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Effect of reducing the test period on estimating effective thermal conductivity
from Kelvin’s line source function in thermal response test: a numerical study

Hirotaka SAITO'”, Takeshi SAITO??, Yuji KOHGO'~, Shoichiro HAMAMOTO?>, Per MOLDRUP*? and Toshiko KOMATSU??

Abstract: It has been recommended to carry out ther-
mal response tests (TRT) for a period of minimum 48
hours when the measured data are used together with a
linear approximation of Kelvin’s infinite line source func-
tion for heat transport in porous materials to estimate ap-
parent thermal conductivity of the ground. Recently an
asymptotic solution of the line source function has been
proposed to reduce the estimation error. This study exam-
ined the potential of the new solution to also reduce the
TRT period, as the new solution in principle can be ap-
plied to early (short-time) data. For this analysis, a one-
dimensional convective-conductive heat transport equation
was applied for the circulating fluid, and three-dimensional
conductive heat transport equations were applied for the
ground, the grout, and the heat exchangers, to simulate
heat transport and exchange between circulating fluid and
the ground during TRT. Fluid temperatures simulated un-
der different conditions were then used to estimate appar-
ent thermal conductivity using both the linear approxima-
tion and the asymptotic solution of the line source function.
Results showed that the TRT period can be reduced to less
than 20 hours with an average error less than 5 % even
in case of extreme thermal conductivity of grout, which
can markedly affect early (short-time) TRT data. The con-
clusion was confirmed when also using actual TRT data
collected at ground source heat pump (GSHP) test sites
at Tokyo University of Agriculture and Technology and
Saitama University.
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sponse test (TRT), effective thermal conductivity, numeri-
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!Graduate School of Agriculture, Tokyo University of Agriculture and
Technology, 3-5-8 Saiwai-cho, Fuchu-shi, Tokyo, 183-8509, Japan. Cor-
responding author: 7 HE/AME, AR TRFERF PR

2Graduate School of Science and Engineering, Saitama University, 255
Shimo-Okubo, Sakura-ku, Saitama, 338-8570, Japan.

3Graduate School of Agricultural and Life Sciences, The University of
Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo, 113-8567, Japan.

“4Department of Civil Engineering, Aalborg University, Sofiendalsvej 11,
9200 Aalborg SV, Denmark.

3Core Research for Evolutionary Science and Technology, Japan Science
and Technology Agency, 4-1-8 Honcho, Kawaguchi-shi, Saitama, 332-
0012, Japan.

2014 52 A 21 A%F 2014 4 11 A 21 Ax#

1. (ZC&®HIZ

LBBRELD X O ITREBPED — R = RV F — 2R TF LT
D, TRVF—EREN» OIS FTRE 2tk
BNEEETDHT-01IE, BIROBOBENRD 7L,
BIEASODAMBDIRVKEERCNA AL Vo2
EHRET RV E—DRANR R R THDH. ITEAART,
AT RLEX—0—o L LT T2y ([CiEA N
FoTWD (KRE 2002; 22, 2011). = = CHid &3,
T 10 m 255 200 m £ TOHBENEF OB R L
¥F—DIZ LT, BERRIBEIZLOTIZE-EDRE L
IRTIREORMAERD., TAVIRRA Y 2 —FT g ¥ —
ERERCKEEE & T, HAROH B 2% K 13t AT
WS, H22 ORI FEEE T K D = 3% — ek
ERELEO P THAFMEZ R LY —0—2 & LTfith
LNTEY, S%ZOFHANETETHELZ TN ZEN
THEND.

M EFI Iz DN T, KEL ZoIpEans (b
MEIE R PR > 27 & T3 E, 2007). —20%
T AREELHBREZEJE L CHIAT 20T, iz
t — kAR > 7 (Ground Source Heat Pump; GSHP) &
TFARERDHD. b —olF, WTEKABHOENEZ S
YT, ANLMIZAZ R VX —2 M FICE X, LEIDG
CCHY T ZEadEE s LCoRfThH5. GSHP v =
TAII =X RN EXEA—T L HT B, Hi
FITHPICHRERR Lo B ias A LTV L, %EIX
HWTFEKERA EF T EOoe = R TOEJRE LT
FHT2 (W - HK,2011). BEAHAOHE, 7 a—
A RFATIEE— MR 72N L CTTE AR
NODORAEMPIZHELZESEt m 208 mo U
FROBZEL (USE) 28 L CHiPIcdd 5. —
i, A= HRTIE, BRABHT M TRKICHEZENL, H
TIWCREY. 7r—X RHFRUCHWTIE, AARHEGEESZ
T 2005 D 2007 FATH T THEE T EEIH e — b
W7 AT L) (Fi, 2005) NEH#Hsh, A—7 0%
LUTHONTIZ 2011 A5 2012 IS HT T HAH TS
DEECHEF SN GEE TH AR BT (5, 2011)
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OHFTIY EFonTEY (HHE - B8, 2012), P2
EDHUL & g o TEN OB E LT FEE (I 7o 1 3
BOWMYMAPMTHON TS, 2D X5 GSHP 1L, K
B /NI W e o 4 —T 0, BROWY r—X K
ROFANETETRIES N, FmRttasoBEIcR
T HRBEINREL 2D 2 R/ I TV

