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A hypersonic flow field over a blunt wedge with or without roughness is simulated by a direct numerical simulation method. The
effect of isolated and distributed roughnesses on the steady and unsteady hypersonic flow field and boundary layer is analyzed. The
shape of roughness is controlled by cubic polynomial. The evolution of disturbance waves caused by slow acoustic wave in the
boundary layer is investigated by fast Fourier spectrum analysis. The results show that there is a great influence of roughness on
the evolution of disturbance waves in the hypersonic boundary layer. The disturbance waves are promoted in the upstream-half
region of roughness while suppressed in the downstream-half region of roughness. There is always a mode competition among
different modes both in the temporal domain and in the frequency domain in the boundary layer, and mode competition is
affected by roughness. The location of the dominant mode which is changed to a second-order harmonic mode from the
fundamental mode moves upstream. The vortices caused by roughness also impact the evolution of disturbance waves in the
boundary layer. The fundamental mode is suppressed in the vortex region while other harmonic modes are promoted.

1. Introduction

Boundary-layer laminar-turbulent transition effectively
affects the aerodynamic lift and drag of hypersonic vehicles
and has a great effect on the design of hypersonic vehicles
[1–3]. However, the process of transition is very complex
and affected by many factors. In general, there are four
phases of transition under freestream with small distur-
bances: (1) receptivity, (2) linear instability, (3) nonlinear sta-
bility and saturation, and (4) secondary instability and
breakdown to turbulence. The receptivity is crucial in the
process of transition because it defines the initial state of
the disturbances in the boundary layer. Receptivity of the
boundary layer is the response process of the boundary layer
to external disturbances that include freestream disturbances,
wall temperature, and roughness.

Investigating the effect of freestream disturbances is sig-
nificant to understand the transition mechanism. The type
and parameters of freestream disturbances both affect the
process of transition, and it has been investigated by many
scholars [4–11]. As the amplitude of freestream disturbances

increases to finite amplitude, the second and third phases of
transition may be short or even disappear. The transition
mechanism is essentially changed by the change of amplitude
of freestream disturbances. Ma and Zhong [4, 5] investigate
the receptivity over a plate flat under the freestream with
small disturbances by DNS and linear stability theory
(LST). Balakumar and Kegerise [6] analyze the response of
the boundary layer over straight and flared cones to small
disturbances. Small disturbances and finite amplitude distur-
bances (10−4–10−1) in the boundary layer over the blunt
wedge are both investigated to reveal the leading edge recep-
tivity by Cerminara and Sandham [7], and the Fourier anal-
ysis method is used to analyze the evolution of disturbances
in the boundary layer. D. Park and S. O. Park [8] and Olaf
et al. [9] also investigate the evolution process under the wall
roughness in nonlinear instability by Fourier spectrum anal-
ysis. As for the type of freestream disturbances, they can be
decomposed into entropy, vortical, and acoustic waves which
include slow acoustic waves and fast acoustic waves. Qin and
Wu [10], Zhang et al. [11], and Ma and Zhong [5] research
the receptivity characteristic of a supersonic/hypersonic
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boundary layer under small disturbances with different types
of freestream disturbances and found that there is a great dif-
ference between the four kinds of disturbances on the transi-
tion of the boundary layer.

In view of the fact that the change of flow state in the
hypersonic boundary layer directly affects the propulsion
efficiency and maneuverability of the hypersonic vehicle,
and results in aerodynamic drag and significantly increased
wall heating, laminar flow control (LFC) technologies are
addressed. Laminar flow control technologies can be divided
into three categories [12]: (1) active techniques: such as
reverse jet [13], local heating, or cooling; (2) passive tech-
niques: such as smoothing and shaping the wall; and (3)
reactive techniques: such as actuators and microelectrome-
chanical systems. However, due to complicated working
conditions and serious environment, active techniques and
reactive techniques are difficult to be applied in engineering
practice, and passive technology is widely used in hypersonic
vehicle design [14].

Passive techniques include a variety of technologies such
as shaping and passive coatings [15–17]. There is a very effec-
tive method to arrange roughness on the wall. Roughness can
be classified by many methods, such as two-dimensional
roughness and three-dimensional roughness and isolated
roughness and distributed roughness [18].

