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Reproduction of Displacement of Immiscible Fluids in Porous Media

Using Lattice Boltzmann Method

Ot FERER™ TN M —RR"- BRI 152"
HARA Keitaro, TAKEUCHI Junichiro, and FUITHARA Masayuki

1. [FC®IC

ZAVBEBHRIZRIT S, KA, K-ZELREN-S
T2IRIR A MR D Jr 5 OFARIZEAH 5 — Dt
RO (25) 1%, v =—LBIZBITHAAND
[FX <> NAPL (Non-Aqueous Phase Liquid) (2%
ARG, TEEOKGIRFFREZRE L2
12 FRICHRT 2BR THD. ZOBROMFNT
Zi%, ZALVEEARN O DEMES I E DD E
72 EE T D Navier-Stokes e A H 7
DT, A _X—=Vari—alb—i a0t
TRV AED XS RNDET V% T T
TN TND.

¥R <1 (Lattice Boltzmann Method,
LI LBM) &3, 1980 R EIDiEA ST
HEAETEARMENT F1E THDH. AMFFETIEL, LBM
DIRARFEET LD ONEDTHS RK (Rothman and
Keller) €7 /L Zf#i 4%, RK £7 /W3 HE E
TIR0B B b, B PER UL A 2 2 AU
TELEVORIED DD,

AAFZETIL, RK TT VZHWZIER G

TIRICLBM BTV oHHT KD TR, AU
RIZBITDIFREG MR IR O BB R OB EF A
ZAT9.
2. FRAMZHZRTLBM ET L

ARG TIL, x, y HAZENE IR Ax T
FILZIEE TEHA TS, ZOET VT 2 Ik
It 9 BEEET L (X 1) EREIEAL, ZOWFHERCHE
A_XIMVE (i=1...9)1FX () TERIND.

LRGN o

RK E7 /LTI, (L& x, Bt BT DK kD

B YA BIRE £ (R,0) 15, LU F OB FE st
WS TR RDBND.
fEE+E 1) = £ (R0)+ 2 (fH (1)) @

ZZTONIERETHY, XB)DIIIC

IZRORESND.

Q= (Qik )(3) [(Qik )(1) N (Qik )(2)} 3)
KO BRI T O 4 SOHEEZNZN
FEL, RDbiLD,
(PR | /5 (Rn)
QREENHA: £} (%,0..)= (Q,.")2 :
@EEE: £ (%e)=(2)" (F (%)
OBHE: (x4, +1)= £ (Rt)
FNENDIITONT, FELUIZE IR D[1-3]
EHRBEINTD. F2E 1 ITEFRLY~ BT
FWBND AL AR, ST B R LBM BT
SOBWNT, B ORI EAR B 2R & D HER T
YW Thns.
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Tablel Units in LBM
Unit
BE mu (mass unit)
RS lu (lattice unit)
B Al ts (time step)

9 X 12 %c9#HEETT L
Fig.1 D2Q9

AR R B2 FE R Graduate School of Agriculture, Kyoto University
X—TU—R:KGBE), T HVT, ¥R~ Rothman and Keller €7 /L



3. BUE=EER
3. 1. By ITvrik

T T T LD R AR T DT
~—JMEEL T, Ty MO EF E AT
2. X2 IR &2 2 ISR RIS W e T A—%
Zan g, 22T, A TIREEINID D% /3T A—
Z2THY, BIFFEEIITDDNIDDL/XTA—=FTh
. Fiz p (XTRAROEE, 7 1IFEFIRE R ECCHRE
PERRBUC D DD T A= Th D, FRIRAT 1,
2013 2 O ERT. FHEME T1X10x100 &
L, EFEERITT0ARUBER, 2450 3 E
BERELUZ. WA 1 2 PR O iy
(0<|y|<a)ic, Wik 2 &2 LS D5y
(a<|y|<b) ICELEL, BFE1c=1.5x10"% x
I EATICH RIS Z 7o, F7z, FHRE u, L3R
AR u™ O HEIT x =5 OWIEICTITV, 20
R E ) 133(4), EPAGETRG) D LIl
7-.

>fu (ot) = ()
E(z) = “)

S (7)

J

E, -E
S G| TS (5)
(--10° )

FROFEEE 3 ITRTERY, 5 FEEOTH,
MREUE M (=v, [v, , vIZEEMERRED I
AT o7, FIEHRERREK 312, fAEER 4 12
FE05.

INHORERID, BRI PELRE LAY 1/5~ 50 D
A LR RS BERIE L~ BL TR, Y
BEEMTZHEE 2 5.

K4 K —ADBE

Table4 error in 5 cases

A B C
RRZE()  5.28x107°  3.93 71
D E
RAZE(-) A 5.70
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g
b salid wall
Fluid 2 = >
E calculati eii)',a/feé/% hody force X
- — —Fluid1- — — -8 — 2|2 18 e
ul % // m}’f) % |
—a 2| E
Fluid2 g ‘“_, =
solid wall
2 HER8E
Fig.2 Schematic
g2 T RA—X
Table2 Parameters
Parameter Value
A (mu-ts?-1u?) 1.0x107*
g (-) 0.5
p (mu-1u?) 1.0
p, (mu-lu™) 1.0
a 24.5
b 49.5
HFES) ¢ (mu-lu-ts™") 1.5x10°°

# 3 FHEEM
Table3 Calculation condition

e 7, M
A 1 1 1
B 0.6 1 1/5
C 1 0.6 5
D 0.51 1 1/50
E 1 0.51 50
A B
C D
=7 \
E
— —  HimH
At EHE

3 FHEE R
Fig.3 Results



3. 2. FEEMRADERER

% VB BRIZ BT D IRR G M RO B HLHL 5
DOEMEFHEZITY. BAFIKEL TYIa—RAZ
(CHalo) , HHAR AFRIREL CRERE L TH /3T A
—HE 525, BAERHEICHW T A—SEE S5
WORT. A 1 1IVa—RAZ, IR 2 13K
ZF4. FHREEBIL300%x300 &L, ETEERIC
IXEBES, A RIS R, k72
WZIET 72 LB R ZFR LTz, E BRI OE T
13 75%x10  mu-lu! - ts? L7z, YI—RAZL
DRI R TR/AEDMRNZ LD, I —RAF
ATIEFAVETR, KITENEREEL TSDE
5. - AVEBRIT DEM 2 AW Chi 7273w %

VT HZETERR LD, KRB 2 ED B,

BRI 4 #8705 8 B T2 D ORI L=
FHEREREZK 4 R, KPR OKETRIT Y
S—RAX %, HEIDKRERT . REFE S
IZBWT, PEP 2 T4 TOEEDOEEIE
EFEHELIZEE, FNE3.07x107 mu-lu” - ts?,
6.69x107* mu-lu -ts* THHIEND, S RIDET)
ETITRRRBETHZENTHISNAT-D, Zhb
FERIIZYTHDHEEZDND.

4. F&&H

AWFFETIE, RK BT V& AW FHR S
TWRIT LBM ETFUICED, ZAEBHRIC BT
FEIR G MR DO BB R OFUEFH E AT 7.

