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CORIOLIS’ EFFECTS ON DENSITY CURRENTS(2)

——Experiment on the Rotating Exchange Flow

By Kenji OOKUBO and Yoshio MURAMOTO

Synopsis

In order to clarify the effects of Coriolis’ force on density currents in estuaries and lakes,
experiments of rotating lock exchange flow were carried out under the condition of Reynolds
number R,=140~1400, Rossby number R,=0.14~11.8 and Ekman number E,=2.4Xx 104~
2.0x1072,

Discharge reduction in the underflow, transverse deviation of the underflow (salt water)
fronts and increase of the front velocity were observed under rotating condition, and criterion
of rotating regime is estimated from the discharge reduction as R,~4.0. For the strong
rotaing regime R,<1, it was found that inviscid rotating hydraulics could be applied to
the flow in E,<C0(1073). The effects of R, and E, on the exchange flow are evaluated from
three kinds of time 1/f, b/V, and H%/v, where f; Coriolis’ parameter, b; breadth of the
basin, V,=yg'H ; densimetric velocity, g’; reduced gravity accelaration, H; the depth, v;
kinematic (eddy) viscosity.

The characteristics of mixing layer of lock exchange flow and effects of abrupt channel
expansion on density currents are briefly discussed on the basis of experimental results by
means of a new flow visualization technique.
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Table 1 The governing parameters in the rotating exchange flow experiments.

R. | R, R, H/b | 10, [ Ru | R ‘ R, ] H/b | 10,
1 0.285 1,120 0.8 0.318 51 3,340 557 0.2 30, 000
2 0.247 727 0.6 0.566 52 4,170 3,490 1.0 1,190
3 0.202 396 0.4 1.28 53 3,730 2,490 0.8 1,870
4 0.143 140 0.2 5.11 54 3,230 1,620 0.6 3,320
5 0.570 2,240 0.8 0.318 55 2, 640 882 0.4 7,480
6 0.494 1,450 0.6 0.568 56 8,320 6,940 1.0 1,200
7 0. 403 792 0.4 1.27 57 7,470 4,990 0.8 1,870
8 0.285 280 0.2 5.09 58 6, 440 3,230 0.6 3,320
9 1.14 4,460 0.8 0.320 59 5,280 1,760 0.4 7,500

