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a b s t r a c t

The earth-air heat exchanger (EAHE) or “Puits canadien” in French consists of buried pipes for the hy-

gienic ventilation of a building. This allows a preheating of the ventilation air in winter and a passive

cooling in summer. This technique uses the thermal capacity of the earth to buffer and phase out the

periodic variation of the outside temperature. Various numerical models, validated by experimental mea-

surements, have been made to simulate heat transfer and condensation over a period of one year. To

resolve the unsteady 3D configuration of the problem, a pseudo 3D model was used to determine the

temperature field. As the circulating air also carries moisture, a phenomenon of condensation will take

place, creating a particular biotope that can contaminate the hygienic air by the biocenosis. The first part

of the study is the condensate evaluation. It will be supplemented in a second step by a metagenomic

study of biocenosis.

© 2019 Elsevier B.V. All rights reserved.
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. Introduction

As the soil can be assimilated to a semi-infinite homogeneous

edium, the periodic variation of its temperature is damped and

ut of phase with the variation of the temperature of the surface

emperature [1–4]. To benefit from this damping and phase shift,

he air required for the hygienic ventilation of a building passes

hrough one or more pipes buried in the ground, making it possi-

le to reduce the consumption of a building both during the winter

eriod and summer. This technique is part of passive air condition-

ng systems [5].

This principle of ventilation is very old, it was already used by

ranian architects in 3000 BCE who used underground tunnels and

ind tower or “catch-wind” for the cooling and heating of build-

ngs [6–8].

The aim of this study is to create a numerical model for the

imulation of an earth-air heat exchanger (EAHE) to quantify the

ondensates produced during certain periods of the year. Indeed,

tagnant condensates in an earth-air heat exchanger can be at the

rigin of the development of molds and bacteria representing a

ealth risk that it is necessary to study, although the presence of

lters at the level of the ventilation system seems to be a sufficient

easure to avoid this health risk, as demonstrated in the studies

9] and [10].
∗ Corresponding author.
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p

t

t

c

r

ttps://doi.org/10.1016/j.enbuild.2019.109532

378-7788/© 2019 Elsevier B.V. All rights reserved.
We propose a predictive study on the formation of condensates

ithin the heat exchanger, for which we developed a pseudo 3D

odel using the COMSOL Multiphysics software and a MATLAB in-

erface. The model allows to evaluate the quantity of condensates

n the EAHE and its temperature, at any given time step.

First, in order to validate the pseudo 3D model, the condensa-

ion phenomenon will be neglected, which has no significant im-

act on heat transfer. The results obtained will be compared to 3D

odels as well as data collected on an existing installation moni-

ored continuously.

The simulations are carried out for a complete year with a time

tep limited of one hour to be able to study the effects of the ex-

hanger on the periodic annual or daily variation of the tempera-

ures.

. Brief state of the art

The indoor air quality in buildings is particularly studied given

he impacts on the health and productivity of the occupants

11,12]. The objective is to reduce the ventilation rates to limit

he energy consumption of the buildings while guaranteeing the

ir quality. To characterize the air quality in buildings, we find es-

entially studies on physical and chemical pollutants [8,13,14]. The

ollution by biological agents is not generally used to characterize

he air quality, it will be the subject of a study complementary to

his one. The health risk associated with the development of mi-

roorganisms in EAHE has already been studied [15]. The health

isk exists but is limited, a difference between bacteria and mould

https://doi.org/10.1016/j.enbuild.2019.109532
http://www.ScienceDirect.com
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2019.109532&domain=pdf
mailto:geoffroy.chardome@umons.ac.be
https://doi.org/10.1016/j.enbuild.2019.109532


2 G. Chardome and V. Feldheim / Energy & Buildings 205 (2019) 109532

h

t

c

s

e

Nomenclature

a thermal diffusivity, m2.s−1

c specific heat capacity, J.kg−1.K−1

ca specific heat capacity of dry air, J.kg−1.K−1

cH specific heat capacity of moist air, J.kg−1.K−1

cv specific heat capacity of water vapor, J.kg−1.K−1

ea average absolute error on temperature, K

emax maximum error on temperature, K

f friction factor

hsurface convective heat transfer coefficient at the interface

between the ground and the external environment,

W.m−2.K−1

htube convective heat transfer coefficient at the inner sur-

face of the pipe, W.m−2.K−1

iair air specific enthalpy, J.kg−1
dry air

isat specific enthalpy of the air at saturation for the

temperature of the inner surface of the pipe,

J.kg−1
dry air

k thermal conductivity, W.m−1.K−1

KD diffusion coefficient of material, kg.s−1.m−2

Lc latent heat of condensation, J.kg−1

ṁair air mass flow, kg.s−1

ṁcond condensates mass flow, kg.s−1

M mass flux, kg.s−1.m−2

�n unit normal vector

Nu Nusselt number

Pr Prandtl number

q0 latent heat flux at the inner surface of the pipe,

W.m−2

qsolar solar heat flux, W.m−2

qtot total heat flux at the inner surface of the pipe,

W.m−2

Qconv convective heat flow, W

Qlat latent heat flow, W

Qtot total heat flow, W

Re Reynolds number

Ssection heat transfer surface for the considered section,

m²
T temperature, °C
Text outside temperature, °C
Tair air temperature, °C
Tenv environment temperature, °C
Twall temperature of the inner surface of the pipe, °C
�∇T gradient of temperature, K.m−1

