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Abstract: Transverse pressure gradient (TPG) is one of the key factors influencing the boundary layer airflow diversion in a
bump inlet. This paper proposes a novel TPG-based hypersonic bump inlet design method. This method consists of two steps.
First, a parametric optimization approach is employed to design a series of 2D inlets with various compression efficiencies.
Then, according to the prescribed TPG, the optimized inlets are placed in different osculating planes to generate a 3D bump
inlet. This method provides a means to directly control the aecrodynamic parameters of the bump rather than the geometric
parameters. By performing this method to a hypersonic chin inlet, a long and wide bump surface is formed in the compression
wall, which leads to good integration of the bump/inlet. Results show that a part of the near-wall boundary layer flow is diverted
by the bump, resulting in a slight decrease in the mass flow but a significant improvement in the total pressure recovery. In
addition, the starting ability is significantly improved by adding the bump surface. Analysis reveals that the bump has a 3D
rebuilding effect on the large-scale separation bubble of the unstarted inlet. Finally, a mass flow correction is performed on the
designed bump inlet to increase the mass flow to full airflow capture. The results show that the mass flow rate of the corrected
bump inlet reaches up to 0.9993, demonstrating that the correction method is effective.

Key words: Hypersonic bump inlet; Transverse pressure gradient (TPG); Boundary layer flow; Total pressure recovery; Starting
ability; Mass flow correction

1 Introduction

Air-breathing hypersonic propulsion is a poten-
tial means for providing economical access to space
and atmospheric flight (Huang et al., 2020). One form
of air-breathing hypersonic propulsion is the super-
sonic combustion ramjet (scramjet), which has no rotat-
ing parts and must reach a certain speed and altitude
for operation (Curran and Murthy, 2001). The promis-
ing high-speed performance of scramjet engines and
their apparent potential for achieving near-orbital spe-
eds have led to increasing attention towards hypersonic
cruise missions, particularly the single-stage-to-orbit
(SSTO) aerospace plane concept (Trefny, 1999; Cur-
ran, 2001). As one of the most crucial elements of
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scramjets, the inlet should provide sufficient high-
quality airflow for combustion in a relatively wide
operating range (Sziroczak and Smith, 2016; Xiong
et al., 2019; Li et al., 2020; Zhang et al., 2020). How-
ever, when air flows through the forebody, a thick
boundary layer develops due to viscous effect (John-
son and Lawing, 1977; Lawing and Johnson, 1978).
If a large amount of low-energy boundary layer flow
is swallowed by the inlet, the total pressure recovery
coefficient will decrease and the starting performance
will deteriorate (Zhang et al., 2014; Yue et al., 2018;
Liu et al., 2019). Moreover, the captured airflow may
be greatly separated by serious shock wave/boundary
layer interactions, which can lead to the emergence of
inlet unstart or even engine flameout (Bhanderi and
Babinsky, 2005; Lau, 2008; Su et al., 2018). It was
found that the boundary layer at the inlet entrance
is strongly associated with the inlet layout, and its
height can even reach half that of the inlet (Johnson
and Lawing, 1977; Lawing and Johnson, 1978). For
a well-designed inlet, the low-energy boundary layer
should be excluded as much as possible to improve


https://crossmark.crossref.org/dialog/?doi=10.1631/jzus.A2100532&domain=pdf&date_stamp=2022-04-14

480 | J Zhejiang Univ-Sci A (Appl Phys & Eng) 2022 23(6):479-494

the quality of the captured airflow (Ding et al., 2018;
Im and Do, 2018).

To divert the boundary layer, a type of bump
inlet was proposed in the last century (Simon et al.,
1957). This bump inlet pre-compresses the incoming
airflow using a 3D bump surface installed upstream
of the inlet entrance while simultaneously excluding
the boundary layer flow using the bump device. Com-
pared with the boundary layer bleeding system, the
bump inlet can effectively reduce the weight and aero-
dynamic drag of the vehicle (Schwartz et al., 2021;
Yuan et al., 2021). Therefore, bump inlets have been
widely adopted in supersonic aircraft (Yang, 2007).
Numerous studies have focused on the influences of
geometrical bump parameters to provide guidance for
designing supersonic bumps (Kim and Song, 2008;
Svensson, 2008; Kim, 2009; Lo and Kontis, 2017; Xu
et al., 2017; Cheng et al., 2019). Xu et al. (2017) indi-
cated that increasing the bump height could signifi-
cantly improve the boundary layer diverting ability,
and the flow loss could be greatly reduced by increas-
ing the bump length. Svensson (2008) found that a
long bump with a smooth beginning performed better
than a blunt bump under supersonic conditions. Cheng
et al. (2019) optimized a supersonic bump configu-
ration using a parametric optimization method. By
studying the working mechanism of the supersonic
bump, it was found that the transverse pressure gradi-
ent (TPG) on the bump surface is the key element
effecting boundary layer diversion (Kim and Sung,
2006; Colliss et al., 2014). Saheby et al. (2017) pro-
posed a combination of the bump and waverider pro-
file to increase the TPG. Saheby et al. (2016) and Yu
et al. (2018, 2019) designed a bump configuration
based on the ridge concept. The ridge acted as a slen-
der vortex generator, creating a large pressure gap to
divert the boundary layer significantly.