71— X R GSHP O MEEEZ R E T 5 Mk o Bz #a
RRAZFFMT 5720, —FITITEUSE R (Thermal
Response Test £ 721% TRT) X 0 Huilk D B F 2R E R
ZRDD (I - BEE, 2011). TRT T O
(BARHaFE) WICShEICRE L UFELZHWDR, U
TEOBER B+ mm) (TGRS F ISR VI
We2d., Z20izd, 7 e OMIRBENC IS < fjpr
fi# (Carslaw and Jaeger, 1959) <M fAiEJHBEGRIZEE S <
gt (Ingersoll et al., 1954) & /o7 — ¥ fEHT 3T
bivTns. Frer ofiRBEEIE, HERIZEWHRER
L E LT-MREBEREE 2, BRI — 72 AR
BWTEJED D OAENFECESICELLT—EL L
TARED T T, MIHNRER X OMEIRE COREN T, T
—EDEMET, WIRTEMRE RN THE LD
(Carslaw and Jaeger, 1959) .

or_ (T
or or?

10T
+ r8r) )

- - )
— — ey

T (3R E (KT, ¢ 3B [s], 7 (38RE
b OMEE (m], o ZEEEOBEEGEE (m?s™!1] T
b5, B, o 3EEOBEERA (Wm K] Bk
OAREEAER C Im3 K, Ho50EE e [Tkg™!
K], #komE p (kgm 3] ZHOTKRO X HI2H %
bh5b.

A A

“=c= o (2)

1) — THERIZ IR P I BEIRICR WK & SO 7220

BIREE L, ShEHFMOBBEABE TS LT 5 L,

EEOWEHE ¢, BB r 12380 BRI O AT 1%

(1) Kofs L THSEEEE E # W TLULFD XS

IZ5-Z b5 (Carslaw and Jaeger, 1959; Ingersoll et al.,
1954).

_ re—2 mi
AT =T (r,t)-T, = 47[),El( s) N
Y oy DT
rT?) <7+1ns L w
r? r’C
- = 4
T dor T 4ht @

T2, Q@ IERRERE O BT RE S 472 0 oBE[WmT!],

YIEAA T—EHT, y=05T12 % 52 5. t BREL,
s D ENEE (5<0.05), 3) Xx @) X&2H
WTHKRA TR TE 5.

Q/ r2
AT =T (rt)~Ti=—— <lnm+0.5772>
B Q/ Q/ r2
_4ﬂlm@)—4ﬂl(m4a+05wz
(&)
=mln(t)+b
Q/ Q/ 2

,
= — 1 —_ . 2
b 47177L(n4(x+0577)

TRT 7 —# it O—>Th HEKIETHE, UTENZ
BB 2 PR TIRE Toyy DEALE (ATywe = Tave — T})
Zr=012BJ2 AT & LT, Brio BSR4 L o BEf%R
kv 5) KO m»b A 2H/T, HEEOLNTEYRESR
Ae ET 5. Z0 L ZEERBAMGD Doy R RE LT
XEOT —2 250, METUREATEST7—4
X ORENFRNIIARARETH S 7280, BEXMOEI
LOENKEL, BLEL EICERBREGR- 2000572 8
OMENRD L. iz, (ERETIEIWE T ORBE % Fi¥%
S D RREERE C (F7213E o) #HEE T (Wagner
and Clauser, 2005), XERGAXOGETRD 201
X7 5700,

LR R (2013) 1E, 1ERBEICE S Ami7Riiss
D T B, () ROEMERRIZ TR 2
LPREEFRELTCND (LI, Wnffk) . BR - A
(2013) 1%, 3) REWDO~X %5 30 H (k= 30)
ETEEL, ATy 105 4) XD sITEEND A BET
r2C % WRHTIC X 0 #EE L7z, TRT TlX ATy & r=0
TOMET 570, ridBEMTH Y RN TE R0,
r=0%&¢3%Ls=0%¢7Y BRI CEV. 22T,
R BERR (2013) (X r & C 2Lz P2C ZRET
5L TR alREL L=, ZOFEORSIE, il
i) TRT WD ATy 2RI TE 5 2 &, EEOKMHIC
B D Alywe 06 Ae HEETHZ EBARETHSH Z &,
F7o, ERETITHE TERWERREEAAE C (=po) %
GENRT AL P2CEHETEDHZETHD. oL,
r=0 28T DHEEMAY 0 T S O W EE RO fRRR 1 X IR 54
ThHn. LicidoT, WIffiEIC LB oh2WENE
WD BT A—H L LTIE, EREEFREIC A Th
5. (1) R PRI X 2B E) (Bit) 25 LT
WA, FERIE CIERBRIEREM 2N R <, # Rk
DRBREETCERVWEALH D, B - EBEE (2013)
1%, WS T TRT W18 04552 X 2 BV 873 ST RC Y
R HIRTE 2T T 5 2 & T, BiIRICKZ 2EBEHOE
BEPRTEDLEL LTINS,

