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Multiscale model for incompressible turbulent flows

DONG He, GAO-Ge, Ll Zhi-qiang, TANG, Yang-yangs
XU Huan, BAO Xing-dong

(National Key Laboratory, of Science and Technology.on Aero-Engine Aero-thermodynamics,
School 'of Energy.and Power Engineering,
Beijing University of\ Aeronautics-and Astronautics, Beijing 100191, China)

Abstract: A multiscale madel based on variable interval time average method and a set
of averaged equations for/incompressible turbulent flows were presented. Unlike traditional
turbulence medeéls, the multiscale characteristics of turbulent flows were researved during
establishment, “and more accurate prediction of the flow field was given. The credibility of
this model was verified through numerical simulation of the flow over a back-facing step and
the flow in an asymmetric plane diffuser. The reattachment length and the surface pressure
coefficient on step-side wall for the flow over a back-facing step were closer to the experi-
mental results than the results that calculated with the standard k- model, which is almost
20%. The error of the position of the recirculation zone for the flow in an asymmetric plane
diffuser is almost 7%, and the error of the frictional resistance coefficient on inclined wall is
almost 5% , while the flow separation could not be predicted using the standard k-e model.
Results show that this model is suitable for separated flows, and gives a more accurate pre-

diction of flow field, so this model is useful in engineering application.

Key words: turbulence model; multiscale; variable interval time average;

separated flow; unsteady

%5 H #9 : 2013-06-21
P 28 H R 3t 3k : hitp: //www. enki. net/kems/detail/11. 2297, V. 20131111, 1602. 007. html
TEE BN 881986 —) 3B AT TIL AL A, TN i B F 5.



2686 W o2 @

i L 2 7 I 2 A JoU 3 W PN O A B S L i
3l )8 T REAIL L AR L i s 2 i B R R AR )
L e 0 A2 B[] R0 2 [] 67 A S R D e S, T LA
BT TE A B T R 2 ] A RO v L B i
T AR 8- 3 5 ek AT S B0 R S
1B — R, OC T ik & 0 4E it L 48 1Y 2 R 2EF
By A i U AN 8 A0 i b R A3 ) e ]
Hyrnas [F- Bk AR R 7 5 R RO 2
Navier-Stokes 77 & X§ F A~ 35 [41 301 55 45 b 7 19 4b
B, Z & H] Boussinesq $& #9108 B PE R . R b
PEABBCHS 70 1 %6 B2 5 T I 8 R 2K L B — 1
RS MR BE RUBE b 3 109 4 2R 0. b AR s 2w T
it 90 Wk 3 1) 22 ROBE #54 , IR G, Hanjalic 2585 #2
it At P R BE AR AR SR T T 148 B N 3 2 XU
FERIARY 7E FCE T Y i R o, B R 1 T 1
TCAN A8 A 18] S 2 ok AU 2R 257 2, DABOL T
T AR E i U 0 45 SR 00 T A PR ORI Rt
A bR BIGE T+ 1 1 5 125 1 & ok AR IBCT
DA B2 e i i 22 IRURE ) 5 28

1 EEIEST
1.1 SRETH®

TEGETT V-2 v, AN AT 46 58 i I 1Y) T JRE R
Je 58 ] L3 fifk 9 24 22 bk 3l i 2 Al

w =\(w) + ul &)
p=Cp+p (2)
Horp
(2"
(u;) = %Lm[?ﬁ) u,dt (3)
(2T
(pr = ,}gg[ﬂo pdt} 4)

2 (3) 2 ) AR BRI 12 1 IS 8] S 247 7 S B o ]
L RS AIRE] T — oo By &A%, R 7 A 4
K B[] 5 2 58 30T L. 4 B8 b Bl 43 i I 9k L wT DL FR
Navier-Stokes J & 43 il 15 2 °F- ¥ iz 3l 7 7 F ik
shiz gh i

I u)

7%, 0 (5)
d{u;) I{u;)
9 + (u) oy,
c % Huu'
LK (w? I uiu;) 6
4 d x; axlax/- axi
F/'u:» B
Ix 0 D)

IR I % 28 %
auf f)uf /"7<ui> o
PP + {u;» aijru]- I
1 ap Pu;  Juiu; | I uiu)) (8
0 Ixi vngaxj 9 x; d X;

Kb o IR v NI TRE.

