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Abstract: Brush seals are extensively used in rotating equipment, such as gas turbines and com-
pressors, providing effective sealing while accommodating radial, axial, and angular movements
between components. In this study, the performance of brush seals with and without clearances was
predicted through axisymmetric 2D computational fluid dynamic (CFD) simulations using a porous
media model. Because the accurate modeling of a brush seal requires the appropriate porosity to be
determined and the flow resistance to be calculated, a porosity correction was performed based on
the brush seal’s geometry and pressure ratio. The corrected porosity was then used to calculate the
flow resistance and the leakage flow rate was predicted. Based on the results, the corrected porosity
significantly improved the accuracy of the previously unreliable leakage flow rate predictions, regard-
less of the presence of clearances. For cases with a clearance, the blow-down effect was determined
through CFD simulations for the given geometry and was compared with experimental data. The
leakage flow rate predictions were highly accurate, with a relative error of less than 5% across a
pressure ratio range of 1.5-4.
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1. Introduction

A gas turbine is a fluid machine designed based on the Brayton cycle, and is primar-
ily used as an engine for generators or propulsion systems, therefore, its efficiency is a
critical factor affecting its performance. The efficiency of a gas turbine can be improved
through various methods, but the most effective approach is to increase the turbine inlet
temperature, which enhances the cycle efficiency [1]. However, material limitations impose
constraints on raising the turbine inlet temperature. To overcome these constraints, cooling
techniques are employed to supply cooling fluid to both the interior and exterior of the tur-
bine blades. However, the cooling fluid is delivered to the blades through secondary flow
paths [2,3], where gaps inevitably form between rotating and stationary components to en-
able rotation. These gaps can lead to leakage of the cooling fluid, necessitating appropriate
sealing measures.

Labyrinth seals have been widely used in sealing applications, however, in recent years,
flexible and durable brush seals have been increasingly adopted. Compared with traditional
labyrinth seals, brush seals can reduce leakage by up to 80% [4] and are better equipped
to handle the temperature and pressure fluctuations that occur under high-temperature
and high-pressure operating conditions. Thus, brush seals significantly contribute to
improving the performance and lifespan of turbines [5] and are now commonly used in
modern gas turbines [6]. In aerospace applications, brush seals offer distinct advantages
over traditional sealing methods, particularly because of their ability to reduce leakage
by up to 50%, which directly improves engine efficiency and reduces fuel consumption.
Their design allows them to maintain tight clearances, even under challenging conditions
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such as thermal variations and stop/start operation, where traditional labyrinth seals tend
to degrade. Their durability and consistent performance render brush seals especially
valuable in modern aerospace engines, where precise clearance control is essential for
optimizing propulsion and minimizing energy losses [7].

As shown in Figure 1, a brush seal consists of three primary components: the bristle
pack, the front plate, and the backing plate. The bristle pack, which is composed of fine
wires, is fixed at an angle between the front plate and the backing plate. Positioned above
the surface of the rotor, the brush seal prevents leakage flow from the high-pressure side
to the low-pressure side. The backing plate supports the bristle pack in withstanding
pressure loads and prevents small-diameter bristles from escaping outward [8]. As shown
in Figure 1a, the fence height refers to the radial distance between the back plate bore and
the bristle bore. It plays a key role in determining the pressure limit of a brush seal; a
greater fence height reduces the pressure limit due to increased stress on the bristles [9].
The bristles in the brush seal form a flexible barrier between the high-pressure (upstream)
and low-pressure (downstream) regions by making contact with the rotor. The front plate
ensures the bristle pack’s stiffness, while the back plate counters pressure forces [10]. To
minimize wear and allow the bristles to adjust to the rotor movement, they are inclined at
an angle, known as the lay angle (¢), of 30° to 60° with respect to the radial direction, as
depicted in Figure 1b [11].

Bristle Pack
b i R Front Plate
RIEGIERIAte /Backing Plate
Py
—0
Downstream
Backing Plate
Clearance + bnes Hlaight Rotor rotation
Rotor
(a) (b)

Figure 1. (a) Cross-section and geometric parameters of brush seal used in turbine rotor. (b) Lay
angle of brush seal applied to rotor.

