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Abstract

The heat and mass transfer simulation model of a ground heat exchanger (GHE)
directly affects the design and operation performance of a ground-coupled heat pump
system. The GHE models based on the response function (like the Green function and
g-function) can achieve a fast calculation speed. However, the heat sources in these
models are limited to points or whole boreholes, leading to low calculation accuracy
in heat transfer during a short time period and limitation to a certain GHE. A general
distributed parameter model for a ground heat exchanger (RF model) is proposed
based on the principle of response factors in this paper. A sandbox experimental
platform is then built to test the temperatures of typical points in the double-layered
soil and to validate the RF model. After that, the calculation of the RF model is
simplified by determining suitable positions for the soil boundaries and the numbers
of sub pipes and sub soil boundaries. Finally, the RF model is applied in different
scenarios to demonstrate its characteristics. The results show that: (1) the RF model is
suitable for different kinds of GHEs with arbitrary shape and type of heat sources
releasing heat in arbitrary time steps; (2) the RF model has only 0.01 °C and 0.23 °C
temperature response errors compared to those from numerical solutions and
experiments, respectively; (3) the general RF model has similar accuracy to the
numerical solution in calculating the distributed temperatures of the borehole and
pipes, heat transfer in the short term, and heat transfer of borehole groups and the

energy pile.
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47  Nomenclature

A B C index
c specific heat capacity, J/(kg:°C)
CON the current temperature of a point in the soil field influenced by all

the previous heat fluxes of heat sources

F area, m’

h heat convection coefficient, W/(m*-°C)
L length of U pipe, m

m mass flow rate, kg/s

0 heat flux, W

S area, m’

V volume, m’

Y response factor

T time, s

p density, kg/m3

A heat conductivity, W/(m-°C)
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Subscript

SN

Wy iy,

pw
in

out

excess temperature, °C

temperature error, °C

absolute error

k™ layered soil

n™ heat source

soil point P

relative error

heat source of heat exchange pipe

heat source of soil boundary

t

ny"™ sub heat source of the s "™ pipe

t

m,,™ sub heat source of the w '™ pipe
fluid
pipe wall

pipe inlet

pipe outlet
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1 Introduction

The ground-coupled heat pump (GCHP) is becoming more and more popular
around the world [1,2] because it is a clean and efficient technology for heating and
cooling [3-5]. They are applied not only in the commercial and residential buildings
[6, 7], but also in the historical buildings [8] and agricultural facilities [9]. The ground
heat exchanger (GHE) is an important component of the GCHP, of which the heat
exchanging performance has greatly influenced the system design and operation [10,
11].

There are currently a number of GHE models considering the effect of
groundwater, which is beneficial to the heat transfer [12-21]. For example,
Hecht-Mendez et al. [15, 16] evaluated different numerical tools and studied the
optimized energy extraction for borehole groups considering groundwater. Angelotti
et al. [17] adopted MT3DMS coupled to MODFLOW to simulate U pipe in a
saturated porous medium. Molina-Giraldo et al. [18] evaluated the effect of thermal
dispersion on temperature plumes around a borehole using analytical solutions. Diao
et al. [19] proposed an analytical moving line source model to calculate heat transfer
with groundwater. Hu [20] and Erol and Francgois [21] improved the analytical model
considering both multilayer and groundwater. However, there are also many studies
[22-24] aim to predict the heat transfer characteristics of GHE with dry soils, through
various analytical and numerical models. On these occasions, the influence of

groundwater can be ignored and the heat transfer around the GHE is purely unsteady

6



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

heat conduction, thus the calculation models can be simplified. This study focuses on
the improvement of the calculation accuracy and speed of the existing GHE models
with relatively dry soil or negligible groundwater. In addition, some other important
factors should also be considered in the soil field, such as different types and
geometries of heat sources, different soil layers and different properties of soil and
grout [25-28]. In the existing research, there are three main GHE models: numerical
solutions, g-function models and the analytical solutions, which are specifically
introduced in the following parts.

Numerical solutions, like the finite difference method [29], finite element
method [30-32] and finite volume method [23-24, 33-36], can consider the complex
geometries of GHE to calculate the soil temperature distribution accurately. However,
since these solutions need to calculate heat and mass transfer of all the meshes in the
soil field, they have a heavy workload and are very time-consuming. Especially for
cases with different operation strategies, they should repeat similar numerical work on
the whole calculation field.

To simplify the calculation, current GHE models commonly use a response
function, like the Green function or g-function. These response functions build a
direct relation between the temperature and heat sources. Based on them, the heat
transfer is no longer calculated in the whole soil field and therefore the calculation
time is saved compared with numerical solutions.

The Green function defines a transient point as the heat source [37]. Integrating
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the Green function over the geometry and the heating time of the sources can achieve
the soil temperature. Since the heat source of the Green function is the transient point,
the workload is large if it is calculated by numerical simulations [38], and several
assumptions should be made if it i1s calculated by analytical solutions. Analytical
solutions [22, 39-44] have a discount on accuracy because of the many assumptions.
The commonly used infinite and finite line source models ignore the practical
geometry of the borehole, the thermal capacity inside the borehole and the
groundwater flow. So, they cause apparent errors in the transient heat transfer and
cannot calculate accurately with the variable inlet fluid temperature. Li [43, 44]
modified the analytical solution for calculating the short-term heat transfer. However,
it ignored the practical geometry of the U pipe and was not suitable for spiral pipes
[43] and was unreasonable in the long-term calculation [44].

The g-function [45-50] defines a whole borehole with a constant heat flux as the
heat source. The borehole here is cylindrical instead of a line source, however the heat
transfer mside the borehole is steady in Eskilson model [45], which is reasonable only
when the heat source releases heat for longer than 3~12h. Thus, this solution still has a
non-negligible error when calculating short-term heat transfer. To improve this model,
Yavuzturk et al.[46] and Gallero et al.[47] proposed the short time-step g-function
model. This model built a two-dimensional numerical model to describe the unsteady
heat transfer inside the borehole, making it suitable for short-term heat transfer.

