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Experimental results show that there exist two flow fields in the hypersonic inlets when the forebody waves interact with the lip
boundary, which is similar to the shock reflection ion hysteresis phenomenon. In order to improve the performance of the flow
field, counterflow is applied to control the shock reflection configuration in the hypersonic inlets. For better understanding of
the internal mechanism, inviscid numerical simulation is conducted. And the results demonstrate that it is feasible to realize the
transition between the regular reflection configuration and the Mach reflection ion configuration in the hypersonic inlets. That is
because the von Neumann criterion and detached criterion play a dominant role, respectively, in these transitions. In addition, the
evolution process ofMach reflection ion in the hypersonic inlets can be divided into three stages: transmission of waves, emergence
of Mach stem, and stabilization of flow field.

1. Introduction

As the X-43 operated successfully in March 2004, the issues
encountered in the scramjet engines have been an area of
intense investigation, like the hypersonic inlets. Further, in
the investigation of the hypersonic inlets, it is extremely criti-
cal to improve the inlets’ performance for capturing and com-
pressing the airflowmore effectively, as discussed by Segal [1].

In engineering practice, if the flight Mach number of the
inlets is beyond the design Mach number or the angle of
attack flight exceeds its rated value, the waves generated by
forebody may spread into the lip. These waves interact with
the lip boundary layer to show twodifferent flowfields, shown
in Figure 1. One is a started flow field and the other is an
unstarted flow field, displayed in frames (a) and (b), respec-
tively. In the started flow field, the forebody waves reflect over
the lip without separation, while, in the unstart flow field, a
newwave configuration similar toMach reflection configura-
tion wave in structure forms after the interaction between the
forebody waves and the lip boundary layer. It is noteworthy
that the new wave configuration is different from the Mach
reflection, because of the existence of the separation.

Further analysis indicates that the reasons for the dual
solution flow field may be related to the shock reflection

hysteresis phenomenon. Ben-Dor [2] points out that there
exist two kinds of shock reflection configurations in steady
hypersonic flows. One is named regular reflection (RR)
and the other is called Mach reflection (MR). The fine
structures of above shock reflections are displayed in Figure 2
by Tao et al. [3]. Generally speaking, the regular reflection
shown in Figure 2(a) benefits to establish a durable and stable
flow field which can ensure the proper function of the hyper-
sonic inlets, while the Mach reflection configuration shown
in Figure 2(b) may have a negative effect on the hypersonic
inlets’ performance; that is, the total pressure loss remains
high, and the flow captured by the inlets decreases acutely.
In other words, appropriate shock reflection configurations
are beneficial for hypersonic inlets to capture and compress
airflow clearly.Moreover,Hornung et al. [4] indicate that both
RR andMR are physical under the same flow condition in the
dual solution domain, which is similar to the phenomenon
mentioned above. Thus, for better understanding of control-
ling the complexwave configurations in the hypersonic inlets,
it is essential to take appropriate measures to control the
shock reflection configurations, especially when they have
two or more solutions.

Aiming at this problem, extensive work has been carried
out. According to the previous research results, the flow
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(a) Started flow field (b) Unstarted flow field

Figure 1: Schlieren visualisation of an interaction between the forebody waves and the lip boundary layer in the hypersonic inlets.
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Figure 2:The nanotracer planar laser scattering images of the shock reflection configurations illustrated by Tao et al. [3]: (a) regular reflection
(RR) and (b) Mach reflection (MR).

control methods can be divided into three types mainly.
Firstly, variable geometry design is well applied for control-
ling the shock reflection configurations in the hypersonic
inlets. Chpoun et al. [5] and Ivanov et al. [6, 7] indicate that
changing the shock generator’s angle is an effective way to
achieve the transition between RR and MR. Based on this
point, Tam et al. [8], Moss and Perrell [9], and Falempin et
al. [10] put forward several methods to control the wave con-
figurations for improving the inlets’ performance. However,
the mechanical adjusting devices which are comparatively
complex may increase inlets’ structural weight evidently.

Secondly, the energy addition control technique is imple-
mented to configure appropriate shock reflection configu-
rations. Specifically, laser induced optical breakdown has
been demonstrated as a method for local modification of
the shock reflection structure in supersonic flows by Yan et
al. [11–13] and Adelpen et al. [14]. Besides, active control
technique based on virtual shapes created by energy addition
upstreamof the inlet throat is proposed by Shneider et al. [15].
Moreover, Lapushkina et al. [16] investigate the relationship
between electric and magnetic fields and the shock wave
configurations in hypersonic inlets. However, energy system
maintains quite high requirement in this way.

Thirdly, boundary layer suction is well applied for flow
control in hypersonic inlets. It is important to note that the
flow field has high flow loss, during the suction, despite

the fact that it is an effective way to realize the transition
between two different shock structures [17].

