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The effects of eccentricity on brush seal leakage (&i32:n}—*1 ;%\ r*\

at low rotational speeds were investigated. This Bristle Back
report includes the leakage results for ambient tem- pack ~_ [l | ac
perature air and nearly saturated steam at three dif- T ,/ washer
ferent rotor eccentricities at both 0 and 400 rpm. A
brush seal with a nominal bore diameter of 13.647 cm
(5.3730 in.) was used. It had a radial concentric i —
interference of 0.071 cm (0.0028 in.) and a fence I ! ! Shaft
height of 0.0927 cm (0.0365 in.). There were 1060 r* rotation

bristles per centimeter of circumference (2690 bristles i
per inch of circumference). Rotor eccentricities of 0.10 cm
0.038, and 0.043 cm (0.001, 0.004, 0.015,
and 0.017 in.) were achieved by using bushings with
different offsets.

The results were compared with an annular seal
model (FLOWCAL) for air and to a standard labyrinth
- seal model for steam.

0.003, 0.010,

seal in air.

16.29 cm diameter
(6.414 in. diameter)

13.83 cm diameter
(5.446 in. diameter)

13.65 cm diameter

The annular seal model was alsoc (5.373 in. diameter)
compared with a bulk flow model of a concentric brush

Large eccentricities did not damage the 15.12 cm diameter

brush seals or their Haynes 25 bristles. However, the (5.954 in. diameter)
304 stainless steel rotor did show wear, indicating a

harder surface is needed. Only the steam data showed
hysteresis and were affected by shaft rotation. The
brush seal had lower leakage rates than those predicted
for comparable annular and labyrinth seals (conven-
tional) because of the large clearances these seals
require to accommodate large shaft excursions.

INTRODUCTION

A typical brush seal consists of two washers with
a bristle pack sandwiched between them as shown in
Fig. 1, which also shows a photograph of the magnified
The bristle pack and washers are welded
together at the outside diameter and machine finished.
The back washer, which is on the low-pressure side of
supports the bristle pack in the axial direc-
tion. The inner diameter of the back washer must be
large enough to accommodate shaft excursions. The
inner diameter of the bristle pack is smaller than that
of the back washer and usually is sized for a 0.01 to

bristle tips.

the seal,

0.025 cm (0.005 to 0.010 in.) interference with the

rotor.

The bristles are small in diameter, typically

Figure 1.—Brush seal geometry and photograph of magnified
brush seal tips. Bristle diameter: 0.0076 cm (0.0030 in.).



0.008 cm (0.003 in.), and are angled 30° to 60° from
the radial direction. This allows the bristles to
deflect like cantilevered beams when loaded by shaft
excursions. The front washer, on the high-pressure
side of the seal, holds the bristles in place and has
an inner diameter greater than that of the back washer.
Because of their compliant nature, brush seals are
currently being considered as replacements for seals in
applications such as gas turbine engines, turbopumps,
gas compressors, and steam generators. Since the bris-
tles have an initial interference with the rotor and
can adapt to shaft excursions as large as the radial

concentric clearance between the rotor and the back
washer, leakage can be reduced from that of conven-
tional seals. Conventional seals, such as annular and
labyrinth seals, are designed with a clearance larger
than they need in their normal operation to account for
irregular shaft perturbations. If the clearance is
too small, the shaft excursions will wear the seal,
increasing leakage. By increasing the axial sealing
length or number of labyrinth teeth, one can reduce
leakage for these larger clearances; however, space is
sacrificed, making larger and heavier equipment
necessary.

Previous work demonstrates that brush seals reduce
leakage to one-third to one-fourth that of four- and
five-cavity labyrinth seals (Flower, 1990, and Gorelov
et al., 1988). Others have found the leakage to be
1/10 to 1/20 that of labyrinth seals running in the
same turbomachine with clearances of 0.75 mm (Ferguson,
1988). Testing has also shown that brush seals gener-
ate little heat - considerably less than finned laby-
rinth seals (Ferguson, 1988). Estimates of frictional
losses between the brush and rotor are negligible. 1In
addition, brush seals are more stable than labyrinth
seals (Conner and Childs, 1990).

