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The migration phenomenon of radionuclide through geological media such as soils and porous rocks, which is
important in underground disposal of radioactive wastes, can be described by the advection-dispersion of groundwater
and the interactions of radionuclide with geological media. On the other hand, to understand the migration phenomenon,
actual migration data are experimentally acquired by a batch test, a column test and field trial. In the present study,
experimental models about the interactions of radionuclide between the solid phase and the liquid phase were discussed
systematically to interpret the migration data acquired by the various techniques and conditions. Equilibrium,
reversibility, linearity, mechanism and chemistry in the interactions were considered in discussion of the experimental
models. A calculation program, which can analyze migration data obtained under various conditions by applying the
selected 9 types of experimental models, was maintained. The calculation program makes it be able to predict the
migration behavior of radionuclide under various conditions and to decide the important parameter by a fitting analysis
of the migration data.
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1. IZL®HIZ

—Riz, HECHR A SO SZ U BRI T, HE AR SR A & KRN IS 2 s
MERRRDFEINT K DBATIWER 225 7235, & LTHIRRDBIR L8 (5 L3t Blgic
HEANTRATT S & L GHli S s0®, EEROBREN T DREHERRL, B 4, Bl 4y, aod
R7p ESROACHIRER R L, A AL ASHE, WERs, L2ERsG, VAR - U0, ST ESRRICUG L
TR0 sniz, HERAEAIE, ZNOEMERT 20MEIT U, SHEEAGETA OEAKE
LTHZDZENTED, Lo T, HEBAT CHEMERAROBA FHIHIER 2 A3 H 4 DS
FEHAT RSSO~/ iB AR TH Y, I 7 vlplBls 2 ~—2 L CBATHIRIER & E R
FHITT % Z SIIFERICEME R b D LD, — T, HREDS 7 Bk CEITEED DAL TO DK LU
BEFEMOEM P~ OB DL LTI &, BUED By DR AU T, L HBIHEAS
W BTN TOMISE~ 7 Bl TWS, 72bb, MBS & KUK LT M
FE” L CHIFK ISR 2 O MRS RRE”  & R ATeR e e 73— O TEED F TR Y
SO EWIEGE, T BABUREE O CTRATHIINER 2 B/ LT 0 3%, Zhud, FARRIGA =X
L ThD & SNDA AL 55Hds K OFEHBE ARG B GE RIS Th D 2 &, RS a5 #i
AT U TIRRET 5 2 ESBETIEAN D LAl LTI RSNZHDOTH Y, Hlictedk
ITZEEHE AU L > TIRDI A S OBV ES S L TEIES E T2 AL TE 700,

27 a B S BN A OG0 A =R LA ST T LT A b o CRBY, iz
1L, fEEYA FOREOREAsE O, FmesARIS?, FEGE RS, a1 NoBE
O FEARED R &, DL OETIULRBEIRIINED DR TE -, ZhbOMGIY, BATHHIE
FORERARML AT 5 b O TH 52, BATAHE & OBFEMEOBUE Tl Hi&RINZIIAEMRE OIS
TR SELHBERZN,

ZD—J5T, FERBE TR ST AR TEIE D 1920 Lysimeter B8R0 | /8 Fikg gz (0
7 T DFERATIRS O7p &, BATHGIMED -0 DT — 2 B bITONTE -, ZORE, EROBIT
HENTIS, BB 2 0E L2 BRI C& VB b R S, RS A ARG 5 T
EERICI1T 2 BUSE RURR DI TITHE STD 2 EWRBEITH S Z LidmEcx 22, 2o, %
BRAL S BT T ER SO TBIS e~ 7 1 AL DRI 5 120 D FIRTE T L DR B[RRI T
BNATHOITIY, 1 ALFFEOFARo—IRSUSHEE22  &EE LT- lEli7 e e 7 L0~ 5 k450
SRR COMABNERZ B 9 R T NP~ O E TR h2 5, LinL, TRHIERET /UL,
FEDBRREEERLFHT 5 2 L2 HNE LTIRESN- O TH D0, FHEb AR 7kl i
H LU TESITIITCED HO TR,

AR, FROCBIE SN D T2 OB THS 2 AFIRICAIR T 5 7-0, BRI AR
(2B B RERUS A MERENE & AT R A BT % & & bi, TR b 2 B3R ATRE D ©
BT, FREFLE LTOERREER T, E5IT, xS TEROM R ETEDET /L T
559, BHLIEETVEBALZHE T 07T LB i LT,
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2. [EEEIRGET VORI & 25F

HEBHA T 2 1 UOTOHBEHRFROBATEENE, ()N TnT B B R L BRI 31T 2t
SRFEORIGRIC L > TRk S5, T SOEN FREREMRS Z LIk - T, MGREOBI T3 % T
W92 Z LAFREL 72D,

2
A, paQ_poC_ac

ot fs ot ox*  ox

1)

ZIT, C RIS BRI Boen®), O HWEBLAIZIUE U R O
Bq/g), o WEBEDESE (g/em’), f 280K, s HTFKIC X D HEBHAORIFIE, D 43EGRE (cm’/min),
V I FAKOREAE (cvmin), ¢ BFE] (min), x HEBHADOE X (cm)TH D,

BERIFISOSET U DWTIE, B TBIBUZ R TIE S D PRI 2 SR MHERRORERUGES &
OVEIEIENC BT 2 G EEFEOM AAER 232 & & bIg, frd 27-0Ia B L 72 58600 L TR
T2 ENNETHD, AT T SUGET VORET7 12 A& LI NITRTS,

F9, JEET VOB HTZ->TE, LR 2RSS L,

- WESUAR S~ 7 a BRI OB —ThH Z &
» SRR BRI TSSO ENER CE DT ERMHETH Y, Henry BOWAESRIUARED Z &,

JFRIGEO T, EREICIT 25605 %  OH—LFREOH— 1 ~ L OHAIER, Ot FEDOH
A b EOHAMEH, BIUOSBHOLFFENEDLLMENER, © 3 SO 7 A =L, &6
\Z, BUGDWAs & A, FOGO ATtk & ARtk ROSOBIEN, TR0 LA ZE LT, 350
AT TV —FNEIUBNTET REISET AV EIEE LT, RIGET VESEET DIChiz> L, —
REMER 72 R TERG A AT 9~ D T O ORBREVEZHERF L-DD, FULZ RN T 2ET LD/ — A2 L 5 Hiflik
BX o7z, FPELIIGET VAL, FRET /L E L URRME LT Fig. 1 (O~ 728, MGE
TNERRIET HICHTz o> TlE, BISFEIOEIE, BIRNEET 5 eSS4 ZE L,

LIF, 5 LTl 2 DOFIESZAONT, SOSERFRT 57200 0E7 /1 & (DAL 8N S 28Uz on T
RARD,

2.1 Hi—(LEROH—H 1 h & OMEMERICEET D RIGET L
ETIL (@) BHFETHEE 770 (Kd model)

TR EBESE) DRIy O AT CHEH S WD R b Y VIR ET LV Th D, TRk &
FROMEMERICINT, BEALFRSE— A N EBHRRICH S 2 2 ELTZET L THY, Findo
WY 1 OOERE : Kd THEMERZFDR T 5, /0BfBl 3y FUCE TR OB HUFTE 537 A
— X T 5,

0=KdC @)

WHRP IS 7 ATHE O BAAERA TR RO IR 721 & LT, MEBUAZ T TA LI T Lk
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T TR A BRI LTSRN, HDRERTON 7 LANIZET D Y5O 0408 L O 7 AR+
(2B DIEFREDIREZ V% Fig. 2 IR T,

TTIL (b) WA AFIEE 771 (Rate- limited sorption model)

MRS & YRS & AR EAEFA OFEEDS (D)X OWSIEORA TR V& O CHRC & 7o\ VERER A,
FAEIEROEE %2 BT 2 MEIAET D, Bl RIS EE LTeE, ST T /UIE 7 r & A
Ve DR ER : ky (om’/g/min) & i7" 0 AT B EER : b (I/min)Z kS Q) TRhR T &
B 9 Z NEIC K AR T RS ROMAI) (0T ANICE B MRS 46) % Fig. 310
2N

99 _ o 3
L=hCk0 3)

[T SIS LT PR SRR & R ERENER T B35 800 @), BEREICE LT EOR A
A TSI BRSBTS DIBAP 0722 L, HlA R SR & HBRS 72 S DO 7
PFEL, FHEVEROMREE 2 SRl 2 5052 0 b O AT R & B kT 288 b b5, Linl,
Fig. 4 | R HEERD L 512, ARHToRTMIOD® 5 & 2 N C o UT P USRI D 7 % 2
FHIURXEL (Fig 4 (@) , WICEIZXISRE LT C oAU AR 22 SO DA A2 B RE T UL L
Z &% (Fig.4(b) . £z, [FEORIGHEE 2T HBEROM BEIERMNEIET 2556, Tivs & alfhH)
\ZHEZ T2 1 DORUGRE Z PN RO SOSHEE & U CTHWD Z & TR OMIRN TEETH S (Fig.
4(c) o, BATEBRREROMITICINTIE, K5, AR -ToET NV EBET 2 Z ENEETH D,

