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A post-test analysis of a set of inside-diameter/outside-diameter (ID/OD) bidirectional
brush seals used in three-port wave rotor tests was undertaken to determine brush bristle and
configuration wear, pullout, and rotor coating wear. The results suggest that sharp changes
in the pressure profiles were not well reflected in bristle tip configuration patterns or wear.
Also, positive-to-negative changes in axial pressure gradients appeared to have little effect on
the backing plates. Although the brushes had similar porosities, they had very different
unpacked arrays. This difference could explain the departure of experimental data from
computational fluid dynamics flow predictions for well-packed arrays at higher pressure
drops. The rotor wear led to "car track" scars (upper and lower wear bands) with a whipped
surface between the bands. Those bands may have resulted from bristle stiffening at the fence
and gap plates during alternate portions of the rotor cycle. Within the bristle response range
the wear surface reflected the pressure distribution effect on bristle motion. No sacrificial
metallurgical data were taken. The bristles did wear, with correspondingly more wear on the
ID brush configurations than on the OD configurations; the complexity in constructing the
ID brush was a factor.
Keywords: Brush seals, Wear, Porous media, Tribology, CFD, Wave rotor

INTRODUCTION

both compression and expansion occur in the same
device, and in some cases chemical reactions take

A wave rotor topping cycle can be thought of as
pressure-gain combustion (Kentfield, 1995; Wilson
and Paxson, 1996). A wave rotor machine uses

place.
Sealing can be a major factor in the wave rotor
machine because dynamic, small changes in volume
represent significant losses. The leakage takes place
into or out of a passage through the gap between the
passage and the end walls of the machine. The
leakage flow changes direction depending on
whether the passage is at high or low pressure.

expansion and shock waves within rotating
passages on the rotor to expand or compress the
working fluid, work typically done in conventional
turbomachinery by an axial blade or vane or a
centrifugal component. In the wave rotor machine
Corresponding author. Tel.: 216-977-7507.
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These end-wall losses can potentially be controlled
by seals, such as compliant brush seals or close selfactivating rim or leaf seals, that accommodate
high surface speeds. Because brush seals could be
incorporated easily into an existing three-port wave
rotor at NASA Lewis Research Center (Wilson,
1997), bidirectional seals were fabricated and tested
(Hendricks et al., 1997). Tests were made of wave
rotor performance with and without the brush
seals. In essence, the baseline configuration had
no seals; the sealing interfaces were the gaps
between the components. Relative to the baseline
configuration, data indicated that the bidirectional
brush seals enhanced wave rotor efficiency from
36% to 45% at low leakages (small rotor end-wall
gap spacings) and from 15% to 33% at high
leakages (larger end-wall gap spacings). Surface
tribology for those tests suggested little evidence of
grooving, although the bristles did wear-in and the
rotor surface appeared polished.
Further post-test evaluation of the bidirectional
brush seals is reported herein, providing surface
morphology, such as brush bristle and configuration wear, pullout, and coating wear. The results
suggest that sharp changes in the pressure profiles
were not well reflected in bristle or surface wear
patterns and had little effect on the backing
plates. For completeness and to assist the reader,
the rotor and bidirectional brush descriptions given
previously (Hendricks et al., 1997) will be repeated
herein.

APPARATUS

A photograph of the wave rotor test rig (Fig. 1)
illustrates the nature of a three-port flow divider.
A single inlet flow is separated into two outlet
flows, one at higher stagnation pressure than the
inlet and the other at lower stagnation pressure.
The rotor itself is a cylinder with axially aligned
passages on its circumference. As a passage rotates,
the pressures at the ends of the passage fluctuate
between the high and low pressures. The cavity
surrounding the rotor will be at a pressure close to

FIGURE

Wave rotor test rig.

the inlet pressure. Leakage will take place from a
passage to the cavity when the passage is at high
pressure and from the cavity to a passage when the
latter is at low pressure. Thus, the seals must be
capable of withstanding pressure reversals and the
corresponding flow reversals.
A cross-sectional view of the rotor (Fig. 2)
illustrates the cavities and the placement of the
brush seals. The rotor passage represents that
portion of the rotating cylinder containing the
working fluid; the inner and outer cavities constitute potential leakage paths. The movable end wall
establishes a gap between the unsealed rotor/stator
interface and to some extent controls the cavity
volumes at the sealed rotor/stator interface.
Sixty 1.37-cm-wide (0.54-in-wide) passages are
spaced around the circumference of the rotor. As
the rotor turns, the pressures at each end of a
passage fluctuate, with the highest pressure being
about three to four times the lowest pressure. The
leakage may be thought of as having radial and
circumferential components. Circumferential leakage is from passage to passage where the pressure
differences are not large, so this leakage is believed
to be less important than radial leakage. Radial
leakage is from a high-pressure passage into the
cavity and then from the cavity back into a lowpressure passage. By blocking the path from the
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FIGURE 2 Rotor cross section.

passages into the cavity, brush seals can reduce
radial leakage.

