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TURBULENT STRUCTURE AND CONTROL OF COHERENT VORTEX
IN MIXING LAYER OF OPEN-CHANNEL PARALLEL COFLOWS
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By Iehisa NEZU, Hiroji NAKAGAWA, Hiroyuki MUROYA and Toshinori MATSUMOTO

The effect of periodic two-dimensional excitation on the development of a turbulent
mixing region in open-channel parallel coflows was investigated experimentally by mak-
ing use of visual study and hot-film anemometers. Controlled oscillations of variable
frequency were applied at the initiation of mixing between two parallel water flows.
When the frequency of the forced oscillations was lower than the fundamental frequency
(in the present case it was about 1 Hz) which might describe the interaction of vortices,
i. e. pairing, the spreading rate of flow was increased by enhancing the coalescence of
neighbouring eddies. On the other hand, at the frequency higher than the fundamental
one, the controlled and resonant vortices were generated in a single array of large
vortices, which did not interact with each other. Consequently, the spreading rate of
flow was depressed, and also the Reynolds stress became negative.

‘ Keywords : mixing layer, turbulence control, forced oscillation, coflows, coherent vor-

tex, open~channel turbulence
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Fig.1 Sketch of mixing shear layer in open-channel parallel

coflows.
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Table1 Hydraulic conditions,

CASE h q 0, Uy U, Uy f

{em) | (1/s) | (V/s) | {cm/s)| (em/s) (Hz)
WA-1 | 10.0 | 1.50 | 0.30 [10.0 | 2.0 0.2 }O0.0
Ha-2 { 10.0 | 1.50 | 0.60 | 10.0 | 4.0 0.4 |O.0
wa-3 | 10.0 | 1.50 | 0.90 | 10.0 | 6.0 |o0.6 |O.0
HA-4 | 10,0 {1.50 | .26 {100 | 80 jo0.8 |0.0
Wa-5 | 10.0 | 1.50 | 1.50 | 10.0 {100 |[1.0 | 0.0
w-1 | 10.0 | 1.50 | 0.90 | 10.0 | 6.0 |0.6 |O0.4
w-2 | 10.0 | 1.50 | 0.90 [ 10.0 [ 6.0 |06 |07
w-3 | 10.0 | 1.50 [ 0,90 [ 10,0 | 6.0 |0.6 [1.0
w-4 | 10.0 [ 1.50 | 0,90 [ 10,0 | 6.0 0.6 | 1.5
w-5 | 10,0 | 1.50 | 0.90 [ 6.0 | 6.0 |o0.6 | 2.0
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(b) F=0.4 Hz

(d) =1.0 Hz

{e) f=1.5 Hz

(f) #=2.0 Hz

Fig.3 Visual photographs of coherent vortices by varying the

forced oscillations.
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Fig.4 Position of the roll-up and pairing of vortices,
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Fig.5 Size of vortices by varying the forced oscillations.
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Fig.6 Mean velocity distributions.
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Fig.9 Dimensionless mean velocity distribution.
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%'/ Unax.

PR - Il - EBE - K

y(cm) (a) f =0 Hz, v'/Upsy (x10)
8.4

x(cm)

(b) f = 0.7 Hz, v'/Upay (x10)

0.0 P I—-
.0 0.0 .0 T ae
x{cm)
yien) (e} f = 1.0 Hz, v'/Up,, (x10)
a.0
0.6
\JM\_’_,—
* R % o —
x{cm)
wem (@ = 2.0 Hz, v'/Upax (x10)

x{cm)

Fig.11 Contour lines of transverse turbulence intensity
¥’/ Unax.
y(cm) (a) f =0 Hz, -uv/U3,, (x102)
e e
0,05
LA
0.0 T 0.2
we TN
2.0 x(cm) 4.0 60.0 T w0
(b) f = 0.7 Hz, —uv/UZ,, (x10%)
y{cm)

0,05

x{cm)

y{cm) (¢) f = 1.0 Hz, -uv/UZ,, (x10?)

60,0
x(cm)

(d) f = 2.0 Hz, -uv/U3,x (x10%)

—_—
= —
<
zn"o u’m 50‘.!1 7.0

x(cm)

Fig.12 Contour lines of Reynolds stress — %5/ U%ay.



