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1. IEOER
KTZOITE T, KA & BERIKREIZ & 2 ok IR O 268 2 T3 - il
THZLBROOEND, —MRIZ, BEERRIEICH Wk FIREIK L= = — b il 2R3

TENEL, TV IRERIEDOFERRO bND, ZHD LA v U—i eI
BRI T OTRL 7 DEER OFREEC, BEEAROEIE R EICRESEEIND, Leh> T
B ORI OMEERIE, BEEO LA -2 2L S5 HERERNTH D,

BRI O BEAER L. FER7 R T1E van der Waals 5| 10 Ffi 6725 &9 DLVO
Hima b L ICHM I N TE T, FEMRFRINIRT-ORIEEN & HFHOA A 2 8 IR
T 5, —FEOR DR DRERE AWz LA r U—EZBR T, kR EOEN T
b2 B—FEMNRE R &2 2 FENHETRRENR R E 2D, B —Z B OHEHED K
L DI Lo TR 35 [1,2], 72, ki1 & BT R E L= A s oy
AWM LIRS REKIC BN TS, BREO R REIIEESMHTICB OV TRERT S - b
MRS TN B[], EDOT=OFREIZE—F BMOBEKE L TEHINTE T, 207,
HERTHoTH, IIML7ES TOuMED L IIHERIC L - TRREIXZLLTE
UIN mwotu%wﬁ&%%mﬁf#rwéhfmé LD, @y OWE & s

BLALEHOLME L, WEOREEL RFANTHET LIAFRFIEARZE LT b,

T CARMIE TR, BT vavA FRiFLEET B FEMREE LTV R
F—LbuxBEHL, VU BRLA~DY VF—2OWERE, VY F—AZEBDNTV ) R
DY — BB L OBRBIHORNEZRE Lz, ZNDLORENS, WEELP—ZEN
ISRREIR DRI TS L OV U kL0 BAERNC 52 5 58 % et LTz,

2. MEEEBRAE

ARFZETHWZ Y U ki (B 302 nm) DY — # EAriE, EBrSfETéH 5 KC1 10 mM,
pH5 BI O pHT7 D&M TEREN—10mV & —41mV Thoto, BT @y ERE L
LTHWEBOINABRO U V' F— AT RKE SN IX3X4.5nm THY | SR EEDEWN
BRI ETH D, BRIKBBHELETRDIZ) Y F—L20¥—2EIEL, KC1 10 mM,
pH5 B LW pH 7T OEMETENEIL 31 mV & 16 mV ThHoTz,

U Y F =D Y IR ~OWAE BTN EREEIZ L o TRD T, 1LY kL
F50g/L, UVF—urLV) hhifOEER 0~0.024 g/g. KC1 10 mM ORI 4 5L L
77e 512, KOH & HC1 ZHWC pH 5 /21X pH 7T IZFHEE L7=D B, 24 BEfEIE & © 4k
EATolo, D%, BMBRAERODHET2Z T DR ELEEE, EELROY VT



— AR Z (R 280 nm) DHIEN HROTZ, VY F—AOREEEZRMNE L EES
DILE DD HIFT,

WG B DORE & RO 715 T L 72 BBik A W, U Y F— @bz V) kL
FOB—HENMNE v A NREERIEICLDHE LT,

U Y F—2n &Y IR OIRGRRBIR O RRRME 2~ — o SRk CHIE Lz, U h
B v 50 wt%, VY F—uk U Wk fOE &l 0~0.014 g/g. KC1 10 mM, pH 5 £720%
pH 7 ORI Z TR L, 24 FEIR E SR L2, & &% KOH B L HCl OiRIN&E%
HOEMUOTHLTEE, A4 VHEN 10mM (2725 X 0 ICBRER 2 Lz, BEk s
30 P L <R & SR L7 b HIEMABRIRE L, BBIRIC~—r2/A L, WE
MBI L Tb 1 Mm% I E 2 Bilhs Lz,

3. HREEE

B 1) Y F—LOWMNEEWEROBFREZRT, L IXERIELZRLTEBY ., EHT
WML72) Y F =R TRE L ERE LT EORERTHD, V7750, pHS &
pH7wfﬂ@%#K%wT%\%MEﬁwﬁw%ﬁfﬁ%ME&%%Eﬁ%b<\%ME
DI RN AEBMUTIZET 5 EMEOMICENBIND Z EXbns, £, pHb D L X(T
RpH 7D L EDHFNERBAEERNPRKE, ZUE, pHT7 TEY YV F—L2DE—#F u#
NSV TF—LRBIDOREN /NS b U BRI FOE—FEMNOMIHERKE Y
VF— L' G EMT DO THS, —FHpH 5 TlE, VY F—LMOKFENNKEL,
U BRLA DS DB PN S WD FEN DR, TNHLOFERNS, U IR ~D
U F—AOWEIZBNTHENRNBIEN THDL LB N5,
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FRRITZEM LU Y F— AR THELE: =T,
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Y F—LOREE ) WRF OB —ZEMORBREZN 217 T, 77 7hb0nThn
@pHt%wf%wiumﬁ@ﬁfhokyuﬁﬁ%@ﬁ—&ﬁﬁﬁvf%—Amw%m&
ST OmV (T &, S HITBAEBRNHEINT 5 2 & TE— BRI R D RFER A Z
LI EVHERTE D, £lo, VY F—LDOWHEIZL DY) ARTOE—FEMOEDHE
FHE. pHB DL ZIZHRpH T D& EDOHBHENTHDH, ZHUTpHT TIXY VY F—L4D
B—H BNV LIS L TND EBEZBILD,

U DR OB — X B L BRI OBRZIX 312505 TRy, KHPof#ix, VY F—
LEINAT Y RS- DOHOEEN T pH 2 DM, Thbb o ) Wk A% EL 6T
K7 IZ1E van der Waals 5 /1D B ME) < ek TCORRIEZ R LTS, 777026 pHbB
EPHT OWTHIZBWTYH, U Y F—AZIRMLTZBEORBRIMIZ Y ki DA T pH 2
DL X |ZHRTREZW, LB -> T, vV BRI van der Waals 51 /1 LIAMZIBINR 72
SIABENTND Z BRSNS, ZOBMARGIHE LT, =20 YV F— LR EK
DY IRLFITETN D X OITRAET LEIER L VY F— L OWEIZ W Y R
DRI ND AL =170 % Z & THEU DEEN2 Ny FENNE 2 b5, BT EAE
FAMNEY —HEN & van der Waals 5l HIc k- CTikEEn 22 61E, 77 713 ¥ —#EN O
mV ZECEAMNRICRDITTTH D, L, WFno pHIZBW T 27T 713 H
(272> TV, BRI pH 7 Tid, BRIEORARMEDFEE AT TIEe <. —10 mV FHi2
fIEL TS, ZOBHE LT, ZUGEHSCNy FEINDORE SN V' F—LDOWAERIZ
WEIND Z LA, WAEBEPRKEZWEIRTIIRSE LD U Y F—AROFERNRK
NP Z &0, VU DRLFICY Y F—A0FkE 5 Z & T van der Waals 51 /1723559
BNDHZ L. IOV LEEDRNPEL 2 nB2 oD, U EOKENS, BERED
KEIBLORHIHEAERITE — 2 BEMOEXEL T TR ES T, VY F—L0RE
BICbEBEINDL EEZBND,
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(X 4 \ZFRARAE & W35 B DR HE, W35 B % 45 pH O KIS BTk 2 & THXHME L7k
ERE, OBGREZRT, 777000 THO pH IZBWTH, WEREOMHIMEN 0.4 (T &
T ICBRIER AR Z T > TS Z EBbnd, ZOZEnh, WAEROFHIMED FRRE
\CREET D 2 E RIS LT,

I

VI F =D IR f~OREE, VU TR FOE—FEMBIORY VY F—2LY
IR OIRA TREIR OB R ORE Z21T o 7o, £ ORER, B F-RICITFFEN 72551 & van
der Waals 5| 71 L4 DI DIVO FHAAEH MBI < Z & Z/r L7z, FE DLVO FHAAEM & L T4
IER. 27X F517), van der Waals 5| J1DOJIE, SAARZENE, VY F—LBOKIE 10
BEZob, Fio, BEEOBERMES X ORI AEERIXE— 2 EMZT TR
T VY F—AOWBFERICHLBIND Z EER LTz, & ATRRREIZITR KW A &It
TOWERORNEGVEEST HZ LRI NI,
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Colloid transport in Toyoura sand: Extending colloid filtration theory into water

unsaturated condition

ORRATERE, /R
Yosuke Fujita, Motoyoshi Kobayashi

1. [FL&HIC

THGGRO R E N TEPICHFET 2 a2 v A R B8y, SRy, MAEWSE) ([Off
BHL, BETDAHREME MR STV D, Z OO E OIER T L 21T 5 BlciE, i
Hoava A NRIF-OBEIEGICR L THEREE O 2 &2k 55 (McCathy et al., 1989).

tHih o av A RO ENE, Bt - BICE DRIRTPOBE L B~ N Y v 7 ASDOLHED
2ODWMBNORDHEEZDND. 205G, WEBRITa A N+ L T~ MY v 7 X LD
ar A RREA[A LW LR 72 & QNSRRI BAER D 058 % 5 % . REW e b
B AEIEM71& LT, van der Waals Bl EEXFENNHY, anA FRAOILEZHNIZNS
DOHAENERTIDOR/NIIEA END.

WAEDOWWIRRETIX, anAf FRAICLDTE~ MY v 7 20 EMELS, BRCIE L7can
A NRIFORELZBETE L. ZOGE, anAf MRIfL T8~ N v 7 X OMENER DD LE
IR R M SN D, Thbb, YIHIBRICER L EERAERT 52 & T, ana A Nk
Tt~ Y v 7 AMOMAEER D O BE EENICHET 22 N TEX 5. #HAEER IO 5,
FREAH ALERIXEIR OIL M (f AV HRES pH) I K-> TERBICET B0, FEMAIERNIL
HICHT- 2 D EEEZE L1132\ (Elimelech et al., 1990). L22L, Z® X 9 72WFEI3E & ffn
TERE LTEY . N TOYMILAE S8 2 FE I RRET L 72l 720,

AN+ TR I ET 222K L KO (KURS ) BNIEEYA & L THEET 5. &K
Fii~OAES T~ bV 7 26T 2008 L FRRICHEBEAER D OB 2T 2 2 &0, BIHMC
725 T4 (Saiersetal., 2003). L2cL, SRSt & BRI SRIRHZAFAAE T 2R T, & fm & =
aA NRiFOBOMEERZR 2 ICBRO D Z LN TE D0, HAERAPENCEEEZRIFLE D
DONIHA L TIEZRV. 22T, AETIIAREMSEME T Can A PRI ERRIZER L
e T LEREEKL, FRimE A FRLFOMOMEIERZMNICERD D 2 ENRTEX 0%
FRRET 5.

2. EBRHRHMRUAE

77 LFEM (2 Ly 2 —hRiT) & U CTEREA IR OB CEYER 27417 ¥ER um)
Z, BF7/VanA MR & LTHARMBR DY ki (KEP-50)  (CEXJERE 490423 nm) % H
7o WEE B ERSE BRI A FETHY, T VIO X D BB AR, EBRIC
FW =3 U h R D0 IR ECy %2 30 mg/L & L, NaCl J O8N NaHCO; & FHV T, A A > 3 E % 1 mM
235 500 mM ICHHRE L7z, F72, ZDL EXOBEBIKRO pl % 6.8+0.3 & L7-. @ X 3em, WNE 3.2
B RERE  EMBREERIERZCR  University of Tsukuba =1 A Rk Rfafn




em OIS T AIHYE O S8 2 em, BIBREED 043 &725 X D IKTE FCERm 2 e LT-

MBI A 8.0X.0%m/s E72 5 L DR Y RZ VT 4w 7Ry T THREZFHE L, BBk ZE 5 7 L
GRS L7z, SERdEE oK% Fig. 11RT. Rfafftr coERIT, 77 LANOREETE %2R
Bk, G777 v 7 22D S8, W7 LA TWIHEMSELY 7 v a U aipx ITHinsE5 2
ET, BT LANOKSEHRETHEICTHE L. 20L& T ANOKRIEEKFRIL 0.21 Atk &
L7z, 717 AEHRIT A 00 5 (PD-303, APEL) NICHUFHIT 727 v — & /WZRIR L7z, I K 340 nm
TWEEZIEL, BREREZ D SICHEEEZ D T A OISR 52 Y DRiFORE CITHE L.
BIRMEERAENTHONT 2 [ILL EFEBREIT - 7.

