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ABSTRACT

In this paper, large-eddy simulation of the interaction between a shock wave and the hypersonic turbulent boundary layer in a compression
corner with a fixed 34° deflection angle at Ma = 6 for different Reynolds number cases is conducted. For investigating the effects of the
Reynolds number for hypersonic cases, three cases where the free-stream Reynolds numbers are 14000, 20000, and 30000/mm are selected.
The averaged statistics, such as the mean velocity, the skin friction, the heat flux, and the wall pressure, are used in this paper. The flow
structures in the compression ramp including the shock wave and interaction region are discussed. The decomposition of the mean skin-
friction drag for the flat flow is extended to be used in the compression corner. In addition, the turbulent kinetic energy is studied through
the decomposition of the mean skin-friction drag for the flat-plate region and the corner region. It is found that higher Reynolds numbers
would increase the turbulent kinetic energy by turbulent dissipation at the interaction region, while higher Reynolds numbers would decrease
the turbulent kinetic energy by turbulent dissipation after reattachment. In addition, it is also found that the turbulent kinetic energy is larger
with a higher Reynolds number and higher turbulent kinetic energy inhibits the movement from the separation point to the inflection point
(x = 0 mm), which deduces larger separation bubbles.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0139966

I. INTRODUCTION

Shock wave/turbulent boundary layer interactions (STBLIs) are
problems that are frequently faced by aircraft. In addition, they
have a great impact on the aircraft layout and aerothermodynamic
protection. There are various phenomena in the interaction flows,
including the unsteady motion of the shock system, the separation
and reattachment of the turbulent boundary layer, and the breathing
motion of the separation bubble. For hypersonic aircraft, the local
peak heat flow caused by the complex STBLI phenomenon in the
corner can be tens of times of that in the case of no interactions,
which will bring great threat to the flight safety of hypersonic air-
craft. At present, STBLIs are basic problems for the design of the
hypersonic aircraft and show great importance for engineering."

There has been a lot of research that reported the mechanism
of STBLIs.” ” The direct numerical simulation (DNS) was first used
to explore the mechanism of compression ramp flow and oblique

shock-wave/flat-plate boundary layer interaction flow by Admas®
and Pirozzoli and Grasso,” respectively. Wu and Martin® also carried
out DNS studies for compression ramp flows, where the incom-
ing conditions are similar to those of wind tunnel experiments by
Bookey et al.” Their studies show good agreement with the experi-
mental results in terms of mean wall-pressure distribution, separa-
tion bubble length, and turbulent fluctuation amplification intensity.
Wu and Martin'” carried out some research about the shock wave
low-frequency unsteadiness mechanism. Priebe et al.'" also explored
the shock wave low-frequency unsteadiness. The results of the DNS
transition flows after low-pass filtering show that the low-frequency
shock movement comes from the instability mechanism in the
downstream sources of the separation bubble, and the expansion
and contraction movement of the separation bubble leads to the
low-frequency unsteadiness of the upstream sources. On this basis,
Helm et al."” discussed in detail the spatial and temporal scale of the
vortex structure in the shear layer of the separation bubble in the
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interaction region. Fang et al."” proposed a new turbulence amplifi-
cation mechanism. Li et al.'* conducted the turbulent kinetic energy
transport mechanism. For the length of the interaction region, Zhel-
tovodov'® studied its growth with an increasing ramp angle through
a series of experiments at Ma = 3.0. Then both direct numerical sim-
ulation (DNS)'! and large-eddy simulation (LES)'® are carried out
to study it. It was found that a larger Reynolds number produces a
longer nondimensional interaction region. This conclusion is con-
firmed by another DNS study on a 25 deg ramp at Ma = 2.9."7 Some
new experimental research about the Reynolds number effect on the
STBLI structure'"” is also carried out.

In general, previous studies were mainly carried out in the
case of supersonic flows, while the studies of Reynolds number
effects on the shock wave and turbulent boundary layer interaction
in the hypersonic case are relatively few. Through the Reynolds-
averaged Navier-Stokes equation numerical simulation (RANS),
Feng-Yuan” carried out a study of ramp-induced planar shock-
wave/turbulent boundary-layer interactions under hypersonic con-
ditions. Stephan and Pino’! conducted hypersonic STBLIs over an
8° compression ramp using DNS. The Reynolds number on the
interaction between shock waves and turbulence at high Mach num-
bers will generate strong intrinsic compressible effects, also known
as sound effects, referring to compressible effects related to turbu-
lence fluctuations, which have a significant influence on physical
quantities at different scales of turbulence. Further research on the
flow mechanism of high Mach number shock waves and bound-
ary layer interaction over the larger angle compression corner will
help to further improve the understanding of this problem. In addi-
tion, large-eddy simulation (LES) is applied more to high Reynolds
number cases successfully. Thus, in this paper, we perform an LES
study of the hypersonic Mach 6.0 turbulent boundary layer over a
compression corner of a 34° deflection angle.

