
_____________________________________________________________________________________________________ 
 
*Corresponding author: E-mail: knwuitcha@gmail.com; 
 
Asian J. Phys. Chem. Sci., vol. 10, no. 4, pp. 41-68, 2022 
 
 
 

Asian Journal of Physical and Chemical Sciences 
 
Volume 10, Issue 4, Page 41-68, 2022; Article no.AJOPACS.95772 
ISSN: 2456-7779 

 
 

 

 

Contribution of the Provençal Well for 
the Improvement of the Thermal 

Comfort in the Building in  
Turbulent Regime 

 
Kokou N’wuitcha 

a*
, Ouro-Djobo Essoavana Samah 

b
, 

Yendouban Kolani 
a
, Magolmèèna Banna 

a
  

and Belkacem Zeghmati 
c
 
 

a 
Department of Physics, Solar Energy Laboratory, University of Lome, P.O. Box 1515, Lome, Togo. 

b 
Regional Training Centre for Road Maintenance (CERFER) – 1704, Bd de la paix 01, 

P.O Box: 1369 Lome, Togo. 
 
c 
Department of Physics, Laboratory of Mathematics and Physics, University of Perpignan,  

52 Avenue Paul Alduy, 66860 Perpignan Cedex, France. 
 

Authors’ contributions  
 

This work was carried out in collaboration among all authors. All authors read and approved the final 
manuscript. 

 
Article Information 

 
DOI: 10.9734/AJOPACS/2022/v10i4189 

 
Open Peer Review History: 

This journal follows the Advanced Open Peer Review policy. Identity of the Reviewers, Editor(s) and additional Reviewers,  
peer review comments, different versions of the manuscript, comments of the editors, etc are available here: 

https://www.sdiarticle5.com/review-history/95772 

 
 

Received: 27/10/2022 
Accepted: 30/12/2022 
Published: 31/12/2022 

 
 

ABSTRACT 
 

In the current energy context, geothermal systems are highly developed in the building field. 
Among these interesting systems on the energy plan, one finds in particular the earth-to-air heat  
exchanger commonly called ‘Canadian or Provençal well’. It consists of tubes buried in which the 
ambient air is pushed in order to be refreshed in contact with the ground whose temperature is 
quasi-constant throughout the year. In this work, a study of the performance of an earth-to-air heat 
exchanger was undertaken by means of numerical modeling of heat exchange by forced 
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convection in a buried tube. The transfer equations in the tube are discretized using the finite 
volume method in turbulent regime and solved using the Thomas algorithm. For the determination 
of the ground temperature, the model of the semi-infinite mass subjected to a periodic excitation 
was adopted. The soil temperature was used as a boundary condition for the buried tube. 
The results show that the interest of the earth-to-air heat exchanger is major, since it improves 
throughout the year, the thermal conditions sought. It intervenes in an effective way on the damping 
of the thermal amplitudes in the building. The variation of the diameter and the length of earth-to-air 
heat exchanger does not influence notably the distribution of the streamlines and isotherms but 
affect significantly the values of stream function and temperature inside de tube of the earth-to-air 
heat exchanger. When diameter of the pipe increases, the outlet temperature increases. The 
increase of the length of the earth-to-air heat exchanger leads to the isotherms increase as a result 
of the intensification of heat exchange between the walls and the convective jet. The temperature in 
the air outlet compartment is lower as the length of the earth-to-air exchanger increases. 
 

 

Keywords: Earth-to-air heat exchanger; canadian well; geothermal energy; building air conditioning; 
heat transfer. 

 

NOMENCLATURE 
 

Symbol Description 
D : diameter of the buried tube (m) 
g : Gravity (m/s²) 
H : depth of the earth-to-air heat exchanger (m) 
k : Average turbulent kinetic energy (m²/s²) 
L : length of horizontal part of buried tube (m) 
p : Average pressure (Pa) 

   : Prandtl number 
t : Dimensional time     
    : Reference temperature (K) 

     : minimum average temperature of the year     
     : maximum average temperature of the year     
      : soil temperature        
u : dimensional velocity component in x-direction (       
v : dimensional velocity component in y-direction (       
   : inlet velocity         
  : cartesian coordinate in horizontal direction (m) 

  : cartesian coordinate in vertical direction (m) 

Greek Symbols 
      : soil thermal diffusivity          
θ : Average dimensional air temperature in the tube (K) 

  : Pulsation (       ) 
ε : Average turbulent kinetic energy dissipation 

  : Kinematic viscosity (m²/s) 

    : Turbulent kinematic viscosity (m²/s) 

  : Dynamic viscosity                                  

    : Dynamic turbulent viscosity                                 

   : Turbulent Prandtl numbers for diffusion of k  

   : Turbulent Prandtl numbers for diffusion of ε 

  : density          
Subscripts 
0 : Reference 
in : inlet  
min : minimum 
max : maximum 
soil : relative to the soil 
T : thermal 
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1. INTRODUCTION   
 
The world has been dependent on fossil fuels for 
several decades due to its life style. In order to 
reduce this dependence, it is essential to turn to 
renewable energy as geothermal energy. In 
recent years, special attention has been paid to 
this technology. It is used for space heating and 
cooling purposes [1,2]. This kind of energy is, at 
principle, inexhaustible and can be found and 
exploited equally well on the planet [3]. The 
various applications of geothermal energy are 
geothermal electricity, ground source heat pump, 
earth-to-air heat exchanger...Among these 
applications, earth-to-air heat exchanger has the 
advantages of simple system, easy 
implementation and less expensive low operation 
cost [4]. This nonconventional energy source is 
better option of clean and sustainable energy [5]. 
 
