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ABSTRACT

With the increase in public awareness toward environmental protection and disaster pre-
vention in recent years, reliable evaluations of the influences of artificial impacts on the
hydrogeological system have been demanded strongly. In environmental assessments, the
water behavior may be one of the biggest keys commonly, and hence, reliability of the as-
sessments is inherently dependent upon how objectively and quantitatively we can grasp the
water movement and distribution.

For realizing the above requirement, the numerical simulation technology might play im-
portant and indispensable roles.

In this paper, the author presents the developed numerical technologies, which would be
useful for hydrogeological system modeling from large 3-D watershed to local environmental
problems.

The main targets of this paper are 1. Development of an numerical simulation model for
soil/groundwater contamination, 2. Development of a coupled numerical simulation model
of surface water flow and groundwater flow, 3. Development of an effective method for
automatic mesh generation for large field simulations.

Followings are the main contents and results of this study.

1. Development of an advanced numerical simulation model for soil/groundwater contam-
ination
Conventionally, physico-chemical processes related to soil/water pollution, such as
dissolution of contaminants to water, volatilization of NAPLs in unsaturated zone and
adsorption of the contaminants to solid, are modeled as static equilibrium processes.
However, it may be not proper when pumping of water and/or vacuuming of air cause
highly transient conditions. The author, therefore, developed transient models for such
processes, and constructed a 3-D, multi-phase numerical simulator that can cover the
problems from solute transport to 3-phase NAPL contamination.

e The transient phenomena of dissolution, volatilization, and adsorption were phys-
ically formulated based on the diffusion model. They were introduced into the
multi-phase numerical simulator of subsurface fluid flow, and the three dimen-
sional numerical simulator for soil/groundwater contamination was developed.

e To check the applicability of the transient volatilization model, one-dimensional
laboratory experiments for volatilization of ethyl alcohol in Toyoura sand and Berea
sandstone were carried out. The results of numerical simulation with transient
volatilization model showed good accordance with laboratory experiments, with
more reasonable parameter set than that in equilibrium model.

One-dimensional experiments with acetone in Toyoura sand were also carried
out, and the results of these experiments could be well reproduced with physical
parameters of Toyoura sand obtained in the former experiments and the known
chemical parameters of acetone.

e Batch type laboratory experiments for adsorption of ammonium ion to Toyoura
sand and loam were carried out. The observed transient adsorption process could



be reproduced by the two-stage diffusion model with instantaneous adsorption and
delayed diffusion.

e The developed numerical simulation method was applied to the actual site of
soil/groundwater contamination by tetrachloroethylene, and it could reproduce
the measured concentration in both saturated and unsaturated zone at the moni-
toring points, as well as the result of vacuum extraction and pumping data.

2. Development of coupled numerical simulation of surface water flow and groundwater

flow

To evaluate and predict the water behavior in a large watershed system, a coupled
treatment of surface and subsurface water flows becomes an important requirement.
Generally speaking, groundwater analysis is done assuming the infiltration from the
surface is given a priori, while in runoff analysis subsurface flow is not modeled fully
physically or not treated as the major process as the surface one.

The author introduced a physical expression of surface flow, and incorporated it into
the existing numerical simulator that deals with multi-phase subsurface flow.

Followings are the contents and results of this study.

e In stead of kinematic wave approximation conventionally used in hydrological
runoff analysis, the diffusion wave equation is adopted, in which driving force of
the open channel flow is approximated by the bed slope and water depth gradient.
Coupling with the Manning’s law and the mass continuity equation, the surface
flow, the multi-phase subsurface flow, and the infiltration/upspringing between
them are simultaneously solved fully implicitly. The developed code was validated
through the comparison with the result of the method of characteristics in simple
model.

o Numerical case studies of the laboratory experiments of open channel flow in single
and multiple slopes were also carried out. The developed model showed good
accordance with the results of laboratory experiments.

e The field scale numerical experiments with interaction between surface and sub-
surface flows were carried out. Coupled water flows including infiltration, surface
flow, formation of a pond, and overflow from it was calculated with stability by
the developed numerical model.

e A multi-layer river model was developed for realistic expression of river flows with
inflow from the side walls of the river, and applied to a runoff analysis in an actual
site. With the optimum parameter set obtained from the history matching of short
term data, the measured flow rate in long term could be well reproduced.

3. Development of effective automatic mesh generation for large field simulations
In the numerical simulation of hydrogeological environment in large areas, it takes
relatively a long time to construct appropriate grid system. Although the algebraic
interpolation methods and/or the partial differential equation methods are used in the
field of mechanical engineering, it is difficult to apply them directly to the hydrogeoloical
problems because of topographical and geological complexity. The author developed the
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Spring-Mass-Fluid Network Model for the purpose of effective and adaptive grid system
generation.

e The ”Spring-Mass-Fluid Network Model” was developed for automatic mesh gener-
ation, in which an imaginary quadrilateral mesh is constructed, having point-mass
on the crossing point, elastic springs at the sides, and compressible fluid internally.
Through the Newton’s iterative process, the model, once initialized, will transform
to find the balanced position of forces, so that the optimum shape of the grid
system is obtained.

e Applying this method to numerical experiments, appropriate distributions of grid
points were generated in complex boundary shape. For the optimization of initial
distribution of grid points, a preprocessing with FEM was introduced, so that the
time for grid construction was greatly shortened.

e The developed model was applied to an actual watershed with areal extent of sev-
eral hundreds square kilometers. A smooth and appropriate mesh was constructed
within several hours, while conventional manual method takes several weeks or
more.

The main achievements of this study is the development of numerical simulation tech-
nology that can treat large hydrogeological water problems as well as local complex water
contamination problems.

The author hopes that the reliability of this model will increase through the applications
to many actual problems, and it will be widely used for the prediction and estimation of the
limnological environments.
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(1) 138 - TARBERES—F > & LI FiE
+EH T ARB LB T A RRTEREH A VIIHE SN TV DT FELR-1.1
R, ZORBEICH T AHEOTMERRIZI W TiE, HITFAPICHEFLIEE
MEHSH T ARRBCE-> TBB LSO LTV, Wb 2BRIBET NV
DOHERITbI - (Bear,1972), £D#%, MV /noxFLr FhF7npx
F L DT AR LB DR EOTE YR IC L 5 T ARG R A &
oTL BE L bz, BRAEMET CRIXETERWEAYEREOBH 2SO
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FHEOBH & NE 3

TRTE BRY & LT, SHEIMEARNT & th FAKBREZITICIY AN SR ThH
T\ (Abriola & Pinder,1985,Falta et. al., 1992),

LasLedss, HiTAKICH L CEMREORVHENLEEEOYEETER—
ENCRRAT ATRER E T /ML, BURTIITEEL 22\, F7o, HEEtE, BEREMEL A
SLLEEFTMCENTY, B, ERCBLTE—BNICHEERELRE LT
FABRRYANLGNTWAN, arbo—ARY) 2—hZEKRE<BELEZEHERND
BER. BK, BABIZL > THTAS BV ZROMESEVEEIZIT. &
fE, EREBEYBXICHEMT S TRENDD, £, BE~OHELHEOREICH
LTH, —RBCAVWLNTWAEHET NV TIE, RROBBENEL S,
IREAKERE (MBA+HHTRAEE) 24 —5 v b& LT FIE

IRROKEREZ—F v e L, #iTA, HRAEMIIZHDWVERHEEEET
FENTT BB O FIEE R-1.2 IR T, EXWHIZIT, HTKEBOHLZHRL
U= BT F ik & HIR KRB DA% 15 & LI FEICKBIEND, £, £T
MEDFEE LT, BRCHEOEHMNHEBE L WEPRETLE, XY
WMBEHIZENLLDERNSHEERT 2 AHRETVICHESND, £, o1
B DR ATHEEBARAT ISV T, BENTANMBERAAT LA LEbOLHFEETS
(Loague & Freeze,1985), BiEICBVTHWN L DDRDETABRERIN TV D,
*7-. B Tit. Tosaka et. al.,(2000) D X 5 REAEFAVLERALKLIN TS,

SFREFNIZB TS, #RAKOFHKENZES L TIXHE AR Tik Kinematic Wave
HERERTH D, 20D, HREEOETTNLD X 5 RFAKRAEIEILT S
BAICIIAKIEOEBHEN RN, Fic EHMAZSTE SIS AR L 72
B, ¥, HiFEAK HTFADOAL v F—T7 2 — 2SI LTI, —ROICHER
BREEESNTVWS, BFEDOMENDOBRBOFEITIIBENRENA, RIKREIZ
BiTAMHAICE LTI, MFO#AED 5\ TR & O OKOBENNEHETE
BV, TALOBRSITIBROBTFECEOTHFDICETMEERTWS LT
Bz, .
IRIRARHTIC B 1) BRRITE T NMERFIE

ERTAVIES 2 SR & LT 21T 5 BRCiE, BURTIL. -7 7 L O1ERK,
FOFTHATEROZTHMBBILICR bREEAET S, ZhEBRILTHED
12, BRTHEICRKOBRIERESRMS FEXZ AW HES, BRI
FETZOHFICBWTHE, ERAENA TS,

LA L2 6, AXBITOBAICIE, ERROBHEICMA, HiZ, #EE
HIZ - - BEBAE R T O LEXH Y, FOX I RBMICEATAFEICEL T
HRERB+FITOR TN,

1.2 ABMEOHHERNRE
ABT T, FROREALEE 2, UTFOEREROBIITK-> THEEZED T,

o WU T KIS RARAT FIEDOBAS
AXREETF VBT 2 BERERBH T 5 LRM T ARG LA FIEICH
L. Bx 2WBECH L, BROEOILBIBED b LR E TR —ANUTHIE
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ARRAZTTNVOBELHNE LT, FEFOBEMR, BR, WFL ST FE
EHRETD. ARXE2ECENT, FHBOMBANC X 25 R K ITE. &
fig, R, BEOENLETo, £/, ERICHEHRE, RECBETIEAER
TV, RETVOBAEORNZIT 7. TORREZT., ERIECT T
BT FLUATR o THREINY A FTOHL RIS L, B2, EXE2S
AIEVIalb—=vayEBAL, EROBREEZRET 2,

AXERICEIT DWNERFEDOHRELEET 4 — 1V F~DEA

ARG 3 EITRNT, HISRFARHTIZ 300 T8 A #EFE A3 IR L8R (Diffusion
Wave) iEELOEA, High), RRORN LTS, ELMIORAERLEDD
2. WMRETNAVDORBEIT ). UEOETNEEBRORBIZE T 5 FHHARITIC
BRAL, EROMHE L OLBRINE1T 5,

JRIRIZ B 1) B ERIABE L FHE OB R
ARXFEAEICBWT, KXHERREDOET Y 721750, LBIZET
ZHEMEMITOBERM L PR EFHME U TEMBES(cO BBILFEORRE A
TV, EROMRICERT 5,



Eresi WIGT .or”

.

B-1.1 KXPHKBRELVENICHT HABHI /I OBER

Fig.1.1 A schematic view of hydrological cycle and human impacts on the cycle
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Fig.1.2 Schematic diagram of comprehensive environmental and hydrological model in this study




#&-1.1 IR TKEREETE BRIELAERDRBENTFE

Table.1.1 Conventional method for the analysis of soil and
groundwater contamination

R : HEMED
AR E % ) i
P BELTVWSEEY
BRowmy | WOTERRN | oo o o

o M KEE R |5 I
ERARE | mwEmomh |LLCBE. B3R, BR.
(BIRFAbriola & | ZM#T. ZRIT | BB FTEHETIL, K
Pinder, 1985) FREILAELY TR SE.

