations for mass flow through a PDS begins by considering the simple single
constriction case as shown in Figure 105. This figure shows a large pressurized reservoir
where the supply pressure is higher than the back pressure, which forces the gas to flow
from the left to the right through a constriction. The supply pressure (P)) and the
backpressure (P;) are constants (do not vary with time). Also the gas at station 0 can be
considered to have zero velocity (V,=0) due to the assumption that A;>>A. The mass flow
rate (Equation 6.2) can be defined as the product of the density, flow area, and flow velocity.
m=p-A-V (6.2)

The governing equation (Equation 6.3) for deriving the velocity at station 1 is the first law of
thermodynamics; also know as the conservation law of energy. This law states that the
amount of thermal energy (Q) transferred to the closed system must equal the sum of the
energy change (E,-E)) of the system and the amount of energy transferred from the system

by means of mechanical work (W). For our case the Q and W term are zero, yielding

Equation 6.4.
Q=(E -E)+W (6.3)
E =E, 6.4

p - Supply Q=0 w=0 -
0  Pressure Constriction
PO > Pl
V,=0
Ao A >> A
o LLLLLLLL LS
p - Back
. 1~ Pressure
Stagnation
Point i
Y T A—)"l
| i
0 1

Figure 105. Mass Flow through a Single Constriction

The total energy (E) shown in Equation 6.5 is the sum of the potential, kinetic, and
internal energies and then is reduced to the specific total energy (e) in Equation 6.6. Next
one can equate the specific total energies (Equation 6.7) for the two stations in Figure 105.

Neglecting potential energy effects, noting V=0, and assuming an isentropic process yields
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Equation 6.8, where h is the enthalpy. Next, assuming the condition of a calorically perfect
gas, the enthalpy (Equation 6.9) can be manipulated using the ideal gas law, definitions for

specific heats, and the universal gas constant.

E:U+%mV2+ng (6.5)
e=§=u+%V2+gZ (6.6)
1 2 1 2
MO+EVO +gZO:u]+EV1 + gz, (6.7)
|
h, = h, +5V1 (6.8)
h=c,T (6.9)
Cp
R=c,—c, and y=— and P=pRT (6.10)
c c 1
R=c,—c, |+ =cp——p:cp-[1——J (6.11)
¢y /4 v
c, R
R R C c ‘R c ‘R C C
¢, :—1 = — A :[ P j-—V: y -7 ‘R (6.12)
-2 |12t ¢ ¢ ¢ c,—-¢, )¢, €,—7¢ y-1

v 4 c
Substituting (6.12) into (6.9) and using the ideal gas law:
P
h=c,T=L— . RT=1_.= 6.13)
y—1 y=1p
Equation 6.13 defines the enthalpy in terms of the pressure and then is inserted into (6.8) to

yield (6.14) which is the energy equation for a calorically perfect gas:

P P
L._OZL._1+11/12 (6.14)
yr=1p, yv=-1p 2

The next step is to define the isentropic condition —-=Const. and use this condition to
P

expand the right hand side term B of Equation 14 to eliminate the density at station 1:
P
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A(EMEN)-(E)(2)] (2)(2) ) {2 mi :a_[af 615
A \p) \B)\p Po) \Po P Po) \Po P )\ B P \ B

Substituting (6.15) into (6.14) yields Equation 6.16 and solving for the velocity at station 1
results in Equation 6.17. Now the velocity has been defined at the constriction in terms of
the pressure ratio, constriction area, and gas properties of the system. Next, inserting the
result from (6.17) into (6.2) yields the mass flow for the constriction (Equation 6.18). Using

the ideal gas law (6.18) can be written as Equation 6.19.

7-1

v Loy KA s (6.16)
yr=1 p, 7=1 py \ K 2
71
- Lﬁ._o 1{%} 6.17)
7_ pn 0

A useful parameter to note from Equation 6.19 is the non-dimensional flow coefficient(y),

defined in Equation 6.20. The flow coefficient is helpful when determining the choked flow
condition across a constriction. Choking through a nozzle or an area constriction occurs
when the critical pressure ratio between the supply pressure and back pressure is reached.
Once the critical pressure ratio is reached the constriction mass flow becomes a constant
that does not vary with increasing pressure ratio. Figure 106 shows a plot of the flow
coefficient as a function of pressure ratio for various gases with different specific heat ratios.
Using the definitions from (6.20) and (6.21) the mass flow equation can be rewritten
(Equation 6.22) in terms of the flow coefficient. Similarly, the mass flow for the choked case

(6.23) can be defined in terms of the maximum valued flow coefficient.

y-1

m=A-p,- 27 K 1_(£j (6.18)
7/_1 po PO
— p

oo AR 2.%'(in_[£]7 ©19)
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Figure 106. Flow Coefficient for Various Gases

1

71 _
l//max - ( 2 j}/ . }/ 1 (6'21)
y+1 y+1

. A-F, 2-y°
m=y-
JyoR- T\ y—1
A-F, 257

mcwe =l//max.
hoked ,—y-R-T y—1

(6.22)

(6.23)

The mass flow equation in 6.23 can now be applied to the sequentially pressurized cavities
shown in Figure 104, yielding the 4 mass flow equations shown in 6.24-6.27. These
equations represent the mass flow for each of the four blades for a static steady state case
(no rotor vibration). The cavity clearance area terms for a PDS with 8 circumferential
pockets are defined in 6.24-6.27 and can be calculated using Equations 6.28-6.31, where D is

the rotor diameter. Before proceeding with the dynamic analysis, the static pressures for each
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cavity are calculated using (6.24-6.27) in an iterative method, where C; is the discharge

coefficient.
. POAI 27/2
g =Cy Yo \/—' (6.24)
RT, 7 -1
. R4, |2y’
my =Cyy, - \/— (6.25)
RT, Ny -1
, P4, (25
My =Cy Yo - \/—- (6.26)
JRT, y-1
. P4, 2y’
m34 zcd‘l//34‘f' (627)
IRT, y-1
4, = 7R [D+R] (6.28)
8
4, = M (6.29)
8
4, = M (6.30)
8
A, = M (6.31)

6.2 Control Volume Analysis for Compressible Flow

After determining the static cavity pressures from the steady state analysis, Equation 6.1 is
transformed into three dynamic conservation of mass equations (Equations 6.32-6.34)
describing the mass balance for each of the three cavities in Figure 104. The mass in the
pocket is expressed as the partial derivative of density and volume respect to time and
implies that the mass in the pocket can change based on two factors: (1) density changes
(which can be expressed in terms of pressure) or (2) volume changes. Expanding the third

term using the product rule results in Equations 6.35-6.37.

g, () = m, (¢) +%(/)1 'vl) (6.32)

mlz(t) = I’i123 (t) + %(:02 'Vz) (6.33)
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) . 0

gy (8) = 1ty (1) +5(/03 -V3) (6.34)
0 op, ov, op, OF, 0V,

P v =—.v + . =t — 635
at(/ol ) e R (6.35)
0 op, ov, op, OP, 0V,

JE— V =—-V + . = . + . 636
ot CAD a 2w P oP, Ot ot P2 (639
0 0p, ov, op, OP, 0V,

T )=y 9V, 9P O | OVs 6.37
o PV )= 5 s s op, o a D (.57

The next step is to define the %term shown in Equations 6.35-6.37. For an adiabatic
P

1

isentropic thermodynamic process the relation shown in Equation 6.38 holds. Rewriting
Equation 6.38 in the form shown in Equation 6.39 and then taking the partial derivative of
Equation 6.39 respect to density generates Equation 6.40. Rearranging and using the
equation of state for an ideal gas (P=pRT) results in Equations 6.41-6.43. Then substitute

Equations 6.41-6.43 into 6.35-6.37 and into 6.32-6.34 to yield Equations 6.44-6.46.

J2

—=C 6.38)
0

InP —ylnp =C (6.39)

oP

L2 7 (6.40)
P op p

9 _ 1 (6.41)
o, RTy

%, 1 (6.42)
oP, RT,y

o9 _ 1 (6.43)
o, RTyy

mOl(t)_mlz(t)ZL%+% Pl

—L (6.44)
RTy ot ot RT,
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v, 0P 0%, P
RT,y ot o RT,

mlz(t) _m23 ()= (6.45)

v, on oY, P

(6.46)
RT,y ot ot RIT,

m23 (t) - m34 (t) =

Recall Equations 6.35-6.37 and consider the aav,. term. This term represents the change in
t

the control volume respect to time and is directly related to the time dependent rotor motion

and displacement dependent change in cavity clearance area. The rotor displacement
(Equation 6.47) can be defined as a harmonic function with amplitude (X) and frequency

(®). The velocity is then defined in Equation 6.48. Using the result from (6.48) one can

express the v, parameter as a function of vibration velocity and the partial derivative oA
00

ot

(Equations 6.49-6.51). It is now required that the cavity clearance area change be derived as a

function of arbitrary rotor displacement.

o(t) = Xsin(w-t) (6.47)

5@t) = 85 =w-Xcos(w-t) (6.48)

( j{ j w, - (21;) ®-Xcos(w-t) (6.49)
(%j(_j w, (Zgj @-Xcos(w-t) (6.50)

04 0A
(8 )( j—w3 (65) w-Xcos(w-t) (6.51)

The calculation of the change in cavity clearance area for a pocket damper seal (PDS)

experiencing off-center rotor displacement begins by illustrating (Figure 107) two cases of
rotor position. The case on the left shows the rotor in the centered position with a constant
clearance from 0-360 degrees. The calculation of area for case (a) is straight forward and can
be determined using the basic equations for a circle. Given the seal radius (R,), the rotor

radius R, and the blue hatched area between 0, and 0, in Figure 107-a, the cavity clearance

area for the rotor in the centered position is defined by Equation 6.52, where 0 is in radians.
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(6.52)

POCKET

DAMPER SEAL

(a) ROTOR IN CENTERED POSITION (b) ROTOR WITH DISPLACEMENT OFFSET

Figure 107. PDS Cavity Clearance Area for Arbitrary Rotor Displacement

Case (b) illustrates that when the rotor is displaced from the centered position, the clearance
becomes a function of angular location (0). To better understand the derivations of the
clearance area for an off centered rotor refer to Figure 108. Figure 108 shows an arbitrary
function with boundaries 0, and 0,. Considering a differential angle dO and a radius (t),
which is a function of 0, one can calculate the area within the sector using Equation 6.53.