The effects of different types of roughness on the recep-
tivity and stability of the boundary layer vary greatly. A large
number of investigations have been carried out to investigate
the effects of roughness on the receptivity and stability of
the hypersonic boundary layer, and some achievements
have been made [19–28]. Wang and Zhong and Fong et al.
[20, 21] analyzed the effect of the height of isolated roughness
on the receptivity of the hypersonic boundary layer by direct
numerical simulation. They found that the height of isolated
roughness made the disturbance grow instantaneously, and
the growth rate increased with the increase of the height of
isolated roughness. Zhao et al. [22] found that the transition
position moved forward with the increase of the height of iso-
lated roughness. Holloway and Sterett and Fujii [23, 24]
found that the position of the isolated roughness would also
affect the transition. Duan et al. [25, 26] found that the
change of the position of isolated roughness directly affects
the propagation of mode S in the boundary layer by a direct
numerical simulation method and then affected the receptiv-
ity mechanism of the hypersonic boundary layer.

In terms of isolated roughness, the research of distributed
roughness is less [18, 27, 28]. Obviously, the effect of distrib-
uted roughness on the flow field is more complicated. Bala-
kumar [18] used a numerical simulation method to analyze
the influence of distributed roughness on the receptivity
and stability of the hypersonic tip-cone flow boundary layer
under slow acoustic disturbances, fast acoustic disturbances,
and vortex wave. It was found that the second mode dis-
turbance in the nose region was significantly suppressed.
Desjouy et al. [27] discussed the effects of isolated and dis-
tributed roughnesses on the transition of the hypersonic
boundary layer. They found that the transition of the bound-
ary layer appeared more than that in the presence of a single
roughness and the spacing between the two roughnesses has

a great influence on the flow state in the boundary layer. Saric
et al. [28] experimentally proved that the transition of the
boundary layer can be effectively restrained by arranging
the roughness array at the leading edge.

In this paper, a high-order accurate finite difference
method is used to simulate the hypersonic flow field over
the blunt wedge with a smooth wall and rough wall, and
the effect of roughness on the flow state in the boundary layer
is discussed. The shape of roughness is controlled by cubic
polynomial, and the wall conditions are divided into a
smooth wall and rough wall with isolated roughness and dis-
tributed roughness. The influence of roughness on the
steady-state flow field is investigated firstly. On this basis,
the influence of the roughness on the evolution process of
disturbances in the boundary layer is analyzed by adding
the slow acoustic disturbances to disturb the hypersonic flow
field. The effect of roughness on evolution of different mode
disturbances in the boundary layer is present by using the fast
Fourier spectrum analysis (FFSA) method, and the influence
mechanism of roughness on the receptivity of the hypersonic
boundary layer is revealed.

2. Governing Equations and
Numerical Methods

2.1. Governing Equations. A high-order finite difference
method is employed to simulate the hypersonic flow field to
analyze the evolution of the disturbance wave in the hyper-
sonic boundary layer and to investigate the effect of rough-
ness on receptivity of the boundary layer. The governing
equations are two-dimensional conservation N-S equations
which can be expressed as

∂U
∂t

+ ∂ F − Fυ
∂x

+ ∂ G −Gυ

∂y
= 0, 1

where t is the time and U is the vector of conservative vari-
ables, F and G are the convective fluxes corresponding to x
and y directions, respectively, and Fυ and Gυ are the viscous
fluxes corresponding to the x and y directions, respectively.
Their specific expressions are written as

U = ρ, ρu, ρv, E T ,

F = ρu, ρu2 + p, ρuv, E + p u
T ,

G = ρv, ρuv, ρv2 + p, E + p v
T ,

Fυ = 0, τxx, τxy, K
∂T
∂x

+ uτxx + vτxy
T

,

Gυ = 0, τyx, τyy , K
∂T
∂y

+ uτyx + vτyy
T

,

2

where ρ, u, v, p, T , and K denote density, velocity along the x-
axis and y direction, pressure, temperature, and the heat
transfer coefficient, respectively. τ and E is the shear stress
and total energy, respectively. The state equation for ideal
gas is written as
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P = ρRT , 3

where R is 286.94 J/(kg·K).
In order to be convenient for computation, the govern-

ing equations are transformed from the physical coordinates
(x, y) to computational coordinates (ξ, η), and the coordi-
nate transformation coefficient is the Jacobian matrix J that
can be expressed as

