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ABSTRACT

In many industrial gas turbines, a portion of the
compressor discharge air is extracted through a secondary flow
path to aid the cooling of critical turbine components as well as
to supplement purge flow for preventing hot gas ingestion in the
first forward turbine bucket wheel space. GE has developed
advanced brush seals for controlling the amount of
cooling/purge flow passing through this secondary flow path
(also called the high pressure packing (HPP) circuit) and has
successfully implemented them in the field in a variety of E, F
& H class gas turbines. During turbine shutdown, due to a lag
in thermal response between the rotor and the stator,
interference can result between brush seal bristles and the rotor
surface causing significant amounts of wear. This wear can
accumulate over several start up / shut down cycles resulting in
an increased secondary flow through the HPP circuit and thus
a loss in turbine efficiency and power output. In order to
alleviate this situation, a seal holder has been designed to
passively retract the HPP brush seal, from a low clearance
position to a high clearance position, during turbine shut down
and thus prevent seal interference/wear.

This paper delves into the design and optimization of a
retractable seal. An analytical model was developed to predict
the seal motion during startup and shutdown of the turbine.
Critical geometry and design parameters affecting seal closure
and retraction behavior were identified. In addition, criteria for
stability of seal motion were developed and the design was
optimized to meet these requirements. Seal wear during turbine
shutdown is avoided by ensuring that the seal retracts faster
than the rate of thermally induced interference. The effect of
design variables was minimized to ensure seal closure and
retraction behavior does not vary significantly over the
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operating life of the seal. Model predictions were validated by
subscale rig tests performed in the laboratory.

NOMENCLATURE

Ap = Pressure differential across the seal
a = Wy, +xWy,, Lengthgoverningradial pressureforce
W,, = Back plate width
W, = Bristle pack axial width
x = Fractionbased on how the pressure changesunder thebristle pack
0.5for linear varation, < 0.5 for nonlinear variation
a—

a. . .
a=—-—"1_ normalized a
a

max — %min

b=Hg - yHy,, Lengthgoverningaxial pressureforce

H,, =Seal height

H, =Supporthook height

y =Fractionbased on how the pressure changesat thegas joint
0.5for linear varation

b=(b—-b,)(brax — brin), NOrmalized b

L =Segmentlength (straight)

L, =Segmentlength (curved)

u = Coefficient of friction

u,, =Staticcoefficient of friction

4, = Dynamic coefficiert of friction

N, =#of leaf springs
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K ; =Spring stiffness

K =K /K™, normalized spring stiffness

o = Seal motion (Spring deflection)

O = Maximum possible seal motion (Max spring deflection)
6, = Deflection due to seal weight

é,,, = Deflection due to preload

5= o = Normalized seal displacement

max

Ap..« = Max seal pressure differential (steady state condition)

A Y|
Ap=7p

Apmax
¢ = Segment angular position (deg) from the top dead

center (TDC).

¢ =180° for bottom dead center
5'w, =9,,Cos¢

= Deflection due to weight for segments not at TDC
Wt = Weight of the seal segment
Wt = WtCos ¢

= Effective weight for segments not at TDC

= Normalized seal pressure differential

INTRODUCTION

In many large frame industrial gas turbine designs, a
portion of the compressor discharge air is diverted/extracted via
a cooling circuit (secondary flow path) to aid in the cooling of
the rotor, critical turbine components as well as to supplement
purge flow for preventing hot gas ingestion into the first
forward turbine bucket wheel space (Wolfe et. al. [1]). GE has
developed advanced brush seals for controlling the amount of
cooling/purge flow passing through this secondary flow path
(hence forth called the high pressure packing (HPP) circuit) and
has successfully implemented them in the field in a variety of E
& F class gas turbines (Dinc & Turnquist [2], Bagepalli et. al.
[3], Aksit et. al. [4], Chupp et. al. [5], Dinc et. al. [6]). The cross
section of a typical industrial gas turbine is shown in Figure 1
and the location of the high-pressure packing seal is indicated
therein. The high-pressure packing seal (see Figure 2)
maintains a tight control over the amount of cooling/purge flow
through the HPP circuit to minimize loss in overall turbine
efficiency and power output due to compressor extraction.

