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Abstract

The purpose of this study is to develop the accurate three-dimensional
hydrogeological parameters fields based on the head and temperature measurements
during the remediation agent injection periods in the selected contaminated site. The
accurate flow field enables us to understand and predict the spatial distribution of the
plume, provide the necessary information for the design of the monitoring well
groups of the early warning system, develop the effective site remediation system,
and outline the spatial distribution of the major transmission after the injection of
remediating agents. The project tasks needed to be complete this year include (1)
complete one field investigation of head and temperature at the multiple depths of the
selected multiple wells using FBG multiple sensors during the remediation agent
injection, (2) simultaneously investigation of remediation agent transmission using
CHERT, and (3) validation of the developed coupled flow and heat transport
simulation model. Currently, this study has completed the investigation of the head
and temperature at three selected depths of the three observation wells using FBG
multiple sensors during the remediation agent injection in the study site, and the head
variations were clearly observed by the FBG system, but the temperature
observations were relative insignificant. Furthermore, the corrosion resistance of the
FBG system was improved by using the corrosion resistance glue and stainless steel
316. The results of cross-hole electrical resistivity tomography show that the
remediation agent can be clearly observed, and these images will be valuable
reference for the flow field prediction. In the development of the coupled flow and
heat transport model, we have developed the mathematical model and used finite
element method to solve it by the Fortran codes. To verify our develop model, the
simulation output of Tough2 and our model were compared, and the results are
consistent. Finally, the results show that all the project tasks are on schedule, and we
will continue to improve the developed FBG system and simulation model as well as
the development of joint inversion model.
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Bhb2 BTk G T 51~62 2% » FiEACkERE PSS
L NE RS K B9 & 243 x 104~2.79 x 103 cm/s » limq 1.90 x 1073
cmis e @ % FR Ak g (Multi-Level Slug Test ; MLST) % % &7 MW-1 uvf}:
8.6mz K i3 8626x 10%cm/s» i#A& 11 mz K & % 8503 x 10 cm/s ;

R T5mz K& 6.953x10%cm/s » A& 10m z K & 5 4.712 x 103cm/s
R 125mz K i i 4577 x 103 cm/s ; E-3/#& 8.6 m 2z K i& 5 1.499 x 1073
cmis > FA 1lmz K& 3 6.177x10%cm/s » 7R 125m 2z K & % 5.515x 10
Scmfse d REHEFFo o MAE T KMe THRER 1112 22 2 %R 75
DRz KB 953 KERM 2z 10 & > 7 i &7 ?'J"’:“@ﬁi%] °

B ine R0 F e TIRER 86 2t aune Rl EARR S HA M,
(36%‘i%‘#E)E%%ﬁHT$¢ﬁ%@—ﬁ’%a175m~mm
¥212m 2 &R A i 8 B 0.005~0.093 cm/min 2 @ 0 Hrhk 2o s TR GE % de )
3 7T o
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FEoaEa(z 1 TEREH FR)

B3 =5 Hu s T okine

4.2.3 8t H

R REISERL AT AL T AN IRV ESF T FRERE o
MERFEICEIERET P AR ALe BER ;}ilﬁf'@” WG '3%]@/7 2 T
% %% #1131 % | (Double Packer Injection, DPI) s RPp AL IR 0 AR A &
R REE BRI PR R BR S F R P AR RIL R B Ay
URALH FRT B Vi RAEL S Yl L P R %"/Tﬁx B f3
4 - DPI 5%‘}? % iFER 360 B4R EBI(B L) MFEHRET P HFF LS
ERERTRPFRILT B w2 540 FL T e TR *7@%&%
4 1Y FL.PRE\‘ Lo & B Il e B 2 vk o DPI L Iiii%l}ﬁ!«— BV R EDE RS EE
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j%_;‘i :. 4 ;Lg;bll%“:‘ s %j\ I {x’ft.z ;I%}@}% CIg| E-ﬁ,g@‘yﬁj:ﬁ}’j_?_*#, 2 g 4 & “‘%);E'J
MenfmT » 274 8 "“?}‘2‘34 e g \‘m@%lpé’:ﬁ&%ﬁﬁiﬂ o A
'EJ»IFL‘/";—“IJ— =z B I""t/fu /éﬂj‘" D1~4 ‘E‘-f’f/é/ ’ 'é«ﬁi‘aé\t D5 "’k’ D6

}E‘J_°

BRI z\/z (Electrlcal Resistivity Tomography, ERT) % #-2 /i 3 # » = &
1ﬁ’§w%1ﬁﬁﬁ?&£’%%=?w CRETFUEUEERA T R
TREHEE A LN N E A At TEiA 2 TERE, 0 e

