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ABSTRACT 

Effect of the fence height on the leakage flow 
characteristics of brush seals is investigated by means of 
experimental measurements and numerical simulations. The 
leakage flow rate of brush seal with three sizes of fence height 
is measured at six rotor surface velocities ranged from 0m/s to 
62.8m/s among pressure differences 9.64kPa to 192.8kPa and 
the working fluid is air. The detailed leakage flow field of the 
experimental brush seals is numerically analyzed using three-
dimensional Reynolds-Averaged Navier-Stokes (RANS) and 
SST turbulence model based on the Non-Darcian porous 
medium. The accuracy of the numerical method is validated 
by comparison of experimental data. The obtained results 
show that the effective clearance of brush seal decreases with 
the fence height decreases at the fixed rotor surface velocity 
and pressure difference. The effective clearance of brush seal 
with three sizes fence height increases significantly with the 
increases of pressure differences at the fixed rotor surface 
velocity. The effective clearance of interference brush seals 
slightly decrease with the increasing rotor surface velocity due 
to the friction heat generation. Effect of the rotor surface 
velocity on the effective clearance of brush seal is limited 
when the bristles wear and friction heat generation is not 
considered. The detailed leakage flow field of the brush seal 
is also illustrated. 

INTRODUCTION 
The leakage rate of brush seal is only 10%-20% of that of 

the traditional labyrinth seal. Flexible bristles have strong 
adaptability to the eccentric operation of the rotor. Therefore, 
brush seals are widely used in turbomachinery (Aslan-zada, 
2012; Schur, 2018 ). 

The research on leakage flow characteristics of brush seals 
mainly focuses on experimental measurement and numerical 
analysis. Carlile et al. (1993) measured the leakage rate of 
brush seals for three different working fluids including 
helium, air and carbon dioxide at low and zero rotor surface 
velocities. The results show that the leakage flow rate of brush 
seals decreases slightly at low rotating speeds compared with 
zero rotor surface velocity. Li et al. (2012) analyzed effect of 
clearance sizes on the leakage performance of a labyrinth-
brush seal and found that the blow-down effect should be 
considered for clearance brush seals. Hildebrandt et al. (2019) 
experimentally investigated the effect of bristle pack density, 
rotor-bristle interference, rotational speed and pressure 
difference on leakage flow of a kind of clamped brush seal 
with an axially inclined bristles pack. 

At present, the numerical study of leakage flow behaviors 
of brush seals is mainly based on the non-Darcian porous 
medium model due to the limitations of cross-flow models and 
bulk flow models (Dogu, 2016). Li et al. (2010) numerically 
studied the clearance on the leakage flow characteristics of 
brush seal. Dogu and Aksit (2006) numerically investigated 
the influences of the front plate and backing plate geometries 
on leakage flow behaviors of the brush seals. Dogu et al. 
(2016) numerically analyzed the leakage rates of brush seals 
under different working conditions and different geometric 
conditions and found that the geometric parameters and 
working conditions that play decisive roles in leakage flow are 
bristle pack thickness, clearance between bristle pack and 
rotor, fence height, and pressure difference. 

Considering the thermal deformation of the rotor and 
transient operating conditions, there should be an appropriate 
radial distance between the rotor and the front/backing plate 
of brush seals. The radial distance between the backing plate 
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and rotor named as backing plate fence height is one of the 
key factors during the design of brush seal (Kirk, 2015). The 
high backing plate fence height will significantly increase the 
leakage flow rate. The radial distance between the front plate 
and rotor named as front plate fence height has little effect on 
leakage flow rate of brush seal (Dogu, 2016) but would affect 
the flow behaviour of brush seals . The information on the 
leakage flow characteristics of brush seals with different fence 
height is not significant. The purpose of this paper is to study 
the influence of the fence height on leakage flow 
characteristics of brush seals by means of experiment and 
numerical simulation.  

EXPERIMENTAL TEST RIG AND NUMERICAL 
METHOD 

Experimental Test Rig 
Figure 1 shows the experimental test rig for brush seals. The 

downstream of the experimental brush seal is connected with 
the atmosphere. At the same time, the inlet pressure and mass 
flow rate of compressed air entering the seal test section are 
adjusted by the flow rate controlling valve. The inlet total 
pressure, temperature and mass flow rate are obtained by the 
total pressure probe, T-type thermocouple and thermal gas 
mass flowmeter, respectively. And the uncertainty of these 
three apparatus is 0.075%, 0.75% and 1.5%, respectively. The 
motor is connected with the rotational shaft through a 
coupling, and the rotor surface velocity can be adjusted by 
controlling the motor through a frequency converter. More 
discussion of the experimental test rig is shown in the 
literature (Zhang, 2018). 
 