J = ∂ x, y
∂ ξ, η =

xξ xη

yξ yη
4

The governing equations in the computational coordi-
nates are expressed as

∂Û
∂t

+ ∂ F̂ − F̂x
∂ξ

+
∂ Ĝ − Ĝy

∂η
= 0, 5

where

Û = JU,
F̂ = yηF − xηG,

Ĝ = −yξF + xξG,

F̂υ = yηFυ − xηGυ,

Ĝυ = −yξFυ + xξGυ

6

2.2. Numerical Methods. In order to accurately simulate the
hypersonic flow field over a blunt wedge and correctly
capture the changes of the hypersonic flow field and the evo-
lution of the disturbance wave in the boundary layer, a high-
order finite difference method is used to directly simulate the
hypersonic flow field. The governing equation can be decom-
posed into three parts for discretization. The convective flux
is split by the Steger-Warming (S-W) splitting method into
positive and negative flux terms, and then the fifth weighted
essential nonoscillatory (WENO) scheme [29–31] is used to
discretize the positive and negative flux terms. The central
[25] difference method not only introduces unnecessary
information but also causes calculation error. It is worse that
they are not robust enough in the shock region, and there are
very serious, nonphysical numerical oscillations generated in
the shock region. So the upwind scheme is proper to discre-
tize the convective flux, and there is a great advantage in this
respect. The WENO scheme can effectively suppress the
numerical oscillation in a discontinuous or large gradient
region, such as the shock region, and the information of the
flow field can be acquired stably and accurately. The physical
information of the flow field is spread around caused by vis-
cosity, so the viscous fluxes are discretized by a six-order
central difference scheme. This method only introduces
phase errors but not dissipative errors, which can ensure
the accuracy of the calculation. The three-step third-order
Runge-Kutta method is employed to advance time. This
method is now widely used in the direct numerical simula-
tion of hypersonic compressible flow fields, and the results
achieved are good.

3. Computational Condition

A computational model is a hypersonic flow over a blunt
wedge. Freestream conditions are adopted at the inlet, and
extrapolation boundary conditions are adopted at the outlet;
symmetric boundary conditions are employed at y = 0 due to
the symmetry of the model. The wall surface has no slip and
no penetration and is isothermal. The influence of roughness
on the receptivity of the hypersonic boundary layer is ana-
lyzed, and the wall surface conditions are divided into three
types: wall surface without roughness, with isolated rough-
ness, and with distributed roughness. The shape of roughness
is controlled by a third-order polynomial, and the specific
expression is as follows:

yn x = 〠
N

n

Rn + h
cos θ + x tan θ −

3h
cos θ

x − xn + h sin θ

w cos θ + h sin θ

2

+ 2h
cos θ

x − xn + h sin θ

w cos θ + h sin θ

3
,

xn = x0 + nRncos θ,
7

where Rn, w, h, and θ represent the nose radius, the half
width of roughness, the height, and the half wedge angle,
respectively, and xn is the center coordinate of roughness.
x0 = 0 4109. N represents the number of roughness: when
N = 1, the wall surface condition is the wall with isolated
roughness, and when N > 1, it represents the wall with dis-
tributed roughness. For this paper, N is 6. The space between
two roughnesses is d = Rn ⋅ cos θ = 0 9962. The calcula-
tional conditions and grid are given in Figure 1, where α
represents the angle of attack. The subscripts “∞” and “w”
denote the freestream and wall condition, respectively. The
geometric parameters of roughness are given in Table 1.
The number of meshes is 600× 150, and the exponential
stretching method is used to close meshes near the wall
surface and head area properly where a strong shear flow is
in the area.

Slow acoustic wave with single frequency is introduced as
the disturbance wave to analyze the influence of slow acoustic
disturbance on hypersonic flow field over the blunt wedge
and flow structure in the boundary layer and to investigate
the effect mechanism of roughness on the receptivity of the
hypersonic boundary layer.