The performance characteristics of brush seals under varying flow conditions and
different geometric configurations have been primarily investigated through experiments.
Neef et al. [12] reported that the initial wear of brush seals varies significantly, depending
on the operating conditions. Additionally, they confirmed that brush seals can adapt to
a range of operating conditions while maintaining stable performance over time. Pekris
et al. [13] demonstrated that the performance of brush seals is influenced by mechanical
strength and thermal stability. Based on experimental data, they proposed design improve-
ments such as passive pressure balance and active pressure balance to optimize brush seal
performance. However, conducting experiments on brush seals under high-temperature
and high-pressure conditions to replicate realistic gas turbine environments poses signif-
icant challenges. Consequently, computational fluid dynamics (CFD) is being actively
considered as a viable approach for evaluating the performance of brush seals in actual
turbine environments [14].
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The bristle pack of a brush seal comprises fine wires, thus, performing detailed
3D computer simulations that include each of these wires requires substantial time and
resources. Therefore, 2D CFD simulations, in which the bristle pack is modeled as a porous
medium, have been widely adopted [15,16]. Due to the axisymmetric structure of the brush
seal, its geometry can be simplified to a 2D axisymmetric configuration, which enables
efficient computation; in this regard, studies have presented results that closely match
experimental leakage flow rates [17]. Specifically, 2D CFD is effective at reducing time and
cost during early design stages, which involve numerous design degrees of freedom and
variables. However, to capture the 3D effects of actual brush seals and the influence of
various components during the analysis process, empirical correlations remain essential.

Clearance is a key geometric parameter that must be carefully considered when
designing brush seals. Based on the presence or absence of clearance, brush seals are
generally categorized into two types, namely contact seals without clearance and seals with
an initial clearance, depending on the requirements for the gas turbine. Most brush seals
are designed in a contact configuration, where the bristles interfere with the rotor surface
to minimize fluid leakage [18]. Brush seals with an initial clearance are also designed
to regulate cooling and leakage flows [19]. This design considers the blow-down effect,
where a pressure differential causes the bristles to move radially toward the rotor, thereby
gradually reducing the clearance [20]. The blow-down effect occurs when a pressure load
is applied to the brush seal, causing the bristles to deflect axially downstream, pivot around
the bristle root, and compact against the backing plate surface. Additionally, the incoming
flow exerts a bending moment on the bristles due to their lay angle, causing them to bend
toward the rotor surface and close the clearance [21]. The clearance between the bristle pack
tip and the rotor must be sufficiently large to avoid collision, but an excessive clearance
will lead to increased leakage flow [22].

In cases without clearance, the leakage flow rate has been accurately predicted using
the Flo-master commercial 1D code, closely matching experimental results [23,24]. How-
evet, since most brush seal models in 1D codes, including Flo-master, assume a contact
state without clearance, predicting the performance of brush seals with clearance is chal-
lenging [24]. In this study, a three-step 2D CFD analysis was conducted to design brush
seals with clearance.

In the first step, a 2D CFD simulation was conducted for brush seals without clearance,
and the resulting leakage flow rate was compared with experimental data. The simulations
were performed for two geometries: those used by Bayley et al. [25] and Carlile et al. [26].
As in previous studies [4,5], the bristle pack was modeled as a porous medium in the
CFD calculations, and the porosity and flow resistance values were calibrated to match the
experimentally measured leakage flow rates. Through this approach, a porosity correction
factor model was developed based on the experimental data.

In the second step, the performance of brush seals with clearances was predicted via
2D CFD simulations. The simulations were conducted based on the geometry presented by
Turner et al. [27], which includes clearance. Moreover, the blow-down effect was considered
to ensure accurate performance predictions [28]. The porosity correction developed in the
previous step for brush seals without clearance was applied, and the leakage flow rate was
predicted across different pressure ratios and compared with experimental results.

