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High-resolution investigation of groundwater flow and direction at the site using fiber-optic
distributed temperature sensor combined with well sealing materials
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Traditional hydrogeological survey methods primarily focus on large geographical areas.
However, in cases where underground aquifers are particularly complex, the insufficient spatial
resolution of field data often leads to significant misjudgments regarding the conditions of the
aquifers, including permeable sections and the dynamics of groundwater flow. In recent years, the
innovative use of thermal energy as a tracer for groundwater flow, combined with fiber-optic
distributed temperature sensing (FO-DTS) technology, has demonstrated effectiveness in a variety
of hydrogeological environments. Accordingly, this project selected a groundwater contamination
site located in Xinpi Township, Chaozhou, Pingtung to demonstrate the proposed methods. The
purpose of this study aimed to conduct comprehensive hydrogeological investigations of soil and
groundwater contamination by using the high-resolution continuous measurement capabilities of
FO-DTS. This year, we conducted the single-well heating tests, and developed a thermal vector
DTS (TV-DTS) device to perform heating experiments within the same selected wells. TV-DTS
enables us to estimate vertical flow rate distributions and analyze groundwater flow directions

simultaneously. To date, we have completed tests and analyses for four wells, i.e., Wells of TO0571,
T00567, T00239, and T00226.

Results from the single-well heating tests indicated that the permeable and impermeable
sections in all four wells can be distinguished. Well T00571, at depths of 47.5-75 m, exhibits better
permeability, while depths of 12.5-22.5 m show poorer permeability. Well T00567 displays higher
permeability at depths of 50, 71-72, and 75-77 m, while depths of 80-90 m exhibit lower
permeability. Well T00239 shows the most permeable section at depths of 77.5-80.48 m, while the
depths of 76-80 m are the least permeable. Well T00226 has better permeability at depths of 37-44
and 57-60 m, with the worst permeability at depths of 61-69 m. Further analysis of temperature
data from the single-well heating tests, combined with the A-DTS Toolbox (Simon et al., 2021),
allows us to estimate thermal conductivity coefficients and groundwater flow rates around the
measurement points. The results showed that Well T00571 exhibits significant different
characteristics in flow rates and thermal conductivity coefficients which were varied with depths.
The depth range of 44-75 m corresponded to a higher flow rate zone, while 10-20 m indicated a
lower flow rate zone. In terms of thermal conductivity coefficients, there were notable differences
overall, with lower values at depths of 10-20 m and higher coefficients at depths of 42-80 m.
Similarly, Well T00567 showed clear variations in flow rates and thermal conductivity coefficients
with depth, with lower flow rates observed in the ranges of 63-70 and 80-100 m, and higher flow
rates in the 31-50 m. The thermal conductivity coefficients are higher between depths of 25-70 m,
decreasing below 80-100 m. For Well T00239, low flow rate zones are observed at depths of 30-
37, 51-55, and 69-74 m, with higher flow rate distributions at depths of 26-29, 40-47.5, and 60-
67.5 m. The thermal conductivity coefficients show higher values at depths of 24-29 m, stabilizing



below 40-75 meters, with another increase at depths of 78-80 m. For Well T00226, low flow rate
zones are evident at depths of 20-32, 47-56, and 60-75 m, with higher flow rate distributions at
depths of 36-43 and 56-59 m. The thermal conductivity coefficients show lower values at depths

of 20-30 m, increasing below 30 meters and stabilizing below 36 m.

Groundwater flow directions were measured using TV-DTS, revealing that Well T00571
primarily flowed eastward with a slight inclination toward the south. Well T00239-1 flowed mainly
northward, with deeper locations showing a south-southwest direction. Well T00239-2 flowed
northwest, aligning with previous detection results. Well T00226-2 showed a consistent westward
flow direction, while T00567 exhibited insufficient temperature differences between directions,
hindering effective interpretation. Further quantification of TV-DTS results using the analytical
solution was conducted for Wells of T00239 and T00226. The results indicated that flow direction
at Well T00239 at depths of 74-76 m has a direction corresponding to 35-60° (east-north) and 200°
(west-south) orientations, with the flow rates of approximately 0.08-0.12 m/d. For Well T00226 at
depths of 38-40 m, the flow direction was very similar, around 170-210° (west), with a flow rate

of approximately 0.17 m/d.