1 G0 B W kT TR T, B AE L3RR R R
T >, 388 2o A 2 it Y 3 3 1) S LB R B RUBE
K ARAR T Uk 1) T8 2 R 2K

AR S T 34 5 i W LAAR B B — ) R R
JEE A B RUBE . SR — oA A i U 4 Bk 3l 6 5 1
AR W 118 i 8 R S L AN [ R BE 1Y i it S B AN [
A9AE HT S T L i U BE AR A R AR LA RO G
P Z N0 B RO A% D B AR AR BL 5 4 1Y) 0 45
(15 T T BE A2 U 3 A B AR 42 30 T i I BE i 1 3
A3 A R A T AR AS AT X T R SR LR DA
LA o3 B Bl B RE RERITEAE AN REAS 2 A
EEN IR TR = W1 i i (Vs P = E N R 3]
i 5 I [H] o5& BBAR 4 L S0 AR 224 i i
1 s A0 S S 1 5 A SR AR R B G
BUH R R B 2497

AJ ZAE i [a) 8] B OF 3355 (variable interval
time-average, VITA) J&— ik I i i 748 A& i A2 19
Z MR B P eth Blackwelder 1 Kaplan fE 1976
SRR SR I VITA LR A B AUE Rk o f
() T i K 20 07 R 1 >4 b 1 18 O MR (A L R AR T
GBS YA BT A I 20 A et AR

B E i Ui 320 5 25 v i — A A ] 3 E ik
By B[R] 8 0 X

(1 T) = iTJ:__ w (D dr 9

SRR N T R o M v L AP A S L o
B H L AE Tcoff, W o i [E] -2, 78 T—>0 B,
WS B = RSP 3, SF- 24y B Oy W B AR B

PR S AR SEAS AT s 48 i 3T F) 38 J3E 0 s 5 A LA
IR AN J7 3o il

wo= (u)+ >, u (10)
=1
p=(p)+ >, p" (1D
I=1
/\EP
1 ("7
(w) = [ wae (12)
1 1+%
(=17 par (13)

1.2 ZREFHELRFE
RO XA ML AD A UE S, FHE



#1244 HOEAE R TR A i I Y 2 RO AR 2687

A AR SE. AR VITA Fik. 58 0<---<<
o Lol Lyl <=1, WAER[A] o T P XF
Wk B S R AT T S AR 0 T B A, S AE RS [R] T Py gk
1T V2 3RAF 10 - 8 e AT AT R 58 4 A ). PRtk
Al RLSE L

1 1+$
<u,'>1 - al_’I‘J[,%uzdt (14)
1 H’i
<p>I::E?fJF¥;pdz (15)

IR RS 1 BT, 7T LR L 1= 0 B
w=1,2L =T mcp, monte gy

Biig s [>oolf, m—»o,%—»omu»m HCpyo BN

R S BRI AR 38 G W s . T O A s ] S
Y07 1 5 B () 285 DD AH OGS S AN AR ¢ 1 R AR
M H 2 T 0 eR L 5 1% 58 78 o1 4 5 1 8] ¢
ANTR] i ATE st il b i i) i O A L A B E A
B2 171 53k T G b 00 I R . S 20 R
AT AR Ry 75 A6 A5 5 v 2 2 U8 A 1 A0 i 3 R
Sy S 4 o fil 22 WA
EXE ITMSHE I—1 M P EZ2ZNE T
Wy ok 2l 1, B
u” =<Cu)y \— (w) (16)
PP = pdr = phu (an
=X Qo) A=l (1D ] LS hy
wo= (u)y + Dou” =\ = u) A D) U

I=J+1

(18

p= (Pt D p" = =py+ > pP
I=1

I=J+1
(19
ga[ D] —0.[ D) p0], —o0. f 1<J
I=J+1 I=J+1
R 24 a7

FrA6) M (A7) 8 A Navier-Stokes J7 2,
] L5 %)

AL (20)
d x;
du;) Huy;, 1 I(pyy
B +<u,>y —ax,' = 0 —(,JXi
(72<u,->; J D D
v T o u; u;
J x;9 x; axi[(xgl >(I§1 ! >:|J
2D

X u”ul Y ¥ S e B ks i D )