The earth-to-air heat exchanger presented an 
impressive evolution during the last three 
decades, enriched with new research, 
techniques and materials. It can provide 
minimization of heating/cooling loads, excellent 
thermal comfort conditions, mitigation of the 
urban heat island and an amelioration of the 
urban environment [6-8]. Many researches have 
been devoted to the earth-to-air heat exchanger 
in order to determinate its performance [9-13]. 
There are several parameters that influence the 
performances of the earth-to-air heat exchanger: 
they are both geometric factors of the system 
and the thermo-physical parameters of the soil 
and air.  
 
Selamat et al. [14] researched, through 
numerical modelling, the best configuration for an 
EAHX during winter in the city of Dublin (Ireland). 
The results show that an increase in the length of 
the tube, a decrease in the diameter of the tube 
and a decrease in the air velocity provide an 
improvement of the system heating capacity. 
Sodha et al. [15] made a comparison between 
single-tube and multiple-tube exchangers. It has 
been observed that, with the same air flow, the 
heating and cooling potential increases as the 
number of tubes of smaller diameter increase, 
because of the consequent augmentation of the 
heat exchange area. With the increase in pipe 
diameter, the absolute value of temperature 
variation reduces, reducing the heating/cooling 
capacity of the system. 
 
Several works are conducted experimentally [16-
18] in recent years on flows and heat transfers in 
earth-to-air heat exchanger. Such works are of 

particular interest in the heating and cooling of 
premises. Mathur et al. [19] introduced an 
experimental study where an earth to air spiral 
heat exchanger was designed with a 60-m pipe 
length, a diameter of 0.1 m, and a 1-m distance 
among the spirals, and it was buried at a depth of 
3 m. The results obtained were compared to 
straight tube EAHX-system results: they noted 
that the coefficient of performance of the latter 
configuration is 5.94 in the cooling phase and 
1.92 in the heating phase, whereas for a spiral 
configuration these values are 6.24 and 2.11, 
respectively. As Benrachi et al. reported [20], the 
use of the spiral configuration can be an 
interesting alternative to straight tube exchangers 
if the space available for excavation is limited. 
This advantage in terms of occupied area tends 
to disappear when dealing with the installation of 
several pipes in parallel. 
 
In recent decades, a lot of research has been 
carried out to develop analytical and numerical 
models to analyse earth-to-air heat exchanger 
systems. The performance analysis of EAHE 
involves the calculation of conductive heat 
transfer from the pipe to the groundmass, or the 
calculation of convective heat transfer from the 
circulating air to the pipe and changes in the air 
temperature and humidity. Nowadays, a lot of 
researchers have used computational fluid 
dynamics (CFD) to model and study the 
performance analysis of the EAHE systems. This 
is because CFD employs a very simple rule of 
discretization of the whole system in small grids 
and governing equations applied on these 
discrete elements, which are done to obtain 
numerical solutions concerning flow parameters, 
pressure distribution, and temperature gradients 
in less time and at reasonable cost because of 
reduced required experimental work [21,22]. A lot 
of research papers on different design methods 
of EAHE systems have been published. Previous 
research conducted on the calculation models of 
EAHE systems are presented in the subsequent 
three subsections; namely, one-dimensional 
models [23,24], two-dimensional models [25,26], 
and three-dimensional models of EAHE systems 
[27,28]. 
 
Cucumo et al. [29] have proposed a transient 
one-dimensional analytical model which can be 
used for the correct installation and the 
calculation of the performances of EAHEs buried 
at different depths. With acceptable theory, the 
model is able to calculate the length and humidity 
ratio at the outlet section of a buried pipe at 
different depths of installation and to evaluate the 
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performance of a buried pipe of assigned length. 
The model was obtained by the solution of heat 
and mass balances for air through the buried 
pipe, considering a suitable temperature profile in 
the ground. This was achieved by two methods: 
the first is based on Green’s functions and the 
second, simplified, was based on the principle of 
superposition. The numerical and the 
experimental data showed a very satisfactory 
agreement with each other. 
 
A one-dimensional numerical model has been 
proposed by Sehli et al. [30] to check the 
performance of EAHEs installed at different 
depths. Parametric study on the effects of 
Reynolds number, installation depth, and form 
factor on the performance of an earth-to air heat 
exchanger (ETHE) system were analyzed. Ratio 
of pipe length to pipe diameter of the EAHE 
systems was defined as a form factor. From the 
result, it is found that as the installation depth 
increases, the form factor of the outlet air 
temperature decreases, while the increase in 
Reynolds number also causes the outlet air 
temperature to increase. The study finds that 
EAHE systems alone are not sufficient to create 
thermal comfort, but it can be used to reduce the 
energy demand in buildings in south Algeria, if 
used in combination with conventional air-
conditioning systems. 
 