In addition to field tests, we conducted laboratory experiments on Flexible Liner Underground
Technologies (FLUTe) and polyacrylamide (PAM). The results demonstrated that both methods
effectively reduce vertical convection, thereby minimizing water mixing and improving the
accuracy of temperature measurements. This enhancement is crucial for understanding the thermal

dynamics within the aquifer.

The future work will focus on selecting additional four wells for TV-DTS testing, two of
which will be conducted single-well heating tests for verification, to further analyze groundwater
flow directions and rates next year. Through these innovative methods, we aim to provide high-
precision data that will inform future investigations and remediation efforts at contaminated sites.
The insights gained from this research are expected to significantly enhance our understanding of
groundwater dynamics and contribute to more effective management and remediation strategies for

soil and groundwater contamination.

Keywords: groundwater contamination, heat tracer, fiber-optic distributed temperature

sensor, flow velocity, flow direction
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The Optical fiber is the sensor

Every meter along 10km optical fiber can be monitored with
one machine, which equals to 10000 traditional sensors

Tm optical pulse
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FAHEEE ABFIRRZE TR BRI FHG (B 3) o d 3 TVP et A

Ly R R TR BN TR R FRLAARY TR EERER

BB PREERAENARA NI BN BT RFFESY TR e B0

4w RREREAE LR PR

-~

....................................

Thermal Vector Probe - ”"TVP”

Magnetometers
-
4

4 Temperature Sensors

(a) (b)
Bl 3 (TVP & & BI(b)TVP &k F R ¥ (3 p Pehme et al., 2014)

T%iﬁ@*ﬁ‘ﬁfMﬂ%%ﬂfji ”Wﬁ”é%fwﬂw“ﬂF”Tﬁ

R R O P s s E

0 S Y e
PEARTURAE 0 fe X
A

"

SN e ETV}\‘/”‘L BN 1_“_’_11;1%\—- R A& rﬁ““;’;-‘% IR G IRt
(Sterling etal., 2005) > ¢t #F > F 023 d 5V B g )= 58 Fp
B 2R A (free convection)?‘“ Hem E g o BEARE TR P

'gl%&“i?”é_i/? gt m'j‘q—r’llllL_E“r'ﬁP\\y){_gnF'ng’ﬂg
#JWiWﬁ?mhﬁﬁd LRt SRR 2] R 2 2 (B
HERHEHE)GEFRER > RA > BRPHESZIEEWEZ A4 chfe s ¥ g

POy BE e T Coleman etal.(2015) 4%+ TR BT AT 0 2B F B0k
WEPH 2K L 4 4 g » T Hoie(Flexible Liner Underground Technologies,
FLUTe) » #-2 8} 308 (7416 0 125 2 & P 3OKRRR T2 4 2 22 B 8l
(cross-connection effects) » 14 xadF o p R ki 2 onds 525 (8) 4) -

TE k- ARTE P L2 SR % fib =58 "% (polyacrylamide gel, PAG)>



LigpE R 2024127 5p 7= 03:32

AR RSRERR PRSI M EEFSE RS T RRESN R FIREFAD L
B4 3% 302 T % o i2Jp MacMinn et al.(2015)F+ Hewitt et al.(2016) 7%= 7 &

D R PR LT R G R SRS 0 3 G R R e
HAE o JCA % GV G R S S 1 0 PAG B PIRG4S
FEFT A tg R M I 10%m? > (Grattoni et al.,2001' Oyen etal., 2014) - Klepikova
etal 201 A F ZH e TR T %k > 1 PAG R £ K2 {48 » figend ¥ » ¥ U3
HRERETE iE‘J‘}:"i’.E‘.%T“ R %A o~ PAG 2 e A T z-’zﬁar,v_r‘fis@
Hiv(Bl S)o 558 it > Fac B FLUTe &2 PAG & faRT8 412 & Vi (7 R3E Ko
FHRFPAERY BRANAET Tl * b, P kit 442 5 N Fﬁ iZ_eh
EH AR TRF LSRRG 0 K B2 R B A iR 4 o

(b) DTS system heating system

switch

(a) 240V power source
Case A Case B Case C
i on of flexible sealed borehole calibration bath o
unnatural flow in liner using driving recreating natural
borehole head higher than flow system pawer
b ‘static head monitoring variable

transformer

fiber optic cable design 1
measurement/ IW:-;IO"
heatng  ——v x outer jcket
cavle goi-filed loose tube
flexible

liner

—
T4 (Q s o
*Q' 18 AWG conductors

aramid stength members

plan view
cable location

cable design 2

outer jacket

integrated

heating and

measurement
cable

aramid strength members

?I 4 DTS $Efed g # 7 et 2 7 o472 M fe ¥ 1 (a)FLUTe % %
gk LB (D)AAGUE R R R B A o d k(3 p Coleman et al, 2015)