BLi *BLRESEBFRRE $%%ﬁ@”%%“*“%r“%
R 0 B R RAPEAN I FHOTRAGFLRTRET 2 F T RT
A dlRiEE R DT RATIEE L AT R RE T HE ST
FARRET G DT FHAOTRIBRET BT D RBLT AN T o
TREFIEEZ AT g DB F - 2R E"ﬁ’a,’fé? v R E R
RT 2P EF BRI EEEFRFRDOT L § TRIEACHF L PIRT 2
ook T iRA S TE ﬁu/’l SR - I #:tzwr;z BRI B BiE S E
HFEBERNTIEFE ERP o AT B TR E'J%L&%izb;‘%
7 I8 5% (Cross-Hole Electrical Resistivity Tomography, CHERT) » & ] ;% &_
BT ITR T EARY B R T RIRpIHIRICA ﬁ;tns Bt e Bﬂ?ﬁ—‘" Blng and
Greenhalgh, 2000 £ Goes and Meekes, 2004 % + 2 = 3 st 2%+ - £ CHERT
TP (RTA & 41 % M439802 5L) » FE i F 1"\.14%*'*’?*%% o
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FLE i RaEAR( 7 1 (TR R B E)D

TR & B pE A A 7 (Timelapse, TL) > o T Fe 5 £ B F 4720 Ty > TL £
?l:%“év\%fr{b“@ﬁ = fﬁ‘-ﬁls‘iﬁév’viﬁ FoOARPAEFT AT
(% RH3 2 — & B 7 F)/FFHEATIEF x 100%
w3 wg%ﬁﬁ%ﬂrﬁ’ T rﬂ_ﬁf g HF N RE > TR mﬂ%fﬁl%’r
Fad ToREE > R ERREAPEE B RWH S S A B T TS
FRFE B BTG o TR R g R TR aE R
)2 2R AT AR AR AR B B L T L R R
PR > TR eagie4r- BaR5 12 HEKT #«‘*‘%fﬁ!‘ué‘;ﬁég ik
EEE N TR SRR T IS R i%’ﬁ
HERIEF P AR RS B A T R ppF s TL A48 8420 a7 0 i
: ?’fm/,,\# o FIEEILE N BRI R Mt Al % 70 TL A 47 f‘&i}i
* &ﬁméﬁﬁﬁm@ FRRD FL B EER GRS L &L (75
I FEin Tk ik e %]Gmﬁ’x Bt Bk P i~ T g oee % 5 250hm-
m(@ BA)» WA B TIEFF 25% L EEPTIEF I G B ?’f*“% B H AP
X b hE Bk ’Eﬁu;}* FNEFAFFMOBEC) ERTIEFLEF
2 NERBEORLGFERELEAFR I & e (R 6D) e
%@@W$W$ﬁ**ﬁ%ﬁ#’&ﬁﬁ@ﬁ@@WWﬁﬁ?ﬁﬁﬂwﬂ%%
TR UTEFLIRFEERERLES O TR HEBFEH LB A g
@Jiéii@@?}m% o d %?M?‘E;ii%ﬁié R LS ’J< JERR: Feli=cF LN
BRI R o B R R SO e T2

(A)

_\.‘:‘_

D

00 0.0 0.0 0.0
20 20 20 20
40 4.0 40 40
6.0 6.0 6.0 6.0
_ 80 _ 80 _ 80 _ 80
£ ] Bl =
£ 100 £ 100 £ 100 £ 100
g g g Z
a | =] 8
120 12,0 12.0 120
14.0 14.0 14.0 14.0
160 16.0 16.0 16.0
180 18.0 18.0 180
200 20,0 200 200
0.00 425 850 0.00 425 8.50 0.00 425 8.50 0.00 425 850
Meters lteration =5 RMS=103% L2=0.08 Meers lteration =5 RMS=1.01% 12=0.08
510 20 30 40 70 100200 50 11 22 47 100 510 20 30 40 70 100200 50 11 22 47 100
Resistivity (ohm-m) Resistivity (ohm-m) Resistivity (ohm-m) Resistivity (ohm-m)

BlS 7 BMEFFF & FEREA - (A %%%??Pﬁﬁ‘Iéf‘?%ﬁﬁfEZfﬁ
g4 s B) B F AR FF R E2 8wl (C) B T
FEPEFREL2 4483 (D) BrFFLe FERE L2 it
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FA R R SRR TR B TR RaE T G s B