Conventional brush seals offer many advantages compared
to traditional labyrinth seals and as such are increasingly being
used in industrial gas turbines. They are contact seals, with the
bristles riding on the rotor allowing for near-zero clearance
between the rotor & stator. In addition, bristle flexibility allows
them to accommodate eccentricity in rotor motion as well as

relative radial movement between rotor/stator without loss of
contact with the rotor. They can also compensate for small
clearances using the “blow-down effect”, which allows the
bristles to move radially inward and make contact with the
rotor in the presence of a pressure differential across it. They
are easy to assemble — can be assembled with interference -
with the bristles eventually wearing down to the correct size.
However, they cannot handle transients (start-up /shut-down /
hot restart etc.) that can result in large interferences between the
rotor and stator. Excessive bristle-wear can occur (that cannot
be compensated by the blow-down effect) eventually resulting
in increased steady state leakage. A brush seal mounted on a
retractable seal holder, which can move the seal away from the
rotor during such transient events, will avoid the degradation in
leakage performance thereby sustaining the benefits of a brush
seal for the life of the seal.

During turbine shutdown, the lag in thermal response
between the rotor and the stator at the high-pressure packing
brush seal location results in significant interference (*“shut
down pinch”) followed by possible wear of the bristles (Aksit
& Tichy [7]). Figure 3 shows a worn brush seal after its
operating life showing the degradation in fence height, which
was initially larger than the thickness of the back plate. Figure 4
shows the typical axial and radial transients experienced during
shutdown of a gas turbine. As shown in the graph, the seal
clearance turns negative (interference), which can result in
significant wear. This wear can accumulate, resulting in a
permanent increase in secondary flow through the HPP circuit
(during steady state operation) and loss in turbine efficiency
and power output.

In order to alleviate this problem, a passively actuated seal
holder has been designed to retract the HPP brush seal, from a
low clearance position to a high clearance position, during
turbine shut down and thus prevent rotor/bristle interference
and wear. The retraction is accomplished passively by means of
leaf springs, which respond to the change in pressure drop
across the seal during the shutdown process. The operating
principle of a retractable seal is shown in Figure 5. The
principle is the same irrespective of the type of seal being
retracted - a brush seal, one or more labyrinth teeth or a
combination of both. Hence, the treatment from now on is
equally applicable to any of these combinations. Similar
retraction technology has been successfully implemented in GE
steam turbines for moving packing rings radially to avoid
interference during start up / shut down transient events (Dinc
et. al [8], O’clair et. al. [9], Chevrette & Bailey [10]).

Alternately, an active retractable seal system can also be
used to deal with the shut down “pinch”. One such system
incorporating pneumatic actuators was developed by GE and
demonstrated in the field. A passive system like the one
described here can offer higher reliability and lower cost
(compared to an active system) making it a very attractive
option for combating the shut down “pinch”.
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HPP Seal

Figure 1 Typical cross section of an industrial gas turbine
indicating the position of the High Pressure Packing seal.
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Figure 2 HPP seal in a GE E-class gas turbine showing a
brush seal and honeycomb labyrinth seal arranged in series.
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Figure 3 Worn brush seal after 24000 hours of operation.
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Figure 4 Axial and Radial Clearances at HPP Seal Location
during Turbine Shutdown.
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Figure 5 Schematic showing the operation of a retractable
seal.

SEAL CONFIGURATION

A regular brush seal is rigidly fixed in its mating slot on the
stator. A retractable brush seal, on the other hand, enjoys a
degree of freedom allowing it to move radially in and out a
finite distance towards and away from the rotor. This is
achieved by mounting leaf springs (see Figure 6) between the
brush seal and its mating slot, which deflect a finite amount in
response to the pressure differential across the seal. The
maximum spring deflection possible (before the seal wings
make contact with the support hooks) determines the net radial
motion of the seal. For this particular design, passive actuation
is provided by means of leaf springs (per segment) positioned
in slots cut into the outer seal wings (see Figure 6, Figure 7).
The retractable seal is mounted on the stator support hooks in a
high clearance position (relative to the rotor), with the leaf
springs compressed slightly resulting in a preload on the
springs.

