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ABSTRACT

The concept of Fondatherm is close of an earth-to-air heat exchanger (EAHE). A fan forces
the circulation of outdoor air in a buried channel over several dozen meters. This enables to
preheat or to cool it down with relatively low energy consumption. The main question is:
considering the system costs resulting from the pipe burying, is that technique of energy
supply (both for heating and cooling) competitive compared to gas, fuel or electricity? Studies
about EAHE showed that the development of competitive systems is possible, but required a
careful designing process. Several design variables such as the pipe buried depth, diameter,
and length, or still the airflow rate can enhances or downgrade the thermal transfers.
Furthermore, the surroundings factors (as for instance the soil hygrothermal properties, the
season, the climate, the operation time and more generally the control strategy) are key
factors that strongly influence the EAHE operation and performance.

In this context, the Fondatherm specifications have been discerned. The main difference
lies in its integration within the building frame, implying a stronger coupling. This can be
considered as an improvement. Indeed it results in a multi-functional building envelop
component, since Fondatherm allows to recover heat while it is participating as a structure
element. It allows saving materials (mainly concrete) which is better from an embodied
energy and carbon balance point of view. However from a thermal and energy point of view,
this strong coupling with the building is not well known and therefore needs to be mastered.
In order to improve the knowledge of the geothermal ventilated foundation, the proposed
approach consisted in, on the one hand to develop two numerical models and on the other
hand to set up a full scale monitoring of a building equipped with two 50 m long foundation.

Considering the modelling, the need for two levels of complexity quickly appeared. The
first one has a clear objective: improve the knowledge of the Fondatherm operation
conditions and of the complex governing heat transfers that are involved in the foundation
behaviour. This required a detailed model. Consequently, a coupled heat and moisture
transfer within the soil and the concrete foundation has been developed. Finite volume and
Newton-Raphson method have been used to solve the conservation equations. The second
level is concerning need of a designing tool. A trade-off between accuracy and computational
time is here mandatory. For this reason, a sensible heat transfer model, reduced by a balanced
realization technique (also called Moore method) has been proposed. The detailed model is
satisfactory regarding the soil, the foundation and the airflow domain behaviour
reproduction. The sensible (simplified) model is less accurate regarding the soil and the
foundation domain description but reproduce correctly the airflow temperature variations
within the foundation cavity.

The performance evaluation of the two models has been possible thanks to experimental
measurements carried out on a retirement home. These results also allowed carrying out an
energy and a thermal survey of Fondatherm. The energy survey proved that its performances
are interesting both for heating and cooling operating modes. It is as efficient as a traditional
EAHE, and even more while considering only the heating potential. The thermal analysis
based on a whole year statistical analysis demonstrates that the heat transfers within the
cavity are not symmetric at all. In heating mode, the main contribution comes from the upper
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horizontal and the internal vertical walls. In cooling mode, the main contribution comes from
the lower and the external walls.

KEY WORDS: geothermal, earth-to-air heat exchanger, energy, thermal, modelling, finite
volumes, experimental, coupled heat and moisture transfer.
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RESUME

Le principe de fonctionnement de Fondatherm est proche de celui d'un échangeur air-sol
(EAHE). 1l s’agit simplement de forcer 'air extérieur a circuler dans un réseau de conduites
enterrées, et ceci généralement sur plusieurs dizaines de métres de longueurs. Cela permet
de préchauffer ou de rafraichir cet air avec une consommation énergétique modeste. La
question est : prenant en compte le cofit d’achat et d’installation tel que I’enfouissement des
tuyaux, ce systéme permet-il de fournir de I'énergie a un prix raisonnable par rapport au gaz,
fioul ou a I'électricité ? Les études menées sur les EAHE montrent que le développement de
systemes compétitifs est possible, mais nécessite une conception soignée. De multiples
variables telles que la profondeur d’enfouissement, le diameétre et la longueur des tuyaux ou
encore le débit améliorent ou au contraire dégradent les transferts thermiques. Des facteurs
liés a 'environnement (tels que les propriétés hygrothermiques du sol, la saison considérée,
le climat, la durée et le mode de fonctionnement) influencent grandement le fonctionnement
des EAHE.

Dans ce contexte, les spécificités de Fondatherm ont été identifiées et analysées. La
principale différence repose sur son intégration au sein de la structure du batiment, ce qui
induit un fort couplage avec ce dernier. Ceci peut étre un avantage. La multifonctionnalité
ainsi générée - puisque la fondation géothermique a simultanément un réle d’échangeur
thermique et structurel - réduit l'utilisation de matériaux et assure un gain de place. Le
produit est donc meilleur d’'un point de vue énergétique et bilan carbone qu'un EAHE
classique. Cependant, sil’on considere les transferts thermiques, ce couplage avec le batiment
n'est pas maitrisé. Dans le but d’améliorer les connaissances sur cette fondation
géothermique, l'approche proposée consiste d'une part a développer deux modéles
numeériques, et d’autre part de mettre en place une importante instrumentation d'un batiment
équipé de deux fondations de 50 m de long.

Le besoin de deux niveaux de modélisation est apparu nécessaire. L'objectif du premier
niveau est clair: améliorer la compréhension du fonctionnement de Fondatherm et des
transferts de chaleurs complexes en son sein. Cela requiert un modeéle détaillée. Un modele
de transferts couplés de chaleur et d’humidité, a la fois dans le sol et dans la fondation en
béton a donc été développé. Les méthodes de volume finis et de Newton-Raphson ont été
utilisées pour résoudre les équations continues qui en résultent. Le deuxieme niveau résulte
du besoin d’'un outil de dimensionnement. Un compromis entre précision et temps de calcul
est donc indispensable. Pour ce faire, un modele de transferts sensible a été développé puis
réduit par une méthode de réalisation équilibrée (également appelée méthode de Moore). La
reproduction du comportement du sol, de la fondation et du flux d’air par le modele détaillé
est satisfaisante. Le modele sensible est moins précis sur les domaines sol et fondation, mais
reproduit tout de méme correctement les variations de température du flux d’air.

L’évaluation de ces deux modeles a été possible griace aux mesures expérimentales
réalisées sur un EHPAD. Ces résultats ont également permis de mener des analyses
thermiques et énergétiques de Fondatherm. L'étude énergétique a montré que ses
performances sont significatives a la fois en refroidissement et en chauffage. Le systéme est
aussi performant qu'un EAHE traditionnel, et parfois méme plus sil’on considére simplement
le potentiel en chauffage. L’analyse thermique a démontré grace a une synthése statistique
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menée sur une année compléte que les échanges au sein de la cavité ne sont pas symétriques.
En mode chauffage, la principale contribution de la fondation vient de ses parois internes
supérieure et intérieure. En mode refroidissement, la principale contribution provient des
parois inférieure et externe.

MOTS-CLES : géothermie, échangeur air-sol, énergie, thermique, modélisation, volume
finis, expérimental, transferts couplés de chaleur et d’humidité.
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NOMENCLATURE

Greek letters

a

6x, 8y, 6z

6S

Ao

TAURINES Kevin

VGM coefficient for the soil water retention curve

VGM coefficient for the concrete water retention curve
VGM coef. for the concrete water retent. curve for the pore size subsystem i
thermal diffusivity

contact angle between the liquid and solid phases

water surface tension factor

penetration depth of the outdoor thermal wave

concrete vapour permeability

concrete vapour permeability coefficient

concrete vapour permeability coefficient

mesh width, length, height

mesh section area

emissivity

efficiency

phase of the thermal wave associated to the nth pulsation
porosity

volumetric water content

volumetric air content

transition (liquid water phase continuous / discontinuous) water content
virtual saturated volumetric water content (at ¥ = Wy,,)
volumetric content of quartz / non quartz elements
residual volumetric water content

saturated water content

solar chimney slope

von Karman constant

thermal conductivity

concrete thermal conductivity coefficient
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W.m LK1
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Aw concrete thermal conductivity coefficient W.m t Kt

v mass flow factor for the soil vapour diffusivity -

& ratio of the thermal gradient of the phase i and the global thermal gradient -

& correction factor for the soil thermal vapour diffusivity -

p density kg.m™3

g Boltzmann constant -

o surface tension

T VGM coefficient for the hydraulic conductivity curve -

v tortuosity factor —

1) air layer stability coefficient -

1) relative humidity -

¢ surface flow W.m™% or

kg.m™2.s71
Wg air specific humidity kgvap- kary air
W/ wy, pulsation / nth pulsation of the outdoor thermal wave st

v matric head potential m

(O] total hydraulic head m

o) volumetric flow rate m3. st

Latin letters

a ground top surface albedo -

c specific heat J.kgTlK™!
crr thermal capacity in the heat transfer equations Jom3K?!
Cry hygric capacity in the matric head based heat transfer equations J.m™*
crp, hygric capacity in the capillary pressure based heat transfer equations -

Cyr thermal capacity in the matric head based moisture transfer equations K1

Cp,T thermal capacity in the capillary pressure based moisture transfer equations kg.m=3K1

Cyy hygric capacity in the matric head based moisture transfer equations m~1

Cp P, hygric capacity in the capillary pressure based moisture transfer equations s2.m™?
cf cloud factor -
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e volumetric energy J.m~

f enhancement factor for the soil vapour diffusivity -
fw fitting parameter for the ground thermal conductivity model -
g gravity m.s ™2
Ji fitting parameter for the ground thermal conductivity model -
hg. solar chimney height m
h, convective heat exchange coefficient W.m2 K1
hy convective vapour exchange coefficient kg.m 2.s 1 Pa?
krr thermal conductance in heat transfer equations W.m LK1
kg hygric conductance in the matric head based heat transfer equations W.m™2
krp, hygric conductance in the capillary pressure based heat transfer equations m2.s7t
kyr thermal conductance in the matric head based moisture transfer equations m?.s7L K1
kp_r thermal conductance in the capillary pressure moisture transfer equations kgmls LK1
kyy hygric conductance in the matric head based moisture transfer equations m.s~t
kp_p, hygric conductance in the capillary pressure moisture transfer equations s
l; weight factor for concrete hydraulic conductivity of the pore size —
subsystem i
lse solar chimney width m
m VGM coefficient for the water retention curve -
M, mass airflow rate kg.s™t
m; VGM coefficient for the water retention curve of the pore size subsystem i —
n VGM coefficient for the water retention curve -
n; VGM coefficient for the water retention curve of the pore size subsystem i -
q heat flow per unit length W.m™1
9o fitting parameter for the ground thermal conductivity model -
r pore radius / pipe radius m
Ts additional series resistance for the moisture exchange on ground top surface s.m™t
t time s
Uy Uy Uy unitary vectors -
w mass water content kg.m™3
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Wsat

Xyz

TAURINES Kevin

saturated mass water content

coordinates width, length, height (positive upward)

area

amplitude of the outdoor thermal wave associated to the nth pulsation
crawl space air change rate

boundary vector for matrix heat transfer equation

boundary vector for matrix moisture transfer equation
coefficient of discharge of air channel inlet (0.57)

thermal capacity matrix in the matrix heat transfer equation
moisture capacity matrix in the matrix heat transfer equation
thermal capacity matrix in the matrix moisture transfer equation
moisture capacity matrix in the matrix moisture transfer equation
soil effective vapour diffusivity

water vapour diffusivity in air

soil thermal vapour diffusivity

soil hydraulic vapour diffusivity

solar global irradiance on a horizontal plan

load vector for matrix heat transfer equation

load vector for matrix moisture transfer equation

enthalpy

matching point for the hydraulic conductivity

concrete hydraulic permeability for a pore size subsystem i

soil hydraulic conductivity

concrete liquid permeability

saturated soil hydraulic conductivity

saturated concrete hydraulic permeability

thermal conductance in the matrix heat transfer equation
moisture conductance in the matrix heat transfer equation
thermal conductance in the matrix moisture transfer equation

moisture conductance in the matrix moisture transfer equation
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m3.s7 LK1

xiii



L length m

L, heat of vaporization of water J. kg™t
Lyo Monin-Obukhov instability length m
NTU Number of Transfer Units -

P perimeter m

P pressure Pa
puffa partial water vapour pressure of the flowing air within the foundation Pa

Q heat w

R gas constant J.kgt.K™?!

R; Richardson number -

S saturation level -

So modified saturation level -

Sa sand fraction -

S; concrete saturation level for the pore size subsystem i -

Sr corrective vector for a conservative scheme in the matrix heat equation w

Sy, SPc corrective vector for a conservative scheme in the matrix moisture equation m3 and kg
T temperature K
T,{ temperature of the flowing air within the foundation K
U unknown vector K and m or Pa
U fluid apparent velocity m.s™1
U, aerodynamic conductance on ground top surface m.s~ 1
|4 volume m3
Va/Va' air velocity / air velocity vector m.s™1

w wind speed m.s™1

w fluid local velocity m.s™1

Zy length of the ground top surface roughness m

Zey height of the wind speed measurement m
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Subscript

base

cav
conv
cool

CcS

EAHE

evap

m
outlet
prec

PCM

ref

sat
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atT,

air

at ground base layer

capillary

foundation cavity walls
convection

cooling mode

ground top surface to the crawl space air
dispersion

elementary volume

of the earth-to-air heat exchanger
evaporation / condensation

fluid

foundation / Fondatherm

heat

heating mode

heat recovery unit

mesh index along the %, y and z direction respectively

indoor

at the foundation inlet section
liquid

long wave radiation

moisture

at the foundation outlet section
precipitation (rain or snow)
Phase change material
reference

solid / soil

saturation
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sc solar chimney

sens sensible heat

sky celestial sphere

slab building slab

surf at ground top surface

sw short wave radiation

v vapour
ewnstb east, west, north, south top and bottom meshes surfaces of the mesh P
EWNSTB east, west, north, south top and bottom meshes adjacent to the mesh P

Superscript

ext outdoor (ambient)

f foundation
g ground
CcS crawl space air
* equivalent

Abbreviation

AHU air handling unit

cop coefficient of performance - thermodynamic definition, based on fan electric consumption
COPy, coefficient of performance - pressure loss based definition
EAHE earth-to-air heat exchanger

HRU heat recovery unit

PCM phase change material
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Chapter 1. GENERAL INTRODUCTION

1.1. CONTEXT

The building construction is a complex multi-objective problem with a huge amount of
decision variables. One can cite for example thermal, acoustic and visual comfort, low energy
consumption, low carbon emission and content and almost invariably low financial cost.
Several steps are usually followed to design an energy efficient and low carbon building. First,
the building energy needs (for heating, cooling or still for lighting) are reduced as much as
possible by optimizing decision variables related to the envelope design such as the insulation
level, the structure thermal inertia, glazing area and orientation, building location, shape and
orientation, etc. Then, the remaining energy needs may be balanced by energy systems like
electric heaters, gas or fuel boiler, heat pump, PV or thermal solar PVT panels, ground source
heat pumps etc. The selection of one or other of these systems is mainly driven by the initial
investment, the thermal efficiency and practical details.

While in theory an earth-to-air-heat exchanger (EAHE) is a good opportunity to save
energy, using the ground as a heat source or sink source to pre-heat or cool the air used for
building ventilation, it is often underperforming. It even sometimes constitutes a health
threat for the building occupants. Indeed, mould growth enhanced by the presence of water
due to condensation or infiltration, dust and radon can severely alter the air quality at the
pipe outlet.

The reasons for this under-performance are most of the time linked to the design.
Although the energy savings can be substantial, they are extremely depending on the
geographic localisation (i.e. the local weather), the ground nature and the building use
(residential, commercial, agricultural, etc.) (ADEME, 2017). Therefore, the design of the
EAHE, namely the number, length, diameter and depth of the pipes, the airflow rate and fan
specifications, has to integrate these constraints. Then, monitoring and maintenance
procedures should be adopted to ensure its proper efficiency throughout the building
operation. Indeed, designers have to deal with several inherent limitations of EAHE:

e The defects mainly due to the choice of the plastic material used for the pipe, the joins
between the pipes, and sometimes a too low slope that prevents the evacuation of the
condensate,

e The vehicle traffic and planting of plants are prohibited on the soil above the system,

e The ground settlement,

e An important land use when the EAHE is buried next to the building. In France in
2006, the mean individual house and the mean land area surface are respectively
around 111 and 600 m?1 while the trench area?2 is commonly around 60 m?,

Lhttps://www.insee.fr/fr/statistiques/1281267
Z https://www.picbleu.fr/page/puits-canadien-ou-provencal-aeration-des-batiments-d-habitation
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Chapterl. General introduction

e Asoilwith aburied EAHE is considered as constructed ground (in France), and is thus
subjected to property tax.

Furthermore, although energy from EAHE appears as ‘free’, it actually necessitates an
important investment for the excavation and refilling as well as an operating cost due to the
fan electric consumption. All in all it makes that EAHE are often not economically viable.

Hollmuller and Lachal (2001) were among the firsts to consider energy and economy
aspects in the study of EAHE at the same time. Table 1 reproduced from this paper gives a
sum up of their work. Considering the capital cost of a traditional EAHE - which comprises
the cost for excavation (13.5 €.m3), the cost for the supplying and the lying out of PVC pipes
(13.8 €.m1), the cost for the refilling (with concrete in this specific case, 121.5 €.m3) and the
engineering costs (+28 % of the total previous cost) - they showed that the EAHE is not
competitive with traditional oil / electricity based systems for heating, but it competes the
electricity prices for cooling with regards to the Swiss energy prices.

Table 1: Cost of preheating and cooling of several EAHE configurations (Hollmuller and Lachal, 2001)

Capital Heating only Cooling only
Investment Repayment” |Gains Cost Equivalent iGains Cost Equivalent
(k€) (k€y-1) (MWh y-1) (c€.kWh1) cost™ (MWh y-1) (c€kWh1) cost™
(c€.kWh1) (c€.kWh1)
As constructed 123 7.8 27 289 21.7 19.6 40 80
Ha[fsized 43.2 2.8 22.4 12.2 9.2 18.4 14.9 29.8
AS_ conftructed 7.8 25.7 30.5 22.9 66.8 11.7 23.4
with high flowrate

‘Repayment considering 50 years lifetime and 6% interest rate
“For heating, the (primar)y cost is multiply by 75 % as for fuel system
“For cooling it is multiply by 200% as for electric system

This trend was already the conclusion of the work in (Bojic et al.,, 1997). The studied
system is more energy and cost efficient in summer than in winter - the cost of energy is
double in winter - and this is true regardless the pipe length and number.

Ten years later, Bansal et al., (2012a) analysed several retrofitting solutions reported on
Table 2, all including an EAHE - eventually coupled with an evaporative cooler. For both
solutions, either a standard, an energy efficient or an inefficient blower generates the airflow.
Results indicate first that the inefficiency of the blower plays a critical role in the final choice
of the system. An inefficient blower led in most of cases to larger energy consumption than
with the existing system which is to be retrofitted. The smallest pay-back period are reached
with the energy efficient blower. Secondly, the EAHE (simple as well as coupled with an
evaporative cooler) cannot cost-effectively replace an existing energy efficient system.
Thirdly, the retrofitting is relevant when the electricity tariff is high. Lastly, the coupling of
the EAHE with an evaporative cooler led to better Internal Rate of Return (IRR).

Ozgener and Ozgener (2013) evaluated the EAHE construction cost of a closed loop EAHE
assisted with PV panels for a solar greenhouse air conditioning around 6960 €. Ventilation
system manufacturers (ATLANTIC, 2016; Eole, 2017; Fiabibat SCOP, 2017) and the French
agency for energy ADEME (ADEME, 2017) send EAHE kit, the price of which ranges between
1000 € and 10000 €. As can be noted the investment cost for an EAHE varies a lot according
to the system configuration and the country, but is generally substantial. Therefore, the
financial viability of an EAHE integrated to the building can only be reached after a multi-
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criteria optimization process, considering the energy savings - related to the system sizing -
the coupling with the other energy systems and in the case of refurbishment, the existing
energy system performance.

Table 2: Economic analysis of retrofitting solutions integrating EAHE (Bansal et al., 2012a)

Simple EAHE EAHE integrated with
evaporatlve cooler
Blower Efficient Standard Inefficient Efficient Standard Inefficient
Excavation and
back filling
PVC pipe 84
Costs (€) Blower 174 131 87 174 131 87
Honey comb -
pad
Miscellaneous 56 66
Total 393 350 306 445 402 358
Electrical energy Case 1 545 185 -169 780 356 -63
saving existing Case 2 640 281 -74 917 492 74
systems vs proposed Case 3 765 405 51 1097 672 254
system (kWh) Case 4 1774 1415 1061 2051 1626 1208
i Case 1 5 Not feasible Not feasible 9 Not feasible Not feasible
IRR’ (%_] with : Case 2 9 Not feasible Not feasible 15 1 Not feasible
dOfT.IeS;tIC electric Case 3 14 1 Not feasible 21 9 Not feasible
tariff Case 4 52 44 35 54 45 34
. Case 1 24 Not feasible Not feasible 34 9 Not feasible
[RR (%) M.”th . CaseZ2 30 7 Not feasible 43 19 Not feasible
COTT.'IITISFCIGI electric Case 3 39 17 Not feasible 56 32 4
tariff Case 4 170 130 95 187 136 94
‘Internal Rate of Return
*0.073 €kWh1
*0.14 €kWh!

Retrofitted case 1: Cooling with air-conditioner of COP=3.1, Heating with heat-pump of COP=4.1
Retrofitted case 2: Cooling with air-conditioner of COP=2.7, Heating with heat-pump of COP=3.7
Retrofitted case 3: Cooling with air-conditioner of COP=2.3, Heating with heat-pump of COP=3.3
Retrofitted case 4: Cooling with air-conditioner of COP=2.7, Heating with electrical heater of 90% efficiency

1.2. A GEOTHERMAL FOUNDATION

The French company Patrick CESCHIN SAS filed for a patent of an innovating EAHE. The
Fondatherm® system concept is to add a thermal function to the structural role of a
foundation. In practical terms, the foundation section is given a ‘U’ shape of cross section area
60 cm x 60 cm. Once the footing is set-up on its top, a hollow is created and constitutes a
channel in which air can be blown. One element is 7.2 m length and several blocks can be
assembled to form a longer channel. This technology sketched on Figure 1 provides solutions
to the limitations cited above:

o Fondatherm is industrially precast, and the checking carried out at the factory allows
avoiding numerous defects3 intrinsic to the building site. It is expected that

3 In France, about 8000 damages per year are the consequence of faulty work.
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Chapterl. General introduction

Fondatherm will be set-up by construction professionals (Patrick CESCHIN SAS or
partners).

e It furthermore enables to reduce the energy and water consumption, the
construction waste, and to speed-up the execution of the work, ensuring optimal
security and hygiene for the workers.

o For the same mechanic resistance, a lower quantity of concrete is used, and the
transport of the soil material removed is reduced.

e Since Fondatherm does not extend the building footprint contrary to traditional
EAHE, the vehicle traffic and ground settlement problems are overcome. No
additional land is required, and therefore this system can be set-up for house without
land e.g. in an urban zone.

Bearing wall ———

Reinforced
concrete beam

Blinding

concrete Foundation

FONDATHERM®
—— Air cooling (summer)
~ Air pre-heating (winter)

Figure 1: Main components of the Fondatherm technology

Nevertheless, all of these advantages are unnecessary if the technical solution is not
economically viable. Indeed Fondatherm won'’t be set up on new building constructions if it
does not mean short investment payback and more generally financial savings. It furthermore
has to present a real advantage compared to the traditional EAHE. The total cost (materials,
precast and laying) of Fondatherm has been estimated between 350 and 550 €.m (an
average around 450 €.m?) by Patrick CESCHIN thanks to feedback on several installation on
building construction. This cost has to be compared to that of a traditional foundation (Figure
2) since in all cases it is an inseparable part of the building structure. The company Patrick
CESHIN estimated that cost around 235 €.m1, consequently the Fondatherm net price is 215
€ml,

In order to study the economic viability and the performance of this innovative solution,
prototypes has been installed and monitored on two tests buildings (Table 3) close to Auxerre
in France:

e The extension of a retirement home built in 2012 for twelve resident in order to
preheat and cool the air for the thermal comfort,

e A wine warehouse builtin 2011, in order to maintain the air temperature between 13
°Cand 15°C asrequired for a good wine storing.
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These two test buildings enable to gather data about the potential energy gains and
besides the validation of the structural aspect of the foundation, they allow to evaluate the
economic competitiveness of Fondatherm. Table 3 shows that even if the yearly energy gains
are substantial - more than 4 and over 1 MWh for the retirement home and the wine
warehouse respectively - the cost per kWh is not competitive with the gas and electricity
prices in all cases: considering the solution 1 for the repayment, the cost of the energy
supplied by Fondatherm is around 23 c€.kWh-! for the retirement home and about 92 c€.kWh-
I for the wine warehouse against respectively 20.5 and 8.35 c€.kWh for the electricity and
the gas in the European Union according to the French Ministry of Environment (Ministere
de 'Environnement de 'Energie et de la Mer, 2016).

