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Abstract: A hybrid central-upwind scheme is proposed. Two sub-schemes, the central difference scheme and the

Roe's flux difference splitting scheme, are hybridized by means of a binary sensor function. In order to examine

the capability of the proposed hybrid scheme in computing compressible turbulent flow around a curved surface

body, especially the flow involving shock wave, three typical cases are investigated by using detached-eddy simu-

lation technique. Numerical results show good agreements with the experimental measurements. The present hy-

brid scheme can be applied to simulating the compressible flow around a curved surface body involving shock wave

and turbulence.
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INTRODUCTION

The prediction of compressible turbulent
flow around a body with curved surface plays an
important role in applications and fundamentals,
especially the flow involving shock wave. To cap-
ture the discontinuity caused by shock wave, a
dissipative shock-capturing scheme is applied,
such as the total variation diminishing (TVD)
schemes. For computing fine-scale feature, such
as turbulence, away from shock wave, a non-dis-
sipative numerical scheme must be used. These
characteristics can prevent smearing of flow fea-
tures and non-physical oscillations near the high
gradient regions of flow variables.

A great effort has been made in the past
decades to study high-order accurate shock-cap-
turing scheme, e. g., essentially nonoscillatory
(ENO),
(WENO) and compact schemes™®. Recently,

weighted essentially nonoscillatory

the high-order accurate hybrid schemes composed

of central difference and high-order accurate
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shock-capturing sub-schemes have been investi-
gated. A high-order accurate hybrid central-
WENO scheme has been proposed in Ref. [ 6].
The fifth order WENO scheme was divided into
two parts, a central flux part and a numerical dis-
sipation part, which were hybridized by means of
a weighting function indicated the local smooth-
ness of flow fields. Five flow problems were cho-
sen for validation including interaction of a mov-
ing shock with a density wave, advection of an
isentropic vortex, double Mach reflection of a
strong shock, mixing-layer/shock interaction and
weak-shock /vortex interaction. Shen and Yang!”
proposed a hybrid compact-WENO schemes,
which were hybridized with compact difference
and WENO scheme to draw lessons from the
ENO scheme. Several typical cases, similar as

1, were cho-

those calculated by Kim and Kwon"®
sen for validating the proposed hybrid scheme.
Large-eddy simulations of the Richtmyer-
Meshkov instability with reshock have been per-

formed in Ref. [8] using an improved version of
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the tuned centre-difference and WENO hybrid
method.

Many researches on the high-order accurate
hybrid scheme are applied to the compressible
turbulent flow problems with simple geometries.
However, many practical flows commonly take
place on a curved surface. The finite volume
method is widely used for compressible turbulent
flow problems with curved surface and non-linear
phenomena, such as compressible flow swirling
flows injected into a coaxial dump chamber™’,

17 and a cylin-

transonic flows around an aerofoi
der[ll—lz, ,

racy Roe's flux difference splitting scheme in the

etc. In this paper, a second-order accu-

finite volume method is hybridized with the cen-
tral scheme by means of a binary sensor function.
Three typical cases are calculated using detached-
eddy simulation (DES) technique, including the
transonic turbulent flow over an axisymmetric
bump, supersonic turbulent flow around an ax-
isymmetric slender pointed body, and transonic

turbulent flow past an aerofoil.

1 MATHEMATICAL FORMULA-
TION AND NUMERICAL
METHODS

1.1 Governing equations and boundary condi-

tions

To investigate the compressible turbulent
flow around a curved surface body, the 3-D
Favre-averaged compressible Navier-Stokes equa-
tions in generalized coordinates are used. To non-
dimensionalize the equations, we use the free-
stream variables, including density p.., tempera-
ture 1T'.., velocity U.. and diameter of the body D
for bump and slender body or cord length ¢ for
aerofoil as the characteristic scales. The govern-
ing equations in flux form can be written as

3@Q/J) + 2(F —F,) + 9,(G — G, +

A(H — H,) =0 (1
where Q=1[p, pu,pv, pw, E]"is the conservative
flow variables with density p, velocity component
w;» pressure p, and specific total energy E. J=

A(&,1,8)/a(x, vy, 2) represents Jacobian of the

(F, G, H) the inviscid flux

terms, and (F,,G,,H,) the viscous flux terms.
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The diffusive fluxes are given by
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where Re is the Reynolds number, x# the molecu-
lar viscosity, Pr the Prandtl number and S;; the
strain-rate tensor defined as S;; = (duw;/dx; + ou;/
dx;)/2. Perfect gas relationship and Sutherland
law for molecular viscosity coefficient g are em-
ployed.

