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ABSTRACT

In this paper, the numerical results of the study on geothermal-air heat exchanger in dry
areas of Algeria (Ghardaia region) were presented. Computational fluid dynamics equations
were solved using our specific code compilated with Fortran. The outputs of the numerical
calculations were compared and validated with the experimental results and the outputs of
a commercial CFD code. In these conditions, our results present good agreements with an
error not exceeding 2%. By using our numerical model, we have calculated the optimum
length, the internal diameter, the air velocity of the pipe in winter and summer periods and
have determined the optimum depth at different depths. The comparison o ft wo t ypes o fp ipes
making material (PVC and PEHD) has taken into account the characteristics of the Ghardaia-
Algeria region (specific heat capacity, density, thermal conductivity and temperature) of the
soil. The obtained results proved that the chosen model gives a satisfactory agreement in all
the studied variables.
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INTRODUCTION

Today, specialists are doing research to find alternatives
to the classic cooling and heating systems, and improve
ventilation and air conditioning as well, so they are inter-
ested in developing and exploiting renewable energies to
solve this problem. Energy resources are produced natu-
rally and rapidly from sun, wind, waves, tides, biomass,
rain and geothermal energy. Today, renewable energy has
become the ideal solution to operate cooling and heating
systems because it is clean, continuous, renewable, per-
manent, and free of charge, compared to classical energies
[1-6]. The most used ground connected systems are Earth-
to-Air Heat Exchangers (EAHEs) and Ground Source Heat
Pumps (GSHPs). In GSHP, a pipe is buried in the ground,
and the heat transfer fluid circulates through it, since the
earth temperature is higher than the temperature of the
heat transfer fluid in winter, and vice versa in summer [1];
[7-10].

EAHE systems work on the principle of heat exchange.
The heat transfer fluid, usually air and initially at outdoor
temperature, is blown into the tubes buried into the earth,
and through the heat exchange that takes place between
the heat transfer fluid and the ground, its temperature
approaches the temperature of the earth. To meet the heating
and cooling needs of buildings, pretreated air is sometimes
used. EAHE systems can be open loop or closed loop. In an
open loop system, the outside air is pumped with a continu-
ous supply inside the buried pipe where heat exchange takes
place with the soil whereas in a closed-loop system, the air
in the buried pipe is recycled periodically (from the build-
ing to EAHE and back) [1]. With the increase in energy
efficiency and with the decrease in its price, in the last ten
years, many countries in the world have sought to develop
EAHE systems, and in more than 30 countries, an increase
of about 10% in installations of EAHE system is recorded.
Yujiao Zhao et al. [11] compared an EAHE system with to
the conventional system in Nagpur, Indian, and concluded
that by employing, up to about 90% of the required energy
can be saved.

Much empirical and numerical research has been
done in the world, in order to enhance the performance of
EAHE. Tiwari et al. [12] investigated the impact of inlet
air temperature on the performance of an EAHE unit. So,
they considered 5 different inlet air temperature values,
flowing through a tube at 0.10 m fixed diameter and 21 m
length. In the summer, they achieved a reduction of 5 to
6 °C in the temperature of the outlet air. Sobti and Singh
[13] used the thermal energy of the soil and applied it as an
alternative to the classical heating and cooling systems for
buildings, in order to augment energy efficiency in built
environments. Khabbaz et al. [14] showed that the EAHE
with one and three tubes results in a 19.5°C and 18.3°C
decrement in the outlet air temperature, respectively. In
the opinion of Fazlikhani et al. [15], the EAHE system

