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Model Developments for the Brush Seal Numerical Simulation

V. V. Kudriavtsev* and M. J. Braunt
University of Akron, Akron, Ohio 44325

A general review of the experimental, numerical/analytical, and industrial state of the art in the development
of brush seals is presented. The authors formulate a numerical model as it relates to the physics of the flow,
as understood from the numerous experiments done in the hydraulic tunnel at the University of Akron. Based
further on their own experimental and numerical work, the authors propose a new approach to the numerical
flow simulation of full brushes. This approach involves the segmentation of the brush in repetitive core segments,
bound by an inlet and an exit segment. A numerical experiment is performed to prove the validity of the concept.

Nomenclature
d = pin diameter, m
h = channel height, h = L, = Ly, m
N,ows = number of rows in a cylinder array
Nsee = number of the brush segments
P = nondimensional pressure, P, = pU3, p/P,
PTDR, = longitudinal pitch-to-diameter ratio, S, /d
PTDR, = transversal pitch-to-diameter ratio, S;/d
p = pressure, Pa
Re = Reynolds number based on channel
width/height, Uyh/v
Re, = Reynolds number based on pin diameter,
Uydp/nn
S, = longitudinal pitch, m
St = transversal pitch, m
T = time, (T,, s
T, = time scale, Ly/U,, s
t = nondimensional time
U = velocity in X direction, uU,, m/s
U, = freestream velocity, m/s
u, v = nondimensional fluid velocities
|4 = velocity in Y direction, vU,, m/s
x = dimensionless coordinate, X/L,,
y = dimensionless coordinate, Y/L,
Ax = minimum grid size in x direction
Ay = minimum grid size in y direction
AT = nondimensional time step
o = pseudotime step, the pressure equation

1. Introduction

HE development of the brush seal is considered to be

most promising among the advanced type seals that are
presently in use in high-speed turbomachinery. The brush is
usually mounted on the stationary portions of the engine and
has direct contact with the rotating elements, thus limiting
the “unwanted” leakage flows between stages or various en-
gine cavities. This type of sealing technology (in comparison
with conventional seals) is providing high-pressure drops due
mainly to the high packing density (around 100 bristles/1 mm?)
and brush compliance with the rotor motions. In the design
of modern turbomachinery, leakage flows between the stages
must be minimal, thus contributing to the higher efficiency
of the engine. Use of the brush seal instead of the labyrinth
seal reduces the leakage flow by one degree of magnitude.!?
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Brush seals were also found to enhance dynamic performance,
cost less, and be lighter than labyrinth seals. Even though,
industrially, brush seals have been successfully developed
through extensive experimentation,'~ there is no comprehen-
sive numerical methodology for the design or prediction of
their performance.’-* The existing analytical/numerical ap-
proaches are based on bulk flow models®” and do not allow
the investigation of the effects of brush morphology (bristle
arrangement), or brushes arrangement (number of brushes,
spacing between them), on the pressure drops and flow leak-
age. An increase in the brush seal efficiency is clearly a com-
plex problem that is closely related to the brush geometry
and morphology, and most likely can be solved only by means
of a numerically distributed model.

II. Brief Review of the State of the Art

Experiments done by Cross Mfg.®? (CM) showed that the
leakages in brushes are approximately 5—-10% of a finned
labyrinth configuration. The brushes manufactured by CM
have been eventually incorporated in the Rolls Royce design
of the IAE V2500-A1. As reported by Withers,? it was ob-
served that the seals quickly ran into a stabilized steady con-
figuration, and thus could, potentially, run indefinitely with
minimum maintenance.