Arbritrary— )
Function

2
/ dO=differential anlge
Sector
Area /‘\

Q)
>
<

Figure 108. Area of a Sector Using Polar Coordinates
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Area =% r’dé (6.53)

The main task in implementing (6.53) involves solving the boundary equation for an off
centered rotor displacement in terms of the variable r. Consider Equation 6.54 for the off
centered circle case, where the terms x, and y, can be expressed using X and 6, (6.55).

Factoring Equation 6.55 we arrive at a second order polynomial equation (Equation 6.56) in

terms of r and 0, where C = R* — X cos® §, — X* sin” 6, .

(c=x, ) +(v-p,f =R (6.549)
(rcos@—Xcosd, ) +(rsin@—Xsing, )’ =R’ (6.55)
r? —2r(X cos @, cos @ + Xsin 6, sin@)—C =0 (6.56)

Utilizing the quadratic formula and only considering the positive solution, the final equation
for r in terms of 0 is shown in Equation 6.58. Since we have generated an equation for r in
terms of 0, the result can be found by substituting into (6.53), which yields Equation 6.59.

Note that Equation 6.59 represents the entire sector area from the origin. To calculate the

blue hatched area shown in Figure 107-b, we need to subtract (6.59) from the seal bore area

between 0, and 0,. Finally the clearance area for an arbitrary rotor displacement is defined in

Equation 6.60.

. 2
Quadratic Formula:  ar® +br+c=0; ,_ 2V —4ac) (l’_‘mc) (6.57)
2a
r=(X cos @, cos & + X sin 6, sin §) + (6.59)
\/(X2 cos’ @, -cos’ @+ X*sin’ @, -sin> @ +2X* cos b, -sin b, -cose-sin9)+ C
o [(X cos @, cos @+ X sin 6, sin 6)+ ’
SectorAreazlJ. ’ ’ deo (6.59)
2, \/(X2 cos® @, -cos® @+ X*sin’ @, -sin’ +2X7* cosd, -sin §, -cos §-sin 0)+C

Clearance area for a single cavity for an arbitrary rotor displacement:

1 92|:(X cos 8, cos@ + X sin 6, sin )+

0,
A= 1]1@%{9—{
2, \/(X2 cos’ 6, -cos’ @+ X’sin’ §, -sin’ @+ 2X* cos b, -sin 6, -cosﬁ~sin6’)+ C

2
} dao (6.60)
2}
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Now consider a rotor displacement where the displacement & is centered (Equation 6.61)
with a cavity as shown in Figure 109. The change in area respect to centered rotor
displacement (Equation 6.63) is now calculated noting the change in area (Equation 6.62)

and the cavity centered displacement amplitude X.

Figure 109. PDS Clearance Area for Cavity-Centered Rotor Displacement

0, +6

(%j =0, (6.61)
Change in PDS' cavity clearance area:

e (92_9‘)-(&2—Rz)—l]zRde—lT (Xcos&ocose-#XsinQUsin‘é?)-%— | | | 2d9 (6.62)

2 25 2; \/(choszeo-00529+Xzsm290-sm2<9+2X200590-51m90-0059-sm<9)+C

0A AA

- (6.63)
00 X

The remaining terms that require definition in Equations 6.30-6.32 are the time dependent
mass flow rate terms. The time dependent mass flow rates can vary based on two factors: 1)
changes in cavity pressure and 2) changes in rotor displacement (cavity clearance change).
Equations 6.64-6.75 show the dependency for the mass flows that can be expressed as a

steady state component (no rotor modulation) plus a dynamic component (rotor modulating

seal). The pressure can also be thought of as a steady state (static) component P, and a

dynamic component P,(f) (Equations 6.68-6.70).

tigy (1) = iy, (P, (£),5(0)) (6.64)
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1y, (1) = iy (B (0, P, (1), 8(1) (6.65)
i (0) = iy (P (0), P (0),5(1)) (6.:66)
1y (t) = iy, (P (1), 5(0)) 6.67)
P(1)= P, + R (1) 6.68)
P,(t)= P, + P,(t) (6.69)
P(1)= P, +P(1) (6.70)

The total flow rate (steady state and dynamic) can be found by expanding Equations 6.64-
6.67 using a Taylor Series expansion (Equations 6.71-6.74). Substituting Equations 6.71-6.74
into Equations 6.44-6.46 yields the refined conservation of mass equations (Equations 6.75-
6.77) for the three control volumes. Next, the partial derivatives of the mass flow rates
respect to cavity pressure in Equations 6.75-6.77 must be derived. A generalized form for

the partial derivatives respect to cavity is shown in Equations 6.78-6.79.

1ty =m+%ip‘:l , -E(r)+aZ§1 |50 -5(1) (6.71)
1, =n'1+8g17112 , 'EU)JF?TTLZ 'E(t)+% |50 ¥ () (6.72)
Tt =m+?723 . -E(z)+a§é3 P(t)+ (6.73)
riy, =m+a§1724 . -133(z)+821—534 |§0 -5(1) (6.74)

Ority, _ Ottty -R(t)+(am°1—amuj-5(t)— Oty By(0) - Aw-L) 06 _[_ VY, .%:0 (6.75)
0P oF o5 06 oP, RT o \yrT) &

((’57}.’!12_67}-’!23] 2() (amlz _am23).5(t)_[am23J P(t)+( P j 1() (PZWZLZJ%‘_ vz %zo (676)

oP, 0P, 05 oP, R-T, ) ot \y-RT,) ot
Oy, Ority, 'P3(t)+(6m23 6m34j sty +| 9 | By - P-w Ly ) 06 (Y -%:O (6.77)
OoP, 0P, 06 00 GPZ R-T, o y-R-T, t
. 1,1 1777“
o, ENEARREYAR 679
oP; 2 7+ % 7P P 7B\ P,



The remaining terms from 6.75-6.77 are defined in 6.80-6.83.

Oriy, _ Oriny, A, 1y, 04,
05 o4, 35 A 35
Oy, _Onmy, 04, _my, 04,
o5 04, 05 A, 85
Oty  Orinyy Ay _ rinyy O,
05 o4, 05 A, 06
Orivy, _ Oy, 0A, 1y, OA,
o5 o4, 05 A, 85
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(6.79)

(6.80)

(6.81)

(6.82)

(6.83)

The resultant dynamic cavity pressures are composed of a sine and a cosine component, as

shown in Equations 6.84-6.86. Taking the time derivative yields Equations 6.87-6.89. Next,

rewrite Equations 6.75-6.77 in the form shown in (6.90-6.92). Substituting the results from

Equations 6.84-6.89 into Equations 6.90-6.92 results in Equations 6.93-6.95. Note that

Equations 6.93-6.95 contain sine and cosine components that can be separated to form a set

of 2n equations (Equations 6.96-6.101), where n is the number of cavities. The set of 2n

equations can also be expressed in matrix form, where P is the pressure component matrix,

Ais the pressure coefficient matrix, and © represents the right side element matrix.

P,(t)=P,. -cosawt + P -sin ot
P,(t) = P, -coswt + P, -sin ot

P,(t) = P, - cosat + P, -sin ot

oP, 5 5
a—lz—a)-PlC~sma)t+a)-PlS-cosa)t
t

oP, 5 5
6—2:—a)-P2C-sma)t+a)-P25-cosa)t
t

oP, _

a———w-EC -sint + @- Py - cos ot
¢

(6.84)
(6.85)

(6.86)

(6.87)

(6.88)

(6.89)
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(6.90)

(6.91)

(6.92)

(6.93)

(6.94)

(6.95)

(6.96)

(6.97)

(6.98)

(6.99)

(6.100)

(6.101)

(6.102)
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A-P=0 (6.103)
P=A"-0 (6.104)
The solution matrix P (Equation 6.104) is composed of 2 pressure components per cavity,

i

P, and P, which then can be used to calculate the resultant dynamic cavity pressure

magnitude (Equation 6.105) and phase (Equation 6.106). The pressure magnitude and phase

are directly related to the dynamic force coefficients. Finally, the damper seal stiffness and

damping coefficients are defined in equations 6.107-6.108, where A4,,is the projected area of

the cavity on the rotor. A plot showing the dynamic pressures for the FP six bladed PDS
using this theory is shown in Figure 110. This 20 Hz case shows the 3 diverging cavities to
have a pressure phase between 90 and 180 degrees and the two converging cavities are
showing a pressure phase between 0 and 90 degrees. This results in the diverging cavities to
have positive damping and negative stiffness, whereas the converging cavities have positive

damping and stiffness, which agrees with the experimental results.