Tittelein et al. [26] proposes a new numerical 
model of earth-to-air heat exchangers. The 
discretized model was solved using the response 
factors method in order to reduce computational 
time. Each response factor was calculated using 
a finite elements program which solves two-
dimensional (2D) conduction problems. Based on 
the result, there are a few advantages of the new 
model, firstly the calculation time was reduced by 
the use of response factor. Moreover, it was 
precise for a short solicitation period (1-day) and 
a long solicitation period (1-year). Secondly, 
every type of soil characteristic (inhomogeneous, 
anisotropic etc.) and of geometry can be 
considered due to the response factor calculation 
in a 2D finite elements program (not as analytical 
models). Lastly, multiple pipes exchangers could 
be considered with their interaction by calculating 
more response factors. To conclude, 2D models 
allow calculation of soil temperature at the 
surface and at different depths. The finite 
element programs are used in 2D models to 
solve two-dimensional conduction problems             
of EAHE systems by using finite element 
programs. 
 

Flaga-Maryanczyka et al. [28] have 
demonstrated the experimental measurements 
and numerical simulation of a ground source 
heat exchanger operating at a cold weather for a 
passive house ventilation system. The study 
carried out for a passive house was located in 
the South of Poland. The house and its 
components were fitted with a data acquisition 
system that was running from 2011 and records 
139 points at an interval of 1 minute. The 
calculations were performed using the CFD 
ANSYS FLUENT software package. Based on 
the experimental data on the CFD 
(Computational Fluid dynamics) simulations done 
for the ground source heat exchanger that was 
operating for the passive house ventilation 
system on February, it showed a good 
correlation with the measured values. Moreover, 
the difference between measured and calculated 
values at the level of 1.7°C on average leads. 
Therefore, it was concluded that CFD tool is 
acceptable to be used for simulations of the 
ground source heat exchanger working in cold 
climates for the passive house ventilation 
system. 
 
Most simulations focus on only very limited 
configurations based on simple one-dimensional 
models that can hardly predict the real behavior 
of an earth-to-air heat exchanger. There are little 
works in literature taking into accompt the air flow 
regime. 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. It is analyzed the parameters 
that would optimize the thermal performances of 
earth-to-air heat exchanger. The model studied 
takes into consideration the geographical and 
climatic conditions and the turbulent flow regime 
of air in a buried pipe.  
 
A mathematical model is based on the 
conservation equations of momentum, heat to 
which we associated a k-ε closure model of 
turbulence.  The ground temperature is 
determined analytically and used as boundary 
conditions for the walls of the pipe. The set of 
equations and boundary conditions were 
discretized using the finite volume method and 
solved by the THOMA algorithm. The results are 
presented in the form of streamlines and 
isotherms. The influence of the operating 
parameters (diameter, length) on the distribution 
of the temperature and velocity fields has been 
studied.  
 



 
 
 
 

N’wuitcha et al.; Asian J. Phys. Chem. Sci., vol. 10, no. 4, pp. 41-68, 2022; Article no.AJOPACS.95772 
 

 

 
45 

 

2. PROBLEM FORMULATION  
 

2.1 Problem Configuration and 
Assumptions  

 

The geometry of the considered problem is a 
buried pipe at a depth H in which the air flows.  
 

This duct has a length L and an internal diameter 
D. The air enters the duct through the left 
opening with an ambient temperature Ta and a 
velocity U0. The geometry of the system is shown 
in Fig. 1. It is designate by compartment 1, the 
left vertical part of the earth-to-air heat 
exchanger where the air enters; compartment 2, 
the horizontal part of the earth-to-air heat 
exchanger and compartment 3, the right vertical 
part leading to the earth-to-air heat exchanger 
outlet. 
 

2.2 Heat Transfer Equation in the Soil 
 
In the study of the earth-to-air heat exchanger we 
will consider the soil as a semi-infinite medium. 

In this condition, the heat equation is written          
as: 

 
      

  
      

       

                                                 (A) 

 
                                                (B) 
 
                                                   (C) 

 

Where     
         

 
 and    

         

 
       (D) 

 
The analytical solution of this equation gives: 
 

                        
 

      
             (E) 

 

With:                      
 

      
          (F)

                        
               .                                              (G) 

                

 

 
 

Fig. 1. Diagram of earth-to-air heat exchanger 
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2.3 Transfer Equations within the Earth-to-air Heat Exchanger 
 
The study of fluid flow is approached establishing simplifying assumptions. It is assumed that: 
 
- the flow is unsteady and turbulent. 
- the flow is considered two-dimensional. 
- the fluid is newtonian, and incompressible. 
- there are no heat sources in the earth-to-air heat exchanger. 
- radiant heat transfer is negligible. 
- heat dissipation by viscous friction is neglected. 
- the Boussinesq approximation is considered. 
 