BB AT OREGEIZE W 5 ELBE L ARBOMEICE T 5515

Zokdiz, ELNEE v & v ORESREIRE f
RE-TFORMEAEET S LZERIRETH O,
ChSEBEBOEHEBEICHEL WS EHERxA
5.

(3) LI/ ULXSHhaH

Fig.12ix, VA / VAR uo a3 v 5—Td5.
1D TFToEAgRESH 25256, LA 2 VXIS
NBFTRTEE LY, BT, ARESRBEL, hHE
AROBER R4 x<10cm OXECRIEIZTRE<
7Y, BAMBOERRINORBENITOATHWS L
Bhmb.

—%h, f=2Hz 05REEH T c<20cm THAD L
4 I NVZENBREETVSESEICER S S, Oster
i, MEEOBREERASELTZE LA/ VSN
ALy, Bhiia VY — i 5Tl LB E
NBTHAH WAL, KRERTS f=2Hz2TED
EHHPE U0, 7 TIREELARSRISEHRE)IC
FoTRLHBME N, BRTOEAEANZE>T
rrHEEZLND.

PEoksiz, f=1Hz 281 UCELHBERISET
BLEVWHEENELNT.. Thid, BRRESHEZ5X5
SHEBBORLE - REVERICZ0, ARRAVRES
haDiIcHL, BRAKESHZS5 X3 EEBRIEEICH
wman, FIg.3 1R L5 KBRLE L-BASERE N
T, BOEAPREL, ANBRBECEETIHDEE
zZuhs.

5. A~NY MERIRER

(1) asiEE» 5VEE
Fig. 13 i3, B#I U/U=0.6 2HlicE v, PRk
DRRTHONIWELES (u, v) DANRT P VT

159

ERLULEBHICH S, OHKE x=0.2cm T, u, v
DEFHEHIZ f=1Hz & 3Hz BEICSBEREIERD
ha. COMEMER, RTRIETE 2R AR
HoNIEVD, TOXESFREEICEbhTWEE
BHEHICET S, AEEEA roll-up UTHHZERE LS
x=5~10cm OHE T (Fig.4), f=3Hz EEOEE
BEERIKE< 25, Fig. 1413, HHAEK f 25
EROYIAEBRE 6 L HAWE U, & CEKRITHERL
LA PA=NVE S:=f6/U % x/6, 2t UTRIRL
TV, AIRICEA U 72 50 HoAMBOBEBBRERD
FOBLBEBEEERLULY, ThOHDEIBZARY PV
Y—Z7@IZEIEFE—HT 5. Fig. 13T, z=30cm /55
&, f=3HzD¥ - ERNE< Y, —K f=1Hz
OY— 7 EPIEHICKEL 2 Y, ZOFHT pairing A5
HBUTWBEEZHLND, F12, pairing d u BH LY
vEHICHBICA NS, x=80cm DETHRICE S &,
SF<1Hz iZX 5IT/hNI -7 @BH b h, SkssttA

CASE HA3

O Spectral Peak
st U,/U;=0.6, =0 Hz (Unforced) ¢ Visual Peak
@ Visual Mean
0.05T
05] o
o o o L
0.0 b4 d o
o o .
(4]
0,034+
0.02p °© °©
0.014
T v T 1 v :
6.0 20.0 40.0 60.0 80.0 100.0 120.0

x/8)
Fig. 14 Variation of Strouhal number in the unforced mixing
layer,

T |
(b) x=5.0cm

| i
(a) x=0.2cm

(c) x=10.0cm

I I T

(d) x=30.0cm

] T
(e) x=80.0cm

LAREI L]

Y

)

1

YPunpe s vagumg s v v

amet ¢ gavad 3
——h

4
B

o -
~

W

LY

w

sin
(1]
s

s

n
[ it
i

\
b
&.

