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Abstract; A novel third-order optimized symmetric weighted essentially non-oscillatory (WENO-0OS3) scheme is
used to simulate the hypersonic shock wave/boundary layer interactions. Firstly, the scheme is presented with the
achievement of low dissipation in smooth region and robust shock-capturing capabilities in discontinuities. The
Maxwell slip boundary conditions are employed to consider the rarefied effect near the surface. Secondly, several
validating tests are given to show the good resolution of the WENO-OS3 scheme and the feasibility of the Maxwell
slip boundary conditions. Finally, hypersonic flows around the hollow cylinder truncated flare (HCTF) and the
25°/55° sharp double cone are studied. Discussions are made on the characteristics of the hypersonic shock wave/
boundary layer interactions with and without the consideration of the slip effect. The results indicate that the
scheme has a good capability in predicting heat transfer with a high resolution for describing fluid structures. With
the slip boundary conditions, the separation region at the corner is smaller and the prediction is more accurate than
that with no-slip boundary conditions.
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0 Introduction Numerical simulations on these problems are

performed by at least two types of approaches

Hypersonic viscous flow interactions between nowadays. One type is the kinetic approach inclu-

shock wave and boundary layer have been investi- ding direct simulation Monte Carlo (DSMC)

gated via numerical and experimental approa- method and some approaches based on the Boltz-

[1] : : . . .
ches'"”. The interactions could cause the forma- mann equations. The other type is the continuum

tion of a separation region and lead to an increase approach, e. g. the traditional computational fluid
of heat transfer on the wall near the reattachment dynamic (CFD) method using Navier-Stokes (N-
point. These effects are necessary to the control S) equations. The DSMC method is appropriate
and thermal protection of hypersonic vehicles. for all flow regimes, while the CPU time cost
Recently, North Atlantic Treaty Organization (especially when the Knudsen number is less than

(NATO ) Research Technology Organization 0.001) is relatively huge. Usually solving the N-

(RTO) has fostered a series of studies on hyper- S equations is about an order of magnitude faster
sonic flow interactions. Two configurations cho- than the DSMC method™™. However, the N-S
sen for the studies were the hollow cylinder fare equations are invalid in rarefied flow regimes be-
and the sharp double cone. cause they are based on the continuum assump-
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tion. Therefore, it is attractive to find ways to
extend the validity of the N-S solver beyond the
continuum regime.

Researchers found that the traditional CFD
modeling in near continuum regime or slip regime
could be improved by using the slip boundary
conditions. The most common-used slip boundary
conditions were Maxwell” slip velocity and
Smoluchowski ™ temperature jump boundary
conditions. Gokcen and Maccormack et al. ¢
proposed more general boundary conditions and
extended them to larger Knudsen numbers. To
correct the linear variability of shear stress near
the wall, a wall function approach for boundary
condition was proposed by Lockerby et al™. Sev-
eral second-order slip boundary conditions™ ]
were developed to extend the validity of N-S sol-
ver. However, it was reported"'” that the second-
order slip boundary conditions did not appear to
work better than the first-order ones in hyperson-
ic flow simulations.

For N-S

schemes for shock-capturing is important in hy-

solver, developing numerical
personic computation. Nowadays, the total varia-
tion diminishing (TVD) schemes, e. g. the non-
oscillatory, non-free-parameter and dissipation
(NND) scheme!', are the most widely used in
the design phase of hypersonic vehicles. Due to
the increasing requirement of accurate prediction
on aerodynamics and aerothermodynamics, the
weighted essentially non-oscillatory ( WENO )
scheme proposed by Liu et al. "' and extended by
Jiang and Shu™* has gained more attentions in re-

[14]

cent years Moreover, some high-order com-

pact schemes were used in the supersonic/hyper-

[15-16] * High-order schemes

sonic flows simulation
usually need more nodes compared with NND
scheme when constructing the flux vectors. For
example, it needs seven nodes in the fifth-order

