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Development of Intelligent and Adaptive Computation
Framework and its Application to the Simulation of
Groundwater Flow Coupled with Heat and Pollutant

Transport

Student : Jui-Pin Tsai Advisor : Dr. Liang-Cheng Chang

Department of Civil Engineering
National Chiao Tung University

Abstract

Difficult to modify or extend the computational functions of a
numerical model and incapable of integrating artificial intelligent
methods into the computation kernel are two 1mportant issues in the
conventional numerical model development and maintenance. Therefore,
this study proposed a novel numerical model framework to improve the
numerical model developing efficiency. One can easily modify or
increase the computational functions of a numerical model developed by
the proposed framework. Furthermore, the model can integrate artificial
intelligent methods into the computational kernel. The whole framework
is denominated as intelligent adaptive computation framework (IACF)
and its development was divided into two steps. The first step was to
develop an adaptive computation framework (ACF). The ACF can
facilitate the development of a model with the flexibility of adding new
functions to simulate new modeling mechanisms easily. The second step
is to integrate artificial intelligent methods, expert system and artificial
neural network, into ACF and completed the IACF.

After developing the IACEF, this study applied the IACF to develop a
simulation model for solving groundwater flow coupled with heat and
pollutant transport problem. To examine the accuracy of the simulation
model, the model simulation results of several hypothesis cases were
compared with those of Tough2 and HST3D. The Tough2 and HST3D
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have applied different equations to describe the flow, heat and pollutant
transport problem. The IACF made the model comparison became
possible within a limited time. The simulation results showed good
consistence among the three models. The situation not only verified the
model accuracy but also, on the other hand, demonstrated the capability
of IACF to improve model development efficiency. A rule based expert
system and ANN model were integrated into the simulation model.
Simulation results show that the model can adjust the computations
according to the system states and effectively improve the computation
efficiency by activating the expert system. The embedding of ANN model
was also successfully verified and that demonstrate the flexibility of
IACF to integrate various artificial intelligent methods. The flexibility of
modifying an exited function or adding a new function in a developed
model by using IACF can increase the model development efficiency and
facilitate researchers focus more on the problem mechanism instead of
program coding and modification.
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2009[46]; loannis, et al., 2010[47]) > f )t HEiE HR-F & - BiEAR o
Malekmohamadi % 4 (2008) & * #g4¢ 15 4 & B~ (5 4 1 i (8 i 50
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PT _ f—l (SiPT) (3_4)

min Z = (S/" - S;)’

s,t

(3-5)
Si* =f(vl*)

344 % fE N EE B RE pE T
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B 3.7(a) » ™3 & B] - Delaunay Triangle -~ Ap#8 & BLE7:d 22 7 &
Bl > HP N;~Npo ~Np¥ Np 52-5 &8 B 4palch= B & 81k 5
g = £25,d 2t G EEF TR S 2 = £ A4 5 Delaunay Triangle -
Her v 2B 5 HBBA; o B2 NINANg = £ 357 % Delaunay

Triangle » 3% = 32 87 LRI (V)5 = £352 b > B3 =
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Bl 3.7(a) ™% & B] 22 Delaunay Triangle -+ % [

V12 BN8 V13 BN7 V14 BNE V15
N6 N7 N8
BNg ............... T—_—_}%IE_ | _—"!iT_F_ |............... EN5
| | |
V8 1L V9 L V10 L Vil
g A ki
|L7 |L8 |L9
| | |
N3 N4 NS Cell boundary
BN1EJ]i """""""""" ___EEE_ __ais__‘% BN4 — — Link between nodes
| | | L!nk Ioe:'tween hode and
V4 L Vs l V6 J V7 simulation koundary
To T3 T4
| | |
NO N1 Ne
TUIT, A ___;Q.II_ __AQT_l___;(..; BN3
Vo V1 V2 V3
BNO BNL BNE2

Bl 3.7(b) U3 BRI 2 P EAF
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N& N7 NS

i ® -
Material #1
—
N3 K N4 NS Cell boundary
o =4 -

- B f if i
Material #2 oundary of aquifer properties

Material #3
NO N1 ( NS
®

|

347 F R F X LA E B

B39 iz pefpdrn LR 2 mfRaRxez@ghixe
Bt 2+ = @ ¢ 5 ABNBCSCD- DE ~ EF ~ FG#: GA > #
B R 2R s A u|T 5 BCHL ~H2 - #3 ~ #A S #5 ~ #6 B1H#T o
d 3401 H2 TP EREEREEE AR ARER 2 23
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BC #5 e
BNg T BN7 BN6
BN i NG N7 N8
BC#6 [gerermererncens B * Bivssnereonsrnses
BNS
G BC #4
BN10 N3 N4 NS — Cell boundary
............... % 24 Wasasarasiiniana
BN4 =% Node
.......... Link between node and
simulation boundary
D
BC #7 Boundary Condition
BN11 NO N1 N2
............... B ® O BC #3
H H BN3
BNO BNI : BN2
A BC #1 B BC #2 ¢

Bl 3.9 HEEesst = 2 F

348 BRI R AL EG R B

B 3.10 5 R b e aped 7 LR R MR S e il o
PR L HFHFE g By = BAR®E A% 5 Source #1 ~ #2

B #H3 o A B S RN ~ N No2 i1 3R e
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Source #3
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2 X o4
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351 H g e 2V & 447

