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Rotating Brush Seal
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The proven technology of brush seals has been extended to

the mitigation of problems arising from friction and wear

at the bristle-rotor interface at high surface speeds. In

prototype testing, the brush is mounted on, and free to rotate

with the shaft, thus providing a compliant primary seal. A

face seal positioned between the backing plate of the brush

seal and the housing provides a secondary seal. The purpose

of this paper is to demonstrate the interaction between the

brush bristles and the shaft at high surface speeds as well as

introduce a numerical model to simulate the bristle behavior.

A test facility was constructed to study the e�ects of

centrifugal forces on bristle de¯ection in a single rotating

brush seal. The bristle-rotor interface was observed through a

video camera, which utilized a high magni®cation borescope

and a high frequency strobe light source. Rotational speeds of

the rotor and the brush seal were measured by magnetic and

optical speed sensors, respectively. Preliminary results for

speeds up to 11,000 rpm show no speed di�erential between

the brush seal and rotor, or any instability problems asso-

ciated with the brush seal. Bristle lifto� from the rotor is

successfully captured on video.
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Brush seals, due to their compliance characteristics, have

become a rather serious competitor for replacement of their

predecessors, the labyrinth seal, in gas turbine engines.

Brush seals allow axial or radial excursions of the spool

shafts without su�ering damage or a�ecting the sealing

integrity. In 1988, Ferguson (1988) reported that over thou-

sands of hours of testing, brush seal leakages were, on the

average, 5 ± 10% of those allowed by equivalently sized

labyrinth seals. In 1991, Chupp et al. (1991) showed brush

seal leakage reductions of 4.5 times that of labyrinth seals.

Proctor et al. (1996) tested single and double sets of brush

seals in liquid nitrogen and liquid hydrogen at speeds up to

65,000 rpm and pressure drops up to 175psid per brush.

The authors found leakage rates for a single brush to be

1/3 that of a 12-tooth labyrinth seal, and half that leakage

rate when two brush seals, spaced about 0.25 inches apart,

were used.

Although brush seals show a vast improvement in

leakage performance over other seals, they can still be

subject to catastrophic wear at the shaft/brush interface;

that appears to be generated by excessive thermal loads

borne by the friction due to the relative di�erential in

sliding speeds. Much of the current literature on brush

seals deals with the wear characteristics and material se-

lection. In 1992, Atkinson and Bristol (1992) investigated

bristle and rotor wear with two di�erent bristle materials

(cobalt and nickel based alloys) and three di�erent coating

materials (chromium carbide, tungsten carbide, and alu-

minum oxide). They found the brush wear to be tem-

perature dependent. Hendricks et al. (1992) reported

preliminary results of brush seal testing in the fourth-

stage turbine of the G.E. T-700 engine. Integrity testing of

a brush seal in the shroud ring of a T-700 engine was also

performed. The brush seal contained 0.0028 in. diameter

bristles of Haynes 25, at a lay angle between 43 to 50�. The

design clearance was 0.02 to 0.05 in. The turbine was

operated at 10,000 rpm and 850�F and at 20,000 rpm and

1050�F. Post test investigations showed regions of the

brush seal where bristles had been pulled out and bent-

over near the inlet of the seal, snapped near the fence plate

and a uniform smeared interface between the ®rst and

last axial rows. Forry (1993) tested wear characteristics

for Inconel X-750 and Haynes 25 bristles, both with a
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chrome-carbide rotor journal coating. Both brush seals

were run at 23,500 rpm at approximately 900�F for 10

hours, and had an interference of about 0.03 in. with the

rotor. Post test measurements indicated a wear of 0.033 in.

for the X-750 bristles and 0.037 in. for the Haynes 25

bristles.

Generally, most of the activities related to the brush seal

development have been experimental, with few notable

exceptions. Thus, Braun et al. (1990) and Hendricks et al.

(1991) o�ered a bulk ¯ow model for ¯ow through the body

of a brush, based on analytical and experimental develop-

ments concerning ¯ow in porous media. The analytical

results, when compared with experimental data showed

relatively good coincidence. The maximum di�erential in

results was observed at low ¯ows, and was approximately

30%.

