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Abstract

A finite difference method is used to do direct numerical simulation (DNS) of hyper-
sonic unsteady flowfield under the action of freestream pulse wave. The response of the
hypersonic flowfield to freestream pulse wave is studied, and the generation and evolu-
tion characteristics of the boundary layer disturbance waves are discussed. The effects of
the pulse wave types on the disturbance mode in the boundary layer are investigated.
Results show that the freestream disturbance waves significantly change the shock
standoff distance, the distribution of flowfield parameters and the thermodynamic state
of boundary layer. In the nose area, the main disturbance modes in the boundary layer
are distributed near the fundamental mode. With the evolution of disturbance along
with streamwise, the main disturbance modes are transformed from the dominant state
of the fundamental mode to the collective leadership state of the second order and the
third order harmonic frequency. The intensity of bow shock has significant effects on
both the fundamental mode and the harmonic modes in each order. The strong shear
structure of boundary layer under different types of freestream pulse waves reveals
different stability characteristics. The effects of different types of freestream pulse waves
are significant on the distribution and evolution of disturbance modes. The narrowing of
frequency band and the decreasing of main disturbance mode clusters exist in the
boundary layer both for fast acoustic wave, slow acoustic wave and entropy wave.

Keywords: hypersonic flow, boundary layer, receptivity, pulse wave, numerical simulation

1. Introduction

With the progress that human achieved in the exploration of aviation and aerospace fields, the
hypersonic vehicle technology has developed quickly. The design of hypersonic vehicle is a
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complex problem based on hypersonic aerodynamics and involving multidisciplinary and
multi-domain. Problems of hypersonic aerodynamics and aerodynamic heating, structures
and materials technology are the main technological difficulties. There remains much variance
between hypersonic flow and supersonic flow about the problem of aerodynamics. For the
hypersonic boundary layer, entropy layer and shock wave layer overlapping each other, while
it is high temperature and low density flow in boundary layer, which undoubtedly makes the
hypersonic boundary layer flow more complex. Therefore, hypersonic aerodynamics is a key
technology in the research and development of hypersonic vehicle. Various flow disturbance
problems, usually exists in the flying environment of vehicle. For instance, the explosive blast
wave [1], reverse jet [2, 3], the non-uniformity flow, the instability of flight, the rough wall and
so on, which would happen in flying. It can be seen disturbances are common in flow fields.
It’s significantly different about the ideal hypothesis state of the steady flowfield and the flow
condition existing in disturbance waves. The disturbance in the flowfield will have a signifi-
cant influence on aerothermodynamics characteristics. The disturbance, whether it is strong or
weak, will interfere with the flowfield, especially the shock and boundary layers. After the
disturbance in the flowfield interference with shock wave and boundary layer, the disturbance
wave will be induced. Then the induced wave will cause further interaction with boundary
layer, and create new unstable waves. The stability characteristic of boundary layer and the
laminar-turbulent transition mechanism will be significantly changed due to the induced
unstable waves. Laminar-turbulent transition not only affects the aerodynamic heating of the
wall of hypersonic vehicle, but directly changes the aerodynamic force. Especially, laminar-
turbulent transition will greatly increases aerodynamic drag, which reduces the lift drag ratio
of hypersonic vehicle significantly and increases the requirement of thermal protection.

