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ABSTRACT
As a new kind of ground heat exchanger (GHE), deep borehole heat exchanger (DBHE) has a great potential to exploit medium-

deep geothermal energy. Soil thermal properties are very important parameters for designing GHE, and they are normally measured
by thermal response test (TRT). TRT of shallow GHE has been studied widely, however, there are only a few researches to study
the TRT of DBHE. In this paper, TRT of DBHE is simulated based on a 3D numerical model, and the simulated TRT data are used
to estimate the thermal conductivity and volumetric heat capacity of soil based on a parameter estimation method, and then the
influences of different factors (including the test duration, soil thermal conductivity, volumetric heat capacity of soil, geothermal
gradient, mass flow rate and heat output rate per depth) on the estimated soil thermal properties of TRT are studied. The results are
follows: the TRT results of DBHE are greatly influenced by the test duration and heat output rate per depth, and are also influenced
by the mass flow rate and geothermal gradient, and are slightly influenced by the soil thermal properties; longer test duration,
higher heat output rate per depth, lower mass flow rate and lower geothermal gradient would improve the accuracy of the TRT
results of DBHE. The results of this paper can offer some suggestions to improve the accuracy of TRT of DBHE.

1. INTRODUCTION
Ground-source heat pump (GSHP) is an important form of geothermal energy utilization [1]. GSHP normally uses ground heat

exchanger (GHE) to extract geothermal energy, and traditional GHE usually has a depth of less than 200 m. Deep borehole heat
exchanger (DBHE) is a new kind of GHE, which has a depth ranging from several hundred meters to several thousand meters [2].
DBHE can be used to efficiently exploit medium-deep geothermal energy, and GSHP using DBHE has much higher coefficient of
performance than that using traditional GHE [3,4]. As key parameters for DBHE design, soil thermal properties are normally

measured by thermal response test (TRT) [5].

There are lots of researches conducted on the TRT of shallow GHE [5,6], and the influencing factors of TRT are widely
investigated [7]. Heat transfer model for TRT data evaluation is found to have a great influence on the estimated soil thermal
properties, and it seems that the infinite line source (ILS) model has enough accuracy for parameter estimation based on TRT data
[8,9], but more accurate heat transfer model can lead to more accurate parameter estimation [10-12]. Parameter estimation method
can also influence the accuracy of TRT, and some researchers conducted sensitivity analysis of soil thermal properties and other
unknown parameters on the GHE performance, and then proposed two-step or multi-step parameter estimation method based on the
results of sensitivity analysis to further improve the estimation accuracy [11-14]. Measurement errors and calculation errors of TRT
would lead to a theoretical error of 5% for soil thermal conductivity [15]. TRT data (including the first data point and test duration)
used for parameter estimation can severely influence the estimation results of TRT, and it is suggested that the first 10-hour data
should be ignored and that the test duration should be larger than 50 hours [8,16-20]. When there exists groundwater flow in the
soil, the estimated soil thermal conductivity of TRT is probably much higher than the actual value, and the results of TRT are
questionable if ignoring the groundwater flow [16,21]. Besides, other influencing factors of TRT include GHE length [16],
borehole radius [18], grout thermal properties [18], GHE type [18] and different test conditions (including fluid velocity, fluid
thermal properties and heat input rate etc.) [22,23].

Because there are only a few field tests conducted on DBHE [1], there exist a few researches on the TRT of DBHE [24-27].
For DBHE, the initial soil temperature probably varies greatly along the borehole, and geothermal gradient should be considered
when establishing the heat transfer models of DBHE [25], and geothermal gradient has important influence on the TRT results of

DBHE [24-27]. For higher geothermal gradient, the estimated soil thermal conductivity of TRT has a larger error when using the
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annular inlet configuration, and has a smaller error when using the center inlet configuration [24,25]. For longer DBHE length, the
estimated soil thermal conductivity of TRT has a larger error when using the center inlet configuration, and has a smaller error
when using the annular inlet configuration [24]. Errors of TRT for coaxial DBHE are larger than those for U-tube DBHE, and for
coaxial DBHE, errors of TRT using the annular inlet configuration are smaller than those using the center inlet configuration [26],
and it should be mentioned that DBHE normally uses the coaxial type. The soil thermal properties probably have a wide range

along the borehole of DBHE, and multiple soil layers also have some influence on the TRT results [27].