However, this model assumed a fixed heat flux ratio between the inlet and outlet pipe,
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1ignoring the influence of the fluid velocity.

As a summary, the geometry and type of heat sources of the Green function and
g-function in the existing models are limited, leading to inaccurate calculation of the
heat transfer of the soil around the GHE. In the research on ventilation, the response
factor was used to reflect the relationship between the source and the field [51]. The
heat source of the response factor can be an arbitrary shape and releases heat in an
arbitrary time-step. This overcomes the limitation of the Green function and
g-function, allowing accurate calculation of the heat transfer. In our previous research
[52], the definition of the response factors used for soil heat conduction is introduced
and the soil temperature distribution influenced by a borehole with a constant heat
flux 1s calculated.

In this paper, based on the principle of the response factor in soil heat conduction,
1) the different types of heat sources in the soil around the GHE are summarized; 2)
the calculation methods of the heat fluxes of different heat sources based on the
different known parameters are deduced; 3) the general distributed parameter GHE
model 1s proposed to calculate the soil and fluid temperature distribution accurately
and fast. So, the unsteady heat transfer outside the pipe, the fluid temperature
variation along the flow direction, heat transfer from soil boundaries, rapidly varied
fluid temperature and the inner thermal influence between borehole groups can be
considered. Then, a sandbox experiment is established to validate the accuracy of the

proposed model, and the suitable position of the soil boundaries and the suitable
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number of sub heat sources are determined to reduce the calculation workload as well
as to guarantee the calculation accuracy. Finally, several cases under different
conditions are calculated to show the accuracy of the proposed model in practical

projects.

2 The general distributed parameter model for GHE

In the soil, the GHE can be of different types, like boreholes, energy piles with U
pipes or spiral pipes, energy walls or energy tunnels. The energy piles/walls/tunnels
are geostructures incorporating the primary heat exchangers through the foundation
clements (e.g., piles and basement walls) or into the tunnel linings [53]. But for
different GHEs, for the pipes buried inside, the inlet temperature and fluid velocity
are known, and the fluid temperature varies along the direction of flow. The soil
surface has a known temperature which can be considered as similar to the outdoor or
indoor air temperature. The surrounding and bottom soil boundaries have a constant
initial soil temperature. As a summary, there are two kinds of heat sources in the soil,
pipes and the soil boundaries, as shown in Figure 1. Since the heat fluxes of a pipe or
a soil boundary are not homogeneous, the pipe or soil boundary should be divided
into several small sub heat sources and each sub heat source has a homogeneous heat
flux. Each pipe’s inlet temperature and fluid velocity are known, and each soil
boundary’s temperature is known. The correct calculation of heat fluxes of the pipes

and soil boundaries will be introduced 1n the following section 2.3 and its applications
10
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will be shown in section 4.3 and section 3.

6in

l 6

Qf QS l W
Bpw ) -

Bout QW

(b) Sub soil
boundary

(a) Sub pipe

(55715)
(W)

Figure 1 The soil field around the GHE Figure 2 Heat transfer of two kinds of
heat sources

The response factor can overcome the limitations of the Green function and
g-function on the geometries of the heat sources and the length of the calculation
time-steps, reflecting the relationship between the soil temperature variation and the
heat flux of a heat source. So, the general distributed parameter model for the GHE is
built based on the response factors to calculate the heat transfers in the soil field
shown in Figure 1. First, the principle of response factors proposed previously [52]
will be introduced briefly. Then, the method for calculating the heat transfer in the soil
field based on the response factors and the heat fluxes will be proposed. After that, the
calculation of the heat fluxes of the pipes and soil boundaries based on the different
known parameters will be deduced. Finally, the distributed soil temperature can be

calculated.

11
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2.1 Principle of response factors

In our previous work [52], the principle of response factors in soil heat
conduction was proposed. To calculate the response factors, one heat source in any
shape releases a heat pulse at the initial time-step of an arbitrary length, while the heat
fluxes of all the other heat sources are 0. The excess soil temperature variation
affected by the heat pulse 1s calculated by numerical simulation. The response factor
is equal to the excess soil temperature variation divided by the average soil
temperature variation caused by the heat pulse at the initial time-step, as shown in

Equation (1) [52].
8, (JAT)

K
0,0)- A (> pcily) (M
k=1

Y, ,UAT) =

where Y,.,(/A7)is the response factor at the j™ time-step of soil point P to the n™
heat source; 6,(jA7) is the excess temperature at the j™ time-step of point P after the
heat pulse is released by the n™ heat source [°C]; 0,(0) is the heat pulse released by
the n™ heat source [W]; p, is the density of the k™ soil [kg/m’]; ¢;is the specific
heat capacity of the k™ soil [J/(kg-°C)]; ¥} is the volume of the k™ soil [m’].

Therefore, the response factors are dimensionless and tend to be 1 when the time
becomes long enough. Although the response factor reflects the relationship between
the soil temperature variation and the heat flux, it is an inherent characteristic of the
soil field, having no relationship with the heat flux.

Based on the definition of response factors in soil heat conduction, the soil

temperature can be calculated by the accumulated contribution of heat fluxes in
12
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different time-steps. The calculation method is shown in Equation (2), which is the
accumulation of the heat fluxes multiplied by the corresponding response factors

during the period and divided by the soil heat capacity.

N J K
0,(jAt) =) > 0,(iAr)-Ar-Y, [(j-DATIY, preyVy) 2)

n=1 i=0 k=1
where 0,(jA7) is the excess temperature of point P at the j'™ time-step [°C]; N is
the total number of different heat sources.

Since the response factors are based on the results of the numerical simulation,
the method based on response factors has similar accuracy to the numerical solutions.
Besides, the temperature of several typical soil points can be calculated directly by the
heat fluxes and response factors, and calculation of the temperature of surrounding

soil points 1s no longer needed, allowing a fast calculation.