saves a great deal of energy, improves the average air tem-
perature outlet the EAHE, and also reduces temperature
fluctuations. Benhamza et al. [16] reported a significant
decrease in the energy consumption by the EAHE system,
an increase in the efficiency and performance factor of air
conditioning, compared to direct utilization of an air con-
ditioner. Maoz et al. [17] disclosed that the EAHE system
with tube length ranging 50 to 70 m, diameter between 18
to 25 cm, and air speed between 5 to 7 m/s, can lower the
temperature by about 15 to 18°C, and can be used to cool
a single room. Bordoloi et al. [18] studied the influence
of pipe material on the performance of an EAHE unit and
concluded that pipe material had no significant influence
on the outlet temperature. They also reported that EAHE
technology could replace classic air conditioning systems.
Hamdi etal. [19] showed that if an EAHE cooling system is
used, the difference between inlet and outlet temperatures
of EAHE can be up to 15°C. Demirtas et al. [20] empha-
sized that EAHE systems are among the most important
solutions to the environment and pollution problems that
the world suffers from today, and they also reduce the
costs of traditional energy expenditures. Tagsdelen and
Dagtekin [21] numerically investigated the effect of inlet
air speed on the thermal efficiency of EAHE systems and
demonstrated that the smaller the air inlet velocity, the
better the thermal efficiency of EAHE systems. They also
showed, according to this case, a decrease in the consump-
tion of cooling energy required in order to provide a state
of thermal sufficiency for the model building. Agrawal et
al. [22] conducted a 12-hour continuous study investigat-
ing the effect of tube shape (slinky-coil, U-shaped and heli-
cal) on the performance of an EAHE system. Their results
exhibited that the slinky-coil tube resulted in a lower outlet
air temperature and a higher heat transfer rate, compared
to the U-shaped and helical-coil tubes. EAHE system efhi-
ciency of 0.80, 0.60 and 0.78 was obtained with the slinky-
coil, U-shaped and helical-coil tube layout, respectively.
Liu et al. [23] concluded that a smaller tube diameter in an
EAHE system provides a larger heat capacity and a constant
air mass flow rate whereas a larger tube diameter enhances
the COP the EAHE unit. Increasing the tube depths in
the soil leads to a reduction and elevation in the outlet air
temperatures in summer and winter seasons, respectively.
Rodriguez-Vazquez et al. [24] concluded that in climates
with low humidity, such as a Chihuahua, the potential for
ventilation with EAHE is higher, whereas in high humidity
climates such as Villahermosa, EAHE ventilation poten-
tial is lower. Cuny et al. [25] demonstrated that the most
significant parameters that control the performance of
EAHE:s are pipe diameter, pipe length, burial depth, inlet
air velocity, and soil nature.

In this work, we present a numerical study on the
performance of a surface-to-air heat exchanger in desert
arid regions of Algeria. For this, we have used a specific
code compilated with Fortran to determine the outlet air
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temperature. In the first step, we check the coupling of the
simulation model with the experimental data reported by
Bansal et al. [26] with the same values and under the same
conditions. In the second step, the mathematical model is
used to consider four main factors: the length, burial depth
and diameter of the pipe along with the velocity of the
inlet air. Taking into account the soil characteristics of the
Ghardaia-Algeria region like density, specific heat capacity,
thermal conductivity and temperature of the soil, we deter-
mine the adequate length, depth and diameter of the pipe
with the examined velocity of the inlet air.

SYSTEM DESCRIPTION

EAHE systems are utilized to meet the heating and cool-
ing needs of buildings. The heat exchanger is a tube, usually
made of PVC, that is buried underground. The principle of
operation of the EAHE system is as follows: The outside air
is blown with a continuous supply into the buried pipe, and
its temperature becomes very close to the temperature of
the earth due to the heat exchange taking place between it
and the earth, and then it is pumped into space as shown
in Figure 1.

The system under consideration is applied in Ghardaia
city, which is located in the north of the Algerian desert with
a latitude of 32°36’N and a longitude of 3°48’E, as shown in
Figure 2. Its total area is 19729 km? and it has a dry des-
ert climate. The temperature ranges between 18 to 48°C in
summer and between 1 to 25°C in winter. It is sunny most
of the year and the weather is almost moderate in spring
and autumn seasons. The city of Ghardaia is distinguished
by an excellent insolation rate due to its privileged location.
In fact, the duration of the sun’s brightness is more than
3000 hours/year, and the annual solar radiation measured
at a horizontal level exceeds 6000 W/m?.

MATHEMATICAL MODELLING

Starting from the general heat diffusion equation,
assumptions are considered to simplify governing equation

T air outlet
]

together with boundary and initial conditions. Constant
soil temperature enables the model to solve energy bal-
ance equations. The model considers the following perti-
nent parameters, which alter the temperature along the heat
exchanger:

- Outdoor temperature (incoming air temperature).

- Thermophysical properties of the soil area (soil tem-

perature at each depth).
- Geometry (length and diameter) and tube material
— Inlet air velocity.

Soil Temperature Modeling

The theory of one-dimensional transient heat conduc-
tion applied to a semi-infinite medium given below is used
to mathematically model the soil temperature:

2
9T _19T_, ()
0z a ot
T0,t)=T,,. +A4A, cos(a)(t —t, )) (2)
T(oo,t) = Tmean (3)

where the soil thermal diffusivity is given by: o= A

pC
T(z,t)=T,, +A,/|Exp—(z) |—
> mean s p 365

cos {g(t —t, ) —(z/2) 5o Q’H

At the outlet of EAHE, the air temperature is predicted
as follows:

GTnI x
71=Tm+(T(z,t)—Tmb)x[1—e ] (5)

The average seasonal thermal efficiency of the EAHE
can be expressed as follows:

air inlet

€< vmis

D —
Q.