FETIL (c) FERJPHMEE 7L (Non-equilibrium sorption model)

HVEIARA DB OIE A T =X LD, RIS BOERROBLE NG, T BIErNiRg & /s
TN TE %G, JUGET/ME, @ TR TE D, T LA L DA TR R MR 7 5]
% Fig5 |~ T,

oQ
—=kC 4
a . Q)

FIRA T 25 b LT R THRG B B IE TR A EF O BURIR 725 & LT3, RERROSEE
AR T~ DR JAHCD O AHE R ~ORFEDEES PV, am s Ro7 v b L— g AP0
EF oD, TNbIE, SMZOLOOEREEETH L, BERNCIE, R R TR I AR
PP L35, ASFRAT RS ORIV, FisD CIRY WA~ PRI & £ 832 BN B
DHAITE, GRUTEIT D k &l LT TUNS R b BUET 2 2 21280, AT OIS %
RO 2 Z L N ARETH D,
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aa—? = kIC - k2Q (k1>>k2) (5)

—Ji, 74V L= a3 ATOWTE, () A TEURSNDRF- DT (/L b b—3 3 VBEaH A S AR
I OBIZETIC AV R TS, 20 2 5 b FEICIIIEREIGE ROSE T L LR U TH 523,
FERRI A SNDRL - BDI /3T A—5 & LTS TRE L 725728, 717 2D avm A RER1-O
BB R AT 5T L & L COmMAERE,

ac,
S ~AC, 6)

ZITC AT b= ay s Ty X — (lem), C, 1EX em OMEEAZ TR Lo an A R
KIF-ORETH D, X=0 D372 b5 &3 D MEBHA R AT DRI DIREZ C,= Gy (X = 0K
Y Gyp=constant & L CO)X&fiE< &,

= =exp(-AX) U

»0

B X om Zoil UT- BRI THE SO R REE O, 1F, RN TridTE %,

QQ =exp(—AX,) ®)

2T, 0, IR E T HMBEBHADSEAN D X em [\ CHYEBYARI g SN DR TIREE (Ba/e), O 15
HYE AR O  CHE S DR TIRE Bq/e) Th D, xtfixk &b &,

In(Qp) = In(Opo) -1X; ©

PFOI, BRI IS LT BUATIZI8 1) DR O AMEHAN D 4 ZIRETHZ LN TED (Fig 5
ZH)

22 HAAUFREOEHY A N L OMEAERICEET 2 508ET L
ETI(d) P A P E OBHF AT 770 (2-site sorption model)

3 B OHTEILR & O AR AA A A5 0 S TN T, FBorp A A SR A A5 Na A 7
v, CadA ALV EHEA T LRE LTOA AL SHNFRITE Z 555, $DUNENpO," %42 1 4
LU E ORISR SN TNA L 912, FETAD U EIEA o & DA AL ARSI ONC I OH 4
L ORI SERTRITE & O 5 OMESEF DR = 235400 @2 L JEHHIA L B O EVERICE
KOS A M35 2 &18, @D 0850 THENABSE Th D, ZhbEx OREIE bR
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WPl & B SN 5E, WOE TR T O L OISRk TF 5,
(10)

Ql :KdlC
Q2:Kd2C (1 1)
0=01+0, 12)

ZIT, O ZHoYA b EAELEN LTAZAERE Ba/g), O (3wiET MOV A b LAASEM Lot

HEE Bqle), Kdy KO Kdy 122 DOV A N ENFIUTKIET DEFEOSFUREL (cm’/g) T D, (10)~(12)
XA 2 L (13)RU/e D,

0= (Kd\+Kdp)C (13)

HEEE (Kd+Kdy)id, A0 B 1 SOSRRE Gt T, QFAUCF L &72D,

TTIL (o) I & HFEIET IO I E T SHEE 77 ( 2-site hybrid sorption model)

B> 294 NETILTIE, WE & MBI L ORI A (UE LTz, LasL, Fig.6 1o
AT RN, B & R D BUS ERRIE RIS IHFE L, HOBUSDOKE 2 580 2 BV A
TERDSEFAL LTI BB LT B ARIB A SR A fTe 5 & 975 & 9 7eti A
JEANRAET B IGET N BB HVEND D,

(UL, UG & R AR

(14)

Q3=Kd0C

00s _ ;1 ~_ 15

> k,C -k,0, (15)
(16)

O0=0s+04

ZIT, Qs [IBHETE T 1 A CIUE T DEEERE (Ba/e), Kdy 1IHHRETAHT Y 02 AT 2 it tRkk
(em’/g), Oy |HEIE 27 1 A TUAE T DRI (Bg/g), ks (cm’/g/min) 38K TN &y (1/min) [3621872 7 0t
ANZHRIET D SO R T IS LB DR E TR CH D, (1) ~(16) RS2 &, ()AL

HY. S IGET IV E LTANABEBND,

a0 oC
= Kd, <+ k,C — k(0 - Kd,C 17
Py 5 (0 0C) a7

2.3 B LFRDH A/ ERICBID D RUGE TV
FETIL(f) P TFFE L ST THHEE 7L (2-species sorption model)

RIS SU TIN5 0B HAHEBRO A TERS &, A, WASARERA, HEEIE,
BT Y, T & DR IEIC B B AR e DA77 D 0 360 © ©), e, BH4
Bt SMOAHIEIEL U L ot U 5 G5, =00 5 Al SRSt
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FRhxt R b LT AR T RO AR 51257 > T, A & ORI AR DR LSRR & 530
(R LT D LA TH DY, BIZIE, XIEBHECHHEIBA AL ItH “A” BSOS
{EFRE “AL” 24T D EIUE L, IWERPT “A” BEO “AL” N EHIZEET, FERlCHEArZ B
HICHEICE 5 & LIZG, SRk (A+AL) OBTEISYE, (LFRT LT Lz 1T, omEn
GO TR T2 Z ENFRETH D (Fig. TS |

Oa=Kdp Ca (18)
OaL=Kdar Car (19)
C=Cr+ChL 20)
O=0a+0aL @1

T IT, Ca [THWESAR L OFHEAERANTR MEFFE “A” OWIIEE Bg/em’), Ca 1T A 23BAER S D
FAVEFHDINMEFFE “AL” OFE Bg/em®), Oa BIOY O I FHEAICIGE LT3R A, AL T2
NOWEEE (Bg/g), Kda 5L Kdy 1 HEFFE A, AL ZHEIUTHDWTOEUREL (em’lg) Th D,

ETIL (g) FEEEFFEIC L S AT L ( 2-species rate-limited sorption model)

FRoFEFL OIF, MR &gt & O A A BT & U Tl 7255 Th 508, (bR A
BEO/ EIME T AL OHESEICHER A BET 20803 B 556, (18)FB L9
2R, )RAAEENENEH L, HEREDOE TR T 52 EAARETH D,

0
&1 ke - k0, @)
t
0
% =k,Cy — kO 23)

TTI (W) (EFFERL5ZIE LB R -E7 7L ( 2-species transformation sorption model)

T HBLINETL (@I, RO TR A DZEORUSNERY CTh 5D AL LIIMNATIR D 5
D LWV RERI = A RIR E LTI b D TH D, L, M, (b5 A BROSISAERD) AL
1%, BREESRIECUSERIE L OIRFEIZ L > TEDHEEIEN T H B2 H&ETH A,

A+L © AL 24

QA DOARES LOWREESOGS, Z ORUL 7 2 AMMEFREOME AR L OME/EH 7 r 22 L0 +4312
HMNGE, UG & e T T LN TE D,

CaL= ,b’C ACL (CL = constant) (25)
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ZIT, C IIUSERWE L O, B I1ZRYNDOIGNIEIT D AL OLZEETERTH S, FRIGME L

CXRIBUZHE DR S IBREE T DSOS BRI E OPRFEIZ AR CE D Z E 2 RE L TWDHDT, 24D
(2D BT Co=constant & 725, A D—E6 AL 2VERLE D & LT5E, MBUERESIK (A+AL) @

SRR,
kd =247 Cu (26)
c,+C,
TRUATE, (18)~QD)RES)RAE b > TR 5 L,
@7

_Kd,+Kd, pC,
1+ 6C,

Kd

L7z -TC, (DR EEN. S HIEIGET IV E LTRAMNMEHND, 2B, FUNERNM CTH HLFHE
AL 2SR LA EAER L722W0EA, Qo) fiibc& 5,

Kd,+Kd,pC,
= 28
Q 1+ p6C, ¢ @)
Kd ,
= 29
Q 1+ pC, @)

FETI i) (EFFERS 5 EE L AREE T/ (2-species kinetic-transformation sorption model)

HAVBRAA R & VAT & OORHTLAEFA OO AS (DT BATEIE L b CHHHFTA & A7, B4R
AERES L OYERERO OO EFFROHVEYA L ODFA/E 7 v XA L 0B TH Y, ERMICHAEERED L
DEFRL TOD AREMD & 556, AR & REEDRE 2 BT DM B D,