ZDEIIE, e ORISR OWNEEE VWD &,
BRI D ATy FIHT D 2 ENTE D720, 48
ML EDOIEAAHELE S U TV D TRT D E M (K5,
2010) % KIBICHIE C& 27 RN H 5. Lo LEEIC

Ty



AL+ PSS FRIBR S M ] O i 3 2 > BMu B S HEE 12 B 2 D 3% BB RYATZE 13

=

13U ISR CIE 72 <, TRT M1 IEBIR OB E
FRAZ L 72V, E7z, TRT #IH OB I HH N D 7
77 bOEELZZ T %5 (Sanner, et al., 2005). L7=H -
T TRT ksl 2 EOREEHFE CTX 202 MiT 57
DITIE, B8R E 6> 77 hEHWTTRT %
Ffti L, BRA2DXMID ATy 105 A ZHEET D Z EA5K
oD, LaL, BZBIFOREN))D 2 X NED
M BES TIEZe <, U722 BIEMITIEE BV
DARFARTHD. 2 THRMmLL, BUEfENTEE AN T
TRT FEHaREM OEHEL Ae OHETITE 2 5B A I &
WZTHZexAME LT,

AHFZETOEMEMHT Tl1E, UTZEONEN U TEE
S LR THpITNEL, UFENOEBRO N E
FTRTHET 2 Z LT TR At LEETHD & L
T, UFENOBBEZ —RcOBi & AEIC L 58
# & L7z (HF, 2004a, 2004b; #, 2006; Schiavi, 2009;
Christodoulides et al., 2012, iS5, 2013). =L T, #
EENTEIC LV R DBRER A, #6527 70 &
WT TRT Z%Efi L, ATy OFFRFERND A ZHEE L
To. WOIARETIZRR D X O ATy, 2 VT A 24
EL, fERIEIZE D A & DL TRT SEHGRFR 04
MEOREBEN G Lz, BEMIZIE, UFREoRRIC
PEORRAEL 7T 7 ML AREIZ O W TR 2. EXE
TIE R R ERRIE R O ATy, 22728, TEMEE &
F7p LTIt Ge & LT, g, HEREREEORE < #
72 7% 2 M THEERICHEN LB TRT O AT,y % v
T A ZHEE L, BUEMATORER L e L, TRT FEHiHF
REAE DL PEIZ DN TELE LTz,

2. Bk

2.1 BEMITIC K D A DHEE

ABFZETIE, UFENEZIEERT 2 BRI L 2 BB H)
(ZOWTIE, BTN T RO fREE L OB 2 5 E
LIz e e L.

o 9 (, oT: oT;
CG— = 72 (ﬂfaz) _CfufTZ + St (6)

T AT up BRI B D DR, o F Btk 7
T v s A [ms™'], Sp i ZHAEREY 72 0 OBOWIAR -
BHLE Um3 s, I3 EFAOEE [m] Th
L. DB P& 0T 1L, Bk E R, U TEARKE,
777 NN, HEENOEBENZOWTIE, =R nE
WL DBBE O R EEE Lk EERIREAL L.
0¥, HTFKRBIIZOWTIZEEB Lo 7.

an; _

G5 =V (VT +5 (7)

TAPECF ISR, 7T 0, UFREOWTNE
#L, UBZEnZILs, g p E#HAn5. BUtik) o Bk

T5 U FTERE~OBKE), £ U FTE»SOABH)
IZOWTHE, BEEMFZEDO R TV D7 5 FIENR W
LNTE. HT S (2004b) 1%, mEICLVENmEE
W DRE L BRI LV R SN2 BENEIV A F
THR VIR LR %47 9 k%A L7z, Schiavi (2009)
i, BMRRICL2BBEEAT T v 7 ARG LT
WALz, WTho kb Bk U8 L oRRA %%
2877 v 7 AERCHFIETH LN, WY R
DB ENKS TIiE72vy. —JF Christodoulides et al.
(2012) 1%, BMBLAL U T8 ARIKM OB B GRIE 2
20, ZNENOBEARNERICBERFICANMRET S LK
EL, WA - BEHLIES OF CEABE ZH -7~ —i&
IZ TRT G, ®RETHEHDORKE ST U F
BONBRE IR+ EL, RIFFRETH ZOREN
AL B &CHIT L C Christodoulides et al. (2012) @ik
2 LAY

=a— FOGHANCE D &, WE T, ORENZIL
BTy OFER RN D & &, Jifk e N8 ORI TH
ENSAE~, HD5 VLN OBBERITE DIREEICH
BlL, ZOHGIER h & B8Y5ERE (Wm 2K 1] L
S hiX, WREOBMEESRE A L O EBio TEXRTLL
72X otV Nu ZHWW TR TEZ NS (HAK
WF2, 2005) .

_ by
A

W Ly FRAEREE S [m] THY, HEOLEIT
W& d, (m] BAAVSRD. NulZERORIK, HHCH
EOBHFEIZ L > TRE D, WO RMAENOELROY
G, BUHENERENIORERT LA VA Re BLW
TROKEE L BIEHER O 2 KT 77 > bV Pr 2 A
Wk @ Dittus-Boelter X TH 2 b5 (H AWM RS,
2005).