. Mk, TS, | ERILIEAE
SHTRHT (Falta| s52mBEHD |LLTHEE, B, B2,
et. a1, 1992) 3taFh R L FHET L. K.

syl ivsrviers

£-1.2 T KB LU RKDFENZE B HIELI-HER DM FIE

Table.1.2 Conventional method for the analysis of groundwater and

surface water flow

B FiE #h 3% 7K K
. _ RichardsMD (2K S8R
BERBIT—A&| EFEET AR AN
BUBEFIL, | BUIDIRELTE
S h R AR FILiE
FrRERAME. | SELTOETIVE
BAREE FErr el (AR
EENAEADA %Iﬁbﬁb;;_g:it\g:
s LlU=&kd Richard® A I
AR BRI RH Kinematic wave | A83FIFEaFH
ETFIL
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(ZR§d 53R

2.1 BMIROERSIVEB

2.1.1 WROER

AR L TRBLTHIHTARBLRARIIE T IERHERBHHEOHENNEZH — 2.1
IR, ARICTHELE LTWABIRIRIZHIT BAIXRBOET MLV TIE, T
RBIZ L - TiL, HFRA « T AROBMZBEDL TIEe<, KREIZOWTHRGE L
BB ENREN, KRICHBLEXZERL LT, IHHDVITEERKIZE 5
FABLRAFE LTHITONS, FORICHBEICL2PWEIE. FREOERICE-T
RAE0, BRHROBEER T, B—2.1ITRLEEL S IC, RafHEDOER~DHE
%, TR TFEOBEHE~ORE. i FTA~DOEMERKL RERNBEL D, BR, HTK
BLMRATIZ VTR, Whw BB AER SN TE M, ZITRELTD
Bx RREBBRETDITETMEENTZ b D LITE W EE,

#(2 . BEAKPRMERIR (NAPL. Non-Aqueous Phase Liquids. &#FrINn D) X
548 - HTFABELRIE, REEEZPOLCHEANICSERERINDIICVE-TEY, &
NELHISN TIZARV, NAPL &, Fl I EETRECRBTS M) 7naxF L,
FhrZ7anxF Lo E50RBERRLAY (DNAPL, KX W EWVWNAPL), ruv
v Pz MREMEOR MRS (LNAPL, KX VEEVWNAPL) 2825 0, EIUX
HENLERELNRERBTOLERH B EEZON TV, HERRITIHE= R b
SR BERLGNEBITHRY LT3 FENRD LB, BREOME. 15HBRMKE
A, BRRE. BEOHEROEMNY 2 EEE LEVRNREL BEEBICH-T
X, BEMIRHUR - AKEBRE., HLRBESARAEL LIS, HEET IV IREZELT
Bk EHEL, PRZTIZELBLNELRD,

PERDOMTFEICE VO TIE, BICAKREE., THROREOHE, EREVHICZK
BT T AELREE~OBRICIZEL OMERD 5., EREYR L DELROBRE
1213, HTORBEMEFOELE~DOFERYROER, LHMHEL2Y, L OFR
#4 P TRAAMEORLAME L LTRERSIBTOA TN 2, EOBEITIE, X
OFE G IBERYR OTLBGBTRE & i+ 5 & RFTRIC 1 A—F —Ll By, L L7ess
5. RO FETIE. BEOFEICBONTHLEHETFTABAVLNATEY, LED
IO RBaIEEENKE Y, . EHETALE LTORY BT, i Lo
Vha—ARY 2a—bDKESIZLST, BEREVBKESELTIEVWIFELH D,
GRIZELTHLEFEDTFALTREHEFANEV LN, ERLFAKOMESH D,

EL R OHBN OB E~ORFBRBIZBEALTH, BRTIHIZLEALEOHETHEE
FABRANSR TSR, THHER L FRICTEISEOHE ORMBEC, 27—k
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FHEORBENKEV, T, BRECHETAIHEEET ARV OPRBENTVDA,
BEBRE CEERTRRTT VERERITICHMATIHEITIT. BALMRITRES
AENEHETHL-D, REBRELMIELE L UTEMEMNICERD #& S LENEL D,
o TARFE CIIEICIEAE, HR, WEL VWO BRREIEEEETTNVE LTERLL,
ZHREOERICIZES T TKBERANTFEICER LSBT E7 VOBELR
N

2.1.2 XHEDOEH

AFROBHE LTIE, 5, WBEZERZEOKIETRTVHROBENG, A
HdH DV ITEREEEER RS L WV o T AK~OEMERBEVHR D, RS,
TS, FTAMETOXEZH—MNIZRIEI Z Litdhd, kRT3 L 51,
BIRTIE, H38 - i FABEREZHSR L LTERORT2ERT 256, E&BRA A
OB EROL Y ICHIT R T 2BMENE VIR ENRLETIHRE L. ARE
ERLEYD L 5 RH T AR~OERENEVHEDOHE TIE, BRIORFFZIT O DO
EETHD, iz, AR L L D REMR, BRH D WVIIREOMBEIZE VTS, BiFE
DOEFNLTIE, EHEFLVEACLLMERH D, BIRTIX, 158 - TFABELRIC
L. 5 EOERME, BARECED ST EATTREL2BENAMT FEIIFELR Y,

o T, ABFFETIE, BAE, ERE, RERKCBAL T, EMNICESMERHDIHEE
BHEFLOEELITV., SHERSTEIET VIS LIEBIOMEBEI L VWO THEA
FTBHZLILE-T, BRTIIE#HETH S, LA 1I8 - I TARIERBITFIEDORR

S

#1792,

2.2 M$mﬁ%mf?wmcmté%%®m%

2.2.1 FRPERBOERIL

TITIE, BB LT, HITAKEOKIRESRICET I ERDETNLICE
THHRICOVTERD, K, Darcy fil v THEITHH TAFIERLTVNDIE
LB OBENL, Fick E 2B L 3REEEBIVEBE~ORELEELIES.
# (2.1) CRENIBHSBMFBERTRBEN TS (B2, Bear,1972),

v m08S oC
| vV (DVC) — Vac + ?b-gt— = Bt (2.1)
ZIT. C:HMYMEORE [ML3|. D:HEOSBRE LT, pp: kDA
SEE ML), SHEAEMERSH-Y ORER [ML3) THZ, oBER DT, —
BENZT o Y NVE D L LTREN. EEP O OMBRAIEE CER T 5 BRA 5
e, TV VEBCERT Ao FINE (RELR 2a8ENCRLELDOTHD,
F RS B ERB RN T B R BRE & EHRENE A S~ OSBRI
&N B, Scheidegger(1961) i1, L BURBUIERFEIZEFETIETHY, K (2.2)
TREANDEHRTER L,



2.2, HWITAKBEROET MLICEET 2 HERDHTFE 11

A7
V]

= ZC. Dy 135 F L8RS (molecular diffusion coefficient). [V i, EFLEDHExS
1. Vi, V; i, EFNENijEM DEFRETH D, £, op,ar (THEBIOHES M., BEHF
W2t L, HRE L FEOBRMICUI TOBFRL B S5/ ETHY . REDKRTE
Lo Ehb, ENETFNHRESEE. BO#E (Longitudinal/Transverse dispersivity)
LEbh3,

Dij = (Dm + ar|V|) &; + (aL — ar) (2.2)

Dy = ar|V|; Dr = ar|V| (2.3)

= Z T, Dt Mo, DrirmaBEETH S, ,
¥, BE~ORFICBALTIZ. X (2.1) 0EBEIHEIITRINTWIRERDOR
FEIZOWTUTO L S ILERT D,
oS as oC

%~ "ac Bt 24

T THITATORETHS C LRFR S IIHMBIFMAYETHLD, AN
TohTWn3, £7-, BEFEHFHBVWTE L AVSR TV S Freundlich €5 /L2 X 5
L. BEBREC LEEESOBICIE. UTOBEEBERANMMN TS,

S = K,C° (2.5)

Kg 1357 B2 4% %K (distribution coefficient) & FEIIN 2R TH D, BLWERFEIZ
b=1,WOBERELREL., X (25) 2020, BEROBEMS RO, ThzX
(2.4). 21) IZRAT R L. BSBFERDT, UTO X125,
v ocC
-vic= (1 +2. Kd) ok (2.6)
F—RELLRAIBAEZELD L THHELERTHIZ, X (2.6) DABIZHND
BT, BEICL-TEERI INDIMABE L BRBHOREL L 2D, €-T.

FHiD DR (1 + % : Kd> % BIELRHK (retardation factor) & FES,

- BEOHERICBVTIR, UEoBHSBARNL., Wb dtaf - RamidFEiiksg
WOFBREZESL I, 2KHE (HE) LBREZRDTNS, =KL, BREOELIZ
Lo THTADEENENT S, FREMS FEX LY, Newton iER LD
NIRLUHENRLELRS,

PEICRLEFERR, HLETHTAFICBERLEDEROBBIZER(LLZHDOT
b, —FH., BEZ OHIK CHIENBEELL TWSEMRMERL ) /e F L
YeFhIsuuxF L U EOEBERRYRICE AT KEROBEIL. SAEME
DKIZH T BEMENEL BZFZr) oo FLrOBE, 20°CT Img/l RE) |
HAERERLKELIIRR D70, ﬁ&wﬁﬁmﬁﬁtan utoﬁﬁﬂééﬁk,
BATEICIZRERS L,

HFABLIC BT AFEICESNTY, KICFRBHEOHRBH LI VE S =9Iz, Wb
B LMY HEIEE T L2 EA L-EFITE, #TAFREBICT L TEHEREE

V(D -VC)
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FA & EA LT BAIOFL. Abriola & Pinder (1985a,b) 23HF b3, =2 Tit, &
. HTFA, FRHE (MHES L OBF). BEREEMEORFAZEBELTVD, £
DEFMCH I ER OB & A A TERRT LD, Falta et. al., (1992a,b) IZ& -
TREEN, TOFERBRETHLELAVSLGNA TS TOUGH2 ¥ X 2 L—# (ZH#A
EhTW3, £, TOBOAENT % ERKICEA L7l L LT, Sleep & Sykes(1993a,b)
RhiFonsd, 22T, UTOERILEITWV, Moz FLriddRe LER
A —N DT R L TV D,

7]
57 (#50PaZap) +V - (ppTapds) +V - ($5pJap) = Tap — Lap =0 (2.7)

TIT, BiEK, ZTER. MREEMESOMEETRL, aid, BPORSERT, S5
1348 B DETIE, 0513, 8 BFDRS a DENLGE, pg 38 HOBRLEDEN
BEZTRT, £, Do EHMARHE, rop FHREOBEERTH D, qg. Jupld. £
NENUTORTRINIBERBIOIEBEDO~NZ MVETH D,

Kk,
qp = ——2 (Vpg + 189V 2) (2.8)
ug
k: BEERT VN, kg 8L OMEXNEERE, pg: HBDES. v5: 1B DEAE

HER

Jop = —psDag - VZap (2.9)

D.gs BB RET I NVTH D,

# (2.8) 13, ZHEFBICBITHMEORBRALLBETH D, £, FROFIELL
TR (1996) (2B T HER —HTA—IERME D 3 BHOEM OB 2 FR
WEF LTS, FOETFMEEEZOWTIRERT S,

2.2.2 WERFTFE

 (2.6) TR LIBHABFBRRIHRERBE LIREMTHLBFLNR N, o T,
EZ/ EITHRENECHREREL AVERRY, FEOICHIT I RER T BEBLL.
WER BT FEERVTIAT 5, BEBILFEZRN & LT, KEARNT LB HS
BEOR Y BV FEIZL > T3BBRIZAN SN D,

