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ABSTRACT

Fibers such as fabric and bristles can be readily
fabricated into a variety of seal configurations that
are compliant and responsive to high speed or lightly
loaded systems. A linear, circular, or contoured brush
seal system is a contact seal consisting of the bristle
pattern and hardened interface. When compared to a
labyrinth seal the brush seal system is superior and
features low leakage, dynamic stability, and permits
compliant structures. But in turn the system usually
requires a hardened smooth interface, permits only
limited pressure drops. Wear life and wear debris for
operations with static or dynamic excitation are
largely undetermined. A seal system involves control
of fluid within specific boundaries. The brush and
rub ring (or rub surface) form a seal system. In this
paper, design similitudes, a bulk flow model, and rub
ring (interface) coatings are discussed. The bulk flow
model calculations are based on flows in porous media
and filters. The coatings work is based on our experi-
ence and expanded to include current practice.

1. INTRODUCTION

A seal is the interface between the power stream
and structural boundaries. Seals control

(1) Leakage

(2) Dynamics

(3) Tolerance to boundaries

(4) Coolant, lubricant, or emissions flows.
All four affect engine performance through parasitic
losses, life, or limit cycles. Current trends toward
high-performance, lightweight engines require compli-
ant s2al and bearing configurations to accommodate
flexible interfaces. The brush seal (linear, circular,
or contoured) is one type of seal that permits compli-
ant structures. Circular brush seals by Cross Mfg.
Ltd. (Fig. 1) and Rolls-Royce have successfully opera-
ted in jet engines for hundreds of hours, Furgeson (l).
The leakage can be equivalent to that of several laby-
rinth cavities, Flower (2) and Gorelov et al. (3), per-
haps four to five depending on design and application.
However, because the brush is a contact seal, wear and

life become concerns (4,5); pressure drop is also limi-
ted to prevent bristle blowout and, although seal
dynamic perturbations are a major concern, Childs (6)
found a four-brush configuration more stable than a
labyrinth seal.

Costs of circular brush seals approach $100 per
inch of diameter plus tooling; perhaps one-fifth the
cost of carbon or labyrinth seals. The cost of a seal
system produced by a competent manufacturer approaches
$150 per inch of diameter for a 6- to l0-rms surface
finish of Aly03, CrO, or magnesium zirconate on a high
Ni-based alloy substrate.

Cross Mfg. has also provided linear seal configu-
rations as have other manufacturers. Contoured brush
seals currently under investigation are configured to
nonlinear boundaries; a major limitation to contouring
is convex curvature, which results in excessive poros-
ity at the interface (high leakage).

Brush seal modeling has been limited, ranging
from an aperture with the proper flow coefficient to a
bulk flow model, Braun (8), to a preliminary numerical
model, Mullen et al. (7), to working designs by Cross
Mfg., Flower (2).

Visualization studies have been carried out for
simulated linear brush configurations in water and oil
tunnels, Braun et al. (8-11). The major observed flow
patterns were lateral, vortical, rivering, jetting,
feather type, endwall, and clearance with strong vari-
ations from br stle tip (interface) to the root, see
the sketch in Fig. 2. The flows were quantized by
using the full-field flow tracking (FFFT) method, Braun
et al. (12), which allows qualitative and quantitative
flow description before, through, and within the simu-
lated brush seal. Parameters, such as bristle
diameter, spacing, voids, length, approach and exit
boundaries, and number and spacing of brushes, are
under investigation.

Cryogenic brush seal applications have been pro-~
posed (13) but turbomachine stability remains a prob-
lem (14).

Possible applications of brush seals to automotive
applications have also been proposed (15).

Bristle motion strongly influences leakage, dynam-
ics, and modeling, all of which are difficult to
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quantify and apply to the automotive and aerospace

industries.

Herein we provide a procedure for brush

seal system design.

