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Central WENO hybrid schemes used in the finite-volume method

FAN Jinzhi, LI Hua
(College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410073, China)
Abstract; The Central-WENO hybrid schemes ( CWENO6 schemes) are developed based on the theory analysis. While the CWENOG6 schemes

were used in the finite volume method, the 3 order MUSCL deconvolution method was used instead of the origin 5 order WENO deconvolution

method to reduce the deconvolution computation cost. According to the numerical test, it is found that the CWENOG6 schemes have more powerful

ability to represent the details of the flow filed because of its low numerical dissipation comparing to the WENOS5 schemes under the same

computation mesh. Finally, it is concluded that the CWENO6 schemes are an efficient method for the simulation of multi-dimension complex flow

using finite volume method.

Key words: high-order schemes; finite volume method; WENO; hybrid schemes

i E 922 B (H AL 8L ( Direct Numerical
Simulation, DNS ) J& K i B fl ( Large Eddy
Simulation, LES ) 43 5 H 2 W) B RUEE 52 Z% Ui 2 1Y)
AR ks BE TS S A B [ R
JETT W sl A5 s 6 TR s i AA , i T ] BB AETE
P, PR 5% =X S A a8 Y B EDRG 7, LA
THERBC B i AR R T o PO A TC YR
( Weighted Essentially Non-Oscillatory, WENO ) #%
2 3 AR PR B AR A A A, AR 3R
PR T SANE E B0) [) P, A R0 TR 1 U B o Y
BB R L, S8k T A AL A DNS K LES £
H B R Tz Bk S — Y R G
WENO #& 7 i 5 56 4= 6 1 BT 98 6 2 B RS
PR, X2 R G XA B A5 L, A 1 X
HOks AT S o B A B, WENO A% 27
58 RO I AT SR ARG AR LR 22 , TEALALL /)N
FUBE kSl BB FE ROV SR 23 X0 BU(E 45 SR 3 A

« YT HER.2013 -09 - 14

FI . S. K. Lele " JEB] T rp0y B3k 2 HAT 7]
TS A S B2 PR A T B0 SRS T S g
BT A E 46 AR DNS, AR 22 3% 58 i 6
WENO #% 20 IR FE RS N5 SRk HA
R LA S AR e TR A5 2K

H A 0 A B A% R o R S T A B 22
3. ABRZEDBORMAMATER M N - S R,
AT AL ARAR AL K BRI A B S T
A JEE ik DR M 5 — 2 A R HE S A5 B (Y = R
JEE SR T DAARZS S i 1ot g2 P B SR ik 1) =X
N T 2 4E R R A . B TR T ] e AR Y
DNS FiI LES (8 K& 43 i3 4 BE TH A% R 2 7
TEA MR EZ EP Y,

A BB R A 1 2 B N - S
BB BB AR, AH TR BR 2201k,
A BRARFRIAR A B O R, SR AR R A
SR T R — 2 4 o AR B W AL, XA

EETE : v ET R4 A2 B R )3 3 4 X B30 H (CALT - 16)
EEB A 2 (1984—) 5 ZROEEWA , B L5 A E-mail ; ff969@ 126. com;
e GEIEMEE) B, 282, 1+, 1+ S0, E-mail ; lihuakd08@ tom. com



3 ]

Wik, 55 A BRI ool WENO 4515 0 T

DX, A RMAT 2 2 , LR AL B R, ~F
TR BIRET o (R T o B A
RS A R AT R A A
UG 2 B, 55 T — 4[] R e 15 2]
() b B SE T H T BRARBE , [ HxfE
DL A T IR AR i e B A =X

