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Abstract

The research on heat transfer models of geothegraind heat exchangers (GHEs) of
ground-coupled heat pump (GCHP) system has recadtignced greatly. However, although it
Is important to optimize the design size of GHESs reducing the total length of GHEs, the
optimization of GHEs by means of models is a litliis paper describes the interior simulation
models of borehole in which single U-tube and deubttubes are each buried. The analytical
solutions concerning the borehole’s exterior heatdfer are given. All the factors that exert
influences on the design size of GHEs are descrilzs#d on the results of the heat transfer
models. These significant parameters consist ofctr@re to centre distance of the U-tube,
thermal conductivity of the backfill material, dasice of adjacent boreholes, types of circulating
liquid or underground medium, arrangement of bolef)cand the minimum temperature of the
circulating liquid which enters the heat pump. \gsithe simulation models and computer
programming, the influence degrees of the abovfa@re discussed in terms of the adoption
of different values or types. Therefore, the ihigast and the economic performance of the
system are respectively dropped and improved. miestigation on optimization of GHEs is

favourable for the further development of GCHP rextbgy.

Keywords Borehole; Ground Heat Exchangers; Ground-coupleat ipump; Heat Transfer;
U-tube; Influential factors.



Nomenclature

ks  thermal conductivity of underground medium (W i) Superscript
Ko thermal conductivity of backfilling material (Wi* K™% / integration parameter
Ko thermal conductivity of high-density polyethyte(W m')
R  thermal resistance outside tube Subscripts
a  thermal diffusivity (rhs? _ S
. specific heat (J KK i infinite line heat source
Mp flow mass (kg / s) f finite line heat source
I line heat source
D distance of two brancpipes of one group U-tube b Ib hol .
orehole
T temperature (K) . i
in inlet

Fo Fourier number
out outlet

heating rate per meter line heat source (W m
heat resistance from liquid to the outeall of pipe C dimensionless excetsmperature
X,Y, z rectangular coordinate (m)

X,Y,Z dimensionless rectangular coordinate

I pi inner radius of U-tube (m) o
. 0 initial time

ro outer radius of U-tube (m) )

. 1, 2,3,4 the order number of branch pipe
Io radius of borehole
he coefficient of convective heat transfer Greek symbols
h depth of borehole .
H dimensionlesslepth of borehole t time (s)
q 0 excess temperature (K)
Ro

1. Introduction

With the increasing requirements of energy savargl environmental protection, the
groud-coupled heat pump (GCHP) has gained more raock attentions because it takes
advantage of underground medium as a cooling sanrsammer and a heat source in winter.
Accordingly, the indoor heat of buildings can bsattiarged into subsurface soil in cooling state,
and then underground energy is abstracted to heaspace of buildings while the heating
condition is conducted. To make use of undergrosndrce for cooling and heating is
reasonable as the underground temperaure fluctadiitle all the year round [1], therefore the
performance of the GCHP system is provided witthiggality. The system usually consists of
three parts inculding ground heat exchangers (GHHE®at pump unit and indoor
air-conditioners. The GHE is the vital element adirg significant differences with other kinds
of heat pump systems. Currently, there are mamty types of GHEs containing horizontal
ditches and vertical boreholes. Easy constructi@hiastallation are actualized while horizontal

GHE is put into use, however, not only the heatdfar performance of GHE is easily affected
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by ambient atmosphere but also the large land fmealistributing heat exchange tubes is
needed [2]. Admittedly, the vertical borehole GHEwidely employed because it is more
suitable for our national situations, that is, agéapopulation with relatively little land. In
addition, the borehole’s depth is usually from 5@ni50m and therefore it is obviously longer
than that of horizontal GHE with the depth betw&emand 2m; the deeper the GHE, the lesser
the degree of being influenced by outdoor air tenampee [3]. Heat exchange tubes often
fabricated by high density polyethylene (HDPE) arstalled after drilling the borehole [4].
HDPE has notable advantages in terms of corrosesisting, good coefficient of heat
transmission and other characteristics. The boeei®ffilled with backing materials holding
favourable thermal conductivity, which means the d&tween U-tube and borehole wall is
made up to prevent the groundwater seepage or gnoderd pollution. The schematic diagram

of the whole system with vertical borehole GHE éscfibed in Fig.1.
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Fig.1 Schematic diagram of ground-coupled heat pumpystem