(A) (B) (©)

Percent Difference O?Resistivity

0.0 0.0 0.0 0.0
20 20 20 20
40 40 40 4.0
6.0 6.0 6.0 6.0
80 ~ 80 ~ 80 ~ 80
B & & &
= = = 5
} 10.0 z 100 z 100 2 100
A ] a
120 120 120 12.0
140 140 140 14.0
16.0 16.0 16.0 16.0
180 180 180 18.0
20.0 20.0 F 20.0 20.0
0.00 425 850 0.00 425 850 0.00 425 8.50 0.00 425 8.50
Meters Iteration=5 RMS=0.90% 12=0.06 Iteration=5 RMS=1.12% 12=0.08 Iteration=5 RMS=112% [2=0.08
5 10 20 25 30 40 70 100200 5.0 22 47 100 5.0 22 47 100 <700 35 00 3070
Resistivity (ohm-m) Resistivity (ohm-m) Resistivity (ohm-m) Percent Difference of Resistivity (%)

B O6TL £ 8 5 ~47H3] - (A) EHZ » 2R 5 250hm-mo> = 74 F e
%5 200hm-m; (B) ¥ ¥4 B wduial ; (C) EAla » 4 e 4ol ; (D)
TLAY RS LB 5% EMH-

4.4 Gk F RO KRERR B

T E R o 3 3F F kR P2 75 (Dong et al., 2005; Kashyap, 1999;
Kojima etal., 2003; Liu et al., 2000; Xu et al., 1993; Zhao et al., 2004) - sk & g ]
PATAR T BT F BRI F R FE(D)HA ] — e EE S - &5 250um
2t QAR —kgz 18RI (SI|IC8.),1 rER TR R L
Tn‘v%':"vﬂf’ééi“éi%ﬂ'ri?‘r,@)%gé%%% £ (Kt ’\g)ﬁﬁgﬁ;@@?}‘ 7 %
Bk 3 s (4)F e - %@F&;%ﬁmﬂmyﬂ TR PR A
il LIFL%‘,,_/P | i T e PR Y ME DS S AR P ERTT
P AP AR EE R G 2 TR BTN E N kRS EiE'Jﬁit%}? S

""’Béf@%?]i\a%?

3
3

kg kRl B FARERAT S A RRR R FITHI A
F e - K G AP B E R o gt f2 5 Sk 4Gk 4 (Fiber Bragg Grating, FBG) -
B - BARE L E gt - RGP “,f 7k B_F % iF 2 (Bragg condition) e
Tk g AL R S BN TGP A A AR (3 3 2005)

i
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TRRE LA &

#oe oo
n= k44w g sadr bt
A= 378+ M g R R

Bl 7 5 kG F SHRIZT L F 0 kY P R iR kY g
S RIET R w R SRR P R R L &R 8
Foof>m 8o ds kg plasif e » @@ (F8) n gl S PTIES b o Bl
R S R 1

SR LI A g R Rl SRR Rk B IEA
BB EAN F 2 2D T 2 iE R
Adg = 2nAA (2)

EEEFERET MR LR SRR R QR EFF PR LR 11-1.2x10
2nme At R F] FBG E G B %G FHRF RESERERS L Gt o
LE@RT I N ERT T L FBG BRA A g RE . 5 B FBG T
PR - RFHRAREGE > £ & & FBG 2AF LI WR AF B D
Bim™ > & FBG #iF St2 jhEdg 72873 € £ 4 » FIP 7 i3dhe kypa &
FBG 82 kihom 2 BAT I A RFI 40 FBG L FHBEASL 2 BT -
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RIA|RG R FIER TR FE AW S g TG L SR

Band Source

Reflected
Signal

Band Source

Reflected
Signal

d+Ad
B 7 RE kR RS TI T & B (£ 35 2005)

grating

input | sensor( A ;)
spectrum m ) J measurand field
1
broadband coup - @ @ @

N
11 I11 [

source
ATy
wavelength A A A
shift decoding A g s 2 }
* ¢ * t ‘ * Wavelength
encoded
outputs returns

B 8 kg ki 8 7| F &I £ Bl(Kersey, 1992)

