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Abstract:. Under“the frame of finite volume methodology, MLP (multi-dimensional lim-
iting process) scheme was further modified by introducing a shock-detect function to decrease
the numerical dissipation in smooth regions, then supersonic flow over facing step, unsteady
flow over an airfoil with ice accretion, hypersonic flow over double wedge configuration flow
and subsonic flow over DLR F6-WDB complex configuration were investigated by utilizing
MLP high order reconstruction scheme and HLL-HLLC (Harten-Lax-van Leer with contact)
approximate Riemann solver to validate the performances of proposed schemes in sophisticat-
ed compressible flow simulations. The research illustrates that: MLP can keep strict mono-
tone flow characteristics even in the complex high-dimension fluid simulations consisting of
strong oblique shock waves not aligned with grids; it has the similar computational efficiency
compared with traditional MUSCL (monotone upstream-centered schemes for conservation
laws) scheme and can achieve fifth or even higher order reconstruction; it features low nu-
merical dissipation so that more accurate shock position can be captured, therefore MLP

scheme is promising for aerospace engineering applications.

75 B #A :2013-07-06
TEE B A Ak (1988 —) BB VT H M AL B 428 LR 5T 7 17 R B Ak g 2. E-mail ; 1inf1017 @ gmail. com



2322 o7 @

AN

529 &

Key words:

MLP (multi-dimensional limiting process) ;

MUSCL (monotone upstream-centered schemes for conservation laws) ;

HLL-HLLC (Harten-Lax-van Leer with contact) ;

high order reconstruction scheme; compressible flow

PEAE R, B A% X — B A B A
SR I R A PR BAE AR T S B R B A
JE B AT 8807 ¥ S 0 5 R ST 0 R e R AT i Y
H Y. CFD W58 # — BB T 0 58 75 52 Bl B A
JEE £ T3] P P45 38 37+ T8 5 T BT T 3 ) 5 {50 30
PE SR T AR 2241k 5 400 ) b o R0 22 BR R & A A
LB EERMATE TVD (total variation di-
minishing)"™ Il ENO (essentially non-oscilla-
tory) 1. MUSCL" 4% 2 A i /2 TVD 4 i ) 35 3
22004830, o8 TR N 432, SR, H Al
KA I3 0 HE A TE IR 7 s B 48 A% =X (i MUSCL,
WENO (weighted essentially non-oscillatory )
5 I X — 2 X AR G T A I R TE SR BR
AR 3 R A i o 2 O SR D N
16 T 8 RO ] 2 B = s ) ) (R TR
W H AN E BT L XA Y i e 7 S0 BRI
TR H R AE— S AT % = 2 TO0 L Uit Ao
EAE ML E G4, X 2% AR RE IR A AL
b T 155 o D R BT BUE IR 2% b O R — R
2 Y23 0] v BR A8 A 0 BB PR 35 1 e B BR
i AE . Kim 5 R 5 BT R Y B
VPR SEEHE T B g A i T 2R
MLP 48 UE AT 2 2 (] o iy 2308 4 BR ol A
#E. Gerlinger Z" g — 2 % B T MLP k20,
s 7 H TVD PR, JF B 7 MLP &R 5048 XY
SR e . B AT, MLP & 5145 X8 Ab 75 B
WHFSE IR R Y B, A T2 A 10 TR . A3
SEEAF Y AL A AR TR 4 S BUE AL T Y
T, R IF R kG BE e T R S R AR AR
(A7

SCHR T RCR HTRY SR A 2% VR A AT RESE T &
i B E R AR E W BB RE ) 1 = 2 A R K
UL f3-LMNS3D™, LMNS3D # 47 % F CPU
(central processing unit) i1 5% A9 MPI (message
passing interface) 317 R f 3L F GPU 15 19
CUDA (compute unified device architecture) Jf:
PR BBAE HEAT AR AT 1H 3. J8 B H 3] ik
AR, i HLL-HLLC™ F1 SLAU (simple
low-dissipation AUSM)M,

