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ABSTRACT
In highly inlet swirling environment, the bristles of brush seal tend to circumferentially slip, which may lead to

aerodynamic instability and seal failure. In this paper, a new structure of front plate with ribs was designed to reduce the
influence of high inlet swirl on bristle pack, and a three-dimensional porous medium model was used to simulate the
brush seal flow characteristics. The effects of the geometric parameters of ribs, including inclined angle (-20º-40º),
spacing (5mm-15mm) and height (0.5mm-1.5mm) on the pressure and flow fields as well as the leakage behavior were
investigated. Results show that the ribs structure can effectively regulate and control the upstream flow pattern of the
bristle pack, inducing the swirl flow into radially inward, which results in decreased circumferential velocity component.
The ribs with inclined angle of 20 degree, height of 2mm and spacing of 5mm were observed to have the best effect on
reducing inlet swirl and improving the brush seal stability.

INTRODUCTION
Brush seals are used in the sealing field with high-speed rotating shafts such as aero engines. As a substitute for the

traditional labyrinth seal, it has shown great sealing performance by reducing the leakage rate to 10%-20% times that of
the latter(Chupp et al, 1993; Chupp et al, 2002). The development of the brush seal design has proven the significance of
the flow field in determining the dynamics and performance of the seal.

The initial brush seal structure design includes three parts which are the front plate, backing plate and bristle pack, as
shown in Figure 1(Short et al,1996). In order to reduce the wearing between the bristles and the rotor and make it easier
for the bristles to adapt to the adverse effects of the radial movement of the rotor, the bristle pack is inclined 30-60°in the
circumferential direction to keep the same with the rotor rotation . After the airflow enters into the bristle pack, the
reverse flow, transverse flow, jet and swirl flowwill occur in the bristle pack. The unevenness of the fluid caused by the
nonuniformity of the clearance between the bristles will dissipate a large amount of energy within the fluid and thereby
achieving a good sealing performance. The mechanical behavior of the brush seal is very complicated, not only the
aerodynamic effect between the brush seal structure and the rotor, but also the mutual extrusion and friction between the
bristles must be considered. By experimental methods Basu et al(1994) verified the fact that the contact force of the
bristles with the rotor would increase after being exposed to the airflow, which causes the adverse effect of the rigidity of
the bristles and reduces the service life of the brush seal. Stango et al,(1994)and Zhao et al(2003; 2004) analyzed the
contact force model of the bristle-rotor under different interferences in a two-dimensional plane, and studied the bristles
as a hangover beam to analyze the influence of the bristles' design parameters, air force and radial interference on the
contact force, and through experiments to verify the validity of the theoretical model. In order to simplify the interaction
between the bristles, the porous medium model has become a broadly used mathematical model, and the bristle pack is
regarded as a porous medium . Bayley et al. (1993) numerically predicted brush seal leakage based on porous medium
and verified the validity of the model by experimentally measuring porosity.Chew et al(1995) proposed a non-Darcian
porous medium model based on the CFD theory and established the continuity equation and the momentum equation, and
calibrated the impedance coefficient in the momentum equation through experiments. Based on the porous medium
model, Chew et al( 1997) proposed a plausible explanation for the fatigue fracture phenomenon caused by the
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deformation of the bristles under the air force. Turner et al(1998) further investigated bristle pack wear and leakage
characteristics for radial clearances of 0.27 mm and 0.75 mm. Dogu et al (2006a;2006b;2008;2016) improved the porous
medium model calculation method and analyzed the effects of different geometrical dimensions and operating conditions
on the leakage flow characteristics of brush seals.The geometrical dimensions analyzed included the front baffle
thickness, front baffle and brush bundle The geometrical dimensions analyzed include the thickness of the front plate, the
gap between the front plate and bristle pack beam, the thickness of bristle pack, and the thickness of the backing plate in
the axial direction, the height of the front plate, the free height of bristle pack in the radial direction; the operating
conditions include the radial clearance between bristle pack and the rotor surface, the effect of pressure ratio and
rotational speed.. In recent years, many scholars have found that high cyclonic flow affects the bristles, leading to adverse
effects such as flutter and circumferential slip of tbristles, thus reducing brush seal’s sealing performance.Sharatchandra
et al ( 1996) found that the brush seal could weaken the swirling flow, but the ability of the bristles to withstand the
swirling velocity is within a certain range, and excessive circumferential velocity at the upstream airflow will cause the
bristle tip to slip and lift off the rotor, resulting in a decrease of the sealing performance. Outirba et al (2015) found the
high velocity of the bearing and high viscosity of the lubricating oil will generate radial lift at the tip of the bristles by
studying the brush seal in the bearing box, which will cause the bristles to move away from the rotor and increase the seal
clearance; It is believed that when the pressure difference between the upstream and downstream of the bristle pack
increases, the radial blown-up force increases, which can improve the aerodynamic stability of the brush seal to a certain
extent; Liu et al ( 2020) studied the effect of the inlet swirling flow on the bristle pack and the result showed when the
velocity of inlet swirl increased to a certain critical value, the aerodynamic force would cause the upstream bristle rows to
slip circumferentially; although increasing the bristles diameter and stiffness does not necessarily prevent the slip,
increasing the roughness of the upstream surface of the front plate can effectively reduce the upstream swirling flow of
the bristle pack and thereby improving the stability.