In cases with clearance, fluid-structure interaction (FSI) analysis is required to simulate
the actual movement of the bristle pack, including the blow-down effect [29]. However,
dynamic changes in porosity cannot be fully accounted for [30]. Therefore, in the third
step, a design formula was developed using 2D CFD to predict the blow-down effect. This
formula was designed to be applicable within the parameter range presented by Turner
etal. [27], and its effectiveness in predicting leakage flow rates in brush seals with clearance
was validated. This study is expected to contribute significantly to brush seal design as it
provides a method to accurately predict leakage flow rates with and without clearance.
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2. Numerical Method and Validation

The numerical analysis was conducted using the ANSYS Fluent 2021 R1 commercial
software program. Flow analysis of the brush seal requires the bristle pack to be modeled.
However, analyzing each bristle element individually is impractical as it would require
excessive computational resources. Therefore, the bristle pack was modeled using the
Porous Media model provided by ANSYS Fluent. However, the porous media approach
does not account for 3D effects, hence, since the geometry is axisymmetric, an axisymmetric
2D CFD analysis was conducted. This significantly reduced the computation time, enabling
the examination of various geometric parameters and flow conditions.

ANSYS Fluent has been validated extensively in the context of fluid flow analysis
and is commonly used for brush seal modeling [31]. The porous media model, frequently
employed in brush seal studies, effectively approximates the flow resistance of the bristle
pack while maintaining computational efficiency [32]. Although 2D axisymmetric CFD
analysis simplifies the problem, studies have shown that it can produce results closely
aligned with experimental data for similar applications [33]. The 2D geometry was created
as the computational domain, and the mesh was generated using ANSYS Meshing. The
mesh for the brush seal was designed with reference to the model created by Germen [34].
Mesh generation was performed using the MultiZone Quad/Tri method to produce a
structured mesh. Germen [34] emphasized that the flow behavior within a brush seal is
highly complex, requiring dense mesh placement near the walls, within the bristle pack,
and in the fence height region to achieve accurate results. In this study, the minimum
element size in the fence height region was set to 0.0254 mm for mesh generation [35].

Simulations were conducted for three brush seal geometries: those used by
Bayley et al. [25], Carlile et al. [26], and Turner et al. [27]. Among these, the first [25] and
second [26] represent brush seals in a contact state without clearance, while the third [27]
includes clearance and requires consideration of the blow-down effect. Figure 2 shows
the mesh configurations for each of the three geometries. Figure 2b and Table 1 describe
the element-sizing method for the three brush seal meshes, with all elements shaped as
quadrilaterals. To simplify the calculations, regions other than the fluid flow paths and
the bristle pack were excluded from the computational domain. In the bristle pack region,
fluid velocity decreases, leading to laminar flow. Therefore, a laminar model was applied
to the bristle pack section [36].

Bristle pack
(Porous media, Laminar zone)

N\

Pressure
outlet
0 i 10 (mm)
25 75 Clearance
(a) (b)

Figure 2. Cont.
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Figure 2. (a) Computational domain and boundary conditions including porous medium model
grid systems; (b) labeled meshes for brush seals without clearance used by (c) Bayley et al. [25] and
(d) Carlile et al. [26], and for brush seals used by Turner et al. [27] with (e) clearance = 0.27 mm and

(f) clearance = 0.75 mm.

Table 1. Element-sizing method for each labeled mesh.

Maximum Minimum Boundary
Label Element Size Element Size - Material Geometry
Condition
(mm) (mm)
a 0.5 0.04 Pressure_inlet Fluid Left edge
b 0.48 0.038 Pressure_inlet Fluid Left edge
c 0.45 0.035 Pressure_inlet Fluid Left edge
d 0.25 0.015 Pressure_inlet Fluid Left edge
e 0.52 0.042 - Fluid -
f 0.4 0.032 - Fluid -
g 0.25 0.015 - Fluid -
h 0.47 0.039 Bristle_Upper Porous medium Body
i 0.45 0.035 Bristle_FenceHeight Porous medium Body
j 0.3 0.02 - Fluid -
k 0.31 0.0254 - Fluid -
1 0.3 0.02 - Fluid -
m 0.45 0.035 Pressure_outlet Fluid Right edge
n 0.45 0.035 Pressure_outlet Fluid Right edge
o 0.3 0.02 Pressure_outlet Fluid Right edge

The most widely used models for the flow analysis of brush seals are the k-¢ and k-w
SST turbulence models [37,38]. In this study, these two turbulence models were compared
based on the brush seal geometry used by Bayley et al. [25]. The leakage flow rate of the
brush seal was used as the evaluation metric, and the results are presented in Figure 3. In
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ANSYS Fluent, the leakage flow rate was calculated at the pressure boundary inlet using
Equation (1):
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Figure 3. Leakage flow rate in brush seal without clearance [25] according to turbulence model.