During turbine startup, extraction flow from the
compressor begins to flow through the HPP circuit resulting in
a pressure drop across the seal. Once the pressure drop exceeds
a design threshold, the retractable seal moves from its initial
high clearance position to a low clearance position (usually
line-on-line condition) with respect to the rotor. The exact
nature of seal closure from the high clearance position to the
low clearance position is dependent on the seal/mating slot
geometry, friction characteristics of the seal/support hook
contact surface and the actuator stiffness. It is desirable that this
seal closure begins during the early stages of the turbine start
up process and is completed by the time steady state condition
is achieved (full load or part load).

During turbine shutdown, the pressure drop across the seal
drops monotonically and when it falls below another design
threshold, the leaf springs will rebound, causing the seal to
move away from the rotor, i.e., from a low clearance position to
a high clearance position. It is desirable that the seal retraction
begin as early as possible during the turbine shutdown process
S0 as to minimize thermal interference (and consequent bristle
wear) and that the retraction occur at a faster rate as compared
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to the rate of thermally induced interference between the rotor
and stator.

Radial Force

Axial Force
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Figure 6 Cross section of a retractable brush seal showing
the axial and radial pressure forces and key geometry
parameters.

/Leafspring\

Figure 7 Axial view of a retractable seal segment showing
the leaf spring.

The cross-section of a retractable brush seal segment tested in
our laboratory is shown in Figure 6. The flow is from left to
right, which results in a pressure drop across the seal and net
axial and radial pressure forces as shown in Figure 6. Apart
from the sealing between the bristles and the rotor, the net axial
force also results in a tight seal at the contact surface between
the seal and the right support hook (gas joint), thus preventing
leakage through the gap between the seal and the mating slot.
The seal is initially assembled in a high clearance position with
a slight preload on the springs. The preload can be achieved by
adding wings at the bottom of the seal or by adding a third leaf
spring between the seal and the roof of the mating slot. A
schematic of the various forces acting on the retractable brush
seal during seal closure and retraction is shown in Figure 8.
Note that during retraction the direction of the gas joint friction
forces is reversed as compared to the closure event.

In a gas turbine, the closure/retraction behavior of the brush
seal segment varies slightly based on the position of the seal
segment along the stator groove. For instance, the retraction of

the segment at the top dead center is opposed by the segment
weight, whereas the retraction of the segment at the bottom
dead center is supported by the segment weight. To ensure all
segments close and retract “simultaneously” the effect of
segment weight must be small compared to the pressure forces
& the spring forces. For the particular design examined in the
paper, the segment weight is up to two orders of magnitude
smaller  than the radial pressure force  (during
closure/retraction). In addition, for the actual field design,
features added at the intersegment gap ensure all segments
move simultaneously inward and outward from the rotor at an
average pressure differential.

Radial DP force Radial DP force

Friction

Axial DP

forcaigh Pressure
Flow

Low Pressure

Seal Weight

Seal Closure

Axial DP force
forca\'gh Pressure Low Pressure

Flow

Seal Weight

Seal Retraction

Figure 8 Forces acting on the retractable brush seal during
closure and retraction.

RETRACTABLE
REQUIREMENTS

SEAL - OPERATIONAL

The key operational requirements of a retractable seal are:

1. Seal closure (during turbine start up) must begin only after
the pressure differential across the seal exceeds a design
threshold.

2. Seal closure must be complete before the pressure
differential exceeds that associated with the lowest possible
steady state operating load on the turbine.

3. Seal closure behavior must meet criterion 1 & 2 for all
possible variations in static & dynamic friction coefficients
at the seal/support hook contact face over the life of the
seal. The friction coefficients can change appreciably over
the seal life (48000 hrs) due to possible corrosion,
oxidation, surface wear etc.

4. Seal retraction (during turbine shutdown) must begin soon
after the pressure differential across the seal drops below a
design threshold.

5. Seal retraction must proceed at a rate faster than the rate at
which clearance reduction occurs (due to thermally
induced interference) during shut down.

