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Numerical Simulation for Diffusion of Matter in
Plane Mixing Layer by Particle Method

Tomomi UCHIYAMA*®, Kenji MURAKAMI and Naohiro OTSUKI

** ECOTOPIA Research Institute, Nagoya University,
Furo-cho, Chikusa-ku, Nagoya-shi, Aichi, 464-8603 Japan

A particle method for the diffusion of matter in free turbulent flow is applied to the calculation
in a plane mixing layer. The flow field is simulated by a vortex method, and the diffusion of matter
is calculated through a method analogous to the vortex method. The numerical result demonstrates
that the particle method can indeed simulate the entrainment of matter into the shear layer due to the

rotating motion of the large-scale eddies.

The calculated mean concentration and fluctuation

intensity indicate the self-similarities in accordance with the existing numerical results. It is also
shown that the mixing asymmetry due to the large-scale eddies is successfully simulated.

Key Words: Numerical Analysis, Turbulent Mixing, Diffusion, Vortex Method, Particle Method,
Large-Scale Eddy, Mixing Asymmetry

1. #

R OMEIBRBEFRBET A Z 0, 15
LB DOENRY, REREEOREGARE, (LERIGHE
EOERLTARREIZEELTEETHD. L<ITH
BIELIRIC 3017 DM EIRBI IR~ 7o TEMIRITR W CHEL
BN, FOEBERTZLIEETCHS. RERE
DFREFEEES BILBOVEENEE L L OB
Wiz XE &N 3 Z & % Brown-Roshko(!) 23588 & 23z
U TLASE, BHELFRIZI T 5 KREBEOES) - MBIk
HMOBRIZEERFE LN TS, NG ORMEN
RV EMAZ L h, TRNETTKRTREEBETSR
& O ERITOR TS -6,

—%, BE, 77 XvBIUFEK, Vige 2025
R —NE L OHMEDOEBORERE L LT, KFE
DIEEZED TS O prkE, EE, BB
CRER EOWMBENE Z b=/ Nk F0EE %
Lagrange 3t E L, ZOZE&#;H» CHE 2K OEE %K
DLETHD. EHEHEETICHET dLER
WZ &, BERLDBEROBIED - DEEREMEI B
DTENWIERE, ERECHRERER S LR R

* FREZAT 2002411 4 14 A.

ER, HBAREL O N T RIEHICHAE (B 464-8603 &
HEMHTERTER).

* B RERERARIEREIERL

E-mail : uchiyama @is.nagoya-u.ac.jp

LHEEE L.
TRAARAT (03 DRIFIRITIRE & HIRIZh, EHE
MOBATCEICHA SN TS O @OERRE

'ﬂ‘ftt ERBEDRBREREY BIFICHETE 20T

L TEL, BOE, e RREIRKOMTICIEL
Tﬁﬁlﬂ%h, TOBAGANRIEREIN >0 D, £F
D—ANIT, MHREREFEZEBRILROMELR
RLO), MEAY oh O, ZRkTRAE (19, =
U b ZAER OD 8L OE A% TR FREENER T
DHFHEST OB OMEMTICER L7z, BIECHE ~xF
BRILBEOEEFERXNTH I, mEFEXLER
THDHI LMD, IEBEEOMITIZ S IBIEICHERL L 72kr
FHEOBAPRAA LN TE . KES 13 [ 3—KkTik
BARRCK T 2REECHEITBELRE LTV A
Kamemoto-Miyasaka(14) (2L EIZ T 5 kT
HBEERREL, MR ORI E EERT LT3
LnL, BEHEEGZ ROTMFEILRL, E-EET
LYMEILHBRSE~OBEAFITIR L= SRV ONFIRT
botz. I T, BIER 15 T Tsunoda & (16) 3%
BROMBEE LI-BRFELRTIZE2NZHER Y o AR
T— ADILERBIZOWT, LB EBIETEHE L,
BESLBEICER LR FHECLORDE. 20/
£, A#ETHE® Karman iBCHENBAEN D Z L8
ERICLVALMICENTVAEN, Z0X S 2k

NI | -El ectronic Library Service



The Japan

Soci ety of Mechani cal Engineers

840 SRTTRATEIC B B W B O R T AT

BB L O TIBREE RFITROHN D 2 & 2R
Lic. #f, BON THRE L RELEKRS 0N
MEREREB—ETIZLHTR L.

