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A Numerical Analysis of Streamwise Vortices in Turbulent Boundary Layers
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Abstract

This paper describes the numerical computations of the interaction between the streamwise
vortex and a flat plate 3-D turbulent boundary layer. In the present study, the main interest is in
the behavior of the streamwise vortices introduced in turbulent boundary layers. The flow behind
a vortex generator is modeled by the information that is available from studies on the delta
winglet. An algorithm of the solution of the incompressible Navier-Stokes equations for three-
dirnensional turbulent flows, together with a two layer turbulent model to resolve the near-wall
flow, is based on the method of artificial compressibility. The present results show boundary layer
distortion due to vortices, such as strong spanwise flow divergence and boundary thinning, and
have a good agreement with the experimental data.

1. M 2 TEHRAES P, 98 KA AAAE F

FEUT ohFo] LT WE FRELF

fE=utere] ol Z(streamwise vortex)& ¥ %

g GFAA S S e HE 334d 59 58
& FPeoln] FEFHL R B A4le] Ha et
FEE 452 AAZF d | ZeEol
UAVG Hgol i YES} 2o APFFAN T
2 A o] F5 L HHA gAeH £

* S 8 71 A28 g G 4d 1999 84)
# % FA S m 1A 2 g A A E9 T4
* & ok AT 8 7] A ) o}

o] S5 AAF 33T A4S B AEEeR
A FAZIA L] e BT ozt GwEr Y
BeFEANE 719E 5 7] WEA FHELT
of et A77F &&e| o] Foj= x girt.
olg} Z 9FN AAT EALA AT A
=43 2 a3 2 9 7L Utk



32 TREA BB, $244% %198, 2000

Wendt 542 Wi AAZS oA 5428715
o] £-8t oHEEAY] sFA e dFH FAF
9] F3 8-S A7t oS5 o34, 25
A7]2] HA o ntet 2Fo] HEd s, ol
8 tEH AAFY FA 4 FHALE A
A &3t} Pauley 5@2 st @A17] 9] A6y
ol wel FAH = F 7HA 9] §F ¥9H, S 53
9% Atele] fEe] HHARTE HolA &=
{comamon flow up)¥ HH 2 2 Fa= F
(common flow down)ol] &l A-stGeh ]2
oz Ry ] g4 FAA9 e AF
g oiE el Eo] kS gy WHo g R At
o5 oz =2 Zagcka ATk B F
$}F(primary vortex) B | I 4%
#E 2430t ¢ t). Shabaka F9& ¥
B alg walzhe)(delta winglet)ol] o3l wHAjH @
deotFu Hetse i AAFTHe] 4R eS
ATty ed, o5 AFFHd QsH Wi
o] 1egk Al 2434 (eddy-viscosity) Al
Aoz & dA A g2 ARG Lin
T& LESE Al4-3ld Pauley 522 %X %
Himele] F2 A5 ot dojsx §
2d & g9 gAHE A¥edct F@/7 280
A= HE oM S RBAEZT 45
FAgo t&] Kim 59 44 2 Az ez o
T893, Kim 592 PNS(Parabolized N—-S8)<}
BF k- GFELE o] &3 S5 AAF
Az 82 A5t

two—layer RS A}-& - J]E8] A o]
= BR2dd u)s) HHd A HE AR v
A A e gy FAFRAE FE
o gle} mE gl glejA = o] e] Aa, i
(wall function)Z Al4EtE b—e 2dl.2 HH T
A gl d {FFe dEM= H L7 ol ol
gle} two-layer GR-2d L utalg FEAAR
A28 4 917] Wit} o] 2%k two-layers] o]
A w2 E A AE 7| E A1 2 %
w7 Fubol A HAF e = o FE S48 A6
3314l Navier-Stokes B3 4] 7} two-layer k—e W
Frd-g AT a3 FAEEE e
Pauley$} Eaton®] 4 ¢4 79} vl wst g o}

{373

2.