Previous studies on the design method and flow
mechanism of the bump inlet under hypersonic condi-
tions have been limited (Kim and Song, 2007; Tillot-
son et al., 2009). Results have indicated that directly
introducing a supersonic bump into a hypersonic inlet
would cause a large total pressure loss (Xu et al.,
2019). The main contradiction was that the bump
required a large TPG to remove the boundary layer,
but strong shock waves would be induced by a high
bump under hypersonic conditions. This revealed
that the bump should be highly integrated with the

hypersonic forebody. In view of this, Huang et al.
(2018) and Yu et al. (2020) developed a design method
for hypersonic bump/inlet integration based on a 3D
inviscid inverse method. The inlet was installed on
the bump surface, and the shocks induced by the inlet
leading edge impinged on the cowl lip. Xu et al.
(2019) proposed an integrated design method for a
hypersonic forebody/bump. It was found that there
was no additional flow loss in the highly integrated
configuration. In addition, the results showed that the
bump could improve the inlet starting ability, but the
flow mechanism requires further investigation.

The TPG is one of the determining factors for
the bump to divert the boundary layer. Therefore, the
key in the bump configuration design is to properly
arrange the TPG. However, there have been few stud-
ies on the bump design method based on the TPG.
Moreover, the integrated design of the bump/inlet is
a potential way to improve the inlet performance
under hypersonic condition and should be further
investigated.

This study focused on the design approach for a
hypersonic bump inlet based on the TPG. In the pro-
posed method, a parametric optimization is adopted to
acquire 2D inlet configurations with different com-
pression efficiencies. Then, the optimized inlets are
placed in different osculating planes to generate a
bump inlet. An integrated bump was formed in the
compression wall by applying the design method to a
hypersonic chin inlet. Then, the performances under
the design conditions as well as the self-starting ability
of the obtained bump inlet were evaluated. The results
show that the bump inlet has distinct advantages in
terms of total pressure recovery and starting perfor-
mance. The flow mechanisms were analyzed based on
numerical and experimental results. Finally, a mass
flow correction was performed on the bump inlet to
achieve full airflow capture.

2 TPG-based hypersonic bump inlet design
2.1 Study model

The proposed bump inlet design method was
applied to a hypersonic chin inlet. As shown in Fig. 1,
an axisymmetric forebody was adopted because of
its ease of manufacture and high volumetric effici-
ency. According to the flow characteristics, the body
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Fig. 1 Hypersonic chin inlet considered in this study: (a)
multiple views of the inlet; (b) inlet configuration and
flow structure in an osculating plane

was divided into shock-dependent and compression
regions. The shock-dependent region was designed
to generate a forebody shock wave. The external com-
pression region adopts isentropic compression to
reduce the flow loss (Xu, 2018). The cowl was installed
at the chin of the vehicle. Two sweepforward side-
walls were employed to provide spillage windows for
the large-scale separation bubble at the unstarting
state. The design conditions were a flight Mach num-
ber of 6, flight height of 26 km, and attack angle of
0°. The forebody shock wave impinges on the cowl
leading edge under the design conditions, achieving
the shock-on-lip condition. According to the overall
design requirements, the total contraction ratio (CR))
was 6.0. Various internal contraction ratios (CR,,)
could be obtained by adjusting the configuration of
the compression wall. The streamwise plane passing
the axis of symmetry is called the osculating plane.
The angle from the plane of symmetry to the osculat-
ing plane is denoted by . The two sidewalls were
located in the osculating planes of =-45° and 45°,
respectively. Because the body is axisymmetric, the
inlet profiles in the osculating planes (within the trans-
verse range of —45°<0<45°) are identical.

To clarify the inlet operating process, the 2D
inlet configuration and flow structure in an osculating
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plane are schematically illustrated in Fig. 1. The air-
flow is compressed by the forebody shock wave at
first, and then isentropic compression waves are gen-
erated in the external compression wall BF. Subse-
quently, the compressed airflow is captured by the
cowl CE. Finally, the airflow is further compressed in
the internal contraction region to meet the demand for
combustion.

2.2 TPG-based bump inlet design method

The proposed design method consists of two
steps. First, various 2D axisymmetric inlet configu-
rations with different compression efficiencies are
designed using a parametric optimization method. Sec-
ond, the optimized inlet configurations are arranged in
different osculating planes of the 3D inlet based on the
prescribed TPG. As such, an integrated bump inlet is
obtained. The two steps are described in detail below.

2.2.1 Parametric optimization of 2D axisymmetric
inlets

Considering the integrated design, inlet parame-
terization should be conducted under multiple geo-
metric and aerodynamic constraints. To maintain the
shock-on-lip condition, the shock-dependent wall 4B
and cowl CE are unchanged, and only the compres-
sion wall BD is parameterized. Moreover, the position
and shape of the throat should remain constant, and
the compression wall should remain horizontal at the
throat to ensure smoothness between the inlet and
downstream isolator.