AT, RBEBICBIT 2MBEILBROBITICSTT 5
ERORFEOFAEERT D, RN 6 23
SBEIZ LV BEREZ RO _RTRS B OB ICER
L. ZORER, THRELBELBHESONHIE
SRR L I — BT H L amRTERL. £,
EEROMEL Y bEEROWESEAMBIZL Y S
KBMYRENDZEDNER W I VHALIIENT
WBA, DX RIBEDIEFTEN REFICTFRITE
BT EBRLE.

2. & =

D EIETRE
 B¥ERX
D EAN
: E
t  ERTHER =tAU/L
At HERERT v 7
At, - REROKERRRAT v 7
At : BEEROBHBEBIX T » 7
u  EE
T EENEE
w : R R E
Uy : A7V v &7 L— FEERIOEE
Uy : A7V v &7 L— MEERDEE
AU : Eg% =U1 - Ug
Yos5 © Up=(U1 + Uy)/2 L7025 y [BIE

YO S I

I : @R
v DERE
vy . BERE
5 : EREHRE
e: REEROaTHE
6, - REBEHRE =
~x7 | O - T (@ - Uy
& PERUREL
v : R
p: BE
o MERDITHRE
w : RE =V xu
T
max : RKXE

T,y : x,y FERSS

3.0 @ R %

31 XEAEH MAEDEER L EBHEDR
FARAT, FERELRETLITRATRSND.

V-u=0 (1)
du 1 2
5-t-+(u-V)u=—;Vp+vV‘u (2)
IIT, vIZEETHD.

AFETIE R T 2T 5. Z0HE, X (2)
DEEEEZ & VK (1) 2 BB L TEETE, 2X¥0Ml
EHFRABFLNS.

Ow R
E—i—(u-V)w;VVw (3)

—7%, WEOIEBREI ST OB SRR KE S
no.

55 T (@ V)y=xViy (4)

ZIT, yIIWERE, < I 3IEBERETHS.

R (3 BLU ) i1E, TAFIBE w BLUOWER
EyIlET2B8RItB& R TH Y, Lagrange EHE
FRTRBTHIERR L7225,

Oy
t

_— 2
7 vWow (5)
@ _ o
o =V (6)

BB, RESEZBNRRER CHEBILL, X (5)
% Lagrange fi#AT L TB AL D BEFROEEN S iEE
BERDBMBETHD. EL, ROSNRESHN
D& D Biot-Savart DRICRAZh, HEFNHE S
nd.

u(x) = dz' +uo (7)

_*1_/ (x—2') x w(z')
27 |z —x' |?
ZIT, u ERT UV AN OEEEERT.

K (5) & (6) LA THAZ L 2D, BESLERE
ERTHEBIL L, 1@EICEE LT Lagrange B72 ik
2R (6) CEATIIZRESENROONR S 19, 20
RS & LU ISR

32 BESELVEESOBEKIL WESY %
BOBNRBERICL VR TS. KL, BER
Na7EEEbLo2b0L T3 00 BER o OBEER
ZTy, aT7¥R% 0, MENT ME z* T,
BER qICELANE 2 BT RERKRKTELD
na.

w%@=53f031£1> (8)

o2 Ou

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

ZRICEEE B 5 UV EIEOR TR . 841

ZIT, aTBEE f(p) RAXTEDLND.

£o) = {1/<27rp) p<1

0 p>1 (©)

BESE N BORERCHELL, SHREZOR
ENROERADE TRRTIUS, &E u(z) 113 (7)
L(8) MHEBLNIRRTRENS.