As shown in Figure 3, the difference in the predicted leakage flow rate between the
two models was minimal. However, the k—¢ model was selected for analyzing the flow field
of the brush seal. This model is known to provide accurate predictions for high-Reynolds-
number flows under high-pressure and high-speed operating conditions [35], and it has
also been reported to yield reliable results when pressure boundary conditions are applied
at the inlet and outlet [39]. Therefore, the realizable k—¢ model, which is commonly used for
brush seals, was adopted in this study, and enhanced wall treatment was applied to predict
the near-wall flow more accurately [40]. Brush seals, which consist of densely packed
bristles near rotating components, are particularly sensitive to wall effects on fluid flow.
Enhanced wall treatment is a robust approach that combines low-Reynolds number models
for resolving the near-wall region and wall functions for regions farther from the wall.
This combination ensures a smooth transition between the viscosity-affected near-wall
region and the fully turbulent outer region [41]. The mesh configurations presented in
Figure 2 were designed to ensure that y + <5, which is required for applying enhanced wall
treatment [42].

A grid-sensitivity test was conducted, the results of which are presented in Figure 4.
The criterion for grid independence was determined by selecting the mesh size that re-
sulted in a <0.2% error in leakage flow rate for all three geometries [25-27,43]. For the
Bayley et al. [25] geometry, grid independence was achieved with a mesh count of 62,750
or more; to minimize the error in leakage flow rate, 78,783 elements were selected. For the
Carlile et al. [26] geometry, grid independence was confirmed at 113,340 elements, and the
simulations were performed with 146,025 elements. For the Turner et al. [27] geometry,
with a 0.27 mm clearance, grid independence was achieved with 90,762 elements, and
110,020 elements were selected for the final simulations.

The porosity of the bristle pack in the brush seal was calculated for the three geome-
tries [25-27] using the formula developed by Chew et al. [44]:

d?*N
e=1- Atsing’ @

The porosity calculated using Equation (2) was then used to determine the flow resis-
tance of the porous medjia, as expressed in Equation (3), an empirical formula developed by
Prostler [45], who refined Chew et al.’s model [44] based on experimental data. The flow
resistance values were utilized in the CFD simulations as part of the porous media model
to simulate the pressure drop and flow distribution through the bristle pack. Prostler’s
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formula [45] has been proven effective in calculating the stiffness and damping coefficients
of brush seals, as referenced by Pugachev et al. [46].

1— 2
ay = 80C, a5 = 32¢C, C = % 3)
1—e¢
b}’l = 116D, bS = 0, D = W

To ensure a closer match with the experimental data, the bristle pack was divided
into two regions: the fence height region and the upper region. According to Dogu [5],
for consistency with experimental results, the flow resistance in the upper region should
be set 20% higher than that in the fence height region. Therefore, the flow resistance
calculated using Equation (3) was applied to the fence height region, while a 20% higher
flow resistance was used for the upper region.

0.004 0.04

0.0035 | 0.035 -
0.003 0.03 |
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0.002 | 0.02

0.0015 — 0.015
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Mass flow rate [kg/s]
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Figure 4. Grid-sensitivity test results: (a) brush seal without clearance (Bayley et al. [25]); (b) brush
seal with clearance (Turner et al. [27], clearance = 0.27 mm).