(30)

aC—AL = CLk9CA - klOCAL

ot

ZIT, ky ISR AL D4R T v ATS T 23 EES (mol/g/min), ki 1% AL OffEET v A2

KT DHETE (/min) TH 5, B0 B LOU)~2)XEH-T, 0 & C OEHRIZEEET 5 L, (1)
RV ZELUSET NV E LTENRDMEDND, 708, RUSERN) T 2 b7 FE AL 2SHVEIAAR & FH A

TEF L7anga, ()it 5,

o oC
5_?=KdA _t+(KdAk10 +Kd , C ky)C —(Crky +ki)Q e
aa_? =Kd, aa_f + Kd 4k, C = (Cpky + kp)O 2
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FETL ()T, ALFFEOAERZRRNRIFSOR S AT EZ R LIZR, E7 () TR LTCE 5 ICHE
WA & ORI AR 2RISR E U CRA D VEN S DA BFET D, TOL I RGA, 7otk
AW CONCFEREO LR, fRBE72 D7y, i & BB & OMBAER 72O EGEIERT — 2 D M)
Wil7-9 2T, BT VEERT D ENEETHD,

3. JINETNORET 07T h~DEA

PERBATO A T = X LRAFFEI TR T 25685 A IR L, B OB PRROICHMi kT 5 Z LI
KV, T NEZ XD HBENMHEREOFEE TR 8 H1F b D HEEARTZ 31T 2 et D 5547 —
B0 T LR OB RO LT — 4 (Breakthrough curve %5) Z AT 572D DRIGET /L
ELTUTFD 9 % —r o7 I S,

ETIL () : BT T 7L

FETILb) BT T

FETI (¢) : IR E T

TFIL () YA P E OB T

TTIL () : FHIIS & I A R TSI E 77
TTIL () - P LFFEIC S BB TR T
FTIL(g) : PRELFFEIC - B8R 7L
FTIL (h) - (EFFEREIE 58 LT £ 7L
ETIL (i) - (LA FERIEEZZIE L R T

ZNHDRIETT NV (D) ROBHEEO TR L BN ST 5720 OFE 7 1 7T MIEAT BT
Hl-oTL, TEEREEBIET 5 Z LIC X > TUTD 4 RITHAETE 5,
T (@), @), () BEO () 13 EMR 1 SONERECRiiR T 5(33) e Aed 2 LN TEX B,

0=K{C. (33)

FAEAEFN R A BB LT ), () BED (@ 1%, GHRERRTENTES,

L _krc-k0 64
ot

SPHEEG & RHRHRAFRORDNRAES D 770 (@) 13(3S), St & RKAFRUSANRIES 2 E7 7L (i)
3oL 72D,
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80 oC

X _Kd S k' C -k, (O-Kd'C 35
LK k'C -k, (Q - Kd'C) 65
o0 oc

o kd S vk C-k, 36
o ok ,'0 (36)

BBl T ()2 LOB3)~QO) D26 LT, —RITOME BRI 2 FidrH
FED AT T T D R OB MR OPREEAC A T T2 Z L 2 AlRE L 28R T 1 7 F A
FITIDD %4 FORTRAN77 (2L VY =— N U7z, BIEAHEIZIIA A% V-, FITIDD OFEfl I TR
R

K70 7T LT, BATTHHBERGORS, 225, KOMFE, HEERAROREE. EOFESOMR
REALRIGRETE D, £, S~ OBSHEREOEATE, R~ 21 KR O
TEOPED G2 J7 WEEICRETE 5, fRE LTSS T, OO W, MoH, Trida,
EFRER, SO EL 2 EOBAT/ ST A — 2 B BB ST, FHRIGICINT D MR D 54 0F R
D DOFEH T D S ERFROMR I L AT+ 5 Z LS T& B, £, VIR, MTE R, o
BofRk, SO ESR R EDOBAT/8T A—H 2O\, SR & FT— 4 L 0 2 Tl a v MET 5
OB UHFICEY 7 4 o T 4 7 SETRO DM T21TH Z & HTE S,

4. fEhril

FBRE A —)VCHRE S TND, BEESK em HILOD 11 T I~ AR KRR A 855 8 5\ B
(DK U CRA TR & i 5 R A x5 & LC, FITIDD % FAV R4 TR M OS2 <9~ 5, fibirod
7o O D—U TR IFFROMEERX % Fig. 8 (T, FRTHIZISWNT, MEBYADEE p , 225 f, /KIZ
K DRIFE s 13ENEN25gem3, 0.5, 1 LIEOMIZ LT,

4.1 HCNHAZTERA TESB DR

N7 BEBATERO YV R 2 L— a3 VT O—FlE LT, HERMHEEREOBATIC I E T IR E D2
ONTHRET LTS AR T @, SRS, WP & A Z TR L CBRBEPIC ) A THIARICE
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4

k1 ZAUEA P ERAT 2T 5 72 OFHR 7 1 777 L FITIDD
Appendix 1  Calculation program for analyzing solute migration through porous media: FIT1DD (Coded by M. Mukai,
Nuclear Safety Research Center, JAEA)

FITIDD is composed of a main component and two subroutines. The main component is coded to read
parameters for the fitting calculation and experimental data, and to output calculated results on screen and diskette. The
first subroutine is functioned to search the best-fitted parameters. The second subroutine is used to calculate one

dimensional solute migration in porous media at constant water flow velocity. Equations applied for the second

subroutine are follows:
2
1) £+£8_Q=Da C_Va_c
ot fs ot ox’ ox
@ 0=KC (Reaction IP=1)
3 86_? =k C-K,0 (Reaction IP =2)
@) 8_Q =Kd G_C +k,C—k,(Q—-KdC) (Reaction IP = 3)
ot ot
) %—?ZKdaa—f-l-le—sz (Reaction IP = 4)

In the calculation, media characteristics such as porosity, degree of water saturation, genuine density of media
particle and parameters concerning to solute reactions are assumed to be kept at constant value, independent of time and
space in experimental system. By fixating all the parameters, the solute transfer could be estimated by calculation.

The migration parameters, such as water flow velocity, dispersion coefficient, interaction parameters Kd, ki, k»,
can be simultaneously calculated by the program. Slow, however, steady algorithm is applied for searching the best fitted

parameters to avoid miss-searching the parameters.

,21,



JAEA-Research 2011-053

%2 AIT7T—27 74
Appendix 2  Input data file

An example of input data set for the program is shown in Fig. Al. Input data in Fig. A1l are for a fitting
analysis to optimize the distribution coefficient Kd and the initial concentration C;. In the data, concentration distribution
in the geologic media (soil) is set as experimental results obtained in a column system, and 10 iterations of fitting process
for optimization of Kd and Cj are to be done. Meaning of the marks on the right side is as follows. Each data has ten

characters width.

(a) Set the experimental type:
1.0:  Continuous feeding of solute solution.
2.1:  Feeding of eluting solution into contaminated soil. (input the concentration of interstitial water)
3.1:  Feeding of eluting solution into contaminated soil. (input the concentration sorbed on soil)
4.0:  Feeding of eluting solution into contaminated soil. (input the concentration in unit volume)

(b) Set the number of experimental condition changed during the period of experiment relating to column (a). Refer to
column (¢).

(c) Set the condition on each period of experiment. In the case of “1.0” experimental type, starting time, ending time, and
relative concentration in the feeding process of the influent solution are set on this column as an experimental
condition. In the case of “3.17, upper depth, lower depth of the contaminated soil layer, and relative concentration
sorbed on the soil are set on this column. In the cases of “2.1” and “4.0”, upper depth, lower depth of the
contaminated soil layer are set on this column., and relative concentration of interstitial water in the cases of “2.1”
and relative concentration in unit volume in the cases of “Set 4.1 are also set on this column..

(d) Set the number of measured data of solute concentration in the effluent. In the case of fitting calculation without
measured data of effluent, set zero here. In the case with effluent data, set the number of measured data, set starting
time, ending time of sampling and measured concentrations below. Figure Al shows the case without effluent

concentration data.

(e) Set the number of measured data of solute concentration sorbed on the soil. Below this column, set starting time,
ending time of sampling and measured concentrations repeatedly to the number of the measured data. In the case of
fitting calculation without measured data of soil, set zero here.

(f) Following the number of measured data of soil, set starting depth, ending depth of sampling and measured
concentrations.

(g) Set the upper starting value of fitting parameters. In all the reaction cases (IP= 1, 2, 3 or 4 in column (i)), initial
concentration, water flow velocity and dispersion coefficient have to be set here. In the case IP= 1, 3 and 4, add
distribution coefficient of radionuclide. In the case IP=2 and 3, add first-order reaction constants on the adsorption
and desorption processes. In the IP= 4, set first-order reaction constants on the chemical transformation process

between two species of radionuclide.

(h) Set the lower starting value of fitting parameters, corresponding the same format to the column (g). When the value

of upper starting parameter is equal to that of lower, such parameter is fixed on the set value. For example,
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performing a simulation analysis should be all the parameters fixed.