R i FH T BRAARR R 1Y e i B A A 2D
PR T S TR : Kobayashi &t T —Fh ] T
AR 4 B oo BB 2 Pereira i 1]
4 Bk BE A BRAR BRI 1 AN s 4 i 4 14 3k 2l 3k
i s Lacor S A$@ 1 —Fhid F TR R E5 4 A% 1Y)
4 P BB X A7 EE AU A L
e ST Ry BB LA 5 11555 Fosso 45 A\ TE
Lacor [4ERl b & e T — &8 H THE M A 1 6
Brepol BB AR IRy e T A R AR
EEROTTSORG L e 1 ks A A IRAA R
il P I AR B 3T SRR R, (H X 86 5 1k AR
T BT R O AR 2, N R R AR
WA R AR Y DNS K LES #4, A SCHE 5k
I FEHE T AE S B WENO A% 29 B filf b 45 3
T 6 Firrhily WENO B 5 #53X (CWENO6 #%5X) /Y
FORA WA AT BRI RE BE R T 3 il XU 3
SFE#% X ( Monotone Upstream centered Scheme for
Conservation Laws, MUSCL ) 9 Jz & R 7 i, %
CWENOG6 #0024 FRARER 2 b, 9K 05 T8 5 4
HJ7 ¥ b3 T CWENO6 %=X 5 WENOS #% X 7
A [i] ) i e ) SR B

1 =H7E

RS R A Q ARV,
X AR R~y AR5 gL o, AR
JiREUNR R

&deﬁ(p.n)ds:o (1)
n Ot g

Horp Q RS iR, S il PR il St i
VIR AR, U P F o i i, n
NG ANE LTS 18 1 A DAy 5 R

A BREFE B HOE T

Vit X S 4 =0 ()
Hop U s U FE3 R N 1P 35948, D
o
Uzvqu-dV (3)

G A A, @, WML F, R
BB BR R . XSF Godunov 27k, F, XA
R

F,=H(U,,U}) (4)
U, F0U; 5350 0 5 W B s A0 A (A5 21 1Y
JeEAA MR, H AR SR ity o
2 ATAERERZER CWENO6 183K

2.1 Jiang-Shu i WENOS #& 3t

it ki U AR, u g i U 9
B R wil A ul L RORA R w AR R
(i3 )b BB 5. 3 Jiang A0 Shu 9
WENO J5i& " A LA PA R AR R

k-1
uii%»/ = 20 w’P"( ﬁif o ?ﬁifr#rfl,j) (5)

FOoP o, i R R B L R (8
P, R A (R — X 1 0 4 (B
AU o, T LI I 2k 1

al‘

®, = 55 (6)
D«
Horp .
c,
%= o +B) (7)

C, Hy 5 BB R BARALLEL, & S 7 148 O
BN, B, W BRI R P T
Henrick % AT & 30 E 24 & AR5
R BB M8 K™ o T e RO,
Henrick HUOH ARSI L 701 F L
(8)

o,y

k-1
2 Oy
s=0

W,y =

Jorfr
_o(C + C’ -3C.w, +2wf) 9)
w,(1-2C) + C
ASCT A B T35 5 1k An JC R ik w i
YIMEIE G MBUETT B T % .
2.2 CWENO6 #%&Xgytais
5 Br WENO #& XA F .
uil%,j:wopo*'wlpl*'wzpz (10)
Hp Py, PP, 535K
P

ar,M

1_

oz?ui,j 6 Litli zuuz,,‘ (11)

1_ 5 _ 1_
Pl_ gu _1vj+guij+?ui+w (12)

1_ 7 _ 11—
Pzz?ui—Zj_Eu—l,j-’-gUi,j (13)

% 185

Wy +w, +w, =1 (14)



-8 (FE TR SR S AN S

536 &

=wyPy + (1 —wy —w,) P, +w,P, (15)

u; 1,'_

Uil ;= ulcf%, + u;ﬁ%,; (16)
/\I:F]:
crs _L(, + )
ui+7,j_2 Ui j T U
1, _
+@(u 2 =8y T,
+Tu;, ;- 8u +2,+ﬁi+3,]) (17)
d w; 1 m @o 5 "
ui+%j: ?_@)u17]+(€_60>u1+%]
1 "
+@ui+%,j (18)
u,/i/+;*,j:ﬁi—l,j_3L7’i,j+3ﬁi+],j_ﬁi+2,j (19)
AR B w6 B o T 2 5t