The steady flow field is computed first, and then the plus
slow acoustic disturbances which can be expressed as (8)
are continuously impinged on the upstream boundary after
t = 100 (dimensionless time), and the expression of slow
acoustic is written as

u′

v′

p′

ρ′

=

ε

0
−

ε

Ma∞
−εMa∞

ei kx− F⋅Re/106 t+π/2 , 8
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where the variable ε is the amplitude (ε = 0 06), k is the wave
number (k = 3 1446 × 10−4, and F is the generalized fre-
quency (F = 50π) (dimensionless frequency f = 0 25). The
incident wave angle of acoustic disturbances is 0. It should
be noted that the superscript “′” represents the amount of
disturbance in the flow field and the disturbance variable
refers to the variable value of the unsteady flow field minus
the variable value of the mean flow field at the same location.
In this paper, each parameter is dimensionless, and flow
parameter density ρ, velocity u, v, temperature T , and pres-
sure p are dimensionless by corresponding values ρ∞, U∞,
U∞, T∞, and ρ∞U∞U∞, respectively. The head radius
Rn is chosen as the characteristic length; x, y, w, and h are
dimensionless; and the time t is treated by Rn/U∞. The
correctness of the code and the grid sensitivity are verified
previously, which are not given here [32].

4. Effect of Roughness on Mean Flow

In order to accurately analyze the effect of roughness on the
receptivity of the hypersonic boundary layer, a high-order
finite difference method is used to directly simulate the
hypersonic mean flow field over the blunt wedge in this sec-
tion. Pressure contour and streamline pattern of the undis-
turbed hypersonic flow field are given in Figure 2, and
Figure 2(a, b, c) corresponds to smooth wall, isolated rough-
ness, and distributed roughness, respectively. It can be seen
that the roughness has a great influence on the hypersonic
flow field and the flow structure in the boundary layer. Com-
pression wave-expression wave and compression wave are
formed caused by isolated roughness. The temperature of
flow increases when the flow crosses over the compression

wave and some local high-temperature regions are formed,
as shown in the figure. The intensity of the waves caused by
roughness decreases downstream and dissipates gradually.
The distributed roughness results in more compression and
expansion waves in the flow field.

Flow separation is formed in the boundary layer—a vor-
tex is formed at the leading edges of the isolated roughness,
and five more long narrow vortices are formed between two
roughnesses of the distributed roughness. Note that the flow
lines above the roughness are almost parallel to the wall sur-
face, and it indicates that the shear structure of the region
above the roughness is substantially unaffected and the flow
smoothly “slips” over the roughness region. Bountin et al.
[14] studied the effect of distributed roughness on the undis-
turbed hypersonic flat boundary layer by means of experi-
mental and numerical simulations. They found similar
results as shown in Figure 3 that the flow structure of the
strong shear layer above the roughness is not significantly
altered while flow separations are formed in the boundary
layer. Balakumar and Egorov et al. [33, 34] pointed out that
the second mode acoustic disturbance may make the distur-
bance wave grow exponentially at the upstream and down-
stream of the separation region but remain neutral in the
separation zone, so it is reasonable to believe that the wall
surface condition can restrain the disturbance growth in the
boundary layer and maintain the stability of the boundary
layer to some extent.

Flow separation in the boundary layer can significantly
change the mechanical and thermodynamic mechanisms in
the boundary layer; Hirschel [35] pointed out that the change
of the mechanical and thermodynamic mechanisms in the
boundary layer has a great influence on the stability of the
boundary layer. The distribution of wall pressure, friction
coefficient, and heat flux along the flow direction are given
in Figures 4(a), 5, and 6, respectively, and Balakumar’s results
are given in Figures 4(b) and 4(c) where part of the calcula-
tion parameters is given. Figures 4(b) and 4(c) are the results
corresponding to isolated roughness and disturbance

Table 1: The condition of roughness.
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Figure 1: Calculational model and grid mesh.
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Figure 2: Pressure contour and streamline pattern of the undisturbed hypersonic flow field.
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Figure 3: Velocity along the x-axis of steady flow in the boundary layer in literature [14].
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Figure 4: Comparison of distribution of wall pressure along the x-axis with the literature [36].
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roughness (N = 40), respectively. It can be seen from the fig-
ures that flow structure is significantly changed by the rough-
ness in the boundary layer, and the trend of wall pressure
under the two wall conditions is basically the same. As flow
in the boundary layer evolves over each roughness, wall pres-
sure increases, then decreases, and finally recovers to the
undisturbed state. There is a strong expansion-compression
process in the trailing edge region of the last roughness, as
indicated by the arrows in the figures. It indicates that there
is a strong adverse pressure gradient in this region, which
may even result in flow separation. However, there also are
some differences between the two kinds of roughness. In this
paper, the position and magnitude of the minimum pressure

of the isolated and distributed roughnesses are different, but
this phenomenon does not exist in the results of Balakumar
[33]. The reason for this phenomenon is a long and narrow
vortex formed between the two roughnesses in this paper
and that the incoming flow meeting the vortex in this region
results in an increase in pressure.