Figure 1 Initial brush seal

Although some related literature has indicated that the high velocity of the swirling flow has a bad influence on the
deformation and stability of the bristles, the current research has not proposed any effective solutions. Based on the
analysis of the influence of the inlet swirl on the deformation movement of the bristle pack conducted by Liu(2020), this
paper will further explore the control method of the bristle’s circumferential slip destabilization. A porous medium model
is adopted for the bristle pack area, and the rib structure is inclined on the windward side of the front plate. The effects of
the front plate with ribs on the velocity field, pressure field and leakage flow of the brush seal under high swirl conditions
were analyzed, and the geometric parameters of the ribs were also investigated in the currret study. This could further
provide the optimal geometric parameters of the ribs to weaken the influence of the inlet swirl on the bristles, achieving
the goal of improving the stability and sealing performance of the brush seal.

CFD MODEL
Geometry and CFD mesh generation

The application range of the brush seal is gradually expanding with the improvement of its structure. a brush seal
structure whose front plate is equipped with ribs is designed and proposed in this paper, as presented in Figure 2, which is
the studied schematic of a brush seal. The brush seal structure of front plate with ribs includes ribs, front plate, bristle
pack and backing plate.It’s the geometric parameters are summarized in Table 1. As shown in the figure, the X, Y, and Z
coordinates represent the circumferential, axial and radial directions respectively, this model assumes that it is periodic in
the circumferential direction. The curvature of the shaft and the rotation of the rotor are ignored in this article and the
radial clearance is 0. In order to study the influence of the geometric parameters of the ribs on the inlet swirling flow, this
paper conducts a comparative analysis of the inclined angle, height and spacing of the ribs, the geometric parameters of
the ribs are as follows: inclined angle of 20 degree, height of 2 mm and spacing of 10mm, and these are used as the
benchmark parameters of this study, the remaining geometric parameters are summarized in Table 2.
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Figure 2 Schematic of a brush seal with ribs

Table 1 Brush Seal Geometry Parameters
Number of axial bristle rows 10

Inclination angle of the bristle pack Φ 40°
Bristle length 13.35mm

Height of bristle overhang 1.00 mm
Brush diameter 0.10 mm
Young's modulus 2.25×1011 N/m2

Clearance between bristles 0.004 mm
Radial clearance between bristle and rotor 0 mm

Rib width W 2 mm

Table 2 Rib Geometry Parameters
Inclination angle of the ribs (radial

angle) β 40° 30° 20° 0° -20°

Rib height H /mm 0.5 1 2
Rib spacing L /mm 5 10 15

Figure 3 shows the flow field simulation model and the mesh of the front plate brush seal with ribs, the ICEM
software is used to generate a hexahedral mesh, and due to the complexity of the flow in the flow field of the ribs and the
brush seal and to improve the calculation accuracy, the mesh is refined and the porous medium model is used for the flow
field in the bristle pack. Further detailed analysis is given in section porous medium model. In order to illustrate the grid-
independence, this paper uses the dimensionless leakage rate to verify the model with the geometric parameters of β=20°,
H=2mm, and L=10mm. The cells about 6 millions, 8 millions, and 10 millions respectively. Figure 4 shows the
comparison of the mesh-convergence study, from which it can be seen that the dimensionless mass flow rate differs by
1% for the three mesh numbers, so the mesh with six millions cells is used for the calculations.