Two types of burying tubes are generally utiliZedthe vertical GHES; one mode is to set
single U-tube usually adopted in the United Stdfgs and the longitudinal and transverse

section diagrams are both shown in Fig.2.
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Fig.2 The vertical profile and horizontal section 6 single U-tube GHE

Another type being entitled “double U-tubes”asarrange two U-tubes into borehole [5]. The
corresponding diagram is shown in Fig.3 displaythg circumstances of longitudinal and

transverse sections.
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Fig.3 The vertical profile and horizontal sectionof double U-tube GHE

Undoubtedly, borehole GHE with double U-tubes tamease the interior heat transfer area
and thus the interior thermal resistance and thal tength of borehole are respectively
reduced and decreased. However, the expense o tuime the energy consumption of the
system are both increased. Although the researcmathematical models simulating interior
and exterior heat transfer of borehole has madat gregress, the optimization on GHEs based
on models is a little. The parameters or factoroimed in heat transfer models can be
investigated to conduct the optimization of GHE, [6his is a significant work as the
optimization can improve cost performance and ptentbe further development of GSHP

technology.



2. Mathematical models of heat transfer

2.1 The equations describing interior heat transfer

For one thing, single U-tube is composed of twanbh pipes and the circulating liquid flows
through them in sequence to abstract or releast [figalf the conduction along z-axis is
ignored and the heat flux densities of pipes aspeetivelyq; and g, the temperature filed
under discussion is the superposition of the twaakribution of two branch pipes according to
the principle of linear superpositiom; andT,are respectively the average liquid temperatures
of two tubes andyis the mean temperature of tubes. In additiinandR;,are regarded as the
thermal resistances between every tube and thespmnding interior circulating liquidR2is
the thermal resistance of two tubes. Thereforerdleyant equation is obtained in Eq.(1) [8]:

{Tl_Tb =R:q+ R, (1)
=T, =RiG+ Ry G
When it comes to the actual engineering projebis,structure of U-tube is supposed to be

symmetrical and thus it is viable tHRit= Ry, the appropriate formulas of thermal resistanee ar

acquired and they are shown in Eq.(2).

0=k, —k))/(K+ k)
Rl1:2

1 r r.2
In2+g0h—2—)+
T ( Iy rbZ—DZ) R

: @
1 f r
=——(In22+0lh—>—
Re 2nkb( 2D rb2+D2)

Ry=—— o1
2nk, 1y 2mrgh

whereD is the spacing between two branch pig&smeans heat resistance from circulating liquid
to the outer wall of pipe. As well as thig; androrespectively denote the inner and outer radii of
U-tube, and thatyis the radius of borehole. The thermal conductieitysurrounding soil, backfill
materials and HDPE are respectivédy k, and ky; in addition, h; indicates the coefficient of
convective heat transfer.

For another, being different from the case ofyjenU-tube, the double U-tubes are normally
connected in a parallel manner and there are ydi@lir branch pipes, which means there are two

inlets and two outlets for circulating liquid flomg through tubes. The depth of borehole is far



larger than its outer diameter

and the average d¢estyre of circulating liquid changes a little,

accordingly the axial conduction induced by cirtinig liquid and backfill material can be ignored.

