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Ab tract- A new complete numerical mode.I for the prediction of thermal performance of the eanh-to·air 
heat exchangers is presented. The model describes the simultaneous heat and mass transfer inside the tube 
and in_to the soil acco_un ting for the soi~ ~atural thermal stratification. The model is va lidated against an 
e)(tcns1 ~e set of experimental data and 11 1s found accurare. The proposed algori thms are suitable for the 
calc~l~llon. o~ the. tc~ Pf'.ratu re and humidity variation of the circulating air and for the temperature and 
hum1d1ty d1stnbu 11on ms1de the ground. The presented model was developed within the TRNSYS environment 
and can be eii;;i ly coupled with buil.ding or greenhouse sim ulation codes in order to describe the impact of 
the earth-to-a ir heat exchangers to mdoor environments. . 

1. INTRODUCTION 

The use of earth-to-air heat exchangers for heating and 
cooling of buildings and agricultural greenhouses has 
gained ground during the last few years, (3,14). The 
design of such a system involves optimisation of its 
geometrical characteristics as well as of the air-flow 
levels and the depth of the buried pipes. In this respect 
various simplified and detailed models have been pro
posed for this purpose. Recent evaluation (21) of seven 
different simplified models, ( 5,6,8, 13, 15, 16, 18) , leads 
to the conclusion, that almost all the proposed algo
rithms can predict with sufficient accuracy the tem
perature of the outgoing air from the tubes. However, 
these models are characterised by a limited applicability 
as they do not take into account the latent heat transfer 
phenomena between the air and the pipe and they can 
not predict the humidity of the circulating air. Lack 
of knowledge on the moisture content of the circulated 
air does not allow for a complete evaluation of the 
comfort conditions in the building. 

Furthermore, most of the simplified models ignore 
heat. transfer phenomena (sensible and latent) in the 
ground and, therefore, the distribution and the varia
tion of the ground can not be predicted. The ground 
temperature is of importance especially for agricultural 
greenhouse applications where this parameter plays a 
basic role. 

Detailed simulation models of the thermal perfor
mance of the earth-to-air heat exchangers are mainly 
based on algorithms describing the simultaneous 
transfer of heat and mass in soils with a temperature 
gradient ( l,2, !0,! 1,12,17,20). However, most of the 
models consider an axially symmetric heat flow into 
the ground. This heat flow does not take into account 
the natural thermal stratification in the soil which alters 
this symmetry. 

The objective of this paper is to present a more 
accurate and validated, transient, implicit numerical 

model based on coupled and simultaneous transfer 
of heat and mass into the soil and the pipe, The 
model includes a complete mathematical description 
of moisture migration through a soil with a temper
ature and, therefore, a moisture gradient which tends 
to redistribute the moisture content. The two inter
related phen·omena are also described and since the 
final outcome depends on both the magnitude of the 
temperature and the moisture gradients. The natural 
thermal stratification in the soil is also considered 
while the soil boundary conditions are applied at the 
ground surface (9). 

The model was validated against a long set of ex
perimental data. The present model can accurately 
predict the temperature and the humidity of the cir
culating air as well as the distribution of the temper
ature and humidity into the soil. The proposed model 
is developed inside the TRNSYS programme environ
ment, in order to be easily coupled with algorithms 
describing the dynamic performance of buildings as 
well as any other algorithm developed inside this code. 

2. MODELLING OF EARTH-TO-AIR HEAT EXCHANGERS 

The transient earth-to-ai r heat exchanger axisym
metric system has been expressed in polar coordinates 
wi th three independent variables ( r , y, t) and two de
pendent variables ( T, h ). A typical earth tube system 
is shown in Fig. 1. 

The equation of energy balance, as it has been pro
posed by Ahmed ( 1980) and Puri ( 1986), can be writ
ten as follows: 

pep iJT = ! ~ (kr t'JT) + ~ (k t'>T)- Ip ! ~ 
t'Jt r t'>r t'Jr {}y t'>y 8 

m r t'>r 

( t'>h) {} ( t'Jh) 
X Du.vo~r r'}r - l,Pm {}y Du,vap r'}y (I) 
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Fig. I. A drawing of the experimental set up. 

