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SYNOPSIS

Earth-air heat exchangers can be used to reduce energy consumption in building ventilation
sysdems. The idea is to pre-heat ar in winter and pre-cool ar in summer usng the thermd
capacity of the soil. To do this concrete and pladtic tubes are put underground, through which
the ventilation air is drawn.

In this pgpoer a 3D undgructured finite volume modd is derived, which dlows evduating the
earth-ar heat exchanger. The modd solves conduction through the soil and the convection
from ar to the tube wal. The ar ground-surface heat transfer is described by the heat flux
through convection and solar radiation.

The modd is used to study the performance of the earth-ar heat exchanger in the Belgian
climate.

It is shown that in summer the air can be cooled with about 9 °C at sufficient depth (3m) and
tubes of about 50 m. In winter heating of 7 °C can be redised. It is aso shown that a good
control strategy isimportant.

LIST OF SYMBOLS

A area[m?

Co  heat capacity [Jkg* K™

tube diameter [m]

convection coefficient [W mi% K™
tube length [m]

meass flow rate [kg/s]
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Nusssdt number [-]

Prandtle number [-]

heet flux [W/n¥]

Reynolds number [-]

time[g

temperature [K]

wind speed [m/g]

time constant [ /]

thermal conductivity [W mit K™
density [kg/m?]

1 INTRODUCTION

In order to reduce energy consumption of buildings, severd passive techniques are nowadays
being introduced in HVAC-ingdlaions. In most cases solar energy is directly or indirectly
used to supply heet or eectrical energy. Sometimes solar gains insde the building ae avoided
to keep down the sze of the air-conditioning unit.

The soil absorbs heat from the sun and thus accumulates heet in summer. In winter the heet is
released to the surrounding structures and air. Furthermore, the soil has a big therma inertia
Because of the aforementioned phenomena the temperature of the soil (at a sufficient depth) is
lower than the surrounding ar in summer and warmer in winter. This effect can be used to
supply a building with energy. One of the interesting techniques is to put tubes into the
ground, through which air is drawn (see Figure 1). These sysems are cdled earth-air heat
exchangers.

In severd European countries this technique is used for private houses and office buildings.
Recent examples are found in Germany [1] and Switzerland [2]. In Begium only two
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Figure 1 : Schematic of earth-air heet exchanger

buildings exis where an earth-air heat exchanger is used. The first one is the Zenit-house, a
private house [3], the second one is the Oxfam building in Ghent, an office building [4] in
which severa advanced passive technologies are used. In both cases no specia care was taken



for the design of the ground tube. In the Zenit-house one tube is used a a depth of 0.6 m. In
the Oxfam building aso one tube is used, put a a depth of 0.5 m. Therefore the therma
performanceis not good.

At this moment two new office buildings are under condruction in Begium, usng a more
advanced earth-air heat exchanger. These were designed using the CAPSOL software [5] and
a 1 dimensona modd developed a the Ghent Universty [6]. In the near future measurement
results of the performance of these buildings will be published.

Up till now no thorough andyss was made of the posshilities of the earthrair exchanger in
the Begian dimae. In this paper a three-dimensond modd is developed to sudy the
performance of the earth-air hest exchanger. The conduction through the ground and the heet
trandfer a the ground-air surface are taken into account. This model is coupled to westher
data for Uccle (Bdgium) [7]. The modd dlows analysng the performance of the eath-ar
heat exchangersin the Begian climate.

2 LITERATURE REVIEW

In the literature severd cdculation models for earth-air heet exchangers are found. Tzaferis et
a. [8] studied eight models. The authors classfied the agorithms in two groups:

The dgorithms that firs cdculate the convective heat trandfer from the circulating ar
to the pipe and then caculate the conductive heat transfer from the pipe to the ground
ingde the ground mass. The necessary input data are :

- the geometricd characterigtics of the system

- thethermd characteristics of the ground

- thethermd characterigtics of the pipe

- the undisturbed ground temperature during the operation of the system

Those dgorithms that only cdculate the convective heet transfer form the circulaing ar
to the pipe. In this case the necessary input data are :

- the geometricd characterigtics of the system

- thethermd characterigtics of the ground

- the temperature of the pipe surface

Six of the models use a one-dimensond description of the pipe. A rdation between inlet and
outlet temperature of the tube is derived. For d these modes no influence of therma capacity
of the earth can be taken into account. Secondly the influence of different pipes on each other
cannot be studied. They cannot predict the temperature profiles in the ground.