Fig. 2 illustrates the parameterization method
used to design the compression wall. It can be seen
that the curve BD is parameterized utilizing the 3rd
quasi-uniform B-spline (QUBS) and is controlled by
four points. The first point B and end point D are fixed,
but the middle points P, and P, are flexible. P, can
move along the extension line of the shock-dependent
wall 4B to ensure wall smoothness at B. P, has the
same height as D in the radial direction and can
move along the horizontal direction to ensure that the

Fig. 2 Parameterization method for designing the
compression wall
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parameterized curve is horizontal at the throat. The
distances from B to P, and from P, to D are denoted
by L, and L,, respectively. Inlet configurations with
various compression walls can be acquired by adjust-
ing the values of L, and L,. In the current optimiza-
tion method, L, and L, are employed as the design
variables.

To improve the captured airflow quality as much
as possible, the mass-averaged total pressure recovery
coefficient at the throat (¢) was employed as one of
the optimization objectives. In addition, the compres-
sion efficiency is largely determined by the internal
contraction ratio under a constant total contraction
ratio. An inlet with a small internal contraction ratio
tends to exhibit high compression efficiency. There-
fore, the internal contraction ratio was adopted as
another goal. Moreover, the mass flow rate (¢) is a
key parameter in the inlet design, which directly
affects the engine thrust. For the researched inlet,
when the mass flow rate satisfied |p—1|<0.01, the inlet
was considered to have achieved full airflow capture.
Therefore, the mass flow rate was employed as a con-
straint in the optimization. When a parameterized
inlet realizes full flow capture, it can be regarded as a
feasible inlet. In conclusion, the inlet optimization
problem can be described as follows:

Objective: max(s, -CR,,)",
subject to |p—1|<0.01. W

An optimization platform was employed to solve
the optimization problem. First, a 2D inlet configura-
tion was designed for a group of variables. Then, the
grid was auto-generated, and the inlet flow field was
calculated numerically. Subsequently, a data process-
ing module was used to obtain the geometric and
aerodynamic parameters (o, CR,, ¢). Subsequently, the
parameters were evaluated by the optimization algo-
rithm, and the variables were re-assigned to start the
next optimization loop.

The multi-objective optimization algorithm of
non-dominated sorting genetic algorithm-II (NSGA-II)
was chosen for this study to solve the optimization
problem. The population size and number of gener-
ations were 24 and 30, respectively. The crossover
probability was set to 0.9. Fig. 3 shows the distribu-
tion of the optimized feasible inlets in CR, —o pairs.
Each point in the figure represents the performance
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Fig. 3 Distribution of the optimized feasible inlets in CR,—c
pairs

parameters of a feasible inlet. It can be seen that the
total pressure recovery coefficient gradually increases
as the internal contraction ratio increases. In addition,
a Pareto front (denoted by the circular points in Fig. 3)
was formed. The inlet located in the Pareto front has
the highest total pressure recovery coefficient among
the inlets with a constant internal contract ratio.

Fig. 4a displays the configurations and the wall
pressure distributions of typical inlets locating in the
Pareto front. The compression walls of these inlets
show significant difference. The smaller the internal
contraction ratio is, the higher the compression wall
is. The pressure curves of all the inlets exhibit two
obvious rises in the compression region. The first
slow pressure rise is caused by the external compres-
sion upstream of the inlet entrance, and the second
rapid pressure rise is caused by the cowl-lip shock
wave impingement. Herein, the first pressure rise is
focused on. As shown in Fig. 4b, the wall pressures at
x=1.2 m are plotted as a function of the internal con-
traction ratio. A steady pressure drop can be seen as
the internal contraction ratio increases. For example,
the pressure p of the inlet with CR,=1.6 reaches up to
8.46p, (p, is the static pressure of the freestream),
while that of the inlet with CR,=2.6 is less than
4.30p,, exhibiting a significant pressure difference.

2.2.2 Bump inlet design based on the prescribed TPG

As the second step, the optimized 2D inlets are
placed in the corresponding osculating planes based
on the prescribed TPG to generate the bump inlet.
Compared with conventional bump inlet design meth-
ods, this method provides a potential way to directly
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Fig. 4 Wall pressure distributions of typical Pareto-optimal
inlets with different internal contraction ratios: (a) wall
pressure curves along the flow direction; (b) wall pressures
atx=1.2 m

control the aerodynamic parameters of the bump.
In addition, the proposed method can significantly
improve the inlet performance parameters owing to
the utilization of the optimized inlets.

In this study, the TPG distribution in the plane of
x=1.2 m was used to perform the design process. As
expressed by Egs. (2) and (3), the TPG distribution is
a quadratic polynomial. Fig. 5a shows the TPG curve
along the transverse direction. The curve can be
uniquely defined by three parameters: ,, 6,, and «. 6,
and 6, represent the start and end positions of the
TPG, respectively, which jointly determine the range
of the bump surface in the transverse direction. x is
the maximum value of the TPG, which is associated
with the bump height. The transverse pressure (TP)
distribution can be obtained by integrating Eq. (2).
The solved TP is expressed by Eq. (4) and plotted
in Fig. 5b. Herein, p, is a constant term, which is asso-
ciated with the compression efficiency of the designed
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Fig. 5 Prescribed TPG (a) and TP (b) distributions in the
plane of x=1.2 m

bump inlet. By changing the value of p/p,, the internal
contraction ratio of the bump inlet can be controlled.