3.5.1-1 2 A2\ B s 72 A 3

AN TET HRREE ) R G AT UL AH D AT

SRMELZALRTH EPMTERZ S RNE LY iR

\+N

5 % HAp
TR Tz AR F T AR 2 f R R M e (B
PO RN L SN RRI BT RENE RN KRER
BT L G- A o
BTG FiES ARt 2 AR R o 2 AR T A A

(3-6)~(3-10)*77 > (3-6)N 5 FEF RN oo E 7 E B § T g5 A
B2 G-D)~Glo) A2 fe e d 36T v FE K
A E s Nl B KRRV, Vo V2 Bp %k @ £ K2

oEE Sl F A F

ETINS

VN R 3 SUFEVEIREREN I N
(3-7)~ (3-8)% (3-9) » » b o BV EEIL AP T GE 2 AR 5N 2 AR &
B %o 4o 311 #77m o > FlAAT T P Bkt 2 RES RN RS
G R R R R R e 0 F 4 Ve s FiRl Bl

VoI he o dEm RfERPFL 341 8 BEF7 I 2 2N f, RIS
B Vs AV, RE Vst B> 2,77 RESEV, > A R

BV e v B A2 g RITRBE Vo d Q7 gt TS 25N Y L
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FRRoom R AR 2 FHAPRY BT RS RN RN e B o &
& (fo >t >1) > (fo>1) o (e >fg >f) » 2 B2 Kfj2g R L (f >f

Sty >ty ->f) s B o @7 R ERA SRR 2 2 T fL2 o

PN E BB M AT PE - Ry o BT L FagEy

= H i

ETIRS
=

A RS L SR RuAR il REE A

S RS I

fa(V1,V2,V3)=0 (3-6)
V=t (Vs) (3-7)
V,=f(Vs) (3-8)
Vi=14(V2) (3-9)
Vs=f(Vy) (3-10)
fo | | fe |
Vi——+ Vs
Vi=1p(Vs) k ﬂ Vs=f(V4)
| fa f. |
«——V,——————————
fa(\/vl s V29 V3):0 VszC(V4)
fq
Vi «—V,
Vi=f4(V2)

Bl 3.11 = A25% 4p % B 7%
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3512 E % e 258 B & A frp

FHEHEF T EDARNE T BRI FT L asir 2
BN E B AEE LRI E RN OREER o RE - P2

EE A SR RIE RS 2 S RN R FAE B S AR

Bz S8 GEFA1T RIREY €7 HAFRAE  FI AT -
"Rr e R EEAFER P HR A I RNAELS o - R
F2e 7 BN 5 - BIMEEE RN SR e 5

B> 5 BT BHRIEF 2 245 3 N2 K fFER - T B BiE T

203 RFEEREE SN 2 MR AP AR kg
WA AR B REF M G el A 5 Bl 7R AR o B -

JETE A A

7

=
N

i3 2N de N (B-1D)~(B-17) %777 » B #- f25N 8 s
oo W R ek 32 477 o B L BREY AW REKE 2P
0 & >N A%l | A4 8i >\ p ¥80 2 &
2ORRNZERE FMF -GN R FRAIRENL Hp ¥

s Vo2 Voo B%SEc: Vie it 2 238 &27¢ >3 el f 5 35

A2 0@ 4 RV s FEREEFEFEREK) -
Crror= Fa (Vl, V3, V4,V5) (3—1 1)
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Vi =1,(V2, Vi) (3-12)

f.: V5 = constant (3-13)
Vi =14(Vo) (3-14)
Vi =1(Vo) (3-15)
Vo =1(Vo) (3-16)
fy: V¢ = constant (3-17)

% 3.2 FE? b2 B8 f2V A AL

= f, fy f. fy f. fr f,
% ﬁ;u FOoOA|(F 1T | (F2m [ (33| (347 [ (357 | (%617)

#e

Vo 0 0 0 1 1 1 0
(3 071)

A\ 1 0 0 0 2 0 0
(3 171)

V, 0 1 0 0 0 2 0
(% 271)

V; 1 2 0 0 0 0 0
(% 3 7))

V, 1 0 0 2 0 0 0
(3 4 71)

Vs 1 0 2 0 0 0 0
(% 5 7))

Vs 0 1 0 0 0 0 2
(% 671)

error 2 0 0 0 0 0 0

()i * Bk % % (tree search)>t > 425V & & &2 47
M= o g2 3 RN EaE 2 S et R RS T okt
CARSNEE Y LB AR Rt R M RE R L RRG

(7)o A5 2 BART R bR A0F 2 ¢ 2 A5 A (Depth-first) 5
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ETIRS

Wk Gt 32 RE>RNELE H P RIEKERTES BN 2EL A
oo R F RIS ARSI - A 0 PR A L R T
P AR AR R TSR - RFWE S 072 p Ak
A EEYES 12 R 485 (1,0)0(3,0)0 (4,0) 0 (5,002 &
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2 RBo T2 BT RO WFRREL R TG R T R
"R ORET PR EEY - PRS- FE A
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o RV BBV, 2 R Vs k) R ECR BRI S HDR
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~
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My, = pwlvdarcy

N ah
Vdarcy Wl ds
[, pugdz
h=p+({=p+ (4, - )
pw
L n’ exp[a’ (P — P°)] forp >0
n’ forp <0
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F 4-la # ToRTEREE D AESY REL

(4-1) |(4-2) | (4-3) |(4-4) | (4-5) |(4-6) |(4-7) |(4-8) |(4-9) |(4-10) |(4-11)
p o1 0 0 |10 0 1 1 0 0
h oo o0 0 0 |0 1 |20 0 0
¢ o 0o 0 0 0|0 0 2|0 0 0
P o 2|1 0 0 /0 0 0|0 0 0
C o0 0 1,000 00 0 0
T oo |1 0 0 /0 0 0|0 1 0
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pow | O | O |2 1 0 0 |0 0 |0 1 0
pwi | 1 0 0 0 0
Bow | O | 0 0 2 1
Hw | 0 0 0 0 2
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Sq 1 |0 0 0 0
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My | 2 /0 0 0 |0 00 |0 0 0 0
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Qw1 | 1 O L0 0 |0 0 | 0 | 0 0 0 0
Viarey | 0 00 L0 [0 0 |0 |2 0 0 0 0
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7 Ppw K BAE 1 1
8 Pwl 1
9 Hpw 1
10 Hwl 1
11 0, )
12 Sq e fo R 1
14 |ty (Eed ki pRaag 1 1
15 | My RiFEEF 0 1
16 = My HEKE 0 1
17 Qw1 ERI A 4 0 1
18 | Viarey (L7 iR 0 )
19 Ap,  [AREREF B E 1/0 0