Wi 3 B REUA R R S A
FEGTARTFE B WENOS 5 34 13 4 J S A
FESEAH 3 B FHOT O e . 25 %
X, URAESE R 3 Y S CT e I
4 WENOS H 5B T LR 6 Broh b st 3
53 By RO A SRR AR TR
HE O

T kg, 3 A—ATFRRR o 3 o
IR WENOS H 2 4K e, M i 7
) BT USRI RE, 1) % 4 S
HOK /NI K SRR B 3 T LIGKE 6 B
PR % o WENO R & #% Xy CWENO6,
CWENO6 A Uy 22 XU F

_CEs d
Uil j=uil o, Ll (20)

2.3 FXREH

TFR R o ZORAEME Wi 7 )G I R,
FESE I XK o =0, FEA7AE B B i X3k o >
0, 7Eyi 37 (B W L S RN IX B o = 1

Johnsen & AN\ K, IR A #E R RER I 5 I ¢
PR A VIR

2 185 WENOS 4% 2R D2 7R 19 287w i 0
& X5 FOE RS R Tz e . AR SR A
Jameson I Turkel 25 A4 H 1 i 8z R 710 Ak
HRA K TF G eR g, HERB AN -

Oy = max (¢, ;1)
i 1_2 i TPy
¥i= piiltﬂpiipii [ +ey (20

pi PG AT o &5 BT IESTEEDS O 1Y

/N AT ey =1e -6,

2.4 RERAFE

JRABUESR B L AP 24 {E A5 3 i 5t AR
G3 RALE ISR, 2R A AR 3 B 7 A ] Bk 1Y
—R45 o

& 1y CWENO6 4% 2 5 4 AR 7 1 9 4 7
B XT 2 gE ) B R DR 2 MRS
RT3 iR A A B R 4 Sy
Mo AT AT X B 2 YR, 3 4]
RS 5 22 25

*
e O
ij+2 +
*
1 4 1
s ¢ (it jt7)
i1 ] )
¥
L 3
. . - O e [
i-2,] i-1,7 Lj ¢ itLJ 27
X
*
. 0] 1‘+L e 1
i § o Pt
. Cell-Centred Py
0 Surf-Centred . D
Lj2 ¢
* Gaussian Piont

K1 CWENOG6 fz £ & M 7w B K

Fig.1  Grid sketch of deconvolution procedure in

CWENOG6 schemes

e R4 AR v T DAt ) 5 T P 24 T
MR G I 13 8], BRI R BT LS % V. A,
Titarev B9 3CEE" 207 1 MUJBURE b fR3IF 19 )2
S R 5 T F- 24 {1 284 1 G i — B, (LI 2K
i SR AE A ST 8 I B VG RO R T
T 5 22 %of 7 B A R A AR, SR it 2 44 1 R4 )2
3 Al A T R AR T A R
T AR R e R R A S A BRI B
K (2 ARBETIZ N , AR T R
UL FRAF R, ASCH BRI 1 TR T
WIRU RS BE B 2680 3 B, UL T 3 B
MUSCL J5 ARS8 10 5 [y WENO J5 i 47 )2
BRGHE . HFEBRWT .

- ~ 1 .
ui+%~j+%_ui+%,]‘+ﬁ3—¢ (22)
_ ~_ 1 .
uw%Jg%—unfj-zJib (23)
Hrp
.1 1,1 o
¢ —?S(T)AU_#?S(?)AMM (24)
| 1 1
& = S Au v 1S(D A, (25)



Wik, 55 A BRI ool WENO 4515 0 "9

553
Auj=u,, 1 —u L (26)
Auj+l
e Au, (27)

Hodr S (r) B0 B PR 8% o A< SCE L Van
Leer 5 B BR il #5% , B«
r+ |r|

S(r)=ﬁ (28)

H T AT EEH T RO R L AR AL
{H, s> 7 SO BU R BBt IR A
WA S BT B 2 4E Rl TS T S A%
GTEA T EFEN N T CBUESE RN,
WUk S LG5 R TR B B S R 22
AR