Also, the physical mechanism about the wave configura-
tions shown in Figure 1(b) is still unknown. Hence, consider-
ing the complexity of the viscous flow field, it is extraordinar-
ily meaningful to investigate the inviscid situation, which is
the foundation of the viscous analysis. Based on the inviscid
precondition, there is no separation in the inlets, and the
main problem needing more attention is the shock reflection
configurations. Also, this paper investigates new methods to
control the shock reflection configurations in the hypersonic
inlets via counterflow, especially when the shocks are in the
dual solution domain, and explains the inherent mechanism
in substance, combining correlative theory.

2. Numerical Approach

The results of this paper are achieved by solving the
Euler equations numerically. The Euler computations are
performed using the finite-volume technique to solve the
governing equations of flow, based on the assumption that
the shock reflection configurations in the hypersonic inlets,
which are induced by the interaction of shock waves, are
independent of the viscous effects. Also, the equations are
discretized in space and time following the control vol-
ume approach and utilizing a density-based explicit solver.
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Figure 3: A simplified physical model for computation.

A second-order upwind scheme is used to discretize the
convective terms. Ideal gas model of air with the specific heat
ratio 𝛾 = 1.4 was employed in this paper. Besides, time step
size of the calculation was 1 × 10−8 s for the unsteady process.

To further investigate the inherent mechanism of local
modification of the shock reflection structures in the hyper-
sonic inlets via counterflow, a simplified physical model is
abstracted in this paper, as shown in Figure 3. Specifically,
a single-ramp inlet at 𝜃

𝑤

is considered to be installed into
a uniform hypersonic flow at 𝑀

0

. The inflow pressure and
temperature which are kept constant are set at 𝑝0, 𝑇0, respec-
tively, and the extrapolation technique was used for outlet. It
is noteworthy that there exists a slot which is used to add the
counterflow at the front of thewedge, and thewidth is set as𝑑.

Ben-Dor [2] indicates that the shock reflection config-
uration is determined by the flow Mach number 𝑀0 and
the ramp angle 𝜃

𝑤

, together. According to this conclusion,
domains of possible shock wave reflection wave configu-
rations can be presented in the (𝑀0, 𝜃𝑤)-plane, shown in
Figure 4. In the picture, dashed line and solid line denote,
respectively, the detached condition and the von Neumann
condition. They divide the entire (𝑀0, 𝜃𝑤)-plane into three
domains: Mach reflection domain A, dual solution domain
B, and regular reflection domain C. Dual solution domain is
a domain inside which both RR andMR wave configurations
are theoretically possible. Thus, domain B is clearly critical
for controlling the shock reflection configurations in the
hypersonic inlets. Based on above reasons,𝑀0 and 𝜃𝑤 are set
at 6 and 22∘, which is inside the dual solution domain. Also,
𝐻/𝐿, 𝑑/𝐿 are 0.2, 0.003. Besides, on the assumption that the
hypersonic inlets work at an altitude of 26 km, 𝑝0 and 𝑇0 can
be set at 2188.08 pa and 222.58K, respectively.

To ensure the accuracy of the results, it is essential to
construct the computational grid with high orthogonality
and smoothness. Also, themesh is refined based on a pressure
gradient criterion in steady cases, and the total number
of cells in steady computation is 200000, while that in
unsteady computation is 40000. Figure 5 gives the Mach
number distribution along the cowl lip. Relatively speaking,
the numerical results (200000 cells) are in close agreement
with the theoretical value.

3. Results and Discussion

A new flow control method for realizing the transition
between RR andMRmutually is put forward. In this method,
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Figure 4: Domains of possible shock wave reflection wave configu-
rations in the (𝑀0, 𝜃𝑤)-plane.
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the counterflow is well applied in altering the upstream shock
shape and then promotes the formation of the appointed
shock reflection configuration. The results are discussed as
below.

3.1. Counterflow. In order to further understand the internal
mechanism, this paper pays more attention to the wave
configurations affected by counterflow, firstly. Figures 6 and 7
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Figure 7: The flow field affected by counterflow.

give the flow fields without or with the effects caused by
counterflow, respectively. Further analysis indicates that these
wave configurations both consist of an incident shock i and a
reflected shock r. Besides, a detached shock which is denoted
by a and an attached shock which is pointed by b constitute
the incident shock, together.

However, there are some differences in the details. Specif-
ically, the detached shock a shown in Figure 7 which is
induced by counterflow is larger in scale than that shown
in Figure 6. Besides, the attached shock b shown in Figure 7
which is affected by counterflow keeps light curving, while
that in Figure 6 remains straight. Also, the angle of the curv-
ing shock is larger than the straight one.This is because there
exists a compression wave d which is induced by counterflow
to increase the shock wave angle, and the interaction point
is the junction c. It also leads to the phenomenon that the
reflection point P moves upstream and the shape of reflected
shock r changes correspondingly.