Setup

Pressure sensor

Data
logger
T Colloid suspension
Spectoro-
Electorate solution photometsr
(NaCl, NaHCO;)

Fig. 1 BRI E DMK X

Schematic view of experimental setup

3. BREBR

BRSO BED TV HRREE OB AR Z Fig. 2 12, REIFSIEOSE Of@Eihi 2 Fig. 312
AT NI 7 A AT Y HIREIR OB A FiEA 1 T ORI E TR LI HEXHRETH D,
HghIRF Ch 5. FERIEA TS T, BB BRI L HEEEI R OR R 2 FEfR TR T

FIRSMEDEE, A A URENEL RBIZHONT T b—7 Z)b— LTZBROESRENME T L.
AFURRENMT DL, anA FPRFEOTE~ N v 7 AR OEK[ _HEN M I, #E
FOMNWOT 5. Zod, T~ M) v 7 2 LT U DR FRREL, 7 AHDICEBT S
MHBEORENKT LI EZEZxbND.

REIFNEAFEOGE bR OL A & RIS, A A4 U TREEDE < 72 B I 230 TR L 7 BRO A cHE EE
DA Uz, RERSE T T, B~ NY v 7 X0 TRl, [EfmbitEr A e L Tan
A ROMIRIZF G T 5. AEBRTORBRSEMFIZE N T, K[URAEIT S U DR-0E8 D & Rk HA
ICHELTWD. 2070, A4 UHRENMENGF CIEKIRAE & 21 A PR ORICFFERN K
BAMMERA L, WOBE LRI aas NRTFOIWENG T OND. LvL, 44V BENEGL &
DIZONT, FFEMRRE DD Liziz, MRECK FABHSh-EBZx 5.

[Fl— DA FUBREICHBNT, SIS & REROEGEZ kT 25 &, REIFNS: CTHIRHERE A
INE L I o To, RIS P CIXRIEAE S 2 A R ORIC T 53 57280, FXHREN/N S
Kol BZExbhs.
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Fig. 2 BFNSelh T O U A BRI O R HhifR Fig. 3 REAFNSAE T D> U H W DR
Breakthrough curves of colloidal silica Breakthrough curves of colloidal silica
suspension in water saturated condition suspension in water unsaturated condition

4. REREEHOETE

BRIEITK T DIRE OMEERZ RO D Z & T, F5tim L an A NRAFOMEBEER OB
OVWTHRETT 2. IWEREZEE LI-ZAEER PO a v Fgki3 () OB BT
ZLEIRTED.

ac 9%C ac  9cCs
= U5 (
at = Dn ax2 P ox 1)

ClIam A FERBIEOIRIE, Dyl bt v, 3R, C3h 7 2NICHifR S iz m A AL
FOREZTNZTNRS. A0E L HIDEIC L D3 A PR Ok, 52 HIBMICEsamA
NRLF Ok 2 £ . 72, B3I A PRAOWLELERT. v FERBIKOBREN 550
<, avpA FRAOWETREITH L TOREL, WEGERTE S LIUET D L, MMt NI
B HEW R oK) ST 2ETRQ DX IITERKFTZLNnTED.

aC;
- = ks(sat)fsC (2)

T, kJFTEESENT K DILEREEL, fITHEAMBAE S 720 OB R OmEETH 5.
—J7, ARG OGEIIEERFE ISR T HLE M Z T, KA mE (FRZER) 1o 2ikE R
BT DT, KR HE RS 2 PR B E Mk, & AT IBRIATE Y 72 © OB S im O S, & VT
UwAEEZXQB) DX IR

dCs
o = ks(unsat)fsC + ka(unsat)fac ()

BN XTT DINEREEE A 7 4 v T 4 VT RT A =2 — L LB E R, £
4 BAFIC LT 2 b S M B A RO 72, Fig. 4 IR R 2. MRl A o TREE, Mt s &
i, BRmEICT HIREREER TH 5. SFISiF CORKRMNE I D hE S EERL, 4
FREED R EETEML, 100mM LA ETEBBLZE—EDE L oz, —F, NS COREIRK
R A Th B #HE E UL, A A58 50 mM LU ETIIAIfoEA LRk A2 R LTV 5.
L2, A A UBREEN 10 mM LU FOSEMETIHE, fafioGa oA REERE —F L2V, A4



BREEAN R WARIE T, R & KURRE O AAERITAWICRET 5 2 L7 <, KURSE D ILE
A RELTHELEZZ ERN, IWEEONG L EEERS T oL EEXOND. —FH, 414
BREEDMERVGRAE, FRIZ 5 mM IRV T, ARSI COBR S k3 5 I E EE T3, fa
MEMEOSE ORAEREEH A RV, KURSE & a2 A NR OB OSSR 7248 BAE R 23 B

AN RS D& R L7 ATREE DN B 5.

ARG T TOKMSE T DR EREEEL, A A REOHEMIEN EF LTS, 2
UL, 7 DEBROFER & EENIC—E LTS, —5T, RFEDHNT CIL2 OB E 7 (v
TAYITNRT A= —L L TWNEIz, s LTIidOENIE LWEED OERINES.
SRS DI T 2 UE R ER A BN R T2 2 LT, &5tm & an A MhiFOROMAALE
ANAEZEEZ KE LA D aTietEZ, EROME2 S bR 2 08’ S 5.

1.0E-03
@ A ks(sat)
g * ks(unsat)
£ t ¢
- ka(unsat) *
S  1.0E-04 [
]
=]
3 POIR
8
g
= 1.0E05 | A
B 3
‘B
1)
2
job)
a

1.0E-06 L

1 10 100 1000

Tonic strength (mM)

Fig. 4 & mioxt3 DA E E

Deposition rate constants to each interfaces

5. BHYIC

AWFFETIE, ARSI TR D a v A NRAOYIMIIERRICER Lich 7 L FEREZFEh L,
B @i BRI RS W TSR E E R OHEE 21T o 72, 13 b=k B DI A A TR
DI D A BOMMNE, WEREEHOBEME L CERMICER T Z R TE. £,

A A HREE 5 mM O TIX, N OSE O BRI 2 & EEERD, fafmogaoE
RIS T DWEEREER LD S RES DT N0, an A MR & BRI R OVSUR Fmb o
MO AAEM A ENT B2 KT T rIREME DRI S 7.

5| FACER
J.FMcCathy, and J.M.Zachara(1989): Subsurface transport of contaminants, Environmental
Science & Technology., 23, 496-502.
M.Elimelech, and C.R.0'Melia(1990): Effect of Particle Size on Collision Efficiency in the
Deposition of Brownian Particles wit Electrostatic Energy Barriers, Langmuir., 6, 1153-1163.
J.E.Saiers, and J.J.Lenhart (2003): Ionic-strength effects on colloid transport and interfacial

reactions in partially saturated porous media, Water Resources Research., 39, (9)
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Turbulent Aggregation Rate of Oppositely-Charged Colloidal Particles:

Influence of Surface Charge Density

ORA wHilL, /IR i
Takuya SUGIMOTO, Motoyoshi KOBAYASHI

1 FC®IC

BRI S R ECRAET D EAITIE, KLk
YIS 72 f 4 D0 A REF AR T
BEUBELTHWDS., ZhbH60a01 RRTIXES
BRI DIERYE A RFFL, KOFEhe
CEICEBIh A L X, WAERZR EAOMR, HE
B, BT B vokaResRRes. Joq
R £ L, HERET DRI A 7 — LIk, DK
BRI SHRIFET D, a0 A R FIXBRE
FMIE U TRET B 720, KELER R IR
DTG S, LAz ->T, 204 RK+
DOEEXE 2 HfF$ 2 2 21X, BilE - ¥REYE Ol
HREEEHEL, HHTL LTHEETHD.

J0A KRR FOREREBIL, kT OEZERE Lk
THIOHEMEHIZE > TEAEINS. FHEBRIZ,
750 VEH) L FROEE AR LB H DITKAX
Nd. —J, RrEOMEMERIE, WK 2B
& YA E A AR 2 5720, WAL R
FEAIZ S B 22 DLVO #ERIZ L MUK van der Waals
(vdW) Bl 1 L EEHBAER IO E UTEHAB I N
5. JEAE, FNSICHE LR FOREEREIZDON
Tk, FEBRE MG L O EMN R - AT b
TETW5 L2, Lnl, EBORBEHTEZS &5
R, BRAINTHOBETHDNTOEEIZDNT
&, 77U VEFHPREEICOVTORFEHZED
D, FNHTOEBRT —ZBTREL TS, Bz, ®
BB U 2k AEORNGh TONT DS
IZEWT, REEMEEDREIIEE U2 EBRIKR
FHERZ A TR,

TITARMETIE, BGSICHEL 301 KRR
THOIAFATORERELZ[ELZ. ZDL ¥,
BRDEMEBEXETIRNTEHND LT, LR

KPR B L BRBIRI AN SR
ALy~ T DEEE, Bulitt, DLVO G, i E

ANT OEEEE N DEREE DB DWW THE
U7

2 HEBEERAE

Bl LT, £E7vanA REFTHD, RYAF
VYo Ty 2 ARFERMUL. 22T, BLfIANT
DEEEREENDBMBEEDOLE LY ONIT D0
12, RADEMEBEOMNEZ D, EISHEL T
IVVYITFVIA(AL), TIVTERTIVVITY
A (AA) B, BICHBLAY LIS R5Fv D
A (SL), BLUANKFYNVZITv I X (CL) 2H
Wiz EBRIZHW R T OERS & UVE M E O H
% Table 1 (Z/RT. IFIFEFELWREZ RO RFFFIC
HEULKFD 4 DOMABDEIZOVT, FLEA
T OEEEEEDONIE %17 7.
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Abbreviation  Surface head-groups d [um] o [mC/m?]
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1.5CL Carboxyl 1.5 -2.0
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Fig. 2 Turbulent hetero-aggregation rates as
a function of ionic strength for four different
combinations: symbols are experimental values,
solid and dashed lines indicate the theoretical
ones calculated by using the trajectory analysis
with a Hamaker constant of 10720 J
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Sedimentation of flocculated slurry of Na-montmorillonites

Wu Ming-yu, Yanuar Agro, Yasuhisa Adachi
Graduate School of Life and Environmental Science, University of Tsukuba, 1-1-1, Tennnoudai,
Tsukuba-shi, Ibaraki 305-8572 Japan

1. Introduction

Montmorillonite is an important clay mineral for industrial, agricultural and
environmental process (van Olphen, 1977). One important characteristic of this clay is
that it is quite easy to make big flocs when the counter ions are replaced by sodium
ions under high ionic strength (Miyahara et al, 2001). In this case, the sedimentation
behavior is largely influenced by the formation of big flocs. In addition, it is known
that microscopic interaction between this clay particles can easily altered by the
change of pH and ionic condition. Therefore, montmorillonite slurry can be regarded
one of the most reasonable material to study the relation between microscopic
interaction of particles and macroscopic behavior of suspension by changing the
chemical condition. In the present study, the sedimentation behavior of dilute
suspension of Na-montmorillonite in the flocculated regime was studied as a function
of ionic strength at the two different pH values, pH9.5 and 4.0. On the basis of Imai’s
classification (Imai, 1980), the “semi-dilute” region of particle concentration was
chosen for the intensive analysis. All the experiments demonstrated three stages of
sedimentation characterized by the initial flocculation with very slow rate of
sedimentation followed by the rapid movement of interface between sediment and
supernatant and the slow consolidation. The duration of initial stage, the maximum
velocity of the interface in the second stage and the ultimate height of sediment were
considered to be important indexes to characterize the sedimentation behavior. In this
study, we are trying to ascribe the sedimentation behavior of flocculated slurry of
Na-montmorillonite with particles interactions, which are affected by the chemical
factors (NaCl concentration and pH).

