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Abstract: The bleed hole diameter, depth, and boundary layer thickness are key design parameters of a supersonic bleed system. 
The evolution trend of single-hole bleed flow coefficient with the ratio of boundary layer thickness to bleed hole diameter and the 
ratio of bleed hole depth to diameter is investigated by numerical simulations under choking and non-choking conditions. The 
results show that the subsonic leading edge of the circular hole and the subsonic part of the boundary layer are the main factors 
causing lateral flow of the bleed hole. The effect of diameter on bleed mass flow rate is due to the viscous effect which reduces the 
effective diameter. The larger the ratio of displacement thickness to bleed hole diameter, the more obvious the viscous effect is. 
The depth affects bleed flow rate by changing the opening and closing states of the separation zone. When a certain depth is 
reached, the development of the boundary layer reduces the effective captured stream tube and thus reduces the bleed mass flow 
rate. The main objective of the study is to obtain the physical mechanism of the bleed hole size parameters affecting the bleed mass 
flow rate, and to provide theoretical guidance for the selection of the size of bleed holes in the design of a porous arrays bleed 
system in hypersonic inlets. 
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1  Introduction 
 

Hypersonic aircraft rely on air captured by an 
inlet to meet the requirements of the propulsion sys-
tem. The inlet serves also to condition the air through 
deceleration and pressurization, supplying air with 
specific temperature, speed, and pressure to the 
combustion chamber (Zhao, 2014). Its performance 
directly affects the performance of the propulsion 
system (Zhang et al., 2019). An important develop-
ment design trend of the hypersonic inlet is not to 

seek the best performance of individual components, 
but to satisfy the performance index of the whole 
system of aircraft-engine-inlet, to ensure the high 
performance of the inlet under long-term cruise Mach 
number, and also to take into account the non-design 
point performance of the inlet under non-design Mach 
number (Hu et al., 2013), which requires effective 
flow regulation and control (Jiao, 2017; Wang, 2017). 
Boundary layer bleed is an effective method of inlet 
control (Soltani et al., 2015; Im and Do, 2018). The 
performance of the inlet can be significantly im-
proved by setting an effective bleed hole layout in the 
inlet (Wang et al., 2015; Gupta et al., 2016; Zhang, 
2018).  

The bleed system is a porous array layout, which 
achieves the aim of flow control through effective 
bleed array layout (Hamed et al., 2011). The porous 
array bleed system has a certain porosity, which is 
used to control the overall bleed mass flow rate. The 
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determination of the bleed mass flow rate of the bleed 
system first needs to determine the single-hole bleed 
mass flow rate. Hypersonic inlet bleed includes 
forebody, throat, and lip bleed (Zhao, 2016). Each 
part has different requirements for the shape and size 
of bleed hole (Chang et al., 2017). If the bleed hole 
diameter is too large, the flow coefficient captured by 
the inlet will decrease, which reduces the efficiency 
of the combustion chamber. At the same time, the 
intensity of the barrier shock generated by the trail 
edge of the bleed hole will increase, and a large 
number of vortices will be induced, resulting in sig-
nificant total pressure loss (Wukie et al., 2015). If the 
bleed hole diameter is too small, it will lead to insuf-
ficient bleed mass flow, which will not be effective in 
bleed control. On the other hand, the hypersonic inlet 
has a certain structural strength, so the bleed hole has 
a certain depth. In theory, there is an optimum scheme 
of bleed system design considering the boundary 
layer thickness, and the bleed hole diameter and 
depth, which makes the flow field distortion smallest 
and the control effect most effective when the bleed 
mass flow rate is as small as possible. 