vwind wind velocity, m.s−1

x humidity ratio, kgwater .kg−1
dry air

xsat saturation humidity ratio, kgwater .kg−1
dry air

Yair vapor mass title of the air, kgvapor .kg−1
mixed

Ysat vapor mass title of the air at saturation for the

temperature of the inner surface of the pipe,

kgvapor .kg−1
mixed

Greek symbols

ε emissivity

ρ density, kg.m−3

σ Stefan–Boltzmann constant, 5,67.10−8 W.m−2.K−4

Subscripts

in the inlet of the considered section

out the outlet of the considered section

wall of the pipe wall

wall,m average of the pipe wall
as been made. The material used for the pipes has no impact, but

he filters must be given special attention and the EAHE regularly

leaned.

The EAHE technique has been studied all over the world and

ome articles make the state of the art on the research in this field,

ssentially on the thermal aspects related to this technique.

- A special analysis on the coupling of EAHE to a mechanical ven-

tilation system was done in [16]. The conclusion of this study

is that an EAHE can be installed in different types of climate

and be designed both for cool climates (e.g. Germany) and for

warmer countries (e.g. India). Many types of buildings combine

ventilation systems with EAHE and if the thermal conception

is good and the EAHA is coupled with other low-energy cool-

ing techniques (e.g. night cooling), an air-conditioning system is

not necessary.

- The performance of an EAHE depends on the earth surface con-

ditions and can be improved significantly by appropriate modi-

fication on the earth surface [17]. In a cold climate, by blacken-

ing and glazing the earth surface and in a hot and dry climate,

by shading and wetting the earth surface.

- A study that defines general climate independent design guide-

lines for daily or annual temperature damping based on air flow

has been reported by Hollmuller et al. [18]. The lack of interest

in preheating ventilation air when the EAHE is coupled with a

heat recovery unit has also been proven. An analysis of the oc-

currence of condensation in the EAHE for a central European

climate showed that the risk is insignificant for a shallow and

compact configuration (daily damping) but present for a deep

and distant pipe configuration (annual damping).

- Soni et al. [19] have focused their work on the ground cou-

pled heat exchanger (GCHE) and specially on performance of

both types of GCHE systems namely: earth–air heat exchanger

(EAHE) and ground source heat pump (GSHP) systems. The pay-

back period for EAHE is small but the energy saving is more im-

portant for GSHP. The EAHE systems technology is well estab-

lished whereas GSHP systems technology needs to be accepted

in developing countries. However, they would make it possible

to limit energy consumption and therefore the construction of

production systems.

- Various experimental and analytical studies have described in

detail [20,21] the effects of geometry, airflows and soil charac-

teristics on the performance of EAHE [22]. The inlet tempera-

ture and flow velocity of the air have a significant effect on the

thermal performance of EAHE system. The knowledge of soil

thermo-physical properties is crucial, but the pipe material has

a minimal effect on the overall heat transfer between air and

soil. It is recommended to use multiple pipes of small diame-

ter instead of single pipe with a large diameter but while using

multiple pipes, the spacing between pipes becomes a critical

parameter when EAHE is put under operation continuously for

longer durations in harsh ambient conditions. To reduce the in-

stallation’s costs the distance between the pipes should be re-

duced gradually along the length of pipe because heat trans-

fer rate at the upstream section of pipe is higher than that at

downstream section. A depth of EAHE pipe greater than 3–4 m

does not bring any improvement compared to a classical depth

of about 2 m because the ground temperature varies little be-

yond this and the duration of operation of EAHE system should

be managed aptly in such a manner that the ground recovers

its thermal properties.

- An analysis of research in the field in Turkey [6] and in India

[23] shows the utility of EAHE system to save energy by pre-

heating and precooling air for the air conditioning of buildings

and to reduce power consumption, CFC and HCFC consumption

and greenhouse gas emissions. For the moment United States
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Fig. 1. Scheme of the monitored installation and location of the thermocouples.
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and Europe are world leaders in the use of EAHE systems but

the development potential is present all over the world.

. Experimental setup and results

.1. Installation analyzed

The installation is located on the site of the Technical Cam-

us of the “Haute École en Hainaut” (HEH) in Mons, Belgium. Its

cheme is given on Fig. 1.

The EAHE is made of HDPE (High Density Polyethylene) and

onsists of a suction element associated with a vertical shaft with

diameter of 375 mm which sinks into the ground to a depth of

.25 m. It is then divided into two pipes each of 25 m’s length hav-

ng an inside diameter of 140 mm and forming an angle to ensure

distance of 1 m between them and thus to prevent one pipe from

nfluencing the temperature of the soil around the second pipe. A

lope of 3% ensures the evacuation of the condensates.