Pl=A(E.) + (P ) (6.105)

i ic

-1 i
¢, = tan [13 J (6.106)

ic
. . < PiC ’ Aip
Direct Damping = C = Z (6.107)
o 0 X
. . < RS ) Aip
Direct Stiffness =K = (6.108)
o X
2.2 2.7 T I
1.76 .
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Ps, —0.44 o
- M
X, 088 \_ 7
=7/
-1.32 d
-1.76 [~ ]
-22
-5 | | | | !
0.029 0.058 0.087 0.12 0.15 0.17
0 4 0.175

Time (sec)

Figure 110. Dynamic Cavity Pressures-Theoretical Predications Fully Partitioned PDS
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Using the MathCad code in the Appendix, several simulations were performed. Table 16 lists
the different configurations, and Figures 111-112 show the direct stiffness and direct
damping. Cases 1-5 were performed for the FP design with different pitch ratios. The pitch
ratio is defined as the diverging cavity pitch divided by the converging cavity pitch. Case 6
was performed for the conventional 6 bladed PDS presented in Section II. The results in
Figure 111 indicate that the FP design possesses significantly more damping compared to
the conventional PDS at low frequencies, but crosses over and drops below the damping
levels (at ~75 Hz) produced by the conventional PDS design. This trend was observed in the
impedance testing and also the dynamic pressure response testing, but the cross-over

frequency was higher at 150 Hz.

Table 16. Cases for Fully Partitioned PDS-Variable Pitch Ratio

Inlet Pressure= 1000 psig Exit Pressure =615 psig
CASE AXIAL PITCH (IN) | PITCH RATIO SEAL TYPE
1 |DIV.CAVITY 0.833 13.33 FULLY
CON.CAVITY 0.0625 PARTITIONED
2 |DIV.CAVITY 0.7916 6.33 FULLY
CON.CAVITY 0.125 PARTITIONED
3 |DIV.CAVITY 0.742 3.71 FULLY
CON.CAVITY 0.2 PARTITIONED
4 |DIV.CAVITY 0.7 2.67 FULLY
CON.CAVITY 0.2625 PARTITIONED
5 |DIV.CAVITY 0.625 1.67 FULLY
CON.CAVITY 0.375 PARTITIONED
6 |DIV.CAVITY 0.742 3.71 CONVENTIONAL
INACTIVE PITCH 0.2 PDS

* Axial Pitch Ratio=(Diverging Cavity Axial Pitch)/(Converging Cavity Axial Pitch)

DIRECT DAMPING SIX BLADED FP PDS
0 2000 4000 6000 8000 10000 12000

400+ttt 70
375 4 FREQUENCY (RPM) 165
;60
155

3 S S NN B i wrsrersrsrrsear P
0 25 50 75 100 125 150 175 200 225
FREQUENCY (HZ)

Figure 111. Direct Damping Coefficients for Varying Pitch Ratios
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The direct stiffness (Figure 112) of the FP design is comparable to the direct stiffness of the
conventional design at low frequencies, but increases rapidly to more positive values and
crosses over the 0 stiffness mark around 50 Hz, resulting in a seal with significantly more

positive direct stiffness at higher frequencies.
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6.3 Theory vs. Experiment: 8 and 12 Bladed PDS

The last section in this section focuses on how the theory compares with the
experiments. The theory presented in this section only uses the continuity equations for
determining force coefficients. The conventional PDS designs are compared to Shultz’s
theory and the fully partitioned results are compared to coefficients generated from the
analysis shown in previous sections. Also, the impedance method is compared to the
dynamic pressure method for the six bladed PDS. Figure 113 compares the 12 bladed 1:2
clearance ratio direct damping measured using the impedance method to the theory, which
shows good agreement with the experiments. The direct stiffness (Figure 114) results

however do not agree well with the theory.
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The experimentally measured direct stiffness for the 12 bladed 1:2 clearance ratio PDS was
measured to be 3.5 times more negative than the theory predictions. The large variation
between experiments and theory could possibly be attributed to errors in the circular notches
machined on the downstream blades. Notches fabricated using a ball end mill with a
significant diameter can result in significant manufacturing errors associated with the notch
area. The next graph compares the impedance results for the 8 bladed 1:1.5 clearance ratio
PDS with the theory (Figure 115). The damping in this figure is under predicting the
experimental measurements but the stiffness agrees much better compared to the 12 bladed
seal case. The stiffness values are moderately close to the experimental results until 200 Hz

where the experiment starts to deviate away from the theory.
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7. FULLY PARTITIONED DAMPER SEAL VS CONVENTIONAL PDS

Figures 116-117 display the stiffness and damping coefficients for the 6 bladed PDS
configurations. In these graphs the impedance method and the dynamic pressure method are
compared to the theory. Figure 116 shows excellent agreement with the theory and the
dynamic pressure method. The impedance method generated coefficients that were larger
than the pressure method. The direct stiffness measurements from the dynamic pressure
method were more positive compared to the theory while the impedance method yielded
direct stiffness coefficients that were more negative than the theory. The FP PDS results
(Figure 117) show good agreement between the impedance method and the dynamic
pressure method, especially the direct stiffness. The theory is under predicting the damping
from 60-200 Hz and the theoretical stiffness crosses over to positive stiffness at 60 Hz;
whereas, the experimental results show a cross-over at 100 Hz. The theory is indicating a
stronger dependence to frequency for the stiffness and damping. Figure 118 compares the
experimental results for stiffness and damping of the conventional PDS and the FP PDS.
The FP PDS results in Figure 118 show good agreement between the impedance method
and the dynamic pressure method, where as the results for the conventional PDS show that

the impedance method has higher damping coefficients and lower valued stiffness

coefficients.
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8. SEAL LEAKAGE

The seal leakage for the 12 bladed PDS and the 8 bladed clearance ratio PDS were
measured and analyzed in detail by Gamal (2003). The tests by Gamal showed that the 12
bladed PDS leaked more than the 8 bladed PDS for the same pressure ratio. This result was
contradictory to the theoretical predications of seal leakage. One major difference between
the 12 bladed PDS and the 8 bladed PDS was the blade profile, but concrete understanding
of the results was restricted by several factors that made for an uncontrolled experiment.
These factors were the difference in the clearance, the axial pitch of the cavities, and the
pocket depth. The reduction in leakage for the 8 bladed PDS compared to the 12 bladed
PDS could not be confidently explained by the bladed profile because of the previously
mentioned factors.

The following leakage tests were conducted for three different PDS configurations:
(1) conventional 6 bladed PDS with rectangular profile blades, (2) FP 6 bladed PDS with
rectangular profile blades and, (3) conventional 6 bladed PDS with beveled blades as shown
in Figure 12. These seals possessed the exact same clearance, cavity depth, and axial cavity
pitch. The only parameters modified between the configurations were the partition walls in
the inactive plenums and the blade profile of the seals. Table 17 lists the leakage results for
the three configurations. The results show that the FP PDS and the conventional PDS with
rectangular bladed profiles have similar leakage rates for the same pressure differential. But
when comparing the beveled profile bladed seals the results show leakage values that are 15-
20% higher than the conventional PDS design with the rectangular blades. Engineers often
design chamfers or bevels on seal blades in anticipation of possible stator-rotor interaction
during operation, which may prevent and limit damage to the rotor during rubs, but for PDS
the leakage is higher for the beveled profile blades. Using the leakage results in combination
with static cavity pressures, the inlet blade and exit blade discharge coefficients were
determined. Figure 119 shows one example static cavity pressure measurement and the
predicted pressures from the PDS theory. Table 18 contains the resultant discharge

coefficients three six bladed PDS configurations.



Static Pressure (psi)

137

0 Degree Position Static Pressures
6 Bladed Fully Partitioned PDS (1000-615 psi)

1000 ¢ = = = = - - - == o = - m e e e e —-_---/--——’(-_--_-'T'"—{_-;-- =
R T T e e B
800t oot - — N E S B Eraraas g B S e
700 -
P e L S e RPN S e PR
600 - LR R I IR ST b e NEREEE R b e N LR e R
Average Inlet Presswe ™ - Back Pressure
500 4 —— Seal DeltaP —— Cavity 1 Pressure(0 deg)
——=— Cavity 3 Pressure(0 deg) —=— Cavity 5 Pressure(0 deg)
- = - - Theory(cdex=0.85 cdin=0.79)
400 -
N e . ———— 1
300
1 2 3 4 5 6 7 8 9 1C

Test Number

Figure 119. Static Cavity Pressure Measurements vs Theory: FP PDS



Table 17. Leakage Results for 6 Bladed PDS Configurations

TEST | BLADE PROFILE |SEAL DESIGN| NO. BLADES [ PRESSURE (psi)| DELTA P | TEMP (F) |[FLOW RATE (kg/s)] RPM

A Rectangular Conventional 6 1007-603 403 50 0.374 10,200
B Rectangular Conventional 6 993-581 411 51 0.359 15,200
C Rectangular FP 6 1001-602 399 46 0.362 10,200
D Rectangular FP 6 1013-600 414 49 0.348 15,200
E Beveled Conventional 6 1005-603 402 58 0.439 10,200
F Beveled Conventional 6 998-597 401 62 0.426 15,200

Table 18. Inlet Blade and Exit Blade Discharge Coefficients

BLADE PROFILE PDS DESIGN NO. BLADES | INLET Cd | EXIT Cd

RECTANGULAR CONVENTIONAL 6 0.71 0.78

RECTANGULAR FULLY PARTITIONED 6 0.65 0.78

BEVELED CONVENTIONAL 6 0.965 1.2

8¢l
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9. CONCLUSION

The present work has focused on determining rotordynamic coefficients and leakage

characteristics for several PDS configurations. Two parameter identification methods were

used to determine the frequency dependent coefficients. A new PDS design configuration

was tested and analyzed using a compressible flow model. The tests conducted in the present

work have successfully answered the main research objective questions listed in Section I.