6. Seal retraction behavior must meet criterion 4 & 5 for all
possible variations in static & dynamic friction coefficients
at the seal/support hook contact face over the life of the
seal.
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SEAL CLOSURE MODEL

The net radial force acting on the retractable seal during
turbine start up (seal in high clearance position) is given by

closure
F;adml zAp[aL_;ULC {b_(é‘max pre)} Nks pre
Seal closure begins when the net radial force turns positive
after overcoming the static friction at the gas joint and the
spring resistance. The pressure differential across the seal when
seal closure initiates is given by

init N sks §pre
\p closure —
al — Hiatic Lc {b ( max pre )}

As seen from the above equation, there exists a threshold on the
static friction coefficient at the gas joint, beyond which the seal
will never close. This maximum allowable static friction
coefficient at the gas joint is given by

p aL
static < I {b ( - pre)}

The above relation places limits on the rates at which radial and
axial forces acting on the seal can increase with pressure
differential. By choosing appropriate values for the two length
parameters a and b, as well as an appropriate preload, J,., the
above relation can be satisfied at all possible static friction
coefficients at the gas joint expected during the life of the seal.
Figure 9 is a contour plot showing the maximum allowable
static friction coefficient at the gas joint for all possible seal
length parameters a and b (normalized). The retractable seal
segment considered here was a 300 mm (12 in) long segment
tested in the laboratory with a 1320 mm (52 in) diameter rotor.
The seal cross section was the same as one of the GE gas
turbine brush seals currently operational in the field. A preload
of 0.127 mm (5 mil) was assumed. Figure 9 can be used to
choose the seal length parameters based on the expected static
friction coefficients at the gas joint over the operating life of the
seal. Note that the length parameter a governs the thickness of
the back plate and the length parameter b governs the height of
the downstream support hook.

Critical Static
Friction
01.2-1.4

01-1.2
H0.8-1
M 0.6-0.8
M 0.4-0.6
H0.2-0.4
H0-0.2

Length Parameter "b"

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 os 0.9 1.0
Length Parameter "a"

Figure 9 Maximum allowable static friction coefficient at
the gas joint for different normalized seal length
parameters.

Once the seal closure initiates, a net positive radial force
(inward) is generated due to the friction at the gas joint
changing from a higher static value to a lower sliding value.
This radial force causes the seal to move closer to the rotor by
an amount given by

APl = i L= G =8, =8, ) - N kS,

o= Ap L +Nk
pclosureludynamic c sTs

The seal closure may or may not be completed in one step. In
such a case, the seal pauses at an intermediate position and
waits for the pressure differential to increase to a higher value
before it resumes motion. Thus seal closure is accomplished in
a stick-slip type of motion. The amount the seal moves towards
the rotor in each step depends on the radial force generated due
to the static friction changing to dynamic friction at the gas
joint and the resistance offered by the springs. The seal
pressure differential and the net seal motion at the nth step are
given by

5(5,”6 +0,1)

al - /’IvtatlLLL{l) ( wt pre _51171)}

A]?closure [CZL - /udynamich {b - (é‘max - 5wt pre)}] Nsks§pre

Ap:losureludynamicl‘c + kax

n
Ap closure —

S =

n
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Seal closure is complete when the seal reaches its lowest
clearance position
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Figure 10 Seal closure curves for pg = 0.25, pgyn = 0.15.

Figures 10, 11 and 12 show seal closure curves — seal motion
from high clearance position to low clearance position as a
function of the seal pressure differential. Figure 10 shows the
curves for nominal values of the static friction coefficient (0.25)
and dynamic friction coefficient (0.15). It can be readily seen
that for large values of the normalized length parameter a
(implies high radial pressure forces), seal closure can be very
sharp, occurring within a few psi change in seal pressure
differential. On the other hand, small values of a, can result in
seal closing too late or not closing at all.

Figure 11 shows the seal closure curves for very low values of
gas joint static and dynamic friction coefficients, 0.05 and 0.0
respectively. As can be readily seen, the effect of length
parameter b is negligible with all the curves almost falling on
top of each other. The parameter b drives the net axial pressure
force acting on the seal (and thus the gas joint friction force).
For small values of friction coefficients, it becomes negligible
making the closure curves insensitive to 5.

Figure 12 shows the seal closure curves for a case with a large
variation in static and dynamic friction coefficients, 0.5 and 0.1
respectively. In such a case, for appropriate values of the length
parameters, a and b, seal closure may be accomplished in one
or two steps. The large difference between static and dynamic
friction coefficients leads to a large net radial closing force,
which can result in complete seal closure in only a step or two.