76s =

water

1

4
®

2

water/PAM
3

Temperature increase,°C
°
5

1 min 44 min 100 min 280 min

o
>

021

0 1000 2000 3000 4000
Time since start heating, s

B S AP Fa=RRPAG)T % TIEAILEE% %% (F P Klepikovaetal,
2018)



FE B4R

T~ BT GERNE
4-1 P REERRPEL R AL

d 3K B IR 2RO SR R AT ek Y TR LT IR iE AR
FRETR Y hF Ko ks RNV TP o o A3
gg%mm,m@@mﬂmwgﬁm%& 5 TR S R
F EFTE R A FI R R RIS AR IE R OREL R E 0 K
ARl RARF 2 - o 3T E ko H{}\Joigécm_)i}g/ﬂg? » & ¢ % fiber optical
distributed temperature sensor (FO-DTS ) » % — £]37en& plHjtr » 237 L 87 &
BRIEERLER FRIL B J 3 hr% e 45 A W T Mk d BT KA
Ris > FlrBLEARME 2 2 5T NE > R G R FXRRNERAT o F 5L
ORGP IR IEE 0 F BT Sk A BE AR 0 K SMELZ ME B R~
KAple > R@ W4 k+ (photon) f@ifehifAey FI LGP Rplag 4 F 2 375
5 31?’”%**ﬂW’?9+éﬁﬁﬁﬂﬁﬁ(ﬂF%%i?ﬁﬁﬁﬁi
Rk L E ) PR R ERE M ELA 4 478 (scattering ) © E3 =7 F
FHTE: T N 48t (Rayleigh scattering ) ~ # 2 =47 %+ (Brillouin %ﬂq‘) IR APl I T
& (Raman scattering effect) o H #» > § <4l £ 82~ 5k cnjl £ 4pt T3
B M R L AR PR ATHR G R (B 6)-

Hoe #38 A4cs 5§ 5kl EFenT 24 (electromagnetic forces ) & # ficds
%R A AT S o gt R R 1Y 1 Bk (acoustic waves ) & #F (phonons) #
% 0 51429 7] X IR % (resonant phenomenon ) o (5 d Frddk agt £ = (wave
length shift) & k@& FRMNBF Lt 6] > H P REFRNER 2 LEFTRDAE
Snfice FlPt o BIERARTF N ETFRSEA DR ooa g AP E - Ak
LA ATBTIL R o R BPAR S R0 MOT s BPRAR S 0 QLI R AR SR
Fe &> (Raman scattering effect ) » § #3818 4 5 % M2 LA L & 3 s 405t

( Stokes scattering ) ; ¥r &8 47 5 % F 2. W ELP] 5 & ¢ # 5475 (Anti-stokes
scattering ) o ¢ 3= S ATHUHLE ~ Sk R 2 FE G OAUEM  9 € 3 U RTERUEL
“’f TOB o Bk Sg R ORAUMR Tz vh o rER R R R RIpHh T o B BiER
B A AR R b T ET R R ALY er},g,/E'JmI%\»
BR e vau REFRD THREFLA TR F L RE(2=0) AtERT
KR FRETFY EREz2 =8 0 R Rl BRI E 4o



MARIRCREERR BB E I B EE LS TR BRSNS BEFTAR G

_ Y
T(Z, t) - X\ 1

In (%) + C(t) — fOZ Aa(z")dz’ d

Rl T LEAK] zEER[L]t SER[T] y 58 6%3 R 24k
Yy = ﬁ%[K] »h i 4 28 5. % #c (Planck’s constant ) » Q 5 g 3£ L4542 » 513 b2
#E 5 A ok 5k %% % #ic (Boltzmann’s constant ) ° In (;:S((—Zztt))); R D
AL R BT AR C (1) 3 B RI RS
iR kI R kI A2 BRPRRERLE VR ETMLEFFRERELL
MR R A FOATICE S f Aa(z')dz' 5 w5 £ & % (differential attenuation ) 2_ #4
A2 [dB] 0 F R AR B PP P T RE > T F GEAR L o
ERRFARRAEG S S HEERFRAL ST M AR RFRE 2%
AR