N

_ 1 (z—z*) xkly (|x—2*|
u(m>——27r; FRryr g( - )
+ug (10)

I, RITIBENZ hALRE—FRIOBEM R ML
THY, B g(p) KK TRIND.

p p<1
ﬂM—{l po1 (11)
BESIIREERICI VBRI TS. 2L, BE
BRIIaTHEEE LD, ERNDOBEN Gauss %
TTHDETE. ZOHBE, BEER o DEER Ya0,
AT HERE g, BT MK 2> LTHIE, BEE
FolZLBBz ICBITABRERKRATREIND.

Ta(e) = 222 exp [— (=2 } (12)
AT EROMBRS MR EEEROEET, EI
BITDBEROGE LEER, %ikd 5L 95 IZ Lagrange
HEIND. REOMEBICRTARER, R (12) »
OROONIBTERICLIABRELZEERICHOVWTER
BOENETHETES. T2bb, BESY M A0
REZRCHESILL-HE, BE y(x) 3IkXTEHEX
bihvs.

A(2) = Yala) (13)

33 BERPLIVEEEZOEALBR v g%
DOBIEAK 1IZRd. A7V v 7 L— FOFEERE
IWMEFERMTENTNEE U BL VU, &2 b0
B7L— FFRTREESTS. &EAR L OEEROH

U, Y "
—-1—-———> Vortex element
Y1 /
-0 O O—
| " Fo oo R 8P 8B
UZ

Splitter plate

Y2

Fig.1 Flow configuration

BREX, ThTh v BLWy THB.

HHREYEAWBIZ, A7) v¥ 7 — MEdd HEEE
2T v T At, TEICRBEREKRH L TRET S, HH
HFOWERIL, X (7) THEXAONIEE u THBRTS
DT Lagrange FIZBHITE 5. HHBOBEE T, B
FOa TR 0o 1TKRK 0 TE 2 5.

1, . At
To = §(Uf ~U3)At,, 0o = — (UL +U2) (14)

IIT, AtIIHERMRT T ThH B,

A7 v & T — M EEHERE S LTHRY, K1
R TEIICEBT 2 b oRERLEHER I TiE~T
RH®TBH. =KL,

I'= (U1 - Ug)l, l= (Ul + Ug)Atv/Q (15)

ETESEBTRICHRE LEBmERIHENOBRAT S,
L, RADEEBEEETHZD, R (15) LRL
BEZERTIRO y=0 OABIZERIT 5 (10),

REERIT, M2RTLICAOKHE (2=0) T
y HEICER L, CTES, BFERAT v 7 At, T LTk
HT 5. MEBEOREERLR (7) TEX LN DEE
TRIT 5728, Lagrange BIIZEBBITE 5. =721,
=0T DENTE (z HFHE) (KT DRED—4k
HERRT DD, 2 <0DEBIC2FOBREERY
iR [, TEBLET 5.

WBECRIETHEOEEL, a7 ¥R o, ZRHEEO
iR & & HIZHAR ESE B Core spreading % (18) |2 &
DRETS. R (5) & (6) BRBTHB T LICEBL,
BEEZEOa7ERLFEBEOBERIKYI-bLDET
3. Thbb,

Ix
Fixed concentration é‘—i
element N S c:b Ily
? ? Released concentration
? ? element
Q@ ©Q
N y.
&
6 o
¢ ¢
? 9
° 9
6 o
° ©
6 4

Fig.2 Arrangement of fixed concentration element

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

” SRR ATE B U B W OR TR

LTHhas. MERIL A7) v &7 Lb— NIV EE

dog,  vc TIRERLICFEARICHMTH2, 2/L > 2B
FaRETS 16) <y sxzEmmTs. 752 FEETLARSAE
deo _ K an L, XBMEAMEERT 5. “0L>BERDY T
At %a ZEY 7L BHIE, Inoue™ I X B KT AR

IIT, ¢=2242ThHB. D cDEIE, EREEED MTHRODHN TS,
ERIBRDB D TRREENFE IND ERNBORK
BIEALIZB T %, Navier-Stokes R0 BUEfED 53R

55,

4. BB W £ # .
REN G O 58 TR THAERT R F & L FEIR P & %
SRBICR T AME O ARESEA L. & . e
BN BE, BRI BESE T ThBEB L (@)t =138.0

EHETRDTNWD., iNGOEERIEZ L L, &
BEEZ0<z/L<20BX2<y/L<2&L
Fo. EEH Uy/Uy 1204, BEZEAU=U, -U, & L
{Z# -5 < Reynolds i 10000, Schmidt # v/k i3 1
Thb.

