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Abstract: Uneven inter-stage pressure drops of the common two-stage brush seal (CBS)
lead to a problem that the second stage bristles bear excessive pressure load, and this
problem leads to the premature failure of the brush seal. In this paper, a novel two-stage
brush seal (NBS) with the backing plate holes of the second stage was proposed, and a
three-dimensional numerical model of the NBS was established. Then, the effects of the
pressure-equalizing (PE) hole on the inter-stage pressure drop distribution of the NBS were
numerically analyzed, and an optimal structure was obtained. Finally, the leakage flow
characteristics of this optimal structure were studied. The results showed that the NBS
with PE hole increased the passage area of the downstream, and so effectively improved
the uneven pressure drops of the CBS, and the pressure drop balance ratio of the NBS
was obviously smaller than that of the CBS. For the structural parameters studied in this
paper, the pressure drop balance ratio of the NBS was improved by 45.6~67.9% compared
to the CBS. Moreover, when PE holes were 0.4 mm in diameter, 5.95 mm in height, and the
number of rows was 1, the NBS had the best pressure drop balance and its leakage was
only 8.7% higher than that of the CBS.

Keywords: novel two-stage brush seal; pressure drop distribution; leakage flow characteristic;
pressure-equalizing (PE) hole

1. Introduction

A brush seal is an advanced contacting dynamic seal, and its leakage is 10~20% of
the traditional labyrinth seal [1-4]. The brush seal has a simple structure, low manufac-
turing cost and excellent sealing performance, so brush seals have important applications
in turbine machinery such as aero-engines. With the continuous improvement of aero-
engine performance parameters, the pressure-bearing capacity of the single-stage brush
seal is limited, so the multi-stage brush seal is usually used in large-pressure-difference
conditions [5-7].

Many researchers have proposed a variety of brush seal structures for different prob-
lems such as bristle disturbance and high downstream temperature, as shown in Figure 1.
The series combination of traditional and low hysteresis single-stage brush seal was a
commonly used multi-stage brush seal structure [8], as shown in Figure 1a,b. In order
to further improve the sealing performance of the multi-stage brush seal, Addis et al. [9]
proposed a multi-stage brush seal structure with an axial tilt, as shown in Figure 1c. The
bristle pack of this structure tilted to the high-pressure side, and because of the action of
air force, the bristle pack produced closure effect and axial deformation, which can reduce
radial clearance to improve the sealing performance. Aiming at the problem that the front
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row bristles were susceptible to fatigue fracture caused by unstable air disturbance during
operation, Tseng et al. [10] proposed a multi-stage brush seal structure with first-stage
vibration-suppression elastic piece, as shown in Figure 1d. The vibration-suppression
elastic piece could protect the front bristles and prolong the service life of the brush seal.
Tanimura [11] proposed a multi-stage brush seal structure with inter-stage exhaust channel
to solve the problem of high temperature of the final stage bristles, as shown in Figure Te.
This structure set an air leakage channel between the adjacent last two-stages, which was
used to take away the high temperature air, reduce the temperature of the last stage bristle
pack and prevent bristles from fusing due to the high temperature. Aiming at the problem
of friction and wear of bristles caused by the radial runout of the rotor, Naert et al. [12].
proposed a multi-stage brush seal structure with radial arrangement of bristles, as shown
in Figure 1f. This structure could alleviate the friction and wear of the bristles caused by
the radial runout of the rotor. In addition, this structure was compact and light-weight.
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Figure 1. Multi-stage brush seal structure diagram: (a) Traditional multi-stage brush seal; (b) Low
hysteresis multi-stage brush seal; (c) Multi-stage brush seal with axial tilt; (d) Multi-stage brush seal
with first-stage vibration-suppression elastic piece; (e) Multi-stage brush seal with inter-stage exhaust
channel; (f) Multi-stage brush seal with radial arrangement of bristles.