Therefore, it is necessary to accurately predict the hypersonic unstable flowfield and the
flowfield response characteristic induced disturbance waves during the design and develop-
ment process of hypersonic aircraft. Considering the complexity and expensiveness of the
hypersonic vehicle wind tunnel test, it is of practical significance to conduct the numerical
simulation of hypersonic unsteady flowfield. In recent years, the hypersonic flowfield
response induced by different disturbance waves and the influences of the disturbance wave
on the stability of the boundary layer are studied by many scholars using numerical or
experimental methods. Ma and Zhong [4] investigated the response of hypersonic boundary
layer over a blunt cone to freestream acoustic waves at Mach 7.99. The receptivity of a flat plate
boundary layer to a freestream axial vortex is discussed by Boiko [5]. Zhong [6] investigated
the leading-edge receptivity to freestream disturbance waves for hypersonic flow over a
parabola. The effect of wall disturbances on hypersonic flowfield, and the response of hyper-
sonic boundary layer to wall disturbances are also widely studied [7-10]. Literature [11] points
out that, after the interaction between any form of freestream disturbance and the shock wave
as well as the boundary layer in hypersonic flow field, three independent forms of disturbance
waves, including acoustic disturbance (fast and slow acoustic disturbance), entropy wave
disturbance, and vortex wave disturbance will be generated. Among these investigations, most
scholars are committed to study the effects of freestream continuous disturbance or the effects
of wall disturbance on the stability of boundary layer and laminar-turbulent transition [12-14].
There is still less research on the effects of freestream pulse disturbance on the stability of
boundary layer, and the mechanism in this field is still not fully understood. So, this paper
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aims to study hypersonic flowfield and the stability characteristics of boundary layer under
the freestream pulse wave. It should be mentioned that the significantly different showed in
the influence mechanism of the wave types of continuous disturbance on the stability of
boundary layer that had been pointed out by some scholars [6, 15, 16]. Ma and Zhong [15, 16]
investigated the response of hypersonic plate boundary layer under different types of distur-
bance waves using direct numerical simulation and linear stability theory. It is found that
acoustic disturbance has the greatest influence on the stability of boundary layer, and it is
pointed out that the action mechanism of freestream entropy wave disturbance and vortex
wave disturbance is similar to that of the fast acoustic wave disturbance, but different from the
slow wave disturbance. Although it is significantly different between pulse disturbance wave
and continuous disturbance wave in form, there is reason to believe that the response charac-
teristics of hypersonic boundary layer are also significantly different under different
freestream pulse waves. Therefore, the receptivity characteristics of hypersonic boundary layer
under freestream pulse waves with different types are discussed in this paper.

In this investigation, the numerical simulations of hypersonic flowfield over a blunt wedge
under the action of freestream pulse wave were conducted using a high order finite difference
scheme. The response property of hypersonic flowfield under the action of freestream pulse
wave analyzed, and the hypersonic boundary layer stability is investigated. The receptivity
characteristic of hypersonic boundary layer under the action of different freestream pulse
waves was compared, and the effects of the pulse wave types on the generation and evolution
of the disturbance mode in the hypersonic boundary layer are discussed.

2. Basic equations and numerical method

2.1. Navier-Stokes equation

According to the forms of conservation equation, momentum equation and energy equation,
the three basic equations of fluid governing equations can be written as a general form, that is,
the two-dimensional unsteady compressive N-S equation can be expressed as:

0,2, a(ga—ygv) 0 M
Where the state vector Q can be expressed as:
Q=[p pux puy pE]’ @)
Similarly, f, f,, g, g, can be expressed respectively as:
f=[pur pu®+P pucu, (pE+P) ux]T (3)
oT|"

f, =10 Tur Tay UxTox + UyToy + ka 4)
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T

g = [puy pua, pu’+p (pE+p)uy] ®)
oT"

g, = |0 Ty Ty UxTay +uyTyy + ka_y (6)

where u,, uy, P, p, T'and E indicate the velocity in the x direction, the velocity in the y direction,
pressure, density, temperature and total energy, respectively. k, T and E are the thermal con-
ductivity, the stress component and the total energy, respectively.

2.2. Numerical method

In this paper, a high order finite difference method is used to solve the flowfield governing
equation directly. The inviscid vector flux of the Navier-Stokes equation is divided into the
positive and negative convection terms using S-W method [17]. The positive and negative
convection terms are discretized by the 5th order upwind WENO scheme [18]. The viscous term
is discretized by the 6th order central difference scheme [19]. In order to obtain the transient
information of the flowfield and reduce computation time, the 3th TVD Runge-Kutta scheme is
used for time advance [20].