BRUSH SEAL REQUIREMENTS
The wave rotor represents an unusual set of
operating conditions for a brush seal. In addition
to the usual compliance and sealing requirements
the brush must do the following:
1. Seal bidirectional flows;
2. Seal pressures to +276 kPa (+40 psi);
3. Withstand surface speeds to 152 m/s (500 ft/s) at
temperatures below 177C (350F);
4. Seal the interface at both the inside and outside

diameters;
5. Seal both ends of the wave rotor (i.e., matching
pairs are required) and
6. Retrofit into the existing equipment with minimum modifications.
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The shielded design (Hendricks et al., 1990; 1992)
can be modified to provide sealing in both directions, provided that a gap is introduced between the
side plates and the bristles. Figure 3 shows crosssectional views of the OD and ID seals. The brush
was otherwise of standard Cross Mfg. Co. construction. The bristles were 0.071-mm-diameter (0.0028in-diameter) Haynes 25 (AMS 5796 28) at 40-50
angles to the interface and inclined in the direction of rotation with suitable antirotation pins to
prevent seal rotation. The rotor seal radii after
testing were nominally 140.2 mm (5.518 in) (inner)
and 162.1ram (6.380in) (outer). In each case
0.25-mm (10-mil) radial interference was built into
the as-manufactured seal.
The rubbing interfaces on the rotor were Proxair
LC- 1H (Union Carbide) chromium carbide coated
to 0.15-0.25 mm (0.006-0.010 in) thick.

BRUSH SEAL WEAR-IN
The brush seals were installed by rotating them into
position, and suitable static O-rings provided the
necessary static seals. The rotor was torqued by
hand to set the bristles. Then, in a set of break-in
runs the speed was gradually increased to 4000 rpm
in 200-rpm increments over a 12.5-h break-in
period. After the bristles were set and rubbed into
place, a borescope examination of the bristles
revealed the characteristic powder debris in flow
stagnation regions, the remainder of the debris
being swept away with the flow. Some bristles
strayed beyond the pack, with those of the inner
seal being most susceptible.

OPERATIONS
After break-in the system was operated for a total
of 7.5 h at 7400 rpm. The rotor average temperature
was approximately the inlet temperature, 322K
(580 R) with hot gas temperatures to 402 K (724 R)
and cold-side temperatures to 284 K (511 R).

_
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FIGURE 3 Details of seal cross sections and photographs of brush seals taken after testing: (a) outer brush seal cross section;
cross section; (c) OD seal bristles and side plate fence and (d) ID seal bristle and side plate fence.

(b) inner brush seal

COMMENTS ON POROSITY
DETERMINATION

For an ideal configuration of circular or elliptical
cylinders, g g2 g, the porosity c becomes

:

2x/(1 + g/(2a))(1 + g/(2b))’

()

where g denotes gap; 2a indicates the major axis;
and 2b, the minor axis (Fig. 4). The bristle-rotor
interface, for most brush seals, represents a plane of
small curvature. At this interface leakage occurs
and is compounded by flows along the bristles.
When estimating either the nonideal or unpacked
porosity from a photograph, the number of bristles
Nt is counted for a specified area At, of length L,
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FIGURE 4 Ideal
geometry).

packing

of cylinders

(brush-bristle

and width w expressed in terms of bristle diameters.
The area occupied by the bristles As is elliptical and
expressed as the ratio of the cylindrical bristle area
to cos(0 + qS), where (0 + qS) represents the interface
angle with respect to the brush, 0 denotes the angle
from bristle attachment, and 05 denotes the angle
from the rotor centerline. The unpacked porosity
becomes