Al
\
\

=
== SR

PATR LA W RS I3 LA MR LTI LAl B}

Ivllf

LR LT RT T L B RTTY LA M T L A TTT LTI eI ]

@ ¢ 2y ranmO t pateinOt e pe ey vavemet gy

- . sin
A 23000 3 D aveimo g pavenmett ) v reimpat b by rempot g 2 31id o 3 sumid

9° 3 2 apeimpo’ & R yieino 4 2 renimot & praeydt ¢ 3 ysumye’ vt vk

Fig. 13 Spectral distributions of ¢ and p along the center line,

POINT=11 larlk q roinr=3z POINT=5] POINT=102 SINT=147 “
o= 77 o=u o= u o= u De U i
X ¥ o x=v X= v X= v X= v
1] 3 il !
CASE= HA3 E CASE= HA3 CASE= HA3 CASE= HA3 CASE= HA3
A
GREECI ;':;"snnf ERILCH GREREEILLTE »’-mll:s-n' EIREELLUT S THE IR REIE0T ) :‘ :n-n“"vc RIS R EICL T )r-m."m-: EREIGETS T 1 3 8eeeng zF-m-“:«mo' T3 sime

i.e. y=0, in the unforced mixing layer.



160

fi‘_é@t%kv}n, U202 —5/3 RANIZHE S 52280
WAEBITTHEDTHS. .

DEokdiz, f=3Hz BESHERORERBLH T
BB, TORAPT—1IEIIE S, =0.041BETHV,
Winant & 23R 72 KEBRO S, ITIZIF—FKT 5. L
»U, THNESBREABORABOEBAE R
S =0.02I2ETHY, OEICH~RDIL2FEHREL,
AEEROYHABIE O FES A cE b x n A8
BRETHY, KEZFEPRL S HBMICIIHER T
VA5, §,=0.04 DEIBRKEVLDL LAZL,

—%, f=1Hz OE8EEEISHEEREOREFBLS
THHEEKSHbN, INPHhETEREL TWAERFR
HBThareEroND. $abb, IBHED pairing ®
HEFLHRMCL TRACLEE LU CEREHRAM SN
5. COkHI, BHECEE S LHRACEEL, &R

¥R e I - ER - A

BEABBAIED 2 &3 Oster 595 L TV 3. T,
S=1HzBEOSBAMEIE §,=0.02 iYL, &£
BROYHAMTE I X BHA SRS S RON TV 3 TRk
HY, TNHOFMBBEISHEHITKETHS.

(2) AaBHREIY» S 5155

Fig.15 &, f=0.7Hz 0BpRSH 252 12BE5D X
N7 MNVSHOELRTH 5. HBBORERD x=5
cm #EASITIE £=0.7 Hz DFEHITHE N AR pLE—2
BHY, 2f,3f,4f EEFAEBAO>NB. CORE
Bul oZEBHEBICRLTHY, BREESCKEREH
TWaEEZLND. HBROREFERICH S =10
cm Th v EBDARY MiE x=5cm OH D EKEIE
TV, u BB fe3Hz BEINSI B — B HBH

- bh, IhrRgRibsh I ERRIOTETSEEA LN

25, BEEREICEZELEOHMIZEMICAELED

(a) x=5cm . (b) x=10cm . (c) x=20cm . (d) x=30cm . (e) x=80cm

?A A i i -

: 5 :

N asta ik : =i

3 : 1% i E - F 3

w/ A \ ) \\ Tl \\ | \\ v\‘n \\
3 % - f N s p ]

: ‘; : Wl o 3
3 - +] ] £ :

1 F \ 3 LA P p '

] Ll g h.RIRE \

g POINT=32 ‘”» ! g PUOI_NTJSI % 3 P?Dx_rnjas ﬁ] § POINT=102 E POINT=147 ?ﬁ

q oy | xev g X g = J =

B E 5 E E 4

: ¥ | 3 b s L V| ]

3 casE= HV2 3 cASE= Hv2 7 cAsE= Hv2 J cAsE= Hv2 4 case= Hv2

d N Y o N
Tm‘m?.?ﬂ;ﬂ'mﬁ_mm, T 7 3 SR x'im-':tmv FIivE RN L me e CEER Ry a’nmt"u g ¥ T LIS smnnum: T3 Iome

Fig.15 Spectral distributions of 4 and » along the center line in

— (b) x=10cm

r (a) x=5cm

—~( c) x=20cm

the forced mixing layer of f=0.7 Hz.