Given the EAHE layout, approximately halfway along their hori-

ontal course, the pipes make a 90° horizontal angle. At the end

f their horizontal course they join again in a vertical shaft of

75 mm diameter and 2 m depth and in which the condensates ac-

umulate. Two to three times a year, the condensates are removed

sing an empty cellar pump installed for this purpose. Unfortu-

ately, in 2015, there has been no monitoring system to measure

he condensate quantities discharged. Once the air comes out of

his vertical shaft, it enters the building’s crawl space through a

ully insulated pipe (to reduce the heat losses) and is then sucked

y a controlled mechanical ventilation system with heat recovery,

hich pulses this air in a control room.

It should be noted that the depth of the installation is not op-

imal. The EAHE is expected to have an average depth of about
.25 m, while the installation was conducted at an average depth

f 1.625 m. The soil temperature therefore varies more during the

ear and the potential for cooling in summer and preheating in

inter is reduced. It is the presence of the water table that has

mposed the limitation of the depth of the EAHE, because although

he water and the radon tightness of this one is ensured by heat-

hrink sleeves, it was technically difficult to dig below the level of

he water table. The presence of the latter nevertheless has a pos-

tive effect, as it promotes the exchanges between the EAHE and

he soil.

The fan speed is kept constant throughout the year, the pres-

ure drops of the installation varying little, the air flow rate will

e considered constant. The measured value is 250 m³.h−1.

.2. Measurement system

The installation is equipped with waterproof and shielded ther-

ocouples to prevent any measurement error due to the conden-

ation on the thermocouple. They are of type “T” 6 × 150 mm stain-

ess steel sheath with waterproof terminal block and PVC head.

he connection is made of type “M20” and is done by adapted

VC cable gland. The compensation cable is also made of type

T” 2 × 1.34 mm² PVC insulated with internal foaming foil of alu-

inum. It is possible to measure the temperature of the ground,

f the outside air, in different places of the EAHE and obviously at

he exit of the EAHE itself.

A thermocouple of type “T” is composed of copper and con-

tantan (copper and nickel alloy). Its accuracy is very important,

nd the standard error is of the order of 0.1 °C.

The air flow rate is measured twice a month at the supply air

rille with a funnel and an anemometer.
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Table 1

Physical characteristics of the soil.

c ρ k a ε

J.kg−1.K−1 kg.m−3 W.m−1.K−1 m².s−1

Soil 1000 1800 0.58 3222.10−7 0.95
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3.3. Type of soil studied

Given the completion of a geotechnical campaign, due to the

works related to the pipeline of a nearby river, the depth of the

water table (2.5 m) and the soil composition at the EAHE level are

known [24]. It is composed of a brown sandy-stony backfill, whose

characteristics are given in Table 1. The density was measured dur-

ing the geotechnical campaign, the other characteristics were cho-

sen according to the nature of the soil [25]. A sensitive study on

heat capacity and thermal conductivity will be presented in point

5.3.

3.4. Experimental results

Every 15 min, the measuring system records the outside tem-

perature, the soil temperature at 2 m depth, the temperatures in

each pipe every 5 m and the temperature at the output of the

EAHE. To limit the simulation data, an average of the measure-

ments has been made to get hourly values. The probe measuring

the ground temperature is located between the pipes but deeper.

The distance between the probe and the pipes is 70 cm, the re-

sult of the measurement is therefore impacted by the presence

of the pipes. Normally, the annual average of the outside tem-

perature (12.4 °C) and soil temperatures (14.6 °C) should be the

same.

The EAHE is monitored since June 2014. For this article the ref-

erence year is the year 2015 because it’s the first full year. In order

to limit the impact of the choice of the initial values in the numer-

ical models, the readings start on 01 December 2014 at 01:00 am,

which corresponds to the time - 743. January 01, 2015 at 00: 00 h

is taken as a reference at 0 o’clock and January 01, 2016 at 00: 00

o’clock corresponds to the time 8760.
Fig. 2. Soil temperature measured at 2 m depth and EAHE inlet and outl
.5. Flow and velocity of the air within the EAHE

Since the installation is actually composed by two pipes, it is

nteresting to observe the evolution of the temperature inside each

ube. For that, we compared the temperatures at the probes 8.3

nd 8.4, both placed at a distance of 11.20 m from the EAHE inlet

nd illustrated in Fig. 1.

Fig. 3 shows that the temperatures given by these two probes

re very close and it can be concluded that the phenomena (in

articular the heat transfers) are identical within each pipe. The

ir velocity inside the pipes being the only unknown influenc-

ng the heat transfer, it must have a fairly close value in both

ipes, and we can say that the flow is evenly distributed inside the

ipes.

The total measured air flow circulating in the EAHE is

50 m³.h−1, so we consider that an air flow of 125 m³.h−1 circu-

ates inside each pipe.

. EAHE models

.1. EAHE’s models in the literature

The modelling of EAHE has already been the subject of many

tudies. Their goals can be variable. It can be a question of val-

dating the results obtained using a simplified analytical model

y comparing them with the results obtained using a numeri-

al model or validating a model, whether analytical or numer-

cal, by comparing the results of simulations with experimental

alues.