Wooden frame

Slab

/ARLARARARAA

Beam

Footing
FONDATHERM

Strip-like footing

30cm
Blinding concrete
Traditional foundation FONDATHERM system

Figure 2: Comparison between a traditional foundation and the Fondatherm system

The financing solution 1 is therefore competitive with electricity prices for the retirement
house, but not with the gas prices. Omitting the costs due to interest rate (solution 2), the
energy from the geothermal foundation of the retirement home is even competitive with the
gas prices. On the contrary, the investment for Fondatherm on the wine warehouse appears
to be too expensive.

Table 3: Cost of energy savings for two building integrating Fondatherm

Tested Fondatherm system Investment Repayment (k€.y1) Energy Cost (c€.kWh'1)
buildling Length (m) Depth (m) Gross (k€) Net(k€) Solution1 Solution 2 (k%:;;.n;_q Solution 1 Solution 2
getlrement 80 1.5 38 16 1 0.32 4385 23 7.3

ome
Wine 100 1-2 45 20 1.3 0.4 1200 92 33.3
warehouse

Solution 1: Repayment considering 50 years lifetime and 6% interest rate
Solution 2: Repayment considering 50 years lifetime and 0% interest rate

As for the traditional EAHE, Fondatherm appears to be efficient on an energy point of
view. As previously explained, it also solved some technical limitations inherent to the EAHE
such as the digging. But the analysis of the prototype energy cost showed that there exist both
economically viable and unviable configurations, which prove that its integration to buildings
has to be carefully analyzed in order to supply the best performances. The understanding and
the potential improvements of Fondatherm are the object of the project of the same name.
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Chapterl. General introduction

1.3. THESIS OBJECTIVES AND FONDATHERM PROJECT
OUTLINES

The technical & scientific objectives of this project are detailed in Table 4 and focus on:

e the mechanical resistance of the concrete,

o the off-site prefabrication optimization and replication easiness,

e the outlet air quality,

e the development of a thermal modelling tool,

e the study of the coupling of the foundation with other energy systems like air handling
units and heat recovery units,

e the development of a dashboard to inform the users of the state of the foundation and
the energy savings it induced

Five partners shares this work (Table 4): the construction company Patrick CESCHIN SAS
at the origin of the project, the French Scientific and Technical Centre for Building (CSTB), the
companies CIAT and INDUSTRELEC and the Centre for Energy and Thermal Sciences of Lyon
(CETHIL) which is a laboratory of the engineering school INSA of Lyon, CNRS and Univ. Lyon
1. The general objective of the project is to develop a turnkey solution for the integration of
Fondatherm into buildings. The targeted market is new building constructions, mainly those
of the tertiary and services sectors. It can eventually be adapted for civil engineering works
or agricultural buildings.

The framework of this thesis is thus the Fondatherm project and its content is mainly
made of the workpackages D and E (see Table 4). The general objective is the improvement
of the understanding of the thermal behaviour of the foundation aiming at being able to
develop a system as efficient as possible, from both an energy and a financial point of view.

Hence, starting from the state of the art of EAHE, especially about the way to model it,
Chapter 2 identifies the specifications of the geothermal foundation and consequently the
constraints and the best modelling approach to be used.

Then, Chapter 3 focuses on the mathematical description of a coupled heat and moisture
transfer model within soils and concrete, necessary to finely represent Fondatherm.

Chapter 4 develops the numerical solution and the local validation of the coupled model.

Furthermore, a simpler model, considering only sensible heat transfers within soil and
concrete is presented in Chapter 5. This model has been reduced with balanced realization
method in order to speed up the calculation and to be able to supply quickly results to building
designers and foundation regulation and control.

The experimental facilities are introduced in Chapter 6. The monitoring of a full-scale
building allowed the evaluation of the energy performance of Fondatherm over one year.
Some conclusions about its thermal behaviour can also be drawn.

Then, the two modelling results are compared against the recorded data in Chapter 7.
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The Chapter 8 reports the study of the coupling between the foundation and a double
flow air handling unit and suggests some improvements.

Finally, the main conclusions of this work are drawn in Chapter 9, and recommendations
for future work are proposed.

Table 4: Work packages and tasks details of the Fondatherm project

FONDATHERM

Smart Geothermal System

r

Technological Tasks Workpackage leader
and scientific locks partner
A. Foundation i.  Block sizing in function of the building and the risks I@Il’a"uk
— exposure (fire, seism, flooding) of the blocks CESCH'N
block sizing
B. Manufacture
processfor i.  Develop the precasting manufacture process Patrick—
precasting ii. Develop the block assembling techniques, allowing easy I@lc ESCHIN
7
execution and execution on site and maintenance St ICS TR TS Tr
assembling

C. Outlet air
hygienic quality

Identify the risks linked to the foundation outlet air quality
(bacteriological, chemical, particles, dust, radon, etc)
Develop a methodology for the monitoring and maintenance
Conception of suitable preventive and curative solutions
(chemical treatment of the concrete, cleaning, etc.)

CsSTB

le futur en construction

D. Foundation

Literature survey about the traditional EAHE
Identify the specifications of the geothermal foundation

%

energy and iii. ~ Define and develop several modelling level ~x Efs“sﬁ‘c“éé"“
thermal iv.  Validation of the numerical codes against experimental data ﬁ INSA (rpLOUEES
delli v.  Study of the coupling of Fondatherm with several energy
moaetling systems
i. Identification of the required data: meteorological data,
ground temperature, ground humidity, foundation concrete
E. Full scale temperature, flowing air temperature and relative humidity,
monitoring of a ete. LR weruT o
building ii. ~ Conception of the monitoring: choice of the sensors and the a=ﬁ INSA EEELS{LJﬁEE
equipped with data loggers, connection with the building computer Y
network
Fondatherm iii.  Analysis of the data and the geothermal foundation thermal
and energy behaviour
F. Development Of i.  Sizing of a suitable fan and ventilation ducting for
an adapted air Fondatherm i
handling unit ii. Development of a suitable damper allowing an adapted CIA’
[ S—
fOF Fondatherm control of Fondatherm
G. Control i. Definition of the rules for the control strategy %ﬂi‘f J—
strategy ii. Definition of the required data for this strategy ﬁ INSA E?f;{gﬁ“
iil.

Definition of the monitoring

H. Dashboard and

Development of the boxcontrol for the data recovering and

boxcontrol transmission
d€V€IOPment ii. Development of the user interface and the control tools
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General knowledge about ground heat exchangers and earth-to-air heat exchangers

Chapter 2. GROUND HEAT
EXCHANGERS, EARTH-TO-AIR HEAT
EXCHANGERS: STATE OF THE ART

2.1. GENERAL KNOWLEDGE ABOUT GROUND HEAT
EXCHANGERS AND EARTH-TO-AIR HEAT EXCHANGERS

Here the functioning principle of an earth-to air heat exchanger and the most common
existing configurations are introduced. The influence of the designing factors as well as
extrinsic variables on their performances is exposed and analysed. Numerous numerical and
experimental results have been gathered and allow getting an idea of the potential energy
savings and efficiency, thermal comfort improvement, and the advantages and limitation of
this low-tech system.

2.1.1 GROUND HEAT EXCHANGERS AND EARTH-TO AIR HEAT EXCHANGER:
DEFINITIONS, CONFIGURATIONS AND PHYSICS

2.1.1.1. Definitions and configurations

Ground coupled heat exchangers (GCHE) simply consists in circulating a fluid in a pipe
network buried in the ground (Soni et al., 2015). These systems are used for a wide variety of
applications such as space conditioning, water heating, agricultural drying etc. They can be
classified according to:

e the connection type of the tube network: parallel or series
e the orientation of the pipes: horizontal or vertical
¢ the flow substance: air or water

The last consideration is the most common, as lots of features are consequences of the
kind of fluid used. In the case of airflow, they are designated by the term earth-to-air heat
exchanger (EAHE?). If the fluid is water/water+glycol, they are called borehole heat
exchangers (BHE).

Table 5: Comparative advantages of EAHE and BHE

EAHE BHE
Long life
Cost effectiveness High efficiency
Environmental friendly (no refrigerant) Working for all seasons
Stable capacity with time No air contamination problem
Simple equipments (no compressor) No condensation problem within the tubes

Low maintenance cost

4 This is the most common acronym, but EAHX, ETAHE, ATEHE can also be found in the literature.
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Chapter 2. Ground heat exchangers, earth-to-air heat exchangers: state of the art

The assembly of the BHE can be regular or direct. In the regular mounting, the buried
pipe in the ground is usually plastic and enables water to circulate and exchange heat with
the condenser coil of the heat pump. In the direct mounting, the condenser coil, usually
copper, is buried into the ground and allows a refrigerant fluid (usually R134a) to circulate.

The relative advantages of the two systems are listed in Table 5 (Ozgener, 2011; Soni et
al,, 2015). The direct BHE are efficient but the economic viability laid on several parameters
such as climate, soil nature, operating, etc.

The current work will focus only on the EAHE systems, as the main object of this thesis is
actually the study of an innovating EAHE. According to the literature review made by Peretti
et al. (2013), an EAHE can be defined by its technical characteristics. It is most of the time
composed by:

1. Anair intake equipped with a filter. It can be located outdoor, in that case the EAHE is
mounted in ‘open loop’, or indoor and the mounting is thus called ‘closed loop’,

2. A buried pipe network in the ground. It can be situated in open space or beneath a
building. The network can be a grid, a serpentine or a ring layout. Some examples are
given on Figure 3. The pipes can be made of plastic, aluminium, steel or concrete,

3. A fan that blows or sucks air through the pipes.

Air outlet

/

Fan

Air inlet

(@)

Air inlet

Air outlet

(b)
Figure 3: Two configuration examples: (a) closed loop serpentine layout next to a building and (b) grid
open loop layout beneath a building
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General knowledge about ground heat exchangers and earth-to-air heat exchangers

2.1.1.2. Physics of the EAHE functioning

Thanks to these equipments, the EAHE systems use the ground’s thermal storage capacity
to dampen and under certain conditions to shift the ambient air temperature. As illustrated
on Figure 4, their performances are influenced by the heat exchanged between the flowing air
and the pipes inner surface by convection. This quantity is dissipated mainly by conduction
within the surrounding soil. Conduction within the soil and convection between the air and
the pipe wall are fundamentally in interaction: the temperature of the soil is disturbed by the
presence of the pipes. Then the heat contained in the circulating air is transported by
advection due to the air movement. Since the air contains humidity, condensation may occur
if the surface temperature of the pipe is lower than the dew point of the air. Reversely, if the
pipe inner surface is wet, liquid water evaporates if the air is not saturated. Finally, the
moisture quantity and the moisture flow modify the heat transfers in the soil. Its influence is
most of the time neglected in the literature. Due to the small pipe radius compared with the
buried depth, the channel wall temperatures tend to be uniform: the long wave radiations are
thus also commonly neglected.

| Soil cover

Ginud

l}_ﬁ E §U

l‘l\ Heat conduction d
Pipe
— Heat convection . A ry
Short and long wave : ﬂ : ﬁ :
radiations v v v
: Evaporation / cond. —
— Airflow (heat and A A A
moisture advection) \_Q i v
} Rainfall Y Y il
E Moisture flow

% % éSubground

Figure 4: Main physical phenomenon that influence the EAHE thermal performance (heating conditions)

Intrinsic parameters of the EAHE as well as extrinsic parameters enhance or limit the
previous transfers. Intrinsic parameters such as pipes depth, diameter, length, air speed, tube
spacing and the position of the pipes relative to the building have been widely investigated in
the past decades and the main conclusions will be sum up in the next subsection 2.1.2.
Furthermore, environmental factors influence the EAHE performances such as climate, soil
nature and the control strategy (related to the building use). They will be analyzed in the
subsection 2.1.4.
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Chapter 2. Ground heat exchangers, earth-to-air heat exchangers: state of the art

2.1.2 DESIGN FACTORS INFLUENCING THE EAHE PERFORMANCES
2.1.2.1. Pipe buried depth

Solving the heat balance at ground surface and the one-dimensional heat conduction
equation led several authors to propose an analytical solution for the undisturbed ground
temperature as a function of depth and time. Thiers and Peuportier (2008) wrote for example

!
_ Z
TS 4z t) =T2 (o) + E Ap(zp)e S@nsin (wnt —{p—

n=1

—Z 2.1
S(wn)> &1

where T9(z,) is the annual mean ground surface temperature, A,(z,) and {, the
amplitude and the phase of the sinusoidal thermal wave of pulsation w,, and § the penetration
depth of the ambient thermal wave, given by (2.2). A daily wave has a penetration depth of
about 20 cm, while an annual wave reaches around 3 m depth. Of course these values are
indicative and depend on the soil type and the ground cover. As the usual buried depth of an
EAHE is between 1-3 m, the ground temperature is often approximated to a sinusoidal
function of period one year exponentially dampened with depth. In the previous formula, it
means thatl = 1.

§(w) = 2as (2.2)
w

This is experimentally verified by many authors. An example for the soil temperature
evolution throughout the year in Val-de-Mercy (France) is reported on Figure 5. Experimental
data were recorded for the year 2016 for the ground surface, 80cm and 1.6m depth. They are
compared to the results yield by the formula (2.1) with a daily and an annual pulsation (I =
2).

40 T T T T
d 2.5 cm depth
35 3 —80cm depth - exp.| |
—1.6m depth - exp.
---80cm depth - sim.
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g
=]
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E16
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I_
10 %
5
0 i j i i i
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Figure 5: Soil temperature collected for several depths in Val-de-Mercy (France) against analytical model
(2.1)

In view of the amplitude dampening and the shifting of the ambient air temperature by

the ground, the flowing air in a buried pipe will be most of the time colder than the ground in
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General knowledge about ground heat exchangers and earth-to-air heat exchangers

winter, and hotter in summer, and that the deeper the pipe will be, the more true it will be.
This is consistent with the three zones of the ground that are distinguished by Florides and
Kalogirou (2007):

1. The surface zone, from the ground surface to 1m depth, is very sensitive to short time
changes of weather conditions,

2. The shallow zone, extending from 1m to between about 8 m - 20 m according to the
soil type is characterized by an almost constant ground temperature close to the mean
annual average air temperature,

3. The deep zone, below 8m-20m, for which the temperature is constant and very slowly
increasing with depth.

The most common EAHE are set in the shallow zone.

Tzaferis et al. (1992) carried out a sensitivity analysis on eight models for several
parameters. The influence of the pipe depth on the outlet air temperature is analyzed in
summer conditions. As illustrated on Figure 6, even though slight differences exist between
the eight models, the tendencies are similar: the deeper the pipe is buried, the lower the outlet
air temperature is. Mihalakakou et al. (1996) experimentally studied the outlet air
temperature for three different depth (1.2 m, 2 m and 3 m) and showed that the cooling
potential (the heat transferred to the soil) was increased with the burying depth. Lee and
Strand (2006, 2008) developed an analytical model, implemented it in the building software
modelling EnergyPlus, and came to similar conclusion. A steady-state study in summer
conditions (cooling) shows that as the pipe depth increases, the outlet air temperature
decreases. The amplitude of this decreasing is variable according to the location. Trzaski and
Zawada (2011) comfort this tendency both for cooling and for heating. However, Deglin et al.
(1999) nuanced these conclusion via experimental results, and observed that the
performance increasing was strong for cooling but lower for heating.
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Figure 6: Influence of the pipe depth on the outlet air temperature for eight EAHE models (Tzaferis et al.,,
1992)

Yang et al. (2016) developed a model assuming periodic oscillations of the ground
temperature, and semi-infinite distance diffusion in the soil. This analytical model considers
both daily and annual periodic fluctuation of ambient air, pipe air and soil temperature. The
interaction between the pipe and the ground is taken into account through an ‘excess
fluctuating temperature’. The classical conclusions about the influence of buried depth, the
pipe radius, the pipe length and the flow rate on the outlet air temperature for a typical
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Chapter 2. Ground heat exchangers, earth-to-air heat exchangers: state of the art

summer day are made. They furthermore proposed an additional analysis, based on the
influence of the four latter parameters on the daily and annual phase shift and amplitude
fluctuation. As illustrated on Figure 7, they concluded that:

o The daily phase shift is constant when the buried depth is above 1 m,

e The daily fluctuation amplitude decreases and tends toward zero when the buried
depth is above 1 m,

e The annual shift increases then decreases with depth, and the maximum time lag is
about 43 days,

The annual fluctuation amplitude is stable from 7 m depth.
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Figure 7: The effect of buried depth on daily (a) and annual (b) phase shiftand amplitude dampening (Yang
etal,, 2016)

2.1.2.2. Pipe length

Logically, the longer the EAHE pipes are, the more heat is exchanged between the flowing
air and the soil. In the theoretical case of an infinite EAHE, the outlet air temperature would
be equal to the ground temperature. As expected and confirmed by several studies of the past
decades, the performance of the EAHE will thus get better. The work published by Tzaferis et
al. (1992) led under summer climate for eight models showed a positive impact of the
increasing length (Figure 8), and confirmed by a numerical study according to Mihalakakou
etal. (1996), in which the authors varied the tube length from 30 to 70 m. Deglin et al. (1999)
refined the analysis and observed that the average heat transfer is more important in the first
half of the pipe: 70 % of the average heat transfer power comes from the first 10 m according
to them. Lee and Strand (2006, 2008) highlighted that the amplitude of the temperature
decreasing (in summer conditions) along the pipe length was variable according to the
location. The results of Wu et al. (2007) - obtained thanks to a CFD code for the flowing air
and a three-dimensional numerical finite volume based model for the soil - were consistent
with the latter. Considering both the heating and the cooling potential, Trzaski and Zawada
(2011) used their three-dimensional model based on finite element method to prove that
extend the pipe length improves the performances of the EAHE: the heating supplied is raised
by around 18% and the cooling by about 20 % when the pipes are lengthened from 35 m to
45 m.

Yang et al. (2016) confirmed again the effect of the pipe length on the outlet air
temperature, and also observed that:

e The daily phase shift increases linearly with length,
e The daily fluctuation amplitude decreases with length,
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General knowledge about ground heat exchangers and earth-to-air heat exchangers

e The annual phase shift and fluctuation amplitude follow similar trends.
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Figure 8: Influence of the pipe length on the outlet air temperature for eight EAHE models (Tzaferis et al.,,
1992)

Finally, it is noticeable that most of the heat transfers take place in the first part of the
pipe length. As shown by Gan (2015), the heat transfer rate per unit length decreases when
the pipe length increases. Since the pressure drop increases with the pipe length - and
consequently the fan energy consumption - and equally the excavation cost, one has to keep
in mind that a trade-off has to be made between the thermal efficiency, the fan consumption
and the cost. In practical terms, Ascione et al. (2011) suggested 50 m is the best compromise:
while 10 m is too short to ensure a significant temperature drop/rise, more than 70m induces
a too high pressure drop resulting in uninteresting system.

2.1.2.3. Pipe diameter

The study of the influence of the pipe diameter (or hydraulic diameter) on the EAHE
performances may look a bit confusing as several authors considered different pipe diameter
with a constant air velocity, while others considered a constant airflow rate.

Maintaining a constant air velocity, it has been proved that an increase of the outlet air
temperature of up to 10°C in summer condition - thus a decrease of the cooling potential - is
induced by a change on the pipe radius from 5 cm to 25 cm (cf Figure 9) (Mihalakakou et al.,
1996; Tzaferis et al, 1992). This was explained by a reduction of the convective heat
transferred. Indeed Deglin et al.(1999) calculated a reduction of about 38% of the specific
surface> when the pipe diameter change from 25 cm to 40 cm. A steady-state analysis in
summer conditions (cooling) led to similar conclusions (Lee and Strand, 2006, 2008; Niu et
al,, 2015). It was also mentioned the lowering of the convective heat transfer coefficient as
one of the cause of the reduction of the convective heat transferred.

On the other hand, Trzaski and Zawada (2011) studied the influence of the piped
diameter with a constant airflow. The area of the exchanging surface is still increased, but the
flow velocity is reduced, as well as the heat transfer coefficient. A slight decrease of the cooling
and heating potential is observed, but the influence of the diameter is very limited according
to the authors.

5 the pipe walls’ area divided by the volumetric airflow rate in m2. m=3air
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Figure 9 : Influence of the pipe radius on the outlet air temperature for eight EAHE models (Tzaferis et al.,
1992)

A transient calculation on 24 hours - study in which the air velocity is kept constant -
confirmed the first tendencies: in terms of outlet air temperature, the performance of the
EAHE is reduced (Wu et al., 2007). Nevertheless, in terms of energy, the cooling potential of
the EAHE is improved as illustrated on Figure 10. The elevation of the outlet air temperature
is balanced by the increasing of the airflow.
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Figure 10: Cooling capacity variation of the EAHE for different radii (Wu et al., 2007)

Yang et al. (2016) confirmed that the outlet air temperature decreases when radius
increases. Only a small difference is observed: about 0.6 °C for R from 5 cm to 1 m. They
additionally studied the influence of the pipe radius on the daily and the annual phase shift
and the amplitude dampening of the ambient air temperature. As showed on Figure 11, the
daily phase shift decreases and the daily amplitude dampening increases with radius. The
influence on the annual values is more complex: the amplitude dampening decreases then
increases with radius, while the phase shift follows opposite trends.
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Figure 11: The effect of pipe radius on daily (a) and annual (b) phase shift and amplitude dampening (Yang

etal,, 2016)
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General knowledge about ground heat exchangers and earth-to-air heat exchangers

Lastly, another fact should be considered when evaluating the performance of the EAHE:
the pressure loss and consequently the fan energy consumption are affected by a change in
the pipe diameter, and of course in air velocity which is treated in next subsection.

2.1.2.4. Pipe thickness and material

The observations made in the literature in the case of EAHE, proved that the material of
the pipes influences the cost of the installation, and its durability, but not the thermal
performance. Badescu (2007) modelled three different materials (copper, PVC and steel) and
proved that it has a small influence on the annual energy provided by or supply to the soil.
Ascione etal. (2011) tested concrete, plastic and metallic materials, and observed that all lead
to very similar energy gains. As the pipe thickness is small (5 mm in the case of PVC, 7 mm for
the metallic material 7 cm for the concrete), the thermal resistance of the tube is still low
compared to that of the ground. In turn, Serageldin et al. (2016) tried copper, PVC and steel
and noted minor changes of the outlet air temperature.

The choice of the tube material has to be made according to other criteria such as the
mechanical resistance, the corrosion, and the hygiene (Ascione et al.,, 2011; Peretti et al,,
2013). Indeed, some materials are more favourable to mould growth, and eventually allow
radon transfers.

2.1.2.5. Pipe number and spacing

In the design process of a building construction project, the ventilation airflow rate is
usually a requirement, given by health standards. In order to supply this airflow, to achieve
the energy savings objectives - including the additional fan energy consumption due to
pressure loss — and to master the costs, the solution proposed by De Paepe and Janssens
(2003) consists in multiplying the number of pipes in parallel and reduce their diameter. As
explained by Trzaski and Zawada (2011), it increases the exchanging surface and enhance the
available volume of soil for the heat storage or release. The drawback is the convection heat
exchange coefficient reduction due to the air velocity lowering. However, the numerical
simulation showed that multiply the number of pipes increases the performances: two pipes
in parallel increase the performance by about 23 % in heating mode and 26 % in cooling
mode.

The arising question from the adding of pipes is the influence they have on each other,
and the consequences on the whole EAHE performance. Trzaski and Zawada (2011) found
that both the heating and the cooling potential difference between pipe spacing of 1m and 1.5
m was below 4 %. These moderated but real effects showed that increase the pipe spacing
increases the heating and cooling performance. The interaction between the pipes in parallel
appeared to be detrimental. This is quite consistent with the rules proposed by De Paepe and
Janssens (2003), who advised to space the pipes of at least 1 m.

The complexity of the EAHE layout can be raised and might improve the thermal
performance. For that reason, Kepes Rodrigues et al. (2015) proposed the use of the
Constructal Desing method to determine the best arrangement geometry of an EAHE. The
three-dimensional numerical model developed by Vaz et al. (2011) enable them to evaluate
the performance of each configuration in term of thermal potential defined as the monthly
average temperature difference between the outlet air and the ambient air temperatures. The
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Chapter 2. Ground heat exchangers, earth-to-air heat exchangers: state of the art

best tested geometrical configurations sometimes change a little bit while considering the
cooling or the heating needs, but generally speaking, the four pipes arranged in a rectangular
array appears as the optimal one, even if it does not exit one universal shape that maximizes
the thermal performance of all the EAHE. This study showed that the influence of the pipe on
each other and the soil portion they occupy within the ground are determinant. Diminish the
impact of the pipe between them can improve the performance of the installation. Indeed, ‘flat
shape’ like elongated triangle gives better results. The influence of one pipe on the other is
minimized, and the pipes tend to be at the same depth.