Euleri% Euler ki, BROMEFRRA L BRABFEBXELELSE T, EHKEE
BEZREEE LTS RLEAINST VRO FETH S, ZHRO2BBILF
e LTIARERESCHBESEN—RIZAV LN TND, LB, Bt
BHETARAICITREICE L THEREBCV bW A — = a— T VS —Va—
ML, HREA2AEEZRTHE3H D (Huyakorn & Pinder 1983), T it 5
=izt ZRRBEBILIEE + 22/ S TALENRH D, Price et al.(1966) (2 X
i, HREREORBEERE LAV ZBEEILOEE. RAT Peclet # (= vAl/D, Al
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IREBLEAR E) 22U TIRTA & O M X CEMMBEBILETAE., BERS
REET D EENTWS,

¥ 7-. Euler IkOfEHT TiX, ARERE, EREOME CT—RAIC—KEALEARf
FRIThbA TS, ZOFEZAVIEE. FIXIEERESECRBITSAEI BT
AEMESENET—7—RBARTH L.

crti_cril w1 [ ac ™t Az? d*C |t
vy —az|% G -Aegl toEe T
ocC n+1 vAz 020 n+1
~Vzl, "z o), T30

L72B, A (2.10) FOMEFITMED 2 M 2o TR Y AT OIEEERE uAz/2
OIHBALFR%ETHD, ZORMNTOIEEERMELERLEE V., FIZETRECET
VINRRERDREERD, EL, BICEELRBEHET DI EET 5,

Lagrange & #ifADES H A% Lik+ 5BRC Lagrange BIER THOREEZTHD
LEHEIL, BRBBICEVWTHB L TV ARKZ2H IR TOEEGLEX. Hx DR
FIZOWTDESEERT B FETH D, Bx DRLFOEEIIBROTERIUED B
B (Bif) &L 5 F LRES (H) L LTRBEND, 7 FL2tn8 RO
BLCIREAMREC I TRESENDI VDWW I EL T AV BENERIND, T,
FoOEBITIRR Euler IBIC L AR BRAMBITIC K > TRD BB TH D, ZOFIE
iZ. Euler 50 X 5 REEIEMBE LRV EWIFIARSH B0, RFOBEKEBED
R BHRE R RAIBIE N E L IT VW e, RELZMEB DI DI, BT v
TERAN TALERSH Y, RFENEL 2D EHAEZZRREREZETDILVIRX
EnRdH 5D,

Eulerian-Lagrangean & Euler 55O A& £ L2 6, BESBEEZBRELLD
&5 3 %A%, Eularian-Lagrangean T 5, BiEs#FER (X 2.1) BT,
BEREENRTEL L bICETBE£EXD, 22T, 3RTBEEER TORE DR
WAILUTOX RIS,

dC _9C 8Cdzx 08Cdy  08Cdz

% ot amatwataza (2.11)
T, BEROBEEEIL,
dzr 'Uz dy _U}L_% Vz (2 12)

dt ~ ¢Rgdt JRsdt @Ry

7e7E L. Rgid, 22 CTRLEBREBEICLHDBEMRKTH D,

ZOREEF L. BRABFBRICRAT S L. BlRRESHEEIND, BHEICHE
LTiL. Lagrange tE# AV TAEE . A BURIZEI L T Euler 5 TH% < J7i4 % Eularian-
Lagrangean ¥ & FES, ZOFETIREELBOE B ST TOBRDHEHET
AENAREL 725, Konikow & Breadhoeft(1978), Koikow et al.,(1996) i%. e
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B ESEIC X B BERHARST (MODFLOW), it % KF1BBFE (particle tracking).
S HFEREESEY AV TREITT 5 #EdifRiE (Method of Characteristics; MOC)
¥ERL, BETRELAVLGRATNS,

2.2.3 ERR - EBREZODETFINEICETIBFEOHR

NAPL iz & 2 138 - i FAIBLRZE X5 LT, FfafmEFPo@ERREE. Rk, 06
HTAR~NDOBMBES R EOEBMEBEBRRENVBICET VLT ILERHD, I
HIZBI LTt BIERATICRBIT B ET ML, BFRERVWEETME, BIUERRE
B2 3 FAIDH WL ONDRFERITbh TV 3, EEMTRIZ2HFFE L LT, Abliora
& Pinder(1985a,b). Falta et al.,(1992a,b) iX 3f8{RME (Z&X. K. NAPL) #& X,
BE—E., KRELMT, NAPL BSFERFOF CTHRICATMBREIET S TER
L. BFEICRELEKT A LRELEETMEEZIT-o TV, UEIBERIIERIIIE
ROBEELHED, BRFNHBRESESEERBICAZ2ETITIH2BREORMALET
HBB, ZTOEFNL, HEABREEVERBONEL EHMIEZ D ETE+SICHED
REFLEEZLND, ITFE - A8 (1995) iX. NAPL RIEOBEIZEBR L - LT, &
fg. ERCIAEEBHELH TR, ZEOBTBRE L EHFATOBREOCEIEEE
B (T4 T AT RTGTA—F) ZRUTIEEFRETNVERBLTNS,

fEATRRIZE S EF AL LT, #l%iF Holman & Javendal(1996) iX. NAPL A6
HFR~DEAR, HEEA. /K& NAPL O#EMEREIC SV TEICERRBARIZNAD
LDOEBREBEDS L TBRILBFERXOBITRIZL > TETMHEL TS, O,
LT A FVHIE LT, Light et al.,(1990) (X, BT HERIEMMIE LS & Xt
L L. BEEWLHTROBEMEERICZENT, R (2.13) TRT—REGEE FEK
FRAWTHTRR~DHEEMNE 7S5 v 7 ZA2HE L, TRIEET 28T 2 RELER
BT BIEBAFRRXOMITARICL I REL TS,

_¢DQ.C_

or r=To - jO (1 B CQO) (213)
= 2T, D: BRI, o BREBERICKIT DY L T ROBEMIIE, Co:HEfh
BT B EFBRETH D,

ERFESICEALTY., Jury et al.,(1990) iX. NAPL & ZERO#EMME T—REKGH 2
RIZL - THEREELHEL, ThEREREEFL L TREMFICEIT 5 KHEOB ML
FRADOEIME RO TWS, BENERICX HHFEL LT, Braida & Ong(2000) i,
ERMABEERCOYBRIE THERESELHIEI T Jc L, BRIC L DR D
FENERLITV., S#TET VIIAREER COBRBAFERIC, BRICHITSETH
o Light et al.,(1983) & FERO—KREIGEERICE S ERRGL MA LT RL
RELE, BERAEEFILUTICRTEY TH D,

eranlzR:=-<K¢(C@,=R——C&’= ) (2.14)

TIZBHE. D, EIEP OIBRK, C, (HEHETOME, RIZEMEOERE. C,
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RYKRBEEEICRITI2EHIRE, K IEREEER. C, IKHFORE., Ky ik
Henry ¥ TH 5,

FOM, ruroReH YY) rOLRPTCOERICETHEROMI L LT, Jarsjd
et. al.,(1994) ix. ENERIZ L > TEILEERF KT D, BEE, e L EREORR
ROTVD, AH (1998) TiE., 4FBEDO NAPLIZH LT, ¥7 R E—X%& KK
L7=h T ANTOMEBRBEERZIT., 2K — NAPL, & — NAPL —KOEFE
HHROMEER LU IZR 1T 5% E NAPL fafufE & NAPL & K U4
R+ 5 Bond ¥ & OBE A RD TV B,

HICEERITORNE2E 25 L. HEMEBBICIIRE SBFEHERE L IFEEFERHD
EFABREZOND, BREEHEIVEREXH-NHEROEELFESO L LTVD
LOTHDHM, X 0EERNICRIBEITIT. FIKHE L EXMECAKE & OREEfE O
BHEY, BRELFHEBT LERALCESDOETHET S X 5 RIEEFRBLEL
2o TLK %, .

T KIS R TR EER T T AL OBAMESEBEL 2D 01E. BTFHAREIVEE
CHEMNIZEN T a2 2R IFETH D, FiZ. BRI HEREITI & &,
R DK & R4y RHFEDICHN, BT 2 FERIBIZA O ICER SR &
Thbd, ZOBAITIE, BEHEEHTTLVORSEREIEL RV, ERHEO TR L
PEL 2 2FEELH D, - T, BEOHME., ERAROKFHET NV L LTI,
R BV THIBENTWAREFRETLVOFRLVERENEE LN DA, BEE
DB FEICB O THEEET AV EEANICEALHITP 720,

2.2.4 WBERRKICHETIBEOHE
TR FRE~OERFIZL - T, (5RO EBEIIRIFEIZRL 5, Pk

DRIEHENCAE > BROBHER Y ~DOREFICHA L TiX, H< 1 oEKEL DIFEHRTH
nTwnw3, BEREICERARETHIMEMR AL =X2T, (1) LHFREOE
FICE > TS FRA A BB EFELNIYEEE,. (2) LA THREYE L
HEPERLTEESNALFERE. O2RCKIEND, AlSTFIIWEREIC
Lo THRFREMIREFEND, A FVROFEHRICBEALTIZ, BAA v, BAA
VEBLILHBERE. LFERELYREILEAN, RN FRAPAICHFELTWY
BBEENBNED, BA T OFRYHBELEZ LSV, RERI, FAIXITESR
A F v OFE. pH. TRFREOEH (pH DBA%). R Eh S8EE0OEE. MmED
LA VOEE. REXYAEHIVIETIEIFEMOFE, MEVOIEREIZLD
+RIFREOREENE, Kx REROF B2 5 (Brown Jr. et al., 1999), £h

LORBHERNR—ELEZONBHEITIE. BE~ORER L BEROBREORIZWV
KONDOBFEXBRBIN TS (Fetter,1998),

HEAR A — A TiE, REOFBBRIZ 2ABEDIHLEEKDO L > TETFMEESRTND
(Suzuki,1990), B—OHLBIERIZ. KFOMAAIZIKIT BRE OB THY, H20D
BRI FREIZRE LD FAERAE L2 BETARALEKTH S, WEREDOHE.
WMESFLRFEOEEBH VD, BRELEDFIRTFRAOCBELETSIESLSH
MICBEILS A b T VW3, #-oT, 27 o2BREORFANILLTORT
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REhd,

ppDsVS + D,VC = p,,aa—f (2.15)

ZIZT. pp TRITOEE, SITRER. D, IREILEARE. D, (SHFALAILREEEK,
CIlBIRBETHD, LV~=7 ufiR R r— ATk, RFRETFICFET HMEE
N L EE L, RFAOILE & RERNOILEBO 2 RRILBETET Meah b,
ERABRZL_AVANVLRTHWAEEDETF NVIERET LV EEICFEHET VICESL
FEEETFTNMIKRBEND, EBRIZELLDETABFAINDDIINNHR L T HEH
A= ko THREZN S,

THFPEETIL —AROICEDBAVLN D FEREET VL, Freundlich (2 X 5%
EETNTH D, ZOETFNAVTIHE, BEFTOEE C(mg/l). BH~DOKEE C*(mg/kg
ELT, MECHDHEEZUTORTRT LD THD,

c*=KkcN (2.16)

BIZ N =1 DBARRERETT NV EFEETIN, EOHEORK K I37ERER L M
I T3, 7277 L. Freundlich 57 /Vid, EXRMICHEKRBESHEMT 5 L REREN
WRIZHEMTHETATHD D, BAREREICERSLETHD,