The convection between fluid and tube is the hgah&nge mode along z-axis and the fluid keeps

turbulent during the heat exchange period. The &atpreT, of borehole wall is nearly stable

along z-axis and thereforeistregarded as the constant parameign,, gz andq, are respectively

the heat flux of every branch

tube, meanwfile, T,, T3 and T, respectively indicate the mean

temperature of liquid inside every branch tube. Ahalt, R; (i=j) is the thermal resistance from

liquid to tube andR; (i#) shows the thermal resistance between every tandh tubes. The energy

equations are listed in Eq.(3) [9]:

-, =R+ R, g+ Ry gt R q
T,-T,=R;q+ R, g+ R g+ B, ¢
-T,=R.,q+ R, g+ Ry gt R, g
T,-T,=R.q+ R, g+ B, g+t R, ¢

®3)

Two groups of U-tube constitute the double U-sibad every group consists of two branch

pipes; two U-tubes are assumed symmetrically 8istied and they are set in parallljs the

distance of two branch pipes of every U-tube. Tdlationships of thermal resistances can be

summarized a8;1= R»= Rsz= Ryy, Rn= Rim(Mm,n= 1,2,3,4) andRy,= Ry4. The corresponding

equations of every thermal resistance are obtamedj.(4).

I:{ll

Rl 3

p

g =

R, =

(ky = ko) /(ky + ko)

2_R2
=1 (nt—gonlt 2D )+ R,
27k, I My (4)
1 r o_ r*+D*
= (n—n_-Zgn 2
27rkb( J2D 2 rb4 )
2 2
=L inl_gonf P
2k, = 2D r
=1 o, 1
2nk, 1y 2mrph

where the relevant parameter signs appeared id)Hos(ch as;, k,) have the same meaning

with those stated in Eq.(2).

2.2 The temperature response of any point outsideobehole

The underground space is also regarded as theirderniie medium. The borehole diameter

and length are respectively from 100mm to 200mm bhaetlveen 50m and 150m in the
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engineering projects, accordingly the radial sdaleshorter compared with the surrounding
medium scale and the length is several orders @niale larger than diameter. As for the
exterior heat transfer of borehole, the diametaftsn ignored and thus the GHE is considered
as a line heat souresnitting heat continuously. One assumption is thatheat transfer along
depth is neglected, it means only thermal transomsat radial direction is taken into account.
Therefore, the one-dimensional conduction of GHivéds with the time, which can be found
in a large number of GCHP monographs or speciboati The temperature response is induced
by instantaneous point heat source existing ininfiaite space while heat transfer develops
from borehole GHE to underground medium. A methaotitled Green function [10] was
proposed to obtain the temperature response opaimy except heat source in the infinite space,

the corresponding expression of Green functiomdsve in Eq.(5).

i, = Fex;{_(X-x')z+(y—y’>2+(z—z')2} (5)
8

malr-1 4a(r-1')

The Kelivin's infinite line heat source modelakso employed in a great amount of studies;
this model ignores the impact of ground boundany @nus the temperature response cannot be
stable at lasiTo analyze the thermal exchange from GHEs to thesnding medium, the first
step is to ignore the heat transfer along the g;dlken the conductions along x and y directions
are both taken into account. The expression ofKiblein’s model [11] is displayed in Eq.(6)

presenting the temperature response.

g =% [ expm),, (6)

Y 4napc(_xz_y2%ar m

The Kelvin’'s model provides a favourable basis iftvestigating the finite model, because
any borehole GHE has the finite length ranging fi&@m to 150m. Three directions, thatxisy
andz directions should all be considered to embodyattteal circumstance of borehole GHE.
The method named “virtual heat source method” tioduced to obtain the analytical solution
of the finite model. To be more specific, there trues a point heat sink if there is a point heat
source in the infinite space, which means sink aodrce are symmetrical on the ground
boundary. The borehole GHE is regarded as a linedwirce emitting heat with the intensity of

g, thus the line heat sink releases the same hiegisity with that of line heat source. The line



heat source and the line heat sink have the samgéhlend they are symmetrical on the ground
boundary [12, 13]. The temperature response apaim except heat source in the underground
medium is the total contribution of line heat sa@um@nd line heat sink; the corresponding

formula of temperature response induced by théefime heat source is shown in Eq.(7).