2.1.2.6. Air velocity or air flow rate

The influence of the air velocity is similar to the influence of the pipe radius. Tzaferis et
al. (1992) showed that - for steady-state cooling conditions - increasing the air velocity raises
the outlet air temperature (Figure 12). Other studies came to the same trends for air velocity
varying until 20m.s'! (Lee and Strand, 2006, 2008; Mihalakakou et al., 1996).
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Figure 12 : Influence of air speed on the outlet air temperature for eight EAHE models (Tzaferis et al., 1992)

According to Deglin et al. (1999), when the air velocity increases from 2 m.s to 4 m.s,
the thermal efficiency is reduced by 20 %. The efficiency of the heat exchange for each air
volume unit (Wh.m3) is lower. This decreasing of the thermal performance is accentuated
when the ground conductivity declines.

Bansal et al. (2009) studied the heating potential of an EAHE thanks to a CFD model
validated against experimental results. The investigation is performed under steady-state
conditions on January 12, 2008. The ground temperature is assumed constant, the pipe is
buried at 2.7 m depth, its diameter is 15cm, and is 23.42m long. If the air velocity rises from
2 m.s' to 5 m.s, the temperature elevation drops from 4.8 °C to 4.1 °C. However, the energy
recovered from the ground rose from 423 to 847 kWh. The same study is conducted by Bansal
et al. (2010) for summer conditions. The air velocity increasing induces cooling gains
increasing from 1.2 to 3.1 MWh, but the temperature drops fall from 12.7 °C to 8 °C. These
results should nevertheless be treated with care because of the large discrepancies between
the simulation and the experimental results: up to 4 °C difference on the temperature outlet.

Taking into account both the sensible and latent exchanges between the circulating air
and the pipe walls, it has also been proved that the lower the air velocity is, the faster the air
temperature decreases in summer conditions (Niu et al.,, 2015). Yang et al. (2016) studied the
influence of the airflow rate on the daily and the annual phase shift and the amplitude
dampening of the ambient air temperature by the EAHE (Figure 13):
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o The daily phase shift evolution is complex, but has a maximum value reached for an
airflow rate more or less equal to 0.6 m3.s1,

e Theannual phase shift decreases from its maximum values reached for an airflow rate
equal to 0.05 m3.s,

e Both the daily and the annual amplitude fluctuation increases with an increasing
airflow rate.
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Figure 13: The effect of airflow rate on daily (a) and annual (b) phase shift and amplitude dampening (Yang
etal, 2016)

2.1.3 EVALUATION OF THE EAHE PERFORMANCES

2.1.3.1. Efficiency, coefficient of performance and convective heat
coefficient

The effects of EAHE intrinsic parameters on the outlet air temperature, on the heat
exchanged and on the phase shifting and amplitude dampening of the ambient air
temperature have been widely exposed in the previous subsection. However, a global
analysis, considering at the same time the thermal exchanges, the pressure loss and the
economic aspect are scarce.

Pfafferott (2003) carried out three buildings equipped with EAHE systems. Using four
different indicators, it putin evidence that each building is the best according to one indicator,
and the worst according to another one, as can be seen in Table 6. The Fraunhofer ISE building
is for example the best according to the indicator Rt but the worst according to the efficiency
€ and the COP. His first analysis is simply based on the outlet air temperature. In order to
measure the intrinsic performance of the EAHE - without including the influence of climate
he proposed to use the ratio defined by

Toutlet,max — loutlet,min

Ry = (2.3)

Tinlet,max — linlet,;min

A second analysis can be made according to the comparison of the energy gains, directly
linked to the convective thermal exchange coefficient h.. The authors proposed an original
approach: the energy supplied (heating or cooling) can be sorted according to the ambient air
temperature value. Such graph put in evidence the strong need for a regulation as a non
negligible part of cooling energy is used at low ambient air temperature, and vice versa,
heating energy is sometimes used at high ambient air temperature. As a conclusion he
proposed a time control or a temperature control.
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A third analysis can be made in terms of efficiency. Considering a sinusoidal evolution for
the ambient air and the soil temperature - constant along the pipe - the outlet air temperature
can be written:

Toutlet(t) = Tﬁgnd (t) + (Tinlet (t) - Tﬁqnd (t)) e_NTU 2.4
where
h A
NTU = C,EA}'IE EAHE (2'5)
maCa

The number of transfer units NTU can be seen as an indicator for the intrinsic thermal
efficiency of the EAHE. It is the quotient of the heat transfer from the ground to the air divided
by the soil thermal capacity. The coefficient h. g4y is here the overall heat transfer coefficient
(averaged on the EAHE wall surface). The higher the NTU is the more efficient the EAHE is.
Another way to express the efficiency of the EAHE in percentage is given by the equation (2.6).
This does not include a global analysis embedding the fan energy consumption.

_ Tinlet(t) B Toutlet(t) =1 —e-NTU

= (2.6)
Tinlet(t) - Tfnd (t)

The COP of the system corrects this weakness and has been calculated by the author
according to (2.7). Ap®, is used instead of fan power consumption because the ventilation
unit is installed in a building in all cases.

2top(Qneat + Qcoot)

COP,; =
Pt Yoy A0 Pa

(2.7)

Finally, the authors noted that the soil and the position of the building relative to the
EAHE pipes play a role as important as the pipe diameter and other intrinsic parameters.

Table 6: Performance of three EAHE installations according to four different indicators (Pfafferott, 2003)

Ry (KK  h,(Wm2K1) KK  COP(kWhy kWhyen 1)

DB Netz AG 0.28 5.5 0.944 88
Fraunhofer ISE 0.47 5 0.766 29
Lamparter 0.36 3.2 0.804 380

2.1.3.2. Heating and cooling gains

There is also a dilemma in the way to calculate the heating or cooling potential (i.e. the
heat gains). The equation (2.8) for example measures the intrinsic performance of the EAHE,
without consideration of the indoor air (Pfafferott, 2003; Sodha et al., 1985).

QraHE = MCq (Toutlet - Tinlet) (2.8)

Al-Ajmi et al. (2006) proposed to add to the previous formula the temperature elevation
due to the fan heat dissipation - only for the cases where the fan is placed at the pipe inlet.
Trombe et al. (1991) used the formula (2.9) where T, is successively taken equal to the

ambient air temperature and 25 °C representing the comfort temperature. The first case
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yields an equation similar to the previous one, while the second case fits more to the ‘real’
cooling potential of the EAHE. Indeed, the cooling benefits of the EAHE on the room air
temperature are taken into account through this latter formulation.

QranE = MCq (Toutlet - Tref) (2.9)

Sawhney et al. (1999) chose to use (2.10), similar to (2.9) but where T,,,. is the air
temperature of a non conditioned room, i.e. without air delivery from an EAHE.

QEaHE = MCq (Toutlet - Tnac) (2.10)

The formulation given by (2.11) is proposed by Badescu (2007) where Ta%,p is the
apparent ground temperature, assumed equal to 10°C in this work. Again, this expression is
similar to the equation (2.8), where the outlet air temperature replaced the ground
temperature. This is equivalent to assume that the EAHE has a perfect efficiency.

QpanE = MiCq (Tagpp - Text) (2.11)

The equation (2.12) is a mixing between the equations (2.9) and (2.11): the outlet air
temperature in (2.8) is replaced by the ground temperature at pipe depth, and the evaluation
is relative to the room air temperature T;, (Chel and Tiwari, 2009; Tiwari et al., 2006).

Qpanr = emaca(Tfnd(z = pipe depth) — Tin) (2.12)

But the gross heat gain calculated thanks to (2.8) is said not to be always relevant
according to Hollmuller and Lachal (2014). Instead they proposed to use the formula (2.13)
where Vc;,O is the base required flow rate and AV, a possible additional flow rate for the
thermal conditioning.

QpaHE = m.a,oca (Toutlet - Text) + Am,cq (Toutlet - Tin) (2.13)

Thus, if the EAHE is only designed for the hygienic air change, its cooling (or heating) gain
is equal to the gross heat gain (see equation (2.8)). But if it is designed to cool the indoor
building air, which imply an increase of the base air change rate, the differential of
temperature between the outlet of the EAHE and the indoor air has to be considered.

2.1.3.3. General considerations - Summary

Ascione etal. (2011) made a global analysis about EAHE that enable to draw some general
conclusions about the EAHE design.

First, they declared about the buried depth that theoretically 8 m seems to be ideal. This
is explained by the six months time lag at this depth which means that the ground
temperature is minimal in summer, and maximal in winter. Nevertheless, the cost for
excavation usually increases with depth and a trade-off has to be made. According to them
3m is usually a good compromise, while 1m is not deep enough to ensure sufficient cooling
and heating potential.
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The second point is about the air velocity: a too high air speed is generally not beneficial
because of the induced pressure loss increase and the fact that the increasing of the heat
exchanges is balanced by the decreasing of the inlet/outlet air temperature difference.

Thirdly they tested five different control modes corresponding to several numbers of
hours per day of EAHE ventilation during the cooling season. The best mode is that which
maximizes the number of hours of utilization (15 h.day!) even when taking into account the
fan energy consumption. The comparison of the EAHE performances with other passive
system (such as shadings and night ventilation) completes this analysis and showed that the
energy savings by the EAHE are significant.

Finally the parametric analysis has been led for three different Italian climates and this
factor appeared as of crucial importance. The highest efficiency is reached for the coldest
climate of Italy. For moderated climate, the energy savings don’t balance the fan energy
consumption. Integrating the economic aspect of the problem, the EAHE use is said to be
relevant if the excavation to bury the pipes is easy and cheap.

To conclude, it seems that each project has to be designed according to the specific
constraints: climate, building, soil, uses, etc. The impact of the design parameters has to be
evaluated thanks to several indicators; among them at least one should include the fan energy
consumption due to the pressure drops in the tubes. The control strategy appears to be
decisive for the optimization of the usable energy supplying. The role played by all of these
inflexible external parameters will be assessed in the next subsection.

2.1.4 EXTERNAL PARAMETERS: ENVIRONMENT AND OPERATION MODES
2.1.4.1. Soil nature and cover

The main thermal characteristics of the ground - density, thermal conductivity and
specific heat - are explicitly used in Equation (2.1). Furthermore, the average and the
amplitude of the ground surface temperature are given by the writing of the heat balance at
soil surface. They are function of ground surface albedo, emissivity, convective coefficient, etc.
(Lee etal., 2006). Thus, this simple model allows understanding that both the soil nature and
the ground cover strongly influence the ground temperature at depth zand time t. As a result,
the heat exchanged between the EAHE pipe’s wall and the flowing air is affected by a change
of soil nature or ground cover.

Kopecky (2008) conducted a sensitivity analysis on ten parameters of an EAHE analytical
model. Three of them are related to the ground characteristics, five to the pipe and the airflow,
one is the initial conditions and the last is the inlet air temperature. The parameters with the
strongest influence on the total heat exchanged are in the order:

1. The initial temperature

2. The inlet air temperature
3. The pipe length
4. The air speed
5. The ground thermal conductivity
6. The ground specific heat
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The parameters linked to the soil nature have therefore a relatively high impact on the
EAHE behaviour. Mihalakakou et al. (1996) proved thanks to a numerical model that the
cooling potential of an EAHE is enhanced when the soil is covered with grass (instead of the
case where it is bare). Trzaski and Zawada (2011) showed that a grass lawn cover instead of
a bare ground surface could increase the cooling potential by about 58 %. Nevertheless, the
effect on the heating potential looks minor (less than 1 % decreasing). According to Ghosal et
al. (2004), when an EAHE is buried in a soil covered with glazing, it improves its heating
potential compared to the case of a bare ground surface, but it also reduces the cooling
potential.

It is confirmed by several other papers focused on the soil nature. Lee and Strand (2006,
2008) carried out their parametric analysis (about the influence of pipe depth, radius, etc.)
for four climates and soil natures. Even if the tendencies observed are similar for the four
locations, their amplitude can be greatly different from one to another. Deglin et al. (1999)
took into account the soil water content in the calculation of its thermal conductivity and
density. They then compared the performance of an EAHE buried in a saturated silt soil and
in a dry sand soil for a short-time period of 12 h. The saturated soil gave better performances.
Ascione et al. (2011) used the model implemented in EnergyPlus and obtain similar results:
the wet and heavy soils are that which supply the best EAHE performances. More specifically,
the kind of soil alters differently the EAHE functioning in cooling mode and in heating mode
(Trzaski and Zawada, 2011). When a sand soil is modelled instead of a sandy clay loam soil
the heating potential is increased by 5 % and the cooling potential decreased by 29.9 %.
Bansal et al. (2013a, 2013b) observed a maximal temperature drop between the inlet and
outlet air of 15.6 °C, 17.0 °C and 17.3 °C for a soil with a thermal conductivity 0.52 W.m2.K,
2.0 and 4.0 W.m2.K respectively. They concluded that if the ground thermal conductivity
increases, the EAHE performances are also increased. Thanks to their transient analysis,
based on the introduction of a ‘derating factor’, they found that this is still true, even after a
long working period of 36 hours. The lower the ground thermal conductivity is, the faster the
decline of the EAHE performances with time are.

It is noteworthy that in all the previously cited studies, the grounds modelled were
considered homogeneous. Although the stack of different soil materials can strongly modify
the EAHE thermal performance, only a few models allow the inclusion of the ground
stratification. It can only be considered in two or three-dimensional numerical models
(Bansal et al,, 2010; Gauthier et al., 1997; Hollmuller and Lachal, 2001; Tzaferis et al., 1992).
Furthermore, the soil thermal properties are highly dependent of the water content, which
can vary a lot especially in the shallow ground. However, only a few models take into account
the ground moisture variations. Some of them consider for example simultaneous heat and
mass transfer within the soil (Kumar et al,, 2003; Mihalakakou et al., 1994a). Nevertheless,
the ground is modelled as a cylinder surrounding the pipe. With such assumption, the model
is not able to represent different boundary conditions at different positions - the undisturbed
ground temperature is applied at the ground cylinder outer surface. Gan (2014, 2015)
proposed a three-dimensional and coupled heat and moisture transfer model. It thus makes
possible the modelling of stratification and non constant soil thermal properties. Finally,

complex boundary conditions at the ground top surface - convection, radiation,
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evaporation/condensation and rainfall - are implemented, which is a step toward an accurate
modelling of the ground cover.

2.1.4.2. Summer day - Hot climate

Many publications can be found about the study of the cooling performances of EAHE.
Since there is a wide variety of situations - linked to the climate, the building uses, the EAHE
size and configuration - and of analysis - choice of the indicator of performance, see section
2.1.3 - aclear summary of all the investigations is difficult but was undertaken by Santamouris
and Kolokotsa (2013). Table 7 adapted from this work shows a selection of buildings coupled
with an EAHE for different climates and uses. To sum up and gives a better idea of the cooling
efficiency of an EAHE, it can be observed from the available data that:

o The yearly energy gain ranges between 11 and 760 kWh.m2y! 6, but the most
common values are between 10 and 40 kWh.m=2.y-1,

e The daily energy gain ranges between 7 and 512 kWh.day-1,

e The usual cooling power of an EAHE ranges between 2.5 and 17 kW,

e The COP ranges between 0.96 and 15.8 (ignoring the COP relative to a whole year),

e The obtained temperature drop varies from 1.5 °C to more than 20 °C.

In view of this figures, the EAHE systems appear to be very efficient for cooling, to
decrease the ambient air temperature as well as to save a significant amount of energy.
Furthermore, the spreading of the values for the energy gain, the COP and the temperature
drop are of course explained by the differences between the configurations, but also by the
difference of calculation adopted by the authors (see section 2.1.3.2.).

Nevertheless, when considering the fan energy consumption - via the calculation of the
coefficient of performance COP - the EAHE is sometimes inefficient since COP=1. When the
EAHE cooling performance is compared to other passive cooling method such as natural
ventilation it reveals that it is not always a competitive system (Breesch et al., 2005;
Hollmuller and Lachal, 2014). Breesch et al. (2005) calculate the impact of several passive
cooling techniques on the discomfort hour’s number - when the predicted mean vote PMV
exceeds 0.5. Without any passive cooling technique, this value is more than 500 h, falls to
around 350 h with the presence of an EAHE (alone) whereas it falls to around 50 h with simple
night ventilation. The tendencies are accentuated with an increase of the building occupation.
For Hollmuller and Lachal (2014), the use of EAHE as a passive cooling technique is similar
to night ventilation. Since the outlet air temperature of the buried pipes is generally below
the comfort threshold, an increase of the airflow rate enables to remove the heat load excess.
They however warn about the electricity overconsumption of the fan, and for an appropriate
sizing of the pipes.

6 kWh per meter square of pipe surface area per year
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Table 7: Overview of the EAHE installation characteristics and performances for cooling

Reference  Country Building Type- Numb. EAHE EAHE EAHE EAHE Closed Period Temp. drop Outlet air Indoor temp. Energy gains cop
Surface of length depth diam. airflow loop temp.
pipes / sect. rate
- 0fy — 0, i
(Breeschetal,  po1oium  Office - 2000 m? 2 40m 3-5m 08m ~3000m*h? N Below 22°C 20% - 30% of the discomfort
2005) hours
Germany Office - 6000 m? 26 67-107m 2-4m 0.2m 10300 m>h! N lyear 30°C >18°C 5°C - 20°C 13.5 kWh.m2y! 88 (global)
(Pfafferott, 2003) Germany  Office - 13150 m? 7 95 m 2m 025m 7000 m3h'! N lyear 36°C >24°C 7°C - 20°C 23.8 kWh.m2y! 29 (global)
Germany Office - 1000 m? 2 90 m 23m 035m 1100 m*ht! N lyear 30°C >20°C 2.5°C - 25°C 12.1 kWh.m2y1 380 (global)
(Eicker et al,, . R 21 24 Wh. m2.day? 18% ofthe ~ 34.7 - 50.2
2006) Germany Office - 1488 m 2 90 m 28m 0.35m 1900 m3h N cooling loads, 2.5 - 4.5 MWhy"  (global)
o . .
Italy Educational 28 70 m 2.6 m N lyear 760 kWhm.y'1 per pipe (sim.
results)
Greece Educational 4 1.5m N lyear 33 kWh.m2y!
(Santamouris and
Kolokotsa, 2013)  [taly Multifunct. - 382 m? 40m 4m N Ambient -5°C
The EAHE covers ~60% of the
Greece Atheltic center 6 40-57m 3m N building cooling needs (sim.
results)
(Sodhaetal,, . . 2.05x June. 22-31 Inlet: 23.4 - 43.2 °C _ o 512 kWh.day!
1985) India Hospital 1 80 m 1.4 m2 N (1983)  Outlet: 23.1 - 28.2°¢ 251 =28.2°C Can cool 7 rooms of 16 m? area
Monitoring:
3600 m3h1: 9.5 kW
Retirement home - 7200 m3h1: 14 kW 16 (global -
(Burton, 2004)  France dining room of 380 m? 1 Zm  02m N Typically 5 kW after sim. results)
continuous use
Sim. extrapolation: 2.2 MWh.y!
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Reference Country Building Type - EAHE EAHE EAHE EAHE C(Closed Period Temp. drop Outlet air Indoor temp. Energy gains CcopP
Surface length depth diam. airflow loop temp.
/ sect. rate
(Badescu, 2007) Germany Passive house - 150 m? 36m N 462 kWh.y!
Ambient: 22.5°C - 25.3°C -
3.h-1
(Sawhney etal, i House 85m o5m O42mh Y May 44.2°C 284°C  26.4°C- 32.8°c 180 kWh average for one day 3.35
1999) each o (over one month)
Drop: -1.5°C
3°C lower with ~20 kWh per day if the outside
(Trombe et al., France House 42m 25m  02m 306 - 450 N 10th day in Ambient: 16°C - 37°C than without air temp. is the ref. temp.
1991) ' ' m3h! summer  Outlet: 18°C - 25°C EAHE during ~7 kWh per day if the ref. temp
the peak temp.  is the comfort temp. (25°C)
_ July 5-18
g:;’e“;bf;)‘g France House - 39 m? 39m  2m 7(:n3, 2_?0 N August 22- 17°C-26°C  below 27°C
’ 31 (1991)
(Burton, 2004)  Portugal House 25m 0.16m 290 m*ht N S;‘:;irggr Max. - 8°C Max. power of 2.5 kW
(Al-Ajmi et al., . B 5 4 ) -2.8°C in the peak 290
2006) Kuwait House - 100 m 60m 0.25m 100 kg.h N May-Sept. hour of mid-July 28-32°C 1.693 MWh
(Vazetal,2011)  Brazil House 42m  2m 01lm 113m*h? N -3°Cpotentially
during summer
(Chelggggglwa“' India House - 94 m? 78m  S5m 006m 132 m*ht N 2.36 MWhy! 18
. Inlet: 27.3 °C- 37 °C
3.h-1 - -1
(Wuetal, 2007)  China 60m 3.75m 04m 1000 m*h N 1 day July Outlet: 23.8 - 295 °C 27.8 - 47.8 kWh.day
Mean diff.
(Santamouris et _ 5 _ Ambient: 15°C - 48°C max indoor / or _aco
al, 1994) Greece Greenhouse - 1000 m 30m 1.5m 0.22m N May - Aug. Outlet: 15°C - 25°C  outlet air 15°C-35°C
temp.: 20 °C
(Tiwari et al,, . B 5 39m 4 lday per Ambient: 28 - 39°C o 220 o _ o . B
2006) India Greenhouse - 24 m Serp. 1m 0.06m 150kg.h Y week  Inlet: 29.7°C - 43.3°C 28.7°C-33°C 29.3°C -45.3°C 6.1 kWh.day 0.96 - 1.41
()(zozegf;“e;?)qg- 47 m 4 days in 4.4-158
5 ! * Turkey  Greenhouse - 49 m? 3m 056m 5300 m>h! Y y Max. 16.93 kW Av.: 10.09
Ozgener et al,, U-bend Oct.
2011)
(Bansal et al,, . B ) 2p1 ; Inlet: 42.2 - 43.6°C B » B
2010) India House - 15.5m 234m 27m 01m 119m3h Y Steady-st. Outlet: 31 - 33.7°C 1.2 -3.1 MWh.h 19-29
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2.1.4.3. Winter day - Cold climate

Table 8 gathers several EAHE coupled to buildings, in different climate, for
configurations, and attempt to supply data about their performances for heating. It can be
observed from these data that:

1. The yearly energy gain ranges between 5.55 and 203 kWh.m-2.y-1, but the most
common values are between 10 and 20 kWh.m-2.y-1,

The daily energy gain ranges between 3.5 and 269 kWh.day-1

The only available value for the heating power of an EAHE is around 4 kW,

The COP ranges between 0.63 and 5.16 (ignoring the COP relative to a whole year),
The obtained temperature rise varies from 2 °C to 8 °C.

v W

These figures illustrate the fact that for the Central European climates the cooling
performance is higher than the heating performance. Hollmuller and Lachal (2014) explained
this phenomena by the asymmetry of the meteorological constraint. In winter, the daily mean
ambient temperature is always below the comfort threshold around 20 °C whereas in summer
the daily average temperature never exceeds the 26 °C comfort threshold. Therefore, in
winter the heating of the ambient air via an EAHE is related to its potential to dampen the
annual outdoor thermal wave, while in summer the cooling only requires to dampen the daily
oscillation. Of course the dampening of the daily oscillation does not necessitate the same
sizing as the yearly oscillation. In the first case, a 10-20 m per 100 m3.h? of air, surrounded by
a 20 cm soil layer is sufficient to avoid temperature overshoots according to Hollmuller and
Lachal. The second case necessitates a pipe length of 20 - 40 m per 100 m3.h-1 of air and solicits
a soil layer of about 3 m.