BAEERTIE, T 0 F~—olEEL TS
Ty MEDOFEAEITV, BRI 231/50 ~ 5
D EITZ LB fERN GO, IERA MERIK
DO E BTG OFAEFHF TIERE VORI DA
MRAL CWLER T FELCE . FR ALK
EL T HRBADRERDIELI, % ELZMR
PRREBEENOL YR EE 2 DD,

AL, I ECEIBRO R EXZFHIEL, IR
WD IR BIDRAERRIZ DN TOFEEZTT.
FIVEENRFAMEZITOD, YTV —H
ROVA NV AEIRE DB TTEZ AN TATA—H
DFXTEEAT). FIBKMERL TR AS 72L&
EDINTBAEADREA LT DD DN TOEEE
HITH.
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RS RNTA—H
Table5 Parameters
Parameter Value
A(mu-ts?-lu?) 1.0x107
5 () 0.99
p (mu-1u?) 1.0
p, (mu-lu™) 1.0/3.322
7 (ts) 0.919
7, (ts) 1.0

t =40000 t=60000

;o. ®e

t =80000 t=100000
4 FHERER

Fig.4 Results
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(2014): Unsteady immiscible multiphase flow validation of a
multiple-relaxation-time lattice Boltzmann method, Journal
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PRNFRILIZE T2 SWAT ETILERW: Y DEREDHETE
FESRFR AR 7eR OAf 153 - oy 8 —R8 - R 1B

1. oI

BUE, BRERBE O —DIOKEHEAZE T O, FrEHRE OIS ORI K75 E 7K
SRR LS TOD . T D X572 RS AK SO /K E IR AITIX, RN OGN E DR E, DEDH
ERERNRFBED—DEFZDN, WIEKEA~L A AT &2l U HE T2 2 &b £ A D EE
RFEETHD. KGET DTS, SR i E T 5 A 20K E 1,160 7 m’ @k
KHDHE LHITHY, B TN ERHINANREA T DHIIRFE 96.7 km? D7K H EFRARA HLE LT K
ZHO. TARTKHUIZ IV T, BERLKEIZE DL E WS TEINIZ T D% IR DA TIEU A2 X575
BWOESIVT, WHEHRBMELE 2 DTS, IR R E R E T 5720120%, ET5 QRO R E
XP HIEFEOHHE DN LR R THY, ENHO MG REZRAT IO L THMmB O HET v
OFHADBEN THHEE 2D,

AR T, Vo Oy R E A HE 35720 O S L 70 DU T 20D 0 A7 L ThDH SWAT
(Soil and Water Assessment Tool) % VT, ®EL4 2T X IR LA 320 50 s it HH i &
LV DA EEHEEL, BT —Z LD HIRATS.

2. SWAT EFL

AHFZECTHE 5 SWAT &7 /WITKE B A & Texas A&M KA TR SNtk SOKE €5
NTohD. AR TORBEOHEE ATV, HFEN KES, FREDZR2WRIEICIWT, £0 HHIDEHE
FIENK, TR FBIOME P E OB - SRR G- 2 D5 2% RIS 720 FHlT 5720 1 2B
REINT=. ZOIHREHOTD, ZOFTT VT FO L 72 Ria R .

BER 7R B BRI T E DN TN D,

T —AMAFLRTK, BT NEFEITIELDDOEIKIRED T — X XEFE RO AN FTE5.

s RE7RURIR OB H 2 2 4 72 R RN TR DR D ZENTED O FHENRN B4 Th 5.

- REFEICDIZD 2 —ra WARETHY, BEFIEOERRE LD EL2 RYINICHE TS
ZENHEETHD.

V> DA EOHETEIZOWT, SWAT ET /LTI, VAL HBICE TNORTF e - A HEE & T
RBREL L QU 75, BEHSREY N TILTEW, 77747, L LTD 3 DOT —VEFED, FH%iEY
IXRER, 77747, FEELTO 3 DOT —VEfioTOD. IEIFIFSREY L 7 — )L 22 TE 70 Sk
RBU 7 — VO NI LRI DS, 77T 47 7 Y 7 — L E R TE R IR SR RE Y T — TR
UV MEIET D ERESI TS, ZO 3 R AR R (pai) (12X~ CHEdESND. 20D pai 13,
SWAT &7 /L CIE T 2 72l £ D KoHPOs ZIRINL, B K & E TIOE 2% 25CTwHR
DITHLRESE, A4V RZRHOK THERLED. 2OV A7V %E 6 7 H UL E&VIRL, RiZITAA4 kst
FEIC Lo TR ST AF B ANZ Ko TR ES LD, pai IFIRAUZ L TRES D[]

Psalution,f - Psalution,i (1)
f ertmin P

pai =
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22T, Ppgon, VEFOAES DRRR UG OWAFRRI DR (), P, VML T OWAFREY L O fie
(g), fert . . \EXV T ATINZ T FIEEED AEEND & (g) THS.

FHERED VB L O H8hE 71T 5 ST RS RE ) T R A 23R AR LT L X ITINE ~ St s g, &
DOIEREDY 1 HRU (Hydrologic Response Unit) 7350 LSt HH EBEFRL TS, LAb L [R REICHe &
ALORRERRY TR AL W THEE S LS.

sed

sedP,,, =0.001-conc,, , - ———¢c,, 2)
areahru
ZIT, sedP,, \FHEIZE > THERBENOIE~ T LRI ESND) > Dk (kgP/ha),

conc,,,, 1L LR 10 mm F O HIEOWE LV AAREE (gP/t), area,, |F HRU OEHHE (ha), e, 1TV
DIRAMERREL, sed (IIREHTIFEIHEAZLO LRV PER: (1) THD. Fie, AR IRAICEo TS
ns.

Psalutian,surf 'Qsmf (3)

py - depth,, . -k, .,

IIT, P, 3 TEREDNLER T ORIFEREAE) & (kgP/ha), P00y [ THEEFE 10 mm HIAF
TE DA R RRY & (kgP/ha) , O, 13 H HAZICIIT 2R E (mm H0), p, 131558 10 mm
DHALAFE R (Mg/m?), depth,,, |3 THERBOES (10 mm), k, . 1E HHERE H ORI HKRY

TR P LR O TS AR AR R E L D R (mP/Mg) ThD.

surf

3. HERT—4%

SWAT 7 /VTIEARE, HBK, HHEORE, HHFIH SO BRI B L0 % . ARFZE Tk
W T — 2 E A8 A BT OE HEEX 50mx50m Ay =D& T —2% H\Wa. BT
— ZIZIEE LA BE FBITO LR MY Ay 27— (100mx 100m)[2]% 5. BT —Z2ICiXE
TR EIRATD 20 753D 1 HHIPEIEATRAED L, KD T35 7 — 2312 Hv 5.

® 1 FoO AN, HEOmEERS

- HiF 145
AR 83.38 % JR AR H 49.21 %
H 10.79 % (ElEp e N 35.37 %
T H 1.60 % FEiciam 14.84 %
FRHRAZ 18 1 1.25 % R 0.58 %
Z DL 2 0.81 %
Z O i Hh 0.58 %
T K ONBYR 0.28 %
TN T Y 0.28 %

4. =T ILOEE
P EAREL R LK BT L OF &L TRJHVS% Nash-Sutcliffe efficiency (NS) % JH VN Cai 4
175, IEARE R® 13EM BB LB E ORI R BUREE SV EE L, v Ial —Tal fE R LBl 7 — %
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DANARBTSTREWEERRTEX, R ITEVEE RS, NS IZBIRIE LS EEE T ay N LT-8X, YD
FLEE 1:1 A2 RISt 280% R0, BEF AV RROREE LT 56D ThHS. NS 1ZUL FoR THRE
Lb[4].

NS=1-—F (a)

>(0-0,,)

i=1

ZIT, O 1% HOBIANE, O, XBIIED FME, BiLi A OFFEAE, P, (3EtFEDOFHETHL.