However, the research showed that the above common multi-stage brush seal and its
modification have a problem of uneven pressure distribution at all stages [13], which can
lead to the premature failure of the last stage bristles. Therefore, it is of great significance to
design a novel pressure-equalizing multi-stage brush seal based on the above structure and
study its leakage flow characteristics.

Moreover, on the basis of structural research, many researchers have also conducted
in-depth research on the leakage characteristics and pressure distribution characteristics of
the multi-stage brush seal. Hendricks R C et al. [14] experimentally studied the pressure
distribution of the two-stage brush seal, and concluded that the pressure drop of low-
pressure side was about 20% greater than that of high-pressure side. Pugachev et al. [15]
discovered the pressure drop imbalance phenomenon using the porous media method.
Qiu et al. [16] studied the influence of rotational speed, pressure ratio and seal clearance
on the leakage characteristics of the two-stage brush seal considering the decrease in
clearance caused by centrifugal elongation of the rotor, and found that the pressure drop
mainly occurred in the bristle pack area near the backing plate, and the pressure drop of
downstream was larger than that of the upstream along the flow direction. Yang et al. [17]
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studied the influence of the structural parameters of the two-stage brush seal on the
pressure distribution by using the three-dimensional solid fork tube bundle model. It
was concluded that the inter-stage imbalance of the pressure drop could be aggravated
under high-pressure conditions, and increasing the number of bristle axial rows of first
stage could alleviate this inter-stage imbalance. Zhao et al. [18] studied the influence of
structural parameters on pressure drop distribution, and proposed a multi-stage brush seal
with a differentiated structure. Sun et al. [19] investigated the frictional heat flux, internal
brush temperature distribution, leakage behavior and flow characteristics in the multi-stage
brush seal, along with an analysis of the influencing factors of the frictional heat between
the bristles and the rotor. The existing literature mostly studied the influencing factors of
pressure distribution for the multi-stage brush seal, but literature on the new structure to
balance the pressure drop among different stages is rarely published. However, in practical
engineering applications, researchers have found that uneven inter-stage pressure drop
will lead to premature failure of the final bristle pack under excessive pressure load, which
will lead to the overall failure of the multi-stage brush seal and the short service life of
the brush seal used in turbine machinery such as aero-engines. Therefore, it is of great
significance to study a new structure of multi-stage brush seal with even pressure drop.

In this paper, an NBS with PE hole in the backing plate of the second stage was
proposed according to the theory of pressure drop balance, and a numerical model of the
NBS was established. On the basis of validation of the numerical model, the effects of
structural parameters of PE holes on the inter-stage pressure drop distribution of the NBS
were numerically analyzed, and an optimal structure was obtained. Then, the leakage flow
characteristics of this optimal structure were studied.

2. NBS Structure Design
2.1. Pressure Drop Imbalance Theory of the CBS

The structure of the CBS is shown in Figure 2. It is assumed that the air flows steadily,
and the loss of the air viscosity and its own gravity are ignored. The pressure drop of a

certain stage and the relationship between the mass flow rate and the volume flow rate of
the air of the brush seal are as follows [18]:

1 1
AP = Esz% - EPW% 1)

M = pQ = pvA 2)

where M is the mass flowrate of air, Q is the volume flowrate of air, p is the density of air, v
is the velocity of air, and A is the passage area of air.

By substituting Equation (2) into Equation (1), the inter-stage pressure drop of the first
stage is as follows:

M(Q Qi
AP = —| =5 - = 3
T2 <A§ A%) ©
Similarly, the inter-stage pressure drop of the second stage is as follows:
M[Qs Qs
AP = —| = — = 4

where Q1, Q, Q3 and Qy are the inlet volume flowrate of first stage, outlet volume flowrate
of first stage, inlet volume flowrate of second stage and outlet volume flowrate of second
stage, respectively. A1, Az, A3z and A, are the inlet passage area of first stage, outlet passage
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area of first stage, inlet passage area of second stage and outlet passage area of second
stage, respectively. In addition, A1 = A3, Ay = Ay.
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Figure 2. Schematic diagram of CBS.