THE CONCEPT OF THE HYBRID

FLOATING BRUSH SEAL (HFBS)

Attempting to utilize the improved leakage characteristics

of brush seals for gas turbine applications, while eliminating

the high relative surface speeds, Braun et al. (1995) and

Braun and Choy (1996) have developed the concept of a

hybrid brush seal which rotates with the shaft while its front

and backing plates are riding against a non-contacting gas

face seal. This arrangement is shown schematically in

Figure 1. The ®gure depicts a longitudinal cross section

through the seal test section. The rotating brush seal is

situated inside a test chamber which it separates into high

and low pressure sections, respectively. The brush is free to

rotate with the shaft while seated in between two ®lm riding

face seals. The face seals act as secondary seals while

providing dynamic stability and preventing the brush seal

from axial travel with the rotor. This hybrid brush seal

concept was tested successfully in feasibility studies under a

Phase 1 of a NASA SBIR award. The feasibility studies

were run at rotor velocities of up to 5,000 rpm and at room

temperature. The second phase of this prototype develop-

ment involved testing the seal con®guration at speeds up to

40,000 rpm and temperatures up to 900�F, conditions that

model actual engine conditions.

This paper presents some experimental preliminary results

showing the e�ects of centrifugal forces on bristle displace-

ment due to brush rotational velocities up to 11,000 rpm. An

analytical predictivemodel based upon a simple, single beam

de¯ection theory will be presented as well.

EXPERIMENTAL APPARATUS

The test rig is shown schematically in Figure 2. A steel shaft

is supported at each end by ball bearings located in upright

aluminum housings. The shaft is driven by a variable speed

motor that is connected through a belt and pulley system.

The pulley system allows the shaft to reach velocities as

high as 15,000 rpm. The shaft's test rotor is stepped to

di�erent diameters allowing di�erent pre-loads of the brush

seal bristles.

A magnetic speed sensor was positioned at the pulley end

of the shaft to measure its rotational velocity. An optical

speed sensor was positioned on the outer diameter of the

brush seal to detect the speed of a small strip of re¯ective

tape bonded to the outer circumference of the seal.

A video camera connected to a high magni®cation

borescope was used to capture images at the bristle-rotor

interface. The borescope was coupled to an electronic

stroboscopic mechanism, which was activated by an ex-

ternal optical sensor that sensed the same re¯ective tape

used by the optical speed indicator. Two additional video

cameras were used along with a video mixer and a VCR

to record a panoramic view of the brush seal and the

two speed indicator meters. A Nikon 35mm SLR camera

was used to capture, o�-line, still pictures of the images

recorded on videotape during the experiment.

The brush seal used for this analysis was designed by

B&CEA and manufactured by Cross Manufacturing Ltd.

(Devizes, U.K.). Figure 3 shows a schematic of the brush

seal and its dimensions. The brush contains 10 rows of

0.004 in. diameter bristles made of Haynes 25. The bristles

are inclined at 30� in the direction of the rotor rotation.

The side plates are approximately 0.1 in. thick and have

inner and outer diameters of 2.88 in. and 3.7 in., respec-

tively. The outer ends of the bristles make up the inner

diameter of the seal at 2.78 in. The design of the brush seal

came from analytic modeling of the bristle behavior, which

will be described in the analytical model section of this

paper.FIGURE 1 Cross section of hybrid brush seal assembly.
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EXPERIMENTAL PROCEDURE

The brush seal was centered on a 2.788 in. diameter section

of the rotor, producing 0.004 in. of radial preload. The

optical speed sensors were positioned to face the outer

circumference of the brush seal. A 0.125� 0.5 in. strip of

re¯ective tape had been bonded on the outside diameter of

the brush seal and served as the trigger for the optical

sensors. One of the optical sensors measured the speed of the

brush seal. The second optical sensor triggered the light

source to ¯ash at the rotational speed of the brush seal,

allowing the capture of a ``frozen'' image of the bristle-shaft

FIGURE 2 Experimental apparatus schematic.