The main conclusions of this research are of the following:

M

@)

3)

)

®)

All pocket damper seal configurations possessed positive damping over the
frequency range of 20-280 Hz. The twelve bladed PDS showed the least amount of
direct damping and the six bladed PDS configurations were shown to have the
highest amount of direct damping.

The conventional PDS with diverging clearances exhibited large negative values of
direct stiffness that increased (became more positive) with increasing frequency. The
straight through configurations produced negative stiffness at low frequencies and
then crossed over to positive stiffness for higher frequencies.

Pressure ratio was shown to have the strongest effect at low frequencies. Pocket
damper seal clearance ratio was shown to have the strongest influence on
coefficients, as shown with the twelve and eight bladed seal results. Rotor speed
seemed to have little or no effect on cross-coupled stiftness coefficients.

The cavity coefficients for the 8 bladed 1:1 clearance ratio seal did not agree well
with the theory. Direct stiffness was measured to be negative for low frequencies and
positive for higher frequencies. The damping was under-predicted for both cavities.
The 8 bladed 1:1.5 clearance ratio seal compared much better with the conventional
theory for both damping and stiffness.

The inactive plenums in the conventional six bladed PDS were tested for pressure
modulation and phase resolution. It was concluded that the contribution from the
plenums was greatest at the highest test frequency of 200 Hz. Although there is
pressure modulation in these plenums and the pressure has repeatable phase

resolution above 100 Hz, the coefficients are small compared to the overall seal
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coefficients. The effects of the plenums are most likely amplified and become
significant at frequencies above 200 Hz.

The FP PDS yielded significantly larger direct damping (1.5-2 times more)
coefficients for frequencies between 20 and 100 Hz. The direct damping of the FP
PDS becomes less than the conventional PDS after 150 Hz. The direct stiffness for
the FP design was comparable to the direct stiffness of the conventional PDS at low
frequencies, but increased rapidly with frequency crossing over to positive stiffness
around 100 Hz. These conclusions support the test results Li et al. (2002) reported.
Both the impedance tests and the dynamic pressure response tests indicated same
sign cross-coupled coefficients. The static pressure tests for the offset rotor
displacements also revealed forces that imply same sign stiffness cross-coupling. It
was also shown that same sign cross-coupling coefficients are not destabilizing, but
impose a distortion force on the orbit making it more asymmetric.

The impedance method compared well with the dynamic pressure response method
as shown in Figure 117. It also matched the theory closely for the direct damping of
the 12 bladed PDS. The bulk flow model utilizing only the continuity equation seems
to be an adequate theory when considering the diverging 8 bladed cavity coefficients
and the comparison with the dynamic pressure method as shown in Figure 116. The
theory for the FP configuration is showing to be more frequency dependent and
nonlinear than the experimental results.

The beveled blade profile yielded higher leakage compared to the PDS with the

rectangular profile blade for the same pressure differential.
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APPENDIX A

LABVIEW PROGRAMS
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¥

F2yy*Dxy

F2yy*Dax-
Faxy*Dr

o
2
=1
¥
%

S=

Fayy*Dxy

Fayy*Dxics
Faxy*Dyx

il
i

Febyy* Dy

mple;
e

RSO

ecti

FS Cor X
i
1
SRy
% Direction
Complex
:‘>—, mre ||
e
B e
¥ Direction

B

[ s
e

-
i

v

FSyy*Dxy

Fayy*Dxx-
Faxy*Dyx

Y

Direct ¥ Impedance
Cavity Ho. 2

Divect V Impedance

Cavity No.3 f Direction

Direct ¥ Impedance:
Cavicy Nowt

-
I

FSyy*Dxse-
Foxy*Dyx

=

Direct ¥ Impedance:
Cavity o5

¥ Shake
Phases

|

=]
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Direct and Cross-Coupled Impedance Calculations (45, 135, 225, 315 Degree position)
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Direct and Cross-Coupled Impedance Calculations (0, 180 Degree position)
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Pl

(=i
1 G
] | P2
11 .
k“"‘
é i [T
P3

e Domain Datal

2
Conversion of Time Data to FFT Magnitudes and Phases (0, 45, 90 degree)

P1

=
L F=I |
FFT| Lm‘--
11

=

P2

11 > - —
e

| P e [ e
I e

Conversion of Time Data to FFT Magnitudes and Phases (315 degree)
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APPENDIX B

MATHCAD PROGRAMS
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PDS THEORY FOR A SINGLE POCKET CAVITY (1:1.5 clr ratio) CAVITY #3

INPUT :

Inlet Pressure (psi) PO = 2241
Cavity Pressure (psi) Pl = &0a
Exit Pressure (psi) F2:= 72023
Rotor Diarmeter (in) D=43
Fatio of Specific Heats  » =14
Gas Constant R = 247029 517
Temperature (R) T = 535

vT-R=185x 1|:|E Yibration Amplitude (in) v .= 0.00094

Inlet Blade Radial Clearance ({in)

Exit Blade Radial Clearanc
Rotar Frequency (rpm)

(n-D-i.tﬂet_cr)
g

Al =

A1 =88 x 10 ° i

Yit)
F

INLET_CR

ilet cr = 0.00%

glin)  ext er= 00075

Rotor Freg:= 12000

A7 (ﬂ-D-emt_cr)
g
A2 =0013 i:c12

MASS FLOW THROUGH INLET BLADE:

'?'2
““'[2' -1

mll = 0.75F0-

[y

Po

¥

{1+1)

(7))

(yrT)”

MASS FLOW THROUGH EXIT BLADE:

mld = B3Pl

2
b

(1+1)

= ’ P2 P2y 7
“[%-IJ &) - (&)

(e

L ] P2
;PP . EXIT_CR
A XV - 1
73777 ]
A, ZROTOR A,

The discharge coeffecients are:
1:1 Clearance Ratio Inlet=0.75 Outlet=0.85

1:1.5 Clearance Ratio Inlet=0.75 Outlet=0.25

Focket Volume ({in*3) PV = 052581

Pressure Area (n*2)  Area P =07176

w01 = 2015 % 107
TOTAL MASS FLOW : "
Litot = m01-2-326.4 Mtot= 0623 —
SEC

w2 = 2015 % 1077
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PARTIAL DERIVATIVE OF m01 RESPECT TO P1 PARTIAL DERIVATIVE OF m12 RESPECT TO P1
(2-7) 1 (2-7) 1
T T T T
Pl P1 P2 P2
ml- 2-(5] — v+ 1)-[5] Pl-m12| 2-[y - lj'(ﬁj +1 —}')-(H]
T1:= T2 =
2 (y+1) (2-2.v) (1-v

T W . "
Fl Pl P2 P2
P02yl | o= g PIP1-2p| | — _(F2
ko . F1 Fl
-6
T1 = -1 180 10~ 2 T2 = 3.702 = 10

Defining Constants:

P2 PV 1 1
Cli=Area P— Cli=—— C3=(T1-TLHC4:=] - - — a0l e o= Rn:ntn:nr_Frnz:-:1-2-1
R-T wERET idet or  exit er ]
. - A F
Damping (Ibsecfin) Cyy = (C2.04 - cz-cn-% Coyry = 0993
\cz? + 0220l
. . ' 2 & P
Stiffness (Ib/in)  Kyy= 0304+ Cl.C20 | — 2% gyv = _362006
2 2
Pressures (PSI) loa? 4 o2l Pressure Phase (deq)
F1CY 120
PIC = Cyyo —2— P13 = Kyy —> Piot =  \P1C% + P182] 4= 180 + atan| — |- 2o
&rea P Area P P13 ) =
FIC = 1435 P15 =-0474 Ptot = 1.702 b= 106174
Cavity Pressure (psi)f Vibration (mils)  Pressure Impedance Function (Ibfin*3)
2 T T T T T
1& E =1.811>-<1|:|3
¥

(== R
I= b2

1
o=
= O

1
]
[

Pressure (psi) I Vibration (moils)
=
A
b

-1

| | | | |
0 0.0017 00033 0005 00067 00083 0.01

t;
Tirne (5ec)
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PDS THEORY FOR A SINGLE POCKET CAVITY (1:1.5 clr ratio) CAVITY #5

INPUT :
Inlet Pressure (psi) PO = 7733
Cavity Prassure (psi) Pl = 623 U NN F2
- ) ' P41+ Pit) .
= ' ! EXIT_CR
xit Pressure (psi) P2 = 65038 Yo LTv : - 1
Fotor Diameter {in) D=45 L ; :
F ! i el

Fatio of Specific Heats v =14 W T f
Gas Constant B = 247020 517 INLET_CR Z @D
A

Temperature (R) T = 533 ; “RoTOR A,

vwT-R =185 % 1|:|8 Yibration Amplitude (in] v = 000094

The discharge coeffecients are:

Inlet Blade Radial Clearance {in)  inlet cr:= 0005

Exit Blade Padial Clearance [inj exit_ct = 0.0075 1:1 Clearance Ratio Inlet=0.75 Outlet=0.25