The performance of a hypersonic inlet bleed 
system depends on many factors, including the posi-
tion, angle, and shape of the bleed hole. Martin et al. 
(2007) by computational fluid dynamics (CFD) 
showed that total pressure recovery increased by 2% 
by 1% bleed mass flow rate, 1% by 2% bleed mass 
flow rate, and almost the same by 4% bleed mass flow 
rate, indicating the existence of the best appropriate 
bleed mass flow rate. Syberg and Hickcox (1973) 
studied the influence of the inclination angle of the 
bleed hole, the distance between the holes, and the 
diameter of the hole on the bleed mass flow rate. The 
selected diameter of the bleed hole is equivalent to the 
displacement thickness of the boundary layer. Davis 
et al. (1997) by experiment showed that when the 
bleed hole diameter equals or is less than the bound-
ary layer displacement thickness, the flow coefficient 
is approximately the same. Davis et al. (2012) ex-
perimentally obtained the variation trend of bleed 
flow coefficients with different back pressures at 
different depths and angles of the bleed hole, and 
compared it with existing data. Sepahi-Younsi et al. 
(2019) found that when the ratio of the depth to di-
ameter of the bleed hole is large, the separation bub-
ble at the front of the bleed hole is closed, but when 

the ratio of depth to diameter is small, the separation 
bubbles extend to the bleed chamber and the separa-
tion bubbles are in an open state. This easily causes 
flow instability. 

In this paper, the single-hole problem is ex-
tracted from the porous array bleed layout, and the 
effect of the boundary layer thickness and the diam-
eter and depth of the bleed hole on the bleed mass 
flow rate are studied to obtain single bleed hole per-
formance. The main purpose is to obtain the physical 
picture of each parameter affecting the bleed mass 
flow rate, and to lay the foundation for extending the 
single-hole bleed system to the multi-hole bleed sys-
tem, and then for the design of a simple and efficient 
advanced hypersonic inlet bleed system.  
 

 
2  Numerical simulation methods and  
validations 

 
Steady and density-based simulations are solved 

with the finite volume method. The inviscid terms are 
discretized by the second-order Roe scheme, and the 
viscous terms are discretized by the second-order 
central-difference scheme. The molecular viscosity of 
the gas is calculated with Sutherland’s formulation. 
No-slip adiabatic wall conditions are applied for all 
solid surfaces and the turbulence is modeled by the 
k-ε two-equation model. 

The integrated computer engineering and man-
ufacturing (ICEM) is used to generate the structured 
grids, and the computational domain is halved be-
cause of symmetry as shown in Fig. 1. A C-type mesh 
is generated and refined in the bleed hole region. The 
minimum grid spacing is 1.0×10−3 mm in the turbu-
lent boundary layers above the bleed surface to ensure 
a maximum y+ of 2.0 for the free stream Reynolds 
number investigated. The grid growth rate is 1.02, 
which ensures that there are enough cells within the 
boundary layer for the three different boundary layer 
velocity profiles investigated. A 2D mesh is created in 
the ICEM 3D computational domain by the associa-
tion between the face with the bleed hole planes as 
shown in Fig. 2. The boundary condition is set to be 
interior to monitor the bleed mass flow rate, and the 
average values of the three planes are taken as the 
bleed mass flow rate. The convergence criterion for 
all CFD cases is that the variance of the bleed mass 
flow rate is within 1.0%. 
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Given the above grid topology, grid independent 
validation is carried out by selecting the bleed hole 
diameter D=2 mm, depth-to-diameter ratio L/D=0. 
The main purpose is to obtain the grid numbers and 
distributions in the mainstream, the bleed hole, and 
the bleed plenum regions. Five sets of grids are de-
signed and the number of grids is 0.4271 million, 
0.8576 million, 1.8245 million, 2.8726 million, and 
3.5515 million (Fig. 3), respectively.  

The flow coefficient (Willis et al., 1995) is de-
fined as 
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where m  is the actual bleed mass flow rate, and 

sonicm  is the sonic bleed mass flow rate, which is 
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where Pt and Tt are the inflow total flow pressure and 
temperature respectively, γ is the specific-heat ratio, 
and A is the bleed hole area. R=287 J/(kg·K). The 
flow coefficients of five sets of grid with inflow 
pressure, temperature, Mach number, and back pres-
sure are 101 325.0 Pa, 288.15 K, 2.46, and 50 662.5 Pa 
(Fig. 3).  