10 0.984 2,980 0.6 0.550 60 16, 500 13,800 1.0 1, 200

11 0. 802 1,580 0.4 1.27 61 14, 800 9,870 0.8 1, 870

12 0.567 557 0.2 5.09 62 12, 800 6,410 0.6 3,330

13 2.24 4,450 0.8 0.629 63 10, 400 3,490 0.4 7,405

14 1.94 2,890 0.6 1.12 64 0.830 3,490 1.0 0.238

15 1,58 1,570 0.4 2.52 65 0.742 2,490 0.8 0.372

16 1.12 556 0.2 10.1 66 0.643 1,620 0.6 0.662

17 1.13 2,240 0.8 0.631 67 0.524 882 0.4 1.49

18 0.975 1,450 0.6 1.12 68 1.65 6,950 1.0 0.237

19 0.796 792 0.4 2.51 69 1.48 4,990 0.8 0.371

20 0.563 280 0.2 10.1 70 1.28 3,230 0.6 0. 660

21 0.563 1,120 0.8 6.28 71 1.05 1,760 0.4 1.49

22 0.487 727 0.6 1.12 72 3,28 13, 800 1.0 0.238

23 0.398 396 0.4 2.51 73 2.94 9,870 0.8 0.372

24 0.281 140 0.2 10.0 74 2.54 6,410 0.6 0. 660

25 4.46 4,460 0.8 1.25 75 2.08 3,490 0.4 1.49

26 3.86 2,900 0.6 2.22 76 3.35 3,490 1.0 0. 960

27 3.15 1,580 0.4 4.98 77 3.00 2,490 0.8 1.51

28 2.23 557 0.2 20.0 78 2.59 1,620 0.6 2.66

29 2.24 2,240 0.8 1.25 79 2.12 882 0.4 6.01

30 1.94 1,450 0.6 2.23 80 6.68 6, 960 1.0 0.960

31 1.58 792 0.4 4.99 81 6.00 4,990 0.8 1.50

32 1.12 280 0.2 20.0 82 5.17 3,230 0.6 2.67

33 1.12 1,120 0.8 1.25 83 4.24 1,770 0.4 5.99

3 0.970 727 0.6 2.22 84 13.2 13, 800 1.0 0.957

35 0.792 396 0.4 5.00 85 11.8 9, 870 0.8 1.49

36 0.560 140 0.2 20.0 86 10.3 6,410 0.6 2.68

37 10, 800 12,600 1.4 612 87 8.38 3,490 0.4 6.00

38 7,630 4,460 07 2,440 88 6.42 13, 800 1.0 0. 465

39 7,070 3,540 0.6 3,330 89 5.77 9,920 0.8 7.27

40 5,770 1,930 0.4 7,470 90 4,98 6,420 0.6 1.29

41 9,990 10, 000 1.2 833 91 4.06 3,490 0.4 2.91

42 9,570 8,790 1.1 990 92 1.62 3,490 1.0 0. 464

43 9,120 7,610 1.0 1,200 93 1.45 2,500 0.8 0.725

44 8, 650 6,500 0.9 1,480 94 1.26 1,620 0.6 1.30

45 6, 680 4,460 0.8 1,870 95 1.02 880 0.4 2.90

46 6, 240 3,650 0.7 2,510 96 3.24 6,960 1.0 0. 466

47 5,790 2,900 0.6 3,330 97 2.90 5,000 0.8 0.725

48 5, 280 2,210 0.5 4,780 88 2.51 3,230 0.6 1.30

49 4,720 1,580 0.4 7,470 99 2.05 1,760 0.4 2.91

50 4,690 1,020 0.3 13, 400

Kinematic viscosity coefficient » is assumed to be a constant value of 0.01(cm?/sec)

.__4._.
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ERRESDTHAI. Lipl, MERAEWICREALLDOTHY, HRELOSWRY fiidtic Rossby 3
LS, HBOREIC R, &BEL LT B, W), B), BRDI L2005 2 —2 L H/b BSbhhhid
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Table 2 Example of the Rotating Hydraulic flow (Eddy
viscosity coefficient is assumed to be 1cm?/sec.)

vV
L | H| ¢ |wur] Vs
(km) | (m) |(m/sec?)|(sec™?) (Srgé) /b R, R, E, ref.
Denmark strait | 100 | 620 | .00333 | 1.34 | 1.4 | 0.0062 | 0.11 | 8,700,000| 2.0 10-6 WLgm)

Anegada passage| 5| 100 |.0004 | .45 |0.20{0.020 |0.89| 200,000 2.2x 104 WLgm)

Gibraltar strait 7| 200 .020 | .85|2.4 |0.041 | 4.0 |7,000,000]1.4x10-5 WLgm)

Denmark strait | 100 | (100)| .00372 | 1.34 | 0.61 | 0.0010 | 0.015 610,000 2.5x 10~ Sm‘(‘{‘g,,!;)

Gibraltar strait 7| @00y 0123 | .85|1.6 | 0.029 |2.6 | 5,200,000 1.7x10- Smi(t{‘975)
Jungfern sill 1,800 45 6.9 10~ Gm(1976)
Faroe Bank -, | Rydberg
Faroe B 900 | .0050 |1.29 | 2.1 19,000,000/ 9. 6 10-7 | RYGberE

Bohnholm strait 30 60 | .0040 | 1.19 | 0.49 | 0.0020 | 0.14 290,000 2.4x104 Ryd(’kigrs%)

Biwa-ko oohashi 2 10 | . 0025 .84 0.16 | 0.0050 | 0.95 16, 000 0.012

NTOBHEE EDicD Table 2 THB, FIRF—nE LT sill HTOLKE H Vi, BTFT
KEBMABNTOXEEERICET AMELRINTN S, 12720, Smith!? Kt L2 Z20fTi, XH
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CDES A —LDER R, CHEARL A —F—DEEELZEDTH S, 15k, Gibraltar FFlkOFREEE
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BELLLLDENOTHS, COMEDESL R, ICLTHIA -4 —Thb, E5iL R,, E, DEFEICIE
—iz v=1cm¥/sec BTN 5S. L3005 & iCEiKERETHRbOIKETIR £S00107Y), BB
BTR E,=0(10"%) &8T5,

