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Ground Heat Exchanger Modeling Developed
for Energy Flove of an Incompressible Fluid
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Abstract—Ground-source heat pumps achieve higher efficisncie  Nam and collaborators [5] developed a numerical ehtal

than conventional air-source heat pumps becaugeettehange heat
with the ground that is cooler in summer and hattevinter than the
air environment. Earth heat exchangers are eskeudits of the
ground-source heat pumps and the accurate prediaifotheir

performance is of fundamental importance. This papesents the
development and validation of a numerical modelodigh an

incompressible fluid flow, for the simulation of emgy and

temperature changes in and around a U-tube borehelat

exchanger. The FlexPDE software is used to solee résulting

simultaneous equations that model the heat exchahe validated
model (through a comparison with experimental detden used to
extract conclusions on how various parameters tike U-tube

diameter, the variation of the ground thermal catidity and

specific heat and the borehole filling materiakaffthe temperature
of the fluid

predict heat exchange rates for a ground-sourcé feap
system. The analytical results agreed well withegxpental
results and the developed model was used to priticheat
exchange rate for an actual office building in Japaui and
collaborators [6] used a finite element numericaled for the
simulation of the ground heat exchangers (GHES)
alternative operation modes over a short time plefior
ground-coupled heat pump applications. The compiasisvith
experimental results show a reasonable agreememéde the
numerical and the measured data. The variatiohefU-tube
pipe wall temperatures demonstrates that the disumus
operation mode and the alternative cooling/heatiogles can
effectively alleviate the heat buildup in the suimding soil.
Schiavi [7] analyzed simulated thermal responsedata in

Keywords—U-tube borehole, energy flow, incompressible fluid,order to evaluate the effect of a three-dimensionatiel in

numerical model

|. INTRODUCTION

determining the proper value of the soil thermatdigctivity
and borehole thermal resistance. These values eressary
for the geothermal energy storage systems’ desigmeal

EOTHERMAL heat pumps use the ground to reject hegbnditions. For the 3D system simulation of the rfi
during summer operation or absorb heat in winteResponse Test the finite element method implementttn

operation. A common means of exchanging heat igutir
vertical ground heat exchangers that mainly coneista
descending and an ascending
connected at their ends in the ground with a Utjoi

borehole with a diameter of 0.1-0.2m and a comneptid of

100 m is drilled in the ground, the heat excharnggaced in
position and the borehole is filled with thermadiyhanced
bentonite or silica sand. The result is a good adnbetween
the pipe and the ground and therefore a fluid, lhsuaater,

circulating in the pipes can be cooled or heatquedding on
its temperature relative to the adjacent grounde Thassic
method to model the heat exchange process is thrtug
cylindrical heat source theory proposed by Carslad Jaeger

leg of polyethylenes pighermal

the Comsol Multiphysics® environment was adoptetie T
analysis confirms that the Line Source Model amplie the
response test represents a sufficientlyurate
approach in the U-tube configuration.

Il. BASIC THEORY

For time-dependent convection-diffusion the repmestéve
equation for 3D conduction, but 1D fluid flow, is
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[1]. The method is relatively easy to apply and waed by where D is the diffusion coefficient,u is the horizontal
many researchers to model and evaluate the respoisevelocity, ¢ is the function under consideration, agds the

ground heat exchangers [2, 3, 4].With the introducdf the  source or sink term [8]. Applying (1) for an incorepsible

finite element method and software for easy useyraber of fluid flowing in a pipe with a velocity and with a convection
researchers have used basic formulae to evaluatgrtund heat transfer coefficieritin W m? K™ (see Fig. 1), we have
heat exchanger performance. (for unit volume)
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capacity of the fluid in J K§ K™ and T is the temperature,
with subscriptdf, p, i, 0 denoting fluid, pipe, inlet and outlet
respectively.

Ao, Tp

dz

Tfo
Fig. 1 Geometry of the problem

The convection heat transfer coefficiéntan be estimated

[9] to be h = -4
D

H
this case the tube-inside diameter) add is the Nusselt
number. The Nusselt number can be expressed thrthegh

Dittus-Boelter correlation as:

Nu, whereDy, is the hydraulic diameter (in

038

Prn,

Nu = 0023Re 3
where Pr is the Prandtl numbetcl), Re is the Reynolds
number pcd /i), 1 is the dynamic viscosity, amd = 0.4 for
heating (wall hotter than the bulk fluid) and 088 cooling
(wall cooler than the bulk fluid). The fluid propies
necessary for the application of this equationea@uated at
the bulk temperature.

Equation (2) can be used for both the tubes ofothgemal
heat exchanger with care taken on the sign, afhich in one
leg is positive and in the other is negative depenen the
zero point of the chosen axis system.

Applying an energy conservation equation for thgepiper
unit volume), we get:

oT 0

PPoat ox

aT)_ 0
Pox ay Poay

62)

o c )——2( D

t_(Tf -T).