- ¥7=. Langmuir (3EAEERE EORE YA MIOFHRER, —ERHEHET%E

PHEEL, BWEYA PO FRERE L HEREOFHREL Y., UTOBEX%E
WL,

c_1.¢C
cC* of B

IIZT, a: BEEFEEICETIER (/mg). B BRXBRER (mg/kg) ThH 5,

UED 2@EOEHERETT NV, HDHNIHAEELZEAEGDYE, HDVIIIELZFE
EREETTNE, ELOBECAVLATV S, BEDOE OERMOFREICENT,
TDXIREEREETNVERACTRESER BRBELRERD ST 7) &R
BHFIEN, Kix TSR, HBRMEE SR L U TEBN TV S, HilxiX. Fesch et al,
(1998) I¥. AR, HHVWEIRY E=ATLa—ALTa—T 47 LEaRDICH
L. 4-AFNT =)=, 4Sec-TFNTx/)—), 1,3-V=buxXrEr2REIE
ARy FEBIOH T LRBRICH L. Langmiur & & Freuntlich & % @& & & 7= LK
BEEFNEZEATAIERI ST, LHEAOREICKH L TENERFEREBETIET
N%EHBTW3, Huang et al., (1998),Weber Jr. et al, (1998) TII=RELEEFEMTH
% phenanthrene OWIZ%t§ 5 W EFEBR % T\ . Freundlich €7V AWT, RELE
BRICBITAEAT Y Y ADORAEEIT> TV,

7. BEOEFAVEZERTHEHITIZARVD, Geelhoed et al.,(1997) i, KE{E
GRE~DOMEEA A, A A OERRERIIHNT D pH, A AV HRECKREY
EBRAYIZEH 55 Z L, Bradbury & Baeyens (1999) Tit, #HELDOHIN T T LEVTEY
2F A h~ORELRBIRT S pH 0FEEE. LV EILFENUH» LM LETV D,

(2.17)
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EERBEETIL RERPCBITIHEEMEICHE LTI, 1970 FR L Y EREVREF
RBRALND, BlZTY VEBA A OREFIZEHL T, Muns & Fox(1976) 1%, xR
ROABDOBREICL > TRELERFERBICRH7-DI2IX 100~200 BEESTH L)
TEEREBRMIZEI o TRLTWS, BEOREFIZET MRV TIE, EFHETV
ERAWEEFMEL B LT, REFETAOEBAEFREML TS, EEHET
NORE 2 LDIX, LTO4BETH S,

1. KAl 1 RET NV
FAH 1 RETNE, BREEELBREPOREOBHBEOLELEZEELI-ETNLTH
D, UTOXRTEREIND, ZOETFATIEIHEBFIZEERIN TR,
oc*
ot
Van der Zee (1990) i3, ZD 1 REFNZHB L, BIRBEIKET 2RARE
BEMBPAATEETNMLEITOTWS,
2. AIEREET IV
ARG ETNVIIEEET LVOBREREETT VICHIET IHEFETLTHY,
WEEEER b, REEEEE b D 1 RFEFBRBEUTOLICETMEL
=HLDTHAB,

= kC (2.18)

ac*
ot
AHREET NV ERAWEEEFRERSOFEEHITL L. FlZiX. Banerjee
et al, (1997) ix, FLVLUrDTFTAT v ¥ a~OREERERNAEREET NV
IR ET LV EBALTWS, ERMALIFETIX, £OMIZ Langer et al.,
(1999) T, stylolite~D kY 7 poxFLroRFizL, RLETFLVEER
LT3, 7=, fEHTACIZ. Wallach(1998) IZB W\ TR ET L & MAIA
ANIEBTRSBERXOMITAENRD b TV, E0flt, Reichle et al., (1998)
T3, THEBREET VERWZEKE L. Dual-pososity E7VERAW <MY v 7
AZAR~DILBORF 2 BERORBIAE L TBRSEE T VMTHBZAA TN,
3. AR ET L
AWIEREEF ML, EHE T/ D Freundlich EF /MIZHIS LI=EEFET AT
b, ZIZ T, UTORITTRT X HICREFBRICHE L TIERE., BERRIC
BLTIIBREETAZERELTVS,
oc*
ot

=k CN — k,C* (2.20)

4. ®[i¥ Bilinear 5 /V
A7 Bilinear € F /W%, FE#EF /N Langmuir &5 /MRS L= LA TFIZRT
FEFETNTH D,
oc*
at
Lin et al., (1996a,b) Tix, W&HFIC K 2HEBEET /L L LT, Bilinear €7/ & H
FHATOEREINZEE I LETLVEZEREL, FEEHAOBEE~ORE
RE*E7M{ELL T3,

k1C (B — C*) — kyC* (2.21)




18 B2E IR T ARTOMEBBMRITFEETIHME

FOMDETMEFEE LTL, EBETMICLDET M EOBIRHIT NS, Fi
%1¥, Smith & Comans (1996) TiZ, HEHF O ¥7Cs DBFICAA L. B LIKMED
MICHERHR — 2RELEDOY — VA TRBEARIC L > THEMSE L, Ths
WEEELERETHETNVEB/E L, £/, Morrissey & Grismer (1997) Tid. #4
TEBI T I ER TR EMORERROERFER LY, Fick OF 2 ERIICES
SEBHERETT VERREL TN,

2.2.5 HMERPOVMEBBICEAT IHEROHRE

ARLIZBNT, BEMNRFET—< & LTIERERDY EiFens, 288 L5
BN, FNCHBEDOHIKERE LIEBAOIFEMEABERNE L THLHENTHL
T3, FIEOHEBERFICHEMEL TV A HHEBENCE L T, #iTAS L RERIZ,
R (2.22) TRENEHRFRICK T 2BHIBFBRANER SN TS, £OBICHE
HE LTI, PMET MEREND, - T, BRKCBNTo#E: XETIER
. EEAICHIIT BHGED N TH S (Fischer, 1967).

oC =0C 82C
5 tV%% = Poz

HMERFEFOHDEBECETIHETIE. ZOFBEEKD OREFEHEICEHTILO
BEHRTH D, HlziE, McQuivey & Keefer (1974) Tidk, A Fur/ 7 7nbHEH
ENBHRE, BNBICBTHHEHEK. PL—P—RBROORODLNDIBEFEHHED
DO HBRE A HET A HFIEFBEBRLTWA, £/, Liu (1977) %, Kousis &
Rodriguez-Mirasol (1998) i+, FMSMIENOFENMEZMUARE ., FESKE L
TROLNDKENRT A —E PO BHEBEMET 2HELRATVS, FlAE, &
FZBWTIE, BTEANOREOIE (w)? & EANEE u.. IV~ ER « ORIC,
(un? = ¢ (ua/k)? EVIBHERERE L, BRACELNIHBEREOR LY, UTD
BfRERD TS,

(2.22)

0.49 \/gRS;B?
0.6x2 h (2:23)
727ZL. R: B, So: KKEAE. B: KE, h: KETH S,

—J. Snyder & Woolhiser (1985) TiZ. /KEH»ODHERFELH I ENERIY,
BEENZEVESICRTERETTAN, LPRVBEERBRERN 0 DHEITIIBIS
BETNRRELBEET NN, ERFERLEAGESBN TV IELR LT,

D=

2.3 HBEtERCYEBRHICRHIIERAEXONL

AWML TIT, BBTAK, K. NAPL REEHOMRENCBE L Tk, 3MRITIREN
N BB A E WERFRANC X VR 5 (71,1997 Itoh et al.,2000), MY
WEBELUTOREZ®EL,

O #HBIT—TFBETIZHHHLDETH, 127 L, #HTOFEHMRBEEE(LITHERER
BITHBLEZDLEEZONDD, TOX ) RBEELRIBAICAAL, Ehis
bETHBEELRE T2 2 L TERT D,
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@ KHIEK, BFEEEMRDO 2RI 2 EH, EIHITERBS L UOHER L7- NAPL
#8te, ¥/~ NAPLRiEHHIZ. NAPLZNW BB LUK EZELLOLE—ELLTE
25, TNEFNOHE, RH0EXKEZ2K— 221277, FRNEFNORPIZEITAER
SOFEERIR. RFCRLEESRAVEIEL TS,

@ 2TOHIIEREEEZAE L, SHOKENIIFEROBEE B LU 2HRADHEXE
BROPEASDOEICL YV REAT S,

H— 221K/ LmE 31T, RIZFHETOAS B VIIZERICHT S NAPL O E#etk i
1T B AR, o, FHEFOR UL BEBRIBICRIT 2K EBLSEOERELTH Y,
£HIZBWT, UToRXRTRENS,

Vee
Ree = V—S (2.24)
weeS
Vcc'wS
Rew = 2.25
Vwch ( )
_ VccaS
Rea = /2% (2.26)

_ Veees + Vasees

e = T2 (2.27)
. Veews + Vwews

oy = 2 (2.28)

g = Yecas + Vacas (2.29)

VacaS

ZIZT. IBFD—XFH (c,w,a) iX. FHPORKS (NAPL FiK, K, £K) #RL.
WD ZIF (ce,cw,ca) 348 (NAPL JRiKHE. KM, BKH) 277, EEEKO SITE
EREBICRA LR THI2ELTT, UL, EHIZBWVWTR & alZBL T OBIE%
TrRand,

ap=1+R, (2.30)

T AREPOBEFERS. ERETOERGEMEIL. TLENOHEOTEIEIB
fit& Fick D 2 ERNCES I L > TBE T2 L E 25, 7=, ¥EMFT Lix, 3
BIAEEFRIZLIC5EA D I & T, BFENRT . BRESOBEICE D BRI E H
FIBE 1HICE L O TRERET S,

T IT. K, ZEX. NAPLFiX. EHFEWHE. BREYHED 5 I3 L TOMEIRX
K&, 2 ba—RY 2— LTS LmESREB X UWESE Darcy Rl & © #H 4 5,
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kkrew krce
/'l;v ' (I-Lc'chw (V\I’ )dv +/v (NccB (V‘IJCC)> dv

_ 0 (VéSew V¢Scc>
g5’ — g5 = ot ( B.. + B. (2.31)
kkrea 3 V¢Sea
f v. ( ) (V\Ilca)> dv - = ( B ) (2.32)
/V (kkrccRcc (V\I’cc)> dv — ugg,—cccw _ ucg—c(éa _ u’cS -r _ qg'c
V¢Swa)
=5 ( B (2.33)
/v (k’“’”“”R (Ve )dv+/V ( cwv( ))dv
+ucscw +u2gcfuw - u’cS — Rewqs’ = — (M) (2.34)
at Bew

/v (kk’“ (VT.0) )dv+/V ( wV (R—“))dv
Qca
UG8 — U — U — Reat = 5 (l’%) (2.35)
EFNEFhORF O U IEHEORT v, KITRER, b (IHEMBER, pidks
e, B iXAMAE. SIIAfE, D InBEREE TRT, EALRBL Vo iIR—
22 CRLZBEETH S, BRF cw iTHITARIE, cc iIERHEM, ca iIZTZKHEE
Y5, QIIRARHETH Y, EBRFIIHE. THRFTO SIIEIERELZRT, uidEH
HFRMEBERTHY . cc-cw,ca-cw,cc-cald, TNENBEITT L BEIEDOHETRTA
YT I ATHY, TIRZFD S ITEREREBO NAPL 2R L. KD cc,ew,ca 3tz
TY, HRBHOET LI OVTIE, KETTHEL RS, uly",(p=cc,cw,ca) I,
T A B IXERAR D b ERICRET 5 RETT, X (231)~(233) . ThEh
K, BR. MRS EHREOMEINEK (REREBTOERRINEK) 2 RTKBHFEXNTH
D, BEOZMEREFRRUCHIET D, iz, K (2.34) BLURK (2.35) 1%, #HTAHE
BIUOZEEHFICRALZHEDOHKEIZRL, Wb aBRoBFERRIIHET S,
EFNENELE 1 EIBREA, F2ENOBORICHY T, FREAEKBIZ, —f&HC
REERE LM TOEAREICBITIF—HEEOHENSDIERMELTHIM, 22
Tit, BETHRE L7-UTORBERXEZAWS,

