=a%N T Jpn. Soc. Soil Phys
N A\ N Ve
fMISISIRE) LRI

¥/ No.137,p.11 ~18(2017)
®

W X

Original Paper

TERADAIREGEENEN A L DD
REERER (TS D #R TS R E fRAT

EEE P NS N AL

Linear stability analysis of a novel experimental simulation of convection driven

by an unstable density gradient in soil

Kotaro FUKADA! and Yasutaka KIHARA!

Abstract: When the upper part of a soil solution has a
larger density than the lower part, an unstable layer devel-
ops, and convection may occur. However, our theoretical
understanding of this convective flow pattern is limited,
given the complexity of its governing equations. In this
study, we conducted a simple experiment to generate con-
vection, and used linear stability theory to explain its flow
pattern. Glass beads with 0.2-mm diameter were placed in
a 6x14x1 cm rectangular container. The lower half of this
container was saturated with water, while the upper half
was saturated with a concentrated and regulated NaCl so-
lution. The resulting solution density interface undulated,
and finger convection emerged. We found that the average
speed of the fingers could be expressed using the equa-
tion: hydraulic conductivity x solution density difference /
solution density of the lower part. This is consistent with
predictions from linear stability theory. We also found that
the number of fingers had a non-linear relationship with the
solution density difference. The number of fingers corre-
sponded to the wave number for the larger steady solution,
when the length of the density gradient area was twice the
distance from the density interface to the front of the fin-
ger.

Key Words : glass beads, density-driven flow, visualiza-
tion, linear stability theory, finger
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NEL D EEZ 5N TS (Duffy and Al-Hassan, 1988 ;
Wood and Sanford, 1990). = DOAEZR IRV & B EE T & FE5
ZEbdHDH. Wooding etal. (1997a,b) 13 Hele-Shaw %
DIEHDE T NV TR DFEEZ ML L TN D, ZOHiiL
AR, EPEEAQRBERAEO XL IS E, B L
EBIZT 4 U TR TN — L EWEN DIRIE DT ~
ERET L. 3T, IREROWKESERT 2R
L&z 5N TW5% (Post and Kooi, 2003). ffilzd, BESE
WAV s B H L 7-7A9%  (Zhang and Schwarts, 1995)
R, Ao +H%e% (Rose and Guo, 1995) 12%f LT, %f
MOBENTFRINTND.

SHRBL G RN 72 b DI, FAVEAED B R 72 Rk
DD, Pl ZIENT— Xl TlE, NP —L LR
N5 1 SORREOEFENED BRI A TR DR &
nb.

SRR G OB/ AT, L—V — 2RI ER & W
BNDFIEEERT A LITHBES. BIBLTEH T,
KD LB SRR A e T M L Th HHEl 4 &
2, ZOBELBRMPICHRET 205D LT, fif
DEBTLINPBHRTHENI O THD (ORFT, 1983).
BlZIE, EORERBEODREO BI2H L 5E, ien
WIS RIS E RSt EMET S, Lo,
HRBEALSREETLIHAIIER LW EEXD. L—
U — IR DS KT IS D K Z e n, BELD
TABIE % D(z4)sin(kexy) EHZ T2 T2 T, x IIKE
T DOEEAE, 7z, 1 XSRE T B O, k, (XMt CchHy, H
MESHIZYDEOFEBD 2T ETHD. EADORE S
TR ECREN, BEAR S OBBRHG IR T
% (Turner, 1973).
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Wooding et al. (1997a,b) DOFHEITER IV H7-< XA
D7 4 H—%EHHL, BEIHREL2 FRERE N>
7=. Cremer and Graf (2015) 1%, #WI#ig%&HE LTEXD
BEOELEDORESIZE-T, HENERE KT
Ba e LBRWEaERH D L#HiE L7, Tanetal. (2003)
A E O PR A fE R UEEGIA & ek L7223, Bt
MERDTZMEBITER D 2 ERERE o7z,

RO — X EHE FIEICH 5. Mazzia et al.
(2001) DOBFFETIE, FHEK AN I THEIE
ISR L7z o Tz, &7z, a3 723
EORLEEHEXDULERHY, TORKRZINEDHE
OFNAERRI BT D Z L35> T\5  (Simmons et
al., 1999 ; Cremer and Graf, 2015). Diersch and Kolditz
(2002) BRIELCWD L DI, BE LIEHFRTEL
REETHDHHRDORBUL, FRFITRD D Z EMNHEE L.

