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s,t,u,v intermediate length values used to determine 
beam area ralios 

W0 collector width 
W. reflector width 
X 0 collector width ratio 

ex solar altitude anile 
cxEw solar altitude angle projected in the east-west 

plane 
cxNs solar altitude angle projected in the north 

south plane 
/30 collector tilt angle 
/3, reflector tilt angle 
. y solar azimuth angle 
Pe ground reflectance 
p, reflector reflectance 
¢ latitude · 
U; hour angle 
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Abs:tract-:-A transient, numerical model fo r the prediclion of the ground temperature at various de tbs 
~eJow buildings is presenred .in_ th.is p~per. The proposed model was developed by ca lculating the heat 
. ow to the ground from_ a b_uildmg, which depends on the complicated three-dimensional thermal process 
m the ground. The '.11~m difficuhfos in obtaining manageable solut ions of the hea t flow pro blem were: 
The t7~ec-d1mens 1 onah ty of the thennal process., the strong tempora l variabili ty of the outdoor temperature 
~ 

1
7 e ~s t ~e large. num~r of paramet~rs involved in d~s.cribing the build ing foundation geometry as 

~ as e t. enn~ msulauon. The techniques o{ superposn1on and numerical analysis were used to co e 
with lhese d1ffi~ul11cs . T he model was validated againsl experimental data and it was found that it coJd 
accurately predict the ground leinpera ture under a build ing. · 

l. INTRODUCTION 

The demand for more precise methods to calcu
late heating and cooling load of a building has 
been increased during the last two decades and 
has led to many studies of the transient heat 
ftow from a building foundation to the ground. 

The use of direct or indirect earth coupling 
technjques for buildfogs requires knowledge of 
the ground temperarure pro.file below the bui ld
ing foundation. The direct earth contact involves 
~art!ai or total placing of the building envelope 
m dITect contact with the soil while the indirect 
contact involves the use of an earth-to-air heat 
ex~hanger system, (MihaJakakou er al., 1994a; 
M1baJakakou et al., 1994b; Santamouris et al., 
1995), through which air from the building or 
from !he outside is circula ted and then rs 
brought into the building. 

The different calculation models, which were 
developed to predict the ground temperature 
under a building, are based on analytical solu
tions, on numerical analysis and experimental 
measurements. An important number of papers 
deal with a two-dimensional steady state heat 
flow process (Billington 1951· Vuorelainen 
1960a b; Landman and Delsante 1987. More~ 
over, an extensive analysis of the heat flow 
processes in order to obtain suffi ciently accurate 
a nalytical and as simple as possible formulae'. 
fo r the heat flow has been described by Claesson 
and Efrring ( 1980) Clae son and Dunand 

tio whom .a ll corrcspandence should be. addressed at: 
E~erg7 Resel!rch G roup, University College Dublin, 
R1chv1ew Clonskeagh Drive, Dubl in J4, Ireland. 
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( 1983 ), Hagentoft ( 1988a), and by CJaesson and 
Hagentoft ( 1991 ). 

Fourier analysis and transformation were 
used in Muncey and Spencer (1977 ) and in 
Delsante et al. ( 1983) to obtain expressions fo r 
the hea1 from uninsulated sla bs. The boundary 
temperatures varied periodically with time while 
the tempera ture change under the walls, at the 
level of ground, was assumed to be linear. 
. Delsante (1988) derived an analytical expres

sion for the two-dimensional steady state heat 
loss from a slab on the ground with the same 
thermal resistance at the ground surface and 
the floor. The temperature under the wall at the 
ground level was assumed to change linearly. 
~ _similar . technique_ has .been described in 
Hagentoft (1988b) and in Delsante ( 1989) while 
a method for calculating the heat loss of cellars 
was developed by Kusuda and Bean ( 1984 ). 

The temperature under a building foundation 
was numerically calculated for steady state cases 
by Adamson et al. ( 197 3) and Backstrom et al. 
( 1985). 

Boileau and Latta (1968) developed a simpli
fied method to calculate heat flow for uninsu
lated cellars. The results of th is simplified 
~ethod we~e compared wi th numerical predic
t1ons by Shipp and Broderick ( 1980) and it was 
found in a very good agreement for uninsulated 
bufating found ation. 

Mitalas (1982) developed a two-dimensional 
model for calculating the heat flow process for 
cellars. He divided the cellar wall and floor in 
five segments assuming that the outdoor temper
ature varied periodically. 
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Kusuda et al. (1983) described a calculation 
model in which the ground surface was divided 
in rectangular segments. The segment's temper
ature varied periodically. The thermal problem 
was solved integrating the Green's function 
solution. 

