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EXPERIMENTS ON THE THREE-DIMENSIONAL
PHENOMENA IN DENSITY CURRENTS

By Kenji OOKUBO, Fuminori SUGANUMA
and Yoshio MURAMOTO

Synopsis

A series of experiments on the interfacial waves which emerge within the transitional
range between laminar and turbulent flow was conducted. These waves have well described
two-dimensional chracteristics such as the steep configuration and cusped breaking.

In this study, the interfacial visualization of lock exchange flow was achieved by the
chemical reaction. The size of the interfacial waves tends to become smaller with the decrease
in the inner scale of boundary layer. Common features between interfacial structure of the
stratified flow and wall boundary layers are discussed.

Besides the above features, another phenomenon is found in the curved channels, where
secondary currents in the upper layer maintain the outer side mixing layer very thin.
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Photo 1 Plane view of the interfacial waves L ,_,,('\,A\wnn\

of exchange flow (:=0.004, //=

6cm) in the 8 m-long channel Fig. 1 Salinity records above the interface
The size of the coherent flow struc- showing intermittent break up of
ture is estimated as 5 10cm. the saline water

(a) In the upper flow, there are 30~40 (b) In the lower flow, there are 15~20
streaks in the full width. The mean streaks in the full width. The mean
spacing of each sireaks is estimated spacing of each streaks is estimated
as 2.5~3cm. as 5~6em.

Photo 2 Longitudinal flow structure in the exchange flow(s 0.002, /{/ -4cm).
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Table 1 Experimental condition for the 4m-long channel exchange flow

Run | H(cm) B B/H | Ricm) | T, (sec)| V, (cm/s) ViH/v | R/ | uss(cm/s) ng;‘l’ggr
1 6 10,0021 | 11.7 | 1.44 | 1.67 3.54 2120 | 220 0,246 1
2 7 10,0020 0.0 | 1.67 | 1.89 3.71 2600 | 270 0.201 1
3 8 |0.0022| 875 1.89 | 1.95 a1 3290 | 350 0.272 1
4 9 10002 | 7.78| 2.1 | 2.14 4,21 3800 | 410 0.220 1
5 4 |0.0101| 17.5 | 0.97 | 0.64 6.23 2500 | 240 0.408 1
6 15 |0.0101| 4.67| 3.39 | 1.23 12.16 | 18200 | 1770 0.516 1
7 5 [0.0101| 140 | 1.21 | 0.71 7.02 3510 | 360 0.441 2
8 6 [0.0101| 1.7 | 1.44 | 0.78 7.72 4630 | 490 0.454 4
9 7 10,0101 | 100 | 1.67 | 0.84 8.43 5830 | 610 0.434 5

10 8 10,0101 875 1.89 | 0.90 8.90 7120 | 770 0. 450 4
11 5 10.0060| 14.0 | 1.21 | 0.92 5,43 2720 | 280 0.341 6
12 6 0.0061| 1.7 | 1.44 | 1.01 5,97 3600 | 380 0.384 6
13 7 10,0060 | 10.0 | 1.67 | 1.09 6.43 4500 | 440 0,395 6
14 8 |0.0060| 875| 1.89 | 1.16 6.87 5500 | 590 0.319 6
15 5 10,0101 140 | 121 | 0.71 7.05 3520 w
16 6 |0.01001| 11.7 | 1.44 | 0.78 7.72 4630 H
17 6 [0.0101| 117 | 1.44 | 0.78 7.7 4620 H
18 6 |0.0101| 1.7 | 1.44 | 0.78 77.2 4630 w
19 6 10.0102| 117 | 1.44 | 0.78 7.73 4640 H
20 10 10,0020 7.00| 2.33 | 2.24 4.47 4470 H
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Photo 3 Typical plane view of the interfacial waves

0.184:0.06 & 115 SN ES AL, TALA R B O L e 7 — 2 ¥U3i91, 600TH 543, e IRIE

LFETHE b LA D72 Run 6 5. 5810 07 —2 @RA L7ce Bl EGHREMIORE N T
EDSHM D,
SERUE IO X DT I FRAEPR o BUAIE L, o & A FIEER IR O RN & HK LT BRI LEBIMET