AEBICETS R, & R, OFE% Fig.3 iCRT. KFEBREAD Y Y KO0 TRERT 5, [z - JF
EEOTEERICONTO R, DEEALHET 21010, FHRHAICET 2204 Y95 4 —4 f=8.4x10"°
(sec™)ZFANCIFEIEERD R, 23HHEL, KPR, BEERTIE, #8727 5 A0 E, ZRI L
7201, W omd run T R, 42 0108 FTTFH-TW5D, R OLROFRIEEZEREAEETH
%o R, 8 0(10°) 28z 3L 7 n v b OFIRPETRHELS KCERFEEED R, WRELIRB L E
MEIHNTBONY, e R, 48 O10%) KUITFiE3 T E R R, DYELRHRBBEONTL 30D
T, #5 UHBHETOBESE E, DRKEVC ECTNTREIE2DFTROMPEND, ULrLIEHES, AU
R, E, &> run 27 — XA HhPFOF5 L5 LcDT, HE4ONRRIHIBESWTEEKS 5. R,
EFCEHOBRICEST B &R, ) LI/MNIEERTHRELL, 2TEERTERER R, & E, Ol
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)

Photo 1 Typical fronts in rotating exchange flow.
Underflow front is stretching to the right.
(a) Run 4 () Run 5 (¢) Run 27
(d) Run 28 (e) Run 67 (f)y Run 76
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Fig. 6. Congruency diagram for the rotating exchange flow
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Table 4 The comparison between the two directional flow by WLK and
the submerged flow model by Rydberg.
Flow in two directions by WLK Submerged flow by Rydberg
he~H/2 he<<H/2

vertically averaged velocity

neglegible transverse velocity

uniform and critical

vorticity preserved (linear velocity distribution)
geostrophic

valid at the barrier section

vertically averaged velocity

neglegible fransverse velocity

locally critical

non-presarvation of vorticity
geostrophic (linear velocity distribution)

rotation lagging front with uniform width

Rydberg's
sol.

he— Xb-——*

el y
G\s %~

&
;o
barrier

}.._-_*___}___,__K section
WLK’s sol.

Fig. 10. Rotation lagging front in a wide
and deep channel
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LRAESIERBERTH S o, Kk 0By 3~
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itk > TERAS NI EEEDLT, WEEZ 51
BifhsE~ontcs, ERCKY 2 Hho LHER
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deflexion angle of the fiow
near the cooling wall

o level | (surface loyer)
o 0 4

e =+ 5
in the six level model

tan B=0.38F oeereeerirririininiininnennian (24)
EVIEREBTO D, MIEKE b iCO0WTOF— 4
HRENTOIZOD, h=1~3mtEbhb, 5=26.7 [ b Rac
e, g'=g VA& h,=1.5m, f=15s" ODBAIK 0 R S TR RSN S
.( [ 20 30 40 RS
R,=0.99, E,m=3X 1078 croeeeersmsmserssensnnes (@25) [ mwgm: 'd:;’;nw'
&M Bo (RELT b, iCED M2 NI, EERAEED Fig. 12. Deflection angle versus
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WHXZBD 5720, RESHSERTHY, TRHEERNOEHHERENLOLIICRES 5. &5 LR
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U EOR R SRS, REMEEAEKTRIES (Fig.13(a) Thb, COBAOHEIDRINA
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OO
tan §= 1225 (26)
L1, 172U, Ekman @EE LT VO AROTV B, E&1 OBAICIE tan §=2/2E, 180, §
ARV, b5 —F0mRI, Fig.18(d) ICRT L7, RLL ODBRETHZ. COBA, WHholE
BBLT BOTE, DFNChHh SRR FEERIZ/NE 8B A5, Fig.13(b), (¢) RHEED R,
EOWTDEDTH b, REEMNCHBOLIICELS &, Vaziri & Boyer OMEMBITERD 2 B8R
THLEMNTED, HSRA—D R, E, iIL20T, HHAER (0(R)) BREVIIEFRIORY HKEL
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L =2, i v &~ L5 CRET 30 TERICE, CORBENSHEREE S5,
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S8 0B2/0Y et e sr e s s s ere e ene
tan 0—0—2— ah:/ax @7
THbo COXIEBRREERORIAR R, & B, 303, CCTRIBEUVCGHETBECL - THE
ANTW5bo




352

(a)

(b)

BRB R PIRFER 245 B-2 (ME56. 4)

.