Nu ®)

Nu = 0.023 - Re’8Pr” 9)

yyby
NN (N

NE R 0 TFAAOEH T 0.3, WRIED
BT 0.4 £725. UEXD, T, KoEmnes,
BERH A e 5 2R Oy Us™!] 1%, BRI A %
ATk TchEzxbhb.

On="h-A[Ti—T]

.0.023-Re%8 . 03 10)
:ﬁ,f 0.023-Re”®-Pr ~A-[Tf—Tp] (
dp

U TENERNLBWA L UTEoMoBBEZ (6)
XL (7)) KXOWIAZ - BEH LIS TH O =02, &8
FEE Oy B AREY -0 OBE L LTHEXD. 22
T, RS dz, BN d,, TREIT, DUTEEEZD.
BRI D U FE~OBBENE U DRI, AR
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(a) (b)

N/

{w) ooz

Fig. 1 ##gr UFFICMA T T M2/ Uik .
MEBEOMRITICAVWE () ZWociRsEE (b) Limo
BREFA Y V=,

(a) Three dimensional domain for numerical analysis of heat
exchange and heat transport when ground, grout and U-tube
were considered and (b) finite element mesh of the top surface.

YT ) OB BIT IR TIIRIAAR L LT, £ UF
ETHBHLE LTERERKRATEXLNS. 2EL
tp IX dp LHATHFTAESNETD.

@_A-h[rp—rf]

Sf= =
Vi n(éﬂ)zdz
(ndy) -de-h [T, 7] b
= 2 = [Ti’ T
( )dz
S - Ou A'h[Tf—Tp]
PV, (7rd,,)tp -dz 12
(”dp) tp-dz ’P e

UFEDOHBEREL TV LEETHL7 T T MTONT
i, UFENENLORBE S ZHIZL VAL, BOR
AB - BHLBXO0 L35, UEXY, KBTI, H
&, 770k, UFERE, BEERERTIRBEHO
ERSIERXEZETNENROL IR,

oT
G5 =V (V) (13)
oL = (3v1) a4
BT h
GG =V- (VD) [B-5]  a9)

oT o oT oT
Cfat (kf ) Cfufa

4h
(v Gl 0o

WTNOEKRIZBWTS, BUREROZGHIZ OV TIE
WHETEHbDE Lz, ook, WAARERE
715 LT 5 FlexPDE Y 7 k¥ =7 (PDE Solutions
Inc.) ZRAWTHEWE., #HE T, WiAA - Bl LEDS
(BB S U FE~OBREPEZ HRVWE DI, B
RO R X ((16) X) ITHW DR TH HIRE
T &, i, 797 b, UTEOR#EHERX ((13) ~

(15) ) WTHWARMBOELE T 1XRRHRMEE L,
BAGEAR % it D B R BRI DA S E 7.

Fig. 112, RO REHEK L LindE o4 RER
Ay vaZRy. WEFIIEUFEEED S50m, x-y F
fETIES0m x50m xR E L, UFFUIMIR
RBHELRELTND T T U b B~ MBOLEZF L
7. #%ik4 5 FEPED TRT DFER, BA#HIN S 1 m B
NEBEH TORKIBE LA 032°C ThoteZ &b
5, FiE ET 5.0 m U5 OFHRER CRIEHSEROZEIT
WMECTEDHLE L. UFFEHAEEROPOICALEL,
U FERIRRR LA - AR, Bk oRiz o0 T
BT RFEM P X v /32 (TAT) TEM L7 TRT %
BEZ LI (Table 1). HREHEA v 2k, UFED
fri@Ed 5P HE TIRERITNE L, BRICE»-TK
EL BN AE o TWA, OIHNRE T 1, g U
BT RTIZHEWT, TAT TOEHIEL Y 17.0°C
L L7, g OBEMEZ SV TiE TAT THEME L7 TRT
DRERZEBEZIZL, BRER A #222Wm T K, (&
BMBARC #31MIm 3K L Lt (G, 2013).

WA g, M T CEORESEREMHL L, U

Table 1 FEEHFIZHWERT A—FH.
Input parameters used in numerical simulation.

TAT SU
Internal diameter of U-tube, dp [m] 0.026 0.037
U-tube thickness, [m] 0.003 0.003
U-tube separation distance, sp [m] 0.052 0.058
U-tube length, /[, [m] 50 50
Fluid flow rate, Uy [L m™!] 9 13.5
Fluid velocity, uy [ms~!] 0.15 021
Heat transfer coefficient, » [W m~2 K~1] 834.7 1038.1

Initial temperature, 7; [K] 290.15 289.35
Inlet-outlet temperature difference, AT, [K] 45 3
Fluid density, py [kg m~3] 1000 1000
Fluid specific heat, ¢; [Jkg™! K] 4182 4182
Fluid thermal conductivity, Ay [Wm~!K~!] 0.58 0.58
HDPE density, p, [kgm] 950 950
HDPE specific heat, ¢, [Jkg™! K™!] 1800 1800
HDPE thermal conductivity, A, [W m'K"1] 051 051
Diameter of heat exchange well [m] 0.178 0.178
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Fig. 2
TOMERRR B K, KB, Sk, EREEDOS.
Observed particle size distributions, water contents, and dry
bulk densities from geological columns sampled at Tokyo
University of Agriculture and Technology (TAT), and Saitama
University (SU).