Figure 8 illuminates the flow field near the slot after local
amplification. In the picture, wave a and wave d denote
the detached shock and the compression shock, respectively,
which are mentioned above. Wave e denotes the fan-shaped
shock which is induced by the counterflow. Besides, wave
a and wave e divide the region into three parts, that is,
freestream depression region A, high-pressure region B, and
jet depression region C.

Further analysis indicates the velocity and the total
pressure of the counterflow are key parameters for better

a

A B C

e

d

Figure 8: The flow field after partial enlargement.

understanding of the relationship between the counterflow
and the flow field. On the one hand, increasing the total
pressure of the counterflow results in the phenomenon that
the detached shock a grows larger in scale and the junction
c moves downstream, when the velocity of the counterflow
remains fixed. On the other hand, increasing the velocity of
the counterflow has little effect on the wave configuration of
the detached shock a. However, the reflection point P moves
downstream as the velocity grows, when the total pressure is
fixed, shown in Figure 9.

3.2. Flow Control Process. The numerical results disclose
that adding counterflow at the leading edge of forebody is
an effective way to realize the transition between RR and
MR mutually. Thus, this paper gives the whole flow control
process for better understanding of the internal mechanism,
shown in Figure 10.

From Figure 10(a), the initial wave configuration is RR
configuration. At this moment, counterflow is added to
change the shock structures, which is represented by symbol
A. In addition, the total pressure and the velocity of the
counterflow are 140000 pa and 300m/s, respectively. Soon
after that, a detached shock emerges near the slot and
interacts with the oblique shock, such that the shock angle
at the junction c decreases, shown in Figure 10(b). Gradually,
the disturbance of counterflow spreads downstream, which
is represented by symbol B. In Figure 10(c), RR configuration
still exists in the flow field. However, once the counterflow is
turned off, the MR configuration emerges after stabilization,
shown in Figure 10(d). Thus, the unilateralism transition
from RR to MR is realized via counterflow.

In the sameway, counterflow is added to change the shock
configuration, which is represented by symbol D. However,
the total pressure and the velocity of the counterflow are reset
as 110000 pa and 100m/s, respectively. Persistent disturbances
(symbol E) have a great impact on the shock structure,
in company with the spread of waves. Juxtaposing Figures
10(d)–10(f), it is evident that once the reflection point P is
affected by counterflow, the height of Mach stem descends
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𝜐 ≈ 100m/s 𝜐 ≈ 210m/s 𝜐 ≈ 300m/s

Figure 9: Three flow fields in the different velocities of counterflow when the total pressure is fixed.
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Figure 10: The flow control process.

rapidly, until it disappears. Also, a RR configuration shown
in Figure 10(f) is obtained. Then, the counterflow is turned
off which is denoted by symbol F. After stabilization, the
shock reflection configurations shown in Figure 10(a) can be
obtained again, finally.

The inviscid numerical results mentioned above display
the unsteady flow control process in detail. In conclusion,
by adding the counterflow, it is possible to realize the
bidirectional transition between RR andMR configuration in
the hypersonic inlets.

3.3. Discussion for Reasons. By analyzing the structural
changes of the flow field induced by counterflow further, this
paper also explains the internal reasons for the bidirectional
transition, combining with shock reflection hysteresis theory.
Aiming at this problem, 55 moments in the flow control pro-
cess are selected. Then, the shock angle of the incident shock
i at reflection point P and the height of Mach stem are mea-
sured at eachmoment.The results were displayed in Figure 11.

Figure 11 illustrates the shock angle of incident shock i at
the reflection point P along the time and describes the height

alteration of Mach stem during the flow control process. In
Figure 9, horizontal line a and horizontal line c denote the
detached shock 𝛼𝐷(𝑀0) = 39.8

∘ and the von Neumann angle
𝛼
𝑁

(𝑀0) = 28.9∘ at 𝑀0 = 6, respectively, which indicates
there exist two different solutions of shock reflection pattern
in the hypersonic inlets when the flow condition is inside the
region between the two lines. Also, the forebody shock angle
𝛼
𝑤

(𝑀0) can be obtained by applying the oblique shock wave
equations, which is symbolized by horizontal line b. And the
value is 30.6∘. In addition, the capital letters which stand for
the vertical dashed line are corresponding to that in Figure 10.