x| sl

2.1 x| E Y

20

L=

g &4 A vl 8} Navier-Stokes W4
2o A%, B9y AnE I 542 e
ZF91& 4] (pseudo-compressibility) €122] 3 &
=8te A Abare] o] vl gt 4] Navier-Stokes W
B49% 454 58 Goked AEFE A% 24
T ATAY Feje] AP S S F UA H
o] HFHE EEA o R F 43Utk

FardElets s FRA = Age vgE
A Navier-Stokes %7 2] o] Q&3 Ao 4%
ANE & =06t (D3 2

L=z ()]

A7 el A JE HE AN ¢ = AT R
11 = €458 27t 82t f43 34 &5

(D

O

gulgd oz FAE AuA AL A@2)3 2ol
FolAth
D 3 . .
o _a_é,i(E_Eui) (2)
9 21e) 7} g& 2(3)~(5)%) o] A4 AT
P
D= [ﬂ )
w
BUY
_ 1 | Bwp+uUi+(E))
Ei=7 [(g)yp+v<u,-+(§)r)} “)
(&) +o(Ui+(&))
0
v& - (va)
1 . du
Evi= Rej V‘g . (V&ﬁ) (5)

v& . (v&%”é)

A7 Uiz (&) +(ELdyv +(E)w o) 3L xii=
i=1,2, 39 il & n, (& o] gt}



FHEVY AT FFFAETHL] A3 AL B FAH A7

2.2 XHjREEY

& Ao A AHEE E A # A -2 Beam®}
Warminge] 2jsi 4= o] AF scheme® 24
AlrAE e dubkal o 2 trapezoidal rule2 &4
A AeZ Atgstg ot

aIA)n‘H
ot

Db T

J+oa®)  ®)
©)2¢ ABsAA FelsH 2()~(8)% 2ol
Zoj At

AT
2

{1+ =2 (sgAr — o — D)

=— AT S B~ BT (7)

0 ()8 (a)B ()8

A-:i |: (g)x (aut+U; (ghu (g1t

: J (El)y (gi)xv (gz)yU +U; (Et)zU
() (ghw (ghw  (gw+U;

(8)
o714 D (%)VE- (Vé’i)lmg—g o=z

z ]
9 LE Y E ez Fedn 55_‘;__—.%.3_ ISP
&, In-& diagl0,1,1,11F Fo]&t}.
2.3 Rzd

BHE2Y 2= Chen S| A ¢kl two-layer &t
FRd-& Agsd . o] 292 | £ 3Z(inner
layer)#} &} H-Z(outer layer)2 2 v}o] Ul R
e 1-HH 42D L A83a R FHEe
EF k—eRdg ALEEE Aot ¥y
H] 3] two-layer Bl &] o] H-& ¥ ZX A <] B
=8 AGSHEG GREFAUA A 25
FFeonz ved FEAAE AT 4 517
HlEolch =3 B Holsrfud oA
9] FEAGA 248 ZAAZAE FEU BB
gho] 9le} twolayer 22 A2 ) A A
Z0] 27EA ghe=th

YHE 2 A ALEE = 1-834 e g2 ¢
FEEAIA 9 &gt Yadty, o] ddM &5
NARA] AAEE e=k¥/0)|0} 28] 1 &FH A A

33

© w=Cp JRlpo X TR} 7] A deol2AY
A 17 e P F-H o] & &4 (turbulence Reynolds
number), Ry(=JEky/v)ol s §X g F
83 AR ENE F7] A3 A(9)~(10)L AE3}
KAt

Li=Ciy(1—exp(—R,/A)) (9)

[.=Cpy(1—exp(—R,/Ay)) (10)

Lot le F AFH ol Ho Mg A7t F718
TF Cydl 773 &+ G2 WE-F3 9%
F Atele] A M FE @ HAATERE
£ 2357 9e 4103 2o] FolAr}.