1 HEFZE

1.1 #EHFHE

LMNS3D K fig i) 42 il 75 72 O o & 4 4k DL s
M =4k 7] £ 45 Navier-Stokes (N-S) 7 #2, TG & 4
T kB2 % SCIRC15 ). e R ILAAR R T N-S U7
Al LLRIR N

0 ou o pw
ou ou’ +p pvu pwu
Q= |pul Fx ouv \ puv’+ p/  pwo
pw puw Jeiss pow’ + p
oE b ould pvH pwH |
0 0 0
T Ty Ta
F =t t, T
Te Ty Te
b by b

Ao Q R F T AR AR O PR AW
BB B R 1 R T B SR R A
(AT o IR O -l =TI s L N [
Qv Qv 1 B4 B H00RT LA 3K A5 48 v 1 B0
R B
1.2 SHRHEGHEHERSM
Xt F MUSCL & 41 4% 20, 7T LUK H

L — M B =X
D =D +0.56(r)AD, ),

= ADy 1/ AD; 1)
D, = Dy —0.5¢(r,)AD,. 5

=5

— — (2
= Aq)rﬂ/’z/ﬁé'rrsx’z
AD. = B — B,
$(r) = rp(1/ 1)
o @; KR A D I P ER R 5 ¢ 2 — AN BRI R

s WL b 37 78 R Y B BEE L[] IF AR [ 2 TVD
PR EM OB . T — 4R IE DL TVD BR A 5% 1
A LAR R N

0<< ¢(r) < min(2r,2) 3)



%5 10

i BRAE  MLP & By 5 44 1% X8 2323

L 1 AE Ry 207 K TVD 54 0 1
T2 4E A BT SR 2 LA ] 22 4k 25 [a] v i) B0 4
Ui AR EE S 2 4E S [ rp i 2 TVD
JoT A R A 45 1. iR K (2) AN (O AT LU

Dy < Dy < D
D < Dy < iy

W Z5 X8 T 22 4 5 () J2 AN 5 1Y TR AUAL %
ST TR T A A5 A R R Y A
S T3 26 A 1 B B2 A5 20 T 400 ) 22 4 = ) v
BB iR 3 A 8 B PR S e = g s )
IS

@'Z n < Doty irgzibme << @f‘f}, m
p=A{—1,1}, gq={—=1,1}, r={—1,1}

4

q)?;."?,,m = min( @1.}’.}\- ’ ®1‘+P$j.k ’ ®i,j+q.k ’ (Drkpquﬁk ’

D itrms Pivpjortms i irguicrms ©i+p.j+q.lr#m)

(I)Tff.m = max( (Di,j.k ’ ®i+p.,j,k ’ ®i.j+q-k ’ (DH»p.,jJrq.k ’

D jerns Pot ok P Pitpjrquiin) (5
K Doy & HE R R O B A R
@iz gt o TP AR A5 22 (I Ap,
q-m BEHRA LR 1 8EF — L ?D"p‘.ir(}nn*ﬂa'ﬁf‘;m%%i?
FIGEH B @i o gz pere T 8 AR L 728
fre /NI KA.

TR AR AR AR O Y R T SR A, 65T
At — LS

L e

Dijp + AD+ AP+ AP =

_ A APr
., + [1+A—g+§]mg 6)

Horfr AL, ADY, ADy F27m MAK L B I A% 5 18 43 51
& C AN D7 B S AL i T

“Amin s ( A@‘I A@"" 1 “Aymax
B < Bt 1+ 2+ 8% ey < B
6/‘1‘.”{} m 761’.]’./4 < A@é’ < 6‘;;‘(‘; m 76i.1.k

q 7 'l 1
1+AH+ACD] {HNDMFA@]
ADL | ADL ADL | ADL
7

A — e e A®E JEAETE I8 4 20(T)
A LAk — 2 fa Ak

0< A < @:“A"’(’Dq_ CP"A”(;,M (8)
1 + =" + ¢
ADE | ADE

M o<A<<1lHB,5 A a Hid AP <
0. 50(Aq)i+1/2,j.k J’%Aiﬁ(fﬁ)

o — D
[ AD! ACD’C“}

0<<0.5aAD;0,;. <

1 =1
T Ao A

200, — &)