From Figure 11, the initial incident shock angle at reflec-
tion point P 𝛼ref (𝑀0) is the forebody shock angle 𝛼

𝑤

(𝑀0).
Also, 𝛼ref (𝑀0) remains invariant in a short period (k

1

),
that is, because the reflection point is not affected by the
counterflow at prime tense. With the disturbances caused
by counterflow spread downstream, the value of 𝛼ref (𝑀0)
decreases sharply, even below the von Neumann shock angle
(see region k

2

). After turning off the counterflow (symbol
C), the shock configuration near the slot changes greatly.
In company with the disturbances spread downstream,
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Figure 11: Curves of the incident shock angle at the reflection point
and Mach stem height during the process.

the incident shock angle at reflection point P decreases
smoothly at first and increases sharply then, shown in region
k
3

. A few times later, 𝛼ref (𝑀0) exceeds the detached angle and
reaches a peak value subsequently. Then, 𝛼ref (𝑀0) falls to the
initial value 𝛼

𝑤

(𝑀0) rapidly, from the peak value (see regions
k
4

and k
5

). It should be noted that the value of 𝛼ref (𝑀0) is
always beyond the von Neumann angle 𝛼𝑁(𝑀0) during the
falling process. Thus, the flow field of the hypersonic inlets
after stabilization contains a stable MR configuration, finally.
In a word, the detached criterion played a dominant role
during this transition fromRR toMR in the hypersonic inlets.

Similarly to the transition from RR to MR, counterflow
is also applied for realizing the transition from MR to RR.
From region k

6

shown in Figure 11, the incident shock angle
at reflection point P remains 𝛼

𝑤

(𝑀0), before the reflection
region is affected by counterflow. Once the disturbances
spread into the reflection point, 𝛼ref (𝑀0) decreases below
the von Neumann angle soon. At the same time, the height
of Mach stem decreases gradually, until it disappears. After
turning off the counterflow, the incident shock angle at
reflection point increases beyond the von Neumann angle.
However, the value of 𝛼ref (𝑀0) is always below the detached
angle, during the stabilization of the flow field in the hyper-
sonic inlets. Thus, the final shock reflection pattern in the
hypersonic inlets is RR configuration. During this transition,
the von Neumann criterion plays a dominant role.

3.4. Evolution of Shock Reflection Configuration. Figure 12
illustrated contour lines of the Mach number in a hypersonic
inlet, to reveal the evolution of flow field during the tran-
sition from RR to MR. Combining the characters of wave
configurations, it is evident to divide the process into three

stages, transmission of waves, emergence of Mach stem, and
stabilization of flow field.

At the first stage, the wave configurations in the hyper-
sonic inlet are changed when the counterflow is turned off.
And the disturbance spreads downstream gradually. Further,
the flow field shown in Figure 12(a) indicates the incident
shock is composed by an oblique shock with an angle at
𝛼
𝑤

(𝑀0) and a curved shock. Besides, the curved shock angle
at reflection point P is much smaller than the oblique shock
angle at junction c.With the disturbance spread downstream,
the incident shock angle at reflection point P increases
rapidly. During the stage, the Mach stem does not appear,
even though 𝛼

𝑤

(𝑀0) is beyond the detached shock, slightly.
At the second stage, with the above angle exceeding the

detached angle sharply, the Mach stem appeared. Shortly, the
curved shock became a part of Mach stem, because of the
durative growing of shock angle at the reflection point. It also
could explain why the Mach stem height increased sharply at
𝑡/𝑡
0

≈ 0.2–0.3 in Figure 11.
Juxtaposing Figures 12(e) and 12(f), the continual reduc-

tion of Mach stem height is the chief character for this stage.
Finally, the height of Mach stem remains invariable.

4. Conclusion

Experimental results show that there exist two different
flow fields when the forebody waves interact with the lip
boundary in the hypersonic inlets. Further analysis indicates
the phenomenon may be related to the shock reflection
hysteresis phenomenon. In order to improve the performance
of the flow field, counterflow is applied to control the shock
reflection configuration in this paper. For better understand-
ing of the internal mechanism, inviscid numerical simulation
is conducted and following conclusions could be obtained.

(1) Increasing the total pressure of the counterflow results
in the fact that the detached shock a grows larger in
scale. Besides, increasing the velocity of the counter-
flow makes the reflection point P move downstream.

(2) By adding the counterflow, it is feasible to realize
the transition between the regular reflection config-
uration and the Mach reflection configuration in the
hypersonic inlet.

(3) The nature of flow control process is related to the
shock reflection hysteresis. During the transition
from RR to MR, the detached criterion plays a dom-
inant role. However, during the transition from MR
to RR, the von Neumann criterion plays a dominant
role.

(4) The evolution of flow field during the transition from
RR to MR could be divided into three stages, which
are referred to as transmission of waves, emergence
of Mach stem, and stabilization of flow field.
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Figure 12: The evolution of flow field during the transition from RR to MR.
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