P g b+ ?)
o) '
4K
= — 3
(0.,-0.)
dr(0,+6
b= - (1 z), 3)
(0.,-0.)
4K6,0,
=— 3
(0,-0.)
p _ad  bo P
b3 + > +c0+pw. “4)

The TPG and TP distributions in the plane of x=
1.2 m can be obtained by assigning a group of 4, 6,,
k, and p/p.. Then, to meet the preset pressure distribu-
tion, the Pareto-optimal inlets are placed in different
osculating planes according to the relationship between
the wall pressure and internal contraction ratio, as
shown in Fig. 4b. Consequently, an integrated bump
inlet configuration can be obtained. The parameters
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chosen for this study were as follows: 6,=0°, 6,=60°,
k=0.075, and p/p,=7.7563. Under these parameters,
the acquired bump surface was limited in the trans-
verse range of —60°<6<60°, the pressure difference on
the bump surface was 3p, (in the plane of x=1.2 m), and
the internal contraction ratio of the bump inlet was 1.9.

For comparison, an inlet without a bump surface
was designed as the original inlet. The Pareto-optimal
inlet with CR,=1.9 was placed in every osculating
plane of the original inlet. Thus, the body of the origi-
nal inlet was axisymmetric, and its internal contrac-
tion ratio was also 1.9. It is worth noting that the origi-
nal inlet already has a high total pressure recovery
performance due to the adoption of the optimized
inlet configuration.

Figs. 6a and 6b show the geometrical configura-
tions of the original inlet (dull red) and bump inlet
(grey). Fig. 6¢ compares the profiles of both inlets
in different cross-sections. The two inlets have the
same shock-dependent wall and cowl, while an obvi-
ous difference can be seen in the compression wall.
Compared with the original inlet, the compression

(b)

Fig. 6 Comparison of original inlet (dull red) and bump
inlet (grey): (a) 3D view; (b) front view behind the plane
of x=1.2 m; (c) profiles in different cross-sections (original
inlet in red curves and bump inlet in black curves)

wall of the bump inlet was higher in the central region
but lower at both sides. This means that the entire
compression wall can be regarded as a bump configu-
ration, achieving a high integration of the bump/inlet.

2.2.3 Validation of proposed design method

To validate the feasibility of the proposed meth-
od, a numerical simulation was utilized to calculate
the inlet flow fields under the design conditions. Fig. 7
shows the TP and TPG distributions of the prescribed
and actual results. As can be seen, the actual TP was
essentially the same as the preset value except for an
insignificant gap at the lateral border of the bump sur-
face. Moreover, there is good consistency between the
two TPG curves in the range of =0°-25°. Owing
to the transverse flow on the bump surface, the actual
TPG was slightly different from the prescribed value
outside #=25°. Overall, it is considered that the
acquired bump inlet essentially meets the prescribed
TP and TPG, demonstrating that the design method
is feasible.
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Fig. 7 TP (a) and TPG (b) distributions of the prescribed
and actual results



Fig. 8 shows the wall pressure contours on the
walls of the original and bump inlets. The pressure of
the original inlet was uniformly distributed along the
transverse direction. In contrast, the pressure of the
bump inlet was high in the central area but low at the
two sides, forming the TPG throughout the compres-
sion region.

Original inlet

Bump inlet

Fig. 8 Wall pressure contours of the original and bump
inlets under design conditions

3 Experimental setup and numerical method
3.1 Experimental setup

The experiments in this study were conducted in
a free-jet hypersonic wind tunnel at the National Uni-
versity of Defense Technology Scramjet Laboratory,
China. Fig. 9 shows a schematic diagram of the wind
tunnel, which consists of a high-pressure air supply
system, electric heater, settling chamber, axisymmet-
ric Laval nozzle, test chamber, vacuum tank, and some
valves. The test model can be installed on a support
device at different pitch angles to adjust the inlet attack

High—pljessure Test Valve Vacuum
air
Settling chamber ta_nk
Electric — [],_.(‘1':(‘)0'6 m
heater X ey

device

Fig. 9 Schematic diagram of the experimental free-jet
wind tunnel

J Zhejiang Univ-Sci A (Appl Phys & Eng) 2022 23(6):479-494 | 485

angle. The wind tunnel can operate at an incoming
Mach number of 5 with a usable test time of more than
60 s. Necessary measuring devices, such as a schlieren
visualization system and pressure measurement sys-
tem, are equipped to record the flow characteristics.