FIGURE 3 Brush seal.
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interface through the borescope. The magnetic speed sen-

sor was positioned to face a key at the pulley end of the

shaft.

Three video cameras were used during the experiment.

The ®rst camera was attached to the borescope and posi-

tioned vertically over a 45� angled mirror, see Figure 2.

The mirror allowed the camera to look in the axial direc-

tion, along the shaft, at the bristle-rotor interface. The

borescope end was placed at a circumferential position

of about nine o'clock in the brush seal plane. The second

video camera was positioned to take a panoramic image

of the backside of the brush seal. This camera was also

utilized to view any strobed light of the borescope escaping

through the bristle pack. Penetration of such light was

a clear indication of bristle lift-o� from the rotor. The third

camera was positioned on the speed indicator meters to

view the speeds of both the rotor and the brush seal

simultaneously with the other two views. A Videonics

digital mixer was used to incorporate two of the three

images on the same picture. This allowed the speeds of

the brush seal and rotor to be captured interchange-

ably with the panoramic and magni®ed views of the brush

seal.

After the system had su�cient time to warm up, the

rotor was brought to 1,000 rpm and the VCR began re-

cording images. Images of the bristle-rotor interface were

recorded, with and without the speed meters, and the

panoramic view of the backside of the brush seal with

the speed meters. This procedure was repeated for speeds

up to 4,000 rpm, in increments of 1,000 rpm. The rotor

speed was then increased in increments of 200 rpm from

4,000 to 11,000 rpm, with the same sets of images being

recorded.

For visual characterization of the transient behavior of

the brush seal, both the bristle-rotor interface and the back

plane of the brush were recorded concomitantly. The rotor

was brought up from 0 to 11,000 rpm in 27 seconds and

then down from 11,000 to 0 rpm in 35 seconds.

ANALYTICAL MODEL OF BRISTLE

DEFLECTION

The design process of the brush seal involved parametric

calculations using the geometric characteristics and materi-

al properties of the bristles. The calculations allowed the

determination of the highest rotational speed at which the

bristles would begin to lift o� the rotor for a given bristle

geometry. These properties included: a) total length of the

bristles; b) length of the back and front plate; c) diameter

of the bristles; d) lay angle of the bristles; e) bristle pre-

load; f) bending stress of the bristles.

The eventually chosen geometric parameters were de-

signed to ensure that bristle lift-o� would be delayed as

much as possible. This is necessary in order to assure that

the brush speed tracks the shaft speed as closely as possible.

The present analysis considers only two forces contributing

to the bristle de¯ection; bristle pre-load (interference of the

inner diameter of the brush seal over the outer diameter of

the rotor), and centrifugal force, due to the rotation. Other

in¯uences, such as windage of the rotor and bristle packing

have not been included in this analysis.

Consider the forces acting on a single bristle of length

`, diameter d, under a preload P, lay angle �, and a

rotational speed !. The preload is the force applied by the

rotor onto the bristle, as the O.D. of the rotor pushes the

end of the bristle outward radially from its center. This is

shown schematically in Figure 4. The de¯ection, �P, due to

preload, P, is given by:

�P �
Pl3

3EI
where I �

�d4

64
�1�

The de¯ection, �w, due to centrifugal load, q, (assuming a

uniform load) is given by:

�W �
ql4

8EI
�

wl3 sin �

8EI
�2�

where q � w sin �
l

; w � mr!2; I � �d4

64
and m is the mass of

the bristle.

Next, we analyzed what happens to the bristle as it

begins to rotate with the shaft. The bristle will remain in a

constant state of de¯ection, �, developed from the preload,

from !� 0 until !�!�, where !� is the speed at which the

FIGURE 4 Single bristle under preload P and speed.
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centrifugal load begins to lift the bristle o� the rotor. With

this in mind, we examined three cases:

I. !� 0 : �� �P1��w1, but �w1� 0. Thus, �� �P1.

II. 0<!< !� : �� �P2��w2. Thus, �P2< �P1 and �w2> 0.

III. !�!� : �� �P3��w3, but �P3� 0. Thus, �� �w3 and

�w3> �w20

Looking at the problem from this point of view, we see that

as speed increases, the preload force decreases, and the

centrifugal force increases. Proceeding along this course,

we are now interested to ®nd what speeds are attainable for

a given bristle geometry and preload at which the bristles

begin to lift o� the rotor.