AEHTE, FEBER ATy AIAU/L %
14x1072 L L, BEROKHURERAT v 7 At, IX
At ER—E Lz, 20 At O, FHIEICIH e e Yy S R g«,* o é
X, BEFOREL LB RNEL 5 2 D RAE <
D12THD. BERLBEEROBID Lagrange ()£ =149.4
FE I, “kHE Adams-Bashforth % A 7=,

T <0IBT IREERORNR I,/L 1L 5U,AL/L & RE L
L7, z=0 BT REERD y FR~DRME L, /L ;o{mwm«g.w% i W N R “‘%

0107 2 L, Mo T EEEF—ic L. REER 13 _ %>
DHHREM AT v 7 At X, B#EM T 5At, K3 0 10 x/L 2

Ul CILERELL Uy /U;=04 2EE LT 13At & L7z, (@ ¢ =155.1

ThiZEy, MEEICET S z FABL Wy FE

T OMEBRRO AT HEOER ) KRS, & Fig.3 Time variation for distributions of fluid velocity
HOZBESANERINDG., 2B, a7 116 and vortex element

e ebicBRT520 (X7 38 , FBITER
DEBIZOE ) BETIERDOH Ca 7 LEBER
HTEEHRLTNS.

rm——s W“vm{‘a :“g' .:%v’

(b) t' =143.7

EEOMEORREL, YHHLIC BT L RES Lo

KON ERBERD a7 8D Lagrange stE S v S o 10

i, FERCLIBRECEREDENLRDOND 2 [ an g

(2 (13) BIB) . RBHCH, HEERICERET (5 SEE SN
FHE0x40) £REL, BEOHSE, HETOES 5 [ Oster-Wygnanski
LOEBBRE KT ETRDE. R

5. MR ER |
-20 -10 0 10 20

51 =ES BMERLHEENT MLOST O (¥ =205)106,
MR 3 ICRT. 2L, BOBETFERRT T

B DFEREE (Uy + Us) /2 &35 L3I0 fa s =R Fig.4 Distribution of mean flow velocity

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

ZXTUREBICE T 2 WEIB ORI

843

B 4 ixmansm (x Fe) BEEEEEE u, OSFh
#Z7-Y. o/L>5DIWEICBVTERITTEED 1A
OB EIISHAL, WMAPBCREORREBIZIHAZ &

Rbohs. £, Oster-Wygnanski?0) DBIERER &
FIE—HLTW5.
0.4
x/L
D3k O3
E‘ o 10
FJ; A 15 Oster-Wygnanski
3

20
O =2,s5)106,

(a) Streamwise component

x/L 5 10 15
) Present cal. o o A
3 0.3+ Hasegawa'scal| w . a
o~ e
a ?"8“
1% 021 S8
Ay & N
A e,
0.1+ 5} eA *s
K B
pAde * e
0
1 1 |
-20 -10 0
(y"yo_s)/ex

(b) Cross-stream component

Fig.5 Distribution of r.m.s. velocity fluctuation

0.04

x/L 5 10 | 15
~ Present cal. o o
2 0,03 [Hasegawa's cal] = o .
<
~
kX
30021
0.01f~ N @
.“a@A N
° Y
0 " .M :
-20 -10 0 10 20
: V=205)186,

Fig.6 Distribution of Reynolds shear stress

mnﬁmﬁiwﬁﬁm@ﬁnﬁém,nsmﬁfi
I, TNFHLHOCRTFRECHB. FnHmoin
5 S ITRER R 20 LiziE— &er . =%, #H
mOENE S, %%m%#&btb,ﬁﬁm%“)
DZRTBEIC L BRER LB L THD. ER)ILD
R LRk, BERENPHKAFAOELY HBRTHS.

