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Abstract

The stability of a hypersonic boundary layer over a flat plate with the effect of a long shallow cavity investigated
by spatial direct numerical simulation. Unsteady disturbance is introduced by a slot of periodic suction-blowing
at the plate leading edge. The results indicate the stabilization effect is influenced by the frequency of the
second mode. For all the cases studied, the cavity is located in the close downstream region of the synchro-
nization point corresponding to the most dangerous frequency. With the depth of the cavity increases, the
stabilization of second mode improved. But flow separation in the cavity reduces the stabilization effect.
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1. Introduction

In hypersonic boundary layer laminar to turbulent transition increases significantly the shear stress
and heat flux. Therefore, the weight, complexity and cost of thermal protection system (TPS) of hy-
personic vehicles can be reduced by delaying the laminar-turbulent transition. Transition is a multifold
process that evolves in many different ways depending on numerous parameters of the mean flow
and disturbances[1]. When freestream disturbances are small, for high-altitude flights with smooth
surfaces under hypersonic flow, transition to turbulence occurs due to amplification of the unstable
disturbances of the first and/or second mode[2].

The first mode corresponds to Tollmien-Schlichting (T-S) waves. The wall cooling, which naturally oc-
curs on hypersonic-vehicle surfaces, strongly stabilizes the first mode, while it destabilizes the second
mode. Mack second mode belongs to the family of trapped acoustic waves. Once the second mode
sets in, it becomes the dominant instability for all hypersonic boundary layers because its growth
rate tends to exceed that of the first mode[1]. And the most amplified second-mode wavelength is
approximately twice the boundary-layer thickness, and its phase velocity tends to the boundary-layer
edge velocity of mean flow. According to the transition procedure, stabilizations of second mode are
critical to transition control at high Mach number conditions.

To damp the second mode instabilities, multiple techniques have been proposed including local
porous coatings[3-5], wavy wall[6][7], roughness elements[8] and heating or cooling trips[9]. The
second-mode instability can be affected by local shaping of the body surface and boundary layer
thickness. Once the boundary layer is changed by an appropriate cavity, the instability of second
mode could be reduced. For this reason, the effect of local long shallow cavity on hypersonic bound-
ary layer is analyzed.

In this paper, we discuss the result of direct numerical simulation (DNS) of unsteady two-dimensional
hypersonic flow. The Navier—Stokes equations are solved numerically for disturbances generated by
a local forcing (periodic suction-blowing) at the free-stream Mach number 6 in the near wall flow with
local long cavities. The effect of the cavity on the second mode is analyzed. The influence of depth
of the cavities is investigated in this study.
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2. Problem Formulation and Numerical Simulation

In this study, the stability of a hypersonic boundary layer over a flat plate to wall blowing-suction with
the effect of a long shallow cavity investigated by spatial direct numerical simulation[6][9].

2.1 Numerical Simulation Method

The Navier—Stokes equations for 2D viscous compressible unsteady flows are solved numerically
and The dependent variables are normalized to the corresponding free-stream parameters and plate
length L*. Pressure is normalized by doubled dynamic pressure and time t* is normalized by L*/u*.
The dimensionless conservative form of these equations is
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The superscript * denotes dimensional variables and the subscript « denotes flow variables in the
freestream. The dynamic viscosity coefficient u is calculated by applying Sutherlands law. The test
gas in the hypersonic flow is assumed a perfect gas with the specific heat ratio y = 1.4 and Prandtl
number Pr = 0.72.

The 2-D Navier-Stokes equations are solved numerically by using a high-order finite difference
method. The fifth-order upwind scheme is used to discretize inviscid flux derivatives of the govern-
ing equations. Meanwhile, a sixth central difference scheme is used for the discretization of viscous
terms, and a third-order Runga-Kutta method is used for temporal integration.

2.2 Problem Formulation

In current numerical studies, the problem is simplified as the hypersonic flow traveling along a 2D
flat-plate with a cavity at a zero angle of attack, as shown in Figure 1. These conditions are: Ma =
6.0, Re, = 10.5 x10°m~!, T* = 293K.

The problem is solved in two steps [6][9]. First, a steady laminar flow field is computed using a time-
dependent method. Then, unsteady disturbances are imposed onto the steady solution — a local
periodic suction-blowing(as shown in Figure 1) is introduced on the wall via the boundary condition
for the mass-flow perturbation:

gw(x,1) = esin(2m 1) sin(27 f1), (5)
X2 — X1

where: x; = 0.05, and x, = 0.075 are boundaries of the suction-blowing region. Where g,, = p;ivy,/ (P2 V)
is dimensionless mass flow in the normal wall direction. A small forcing amplitude € = 0.001 is
adopted to ensure the linear evolution of excited disturbance. The forcing frequency is fixed at f*
= 138.74Hz.which corresponds to the dimensionless frequency parameter f = f*L*/U% =35.1. This
value results in the maximum amplitude of wall pressure perturbation at x = 0.75.
Synchronization point of F mode and S mode under the flow condition in this study is at x =0.51. The
local long shallow cavity is located downstream of the synchronization point. The length of the local
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Figure 1 — Schematic drawing of plate with cavity.

long shallow cavity is approximately eight times of local second mode wavelength and the maximum
depth is approximately one third of the second mode wavelength. Case0 is flat plate and three cases
with different depth of cavities are studied, the coordinate of the points in Figure 1(A, B, C, D) in
different cases are shown in table 1. The depth of the cavity in casel is 0.002, the depth of the cavity
in case?2 is 0.004 and the depth of the cavity in case3 is 0.008.