Although brush seals are known to be compliant,
little or no information exists in the open literature
about the effects of eccentricities on brush seal per-
formance. 1In addition, brush seals need to be charac-
terized with steam as the working fluid, since they may
be used to enhance stability in the space shuttle main
engine (SSME) high-pressure oxygen turbopump (HPOTP)
turbine (where hydrogen-rich steam is the working
fluid) (Hendricks et al., 1990). 1In addition, the
power-generation industry could benefit from a low-
leakage, compliant seal for steam generators. Although
the work presented here does not reach the operating
conditions required for an SSME turbine (1200 °F), it
does present some preliminary steam data near saturated
conditions with a maximum temperature of 416 K
(290 °F).

Following a description of the apparatus, test
procedure, and analytical models, preliminary data for
ambient temperature air (nominally 60 °F) and nearly
saturated steam are presented for shaft speeds of 0
and 400 rpm. Air data are given for eccentricities
of 0.003, 0.010, and 0.038 cm (0.001, 0.004, and
0.015 in.) and are compared with an annular seal model,
FLOWCAL. Steam data are given for eccentricities
of 0.003, 0.010, and 0.043 cm (0.001, 0.004, and
0.017 in.) and are compared with a standard labyrinth
seal model. Also, a brush seal bulk flow model is
compared with an annular seal model in air, and quali-
tative wear results are presented.

APPARATUS AND TEST PROCEDURE

Brush Seal Assembly

The apparatus (Fig. 2) consisted of a two-piece
pressure vessel, the brush seal, and a rotating assem-
bly. The bottom of the stainless steel pressure vessel

was flanged for mounting to a baseplate. This base-
plate was clamped to a drill press used to drive the
shaft.

Pressure Vessel. The brush seal was seated in a
rim on the pressure vessel top and sandwiched between
the top and bottom portions of the pressure vessel.

The pressure vessel was held together by six bolts that
sealed off secondary leakages. A flat-bottomed hole
centered inside the bottom of the pressure vessel and a
thru hole in the top of the pressure vessel acted as
bearings for the rotating assembly. These allowed for
only a 0.003-cm (0.00l-in.) radial run out in the
shaft.

Brush Seal. The geometry of the brush seal is
given in Table I and is shown in Fig. 1 along with a
photograph of the magnified inner diameter of the bris-
tle pack. The brush seal was 0.335 cm (0.132 in.)
thick, with an ocutside diameter of 16.29 cm (6.414 in.)
and an inner diameter of 13.65 cm (5.373 in.). The
inside diameters of the front and back washer were
15.12 and 13.83 cm (5.954 and 5.446 in.), respectively.
The fence height, defined as the radial free length of
the extension of the bristles beyond the back washer,
was 0.0927 cm (0.0365 in.). These Haynes 25 bristles
were 0.0076 cm (0.0030 in.) in diameter, angled 40°
from the radial direction, and had a packing density of
1060 bristles/cm of circumference (2690 bristles/in. of
circumference).

Rotating Assembly. The rotating assembly, driven
by a drill press, consisted of a tie bolt, an eccentric
bushing, a rotor, a lock nut, and several washers.

The outside diameter of the 304 stainless steel rotor
was 13.662 cm (5.3786 in.), creating a 0.007l-cm
(0.0028-in.) concentric radial interference. Several
different eccentric bushings were used to create eccen-
tricities of 0.003, 0.010, 0.038, and 0.043 cm (0.001,
0.004, 0.015, and 0.017 in.).

Instrumentation

The instrumentation, shown in Fig. 3, consisted of
venturi meters, type E (Cu/Ni) thermocouples, and
strain-gage pressure transducers. One of three paral-
lel venturi meters measured the inlet supply flow rate,
and temperature and pressure were measured near the
inlet of the pressure vessel. The pressure at the exit
of the seal was taken to be at barometric pressure,
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Figure 2.—Brush seal test section for eccentric testing.



TABLE I.

- BRUSH SEAL GEOMETRY

Brush seal outside diameter, cm (in.)
Brush seal inside diameter, cm (in.)
Front washer inside diameter, cm (in.)
Back washer inside diameter, cm (in.)
Brush seal axial thickness, cm (in.)
Front washer axial thickness, cm (in.)
Back washer axial thickness, cm (in.)
Bristle pack axial thickness, cm (in.)
Bristle diameter, cm (in.)

Number of bristles/cm-circ (/in.-circ)
Angle of bristles, deg

Rotor diameter, cm (in.)