TR TTIRMIEMEATIC I L GV Th
MEOCTBZE T 2HOMENEBRENLTNDEZ L
EELTWS (22)

R61L, LA/ ARSHODHREESHORER L
LD THD. AEFERIZITHAER B CRTF
PR D, BN & L R UEE S Uy /Uy =0.4
T DREIFZRY - 52V, Uy /U =0.6 1257 2
BIERSE CO ZATRECHD. Uy Uy BEVHEIE
CHREZEU, -U, LEHEEX 9, IZE-5< Reynolds
BRBEEDTD, wﬂh<06’%hfﬁﬁaﬁfﬁ
BBIZH B = &2 Oster-Wygnanski®9) [z X W #E= Sh
Twé.ioT,KMﬁﬁ%iﬁéf%é%wk%z
b3,

(b) £ =143.7

x/L 20
@1 =155.1

Fig.7 Time variation for distribution of concentration
element

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

" SRR ATEC B Y B MBI DR TR

52 RES B (y/L > 0) 2> bIEE
RALTEHAEEZREL, BEANSOABREERZ K
HLUEGEDERSHORRELEZEESME L b
K777, BEERL, BTEELICRRERICE
AEND. O, FABPREET I TRIZYE
A (y/L <0) [CEZBL DERPKRELBETS.

TEBWTHEERORE v 21 & LEHEOR
Ey OSFORBBEER S IZFRT. 5L, Sa#k

Ay 2027508 ETHOL ZL VN THS. & i
BN LT B L, 72k Z2iXE 8(b) D z/L=18.4T {080 ‘e

B2 k500, KRN CRENSRE BT RE 125 R

TRAD. TS RABMROBARC L DBES o 3t XL
FOEAEEBN S 6) DEMATT bR AT 0l e ° 5

5. 72, BEE Y ORRT L AOTRITSNT, L o
Karman i@ICHE B E N EA T 5 = & N EE (16) |2 02r L. . 125
LoBoMc SN, FES (15 OMEEmT© b RER ciliteate®

W HEIC R B AWEIC B 2 TRE S o
HHEEICRT. H9(a) ik, BENORKET,,,,
TERUTE ¥/ Vpoe Z Y/ LK LTRLELDTHS.
T TR IS &R CIE T LSRRI T LR L,
HAMTE DFEIC L VB DR I B T e
MNnD. 7z, y/L=0 TREARSIDRERHTH

1.0

-01.5 -1.0  -05 0 0.5 1.0 L5

ESEONTNS. y/L
(a)
1.0 B S 25T
t»#
0.8} 3
g £
12" X
I 0.6+ u;f x/L
0.4 ¢ °3
' of 0175
(@)t =138.0 02} ¥ A 10
+4 + 12.5
0-M&n.29¢ 1 .
-10 -5 0 5 10
(V=y,5)10,
(b)

(b) £ =1437

Fig.9 Distribution of mean concentration

0.5
x/L
g 0.4 - . as§
125 ia 7 015
S 03t o3 210
& of =3
. . 3 + 125
0.2 o
A «w
[-] +0
0.1+ °A T
A
a . $o0
} } ) 0 so-et o, ! AR i Bacnds
0 10 x/L 20 -10 -5 0 (yfy )/9 10
(d) ¢ =155.1 08

Fig.8 Time variation for distribution of concentration Fig.10 Distribution of r.m.s. concentration fluctuation