However, a large number of these methods 
are characterised by limited applicability as 
they do not take into account the three
dimensionality of the heat flow thermal process 
as well as the strong temporal variation of the 
outdoor temperature. 

The present paper deals with the rather com
plicated thermal process in the ground under a 
building and, in particular, with the heat flow 
through the foundation. The main goal was to 
obtain an accurate method to calculate the heat 
flow to the ground and thus the ground temper
ature below a building foundation at various 
depths. The present method can be Jfsed for a 
wide range of applications, such as the direct 
contact buildings as well as the indirect contact 
technique, and it can be easily used for the 
accurate prediction of the ground temperature 
profile when an earth-to-air heat exchangers' 
system has been buried under a building. In this 
case, the ground temperature at a certain point 
in the pipe vicinity should be estimated by the 
superposition of the ground temperature caused 
by the heat exchanger presence and of the 
ground temperature caused by the ground 
surface boundary conditions. 

2. MODELLING OF GROUND 
TEMPERATURE UNDER A BUILDING 

Jhe thermal problem of the heat flow from 
a building to the ground presents various 
difficulties caused by the genuinely three
dimensional, time-dependent character of 
the heat flow process in the ground below 
and around the building. The ground tempera
ture T(x,y,z,t) can accurately be modelled 
(Carslaw and Jaeger, 1959) by the following 
three-dimensional, transient, heat conduction 
equation: 

pCp(oT/ot)=\l(K\l T) 

= o/ox(KoT/ox) + o/oy(KoT/oy) 

+ o/oz(KoT/oz) ( 1) 

where V indicates the gradient operator-. 
The heat flux in the ground can be written as 

follows: 

-KV T= -K(oT/ox,oT/oy,oT/oz). (2) 

The total heat flow Q(t) from the building to 
the ground can be stated as follows: 

Q(t)= f t-K\l TndS. (3) 

Here n denotes the unit normal to S; pointing 
from ground to building. 

The initial condition is the following: 

T(x, y, z, t=O)= T,(z) (4) 

where T,(z) was considered to be the undisturbed 
ground temperature. In order to solve the 
differential eqn ( 1) we assume that at t = 0 there 
is not any influence from the building's presence. 

The boundary conditions are: 
(I) Co-ordinate x 

at X=Xa: 

T(x=xb, y, z, t)= Tu(z) (6) 

where, Xa and xb are two large axial distances 
from the building foundation which were taken 
equal to 100 m. At those distances (xa, xb) the 
temperature distribution is not influenced by 
the heat flow caused by the building presence. 
Thus, the temperature at x. and xb is the 
undisturbed soil temperature. Tu(z) is the undis
turbed ground temperature at a certain depth z 
which does not change with time and is not 
influenced by the building's presence. 
( 2) Co-ordinate y 
at y= y.: 

T(x,y=y.,z,t)=T,,(z) (7) 

T(x, y= yb, z, t)= Tu(z). (8) 

Similarly, Ya and Yb are two large distances in 
the y-direction where the temperature distribu
tion is not influenced by the building's presence. 

( 3) Co-ordinate z 
at z = 0 (at the ground surface): 

T(x, y, z=O, t)= Tboundary (9) 

where, Tboundary was equal to the constant indoor 
surface temperature ('I;) for the case of the 
foundation interior region while for the case of 
the ground surface Tboundary was equal to the 
outdoor temperature (T0 u1(t)). 
at z=z0 : 

T(x,y,z=z0 ,t)=Tu(z0 ) (10) 

where, z
0 

was a large vertical distance in the 
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soil, taken equal to 50 m, where the soil temper
ature was considered to be the undisturbed soil 
temperature. 

Furthermore, the superposition technique was 
used to analyse the outdoor temperature varia
tion. Thus, the principle of superposition for 
this case was illustrated in Fig. 1 and for two 
superimposed components (1) and (2). -

The outdoor temperature at the ground sur
face can be represented (Carslaw and Jaeger 
1959; Mihalakakou et al., 1992) by a Fourier 
sen es: 

00 

I;,ui(t) =To+ L Tn sin(2nnt/tp + }..,,). (11) 
n=l 

The two first harmonics of the eqn ( 11) have 
been used in this study in order to calculate the 
outdoor tempera ture at the ground surface. The 
thermal conductivity values used in this study 
were obtained from Puri ( 1986) and Gee ( 1966), 
while the soil density (p) and the soil specific 
beat capacity (Cp) were taken from Puri ( 1986). 
The transien t building-ground system described 
in this paper incorporates four independent 
(x, y z t) and one dependent variables (T). The 
numerical method of control volume formula
tion was used to discretize the three-dimensional 
differential eqn (1 ). This method (Patankar, 
1980), which can be regarded as a special and 
new version of the method of weighted residuals 
looks like the finite-difference method but it 
employs many ideas that are typical of the f)njte 
element methodology. 