In order to analyze the influence of the roughness on
the strong shear flow in the boundary layer and the influ-
ence of the incoming flow on the wall heating, Figures 5
and 6 demonstrate the distribution of the friction coeffi-
cient and the heat flux of the wall, respectively. The friction
coefficient of the wall decreases significantly in the leading
edge and the trailing edge of the roughness and reaches the
maximum value in the center of the roughness, and the rea-
son for this phenomenon is the change of boundary layer
thickness. The friction coefficient is negative in some areas
because of the existence of vortices in these areas. So friction
drag may reduce to a certain extent caused by cortices.
Similarly, the heat flux also decreases significantly in these
areas. It shows that the vortex in the hypersonic boundary
layer can reduce friction drag and restrain the heating of
the wall to a certain extent.

The integral values of the friction coefficient and heat flux
along the wall are given in Table 2. It can be seen that the
friction drag of the wall and the total heat transfer of the
distributed roughness are reduced by 15.47% and 2.80%,
respectively, compared with those of the smooth wall. These
values are similar to Bountin et al.’s [14] results, which show
that distributed roughness reduces the friction drag of the
hypersonic flat boundary layer by 17.64%. Through the
above analysis, it can be found that arranging the distributed
roughness on the wall can achieve the purpose of reducing
drag and heat to a certain extent, while not significantly dam-
aging the strong shear flow above the roughness.

5. Effect of Roughness on the Unsteady
Flow Field

It has been pointed out above that in the steady flow field,
arranging distributed roughness on the wall can reduce fric-
tion drag and total heat transfer to a certain extent. But the
hypersonic vehicle inevitably encounters acoustic distur-
bance during the flight [37]. In this paper, a slow acoustic
wave with single frequency is introduced as the disturbance
and the effect mechanism of roughness on the receptivity of
the boundary layer under the action of slow acoustic distur-
bance is revealed. The contours of velocity along the y-axis
under different wall conditions are shown in Figure 7, and
Figures 7(a)–7(c) correspond to smooth wall, isolated
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Figure 5: The distribution of friction coefficient of the wall along
the flow distribution.
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Figure 6: The distribution of heat flux of the wall along the flow
direction.

Table 2: Integral value of friction coefficient and heat flux along the
wall.

Smooth wall Isolated roughness Distributed roughness

Cf ds 0.05488 0.05249 0.04639

Hf ds 0.01822 0.01817 0.01771
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roughness, and distributed roughness, respectively. It can be
seen that the hypersonic flow field under slow acoustic dis-
turbance is mainly divided into three regions: Region
A1—the interaction between slow acoustic disturbance and
shock wave leads to the shock wave deformation and the
formation of a local high-velocity region that is basically
unaffected by wall conditions. Region A2—the interaction
between a slow acoustic disturbance and the boundary layer
results in flow separation in the boundary layer, as shown
in the figure. That more separation regions are formed in
the boundary layer caused by distributed roughness may be
inhibited by the heating of the wall by the flow. Region
A3—the region between Regions A1 and A2, relatively speak-
ing, is minimally affected by slow acoustic disturbance, but
when distributed roughnesses are arranged on the wall, the
region becomes more complex under the influence of slow
acoustic disturbance. The hypersonic flow field of Region
A3 is significantly changed by the compression and expan-
sion waves induced by the distributed roughness, especially
the first compression wave and the last two expansion-
compression waves. The interaction between the acoustic
disturbance and hypersonic flow field over the sharp cone
is studied by Kara [36], and the author found that Region
A3 is very quiet. So the author considered that acoustic
waves are weakly transmitted through shock. There is a dif-
ference between the two results, and we believe that the rea-
son for this difference is the amplitude of disturbance while
the amplitude of acoustic waves in literature is 2× 10−5. It
should be noticed that an inhomogeneity of perturbations
is formed near the shock region. The inhomogeneity is
caused by the interaction between the freestream distur-
bances and shock. The freestream disturbances go through
the shock and result in the deformation of shock. The defor-
mation of shock causes some tiny perturbations formed near
the shock region. Thus, there is an inhomogeneity of pertur-
bations in the oncoming flow. In addition, the great defor-
mation of shock near the nose of the blunt wedge also
affects the oncoming flow in the downstream region.