Faotar Frequency (rprm) Rotor Freg = 12000 1:1.5 Clearance Ratio Inlet=0.75 Outlet=0.55
Al = [mD-inlet,_ce) A7 m [nD-eait_cx) Pocket Volume (in*2) PY = 09231
2 2
-3 .2 2 -
A1 =383 x 10 it &2 =0013 in Pressure Area (in*2)  Area P =071T8
MASS FLOW THROUGH INLET BLADE:
2 41
5 5 -
¥ i
‘“{2'( T :J &) &)
-1 -
mil = 0.75P0- v 5 mil = 2.015 = 10 4
(+RT)
MASS FLOW THROUGH EXIT BLADE:
S :
3 (w41 TOTAL MASS FLOW i
— E— Litot .= m01-2.386.4 Dltot = 0623 —
¥

P2 T SEC
P1 -4
ml2=2015= 10

5 el .
‘“{2' = 13} | (ﬁj

(rRT)’

ml2 = 0.25P1-
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PARTIAL DERIVATIVE OF m01 RESPECT TO P1 PARTIAL DERIVATIVE OF m12 RESPECT TO P1
(2-7) 1 (2-7) 1
T T T T
Pl Pl P2 P2
m0l- 2'[ﬁj Sy (7 lj'[ﬁ] Plml2| 2-[v - 13-(5] +1 --FJ-[H]
Tl = T2 =
2 (y+1) (2-2-7) (17}

T T ki ki
F1 Pl P2 P2
FO2v| | —| -|—= P2P1-2%| | = - =
PO PO F1 F1

-6
T1 = 0563 % 10 T2 = 3077 = 10

Defining Constants:

P2 PV 1 1
Cl=Area P— Cl=—— C3:=(T1-THCd=| - - — il @ o= Ru:utu:ur_Frerq-E-1
R-T +ER-T idet cr  exit eor a0
. . & P
Damping (Ibsec/in) Cyy = (C2.04 - CE-CI)-% Coy = 1.044
e + 2t
. . ' 2 & F
Stiffness (Ib/fin)  Kyy = lc3.04 + 010207 21 Kyy = ~335873
2 2
Pressures (PSI) loa® 4 o2 ) Pressure Phase (deq)
P1C Y 120
PIC = Cyyo —2—  PIS = Kyy —> Prot =  \P1C° + P152] 4 = 180 + aten| — |- 252
&rea P Area P Pl /) =
P12 =1722 Fl3=-044 Ptot = 1.777 b = 104335
Cavity Pressure (pei)/ Vibration (mils)  Pressure Impedance Function (Ibfin*3)
2 | | T | |
16 E =1.89>-<1|:I3
¥

(== R R
O - B O

|
=
= o

|
o}
e}

Pressure (pei) § Vibraton (roils)
=
A
b

-la

I | I I |
0 00017 00033 0005 00067 00083 001

t
Tirne (ze0)
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6 Bladed PDS Code For Fully Partitioned Seal Turbomachmers L ahoratory

The foll g program calcul. d| i fficie for lly placed pressurized cavities in a
fully partitioned pocket damper seal In addition to the coefflc:ents the program also calculates the dynamic
pressure phase and magnitude respect to rotor vibration. The inputs to this code are highlighted in gray and
the results have borders.

GAS PROPERTIES :
Ratio of Specific Heats y:=14 Critical Pressure Ratio  Pperit := 1.883

Back Pressure (psi) Pb =615

Inlet Pressure (psi) PO := 1000

Gas Constant R :=247029.517

Exit Discharge Coeff. cdex = .85 The critical pressure ratio is the upstream pressure
divided by the downstream pressure. The following

Inlet Discharge Coeff.  ¢din := 7994 chart shows the Pcrit for various gases. Also

shown is the ratio of specific heats (y).

Flow Coefficient Versus Pressure Ratio

03 & He y=1.66
= ; Air y=1.4
é 025 T Methane y=1.33
8} [ coz y=1.3
2 o027
2 r
= [
© 015
; r He: Pcrit=Phi/Plow=2.045
5 1 Air: Perit=Phi/Plow=1.883
= CO2: Pcrit=Phi/Plow=1.825

0.05 1 Methane: Perit=Phi/Plow=1.855

0 e
111 12 13 14 15 16 17 18 19 21 22 23 24 25
Pressure Ratio (P0/Pl)
ROTOR AND SEAL GEOMETRY :
Rotor Diameter (in) D:=4.50
2

Rotor Frequency (rpm) [Rotor Freq := 1200 o= RotorﬁFreq-6—70t
Vibration Amplitude (in) X :=0.0005

Average Seal Temperature (R) T :=501.67
Axial Cavtiy Length (in):
wl:=0.742 w2 :=0.20 w3:=0.742 w4:=0.20 w5:=0.742

Cavtiy Depth (in):
dl :=.56 d2:=.56 d3:=.56 d4 :=.56 d5:=.56
T —w
L _
e W
- - <L
0 I S wa
L conmot 4 !
VOLUME #1

~—— CONTROL A
VOLUME #2

i[t]

ROTOR
WIBRATICN

ET

. |

- DIRECTION e T
OFFLOW R3 P

Re T
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Radial Blade Clearances :

Blade1 Radial Clearance (in) R1:=0.005 Blade4 Radial Clearance (in) R4:=0.01
Blade2 Radial Clearance (in) R2:=0.01 Blade5 Radial Clearance (in) RS :=0.00¢
Blade3 Radial Clearance (in) R3:=0.005 Blade6 Radial Clearance (in) R6:=0.01
Rotor-Stator Cavtiy Clearance Area Calculations:
0

Cavity Stop
Angle (Deg) 02 :=67.:

Clr = Constant

POCKET
DAMPER SEAL

Displacement

o Angle (Deg) 60 :=45

Cavity Start ]

(2) ROTOR IN CENTERED POSITION (b) ROTOR WITH DISPLACEMENT OFFSET Angle (Deg) 01:=22.:
Blade 1 (in) D Blade 2 (in) D Blade 3 (in) D
Seal Radius Rsl:=RI1+ > Seal Radius ~Rs2:=R2+ > Seal Radius Rs3:=R3+ By
Blade 4 (in) D Blade 5 (in) D Blade 6 (in) D
Seal Radius ~ Rs4:=R4+ > Seal Radius  Rs5:=R5+ > Seal Radius ~ Rs6:=R6+ By

91r:=91~i 02r:= OZ-L 00r:= 90~L
180 180 180

2 D\Z_
Blade 1 (in"2) (02r - 011) Rsl” — (5)
Clearance Area Al = L = Al = 8.846x 107>
2
_ .
2 D
Blade 2 (in*2) (02r - 011){ Rs2” — (—)
Clearance Area A2 = = 2/ ] A2 =0.018
2
_ .
2 D
Blade 3 (in*2) (02r - 011) Rs3” - (3)
Clearance Area A3 -— L = A3 =8.846x 10 °
2
_ )
2 D
Blade 4 (in*2) (02— 01r)| Rsd™ - (3)
Clearance Area Ad = = = A4 =0.018
2
_ .
2 D
Blade 5 (in*2) (02r— 011)-| Rs5” - (Ej
Clearance Area A5 -— L = A5 = 8.846x 10 °
2
_ A
2 D
Blade 6 (in2) (02r - 011) Rs6™ — (—j
Clearance Area A6 = = 2/ ] A6=0.018



Seal Sector Area

(o A
Asec ::;J Rs12d9

Olr )

Area Of Rotor Between 91 and 92

1
Arot :=—
2

0lr
A = Asec — Arot
Cavity Volumes (in*3)

A =7984x 10

Asec =1.997

2

D
Ci=| —
3

)
)

- (X~sin(90r))2 -

(X~cos(90r))2

3

AA =A1-A

- 2
02 - 061 Rsl + Rs2
PVl:=wl- ( ) SRS +d1\ -
| 360 ) )
(02-0) [ (R 4R )
PV2:= w2 . +d2 ) m—
B AN )
(02-0) [ (R +Rst )
PV3:= w3 . +d3 ) m—
o360 LU 2 )
PV4:= wi (02— 61). Rs4 + RsS
L o360 LU 2
(02-01) | (Rs5 +Rs6
PV5:= w5 R
| 360
Cavity Pressure Areas (in"2)
Area P1 := wl-2: [(Rsl + Rs2) (92r - Olr\
Area P2 := w2.2. (RSZ + RS3) (92r - Glr\
Area P3 = w3-2- (RS3 + RS4) (92r - Glr\
Rs4 + R 2r— 01
Area P4 := w4-2: [(Rs4 + s5) (9 r—0 r\
[(Rs5 + R 2r—0lr )]
Area P5 := w5-2- (Rs5 + 56)'sin 02r—-0 r\
. 2 2]

Rsl + Rsz\

Rs2 + Rs3\

Rs4 + Rss\

Rs5 + Rs6\

(5
(5
(Rs3 + Rs4\
Jre(reg
Jee(rge

02r
{ [(X-cos(GOr)fos(Q) + X-sin(GOr)-sin(G)) + \/(X-cos(GOr))z(cos(G))Z + (X-sin(GOr))z(sin(G))2 + 2-(X~cos(QOr))-(X~sin(90r))-cos(9)-sin(6) + C]

AA =8611x 1074

PV1=0.828

PV2=0.223

PV3=0.828

PV4=0.223

PV5=0.828

Area P1 =1.282

Area P2 =0.346

Area P3 =1.282

Area P4 =0.346

Area P5 =1.282

INTERNAL STATIC CAVITY PRESSURE CALCULATIONS :

PO—Pb
6

pi:=

1

2

59

do

Pli:=P0—pi P2i:=P0—2pi P3i:=P0—3pi P4i:=P0—4pi P5i:=P0— 5pi

Given



) 2 @]’ ) 2 @
S nol 2t [ | (B ()
G-0) L\eai)  \pai) = cdexp G-nJ [\esi)  \psi)

v’ ) (rD)° ()

;l 2 w,J‘ ;l 2 ”‘”J;

2 2

| (0 (pi) 2 e (e

i '\‘["\—HJ W) &) ), M[—‘\’”J o) o) |
r1)*

Ps := Find(P1i, P2i, P3i, P4i, P5i)

912.383)
892.731
Ps = | 791.502
768.665
643.577)

Ps0 =912.383 Ps1 = 892.731 P52 =791.502 Ps3 = 768.665 Ps4 =643.577

__PO—Pb
p=—r

Plj:=P0—pj P2j:=P0—-2pj P3j:=P0-3pj P4j:=P0—4pj P5j:=P0- 5pj

5{ 2 @]’ s 2 @nT?