(a) HIRETAY: (TAT) BXL U (b) HrEKXKY: (SU)

FERKD ESIZOWTH T, TEDRESER LML
L7, FIROBREMHIZOVTIE, #HBBIOU T
AR E HIZHEE U, BERIZ oW THE, TRT 289
-0z, #BMRAT v 7T UFEETAQIRE T, MHOE
BE Tou \2—TEMBD D AT, 2N Z TR Tou + AT, & 72
DIREEBI RSt & L. AT, OffilX, TAT THEME L7
TRT i2{fi>T 4.5°C & L7=. UF&EHOOBEEMKIZS
WTiY, IREARE T (0Tw/dz=0) & Liz. #HEE
fElix, TRT &R U 48 WffE] (172,800 #) & L7z, &7z,
U FE O FPisidEid 4 2 KoghE2HE L L, USE
ERETOIC, T TIEEMENOBEERDRE 2R C
LT ARESERALMERELE. F0LE, UTE TR
DS M OB RIIERTE L L L. TOIEMFHEI

HWiz/%F A—% 1%, Table 1 ® TAT #iZ/R41EY Th
5. Bk L UFEREK REER)=FLY) OBR
R W, W E OB W TSR 2 W
7= (Christodoulides et al., 2012 7z ¥). 723, #iikiz-
Wi, AW oLy 7Y a—Lol
BTHRENFENGAS, KERUBFMEEZ L DL AE
B2, KOBERMZ IV TgdT L7z,

LB EE AV TRZD A4 DF T ATy 3K
W, ERER X UWHEMRIELY A 2HE L. (ERE
T ATy BRI OBRMETTry ML, EHRERD
EIROBE NS A 25T, WEMETREEOXMO
ATy 2 LT (3) KD 30 THE TEE L= WuLfig %
— AL AECE TEIR L Ae 2857, @E, BB
TRT itk iz GSHP O#AHFA L LTHH IS, L
TeloT, 77V MBRBEHR L 2RV E DT, BMRE
BRBVMEBMEDN S Z ENEE LV, UL, KB
RTIE A X A XV BRERMIMZT, A LV/ER
IOV T H BRI EITo 72,

2.2 FHIHRGERR (TRT)

B TR F v %8R (TAT) BXUEERSE
(SU) #WNTEM L TRT F—# 2 AW T, HIFEBEE X
D Ae ZHEE L, WROEIAKROFER LB LT, Fig.
21z, TAT 3 XU SU @ TRT FEhkh iz TERE LR —
Y7 a7REHC &S < RERREK B X ORIES A, &
KLk, SR EE DA &~ 9 (Saito et al., 2014). 72¥kL
FERATTOWTEE, B4R 2 mm SL LS & R4 L
Bt E Do hi=of% R Uiz, & 60 m @ TAT
PR BN IEICAZE L, 3®E5m~11m, 32m
~34m, 43m~45m O 3 BT R B AN FEAE
T5. ZThoWEEOEHEEHRIL, TNEh 0.785
kgkg~!, 0.848kgkg !, 0808 kgkg ! THB. 3,
Fig. 2 O &KL H TIIWERE BV TEKEOMEA /N
SV, ZhiE, R—=V o7 a7 REHREE I CWEE ) D
IXMBRADKE DB Liz/zledTH Y, Wbl
THAEBTHS. MEERICAIET S SU TIE, BESH
Sm DIEEMEEENRES 0 m IZFEL, 0 EICHE
RV NEBRENCHET A L 2o TWAH. RIEMH
TkOH BB TFKE R TAT Tii#iZm F 12m, SU C
1 micfrET 5. TATICBITAEE 33 m & 43 m iz
P B /KEN O T AKIZRE 1I9m 225 28 m D
N RBTHEESNTWADR, ZOWKBIZHER L-HF
ADOKMITHRE T 25 mFHETH Y, MRHEIZITEL
TR,

TRT (Z AW 2 AR HIF XN ERK) 180 mm TIRE 50 m
DOFR—=Y U 7HT, SINICES 3mm OFELERY =F
L' (HDPE) b 725N 26 mm @ U FEEFRE L
fo. BARWIRIZr—v o 7 LT EE I, UFEE2R
B, ARPERDETIHEDNSRD 7T MFTR
MxEFTA L. iR e iz, UTE 2RI
TARETSEHAT L a AKX F TV U FEHRE
FH L= (HF,2004b). 723, TAT Tl 71U 7%
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Grout thermal conductivity Ag[W m™ K]

I Linear approximation

A Asymptotic solution

|> Asymptotic solution (till 30,000sec)
Y  Asymptotic solution (after 30,000sec)

Fig. 3 HMOBRYER A # 222 Wm 1K™ 2L, &
BOZ 79 FhOBIRER A, 5 %, BUEMAEFT LY RD7
ATy 7 O AERER L OENERIEIC LV HEE ST A &
Ay DBAfR. WilfgMT TRT 22X, BA4s 30,000 % T,
B4 30,000 LAKED AThyg (236F LCHEM L.