Allison Engine Company also reported successful incor-
poration of brush seals in some of their engines. According
to Holle and Krishnan,® the T800 engine was tested with a
brush seal located at the turbine discharge, whereas the T406
Plus engine contained 13 brush seals between the compressor
interstages. Experiments performed at Teledyne CAE! showed
that the leakages may be reduced by a factor of 4 to 7, and
that the leakage (vs pressure drop) performance often follows
a hysteresis curve. It was also reported that the brush seals
were able to survive shaft excursions of over 0.0025 in. without
any significant loss in performance.!*!' Recent reports from
Wright—-Patterson AFB'' describe efforts for the incorpora-
tion of brush seals in all demonstrator engines and the re-
placement of the labyrinth seals with brush seals at all com-
pressor interstage locations. The experimental Advanced Brush
Seal Development Program at EG&G Fluid Components gen-
erated a comprehensive design methodology'? for application
to high-performance brush seals. Work done at Texas A&M"?
reported that 1) the last stage of the seals’ group develops a
higher pressure drop than the previous stages and 2) generally,
seals improve rotordynamic characteristics. Caroll and Easter'*
proposed a brush seal that would prevent a recirculating flow
of hot combustion gases from reaching a bellows seal located
in the wall of a combustion chamber. Braun et al.'® studied
nonintrusively the fundamental flow patterns and recon-
structed graphically the fluid velocities inside a cascade of
brushes. The flowfield was visualized by means of the full
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flow field tracking (FFFT) method,'* and revealed regions
that are characteristically river jetting, vortical, crossflow, and
exist upstream, downstream, or within the seal. It has been
found that high brush resistance to flow can result in sudden
catastrophic failure of the seal, whereas at lower flow resis-
tance the failure is gradual.

Presently, there is a strong ongoing theoretical effort to
simulate the hydraulic performance of the brush. Hendricks
and Braun’ have developed a bulk flow model based on the
porosity concept. The analysis predicts the pressure and leak-
age performance as a function of bristles’ configuration, po-
rosity, deformation, interface loading, and type of interfer-
ence with the rotating shaft. Trendwise, for the interference
fit, these results compare favorably with experimental results
reported by Flower,® even though the abrupt changes pre-
dicted by the bulk-flow model do not appear in Flower’s re-
ported data. Another leakage flow model is reported by Chupp
et al.® While the basic premise of the model is similar to that
of Ref. 7, the only parameter considered is the effective brush
thickness. However, bulk models®? and empirical formulas
for the pressure drops in tube arrays'” cannot fully account
for the brush geometry effects and cannot predict local brush
compliance or the associated flow phenomena.

Conclusions of a recent NASA seal workshop® indicate that
while the brush seals work well, there is a need to improve
its performance characteristics. Such a goal can be achieved
by using cascades of brushes, nonhomogeneous brush mor-
phology, nonconventional brush structure design, and in gen-
eral, a process of optimization of brush design parameters.
The distributed velocity fields (u«, v) and the associated pres-
sure distributions are of vital importance for the prediction
of the average pressure drop or the possible sudden failure
of the brush seal under unexpected local pressure fluctuations.

III. Problem Definition

The design goals of the model aim at determining the pres-
sure drop for a configuration specified by the designer. That
includes the density of the brush packaging, length, number
of rows, bristles sizes (homogeneous or nonhomogeneous),
and distances between the rows, or brushes, respectively (sin-
gle, double, or cascade brush). The systemic goals are to 1)
develop a physically relevant package of assumptions for the
simulation of the brush seal and to implement a robust nu-
merical method (using primitive variables u, v, and p) for the
calculation of the forced convective flow through dense brush-
like cylinder arrays and 2) analyze numerically different as-
pects of the flow dynamics in the generic brush prototypes.

For analysis and classification purposes we identified four
different models of generic brush geometries.!® The simplest
model (level 1) assumes flow analysis in the vicinity of a
nonmoving single bristle.! The second level (level 2) model
introduces the analysis of a limited cluster that consists of
several nonmoving bristles,'®!” that do influence jointly the
flowfield through disturbances generated by the wake vor-
tices. Level 3 introduces the analysis for a multicluster,?” and
finally, level 4 assembles large numbers of clusters with small
pitch-to-diameter ratio PTDR that actually simulate the real
brush.?!