Figure 13 shows a contour plot of the seal pressure differential
at which closure initiates for a whole range of possible static
and dynamic friction coefficients. For the chosen values of seal
geometry, preload and spring stiffness, this plot indicates that

the seal closure will begin within a few psi for the entire
possible range of friction coefficients. Note that dynamic
friction coefficient is always smaller than the static friction
coefficient and hence the area in top left is not feasible. Figure
14 shows the pressure differential at which seal closure is
complete for the entire range of possible gas joint friction
coefficients. It provides a map of the variation in seal closure
completion DP as the friction coefficients change during the life
of the seal.
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Figure 11 Seal closure curves for pg = 0.05, pgyn = 0.0.
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Figure 12 Seal Closure curves for pg = 0.5, pgyn = 0.1.

Figure 15 shows the effect of spring stiffness on the seal
closure behavior. As can be readily expected, higher spring
stiffness leads to the seal closure beginning at a later point
during the turbine startup process and also ending at a later
point during the startup process. Figure 16 shows the effect of
preload on the seal closure behavior. Higher preload results in
seal closure beginning later during the startup process, but the
closure process remains approximately the same.
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Figure 13 Contour plot showing the seal closure initiation
DP for all possible friction coefficients over the life of the
seal.
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Figure 14 Plot showing the DP at which seal closure is
complete for all possible friction coefficients over the life of
the seal.
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Figure 15 Effect of spring stiffness on seal closure behavior.
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Figure 16 Effect of preload on seal closure behavior.

SEAL RETRACTION MODEL

The net radial force acting on the retractable seal during
turbine shut down (seal in low clearance position) is given by

FIret = Nk .8, — Wit — AplaL + pL b]

Seal retraction begins when the net radial force (outward) turns
positive after overcoming the static friction at the gas joint, the
radial pressure force and the seal weight. The pressure
differential across the seal when seal retraction initiates is given

by

init — Nsks5max - Wt
retract
aL + ;ustatichb

Unlike seal closure, there is no threshold on the static friction
coefficient for retraction. Seal will always retract before the
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turbine shut down is complete. The amount of retraction in the
first step is given by

6 — Apiz;iacthb (/ustatic - ludynamic)
1 NS ks _ Ap init

retract ludynamic Lc

Similar to seal closure, seal retraction may or may not be
completed in one step. The seal pressure differential and the net
seal motion at the nth retraction step are given by

pn _ Nsks (5max — 5;1—1) _ Wt
e CZL + /’lstatich (b - 5)1—1)
N sksgmax - Wt - Ap :letract [CZL + ludynamichb ]

n

n
Nsks - Apretractﬂdynamic[’c

Seal retraction proceeds until the seal reaches its high clearance
position.

A

0,20, —0,—0

pre

Figures 17, 18 and 19 show seal retraction curves — seal
motion from low clearance position to high clearance position
as a function of the seal pressure differential. Figure 17 shows
the curves for nominal values of the static friction coefficient
(0.25) and dynamic friction coefficient (0.15). It can be readily
seen that for large values of the normalized length parameter a
(implies high radial pressure forces), seal retraction will occur
late in the shut down process, but the retraction rate will be fast.
On the other hand, small values of a, can result in seal
retraction to start early, but the retraction rate will be slower.

Figure 18 shows the seal retraction curves for very low
values of gas joint static and dynamic friction coefficients, 0.05
and 0.0 respectively. As can be readily seen, the effect of length
parameter b is negligible with all the curves falling on top of
each other. This is due to the low gas joint friction forces
arising from small friction coefficients.

Figure 19 shows the seal retraction curves for a case with a
large variation in static and dynamic friction coefficients, 0.5
and 0.1 respectively. In such a case, for appropriate values of
the length parameters, « and b, seal closure may be
accomplished in one or two steps. The large difference between
static and dynamic friction coefficients leads to a large net
radial opening force, which can result in complete seal closure
in only a step or two.
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Figure 17 Seal Retraction Curves for pg = 0.25, pgyn = 0.15.
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Figure 18 Seal Retraction Curves for pg = 0.05, ugyn = 0.
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Figure 19 Seal Retraction Curves for pg = 0.5, pgyn = 0.1.
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Figure 20 Contour plot showing the seal retraction
initiation DP for a range of friction coefficients.

Figure 20 shows a contour plot of the seal pressure differential
at which retraction initiates for a whole range of possible static
and dynamic friction coefficients. For the chosen values of seal
geometry, preload and spring stiffness, this plot indicates that
the seal retraction will begin within a small DP range for all
possible friction coefficients. Note that dynamic friction
coefficient is always smaller than the static friction coefficient
and hence the area in top left is not feasible. For finite spring
stiffness, retraction is guaranteed before the turbine shut down
is complete.