While the mass transfer equation can be given by: 

where 

is the component of moisture flux due to temperature 
gradient and 

is the component of moisture flux due to the moisture 
gradient. 
The initial conditions are the following: 

T(r, y, t = 0) = T0 (r) 

h(r, y, t = 0) = ho(r) 

The boundary conditions are: 
l. co-ordinate r. 

(a) at r = RL. 

T(RL, y, t) = T(RL) 

h(RL, y, l) = h(RL) 

(3) 

(4) 

(S) 

(6) 

where RL is a large radial distance in the soil, which
has been taken to equal 59 m. At this distance (RL), 
the temperature and moisture distributions are not in-

fluenced by the coupled and simultaneous transfer of 
heat and mass into the soil caused by the presence of 
the earth-to-air heat exchanger system. This far-field 
boundary for temperature and moisture profiles in the 
soil has been used by Schiller (1982), Puri ( 1986), 
and Ahmed ( 1980). Thus, the temperature at r = RL 
is the undisturbed soil temperature. The moisture pro
file was determined using an extensive set of moisture 
measurements and predictions for dry and very dry 
soils presented in Ahmed and Shapiro ( 1975). 

(b) atr=RP. 

The calculated heat transfer in the soil is equal to the 
amount of heat losses as air flows along the pipe. 

G(T.(y) - T(Rp, y, t) = -m.C.[dT,(y)/dy] (7) 

where G is the overall thermal conductance of the 
whole earth-to-air heat exchanger system including air, 
pipe, and soil. Thus, G can be expressed as: 

and T.(O) equals the ambient air temperature 
At r = Rµ the moisture content is caused by the 

temperature gradient since the pipe is impervious. 
Thus, the component of moisture flux due to moisture 
gradient is equal to zero. 

ah/ar(Rp, y, t) = o 

2. co-ordinate y. 

(a) at y =YA 

(b) at Y =Ye 

T(r, YA, t) = T,(r) 

h(r, y", t) = h,(r) 

(8) 

(9) 

(IO) 
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T(r , y8 , 1) = T,(r) ( 11) 

h(r, y8 , t) = h,(r) (12) 

The diffusivity values (DT, Du, Du.vap ) used in this 
study were obtained from Puri ( 1986) and Gee ( 1966 ). 

The soil temperature at a point in the pipe vicinity 
is estimated by superposition of the temperature field 
due to the pipe system T( r, y, t) and the undisturbed 
temperature field Tu ( z, t) due to the ground surface 
temperature. Undisturbed soil temperature can accu
rately be modelled by the following one dimensional, 
transient, heat conduction equation: 

where a is the soil thermal diffusivity and z is the depth 
below ground surface. The corresponding boundary 
conditions at z = 0 were the following : 

for z-+- oo Tu is finite (IS) 

An analytical solution of this equation is reported 
in Carslaw and Jaeger ( 1959). According to this ana
lytical solution, the temperature at any depth z and 
time t can be found by the expression: 

Tu(Z, t) =Tm -A,*exp(->-.z) 

X cos[w(l - 10 ) - >-.z] ( 16) 

where A, is the amplitude of temperature wave at the 
ground surface, Tm is the mean annual soil temperature, 
w is the frequency of annual temperature wave, and >-. 
can be defined by the expression:>-.= (w/2a) 112. 

The transient earth-tube system described in this 
paper incorporates three independent ( r, y, I) and two 
dependent variables ( T, h). The method of control
volume formulation is used to discretise the two dif
ferential eqns ( 1) and (2). This method, 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 finite element methvdology. The basic idea of the 
control-volume formulation is easy to understand and 
lends itself to direct physical interpretation. 