HCu"uitY ) e = 00 ARAI 2D D) i 3 B B
WA T RS

Ky _ (22)
d x;
2 u) Huy, 19,
at +<uj>] axj - p (,]xl

vaz(ul>} -~ Z QTS THEN (23)
Ixidx;  Ix; o

1 1= ]+1

MR T P B L% T —1 P07
FEARFIE T B bkshJr i

du'?’
A (24)
d x;
Ju” du” ) w)
91 + {u) (7xj + u; (71']- =
_ 1 ap?” vazu(il) —iuﬁj)uﬁ” _
o Ixi dx;jdx; Jx;
aJ 2 <u<1>u(1>>J+iz<umu(h>kl
(’)x]' =441 ! (f)xj I=] /
(25)

BERIH T =0 B, 25 0 WY1 7 TR 45 20 B
B R BB — > Culhu ™, BIHT % T 5 5 T 1y
v 1 T A T AT 5 IR ) 0
YRR EETS T4 Rl P 3
1.3> HBEIFIE

NE T GRS R R G T B
Tk F AL u L FEE T B o Bk Eh T R
ETLL L FAATIE 0 BT B IR AT

gk & 45 9 W] LA 3
ﬁk(D akU) L DD a<ui>o
at +<uj>0 ;}x}- = <u,’ u; >o axj +

J [—iﬂ)”)u;”%*%(Lé”uf“uj”)oﬁt

J x; o
(’)k(J) au§_[) (’]u(_j)
_ 1 3 26
Y ax_/' ] |:ij 9xj :|o ( )
Hrp
RO = %;<uw>u$”>0 27)

FRNE T B 3 fE.

0260 AT LLAE AR T B i 2 BE i 12 J7 12
S AL G- T AR B I T 3h g iz 75 AR e B XL
SER AR 7 R A i o — TR 5 T B i 3 RE 9
I, J5 R A S o U A R SN, R — Fh
B PR O ER T B i 30 BE AT BT, O A A i A
Ja—TA T i 31 E B AL B, (E 2R T B 3
AE A W41 2k



2688 it = 3 71 % %28 &
L x1 BEEHE
Ju? du” Table 1  Closure Coefficients
D = [ W cu } (28)
(’]xj r7x, 0 CLl) e o0 P CcYP
i1 e 45 AN S S 13, b e VA 7 A
‘ iFU:FJEEv ]F)l{ﬂﬁ/mﬁﬁlﬂﬁﬁiﬁﬁ[dhﬁﬂﬂ?vj 0. 09 0.9 L2 L 41 L 85
Wi i 211 HE AR BUF 1Y i iz 2 ‘
7 O 7 o 7u 7Z<u> C;lZ) (722) O'(gl) Cill) C:Zl)
ag de o nH ¢ O i’0
o + (ui)o EF ZV[ Jx, ]O Ix,9 %, 0.09 1.2 1.5 1.66 1.97
au(]) ;}u(J) au(l) auU) a<u>
2”[ (7xk a;C; 0 (')x, (')xj o:| (')xI:j o 2 *,;n;.%u kY *I:l
|:r7u”) du au<1>:| [azuw 2 40 :| - VoK
d x, ax Ix. Jo 9 x;9 X, 9 x;9x, Iy FKHAE E45 0 B 1 Navier-Stokes J7 F&
i[_z_v Ip" du” EAR SR ) 22 RO AR R AR 5 R i
Ixt el Ixm Ix o i 57
(’)u(l) (’]u(l) (J) (’]2 E(J) 5 '
d X, (')x, . (J}+vaxjaxj 9 %’?O: (34
29 AT LLE 3 T B 2 B8 #E 5% 19 T
327 R 5 5 22 D v T i R R B s o 100w
- . o T 0 + 2o .. 1 dChr
LByl R 28| = W v o< A R (YN 0 I N 2 R SN I x; p Ix,
B BCRTRE A 3 F BB L H A Fabs e
3= — 2<u u’, (35)

ST ED AR T T I e R
52@ﬁ 1 B K 0 I R L £ 4
(B AT

_ 2<u<1>u<1>>0 _ 22 (1)<S >o_§2km6y

=1
(30)

For o FRORES T B fi g 26 B L i E
(I)72
= c;”[kgm] (31)

C.V B R
RS hRiE ke AR B 7 X, AT 2
555 T Bl 5 RE S L REHCR i iz 7 TR AL AR

J D 7\(A
T )y = 208,008, +
dt ax,
a (J)\ k(‘[) W
- — 32
ij[ v+ (J)J Ix, } € (32)
QE(D aeu) o
It +<uj>0 ;)xj —
cy’ eu)va”(S Y0 (850 +
po] MJ) aE(D [E(.I)]Z
{)xj[ VJFF d x; ]7 s B 3%

SRS RS T A 5, A il T %
Wi RE N A T P AR F A R DU S A F X
P 07 R A S R T B B T OR B AR S
AR - TR i 3 P LA BU(E AU S R I T = 1,2
BT R EATARAE A BB A2 1 om.