1.1. Nomenclature

A

al1,az,a3

Cp,0
Cr

Cr

flow area, wH

reliability, material, and lubricant
parameters

clearance

flow coefficient for single aperture
friction coefficient

rated load

volumetric hydraulic diameter
bristle diameter

Young's modulus

stiffness

eccentricity

normal force (frictiom)

equals 1 when C > 0 and -1 when C < O
friction factor

natural frequency

flow area blockage, or bristle overlap,
(l - Por)3

sec(® + ¢)

equals -1 for contacting bristles and 1 for
noncontacting bristles

packing and blooming factor, 1 + 0.05 %%7

open—channel flow coefficient factor,

0.4 .
CD,ONx (1 - O.S(Px))A % 0.2 A
N, ~-1+N

] X
[—-N ] mdL,

mass flux (leakage/area)

units conversion constant

seal dam height (fence height)
moment of inertia

bristle length

number of bristles

number of bristles in x-direction
number of bristles in ©-direction

porosity corrected for bloom and packing

Por,o
Pout

AP

(Py)

(Px);

(Py)

(Re)y
SL
St

t1

3

()
Vopen
Vsolid

Viotal

w = Rég
w0

W1sW2

y’yO’yo

Z1seessls

Za

€0

porosity based on geometry
pressure downstream of seal

pressure drop

0.5((Px)l + (px>Nx>

-1

volumetric flow rate

shaft radius

volumetric Reynolds number
lateral pitch

transverse pitch

compact brush thickness

brush thickness at H

brush thickness at interface
average brush thickness

open volume

solid volume

total volume

velocity

applied load

seal width

preload

mass flow rates

axial position (along shaft)
bristle elastic deformation parameters
similitude parameters

bristle coordinate

equivalent aerodynamic load location
dynamic rotor angular coordinate
radial deflection

bristle spacing due to manufacturing
tolerances

bristle angle; angle position

viscosity
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v w/p

<] density
[} shaft angle to bristle
$0 reference angle for friction surface,

volume and area w/R
W rotational speed
(? average
2. BRUSH SEAL GEOMETRY

A typical jet engine brush seal configuration
(Fig. 1), courtesy of Cross Mfg. Ltd.) consists of
three elements:

(1) A backing plate (which acts like a sealing

dam)

(2) A circumferential or linear set of packed

wires (fibers or bristles)

(3) A pinch plate, which plays the role of a

retainer for the brush bristles.
The flexibility of the fibers and implicitly the per-
formance of this seal are governed by fiber length,
diameter, inclination to the moving surface, packing
density, and modulus of elasticity and backing plate
cl=arance (see also similitude parameters in the appen-
dix). Typically, for a circular brush the wire or
brush materials are superalloys and range from 0.05 to
0.07 mm (0.002 to 0.0028 in.) in diameter. The bristle
is approximately 0.96 mm (0.38 in.) long and aligned at
30° to 5C° to the shaft in the direction of rotation.
Nominally there are 98 bristles per millimeter (2500
bristles per inch) of circumference. The interface is
characterized by a smooth (4 to 16 rms) hardened sur-
face (e.g., Alp03 or Cr0).

3. BRUSH SEAL SYSTEM DESIGN

A seal system involves control of fluid within
specific boundaries. The brush and rub ring (or rub
surface) form a seal system. The brush seal system
and its associated loads are illustrated in Fig. 3.

Herein a bulk flow model, rub ring (interface)
coatings, and design similitudes are discussed.

3.1. Bulk Flow Model

The bulk flow model calculations are based on
Gunter and Shaw (16), which deals with flows in porous
media and filters. The coatings work is based on the
authors' experience and expanded to include current
practice. Preliminary bulk flow models appear in (8)
and (15).

Bulk flow model characteristic length. - The major
problem in arriving at a conventional type of friction
factor — Reynolds number plot is in defining the char-
acteristic length. Gunter and Shaw (16) do this in
terms of open volume and friction surface:

_ Open volume
Dy = & Friction surface area 1)

and Reynolds number becomes

oVD QD
(Re) = _y__ Vv
v i AP v

or

(2)

Equation (1) is a hydraulic diameter and allows for
nonuniform cross sections.