Frequency of
Incident Light
{Rayleigh sentbering)
Stokes + Anti-Stoles
i i Arti-Stakes
Brillavin Fragutncy

Ghirts with

Lemparatura Emﬂ
Anlkalokoes

amglibyce

shifts with

temperatura

“~

Return Signal Intensity

Freguency

Bl 6 HToiu 5Lz 47 S BIH S L BI(E A Selker et al., 2006)

411 AR KB ERRE PR RE

AATRER R R PR éieﬁlﬁﬁﬁﬁmﬁbﬁ%i%ﬁ%%ﬁﬁ
d & FRL o ARy E* Silixa Ltd #7412 0 ULTIMATM-SDTS(B] 7)° 2 2 % w
oo fE D RRFRPAREET K%’ BEFEET ST RZ ?Em@ﬁiﬂ@#&-d“
Eom P LA b A WA EfRE e B2 F 5 g (channel ) ¥ &g A 72 0F
? I RRFRATRE S sl > H 1 TR R K 5 4+5°CH40°C 0 £ R EB < JERTE S
a2 BRMAEFRZEO00I R ZRMEITARS ] S 0125 2% > RIS
G7EE-LERFTH > RLERERE P#w_ ¥Ei v \
Ao F B A 47 R LS P PFF RS ok INg i IR &R (350 PT-100) 5 fe



Y S W DI i

FERERZ 28R /E'.)i%ﬂﬂ % -50°C ~+250°C; 8 & f3+7 B P] 5 £0.1°C>»

GERERVTRPIDZEHERATHEY Y B O RARE 2 SR A0F { G M

Bz BREPIFTHRUB AT HREAF T ’“?”#Fﬁ-fa RN P 2R R Ao KR

£ /#] ®(RBRsolo3T) » # & jpl# ] = -5°C~35°C » # R4 & & 5 £0.002°C ; & Bz

15 B B 5 <0.00005°C ; BRI FIET % 1 45N £ ) 23““+(2H@ KT R AR B el
Pz E R UE S DTS B A & %27 it o

e

1. Onnifi4,

g —01.%m 2EEB YT
e ___————Teflonfi %

(@) (b)
B 7 (a)F &% ek 47 &k A #% Ultima, Silixa Ltd > (b) & X R R FR I & 7
LR (R 5%

AF N REE R R R R ARG SRS 4T R SR e B ks
(heatmg pulse controller, HPC » ] 8)— & :i& {73 5k o B 4cfdrd] ki & §35
- T FAREAE L N R (4ol 8b Tor 0 RBRBAFR- Ae s B AFAPN )i
il Ao Bdrd ki sd ERpR R RD R R TR E - R

224V RREEE ST R AR EE A G Rd A 0] A 5
SR RS R T U e JEEE S C R e VR R A o e ST
Wi od cegu e ? T ROEFTANEET d PR ST RS F o § HPC kx
B 08 0 W L AW £ R TR S - ﬁH%ﬁQ@S&_%ﬂ * 2

H+
KRBT HP cFp R i T A2 A cHPC 7 k457 g B
LB P FELAER S AV AR LN RRZ F TR REFET
_‘ 4 ’#‘ mﬁ:k};o

% -4‘: LL’



g pER o 2024122 5p = 03:32

Bl 8 i fesbkgGE R R R B B S (a) Asrh o (b) kAR 3
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LR 0 2024#122 5p T = 03: 3

4-1-2 L FFRF B

B LFCRERE AR PR RS Y TREFEPEF R AR AR 9 o
T B EA 4T R85 d E-2000/APC dsps ik ML RS PR L R(E
A H - Eplgz 10 B 5 A% 2 FREBFLRE 0 S HE AN B FER
RN o EBREEAY BRI AFEREORLE 7S BIREHPN 2B E A
7k¥.-k (coldbath) % #:-k (warmbath) > #- %8 4§ p 98 B %4F &5 0°C% 40°C
(B¥Ry ZRERFRTT ) FHRARF FREH L Rpme 2 (SRER])
GUFR O RFERLEE A Y E R AN RE MY KA - B Bla 5N
2ot RIPEE LY NF R LA E TG A RPN AR R R 2 FRGEE RS R
*HFZBEERPN PR ERIEBE R (ambientbath) ¥ o B B3 g (S
Sl rhion g0 (R 1 E NI ﬁ%%%'ﬁ%°mﬁﬁﬁéﬁmﬁﬁﬁ®i
Wy 53 S meh iR PTI00 8 B BRI E » 32 08 BT £ R T2 B 4E B T4
TANBFORRREZ AR L RIHEZRRERTA R A F R
FEeb AR b IR 2 IR R doiie )RR B RIR (RBRsolo’T) » 4 M B A% F enf 48
BBV O 4 F R FO-DTS BRIE & 2 7 .04 o