The spatial discretization for positive and negative convection terms can be expressed as Egs. (7)
and (8), respectively:

W = (mWiss + maWiss + msWiy + maWj + msWi_1 + meW,_a + myW,_3 + mgW,_4) /A
)

H = (mHjss + noHji3 + n3Hjio + n4Hj1 + nsHj + ngHj_1 + nyHj_» + nsHj_3) /A~ (8)

where Wand H are positive convection terms and negative convection terms, respectively; A is

the grid spacing; W' and H' are the difference approximation of the derivative of W and H,
respectively; m; and n; are specific coefficients, no longer list.

The spatial discretizations for viscous terms can be expressed as follow:

L' = (Ki(Ljs1 — Li1) + Ko (Lj2 — Lj-2) + Ks(Ljrs — Lj-3)) /A ©)

where L, L’, A and K; are viscous terms, the difference approximation of the derivative of viscous
terms, the grid spacing and specific coefficients, respectively, which are similar to the symbols in
Egs. (7) and (8).

The TVD Runge-Kutta discretization can be expressed as follows

U =g U" + bif" At Uu® =g, U" + b, (u“) + flAt)

(10)
U™ = asU" + by (U® + f20t) urt = u®

where At is time increment for time advance; L(U) is the partial derivative of U relative to time.
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The variables a; and b; is the specific coefficients. by, b, and b3 are equal to 1, 3/4 and 1/3,
respectively; a4, a, and as are equal to 1, 1/4 and 2/3, respectively.

3. Computing model and conditions

The model parameters and calculation conditions of flowfield calculation includes the
freestream condition, model parameter, boundary conditions and meshing. For freestream
conditions, the freestream temperature is equal to 69 K, and the Mach number is equal to 6.
The Reynolds number, based on the nose radius, is equal to 10,000. The angle of attack is
equal to 0°. Figure 1 shows the computing model and schematic diagram. Calculation mode
is a blunt wedge with the wedge angle of 16°e; the nose radius r = 1 mm. the adiabatic wall,
no-penetration and non-slip is introduced for wall condition; the symmetric boundary con-
ditions is introduced for y = 0; the freestream conditions and exportation boundary condi-
tions are introduced for the upstream of computing domain and the downstream of
calculation domain, respectively. Figure 2 shows the computational grid. The local intensive
grid method is carried out near the nose area and wall area, and the grid number is
300 x 120. The parameters of blunt wedge nose radius 7, freestream velocity V.., freestream
temperature T.., freestream viscosity coefficient .., freestream conductivity coefficient k..,
freestream density p.. are chosen as the normalized basic measure that is the characteristic
variable.

In order to explore the influence of freestream pulse wave on hypersonic flow field, the
interaction process between freestream pulse slow acoustic wave and hypersonic flowfield
is direct numerical simulated. In present investigation, the stable flow over a blunt wedge
at Mach 6 is calculated firstly, and then the simulation of hypersonic unsteady flowfield
under the freestream pulse wave is conducted by introducing freestream pulse slow
acoustic wave at the upstream boundary of computing domain.

The introducing time of the freestream pulse wave is recorded as t = 0. The form of pulse slow
acoustic wave is expressed as follows:

Rabin F——__
X

Figure 1. Computational model and schematic diagram.
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>
Figure 2. Mesh grid.
u 0000 (t <0)
Z)/ _ T i kx—Re 1)
p | = [A 0 -4 —AMM} ez<" ) 0st < 2) (1)
P 0 0 0 o (t>2)

Where «/, v, P’ and p’ indicate the velocity disturbance along x direction, the velocity distur-
bance along y direction, the pressure disturbance and the density disturbance, respectively;
A indicates the amplitude, F indicates the generalized frequency, t indicates time. Here,
A=8x10%k=3.1446 x 10 * F = 507; Ma.. = 6.

