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ABSTRACT

An increase of groundwater flux in BHE system creates that ground temperature (locT) becomes lower in summer and
higher in winter time. In other words, it improves significantly the performance of BHE system. The size of thermal plume
made up by advection driven-flow under the balanced energy load is relatively small in contrast to the unbalanced energy
load where groundwater flow causes considerable change in the size of thermal plume as well ground temperature. The
ground temperatures of the up gradient and down gradient BHEs under conduction only heat transport are same due to no
groundwater flow. But a significant difference of the ground temperature is observed between the down gradient and up
gradient BHE as a result of groundwater flow-driven thermal interference took placed in BHE field. As many BHEs are
designed under the obscure assumption of negligible groundwater flow, failure to account for advection can cause
inefficiencies in system design and operation. Therefore including groundwater flow in the design procedure is considered
to be essential for thermal and economic sustain ability of the BHE system.

Key words : BHE (borehole heat exchanger), avT (average loop temperature), locT (local ground temperature), Unbal-

anced energy load, Balanced energy load
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Table 1. Values of BHE and ground material properties used in all models
Parameter Unit Value Remarks
Bore hole ]?epth m 100 .
Diameter m 0.15 6 inch
Configuration type B
. Spacing m 0.075 distance of BHE : 3 inch.
Loop ("‘H‘gpg BHE Diameter (OD) m 0.0334 SDR-11 dia. : 14 inch.
Thickness m 0.003 pipe (In) = pipe (Out)
Thermal conductivity J(m - s - k) 0.39
Dynamic viscosity kg/(m - ) 0.52x 107
Geofluid Thermal conductivity J(m - s - k) 0.48
(circulation loop Volumetric heat capacity J(m?® - k) 4.0x% 10°
fluid) Density kg/m’ 1,052
Flow rate m’/d 25
Thermal conductivity J(m s - k) 0.65 0.55 kcal/(mhk)
Ambient groundwater Volumetric heat capacity J(m® + k) 42x10° 602 keal/(m’k)
Temperature °C 15 annual mean
Thermal conductivity J(m s - k) 3 Fissured crystalline rocks
. Porosity 0.2
Ground materials L . .. . .
Longitudinal dispersivity m 5 Fissured crystalline rocks
Transverse dispersivity m 0.5 "
Grout Thermal conductivity J(m - s - k) 1.5 20%+40% qtz, Tgrout Lite
Volumetric heat capacity J(m® - k) 2.52 % 10°
Initial ground temperature °C 15
i —balanced energy load —unbalanced energy load 500m>500m
| N
40 E—
l‘i 3 20 // \\ —
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Fig. 1. The balanced and unbalanced energy loads applied to
BHE field in the simulations.

date] 1d 1278 59 60 Wime] FolUAZ A
FE=ohs AoE JHsIAT. & et 1d ¢
AR Fatg Aol BEFHY) B T 4
A% BHES ol @9 Bolmd A FEAY
60 Wim= YA L3t

Table 1& HDPE AA=E wH=o]z2 BHES EAT 7
Bl B HeEEE, A5, A$5kE, XS 2 1
HEA 559 Telot 283 5SS [0k stoltt

Fig. 2= 2999 veld a3 o g mlgee

[e]

R

Grel 2o} 217} s00mel ae] T S
olnf =Y

fe=]
=
A

jinA

—

o\

A
I

&
Z H
o WE AN W D5

J. Soil Groundw. Environ. Vol. 21(6), p. 114~127, 2016

BHE array typs °
(1), (3x1), (3x3)
BHE separation

Fig. 2. Modeled domain with groundwater flow direction.
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Table 2. Summary of simulation combinations (array configuration, specific discharge, spacing of BHE, direction of BHE array to

ambient groundwater flow)

BHE array BHE Thermal energy

Array direction to No. of

type Specific discharge spacing load groundwater flow scenarios Symbols
(Bx3) 5 3 2 par. 30 a3fb-60-(3 x 3)-6
3Bx1) 5 3 2 par. 30 anfb-60-(3 x 1)-12
Bx1 5 1 2 per. 10 a2fub-60-(3 x 1)L-9
(1) 5 - 2 par. 10 anfub-1
remarks ) Xol’ 0}; 31 (l 71’ 07 6m, 9m, Balanced, par.:Paral.lel 20
4% 10 m/s 12m Unbalanced Per.:perpendicular