3.2 Numerical method

Two-dimensional Reynolds-averaged Navier—
Stokes (RANS) equations were employed to simulate
the 2D inlet flow fields during the optimization pro-
cess. In addition, 3D RANS equations were adopted to
solve the flow fields of the original and bump inlets.
The air was assumed to be an ideal gas with viscosity
modeled according to the Sutherland law. Consider-
ing the separated flows and complex shock system in
the flow fields, the turbulence model of shear stress
transport (SST) k- was chosen to solve the RANS
equations.

Fig. 10 displays the computational domains and
grids of the 2D and 3D inlets. To reduce the computa-
tional cost, the flow field in the symmetry plane was
simulated for the 2D axisymmetric inlet, and only
half of the model was calculated for the 3D inlet. A
structured grid was generated in all computational
domains. The grid points near the inlet entrance and
the internal contraction region were clustered to accu-
rately simulate the complex flow phenomena, such

(b)

Fig. 10 Computational domains and grids of the inlet
models: (a) 2D axisymmetric inlet; (b) 3D inlet (grid in the
wall and symmetry plane)
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as large-scale separation bubble and shock wave/
boundary layer interactions. In addition, the boundary
layer grid was set to calculate the near-wall flow as
accurately as possible, and a value of y+ less than 1
was achieved in the main portion of the wall flow
region. The boundary conditions of the inflow and
outflow were set as the pressure far-field and pressure
outlet, respectively. No-slip adiabatic wall conditions
were enforced on all solid walls.

3.2.1 Grid independency

Three grid scales, namely, coarse, medium, and
refined grids, were utilized to analyze the grid inde-
pendency in the simulation of the 2D inlet. Fig. 11
compares the wall pressure distributions under the
three grid scales, where the black solid line represents
the geometrical configuration of the inlet and the hori-
zontal dashed-dotted line is the axis of symmetry. It can
be seen that the wall pressure in the shock-dependent
region remains unchanged and then gradually increases
in the external compression region. Owing to the
impingement of the cowl shock, the pressure curve
rapidly rises at the inlet entrance. The three pressure
curves are essentially the same, demonstrating that the
main flow characteristics of isentropic compressions
and shock/boundary layer interactions can be cap-
tured by the three grid scales. Table 1 lists the grid
numbers and performance parameters of the inlet
under different grid scales. The results show that the
mass flow rates are exactly the same and all reach up
to 1. However, the total pressure recovery coefficient
under the coarse grid is 1.74% less than that under the
refined grid. With an increase in the grid number,

%i 20 s Coarse grid
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10 /\
0 | paw g . 1 L VR O T I
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Fig. 11 Wall pressure distributions under three grid scales

Table 1 Grid numbers and inlet performance parameters
under three grid scales

Grid scale  Grid number o o
Coarse 200x120 1.000 0.5684
Medium 300180 1.000 0.5782
Refined 400%240 1.000 0.5785

the total pressure recovery coefficient gradually con-
verges, where the difference between the medium grid
and refined grid is below 0.05%.

In view of the excellent agreements on the wall
pressure distributions and inlet performance parame-
ters, the medium grid was chosen to solve the current
2D inlet flow fields. Moreover, the medium grid scale
was adopted in every osculating plane of the 3D inlet
flow fields. Finally, the grid numbers of the 2D and
3D inlets were 54000 and 3240000, respectively.

3.2.2 Code validation

The bump inlet was utilized as an experimen-
tal model to evaluate the accuracy of the proposed
numerical method. The experiment was conducted
in the free-jet wind tunnel with an inflow Mach num-
ber of 5 and attack angle of 0°. A series of pressure
measurement holes were arranged along the flow direc-
tion in the symmetry plane of the inlet model. Pres-
sure transducers with a range of 0-689 kPa were uti-
lized to record the wall pressure signals. In addition,
a schlieren system was applied to visualize the inlet
flow field in the symmetry plane.

The proposed numerical method and grid setting
were employed to simulate the experimental process.
Fig. 12 compares the flow structures and wall pres-
sure distributions obtained by the experiment and
numerical simulation. The experimental and numeri-
cal results both indicate that an unblocked supersonic
flow was formed at the inlet entrance, and the inlet was
in the starting state. In addition, the forebody shock
angles obtained by the experiment and numerical sim-
ulation were 15.4° and 15.6°, respectively, indicating
good agreement. The pressure distributions of the two
results were almost equal in the shock-dependent and
external compression regions. Afterward, both pres-
sure values rapidly rose at the inlet entrance and
then fluctuated in the internal contraction region. The
comparisons demonstrate that the proposed numer-
ical method can capture the main flow characteristics
of the inlet flow field.
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Fig. 12 Comparison of schlieren images (a) and wall
pressure distributions (b) in the symmetry plane obtained
by the experiment and the computational fluid dynamics
(CFD) method

4 Results and discussion
4.1 Inlet performances under design conditions

The flow fields of the original and bump inlets
were numerically simulated under the design condi-
tions. The results show that the mass flow rate of the
original inlet was 0.9960, essentially achieving full
flow capture. Although the mass flow rate of the bump
inlet decreased slightly, it still reached 0.9813. More-
over, the total pressure recovery coefficient of the
original inlet was 0.5907, but that of the bump inlet
reached up to 0.6138, which is 3.91% higher than that
of the original inlet. Overall, the mass flow rate slightly
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decreased, but the total pressure recovery showed a sig-
nificant improvement after designing the bump surface.

