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This study presents a detailed comparative analysis between experimental leakage flow rates
and numerical predictions for carbon brush seals with long bristles, utilizing a porous
medium model approach. A series of tests were carried out on a static rig (without rotor
rotation). The experimental setup allows tests under various interference conditions,
revealing significant insights into the flow behavior through the brush seal. A numerical
model based on the Darcy—Forchheimer equation is developed to interpret the complex flow
dynamics within the brush seal, accounting for viscous, compressible, and inertial effects.
The study evaluates the impact of brush deformation and porosity on flow resistance,
leveraging experimental data to refine the numerical model parameters. This investigation
not only deepens the understanding of brush seal flow physics but also improves the
predictive accuracy of the numerical model in simulating operational conditions.
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1 Introduction

Brush seals represent a sealing technology used in rotating
machinery and offering advantages over traditional labyrinth seals.

The key benefits of brush seals lie in their remarkable efficiency in
minimizing leakage and a cost advantage in some applications [1].
For example, due to their compliant nature, they are able to
accommodate important dynamic radial displacements of the rotor
that would otherwise lead to damaging contacts in labyrinth seals.
Their use brings a significant reduction in weight and space
requirements, making these seals particularly attractive for aero-
space applications. These characteristics make them attractive even
for stationary parts in turbomachinery like compressors and
turbines.

Figure 1 depicts a carbon brush seal before and after mounting.
The sealing of liquid or gas by a brush seal is ensured by a multitude
of deformable bristles forming a compact brush compressed
between a front and a back plate at one end and in permanent
contact with the rotor at the opposite end. The length of the brush
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exceeding the radial clearance is called interference which
approximately corresponds to the length of the bristles laying on
the rotor surface. The contact occurring between the brush and the
rotor raises many tribological problems related to friction and wear.

Three types of brush seals can be distinguished following the
material employed for the bristles: metallic, Kevlar, or carbon
bristles. The bristles material is of capital importance but is not the
only design characteristic.

Haynes 25 metallic brush seals have bristles made of a cobalt-
based alloy with diameters of the order of 0.07 mm, designed for
high strength and oxidation resistance [2]. They operate at
temperatures exceeding 700°C, suitable for the demanding
conditions of gas turbines. They are characterized by 100 or 200
bristles per circumferential millimeter mounted with an inclined
layout and are engineered to accommodate small radial interfer-
ences, up to 0.3 mm between the bristle tip and the rotor surface.
Therefore, they can enable thermal expansions without compromis-
ing their integrity [3]. Their design is crucial for maintaining
effective sealing in dynamic environments (i.e., rotor vibrations),
with special attention to wear and heat control.

There are many methods for calculating the flow rate in metallic
brush seals. Some are approximate methods relying strongly on
experimental data [4-6], while others are more elaborate models
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using the theory of flow in the porous medium created by the bristles
pack [7-15]. The most advanced approaches are based on a
fluid—structure interaction involving three-dimensional CFD and
mechanical modeling of the brush [16].

The Kevlar brush seals design is described in Ref. [17]. They
feature bristles finer than for metallic seals, of approximately
0.012 mm in diameter, providing tighter sealing and lower leakage
rate. The manufacturing process ensures up to 7000 fibers per
circumferential millimeter, with bristles inclined at 15deg and
maximum rotor interference of 0.2 mm [3]. These seals are limited to
operating environments below 250 °C due to the thermal degrada-
tion of Kevlar bristles.

Carbon brush seals (Fig. 2) differ by their use in high-temperature
applications, benefiting from the thermal and mechanical properties
of carbon fibers [18]. These fibers are significantly smaller in
diameter and have longer lengths than the previous two types.
Carbon brush seals feature bristles with diameters as fine as 5 yum and
lengths up to 2 mm. The manufacturing process involves intertwin-
ing thousands of carbon fibers into a single brush seal winding as
shown in Fig. 3 [18]. This winding is then methodically coiled
around a metal circular core. Once the windings are uniformly
arranged around the core, positioning the fibers to naturally incline
toward the center, the core is securely clamped between the front
plate and the back plate.