Note : a2fub-60-(3 x 1)L-9 indicates that “a2f” stands for 2 x 10~"m/s of specific discharge of groundwater, “ub” means unbalanced load,
“60” stands for 60 W/m of thermal energy load, “(3_x 1)” stands for (3_x 1) BHE array, and “9” stands 9 m spacing between BHEs. “L”
means that BHE array is right angle to ambient groundwater flow direction.
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Fig. 3. Average loop temperatures (avT) of (3 x 1) BHE array
with 6m spacing aligned to parallel and perpendicular against the
groundwater flow direction under specific discharge of 1 x 107
m/s and balanced energy load.
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(a) alfb3x1-6L(perpendicular) (b) alfb3x1-G(parallel)

Fig. 4. Isothermal map including geothermal plume of (3 x 1)
BHE array (6 m spacing) aligned to perpendicular and parallel
against the groundwater flow direction under specific discharge
of 1x107m/s and balanced energy load (arrow indicates
ground water flow direction).
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Fig. 5. Average loop temperatures (avT) of (3 x 1) BHE array
with of 6m spacing, aligned perpendicular to the groundwater
flow direction under various specific discharges (0, 1 x 1077 and
2x 107 m/s).
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Fig. 6. Average loop temperatures of (3 x 1) BHE array with of
6m spacing, aligned parallel to the groundwater flow direction
under balanced energy load with various specific discharge
conditions (0, 1 x 107 and 2 x 107 m/s).
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Fig. 7. Average loop temperatures in a (3 x 3) BHE array with
various BHE separations (6, 9 & 12 m) under balanced energy
load with no groundwater flow.
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Fig. 8. Average loop temperatures in a (3 x 3) BHE array with

various BHE separations (6, 9 & 12 m) under unbalanced energy

load with specific discharge of 2 x 107 m/s.
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Fig. 9. Average loop temperatures in a (3 x 3) BHE array with
6m separations under balanced energy load with variable specific
discharges (0,1 x 1077 and 2 x 1077 m/s).
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Fig. 10. Average loop temperatures in a (3 x 3) BHE array with
6 m separations under unbalanced energy load with variable
specific discharges (0,1 x 1077 and 2 x 1077 m/s).

avTE FE5 Al 75l vls] i 0.5°CelA Hd)
1.2°C7A] sPgeitt. & ol FE& ZdElol Hisl] sk
= AlzHl Aol Hi 125%0A4 Hd 28% IA=
(1.2/(19.2-15) LS oJw|gict.

Fig. 10& BHES] F njgwado] Xsl4=9] fard3
Bash BHE 7+Z°] 6mel (3 x 1) BHE HjE|A] H]
HiEo] 004 1x107m/s 2 2x 107 misE 71 74
ol Bxtd ouA] F3lE Aol 2087 (&K= 7t
S o, Aok el BHE A5l PIXle 93-S H

d

o

o] = A avTolth. s1719 B47] B A
FEYo] F/HAFE A2H H5e FIHE A0 of

ZEom, E3] vHuEao] 2x 107 m/isY o 58719
avTe F-3E 7590 vls] Ha 0.5°Co0A ) 1°C7HA]
et & ol Algkt frEsiAl g Fes dH
o HIg| TE7)9 AXEASS HA 12.5%04 H
25% A%E (1.0/(15-11) SFES =3},

323. =04 7, YA Fsie} H37HEo] avTel
H2E FF

Fig. 112 Z37H40] avTel PIA= J3
il 78 duA] Falg Al 7ieke A, (3 x
Hj oA HEFHEE 9mollA 6mZE 3m TEA7]AL,
8 ddA] H3AolE 9mollA 12mE 3m A