This raises the question of the relevance of such project. First, burying the pipes is
expensive and increases with the tube length and depth. Secondly, the performance of the
EAHE is thermally limited by the ground temperature, around 10 °C in winter. In comparison,
a simple heat recovery system is at the same time cheaper and more efficient since the
temperature of the heat source is around 20 °C. In conclusion, while EAHE can eliminate the
need for active cooling, they are not very competitive for (pre-)heating (Hollmuller and
Lachal, 2014; Peretti et al,, 2013; Soni et al., 2015). Instead, a heat recovery unit is in almost
all the cases far better and more cost-effective.
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Table 8: Overview of the EAHE installation characteristics and performances for heating

Reference Country Building Type- Numb. EAHE EAHE EAHE EAHE Closed Period Temp. rise Outlet air Indoor temp. Energy gains corp
Surface of length depth diam. airflow loop temp.
pipes / sect. rate
Germany Office - 6000 m? 26 67-107m 2-4m 0.2m 10300 m3h! N 16.8 kWh.m2y1 88 (global)
(Pfafferott, 2003) Germany  Office - 13150 m? 7 95 m 2m 025m 7000 m3h! N 51.3 kWh.m2y1 29 (global)
Germany Office - 1000 m? 2 90 m 23m 035m 1100 m3h! N 16.2 kWh.m2y1 380 (global)
(Eicker et al,, . B 1 _ " 34.7-50.2
2006) Germany Office - 1488 m 2 90 m 28m 035m 1900 m3h N 1.8 -3 MWh.y (global)
(Sodha et al,, . . 2.05x Dec. 22 - Inlet: 4 - 24 °C _ono .
1985) India Hospital 1 80 m 1.4 m2 N 31(1983)  Outlet: 12 - 20°C 12 -20°C 269 kWh.day
Retirement home - . . , 16 (global -
(Burton, 2004) France dining room of 380 m? 11 2m 0Z2m N Sim. extrapolation: 6.7 MWh.y sim. results)
(Badescu, 2007) Germany Passive house - 150 m? 1 36m N 968 kWh.y1
(Trombe and B ) 70 -300 i B .
Serres, 1994) France House - 39 m 1 39m 2m mah 503 - 347 kWh.y
(Vazetal, 2011)  Brazil House 1 42m 2m 011m 113 m*h! N +8 C.potel}tlally
during winter
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Table 8: Overview of the EAHE installation characteristics and performances for heating (continuation)

General knowledge about ground heat exchangers and earth-to-air heat exchangers

Reference Country Building Type- Numb. EAHE EAHE EAHE EAHE Closed Period Temp. rise Outlet air Indoor temp. Energy gains cop
Surface of length depth diam. airflow loop temp.
pipes / sect. rate
(Chel ;gg;‘wa”' India House - 94 m2 1 78 m 5m 006m 132 meh1 N 3.01 MWhy! 2.9
(Santamouris et B ) B Ambient: 4 - 15 °C or 910 o _ 2co
al, 1994) Greece Greenhouse - 1000 m 5 30m 1.5m 0.22m N Jan. - Feb. Outlet: 10 - 21°C 10°C-21°C 8°C - 35°C
Tiwari et al 39 ldayper ) b:8.4-18°C
(Tiwari etal, India  Greenhouse — 24 m? 1 m 1m 0.06m 150 kg.ht Y week mb 6%~ 19L 183-20.3°C 20.8°C -27.8°C 3.5 kWh.day! 0.63 - 0.78
2006) Serp. throughout Inlet: 12.3°C - 24.8°C
(Ozgener and Cover of 60% of the heating
Ozgener, 2010; B 5 47 m 1 o load
Ozgener et al, Turkey Greenhouse - 49 m 1 U-bend 3m 056m 5300 m3h Y +2.09°C Ave: 3.77 kW 5.16
2011) Max.: 4.5 kW
(Spieler et al., . 100r_ 190
2000; Wagner et Germany Office - 2180 m? 4 32m 1.5m 05m 3100 m3h'! N 1 year Inlet: 100C 120C 5.55 kWh.m2y1
Outlet: -2°C - 12°C
al,, 2000)
(Bansal et al., . B 5 - . Inlet: 20.6°C _ ”
2009) India House - 15.5m 2 234m 27m 01m 119m3h Y Steady-st. Outlet: 24.2 - 25.4°C 423.4 - 846.7 kWh.h
(Hollmuller and 49— 0.125 2400 -3000
Switz. Comm. -2900m?  beneath 50m 05m - N 1 year 9.4 MWh.y!
Lachal, 2001) s m m3h-1
building
(Hollmuller and 43- 6000 -
i - 2 -1
Lachal, 2001) Switz. Comm. - 8050 m 2333?;2 23 m 6m 025m 12000 m3h-1 N 1 year 15.6 MWh.y
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2.1.4.4. Mid-season, coupling with buildings and long term functioning

As proved by the number of studies cited in the two previous subsections, the heating
and the cooling modes of the EAHE are well understood. On the contrary, a few researches
carried out their functioning for mid-season, when the heating and cooling mode can
alternate daily. For such periods the EAHE can be very inefficient. Indeed, Pfafferott (2003)
talks about ‘overlap’ of the heating and the cooling period. This sometimes happens in winter
when the ambient air temperature decreased as it flows through the pipes, and reversely
increased in summer. To face this problem of inexpedient heating/cooling the solution is to
identify the periods when undesirable temperature are yield by the EAHE and to by-pass it.
The control method can take a variety of forms:

o Time controlled: the EAHE outlet air is by-passed for a given time window,

e Open-loop controlled: the EAHE outlet air is by-passed according to the value of the
ambient air temperature,

e C(Closed-loop controlled: the EAHE outlet air is by-passed according to the value of the
indoor air temperature.

According to Trzaski and Zawada (2011) in which an assessment is carried out for a whole
year with simulation, the by-pass presence considerably improves the EAHE heating as well
as cooling performance, particularly for mid-season. Furthermore, when an EAHE is used for
the air-conditioning of a building it can work alone or it can be coupled to another system, as
an air-handling unit (with or without heat recovery system), a heat pump, a solar chimney,
etc. The latter often have their own control systems and by-pass.

About the coupling in series with an heat recovery unit, the contribution of the pipes has
been proved to be marginal compared to that of the heat recovery unit (Chlela et al., 2007;
Hollmuller and Lachal, 2014; Kopecky, 2008). While an EAHE can improve the thermal
comfort in summer, it only ensures preheating in winter. Ensuring a good thermal comfort
during the cold season necessitates a coupling: in such case, the EAHE enable to avoid the
freezing of a heat recovery unit for example.

The coupling between an EAHE and a conventional air conditioner is analyzed by Misra
et al. (2012) in order to investigate the possibilities to enhance its performances. Four
arrangements are evaluated:

1. The air conditioner is working alone (the reference case),
2. Both air conditioner and the EAHE supply in parallel cold air to the room,

3. The EAHE blows cold air on the condenser coils of the air conditioner, and the air
conditioner supply cold air to the room,

4. The EAHE uses 50 % of its outlet air to cool down the condenser coils of the air
conditioner and the remaining 50 % is directly blown to the room.

The mode 4 downgrades the performance and the modes and 3 yield better performances
than the reference case. The room air temperature and the electric consumption are reduced
in both cases, up to -1.4 °C and -18 % for the mode 3.

Four ventilation devices were analyzed by Boji¢ (2000) for their potential of energy
savings: an air-to-air heat pump, a heat recovery exchanger, an EAHE and an air-mixing
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devices. The heat recovery and the air-mixing techniques have been found as having the more
significant impact on the energy savings, and the control of the global ventilation system has
been proved to be even more significant.

A coupling of an EAHE with an evaporative cooling system was analyzed with both
numerical model and experimental measurements (Bansal et al., 2012a). The comparison
showed good agreements with a maximal relative error of 8 %. The potential of the two
systems — EAHE alone and EAHE coupled with the evaporative cooling system - to meet the
requirements of thermal comfort is evaluated by comparison to the scenario where no
passive cooling system is set. Without any treatment of the air, the air is comfortable 25.6 %
of time. The EAHE alone supplies comfortable conditions 23.3 % of time, while the coupling
‘EAHE+ evap. cooler’ increases this percentage to 34.2 %. The combined system is thus from
an energy point of view more efficient. Bansal et al. (2012b) put in evidence that this system
is also better from an economic point of view. Nevertheless, they showed that attention has
to be paid to the choice of the fan: if the latter is not efficient, the project is not viable. In a
refurbishment project, this system can be relevant only if the current heating and cooling
systems are not efficient.

Although it is clearly of high importance, the performance evolution with a long term
functioning is another aspect of the EAHE that received little attention. Bansal et al. (2013b)
used a transient model in order to prove that a continuous working of 36 hours induces a
decrease of the performances compared to the results yield by a stationary model - i.e.
considering a constant ground temperature. Through the introduction of a ‘derating factor’,
they also showed that the lower the soil thermal conductivity is, the higher the reduction of
the performance is. Kopecky (2008) noted that the ground discharges heat during winter due
to the cold air circulation within the pipe. The long term analysis showed that when the
airflow is stopped, the ground temperature tends toward the undisturbed ground
temperature in a few days only. The intermittent working of the EAHE enables ground heat
recovering, and thus raises the EAHE performance. This phenomenon is attenuated in
summer: because of a stronger daily temperature variation, the ground temperature stays
closer to the undisturbed ground temperature.

The lessons from that section are various. First, the functioning of an EAHE has been
widely studied for purely winter or summer conditions but not for intermediate conditions.
However, the efficiency for such periods remains very uncertain due to inexpedient heating
or cooling. The problem can be partially solved by the adding of a by-pass, correctly
programmed. Secondly, the comparison of the EAHE performances with other passive air-
conditioning systems showed this is not always a relevant choice, both from an energetic and
an economic point of view. In the light of the above sections, only good sizing, material
choices, and regulation ensure the success of the use of an EAHE. This necessitates an
evaluation for each project since as exposed in the section 2.1.4, the soil nature and the
climate strongly influence its behaviour. This evaluation, of course via modelling, has been
done for years most of the time with steady state models, using undisturbed ground
temperatures and excessively simple boundary conditions.
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2.2. ON THE MODELLING OF EAHE

Many solutions to model EAHE has been proposed in the literature. A structured
overview is presented in this section. First, the analytical models are reviewed. Then, the main
numerical approaches are introduced according to their level of complexity. Finally, a
synthesis is made in order to catch the main features of each model.

2.2.1 ANALYTICAL MODELLING
2.2.1.1. Steady-state analytical models

Tzaferis etal. (1992) exposed and compared eight EAHE modelling approaches. The basic
idea of the algorithms to calculate the outlet air temperature is to compute the convective
sensible heat exchange for a pipe section of length §x and deduce the temperature evolution
throughout this section. It necessitates the knowledge of the pipe surface temperature. From
there, the authors distinguished two possibilities. The temperature of the pipe surface is
either assumed equal to that of the undisturbed ground temperature at the pipe depth (Figure
14 (b)) or the undisturbed ground temperature is applied at the outer surface of a ground
volume surrounding the pipe (Figure 14 (a)).

T

undisturbed
\J

.
0QEAHE .

pipe ] Pin\ pipe Pip:

6x

(a) (b)

Figure 14: Simple modeling of an EAHE with (a) and without (b) considering the soil surrounding the
tube

In both cases the pipe surface temperature is considered isothermal. This reasoning is
the base of most of the simpler analytical models as for example those developed by De Paepe
and Janssens (2003). This steady-state one dimensional analytical model aims at providing
decision help to architect and building designers. The total heat transferred to the air is

Qpane = MgCq (Toutlet - Tinlet) (2.14)

Considering that the total heat exchanged by convection can be written
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Qrane = hepaneApaneATim (2.15)

where ATy, the logarithmic average temperature difference is given by

-1
Tinlet - Tpipe
ATy, = (Toutier — Tinlet)ln[ P (2.16)
Toutlet - Tpipe
the solution is thus
Toutlet = Tpipe + (Tinlet - Tpipe)e_NTU (2.17)

where the NTU has been defined by equation (2.5), and T}, = Tfnd.

A similar model - with nevertheless some additions - is developed and implemented in
the TRNSYS software (Al-Ajmi et al.,, 2006). The model considers steady-state airflow within
a pipe surrounded by a soil annulus whose thickness is equal to the duct radius. The
temperature of the outer surface of the soil is equal to the undisturbed ground temperature -
varying only with an annual period - at the corresponding time and depth. The calculation of
the outlet air temperature is done according to

_UEAHEAEAHE> AP,
(2.18)

Toutiet = Tinter — (Tinlet - Tﬁqnd) (1 —e CaMMa + TIf—CP
an€aPa

2r -1
n (?) 1 (2.19)
2ntlgappA  2rLgapphepane

Ugane =

where Ug 4y is the global heat conductance of the EAHE - due to the convective thermal

n(2)

-ris
ZT[LEAHEA

: 1 , .
resistance ——— — and the conduction thermal resistance of the ground
2nrLganghcEAHE

the pipe radius, AP; the pressure loss and 7)¢,,, the fan efficiency.

The final model is evaluated thanks to a comparison against two set of experimental
results. For the first set of results, the difference between the predicted and the measured
outlet air temperature is below 1.7 °C. For the second set, it is below 4.8 °C for low air speed
(0.5 m.s1), but limited to 0.9 °C for higher air speed. According to the authors, the
discrepancies can be partially explained by short duration of the study. The TRNSYS type that
yield the undisturbed ground temperature is the TYPE 263.

Niu et al. (2015) used an order two polynomial regression to build simple analytical
expression to evaluate the sensible, the latent and the total cooling potential of a EAHE as a
function of the inlet air temperature, relative humidity and velocity, the pipe diameter, length
and temperature. This is based on the results yield by a numerical model, introduced in the
next section.
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2.2.1.2. Transient analytical models

A more detailed analytical model based on Green’s function is developed by Cucumo et
al. (2008) in order to calculate the temperature of the pipe wall’s. This model considers one-
dimensional heat diffusion through the soil, yearly and daily fluctuations of the ground upper
surface temperature and heat convection between the pipe wall’s and the flowing air in
continuous operation. Due to the complexity of this model, and the resulting high
computational time, a simplified version is devised based on the principle of superposition.
The exact and the simplified solutions are compared and the discrepancies of the temperature
at the installation depth of the buried pipe are below 5 % and below 12 % in the vicinity of
the pipe. The simplified model considers that the ground temperature at depth z and time ¢
is the sum of four terms, two of which related to the daily and yearly evolution of the ambient
air temperature, and two others linked to the EAHE influence. The resulting pipe wall’s
temperature function is given by (2.20) where Tfnd (z,t) is given by equation (2.1), T, is the

daily mean air temperature and AT, 4 its daily amplitude variation, f = h :)7‘1 and € =
c,EAHE S

arctan (%) Using this model, the authors then proposed to evaluate the performance of the

EAHE. The approach is different from the traditional one consisting in evaluating the outlet
air temperature. In their work, they consider the outlet air temperature is a given parameter.
On the contrary their objective is to calculate the length of the pipe and the specific humidity
at the outlet. The inlet specific humidity, the pipe depth and diameter, the soil thermal
parameters are known. If the inlet air specific humidity is over the saturation condition,
condensation occurs and is not negligible.

Tpipe (z,1)
= Tlfnd (Z’ t)

+(Ta = Toa(z 1) [1

— exp <hc,EAHE2as(t - to)) erfe <hc,EAHE\/ ag(t — to))]

(2.20)

A? A
AT 4

+,/1 + 2 + 22

The pipe wall’s temperature cannot be considered as constant, especially when phase
change is taken into account. Since the isothermal condition is excluded here, the traditional
exponential evolution of the air temperature is wrong. Instead, the evolution of the
temperature and the relative humidity along the z axis is assumed to be quadratic. This was
verified against experimental data. Noting T*(z) = T, (2) — Tpipe(2), they thus assumed

cos(wy(t—t;) —¢)

T* _ * T* _ *
inlet outlet inlet outlet
T*(2) = Tinger — 2 z z?

(2.21)
LeanE Leane”

and a similar expression for the air specific humidity at saturation. Therefore, the heat
exchanged is given by
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L
QranE = f he gane Peane (Ta (z) - Thipe (Z)) dz
0

L
= f hegangPeaneT” (2)dz (2.22)
0

hC,EAHE PEAHE LEAHE * *
= 3 (ZToutlet + Tinlet)

=My, (Houtlet - Hinlet)

To calculate the inlet and outlet air enthalpy necessitates the knowledge of the outlet air
specific humidity. The authors solved this problem by using an iterative procedure and
assuming

— _ . -NTU
wa,outlet - (wa,inlet wa,sat,mlet)e

2(1 —e™NTU)
+ (wa,sat,inlet - wa,sat,outlet) TUZ (2.23)

Ze_NTU
- N—TU - 1> + Wy sat,inlet

It is thus possible to compute Lg,yp and wg gytee- The results yields by this model have
been compared against a numerical finite volume model and experimental data, both in
summer conditions, and showed good agreement.

A fully analytical model of an EAHE is developed by Hollmuller (2002, 2003). Heat
diffusion through a soil cylinder surrounding the pipe, heat convection between the flowing
air and the pipe surface and heat advection along the pipe are the main phenomenon
considered, illustrated in Figure 15. Aiming at giving an idea of the accuracy of this model, the
main assumptions are recalled here:

e The heat diffusion is radial (neglected in the longitudinal direction),

e The soil thermal properties are homogeneous and constant,

e The air temperature is considered as constant in a pipe cross-section,
e The convective heat transfer coefficient is constant along the tube,

e The tube thickness is neglected,

e The latent heat transfers are neglected,

e The air warming due to the friction on the pipe surface is neglected.

Under these conditions, the equation describing the heat diffusion within the soil cylinder
is therefore

0’9 101%) _ a1
s gr2 T or | ot (224)
for which the boundary conditions is
aT9
Asﬁ = ho(T9yar, — Ta) (2.25)
)

The equation describing the heat exchanges to the flowing air is
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. (0T, 10T,
Camyq (E + V_aW) = anoha(Tglr:ro - Ta) (2.26)

To solve this system of equations, Hollmuller considered an harmonic evolution of the
inlet air temperature T, |,=o = 8ycos(wt). Noting 8,; (x) its - complex - longitudinal evolution,
the pipe air temperature can be written

T, = Re(6;(x)e'®?) (2.27)

Considering that the radial I; (r) and the longitudinal evolution 6;(x) of the ground
temperature are independent, a similar expression can be written for the soil temperature

T9 = Re(6; () I, (r)e'®") (2.28)
where, choosing I'g (ro) = 1, 84 (x) is the temperature of the tube.
. _ 0rTg(r) . hghp . .
Taking hy = —1— and decomposing ——- under the form h + ik, the solution
TGN -, hg+h}

for the air temperature is obtained via the modified Bessel’s functions and its real partis given
by

27y x 27Ty
T (x,t) =6y exp (— 0 hx) - cos (a) (t — V) s kx) (2.29)
a a a a''ta
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Figure 15: EAHE analytical model developed by Hollmuller (2002, 2003)

Furthermore, writing h;- = hy + ik, one has h = "al's |\ Ah and k = 220 4 Ak. The

athg ha+hyg

terms Ah and Ak can be interpreted as an additional dampening and a shifting of the inlet
thermal wave in the tube compared to the case of a constant condition. Hollmuller proved
thanks to the study of the evolution of hg that - for both isothermal and adiabatic boundary
conditions on the outer soil surface - an increase of the soil thickness progressively isolates
the pipe from the outside thermal load. For a soil thickness beyond §, the soil is unaffected by
the circulation of the air. The phase shifting coefficient k; rises then stabilizes for soil
thickness beyond §. Contrary to the amplitude dampening which was independent of the pipe
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On the modelling of EAHE

radius for soil thickness beyond §, the phase shifting stabilized value depends on it. These
results from are consistent with the conclusions in section 2.1.2.1 and the work of (Yang et
al,, 2016). Finally Hollmuller generalized the solution (2.29) for any inlet air temperature
using Fourier decomposition.

Yang et al. (2016) proposed a new analytical model based on those developed by
Hollmuller. They main difference lay on two points. First, the soil cylinder surrounding the
pipe is assumed to have an infinite radius. The undisturbed ground temperature is applied
here instead to at a finite distance of the pipe. Secondly, the interaction between the EAHE
and the ground is taken into through an ‘excess fluctuating temperature’. It mainly consists in
solving the heat transfer equations for the normalized temperature T = T9(z,t) — Tfnd_ (z,t).
This analytical model was validated against a numerical CFD model.

2.2.2 NUMERICAL MODELLING
2.2.2.1. Simplest models: one- or two-dimensional heat transfers

Deglin et al. (1999) developed a model of EAHE based on one-dimensional heat transfer
with cylindrical coordinates. The radial heat transfer within the soil cylinder - divided into
several coaxial layers and sections along the airflow direction - around the pipe is taken into
account. The model calculates the heat transferred from the air to the soil and deduces the air
temperature at the outlet of the first cylinder and so on until the outlet of the last cylinder.
Again, a validation is made against experimental measurements, led over two weeks. The
maximal temperature differences were below 0.5 °C.

Lee and Strand (2008) implemented a module dedicated to the EAHE modelling for the
EnergyPlus software. The heat transfer between the air and the earth is modelled as a heat
flow through three thermal resistance: the first R, representing the convective heat
exchanges between the air and the pipe inner surface, the second R, the conductive heat

transfer between the inner and the outer pipe surfaces, and the third R the conductive heat
1

transfer between the outer pipe surface and the undisturbed ground. Noting U = TR IR
cTRpTRg

the heat balance equation for the flowing air is
MacqdTy(y) + U(To(v) = T9(z,1))dy (230)

The authors solved analytically this equation; the solution has an exponential form. The
boundary condition at the outer soil surface is the undisturbed ground temperature.

Niu et al. (2015) developed a numerical one-dimensional model for EAHE, based on the
same principle than the numerical model in (Hollmuller, 2003) introduced in the next
subsection. The evolution of the air in the duct has an exponential shape for each pipe section.
If the air temperature of a pipe section drops to the dew point, the moisture condensation is
considered, which is new compared to the two previous models. The governing equations for
the air are

MiqCa(Taj—1 — Taj) + Maly(wgj—1 — ®a ;) = Afhe(Ta = Tpipe) (2.31)
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Mg (wa,j—l - wa,j) = Apghy (wa - wsat,pipe) (2.32)

This model was calibrated thanks to measurements data, including winter and summer
mode (thus condensation and noon-condensation mode) as well as natural (the fan is turned
off) and forced ventilation. The mean relative error on the supplied air temperature and the
humidity ratio are 1.6 % and 8.7 % respectively over the summer season.

Thiers and Peuportier (2008) studied the coupling of a double-flow air handling unit with
a heatrecovery system and an EAHE. The model was implemented in COMFIE, and is actually
divided into two models: one for the soil and one for the EAHE. The soil was assumed
homogeneous with constant thermal properties, dry, and was represented by a semi-infinite
solid. It is subject to several thermal loads from the ambient air and the solar radiation, from
the subground, and from the adjacent building. Compared to the previous numerical codes,
the authors here proposed a modification of the classical undisturbed temperature (2.1) as
detailed in

TY (Z' t) =geo-z+ O'bat(r' Z)Tsurf,bat +T9 (ZO)

+(1
! z
— Opae(1,2)) Z A, (zg)e S@nsin (a)nt —{n (2.33)
n=1
z
- S(wn)>]

Opat (1, 2) denotes the weight factor, i.e. the thermal influence of the building on the
ground at depth z and from a distance r of the center of the slab and geo a thermal gradient
representing the deep ground temperature variation. This temperature is applied as
boundary condition of the EAHE model.

Ground level
SOIL

top level

\

Height

4 bottorn level

air out
towards
building

Length
SOIL

Figure 16: Cross and longitudinal section of the EAHE finite volume model (Thiers and Peuportier, 2008)
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On the modelling of EAHE

The EAHE is composed of several identical buried ducts in the same plane and
equidistant. The air is supply at the entrance of the horizontal pipes and extracted at the outlet
by vertical pipes, but their thermal impact is neglected. These pipes are embedded in a two
soil layers assumed homogeneous, as illustrates on Figure 16. The discretization also operates
along the flowing air axis. A heat balance enables to calculate the evolution of the temperature
along the ducts, according to equation (2.34). The temperature is assumed uniform for each
mesh. The radial conduction is only heat transfer taken into account. The axial conduction is
neglected and the problem is further simplified considering only one pipe.

Cama(Ta(y +8y) — Ta(y)) = hc,EAHEAair/pipe(Tpipe - Ta) (2.34)

The EAHE model is solved using a finite volume method with a 30min time step. A
comparison of the simulation results with measurements of the outlet air temperature shows
discrepancies below 2°C 98% of time. The temperature is overestimate during spring and
autumn, which was explained by the authors as the consequence of neglecting the rainfall.

2.2.2.2. Two- or three-dimensional models with possibly latent heat transfer

The analytical EAHE models - introduced in the previous subsection - are useful for
designing and to understand the global physical behaviour of the buried pipes but are
nevertheless not adapted for the representation of realistic situations (Hollmuller, 2002;
Hollmuller and Lachal, 2001, 2005). Therefore, the use of a numerical model was proposed,
after having identified the limits of the existing ones:

e Allused adiabatic boundary conditions for the vertical walls, which does not allow the
consideration of edge effects,

e Only a few allow the consideration of inhomogeneous soils,

e The latent heat exchanges are usually neglected,

o The heat dissipated by the air friction on the pipe wall,

e The control of the direction of the airflow have never been taken into account,

e The validation is usually made against analytical or experimental results but only for
short period, from some hours to some days.