2.4 Conservative Equations 
 
The basic equations governing the flow and heat transfer are given as follows: 
 
- Continuity equation: 
 
  

  
 

  

  
                                                                                                                                              (1) 

 
- Momentum equation in x direction 
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- Momentum equation in y direction 
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-  Energy equation 
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These equations are completed by the equations of the     standard model: 
 
- Turbulent kinetic energy transport equation 
 
  

  
 

 

  
     

 

  
     

 

  
    

  

  
 

  

  
  

 

  
    

  

  
 

  

  
                                                       (5)  
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- Dissipation of turbulent kinetic energy transport equation 
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With : 
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The constants of the turbulent model are defined as in Table 1.  
 

Table 1. Values of the constants of the turbulence model 
 

                     

0.09 1 1 1.3 1.44 1.92 0.70 

 

2.5 Initial and Boundary Conditions 
 
2.5.1 Initial conditions 
 
The initial conditions used to solve the transfer equations are as follows: 
 

For t = 0,       ;     ;      ;        ;                                                                            (9) 
 
2.5.2 Boundary conditions 
 
To solve the equations that govern the phenomenon studied, we associated the following boundary 
conditions: 
 
- At the entrance of the earth-to-air heat exchanger:      ,     
 

    ;      ;       ;              
  ,          

  ;                                                        (10) 
 
- At the exit of the earth-to-air heat exchanger:        ,     
 

   

  
 
   

   ;  
  

  
 
   

   ;  
  

  
 
   

   ;  
  

  
 
   

   ;  
  

  
 
   

   ;  
  

  
 
   

                                          (11) 

 

- At left vertical side of compartment 1:     ;       
 

      ;        ;     ;      ;  
  

  
 
   

                                                                                     (12) 
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- At right vertical side of compartment 1:      ;       

      ;        ;     ;      ;  
  

  
 
   

                                                                                    (13)  

                                                                 

- At lower horizontal sides of compartment 2 :      ,      
 

      ;        ;     ;      ;  
  

  
 
   

                                                                                     (14) 

 

- At upper horizontal sides of the compartment 2 :        ,      
 

      ;        ;     ;      ;  
  

  
 
   

                                                                                (15) 

 

- At Left vertical side of compartment 3 :       ;       
 

      ;        ;     ;      ;  
  

  
 
      

                                                                     (16) 

 

- At right vertical side of compartment 3:      ;       
 

      ;        ;     ;      ;  
  

  
 
    

                                                                                     (17) 

 

3. NUMERICAL METHODOLOGY 
 

3.1 Discretization of Transport Equation 
 
The general transport equation in a two-dimensional incompressible flow is written in the Cartesian 
system as follows: 
 
  

  
 

 

   
      

 

   
  

  

   
                                                                                                             (18) 

 
With         (index of summation) 
 
  

  
 : Transient term that represents the accumulation of the variable Φ over time. 

 
 

   
      : transport of Φ by convection, 

 

   
  

  

   
  : diffusion transport of Φ,   : diffusion coefficient, 

  : source term. 

 
The general form of the discretized algebraic equation using finite volume method [31] is as follows: 
 
                                                                                            (19) 

 
The source term is discretized using a finite volume method and then linearized as a function of 

variable   at node P.  

                                                                                                                                             (20) 

                                                                   
The algebraic equations obtained previously can be written in the following general form: 
 
                                                                                                               (21) 
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The resulting system of algebraic equations is a tridiagonal system of algebraic equations solved 
using the Thomas algorithm [32] associated with an iterative procedure with a sub-relaxation 
coefficient equal to 0.5 for the velocity components and 0.8 for the temperature, turbulent kinetic 
energy, energy dissipation rate and pressure. 
 
In order to satisfy the principle of conservation of mass and energy at each time step, the following 
convergence criterion must be verified for each variable : 
 
                        

         
                                                                                                                        (22) 

 
Where k represents the number of iterations and ϵ the precision taken at     . 
 

3.2 Validation of Numerical Code 
  
To validate our calculation code, the numerical 
results obtained are compared with the 
experimental results obtained by Ampofo et al. 
[33] and the numerical results of Henkes et al. 
[34]. Fig. 2 presents the comparison of vertical 
velocity and the temperature along the vertical 
centerline obtained by our numerical work and 
the experimental results of Ampofo et al. [33]. It 

is observed that our results are in good 
agreement with those of Ampofo et al. [33]. It is 
also qualitatively compared the flow structure 
(Fig. 3), the isotherms (Fig. 4) and the turbulent 
viscosity contours (Fig. 5) from the present work 
and those of Henkes [34]. As it can be seen in 
these figures, there is a good agreement 
between the results obtained in the present study 
and those of Henkes [34]. 

 

 

 

(a)  (b)  
 

Fig. 2. Comparison of vertical velocity (a) and temperature (b) profiles versus x at y = 0.5 
 
 

  
(a) Henkes et al. [34 ] (b) Present work 

 
Fig. 3. Comparison of streamlines 
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(a) Henkes et al. [34] (b) Present work 

 
Fig. 4. Comparison of isotherms 

 

  

(a) Henkes et al. [34] (b) Present work 
 

Fig. 5. Comparison of isotherms 
 

4. RESULTS AND DICUSSION 
 

4.1 Flow Structure and Isotherms 
 
Fig. 6 shows the distribution of the            
streamlines and isotherms for a Reynolds 
number of 10000. In compartments 1, 2 and 3 of 
the earth-to-air heat exchanger, the streamlines 
(Fig. 6.a) are almost parallel to each other and to 
the channel walls. The streamlines laminate the 
walls except in the lower corners of the channel 
where there is a separation of the flow. The 
analysis of the stream function values shows  
that the highest values are observed at the right 
wall of compartment 1, the top wall of 
compartment 2 and the left wall of compartment 
3. However, low values of the stream function 
are observed in the vicinity of the other walls of 
the exchanger. 
 