SWAT (Z331F A% Ff /N7 A—4 1%, SUFI-2 (Sequential Uncertainty Fitting Algorithm) Z Fi\ N CIRE S 4
%. SUFI-2 CiZ, Latin Hypercube Sampling 5% N TEZ D/ RT A= "R ERSIL, Ll O FEMG
B2 FEN T A=ZOHIPAD LTSNS, LRSI T A—52y hO NG IESFHIED BV S DD i
WAL L CTRITNDITD, FEFNEORREAL R TIEEELL T 95PPU (95% prediction uncertainties) 7351
HEND. 95PPU (F, T RTDONTA=Z Y MNpLAELNL VI 2 —al fEROBRSAICEITS
2.5%& 97.5%DHEiPHEL TH 2 H5.

5. BRBLUEBER

ARFZE IR R ORI AL & A HALEL, SWAT ~A S5 M5ET —4% 1990 4£~2015 4E45 Bt
TETI2D, UA—27 v 7 WA 1990 4-~2008 &L, T HIRIZ 2009 4E~2013 FELLTz. ¥ U7
L—a WL 2009 ~2011 42, A~UT —a #ifiE 2011 4~2013 L L7,

A EE 2y AR EOFMEICOWTE 212, TNENDIT7%IK 1, 2, 3, 4 1TRT.

%2 FHE O AR, A 2Y Y RARR

Calibration  Validation Calibration Validation
R? 0.75 0.64 R? 0.56 0.81
NS 0.74 0.62 NS 0.19 0.68

TEIZOWTE, BKREOE — 72 RTIX AR BV RA DN TET. SWAT 2o B ARD
T2 A L7 BBV Th, B — 2 i E O/ N A RREE S TRY, RTIEIZ BV T RIBRO#E
Hllaol- VU AREICOWTE, Fv 7L —2a MICBUVLT NS =0.19 THoT-HDD, YT
—al I BT, R>EE NS EHIZ 0.5 282 TV 5. Moriasi etal. (2007) (2L5E R EM 0.5
UL ETHIUT IR BAFIZHBL TETWHESND. LINLRAD, RUCOEM AR &)Y, 2009 4
BIMITK 2,379 kg/F, HEEEITR 6,884kg/ T, 2010 FELAMEIZH 4,680 kg/ F, HEEM I
10,963 kg/4F, 2011 FF-BLAMEILAK 5,546 kg/4F, HEEAEITAD 12,999 kg/F, 2012 F-BLANEILHK) 2,666
kg/4F, HEEMEITHI 7,968 kg/4F, 2013 FEBAIMMITR 4,667 kg/4F, HEEMHITHI 12,300 kg/4E&72-TC
BY, L OB KL/ > TN, X3, 4 05, PKFFEZERO TR, BRETIZEAL
95PPU IZ & FNTEDL T, RIA—XOFKPHZ RE T HERHLEE DS,



H Jit & (m3/s)

H i & (m¥/s)

i (kg/H)

YRR (kg/ H)

29

WEWWW“”WMyWWW wawwylwlw”yww
60 F ]
50 95PPU — % i
40 — B —— e
30
2

1/1/09  4/1/09  7/1/09 10/1/09 1/1/10 4/1/10  7/1/10 10/1/10 1/1/11 4/1/11  7/1/11 10/1/11
H/R /%

K1y )T L SRS B H TR
80 - I "\\H‘\\IW‘H ‘u ”w ”'lu T |‘|‘ ‘H "‘\‘\ \“I‘ |“ \||“ T T 11T |H'[- ‘\

“1 T

70

60 F

50 | 95PPU — l

40 — BRI — HEEE
30 F
20 F
0 Em ANV

1 A A4 alNIN o Rooion A A AVIVAY) N s
1/1/12 4/1/12 7/1/12 10/1/12 1/1/13 4/1/13 7/1/13 10/1/13
H/R /4

X 2 NUF— g CHIRICEBT 5 B R
800

|
700
600 95PPU — (5 .
500 — B — WM
400
300
200
100

\

900 n [ ‘H"““ ‘\‘ [T ‘U"I "H‘\' \W““\“ [ ’[!| u

"'”\‘\”M’]MU 1”” \“l\‘\”\w‘ T Mu[w

0
1/1/09  4/1/09  7/1/09 10/1/09 1/1/10 4/1/10  7/1/10 10/1/10 1/1/11  4/1/11  7/1/11 10/1/11

H/B /8

3 Xy U7 L—a UHIRIICEBIT A2 v RANE

H‘“ |Hw HW““ I w ‘H \“‘\‘ ‘I\‘| K ”““I T \HT‘F‘ ' W

T

E T T
900

800 F
700 F
600 F 95PPU w— 2
500 £ —BufE —— e
400 1
300 E
200 E

100 f

0 E AniNAION W 25 4 - o o ~ - o
1/1/12 4/1/12 7/1/12 10/1/12 1/1/13 4/1/13 7/1/13 10/1/13
H/B /%

K 4 NUF—v g HEICBITAE) CHANS

50

100 &
fEm
150 =
200

250

50
100 &
E
i
150 =~

200

250

50
100 &
150 &

200

250



29

6. ELH

PIH I3 LT SWAT B VA LTz, SRELTE, RMEE NS IZLD5HMffI %2 24 7afs 5
PO, FHC) > OB RICBL TBRICTHEL TR, ERMICHR TS LIF AR, 1
PICBI DY DRIGERT SWAT 7 /UTHBIFHYL O MR iRk, TR A5 5Y
Y OFHFHE OV TRETT 20 B3 B D,

1. #HEE
ME K E RS LA HIC BT 20 &, Vo7 =22 TRt 2 s, Z2ICREL T EE R
5.

SE 3R

1. Neitsch, N.L., Arnold, J.G., Kiniry, J.R., and Williams, J.R. (2011): Soil and Water Assessment Tool
Theoretical Documentation Version 2009, pp.207-208, pp.272-274.

2. EtzwE EEEEEHR Fvrn—R—ex
http://nlftp.mlit.go.jp/ksj/

3. EH s E R R E A
http://nrb-www.mlit.go.jp/kokjo/inspect/inspect.html

4. Krause, P., Boyle, D.P., and Bise, F. (2005) : Comparison of different efficiency criteria for hydrological
model assessment, Advances in Geosciences, 5, pp.89-97.

5. Moriasi, D.N., Amold, J.G., Van Liew, M.W., Bingner, R.L., Harmel, R.D., and Veith, T.L. (2007) :
Model Evaluation Guidelines For Systematic Quantification of Accuracy in Watershed Simulations,

Transactions of the ASABE, 50(3), pp.885-900.
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FHEBICETIERFKROBEHEMICAITI-IRToEBERETILORMRRE
Development of Three-Dimensional Sigma Coordinate Model for the Dynamic
Analysis of Anoxic Water Mass in the Ariake Sea

OMMEE", wmERKX", AT, ERfmE, FHEBE
Toshinori Tabata, Akihiro Fukuda, Wataru Hayashi, Kazuaki Hiramatsu and Masayoshi Harada

1. IFC®IZ

UM I BT 2 AL, AR TEIEFICENEWAEE T ZReE L, REIRS
WEEACE £h, B0 L MEh Tz, L, JTEKBE A RECE BRI 0 %4
EWVo TREBENEEL TVD. SIDHIT, THITHEV U BIHOAREEO AL ENLS K
Hi B O EEx e ENELTBY, 2RO ORIZATZHRAIRD LN TND.
Blo, BEHEAKBIE 1990 ER B YLV EFOKBICBIT D RAENER SN TE Y, 2000 £
RO IFHEHBE L TWD Z ENRE SN TV D, 2010 412 1T BE 3 KB O A4 1% (2 A
DEH_MAEO—FETHILIZATXOREBEENALNTZ. O, HHEICEIT 5E R
TR OBNREMAT 21T 5 Z L IIMBORE L /o> T 5. HFHMICE T 2 BiEHE KL OBEHR
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Simulation of Large Fresh Water Behavior Using Nested Two-Dimensional Model
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Akihiro Fukuda, Toshinori Tabata, Kazuaki Hiramatsu and Masayoshi Harada
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Preliminary analysis on the flow velocity of a small stream using a GPS logger
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Fig. 2 Spatial distribution and frequency of estimated flow velocity in Yagawa:
white marks indicate slow flow while dark blue is for faster flow; red indicates velocity over 2 m/s.
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Robust optimal harvesting policy for fish in a pond with price volatility

(&R T4 VT4 ZHTHEADO/NR FREKES ITEEE)
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'Graduate School of Agriculture, Kyoto University

1. Introduction

Fish is one of the most important primary sources of animal protein for human consumption globally. Food
and Agricultural Organization (FAO) (2017) statistics show that global fish consumption has doubled in the
past two decades but also that fish supply grows faster that the world population which may result in wastages.
Amidst these supply-demand related challenges, there exist uncertainties and it is prudent to appreciate that a
proper management operation approach is of great importance to the enterprise if profits must be increased.
Fish harvesting strategy in artificial fish ponds is thus, important to fish-farmers who practice commercial
aquaculture under these uncertainties (Yu and Leung, 2006).