WENO

comings: Causing overshoot in the vicinity of

scheme, which brings three short-
shock wave, being difficult in simulating the
flows around complex geometries, and being hard
to extend it to the multi-block computational code

due to the high order interface boundary condi-

tion. Therefore, a five-node scheme, which has
high accurate resolution and the number of nodes
is the same as NND scheme, is studied here. It
costs little to modify from the existing NND
codes, and the new third-order scheme aims at
engineering computation. In this paper, a new op-
timized symmetric third-order weighted essential-
ly non-oscillatory (WENO-0S3) scheme is used
to simulate hypersonic shock wave/boundary lay-

er interactions.

1 Numerical Methods

1.1 Governing equations

In the generalized computational coordinates
(&, 9. ¢, the dimensionless time-dependent
compressible N-S equations can be expressed in
the conservative form as follows

aQ 9k | oF | oG _JE, | OF,

adt 35 ﬁv

G,
= +
g e ag ot
where Q is the vector of conservative variables.
E.F,G are inviscid fluxes; and E.,F,,G, the vis-

cous fluxes. Their definitions are given in Ref. [17].

QD)

1.2 WENO-0OS3 scheme

An optimized symmetric third-order scheme
optimized for inviscid flux term discretization is
introduced. The one-dimensional scalar conserva-
tion law is used for investigation

u, + f(uw), =0 (2

With the domain discretized into uniform in-

tervals of Ax, the semi-discretized conservative

scheme can be written as

_ S *‘fj—wz) (3)

(u,) ; = Az

where }‘]+1/2 approximates h;1,, = h(x;112) to a
high-order with A (u) implicitly defined by
F () >=ij

atAx/2

h(&) de €9

—Az/2
When applied in computation, f(u) is usually
split into two parts

f)=f" () + f (w (5)
In this paper, the Steger-Warming flux vector
splitting is used. Then the numerical fluxes are
obtained from the positive and negative parts of
f(u) , namely

}.jvl/z :J?j‘ﬂ/z + JA(?H/z (6)
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where /711, and fj.,,, are computed by WENO-
0OS3 scheme. We only describe the positive part
of the numerical fluxes ( f7.,, ) here. For sim-
plicity, the superscript "+ " is omitted. The neg-
ative part of f,.,,, is symmetric with respect to
Tit1/z2.
1.2.1

In the optimized scheme, an additional candi-

Linear part

date stencil is added downwind to that of the
third-order WENO (WENO3) scheme. The nu-
merical fluxes are obtained as

}‘_;\1/2 :ao]‘j(;)uz +(11}‘_(71}>1/2 +azf'_§2})1/z 7
where (2, ,, is the approximation of the flux A1,

on the ith candidate stencil. The forms of £, are

Y 1
j \(?32 = fjr + ?A.ﬁilxz
ﬁ%=ﬁ+%ﬂmz (&)
e 1
j \(1‘?2 = j‘r-l - 7Aﬁr\ 3/2
where Af 1o =f;11 — f;» a;is the ideal weights of
the scheme given by a, = % —aza) = % After
Fourier analysis, we obtain
Rk ]= % (— sin2k + 8sink)
D)

Ik J= % [— Bcos2i + 4Bcosk — 3]

1 .
where g = 5 2as s k 1s the wavenumber, and &

the modified wavenumber. R and J are the real
and imaginary part of a complex number, respec-
tively. Because there is one free parameter for a
third-order scheme in Eq. (7), the parameter 74,4
is introduced to adjust the dissipation level of the
scheme. It is suggested that I [« (%) weno-oss | =

1 D)

M3rq

, (n30a —
3 [£ (1) wenos ] » then oy = —
6n3rd

The

scheme turns out to be the WENO3 scheme for
nsq = 1. 0, and it becomes the fourth-order center
difference scheme when n,,y — c©. The bigger the
N34 15> the lower the dissipation of WENO-0OS3
will be. In this paper, ns4 =10.
1.2.2 Nonlinear part