3 CWENO6 &5 E /I H 538k

3.1 CWENO6 1&=\15E RIS HT

X HLFATTR A SCHR [ 12 ] w9 7 35 2K o0 Bir i
BORGRE P15 AR I 1 B, FAT B RE 42 il
AP R RS AL LR A

fla,y) = (29)

Hop P = — 1 Bl iAo iU, il K 4y
B Ax A Ay BRI (i, ) RORE G E N
(a,b) JWFEHNACi, 7) BRI 3I{E

1 a+Ax/2  b+Ay/2

. .= * d * d
i+ AxAy JA(l—A)a/Z J/}—A}'/Zf( * ,y> * 4

(30)

223 (30) 1] LT 1 3 3 A
RSP EME,

1 a+3Ax/2  b+Ay/2

. .= * d ° d
i+l AxAy L+M/z fb-Ay/zf(x’y> * 4
(31)

XA +1/2 BB IO RB L, 71 h 0L 23
A
[unrs = [ fa+ 5 - (32)

WG F(30) M3 (17) AT IR 2] i oo
SPIELARAF I ST @ + 1/2 404 5 -S4 £

u

R RUAC R IR VALK SVACRY

(33)

Hop fi (x,y) o fs oy y) ofs (e y) AR BORREL

AURI £ . AT 5 6 R, 3 P 2
RETF.

BURAR (22) /AR (23) ATARE] i +1/2

ST BN+ 2) BBV G L

VA "
J _%7) H‘J@;&{E ui+%,]‘+£, ui+%qj-§o

6

P PR R TR A3, AT DI B S i + 1/
2 ERBUT I EELR -

fiys = (5 fixy) + 55 f(xy)

P2 A Ay (34)

B A(34) HA(32) tHER, et ALz
B 1R R A BEAT 2 W) R OT, B4 15
CWENOG6 #% 2 915 25 1% 33 PR AL
1 +0(Ax°,Ay) (35)
(AT R A, AR R RE A 20 Ar ik, m]
PIT5 2] WENOS #% 3 iR 22 %38 sR EiCh
1 +0(AY,Ay) (36)
H AT DL, CWENOG6 4% =X U AG B 22 5 TR 48
i) WENOS 452X,
3.2 CWENO6 &= 15 B IS
N T BAEAS SR A M R B2, 78 2 4EfS i
AR AT T WSORE FE I, DA S A
wsnE, BT .
b(x,y,t) =%exp( a(x —ut)’ +B(y - ut)’?)
u=2,a=154, B =154
(37)
B2 MitEoR g B b T AT A,
BRI T R AT AT R T L -
L] x [ —1,1] 3F5mE =50 .

08

F 0.240
06 0.209
[ 04177
N 0.146
04 0.114
N 0.083
5 0.051
02k e 0.020

~ 0oF

02F
04F

06

08""
08 06 -04 -02 0 02 04 06 0.8

K2 i iz ) s SR
Fig.2 Sketch of the scalar-convection problem
h T FETE K S B WENO S8R
R WENOS #5:0iC o WS — W55 5l il 3 B
MUSCL Jz % B 58 19 WENOS #% 50id 2y WS -
M3 54l ] 3 B MUSCL iz % #1315 5y CWENO6
#cy CW6 - M3,



- 10 - (FE TR SR S AN S

536 &

1 3R 3 R A [l A A [R) (A% K H
NINARRERZE Ly BO(EL, DL RGE I Ly BR2E TR
PRI W 138 2 T LU Bl A S A
T, WA R T S0R BE AT £ e, I ELAH IR )
N PRI EE RN EEAR R G . el L,
RAASCIAR L4 3 B MUSCL B R I 153
REREFF AR R BN B35 I A SCHTR AT 3
B MUSCL S BUREAE RIS B B AT T
AT LA SRR AR iR AT BRSO TR

