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Fig. 1 The scalar transport problem of a swirl velocity field

$1.0544

¢
EI.OO

N\

(a) HAHE (b) St Mg

(a) The upwind scheme (b) The linear upwind scheme



HT A BRAFIE I AR S5 RS RIS BT AT 1133

11
-

(e) HubZEsrHs K (d) FRHAIFL 22048
(¢) The central difference scheme (d) The limited central difference scheme
2 o FEARFER 22504 20T Bz
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Fig. 4 Nonorthogonal treatment in the over-relaxed approach
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Fig. 7 Comparison of cases with or without nonorthogonal correction
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Fig. 8 The scalar ¢ on the line from (0.5, 0) to (1.5, 1.0)
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Fig. 9 Comparison between correction and correction with a coefficient

|- ]
:'D':C’:'D-ﬂ_ﬁ.\. ,,\,.1\
08 N .A,i?:\? S~ :C‘ N [
/‘: '\-\7 i¥ ’ ~ \/
] W NG
0.6 \\'f('?@
¢ K‘E‘\QG
o
¥
0.4 %
I -—- corrected \\D
== limitedly corrected 0.333 \DP
0.2} o DNS \D
| - - uncorrected \
‘ DI L o
0 0.4 0.8 )
X

B 10 /5(0.5, 0)FE (1S5, 1L.O)LRE I ¢ Y5
Fig. 10 The scalar ¢ on the line from (0.5, 0) to (1.5, 1.0)
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v =9, (26)
Hr
X’ v
fyl =X3 n C; ’X :7 (27)
vl
WoRTS v, JHSexE o SR R FH Spalart-Allmaras #i58 # 57 6 F oaG ks R BOF L,
D71 5 AN
D=LVl #5) VI GV 4G5 - Cmfw['i] , (28)
o d
/\l$I
. 7 X L+ G\
S=I SI+F¢ =7 =1- D m = - 5
fVZ (Kd)2 fuZ 1 +fV1X f g[g() + CS)3
7 _ _o
g+ Calrt =) r =g gy 1 8512 0,007, (29)

o (aal auj
0 =— -1,
) dx; O,
JrFR(28) A (29) S HBEE I3 1 R T2 (28) iy d Fom — i K B KBRS0 T AR A Y

DES #8, d 4 RFAE X.
%=1 Spalart-Allmaras DES Si#1 5415 & (26

Table 1 Constants of the original Spalart-Allmaras DES turbulence model 2!
g Cy Ci G, Con Con Cos K
2/3 0.1355 0.622 7.1 Cy/K? 0.3 2 0.41

DES A5  3F Spalart 5 Allmaras' > (1) RANS #5875 5% 7 B 1 b 2% F RANS #5555R i
FEIm A% O X 2 H LES BECR . H: LES Bi0M RANS A5 22 6] (4046 v i i 1 B RBE d 1Y)
AR 5E J M Piomelli 2512 Xt DES B & N % dff e 3L .

d= gm:s =min(d,,CpA,..) , (30)
K, d, 2 A% S BE T ) BPE BT A ROR Y AS RUBE, X T ARSI A% LA, =
max(A,,A ,A) , ZHFH C s = 0.65.DES BRI B G - 2 52 B RE 1 R DES #RLZE
5 EMA& R0 TR T RN A A T RANS-LES Z [H] 1y 44k,
43 RS EHREE

1E DES FAif | & @12k i) DDES( delayed detached eddy simulation ) AU 24 S vt v K BE R
JE d AT T BHTAYAE SR T DES ASR A% 5 500 B B4, DDES REASAG I 213 512, B
2 A% [ FE A 3] T RANS-LES %6 # b5 1fE | 0GB 98 75 11 5L 2 R DR IE 58 4 1 RANS £ 2.
DDES ##I T d (5 X .