Friction surface area. — The friction surface
depends on how the bristles contact the interface and
rub one another. Assuming a fictitious surface at
(R + H),

H
éﬁ =(vLd~-£)(1 - f. )+ £, + gf—:—gzszz
N 0 6 1 6 N

d2
+ (f3 - 1w . sec(® + ¢) (3)

[Bristle surfaces]
+ [Interfaces of (bristle tips, rotor, ficticious)]

The unique feature of brush seals is that most of the
flow friction surface lies within the brush itself and
the other areas are usually less than 10 percent of the
total area. f; was estimated from flow observations
associated with Braun et al. (1ll).

Open volume and porosity. - Although the open vol-
ume is directly related to porosity, it is difficult to
quantize even for simple geometries.

=V -V =P \Y) 4)

Vopen total solid or,o total

where Pyr o 1is the porosity. For a circular brush
with circular bristles

- (t)Hw<1 ros i) onT L (s)

v

open
with [1 - (C/R)] » 1, For C < O, it is assumed that
bristle deformation is linear and uniform within the
brush (and H is diminished by {C|). The exact geo-
metric arrangement is not known. For C > 0, Vopen 1is
constant and does not include the clearance volume.
(Note that the circumferential spacing change is always
2mHNy/N.) The bristles are in motion and they both
pack and spread, or bloom, (ll). From these results
an estimate of spread and bloom is related to pressure
drop

Por = fhPor,o (6)

Flow calculation. - Brush leakage is the sum of
the flow through the bristles and the clearance at the
interface between the surface (R$<t>) and the bristle
tips.

Brush flow (C = 0): The empirical relation for
friction factor as given in (16) is

0.4 0.6
£ Lrehe (p_>°'“‘< ﬁ) (h) _e el
2 10(t)Gi Lo Dv 5L 10 Gf
where for laminar flows
DG
£_ .9 . - v1
3 = (Re)v (Re)v < 2003 (Re)v =~ (8)
and for turbulent flows
£ _ 0.9 _
2 = 0.145 wy = Gy(A)
(Re)v
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and where St is the transverse pitch, S; is the
longitudinal pitch (center to center distances between
nearest neighbors in adjacent rows or columns), and gy
is the viscosity at the wall.

The parameters St and §j are estimated from
the brush gometry. For uniform hexagonal packing the
number of bristles in the axial and circumferential
directions become

t, - d
1 N
NX =u + 1 Ne =N (9a)
t X
1
where
Hzl = <eo + d)z - %{80 + d sec(® + ¢)]2 (9b)
and
(eo) = ﬁ; <1 + %ﬁ d sec(® + ¢) (9¢)
Then
Sp=d sec(® + ¢) + (ee) (9d)
2
S
2 T 2
SL = (2 ) + Htl 9(3)

where eqg ~ 10~% in. represents wire and manufactured
packing tolerances.

Channel flow (€ > 0): Assuming bristle rows to
be similar to sequential orifices, the results from
Hendricks (17) can be applied, and the axial flow
through the clearance with Ny bristle rows becomes

w
2
G, = fS\/Zp ap = -2 (10a)

Fence interface (R + H): Brush seals have two
kinds of edge losses. Both the linear and circular
configurations leak at the sealing dam (or fence) and
rotor interface. In addition, the linear brush has end
wall leakage which is distributed over the circumfer-
ence of the circular brush forming convergent flow
paths along the bristles (divergent for brush on
rotor). Flow along channels formed by the bristles and
backing washer becomes

Wy = CD3(Re3,¢)A3\/2p AP (10b)

The flow coefficient is taken from Eq. (7). For flows
greater than 0.7 scfm, W3 = Q.

I
C. (Re,,®) = 2 =
D73 £ (10¢)

= 0.4 herein

Flow area (C < 0). - When C < 0, the average flow
area decreases with decreasing porosity and is approx-
imated by

vogenfh
(A) = 0 4 (11a)
where A3 is the flow area at the fence interface
(R + H),
a? (1 *R . c)
A3 = Ne . 3.732 s (11b)
N &
0w
D = 3 (1lc)
v

3 [wd + (d + eo)<1 + g)]Ne

and for equality use elliptical parimeter.