Schematic representation of a carbon brush seal:

Carbon brush

Fig.2 Carbon brush seal sample

Front plate

Back plate

Metal circular core

Bristles winding

Radial
clearance

Free brush
length

Fig. 3 Cross section of carbon brush seal

Carbon brush seals are designed to operate with an interference
with the rotor up to half of the brush free length, enabling a high
degree of flexibility and adaptability to surface variations and
misalignments. Therefore, they allow overcoming alignment issues
and radial growth transients. Capable of operating in environments
with temperatures above 500 °C, carbon brush seals excel in heat
dissipation due to high thermal conductivity of carbon. An additional
advantage of carbon as a bristle material lies in its exceptional thermal
stability, chemical inertness, and lower coefficient of friction
compared to metal alloys and Kevlar. For example, Ruggiero et al.
[19] tested carbon brush seals and highlighted a lower heat generation
(up to 66%) than aramid brush seals.

Another significant benefit of nonmetallic brush seals is their
effectiveness in minimizing mass flow leakage. The dense arrange-
ment of small diameter, nonmetallic bristles creates a tortuous path
for the fluid, significantly increasing the resistance to flow.
Experimental analyses have demonstrated that nonmetallic brush
seals can have leakage rate of up to an order of magnitude smaller
compared to traditional labyrinth seals [20].

So far, few results are available to characterize and interpret the
behavior of carbon brush seals [20,21]. The present study is an
experimental and numerical analysis of their leakage characteristics.
Making use of a dedicated static test rig, the relationship between
rotor/brush interference and leakage flow rates is explored, along-
side developing a numerical model to predict these interactions.
These investigations shed light on the behavior of brush seals under
four interferences between the rotor and the brush. It is found that for
high interference between the bristle and the rotor, the brush does not
deform that much due to the stress resulting from flow and the mass
flow rate can be theoretically predicted by a porous flow model using
only one parameter.

The analysis is organized as follows. In Sec. 2, the experimental
setup is presented, and mass flow rates obtained for different values
of the interference between the brush and the rotor are reported. A
model relying on flow in porous media is employed to interpret the
data. Macroscopic coefficients involved in this model are identified,
and their physical implication is discussed. Section 3 is dedicated to
a numerical approach based on a model structure for the brush.
Results obtained with this approach are analyzed and compared to
experimental data. Finally, conclusions are drawn in Sec. 4.
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2 Experimental Setup and Results

2.1 The Test Rig. A test rig developed to evaluate steady-state
leakage rates for the seal without rotation is depicted in Fig. 4(a).
The air used in the test rig was directly supplied by a pressurized
vessel fed by a compressor and controlled by valve. Details of the
inlet, the exit, the flowmeter, and the pressure sensor are shown on
Fig. 4(b). Upstream pressure was controlled by a regulator mounted
between the air inlet and the flowmeter. The test rig was not prone to
any vibrations because measurements were carried out without
rotation, in a steady-state regime. Furthermore, pressure losses
related to the rig were evaluated by testing a dummy seal which
replicated the geometry of the seal without its brush. The mass flow
rate and the pressure measurements indicated that the fluid
circulating through the experimental setup, in the absence of the
brush, does not encounter significant resistance to flow. The
measured mass flow rates are the result of the sealing provided by
the brush without any other parasitic losses.

The rig enables testing different rotor/brush interferences with the
same rotor. For this purpose, the rotor has four sections of different
diameters axially offset and carefully tolerated to allow for different
interferences. The brush seal is placed in a fixed position between the
upstream and the downstream chambers. Modifying the axial
position of the rotor makes it possible to select one of the four
interferences with the brush of the same seal as shown in Fig. 4(a).

The length of the free undeformed brush measured radially from
the front plate inner diameter to their tip is 1.95mm. The ratios
between the four interferences and the brush length were 0, 0.28,
0.34, and 0.54. They correspond to ratios between the radial
clearance (measured from the front or back plate to the rotor surface)
and the brush length of 1, 0.72, 0.66, and 0.46, respectively.

