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MASS TRANSPORT BETWEEN TURBULENT SURFACE
AND SUBSURFACE FLOWS OVER PERMEABLE
BOUNDARIES AND ITS EFFECT ON
LONGITUDINAL DISPERSION

By Yoshiaki IWASA, Shirou Ava and Zoskio NAKAL

Synopsis

This paper presents the results of experimental study on the vertical mass transport between
surface and subsurface flows over permeable boundaries and theoretical and experimental study
on the longitudinal dispersion in flows over them. In the first phase of study, the flow visualization
with dye solution was made and this experiment discloses the existence of interaction cells in a
permeable layer. The geometry of an interaction cell and the vertical mass transport characteristics
in forms of characteristic time scale, the mass exchange velocity and the diffusion coefficient are
measured under different conditions of flow. In the second phase of study, the effects of vertical
mass transport on longitudinal transport and dispersion are studied in accordance with information
obtained in the first phase of study. The convective velocity and the dispersion coefficient of tracer
clouds given by the theoretical analysis are quite different from those in the flow over imper-
meable boundaries. These theoretical results aré also examined by dispersion experiments in the
laboratory flume with a permeable boundary. Theoretical results are in good agreement with
the experimental ones.
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Table 1 Characteristics of permeable boundaries giﬁ dm=1.13/dm=2 7
a8v ; /)
o e e @ 5) o / —H
Run No.© dm A K Material E3
=3
{ (cm) (cm/sec) 22 |
i A N L 10
A Series | 1.25 0.411 533 GLASS BEADS . e (il
B Series | 0.354 0.407 7.81 SAND 10t 2 4 6 81 2 4 6 810

' GRAIN SIZE (mm)
C Series | 0.218 0.420 510 SAND

D Series 1 0.113  0.427 2.70 SAND

Fig. 1 Grain size accumulation curves of
permeable bourdary materials,
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FL—=Y—& LTI, A4/ —nickEREEINS NaCl im AR, BENEERERT GHis
Wi MK 106) 2/, HAOBREORMAE e~ KRRV v a—Fick hEsl, BRIcLbahis
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Nico REBEENOHRNDEMICTONTIZ, F3ETHRBS, Darcy fisk, RENBEAOTCHEINGR
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YTEBRINL2ERRE, BEAEF -7 v FTE0LBIL, MBNLEEUERE L5 C ShHE
ANt BIC, v5=VKBROBARIEDZE, BEBEEICEVROY F = KR E S h 5 8
BERHET 2, v 5=V KEROBRAELR 1 5%E TICaI I EREE IRV Te—s L, T0D
LI LB LNEBEROFEERRAERT L, Fig. 20X5TH 5, AR, w—% 3 BKEKTSE
BINCEBRBRBECTHY, vI7=VvKARTREINIBERBBEBEBABITBTHYD, v5=VK
BROSREINEBIRBEATH S, RBEA, BLURBBA, BEHOYLRBEEREZAEXAME
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ERBRMEORBIWNS BB 1EE, 1 DXL UBELI>THS,

Table 2 Experimental conditions

) &) “@ ® © ) ®
Run No. | Ie h ug Q Uy Re. No. Fr. No.
(=vghly) (v=0.01) (=U,/Vgh)
(cm) (cm/s) (em3/s) (cm/s)

A-11 1/4000 1.23 0. 549 16. 2 2.27 279 0.076
A-12 1/3600 2.14 0. 763 68.1 5. 49 1174 0.139
A-14 1/4000 4.19 1.01 214. 4 8.82 3697 0. 159
A-21 1/2065 1.25 0. 770 44. 4 6.12 766 0.175
A-22 1/2065 1.98 0. 969 98. 8 8. 60 1703 0. 195
A-24 1/2065 4.20 1. 41 242.0 9.93 4172 0. 155
A-31 1/1126 1.03 0. 947 50.7 8 49 874 0.315
A-32 1/1126 2.03 1.33 173.7 14.8 2995 0. 383
A-34 1/1126 4.05 1.88 425. 8 18.1 7341 0. 333
A-41 1/ 505 1.02 1. 41 85. 4 14. 4 1472 0. 530
A-42 1/ 505 1.99 1.97 261. 9 22.7 4516 0. 596
A-44 1/ 505 4.01 2.79 601. 5 25.9 10371 0. 479
B-61 1/ 126 1.32 3.20 195.3 25.5 3367 0. 709
B-52 1/5714 1.99 0. 584 91.6 7.94 1579 0. 180
B-54 1/6111 3.97 0. 780 158.9 6. 90 2740 0-110
C-21 1/2065 1. 38 0. 809 85. 6 10.7 1476 0. 291
C-22 1/2065 2.79 1.15 265. 4 16- 4 4576 0. 314
C-24 1/2065 4.13 1.40 507.1 21.2 8743 0. 333
D-71 °~ 1/ 100 0- 963 3.07 170. 1 30.5 2933 0- 993
D-72 1/ 100 1. 41 3.72 269. 6 33.0 4648 0. 888
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10 cm