Flow area (C > 0). - When C > 0, part of the
flow goes through ({A)g—g), part through A3, and part
passes through the channel of aperture area Cw. The
leakage flow is the sum of that through the brush and
that through the channel between the bristle tips and
the fence interface; rotor and fence interface dynam-
ics are neglected.

The minimum flow area is related to the average
bristle spacing.

Anin = H[<1 + 0.5 7 E C)w - Ngd sec(® + ¢)]EA (11d)

3.2, Bristle Deformation

In a seal the bristles are subject to mechanical,
aerodynamic, and pressure drop loads. Relaxation of
the prestrained or interference loads permits a
restricted movement of the bristle tips that both
creates and closes voids and can lead to the onset of
instabilities (e.g., fluttering). The aerodynamic load
due to the fluid moving along with the rotating inter-
face tends to lift the bristle from the surface into a
rub-free state. The load due to longitudinal pressure
drop per bristle row flexes the bristles toward the dam
or fence. Instabilities of the bristles near the
entrance and exit can occurj the bristle deformation
increases the leakage area, the packing, and the bloom.

When the bristle tips are not contoured, the bris-
tle tip void areas must also be added to the leakage
area.

Bristle tip deformation Hdef

= Vector sum (Rotation + Pres-
sure + Preload) displacements

2
2 | (Rw)
= Fl[ 2

, F3] + %Z(AP, Fy)

>
+ F3(Zl)

The bristle free length L 1is the solution of the line
representing the bristle, its circular arc, and the
shaft. The displaced bristle position and angle with
respect to the shaft and the housing is the solution of
the free-length arc and the shaft, Appendix A.

3.3. Bristle Response
A simple noninteracting bristle can be considered
a cantilever beam with mechanical, aerodynamic, and
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pressure drop loadings. The spring load is placed at
the tip of the bristle; the aerodynamic load is placed
(z5) from the interface and opposes the spring load,
Appendices A and B,

1 1/q
z, = (H + C)sec(® + ¢)|1 + (n " 1) (12a)

an approximation is

2, = 0.5 528 sec(o + ¢) (12b)
here n 1is the velocity power law exponent. However,
under the pressure drop load the bristle is deflected
about the seal dam or fence height and can be consid-
ered as a redundant beam with a uniform load. The
pressure load is initially considered to act at right
angles to the aerodynamic and spring loadings. Bristle
stiffness becomes similar to the redundant beam spring
constant.

The beam elastic locus, with units L3/EI can be
represented by

. Rz - zo>3

Y =¥yt gz ¢+ 3 + 5(z2) (13)

where yg 1is the deflection at =z = 0 (at the inter-

face), yo 1is the slope, R is the dimensionless reac-
tion at the propped support, and S(z) is the load
function. The spring constant for this case is

k = — (14a)

For the cantilever

©)

k = 3mEL 64 (14b)

The deformations are assumed to be elastic, and changes
in clearance are represented by

AC = L Yo¥o (15a)

with spring and cross-coupling, Appendix C, related as

-1
kxx « L yo (15b)

kxy x - CFkxx (15¢)

The natural frequency is assumed to be that of a canti-
levered steel beam:

_ ll.3x10h

n hLz

f

3.4. Bristle Interface Loading
The spring load or preload becomes

-(®+¢) (17)

w+wo=0}

s

F = kxxL[(e + ¢) W+Wo

The buckling load is a component of the spring load and
is increased by the imposed sliding load if the rotor

is reversed; this load is related to the friction coef-
ficient (8§, is 1 for rotor reversal and -1 otherwise).

Fy = [cot(e +¢) + srcF]Fs (18)
The buckling displacement is proportional to the direct
clearance displacement and equals

_[—<es + ed) + C]cos(e + ) (19)

when the direct clearance displacement is less than 0
and equals 0 otherwise; e and eyq are static and
dynamic eccentricities.