The dimensionless mass flow rate (leakage rate) �� can be expressed as


0 1 0 1

mm
u S




(1)

�� is the outlet mass flow rate, kg/s
ρ01 is the density of the inlet airflow, kg/m3

u01 is the velocity of the inlet airflow, m/s
S is the area of the inlet section, m2

Figure 3 CFD Domain
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Figure 4 Mesh Convergence Study

Numerical methods
Using the commerical Fluent software to carry out the three-dimensional numerical simulation, the three-

dimensional steady-state turbulent flow and heat transfer equations are used as the control equations, and using the
second-order upwind style to discretize the equations and the SIMPLE algorithm to solve the flow equations. The air
density is calculated based on ideal gas, and physical parameters such as specific heat and viscosity change with
temperature. The k-ε turbulence model and standard wall functions were used in the simulation., the periodic surface is
prescribed by a periodic boundary condition, at the inlet a total pressure of 0.5MPa, a total temperature of 300K and a
circumferential velocity component of 150m/s, and at the outlet a static pressure of 0.1MPa is prescribed. The calculation
is considered to have been converged when the residuals of the continuity equation, energy equation and turbulence
equation are all decreased to 10-5 and the typical parameters such as pressure, velocity, flow, etc. no longer change.

Porous medium model
The bristle pack is composed of many layers of fine bristles which are densely arranged. The airflow passes through

the tiny gaps between the bristles under the pressure difference and due to the complexity of the flow conditions, it is
extremely difficult to directly solve the brush seal flow field based on the real geometric structure. In this paper, a non-
Darcian model is used to simulate the internal flow of the bristle pack and introducing viscosity and inertia losses into the
momentum equation(Chew et al,1995; Chew et al,1997), namely

 i j ij
i

j i j

u u p
x x x

  
   

  
F
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(3)
In the equation, Aij is the matrix of viscous resistance coefficient; Bij is the matrix of inertial resistance coefficient.

The inertial resistance coefficient along the direction of the bristles is 0, and the other parameters are as follows:
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In the equation, a and b are the viscosity and inertial resistance coefficients respectively; z, m, and n are the

directions which are parallel to the rotating shaft, parallel to the bristles in the cross section of the rotor, and
perpendicular to the bristles respectively.

Porosity refers to the ratio of the void volume to the total volume of the bristle pack in the porous medium，
2

1
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In the equation, N is the density of the bristles, D is the diameter of the brush seal, ωb is the thickness of the bristle
pack, Φ is the angle between the bristle and the tangential direction, R is the radius of the welding point of the bristles,
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and ΦR is the angle between the bristle and the tangential direction at the welding point, r is the distance from the root of
the bristles to the center of the rotor in the radial direction.

RESULTS AND DISCUSSION
A comprehensive analysis of the flow field in the inlet and upstream of the bristle pack zones were conduected. In

order to compare the effect of front plate brush seal without ribs and with ribs on the inlet swirling, the flow field
upstream the bristle pack is analysed. The total pressure, velocity and leakage rate are analysed to compare the effect of
the geometric parameters of the ribs on the inlet swirling. To facilitate the analysis of the flow field, the cross-sectional
distribution required in this section is given in Figure 5. It should be noted that Figure 5 gives a schematic view of an
intermediate section of the ribs in the X, Y and Z directions during periodic boundary..

Figure 5 The Cross-sectional Distribution

Comparison of flow field between without ribs and with ribs
The highly inlet swirling flow affects the stability of the bristles, causing circumferential slip aerodynamic

instability. Liu(2020) found that the front plate did not provide the expected protection to the bristles in highly inlet
swirling environment and for this reason the swirling velocity upstream of bristle pack are compared.

Figure 6 shows swirl velocity contours of surface1. The comparison shows that the ribs have a significant effect on
the inlet and the upstream of bristle pack, with the ribs causing lower circumferential velocities upstream of bristle pack;
this is due to the fact that the ribs act as a rough element to achieve a turbulent effect on the swirling, increasing the flow
chaos of the airflow and helping to reduce the adverse effects such as circumferential slip occurring at the tip of the
bristles.