89




Fo 43 B TR g A A
ffrER 1 213 45 6 7 8.9 10 11

B AR [(42) |(4-5) (4-9) |(43) |(4-10) |(4-4) | (4-11) (4-8) |(4-6) |(4-7) (4-1)

412 it BB BT
T B R e 0 (4-16) 5 TR AR50 2N (4-17) 2 54 (4-18)

Somi AR > B Nt BH 2 RN KT R p L iE

ﬁi X o

412-1F >3 g\ B &

4-1
ftt+At{ fcv HdVCV} dT+ft+At fde — ft+At (DT =01 = (4-16a)
ﬁcs(hdif + hadv)dACS; H = rlSdpwlll + (1 - no)psq)s

: 4-1
ftt+At{ fcv HdVCV} dt + ft+At _ ft+At qu(dt = 0 ,H = (4-16b)

ﬁcs(hdif + hadv)dACS; H = rlSdpwl(Z)l + (1 - no)psq)s

: ot (4-17a)
hdif KH eq 3¢

; oT aT aT (4-17b)
hdlf = _KH,quS Dgls s Dls{na_
H — _ Dgls Dls_ln _ pwlsH,les pwlSH,len
DY =pwisulD=| 4 nul= D D
Dns Dnn PwiSH,I1Vnn PwiSH,1Vnn
fladv = My hy (4-18a)
h,qy = myy 0 (4-18b)
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KH,eq = rlKH,l + (1 - rlo)KH,S

[, = IJAPWS_1997_Internal_energy(P, Tx)
h; = IAPWS_1997_Enthalpy(P, Tx)

0y = sy X Tc

@Bs = sys X TC

sn
D= [D Din
Vs Vs VoV
Dss = ap = IS
|Vdarcy| |Vdarcy|
V.V,
Dsn = Dps = (o, — ap) -
| darcyl
VoV Vs Vs
Dhn = ap = IS
|Vdarcy| |Vdarcy|

(4-19)

(4-20a)
(4-20Db)
(4-20c)
(4-21)
(4-22)

EEG GRS B AR FIEE AR A i B 7

22 250 o 34 (4-162) % 5% (4-16b) AT 35 iy
T2 AR 57 22 Tough? v #sk 380 7l
1227 Tough? ¥o3 2 i B 9452 f258 - &K > 4o58(4-16a)%77F > @ &
27 HST3D fi5V v s dd » FIpt At E S 5 A28 ff 4 i3 1

HST3D #8 2 #i B 2452 /28 — K » 4o (4-16b)#7 7 -

4 (4-16a) 5 %% Tough2 z_ i B = 53 B\ wrak 2 2 T j5

FHEH - A AP R R R E

R RG 0 [ AR RIRA gt
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R PR RTERZBE A PR A S A E R

g oo poit 2 d TAPWS A7 2 i 20 2 4758 93t B 43V (4-20a) o

P L R F 2 55 (F-2)0 Bl 5 4 b Hisy (28 B T2 At

Ho Te2 HimioCeptohod W R ee g XTRRA 2 P @

FALHMEHETHETL SR A 2 TR R

HF &4 A TR R 2973 = 2 2 ae ' 7%(4-17a) & Tough2 2_ ¥
FeR At S AR > R s B2 2% (Fourier's Law) » &

Tough2 4 + & # chut 7% s (thermal ' mechanical dispersion) o h gy B
ZE IR o A TAAR > HEFR A ﬁd 4 PSS
w4 i 3R 38 (4-18a) 5 Tough2 z_ ¥im38 ezt 8 = 4238 » H ¢ my, &
FokimenE e FFARRT RIS o R A KR AR RRS T2
B w2 B B AT AR R RIS R k22 e 55 (4-16D)
5 5+ HST3D 2 v & = 452> 4258 #raE = 2. 2 4758 » 54 (4-16b) &2 ;¢

(4-16a)zt ’}##Exfr P H RSB X2 E 2 NG AR oo 55(4-16D)

-

SoRB M- O R AR N KRR R L S
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dokinenE B FEAFE Gk RN KR TR B Psk
et #sy kbR R Te > 4o (4-200) 517 o F b & HST3D 284 » 3%
Bt “9BA0IE hyyeef st B 274 > # Tough2 % % £ 2 4¢ (dispersion)
Pl 0 Tl HST3D 20 “Ppcs8 " eefi 5 #-k #5428 4777 (thermal
hydrodynamic dispersion ) » 43\ (4-17b)#75 » & #t & ¥ (thermal
conduction)£? £t #% {2 2f 7 (thermal mechanical dispersion) & # 4 2 fr
F(4-17b) 2 F L L "4 E o 38(4-17b) ¥ DAL 5 SR at 45k £
(thermal mechanical dispersion tensor) » DY & -k i % & py 3k F K v
Fsy kb8 473k £ D(mechanical dispersion tensor)2- & # - H
AW/ oo e (4-17b)¢ 2 D d N (422)55 48 » X (4-22) % o & ap A
B kdy e B e ZH AU TS AR A e 2 e o