ADI AP
[1 + A—@? + A(PZ) } AQi—H,/’Z.j.k

0 aK<

(9

[0

,\i,l 7'1E>1 ETJ" A@é}go 50{A®,‘—]/2,]'_k =0.5 =
T

AD o FRAK(S)

@;:f\:)i m___ @x.j.k

AP m
Rk A it
A APE

0L 0.5 SAD 00 <
T

27’16(@?;7,1 _C_Di,;x,k)

A@?] A 11
{1 =+ A@é’ A@f J Aq)'rﬂx'z.j.,k
Fr L, 254 2 () Fk (1o
2max(rf s DD, — D,/

AP | AP
[1+A(Pp+ ACDP]A(DH/Z”"}P
€ 3

0L o< (10

0< as< (1D

URAL TS J& Minmod PR &5 b &8 7 BR i £ X

hﬁa%K/A 1<aeﬁﬁu
< o< 2max( rf:l)(CD‘/,_‘I:,,,, — D) 12)
[+ 2% A% g
A®£ A@g t+1/2,jk
)BT DA 3 2 ADE A (B o (74 S 90 B Ky
1< a< 2max<n’1>((DIP-<1~7)17(D1'.]'.k) 13)

A@(] A@IH
[1 + A—@Z + Eip_] A@ﬁl/g,]‘.k

DL ) A T A2 22 4 s () B R e R o
FAFHY o BUELTE L, 25 O R B I, k7% T 2
2 IR 1) oI5 A — 2 B 1) 2% R R0 2 Ak BR A A1
o35 R

— A BRI A

$(r) = max(0,min(2r,2))
Z YEBR ) 2% A
$(r) = max(0,min(ar,a)) (14>
AR TEAIE 5 B2 H 275 3Gk 10-111].
1.3 MLP M EMERX

MLP HE 22 T 1 & B 2 4t iR ) 5% 18 i — 20

B 0]

$(r) = max(0,minCar,a,3)) (15>

a AR Q2 AR 13 TS . B A EE WK 38 T
Mo X AR A B B e 5L a3k 1 o B L AP Ik
PEBRAE T LASZEN 2 B2 5 B .



2324 it = & f1 % M o529 %
*x1 PHMEBESEMHEHE
Table 1 Reconstruction order with different f
B B A B 4L
1 1 2 Wi W22 43
A Py 2 Brpt 224y
a+24)/3 27 +1)/3 3 B R i
(—1/74 1 +4+384)/6 (371 +4-1/7:2)/6 4 B 38 R fr
(—2/7 1142472 —=37741)/30 (=37 7+ 24r +11—2/74,) /30 5 Wi X
1.4 MLPS5
B A0 B 2 dEBR i 4 MLP % X078 = 4E2s [ iy & 7 m iy 3Rk B
Bnn = P+ 0. 56C s BIAD o5 = Dijp +
0. 5max[ 0, minCa» & r.ijes B JAD 12,51
D njr = Dorojor — 0. 5¢(r it jir s B AR j = Dy
0. 5max[ 0, minCa s 151,k s B) JADiso, . (16)

Horb o S Z2 4R BRI R E B oA H B 22 000 =4 B
7530 B >0 b A

D W At =098 4
2max (i, iy 1)(5??3."1 — @

@i.j.k)
AP AD}!
[1+—*1+ ZJ ADy 10 00
ivjik

a — g
ADE  ADE
( VoL _
2max [57,1J (DL = Dirrjon)
e itk

1% DY \+ A

G — g
{ APE NP?],-H._,'-,k

ADLy 0 it J
17

2) WA AP0, P4

Zmax( T[E,,'_,',k D) 1)(6“/)]}?1.”1 _

[
( AP! AD!!

a — g

( A _
Zmaxl : vlJ (D — Deajr)
o= g Te,it1.5.k
' AL | ADE
1+ =2 +== a2
{ TR ] g B
(18)
g BPuge _ A
T.ivjok AD, o s itk AD,
g(x) = max(1l,min(2, x)) (19
XFF 5 B MLP5 #% 2. g HUHE N
B
_ Z/FIG,H,J'.k + 11+ 241’15.i.j.1z _ 37’15.;.j./z7’15.‘rr1.j./z
30
B =
_ Z/rf.frz.j,k + 11+ 247’5.#1,;‘& _ 31’5.#1._,‘.”5.;.;‘&
30
(20)