3. Results and Discussion
3.1. Porosity Correction Factor

When CFD simulations were conducted using the flow resistance obtained from Equa-
tion (3) based on the porosity calculated using Equation (2), a significant discrepancy was
observed with respect to the experimental results. As shown in Figure 5, the CFD-predicted
leakage flow rate was underestimated relative to the experimental data of Bayley et al. [25].
Notably, a significant error was observed, with the maximum relative error reaching ap-
proximately 50% in the section with a pressure ratio of 2.75. Therefore, we established a
formula for a porosity correction factor that could be utilized in CFD calculations for each
brush seal geometry. Equation (4) considers variables such as bristle pack thickness [40],
bristle diameter [47], and fence height [48], which are key factors affecting the flow in
brush seals. This formula is designed under the assumptions that the porosity of the bristle
pack decreases as the pressure ratio increases [47], and that if a clearance is present, the
blow-down effect reduces the bristle porosity further [49]. The correction factor calculated
using Equation (3) is multiplied by the porosity obtained from Equation (2). Equation (3)
is applicable within a pressure ratio range of 1.5-6, and it provides predictions with a
coefficient of determination (R?) of 0.98 or higher.

H 0.8468 ¢ —0.6604 CL 0.5297
& = 0.4581 - PR0-0789 . (d) : (d> —0.2686 - (d) @
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Figure 5. Leakage flow rate predicted based on 2D CFD simulation with porosity obtained from the
initial geometry used by Bayley et al. [25].

3.2. Simulation of Contact Brush Seal with Porosity Correction

For brush seals in a contact state without clearance, the geometries used by Bayley
et al. [25] and Carlile et al. [26] were analyzed via 2D CFD simulation. The geometrical
parameters and flow conditions are listed in Table 2. Figure 6 compares the CFD results
with the experimental data. The main differences between the two brush seal geometries
lie in their bristle diameter, bristle pack thickness, and bristle density. These differences sig-
nificantly affect the porosity of each brush seal, leading to variations in flow characteristics
and performance. Additionally, as the fence height differs by more than two-fold between
these geometries, analyzing the associated difference in flow behavior is crucial.

Table 2. Flow conditions and geometrical parameters of brush seals without clearance [25,26].

Parameter Bayley et al. [25] Carlile et al. [26]
Bristle diameter (d) 0.0762 mm 0.051 mm
Bristle pack thickness (f) 0.7 mm 0.8 mm
Bristle lay angle (¢) 45° 40°
Fence height (H) 1.5 mm 0.655 mm
Clearance (CL) 0 mm 0 mm
Bristle density (N) 94.5 per mm 180 per mm
Upstream temperature 293.15K 290 K
Downstream pressure 100 kPa 100 kPa
Pressure patio (%) 1.07-3.8 2-8
Porosity (¢) 0.129 0.285

As shown in Figure 6a, the leakage flow rates were accurately predicted for the two
geometries. However, as seen in Figure 6b, the predictions were less accurate for pressure
ratios above 6; this is attributed to the increasing influence of the non-linear effects arising
from the combination of high pressure and friction in the brush seals [50].

For both the Bayley et al. [25] and Carlile et al. [26] geometries, the pressure (Figure 7a)
was the highest upstream and gradually decreased as the fluid passed through the bristle
pack toward the downstream region. For the Bayley et al. [25] geometry, the pressure drop
occurred gradually through the bristle pack, enabling a more stable state to be maintained
downstream. However, for the Carlile et al. [26] geometry, the pressure decreased more
rapidly and stabilized relatively quickly in the downstream region.
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Figure 6. Leakage flow rates of contact brush seals predicted by 2D CFD with porosity correction:

(a) Bayley et al. [25]; (b) Carlile et al. [26].
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Figure 7. Flow fields around contact brush seals obtained via 2D CFD under a pressure ratio of 2.0
using the geometries from Bayley et al. [25] (left) and Carlile et al. [26] (right); (a) pressure; (b) axial
velocity; (c) radial velocity; (d) turbulent kinetic energy.

In both studies, the axial velocity (Figure 7b) increased downstream as the flow passed
through the bristle pack, highlighting a common trend of high-velocity regions being
formed near the backing plate [51]. For the Bayley et al. [25] geometry, a distinct high-
velocity region was observed immediately downstream of the bristle pack, with a more
localized distribution relative to the Carlile et al. [26] geometry. Conversely, for the Carlile
et al. [26] geometry, the high-velocity region was more broadly spread, but its intensity was
less pronounced than in the Bayley et al. [25] geometry.

The changes in radial velocity (Figure 7c) also show a common trend between the two
geometries, with fluctuations observed as the flow passed through the bristle pack and
moved downstream. These changes in radial velocity are associated with pressure drops.
For the Bayley et al. [25] geometry, the variation in radial velocity was more distinct and
followed a more consistent pattern compared with that for the Carlile et al. [26] geometry.