Empirically, in terms of Euler column loading or
some modifications thereof,

aE1<§>20<§> (20)

where « 1is 1/4 for the cantilever and 1/2 for the
guided cantilever and G(L/d) are hyperbolic functions.
It is important to design the bristles to deform elas-
tically within the seal dynamic limits in order to
mitigate fatigue failures and prevent permanent sets
(i.e., buckle-before-failure criteria).

3.4. Wear Ring
In order to form an effective seal, a radial pre-

load or interference fit is selected (e.g., 0.13 mm;
C.J05 in.). As the shaft rotates, the preloaded brush
acts as a cutting wheel; without a suitable protective
surface the shaft can suffer thermomechanical damage.
Ceramics, such as high density Al,03, ground to surface
finishes of 4 to 16 pin. rms have been found to be sat-
isfactory as wear rings. Moderate-density Zr0,-Y903
over a NiCrALY bond coat, Mullen et al. (18), has with-
stood both severe pressure gradients and cryogenic-to-
combustion thermal shocking. The bond coat functions
as a strain relief and provides significantly higher
adhesive/cohesive strengths than other forms of bond-
ing. Laser finishing of the Zr0j-Y»03 surface can pro-
vide higher surface densities for abrasive protection.
Typical surfaces are a 0.076-mm (0.003-in.) bond coat
and a 0.13-mm (0.005-in.) ceramic plasma sprayed and
ground. A similar system formed by chemical vapor
deposition but with a 0.025-mm (0.001-in.) bond coat
and a 0.076-mm (0.003-in.) ceramic coating could be
completed.

Surfaces hardened by metallic coatings, such as
nickel chromium plus additives or tungsten carbide,
have higher adhesive/cohesive strengths than the
ceramics bonded to the substrate. Ion-implanted sur-
face hardening embrittles the surface, and any bristle
incursion will score the surface.

In systems requiring heat sinking, a copper band
could be inlayed or plated onto the shaft before it is
ceramic coated. This process has a great appeal
because of the compliance of the copper. For a larger
compliance coupling, using a metallic feltmetal pad
with the ceramic top coat appears feasible, but func-
tionally gradient materials are better for compactness
and thermomechanical behavior, Niino (19).

3.5. Rub Heat Input
The brush is designed to rub the shaft, creating
heating, wear, and debris. The objective is to

Z20z ¥snbny 9| uo 3senb Aq ypd-Gze-16-16-6608 101 00A/SPS00+2Z/660V L 0L L00A/6868./1 661 LO/4pd-sBuipesooid/1 ©/610 awse uonosjooje)bipawse//:dny woy pepeojumoq



minimize each. The coating must be smooth and com-
patible with the bristle material to minimize the
interface friction coefficient; the coating must also
be capable of passing the generated heat to the work-
ing fluid or the system rather than creating a local
hot spot as a source of spallation, shaft weakening,
and possible instability problems.

A simplistic rub model considers the bristle to be
like a commutator brush on an electric motor; the heat
input follows as the product of the spring force, the
surface velocity, and the interface coefficient.

2
CFFSV csc (0 + ¢)

Heat flux = (21a)
A
fs

and using Eqs. (14b) and (17), Eq. (21a) becomes

3
Heat flux = 16 CpReZ, (21b)

where Afg = (wd2/4)sec(® + ¢) and implicit in Cp is
interface lubrication; (C < 0).

Figure 4 illustrates the calculated effects of
bristle interference on heat flux; the design inter-
ference is 0.13 mm (0.005 in.). If the bristles become
entangled, their effective stiffness increases and, in
turn, significantly increases heat flux. Bristle
stiffness also increases as pressure drop increases
owing to bristle compaction and forcing of the bristles
into the fence gap. The effect is the same as decreas-
ing the bristle length and leads to severe heating,
bristle wear, possible spallation of the rub coating,
and increased debris generation. For these same rea-
sons the rub-in or burn-in period must be short, and a
means of diverting or filtering the debris from the
bearings and the coolant passages must be considered.