"f%%?—n N2 T f’?*’:&ﬁ"_ﬁ?ﬂ%ﬂi =@ e

F@4-19)5 Eocg B G2 Y 0 ARICERBAY > TR E
EEE A LA BRSNS R B E Aot B RS M F(n)
BRI (1 —n) R A FeoREIRA 8 4 EIRL o B o b
(4-20a) & %% Tough2 & * TAPWS #1258 B~ 4 B Kz b gy
2 #4258 5 N (4-20b)7 LR JAPWS #7202 B B~ R4 gk
a2 v g 2 e S A2 RN 0 3N (4-200) R R R R (T)E ki H R A

FE@)Z S A2 38421 RMERRMEI R ZE-TERF
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B (D)2 # 4 > 4238 o 38 (4-202) 22 (4-202) * *+ % 4= 7 ¥ Tough2 #3
ZPER 5 N(4-200)8] & AATF ¢ HST3D fidsk @ pEe * 0 1% (4-21)

N R A A

S M R R B o R e AP A

Bt Holo2 R E R R B A e 2 A

. é%ﬁﬁ:

p—k

. Dirichlet :# # if i (E = &£ % &)

H = [hgie(Dy) +hage (BD] X Ay 0, = O149(Xp , 7, ,T) on Byg

2. Dirichlet #J i £ (GER)
H = [hgie(@) + hago(@)D] X Ay , @) = (T + 273.16) X sy,
T =Taqr(Xp,Zp,t) onByr

3. Neumann i B 5 ¢ (2 =5 fF #0507 48 5F)
H=hxA,,h=hy,(xp,2,,t) onByy,

4. Neumann § B i 2 (8 7 4% F)
H=H,yp,2zp,t) onB,y

teif Bt % 2384 F 10 % A 5 Dirchlet 2 Neumann & + #7i§ ft i %

H ¢ Direchlet ¥ Neumann 4 %] & B 5k it 28 (0, ¢ T )& B 2P i
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RHez - PR E(Blhe i H ) o BRI ZFE Y R AER

i R DR G 2 BT AR H) 0 R B ALY R

T AR QT - W A 5 P (diffusion) £ $00 7E (advection) B & T
fo2 o & Dirchlet 3§ % if 4549 » 2 ¥ M- Hlws ZHTE X
EHFZE@)EEAR(T)A & d R ERKLIECTERZE 0
ok R B LR AR(Te) ¥ LB G B (syy) 0 RE R (T~
B 5 (0) £ AR e A NIRRT B IR L R T
A% o & Neumann A #5¢ > P|¥ - Hwad H =6 A 745
(h) ~ #4057 A8 S (H)2 000 8 a4 5 25 (hgip b 235 8 - 4

® Bgg~Bar > Bun ¥ BupRlA B[ A& Pt e g Rar 2 g

Bl Flt FRE A R B RN R LR G e
. /})??lglﬁ‘l/ﬁhié_:
. XZHFw L &

= {qH'SrC(XsrC,ZsrC ,t) contain a source / sink point
0 elsewise

Q@' contain a source point
dH =) quw19D contain a sink point
0 elsewise
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Qw1 (TE"Y) X sy  contain a source point

du = quw1(T¢) X sy, contain a sink point
0 elsewise
AN4-16)7 BE L T L R B2 LT T A LK TG

ArEHEFERNSER BB R TN B F AR
#P F e 7 h%EE (source/sink) > H #ilE & E > quepe & BN AL
> o TR A REE (source) s fETE AR NE o IR L REL

(sink) ©4edpHIREAE ¢ 7 & 3 R iR Bh(source/sink) 0 B BB E RS

hd
=0 o

> &, 7 R BL (source/sink) >

T
\3
=
K3
i
|l
e
e
8%
2
)
4\.\
A
g

B r 2 An BENE T ERANE KT ER LT 2 fffod 300k
2 R P H e R L SRR DRIk e 2
HopokpEH T EHGEREY B RS N R K E TR AN

hIRE o nH R AR

lu]
s
)
)/
k-
Nud
)
K3
RN
g
e
|k
ETRS

Lo R 2 ()
@ = @;(x,z) inRy
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2. 3% TR A(Te)

@) = [Tc(x,2)] X sy; inRy

I 2

AR RS G o HAdoiE itz L s 2 H v ’?’ﬂ Fx AN E R

dERERER T EFERFE O ek SRR L RA (T )

4122 3 N A4 %

% 4-da 22 4-4b 5 Rl B d ficde 2 S dedr > fE 0 M DB o &
4-4a i %% Tough2 #7iE f;\ P = 2 > A7V B > & 4-4b 5 &
¥ HST3D #1iE = 2. > e b Gaprdod @ #icx 1 (4 p ik
BeF T2 RN AR T (0, R A RERE S 2SS AN

3 4-5a2 4 4-5b B L AR 2 S8 E p S ES R ¥ EAR
ZodoBBp RRT 0T ¥R 05 24 457 T n>
Sd > Pwl > My qui¥ P 2 ¥ g » HP R RTH R AE2 K

Rl PSR E R TE LW o A L R0 5 R B

Ak

AR FREME RV BE AN LS ES TR L B

BIow d B TR R HEBE dos 2B A EY B TALE

o

18

#ic

~

i%—l’/;:i° e 32 > 1}_%\' 4—5bt‘”ﬁT~n~Sd\pwl‘r'nW1 qwl‘P—';;E\’Vi
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o
A
At
iy
|k
e
o
F_&
~z
W
iR
(=
*
B
W
=
"
=&
Rd
W
e
A
=¥
~z
ey
e
¢74-
EL

% 4-6 #F7% o
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# 4-4a % Tough2 #2& HC3% i i ¢ es = 4250 W aerd

$ ¥ LA (4-16a) (4-17a) (4-18a) (4-19) (4-20a) (4-20b) |(4-21)
0 3 0 0 0 0 0 0 0
1 s 1 0 0 0 0 0 2
2 I 1 0 0 0 2 0 0
3 h, 0 0 1 0 0 2 0
4 T 0 1 0 0 1 1 1
5 n 1 0 0 1 0 0 0
6 Sq 1 0 0 0 0 0 0
T Pw 1 0 0 0 0 0 0
8 KHeq 0 0 0
9 | iy, 0 0 0
10| huqgy 1 0 0
1T hg 1 0 0
12 H 2 0 0
13 H 2 0 0
141 qu 2 0 0 0 0 0 0
157 qw 1 0 0 0 0 0 0
16| P 0 0 0 0 1 1 0
17| DH 0 0 0 0 0 0 0
18/ D 0 0 0 0 0 0 0
19 Vv 0 0 0 0 0 0 0
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% 4-4b %t HST3D #7i& 55\ 2.