—> SURFACE FLOW

U /] PERMEABLE LAYER A

[ ] PERMERBLE LAYER B

BSURFACE FLOW. g
NN\ & SO Y PERMEABLE LAYER €
(a) RUN-A-14
4
e

A

(¢) RUN-C-24

Fig. 2 Example of permeable boundary classification obtained by dye experiments.
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Table 3 Thickness of interaction layer and
characteristic time of decay

M ® ® @ I

Run No. Vo 32T T 8 —1— RUN-C-21—
(cm) (cm) (sec) 6 b— 1 O :CASE-1 |
(@ :CASE-2

A-11 1.68 3. 56 280 L

A-12 3.68 5.53 66.0 < 4 - © :CASE-34

A-14 2.77 6.38 46.0 £

A-21 2.13 4.42 96. 5

A-22 1.81 4.08 56. 5

A-24 2.44 4.87 37.0 2

A-31 2.82 5. 07 84.5

A-32 3.58 4.55 38.5

A-34 344 4.25 25.0

A-41 2.46 5.16 44.0 10-1 —

A-42 3.24 536 20.0

A-44 2.80 4.88 17.5 8 -

B-61 1.71 4. 67 21.0 6

B-52 0. 962 2.55 63.0

B-54 0. 841 2.65 42.0

c-21 171 3.91 28.5 4

C-22 1.3 384 28.5 0 20 40 50

C-24 1.91 5.28 20.5 t (sec)

D-71 0. 596 1.92 27.5 Fig. 3 ;

D-72 k 0. 664 537 - 100 ig. Example of concentration decay

measured in interaction layer.

ETRERTH S, COMRTREBIEELIY - D& LR THRAOHIMEEZESH, REBACSE
WTRLNZ LS KEHHOHENIZEE T, RBEBA & BAENET ZHEIHEENSSORBEIN
T, WEOXK R BEEROFHMCETINENRELSOOTHY, BRAROREKE, BHES
TODEZAEZHICEENIL DD DAL RMNDH 5,
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Fig. 6 Interaction cell length in unit Fig, 7 Depth to length ratio of a inter-
length. action cell.
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Table 4 Exchange velocity and diffusion BB, THAE EREEYSE FAO Froude ¥
coeflictent CBE LT3 C Edsbing, UL, (DROMENE
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Run No. | o Dy MBS AT SUET D Bo
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A-11 0. 861 1.94 ﬁ&fﬁ&i‘ﬁ'ft? A& kw/”* = (]" 6""10) X107, _:Eﬁﬁilzﬂﬂ
A-12 6.47 25.8
A-14 696 20.8 )
A-21 2.72 6. 63 O3RUN A |
A-22 3.98 8.36 3 ®;RUN B
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o l 3 R oo PY
A-31 3.93 12.1 = 8 epNDd
A-32 10.8 42.1 = 6 @©
A-34 15.5 56. 2 E) O
2 4 e
A-41 6.32 15.4 ¥ °
A-42 20.8 80. 4 = 0% © |
A-d4 20.9 7.1 = ,L o® i
o 2 T 7
B-61 9.29 16.9 < ,
B-52 1. 84 1.99 5 )
B-54 2.57 2.60 i W0k ;
.\ 8 [
c-21 7.40 14.6
C-22 5.47 7.97 6 107t 2 4 681 2
C-24 11.0 23.0 Fr.(=Up#/4h)
D-71 2.68 1.84 Fig. 8 Characteristic time and hydraulic
D-72 7.96 592 parameters.
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FENERTH 2 ENHONEL > TNEY, BBEELOBNICE T 2BHEMBEHRICONTS, 0D
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Fig. 9 Definition sketch of flows over ILHHAIC L » THE L 2T 2 O EOYH MR TR
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— 8 —



Hi - 4 - thi  BBEREK EORhCBY 2 WERE 519

MY ORI HDH SEHED, Aas THBHT LERLT S,
EROHFHRIC—BRERNTH 5 &, BRUEHBTEKETHS L E2EELT, ADREWHE 4=
Bh TR, HAIEY D ICET 3 REOPEA

eC, aC, 32C Azt
T;l*—(/ﬁfaxi;pr‘g,;f’—‘z—(ﬁ—ca) rerereresreernersessansssssnnssessnesnssnesrsansanns (16)

EBB, TCIT, h: KETHZ, UIORKBNTIE, WHLHIL, KBEGCEOTORMELTVEHDL
LT3, 70, HEEKIE, BESOMFOICRENS LS, KEIE, KERHEOWESHE DI
B:OBBEZI 50T, KBIE B K80 558HHTH 5,
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Fig. 10 Time dependent growth of variance.
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Fig. 11 Time dependent growth of Sg
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12, ARERIGEDIER N, 2<107 T, FHONMEEE Da WIBEL TV Ehtbh b,
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W (B2) TRUCTHEEEERETH D, BAOR Us i, O3 *EERARIRER (25Acm?) TH
L BBEBARTEFERERETH 5,

