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Abstract

The paper makes heat transfer analysis on borehole ground heat exchangers (GHESs) of ground-coupled heat pump
system, for one thing, the thermal transmission on two cases including sing U-tube and double U-tubes inside
borehole are illustrated, for another, the heat transfer characteristics outside borehole are presented based on the
mathematical model, it is meaningful to obtain the analytical solution of temperature response in the underground
medium. The relevant analysis lays a firm foundation for the optimal design of borehole GHEs because it can provide
theoretical guidance for the calculation and design. In addition, some factors which can exert influences on the heat
exchange performance of GHEs are pointed out, such as the arrangement of boreholes GHESs, the type of circulating
liquid and so on. Afterwards the impacts degrees of these factors are studied according to simulation. It is necessary
to optimize the design of borehole GHEs because in such a way can the size of GHEs be reduced so that the initial
cost of the system is lowered, this is favourable for the application of ground-coupled heat pump technology.
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1. Introduction

The ground-coupled heat pump (GCHP) technology adequately utilizes underground medium as the
cooling source and heating source respectively in summer and in winter, this system consists of ground
heat exchangers (GHEs), heat pump unit and indoor air-conditioner. GHEs usually can be divided into
horizontal GHEs and vertical GHEs in the light of arrangement [1]. In spite of easy construction and
installation for horizontal GHEs, it should be admitted that the performance is easily affected by ambient
outside climate, another obvious shortcoming is large land area needed for burying heat exchange tubes.
Therefore vertical GHEs are most widely applied and the schematic diagram for the whole system is
shown in Fig.1.
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Fig.1 Schematic diagram of ground-coupled heat pump system

2. Heat transfer equations inside and outside borehole
2.1 Inside borehole

As far as single U-tube is concerned, circulating liquid flows along U-tube to release or absorb heat,
considering there are two tubes then if the heat flux for them are respectively ¢, and ¢, , Ty and Tp,
denotes the average temperature of liquid respectively inside two tubes [2], 7, is the mean temperature of
tube. In addition, R;; and Ry, can be regarded as thermal resistance respectively between every tube and
circulating liquid for two tubes, and R, stands for thermal resistance between two tubes. Accordingly, the
relevant equations are obtained as follows [3]:

T, =T, =Ryq +Rizq, (1
T/z -T, = Rj,q, + Ryq,

Because double U-tubes implies two groups of U-tubes are installed in parallel, thereby there are totally
four branch tubes and two inlets and two outlets for circulating liquid flowing through tubes. ¢, ¢2, g3
and g, are severally heat flux of four branch tubes, 71 ,7p, Tj3 and Ty respectively indicates the mean
temperature of liquid inside every branch tube, R;(i=j) is the thermal resistance from liquid to tube and
R;j (i#]) shows the thermal resistance between every two branch tubes. The energy equations are listed in

Eq.(2):

TfliTh =Rq, +R,q, + Ri3q; + Ri,q, )
Ty =T, = Ryq, + Ryyqy + Ryyq; + Ryyq, ( )
Tj} =T, =Ry g, + Rynq, + Ry3q; + Ry,

T,,—T,=Ryuq, +Rpq, + Rizqs + Ryuq,
2.2 Outside borehole
In virtue of the fact that the depth is long meanwhile the diameter is short for borehole thus the ratio of

length to diameter is large, the borehole GHEs can be deemed to be a line source emitting heat
continuously [4], it is significant to exhibit the expression of the temperature response induced by GHEs
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to comprehend the heat transfer essence during the period of running of GCHP system, a method entitled
as Green function [5,6] was proposed to depict the temperature response caused by instantaneous heat
point source in infinite space and the corresponding equation is given in Eq.(3).
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In the process of analyzing heat transfer from GHEs to surrounding underground medium, the first step
is to ignore the thermal transmission along depth direction i.e. z-axis and only takes x and y directions
into account, there is no doubt this is a two-dimensional problem involved Eq.(4) as the formula of
temperature response.
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The three-dimensional problem i.e. x, y, and z directions are all considered, actually the depth of any
borehole is finite therefore three-dimensional case is approximately to actual circumstance, on these
grounds Eq.(5) reflects the accurate expression of temperature response of finite model, 7= x*+ y*.
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3. The analysis on every parameter exerting influence on determining size of GHEs

The building area of the project is nearly 18000m?, and the height is about 36 m contains eight floors,
the heat extracted from indoor space is discharged into underground, borehole GHEs not only take on
building cooling load but also be responsible for power of heat pump unit, in contrast, when heating for
building is carried out, the heat will be absorbed from underground medium then combined with power of
heat pump unit to heat building [7]. The building load and borehole GHEs load every month and the
cumulative load with the time of borehole GHEs can be demonstrated in Table 1 respectively.

Table 1 The building load, borehole GHEs load every month and the cumulative load for borehole GHEs in a year

Month Building Load Ground Heat Exchangers Load Ground Heat Exchangers cumulative load
(kWh) (kWh) (kWh)
January 219119.5 -164340 -164340
February 158057.6 -118543 -282883
March 85941.76 -64456.3 -347339
April 0 0 -347339
May 0 0 -347339
June -62615.5 75138.62 -272201
July -168058 201669.1 -70531.4
August -132425 158909.8 88378.34
September -28758.5 34510.18 122888.5
October 0 0 122888.5
November 77182.34 -57886.8 65001.77
December 205377.4 -154033 -89031.3
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At present the tubes with both diameter 25mm and 32mm respectively are adopted to be installed into
borehole to form GHEs [8], The space between tubes, arrangement style of boreholes [9], thermal
conductivity of backfill material [10], type of circulating liquid, element of underground medium,
distance between boreholes and the minimum temperature of circulating liquid entering heat pump unit
are those factors which should be investigated to optimize the design for the borehole GHEs.

4. Conclusions

The heat transfer model are described in detail for both inside borehole and outside borehole; the whole
heat transfer process is complex because U-tube, circulating liquid, backfill material, underground
medium and so on are respectively one part during heat exchange period, there is no denying the fact that
the research provide theoretical guideline for actual GCHP projects. Combined with an actual project
which apply GCHP technology as air-conditioning system to fulfil cooling and heating, every parameter
that has impact on performance of heat transfer of borehole GHEs are analyzed when different values or
cases selected for them are taken into consideration, this is favourable to optimize the design for GHEs
then lower the initial cost of the system. The paper not only elaborates theoretical knowledge but also
cover actual application function, it is obvious that the research of this paper is significant to promote the
further development of GCHP technology.
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