M3 AI LI, CW6 - M3 4 3K L, 1R ZEH)
RANE/INT TRV RE R RS B H R oA P AiA% X0 L,
22, HAT IO B o 22 i T HAl PRI A% 5, X S ke
T B BT CWENO6 A% 2 114 %30 B € 1/
WENOS #5, {EAFIERIAIE, 24 AR B I (R
3CH N > 400 ), CWENO6 #3411 508 5 1ok
WENOS #2XT RE 5 21 1 foe A BE

B -1,1 ], HA5m s s
(1,0.1) (x <0)
(ptt,p) :{(0. 125.0.0.1) (x20) %)
THEEETE] ¢ =0. 438 &R HLLC J7ik,
T SEC N R T o3 WA U AN ] A R
THIPEREFR L, A SCIEHL T N =50, N =200 B &
W& AT, Ha TR g R an e 3 FiiE 4 s
—a— WENOS5M 50 pnts

CWENO6 50 pnts
Exact

06}

05}

04f

Density

03f

“
N
=8g
02} {

0.1 o (@}

Fig.

0.6
0.5

0.4

K3 Sod B IR 458, N =50
3 Numerical result of Sod problem, N =50
— o WENOS5M 200 pnts

CWENO6 200 pnts
Exact

R1 OW5-Ws K L, RER
Tab. 1 W5 — W5 Schemes L, errors
N L, error L, order
50 8.207¢ -4
100 2.230e -4 1.880
200 3.729¢ -5 2.580
300 7.121e -6 4.083
400 1.851e -6 4.682
F2 W5 -M3EK L IRER
Tab.2 W5 — M3 Schemes L, errors
N L, error L, order
50 8.207e -4
100 2.289% -4 1.881
200 3.728e -5 2.580
300 7.120e -6 4.083
400 1.91le -6 4.571

&3 CW6-M31&R L, REX
Tab.3 CW6 — M3 Schemes L, errors

N L, error L, order

50 7.486e -4

100 1.860e —4 2.010

200 2.476e -5 2.909

300 4.527e-6 4.193

400 9.823e -7 5.535
4 HEER

4.1

BN T BB TTX B Y AR AE

— 4 Sod FKE B
Sod A5 T i) ek — A8 A ) A, G2 ) AL

o AKX

Density

03f

i
02}

0.1 - @

K4 Sod BB I T HE-45 R, N =200
Fig.4 Numerical result of Sod problem, N =200

M 3 T 4 aT LU B RUAR A3
PRI YO 2 FS % . T Rl RS T
PR AR K AL (07 B A) 4 fih 8] WAk (o7
B B) ASHPAL (i C) BT R A R BA K
REZES o RIS, ARG X B T 4
U AR S0 A R TR T 20 B R, 3 U W] 25 97 Bl 4K
Sy SRR PIARS SRR B AT A RAHZE AR

EAF AR N =50 B, 76 58 2061 1 X
I, CWENO6 #% =0t 3 1 /0 ¥ 14 %5 {8 I8¢ 3, i
WENOS #5205 th BUX R B 5, 2 5 A X e
TR DI, DA RIS, I 5% bR
BN ] RE T B AS 2, TSI T A4 3
MEUERR 5 . 1E N =200, CWENO6 %3 A i BH



3 ]

Wik, 55 A BRI ool WENO 4515 0 1

YRR , X e T PR 3 0, thao s 2L
B8RRI, D 55 3 Y o [R) B, X — IR G2 A 15
FEW B ST TE T, CWENOG #% X iy 48 48 1 %2
55T WENOS %X,
4.2 —HHFKEZEEKTHEEA

55 Sod i ] AN [R) , — 2 00 2 Bk T
PLIEAAE E THBUE RIBA & T 2 221/
JEWe 5, — M T2 561 A% 0 T —4E ) Y
(B T3 53] 2R DA B /N RO 45 4 4 e, HoA 3
wr

(x< -4)

——
\1"\)

7 4./35 g)
9 3
(p,u,p) =

(1+%Sin5x,0,l) (v=—-4)