B.. = VcwR — (Vwcws + Vcch) . VcwR
o Vwc'wS Vwch (Vwch + Vcch )

(Vwch + ‘/;:ch)
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VccR
B, = 2.37
e (VcccS + Vcch) ( )
By = (14 Rea) — V3R — (14 R 2t "f (2.38)
“ @ (VacaS + Vcca ) e ca '

T I T, P XEMES, P FERHEOLETH D, ULOERLFENICKITS
FEBUZ. (Yeow,¥ea-Yeo,ScwsScarScesRewsReasRea) P IEETH Y, HFEXOHF%E £
BEoTW3, ZIZT, HFHORTF Iy id, FRDES (P) LERENLRD L,
FHOBRMEOMII1I THEIL2b, UTO4BREOMHMFBANEIND,

¥Yew = Pew — pewRIZ = Pec — Pe,cw - pcngZ (2.39)
Uee = Pec — pecr9Z (2.40)

Vea = Pea — peaR9Z = Pec + Pe,ca — Pear9Z (2.41)
Sew + Sec + Sea = 1 (2.42)

Peow XI5 RRAE L I TAMOBDEEEN. Peeo i3, ZEXHE L IFRWEAEOR]
DEEES., ZIXRE (TRE+) ThHhD, BB, BHDOEE p,r,(p=cw,cc,ca) iT, &
RO TICBTIEBEETHY., TNTNERATOES, BEXVEHEINS,

U EDR (2.39)~(2.42) # EMAFRIICRATIZ Lick . ERAFENIT. UT
D5RERD,

[V (2 (VP - Prcy = peur2))

+ / V ( krcc (vPcc - pccRgZ)) d’U
PeeB

_CWw _ _CC V¢Sew V¢ (1 - Scw - Sca.))
a5 ~ds = 3 ( B B (2.43)

kk, ca O (V$Sea
/vV . (MCGI;; (VPec+ Peea — pcaRgZ‘)) dv—qg = En ( ¢ ) (2.44)

/V ' (k:: (Vpcc PccRgZ)) dv
cc—cw cc—ca cc—r __ CC .g_ (V¢ (1 _ cw _ ca) Rcc) (2.45)

—UcSec — u’cS cc ~ Ucs =
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/v(“mﬁ”wp—am—%Mﬂom

L (o0 ()
¢S Rew ) (2.46)

<

cc—cw -r _ cw —

0
+u‘cScw +ucScw _ucS Rew as 6_

/ v. (kk’“‘R (vwm)> dv

Beg
AL (“VQ+Rw»d"
VoS R
U+ U U~ Rundf = g (L) (2.47)
ca

Z 2T, ERMERADTEREMERE Rec 13, BLAITKIHBFELRVBEITIE 0o
THY, FENCHEFCKRERBET—ELEXDIENTE D, oT, f#TICEIT
BRI, (Pee,SewsScasRew,Rea) P SEIZAR2 D, K (2.43)~(2.47) ® 5 K THELH
BE[REL 2B,

BXEZRICE LT, HBIESHETHOWOLRTWAFEEZHV, 2/HEZNE
SHEZERN O SHRDHMBBERELHE Lz, ANTAHEMNEERIT. HTAME—F
B D 2 R IEER (KVC(S,),kYC(S,)) &. ZEH— AN 2 HEMExHE
BR (kCL(Sy),kCE(Sy)) TH V. Hl& LTHRHEAOHEIZERIZUT ORTHE
Ihsd,

wo [(keC | we) [ kEE | oL WC , 1.GL
kree = k¢ ((k—;c,-c-ww )(kwc+k )-(kw + kS )) (2.48)

ZZT, YO, MITAK-BRMERO 2HRICKIT AREKEATIR S, (BT
5. ERMEHROHEMEERTH S,

AFEICBIT 2EREZELERICBO T, #HE, BRIC L) SHEOATMERIE
BRamMEUTERZZELHVBEIN, TOHBEOMAMBERIT, BEATMRICKT
HELELWEREL,

2.4 B -ERBEZOETIE

2.23 IR L 512, BE ORIV THAE. EREORLKT, MEHET LV H
AVNIHEERTEERASLE L LEEBEETAZAWELORERTH D, LrLen
5, AROGKEEZF >z bo—ARY 2 — L% —BEL L LTIT) BERTOEES.
ay ha—ARY 2— LN TORMYEBSE £ BEMRITICHEZSADLERH D, £
T, AR T, AIEISR L2 I EARFEIAIC, BFROKPHAME 2 B8+ 31F
FEALTWSD, TZTEELTWAERIT, BEMNCIX, (SRHEOHTARK~DE
fiz (X (2.45) B LV (2.46) FD ugg o ucs o)« (GRME O REAFIHEF D LKA~
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DEFE (K (2.45) BLU(2.47) FO ulg P uis S ERIGRAMEOKTE, AHARET
DEXPFHNOHTARP~DOER (K (2.47) FD ugg;gw,ugg;z}") Thd, EREICHT
TELTWBHRIL, TOMICHITROER, BFRVWEDLERIGICEZEE. SR
ENEBEXLNDZN, XFETIIMIBLODEY EiF TV, LELERLERD
DIERIIFEROET NV CHRRBFATRELEEL LN S,

24.1 FEMEOHTAKADOBRICEATIETILIE

AR TIX, IERIEOERICH LT, FEFLEHRETNVEZRH NS, fffTo= b
B—LR Y 2—ARIZBWT, B— 231277 & 5 2 BETRIRIGEERE & #i FARMED
HpAEE L LT, SRHEE L EROERE » RMEMREOEER L L, Higbie ®
BiES (M, B9 1996) ICE S T ARF COLBEEE LT VEERT 3,

BT o 2% 1 RTMR LD LEEX B L, Fick OF 2B L2 RESLIZ, B
B C(kg/kg) L LTUTORTEREINS,

oc _ 9%C
Bt~ Tvagr

7272 L. Dy 12, HETFAMENICET 2EMRCET A IEHRITH Y, RRLBES
LB E LN, EKENTOYFIBERESE LW EEI OIS,

K (249) KBWTHERARGLE LT, BEO L LTOHEARB L UCEREL LV,
C(x(>0),0)=Ccw,C(0,t)=Cas,C(00,t)=Cery L E 23, =75 L. ERBEDOERIZ, =
YhE—VRY 2a—ANO+SEFEEZ D, T T, BE Ce HERBRETHET-
H, BEFBRFO Ry LRUTOBETREINS,

(2.49)

Pec,cw Rew
= : : 2.50
Pw + Pec,cwRew ( )

cw

I T\ Pecyew FHRIEIRTD NAPL DERE, 0, IIKDOEETH D, #HTFAHES BN
ZERHRERRE T 2BE8ICT. 22 Fa—ARY 2 — LANOH T AEOEGFEL
VHEBREIHBIC X > TET D, > THEITIBVTiE z = oo KRBT BER &M
BEALRT y TTEICEHT D, UEDEREFTR (2.49) DEFTAEL L TLLT DS
Bons,

C—Ceu 2v/Dgeyt
—_ .51
O — O erfe ( = ) (2.51)

F7o, Brfl] At FIZ NAPL & TR OEfEmRE A~ % i@iE L T EBET S
FPERREE uls S ik, T X dicke 5,

¢S, cw

cS,cw

ugy = 24w [ 2 (@, C) (2.52)
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T ZT. NAPL L HIFK & DOHERETE AV 13, FHOFERBIIL>TRES
N5, EBRIZiZ, Hung et al.,(1998) iIC X 22 LHEEN TORBERERTHRS
nTWA LSz, BILEEANTIZ, NAPL II#UNMeEfE o o® S, REaf# Tk
TR, BMETIIH TAKERELTVWELDEEZLND, LLRAL, —KiEH
L LT, NAPL A F L Fo 2RO ETBE T2 LIRE LIHSE. NAPL LH#1FXK
& OEMEREIZ NAPL D 2/3 Tl 2 L BESN, FHARARE XA T 5%
BITIR, EFEREIIATE L EERE 2D ZEBBES NS,

TITE, arho—nARY 2—ANIZEIT S NAPL, #iT Kk, ZROGEKE:
Bl— 24T R LEXHICEELE, TORPTIE, NAPL & #FRKDOEEMHEHE A
iX. NAPL &, BILUEREHMTAOFERELERICZL-T, UTO K3 TREND,

Ao = Ad (V (1 = Sy — Sea))™ (--Sﬂ’——)ﬂ (2.53)
cemew cw Tea Sew + Sea '
EEL, Viday ba—ARY a—A0EHE, y1id. HROEHEOGEEREICL S
FETHY, BITE LByl =2/3 L E2 N5, 2. y213. HFEPK
HOMTAE, ZRHE~OHEICERT2HBETHY, K- 24 IZR LB
TiEy2 =10 L BESN R, FAEBH D WIEEAERORIIC L - THERFE(LS
®5, :
T ARHEREOEMEMICETIHERK (= V=7YV I T77/4—) T
Ho., BEISFRAUBR TN ONICHEBEL TFETINELES>TWNDIN, RED
RECHET B LD TH D, b L NAPLAZEICHBEL THFEELTWD L ThL, #
MEEIIRELRVED, HELIRTFNEBORBIHETELD Z LIIRFRETH
BOT, WA CTABBREZEZ RIZRORWETHD, ERLEDBEIIT, &4
WE-oTHAIABRERBLYVBAIEERb D EEX LN D,
- T. B At BICOBEMRIC L 2BBHRIZ, UTORTREND,

Sew  \™
Sc'w + SCG)

Ddc'w
\/W (Csat — Cew) (2.54)

DEDKTRENIENFEMEHRIVERL, T ABPICERIND, BED
BAIE. BB, HTAELE bICEETH D=, FRICET 2IERHEORL .
WMEITZELL, v’ ITus ™ ¢ —8T 5,

¢S,cc ¢S,cw

us =22 (V (1 = Sew — Sea))™* (

¢S, cw

2.4.2 EEMEHLERADERBEROETILE

AFRIZEBOTIE, EREARIIH L TCOBM L RRO—RTLEHET VEER L
(Itoh et al.,, 2000), Z#LiX. BEDPHEIZIRIT S Jury et al,, (1990) DET ML E
BERlOFELEZD, 12120, Jury et al.,(1990) i3 &F BT L AV L DT
»H5,
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ERERIIBITHALERET VAR LEFREEZ D, Z 2 TR L NAPL FikHE
OREERAMICATMBEOERAELREL, KHEATO 1 RELEBICL2THEORE L
REEFNELL,

SHEICBIT8BEIL. SEOEACL-TELRT 3, (5EMEORMAREE
Piat. KABES% Pog(= Poc + Pea) 55 L. SAFIRBIZHIT DBRE Ceasar (FEAT
OXTRIN D,

C .= P, sat — P, sat
cehsa P, P+ Pc,ca

BYHER L SEOEMERICEL T, M- 24 TRLEFEICIYET VLT
be.