—H5T, BROBHEIZO LD LEED—2 Lz
%. $z1X van Reeuwijk et al. (2009) X Elder problem
(Elder, 1967) &M 5 E T /LA HIHIMEICIRTE L 7= 8%k
DEFMRE DI AR L. ZO/RRIE, ftho 5%t
R T HMERME—TIERWATREMEZ RE L TV 5. kiR
BRI A AN THY, RHRIZIE, BT 4 T —
DA TIER L, FOREERLEHLOMEN TH LT
WwWetEZHNTWS (Xieetal., 2010 ; 2011 ; 2012).
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AP ENTWRNE ) THDH. ZOHBEITEZEDL
<, HEOET O X DT K DB EARL ORI
ERDHDE, RBVEME DT EEZLND. £ T,
NaCl Z&TemiAREED L 45 3 cm 2T HE
L, NaCl % & F 722V EiRE B o LR 3 cm o BICE <
EWIHIERREHAND Z LIT L. ZORTIEIALER
BRGNS EBRBIAFFC S 2 60, MAnAELTH BT
EMOBEZNP LITO HEFFSND Z ERHIFRFTE 5.
AFEROBIIL, MELZEMIIL-T, BEEET
H—OBEHER L OROBRERAT5Z & Thb.

2. RERAE

HBLE L TR 02 mm OHF T A —X &Rz, K
SfaFuikiglz L, #t6cm, B{ldcem, B 1ecm 7 27 Y
NUEFREZRIC 3em B L. KRIZ, NaCl 2z
THTE DB TR LT-WIREEY, 2 b ORIKR T
MLEZA T A= X2 R/|/IMZTESIZ 3 cm T
L7z, FBRFRIIN 40 % Th D, TRIOEREE L 1000
kg m 3 CHBTHY, LAOEEEEL, 1010, 1050,
1100, 1150 kg m™> o 4 FEAHICEE L. Li=n->T,
& TR0 OB, 10, 50, 100, 150 kg m—3
THhHDH. EENTMEZY YT T —THEEL,
MMAOWMNEBLETEALL21cLi. 7V U7 T
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LNLEBLLOEED, bebEERINTWVIEHIIC
BATIEEOCDT 4 L H—IZRZIEN. TDRY,
B DORIRTIBALIZEGDT 4 o H—IZx LT,
BEHEL 7 v H—OAREERDDHZ LIZ LT,
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W L7k, FEfRE & &Iz 0 U= L0 BRI
XA TED LB ThdD. L, EOMHN%E
1 DD 7 4 v H—EFT DT ONTOHEWHT T B/
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EITHAI T AW Z STk, BEEIZL > THAR
BEDOENEL D AEEMERDH B.
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BT & ARSI AR 2 - ELNE, BX T, EBRBAL,S S
e % (Rl 1010kg m—3), 40 4% (1050 kg
m), 20 5% (1100kgm—3), 1543% (1150 kg m—3)
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ROWEAIIEF CHDH. THHEROIHRICOWTRIERE
#fi % 5 % 7= ®1% Horton and Rogers (1945) & Lapwood
(1948) Th 2. B /-t D%, Combarnous and
Bories (1975), Nield and Bejan (1992) (ZFEL VY. T
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(13) Xv,
200' (k2—|—7'l.'2)2
R=""—m (14)
1501 b5 (Fig. 1 O 1).
= NN (L=6cm) THEULTWEEAE, -
100+ M OBEREMIE du/dz =0, w=0, FHOEEREMET
) u=w=07ThHsb. ZOEE,
50
®(z) = Bysin(qgoz) + Bi sinh(q1z) (15)
0 1 1 1 1 1
0 3 6 9 1215 LBIF5. By, Bl qo. qi TERTHS. X (15 1*
k 2=0 TEMOBREMEZBEZ LTS, £, z=1
) M —1 TTHOBENREMN 2729 X 512 By, Bi, qo0, q1
Fig. 1 W3k b L— U —%% R OBIR. 1 2SHHE fhsko

e U (14)). 2 B E/mS-FEEmo%5a G (16)).
Relationship between the wave number (k) and the Rayleigh
number (R). Curve 1 shows the two free boundaries. Curve 2
shows one rigid and one free boundary.

FREX (10) L8RS &R TEoR <, X (1) T
EHEINDLDERDTDHZENTENIE, k & ROBR%
BEOLND. ROPICEEZEZNEEN, ke &7 4T —
OARFNRA (12) 2L ->TEFRSTF LN TS, b
k0, BMEELT 4 HT—DORBEOBENIEOND.