The modelling of heat transfers in the soil matrix is complex

hich explains the number of studies on the subject. Given the

eterogeneous nature of the soil matrix, it is necessary to make

implifying assumptions because of the difficulty of obtaining an

xact analysis of the composition of the soil matrix and the num-

er of physical phenomena taking place in the system.

There are different kinds of models. The most simplified studies

se a 1D model by considering the temperature of the soil matrix

s a fixed parameter and therefore do not consider the influence

f the heat transfer between the soil and the air circulating in the

ell on the temperature of the soil matrix [26–28]
et temperatures during the period from 01/12/2014 to 01/01/2016.
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Fig. 3. Temperatures at the probes 8.3, 8.4 and absolute difference between these measures during the period from 01/12/2014 to 01/01/2016.
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Fig. 4. Full-scale 3D model.
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A more complex model has been developed by Pierre Holl-

uller [29]. It’s an in-depth analytical theoretical model validated

y numerous in situ measurements to establish simple rules for

he sizing of EAHE such as “the thumb rule”. A sensitivity study

n the physical characteristics of the soil and the heat transfer dy-

amics are analysed in the ideal case of a single tube buried in the

round. This model has been validated against a complete analyti-

al solution as well as against two in-situ monitored systems with

mportant latent heat transfers [30].

Pierre Tittelein [31] proposes a numerical model based on the

OMSOL software that discretised the well in different parts. In

ach slice, a calculation of response factors is performed using

OMSOL to reduce the calculation time. The proposed model is

hen compared to an analytical model. He showed that the flow

f heat entering the tube is a function of the temperature of the

ir flowing through the pipe. To find the output temperature, a

eat balance equation is applied. The problem encountered using

he model mentioned above is that it took a long time to calculate

he behaviour of the heat exchanger accurately due to the type of

esh required.

Other numerical models using finite element or finite difference

onsider the complete geometry of the problem in 2D [32] or in 3D

33]. Some models do not consider the fact that the entire soil is

nfluenced by the exchanger [34]. Others solve a thermal balance at

he surface of the ground and a model of exchanger with a single

ube like [35].

Lee et al. [36] used the Energy Plus software and created a

athematical model. A detailed algorithm was used to calculate

he evolution of the soil temperature for each pipe and for each

ime step. Thiers et al. [37] laid several tubes in parallel at the

ame depth. The finite volume method with a limited number of

odes was used. Two concentric cylindrical meshes were used for

ach tube to study the interaction between several parallel pipes

aid at the same depth.

In our study, we propose three different models to study the

AHE: two 3D numerical models (complete and simplified) and a

seudo 3D model. The 3D models accurately consider the 3D heat

iffusion inside the soil and at the level of the pipes, but only con-

ider sensible heat transfers. The pseudo 3D model can also take

nto account the condensation phenomena.
 fi
.2. 3D numerical model

To model the heat transfer and fluid flow in our system, the 3D

odels use “physics” modules available in COMSOL software. The

odule “heat transfer in solids” to model the thermal behavior of

oil and “heat transfer in pipe” for the EAHE modeling.

A complete model (Full-scale 3D model) and a simplified model

Simplified 3D model) were carried out in order to compare the re-

ults between them and with the experimental data to check the

implifying assumption applied to the simplified model. In this lat-

er model, the vertical parts and bends are not considered.

The full-scale 3D model, represented on the Fig. 4, has a depth

f 2.5 m, a width of 14 m and a length of 23 m. The simplified 3D

odel, represented on the Fig. 5, has a depth of 2.5 m, a width of

.5 m and a length of 25 m.

.2.1. Initial condition

The initial condition of the soil is set as follows, the tempera-

ure of the soil matrix was defined as being equal to the soil tem-

erature at a depth of 1 m on December 1, 2014, date of the begin-

ing of simulation. It is therefore 15.2 °C.

.2.2. 3D models boundary conditions

The different boundary conditions of the 3D models are identi-

ed on Tables 2 and 3.
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Table 2

Boundary conditions of the complete 3D model.

Table 3

Boundary conditions of the simplified 3D model.

Fig. 5. Simplified 3D model.
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Boundary 1 represents the interface between the ground and

the external environment. The boundary condition is expressed in

the form:

�n ·
(
k · �∇T

)
= qsolar + hsur face · (Text − T ) + ε · σ ·

(
T 4

env − T 4
)

(1)

To simplify the model, the temperature Tenv is assimilated to

the temperature Text. Boundary 2 is considered to be adiabatic.

Boundary 3 represents the water table, it is a Dirichlet condition.