(2.55)

v2
Accca = AP (V (1 = Sep — Sea))™" (gzsfg) (2.56)

HiC, 174 LART v, B At I CTORHANTOERIC X 5 FHILBOEE X, 2
ToORTEREND, EL, BRAEGIBROGE LAKRICEZD,

cc—ca 1% S 71 Sca- 72
W = DBV (1= Sow = )™ (525
Dvca P, sat ,
—Cea 2.
TAt (Pcc+Pc,ca G ) (2:57)

7272 L. Dyeo 3. RHEICKIT ZERICHTI2HERETH Y, IZIEZIENICBIT D
SFBFRELE LW EEX LN S, K (2.57) TR LEBBEEISMBICEITSIHD
THY., BETHHERYEATICRT D ERERTEETOEICERT D Z L TR
Hod,

AERCOEML LT, BEXFHETH Y HOENLIZERTECEVIREBEZRE
1oL, KRR g S PICFET 2 FOEM 0 ik, BEKEORES

BRIVRK(258) DL HIXRDONDB, 7L, JHEFOFRMEDTEIX, K[
BLHEHEOER ClifafmARELEXD

Paatuﬁcs—c?

FEL. REEER. THMEETHD, - OTAKICEIT BERWE D EERE
BT AEHEIZ. o FE M. NAPL L?‘{&@Elﬁ Pec & LT,

nM MP, satucs ca
Pce PccRT

cc—ca __
cS,cc T

(2.59)

ki2p,
- T, BRI At H7= 0 ICIFEHEHEILCERICE > TRb DEEIL.
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52 =DV (1~ S~ S (g2e)"
ucS cc cw ca Scw + Sca,

MPsat D'vw Psa.t
pecRT \| 7At (Pcc + Peca C"") (2.60)

MP, sat
cc BT

Lo THEZN S, Lt¢® 2, BRI X D EEE(LREE 25,

2.43 TEHOFLMEOMTKE~ORRIZET 3EFILEL

FEEMFICRBIT 2BERIZL > TRERITHERDERFET 2 REBICEBS VT, By
HPBRFELROHITABER LE LGS, JHEH O TAE~DIBELRYE DAL
AULB, 2T, ZEXRPOFELRYEOH T AMOBENT, SH-—#TAKEEROH T
AKERITOHEBETVEE LS,

Z 2Tt IEBOFEITRRICT A RR R TH DK — s T AREER O # T AR
DETEBE (Copp) % Henry DERICE > TUFT DL 5 KRET 3,

ch,b = HPCGCCG =H (Pcc + Pc,ca) Cca, (261)

ZZ T, Hix Henry EEDOHETH D,
Ihhb, BRETNVEAKROEREHE2ERT S L, BERIA t Bick\ T, B
g A~ 2 @@ T 5T RKEFOFEHBEEEX. UTORTRENS,

Dd
ca—cw __ ca—cw cw
u’cS,ca. =2A A

(H (Pcc + Pc ca) Cca - ch) (262)

T, IR BMEF R TARERICESZTAZLAAETAE, SHELHTF
K OBERERE A~ FUTO XL IZEZOLND,

AT = A (V Se)™ (2.63)

K (2.62) TRUEREITHTAHEPICELIETH S0, FHELLIHETIRIC
BETH-DITE, BRCBTIRBELFOBRBEEITV.

ca—cw _ o gca— cw/\pcRT Ddcw

ucScw M (H ( cc + Pe ca) Cea — ch) (264)

2185,

ZITETMELIENEAOHEBBERL, ZRFEXNTHS, X (243)~(247)
IZRAL, HHOBEBI 2 SAERFENTERT D, 22 CH LN BB
CEALTYH, REKTHIES, faE, BEOBEL 2> TV 5%, Newton iE
ICEBBOBLHENLEL RS,
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2.5 EHEICBHIIEARXRRSE L UHIERR

1990 FRIZAD, Fo v E0AMEMRIC KL 2 L - T KBELROBIBESEE
LT DIZ0EV ., B2 EOMBBERRATE P TORBRRUE L TV < 200 EBREYHF
KBfTHbHTWV S (FlXiE. Galin et. al, (1990), Fine & Yaron (1993), Jarsjo et.
al,(1993)), T o DBlZ, v rERANWELDOTHEIN, oV idAREER
DIRILKRDBREM TH D7=8, AJEZOYENHARETIIRZY, ARXTITL Y
EVPHBETHDITFAT A I—LVERNWT, ERERORBEFEICET I Ny FE
REToT, o, BRHRAOKBHR S L ERRRLERIERBT 272012, 2K
TETNERAVWEREREER L,

2.5.1 ERFROFRKFHEHICEAT IEANGR

AR L7z & Sic, EREABICETIEAERICZEAL TUIW L 21 0FBFIRHESH
TW3 (Bl ziX, Galin et. al., (1990), Fine & Yaron (1993), Jarsjo et. al.,(1993)),

INoDFIZ, TrI Y ERWCLDTHDH, 7o dRREEEORILARE
DEEVTH D78, BRIEEOMENRABETIER,, RRXTIX, LR ULFER
BRAR T SATBTFEOEAMLZENERIZL - TRHT 2720, ERMELE
LYHEDRABETH L= FATAI—AVERNVT, BERBEROFRIKEFHICET 2ER
2fTol, TI T, TFATNa—LTKICs L CERERE W -H, 3HREICE
WTIENAPL L3RR DE¥BZTRTH, AERTIIKESERV2HERETHD =D
BUNZRERMEDR L LTIEYEEL OIS,

EBROEHN ZEANERIL, BER. EEEHNFONRF A—FHRRLRDIZAREENIC
BT HEREYR OB RER, LBRREEBTS LB ELTERELE,
T, ERT—FE2AVT, BRAEEFERE T TN 2 MUA LI SRR FED

BRAEEEERT D,

EBERE L URE

1. ¥ FLDORIR

HRCET5 1 REENERIT. BAE, BRMESRR S 2EBREOSILERE
LT, BHiE%ER, Berea WEZXHRL Uiz, Z02@EOHMBHIEL TE,
BEEDOHFEIC L > THHEHB /T A —F L LTOREMNBER, BEEHCELT
REORT—FBBONTVWD, i, BHELEDIX S50%KAEA 0.18mm THIE
H B VIIEIBRENHRIEVHE TH D DR L, Berea #&1% 0.00lmm 7> 5
0.lmm OFEHOHBRBLFHEFEDL., BREFLEA—F—RL 5,

7o, BREEWRE LTI, BE., #SHEAK. BIJEMNBEMT, »HEXFD
HHAKICEA L TOBEERET — IR FET DLV I BBRTIFAT AL %
Avic, X THICHBELE LTWAIERMEIIER - BRUEMWETHY, =F
VTN A= )UK~ DEREN BN -DIZENLO[/RITITFZEY LRV, LAl
RS, REANERIZBODTIIESRRECZERE L F LTV a—LE RN
51D, TFATNLa— L L EZROEMENOOEBEOLBELCDEGTOER
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B2E - T ARPOYMEBIARTFEICET 3HE

ThHd, WoT, FUIARNCHEETHHE LTI, ERMEQIKE L ZZED 21
k2%, ¥lc, TFATAI—LOERIEIL20°CT44Torr THY . #REJICE
BrizoTwa Y snuxF Ly (AEKE60Tor), ¥ hF7upxFLy
(20Torr) (EnEh. () {LFEHHFMHTIEHE, 1997) L BTV, FO7-
D, TFATNLVI=VEINLOMNBHE L, BRICEL CIREO%$EB %2 R4
RSN B,
ITFATNIA—NVDZEKP TOFBAIICBEI L TIE, 1T 25 CloBir 32K
HADFLEREDE L LT, 1981 FEERHER TIZ0CT6.86x10~6m?/s &\ 5
ER#ESN TS, —7%, Reid et. al.,(1958) TIZEE 40 °CT 1.45x10~5m?/s
BEBREL LUTURENTV S, ERET CREF OILBEEASKTHRED 3/2 RiCk
BIis LV oBBREAWD L, 25 CI BT 5 ILBARBITZ N2 7.8x1076m? /s
BLU135x107°m? /s & 7229, BEEREICB O TLXMICL BIEb ok E
VETHS, 22T, ZRPTO—RIEMRLBEREITV, =FLT L a—
NDETP~DIBREEFREH LT,

YUV ORER X UERIENE

& AR B EREHEMAR E LTH - 25 107F, UTIC, #4—2
ZOWTH > S AR IS L OHBFEE 2R

o TFNTNI—NVDOERFIZEITHILEER

TFAT N A= LVDEKFIZEIT IEEHERIT, AR 4O0mm, FEE 5lmm
DHZABE—H—FIZZF AT A a— 20cm? (EFEH S O IRiEER S
16mm) #HBLREBTERLE, ThiCk-sT, TFATAI—ARE
MOE—A—EEET, BE LI FATAa—NEEET 5 ElT. A8
WETIL 35mm ThH V., EEPETT B IOENIEEERENEL 25, Torr
DFRERFBHN L, SIS X A BB RIS, IEBEERED-1 RICHHIT 5 -
EBRMONTND7D, HO U+ itiEM s RET LY, £
BRICBITH5EET (GHEERHER) ORBNEMINIERYFTE 3,

SITR ZFAT A NDREE—EIZRDTZDIZ, B—%&HE0 3R
¥ 25 15,000cm® OAENICEEL, BE1CHOHF—FRF v M LkoT
KIRZ 25 CitfRotz, AELEIT+DRES 2 HFOENICHEB L, =F
NTN A= VDEXPICBITHIEBEE L RO D=1, BRLExFL
TNa—VOFBIZ L 2BEEEL RO DILENH D, =2 Tit, ik F
NTNa—) EBRDOREIFIBAL TS LREL., KEANERIZL-
THRTIENESTEZ2BEIL-bDLEL, 2070, —EHHTLIC
K§Wm6#/7w&ﬁotb\wﬂﬁfii%#MTéhkfﬁmoﬁ
KEDFHAEIT o7, BRIIDAE00Ig DEFRITEHAVEHAIL:, =
L, BEEHEFHCIEI—BAEN LY IARBRO B L, BEISEZLER |
HHH, E—I—NIZBITHZERTOBESHIZITELNNSAE U B TREM A
A5,
o TFNTNaA—LOZEERNF TCOERER

BREED+=FALTNAI—ADOY 7L, NE 40mm, ES 5lmm O
H7ARE—A—PC LB CEBEED L RE LY I AV, =
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FATNA—MIEREREREITOANI, HONLOREDEBELANT
BHEEREKTHRENIY, ERRELOEEENL, ERERLF LT
DRy X VRETCORBREHA LI, ZORKREL LT, EREROLH
FIZBITBRERRIZ048 LW OHOREREB/, Vo IAREFIRIILUTO®
DNTH5,

1) b—H—0&EHE MRE, b HE S i ZRED (30.7cm®) O=F AT
Na—LixHbHUHE—h—RNICHEHT 3,

2) TFATAI—LEANTE ==/ L, LE»OCEEDZETIE
THET D, EEDHREBIC LERTFAT A= L TEATHWDRLETE
RT3,

BEDOFRELAVIIAMIELTIX. XERTIE, donrlbe—h—
FICEE L= FAT A — I L, EERFETIETHRE, fafms
¥, RRETFATAI—NEZREETHHFEEZRA LN, BEDRERTEE
IZBAFRIETH D Z L BRER TE TRV, SHITFAOEKMERIZL -
T, ERREOEED TENOTFATAI—LEBMEEDFIELZMD N
ETHAHD, '