I

WA rigid boundary

H/2 g

»
"
1
¥

. oEkman layer

“ inner
region

Fig. 13. Flow under inclined interface
as a rigid boundary

—F, THREERO LS REBHETRE, 2008
sy —-nOMEIZ LD, R, & E, OZHROEHE
AUETES. bbb, Ekman BOBRKHETSH
% spin-up B

B S N
7/ @
R

Ty bV g wereeseeresssssssessessnemnenssssectns (29)

ORBEFZIT I, 70 Y FESE TEDILRE
< Ekman @AERINEEACR T.<T. TH-T

TP SN Ebh b, TREERTI
KTHACTEEMSRLA0OT, GORNEMITLS
72 run CEAZ7u Y M iE, BULUERESLUE
T k0% Ekman HREHSHR HEERATIRTTES
Bo 2O ULIz7u v I, @NRATRINSXIEH
EHERE SR T 2 WEEBRMSIEV . KEEDHIRL
E, bkxphid, BURRSBENETHEL 5
25, —F, GOAMBRINBOISTEH ok
Z iR OEEKERAER TR, Ekman BiskREE
MED OREICHERINE Y, ThBHTEER7
oy OETEELD T » NS BBIESS.

3.3 7Y bORD

FETR, BeEnoRERAICEELT Bhow#
BCOWTHTOEREIT» 2o TITR, 70 ¥
FARD WL E Z D FERRICOVWT EX %o
Fig. 14 BERTLIEED 7 o v MRE d/b 5,
FRIOEHME L/H ik » TEDXITENT 50
BRINTV S, FEBRAEFATHIEROTRR,
KEBATRIZ7 0 Y FOBARE, WELLRLZ
NEDRERTC EiLRy, BEOBRIBREINT
AV

Bitio Table 3 DEERSICLD AL ZOHH K
ABBINTVET Edbindo &iid L/H=8.0,
d/b=4.0 {FicE% d> Run 22 X h&alifiaz
$orun 2iE~3 &, Fig.158 KRT XS RINED

run 3 Fig.4 OhTH 2 EBENRT 5. Fiic L/H=8.0, d/b=17 fEic#EDHS Run 281D
AR b un AENB E, B2 ORMEPESIOYE5E5, Fig.15 ORMUIAMAIL -
P FIC O Th - T7 o v F OBIEEN R.20Q) /iSO R ickd, R<OD) TR E itk
STHREBCEERLTED, BERSLILHBLTVS, UL, TOFEBRME L/H itk - TEA
+2459 t&Ad, Run 95 i3, LROB2ORMA->TOEH, L/H BI0ZHI 5L Run 23 ©



KA« FHA  BEWICE T 32 ) 4 VERICETIHE 2 353

barrier)

' / 4%&”4 +—‘/‘i§*~; ,\\W B

— 20
21 He———x—x. &
o SR s enat
%~&mw/’ S "
™ — ~e +
g//@‘\%? g7 A S
il | |
OO
5 10 15 20 25
L/H
Fig. 14. Lateral deviation of lower layer front
10" 3
Ev E
p E
10 d /b E
16% R — ;
16 E
& K NTTITITTNTITTITITTITIIG
=3 6.
10 ! ! 10 Ro 102 L/H
Fig. 15. Rossby and Ekman number effects Fig. 16, Classification of four region for
on the front configuration lateral deviation of lower layer front



354 BB RMERER $245B-2 (W56 4)
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Tegionll® 7 & ¥ FICDWTRD L &fdbind, Fig. M KBEN TS ¥ — 7 HRMFOBETH, Hitk
BEETR(, ROORHAARELLT RCHEEENE. LLABE— / DBOBETIIEI TR &y



356 AP SHETER W45 B-2 (HES6. 4)

S 15> THERIES E, bRET 5. ©— /BT, 12
40r Vf & HYy 0 2 >OBMOTREIS 2 RO T, i
BELTED, COMEOBIETE R, & E, O #
350 b BEETB1EBS. T,cbds7av b ER L,
365 T DR ETOREE aV 4 L3R

24
30r T, _fE” =aREVD i @37

» °8 T, L,aV, T,
(sec)

&b, Fig. 18 it T, & T¥=REV*(L,/b) T, D B8
Te=0.33Tp BETRT . BE a —&D Froude &L Hh, <
201 o 2 OEED R, TRMSIE0. IEE LB,