As
At

c

Nt Trd 2
4wL cos(0 + 05)
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brush the bristle pack thickness decreases as the
radius increases. Essentially, the opposite is true for
the ID brush. In either brush the bristles are
interlayered to account for differences in arc length
at the clamping radius and the interface; the bristle
lay angles also differ.
Variations in brush thickness are introduced
into the correlation model (Braun et al., 1990;
Hendricks et al., 1992; 1997) for the ideally spaced
brush. The model requires the thicknesses at the
interface, at the fence, and at the clamp points in
order to characterize the brush. An average brush
thickness (t) was assumed for predicting both
porosity and pressure drop.
Bird et al. (1960) define the specific surface Av
such that the mean particle diameter, Dp, is the
diameter of a sphere:
Total particle surface
Volume of particles

Av

and from Eq. (1)
c-

Dp

2rcrL

rcr2 L

6
4
z
d Dp

For the case of elliptical-cylinders,

+
4

(1 +

(S)

d

6

r

For the case of circular-cylinders,

If, however, the packing is ideal and the gap g is
known, the porosity is given by Eq. (1). Conversely,
if the porosity is known and the ideal gap g is
unknown, g can be estimated by equating Eqs. (1)
and (2) and solving for g. Further, if the brush
thickness (t) and the number of bristle rows Nx are
known for an ideal spacing of d+ c0, where gap
g c0 and d is bristle diameter,

v Sx

3

4/3rrr

(2)
Av

2{t}

4rrr2

rs(

+ ;) +

cos)[3(1 + A)+

where

1-2x/5(1 + c0/d)

2"

(la)

k2
,,i

Due to the complex way a brush seal is
constructed, brush porosity is strongly threedimensional and yet is most often treated as an
averaged two-dimensional property. For the OD

(b/a)2;

r2/<, +,,/1_ r2:,a-b

2

cos+ 1.2
Uoos )j

2a-d/cos(b); 2b-d; b-(0+
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Also,

Av1

Av may be approximated as:

-(27vaL/v)/1 + (b/a)2)/(TvabL)
+

b
The values of specific surface and hydraulic fiber
(particle) diameters for various angle (@ becomes:

Angle
(degree)

55
45
35
25
15
0

Hydraulic fiber

Specific
surface

diameter

Av * d

Av * d

Dp/d

Dpl/d

3.20520
3.43938
3.64738
3.81492
3.93215
4.00000

3.26066
3.46410
3.65624
3.81772
3.93244
4.00000

1.87196
1.74450
1.64505
1.57277
1.52588
1.50000

1.84012
1.73205
1.64103
1.57183
1.52577
1.50000

The hydraulic radius is expressed in terms of
porosity (e) and specific surface (Av),

a0

Av(1

c)

Dp
6(1 c)’

where Dp is mean particle diameter required for
the bulk flow model, Hendricks et al. (1992), and
Dpl is the approximate value based on Av.

POST-TEST SEAL ANALYSIS
Brush Pressure Profiles

Figure 5 represents the inlet and outlet seal
configurations for the wave rotor machine. The
ID and OD brush seals are overlayed on a drawing
of the wave rotor configuration with the associated
pressure profiles to simulate the brush pressure
loading. Although the 60 rotor passages rotating at
7500 rpm provided rapidly changing pressure in the
passages, the pressure profiles were steady in the
laboratory reference frame. The pressure peaks and
reversals with respect to the mean were substantial,
forcing the bristles to flip-flop axially, at fixed
circumferential positions, as the passage rotated
through a cycle (Fig. 6). Consequently, one would
expect to witness some changes in the brush bristle
patterns in the regions of rapid pressure changes.
However, bristle wear and packing abnormalities
appeared to be dispersed over the entire circumference of the brush and showed no evidence of the
local pressure changes on bristle packing or wear.

FIGURE 5 Simulation overlay of wave rotor end wall with no-seal pressure distribution: (a) inlet and (b) outlet.
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Nevertheless, the rotor surface was affected as
discussed in the section Surface Tribology.
Optical Inspection of OD Brush

Figure 7 is a typical representation of the OD brush
seal’s bristle tip configuration. Although these
photographs are typical of the unpacked brush,
some regions show a higher degree of bristle void.
For example, in counting the bristle tips in Fig. 7(a)
over a circumferential distance of about 4.67 mm
(1.84 in) and an unpacked-brush thickness It) of
about 1.19mm (0.468 in), three separate counts
gave Nt of 240, 300, and 370, depending on where
on the brush circumference the count was taken.
The manufacturer estimates Nt 459. The number
of bristle rows was estimated at Nx 11. The average

.

bristle diameter was 0.071mm (0.0028in), and
the average interface angle (0 + q5) was 46 The
porosity adapted from Eq. (2), where Vs denotes
bristle volume and Vt denotes total volume,
c