The examination of Fig. 6.b shows that isotherms 
present the parabolic shaped cells originate at 
the inlet of the earth-to-air heat exchanger and 
present their peaks in the core of the main flow 
evolving from compartment 1 to compartment 2 

and from the latter to the outlet of compartment 
3. The different isotherms with increasing size as 
they progress through the earth-to-air heat 
exchanger are superimposed on each other and 
follow the shape of the tube. Near the walls, 
these isotherms become narrower, indicating the 
existence of intense exchanges of heat by 
convection and conduction between the air and 
the walls of the tube, especially in compartments 
1 and 2. This distribution results from the fact 
that the temperature of the ambient air jet in the 
earth-to-air heat exchanger is higher than the 
temperature of the ground in thermal equilibrium 
with the tube of earth-to-air heat exchanger. It 
can be seen that, in accordance with the flow 
structure, the isotherm distribution is dense in the 
first half of the exchanger showing that 
convective transfers are preponderant there. In 
compartment 3, the temperature distribution is 
almost homogeneous due to the slowing down of 
the convective transfers due to the rise of the 
cooled air towards the exchanger outlet. Indeed, 
the analysis of the temperature values in the 
earth-to-air heat exchanger shows that the 
temperatures decrease progressively from the 
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(a) Streamlines (b) Isotherms 
 

Fig. 6. Streamlines and isotherms distribution for Re=10000 
 
inlet to the outlet of the earth-to-air heat 
exchanger.  This result is explained by the fact 
that air during its stay in the exchanger cools 
down, as the temperature of the ground being 
lower than that of the ambient air. 

 
4.2 Turbulence Characteristic Parameters 
  
The turbulent kinetic energy distribution is shown 
in Fig. 7.a. It represents the kinetic energy of the 
velocity fluctuations. It can be seen that it is more 
important in the vicinity of the lower corners of 
the earth-to-air heat exchanger where the fluid 
starts to turn. Indeed, the presence of singular 
points of pressure drop in the configuration of the 
earth-to-air heat changer under study (in the U-
shape) causes greater fluctuations in velocity at 
these points and consequently an increase in the 
turbulent kinetic energy. The velocity fluctuations 
continue in the middle of the main flow in the 
vertical outlet branch. This observation is 
explained by the increase in velocities due to the 
combined effects of natural and forced 
convection in the vertical direction, which induces 
an increase in velocity fluctuations, and 
consequently an increase in turbulent kinetic 
energy. In compartment 1, in the vicinity of the 
inlet, a homogenization of the turbulent kinetic 
energy distribution is observed, strongly 
influenced by the turbulence input parameters 
such as the turbulent intensity. In this zone the 
lowest values of the turbulent kinetic energy are 
noted since air enters with a constant velocity so 
the fluctuations near the inlet are low which 
explains the low values of kinetic energy 
observed. The turbulent kinetic energy is higher 
in the flow area than in the vicinity of the walls. 
The forced convection of the air in the cavity 
intensifies the fluctuations of the velocities in this 

area and thus of the turbulent kinetic energy. In 
the vicinity of the walls, however, as the velocity 
distribution indicates, the velocities are low and 
therefore the kinetic energy.  
 

The turbulent kinetic energy distribution is shown 
in Fig.7.a. It represents the kinetic energy of the 
velocity fluctuations. It can be seen that it is more 
important in the vicinity of the lower corners of 
the earth-to-air heat exchanger where the fluid 
starts to turn. Indeed, the presence of singular 
points of pressure drop in the configuration of the 
earth-to-air heat changer under study (in the U-
shape) causes greater fluctuations in velocity at 
these points and consequently an increase in the 
turbulent kinetic energy. The velocity fluctuations 
continue in the middle of the main flow in the 
vertical outlet branch. This observation is 
explained by the increase in velocities due to the 
combined effects of natural and forced 
convection in the vertical direction, which induces 
an increase in velocity fluctuations, and 
consequently an increase in turbulent kinetic 
energy. In compartment 1, in the vicinity of the 
inlet, a homogenization of the turbulent kinetic 
energy distribution is observed, strongly 
influenced by the turbulence input parameters 
such as the turbulent intensity. In this zone the 
lowest values of the turbulent kinetic energy are 
noted since air enters with a constant velocity so 
the fluctuations near the inlet are low which 
explains the low values of kinetic energy 
observed. The turbulent kinetic energy is higher 
in the flow area than in the vicinity of the walls. 
The forced convection of the air in the cavity 
intensifies the fluctuations of the velocities in this 
area and thus of the turbulent kinetic energy. In 
the vicinity of the walls, however, as the velocity 
distribution indicates, the velocities are low and 
therefore the kinetic energy. 
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Fig. 7b shows the isovaleurs of the turbulent 
kinetic energy dissipation rate. This turbulence 
parameter determines the amount of energy lost 
by viscous forces in the turbulent flow. The 
analysis of Fig. 7.b shows that the distribution of 
the turbulent kinetic energy dissipation rate is 
homogeneous throughout the cavity and has low 
values except in the vicinity of the walls where 
the viscous forces are more intense. 
 