Ci=xC™* (11)

ARplE BE b—cndol N YA S

Aere, B2 k—emd sl $4U e 4(12)
~(13)2} 2}

k9 . Ol vy

3 +axj (ujk)—axj [(Re+ok)axj]+G £ (12)
98,9 =2 (A% o G

5 o (wje)= 3 I( 2T os) ij] +5(CaG—Cae)

(13)

A7A, G 347 £EAER YPgez 4
(14)¢k 2t

Jp— 7 du, | duy . ouy
G=—uy Oz =wl dx,  Ox; 2 ox; (14)
BEE—eRdd AARHE AgE Cu=0.09,

Ce=1.44, Cea=1.92, 0,=1.0, g,—1.3¢]c}.
2.4 BH=H

E ERdAe $ATTE GRAA T WY
Zholo] 8 AAE HEL AFHOE EYE ¢
FEAE gl AR FEHH A 45
Stk waze) Foie) Gl o) SR A
& B8 g1 THRY B2 AR 45 AL
CEPREESELE RS E R P
o whdztel 299 AHEE e A E
Be A AL Azke] Lot old W



34 WEMARMBEE, F2448 £ 1%, 2000

wzEe] HFoA RdH T 45 AL 499
ArzAo R ALdsldE 53] £ ARE o
=g $ JUk® 722 49 f4Eadd
& 48R, 71EE5E U.~16m/so] i, ¥kt
Ztolo] AL V|E 0.2 & HolERFE 55X
100 ™, ¥katzte} o] w/A(Fig. 132) v} 71418}
E 53 94E9 #97, 34E A7 Lowson™g]
ATANE 7122 3o fFFH AAE Fs5
Ha, AEFA s Fled.

2 AFdA Aoty mde o Fee ofFFd
A7 Tl A A 538 537 Leuchter
Euo Phillips 5", Pauley 5% 4¥AS5< 7]
22 3t v} Phillips 590 nf2W 258407
Fubo] e wusko]l &%= Gaussian® Eo|u
H 3 gk £ == Rankine ¢+53 1R 9] 714
%} (image vortex)2 2 vtehdt} sttt ol A
Pauley 58] AHA T HEEHA7 o 2
FEWEL 52 A(15)0.2 1A

_
=
T

U(r)= 1—(VU)max exp {-ln2(r/rc)2}
a2y AFEe e A(16)30 2t

Vo={(Vg)r/re for r<r.
(Vo) ro/r for r>r, (16)

A7 M ree 59 AFolx, ¥k 2=
Ael(L)e] 0.108u 0]t} w8 e 2w (Vo) 2 F
oA A, (Vo= AFH5E& =2 0.5014] o]}, 4
(16)7} 22 B35 717 91Fe] AAF W
9 o, 8ol J3L2 majelok 87| W& 33}
4 AAZ R &% 9F Johnston2e] Fztz
£ AMgete] Fare LA RS Mg stk

A7 A 9tFe] By BA4AE 24357 946
$F EFANEA(R), 248, SHAAA (v
EXIe #HeUY =9 /A8 Gaussianit
X2 7Hg sk

k(r)=kEmax exp{—1n 2(r/r.)?

(15)

(17
(18)

V{(r)= Vinax €xp{—In 2(r/r. )%}

03]7] H kmaxt 0.05U€2°]__ﬂ. Vnaxe= 100vE ‘-71"‘01
;\1[;]_.(5)

00 © symmetne

X
/ downstream
H . l'
} . /
D
P

v
i
R S SRR

cide ! symmetric

tea o

Y

e side : symmelric
o

Inlet : Turbulence boundary layar (Re= 55000)
+ Vortex. modal with images

bottam : no shp

)

0

z

(®)

Fig. 1 Delta winglet and boundary conditon(a=
18° and f=21.8")