D (4)

wheret; is the thickness of the pipe.
In addition, the heat equation representing ther filo the
ground (per unit volume) is given by:
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where the subscrigi denotes the ground.
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Finally, the power flow in the tubes, which is ctarg as
constant is the fluid flow velocity, is defined dugh a
constant difference between the entering and exifinid
temperature. Note that at the bottom of the pipg”(*
connection), the mean temperature of the fluicheftivo legs
of the pipe are considered to be equal.

I1l. DISCUSSIONOFRESULTS

First, the system of equations (2), (4) and (53dbk/ed by
the Finite Element Method using the FlexPDE sofewar

To validate the results of the theoretical formolata real
case was then tested.

The main features of the tested case and the mlateri
thermal properties used are shown in Table 1.

The experimental results were obtained in a boseBdk0
m in diameter and 100 m in depth drilled at Genoslj
Cyprus, where a high density polyethylene (HDPEathe
exchanger with the properties specified in Tableas fitted.
In the tubes the circulating water had a velociy0® m s*
and the temperature difference between the inpdtcarput
flow was measured to be 2.7 K. The water was heaitdan
electric element.

The recorded temperature increase of the flowiragew
with respect to time is shown in Fig. 2. The lic&iice model,
based on the theory describing the response afifanité line
source (explained in [2]) was used to obtain theugd
thermal conductivity. Fig. 3 shows that if the mean
temperature of the fluid is plotted against theuradtlogarithm
of time, a linear relation exists. The slope oftlihe can be
used to calculate the ground thermal conductivitythis case
it was evaluated to be 1.60 WK™
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Fig. 2 Recorded heat exchanger input and outpiat femperature
with respect to time

A comparison of the simulated fluid temperature the
actual recorded temperatures is indicated in Fig.h& results
show a good correspondence of the compared terapesat

The above-mentioned correspondence means thadshbs
of the simulation are realistic and therefore thépat of the
simulation can be used for further analysis. Fatance the
variation of the temperature around the boreholeurgn
(surface and bottom) after 4.7 h (17000 s) is shiomiig. 5.

The vertical temperature profile of the fluid inethheat
exchanger is shown in Fig. 6 after 9.3 hours (33§0@vhen
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the heat flow reaches the steady part of the [Giearly, the
temperature decreases linearly from 31.3 to ab&u7°2
along the descending-100-m-leg of the heat exchamgth a

further
ascending-100-m-leg.

TABLE |

INPUT VALUES USEDIN THE SIMULATION
Fluid flow rate 14.7 ltn?
Fluid velccity 05mit
Fluid density 1000 kg 3
Fluid specific het 4182 J kitk™?
Fluid thermal conductivity 0.58 WthK™?
Inlet-outlet  fluid  temperature 2.7 K
difference
Power dissipated to ground 2750 W
Soil densit 2200 kg 3
Soil specific he: 2420 J k¢t K?
Soil thermal conductivit 1.45Wntk?
Borehole diamet 02nm
Borehole fill thermal 1.0wmtk?
conductivity
Borehole fill density 1500 kg m®
Borehole fill specific heat 800 J kgt K1t
HDPE densit 950 k¢ m™
HDPE specific hez 180CJkgt K™
HDPE thermal conductivit 051w mtk?
Length of heat exchanger 100 m
External diameter of heat 0.032m
exchanger tube
Wall thickness of heat 0.0035m
exchanger tube
Centre distance between heat 0.13m
exchanger tubs
Scaling facor 0.01

Convection heat transfer coefficient
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Fig. 4 Comparison of the simulated fluid temperatiar the actual

recorded temperatures

linear decrease to 28.4°C occurring alorg t
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Fig. 5 Variation of the temperature around the bole ground after
4.7 h of operation

Finally, a cross section of the soil area pasdmgugh the
center of the heat-exchanger tubes is shown in7iglere the
temperature distribution in the vertical plane destmtes how
the borehole attains a higher temperature dissigdtie heat
to the soil, after 12.6 hours of operation. Thétitube, with
the higher temperature, is the input side with lbie tube
being the output side.

In the sequel is examined how the input and output
temperature of the heat exchanger varies in reldtica series
of parameters. In this case the reference soil ntakr
conductivity and the distance between the centetheoheat-
exchanger tubes were chosen to be 1.6 Wkt and 0.13 m
respectively, with the rest of the reference patamsevalues as
in Table I, unless specified otherwise.