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

ZHOUR GBI B 1 5 BB DR T A 845

5. ZOMAIIKEEBO P LA BBT HAEICHEY
L, WP OTIIRAEOREEREN /NS L, BAEICT
RPEDREPERTROED THS. € 9(b) 1iE
@J%Eé 0, TERLUT: (y —yo.5) /0, IR T20MTH
, AL BREERARO LTS, Lk kS
f; ﬂFi‘J(ﬁ%FW\%ﬁ ¥, BRITEIET D NES AT R
B LX< —HLTWS
BELEBEIOSMEE 10 1Z7T. SHIZESRE
MHRROND. 7T TR LELEDICBEERNARE
BIBAEN, ZIHERAOBAEARICREHTS. =
D=, EFERBIOBEABITRET S (y—yo.5)/0,=-2.4
IZBWT, REEERORSM@EBRIC LV BENIKEL
ZTEHL, RELBHHBRIPEBAL LS.
EROBEICET A HEFEIL, BESESSICRKE

U 7= SR TTHRERS] t* A% 140 255 280 (2B TR, 3
%Kmﬂ~y#w:yﬁz—&(mmmm42mh)
=280 % TOEEIC 02 B A E LI,

ZRW, t

@) ¢ =138.0

143.7

149.4

x/L 20

0 10
(d)¢ =155.1
Fig.11 Time variation for distribution of concentration

element released from higher and lower velocity
sides

Fig.12 Distribution

53 BEDIFE  Koochesfahani © (9 0%
RICELIE, TRTEAE CHBENOWE L ) b &
EROWEDIT S BEAMBIC L D Z<]RY ZEn5.
ERTIE, FRH (BE o) ZBE LIHES L
CEFRE (BE viy.) CBEIRE LIRESEANER
[N BTE S, BESFMF L ORAIC K AERE
BUATIZARD & L—HF—HIT LD ygy (THH L7z
HERETHIHRESFIAENA TS, BB)IG 6)3
ZOERFEE U ESMATICEL, BERET 25
EDOLIICBRELE.

[_{QWW for pase > 0.5

(18)
0 for Ypase < 0.5

AR THR (1) I, 0<I<1ERBE51%
ML L7z,

B LR O REEREBH LB EOESR
SMOREEEEZRESME L HICR 11 RT. =
2L, mEABIMERERMOEREZNEFNRFR LIV
RTCRTRLTHD. KEEROEBCL VRGN L
bah, TRIZETAWRBLREET L -ORERES
BRERELTNE.

X 12 1R STRR] t*=143.7 I BT B T D45 &R
2L, EERITEE0.0500 1 ETER4ERET
FRLTHD. K12(a) i, EEMSPFHF], K&
MPRLERLBER L LEDERTHS. TAME
WERT I @, @RS EaE B, EEM» LT
A2 LB a0/ RE R 12(b) (ZRTH, =@
FEIEE 12(a) DIZ I BRE V. Tbb, EFEAILY
LEERIOWMEDIE S BREABBICEEZ ATALTN
TLERLTVD. EROE D RIBEOFEHMAEIL,

1.5
= Base
B 0 m.wm@
Dy e+Ac|d

0

Dye+Acid =
2 ] g,§i %E %
B oo R RS Wﬁ Sy

of fluorescence intensity at

t*=143.7

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

846 ZROUREEIC B T B WE BN T RN

ENEG) THLROLNLTWS. LoT, KMIEIZEE
TFOEME LB, BEBIIRBIT 2WEIE Y BFIZ
RN CZ D Z L NHNB.

6. &

WAVGETRIETRD, MBI ZIRIEICER LT
ETEHET IR FER2 R TREBIZBIT A IERS
DOEFIZEB L, LLToOfRHE 5.

(1) RFEEIZEL Y, ZRARERB IR 2 KRIER
IZ XL DHAMER ~DWE DBIAFRRI BIFIZHENT
T&5.

(2) KD O FHBE L BELEHR S IH RE
DIKRBIZH D, EROESEICLPBFTHERL L—
Bi5.

(3) KM & ¥ L ERMMOHEDIZ S BHAKBIZ
BEXATNOTV, BRECESHUELRIFICHET
5.

Bboiz, AFROETIIHY, EXLTBHESR
BB e ARZERFERTERER BEHRZHEZIORGH
LEF3.