Mathematical techniques have been used to support decision making in such real-life system problems
under uncertainty (Gorissen et al, 2015). One such approach is stochastic optimization (SO) which deals with
uncertainty on only the soft constraints (Palma and Nelson, 2009). Exact solutions to optimization problems
is hard to process and usually intractable when SO technique is applied (Dyer and Stougie, 2006). This work
has been critiqued by Hanasusanto et al (2016) which concluded that SO problems are even more challenging
to solve and can be solved with very low accuracy, if any. Yu and Leung (2009) explored a framework for
optimal harvesting in a continuous aquaculture operation with nonhomogeneous seasonality of growth, con-
cluding that the use of SO could mislead the aqua-manager to make undue economic losses. Robust optimiza-
tion (RO) was then developed to solve uncertain optimization problems by considering the uncertain data to
be existing in an uncertainty set. In operation management of agricultural systems, the concept of RO has been
used for scheduling harvesting of wine grape (Bohle et al, 2010), planning uncertain biodiesel supply chain
(Ledo et al, 2010), deciding on the optimal harvesting time in aquaculture (Yu and Leung, 2009), and diverting
polluted water flows (Mabaya et al, 2016). Three strategies can be used to harvest fish in ponds, single-batch
harvesting (all the fish harvested at once), continuous thinning (results into infinite number of harvests) and
discrete partial harvesting. A study by Yu and Leung (2006) explored the optimal partial harvesting of fish.
They found out that it is the most efficient approach to this problem and it can improve profitability of an
aquaculture enterprise.

In this study, we consider that growth models for market price of fish with volatility are given and then
analyze harvesting policy for fish in the framework of RO (Ben-Tal and Nemirovski, 1999), as Bertsimas and
Sim (2003) points out that discrete RO approach can solve impulsive optimization problems with more effi-
ciency over the variability region. Demonstrative optimization is performed using a robust counterpart opti-
mization (RCO) technique with hypothetical model parameters. With discrete harvesting stages in the time
domain, the robust optimal harvesting policy under presence of volatility is prescribed as a partial harvesting
strategy.

2. Methodology

We assume harvesting of fish from a hypothetical pond to sell at market. The market price of fish evolves in
time with changing volatility, but the fish farmer has no information on the realized market price. Here, a time
stage is taken as one week. The objective of RO is to predetermine the ratio of fish harvested from the pond
each week during a harvesting season lasting n =8 weeks, in order to maximize the total profit at worst. A
subscript i for any variable represents the i th week.

2.1 Growth models
The market price p taking biological growth and mortality into account inclusively, is assumed to consists of

anominal part p~ and an uncertain part which is standardized by a volatility o .
A logistic model of Verhulst type is employed for representing the growth of nominal price as

pa=p+r(C-p)p (1)
where 7 is the growth rate of the nominal price, and C (> 0) is the carrying capacity of the nominal price
(Tsoularis, 2001). The factor (C - pl.* ) suppresses the exponential growth as the nominal price approaches to

the carrying capacity.
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While, the exponential model without any suppression is employed for representing the growth of the
volatility as

0., =0, + fo, ()
where [ is the growth rate of the volatility.

It is also assumed that there are some correlations among the market prices at different weeks to accept a
conservatism for extreme cases. Gorissen et al (2015) recommended to describe possible realizations of p,

with the ellipsoidal uncertainty set as

sl (pi _p:)z

2
i=0 oy

i

U’=<|p |eR" < 3

where 6 (> 0) is the risk-aversion parameter.

2.2 Robust counterpart optimization

Because information on the realized market price is not available, a policy is to predetermine the ratio x, of
fish harvested from the pond for each week i. The optimization problem is to find x, (0<i<n) so as to
maximize the performance index z defined by

i<n

2= b @)
i=0
under the constraints
x, =1 %)
i=0
and
x,20. (6)

If there is no uncertainty, the trivial solution to this optimization problem is the single-batch harvesting at the
last week (x,_, =1 and x, =0 for the other is). However, with the presence of uncertainty described by (3)

RCO searches for x, so as to maximize z . This is indeed a nonlinear programming problem to maximize

y:min{z:lip: -0 /io-fxf} (7)
i=0 i=0

with the constraints (5) and (6). The local extremum condition for (7) is
k<n
(p: - pz:l )2 zo_lfxlf A (O-i2xi - Gzirl'xiﬂ ) =0 )
k=0

which is solved numerically together with (5) using Newton-Raphson method. The risk-aversion parameter 6
helps to adjust the trade-off between the robustness and the optimality of the model (Gregory et al, 2011), is
minimized as far as (6) remains satisfied.

3. Results and discussion
The RCO minimizing the risk-aversion factor was attempted under each of the following hypothetical condi-
tions:

Carrying capacity of nominal price C=1.0;

Initial nominal price p; =0.5;

Initial volatility o, =0.1;

Growth rate of nominal price »=0.3,0.5,0.7; and

Growth rate of volatility £ =0.05,0.20,1.00.
The results of the nine cases with different » and £ are summarized in Figure 1, where the red lines represent
the nominal price p, , the blue areas represent the envelopes p: + 6o, of possible market price (some are not
fully contained in the panels), and the orange lines represent the optimal ratio x; . The minimum risk-aversion
factor @ is precise to one decimal place.
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Figure 1: Results of RCO with different growth model parameters

In all the nine cases of growth condition considered, we observe that there is a distinct distribution of the
optimal ratio to individual harvesting stages. This shows that the RCO model can effectively compute optimi-
zation problems that involve harvesting policy in discrete-time. The optimal ratio allocations of fish to be
harvested in each week vary depending on the growth conditions considered. In this maximization problem,
the robust optimal model operates to allow the farmer to harvest more fish while volatility remains small in
comparison to nominal price. We observe that RCO responds differently to the growth conditions with regard
to the values of r and £3.

From Figure 1, we can deduce that r does not really alter the strategy by which the model allocates the optimal
harvesting ratio across the harvesting period. However, the model seems to be reacting more to the growth rate
of volatility. This is best illustrated by the results when either r or f§ is alternatively constant (see Figure 1).
This shows how robust the model is. When the growth rate of volatility is higher, the worst-case market con-
dition grows worse towards the end of the harvesting period so then, the model tends to allocate less optimal
ratio for harvesting (see Figure 1, when f = 1.00) than when it is way smaller (see Figure 1, when § = 0.05).
This implies that under these growth conditions, it is more favorable to harvest in the earlier weeks of the
period when £ is high and later in the harvesting period when £ is low. From the results, the best worst-cases
occur in week 1 for growth conditions § = 1.00 and r = 0.3,0.5, 0.7; weeks 2 & 3 when growth conditions
are f§ = 0.2 and r = 0.3, week 2 for § = 0.2 and r = 0.5, 0.7 and in week 6 when f = 0.05 and r = 0.3, 0.5,
weeks 4 & 5 when f = 0.05 and r = 0.7, respectively. RCO model therefore, predicts that under the respec-
tive growth conditions it is most optimal to harvest highest ratio of fish during these weeks.