One can see an idealized schematic of a linear brush seal
in Fig. 1. In real conditions the flow upstream of the seal
exhibits both circumferential and axial components. Reynolds
numbers typical for the circumferential component are usually
in the range 10*-10°, while for the transversal component
(leakage flow) they do not exceed low laminar values. Re-
cently published datas!*-!! allowed us to determine the typical
ranges of the parameters that characterize the brush seals
tested by the industry. The level of the leakage flow u,,, and
maximum velocity in the bristles pitch u,,,, were estimated as
3.17 and 76.55 m/s, respectively. In Fig. 2 one can find an
approximate range of Reynolds numbers typical for a brush
seal functioning in air (results were obtained based on the

low pressus» vone

s i " backin plate
Urot / front platf bl“istle
L >l e
a) inlet brush core exit
v 1
u=v=0

v=0

b) L
Fig. 1 Idealized schematic of the brush seal and flow path: a) generic
seal and b) problem definition.
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Fig.2 Qualitatative diagram of the flow leakage vs Reynolds number.

physical properties of the air, pitch-to-diameter ratio of the
brush, and the Reynolds number). This qualitative figure jus-
tifies an assumption of laminar and incompressible fluid since
the Reynolds numbers are not in the turbulent range and the
Mach number is less than 0.4. The authors have established
through their experimental work*!>-'® that the major factor
contributing to the pressure drop is the longitudinal flow in
the X direction in the XOY plane (Fig. 1). In order to simplify
the model we assumed a two-dimensional flow and neglected
both curvature effects and the flow in the Z direction (Fig.
la). Data extracted from field experiments'® showed time
stable flow rates through the seal. Thus, the potential move-
ments of the bristles do not have considerable influence on
the level of the pressure drop and we adopted the assumption
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of stationary bristles. While the flow inside the brush seal is
laminar, flow in the seal cavity or the brush entry region can
be turbulent and inherently unstable (see Sec. VI.C). Since
our main interest will be concentrated on the brush core flow,
we disregarded effects related to the potential inflow turbu-
lence due to its limited impact on the overall pressure drop.

IV. Governing Equations

The computational domain (with L, as length and L, as
width) is represented by the transversal brush cross section
restricted by upper and lower walls (Fig. 1b). Inside the do-
main, the solid nonmoving bodies (bristles) of round cross
section create a structure of n rows with m elements in each
row. The bristle diameter is used as a characteristic length
scale L, and the flow velocity at the entrance as a characteristic
velocity U,.

It is assumed that the flow is viscous and laminar and is
caused by the pressure difference across the brush. The initial
velocity distribution u(x, y) and the characteristic pressure at
the brush entrance are prescribed. The influence of the body
forces is neglected and the flow is considered isothermal. The
two-dimensional Navier—Stokes equations for unsteady in-
compressible viscous flow can be written in dimensionless
conservative form as
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Following the fundamentals of the marker-and-cell (MAC)
concept,*>>* a Poisson equation for pressure is obtained by
the differentiation of Eqs. (1) and (2) and subsequent sum-

mation of the resulting equations:
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The procedure for determining pressures is based upon the
requirement that the dilation term &% vanishes?*?* for every
cell at the end of the time cycle (9"*! = 0). The solution of
Eq. (4) requires an iterative process. After the pressure so-
lution is converged (for a given velocity field), one can pro-
ceed with the next time step or iteration for the momentum
equations. The remarkable aspect of Eq. (4) is that Eq. (3)
just states that 9% is equal to zero. Because of incompatible
initial conditions, or because of incomplete iterative solution
of the Poisson equation, the finite difference approximation
of % may not be equal to zero. The dilation term enforces
satisfaction of continuity on the n + 1 time layer by imposing
9+ = 0. Welch et al.?? showed that the continuity can be
satisfied from the calculation of the new velocities, provided
that Eq. (4) is accurately solved. 7

In this work, we are proposing a new technique for the
flow solution in the brush. This involves brush partitioning
and is intended to be a more suitable tool for large brush
design and analysis. The technique allows the division of the
brush in three typical areas (Fig. 1): 1) upstream free incoming
flow zone and the first several rows of pins with developing
flow, 2) a central core that consists of several rows of bristles
with symmetric fully developed flow distribution, and 3) an
outflow zone that includes the last rows of bristles and the
downstream area where jet mixing and vortices generation

are taking place. Hendricks®* showed that the first three and
last three rows of bristles are usually deflected outward of the
brush core during the experiments and do not significantly
contribute to the overall pressure drop. Since the central core
has the highest level of packing density and flow resistance
we will concentrate our analysis on this region. In general,
the total pressure drop in cylinder arrays can be expressed as