1.5 MLP#&XHIEE

i b T A B4 L LAF L MLP & 51 4% 305
AT JBEZA KB 15 8 B 58 8% 1 5 1
A F 1 2 o A AT RE D 15 SRR 39 BRE TR, AR
T P T 0P BRI A T o 5 7 2 g i A IX el 2
Hoad B AR AT A B B
S HE SR XA TT i MLP BR 2%, 765 5 5
PR 19 D't T DXl A e A2 30 7 4 g I o
. MLPS iR AL

Drorjonjur = Ei.j»k +
0. 5[,81 + f( ¢>( 7’15.1.1',;2 s ’ﬁl) - Bl):lﬁq)ﬂ,fa.j.k
q)rrﬂ/z.j.k - E)m.j.k» -
0.50B + fCpCri s asB) — B IADis2. 5.0
2D

fe (Ve V)*
(Ve V) + 0+«

A QiR EAE s e & — D IE M/ B 1k 1 B
RS O B EEARL TR) R 0k R 0T TR B O 2 T
1L 7RG 3l DX T T 05 HL RUROE T 24 4
JE oy BATBOR B 5E

2 MLP EFAE4iREHPENEH

2.1 BIEAMBEERDBEEMN
HERIRDHHECH 1.8, B8 T REH — 4
IS B3 RN P 1 BT, i i O B N BR
PLT R, b SR A A S T RS RE T L O 1R
BN SR G O R AN R A A Sy
BIRH 3 Br#g =, MUSCL, 5 i WENO & #) #% =

, e= 107"



55 10 41

i ARAE : MLP & B A4 A =X 0 2325

T MLP fEZLAY 2 B .3 B 5 (a5 Jo g
IR RS & A HLL-HLLC T % &
SRAR AR AR SCHETT B R e 4 AR R VY R ) AE
T — AP L A T 9 AN PR A SR AR S
() = e ARASTE 5, SE B R 1 A v s 2 R R 2.

1 Ara B AR DR B E
Fig.1 Schematic diagram of computational model

for facing step geometry

K2 R MR R

Fig. 2 Schematic diagram of computational grid

3R RME 1o ABZK LMK TTRECC)
3 \ UL MLP #4074 30 1 3% 18 B~ MUSCL
s 2CAE 5 O R O B IE W BRI 3 L o T AR
JH U B A Ao v B B 3 (D) IR R AR 1 GE R
B 3T B4 R 28 By A, mT 0 MUSCL = B8 4 4%
AT I % MLP 2. MLP 3 #il MLP 5 %
PREL . T 3Co) /NS T SE A Ik Il )5 0 i Bk ik
PG AIE F7 Z B0 A MUSCL A% 28 B3 Ry ™
HIBE IR, MLP R34 X B2k H 5 B
Fa AT SR PR AE T ™ A% B B AR k. &L 3 (D) B Ry I
U e B J RN AR 2 T RO R Y e T R B AT
MLP F 5|4 R EEF. d it ] LUA ), MUSCL

0.6
05F

04F

¥

(a) A BE T R EOT

0.06 -
|
0.04 - ’
. i
S} f*
0.02 i
fi
{l
_ i —— MLP5
) MLP 3
0 ‘—“—““‘**‘/\; ——- MLP 2
—*- MUSCL
[ 1 T | 1 T i | 1

060 065 070 075 080 085 090
x

(b) LIX BRSO

0.54
—— MLP5 ——- MLP2
. MLP 3 —=- MUSCL
0.52 B
0.50 F £ -G wa )\1
o ) If ll'l
048} { i
| [ |
| |] \I.
046 F !
'(
- |- | |
0.8 1.0 1.2
x
() MIX S Jy e 1
0.12 -
— MLP35
010} WLE & I
; -=- MLP2 !
ek —- MUSCL
0.06
O
0.04 |-
0.02F
0 »
—0_02.—.|...1 ML SRR |
1.2 1.4 1.6 1.8
x
(d) NIX I Jar i K 2]