In this study, the initial condition is set as
the free-stream quantities. The far field boundary
conditions are treated by local 1-D Riemann-in-
variants. No-slip and adiabatic conditions are ap-
plied to the body surface.

1.2 Turbulence modeling

Three typical cases are calculated, including
transonic turbulent flow over an axisymmetric

bump, supersonic turbulent flow around an ax-
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isymmetric slender pointed body, and transonic
turbulent flow past an aerofoil. As the high
Reynolds number flows are considered, say about
10°, the methodology used in this paper is DES
introduced by Spalart™®. The model is derived

model™,

from Spalart-Allmaras turbulence
which is a one-equation model for the eddy viscos-
ity U by solving a transport equation. The reader
may refer to Ref. [ 14 ] for details on the constants
and the quantities involved.

The model is provided with a destruction
term for the eddy viscosity that depends on the
distance to the nearest solid wall 4. This term ad-
justs the eddy viscosity ¥ to scale with local defor-
mation rate S producing an eddy viscosity given
by 5~Sd?. Spalart!™ proposed to replace d to the
closest wall with d defined by

d = min(d,CpesA) (6)
where A represents a characteristic mesh length
and is defined as the largest of grid spacing in all
three directions, i.e. , A=max(Ax,Ay,Az), and
the constant Cpesis taken as 0. 65 from a calibra-
tion of the model for isotropic turbulence™*.
When d<Cpgs4, the model acts in a Reynolds av-
eraged Navier-Stokes (RANS) mode and when
d>CpesA the model acts in a Smagorinsky large-

eddy simulation (LES) mode.
1.3 Numerical procedure

The governing equations are numerically
solved by the finite-volume method. Both the
convective and diffusive terms are discretized with
a second-order central schemes, and a fourth-or-
der low artificial numerical dissipation is em-
ployed to prevent the numerical oscillations at

high wavenumberst 18,

The temporal integra-
tion is performed using an implicit approximate-
factorization method with sub-iterations to ensure
the second-order accuracy.

To capture the discontinuity caused by a
shock wave, a second-order upwind scheme with
Roe’ s flux difference splitting is introduced into

the inviscid flux. The spatial discretization is con-

structed explicitly to be shock capturing with the

upwind scheme and to revert to a central stencil
with low numerical dissipation in turbulent flow
regions away from shock wave. The artificial dis-
sipation is also turned off in the region in which
the upwind scheme works. A binary sensor func-
tion @,/ at cell interface i +1/2 is used for the
detection of shock waves. @, ,,,is determined by
the pressure and density curvature criteria pro-

posed in Ref. [8].

Jl [
@i+1/2 -9 - P,
lo ¢
[={x € R || >c,
la," V2 | > ¢,ya,a, > 0} (8)
where / denotes the complement of /, &, '? and
a,"V* represent the pressure and density relative

curvatures at cell interface /+1/2.
ai/}‘#]/Z — max(ai/"#] ,a;+2) , afn+]/2 — max(al+] a;;#?)

o s
9
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(10)

The 3-D version of this detection is used in

the simulations. Similar to the treatment™, the
value of ¢, and ¢, that proved to give the best re-
sults are chosen as 0. 01. Based on this detection,
Roe’ s second-order upwind flux only operates at
the cells in the vicinity of shock waves.