N

Figure 1. Geometrical arrangement of EAHE.
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Figure 2. Map of Ghardaia city.

24 . ) The number of Nusselt was expressed by the following
z-zl(,]-:zmb (l)_Tour (1)) . .
== (6)  correlation [27]:

”mean
z fil (T:Zmb (1) - ’Tsoil )

Modeling of EAHE

The EAHE which is 50 m in length is divided into 25
elements, each is 2 m. It is presumed that the soil tempera-
ture is more altered by the air flow. The coefficient of heat V. D,

Nu=0.0214(Re"* —100) Pr** (8)

The Reynolds and Prandtl numbers inside the tube are
calculated by:

transfer by convection in a tube is defined by: Re= WU l ©)
_Nud o pr="22 (10)

conv D /’i
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The heat transfer along the buried pipe can be calcu-
lated by:

dx
=mC, dT (x)= T(z,t)-T(x 11
¢ Pf ( ) Rcom/ + Rpipe + Rsoil ( ( ) ( )) ( )
The thermal resistance of the pipe is expressed by:
R, = In(r, /1) (12)
pipe JP,-PZZ” el i

The convective thermal resistance on the inner surface
of the pipe is:

1

RCDYIV = 13
r;hCOnVZﬂ- ( )
The thermal resistance of the soil is calculated by:
Ry =——In(R,/ (14)
soil =5 "( (2,1) "e)

Then, the total heat transfer coefficient of the EAHE is
given as:
1
(R + Ry +R,,y)

conv pipe

Gry = (15)

By combining equations (11) to (15), the energy balance
reads as follows:

dT(x) Gro
== (16)
T(z,t)-T(x) mCy,
Integrating equation (16) is then:
GTot
—In(T(z,t)-T(x)) = —2—x+Cte (17)
mC,
The boundary equation at the ground surface is:
T(O) = ’I;mh (18)

The following equation is obtained when the constant
in equation (17) is replaced by its expression deduced from
equation (18):

In(T (x)~T(z,6)/(T,,

-G,
—T(z,t)):#x (19)

Pf

Finally, the air temperature can be calculated at the out-
let (x = L) as follows:

amb

GTDY x
T.=T +(T(Z,t)—Tumb)£1—e mCp ] (20)

Read file 1, properties (air: soil: pipe)

'

Read file 2 Teoiy(1......q) : Tagp(1......q)

drout: dria: dI(D)

TG-1): TG): TG+1)

!

Tk)-->T(°C)

T(1)-->Tons(1)

T(0)-->Tou(n)

test(Ti: Tow)

Tout(q): Tanb(q)

S—

v

| | Outline (Tout Tanp)

Figure 3. Flowchart of numerical model.

The equations given above are sequentially solved for
each section of the EAHE, from the inlet to the exit, via a
program written in Fortran software (see Figure 3).

MODEL VALIDATION

The established model has been verified using the
experimental outputs reported by Bansal et al. (2012) before
developing our parametric analysis. The used parameters
for the experimental validation are given in Table 1.

Under these conditions, the air is circulated inside the
pipe made of PVC with a 23.42 m of length and 0.15 m of
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inner diameter. The soil temperature is 26.7 °C and the air
inlet velocity is 3 m/s. Inspecting the comparison between
our outputs and the experimental results of Bansal et al.
[26], it has been observed that the absolute relative dif-
ference is less than 2.8 %. Compared to the CFD data of
Bansal et al. [26] reaching 12% as an absolute error rate,
our new model presents a significantly lower value. It can
be therefore confirmed that the established model can be
considered to study the thermal performance of EAHE
units. (See table 2)

RESULTS AND DISCUSSIONS

After successfully validating our model by considering
the experimental results of Bansal et al. [26] at the same
conditions, we exploited the mathematical model to study
the influence of the length, the internal diameter, the air
velocity of the pipe, pipe material and pipe depths on the
performance of EAHE in winter and summer periods.

Parametric Analysis of The EAHE in Ghardaia Regions,
Algeria

To study the effect of different design and operation
parameters on the EAHE efficiency, the thermophysical
characteristics of air, pipe materials and soil for Ghardaia
city, Algeria are considered in Table 3. Indeed, the param-
eters of the land air heat exchanger are presented in Table 4.