2 T v 2 2 T 2i v

“L / w (i) () MLLw e

G-n] L\r) (w) = cdexPlj -] L\rj) ['”) = cdin-P2j = cdexP3j cdin-P4j = cdex-PSj

(rr1)* (rr1)* (rr1)* (rr1)’® (rr1)® (1)

Pc := Find(P1j, P2j, P3j, P4j, P5j)

Given
J o2 en] J oz ey’ J oz en)?
¢ l (e { I l wY(pa) 7 { I l ey (e 7 '
’”qu (&) () o) ) () P () (o) (8} N

edin P

886.39 )
860.758
Pc =| 720.279
688.181
467.512)

PCO = 886.39 Pc1 =860.758 P02 =720.279 Pc3 =688.181 Pc4 =467.512

Ps Ps Ps Ps
Pl:= |Ps, if — <Pecrit P2:= |Ps, if — <Pecrit P3:= |Ps, if — <Pecrit P4:= |Ps, if — < Perit
0" pp L~ pp 27 pp 37 pb
Pc0 otherwise Pc1 otherwise Pc2 otherwise Pc3 otherwise
P1=912.383 P2 =892.731 P3=791.502 P4 = 768.665
MASS FLOW EQUATIONS:
Blade #1
2 (y+1) =
2 = o T,
¥ ri\" (P1) 7
Al 2 1= - =
01 := cdin PO (’Y _ 1) PO) PO) 4
it cam L S m01=2.531x 10
(v-R-T)
Blade #2
2 (y+1) 3
2 S . T,
¥ )" (p2) 7
Me ] ey Gy
m12:= cdexP1- r-1 - mi2=2.531x 10 ¢
(r-RT)
Blade #3
2 (y+1) =
) 5 - I
¥ p3)" (p3) 7
A3l 2- 1= - =
(-1 P2)

m23:= cdin P2
(-RT)°

m23=2.531x 10



Blade #4
2 (y+1) =
2 P v y
A‘{z'( Y )} | (E) - (E)
m34:= cdex P3- v - m34=2.531x 10
(yRT)
Blade #5
2 (y+1) =
2 7P v y
As| 22| . (E\ _(E\
45:= cdin P4 (r-1) P4) P4) 4
maoi=cdm b P m4s5=2.531x 10
(»R-T)
Blade #6
2 g+ °
2 P v y
A{Z'( : J | G—?) G‘z}
m36:= cdex P5- vl ms6=2.531x 10+

(Y-R-T)'5

MASS FLOW PARTIAL DERIVATIVE

PARTIAL DERIVATIVE OF m01 RESPECT TO P1 PARTIAL DERIVATIVE OF m12 RESPECT TO P1

(2-1) 1 2-7) 1
p1) ¥ P\’ P2\ 7 p2\"
01 2 — ~(y+ )| = Pl.mi12| 2:(y - 1) = 1-7)| =
worl2( 1) <65 mal 2G5 ) (-
Fl:= F2:=
2 b+ @2y =
Y Y Y Y
P0-2y- PIVE_(P1Y P2-P1-2.y- P2) ()
PO ) PO ) P1) P1)
F1=-1295% 10 ° F2=643x 10 °

PARTIAL DERIVATIVE OF m12 RESPECT TO P2

PARTIAL DERIVATIVE OF m23 RESPECT TO P2

-1 1 (2-1) 1
P2\ 7 P2\’ p3) 7 p3\"
12| 2 = 1) = p2m23| 2.(y — 1) —= 1-y) =
mal2( 2] -5 ms| 2G5 ) - (-0
F3:= F4:=
2z o+ @2y a-n
Y Y Y Y
P1.2.y- E\ _ 2\ P3-P2.2-y- E\ _ E\
p1) \r1) p2) P2
F3=-6.288x 10 ° F4=1239% 10 °

PARTIAL DERIVATIVE OF m23 RESPECT TO P3

PARTIAL DERIVATIVE OF m34 RESPECT TO P3

(2-y) 1 21 1
Y Y Y Y
m23/| 2- P3) —(y+1)- P3) P3-m34| 2:(y - 1)- P4} +(1-y) P4}
P2 ) P2) P3) P3 )
F5:= F6 =
2z O+ Q2y) a-n
Y Y Y Y
P22y P33T _(m3) P4.P3-2.y- P4} (B4
P2) P2) P3) P3)
F5=-1.077x 10 ° F6=75.53x 10 °

161



PARTIAL DERIVATIVE OF m34 RESPECT TO P4

(2= 1
Y Y
m34 2-(3\ —(y+ 1).(P—4\
_— P3) P3 )
2 (r+1)
Y
P3-2.y- (E\ - (E\
P3) P3 )
F7=-5365x 10" ° F§ =

PARTIAL DERIVATIVE OF m45 RESPECT TO P5

@) 1

F8:=

PARTIAL DERIVATIVE OF m45 RESPECT TO P4

(2-7) 1

P4-m45 2-(y _ 1)(2\ ! +(1- y)(ﬁ\y

P4 ) P4)
(2-2-y) (1-y)
y y
P5-P4.-2-y- (E\ _ (E\
P4) P4)
9.977x 107

PARTIAL DERIVATIVE OF m56 RESPECT TO P5

(27 1

5) 7 ps\’ b ! P’
m45| 2- ~(y+1) = P5-m56/| 2- +(1-v)] =
(B () b-0{5) O
F9:= F10:=
(y+1) (2-2-y) (1-y)
y y y y
P P p P
P42y 5\ _(Bs) Pb-P5-2-y- Pb) (o)
P4) P4 ) P5 ) P5 )
F9=—7.984x 10 F10=4414x 10 °
Defining Constants:
PVI1 _ PV2 _
Cli=—  Cl=4773x 100 2=—Y=  (2=1287x 10~
v-R-T v-R-T
PV3 _ PV4 _
C3=—  C3=4773x 10 0 Chi=—12  C4=1287x 10 °
v-R-T v-R-T
PV5 _ AA PI _
C5:=—>  C5=4773x 10 0 El=wl22. L El=9408x 10 °
vR-T R~T
AA P2 _ AA P3 -
E2:= w2 —.—= E2=2481x 10 ©  E3=w3ll. 2 E3=8.162x 10 °
X RT X RT
AA P4 _6 AA P5 _6
Ed:= wd—.— E4=12.136x 10 E5:= w5 — —— ES5=6.636x 10
X RT R-T
Subtraction of Partial Derivatives of Massflow Respect To Rotor Vibration:
AA AA AA AA
Dl:=| — ——\-mOI DI1=0.025 D2:=| — \ ml2  D2=-0.025
X-Al  X-A2) X-A2 X A3)
AA AA AA AA
D3=| — - ——'m23  D3=0.025 Dd=| — - —— "'m34  D4=-0.025
X-A3  X-A4) X-A4  X-A5)
D5 = —éfl-—éé—\nm5 D5 = 0.025
X-A5  X-A6)

162
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Conservation of Mass

Matrix Equation: A*P=0
Pressure Coefficient Matrix:
FI-F2 -o-Cl -F3 0 0 0 0 0 0 0 )
oCl FI-F2 0 -F3 0 0 0 0 0 0
F2 0 F3-F4 -0 C2 -F5 0 0 0 0 0
0 F2  oC2 F3-F4 0 -F5 0 0 0 0
Al 0 0 F4 0 F5-F6 -0C3 -F7 0 0 0
0 0 0 F4 ©C3 F5-F6 0 -F7 0 0
0 0 0 0 F6 0 F7-F8 -0-C4 -F9 0
0 0 0 0 0 F6  ©C4 F7-F8 0 -F9
0 0 0 0 0 0 F8 0 TF9-FI0 -oC5
0 0 0 0 0 0 0 F8 »-C5 F9-F10)

Right Side Element Matrix:
~o-X-El)

X-D1
-0-X-E2
X-D2
-0-X-E3
X-D3
-0-X-E4
X-D4
-0-X-E5

X-D5 )

Solution Matrix-Dynamic Pressure Components p .= A .®

0
0.961
-0.825
1.008
0.857
1.29
-0.692
1.182
1.104
0.547
-2.092

Ol N|o|o| B~ W[IN|~|O
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Cavity Coefficients:

Cavity 1 Cavity 2
Area Pl Area P2
Clxx=Pp——=r  [Clxx= 19.607] lb>=  C2xx=Py——== [C2xx=5.543] Ibm
X in X in
Area Pl ! Area P2
Kixx=P o |K1xx: 2.115% 10° | L I NEL.L N = s T
X n X n
Cavity 3 Cavity 4
Area P3 Area P4
Cixx=Ppo=? [C3xx=26312] bin  Cdxx= Pg—e Caxx= 6.503 -
X in X in
Area P3
K3xx:=Pj5- =
Ib Area P4 Ib
X K3xx= —1.776x 10° | — Kéxx= P7osle Kdxx=763.116] —
mn mn
Cavity 5
Area P5
C5xx= Pg‘(&\ Coxx= 11.163]  Ibn
. ) m
Area_P5 Ib
K5xx:= Pgr e KSxx= —5.364x 100 | —

m

Total Row Coefficients:

Total Direct Stiffness For 5
Sequential Cavities

Ktot := Klxx+ K2xx+ K3xx+ K4xx+ K5xx

3 E TOTAL MASS FLOW:
Ktot =-7.9x 10 in
360 )
Total Direct Damping For 5 Mtot := mOl-( 02— 01 )'3 86.«
Sequential Cavities
b
b Vot = 0:752] >
Clol = 69127 .sec Ctot := Clxx+ C2xx+ C3xx+ Cdxx+ C5xx Mtot = 0.782 oo
in
Dynamic Pressures and Phases:
2 2 .
DynPressurel ::\/7(P0) + (Pl) |DynPressurel =1.266 | psi 0-pk
2 2 .
DynPressure2 ::\/7(P2) + (P3) ) |DynPressureZ =1.323 | psi 0-pk
2 2 .
DynPressure3 ::\/7(P4) + (P5) ) |DynPressure3 = 1.464 | psi 0-pk
2 2 .
DynPressure4 ::\/7(P6) + (P7) |DynPressure4 =1.618 | psi 0-pk
2 2 .
DynPressure5 ::\/7(P8) + (Pg) ) |DynPressureS =2.162 | psi 0-pk
Po ) 180 P2 180
olf = atan(— —  ¢If =-49.358 @f:=atan| — -—— ¢2f =49.634
P T P
! ) Cavity 1 Pressure 3) Cavity 2 Pressure
K1:=if(p1f>0,0,180)  Phase Angle K2:=if(2f > 0,0,180) Phase Angle
ol == ¢1f + K1 ¢l =130.642| Deg @ = 2f + K2 42 =49.634| Deg



P4 180 Ps ) 180
M= atan(—\-— ®f=-61.763 ¢ = atan —\— Wt =46.961
P P
5) " Cavity 3 Pressure 7) Cavity 4 Pressure
K3:=if(¢3f>0,0,180)  Phase Angle K4:=if($4f > 0,0,180)  Phase Angle
= @Bf + K3 3 = 118.237| Deg o= W + K4 ® =46.961 | Deg
Pg ) 180
¢5f := atan —\— ¢5f =-14.655
P9) T

Cavity 5 Pressure

K5:=if(¢5f > 0,0,180) Phase Angle
5 = ¢5f + K5

Cavity 1 Pressure Impedance (Ibf/in*3)

DynPressurel
X

=2.533x 103

Cavity 3 Pressure Impedance (Ibf/in*3)

DynPressure3
X

=2.927x 103

Cavity 5 Pressure Impedance (Ibf/in*3)

DynPressure5
X

=4.325x 103

¢ =165.345| Deg

Cavity 2 Pressure Impedance (Ibf/in*3)

DynPressure2
X

=2.645x 103

Cavity 4 Pressure Impedance (Ibf/in*3)

DynPressure4
X

=3.236x 103

Plotting Commands for Cavity Pressures and Vibration

N :=2000
i=0.N
025

t.:=1
1 2000

X; =X 1000sin[[m~(1~t)]J

N :=2000
i
P1. := DynPressurel -sin{ | o-(1-t) |. + ¢l-—
=Dy [[ (6] + ¢ 180}

i:=0..N
. 025
12000
N :=2000
i:=0..N
. 0.25
t' =1 —
1 2000
T
P2. := DynPressure2 -sin{ | ®-(1-t) |. + {2-—
=Dy [[ (6] + @ 180}

N :=2000
i=0..N

. 0.25
t.:=1
1 2000

PS’i := DynPressure3 ~sin|:[w~(1~t)]i + 4)3%):|

PS5, := DynPressure> ~sin|:|:oo-(1-t):|i + ¢—

N :=2000
i:=0.N

. 0.25
5000

P4i := DynPressure4 -sin[[oy( 1~t)]i + WB—

165



Diverging Cavities: Dynamic Cavity Pressure and Rotor Vibration

o hu‘*u
O S e

Pressure (psi) / Vibration (mils)

2.4
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0.6
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1.2
1.8
—2.4

-3

Cavity Pressure (psi)/ Vibration (mils)
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0.05 0.075 0.15

t.

1
Time (sec)

Converging Cavities: Dynamic Cavity Pressure and Rotor Vibration

Pressure (psi) / Vibration (mils)

|
e
o

1.2

1.8
—2.4
-3

Cavity Pressure (psi)/ Vibration (mils)

0 0.025

0.075
t
Time (sec)

0.05

Dynamic Cavity Pressures and Rotor Vibration

Pl;

|-c
N

s~}
g

P4;

g
i

25

Pressure (psi) & Vibration (mils)
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1.8
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1.2

1.8
—2.4
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Dynamic Cavity Pressure & Vibration
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APPENDIX C

CAVITY COEFFICIENTS



Conventional 6 Bladed PDS Cavity Coefficients: 0 Degree Position

0

Cavity Coefficients: X-Direction Direct Damping 0 Degree Position 6
Conventional Bladed PDS (1000-620 psi) Diverging Cavities

1000 2000 3000 4000 5000 6000 7000 8000 9000

10000 11000 12000 13000

Direct Damping (lb-sec/in)
w IS

~

Frequency (rpm)

—e—Cavity No. 5
—s—Cauity No. 1

—a—Caity No. 3

300

5] 5]
8 8

Cross Coupled Stiffness (Ib/in)
&
8
8

-500

-700

140 160 180 200

80 100 120
Frequency (Hz)

1000 500
-1000
800
E o150
e s
9 =
600 £ @ 2000
> o
£ £
£ £
7]
§ 1 -2500
S 8
w g
a -3000
200 -3500
-4000
0
220 -4500

Cavity Coefficients: X-Direction Direct Stiffness 0 Degree Position
Conventional 6 Bladed PDS (1000-620 psi) Diverging Cavities

20 40 60 80 100 120
Frequency (Hz)

140 160 180 200

—e—Cavity No. 3

—e—Canity No. 5
—— Cavity No. 1

Cavity Direct Coefficients

Cavity Coefficients: X-Direction CC Stiffness 0 Degree Position
Conventional 6 Bladed PDS (1000-620 psi) Diverging Cavities
1000 2000 3000 4000 5000 6000

7000 8000 9000 10000 11000 12000 13000 0

Frequency (rpm)

Cavity Coefficients: X-Direction CC Damping 0 Degree Position
Conventional 6 Bladed PDS (1000-620 psi) Diverging Cavities

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000

3

—e— Cavity No. 3
—+— Cavity No. 5

—— Cavity No. 1

Frequency (rpm)

—e—Canity No. 3
—e— Cavity No. 5

—e— Canity No. 1

= T
£ 3
z Q
< 9
o 2
2 =
2 2 Pos
E
PR
g o
2 T80 T
s 2 4 4 60 10 _~120 140 160 180 200
a8 5
o
@
2 S-0s
65 8 t
S
-1
-83 -
-103 8 L
Frequency (Hz)
123 2

=]
&
3

Cavity Cross-coupled Coefficients

Dynarric Pressure Phase: Respect To X-Direction: 0 Degree
Position Conventional 6 Bladed PDS (1000-620 psi)

(+) Damping

o 20

40 140 160 180 200

80 100 120
Frequency (Hz)

Cavity Pressure Phase Respect to X Direction

20

168

-88
-188

-288

&
&
3

A
5
Direct Stiffness (kN/m)

&
2
&

-688

-788

350

250

@
3

@
8
Cross Coupled Damping(N-sec/m)

@
3

-250

-350



Row Coefficients: X-Direction Direct Damping
Conventional 6 Bladed PDS (1000-620 psi)
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000

“ Frequency (rpm) 2500
=12
= 2000
o
o
&
‘_510 £
E 3
a
g 1500 %
G 8 >
S £
o Q
£ 3
o 100082
™ Q
Degree Position I3
4 a
500
2
0 0
0 20 40 60 80 100 120 140 160 180 200 220

Frequency (Hz)

2000

-2000

-4000

-6000

Direct Stiffness (Ib/in)

-8000

-10000

-12000

Row Coefficients: X-Direction Direct Stiffness
Conventional 6 Bladed PDS (1000-620 psi)

1

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000

Frequency (rpm)

20 40 60 80 100 120 140 160 180
Frequency (Hz)

Total Row Direct Coefficients

Row Coefficients: X-Direction CC Damping
Conventional 6 Bladed PDS (1000-620 psi)
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000

Frequency (rpm)

675

475

275

Cross Coupled Damping (Ib-sec/in)

60

% 100 120
Frequency (Hz)

140 160 180 200 220

-12!