4, COMPARATIVE RESULTS

The results of flow calculations using the pub-
lished geometric parameters and volumetric flow rate
as a function of clearance data provided by Cross Mfg.
Ltd. are compared in Figs. 5 and 6. The deviations at
low flows and low pressure drops are evident, to
30 percent. However, the trends and general levels
appear correct. In particular, the abrupt flow and
pressure changes when the clearance changes from inter-
ference to clearance appears physically realistic but
does not appear in the Cross data. Although the clear-
ances in Figs. 5 and 6 are initial clearances under no
pressure or rotary loading, the calculated values are
based on actual or loaded bristle deformations that
increase the clearance. The gap widening appears con-
trary to experimental observations of Ferguson (1)
could imply variable rather than constant prop points
providing enhanced stiffness. These and other assump-
tions require further study.

5. DESIGN SIMILITUDES
For single, cantilevered bristles some

similitudes include
(1) Load per unit length

4
d
2 = EL(L)

(2) Bristle tip pressure

E<%>2<%>cos(9 + 4)
5 =

z 2
sin“ (8 + ¢)
(3) Reynolds number
GDv
L=

(5) Fatigue life

n
CR
Z5 = alaza3(w—:—;5) 2 <¢<n<3

SUMMARY

A bulk flow brush seal model has been developed
and is in reasonable agreement with published results
from Cross Mfg. Ltd. However, many compromises and
assumptions had to be made and their verification
remains to be established.
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APPENDIX A

BRISTLE LENGTH, DISPLACEMENTS, AND DEFORMATIONS

Bristle Length
The free bristle length (L) for bristles with

cross section length, LIIC-O' and angle © (Fig. 3) can
be approximated from the solution of the equations,

ud
z - R1 = tan(e - 2)x

(z - Rl)z + x2 = Qg

where

©
|
[

and

The actual length depends also on the tip shape and
wear and the length, L, represents a contoured tip with
no wear. When the clearance is greater than zero, the
free length represents the undeformed bristle length.

Bristle Displacements

When the clearance is less than zero, the bristle
is displaced and spring loaded against the interface
(seal preload). The change in angle © and intersec-
tion or rub point can be calculated from

2 2 2
<z1 - R1> *x =19,

2 2 2
zy + % = (R +C)
x
A0 = tan_1 (;——%—§—> -0
1 1

X
A = can'l(—l) -
71

While this change in angle does not change the fiber or
bristle length it does change the effective prop or
restraining point of the bristle relative to the back-
ing plate or washer.

Bristle Deformations

The modeled loading is assumed to be the vector
sum of (1) preload, (2) pressure drop, and (3) rotation
fluid dynamics with attempts to handle interbristle
friction support by imposing a propped point on an
otherwise simple cantilever beam. The actual bristle
interference, lateral support, and torsional effects
are not known; the authors have observed bristle slid-
ing by comparing photographs and video tape of brush
displacements but have not quantized these results.
The elastic axes for bristle deformations (Fig. 3) are
assumed linear and additive with pressure drop in the
axial-radial plane and preload and rotation effects in
the circumferential-radial plane. For this paper, it
is assumed that the propped points are scaled by fence
height (sealing dam); actually separate scales should
be used for each plane.

Assumed Prop Locations
(1) Axial-radial plane
Prop distance = 1,15 fence height
(2) Circumferential-radial plane
Prop distance = 1,5 fence height
The elastic axis was determined using the methods
of Iwinski (20). The interference deflection is
assumed known, and the load unknown. The elastic locus
is normalized in terms of the unknown load (P) and the
stiffness B = EI. Here, L 1is bristle length, S is
load function (20), ¢ is prop point, R is propped
support reaction force, P is concentrated load or
force, W is load per unit length, y is deflection,
and x is beam coordinate starting at the free end.
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g

=y + YpX + (%§>(x - c)3 + S(x)
where ¢ 1is the prop point and

x - o)}

S(x) = 5

With the boundary conditions

y(L) =y (L) =y(c) =0
solutions for

L} d 5
Ygr Yoo and

become,
R 3 S(L) - S(c) !
— = -8 (L)
P (L - c)2 @ -
Yo = o (L - )2+ es (L) - s(e)
L} R 2 *
Vo=~ 3p - c)” -85 (L)