To illustrate the hybrid technique, the flux
difference in the 7/ direction (9:F); can be written

as

(0F), = %[F(qm +F@O L — 3 IFG@) +

1
Fqp) i1 — ?®f{[‘Atonv|(qR —q1) Lt —

(Ao [ (qr — q) L2} +

(1 — DIV VA, AV AQ an
where kVand A, ,are the coefficient and spectral
radius of 4th Jameson's artificial numerical dissi-

161, respectively. ACe )=C(+ ), — (), is

pation
the forward difference operator, V(e )=(+*),—
( *),_, the backward difference operator, g=_[p,
u,v,w,p ] the non-conservative flow variable. ¢,
and g are the interpolated values in the cell-inter-

face position. And A... denotes the inviscid ma-
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trix in Roe’s flux-difference splitting scheme''"’.

(qr)iv1, = (2q: + 5¢: —q-D/6 (12

(qr)ivi2 = (2¢; + 5¢i11 — ¢:2)/6 (13)
Ay = F/X) = TAT ' =

TN+ AT ! 14)

A= A+ [AD/2 (15

where the diagonal matrix A is the matrix of
eigenvalues of A T the matrix of right eigen-
vectors as columns, and T ' the matrix of left
eigenvectors as rows.

When @,,,,,i1s 1, the hybrid scheme Eq. (11)

reverts to a Roe’s FDS scheme

@), = L@ + F@o = [ A @ = 00T —

%[F(qn + Fq0) — A | (@ — a0 71

(16)
However, when @,,,,, equals zero, the hy-
brid scheme reverts to a central scheme with 4th

Jameson's artificial numerical dissipation

(0F), = %EF(qz,) L FQO T, —

LR + F@OL e+ 60T A,1,07 50

an
2 RESULTS AND DISCUSSION

2.1 Transonic turbulent flow over axisymmetric
bump

Transonic flow over the bachalo-Johnson '’

axisymmetric bump is chosen to study the perfor-
mance of the present hybrid scheme in predicting
the compressible flow involving shock wave and
turbulence. The free-stream Mach number is
0. 875 and Reynolds number based on the pipe di-
ameter D is 2. 66 X10° Fig. 1 shows the geometry
and computational mesh of the bump. Here, the
diameter of bump is 1.25D. O-H mesh is em-
ployed, and the grid number is 113X 81X 65 in
the streamwise, normal, azimuthal direction, re-
spectively, with the outer boundary 30D. Time
step is 0. 005D/a...

Fig. 2 shows time-averaged flow pattern us-

ing local Mach number iso-lines obtained by the

Fig.1 Geometry and computational mesh of bump

hybrid scheme. Here, the increment between the
iso-lines is a constant value of 0.04. A local su-
personic zone is formed above the bump surface,
and a shock wave occurs at x/D==0.65. More-
over, the shock wave is captured well, which in-
dicates that the present hybrid scheme is capable
of capturing the discontinuity caused by shock

wave.

Fig. 2 Time-averaged flow pattern by means of iso-

lines of local Mach number

The measured and computational mean pres-
sure coefficient distribution (C,) on the surface of
the cylinder and bump are shown in Fig. 3. Com-
pared with experimental measurement®’, the up-
wind scheme overestimates the position of shock-
wave/turbulence interaction. The hybrid scheme
gives a better agreement with the experimental
data, which is closely related to the low-dissipa-
tion of the present hybrid scheme. The mean
streamwise velocity () distributions calculated
by the two numerical schemes are compared with

071 at the various streamwise lo-

experimental data
cations from x/D = 0.563 to x/D = 1.375, as
shown in Fig. 4. Upstream shock wave (x/D=
0.563), the computed result obtained by the hy-