In order to capture the shock wave and dis-
continuity, the nonlinear technique should be

used. The method used in WENO scheme is em-

ployed here, whose idea is to maximize the
weight of the smooth candidate stencil while min-

imize the weight of the discontinuous stencil.
2
T i PO
f,uxz - szfju,/z
i=0
Q,

— 2
2
k=0

where IS; is the smoothness measurement on the

. (10
7(6_’_ ISi)p

o2

w;

ith candidate stencil given by IS, = (f;.; —
fime)®

weights are approximately equal to the ideal

In the smooth regions, the nonlinear

weights.

Considering the stability of the scheme while
decreasing the dissipation error further, the non-
linear weights should be close to the ideal weights
(3] To reach this goal, a
the

Eq. (10) was proposed by Li et al®®. The algo-

as much as possible
method with variation of the power in
rithm is given as follows
p=max(pisp.)
pr=TF (| AS" [ 038 pusp1)
b =TF (s, 385 pas pou)

|AS e = fre(maxi o [/IS, |D (1D
=042 IS,
T IS: | o = rubn
Tlastl = e T min_q .., /IS;
1.0 else

where p,and p, are the powers computed by the
transition function TF, which is given by

c(x— [(xs +2)/2])

X, X

TF(.r;(‘,Il,xu):1+tanh(

12>
The constant ¢ in Eq. (12) shows the extent of
the inclination. x, and ) are the upper and lower
thresholds, respectively. TF value equals to 2 for
x>x,, and it equals to 0 for x<<ax,. In order to
prevent the parameters in the algorithm from be-
ing problem-dependent, a specific rescale function
fre 1s introduced when p,is computed. The func-
tion is the same as the corresponding WENO-0OS4
scheme given in Ref. [18]. Then, the power is
obtained by the maximum of p, and p,. The pa-
rameters used in the scheme are calibrated to be:
c=8, pn=0.022, p,,=0.029, p,=3.2, p,,=3.8.

A second-order central difference scheme is

)
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applied to the viscous fluxes, and the lower-upper
symmetric Gauss-Seidel (LU-SGS) method for
time approaching is adopted. It is assumed that
the gas is perfect gas for all cases in this study, so

¥ is constant for calculation.
1.3 Slip boundary conditions

Using slip boundary conditions can extend
the validity of the N-S solver beyond the continu-
um regime. The Maxwell boundary condition is
first derived for a flat plate™ . Tts generalized
form is given by

:2—(;/1<(7ur QL)

Uy — Uy,
° v an dr

e ),

(13)
where n and r are the direction normal and tan-
gential to the wall, respectively. u, is the slip ve-
locity, u, the wall velocity, ¢ the momentum ac-
commodation coefficient, and u, the tangential ve-
locity along the wall. The subscript “gw” means
the physical quantities of gas at the surface. A re-
fers to the mean free path calculated from local

gas flow properties

PR T (1
oc 8RT
‘0 is

where ¢ is the mean molecular speed and R the

gas constant. For an isothermal wall, it is simpli-
fied as
— . (D
usfuw:u;{(&) (15)
o IN /) g
The temperature jump boundary condition at the

wall is given by

T,.—TWZZ_O( 2y <9T

« (y+DP" \on

where ¢ is the thermal momentum accommoda-

) (16)

tion coefficient. The following results are calcu-
lated by assuming a fully diffuse wall with a cor-

responding accommodation coefcient of 1. 0.

2 Validating Tests

The non-dimensional coefficients related to
the results are defined as

_b— b

7St: 9

Gy =1
0 Uen (H, — H,)

2,2 1 23
?pnu@ ?[0>;un

C, =

(17)

where the subscript " oo ” represents the freestream

parameter, and "w” indicates the physical quanti-
ties at the wall. C, is the pressure coefficients, C,
the heat transfer coefficient, St the Stanton num-

ber, and H the enthalpy.