The imposed temperature has been defined as the arithmetic mean

of the outside temperatures of 2015: 12.4 °C. Boundary 4 is the

symmetry plane of the model and will therefore be considered

adiabatic. Boundary 5 represents the inside of the tube, modelized

by the physics “heat transfer in pipe” and which considers an in-

ternal film resistance characterized by a Nusselt number of 3.66

(calculation of the viscous boundary layer) for the circular sections

and a conductive heat transfer within the material composing the

pipe. The thickness of the pipe is 1 mm and its conductivity k is

0.49 W.m−1.K−1.

4.3. Pseudo 3D numerical model

In the pseudo 3D model, the EAHE is discretized over its length

in different parts called sections (Fig. 6). The heat transfer between

the soil and the interior air of the EAHE is considered uniform
ithin the section and is calculated in the normal plane to the

ube (2D inlet of the section).

Different phenomena take place within the soil: conduction,

onvection and radiation. For a simplified approach of the tem-

erature field in the soil, a pure conductive model is acceptable.

ndeed, the radiative transfer is rather weak considering the small

emperature gradients. Evaporation and convection can also be ne-

lected as demonstrated by a study on heat transfer in porous me-

ia [38]. After having analyzed both 3D models, we have checked

hat the vertical parts of the EAHE, with a large internal diam-

ter of 375 mm, have a very limited impact on the global heat

ransfer. The vertical parts accounted for 4.8% of the global heat

ransfer the coldest day of the year, and for 1.1% the warmest

ay of the year. So, they have not been integrated in the pseudo

D model.

The initial condition is identical to the one of the 3D models

resented previously.

.3.1. Boundary conditions of the pseudo 3D model

The different boundary conditions of the pseudo 3D model are

dentified on Fig. 7.

The boundary conditions of the pseudo 3D model are identical

o those of the 3D models described in the 4.2.2 point except for

he boundary 5. For this boundary, at first, only convective heat

ransfer has been considered. This corresponds to a Fourier condi-

ion (see algorithm on Fig. 8). In a second time, the phenomenon

f condensation is taken into account and a Neumann condition

ill be added. The energy balance on the 5th boundary is then ex-

ressed as follows:

� ·
(
k · �∇T

)
= htube · ca

cH

· (Tair − Twall )︸ ︷︷ ︸
Fourier condition

+ q0︸︷︷︸
Neumann condition

(2)

Twall is known at each node of the boundary and we take then

n average value Twall,m to evaluate the mean heat transfer coeffi-

ient. Knowing the air temperature and its velocity, the mean wall

emperature, we evaluate Re, Pr and Nu numbers to determine the

onvective heat transfer coefficient between the air located in the

ection and the inner wall of the pipe.
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Fig. 6. Pseudo 3D modeling, discretization of the EAHE in different sections.

Fig. 7. Boundary conditions of the pseudo 3D model (2D inlet section).
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f and Nu have been calculated with the Gnielinski’s formula

39,40]:

f = (0, 790 · ln Re − 1, 64)
−2

f or smooth tube (3)

u =
f
8

· (Re − 1000) · Pr

1 + 12, 7 ·
(

f
8

) 1
2 ·

(
Pr

2
3 − 1

) f or

[
0, 5 < Pr < 2000

2300 < Re < 5.106

]
(4)

Prandtl and Reynolds numbers are respectively around 0.716

nd 22.10³ within the EAHE.

To determine if there is condensation, the humidity ratio x of

he air entering the section is compared to the saturation humidity

atio xsat for the temperature Twall,m at each time step. If x is higher

han xsat, there is condensation and q0 must be determined. Fick’s

aw applied to our case study, can be written:

= KD · (Yair − Ysat ) (5)

Knowing that for an air-water mixture the Lewis number is

onsidered equal to 1, we can establish that for the cooling of

oist air in direct contact with a wall, the total flux is given as

ollows:

tot = htube

cH

·
(
iair − isat

(
Twall, m

))
(6)

To determine the flux to be considered at the level of the 5th

oundary, Eq. (6) has to be put in the form of Eq. (4). After reso-

ution, we obtain:

0 = htube

cH( ( ( ) ) ( ( )))

· cv · x · Tair − xsat Twall,m · Twall,m + Lc · x − xsat Twall, m (7)
.3.2. Integration along the tube for the pseudo 3D model with

ondensation

This integration is done according to the algorithm illustrated

n Fig. 8 and explained below. The algorithm used for heat trans-

er between dry air and soil is similar to the one developed by

lmer and Schiller [41]. Consideration of heat transfer due to con-

ensation refers to the algorithm presented by Boulard et al. [42],

alidated by experimental data [33] and integrated in TRNSYS for

ulti-pipe systems [30].

The result of the 2D simulation (COMSOL without condensa-

ion) gives the average temperature at the wall surface of the tube

or each hour. With this temperature Twall, m we can calculate the

sat and compare this value to the humidity ratio x at the inlet

f the section. For each time step, a flux is calculated accord-

ng to Eq. (7) when there is condensation and taken equal to 0

hen there is not. This heat flux is added to the fifth bound-

ry of the COMSOL model and a new simulation allows us to de-

ermine the total heat flux Qtot and a new temperature Twall, m.

n the entire section, the total heat flux is considered uniform

etween the internal surface of the pipe and the air circulating

nside.

conv = htube.
(
Twall,m − Tair,in

)
.Ssection (8)

Knowing Qtot and Qconv, we can calculate Qlat when there is

ondensation and the temperature and the absolute humidity at

he end of the section, considering cH as a constant along the sec-

ion.

tot = Qconv + Qlat

= ṁair.cH (Tair,out − Tair,in) + ṁair · Lc · (xair,out − xair,in) (9)
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Fig. 8. Algorithm for solving the unsteady pseudo 3D problem considering condensation.
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The temperature and the humidity ratio of the air at the exit

f the considered section are then returned in the model as being

he air temperature and the humidity ratio at the inlet of the next

ection.