A5 KRB R R & RI2 ifBkpe P

ARG B AT ) e wEF - w FBGRRFRA LT ¢ %
FEPNPIES > RGBIFe A5 7 18 PR LR FRIPE > ERAT
3 2B &St E-01 % £ FBG BB & 3> Flds ToR g e T A 0 Fpt
AETET LR AT I AXERPE EFRF (P R)ERERA g R 2
RRIBFTRUAETREF2Z A AL FEFIAE g P TR F 2 7J<
R L RIREF WP HF R 5253 8 A AIRE RIS AFET B A
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Bl RIEINL S ABBRLAIAFERBIZETHERRE S
TE BIEREF BIRARIE20 L o i EiFeY > £ = ov R e
B FBG K& R BRER A BRI = Az BIFER Y GVREE KRR
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fui

-

Pae R PR REAERFE - N NI REIERFTIE FIER
ﬁﬂ*ﬁ?*@—ﬁ°%lul%kaﬁw%ﬂzrﬁ il < S
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RA e R 2 YAy 2R G T ERENFERRGRAT B
(ile. ¥ T kizm T3 F RIM2L T3k ix)FBG £ B+ %P 3L 53 & o

46 = My ORISR RS2 188 HEEN
4.6.1 #c% 7

AR 2 ORISR RS2 48 & RS 0 B A 2 ARt e
3N(6) 5 Haefor 2 2 My T kGRS 4258 (Yeh, 2015) 0 5V ¢ TR j=1-80 A+
SRARGZ B e > KIS K Tilieo h SV HORER S8 8E 4 R SR gk ik
Heo F] G AT A TS G 5 b fok 0 Ft 5ok B 305t E(hX)=0 i =1

(6)

(7)) 5+ T k#4258 (Sophocleous, 1979) » ;¢ ¢ C A2 v 2 & - T 3
/_m_}i wa J\mkbéﬂ‘ ._’qir\1i\7/n T ’)\, él("-%%')i
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AT gk FRAE E Rk B TR SR T e W R

W ﬂ_ M lﬂxi (7)
Bk 2Rt B RT D SO AW A B BER LRIT I 5 (9-1)~5(9-8)3
ERECHY M BEMAGSE(T AR p)ESRER e (LRI W)

SR 0 b1~b3 P 5w fF ok o

c@= 1 ) i

C(6) = C,0,, + C,0 ~ (1926, + 4.180)10° (8)
2(0) = ArCy|q18y; + (A = 1)y T + 25 (6)8, (9-1)
A ALW||+/1T W||+/1TW||+/1,, (9-2)
Doy = G D+ 4Gy Bt 76, 2 1 4, (9-3)
Doz = MG Bt 126, 2 4 42,2 4 2, (9-4)
qqu
Aoy = (A, — Ap)Cy (9-5)
9,4,
hor = (= A0)Cy (9-6)
Ayz = (AL - (9'7)
/10 (9) == bl + bzew + bge‘%s (9'8)
FE TR L Sk Bl R ERFRE A :sz}w—g %8 TR
B AFTHRS SR T R N E R R o D i il B
T J\/n *3—}\“1 ﬁa\;.fiﬁ —%K %ﬁ/ ;_ﬁ Llﬁﬁi’ﬂi‘ﬁ‘kf}\‘(lo)"ﬁ’ﬂ'
_ rn(h,T)gk
m(h,T) (10)

B QAT FHg- B EGEK R RRE p EARF R 2 Sk FlA
PR (L& LK) hRRERFERILZERELBREF 7R
BYIRA R BALF Gl MG 2 RE e f‘« International Association for

18



e R At
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BT - L (ot]) > FE B (AT PR RSB EATE KSR (Tt
B B A BN R ERY B2 RS LB N acRE Lk o
t=t, A EA af 7ij%£@% ﬂtTﬂCﬁfi iﬂ__c—F7K/)lL
FIE '___%)fz_i _____________ fEtE H m?
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S | EAfEE
JEjVEEsS aTHE
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R TR I

@7F "T~F 2 ddc A2t 2 - 2 AT

L%

B AR R

s

AAATT S Tk B AL RN AT Y TR F 2 (Finite

element method,

FEM)i£ =

ciE o5 0 H i 4g 4 2 Galarkin method & = Ak n g

i B He A > A2 3 riT i (approximation solution) ¥ & gk 4E £ & 4% 5%

(Weighted function) -

RETTE

P AR AR AN A o B R
T e (12(2))~ 5 (12(d)) ¥ 7 -

Vv, i~ z\’ﬁ

iV,
Nl

f\':’ ’Km'/nlf%_ 1B °

V2

#50(11)
# o

7~

1 http://www.iapws.org/relguide/IF97-Rev.pdf

2 http://www.iapws.org/relguide/visc.pdf

a0 3k fﬁ'{,j}“ﬁp&q\ < A7 N e F Ay

¢ gt [A] > [B

> F7 3

=

1 [Fl#[Q]=

N % ”ﬂéfgé“%ﬁi\  RE Tk T

m,u;g*xmxge‘r,ﬁg Aev~4}i K"’lmﬁf—’fxli— mmmﬁ; qp R 2] RE?L

19


http://www.iapws.org/relguide/IF97-Rev.pdf
http://www.iapws.org/relguide/visc.pdf