They developed a finite element based model, considering both heat and latent flows
between the air and the tube walls’ - as illustrated on Figure 17 - and three-dimensional
sensible heat transfers within the soil. The ground meshing is orthogonal with variable mesh
sizes. The pipe circular section is approximated by a square section, and the convective heat

o V; : .
coefficient is corrected by a factor 7” . The heat properties of the soil are constant but non

homogeneous and defined for each soil layer. Eventually water infiltrations can occur within
the pipe. The sensible heat exchanges between the flowing air and the pipe are given by

Bsens = AEAHEhc,EAHE(Ta - Tpipe) (2.35)
The latent exchanges are determinate through the Lewis approach

) Agang heEane
Ca

Pt = Lv(wa — Wgsat,pipe (2.36)
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The heat dissipation due to pressure losses is

2
Lgane Va

Prric = mgf - (2.37)
fric a DEAHE 2

where f is the friction factor traditionally obtained from a Moody diagram.
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Figure 17: Modelling of the heat and mass flow within the buried pipe (Hollmuller, 2002)

The temperature and specific humidity evolution along the pipe are finally calculated
according to

Pfric - Psens
(Ca + vaa) "PaPa

Toj=Taj1+ (2.38)

Waj = Wq 1 n (wa - wsat,pipe? ) AEAHEhc,EAHE (2.39)
ComgAt

The model was validated against two set of experimental data. The first monitored
building is the ‘schwerzenbacherhof commercial and administrative building of 8500 m?
surface equipped with and EAHE of 43 pipes of 23 m length and 25 cm diameter buried 6 m
beneath the ground surface. The comparison of the measurements with the numerical results
is made over one year and presented for weekly and hourly dynamic. The sensible heat
transfers are well reproduced: 4 % of over-estimation on summer charge, and 10% under-
estimate on winter charge. The latent heat exchanges are absent if the water infiltration
modelling is turned off. If it is turned on, there are 14 % of under-estimation on summer
evaporation and 22 % of over-estimation on winter evaporation. The second monitored
building is the ‘Geoser’ greenhouse, equipped with 24 pipes of 16 cm diameter, 11m length
and buried 80cm below the surface. The monitoring is led over 17 months with 5 min time
step. The results are similar as before.

Kopecky (2008) proposed in his thesis a similar method with nevertheless some
modifications. The heat equation is solved in a two dimensional system of coordinates only
(the axial heat diffusion is neglected). For the airflow, the pipe is divided into several sections
and the evolution of the temperature and vapour density is described by
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To(y + 6y, t) = Tpipe(y + 6y, t — At)
hegang2mr (2.40)
_TcEAHEZTT
+ (Ta(}’, t) - Tpipe(y: t— At)) e MaCq

Pv,a (y + 6y, t) = Py,sat,pipe (y + 6y, t — At)
hyEanE2Tr (2.41)
+ (pv,a (3/: t) — Py,sat,pipe (y' t— At)) e Va

The condensation is modelled only if p,,(,t) > pysatpipe(V,t —At), and the
evaporation is and only if p, (y, t) > py sarpipe (¥ + Ay, t — At) liquid water was accumulated

at the pipe surface at the previous time step. The liquid water does not move at the pipe inner
surface.

The resolution of the final model is done by an explicit method which is, according to the
author, not stable. The accuracy of the numerical model is evaluated over short and long term
studies. The long term studies showed that the prediction accuracy is sometimes low (in
terms of relative difference) which is according to Kopecky due to the fact that the soil/air
heat exchange are low, and because of the intermittent operation. The accuracy depends
strongly on the estimation of the initialization and the soil thermal characteristics. The heat
balance at ground surface seems to govern the EAHE performance. Furthermore, the author
noted that the air flow rate is unknown and has been used as adjustment parameter. The
studies led on short term durations showed that correct reproduction of the moisture transfer
is difficult.
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Figure 18 : Cross-sectional view of the EAHE installation modelled by Gauthier et al. (1997)
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A three-dimensional model based on finite difference method is developed by Gauthier
et al. (1997). It allows the modelling of several pipes, non homogeneous soils, the
consideration of dynamics boundary conditions and condensation/evaporation within the
tubes. The studied installation consists in dozens pipes buried underneath the building slab
as illustrated on Figure 18. The impact of the insulation of the building basement is in
particular analysed. The other assumptions of this model are the followings:

e The soil thermal properties are constant,
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e The ground heat transfers due to a moisture gradient are neglected,
o The axial conductive heat exchanges in the pipes are neglected,
e Asforthe Hollmuller model’s, the circular pipes are approximated by a square section.

The following equation is used to describe the energy balance within the pipes

oH, _ Pa9EAHE dw,

2.42
dy Mg dy Paly (242)

The predicted inlet/outlet temperature difference for two different pipes are compared
to the measurements recorded over three days in April for a greenhouse located in Québec,
Canada. The maximum relative discrepancy is 5.2 %. The authors considered this agreement
as good given that the soil thermophysical properties ‘can hardly be estimated within an
accuracy 10 %’.

A quasi three-dimensional transient model is introduced by Badescu (2007). The soil,
assumed homogeneous and isotropic, is divided into vertical sections. Contrary to most of the
existing models, the axial heat conduction is not neglected. The model considers only the
sensible heat transfers. The boundary conditions for the soil are of course the heat flow from
the soil to the flowing air, and the heat flow at the ground surface. The latter is written as a
sum of a convective heat flow, a short and long wave heat flow, and an evaporative heat flow.
The monthly average thermal load supplied by the EAHE calculated with this model is
compared against the results from a simpler numerical model. The agreements are good
during summer and winter period, but large discrepancies are noted for mid-seasons.

A quasi three-dimensional transient model for EAHE is developed by Trzaski and Zawada
(2011). The soil is divided into vertical sections. The (sensible) heat equation is solved for
each of them thanks to the finite element method. The circular shape of the pipe section is
approximated by the orthogonal meshing, and the convective heat transfer coefficient is

corrected by a factor %‘ The authors used the ‘Polish society of Soil Science’ soil texture

classification to create a set of 16 different soils: the soil density, specific heat and thermal
conductivity are expressed as functions of textural parameters. The humidity ratio of the
ground effect is only taken into account via the thermal conductivity. The airflow model
simply consists in writing an enthalpy balance of the air for each section: the variation of the
air enthalpy is due to the incoming/outgoing enthalpy (advection term) and to the convective
heat exchange with the pipe wall. Since each mesh can be associated to one specific material
and boundary condition, non homogeneous soil, different ground covers and shading can
theoretically be modelled by this way. Each ground top surface mesh is tested to know
whether itis shaded or not. The formulation of the ground upper surface boundary conditions
is not explained, but one can assume that convection and short wave radiation are considered.
The model was compared against experimental data, and was found to be accurate, except for
special cases when the airflow is null or for meshes close to the ground surface.

Suetal. (2012) modelled a deeply buried (around 20 m) EAHE of 400 m long and section
8 m x 8 m. A one-dimensional implicit model is used to calculate the temperature and the
humidity of the flowing air, according to (2.43) and (2.44) respectively.
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dwg 0wg  Ppang

Pa o = ~Pala 9z Apane hy (W — Wsatpipe) (2.43)
aT, aT, a8 (. dT,\ P
pacaa_; = —,DaCaV;la—Za + &( aa_za) - th(Ta - Tpipe) (2.44)

An implicit up-wind finite difference scheme is used to solve the two previous equations.
Using a cylindrical system of coordinates, neglecting the angular variation of temperature and
the axial heat conduction the soil modelling is treated as a quasi two-dimensional problem.
Furthermore, since the soil top surface has almost no influence at such depth, and because of
a high distance between the inner and the outer surface of the cylinder, a constant
temperature is applied at the outer surface. The heat equation written in cylindrical
coordinates is solved for each slice through a finite difference scheme. The performance of
the resulting code with hourly time step was evaluated against experimental results over 130
hours. The maximum error is 1.4 °C for the temperature and 10 % for the relative humidity in
most of the cases.

2.2.2.3. CFD based models

Wu et al. (2007) solved the three-dimensional heat equation for the soil and a two
dimensional system of three equations - energy (2.45), mass (2.46) and turbulent kinetic
energy (2.47) balances - for the air.

aT - .
caPa + 7 (CapaVaTa) = V - (4aV Ta) (2.45)
3(paV. _
% +7-(paVs) =0 (2.46)
d(p k . .
(gi ) + V- (paVok) =V-(I; -V k) — pye (2.47)

where k is the turbulent kinetic energy, € and I}, are the dissipation rate and diffusion
coefficient of k respectively. A Fourier condition - representing the convective heat transfer
- is implemented for the ground surface. The heat convective coefficient also includes the
radiation heat transfer coefficient. The undisturbed ground temperature is used as boundary
condition for the ground base layer. The Phoenics software was used for the implementation
and the resolution of this set of equations. It is based on the finite volume scheme. The
agreement with the experimental measurements is good, as the maximal deviation is 0.8 °C.

Another ‘CFD based’ solution is proposed by Vaz et al. (2011). Here CFD is used for both
the earth and the flowing air. The mass, momentum and energy conservation are more
detailed than the system used by Wu et al. (2007), and implemented into the FLUENT-
GAMBIT commercial software. The resolution is made through the finite volume method with
tetrahedral volumes. The boundary conditions are isothermal (sinusoidal with annual
fluctuation) on the ground surface, and constant air velocity at the pipe inlet. The problem is
solved using the Reynolds Stress Model (RSM) as turbulence model, over one year with daily
time step, and the accuracy of the results are evaluated thanks to measurements. The highest
difference between the measure and simulated temperature did not exceed 15 %.
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Chapter 2. Ground heat exchangers, earth-to-air heat exchangers: state of the art

A CFD model was also used to model the flowing air within a two pipes EAHE and the soil
around (Bansal et al., 2013a, 2013b; Misra et al,, 2012). The main assumptions of the model
are the following:

e The airis incompressible,

e The soil is homogeneous and its thermal properties are constant,

o The soil is not affected by the pipe presence beyond a distance equal to four times the
pipe diameter,

e Atsuch distance, a constant temperature of around 300 K is applied.

An experimental study of a 60 m long, 10 cm diameter pipe was carried out and enables
the authors to verify the model accuracy. The maximum relative difference is 8 %.
Nevertheless, it is important to note that the model validation is only based on one-off
measurements, and that long period — monthly or yearly for example - are not studied. This
is mainly due to the high computational time required by a CFD model.

Serageldin et al. (2016) led a study on a serpentine configuration of an EAHE, which is
quite new, undertaken via experimental and two numerical models. Another specificity of this
study is the fact that the inlet and the outlet vertical pipes are taken into account. The first is
called ‘mathematical model’ and is implemented in the Matlab software. It considers transient
one-dimensional heat transfers within the ground, and solved the equation thanks to a finite
difference scheme. The other model is three-dimensional CFD based, solved with the
commercial software Fluent. A comparison of these two numerical codes to the experimental
results put in evidence that the CFD model reproduces clearly better the system behaviour
than the mathematical model. Using the first one, the authors showed that the dominant heat
transfer process mainly occurs via the horizontal pipes, the vertical ones do not play a
significant role.

2.2.2.4. Other models

Mihalakakou et al. (1994b, 1994a, 1994c) and later Kumar et al. (2003) developed an
EAHE model that takes into account the coupled heat and moisture transfer into both the
flowing air and the soil was developed. The equations to solve for the soil are

oT9 - 5

PsCs 5 = V- (AsVT9) = L,psV - (D, VwI) (2.48)
ow9 S ’
—r =V (D, T9) + V- (D,w?) (2.49)

where D, (m?.571) is the isothermal moisture diffusivity, Dy, (m?.s™1.K~1) the thermal
moisture diffusivity and b, (m?.s~1) the isothermal vapour diffusivity.

The equation describing the energy balance of the flowing air has a similar form to (2.30).
Since the pipe is impervious, there is no moisture exchange between the air and the soil. The
geometry of the soil domain is a 59 m radius cylinder. The boundary condition applied to this
surface is isothermal, and its value is given by the undisturbed soil temperature at the
corresponding depth and time. The model is solved thanks to a finite volume method - the
soil cylinder is divided into concentric rings and several sections along the axis of the flow -
and an implicit scheme and a Gauss-Seidel method. The resulting transient model was
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On the modelling of EAHE

implemented in TRNSYS. The validation against experimental measurements aggregated over
fifteen days showed the maximum difference between the observed and the simulated outlet
air temperatures were below 0.5 °C. Mihalakakou et al. (1994b, 1996) studied the influence
of the ground cover on the heating and cooling potential of the EAHE. Nevertheless, their
conclusion should be taken with caution as the ground cover is model in such a way that it
only impacts the undisturbed ground temperature. Furthermore, the very simple boundary
condition does not allow moisture exchanges at the ground surface, and the equation for the
evolution of the air humidity is not given.

Air inlet House Text
AEEREE ST
IRl 1
: Buried pipe | q
: 3 H : ! H "
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41 Y& 0 i y
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2 Ax iAx | px; o X A T Buedpipe

Figure 19: Principle of EAHE modelling with response factor method (Tittelein et al., 2009)

Tittelein et al. (2009) stated that the analytical method are accurate but are limited by
numerous restrictions. They only enable the modelling of very simple geometry and
homogeneous soils. The numerical methods solve these problems, but require in return high
computational time. They therefore proposed to use the factor response method as a relevant
method to model EAHE. The system {soil + pipe} is divided into several cross-sections (see
Figure 19) and the heat transferred to the circulating air is calculated for each of them. It is
therefore a two-dimensional modelling. Convective, short and long wave radiation heat
transfers are considered as boundary condition at the ground surface. The heat flow from the
environment to the ground ¢’ ., and that from the ground to the pipe q' sp are calculated

thanks to the convolutive response factor method. A relation between the heat flow ¢, and

the ambient air temperature is obtain (2.50) for each section, where the numerical
admittance X;, the transmittance Y; and the admittance Z; are calculated thanks to a two
dimensional finite element model.

Ny Ty
q,sse(t) = ZXiTSSe(t - iAtx) + Tsse (K — ZXi)
i=0 i=0

n ny (2.50)
= D Wiy (t - idty) ~ T (K = ) 1)
i=0 i=0
The problem is then solved for the whole pipe length thanks to the equation
q,SSE,iAx + maSCa(Ti_l/z - i+1/2) =0 (2.51)
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Chapter 2. Ground heat exchangers, earth-to-air heat exchangers: state of the art

The results yield by this model are compared to the solution of both the analytical and
the numerical model developed by Hollmuller (2002, 2003) and Hollmuller and Lachal
(2001). The simulation of the response for both daily and annual load is accurate. According
to the authors, the main advantages of this model are:

e The low computational time compared to other model of equivalent accuracy,
e The accurate simulation for both daily and annual load,

e The possible modelling of non homogeneous anisotropic soils,

o The possibility of the modelling of several pipes.

Nevertheless, the limits are:

o The neglecting of the axial heat conduction,
e The impossibility to model the shading from a building,
e The important computational time for several pipes.

Furthermore, one can note that this model requires the results of several numerical
modelling to calculate the admittance and transmittance factors.

Finally, Gan (2014, 2015) was one of the first to use a three dimensional model
considering a full coupling between heat and moisture transfer within the soil and the airflow.
The set of conservation equations for the soil is

d(psesT?) _

- V- (@ + LopDr)7T9) + V- (LopiDey)7609) + 1 (252)

009 R - 0K,
—r =V (Or+Dr)VT9) + 7 ((Dor + Do)VO9) + =4 G (253
Short and long wave radiations, convection as well as evaporation / condensation and
precipitation are considered in the ground surface boundary condition. The ambient air
temperature evolution is assumed sinusoidal with daily fluctuation. As no data are available
for the rainfall, constant precipitation from 8:00 pm to 11:00 pm every third day are used. The
vertical faces are assumed adiabatic and impermeable. The bottom face is isothermal, and the
value of the temperature is equal to the undisturbed ground temperature. The heat and mass
balance equation for the air are

d(pgcaTy) — N 4
% =V (_pacav;lTa + AaVTa) + —hc,EAHE(Ta - Tpipe)
t Dgang (2.54)
4 .
+ ﬁ Lvhv,EAHE (pv - pv,pipe)
EAHE
06 — 5 4 )
—2 =V (V0 + D,V0,) + ——hy panr (ea — M) (2.55)
dat Dgane P

A three-dimensional finite volume method enables the spatial discretisation. The
integrated equations are then discretised into a set of algebraic equations, which are solved
iteratively with under-relaxation method. The validation is made against the numerical
results obtained from the software FLUENT. In the previous model, the soil properties, the
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On the modelling of EAHE

convective heat exchange coefficients, the temperature for the bottom boundary condition
and the ambient air temperature are constant. The time step of the in-house program is set to
1s at the beginning of the simulation and progressively increased to 5 min after 10 days. The
comparison over 30 days of the heat transfer rate per meter length of buried pipe showed
good agreement with a maximum difference of 1 %. The authors concluded that neglecting
the interactions between the soil and the atmosphere as well as the soil and the pipe, or the
coupling between the heat and moisture transfer phenomena significantly over-predict the
heat transfer rate. This over-prediction increases with the operating time.

2.2.2.5. Summary

Different models have been previously introduced and their main aspects are summed
up in Table 10. According to the objectives, the levels of complexity are various. The need for
a design tool requires fast models: analytical solutions are well suited. Such models however
don’t allow the modelling of complex (i.e realistic) geometries and boundary conditions. The
numerical models are an alternative that are much more flexible. Their use is crucial if the
buried depth is low - which mean a strong impact of the meteorological conditions - and for
long term studies for example, i.e. when an accurate physical description is needed. One-, two-
or three-dimensional heat transfers within the ground have been proposed for the last
decades, solved most of the time thanks to finite element or volume scheme. CFD modelling
of the flowing air has been sometimes implemented but this implies a high computational
cost. The moisture transfer within the ground is rarely considered, and the condensation
between the flowing air and the pipe inner surface is sometimes taken into account. The
values used for the convection heat transfer coefficient that governs the heat transfer rate
have been summed up in Table 9. The validation of the code has been often made against
experimental results but only over short time periods. When complex boundary conditions
are considered, the meteorological conditions are often simplified by sinusoidal evolution. A
far as we know, the model integrating soil moisture transfers have never been validated
against experimental results.
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Chapter 2. Ground heat exchangers, earth-to-air heat exchangers: state of the art

Table 9: Most common convective heat transfer coefficient

Convective heat tf. coeff.
Reference

Nusselt number (—)

(W.m 2. K1
(De Paepe and Janssens, Nu
2003) _ 3.66 if Re<2300
Similar expression for _ £/8(Re-1000)P 7 £ 2300<ReRe<105
(Al-Ajmi et al., 2006; Gan, Iy 1 <ReJee<
2014; Lee and Strand, 1+12.7\8/8(Pr2/* — 1) 5
2008, Yang et al., 2016) where E = (182]0g(Re) - 164)
(Kopecky, 2008; Niu et N = {0.023Re°'8?¢°'4 in heating cases
al,, 2015) ~ 10.023Re%8P#°3 in cooling cases
= Nuda 4.36 if ReRe<2300
h, = —= with =
(Hollmuller, 2003) c N Nu {0.0237360'8?4"0'33 if 10*<ReRe
(Badescu, 2007) Nu = 0.021Re 8P4 043
(Tittelein et al.,, 2009) Nu = 0.214(Re’8 — 100)Pr 4
. 0.17Re%33G# 01 P4 043 if ReRe<2400
%rlzf)sk‘ and Zawada, Nu=1  K,Pro% if 2400<ReRe<10*
0.021Re*8P+043 if 10*<ReRe
(Gauthier et al., 1997) h. =23
(Hollmuller, 2002) h.=3V,+3
8.72 if V,<1
= A
(Suetal, 2012) he = 10,045 22 Re08 ifV,>1
Dy
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Table 10: EAHE modelling: summary of the main existing models

On the modelling of EAHE

Soil Flowing air
Method References |Resolution ; Steady- Moist. . , , Steady- Moist. Boundary conditions
Dim. o Boundary conditions Resolution method Dim. v Y
method st./Tran. tf. st/Tran.  tf.
(De Paepe and
Janssens, - Logarithmic average temp. 1D Steady-st. N Constant pipe wall’s temp.
2003)
(Al-Ajmi et al., {Equivalent Trans. harmonic ) Cross-flow heat exchanger with :
2006) conductance b 1 pulsation one fluid unmixed 1b Steady-st. N Isothermal
Analytlcal Green’s function or Iteratlvg method - Pre-supposed
. (Cucumo etal, L 1D - Trans. harm.2 Isoth. harm. at ground upper }outlet air temp. - Quadratic Trans. harm.
/ Semi- superposition . . N . : . 1D Y . . )
] 2008) principle radial  pulsations surf. evolution of air specific 1 puls. Fourier condition with
analytical humidity saturated air layer at pipe
(Hollmuller, MOd].ﬁEd Bessel S 1D- Isoth const. Or adiab. at Harm. exponentially dampened+ wall’s temp.
functions + Fourier . Trans. N . . 1D Trans. N
2002, 2003) q . radial ground upper surf. Fourier decomposition
ecomposition
(Yangetal, MOd].ﬁEd Be‘ssel S 1D- Trans. harm. 2 Isoth. harm. at ground upper . Trans. harm. FOUI]‘]GI‘ Condmm.l with pipe
functions + ‘excess . N Harm. exponentially dampened 1D wall’s temp. = soil temp. at the
2016) . , radial  puls. surf. 2 puls.
fluctuating temp. same depth
TAURINES Kevin CETHIL - INSA Lyon 2017

49

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI100/these.pdf

© [K. Taurines], [2017], INSA Lyon, tous droits réservés



Chapter 2. Ground heat exchangers, earth-to-air heat exchangers: state of the art

Table 10: EAHE modelling: summary of the main existing models (continuation)

Method References Soil Flowing air
Resolution . Steady- Moist. . . . Steady- . Boundary conditions
method Dim. st./Tran. o Boundary conditions Resolution method Dim. st./Tran. Moist. tf.
(Lee and Strand, Equivalent 1D Steady-st. N Isoth. harm. (annual) at soil outer surf, HeaF balance for each 1D Trans. N Fourier with pipe wall’s
2008) conductance section temp.
iuetal., o ) - xponential evolution rans. ourier
Mueta ot Undtarbed gy Sterdt Bgonenialowiuion 1D s V¢
(Thiers and Finite volume 1D Trans N Isoth. harm. (annual) at soil outer surf. + building Heat balance for each 1D Trans N Fourier with pipe wall’s
Peuportier, 2008) ' influence correction section ' temp.
(Hollmuller, 2002) Finite 3D Trans. N Fourier with conv. and rad. heat flow Heat and moisture . 1D Trans. Y Fourier
element balance for each section
(Gauthier et al., 1997) g;?f]efreence 3D Trans. N Fourier with conv. heat flow Enthalpy balance 1D Trans. Y Fourier
(Badescu, 2007) F{mte Quasi-3D Trans. N Fourier with conv. and rad. heat flow HeaF balance for each 1D Trans. N Fourier with pipe wall’s
difference section temp.
~
] . . Quasi 3D . . . )
EE (Trzaskiand Zawada, |Finite - Trans. N Fourier with conv. and rad. heat flow Enthalpy balance 1D Trans. N Fourier with pipe wall’s
S 2011) element . temp.
£ Cartesian
g (Suetal, 2012) F{mte 1D Trans. N Isoth. - constant at ground cylinder outer surface 1mp11c1t up-wind finite 1D Trans. Y Fourier
difference difference
Fourier condition with convective and radiative Fourier with pipe wall’s
(Wuetal, 2007) Finite volume 3D Trans. N heat flow for the ground surface - Undisturbed  {CFD 2D Trans. N tom pip
ground temps. for the ground bottom p
CFD - Finite .
(Vaz etal, 2011) volume 3D Trans. N Isoth. harm. (annual) at ground upper surf. CDF- Finite volume 3D Trans. N -
(Bansal et al., 2013a) \(,:g]?n;l?mte 3D Trans. N liortfh constant temp. at ground cylinder outer CFD - Finite volume 3D Trans. N )
gSOelrg)geldm etal, ‘(Il(l:]l?ll-nl:lmte 3D Trans. N liortfh constant temp. at ground upper and lower CFD - Finite volume 3D Trans. N )
(Mihalakakou etal,, [Finite volume 1D - Trans v Isoth. harm. (annual) at ground cylinder outer Heat balance for each 1D Trans N Fourier with pipe wall’s
1994b) - implicit radial ' surf. section ' temp.
Response . . . ,
(Tittelein et al., 2009) {factor 2D Trans. N Complex meteo. HeaF balance for each 1D Trans. N Fourier with pipe wall's
method section temp.
(Gan, 2014) Finite volume 3D Trans. Y Complex meteo. - Isoth. at ground bottom Heat and moisture . 1D Trans. Y Fourier with pipe wall’s
balance for each section temp.
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FONDATHERM specifications and conclusions

2.3. FONDATHERM SPECIFICATIONS AND CONCLUSIONS

The operating principle of Fondatherm is similar to that of a traditional EAHE. The ‘U’
shape of the concrete prefabricated foundation creates a channel allowing the circulation of
air as illustrated on Figure 20. Nevertheless, some major differences with EAHE have to be
detailed as it potentially strongly influences the heat transfer rate.