Bristle material

Rotor material

16.29 (6.414)
13.65 (5.373)
15.12 (5.954)
13.83 (5.446)
0.355 (0.132)
0.12 (0.046)
0.12 (0.046)
0.10 (0.040)
0.0076 (0.0030)
1060 (2690)

40

13.662 (5.378)
Haynes 25

304 stainless steel

P dPT
From___—_ir_om FfOrD__ From
venturi venturi  venturi | venturi
A B A B
D2 =0.25in. 3/4 SST
To PT TodPT
T % %
— pky l
- aassT D2-030in.  3/4SST | | FwvH
To PT TodPT
L_tgg}' FE? L~
D2=0.082in.  3/4SST

3/4-in. SS flexhose Vent
Drill press
spindie 1/2 SST

1700 rpom max.

o] L—t—

' 3/4SST
3/4-in. SS flexhose

[P

1/2 SST

Figure 3.—System flow schematic and instrumentation.



TABLE II. - TEST CONDITIONS

Test condition Air Steam
Pressure, kPa (psi) 0 to 827 (120) 0 to 300 (43)
Temperature, K (deg F) 290 (60) slightly > saturation
Eccentricity, cm (in.)
0.003 (0.001) @ @
0.010 (0.004) ® [ ]
0.038 (0.015) ®
0.043 (0 017) ®
Speed, rpm 0 and 400 0 and 400
since the calculated maximum pressure drop through the
flex line was a negligible 0.024 MPa (3.5 psid) for air
and 0.07 kPa (0.01 psid) for steam. ey v - (lepl)ﬂ
w = 25KA
Data Acquisition N - In(Py/?,)
4 single-user, steady-state data acquisition sys-
tem was used to record and monitor the data, which were
displayed on & monitor and updated every second. When where
steady-state conditions were achieved, a data point was
recorded. w mass flow rate of steam, ibn/h
K experimentally determined coefficient
Test Procedure . .2
A area through packing clearance space, in.
Before each run, the transducers were calibrated, P, inlet pressure, psia
and the system was purged with air. Then, as shown in . . 3
Fig. 3, a hand valve was opened allowing the test fluid Vy inlet specific volume of steam, ft®/1b
to enter the bottom half of the pressure vessel through P, exit pressure, psia
two inlet supply ports located 180° apart. The test .
fluid exited the pressure vessel by two ports located N number of throttlings

in the top half of the pressure vessel, 180° apart and

clocked 45° from the inlets. The exhausted test fluids
were carried from the exit ports to the outside through
a 3-m (10-ft) long flex hose with an inner diameter of

1.9 cm (0.75-in.).

Data were taken as the pressure was increased and
then decreased to determine hysteresis effects in the
brush seal geometry. This procedure was repeated for
both ambient temperature air and nearly saturated steam
at shaft speeds of 0 and 400 rpm. The test conditions
are shown in Table II.

ANALYSIS

Annular Seal Model

) An analysis was performed to compare brush seal

leakages to annular and labyrinth seal leakages. The
computer code FLOWCAL was used to model an isothermal
annular seal in air. This annular seal model has the
same axial length as the bristle pack, but with radial
clearances 0.0013 cm (0.00050 in.) greater than the
operating eccentricities to ensure that the shaft will
not rub the seal. FLOWCAL calculates either isothermal
or adiabatic gas flow rates through an axial pressure
gradient. Eccentricity and inlet inertial effects are
accounted for. The seal is divided into two regions:
an inlet region where the flow is strictly inertial and
a film region where viscous forces dominate. Details
can be found in Proctor (1988).

Labyrinth Seal Model for Steam

Brush-seal steam leakage rates were compared with
the leakage rates predicted with the following standard
equation for steam labyrinth seals (Baumeister, 1978):

For the analysis, the labyrinth seal was assumed
to have only one throttling and a radial clearance of
0.0038 cm. (0.0015 in.). Although the value of K
normally ranges from 50 to 120, to be conservative we

set K to 50. We also assumed that the steam entering
the seal was saturated vapor. Note that this equation
does not account for eccentricity effects.