The pressure drop balance ratio o between the second stage and the first stage of the
two-stage brush seal is defined as follows:

2
A
AP, (,T;) Qs— Q3
(,T;) Q-
The closer ¢ is to 1, the more even the pressure drop distribution is. Let L = A;/Aj,
and the following equation is obtained:
AP, [2Q4— Q3

TAR T PQ-Q ©

The volume flow increment of the first stage and second stage are the follow-
ing, respectively:

AQ1 =Qr— )
AQy = Q4 — Q3 (8)

When the air flows through the multi-stage brush seal, the volume flow increment of
each stage increases with the increase in the number of stages [18]. So, for the two-stage
brush seal, there is the following:

AQy > AQy ©)

(Qi—Q2)—(Q3—Q1)>0 (10)

Since A1 > Aj, then L > 1, and the following can be applied:

L*(Qs—Q2) — (Q3— Q1) >0 (11)
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Therefore, it can be further obtained:
L2Q4— Qs> Qe — Q1 (12)
According to Equation (6), the following can be obtained:
AP, > APy (13)
oc>1 (14)

According to Equations (13) and (14), it can be seen that the inter-stage pressure drop
of the second stage of the CBS is greater than that of the first stage, so the inter-stage
pressure drops of the CBS are uneven.

2.2. Design Principle of the NBS

According to Equations (4) and (5), it can be seen that increasing the passage area of the
second stage can reduce the inter-stage pressure drop of the second stage and balance the
inter-stage pressure drop. Therefore, in this paper, a novel two-stage pressure-equalizing
brush seal with PE hole in the second stage was presented to improve the uneven pressure
drop distribution of the CBS. The two-dimensional structure diagram of the NBS is shown
in Figure 3. The NBS was mainly composed of a traditional single-stage brush seal and a
single-stage brush seal with PE hole in the backing plate in series; the PE hole was arranged
on the backing plate of the second-stage brush seal.
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Figure 3. Two-dimensional structure diagram of NBS.
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3. Calculation Model
3.1. Numerical Model of NBS

In this paper, a numerical model was established based on the structure in Section 2.2,
and the effects of structural parameters on pressure drop balance was studied. As shown
in Figure 4, a simplified three-dimensional solid model of the NBS was established. During
the actual calculation, the area below the fixed end of the bristle pack was selected as the
modeling area, and the minimum cycle period consisted of a row of bristles and two half
rows of bristles. The structural parameters of the NBS are shown in Table 1.
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Figure 4. Numerical solution model of NBS: (a) Overall diagram of the model; (b) View of A; (c) View
of PE hole.

Table 1. Structural parameters of NBS.

Structural Parameters Values
Height of front plate to rotor H¢ (mm) 2.0
Height of backing plate to rotor H}, (mm) 1.5
Bristle diameter D/mm 0.08
Bristle gap d/mm 0.008
Axial width of bristle pack W/mm 15
Bristle length //mm 104
Axial width of front plate L¢/mm 15
Axial width of backing plate Lj,/mm 2
PE hole diameter Dy, /mm 0.2,04,0.6,0.8
PE hole height H, /mm 3.55,4.75,5.95,7.15, 8.35
PE hole rows N 1,2,3

3.2. Meshing

The bristle pack and flow domains were meshed into tetrahedral and hexahedral
mesh, respectively, and the meshes at the bristle pack and fluid domain at the PE hole are
further encrypted. Moreover, in view of computing resources and calculation accuracy, the
appropriate number of meshes should be selected. As shown in Table 2, the calculation
accuracy can be ensured when the number of meshes is 5.46 million, and the meshing is
shown in Figure 5. The number of meshes of many models calculated in this paper was
between 5.17 million and 5.75 million.

Table 2. Mesh independence verification.

Number of Grids/Ten Thousand Leakage (g/s)
301 14.62
382 14.43
458 14.08
546 13.84

590 13.84
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View of A

(b)
Figure 5. Mesh of NBS: (a) Global mesh diagram; (b) View of A.