To reveal the reason for the changes in the per-
formance parameters, the inlet flow structures were
analyzed. Fig. 13 shows the Mach number contours in
the osculating planes of §=0°, 15°, 30°, and 45° for
both inlets. The streamlines traced from the §=45°
osculating plane in the freestream flow field are also
shown. The flow structures in all osculating planes of
the original inlet were almost the same, and the inlet
essentially maintained a 2D flow pattern. The fore-
body shock in each osculating plane impinged on the
cowl leading edge, thereby achieving the shock-on-lip
condition. Meanwhile, the streamlines traced from the
0=45° osculating plane practically intersected the
leading edge of the sidewall, indicating that there was
nearly no transverse spillage. Hence, the original inlet
exhibited a high mass flow rate. Because the opti-
mized feasible inlet configurations were adopted in

Fig. 13 Mach number contours in the osculating planes of
0=0°, 15°, 30°, and 45° and the streamlines traced from
the 0=45° osculating plane in the freestream flow field:
(a) original inlet; (b) bump inlet
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the osculating planes, the shock-on-lip condition was
also realized in the flow field of the bump inlet. How-
ever, most of the streamlines were excluded from the
bump inlet. Additionally, the closer the streamline
was to the wall, the larger the diversion scale was.
Finally, a triangle-shaped spillage window (labeled in
Fig. 13) was formed outside the sidewall. Since the
near-wall low-energy airflow that should be captured
by the inlet was excluded, the mass flow of the bump
inlet slightly decreased but the total pressure recovery
showed a significant improvement.

To evaluate the low-kinetic-energy flow diver-
sion, the boundary layer heights of the original and
bump inlets were compared. Considering the remark-
able non-uniform flow characteristics in the current
inlet flow field, the boundary layer was defined by the
near-wall airflow, and the total pressure recovery coef-
ficient was less than 0.3. Fig. 14a displays the distri-
butions of the boundary layer in the cross-section
immediately before the inlet entrance (in the plane of
x=1.4 m), where the boundary flow is shown in blue
and the main flow is shown in red. The boundary
layer heights of both inlets are compared in Fig. 14b.
The transverse flow of the original inlet is insignifi-
cant owing to the axisymmetric body. As a result,
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Fig. 14 Boundary layer distributions of the original and
bump inlets in the plane of x=1.4 m: (a) boundary layer
distributions; (b) comparison of boundary layer heights.
References to color refer to the online version of this figure

the boundary layer height remained almost constant
(6.04 mm), except for a slight fluctuation due to the
sidewall around 6=45°. In contrast, the boundary layer
height of the bump inlet significantly changed along
the transverse direction. Specifically, its height gradu-
ally decreased and reached the minimum value of
5.68 mm near §=30°, which is also the position of the
maximal TPG. The results also show that the largest
transverse spillage speed (approximately 118.3 m/s)
also appeared near #=30°. As the TPG decreased, the
velocity of the transverse flow gradually decreased
beyond 8=30°. Correspondingly, the boundary layer
height continuously grew and reached the highest
value of 6.45 mm at #=50.3°. In summary, due to the
diversion effect of the bump, the boundary layer was
thinner in the inlet capture region but thicker outside
the inlet. In other words, the boundary layer airflow
that should be swallowed by the inlet was success-
fully excluded from the inlet.

4.2 Inlet starting performance
4.2.1 Starting process

The proposed numerical method was utilized to
calculate the inlet accelerating self-starting process.
Fig. 15 displays the Mach number contours in the
symmetry plane of both inlets at typical Mach num-
bers. When the Mach number was 3.0, large-scale sep-
aration bubbles were formed, and separation shocks
were induced in both inlet flow fields. The forming
mechanism of the large-scale separation bubble is
described as follows. According to the Kantrowitz
and isentropic limits, the airflow choked at the throat
when the incoming Mach number was low. Conse-
quently, a high-pressure signal was formed at the throat
and then moved upstream. When the high-pressure
signal arrived at the position of the cowl lip shock/
boundary layer interactions, the separation bubble
scale greatly increased due to an increasing adverse
pressure gradient. Finally, a large-scale separation
bubble was established on the compression surface.
As can be seen, the series of incoming airflow were
deflected upstream of the inlet entrances and spilled
above the cowl lip, leading to a decline in the captured
airflow. Clearly, both inlets were in an unstarting state.
As the inflow Mach number increased to 3.5, although
the separation bubbles shrank and moved down-
stream, the flow structures exhibited no substantial
change. However, the large-scale separation zone
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Fig. 15 Mach number contours in the symmetry plane at typical incoming Mach numbers

of the bump inlet completely vanished at Ma=4.0.
Consequently, the mass flow was not influenced by the
inlet flow in the internal portion, and an unblocked
supersonic flow was established in the entire duct,
implying that the inlet entered the starting state. In
contrast, there was a large-scale separation bubble
in the original inlet until the Mach number increased
from 4.0 to 4.5.

