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building in turbulent regime

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 air-soil
exchangers commonly called ‘Canadian or Provencal 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 air-to-ground heat exchanger was undertaken by means of numerical modeling of heat
exchange by forced 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 evaluation of this temperature was
used as a boundary condition for the buried tube.

The results show that the interest of the air-to-ground 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 influence of some parameters,
namely: the depth, the diameter and the length of the tube on the interior temperature of the
exchanger were analyzed. The results show that the interest of the air-to-ground 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 influence of
some parameters, namely: the depth, the diameter and the length of the tube on the interior
temperature of the exchanger were analyzed.

Keywords: Air.te:ground heat exchanger - Canadian well - Geothermal energy - Building air
conditioning.

1. INTRODUCTION

In this work, the thermal performance of an air/ground heat exchanger is studied under Togo
meteorological conditions for turbulent air flow in the pipeline. A mathematical model based
on the conservation equations of momentum, heat to which we associated a k-¢ closure
model. The ground temperature is determined analytically and used as boundary conditions
for the exchanger. 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, Reynolds number) on the distribution of the temperature and velocity fields has been
studied. Forced convection in pipes is important in many applications in building heating and




especially in heat exchangers. Considerable work has been done in recent years on flows
and heat transfers in air-ground heat exchangers. Such works are of particular interest in the
heating and cooling of premises. These studies are both experimental [1], [2] and [3] and
numerical [4]. They essentially show that the temperature at the exchanger outlet is
decreased in summer and increased in winter, the friction coefficient increases with the
Reynolds number. Turbulence models have also been the subject of numerous studies. One
can distinguish the work of [5] who proposed, for the first time, a low Reynolds number
(LRN) k-¢ model by presenting attenuation functions based on the turbulent Reynolds
number. In this work, the thermal behavior of a turbulent air flow under forced convection in
a U-shaped channel is numerically studied. This study can be a real application in the field of
air-ground heat exchangers. As energy conservation is becoming more and more necessary,
ground temperature data is an important aspect of the calculation of energy reguirements,
e.g. to determine heat losses in basements as well as to examine the possibility of using the
ground as a source for geothermal systems, i.e. heat pumps, bioclimatic wells ete:[6-8].

2. PROBLEM FORMULATION
2.1. Problem configuration and assumptions

Figure 1: Diagram of the physical model of the turbulence

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

To facilitate the reading of the figurel, we will designate by compartment 1, the left vertical
part of the exchanger where the air enters, compartment 2, the horizontal part of the
exchanger and compartment 3, the right vertical part leading to the exchanger outlet or to
the building.

2.2. Heat transfer equation in soil
In the study of the air/ground exchanger we will consider the soil as a semi-infinite medium.
In this condition, the heat equation is written:
aTsol _ aszol
ot sl Tgz2
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With :
Ts01(0,8) = Ty + ArCos [w(t — t,)1#(2)

Tsol(oov t) = To (3)

ol T, = Tmin‘;'Tmax et Ay = Tmax;Tmin (4)

The analytical solution of this equation gives:

Tso1(x,t) =T, + Arexp (—x /L> .COS (a)(t —ty) —x |— ) (5)
2as01 2aso1

2.3. Transfer equation within the heat exchanger

The study of fluid flow cannot be approached without first establishingga number of
simplifying hypotheses. In this study, we will assume that:

The flow is unsteady and turbulent.

Flow is considered two-dimensional.

The fluid is supposed Newtonian, and incompressible.

There are no heat sources in the exchanger.

Radiant heat transfer is negligible.

Heat dissipation by viscous friction is neglected.

The Boussinesq approximation is considered.