Bulk Flow Model

A bulk flow model described in Braun et al. (1990)
and Hendricks et al. (1991a) was used to predict the
leakage of the test brush seal during concentric opera-
tion in air. The bulk flow model accounts for three
flow regions. These flow regions are at the interface
of the seal and rotor, through the bristle pack, and
parallel to the bristles along the back washer. The
flow through the bristle pack is based on flow through
packed fibers or porous media. Deformation of the
bristles due to aerodynamic load and axial pressure
gradients is accounted for; however, interbristle fric-
tion is not. A previous comparison of the bulk flow
model leakage predictions to concentric test data in
air showed good agreement (Hendricks et al., 1991b).
FLOWCAL was used to determine the clearance an annular
seal must have to obtain the same performance as a
brush seal.

RESULTS AND DISCUSSION

The objectives of this investigation were (1) to
determine the effect of eccentricities on brush seal
leakage in air and steam and (2) to determine how brush
seal performance compares with that of annular and
labyrinth seals.



Representative brush seal performance data in
ambient temperature air for eccentricities of 0.003,
0.010, and 0.038 cm (0.001, 0.004, and 0.015 in.) are
shown in Fig. &4, parts (a), (b), and (c), respectively.
Pressure drop is plotted as a function of volumetric
flow rate for shaft speeds of 0 and 400 rpm. Open
symbols indicate data was taken while pressure was
increased and solid symbols while pressure was
decreased. As expected, the flow rate increased with
increased pressure drop across the seal and with
increased eccentricity. Eccentricity effects were sig-
nificant. A comparison of the slopes of the data shows
that the leakage rate was approximately 3.5 and 4.5
times greater than the 0.003 cm (0.001 in.) eccentric-
ity data for eccentricities of 0.010 and 0.038 cm
(0.004 and 0.015 in.), respectively. It is important
to note that for eccentricities of 0.010 and 0.038 cm
(0.004 and 0.015 in.) a gap opened between the bristles
and rotor since the concentric radial interference was
only 0.0071 cm (0.0028 in.). As shown by the rotating
and nonrotating eccentric air data, the effectiveness
of the seal did not improve with rotatiom as in the
concentric cases given in Hendricks et al. (1991b).
Also, very little hysteresis is seen in the air data.

Figure 4 also gives the FLOWCAL predicted pressure
drop as a function of volumetric flow rate for an annu-
lar seal in air. The annular seal was modeled such
that the radial clearance was 0.0013 cm (0.00050 in.)
larger than the eccentricity. This allowed the seal
leakage to be minimized while the seal remained non-
contacting. In addition, the axial length was the same
as the bristle pack thickness, 0.10 cm (0.040 in.). At
an eccentricity of 0.003 cm (0.001 in.), the annular
and brush seals gave similar results. However, at the
larger eccentricities of 0.010 and 0.038 cm (0.004 and
0.015 in.) the brush seal reduced leakage to approxi-
mately half that of the annular seal. This is due to
the large clearance required for the annular seal to
accommodate larger eccentricities.

Figure 5 shows brush seal performance data in
nearly saturated steam for eccentricities of 0.003,
0.010, and 0.043 cm (0.001, 0.004, and 0.017 in.),
respectively. The pressure drop across the seal is
plotted as a function of mass flow rate. Again, as
expected, the flow rate increased with pressure drop
across the seal and with increased eccentricity. The
mass flow rates for 0.010 and 0.043 cm (0.004 and
0.017 in.) eccentricities, respectively, were approxi-
mately 2.2 and 4.3 times greater than the mass flow
rates for 0.003 cm (0.001 in.) eccentricity data. 1In
both the 0.003 and 0.010 cm (0.001 and 0.004 in.)
eccentricity data, the mass flow rate during shaft
rotation increased by a factor of two over the non-
rotating data. This effect is not apparent in the
0.043 cm (0.0017 in.) eccentricity steam data, nor was
it observed in the air data. Further testing is
required to determine the cause. In addition, hystere-
sis effects were more pronounced in the steam data than
in the air data. The mass flow rate was greater when
pressure drop across the seal was being increased
rather than decreased.

Since it is not appropriate to use FLOWCAL for
steam, a standard labyrinth seal equation for steam was
used for the comparison to the brush seal steam data.
Also, since the standard labyrinth seal equation does
not account for eccentricity, a comparison was made
only for the 0.003 cm (0.001 in.) eccentricity data,
which is closest to being concentric. The labyrinth
seal was modeled as a concentric, single-tooth seal
with an axial length equal to the thickness of the
bristle pack of the brush seal, 0.10 cm (0.040 in.).
The radial clearance was 0.0038 cm (0.0015 in.). The

results of this model are shown in Fig. 5(a) in compar-
ison with the 0.003 cm (0.001 in.) eccentricity data.
The measured brush seal leakage was similar to that
predicted for the labyrinth seal.