2.2 Measured Mass Flow Rates. Figure 5 presents experi-
mental results of leakage tests obtained with dry air at 20 °C for a
seal with a density of 24,000 bristles per millimeter of circumfer-
ential length. The seal exit was at atmospheric pressure. The
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Fig. 5 Experimental mass flow rate for four interference
positions

accuracy of the pressure measurements is 0.25% of full scale, i.e.,
0.025 bar, and the accuracy of the measured mass flow rates is 0.1%
of full scale, i.e., 0.034 g/s plus 0.5% of the reported value. Leakage
flow rates vary considerably depending on the interference between
the brush and the rotor. For interference 0, the radial clearance
corresponds to the bristle length (the tips are barely in contact with
the rotor), and the leakage flow shows a rapid increase for small
variations in pressure difference. This is explained by the
deformation of the brush, which does not press against the rotor
and is strongly bent under the effect of the stress exerted by the fluid.

Results obtained for interference 28%, when the brush is slightly
bent against the rotor, show a roughly parabolic variation with
increasing pressure difference. This parabolic variation becomes
less pronounced with increasing interferences. For the largest
interference 54%, the variation of the leakage flow rate is almost
linear. This linear variation can also be identified for interference
34% in a range of small enough pressure differences.

These results indicate that combined physical mechanisms
influence the flow through the brush. With increasing interference,
the radial clearance between the back plate and the rotor diminishes,
and the brush is more strongly deformed between the rotor and the
back plate. The deformation of the brush generates large bending
displacements of the bristles that become stiffer. Stiffening due to
large bending displacements is a common feature for elastic beams
[22]. The brush is therefore a more rigid obstacle to flow, and it is less
deformed by the fluid action resulting from the pressure difference.
In addition, at sufficiently large flow rates, fluid compressibility and
flow inertia effects may become significant.

2.3 Leakage Interpretation Using a Porous Medium Flow
Model. The empirical Darcy—Forchheimer model for porous media
flow [23] is used for interpreting the results reported in Fig. 5. This is
motivated by the fact that this is the simplest and most reasonable
model to represent the flow under consideration through this porous-
like system. The justification of taking into account inertial effects
will be provided a posteriori upon estimation of the Reynolds
number values (see end of Sec. 2.4). This model extends Darcy’s
law, which is valid for creeping flow, and includes nonlinear inertia
effects appearing with increasing flow velocities. It is given by

VP =—uK"'-V—BplV|V (1)

Here, VP and V are, respectively, the local pressure gradient and
filtration velocity within the brush considered as an equivalent
homogeneous porous medium. In addition, K represents the intrinsic
permeability tensor, f3 is the inertial resistance coefficient, whereas u
and p are the dynamic viscosity and density of the fluid. The
Darcy—Forchheimer law represents the macroscopic form of
momentum balance.



The continuity equation for a compressible fluid and the ideal gas
law are

V- (pV)=0 @
P = pRT/M 3)
Here, T'is the temperature, M is the molar mass, and R is the universal
constant of ideal gas. By assuming a one-dimensional flow (in the

axial direction), the integration of Egs. (1) and (2) and taking Eq. (3)
into account yields

LT )
il -2 m m (4)
RT 2L K S +h N

Here, L corresponds to the brush thickness, and S corresponds to the
section area in the axial direction. Moreover, K is the diagonal
component of the permeability tensor in the axial direction, Q,, is the
mass flow rate, and P;, P, are the upstream and downstream
pressures.

The assumption of a one-dimensional flow is justified by the fact
that the rotor is motionless and the bristles have no inclined
(tangential) layout. Even if the local flow can be two-dimensional
(axial and radial), the macroscopic radial pressure drop is zero and,
therefore, the overall macroscopic flux to force description of the
system reduces to an axial flow related to the axial pressure drop.

Equation (4) shows that the difference of the pressure square is a
quadratic function of Q,,/S if u/K and f3 are considered as constant.
Figures 6 and 7 depict the experimental results represented as

u

_ = 2
nyx+ﬁx ®)]

where Y = M/RT(P? — P3)/2L and X = Q,,/S. Second order
polynomial regressions were also added to the figures.