ARG FRAR B Rk s TR RS SR TG R BB

Al{R} + [B] 5 {R} + (F} - {@} = 0 (11)
= X fye S (N KE) 5D (12a)
Br; = Ye [,e((N.C") + BSs)N;N,dV (12b)
ON| L
Fp=2%e fve o (N Ki3)dV (12c)
Q= Xe([,e —=N,qsdV + [, Niq, dA) (12d)

fesd > g 3R A B ch T iciB L pE > A 77 3 2 Lumped Element Formulation
22O FH AT - 2 S RERPEOGRERELE I HEEL 5
pl,«~q‘\ﬁ*7 %; TRBEILEK o §F 4 7}—\;; ;}%w 3L e R pdoE > H
FEL 4oV (13) %75 o B E&=1 P & ' ;%% (Implicit method) » €=0 R % 2> & 1 /2
(Explicit method) -

{h} = (1-§{hke+&{h}eea (13)

F R AR (1) R SN(13) 0 BT EF R G LA A AN 2 R TRAaEE S
7 VAN e 7

(sla] + ) e+t = (=1 - DAl +2) ¥ + (F} - (@} (14)
hfcE N E s o ARy 2 fortran #2503 2 E R RE aE > Ag 3 b
B A% 53

B AR geiE Rf23 6 > A @R F (advective transport) R A o AR
M LR (MMOC) 2 A% - 4 Galarkin FEM method 4 ¢ 7% (dispersive
transport) © & MMOC ffzesf A » N (N hip e A PR IE T M L0 F 81
& (characteristic line) &7 > e 4 3% > 438 (15) %1 7:

DT oT oT
ot o T gy (15)
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R asEae(F TR e FE)
LA A T AT A T

E _ Tk+1_TTIl( (16)
Dt At

R TER AR K L FHEARL SRR -
B iE FTIE 3R A o AT 7 @ % Galarkin method Ff% > B R AT - BERF £
=LA

(sl4r] + () [Br]) {7541} = (—(1 = DIA] — [BDITHY + < x BT} - Q1)

(17)

d4e

Aryy = Te Jye Dy 5ot Lav (18a)
By, = Y. [,. ON;NydV (18b)
Qr; = Xe(J,e Niqs(T = T)AV — [, Niqrp dA) (18c)

H P qrp s i i % i £ (dispersive flux) o

GBciE o iE b ﬂ\ﬁf" 2 Fortran #2583 3 £ 8 T\ﬁﬁ'@ it 38 (17) endic (B
4o B @ MG L R HERNED T A% HREFELEEELB6 )

EJ’! o
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¥ R4eR) 14 477 0 BAR R B Ak 10-30C2 FF - &% 247 1 #-FBG 'k B
FFEFBG R A E » EIRER 127 10~60°C 3k ip] > & R1% * 4R 14 & F
152577 > BIP Bm A 2 BARAPF AL EHUFRDAERFEN TRBT
il tE R KL K hBAS o 2t FBG RRIE2Z R BREE R ERFFA B G
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4 0 1 0.338 551 691 683 85 E+01
5 0 2 -0.957 919 633 878 72 E+00
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27 8 -11 -0.127 343 017 416 41 E-08
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30 23 -31 0.144 783 078 285 21 E-19
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500 MPa < p <1000 MPa and Tmp < T <373.15K a7

AF B2 2SN (A7) T o B R TPy R AT R AN AT
ZAFGEO A FFEREE TR R B2 E 2 N eV (18)~(20) 41 o 38 (17)
§- BEF LM 2 {4 R QL) 7 o f ABHEL WA 3§ BRI
(T, p)2- 3 8 2 3% 4038 (22) 4757 » # thlicH i 4 4 2P A 055 A7)
ZHE > HEY L0 52 BFFR(T,p)FH 8 @4 rﬂ“*ﬁ iF
4B L 1 4o (23)4 5 o

il =TT x 15 (T,) X &(T,p) (18)
n=p/(1x107%Pa-s) (19)
T = T/(647.096K) (20)
p=p/(322Kg-m™®) (21)
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0 1.67752

| 2.20462
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