No ribs Ribs
Figure 6 swirl velocity contours of surface1

Effect of the angle of the ribs
The above shows the effect of the ribs in reducing the upstream circumferential velocity of bristle pack. In order to

obtain a high performance brush seal, the five angles (-20°, 0°, 20°30°, 40°) of inclination of the ribs are first analysed. In
order to compare the effect of the improved brush seal structure, the flow characteristics of the front plate brush seal
without ribs are added.
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Figure 7 shows the total pressure distribution along the axial direction for the five rib angles. In the inlet , the total
pressure is higher for the front plate without ribs. This is due to the fact that the ribs have a spoiler effect and dissipate
more energy. Comparing the five rib angles, the total pressure variation is nearly the same. The airflow pressure is evenly
distributed in the high pressure flow area upstream of bristle pack and in the low pressure flow area downstream of bristle
pack. The pressure drops rapidly to the downstream pressure level near the backing plate after passing through bristle
pack due to the large viscous and inertial resistance.

Figure 7 Total Pressure for various rib angles

The velocity streamline diagram shows the flow pattern of the airflow. Figure 8 shows streamlines and swirl
velocity contours of surface3 for various rib angles. As far as the velocity streamlines are concerned, the inlet swirling of
the ribs has a disturbing effect, and the airflow creates vortices between the ribs, increasing the complexity of the airflow
and dissipating the energy of the airflow. For a rib angle of -20 degrees, the air flow between the ribs is in
counterclockwise driection, which has less effect on the circumferential flow near the rotor wall, and the circumferential
speed near the rotor wall remains high. For a rib angle of 0 degrees, the airflow between the ribs still maintains
counterclockwise flow, which has a certain degree of influence on the near-wall surface of the rotor, and the
circumferential speed is greatly reduced. For a rib angle of 20 degrees and 30 degrees, the airflow between the ribs shows
a large flow separation, and the flow separation also occurs in the rotor near the wall, which hinders the circumferential
flow and induces radial flow, and generates an angular vortex on the right side of the ribs, causing the rotor near the wall
to reduce the cyclonic velocity. For a rib angle of 40 degrees, compared with 20 degrees and 30 degrees, the flow
separation is less pronounced and the obstruction to the circumferential flow is less. The velocity distribution also shows
that the circumferential velocity near the rotor wall is lower at a rib angle of 20 and 30 degrees .

β=-20° β=0°

β=20
° β=30°
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β=40°
Figure 8 Streamlines and swirl velocity contours of surface3 for various angles of beta

To further illustrate the effect of ribs on the inlet swirling, the swirling velocity distribution upstream of bristles is
analysed，Figure 9 shows the swirl velocity contours at surface 1 for various rib angle. It can be seen that for β = -20°,
30° and 40°, the circumferential velocity remains at high level with a maximum velocity. Although the velocity is
significantly reduced compared to that of without ribs, there is still some influence on the bristles. At β = 0° and 20°, the
circumferential velocity upstream of the bristles is further reduced compared with other angles.

β=-20° β=0°

β=20° β=30° β=40°
Figure 9 swirl velocity contours at surface 1 for various rib angle

Figure 10 shows the average circumferential velocity in the Y-direction, and the trend of the average circumferential
velocity is basically the same for different structures. Figure 8 has shown that the ribs cause flow complications in the
inlet , so the average circumferential velocity in the inlet with ribs is significantly lower than without ribs. The average
circumferential velocity decreases sharply at the front end of the ribs and then slowly decreases to the back end of the
ribs due to the presence of a large number of forward and reverse vortices in the ribbed. Table 3 shows Vx-max and area
averaged Vx at 0.2 mm upstream of the bristle pack for angle, Vx-max upstream of the bristle pack without ribs is 63 m/s
and the area averaged Vx is 50.9 m/s. The Vx-max and the area averaged Vx are significantly lower for the rib angles of -
20, 0, 30 and 40 compared with those without ribs. The Vx-max is only 19m/s and the area averaged Vx is only 6.5m/s
for the rib angle of 20. Within the scope of this study, 20 degrees has the best effect in weakening the cyclonic flow,
which is consistent with the results presented in Figure 9.