3.3. Boundary Conditions

In this paper, the ideal air is used for calculation, and the temperature is 290 K. The
total pressure boundary condition is set on the inlet surface of the fluid domain, the
static pressure boundary condition is set on the outlet surface and the periodic boundary
conditions are set on both sides, as shown in Figure 6. Considering the numerical calculation
speed and the accuracy of the flow solution outside bristles, the RNG k-¢ turbulence model
is used in the fluid domain [20]. In the solution setting, the total step is set to 3000 steps,
and the residual is set to 107°. The operating parameters of the model are shown in Table 3.

Outlet

AR RR22 2T
Vvl

\\ period surface \_The fixed wall

Figure 6. Boundary conditions.

Table 3. Boundary conditions of numerical model.

Working Condition Parameters Values
Fluid Ideal air
Turbulence model RNG k-¢
Inlet total pressure/MPa 0.3,0.4,0.5
Outlet static pressure/MPa 0.1
Inlet temperature/K 290
Rotational speed/ (r-min~1) 3000

3.4. Validation of the Numerical Model

In order to be able to check whether the model reflects reality accurately, an experimen-
tal device for the leakage flow characteristics and pressure drop distribution characteristics
of the brush seal was designed and built, as shown in Figure 7. The test bench adopted a
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one-sided inlet and one-sided outlet. The pressure was provided by the air compressor,
and the maximum available pressure was 1 MPa. The gas was compressed by the air
compressor and entered the cold dryer for drying treatment, then flowed into the flow
path. This verification took the three-stage brush seal structure as the research object, and
compared the results obtained by the experiment with the calculation results of the three-
dimensional solid method in this paper to verify the accuracy of the numerical method. The
experimental principle diagram of pressure drop distribution characteristics of the brush
seal is shown in Figure 8. There were two inlet pressure measuring points at the upper and
lower entrances of each single-stage brush seal unit. The two pressure measuring points
at the upper and lower levels of each stage were one group, and there were four groups
in total. At the outlet end, there were four groups of outlet pressure measuring points
corresponding to the inlet pressure measuring points. In the pressure drop measuring
device, the gas flowed from the inlet pressure measuring points and flowed out of the
corresponding outlet pressure measuring points at the end of the base through the bristle
pack, and further led the gas into the differential pressure sensor by the flexible ducts,
which was used to measure the inter-stage pressure drop of the multi-stage brush seal. The
differential pressure sensor was connected with the data acquisition instrument, and the
data of each pressure measuring point were collected on the computer. The average value
of the data of two pressure measuring points in each group was taken as the inter-stage
pressure at this position. The difference between the upstream and downstream inter-stage
pressures of a brush seal was the pressure drop between the brush seal stages. A photo
of the brush seal test piece is shown in Figure 9, in which the axial sealing ring is used to
reduce the leakage path, and the sealing slide is used to fix and replace the brush seal.

High-speed Deputy Main Data Acquisition Cylinder
camera flowmeter flowmeter Instrument head plate Brush seal

Differential Interstage pressure / Pressure
Computer pressure sensor/ Cylinder extraction hole catheter

Figure 7. Experimental device for leakage flow characteristics and pressure drop distribution charac-
teristics of brush seal.

The numerical model of the same structure as the brush seal experimental piece was
established by using the numerical simulation method in Sections 3.1-3.3. Then, the calcu-
lation results of the leakage characteristics and pressure drop distribution characteristics
of the brush seal were compared with the experimental results, and the results are shown
in Figures 10 and 11. The maximum errors between the calculated values of leakage and
pressure drop and experimental results were 7.4% and 5.8%, respectively. It shows that the
numerical model can simulate the leakage characteristics and pressure drop distribution
characteristics very well.
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Figure 9. Photo of brush seal test piece.
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Figure 10. Comparison verification results of the leakage.
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Figure 11. Comparison verification results of the pressure drop.