Indoor
air

air

A i} Indoor .s|
Ground surface * " § Ground surface™ > ¥

PRI IR

Heat conduction

) Heat convection

Short and long wave
radiations
Ks‘“ Evaporation / cond.

/ Rainfall
&

Moisture flow

(a) (b)

Figure 20: Fondatherm cross section with crawl space (a) or ground-on-slab (b) configuration: main
physical phenomenon

2.3.1 DEPTH

The mean buried depth of the EAHE introduced in the section 2.1 is around 2.5 m. They
are thus located in the ‘shallow zone’, where the meteorological factors still have an influence
on the ground temperature field but only with a seasonal fluctuation. The depth of
Fondatherm is imposed by structural issues, and is rather between 50 cm and 2 m. This
position, closer to the ‘surface zone’, means a stronger influence of the weather. Convection,
solar radiation, radiative exchanges with the sky and the buildings, evaporation and
precipitation play a significant role in the distribution of the temperature field around the
foundation. At such depth, the ground moisture content is also very variable, which of course
influence the temperature field evolution.

2.3.2 CAVITY SIZE AND SHAPE

Contrary to almost all the EAHE of the literature review previously exposed, the cross-
section of the Fondatherm duct is trapezoidal, but it can be easily approximated to a
rectangular shape, of height and width respectively equal to 45cm and 35cm. As detailed in
the subsection 2.1.2.3, this influences the heat transfer rate. Nevertheless, the models used
for the calculation of the convective heat transfer coefficient are not adapted for such large
sections. The alternatives are CFD models - but they require really high computational time
- or suited correlations. The latter approach will be explored in the 4.5.2.1.

TAURINES Kevin CETHIL - INSA Lyon 2017
51

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI100/these.pdf
© [K. Taurines], [2017], INSA Lyon, tous droits réservés



Chapter 2. Ground heat exchangers, earth-to-air heat exchangers: state of the art

2.3.3 DUCT THICKNESS AND MATERIAL

The Fondatherm channel is composed of a ‘U’ shape concrete foundation of between 10
cm and 15 cm thickness, surmounted by a 20 cm thickness concrete footing as showed on
Figure 20. Contrary to a plastic pipe, this cannot be considered as impermeable. Water
infiltration from the ground surface or coming from the water table can thus penetrate into
the concrete. It consequently affects the latent heat exchanges between the flowing air and
the foundation inner walls’. Even though it is beyond the scope of this study, it can even favour
the mould growth. An accurate reproduction of the moisture content field within the concrete
can be useful for further studies.

2.3.4 POSITIONING IN RELATION TO THE BUILDING

The Fondatherm positioning with respect to building is unusual. It is simultaneously
influenced by the climate, by the subground but also by the above building, which as far as we
know has never been explored (the pipes are either beneath the building or next to the
building). Indeed a part of the building heat loss through the slab or via the beam can be
recovered by the foundation. The foundation outer surface is thus influenced by various
conditions. All the models that set an isothermal temperature - equal to the undisturbed
ground temperature - on the pipe surface or at a certain distance from the pipe are a priori
inapplicable here.

2.3.5 CONCLUSIONS

The literature review as well as the highlighted Fondatherm characteristics put in
evidence that:

o The development of at least a two dimensional model for the ground and for the
concrete foundation is necessary in order to have a full understanding of this
innovative EAHE,

e The consideration of coupled heat and moisture transfer within the ground but also
within the foundation appeared as important, due to the position close to the ground
surface, and possible influence of the water table,

o The latter implies to be able to take into account complex boundary conditions from
the outdoor and from the underground,

e The building heat loss through the slab and recovered by the foundation walls’ look
determinant for the foundation performance, and thus have to be taken into account
carefully.

All of these points motivated the next chapter, where the opportunities for the
{ground+foundation} modelling are explored.

TAURINES Kevin CETHIL - INSA Lyon 2017
52

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI100/these.pdf
© [K. Taurines], [2017], INSA Lyon, tous droits réservés



Buildings ground heat loss

Chapter 3. GROUND HEAT TRANSFER
PHENOMENA & COUPLED HEAT AND
MOISTURE TRANSFER WITHIN POROUS
MEDIA: MATHEMATICAL DESCRIPTION

3.1. BUILDINGS GROUND HEAT LOSS

Buildings ground heat loss accounts for up to one third of the whole heat loss in a cold
climate. Accordingly to the reduction trend of building energy consumption, the study of this
phenomenon has thus become a wide field of research since the 1940s. A full comprehension
obviously implies modelling, which encounters difficulties mainly linked to:

e The three-dimensionality of the process,

e The variations of the geometry and the kind of basement floor,

e The wide temporal scale of the heat flow process below a building,

e The high thermal inertia of the ground, resulting in unsteady heat flow,

e The strong heterogeneity of the materials involved and

e The lack of knowledge about their heat and mass transfer characteristics.

This section provides an overview of the different kinds of modelling that have been
developed during the past decades. They can be distinguished from each other by the method
used - (semi) analytical, numerical, or design guide - and by the level of accuracy for the
physical phenomena taken into account: one-, two- or three-dimensional heat transfers,
material heterogeneity, complexity of the boundary conditions, complexity of the geometry
of the building, moisture migration, freezing, ground water flow, etc.

Given the Fondatherm specifications described in section 2.3, it clearly seems that the
two problems, the ground heat loss from a building via the slab one, and the modelling of a
“new kind” of EAHE one, are similar. They indeed imply to have a full comprehension of heat
transfer from the building interior to the ground below and around. This is the reason why
attention to the past works on this topic must be paid.

3.1.1 DIFFERENT MODELLING LEVELS

The problem of buildings ground heat loss has first been solved under strong
assumptions which enable to compute analytical or semi-analytic solutions. Authors who first
carried on this way supposed that the heat transfer within the ground was only one- or two-
dimensional, made a steady-state assumption or used periodic conditions, or even supposed
a material homogeneity within the ground. But buildings ground heat loss via slabs is
acknowledged as a three-dimensional process. They therefore began to include more and
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Chapter 3. Ground heat transfer phenomena & Coupled heat and moisture transfer within porous media: Mathematical
description

more details in their model which could only be solved by numerical method. As the required
time to obtain results using such models is too important in a designing process, other chose
to stick with strong assumptions (one-dimensional heat transfer, climatic condition modelled
by the outdoor air temperature only, building geometry simplified, etc.), and even tried to get
simpler method than the analytical ones: the “manual” methods. Their objectives are to
quickly produce an assessment of ground heat loss thanks to “rule of thumb” or abacus, for
the most common basement cases. A relatively exhaustive overview of the work in this field
is given by Zoras (2009), and the main results are presented below.

3.1.1.1. Analytical / semi-analytical methods

These techniques imply simplifications but are useful to predict the heat transfer rate in
a fast and relatively accurate manner. Assuming harmonic time dependence for the ground
temperature field, Delsante et al. (1983) used Fourier transforms to solve analytically this
problem for rectangular or rectilinear slabs on ground. They proved that for daily-or less
condition - a harmonic temperature - the heat flow into the ground is essentially one
dimensional, perpendicular to the slab/ground surface. For annual-daily range conditions
period, the flow is three dimensional and consists of curved-path around the edge of the slab
plus the previous daily or less period conditions. Their innovation in their work compared to
the former ones is based on the fact that they explicitly modelled the walls, assuming a linear
variation of the temperature at the contact surface earth-walls. For a realistic separation
between two outside opposite walls, and for condition periods’ up to one year, the effect of
one wall on the opposite can be neglected with a high degree of accuracy. The work of
Anderson (1991) is consistent with that of Delsante et al. (1983). Anderson proposed to
introduce a shape factor L' of the building (3.1).

24
P

L (3.1)

where A is the area of the floor, P is the exposed perimeter. Thanks to it, he could easily
extend the previous method (Delsante et al., 1983) to three dimensional cases and other slab
shapes by replacing the building width of the two-dimensional case by this value. He obtained
a U factor given by (3.2) where w designate the wall thickness. He proved that the use of (3.2)
is equivalent to the use of the same formula using the building width instead of L'.

22 L'
U= In <—> (3.2)

L' w

He then treated the case of an insulated slab, from interior or exterior by introducing an
equivalent length of insulation d = AR;,s where A is its thermal conductivity and R;,, its
thermal resistance. He also introduced the impact of the thermal resistance of the ground
surface by introducing the length e. The final formulation he obtained was

22 1 L’
l ( + 1> (3.3)

U=—;
nLl'1+d/nL’ "\wrd+e
This expression has been compared to the results of the numerical model developed by
Hagentoft (1988). The agreement was good, the ability of the model to reproduce three-
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Buildings ground heat loss

dimensional problem with two-dimensional solution has therefore been proved. This was not
true for heavy insulation; he thus proposed the formula (3.4) for these special cases:

A

=— 3.4
v d+0.5L G4

Based on linearity properties of heat transfer equations, Claesson and Hagentoft (1991)
proposed to sum the solutions for three different kinds of outdoor boundary conditions:
steady-state, harmonic and Heaviside unit step (see Figure 21). Fourier transforms make it
possible to solve more complex problem (real outdoor temperature) from the solutions of
these three cases. They showed that the one- and two- dimensional transfers essentially
result from transient transfer, while the three-dimensional heat losses are the consequence
of steady-state process.
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Figure 21: Fundamental thermal processes: steady-state (A), periodic (B) and outdoor temperature (C)
(Claesson and Hagentoft, 1991)

In his PhD work, Hagentoft (1988) studied the effect of a ground water table, of frost, and
of a snow cover on ground building heat loss. He demonstrated that for a common situation -
soil for which hydraulic properties lie within those for clay and those for coarse sand, with a
water table depth equal to the width of the building - the presence of the water table increase
of about 5% the ground heat loss. He also studied the impact of frost using numerical
modelling. Frost is simply taken into account by a modification of the ground thermal
conductivity, specific heat and latent heat. The maximum difference induced by the frost
modelling on heat loss was found to be around 5%, and its global effect is about 2%. Hagentoft
concluded that the frost impact is negligible. He finally modelled a snow cover by the adding
of a ground layer with a thickness that gives the thermal resistance of snow. He then modelled
the snow cover as an average occurrence all over the year. The maximal difference observed
on ground heat loss is around 10%, and the mean difference is of less than 2%. The snow
cover can equally be neglected according to the author. Hagentoft (1996) set up an analytical
solution for the building ground heat transfer problem. This solution is valid for two-
dimensional steady-state problems. Based on that tool, an abacus gives the rate between
building ground heat loss with and without ground water flow, as a function of the building
dimensions, and the depth of the water table. The modelled case is the worst one for the heat
flow: it assumes an infinite water flow, at the ambient air temperature. For uninsulated slabs,
a common building shape and water table depth, this rate is around 2. For insulated
basements, the rate is about 1.5, which cannot be considered as negligible.
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All of the previously cited works focused on the ground building heat loss, without
considering the whole building above. Chuangchid and Krarti (2001) made a step toward a
full building modelling including ground heat loss. They studied the ground heat loss of a
building equipped with a hydronic heating system. They determinate the temperature field
within the ground underneath the building and within the heating system by the use of a
transient periodic semi-analytical solution. Their study takes a water table into account. The
heat flow derives directly from that, and they could obtain it for several configurations:
insulation level, circulating water temperature, etc. Their solution is based on the « interzone
temperature profile » technique, which consists in dividing each part of the domain in a
homogeneous rectangular shape. The Fourier transforms method previously introduced can
thus be applied for each zone. The major advantage of this technique is that it makes the
modelling of complex geometry possible. The results obtained by this method are successfully
validated against experimental data, for several configurations. The insulation reduces the
spatial variation of the temperature of the floor surface. It has been proved to have a huge
impact on the distribution of the isotherm within the ground.

Other authors made a physical analysis of the problem to propose a new kind of solution.
Zhong and Braun (2007) developed a simple earth-contact model for different concrete slab
configurations. Their goal was to build a simple ground-coupled heat flow model which
doesn’t need a high computational time and can be introduced in a whole building load
simulation tool. They proposed to divide the heat flow from the building to the ground into
two parts. First, the one dimensional heat flow from the centre of the slab to the ground
beneath, which has been included in a three nodes model, taking into account soil properties.
Secondly, the perimeter heat losses, depending on insulation level on the edge, soil properties
and floor materials. For these two heat flow paths, correlations have been built thanks to the
comparison against 2D finite element modelling. This has been made for two common floor
geometries and soil materials, and enables to accurately predict the transient heat flow
spatially averaged at the interior floor surface. Xiaona et al. (2008) followed the same idea:
simplify the heat transfer through the slab by decomposing it. They chose to divide it into
three parts:

1. Heat transfer between the indoor air and the subground
2. Heat transfer between the indoor air and the outdoor ground surface
3. Heat transfer between ground-coupled envelopes

For each process, they set a simplified one-dimensional model of a two layers “equivalent
slab” under harmonic condition. This has been validated against the results obtained by a
two-dimensional modelling with finite difference method. As previously, it supplies a
relatively good approximation of building ground heat transfer, with a low computational
effort, and can be easily implemented in a building load simulation tool.
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3.1.1.2. Numerical methods

Fully numerical treatment of this problem appeared in the early 1980s, and has the
interest to handle problem closer to the reality, giving the possibility to model complex
geometry and boundary conditions. Davies et al. (1995) pointed out the importance of the use
of a multi-dimensional model on the accuracy of the results. One-dimensional models
systematically underestimate the building load and the ground heat loss compared to a two-
dimensional model. Likewise, two-dimensional models underestimate the loads compared to
a three-dimensional one.

Numerical models enable to easier couple different physical phenomenon or systems. For
instance, Youcef (1991) developed a two-dimensional coupled model for a flat plate collector,
a heating floor and the ground beneath. Although the model results are in relatively good
accordance with experimental data (on hydronic water temperature, ground and indoor air
temperature), some discrepancies call into question the choice that have been made for the
boundary conditions. The author discusses the way to represent the water table, modelled by
an isotherm at 17°C and 1.6m depth. This kind of assumption is well suited for deep ground
water flow, but not for the shallow ones. He also highlighted the importance of the initial
condition, for the water pipe temperature in his specific case.

Adjali et al. (2000a, 2000b) positioned their works in the same field: the experimental
and numerical study of a building equipped with a hydronic heating system. The studied case
is atypical, with a void in the middle of the slab which confirms the ability of the numerical
model to adapt itself to complex geometry. The ground temperature is recorded at several
depths in three different stacks, and the indoor air temperature at several place in the room.
The water content of the ground is also recorded at several depths and in two different stacks.
In parallel, they performed a two- and three-dimensional numerical study. They strive to
embed a ground model into a full commercial building model (APACHE). They indeed noted
that most of the time, both this models are stand-alone process. The ability of the coupled
model “ground + slab + building” to accurately reproduce the experimental results is
validated. The observed discrepancies mainly results from two parameters according to the
authors: the thermal conductivity and the floor energy dissipated. A sensitivity analysis
confirms this assumption. The limits of the model are also highlighted. Because of the high
computational time induced, the studied domain has been reduced to a small portion of the
building, which has been made possible by the symmetries. The opportunity of the use of a
two-dimensional model instead of a three-dimensional one is assessed. This seems possible
far from three-dimensional heat transfer sources -typically the corners.

Weitzmann et al. (2005) set up a numerical model achieving a full coupling between the
ground and the building above, including a floor heating system. The authors chose to
override the three-dimensional aspect of the physical phenomenon using the equation (3.1).
Then, they made a two-dimensional finite control volume model based on this assumption
and which has been validated against experimental measurements. One aspect of this model
can explain the observed difference: the real building studied is narrow, such that the
influence of the opposite wall should normally be taken into account.

In the trend of CPU time reduction, Al-Anzi and Krarti (2004) proposed a method called
“local/global analysis” to evaluate the ground-coupled heat transfers. This method is
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applicable for simplified foundation configurations but it presents the advantage to reduce
the computational time compared to full numerical models. It nevertheless offers a relatively
good insight of the involved phenomenon. The global domain forms a simple representation
of the ground coupled heat transfer problem, sufficiently simple to be solved by an analytical
method (in this paper, an ITPE technique like described by Chuangchid and Krarti (2001)).
Then, alocal domain is defined to model with a finite difference method all the details beneath
the slab: insulation, gravel, foundation, etc. The boundary conditions of the local domain are
those resulting from the simulation over the global domain. Consequently, the finite
difference method is applied only on a reduced domain. The influence of the choice of the local
domain, on the accuracy of the solution, and the saving computational time of the L-G method
are analyzed. Compared to a full numerical solution, the L-G method is proved to be efficient
from a computational point of view, and relatively accurate: 90% time reduction without loss
of accuracy.

Thomas and Rees (2009) set up two experimental studies on two full scale buildings, in
order to first assess heat flow from the slab to the ground, and secondly to validate their
ground heat transfer numerical model. They gathered data recorded over one year every 30
min. They built a two-dimensional sensible heat transfer model, solved by a finite element
method. The ability of this model to correctly reproduce ground temperature was successfully
validated. The temperatures just beneath the slab are correctly reproduced, but the outside
temperature at 25 cm depth shows some discrepancies, probably due to a too simple
modelling of the top surface boundary conditions (the outdoor temperature was applied on
the top nodes as a Dirichlet condition). They finally studied the influence of soil moisture
content on heat transfer. For that purpose, they computed the steady-state ground water
content profile (gravitational equilibrium) for several water table depths, between -10m and
-0.5m below surface. This directly influences the ground thermal conductivity, which has
been calculated by geometric mean of solids, water and gas conductivities (Rees et al., 2007).
This is the only coupling between moisture and heat transfer that has been taken into account
in their model. Using both one- and two-dimensional simulation, the water table depth has
been proved to be an important factor that strongly influence heat losses. For the one-
dimensional problem, a 60% heat flow increase has been computed between the deepest
water table case and the highest one. This increase is reduced to 20% for the two-dimensional
case, which is still significant.

All of the previous models didn’t take into account the humidity - liquid or vapor -
transfers into the ground, but only sensible heat transfers. In the rare cases where the ground
water content was recognized like having an important effect on heat transfers, it was in a
simple manner, without considering a full coupling. Other investigations focused on the
impact of fully coupled heat and mass transfer equation onto building ground heat loss (Deru
and Kirkpatrick, 2002a; Janssen et al., 2004; Mendes and Philippi, 2005; dos Santos and
Mendes, 2006; Shen and Ramsey, 1988). Shen and Ramsey (1988) highlighted that “the
analyses of earth-contact building problem [...] requires a two-dimensional numerical code
that is capable of handling transient conditions for both saturated and unsaturated moisture
flow and heterogeneous soil conditions”.

Thanks to a fully implicit finite difference method, recognized as well suited to model non
linear coupled equations, they simulated coupled heat and moisture flow within the ground.
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The model was validated against analytical solution for some one-dimensional cases and
against experimental studied lead on a sand column of 1.38m high. Their study focused on a
rather simple geometry: a basement wall in contact with a piece of ground (Figure 22). This
element was exposed to fifteen days of summer climate, and fifteen day of a winter climate.
In both cases, a rainy period was included. For each period, two simulations were run. The
first one was based on fully coupled equations and the second one on decoupled equations.
The temperature, the moisture content of ground and the wall heat loss is plotted, which
clearly show:

e The wide effect of the moisture on foundation wall heat loss,
e The increasing of this phenomenon when using a coupled model.

These results can however not be generalized. In the case of a sandy ground, a 9%
increase of the heat flow from the wall in the winter period and over 40% in the summer
period arise from the fully coupled model instead of the decoupled one. But no difference for
the clayey can be observed.
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Figure 22: Boundary conditions for the numerical simulation of the soil surrounding a basement wall (a)
and total wall heat loss values from day 85 to day 99 for a basement surrounded by a sandy soil (b) (Shen
and Ramsey, 1988)

Janssen et al. (2004) pursued the studied building ground heat transfer via the slab, but
extended it to more real applications. He integrated in his model more complex boundary
conditions at ground surface, considering convection, evaporation / condensation, short- /
long- wave radiation and sensible heat exchange by precipitation. He run his model over
multiple years, which obviously gives more credit to the results. He analyzed the difference
between the fully coupled model and the linear model. The comparison was led for several
climate, precipitation amount, soil type, slab thermal resistance, foundation width and shape
in order to generalize the previous results. The conclusion was that the coupling impact
increases the building ground heat loss during the heating season of about 15%. He however
explained that regarding the inaccuracy about the soil characteristics, the integration of the
coupling effects into a standard calculation method is not relevant. Indeed, the inaccuracy on
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thermal conductivity for example will lead on the same difference magnitude. He also
recognized that some aspects have not been taken into account (three-dimensional heat and
moisture transfer, complex soil surface, soil stratification, etc) which could change the
previous conclusions.

3.1.1.3. Manual methods

A non negligible number of authors were interested by the development of tools to obtain
simply and quickly the building ground heat loss without complex calculations. These manual
methods take most of the time the form of abacus, tables or simple calculations. Mitalas
(1983) for instance made a table to compute heat flow through the slab for a variety of
configurations. These design rules result from 2D and 3D numerical simulation. One can
question the accuracy of such tools. Adjali et al. (2004) made an evaluation of the ability of
four simple design tools to correctly compute the heat loss through the ground from a
building. The tools considered were those from ASHRAE, from BRE, from CIBSE and from
AICVF, and have been compared to each other and when it was possible to the measured data.
These simple calculations sometimes over- or under-estimate the actual value of heat losses
up to 30%. This is logically the consequence of the high number of assumptions made to
obtain quickly results. Furthermore, the authors proved that an improvement of some
methods is sometimes affordable. For example the ASHRAE method uses a constant single
value of soil conductivity. In some cases, the conductivity is known, and its value can be used
instead of the default one, which gives back better results. Design tools are most of the time
relevant to get good estimations, but the choice of the tool has to be made regarding the
charcteristics of the building studied. In the case where the building cannot be modeled by a
manual method, the analytical and the numerical solutions can be used.

3.1.2 SUMMARY: USEFUL INFORMATION FOR FONDATHERM

All the previous works have been introduced because of the strong relation between the
modelling of building ground heat loss and the objectives stated in this thesis. The results and
methodologies presented can therefore be used as a good practices guide. The Table 11
provide a summary of the different kinds of building ground heat loss existing models. In
addition to the models specifications, some physical considerations can be useful to guide the
choice for the Fondatherm modelling.

Claesson and Hagentoft (1991) assessed the heat flow through a concrete slab on ground
made of a material of diffusivity a. Considering a pure periodic thermal load of period t,, the

periodic penetration length is given by

5. = o (3.5)
T

Foundation walls width’s is at least of 12.5¢cm. Assuming a diffusivity equal to

9.1078m?s™1, 8, = 5cm for a daily condition,. It's commonly accepted that beyond 38, the

effect of the thermal wave is negligible. It entails that the conditions for which the period are
lower than a day won’t attain the near ground of the foundation. This may suggest the use of
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two different time steps for the resolution of the heat transfer problem Fondatherm: one for
the ground and another one, smaller, for the concrete foundation.

Delsante et al. (1983) showed the opposite walls influence on each other. He put in
evidence that for the case of a two typical walls of thickness 20 cm with a 3 m separation, the
influence of one wall on the other one can be considered as negligible. Extrapolating this
result to the Fondatherm case, it means that it is unnecessary to model the whole ground
domain under the building. Its width can be limited to some penetration depth corresponding
to an annual period.

Janssen et al. (2004) showed that for a poorly insulated slab, the difference between a
pure sensible transfer model and a coupled model is about 10 — 15%. Even though this
difference is shrunk for a better insulated basement, it seems important to take moisture
transfer into account regarding the objectives of the thesis, exposed in the section 1.3. He also
pointed out that the influence of uncertainties on soil thermal and hydric characteristic leads
to a similar order of magnitude that those due to the coupling effects. A good definition of the
parameters used in the model appears as essential. One can also think to assess these
uncertainty influences on the model output by a parametric study.

A lack of rigor on the way to treat the boundary conditions has been pointed out as
leading to inaccurate results (Hagentoft, 1996; Janssen et al., 2004; Thomas and Rees, 2009;
Weitzmann et al., 2005). This is valid for the ground outdoor surface as for the ground base
layer and the coupling with the building. The drawbacks induced by such complex boundaries
can be numerical (i.e. convergence) problem. A solution is proposed by Mendes et al. (2002)
who overcomes this issue.

About the time step, Janssen showed that the use of daily and hourly averaged climate
data have a limited impact on the results. A slight difference can be observed on temperature.
The use of large time-step is possible, in order to reduce the computational time. It can
however introduce errors in the heat and mass balance what Janssen solved by using the Celia
and Bouloutas (1990) method.