Il. GOVERNING EQUATIONS AND COMPUTATIONAL
SETUP

A. Governing equations

By filtering the Navier-Stokes (N-S) equations, the filtered N-S
equations for compression’” in LES can be written as
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In addition, (%) represents the spatial filtering with a low-pass filter
at scale A, and (*) represents the density-weighted (Favre) filtering

(6= %). For any flow variable, the spatial filtering of ¢(x) can be
denoted as

3 = [ Ga(x)g()dy, (20)

where Ga(x,y) is the kernel of the filter, which satisfies the

ot Ox; Ox; normalization condition
o o Oksgs
Yot [ () ox, | 4) fQGA(x,y)dy= 1. (1)
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In this paper, the filter is a grid filter, with the filter width A
being a measure of the local grid size.

In the filtered N-S equations, p, i;, T, p,and E are the filtered
density, velocity, pressure, and total energy, respectively. The filtered
pressure is determined by p = pRT, where R is the specific gas con-
stant. In the equations, Pr is the molecular Prandtl number, and the
1 ( T )3/2 Too +T$ . Accord-
ing to Sutherland’s law, in which Ts is 110 3 K the Reynolds number
Re takes the form Re = p__ UooL/yoo. In Egs. (1)-(4), kg, Tijs Qj, 95
Ji» Ia, &, €4, and II,, are the SGS kinetic energy, the SGS stress, the
SGS heat flux, the heat flux, the SGS diffusion term, the SGS energy
flux, the solenoidal dissipation, the dilatational dissipation, and the
pressure dilatation, respectively.

For the unclosed terms, we choose the quasi-dynamic subgrid-
scale kinetic energy equation model (QKM) proposed by Qi et al.”’
to model them. In the QKM, the subgrid-scale (SGS) stress can be
expressed as

molecular viscosity y takes the form y =

mo -~ NIsH 25 -
Tij d_ —2C5mpA2|S|S,'j + g(SiijsgS) (22)
where
18] = \/28;5, (23)
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The SGS heat flux can be expressed as

s 01 »
Prygs Ox;

mod _
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where Pry; is the SGS Prandtl number, and it can be solved in the
QKM as

8(v5g56 )/Gx]
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FIG. 1. Schematic diagram for the hypersonic turbulent boundary layer over a
compression corner.

B. Computational setup

The LES is performed by using a high-order finite difference
code OpenCFD-SC developed by Tong et al.,”* and the governing
equations are solved using the mixed scheme that includes CD6,
WENOS5, and WENO7” with a combination of absolute and rel-
ative limiters and the Steger-Warming splitting approach for the
discretization of the convective flux terms. An eighth-order central
difference scheme is used to compute the viscous flux terms. For
STBLI flows, high-order spatial discretization schemes are necessary
to resolve much finer turbulence structures and capture the sepa-
ration region accurately. After all of the spatial terms are solved,
the third-order Runge-Kutta method is used for time integration.
Steady laminar boundary layer profiles are imposed at the inlet; a
buff region with a coarse mesh is put in place to eliminate the dis-
turbance reflection in the outlet region, and the flow variables are
obtained using two-order downstream extrapolation at the outlet.
Nonreflecting boundary conditions are used at the top boundary,
and periodic boundary conditions are used in the spanwise direc-
tion. A no-slip boundary condition is used, with a constant wall
temperature Ty, = 294 K. The boundary condition is similar to that
used in the study by Duan et al.” The fully developed incoming TBL
is generated by the laminar-to-turbulent transition method used by
Pirozzoli et al.”” The same blowing and suction velocity disturbances
are used to promote the transition in our LES. The blowing and suc-
tion velocity disturbance is imposed at —470 mm < x < —440 mm.
Also, L (1 mm) is the non-dimensionalizing length scale. As shown
in the sketch of the computational domain for simulation (Fig. 1), for
the computational size, the streamwise direction is —550 to 54 mm,
the wall direction is 55 mm, and the spanwise direction is 24 mm.
The free-stream Mach number is 6. The free-stream temperature is