(i) The column is used for selecting equation of sorption reaction and for setting Kdj in the case of IP-3. Equation for

sorption reaction of solutes can be selected from four reaction types as follows:

(j) Duration time of experiment, time step of calculation, depth of soil layer and grid size of calculation are set on this
column. These parameters must be carefully selected experimental conditions, values of parameters set on column
(g) and (h), reproducibility of calculation results, sensitivity for calculation results, and so on.

(k) Porosity, degree of saturation and genuine density of soil particle are set on this column.

(m) Smoothing can be optionally processed on experimental condition data by setting iteration number on each column.

IP = 1: Equilibrium sorption

IP = 2: First-order rate-limited kinetic sorption

IP = 3: Hybrid reaction of equilibrium and kinetic sorption

IP = 4: Sorption including reactive two species of radionuclide

No smoothing is done in case of setting zero.

(n) Set a number of iteration of fitting process.

(0) An algorithm applied for searching the best fitted parameters requires the number to divide the field of parameter
region. The number should be odd and more than four. Set “4” in general use of the program.
(p) Smoothing can be optionally processed on experimental measured data by setting iteration number. No smoothing is

done in case of setting zero.

3.1

1
49.7 50. 0 1. 000E+00

0

7
47.300  47.600 8. 990E+02
48.500  48.800 1.860E+03
49.700  50.200 1.830E+03
50.500  50.800 3.370E+03
51.100  51.400 1.670E+03
52.600  52.900 3.050E+02
52.900  53.200 3.430E+01
1. 790E+04 0. 900 1. 900
5. T90E+04 0. 900 1. 900

1. 000 000. 0

976. 000 9.760  60.000
0. 520 1. 000 2.700

0. 000
1. 000 1. 000 1. 000

10

4

0

200. 000 0. 0000
500. 000 0. 0000

0. 300

Fig. Al Input data for FIT1DD.
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k3 Wh7T—277An
Appendix 3  Output data file

An example of output data is shown in Fig. A2. The output data shows optimized Kd, along with

concentration distribution in the effluent and the soil which are calculated using the Kd. The Kd value was determined
after 30 times of iteration of fitting process, based on the input data in Fig, Al.

seloleiolelk Results of Analysis skkkekslokeolok

Conc. of Water Flow Dispersion Distributi Retarda Deviation
Solution Velocity Coeff. on Coeff. tion Coef.
microCi/ml cm/min cmkem/min ml/g

. 31284E+05 . 90000E+00 . 19000E+01 . 75744E+03 . 18888E+04 . 21658E+07

skeksketskskokeskskek Concentration skeksketesksiokeskskosk

Number Upper (cm) Lower (cm) Measured Calculated
1 47. 300 47. 600 . 8990E+03 . 325TE+03
2 48. 500 48. 800 . 1860E+04 . 1317E+04
3 49. 700 50. 200 . 1830E+04 . 2610E+04
4 50. 500 50. 800 . 3370E+04 . 2553E+04
5 51. 100 51. 400 . 1670E+04 . 2025E+04
6 52. 600 52. 900 . 3050E+03 . 5156E+03
7 52. 900 53. 200 . 3430E+02 . 3443E+03
Sampling Time = 976.0 Iteration = 10

Fig. A2 Output data for FITIDD.
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k4 FITIDD OV —A=2—R
Appendix 4  Source code of FIT1IDD

C

C MAIN PROGRAM

C

C 1. Parameter PM(12) was added. (1990/12/07)
C 2. Boundary and initial conditions were changed. (1990/12/13)
C 3. Parameter ETYP was added. (1990/12/15)
C 4. New No. of parameter ETYP (=3.) was added. (1991/ 2/ 1)
C 5. New No. of parameter SELE (=3.&4.) were added. (1991/ 2/28)
C 6. Meaning of ETYP was changed. (1991/ 2/28)
C 7. Dividing method was changed. (1991/ 4/12)
C 8. Negative concentration was neglected to use for fitting. (1991/10/ 4)
C 9. New No. of parameter ETYP (=4.) was added. (1994/ 6/21)
C 10. New reaction equation (IP=3) was added. (1992/ 9/29)
C

C

C

PROGRAM FDMIDFIT

PARAMETER (MD=180, MPV=5, MPM=20)

IMPLICIT DOUBLE PRECISION (A-H, 0-7)

CHARACTER*14 DFNAME, OFNAME

DIMENSION DTS (MD), DTE (MD),, DTC (MD)

DIMENSION XS (MD), XE (MD), TS (MD) , TE (MD)

DIMENSION CDATA (MD), CRSLT (MD) , QDATA (MD) , QRSLT (MD)
DIMENSION PS(MPV), PE (MPV), PMMPM) , PF (MPV)

WRITE (6, 6080)
READ (5, 5050) DENAME
WRITE (6, 6090)
READ (5, 5050) OFNAME

OPEN (1, FILE=DFNAME)
READ (1, 5040) ETYP
READ (1, 5010) NEC
DO 1100 I=1,NEC
READ (1, 5020) DTS (1), DTE (1), DTC (1)
1100  CONTINUE

READ(1, 5010) NT
IF (NT.NE.0) THEN
NN=0
DO 1200 I=1,NT
READ(1, 5020) TS(I), TE(I), CDATA(I)
CRSLT (I) =CDATA (1)
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IF (CDATA(I).GE.0.) NN=NN+1
1200 CONTINUE
NTP=NN
END IF

READ(1, 5010) NX
IF (NX.NE.0) THEN
NN=0
DO 1300 I=1,NX
READ (1, 5020) XS(I), XE(I), QDATA (1)
QRSLT (T) =QDATA (1)
IF (QDATA(T).GE.0.) NN=NN+1
1300 CONTINUE
NXP=NN
END IF

READ(1, 5030) PS(1),PS(2),PS(3),PS(4), PS(5)
READ(1, 5030) PE(1),PE(2), PE(3),PE(4), PE(5)
READ (1, 5040) PM(1)
IF (PM(1).GE.3.) THEN
BACKSPACE 1
READ (1, 5080) PM(1), PM(13)
END IF
C write Gk %) pm(1), pm(13)
READ (1, 5060) PM(2), PM(3), PM(4), PM(5)
READ (1, 5070) PM(6), PM(7), PM(8)
READ (1, 5040) PM(9)
READ (1, 5070) PM(10), PM(11), PM(12)
READ(1, 5010) NCMAX
READ(1, 5010) NDIV
READ (1, 5010) NSMTH
CLOSE(1)

CALL SMOOTH (NT, CRSLT, NSMTH)

CALL SMOOTH (NX, QRSLT, NSMTH)

CALL FIT (ETYP, NEC, DTS, DTE, DTC, PS, PE, PM,
& NT, NTP, TS, TE, NX, NXP, XS, XE,
& PF, CRSLT, QRSLT, SS, NCMAX, NDIV)

OPEN (2, FILE=0FNAME)

DO 3000 K=6, 2, —4
WRITE (K, 6100)
WRITE (K, 6010)

IF (PM(1).EQ.1.) THEN
WRITE (K, 6020)
WRITE (K, 6021)
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WRITE (K, 6022)
ELSE
WRITE (K, 6023)
WRITE (K, 6024)
WRITE (K, 6025)
END IF
WRITE (K, 6030) PF (1), PF(2),PF(3),PF(4), PF(5), SS
WRITE (K, 6100)
WRITE (K, 6040)

IF (NT.NE.0) THEN
WRITE (K, 6050)
DO 2100 I=1,NT
WRITE (K, 6070) I, TS(I), TE(I), CDATA(I), CRSLT (I)
2100 CONTINUE
WRITE (K, 6060) PM(4), NCMAX
WRITE (K, 6100)
END IF

IF (NX.NE.0) THEN
WRITE (K, 6051)
DO 2200 I=1,NX
WRITE (K, 6070) 1, XS(I), XE(I), QDATA(I), QRSLT (1)
2200 CONTINUE
WRITE (K, 6061) PM(2), NCMAX
WRITE (K, 6100)
END IF
3000  CONTINUE
CLOSE (2)

5010 FORMAT (110)

5020 FORMAT (F10. 1, F10. 1, E10. 3)

5025 FORMAT (F10. 1, F10. 1, E10. 3, E10. 3)

5030 FORMAT (E10. 3, F10. 4, F10. 4, F10. 4, F10. 4)
5040 FORMAT (F10. 4)

5050 FORMAT (A14)

5060 FORMAT (F10. 4, F10. 4, F10. 4, F10. 4)

5070 FORMAT (F10. 4, F10. 4, F10. 4)

5080 FORMAT (F10. 4, F10. 4)

6010 FORMAT (1H , 10X, seloisteieieioiok Results of Analysis selkeicioricioiek’ )
6020 FORMAT (1H , 1X,” Conc. of ’, 3X,’ Water Flow , 3X,’ Dispersion’

& ,3X, Distributi’, 3X, Retarda ’,3X,” Deviation’)
6021 FORMAT(1H , 1X,” Solution ’, 3X,” Velocity ’,3X,” Coeff. ’