Estimated A from numerically obtained ATy, with 2.22 W
m~! K~! ground thermal conductivity As and a given grout
thermal thermal conductivity A, as a function of Ag. A was
estimated using a linear approximate solution and an asymp-
totic solution of Kelvin’s line source function. The asymp-
totic solution was used to the entire ATqyg, to the first 30,000
sec AT,yg, and to AT,yg obtained after 30,000 sec.

Db —FDH%E, SU Tl UFEEHNTTRT 2%
MLz, BiARL LT, TAT Tl e L7y a—
IV BREER) 20 % (2R L= AEHE A VY, SU Tk %
JHVN=.

AR TIE, MR (AR 2.5KkW) XY —ERET
HnEh L 7= iR A U =B RICER R 72 VT — e
fil, ~EMBETHERSYE, Tn & Tow ZHBLEZ. ZL
T, ATyg ICRLTH A E L ORI EZER LT A %
Kz, TAT 3B L SU TORERSEMIL, Table 2 I2F
L.

. BREBR

3.1 ATy DR A DHEITEZ HRE : RIERER

TITIE, BB A T LT 2.1 #iTR Lo iR
BREATV, Brx RIXE D ATy 105 Ae ZHEE LIcRERE
7Y, Fig 31X, EREER L OWEMEE L #E Lz A
& A DBRTHS. M OMHIE, FHEICHNE A D
i (=222Wm ' K™) &5y, (EREBETRRARMGE
30,000 B LARED AT,y % VY, MEAEE TIX, 2KMH,
30,000 #% T, 30,000 BLARED 3 XH D ATy 2 HV

—A— A=22Wm' K, A=22Wm™ K
— B A=3.0Wm'K, A=22WmT K
—W%—— teand after (Ag> Ay)

A
L )

Estimated thermal conductivty Ae [W m™ K]

TR N N T N T T N T |
100000 150000
Time te [seC]

TR
0 50000

Fig. 4 A & 2 ZRLCE LB E L Ay > A & LGS
ERENITOWT, BT & VSR T ATy I8 LT,
EEDOWFH te £ TO ATy 7 OWEREIC LV HESH
7o Ae & te LDOBUR, BLU A > Ay & LIEEBBIERED
FMH) 1o LABEOD ATy 2 OEBERRIEIC K VHEE SN A &
te & OREE.

Estimated A, as function of a given time #, at which sim-
ulated AT,y prior to this time were used to estimate A.
from the asymptotic solution of Kelvin’s line source func-
tion. AT,y were obtained with numerical simulation under
two different conditions: Ay = A5 and A5 > As. A were also
estimated with ATy, obtained after £, for the case Ag > As.

Table 2 HEEEROEH S,

Parameters for the thermal response test.

TAT SU
Heating power [kW] 2.5 2.5
Flow rate [L min—!] 45 13.5
Operation time [h] 48 48

Average heat exchange rate [Wm~™!] 282 564

2. 30,000 #E TD ATy [WLIMZEH L725iE, Ag
DEBEERELSRIT, A & A DEBRKRELIRDITON
T, 1EREIZ LD A DHEEEE DENKE LS 2o 7.
30,000 BDLLED ATy, % AV HBE, (BRI & BirARs
T IZFD LT A ICKREREVIIAE L2272, £D
EE A MX Ay LHEITKRELRY, A ORBEEARESD
TEVRERPERICITHECE L E2 b5, 2KEO
AT T L THREMZ A L7583, A ZKIEIZ/)
ESLESS (=1.5Wm 1K) #BrE, 30,000 #LL
B ATy ZAWIEHA L KEREIRP o, TOK
RO D ATy PHERNT A ZHET DA,
—ERFHERBER D ATy 2 BTHE LB LT A 10X
HERBERELSZITSD. Lo T, EkEnlaers sl
flix, AWB7 57 MoEkET 5.
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Fig. 5 (a) TAT B XL SU T TRT 2 i 1 i il &
ST BTN Ty D2 ATy, (b) TAT TO
ATy LHFHO AR OBR. (2) OXTIIRTRENE,
SU BT ATy D3RI LT D IFH &2 7~ .

(a) Changes in average fluid temperature AT,y at inlet (7j,)
and outlet (Tgy;) of the U-tube during thermal response test
(TRT) at TAT and SU. (b) Changes in average temperature
AT,yg versus natural logarithmic to of time for TAT. An ar-
row shown in (a) points the time at which AT,y suddenly
increased.