Y%, x; 3&11
TR0 Ty R BB i 5 L 5K (32) (K (33) AR 1.
Shy G 56 AR SCASE AL ) T BE T 5 MOR AR UE ke
BRI B L8 B S 2 % (8. ¥ 1 J #2 DL 3¢
BRLS T

3 _HHIEIE

3.1 FEHEEMRD

P S G B sh g — R T IZ AR B B B
2, B AL 43 2 AR R V. Z AT 2 S E X
ST S 5 B B S 8T £ 50 5 g R AR (e F
LIRS T A AT MR A5 B AR SCR W IR
£ B 3 AR5 SO 9 ] S 56 B % 38 18 JE R
—FL,EMEE H=38. lmm, § i@ iE K E R
SH, G WG E K E R 30 H, & B A iE & E R
2H. BB TR KRS . RN 18. 6
m/s,llﬂzﬁ?nmﬁﬁﬁ\ FHWHCH 4. 810", i

TEH T O G EE R A SR R T 3 R AR A

BRI CRAE TSRS B2 45 2R P A5, B BE T4 R
To i A

MR8 SCHRLO T i S5l 22 . 7E R &1 F L 0
] PR BE R 7. 0 HL i Z5 SR o i AR E k-
RERY I, 355 09 U ) RS E D 5. 3 HL IR 2
K5 TR FH A SCABE Y st 3580 09 38 ) P B BE
6. 8H. i /& TR ZAE L. I 1 R 2 43 0] b7
S R 2 AR SR Jy T 4 I R

Kl 3 R T A BTy BB E AL W] L



#1244 #

T3 45 < 1 AT T A4 i I ) 22 ROBE AR R 2689

B 1 (i IFRAE ke BETY Y R8T Y 4L
Fig. 1 Local averaged streamline calculated with

standard k-e model

P2 A TTAR SR A Joy 381 15 3 4

Fig. 2 Local averaged streamline calculated with

the presented model

0.4r

0.3

0.2

Experiment
=— ke model
—— Pressented model

X/

FUWE LR TR £, A X Buice 1 Ea-
ton ) I A K FRFAR Y 2% S5 58 0 HE 5 AR SO
FBRIE ke A5 Y (0 T50 000 25 S A0 L A 5. 47 e 4
HE SRR 19, 48 m/s, dF M1 B A IE 5 o H., iF
HEKEN 10H, ¥ kB K EN 21H, 0B K
JE 2y 59 H, MY 1T BORE 8 5 R Oy 4. 7 H L JUART 25 44 4
PR 705 MR 41 S 35 F 9. DR 1 319 5k Bl S AL
BN A A KRB S, it Pk BOR IR RS
15 N R R 4 2 sl Ak TS TR
6 BE BIAE TR S Az I L 43 85 A T4 3k B i a5
J5 7. 0H AL, FER s AL T4 Ik BOR IR AU 29 H Ab.

TS R WoR bR k- BIRIET, IR A
TIN5 25 B4R 5 10 2R FH A SRS AR B, 0300 19 3 15
STk BOR IR U5 6. 7 H AL, BB S AL T
sk B R &S 26, ST Ab. i MR T 57 A G &5
S (8 FH AR AR B LI Ay B4 AN i
3 AN R T [0 DX O /0 o A BE AN A A SC
RERY, LA FIE 5 43 3 5 7R T (o 2 A A 3 5
14 )iy ¥ 2P 1) it k.