Using these simple equations, the brush seal design was

principally controlled by the rotational speed at which the

circumferential force would overcome the bristle preload

for various bristle geometries. At this point, the bristles

would begin to lift o� the rotor and, presumably, the

brush seal would begin to slip on the circumference of the

rotor.

DISCUSSION OF RESULTS

Analytical Model

Table I presents a parametric study for bristle design, based

on previously mentioned equations, used in the design of

the brush seal. The table presents values for bristle

diameter (d), and length (L), radius of the rotor (R),

rotational speed (!), lay angle (�), total de¯ection (� - pre-

load de¯ection at 0 rpm), de¯ection due to centrifugal force

(�w), de¯ection due to preload (�p), and total bending stress

(�). Rotational speeds were increased from 0 rpm until

the centrifugal de¯ection equaled the preload de¯ection at

0 rpm. This is the speed at which the bristle would begin to

lift o� the rotor. Bristle diameters from 0.001 to 0.005 in.,

bristle lengths of 0.4 to 0.15, preload de¯ections of 0.015 to

0.002 in., and lay angles of 20� to 60� were examined. The

numbers shown in the table represent some of the more

physically realistic geometries.

Preliminary testing for bristle lift speed on some

previously acquired brush seals, when compared to the

model's predictions, showed the analytical results to be

conservative. We felt at this point that the e�ects of bristle

packing (packing not considered) were responsible for the

model's early lift-o� predictions. The results from the

bristle de¯ection model and discussions with the brush seal

manufacturer led to the brush seal design previously shown

in Figure 3. The single brush consists of ten rows of 0.004

in. diameter bristles, 0.31 in. long, at angle of 30�. The

model predicted bristle lift-o� after 4,155 rpm, as shown in

the last entry of Table I. The brush seal, being positioned

on the 2.788 in. diameter of the rotor, produced a radial

pre-load de¯ection of 0.004 in.

Experimental Results

Figures 5 and 6 show a series of video images collected

during the experiment. Figure 5 shows the bristle-rotor

interface at rotational speeds of 8, 9, and 10,000 rpm. The

bristles began to separate from the rotor around 5,000 rpm,

after which the separation gap continued to grow. The gaps

that are shown in the ®gures, between the rotor O.D. and

the brush seal I.D., are about half the size that they appear

to be. The rotor surface re¯ects the bristle ends so that a

mirror image appears at the bristle-rotor interface. This

re¯ection is seen because 45� mirror was rotated slightly

outside the O.D. of the rotor surface in order to bring more

light to the bristle-rotor interface. The speeds of both the

rotor and brush seal are shown in all the ®gures. The brush

kept up with the rotor to the maximum tested rotor speed

of 11,000 rpm. The theory developed from the analytical

model suggested that as the bristles lifted o� the rotor, the

brush seal would begin to slip and thus, rotate at a slower

angular velocity than the rotor. The experiments showed

that as the rotational speed of the brush seal increased, a

critical speed !� was reached, after which, the bristles

began to lift o� the rotor. However, the brush seal did not,

as our theory assumed, begin to slip after the critical speed

was reached or surpassed. Figure 5 shows the bristle-rotor

interface at speeds of 8, 9 and 10,000 rpm, well after bristle

lift o� had occurred, with no speed di�erential occurring

between the rotor and the brush seal. It is apparent that an

aerodynamic layer is developed between the O.D. of the

rotor and the I.D. of the brush seal. This layer provides

TABLE I Bristle design parameters vs. speed

d (in) L (in) R (in) ! � � (in) �w (in) �p (in) � (psi)