In one dgorithm the ground is divided into coaxid cylindricd eements The thermd
resstance of the ground is consdered to be time-dependent. The pipe is divided in segments.
In each segment the exit temperature is determined. In another agorithm the teady-state hest
balance is solved between a point in the ground and the tube.

Mihalakakou et d. [9] present a mode in which the ground surrounding the pipe and the pipe
itsdf are described in polar co-ordinates. In this modd temperature and moisture profiles are
included in the equations. The influence of the ground surface temperature is moddled by the
superposition of the adgebraic solution of the undisturbed temperature field caused by the
surface ar temperature and the temperature field caused by the pipe. The authors clam the
importance of including the moisure content in the soil. They show good comparison of



cdculations and messurements. The modd is solved in the TRANSYS environment. In this
modd it is not possible to study the influence of severa pipes on each other.

Bojic e d. [10] devdoped a modd in which the soil is divided into horizonta layers. It is
assumed that the temperature of each layer is uniform. All the pipes are placed in one layer.
The heat trangported from the air to the soil is moddled by solving the heat baance between
entrance and exit of the pipe and taking the temperature difference between the temperature a
the pipe wal and the average ar temperature between entrance and exit of the pipe. This
model is a 2 dimensond modd and the temperature variaion through the pipe cannot be
sudied with thismodd. No vdidation is given.

None of the aforementioned modds is capable of directly predicting the fully transent three-
dimensond heat trander in a multiple pipe eathrair hest exchanger. Gauthier et d. [11],
describe a fully three-dimensond modd. A Cartesan co-ordinate system is used. To be able
to do this, the round pipes are replaced with square pipes with of equivalent aress. In this
mode the influence of different layers in the soil, concrete foundations and insulation can be
added. Vdidation of the modd is discussed

In this paper the last gpproach is further refined. In ader to be able to caculate any type of
geometry a ungdructured grid is used. This enables the use of round tubes, without any further
condraints. Furthermore the size of the grid can be varied to give more detaill around the pipes
and reduce cdculation time where the precison is not needed.

3 PHYSCAL MODEL AND NUMERICAL PROCEDURE

Figure 2 : A typicd cdculaion grid

The cdculation grid is conddered to be a rectangular block in which cylindricd holes are
drilled representing the buried pipes (Figure 2). The upper Sde of the rectangular block is the
outsde ar surface. The lower Sde is conddered to be a greast distance (infinity) from the
tubes. The left-hand and right-hand dsde of the calculation doman are consdered to be
adidbetic and a a sufficient disance from the tubes. The front and rear Sdes contain
beginning and ending of the tubes.



The cdculgion domain is divided in finite tetrahedra volumes. For each volume the
temperature is congant. For each volume the conduction equation is solved. The mesh
spacing near the surface and the tubes is more refined than at the boundaries of the grid.

The arflow indde the tubes is coupled with the cdculation grid through he boundary
conditions a the tube wall. The tubes are divided in equa segments. The number of segments
can be varied to obtan more accuracy, but is aways taken big enough to have a good
resolution. Figure 3 illudrates the principle. In each segment the temperature is taken to be
condant. The temperature of the previous segment and the heat flux through the wall are used
to cdculate the temperature in a given segment.

The heat transfer modd is based on the following assumptions::

Conduction heet trandfer istrangent and fully three dimensiond in the soil

The thermophysica properties of the soil and other materials are constant.

Hest transfer by moisture gradientsin the soil is neglected.

Heat transfer in the pipe is dominated by convection. It is coupled with the temperature
fidd of the surrounding soil by the boundary conditions a the pipe surface

PONPE

Assumption 3. is judtified by the fact that heat transfer processes take place over periods of
24 h and involve temperature differences of less than 10 K. Gauthier [12] showed tha the
maxima influence of the moidiure gradients on heat trandfer is bedow 0.1% of the total hest
trandfer in the soil. Puri [13] adso reached the concluson that moisture movement has little
effect on heat transfer. The therma conductivity of the soil increases with water content, but
S0 doesin asmilar proportion the heat capacity.
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Figure 3 : Cdculation of the convection ingde the tube
The governing equations for the conduction in the soil may be stated as
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The boundary conditions for the underground lateral externad surfaces of the computationa
domain are assumed to be adiabatic, i.e. :

T
- = 2

n (2
where n isthe unit vector norma to the surface.