& ,3X,"on  Coeff.”, 3X,” tion Coef.’, 3X,’ )
6022 FORMAT (1H , 1X, microCi/ml’, 3X,” ecm/min ’, 3X, cmkem/min ’

& ,3X,) ml/g ", 3%, 7, 3%, )

6023 FORMAT (1H , 1X,” Conc. of ’, 3X,’ Water Flow , 3X,’ Dispersion’
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& ,3X,” Reaction ’,3X,” Reaction ', 3X,” Deviation’)
6024 FORMAT (1H , 1X,” Solution ’,3X,” Velocity ’,3X,” Coeff. ’

& ,3X,” Constant ', 3X,” Constant , 3X,’ )
6025 FORMAT (1H , 1X, microCi/ml’, 3X,” cm/min , 3X,” cm¥cm/min’

& 3%, KL 7,37 K2 7,3X] ")

6030 FORMAT (1H , 1X, E10. 5, 3X, E10. 5, 3X, E10. 5, 3X, E10. 5, 3X, E10. 5, 3X, E10. 5)
6040 FORMAT (1H , 10X, selisietieieieiok  Concentration sefietelololofoiok’ )
6050 FORMAT(1H , 3X,” Number ’,5X, Start(min)’, 5%, Stop(min) ’, 8X

& ,’ Measured ’, 5X,’ Calculated’)
6051 FORMAT(1H , 3X,” Number ’,5X, Upper(cm) ~,5X, Lower(cm) ’,8X
& ,’ Measured ’, 5X,” Calculated’)

6060 FORMAT (1H , 11X, Sampling Depth = ,F8.1, 10X, Iteration =, I4)
6061 FORMAT (1H , 11X, Sampling Time = ,F8.1,10X,” Iteration =, I4)
6070 FORMAT (1H , 5X, I3, 7X, F10. 3, 5X, F10. 3, 10X, E10. 4, 6X, E10. 4)

6080 FORMAT (1H ,’ Type Data File Name =, §)

6090 FORMAT (1H ,’ Type Out File Name =, $)

6100 FORMAT (1H )

STOP
END

O O O .

SUBROUTINE SMOOTH (N, C, NN)

PARAMETER (MCQ=3000)
IMPLICIT DOUBLE PRECISION (A-H, 0-7)
DIMENSION C(MCQ), CC(0:MCQ)

IF  (N.LE.0) GO TO 2000
IF (\W.LE.0) GO TO 2000
cc(0)=c(1)
CCIN+1)=C(N)
DO 1000 K=1, \N
DO 1100 I=1,N
ccm=c()
1100  CONTINUE
DO 1200 I=1,N
C(D)=(CC(I-1)48. *CC (1) +CC(1+1)) *. 1
1200  CONTINUE
1000 CONTINUE

C

2000 RETURN
END

C

C

C
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SUBROUTINE FIT (ETYP, NEC, DTS, DTE, DTC, PS, PE, PM,
& NT, NTP, TS, TE, NX, NXP, XS, XE,
& PFIT, C, Q, SSMIN, NCMAX, NDTV)

PARAMETER (MD=180, MPV=5, MPM=20, MCQ=1000, MCC=10000)
IMPLICIT DOUBLE PRECISION (A-H,0-7)

DIMENSION DTS (MD), DTE (MD),, DTC (MD)

DIMENSION TS (MD), TE (MD), XS (MD),, XE (MD), C (MD) , Q (MD)
DIMENSION CCC(MD), QQQ (MD), CCCC (MD), QQQQ (MD) , CFIT (MD), QFIT (MD)
DIMENSION PM(MPM), PS (MPV), PE (MPV), PD (MPV)
DIMENSION P (MPV), PMIN(MPV), PEIT (MPV)

DIMENSION ID(MPV), IE(MPV), IM(MPV)

DIMENSION CI0(MCQ), CBO(MCC)

DIMENSTION PRAM(MPM), CO (MCQ), Q0 (MCQ) , CC (MCC),, QQ (MCQ)
PMINIMUM=L. E-20

folololol fok k INPUT DATA st folololol
ETYP : : experimental type (l.=adsorption test,
2. ?7=desorption test <set initial
conc. for solution first, and
conc. for soil proportinally
3. ?7=desorption test <set initial
conc. for soil first, and conc
for solution proportionally>)

(?2=1-0)
NEC : : No. of experimental conditions
from DTS to DTE : : time (ETYP=1.) or X—pos. (ETYP=2.,3.)
DTC : . data of experimental conditions
NT : : No. of sampling time
NTP : : No. of positive concentration time
from TS to TE : : time of sampling
NX : : No. of sampling point
NXP : : No. of positive concentration point
from XS to XE : : X—position of sampling point
from PS(1) to PE(1) : CON . concentration
from PS(2) to PE(2) : VEL : velocity of water flow
from PS(3) to PE(3) : DIS : dispersion coefficient
from PS(4) to PE(4) : EKD EK1 : distrib. coeff. / reaction const
from PS(5) to PE(5) : — EFK2 : ——m8mM ———— / reaction const
PM(1) 1 2 3 1:Kd / 2:KLK2 / 3:Kdd,K1,K2
PM(2) o TMAX : maximum time of calculation
PM(3) DT ! time step of calculation
PM(4) : CLEN : column length
PM(5) ) ¢ : distance of grids
PM(6) : PORO : porocity of soil
PM(7) : SATU ¢ degree of saturation
PM(8) :  ROU : dencity of soil particle
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PM(9) NSMTH @ iteration of smoothing for
experimental conditions data
PM(10) CWT : error weight for effluent solution
PM(11) QWT : error weight for soil samples
PM(12) SELE : selecting parameter for calculating
method of error
(1. = linear / 2. = logarithm /
3. = normalized linear /
: 4. = normalized logarithm )
PM(13) EKDD : use only PM(1)=3.
C . measured conc. in effluent solution
Q : measured conc. in soil samples
NCMAX > max. No. of iteration for fitting
NDIV . diving No. of fitting region
fekekelelelekelelekekelekekekeskelekekelekek kkkk QUTPUT DATA steteskekesksksksksieteskskekekskokskekskekekokokek
C 1 — MESH : fitted distribution of effluent solution
Q : 1 - MESH : fitted distribution in the soil samples
PFIT(1) : CON : fitted concentration
PFIT(2) : VEL : fitted velocity of water flow
PFIT(3) : DIS . fitted dispersion coefficient
PFIT(4) : EKD  EKI : fitted distrib. coeff. / reaction const
PFIT(5) : ERD  EK2 : fitted retard. coeff. / reaction const
SSMIN . fitting error for set of fitted parameters
DO 1000 I=1,5
IE(I)=NDIV

IF (PS(I).EQ.PE(I)) THEN
IE(D=1
PD(I)=0.
END IF
CONTINUE

IP=INT (PM(1)+. 5)

DO 1010 I=2,8
PRAM (I+4) =PM(I)

CONTINUE

PRAM (13)=ETYP

PRAM (14)=PM(13)

ITER=INT (PM(2) /PM(3) +. 5)
MESH=INT (PM (4) /PM(5) +. 5)
NSMTH=INT (PM(9) +. 5)
CWT=PM(10)

QWT=PM(11)

SELE=PM(12)
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DO 1020 I=1, ITER
CBO (1) =0.
1020 CONTINUE
DO 1030 I=1, MESH
C10(1)=0.
1030 CONTINUE
C
IF (ETYP.EQ. 1.) THEN
WRITE (*, %) NEC
DO 1040 I=1,NEC
IST=INT (DTS (I) /PM(3) +1)
ISP=INT (DTE (1) /PM(3))
WRITE (*, %) IST, ISP
DO 1050 J=IST, ISP
CBO (J)=DTC(I)
1050 CONTINUE
1040  CONTINUE
CALL SMOOTH (ITER, CBO, NSMTH)
ELSE
WRITE (%, %) NEC
DO 1060 I=1, NEC
IST=INT (DTS (I) /PM(5) +1)
ISP=INT (DTE(I) /PM(5))
WRTITE (*, %) TST, ISP
DO 1070 J=IST, ISP
CI0(J)=DTC(I)
1070 CONTINUE
1060  CONTINUE
CALL SMOOTH (MESH, CI0, NSMTH)

END IF
C

NC=0

SSMIN=1. OE+37
C

9000 DO 9010 I=1,5
IF (IE(I).NE.1) THEN
IF (PS(I).LT. PMINIMUM) PS(I)=PMINIMUM
PD (1) =DLOG10 (PE(T) /PS (1) ) /REAL (NDTV-1)
END IF
9010 CONTINUE
1C=0
SMIN=1. OE+37
DO 9001 I1=1, IE(1)
ID(1)=11
P (1)=PS (1) *10. % (PD (1) %REAL (11-1) )
DO 9002 12=1, IE(2)
ID(2)=12
P(2)=PS (2) ¥10. %% (PD (2) *REAL (12-1) )
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DO 9003 13=1, IE(3)
ID(3)=13
P (3)=PS (3) *10. s (PD (3) *RFAL (13-1))
DO 9004 14=1, IE(4)
1D (4)=T4
P (4) =PS (4) *10. s (PD (4) *REAL (14-1) )
DO 9005 15=1, IE(5)

ID(5)=I5
P (5)=PS (5) *10. ** (PD (5) *REAL (15-1) )

DO 1100 I=1,5
PRAM(T)=P (I)

CONTINUE

DO 1110 I=1,MESH
Co(1)=C10(I)
QO (I)=CI0(I)

CONTINUE

DO 1120 I=1, ITER
CC(I)=CBO(I)

CONTINUE

CALL FDM1D (TP, PRAM, CO, QO, CC, QQ)

SCN=0.