Prog = - . 27)
204 9T
8(C0Ak on ot ) /0x;
TABLEI. Th i ter and grid setting of the different .
The pressure diffusion term can be modeled as © ain parame7er and grid seTing o7 The diferen’ cases
Case Grids Reeo /mm
1, ~ Con, 2P i (28) /
T oy Case A 2500 x 400 x 300 14000
. . Case B 2800 x 450 x 350 20000
The solenoidal dissipation can be modeled as Case C 2900 x 500 x 350 30000
dS;; Oy
& ~ 2CoAu(T) 70—~ 29
* odu(T) Oxy Ox; (29)
The dilatational dissipation can be modeled as TABLE II. The boundary layer parameters at x = —100 mm.
50 oy iy C Axt Ayt Azt )
e G j ) 30 ase X Y all z /mm
473 ox; ["’( ) o) e (30)
Case A 7.3 0.32 4.01 9.9
Differing from Ref. 23, all the unclosed terms from the filtered Case B 11.56 0.42 6.35 8.8
total energy equation are modeled (the term H is not neglected). Case C 15.91 0.50 8.79 8.3
Thus, this method can be applied to high compressible flows.
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79 K. Three cases of different Reynolds numbers are supplied. The
main parameter and grid setting of the different cases are listed in
Table I. The boundary layer parameters at x = —100 mm for different

cases are shown in Table II.

I1l. VALIDATION

Before displaying and discussing the simulation results, the
accuracy and reliability of the LES data should be validated. In this
paper, the results are compared with equivalent data obtained in
the incompressible regime according to Morkovin’s hypothesis.”® In
this section, we show the profiles of root-mean-square (rms) from

U*

V'!r

W'k

U* from Wu et al.
V* from Wu et al.
W* from Wu et al.

W*
U* from Wu et al.
V* from Wu et al.
W* from Wu et al.

W*
U* from Wu et al.
V* from Wu et al.
W* from Wu et al.

g .
1.5

y/o

FIG. 2. Profiles of root-mean-square (U; = \/p/peo (Ui)™ /u:). (a) is for case A;

(b) is for case B; (c) is for case C.

ARTICLE
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different cases compared with the results from the study by Wu
et al.”’ Figure 2(a)-2(c) show the rms from case A, case B, and case
C, respectively. From the results, we can know that the rms in the
streamwise direction, wall-normal direction, and spanwise direction
is in good agreement with the results of the turbulent boundary layer
on an incompressible plate” due to the non-dimensionalization of
semi-local friction velocity. It is worth noting that in this paper, the
spanwise direction is periodic and the spatial average is operated in

the spanwise direction.

IV. RESULTS AND DISCUSSION
A. The averaged and instantaneous results

The wall-skin friction Cy and Stanton number S; from different
cases are shown in Figs. 3 and 4. From the figures, we can know that
the separation bubble is larger as the Reynolds number increases.
At —440 < x/L < =300, we see that the transition is developed for
case B and case C but the transition of case A begins at x/L = —300.

0.01

-500 -400

FIG. 3. Mean wall-skin friction C; for different cases (Cr = pw

(B )/ (Lpestii)).

0.012} "
——————— Case A "
e Case B i “A
e Case C H

1

0.008| 1

- 1 \‘
»n |; |
¢

0.004} A

HIAS
: v
i e
i e
L ih'\..\-"" - 1 L 1
-500 -400 -200 -100 0

x/L

FIG. 4. Stanton number S; for evaluating wall-heat flux from different cases

(St= kw(%; w/ (poeUeo Cp(To = Tw)))-
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FIG. 5. Distribution of the skin friction coefficient in the corner region where the
horizontal coordinates are normalized by & (6 is the boundary layer thickness).

It is obvious that the increased Reynolds number would lead to
early transition. In addition, the figures also show that the increased
Reynolds number would decrease the value of the skin friction and
the heat flux. We also show distribution of the skin friction coef-
ficient in the corner region, where the horizontal coordinates are
normalized by § (§ is the boundary layer thickness) in Fig. 5. From
the figure, we can see that the separation bubble is larger as the
Reynolds number increases. The reason for the larger separation
bubble will be discussed in Subsection IV B. As the Reynolds num-
ber continues to increase, there is a critical value. If the Reynolds
number is larger than the critical value, the length of the separation
bubble will decrease as the the Reynolds number increases. However,
that is not discussed in this paper.

Figure 6 shows the mean Van Driest transformed velocity pro-
file at x = —120 mm for different cases. As shown in the figure, the
values for different cases are almost same at y* < 10. At y* > 10, the
value of the mean velocity profile would increase as the Reynolds
number increases.