The turbulent viscosity distribution is given in Fig. 
7.c. It describes the dissipation of the turbulent 
kinetic energy. Its distribution in the earth-to-air 
heat exchanger is similar to that of the turbulent 
kinetic energy. The high values are observed at 
the vertical branches of the earth-to-air heat 
exchanger and at the elbows, while a uniform 
distribution is observed in the vicinity of the inlet 
and the walls of the earth-to-air heat exchanger. 
The low values indicate a lesser effect of viscous 
forces, while the high values indicate a greater 
influence of viscous forces. These results are 

consistent with the distribution of the turbulent 
kinetic energy (Fig. 7.a) and its dissipation rate 
(Fig. 7.b). 
 
The distributions of the turbulence intensity, 
which represents an indicator of the turbulent 
agitation with respect to the mean kinetic energy 
field are similar to those described by the 
turbulent kinetic energy (Fig. 7a) and the 
turbulent viscosity (Fig. 7c). Thus, the turbulence 
intensity is characterized by maximum values at 
the core of the main flow, at the bends (area 
where the flow changes direction) and in the 
vicinity of the outlet. The minimum values of the 
turbulent intensity are located in the vicinity of the 
walls and especially at the entrance of the 
channel, thus showing the decrease of the 
turbulence intensity. These observations are 
consistent with the analyses made previously for 
the distributions of the turbulent kinetic          
energy (Fig. 7.a) and the turbulent viscosity            
(Fig. 7c). 

 

  
 

(a) Turbulent kinetic energy (b) Turbulent kinetic energy dissipation rate 
 

 
 

 
(c) Turbulent viscosity (d) Turbulence intensity 

 
Fig. 7. Turbulence parameters distribution for Re=10000 
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(a) D=0.2 m (b) D=0.4 m 

 
 

(a) D=0.8 m (b) D=1.0 m 
 

Fig. 8. Streamlines distribution for  L=10 m, Re=25000, sandy soil. Effect of the diameters of the earth-to-air heat exchanger 
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Fig. 9. Profile of the u component of the velocity versus x 0. Effect of the diameter of the earth-to-air heat exchanger 
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Fig. 10. Profile of the v component of the velocity versus x. Effect of the diameter of the earth-to-air heat exchanger 
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4.3 Study of the Influence of the 
Operating Parameters on the 
Potential Cooling of the Earth-to-air 
Heat Exchanger  

 
4.3.1 Effects of the diameter on flow 

structure and temperature field   
 
4.3.1.1 Flow structure 
 
Fig. 8 shows the influence of the diameter of the 
earth-to-air heat exchanger on the flow. In order 
to analyze the effect of the variation of the 
diameter on the flow structure, it is chosen 
different values of the diameter: 0.2 m, 0.4 m, 0.8 
m and 1.0 m. It can be seen that the variation of 
the diameter does not influence the distribution of 
the streamlines in a significant way. However, we 
note an increase in the values of the stream 
function as the diameter increases. But for a 
larger diameter (D=1.0 m), a decrease of the 
stream function value was observed. This shows 
that the choice of the diameter can influence the 
intensity of the forced convection in the channel.  
 
Fig. 9 shows the profile of the horizontal 
component of the velocity as a function of x for 
different values of the diameter in several 
sections of the exchanger. It can be seen that the 
variation of the diameter has a considerable 
influence on the velocities profiles in the different 
compartments of the earth-to-air heat exchanger. 
Fig. 9.a shows that near the inlet the profiles of 
the horizontal component of the velocity (u) are 
similar for different values of the diameter. But 
the values of the amplitudes of u decrease as the 
diameter increases. In the same compartment for 
a lower section, the velocity profiles and their 
amplitudes change with diameter (Fig. 9.b). The 
u component undergoes a random variation in 
this section for different values of the diameter. In 
compartment 3, the variation in diameter shows 
that the velocity profile is not modified when the 
diameter is varied in each section of the 
compartment. However, from one section to 
another a difference in the u-profile can be 
observed. Analysis of Fig. 9.c and reveals that 
the values of the amplitude of the horizontal 
component of the velocity increase with 
diameter. The change in sign of the u component 
of velocity observed in compartments 1 and 3 
shows that the fluid sometimes flows towards the 
left or right wall of compartment 1 and 3. This 
result is consistent with the observation made at 
the streamlines where a flow laminating the walls 
of the earth-to-air heat exchanger is observed. 
The horizontal component of the velocity in 

compartment 2 keeps the same profile and 
positive sign (Fig. 9.e) for different diameters of 
the earth-to-air heat exchanger. This indicates 
that the flow of air leaves compartment 1 to 
compartment 2 and with a velocity whose 
magnitude is proportional to the diameter as 
observed in compartment 3. 
 