2.2 Heat transfer in soil field around GHE

Based on the response factors of different heat sources at different time-steps, the
heat transfer in the soil field should be calculated in the following steps.

Firstly, the numerical model of the soil field around the GHE should be
established, considering the specific characteristics of the soil field and GHE (like the
complex geometry of the pipes and different thermophysical properties of
multi-layered soil, grouts and concretes). The temperature variation of typical soil
points influenced by the initial heat pulse of each heat source can be calculated by
numerical simulation. Then, the response factors of typical soil points to each heat

13
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source can be calculated based on Equation (1).

Qp(jAr) = CONQS, + CON@W,p +95,p(jAr)+9w’p(jAr) (3)

P

After that, taking point P anywhere in the soil as an example, its current
temperature can be calculated by Equation (3). This means that the temperature of soil
point P at the /™ time-step [0p(jAT)] is the sum of 4 parts: 1) CON0,, the current
temperature of P influenced by all the heat fluxes of the pipes in the past time-steps
[Oy(id7) (i=0~(-1))]; 2) CONG,p, the current temperature of P influenced by all the
heat fluxes of the soil boundaries in the past time-steps [Q,(id7) (i=0~(j-1))]; 3)
Osp(jAT), current temperature of P influenced by all the heat fluxes of the pipes in the
current time-step [O(j47)]; 4) 6.p(JAT), the current temperature of P influenced by all
the heat fluxes of the soil boundaries in the current time-step [ Qw(j47)]. All 4 parts can
be calculated by the principle of response factors, as shown in Appendix [.

The response factors of each heat source can be calculated by numerical
simulation in advance as the known quantities in Equation (3). As for the heat fluxes,
those in the past time-steps [Qs(i47) and Q,(id7), (i=0~(j-1))] are known, while those
in the current time-step [Qs(j47) and O,.(j47)] are unknown. Therefore, to calculate the

th

soil temperature at the ™ time-step, it is important to calculate the heat fluxes at the j™

time-step, including those of the pipes and soil boundaries [Q;(j47) and Q,,(j47)].

2.3 The heat fluxes of pipes and soil boundaries

The calculation of heat fluxes of pipes and soil boundaries 1s deduced in this
14
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section based on the known parameters. The pipes have known inlet fluid
temperatures and fluid velocities. Taking the sub heat source of pipe s, in Figure 1
as an example, the temperature of the pipe wall is influenced by all the heat sources in
the soil field, calculated by Equation (4).

The heat transfer inside the sub pipe is shown in Figure 2(a). The current heat
flux of the pipe can be calculated by heat convection between the fluid and the pipe,
as shown in Equation (5), in which the heat convection coefficient can be calculated
by the empirical equation (Equation (6), [54]) and the definition of Nu number
(Equation (7)), and the unknown #;,(jA7), Oou((jA7) and 0,,((jAT) can be calculated by
Equation (8)~(9) and Equation (4).

Opma(sn ) IAT)=CONOY_ (s +CONOy s 3405 (s n ) UAD+ 0y s n ) UAD) (4
Os(syny) UAT) =g (s n ) pwisng) [5f(ssns) (JAT)=Opu(s n,) (JAT)}

0, (jAr)+6 (jA7) (&)
: (sgng) tsgng)
gf(ssns) (J]A r) _ n SSnS - ou. SSnS

Nu=0.023-Re"-Prj?  Re>10000

d .
{Nu=0.116-(Re7’—125)-Pry>-(1+ (%)2’3 2200 < Re < 10000 (6)
pipe

d .
Nu = 1.86-(Ref-Prf-%)”3 Re < 2200,Pr > 0.6

pipe

ifou
hf: p

(7

pipe

é’in(ss,l)(jAz')=known (s=1,2,...,5,...,9 ®)

15



238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

R -1
‘91'11(55.»15) (J-Ar):‘gin(ssl)(jﬂr)_ kél Qs(ssk)(jAT)/(Cfsmfg) ©
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gout(ssns) (jAr) - gf”(ss])(jA r)ikg 1QS(SS/€)UAT)/(Cf5 mfs )

where ; is the heat convection coefficient of the fluid [W/(m?-°C)]; A¢ is the heat
conductivity of the fluid [W/(m-°C)]; cg and my, are the specific heat [J/(kg-°C)] and
mass flow rate [kg/s] of fluid inside the pipe of the s™ borehole; Fyw 1s the area of the
pipe wall [mz]; Q(jA7) 1s the heat flux of the heat source at the jlh time-step [W]; OdjAr)
is the average excess fluid temperature inside the pipe at the /™ time-step [°C]; Opw(jAT)
1s the average excess temperature of the pipe wall [°C]; ;,(jA7) 1s the average excess
inlet temperature of the pipe [°C]; ou(jA7) is the average excess outlet temperature of

the pipe [°C].

Based on Equations (4)~(9), the heat flux of the pipe (ss#;) 1s shown in Equation
(10). It 1s the sum of 2 parts: 1) Qg ssssns)(fAT), the heat flux of the pipe (sg1,) caused by
the heat fluxes of all pipes at all time-steps; and 2) O, sns)(JAT), heat flux of the pipe
(ssn5) caused by the heat fluxes of all the soil boundaries at all time-steps. In Equation
(10), all the current heat fluxes of the pipes and soil boundaries are unknown. In other
words, the heat flux of the sub pipe (sn;) is the function of the unknown current heat
fluxes of all the heat sources in the soil. It is the same case for the other sub pipes.
The detailed calculations of Equation (10) are shown in Appendix II.