d :3DDES =d, - fmax(0,(d, - Cy0)), (31)
Hrp
v, tv
ry, = ,
' max[ /T, U, 107] iPd (32)

o =1- tanh(Sr(1)3,
XH, U, FoRE R r, TEXECR N AET 1 AR XA T 0.5 DES BERE SCRYE R
J¥ d FHE, DDES 581 K R dppe AR T RIKS 385 10 K574 5.
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4.4 YHHIEIRS BiREE

AR SR FH PRI A SE IR 43 B AR (improved delayed detached eddy simulation, IDDES) %7,
IDDES I REASTE DDES ASERYFIBE [ 9 W AU 2 8] 4 46t , 3ok P 5 (g T — > 28 A0 1 I R0 A%
K E N d XA EHTE X d 805 55T DDES WA E SR E R dyp o B0 55T RE 1
BRI SRR RE RUBEL 2 it Ut A A I, B SR i B2 (R 1) I s 73 3 JE LA B LS AR )/ RUE
T | BE T R AR AR A £ i & IDDES $i i K N d I 3L

d= 3u)mzs :J?d( L+ f ) lgans + (1 - ]7(1>lu:s ) (33)

Horp
Leans = @y 3 Ligs = CopsbA; A = min(max(C,d,,C A, ,A,, ) A,..);
JN[d =max[1 =/, fz];
fu =1 - tanh[ (8,)°]; f, = min[ 2exp( - 9a%) 17

d.
a=025-—" f =max[f, - 1,0]4f,;

hn]ax
h _{26Xp(— 11.090[2), fa =0,
" L2exp(- 907, ifa < 0;
fo =1 —max(f,, f,); f, =tanh[ (Cir,) ]; f, =tanh[ (Cir,) "5 (34)
Vlf
Ty = = w212 5
(de)2max{ > (j ,10"0}
L y axj i
_ v
Ta = r ou) 212 5
(de)2max{ Z(‘j ,1010}
EANCETY
1-C,/(C,k’f)f
¢2 - min{loz , b1 ( wl £Z )f2}
max(f,,,107"7")

XPTITRE(33) FI(34) AE LI E, A, RABETNE LT 0] 1) A DA R, R SR A
M HAAH RSB 2 TR IDDES 254 T DDES #5588 FEE [ KRB R W 0, A
G2 LN - T IER 1240, 2 K VL TR
% 2 IDDES B! Rk EE
Table 2 Constants of the IDDES model

C, C, c, f:
3.55 1.63 0.15 0.424
4.4 EEHERE
1£ IDDES BE [fj pR O R G 2 7 v | 3E B4 ML Spalding #5117,

1 N 1 1
y*=u+E|:e"” -1 —Ku+2(Ku+)2—6(Ku+)3J, (35)

HHd, k =0.41 /& von Karman 'f%'i!‘ﬂ(, E =9.1 7%7%"7%(, HHA, B — A% 114 TG o 2K B y'=
you, /v, TENHE u* =y /u, , HA y, REREETH ) B ES, a, 2V B AR, u, SRR
WP,

Spalding B PERUEADGE T XA , il TR VR 2 A I, Mot A E.G
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y " JREBIE /N (B vt < 30, FE BTN ) XA R R AL R, REORIIE T YRR
IR (y* < 300) BEREMSIH 2 2R,
4.6 Re=1.14 x 10° THIEEH = 4/ BREF BB

L e IIKYERE v = 1 x 107, Reynolds 3T Re = 1.14 x 10° F fUEE # =4/ NREET IR
Yy aniE 11 (a) Fis RS = 4E5id , WA K04 5 i 8 F Netgen BTV HEDE: L RS B8k 3.3 %
10° A, 4 11 (a) s 5 NER K T PIAR L 67 312 A, 4018 11 (b) 7R, Jo ik 4055 — W K& BH 55
y* < 300, PSR KA IEZE M EEAS KT 55°, AR IE S M B R KT 300 R TG T3 2k,
INEKEFE D, I 11 (a) s, BEASIRR T/NRGER RS X EUE xe (- 5D,15D) ,ye (- 4D,
4D) ,ze (- 4D ,4D) ,Fi3H K/ 20D x 8D x 8D /NERAL T x = 0D,y = 0D,z = 0D Ab.Z5ARii T 1Y
WFoE 4 5, AR BR #5022 43 MR IE A IE AT N-S i REdE 474 FRAKRR B 1 st ) A 2 e 8 s
] B 25 3 Aa X A EAS e R/ Ak B Sk I 3 R,