 
Figure 1 Experimental test rig for brush seals 

 
At first, the effect of the fence height on the leakage flow 

characteristics of three brush seals was experimentally studied 
in this study. Figure 2 shows the three experimental brush 
seals with different fence heights. The bristle material is 
Haynes○R 25 (Zhang, 2018), which is widely used in brush seal. 
As shown in Table 1, the three brush seals have the same 
geometric structure except for the fence height. It should be 
noted that the backing plate height and front plate fence height 
are modified at the same time.  

 
Table 1  Geometrical parameters of brush seals 

Rotor diameter D  /mm 400 
Bristle pack cold width W  /mm 2.17 
Bristle diameter d  /mm 0.15 
Front plate width 2W  /mm 3 
Backing plate width 1W  /mm 3 
Axial size of groove 3W  /mm 0.83 
Bristle lay angle   /o 45 
Fence height H  /mm 2.55/3.55/4.55 
Bristle pack height bH  /mm 15.25 

 

 
  

(a) cross-section diagram ( H =2.55/3.55/4.55mm) 
 

 
(b) physical photograph of configuration 2 

Figure 2 Experimental brush seals  

Numerical Method 
As shown in Eq. (1), the porous medium model is used to 

study the flow behaviors within bristle pack in this work, 
which means that the resistance of the bristle to the fluid is 
added to the momentum equation as a source term in the 
bristle pack region. More information about the porous 
medium model can be found in the previous work (Li, 2012; 
Zhang, 2018; Qiu and Li, 2013; Qiu, 2014). 

( u u )j i ij
bi

j i j

p
F

x x x

  
   

  
   (1) 

A 1° slice section CFD model is used to investigate the 
leakage flow in brush seal because the structure and flow of 
the brush seal are periodic in the circumferential direction. As 
shown in Figure 3, the boundary layer grids of the 
computational model are refined, and the three brush seals 
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grids have about 9.85 10  nodes, which satisfies the 
requirements of grid independence and SST turbulence model 
for yplus. The working medium is an ideal gas. Table 2 shows 
a total of boundary conditions. The pressure differences 
ranges from 9.64kPa to 192.8kPa with an interval of 19.28 
kPa. 

 

Table 2  Boundary conditions 
Inlet total temperature ,in totT  /oC 34 
Pressure differences P  /kPa 9.64~192.8 
Outlet static pressure outp  /kPa 96.4 

Rotor surface velocity Rv  /m/s 0/62.8  

 

 
Figure 3 Computational grid of configuration 2 

brush seal 

RESULTS AND DISCUSSIONS 

The leakage flow rate of the brush seals with three kinds 
of fence heights is experimentally measured at six rotor 
surface velocities ranged from 0m/s to 62.8m/s within 
difference pressures 9.64kPa to 192.8kPa. The detailed 
leakage flow pattern of the experimental brush seals is 
numerically conducted using 3D RANS coupled Non-Darcian 
Porous medium model solutions. Effect of the fence heights 
on the leakage flow characteristics of brush seals is discussed. 

Leakage Flow Performance 
Leakage data are expressed by the effective clearance 

(Pugachev, 2014) as effh  shown in Equation (2). As shown 

in Figure 4, the effective clearance of three brush seals 
increases first and then decreases with the increase of the rotor 
surface velocity at the fixed pressure difference.  
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where ,in totT  is inlet total temperature,   and  sR  are 

constants and their value is 1.4 and 287.04J/kg/K, 

respectively. m  is leakage flow rate, ou tp  and ,in totp  are 

the outlet static pressure and inlet total pressure, respectively, 
and D  denotes the rotor diameter. 