AP = C. > AP,,, i=1,...,N.. (5)
According to Zukauskas et al.,'” C, = 1, if the number of
rows is greater than three. One can conclude that in terms of
the pressure field, the flow is fully developed after passing
through the first three rows. The assumption of a fully de-
veloped flow distribution in the central brush core reduces
the size of the computational domain to a characteristic cell
of several sequential rows (characterized by a constant AP, ),
if indeed, one supplies proper symmetric, conservative bound-
ary conditions.

A. Brush Entrance Region

We assume an entrance velocity profile with u = f(y, )
and v = f(y, t), which in most cases can be reduced to u(x
= 0) = 1and v(x = 0) = 0. In the case of lateral solid walls,
the boundary conditions are specified as nonporous and non-
slip, i.e., u = v = 0. In addition, for flow symmetry, the
boundary conditions at the top and bottom boundaries are
given as

u_ 0 and o 0 6)
dy dy

or
u_ 0 and v =0 @)
dy

Exit boundary conditions can be specified in a similar way:

— =0 and v =90 8)
ox

B. Brush Core Zone

Inflow velocity conditions for this zone are the outflow
conditions for the brush entrance zone

v=0 and u = f(y, 1) )

where f(y, t) is established from the solution of the Navier—
Stokes equations in the entrance region. At the outflow of
the computational domain we apply Eq. (8), and at the lateral
walls Egs. (6) and (7).

C. Brush Outflow Zone

Inflow velocity conditions for this area are calculated by
means of the Navier—Stokes equations at the exit of the last
repetitive brush core zone, which implies that v = 0 and
u = fy(y, t). At the lateral walls we employ Eqgs. (6) and (7)
and the exit flow is allowed to develop naturally based on
boundary conditions far downstream. Thus, the velocity
boundary conditions imposed at the exit are derived from the
satisfaction of the continuity equation (specifically in the di-
rection of the U velocity)

ou _

_
ax ay

(10a)

and the condition for a fully developed velocity gradient for
the vertical component

Z-o (10b)



196 KUDRIAVTSEV AND BRAUN

Fig. 3 Velocity—pressure decoupling (velocity and pressure are spec-
ified simultaneously at the inflow boundary).

D. Boundary Conditions for the Poisson Equation

The dynamic pressure P is determined from the balance of
the normal forces with the inertia and viscous forces:

QZ_[M+M]+L<&+@> (11)
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In combination with the Dirichlet conditions for the velocity,
Egs. (11) and (12) form a well-posed boundary-value problem
with resulting solutions free of odd—even velocity—pressure
decoupling,? as exemplified in Fig. 3.

E. Initial Conditions (t = 0)

The input velocities are given as u = 1 and v = 0. The
pressures are set initially to an arbitrarily chosen value P =
P, = const. ’

ref

V. Numerical Implementation and
Solution Procedure

The system of governing equations is discretized on a non-
staggered grid using the alternating direction method. The
procedure uses the full direct approximation of each term
within the differential equation on every half time step A7/2.
On each time step the u-v velocities and the pressure equation
are solved jointly. The pressure equation solution uses a false-
transient method. At each pressure iteration the reference
point P(1, 2) is assigned a value P*. The pressure at every
node is calculated from AP, ; = P* — P, . If the steady-state
solution is of interest, then the internal pressure iterations are
limited to one iteration n, = 1 (two sweeps, one in the hor-
izontal and one in the vertical direction). The computations
are advancing in pseudotime until convergence is obtained.
When using the fully implicit finite difference approximation
the stability criteria for the solution of the pressure equation
can be written as*?