One has to keep in mind that the choice of the best model to use, i.e. with respect to the
objectives set, is a trade-off between accuracy and simulation time. In the Fondatherm case,
the geometrical details are going to be analyzed. The objective is obviously also to obtain an
accurate evaluation of the temperature and the humidity content of the air at the foundation’s
outlet. Furthermore, the position of the foundation and its relative low depth make it is
presumably strongly influence by the outdoor conditions, among others, the precipitations.
Consequently, an accurate modeling of these boundary conditions seems necessary. All of this
implies to get the field of temperature and moisture level in the foundation and its vicinity as
well as its evolution with time.

A numerical model can enable a good representation of all the geometrical and boundary
conditions details. The choice of a 3D coupled heat and mass transfer ground and foundation
model has thus been made and satisfy the other requirements previously explained. The
construction of the system equations and the corresponding boundary conditions are
developed in the section 3.2 and 4.5 respectively.
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Coupled heat and mass transfer within porous media: specific case of grounds and concrete

3.2. COUPLED HEAT AND MASS TRANSFER WITHIN POROUS
MEDIA: SPECIFIC CASE OF GROUNDS AND CONCRETE

The previous state of the art about building ground heat loss modelling showed that the
most recent studies consider simultaneous heat and mass transfer in soils, and that latent
heat exchanges might be an important part of the global building heat loss. This section
attempts to give a good understanding of all the available opportunities to model grounds,
and select the most appropriate for this work.

Several fields undertake detailed studies about the behaviour ground: thermal
engineering, civil engineering, etc. Whether it is a thermal, a mechanic or hydraulic problem,
most have the same approach, consisting in describing the soil as a porous media and then to
switch from the conservation equations describing the fundamental phenomenon at a
microscopic scale to a macroscopic modelling reproducing its global behaviour. This is for
example at the origin of the Darcy law which gives the mean fluid velocity within porous
material thanks to the hydraulic conductivity.

The first subsection endeavours to define and characterise a porous media and gives a
brief explanation of methods for changing scales and the underlying assumptions to use it.
The second gives a description of the available mathematical model for simultaneous heat
and mass transfer within porous media, more particularly soils. These models necessitate
knowing the thermal and hydric properties of the porous media and fluids involved.
Measurements and modelling are the two possibilities to obtain them. As the measurement
cannot be systematic for every kind of soils encountered in every Fondatherm project, the
models used will be described in the third part of this section.

3.2.1 POROUS MEDIA: GENERALITIES ABOUT THEIR MATHEMATICAL MODELLING
3.2.1.1. Porous media: definition and characterisation

A porous media - as foams, leathers, tissues in the human body or still, our main field of
interest, soils — is a three-dimensional arrangement of solid particles of different size and
shape called matrix. Within this highly complex layout occurs storing, transportation and
sometimes chemical reaction of a liquid and/or gaseous phase. These phenomena strongly
depends on both the solid and the voids arrangement and the fluids storing and transfer
properties. Due to the complexity of the solid matrix, a statistical approach is usually
preferred to describe it, which implies to neglect some aspects of the microscopic details.
Considering one sample, one can define for instance:

1. The porosity & is the ratio of voids volume over the total sample volume. Since some

pores are not connected to the other ones - they are called closed pores - it is also
open pores volumes

relevant to define the open porosity n =

sample volume ’

solid /void interface area

)

2. The specific area A5 =
sample volume

mean length of a streamline

3. The geometrical tortuosity T =
& ty length of the sample
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4. The distribution of the size of the solid particles (or the pores), represented by a
grading curve. The methods used to build such curves are based on geometrical
arrangement of the solid mater and the voids. To give an idea, a macropore is a pore
of which the equivalent diameter is more than 300 um, a micropore is within the
range [0.05 um, 300 um] diameter and a nanopore is less than 0.05 ym diameter.

All of these properties have been defined for a whole sample, but the writing of
conservation equations for the modelling necessitates being able to define local properties,
and consequently being able to define a local volume for their measurement. As illustrated on
Figure 23, such a volume is called ‘elementary representative volume’ (ERV) and is defined
so that it is small enough to conserve its local aspect, but large enough to ensure the needed
characteristics can be defined over it. In summary, if [ is the mean size of a pore, L the sample
size, the characteristic length d of the ERVissuchas! « d « L.

- ¥

ERV

fluid
solid

>

VS: volume occupied by the solid

Vf: volume occupied by the fluid

Figure 23: Porous media: definition of the Elementary Representative Volume
3.2.1.2. Porous media: modelling of a conductive thermal problem

Given the complexity of the pores structure at the scale of the ERV, a method for changing
scale has to be applied in order to ignore the details of the microscopic geometry
(Hassanizadeh and William G. Gray, 1979). For that purpose, this method first consists in
building an equivalent (fictitious) media called ‘macroscopic’ as opposed to the real
microscopic porous media. The process then consists in a rewriting of the conservation
equations at the microscopic scale - derived from continuum mechanics or thermodynamics
- for equations at the ‘macroscopic’ scale. Such transition can be done by several ways, like
homogenization or volume average methods. Among the last ones, the most common method
is to compute an average over the ERV previously defined. The following operation are thus
applied to the conservation equation (Bories et al., 2008)

1 —
(V)y=v()+ v "‘npodA (3.6)
Afs
o 9. 1(
(a )= a(') v "W ngdA (3.7)
AfS
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where (-) = %fve- dV,, is the average operator, Ay, the surface between the fluids and the

solid, n_’fs the vector normal to Afg oriented from the fluid to the solid, and W the velocity

vector for the points at the interface Ag. W # 0 for deformable medium.

Bories et al. (2008) gave an example for a heat conduction problem within a saturated
porous medium by a non reactive single phase fluid. The porous sample is limited by a surface
> and Ve denotes the fluid volume, and V; the solid volume. At the microscopic scale, the

equations to describe the heat transfers are:

(pe)s 22 =7 - (A, 7Ty) in ¥, (3.8)
(pe)r SL =7+ (A, 7T in ¥ (3.9)
Ts = Ty on Agg (3.10)

AsVTs “Trg = VT sy on Ag (3.11)

plus eventually initial and boundary conditions on X. Assuming that the porous is non-

deformable, one has W = 0, and applying (3.6) and (3.7) on (3.8), (3.9), (3.10) and (3.11) the
new system of equations - at the macroscopic scale - is:

o(Ts)*
A =m(pc)s 3t

=7- [(1 — MATT)® +% (T, — (Ty)®) - iz dA

(3.12)
Afs
1 = —_—
+ V,f AsVTs -nssdA
Afs
for the solid where (Ts)* = Vlstes T dV,s and (Ts) = (1 — n)(Ts)® and
. Ars (3.13)

for the fluid where (T;)/ = Vif Iy, Ty dVes and (Ty) = &(Ty)/.

The second and third terms of the right hand side of these two equations respectively
represent the structural effects and the conductive heat transfers between the two phases. It
could be possible to stop the development at this stage: the resulting model would be a ‘two
temperatures model. But under additional assumptions it can be simplified. Indeed,
assuming thermal local equilibrium i.e. (Tf)f = (T5)* =T, and adding (3.12) and (3.13) the

resulting equation is:
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oT
(npc) s + (1 —m(pc)s) %
—v

(nas + (1 - MAs)VT (3.14)

A =2
! Sf (T; = T) -TirgdA
V AfS

The thermal local equilibrium is valid for a wide range of thermal diffusivities of fluid and

. . . Ap=2As .,
solid, especially for ground materials. Furthermore, the term fV fA (Tf — T) "nsgdA can be

fs

At fAfsb—fS) . n_fs)dA) VT and thus (3.14) becomes

14

rewritten under the form (
oT 5
(po)* T V- [avT] (3.15)

() =n(pe)y + (L =mpcy), and 2" = (nds + (1 —mA) + L2 [, By -7idA
denotes respectively the equivalent specific heat and thermal conductivity of the porous
media. The details of the geometry of the porous media disappear, and only one temperature
is necessary to describe the heat transfers within the materials. It considerably simplifies the
solution of the equations compared to the form (3.12) and (3.13).

3.2.1.3. Porous media: modelling of a conductive / convective thermal
problem

In the case of a saturated media with a flowing fluid, the equations are usually modified
by the adding of convection terms. Navier-Stokes, mass and energy conservation equations
are needed to describe all the phenomena. Under the assumption of low velocity, the
compressibility and the viscous dissipation terms are neglected. Using once again the
averaging method the following two macroscopic equations can be obtained

a —
n% +V-(pU)=0 (3.16)
aoT o o R
(pc)*a +(pc)fU-VT =V - [(A" + 29)VT] (3.17)
where U = — I;—’l’ (VP - pf§) is the apparent velocity of the fluid, which corresponds to

the Darcy law and 4, is the effective thermal conductivity due to dispersion. These two last
equations, which express the mass and the energy balance, are valid in the case where a local
thermal equilibrium is verified. As previously (with the saturated stationary fluid) this is

2
especially true when the rate (%) is low. This ensures that if the two phases have close
diffusivities values, the temperature variations won’t be too high at the scale of the ERV.
Otherwise the two phases have to be treated separately. This assumption is well accepted in
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the considered cases throughout this work. It justifies the use of only one temperature for
each ERV.

For our applications, the pores are simultaneously filled with liquid water and a mixing
of dry air and water vapour. It considerably complicates the mathematical modelling because
of the liquid and vapour movement, and the simultaneous sensible and latent heat exchange
between the three phases. The details about the modelling of these couplings are exposed in
the next paragraph.

3.2.2 COUPLED HEAT AND MASS TRANSFER EQUATIONS FOR POROUS MEDIA AND SOILS

The heat and mass transfer within a porous media filled with a two phase flow (Figure
24) necessitates the modelling of the complex interactions between the gas, the liquid and the
solid. For our applications, the liquid is water, and the gas is a mixing of dry air and water
vapour.

ERV
liquid water

moist air

solid

Figure 24: Partially saturated porous media

Most of the current studies about coupled heat and mass transfer in porous media are
based on the work of Philip and De Vries (1957) and De Vries (1958). Their works have been
carried out following the observation of discrepancies between previous theory predictions
and experimental results. They extended the previous simple model of vapour transfer and
proposed a new formulation that explicitly takes into account thermal and isothermal
components. Since the results of the modelling were consistent with the experimental data,
their new theory and all its underlying assumptions has been proved to be relevant.

From there, many authors built their own model to describe coupled heat and moisture
transport within porous materials - using a ‘one temperature model’ based on what have been
previously introduced. The construction of the heat and moisture transfer equations is going
to be described in subsections 3.2.2.2 and 3.2.2.3. As the description of the moisture
movements imply to carefully choose a driving potential, this will be carried out in the next
subsection.

3.2.2.1. Moisture movement - driving potentials

Milly (1982) was one of the first to write a full model for coupled heat and moisture
transfer within soil and to solve it with a finite difference method. The writing and the
numerical resolution of combined heat and moisture transfer within building materials was
also investigated (Kiinzel, 1995; Pedersen, 1990). The different transport modes of moisture
(and thereafter heat) within a porous media were highlighted. According to the material
considered, some of them can be neglected while others are predominant. This sometimes
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leads to choose a moisture driving potential better suited, and thus to another formulation of
the equations.

The migration of moisture occurs both in the gaseous phase and in the liquid phase. The
calculation of the moisture transfers necessitates the knowledge of the storage and transfer
properties of the porous media considered but before all, the description of the strengths that
drive moisture movement.

Matric and gravitational strengths - storage functions

Considering an unsaturated porous media embedding liquid water, dry air and water
vapour in its pores, several strengths coexist and are at the origin of moisture movement. The
matrix strengths are the attractive strengths by the solid matrix on water. They include
capillary strengths and adsorption strengths. The capillary strengths are due to the water
surface tension at the interface water/solid/gas, and result in a pressure difference - the
capillary pressure - between the liquid water (Figure 25) and the air given by:

2acos(B)
——

P.=P—-P, = (318)

where o is the water surface tension, 8 the contact angle between the liquid and solid
phases, and r the pore radius in a cylindrical pore model. It is the leading strength for high
relative humidity. The capillary pressure is negative and equal to zero at saturation. The
adsorption strengths are due to intermolecular attraction between solid and air particles and
are preponderant for low relative humidity. Adsorption and capillary strength are usually
inseparable. The gravitational strength concerns mainly liquid water. Throughout this work,

additional strengths like the osmotic strengths and the ground weight will be neglected.

moist
air

solid
grain

liquid
water

Figure 25: Definition of the capillary strengths within a porous unsaturated media

Still considering low water velocity within the pores, the heat dissipation by friction of
water against the pore walls can be neglected. All the other strengths previously enumerated
are conservative and consequently derive from a potential. The bulk potential energy of water
can thus be written as a sum of the bulk potential energy of the matrix strengths and the bulk
potential energy of the gravitational strengths. As with the gravitational potential z - the
altitude of a given point - it is possible to define the matric head ¥ to describe the matric
potential. Its link with the capillary pressure is given by P. = p;g¥ and the total water head
is given by @ = z + V. Usually, a thermodynamic equilibrium is assumed between the water
vapour and the liquid water. Under this assumption, the Kelvin's law gives a link between the
capillary pressure and the relative humidity ¢ in the gaseous phase:
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P P, v
' =y =exp< < )=exp<g ) (3.19)
Pv,sat levT RvT

P, and P, s, respectively designates the partial vapour pressure of the air and the partial
vapour pressure at saturation. The thermodynamic equilibrium is valid in similar conditions
as previously: low velocities of liquid and gaseous phase, and low discrepancies between all
the diffusivities involved. The volumetric water content 6 that expresses the quantity of water
per unit volume of porous media is related to the relative humidity by a function 6(¢) called
‘moisture sorption isotherm curve’ (Figure 26). The region of the lowest relative humidity is
called ‘hygroscopic region’ where the water in the pores is mainly vapour. In such region the
smallest pores are being filled. This region range from the dry state - where there is no
humidity at all except chemically bounded water - to around ¢ = 95%. For higher relative
humidity, called ‘capillary region’, most of the water transport are due to the capillary
strengths. When for example a porous material is in contact with liquid water, a ‘free water
saturation’ state of equilibrium is then reached. For the highest relative humidity, all the pores
are saturated. This region lies above the fee water saturation and can only be reached by
applying external pressure or only after a long time by dissolution of the encapsulated pore
air in water (Kiinzel, 1995). This region is called ‘supersaturated’. For both the capillary and
the supersaturated region, since the pore diameter is large a slight variation of relative
humidity induces a strong variation of water content (the smallest pores are now saturated
and the biggest are being filled). For this reason, the relation 6(P.) or 6(¥) called ‘suction
curve’ is usually preferred to describe such conditions.

Supersaturated
region

Capillary
region

Hygroscopic
region

water content 6 (m3.m-3)
- Wef
tII’]g
water content 6 (m3.m-3)

pF=log(-¥) relative humidity ¢ (%) 95% 99% 100%

(@) (b)

Figure 26: Isotherm suction (a) and corresponding sorption curves (b): classification of the regions

Vapour transfer and storage

The vapour storage is described by the isotherm sorption curve. The vapour migration
has mainly two origins: convection and diffusion. The vapour can be transported by air
movements. This transport mode is most of the time neglected, either because it is not
predominant or because it is almost impossible to model. The vapour convection can be
neglected if its partial pressure is lower than 10% of the total pressure, which is always the
case if the temperature does not exceed 40°C. The second driving phenomenon is the
diffusion. The vapour flow induces is proportional to the vapour pressure gradients, following
a Fick’s law. A porous media modifies the normal path of water vapour, and consequently the
diffusion flow is also proportional to the ‘vapour permeability’ of the material, the latter
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depending on the temperature and the water content. Indeed, (Philip and De Vries, 1957)
were the first to understand the mechanism that, contrary to expectations, induces an
elevation of the vapour permeability when the water content results is rising. They showed
that the smallest capillaries filled with liquid water create ‘bridges’ between the biggest pores
creating a vapour-liquid-vapour series water vapour flow.

Other mechanism can generate vapour movements. In the narrowest capillaries, the
mean free path of the water molecule is larger than the pore radii. The molecules shock more
often the capillaries’ walls than the other molecules, which modifies the diffusion process.
This phenomenon is called effusion. Furthermore, a temperature gradient leads to vapour
pressure gradient and therefore induces vapour fluxes. Philip and De Vries (1957) noted that
the coupling between moisture and heat transfers is also reinforced by the rising of the
thermal conductivity where the pores are filled with liquid water.

Liquid transport and storage

The liquid storage is described by the suction curves, adapted to describe the capillary
and the hypersaturated region. It turns out that the suction curves can also accurately
represent the hygroscopic region (Figure 26). Since a ground is potentially saturated (after a
rainy period or close to the water table) as well as very dry (in summer), the suction curves
appears to be good candidates to model the moisture storage within grounds.

The liquid transfer is a consequence of two transport modes. The first is the capillary
conduction the origin of which is a capillary pressure gradient and is proportional to the
‘hydraulic conductivity’ or the ‘hydraulic permeability’. The latter are of course function of
the water content. This flow model is very common and based on the Darcy’s law. The
dependence of this flux with temperature is almost all of the time neglected for temperature
range close to normal air temperature. The second is the ‘surface diffusion’. The liquid water
adsorbed on the pore walls’ move from the thickest layers to the thinnest. This process is
always included in the capillary conduction.

The liquid and vapour transfers can be considered as independent in the hygroscopic
region only. Table 12 gives a summary of the main moisture flows that usually occur in
building material or soils. The high complexity of the real link between the water content of a
given porous media and the matric head (or the relative humidity) is nearly impossible to
capture by a mathematical expression. Indeed, this curve depends on the complex size
distribution of the pores and their inter-connections. It is furthermore not a bijective function
because of hysteresis: for a given W, the water content is not the same in a wetting or in a
drying process due to the ‘ink bottle’ effect. However, some good approximation models have
been developed, and will be introduced in section 4.3.1.

The relation (3.19) and the water sorption / suction curves apparently gives an
equivalence between all the moisture driving potentials - namely P, P, ¥, ¢, and the water
content 6. But according to the problem studied, the use of one instead of one other can be
preferred. As previously explained, the relative humidity and the partial vapour pressure are
well suited to describe the hygroscopic domain. Consequently, the choice of using P, or ¢ as
variable to describe the moisture transfers within building materials is relatively common.
Indeed, the building walls’ are usually ‘dry’ and moisture transfers only occurs on vapour
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form. On the contrary, other fields like geotechnical study materials that are most of the time
saturated. For these cases, the capillary pressure, the water content or the matric head are
well suited. As the water content is not continuous with a change of material, the capillary
pressure P. or the matric head W are usually preferred. Both this variable will be used in what
follows.

In the light of the foregoing and according to a sum up of numerous works, the moisture
and the heat equation for the ground and for the concrete foundation have been chosen and
are introduced in the next two sub-sections (Berger, 2014; De Vries, 1958; Deru and
Kirkpatrick, 2002a; Janssen, 2002; Janssen et al., 2004, 2007; Kiinzel, 1995; Labat, 2012; Milly,
1982; Pedersen, 1990; Philip and De Vries, 1957; Rouchier, 2012; dos Santos and Mendes,
2006; Woloszyn, 1999).

Table 12 : Main moisture movements within porous media

Vapour Liquid
Hygroscopic Capillary Supersaturated | Hygroscopic  Capillary Supersaturated
region region region region region region
Storage Isotherm sorption curve - - Suction curve

. . Convection / Total water
Convection / Total air pressure - /

pressure
Transfer Diffusion / Partial vapour ) ) Capillary conduction / Capillary
mode / pressure pressure (Suction stress)

Drivmg Effusion / Partial vapour
potential ..pressure

Thermodiffusion / Temperature -

- - Gravitational flow / Altitude

Surface diffusion / Relative
humidity

3.2.2.2. Mass conservation: moisture equation

The soil is often saturated, mainly on its top layer - because of rainfall - and on its base
layer - due to the presence of water table - while the building material constructions are most
of the time kept in the hygroscopic region. A matric-head based system of equations is
therefore relevant to describe the moisture flows within the soil, while a capillary pressure
formulation is well suited to describe concrete. Furthermore, the soil and the concrete
foundation modelling requires a large computational domain i.e. a high computational level.
A domain decomposition method can be used to avoid this problem (see Chapter 4). A natural
decomposition corresponds to the soil and the foundation domains distinction. Consequently,
having two systems of equations with different variables is not detrimental.

Ground moisture equation
The general equation for mass conservation is given by

aw_

- = —v- (%’) (3.20)

w is the mass moisture content given by the sum of the humidity contained in the air and
the liquid water

w = p,0,+ p0 (3.21)
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in which p, is the vapour density and 6, is the bulk air content of the soil. En) is the
moisture flow and can be written as a sum of a vapour transfer ¢,,, vector and a liquid

transfer vector ¢,, ;. According to the widely used Darcy’s law, ¢,,, ; can be written

bmi = —piKnVO = —p Ky (V¥ +11;) (3.22)

where Kj, is the hydraulic conductivity. Its shape will be discussed in the next section. As
we can observe, the influence of the temperature gradient on the liquid flow is assumed
negligible. The term —p;K,u, corresponds to the liquid flow driven by the gravity, and is
consequently only oriented along the vertical axis. Similarly, the Fick’s law gives the vapour
flow as being proportional to the vapour density p,, gradient

d)m,v = _Dvﬁpv (3.23)

with D, the effective vapour diffusivity. Since we are considering the porous media is a
soil, the matric head W has been assumed to be the more relevant variable to use. Thus, using

the chain rule V)pv can be expressed as

= dpy,sat glppv) 9by o
Vp, = . - vr vy 3.24
Pv (dT " rr2) T RT (5249
And therefore
bm = —pi(DruVT + Dy + K)VY) — pi Kyt (325)
1 dpy, Yoy . . ..
where D, =D, (E deat _pg,R:;"Z) is the thermal vapour diffusivity and Dy, =
D gp" the hydraulic vapour diffusivity. Using the same derivation method to the mass

m01sture content derivative relative to time, considering that the moisture content is a
20, 06

function of temperature and matric head, and using the relation —= 5 = o We obtain
0 6,0 00\ 0T 6,0 00\ 0¥
a=nGrar o)) a e Gar(0-0)w)a o

Combined with (3.20), (3.25) and (3.26) we have:

(5 ()T (0 ()00

- . 0K,
=V [Dr,VT + (Dyy, + Kp)V¥] + 5

Concrete moisture equation

The capillary pressure formulation usually involves vapour and liquid permeability
instead of the diffusivities previously introduced. Furthermore, it is commonly accepted to
neglect the gravitational liquid flow. Starting from the same general mass conservation

equation, the term ﬁ = (1 +@m 1s this time developed as follow
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bm1 = _Kpﬁpc (3.28)
d)m,v = _61; ‘7Pv (329)

where K, and §,, are the liquid and the vapour permeabilities. As the liquid flow is already

expressed in terms of capillary pressure gradient, the vapour flow ¢, ,, only is going to be
developed. Using once again the chain rule, the Kelvin’s law and the Clausius Clapeyron law

aPV,Sa Lv -
Tt =t P, ¢at,» We obtain
— 6,P, o 6,P, -
=———-7—(p L, + P.(Ty —1))VT — VP, 3.30
d)m,v lesz (pl v c( Y )) levT c ( )
with y = iz—; where o is the water surface tension. Neglecting the influence of the
temperature on the sorption curve (expressed under the form w(P.)), the term Z—‘: is equal to
%’%. Thus, the final mass balance equation is
ow 9P, 6, P, o 6uP, \ =
———=——=(pLy, + LTy -1 VT—(K+ )VP 3.31
OPC ot lesz (pl v c( 14 )) p piR,T c (331)
3.2.2.3. Heat conservation: heat equation
Ground heat equation
The general equation for heat conservation is given by
de —
—=_y. (3.32)
at (1)

where e is the volumetric energy of the soil, and E{ the total heat flow within a control
volume. Neglecting the advective fluxes due to the air movements within the pores, E isa
sum of a conductive ¢, cong and an convective term ¢y con,,. Following what have been

explained, the convective term is the sum of the heat flow due to liquid convection and the
heat flow due to the vapour convection flux.