B3 W AB&KEN R0
Fig. 3 C, distributions along the AB line

(S WER 3 B Y P P I N 8 DI A
[E) v ey B 38 A B A 2% 5 T MILP & 91 A =X AT LA
T B v TR B804 () s AT R ) 22 A s ] rh i B
fE4R%. I 4 7T LLBY W i, MLP 5 4% 275 3
(1K 1434 e MUSCL = i A% X F1 WENO T By
% 2T N6 AT s MUSCL Fl WENO #% 2837 3 i 78
Phintz B 3 HE ™ S 1 B AR



2326 it =

%29 %

C, 0 024 049 0.73 098

{a) MUSCL =

[ |
C, 0 024 049 0.73 098
;I'FI T ‘

(b) WENO Ty

C, 0 024 049 0.73 098
,.., I /|

(c) MLP 3

B4 |G BE ) R8O = BN

Fig. 4 Comparisons of €, contour for facing step geometry

£ 2 AATE X W ERCRIL R, T
100 AHEHE A6 1 BB a] 353 % 40 48 0 2 i i
T B A AL BT LU-SGS (lower-upper
symmetric Gauss-SeideD e 20 B 8] #fE . A& C
e MUSCL A% 3R 3 B fA . #45 van Alba-
da i@ 5 BR & 4%, 7T LA A I IE MLP 3 #% 5
5 MUSCL A% 2 i 1+ 55 i 1] AH 24, B 38 24 504
A MUSCL #% 2R AR A 7ok B T3
R ES R A MLP 3 A0k B T2 4E B il &
o A INETE MLP 5 #% A5 2N 16 %6
PLE R T MLP 5 kAR G BT A 5
KR HAEN AR E MLP 5 # U2 3 AN
F& - MUSCL #% AT 2 2 > ke B4, 3 R /2 1)
B BRI S 4 B 0 T ML s AT B IE R MILP 5 A% X
R hn ik 1R85 22, 32 2 PN O A8 T M U R A
U R RE R RN AL 25 b MILP A% 2R X T A%
4 MUSCL #% 20 B AT ALY 3153 305 X T 1 A
TR BN R A ST IE , B Ry 2 KR8 n
THEE I TR] 5 {5 2 X5 47 76 43 25 30 3h B 5 2% Y
FE U S BUE R AL, SR FHAS SCA8 TE W] DA BE R Y

W AAE] 5 Br A 45 2R, JF Ho il T i A I
SRR R T RO e A X R LA A
K e 15 064 IR [RDE AT L2 AN T
x2 AEEXTEREHRER
Table 2 Comparisons of computational efficiency of

different schemes

100 4~ . MLP3  MLP5 MLP5
I [h] 2 (B  eiE) CHEIE
SIS /min 0. 61 0. 64 0.71 0.79

2.2 HKEBEWNIETERNBEEL

A ) BO(E BE L T & A B 2% 45 UK NA-
CA0012 FE AN EE W i 8l 5 50 ok i 5
A 0.3, B0 g 15°, B E R O 10°.
P 5 Ry 5 0 A T T A1 — A48 T SR 40 A 41
AL R F_S-A(Spalart-Allmaras ) i 3 152 54
i) MDDES(modified'delayed détachéd eddy sim-
ulation) i A4 163 7 1 AR 4001 S 5 T 1 Ok v ok R L T
A SR WIE 2 DA E A S-A i T A
RAT 5 H A A 5 SR U] 20 K 54T 2 By
PR A 32 4 E AT 3 — A A ] Y 40 B [ 45 1
BUE #5 X 5 BIaE % MLP5, HLL-HLLC Pl &
MUSCL 3rd., Roe.

PE BB i iR Eh 0.3, FE MG N
RAIT BB » A A7 AE W S5 ) W7 AR ST i 9%
T A8 AR R BSORE B B AR L 4 MILP 5 A% = R
FRufERy 5 BYE L. A0 & 6 JT 7 $ 34 23 1] i 25 48 1Y
S X AT, FEAY B SR A T AR IR A 4 .