BB INSIDWE R I L Run 14 T, KEIRMEBSELAENLTH 12 b0 57, Pheto 2

TLLSN S LD IS BT O TRD BAMIKEMIIR LT X E B TR ~Ji, Blidk
DN IZNISSL(, T B, RHEHS 80cm DNITTIE 7 @ v MY FRHCHIET 5 £ T 4~5 T
BH - Foo WL A .,o)w:unu I F A E NS {2 - Tl T X 20D Ui LI 5
— gl =0y E—F ¢ R ICIN D IAATINT Uice S0 5 O BLITERD Susit & A7t D02 &
DIZLTRcA~NY l~/l/0>f"ﬂ/¢' Fig.5 1C 59, £ — 2 dsokEo a3, Run8 T
0.20Hz, Run 11 TF 0.15Hz FUETH . o TREEF + v A v DPIO BRI, o+ —I1TD

T HIEEEEDE AL ST S, Run 11 THHZMKE TH 5435, & — 7 Mo BT ic/h &g

E—/;’p,mwww( iR UH AR K S IS X B R OWiM A ~ 7 P iZ b 615 . Juiﬁmn&
DIt & AT 57208 S 5 L, BHREMSEL & 2N ooy — 7 BEATRELES X
THdo COLUZOODTHEND LS5 EdH - T, Run 18 TIEFM S Zolikiicicsk Lice AEREI
Run 8 WU TH L. FIEL2Bbisenitid, witgdy Imm, X 2em O R 5 ¥ L RGO lé’&@J
Ziid B bDOTHLH, SO T BEELOR B S R HILT S bo & KA 6Nk, Fig.6 oL 2
Sy PO E— 7 HIEEIZR 0.23Hz &L78- TW DA, PUMAENA N7 P TIREEE R © — 7 D &
DT S,

KAz A U7 S, Run 8, 11 ok ¢ 13541501 1.4+:0.5 5k 1.040.3em/s FE Eifiz &,
SALE VR 5.0 kT 6.6sce M OIIEEEN-EN 7.0:42.5, 6.642.0em &85, EIELDAEN




406 HAB KR FFER H285B-2 (5 60. 4)

10-1 . 3 /\
Py F /\ P T P 10°2 —)
10-2} 10-2} L \

T I \ 106 L
10-5 | 10-s} i
E l - 10—7 3 \‘A
R L T e T T R | = e T T g g o
f (Hz) f (Hz) f (Hz)
fa) Run 8 (b) Run 11 Fig. 6 Normarized spectrum of
Fig. 5 Normarized spectrum of the salinity record the interfacial stage (Run 18)

Run 1~4 jz2oWT dREBEIC ¢=0.7+0.2(cm/s), T=12(sec) &3 1F, 8.4+2.4cm DEELNZ, &
143 Photo3 » 5 bMERT BT EMTE B, 7272, BETRARY CRABHROEREHR r — 1 idos
BEBRVA /S VIBONSOFBKENE S IcBE b D, Kz Run 8 OREKO FHEELE LT Run
18 DHEERM S 4.3sec itk B &, Run 8 ORI 6.042.2cm SEEINCOBEBE~EKT 2. 2LE, ¥
RRIFEEE, RYTBEEHEELOHECKOTOEROBRREFB LIV Edbhot. TibE,
Bl DEABR S FUE BB EEBICEN 3R A L A— D2 b0 b DTH 52 E DR T E 12,

4. RERRO=ZXRTH

TR el DB RE B 3R IE A IICERE L D TR, BIEE Ry —vEE LTS,
C ORI BB OZRITHE R EBUUTH 208, BESBREDEARLE EBICRr — vk & R30I
LT, REEROBHBOULAHEDL>TH -7, Fig.7 12 Run 11 THIFHIC 2.5cm Bt 2 S0l
BEOLBERT. CCTRONIANRATEOZN (B 6.6sec) E—FLTHY, HOBMMHEICHE -
TWde CHEDRAEEOEMARDR r —ads bem BETLHOBHREELFEELOS TR T 3,
Fig.8 3R ReHOWFAORY) OHEMITH L. ¥ — 7 OBBER FZOFEMELY b/AX
<o ESIWNSVENEDEEERE LTS EEbN S, Photo 4 {2 Run 7, 8 LR HTFH » 72
Run 15, 18 OREETH 5. #ic Run 18 ORERICIIHEMAT, LHLESREOMLIERT LS50k
ENBETH 50