(39)
AR -5,5] A E = 1. 8,38
SEIFEAE A HLLC 53 i3 808 N,
E 5 & WENOS5 #% LA K CWENOG6 #% U 7E N
=201 YR EELE R, Bl 6 R FiRES RAE N B B
AR SRR R R, T A R WA AR SUAE N =
401 W7 B A SRRl . B T IR AN A E
TERFNTE, BN = 1801 B, WENOS 4% 21 45 SR AR
SRE R

Density

15  Exact
[——— WENO5Map 201 pnts
1k CWENO6 Turkel 201 pnts

P N ST S N NS TSN SO O N N S T U T
4 2 0 2 4
X

K5 B BT IR R4 R, N =201

Fig.5 Numerical result of shock entropy wave

interaction, N =201

MBS FRl UE h FEAAAE IR A fidt,
CWENO6 il WENOS [y 25 5 AH 22 A K, X BB 7E
)5 A CWENO6 1l WENOS % 2 1 8 itk 43 9
RIARA Y, X — 555 Sod [w] S 3 12515 — 5K o
AR X B 2 A B 0 15 A J 8 B W 3h 1Y)
Bk, X B J& — AR /N RORE $22 fish (7] 7 1) IX
5. MK 6 WA, B THUEFERUN, CWENO6
6 U IH WEE R 2 (1) 3 BRSO 0 T o |R T izab ik
JE Ay AT IR GG, PR R AR BT - 78 A% B 44

Density

— WENOS5Map 201 pnts

25 F CWENOS Turkel 201 pnts

24

PR ISR R IR SN SR
0 0.5 1 1.5 2 25

X

F6 s B B AR 45 R N =201
Fig.6  Numerical result of shock entropy wave

interaction in zone B, N =201

Density

28F

o Exact
26 ——— WENO5Map 401 pnts
24 I — e CWENOG6 Turkel 401 pnts

P ENEENEE ENUNENEE ENTTEE STV AUV S RN
0 0.5 1 1.5 2 25 3

BT s B TR R B AR THEAEZ IR, N =401
Fig.7 Numerical result of shock entropy wave

interaction in zone B, N =401

D (R A B 6 T /0N IRUE 2% fll [ ST 4 40 B E T
CWENO6 %55 F WENOS #43%,

ME T AfLLE 76 N =401 B J b A% 20
SERAIY— B I A S oy B . (HTE
SE— A AL, WENOS % 3K 1) 25 SR A7 4K 506G o
FRATAE—E 25 XU, BEE AR B ABs i,
PR 20 22 052 i L, CWENOG6 4% = AT5 84 1k
TS B 5 k] T 40
4.3 BIAMIEA

Al & B AU T2 5 2 4R B0 R 25 [l A5 5X
PR BE 7 DA S s ) g AR e Pk i 2 i )
2 ik — B A ) % R BN R L IE
Wl SR S 2 R Bh A . AR SCR T
THEICR0,3] x [0, 1] HTE 25 (0], 7€ x = 0. 6
Wb AFHE—5 0.2 A B, R Dbkt Ma =



S 12 - (FE TR SR S AN S

536 &

3.0, AW =4, 0, @ B8 )7 Xy HLLC Jy
o MKEEEE h=0.01,

&l 8 A& 9 43 5k W5 — W5 8 LA & CW6
— M3 # G 25 SR 10 2 T A (AR R

X
K8 RiH B IE W5 — W5 #4205 B S5 £k 15
Fig.8 Forward facing steps, W5 — W5

schemes density contour

K9 HiI G B CW6 — M3 % B AL A
Fig.9 Forward facing steps, CW6 — M3

schemes density contour

RAE R B, % IE W DA B 5 TR, PRI
SBRBI 22 91 R A , 45 Flks A B T 486 19
VR AR IR SR T 2 IR BULE - BE R
S A ST B R BE TR R 5 4 4
WENOS K275 5 S 22 15 CWENOG6 4 75 51
HOM RS RATTE RO W] 25 5 X — 2% 5 LS
PR R T S5O T 7 A7 7E 9%
CWENOG6 4% 247776 32045 1 43 16 I S 0 T
WENOS #3055 — 38 S ST 6 A+ 01 . 3
DA E AR HT R AT AS M 2 B R 22 0 45 30
FE ) E2EBIIEAR 140 B3, (LR XS F B4 4
BERE ), CWENO6 52X B (L F WENOS #L,
4.4 WDHEEENE