0.004 0.3 1.4 7010 30 0.01 0.00999 9.59E-06 26660.27

0.004 0.3 1.4 4960 30 0.005 0.005002 -1.6E-06 13334.41

0.004 0.25 1.4 10170 30 0.01 0.010005 -4.9E-06 38404.73

0.004 0.25 1.4 7190 30 0.005 0.005001 -6.9E-07 19200.66

0.004 0.2 1.4 16000 30 0.01 0.010004 -4E-06 60006.07

0.004 0.2 1.4 11310 30 0.005 0.004999 1.25E-06 29998.12

0.004 0.31 1.394 4155 30 0.004 0.003997 3.39E-06 10617.44

157ROTATING BRUSH SEAL



FIGURE 5 Bristle-rotor interface at 8, 9, and 10,000.
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FIGURE 6 Backside of brush seal at 9, 10, and 11,000.
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enough friction between the rotor and the bristles such

that the rotational speeds of each remain synchronous.

The circumferential momentum of the vortex layer is very

signi®cant since it can potentially provide sealing capabil-

ities with no direct contact between the rotor and the

brush. This phenomenon occurred throughout the experi-

ments, even at the maximum tested speed of 11,000 rpm.

Figure 6 shows a panoramic view of the backside of

the brush seal. After a rotational speed of 9,500 rpm was

reached, the light being emitted from the strobe light

source can be seen coming through the bristle pack from

the backside of the brush seal. This is clearly demonstrated

from the series of photos in Figure 6. The light (encircled in

white) is shown to grow with the rotor (brush seal) speed,

at the bristle-rotor interface, at the three o'clock position

on the brush seal back face. Although not shown in any of

the ®gures, the clearance between the inner diameter of the

brush seal and the outer diameter of the rotor was visually

observed around the entire circumference of the rotor from

speeds above 8,000 rpm. The relative speeds of both the

rotor and brush seal are shown not to vary up through

11,000 rpm. The radial clearance between the rotor O.D.

and the brush seal I.D. at 10,000 rpm was measured to be

approximately 0.01 inches.

The transient behavior of the brush seal was observed

and recorded on video. This was accomplished by bringing

the rotor rapidly up to the maximum operating speed of

11,000 rpm from rest, and then shutting down the motor or

bringing the speed down rapidly with the motor controller.

The same clearances from bristle de¯ection were observed

as when acquired through gradual increase or decrease of

speed. The panoramic view of the brush seal showed no

signs of instability in any of the tests performed. Inspection

of the brush seal showed no damage to the bristles due to

ramp-up or shut down-speed changes. This result is very

important, in that, it was previously believed that rapid

decreases in rotor speed could damage the bristles because

the relative motion of the rotor will be against the bristle

lay angle.

Experimental-Analytical Comparison

Table II shows a table of centrifugal de¯ections versus speed

based on the analytical model and measurements of the

captured images. The model predicted bristle lifto� after

4,155 rpm. This was fairly close to experimental observa-

tions. The bristles were observed to lift around 4,500 to

5,000 rpm. The centrifugal de¯ections measured from the

experimental images and those predicted by the model, as

shown in Table II, do not correspond. We believe the large

discrepancies in the predicted bristle de¯ections are due to

the e�ects of bristle packing, which was not incorporated in

the model. The model was based on a single bristle and

applied to more than 190,000 bristles (10 rows at 2170

bristles per inch of bore circumference, nominal).

CONCLUSIONS

The experiments showed that the brush seal will reach a

critical speed, after which, the bristles will begin to lift o�

the rotor. The experiments also provided the unexpected

result of the bristles being entrained by an aerodynamic

layer between the rotor and the bristle tips long after lifto�

has occurred. The aerodynamic layer provided enough

circumferential momentum to keep the brush seal rotating

at the same speed as the rotor up to the maximum operat-

ing speed of 11,000 rpm. The numerical model provided

some insight for the qualitative behavior of a rotating

brush seal but did not correspond quantitatively to experi-

mental results. It is believed that the e�ects of bristle pack-

ing and windage of the rotor must be included for a more

realistic model to be developed.
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