The condensate flow produced is then calculated for the con-

idered section to determine the total amount of condensate pro-

uced in the whole EAHE at each time step.

˙ cond = Qlat

Lc
(10)

This model only considers condensation, but not evaporation.

he pipes have a slope of 3% which allows condensates to ac-

umulate in the bottom of the vertical pipe at the outlet of the

AHE. The free surface is relatively small, and the evaporation

henomenon is limited. Two to three times a year, the conden-

ates are removed using an empty cellar pump installed for this

urpose.

. Sensitivity analysis, without condensation

To identify the parameters having an important influence on

he results of the simulations, a series of sensitivity study was car-

ied out, as defined in Sections 5.1–5.7. As the purpose of both 3D

odels – complete and simplified – is to validate the results ob-

ained by the pseudo 3D model, the sensitivity study will mainly

ocus on the pseudo 3D model (but without condensation phe-

omena, which will be treated in Section 6). The results of the

ensitivity analysis are summarized in Section 5.8 and given in all

etails is the Appendix.

In order to compare the accuracy of the different simulations,

e calculated at the end of the pipe the temperature difference be-

ween the measured values and the simulated values for the whole

ear of 2015. We then calculated an average of the absolute values

f the errors according to the formula:

a =
∑8760

j=1

∣∣Tmeasured j − Tsimulated j

∣∣
8760

(11)

max = max8760
j=1

∣∣Tmeasured j − Tsimulated j

∣∣ (12)

.1. EAHE discretization

This parameter was only analyzed for the pseudo 3D model.

ach horizontal part of the EAHE is 25 m long and the air flow

onditions are identical in both pipes constituting the EAHE. Sev-

ral numerical simulations were performed by discretizing the to-

al length of the EAHE into different parts or segments: 1 × 25 m

only one segment), 5 × 5 m (5 segments), 10 × 2.5 m (10 segments)

nd 25 × 1 m (25 segments).

.2. Slope of the EAHE

The depth of the “horizontal” parts of the EAHE is 1.2 m at the

nlet and 1.95 m at the outlet, given the 3% gradient allowing the

ondensate flow. In the pseudo 3D model, this slope can be consid-

red by giving each section of the EAHE its actual average depth.

n the full-scale 3D model and the simplified 3D model, the slope

s easily modelized.

.3. Soil characteristics

The density of the soil could be measured and determined

nd therefore will not be modified. Regarding the thermal capac-

ty and the thermal conductivity of the soil, they were chosen

ased on the usual values for the type of soil considered (see

able 1). However, due to the heterogeneous nature of the soil,
ifferent simulations have been carried out taking into account a

eat capacity of 1000 or 900 J.kg−1.K−1 and a thermal conductiv-

ty of 0.58, 0.85 or 1 Wm−1.K−1 which may vary due to moisture

25].

.4. Depth and temperature of the water table

The depth of the water table was estimated at 2.5 m based on

soil analysis report. Since the depth of the water table may vary

ver time, simulations for depths of 2.05 m, 2.5 m, 3 m, 4 m, 10 m

nd 50 m have been carried out.

The water table temperature is the third boundary of the nu-

erical model as shown in Fig. 7. It was initially taken equal to the

verage annual outdoor temperature (12.4 °C). In a second time,

his water table temperature has been considered as equal to the

onitored soil temperature at 2 m depth (Fig. 2), i.e. variable over

ime. Finally, it was considered equal to the annual average of the

onitored soil temperature (14.6 °C).

.5. Convective heat transfer coefficient along the tube wall

This parameter was only analyzed for the pseudo 3D model. For

he first simulations, this htube coefficient was considered constant

nd equal to 9.26 W.m−2.K−1, the value obtained for the average

emperature of the year, 12.5 °C.

In a second step, this coefficient was considered as variable in

he simulations and calculated at each time step and for each sec-

ion according to the thermal and mechanical characteristics of the

ir according to formulas 3 and 4 at the boundary 5. Its value

aries between 9.05 W.m−2.K−1 and 9.49 W.m−2.K−1.

.6. Convective heat transfer coefficient at ground level

For the first simulations, hsurface coefficient was considered con-

tant and equal to 23 W.m−2.K−1. In a second step, the coefficient

as considered as variable in the simulations and calculated at

ach time step according to the thermal characteristics of the air

nd the wind speed. To calculate this coefficient, two methods

ere used.

For the first method, the flow is considered as a longitudinal

ow parallel to a plate of length d. The length was initially consid-

red to be equal to 10 m to be modified after by varying the value

f d in steps of 5 m from 10 m to 55 m.