F3 DRGSR

Table 3  Discretization schemes for the sphere flow model

discrete scheme interpolation scheme
9/t backward difference
\% central difference least squares
\ central difference with a TVD limiter least squares
v?. central difference with nonorthogonal correction least squares

& 4 IDDES JORBUUT iy/NRGEL A 41
Table 4 Boundary conditions for the sphere flow model under IDDES

velocity u pressure p subgrid viscosity u, eddy viscosity coefficient u
inlet 1.65 zero gradient 2.7x107° 2.5x107°
outlet zero gradient 0 2.7x107° 2.5%x107°
sphere 0 zero gradient Spalding’ s wall function 0
other symmetry symmetry symmetry symmetry

NFFANTR 4 IR u, /D = 0 WG R SRR uy = u, = 1.65 Jad/MK, 24
w, t/D = 30 WMAIAFIEAFL E A 12(a) F1 12(b) s, /NREBR XK BT Q R #EE,
IFUE 2 TR T R IR B , 3X 5 Taneda' ™' B9 5256 WS & — B0,

[F] 43391 5R ) Kraposhin 25 [ 2 M 8 35k o0 2243 R TVD Bl HhoCs 22 43 9 364 1 G ] 13
B MR T s BT R BB AR R IR 5 , X T AR S5 R S IR BRI A TR E.

JE 3 R FE AR R AR P AR 22 U B DL AN R 14 (a) BITZR , ERE SR @ W, JE 1 31 55
e A AL
4.7 INKZASH

T X INERIEARAZ T LA T A3 BT R MR Th /N Bk 3Z Bk A TR VE R D0, % F/hek
(AR SZ T IE L, T Xt/ NER I BE ) RBGHAT 0 Bt /N ERGE T B R BBUEIT R A, €, =
F./(0.5p u’ wD?/4) , i D /R EAR  F, 2/ Neksz B ) x J7 1) 07 1) VE P 0 4 k5
RS R B R ECE I 0.159, 1R 0220 BIBE ) RECTE-34 R 0142, SEEGA V- H{E &
0.14. 7] UL 20 KU XA RE RS i 1 /N ER A BEL 5, BRI rvcs 25 34 X A B g 2R 50 42 30 5
B 45 AL R W/ NER AR AR 3Z J7 1 0 R S EGAALHE T R BRI J5 5 2 80 LR A i g ¢
=F /(0.5 u.wD/4) ,C, =M/ (0.5p ulwD’/4)  Hh F J2/NeRz B0 e fE M, )2
/INERSZ B AR 0 KL BEL ) 2R 85 T 0 FR BRIV AN J3 i 22 5Bt o 1l 1) v 28 Ak it Ze an 181 14.(b) F



1140 [ <Y *x BOHE 4

NG I AER BRI/ NERZ B T — A1) B THD [RIESS 1/ INsR— NI B O RF A 3 5.