4. Results and discussion

4.1. Response of the hypersonic flowfield to freestream pulse wave
4.1.1. Response of the hypersonic flowfield

Before analyzing, it should be pointed out that the numerical simulation method and the grid
independence in present work is validated in our previous investigation [21-23], which indi-
cates the numerical method adopted in this paper is reliable. Figure 5 shows the contours of
pressure under freestream pulse wave at different times.

Figure 3(a)—(d) in the figure correspond to t = 2.0, 4.0, 6.0 and 8.0, respectively. In Figure 3,
when the pulse wave enters the flow field, it first interacts with the bow-shaped shock wave.
When it is encountered with the slow acoustic pulse wave, the bow-shaped shock wave is
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Figure 3. Contours of pressure under freestream pulse wave at different times. (a) t=2.0, (b) ) t=4.0, (c)=6.0, (d) ) =8.0.

deformed and protruded outward, and the surrounding pressure is also significantly affected.
Due to the deformation of the shock wave, the pressure of outward convex region near shock
wave is significantly increased, and the flowfield pressure below the bow shock wave is
greatly reduced. That is to say, from Figure 3(a)-(d), it shows that the freestream disturbance
waves significantly interact with the bow-shaped shock waves, which greatly changes the
shock standoff distance and the distribution of flowfield pressure in the active region.

Figure 4 shows the contours of density under freestream pulse wave at different times.
Figure 4(a)—(f) correspond to t = 0.0, 2.0, 4.0, 6.0, 8.0 and 10.0, respectively. Figure 5 shows
the contours of temperature under freestream pulse wave at different times. Figure 5(a)-(f)
correspond to t=0.0, 2.0, 4.0, 6.0, 8.0 and 10.0, respectively. As can be seen from Figure 4, the
pulse wave disturbance has a great impact on the density. The density of the flowfield
changes significantly under the action of freestream pulse wave, especially in the distur-
bance area between the pulse wave and the bow-shaped shock wave, where the density of
the region is significantly smaller. Compared with the significant changes of flowfield den-
sity around the shock wave, the pulse wave has much smaller effect on the density in the
boundary layer. Meanwhile, the closer to the nasal area, the greater the density changes and
the effects are after the action of pulse wave. Obviously, this is because the closer the bow-
shaped shock wave is to the nose area, the stronger the action is. Therefore, it can be
concluded that the stronger the intensity of the shock wave is, the more intense the effect of
the pulse slow acoustic wave and the bow-shaped shock wave are. As can be seen from
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Figure 4. Contours of density under freestream pulse wave at different times. (a) +=0.0, (b) t=4.0, (c) t=6.0, (d) t=8.0.

Figure 5, the effect of disturbances on the temperature is pretty significant, which similar to
the density. Under the action of impulse disturbances, a strip area exists in the hypersonic
flowfield temperature disturbances between the boundary layer and the shock wave, which
is similar to the change trend of the flowfield density’s disturbances. What is worth noting is
that from the upstream to the downstream, the strip area becomes longer; this is due to the
fact that through the shock wave, the disturbance wave slows down. The farther it is away
from the wall, the greater the flow velocity is, which leads to the disturbance wave’s different
spread velocity to the downstream. It also can be seen from Figure 5 that the temperature in
the boundary layer is much more significantly affected by the pulse wave compared with the
temperature change of the flowfield near the shock wave. That is to say, the freestream pulse
wave’s influence on the thermodynamic state in boundary layer is significantly greater than
that on the thermodynamic state the outside boundary layer. It is known that the tempera-
ture is a characteristic parameter of the thermodynamic properties in the boundary layer.
Obviously, the freestream pulse disturbance wave changes the thermal mechanism of the
strong shear flow in the boundary layer, while the thermodynamic mechanism is considered
to have an important effect on the stability of the boundary layer [24], so it is reasonable to
believe that the pulse slow acoustic wave in freestream plays a considerable role in the
stability of hypersonic boundary layer.