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3 shows that the fourth set of grids has met 

the requirements of grid independence. For the other 
computational examples with different diameters and 
depths, the mesh distribution is kept consistent in the 
regions of mainstream and bleed chamber, and only 
the mesh numbers in the bleed hole region are varied. 
With the increase of the ratio of the bleed hole depth 
to diameter, the number of meshes increases gradu-
ally, which requires a lot of high-performance com-
puting resources.  

To confirm the validation of the above numerical 
methods, the numerical results are compared with the 
experimental results conducted by Eichorn et al. 
(2013) with the Mach number Ma=1.7. A normal 
single-hole with a diameter D=6.350 mm and a 
depth-to-diameter ratio of 0.250 is selected, which is 
denoted as configuration No. 3 in the referenced pa-
per. The Reynolds number for the test conditions is 
2.46×107/m. The flow coefficient evolution with 
different ratios of bleed chamber static pressures Pb to 
incoming total pressure Pt is shown in Fig. 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Monitor planes of the bleed mass flow rate

Fig. 1  Computational domain 

Fig. 3  Mesh independent validation 
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Fig. 4  Comparison of Eichorn et al. (2013)’s experiment 
and computational fluid dynamics 
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Fig. 4 shows that the numerical simulation re-
sults are in good agreement with the experimental 
results over a wide range of pressure ratios except for 
slight errors in low and high pressure ratios. Overall, 
this shows that the numerical simulation method is 
reliable and effective. 

 

 
3  Evolution of flow coefficients with the ratio 
of boundary layer thickness to diameter 

 
In order to enhance the efficiency of the com-

pression process, the inlet designer must have a 
knowledge of the characteristics and vagaries of the 
boundary layer (Mahoney, 1990). The boundary 
layer has a velocity gradient, forming a three-layer 
structure (Babinsky and Harvey, 2011; Wang et al., 
2017). The purpose of the boundary layer bleed is to 
change the shape factor of the boundary layer and 
make its profile much fuller (Bunnag, 2010). The 
hypersonic inlet bleed control system includes the 
forebody, lip, and throat bleed according to different 
demands. The leading edge of the bleed hole has 
different boundary layer thicknesses (δ) at different 
bleed positions. Given the relationship between the 
diameter of the bleed hole and the displacement 
thickness of the boundary layer, the boundary layer 
bleed can be divided into two cases. When the dis-
placement thickness is much larger than the diameter 
of the bleed hole, this corresponds to subsonic bleed, 
and when the displacement thickness is smaller than 
the diameter of the bleed hole, the bleed is dominated 
by supersonic bleed. By changing the boundary layer 
thickness at the leading edge of the bleed hole, the 
influence of boundary layer thickness on the bleed 
mass flow rate is studied. The three velocity profiles 
at the leading edge of the bleed hole are shown in 
Fig. 5. The maximum boundary layer thickness is 
nearly nine times that of the minimum boundary 
layer thickness. 

The curvature of the leading edge of a bleed 
hole varies continuously. For a certain inflow, it can 
be divided into supersonic leading edge and subsonic 
leading edge according to the relationship between 
the curvature of the leading edge and the Mach cone 
as shown in Fig. 6. The ratio of supersonic leading 
edge increases with the increases of Mach number. In 
order to eliminate the influence of subsonic and su-

personic leading edges and the lateral flow caused by 
3D effects, the influence of boundary layer thickness 
on bleed mass flow coefficient in 2D case is first 
studied. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   
 

 
 
 
 
 
 
 
 

 

The 2D bleed slot diameter D equals 10 mm 
with the ratio of depth to diameter L/D=1.0. The 
incoming flow conditions are the same as the 
aforementioned mesh independent validation. For the 
case of δ/D=0.223, the Mach number contours with 
the ratios of the static pressure of the bleed chamber 
to inflow static pressure of 0.8 and 0.1 are shown in 
Fig. 7 and Fig. 8, respectively. By comparing Fig. 7 
with Fig. 8, it can be seen that the supersonic 
streamlines deflect into the bleed hole by generating 
expansion waves at the leading edge of the slot 
through pressure difference. Different pressure ratios 
produce different expansion strengths. The lower the 
pressure ratio, the greater the streamline deflection 
angle, and the larger the bleed mass flow rate. 