The empirical formulas in [39] allowing the calculation of this

onvective heat transfer coefficient are:

u = 0, 664 · Re0,5 · Pr
1
3 f or Re < 4 · 105 (13)

u = 0, 037 · Re0,8 · Pr
1
3 f or Re ≥ 4 · 105 (14)

The Reynolds number is calculated on the basis of the wind

peed and the selected characteristic dimension d. The hsurface val-

es obtained for a d equal to 10 m are between 0 W.m−2.K−1 and

2.53 W.m−2.K−1, whereas for a d equal to 55 m, they vary be-

ween 0 W.m−2.K−1 and 30.24 W.m−2.K−1.

The second method is based on an empirical equation taken

p from the works and articles [43,44] linking the hsurface con-

ective heat transfer coefficient and the wind speed. This equation

s:

sur face = 0, 5 + 1, 2 · √
vwind (15)

.7. 2D model and 3D model meshes

In the pseudo 3D model, there is a 2D finite element mesh in

he section of the EAHE. Several simulations were performed using

ifferent meshes to ensure the needed mesh independence of the
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Table 4

Characteristics of the various studied meshes.

Fig. 9. Pseudo 3D model: maximum versus average error, for the different simula-

tions.

Fig. 10. 3D models: maximum versus average error, for the different simulations.
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model. The COMSOL software allows a choice of semi-automatic

mesh whose characteristics for a water table located at 2.5 m are

shown in Table 4.

5.8. Results of the sensitivity study

The results of the sensitivity analysis are summarized in Fig. 9

(Pseudo 3D model) and 10 (3D models), in terms of maximum and

average absolute hourly difference with the monitored data (see

Eqs. (11) and (12)). Detailed simulation results by scenario can be

found in the Appendix in Fig. 13 for the results of the pseudo 3D

model and Fig. 14 for the results of the 3D models.

We can see on Fig. 9 that the numerical simulations make it

possible to obtain interesting results. The set of simulations also

tends to prove that the discretization of the EAHE, in the pseudo
D model, in a large number of segments does not bring any im-

rovement on the precision of the results. However, the compari-

on of the results with the simulations carried out for a single seg-

ent (equal to the total length of the EAHE - (Appendix, Fig. 13,

imulation number 9, 15, 24 and 27)) puts forward the importance

f discretization the length of the EAHE into several sections as

hown in Fig. 9.

As can be seen in Fig. 10, the results obtained with the

D models are quite close to the results of the pseudo 3D

odel and are not more accurate. The pseudo 3D model is

herefore validated, and the condensation will be integrated

nto it.

Taking into account the slope of the EAHE would have a detri-

ental effect on the results, and this phenomenon could be related

o the presence of the water table close to the EAHE. Indeed, the
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Fig. 11. Quantity of condensates produced in 2015 in one of the two tubes - results of the pseudo 3D model.

Fig. 12. Exhaust air temperatures measured and simulated and wall temperature at the outlet on the basis of the pseudo 3D model with condensation.

d

o

m

a

w

t

t

b

w

n

t

t

t

s

eeper the water table, the more the consideration of the slope

f the EAHE in the simulations gives results close to the experi-

ental readings compared to taking a constant EAHE depth. The

verage absolute error on temperature ea decreases of 0.04 K for a

ater table depth of 2.5 m (Appendix, Fig. 13, comparing simula-

ion numbers 10 and 65), decreases of 0.18 K to 0.15 K for a water

able depth of 10 m (Appendix, Fig. 13, comparing simulation num-

ers 16 and 19, 17 and 20, 18 and 21) and decreases of 0.16 K for a

ater table depth of 50 m (Appendix, Fig. 13, comparing simulation

umbers 22 and 23).

The so-called “Normal” mesh (see Table 4) makes it possible

o obtain sufficiently precise results and it is thus not necessary

o choose finer meshes unnecessarily increasing the computation

ime.

Besides this general result, we would like to point out following

pecific issues:

- Physical properties of the soil:

◦ They have an impact on the results of the simulations. For

discretization in 10 or 25 segments, when the conductiv-

ity changes from 0.58 to 0.85 W.m−1.K−1, the results are
more accurate of 0.11 K compared to the experimental data

if the depth variation of the EAHE is taken into account

(Appendix, Fig. 13, comparing simulation numbers 13 and

54, 14 and 55). In the case of a fixed depth of 1.2 m, its im-

pact is very small about of 0.01 K (Appendix, Fig. 13, com-

paring simulation numbers 10 and 50, 11 and 51). Taking a

heat capacity of 900 instead of 1000 J.kg−1.K−1, or chang-

ing the heat conductivity from 0.85 to 1 W.m−1.K−1, does

not influence significantly the results of the simulations es-

pecially if the depth variation of the EAHE is taken into ac-

count, no more of 0.02 K (Appendix, Fig. 13, comparing sim-

ulation numbers 48 and 54, 49 and 55, 53 and 59, 54 and

60, 55 and 61).