For both geometries, the turbulent kinetic energy (Figure 7d) reached its maximum
value beneath the backing plate and gradually decreased as the fluid passed through the
bristle pack [5]. However, for the Bayley et al. [25] geometry, the turbulent kinetic energy
had a slightly higher maximum value and a more localized distribution compared with
that for the Carlile et al. [26] geometry. In the Carlile et al. [26] geometry, the smaller bristle
diameter and higher bristle density contributed to an overall reduction in the turbulent
kinetic energy, however, these geometric characteristics also induced significant flow accel-
eration downstream of the backing plate. This acceleration led to the formation of shear
layers, resulting in a localized increase in the turbulent kinetic energy in this region. Con-
sequently, despite the generally lower turbulence levels in the Carlile et al. [26] geometry,
the sharp velocity gradients downstream of the backing plate caused a pronounced rise
in the turbulent kinetic energy, highlighting the impact of the flow dynamics specific to
this geometry.
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3.3. Simulation of Brush Seal with Clearance

For the brush seal with clearance, 2D CFD simulations were performed using the
Turner et al. [27] geometry. The flow conditions and geometrical parameters are listed in
Table 3. Moreover, the bristle density is known to be determined by the bristle diameter [20].
Therefore, since the bristle diameter of the Turner et al. [27] geometry is very similar to
that of the Bayley et al. [25] geometry, the same bristle density of 94.5 per mm was used to
calculate the porosity for the Turner et al. geometry [27].

Table 3. Flow conditions and geometrical parameters of brush seals with clearance [27].

Parameter Turner et al. [27]
Bristle diameter (d) 0.076 mm
Bristle pack thickness (t) 0.75 mm
Bristle lay angle (¢) 45°
Fence height (H) 1.4 mm
Clearance (CL) 0.27 mm, 0.75 mm
Bristle density (N) 94.5 per mm
Upstream temperature 293.15K
Downstream pressure 100 kPa
Pressure ratio <%> 1.07-3.8
Porosity (e) 0.192

In brush seals with clearances, the blow-down effect, whereby the bristle pack moves
toward the rotor, must be considered as it significantly impacts the flow. Therefore, the
calculations were performed after setting the blow-down clearance for each pressure
ratio based on the findings of Dogu et al. [52], who analyzed the blow-down effect in
the Turner et al. [27] geometry using 2D axisymmetric CFD. The blow-down clearance is
calculated by subtracting the extent of the blow-down from the initial clearance, as shown
in Equation (5). The blow-down clearance for each clearance level is illustrated in Figure 8.
As in the case without clearance, the flow resistance in the upper region was set 20% higher
than that in the fence height region to match the experimental data [52].

Blow — down Clearance = Initial Clearance — (Blow — down). (5)
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Figure 8. Variation in blow-down clearance with pressure ratio for different initial clearances:
(a) clearance = 0.27 mm; (b) clearance = 0.75 mm.

As shown in Figure 9, the leakage flow rates were accurately predicted for the two clear-
ance levels in the brush seals. Leakage flow rates were calculated using Equation (1),
regardless of the blow-down clearance levels. When disregarding the blow-down effect, the
leakage flow rate tends to be overestimated relative to the experimental data under high-
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Figure 9. 2D CFD prediction of leakage flow rate in a brush seal considering blow-down clearance:
(a) clearance = 0.27 mm; (b) clearance = 0.75 mm.

The CFD predictions for the brush seal with clearances are presented in Figure 10, and
the observations are compared with those for the brush seals without clearance (Figure 7).
Specifically, a comparison between the pressure distributions in Figures 7a and 10a reveals
that in the case without clearance, the pressure was more uniformly maintained as the flow
passed through the bristle pack, and the pressure drop in the downstream region was less
abrupt. Contrarily, in the brush seal with clearances, the pressure drop was distributed
across the thickness of the bristle pack, including the clearance, and it became more abrupt
from upstream to downstream.