The bleed flow coefficients of the three bound-
ary layer thickness-to-diameter ratios are shown in 
Fig. 9. It shows that with the decrease of pressure 

Fig. 5  Different velocity profiles at the leading edge of the 
bleed hole 

δ=2.230 mm 

δ=7.191 mm 

δ=19.000 mm 

Velocity V (m/s) 
Y

 (
m

) 

Fig. 6  Supersonic and subsonic leading edges for a cir-
cular hole
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ratio, the influence of boundary layer thickness on 
the flow coefficients becomes no longer obvious. The 
larger the ratio of boundary layer thickness to diam-
eter, the smaller the flow coefficient is. This is be-
cause the thicker the boundary layer, the smaller the 
effective Mach number at the leading edge of the 
bleed slot, and the smaller the bleed mass flow coef-
ficient. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 

 
 
 
 
 
 
 
 

The flow coefficient of the circular hole under 
the same inflow and boundary layer thickness as that 
in 2D cases of the slot is shown in Fig. 10. Compar-
ison of Figs. 9 and 10 clearly shows the impact of 3D 
effects in the bleed hole case, compared to the 2D 
slot. At very low pressure ratios, the bleed hole 
shows similar behavior to the slot in that increasing 
the boundary layer thickness decreases the flow co-
efficient. When the ratio exceeds a critical point (in 
the vicinity of Pb/Pt=0.02), however, this behavior 
reverses, and increasing the boundary layer thickness 
increases the flow coefficient. Supersonic boundary 
layer bleed is the coupling of supersonic and sub-
sonic parts of the boundary layer. For a circular bleed 
hole, there are three different physical bleed mecha-
nisms: supersonic leading edge bleed, subsonic 
leading edge bleed, and the subsonic part of bound-
ary layer bleed. The supersonic leading edge bleed 
makes the streamlines deflect into the bleed hole by 
generating expansion waves, and changes the bleed 
mass flow rate by adjusting the intensity of expansion 
waves through the pressure ratio, which is the dom-
inant part of the supersonic bleed. Because the sub-
sonic part of the boundary layer is affected by the 
back pressure disturbance of the bleed chamber, not 
only the direction of the main flow part can be bled 
into the bleed hole, but also part of the lateral flow. 
However, the location of the sound point in the tur-
bulent boundary layer is very close to the wall (Ba-
binsky and Harvey, 2011), which makes the subsonic 
part of the boundary layer occupy a small proportion, 
so the bleed mass flow rate is very weak. The sub-
sonic leading edge of the bleed hole is also affected 
by the back pressure disturbance in the Mach cone. 
This can deflect the lateral flow toward the bleed 
hole. Fig. 11 shows that the streamlines of the su-
personic leading edge at the entrance of the bleed 
hole are straight, indicating that it is not affected by 
the back pressure disturbance, but the streamlines of 
the subsonic leading edge deflect towards the bleed 
hole. Zhao et al. (2017) observed lateral flow of the 
circular bleed hole using the Schlieren method and 
nanoparticle-based planar laser scattering method 
(NPLS) flow visualization techniques. Bodner et al. 
(1996) also observed lateral flow for a 90° bleed hole 
of flow coefficient Q=0.035 through oil flow  
visualization technology. According to the above 

Fig. 9  Relationship between flow coefficient and Pb/Pt 
with different δ/D for the slot 

2D, δ/D=0.223 

2D, δ/D=0.719 

2D, δ/D=1.900 

Pb/Pt 

Q
 

Fig. 7  Mach number contours for the slot with static 
pressure ratio of 0.8 and δ=2.230 mm 

Fig. 8  Mach number contours for the slot with static 
pressure ratio of 0.1 and δ=2.230 mm 
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analysis, the lateral flow originates from the part of 
subsonic leading edge of the circular hole and the 
subsonic part of the boundary layer, and this is the 
physical mechanism of the lateral flow observed 
experimentally. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4  Evolution of flow coefficients with the 
bleed hole depth-to-diameter ratio L/D 
 