SERLECE . S A RER S

% &AL (4-16b) | (4-17b) | (4-18b) [(4-19) |(4-20c) |(4-21) |(4-22)
0 0 1 0 1 0 2 0 0
1 s 1 0 0 0 0 2 0
2 ! 0 0 0 0 0 0 0
3 h, 0 0 0 0 0 0 0
4 T 0 1 0 0 1 1 0
5 n 1 0 0 1 0 0 0
6 Sq 1 0 0 0 0 0 0
7 pw 1 1 0 0 0 0 0
8 | Kyeq 0 0 0 0
9 | 1y, 0 0 0 0
10 hugy 1 0 0 0
11 hgg 1 0 0 0
12 H 2 0 0 0
13 H 2 0 0 0
141 qy 2 0 0 0 0 0 0
15 qw 1 0 0 0 0 0 0
16, P 0 0 0 0 0 0 0
17| DH 0 2 0 0 0 0 0
18 0 1 0 0 0 0 2
19 Vv 0 0 0 0 0 0 1
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Fx RE LA P R ES MY TS S S
0 ¢ (HEFRokn#szE 0 0
1 D gt gasi 1 1
2 I RO 1 1
3 hy AR 1 1
4 T B A& (°C) 4 0
5 n VB 2 0
6 Sq |4 irR 1 0
7 pwi | BRBA 1 0
8 Kueq | Ere#t@iii 1 1
9 my, Ho i AR TR 1 0
10 | hpgy (HRIEEER AT ASRTEGF 1 1
11 hge |(HICTE 6 F7AR#FE S 1 1
12 H T AR BRI 0 1
13 H 2% E 0 1
14 qu | MEFE 0 1
15 Quwi Lk FE 1 0
16 P RS 1 0
17 DH | #uut4cik € 0 0
18 D HATHERE 0 0
19 \Y VL 0 0
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% 4-5b %% HST3D 2 #it @94 4 2 f ¥ ¥ B 4
ENE $ S A R ES MY TS S S
0 ) HifFi-kinggd 2 1
1 D gt gasi 1 1
2 I WOR G 0 0
3 hy AR 0 0
4 T B A& (°C) 3 0
5 n AR 2 0
6 Sq |4 irR 1 0
7 pwi | BRBA 2 0
8 | Kueq | Eru#tihiihik 1 1
9 my, Ho i AR TR 1 0
10 | hpgy (HRIEEER AT ASRTEGF 1 1
11 hge |(HICTE 6 F7AR#FE S 1 1
12 H FARE F R 0 1
13 H 25 E 0 1
14 qu | MEFE 0 1
15 Qwl 1REE 1 0
16 P RS 1 0
17 DH | #ukde 4 a4z iR £ 0 1
18 W R R 1 1
19 \Y VL 1 0
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o 4-6 #in BB 55 R RT A A

\\\?{.r

% Tough2 #7#% #5582 = 4258 28 A
ffEERE |1 2 3 4 5 6 7
= 255 (4-19) |(4-20a) (4-20b) (4-21) | (4-17a) |(4-18a) (4-16a)

%4 HST3D #i2 #38 2. = 238 #7278 &

S 255 (4-19) (4-20c) | (4-21) (4-22) (4-17b) (4-18b) (4-16b)

4135 % i@ﬁiﬁf,@?* gi A
GiF R BRI e 05 (4-24) 5 F s st 54 (4-25) % 4(4-26)
Bl AR o H A eV Baet 2 e BT R e g 2

FE 3 o

4131 = A ¥4 e

t+At (0 t+At - t+At (4-24)
ft {a fCV(Mcl)dVCV} drt + ft Mcld‘t — ft qcl(T)dT =0
Mg = 1S4pwiCr, Mg = §. (e aif + Mepaav)dAcs
) , 0C . 0C (4-25)
mcl,dif = _Dss E — Dsn a_n
rhcl,adv = rhwlcl (4-26)
Apr = A1Ci + A2C° + A3Cp’ (4-27)
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D*=D+n-D.l= Dgs DZn] . [Dss+an D¢, + nDp, (4-28)
= ml = =,

D;s D;n nn+an Dnn+an

ERCE LR sl R SRR S Y (A S Lk S R i

SEENCSOEE SR EE EEE U R S L AT EE 2 1

R RN AEAIMAR OB T T ERERE A QR AB
kA A FRIMM Y R S TE SR RE L E
TEHEAN R LA R AR PR TR -S522 5277

R4l 5 i T AR R o Mg g 2 6403040 8 5 73 T 54
o F= EIMLAT M 28 b 48 ] £ 71 B 0 & f7id 3 2 i H i 6
N(4-25) 5 HEFIT A B AN N (425 P e pE S 5 S T G w2
KRR AN JEEEA e Ee FlAF Y $¢ % PetraSim $it 4 (%
% Tough2 z_# {4 e J2 /i » & PetraSim K 4r » Tough2 2_2f §73+ &
Bl > T % * PetraSim PF 22 E 5 L b Flat 404 o1 2 enid
o F kg s Tough2 SRS » 7 % g i3 A 47 W AT AL ¥ F T
» HST3D = e & st fed 4] » sx 277 &2 HST3D S&EM - #-F
BT 0 34(4-20) H HIRIE et B 2 AR > B ¥ g e, B R HIE
e hE e R T TARE BESRGIED RR g B2
FE o Bl s kinehd e 4§ A4k FE