These results confirm that a discrete RO technique can effectively manage the optimal harvesting of fish in a
pond to maximize the market returns under price volatility as projected. We were able to demonstrate how
RCO approach manages partial harvesting of fish in discrete harvesting stages to maximize market profits with
given hypothetical model parameters.

4. Conclusions

In this paper, we presented a robust optimal policy model for harvesting fish in a pond by considering price
volatility to maximize profits. The RCO model allocated the optimal harvesting ratio with robustness to im-
munize the system from infeasible realizations. We demonstrated that harvesting policy can be analyzed more
efficiently by a discrete RO technique to guarantee profit increment under various hypothesized growth con-
ditions of the model parameters.
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1. Introduction

Most small-scale irrigation schemes involve water storage tanks to buffer between demand and supply of water.
A prototype of micro irrigation scheme equipped with a flash flood harvesting facility and a solar energy driven
desalination plant has been constructed in a harsh arid environment of Jordan Valley where natural surface
water as well as groundwater is saline (Unami et al., 2015). The desalination plant is indeed an innovated
greenhouse where condensed dew can be efficiently collected (Mohawesh et al., 2015). After a flash flood
event occurred on February 16, 2017, the prototype commenced operation in its updated form. Freshwater
from the desalination plant is being manually collected and stored in a well-sealed tank of 6,000 L capacity
almost every day in the morning. While, based on the operator’s decision made after dew collection each day,
irrigation is performed with the freshwater stored in the tank for few hours at most. Table 1 shows the date

(dd/mm/yyyy), the duration 7 (min), and the amount V,, (L) of freshwater collected in advance, for each

irrigation event performed during the period from February 16, 2017 through October 31, 2017. When con-
sidering each irrigation event as a period of regulating outflow from the water storage tank, an optimal control
problem is formulated to determine the discharge of the regulated outflow. In such an irrigation event, the
water storage tank is under zero-balance condition except for the regulated outflow for irrigation, while the
variability of the irrigation interval and the amount implies arbitrary initial storage volume. Fujikura et al.
(2016) formulated a primitive dynamic programming (DP) problem for such a water storage tank and presented
a heuristic viscosity solution with a proof of a comparison theorem. However, that mathematical analysis hy-
pothesized continuity of the value function. Here, the DP problem is reviewed in the context of application to
the prototype, and then Lipschitz continuity of the value function is demonstrated.

Table 1. Operation of the water storage tank in terms of irrigation events and collected freshwater

Date T (min) V., (L) Date 7 (min) V., (L)
24/04/2017 155 898.585 14/07/2017 30 272.800
15/05/2017 85 391.810 30/07/2017 150 392.240
25/05/2017 60 195.150 31/08/2017 30 836.940
10/06/2017 145 386.700 20/09/2017 30 509.610
18/06/2017 150 195.685 03/10/2017 30 208.050
03/07/2017 135 337.540 28/10/2017 50 601.930

2. Formulation of a dynamic programming problem
Let [O,T ) be the period of an irrigation event with the terminal time 7. At 7 € [O,T ) , the storage volume x
of the tank having a capacity V' is driven by the outflow discharge u = u(z’) regulated on the base of full
information on x, resulting in the water balance equation

dxz—u(r)dr. Q)]

The optimal strategy for the regulated outflow discharge u , which is considered as the control variable, min-
imizes the performance index

T
J“=J”(t,x)=.|.t |u(r)—q|dr 2)
where ¢ is the current time, and ¢ (>0) is the constant water demand to which the outflow discharge is

regulated to follow. The performance index (2) evaluates the total deviation of the actual outflow discharge
from the target as a penalty, as both of shortage and excess of soil moisture negatively affect the growth of

irrigated plants. The optimal intake discharge u" achieves the infimum ®(1,x) of J* (t,x) as

Cl)(t,x):J"* (t,x)<J"(t,x) 3)
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for any admissible « . This © = CD(s,x) is referred to as the value function. According to the DP principle
(Fleming and Soner, 2006), the Hamilton-Jacobi-Bellman (HJB) equation governs d)(t,x) and u" in
Q=[0,T)x(0,V] as

—62+u*a£—u*—q|=—62+sup{u62—|u—q|}=0 @)
ot Ox Ot wev | Ox
where U is the set of admissible control prescribed as

U=[0.4,.] ®

where ¢q, . (2 q) is the maximum outflow discharge. Considering the cases that the irrigation event is over
and that the water storage tank becomes empty, the terminal condition
) (T ,x) =0 (6)
and the boundary condition
O (1,0)=¢(T-1) (7
are imposed.

3. Lipschitz continuity of value functions
Let 0<7, <t <T, 0<x,<x <V, and xi(t,u):xi—J‘tu(z')dz' for i=0,1 with u(zr)eU and r€[t,,T].
fy

The first exit time of x, (t,u) from Q) is denoted by t, (u) . Noticing that the empty state x, (t,u) =0 of tank
remains until the terminal time once the tank becomes empty at , (u) , it is shown that
|®(t0,x1)—q)(to,x0)|s|xl—xo|. (8)
A series of inequalities holds for any & >0 as
D(1,,%,) = D(t,%,) < J:) |u(r) - q|dr + CI)(Tm,xO (rm,u)) —D(1,,%,) <P (t5,%,)—D(1,,x) )+ & (9)
where 7, = min(tl,ro (u)) for some u(7)eU during the period [to,z'm]. Using (8) as well as the bounded-

ness of I;m |u(r) — q|dr and |x0 - X, (rm,u)| , it is shown that
0

~Goax (1, —tO)SCD(rm,xO (rm,u))—(b(t,,xo) < e (6, = 1) (10)
and then
| (2,,5,) = P (24,3, )| < (C + Gy )|t — 1] (11)
where C :max(q,qmax —q).

4. Conclusions

The practical problem to determine the optimal rate of the regulated outflow from the water storage tank mo-
tivated the mathematical analysis of the DP problem. The freshwater from the desalination plant is collected
and measured, to clarify the variability of initial states in the DP problem. The comparison theorem discussed
in the earlier study now takes effect, as the Lipschitz continuity of value functions is proven.
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Study on Quantification and Visualization of Salinity Stratification
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Setting conditions for raindrop hole

Table 1 g5y pRJERAE O i BALIZ B3 2 EBRAA
Experimental conditions for quantification
of salinitv stratification