SCL=0.

IF (NT.NE.0) THEN
DO 1200 I=1,NT

IST=INT (TS (1) /PM(3) +1)
ISP=INT(TE(I) /PM(3))
ISN=ISP-TST+1
CCe (1) =0.
DO 1210 J=IST, ISP
coc (T)=cce(1)+cc ()
CONTINUE
CCC (I)=CCC(I) /REAL (ISN)
IF (ccc(I).LE.0.) ccc(I)=. 1E-9
IF (C(I).GE.0.) THEN
SCN=SCN+(CCC (1) ~C (1) ) ##2.
SCL=SCL+DLOG10 (CCC(I) /C(T) ) 2.
END IF
CONTINUE
IF (NTP.NE.0) THEN
IF (SELE.GE.3.) THEN
SCN=SCN/REAL (NTP)
SCL=SCL/REAL (NTP)
END IF
END IF
END IF
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SQN=0.
SQL=0.
IF (NX.NE.0) THEN
DO 1220 I=1,NX
IST=INT (XS (1) /PM(5) +1)
ISP=INT (XE(T) /PM(5))
ISN=ISP-IST+1
QQQ (1) =0.
DO 1230 J=IST, ISP
QAR (1) =QQQ (1) +Q (J)
1230 CONTINUE
QQQ (I)=QQQ (T) /REAL (ISN)
IF (QQQ(I).LE.0.) QQQ(I)=. 1E-9
IF (Q(I).GE.0.) THEN
SQN=SQN+(QQQ (1) —Q (1) ) #2.
SQL=SQLADLOG10 (QQQ (T) /Q(T) ) #k2.
END IF
1220 CONTINUE
IF (NXP.NE.0) THEN
IF (SELE.GE.3.) THEN
SQN=SQN/REAL (NXP)
SQL=SQL/REAL (NXP)
END IF
END IF
END IF

IF (SELE. EQ. 1..OR. SELE. EQ. 3.) THEN
S=SCNACWT+SQN<QWT

ELSE
S=SCLACWT+SQL+QWT

END IF

IC=IC+1

WRITE (6, 6010) IC,NC+1,P(1),P(2),P(3),P(4),P(5),S

IF (SMIN.GT.S) THEN
SMIN=S
DO 9020 I=1,5
PMIN(I)=P(I)
IM(D)=ID(T)
9020 CONTINUE
IF (NT.NE.0) THEN
DO 9030 I=1,NT
ccec (1)=cee (1)

9030 CONTINUE
END IF
IF (NX.NE.0) THEN
DO 9040 I=1,NX
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QRAQ (1) =ARQ (1)

9040 CONTINUE
END IF
END IF
C
9005 CONTINUE
9004 CONTINUE

9003 CONTINUE
9002  CONTINUE
9001 CONTINUE

C
TF (SSMIN. GT. SMIN) THEN
SSMIN=SMIN
DO 9050 I=1,5

PFIT (I)=PMIN(I)
9050  CONTINUE
IF (NT.NE.0) THEN
DO 9060 I=1,NT
CFIT (I)=Ccce (1)
9060 CONTINUE

END IF
IF (NX.NE. 0) THEN
DO 9070 I=1, NX

QFIT (1) =QQQQ (1)
9070 CONTINUE
END IF
END IF

NC=NC+1
WRITE (6, 6000) NC, PMIN (1), PMIN(2), PMIN(3), PMIN (4), PMIN (5), SMIN
IF (NC. EQ.NCMAX) GO TO 8000
DO 9080 I=1,5
IF (IE(I).NE.1) THEN
PS (1) =PMIN(I) /10. s (PD (I) *REAL (N\DIV/2-1))
PE (T) =PMIN (T) *10. sk (PD (1) *REAL (NDIV/2-1) )
IF (IM(I).EQ. 1)
& PS (1) =PMIN(I) /10. s (PD (1) *REAL (NDIV/2-1) *2.)
IF (IM(I).EQ. IE(T))
& PE (I) =PMIN (I) *10. s (PD (I) *REAL (\DIV/2-1) %2. )
END IF
9080 CONTINUE
GO TO 9000
C
8000 IF (IP.EQ.1) PFIT(5)=1.+(1.-PM(6))*PM(8)/ (PM(6)*PM(7))*PFIT (4)
IF (NT.NE.0) THEN
DO 8010 I=1,NT
C(I)=CFIT(I)
8010  CONTINUE
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END IF

IF (NX.NE.0) THEN
DO 8020 I=1,NX
Q(I)=QFIT(I)
CONTINUE

END IF

6000 FORMAT (1H ,” #¥" | 12, " seksekett’ | 2X, E10. 5, 2X, F10. 6, 1X, F10. 6,

& 1X, E10. 5, 1X, E10. 5, 2X, E10. 5)
6010 FORMAT (1H , 17, /*, 12, 2X, E10. 5, 2X, F10. 6, 1X, F10. 6,
& 1X, E10. 5, 1X, E10. 5, 2X, E10. 5)
RETURN
END

O OO OO0 00000000000

O OO OO0 000

IP=1 :  Q = Kd«C

dq
IP=2 : —— = KI*C — K2%Q
dt
dQ dC
1P=3 : —— = Kd*—— + KI*C — K2%(Q — Kd*C)
dt dt
dQ dC
IP=4 : —— = Kdx—— + KI1*C — K2%Q
dt dt

SUBROUTINE FDM1D (IP, PM, CO, Q0, C, Q)

PARAMETER (MPM=20, MCQ=1000, MCC=10000)

IMPLICIT DOUBLE PRECISION(A-H, 0-7)

DIMENSION CC (0:MCQ), QQ(0:MCQ), CB(0:MCQ), QB (0:MCQ), BB (0:MCQ)
DIMENSTON EA (0:MCQ, 0:2), EB(0:MCQ, 0:2)

DIMENSION EED (0:MCQ), EEE (0:MCQ), EEF (0:MCQ)

DIMENSION PM(MPM), CO (MCQ), Q0 (MCQ) , C(MCC), Q (MCQ)

Sekekllelelekeleleloleleleliolelelelolelolekek INPUT DATA  sketskelsetetelolekeletetotokekeletoketokokekekok

IP : :1:Kd / 2:K1,K2 / 3,4:Kdd,K1,K2

PM(1) : CBO or CIO : concentration for boundary or initial cond.
PM(2) : VEL : velocity of water flow

PM(3) : DIS : dispersion coefficient

PM(4) : EKD or EK1 : distrib. coeff. / reaction constant

PM(5) : — or EK2 : ————————— / reaction constant
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PM(6) : TMAX : maximum time of calculation
PM(7) : DT ! time step of calculation
PM(8) : CLEN : column length
PM(9) : DX . distance of grids
PM(10) : PORO : porocity of soil
PM(11): SATU ¢ degree of saturation
PM(12) : ROU : dencity of soil
PM(13) : ETYP : selection of experimental type
: : (1.=sorption test / 2.,3.=desorption test)
PM(14) : EKDD : use only IP=3
Co : 1 - MESH : initial conc. distribution of solution
Q0 : 1 - MESH : initial conc. distribution of soil
C 1 - ITER : concentration of feeding solution

Hkklkkkkkkkkkiiiibibibiiibbiiblbiblbbiirtrkrokikkk
"""""""  OUTPUT DATA +# folotot

Co 1 - MESH : final conc. distribution of solution

Q0 : 1 - MESH : final conc. distribution of soil

C : 1 - ITER : concentration of effluent solution

Q 1 - MESH : concentration distribution in the column

seleleeicleleieleleleiclelkieleleiickeieiekeieiclokiekeleielclokicleleielelekiekeieieleiieckeleieielekiekeielkelokek

ETYP=PM(13)
IF (ETYP.EQ. 1.) THEN
CBO=PM(1)
CIO0=1.
ELSE
CBO=1.
CI0=PM(1)
END IF

VEL=PM(2)
DIS=PM(3)

IF (IP.EQ. 1) EKD=PM(4)
IF (IP.EQ.2) THEN
EK1=PM (4)
EK2=PM (5)
EKD=EK1,/EK2
END IF
IF (IP.GE.3) THEN
EK1=PM(4)
EK2=PM (5)
EKDD=PM (14)
IF (EK2.NE.0.) THEN
EKD=EKDD+EK1,/EK2
ELSE
EKD=EKDD
END IF
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END IF