E-2000/APC

Fiber optic cable o E}E
— =44 DTS well
PT100

Cold bath Ambient bath

Thermometer

Thermometer

Bl O T A HsN kR BRI E G R

T
@nb
=

4-2 TV-DTS i 22 i B 2k

LI TR R 2 U] L E T e BRIE (TSI T BB Rk
-q:]r:ﬁ %E)('}/E ;Ej}&‘ﬁpu/ 7J<‘/‘;::"ré’ ’ Té %‘E' %; ég_/"i ‘i*ﬂ ‘:% é ﬁ_i_f_i_l‘_’" t 7 l}‘]? ,1 ;L;
PR — BRAL > 33— RS TR TR AT AL 34 B DTS i (7 ek

11



LR 20244122 5p T = 03:32

AR RERRR R BESHE HEEASRE TRREE NS FRTAD B
oop WAERGE Y R Fine KGR R B LRGEL 5 thermal vector — DTS,
TVUB’Qﬁ@%m%?1§m$lmmnﬁyTvnmu%§y@@@g§@
BIE AR AR RE AR GGG R > ) H - v TR T
PEE Y TR IRRZ R B e o TV-DTS a9k 3h4cB 10 #7177 @ 2 5% 30
POLBRNGAF AR TR E A P ORE S REIE R BP0 BEAR kR
AP TREAER] K - RS BB AT RE YIS 0 B HR 4R

PTFE Disk

Fiber _ | PTFE Cylinder

35mm ] 25em

3mm

(b) © .

B 10 TV-DTS & #£4 B : (a)TV-DTS FH 2 [fl4% (b) TV-DTS % 2 (c)k
RETHRe L o FLELT LR

;rgs_g_if_’rq; TV-DTS 8 &>t Fpl2 P o @ ¥ =¥ 2 Z‘gé‘,;t;léf_ég;ﬁé@%g%i;{;@;;g%,

Bl AR 2 CRRTF Tk R 2 E R R ERCTIZEN A @

O Rk g &R T 2 /&&%'L-’Tﬂ wE ’fqif)%\m_)i ARVIE-HFEITFIFRE
—Bﬁif‘;—t’kjﬁﬁﬁﬁl77~f‘—r’]\7n‘@ ’ &l?]‘%%‘kf’?} 11 #7571 o

251 _
g=10"" m/s

6 =m/4

Temperature, T [°C|

400 500 600
Time, ¢ [s]

B 11 TV-DTS % | > =2 § & % {* (4% p Zlotnik et al., 2017)

12



ﬁﬁi’ >0 B
4-3  TV-DTS # 8§ %1% j2

Bt 7 TV-DTS end & jiig 225w 247 pF > %ﬁd R @ﬁ?‘lﬁ’ﬁ’—’r 2 3% (Bakker
etal, 2015)% * 11 & mF-RK g R AP @%JE%P}’RT KR 2 B oo A2rH g
Zlotnik and Tartakovsky(2018)#74% ! crfi247:8 (7 4 47 » Bk — ‘R T et ¥ e K
PGk R RIMEE AT oA R TR EAN N AE - B léirisléi
B el @%J EVER o - B RIBER GEE > 20 TR F XD e

Z fER I F e g AF P E R RPELE A kfrAM PR R E B E T }ff’i‘
T BB Tk ﬁﬁ;&@@l kT g R 2 ZkE Y gl o= R ERE
#2417 #2352 (Anderson, 2005 ; Bear, 1972 ; Ciriello et al., 2015 ; Ingebritsen et al.,
2006 ; Kluitenberg and Warrick, 2001):

cp(;—:=\7-(kl7T)—chwq-UT+F 2

F2¢ T s x=(x ) i B R CRER R ok SR BEGE o k2

WK o py k2 BB FERECE M pe K- 55 & 358 (Bear, 1972) 5 405t 3 #1oT

cp = neypy + (1 —n)cgps 3

F3F e A EMBAT o p AEFMBR onFItHEF B ook BT

ps o K2R - N 29 Fr)i X 22 $REE > D q=(qy q» q-)'=-KVh 5 &

Fonid o BHP Kfvhmw i ToRk2 k4 BREGHREREF - 53 {35 0E
g B2 s 5

S =v-V) -V T +f &4
H
D = k _ nky+(1-n)kg X 5
cp newpwt(A-n)csps
V=, s\ 5h
cp
F .
= ; ;\ SC
g2