Ks
Vt

1-

Ntrc(d 2 /4)
1.19 4.57 cos(0 + qS)

(2a)

became 0.74, 0.68, and 0.60 for the three counts,
respectively, and was 0.5 as per the manufacturer.
In terms of the number of rows of bristles Nx and
assuming an ideal packing (equilateral triangles
spaced at (d + e0)), Eqs. (3) and (1 a) provide
eO

2(t)
v/N

2 x 1.2
x

3d

d-1.732 11-0"71--"

(3a)

This gap is unusally large, yet representative of this
particular portion of the unpacked brush interface.
The porosity becomes

Flip-flop

Axial Z
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FIGURE 6 Bristle "flip-flop" with passage rotation.

(1+3/4) 2--0"7

(lb)

which is more in agreement with the 0.74 and 0.68
bristle count porosities than with the manufacturer’s value of 0.5. Higher magnification and more

FIGURE 7 Unpacked OD brush seal: (a) overview and (b) 50x.
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reliable bristle counts are required over the entire
interface.
Although not a digitized representation, Fig. (8)
nominally represents the nonuniformity of the unpacked OD brush similar to that shown in Fig. 7(b).
Counting the bristles in each row Nx in Fig. 7(b)
gave Nt =. 140. Counting the bristles over a fixed
area, Nt 156 bristles. For an area of 70mm by
40 mm and a scale factor of 3 mm d, with other
46 )
parameters essentially the same (e.g., 0 +
and (Nt) 148, the unpacked porosity became

=

C2D

1487rd2/4
interface

cos(0 + q5)[70 x 40(d/3) 2]

0.46

with an estimated packed porosity 0.19 < Cpacked

<0.28.

The packed brush thickness and associated
porosities were estimated from post-test photographs (e.g., Fig. 7(b) at 50 x ), and by measuring
the axial thickness reduction ratio of the packed to
unpacked brush [(t) nonpack] < [(t} packed] <
[1/4(t) nonpack]. A note of caution; if one assumes
ideal equilateral bristle packing configuration and
applies this ratio to all sides of the ideal packing
triangle, i.e., packed axially and cicumferentially
versus axial packing alone, unrealistic results may
occur due to very small differences in void.
Figure 9 shows a bristle tip core with a surface
resembling a cast-iron fracture. The core is rough
with pits and bumps. No metallurgical tests were
performed because the brush has been reserved for
further flow testing. Only marginally visible are
grooves and ridges scratched across the tips in
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FIGURE 8 Simulation of bidirectional OD brush seal bristle tips.
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FIGURE 9 OD brush bristle tips 128x and observed grooving.

Interior like castiron fracture with
many small bumps
and pits and about
20 scratches or
ridge lines across
surface
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the direction of rotation. Typically, each tip will
have 15-20 visible scars with a bristle diameter
of 0.071mm (0.0028in). The scars are perhaps
4gm (160gin) wide, and transfer material is
scattered over the surface, as represented in the
sketch in Fig. 9.
Small particulate matter that looked like dust
was found on the rotor outlet. This "dfist" may be
related to material loss or transfer at the interface.
The seal may have operated line to line at the later
stages of testing.
Figure 10 illustrates bristle pullout or significant
subsurface displacement of a bristle or a set of
bristles that dislodged the brush at the fence plate.
The surrounding bristles are even and show no
distress. Part of the bristle bunching may be due to
in-pack bending, twisting, or shearing of bristles.
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FIGURE l0 OD brush bristle pullout or subsurface
displacement.

Optical Inspection of ID Brush

Figure 11 illustrates the disheveled nature of the
bristle interface with more evidence of bristle
pullout or bunching. There are several reasons
for this:
1. The brush seals were set into position with
nearly blind access.
2. The installed measured diametral interference
was more than mm (40 mils).
3. Brush construction is much more complex in the
ID configuration than in the OD configuration.
The bristle pack thickness for an ID seal has to
increase as the radius decreases (i.e., thickest at
pinch radius), whereas just the opposite is the
case for an OD seal, Fig. 3(b).
4. Control of rotor concentricity, surface finish,
and coating is much more difficult in the ID
configuration than in the OD configuration.
5. Figure 11 also illustrates the erratic bristle
lengths (the "chewed" appearance) and the
potential for dislodging and pullouts.