REPOEH 2 5 — VIOV TEHEE,LEET I ERELVOT, TTREQIRICLIRRD
TEMRERIE OV TRE L TA L S o KEKEHEERA L7202 Run 16, 17, 19 310 20 THEHhC 0
55 Run 16, 17, 19 {3 Run 8 LRA—RHTT->7dDThH b, K4EEH»S 1.0,50 BLU 3.0cm
DOEEIC 0.05mm OHEHMERBHIICIE - /2o WD SO, ZhFh 85 60 LY 85cm Th
%o #7c Run 20 TR V,H/v % Run 8 &i3iZRILICL, k&% 10cm e LbDTHEBOES
REBELD 1.7cm THb, K[id v RMEIZ ST 0.5sec & U, BEOWEEEIZ Run 16, 17, 20 i
DINTIE 2.0sec, Run 19 220 Tid Lbsec Bl E Lice SBHIOBAH, S, HALHBHE (FRAD O

— 8 —



KA+ AT+ FEA I I BL G0 T ZOOCH 2 B 742 407

5

W 7ol
05

T
3
™
2

ch3-ch.2 20 Run 8
o D A o + ~—— X<80cm 139
= * v W NAYAS P(%l) / \\ —— Xz80cm 167
T (sec) I\
\
\
{w %)
05
A ch.i-ch4
° . . ) A\ {\/’]n 4
E 25 V s VUV T WY
T (sec)
Fig. 7 Salinity differences belween two
probes placed near the interface.
The lateral distance of the two

probes (ch. 3 & 2 andch. 1 & 4)

is 2.5cm and the locations are Fig. 8 Distribution of the transverse crest
shown in Photo 3 (e). length of the interfacial wave

MO [ JA3PUN ===>

{a) Run 15 (b) Run 18

Photo 4 Fine structures on the interfacial waves

DI T LA LIcohs Photo 5~8 Tdh b, Run 8 ORIT, 4UMsIkimd Sl XN s i, R
250U N i, Fh-ENn 1.07em/s (Run 17), 0.59cm/s(Run 19) % k8 1.44cm/s (Run 16)
Lot IR oRED 1, POl AN, MEEO R A - 72 Andow S125E - T L
DI E (L4 9 D P o iZid i35 & c—1odem/s  E28 D TFPUHT R UL & —F T %, Photo 5 T
BT T H D DR LGEH 1T streak & LTHNTO B IGAEERITH b iz 7za v b OJfg?ﬂi’Jtnfj
Fob i U, 2o & BRI BIol 3N 5. 7@ v bl EIZ 3 MS TYELD streak ffikd




408 SONBEWOEET M 28ty 13 -2 (i 60. 4)

« underflow

< underflow

' o 10em
Photo 5 Low -speed streaks in the lower Photo 6 Low -speed streaks in the lower
layer (Run 16) layer (Run 20)

— 10 —



RN R0 =P IZBIT 5 S 409

L+42A0

[

=)
=
+
$

| S e L |
Photo 7 Hydrogen bubble pattern in the Photo 8 Hydrogen bubble pattern near the
upper layer (Run 17) interface (Run 19)



410 FAPKAREER F285B-2 (1§ 60. 4)

—=— Photo No. I~12 N=108
— ¢ I326N-69 P(%)

Pl%

20

40
30 L Run 16
- 30

\
A
\
i
\
i
i
\
\

20

o bl - A PRI BR <
[¢] 5 10 15 Alem)
10
30 Run20 -
=== Photo No 2-/5 N= 82 L
) yoT 16~30 N= 51 L