AREMSCT | A
§: Fane AR cSe. WNKE  MER g, ERAE
mm % c mm b mm/ B

1-1 3.03 193 24.0 12,0 120.0
1-2 2.69 18.9 240 12,0 120.0
1-3 2.40 185 23.0 12,0 115.0
- 2.16 15.7 220 12,0 110.0
1-5 ot 200 1.94 15.6 21.0 12,0 105.0
1-6 1.73 155 220 12,0 110.0
1-7 154 15.3 220 12,0 110.0
1-8 142 12,9 210 12.3 102.2
1-9 1.26 13.1 21.0 12.3 102.2
2-1 3.05 16.1 240 16.0 90.0
2-2 268 16.0 21.0 17.0 74.1
2-3 2.43 13.7 220 16.0 825
24 Lo 212 138 21.0 16.0 78.8
2-5 e 200 1.91 14.2 240 17.0 84.7
2-6 1.72 14.4 23.0 17.0 81.2
2-7 1.58 14.7 210 17.0 74.1
2-8 143 15.1 21.0 18.0 700
2-9 1.26 13.4 200 14.0 857
3-1 3.06 154 24.0 24.0 60.0
3-2 272 155 240 240 60.0
3-3 2.42 155 240 240 60.0
-4 Lo 2.15 15.7 240 240 60.0
3-5 e 200 1.96 15.9 240 240 60.0
3-6 1.72 15.9 240 240 60.0
3-7 1.55 147 220 25.0 528
3-8 1.40 14.9 25.0 240 625
3-9 1.23 15.2 250 240 62.5
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D86, BEWNERRET D EBEIT 0 T & AR I Z T <mbitTly 2,
AR CTHRENZAT HTDROBENEZ D EE 2 6D, £ 2 TRKFPOERIZIBWTIHE
KNS NIRRT 2 R PAZET 2 2 &L TIENEZ A (ZOBRZKEEN LES) S, K
WZRDIENEAEENOENEB 2B LHAIRD 2 & TRAKZRET 52 L& 272, A5 TIT,
IIGENOEI T DARRER M EZ ST 2 2 & T, BHIAT _—_—
DIKBAENC L D JESZEEEIE ) b iRKALE & K4 HE
ET D HEEE L, WKZEE LICERE KIS T
W U 72 HEE T EO A M A RREE LTz,

it

PLL_ EHi#E s

FTHRALT oy, |

RAKIZRDREHE

2. KEMEFIZ & BE AR SORAMEO TS E AR DL o

Fig.1 IS OB N OE IO GEEORT, FIg2 BRI o1 kol oo s
BICBTAEHOEREE 2R3, t=0I12BVT Fiius 3L Propagation of pressure wave in pipeline
TERBELT, KRIERIC L DA RES DL, B e

Wl ST o TEHE LT < Rl S 7 O L o EM%E
(2 D8RI EDW D Re), il HHZ t=t £75 ‘ : : '

DL EBRROENRIBERAT LD, £ LT, ESJEHR
TAKEBIZET D &, IAKEIZS U THEIME T LT R~
Fr, T Z DIETE T DDA E 2 SO LT Rt m e : : ij o
- THEde, T L TEDHAKED D OO S MBI R 2 i 5 Fig.2 BRIAICHT 2 ENED)

2 L BRLEOE IR T Ukss, S SICIRAE S O Pressure fluctuation at measurement point

[£ H17KEA(m)

*BRUK R4 B 2AFFERE - Graduate School of Agricultural and Life Sciences, The University of Tokyo
R . R EEETR ORISR T2HFZEEERY  Institute for Rural Engineering, NARO
F—U— N ERGN, R, KEER, EISHERME, A by 7 vRxUA R
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DA S L Ch 9 —EBNL A Z @R 2 Z & CRURICB T 2ENIHWME T 5, 22T
BLSOENDIAKIZ L > TRINIE T LI HEH A t = ts L 36< &, BRSO TER K
BEMICLYV B EF LHBO T LIAKICE VKT LIt 5 E TORM ta - t 1 3EDEDBIE S
TAKEZAEET DRFRICE LV, Ko Te- t 1 ZBIADENBIE NS FEAID Z LT, BllED
5 KER £ TOMEMEX - Xl TENDENGRHEREZ ¢ LB EQ)RD LI ITRT LN TE S,
X3 — X,
|XL"Xm|=C“75‘* (1)
3. KEMHRICEIIENEELNLDRKEDHEESE
HREVERNC L D ESICEET 2 BRI W TEB AR L TR &, LD X S ICENE
EIZBET 2 QN &R ELLIZEAT 2R 1 HF oD,

AH=Ft-5+ i+ ) CAQ=Fa-Y- e+ (3)
c C gA c C

2T g IXESIMEE (m/s2), AH, AQ IFZNZ
NENOEEDRICBT 5 Ex Y KBEEL L iR a ,, ¢
TALTHY, FIIEHOETROKRE S, fITESD
DBRIBPEDORE S TH D, QFANGESZEH) AH 1
AT F & %R f OERA D ThH D L bh» G
B KNS ORMEOKRE S LIRARE OB Fed ARMEAEC ii}’gf@j‘% S LRk E
ZAADTID, Fig3 O LD [ZIRAKL TWDERA Relation between piezometric head of pressure wave
SyU s b 2 7e U CBMR R A LTz, FuaskefE/f  and leakage quantity
WL BEDNREDORE S, A BRAEN D OREEORE X, F2 SO OWEBEOKRE X &2FE
LTV, ARBFETIE, WAKED OREHEABIRIC 2 [MHET 5 ETEZ X TVWDHDOT, Bl
JRICETEBE L TR B2 D O IT VWb O & LT AZED 5, £, KKEHO Tt
MOEK 1L OWEE Q, LitMOEROIEE Q2 /KM EE Qea, & HOWIHIEZ A, W
KILDHFEZE a L B< . FIERIZEWT, EHER L REZICITZENENEFGSREARALT 2 O
TLUTD@), B)ARET %,

AH, =AH, (4) AQ, = AQ, + AQjea ()
AH, AHITTERTHERK 1 EEK 2128 5ENMETHS, @R, QXEW@X, B)Rizz
NENRAT D ELLTDO)X, (DB T 5,

F+f=F (6) A(F, - f,) = AF, + ;AQleak )

O E(MNAZELSED Z & T, WAKE»DDOIHEDORE S LiFAKEEDREFRRIZE)RD X D
ICRTZENTE D,

f1 - Z;Z\Q AQleak - 2:9 (Qleak (t) - Qleak (0)) (8)

Qieak(0) I IR EDYIIME,  Quea(t) | E ST A IHAFBIZ I L IZREDOIKBETH 5, Z T, Witk
Bz Co, IWAKHDILES) DHIIMEZ ho, KEMERIZEDED EAEZ hy, WKIZEDENKTEL
ha=-fi £B< &, Queak(0), Qreak(t)iFZNZEI(9), (A0)XDL KT ENTE D,
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Qieak 0)= aCy m (9)

Qiear () =8Cy /29 (hg +h, —hy)

9), (L0)AZ@)FXUTRAT D L aCalF(11)KD L H IZRE S,

20A

hy

29

Com J2g(h, +h, —hy) - \/2gh,

(1)=& Q)URAL TEHT L Z & ThRAEIZA2)A L D ITELRT LB TE D,

Qleak (O) = ZgA

hy /g

(10)

(11)

(12)

4. EBRIC K HHEFE R IEDIEET
(1) EEBEE

Fig.4 | F2BRJE 7 KK OMERS B & 7737, By 2+ 7]
B IRHY,JESZ 7 HAR 900.43 m, EAME 27.2
mm, FE15mm D AT L ARDESENERTEY,
TSI OAAE RN TN D, ENOE SR REE LI
EHERE B 1,310 mis THh D Z LD > TN 5, IR
KERL LU T-RAKILE BiitsEa 5 150.34 m, 450.33 m,
750.34 m BEANL T ATICRRE L, FEBREZITH Z &I L&
Tk ZE Wz, FRRKESHE T 5 X 21Tk
FLIZ VT HR 41, KEDIETE DL 510
TNTF 2a—TEZWMOMIT 2, WAKRKEIIATFYEARNY T 12