Figure 6 shows the contours of velocity along axis y under freestream pulse wave at different
times. From Figure 6, under the action of the pulse slow acoustic wave, the velocity in the
interference area between pulse wave and shock wave, the flowfield between the boundary
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Figure 5. Contours of temperature under freestream pulse wave at different times. (a) +=0.0, (b) =2.0, (c) t=4.0, (d) t=6.0,
() +=8.0, (£) +=10.0.
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layer and shock wave, and the flowfield in the boundary layer change greatly. On the other
hand, the velocity disturbance modes out of the boundary layer and the velocity disturbance
modes near the boundary layer differ significantly. From Figure 6, there are many obvious
disturbance characteristic regions in the hypersonic boundary layer under the action of
freestream pulse disturbances. It can also be seen that the boundary layer’s disturbance
velocity is very large, which shows that there is complex interference in the boundary layer
under the action of the pulse wave. It is worth mentioning that, after the disturbance wave
interfering with the bow-shaped shock wave, and entering into the flowfield, a part of the
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Figure 6. Contours of velocity along axis iy under freestream pulse wave at different times. (a) =0.0, (b) =4.0, () £=8.0, (d) +=10.0.

wave will propagate from the upstream to the downstream of the flowfield and a part of the
reflected wave will oscillate between the shock wave and the wall [24]. Moreover, the velocity
disturbance mode in the boundary layer becomes more complicated on account of reflected
waves. As shown in Figure 6(c) and (d), the disturbance characteristic regions marked with
arrows are induced by the reflected waves in the flowfield.

4.1.2. Response of the boundary layer

Figure 7 shows the distribution of friction factor disturbance on wall under freestream pulse
wave at different times (t = 2.0, 4.0, 6.0, 8.0, 10.0). It can be seen from the figure that, when the
pulse wave disturbance is through some place of the wall, the friction factor reduces at first,
and after reaching a minimum value, it increases. When the pulse disturbance completely
passes this point, the disturbance effect on this position is not over, and it will go through a
number of processes in oscillating changes like getting bigger-smaller-bigger-smaller, until the
change magnitude decreases to zero. It is clear that this oscillating decreasing phenomenon is
caused by the reciprocating reflected waves between the wall and the bow shock. Most
importantly, the friction factor is an important parameter for characterizing the shear flow,
which indicates that the strong shear flow structure in the boundary layer under freestream
pulse wave has changed.

Figure 8 shows the comparisons of the density, temperature and pressure disturbances on wall
at different times. Figure 8 indicates that, under freestream pulse wave, the variations of the
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Figure 7. Distribution of friction factor disturbance on wall under freestream pulse wave at different times.

density, temperature and pressure disturbances on wall are similar to that of friction factor.

Zhang et al. [19] studied the evolution of continuous small disturbance in hypersonic flow
using direct numerical simulation (DNS), and found that, because of the normal shock wave,
the forcing disturbance in freestream is enlarged. From Figure 8, it is obtained that the

z

Figure 8. Comparison of the density, temperature and pressure disturbances on wall at different times (#, = 1.0, t,=6.0, t;=9.0).
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amplitude of parameters disturbance on the wall is enlarged sharply relative to that of initial
wave in freestream. The numerical results agree with Li’s results. It also shows that the
disturbance amplitudes of pressure on the nose of blunt wedge are larger than that on non-
nose, and the former are several times, even more than 10 times, larger than the latter; while
the discrepancy is tiny for temperature and density.

To study the evolution of the disturbance wave in boundary layer during the interaction
process, the temperature disturbance on wall along the streamwise is considered. Figure 9
shows the distribution of temperature disturbance on wall along the streamwise at t =8.6. As
discussed earlier, it has been verified that the disturbance amplitude of aerothermodynamics
parameters will undergo a damped oscillation during the interaction process although there
is just a half sinusoidal pulse wave in freestream. Figure 9 indicates that the distance
between crests as well as trough of disturbance variables changed markedly during the
damped oscillation process. The distances al-a2, a2-a3, b1-b2 and b2-b3 along the x-axis
direction equal to 1.733, 2.939, 1.541 and 1.491, respectively. Hence, it is obvious that the
damped oscillation is aperiodic. In other word, the waves with other frequencies are induced
due to the interaction between freestream blast wave and bow shock wave as well as
boundary layer. It should be noted that the evolution of the wave’s modes in the blunt wedge
boundary layer exerts an important impact on both boundary layer stability characteristic
and laminar-turbulent transition [10, 25]. There is little research focused on the evolution of
the wave’s modes in the boundary layer under freestream pulse wave, and the evolution
characteristic remains unclear although a host of in-depth researches is done in the evolution
of the wave’s modes in boundary layer under freestream continuous small disturbances in
recent years.