 

 
(a)  configuration 1 

 

 
(b)  configuration 2 

 

 
(c)  configuration 3  

Figure 4 Variation of the effective clearance of three 
brush seals with rotor surface velocity 
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Figure 5 The relationship between the effective 
clearance and fence height at different pressure 

differences ( Rv =62.8m/s) 

 
It should be noted that the effective clearance of brush seals 

under different pressure differences was first measured at a 
fixed rotor surface velocity. Then the rotor speed is set to 
another speed and repeat the above steps until the change of 
effective clearance with pressure differences at the rotor 
surface velocity of 62.8m/s is obtained. In other words, the 
data plotted in Figure 4 and Figure 5 are not obtained by fixing 
the pressure difference to a certain value and then changing 
the rotor surface velocity. The wear of bristles is not obvious 
at low rotor surface velocity condition, and the frictional heat 
generation between rotor and bristle pack will increase the 
temperature of air, so the air density and effective clearance 
slightly decreases with the increasing rotor surface velocity 
(Qiu, 2015). Besides, the enhancement of viscous dissipation 
leads to a slight reduction of effective clearance at low rotor 
surface velocity condition (Qiu, 2014). While the effective 
clearance increases at high rotor surface velocity due to the 
bristles wear during the experiment. 

As illustrated in Figure 5, the effective clearance of brush 
seals increase rapidly with the increasing fence height, 
especially at high pressure difference conditions. The effective 
clearance of configuration 3 brush seal is increased by 
approximately 75% compared with that of configuration 1 
brush seal at a pressure difference of 155.2kPa. So the fence 
height should be designed to be as small as possible, from the 
perspective of reducing leakage. It should be noted that the 
fence height is determined by the radial vibration amplitude of 
the rotor considering that backing plate and front plate should 
not be in contact with the rotor due to the rotor transient 
vibration (Dogu, 2016; Kirk, 2015).  

Leakage Flow Pattern 
Figure 6 shows the experimentally measured and numerical 

calculated effective clearance of versus pressure difference for 
three brush seals. Though there is an error between the 
calculated and experimental values of effective clearance for 
low pressure difference conditions, the calculated results agree 
with the experimental results basically, which verifies the 
effectiveness of the CFD model. The effective clearance 
decreases rapidly with the decreasing fence height, and the 
reduction is very obvious at the high pressure difference 

condition. In addition, compared with the other two 
configurations, the effective clearance of configuration 3 is 
more sensitive to pressure difference in the range of 
experimental pressure differences. It may be due to the fact 
that change of the effective clearance of configuration 1 and 
configuration 2 seals with pressure difference is not fully 
presented, considering the low experimental pressure and the 
low leakage flow of configuration 2 and configuration 1 seals. 
The effect of the rotor surface velocity on the effective 
clearance of brush seal is limited. It should be noted that the 
friction generated by the friction between the rotor and the 
bristle pack is small after the bristles are worn, and they can 
be considered as line-to-line brush seals, so the influence of 
frictional heat generation on the leakage flow characteristics 
is not considered. 

 

 
(a)  CFD results of Rv =0m/s 

 

 
(b)  CFD results of Rv =62.8m/s 

Figure 6 Comparison between numerical results 
and experimental effective clearance 

 

Figure 7 and Figure 8 show the static pressure contours and 
the streamlines distribution of three brush seals at a rotor 
surface velocity of zero and a rotor surface velocity of 
62.8m/s, respectively. It can be seen that the area around the 
fence height bears most of the pressure drop due to the flow 
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resistance of the bristle pack and the obstruction of backing 
plate. The fence height and rotor surface velocity have 
significant impacts on the streamlines distribution of brush 
seals. 

 

 
(a)  configuration 1 

 

 
(b)  configuration 2 

 

 
(c)  configuration 3 

Figure 7 Static pressure contours and streamline 
distribution of three brush seals ( P =106.04kPa, 

Rv =0m/s) 

 
As the fence height increases, the bristle pack in more 

region is directly connected to the downstream in the absence 
of isolation of the backing plate, which leads to the decrease 
of the static pressure of the bristles pack. The shapes, sizes, 
and number of vortices in the flow field vary significantly with 
the increase of fence height. As shown in Figure 7, when the 
rotor surface velocity is zero, the vortex in the red dotted box 
region disappear and the vortex below the backing plate 
increase as fence height increases. Comparing the streamlines 
of the red dotted box region in Figures 7 and 8, The 
phenomenon that upstream streamlines of the bristle pack 
near the rotor move upward with the increase of the rotor 
surface velocity can be found, so the flow path of airflow in 
the bristle pack increases and the effective clearance 

decreases. When rotor surface velocity increases, the vortex in 
the red dotted box region of configuration 1 brush seal 
increases and a vortex appears in the red dotted box region of 
configuration 2 brush seal and configuration 3 brush seal. 