The basic equations governing heat flow and transfer are given as follows: :

2.4 Turbulence model

There are different turbulence models which differin their degree of complexity, i.e. in the
number of additional transport equations introduced to evaluate the turbulent quantities
(closure equations). In this work we used the low Reynolds number model of Launder and
Sharma [9] [10] introduced in 1974:\We have chosen this model because it does not depend
explicitly on the distance to the wall, which makes it very flexible. According to this model,
the dimensional form of the turbulent kinetic energy equation and the equation of its
dissipation function are expressed by:the following relations:

Continuity equation

ou  O0v __

Equation for conserving thefollowing momentum (ox)

ou o 8 10( 2 5 ou
—+— () +— M) =———| p+=pk [+—| 2(v + —
o o ) rgy (W) poax(p 3p°j ax{(v V‘)(axﬂ

(e8]
+—|(vV+v)| —+—

oy oy Ox

(7)

Equation for conservation of the following momentum (oy)
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Energy conservation equation
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The constants of the model are:

0.09 1 1 1.3 1.44 1.92 0.70

2.5. Initial and limits conditions
2.5.1. Initial conditions
The initial conditions used to resolve the issue are as follows:

At=0,u=0;v=0;T=Ty;k=10"3;¢ =103 (14)



2.5.2. Limits conditions

To solve the equations that govern the phenomenon studied, we associated the following
boundary conditions:

At the entrance of the interchange: 0 <x <D,y =H

u=0;=-V,; T=T,; k,=0,005v3,e=0,01k2 ; P =P, (15)

At the exit of the interchange: L—D <x<L,y=H

e g. 2 —0. 2 —0.%  Zg.% g% =

5y=H_O'6yy=H O'ayy=H O'ayy=H O'ayy=H O'ayy=H 0 (16)

Left vertical sides of compartment 1: x =0;0<y<H

u=v=0;=Ty :k=0;e=0;2 =0 (17)
Oxlx=0

Right vertical sides of compartment1: x=D;D <y <H

u=v=0; =Teo1 k=0, =0, Z—z D=

xX=

(18)

Lower horizontal sides of compartment2:0<x <L,y =0

— =0 - — . -0 - =0 - A —

u=v=0; =Tso1; k=0:; e=0: 3yy=o_o

(19)

Upper horizontal sides of the compartment2: D <x<L-D,y =D

u=v=0;=T,:k=0;e=0:Z =0 (20)
ay y=D

Left vertical sides of compartment3:x=L—-D;D <y <H

U=v=0;=Ty ;k=0;e=0;2 =0 (21)

x=L-D

Right vertical sides of compartment3: x=L;0<y<H
U=v=0;=Ty:;k=0;e=0;2] =0 (22)

x=L

2.6. Discretization of equations

2.6.1. Transport equation

The general transport equation of a variable evolving in a two-dimensional incompressible
flow is written in the Cartesian system as follows:

op 0 o[ 08
—+——(U;p)s == —|+5S
ot ax,.( ?) axj[ aij ’

With je{1; 2} (index of summation)
Z—f : Transient term that represents the accumulation of ® over time.

(23)

aX]'

ain(chp) “:transport of ® by convection, %(Fa—d’) . diffusion transport of @, I': diffusion

J
coefficient, S_¢: source term.

The general form of the discretized algebraic equation is as follows: :

appp = apdp + ay by +aydpy +asps +b (24)
The source term is discretized using a finite difference method and then linearized as a
function of variable ¢ at node P.

S=S,+Sppp

For the numerical solution of the equations of this thesis we have opted for the TDMA
method. With this method the algebraic equations obtained previously can be written in the
following general form:

AL DeU] =1+ BN ]) + U ))pU.] +1) =D() (25)



The resulting system of algebraic equations is a tridiagonal system of algebraic equations
solved using the Thomas algorithm [11] 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 :
Max(lo(N** 1 -¢n*)

TR =¢€ (26)
Where k represents the number of iterations and e the precision taken at 107*.

2.6.2. Validation of numerical code

To validate our calculation code, the numerical results obtained are compared with the
experimental results obtained by F. Ampofo et al [12] and the numerical results of Henkes et
al [13]. The present validation was obtained in fortran90 language. The 180 X 180 mesh with
mesh refinement was performed. The k-epsilon model is used. The calculation was
performed on a real time of 500 seconds.
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Image 1: k-epsilon model

2.6.3. Study of the influence of the operating parameters of the air/soil exchanger
2.6.3.1. Influence of the diameter
2.6.3.2. Flow structure

al
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Figure 2: Distribution.of current lines for Re=400 for different diameters