5 EIZkEvk NACA0012 AT RUR B IF
Fig. 5 Computational model schematic for NACA0012

airfoil with ice accretion



55 10 41

i ARAE : MLP & B A4 A =X 0 23217

ASCRIER) MLP 5 % XA X T2 48 (1 MUSCL
=B A AR T SN R R I A AL TR
TERTZ B 3LTE , MLP 5 % 30 i H AR 9 8 1
P B T AR AN B /N A5 L K 28 25 A X
LTS B W R Y TN AR R A AL T
S A% QA AR RE B U 3 B (e A UL vh A9 1 A L a8 5
— P AEE R HT IR

(a) MUSCL

(b) MLP 5

KBl 6 55 WA
Fig. 6 Snapshot of ISO surface of A criterion

2.3 EREEWNRRNEBEZRL

Neuenhahm 4 AR T W5 AT & 2E 42 R, K/
RN T S o e R 7 S UM IR B0 B S R T — &
B SIS TR R OURRL L A A kB 2 T
PeF/INGr B | 2 25 SR B T 5 A =R oK Mgt 4%
F4) LT {51 AR ) A G 1R 7 R

TR R SR T H B 8. 1, B R h 520
Pa, iR 106 K, ALK EHIFHCN 3.8 X10°.
BE TR N 510 0 B i A4 E. W 8 iR 1M

¥ 0 3 B X MAS L v B RAE R 0.9, 43l
KM MUSCL = By 5 4 #% =0, F1 2 T MLP AE 42
2 B3 B 5 B s X, o g k5 OR i
HLL-HLLC iz bl 32 & 5K fif 4% ; 76 Pl 5k 2
TR BBy =

Bow shock

Reatachment

Boundary layer .
Separation
shock wave /.~
Entropy layer

1,=239 mm

7 e A OB B i A
Fig. 7 Hypersonic flow over-double wedge

configuration model

0.7

F Pressure farfield

¥m

=
LS

T
=)
[ =
(=
L]
<]

Symmetry Wall
| I S—— | el

L " P I 1
-0.4 -0.2 0 0.2 0.4
x/m
Bl 8 o A 7 S AU A B 3 R A

Fig. 8 Computational grid for hypersonic flow over

double wedge configuration model

& 9Ca) FEL 9 (b) Ny A [l A% 58 R 1 R 4K
Gy A5 SRR X L, BT SR BE TR AR R S
HECT 3 IRSERHE 4> 51 A Exp. 1,Exp. 2 fll Exp.
3. AT LAE H MLP R A0 545 R W & i T
MUSCL = [ 5 #4420, 32 2 J R 2 AR 55 40 7 —
23 18] o P B B R, FLR 5 S 2647 L 64K
{EA% SR AR . AERS AU I 4T A B A A 2
W ELA% S PR MLP #2000 4 il 42 1
B4y 3 . Hod MLP 3 1 MLP 5 5 B % 2 4 T
MLP2,MLP5 Bg 4T MLP 3. fHit. 5 i MLP &%
A ACAE S O 43 B 09 S 2R TR A A T R IS
I HLAT DLSE 048 e 04 M A 2. &l 10 2 MILP 5
1 2H 5 1 R 1 43 AR = B T DL O



2328 o= 3 1 % 29 %
0450+ Expl =S (UR7 S R E o]
= 2
z.;w f Eiﬁa ! 2.4 DLR F6-WB 5 7= i# ifit 17 # B &% L
33 F Geometric |, e >
sl = ssouad DLR F6-WB 3 521 41 o it 2 T8 55 19
vasb DoSMIEs SEAKOR . S NASA L[5 5 i B % BF 55 LG
o mé ————— Shy I R TR AR AR T A S G R (A D K S
msi TR R SR ECR 0. 75, 0 R 0. 49°,
mi ALK BE R IR 2. 125 X 107, I # R S A
0.05F — 7 BB B A% 24 W) % B MLP 5, HLL-
" E HLLC Ll M MUSCL 3rd,Roe. JHE M# A 11,
T TR e s S 2 0 400 J7
x WK 12 Brc. MLP 5 & By 3 # #% = f
bas e @ MUSCL =B % 4 b6 S0 5455 5 s 4 )
5 Eiﬂ; Uf. ZEJE T 51. 4% R 1] 63. 8% HIJE ] 84. 7 %
Exp.3 f7 b MLP 5 3 5 30k O & A os B W 3% 5 T
- ——— Geometric .
l —— MLP35
| === }Ip3
RIT s nLPI’.
: —=—- MUSCL
bﬂ.