Spring stiffness plays a significant role in the seal retraction
behavior. Higher spring stiffness leads to seal retraction
occurring later in the shutdown process. However, retraction
occurs at a faster rate. Optimal spring stiffness must be chosen
to ensure that retraction begins before significant rotor/seal
interference occurs and also to ensure that the retraction rate is
faster than the interference rate. Spring preload has no effect on
seal retraction behavior.

By choosing appropriate values of the normalized length
parameters a and b, preload J,,. and spring stiffness the desired
closure & retraction characteristics can be achieved.
Closure/retraction curves and closure/retraction maps (as
shown above) aid in ensuring that the design selected is optimal
or close to optimal and meets the operational requirements of
the seal. It must be understood that the closure/retraction model
predictions are conservative. For instance, at each step of the
closure/retraction process it is assumed that the friction
coefficient climbs back to its static value. Most likely scenario
would be the friction coefficient rising only to an intermediate
value. Vibrations will also prevent the seal from achieving
perfect contact at each intermediate step in the
closure/retraction process. In such a case, seal closure/retraction

may be more gradual and not stick-slip like as the models
predict.

STABILITY OF SEAL MOTION

A retractable seal must maintain its attitude with respect to
its mating slot during the radial motion from high clearance
position to low clearance position and vice versa. If the attitude
of the retractable brush seal during seal motion is such that the
plane of the bristle pack remains perpendicular to the rotor axis,
it is said to be stable. On the other hand, if the seal rotates
causing the bristle pack to move away from a plane
perpendicular to the rotor axis, it is said to be unstable.

The stability of a retractable seal can be checked in the

following manner

e Arigid body rotational motion is assumed at all seal
positions during closure and retraction processes.

e The axis of rotation for such motion is determined.

e The total moment about this axis, caused by the
pressure forces, friction forces, spring forces and seal
weight is calculated.

o If the total moment about the clockwise rotation center
is clockwise (at any point in seal motion), then the seal
is unstable and will rotate instead of moving in a
purely radial manner. On the other hand, if the total
moment about the clockwise rotation center is counter-
clockwise, then the seal motion is stable.

e If the total moment about the counter-clockwise
rotation center is counter-clockwise (at any point in
seal motion), then the seal is unstable and will rotate
instead of moving in a purely radial manner. On the
other hand, if the total moment about the counter-
clockwise rotation center is clockwise, then the seal
motion is stable.

It is not possible to derive closed form expressions for all
the moments acting on the seal, especially when pressure
variations are non-linear (e.g., under the bristle pack) (see Chen
et. al. [11]). Software codes have been developed incorporating
numerical integration techniques to determine if a particular
seal design is stable at each point in the seal motion.

Figure 21 shows a retractable seal in its lowest clearance
position. Once the turbine is shut down, the seal can either
move radially away from the rotor or rotate (CW or CCW)
about its axis of rotation. For CCW rotation, the seal remains in
contact with the points G & H on the extremities of the support
hook as well as the point P on the seal mating slot. Note that the
seal contact points at G & H move radially outward, whereas
the contact point at P moves axially inward. This results in an
axis of rotation parallel to the straight line joining G & H and
radially beneath the point P (see Figure 21).

As seen from Figure 21, the radial load acting on the seal
results in a CW moment (-ve) about the CCW axis of rotation.
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Also, for the seal considered, the centroid due to axial load lies
above the CCW rotation axis resulting in a CW moment. The
spring forces as well as the seal weight result in a CCW
moment about the CCW axis of rotation. Figure 22 shows how
these moments (and the net moment) vary with seal pressure
differential. During turbine shutdown, seal pressure differential
decreases monotonically and as seen in Figure 22, the net
moment about the CCW rotation axis is CW (stable
configuration) until the pressure differential falls below a
threshold, when the net moment turns CCW (unstable
configuration). Frictional forces acting at contact points P, G &
H generate moments opposing CCW rotation and hence
calculations done with the lowest possible friction coefficient
will be conservative. If the pressure differential for seal
retraction falls below this instability threshold, seal will rotate
CCW instead of retracting radially away from the rotor. The
seal design must ensure that the DP for seal retraction is always
higher than the DP at which seal becomes unstable for CCW
rotation or CW rotation.