 

 
(a)  configuration 1 

 

 
(b)  configuration 2 

 

 
(c)  configuration 3 

Figure 8 Static pressure contours and streamline 
distribution of three brush seals ( P =106.04kPa, 

Rv =62.8m/s) 

 
Figures 9 - 11 show the static pressure contours and 

streamlines distribution of three brush seals at different 
pressure differences and fixed rotor surface velocity of 0m/s. 
As to the configuration 1, the effect of the pressure difference 
on the streamline distribution in the bristle pack is limited. The 
leakage flow impacts onto the bristle pack and permeates 
across the bristle pack. In addition, the leakage flow in the 
bristle pack downwards to the shaft surface along the radial 
direction due to the action of the pressure difference. The 
pressure drop mostly located across the bristle pack is 
observed. The effect of the pressure difference on the leakage 
flow pattern of the configuration 2 and 3 is similar to 
configuration 1.  
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(a)  P =9.64kPa 

 

 
(b)  P =183.16kPa 

Figure 9 Static pressure contours and streamline 
distribution of configuration 1 brush seal ( Rv =0m/s) 

 

 
(a)  P =9.64kPa 

 

 
(b)  P =183.16kPa 

Figure 10 Static pressure contours and streamline 
distribution of configuration 2 brush seal ( Rv =0m/s) 

 
The effect of the fence height on the leakage flow pattern of 

the brush seals is captured as show in Figures 9-11. As to brush 
seal configuration 1 and 2, the size of the vortices in the white 
dotted box region decrease significantly when pressure 
difference increases. The size of the vortex in the groove 

between front plate and bristle pack of configuration 2 also 
decreases with the increasing pressure difference. The fence 
height of the brush seal configuration 1 and 2 equals 2.55mm 
and 3.55mm. For brush seal of configuration 3, the fence 
height increases to 4.55mm, the size of vortices in the white 
dotted box region increase with the increasing pressure 
difference. The larger fence height increases the regions of the 
leakage flow across the bristle packs of the brush seal. The 
fence height changes the leakage flow pattern and 
corresponding the leakage flow rate across the brush seal. 

 

 
(a)  P =9.64kPa 

 

 
(b)  P =183.16kPa 

Figure 11 Static pressure contours and streamline 
distribution of configuration 3 brush seal at 

different pressure differences ( Rv =0m/s) 

CONCLUSIONS 
Effect of the fence height on the leakage flow 

characteristics of brush seals was investigated based on the 
experimental measurement and numerical method using the 
non-Darcian porous medium model. The accuracy of the 
numerical method is validated by comparison of experimental 
data. The following conclusions were reached.  

The effective clearance of the brush seal increases 
significantly with the increasing fence height at the fixed rotor 
surface velocity and pressure difference. The effective 
clearance of brush seals with three sizes fence height increases 
significantly due to the increasing pressure difference at the 
fixed rotor surface velocity. 

The effective clearance of interference brush seals slightly 
decrease with the increasing rotor surface velocity due to the 
friction heat generation between rotor and bristle pack 
increase with the increase of the rotor surface velocity when 
the bristles wear is not considered or not obvious. While the 
effect of the rotor surface velocity on the effective clearance 
of brush seals is limited as the bristles wear and friction heat 
generation is not considered.  
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The bristle pack around the fence height bears most of the 
pressure drop. As the fence height increases, the static 
pressure inside the bristle pack decreases. The upstream 
streamline of the bristle pack near the shaft moves upward due 
to the increase of rotor surface velocity. 

NOMENCLATURE 
d  bristle diameter [mm] 
D  rotor diameter [mm] 

biF  additional resistance term [N/m3] 

effh  effective clearance of the brush seal  [mm] 

H  fence height [mm] 

bH  bristle pack height [mm] 

m  leakage flow rate of the brush seal [kg/s] 

,in totp  inlet total pressure [kPa] 

outp  outlet static pressure [kPa] 

Q  flow function [s.K0.5/m] 

,in totT  inlet total temperature [K] 

u  velocity [m/s] 

Rv  rotor surface velocity [m/s] 

W  bristle pack width  [mm] 

1W  backing plate width [mm] 

2W  front plate width [mm] 

3W  axial size of groove [mm] 

P  Pressure difference [kPa] 
  bristle lay angle [o] 
  density [kg/m3] 
  Reynolds stress [N/m2] 
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