2. Material and Methods

The slurry of Na-montmorillonite was prepared from Kunipia-F saturated with 1.0 M
NaCl solution. The pH value was set at 4.020.3 and 9.5+0.3. NaCl concentration
varied from 0.05 to 1.5 M. The sedimentation behavior is recorded just by the location
of the interface between settling slurry and supernatant as a function of time. The
diameter of settling tubes was 50 mm, the initial height of suspension was 158 mm.
All the samples were rotated by end-over-end for 5 times at the frequency of 2
times/sec and followed by 1 min. ultra sonication (frequency: 100kHz). The
maximum rate of zone sedimentation was analyzed on the basis of Michaels-Bolger
(M-B) method (Michaels and Bolger, 1962), which employs Richardson-Zaki
equation (Richardson and Zaki, 1954).

3. Results and discussion
The flocculation process in different chemical conditions is importantly indexed by
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the duration time of initial satage. From Figure 1, we can observe the duration time
decreases with increase of NaCl concentration. In the range of low NaCl
concentration, obviously longer duration time was observed, and the effect of pH
becomes negligible in the high NaCl concentration region. The flocculation rate can
be attributed to the probability of effective random collision. On the basis of unique
properties of Na-montmorillonite particles, in low NaCl concentration range, under
acidic condition, the edge charged positively, the edge-to-face (EF) model is
predominant and will result in the increase of the effective collision. In the range of
high NaCl concentration, spill-over effect of electric double layer will be eliminated,
more bare/ low charge density areas appeared, hydration energy of counter ions will
be reduced, probability of effective random collision will be increased. The particles
interaction model may apply the multipoint contact structure. That is, as many as
possible conjunction points contact each other among the neighboring particles.
Therefore, the floc becomes denser and stronger, and the weak EF bond should be
broken.

As shown in Figure 2, the maximum velocity increase with increase of NaCl
concentration. The pH influences the velocity remarkably in the range of low salt
concentration. The values of a calculated from maximum velocities of the interfaces
as function of solid concentrations, employing the M-B method, responds well to the
maximum velocities as an inverse relation (Figure 3). Therefore, in the low salt
concentration region, the particles associate as Keren’s open FF structure (Keren et al,
1988) and van Olphen’s “double T” internal mutual flocculation structure (van
Olphen, 1964) respectively. In the region of high salt concentration, the variation of a
value by the effect of pH was found to be negligibly small. This can be ascribed to the
model of internal particles association or multipoint contact structure. With this
picture, it is considered the weak EF bond will be broken. As a value is smaller, the
floc is denser and stronger. Additionally, the trend of variation of a value as function
of salt concentration is different with Miyahara’s results (Miyahara et al, 2001). This
may contributes to different pretreatment or the suspicion of the validity of M-B
method on voluminous flocs, which should be studied further.

From Figure 4, we can find the relation of floc strength as function of salt
concentration is well expressed in the variation of ultimate sediment height, which is
against the self-weight of the slurry. But the pH influences the sediment height in
different models. That is, in the region of low salt concentration, the heights under
acidic condition is higher than that of alkaline ones that can attribute to the
face-to-face bonds formed by van der Waals force were reformed, the particles
conjunction direction became more parallel array under alkaline condition. The strong
EF bonds still exist to form the triangular structure under acidic condition. In the high
salt concentration range, the contrary trend exists in the effect of pH. The height of
acidic samples is slightly lower than that of alkaline ones. One interpretation
contributes to the increase of coordination number because of the existence of strong
EF bonds under acidic condition. The coordination number is inverse proportion to
the volume fraction of sediment. Another is explained by the stronger floc strength
under alkaline condition comparing with the acidic one, following with Miyahara’s
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(Miyahara et al, 1998) opinion. Hitherto, there is lacking of direct evidence to support
which one of these interpretations is correct.
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Figure 1 The duration time for flocculation stage as function  Figure 2 The maximum velocity of interface (Q, mm/min) for
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Figure 3 the increment ratio ( @ ) as function of NaCl Figure 4 The ultimate sediment height (sedimentation time: 31

concentration at different pH values with Miyahara's data  days) as function of NaCl concentration at different pH value.

(Miyahara et al, 2001) HO0=200mm, the concentration of primary particles:
01=0.1155%o, ©¥2=0.231%o.

4. Conclusion
The duration of initial stage decreases with an increase of ionic concentration and that
longer for the slurry prepared in high pH at the range of “low” NaCl concentration.
The ultimate sediment height increases with an increase of ionic strength and is found
to be slightly larger for the sediment prepared for high pH at the range of high NaCl
concentration. This is consistent with the result that larger floc strength for higher
ionic strength reported by Miyahara et al (1998).

However, the increment ratio (o) obtained from the maximum velocity of the
movement of interface in the second stage on the basis of Michaels and Bolger
method were found to decrease with an increase of ionic strength.
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Designing and modeling on-farm desalination system using dew collection technology
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1. Introduction
Water shortage and salinity are crucial factors
affecting plant growth in arid and semi-arid
regions, where irrigation water shortage and
capillary rise from shallow saline water tables
are often encountered (Salameh, 2001). An
increasing demand for water, particularly in arid
and semi-arid regions, has enforced farmers to
use low-quality water sources such as brackish
water, saline ground water, and leaching return-
flow water for irrigation. Having the knowledge
on the level of salinity of such water, it is very
important to treat and desalinate this water to
retain sustainable agricultural practices (Chaibi,
2000). In light of the addressed water-related
problems, novel means to tackle water shortage
are essential (Unami et al, 2015).

The scarcity and erratic nature of rainfall
make this option a viable solution (Unami et al,
2015). This can be achieved using a technology
called humidification-dehumidification
greenhouses (Perret et al, 2005; Jolliet, 1994).
Water desalination powered by solar energy can
help to solve the main problems associated with
irrigation water demand, mainly for protected
cropping.  Desalination = process  needs
considerable quantities of energy to attain
separate of salt from saline water. The economic
and environmental costs of conventional energy
sources for water desalination highlighted the
solar energy, as a potential power source for
desalination. Renewable-energy systems, which
utilizing freely available energy source (solar
energy) are sensible sustainable solutions.

Desalination looks appropriate where saline
or brackish water is available. The cost of power
desalination is not practical methods for arid
land farming (Goosen et al, 2001). Several
countries are facing water shortage, however,
they most benefit from solar energy potential.
This desalination method can offer a viable key
to supply arid lands with fresh water (Chaibi,
2000). The approach is to use solar-powered
energy through evaporation, to humidify and
saturate the air inside the greenhouse using
saline water. If its temperature is falling below
the dewpoint, which usually happened during
the night, condensation of fresh water should
potentially occur. This system can be
incorporated into the design of the greenhouses
in arid regions. Greenlee et al (2009) stated that
desalination is a valuable means of securing
water for drinking and agricultural irrigation.
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Several studies of solar desalination and its
application to greenhouse irrigation have been
conducted. Malik et al (1996) experimentally
examined the potential use of greenhouse fitted
with solar desalination systems for small-scale
farming in areas which only saline or brackish
water is available. Chaibi (2002) used
simulation model and experiments to explore a
greenhouse roof integrated desalination system.
He found that the system could be used as a
means of supplying irrigation water to
greenhouse crops in an arid environment.
Medina (2006) indicated that the use of water
desalination in agriculture is practical. Zhani
(2013) found that a suitable distilled water
quality for irrigation was obtained using a
theoretical and experimental solar desalination
study. Mashaly et al (2015) found that 1 m? of
solar-still systems met the crop water
requirement of about 2 m? of protected
cultivation in Saudi Arabia.

A considerable part of the Middle East and
North Africa (MENA) region are in such a
harsh environment with a precipitation of less
than 100 mm year' (Oroud 2008; Matouq,
2013). Mohawesh (2016) stated that the
agricultural irrigation made up approximately
70% of Jordan’s water consumption, where
agriculture is the primary job activity and a key
role in food security. The Jordan Valley is
several degrees warmer than adjacent areas and
is compared to function as a giant greenhouse,
due to the unique location and all-year good
climate conditions (Mohawesh, 2014). The
agriculture in Jordan Valley is totally depending
on water for irrigation (Molle et al, 2008).
However, increased water scarcity, low rainfall,
and its uneven distribution, high losses due to
evaporation and surface runoff, increased
demand due to population growth and
deteriorating water qualities are major problems
affecting agricultural productivity.

In Jordan Valley, farming is commonly
practiced using plastic mulches and trickle
irrigation systems. This practice is suitable and
effective, either in open fields or under
greenhouses due to its advantages in preserving
the limited irrigation water resources
(Mahadeen et al, 2011; Amayreh and Al-Abed,
2005). The aim of the protected cultivation is
not only to provide a suitable environment for
crop growth but also it decreases crop water



requirements (CWR). The average daily open
field crop water requirement in the southern part
of the Jordan Valley under mulched and drip
irrigation system is 3 mm/day (JVA, 2004).
However, protected cultivation requires less
water than open-field agriculture, with a
reduction in CWR of approximately 20-50%
(Harmanto et al, 2005).

The southern part of the Jordan valley, near
the south end of the Dead Sea part (Lisan
Peninsula (LP)), is characterized by the lowest
precipitation, due to its elevation below mean
sea level (-420 m below sea level) and high
salinity along the coast of the Dead Sea. In LP
area, the aridity coupled with over-pumping of
ground water has often resulted in water quality
deterioration. Irrigating with low water quality
has resulted in increasing soil salinity.
Accordingly, many cultivated lands in LP are
being abandoned or less productive (Ammari et
al, 2013). This requires securing freshwater for
irrigation, which can be achieved by instigating
proper methods for exploiting of saline/brackish
water sources. Therefore, the objectives of this
study are as follows: design a solar-powered GH,
assess its performance in water production
capacity using simulated model under numerous
scenarios, and to determine the command area
that can be met by the solar desalination system.

2. Mathematical model formulation
The heat and mass balance of the GH has three
major parts (Fig. 1): (1) greenhouse cover
(GHgy ), (2) greenhouse air ( GH, ), and (3)
greenhouse ground surface ( GHs ). Heat
transfer in the GH occurs in three means:
conduction/convection, radiation, and latent
heat (evaporation) (Fig. 1). Models were used to
balance mass and heat transfer among these
three major parts.

2.1 GH energy balance
2.1.1 Greenhouse cover (GHcy )
The GH,, is a few microns thickness. Hence,

the temperatures of the two sides (internal and
external) were assumed comparable.

dQcv = Osolev - Oenv, ev-a = Oenviev-e + (1)
Ocdcv - Orad,ev-sky T Orad.ev

where 40, is GHey net energy flux (W m?),
Osorev (W m?) is solar radiation absorbed by

GHey , [0)

cny, cv-a

(W m?) is convective heat

transfer flux between GHev and GHa, Quuevee
(W m?) is convective heat transfer flux between
GH,v and greenhouse outside air (GHe ), Qg

(W m™) is latent heat produced by water vapor
condensation on GHeyv , Qugergy (W m?) s
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thermal radiation between GH¢, and sky, ..

is thermal radiation balance from the inside and
outside of the GH .
The Q. is calculated using the following

equation:
Qsol,cv = Cevabs Rs (2 )
where C.us 1S GHe  solar  radiation

absorptivity and R, (W m™) is solar radiation.
The Q.. oo is calculated using the following
equation:

O, ev-a = henvev-a (Tew - T ) A3)
where figmer-a (W m? K1) is GH.y convective
heat transfer coefficient between GH., and
GHa, Tw, (K) is GH¢y temperature, and 7, (K) is
GHa temperature.