T

q h 0
6, :p—'c.([dr[.!;Gdz’—J'h Gdz}

2 2 2 2 7
erf{\/x i );\/4-%2_ z) ] erfc{\/)e+ jj%ﬁ 2) ] ( )
- q, I _ dz
4nk \/x2+y2+(z— 1)2 \/>8+ y+( z 2)2

where h is the depth or length of borehole GHE akdis the thermal conductivity of

underground medium. The next procedure is to inkcednon-dimensional parameters for
simplifying the expressions. The radius of broehsle, = m and the dimensionless
parameters are listed &:=ko/q,, X=x/1t,,Y=y/15,Z=2/t,Z =2 I1o,H=h /1, Fo=ar
[rs?.

As for the infinite model, that is, Kelvin’'s mddéq.(6) can be transformed into Eq.(8) if

dimensionless parameters are employed.

—co

%(m)dm (8)

1
©. = 477
(-X2-Y?)
4Fo

With reference to the finite model, the expressgabtained after changing the Eq.(7) while

the non-dimensional parameters are utilized.

erf{\/xz+Y2+(z 2)2] erf{\/XZJr Y2+( Z+ 2)2]

L 2</Fo 2JFo 9
e|,f:4_ — - — dz’
T o \/X2+Y2+(Z—Z) \/X2+Y2+(Z+ zZ)

It is obvious that the equations are relativelypase in case the non-dimensional methods are
applied; we can analyze the temperature respomrseldrof both the infinite and the finite
models, the corresponding curves obtained by mehdstailed calculation and programming

are shown in Fig.4.



Infinite model

Finite model h/1=200

Finite model h / r=40

Finite model h/ =8

0 1 10 16 10° 100 10
Fo

Fig.4  The temperature response trends of line heaource models

The temperature response of the infinite modakiases all the time, which means there is no
upper limitation of the response that is finallyinitely-great. However, the finite model must
arrive at the stable state at last, and the ratiadepth to radius demermine the last response
value being with the corresponding time. Accordiaghe curves in Fig.4, the larger the ratio,
the longer the time needed for achieving steadie stdnile the larger temperature response
appears. From another perspective, the temperadgmonse strengthens gradually with the
increase of the ratios of depth to radius in chsditne is constant. It is generally accepted that
the response value of the infinite model is larthem that of the finite model if the time is
constant. The analysis on mathematical modelsfaysdation for the optimal design of actual
engineering project, the following work is to opto® the design of engineering projects based
on interior and exterior heat transfer models ofehole. As a general rule, a number of
borehole GHESs constitute the underground heat exgehalements, the temperature response in
underground space is the contribution of all bolel@&HEs. Eq.(10) shows the superposition of

all finite line heat sources [14, 15].

=]

1l
[y

3. The information of one engineering project

An engineering project is provided as the refeeenbject for analysis and optimization;

every parameter that exerts impact on the design & borehole GHEs are well-considered.
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The total floor area of this building is nearly 200" and approximately 12000 ’nemploys
air-conditioning for cooling in summer and heatingvinter, the height is 41m comprising nine
floors. The local geology is suitable for drillingorehole and thus the GCHP system is
employed. When the cooling is conducted in sumiherjoad that borehole GHEs assume not
only includes cooling load of buildings but alsovers the power of heat pump unit, deducing
that the heat discharged into underground is cgdliadX (1+1/ performance coefficient of
cooling). In contrast, the heating load of buildirsgcomposed of the heat abstracted from
underground medium and the power of heat pump Whie. heat comes from underground is
heating loadX (1-1/ performance coefficient of heating). Thetmlsition of cooling and
heating load affects the design size of borehol&E&H6]. The heat absorption and discharge
show a periodical change with the months; if thenglative discharged heat is more than the
corresponding absorptive heat annually, the redunkl@at is stored in underground space and
the mean temperature of underground medium risesyige versa. The building’ and GHES’
loads are summarized in Table 1 while the COP wahfeheat pump unit are certain for the
cooling and heating periods.