4. Analysis of the Effects of Structural Parameters on the Inter-Stage
Pressure Drop Balance of NBS

4.1. Effects of PE Hole Diameter on Inter-Stage Pressure

The proportion of pressure drop Ppq is the ratio of each stage pressure drop to total
pressure drop of the multi-stage brush seal [18]. The effects of PE hole diameter on inter-
stage pressure are shown in Figure 12 when the pressure ratio is 3 and the height of the PE
hole is 5.59 mm. As seen in Figure 12a, the proportion of second-stage pressure drop of the
CBS was 25.8% higher than first-stage pressure drop. The larger second-stage pressure drop
can lead to a large load on the second-stage bristles, which can lead to early failure of the
second-stage bristles and the shortened service life of the CBS. The balance of inter-stage
pressure drop of the NBS was obviously better than that of the CBS, and as the PE hole
diameter increased, the proportion of the second-stage pressure drop gradually decreased.
When the PE hole diameter was less than 0.4 mm, the proportion of the second-stage
pressure drop was greater than that of the first stage. When the PE hole diameter increased
to 0.6 mm, the proportion of the second-stage pressure drop was less than that of the
first stage.

It can be seen in Figure 12b that the pressure drop balance ratio of the CBS and four
kinds of NBSs with different PE hole diameters were 1.695, 1.262, 1.016, 0.805 and 0.776,
respectively. When the PE hole diameter increased from 0.2 mm to 0.8 mm, the pressure
drop balance ratio gradually decreased. In addition, when the PE hole diameter was
0.4 mm, the pressure drop balance ratio was closest to 1, and the distribution of the pressure
drop was most even. This is because when the PE hole diameter is large, the passage area of
second-stage outlet of the NBS is too large, which leads to the decrease in the second-stage
pressure drop or even less than that of the first stage. Therefore, when the PE hole diameter
was 0.4 mm, it was the best choice for the five structures.
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Figure 12. Effects of PE hole diameter on pressure drop distribution between the two-stage brush
seal: (a) proportion of pressure drop; (b) pressure drop balance ratio.

4.2. Effects of PE Hole Height on Inter-Stage Pressure

When the diameter of the hole is 0.4 mm, it can be seen in Figure 13a that the propor-
tions of each stage pressure drop with five different PE hole heights were approximate,
but the second-stage pressure drop decreases with the increase in the PE hole height. The
effects of the PE hole height on the pressure drop balance ratio is shown in Figure 13b.
The pressure drop balance ratio of the five kinds of PE hole heights were 1.049, 1.024,
1.016, 0.98 and 0.968, respectively. The pressure drop balance ratio gradually decreased
as the PE hole height increased from 3.55 mm to 8.35 mm. In addition, when the PE hole
height was 5.59 mm, the inter-stage pressure distribution was most even. Because when
the PE hole height is low, the velocity of the air at the PE hole outlet is larger than that
when the PE hole height is high, more air passes through the PE hole, and the volume
flow increment of the second stage is larger. Therefore, the proportion of the second-stage
pressure drop decreased with the increase in the PE hole height, and when the PE hole
height was 5.59 mm, it was the best choice for the five structures.
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Figure 13. Effects of PE hole height on pressure drop distribution between the two-stage brush seal:
(a) proportion of pressure drop; (b) pressure drop balance ratio.

4.3. Effects of PE Hole Rows on Inter-Stage Pressure

The effects of PE hole rows on inter-stage pressure are shown in Figure 14. When the
pressure ratio was 3, the PE hole diameter was 0.4 mm and the PE hole height was 5.59 mm;
as seen in Figure 14a, the proportion of the second-stage pressure drop decreased gradually
with the increase in the PE hole rows. When the PE hole rows were 3, the pressure drop
of the first-stage accounted for 13.2% higher than that of second-stage, and the balance
of inter-stage pressure drop was poor. As seen in Figure 14b, the pressure drop balance
ratio of the CBS and three kinds of the PE hole rows were 1.695, 1.016, 0.802 and 0.761,
respectively. When the rows of PE hole were 1, the inter-stage pressure drop distribution
was the most even.