A comparison between the axial velocities in Figures 7b and 10b shows that in the
case without clearance, the axial velocity remained relatively constant as the flow passed
through the bristle pack, showing a more stable and consistent pattern. However, in the
case with clearances, the axial velocity increased as the flow passed through the clearance,
specifically at the clearance exit.

The radial velocity is also compared between Figures 7c and 10c. In the case without
clearance, the radial velocity remained relatively constant as the fluid passed through the
bristle pack, resulting in a less intense radial flow. By contrast, in the case with clearances,
a strong radial flow was observed at the clearance inlet.

A comparison between the turbulent kinetic energies in Figures 7d and 10d, shows
that, in the case without clearance, the turbulent kinetic energy was more evenly distributed
within the bristle pack, with a lower maximum value and a broader distribution. However,
in the case with clearances, a higher peak value was observed in the high-velocity region,
and this peak occurred near the clearance.

Figure 11 compares the velocity vectors between the contact brush seal [25] and the
brush seal with the 0.27 mm clearance [27], revealing distinct differences in flow behavior.
For the contact seal, the flow predominantly diffused into the bristle pack, creating strong
inward radial flow near the backing plate, which resulted in lower leakage rates. Conversely,
for the seal with clearance, a significant portion of the flow bypassed the bristle pack
through the clearance, leading to substantially higher leakage.
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Figure 10. 2D CFD predictions of flow fields around brush seals with clearance under a pressure ratio
of 2.0: (a) pressure; (b) axial velocity; (c) radial velocity; (d) turbulent kinetic energy.
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Figure 11. Velocity vectors around the fence height for contact [25] and clearance (0.27 mm) [27]
brush seals under a pressure ratio of 2.0.

3.4. Blow-Down Prediction

Crudgington et al. [53] proposed a formula for calculating the blow-down effect. How-
ever, this formula is not universally applicable to brush seals with clearances and could not
be employed under the conditions used to analyze the Turner et al. [27] geometry. Therefore,
we developed a new blow-down formula specifically for the Turner et al. [27] geometry,
based on the concept of effective clearance [48] utilized by Crudgington et al. [53]. Effective
clearance is useful for accurately predicting and modeling the performance of brush seals
and assists in controlling leakage flow in complex fluid dynamics environments such as
turbines [54]. The blow-down formula proposed by Crudgington et al. [53] is challenging
to use because it is tailored to a specific experimental setup involving a particular brush
seal configuration and clearance geometry. The lack of a clear specification for the effective
clearance further complicates the application of this formula. The formula accounts for
factors such as bristle pack dynamics, pressure distribution, and axial compression, which
differ significantly from the conditions employed by Turner et al. [27], where different
pressure ratios and clearance conditions result in varying blow-down behaviors. To address
these issues, a new calculation formula was developed to determine the blow-down, based
on the effective clearance suggested by Zhang et al. [48]. This effective clearance is calcu-
lated using Equations (6) and (7), where y and R are set to 1.4 and 287 J/kg-K, respectively,
based on the properties of air. Q is a flow function that accounts for the compressibility
and flow characteristics of the fluid, as expressed in Equation (7).

hegs = 1 VTu/(md1puQ), (6)
I N N I

2 71 ¢ Pu +1\7-1
k()2 ()
Following the methodology of Crudgington et al. [53], the effective clearance was
calculated for both the non-blow-down state and the contact state. Additionally, the increase

in blow-down with increasing pressure ratio was accounted for. Since the final calculated
blow-down is in millimeters, the blow-down clearance can be obtained by subtracting the



Appl. Sci. 2024, 14, 8821

15 of 19

0.25

0.24

0.23

0.22

Blow-down Clearance [mm]

0.06

Mass flow rate [kg/s]
(=] o o o
2 2 B R

(=]
o
=

\

blow-down value from the initial clearance. The blow-down calculation formula used for
the Turner et al. [27] geometry is shown in Equation (8):

fopfl = heg2 — CL
( oL ) 021 N

d (%)
In Equation (8), h.¢1 represents the effective clearance calculated using the mass
flow rate considering the initial clearance, without blow-down, and &, f2 represents the
effective clearance calculated using the mass flow rate in the contact state, without clear-
ance. The formula is designed to account for variations in blow-down depending on the
clearance level. Using Equation (8), the blow-down clearance and leakage flow for the
Turner et al. [27] geometry were determined and were compared with the values reported
by Dogu et al. [52], as shown in Figures 12 and 13. Based on the comparison, the maxi-
mum relative error was 4.8%, which occurred at a pressure ratio of 1.5 and a clearance of

0.75 mm. Therefore, Equation (8) can accurately predict the blow-down behavior for the
Turner et al. [27] geometry.