Figure 12 was taken to determine the unpacked
porosity. For Nt 250 with a scale factor of 3 mm
(0.12in) d, an area of 103 mm x 50ram (4.06in x
1.97in), and a bristle angle at the interface of

FIGURE 11 Disheveled nature of ID brush bristle interface.

(0 + qS) 48

,

the unpacked porosity becomes,

Eq. (2),
e

2507rd 2/4
cos(48)[103 x 50(d/3) 2]

0.48

with an estimated packed porosity of 0.22<
gpacked<0.31- The number of bristles per unit
circumference for dbristle --0.071 mm (0.028 in) is

250

103(0.071/3)
103/mm (2616/in) of circumference
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which is in good agreement with the manufacturer’s
value of

Nt

FIGURE 12 Assessment of bristle count for ID brush seal
at 50.

98/mm (2490/in)of circumference.

The row counts were difficult to assess. Figure 12
shows that, potentially, the number of rows Nx
14 and illustrates regions of void and bristle
"bunching" (see also Fig. 11).
As cited in the OD brush observations, the level
of optical detail observed simply cannot be
captured by the imaging system, at any magnification. Yet it is the best available. Consequently,
observed surface details can be described that are
not evident in Fig. 13. For example, variations in

FIGURE 13 Bristle tip observations at 128x" (a) variation in bristle length at radius r; (b) focal plane at radius dr." (c) focal
plane at r- 2dr. and (d) focal plane at r- 3dr.
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bristle length of up to l0 bristle diameters are
commonplace within the brush pack (Fig. 13(a)).
However, the photographic resolution has limited
depth of field, and some tips are out of focus. To
provide some concept of bristle length variation,
photographs (Fig. 13(b)-(d)) were taken at three
focal planes, at progressively smaller radii. These
figures partially capture the changes in bristle
length by using the out-of-focus bristles to provide
a sense of depth.

Effects on Future Computational Effort

Computational fluid dynamic (CFD) calculations
of ideal arrays with porosities simulating those of
brush seals show few areas for recirculation or
transition to turbulence (Kudriavtsev et al., 1997;
Athavale et al., 1995). The Reynolds numbers are
just too small. However, several types of flow
pattern emerge in fabricated bristle arrays (Braun
et al., 1990), and photographs of the unpacked
outside seal at 50 and 64 (not shown) revealed
several void areas that had little geometric similarity yet had nearly the same unpacked porosity. It
is also known, from the CFD calculations and
experimental data near wall boundaries, that the
Reynolds numbers become significantly higher
because of the increased leakage and that recirculation patterns appear (Hendricks et al., 1992; Braun
et al., 1990). Similarly, the propensity for rivering
and vortical flows is enhanced for ill-ordered
arrays. One could also assume that the irregularity
of these arrays increases with bristle motion under
increasing pressure drop, contributing to a
"choked" flow effect at sufficiently high pressure
ratios. These effects may explain why brush seal
data depart from CFD results for ordered arrays.
Experimental brush seal data (e.g., Carlile et al.,
1992) tend to follow the Ergun relation (Ergun,
1952), which is a linear sum of the Blake-Kozeny
and Burke-Plummet equations for laminar and
turbulent flows in porous media (Bird et al., 1960).
However, although the CFD results for regular
arrays of cylinders tend to be laminar with no
tendency toward turbulence or vortical flows, these
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features may show up when very fine computational grids are used. The most likely reasons are
sensitivity to small perturbations in the array and
displacements due to pressure loadings. With such
fine details required, the computations become
expensive.
Surface Tribology

Although the bristles wore significantly and some
tufts were disheveled to the point of permitting
rivering and vortical patterns with enhanced radial
flows, neither set of brushes appeared to deteriorate
further with time. However, the break-in time was
12.5h with a total time of 19h and 54min, not
thousands of hours as would be required for engine
operations. This testing was at break-in nominal
radial interferences of 0.15 and 0.23mm (6 and
9 mils) for the OD and ID brush seals, respectively.
Attempts to quantify the surface wear were
unsuccessful. Surface measurements, however,
showed that the chromium carbide (CrC) interface
coating wore less than 0.025 mm (0.001 in) on all
four rotor interfaces. Optically, interface polishing or burnishing could be readily observed
(Fig. 14(a) and (b)). A closer examination of the
tracks revealed dark bands and "skipping," or
changes in hardness, which may represent either
tool marks of the parent machining operation or
changes in the CrC coating. Banded wear scars and
marks (Fig. 14(c) and (d)) extended beyond the
brush wear path, implying a preconditioning of the
rotor surface by machining. Figure 14(c) and (d)
also shows surface "spottiness," which may be
related to bristle wear. Perhaps the spots were
caused by bristle bunching combined with a
fluttering motion during the lightly loaded portion
of the cycle, a hard rub, or both.
Noting the circumferential orderly nature of the
bristles near the fence (Figs. 7 and 10) and then
over-laying Fig. 7(a) onto Fig. 14(c) and recalling
the pressure profiles (Fig. 5), the width of the dark
bands (or "car tracks") within the wear scar appear
to be the packed thickness of the bidirectional brush
seal. The distinctness of the upper darkened wear
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FIGURE 14 OD seal wear tracks: (a) outlet side; (b) inlet side; (c) closeup, outlet side and (d) closeup, inlet side.