015

0.10 |

Fig. 9 Comparisons

for double wedge

€, 0.0166 03933
B 10 RUBZAE RN H R B A 5 B (MLPS)

Fig. 10 Distribution of C, contour for double
wedge (MLP5)

0.2050

"> distribution with experiments

B 11

DLR F6-WB 315 k) #%
Computational grid of DLR F6-WB

Fig. 11

I
0.5

:1 = Exp.
o SIS SRR SN NSNS R |
0

0.2 04 0.6 0.8 1.0
xlc

(a) E733.1%

MUSCL




%10 i bREE . MLP 25 By 30 #2005 2329

(a) MUSCL

S

@]
(b) MLP 5
13 DLR F6-WB J& /1 R 805 i 2 [l
Fig. 13 Comparison of C, distribution contour
for DLR F6-WB
ba
08 ——— MUSCL lift coefficient
S MLP 5 lift coefTicient
0.7 - —— MUSCL drag coefficient

5 MLP 5 drag coefficient
0.6

Aerodynamic coefficients
=]
=
T

xlc |
(d) JE1784.7% 03F
%l 12 DLR F6-WB J&J1 R ¥ i 5 52 58 L4 02fF
Fig. 12 Comparisons of C, distribution with experiments o1 __ L\
for DLR F6-WB . por
- T EITEY TR R
13(h) 73 25 1 ok I b i 245 21 19 AL 36 5% 0 2000 4000 6000 2000

Iterations

[ 14 DLR F6-WB =3l 71 & B8 s

Fig. 14 Convergence history of aerodynamic coefficients

for DLR F6-WB

FE 1 2B 7 L MLP 5 ks 230 35 B 180 0 i
KT MUSCL. i i 055 7] DL Y, 5 75 AT 2
PRI T AR5 MLP 5 1 B 51 4 A% X R B 4
FLA IR A AR 5 B B A 1 0 Tl PR BE 1. AL TEL 14



2330 i

¥

A B

529 &

(R FF BH Wi S 07 s w1 LLE H, MLP 5 5 % 4
TVD #83X MUSCL i it SEA M 2 s i1 T 5 By
TG 1) 52 M T SSCEE E 0. E E S R 4R LRI

3 & i

ARSCHEFE T =y 2 4E R 3 MLP & 51 %
2 A B 51 A I R D0 o B ik — 0 B IR MLP 7
JEWE L Bh X SR BB FE L. 3T A B2 E ] R
iR LMNS3D, 454 HLL-HLLC 3 s
SR AR BUERL T 4 A B8 Y 57 24 W] R 46 U Bl
MR AR IT 458 .

1) 725 Z% 1 = 4 2 0k U 2h BOE B,
MLP Z 5145 20 B8 0% 16 2 4 23 (8] vh A3 250 b 1 B 3
D¢ S8 V) T RS 1 A A B R 9 AR R T o h ™
& BB SR R AR AL S0 W R — 48 TVD
Z B MUSCL # XA 83 M3 0F & 5 52
v B A

2) TEIEEH WA BUER T MLP S = B &
Fa s 2 EL A I ) 5011 FE I, B 8 40 4K T T Y
TSI X R S B AL AT R P
i it — AR i BT AR

3) TERS U A0 S B B, MLP 5 8
F ks AR X T 4888 MUSCL =¥ #% 38 4l 38 #9308
P TN BE U, 5 92 R AA W) A T 4 i AT e MILP
A% H AR 9 Y TR H A 18, (545 51K F)
iz TR BUE B .

eS¢

L1 skfE. e . TH R A ) 5 22 43 J7 1k 19 JE0 3R 0 )
CM. db e« [ B Toll ikt . 2003.