The coefficients of the linear and quadratic parts, (1/K and f3),
express viscous and inertia effects in Darcy—Forchheimer’s law.
Any departure from a parabolic law enlightens additional effects.
For example, deformation of the brush resulting from the fluid stress
would affect the permeability K. Bristles deformation is expected to
decrease the brush permeability, thus increasing flow resistance and
pressure drop if the contact between the brush and the rotor is not
lost. Nevertheless, with increasing pressure gradients, the brush may
lift from the rotor, and this would create a gap between the bristle tips
and the rotor. This would induce a much larger leakage path with a
far smaller resistance to flow than that through the brush itself. This
combined leakage paths must be considered when analyzing the
flow characteristics and associated pressure losses.
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Fig. 7 Parameters of the Darcy—Forchheimer model: (a) inter-
ference 28%, (b) interference 34%, and (c) interference 54%

Results reported in Fig. 6 correspond to a situation where the
brush fills in the radial clearance without interference between the
bristles and the rotor. A progressive deviation from a linear variation
Y = u/K - X appears with increasing values of Y (related to the
pressure drop) and X (related to the flow rate). This can be
interpreted as dominant inertia effects, possibly combined with the
brush deformation and flow through an open clearance.

Results represented in Fig. 7(a) are obtained for 28% of the brush
length interference with the rotor. A linear variation of Y (the
squared pressure difference) with X (the mass flow rate) is visible up
to alow-pressure difference of 0.5 bar. Beyond this value, the results
show a strongly, nonlinear variation that can be attributed to the loss
of interference between the brush and the rotor.



Figure 7(b) depicts the results for 34% interference of the brush
length with the rotor. They show a linear variation of Y up to values
corresponding to a pressure difference of 6 bar. After this limit, the
results show a parabolic variation with a negative inertial resistance
coefficient, which is not physically meaningful. It may be argued
that, as for Fig. 7(a), the negative value of this coefficient results
from a complex interplay between the brush deformation and a small
loss of the interference effects.

Figure 7(c) depicts the results obtained for 54% interference of the
brush length with the rotor. For this significant interference, Y(X)
follows accurately the variation predicted by Eq. (5) over the entire
range of pressure drop values. The brush deformation induced by the
fluid flow is strongly reduced due to the stiffness increase of the
brush compacted between the rotor and the back plate. The positive
quadratic coefficient indicates that compressible flow with inertia
effects is reasonably well represented by Eq. (5). Inertial flow effects
thus dominate over brush deformations induced by the fluid stress
applying onto the bristles.

In summary, these observations highlight the distinctions and
complex interplay between the effects of brush deformation and
porous medium flow.

From the above results, the Reynolds number, defined as
Re = (p|VIVK)/u = (0nV/K) /1S, can be evaluated. The maxi-
mum values of this number for interferences 28%, 34%, and 54% are
3.63 x 107", 1.85x 107", and 1.35 x 107", respectively. This
indicates that inertial effects are indeed expected (see, for instance,
Ref. [24]) justifying the consideration of the Darcy—Forchheimer
model of Eq. (4).

2.4 Evaluation of the Permeability and Inertial Resistance
Coefficient. The permeability, K, and inertial resistance coefficient,
f, used in Eq. (5) can be evaluated by fitting a polynomial least
square regression to experimental data. Regressions can be made by
using all experimental data as in Figs. 6 and 7 or by progressively
expanding the dataset to include all points, from small to large
feeding pressures. The latter approach makes it possible to highlight
the phenomena that gradually come into play.

Figure 8 depicts the identified permeability values versus pressure
difference. Measurements performed without interference were not
considered in this analysis since, in that case, it was considered that
the brush was not in contact with the rotor.

Results obtained for the lowest interference (28%) show a rapid
increase in permeability for a pressure difference larger than 2 bar.
This result can be considered to be due to a significant loss of contact
between the brush and the rotor. Values of the permeability for
pressure differences lower than 2 bar show a rapid decrease that
indicates a strong modification of the brush shape before liftoff.