The first step in the control-volume formulation is 
to divide the calculation domain into a finite number 
of non-overlapping control-volumes in such a way that 
there is one control-volume surrounding each area. The 
control-volumes are concentric cylindrical rings. The 
grid points are not actually points, but are cylindrical 
shells, assumed to be located at the mid-radius of each 
control-volume. Their height is half the height of the 
corresponding control-volume. The most attractive 
feature of the control-volume formulation is that the 
resulting solution would imply the integral conserva
tion of quantities, such as energy, mass, and momen
tum, is exactly over any group of control volumes and, 
of course, over the whole calculation domain. 

The discretization equations were derived by inte
grating the differential eqns (I) and (2) over each con
trol-volume and over the time interval from ' lo t + 
dt . The order of this integration was chosen according 
to the nature of the term. For the representation of the 
terms AT/ At and Ah/ At was assumed that the grid 
point values of T and h prevail through the control
volume. As it regards the terms AT/ Ar, AT/ Ay, 
Ah/ Ar, and Ah/ Ay, it was necessary to make a profile 
assumption or an interpolation formula. The simplest 
possibility was to assume that the value of Tor /z at a 
grid point prevails over the control-volume surround
ing it. For this profile, the slope AT/ Ar or Ah/ Ar was 
not defined at the control volume faces. A profile that 
does not suffer . from this difficulty is the piecewise
Iinear profile. In this study, linear interpolation func
tions were used between the grid points. 

The time depende!J.CY was best handled using im
plicit integration techniques. The fully implicit scheme 
satisfies the requirements of simplicity and of physically 
satisfactory behaviour. It should be noted that, while 
constructing the discretization equations, it was not 
assumed that a particular method would be used for 
their solution. It was useful to consider the de.rivation 
of the equations and their solution as two distinct op
erations, and was not necessary for the choices in one 
to influence the other. 

In this study the algebraic equations were solved 
using the Gauss-Seidel iterative method. According to 
this method the values of the variable were calculated 
using each grid point in a certain order. 

The programme has been developed inside the 
TRNSYS environment. TRNSYS (22) is a transient 
system simulation programme with a modular struc
ture which facilitates the addition to the programme 
of mathematical models not included in the standard 
TRNSYS library. 

3. MODEL VALIDATION 

The collection a,nd analysis of a comprehensive set 
of experimental data is considered an essential part of 
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Fig. 2. Measured and predicted values of the air temperature 
at the outlet of the pipe during the experiment. 
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Fig. 3. Comparison of measured and predicted values of the 
air temperature ( °C) inside the pipe at a distance of 3 m from 

the pipe's inlet. 

this research in order to provide a basis for the verifi
cation of the accuracy of the mathematical model. For 
this purpose, a plastic pipe of0.150 m in diameter and 
14.8 m in length was buried in the soil at about 1.10 
m in depth. The air velocity in the pipe was 10.5 m/ 
sec. The temperature of the air and soil were monitored 
at different depths below and above the buried pipe. 
It was not possible to take moisture measurements for 
this experiment but the soil was very dry. A drawing 
of this experimental set up can be found in Fig. 1. 

The experiments were performed during the sum
mer and lasted 15 days. Data of the air temperature 
as well as the temperature of the soil below and above 
the pipe were recorded at 10 minute intervals through
out the experiment. In addition, hourly outdoor air 
temperature measurements were taken every day dur
ing the experiment. 

The results of the experiment are compared with 
the theoretical calculations. Figure 2 shows the varia
tion of the measured and calculated air temperature 
at the outlet of the pipe as well as the fluctuation of 
the outdoor temperature during the experiment. As 
shown in this figure, there is an excellent agreement 
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Fig. 4. Measured and predicted soil temperature (cC) at 20 
cm above the pipe, 7 m y-distance from the pipe inlet, and 

at a depth of 90 cm during the experiment. 
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Fig. 5. Comparison of the measured and predicted soil tem
perature ( °C) at 30 cm distance from the soil surface, 80 cm 

above the pipe, and 7 m y-distance from the pipe inlet. 

between the theoretical and the measured data while 
the outdoor air temperature has been fluctuated be
tween 17 and 33.5 cc. Also, from the same figure, it 
can be seen that the fluctuation of the air temperature 
at the pipe outlet follows the fluctuation of the outdoor 
temperature. In order to show that the variation of the 
air temperature inside the pipe is accurately predicted, 
Fig. 3 compares the observed with the calculated values 
of the air temperature at a distance of 3 m from the 
pipe entry. As shown, there is an excellent agreement 
between the observed and the predicted values. 