To analyze the disturbance mode distribution in the hypersonic boundary layer and its
evolution characteristics along the streamwise under the action of freestream pulse wave,
the fast Fourier transformation method is used to decode the time domain signal of the

20 : . .
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Figure 9. Temperature disturbance profile along streamwise at f = 8.6.
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boundary layer disturbance. Furthermore, the signals are expanded in frequency order to
make it as a frequency function, thereby converting the time domain signal of the pressure
disturbance into a frequency domain signal. Figure 10 shows the results of the Fourier
frequency spectral analysis of pressure disturbance in boundary layer under freestream
pulse wave at different locations. Figure 10(a)-(d) are the results of the Fourier frequency
spectral analysis when x = 0.83566, x = 1.2196, x = 3.3050 and x = 5.3846, respectively. It can be
seen from Figure 10(a) that, at the location of x = 0.83566, namely the nose area, the main
disturbance modes in the boundary layer are distributed near f = 0.25, indicating that near
the fundamental frequency, the disturbance mode component of other frequencies is rela-
tively small, which is consistent with the results obtained by Zhang et al. [19] in studying
continuous waves. It also shows that the higher the disturbance mode’s frequency is, the
smaller its component ratio will be. Based on Figure 10(b), at the position of x = 1.2196, the
disturbance mode component ratio near the fundamental frequency decreases rapidly, the
high frequency disturbance harmonic mode like the second order harmonic frequency and
above significantly increase. And the main disturbance modes in the boundary layer are
distributed near f = 0.5, that is near the second order harmonic frequency. The main
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Figure 10. Fourier frequency spectral analysis of pressure disturbance in boundary layer under freestream pulse wave at
different locations. (a) x=0.83566, (b)x=1.2196, (c) x=3.3050, (d) x=5.3846.
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disturbance modes in the boundary layer migrate from the fundamental frequency to the
second order harmonic frequency. In Figure 10(c), it can be seen that at the position of
x = 3.3050, the disturbance mode components in the vicinity of the fundamental frequency
are further reduced, and the proportion of disturbance mode components is further
increased. The main disturbance modes in the boundary layer are distributed at f=0.5-0.75,
namely near the second and third order harmonic frequency. The main disturbance modes in
the boundary layer are transformed from the dominant state of the second order harmonic
frequency to the collective leadership state of the second order harmonic frequency and the
third order harmonic frequency. According to Figure 10(d), at the position of x = 5.3846, the
distribution of the boundary layer disturbance modes is similar to that at x = 3.3050. The
main disturbance modes in the boundary layer are distributed near the second and third
order harmonic frequency, but the frequency band of the boundary layer disturbance mode
is significantly narrowed.