The  Qumeve 18
O, cv-e = henvev-e (Tov -T2 ) “4)
where /e (W m? K') is GHey convective

calculated by:

heat transfer coefficient between GH. and
GHe, and T, (K) is GHe temperature.

calculated based on GHgy
temperature as follow:

Ocdev = hemev-aLi (Hevsar - Haa ) (5)
where 7, (J Kg!) is latent heat of vaporization,
Heysar (Kguater Kgai'!) is absolute humidity at
saturation based on 7;,, and H,, (Kgwater Kgair")
is absolute humidity of GHa . Condensation
takes place when H,,is greater than A, . The

absolute humidity as a function of air vapor
pressure (¢, or ¢, (Pa)) is calculated using this
equation:

The Q. I8

H=0.622(

LJ (6)

€atm - €a

where ¢, is atmospheric pressure (Pa), 0.622 is
the ratio of molecular weights of water vapor
(18.02KgKmol-1 ) to dry air (28.97KgKmol-1 ), e,
is actual air vapor pressure, and ¢, is saturated

vapor pressure. The ., and ., (Pa) at
temperature T (°C), are calculated by:
es =6.1078(7.5T / (T +237.3))10 (7

The Q... 1s calculated using this equation:
Orad v = Orad s—cv + Orad WRC—cv +

Orad wditch-cv = Hs€s0 T + tyreewrc o Tiipc ®)
+ fwditchEwO T oy

where ymre (<) 1s WRC area ratio, u (-) is soil
surface ratio, s, is water ditch surface ratio,

o (W m?2 K#%) is Stefan-Boltzmann constant,
Ty, Tyre >, and Tunen (K) are GHs | WRC, and
water ditch temperatures, respectively.



The Q.44 18 calculated using the following
equation:

Qrud,w—sky = Ecvo-(TcA\‘z - T:/‘cy )(1 - CC) (9)
where ¢, (-) is GHcy emissivity, 7, (K) is sky

temperature, and CC is fraction of cloud cover.
The 71,, is calculated using the following

equation:

T3, =9.365574x10-6 (1-CC)TS +TACC  (10)
2.2.2 GH air (GHa)

an = anv,cvfa + anv,sfa + anv,WRcfa + anv,wditchfa ( 1 1 )

where 4o, is GHa net energy flux (W m™),
Oomeva (W m?) is convection heat flux between
GHa and GHev , Qoo (W m?) is convection
heat flux between GHa and GHs, Q..prc_o (W
m2) is convection heat flux between GHa and
WRC, and 0, o (W m?) is convection heat
flux between GHa and water ditch.

2.2.3 GH ground surface (GHs)

dQs = Osot,st = Qenv,s—a — Orad-net.s — Qevap.s ~ (12)
where 40, is GHs net energy flux (W m?), o,
(W m™) is total solar radiation absorbed by GHs,
Oems—a (W m?) is convection heat flux between
GHs and GHa, Owud-ners (W m?) is net thermal
radiation flux of GHs, and Q..,,, (W m?)is the

evaporation latent heat flux.
The @, is calculated using the following

equation:

Osot,st = @sCaps,s Rsot,s + @wCaps,wRsol s (13)
where w, (-) is soil area ratio, C,y, (-) is GH
soil absorbance, R,,.,(W m?) is solar radiation
reach GHs, o, (-) is water ditch surface ratio,
and C,,,(-) 1s water solar radiation absorbance.
The Q... between GHs and GHa is calculated
using the following equation:

Oums-a = homs-a (T ~T, ) (14)

where /o (W m? K1) is the convective heat

transfer coefficient between GHs and GHa , and
T, (K)is GHs temperature.
The Qug-ners 18 calculated using the following
equation:
Orad-net,s = Orad cv-s + Orad WRC-s = Orad s =

(15)
Us€O TS + prcemrco T — &0 T3
where Quaev—s (W m?) is thermal radiation
between GHey and GHs, Qugwrcs (W m?) is
thermal radiation between GHs and WRC, Q.
(W m?) is thermal radiation of GHs, u,(-) is
(( GHSarea - WRCayea ! GHSareq ) Tatio, WRCyyeq (m?%)

1S WRC area, g, 1S GHcy emissivity, uyze(-) 1s
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( WRCarea / GHswea ) Tatio, gype (-) iS WRC
emissivity, and 7y (K) is wrc temperature.
The evaporation thermal energy is calculated
from water vapor balance inside GH as
follows:

Qevap,s = LtMevap,s (16)
where Qevgp,s (W m?) is evaporation thermal
energy, and Mo (Kg m?) is mass of
evaporative water from GHs.

2.2.4 Water vapor balance

dM s =M evap,s — 17)
Where dM, is vapor net flux (Kg m?),
Mevap,s (Kg m?) is water evaporation from the

cd ,cv

saline water ditches inside GH, and M ¢ (Kg
m2) is water vapor condensation flux on GHcy .
Mcd,cv = hcnv,cv—a (Hcv,sat _Ha,a) (1 8)
Meaev=0, if Hag,a<Hcv,sat (Mcd,cv takes
place when the water vapor concentration of the
internal air is greater than the water
concentration at saturation calculated based on
Tov)-
Mevap,s = hcnv,s—a (Hs,sat _Ha,a)
(ngater Kgai{l) is
humidity at saturation based on 7; .

The equation systems (1, 11, 12, and 17)
were formulated in a form of a system of
ordinary differential equations accompanied
with initial and boundary conditions to model
and balance mass and heat transfer among the
major parts of the GH . Numerical solution
based on the fourth-order Runge-Kutta method
with adaptive step size control were used to
simulate mass and heat transfer in the GH .

3. Prototype GH dew collection (GH,, )

A GH was established at the water resources
engineering  experimental  station, Kyoto
University. The station is located at the
coordinates 35° 29" 23"" N, 135° 21" 57" E on
Maizuru Bay, the Sea of Japan. The GH,, is 2.18

m width and 3.58 m length (2.06 m height under
the ridge, and 1.19 m height at the roof eaves
(gutter)) with a global volume of 12.52 m?
(3.53 m? cross-section area) (Fig. 2). It was
oriented with East-West direction. The GH,

was built with a metal frames, covered with
polyethylene plastic sheets. The presented GH,

(19)

where  Hy gu absolute

comprises four major parts: GHey , WRC, dew
collection  measurement instrument, and
seawater ditch inside the GH, (Fig. 2). The
condensed water vapor adsorbed on the
greenhouse roof ( GHr ) in a drip formation,



which either fall or follows the GHcy down to
WRCsalong GH,, sides, was collected into wrc .

Thin plastic sheets were attached to GHr eaves
to connect GH, sides with wrc. The seawater

is introduced into the GH, ditch (0.7 m width,

3.25 m length, and 0.42 m depth) by pumping
from the nearby seashore. The wrc (1.18 width,
and 1.84 length) was tied to GH side bars using
grommet holes at the corners. A small gravel
bag was placed at wrc center discharge point
(center grommet). Then, the collected dew
water was drained to a tipping bucket rain gauge
(one pulse is equivalent to 4.2764 cm? (0.2 mm
by 213.82 cm?)) (HOBO rain gauge RG 165,
Onsetcomp, USA). The total tipping numbers
and temperature were logged every ten minutes.
The GH, air temperature and relative humidity

were measured at two heights: 0.8 m, and near
the roof using temperature/relative humidity
data loggers (HOBO U23 Pro v2, Onsetcomp,
USA). The soil temperature, electrical
conductivity, and moisture content were
measured using soil moisture and temperature
sensors (5STM, Decagon Devices, USA). The
outside meteorological data were measured
using a meteorological station (HOBO U-30-
NRC, Onsetcomp, USA). The measured
parameters were logged every ten minutes. The
model was verified using three periods: winter
(00:00 March 1% until 23:50 March 31, 2015),
summer (00:00 June 1% until 23:50 June 31,
2015), and for a long period compiling different
weather conditions (00:00 March 1% until 23:50
June 31, 2015 (122 days)). The model results
were validated in terms of comparison with the
measured collected dew, and measured
temperatures inside the GH versus modeled T,, ,
Todiren» Tawe > and T, (Figs. 3, 4, 5, 6, 7 and 8).
The average measured collected dew was 0.104
and 0.107 1 day' in March and June,
respectively. While, the simulated collected dew
was 0.064 (-38.3 %) and 0.148 (+38.1%) | day!
in March and June, respectively. The average
measured collected dew was 0.1207 1 day’!
while the simulated dew was 0.1215 (+<1%) 1
day! from 00:00 March 1% until 23:50 June 31,
2015 (Figs. 7, and 8). The good agreement
between the simulated and measured data
revealed the model competence for
comprehending dew amount and modeling GH
mass/heat balance.
4. Demonstrative GH (GHp)

The GgHp, was established at Ghor Al-Mazrah
(31° 15° 41" N, 35° 29* 37" E), LP, Jordan
Valley, Jordan. The GHpis 9 m width and 51 m
length (4 m height under the ridge, and 2.05 m
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height at the roof eaves (gutter)) with a global
volume of 1643.92 m? (32.23 m? cross-section
area). It was oriented with East-West direction.
The GHp, was built with metal frames, covered
with polyethylene plastic sheets. The presented
GHp comprises four major parts: GHey , WRC,
designed water collection system, and lined-
ditches inside GH (Fig. 9). The condensed
water vapor adsorbed on the Gur in a drip
formation, which either fall or follows the Gpey
down to wrcs along GHp, sides, was collected
into wrc. Thin plastic sheets were attached to
GHr eaves to connect GH sides with wrc . The
water is introduced into GH ditches (five
ditches, 0.5 m width, 0.1 m depth, and 45 m
length) by pumping. This water is being
collected wusing an intake structure from
ephemeral flood flows and stored in a reservoir
during the rainy season. The rainwater
harvesting (RWH ) scheme included a hydraulic
structure to divert ephemeral flood flow of the
catchment area into a reservoir (Unami et al,
2015; Erfaneh et al, 2015). The water quality is
relatively saline due to the catchment surface
salinity (9-18 dSm").

Each wrc (3 m long and 1.47 m width)
was holed at five points (center point and four
corners); a grommet was fixed to each point.
The central grommet represents a discharge
point. Each wrc was knotted to GH latitudinal
bars using grommet holes at the corners (3 m
interval, and 2.05 heights). A small gravel bag
(weight around 200-300 gr) was dangled at the
center grommet on each wrc, to direct the
collected water into wrc discharge point
(center grommet). Then, the water is being
drained to the water collector container (Fig. 9)
for each wrc. The GH|, contained 29 wrcs (14
WRCs on the right side, and 15 wrcs on the left
side). The measured parameters inside GH, were:
7, and RH at two heights inside GHp
(underneath GH.y , and 0.8 m above GHs ), GHe
andRH , Ry, and pumped saline water and fresh
water produced. The measured parameters were
logged every 10 minutes interval.

