
Chapter 3

State of the art

From the physical point of view, the main objective of these thesis is to study
heat transport in an aquifer taking into consideration the importance of ground-
water flux. This flux can improve the efficiency of the process and will determine
in which the direction the heat plume will extend. Moreover, this flux will be
responsible of helping the water of the aquifer to recover its initial thermal
equilibrium once the cooling system of the building stops working.

As a result of the warmness of the Mediterranean climate, it is not necessary
to use the cooling systems throughout the year. Then, no heat will neither be in-
jected nor extracted from the aquifer for a certain period of time. Consequently,
the aquifer temperature will tend to recover during this period of idleness.

In summer, heat extraction from the building is needed. This heat is dis-
sipated into the aquifer causing a certain warming of the porous media. This
energy may be positive since it can be stored so as to use it in winter. On one
hand, it is better to store it in layers where the water flux is less intense, that
is, in layers with low hydraulic conductivity values. On the other hand, if we
want to improve the efficiency of the cooling system, we must guarantee that
the porous media surrounding GHEs is as cool as possible.

Once the heating system is working, the maximum quantity of thermal en-
ergy is required to warm the building. Therefore, the warmer the water of the
aquifer, the more efficient the process will be.

Mathematical representation and modelling of all these processes have been
carried out using Transin code (Medina et al.,2002) from the Hydrogeology
Group(HG) of the UPC. It is a complex finite-element code that among other
functions, solves coupled flux and mass transport equations.

Despite being conceived to solve solute transport problems, it has also been
used with heat transport. In April 2002, a graduation thesis done in the HG[1]
studied heat transport in fractured media. The correlation between mass and
heat transport parameters was then established and has been used in this project
as well.

3.1 Water flux

Water flux q in porous media with variable temperature can be obtained with
the Darcy equation in terms of pressures:

27



28 CHAPTER 3. STATE OF THE ART

q = −K
µ
× (∇P − ρwg) (3.1)

where:

k hydraulic permeability tensor

µ = µ(T ) dynamic viscosity

P water pressure

ρw = ρw(T ) water density

g gravity vector

The equation of mass conservation is:

∂ρwφ

δt
= −∇(ρwq) (3.2)

where:

φ porosity

The first term of the equation can be approximated by the specific storage
coefficient (water volume released per unit of media volume and head variation
unit):

∂ρwφ

δt
=
Ss

g

∂P

∂t
(3.3)

Finally, we get the water flux equation:

Ss
∂P

∂t
= ∇[K(∇P − ρwg)] (3.4)

where:

K (=ρwgk/µ) hydraulic conductivity (depends on the temperature with ρw

and µ).

Comparing both (3.1) and (3.4), it can be noted that they differ in the
variability of K due to temperature variations and in the buoyancy term(water
variable density).

3.2 Heat transport processes

There are three different heat transport processes in porous media:

� Conduction: is the process by which heat is transported from high to low-
temperature regions of a substance, caused by the energy transfer thanks
to the vibration of particles. It can be described as a linear relation between
the heat flux q and the temperature gradient. The equation that describes
this process is the constitutive Fourier law:

Hc = −λ∇T (3.5)

where:
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λ thermal conductivity (Wm−1K−1)

Hc conduction heat flux (Wm−1)

� Convection: heat transport caused by the movement of the water that
contains it. When the movement of the fluid is originated as a result of
external forces without the presence of geothermal gradients the process
is called advection. On the other hand, when gradient temperatures lead
to variations of the fluid density the process is then called free convection.
The advective heat flux can be written as:

Ha = −qρwcwT (3.6)

where:

cw specific heat of water (Jkg−1K−1)

Ha advective heat flux (Wm−1)

ρwcw = Cw heat capacity of water (Jm−3K−1)

� Dispersion: This is an important heat transfer process that is seldom taken
into account in heat transfer modelling. It is a scale-dependant process due
to spatial and time fluctuations.

Without considering heat sources and doing energy balance we finally obtain
the transient heat transport equation in an aquifer:

ρ′c′
∂T

∂t
= ∇((αρwcwq + λe)∇T )− ρwcwq∇T (3.7)

where:

ρ′c′ specific heat of the aquifer ρ′c′ = ρwcwφ+ ρscs(1− φ)

λe equivalent conductivity of the aquifer λe = λs(1− φ) + λwφ

α dispersivity (m)

The velocity of the heat front (Vh) is:

Vc =
ρwcwq

φρwcw + ρscs(1− φ)
=

q

φ+ ρscs(1−φ)
ρwcw

=
Vw

φ+ ρscs(1−φ)
ρwcwφ

(3.8)

Replacing every parameter by its corresponding value we obtain that:

Vw = 2.5Vh (3.9)

Then, we can conclude that the velocity of the heat front is 2.5 times slower
than the water1.