Table 3 swirl velocity of surface 4 for various rib angle
Angle Vx-max/m/s Area averaged Vx/m/s
No ribs 63 50.9

-20 degree 36.7 29.9
0 degree 26.1 15.5
20 degree 19 6.5
30 degree 39.8 13.3
40 degree 40 21
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Figure 11 shows the leakage rate of brush seal with five rib angles, using equation 1 to quantize the leakage rate
(outlet mass flow rate), it can be found that there is a difference in the leakage rate of different rib angles, but compared
to the basic equivalent, indicating that the angle of the ribs has no significant effect on the leakage rate.

Figure 10 swirl velocity average in the Y-direction for various rib angle

Figure 11 Leakage rate for various rib angle
In general, the ribs have the effect of weakening the inlet spin flow, which reduces the total pressure and the spin

velocity into the brush bristle bundle, with an optimal effect at an inclination angle of 20 degrees in the range of this
study

Effect of rib height
The effect of the rib height (H=0.5mm, 1mm, 2mm) on the inlet cyclonic flow was studied on the basis of the rib

angle of 20°, and the upper limit of rib height was taken as 2mm due to the limitation of the brush seal structure. It is
found that the rib structure has less effect on the total pressure and leakage rate, so it is not repeated here. Figure 13
shows the streamlines and swirl velocity contours of surface 2 for rib hight at more vortices in the ribs, and the intensity
and number of vortices increase gradually with higher height; H=2mm, there are vortices on both sides, and the airflow
resistance increases significantly; not only that, the circumferential velocity of the inlet also decreases significantly, and
the low-speed area increases.

Figure 12 shows the average circumferential velocity in the Y-direction, and the overall velocity variation trend is
the same as that analysed in Figure 10. In the inlet, the average circumferential velocity decreased more significantly for
H=2mm, and the average velocity at the front of the rib was 38m/s (H=0.5mm), 32m/s (H=1mm) and 31m/s (H=2mm),
respectively, and the trend of the average circumferential velocity change in the rib continued in the inlet .Table 4 shows
the Vx-max and area averaged Vx at 0.2 mm upstream of the bristle pack for hight. The Vx-max upstream of the bristle
pack is 34.6m/s (H=0.5mm), 27.3m/s (H=01mm) and 19m/s (H=2mm), and the area averaged Vx is 28.6/s (H=0.5mm),
16.6m/s (H=0.5mm) and 6.5m/s (H=2mm), respectively, due to the disturbance of the ribs. /s (H=01mm) and 6.5m/s
(H=2mm). It is obvious that the higher the height of the ribs, the greater the decrease of the average cyclonic velocity,
and the smaller the cyclonic velocity flowing into the bristle pack, the smaller the effect on the bristles.

Table 4 swirl velocity of surface 4 for spacing
Hight/mm Vx-max/m/s Area averaged Vx/m/s

0.5 34.6 28.6
1 27.3 16.6
2 19 6.5
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Figure 12 swirl velocity average in the Y-direction for rib hight

H=0.5mm

H=1mm

H=2mm
Figure 13 Streamlines and swirl velocity contours of surface 2 for hight

Effect of rib spacing
The above study yielded two optimal geometric parameters for the ribs with an inclination angle of 20° and a height

of 2 mm. on this basis the spacing of the ribs (D=5mm, 10mm, 15mm) was investigated. Figure14 shows the streamlines
and swirl velocity contours of surface 3 for spacing. Similar to the effect of rib angle, the flow separation occurs between
the ribs. At a rib spacing of 5mm, the airflow produces two vortices in opposite directions at the bottom of the ribs, which
hinders the flow of the circumferential flow, and is more effective in weakening the cyclonic flow than the spacing of
10mm and 15mm .
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D=5mm D=10mm

D=15mm
Figure 14 Streamlines and swirl velocity contours of surface 3 for spacing

Figure 15 shows the average circumferential velocity in the Y-direction for the three rib spacings. It can be found
that the velocity average in the rib is negative for the rib spacing of 5mm, which also indirectly indicates that the flow
complexity is higher than the other two spacings. Table 5 shows the Vx-max and area averaged Vx at 0.2 mm upstream
of the bristle pack for spacing, the Vx-max can reach 32m/s for a spacing of 15mm. compared to 5mm, the Vx-max is
only 2.6m/s and the area averaged Vx shows a negative value, -1.5m/s, which means that the influence of the inlet
swirling on the circumferential slip of the bristle pack is small enough. The spacing of 5 mm shows the optimal effect in
the range of this study.