A congtant and uniform temperature for the horizonta plane degp underground is imposed.
At the ground surface the heet flux from the outside air to the surfaceis calculated by :



T .
I E = hsurr (Tsoil - Tsurr ) g (3)
where Tqr iS the temperature of the surrounding ar and q, the solar radiation at the surface.

This can be a congant value or a time dependent function. hgy is the convection coefficient
determined by an empirica correlaion [14]:

h, =05+12.u% (4)

surr

where u is the wind speed above the ground surface. The temperature of the surrounding air,
the solar radiation and wind speed are taken from experimenta data or the Test Reference
Year [7].

For the air flow ingde the tubes the following equations are solved (see Figure 3) :

qn = h[ube(Ti,m - Tw) (5)
qn A%egment = rhaircp,air(Ti - Ti—l) (6)
where Asegment 1S the insde surfece area of the tube segment, ¢, the heat flux over it.

Equation (6) is the energy bdance for the ar flow. The convection coefficient hype IS
determined by the Gnidlinski corrdlation for turbulent flow [15]:
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1+127./ % Pr¥- 1) @

x = (182log( Re )- 164)?

and for laminar flow [15] :
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Findly the heet flux is cdculated by equation (5). Here the driving force is the temperature
difference between the wal temperature T,, and the average temperature of the ar in the
segment :
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Ti,m — (T| 2T|-l) (9)
The wadl temperaure is cdculated by taking the weghted average over the surface of the
segment'sfaces:
Tw = ! é- AfaceTface (10)
ment faces

The entrance temperature of the tube is taken to be the air temperature a the surface and can
be varied with time.
The boundary condition at the tube surface isthus :

am _ .
| = 11
P g, (11



The cdculation is generated with the GAMBIT grid generation software [16]. The conduction
equations are solved with FLUENT 3D [16]. The routines for the boundary conditions of the
tubes have been added by user defined subroutines to the Fuent environment.

4 VALIDATION OF THE MODEL

4.1 One-dimensional conduction

In a firg test case the solution of the conduction equations is vdidated. The problem of a
semi-infinite solid onto which at one sde a temperature is imposed is caculated. As there is
no heat flux in x and y directions (Sdeways) this problem can be andyticdly solved as a one-
dimensiona conduction problem. Following boundary conditions can be gpplied :

The surface temperatureis:

T(t0)=T. (9
And theinitid value of the ground temperature is

T(0,2) =T, (10)
The andytica solutionisgiven by :

e z 0
T(t,z)=T.+(T, - T.) exf T m
(t.z) =T, +(T, S)ergz = @

|
wherea =——.

rec,

Cdculationsweredonewith r = 1800 kg/m?, | = 0.5 W/m.K, and ¢, = 2000 Jkg.K.
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Figure 4 : Vdideation of the conduction modd with an anaytica solution



In Figure 4 the andytica solution is shown for time steps of 1h, 12h, 24 h, 1 week and 30
days, with initid value of T, = 10 °C and T, = 30 °C. The abscissa shows a variation of depth
from z = 0 m to 4 m. In the same figure the numerica results are shown for the smulaion

with the same vaues. A good correspondence is found. It is aso shown that temperature
influence a a depth of more than 3 m is not important.

4.2 Earth-air heat exchanger

Secondly measurement data provided by Tzaferis et d. [8] were used to vdidate a red
smulation of a ground tube. In Figure 5 the input data are shown. These were redised by
placing a heater in front of the tube to control the inlet ar temperature. The ground
temperature a 1.1 m depth is nearly constant and is 23 °C.

The tube has a diameter of 0.15 m and a length of 14.8 m and is placed a a depth of 1.1 m. A
condant air mass flow rate of 45 m/s is circulated continuoudy through the pipe during 9
days. Cdculations were made with the same vaues for the soil characterigtics as in the
previous section.
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Figure 5 : Vdidation of the modd with measurements

In Figure 5 the measured outlet temperatures and the cdculated outlet temperatures are
shown. The cdculations follow the same trend as the measurements. The modd underpredicts
the cooling by approximately 2 °C to 5 °C on average. This is caused by the fact the exact
compogtion of the soil and thus the characteristic vaues for heat capacity and thermd
conductivity ae not known. The results show that the cdculation modd gives a good
representation of the behaviour of the earth-air heat exchanger.

5 PERFORMANCE IN THE BELGIAN CLIMATE

5.1 Scope

The described model was use to study the behaviour of an earth-ar heat exchanger in the
Bdgian climate stuaion. Therefore the weather data of the Test Reference Year of Uccle
(Belgium) were added to the smulation [7]. With these data the whole year was smulated



twice tot damp out the trandent phenomena. The obtained solution was used as basis for the
smulation of ared year.