Az < V(Q)[Ax?A)(Ax® + AY?)] (13)

The spatial derivatives, with the exception of the convection
terms and cross derivatives, are approximated by an implicit
second-order central finite difference. For the convective terms
the implicit form of the first-order conservative upwind scheme
proposed by Torrance® is employed. Other alternatives to
the first-order upwinding, i.e., third-order-deferred correc-
tion scheme proposed by Kudriavtsev?® and Hayase et al.*”
were also considered and implemented.* The details of the
grid generation, the finite difference approximations, and the
solution procedure are presented in Refs. 4, 18, 19, and 28.
Issues of the iterative convergence and accuracy considera-
tions were presented by these authors* to validate their nu-

merical approach. The results demonstrated a very good co-
incidence of our numerical simulation with the experimental
flow visualization of Bouard and Coutanceau.* The nondi-
mensional pressure drops between the front and rear stag-
nation points®! were also very close to the experimental and
numerical data published by Fornberg.?® A comparison of the
experimental pressure drop obtained for three rows of packed
cylinders in the staggered arrangement (Re = 195), and re-
sults of our numerical simulation obtained on 551 Xx 1281
mesh showed only a 7% difference.?!-® Numerical grid con-
vergence studies (grids 139 x 139, 278 x 278, 323 x 323,
415 x 415, and 645 X 645), performed for the flow in a
staggered cylinder array,” showed grid independence both
for the flow structures behind the cylinder and the global flow
patterns.

VI. Results and Discussion

A. Pressure and Flow Patterns for Different Generic
Brush Formations

The time-dependent flow and pressure developments in
arrays of cylinders with PTDR equal and smaller than unity
were studied systematically.'®-2° The database that emerged
showed that the development of flow and pressures around
one cylinder, small groups of cylinders, and large groups of
cylinders do not lend themselves to extrapolation from one
configuration to another. A supporting example can be seen
in the pressures of Figs. 4 and 5. Figure 4 presents the pressure
oscillations at the trailing edge of a single cylinder located in
the square channel of Fig. 1. It can be seen that in a quasi-
steady regime the pressures in the wake of the cylinder reach
a repetitive oscillatory profile within an envelope of £5%.
When the number of cylinders is increased to five (see also
Fig. 8b) the pressure oscillations are contained within a +10%
envelope (Fig. 5a). The increase of the cluster to 72 cylinders
(Fig. 6), arranged in a staggered formation of seven rows,
generates in the wake of the array oscillatory pressures that
can be contained within a =2.5% envelope (Fig. 5b). These
results, when considered in conjunction with the flow patterns
already discussed,'®-2° demonstrate that phenomena indige-
nous to small arrays do not, as a rule, apply to large forma-
tions. Special methodologies, that involve the realistic treat-
ment of boundary conditions, have to be applied to small
arrays that can then be assembled in large clusters and render
a realistic reproduction of the flow conditions.

Figure 6 presents the flow structure in an array of 7 x 11
round pins with PTDR, = PTDR, = 1. Along the walls,
one can clearly observe high-velocity rivering jets that en-
gender contiguous regions of lower pressure that attract the
flow from the center of this generic brush.?® The central region
appears to be, fortunately, quite repetitive in nature, and
indicates that the use of a repetitive cell for the construction
of a large brush core is a feasible alternative. Finally, the
wake region presents the formation of the exit jets and the
incipient formation of meandering vortices.

The algorithm used to obtain the results presented in Fig.
6 (PTDR = 1) was used for modeling the dense array of Fig.
7. The flow, at Re = 1000, presents a steady-state pattern.
This packing density (PTDR, = PTDR; = 0.05) is of sig-
nificance for the real industrial brush seal applications (1/10
= PTDR = 1/30). The flow is dominated by accelerating—
decelerating streams formed by the system of converging-
diverging nozzles constituted by the adjacent cylinders. These
flows that are characterized by extremely high convective gra-
dients at their smallest cross section impose limitations on the
algorithm in terms of computational stability, resolution, and
global accuracy. Again, we see a repetitive symmetric flow
structure in the core portion of the brush segment and flow
symmetry around the channel centerline both inside and be-
hind the array. The window marked in Fig. 7a is shown in
detail in Fig. 7b. In Fig. 7b the rivering, lateral rivering, and
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Fig. 6 Typical flow structure in a large cluster of cylinders (level 3).