O 0 5 0 5 5

10
Y (cm)
Fig. 10 Distribution of the emergency of

the streak in transverse location y

20

T T T T T T

Fbid 503, TOHIHHOBEE EHICHEETHLST
H5bo
] NV o Run 16, 20 it DT streak BB Oigr s 7%% Fig. 9
% A i R 70 Y b b OIEROMER b B B i hIcERE
Fig. 9 Distribution of the spacing of the APEB K OHEICHTTRLTV B0 TRORFEMED
low-speed streaks HEshm (Fig.8) Ofm&EBDTL—~HLTEY,
streak #zs bR R & BHICKRD » TV B ATHVESE
Vo Run 20 20T HEMIBEML T 345 Run 8 LB 3 EASURBOLONE LD, 2K
ELTHESDEHRE W, Run 16 it 20T streak AR BEAMITAIC lem B THEIL, BEIFOD
FTRUIzb D0 Fig 10 Th 5, K& D 25 Uiz streak M HANIC HENEE LB TELTHS
ZEbbhb, CCTBHLTVWARERIZ7 o v MEICRE L ABAHRTLTRENLLLSDTHY,
o7 oy MEOREMESERE LIcbDTH L LELLE, BEMICEY 2 REBS streak 7o v b
BEERMLTOEEHIEE B0

—%, & UIELL LRI, KRS TRRORAERBIC ST 2 EREITHY LTHEEZL
BLLEDTED. ZOBE, BEEFEOMBE LTy =100c/2 L y* =usy/r) 18BR 7 —DFRIN
T 3975, Photo 5,6 TRIAT COEEEE ux HEhEh 0.4 LT 0.25cm/s BETH %0 SHEH
Bid 2.5cm BXU 4.0cm L5, ChOREBREEIEN—BLTHE, kKL, CTTHSHEERE
ERFECOEHERICDEL SN, LhdOkBRIFICBY 2XEFERTRENE NOREEBRE BSERE
THY, VTNOBRATCRELLSOPEISLTRED, KX LALBOES & LTRERICGT .

S 5 ICKERIRE 2. 5em 23, IZTEEIICHEY TS LS Langmuir FBEELTCOHMPLTET S
%o T ODEE, Faller 5¥WHKNTH 3 &S IKBROBEIWKERE (CZTRARROKENTBRERE
B) b E, 04 XIZEBWICOKE (CCTRTER BERLS . LeLEKs, KEOKED
Run 20 O FED streak HdHF VBB TIRETOENSIFEEMS NS &, BEATERBORN TH 37k
HOFBRENEVZ LS THOERTREMEREIN L LTHBY, BHENOEIORELESLLE

—12 —



o R I AR O ZUOETE I T B R 411

I R AR B3R & A S A T, TRV HIAKD

ISl B o Epsds ~ o (Figo1) . it o> Photo 7
C‘li'h:(’ FOPIC KBRS LT AT I 53, s
13 1RO SEARD J BT B b 'U)7a Lo
TR L, WS YR SR AR LTS
THhD&EZSNS, Hino 2 L2 Lok
RTINS O IR BT L
BT ERTE, ST ST T S
Vs T DAL D TH -7

Photo 7 (2 NEkE 7 70 572812, Photo 5,6 X[
Uhh® 1 U7cahs, Roziiil kel s S boffi
fPEES7% Photo 9 125 L7ze T ASd 5 bursting
ARDBELTL Loy, = LT EMASORI AL E DR
IS ET BN E L ARNTH DA T D LiRYa
ADSGEFOVDIIETH L E0 M imb TS 50 T O
IZEZT, FUhiftdroy iVl Photo 8 &Lin'ﬂ‘&ﬁﬂ%m‘:
UVve TEDMT ZOTSIHE RN Z D LD AR T B E D

WHZENTEDLD, 24 L5414 T GMASENS -

T, DB kT g e et ime Siscc aher
Bz - LLL‘I‘xHJM W7 & LT o JREAami T, i barrier removal

RN E G020, v—720 7D, DASND § AR HTEN S 5 LIARBLZIHI 0
&L b(q“’ [PRGA PPN ')1 VDAL, WO DTS LT & b8 - THAVOREE S T B aihal
HLTODESABIELTEI Y Wil & BIXHI LIz 025, bEORG D SN &8 - T D
Lobdhb, zﬂlbi!‘ﬂ.‘i;?féF@’(/’)J?”‘lﬁﬁf"?&ﬂfLO’JJB/B%/J“JIUD/\‘—X FPEETAUE, FO MR 2=k
z2=40 FUETH D f\‘]')’)i)\b), PR O NEIIYTS ug=0.dem, s AHOAUT X & LT lem &35,
Ldl, ZRRBELSXICTERONS, SN b [rumWiid T 5. 22 Fig.8 £l L,
Run 8 D AMTIHE R {"h‘r(dﬂ{ﬂf')) EXERIRD lem OFUETHAH. LL, THOUSGFIE e D
Yl S D $ TICR SN, KR EIIFIETHEH S L0 I b, Zopia 'i'{’fﬁiﬂ/ﬁ L BRI
FIS{7z M A7 O/ NN b & B2 5N 5. ~J, BIJATiRE O XRIEA T LN q“ WDHA(ET Do
A D SR T IR LEDMIN o DI ARUI DD TRT Z 3T ERVDS, BRI S50 2510 DRSS
DB TORZS NI 7 v — N OB DT A% L,