5. Conclusions
This current work offers a useful analysis and
assessment of the dew yield and temperature
variations of the presented GH,, by using energy

and mass balance model. The results showed
that the model is capable to predict dew yield
and GH temperatures. The dew yield was
sensitive to the meteorological data input. The
model underestimated the collected dew yield
during March while it is overestimated the



modeled dew yield in June. The system
performance analysis based on longer periods
(March 1% to June 31) showed a good agreement
between the modeled and the measured dew
yield. The average collected dew was 0.12 1 day
. Overall, the developed model provides a
sound basis for describing and explaining the
energy and mass balance mechanisms in the
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X convection
X condensation
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Fig. 1 Schematic diagram of mass and heat balances inside the greenhouse.
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Water repellent cloth
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Soil temperature, electrical conductivity,
and moisture content sensors

Sea water ditch

Fig. 2 Schematic diagram of prototype greenhouse, measured parameters, and instruments locations.
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Fig. 3 Modeled GH ditch water (T1), GH air (T3), Water
repellent cloth (T4), and GH cover (T5), and measured
temperatures inside the GH at two depths:0.8
m(HOBO_h80) and near the GH roof (HOBO_R), inside
the tipping rain gauge bucket (HOBO RG 165), outside
air temperature (T0), and GH soil (T2) in March.
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Fig. 5 Modeled GH ditch water (T1), GH air (T3), Water

repellent cloth (T4), and GH cover (T5), and measured
temperatures inside the GH at two depths: 0.8
m(HOBO h80) and near the GH roof (HOBO_R), inside
the tipping rain gauge bucket (HOBO RG 165), outside
air temperature (T0), and GH soil (T2) in June.
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Fig. 7 Modeled GH ditch water (T1), GH air (T3), Water Fig. 8 Modeled and measured collected dew inside GHp from
repellent cloth (T4), and GH cover (T5), and measured  (00:00 March 1 until 23:50 June 31, 2015 (122 days).
temperatures inside the tipping rain gauge bucket (HOBO RG
165), outside air temperature (T0), and GH soil (T2) inside GHp
from 00:00 March 1% until 23:50 June 31, 2015 (122 days).
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1. Introduction

The biggest environment concern of the Trans-
Pacific Partnership for Japan is that it might push
farmers out of paddy rice cultivation (Katayama et
al., 2015). The abandonment of paddy cultivation
could lead to loss of the paddy environment
multifunctionalities, = which  include; flood
mitigation,  groundwater  recharging,  water
pollution reduction, and biodiversity conservation
(Matsuno et al., 2006). There is, therefore, an
urgent need for innovative environment
technologies that promote paddy environment
profitability and sustainability, to keep the farmers
in the paddy fields. A possible solution could be to
improve water environment productivity through
optimising use of available water resources in the
paddy irrigation schemes to facilitate upgrading to
integrated  irrigation-aquaculture  (ITA), and
switching to high yielding/selling rice varieties
(Brugere et al., 2006).

Incorporating aquacultures in paddy irrigation
schemes could be the logical solution due to their
positive technological interdependence with paddy
rice production. The paddy irrigation schemes
inherently  possess  biological environments
favourable for aquaculture, while aquacultures
have non-consumptive water use characteristics
(Brugere et al., 2006). The exponential growth of
paddy irrigation systems during the period of rapid
economic growth presents a huge potential for I1A
development, especially in the paddy irrigation
schemes (Matsuno et al., 2006). Fish could be
raised 1in irrigation reservoirs upstream or
downstream of paddy fields, but also within paddy
fields, and irrigation and drainage canals.

Given the need to increase the irrigated paddy
rice profits through increased rice yields, and avoid
too much complexity in the water management,
emphasis on IIA development is placed on the
small irrigation reservoirs, also known as irrigation
tanks. Irrigation tanks are less capital-intensive
(Karthikeyan, 2010), and require minor
modifications before incorporating fish (Brugere et
al., 2006). In Japan, there are about 200,000
existing irrigation tanks, each with impoundment
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of mostly less than 5,000 m®, which is about 11.4%
of the total irrigation water impoundments
(Hiramatsu et al., 2003).

For the success of IIA development, the
continuity of water supply or storage at specified
water quality and turbidity in the tanks has to be
guaranteed. However, the majority of irrigation
tanks are characteristically small and shallow, not
connected to major streams or other reservoirs,
depending only on the rainfall and runoff in their
own catchment areas (Karthikeyan, 2010).
Therefore, temporal water shortages are a common
phenomenon in most irrigation tanks. Fish
production requires tank water storage to be
retained above a certain minimum level at any
given time. The mechanistic effects of low flow
hydrology in the tank can negatively alter aquatic
habitat conditions; consequently leading to mass
mortality of fish and other aquatic life (Rolls et al.,
2012). On the other hand, adequacy and timeliness
of irrigation water supply has to be guaranteed for
a good rice crop harvest. Therefore conflicts on
water use between the two production entities can
arise during water scarcity conditions.

To improve the water supplies, irrigation tanks
can be connected to upstream water sources. But,
the approach can be constrained when water
supplements contains high loads of agrochemicals.
Many of alternative water sources in agricultural
regions suffer from long-term pollution, due to
considerable amounts of fertilisers and pollutants
intercepted in runoffs from upslope agricultural
fields (Powers et al.2013). Like any other aquatic
habitat, IIA tanks require adequate water qualities
to sustain aquatic life therein. Nevertheless, the
water scarcity characteristic of the irrigation tanks,
necessitate the need to develop strategies that
optimise the use of other available water resources
in the paddy environment.

This study aims at optimal operation of the
irrigation tanks for sustainable IIA development.
The study focuses on IIA development of an
irrigation tank currently used only for irrigation.
The tank has water scarcity problems. The
alternative water source for water supplements has



water quality problems. A Markov decision
process (MDP) is formulated and applied to find
the optimal policies for the optimal operation of
the irrigation tank in conjunctive with the
alternative water source for the establishment of a
sustainable IIA.

2. Problem description of study area

The Higashi irrigation tank, which is in a study
area called Imago, extending over the southern part
of Shiga prefecture, Japan is proposed for IIA
development. The tank is rainwater harvesting
earthen impoundment primarily built to irrigate a
command area of 5 ha paddy rice fields. It has
maximum surface area of 3,060 m? maximum
water depth of 1.21 m, capacity of 3,000 m’,
catchment area of about 7.2 ha. The tank
catchment area consists of paddy fields and forest
landuses. The water balance analysis results of the
tank from 2000 to 2006, especially in the rice
growing seasons, show that every successive year
the tank experiences excessive water drawdowns,
and in some cases the water is withdrawn until
near empty storages states. The assessed
commercial fish value of the tank during the period
2013-2015, shows that it was almost negligible.
The loss of fish value in the tank could be linked to
the loss of preferred aquatic habitat caused by
routine operation only for irrigation without due
consideration of aquatic life therein (Rolls et al.,
2012). Therefore the larger Imago dam on the
upstream is planned to supplement the water in the
tank to assure a continuity of water supply and
storage. Imago dam has the reservoir capacity of
110,000 m?, and catchment area of 0.2 km?, which
consists of green tea fields and forest landuses.
However, the water quality monitoring tests results
in Imago area, between the period of 2013 and
2015, show that Imago dam is NOs3-N polluted
above acceptable specified ranges for fish
production. NOs-N pollution has long term effects
on general health, growth and breeding ability of
fish (Kincheloe et al., 1979). Thus, the water
quality management strategies for control of NOs-
N pollutants loads from Imago dam into Higashi
irrigation tank have to be incorporated for the
development and maintenance of a sustainable I1A.

3. MDP model

The future operation of Higashi irrigation tank is
assumed to be operated using both water quality
and quantity norms, focussed on developing and
maintaining a sustainable environment for IIA.
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The tank operation methodology is assumed to be
a dynamical decision making problem involving
finite-state, finite-action stochastic system where
the system's dynamics are described by state
transition probability distributions. An MDP
solution is proposed to formulate the above-
mentioned problem, with the goal to find operation
policies with minimum worst case expected value
of a given cost function (Ben-Tal et al., 2009). The
storage level and the respective NO3-N level of
Higashi irrigation tank are taken to be a state
variablei € X where the number of possible states

n=|X|is assumed to be finite. The tank /e X

condition is assumed to be observed at regular
finite time points ¢t €7 of the infinite decision

horizon7 ={0,1,2,...} .

Depending on thei € X observed, the operator
chooses a decision a € 4 from a finite set of all
possible decisions 4={a,,...,a,} . If the decision
a e Ais chosen for the statei € X, then the cost
f(@i,a) is incurred and the next condition state of

the irrigation tank is chosen according to £, (a)
(Ross, 1990). F;(a) are the transition probabilities

under control action a € A at the stage t €T from
the state i € X to the state j € X expressed as
P(a)=P{X,, =j|X, =ia =a} (1)
The incurred costs f(i,a) are assumed to be
bounded by a positive real number M , such that
|f(i,a)|<M for Vi,Va with a discount factor
a €(0,1). Thus, for any policy I1 employed when

the initial state is ie X , the expected total
discounted cost incurred is

Vi () = Ey {Za’f(xt,a,ﬂ X, =z} 2
=0

given that policy IT is employed. Since the costs
are bounded and thata <1, V(i) is also bounded
and thus equation (2) is well defined. The policy
IT" is said to be « -optimal, if V7 (i) = inf A40)
for Vie X . The above principle of dynamic
programming yields the Bellman equation

v (i>=rng;1{f(i,a>+azzz,<a)V; (j)}. 3)

Accordingly, the corresponding optimal operation

control policies IT" for Higashi irrigation tank
were obtained by



IT° (/) € arg min { fl.a)+a) B (a5 ( j)} . (4

4. Governing equations
The dynamic water balance of Higashi irrigation
tank, is represented as

a7,

E=5Q+Q(;C—Qir &)

where ¢ is the time, V,

volume of Higashi irrigation tank at ¢, 6Q is the

is the water storage

uncontrollable water balance between inflow and
outflow, Q. is the supplement discharge from
Imago dam to Higashi irrigation tank, and Q, is
the water withdrawal for irrigation from Higashi
irrigation tank. Likewise, the mass balance of
NO;-N in the tank at any given time ¢ is
represented as

dm,
dtt =—zM,+SF +F,_ —F, (6)
where M, is the mass of the NO;-N loads, z is

the NOs3-N decaying coefficient, OF 1is the
uncontrollable flux balance of the NOs3-N, F|_ is
the inflow flux of the NO;-N, and F, is the
outflow flux of the NO3-N due to withdrawal. The
concentration C, of the NO3-N at ¢ in the
reservoir is M, /V, , where much attention must be

paid to the stochastic nature of these variables.
Accordingly, the temporal integration over a time
step At of equations (5) and (6) results in

transients of V,,, andC,,,, .

5. MDP operation

5.1 Tank operation decision options

Table 1 shows four (4) water resources
management  decision options A4 ={a,,....a,}

identified for the development and maintenance of
a sustainable environment for IIA in the Higashi
irrigation tank.

Table 1 water management decision options a € 4

a Q. 0O, Description

a, 0 0 Do nothing

a, 0 +  Release irrigation water

a, + 0  Receive water supplement

a, + +  Supplement and then irrigate

27

5.2 Defined storage/NO3-N states

The ie X states of the storage/NOs3-N condition
for Higashi irrigation tank are identified to be any
of the following 12 possible states in Table 2.

Table 2 Tank storage/NO3-N states

Storage volume NOs-N (mg/L)
(m®) 0-1 1-3 >3
> 3000 i=10 i=11 i=12
2000-3000 i=7 i=8 i=9
1000-2000 i=4 i=5 i=6
0-1000 i=1 i=2 i=3

5.3 Identification of decision costs

Depending on the decision a € 4 applied for every
i€ X observed state, the costs incurred f(i,a)
include some or all of the following costs:
irrigation operation and maintenance costs [OM, ],
Imago dam water supplement costs [OM_] ,
irrigated paddy rice potential value loss [RVL] ,
and fish potential value loss [FVL] formulated as:

f(i,a)=0OM, +OM_+RVL +FVL (7
where OM, =W, V. and OM_=W_V_, W, and

W, are respective unit water costs, and V, and
V. are respective water volumes in 7 days
irrigation cycle. RVL=6 RV where RV is the
irrigated paddy rice value in the command area and
6. is the irrigation deficit coefficient that depicts
storage effect of the jeX state on RV .
FVL=FV[8,, +6,] where FV is the estimated
fish value in the Higashi irrigation tank (after
restocking); 6, and 6, are the respective
coefficients that depicts the NOs3-N effect and
storage effect of each of the j € X state onFV .

W, and W, were approximated 0.025 US$/m”.