(a) /MRS IS S (b) /BRI RIA%
(a) The flow field mesh for the sphere (b) The surface mesh for the sphere
LRI EZE R
Fig. 11 Flow field and mesh
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(a) The illustration of the flow field and vorticity section ~ (b) The vorticity isosurface under the Q rule

B 12 Rk
Fig. 12 Wake vortex flow field

(a) Kraposhin ZHE I8 h 0 22 704% 30T B9 e (b) BRI 022 53 T B R A i

(a) Magnitude of vorticity under the (b) Magnitude of vorticity under the limited

central difference scheme
B 13 KIRAEILT BFo i 22 004k 20 i
Fig. 13 Comparison of 2 convection difference schemes for large eddy simulation

IR R INER SRR A2 S A I HEA T A0 BT S W NER S R i % I E I S T E REIE A
C, RS IREL C, BRFE S REGE X ,C, = (p - p.) /(0.5 p_u ), NERBARIE 1 HOFEJy
FEU AT INIEL 15 (a) BRI XS 2R 1972 F1 220 Achenbach!'™ [ S256 AT 4
BEAEFFRIX (¢ > 120°), BRi 0220048 25 290 B V)& 1 A AR R HU#, Rl 18] 15 (a)
WARE T Constantinescu 253 (93145 5. 5 Constantinescu 25 1931845 540 Lk IR 2t RAE 1Y
DX B 23T LS 7. X e, 36 2 B8 R R IR B U2 AT A T 19,

XF ORGP AA SR, Sy 5 32 3 1 B0 ) o3 —A> BB S R0 e T RE 48 ) R R AR 7

filtered linear scheme
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C =7,

/(0.5p s ) FAPEEREESES) 7 = (ou/dy) | o/ ERGN I EIT] L FYJRE 38 7 IR Koy A

NP 15 (b) Bz BT EEE ) 5 SR A RE A IEA — B (B AR/ Lad A P 22 52 B2 1
55 Reynolds T, BE 1 BE 82 0 76 G B 7 T o3 LUTRAR /N i LR B0 T 580 B 1 2 4 ) ) 1%

R

C,

+:
2

I E BTN .

(a) FREHISKL
(a) The residual

(b) BHIT 2B, T3 2 BORRTAM 3 5 3R 4L
(b) Coefficients of C;, C, and C,,

B 14 FREMEAZ N
Fig. 14 Residual and general force

1.5p = linear upwind 5r 00 « linear upwind
i > limited central difference I o o * limited central diff erence
1.0, o by Achenbach B3] 4r 5 % o by Achenbach®*
N by Constantinescu et al.B¥ oo °o o by Constantinescu et al.B¥
0.5 3F ° o
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(a) The surface pressure coefficient (b) The surface friction force coefficient
B 15 R0 H Jy R 452 7
Fig. 15 The surface pressure force and surface friction
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LES Discretization Methods for Unstructured
Meshes Based on the Finite Volume Method

XIONG Ying'?, GUAN Hui’, WU Chui-jie’
(1. Unit 91550 of PLA, Dalian, Liaoning 116023, P.R.China;
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Abstract: The LES of unstructured meshes is an effective way to solve the high Reynolds num-
ber flow around complex geometries. Firstly, based on the finite volume method, the discreti-
zation methods for the convection term and the diffusion term were analyzed. For the convec-
tion term, the central difference scheme with a TVD limiter ensured 2nd-order accuracy and in-
hibited the nonphysical oscillations. Dissipation of the linear upwind scheme was large and can
not guarantee boundedness. The central difference scheme caused a period of nonphysical oscil-
lations. For the diffusion term, the method of over relaxation nonorthogonal correction reduced
the discretization error caused by the nonorthogonal mesh. The correction coefficients were
chosen according to the nonorthogonal degree of the mesh. Secondly, numerical simulation of
unsteady flow around a sphere with high Reynolds number was conducted based on the im-
proved delayed detached eddy simulation (IDDES) model and the tetrahedral mesh. The limited
central difference scheme was used for the convection term, and the over relaxation correction
was used for the diffusion term. The least squares method was used for the interpolation
scheme. The 2nd-order backward difference scheme was used for the time term. The calculation
results show that, the proposed discretization methods are stable and in good agreement with

the experimental data.

Key words: unstructured tetrahedral mesh; limited central difference; TVD limiter; nonorthog-
onal correction; correction coefficient; LES
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