Supersonic bleed can be divided into two stages: 
bleed choking and non-choking. They have different 
flow structures. The boundary layer thickness 
δ=2.230 mm and the bleed hole diameter D=0.6 mm, 
2.0 mm, and 10.0 mm, respectively are selected to 
study the evolution trend of bleed flow coefficients 
under choking and non-choking conditions. The ratio 
of bleed hole depth to diameter is divided into seven 
working conditions, L/D=0, 0.5, 1.0, 2.0, 4.0, 8.0, 
and 16.0. 

4.1  Effect of depth-to-diameter ratio L/D on bleed 
mass flow rate under non-choking condition 

 
According to the aforementioned inflow condi-

tions, the back pressure Pb of the bleed chamber is set 
506 62.5 Pa, and the ratio of the static pressure of the 
bleed chamber to the inflow static pressure satisfies 
Pb/P1=0 .5. The evolution of flow coefficients with 
depth-to-diameter ratio for different bleed hole di-
ameters under non-choking conditions is shown in 
Fig. 12. The evolution trends of the flow coefficients 
of the three bleed holes under three different diame-
ters are similar, i.e. decrease first, then increase, and 
then gradually decrease slowly, which indicates that 
the flow field structure of the three bleed holes is 
similar. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

The case of L/D=0 serves as a baseline, which 
corresponds to an infinitely thin bleed hole. When the 
streamline enters the bleed hole, it does not deflect 
and there is no barrier shock in the bleed hole. When 
the bleed hole has a finite depth, a barrier shock is 
formed at the entrance of the bleed hole as shown in 
Fig. 13. This reduces the bleed mass flow rate. 
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Fig. 11  Streamlines at the entrance plane of the bleed hole 
with D=2.0 mm and L/D=4.0

Fig. 10  Relationship between the flow coefficient and 
Pb/Pt with different δ/D for the bleed hole 
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Fig. 12  Relationship between the flow coefficient and L/D 
for different bleed hole diameters under non-choking 
condition
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Q
 

Fig. 13  Mach number contours of D=0.6 mm, L/D=2 case
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For the same L/D, the smaller the boundary 
layer thickness to diameter ratio, the larger the bleed 
flow coefficient, with the exception of L/D=0.5 and 
1.0. This is because a certain boundary layer thick-
ness δ corresponds to a certain displacement thick-
ness δ* as shown in Fig. 14, which makes the su-
personic boundary layer flow equivalent to a uniform 
flow at a distance of displacement thickness δ* from 
the wall. So the influence of the boundary layer on 
the bleed mass flow rate can be transformed into the 
influence of the displacement thickness on the ef-
fective size of the bleed hole, reducing the bleed hole 
diameter. The smaller the bleed hole diameter is, the 
more obvious the viscous effect, and the more ob-
viously the bleed flow coefficient decreases. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
When L/D is greater than 0.5 and less than 4.0, 

the bleed flow coefficient increases with the increase 
of depth-to-diameter ratios. Fig. 15 is a Mach number 
contour of the bleed hole symmetrical plane with 
D=2.0 mm and L/D=1.0. This shows that the air in 
the bleed chamber back flows to the bleed hole, while 
Fig. 16 is the Mach number contour of the symmet-
rical plane of the same diameter bleed hole with 
L/D=4.0, indicating that there is no back flow phe-
nomenon. Back flow results in reduced bleed mass 
flow rate at L/D=1.0 but not at L/D=4.0, because 
when the ratio of depth to diameter is less than a 
certain degree, the separation zone in the bleed hole 
is in an open state, so the bleed chamber gas can back 
flow into the bleed hole. Zhao et al. (2017) also ex-
perimentally showed that the separation zone has 
opening and closing states under different 
depth-to-diameter ratios. When L/D is greater than 
4.0, the flow coefficient decreases with the increase 
of depth-to-diameter ratio, and the larger the bound-