BERAROIFER L 1%, EBRBGHITIZIEEr TH
D, K& & BIWNT 5. 22C, 74 W—%bD
LIZBI 2RO EEMRTELMICRT 252D,
Bl ZIX L<6cm T, MNNELTHDEO ETITH
DELCTWRWEBMFET DI LIRD. Znziitliy
WICRTEFMTIE, 2 OB CTHIEKT z FIicILiEs)
TERWVWD, KEFRIITEB X5 EMETES. =
DEMEERTEL &, BRICBWTdu/dz=0, w=0T
HDH. ZIT, ultwiEREN x FAE 7 FIEO R
TALENTEHTH D (ue = Ku, we =Kw). RO,

P(z) = Asin(nz) (13)

1£z=0,1 Tdu/dz=0, w=0 %=L T\5. AILE
BThsd, Zolxokd ROBMRIE X (10), (11),

Table 1 7.1 > W —OAEDFHIE L HIEFH.

RRETE S (fHlRIE, k=3.95, R=534, qo=23.64,
q1 =6.67, Bi/By=0.00115). ZDL X0k & R OBIE
i, (10), (1), (15) XV,

q1singgcoshq; —gocosggsinhg; =0

qg=kvt—1, q=kvV7+1
R
T:% (16)

TH5 (Fig.1 OiFR2).

U EORREZRNT, 74 T—OFIZOWVWT 3D
OFW %N Tz (Table 1). 12 HIX, B (dR/dk=0
D) BT DWEENT 4 V=R D END b
DTHDH. X (14) L0, BRETIIR=41% k=1 T
5. 225BE328IE, D LITHTHWHENT 4
VH—DERBICI D E NI D THDL. T4 = DR
BEBATZHOT 4 o A—OBBIERT DR &bk
4y (1.5cm) BRE~HZFK Bcm) THHZ LMD, 74
VH—WNEF~BETLIEEEBEXTC, TITELES
cmE6emEL7E. ZOLEERIFERSEZBZ TS
72, kX2 SOMPFET S (Fig. 1. 2 DOfiED
MICAFIET DB ORELIIRET D EEZ 26D ORK,
1983). L7zii»> CTFHEIZH 2HATEABND.

Predicted and measured value for the number of fingers.

THfED THIES THIES HE e
Ap L R AEL L R A% L R AH A
kgm> mm - A /l4em mm - A /l4cm mm - A /l4em K /l4cm
10 20 4r? 4 30 60 1-5 60 120 1-4 6-8
50 4 4n? 18 30 300 0-12 60 600 0-9 12-15
100 2 4n? 35 30 600 0-18 60 1200 0-13 16-18
150 1 4n? 53 30 900 0-22 60 1800 0-16 17-20
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Fig.2 74 > —0%E (LROWEEEED 1010kgm™ OHE).  (af) EBRBIARE, 1, 2, 3, 4, 5 K.
Development of fingers in the upper layer of a 1010-kg m~3 solution. (a-f) Elapsed times are 0, 1, 2, 3, 4, 5 hours.

Fig.3 71> H—03%E (LAOWERBEEN 1100kgm > OBA). (af) EBRBIAEEE 4, 8, 12, 16, 20 4.
Development of fingers in the upper layer of a 1100-kg m 3 solution. (a-f) Elapsed times are 0, 4, 8, 12, 16, 20
minutes.
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Fig. 4 FHRAREE &7 4 > H—OBEEE OBfR.
Relationship between solution density and speed of the fingers
in the upper layer.

RIS, 74 H—OBBEE L TSR E, EW
WO w, 2HRDDH. K (2) TI/dr,=0&F2L,

O = + Wy
po K
p/
we =K== 17
Po 1n

LD, pl OKE SIIRBLEHRTIERDS Z LN TE
7oy ORK, 1983). 2T, EBREMFOHF1LMRDDIZ
B Ap BV, CRED,

Ap

B = K— (18)
Po

L L7=. Postand Kooi (2003) & Xieetal. (2011) 1%,
BEFEERNOFM L7 4 v W — OBEEE & R
(18) HFptHE LI-BElELZ iR L T\ 5. oL X,
po |XEFELREI AR O PR (1000 kg m™3), Ap
1T BB RO T (1025 & 1200kgm™3) & po
DFEELTHEZLNTWS., ZO/MEIE, BEHENS
B-BEREE T (18) THLNDME LV &% (0.115
L 022) FiIHhEVWEWI HEDOTHD.