o

—75, WAL CRBOIMIO ATy 25055, A @
HEEIZH 2 D BN EORE UFTEORIRICHNKT S
HDIRDN, BHHNIT T NOFEIZLD D7D
BN TRY. 22T, A, 222Wm 'K, A & A
ERU22Wm K Lz A=A &, fidk
ERFROFE Accusand FIFIFEIOBVRE R (K9 2.8 W
m~ K- EEH 5, 2013) LW REA3.0Wm ! K!
L& A >A) 20T, ATy ZHUEREHT £ 0
K7z, Fig. 4 1%, WLfEElc LV EEORR- e £TO
ATywe ZHWTHEE LT Ae & 1. DEARZTHS. WTH
DOEAE L, TRT OIEWFIHIWD ATy ZHND &, e 1T
RESHESHDMEAN D72, Ag = A DL X OfER
75, TRT 6T 10,000 £ TO ATy 2 HVZHE,
WIS X D HEE CIIERIE & R CTREZEN 159 % &
REL pofe. ZHUX U FEOIBIRICHR T HFRZET,
BN ITHRIRAOEN DR E SHEBLL TV D Z &
mENTZ. —7J7 30,000 B ETD ATy W55, R
L 32% &A53/hE< 720, 50,000 B E T ATy, %
EOTHEAITEREORRE L IFIE KL, BIEOMREN
X LT T

Ay > As D & F1E, 10,000 B E TD ATy 735 DHEET
1%, PERITE &R TRREIIRE < 361 % L 721, 30,000

BETD ATy, #EDTHEREIT152% Tholz. =
UL, 30,000 7 E TO ATy THAUZ MR & Aot
TY, 79U FOEBIZLIVBEENKELRoTWND D
LERLTND., ZDOEIIT A & A ITRERENN
HOHEEE, LVRVWHBRERKBNAMLE LS. Z0
Bl OYE, EREE OBEEZ 5 % UNET 572901203,
70,000 B £ TD ATy &5 50 E Wb - 7=, Fig. 412
HHR D728, Ay > Ag D & & 1. 705 TRT #& THF (172,800
) ETO ATy (T L CTHRERE LV Ao ZHEE L72FS
RHRT. TRT BRI D te £TD ATy ZHWIZSE
EHELT, AW ATy, KEOFEEIT/NE S, TRT 4]
HOF =2 %%V ELTHTH L IZEBTIFIERU A
NGB, EREORER L —8 LTz,

PibEXY, 779 FEMENIFIER U2 o1
—7RRTH > TH TRT HINT U FEORRICE Y U
T IR & TS, A ZBKFHET 5 2 EAVRE
Niz. —J5, Ay > A DL &1L, B—REHROHE L
TREFMRGR LT ATy VWD ZEBNETHD. L
ML, BURERPMRIIKE R T T FOBETH ST
b, Di< L 70,000 BHETO ATy 2585 LT,
B — 7o R & 4 2 L 3T & TIERIE & el L TRa S
5% LINET5Z LM TER. 2 TRT ToEihs
% 70,000 ¥, T 72bH 194 K & T X+ moTH Y,
ZIE TOHEINEGIM T & 5 48 FERH]SC 72 B X 0 K
EHIBT 2 ENFRETHLZ EERLTND.

3.2 ;{15 TRT T— 2 @47

T 2T, EBRIZ TAT 3 L OV SU T L 7= Bl TRT
RERD ATy & ORGSR 27797, Fig. 5 (a)
TAT 5 & O SU T ATy, ORFHZE L Z 73T, B
IR OMBZR T—EMBA SN TWEA, U FTEMRER
HICHIAR IV B 3 4 U, ATy @ ERBMH ST
%. Fig. 5 (b) & TAT TO AT,y % Ko [ 851 %k %
WORT. In() 28 8 2D 12 F TIHISITEARR O BRI 5
LNTEY, ZoEE m S TAT TD A, & LT 222
Wm K g ok, RS, SUTO A X 1.71W
m~!' K™ L7207z Fig. 612, TAT 3L SU T ATy,
W LT (3) X% 30 THE CTEE LWt 2[5 L
Tl REZRT . EXHO ATy ([ZIA T, TRT BAiatk
30,000 B % TD AT,e &, TRT Bikh 30,000 Bk ts o
ATy (25 LCHR L7z, Table 3 12, ZhZREN#IC &
DA BLEOPC H2F LD, rCITHOWTIE, TAT,
SU & bz BJ - B (2013) ICLAfEE LTI ~2
A= —/INEL Ttz BHROE Y Z 0BT
L, RESUTIXEOFMZRERII TORV. TAT B
L ONSU 128\ CTLXFS X 130,000 B LARED AT,y 7>
LT A X, AIEIOKMER C/RLIZMY, (FXIE
L0/ ENT A ITHTHREILS B UINE ool —
J7 TRT Bk 30,000 B % TO ATy % V73554, TAT
TIIERE L IR UAER L Ao o 72728, SU T Ae 28
228 Wm™ ! KD LERIIEL D b RE B RoT-. o
UL, TAT TiE Ag & Ay 2MEER U2 0Icx LT, SU
TIHE A D3 A KOV RENWZ LEZRLTND.
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Table 3 /1 &> OREIF IR OWULAR % I WM IC X D A fie.
Optimized thermal properties using an asymptotic solution of Kelvin’s line source function.