, LA LA
o HE  SUS304(RF UL R)
= [ = .
1D BE #h%E 2 27.2 mm
=) y &F:1.5m

IE KR £ DHEEEE 1310 m/s
wAkEM

EAECKERT
= 150 34n [y
[

frEKER
EhE vy osse

RAKERZ
450.33m J©

W

P FHHTRENE

"/r% =
Ters EAT e

4
KB4 Lo 900.43m 898.66m 750, 34n

Fig.4 FEBRCHM L72ESEKE
Experimental Pipeline

Ty Fafio Tl L7z, EANDOENT Bk o 2 1
898.66 m N - BATICHRBEB SN E L — § 2: i .
(PGT3-50, (k) HUACEHA) L/EHmA— (WAVE = (, . e
LOGGER PRO, KEYENCE) # AV CAHIIL, #EMD I o2 -
Pl R O R LV EHEI L=, 0 . . : Ls
(2) EERFIE B %I (s) '
TR O F % B TR Z S AICER% LT, FIfilic Figs B L7=[E /5P
. B . . . Measured pressure fluctuation
&5 FEFIZ L - THIREEZ TS 5, FRHICRAKR LT
B E MK ZRESE TR, i, FEINLE LTk Tablel JEBRI(E & HEER: R
o R A AL, RN 55 E S Y — O Experimental cases and estimation results
L’;E' ROT IS Ly T JRKELE (m) | 750. 34 | 450.33 | 150. 34
IN E3R 23 ) E fainye V= 7] = >
T1EEZFH LT, LRSS 3 T SiRKEZ 1 J:,;.Lé“(lm)/JE 2185 |20 92 |26 30
AT oMK SHTITo 7, "
FEAE 0 1081 |0.0887 |0.1171
(3) EEFER (L/s) : : :
\ . . . _ [ @KkE (L/s) [0.0187 [0.0130 [0.0250
BLALS TN L 72 ENOETNETEO— Bl % Figb 27 [ #%E Li-FK 750,11 | 456.67 | 154. 78
L, Tablel [ZSZBR4NE L Figs O NG 2 &, 3 (2B M | ' '
;Fﬁ7k11[%0)ﬁlﬂ 0 03 0 7] 0 49
B CIRATEIC LY, RANE & RKEEZHEE Lok ﬁ% (h). ' : :
BaR"d, FHSETRADE Z > TWDEEEZT TN *E% l’((jff’k 0.020 | 0.013 | 0.021
5 2 E NP % Holed 5 7=, Fig.5 OfElliL & >/ 7k ﬁ*%gﬁ% 962 | 205 |17.52
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% H (m), #llov =Y IKE%Z H (m), KEERIZK D& OHEKNES % Hnax (m) & L7
A DR TAVIE S (H - Ho)(Hnax- Ho) THFoR LTV 5, HEERE B2 BIRAKALE ICOWTIE, £To
S CIRAEREIC K LT 1% T ORWKHEE THEET 5 2 L3 TE 7, IAKRREIZOWTIE, HEER
FEMFEREIZ KT LT 3% ~20% L IEHLDENKREWFER L o723, BB LXZORKEIZAED D
ZEMTERLENVZD,

5. IRAKBHDBHBRERDLIERIZDLNT
4 FTIE, KPR CEXTRRIZ T 2R L), EERITINESRIKOSGETE &L D
FAREZRATERWT =2 BE T D, EIED LA LT WS &1, KIS
KFOENNMETE P REWVGETHD, ZZTADROMLEZ A TEL L, (W)ANREGELND,
aCa_29 hg (13)
A ¢ 2g(h, +h, —hy) —+/20h,
(13) KD/ ITE OWr Ik T 2R AKILO KR E 0BG Z R L, JEIMETE ha [ZHBIT 22 L
LTV, £2, WBROABIZHEETLHE, @R L2 LICLDE) EFE A REN
FE, JENMETE ha DRELS 2D ENDOND, LEXD, EOWBEfEIZ w7 5RO K
L FREND EAE D BDREWVIZE, KRRFEITRAKREICEZD TS Z ENEmIITR ST,
S DICTARERTIX, ha 256 0.5 m OEGEPRAKREORT TH LD Z ERPLNTRY, I HIT/HE
KR ZRIT 258120E, AR &Y, KEERICLE) EHE v ZRELSTLIHERD
Do LU G, JENEFRE h DRETED EENNAIEIS/ 0 KB BEZ i 3 AlEEMED &
v, ZO%E, ENOENERITET OKEERICEDENER L X8R, RAKME, FHKED
FE BERNEIC 2D, Lo T, ENOENBEREZEEICT272E, BERABAEIZZRLRVWEIIZ
N EARENWERELSTHIENLETH D,

6. FEHEMOBEZERELFKLELDBERICDOWNT

LFETIX, ENEEORYOWIIZE B L TRANME & IRKBEOHEEEIT 7208, RECTIIEHK
DR & IRANME & OBRICHOWTIRN%, Fig.6 IZIRAK2 2 WA & Fig.5 TR L7-IR/KALE 2
DN D 750.34m DALEIZ S DA L 150.34m DALEIZH HHBADE 257 LT 5, fitd
IX Fig.5 & Ak, MERITTILIETI(H - Ho)(Hmax- Ho)) THRAR LTV 5, B) R LY, A S DG
f MBS EIET 2 2 LI Ko T, WARDH 25E DT RIRAKD 72 0GE T A TR OWR
AN T, FEERIC 750m HUSITIRAK N H 55 15

DENBE DT BRI NFECHRTENE 4 —7somitARA — 1somitARK —RAGL
o OMEN T LA Figh mbbis, Lirlh Lo ]

M5, ARERDS 160m HiAL D I5E O ) IR K § o |

823 750m MR D E DIETIY & i LT, FEHR %_0_5 |

RIFCBO HIKOIIL aCd4, ENETE bt > |

B AL ThBIC b, AN 0 Wl 10
F % (S
DIENW L WEMERR U TH Y, TAUL 150m  Fig6 FAKE £ EARIE O HEE & o B

HS OPAE N EFRsm HIEWZ EBNJREKTH D ::r:?:)li?]r;shlp between leakage location and pressure
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LEZOLND, Fig.6 OBRSTOENEIENS b D25 K o1, KEBEMNREAE LIZER TIE—
Wt CHE I ZAEDITE T3 273, REESRE T DIZ DN TEBOREIZ LV JENENRTE T THETO
RefEIIR < 2D, 3705, KRS B2 EWGES, EibIZmas 5 DA RAKEICREZ
% LIRAKE CTEADZALDIEE D03, IEAZALDTET L2 9 HIZ Bt & O ORLAR O S
DARZKERIC BT 2 O THERINTIR AR COEN BTN E L 2%, [ENELED/ NSV EOR,
10 L VIFAKEZEN A Qeax &/ 72D T, QXKL VIFAENOLDORFORES L H/hE<
2%, LAEDG, JNAKEA Lifthins 5 150.34m LW aa, JEEIE O R R /KE 2 R il
bOHERV NS RDEND ZEPIREINT, UEND, ETEEOBEZBNT 5 Z LI X
> TRAEORE KL OMEN BT TE 25801355 2 LAVRER S LA, IRKEBOFREICE TIX
EoTE LT, HBE TRAKTNLEDRE 21T 2 ke L TUIEABIR O THI§ 2 DA 2T
boLBonsd, —5T, BUROETEIGIZIAE & OB fL 2580LE Z il 4 2 72 NS
BT LHOT, JENEOENOZEE ZFEMICIE S 2 & TENEEORENORKELZHEET D Z L1
ARECd D, BHRAITITEMEFE Y I 2 L—r 3 BT, ERIE & JE R OREN—F L <
B O XTI 23 T WK BEEZHEE T 2 HIENET b,

1. #55m

AW TIE, DA ETEKBENOENEDREREICE R LT, KBEIEMRIC XD ENEEN S
TRAKNLE, TKEEZHEE T 2 FEE2EH L, ERICXVEH LS TEORIEN RSN, £
72, AFEITIRKETITR <, EWEEIC T 2 KB O K & S X o TRAKBR O /AR
v, X0/NEREAKERET2HEITMEZ RKE LTUEN EFE h ZRELTILERHSH Z
& MBS R SITe, BBITIEIE OREE L IRAKNLE & OBMRICOWTHE L& 25, K
A VRS E WA I B2 D O RAHE ORBIZ L0, DI OB ITIRACH A Rl
HEIGEAE LV H/NELRDZENHLNI R oT, UL EEEE X, AS%RITIRANE Z 5y O LI
DETEFROTEI HHEE L, WAKBEIZOWTIRMER R I 2 b—va VA HWCUMITIc L - T
HEL TV FETH D,

SEE - AHFZEIE. NERFRASRIFEN - 4/ _X—2 3 85D [SIP A2 7 THEEFEHE - B - v~ x ¥
A M) EEREA IST) o—EE L TER S,

S K

1) BAHEELR  [EEAKFIME OMEER 2O TE X | — 1 7T A Uii— OREIZOWT, pp.8-9, 2009.