Figure 2 shows the influence of the duct diameter on the flow. It can be seen that for a small
duct diameter (0.2:m), the flow structure over the entire duct is illegible. We have chosen
different values of the diameter: 0.4 ; 0.8 et 1.0 m. It can be seen that the variation of the
diameter does not significantly influence the structure of the current lines. However, an
increase in the values of the current function is noted as the diameter increases. But for a
larger-diameter (D=1 m), a decrease of the streamlines was observed. This shows that the
choice of the diameter can influence the intensity of the forced convection in the channel.
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Figure 3 Profile of the u and v components of the velocity under the influence of the
diameter ofithe exchanger

Figure3: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 shape of the velocities in the
different compartments of the exchanger. 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 when the diameter increases. In compartment 3, the
variation of the diameter shows that the velocity profile is not changed when varying the
diameter in each section of the compartment. However, from one section to another, a
difference in the u profiles can be observed. The analysis of the figures in compartments 2
and 3 reveals that the values of the amplitude of the horizontal component of the velocity



increase with the diameter. The change in sign of the u component of the velocity observed
in compartments 1 and 3 shows that the fluid sometimes flows towards the left or right side
of compartment 1 and 3.

Contrary to the horizontal component of the velocity, we note 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 amplitude of the component decreases as the diameter increases.

2.6.3.3. Temperature field
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Figure: 4:-Distribution of isotherms under the influence of the diameter of the
exchanger
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Figure 5: Temperature profile under the influence of exchanger diameter

Figure 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.



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.

2.6.3.4. Temperature fields
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Figure 6 : Distribution of.isotherms for different lengths
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Figure 7: Temperature profile underithe influence of the exchanger length

The thermal field (Figure 6) shows that the heat exchange between the walls and the
ventilation air is limited in-the left vertical column. This is because the still high ventilation
velocity (hence a large flow rate) does not favor a rapid heat transfer. We note that in the
rest of the channel, the fluid'is practically isothermal at the same temperature as the walls.
The influence of length:on‘the temperature distribution is shown in Figure 1V-31. As the
length of the exchanger is increased, there is an increase in the isotherms resulting from 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 exchanger increases. Indeed, the
increase of the length generates an increase of the thermal exchange surface between the
air and the walls of the exchanger in thermal equilibrium with the ground. The temperature of
the ground:being lower than that of the ambient air, the air cools down better when the
length is greater.

Figure. 7 shows the temperature profiles as a function of x in several sections of the
exchanger under the influence of the length variation. The analysis of this figure shows that
in compartment 1, the temperature profiles as a function of x are identical. This is because in
this area the air velocity is higher and the heat exchange is limited. The analysis of the
figures in compartments 2 and 3 reveals that the values of the temperature amplitude
decrease with the length. Further analysis (Figure 7) of the influence of length shows that
there is a threshold length equal to about 40 m from which the increase in length of the
exchanger does not significantly influence the temperature of the air at the outlet. According
to this result, we consider 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 type of configuration and consequently a
good cooling of the air using the Canadian well.



2.6.3.5. Influence of the Reynolds number

In this section, we examine the effect of the Reynolds number on the structure of the flow,
and the thermal field.

2.6.3.6. Structure of the flow
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Figure 8: Distribution of streamlines for different Reynolds numbers
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Figure 9: Profile of the u and v components of the velocity under the influence of the
Reynolds number

The analysis of Figure 8 showing the distribution of the streamlines for different, Reynolds
numbers, shows that the structure of the flow has not changed. Figure 9 shows the influence
of the Reynolds number on the horizontal (u) and vertical (v) components of the velocity. The
u component is dominant in the horizontal part and its amplitude increases with increasing
Reynolds number (Figure 9). The increase of the Reynolds number ‘generates an
intensification of the forced convection resulting in a vertical compenent of the velocity which
is more and more important in the compartments 1 and 3 where it is dominant. We can also
note an increase of the natural convection between the fluid and:the walls of the exchanger,
but this is not intense enough to significantly modify the structure of the flow.