A consistent trend is observed for larger interferences (34% and
54%): the permeability decreases with increasing pressure in
agreement with an increasing resistance to fluid flow. Also, higher
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interferences between the brush and the rotor result in lower
permeability values at a given pressure difference. This can be
explained by a compaction effect of the bristles of the brush in the
radial clearance between the back plate and the rotor that increases
with the interference.

In Fig. 9, the variation of the inertial resistance coefficient f is
reported versus the pressure difference. As stated above, measure-
ments performed without interference were not considered in this
analysis.

The inertial resistance coefficient ff obtained for the lowest
interference (28%) shows a rapid decrease and becomes negative
beyond a pressure difference of 1.5bar. A negative value for f§
indicates that the model given by Eq. (1) or (4) is no longer valid. As
previously mentioned, this can be attributed to a significant loss of
contact between the brush and the rotor. A similar behavior is
obtained for the 34% interference as the inertial resistance
coefficient becomes slightly negative for pressure differences larger
than 4.5 bar. However, the variations are much smaller and indicate
a small progressive loss of contact between the brush and the rotor.
Values at which the liftoff occurs are significantly larger than for the
28% interference, which is consistent with the stiffness increase of
the brush.

For 54% interference, the inertial resistance coefficient remains
positive over the whole range of pressure differences explored in the
experiments and decreases with increasing feeding pressure. For this
interference, it is understood that the contact between the brush and
the rotor is preserved for all pressure differences, and the model
described by Eq. (1) or (4) is fully valid. Moreover, the inertial
resistance coefficients tend to a constant value which is in
accordance with the fact that the shape of the brush no longer
changes.

3 The Numerical Model

The domain and boundary conditions for the numerical flow
analysis through the brush are depicted in Fig. 10. A nonporous fluid
domain is added upstream and downstream of the brush to allow
realistic boundary conditions to be imposed.

Solid wall
Downstream
Upstream S pressure
pressure Fluid e,é\ Fluid P= 0 [bar]
— 2 i e
domain < domain
¥
t» x Solid wall

Fig. 10 The macroscopic boundary conditions



Compressible, isothermal, steady flow is assumed. The gas obeys
ideal gas law so that the mass conservation equation and state law of
the ideal gas are those given in Egs. (2) and (3). For momentum
conservation, the Darcy—Forchheimer Eq. (1) is extended by
incorporating viscous diffusion yielding a Darcy—Brinkman—
Forchheimer model that writes

-V (% (VV+vvTh) —pI) + UK V4 pBlVIV=0  (6)
Here, ¢ is the porosity of the porous medium. The advantage of this
approach is that the flow description can be made with a single model
using a so-called penalization method [25,26]. Indeed, in the pure
fluid regions, K can be set to an extremely large value, ¢ to 1 and f3 to
zero to recover the Stokes model. The boundary conditions are such
that high and low pressures are imposed at the upstream and
downstream boundaries, whereas a zero velocity is imposed at the
upper and lower boundaries (Fig. 10). Moreover, the flow is assumed
to be axisymmetric.

As shown in Fig. 10, the brush deforms following its placement in
the radial clearance between the rotor and the back plate of the seal.
At one end, the bristles are clamped between the front and back
plates and form a compact network. Bristles gradually separate
toward the free end. To carry out the simulation, the distance
between the bristles at the free end is assumed to be constant.
Moreover, it is also assumed that the distance between the bristles
varies linearly from zero at the clamped end to a value D,, at the free
end. Deformation of the bristles is not supposed to be impacted by
the leakage flow. Furthermore, the contacts between the bristles are
ignored.

Boundaries delimiting the porous domain that constitutes the
brush are obtained by assuming that the bristles deform as beams.
The ratio between their length and diameter is 400. Bristles
deformed as beams are computed by a finite element model inspired
from Kirchhoff’s theory which employs third order Hermitian shape
functions in order to account for large deformations [27]. It is
assumed that bristles deformation is due to their interference with
the rotor, and this contact problem was solved using the penalty
method.

In Fig. 11, the deformation of a bristle with one clamped end and
different interferences with the rotor is represented versus the
distance along the rotor axis. Two types of contacts are obtained. For
interferences not exceeding approximately half the bristle length,
point contacts occur between the free end and the rotor surface. With
increasing values of the interference, part of the bristle near its tip
lays against the rotor resulting in a line-to-line contact.