the nozzle-jets are quite evident. The formation of the jets
at the exit of the array can also be observed. The correspond-
ing experimental results obtained by FFFT,!*:1¢ are shown in
Fig. 7c. One can see good qualitative agreement between the
experimental and numerical flowfields. In Fig. 8a one can see
experimental results for a large pin array outflow that shows
the interaction of 12 convective jets, both between themselves
and with the walls. The experiment was run at Re = 1000,
and a rather unusual “‘butterfly”” flow formation was observed
in the wake of the array. The high-speed, low-pressure region
that developed near the walls of the pin array causes constant
jet flow deviation towards the walls. The central void thus
created is associated with pressures that are lower than the
far downstream pressure. This pressure field configuration
engenders a recirculation bubble that occupies a considerable
part of the outflow cross section and consists of two butterfly-
like vortices with strong negative flow along the centerline of
the cross section. Exactly the same butterfly flow formation
was obtained numerically for large and dense pin arrays (Fig.
7). Figures 8b and 8c present a simulation of this type of flow.
Qualitatively, they present the same flow structure as in Fig.
8a, for the same Re number (1 x 10%), even though the array
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Fig. 7 Large cluster of densely packed cylinders at Re = 195 (level
4): a) flow through the cylinder’s array and b) detail of flow near the
wall marked at Fig. 7a. Comparison of numerical and experimental
results.

sizes are different and PTDR = 1. For the numerical results
of Figs. 7, 8b, and 8c, it has been found that the flow structure
inside the array converged to a steady solution much faster
than the flow in the wake of the array. For PTDR < 0.1 the
numerical solution can be obtained only by large-scale com-
putational fluid dynamics modeling that requires grid sizes
approaching 1000 x 1000 nodes. Any further increase in the
size of the array or any further grid refinement becomes com-
putationally prohibitive and appropriate strategies need to be
found to handle this situation. '

B. New Approach of Brush Segmentation and Assembly

The totality of the numerical and experimental work pre-
viously presented has led us to the conclusion'® that we were
rapidly approaching the limits of our computer modeling ca-
pacity. We have learned'®* the following:

1) The flow inside the brush reaches a convergent solution
much sooner than near the wall boundaries or in the brush
wake.
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Fig. 8 Butterfly formation in the wake of the cylinder’s clusters: a)
experimental Re = 1000 (large array), b) numerical (small size array),
and ¢) numerical (intermediate size array).

2) In deep clusters the flow is practically repetitive, as long
as it is at least two rows away from the inlet or exit of the
generic brush.

3) The pressures fall monotonically in the brush core por-
tion.*

4) The computational time for calculating flow in a dense
array of cylinders (3 rows X 11 lines) at moderate Re is
prohibitive.
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The numerical simulations shown in Fig. 9 explain the ra-
tionale of the brush partitioning approach. As mentioned ear-
lier, one has to try to reduce the computational domain to a
representative cell. To optimally define this cell, and its en-
vironment, several geometrical setups were chosen. The first
considers the flow in the channel with no-slip walls as bound-
ary conditions. The second replaces the wall with symmetry
conditions at the boundary. From Figs. 9a and 9b one can
see that the wall introduces near-wall effects that change con-
siderably the flow structure. Thus, one has to select the sym-
metry boundary conditions as the optimal setup [see Egs. (7),
(8), and (10)]. At Re = 100 in the advanced time stages of
the flow development one observes the incipience of an asym-
metric mode in the outflow zone. This situation induces asym-
metry in the central part of the brush segment (Figs. 9b and
9d). In larger (deeper) cylinder bundles this effect does not
penetrate to their core (like in Fig. 6). Thus, the core and the
outflow segments need to be treated as separate computa-
tional domains.