Fig. 12 vH3zho] o] A 3} 48] 4 o] ALE-8
AAZAE Vepd Aotk WHitetele] mx=o]
(L) 2 Fo|(H): 247 50mm, 20mme]z, B2
()T wdztela 257} o] = ZHPL 24zt 18°
8} 21.8° o]}, FFAL2 %1”‘1 AgF 4(15)~
(175 A3t x, 53 22 a2ln 4 o
A2A a3 5= Neumann 3-8 A1-835)
h R E 3F2AE AHSEn AdAR
Ae X, Y, Zo] da) 42x57x652 ARFRT}.
X, Y, ZZAEZL T4 FH50ER golsr 1
o Tureks o) v gl

3. 0t o 1
B A7 FrsdEges APau A g

AlAEFe 2 st oFd e FHH4e
g3t Pauleys} Eaton®e} A8 A w9l v]lmads)
t}. Fig. 2% 8539 23 £-S(secondary
flow) =9 & 4527 dF 419 99



FRAEUEF AN D FRAAFA Y34 BF A A2 35

(-2
Feoliddaar o= = = > ™
. X266 cm
ST T
P N
E 40 )
KR 07 a5 NN
>, i RV AL L
I‘ i
x
1

0 5 6 15

Z (cm)
6 - -
: N X=3T e
g ApLIZI I
— -~
> RN
2 YT
95 5 —30 15
Z {cm)
sF =

| X=142cm

¥ (om)

| X=13som

¥ {cm}

Z (cm)
(b) Present result

Fig. 2 Secondary velocity vector at X=66, 97, 142,
188cm

(X=66, 97, 142, 188cm)sl| A thebd Aot} Fig.
2(a)= Pauley2} Eaton®] A #d7to]n, Fig. 2(b)
© TR ALY Ao}

Fig. 2(a), (b)2] A HA THA(X=66cm)o) A=
S5 F4 Aol 4HolA G, g 72 o) By
E st5o] 22 En BaH g nhel gFe] B
gslslo] T Zeho s g9y A4L Uy
WAtk Fig. 2(b)s) S84 A7} Pauleyst
Eatong] @Al Hls] FFE4te] 6 w2A
Aoz s Zpgke) B@sot o W= J
P10 J2S ¢ 5 et Pauleys) Eatone] 4
HAA e 2450 g gz 45
Z8o & W) B39 23 o X (secondary
vortex)o] WAH 3 3 F 2 o|FYFE Folga
2z} otE Fxzgo] FeEFoR A X=
142emy ¥ Zego 2 BAd¥ S5 4o
UErg S B8AE = Uk 2 B Q4] A
Bl E W F 292 Boussinesq approximation 7}
H2 =Ye 3G A S ndo]r] fEd Fa45
7 yRe Haxdez gld dySEE 27 9%
o B2 AEeA 5 Rgez Qs 43
Aol v o W2A BEISE= Ao doy
th 223 3T o5 AleldlM e HH e g 3
= downwash f%5Z &Y 4 =, st5=t ¢
F Aol 8 AL ooz HHogRE Ho
A= upwashf5& BAYE & vk =& 1752
olF¥TE ST £xuHe AAYJ} Fiada
S}E T 9F Alele] 7hH o] Fhetm QS &
Ut} o] Z4EFFe BEd o) 3FR o5
TF 979 £xdEe 3|7 Juldezs i
8t W EAtel] o8 9% olE Ale]e] 717 o]
S7vetAl A} o2 g AL SR e At
Az deld = gl

Fig. 3& AFHFEE=(Ue)dl 5t 54 3ke}
E(streamwise vorticity, QX=(%_%§_))% 5
SE JE(XUe)o.z 5L 379 4719
YH(X=66, 97, 142, 188cm)el| A 1}eEbd Ao|t}.
Fig. 3(a)= Pauley$ Eatong] @@ 7o,
Fig.3(b) =2 A 4+2] Ftolt}.