Table 1
The load of building and borehole GHEs

Month 1 2 3 4 5 6 7 8 9 10 11 12

Building load 274 198 108 0 0 79- -210 -166 -36 0 97 257
(10° kwh)

GHEs load 206 -148 81 0 0 94 252 199 43 0o -73  -192
(10° kwh)
Cumulative
GHEs load -206 -354 -435 -435 -435 413 -89 110 153 153 80  -112
(10° kwh)

Table 1 shows the building’s and GHES’ loads wérg month, and the cumulative load of
GHEs with the month is recorded. The unbalancebatereen absorption and discharged loads
is nearly 16%, accordingly the rate is unfavourdbtehe running of the whole system in winter
because the temperature difference between GHEsthendurrounding reduces due to the
dropped underground temperature; fortunately tivera@ effect is not obvious as the rate is not

obvious. The corresponding loads are describedgid F
10
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Fig.5 The relevant loads all the year round

4. The analysis on every parameter influencing thdesign size of GHEs

For one thing, Egs.(1) and (2) respectively shiogvenergy equations and the corresponding
thermal resistances inside borehole if single Wetub employed. The inlet and outlet
temperatures of circulating liquid are respectivElyand Toy: While Ri1= Rxand Riz= Rey. In
addition, the temperature response of any boreisolaevitably exerted influences by other

borehole GHEs and the correasponding expressiointggned in Eq.(11).

Tb _TO =€tota| =
o)+ (y- )"+ (== 2 JOe 97+ Cy '+ (2 ¥ 11
0 g ! erfe 2Jar } erf{ oJar (11)
—_ _ i
TG o) ey (= JOoe 9 +Cy g2+ 2 ¥

wherex andy, mean the coordinates of any borehole GHE at thizdwal plane, and, y andz
are the coordinates of any borehole wall. Thereftire aggregate equations for any borehole
GHE are achieved in Eq.(12):

h-T,=R;q+t R,
L-Th=Rig*+* R,

T, = (Ty - Tou) /2 (12)
h+td,=q=CM(T,- T/ h
Tb _TO = etotal

The heat transfer ratgof every borehole GHE can be obtained accordirtgg® (2) and (12),
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then the average value gfis achieved when the calculations of all borehd#ES are finished.
Thereby, the total length of borehole GHEs candieagcording to the average

For another, two U-tubes are connected in padiallease double U-tubes are put to URgr
R22= Rsz= Rug, Rnn= Rim(m,n=1,2,3,4) andri= Ria. What is moreT,= T, Tz= Ts, qu = ¢p and
03 = 4, then the Eq.(12) should be integrated to takeathengement manner of borehole GHEs
into account. Accordingly, the aggregate equatemedisted in Eq.(13).

L-T,=R.9+ R, g+ R g+ R ¢

T,-T,=R.q+ R, g+ B, gt B, ¢

T,-T,=R;q+ R, g+ R, g+ R, g (13)
T,-T,=R.q+ R, g+ B, g+t R, ¢
L-T=T-T=(T,- TW/2
G+tg=0g+tq=CGMT,-T)/h

To=To = Gua

Qth+E+a=g

Thus, the average heat transfer rate is obtafresery borehole’g) is calculated, then the
total length of borehole GHESs can be understoopasipg that the building’s air-conditioning
load is known.

According to Egs.(2), (4), (12) and (13), theatd&éngth of borehole GHEs can be calculated
while every impact factor changes. The followingitemts carry out the investigations on the
influence that every factor exerts on the borel@HEs’ design length.

4.1 The centre to centre distance of U-tube

25mm and 32mm are also employed as the outer degaroétU-tube and the corresponding
inner diameters are respectively 20mm and 26mmstaAied above, single U-tube and double
U-tubes are usually set into borehole to form Gltisengineering projects, and Fig.6 shows

the cross sections of these two types of heat exgghtaibes inside borehole.