To respond to the modeling difficulties mentioned earlier,
we assembled a full brush out of the component segments
(inflow, core, and outflow). The continuity and momentum
governing equations remain the same, but the boundary con-
ditions were modified to take into the account the repetitive
nature of the brush core. These boundary conditions were
described by Egs. (6—10). For the verification of the concept

a)

b) = = -
Brush Segment Located
in the Channel

on lateral boundaries

we have used a partitioned array that contains the segments
shown in Fig. 9. Figure 10a presents a succession of identical
core segments that are characterized by equal pressure drops.
Figure 10b displays the inflow and outflow segments that are
added to the central core in order to form a complete system.
The resulting total pressure drop can be calculated as
A})brush = AI)inflow + NschPccmral + AI)outflaw (143)
If one considers the Hendricks? report, and if the brush has
more than 10 rows (N, = 10), it seems rational that the
overall pressure drop can be evaluated with little error by

considering only what we defined as the core portion. Thus,
one can simplify Eq. (19) to

APbrush = NsegAPcentraI (14b)

C. Brush Seal Located in the Disk Interstage Cavity

The method presented in the previous sections is very ef-
ficient, but limits brush seal modeling to two-dimensional
flows. Effects of the radial clearance between the brush and
shaft, relative sizes of the backing and front plates, are not
taken into consideration. The brush seal is usually designed
with a brush preload of about 0.005 in., but many researchers
reported experimental results with the brush/shaft clearances
in the range between 0.0-0.0075 in. As reported by Yoder
et al.,* seal leakage can significantly change as a function of
the size of the clearance. To address these issues present
authors have generated an integrated computational algo-
rithm (FLOCON) to model complex interstage gas turbine
cavity flow with the full brush seal inserted between adjacent
cavities.®! This algorithm builds up on the developments pub-
lished previously*'® to predict brush permeability in the
framework of the porous media model. The combination of
the brush seal model (porous media assumption) and the in-
terstage cavity (rotational axisymmetric flow) model was suc-
cessfully implemented into a single computational entity. For
example, Fig. 11 presents numerical flow visualization results
of the two-dimensional axisymmetric rotational fluid flow
(Re = 10°) in a generic cross section of an interstage turbine
cavity. The core flow is driven by an imposed pressure drop
along the vane row of the main flow path. Three intercon-
nected disk cavities separated by a brush seal are located along
the secondary flow path. One of the important conclusions
of these authors®! is that for high main flow Reynolds numbers
(always the case in the gas turbine flow path), the flow for-

Fig. 9 Samples of the fluid flow in the brush segments at Re = 100:
a) symmetric mode (initial stage of flow development), b) asymmetric
mode (final stage of flow development), ¢) symmetric mode (initial
stage of flow development), and d) asymmetric mode (final stage of
flow development).

b) front brush section

Fig. 10 Assembled brush cluster at Rer = 20.
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Fig. 11 Flow structure in the turbine interstage with the brush seal
inserted in between two adjacent cavities (Re = 10°).

mations in the seal cavity are extremely complicated and the
fluid flow has a periodic oscillatory nature that requires time-
dependent terms in the governing equations.

VII. Conclusions

The authors have presented chronologically the main stages
and the main contributors to the technological development
and numerical simulation of brush seals. As one can see, there
were three avenues that were followed. The first involved
laboratory experiments on simulated brush seals that led to
a better understanding of the flow conditions and flow paths
in the brush. The second involved industrial testing of brushes
that yielded real experimental data concerning pressure drops
and leakages. These efforts performed within the framework
of major industrial manufacturers and users of brush seals led
to the incorporation of brushes developed experimentally in
these manufacturers’ jet engines. The third and final avenue

_was the numerical development of design and predictive tools
for the brushes. These tools have used either lumped or dis-
tributed codes, as shown earlier in this article. This article
presented a first attempt at extending the distributed model
of Braun and Kudriavtsev* to a model where the brush is
segmented in inlet, core, and exit component. This concept
allows the construction of infinitely large brushes with dimin-
ished computational penalty. It was shown that this concept
predicts correctly the flow in the repetitive segments of the
core, as well as in the inlet and exit zones. A further advance
was made in this modeling by introducing a porous medium
assumption to model the entirety of the brush, as it is inserted
in the turbine cavity.
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