Table 1. Input parameters for the validation study

Influence of the soil depth on the tube temperature of
EAHE

The variation of soil temperature values of the
Ghardaia region is plotted in Figure 4 for various depths
varying from 1 to 5 m. The sine wave fluctuations in the
soil temperature are shown in the four seasons of the year
(8760 hours). When the underground depth is incre-
mented, the sine wave fluctuations in the soil tempera-
ture decline. After 3 m depth, the fluctuations decrease
considerably, and the temperature increases slowly due to
going deeper toward the Earth core. These results confirm
the importance of the use of the soil as a cold or hot heat
source.

Influence of the tube length on the outlet air temperature
of EAHE

Figure 5 presents the air temperature at the out-
let of the EAHE as a function of the tube length of the
heat exchanger. The considered month is July when the
inlet air temperature is very high reaching 45°C. It is
noticed from the results that the air temperature outlet
of EAHE declines significantly along the tube length and
levels off at 24.5 °C after a length of about 20 m. It is
also confirmed from the results that the pipe material,
i.e. Polyvinyl chloride (PVC) and Polyethylene High-
Density (PEHD), has a marginal effect on the air tem-
perature outlet of EAHE.

Table 3. Thermophysical properties of materials

Parameters Values
Pipe diameter (m) 0.15
Pipe length (m) 23.42
Soil temperature (°C) 26.7
Soil density (kg/m?) 2050
Soil specific heat capacity (J/kg.K) 1840
Soil thermal conductivity (W/m.K) 0.52

Table 2. Comparison of our results with Bansal et al. [26]

Material  Density = Thermal Specific heat
(kg/m®)  conductivity capacity (J/kg.K)
(W/m.K)
Air 1.1774 0.02624 1005.7
PVC 1380 0.16 900
PEHD 950 0.45-0.52 1900
Sandy soil 2050 0.52 1840

EAHE Pipe material PVC, D,=0.15m,L=23.42m, T  =26.7°C

parameters Outlet air temperature

Air velocity Air temperature  Experimental results  CFD results [26] Current model results

inlet inlet of Bansal et al. [26]

V, e (M/5) T, O Tout (°C) Tout (°C)  Relative error %  Tout (°C) Relative error %
2 43.4 33.1 34.1 3.0 324 2.1

3 42.5 33.1 359 8.5 334 0.9

4 423 33.5 37.3 11.3 34.4 2.6

5 422 34.2 38.3 12.0 35.2 2.8
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Table 4. Parameters used in the analysis 4 ‘ :
~—— PVC (summer)
Parameters Values oy — e
Pipe length (L) 0to 50 m 5
Internal diameter (D,) 50 mm - 160 mm ‘_l
Pipe thickness 4 mm F a0l |
Air velocity (V) 0to5m/s
Pipe depth 1,2,3,4and 5m »
2 : ; ; ; ; ; ‘ i
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Figure 4. Variation of soil temperature in the Ghardaia
region at various depths.

Influence of internal diameter on EAHE temperature
outlet

Figure 6 compares the air temperature outlet of the
EAHE in summer and winter seasons for different tube
lengths. In these conditions, various inner tube diameters
of the heat exchanger are considered, which are namely 50,
80, 110 and 160 mm. It has been observed that the diameter
of the pipes affects the air temperature outlet of the EAHE
in both seasons. In the summer season when the maximum
ambient temperature is equal to 45 °C, the air temperature
outlet approaches about 24.5 °C for all aforementioned tube
diameters, except 160 mm. However, the length where this
temperature is reached depends on the tube diameter. For
instance, the temperature stabilizes after a length of approx-
imately 20 m and 35 m for the tubes with 50 mm and 80
mm inner diameter, respectively. The maximum ambi-
ent temperature is equal to 12°C in the winter season. The
outlet air temperature is approximately 20 °C in winter for
all the considered pipe diameters, except 160 mm similar
to the summer season. When the pipe with 50 mm inner
diameter is utilized, the temperature levels oft at about 20
mm, where it is around 25 m and 30 m respectively for the
pipe with 80 mm and 110 mm inner diameters.

EAHE Thermal Efficiency

Influence of internal diameter on EAHE efficiency
Figure 7 shows the efficiency of EAHX during the winter

and summer seasons as a function of the inner tube diam-

eters equal to 50, 80, 110 and 160 mm. From these results, it

L (m)

Figure 5. Effect of the pipe length on the outlet air
temperature (Tamb = 45°C).