TMAX=PM (6)
DT=PM(7)

CLEN=PM(8)
DX=PM(9)

PORO=PM(10)
SATU=PM(11)
ROU=PM(12)

ITER=INT (TMAX/DT+. 5)
MESH=INT (CLEN/DX+, 5)

ALPHA= (1. =PORO) *ROU/POR0/SATU
RD=1. +ALPHA*EKD

IF (ETYP.EQ. 1.) THEN
DO 900 I=1, MESH
CC(I)=C0(I)*CI0
QQ(I)=EKD*CC (1)
900  CONTINUE
END IF
IF (ETYP. GE. 2.. AND. ETYP.LT. 3.) THEN
DO 910 I=1, MESH
CC(I)=CO(I)*CI0
QQ (I) =EKD*CC () * (ETYP-2. ) *10.
910  CONTINUE
END IF
IF (ETYP. GE. 3.. AND. ETYP. LT. 4.) THEN
DO 920 I=1, MESH
QQ(T)=Q0 (1) *CT0
CC(I)=QQ(I) /EKD* (ETYP-3. ) *10.
920  CONTINUE
END IF
IF (ETYP.EQ.4.) THEN
DO 930 I=1, MESH
CC(I)=CO(I)*CI0/ (EKD+1. /ALPHA)
QQ (I) =EKD*CC (1)
930  CONTINUE
END IF

AL=EK1#DT/2.

A2=FK2+DT/2.

A3=DIS*DT/ (2. *DX*DX)
A4=VELXDT/ (4. *DX)
A5=ALPHA*A1/ (1. +A2)
AG=ALPHA*A2/ (1. +A2)

AT=ALPHA* (A1+EKDD*A2+EKDD) / (1. +A2)
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A8=ALPHA* (A1+EKDD*A2—EKDD) / (1. +A2)

A9=ALPHA* (A1+EKDD) / (1. +A2)
AA=ALPHA* (A1-EKDD) / (1. +A2)

IF (IP.EQ. 1) THEN

DO 1000 I=1, MESH
EA(T, 0)=(-A3-A4) /RD
EB(T, 0)=( A3+A4) /RD
FA(TL, 1)= 1. +2. *A3/RD
EB(I, 1)= 1.-2.*A3/RD
EA(T, 2)=(-A3+A4) /RD
EB(T, 2)=( A3-A4) /RD

CONTINUE

EA(0, 1)=1.

EB(0, 1)=1.

IF (ETYP.EQ. 1.) THEN
EA(1, 0)=(-A3-A4) /RD
EB(1, 0)=( A3+A4) /RD
EA(1, 1)=1. +2. *A3/RD
EB(1, 1)=1. —2. %A3/RD

ELSE
EA(1, 0)=—A4/RD
EB(1, 0)= A4/RD
FA(1, 1)=1. +A3/RD
EB(1, 1)=1. -A3/RD

END IF

EA (MESH, 1)=1. +(A3+A4) /RD

EB (MESH, 1)=1. - (A3+A4) /RD

END IF
IF (IP.EQ.2) THEN

DO 1100 I=1, MESH
EA(T, 0)=—A3-A4
EB(I, 0)= A3+A4
EA(I, 1)= 1.+2. %*A3+A5
EB(I, 1)= 1.-2.*A3-A5
EA(T, 2) =A3+A4
EB(I, 2)= A3-A4

CONTINUE

EA(0, 1)=1.

EB(0, 1)=1.

IF (ETYP.EQ. 1.) THEN
FA(1, 0)=A3-A4
EB(1, 0)= A3+A4
EA(1, 1)=1. +2. *A3+A5
EB(1, 1)=1. —2. %A3-A5

ELSE
EA(1, 0)=A4
EB(1,0)= A4
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EA(1, 1)=1. +A3+A5
EB(1, 1)=1. -A3-A5
END IF
EA(1, 1)=1. +2. *A3+A5
EB(1, 1)=1. 2. *A3-A5
EA(MESH, 1) =1. +A3+A4+A5
EB (MESH, 1) =1. -A3-A4-A5
END IF
IF (IP.EQ.3) THEN
DO 1200 I=1, MESH
EA(T, 0)=A3-A4
EB(I, 0)= A3+A4
FA(T, 1)= 1. +2. *A3+AT7
EB(I, 1)= 1.-2. %A3-A8
EA(T, 2) =A3+A4
EB(I, 2)= A3-A4
CONTINUE
EA(0, 1)=1.
EB(0, 1)=1.
IF (ETYP.EQ. 1.) THEN
EA(1, 0)=A3-A4
EB(1, 0)= A3+A4
EA(1, 1)=1. +2. *A3+A7
EB(1, 1)=1. 2. *A3-A8
ELSE
EA(1, 0)=—A4
EB(1,0)= A4
EA(1, 1)=1. +A3+A7
EB(1, 1)=1. -A3-A8
END IF
EA (MESH, 1) =1. +A3+A4+A7
EB (MESH, 1)=1. -A3-A4-A8
END IF
IF (IP.EQ.4) THEN
DO 1300 I=1, MESH
EA(T, 0)=—A3-A4
EB(I, 0)= A3+A4
EA(T, 1)= 1. +2. %A3+A9
EB(T, 1)= 1.-2. *A3-AA
EA(T, 2) =A3+A4
EB(I, 2)= A3-A4
CONTINUE
EA(0, 1)=1.
EB(0, 1)=1.
IF (ETYP.EQ. 1.) THEN
EA(1, 0)=—A3-A4
EB(1, 0)= A3+A4
EA(1, 1)=1. +2. %A3+A9
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EB(1, 1)=1. 2. *A3-AA
ELSE
EA(1, 0)=A4
EB(1, 0)= A4
FA(1, 1)=1. +A3+A9
EB(1, 1)=1. -A3-AA
END IF
EA (MESH, 1) =1. +A3+A4+A9
EB (MESH, 1) =1. -A3-A4-AA

END IF

DO 1800 I=1, MESH

EED (I)=FA (T, 0)

1800 CONTINUE

DO 1810 I=0, MESH

EEE (I)=FA (T, 1)

1810 CONTINUE

DO 1820 I=0, MESH-1

EEF (I)=FA (T, 2)

1820 CONTINUE

C

DO 1900 I=1, MESH

EED (I) =EED(I) /EEE (I-1)
EEE (1) =EEE (1) -EED (I) *EEF (I-1)

1900 CONTINUE

C
C

2100

2110

2120

DO 2000 J=I1, ITER

€C(0)=C (J)*CBO
DO 2100 I=0, MESH
CB(I)=CC(I)
QB(D=0Q(D)
CONTINUE
IF (IP.EQ.1) THEN
DO 2110 I=1, MESH-1
CC(1)=EB(I, 0)*CB (I-1)+EB(I, 1) *CB (1) +EB (I, 2)*CB(1+1)
CONTINUE
ELSE
DO 2120 T=1, MESH-1
CC(I)=EB(I, 0)*CB (I-1)+EB (I, 1) *CB (1) +EB (I, 2) *CB (1+1)
CC(I)=CC () +2. *A6+QB (1)
CONTINUE
END IF
CC (MESH) =EB (MESH, 0) *CB (MESH-1) +EB (MESH, 1) *CB (MESH)

SOLV
DO 3000 I=0, MESH
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BB(1)=CC (1)
3000  CONTINUE
CC(0)=BB(0)
DO 3100 I=1, MESH
CC(1)=BB(I)-EED (I)*CC (I-1)
3100  CONTINUE
CC (MESH) =CC (MESH) /EEE (MESH)
DO 3200 T=MESH-1,0, -1
CC(I)=(CC(I)-EEF (I)*CC (I+1)) /BEE (1)
3200  CONTINUE
C SOLY

IF (IP.EQ.1) THEN
DO 4000 I=1, MESH
QQ(I)=CC (I)*EKD
4000 CONTINUE
END IF
IF (IP.EQ.2) THEN
DO 4010 I=1, MESH
QQ(T)=(A1*CC(T) +A1*CB (T)+ (1. -A2) *QB(T) ) / (1. +A2)
4010 CONTINUE
END IF
IF (IP.EQ.3) THEN
DO 4020 I=1, MESH
QQ (T) = ((A1+A2%EKDD+EKDD) *CC (I) + (A1+A2*EKDD-EKDD) *CB (1)
& +(1. -A2)*#QB(1)) / (1. +A2)
4020 CONTINUE
END IF
IF (IP.EQ.4) THEN
DO 4030 I=1, MESH
QQ (1) =( (AT+EKDD) *CC (T) + (A1-EKDD) *CB (T)
& +(1.-A2)*QB (1)) / (1. +A2)
4030 CONTINUE
END IF

C(J)=CC (MESH)
2000 CONTINUE
C End of calculation ———
C

DO 5000 I=1, MESH
o (D)=cc(1)
Q0 (1) =QQ (1)
Q(1)=QQ(I)+CC(T) /ALPHA
5000 CONTINUE
C
RETURN
END

_41_



This is a blank page.