2.6.3.7. Temperature fields
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Figure 10: Distribution of isotherms for different olds numbers
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Figure 11: Temperature profile under the influence of the Reynolds number

Figure 10 shows the distribution of isotherms.in the exchanger under the influence of the
Reynolds number. We observe an increase,of the heat transfers in the exchanger with the
increase of the Reynolds number marked by the presence of more and more isotherms in
the channel. The parabolic isotherms become longer and longer, following the shape of the
exchanger. The values of these isotherms:increase in the core of the flow as the Reynolds
number increases. From these ‘gbservations, it appears that in order to reduce the air
temperature at the exchanger outlet, it is necessary to choose a low Reynolds number but
large enough to respect the turbulent flow regime considered in this study. Indeed, the
increase of the Reynolds<number corresponds to an increase of the inlet velocity and
consequently of the air flow at the inlet. The higher the flow rate, the shorter the residence
time of the air in.the exchanger. This does not favor heat exchange between the air and the
walls of the: exchanger in thermal equilibrium with the ground. These results are
corroborated by the temperature profiles presented in figure 11. This figure shows that the
temperature “profiles are not affected by the variation of the Reynolds number in
compartment:1 due to the very high velocity values which reduce the heat transfer between
the air.and the vertical walls. In the other compartments, a strong variation of the
temperature is observed following the increase of the Reynolds number. The temperature
amplitude increases when the Reynolds number and consequently the air flow rate at the

inlet increases.
5. Conclusion

This chapter is devoted to the modeling and numerical simulation of the air/ground

exchanger in turbulent regime.

The Navier-Stokes dynamic transfer equations and the heat transfer equation have been
written taking into account the simplifying assumptions. They were supplemented by spatial-
temporal boundary conditions that take into account the climatic conditions of Togo.
The transfer equations and the associated initial and boundary conditions were discretized

by the finite volume method solved using the FORTRAN language.



The results were presented in the form of flow structures and temperature fields. Also, we
analyzed the influence of the diameter, the length, the air inlet flow through the Reynolds.
The results show that:

- the streamlines are lines open and parallel to each other and to the walls of the exchanger
indicating that the various transfers are mainly 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 diameter, the length, the Reynolds number, influence to different degrees on the
structure of the flow, the distribution of the temperature in the air/soil exchanger.
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Nomenclature
cp : Specific heat at constant pressure (JKg.K)
i,j : Logical coordinates of the points

A: Thermal conductivity (whn.K)

L: Dimensional length of the cavity (m)

X,y

: Coordinates along the horizontal and vertical directions (m)

respectively

u, v : instantaneous horizontal and vertical components of the velocity (m/s)
0 : Temperature (K)

AB : Temperature difference (K)

k : turbulent kinetic energy (m23/s?)



: turbulent kinetic energy dissipation (m2/ s"3)

p : Pressure (Pa)

g : Gravity (m/s?)

p : Density (kg/m"3)
p0 : Density at T_0 (kg/m*3)

v : kinematic viscosity (m2/s)

v_t : turbulent kinematic viscosity (m2/s)

M : dynamic viscosity (Kg/{m.s))
t:time (s)

Dimensionless variables
X,Y :coordinates in the horizontal and vertical directions
U,V :medium horizontal and vertical components of the velocity
T : medium temperature
K : medium turbulent kinetic energy
P : average pressure
: kinematic viscosity
ut: turbulent kinematic viscosity
€ : turbulent kinetic energy dissipation
w : dimensionless verticity
W : dimensionless current function
T_0 : reference temperature
T : dimensionless time (1=t V_0/L)
At : time step of the simulation
8 : dimensionless temperature (6 = %)
The constants of the k- model
Cp=0.09; C_1=1.44; C_2=1.92; C_3=0.7; CB=0.15;'Ck=1.0; Ce=1
Dimensionless numbers
Ri : Richardson number (Ri = Gr/(Re?2"))
Gr : Grashof number (Gr = (gBATL"3)/v2")
Re : Reynolds number (Re = UL/V)
Pr : Prandtl number (Pr=u#)
Sc : Schmidt number (Sc=p/pD)
Greek letters
€ : Dimensionless length of the heated part
a: Thermaldiffusivity.
B=(-1)/p_0 9p/dT : Coefficient of thermal expansion at pressure
Chte
Indicesiand Exponents
n : lteration counter
c; Hot
f: Coald
a: Ambient
e: Exchanger inlet (m"25)
t : turbulent (KA(-1) )