Lubricants 2025, 13, 190

13 of 19

70%
[EZZ] First stage
60% XY Second stage

78
40%| §

Proportion of pressure drop P,
w
I
=

20%
10% ¢
0% 1 1 1 1
0 1 2 3
PE hole rows N
(a)
1.8

1,695

Iy = = =
> ) S 2

The pressure drop balance ratio o

e
%

0 1 2 3
PE hole rows N

(b)

Figure 14. Effects of PE hole rows on pressure drop distribution between the two-stage brush seal:
(a) proportion of pressure drop; (b) pressure drop balance ratio.

4.4. Analysis of Pressure Distribution Characteristics of NBS

It can be seen from the above research that when the PE hole diameter was 0.4 mm,
the height was 5.95 mm and the number of rows was 1, the new structure had the best
pressure drop balance. Therefore, this section aims to analyze the pressure distribution
characteristics of this optimized structure compared with the CBS.

The axial pressure distribution of the CBS and NBS under the pressure ratio of 3 is
shown in Figure 15. It can be seen in Figure 15 that when the air flowed from upstream
to downstream, the pressure drop mainly occurred in the area of the bristle pack. The
pressure of the first-stage last bristles of the NBS was obviously smaller than that of the CBS,
which proved that the pressure distribution of the NBS was more even. This is because the
passage area of the second-stage brush seal is increased compared to the CBS, which can
reduce the pressure of second-stage, and balance the inter-stage pressure drop of the NBS.

The comparison of pressure values at different positions of two structures with the
pressure ratio of 3.0~5.0 is shown in Figure 16. When the air flowed through the brush
seal, the pressure decreased along the axial direction. The pressure drop mainly occurred
in the bristle pack, and the second-stage pressure drop of the CBS was obviously larger
than that of the first stage. However, the inter-stage pressure drop of the NBS was approxi-
mately average, which proved that the NBS effectively improved the uneven pressure drop
distribution among stages.
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Figure 16. Comparison of inter-stage pressure between CBS and NBS.
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5. Analysis of Flow Field of NBS

The structural parameters with optimal pressure drop balance was determined in
Section 4.4. In order to further determine the feasibility of this structure, the most important
leakage flow characteristics of the brush seal are studied in this chapter. In this section, the
leakage flow characteristics of the NBS were analyzed when the pressure ratio was 3, the
PE hole diameter was 0.4 mm, the height was 5.95 mm, and the number of rows was 1.

5.1. Analysis of Leakage Characteristics of NBS

The comparison of leakage between the NBS and CBS and the single-stage brush seal
is shown in Figure 17. The leakage of the NBS increased with the increase in pressure ratio,
and it was approximately linear with the increment of pressure ratio. However, when the
pressure ratios were the same, the leakage of the NBS was greater than that of the CBS, and
compared to the CBS, the NBS had a larger growth trend of leakage. This is because the PE
hole increases the air outlet channel, which makes part of the air flow out from the PE hole
and increase the leakage. The leakage of the NBS is 12.9~16.8% higher than that of the CBS,
which has a certain impact on the sealing performance, but the leakage of the NBS is still
less than that of the single-stage brush seal.
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Figure 17. Comparison of leakage between NBS and CBS and single-stage brush seal.

5.2. Analysis of Air Velocity Distribution Characteristics of NBS

With a pressure ratio of 3, a PE hole diameter of 0.4 mm, a height of 5.95 mm and a
number of rows of 1, the axial air velocity distribution of the CBS and NBS is shown in
Figure 18. The air of two structures both formed jets near the backing plate, and the air of
the NBS also formed a high-speed jet at the PE hole. The maximum air velocity of the CBS
occurred near the second-stage backing plate, but the maximum air velocity of the NBS
occurred at the PE hole, and the maximum flow velocity of the NBS is smaller than that of
the CBS. Because the NBS increases the passage area of air, its maximum flow velocity is
less than that of the CBS. However, since the PE hole diameter is less than the height of
backing plate to rotor, the maximum velocity of the air occurs at the PE hole. Moreover,
both structures generate vortex flow in the inter-stage chamber.