"
il 1

L
10’ 10 y+10’ 10’

FIG. 6. Mean Van Driest transformed velocity profile at x = —120 mm for different
cases.
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FIG. 7. Wall pressure p,, for different cases.

Figure 7 shows the wall pressure pw for different cases. We can

know that the pressure increases at x/L > —30 and there are platforms

at -30 < x/L < 0. As the Reynolds number increases, the value of the
platform becomes larger. That means the separation becomes more
obvious.

Through the frequency spectrum analysis,”’ we show the spec-
tra of pressure fluctuations for case A at x/L = —100, y/L = 1, and
z/L = 10 in Fig. 8. From the figure, we can know that the turbulence
is fully developed.

We also show the instantaneous temperature at the x-y plane
for different cases in Fig. 9. From the figures, we know that the
temperature in the separation bubble becomes higher when the
Reynolds number increases. We also show the instantaneous den-
sity gradient at the x-y plane for different cases in Fig. 10. From the
figures, it can be seen that there are more shocklets at —30 < x/L < 0
in cases B and C than in case A. To see the separation shock clearly,
the averaged density gradients at the x-y plane for different cases
are shown in Fig. 11. In Fig. 11, it is clearly seen that the separation
shock becomes stronger as the Reynolds number increases. Thus,

—
>
>
T

-5/3

— o

> >
(S o
T T

spectrum of pressure p'

—
>
&
T

10° 10" 10’
f(KHz)

FIG. 8. Spectra of pressure fluctuations for case A at x/L = —100, y/L = 1, and
zIL = 10.
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T: 152253354455 6657 8

y/L

T: 152253354455 6657 8

y/L

y/L

FIG. 9. Instantaneous temperature at the x-y plane for different cases. (a) is for
case A; (b) is for case B; (c) is for case C.

we can deduce that the higher Reynolds number would strengthen
the separation shock, which would lead to a larger separation bub-
ble. The numerical schlieren image at the x-y plane for different
cases is shown in Fig. 12, and from the figures, we can see the struc-
tures more clearly. The methods for density gradients and numerical
schlieren can be found in Ref. 26.

The instantaneous isosurface of Q = 0.1 (second invariant of
the strain rate tensor) for case A is shown in Fig. 13. From Fig. 13,
we can find that the flow structures from the corner regime are more
than those from the plate regime.

B. Decomposition of the mean skin-friction drag

The mean skin-friction drag can be decomposed into different
physics-informed contributions based on the mean and statistical
turbulence quantities across the wall layer. For the flat flow, from

ARTICLE scitation.org/journall/adv

DSM: 0 0.10203040.506070809 1

y/L

DSM: 0 0.10.20.30.4050.60.7080.9 1

y/L

y/L

40 20
x/L

FIG. 10. Instantaneous density gradient (DSM) at the x-y plane for different cases.
(a) is for case A; (b) is for case B; (c) is for case C.

the filtered N-S equations, the mean skin-friction drag’’ can be
decomposed as

O = 2 [T Oty + 2 [Mppi-asy gy

- 3
Poollag

oo Ueo
Cn Cp
2 8 D{i1}
s, O ) T
Cys
- [ ) () - ) - )y

Cfa
(31)
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[m 0 0.1020304050.6070809 1

20
x/L

DSM: 0 0.10.203040.50.6070.809 1

y/L

20
x/L

DSM: 0 0.10.2030405060.70809 1

60

40

y/L

20

-60 40 20
x/L

FIG. 11. Averaged density gradient (DSM) at the x-y plane for different cases.
(a) is for case A; (b) is for case B; (c) is for case C.

where (-) is the Reynolds averaging operator, {-} is the Favre aver-
age ({¢} = (pd)/(p)), and the double prime " denotes the turbulent
fluctuations with respect to the Favre average, i.e., §”' = ¢ — {¢}, ttoo
is the free-stream velocity, p__ is the free-stream density, 7. is the
normal stress in the x-direction, and 7, is the shear stress in the
streamwise direction. In addition, D{-}/Dt denotes that D{-}/Dt
= 0{-}0t + {v}(9{-}/0y).

In Eq. (31), Cy, represent the direct viscous dissipation, and Cy,
represents turbulence “dissipation” into turbulent kinetic-energy
production. Cy3 represents the variation in the mean streamwise
kinetic energy with time; C 14 18 created by the streamwise hetero-
geneity. In the following, Cy, and Cp, will be discussed. After the
inflection point (x = 0 mm), we also show the decomposed mean
skin-friction drag as

ARTICLE scitation.org/journall/adv

60} (@ IEEEENT
0.1020.30.40.50.60.70.80.9

6o ®

0.1020.304050.60.70.809
——

40

20

/

R T ' ) 30 0
x/L

FIG. 12. Numerical schlieren image at the x-y plane for different cases. (a) is for
case A; (b) is for case B; (c) is for case C.