FA24)EB L 2 qut AR T TR H AR S[MT ] #
HEFT I dd PR % NP qur) s R St gtk gt

104



BARFRE@Qu)EFBETE > FAKFREQw) A A ERF > PIET
kRJEN IR A TR iR ER(C ) TEHIERTE BN R
ERC) 5 RFE(Qw)» & B BIE RS 0 F]pt
HOLEE2 kR (Cx) 0 BRI ek B (CPY ) o

7$(4-27) % %% Tough2 z_ EOS7 $i-ke > * v 3+ 873 % 4b%F T fic(Uw)

<

L PR RER(C)2 B > ¢ 2 5 Herbert et al. (1988)[52]#7# !

-

ABFHNHERAR > NE2T)E P E TR R B rilde 2 FEF ik
BV E o BB RAE N TR RSN Y 2 (4-11a ) F R e T
KRS 2R R AR Gilie 3t P A = STE N THE S B T licA ~Ag
> 5] % 0.4819 0 -0.2774> 0.7814 - -

Allen ¥ Cherry(1979)[53]3#& &1 -k &= # 2647 (hydrodynamic
dispersion) - * 1 T &3 [ @2 FFF (dilution) 2 i 42 > -k # 4 wE4T

¥ T_& & & + FHir(molecular diffusion)¥? %+ 4 $7(mechanical
dispersion)2_ &, v o ;% (4-28)% B okds 4 R £
(hydrodynamic dispersion coefficient tensor)D* » H % & 3 3#FH7 % 8D,
BISER LT AHGE R D24 s NP IR -z B e s a4t
GHBcRE D FERLN(4-23)2 3P o

B G OB B AR e
At Bl BRI REIRIE B A kR 2 R
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o HRAiEE
1. Dirichlet i % i (2R ER)
My = [thq aif(C) + My agv(CD]

X Ap(xp,Zp) , C) = Cigc(Xp ,Zp ,t) on Byc

2. Neumann #f % % i (8 =6 3 § 5 &%)
Mg = mg X Ab(Xb ’ Zb) , Mg = Mg nm On Bnm

3. Neumann i# Ji if i (73 5 7 4% %)

Mg = lv[cl,nM onByym

7

g R E 2L ¥ LR 4 5o Dirchlet 2 Neumann &  #5:8 f i%
i A w] B kR % () TR R R — FEcA B(B]AriMg) o
% Neumann A #f7 > R|¥ 8- Hlmsd H 2o F3F7&E ()
BATTARFMy )BT38 o B¢ 5 Bye~ Bum & BumPlA &
e R E L R FERERER B EE

Bac > Bum & Bom 1'1?‘:'0

o REINLTE C
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Qo = {qcl sre(Xsre » Zsre » ©) contain a source / sink point
1= .
c 0 elsewise

2. WRB R

qwiC" / pw1  contain a source point
dcl =19wi1C / Pwi contain a sink point
0 elsewise

B(4-16)7 EBL S T L RBR o HBE L B ET A

o

?’T

A BABRRS R WGP B AU # 3

K A

"gh’(

Sy

% Bk (source/sink) 0 HBE B F Qo g L EERALNE 0T

W& BB (source) ; f BEIPREA N E s W & ®EE (sink) o 4o

FAMAE Y 7 ¢ 7 h®IE (source/sink) BHciE B £ 45T 5 0 o

KTH =R o B MARY e g g (source/sink)
BRACZZFFERENZEERE C)BR3REWELKFEL
»E(Qu) 2 Silice d BRB R A TP P B T RR BTG
ZR Mok RS e B kEE T EAG ERET HEREEP
Bz B FEAREWC A FEE T AR E RS IV R

R (COU) .
o FTANIEIE L
(IS SN D Y A(®)

C, = Ci(xz) in R¢
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A dnfE 2 6 0 HAdeiE R SR AR FRARLY » 29 Ret&do 4

4132 3 fet A1 %

% 4-Ta gt 2 4-Tb LG R Wl FHl 2 A M AL
% 4-Ta 5 %% Tough2 #ri= i\ i = 2. B> 28 > 4 4-7b
%Y HST3AD #rax >z S A MG B iz N1 A4 p
R F T2 R A AR eF 0 AR ERE S A iﬂ’ﬁ,ﬁ
Bl %o % 4-8a % %% Tough2 *riEHiN 2 $#cr|4 2 p ¥y ¥
Mt Ao LR ERERES 050 &7 G NSy pyw My qwi 2 &%

B 5 00 F S BRI ] R AR A B 5 P

=

’7‘}}' S %ﬁ,’t’ I}‘]Lb—ﬁ@gt }?*/; I T\%g' ° ?l;"f" - }\IHLZ‘ é&‘/mﬂ? ’%E
8 & Ff2 > BIn >~ Sq > py > My F e ¥ & 3 ToRIE Y e F

LY > P TARE $8E LT o & 4-8b 5 %% HST3D #fi

ETIRS
W
\ﬁ'

=4

=

(i

B2 RHT A 2 R R R A R R L 0 e
e g¥ Tough2 “T HE5 5 M4 il D> F 8 8 T kIR HUR R AT
184 R R RIFIRGR Y e 5B T E R B

FiZiBLEY > B ZARE 28ERL T o d 35/ &erikz T3 42
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NELARE | AFEEFTEARY 2 P EEE ok 4-9 57