Os(s,ng) (JAT) =05 s(5.n ) (FAT)+ Oy (5 m ) (JAT) (10)

The calculation of the heat fluxes of the soil boundaries 1s deduced based on the

known boundary temperatures. Taking the sub soil boundary w,m,, as an example, the
16
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heat transfer of the soil boundary is shown in Figure 2(b). Based on the Fourier heat
conduction law, the current heat transfer can be calculated by the temperature
difference between the soil boundary and its adjacent soil layer, as shown in Equation
(11). Since the adjacent layer is in the soil, its temperature 1s influenced by all the heat
sources in the soil field based on the principle of response factors, calculated by

Equation (12).

. ) . .
Qw(wwmw) (jar)= Aw(w ., — {Qw(wwmw)(fﬂf) - Br(w“'mw)(jAT)} (11)

gr(wwr%) (JAT)=CON 95, r(wwmw) +CON gw_, r(wwmw) + ‘95_, r( w“;nw) (JAT)+ tgw_, r(wwmw) (JA7) ( 12)

Based on Equations (11)~(12), the heat flux of the sub soil boundary (w,m,,) is
shown in Equation (13). It is the sum of 2 parts: 1) O pmmy(j47) 1s the heat flux of
the sub soil boundary (w,m,) caused by the heat fluxes of all the pipes at all
time-steps; and 2) O wpmmy(747) 1s the heat flux of the sub soil boundary (w,m,,)
caused by the heat fluxes of all the soil boundaries at all time-steps. In Equation (13),
the current heat fluxes of all the pipes and soil boundaries are unknown. In other
words, the heat flux of the sub soil boundary (w,m,,) is the function of the unknown
current heat fluxes of all the heat sources in the soil. It is the same case for the other
sub soil boundaries. The detailed calculations of Equation (13) are shown in Appendix
II1.

Qw(wwmw) (jAr)= Oy, wiw, m,,,) (JAT)+ Oy, w(w, m,,) (jAz) (13)
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2.4 The distributed soil temperature

Based on Equation (10) and Equation (13), the current heat fluxes of each sub
pipe and each sub soil boundary (Qs(j47) and Q\(j47), s=s/1, ..., SINy, ...... , sty ...,
ssNs, w=wl, ..., wiMy, ..., wwl, ..., wyMp) are the function of the current fluxes of
all the heat sources (Qy(j47) and Q,(j47)) in the soil, as 1s shown in Equation (14). For
all the heat sources in the soil around the GHE, both the numbers of heat transfer
equations and the unknown current heat fluxes are N;+No+...+NsgtM;+M+...+My.
Therefore, the current heat fluxes of all the heat sources, the inlet and outlet fluid
temperatures of each sub pipe, the pipe wall temperature of each sub pipe, and the
temperature of the adjacent soil layer of each soil boundary can be calculated based
on Equation (14). After the current heat fluxes of all the heat sources are calculated,

the typical soil temperatures can be calculated by Equation (3).
Qs(sll) (jAT) = Qs, s(spD (JaT)+ Qw,s(sl 1) (jAT)

Qs(slNl) (jar)= Qs,s(slNl) (fAT)+Qu),s(slN1) (jAT)

Qs(sSl) (jAT)= Qs,s(ssl) (jAr)+QMf,.S’(Ssl) (JAT7)

QS(SSNS) (jAT)= Qs,s(sSNS) (jAT)JrQ\v,S(sSNS) (jar)

...... (14)
Oy 1) (JAT) = Os vy 1) (JAT)+ Oy vy 1) (JAT)

Qw(wlMl) (JA7)=0;, w(w M) (JAT)+ 0y, w(w M) (JA7)

Qw(wW 1) (jAr)= QS,W(WW 1) (jAT)+ Oy, w(wyy1) (Jjar)

QW(WWMW) (A7) = Qs,w(wWMW)(jAT)"'Qw, w(wyy My ) (/A7)

18
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3 Validation of the distributed parameter GHE model

Since there are many unknown factors that affect the performance of the GHE in
practical projects, the testing errors are usually large and not suitable for verifying the
model directly. The sandbox experiment is built with a constant inlet temperature and
flow rate of the fluid inside the U pipe. The distributed soil temperatures are tested by

the experiment and simulated by numerical solution to validate the RF model.

3.1 The sandbox experiment

The sandbox experiment i1s composed of a sandbox integrated with
thermocouples, a data acquisition system, a water bath providing constant temperature

water and a flow meter, as shown in Figure 3 and Figure 4.

+— Glass
Z = . U pipe rotameter Water bath
=ll.‘ J/ [?

Data log d
PC Thermo u
— ieed oo
Water SE] wical
Elektrica
PP pump gy 3
(=7 | zezn heofing
oo oed Cooling | ¢
device N\

)

Figure 3 The principle of the sandbox experiment

The sandbox is Im X Im X Im with a U pipe placed at the center of the sandbox.

The inner diameter and length of the U pipe are 8§ mm and 950 mm respectively.

19
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There are 6 T-type thermocouples testing the soil temperature at each depth of 250
mm, 500 mm, and 750 mm, as shown in Figure 3. Besides, the indoor air temperature,
the constant water temperature of the pool, and the inlet and outlet water temperature
of the pipe are tested. A glass rotameter 1s used to test the flow rate inside the U pipe.
The testing range and uncertainty of the sensors are shown in Table 1. The testing
range and uncertainty of the glass rotameter are 2~18 LPM and +0.1 LPM
respectively. The testing range and uncertainty of the T-type thermocouples are

-150~200 °C and +0.5 °C respectively. The data log records every 10 seconds.

N < N 4 y

.....

- eeve 9 o &
9

Ppipe P1~P

Figure 4 The sandbox experiment

Figure 5 The layout of thermocouples

Table 1 Testing range and uncertainty of the sensors

Sensors Testing range Testing uncertainty

T-type thermocouple -10~40°C +0.5°C

20
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Glass rotameter 2~18 LPM +0.1 LPM

All the walls, top and bottom of the sandbox are wrapped with thick insulation
materials. Test results show that the initial soil temperature is homogeneous at
different points inside the sandbox. The temperature difference is within the testing
uncertainty of temperature sensors. So, the influence of the ambient air temperature is
ignored, and the boundary of the sandbox is regarded adiabatic. The initial excess soil
temperature 1s homogeneous at ().