K6 n T BRI EL C v N BE T A9 2 A Al

K3 BELEI RO

Fig. 3 Surface pressure coeffecient on step-side wall

Bt TR BT BRI AR SO B A A LU AR T ke
BRI TH SRS B A T W 2 ol e A A 2
IS X0 T4 1R ) 2R B8 IR 1) 7 6, A SO HT 1Y
REARY AR IE k- AL A — i 72 B2 19 el 3.
3.2 AXIMRERY ER[ARBN

AKX R AR A He i U B A o — b LR 1Y) 53 2
bl S I T e T SO (1D ) B N s =
A 1 i it 2 S 2 Bl Ol e BE T Y 23 B R R R
31, DL N e T e 1 T A B2 Bl R 24
i it A 75 TG 3ok A ff 0 DU AN X RSP A T 2 T B Y
3B S R A EE R T T A B B R AT
LA 36 i dak A AR T ) i

DS Rl I e RS A R ) S h R S & (= R 1

B4 AR ke BT R T B 4k
Fig. 4 Local averaged streamline calculated with

standard k-e¢ model

Pl 5 AR SCRE Y I JR) 3 7 4 i 4R
Fig.5 Local averaged streamline calculated with the

presented model

&
7=
—— k—& model
4 —— Pressented model
gl Experiment
=
wy
ol 2 |
0OF
) L i I 5 '
0 20 40 60 80
X/H

Pl 6 Ak B 1 B 4% DN o0 A

Fig. 6 Frictional resistance coefficient on inclined wall



2690 it =

Eitd o528 %

DA M 7 SORE R A (A Sy ol 2 3t T80 17 73 5
P 0 Ao B 42 DR BB A b 5 S I (i B o

4 5 ®

FT VITA ik AR SCE W T —Fh R o] s 44
i AR Y A R AR S A R P LR R T I TR A
Z REEREVE , 856 ¥ i 3h )7 8 4G B2 07 47 b, 151 )
it VL 1t 3 A 3 2ok A 4D T S 6 B I 30 R X
PR Y FE 45 7 3. o] LUFE 3% A 0 5 A T i Y
P4 43 15 it 8 FE i 0 T 3 1 T e R B L B
— W TR A (E. 5 22 TAE A 56 F A A
R Bl 38 PR S L

SEH:

[ 1] Frisch U. Turbulence [ M]. Cambridge: Cambridge Univer-

sity Press,1995.

[ 2] Yih CS. Fluid mechanics M]. New York: McGraw-Hill,1969.

L3 TRIRI, fEAET VP E. dim i Fie 5B EL L M. Lt 34
KeEg L 2005,

[ 4] Hanjalic K, Launder B E, Schiestel R. Multiple-time-con-
cepts in turbulence transport modeling[ R]. NASA NSG-
2256,1980.

[5] Wilcox D C. Turbulence modeling for CFD[-M_]. Califor-

nia: DCW Industries, 2006.
S S R i ML) R e R R S ) A 1994,

[10]

[11]

[12]

[13]

[14]

[15]

P SC . BEA A2 M. V6 22 7Y 22 3830 K2 4 i, 2001,
RS i AL R R B LML 1 . 13 383 K2
At 1989,

Kim J,Kline S J,Johnston J P. Investigation of a reattach-
ing turbulent shear layer:flow over a backward-facing step
[J]. Journal of Fluids Engineering,1980,102(3):41-48.
Thangam S, Speziale C G. Turbulent separated flow past a
backward-facing step:a critical evaluation of two-equation tur-
bulence models[ J]. ATAA Journal,1992,30(5):1314-1320.
Obi S, Aoki K, Masuda S. Experimental and computational
study of turbulent separating flow in an asymmetric plane
diffuser[ R]. Kyoto: 9th Symposium on Turbulent Shear
Flows,1993.

Buice C U, Eaton J K. Experimental investigation of flow
through an asymmetric plane diffuser[J]. Journal of Fluids
Engineering,2000,122(2) :433-435.

Durbin P. Separated flow computations with the k-w -0
model [J]. ATAA Journal,1995,33¢4):659-664.

Apsley D D, Leschziner M"A. Advanced turbulence model-
ing of separated flow in a diffuser[ }]. Flow, Turbulence
and Combustion,1999,63(1/2/3/4)481-112.

VLT ZE AR AR 9SO % 5 B B 52 [D]. db st b
UL 7S T K K2, 2012,

JTANG Lijun. Reconsideration on turbulence modeling and
numerical study [ D]. Beijing: Beijirig University of Aero-

nautics and Astronautics,2012. (in Chinese)