BEDTOERERIT, B—RBTERLEIV VI ETHRIESED
SENTERPICKEL, —ERMILCERAELTT . EREANOE
Bz BiT A EHRRIZIOCTH-7-, . ERERNY (EF) ki
ANREBOEBEENINTCTH B, LrLiehd, EREER LERNX
RS EENREL . EHBEXORBLZ T2V, ZRIZHBMEEL
TWaEE2 BN, ARBEBOXENILERABELICERL, RS
SEEHORBLS T AL EZTY, EBABUIMESHEED 3/2 FIZHAEIY
B b, HEERED 1 AN TOEBIL, 1 B OKIRA 20 'C~30 Cof
ECEETA3LELT, SHEEETH D, LB X 2 BEEEIL Higbie DR
BH TIIILHERE R 0 1/2 RICHAFI L. Torr OHEBIEZED T3 HLHUER
MITHBT BN, ARBEHNILBUEEICS 2 BT, 3%~5%E
ETHBILNHESND, BEPIHBTSZZLICL-T, ULOREE
EOREBIIZTAL00, K1 LB HIROFLILEITIONDS, 22T
3. KEBEESHOEBIILEOL I IT/ASEVHLO LHE L, BRKERHGTO
EBREITo T

o TF /T Na—/ND Berea Wi TOERER

Berea BV iZ. H 5 UHEFNBEARRE ER L7227 ZERME TS
#HELOEHAWE, YDA XiE, AR 40mm, HS 70mm TH D,
EHR S OERERLFERIC, YV EROZERBETHDIT, U
TOFEIETRELX{T-7
1) o nehbbomrlHrvl = VEVBANIETTAF v I BENICHE
L. EEBIMEE2VarTa—F4v Iy L a—T 4 7&ICY
JarNOREDNTE=HIFvr—F7 LHEER 7T 1 REBRERZERX %
1To7,

2) vV 2 v EICLE R 24 FERIRBRRIC, YT EREZTFAT VI
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AR, Tor—F—LHERTRAV, 4 BEEEHRE 21To7,
) YU TANLREPRELLWI LEBR LB, Y Irie+ok
IREEF/OENICBWTERTICKEL, —ERBIZ L 7VEROG
BI%#1T > 7=,

TFATNa—LVNTORKEIEROY 7 VEREIZ, 13.9g. 30°CHE
BRETICBI D= FATAa—VEEIL0.78g/cm® THHZ &2 b, HZE
BRI LS TH Y IAFICBE LI FAT AT —T 17.8cm3 Th - 7=,
B—70y 7 nbEB LY ZMIBWTER L -BRRAEORE.
Y TN ORRBRRME 200%0RBETHDZ L2 b, HERRIC I~ TH T
MTIZIE 100%88f LT\ B Z EnfEES R, . ARBELEBIOREIC
BLTid, BERMLERRICE X LT, HARBRIZHEVRIROEE LT 1,

Wi, ANIZLEME (AR 50mm, B S 5mm) #=F L7 A0a— L THaMESE,
¥ —LVECBWTRIR (25C) CTHEL., EMMICEROBRA2To7-. AIZH
BRI OMBRERIIFEREDCERLY 0.5 TH Y, BAEEIE1.3x10"2cm/s TH 3,
ETREND T —RCBITHEROEXRB LI VEREE K~ 25277,

B, RR2BERMEHEICELIERE LT, SEDHLOERERLFA—HY, X
DE—=H—IT, T b TRMIEIEEDEFTELLLET, 25COU+—F—1X
PICHHE LERR(LZEHMICEHRIT 2 Z L CHREEORBELAZHAIL -,

ERERSLUER I T = FATAI—LOERENRERE S ERTHICE
iy D=0z, ERRE L TERBBHEOY VNI FATAI—LERIZHLT
ER HELEZFATAI—LVERDOHEAYERLE,

o TFNTINa—)VIKEH D DIEREER

TFATNA—LVDERPICB T HEBEEEHOZDD, E—Hh—HNDOx
FATNa—NVEE»PODEBERER L LTHERRORKFELLZRK - 261
Y, EEFRIOREL, SFED 10 THS 0.1g LIRET D &, BERERIIN
0.01 DEREZELLEESND,

EFRIBVTHRA SN AT FAT L I— ERRIIFE L L bic@mL T
5, TIT, BERBOFMEMIZEREEL LTEEL, HEMEOETRER
LEREEOBRERTOIC, BRRLEREEOBERELEN - 2.7I0RT, =
AL BREDOETICREWEREEIIRAICETLTWAERSS, Thit, &
BLIZTFAT N a—VRERIMIBHIND T TOHEBIC L 2 B8 EEREN X
FAETICLE TR BRo=EHEEZLNS,

o FRIEWD ) b DER KR

iz, BEDHLDZFAT NI — UBRERIIBIIAZFATAI—LD
ERRENELCEZR - 2.8IZ7RT, ZFATAI—VEKEI LDy —R LEE
W2, BRFHRENCGEREOBRELZHET S L, HBEREBOMEZEITN0.004 LR
Bbond, £/-, ERRLEREEOBFRELR— 2.91RY, EREEET, £
BRBAMEZ DR TRMITETL, £0%. = FAT L a—L2EDK 20%~
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BO%NERTHEM TIXOTHRETHEMICH Y, 80%MER LB CTHESR
BICET T3, St RICIE. FARBEHOREOFWREELHLIEHNR
AT ENBM, YU IARNOZFAT A I—LNERAERT D E COERE
BEELLEBT D E+HDITNIVWEEBNETHD LEZLDND,

o Berea RV b DIERER

Berea WEICBIT D= FAT N a—VEREEFELEZR - 2.10 (CTRT, #F
ERERAWEERICBO TR, IELENER, HRTHIOICET IRMMZ
IFT0BREI Ch o= Z & LB L, Berea BHEIZIS\WTid, 100 BRI 2B LT
LRED WBIEENERTIOATHD, HERRLEREEOBHGRER - 2.11
2R,

BHELTiZ, #ERROLR, TROLY Y TAROZFAT VI LVOR
AIREV, HEREENPEGAMIIETLTWAZ ¢ HiIToN b, Berea®EnbH D
HERERIIBWTHL, AREEBHORBLEZ ONIBERFEDCEGH R LN
B8, EOEREERMEAR» O RS LEBIT/NE N,

o AILEHLHEMELILDERER
AISZILRMEHZRBITI AT Vv a— L AFEORKELEZR - 2.121277, A
TEAEMEOBREIT. YAV AL XA/NENZ EHH D, fafE 500 4
ICBWTIZIESBNER T, HEREEIX, BHIZEROREE LRRRIZ. T
a— L EAATNEN 01 BEMLOREINS,

o EEMNMNLOTE N OERER
BEDHOOT £ b OEEEROMFAT—F 2K — 213127, T b
DEREERERIBEDLLOTF AT N a— VERER L RROEM 2R T
B3, #4910 B¥R TRAED 0% LD T & b EFE, HERL, MREOEEITHL
TIRRERBVEROND, :

o —RTERBERERIIHTHER

ﬁ%iﬁﬁgc‘: LT, 1 Bfsi-vicy v Em lem?2 MHHERER LI FL
Tha—LERFHE L. BERE. FE), Berea WEICHITHERR L DM
FREELHDTHE- 214 1ZFT, ' ,

—Bz, BLREENTORERSR T, BRI VEHECKENO R
D EOEBEEIITERPOME LB L TIES RSB, LrLenb, BED
MHDEREBRORERIT. TFATLI—LEENODERERLEBL TS
EKEICEBEE N RE <, MATHEREE? 0.3 55 0.8 DFEICD > THREE
EMZE—BCEVRRERLTWS, Zhid, Jarsio et. al,,(1993) iIZ81F D
ravyERVEERE LEAT S, JOEEE LT, Jasi et ol,(1993) T
X, EREDESRTFRE~REL, TINLERTHHIC, BERE DM
SR FRERICL > TERENATVBREWVIEFAEZRBEL TSN, &
BYTIE, BEEDOEEEHORBIZLDZFATNa—LDOLREDEEBRK
EVHDEEZTND,
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B2E 18- TR FOYMRBERET FIEICET SR

FOEBEL LTI, B FATAI—LEEH»LOERERTIZ, KT
BETICHEVEREENRAIETLTWAZ &b, EREEITERGOMEIC
EKELTWBLEEZLND, —F., EERDHOLDOERERTIZ, = FAT L a—
NEEOK 0 EEBDANIZBRE L TWAZFATLa—LOERK220bL, =
DIERD, Jarsid et al.,(1993) TRLTWA X 5 RRFRE~DERMEIKED
HECLD2EMEEDOERICLD LEZD L, ERFEENRE VEIRATLE
ThH D,

7272 L. BUZ, Jarsjd et al.,(1993) DEF L ERATHHEE. HFREOT
Na—nb LR ORAICER, SEBL, = FAT A a— e BROEMEIT
WAZETT 3, — 5., BEDPFOERERTIE., VIHRBRCHEREENKE
<IETL, ZIFEREEN—RBIGEVEREE T, RKMICEREEITRER
TFTLTWS, Km» b DERERTIL. MIMBRROEREEETIIRHKICREN
BH. E0H%, EEEEIERCETT32EAIED LN, Zhhb, KEHS
BTz onT, EBREERERMIBITIEVIMENE LN, 5T,
BEDNTOREBBARICBIT 2EROLEREERTLET METH L, HER
BESIZIE—EDPBRM TREFEACL - T FAT L a— L ¢ BROEME
B, YU TVAO—EOBHSIERFIN, BRMICETENCL>THREFT
ERL BROTBET, HEMESRAIET T EWVIRREITHIILNTE
5, —F. RFRETOT N a—VARFEORRICSES L, EREEMIF—F
IZ227=01I2i%, BREMETT A I N TEMERENERTIEVIETL
BEZOND, ZHiE, HFRENODOERN—BRIZE LI DO TIIRL, HER
VBEITTDITENT, EBOKRTFREICTAI—LABEETIENIETNLE
2%, LML, FOBATH, BELETAI— I EENLERL, FORE
WICHEBEERIZIE—ELWIHIBRAREFETNMET 120K, THALDOIKMET
Na—NVOWKEEERTILERFDI-D, RREHEEAOXBLERTS
TLRTERLRY, MELVICEUDET VLB LEZLND,

F7-. Berea W EN L DERERIZE VT, FIIRMEICRIT 2 ERREE T
FATNA—/VIREP O DERERL LB L TREVRE, = FATLa— Lo
RBEP 15% L Ro BT, ERFEEIREIODEEL Y L& B, =
OBRBIZH LT, PIMBREITRE» > OBEBRERLEBEL T FAT L a—
NEZBEIDREDS LEORBIERGEV 2D, PR T B ERE
EERLTWAN, MHEMET TS L FATAI—LDORA~DRHIZIESR
HOUBEECHREIND 2D, EREENBHMIZETTLEVWIEFALTR
ANFEETH B,

Wo T, BEWDHELRERY, BEEAN LT FAT LN a—LEEBRD
REB—RIC—EORE SR TN S &idE 2 #v, /=77 L. —ARHIC Berea
BEDEEENIMEER LEBELTRKEVEWIFBENRELS, ZHICELT
X, RET Berea WWENDERLEF LAICHTIETNVEBEL, BReiTo
TWwa,