O
. e
O

Fig.6 The cross sections of single U-tube and doebU-tubes

The circulating liquid enters U-tube from one et outflows at another one for single

U-tube, and there exits two inlets and two outletcirculating liquid while double U-tubes are

12



in working state. It should be emphasized thatdéetre to centre distance of U-tube exerts
impact on the design size of borehole GHEs, bectusdhermal interference between two
branch pipes is determined by this distance [17¢ N@pe that the distance should be large
enough to reduce the thermal interference; howetlgs, will increase the difficulty in
construction and installation. The heat transferfgomance is improved assuming that the
separation distances is increased, therefore thigrisize of borehole GHESs is reducedndry
respectively denote the radii of tube and borehodéee the radius means outer radius for tube.
Four cases, that is, A, B, C and D are adopteddpresenting different distances of single
U-tube and the corresponding explanations arelmsvi&
A: distance is equal to the diameter of tubed.g.
B: distance is equal to the value which the diamef tube plus 0.3 times the borehole
clearance i.e. 2+0.3 (2r,-4ry).
C: distance is equal to the radius of borehele.
D: distance is equal to the value which the di@mef borehole minus the diameter of tube
i.e.2rp-2ry
In addition, three cases including A, B and C se&cted to describe the distance while
double U-tubes are considered.
A: distance is equal to the value which the diemef tube plus 0.3 times borehole clearance
i.e. 2ri+0.3 (2rp-4 ry).
B: distance is equal to the radius of boreh@g,
C: distance is equal to the value which the diemaf tube plus 0.8 times borehole clearance
l.e. 2r +0.8 (2ry-4ry).
In case other parameters are constant, the destadjustment for single U-tube or double
U-tubes can lead to the change of the design $iberehole GHEs, the detailed information is
given in Fig.7. The curves prove that the size BIIES can be saved if centre to centre distance

of U-tube increases.
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Fig.7 The influence that centre to centre distancef U-tube exerts on the size of GHEs
4.2 The thermal conductivity of backfill material

The backfill material usually consists of sandment and bentonite; these materials are
mixed according to different mass ratios and tleernttal conductivity differs with the variation
of mass ratios of components. The backfill matesafilled in the gap between U-tube and
borehole wall and it assumes the role of heateafom U-tube to borehole wall. The material
has non-ignorable influence on the design size ldES because it influences the interior heat
transfer performance of borehole [18-20]. The hesthange effect between U-tube and
borehole wall is improved availably if the matertzs excellent capability of conduction,
bringing the benefits of reducing the design sik&BIEs. Fig.8 shows the reduction trend of
GHEs size with the improvement of thermal conduttiwhile other parameters are defined
unchangeable. Some studies covering a large nuafbetperiments of backfill material stem
from 1990s last century; nowadays heat conductoftiiigh-performance backfill material can

reach about 2.1 W/ m-K.

4.0x106

3.8x10 )
—— Single U-tube De25

—@— Double U-tube De25
—A— Single U-tube De32
== Double U-tube De32

3.6xld:
3.4xld:
3.2xld:
3.0xld:
2.8xld:
26x101
2.4xld:

The total length of Borehole GHESs (unit : m)

T T T T T T T T T T
04 06 08 10 12 14 16 18 20 22
Thermal conductivity of the backfill material (unit/m.K)

Fig.8 The influence which thermal conductivity é backfill material exerts on the size of GHEs
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4.3 The distance between adjacent boreholes

In the event of constant values of other pararagtiistance between adjacent boreholes is
only the parameter of impacting the design sizé&sbfEs [21]. The distance is a significant
factor because the thermal interference of borshcanges with it; the interference influences
underground thermal exchange and then the GHEscaizée adjusted as long as both cooling
and heating loads are guaranteed. Although smstihrite means that the land area needed for
distributing GHEs is diminished, heat disturbancgtween every two adjacent boreholes
becomes more serious and the total length of GKHEmdded; this inevitably leads to higher
initial cost of the whole system. The thermal ifégeznce is alleviated on condition that the
distance is large enough, but the land area mushdreased. It goes without saying that the
distance should be determined according to theahattsite circumstance, that is, whether to
set it large or small should consider the on-tha-gwndition comprehensively; the distance
should have the large value if only the conditi@nnpits. The analysis on the distance influence
is conducted while different types of U-tube comeseérvice. Fig.9 explains that the size drops

with the increase of the distance between adjduamholes.