59 oD R B R4
'é"—‘ff’i.'éré’mmf;ca » o wld ar i E ogp FoT oo @ wARfe g kA ¢ LG onds anif
AT ok ke B Tlic(ko)E B K g B E Tlie(k) 1 2 R e 8 T lie(h) T
] -?k(,:kl "kt BIDy = ko/cpo v+ BB E AR AR Rp TS kA ¢
oA R R I 0 Y Rk AR H T ) IR -

Zlotnik and Tartakovsky(2018)3% i A ##& £ ¥ Green’s function » #-#4 4f §T4R

Y N A o S
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AR AR R R R B S P TR TR 2 B T AR &
Lo Rt nme@MHT’n%ﬁﬁﬁé*oa " BRI

BooBA By AR AR Y 2P E 0 R AR Pz e b 2 o d
éﬁﬁiéiiﬁlgﬁéiié%ﬁ’W“%@%u&pi%ﬂ’%%ﬂﬁa
oA Rk B RURE (R Y, A AL EY LR SRR
R LR ZE e A TR R 2 > T g=(0,0,g)" o Bt KR P B4R E

D A58 5

D, 0 0
D=<O D; 0) DT_—p—DO+aTV D, = p=D0+aLV’V=prwq P

0 0 D, P
6
EF R 2R
oT
= - - -\
at—DT( + )+DL62 Va~+f X7

P ARV 8 2 L F 4 347 R f#(Cardiff et al., 2010 ; Zlotnik et al., 2017) - 3
FEZRIP G vevkin 3w > 28 45 BAE AR FE A& () z)Fa
Ak (%, 7, 24 M (R 12)
(f) cos @ (xcosp +ysing) —zsinb

y
Z

= —xsin@ +ycos @ ;8
sin@ (xcos @ +ysing) +zcos 6
¥ — 3 4 > Zlotnik and Tartakovsky(2018)<g;@ O E R LR ke R
e s o BBUELURE - RE 0 AR TFH Q—&«éﬁdﬁr(ml{ 3 PRt FUEE P (L)
B HERA TR fF

T, (%, 3,2t
T(%,y,2t) = o 0<t<t,
T,(%,7,Z,t) — Tp(x,y,z,t— tp)
t>t, ;' 9a
Ao e BT BRI T, 5
o~ s E/(pc) - R+Vt :
Tp(x,y,z,t)=$ ez[e Rerfc( \/_)+eR erfc (J—)] ;' 9b
H4¢ R:
2 2 2 ;-2 p_ RV Y
R = (x +y4)+ 2%,z 2DR—ZDL s 9c

T AR 2 g T 04 0% T (instantaneous line source) BB R A efE
13T o FEFARG A RET R FT OMMEET IR O B F B Ao
Bl 13(%77% ©
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EH;E—%/‘Z‘ ‘/H %E.

Z A Zh

Bl 12 Biffdit ()BAR(F RE A B 2 (XY2)E (XFD)E < 4k« e
gz wdgedd LT (FF D)o BiFf SLonilidr 1 & $F5 = 2R
oA s ()% z thi A EE &R yo %(x,y,Z)ﬁ‘ﬂr LEE L (xy.z) (2)

eE YR FAEE AR O T e B gz B 5,28 2k XN
- T5 o RiRdhR G BER) - (D)RMEEIR(E R ] mfg’l'f?—%@f}%"ig%z S ok E

= (p

R A REyZ)Y (z=—1/2z=1/2) Rk S(x,y,z)" @R ED B
2L & (-1/25in0,0,1/2cos0) £ (1/2sin0,0,-I/2cos0)) (#f B Zlotnik and Tartakovsky, 2018)

2 r ™
qg=10"%m/s q=10""m/s

0=mx/4

o
5

o
T
]

Temperature, T' [°C]

Temperature, T [°C]

400 500 400 5¢ B
Time, t [s] Time, t [s]