There are only a few researches about the TRT of DBHE, which needs further detailed investigation. Based on TRT data of
DBHE simulated by a 3D numerical model [28], this paper uses a semi-analytical heat transfer model and a parameter estimation
method developed in our previous work [29,30] to estimate the soil thermal properties (including thermal conductivity and
volumetric heat capacity), and makes detailed analysis on the influencing factors of the TRT of DBHE, including the test duration,
starting time, soil thermal conductivity, volumetric heat capacity of soil, geothermal gradient, mass flow rate and heat output rate
per depth.

2. SIMULATION OF TRT OF DBHE
The 3D numerical model developed and verified by the authors [28] is used to simulate the TRT of a DBHE shown in Fig. 1,

and the default parameters of the DBHE are shown in Table 1. However, different from Ref. [28], this paper considers no

groundwater flow, and sets the inlet of annular fluid as the mass flow rate boundary with the following temperature:

a 1

Le
7 =7 —=—L (z=0,t >0) 1)
Me,
where Ta is the temperature of annular fluid, °C; Ti is the temperature of internal fluid, °C; L is the DBHE length, m; QL is the heat

output rate per depth, W m'%; M is the mass flow rate, kg s; cr is the specific heat capacity of fluid, J kg™t K'%; z is the depth, m; t is
the time, s. The 3D numerical model is based on FLUENT software to solve the mathematical equations of DBHE, and Eg. (1) can

be applied to the boundary based on a User Defined Function of FLUENT software.

Table 1. Parameters of a DBHE.

Parameter Value
DBHE length L (m) 2000
Inner radius of internal pipe rii (m) 0.03766
Outer radius of internal pipe rio (M) 0.045
Inner radius of external pipe rei (M) 0.08263
Outer radius of external pipe reo (M) 0.0885
Borehole radius r» (m) 0.10
Fluid thermal conductivity ks (W m K1) 0.59
Volumetric heat capacity of fluid (pc)r (J m= K1) 4.19 x 108
Specific heat capacity of fluid cr (J kgt K?) 4197
Prandtl number of fluid Pr 8.11
Thermal conductivity of internal pipe kip (W m™ K1) 0.05
Volumetric heat capacity of internal pipe (pc)ip (3 m2 K1) 1.8 x 108
Thermal conductivity of external pipe kep (W m™ K1) 10
Volumetric heat capacity of external pipe (pc)ep (J M= K1) 1.8 x 108
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Grout thermal conductivity kg (W m* K1) 0.73
Volumetric heat capacity of grout (pc)g (J m= K1) 3.8 x 108
Soil thermal conductivity ks (W m™? K1) 3.0
Volumetric heat capacity of soil (pc)s (3 m K1) 2.0 x 108
Ground surface temperature Tsur (°C) 20
Geothermal gradient a (K m™) 0.03
Mass flow rate of fluid M (kg s) 15

Heat output rate per depth QL (W m?) 150

3. ANALYSIS OF THE INFLUENCING FACTORS OF THE TRT OF DBHE
Based on the above 3D numerical model, TRT of DBHE can be simulated. For actual TRT, the measured inlet and outlet fluid

temperatures have some errors. Therefore, the simulated TRT data are added with an error of -0.1 K, which are then used as input
data of parameter estimation method to estimate the thermal conductivity and volumetric heat capacity of soil. Then, different
influencing factors (including the test duration, soil thermal conductivity, volumetric heat capacity of soil, geothermal gradient,
mass flow rate and heat output rate per depth) of TRT can be investigated.

Fig. 2 shows the influences of test duration on the TRT results of DBHE. When the test duration increases, the relative errors
of the estimated thermal conductivity and volumetric heat capacity of soil firstly decreases quickly and then decreases slowly. The
relative error of estimated soil thermal conductivity is much smaller than that of estimated volumetric heat capacity of soil, which is
caused by the fact that the DBHE performance is much more sensitive to the soil thermal conductivity than to the volumetric heat
capacity of soil [30]. The results indicate that the test duration of TRT should be long enough to improve the precision of estimated
soil thermal properties. Since the results of TRT for the test durations longer than 80 hours are accurate enough, the test duration is
set as 80 hours in the following studies. It should be mentioned that the first 10-hour TRT data are ignored, and that the TRT data
from 10 hours to the test duration are used to estimate the soil thermal properties.
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Fig. 2. Influences of test duration on the TRT results of DBHE. (a) estimated soil thermal conductivity; (b) estimated

volumetric heat capacity of soil.

Fig. 3 shows the influences of soil thermal conductivity on the TRT results of DBHE. For higher soil thermal conductivity, the
relative error of estimated soil thermal conductivity is basically a little smaller, and the relative error of estimated volumetric heat
capacity of soil is basically unchanged. The results show that higher soil thermal conductivity can lead to a little higher accuracy of

estimated soil thermal properties and has little influence on the estimated volumetric heat capacity of soil.