Lubricants 2025, 13, 190

16 of 19

(b)

Velociti [m s"*1|

0 IS, 7 Ll Ly, S
5, "t 10, %, Y Py Vo V0 Y,
0407 %0 Yps s (0o ‘0o Y00 0o Y0o

Figure 18. Air velocity distribution of CBS and NBS: (a) CBS; (b) NBS.

Based on the above working conditions and structure, the radial cross-section velocity
downstream of the bristle pack is selected as shown in Figure 19. It can be observed that
the axial and radial flow trends of the CBS and NBS brush seals are stronger, while the
circumferential flow trend is weaker. The radial flow trend of the CBS on the downstream
surface of the bristle pack is stronger than the axial flow trend, while the axial flow trend
of the NBS around the PE hole and inside the bristle pack is stronger. Since the radial air
preferentially flows into the PE hole, the radial flow trend of the air below the PE hole is
weaker than that of the CBS.



Lubricants 2025, 13, 190 17 of 19

Bristle
pack

Bristle

Backing
plate

Backing
plate

Bristle Bristle
\downstream downstream

(@) (b)

Velodti [m s*—1
O 2, 7 Ll e, S,
% % 105 3, 0 s 0 vy,
%, %

0r 0

4
5 000 000 %00 00 02 02 00
Figure 19. Air velocity distribution in radial section: (a) CBS; (b) NBS.

6. Conclusions

In this paper, according to the theory of pressure drop balance, a novel two-stage
pressure-equalizing brush seal was proposed. Then, the influence of structural parameters
on the inter-stage pressure drop balance of the NBS was studied, and the new structure
with the best pressure drop balance was obtained. Finally, the leakage flow characteristics
of the NBS were studied. The following conclusions were reached:

(1) The NBS increased the effective flow area of the second-stage brush seal, and the
inter-stage pressure drop was more even. Therefore, the NBS effectively balanced
the inter-stage pressure drop of the CBS. Under the structural parameters studied
in this paper, the pressure drop balance ratio of the NBS is improved by 45.6~67.9%
compared to the CBS.

(2) The PE hole diameter, rows and PE hole height were found to enhance the pressure
drop uniformity. The pressure drop balance ratio was greatly affected by the PE hole
diameter and rows, and was less affected by the PE hole height. When the PE hole
diameter was 0.4 mm, the height was 5.95 mm and the number of rows was 1, the
NBS had the best pressure drop balance.

(38) The PE hole expands the air outlet channel and outflow area, resulting in a 12.9~16.8%
increase in NBS leakage relative to CBS. However, this phenomenon does not only
constitute damage. On the contrary, the PE hole alleviates the problem of uneven
pressure drop between CBS stages, which is beneficial to improve the service life
of the two-stage brush seal. From a comprehensive perspective, the solution based
on nature proposed in this paper has a certain practicability in practical engineer-
ing applications.
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Nomenclature

CBS common two-stage brush seal

NBS novel two-stage pressure-equalizing brush seal

APy, AP,  pressure drop of the first stage and second stage of the two-stage brush seal, MPa
o pressure drop balance ratio

L ratio between passage areas at inlet and outlet of the stage

AQq, AQ;  volume flow increment of first stage and second stage of the two-stage brush seal
Hi height of front plate to rotor, mm

Hy height of backing plate to rotor, mm

D bristle diameter, mm

d bristle gap, mm

W axial width of bristle pack, mm

l bristle length, mm

Lf axial width of front plate, mm

Ly axial width of backing plate, mm

Dp PE hole diameter, mm

Hp PE hole height, mm

N PE hole rows

Rp pressure ratio

Ppq proportion of pressure drop
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