(d) x=30cm

~(e) x=80cm

D ERITH AR LS

{
C

J

o' 3 dviaypd 8 3 ey

/

]

¢

{

oy pypermiot g peeriygd 3 v asymd

\

e
el

\
\

w
T f by runnCt e yaaneput b dayeiematy p atermet ¢ 250U ¢ pasumc ) 0 s permpe

O b preemio’ s peveimot 3 3yt 4 2 epenmet p pevnmitt s yiume s b ypame

g ' g .' %
RE : i R
3 5 £ = q :

3 4 1} 3 i

E E | ¥

3 . 3 {] |

] ] b u !
=l Y 1 o] 1 T

E E z ; e
3 poInT=32 POINT=S] o POINT=85 4 POINT=102 “ POINT=147 IA-

1 o-u 7 o= U 1 o-u 1 o=u ; o=y #

B X=V X= ¥ T % X= v iy X= ¥ X= ¥ [

5 1} E ¥ g

4 CRsE= CASE= HVS 4 CASE= HVS 4 cAasg= HYVS CASE= HVS

El Bl ke

] T ] o T IR 7 3 Fahg T 34 oo o § T sEme § 3 (g ¢ 1 {0 E T T I AIene 1 T3I0mMg § T e & T 3 UI0mg 7 3 astime § 7 e

Fig.16 Spectral distributions of ¢ and v along the center line in the forced mixing layer of f=2, 0 Hz.



BIKEEEMABORABIC B Y 3 ALRHEIE & BB OREIE S 315 161

MTWV5, x=80cm O+HTHT BRSO — 7
ARGV DS, 21, 3f nEOEHEBEIERINEL L
U, KREZREERICL->T f=0.7Hz DBEFIHREIC
IANKE-DEPLEZBDEEZIS N B,

—%, EXAEEK1Hz: o ks0BERE T2 bs
f=2Hz2 5218850 ARZ VS HOELE
Fig. 16 it;Ra3 b, x=5~30cm ¢Tif f=2Hz iT|®RK
E— 7 DB H0,2f,3f 2 E0BRAK LA 50,
COERIXFIQ15D f=0.7THz 25X 1385 L AT
H5. LrL, Fig.16 DFEITIX f/2=1 Hz DIEFHE
MEBEEICRbh, ULhbrbIhd x=80cm FHTH 5N
LZEFPAKEZERTHE. N3, REESESZ L0V
BAOHFENOBRXBEENS 1HzThH 306, f=2Hz
ORliRE 525 L, —~BORBREZREILIZHD
EEZHNS. £, f=0.7 DEBARKIEEHE f=2Hz
OEEERSES X 1B PRET S L, x=5cm TH
BOHFHBARZ PLVE—-2713RY, Fhzlosl@L <
WBELOEEZHNS., —F, x=80cm CEIHEDR
BEOY—-7EEIBERL, 0L 258 s hags
WERERSZEANBELVLESBE - BHEITS L
DEEZ BN, CORBRITEROAIRCEBRE T 5.

6. REFEHANC & 2 ERAD/ Y2 —>

HBBORLAEY b7 4 VADE VY ABOKRER
F (x=15cm) 2kt & %% At=0& U, (u, v) @
REES LB Y 7Y v 77U, RIZ4OBEOHEEE
WEBELUTEEFEHULLRERZ bV (4, d) =H808
OBREE U.~(U+U)/20BHEERETRRLL
LONFig17Thd. At OBhERIBRERE AR
$THE x FRBERCERTE S5, Fig 17 13888

CASE= DA2 w3 (a) Unforced (f=0 Hz)

e e e e e e e e e e =

e o - ——

e e e e e e e e e e e e

e e e e e e e e e e e e e e

2.0
!
!
i
!
\
\
\
\
\
\
|
|
I
!
!
!
!
i
\
\
\

Y (CM)
0.0

Fig.17 Conditionally averaged patterns of a coherent vortex.

DERISY - 2RDLTWS. ZOREBREOBI®R
BN 4em/s THBEH» S, s yEEBZOTATY
BOFTREEZEXT LV, BFRE#HIZ0.7Hz 252 TV
5, Br—ALHHEBRBEO/Y — VHBEEICOIS. B
RREBOBLBHIRES Z5 2 BEOBE2HKT S
&, BEOHFMPAREL, TRAEBISTENI LD 5.
i, f=0.7TH: DIEEI*5 25L&, BERBERDOR
BARBICAHRL, BESENLIZZOTHY, R
JELREGVEEX Wz LEX SN 5.