2.1 Shu-Osher problem

The test problem for the propagation of the
shock wave with Mach number of 3 into smooth
density fluctuations was first proposed by Shu
and Osher"",

ving the small scale structures behind the shock.

The test aims at accurately resol-

The initial conditions on the domain —4.5 < » <
4.5 are as follows: ©u=0.0, p=1.0, and p=1+
0. 2sin(5x) for x>=—4.0; u=2.629 369,
»=10.333 33, and p =3. 857 143 for x <<— 4. 0.
The governing equations are one dimensional Euler e-
quations simplified from Eq. (1). A third-order TVD
Runge-Kutta method is used for temporal discretiza-
tion in this case.

Solutions are obtained at t = 1. 8. Density
fields on 800 mesh nodes from NND""', WENO3
and WENO-0OS3 schemes are shown in Fig. 1.
The "exact” solution is obtained by the fifth-order
WENO scheme on 1 600 mesh nodes. In con-
trast, NND scheme yields excessively damped so-
lutions, and the WENO3 solutions are less dissi-
pative than that of NND. Similar results are
found for WENO-0OS3 scheme with better predic-
tions of the wave amplitudes than the original
WENO3 scheme.

Fig. 1 Density fields at = 1.8 on 800 mesh nodes

2.2 Flat plate shock wave/boundary layer inter-

action problem

This test problem, an incident shock wave
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interacting with a boundary layer on a flat plate,
has become a benchmark of testing new numerical
schemes since it is first proposed in Ref. [20].

The computational parameters are: Ma.. =
2.0, Re.. =2.96X10°,T.. =293.0 K, Pr=0.72.
The impinging shock angle is 32. 585°. The com-
putational domain is chosen to be 0 <l x < 2. 02,
0 << y<<C1.30. The number of mesh points used
in this paper is 103 X 122 in the streamwise and
the normal directions, respectively. The adiabatic
wall boundary condition is adopted.

Fig. 2 presents the pressure contours and
patterns of the separation bubble by different nu-
merical schemes. It can be observed that the
NND scheme does not capture the separation re-
gion with the same mesh, and the size of the bub-

ble decreases with the dissipation of the scheme,

i- €. LWE\I()3> LWE\I()f()SB> LWEI\'()S> LN\I[)o

.0 _
0.0 04 08 1.2
X
(a) NND

04 08 12 1.6 2.
X
(b) WENO3

1.2
1.0
0.8
0.6
0.4
0.2

0.0 > - = 0.0 -
00 04 08 12 1.6 20 L 8 12 1.6
X

It
(d) WENO-OS3

(c) WENOS
Fig. 2 Pressure contours and patterns of the separation

bubble by different numerical schemes

2.3 Test for slip boundary conditions

Hypersonic flow of argon over a flat plate at
0° angle of attack which has a previous set of ex-
periments- is computed by the WENO-0S3
scheme here. The f{reestream parameters are
Ma. =12.7, T. =64.5 K, T, =292 K,p.. =
3.73 Pa,A.. = 0.23 mm. The Sutherland law is

used for modeling the dynamic viscosity in this

TI.G
Ay T+
T(T+TH

107%(Pa+ s+ K7"?), and T.=142 K. The Prandtl
number is 0. 67, and y is 1. 67. The mesh of

case, 1. e. py = , where A, =1. 93 X

200X 140 nodes in x and y directions is used here.