Deformation of the first, upstream bristle is governed only by its
interference with the rotor, whereas, for the last downstream bristle,
the spacing between the bristles in the pack must also be considered.
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The deformation of the brush leads to a strongly heterogeneous
porosity field, ¢, that can be estimated in a local coordinate system
that approximately follows the direction of the bristles, as shown in
Fig. 12.

This local coordinate system is defined from the solution of a
diffusion boundary value problem on a potential variable, ¢, i.e., by
solving Laplace equation, A@ =0, in the domain depicted in
Fig. 12(a) with zero wall flux boundary conditions, d¢p/0n = 0.

The solution to this problem yields the potential ¢, whose
derivatives, d¢/dy and —Q¢/0x in the global Cartesian system of
coordinates (x,y), are the components of a conservative velocity
vector. The corresponding vector field is represented as red arrows in
Fig. 12(b) and approximately describes the direction of the bristles.
A simple rotation gives the corresponding orthogonal vector field,
depicted as arrows in Fig. 12(b).

These vector fields define a local system of coordinates, XYZ,
aligned with the deformed bristles at each point within the brush.
The X, Y, and Z directions can therefore be reasonably considered as
the principal directions of the local permeability tensor. The
principal values of the permeability tensor, Kxy, Kyy, and Kz can
then be computed in the local longitudinal (Y) and transverse (X and
Z) directions. These components are determined in a representative
cell extracted from bristles arranged in a square centered structure as
shown in Fig. 13. The choice of such an arrangement is justified by
the fact that, at the clamped edge, bristles are organized in a very
compact pattern, close to this structure.

The side lengths of the representative cell at the clamped edge are

Ixo = lIz0 = dV2 (M
while at the free end these values are
Ix1 = Iz = (d+D,)V2 ®)

as depicted in Fig. 14(a).
The porosity is

b2 d 2

varying from ¢,;, = 0.215 at the clamped end to its maximum value
at the free end. This corresponds to a linear variation of D), from zero



Fig. 13 Square centered bristle arrangement at the brush
clamped end
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Fig. 14 Square centered (top) (a) and rectangular centered
(bottom) (b) bristle periodic cells along the brush

to an imposed value. The representative unit cell depicted in
Fig. 14(a) enables the computation of the three components, Kxy,
Kyy, and K7, Kxx and K7 being equal for symmetry reasons.

The permeability tensor in the local coordinate system XYZ varies
along the bristles length. A rotation R of this tensor provides the
permeability tensor in the global Cartesian system of coordinates xyz
according to the following relationship:

Kxx ny K\'z KXX O O
Ky Ky K.|=R'| 0 Ky 0 |R (10
K);z Kyz Kzz 0 0 KZZ

Here, R is the rotation matrix given by

cose.  sina 0
R = | —sine cosaz O (11)
0 0 1

where o is the local rotation angle.

‘When transposing the representative cell to the brush seal, Iy and
Iz correspond to unit cell sizes in the radial and circumferential
directions, respectively. Since bristles spacing is constrained in the
circumferential direction at a given distance from the contact with
the rotor, it is more realistic to consider /; constant and equal to its
value at the clamped end (i.e., [z = Iz0) and only allow Ix to vary.
This leads to the second model of representative unit cell depicted in

Fig. 14(b) with
= \/4(d +D,)* — 24>

m d (12)

The stretching in the X-direction is expected to significantly increase
Kxx (and Kyy) which are the only two principal values computed on
the unit cell that contribute to K. and K}, after application of the
rotation operator given in Eq. (10). In other words, Kz plays no role
in the overall leak-rate process, as expected, preserving the
axisymmetric character of the flow.
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Fig. 15 Permeability coefficients Kxx (a) and Kyy (b) in the local
system of coordinates made dimensionless by /2 versus porosity
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Fig. 16 Macroscopic model domain definition

Both representative cells depicted in Fig. 14 can be used for
calculating the permeability.