1This is the expression of the thermal retardation that will be deduced later on
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3.3 Comparison between heat and mass trans-
port equations

Taking into account that heat is transmitted by means of conduction, advection
and dispersion,we will consider the equation 3.7 described above.

Dividing all the terms of the equation by ρwcw we get the following expres-
sion:

ρ′c′

ρwcw

∂T

∂t
= ∇((αq +

λ

ρwcw
)∇T )− q∇T (3.10)

The first term of the equation can be expressed as:

ρ′c′

ρwcw
=
φcwρw + (1− φ)ρscs

ρwcw
= φ(1 +

(1− φ) ρscs

ρwcw

φ
) = φRT (3.11)

where:

ρb bulk density of the media

RT thermal retardation

Thus, the equation turns out as follows:

φRT
∂T

∂t
= ∇[(αq +

λ

ρwcw
)∇T ]− q∇T (3.12)

The equation (3.12) can be compared with the conventional solute transport
equation, the one used in the used numerical code:

φR
∂c

∂t
= ∇[(αq + φDm)∇c]− q∇c (3.13)

where:

c solute concentration (mg/l)

Dm molecular diffusion

R retardation

Then, we can establish a parallelism between the terms of both equations
that will allow us to analyze the heating process as if it was a solute injection
in a well.

3.4 Hydraulic and thermal parameters

3.4.1 Hydraulic parameters

The geology of the area has been simplified to ease the implementation in the
models. Finally, five different layers were set up to reproduce the conditions of
the site. These hydraulic parameters have been proofed and contrasted with a
number of boreholes and tests carried out in the aquifer.

In order to model the flux in the pillar, a very high permeability value has
been input for the pipe. In contrast, a very low permeability value represents
the concrete.
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Table 3.1: Equivalencies between solute transport and heat transport
parameters

Parameter Solute Heat
Porosity(φ) φ φ

Retardation(R) 1 + ρbKd

φ 1 +
(1−φ) ρscs

ρwcw

φ

Diffusivity(Dm) Dm
λ

ρwcwφ

Dispersivity(αL, αT ) αL, αT αL, αT

Table 3.2: Common hydraulic parameters
Material Permeability (K)(m/d) Storage (S)

1 1.5 0.001
2 0.1 2.8
3 2.8 0.01
4 0.1 0.01
5 130 0.01

Concrete 10−6 10−4

Pipe 107 10−4

3.4.2 Transport parameters

Some characteristic thermal parameters have been obtained from [?]. The value
for the porosity of the aquifer is an average value based on some tests in the
area of study.

Table 3.3: Thermal parameters
Parameter Water Concrete Soil

Thermal conductivity (λ) (W/m.K) 0.61 1.2 2.2
Heat capacity ((ρc)c) (J/m3.K) 4.18.106 2.02.106 1.61.106

Porosity (φ) 0.2 0.1 -

A number of transport parameters are common to any model created in this
study. To avoid the repetition of these parameters, and unless the contrary is
stated, these are going to be the default transport values for all the models once
the conversion has been made:

Table 3.4: Common transport parameters
Parameter Aquifer Concrete Pipe
Porosity (φ) 0.2 0.1 0.99999

Molecular diffusion (Dm) (m2/d) 0.19 0.25 0.013
Retardation (Rt) 2.5 5.4 -

Importance of the determination of dispersion

Taking into consideration the general heat transport equation ?? deduced in
the second section of this chapter, we can substitute some values so as to get a
first approximation of the orders of magnitude of the problem:
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� ρ′c′ = 2.12.106J.m−3.K−1

� λe = 162605J.m−1.K−1.d−1

� q = 0.2m.d−1

� ρwcw = 4.18.106J.m−3.K−1

Then, the conductive-diffusive term will be:

(λ+ αρwcwq) = 162605 + 183600α(J.m−1.K−1.d−1) (3.14)

Depending on the value of α conduction will be more important than dis-
persion:

α = 1 ⇒ dispersion ∼= 5conduction

α = 0.1 ⇒ dispersion ∼= 0.5conduction