4. BEEORHE

12 RiECEEA LKL FTRAEICEY 5878 Bl
1or LT, 1 ETR~TREEROID ofHiconTE
ZB. AEIRET, WREFLERCRY, TOMED

EANEEEZHEOIICT 5. COEBDIY, 1El0cm,
EX400cm, KESREAR0cnE TENbiELE =— VE
0 : : eb : L |éo OXBEROTEREZT» . BABETUHRLT 5,
Tp (sec) Tk ) & pH IEREEROT, BEADRATS D
Fig. 18, Streiched spin-up time EREIEE LV FEERS I, Thid, FIHCER
versus the time for ma- ROSFEI N TV B RBREFRICE TR, BRIEE

ximum deviation HETHbo

HELERERELE S OICBERR/NE © NaOH
BERPH CLTIEE T~/ REBEL—EEILDMASET v ) BE, FRAKKERDO.05
%E Lice TOTNMAYEREBINT 2AEEROME, TATRELER CEKEERZHET 2, RARC,
BWAKANCIZ 7 ) =7 8 LA v, GRRICHHI LU N2 IR 2 OBBEE —EC R - 7co ERRIZ H=

underfiow
stone table fronty g main gate

[ RN
N

AN

motor-drive comera fj Iﬁ 16mm cinecamera

with a wide-angle lens

4
L

Fig. 19. Experimental set up of the mixing experiment
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Photo 3 Visualization of mixing layer in lock exchange flow

4~.18cm, ¢=0.001~0. 02®$@@‘6ﬁm, R,=1460~40100 TH -7-.

Fig.19 L ZBORKREERT, EECHETHREINIHEREIORARBE, Br OREREMLES
THRERFE (LRELETS) &, LBEREOMORETERAR LY EEL U THRARE (FRE)
TRPLNTE (Photo 8), FA—DKBERAET, REROBFEREL, Toh)RAaBEELETEL, £6
B L ZREE, 7Tk REEO L, FREOHRMECRIS C &bhat.

BoiL, TARYREELLT, 2¥OX3 BRARMAESHE Ui, Tb5, MHEKNOhREEC
BIREE %y, chEBURETEREMI T =/ =7 £ L4 ¥, KEESICF € — AT v—ENE 5.

L2 OOWMBEEOBEREE ISR OLIICER 4
TOHL PR, BREERELTY 2O0REME [ o v o ater
B0 WHBLEEETHE, CORETERERR M g Sy siter(79)
_ g . . % —
Frhdefiicd, 7/ —-v7a 04 /m;hi»?w_ 3 s o
TR AROBBIREE L5, 70 v b bR e, | “tn

frEz SRy 5 E, SRFEORBHSEC D, BAER
ORBRRELDDE. RRTE, T02REREELY
ALl

Fig.20 oo v MBI RAEBE () O E#/ It

1%, ¥ 2 —v vEic ks Simpson « Brittert! g8 8,

BREHBT 5, SEOTRILED b BETRATS 0 , , o

5, ERREC—HLTED, LhbZhb0oBEF 0 0.l 02 0.3 04

—42i, 7oV BB A L0EBRELCBET Fig. 20. Mixed layer depth verzzlszthe

B Ettbi o, BRI 3 BORBEMDINE, T et Ofypure . Sertion, (O

ECTOWEAHHREEL 5 6T L bREDPD HNI o and Mdata from Simpson &
Abraham « Eysink® {3, & LSS BB HIC DU TS Britter.}



358 FRMKEFER H245B-2  (ME56. 4)

EHRHK S OFEET-> T 5. 513, $ED Froude I ( z ToEHIK LT Fi=0.405)ic>C
@ Keulegan, Barr 50DEASROIEHERNT £ ZBEALS 32 %R LI T1h b Keulegan
KEBEHREBT —2 20T, BRBETHELLU/CABERNS S SHTEROBEBITEHOT, BEOD
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Fig. 25. Three types of interfacial wave UiR/Y

Fig. 27. Dependence of the fractional
thickness of mixed layer on
Reynolds number
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Photo 4, 5, 6 Flow pattern accompanied with abrupt expansion
(a) initial flow pattern with rotation
(b) steady flow pattern with rotation



RASR « R4 BERICET 220 A VHRICET 2015 (2

(¢) initial flow pattern without rotation
(d) steady flow pattern without rotation
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