5
a
Bl
Cross Coupled Damping (N-sec/m)

-325

-525

0
1000

Row Coefficients: X-Direction CC Stiffness
Conventional 6 Bladed PDS (1000-620 psi)

200

220101

-601

-1101

-1601

-2101

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000

750

500

250

o

Frequency (rpm)

150

50

pled Stiffness (Ib/in)

Cross Cou

-1500

-1750

-2000

120 140 160
Frequency (Hz)

0 Degree Position

Total Row Cross-coupled Coefficients

-150

Cross Coupled Stiffness (kN/m)

-250

-350

69

ct Stiffness (kN/m)

ire:

Di



Conventional 6 Bladed PDS Cavity Coefficients: 90 Degree Position

Direct Damping (Ib-sec/in)

Cross Coupled Damping(lb-sec/in)

Cavity Coefficients: Y-Direction Direct Damping 90 Degree Position

Conventional 6 Bladed PDS (1000-620 psi) Diverging Cavities

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000
6
Frequency (rpm) 1000
5
—s—Cavity No. 5 00
—s— Cauity No. 1
4 —e—Canity No. 3
600
3
400
2
200
1
0 0
0 20 40 60 80 100 120 140 160 180 200 220
Frequency (Hz)

0.5

-0.5

Direct Damping (N-sec/m)

500

170

Cavity Coefficients: Y-Direction Direct Stiffness 90 Degree Position

Conventional 6 Bladed PDS (1000-620 psi) Diverging Cavities

-500

1000

(Ibfin)

-1500

-2000

Direct Stiffness

-2500

-3000

-3500

-4000

-4500

Cavity Direct Coefficients

Cavity Coefficients: Y-Direction CC Damping 90 Degree Position
Conventional 6 Bladed PDS (1000-620 psi) Diverging Cavities

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000

Frequency (rpm)

—s— Cavity No. 3
—s— Cavity No. 5
—— Cavity No. 1

625

525

@ JS
b &
Cross Coupled Damping (N-sec/m)

N
IN]
&

S
k]

2 \a] 60. 0 1 160 180

Frequency (Hz)

-75

-175

0
400

N
]
3

=)
8

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000
Frequency (rpm)
12
20 40 60 80 100 120 140 160 180 200 220
Frequency (Hz) 88
—e—Cavity No. 3 71883
—e—Cavity No. 5 Z
—e— Cavity No. 1 Y
288 §
£
]
388 3
2
P
-488
-588
-688
-788
Cavity Coefficients: Y-Direction CC Stiffness 90 Degree Position
Conventional 6 Bladed PDS (1000-620 psi) Diverging Cavities
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000
Frequency (rpm)
525
325

X‘ quency (Hz]

Cross Coupled Stiffness (Ib/in)
g o

-200

-300

-400

-500

—e— Cavity No. 3
—e—Cavity No. 5

—e— Cavity No. 1

§ S -
§ 9 8
Cross Coupled Stiffness (kN/m)

&
N
o

-67.5

Cavity Cross-coupled Coefficients

Dynamic Pressure Phase: Respect To Y-Direction: 90 Degree
Position - Conventional 6 Bladed PDS (1000-620 psi)

40 140 160 180 200 220

80 100 120
Frequency (Hz)

Cavity Pressure Phase Respect to Y Direction



Direct Damping (Ib-sec/in)

Cross Coupled Damping (Ib-sec/in)

0

Row Coefficients: Y-Direction Direct Damping
Conventional 6 Bladed PDS (1000-620 psi

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000

Row Coefficients: Y-Direction Direct Stiffness
Conventional 6 Bladed PDS (1000-620 psi

171

psi)
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000

Total Row Cross-coupled Coefficients

0 0
Frequency (rpm) 2500 Frequency (rpm)
0
20 40 60 80 100 120 140 160 180 200  2P0.101
Frequency (Hz)
2000 -2000
E —e—90 Degree Position
§ E 601 E
z =2 4000 g
1500 4
2 @ ]
i ¢ £
g £ £
8 @ .00 a
S g 11013
100g 8 £
—s— 90 Degree Position a =] a
-8000
500 -1601
-10000
0
0 20 40 60 80 100 120 140 160 180 200 220 12000 2101
Frequency (Hz)
Total Row Direct Coefficients
Row Coefficients: Y-Direction CC Damping Row Coefficients: Y-Direction CC Stiffness
Conventional 6 Bladed PDS (1000-620 psi) Conventional 6 Bladed PDS (1000-620 psi)
1000 2000 3000 4000 5000 6000 7000 8000 000 10000 11000 12000 13000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000
500
T Frequency (rpm) Frequency (rpm)
400 795
1225 -
300 695
—e— 90 Degree Position -
1025= 200 £
E 505 2
8 E =
¢ 3 P
= 100 1
825 £ = 495 2
o o £
£ 8, . T &
o E = ) 60 80 100 120 140 | 160 180 200 220395 G
28 By Frequency (Hz) s
3 3 205 8
e 3 o
s g @
_ a5 3 8—200 a
s 9 1956
@ 8-300
o =
L g 5 -
225 G 95
-400
25 -500 08
T
20 & 60 80 100 120 140 160 180 200 20
L -600 -10.5
Frequency (Hz) 175
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Conventional 6 Bladed PDS Cavity Coefficients: 180 Degree Position

Cavity Coefficients: X-Direction Direct Damping 180 Degree Position Cavity Coefficients: X-Direction Direct Stiffness 180 Degree Position
Conventional 6 Bladed PDS (1000-620 psi) Diverging Cavities Conventional 6 Bladed PDS (1000-620 psi) Diverging Cavities
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 0 1000 2000 3000 4000 5000 6000 7000 8000 = 9000 10000 11000 12000 13000
6 1000
Frequency (rpm) 1000 Frequency (rpm) 124
500
5 0
20 40 60 80 100 120 140 160 180 200 230
800 76
-500 Frequency (Hz)
%4 T E-mao —— Cavity No. 3 3
8 3 2 —— Cavity No. 5 i
2 600 F & 1500 i H
= = ? —— Cavity No. 1 -276%
= < )
23 o £ {
a £ 7 -2000 Bi;
5 g 3 H
g —— Cavity No. 5 400 & £ .250 i
- a -
g2 —— Cavity No. 1 g 476 4
a . = -3000 ¢
—e— Cavity No. 3 a
200 -3500
1
-676
-4000
o o -4500
0 20 40 60 80 100 120 140 160 180 200 220
Frequency (Hz) -5000 -876
Cavity Direct Coefficients
Cavity Coefficients: X-Direction CC Damping 180 Degree Position Cavity Coefficients: X-Direction CC Stiffness 180 Degree Position
Conventional 6 Bladed PDS (1000-620 psi) Diverging Cavities Conventional 6 Bladed PDS (1000-620 psi) Diverging Cavities
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000
1 500
Frequency (rpm) 124 Frequency (rpm)
400 724
0 T + 3
- p 4 6 100 120 1 7 180 2D 220 300 524
£ 7% E = B
S Frequency (Hz) 5 £ T £
H $ 3 Z
¢ o 8 200 o
21 zZ 3 @
% 5 2 2
£ £ 2 £
5 3 100 £
£ 216 5 124 8
S r ] ®
g, i I 3
- - L B @ 0 L 9
@ o B Ea o
o -9 El . an 60 140 160 0 L 22076 3
5 3 38 | Frequency (Hz) 38
S —e—Canity No. 3 460 g -100 ]
o
g-3 —e— Canity No. 5 g g 276§
S —+—Canity No. 1 G T
—e—Cauity No. 3 478
Y -676 -300 —e—Cavity No. 5
——Cavity No. 1
-400 § -676
-5 -876 -500 -876

Cavity Cross-coupled Coefficients

Dynarric Pressure Phase: Respect To X-Direction: 180 Degree
Position- Conventional 6 Bladed PDS (1000-620 psi)

38

g3

3 B

(hvitmeAmiePl‘me(mg)
B8

1051 (9 stiffness
100 { (+) Damping

(o] 20 40 60 80 140 160 180 200 220

100 120
Frequency (Hz)

Cavity Pressure Phase Respect to X Direction



5 N

Direct Damping (Ib-sec/in)
©

Cross Coupled Damping (Ib-sec/in)

Row Coefficients: X-Direction Direct Damping
Conventional 6 Bladed PDS (1000-620 psi)
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000

Frequency (rpm) 2500
2000
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Row Coe nts: X-Direction Direct Stiffness
Conventional 6 Bladed PDS (1000-620 psi)

1

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000
Frequency (rpm)
20 40 60 80 100 120 140 160 180 200  220.101
Frequency (Hz)
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-1101
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Total Row Direct Coefficients

Row Coefficients: X-Direction CC Damping
Conventional 6 Bladed PDS (1000-620 psi)
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000

Frequency (rpm)

¥ + —%

20 40 80 100 120 140 160 180 200 20
Frequency (Hz)
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-100.

5
2
Cross Cou;'ﬁed Dar'ﬁping (N\'-seclm)

0
8
3

—e— 180 Degree Position

-250:
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Row Coefficients: X-Direction CC Stiffness
Conventional 6 Bladed PDS (1000-620 psi)
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N
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@
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Total Row Cross-coupled Coefficients
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Conventional 6 Bladed PDS Cavity Coefficients: 270 Degree Position

Cavity Coefficients: Y-Direction Direct Damping 270 Degree Position Cavity Coefficients: Y-Direction Direct Stiffness 270 Degree Position
6 Conventional Bladed PDS (1000-620 psi) Diverging Cavities Conventional 6 Bladed PDS (1000-620 psi) Diverging Cavities
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a —e— Caity No. 3 200 -3000 a
1 —e— Cavity