AERIL, BN T=HEBBE LT, EREERERED 2HZETH- =
7=, MEDOLEOHEBIIZIT TR, F-. REODEFET. 1ZLAL
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REBRNTRESIN, AEMOEAE. REERNIETEZL DHE 20~40dyn/cm D
WHEICINED ., KERBOMBRNWIEND, ZFATALIa—LOREL LTH
ZIFHHO RNy JaoazF L S5 AVWEESTH, 20 R & L TIIRIE

FROEREBH LT ERTHRIND,

2.5.2 WBIZSL2RTETIEZRAN-ER

I TIRERMEHROBHE L LTHBI L, KEOR5NIZ L 5 K[EOFHE & & LeliE
2RTETFAEAVZERYER L. AATFEOERAERITICRT2EBRM L L,

KRERBLUFE FERCAVEEBOEXNKEZR— 2371277, F&id77)Y
NBTH A X1 50cm(KFEFH ) x 20cm($AE 7)) x lem(BAT &) & L7, ARSI,
BAR lmm OHF R — X% FE L, LHEIEFAKE Lz, RELAETFIAE—XDE
BEBIUOKHEEOER, V17AL—XEKEELVERELEETS L. 042 Li2o
7o AREOBEBEWH S 1.4cm, EE 5.1cm OALBIZRH L, 4.7cm3 D=F AT
a—L&, Y)Y PRy7 (HARVARDHY) AV, 130 M —ERE TEAL,
H 7N, BHRAN 10cm, B X VER 10cm, HE 3cm OALED O 100cc DERE
600 BRI CHREM LIz, =FAT A a—LEABEEEDY 7Y v/ R%E Nol &
L. BREBREOY 7Y T E%E No2 ET 5,

ZFATAI—AEALRBIZE Nol O FVIERFOTF VT AV a— ViR
EMNEW-H, HIEB 25000ppm @, No.2 D% 7V BIEREE 2000ppm D 7 /v
a— VAN AREEEAVTERTOZFAT A I—VBREZRE L., T ARME
NOOBERMEIZERICLALAEHATHD -0, ARIZHIENSR L2 VEBEE
HBEL B, ZOERTHV = 2000ppm A OKRHE TH 50ppm, 25000ppm FH D
BREE T 500ppm BEDOBRENRIAEND,

ERERLLUER NolBLIWNo2D@H»7FI 7 RIZBITIERROZF N
TN a—LBEOREELE R — 2.38 1R T, HPCIREEicL T Ty o r
BLFRBFICRLTH D, $r 7V 7EN-E5P0oREX. anRLzk 5ic, ¥~
TV IZEL-SORNBORECENHELEEZ LN, HAREELRAEINDS D, 7
S 7 IR, RS HICREEHAE R L=, Nolid, =FATAa—/VEA
BTV, T FATAI—VEASEOTRERREHLRENSBICER L, £0%
IFE—EEEZF - T3, £/ No2iZBW TR FAT A I—NEADL 30 77
CRELESBH SN, BREIZHGAICERL TWAE2, BELROEEIIRHL L
HIZERRMIIR2TWNS,

BAEREZFAT L I—ADOFHEEIT, EABRICIETHIIHETL, £ORIIER
WKIB-> CEFICHEIT 3, £/, EEAHRKINATWEZ L2, @HRLEZERFD
TAa—LOFRITSAE LS ICE#STS 2, No2iZBWTRRAI SN RE EFITHEA
SRS OKEFROIHE, BEEEOTAa— KB L ER, B> THED
ENBZLDEEZLND, £, YTV 7ORBBELE. HABRICITENLR VA,
P 7Y oI Lo TRFH BV EENS T F AT A a— VREMMENZERY, ¥
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YIS RERICRET S, 0D, YTV TETE F7Y L TRNCK
WML TEEIETLTWAZENTFHTE S,

EBF KB FAT A I—LABRED D VITKEFRICHEE L TWSERE T,
ITFATAA—NLEERZOERBOBENIL > T, KEAFOZFAT IV a—LVBREH
BLTWS, =720, BIET—F Tit, No.2 iZBW\THKEPREN 4200 LI
IHIEF—EL RO TWBENDL, ZOMGETHREOBEINELEL TS EEXLND,

AEBRIT/NAT—VOERNERTHIHB, BERPOTFAT L I—LVRED ERIL,
BASBDE T TR, BEARALLBN-BRICBVWTbLER SN,

LSHROERFERERL LTI, UTORMRSIT LN D,

o FUTNENKRENDDERE Jem LRV H, EEH»ODEIBAOKERIER
FLENRW, $ 7V TRE, REFACERACERTS2HFT, LV 2K
TR RBRESHBERTELTHS I,

o EEDOEREEELBIRT D LE I BT, EXORS % X 0 ERAUIITV, 5
RV ZAEEORO—HERNTITIRETHS I,

2.5.3 ERERFBRICETSERETILORLERS

BERERIBITZZFATAI—-LVOHEKIBEIEX, =FATAa2—LOERLER
RA~DILBEED 2 BEOBRBICE > TXEINTVWS, T I Tk, FRXTHREL
7 fEfRAT 2 AV, BENERRROMITE2ERTHZ & T, HHBEOHERET LVOR
UL RETT D,

ERFOIFLTLI—VEHEHOBRE ZITRE-BREELILT, =FATV
a—LEENO DERERBER LY. ZRPICBIT I = FAT VI —LVOIBREE
BHLE, BHAELLTE, = FATAI—VREZBMRE, AR LE2BEO
DHEERE LT, ARBEOCIEBIZET 2T LER Le, TFATAI—VMIER
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fRLTIERME L ZRTOERMERMOBE 2 €7 /UEL TW27eHIC, ERYEIT
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AIEIC VT, HEOMEBENER Th 5 BME L ERIIOWVWTHERILEET
MIEBETMEEIT-T, ZI TR, BE~ORELRKROEEREBRELTET
MEZETT 5, Reichle et al., (1998) DFH#E+~< ~ U v 7 AN~DILEE TV LR
RIZ, 22T K- 2.4 TERMISTRT & 5 REEFREBROEFAMLET ),
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WERSIIBFC FERBICEZEL . BENOHBELYEREDT 1 RTEBic L > TRF
FREICEIE T DLW ET AV EHEL, ZhiE, I70MRBREOETTLELT,
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Exbhd, TIZT, IHEBICBITARERES So L5 L. REtIZBITIRER
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t
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0
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R[RETH B,

BEDOETOT—RZBNT, HEOLBRE LTIX, EREEEERE (1~
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LIRERZR - 2.50~F — 2.56 ITR T, 2%, HREMIRESHLOHEL 5m?/g
L7,

T Z TR NI HBREIE 1.0x1070m?2 /s TH B, B2 6. EROBELLA 5t



2.7. FEEREFCETIZENER .45

BIZL o TEIEENCIIR LTV A L EZ LN AN, EREEZSRTS &, FILERRIC
BEELREEENELC, HHBEL LEMAEE L%IC, BVOREERICLS%
EVELCTWAILBRAZITONS, FABOBRSIT. U BA 4 OREERIZII
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o BREFEERORE

Ca1 = 1.31C952 (2.71)

o D—ALDEFE

Ca1 = 0.76C9-% (2.72)

ZIT. Cal RE—BREORE LT 2RMENLBER (BETREMY). C 119
HOBHFT BV A AV BETHD, Zhnb, E—BETOERHLRER
X, VW5 Freundligh O E FILRTRBRTIENTETHY ., Hioo—Lii
DNTiE, EOFTHIZTREICS LR ICERIERERNREIND - LARENTE,
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BN X > T, MAARE IO RUTOREETT hF 7 unnFLUBRESMETL
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FNT N A=)V OEEDP TOILBRETH S 2.0x107m? /s LELWE L, =,
FrSuaxF L rOKRPOIEEEEICE LTI, ZREPOLBFREL v IThE
ERTFHREND, #o T, AMEORDFORBAEEKE LT, 1.0x107%m? /s Z{RICE
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Fig.2.1 Schematic view of interactions between chemical contaminant and groundwater or air
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Fig.2.2 A block diagram of phases and components in multi-phase numerical modeling
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Fig2.3 A schematic view of transient dissolution./volatilization model as a diffusion process
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Fig.2.4 Three phase model and relationship between saturation and contact area
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Fig.2.5 The schematic view and pictures of volatilization of ethyl alcohol
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Fig.2.24 Calculated vertical profile of ethyl alcohol saturation in Toyoura sand
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Fig.2.25 Calculated vertical profile of volatilized alcohol concentration in gas phase



76

Volatilized ratio

051 Toyoura sand (Saturated)
Permeability 21600md
Porosity 0.48

Vapor Pressure 78.4Torr i
e m o :Measured

: Diffusion Volatilization model
.......... : Local Equilibrium model (D 4;ng=7.0 x 10" m%/sec)

Time (hour)

Bl —2.26 BREFTHETILEEERLBRETILEORITE RO LB
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Table.2.1 Parameters for numerical simulation of volatilization experiments

Parameters Toyoura Berea Artificial Toyoura (Acetone)
Temperature (K) 303 303 298 298

Permeability (md) 21600* 150* 13000* 21600*

Porosity 0.48* 0.2* 0.5* 0.48*

Diffusion coeff. (m?/s) || 2.00x 10~6 | 8.0x 107 | 2.85x 10~ 2.51x10~6*

Vapor Pressure (Torr) || 78.4* 59.0* 59.0* 232.3*

Contact area coeff. 2.0 2.0 1.0 2.0

Capillary Press. Fig.2.19-4 | Fig.2.28 Fig.2.19 Case-4 | Fig.2.35

Relative Permeablity Fig.2.21-1 | Fig.2.28-2 | Fig.2.21 Case-1 | Fig.2.35

*.Fixed Value
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Table.2.2 Parameter settings for numerical simulation of vertical 2 dimensional ex-

periment
Properties Values
Porosity 0.416
Permeability 1000 darcy
Vapor Pressure 40.71 Torr
Temperature 292 K
Diffusion Coef. 1.5 x 107%m?/s
Relative Permeability || Fig.2.39
Capillary Pressure Fig.2.39
Contact area coeff. 2.0
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Table.2.3 Physical and chemical properties of contaminant in numerical experiment

Properties DNAPL LNAPL
Solubility 0.2mg/kg 0.2mg/kg
Vapor Pressure 20.0Torr 10.0Torr
Molecular Weight 165.82 92.14
Henry’s Coeff. 1.2atm 1.2atm
Mass per unit volume 1.62 0.8669
Viscosity 0.82 cP 0.82 cP

Diffusion Coef. in Water

1.0x1077 m?/s

1.0x1077 m?/s

Diffusion Coef. in Gas

1.0x107% m2/s

1.0Xx107¢ m?/s

Initial Concentration in water phase

0.0

0.0

Initial Concentration in gas phase

0.0

0.0

Contact area coeff.

2.0

2.0
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Table.2.4 Physical and chemical properties of actual field application

Properties

Hydraulic Conductivity 3.0x103cm/s
Porosity 0.3

Diffusion Coefficient in Water || 1.0x1075m? /s
Diffusion Coefficient in Air 2.0x107%m?/s
Solubility in Water 0.2 mg/kg
Vapor Pressure 20.0 Torr
Molecular Weight 165.82
Henry’s Coeff. 1.2atm

Mass per unit volume 1.62

Viscosity 0.82 cP
Injection Rate 0.016m3/day
Injection Duration 20 years
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Fig.2.75 Calculated concentration of volatilized contaminant before countermeasures
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Fig.2.77 Calculated concentration of volatilized contaminant in cross section before countermeasures
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