EBREALR (SI)

F 1. ST EAHAT 2. KRBT mu\fﬁéhfﬁgﬁ%ﬁﬁwm
N ST FEAHAL P ST AL
R % [ew R i =E
= = [ — ifi BT A— P m?
- N o IZS A — m®
M e I s, A AR m/s
R [#) » s m B FE[ A — M VRS R m/s’
S w7 v ~7| A b3 A — bv m’
szl e o K W, E R E|x ey T amrlA— kv | kgim®
W B &E 2 mol W R % E|FesTAmTHA— L | kg/m?
5 il v 7 5| ed I ® F|Srh A—bviEFx e 75 5 | milkg
O ETITEESA-RL [ A/m?
B S o B S|TURTEA— R A/m
B E®, @ ElEAmLA— kL mol/m®
BB ErersIamugi—b [ kgm®
Hif A>T TG A= RV | edim?
Ji W x O FED) 1 1
% R e Y GrrEo) 1 1
(a) #L2EE (amount concentration) (ZRRIRAL D535 Tl B E
(substance concentration) & % XiEi 5,
(b) THBRIEATED S VIR L 2 HoRTHEM, €D
F T BN B Ch HHTO 1 ILBEIIEE LAV,
& 3. EADLFRE RS TR I D ST BT
ST AH7 AL
RV S — | MUOSTHATIC L % | SHEABATIC L 5
S il £L% %LU
R [T} fa|5 o7 ) rad 1P m/m
b % 27507 P o n ® m?m?
JA b3 o~y (@ Hz s
7 SEan=[¥ N m kg s*
E A, [ S-S Pa N/m? m’kgs?
TR X— L BRAECa— J N m m’kg s?
sk, TR, MR RTY R W Jis m?kgs?
& o, W K Hr-mv @ sA
WA (EE) , & E AL \ W/A m’kg s?A™
(3 = % ®777 K F (¢/AY mZkgs' A’
E e K A — 2 Q VIA m?kg s? A*?
CHI Y S SIS DES 53 S AV m?kg!s® A?
T g = — Wb Vs m?kg s2A"
T P = 1 b T Wh/m? kg sZAT
A4 v F B v RArU— H Wb/A m?kg s2A?
v ¥ v 2 R EerewrEe)| € K
5% wr—xo Im cd s cd
i v s = Ix Im/m? m?ed
o e (D s (@ Bq §l
”ff”ff’fﬂl’ Lol ) PV Gy Jikg m?s?
R
% # I e & — kat s mol

(a) STHEFHRE I E A D4 & Fe 5 & FF M HINL L Ml B DY T HHATE 5,
aIb—L ¥ hTERY,

BT T ERT T VT ATEFO 1K S B ORRIRAFT, BICOWTOHME S SDIEbh D,
EBRIT, AT 2RSS Tad R UstA VB E 20, B E L CHMEM E L TORB THHHFTO 1135
RERRY,

@QHHAFETIEAT T T v EVWI AL LTt BLOXK L DOHIC, TOEEHEHEL TS,

@~V ZEABBICONTOZ, X7 LV REOFEHERIC O W ToRER sh D,

@ BNV T REZTNE L DRRIRLATIT, AV AREEZRTOIERSND, AV TRELILELD
HALOKE SIER—ThH o, Lo T, REECRENFZZTHMITEL QMM TRLTHLRLTH S,
OHIHEEREOHRE (activity referred to a radionuclide) 1%, UiE LIEad - 7= 36 T radioactivity” & it S5,
(WAL —~UL | (PV,2002,70,205) (=5 TIXCIPM#E)2 (CI-2002) %2,

Uin UBEBRE & A4 L 72 BULIE b 13%0

# 4. BN ORI EA OLTR & G5 A S Te STHNT HAT 4]

ST A BEA

AN ik S e SI %74;31[/1;? £5
ki ISZ T VRS Pas m'kgs’
# Za— bk RA— kL Nm m’kg s?
# Za— brEA— L N/m kg s?
4 YT VR rad/s mm’sl=s?
£ 6|7 T AR rad/s® mm’s?=s?
# E|Uy MEEHA— PV (Wim? kgs?
# a— Mg e JIK m’kg s? K’
H#E Ya—nrfirusamrres (Jikg K |m?s?K?
H. Va—ngExus s |Jkg m*s?
# vy A= iy |[WmK)  [mkgs®K?
& Vo= VN A — v [Jm® m’kg s?
it AV MMEA— RV V/m mkgs®A’
& [| 7 —w AN A— RV |Cim?® m”® sA
# 7 —n 4 A— kv [C/m? m” sA
& 7| 7 —w P A — RV |Clm? m”*sA
7 2|7 7 RiEA— bV F/m m?kg’s'A®
% AU —fEA— RV H/m m kg s¥A*
E P a— EEL J/mol m”kg s mol ™
EATY haE—, ELAAER Y 2 —VEEAESAE Y [J/(mol K) |m? kg s?K ' mol!
1 S5 65 J—arExa s n Clkg kg sA
%3 &7 LA ) Gyls
K Uy MEAT VT v W/sr
% 7 MEP A= briix7 7 27\ WimP 1) |m® m® kg sP=kg s
B R N B —NAENE G A— bV |kat/m® m? s’ mol

R BeugRE | i | R BeuERE | s
10* |= 2 Y 10" |7 ol d
10% | sz 102 | » F| ¢
10 |= 7 ¥ E 10° |2 J| m
0% [ x| P 10° |wA 78l n
10 |7 Il T 107 |7 A
10° | 7l G 10" |& = p
10% | # J ™M 100% |Z7=2a K f
I ES vl k 10" |7 M a
10> [~ 27 K h 10% | € 7 b =z
10" |7 | da 10 |13 7 K vy
#£6. SUZEI 22, STE R S 2 BT
4 F R ST BT L B
5 min [1 min=60s
R h |1h =60 min=3600 s
A d |1d=24 h=86 400 s
Jis °  |1°=(n/180) rad
4y | 1=(1/60)°=(1/10800) rad
%9‘ 7 |17=(1/60y'=(r/648000) rad

~J F—)L ha [1ha=1hm?=10'm?

Uy kv L, 1|1L=11=1dm’=10%cm®*=10"m®
b t |1t=10° kg

F 7. SIT/E 2V, SIE A S D HAL T, SIHL T
FENDPIENRERNAGEND D

G208 GivEea SI B T&R S 55l
B AR v b eV |1eV=1.602 176 53(14)x107°J
4 v b | Da [1Da=1.660 538 86(28)x10*'kg
IR FEEEN u |lu=1Da
KX B {7 ua |1ua=1.495 978 706 91(6)x10"'m

#8. SHTBS 72 AS, STE PR S 5 2 Ofthod AL

g ke ST AL TR SN D EME
2 = /U bar |1bar=0.1MPa=100kPa=10"Pa
KEFE U A— kL lmmHg 1mmHg=133.322Pa
Fr 72 ku—2n A |1 A=0.1nm=100pm=10""m
it Bl M |1M=1852m
2 — b [1b=100fm*=(10"%cm)2=10*m"
J v M kn |1kn=(1852/3600)m/s
O Np}sltﬁ{\‘/,&mfﬂﬂﬂﬁf;&ﬁ%i.
S Mo SRR D EFRIT AR
T D% ~ /vl dB
#£9. BEADLFZE H OCGSHIN HAL
i Eokea ST HfL CF S 55
= v 7| erg [1erg=10"J
Vs E | dyn |1 dyn=10"N
R 7 Z| P |1P=1dynscm”=0.1Pas
2 b — 7 Z| St [1St=lem?s'=10"m?s"
2 F 7| sb |1sb=lcdcm®=10%d m?
7 *+ I ph |1 ph=lcd srem?10%x
Vil /M| Gal |1 Gal =lem s=102ms”
~ 7 A % z M Mx [1Mx=1Gcm’=10*Wb
H 7 Z[ G |1 G=1Mxem?=10"T
127y F )| Oe |10e2 10%4m)A m?
() 3IEHRDOCCGSHNIF & SITHEBIL TE R, %5 [ 2
BB 27T b 0T 5,
#10. SLICJR S 7202 Dt o> BT O i
B0 ik ST HhL TR Sh 55
¥ = U —| Ci |1Ci=3.7x10"Bq
L v b % | R |1R=258x10"C/kg
7 Rl rad |1 rad=1cGy=102Gy
1% L[ rem |1 rem=1 cSv=10?Sv
7 v ~| v |1v=1nT=10-9T
7 £ v S 17 =/ 3=1fm=10-15m
A—=RMIVRAT v b 1A— hV%RH 7 v b =200 mg = 2x10-4kg
k Ju| Torr |1 Torr = (101 325/760) Pa
£ # K X | atm |1 atm =101 325 Pa
5 my | cal [teal=418587 (5T = ut) , 4.1868J
(ITIA 7 ) —) 4.184] (MBYL 1w Y —)
3 7 = it 11 =1um=10"m

(8RR, 20064FEE4RT)

]



ZOHRIISEBEREERLTOERY