For practical projects in cold regions (like Shenyang), the initial soil temperature
could be 11°C and the inlet temperature could be 1°C. So, the excess inlet
temperature of the U pipe remains constant at about -10°C and the water flows inside
the U pipe at a flow rate of 3.8 LPM.

To verify the RF model calculating the multi-layered soil, the sandbox is filled
with sand at a depth of 430~1000 mm and clay at a depth of 0~430 mm. The soil
thermal properties are tested by the cutting-ring method, drying method, and the
transient hot-wire method [55-57]. Using these methods, the testing results show that
the densities of the sand and clay are respectively 1.26 g/cm® and 1.20 g/cm’, and the

thermal diffusivities of the sand and clay are respectively 0.24 mm?s and 1.40 mm?/s.

3.2 Validation of the experiment data

Taking the 6 thermocouples at the depth of 250 mm, for example (Figure 5), their
temperatures in 24 hours are tested in the sandbox experiment as well as being

calculated by the RF model, and the numerical solution (finite volume method). The
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soil temperature variation is shown in Figure 6, in which the different colors or line
types mean different thermocouples. The thermocouple next to the U pipe is affected
quickly by the U pipe, so its temperature decreases rapidly to the lowest value. The
thermocouple far from the U pipe is affected slowly by the U pipe, so its temperature

decreases gently.
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@ PI-RF ---@--P2-RF --#%- P3-RF --m--P4-RF —m—-P5-RF — m — P6-RF
@ Pl-Exp. --4@-- P2-Exp. P3-Exp. --@-- P4-Exp P5-Exp. P6-Exp.
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Figure 6 The soil temperature contrast of numerical solution, RF model and experiment

In Figure 6, each color or line type includes three different lines, standing for the
results of the same thermocouple from the experiment, RF model, and the numerical
solution. The results of the RF model and the numerical solution nearly overlap,
between which the average errors are less than 0.01 °C. The results of the RF model
and the experiment are also very similar, between which the average errors are less
than 0.23 °C. Therefore, the RF model is well verified by the numerical solution and

validated by the experiment.

4 Simplification of the distributed parameter GHE model

As mentioned in section 2, there are two kinds of heat sources in the soil around

the GHE, the pipes and soil boundaries. In the RF model, they are divided into several
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sub heat sources to accurately calculate the variable heat fluxes along the flow path
inside the pipes and around the soil boundaries. With the number of sub heat sources
increasing, the calculation accuracy increases, while the calculation workload also
Increases.

In addition, the position of the soil boundary also affects the calculation accuracy
and workload. If the volume of the soil field around the pipe in the numerical
simulation 1s assumed to be small, the calculation results are unreasonable. If the
volume of the soil field around the pipe is assumed to be big, the calculation workload
is heavy.

Therefore, in this section, suitable numbers of sub heat sources of pipes and soil
boundaries and reasonable positions of the soil boundaries are investigated to achieve

good accuracy as well as a small workload.

4.1 The position of soil boundary

Taking the single borehole (depth 100 m, diameter 130 mm, single U pipe) as an
example, when the initial so1l temperature 1s 11 °C, the inlet fluid temperature and the
velocity of the pipe are respectively constant at 35 °C and 0.4 m/s, the reasonable side
and bottom boundaries of the soil field around the GHE 1n 30 operation years are
analyzed. In this simulation, the heat conductivities of the soil, grout and pipe are
respectively 1.74, 2.50 and 0.42 W/(m-K).

Ideally, the soil field around a single borehole should be semi-infinite. To reduce
the calculation workload, if the excess temperature variations of the soil points are
less than 0.5 °C, they are regarded as unaffected by the U pipe. The unaffected side

position closest to the GHE 1s defined as the reasonable side boundary of the soil field
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around the GHE. It can reduce the calculation load at the premise of acceptable
calculation accuracy. Ignoring the influence of groundwater, the side and bottom
boundaries of the soil field around GHE in 30 operation years are shown in Figure 7.
With the operation time increasing, the soil boundary should be farther from the U

pipe and the bottom of the borehole.

—&— Diameter of soil field
—— Distance between borehole bottom and computational boundary

Position of soil boundary (m)

0 5 10 15 20 25 30
Operating time (year)

Figure 7 The suggested boundary of the soil field around a single borehole

In China, the lifespans of most GHEs are shorter than 30 years. Based on Figure
7, the position of the soil boundary around a single borehole should be as shown in
Figure 8(a). The side soil boundary should be 40 m away from the U pipe and the
bottom soil boundary should be 20 m lower than the bottom of the borehole. The
temperatures of the side and bottom soil boundaries are constant and equal to the
initial soil temperature. The temperature of the soil surface is equal to the variable

outdoor air temperature.
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Figure 8 The suitable position of the boundary of the soil field

For one borehole in the borehole groups, since the heat flux of each borehole 1s
the same, the side soil boundary of each borehole is adiabatic. The soil field around
the borehole 1s shown in Figure 8(b). The diameter of the soil cylinder is 2.5 m, half
of the borehole spacing (typically 5 m [58]).

Taking one borehole in a borehole group as an example, the simplification of sub
heat sources of a borehole will be analyzed in section 4.2 and section 4.3. There are
three heat sources in the soil field: the U pipe, the soil surface and the bottom soil
boundary. The bottom soil boundary has a constant initial soil temperature and its heat
transfer variation has less effect on the pipe and soil temperature. So, the bottom soil
boundary can be regarded as a single heat source, with no divisions. Due to the
variable heat fluxes of the U pipe and the soil surface, these two heat sources should
be divided into several sub heat sources and each sub heat source should have a

constant heat flux.
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4.2 The sub heat sources of pipe
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W ) W
16 parts 8 parts 4 parts 2parts | part

Figure 9 Different sub heat sources of U pipe

To analyze the influence of the number of sub heat sources of the U pipe on the
accuracy, the U pipe is divided into several different (16, 8, 4, 2, and 1) sub heat
sources, as shown in Figure 9. Their influence on the accuracy in calculating the
temperature of the pipe wall, borehole wall and the outlet fluid temperature of the
pipe is investigated. The heat conductivities of grout and soil are respectively 2.50
and 1.74 W/(m-K).