Fig. 3 shows the slip velocity and tempera-
ture jump along the surface. By comparison, the
results of Maxwell slip boundary conditions agree

well with those calculated by Nam et al "7,

0.8
Present
06 3 O Ref[l12]
’ > Experiment
]
S 0.4
0.2
0.0 1 1 L |
0 50 100 150 200 250
XA
Present
800 O 0 Ref.[12]
&
400
0 50 100 150 200 250
XA

Fig. 3 The gas slip velocity and temperature along the flat

plate surface

3 Hypersonic Shock/ Boundary Lay-

er Interactions

A continuum breakdown parameter, the gra-
dient-length local Knudsen number (Kng ), de-
fined by Boyd et al. *! is used for visualizing the

rarefied regions in the flow field here
Knoi :% |vQ| (18)

where Q is a physical quantity of interest such as
pressure, temperature or density. The density is
chosen in this paper. It is assumed that continu-

um breakdown occurs when Kng,, is greater than

0. 09.
3.1 Hollow cylinder truncated flare

Hypersonic flow of nitrogen around a hollow

cylinder truncated flare (HCTF) which has a pre-

[23-26]

vious set of computational results and experi-

.[23]

ments-**'is calculated here. The configuration and
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the computational sample mesh structure are
shown in Fig. 4. The reference length is L =
101.7 mm. The
Ma., =9.91, Re. =1.86 X 10°/m, T.. =51 K,

T, =293 K, which ensure a laminar flow condi-

freestream parameters are

tion. The Sutherland law is used for modeling the
dynamic viscosity, where A,=1.4X10 °Pa * s *
K™%, and T.=106.7 K. The Prandtl number is
0.71.

The parameters of the inlet flow and top
boundaries are set from the freestream. The zero
gradient extrapolation method is used to the out-
flow boundary. At the bottom boundary in front
of the leading edge, the symmetric boundary con-

dition is adopted.

Fig.4 The configuration and the mesh structure of HCTF

(unit; mm)

3.1.1

Typical results of all cases are given in Table

Flow structures

1, where similar flow structures are obtained.
The numerical schlieren chart and the streamlines
at the corner for the HCTF case are presented in
Fig. 5. A strong viscous interaction occurs at the
leading edge of HCTF, forming the laminar
boundary. A recirculation zone is observed at the
corner where it starts near x/L = 0.7 and ends
near /L = 1. 3. The leading edge shock wave,
the separation shock wave and the reattachment
shock wave interact with each other near the end
of the conical part. The expansion waves are ob-

served at the second corner.

=

P Se—

0 25 50 75 100 125 150 175
x/mm

Fig. 5 Numerical schlieren chart and stream-

lines at the corner

3.1.2 Mesh convergence

To investigate the mesh convergence, three
different meshes are conducted, i. e.
mesh (128X128), a medium mesh (256 X 256),
and a fine mesh (512 X 256). The computations

a coarse

with aforementioned meshes are denoted as
CFD1., CFD2 and CFD3, respectively. Table 1
presents the positions of the separation points
(X,) and reattachment points (X,) using differ-
ent meshes and different wall boundary condi-
tions. Good mesh convergence can be observed,
and the recirculation region length increases with
the mesh refinement. The converged results of
the N-S equations are a little bigger than DSMC

resultst?*

and experimental results™®), The disa-
greement may be the influence of nonequilibrium
effects, which is neglected when using Eq. (1),
and the inadequacy of slip boundary conditions
when simulating the rarefication effects at hyper-
sonic flows. Similar CFD results were also repor-
ted in Refs. [23, 24]. Figs. 6, 7 show the pres-
sure coefficient and Stanton number along the
surface with the three meshes using no-slip
boundary conditions. The results computed by
the medium mesh (CFD2) coincide with those by
the fine mesh (CFD3), which also indicates that

the computation of the mesh converges.

Table 1  Separation and reattachment point locations for
different cases of HCTF
Case Mesh Wall BCs X./L X./L
CFD1 128X128 No-slip 0. 745 1. 336
CFD2 256 X256 No-slip 0.718 1. 345
CFD3 512X 256 No-slip 0.718 1. 345
CFDI1-S 128128  Slip 0.765 1. 329
CFD2-S 256 X256  Slip 0.727 1. 341
CFD3-S 512X256  Slip 0.726 1.342