Assuming, a high yielding rice crop variety at 10
tonnes/ha, at average price of 2500 US$/ton, and
assuming the crop cycle of 20 weeks for paddy
rice, the weekly RV =~ US$3,775. For a € A which
<1000 m’ , are
assumed to indicate irrigation inadequacy, thus,
V.., <1000m’ = @, ~0.60, otherwise 6, ~0 .
The total potential fish value in the Higashi
irrigation tank is estimated US$22,500, and thus

involves irrigation activity; V,,,



weekly FV ~US$1125. The minimum threshold
of fish water volume is set at V_, >1000 m’ .
Thus, V.., <1000 m’ = 6, ~0.65 otherwise
6, ~=0. For the jeX NOs-N transitions
C..,<lmglL=0,~0;C, =11-3.0mglL =

t+At
6, =025 ;and C,,, >3.0mg/L = 6, =0.60.

t+At

at

5.4 Computed probability transitions

Figs. 1-4 shows the Ar=1week time transition
probabilities under control action a € 4 from the
state i € X to the state j € X expressed as in (1),
obtained from concurrent operation of (5) and (6).
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5.5 Optimal operation policies
Table 3 shows the optimal operation policies IT
and their corresponding optimal costs V{ (i) for

the 12 i € X obtained from the computation of the
equations (3) and (4). When the Higashi irrigation
tank storage/NO3-N condition is in i € X state 1-6
and 8-9, the optimal policy is to supply water from
Imago dam to the tank until its full capacity, and
later release irrigation water. For other states,
releasing irrigation water is optimally enough.

Table 3 Optimal operation policies IT and optimal costs V(i) in USS

ieX
1 2 3 4 5 6 7 8 9 10 11 12
V@) | 1209 1209 1209 1105 1176 1176 781 1072 1143 564 889 1110
I a, a, a, a, a, a, a, a, a, a, a, a,
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6. Conclusions

The water environment productivity in the paddy
irrigation schemes can be improved by optimising
use of available water resources, upgrading to 1A,
and switching to high yielding/selling rice crop
varieties. The water scarcity phenomenon common
with the irrigation tanks operation, necessitate the
use of alternative water sources to augment water
supplies. In situations, where alternative water
sources have poor water qualities which constraint
successful IIA production, an MDP model is an
effective method to find optimal policies for the
joint operation. The MDP method can also be
readily adapted to other agricultural watersheds
which have water quantity/quality problems. The
implementation however, requires a careful
analysis and in-depth evaluation of different
hydrologic  periods to produce transition
probabilities that fully describe water quantity and
quality changes in the respective tanks.
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Observation and analysis of groundwater dynamics in a tea plantation area
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Formulation of stochastic control problems for water harvesting reservoirs

(SKETKMIC X9 HFERFIHEEDERL)

1. Introduction

Operation of reservoirs collecting surface water
such as flash floods typically involves stochastic
control problems. Dynamic programming is an ap-
proach to deduce optimal strategies in terms of
maximization of a performance index, and the
Hamilton-Jacobi-Bellman (HJB) equation govern-
ing the maximized performance index is a partial
differential equation whose solution is rigorously
understood with the concept of the viscosity solution
(Crandall and Lions, 1992). The authors have for-
mulated different control problems, which are firstly
reviewed in this manuscript. Then, another stochas-
tic control problem is formulated to deal with a
water harvesting reservoir which may dry up or spill
over during an irrigation period having a fixed ter-
minal time. Computational methods to approach the
HIJB equations are addressed as well.

2. Control problems studied so far

The dynamics of the storage volume X, of a water

harvesting reservoir at time ¢ is generally governed
by the water balance equation

dXt :(Qin_Qout_u)dt (1)
where Q, is the inflow discharge, O, is the out-

flow discharge due to evaporation, seepage, and
overflow from spillway, and u is the intake dis-
charge as a control variable. An extra differential
equation may accompany (1), to represent stochastic
behavior of the system involving the water har-
vesting reservoir. A first exit time as a stopping time
is considered to define the spatio-temporal domain
where the system is operated. The extra differential
equation and the spatio-temporal domain used in
earlier papers are as follows.

Unami et al (2013) proposed a stochastic differ-
ential equation to represent the readily available soil
moisture in the farm land, which was the command
area irrigated by the reservoir. Operation of the
system, which was dry season irrigation, was as-
sumed to continue while there was water in the res-
ervoir and while the soil moisture was between the
wilting point and saturation.

Unami et al (2015) developed a zero-reverting
process model, which is governed by the Langevin
equation, for the occurrence of recharge events re-
covering the reservoir storage and terminating op-
eration of the system. Zero-reverting processes
alone are applicable to a wide range of problems

OXKoichi Unami, Erfaneh Sharifi, Masayuki Fujihara
Graduate School of Agriculture, Kyoto University

dealing with alternation of wet and dry regimes such
as in rainfed agriculture (Sharifi et al, 2014; Sharifi
et al, in press). Ryo et al (2012) explicitly added a
stochastic term to (1), whose deterministic term was
driven by a zero-reverting process.

Sharifi et al (2015) presented a primitive
problem, where O =0 , =0 in (1) and no sto-
chastic variable was involved. The optimal control
problem formulated in that study is to maximize the
performance index

T
J”=J"(s,x)=J‘v —|u—q|dt 2)
where s is the current time, x is the storage volume

as an independent variable, ¢ is the water demand

which is equal to the target intake discharge, and the
irrigation period with the fixed terminal time 7 is
considered. The admissible set U of u is

[0,0), if x>0
U= . : 3)
{0} s if x=0
The HIB equation for this optimal control problem
with a constant ¢ has a unique viscosity solution
. 0, ifoq(T—s)
B x—q(T—s), ifx<q(T—s)

where @ =supJ”.

uelU

“4)

3. A generalized stochastic control problem
A stochastic control problem is formulated here to
generalize the control problems studied so far.

A zero-reverting process Y, is considered as a
virtual water flow index. The governing equation of

Y is the Langevin equation

dY =—rYdt ++2DdB, (5)
where r is a reversion coefficient, D is a positive
diffusion coefficient, and B, is the standard

Browninan motion. The coefficients » and D are
assumed to be constant. A monotone non-decreasing

function ¢*(y), where y is the virtual water flow
index as an independent variable, is assumed to
define the relationship between Y and @ as
0, =¢"(Y). A common example for ¢*(y) is

¢ (»=0vC(y-K) (6)
where v denotes the maximum, K is a threshold
for inflow events, and C is a positive constant.
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While, X, as well as Y, determine the outflow

discharge due to evaporation and seepage with an-
X, of

other function ¢~ (x,y) . The storage volume X,
the water harvesting reservoir is assumed not to
exceed its capacity V' almost surely, because of
well-functioning spillway. Therefore, (1) is rewrit-

ten as

dXt =a(Xl,YI,u)dt (7)
with
a(x,y,u)
OA(gm(y)—(D_(x,y)—u) ifx=V )
= (/f(y)—(/f(x,y)—u if0<x<V’

Ov((/f (y)-¢ (x,y)—u) if x=0
where A denotes the minimum. The admissible set
U is also revised as

[0,0) if X,>0
[0,(Ov((p+ —(p’))} if X, =0

A stochastic and generalized counterpart of
the performance index (2) is

J(s,x.y) = E* Df—%lu ~q dt}

U= )

(10)

where E™” represents the expectation with respect
to the probability law of the stochastic processes
starting at the point (x, y), and p is a positive pa-
rameter.

The HJB equation for this stochastic control
problem is the second order partial differential
equation

oD +\ 0D oD oD
—+a(x,y,u )——ry—+D >
Os ox oy oy

* P

11

oD oD oD GZG)( )
=sups—+a(x,y,u)—-ry—+D—

uel | OS ox oy oy

—l|u—q|p}=0
p

with the terminal condition

®|_,=0. (12)
The domain Q of the HIB equation (11) is taken as
[0,7]x[0,/]x R, implying that the solution @ to
(11) with (12) is examined in the sense of viscosity

solution and that boundary condition is imposed on
neither on x=0 noron x=V".

4. Computational methods
In order to numerically solve (11) with (12), the
independent variable y is transformed into another
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variable z as

-
z=tan"'| — 13
( D yj (13)
so that the computational domain becomes bounded.

Indeed, R is mapped to (—7z/2,7/2). The result-

ing HIB equation is a degenerate elliptic partial
differential equation

od oD . ) D
—+a——rs1nzcosz(1+cos z)—
Os ox oz (14)
+Lcos* 2 > . |p:0
2 oz- p

The first order upwind scheme is applicable to finite
difference discretization in the s and x directions,
while the finite element scheme developed by Un-
ami et al (2015) satisfactorily handles the degener-
ating coefficients in the z direction.

5. Conclusions

The stochastic control problem has been formulated
so that operation of the system does not terminate at
a first exit time. Water balance dynamics in the wa-
ter harvesting reservoir has been generalized as well.
These advances in modeling methods have brought
about the new issues to be rigorously discussed.
Researches on the convergence of numerical solu-
tions to viscosity solutions are ongoing in the
framework of the stochastic control problem for-
mulated here.
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HE/KDFE 2 RTfinmzcERE L-KERNEERRAFEETIL
Numerical Model for Calculating Paddy Thermal Conditions Considering Two-Dimensional
Flow Field of Ponding Water

OARKNER" /Mk B, fREERE", ACRRE
oMasaomi KIMURA", Satoru KOBAYASHI", Toshiaki IDA", and Naritaka KUBO”

1. [XC&HIC

AR R D IR B EIZ LD KOFERIK FAME L 2> TER Y, R FIEE LTV LEEED
ZOES L AN OIER ZHE O TV D, HFEE O O & U S i RS AR O F 72 B K o —
DELTEZLNTWDA, Bt LIEEMEZ1T O Z 212XV, HilEAKDOKIESLAROIERZIK T &
DANEPHIRF S D, $IE LHEREC X 2 B AR OARJEGRIE, #RENE S, #EKEDNZWIZ
EXVIRFFHAIC RS Z LR ENFERFER LV GNIR-TEY Y, HifiKD 1 RITAIRBN & BUll
KETNVEMABE DT bR LTINS 2,

ARAFFETIE, FOERIZ L DAV DGt 2 B [E L7 /K OY-f 2 RoTiidvatE 92 0 L, MK
OBt E BB L COKHNOBUCK 2 < Z 212X 0, HE/KECHER, M2 EOREREOVH
DAMEFETLETNVEMEL, TORGEEEZITo T2

2. MMOEEZEE L-HE/KOTE 2 RTANEDFTE
ARFFECTIE, FORRAS AR AL E S 72K FHNIC IS 1 2 [TREIZK OYER 2 IRoTiiiLe & itk 45 05
BXE LT, O)~QR)RoEAKKFEXNERHATH. Z 2Tl KERIZBITSERAREL, JEIZ
K 2KEEAWBIENTEGA L T D, ks, RIBPABBUC L 2B RITEBE L T,
U, E OF_ oD D

~Vv——v—+S5=0 )
ot ox oy OX oy

h hu hv 0 0
U=lhu|r E= hu2+%gh2 » F= huv » D=juh|: S=|7,/p (2)
hv huv hv? +%gh2 uv Toy /P

v IZEES AR, hI3OKIE, u i x A, viZy HIAiRE, g IZEDIEE, p 3KOBEE, 1,
oy lEFNEI X, y FAIOKKIERAER S 720 O, MA@ EFATHY, RQ)RpkHicks
s,

o _c N phYY Y Ty o ppVUt Y 3)
p D D 2 p D D 2

Co 1 (8)2TFE S N A FA O HEHREL, No X HT RS 72 0 OFREO AL, D IO ER TH 2.
Cp = 0.217(\/u2 +V? )0'945 4)

" RO EERE B A A B TS8R Graduate School of Agricultural and Life Sciences, The University of Tokyo
F—0—F: Bk, FiE 2 Rooiidr, HmEAKRSAN, LR
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100m 4m J

———— »
K (e HEERY) Flow
25m
KA GRABES, 30m o o5
g px=ay=1m  (Nosslip BEGTHE)
» \\\
4m N

Flow

1 FHEAEE
B4 112~ & 9 722850 30m &34 100m DK HXE (Np=25, D=0.1m) Z4EL, ZEHA v 2t
A XX Im W5, ZEOEGEIZIE Staggered #%1-, BfHUE L 7o L EB & R0 b v 7Y
021X SIMPLE % VW2, SERSHIIKOICBWTIREEZ 5 2 2MABER, KRBV TKIEE
5.z D HEE R, BEREE No-slip BEEEE R & L7z

3. HE/KDERZEZERE LI-/KBRNEERESHDIHE

KHENOREBREE A OFHEICIE, UTFICHIT 2 X2 T T7 /L2928 L. £3, KEN
ZERET AN HI, MK, BEENKRR, WA (B, B LRRUICHEIL, ZhEnofgof T
DEEE) (BLEAGH, RikRCE, B, BHEY 23ET 5 (X2).