P

5 BHMEERORBIRSR

ZAVE TIHANT SRR D OO LA 2 e KPR R E BT B ST B8, WEis
FARO LR E IR O S AIEIE & LTMlles i oidbe & O B Do ZOBIZUI DT HIIEDWIA
btsds, (CANBEFE S LT Chikuwenduw'®'" f5 L 7¥ Macagno & Alonso'™® “Ghsdhifoiibd. L
L, 2530 dNnd b EMoniisshd B O EBRTH » THLRIFIZIZIS » TOE O D HInE UL
Y7 LTHBIEO D ED & B2 SN BHOT, MK S5 OT SHeE I B LU RIK S ST 0L ET -
72150, Z TRAUCHNBIRIC AR SO T O 50T, FEIEHT ORI '%“C/:k|'1£;z£_ylv\m

KBRS A Fig. 11 1289 - SISz 53 2 Fii7 o v b oM IS >0 TIOR3 o
FEULEHIPILTH O™, LN OB SRNS O LA / L2 TR I 5 5D THY, Froudian zone® 4
b, 7oy FBPMAE ORI PO EMDNBFIYTH 5 Foe 7 u v b DSIHINEAE e d A R




412 BUKBHSEBIRAHUES. 9285 B-2 (I 60. 4)
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re = 15¢cm
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1\5cm (a) Sideview of the underflow front
(¢=0.017, H=4cm)
|
8.5¢cm
A: upstream tank, B: downstream tank,

F: fresh water supply, S: salt water valve
O: fresh water outlet (full width weir),
D: drain pipe

Fig. 11 Apparatus for the curved density

current experiments (b) As the flow becomes nearlly steady,
retarding layer is formed near the
(Photo 10(a)) T, ijjsiE TITRNT X7cD &l inner wall region (same as (a))
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Table 2 Condition for the curved saline wedge
experiment

Qs Fyo
¢ (cc/min.) | =Q,/BHV, =—A

0.0029 | 2990~5020 | 0.345~0.580 | 2890
0.0043 | 3500~5000 | 0.333~0.475 | 3520
0.0072 | 4380~4880 | 0.321~0.358 | 4560

Series
0

| 0.00402] 3120~5020 | 0.305~0.492 | 3400
Se‘ae)s 0.00605 3830~5210 | 0.306~0.419 | 4180
0.00806 4680 0.328 4830

Series | 0.00404| 3170~4880 | 0.480~0.310 | 3410
@ | 0,00605 4160~6090 | 0,333~0.486 | 4180

’Seggs 0.00800] 4680~7330 | 0.362~0.509 | 5860
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Fig. 12 Relation between intrusion length of
saline wedge and densimetric Froude
number due to fresh water discharge
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Fig. 13 Saline wedge configuration at
various Froude numbers
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Fig. 14 Transverse difference of the saline
wedge at various locations of the
bend
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Fig. 15 Distributions of the lower layer
depth (k) at the inner wall (full
curve) and at the outer wall(bro-
ken curve)
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Series(1)

- Isovel

- expected

secondary
current
mixed layer
inner outer
retarding wave . . . .
zone crest Fig. 16 Schematic view of the interface in

curved stratified flow

HITHNE L FTDEIBHEDIBR~DEII/NZ
W EMPrB,

Photo 11: Interfacial visualization in saline _Ajjh, ?ﬁ‘zﬁ}%‘iﬁci&ﬁ%%ﬂﬁ@ﬁﬁiﬁ)fﬁﬁ%(i Fi_g. 15
wedge. In the outer interface, there R LS BEDTHY, Fifiie S OB 3
often exist stationary biased waves. A DERFEF (F.0=0.3~0.5) TiI/KEDI0%
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flow above
interface
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