—f— Single U-tube De25
—@— Double U-tube De25
—A— Single U-tube De32

3.2x10+ —— Double U-tube De32
30443 \\‘—‘
2.8x10

2.4x10 1

The total length of borehole GHEs (unit: m)

T T T T T T T T T T T T T 1
3.0 35 4.0 45 5.0 5.5 6.0
Borehole distance (unit: r

Fig.9 The influence which distance between adjacebbreholes exerts on the size of GHEs
4.4 The type of circulating liquid inside U-tube

The circulating liquid flows between U-tube anelhpump unit to release heat in summer
and extract heat in winter. When the GCHP systeim Iieating mode in winter, the temperature

of circulating liquid may below T under some running conditions, on this occasian th
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coagulation may occur if pure water is chosen ascitculating liquid. Accordingly, a certain
amount of antifreeze is added to form antifreegeidl [22]. Once the antifreeze is used, the
minimum temperature of circulating liquid can drayven it enters heat pump unit and the
temperature difference between underground mednarcaculating liquid increases, therefore
the heat transfer quantity is strengthened and ttieotal length of borehole GHESs is saved. In
addition to pure water (PW), sodium chloride sant(SCS), calcium chloride solution (CCS)
and ethylene glycol solution (EGS) are either getkas the circulating liquid because the latter
three types play the role of antifreeze. SCS an® G&ve the advantages of safety, non-toxicity
and good thermal conductivity, but they are coreso metals while the air exists. EGS has the
low corrosion and favourable thermal conductivibyt its viscosity increases in the low
temperature condition and this add the flow resstaand debase the heat exchange efficiency.
Four types of circulating liquid, that is, PW, SCCCS and EGS are applied in the
engineering project introduced in section 3, tHfeetBnces of impacts that different type exerts
on the length of GHEs are compared by means oileetaalculation and simulation. Fig.10
shows that the effects of CCS, SCS and EGS arerlibttn that of PW, and the optimal choices

for circulating liquid are CCS and EGS.

~ 3.0x10

--——"“""—’.\'

2.8x10 -

A—r-t—
—— Single U-tube De25
—@— Double U-tube De25

The total length of borehole GHEs (‘unit: m)

2.6x10 - —A— Single U-tube De32
—sfe— Double U-tube De32
2.4x10 o
ccs  scs  PW  EGS

The circulating liquid's type

Fig.10 The impact of circulimg liquid’s type on the size of GHEs
4.5 The type of underground medium

The running process of the GCHP system is a geridieat release and heat absorption, and
these two modes appeaiternately meanwhile underground medium is reghagethe source.

The heat is firstly transferred between circulatilmglid and U-tube afterwards be transmitted
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from liquid to borehole wall through the stuffedckéll material, at last be delivered to the
surrounding underground medium. The type of undengd medium directly determines the
heat transfer performance of borehole GHEs [23tabse every type of medium has the
corresponding thermophysical property such as Bpdeeat capacity, conductivity factor and
density [24].

Four types including granite, sandstone, con@etedry soil are assumed as the underground
mediums of the project. The borehole’s lengthsarained when every type of underground
medium is employed and the corresponding informaisgprovided in Fig.11, different U-tubes
are all taken into account for every medium. Thiéetences induced by medium types are
obvious and thus the acquaintance on local undengronedium of any project is vital, this is
favourable to avoid the superabundant length of &Hiid then the economic investment of the

system is dropped.