7. #& ]

AWRIE, BIABAHETRET HAMBERL,
WM B & OB 2 ARRELSHERIC E D &5 ¥
BRI R ARICED & USRI 2 BE L Tii
LizbDTH Y, FiZ, BIREIC & > CREBOIELR
BAVHEWENES »ERS LD TH S, FHRT
BonlEoMRENNETNIRDEBVTH 5.

(1) BEESPNINIZE, DFORBESKEINIEF
ERROBRIETAEL, BEBOEI D HKEL.

(2) HBB/OMEEMEH (paiting) Z2RbOTHAEK
BEAEEKESY, ChIVERES L OERREROR
FiRS 2 52 1BE & CHELREEVBRE ICEEYT 5.

(3) BEREE#HZS525L, ERFAOENEE L
BAEIC2EY — 2262 LM THY, BEK
E#t5x25& L4 2 VAGHhEAERY, THALE—
HEID B EHFIGBR S A, ARBOBBEIEL.,

(4) EALEHERI BRRETCOBRELERRE
DESEE DD 2EMBERZTRL, BF¥T 5L 8E2E
i x, BAEF2HET5. vabb, ELEEUR
EIhBEEZO>ND.

(5) EAKEERE, BAREL—EBHOBTIN
Rz, ULrbZFOREORERZIEAERV., Lz
BoT, LOBAEOREBOREIMHEhE bDEE
z6h5.

REBHIARESHBRITET 5 ZLPBRaN
TALWVY, ZhzEDLSICHEage» ik TEMIT
EECTHHP0R 0 ERELRETH D, AR O~
ZoWibDTHY, Sk, ZOEFEEE &M
BT HLELIE, BEEBXEBERESBICRIETIHN
FBEOBEEBE L, ChoOEFEHBREEEBRL
TWE WD,

B, KR EZRTI5I2H120, Bf61 EEX
HENEMARIBRIIE ELRHNBEORFELZz0L
- pESARE~ORH, FEES 60850100, B3
&% | PIERREASE) oBhEBL L 2L,
IR L 20,



162

2)

3)

5)

6)

€ £ X B
Brown, G.L. and Roshko, A, : On Density Effects and
Large Structure in the Turbulent Mixing Layers, J.
Fluid Mech., Vol. 64, pp.775~816, 1974.
Winant, C.D. and Browand, F.K. : Vortex Pairing :
The Mechanism of Turbulent Mixing Layer Growth at
Moderate Reynolds Number, J. Fluid Mech., Vol. 63,
pp. 237~255, 1974.
RN - R - Il - RO - B R R OMBE T SR OO AR R
BOWRILE £ ORBFAERAE, SihoFfRk, Vol 2,
pp. 629~634, 1982.
hIE " REFEEERORSBB IS0 ICHT 2
BERIBSE, KBRAFEEMGA, 1984
Oster, D. and Wygnanski, I. : The Forced Mixing
Layer Between Parallel Streams, J. Fluid Mech.,
Vol. 123, pp.91~130, 1982.
FIER - HRREA - ERIEF | PIKBEARAOHAME

7)

9)

10)

b e s I IR-{=- I /> NN

MOBIBE L £ OEMBPBEICREIHEBIIOVT, LK%
=58 41 BUERFHTETES, 11-158, pp.315~316, 1986.
)l - ¥R - Dt - BE BB SR ORISR
FTREBLOEEIZONT, B6l EELARYLEEHY
ERFREAMT RIS, 11-25, 1986.
Chandrsuda, C., Mehta, R.D., Weir, A.D. and Brad-
shaw, P. : Effect of Free-Stream Turbulence on Large
Structure in Turbulent Mixing Layers, J. Fluid Mech. ,
Vol. 85, pp.693~704, 1978.
Sato, H. : The Stability and Transition of a Two-
Dimensional Jet, J. Fluid Mech., Vol.7, pp.53~84,
1960.
Il - ZRB - A  ZBRABICRIEFIIRERL
DOEEIET B RILHR, hoaRI1L, Vol. 7, No. 26,
pp. 339~344, 1987. '
(1987.4.16 - S1¢)