Figure 23 shows the net moments acting on the seal in its
low clearance position for CCW rotation and CW rotation. Note
that the instability threshold for CW rotation is lower than that
for CCW rotation and hence the seal will rotate CCW if the
design is unstable. Also, Figure 23 shows that higher the
downstream support hook height, lower the threshold for CCW
rotation. Seal design must optimize geometry parameters and
spring stiffness to ensure the instability threshold falls
significantly below the retraction pressure differential. Seal
stability is checked at each point of seal motion during closure
and retraction to ensure its stability.

VALIDATION TESTING

To validate the design process and the analytical models
predicting the seal closure and retraction behavior, a retractable
brush seal segment was fabricated and tested in the laboratory.
Figure 24 and Figure 25 show the setup for testing a 10-degree
segment of a 1320 mm (52 in) diameter retractable brush seal.
Since the primary goal of the testing was to determine seal
closure and retraction behavior, rotor surface was simulated and
the tests were carried in a static seal test rig. A specially
designed housing (shown in Figure 24 and Figure 25) was built
with the stator support hooks and the rotor surface to mount the
retractable brush seal segment. Custom designed Inconel X-750
leaf springs were used to passively close and retract the seal.
Seal pressure drop was changed by controlling airflow through
the test rig. Seal closure/retraction was monitored through
proximity probes mounted on the housing.

IDhigh

Centroid Axial Load

Rotation Axis @

P.T.S

Figure 21 Seal CCW rotation axis under fully closed
condition.
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Figure 22 Seal about to retract - Moments due to various
forces acting on the seal about the CCW rotation axis.
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Figure 26 shows the variation of the seal clearance as a
function of pressure differential across the seal as it is varied
periodically to simulate turbine start up and shutdown
processes. During a turbine start up, pressure differential across
the seal increases and at a designed point, seal moves from the
high clearance position towards the rotor maintaining a tight
clearance at the seal operating conditions. During a turbine
shutdown, pressure differential across the seal decreases and at
a designed point, seal retracts away from the rotor to a high
clearance position. Seal motion is found to be very repeatable.

/ Housing

Seal Holder

Leaf Spring

N\ support
Hooks

Base Plate seal

Figure 24 Retractable brush seal test setup.

Figure 25 Retractable brush seal test segment and housing -
side view (left) and cross section (right).

Figure 27 shows the seal closure curve for three different
cycles. At a particular pressure drop, seal sharply moves
towards the rotor by a finite distance and then waits for
additional pressure increase before making rotor contact. This
seal behavior matches with that predicted by the analytical
model for i = 0.3 and Udynamic = 0.1.

Figure 28 shows the seal retraction curve for two different
cycles. Again at a particular pressure drop, seal retracts sharply
away from the rotor by a finite distance reaching its high
clearance position. Again this retraction behavior matches with
that predicted by the analytical model for pggic = 0.3 and

Hdynamic = 0.1.
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Figure 26 Seal closure and retraction as a function of
applied pressure drop simulating start up and shut down
processes.
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Figure 27 Seal closure behavior — Measured vs Predicted.

Figure 29 shows the seal retraction behavior as recorded by 4
different proximity probes mounted at 4 different locations on
the segment as shown. The data clearly indicates that the
segment is moving in a purely radial manner and does not tilt or
cock about its CW or CCW axis of rotation. Thus stability of
seal motion is validated.
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Figure 29 Pure radial motion validating design stability.

SUMMARY

A compressor discharge brush seal can under go significant
bristle wear during turbine shut down due to thermally induced
interference between the seal and the rotor. To avoid this wear,
we proposed mounting it on a retractable seal holder actuated
passively by leaf springs. Such a system responds to falling
pressure differential across the seal during turbine shutdown
causing it to be retracted away from the rotor. Key operational
requirements of a retractable brush seal were laid out.
Analytical models were developed to predict seal closure and
retraction behavior. Key parameters driving the seal motion
were identified and their impact on seal motion studied. Seal
stability criteria and methodology to check stability of seal
motion is presented. An optimal retractable seal segment was
designed and a 10-degree segment was tested in the laboratory.
The working of a retractable seal was demonstrated and seal
design methodology was validated.
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