Large-scale separation bubbles play a key role in
the inlet starting process. With an increase in the
inflow Mach number, the separation bubble shrank
and moved downstream with increasing incoming
dynamic pressure. When the Mach number increased
to a certain value, the separation bubble could not
self-sustain and was eventually swallowed.

Fig. 16 shows the distributions of mass flow rate
and total pressure recovery coefficient during the
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Fig. 16 Distributions of mass flow rate and total pressure
recovery coefficient during starting process

starting process. The two parameters of both inlets are
relatively low at Ma=3.0. As the incoming flow accel-
erated, continuous rises could be seen in the mass
flow rates, but the total pressure recovery coefficients
noticeably decreased because of the growing intensity
of the shock waves. It is noted that the mass flow rate
and total pressure recovery coefficient of the bump
inlet were both higher than those of the original inlet
in the unstarting state, as discussed later in Section
4.2.3. As the Mach number increased from 3.94 to
3.95, the mass flow rate of the bump inlet rapidly
increased, and the total pressure recovery coefficient
increased to 0.73. Also, the parameters of the original
inlet experienced similar jumps with the increase in
Mach number from 4.34 to 4.35. The reason for the
sudden improvements of inlet performance parame-
ters is that the separation bubble disappeared and the
inlet entered the starting state. Therefore, the starting
Mach numbers (Ma,) of the original and bump inlets
were 4.35 and 3.95, respectively. This demonstrates
that the starting Mach number was reduced by 0.4 by
designing the bump surface, which effectively broad-
ens the inlet operating range.

4.2.2 Experimental study on near-wall shape of
separation bubble

To reveal the flow mechanism of the improve-
ment in the bump inlet starting performance, the near-
wall flow of the separation bubble in the unstarting
state was experimentally investigated. Because the
ability to change the inflow Mach number is limited, it
is difficult to obtain the unstarting flow field under the
current experimental conditions. According to previous
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studies, the unstarting flow field caused by a low
Mach number can be well-simulated by giving a high
attack angle (Guo et al., 2017). Therefore, in this
study, the inlet was pre-installed at a high angle of
attack to acquire the unstarting flow field.

Oil flow experiments were performed in the wind
tunnel to visualize the near-wall flow. Methyl silicone
oil was utilized, and white nanoparticles were added
to improve the contrast. Two oil flow experiments
were conducted on the original inlet and bump inlet at
an inflow Mach number of 5 and attack angle of 6°.

The mixed oil was uniformly smeared on the
inlet surfaces before testing. When high-speed incom-
ing air flowed through the wall surface, the oil was
suddenly pushed downstream. However, a large-scale
separation zone was formed at the inlet entrance
because of the emergence of an inlet unstart. The flow
direction of the near-wall air in the separation zone
was opposite to that of the main flow. As a result, oil
accumulated at the initial position of the separated
flow. Fig. 17 shows the oil flow distributions on the
walls of the original and bump inlets at the unstarting
state from a top-down view. The white lines in the
figure represent the separation lines of the large-scale
separation bubbles. As can be seen, the separation
line of the original inlet maintains good 2D character-
istics in the central region. Then, it gradually moves

Body " .o O}‘ig—ginal inlet
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Fre

Incoming
flow

Separation line
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Fig. 17 Oil flow distributions on the walls of both inlets at
unstarting state from a top-down view

downstream at the two sides because of the spillage,
forming an arc-shaped separation line along the trans-
verse direction. On the contrary, the separation line of
the bump inlet is mainly characterized by down-
stream movement in the central area and rapid up-
stream movements at the two sides. In general,
compared with the original inlet, the separation zone
scale of the bump inlet was significantly reduced in
the inlet capture range.

4.2.3 Three-dimensional rebuilding effect of bump
on the separation bubble

Fig. 18 displays the Mach number contours in
different osculating planes of both inlets at a relatively
low Mach number of 3.5. The separation zone scale
of the original inlet was relatively large near the sym-
metry plane, leading to a considerable spillage above
the cowl lip. However, the separation bubble gradually
moved downstream, and its height decreased along
the transverse direction. Consequently, the separation
shock gradually moved closer to the cowl, and the
scale of the cowl lip spillage significantly decreased
from the middle to the side. Regarding the bump inlet,

(b)

Fig. 18 Mach number contours in the osculating planes of
0=0°, 15°, 30°, and 45° and streamline distributions in the
separation bubble at Ma=3.5: (a) original inlet; (b) bump
inlet



cowl lip spillage also formed near the symmetry
plane, but its scale was significantly less than that of
the original inlet. In addition, although the separation
bubble length gradually increased along the trans-
verse direction, the cowl lip spillage at the side was
substantially reduced because of the drop in separa-
tion bubble height. Overall, the separation shock
intensity of the bump inlet was weaker, and the cowl
lip spillage scale was smaller than that of the original
inlet. This is why the mass flow rate and total pres-
sure recovery coefficient of the bump inlet were both
higher than those of the original inlet in the unstarting
state.