Concentrated Load (P) Located at (g)

sy = o8

Uniform Load (W) Over the Interval (a,b)

4 A
(x - a) (x - b) |/W
$(x) = 2% 24 }(ﬁ)

Once the bristle position has been determined,
the actual deflection yg is known. With g = 0, the
load P can be determined at the tip of the bristle.
This load is important as it relates to wear and heat-
ing while yg provides a measure of bristle dynamic
stiffness.

The brush pressure drop divided by number of bris-
tles in the axial direction provides a measure of bris-
tle loading. The load W per unit length of bristle
can be assigned and the deflection calculated.

Aerodynamic lifting loads occur from several
sources including nonuniform pressure field surround-
ing skewed cylinders in cross flow (inclined at an
angle (& + ¢)), from Couette flows over the bristle
tips providing a fluid film effect (bearings), and
fluid rotation or preswirl into the seal pack due to
shaft motion. These forces, in turn, are complicated
by surface effects commonly labeled friction, asperity
contacts, and fluid surface tension within the pack.
These details are the subject of ongoing work.

APPENDIX B
PRESWIRL AERODYNAMIC LOAD
While the velocity profile within the brush is

unknown we approximate it, from low rpm observations
without substantiation, as

= = 1 - =
Uy La

where u

0= Rw, n ~ 10, and La =L + C.

The average velocity becomes

and is located at

1/n

z_ _ 1
L =1- (n + l)

a

The aerodynamic load becomes

C 2
D _[u 2
F = 3 p(u > Uy Ld

0
where
10
Re < 3.2 CD = /4
Re
3 5.6
3.2 < Re ¢ 10 CD =%
Re
103 < Re < th c. =1
D
pu.d
Re = 0
u
APPENDIX C

BRUSH FORCES AND STIFFNESS

Assume that clearance C ¢ 0 for 0 ¢ B ¢ 2r and
changes in clearance are given by

A

e cos(B + ¢) + C
=ecos G +C

Summing the vertical forces

2
Fyx = Io (W sin T + WCp cos L)(C + e cos §)dT
= wCFew
where

2 \2
B 3w Eaa \¥c 2
W= N ES e _6_(Qe) (Qe)csc (6 +9)

and since the pinning conditions are unknown we approx-
imate,

L
%e "3

and from bristle packing, increasing the moment of
inertia (I/Iy) = 20
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Summing the horizontal forces
2
F .= Io (W cos U + WCp sin T)(C + e cos §)dT

= meW

For a displacement in the vertical direction

A=C+e cos(C - g) =e + e sin {

Summing the vertical forces
2

F = f (W sin § + WC

vy o p cos )(C + e sin [)dL

= meW

450
Average

Up to 26
diameter

A

FIGURE 1. - CIRCULAR BRUSH SEAL (COURTESY OF CROSS MFG. LTD.)

Summing the horizontal forces

2w
ny = IO (W cos § + WC. sin )(C + e sin {)d

= —ﬂCFeW

The direct and cross coupled stiffness promoted by
the brush acting on the rotor becomes

K = -K = WCFW

and provides a stabilizing influence on rotor dynamics.
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FIGURE 2. - OBSERVED FLOW PATTERNS”.
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FIGURE 3. - BRUSH AND BRISTLE GEOMETRY.
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FIGURE 4. - HEAT FLUX VERSUS CLEARANCE WITH EFFECTIVE
BRISTLE LENGTH AS A PARAMETER.
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FIGURE 5. - BULK FLOW MODEL PRESSURE VERSUS NO FLOW
CLEARANCE. COMPARISON WITH CROSS MFG. LTD. DATA
SHEET.
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FIGURE 6. - BULK FLOW MODEL VOLUMETRIC FLOW RATE
VERSUS NO FLOW CLEARANCE. COMPARISON WITH CROSS
MFG. LTD.
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