Figure 6 compares the FLOWCAL annular seal model
and the bulk flow brush seal model. The bulk flow
model of the brush seal predicted performance for con-
centric operation. FLOWCAL was used to model an annu-
lar seal of the same axial length as the thickness of
the bristle pack for concentric operation as well.
However, instead of selecting a clearance that was
0.0013 cm (0.00050 in.) greater than the eccentricity,
as done previously, the clearance used in FLOWCAL was
varied until the annular seal performance matched that
predicted for the brush seal by the bulk flow model.
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Figure 4.—Measured brush seal leakage perform-
ance data in 290 K (60 °F) air at 0 and 400 rpm
compared with predicted performance of an annu-
lar seal. The annular seal model had the same
axial length as the bristle pack thickness, 0.10 cm
(0.040in.), and a radial clearance 0.0013 cm
(0.00050 in.) greater than the eccentricity. This
model did not account for rotational speed.
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Figure 5.—Measured brush seal leakage perform-
ance data in nearly saturated steam at 0 and
400 rpm.

As shown in Fig. 6, an annular seal clearance of
0.003 cm (0.001 in.) is required during concentric
operation to achieve performance close to the brush
seal. Although these two predictions match well at a
pressure drop across the seal of 240 kPa (35 psid),
they do not agree as well at low pressure drops because
of their opposing curvatures. However, the variation
is within the range of hysteresis effects.

The point to note here is that, whereas the annu-
lar and brush seals perform equally well during concen-
tric operation, the brush seal can handle large

eccentricities without damaging the seal. Post-test ' (b) Atfter testing.

examination of the Haynes 25 bristles and seal found no

observable wear. However, wear was observed on the 304 Figure 7.—Photographs of magnified rotor surface before and
stainless steel rotor, indicating that a harder rotor aﬂertesﬁng.



surface such as 2rO, or MgZrO is needed (Hendricks

et al., 1991b). Photographs of the magnified rotor
surface, before and after testing, are shown in

Fig. 7, parts (a) and (b), respectively. In Fig. 7(a),
the rotor surface is uniform. 1In Fig. 7(b), the dark
spots show the roughened rotor surface which measured
4.67%x107% cm (176)(1.0'a in.) rms roughness.

Because of their compliant nature, brush seals
accommodate eccentric operation with minimal loss of
performance. Under highly eccentric operation, annular
and labyrinth seals would leak considerably more than
brush seals because of the large clearances required
for shaft excursions.

SUMMARY OF RESULTS

Eccentricity effects on brush seal leakage were
investigated for ambient temperature air and nearly
saturated steam at 0 and 400 rpm. A brush seal with a
nominal bore diameter of 13.647 cm (5.3730 in.) having
an initial interference with the rotor of 0.071 cm
(6.0028 in.) was used. The following results were
determined:

1. Large eccentricities did not damage the brush
seal; however, the rotor surface was worn, indicating
that a harder surface is required.

2. The steam data showed a large hysteresis,
whereas the air data showed only a small hysteresis.

3. Shaft rotation did not affect brush seal per-
formance in air, but it significantly increased leakage
in steam.

4. The brush seal had lower leakage rates than
those predicted for comparable annular and labyrinth
seals.

5. The annular and labyrinth seals are not pre-
dicted to perform as well as brush seals when large
shaft excursions are expected because of the large
clearances the shaft excursions require.
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(0.001, 0.004, 0.15, and 0.017 in.) were achieved by using bushings with different offsets. The results were compared
with an annular seal model (FLOWCAL) for air and to a standard labyrinth seal model for steam. The annular seal model
was also compared with a bulk flow model of a concentric brush seal in air. Large eccentricities did not damage the
brush seals or their Haynes 25 bristles. However, the 304 stainless steel rotor did show wear, indicating a harder surface
is needed. Only the steam data showed hysteresis and were affected by shaft rotation. The brush seal had lower leakage
rates than those predicted for comparable annular and labyrinth seals (conventional) because of the large clearances these
seals require to accommodate large shaft excursions.
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