The distributed temperature of the U pipe wall, distributed borehole temperature,
and outlet fluid temperature are calculated by the RF model (with different sub heat
sources of the pipe) over a period of 2880 hours (a typical length of heating season in
cold region of China). The average errors of these temperatures calculated by the RF
model compared with the numerical solution are based on Equation 15 and shown in
Table 2. When the number of sub heat sources of the U pipe increases, the results

calculated by the RF model tend to be closer to the numerical solution.

_j(fads—(glxll+...+9nxzn) (15a)

E = I
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where ¢4 1s the absolute average error of temperature, °C; & is the relative error
of temperature; # is the distributed excess temperature calculated by numerical
simulation, °C; n is n™ sub pipe; 6, is the excess temperature of the n™ sub pipe
calculated by RF model, °C; /, is the length of the n™ sub pipe, m; L is the length of
the whole U pipe, m.

If the number of sub heat sources of the U pipe is 16, the average absolute errors
of the results calculated by the RF model are less than 0.110 °C and the relative errors
are less than 0.30%. If the number of sub heat sources of the U pipe is more than 2,
the average absolute errors calculated by the RF model are less than 0.610 °C and the
relative errors are less than 1.48%, which are acceptable in practical projects.

Table 2 Errors of distributed temperatures of pipe wall in the 2880" hour by RF model

Average errors 16 parts 8parts 4 parts 2 parts 1 part

Distributed pipe wall ~ Absolute values (°C)  0.100 0.160 0.300 0.610 1.380

temperature Relative values 025%  040%  0.73%  1.48%  3.34%

Distributed borehole  Absolute values (°C)  0.110 0.320 0.340 0.350 0.650

temperature Relative values 030%  087%  094%  0.97%  1.78%
Outlet fluid Absolute values (°C) 0.019 0.012 0.003 0.053 0.262
temperature Relative values 0.10%  0.07%  0.01%  029%  1.43%
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As a result, the pipe can be divided into 2~4 sub heat sources, keeping the errors
of the pipe wall temperature, borehole wall temperature and the outlet fluid

temperature of the U pipe small and acceptable in the practical projects.

4.3 The sub heat sources of soil surface

Although the soil surface has constant temperature at different positions, its heat
flux 1s not homogeneous at different positions influenced by the borehole. So, the soil
surface should be divided into different sub heat sources to reflect the different heat
fluxes. To analyze the influence of the number of sub heat sources of the soil surface
on the accuracy, the soil surface is divided into several different (8, 4, 2, and 1) sub
heat sources, as shown in Figure 10. Their influence on the accuracies in calculating
the temperature of the pipe wall, the outlet fluid temperature of the pipe and the

temperature of the soil layer adjacent to the soil surface 1s investigated.

./’

8parts 4parts 2parts I parts
Figure 10 Different sub heat sources of soil surface

The distributed excess temperatures of the U pipe wall and excess temperature of
the pipe outlet calculated by the RF model (with different sub heat sources of soil
surface) and the numerical solution are shown in Figure 11. The number of sub heat
sources of the soil surface has little influence on the wall temperature and the outlet
fluid temperature of the U pipe. The results calculated by the RF model with different

sub heat sources of the soil surface are nearly the same.
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Figure 11 ~ Temperatures influenced by sub heat sources of soil boundary

The average errors of the temperature of the soil layer adjacent to the soil surface
calculated by the RF model (with different sub heat sources of the soil surface)
compared with those of the numerical solution in the 2880" hour are based on
Equation 16 and are shown in Table 3. Although the temperature of the soil surface 1s
as high as 38 °C, the influence of the different numbers of sub heat sources on its
adjacent soil layer is small and there is even less influence on the other parts of the
soil. The average errors of the temperature of the adjacent soil layer calculated by the
RF model are about 0.0745~0.0751 °C. Consequently, the soil surface can be

considered as the whole part.

S
O ds—(6 xSy +...4 6, xS,)
oy - (16)

where ¢4 1s the absolute average error of soil layer temperature, °C; € is the
distributed excess temperature of the adjacent soil layer calculated by numerical

simulation, °C; n is n™ sub soil surface; 6, is the excess temperature of the adjacent
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soil layer of the n'™ sub soil surface calculated by RF model, °C; S, is the area of the
n™ sub soil surface, mz; S 1s the area of the whole soil surface, m.

Table 3 Average errors of the temperature of the adjacent soil layer by the RF model

Average error 8 parts 4 parts 2 parts 1 part

Absolute value (°C) 0.0745 0.0749 0.0749 0.0751

5 Application of the distributed parameter model

In the previous work [52], the calculation based on the principle of response
factors was proved to be fast compared with numerical solutions. Besides, the general
RF model proposed in this paper also has good accuracies in wide applications by
considering complex factors: 1) three-dimensional unsteady heat transfer inside the
borehole; and 2) practical geometries of the GHE, like borehole groups with different
depths and different GHE structures. So, it can calculate 1) the distributed temperature
inside the borehole and pipes, 2) the heat transfer of the borehole in the short term and
under variable conditions, 3) the heat transfer of borehole groups with different depths,

and even 4) the heat transfer around the energy pile.

5.1 The distributed temperature along the U pipe and borehole depth

The RF model can consider the practical three-dimensional heat transfer inside
the borehole. Through the calculation, the temperature variation along the borehole
depth and short circuit of the heat transfer of the U pipe are investigated in this
section.