2 s O{itn 2 o 11gry O{in
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+pooui°/(; (p)({#tn} — thoo cos 6) Dt dyn
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2 s 0 S\ [l -
- ) e cos ) () = M - D)

ocolUny n

Cry
(32)

where x, =xcos0, y,=ycos0, u,=ucosf+vsinf, and v,
=usin®+vcos6. O is the deflection angle of the corner, and
0 = 34°.

Figure 14 shows the terms Cy) and Cp,, which are dimension-
less by Cy at =30 < x/L < 10. Figure 15 shows the terms Cy; and Cy,,
which are dimensionless by C rat 5 <x/L < 35. From the figures, we
can know that Cy, increases as the Reynolds number decreases for
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()

Case A
——— CaseB

3F — = CaseC

€ Lt
Qo
‘l L
0 10 20 30
FIG. 13. Instantaneous isosurface of Q = 0.1 (second invariant of the strain rate x/L
tensor) for case A. 10
(b)
Case A
——— CaseB
both —30 < x/L < 0 and 5 < x/L < 35. Thus, we know that the direct 8

viscous dissipation is lower with the increasing Reynolds number.
In addition, we can see that C 12 increases as the Reynolds number
increases at —30 < x/L < 0 but Cy, decreases with the increasing
Reynolds number at 5 < x/L < 35. We can know that the production
of turbulent kinetic energy by the turbulent dissipation is lower after
reattachment with a higher Reynolds number while turbulent kinetic
energy production by the turbulent dissipation becomes larger as the
Reynolds number increases at the interaction region. We can also

1
10 20 30
x/L

FIG. 15. Terms C¢ and Cy,, which are dimensionless by C; at 5 < x/L < 35.
(a) The term C#4; (b) the term C,.

know that for the case of a higher Reynolds number, high turbulent
kinetic energy inhibits the movement of the separation point to the
inflection point. There are some similar conclusions for the move-
ment of the separation point in Ref. 32. Thus, the separation bubble
of case A is larger than that of case B and case C.

V. CONCLUSION AND DISCUSSION

In this paper, the interaction between a shock wave and the
hypersonic turbulent boundary layer in a compression corner with
Case A a fixed 34° deflection angle at Ma = 6 using large-eddy simulation
for three different Reynolds numbers is carried out. The validation
of the data is provided by showing the rms compared with oth-

2F ers. The mean velocity, the wall skin-friction, the wall heat flux,
) and the wall pressure are shown. The distribution of the temper-
J L5F ature and the shock wave is also studied. The decomposition of
1k the mean skin-friction drag for both the flat-region and the corner
region is determined. Through this research, some conclusions are

sk provided:
(b) (1) By comparing three cases of different Reynolds numbers, we
TSy e— T— = ) know that the separation bubble length becomes larger and
x/L the separation shock wave is further away from the interac-

tion region as the Reynolds number increases. In addition,
the temperature in the interaction region is larger when the
Reynolds number is larger.

FIG. 14. Terms C¢ and Cy,, which are dimensionless by Cf at —30 < x/L < 0.
(@) The term C4; (b) the term Cr,.
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(2) Through the decomposition of the mean skin-friction drag,
we know that higher Reynolds numbers would increase
the turbulent kinetic energy by turbulent dissipation at the
interaction region while higher Reynolds numbers would
decrease the turbulent kinetic energy by turbulent dissipa-
tion after reattachment. The reason for the larger separation
bubble length is that the turbulent kinetic energy is larger
with higher Reynolds numbers and higher turbulent kinetic
energy inhibits the movement from the separation point to
the inflection point (x = 0 mm).
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TABLE lIl. The grid setting for grid convergence.

Case Grids

Grid 1 2200 x 300 x 250
Grid 2 2500 x 300 x 250
Grid 3 2500 x 400 x 300
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FIG. 16. Grid convergence for case A. (a) is the mean wall-skin friction; (b) is the
Stanton number.

APPENDIX: GRID CONVERGENCE

In this section, we will show the grid convergence for case A.
We supply three different grid settings, and the grid settings can be
found in Table III. Figure 16 shows the mean wall-skin friction and
the Stanton number for different grid settings. In the figures, we can
see that the results are close, and we can infer that the grid converges.
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