% 4-Ta % Tough2 #Ti2 #0582 73 JF i iy ¢ e = 250 W hprL

8 LA (4-24) (4-25) | (4-26) |(4-27) | (4-28)

0 C 1 1 1 1 0
1|ty 0 0 1 0 0
2 n 1 0 0 0 1
3 Sq 1 0 0 0 0
4 pw 1 0 0 0 0

6 | Mggif 1 2 0 0 0
7 My 2 0 07 0 o0
8 My 270 o0 /=0 o
9 Al 2 0 0 0 0
10 qwl 1 0 0 0 0
11 A, o 0o 0o 2 |0
12 D 0 0 0 0 1
13 D* 0 1 0 0 2
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% 4-Tb %% HST3D 7 #0302 73 i 4 % fc s = A3t W e

$h LA | (4-24) |(4-25) (4-26) | (4-27) | (4-28)
0 q 1 1 1 0 0
1|ty 0 0 1 0 0
2 n 1 0 0 0 1
3 Sy 1 0 0 0 0
4 pw 1 0 0 0 0
5
6
7
8
9
10
11
12

13
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#. 4-8a %% Tough2 7= H ;%273 ?féﬁﬁ%ﬁiﬂ% 2 p REBERE

Hrest £

SRR 3 38 e pREEKE | R
0 C iRk R 4 0
1 M, |[EeefFTARTERS 1 0
2 n VM 2 0
3 Sq o R 1 0
4 Pwl BRBR 1 0
5 Meaqy | E o FHEIEZFTFRTRILS 1 1
6 Mgy | E 26 FUEERTFARTELF 1 1
1w [prrepesgtly, [ |
e e A o |
10 Qwi 0
11 Ap, AbF Cedicr % A 1
N P 0
13 D* kA4 TR E 1 1
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% 4-8b %4 HST3D *T2 #5823 [ @ # R 7| 4 2 p Rl o %

Bt £
SRR 3 38 e pREEKE | R
0 C iRk R 3 0
1 M, |[EeefFTARTERS 1 0
2 n VM 2 0
3 Sq o R 1 0
4 Pwl BRBR 1 0
5 Meaqy | E o FHEIEZFTFRTRILS 1 1
6 Mgy | E 26 FUEERTFARTELF 1 1
1w [prrepesgtly, [ |
. @wygamo 1
10 Qwi 0
11 Ap, AbF Cedicr % A 1
N P 0
13 D* kA4 TR E 1 1
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%46 13 T W@ R A 4
%+ Tough2 #7i& ;% 2. & 4258 K28 &

K2 E B 1 2 3 4

SN (426) | (427) | (4-28) | (4-25) | (4-24)
%+ HST3D #72& o538 2. & f2.5% L j2 g B

KfEER |1 2 3 4

S 250 (4-26) | (4-28)- | (4-25) | (4-24)

4.2 BB AR

G A e AR AL Ak T AT e AL
2o E =2 B 375 B RY CEEBATE S 2R
e TH - 22 RPIef s Bl R E B2 ApAREEA Y
A~-BEC> anBtEM:P & SeLEpandekd®i4 ~ iBEiC » F
AR5 w2 P LA ¢ LT N 2 R L B Ek 2 A
o TR R0 R RE AP o

I MeAr@E+ i 2N e B2 ir@8rF > A kG E

LA ERTHAT NE2)E A HB G w2 s B ihds 0 H

PE BB B ()R BB B () £ 1 BER(E) -
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o S/
alB ZB‘

2. - B AEE G T RS R Bl 8T Rlka 2 U

o
F_L
A

Qa;}it‘ﬁﬁ;fﬁ[;@‘zﬁﬁ;a7 Qyﬁ'{ %%A\%Eﬂd b#j‘lg\f‘a
Bm i T F AP F LRI B Y AT R e

SHANBERIEL A REH 0 B O LA RE -

[ file)de = {i C” fi(b+ jAa)} x Acx
- ' (4-30)
05 forj=0 or N

a:b+NM’CfPS:{1.o for j#0 _or. N

3.0 %S AR 2 A0 BHERERARAGE 2 2 3 2 (st
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The temperature contour map at 300 second
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The Concentration contour map at 15000 second

1 1 1
~— 7n_nn35,_/

Z(m)

X(m)

Bl 5.19 & A4 B tichtsRiE = kA A T
% 521 % b= {34 B2 B3RS K ACE &2 HST3D 2 &+ 4p 43

EATANLE 31

HEHE P % R4 ke B R kR

V] 0 0
£ =300 #) 0.071% 0.063% 0.0034%

0.075% 3.20% 0.062%

t=15000 #

523 5|22 xbz F RSBz iR
ST B AT R D B R b2 2 SR
SO0RL L ACFi7Hds A AwEsiE 521 82 522 &3 8 44

B2 ACF B8 % 18 (700 f o 1L 0% % 4o ] 5.20~F] 5.23 #i 7
144



2P OFS20 2 W 520 2R 01- 2 F Y BRI kR 2R R
Wk B S22 8 RS2 F R0z Y Ruiciilz ERSE
Ll 0% b o Limi ] 2k b aH T R Y S 3x107 (ms)

Bl 5.20 22 B 5.21 5 % 6)= Pl i 2700 F) 2 figiE % 0 B 5.20

%

RAy R BTS2 R R RE o BIS21 R 5 G & R AT
Flz BB RE B AN AY B R BRA A
FE BRI g S0 B 5.20 22 B 5.21 ¥ &0 &.2700 £ pF

FRYBEISIZERNERA T ST RER R A X
2B AP AE A 500.0002% 0 B B R 0 B X 2 Bk AR
WAF AL 002% kb2 2 B TENE L E6 -2 108 > #
T ¥annig 9 52 3x10°%(mls) > B 522 BRI 523 Bl A kb= APy A
000 Fj 2 kR SR RV RE ST 522 VAo kR B Z fh o ff
FAR RAL BUATZ FARS AR Y AT RS E B R K
woh B 0 A K2 ER B ARHEL T A 5 0.00077% o d B 5.23
FAvo R R AW A Z hE X $ht v B F AU FE RO R