A DBER CTlE, (B)OBN ALY ST,

R,.=H.+IE, (5)
ZZC, RelF@)ATEENDERICI T HMAB (W-m?), HelZHEmD O FEEN~HU 4128
BTy A (Wm?), IEXERTZ v 7 2 (Wm?) Thd.

Re = (- f, {2~ )S + Ly + L —2L, 6)
f ITHEAE DB R, ad(ZERO T LK, SITAFE (W-m?), LealdKE0 50 T & Rk
5 (W-m?2), L i3KEDS O A& ERAS (W-m?), LdIBEm S M SN BN 7 7 »
7 A (W-m?) Ths. HEDOKSEREL XTI 527,

f, =exp(—k-LAI) (7)

k IIAREAE DV SEAREL, LA IEmAEE R TH 5.

BEENTIE, (8)= RN BB L & (9) D ALK A3k 0 3o,

H,=H, +H, ®)
ne=EtEIE g (1L o73) 9)
InH2051

E¥‘§W t “ t
'

2 KEWNIRERESAMFE T T /L O
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Hi ZBEEN/ D REA~H SN DT T T v 7 2 (W-m2), Hw 13K HEEEN i S 5 58
BT 7y 2 (W-m?2), Ae lZ/ARKIEL(LE (KPa), nuoldKyF& (kg-moll), o lZREEINZER
JBOE S (m), RolIEMAEH (kI-moll-K?), TiIENOKIE (K) Thb.

H i K H O BN 31X (10) A v 7z

2 2- _ _ _
%_}_uﬂ_}_\/%:DT aTZW+aT2W +R"W HW IEW G (10)
a M oy T e Ty puoN

Z 2T, TwidKiR (K), Rw (1) TR I HKEIZH T DMAEH (W-m?2), D3k DEILHER

(m?-st), GIIMIHEMRE Y Z v 7 2 (W-m?), pulZKOEE (kg-m?), cwlIKDOHE (J-kgt-K
) Thb.

Ruw= fll-a M- )S + Lo} + (- f, )L~ Ly, (12)
o\ IKE DT NV K THD.

), 8), (9), A0)AE LTHRL 2 Lok Y, ARNOBENGR, BENKE, E5H, M
KIBOBAEMEE G HET VEER L. 728, (10)X T OBREOBERLIZIX CIP &%, JEHED
BE b L ES E AW, £, K87 —ZITANERFERIIE » FAKEIZS W TRl S -
L DOE NS LT,

4 HBRBLUVUER

WEKZRDS h=5cm, FEBE/KEAY Q=0.002md/s, #EME/KIRDS 20°C CT—E Th - 7256 © Wi KRSy
fi (2013458 H 11 H 16 Bf) OFFRFERZX 31277, KD L0 BUk S KIE ORI, AKH
WNTIREIZIE > TN E, KAFMETIHIZ & A EFEMKIBOEEN 2 oo TnD Z EBbnD.
X 4 13iEkiE % h=5cm, FERKEZ Q=0.005m¥s & L7=HAOHEMEZRL TS, K3 0k
RO LT, ARIR OB DR BN RHFIZ KA TWDEETD ) A2 5. KR % h = 10cm,
FEMEK &% Q=0.002m%s & L73A O (K 5) 2251E, X3 OFERIZHATKFEAHLOKIRAD
BN ERb2d. ik, #KENELS o7z L2k, HEKOBAERENHEZ 2720, BIH
DHFOEBEW NS polzlndThDHEEZLND.

FEUIE » FAAKRKIZE T 28K R OKRICEB T 5 BifmAKRO R RSB REZX 6
AT HEAKIRD BEEDKE W 6 HIZBWTHERMKE RIRENAZITOND OO0, KET IV
2K DFHEMEIIBIAIE 2 BB DR RIFICHBITE TS Z b s,

BT, RETNVEZHNWT, B LR K 5 3EECHIR ORBRIR S, HEls/NEZ Y- 725
BODRIZONTEREIT) TETHD.

Flow . S -
ki (°C) 20! 214 228 242 246 210

3 HmEAKESAMOFHERFE (h=5cm, Q=0.002m%s)
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=

Flow

Al (C) 200 214 228 242 256 !2 0

4 MHEAESAOFEMEFE (h=5cm, Q=0.005m3s)

Flow
Fow I .
il (C) 20) 214 228 242 256 0
X5 MiEABRSAAOFERKE (h=10cm, Q=0.002mds)

osKME1 askKEH2 oJKHE3 xsKHEH4 -JKHES -+ KH6 oJKHE1 asKH2 oJKHE3 xKMHA4 -KHAS -+ KH6

40 . 40 -

)
]
=
il
&
nna
15 20 25 30 35 40 15 20 25 30 35 40
&4k BLAVIGE (°C) 6A BLACR ()
" oKH1 »7KH2 oJKHE3 x/KH4 -KHEHS - KH6 okE1 askE2 osKE3 xKM4 - KES kM6
-7 40 .
35 a5 L-
SE & 30
L] ]
% 25 2
o o 25
+ +
e e
20 2 L
15 -7 5 L
15 20 25 30 35 40 15 20 25 30 35 40
78 FRICR (°C) 8H HRIACR (°C)

6 BLIZKHIZ 351 2 7K KR 00 B A & LRI o> Fhigeint SR

&

1) FEHFEL, FRE, HFHE—/K, BOESL (2015) @ @SR LR OFEREK & - /K - BRI 237K H oK
IR KT 35, B T ximsCaR, 300, 1_185-194.

2) K. Yoshida, I. Azechi, H. Kuroda (2013): Application of two layer heat balance model for calculation of paddy thermal
condition, Journal of JSCE B1 (Hydraulic Engineering), 69(4), 1_139-144.

3) AKIER, MfE O, fREfERE, ALRAME (2015) : fikkZz ZIE L7- KO 2 oot s, RN T
ERTROUAE, 295, 47-58.

B OREFIEIE, SURRHRE KB ENEISAT e 7 0 2T A THIERBRBEZSE) T IC 1) 5 B AR E L B
AT AOE ((VF: ZEIEL)) o—iE LTI ibhiz., BIERITICS =0, FEUIEy Ak BB XE O
ANBNERFIZS R 5 ZEUEZ AW, L THEELRT 5.
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/NS U B D WEKBRE 112>\ T
— U 7Y X OlEK R EE ORIE —

RERE— R

o

¢S

L k%

R

fopn KK

177 e B

HER BRI RAL S A, T 980-0014 Al i 2E CARHT 2-15-1

FEBLRTR AR AR AED, T 036-8561 AR SCRHET3

=

=
B

W it 2 £ BBRER & 3~ 2 T MERIER O — > TH H/NHO T X ExtR e Lo fGERFHIRIT 2 MR 2155
7o, YA RAONE2T T F O EINCHRGRE I BT 5 EBRA B OB THEE L=, ZORE, QBN
FHEH 100cm st LU O THEK L7 (K R 5.1~8.8cm DU ¥ F (X, (KRDOFEH 195 [EOWEHHE TR Z &, (2)
WEVKGHR PE & WPk R O BISR & F T EK I AR B, R A XD T Il LTk A R0R0din = &, R)AE 6~7cm 2
FEOU X2 DL, RENOBOEEY & 2 OE#EE 100~110 cm-s T FREE, 40~50cm FREEIC AL,

W ERREDHZ TH D Z L RIS LT,

F—O—F:

1. [ZC&HIC

NERMEEEDO Y 7 U4 (Leucopsarion petersi) + 23/
AV (Rhinogobius sp) - 7% =Y (Gymnogobius urotaenia
sp) X° U # ¥ X (Hypomesus nipponensis) + A ~ =

(Gasterosteus aculeatus) %1% U & 95/ dDiE L [RifF
i, BHAROIINZIAS AR L TWS. SBR[ )
5 B~ OHEGE A R RE X W B 72 DI RN TAE®IZ X
FOEAREBINTWS, fuElE, FINCART 540
DOAKIEF >y NT — 7 ZHER - BT DD OO TEE
iR CH D, LovL, TSI Rk T/ lE L
[ELEERIT T 5 SRR FHIRBR A EIR Ik E L TR Y,
BHZOARILIZ X A HEEHAMNETH D, Z D7Dl

b /NRE UIRBE R O RE ) 2 RIS D B 5 %

NI DGR W T, 7 w4 (Salangichhys
icrodon) (1110 - @4, 2000), /NEGE L[RIEHRO BT
F (R, 2013) OIFERH L b DD, /INED T I -
A b IR EDOEINCET DR BN M AIZZ L. 22
T, ABFIETIE PRI T 2 /058 UlRlilEf w45
FOERFH~OMAEBL AN E LMD D
FaxFgIT L.

UYL, BREEREGOX 2 T U U4 R TENT
1338 I IR IR LUE O AN B AHER & ALHEE O 1HE
WCHESBRG LTS (JIFRER S, 2001 ; AT, 2006). j%
AORRIT 4em T ETH D JIIRERS, 2001). EHNO
T BV RIIIAEIE L OFEN S, W [EHER & ekt
BB, RIS HE D DI EINM =95 & A
7 LRI HED DI E, AR E IS ORI
PEIN 32 2 DX A 7% D (Hamada, 1961 ; F24% -
YRAF, 1987). FEEAITZ < OWNRICAE S AUKER TR &

71

URYR, ZZIF hoxl, ERKEE, 70—V FRE

LCBHELTWD (%1%, Hamada, 1961). AL
FHFREINTIEL 30km B EHM EF5 & EnTwnd (IS
5, 2001). BT TIE, KIESK 10CE2BxD M EL
b, AR Uik & ki 2 42 Bz alifEd 2% 2
L HB LMo T D (Sasaki etal., 2003 ;fE4 K5,
2006). F7-, EEHHATRINCK T AU Y F oM FE
REFHA GRS, 2002) (C XX, ole o)W
I X 0 W ERRER A B AL, HEERK o) BT & A
WFE 23em FREL ETEM ETE Vv ERE LTV
B, ERGEEIZET 5 BRI RHTS S.

F T, KWEIIU DY X OWEKEIEHOMNCT D
7o 7 4 —/b RIZBW IR ERZ1TV,  WEGHE 2 B
U CEBRMICHGE - BEEZMR 2D THD.

2. ANIK % AUk RER

2.1 EREBLUEREELERAE
AEBRTITRS (2013) OEBREFR UK AX IS v
v (EKE) 2RV, BRIk E EEEK S ¥
74— RCOFHPMIFEEZTA Uiz, EBR LI,
HRARBR RN OEARN (GREEIERA 112km) T EES
BT B ARWEC T 2+ =R 02 559 1km EFRICALE
TLEHEE LAREORIIBENTHS. +=ciTu s
PENER L TRV (HHE, 1982), »HiEE TAHEOM
ERHEICINIZIEICHT TRERTA XDOU I HF
W ET2EORENDHD GRALERBURAL R + il B A
A PRI A AL RS, 2014).