ary layer thickness-to-diameter ratio, the more ob-
viously the bleed flow coefficient decreases. This is 
because with the development of the boundary layer, 
the effective stream tube captured by the bleed hole 
decreases, resulting in the decrease of bleed mass 
flow rate. The smaller the bleed hole diameter is, the 
more obvious the viscous effect is. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
For the three bleed holes, when the ratios of 

depth to diameter are L/D=0.5 and 1.0, the flow co-
efficients have only a difference of about 1%, but the 
area of the bleed hole with D=10 mm is approxi-
mately 278 times that of the bleed hole with 
D=0.6 mm, which indicates that the bleed flow co-
efficient has a independent effect under some ratios 
of depth to diameter. Davis et al. (1997) also showed 
that when L/D=1.0, the variation of flow coefficients 
was very weak for the three scale bleed holes with 
diameters of D=6.350, 0.368, and 0.239 mm. 

Fig. 15  Mach contours of the bleed hole symmetry plane 
with diameter D=2.0 mm and L/D=1.0 


 

Fig. 14  Displacement thickness reduces the effective bleed 
hole diameter 

Fig. 16  Mach contours of the bleed hole symmetry plane 
with diameter D=2.0 mm and L/D=4.0 
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4.2  Effect of depth-to-diameter ratio L/D on bleed 
mass flow rate under choking condition 

 
When the incoming flow static pressure, tem-

perature, and Mach number are given, the bleed mass 
flow rate increases gradually with the decrease of 
back pressure of bleed chamber, but when the back 
pressure decreases to a certain extent, the bleed mass 
flow rate no longer increases with the decrease of 
back pressure. This is called supersonic bleed chok-
ing (Tan et al., 2009). The air of the hypersonic inlet 
is compressed by multiple shock waves generated by 
the forebody, so the pressure is very high, while the 
back pressure of the bleed system is the atmospheric 
pressure under the flight conditions of the aircraft, 
which is very low. So supersonic bleed choking is a 
typical working state of the hypersonic inlet bleed 
system. 

According to the Prandtl-Meyer (P-M) expan-
sion wave theory (Anderson, 2003), the conditions of 
bleed choking can be deduced when the viscous ef-
fect is ignored. For a given inflow Mach number Ma1 
and static pressure P1, Ma2 and P2 are the Mach 
number and static pressure after the last expansion 
wave. The angle between the two expansion waves is 
φ, as shown in Fig. 17. 

 
 
 
 
 
 
 
 
 
 
 
 
 
The two Mach angles μ1 and μ2 corresponds to 

the first expansion wave and the last expansion wave, 
respectively, which can be obtained as 
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From the geometric relation shown in Fig. 17, 
the angle of the expansion fan is 

 

1 2( ).                                    (5) 
 

The deflection angle θ of the streamline is de-
termined by the P-M function 

 

2 1( ) ( ).Ma Ma                            (6) 
 

When the angle of the expansion fan is equal to 
that of the incoming Mach angle 1,   the last 

expansion wave is parallel to the entrance of the 
bleed hole. If the back pressure continuously de-
creases, the expansion fan angle also continuously 
increases in the bleed hole. However, the bleed mass 
flow rate is determined by the physical conditions at 
the entrance. Although the back pressure is contin-
uously reduced, the disturbance cannot propagate 
upstream in supersonic flow. Therefore, the physical 
quantities at the entrance of the bleed hole are con-
stant, and the bleed mass flow rate does not change 
with the decrease of the back pressure. This is the 
physical mechanism that causes bleed choking to 
occur. According to Eqs. (3)–(6), the Mach number 
satisfies the relationship when bleed choking occurs. 
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The critical pressure ratio of bleed choking is 

determined by isentropic relation, i.e. 
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According to Eqs. (7) and (8), for the Mach 

number of 2.46, the static pressure ratio when bleed 
choking occurs is 0.2698. For a circular bleed hole, 
there is a 3D effect, but Eq. (8) is a model for de-
termining the choking pressure ratio which ignores 
the 3D effect. With the ratio of static pressure of the 
bleed chamber to inflow static pressure Pb/P1=0.1 
and the boundary layer thickness δ=2.230 mm, CFD 
calculations are carried out under bleed choking 
conditions. The bleed flow coefficients of different 