The permeability coefficients are determined from the solution of
the closure problem that results from upscaling the creeping
incompressible flow problem in a rigid periodic structure. This
can be obtained from double-scale periodic homogenization [28],
volume averaging [29], or the adjoin and Green’s formulation
[30-32]. The closure problem, in which the closure variables d (m)
and D (mz) are, respectively, a vector and a second order tensor, is
given by

V-D=0
1

-Vd+V’D+I=0 {13)
with D = 0 at the solid—fluid boundary, whereas d and D are X and
Z-periodic and d = 0. Here, () stands for the average over the
representative cell. After numerically solving Eq. (13), the
permeability tensor is obtained as

K = (D) (14)
An example of the permeability coefficients Kxy and Kyy, scaled by
1)2(, is reported in Figs. 15(a) and 15(b) for square centered and
rectangular centered unit cells. As expected, Kxx/> is not

significantly modified, whereas Kyy/> strongly increases when
the unit cell is stretched in the X direction. With this representation of
the local bristles structure at hand, the permeability of the
brush, considered as an heterogeneous material, is explored in
Sec. 4.

4 Results

The porous region representing the brush in the computational
domain is divided into equally spaced discretization elements along
and across the deformed brush as shown in Fig. 16. Each element has
a different porosity set by a linear variation of D,,. The values of the
permeability coefficients, Kyy and Kyy, of each element are first
computed in the local system of coordinates and are expressed in the
global system of coordinates after application of the rotation
expressed in Eq. (10). Continuity of the pressure and flux is applied
between each element. The leakage flow rate is finally computed by
integrating the mass flux at the upstream (or downstream) boundary
of the computational domain. For the sake of simplicity, the inertial
resistance coefficient f§ is set from the experimental data shown in
Fig. 9 by averaging the positive values on the simulated pressure
range.

A verification was carried out by doubling the number of equally
spaced discretization elements in both directions. This showed no
significant impact of the grid refinement on the mass flow rate,
indicating that the chosen discretization is adequate.

An example of the pressure field obtained from the flow solution
(Egs. (2), (3), and (6) and associated boundary conditions) is
represented in Fig. 17. The converging shape resulting from the
contact between the brush and the rotor surface causes a narrowing
of the flow at this specific location. This narrowing has the effect of
locally increasing the fluid velocity as well as the pressure within the
seal. This increase in pressure can lead to the lifting of the brush
when the pressure reaches a threshold.

This lifting of the brush impairs the performance of the seal as a
result of the leak-rate increase as inferred from the experimental
results reported in Secs. 2.3 and 2.4.

The analysis of the pressure isolines reveals a progressive drop in
pressure in the upward direction normal to the bristles of the brush.
This pressure drop results in an acceleration of the fluid flow through
the brush, thereby leading to an increase in the leak-rate. The
pressure distribution observed in the model confirms the suitability
of the adopted local coordinate system.

The mass flow rates versus the inlet—outlet pressure differences
are depicted in Figs. 18(a)—18(c) corresponding to interferences of
28%, 34%, and 54%, respectively. The dimensionless distance
between bristles at the free end is D, = D, /d.

Pressure isolines
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Fig. 17 Pressure isolines
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Fig. 18 Comparison between experimental and numerical mass
flow rates as functions of the pressure difference: (a) interference
28%, (b) interference 34%, and (c) interference 54%

For an interference of 28%, the values of the dimensionless
distance between bristles, Dp» were varied in arange between 0.1 and
0.2. The largest differences between the predictions and the
experimental results are observed for this interference. These
differences can be attributed to significant deformations of the brush
under the influence of flow forces, a mechanism that is not taken into
account in the present model. Moreover, the possibility of bristles
lifting at high pressure values could result in an additional flow path
between the brush and the rotor, further complicating the flow
analysis. As was already mentioned before, the fluid—structure
interaction is an important aspect that seems to be dominant
for this interference. Indeed, as can be observed from Fig. 18(a),

the agreement with experimental data is better while taking D, =
0.1 in the lower range of pressure drop (up to 1.5 bar), whereas

the introduction of the inertial effects does not improve the
prediction from the model. For larger pressure drops, predictions
with D, = 0.2 are slightly closer to experimental observations.
This is a strong indication that deformation of the brush under the
action of the stress exerted by the fluid is prominent for this
interference.