2) BTl = KEBER & ENIRE) (SGETHD, & 1 TR X0 e, pp.34-35, (WE T
RAFFEFT, 2004.
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DILESTF7AUNTLVICEDRIHFDES - KBEOHERR

Cohesion and sedimentation of red soil particles inactivated using ultrafine bubbles

OWREFIR" « AT IR - B — A7
OKazuki NAITO*, Tamotsu NAKANDAKARI®*, Kazuhito SAKAI*

1 [XLC&®HIC
ﬂ/ﬂﬁ‘?@ IMEEWETHIWHERND S, TOMHEIITEMSH SN T, K@i
AR DRI - ORI, TEAIOEINE X OV oy B ok EoETEAL X
ﬂTb\éo ZOWE, WEMRE SO D OO EIEEME OWRMNB AR R TH 5, T?k
ROFEHIPE K O K5 1R TR O E SR e RIS T W 7 & CIHM L 72 K ki
DEEIIRME THDLZEDRHMOENTWDEND, hBA DL I xR TE %ﬁxﬁﬁk
TOREEEDE A VD EMBEEENREE D 2 ENRESNTWD (A leJJ\ZOOZ)o
_UDJ: D IR EEERREICAE D AR E L CIIRIEM R ERRENTHY . [IEEMHE
B EFRICIRIR B E L W O L RRFZE Tl Z ORIE D EEREE A & LR BB
Ei#%&%T@Fa'ﬁ%% HAEEIZ LT, £TWOICEORMBEL KL Rk & OMANER
ZHLIZTHZ EICWMDHA TS, REWHBE IR IZIRIROKEREE ICIEWE Z AT
Fhs SN D7, BREAMKEOBLSE O S EEEYE 2R L L 912 L CTHaiko ik
BREZE AT D ERFERAICmT 8L 25, £ 2 CTARIFETIET /A4 XORIBT
HLINVET T AN TLVOWEICEBR L, UV T 774 NTANERFRIZR 05
HINE DI OWNWTRITH R 2 EREZ BV KL TWD, ZORER, ULV ET 774 N
T WAL K o TRITRL 7 OUEE - L OETRHLT 2BE0NRBO o, AEETIEZO
B e @t 3 5,

2 MHEBLUAZE
2.1 REBEBRDIER

MEHIIHRIR S 2 o LB i< ibofim CTHERLERLE (HiE~—)
Thd, ZOKRLE 75um 550 EH W TKFER OKEAKEZFEH) L, ZO@EiESITH
6% DB IR KK 2w BN 2. 110°CIZHAHE L7 BRI O Ik 1 BRI EE L. Y
INEY R STz, |EICR L2#%., 26um 525 WA HWTKFERR] BiAkzZE/H) L, £
D@t 5y & TR - BRI T DR L RREIR & LTz,
2.2 KRICHES EBEABRDAY EIL LIEERYMDIKE

300mL DA A ALY X —Z 2 KU L, —FFITHIK 250mL, i 7IC2E5D TV N T 7
7 AN T K (BLF TUFB K & BgRE. (BK) J- 7 A8) 250mL & Afv7=, ZhZi (il
KX & UFB X) (2R TR 4 2oL 7 EA L, Wo < Y KRR & 5 L THR bR+ 2 —ERICHE
B, ZNENZFEEEICHE L, 1, 5, 10, 15, 30 /o L O 1~3 RpfifEkic L
HIRDE D L RE ORIEE B CHR LIE®, 7YXV AT Tl # ki L7z, UFB
KOOIV KT T 7 A NT )OSR R IZ L 114, 3nm BB FE 2. 3218 /mL Th 5.

*HLER KB SAEE Faculty of Agriculture, University of the Ryukyus
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2.3AY ORI ERE

AR DOE O ORRFEEAL Z E ENICHIR T 5 72 DS IR L B R (B AR5 ekl
241 V-660) L k= = K (A U < V-600-DS ISV-722) Z AW TR IEE A HE LT~ =
7T AaZHANT 2.2 LREFEOFNET 50, 4nl OV TV EERKR LA T A LIZIEANL T
BESE T 5 1, 10, 20, 30, 40, 50 3 L0060 R\ IS E 2 |lE Lz,

2.4 SEMEEEIER

2.3 OWHFEREEZE 2 T-%. HIFABALOHMNE FELEEREEEZR 2 O 5 A K
ICHED L TR IR FOREZBE L, BRI T Vv~ A7 Rra—7 (FFRASth¥
— T2 A VHX-1000) % AV, 100~1000 5 CEIZ L7z,

3 HEBLIUEBER
ARRAAT Y U F =2 LD REMHROMER, MAKX I b UFB KX OG0 EEAIROE
DR o Tz, FElo, FIKKOLEILUFB KX OZN LD LEENHEITLTEY, 71y
T DY AZXNRKRENoT, MAEMEORKERZH 1 1Z- LTz, #MiAKKX, UFB X & 28>
TNEn=6 T 5, MiAKX, UFB X & & IR MBI LV SEE N T 25 2 ERnbhrbd,
RERLTFDNILET D Z LI K> TEBAEDOE Y /NS L 5o ThD, MiAKX E UFB
X D WG FE 2 R mBE R B Bl 95 & L UFB KDIE 9 BREWZ E b b, UFB KD H >
TUIETN T T 7 A N TANREENTEY, ZOBRAEL T 7 U U EHIC X > TR
TR FITIEEE T O EZBND, £, ARA AV U F—I2 X DIRTEHER O
REBETHE, UFB KR TIETIV T 7 7 A XTI HRER OEEZ M L7 nm
v 7 DRENL o7 1
L TURRREE SR E < 0.9
eHT, BRI L 0.8 \
f:&%i %j”béo é %G:\ 0.7
R L7~ 2% 1 O B A 7B S

—o—UFBKIX  —o—ifkX

0.6

BT R & # O o L g(ﬁ

N7 7 A4 NRXTRR X

#LUCERAMMER L7 0-4

HIZIERE LIz < 2o Te 0.3

WREME L ZE X NS, B 0.2

WEEETIIons 08 0.1

GAETEHTIHEE R 0 . . .

SR o T 0 10 20 30 40 50 60 70
B (£)

4 BbYI- 1 : B DR

TNVRT T 7 AN TIUNFEET D ETRERAORE BN EIT LIS RS
ZEMBOLNT, BIOIERARSH -T2 E 9 0 EA LTI DI BEEEORE 2 A iz
BENVETHY, SHOMELE L CHAHEOBEMEE 2 MEicit4,

SEXR : B A L BB OREEER WSS IR DR - TR BEE O L EE
PEREHR, ERARTRIR, JUILRE, KERBIZEEEE 25 (8) 1477-483, 2002.
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