The variation of flow structure in the hypersonic flow
field, especially in the boundary layer, has a great influence
on the evolution of acoustic disturbance in the boundary
layer [38]. Therefore, it should be believed that the wall con-
ditions have a great influence on the receptivity mechanism
of the hypersonic boundary layer. The instantaneous pres-
sure disturbance in the boundary layer for acoustic distur-
bance at different stations is shown in Figure 8. It is worth

emphasizing that the magnitude of acoustic disturbance is
two to three orders higher than that of acoustic disturbance
in freestream and is four to five orders higher than the results
of Balakumar [18], even higher. This is because the magni-
tude of acoustic disturbance is magnified when acoustic
waves are transmitted through the shock wave. In this paper,
the influence of roughness on the flow in the boundary layer
is more concerning, and the influence of isolated and distrib-
uted roughnesses on the receptivity is analyzed. Therefore,
several stations along the flow direction are selected for
analysis: (1) the stations around the isolated roughness or
the first roughness of the distributed roughness (x =
1 00427~1 793163, 5 stations), (2) the station between two
roughnesses (x = 1 897203), (3) downstream region of the
first roughness or around the second roughness (x =
2 203272~2 606049, 3 stations), and (4) the downstream of
the distributed roughness (x = 7.798937–9.719503, 3 points).

Obviously, the magnitudes of the disturbance wave at dif-
ferent stations under the action of a slow acoustic disturbance
obviously change cyclically, and the boundary layer is dis-
turbed by the slow acoustic wave more lately at the down-
stream station. The evolution of disturbance waves in the
boundary layer can simply be divided into two stages: stages
T1 and T2, as shown in Figure 8. At stage T1 is the response
phase when the disturbance wave starts to affect the flow in
the boundary layer and the pressure begins to change. The
evolution of disturbance waves is not periodic, and the
amplitude of the disturbance wave is small at this stage. At
stage T2, the flow field is continuously and steadily affected
by the slow acoustic disturbance, and the evolution of distur-
bance waves is periodic. The wall condition remarkably
changes the evolution of the slow acoustic disturbance, and
the magnitude of the acoustic disturbance becomes bigger
at this stage.

After the acoustic disturbance enters the flow field
through the bow shock wave, the disturbance propagates to
the upstream-half region of roughness, (x = 1 001427~
1 402937). The magnitude of disturbance waves increases,
and the growth of disturbance is promoted by roughness
in the boundary layer. Growth rate increases with the
increase of wall curvature. For the downstream-half region
of the roughness (x = 1 402937~1 793163), the magnitude
of disturbance waves decreases. The growth of acoustic
disturbance in the boundary layer is suppressed in this
region and is suppressed with the increase of curvature.
It should be noted that the magnitude of the disturbance

Figure 7: Contours of velocity along the y-axis under different walls.
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Figure 8: Pressure disturbance on the wall at different stations along the flow direction.
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wave corresponds to distributed roughness increases at the
station (x = 1 793163). That indicates that the evolution of
the acoustic disturbance at this station is affected by the
downstream roughness or the vortex between two rough-
nesses. Flow is compressed at this position, and the magni-
tude of the acoustic disturbance increases. At x = 1 897203,
the magnitude of disturbance waves corresponds to the iso-
lated roughness which continues to decrease, but the magni-
tude of the disturbance wave corresponds to distributed
roughness increases. It is worth noting that at this point,
the pressure of the wall with distributed roughness or without
roughness is the same in the undisturbed flow field. It
indicates that the vortex amplifies the magnitude of the
acoustic disturbance in the boundary layer. In the range of
x = 2 203272 to 2.606049, the magnitude of the distur-
bance waves for isolated roughness decreases continuously.
The magnitude variation trend of pressure disturbance of the
distributed roughness is the same as that of the last upstream
roughness which shows the process of enlargement-
reduction during flow over the roughness. The magnitude
of disturbance waves for distributed roughness is the same
as that of the smooth wall at the center of roughness. The
evolution of disturbance waves in the downstream region of
the distributed roughness in the boundary layer is more con-
cerning. In the range of x = 7 798937 to 9.719503, the acous-
tic disturbance becomes more complicated. It indicates that
the modes of the disturbance waves in the boundary layer
increase and there is the existence of competition between
different mode disturbances in the boundary layer. The
modal analysis of the acoustic disturbance in the boundary
layer will be given in the next section. At x = 7 798937
and 8.887520, the variation of disturbance wave magnitude
of the distributed roughness is small, and the growth of
the disturbance wave is restrained. At x = 9 719503, the
restraining effect weakens, and the magnitude of the distur-
bance wave for the distributed roughness approximates that
of the smooth wall.