brid scheme is same as the upwind scheme. How-
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ever, downstream shock wave (x/D = 0.563, -1.2
) ——— Hybrid scheme result
0.875, 1.000 and 1. 375), results obtained by the | . Upwind scheme result
. ) -0.8 i on
hybrid scheme are closer to the experimental da- Experimental data
ta, which indicates that the present hybrid gf —0.4
scheme can predict well the shock wave and tur-
bulence over the bump. oo s
2.2 Supersonic turbulent flow past axisymmetric 0.4+ . . . . .
slender pointed body 0.4 0.6 0.8 1.0 1.2 1.4 1.6
. . . x/D
In this case, supersonic turbulent flow in-
volving the shock wave around an axisymmetric Fig. 3 Distribution of wall pressure coefficient <C,)
0.12 0.12 . 0.12 0.12 0.12 -
o] o .E
0.08 0 0.08 | oli 0.081 0.08 0.08 |
A ol o off N
(o] fe)
0.04f o| 0.04f § F o 0.04f 0.04 0.04 |
O %
0
e © :
0.00 0.00 L L ! ! , 0.00 L L L ;v 0.00 @ ! L L y» 0.00 /& 1 )
00 05 10 1.5 00 03 0.6 0.9 1.2 0.0 0.3 0.6 09 1.2 0.0 0.3 0.6 09 1.2 00 03 0.6 09 1.2

u u u u u
(a) x/ D=0.563 (b) x/D=0.750 (c) x/D=0.875 (d) x/D=1.000 (e) x/D=1.375

[17]

Hybrid scheme result o Experimental data’

"""""" Upwind scheme result

Fig. 4 Mean streamwise velocity profiles obtained numerically and experimentally

slender pointed body is investigated. The body
geometric equation can be written as
r(x)/D =— 0.002 615(x/D)* —
0.039 86(x/D)* + 0.309 84(x/D)  (18)
Fig. 5 shows the geometry and computational
mesh of the axisymmetric slender pointed body.
O-H-type grid is used with clustered distributions
in the vicinity of the wall. The grid number is
113X101X81 in the streamwise, radial, az-
imuthal direction, respectively, with the outer
boundary 30D, and the time step is 0. 005D/a...
According to the previous experiment™®), the
free-stream Mach number Ma.. is chosen as 2.5,
angle of attack a as 14°, and Reynolds number Re
based on the diameter of the cylinder as 1. 1X10°.
Time-averaged flow pattern in the meridian-
section calculated by the hybrid scheme is shown
in Fig. 6 using local Mach number iso-lines. Here,

the increment between the iso-lines is a constant

value of 0. 04. We can found that an oblique

T

L " H
amul I T

.

IS ieE

i

I

T T T

Fig. 5 Geometry and computational mesh of axisym-

metric slender pointed body

shock wave occurs at the windward surface, and
some expanded waves exist on the leeward sur-
face. The azimuthal distributions of wall pressure
coefficient (C,) obtained numerically and experi-
mentally are exhibited in Fig. 7. Here, §=0° is
corresponding to the windward surface. At
x/D=3.5, two calculated results agree well with
the experimental data, as shown in Fig. 7 (a).

Fig. 7(b) shows that the mean separation position
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predicted by the upwind scheme is delayed to the
leeward surface at x/D=15.5, however, the hy-
brid scheme can give an improved result. More-
over, (C,) is overestimated by both the upwind
and hybrid schemes on the leeward surface 6=
150°. Fig. 7(c) shows that (C,) is underestimated
by the two numerical schemes on the leeward sur-
face 6 = 150°. Similar to (C,) distribution at
x2/D=5.5, the mean separation position predict-
ed by the upwind scheme is delayed to the leeward
surface at /D =11.5, as shown in Fig. 7 (d).
Furthermore, after we carefully examine the flow
fields, it is revealed that the hybrid scheme can

predict the main vortex bifurcating and the secon-

0.2

_02 1 1 1 1 1

“0 30 60 90 120 150 180
0/(°)
(a) x/D=35

0.2

<y

1 1 1
0 30 60 90 120 150 180
0/(°)
(¢) x/D=15

Hybrid scheme result

Upwind scheme result

dary vortex structures, which also indicatesthat
the present hybrid scheme can give a reasonable

result.