In Fig. 4 the variation of the soil temperature as 
recorded at a depth of0.9 m below the ground surface 
and 0.2 m above the pipe is compared with the theo
retical predictions. The y-distance from the pipe inlet 
was equal to 7 m. As shown, there is also an excellent 
agreement between the predicted and the measured 
values for the soil temperature. The maximum differ
ence between the predicted anci the measured values 
rarely exceeds 0.3°C. The same agreement between 
the predicted and the observed temperatures is obtained 
for two points located at a depth of 0.3 and 0.6 m 
below earth's surface and at a distance from the pipe 
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Fig. 6. Comparison of the measured and predicted soil tem
perature ( °C) at 60 cm below the ground surface, 50 cm above 

the pipe, and 7 m y-distance from the pipe inlet. 

of 0.8 and 0.5 m, respectively, while the y-distance 
from pipe inlet remained equal to 7 m (Figs. 5 and 6). 

4. CONCLUDING REMARKS 

An accurate, transient, implicit numerical model 
based on coupled heat and mass transfer has been de
veloped to describe earth-tube system thermal perfor
mance. The superposition technique was used to an
alyse the influence of the temperature field due to the 
ground surface temperature on the soil temperature at 
any point in the pipe vicinity. 

The proposed model was validated against experi
mental data and was found to accurately predict the 
temperature of the circulated air and the temperature 
distribution of the ground, as well as the overall thermal 
performance of the earth-to-air heat exchangers. 

NOMENCLATURE 

a thermal diffusivity ( m2 /sec) 
A; amplitude of temperature wave at the ground 

surface (K) 
C, specific heat of the air (J /kgK) 
Cp specific heat capacity (J/kgK) 

Du,v.p isothermal diffusivity of moisture in vapor form 
(m2/sec) 

DT thermal moisture diffusivity (m 2 /sec per K) 
Du isothermal moisture diffusivity (m2/sec) 
G Overall thermal conductance of the earth to air 

heat exchanger system ( W /m) 
h moisture content (kg of moisture/kg of dry soil) 

he heat transfer coefficient (W /m 2K) 
h,( r) soil moisture at a large distance from pipe axis 

where moisture is not influenced by the earth 
tube system 

k soil thermal conductivity (W /mK) 
KP thermal conductivity of pipe (W /mK) 

I pipe length ( m) 
/1 moisture heat of vaporisation (J /kg) 

m, mass flow rate of ambient air through pipe (kg/ 
sec) 

Q1 heat loss from the air (W) 
Q, heat transferred in the soil (W) 
r polar co-ordinate, radial distance from the tube 

axis (m) 
RL an arbitrarily large distance from the pipe axis 

into the soil (m) 
r;. inner pipe radius ( m) 
RP outer pipe radius (m) 
T soil temperature ( °C) 
I time(sec) 

T,(y) temperature of the air which flows along the pipe 
(oC) 

T(R0 , y, t) temperature of pipe (cc) 
Tm mean annual soil temperature (cC) 
10 phase constant 

T,(r) undisturbed soil temperature which is not influ
enced by the earth tube system ( °C) 

T. ( z, t) undisturbed soil temperature at a depth ( z) below 
ground surface at any time (I) (cc) 

w frequency of annual temperature wave ( 1 /sec) 
y polar co-ordinate, axial distance from the tube 

inlet (m) 
y,. an arbitrarily large axial distance from pipe inlet 

(m) 
JIB an arbitrarily large axial distance from pipe outlet 

(m) 
z depth below ground surface ( m) 

Greek characters 
p soil density (kg/m 3 ) 

Pm density of moisture ( kg/m 3 ) 

JU5 
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