ARSCITR R AU S 391 - Woodward ™
a5 N, FOEON[0,4] x [0,1] RATH 5
25,0 =0 BZI7E « = 0. 166 [ A7 1E—il 5 «

5t 60° I A 1 A7 AT IE 00, U T H R 4R Ma =
10, TFEEfE ¢ =0. 2,58 & 115 7 A8 HLLC J7
I IS R 1920 x 480,

UL i 2 B [ R — A 38 A e S R E R
— B RLE  RE AN I T AN B 45 Bl s 2 A
AL T AR ROBE 3 Sh 45 4, 02 7% 5 =Xl 8l
PELL RN 22 RUBE 2 % i sh B4 RE ) 1) — S 2%
55

& 10 FIE 11k W5 — M3 4% %, F1 CW6 — M3
ARSI AE X [2,3] x [0, 1] 5% B2 {H
S

-
0.8
06
04

0.2

BI10 XUyl ST, W5 — M3 s 2 B S5 (2R A
Fig. 10 Dual Mach reflection, W5 — M3 schemes

density contour

BT Bk S T, CW6 — M3 s 2% 5 A5 fE 2R AT
Fig. 11  Dual Mach reflection, CW6 — M3 schemes

density contour

SIMREE S AT AR B RIS 28 4 )
[T RIS 2R BT TE L5 . A TR L) R i
FoLR 07 B 55 SCHR P T 9 285 SR AR — 3 il
IR A% 20 R i Sh 45 A R R AHZE AN R

X TR HAR TR 245, WA 2 10 22 B4



3 ]

Wik, 55 A BRI ool WENO 4515 0 (13-

N W5 - M3 A%, IR ROt . CW6
- M3 kg AT R RS L sl B T
X—BR KU, CWENO6 4% 23 77
BER A WENOS A% 2UAH 22 A K, WAl RS X34 RE 4L
B AR e ROBE AR S B0 1) 3l 45 1) (G i S 2 1)
RELNLE) o e/ 30 25 0 1 il R BE 77 1
(3 B 2 /9 BRI 25 ), ROfE FE BB/ 1Y
CWENOG6 H 27 PIA% A R i R B AE

5 #ig

ARG PSS 1] T —F 6 B A%
X5 5 B WENO #%20HISE & iR A+ X, il 5
AZE MUSCL 1) A& B 07 5, 5 kG B s =X
A AR S T RO A BR AR BRI
AR, B IUERG] BB LLT R

D)X FH MR R SIS, CWENOG6 #% =X
55 WENOS #% TGI8 7R 73 9 563 S H fne [7] 1y
PR 2RI K . CWENOG %201 WENO 5
6 O R RUEE I sh 4540 70 B RE Sy SR — 30, Xt
T BRI B0 DA S R 0 R RUBE S5 4 i ) LA
L, WENOS J7 ik ] IS B4 4y i 245 3L, Hod
=Y B B I BERG X 1 BV E RS i A
T,

2) M TFREANE IR SIS, Rl e 2 RE
sl . WENOS A% =2 BB R 23 6 3 /R
BELERE A R B T A PO AE . CWENOG6 #%
2l AT T O R B 1) T A% U S X R
P 4% SBUE RSP R  B HFAE A WENOS
FEEE . EAH F AR ) 45 44 CWENOG A% X%t
ANIRUBE R Bh A5 44 1) 53 B RE 1 o w8, R S e X i
2153 HkBE S CWENOG #% 022 B 1B ff T WENO5
Moo T I BB e 2 RUEE &2 4 i sh i)
BB, e /N RUBE K B AS ] 200, R FEAR(EL K
P /INE) CWENO6 4% 5K Lk WENOS #% =X 5 fE
4 S WS 3 (R 3 S RFAE