Figure 11 shows the evolution of different disturbance modes along streamwise in boundary
layer. Figure 11(a)—(f) are the evolution of the fundamental frequency mode, the second order
harmonic frequency, the third order harmonic frequency, the fourth order harmonic frequency,
the fifth order harmonic frequency and the sixth order harmonic frequency, respectively. From
Figure 11(a), in the nose region, the amplitude of the fundamental frequency becomes smaller.
When out of the nose region, the amplitude of the fundamental frequency gradually becomes
smaller and generally remains. In Figure 11(b), it can be seen that in the nose region, the
amplitude of the second order harmonic frequency mode significantly becomes smaller. Out of
the nose region, the amplitude of the second order harmonic frequency mode continues to
increase. From Figure 11(c), it can be seen that the amplitude of the third order harmonic
frequency mode becomes smaller in the nose region, and the third order harmonic frequency
mode first increases and then decreases in the downstream evolution. From Figure 11(d)—(f), it
shows that the evolution of the fourth order harmonic frequency mode, the fifth order harmonic
frequency mode and the sixth order harmonic frequency mode along the streamwise is similar
to that of the third order harmonic frequency mode. As shown in the figure, whether it is the
fundamental mode or harmonic modes, in the area of the nose boundary layer, the amplitude of
the disturbance significantly becomes smaller, indicating that the intensity of the bow shock
in the hypersonic flowfield becomes weak, and it has significant effects on both the fundamental
mode and the harmonic modes in each order. According to the figure, it also shows that except
for the fundamental mode, from the nose area to the non-nose area, the amplitude of each
harmonic frequency mode all increase significantly. It is believed that this phenomenon is
caused by the recompression of the flowfield, which means in this region, the effect of the shock
wave intensity on the harmonic frequency modes of the boundary layer is smaller than the
recompression effect, and the effect of the shock wave intensity on the fundamental mode of the
boundary layer is larger than the recompression effect.

4.2. Effects of pulse wave type

In this section, to discuss the effects of the pulse wave types on the generation and evolution of
the disturbance mode in the hypersonic boundary layer, the numerical simulations of hypersonic
flowfield under the action of freestream pulse fast acoustic wave, slow acoustic wave and
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Figure 11. Evolution of different disturbance modes along streamwise in boundary layer. (a) P, (b) P, (c) P3, (d) Py, () Ps,
(f) Pe.

entropy wave were conducted. It should be noted that the wall temperature T,, = 200 K, and the
amplitude A = 6 x 10 % The other computational condition is consistent with Section 4. The
forms of pulse fast acoustic wave and entropy wave is no longer listed in this section. Due to the
fact that the wall of shear force is decided by the friction factor on wall directly which is a key
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parameters for representing the strong shear structure in boundary layer, the stability of the
hypersonic boundary layer is the study of the stability of the strong shear structure. Figure 12
shows the distribution of friction factor disturbance on wall under different freestream pulse
waves at t = 6. From Figure 12, it is obtained that, under freestream pulse waves, the mainstream
disturbance wave influence on the wall friction coefficient under the pulse slow acoustic wave is
opposite to that under pulse fast acoustic wave and entropy wave. There is significant difference
between the disturbance amplitude of the wall friction coefficient under pulse fast acoustic wave
and that under entropy wave. It also can be seen that there is a significant difference in the
friction factor disturbance on wall caused by the reflected wave for these three cases, and the
reflected wave has a significant effect on the friction factor. In general, different types of
freestream pulse waves have different effects on the friction factor on wall, which indicates the
interaction between the strong shear structure of boundary layer and different types of
freestream pulse waves have different mechanisms of action. That is, the strong shear structure
of boundary layer under the action of different types of freestream pulse waves reveals different
stability characteristics.

Figure 13 shows the pressure disturbance in boundary layer under different freestream pulse
waves. Figure 13(a) and (b) are corresponding the position s = 0.92619 and 5.90498, respectively.
From Figure 13, it can be seen that the pressure disturbance in boundary layer under the action
of different types of freestream pulse waves appear different changes in the time domain.

