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Abstract

Ground-coupled heat pump system has attracted attention as a promising renewable energy technology due to its
improving energy efficiency and eco-friendly mechanism for space cooling and heating. Pipes buried in the ground play
a role of direct thermal interaction between circulating fluid inside the pipe and surrounding soils in the geothermal
exchange system. However, both complexities of turbulent flow coupling thermal-hydraulic phenomena and very long
aspect ratio of the pipe make it difficult to model the heat exchange system directly. Energy balance for fluid flow
inside the pipe was derived to model thermal-hydraulic phenomena, and one-dimensional pipe element was proposed
through Galerkin formation and time integration of the equation. Developed element is combined to pre-developed FEM
code for THM phenomena in porous media. Numerical results of Thermal Response Test showed that line-source model
overestimates equivalent thermal conductivity of surrounding soils due to thermal interaction between adjacent pipes
and finite length of the pipe. Thus, inverse analysis for the TRT simulation was conducted to present optimal

transformation matrix with utmost convergence.

2 X
g dugk AL"e A5 ouA] &8l doem 37 Wi % AR F oA Ve FEEa
ok AFof widE volZe YR FA 8 Foke] AT ANk 4 FeAGo 2R FH ARl doA]

AR Tl Qi stk 4=2]-0{3K Thermo-
Hydro-Mechanical) ]41& $3 fatas meadsh Agksiar. AeE a4as olgst a4 dats 28y
/\ o

A %|(Thermal Response Test) A2f= 5 e] Z914ute] §.8 AAREE Br15h] §iste] Ak 43 a9 wdo]
Q17 To| ko] AR TR G} wpo| o] THREI| fsto] Ate] AHEEES Tek Friohs A O HolFglek

=
wehd GSE A A Aol tiE AsAS Hgsto] AL SN HolFE MBYBL AN

Keywords : Ground heat exchange system, Thermal-Hydro pipe element, FEM, Thermal response test

1 439, gabdisty 487 38 Z W4 (Member, Assistant Prof, Dept. of Civil & Environmental Engrg., Univ. of Ulsan, Tel: +82-52-259-1723, Fax:
+82-52-259-2629, shingeo@ulsan.ac.kr, 121 #2})
2 3, st=rast)ed A9 38t w9 (Member, Prof, Dept. of Civil & Environmental Engrg., KAIST)

el Uig EE dske Hde 20149 29 287K 1 W8-S IR HulFAY] vkEUth Azte] AR e 3 =ERel AAlete] =uTh

=

XE Sue ALY

o

P g-42

TOIZ 240 Y 65

o

#
=}



. ME

A A oUA PO R XEH O R oA &0l
RAE AL Qe gk A ARA FQa7h HA Aoa;
£(thermal interaction)-> & 13} 7}o]Z(heat exchange
pipe)el = A Rkke] HEHo| A o]Foj XA Hr}. o]
S5 AEve] 98 ATAEL Ugen 1),
A Trolz o] fA|EFof ogh A F(forced
convection)= 9] 2Jgke] o5k oI} S2jotd 5
K] wsks zeic oowm, o Asel 9l
oA Aol 52 Gt A AH S F9 ARtk &
1 3HE(heat exchange rate)2 H3SIA|Z 4= k. & wEh
sfolzof 9] Aukte] o] AF ATAEL XF
Huetr] o] F-71d A gEA ) At FFE vlH]

A e

A2 Fugt A|AE(ground heat exchange system)-2

.

of g
[u e
ox,
N
1o
iy
92i
H
rir
e
o
o
i,
N
ol 4
=
1o ol
EOR-)