3) CWENO6 #% 3 & He 2255 F WENOS 4%
Ko W FIF I REASRE T8 2 0 12 il B (EUAY 1 1)
FIN, A AT IT (6 3 X 38k CWENO6 4% 28 Al i
S —EWEAEY IR . X T CWENO6 45X,
TT 5 PR e 3 SR, AR SCRR B T O R 8K,
W EE I K,

2 % 3R ( References)

[1] Shu C W. Essentially non-oscillatory and weighted essentially

(3]

[4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

non-oscillatory schemes for hyperbolic conservation laws [ R].
Advanced Numerical Approximation of Nonlinear Hyperbolic
Equations, 1998 ,325 —432.
Martin M P. Direct numerical simulation of hypersonic
turbulent boundary layers. Part 1. Initialization and comparison
with experiments [ J]. Journal of Fluid Mechanics,2007,570 .
347 -364.
B, e, EAIER, 5. Mach 8 FY-ARAT IR 46 i U2
SR EERER AT T]. hERRE . PR Ji% R
2, 2012, 42(3) 2 282 -293 .
LIANG Xian, LI Xinliang, FU Dexun, et al. DNS and analysis
of a spatially evolving hypersonic turbulent boundary layer over
a flat plate at Mach 8[ J]. Scientia Sinica Physica, Mechanica
& Astronomica,2012, 42(3) ;: 282 —=293. (in Chinese)
Lele S K. Compact finite difference schemes with spectral-like
resolution[ J ]. Journal of Computational Physics, 1992, 103
(1):16 -42.
Ren Y X,Liu M E, Zhang H X. A characteristic-wise hybrid
compact-WENO scheme for solving hyperbolic conservation
laws [ J]. Journal of Computational Physics,2003, 192 (2):
365 -386.
Deng X G, Zhang H X. Developing high-order weighted
compact nonlinear schemes [ J], Journal of Computational
Physics,2002, 165(1) ; 22 —44.
Mattiussi C. An analysis of finite volume, finite element, and
finite difference methods using some concepts of algebraic
topology [ J]. Journal of Computational Physics, 1997, 133
(2):289 -309.
Henrick A K, Aslam T D, Powers J M. Mapped weighted
essentially non-oscillatory schemes; Achieving optimal order
near critical points [ J]. Journal of Computational Physics,
2005, 207(2) :542 -567.
Johnsen E, Larrson J, Bhagatwala A V, et al. Assessment of
high-resolution methods for numerical simulations of
compressible turbulence with shock waves [ J]. Journal of
Computational Physics, 2010, 229(4) .1213 - 1237.
Jameson A, Schmidt W, Turkel E. Numerical solution of the
Euler equations by finite volume methods with Runge-Kutta
time stepping scheme [ R]. AIAA 14th Fluid and Plasma
Dynamic Conference,1981:1981 —1259.
Titarev V A, Toro E F. Finite-volume WENO schemes for
three-dimensional ~conservation laws [ J ].
Computational Physics, 2004, 201 (1) : 238 —260.
X, FBEAE, $PIE. dEZ5HSh AR TR ik - MOHER
FIBE AR AEA P RN A M. Kb [ B AR
S ARAL, 2003 :46 - 54.
LIU Jun, BAI Xiaozheng, GUO zheng. The methodology and

applications of moving boundary problem simulations for the

Journal of

unstructured moving grids[ M |. Changsha; Press of National

University of Defense Technology, 2003: 46 - 54. (in

Chinese)

Woodward P. The numerical simulation of two-dimensional
fluid flow with strong shocks [ J]. Journal of Computational
Physics, 1984, 54(1) :115 - 173.
Gerolymos G A, Sénéchal D, Vallet I.
WENO schemes [ J ]. Journal of Computational Physics,
2009, 228(23) :8481 —8524.

Very-high-order