Table 1 — Coordinate of the points in different computational case
A B C D

casel | (0.5,0) | (0.53,-0.002) | (0.67,-0.002) | (0.7, 0)
case2 | (0.5,0) | (0.53,-0.004) | (0.67,-0.002) | (0.7, 0)
case3 | (0.5,0) | (0.53,-0.008) | (0.67,-0.002) | (0.7, 0)

2.3 Verification

The cases that mack mode developing above a smooth-wall and a porous surface[10][11] (porosity
n = 0.25, pore depth d =1 and 8 pores per wavelength) are chosen to validate the accuracy of DNS.
The comparison of the instantaneous disturbance fields of calculation result and reference result is
shown in Figure 2[10]. The growth rate on porous surface is 51.4% of the smooth-wall case and
this value is 51% in reference. Two results are almost identical, which could validate the DNS code
applied in this research.

(a) (b)

Figure 2 — Disturbance fields on smooth-wall; (a) — pressure, (b) — vertical velocity; color —
calculation result, black lines — result in reference.

3. Numerical Result

3.1 Steady Flow

The computed steady-flow pressure field over a flat plate is shown in Figure 3. There is a weak
shock wave generated near the flat-plate leading edge due to the viscous-inviscid interaction as seen
from the pressure contour. An expansion wave can be observed near the leading edge of the cavity
and a compression wave can be observed near the cavity trailing edge induced by the shear layer
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impingement. As the streamline near the wall shown in Figure 3, one may conclude that the chosen
cavity weakly affects the global flow field over the boundary layer.
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(d) case3
Figure 3 - Pressure field of steady flow.

Figure 4 - Horizontal velocity field of steady flow.

The streamwise velocity profiles in the wall-normal direction at different locations show that the flow is
4
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almost unaffected in the upstream region of the cavity. At the location during the streamwise range of
cavity, the velocity profile is strongly distorted. Downstream of the cavity, deviation from the baseline
results decreases layer and a nonzero velocity and the velocity profile is eventually reestablished. The
results indicate that the cavity only has local effects on the steady base flow. For the deepest cavity
within the scope of the study(case3), flow separates from the leading edge of the cavity resulting in
a shear layer bridging the length of the cavity. And no self-sustaining oscillations occur in the base
flow, as seen in Figure 4.

3.2 Unsteady Flow

At first disturbance evolution is computed for a flat plate. In this case, the computational domain is a
rectangular of dimensions 1x0.2. The flow parameters and the boundary conditions are the same as
in Section Il.

A fragment of the instantaneous disturbance field over flat plate (the difference between a disturbed
flow field and a steady field) inside the boundary layer is shown in Figure 5. For x> 0.5, the boundary-
layer disturbance corresponds to the second mode, which is typified by two-cells in the pressure field
and rope-like formations in the temperature field.

(e Zor e

Figure 5 - Fields of pressure (top) and temperature (bottom) disturbances over the flat plate for f=
35.1 in the range of maximum growth rate.

Figure 6 shows the instantaneous fluctuating pressure field over plate in different cases. Perturbation
induced by blowing-suction propagates downstream with the phase velocity slightly lower than the
velocity at the boundary-layer edge. As trapped acoustics waves, the second-mode waves are re-
flected between the wall and the sonic line. The evolution of the pressure perturbation is unaffected
upstream of the cavity. The evolution of the second mode in the vicinity of the cavity is strongly
distorted.
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Figure 6 - Instantaneous fluctuating pressure field for different over plate with cavity
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Figure 7 - The wall pressure disturbance for different cases(0:case0, 0.002:case1, 0.004:case2,
0.008:casegd,), f = 35.1.

As shown in Figure 7 for the disturbance of fixed frequency f = 35.1, on a flat plate the second
mode amplifies and reaches its maximum amplitude at x =~ 0.75 , while on the plate with cavity the
disturbance damps sharply. Compare the pressure perturbation along streamwise along the wall,
the amplitude of pressure perturbation reduced significantly. When there is no flow separation in the
cavity, the efficiency of damping second mode improves as the depth of the cavity increase (as seen
in casel and case2). As separation flow appears in the cavity, the efficiency of damping second
mode instability reduces slightly (as seen in case3).

A local long shallow cavity located in the close downstream region of the synchronization point cor-
responding to the most dangerous frequency prevents from the intensive second-mode growth in
hypersonic boundary layer.
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4. Conclusion

Stability of the separated supersonic near-wall flow over plate with cavity is simulated by means of
numerical integration of two-dimensional Navier—Stokes equations. It is shown that high-frequency
blow-suction effectively excites the second mode in the boundary layer flow. Then the second mode
is stabilized over the plate with cavity. The results indicate this is an efficient way to stabilize the
second-mode instabilities to put a local cavity in appropriate region. With the depth of the cavity
increases, the stabilization of second mode improved. But flow separation in the cavity reduces the
stabilization effect.
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