< mogt AAME avT Aot} 7 ¢ BT, 271

o ™ e o

An)
ool
=
1o
N,
Y
o
3
o,
>
N
)
5
3
oo
o
=)
N
rr
© »

2 yehdth 53] #& oy #-41 BHE 14
oA 6 mE F3|H A2 Ao thh A @70l
AL ImolA 6 mZ FAAPFIA avTeE Uk A5) 3k
Tk ARro] Aol whEt fHFE o] AA7IA) RS A
slet] 2 FAVE fle o= et

Hidol] Etd oA F-&txlell BHE 7HAS 9 mellA]
12mZ 77 AIEE] e T (12 m A
= 9ml A9l vg] avT/F oA E=ohEa PgE=

o
g

NN

J. Soil Groundw. Environ. Vol. 21(6), p. 114~127, 2016

anfb3x3-6 anfb3x3-9

anfub3x3-12 a2fub3x3-9

0 100 2000 3000 4000 5000 6000 7000
Time(day)

Fig. 11. Average loop temperatures in a (3 x 3) BHE array with

various BHE spacings (6, 9 & 12m) under balanced and

unbalanced energy load with no groundwater flow.
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(a) Balanced energy load (anfb-60-3x3-9)

(b) Unbalanced energy load(anfub-60-3x3-9)

Fig. 12. Isothermal map of balanced (a) and unbalanced (b) energy loads without groundwater flow after 20 years operation in case of
(3 x 3) BHE array with 9m BHE separation (arrow indicates groundwater flow direction).
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Fig. 13. Time-average local ground temperatures (locT) in (3 x 3) BHE array with 9 m separation at summer (a) and winter season (b) of
balanced energy load and winter season (c) of unbalanced energy load under various specific discharges.
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Table 3. modeled locTs at two (2) observation points situated at 9 m up and down gradient and three (3) BHE located within (3 x 3) BHE

array with 9 m separation under various specific discharge

q (107 m/s) OBS-1 BHE-1 BHE-2 BHE-3 OBS-2 OBS1-OBS2
(3 x 3)-9m, Balanced energy load

summer 14.75 19.47 19.21 19.52 14.75

0 winter 14.45 10.54 10.70 10.53 14.45 0

1 summer 15.27 19.20 18.95 19.20 15.75 0.48
winter 14.61 10.78 10.88 10.78 14.04 -0.57

5 summer 15.14 19.18 18.84 19.18 15.48 0.34
winter 14.76 10.67 10.87 10.69 13.89 -0.87

3 summer 15.16 19.00 18.80 19.04 15.87 0.71
winter 14.80 10.90 11.03 10.78 13.68 -1.12

4 summer 15.15 18.95 18.70 19.03 15.93 0.76
winter 14.82 11.03 11.07 10.94 13.91 -0.91

(3 x 3)-9 m, Unbalanced energy load

0 summer 14.08 14.65 14.56 14.68 14.08 0
winter 13.65 10.50 10.57 10.50 13.65 0

1 summer 14.65 14.63 14.60 14.65 13.85 -0.80
winter 14.43 10.60 10.68 10.54 13.17 -1.26

) summer 14.94 14.79 14.75 14.76 14.60 -0.34
winter 14.67 10.77 10.88 10.69 13.33 -1.34

3 summer 14.98 14.72 14.68 14.69 14.77 -0.21
winter 14.69 10.84 10.85 10.73 12.86 -1.83

4 summer 14.99 14.72 14.74 14.72 14.59 -0.40
winter 14.74 11.00 11.05 10.87 13.30 -1.44
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Fig. 14. Isothermal maps including geothermal plume created by groundwater flow conditions (q =0, =1 x 107 and q =3 x 1077 m/s)
under the balanced energy load after 20 years operation in case of (3 x 3) BHE array with 9m BHE separation (arrow indicates

groundwater flow direction).
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Fig. 15. Isothermal maps including geothermal plume created by groundwater flow conditions (q=0, q=1 x 107 and q=3 x 10 'm/s)
under the unbalanced energy load after 20 years operation in case of (3 x 3) BHE array with 9m BHE separation (arrow indicates

groundwater flow direction).
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