Fig. 394 & & gl%e] S-F2 o] 5842 9}



36 foazialisba g Rog o g

d244 15, 2000

(a) Experiment(Pauley and Eaton[21)

X6 cm

X=57 cn

¥ {cm)

X=142 em

¥ [cm)

15

Y (em}

(b} Present result

Fig. 3 Streamwise vorticity contour(f3,/U)=0.02,
—0.02, —0.05, —0.1, —0.2, —0.4, —0.6, —0.9, —
1.2[1/em))

=2k AEA G dojula] AT, AAFAE
72E AEZLL dozitt Fig 3@)e 4345
dxe FA4ET gde] FAzAo A 23
gizo] BAG T, Bt FHE o|TErF 4AFH ¢
Zo) F3Ege R 98 23 &FL upwashg g
o2 ol 5L BAAF 4 Yt 221} Fig. 3(b)9]
FA A AFe A 23 ghFe] upwashg g2
2 o] Fdte= o] F¥leo| UYeEhtA gt o)
Boussinesq approximation 7}'d & =& ¢4
AA % wdo] ¥ FA oA S dFY H
AL 2 G &EX 23] iR Ao oA
Rt

Fig. 4= A-/-GEEE(Ue)d U5 FREST
(7 T2ty @ X=977 188cmol| A Z%
& 5709 dgez vhre] vEld Aot} Fig.
4(a)= Pauley9} Eatone] A& A #o]n, Fig.
4(b), (c)e & =X A 4t2] Aztolt}.

Fig. 404 & % l%e] 857 &% Alole] 4
A (Z=0cm)| 4] = downwash £-Fd| 2]s] 74
Z9] A7 getAln 1, ¥td ] Z=10cm 9
A of| A= upwash GGl o3 AAF2 FA7t
FAAA 2 gL & F Utk ol= F4Fo] ¥
Ao A 5% #AE downwashg 9 of 4
upwash®d g o 2 o] FA|7]7] W&ol ez ¢
Zo| HAF = 9ol e AATY A HEE
Q& 4 glv}. Fig. 4(a)e} (o)E ¥l s 29,
upwash<d Qe A A8 A7t 4 AA 4F
#9100, Fig. 4b)s} (c)oll A Yigkel] th it 5
Fuge] £=Tust AFE o|FEFEF F2H
< AT = Yt} ol G FE Al 23 Aon
2 FAARNME & A FH ATt

Fig. 5= dF&3AvA £X5 5247 3t
59 7+ 27) ¢ @9 (X=97, 188cm)ol A vEbd A
o|t}. Fig. 5(a)e Pauley$} Eatone] 492 o]
9, Fig. 5(b), (¢)& X A4te] ATfe]r).

Fig. 5(a), (c)3 HH HAIZX oA 71§ @l
YA & B F Ut} o] 2 dFAHA = F94F
o A& HelA f¥FFe 9EFoz FHD
dew, SHEFHAA g dRol Azt A=
3 upwash®g G = AR M Yoz Fo 2
okt W57 A 7 A Y ol B 8 A

2
T



Z (em)
Dotwsen Vorlices
Downwash Reglon
Contar of Vor?nx Cora
Upwash Reglan
Undlisturbe:

SYMBOL
—0—

Q0.
5.
8.
0.
5.

coooo

Ragion ry.

¥ {em)

.8 7
U/Ue
(a) Experiment(Pauley and Eaton[2]) at X=188cm

B8 .8 1011

4
SYMBOL  Z (cm)
st 0.0 Batween Voriices
m=me—pra—ee 1.3 Downwash Reglon
——t—— 5.0 Contrer of Vormx Core
3L == 7.9UsweshRegin
———— 12.0 Undizurved Reglon
E
8 2|
e
1k
L 1

0
020304050607 0809101.1
U/le

(b) Present result at X=97cm

6
SYMBOL I (am)
——&—— 0.0 Batwean Vorices
5 —— .0 Downwash Reglon
———— 5.0 Cenirer of Vorimz Core

e 1 0.0 U pwash Raglon
—— 15.0 Undiswrved Reglon

0
020304050607 08091011
U/le

(c) Present result at X=188cm

Fig. 4 Streamwise velocity at X=97 and 188cm
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