Fig. 17  Supersonic bleed chocking model
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depth-to-diameter ratios are shown in Fig. 18, which 
shows that there is a great difference compared with 
non-choking conditions as shown in Fig. 12. When 
bleed choking, the flow coefficient of different ratios 
of boundary layer thickness to bleed hole diameters 
decreases with the increase of the depth-to-diameter 
ratio. This is because the flow field structure at the 
entrance of bleed holes does not change. The increase 
of the bleed depth only affects the development of the 
boundary layer in the bleed hole as shown in Figs. 19 
and 20. The larger the boundary layer thickness to 
bleed hole diameter ratio, the more obvious the flow 
coefficient evolution decrease trend is. When the 
ratio of depth to diameter is less than 2.0, the bleed 
flow coefficients of δ/D=1.115 and 3.717 have little 
difference, similar to the non-choking conditions, 
which also shows depth-to-diameter ratio inde-
pendence. With higher δ/D values of δ/D=1.115 and 
3.717, the impact of viscous effects starts to make 
these choking conditions act a bit more like what was 
seen in non-choking conditions, at least for L/D>4. 
The thin boundary layer case of δ/D=0.223, on the 
other hand, clearly shows choked behavior. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

5  Conclusions 
 
The single bleed hole problem is extracted from 

the porous bleed system. The bleed hole flow struc-
ture is obtained according to the characteristics of 
leading edge curvature of the bleed hole. The three 
scales, including those of boundary layer thickness, 
and the depth and diameter of the bleed hole are in-
vestigated, respectively to reveal the physical mech-
anism that affects the bleed mass flow rate. The main 
conclusions are as follows: 

1. Circular hole bleed includes the coupling of 
supersonic leading edge, subsonic leading edge, and 
subsonic part of supersonic boundary layer. The su-
personic leading edge bleed is dominant, and the 
subsonic leading edge and subsonic part of supersonic 
boundary layer are the main reasons for lateral flow. 

2. In the cases of non-choking and of choking, 
the flow coefficient has different evolution and de-
velopment trends with the increase of depth-to- 
diameter ratio. Depth is the dominant factor affecting 
the bleed flow coefficient, and bleed hole diameter is 
the secondary factor. 

3. In the case of non-choking, the bleed hole with 
a certain depth-to-diameter ratio produces back  
flow, which makes the flow coefficient decrease, 
while in the case of choking, there is no back flow 
phenomenon. 

This paper obtains a clear physical picture of the 
effect of bleed scale parameters on flow coefficient, 
and will provide theoretical support for the design of a 
porous array bleed system. 
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中文概要  
 

题 目：抽吸孔尺度对超声速边界层抽吸流量的影响 

目 的：在超声速来流条件下，探索影响抽吸流量的关键

参数，为高超声速进气道抽吸系统的设计提供 

参考。 

方 法：1. 从抽吸系统提取出边界层厚度、抽吸孔径和深

度三个尺度，并采用单变量原则，通过数值模拟

分别研究三个尺度对抽吸流量的影响；2. 采用普

朗特-迈耶膨胀波理论，根据抽吸流动是由压差驱

动的物理机制，建立超声速抽吸壅塞模型。 

结 论：1. 超声速圆孔抽吸包括超声速前缘、亚声速前缘

和边界层中的亚声速部分三种抽吸物理机制； 

2. 在非壅塞与壅塞条件下，随着孔径与深度比值

的变化，流量系数具有不同的演化规律；3. 深度

是影响抽吸流量的主要因素，孔径是次要因素；

4. 在一定的孔径深度比值下，抽吸在非壅塞条件

下具有回流现象，而在壅塞条件下不具有回流 

现象。 

关键词：超声速抽吸；壅塞；尺度效应；抽吸质量流率；

进气道；横向流动 