Taking a 100 m borehole with a single U pipe as an example, the distributed

temperatures along the borehole depth and U pipe are calculated by the RF model.

30



477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

The borehole and the U pipe are divided into 8 and 16 sub parts respectively, as
shown in Figure 12. The initial soil temperature is 11 °C, which is the annual mean
soil temperature of Shenyang, a city in cold region of China. If there is no measured
data, the soil temperature could be typically regarded as 1~3°C higher than the annual
average air temperature [59]. The weather file is from the Chinese
Architecture-specific Meteorological Data Sets for Thermal Environment Analysis
[60]. The inlet fluid temperature is 35 °C and the soil surface temperature is 38 °C.
The temperatures of different sub parts of the borehole at the 1*' hour, 24™ hour, 240"
hour, 1000™ hour and 2880 hour are shown in Figure 13, calculated by the RF model,
the numerical solution, and the analytical solution. The results from the RF model are
similar to the numerical solution, which demonstrates that the temperature of sub
parts of the borehole drops as its depth increases. As a contrast, the borehole
temperature calculated by the analytical solution using a finite line source remains
constant at different depths, because it uses the average borehole temperature for

calculation.

25
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Figure 12 The sub parts Figure 13 The temperature variation along the
of the borehole and U pipe borehole depth at different times

31



492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

The distributed temperature and heat transfer of the U pipe wall calculated by the
RF model are shown in Figure 14. The temperature of the sub pipe wall drops
seriously along the flow direction for the sub pipes near the inlet and has a tiny
increase in the sub pipes near the outlet. The heat transfer of the No. 16 sub pipe 1s

negative, showing the short circuit of the heat transfer between the two legs of the U

pipe near the soil surface.
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Figure 14  The distributed temperature and heat transfer of U pipe wall

5.2 The heat transfer in a short term and under variable conditions

As mentioned in the introduction, most analytical solutions cannot calculate
accurately for the heat transfer in a short term (usually less than a couple of hours).
The RF model can improve the calculation accuracy on this issue because it considers
the three-dimensional unsteady heat transfer inside the borehole. Since the numerical
solution can consider the detailed characteristics of the GHE, it is considered to be the
most accurate method, and the reference for other methods. In this section, the heat
transfers in a short term and under variable conditions calculated by the analytical
solution (finite line source), RF model, and numerical solution (finite volume method)

are compared.
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Taking a single U pipe with a length of 100 m as an example, provided the inlet
fluid temperature of the U pipe keeps constant at 35.0 °C and the velocity is 0.4 m/s,
the outlet fluid temperature of the U pipe during 50 hours is shown in Figure 15(a).
Since the results of the numerical solutions can be accurate in short-term calculation
by considering the practical geometry and the grout’s thermal property of the borehole,
they are considered as the benchmark for the analytical solution and RF model. The
errors of the outlet fluid temperature calculated by the analytical solution and RF
model compared with the numerical solution are shown in Figure 15(b). From Figure
15, the RF model has a very similar result to the numerical solution, of which the
error is less than 0.2 °C in the initial 50 hours. However, the error of the analytical
solution 1s higher than 3.0 °C in the first 2 hours. Although it decreases with

increasing time, it is still higher than 0.7 °C in the initial 50 hours.
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(a) Outlet fluid temperature calculated by ~ (b) Errors of analytical solution and RF

the three solutions model
Figure 15  Outlet fluid temperature and errors in short term

If the calculation error is large in the short term, the method cannot calculate
accurately in the case with a variable inlet temperature, leading to shortcomings in the

calculation of practical projects.
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In a case with a variable inlet temperature of the pipe (calculated by the GCHP
system simulation in advance, Figure 16(a)), the outlet temperatures of the pipe
calculated by the analytical solution, RF model, and numerical solution, and the errors
of the analytical solution and the RF model compared with the numerical solution are
shown in Figure 16(b). The result of the RF model is similar to that of the numerical
solution, and its error is less than (.1 °C all the time. However, the analytical solution
has a large error, especially when the inlet temperature of the pipe varies seriously,
and its largest transient error is about 0.6 °C. Therefore, the RF model has a good

accuracy in calculating the case with a variable inlet temperature.
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Figure 16  Fluid temperature and errors under variable conditions

5.3 Heat transfer of borehole groups with different depths

Due to bad construction quality, some boreholes may have different depths. Can
the borehole group provide enough energy in total when the total length of boreholes
keeps the same? The RF model is used for the analysis of borehole groups with
different depths because it can be used for GHEs with different geometries. Three
boreholes with different depths of 80 m, 100 m, and 120 m respectively are shown in

Figure 17. Based on the RF model, when the inlet fluid temperature for each borehole
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1s 24.0 °C, the outlet fluid temperatures of different boreholes are shown in Figure 18,
and are respectively 19.9 °C, 19.1 °C, and 18.2 °C at the 2880th hour. The heat
transfers of the boreholes with depths of 80 m, 100 m, and 120 m are 42.42 W/m,

40.36 W/m, and 39.90 W/m respectively.
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Figure 17 Borehole groups with  Figure 18  Outlet fluid temperature of pipes in

different depths different boreholes

When the total depths of the boreholes groups are the same, the heat transfer of
the boreholes with different depths (Figure 17) is compared to that of three boreholes
with the same depths of 100 m. Although the heat transfer of each borehole is not the

same, the total heat transfers of the borehole groups are the same in the two cases.