4. FBREER

Fig. 2 1%, HloO®#E#HE% 1010kgm =3 & L7254
D, TGS 1R I EORFMmE G L2 H DT
2. BHIT 1 em MR TN TS, FF0 6 2
BORIET, 0 PABDOER THS. BIERHT EMAI 3 cm
DHEWVIRIETH D (Fig. 2a). 1 BEM& I8 L L 239
fFoTnd (2b). Z0tk, RIBPMERT 2 X 510 FRET
27 4TRSS 2c~2e), 5 R CEE
TEEEL 2f). BEBESHREOERNGERX T, =

LERBREE (kg m?)

Fig. 5 HWBREEL 7 1 v H—OKREOBI%.
Relationship between solution density and the number of fingers
in the upper layer.

NABEH T, BEARICENLTELEZTHED
WNTHLIDOEIALNTHS.

Fig. 3 13 LOEHE#HE % 1100 kgm™3 & L7=BAD
MRTHD. FFEORHIMNRIL4 3 THD. Fig 3al
BHBARIE L LTV D 0, T CICEERmICEL ENRD L
N5, ZHUEEEOER I N E T2 L2 RLT
W5, Fig. 2 L DiEWNE, BEIERENRKEIR>TWVD
Tk, FZLT, T4 TP o TWHZETHD.

Fig. 4 I3 FAVEIRBE L 7 4 W — OB EHEE OB
BTHD. THEKESEO LZHAEON %2 ATRLE
0, MK EEC LTSGR L REEDR)N-
7o, ZHICTXY, TmME o e FERO L& o
HHZLENHERTE. HOIREOELOINRD LN
DN, BRI & HUAIRE B IE R BR N H 5 .

Fig. 4 oEHIFX (18) 2 RLEBOTHD. FHlE
EEMIT LS B LTWE, 2L, KERIZRIT
L7 4 o H—0BEEE L, X (18) THxLNnLZ L
Noymoi-. 3E Tz & 512, Post and Kooi (2003)
& Xieetal. (2011) [ IHUERHROFERG, 74 v —
OBEHEIIEEZICHEIT 52, KX (18) kv EHE
(0.115 £ 0.22) 7ZiH/hane®mELEZ. Zhbix5ESE
TRERE RN, ZOHEBE LT, ARBRRTE,
FICEEEOREN 0 BAE L, BEERHRTE
TrizbeEZOLND.

Fig. 51X HMUAIKEE L 7 4 v T — DAL OBEKRZ =
L7Z2bDThHhd. ETOERAIZELSD (@LAD) EWX
BOLNRW., BEZEOEME L BIZ, 74 H—0K
Bz 7=, HIZES2ER8H5 600, WEOBEFRIT
IR TH B,

Table 1 DAERDINE T 4 T —DABOREMEZ =L
o BRR AR O TIEOIX #2285 10, 50 kg m—3
DLE, MEELDLIBE—BLTNDLN, BEENPK
LD ESN TN D, BRFEOWENT LIS BT 5
(ky =k/L=m/L) 7, L—V—$oEH (L (10) X
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D, TL?> = (Ap/L)L* = ApL T—iE &0, HARAICE
5 LIZEEZICRHT 5. Lieh> TR AT
Bk (THEEZE Ap ITHBIT D, Z T EBREROIERE
P2 TETCWARWYW., — KT, LZ3cm & 6cm &L
EHAOTHIED L QD F O RIEIE, FEBrEREOIER
xS RLTND.
PLEDFERIS, 7 4 o H—0OBE A L 380+ %%t
WHR L LTRIRTEeExbND. 74V T—DK
BAZDWT, TR O R ANREE & kb3 5 Bl
E LT, B RICET HHIHMEICKAE L T D ArREPED
HBH. Lo, ZOBZIWEZE, FIZIXEEZ 100 kg
m> D7 4 H—DARIE Table 1 £V 35 A6 13 A
ECHWA LI Z L2250, ZOMEMITEED O ITHE
It EIN o7 (Fig. 3). 7 4 v W —OBIERE R
FUTIn EEREEDDOITEH L. T2 ED D
ToOITIX, TRIRE B D22 34 & 2 DRI k78 £ Dl
EMBPNLETHD.

5. #&am

AWML TR DOIE, EOEPEWIREO RICHE T
BRI FETD2RILOBTHD. ZOFRTIE, BE
RENELE, 740 H—=0ELD. 74 H—0OBHE
ML, BRI & TSR OB | T A RS
LEIMB KR TH D, £, BERENS T 1
H—SeuE COMWEBED 2 5 CHEEANROTmAEZF LT &
=, MMOEFMOWED 9 BLRENWVTRT 4 o H—D
AP HIET D

51 Rk
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