The first step in the control volume formula-

+ 

tion was to divide the calculation domain into 
a finite number of control volumes. A portion 
of a two-dimensional grid was shown in Fig. 2. 
For the grid point P, points E and W were its 
x-direction neighbours, while N and S are the 
y-direction neighbours. The control volume 
around P was shown by dashed lines. Finally, 
and for the present three-dimensional problem, 
two more neighbours T and B were added 
for the z-direction to complete the three
dimensional configuration. 

Moreover, it has been considered that the grid 
points were located at the geometric centre of 
each control volume. This location was pre
sented in Fig. 3 for a two-dimensional problem. 
The discretization equation was derived by 
integrating the differential eqn ( 1) over each 
control volume and over the time interval from 
t to t + M. The order of this integration was 
chosen according to the nature of the term. For 
the representation of the terms /1 T/6.t was 
assumed that the grid point values of T prevail 
through the control volume. As it regards the 
terms !1T/!1x, !1T/!1y and !1T/!1z, it was neces
sary to make a profile assumption or an interpo
lation formula. The simplest possibility was to 
assume that the value of Tat a grid point prevails 
over the control volume surrounding it. For this 
profile, the slope !1T/!1x was not defined at the 
control volume faces. A profile which does not 
suffer from this difficulty is the piece-wise linear 
profile. In this study, linear interpolation func
tions were used between grid points. 

The time dependency was best handled 

Fig. 1. The technique of superposition where the temperature at the ground surface was divided in two 
components (1) and (2). · 

·r ., 
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Fig. 2. Control volume for two-dimensional situation. 

using implicit integration techniques. The fully 
implicit scheme satisfies the requirements of 
simplicity and physically satisfactory behaviour. 
Therefore, the discretization equation can easily 
be seen after the integration of the differential 
eqn ( 1) as follows: 

cxrTp =cxE TE+ rxw Tw + rxNTN + rxsTs (12a) 

+ rxr Tr + rxa Ta + b 

where: 

lXE = Ke!J.y!J.z/(C'Jx)e ( 12b) 

aw= Kwl:!.y!J.z/(3x)w (12c) 

lXN =Kn !J.z!J.x/(6 Y)n ( 12d) 

rxs = K 8!J.z!J.x/(6y), ( 12e) 

aT = Kt!J.x!J.y/(3z)1 
( 12f) 

aa = Kb!J.x!J.y/(3z)b (12g) 

rxg = pCP!J.xtJ.y!J.z/!J.t ( 12h) 

b=ag~ ( 12i) 

IXp = o:E + rxw + aN +as+ cxr+ lXa + ag. ( 12j) 

The neighbours coefficients as, rxw, rxN,. .. , cxa 
represent the conductance between the point P 
and the corresponding neighbour while the 
term rxg~ is the internal energy contained in 
the control volume at time t. 

In this study the whole system of the algebraic 
equations presented by eqn ( 12) were solved 
using the Gauss-Seidel iterative method, 
according to this method the values of the 
variables were calculated using each grid point 
in a certain order. 

This numerical method can be regarded as 
the best way to handle the serious difficulty of 
the large number of parameters involved in 
describing the foundation geometry and the 
thermal insulation. Therefore, considering a big 
number of control-volumes it was easier to 
specify the size and the shape of the foundation 
surface, the thickness of a thermal insulation 
and its thermal conductivity. 

The whole program was developed inside 
TRNSYS environment. TRNSYS (1990), is a 

-transient system simulation program with a 
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Fig. 3. Location of the control volume faces. 

modular structure which facilitates the addition 
to the program of other mathematical models 
not i~cluded in the standard TRNSYS library. 
The tnne step for the TRNSYS simulations was 
taken equal to 0.1 h. 

3. MODEL VALIDATION 

. The collection and analysis of a comprehen
sive set of experimental data was considered an 
essential part of this research in order to provide 
a basis for the verification of the accuracy of 
the mathematical model. 