Xk, BBERICET 3 BENEERL DB ONIHRED L IRE—2 ¥+ LRHOBEHRERT & Fig. 14
DEITH5b, 71y P INLEBR, THTHEREICEATEY, ChoOHEROYRE VKT 5L4HE
HER, AREREELT, BIZ—ETH0, T/, i BBRCBIIBEEORA—THET LM
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&b e—7 BEOEEEER, SBREOELOBIEE XD dHLDEL, SREOBRERE, 15
LOBET, BICRZOLBALHLL > T0BLEMbh b, S, ZOEY—7 BEOREERT, B2
ERBEEEREIC—B LT3, ZhbDT L&D, ERKBY 3HBBOEBER L, WEFEREIC
HBUTRS L, FIETRUK D LEREBEBHROYHBEDHRIEL TS T Ehsbnr b,

WIT, ERICET BOHRBOKHIM (2P LE—2 1) LEEOBRO—BER LD,
Fig. 15 Th 5%, ANIKA5N3 L) KRRER LOFHICE W TEAIIhZ 0 LRI, BBEELOHN
KBNTS, 2RFLE—F Y ME, b r—F—BAFUEETIRBICREL, WHTERNSKEELICD
NTHHBIIKRET 3, UL, COERERERMIZ, REEELOKIICETS6DVLD, REHPIC
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ha,
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Table 5 Experimental conditions in dispersion experiments

RUN NO. 1) @ &) ) 5) (6) 9
1 h s Uy Q4 Qs Ay
(=VgRT) (=Bh)
(em) (cm) (cm/s)  (em®/s)  (cm®/s)  (em?)
Al 1/484 2.38 2.08 1.57 176. 4 11.00 11. 90
A2 1/484 1.19 2.55 1.28 63.0 6. 95 5.95
B1 1/250 2.15 2.71 2.13 212.6 10. 85 10.75
B2 1/250 1. 48 3.27 1.91 125. 4 7.55 7-40
C1 1/125 2.35 3.36 3.08 402.7 11.23 11.75
Cc2 1/125 1.74 2.95 2.84 264.8 9.90 8.70
®) 9 (10) (1) (12) 13
AB UA Ug Re. NO. Fr. NO. B/h
(A=0.416) (Qa/An) (Qp/Ap) (v=0.011) (=Uyu/Vgh)
(cm?) (cm/s) (cm/s)
Al 10. 4 14.8 1.06 3202 0. 360 2.10
A2 10. 4 10.6 0. 668 1147 0. 310 4.20
B1 10-4 19.8 1. 04 3870 0. 431 2.33
B2 10-4 16.9 0. 726 2274 0. 444 3.38
C1 10. 4 34.3 1.08 7328 0.715 2.13
Cc2 10. 4 30. 4 0. 952 4809 0. 736 2.87

— 14 —
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Fig. 14 Mean travel time of tracer cloud at

measuring positions.
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Fig. 15 Time dependent growth of variance

obtained in a dispersion experiment,

SBEDQIRE—A VL, 2RPLE—A ¥ FOXEBE DRD SNIACHHEE, HBHRHESH Table 6
KRINTV S, CNODOERIEREE 4 BTRHERORR L ORFETLE, ROLITH 5.

(1) AREOEREERE

E, BLOTBBICET ZHBBEOEHEEH Table 6 3(2), GPUCTRINT . BOMICH,
HABTRINCORICLZBAMEIRINTO B, £, FEOMBERBEFERAETH 2.2 N50D
XY, X, TRBICHT PARBOEBRERA—THY, TOMI, GDRICK - THEShAEI

BHTEL—HT BT LB,
(2) SR

Table 6 EEMICERKICE O THEUS NIDBEREER Uico EROMIFRE Da OHEEMEE LTI

Table 6 Experimental results in dispersion experiments

o e o o
RUN NO.] Uca Ucs Ucp
| (cm/sec)

Al | 130 120 1L5
A2 531 535 619
Bl - 165 152 13.6
B2 | 107 10.8 9.28
c1 | 245 212 220
c2 ‘ 20,0 194 184

® (6) ™ ®) 9 10) 11)
Ua Dos Dy B/h Dp k/uge  kio/uy
hu,, huy, hu, (x10-2%)
14.8 178 131 2.10 806 7.54 3.27
10. 6 1204 26.2 4.20 11.3 1.97  0.856
19-8 663 14.5 2.33 829 2.68 1.16
16.9 1454 211 3.38 843 1.71 0. 743
34.3 1039 13.2 2.13 5. 44 2.57 112
1023 1779 2.8 4.89 2.75 1.19

30. 4
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