The Fourier frequency spectral analysis of pressure disturbance in boundary layer under
different freestream pulse waves is shown in Figure 14. Figure 14(a)—(c) are corresponding
the position s = 0.92619, s = 3.83551 and s = 8.02802, respectively. Figure 14 shows that the
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Figure 12. Distribution of friction factor disturbance on wall under different freestream pulse waves att=6s.
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Figure 13. Pressure disturbance in boundary layer under different freestream pulse waves. (a) s=0.92619, (b) s=5.90498.

effects of different types of freestream pulse waves are significant on the distribution of
modes in boundary layer and the evolution of disturbance modes along with the streamwise.
From the figure, it is obtained that, s = 0.92619, the Fourier frequency spectral curve of
pressure disturbance in boundary layer under different freestream pulse waves shows sim-
ilar trend. Namely, the max amplitude of the disturbance modes in boundary layer are
distributed near f = 0.25, and four main disturbance clusters (near f = 0.25, 1.0, 1.5 and 2.0)
exist in the hypersonic boundary layer both for all cases. With evolution of disturbance
waves in boundary layer along with the streamwise, at s = 3.83551, four main disturbance
clusters still exist in the hypersonic boundary layer both for fast acoustic wave and entropy
wave. However, the distribution of the four main disturbance clusters changes sharply,
which indicates there is movement of main disturbance clusters in the boundary layer. It
also can be seen that, at s = 3.83551, there is only one main disturbance cluster (near f=0.5) in
the hypersonic boundary layer for slow acoustic wave, and the other main modes have a
remarkable decline. It is obtained that, at s = 8.02802, the number of main disturbance mode
clusters in the boundary layer both for fast acoustic wave and entropy wave decreases
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Figure 14. Fourier frequency spectral analysis of pressure disturbance in boundary layer under different freestream pulse
waves. (a) s = 0.92619, (b) s = 3.83551, (c) s = 8.02802.
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sharply. In general, the narrowing of frequency band and the decreasing of main disturbance
mode clusters exist in the boundary layer both for all cases.

5. Conclusions

In present study, a finite difference DNS method is used to investigate the response of the
hypersonic flow field to freestream pulse wave, and the generation and evolution characteris-
tics of the disturbance mode in the hypersonic boundary layer are analyzed. The effects of the
pulse wave types on the generation and evolution of the disturbance mode in the hypersonic
boundary layer are investigated. The study drew the conclusions as follow:

1.

The freestream disturbance waves significantly interact with the bow-shaped shock waves,
which greatly changes the shock standoff distance and the distribution of flowfield
parameters in the active region. The stronger the intensity of the shock wave is, the more
intense the effect of the freestream pulse slow acoustic wave and the bow-shaped shock
wave are. The freestream pulse wave’s influence on the thermodynamic state in boundary
layer is significantly greater than that on the thermodynamic state the outside boundary
layer. There are many obvious disturbance characteristic regions in the hypersonic bound-
ary layer under the action of freestream pulse disturbances. There is complex interference
in the boundary layer under the action of the pulse wave.

In the nose area, the main disturbance modes in the boundary layer are distributed near
the fundamental frequency, and the disturbance mode component of other frequencies is
relatively small. In the nose area, the disturbance mode component ratio near the funda-
mental frequency decreases rapidly, the high frequency disturbance harmonic mode like
the second order harmonic frequency and above significantly increases. With the evolu-
tion of the disturbance waves in the boundary layer from the upstream to the down-
stream, the main disturbance modes in the boundary layer are transformed from the
dominant state of the fundamental frequency to the collective leadership state of the
second order harmonic frequency and the third order harmonic frequency. The intensity
of the bow shock in the hypersonic flowfield has significant effects on both the funda-
mental mode and the harmonic modes in each order. From the nose area to the non-nose
area, the effect of the shock wave intensity on the harmonic frequency modes in the
boundary layer is less than the recompression effect, and the effect of the shock wave
intensity on the fundamental mode in the boundary layer is larger than the recomp-
ression effect.

The interaction between the strong shear structure of boundary layer and different types
of freestream pulse waves have different mechanisms of action. The strong shear structure
of boundary layer under the action of different types of freestream pulse waves reveals
different stability characteristics. The effects of different types of freestream pulse waves
are significant on the distribution of modes in boundary layer and the evolution of
disturbance modes along with the streamwise. The narrowing of frequency band and the
decreasing of main disturbance mode clusters exist in the boundary layer both for
freestream pulse fast acoustic wave, slow acoustic wave and entropy wave.
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