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Development of a Three-Dimensional Numerical Model of the Vertical
Ground-Coupled Heat Exchanger Considering the Effects of the Thermal Capacity
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Abstract A three-dimensional (3D) numerical model of the vertical ground-coupled heat exchanger is useful for analyzing
the modern ground source heat pump system. Furthermore, a detailed description of the inner side of the exchanger allows
to account for the effects of the thermal capacity. Thus, both methods are included in the proposed numerical model. For
the ground portion, a FDM (Finite Difference Method) scheme has been applied using the Cartesian coordinate system.
Cylindrical grids are applied for the borehole portion, and the U-tube configuration is adjusted at the grid, keeping the
area and distance unchanged. Two sub-models are numerically coupled at each time-step using an iterative method for
convergence. The model is validated by a reference 3D model under a continuous heat injection case. The results from
a periodic heat injection input show that the proposed thermal capacity model reacts more slowly to the changes, resulting
in lower borehole wall temperatures, when compared with a thermal resistance model. This implies that thermal capacity
effects may be important factors for system controls.
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(a) Resistance model  (b) Proposed thermal capacity model

Fig. 2 Resistance model and proposed thermal capacity
model for borehole portion.
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Fig. 3 Calculation of resistance values of borehole materials.
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Fig. 4 Coupling method between the FDM ground model
and FVM borehole model.
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Table 1 Soil and borehole properties
Parameter Value
Soil thermal conductivity, ks 3.5 W/mK

Soil thermal diffusivity 0.139 mz/day
Soil initial temperature 10°C

Borehole radius, 7» 0.055 m
Grout thermal conductivity, ke 1.3 W/mK
Pipe thermal conductivity, k» 0.4 W/mK

Length of borehole, & 110 m
Number of borehole segments in the 20
vertical grid, Nz
Fluid mass flow rate, M 0.2 kg/s
Fluid specific heat, cf 4190 J/kgK
Applied load, Q 4000 W
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Fig. 5 Borehole wall temperature changes along the depth
in one-year operation(Continuous heat injection case).
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Fig. 6 Borehole load in one-year operation(Continuous
heat injection case).
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(

Bl o 4o
12
ofo
o
o
ki

-

By o
e N
=
o Jn

1z oo rf
o o

N
(o) offt b mot
o 2 ot ng

2
>
(N
~
o
=)
B
3]
I,
)

¢

,d
2l
i1
a
2
&
o
N
FN
tg o
n Ly fol o
fl g o
th [0
R e >
> 62 2 op
g rlo S St
o 32
o g B
™ oy
mlomﬁ_ﬁ
ot b2 N ol @ oy m X X o

1
ol
28

=)
e

G- At B 71’%

Lol AL
A A =2
Tol7] stk g 1
b A48 HaEdAs 98
A A BofE HA 27}
Mo M oW S27) we

L Z Uy A8F FFS AEdolA

f 1o
e 1
o{:o—ﬂl
L o \
N

R
49

)
R e

o
o
ofo
QL
AL @ ot N

2
N, 0, toi ol o

o
[\
>

Y iy

<

off i T
oo L T
-z

ot

to N

=

na

gy‘

k)
ol
o

Yy, oy,
ko =

ol
k1

£ A

SN

32 I g0 I o X
)

L 48 ro
)

]

98

g 4 ATk

Aol A ARG 12413 F7]9] Hat A8 &
EdA ApolE =ejuir] AZHEE 8% mde Al
A7 &9 o] Z(sub-hourly) +A == A|E S|EFZ
o] Ao} Al=® I A|F A Tl o 2 ¢S
vz Ao R o dEm &g E Aol A At wEl
= o8&l AFg FA g ATE AT oAA
oJt}.
£ 7

2 AFE gl ATedTde] FaAYoR
Fag AY Y Tth(B6-2429).

References

1. Yang, H., Cui, P., and Fang, Z., 2010, Vertical-bore-
hole ground-coupled heat pumps : a review of models
and systems, Applied Energy, Vol. 87, No. 1, pp. 16-27.

2. Cimmino, M. and Bernier, M., 2014, A semi-analytical
method to generate g-functions for geothermal bore fields,
International Journal of Heat and Mass Transfer, Vol.
70, pp. 641-650.

3. Claesson, J. and Javed, S., 2011, An analytical method
to calculate borehole fluid temperatures for time-scales
from minutes to decades, ASHRAE Transaction, Vol. 117,
No. 2, pp. 279-288.

4. He, M., Rees, S., and Shao, L., 2009, Simulation of a
domestic ground source heat pump system using a tran-
sient numerical borehole heat exchanger model, Pro-
ceedings, Building Simulation, Glasgow, Scotland, pp.
607-614.

5. Lamarche, L. and Beauchamp, B., 2007, New solu-
tions for the short-time analysis of geothermal vertical
boreholes, International Journal of Heat and Mass Trans-
fer, Vol. 50, No. 7-8, pp. 1408-1419.

6. Lee, C. K. and Lam, H. N., 2008, Computer simula-
tion of borehole ground heat exchangers for geothermal
heat pump systems, Renewable Energy, Vol. 33, No. 6,
pp. 1286-1296.

7. Hellstrtom, G., 1991, Ground heat storage, Thermal analy-
sis of duct storage systems : Part I. Thoery, Doctoral
Thesis, Department of Mathematical Physics, University
of Lund, Sweden.

8. Lee, C. K. and Lam, H. N., 2012, A modified multi-
ground-layer model for borehole ground exchangers with
an inhomogeneous groundwater flow, Energy, Vol. 47,
No. 1, pp. 378-387.

(© SAREK