B 13 B AEF B (T x=0.03,y=0,2z=0.03) > (a)ixF & % 10°m/s »
(b) £ & 5 10°m/s(df p Zlotnik and Tartakovsky, 2018)

4-4 % GFTREF ~ #g@ﬁe? FBcZ ik 27

- ] S fRTIRR S TR SR e 2 AP (- AR A
VA HTV R B R B 1 B 45 (Active distributed temperature sensing toolbox, A-DTS
Toolbox) ¢ # i& {7 4~ 45 = A-DTS Toolbox &_d Simon §= Bour (2022)#7: ¥ B % >
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PUA TS R G B R B R ;gfﬁﬁﬁ@E%ﬁET¢ﬁﬁﬁﬁ@$ﬂﬁ§ﬂﬁ
?é%%ﬁﬁﬁﬁ @ B ESLR YRS T ARR R B E G K
/n <§ }i!g- f’r;}'ﬂl I" s 1 }- = iﬁimﬂ g'_ L]"} /47\’}’?

Bl 14 5 @S BYP F R HF TR 2 & A #F B d R (thermal response curve)
BRBT(AT)EFR R g (2 )2 B {3 (2 4 m R ERB 4 7 38
A B AR AR R 1Y (ATpo) B i de R R ST i & e Bl >
Ad g GREARRFERPN > HRER X B (Simonetal., 2021) > f A 73
ﬁd@ﬁ%”ﬁ$°’“% Dp RBTAPN BED R RFRE Flos P HRLE

FoRA S A RR A B B o T & B S A (conduction affected)
qu,Pﬁ@g ERSYR > BRSRELIERY R 534
1 z;i;ﬁﬂ B 5 o

B>t hRARRFRAAL ORI L RRERS > L BR A
ATpy)e 29 5 34 A BT ¢ e @ % (conduction){rF jit (advection) i % o 8 & + 2
FAGESBARDIFE D S - FFEp =t 3 t=tg 22 B » 10 # @Kﬁ- ¥ (conduction-
dominant) > AP FFE T WBERIERZBE F(R 14) FRADLFEE TR ER
%’iiﬁéﬂﬁﬁmﬁ@%&&wi%o+:u& t>m’uﬁlm6%
(advection-dominant) R R P Baas B E ki R R D AR BT R L
FIREE N 4 R Al p] 2 SR T S B L A ’?ﬂl A R R AR
%ﬁ%ﬁﬁ&%“wﬁ%idﬁhii»mwﬂ&ﬂmAR&ﬁA”aOisﬁﬁ
BA)E o AT A B i e BT 2P| T (R )
PLPE S B TR R D T T ETRRE R DR Moo T H R RS R B eeh
FREGEY > RFDATEY o @R TR 85 B > F 27 2X(Simon
et al., 2021) -

d 3 ATro tet > te TFF B Bt R R L > R RS f i B L R T s
ML F ATro#ic B 7 M e ATpy FE DR m I * #F 2 2 Ak - &
K T ATro 2 1 ’iﬁ? v BB g AR EUR  (Moving Instantaneous Line Source,
MILS) %] (Jaeger §= Carslaw > 1959) » 3 i 4 oA~ 4oB T #7To > 11 2 J5L F x-y =
o b de gk AR A R 2 ﬁﬁ@MWMFTW@PMT”ﬁ

ATpp (x,y) = exp [qx prw] 10
x2+y2 qz szpw2 d_lp X
fx:t-;)yz GXP[ Y- ( D, )16th 2,7 ] ” X
MR tLWﬁmX%?%TLﬁﬁfwibn)m®3Q{ﬁ*ﬁ
£t 5 F(Wm); 248 x fo y $ R EEEUR RS 5 £R 23 x=0 fr y=0 i
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Fp i
cp & F kK ZAMHERFOMIK)A cupy 5 k2 AR F MK 5 D 5 BT
F(m/s) s A FHMAHBEGEWDK) Y 2 %E -

(2) ATro + ATpy (1,4,9)
35 LA I 4

30 - (1) ATgo+ ATpym (1,4, (|:0)~7

S
§3

257

ATpm

AT and log derivative (°C)
O

Slope s,
10— i|
4o
S| L. 3]
----------------------------------------- dT/dlIn(t) 3
0 venll ol ' T SO
l 10" 100 100 10*  10°
FO cable Time (sec) (logscale)
N Porous media .