I Single U-tube De25
4x10 I Double U-tube De25
I Single U-tube De32
I Double U-tube De32

3x10'

2x10'

1x10' -

The total length of borehole GHEs (unit :

granite sandstone concrete dry soil

The type of underground medium

Fig.11 The influence which the type ainderground medium exerts on the size of GHEs

4.6 The arrangement of boreholes
Every borehole GHE is regarded as a line heatceoand the heat interferences of them

appear in the running process, the arrangementenana remarkable factor because it explains
whether the borehole GHEs is properly distributegisonably to utilize land area, and the heat
interferences are influenced by it. Four mannemhtsing matrix type, double “L” type,

rectangle type and “U” type are introduced, and digtributing modes of arrangements are

shown in Fig.12.
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Fig.12 The arrangement of borehole GHEs

Fig.13 provides the corresponding lengths of bolee GHEs at the time of considering every
arrangement; the disparity caused by different raewith four types of U-tube is minor if
other parameters are constant. Although the designof borehole GHEs under the condition
of different arrangement manners are approximaaige, the rectangle type should be the first

choice in view of saving land area.

I Single U-tube De25
I Double U-tube De25
I Single U-tube De32
I Double U-tube De32

3.0x10 +

The total length of borehole GHES (unit: m)

matrix  double “L” rectangle “u”
The type of borehole arrangement

Fig.13 The influence which arrangement manner of b@hole exerts on the size of GHEs
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4.7 The minimum temperature of circulating liquid that enters heat pump unit

For this project, the heating load is higher thaaling load, which means the heat abstracted
from underground in winter outweigh the heat disghd into underground in summer,
therefore the total length of borehole GHEs shdddiesigned according to the heating load. If
the temperature of liquid is low enough when heatektracted from underground, the
temperature difference between underground mednaoiguid becomes larger, thus the more
heat is transferred from underground medium to GHiBad the heat exchange performance is
improved for saving the size of GHEs. One paramglid as “the minimum temperature
entering heat pump unit” is proposed for circulgtiquid to explain the variation trend of
GHEs size [26, 27]. Fig.15 shows that the totagterof borehole GHES increases with the rise

of the minimum temperature.

E s5.5x10

5.0x10

| —— Single U-tube De25
45310 —@— Double U-tube De25
4.0x161 —=fe— Single U-tube De32
' —e— Double U-tube De32

3.5x101
3.0x10 1
2.5x10 1

2.0x10 1

1.5x10

The total length of borehole GHEs ( unit

T T T T T 7 T T T T T T T T T T 1
5 6 7 8 9 10 11 12 13
The minimum temperature entering heat pump unitifeulating liquid ( unit ‘C)

Fig.14 The influence which the minimum temperatureexerts on the size of GHEs

5. Conclusions

The study on interior and exterior heat transfesdels of borehole GHE is significant
because models are the important bases of analgmishgptimizing GCHP system. The detailed
energy equations or expressions describing the tn@asfer inside and outside borehole are
provided. The heat exchange process of GHE is amipécause U-tube, circulating liquid,
backfill material, underground medium and so on atanentioned, and heat is delivered by
different carriers. Some factors are involved imuiation models and they exert influence on
the design size of borehole GHESs, the investigadiorthese influential factors is favourable to

achieve the optimization of the GCHP system. Cosbimith an engineering project that
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employs GCHP technology as air-conditioning systtm, heat transfer models are made full
use of to explore the influence of every factoiis tban provide theoretical guideline for the

design and construction of actual GCHP projectsait be found that different values or types
selected for these parameters can induce diffelesign size of GHEs. The initial cost spent on
drilling borehole and installing U-tubes are drog@ad then the cost performance of the whole
system is improved. The paper not only elabordtesrttical knowledge but also covers actual

application, which is significant to promote thether development of GCHP technology.
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Highlights

. Describe the type of heat exchange tube and corresponding characteristics.

. Present the interior and exterior heat transfer models of borehole.

. Demonstrate an engineering project which employs ground source heat pump system.
. Analyze every parameter that influences the design size of ground heat exchangers.

. Hllustrate the significance of optimizing ground heat exchangers.