It is worth noting that in the range of x = 7 798937 to
9.719503, the magnitude of the disturbance waves for the iso-
lated roughness is always high. That is to say, the disturbance
waves for the isolated roughness are firstly restrained, then
grow, and gradually exceed those for the smooth wall and
distributed roughness.

Figure 9 shows the distribution of the maximum values of
the magnitude of disturbance waves at different wall condi-
tions along the flow direction. It can be seen that the acoustic
disturbance is the magnitude in the upstream-half region of
roughness and suppressed in the downstream-half region,
and the intensity of amplification or inhibition is enhanced
with the increase or decrease of the wall curvature.

In addition, the vortex also amplifies the acoustic distur-
bance in the boundary layer, which is the strongest at the cen-
ter of the vortex.

6. Analysis of Disturbance Wave Modes in
Boundary Layers

In order to reveal the influence of roughness on the receptiv-
ity of the boundary layer clearly, the evolution process of
acoustic disturbances with different modes in the boundary
layer is analyzed.

Fast Fourier spectrum analysis (FFSA) is used to decom-
pose the time domain signal in the boundary layer and
expand it in the frequency domain to get the evolution pro-
cess of the acoustic disturbance with different frequencies.
This method is widely used to analyze receptivity of the
hypersonic boundary layer with roughness under freestream
disturbances, and satisfactory results are attained [21, 39].
The Fourier transform formula is as follows:

p′ x, y, t = Re 〠
N

n=0
pn′ x, y ei −nωt+φn x,y 9

Figure 10 shows the FFSA amplitude-frequency dia-
gram at different stations, and it shows that under the
slow acoustic wave with single frequency, the dominant
modes in the boundary layer are fundamental frequency
and harmonics while the other modes can be insignificant.
In the region of x = 1 402937 to 1.793163, the fundamental
frequency (frequency of the fundamental frequency mode
f is 0.25, frequency of the second-order harmonic distur-
bance f is 0.50, frequency of the third-order harmonic dis-
turbance f is 0.75, etc.) and each harmonic order mode
are amplified in the upstream-half region of roughness.
The dominant mode in the boundary layer is taken as
the fundamental frequency mode under the three wall
conditions, and the proportionof eachorderharmonicmode
decreaseswith the increase of frequency. The evolution of fun-
damental and each order harmonic mode is restrained in the
downstream-half region of the roughness. For the smooth
wall, the fundamental mode is still the dominant mode, but
for the rough wall, the dominant mode becomes the second-
order harmonicmode. That is to say, in this region, the rough-
ness can restrain the fundamental mode better than the
second-order harmonic.
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Figure 10: Comparison of Fourier frequency spectral analysis of pressure disturbance in the boundary layer for different wall conditions.
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At x = 1 897203, the FFSA magnitude of the fundamental
mode and each order harmonic mode of the isolated rough-
ness are smaller than those of the smooth wall and distrib-
uted roughness wall, and the FFSA magnitude of each order
harmonic disturbance for the distributed roughness is larger
than that of the smooth wall except the fundamental mode.
It implies that for the distributed roughness, the fundamen-
tal mode is suppressed in the vortex region, but the evolu-
tion of each order harmonic mode is promoted. The same
phenomenon occurs at the next two vortices (x = 2 860089
and 3.891759). In the region of x = 2 203272 to 2.606049,
the trends of the fundamental mode and harmonic mode
of each order are similar to those of the smooth wall but
smaller except for the third-order harmonic mode at x =
2 606049. It is noteworthy that at x = 2 606049, the domi-
nant mode for the smooth wall transforms from the funda-
mental mode to the second-order harmonic mode. The
fundamental mode and harmonic mode for the distributed
roughness are suppressed and then amplified in this region.
The dominant mode is always the second-order harmonic
frequency mode, but its proportion is decreasing gradually,
while the proportion of the harmonic mode of each order
is increasing gradually.