As shown in Fig. 18, the quasi-helical stream-
lines were distributed in the large-scale separation
bubbles of both inlets and were eventually excluded.
The airflow in the separation bubble was character-
ized by the separation vortices near the symmetry
plane but was dominated by the transverse spillage
near the sidewall. This is because the static pressure
in the separation bubble was notably higher than that
outside. Driven by the pressure difference, the trans-
verse flow significantly accelerated at the side. Under
the combined effect of the separation vortex and trans-
verse spillage, quasi-helical streamlines were finally
formed in the separation bubble.

Fig. 19 shows the TPG distributions in the sepa-
ration bubbles of both inlets (in the plane of x=1.35 m).
Under the pressure difference between the inside and
outside of the separation zone, the TPG of the original
inlet rapidly dropped outside the sidewall. In contrast,
there was a considerable TPG decline in the capture
region of the bump inlet, owing to not only the pres-
sure drop caused by the separation bubble but also the
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Fig. 19 TPG distributions in the plane of x=1.35 m at Ma=3.5
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pressure drop from the bump. The pressure difference
in the inlet capture region of the original inlet was only
1.02p,, but that of the bump inlet reached 1.65p, . In
addition, the absolute maximum of the TPG in the
bump inlet occurred near the sidewall, which can sig-
nificantly accelerate the transverse spillage. Fig. 20
shows the transverse velocity (V) distributions in the
plane of x=1.35 m. The range and velocity of the
transverse spillage in the bump inlet flow field were
notably larger than those of the original inlet, where
the maximum transverse velocity of the bump inlet
reached up to 461.5 m/s. This means that more air-
flow in the separation zone of the bump inlet was
excluded. Therefore, the separation bubble shrank
notably, thereby promoting the inlet start.

Vi (m/s)

Original
-50 inlet Bump inlet

Fig. 20 Transverse velocity (V) contours in the plane of x=
1.35 m at Ma=3.5

4.3 Mass flow correction for the bump inlet

According to the working mechanism of the
bump, the near-wall boundary layer was diverted so
that the captured airflow quality was improved. How-
ever, the bump also led to a slight decline in the mass
flow rate under the design conditions. To increase the
inlet mass flow to the designed level, mass flow cor-
rection was conducted on the bump inlet. In view
of the constraints in the inlet integrated design, the
following requirements should be met during the mass
flow correction: the shock-on-lip condition should be
maintained under the design conditions, the location
and shape of the inlet throat should remain unchanged,
and the bump configuration should remain intact. To
increase the inlet mass flow, a feasible correction
method was used to enlarge the inlet capture area. Con-
sidering the above requirements, a method that extends
the inlet center angle was adopted. Fig. 21 schemati-
cally illustrates the bump inlet capture area before and
after the mass flow correction. As shown, the center
angle increased from 90.0° to 91.4° via correction. It
should be noted that slight side compressions are
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Fig. 21 Diagram of the capture area of the bump inlet
before (solid) and after (dashed) mass flow correction

inevitably introduced by the sidewalls of the corrected
bump inlet. Through a reasonable design, a series of
weak isentropic compression waves were generated
by the sidewalls without a shock system.

Table 2 lists the geometric and aerodynamic
parameters of the inlets. The mass flow rate of the
corrected bump inlet reached as high as 0.9993, indi-
cating that the proposed correction method is effective.
Besides, because the bump surface was unchanged,
the low-energy boundary layer was also excluded,
resulting in an almost constant high total pressure
recovery coefficient. Moreover, the starting perfor-
mance slightly declined after the correction because
of the increase of inlet capture area. However, the
starting Mach number of the corrected bump inlet
was still 0.26 lower than that of the original inlet.

Table 2 Geometric and aerodynamic parameters of the inlets
Ma,

Inlet Center angle o o

Original inlet 90.0° 0.9960 0.5907 4.35
Bump inlet 90.0° 0.9813 0.6138 3.95
Corrected bump inlet 91.4° 0.9993 0.6122 4.09

5 Conclusions

This study developed a novel method for design-
ing a hypersonic bump inlet based on a given TPG.
The proposed design method was applied to a hyper-
sonic chin inlet, and the main performance parameters
of the acquired bump inlet were investigated. The fol-
lowing conclusions were drawn:

1. The designed bump configuration was highly
integrated with the inlet compression wall without
additional flow loss under hypersonic conditions. In
addition, this method provides a potential means to

directly control the aerodynamic parameters of the
bump rather than the geometric parameters.

2. The boundary layer flow was excluded from
the inlet capture range owing to the TPG on the bump
surface. As a result, the mass flow of the bump inlet
slightly decreased, but the total pressure recovery
showed a significant improvement.

3. The bump had a 3D rebuilding effect on the
large-scale separation bubble in the unstarting state.
In addition, the TPG on the bump surface greatly
accelerated the transverse spillage in the separation
bubble, which substantially improved the inlet start-
ing ability.

4. Full flow capture was successfully achieved in
the bump inlet by performing the proposed mass flow
correction. Compared with the original inlet, the cor-
rected bump inlet still had obvious advantages in terms
of total pressure recovery performance and starting
ability.
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