Conduction Conduction Advection
affected dominant  dominant
Bl 14 2%V kG E R R B B(ADTS)R| & FF cnd ko (2 H)FE B
Simon et al., 2021)

4-5 FLUTe #f# 43

FLUTe 2 # 5 148 ¥ T $j(Flexible Liner Underground Technologies,
FLUTe) & @ T3 2 Hramp M e ff 5 E/P{ 4§ el
it PP @ ] FIEE o A PARE 0% B L BlAcB] 15 frr 0 B4
MPALEdL 2 P o R R~ > B KT E R e T
® T B eBARR D B AR PRI H B (1T F R A L R
PLRFHE  REFRET R RAME NS B LA kLR
g AR > MEAFER FIRR e TR E ok 2 Bend B (Pehme et
al., 2010 ; Klepikova et al., 2011 ) -

A LB R - N d R ARk
kg E??F‘ HREE  BPREEL T P dE HR 0 gt b S BGRRET
P A 24 ehp AR (free convection) & T8GR G IR HE BIEAL B R FIALE m%’r‘
BREE @™ G AL LI % o Coleman et al. (2015)2 4r 4 = 3% A AkI T & (73
o T leprid* FLUTe > Wi * mfd2 £ R -7 2% 81 i * FLUTe
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WARGRBERERIBEEHI R EFSRE TR R 3 BITAD S
AT o F 3 rreha| ‘ffmjﬂ’p%ﬁ’lﬂfﬁi% o2 FLUTe :& (73t & 18 » BT BT
ZZEBR LR F BEFETUFRZRE? B ToREREFATR Bl RERERT
mAMAREEAB N REDE H B o By B R EERE R R AP
Wrgtd» F By TR 2 fRTa P BE KRB 2 S| 4 (Pehmeetal., 2013 )

Computer Hose\ Velocity (@)

Liner on reel

(inside out)
=

Liner head
measurement
using bubbler
s

———> Original water in
\ hole pushed out
Fractures ll into formation
' e———| ——=

I Transducer

Bl 15 FLUTe = %1 & Bl(Keller et al., 2013)

4-6  PAM #f# 445

PAM h 2 & & B3 fie’%(polyacrylamide, PAM) » & - fo & ¢ &R 2 &
FhFEOREREF (B 162) r B3 k(8 &a A2 R} TF?TM "
(polyacrylamide gel, PAG) » 2 #Z P & ¢ (K] 16b)> HE ~uFd 2 L3 8
KPR A & 0 5]40:-COOH ~ -OH ~-CONH2 % > sv -k A2 4 T 4 1@
AREA RSP kjan d Ay L PR ETE AL E R 200 1
500 & (Bhardwajetal.,2007) o ptag it &5 cn* i i B4 > 8 F1 279 ¥ iF
Pk e AR W o BEAT G AR EARF LFE 0 0 FFE 5
R ARF 2 &,-%47'%?]33 » AR ¥ G % 303 3 %(Wei and Durian, 2014) » ¥
PRk e kG o AP R IEF A Koo pet s HBRE N W o RF 2
ESRN e sl k5 I oS AR L P # -k 2] % (Chauveteau et al., 2000; Elsharafi and
Bai, 2016; Simjoo and Koohi, 2009) -

N

PILEREFORRERBLIAPT  RENIPE 2 gL a?—?‘rﬁ
o EERSER ERIEE > 0 PAM S ok BB E G g it
»v -k e# @ 3 % #ic(Davidson and Sherar, 2003; Zhang et al., 2011) - PAM éjdrﬁ;

WA bR HIR S MAF 0T o Yok o T A nde S gy
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(O8]

bR RN E N e 2
FH RS R T o BIVH S L iR R T WK% S 2 (permeability) 77
1 i# *% M (Klepikova et al., 2018) » @ % 3% (4 "% Mg 2 N g d S0 o 1
I ek o B PAM B § A B e BORBGR A o fgiR 0 Aok B
FLUTe Ap iz > ic #9322 M ER|2 7 A4 LB KR a7 B K RRF SRR
2 Fl4ofhoirid & ehp ZA IR (free convection) v i@ BLANE R R P 2 34T 0 i@
ERE R Sy b

(@) (b)
B 16 ()PAM 354+ (b)PAG

(7 # %k https://www.indiamart.com/proddetail/acrylamide-
polyacrylamide-15419531197.html ;
https://www.homesciencetools.com/product/polyacrylamide-waterless-crystals/)
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