E S

X ik

(1) Brown, G. L. and Roshko, A., On density effects and
large structure in turbulent mixing layers, J. Fluid
Mech., 64(1974), 775-816

(2) Roshko, A., Structure of turbulent shear flows: A
new look, AIAA, J., 14-10(1976), 1349-1357.

(3) Batt, R. G., Turbulent mixing of passive and
chemically reacting species in a low-speed shear
layer, J. Fluid Mech., 82(1977), 53-95.

(4) Koochesfahani, M. M.-iEZ# 2 4, A "Flip”
experiment in a chemically reacting turbulent
mixing layer, AIAA, J., 23-8(1985), 1191-1194.

(6) EA/NEML - 1Fh 24, FEREABBICK T 2DEH
BEOMERYT, #3%, 53-485, B(1987), 102-107

(6) Hockney, R. W. and Eastwood, J. W., Computer
Simulation Using Particles, (1981), McGraw-Hill,
New York.

(7) Winckelmans, G. S. and Leonard, A., Contributions
to vortex particle methods for the computation of
three-dimensional incompressible unsteady flows, J.
Comput. Phys., 109(1993), 247-273.

(8) NWILAE - 1342 4, MBI L 2BR MM BHELKD
BiEfRE BEETLE_RTRERB~DOER) , ¥
%, 66-651, B(2000), 2853-2860.

(9) Uchiyama, T. * iZ4* 2 4, Numerical study on solid-
liquid two-phase flow around a circular cylinder
using a vortex method, Proc. Ist Asian Particle
Technol. Symp., Bangkok, (2000), (on CD-ROM).

(10) Uchiyama, T. and Naruse, M., Numerical simulation
of gas-particle two-phase mixing layer by vortex
method, Powder Technol., 125(2002), 111-121.

(11) Uchiyama, T. and Naruse, M., Numerical simulation
of gas-particle two-phase jet by vortex method,
Powder Technol., 131(2003), 156-165.

(12) PILEnsE - SLEFEM, B lR%E TRITHEAERT 2R
TMOEERNT, s, 69-684, B(2003), 1737-1745.

(13) KEFX 132 &, RTEIZLHLHAIEXOR
ERBO—IEICRIT 2 RE L TEX, #iA, 57-544,
B(1991), 4092-4099.

(14) Kamemoto, K. and Miyasaka, T., Development of a
vortex and heat elements method and its application
to analysis of unsteady heat transfer around a
circular cylinder in a uniform flow, VORTEX
METHODS, (2000), (Eds.. Kamemoto, K. and
Tsutahara, M.), World Scientific, Singapore, 135-
144. -

(15) Uchiyama, T. and Okita, T., Numerical prediction
of plume diffusion field around a circular cylinder
by particle method, Advances in Environmental
Research, 7(2003), 573-581.

(16) Tsunoda, H. - iZ7> 3 &, The effect of a circular
cylinder on the diffusion of matter by a plume, J.
Fluid Mech., 246(1993), 419-442

(17) Ghoniem, A. F. and Cagnon, Y., Vortex simulation
of laminar recirculating flow, J. Comput. Phys.,
68(1987), 346-377.

(18) RHESL-iFN 24, STHREEFTAZAVZIZIBEE
HIEEERNO—MEE (F 1], BEHESEEED
D OWAL) , HsEE, 49-440, B(1983), 801-808.

(19) Inoue, O., Vortex simulation of a turbulent mixing
layer, AIAA J., 23(1985), 367-373.

(20) Oster, D. and Wygnanski, I., The forced mixing
layer between parallel streams, J. Fluid Mech.,
123(1982), 91-130.

(21) Wen, F. - iZ2> 4 4, Particle dispersion by vortex
structures in plane mixing layers, Trans. ASME,
J. Fluid Eng., 114-4(1992), 657-666.

(22) Yang, X.* iZ4> 3 4, Two-way coupled bubble laden
mixing layer, Chem. Eng. Sci., 57(2002), 555-564.

NI | -El ectronic Library Service