For more details on the flow structure, it is 
represented in Fig. 10, the vertical velocity 
profiles for different values of the depth of the 
earth-to-air heat exchanger and for different 
sections. In contrast to the horizontal component 
of the velocity (u), it can see that the vertical 
component of the velocity keeps the same shape 
and sign in the vertical parts of the exchanger. In 
compartment 1, the negative sign of v indicates 
that the flow is from top to bottom, while in 
compartment 3, the positive sign means that the 
air flow is from bottom to top. It can also be seen 
that the magnitude of the component decreases 
as the diameter increases. In compartment 2, the 
velocity component v is zero except in the vicinity 
of the left and right vertical walls. The spatial 
distribution of v and u corroborates and indicates 
that the flow is from compartment 1, goes 
through compartment 2 to compartment 3. This is 
consistent with the observed streamline 
distribution. 

 
4.3.1.2 Temperature field 

 
Fig. 11 shows the distribution of isotherms in the 
U-shaped tube of earth-to-air heat exchanger for 
different values of diameters. An analysis of this 
figure shows that the isotherm distributions are 
similar for the different diameters considered. 
However, the thermal field increases as the 
diameter increases. The minimum and maximum 
temperature values remain the same regardless 
of the diameter. 

 
To support the observations made on the 
isotherm distribution, a more detailed analysis is 
made of the temperature profiles as a function of 
x, at different levels in the earth-to-air heat 
exchanger and for different diameters (Fig. 12). It 
can be seen that the temperatures keep the 
same profile for the different diameters. In the air 
inlet compartment the temperature amplitudes in 
a section are the same when the diameter varies. 
For the horizontal part of the system and in the 
outlet compartment the temperatures have the 
same pattern for all diameters. However, the 
temperature amplitude increases as the diameter 
increases. The diameter of the pipe defines the 
total section through which the air will circulate. It 
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influences both the air flow speed and the 
contact surface between the air and the ground. 
As the diameter of the pipe increases, the outlet 
temperature increases as shown in Fig. 12.c 
resulting in a reduction in the heat transfer 
coefficient at the inner surface of the pipe. As a 
result the cooling potential of the earth-to-air  
heat exchanger decreases as the diameter 
increases. 
 

Fig. 4 shows the distribution of isotherms in the 
"U" shaped air/soil exchanger for different values 
of the diameters. An analysis of this figure 
showed that the isotherm distributions are similar 
for the different diameters considered. However, 
the thermal field increases as the diameter 
increases. The minimum and maximum values of 
the temperatures remain identical whatever the 
diameter. 
 

 

 

 
D=0.2 m D=0.4 m 

  

D=0.8 m D=1.0 m 
 

Fig. 11. Distribution of isotherms for L=10 m, Re=25000, sandy. Effects of the diameter of the 
earth-to-air heat exchanger 
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Fig.12. Temperature profile versus x.  Effect of the earth-to-air heat exchanger diameter 
 
The analysis of the profiles shows that the 
temperatures keep the same pattern for the 
different diameters. In the air inlet compartment 
the temperature amplitudes in one section are 
the same when the diameter varies. For the 
horizontal part of the exchanger and in the outlet 
compartment the temperatures have the same 
trend for all diameters. However, the temperature 
amplitude increases when the diameter 
increases. Indeed, the diameter of the pipe 
defines the total section through which the air will 
circulate. It influences both the air flow speed 
and the contact surface between the air and the 
ground. As the diameter of the pipe increases, 
the outlet temperature increases resulting in a 
reduction of the heat transfer coefficient at the 
inner surface of the pipe. As a result, the cooling 
potential of the air/ground heat exchanger 
decreases as the diameter increases.  
 
4.3.2 Effects of the length on flow structure 

and temperature field   
 
4.3.2.1 Flow structure 
 
In the study of the influence of length, in order to 
improve the readability of the spatial distribution 

of velocities, temperatures and turbulence 
parameters, a diameter of 1.0 m was considered.  
 
Fig. 13 shows the flow structure in earth-to-air 
heat exchanger for different lengths. The 
distribution of the streamlines previously 
described is unchanged with the variation of the 
earth-to-air heat exchanger length. Only an 
increase in the length of the streamlines following 
the shape of the channel can be noticed. 
 
Fig. 14 and Fig. 15 show the profiles of the 
horizontal (u) and vertical (v) components of the 
velocity versus x for different values of z, 
respectively. The analysis of these figures 
reveals a great similarity between the profiles. 
The variation of the length has very little 
influence on the profiles of the horizontal and 
vertical components. The only noticeable 
deviation is in the middle of the inlet and outlet 
compartments for the u-component due to the 
higher convective exchange in these areas.  
 
The highest values of u are located near the 
vertical walls, and the lowest values are found in 
the core of the main flow in compartments 1 and 
3 dominated by downward and upward airflow 
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respectively.  However, the values of u are 
significant in the horizontal part of the earth-to-air 
heat exchanger because in this area the flow is 
mainly along the horizontal axis driven by the u 
component. The opposite is observed for the v 
component, whose negative value indicates a 
descent of the air in the channel and whose 
positive value indicates an ascent of the air 
towards the earth-to-air heat exchanger outlet. 
 