Conversely, numerical results show excellent agreement with the
experimental data for the 34% interference, and Dp =0.03, as
shown in Fig. 18(b). Indeed, computed flow rates closely overlap
with those obtained experimentally on the whole range of
investigated pressure difference, highlighting the relevance of the
model in this configuration. This agreement emphasizes that the
discrepancy observed in the previous part of the model was likely
due to additional inertia effects, possibly combined with brush
deformation induced by the flow that were not taken into account.
The integration of the former into the current model has improved
the correspondence between numerical predictions and experimen-
tal data. This improvement in flow prediction for the 34%
interference suggests that inertia is likely to play a significant role
in an accurate description of the leak through the brush seal, in
particular in the upper range of the pressure difference.

The results obtained for 54% interference are depicted in
Fig. 18(c) and confirm that the integration of inertia effects slightly
improves the predictions compared to experimental data, more
specifically in the upper range of the pressure difference. The
maximum error between numerical results and experimental
measurements obtained when Dp =0.02 is reduced to 6.5%,
compared to 7% observed when inertia effects were not considered.
Although this improvement is minor, it indicates a better fit of the
model to experimental reality. However, it is important to note that,
even with this improvement, the numerical leak flow rate results for
this position still tend to slightly overpredict the experimental data.
This suggests that brush deformation may still not be appropriately
captured and the structure may also be oversimplified, in addition to
the possible effects of brush deformation due to fluid stress resulting
from flow. All these effects may be accounted for by a more
thorough analysis of the fluid—bristles interaction, that is however
beyond the present work dedicated to a phenomenological study of
the macroscopic brush seal behavior.

5 Conclusion

The present study proposes a close look at how brush seals with
long carbon fibers behave, both by observing actual seals in leakage
experiments and by using theoretical models to predict their leakage
flow rate. It is found that, when the seal and the rotor fit more tightly
together, i.e., for high interference between the bristle and the rotor,
the brush does not deform that much due to the stress resulting from
flow. Large bending of the brush in the space between the back plate
and the rotor plays an important role in leakage flow rate of the seal.
Indeed, this contributes to increase the brush stiffness, that is
therefore less prone to deform under the action of the stress exerted
by the fluid. This is confirmed by the set of experiments reported in
this work that show how the leak-rate changes with different levels
of interference, and how the deformation does not play a significant
role in the interpretation of the leak-rate results using a
Darcy—Forchheimer model. The developed theoretical model better
predicts the observed leakage flow rates for the largest interferences
considered here. In view of the above conclusions, it clearly appears
that a more accurate prediction a flow rate through the brush seal
would require incorporating the fluid structure interaction, at least
when the interference is not large enough for the brush stiffness to be
larger than the typical fluid stress. This is undoubtedly a difficult task
that was out of the scope of the present work dedicated to a
phenomenological characterization of a brush seal behavior.
Nevertheless, a practical recommendation for an efficient use of a
brush seal is to mount it with enough interference (compatible with
other constraints in terms of wear and resistance due to the brush/
rotor friction) to avoid this effect that is detrimental to the seal
efficiency. While this work gives valuable insights into designing



more efficient carbon brush seals, the next step will be the
investigation of the leak-rate with rotor speed and vibrations.
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Nomenclature

D, = distance between bristles, m
K = intrinsic permeability of the medium, m?
| = length of the representative cell
L = characteristic length, m
M = molar mass, kg/mol
P = pressure, Pa
Q,, = mass flow rate, kg/s
R = ideal gas constant, 8.314 J/mol/K
R = rotation matrix
S = flow section, m*
T = temperature, K
V = Darcy’s filtration velocity, m/s
xyz = global coordinate system
XYZ = local coordinate system

Greek Symbols

o = rotation angle

p = inertial resistance coefficient (Forchheimer term)
1 = dynamic viscosity, Pa-s

p = density, kg/m3

¢ = porosity
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