For this purpose, two experiments were car
ried ou t during lhe summer. Each experiment 
lasted 20 days, 11- 30 June and 12-31 August. 
Data of the soil temperature were measured at a 
depth of 0.3 m below the earth surface and under 
tbe building foundation of tbe Philosophical 
Faculty of University of Ioannina. The floor 
area of this building was 2500 m2 • The floor 
and the external walls were made of 60 mm 
?ense ~oncrete, 40 mm expanded polystyrene 
msulauon and 60 mm dense concrete. The den
sity of dense concrete was equal to 2100 kg/ml 

while the density of the polystyrene was equal 
to 25 kg/m3

. The specific heat capacity of dense 
concrete v.:as 833 J/kg°C while the specific 
heat capacity of the insulation was equal to 
1014 J/kg0 C. Accordingly, the thermal conduc
tivity of the de_ns~ concrete was 1.40 W/m°C 
and the conductivity of the insulation was 
0.03 W/m 0 C. The soil temperature data were 
recor~ed at 5 min intervals throughout the 
experiment. The ambient air temperature has 
been fluctuated during the experiments between 
9.8 and 39.3°C. 

_The results of the experiments were compared 
with the theoretical calculations. Figures 4 and 
5 show the temporal variations of the measured 
and of the calculated soil temperature for the 
time periods 11-30 June and 12-31 August 
respectively. As it can be seen from these figure~ 
there is a very good agreement between the 
predicted and measured values. Moreover 
Fig. 6 compares the observed with the calculated 
soil temperature values for the whole time 
period of the two experiments. As shown there 
is a very good agreement between the theo,retical 
and the measured data while their maximum 
rarely exceeds 0.3 °C. 
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The temporal variation of the measured and calculated soil temperature values for the time 
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The temporal variation of the measured and calculated soil temperature values for the time 
· · penod 12- 31 August. 

- -_..,,: 

Ground temperature below buildings 361 

27.5 

27 .0 

26.5 

26.0 

E ., 
25.5 " " ;; 

> 
~ 
.: 25.0 
e 
" Q. 

E 
~ 24.5 ,, 
" .~ ,, 

24.0 I: 
P.. 

23 .5 

23 .0 

22.5 

22.5 23 .5 24 .5 25 .5 26 .5 27.5 

Measured temperature values ("C) 

Fig. 6. Comparison between the observed with the calculated soil temperature values for the whole time period. 

CONCLUDING REMARKS 

An accurate, transient, implicit numerical 
model has been developed to calculate the 
ground temperature at various depths under 
a building foundation. The basic, three
dimensional thermal problem concerns homo
geneous ground, constant indoor temperature 
and an outdoor temperature presenting a large 
temporal variability. The proposed _mod~! was . 
validated against experimental data and it was 
found that it could accurately predict the 
temperature of the soil under a building 
foundation. 

NOMENCLATURE 

cp specific heat capacity (J/kg0 C) 
K soil thermal conductivity (W/m 0 C) 
K; the thermal conductivity corresponding to grid 

point I (W/m 0 C) 
Q heat flow to the ground (W) 
S; notation for the surface foundation against the 

ground (m2 ) 

t time (s) 
tP time period for outdoor periodic temperature (s) 
T temperature in the soil (0 C) 

'Ibaund•ry temperature at the boundary (0 C) 
T; indoor temperature (0 C) 

TL th~ temperature of the grid L (0 C) 
7;. amplitude of the temperature wave at the ground 

surface {0 C) 

-:. 

To annual mean temperature at the ground surface 
(OC) 

J;,.,(t) outdoor temperature (0 C) 
r;,0 the old value (at time t) of the variable (0 C) 

T.(z) the undisturbed soil temperature, which is not 
influenced by the building presence (0 C) 

x,y horizontal Cartesian co-ordinates (m) 
z vertical Cartesian co-ordinate (m) 

Greek characters 

Ax x-direction width of the control volume (m) 
- Ay y-d irection width of the control volume (m) 

Az z-directioo width of the control volume (m) 
bx ·-direction distance between two adjacent grid 

points (m) 
by y-direction distance between two adjacent grid 

points (m) 
bz z-direction distance between two adjacent grid 

points (m) 
p soil density (kg/m3 ) 

} •• phase for periodic temperature 

S~bscripts 

B neighbour in the z-direclion (bottom) 
b control-volume face between P and B 
E neighbour in the positive x-direction (east side) 
e control-volume face between P and E 

N neighbour in the positive y-direction (north side) 
n control-volume face between P and N 
P central grid point under consideration 
S neighbour in the negative y-directio n (south side) 
s control-volume face between P and S 

T neighbour in the positive z-direction (top) 
l control-volume face between P and T 

W neighbour in the negat ive x-di rection (west side) 
w control-volume face between P and W 

..... 