scar band in Fig. 14(c) then could result from bristle
stiffening near the fence plate during one portion of
the rotor cycle. The lower darkened wear scar band
could result from bristle stiffening against the gap
plate during other portions of the rotor cycle. The
lack of distinctness of the lower band may be due to
enhanced bristle flexure at the gap plate during

operation. The spotted nature of the wear track
between the bands may have been caused by bristle
flutter due to load perturbations during the lightly
loaded portion of the cycle. The whipped appearance of the surface may then be caused by transverse bristle motion due to sharp pressure changes
over the rotor cycle. The broadening of the lower

BIDIRECTIONAL BRUSH SEALS

band can also be attributed to bristle spreading at
the rotor interface during seal installation and
subsequent wear-in. The ID brush seal surface
showed similar patterns, which are difficult to
capture photographically.
These results infer that the wear surface reflects
the axial pressure distribution applied to the bristles
(see Figs. 5 and 6). If the bristles do follow the
pressure loading, they are flip-flopped at about the
rotor-passage passing frequency (i.e., they perform
a major flip toward the fence plate at the opening of
the high-pressure port and a major flop toward the
gap plate at the opening of the low-pressure port
during a single rotor-passage rotation). However,
at 120 from the opening of the high-pressure port
they again flip toward the fence plate. During the
lightly loaded portion of the cycle the bristles are
perturbed (e.g., 60 185 etc.) and could be flipflopping in a fashion similar to flutter. These
comments are nearly consistent with the potentially
two to three prominent spacings in one passage
width in the wear scars (Fig. 14). No sacrificial
metallurgical examinations have been performed
on either the brushes or the rotor. Thus, one can
only conclude that the bristles wore significantly
and that the rotor coating showed car tracking
but little distress other than local burnish tracks and
a high polish.

, ,

SUMMARY

A set of ID/OD brush seals capable of bidirectionally restricting flows have been successfully
fabricated and tested. These brush seals have
extended side plates with sufficient gap to permit
compliance. Tests were run on a three-port wave
rotor with the baseline (gap control only) and brush
seal configurations in which the end-wall gaps
were varied and the wave rotor efficiencies were
measured.
Post-test optical inspection of the bilateral brush
seals revealed nonuniform bristle configurations
over the circumference in both the OD and ID
brushes. However, although the circumferential
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pressure distributions varied significantly, there
was no distinct evidence that the sharp changes in
local pressure affected the bristle configurations.
Various sections of the brush seals having nearly the
same porosities had very different unpacked arrays.
These differences would cause large variations in
modeling and subsequent fluid dynamics computations and may account for the departures from
idealized flow predicted by the Ergun relations and
experimental data.
No sacrificial metallurgical examinations were
undertaken, but the bristles did wear-in on the
rotor. The optical microscope revealed bristle tip
grooving, and material transfer could be inferred
from the cast-iron-fracture-like appearance of the
OD brush bristle tips. ID brush bristle tips were
similar except that no grooving was evident. The
coated rotor appeared to have been polished
without distress, except for "car track" scars and
marks from bristle whipping or bristle bunch
incursion loading. These marks may be related to
residual tooling or surface hardening in the parent
rotor material. The car track scars, or inner and
outer wear bands, may result from bristle stiffening
at the fence plate during one portion of the rotor
cycle and stiffening at the gap plate during other
portions of the rotor cycle. Small pressure perturbations may cause bristle flutter during the lightly
loaded portion of the cycle. These results support
the assumption that the bristle wear patterns
directly reflect the pressure loading at the blade
passing frequency.
Although the test time and operating conditions
were limited, the rotor surface appeared to be
polished, the bristles did wear-in, and the brush
seals provided enhanced component efficiencies
over the baseline.
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