4.3.2.2 Temperature field 
 

The thermal field (Fig. 16) shows that the heat 
exchange between the walls and the ventilation 
air is limited in the left vertical column. Indeed, 
the still high ventilation speed (thus a high flow 
rate) does not favor a fast heat transfer. In the 
rest of the channel, the fluid is practically 
isothermal at the same temperature as the walls. 
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Fig. 13. Distribution of streamlines for different lengths 
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Fig. 14. Profile of the u component of the velocity versus x. Effect of the lenth of the earth-to-

air heat exchanger 
 
The influence of the length on the temperature 
distribution is shown in Fig. 16. As the length of 
the heat exchanger is increased, the isotherms 
increase as a result of the intensification of heat 
exchange between the walls and the convective 
jet. The temperature in the air outlet 
compartment is lower as the length of the earth-
to-air exchanger increases. Indeed, the increase 

in length leads to an increase in the heat 
exchange surface between the air and the walls 
of the earth-to-air heat exchanger in thermal 
equilibrium with the ground. As the temperature 
of the ground is lower than that of the ambient 
air, the air cools better when the length is 
greater. 
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Fig. 15. Profile of the v component of the velocity versus x. Effect of the lenth of the earth-to-
air heat exchanger 

 
In order to better understand the influence of the 
length on the thermal field, the temperature 
profiles as a function of the abscissa x in several 
sections of the earth-to-air heat exchanger under 

the influence of the length variation are 
presented in Fig. 17. The analysis of this figure 
shows that in compartment 1, the temperature 
profiles as a function of x are identical. The 
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reason for this is that in this area the air velocity 
is higher, so the heat exchange between the air 
and the walls of the earth-to-air heat exchanger 
at ground temperature is limited. The evolution of 
the flow in the horizontal part of the earth-to-air 
exchanger, where the exchange surface 
increases with the length, leads to a significant 
decrease in the temperature value (Fig. 17.e) 
with the length. The same observation can be 
made in the outlet compartment. In this 
compartment the temperature near the outlet 
decreases progressively as the length increases. 

Further analysis (Fig. 18) of the influence of the 
length shows that there is a threshold length of 
about 40 m from which the increase of the length 
of the earth-to-airheat exchanger does not 
influence the temperature of the air at the outlet 
any more. According to this result, it is 
considered that the variation of the channel 
length in the range of 5 m≤L≤40 m is sufficient to 
obtain a better heat exchange in this kind of 
configuration and consequently a good cooling of 
the air using the earth-to-air heat exchanger.l. 

 

 
 
 
 
L=5 m 

 

 
 
 
 
L=15 m 

 

 
 
 
 
 
L=20 m 

 

 
Fig. 16. Distribution of isotherms for different lengths 
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Fig. 17. Temperature profile versus x.  Effect of the earth-to-air heat exchanger lenth 
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Fig. 18. Temperature profile versus x.  Optimal earth-to-air heat exchanger lenth for room 
cooling 

 

5. CONCLUSION 
 
This work is devoted to the numerical study of 
the earth-to-air heat exchanger in turbulent 
regime air flow. The Navier-Stokes equations 
and heat transfer equation associated to      
model for turbulence are presented. The transfer 
equations and the associated initial and 
boundary conditions were discretized using finite 
volume method. The proposed model was 
validated against experimental data and 
numerical study and was found to accurately 
predict the temperature of the circulated air and 
the temperature distribution in earth-to-air heat 
exchanger, as well as the overall thermal 
performance of the earth-to-air heat exchangers 
The numerical results were presented in terms of 
streamlines, isotherms and profiles of velocity 
and temperature. The effects of the diameter and 
the length of the earth-to-air heat exchanger on 
the flow structure and temperature field are 
investigated. The outcomes of this study is given 
follow: 
 

- The flow structure is characterized by open 
streamlines that are parallel to each other 
and to the walls of the earth-to-air heat 

exchanger indicating that the heat 
transfers are mainly dominated by forced 
convection. 

- The isotherms are made up of a 
succession of parabolic shaped                    
cells originating at the inlet of the 
exchanger and following the shape of the 
channel. 

- The variation of the diameter does not 
influence the distribution of the streamlines 
in a significant way. However,  the values 
of the stream function increases when the 
diameter increases 

- The distribution of the streamlines 
previously described is unchanged with the 
variation of the earth-to-air heat exchanger 
length. Only an increase in the length of 
the streamlines following the shape of the 
channel can be noticed. 

- The isotherm distributions are similar for 
the different diameters considered. 
However, the thermal field increases as 
the diameter increases. The minimum and 
maximum temperature values remain the 
same regardless of the diameter. 

- When diameter of the pipe increases, the 
outlet temperature increases resulting in a 
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reduction in the heat transfer coefficient at 
the inner surface of the pipe.  

- The increase of the length of the earth-to-
air heat exchanger, the isotherms increase 
as a result of the intensification of heat 
exchange between the walls and the 
convective jet. The temperature in the air 
outlet compartment is lower as the length 
of the earth-to-air exchanger increases. 
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