The first parameter examined is the tube diamétethis
case the fluid was assumed to flow at 14.7 It hifor all
cases, with an input power to the heat exchang@760 W.
This would give the same temperature differencevéen the
input and output points of 2.7 K.
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Fig. 6 Vertical temperature profile of the fluidtine heat exchanger i 7 A cross section of the soil area passinguh the center of
(1-bottom, 2-surface) after 9.3 hours of operation the heat-exchanger tubes showing the temperatstrébdition in the

vertical plane after 12.6 h of operation
The 25-mm outer-pipe diameted,() has a wall thickness

(t,) of 2.5 mm the velocity in the tubes) will be 0.78 m/s and 14
the convection heat transfer coefficien} (s 3205 W m? K™
For the 32-mm outer tube diameter the corresponfijuges
aret, = 3.5 mmu = 0.5 m &', h = 2145 W " K™, Finally for
the 40-mm outer-tube diameter the correspondingéig are,
=4 mm, u=0.305m¢ andh = 1375 W m*K™. The values
of the above-mentioned parameters are shown ireTiabl 2

In Fig.8 is shown that the smaller the pipe diameie tin 40 mm tout 40 mm
hotter the fluid is during the exchanging processalout 2
40000 s (11.1 hours) the difference between then@band 20 ‘ - - ‘
the 32-mm pipe is about 0.3 K and between the 32anth ¢ tuoao 40000 30000 40000
40-mm pipe is 0.5 K. Time {s)

Soils vary in thermal conductivity depending on the
geological formation in which the borehole is @l Thermal
conductivity in Cyprus can vary between 0.4 W'rK for
calcarenite to about 3.7 WK™ for diabase. The usual
values encountered in geothermal applications etwden 1.3

1 -1

and 2.2 W m K _ _ Then, the effect of the variation of the groundcifie heat
Fig. 9 shows a comparison between three valuesobf Sis examined. As it is expected a lower value of gheund

thermal conductivities, pointing — as expected at this soil  specific heat ¢,) affects the output temperature in a reverse

property plays a major role toward dissipatingltiat into the  exponential manner. Fig. 10 demonstrates tha, &creases,

ground. At about 40000 s (11.1 hours) the diffeechetween he temperature-difference decreases. For instaige(for
the 2.1- and 1.1-W MK soil thermal conductivities is about ac, = 4200 — 3200) 4T, (for Ac, = 2200 — 1200).

1.1 K, which is an appreciable difference.

32
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Temperature (°C)

Fig. 8 Difference in input and output temperaturédéat exchanger
with nominal pipe diameters of 25 mm, 32mm and 40, ishowing
that the bigger diameters maintain lower tempeestfor a given
flow and power input.

TABLE Il
PARAMETERS USED FOR THE EXAMINATION OF THE HEAT-EXCHANGER TUBE
DIAMETER
Flow Power h
dout to S Rate AT Input u wmt
mm mm mm ltmin? K W ms? Kt
25 2.5 10 14.7 2.7 275C 0.7¢ 320%
32 3.5 10 14.7 2.7 2750 0.5 2145
40 4 10 14.7 2.7 2750 0.305 1375

482



34

32

30

28 +
——tink=1.1

26 /
24 —tink=1.6

Temperature {°C)

——toutk=1.1

=—tout k=1.6
toutk=2.1

22 ——tink=2.1

20 T T
0 10000 20000

Time (s)

30000

40000

World Academy of Science, Engineering and Technology 63 2012

tube, keeping a lower temperature in the tubes. Moreover, the
lower the soil specific heat the higher the increase of the tube
temperature. Finally, it has been demonstrated that the choice
of the borehole filling is of great importance, showing
specifically that bentonite is an insulator and better not be used
unless required by regulations; soil itself appears to be a much
better filling choice. The present work is based on the
modeling of an incompressible fluid flow with regard to
energy, temperature and velocity. It remains of great interest
the modification of the model to study the effects of higher
energy and velocity flows, and even further applications to

Fig. 9 Difference in input and output temperature in heat exchanger

examining the effect of ground thermal conductivity
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Fig. 10 Difference in input and output temperature of the heat
exchanger showing the effect of the variation of the ground specific
heat

Finally, the input and output temperature of the water in the
U-tube is simulated in order to examine the effect of the
borehole filling. Three types of fillings are examined: (i)
bentonite with 2 = 1.0 W m™ K™, p = 1500 Kg m®, ¢, = 800
JKg™t K™, (i) sand with 1 = 1.3W m* K™, p =2600 Kgm™,
¢, =800 JKg™ K™, and (iii) soil withA =16 W m™* K™, p=
2200 Kg m™®, ¢, = 2200 JKg™ K™ As shown in Fig, 11 it is
obvious that the “best” filling of the three types is soil, then
sand and last bentonite. The common practice is to use as
filling material either bontonite or sand, as clean soil may be
more costly. Therefore, for a better heat exchange with the
soil, the borehole size must be minimized so that grout volume
is reduced and the geological formation is preserved. Also in
the case that regulations require that boreholes are grouted
with bentonite (when for instance there is a danger of mixing
the flow of water in ground layers and cause pollution), only
that portion of the borehole required by the regulations should
be grouted. The rest can be filled with sand.

IV. CONCLUSION

As shown above the development and validation of a
numerical model for the energy flow and temperature change
in and around a borehole heat exchanger, has led to the
examination of how certain parameters affect the heat
extraction from the heat exchanger. It has been observed that
the larger the U-tube diameter the higher the rate of dissipation
of heat to the ground. As expected, the higher the soil thermal
conductivity the higher the amount of heat that escapes the U-
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more extreme regimes.
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Fig. 11 Difference in input and output temperature of the heat

exchanger showing the effect of the filling materia of the borehole
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