Fig. 6 Time-averaged flow pattern in meridian-sec-

tion using iso-lines of local Mach number

0.2

<y
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0.2

<y

_0.2 1 1 1 1 1
0 30 60 9 120 150 180
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(d) x/D=115

o Experimental data"”

Fig. 7 Azimuthal distributions of mean wall pressure coefficient (C,) obtained numerically and experimentally

2.3 Transonic turbulent flow past aerofoil

Finally, another typical case, transonic tur-
bulent flow past a RAE2822 aerofoil, is chosen to
validate the present hybrid scheme. Experiment
in Ref. [20] is considered. Here,the experimental
data is obtained in the wind tunnel for the flow
conditions : Ma..=0. 75,a=3. 19°, Re=6. 2 X 10°.

In order to compare the computational flow

with experimental flow past the aerofoil in free-

flight conditions, some corrections to the tunnel
data are required. The wind tunnel correction
proposed in Ref. [21] is used,i. e. , Ma..,=0. 75,
a=2.72°, Re=16.2X10° C-type mesh is used,
and the grid number is 257 X 97, as shown in
Fig. 8. The far field is about 20 cord lengths from
the aerofoil, and the time step is 0. 005D/a...

Fig. 9 shows time-averaged flow pattern cal-

culated by the hybrid scheme using the iso-lines
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Fig. 8 Computational mesh of RAE2822 aerofoil

of local Mach number. Here, the increment be-
tween the iso-lines is a constant value of 0. 04.
Similar to the bump case, local supersonic zone
and shock wave are formed over the aerofoil sur-
face, suggesting that the present hybrid scheme
can capture the shock wave. To show the perfor-
mance of the present hybrid scheme in predicting
the compressible turbulent flow involving shock
wave quantitatively, comparisons of the calculat-
ed wall pressure coefficient (C,) and skin friction
coefficient (C;) distributions with the experimen-
tal measurement are given in Fig. 10. The mean
shock wave position is predicted downstream by
the upwind scheme. However, result obtained by
the hybrid scheme agrees well with the experi-
mental data. The calculated(C;) distributions ob-
tained by the two numerical schemes give a good
agreement with the experimental data upstream
the shock wave. However, (C;) is slightly under-
estimated by both upwind and hybrid schemes
downstream the shock wave. For more valida-
tion, comparisons of the computational time-aver-
aged lift coefficient (Cp ), and drag coefficient
(Cp>, with the experimental ones are exhibited in

Table 1, which also shows a good agreement

Fig. 9 Time-averaged {low pattern using iso-lines of

local Mach number

-1F
N\
g or
v
Hybrid scheme result
1k - SEETTICEEEEEED Upwind scheme result
O Experimental data"”
0.0 0.3 0.6 0.9 1.2
xlc
(a) Distribution of wall pressure coefficient
Hybrid scheme result
0.006 L Upwind scheme result

O Experimental data"”

°

{r 0.003
Vv

0.000 L " il
0.0 0.2 0.4 0.6 0.8 1.0

x/c
(b) Distribution of skin pressure coefficient

Fig. 10 Comparison of present numerical results with
experimental data
Table 1 Comparisons of present computational results

with experimental data in Ref. [20]

Hybrid scheme Upwind scheme Experimental

Coefficient -
result result datat?"’
(CL), 0.752 0.762 0.743
(Cp), 0.024 7 0.025 3 0.024 2

between the numerical results obtained by the hy-

brid scheme and the experimental measurements.

3 CONCLUSION

A hybrid central-upwind scheme for the com-
pressible turbulent flow around a curved surface
body is proposed. Two sub-schemes, the central
difference scheme and the Roe’ s flux-difference
splitting scheme, are hybridized by means of a bi-
nary sensor function. In order to examine the ca-
pability of the hybrid scheme in computing the
compressible turbulent flow around a curved sur-
face body, especially the flow involving shock
wave, three typical cases are investigated using

detached-eddy simulation technique, i. e., the
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compressible flow including transonic and super-

sonic

regime over an axisymmetric bump, axisym-

metric slender pointed body and aerofoil. It is re-

veale

d that the numerical results obtained by the

proposed hybrid scheme can give more reasonable

agreements with the experiment than that ob-

tained by the upwind scheme, which indicates

that

the present hybrid scheme can be applied to

computing the compressible flow around a curved

surface body involving shock wave and turbu-

lence
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