5 2.0
Estimated kS
— Relative error of estimated ks
41 g
F1.5=
— X
< 3
©
s ¥ :
\Iw 1.0 g
X Mg
- o
[} —
s 24 [
£ @
i £
0.5
1 &

o

0.0

kg (W/m/K)

@)



Changlong Wang, Qiang Fu, and Xin Wang.

Estimated Ve
— Relative error of estimated Ve

g

1954 <
X 4 >
O - o
5 g
< LE
o -
= 1.90-/’/\-3 8
> o
g 8
£ F2
= 2
i 1.85 k)
L

L1 X

=

[}

o
o

kg (W/m/K)

(b)

Fig. 3. Influences of soil thermal conductivity on the TRT results of DBHE. (a) estimated soil thermal conductivity; (b)

estimated volumetric heat capacity of soil.

Fig. 4 shows the influences of volumetric heat capacity of soil on the results of TRT of DBHE. For higher volumetric heat
capacity of soil, the estimated soil thermal conductivity is nearly unchanged, and the relative error of estimated volumetric heat
capacity of soil is basically a little smaller. The results show that the volumetric heat capacity of soil only has little influence on the
TRT results.
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Fig. 4. Influences of volumetric heat capacity of soil on the TRT results of DBHE. (a) estimated soil thermal conductivity;

(b) estimated volumetric heat capacity of soil.

Fig. 5 shows the influences of geothermal gradient on the TRT results of DBHE. Basically, for higher geothermal gradient, the
relative error of estimated soil thermal conductivity is a little larger, and the relative error of estimated volumetric heat capacity of

soil is larger, showing that higher geothermal gradient would lead to a little larger error of the TRT results.
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Fig. 5. Influences of geothermal gradient on the TRT results of DBHE. (a) estimated soil thermal conductivity; (b) estimated

volumetric heat capacity of soil.

Fig. 6 shows the influences of mass flow rate on the TRT results of DBHE. For higher mass flow rate, the relative error of
estimated soil thermal conductivity is a little larger, and the relative error of estimated volumetric heat capacity of soil is larger. It
should be mentioned that the heat output rate per depth is kept constant, which means smaller temperature difference between the
outlet and inlet fluids for higher mass flow rate. The results show that the mass flow rate has some influence on the TRT results,
and that lower mass flow rate can improve the accuracy of the TRT results.
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Fig. 6. Influences of mass flow rate on the TRT results of DBHE. (a) estimated soil thermal conductivity; (b) estimated

volumetric heat capacity of soil.

Fig. 7 shows the influences of heat output rate per depth on the TRT results of DBHE. For higher heat output rate per depth,
the relative error of estimated soil thermal conductivity is a little smaller, and the relative error of estimated volumetric heat
capacity of soil is much smaller, which are explained as follows: higher heat output rate per depth means larger fluid temperature
variance, which can reduce the influence of temperature measurement error. The results indicate that heat output rate per depth has

a great influence on the TRT results, and that higher heat output rate per depth can improve the accuracy of TRT results.
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Fig. 7. Influences of heat output rate per depth on the TRT results of DBHE. (a) estimated soil thermal conductivity; (b)
estimated volumetric heat capacity of soil.

To sum up, the TRT results of DBHE are greatly influenced by the test duration and heat output rate per depth, and are also
influenced by the mass flow rate and geothermal gradient, and are slightly influenced by the thermal conductivity and volumetric
heat capacity of soil.

4. CONCLUSIONS

In this paper, a 3D numerical model is used to simulate the TRT of DBHE, a semi-analytical heat transfer model and a
parameter estimation method are used to estimate the thermal conductivity and volumetric heat capacity of soil based on the
simulated TRT data, and then detailed analysis are made on the influencing factors of the TRT of DBHE. The conclusions are

summarized as follows:

(1) Both the test duration and heat output rate per depth have a great influence on the TRT results of DBHE, and longer test
duration and higher heat output rate per depth would improve the accuracy of soil thermal properties estimated by TRT.

(2) Both the mass flow rate and geothermal gradient have some influence on the TRT results of DBHE. For higher mass
flow rate or geothermal gradient, the relative error of estimated soil thermal conductivity is a little larger, and the
relative error of estimated volumetric heat capacity of soil is larger.

(3) The thermal conductivity and volumetric heat capacity of soil only have slight influence on the TRT results of DBHE.

The results of this paper can offer some suggestions to improve the accuracy of TRT of DBHE.
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Fig. 1. Schematic diagram of a DBHE [28].
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