The problem of four tubes with a diameter of 0.2 m and a length of 50 m was solved as a
reference case. A tota air flow rate through the tubes of 3000 ni/h is assumed, resulting in
and ar velocity of 7.8 m/s indde the tubes. The tubes are placed a a depth of three meter
under the ground surface. The distance between the tubes is 1 m. These data were chosen in
accordance with the rules of thumb for the desgn of eath-ar hest exchangers given by
Santamouris et . [17].

With the aforementioned assumptions the heat exchangers were cadculated for the whole year.
Firs¢ some general aspects will be discussed. Secondly a typica summer week in the Belgian
climate is sudied. Findly atypica winter week is andysed.

5.2 General aspects

Figure 6 shows two planes cutting through the caculation domainone dong the length of a
tube, and one perpendicular to it. The data presented are for the winter Stuation. We can see
that the top layer of the soil is frozen (below O °C). At a depth of about 1 m the temperature
garts to rise to about 15 °C a 2.5 m. This high temperature zone is srongly influencing the
top side of the tubes.
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Figure6: A cut through the cdculaion domain

In the surroundings of tubes a clear temperature drop in the soil can be detected up to two
diameters from the tubes. This zone is seen dong the whole length of the tubes. Due to the
use of the 3dimensonad modd, this can be dearly caculated. The tube spacing of 1 m is not
aufficient to damp out the influence of the tubes on each other.

5.3 A typical summer week

To address the summer performance of the earth-air heat exchanger the week from July 21 to
Juy 28 was cdculated. Figure 7 shows the inlet ar temperaiure (i.e. the outsde ar
temperature) as defined by the TRY and the cdculation results At a maximum ar
temperature of 27.6 °C cooling to 18.2 °C is possible, which is a temperature difference of 9.4
°C. In generd the cdculations show that the earth-air tubes used here, damp out the variations



in ar temperature. This is mainly caused by putting them a a depth of 3 m and by the length
as shown in the previous paragraph.
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Figure 7 : Cdculations for week from 21/7 to 28/7

Secondly a phase shift between the tube exit temperature and the inlet temperature can be
detected. The response of the tubesis about 1 hour dower than the temperature at the exit.

Figure 7 dso shows that during the night the air temperature is lower than the temperature
leaving the earthrair heat exchanger. This clearly shows that a good control Strategy is needed
when an earth-air heat exchanger is connected to a building. By-passing of the tubes, and thus
taking ar directly from the surroundings of the building, has to be dlowed. As the summers
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Figure 8 : Cdculations for week from 21/12 to 28/12



in the Belgian climate are moderate, the earthrair heat exchanger has potentid to supply a
building with low temperaiure ar. By doing this cooling ingdlaions can be reduced in
capacity or even omitted.

54 A typical winter week

In figure 8 the results are shown for the week from December 21 to December 28. During
cold daystheair is heated from -2.7 °C to 4.3 °C, being atemperature difference of 7.0 °C.

The same phase shift can be detected as in summer. During warmer winter days the ar is not
hested but cooled by the ground tubes. This is a Stuation that is not dlowable. This agan
confirms the fact that a dl times it is necessary to monitor the outdde ar temperature and the
exit temperature of the earth-air heat exchanger. For the Belgian winters the earth-ar heat
exchanger can reduce the power needed for heating, but heating cannot be avoided.

6 CONCLUSON

In this paper a fully three-dimensond ungructured conduction mode is presented, which is
coupled to the convection problem of ar flowing through tubes buried in the soil. This mode
can be used for studying earthrair heat exchangers. The modd is vaidated with two different
test cases. The modd is used to study the use of earth-ar hest exchangers in the Belgian
climate gtuation.

It is shown that the influence of the pipe on the temperature of the surrounding soil is detected
to a distance of twice the diameter of the tube. To make optima use of the therma pacity of
the soil and to diminate the influence of the outsde air, the tubes have to be buried beow 2.5
m. Findly typicad summer and winter weeks have been smulated. It is shown that the earth
ar heat exchangers have great potential. Cooling with 9 °C or heating with 7 °C is possible.

Due to the moderate winters and summers in Belgium, it is important to goply a good control
dsrategy when an earthrair heat exchanger is used. Bypassng of the heat exchanger has to be
alowed.
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