TAT SU
Effective thermal conductivity, Ae, when the entire data were used [W m~—! K~!] 2.28 1.83
r2C when the entire data were used [Wsm~! K] 15.15 78.62
Effective thermal conductivity, Ae, when first 30,000 sec data were used [W m~! K~!] 2.27 2.28
72C when first 30,000 sec data were used [Wsm~! K~!] 1505 6540
Effective thermal conductivity, Ae, when data from 30,000 sec were used [Wm~! K~!] 2.20 1.64
#2C when data from 30,000 sec were used [Wsm~! K~!] 16.9 81.59

v Observed

Fit to full range

Fit to first 30000 sec
Fit to after 30000 sec

Temperature change, AT, [°C]

0 50000 100000 150000
Time [s]
D121 (b)
2 | R
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S v Observed
®© 4r Fit to full range
Ly ------ Fit to first 30000 sec
1S
(0]
|_ 1 1 1
00 50000 . 100000 150000
Time [s]
Fig. 6 (a) TAT 3L (b) SU T TRT IR it tH ZHE {4

REORREE, 7 v s OB ORI X v FE
ENTAHRPRER A, 3L 2C 12X DM, AR
OF—4 (FEH) 8L TRT BRLAH% 30,000 7 () =
T, & 30,000 % (—m#H) UEOT—F 2 TRE
T 7.

Observed fluid temperature at outlet of the U-tube at (a) TAT
and (b) SU fit with a recently developed, asymptotic solution
to Kelvin’s line source theory. In addition to the full data
(solid line), data collected during the first 30,000 sec (dashed
line) of TRT and those after 30,000 sec (dot dashed line)
were used.

SU T, AIEBEER CIEmEN+I/hE< o
72 70,000 > E TP ATye (Z5xh LTI A1 % 3 H L C
b, A (Z213Wm K™ L7220, 1ERELE OEENT
INEL I B oz, Fig. 712 SU TD A &t DB
%79, SUTIE, Fig. 3107 TR0 A Mt &Lh
W BT 5 O TiEe <, 70,000 F0LLRE ST
B U7z, ZhuE SU TFig. 5 (a) ORHAICRT R
T ATy D—B L ERTHZLICHRTHLEERLLND
2, ZORE EROFERIZRHATHY, 5k S SITHmIT
DHETHD.

TAT 3 L O SU TELNT-fERE MRS 572012, 2.1
WoR U= Bl R %2 T, TRT ONEMRNT 21T - 7=, 2
BICHW- 85 A —Z X TAT, SU #hFh Table 1 12
R WHLE IS THE R AKEEEIZ 10 em s oA — & —
T, FERFEFRIAY 48 K> TRT TIXBHIC & 2 BB H)
TG CX % LE L. Fig. 812, TAT 3L USU T
Ag & As DWTHUCHAERNEIZ LD A WA L7 & &
Ag =As) O Ty OFFEE (EE) %, EHIE (oK
) L EBITRT. Cs ((14) RX) (2iE, TAT, SU &%
(BB I CER IR L 72 R s < FLEBE & v RS B
NNV ATa—T (F 734 KD2Pro) &AW THE LI
SEEEO 3 MIm S K 22, 250 ok
PR Cy X, WD G #25123.0MIm 3 K 24
Z 7z, TAT ICBWCHHAM & FREIE L < 2L, A &
A TIZEFR T & LI ARFOMBTHERIIZ LY THD LR
% (Fig. 8 (a)). —77, SU TIZ Toy Z B KRFEM L, #5
R & LT TRT KD IEBREA g 4/ Nl L7z (Fig. 8
(b)). EOMHLY, SU TIE Ag > Ay Th B i[HEMAR
Sz, SU T FARm A HET T 1lm 2@ L, 24
SHINT 70 MIRBTIRIFRMLTWS., Z2T A,
ZIEEWE S (2013) 12X AHaF0 Accusand DEVRE R L
FALC28Wm™ ' K &L, A IZOWTIRERIEIC LS
Ae LRICAEE LT, ZORMFIC L DFEOFER, TRT 41
B — BRI b Tou OFIIMEDS TR IR L L7
(Fig (8), f#). Z K5 ICHREAFEDOREFRIZIES W
T-NEfERT 26, TAT 3L SU T Ty ZHHT 5 Z &0
T&7Z. ZhIUE, KX To TRT 5 — & ORHFIZ—E D
BHEMEEZ X220 THY, 4 5%aRBRRR OB & Rt
THBICBELTHENTE S, 0B, EBEOMBIX
HeREMEIE & e L, AT O X 9 ¥ — 2 Mk ik e .
LB I THEREAIE S O O HL KRV D BZ D\ TR
DIFNT % T HUERD 5.

4. FEDH

ARFFETIE LR - B (2013) Ik 571 e ORIR
BE oW iR 2+ % 2 & T, TRT FEMiF5 2 Kig
IZHIB T & B EEEMEIC OV, BIEERZ @ L TR
HZEHEHAME L. £ T, BRA5%M4TTTRT &
L, fRATICHWD T — & KD HEE S 4L 25 HE D 72>
TEMRERICE 2 5B LT L. RimX ol
RN I U FERNOBM KON E — kot AL, U
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Estimated A as function of a given time 7, at which observed

AT,y prior to this time were used to estimate A, from the

asymptotic solution of Kelvin’s line source function at SU.
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