Figure 16 swirl velocity average in the Y-direction for spacing

Table 5 swirl velocity of surface 4 for spacing
Spacing/mm Vx-max/m/s Area averaged Vx/m/s

5 2.6 -1.5
10 19 6.5
15 32 10.9

In summary, the geometric parameters of the ribs are β=20°, H=2mm and D=5mm, which have the best effect on
weakening the inlet swirling, and the circumferential mean flow velocity in the upstream of the bristle pack is
approximately -1.5m/s, which can reduce the adverse effects such as deformation of the brush bristle and circumferential
slip of the bristles tip due to high cyclonic flow in the range of this study.

CONCLUSIONS
To address the problem of circumferential slip instability of the bristles under highly swirling environment, the front

plate structure with ribs is designed to weaken the inlet swirling upstream of bristle pack, and the geometric parameters
of the ribs are carefully analysed and studied. The following conclusions are drawn:
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1 Ribs are added to the front plate, which have a disturbing effect on the inlet swirling, impeding the circumferential
flow and inducing a radial flow. A large number of vortices are generated in the near rib, which increases the complexity
of airflow and dissipates energy. Further, it reduces the inlet swirling upstream of the bristle pack bundle and alleviates
the adverse effects such as deformation of the bristles and circumferential slip of the brisltes tip due to high cyclonic
flow.

2. The rib angle is -20 and 0, the airflow flows counterclockwise between the ribs, and although vortex is generated,
it is in the same direction as the circumferential airflow at the near-wall surface, which has less influence on the flow
state at the near-wall surface of the rotor; The rib angle is positive, the airflow separates between the ribs and generates a
large number of vortex, which has a greater influence on the flow at the near-wall surface of the rotor; within the scope of
this study, For a rib angle of 20 degrees ,the airflow separation is more serious, and the flow situation at the near-wall
surface of the rotor is the most complicated, and the effect of weakening the inlet vortex is the best. The higher the height
of the ribs, the stronger the disturbance effect on the airflow, the more the number of vortices between the ribs, the more
the energy dissipated, in the scope of this study, the height of 2mm, the best effect of weakening the inlet swirling. The
greater the rib spacing, the greater the velocity of circumferential cyclonic flow into the brush bristle; For a spacing of 5
mm, the flow area between the ribs is smaller, the airflow is obstructed more, and the airflow produces vortices in the
opposite direction near the wall of the rotor, further obstructing the flow of circumferential airflow; For a spacing of 15
mm, the flow state near the right side of the ribs is not much different from the spacing of 10 mm, but because the flow
area between the ribs becomes larger, the airflow is less obstructed, resulting in a larger circumferential velocity
upstream of the bristle pack.

3. With an inclination angle of 20 degrees, a height of 2mm and a spacing of 5mm, the front plate with ribs has the
best effect on weakening the inlet swirling, and the average circumferential flow velocity in the upstream of bristle pack
is about -1.5m/s.

4. The front plate with ribs design almost completely eliminates the effect of high inlet swirling on the
circumferential deformation of the bristle pack. This will improve the stability of the bristle pack under high cyclonic
flow conditions, which will help to further broaden the application range of the brush seal. In this paper, a porous
medium model is used, and further consideration will be given to the real structure of the bristle pack to calculate the
flow-structure coupling of the brush seal based on the improved design of the front plate. The effectiveness of the front
plate design will be verified by the deformation of the bristle paack under high swirling flow.

NOMENCLATURE
L=rib spacing,mm
H=rib hight, mm
W=rib width, mm
�� =outlet mass flow rate, kg/s
��=dimensionless mass flow rate (leakage rate)
S=area of inlet section, m2

ρ=density, kg/m3

β=incline angle of ribs, °
u=velocity, m/s
Φ= incline angle of bristle pack, °
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