2] EREL X, ZE X, 5%, i = % e A AR 7T
SRR ] A 2s 3 7 2 4, 2008, 23(1) :55-63.
WANG Baoguo, LIU Shuyan, JIANG Guoyi, et al. High-
order scheme and its application to the computation of the
internal and external flow field[ ]J]. Journal of Aerospace
Power,2008,23(1) :55-63. (in Chinese)

(3] EM,RBUF. —Fhl BT #0153 19 o B WENO #%

(1. Mz 3 J1 %4, 2012, 27(11) : 2499-2504.
WANG Chao, WU Songping. Improved weighted essential
non-oscillatory methods in hypersonic heat-flux simulation
[J]. Journal of Aerospace Power, 2012, 27(11); 2499-
2504. (in Chinese)

4] BRaER,SCHAM, £, % D TRBH 2 ENIEYS
A% B2 2 e S LT 1. A as 3l J) 2241, 2013, 28 (1) - 180-
187.

[5]

[10]

[11]

(1]

[13]

[14]

[15]

[16]

[17]

[18]

CHEN Zhifu, WEN Guilin, WANG Yanguang, et al. Com-
pact finite difference schemes on non-uniform meshes for
computational aeroacoustics [ J ]. Journal of Aerospace
Power,2013,28(1):180-187. (in Chinese)

DENG Xiaogang, Maeckawa H. Compact high-order accu-
rate nonlinear schemes[ ] ]. Journal of Computational Phys-
ics,1997,130(1): 77-91.

Godunov S K. A difference method for the numerical calcu-
lation of discontinuous solutions of hydrodynamic equa-
tions[ ] ]. Matematicheskii Sbornik,1959,47(89):271-306.
Harten A, Engquist B,Stanley O, et al. Uniformly high or-
der accurate essentially non-oscillatory schemes[ J]. Jour-
nal of Computational Physics,1987,71(2):231-323.

Van Leer B. Towards the ultimate conservation difference
scheme V:a second-order sequel to Godunov’s method[ ] ].
Journal of Computational Physics,1979,32(1):101-136.
LIU Xudong, Osher S, Chan T F. Weighted essentially
non-oscillatory schemes [ ] J«Journal of“\Computational
Physics,1994,115(1)+200-212.

Kim K H,Kim C G, Accurate, efficient and monotonic nu-
merical methods for multi-dimensional compressible flows:
Part-Il multi-dimensional limiting process[ ] ]. Journal of
Computational-Physics,2005,208(2) :570-615.

Gerlinger P. High-order multi-dimensional limiting for tur-
bulent-flows and combustion[R7]. ATAA 2011-296,2011.
bR B I L2 3 MR, 3T HLL-HLLC 95 B WENO #%
BN HBEFELT ], 71 Sy 24244, 2014,31(1) : 128-134.
FU Lin,GAO Zhenghong,ZUO Yingtao. High order WE-
NO scheme based on HLL-HLLC solver and its applica-
tion[ ] ]. Chinese Journal of Computational Mechanics,
2014,31(1):128-134. (in Chinese)

MR B IR LD 3Kk B AR . HLL-HLLC 4% 2 B9 44 38 15 17 A BF
5 [J]. a8 ek, 2014.32(1) : 116-122.

FU Lin, GAO Zhenghong, ZHANG Xiaodong. Construc-
tion and application research of HLL-HLLC schemel[ ] ].
Acta Aerodynamic Sinica,2014,32(1):116-122. (in Chinese)
Shima E, Kitamura K. On new simple low-dissipation
scheme of AUSM-family for all speeds[ R]. AIAA 2009-
136,2009.

B Ry 2 B A L ML b st [ By ol A
1993.

Ducros F,Ferrand V, Nicoud F,et al. Large-eddy simula-
tion of the shock/turbulence interaction[ ] ]. Journal of
Computational Physics,1999,152(2) :517-549.

Reinartz B U, Ballmann J, Boyce R. Numerical investiga-
tion of wall temperature and entropy layer effects on doub-
le wedge shock/boundary layer interactions [ R]. AIAA
2006-8137,2006.

Eliasson P E, Peng S H. Drag prediction for the DLR-F6
wing-body configuration using the edge solver[]]. Journal

of Aircraft,2008,45(3):837-847.