0
rLIIR o,
12

[ ¢

lo r

Q do g =

O o o ododo i
N

o
I
rE
ol
2
)
9‘&
2
ol
o
it
we R
%0 2
2 &
1 -H-I

J
2

3y ™, T o] HA|ZF
o B-g=2eljAe 4=3Y5FATHChoi, 2011; Lee
et al.,, 2013; Park et al., 2012; Woo et al., 2007).
A5 daghof] gt Al A oA 7 FadE FE
o sfojmufe] A BB} ofef 3k ol T em
FHA = et As A 2l olck 53], fAI7F <
ol wolmE A5 BASHE AL Wl$ Fasit
SHAITE, W E50] G-pe] Aol tigt o] 24 &8
A/d(Wilcox, 2006)2t M sS4 A5 ¥7] fls &
TEE 8450 G502 QIsh it e A4k Al
ZHMarcotte and Pasquier, 2008)2] oj&-2-0] It} 18
i §A el Tholmah 9] sja g elo] Hlslo]
JlstetH o 2 AgHE 2 AL §AE S
el 134 9% 0@ FeHAKhoury and
Bonnier, 2006). WakA X|GF7FA] 9] W 2|34 E0]
Z0o] W] AH §5S FAT 24 FAHNE 5
35 L (Yavuzturk et al.,, 1999), <3<~ S50 st
299 o]0 R Iste] FEIZIYNA 23
o] F-fr= =5 AR AAste] sfjardof 2§
3}7] = ghcK(Schiavi, 2009). ©|2]3t EAHLS At 4=

ol Hot Aol AME X314 el Ba

66 e=REtESe =28 H29d M8

3}tH(Diersch et al., 2011).

wRh 2 ol A Tl diet stolZu) T
o] G-FA| B50l diste] 252 AsAE
&Il HpolZE AR Q4R VPYSial AP AeA o
ol Ui T oz RE Zelal fA10) 4E

QA5 32 A= THM(Thermo-Hydro-Mechanical)
Aol et Feka s Zr ol Aibste], Ake] &
AEEE F7Hsh7] §fsf +2 AM8-3h= TRT(Thermal
Response Test)S =35kal AAQ 8 dEAAE

H7el7] 91E sl Al chstol elahelr
2. g-42| To|= QEles X HAshA i

21 £8 To|Z0Me| BH
A% sk AslolA] QA H % (conduction)oh
o (convection) o] ©J5te] olso] Atk AEL QA%
A, T A, sholxL, ek ) Atolo
A 7V 03k QA Saetolh, vk vgol ofat A
Te gol L o] 28k Aol olstel WAIGE A%
AmrlolA] Hmet tiiel Ariael Fa4e Bkt
7] gloto] thgol EAY AE ALgTTKTable 1).
sfolmuje] §5-E FAE Hwel o) Sel Aol
Bg5olth ol2fd Ui $A19 A5 5L g9 of
S(advection)h Aol oJste] WAISIE, AT A6
$ELE7} ga g o) L5 BE7} AHIA 917
whe] gHe] BRews Mgk Telm 915 ot
Bt eEo] Waks ojux] BEe 2 }
oItk ol SwE olEsHe THAY A T

12
o

ol
o)
2
2
o,

ofi

¢, =h(T—T}) )

o7)H, Trs Thf 0] £, T PG e o)
=20 2otk il Aot HA| Ato]o] ek
3ol= A E U5 g2 A9 (convective heat transfer
coefficient, h)2}1l 3} LIt HO|A h= A
A7F AT

2 AN &8 fAeh uixole] JnjE B



Table 1. Non-dimensional number related to thermal phenomenon

Definition Meaning
Inertia force
Re:‘if, At large Re, @ inertia governs the flow, @ momentum boundary layer
Reynolds viscous force where viscosity is important becomes smaller, @ the viscous force cannot
number pufz/dp pusd, prevent the random and rapid fluctuations of the fluid (Cengel and Ghajar,
ﬂu/‘/dpz u 2012).
Pr= tvelocityboundary _ dl‘fqul’Oﬂ momentum
Prandtl U ihermal boundary diffusion jq At smaller Pr, @ thermal boundary layer thickness increases, @ thermal
number v ucC diffusion overwhelms viscous/momentum diffusion.
_Y_ )4
a A
NUSSGH Nu = qconveution — h-AT — h-D
number eonduction AT A At larger Nu, turbulent flow with more active convection.
D
Pe = 9 advecton (groundwater)
Péclet eonduction Péclet number is to investigate trends in Borehole heat exchanger
number pgwcgw gwAT _ pgwcgwuw'D performance with increasing Darcy’s velocity.
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Fig. 1. Heat transfer from a fluid flowing through a circular pipe
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Table 2. Numerical condition for TRT simulation
Descriptions Initial condition

— U—type, Installation depth = 50 m

— Diameter = 2 cm, Separation spacing = 10 cm

Pipe — Circulating fluid velocity = 1 m/s — Fluid = 10°C
— Heat source at insulated pipe element between inlet and outlet Q = 500 W
— Number of pipe elements = 266
— Thermal conductivity A = 1.0 w/m-K
Surrounding — Number of nodes = 64,626 _ : 0 ano
soil — Number of THM continuum elements = 15,360 Surrounding soil = 10°C

— Analysis domain = 5 mX5 mX60 m
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