2R RBCAPEFELE A 5 0.09% -

S
Ef
ok

B FPHWRT o SRR TS R A 4402 e P A

W o ok o) APER 2700 f0pF > BREERA T ALKIT Y E
HERTP AL B2 A > m kb2 A% L 000 fipF SRR ERRA T

145



e DML A B oo £ 522 23 E %62 ¥ % b= 2 peclet number
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Dispersion and advection

————— Difusion and advection

Compare the Concentration contour map at 2700 second
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Dispersion and advection
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Compare the temperature contour map at 2700 second
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Dispersion and advection

————— Difusion and advection

Compare the Concentration contour map at 900 second
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Bl B-1 544008k et ? S w2 X4 AW 29 W 554
WA AL 2 £4 > Py B PpRIA S5 T A3 A2 A o d 20
AT B TORGERE AR B TRV HR] 0 FR e TRV 2 4 iR
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(B-2))7 5 (B-3) & (B-4) R4 7 ¥ winh B4 221 T3 2 R4 ch

Mk F s (B P ERRAS TT B LS (BS) -

W = pgAxAyAz (B-2)
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= (pynSa) Voleu. = (psn) Volcu. (C-4)
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BT L Ve L B RS TR G- KR T MK BT

t
95Ty 2erm)
dt 0
0 {[1 +— (.= po)] 14 8'(p - po)]}
= ponyVol X ' P
{1 +(a’ + ngBHu+ a'p'u?} (C-5)
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d 34 ’é“%ﬁi”}i?ﬁi@%ﬁfﬁ%ifﬁﬁﬂééﬁd‘ 1o Ft S '%#El xR

e s H g

VR FN AR 2 N R F AR SRR g
)';E”? 1%y ,K#IJ%&‘I;} P\ rT‘J""T %TL ;‘_‘?\:.Qr;\l(c_6)>:’L’r{F o ‘;} AU = D—DPo
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T = T6s3MPa (F-7)

N (F-4)% (F-5)7 2 tadic » 320 4 F-1
4 F-1 y# et 47 e

l I; Ji ;i
1 0 -2 0.146 329 712 131 67 E+0D
2 0 -1 -0.845 481 871 691 14 E+0D
3 0 0 -0.375 636 036 720 40 E+01
4 0 1 0.338 551 691 633 85 E+01
5 0 2 -0.957 919 633 878 72 E+00
6 0 3 0.157 720 385 132 28 E+00D
7 0 4 -0.166 164 171 995 01 E-01
8 0 5 0.812 146 299 835 68 E-03
9 1 -0 0.283 190 801 238 04 E-03
10 1 -7 -0.607 063 015 658 74 E-03
11 1 -1 -0.189 900 682 184 19 E-01
12 1 0 -0.325 297 487 705 05 E-01
13 1 1 -0.218 417 171 754 14 E-01
14 1 3 -0.528 383 579 699 30 E-04
15 2 -3 -0.471 843 210 732 67 E-03
16 2 0 -0.300 017 807 930 26 E-03
17 2 1 0.476 613 939 069 87 E-04
18 2 3 -0.441 418 453 308 46 E-05
19 2 17 =0.726 949 962 975 94 E-15
20 3 -4 -0.316 790 448 450 54 E-04
21 3 0 -0.282 707 979 853 12 E-05
22 3 6 -0.852 051 281 201 03 E-09
23 4 -5 -0.224 252 819 080 00 E-05
24 4 -2 -0.651 712 228 956 01 E-06
25 4 10 -0.143 417 299 379 24 E-12
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27 8 -11 -0.127 345 017 416 41 E-08
28 8 -6 -0.174 248 712 306 34 E-09
29 21 -19 -0.687 621 31295531 E-18
30 23 -31 0.144 783 078 285 11 E-19
31 2 -38 0.263 357 816 627 95 E-22
32 30 -39 -0.119476 226 400 71 E-22
33 31 -40 0.182 280 945 814 04 E-25
34 32 -41 -0.935 370 872 924 58 E-25
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7 -0.482 326 573 615 91 E+04
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0 <p <ptand 27316 K < T < 1173:15K (F-12)
pi<p<300MPaand Tn, =T=<1173.15K (F-13)
300 MPa < p <350 MPa and T < < 873:15K (F-14)
350 MPa <p <500 MPaand T,y S T<433.15K (F-15)
500 MPa < p <1000 MPa and 7, < 7<373.15K (F-16)
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i1 = Tio(T) x 15 (T, p) x (T, p) (F-17)
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n/(1x 107%Pa-s)
T/(647.096K)
p/(322Kg-m™3)

100/T

_oH:
1=32"%1
Zi=ori

i
T

p

Ho(T) =

L (T,p) = exp [5 Yizo (% = 1) Z}:g H;;(p - Dj]
2(T,p) =1

% F-3 mo(T)2 H; e &

i H;

0 1.67752

| 2.20462

2 0.6366564
3 -0.241605
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(F-18)
(F-19)
(F-20)

(F-21)

(F-22)
(F-23)



# F-4 (T, p)2 Hy; i #c 4

i ] H;

0 0 5.20094x10™
1 0 8.50895x1072
2 0 -1.08374
30 ~2.89555%x107
0 1 2.22531x10™
1 1 9.99115x107!
2 1 1.88797
31 1.26613

5 1 1.20573x10™
0 2 ~2.81378x107"
1 2 ~9.06851x107"
2 2 ~7.72479x107
3 2 ~4.89837%10™
4 2 ~2.57040x107!
0 3 1.61913%x10™
1 3 2.57399x10™
0 4 ~3.25372x107*
3 4 6.98452x107%
4 5 8.72102x107
36 ~4.35673x107°
5 6 ~5.03264x107*
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