For the downstream region of distributed roughness, the
second-order harmonic mode is still the dominant mode in
the range of x = 6 817512 to 7.798937 under different wall
conditions, but the magnitude of the distributed roughness
is significantly smaller than that of the other two types of
wall conditions; even the third-order and fifth-order har-
monic modes tend to disappear. That is to say, the evolution
of the acoustic disturbances in the boundary layer is obvi-
ously inhibited in the downstream region of the distributed

roughness, which does not last for a long distance. At the
station of x = 8 888520 and 9.719503, the FFSA magnitude
of the acoustic disturbances of the distributed roughness
gradually increases, especially the fundamental mode, which
rapidly increases and becomes the dominant mode in the
boundary layer.

Figure 11 shows the distribution of the fundamental
mode and harmonic modes from the second order to the
sixth order in the boundary layer along the flow direction.
It can be seen that the fundamental frequency and each order
harmonic mode decay rapidly in the head region. The degree
of attenuation of different modes becomes greater with the
frequency decrease.

The variation trend for different wall conditions on the
fundamental mode and harmonic mode is basically the same,
but there are still some differences. In general, different
modes are amplified in the upstream-half region of the
roughness and suppressed in the downstream-half region of
the roughness, and this suppression will last for a distance.
The different modes are suppressed for different distances;
some disturbance modes are suppressed for a long distance,
while others are short.

For the isolated roughness, the second-order har-
monic, fourth-order harmonic, and sixth-order harmonic
modes in the boundary layer are suppressed for a long
distance while the fundamental mode and the third-
order harmonic mode are suppressed by isolated rough-
ness for a short distance in the boundary layer. Especially
for the fundamental mode, the fundamental mode corre-
sponding to the isolated roughness is always higher than
that for the smooth wall after the inhibition effect of rough-
ness is not effective.
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Figure 11: Comparison of evolution of different modes along the wall for different wall conditions.
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In the downstream region of the distributed roughness,
the harmonic modes of each order are suppressed, but the
increase of the fundamental mode in the boundary layer is
not inhibited. The fundamental mode begins to grow rapidly
after passing through the distributed roughness.

7. Conclusions

A high-order accurate finite difference method is used to
simulate the hypersonic flow field over a blunt wedge with
isolated roughness and distributed roughness or without
roughness. The effect of roughness on steady and unsteady
hypersonic flow fields is analyzed. The effect of roughness
on the evolution of disturbance waves caused by a slow
acoustic wave in the boundary layer is discussed by fast Fou-
rier spectrum analysis (FFSA) method, and some conclusions
are drawn.

(1) Compared to a smooth wall, distributed roughness
arranged on the wall can reduce friction drag and
total heat transfer to a certain extent, while the strong
shear flow above the roughnesses does not signifi-
cantly damage.

(2) The amplitude of disturbance waves under the
fundamental mode and the harmonic mode of each
order increases markedly in the upstream-half
region of roughness while decreases markedly in the
downstream-half region of roughness. Disturbance
waves are suppressed in the downstream region of
isolated and distributed roughnesses for a distance.
Some disturbance modes are suppressed for a long
distance, while others are short.

(3) The mode competition always exits among different
modes both in the temporal domain and in the fre-
quency domain in the boundary layer. The dominant
mode is changed by roughness: the fundamental
mode is the dominant mode until x = 2 606049 for
a smooth wall in the boundary layer while the domi-
nant mode is changed to the second-order harmonic
mode at x = 1 592996 for a rough wall.

(4) The evolution of disturbance waves in the boundary
layer is affected by the vortices. The vortex amplifies
the magnitude of the acoustic disturbance in the
boundary layer: the fundamental mode is suppressed
in the vortex region, but the evolution of each order
harmonic mode is promoted.
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