—— di = 50 mm (summer)
—— di = 80 mm (summer)
di = 110 mm (summe)

i = 110 mm (winter)
i = 160 mm (winter)

10 15 20 25 30 35 40 a5 50
L(m)
Figure 6. Variation of air temperature outlet versus tube
length for various inner tube diameters in winter and
summer seasons with V = 1.5 m/s.

has been observed that the EAHE efliciency is significantly
better for smaller pipe diameters. An inverse proportion
between the efficiency of the EAHX and the pipe diameter
has been noted. The reason is that when the diameter of the
tube is reduced, the air velocity increments which enhances
the convective heat transfer coefficient, leading to higher
heat transfer rate. With regard to the efficiency of EAHE
in summer and winter seasons, when the inner tube diam-
eter is equal to 50 mm, the efficiency reaches the maximum
value (unity) for the pipe length larger than 20 m. For the
pipe with 80 mm diameter, the required length to reach this
efficiency is about 40 m in both summer and winter sea-
sons. For larger pipe diameters, for instance, D.=110 mm,
the efficiency approaches the maximum efficiency while for
the tube with D =160 mm, the efficiency is still around 0.99
at 50 mm length of the pipe.

Influence of air velocity on EAHE efficiency

Figure 8 shows the EAHX efficiency during winter
and summer seasons in function of the air velocity equal
to 1.5, 2.5, 3.5, 4.5 and 5.5 m/s. From these results, it has
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Figure 7. Variation of the EAHX efficiency versus the tube
length for various inner tube diameters with V = 1.5 m/s.

been observed that the EAHE efficiency is significantly bet-
ter for the lower air velocity. There is an inverse propor-
tion between the performance of the EAHE and the air
speed. The influence of the air speed on the efficiency of
the exchanger is similar to that of internal diameter and the
EAHE efliciency increases for lower air speeds. The impact
of air velocity on the EAHE efficiency is significant when
the pipe length is relatively short, particularly below 20 m.
The EAHE efficiency reaches the maximum irrespective
of the air velocity and the season when the pipe length is
larger than around 35 m.

CONCLUSION

In this paper, the EAHE system was modeled by using
the computational fluid dynamics equations and compiled
with Fortran software. After validating the model by com-
paring our results with the experimental data found from
literature, a parametric analysis was conducted to evaluate
and examine the influence of buried pipe length, pipe inter-
nal diameter and air speed on the outlet air temperature
and the heat exchange efficiency of EAHE. In these appli-
cations, we are referred to the Ghardaia region located in
the Algerian desert, which is characterized by a constant
annual soil temperature. The obtained results are recapitu-
lated in the following bullets:

o The results give a satisfactory agreement between the

numerical calculations of our numerical model and
the experimental data.

35 40 45 50

v = 1.5 m/s (winter)
——v=2.5m/s (winter) | |
v =3.5 m/s (winter)

v=4.5m/s (winter)
——v=55m/s (winter)| |

EAHE efficiency

0 1 L L L L L
0 5 10 15 20 25 30 35 40 45 50

L (m)

(b) Winter season

Figure 8. Variation of EAHE efficiency versus the tube
length for different air velocities with the diameter equal
to 50 mm.

o An ideal depth of 3 m, length of 20 m, internal diam-
eter of 50 mm and air velocity of 1.5 m/s was pro-
posed for ground air heat exchangers to be utilized in
air conditioning applications.

o Pipe material has a marginal effect on the outlet air
temperature of EAHE.

o The heat exchange efficiency values for EAHE were
very high, reaching 0.99, compared to the commonly
used air-to-air heat exchangers.

o The air temperature the leaving the EAHE gradually
approaches an approximate value of about 24.5°C
in summer and 20°C in winter season and remains
nearly constant thereafter.

These outputs of this study can be considered for the
design and developments of the earth to air heat exchanger
to be considered in different applications alternative to
Heating, Ventilation and Air Conditioning (HVAC) sys-
tems in arid climates.

NOMENCLATURE

D Pipe diameter m

L Pipe length m

z Depth from the earth surface m

X Pipe length m

t Time hour
Vv Air velocity m/s
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Cp Specific heat capacity of the soil J/kg K
R Reynolds number
Nu Nusselt number
Pr Prandtl number
T Temperature °C
T, Air outlet temperature of EAHE °C
h,.  Coeflicient of heat transfer by

convection in a tube W/(m*K)
R,,  Thermal resistance of the pipe m K/W
R Convective thermal resistance m K/W
R, Thermal resistance of the soil m K/W
G,,  Total thermal conductance of the EAHE W /m K
Greek symbols
N,... Efficiency of the EAHE
¢ Heat transfer along the pipe
Abbreviations

EAHE Earth-to-Air-Heat-Exchanger
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