- Convective heat transfer at ground level:

◦ The second method for calculating hsurface gives results of

simulations higher than 0.44 K in ea compared to the results

obtained with the first method of calculation and a refer-

ence length d of 10 m (Appendix, Fig. 13, simulation number

62 and 65).

◦ By increasing the distance d from 10 m to 55 m, the hsurface

will be increased and the results of the simulations will be
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Table 5

Average absolute and maximum errors for the different simulations compared to the experimental data.

3D Simplified Full-scale 3D model Pseudo 3D without condensation Pseudo 3D with condensation

ea 0.95 0.92 0.70 0.72

emax 3.46 3.17 2.95 2.98
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improved in the order of 0.07 K in EA (Appendix, Fig. 13,

simulation number 65 at 73).

- Convective heat transfer inside the EAHE

◦ The choice to compute the htube for each time step and

for each section does not really influence the results of the

simulations compared to a fixed value of 9.26 W.m−2.K−1

(Appendix, Fig. 13, simulation number 25 at 45).

6. Numerical simulation, with/without condensation

The parametric study concluded that the optimum non-

condensing pseudo 3D model was a EAHE discretized in five

segments whose slope is taken into account and for which the

depth of each section will be different. ρ is 1800 kg.m−3, c is

1000 J.kg−1.K−1 and k is equal to 0.58 W.m−1.K−1. The depth of the

water table being variable throughout the year, a depth of 2.5 m

was considered. The convective heat transfer coefficients along the

tube and soil surface were considered variable and calculated for

each time step and each section. The convective heat transfer co-

efficient at the soil surface was calculated with a flow considered

to be longitudinal and parallel to a plate of length d equal to 55 m.

The mesh was chosen semi-automatically and defined by the soft-

ware as “Normal”. The simulation results for the different models

studied are shown in Table 5.

With those results we can confirm the simplifying assumptions

made on the simplified 3D model and pseudo 3D models. Taking

into account condensation does not significantly impact the results

of the simulations. This is due to the small amounts of condensate

produced during the year as shown on Fig. 11.

A phenomenon currently studied [45,46] could explain the dif-

ferences between measured and simulated values. Indeed, the

physical characteristics of the soil are considered constant through-

out the year, while its humidity varies over time and modifies its

physical characteristics.

The total amount of condensate produced in the EAHE (2 tubes)

during the year 2015 is 25.22 kg (result of the simulation of the

pseudo-3D model). It is during June, July and August that most of

the condensation takes place. Outside this period, we note a low

condensate production taking place around the 10/01/2015. This is

due to outside temperatures above seasonal normals and a rela-

tively high relative humidity.

The average of the temperatures of the inner surface of the

last segment of the pipe Twall,m,n is quite close to the temperature

of the condensates produced, so we can see that these conden-

sates will have temperatures between 6 °C and 23 °C, illustrated on

Fig. 12. These temperatures are very conducive to the development

of psychrophilic microorganisms.

7. Conclusion and future work

After a state of the art on the EAHE technique, we presented the

installation studied and the monitoring system as well as the re-

sults obtained. We then developed different models of EAHE: com-

plete 3D model, simplified 3D and pseudo 3D after a study of the
odels encountered in the literature. To identify the parameters

aving a significant influence on the results of the simulations,

sensitivity study was carried out. We have finally been able to

odel the condensation phenomenon and to characterize the con-

ensates obtained using the pseudo 3D model.

We can conclude that the difference between the results of the

imulations and the measurement is quite small. A conclusive nu-

erical model has been developed and can serve as a basis for

urther studies although some parameters may still require further

nalysis.

The pseudo 3D model could be improved by taking into account

he evaporation phenomenon. This occurs partly in the pipes but

ainly in the bottom of the vertical outlet pipe where conden-

ate accumulates. An analysis of the thermal conductivity of the

oil should also be carried out because this value has a significant

mpact on the results.

In the particular case of our experimental setting, simulation

hows that the geometry of the EAHE favors the generation of con-

ensate. These cannot be evacuated with a drain to avoid air con-

amination by radon. They are partly eliminated using an empty

ellar pump two to three times a year. The produced condensate

s too small to impact the temperature at the well outlet. How-

ver, should it remain within the pipes or the vertical outlet shaft

or sufficient time before evaporating again, it might allow the de-

elopment of microorganisms that could contaminate hygienic air.

s a complement to simulation, monitoring of inlet and outlet air

umidity would be a straightforward way to compute an hourly

ater balance concerning condensation, evaporation and stagnant

ater.

The pseudo 3D model will be used as a basis for characteri-

ation of the biotope. We intend to study the biocenosis by car-

ying out experimental surveys in order to know the different

pecies present by means of microscopic analyzes, cultivations and

etagenomic analyzes. As the microorganisms are identified, we

ill be able to estimate whether there is a health risk by compar-

ng the growth conditions of pathogenic microorganisms with the

iotope characteristics obtained using our numerical model.
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Fig. 13. Pseudo 3D model:
 ts of the sensitivity study.
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Fig. 14. 3D models: Results of the sensitivity study.
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