5.4 Heat transfer around energy pile

Since the RF model uses the sub pipes as the heat sources, it can be used for
different GHE structures, like the energy pile in Figure 19. The finite line source
model of the analytical solutions 1s no longer suitable for the energy pile due to the
pile’s large diameter. The depth and diameter of the energy pile are 24 m and 1.5 m,
and the pipe has three U loops. The temperatures of several points at the cross-section

with a depth of 12 m are calculated. The radii of points P1~P6 in concrete are
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respectively 0, 0.25 m, 0.45 m, 0.55 m, 0.60 m, and 0.67 m. The radii of points

P7~P11 are respectively 0.75 m, 0.85 m, 1.50 m, 2.00 m, and 4.00 m.

v

Figure 19  An energy pile with a

three-loop pipe inside
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Figure 20  Typical temperature in

concrete and soil

The typical temperatures of concrete and soil calculated by the RF model and the

numerical solution are shown in Figure 20. The results by the RF model are similar to

that of the numerical solution, showing the good accuracy of the RF model in

calculating an energy pile.

6 Conclusions

In this paper, the general distributed parameter ground heat exchanger model (RF

model) is proposed based on the principle of response factors, calculating the soil

temperature and the fluid temperature inside the pipe. By dividing the pipe and the

soil boundaries into several small sub heat sources, the general RF model can




568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

calculate the soil temperature considering different soil boundaries, three-dimensional
unsteady heat transfer inside the borehole, different geometries and structures of the
GHE, as well as arbitrary time-steps.

A sandbox experiment 1s conducted to validate the RF model and the simplified
method is investigated to reduce the calculation workload of the RF model. Compared
to the sandbox experiment and the numerical solution, the average errors of the RF
model are less than 0.23 °C and 0.01 °C, respectively. Compared to the numerical
solution, the number of sub heat sources of each pipe could be as few as 2~4 and the
number of sub heat sources of each soil boundary could be 1.

Several cases have demonstrated the accuracy of the RF model in different
applications: 1) the distributed temperature inside the borehole and pipes, 2) heat
transfer of the borehole in a short term and under variable conditions, 3) heat transfer
of borehole groups with different depths, and even 4) heat transfer around energy

piles.
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Appendix I: Terms in Equation (3)

j*l S N.l
CONO, ,="E X 3 | Oy(smg (A0 A7 Y5 pl =DMV pperle | (3-a)
i=0s'=lng =1 s s's
CON® jil Pg MZWl [Q (ihe)Ar-Y (—arl/ =K V] b
W v VAT AT Y00y (i =D)AT e k
P i=0w'=1lm,, =1 W) Wy, iy, p k=1Pk%k"k (3-b)
. s Ng ) ©
O, pJAT) = 'Zl z I[Qs(ss'”s')om)'m'YS(SS-nSv),p(O)IZk=1Pk"k"'k} (3-0)
S = nsl:
. wo My _ X
Qw,p(JAT): IZI z 1[QW(”"w'mw‘)UAT)'AT'YW(Ww-mwv),p(0)/Zk:1pkck"/k} (3—d)
w'=1m, =

where Q is the heat flux of a heat source, [W]; subscripts s, w denote the heat

source of the pipe and soil boundary respectively; s, 1s the ns»lh sub heat source of

th

the s' pipe (there are S pipes in the soil field, s =1, 2,..., s ,..., S; each pipe has N,

t!

parts, Ny=N;, Na,..., Ny ,..., Ng); w,,m,, is the m,,-™ sub heat source of the w’ " pipe

(there are W soil boundaries in the soil field, w=1,2,..., w,...,lV; each soil boundary

has M, parts, My=My, Ms,..., My, ... My); v\ [(j-i)A7] Is the response
s"s'h

factor of soil point (P) to the heat source (symy) at the (j-i)" time-step;
m, ), Pl —DAT] 1s the response factor of soil point (P) to the heat source

Yw( Wy,

(wy,'m,,) at the (]'-1')th time-step.

Appendix II: Terms in Equation (10)

Classifying the known and unknown parameters in Equations (4)~(9), two terms
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in Equation (10) are expressed as Equations (10-a) and (10-b), in which A, B and C
are coefficients composed of the known quantities, Qs(j47) and Q,(j47) are unknown

heat fluxes. The expressions of A, B and C are Equations (10-c) ~ (10-g).

Qs,s(ssﬂs) (JAT)= As,s(ssn_s.) _Cs(ssns) '

ng—1 . | .
kZZI QS(ESk) (.]A r)+5QS(SSnS)(JAr)

Ngr
> I[Bs(ss M), pw(sgng) 'QS(SS gr) (A z'):|
h‘sl =

I M

s'=1

W M W'

Qw,s(ssns)(fAr)zAw,s(ssns)_ z ) [Bw(ww'mw-),pw(ssns)'Qw(ww.mwl)(jé‘r)] (10-b)

(- —
W 7lmw-71

As,s(ssns) = I’f(ssns)pr(ssns) x

o j-ls Ng ' o « ' (10-c)
Oin(s 1) UAT) = EO > ] b) ]:Qs(ss i) UAT)-AT- Y5 n ), pw(sgng) [(F=DAT]/ T 1Pkck"k}
i=0s"=lng =
'4w,s(ssns) = _hf(ssns )pr(ssns) X
izlw My (lO—d)
{i E(}w:z: im Z': l{Qw(ww‘mw-) (fAr)-AT- Yw(ww-mwn),pw(ssns) [(j—j)Az]/Zsz 1kaka }}
W
— K b
Bi(sgmg), pwtsgng) = s ng) Fmsgng) T Vst mg), putsyng) (0 T 1 ki (10-¢)
_ A K
Bw(wwvmw-),pw(ssns) = hf(sSnS)pr(ssns) Az Yw(ww.mw-),pw(ssns) (0)/ 2p_1PkkVk (10-f)
h F
Cs(sj.ns) = (C N ) (lo-g)
Is" s

Appendix I1I: Terms in Equation (13)

Classifying the known and unknown parameters in Equations (11)~(12), two
terms in Equation (13) are expressed as Equations (13-a) and (13-b), in which A, B
and C are coefficients composed of the known quantities, Q,(j47) and Q,(j47) are

unknown heat fluxes. The expressions of A, B and C are Equations (13-c¢) ~ (13-f).
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