FZBRIT 2014 4E & 2015 4E D 5 A L - DU A1 X
R N RE & 2L &8 CEEBRE B Run.l~Run.8
FECTOAEF 8T/ (Tablel). FEBRHIZIIRR &



Table 1 ZEBR A & EBREAT:

o PR 4 b FHILIZ 0 ¥ BN
5 Pl . .
FEERHA A e K R ) ERBIR b KR () FRCRERS, $4:-,§ qwg gﬁ S.D.
& R KE e K Uv
20144 (cm) (em-s™) (C) (cm) (cm-s™)
5H6H Runl Fffh 9 7.0 107 115 8 8.0 7.0 1.1 0.5 114 14
5H7H Run2 1 7.5 146 10.9 1 8.5 7.5 1.3 0.6 152
5H11A Run3 f5h 3 69 38 134 3 80 69 11 06 40 0
B 13 7.0 12 81 7.0 11 05
20154F
5H6H Run4 M 12 69 127 124 8 75 67 11 06 131 3
507H Run5 B 21 7.2 121 128 18 82 70 12 07 126 20
508H Run6 f5h 12 69 103 114 10 81 69 11 07 108 1
5A11H Run7 [Eh 10 7.5 106 13.4 5 8.7 7.5 14 06 110 2
512A Run8 Hn 2 92 110 129 0
s 57 7.2 41 81 70 12 07
[aiy 70 7.2 53 81 7.0 1.2 06
T T S AR M, VR RIGHE, S.D. AR E R =
EHWEE OB T 7 U L8 K
. 7 FEARERE 2 & 13 /7
N HT S e 7R 4 ) o
K7 = o 2 i I
ok \ b " b
il ' O
\ H—t
5 1 F->\ ------ i 1
trom |
A : 2mmX 2mm)

(H

(=)

7)1~

100cm

JIKIE HME L7z,

2B IF b rRME, ERT 2 VABOES AT
TEIFTEERE O ~FIIHE 5.0em X & & 3.0cm & 4.0cm (2
FiYE), £&230em THDH. A THmEOE S (Run.l~
Run.4 : 3cm, Run.4~Run.8:4cm) LIED~F¥EIX, Uh
X OB SRR Wi Th D (AFRE S, 2000 ;
W5, 2012). F7, TS O AR A AT
DAX Y RNNATRDD.

ERREEE L, KAAD (2015) kB FYa U
Werk 8k & 7 UIERT, Fig. 1 1R d & 5 1o skt & ik
WD & 2 irAKkl (hF 35cm « 5 & 30cm » £ & 30em » &
55cm), XA, TLF TR —R, FHHRE A
7 (2 ») THERESNTWS, AT ETLFRTTILER
— A% 2mm @ BAWREE DT TZED 4 U RTEREZR B
o NCHERE SN TN D, BKIE & A FI3REBE O R
A BN, 23 T OJEEIC B E O AR H 5.
BEFATDLAZ Y RAL 7T 45° HE LTS

(Fig.1). F£7z, Fig2 IZTFEREEOEZEZRLIZHDOT

IS SIS A

Fig.l FEBRL&E O

IS ALY

R I~

Fig.2

»H5D.

FRLEE D 25

BT, Figl DX SICAZ RAL T BEASH,
FIREBIZH AV 2mm DT = L7z FHAIX RN T
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WK TED L2122 oTWD . K, FigliorRd &
I 2 & BB R v 7 TR AR S, Skt
TEARNAARFE L7 3 D, /o TR ST
THKTE D L9 >TWD. WKL, FigliZrT &
ST & EHAK AR 7 TR T /K S, Rk
H:C— BN LR B, 73 7RI EHR ST
WBZ7 LF VTR — A0 O LB TR~ T
THYRAT Ao TND,

2.2 EEBAK

WERKHFE OWE 1L S4 TR EWFRIEIC L, RETD
ENPRIEIT Table 11279 & 512 40~150 cm-s /it &
HELCHOE Efa y 7 Tl Uiz, kR, v
U AOFER (RD, 2013) LREE, HOE Fi=y 2
# 3 L RRER i LR 2 5 2 7.

AEBLEE TIXPER 70 cm-sT R B & 22 L RS
A TINHZERMRAT D DT, PIAHEZ 5 2 72IkRET
iz 1L RTORZ L RS ThBA LI, T4
BTAZ Y R T EEEPAT, MEan L~ & i
T 5 ERRFICHOM TR v 7 2 —KUCHKk Lz, B
e A 7 LD 40cm DM “EhERTEG (¢ -
5mm, & > —# oK X :2.5cm, ACM250) % 7% & L (Fig.1,
Fig.2), WMEFHERFZHIETHL Y TALZ A LT
FEE L CWDH DT, HRER—EIC/R o IR R CER &
L, TORESRMNSBBLT, RANHRE Tl
NI R AR TR E Lz, 30131 7RO 7B
Vi N LCEM L, o2k - RE - K -
IR ZE Lo, U7 EARE 1 EIRR Y oilEvk & L7z,
RE, UAPEIANY R U AZHNOT, EEICHRY
Wo THA L7z, BERIREF OB HEORKE &1 2.5cm T
HY, NATHOWIEEIEEZ RE RN, LEER-T,
ERETRIRGT O FRRE & 34 7PN O W i -2 5 348 O BR
EIRDT0, ERGIREFH R EIRIS T 2 i & E %
7V, ¥ VT L—a L.

BERR AR OWEHGEE OBIE D T- DI, BEFF/ A 70 L
FIZTPHNET A A (SONY : HDR—CX420) % 2
ARE LT, A OFEKITE), X OVHF R A
i - i L7z,

2.3 A (AU

FERICA W AE, ERGIT AT ik TR
HENEUBXE2EH L. FZRICE L TIEEERT
iM% Table 1 IR HERMEFRE L Y £ kS E
DSEFRERR ORI L 0 FRA L THIERB R WMERD &
D, ZOHAIMEREGREE LTIV N Lol
FEBRHA L2 U X132 70 B, FHEE 7.20m TR
L= ERIREE TR CE R o 2 lRN 17 BH 0, &
WTXUBHFi 53 B, KK 51~88cm CEXGE
7.0cm ; fF7£ 0.8cm) T 5 (Table 1). LA/ 72H
A ATH%.

( cm* s-1)

VR

.

iii
73

2. 4K EEDEE S %

WEDKOH BE DIEHL ST HRIZ DV TR, IRALAS E & R A il
VKILE N D U X088 TNE Lii~aiEL, HRE
T HGHEE 2N 2127 » To Sk Cilievk U7z i S = o
M OWEKIER, £ 72138 Uik 2 5H0 L7z, il
VK 13 Z ORI (2 0 9~ 2 BN IRE 2 0 2 C
RT-.

B OBRICITIED — o & L TREREND 5.
Z DS L, 1~5 BRI C & D i KGR & E
FENTWD (Blaxster, 1967). 7277, WK S (2009)
LRI 2 & o ICfEE oW iihg R L BLLTF T
BREFICHER T 2 (RS, 2002) HHDHZ D, Z
ZCIX 1s AN Tk L@k b o> b Lz,

3. RERHBRLEEE

FERIG O RZUAIHEIL T, 17K 1T 10.9~13.4°C (Table
1) Th5.

31 ERRRBERDETE

BNONREEE, AR R &2k LT
L2 EEEL, HERANNLE T DN O P FE A
Az, BEITE N E & a0 TN &K L
TWBIRRED BRI D3ROz, Z Of/KWErmE &
X, S T OEAKETEE D S R A DRIICERT 5
O Fre KARWT A (R & (ARIE 2> D RS ATl L 7= (P,
1953) [ifE) ZZELBIWEHEETHhD. £ ERADOFY
B TH T 40~152 cm-s T O#HIPATH % (Table 1).

3.2 KR EWKEEIZDINT

Fig.3 IR & lFbGE B O BAERIC D W TR PN R TEH
% 10cm st BICEKAS L TORLEBDTH S, M bELT
RETHENNREFRENEL 72D & HEGEE b 72 D
BHANCH Y, VIV FICONTHEEOEKKIZE DY

200
180 r 7 PR 2
160 (em-s™)
L * 30
140 o0
120 + AT0
80
100 ieo
X
80 f - 0100
2 06 110
60 e g B 0120
a0 F -130
< 140
20 1 A 150
0 1 1 1 1 1 J
4.0 5.0 6.0 7.0 8.0 9.0 10.0
®E  (cm)
Fig.3 KE &BEHGHE & ORIt



1000 ¢
K 0 7.0cm

— [ ] [ ]
o Qe ° °

- [ )

£ 100 t ° o o

o C [

~ C .

i [

& L

% v =120t %10

H 10 | 2

: R°=0.12 p<0.02
1 1 1 11111l 1 1 11111l 1 1 11111l
0.1 1.0 10.0 100.0
WEPKBER]  (5)
Fig.4 vk & lEbk e o B f%R

TA «FAHT - TTIY (R, 2006, 2007 ; &
RKHA, 2007) o7~ A HEf (R 5, 2009), S5 (2008,
2009) OEFEEHAKE COERERLE —HKLTWD
WEpGEE X ERE (BL) OFEHTHRDOEINDIDOT,
IO 10 /% - 20 50T A bt Lz, BRAER
ﬁﬂwmw4UL® fEClEvK L7 8k (46 &, (K& 5.1
~8.8cm) IZDOWTHAS &, KEDTH 195 {ZFoiliiik
HETIKNTNWDZ ERbhd

772, IR L EGEE & ORI TRV o T, i
HADOEREV A XONH 2 RKREL LTI T—2 %%
ML, et o0 ERH 5.

3.3 HEGRE L HEKFERICDOULNT

Fig4 1%, FHEMEMR CEHEER 7.0cm) OlEpkEE L ik
K OER AT TR LEbDTH D, WKHE L
WEPK 1L 2 1LF 4 50~189 cm-s ™, 0.2~22.5s5 D#i T,
WEPKHR BE DS INT 5 & WEPk R 23 FR B b AR I < 72 B
5. oL, vIARFA BT OER (R
b, 2006, 2007), ¥~ AfEfDFERR (RS, 2009), ¥
o v AOFER (RE, 2013) & HELIL TV D.

w1 2 @A - RIE, 1973) TREhTn
5.

Vi=a (1)

Vo WEHEEE (emes™), t: WEKEERE (s), a:ls [EF
BT HWEKHE (em-s ™), k: &% (0<k<1)

22T, WA aB LUk EEFR/NARETKRDT.
ZOREE, Figd loRT X512 a=129cm-s?, k=0.10 &
motm. BAR - HRE (1973) 13 60 4y MilEk © & B ilEniGE
EE TORNME ((2) X) % SAI(Swimming Ability Index,
WEPKREIHEE) LR L CEHMIL T\ 5. fR¥a, k DfEZ
FWT SAlL & R® % & SAI=20.7x10* &L 72 > 7=

3600 3600
vm—j
0 0

SAl= m_jumomm 2
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LR )
50 - mryaw p BA - BRJE(1973)
45 |- AT
a0 L ovEvA  Rb, (2013)
XU h ¥
S 3B o +veAfR RO, (2000
30 f +
X 25 A
X
= 20 -
2 15 f
10 f
n
5 F . o)
0 1 1 1 1]
0.0 2.0 4.0 6.0 8.0
& (cm)
Fig.s AR &ilEvkaE 1 HR% o BIf%
60
50 - °
5 40 | o ° o
g 30
i o
% 20 +
a5 hE6cmE (27)2)
10 +
0 1 1 y
0 50 100 150

ENREGE  (cm-sT)

Fig.6 &P & vk R o BIfR

Fig5 I%, AERTEONZU AT XD SAl fEZRL
b THD. KITITHEAR - R (1973) OfERO—E
HINZ TR L. SEEIRE 7.0em OU 53X 0 SAlliE
BER 6.6cm OF7 2 L DR/ SVMET, Tk LT
WEKEEN BTN TH D Z LN bnb.

3.4 sHEikEERE
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	平成
	⑤
	where �is � net energy flux (W m-2),�(W m-2) is solar radiation absorbed by �, �(W m-2) is convective heat transfer flux between � and �, �(W m-2) is convective heat transfer flux between � and greenhouse outside air (�), �(W m-2) is latent heat produced by water vapor condensation on �,�(W m-2) is thermal radiation between � and sky, � is thermal radiation balance from the inside and outside of the �. 

	where � (Kgwater Kgair-1) is absolute humidity at saturation based on �. 

	3. Prototype GH dew collection (�)
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