DSMCH — — 0.77 1.32

Experiment — — 0.76=+0.01 1.34=+0.015

3.1.3 Computations with slip boundary condi-
tions

Fig. 8 shows the Kng, contours of HCTF
which is computed from the density field of
CFD3. The gray regions and black regions corre-
sponding to Kng, > 0. 05 are observed in the

leading edge, in the shock region and in a thin
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10°
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---------------- CFD2

> CFD3
Experiment

0.0 0.5 1.0 1.5
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Fig. 6 Pressure coefficient along the surface
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Fig. 7 Stanton number along the surface

80 e
Kng, 0.050.10 /
E 60 P
= —
40 sl

50 75 100 125 150 175
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Fig. 8 Kngy field for HCTF

0 25

boundary layer along the surface. It means the
continuum assumption breakdown. Therefore,
the slip boundary conditions are adopted for com-
parison.

Fig. 9 presents the distribution of the slip ve-
locity u, along the surface by using the Maxwell
boundary conditions. The |U| in Fig. 9 refers to
velocity magnitude along the wall, the negative
parts mean the recirculation region where u < 0.
The slip velocity appears larger than the gas ve-
locity of the DSMC result. This disagreement is
due to the inaccurate physical model within the
Knudsen layer. After calculating from a simple

relation'*! w, = 0. 696u, derived from the linear-

ized Boltzmann equation, the gas velocity is in
good agreement with the DSMC result. The wall
quantities using different boundary conditions are
show in Figs. 10, 11. It can be seen that the re-
sults of slip boundary conditions agree better than
those of no-slip boundary conditions. With slip
boundary conditions, the separation region is

smaller than that with no-slip boundary condi-

0.4
03l Slip velocity

’ - Gas velocity

i — DSMC, gas velocity
0.2
IS)
0.1
0.0
-0.1 1 L L

x/L
Fig. 9 Slip velocity along the surface for HCTF

10°

——— NS, slip
--------------- NS, no-slip
®  Experiment

0.0 0.5 1.0 1.5
x/L

Fig. 10 Pressure coefficient along the surface using differ-

ent boundary conditions

10"
NS, slip
NS, no-slip
Experiment
.10
A "
L]
T
g
10°F 1
0.0 0.5 1.0 155
x/L

Fig. 11  Stanton number along the surface using different

boundary conditions
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tions, which is also shown in the Table 1. The
"CFD-S" cases are simulated using the slip bound-

ary conditions.

3.2 Sharp double cone

Hypersonic flow of nitrogen around a 25°/55°
sharp cone (SDC) is calculated. The configura-
tion and the sample mesh are shown in Fig. 12.
The inflow conditions correspond with the RUN 7
experimental conditions in the Calspan-University
at Buffalo Research Center (CUBRC) 48-inch

shock tunnel.

7.625

210.300

f
|

Fig. 12 The configuration and computational mesh for the

25°/55° SDC (unit:inch)

The freestream conditions are: Ma.. =15. 6,
Re..=1.375X10°/m,T.. =42.6 K, T, =297 K.
A laminar flow is also ensured in the condition.
The Sutherland law is used for modeling the dy-
namic viscosity, where the related parameters are
the same as the HCEF case. The setup of bound-
ary conditions is also the same as those in the
HCEF case.

3.2.1 Flow structures

The complex interaction structures are pres-
ented in Fig. 13. The oblique shock formed from
the first cone combines with the separation
shock, forming a merged shock which impinges
on the bow shock caused by the second cone.
Meanwhile, the supersonic jet is formed behind
the shocks. The pressure contours and stream-
lines at the corner are also shown in Fig. 13. The
shock waves and the vortex structures are clearly
to be seen. The separation vortex is generated
due to the viscous boundary layer and the geome-

try deflection.