Blow — down =
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Figure 12. Comparison of predicted blow-down clearance (Equation (8)) with simulation results
reported by Dogu et al. [52]: (a) clearance = 0.27 mm; (b) clearance = 0.75 mm.
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Figure 13. Comparison of leakage flow rate considering blow-down clearance between Equation (8)
and simulation data [52]: (a) clearance = 0.27 mm; (b) clearance = 0.75 mm.
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4. Conclusions

In this study, we modeled the bristles in a brush seal as a porous medium and con-
ducted 2D CFD simulations. When the porosity is set based solely on static geometrical
values, the leakage flow rate tends to be underestimated. To address this, we adjusted
the porosity value to achieve accurate prediction with respect to experimental data. Addi-
tionally, we developed and validated an equation that predicts the blow-down effect for a
brush seal with a clearance, without the need for FSI analysis. The key conclusions from
this study are as follows:

The leakage flow rate of a brush seal in the contact state could be accurately predicted
within a pressure ratio range of 1.5-6 by correcting the porosity based on the geometry and
pressure ratio. By implementing the flow resistance derived from the corrected porosity,
the leakage flow rate can be predicted with more than twice the accuracy (in terms of R?)
compared with standard 2D CFD simulations.

For a brush seal with a clearance in the blow-down state, the leakage flow rate could
be predicted accurately using the developed porosity correction coefficient. Observations
from the 2D CFD flow field indicated that in the presence of a clearance, the pressure
drop occurs more rapidly, and changes in both the axial and radial velocities are more
pronounced. The maximum turbulence kinetic energy is observed near the clearance.

In the case of a brush seal with a clearance, even without accounting for bristle
bending, the leakage flow rate could be predicted with appropriate accuracy through 2D
CFD simulations by considering the blow-down clearance. When the pressure ratio ranged
between 1.5 and 4.0, the relative error between the leakage flow rates measured for the
Turner et al. geometry [27] and those calculated using the proposed formula remained
below 5%.

The main advantage of this formula lies in the accuracy of the predictions, with
the relative error being less than 5% even without the use of FSI analysis. The porosity
correction factor and blow-down calculation formula developed in this study represent
significant advancements in brush seal design. Compared with previous research [23],
the use of 2D CFD simulations in this study represents a more efficient and cost-effective
approach for predicting leakage flow rates. However, the limitations of 2D simulations
must also be considered as they cannot fully capture the 3D effects and complex FSIs
involved in real-world applications.
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Nomenclature

m Mass flow rate [kg/s]

u Velocity vector of the fluid [m/s]
dA Differential area vector [m?]

d Bristle diameter [mm]

dr Rotor diameter [m]

t Bristle pack thickness [mm]

C Viscous resistance constant [1/m?2]
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D Inertial resistance constant [1/m]

an Viscous resistance coefficient in the direction normal to the bristles [1/m?]

as Viscous resistance coefficient in the lengthwise direction of the bristles [1/ m?]
by, Inertial resistance coefficient in the direction normal to the bristles [1/m]

bs Inertial resistance coefficient in the lengthwise direction of the bristles [1/m]
H Fence height [mm]

PR Pressure ratio <Z—:>

CL Clearance [mm)]

N Bristle density [1/mm]

T Temperature [K]

Q Flow function [s-K%®/m]

p Pressure [kPa]

R Specific gas constant [J/kg-K]

hegs Effective clearance [mm]
FSI Fluid-structure interaction
X Axial co-ordinate

R Radial co-ordinate

Greek Symbols

0 Circumferential co-ordinate
0% Isentropic coefficient

¢ Bristle Lay angle [°]

€ Porosity

o Porosity correction factor
P Fluid density [kg/m?]
Subscripts

u Upstream

d Downstream
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