P 0.10.30.50.70.91.11.31.51.7

Fig. 13 Numerical schlieren picture, pressure contours and

streamlines at the corner

3.2.2 Mesh convergence

Four different meshes are conducted to vali-
date the numerical results of the study. The
number of mesh points are 133 X 64, 266 X 128,
512X 256 and 738 X384 in the streamwise and the
normal directions, whose corresponding computa-
tional cases are denoted as CFD1, CFD2, CFD3
and CFD4, respectively. Table 2 presents the
separation and reattachment point locations with
different meshes. The recirculation region length
increases with the mesh refinement, which is
similar to the phenomenon in the HCTF case.
Figs. 14, 15 show the pressure and the heat trans-
fer along the surface with the aforementioned four
meshes using the no-slip boundary conditions. It
can be seen that the physical quantities are mesh

convergent,

Table 2 Separation and reattachment point locations for

different meshes of SDC

Case Mesh Wall BCs  X,/mm X,/mm
CFD1 133X 64 No-slip 81.2 99.4
CFD2 266128 No-slip 79.0 101.0
CFD3 512X 256 No-slip 78.1 101. 6
CFD4 738 X384 No-slip 78.0 101.7
CFD4-S 738X 384 Slip 78.1 101. 7
DSMCH 80. 4 100. 8
3.2.3 Computations with slip boundary condi-

tions
To show the local extent of rarefaction,

Kngi contours is presented in Fig. 16. The con-
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p/(N *m”)

0.00 0.05

Fig. 15 Heat transfer along the surface using different meshes

tinuum breakdown occurs in the shock region,
the thin boundary layer along the surface of first
cone, and the second corner. Fig. 17 provides the
slip velocity distributions along the surface. By
the modification of the formula u, =0. 696u,, the
N-S result agrees well with the DSMC result™".
As shown in Figs. 18, 19, the pressure and heat
transfer distributions along the surface calculated
with the fine mesh (738 X 384) are presented.
The pressure agrees well with the experimental
e

data'®®, and the heat transfer is slightly lower

than the experiment. The divergence is about
15% before the separation point and 20% after
the reattachment point. Compared with no-slip
boundary conditions, the slip ones generate some
different results in the leading edge and the first
cone where the Kng is greater than 0. 05. Re-
garding the separation zone, the size by slip
boundary conditions is slightly smaller than that
by the no-slip boundary conditions results. The

results indicate that it has few rarefied effects in

this case.

Kng,. 0.05 0.10

Fig. 16 Kngu. field for 25°/55° SDC

Slip velocity
Gas velocity
DSMC,gas veloci

0.05 0.10 0.15 0.20
/0

Fig. 17 Slip velocity along the surface for SDC
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Fig. 18 Pressure along the surface using different bounda-

ry conditions
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g
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Fig. 19  Heat transfer along the surface using different

boundary conditions
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4 Conclusions

Hypersonic shock wave/boundary layer in-
teractions with different boundary conditions are
simulated and discussed by the WENO-0S3
scheme in this paper.

The main goal of this study is to present a
new scheme, i. e. WENO-0OS3 scheme, for hy-
personic flows. It has the same stencils as NND
scheme when constructing fluxes at half nodes,
but has higher resolution than NND and WENO3
scheme. Then, the WENO-OS3 scheme is ap-
plied to investigate hypersonic flows around the
hollow cylinder truncated flare and the 25°/55°
sharp double cone with different boundary condi-
tions on several different density meshes. The
present studies indicate that (1) the WENO-0OS3
scheme has a good capability on predicting heat
transfer and a high resolution on capturing the
shock waves, expansion waves and other complex
fluid structures; (2) good mesh convergent are a-
chieved in both problems, and the recirculation
region length increases with the mesh refinement;
(3) considering the rarefied gas effect near the
surface, the slip boundary conditions are em-
ployed, with which the separation region at the
corner is smaller and its predictions on pressure
and heat transfer are more accurate compared
with those results using no-slip boundary condi-
tions. In conclusion, the present study reveals a
good performance of the new WENO-0OS3 scheme
in hypersonic shock wave/boundary layer interac-
tions. It will be used for more complicated simu-

lations and engineering applications in the future.
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