Prcona = —AVT (3.33)
Gnconv = (T = To)Pmy + (cp(T = Tp) + LO)(P—m,v) (334

According to Janssen (2002) A ‘stands for the thermal conductivity of the soil medium in
the hypothetical case that no moisture movement occurs’. Using the relation ¢, (T — Ty) +
Lo = ¢;(T —Ty) + L, and the equations (3.22), (3.23) and (3.24) we obtain

bn = —[A+ py(c,(T = To) + L) Dy JVT
— pule)(T = To)Ky + (i (T = Ty) + L) Dy IV¥ (3:35)
+ pic) (T — To)Kpuy
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The energy storage within a soil control volume can be expressed by

e=¢+ plcl(T - To)9 + pv(cv(T - TO) + Lo)ea + paca(T - To)ea (3.:36)

This formulation neglects the heat of wetting corresponding to the energy stored or
released during the adsorption or desorption of water molecule on the pore walls, but this is
commonly accepted in most of the publications about ground modelling. Again, using the
chain rule, we obtain

dpy

de
3 [cs +04(Lo + ¢, (T — TO))

66’ aT

+ [Ha(LO
901 0%

+ (c1pi (T — Tp) — cppp(T — To) — pylo) = vl 9t

(3.37)

Concrete heat equation

Similarly to what have been written for the ground, the heat equation for the concrete is
derived from the moisture equation, the general heat equation is similar to (3.32) and the

B E—

- - - - . - -
total heat flow is still ¢, is a sum of a conductive ¢y, conq and an convective term ¢, cony-

$h,conv = [CITK + (e, T+ 1L
(3.38)
[(ch + Lv) R T2 (plL + P.(Ty — 1))] VT
The energy stored and its variation with time can be expressed as follows
e=cp+c (T —To)w (3.39)
de — ]6T+T6W6PC 240)
ot e T MG T Gp ot G
TAURINES Kevin CETHIL - INSA Lyon 2017

74

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI100/these.pdf
© [K. Taurines], [2017], INSA Lyon, tous droits réservés



Conclusions

3.3. CONCLUSIONS

The brief literature review about the building ground heat loss highlighted that ignoring
the presence of humidity and its variation with time induces inaccurate estimation of the heat
flow through the slab, especially in the case without insulation. Considering these conclusions
and both the objective of this work introduced in the Chapter 1 - be able to reproduce the
dynamic of the foundation outlet air characteristics for summer, winter and mid-season - and
the features of the foundation detailed in the section 2.3 - the low depth and the simultaneous
influence of the climate and the building - it seems clear that the modelling of coupled heat
and mass transfer within the ground and the foundation is necessary.

The formulation of the coupled equations to describe these flows for soils and building
materials such as concrete are widespread. Among all the existing models, the adopted has
been made according to three main reasons:

e The accuracy of the modelling with an (almost) exhaustive consideration of the
physical phenomena

o The ease of the coupling between the soil and the concrete foundation models

e The (relatively) low number of parameters.

The first and the last points are of course antagonist. The extra difficulty lies on the fact
that the thermal and the hydric properties of the soil remain very often unknown. The
solution proposed by Janssen, introduced in the current chapter has been adopted in this
work. The materials description as well as the numerical resolution of the resulting equations
is going to be further detailed in the next chapter.
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Objectives

Chapter 4. OBJECTIVES AND
DEVELOPMENT OF THE COUPLED HEAT
AND MASS TRANSFER MODEL

4.1. OBJECTIVES

The conclusions of Chapter 2 and Chapter 3 gave the main constraints for the Fondatherm
model development. A strong influence of the meteorological conditions and the potential
water infiltration through the concrete require the modelling of coupled heat and moisture
transfer in the soil and the concrete domains with complex boundary conditions. The EAHE
former modelling highlighted that the resolution via finite volume method with at least two
dimensions seems well suited.

Regarding the ventilated cavity domain, given the high computational time required by
CFD models, the resolution of the Navier-Stokes associated to the energy equations is
excluded. However, an accurate representation of the complex evolution of the flowing air
temperature and humidity has to be made. Since the foundation is strictly linear with a simple
rectangular cross-section and the flow is forced and turbulent, the airflow velocity profile can
be assumed uniform. The use of an averaged air velocity over the cross-section is therefore
relevant and leads to opt for a one-dimensional finite volume model for the airflow domain.

A three-dimensional finite volume model for coupled heat and mass transfer is going to
be developed. The first subsection is concerning the system of conservation law equations.
These equations require the description of the thermal and hydraulic properties of porous
media that will be introduced in the subsection 4.3 and 4.4 for soil and concrete respectively.
Then the boundary conditions closing the set of equations are presented in the subsection
4.5. The methods that are implemented for the resolution of this set of equations are exposed
in the section 0. Conclusions and limitations of the obtained model are finally discussed in the
last section of this chapter.

4.2. SYSTEM OF CONSERVATION LAW EQUATIONS

The complete systems of equations to describe heat and moisture movement within the
soil and the foundation are respectively given by

oT9 ow9 _ _
cir -+ w5 = V- (ki VT9 + kg, V¥9 +g7)
4.1
, OT9 . ws 6 g s 8 e s — U
Cor o+ Cow 5 =V - (kg VT9 + kigy V99 + gy)
TAURINES Kevin CETHIL - INSA Lyon 2017
77

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI100/these.pdf
© [K. Taurines], [2017], INSA Lyon, tous droits réservés



Chapter 4. Objectives and development of the coupled heat and mass transfer model

;o1 9P/
CTTW-FCTPC ot
< ;o1 . 9P/
\“Per 3¢ T Crere ¢

=V (kI V1" + ki, VP)
(4.2)

=V (kb V17 + K}, VP!)

All the coefficients involved are function of the state variables: cﬁT = cﬁT (T9,w¥8), etc. For

the sake of simplicity, this is not specified is the following. Their explicit description is given
in Appendix A. These equations take into account:

Liquid transfer due to matric potential / capillary pressure gradient i.e. suction,
Liquid transfer due to gravity, except for the concrete foundation model,

Vapour transfer due to hydraulic and thermal diffusion,

Conductive heat transfer within the solid matrix, the water and the moist air,
Advection heat transfer produce by liquid or vapour movement,

Latent heat transfer by evaporation and condensation between the water and the
moist air filled pores.

These equations are not considering:

Air movement: air filled pores is supposed to be everywhere at atmospheric
pressure,

Liquid transfer due to temperature gradient,

Contribution of water contained in the vapour phase on the total quantity of
moisture.

Within his thesis, Janssen (2002) proposed and justified a simplification of the system of
equations (4.1). Analysing the relative weight of the different terms involved in the storage
and the transfer coefficients, he showed that:

The moisture storage in the vapour phase is negligible compared to that in the liquid
phase. Moreover, the influence of a change in temperature on the liquid storage is
negligible compared to the influence of a change in the matric head, except for very

. . g _ g _ 06
dry soil which leads to cy = 0 and cyy = 75,
The thermal vapour diffusivity has a very low impact on the moisture transfers and

thus k3, = 0,

The transfer of sensible heat by thermal vapour transfer, the transfer of latent heat by
hydraulic gradient, and the transfer of sensible heat by hydraulic vapour transfer are
negligible. Consequently ki = A* and kfy = ¢;p,(T9 — To)Kp,

The latent heat of vaporization, and the sensible heat contained in the gaseous phase

are negligible so c;‘fT = C + ¢;p;0 and Cglp = ap(T9 —T) %-

Complex equations could be at the origin of numerical instability during the resolution

process. In order to anticipate such problems, the potential unnecessary terms have to be
identified and removed: the same work of simplification has thus been done here for the
capillary pressure based equations for the concrete foundation. Figure 27 shows that the
transfer of sensible and latent heat by thermal vapour transfer can be neglected. Indeed, the
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SVPV
PiRyT?
thermal conductivity over a wide range of capillary pressure and temperature. This term can
consequently be discarded without any loss of accuracy. For the three other transfer
coefficients, some terms appear to be of secondary order. The hydraulic vapour diffusion term

term (chf + Lv) (plLv + Pcf (Tfy - 1)) is at least four orders of magnitude below the

SyPy

PR, TS
capillary pressure, the hydraulic vapour diffusion term rises with temperature, and the
difference between the two terms is reduced to less than two orders of magnitude. In order
to stay consistent with the physics, and to avoid approximation that could introduce an
important bias for simulation over a time period of several months, the

for example seems low compared to the liquid permeability K,. But for the lowest

coefficients k{PC, klj:CT and klj:cpc will be keep unchanged thereafter.
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Figure 27: Hydraulic (a) and heat (b) transfer coefficients for the moisture equation, and thermal (c) and
hydraulic (d) heat (d) transfer coefficient for the heat equation

The difference between the foundation model (described in the next chapter) integrating
the simplification described above and the full model on the outlet air temperature and
relative humidity is plotted on Figure 28. The temperature and the relative humidity

difference don’t exceed 3.5+ 10~* and 1.4 - 1073 respectively. This simplification is therefore
reasonable.
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Figure 28: Difference between the complete equation and the simplified one for the term k’;T: impact on
the outlet air temperature and relative humidity
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Thermal and hydraulic properties of unsaturated soils

4.3. THERMAL  AND  HYDRAULIC  PROPERTIES  OF
UNSATURATED SOILS

A lot of work has been done on the formulation of the heat and mass transfer equations
within porous media and soils. As it has been previously described, these equations involve
many parameters or functions. Nevertheless, the appropriate approach to compute the
parameters remains a subject of active discussion. The mains discussions are on:

The water retention curve model,

The way to compute the ground thermal conductivity,
The ground hydraulic conductivity model,

The hydraulic vapour diffusivity calculation.

B w N e

The objective is to develop an accurate ground model, flexible enough to tackle different
kinds of grounds, different geometry and boundary conditions, and which is adapted to the
coupling with a ventilated foundation model. Nonetheless, we have to keep in mind that we
usually have very few information about the soil properties. Consequently, a trade-off has to
be made between very accurate models and high number of parameters involved.

4.3.1 WATER RETENTION CURVE

Several models exist for the suction curves. Van Genuchten and Nielsen (1985) studied
the Brooks and Corey formulation and found that it led to poor fit near saturation, especially
for fine textured soils. After a brief overview of all the existing alternatives to correct that
issue, they proposed the use of the Van Genuchten-Mualem (VGM) (Mualem, 1976; Van
Genuchten, 1980) model given by

H(IIU) = Hr + (05 - Br)(l - (_alp)n)—m (4.3)

They then studied the influence of the choice of the parameters n and m on the accuracy
of the prediction. Naturally, allowing n and m independent leads to the best fitting with the

experimental data, but the restriction m =1 - does not induce a high deviation and

eliminate one parameter from the equations. Vogel et al. (2001) then proposed to modify the
latter VGM model. They proved that taking into account a very small but not null matric head
W,qr and a parameter 6, such as 8(¥ = W,,,) = 0, the fitting with experimental data was
improved and the simulation code was more stable. W, is defined such as S(W,:) = 99.9%

-6,

6
where S = -

N T

is the saturation level. Although this study was undertaken mainly for non-

swelling soils, the final model given by (4.4) was successfully used by Janssen (2002). An
example for soils of type sand, silt and clay is plotted on Figure 29. In this study the
dependence of the water content with the temperature is neglected.

0¥)=06,+(6,,, —0,)(1 — (—alp)")%‘l (4.4)

Furthermore, some authors like Janssen (2002) and Mualem (1974) chose to include a
hysteresis model into the water retention curve, but it will not be considered in this work.
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Chapter 4. Objectives and development of the coupled heat and mass transfer model

Such choice has been made firstly because a hysteresis model can lead to serious numerical
difficulties, and secondly because its influence on the temperature and moisture field is
limited compared to the impact of a bad evaluation of the soil parameters.

0.5
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Figure 29: Suction curve for three different soils with the Janssen-VGM model

4.3.2 HYDRAULIC CONDUCTIVITY

Most of the existing models to calculate the hydraulic conductivity of porous materials
are based on the retention curve formulation. Van Genuchten (1980) and Van Genuchten and
Nielsen (1985) compared the Mualem'’s (Mualem, 1976) and the Burdine’s formulation, both
consisting in the modulation of the hydraulic conductivity at saturation K,,; by a function
depending on the matric head. The Mualem’s equation (4.5) appeared to be slightly better,

) _ 6-6,
with § = 5.0,

the saturation level

[ w(e)'do

K, (0) = K., S/? (4.5)
" T Tw(e)1de
Another formulation of (4.5) is given by
2
Kn(0) = KyqSY/?|1 = (1 - s4/m)"| (46)

As for the suction curve, Vogel et al. (2001) proposed to use the matric head Wg,;
previously defined for the hydraulic conductivity calculation too. Schaap and Leij (2000) also
improved the VGM model. Instead of K., they showed thanks to neural networks that the
use of K, as a matching point enhanced the fitting with the experimental data on 235 soil
samples representative of the textural distribution. Similarly, a best fitting is also possible by
taking an exponent 7 of S different from %. Using the models previously exposed, Janssen
proposed the model given by (4.7) and illustrated on Figure 30 for three soils and three
temperatures.

(4.7)

2

1-(1-5,Y™"

Kh(g) = K()ST m KT
1— (1= Sosac’™)

where Kp = 1.12 107*T? — 4.12 1072T + 3.46 (—) is a viscosity dependent temperature

: 6-6
correction, and S, = 5 -

m_er
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Figure 30: Hydraulic conductivity for three different soils with the Janssen-VGM model

4.3.3 THERMAL CONDUCTIVITY

The calculation of an equivalent thermal conductivity of a multiphase media from the
thermal conductivities of its basic constituents was a topic of active research in the past. It is
a function of the size, the shape, the orientation of the grains of the solid matrix and of the
fluids. Even for a pure conductive problem of a saturated porous media with only one fluid,
A

v
difficulty in characterising the geometry of the solid matrix. A number of models have been
developed to overcome the difficulty of the previous formula. (Farouki, 1981) made an

extensive study on the existing models and their comparison with the available

its expression A = Ny + (1 —n)As + fAf b_fs)-n_’fsdA (see 3.2.1.2) is complex, due to the

measurements. Among them, the upper and lower bounds are respectively given by the
Afs

NAg+(1-1)2s

given by 1= Af"/lsl_" can be seen as an average between these limits. Other authors

parallel and the series models: 1* = n4; + (1 —n)Ag;and A = . The geometric mean

proposed more complex formulas for dry soils (solid matrix and air), empirical relation for
frozen soils, or even for partially saturated soils. Gori and Corasaniti (2013) developed a
purely geometric model to calculate the thermal conductivity of an unsaturated soil. Their
formulation does not require other parameters than the porosity. Nevertheless, its
complexity makes its integration difficult into a numerical code in which it will be evaluated
iteratively. Zhang et al. (2007) proposed a randomly mixed model to simulate the spatial
structure of the multi phase media, and to solve the three-dimensional heat equation to
deduce the effective thermal conductivity. As for the model of Gori and Corasaniti, even if its
relevance has been proved against experimental data, using it in a numerical code seems
difficult. Indeed, for every control volume, the heat equation should be solved for every time
step. This would be time consuming.

Philip and De Vries (1957) proposed a relatively simple model for a partially saturated
soil, considering the solid matrix, the liquid water and the moist air, specified by the equation
(4.8), where i corresponds successively to water, air, quartz and non quartz elements, §; the
ratio of the thermal gradient in the phase i and the thermal gradient in the material, 8; and 4;
their volumetric content and pure conductivity. A distinction between quartz and non-quartz
elements of the solid matrix has been proposed because of the high conductivity of the quartz.
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Chapter 4. Objectives and development of the coupled heat and mass transfer model

_ Yic1 §ibidi
The thermal conductivity for the moist air 4, must integrate the vapour-liquid-vapour

series moisture flow induced by a thermal gradient. Indeed imposing a thermal gradient on a
soil sample, the conductive heat flow cannot be dissociated of this process. We thus have

A (4.8)

dpy

/12 = /la + Lva,a ﬁ

(4.9)

An adaptation of equation (4.8) has been proposed by Campbell et al. (1994), and
implemented by Janssen (2002). First, the effect of the thermal vapour diffusion of the moist
air is added in A,, following the observation of Philip and De Vries (1957). Secondly, this
formula is valid as long as the liquid water can be considered as a continuous media, which is
wrong for a dry soil. Instead, the dry air can be considered as the continuous fluid.
Consequently, Campbell proposed to use an equivalent thermal conductivity A; for a
continuous fluid, defined by (4.10). This ensures a transition between the cases when the
liquid water is the continuous fluid. The function f,, and the parameter q define the shape
and the rapidity of this transition. 8y, is the water content from which the liquid water phase
is not continuous anymore.

A=Ay + £, (g — Ay) (4.10)
o\ 7\ "
_ 0 (4.11)
fw <1 " (ek) )
T 2
— g (— (4.12)
1= 9 (303)

Integrating this modification, the expression for ¢; is

2 (Mg _1+1 14 (X1 a2 B (4.13)
fi—3 g gi 3 % ( gi) '

0y, qo and g; are thus fitting parameters of the thermal conductivity. Janssen (2002)
identified 14 soils representative for 554 samples defined by textural characterization (sand,
clay and silt fraction on the textural triangle) in the Rosetta software (Schaap et al,, 2001).
Linear regressions for these 14 soils enable to relate these three parameters to the sand
fraction Sa only, given by (4.14), (4.15) and (4.16). Adding the silt fraction in the relations
does not reduce the dispersion of the values. Furthermore, it does not appear as a serious
problem regarding the relatively good accuracy of the predictions of the thermal conductivity
for these ‘average soils’. Examples of thermal conductivities calculated according to this
model are depicted on Figure 31.

0, =0.21-0.165a (4.14)
qo =4—Sa (4.15)
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gi = 0.0675 + 0.074Sa (4.16)
25
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Figure 31: Thermal conductivity for three different soils with the de Vries - Janssen model

4.3.4 VAPOUR DIFFUSIVITY

One of the first vapour diffusion model was given by the equation (3.23), where the
vapour diffusivity could be written under the form (4.17) with D, , the water vapour

diffusivity in the air, v a mass flow factor assumed equal to unity given the conditions of this
study, and v the tortuosity factor.

D, = D, qvv8, (4.17)

However, Philip and De Vries (1957) noted a large difference between the calculated
thermal vapour flow with this model, and the experimental data available. They made two
changes that have proven to be reliable after comparison with the experimental data.

Firstly, they highlighted that a correction was required due to the large difference
between the temperature gradient in the air and in the liquid. Since the thermal diffusion of

water vapour has been neglected in the simplified system of equation for the ground, this will
not be detailed further.

Secondly, they put in evidence the vapour-liquid-vapour series moisture flow, not taken
into account in the original model. Therefore, they proposed to modulate the available cross
section thanks to a factor f in order to enhance the vapour flow.

0, if 0< 6y,
= . (4.18)
f Ha(l-l'm) If0>0k
Assuming the expression for the tortuosity is v = 9a2/3 we obtain
Dv a 5 apv
Dy, = —2£6,°° =2 4.19

The shape of the hydraulic vapour diffusivity Dy, for three different soils and
temperature is given on Figure 32.
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Figure 32: Hydraulic vapour diffusivity for three different soils according to the Philipp & de Vries model

4.3.5 PARAMETER VALUES

The soil on the site of the studied building (see Chapter 6) is very complex, made of
several layer of various materials and is a mixing of natural materials and construction
wastes. Consequently, it would be rather difficult to characterise each components of the soil
to evaluate all its thermo-hygric characteristics. Furthermore, the sampling and the
measurements campaign should be repeated for each new project integrating Fondatherm
which would be costly.

Instead, the solution adopted by Janssen has been adopted in this work. All the physical
quantities discussed above and developed above offer the great advantages of being accurate
whilst depending only on a limited number of parameters. A set of parameters for seven kinds
of soils got from statistics fitting with experimental data and representative of most of the
traditional soils has been given in the Janssen’s thesis, and is reproduced in Appendix B. The
estimation of the soil classification may be sufficient to choose the set of parameter that better
characterise it. For the considered soil (see Chapter 6), it has been estimated that the silt class
was the closer to the real nature of the ground.

4.4. THERMAL AND HYDRAULIC PROPERTIES OF CONCRETE

Janssen et al. (2007) proposed a formulation for heat and mass transfer equations within
building materials, that have been used by Rouchier (2012) to study the heat and moisture
transfer within damaged building construction materials, especially concrete. In this latter
study, the concrete hydraulic characteristics have been measured. Berger (2014) who also
developed numerical model for similar applications used the material data base available
with the software Delphin (Bauklimatik-Dresden, 2017). Baroghel-Bouny (2007a) made an
extensive experimental study to measure the sorption-desorption isotherm for a set of seven
normal and high performance concrete and four cement paste, and related it with their
composition. Baroghel-Bouny (2007b) also measured and analysed their moisture transport
properties. However, since the experimental results are discrete data, the choice has been
made to stick to the explicit formulas given in the works cited above. Nevertheless, the studies
carried out by Baroghel-Bouny enable to have a point of comparison for the analytical models.
Table 13 gives the main characteristics of the concrete used in Fondatherm. A comparison to
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the studied concrete by Baroghel-Bouny (2007a) put in evidence similarities with the
material references under ‘BO’ and ‘B30-A’.

Table 13: Concrete composition and main characteristics for the foundation in Val-de-Mercy

Gravel content (kg.m3) 1050
Sand(kg.m3) 800

Cement (kg.m3) 350

Water content (kg.m=3) 160-175
Superplasticizer Grace - Adva Cast 596
Water-to-cement ratio (-) 0.48
Gravel-to-sand ratio (-) 13

28-day cylinder average

compressive strength (MPa) 325

4.4.1 WATER RETENTION CURVE

Rouchier (2012) and Berger (2014) opted for the use of the original VGM model
introduced in the previous section, with adapted parameters for the concrete. This function
appeared to correctly reproduces the measurements taking wg,; = 101.44, a, = 6.165-
1077,n = 1.2566 and m = 0.2191.

w = Wsat(1 + (—ach)n)_m (4.20)

4.4.2 LIQUID PERMEABILITY

Rouchier (2012) then Berger (2014) chose to use a bi-modal expression for the liquid
unsaturated conductivity of the concrete. Based on the VGM model and considering a two
pore size Priesack and Durner (2006) showed that a really good representation of the real
relative conductivity can be reached using the expression (4.21). Although their conclusions
was mainly for soil materials, Rouchier (2012) applied successfully the same expression for
concrete and got good fitting with his measurements.

Ki+K;

K, =K S+ 1,8,) ——mM———
p p,sat( 151+ 1,S5) Lty + ety

(4.21)
where §; = (1 + (—ap,iPC)ni)_mi and K; = l;a,; (1 — (1 — Sil/m")mi)z are respectively

the saturation level and the relative hydraulic conductivity of the pore size subsystem i. All
the fitting parameters are given in Table 14.
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Chapter 4. Objectives and development of the coupled heat and mass transfer model

Table 14: Moisture suction curve: parameters for a bi-modal representation of concrete

Kn,sat T l a m n
7o 1= 0.5062 0.618 2.5963
Pore size i=1 2.2182-10713 -4.6975 5.533-1077
Pore size i=2 0.4938 0.1913 1.2366

4.4.3 VAPOUR PERMEABILITY

(Rouchier, 2012) measured a value for (non-damaged) concrete water vapour
permeability equal to 8.46- 10713, Berger (2014) used a similar value for the relative
permeability and modulated it with an exponential term, as written in equation (4.22), with
5, =8-10"3and g, = —2-107%

6y, = 6, exp(8.P,) (4.22)

The order of magnitude of this model is in agreement with the measurements of the
effective water vapour diffusion coefficient made by Baroghel-Bouny for both the ‘BO’ and
‘B30-A’ concrete.

4.4.4 THERMAL CONDUCTIVITY

The formulation for the thermal conductivity is here simpler than for the soil. The
expression in DELPHIN and used by Berger assumes a linear evolution between a dry state
where A = A, = 1.75 and a saturated state where A,, = 4.5 - 1072 is the slope of the function
(4.23).

A=A+ Ayw (4.23)

4.5. BOUNDARY CONDITIONS DESCRIPTION

4.5.1 BOUNDARY CONDITIONS FOR THE GROUND
4.5.1.1. Ground top surface
Main equations

Considering short and long wave radiation onto the ground (¢ps, and ¢y,
respectively), convection due to wind and surface/air temperature differences (¢ conp),
evaporation (¢, eyqp) and precipitation (¢, ,rec), the general equations describing the energy

and mass balance at ground top surface can be written (Deru and Kirkpatrick, 2002a; Janssen,
2002; dos Santos and Mendes, 2006)

¢h,surf = (»bh,sw + ¢h,lw + ¢h,conv + ¢h,evap + ‘.bh,prec (4.24)

1
¢m,surf = E (¢m,evap + ¢m,prec) (4.25)

The corresponding heat and moisture flow are given by
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Boundary conditions description

0

f
Grow =G <1 —a (1 - %)) (4.26)
bniw = 0&(Teky — Tourr) (4.27)
(;bh,conv = hc,surf (Taext - surf) (4.28)
(;bh,evap = Lv,surf hv,surf (ps‘a‘clt - pv,surf ) (4.29)
¢h,prec = Cl(chxt — To)Prec (4.30)
d)m,evap = hv,surf (ps,iczt - pv,surf ) (4.31)
Pm,prec = Prec (4.32)

As illustrated on Figure 33, the ‘half control volume’ method is applied as described by
Patankar (1980). Instead of solving the heat and mass balances to compute the temperature
and the matric head at the ground top surface, the heat and moisture flow are treated as if
they were a source term at the ground top meshes. The meshes at the surface have a thickness
halved, in such a way that the thermal and hygric capacities of these meshes are low.
Consequently, the heat and moisture fluxes exchanged with the surroundings can be assumed
equal to exchanges between the ground top surface and the central nodes of the ground top
meshes. This approximation is assumed to have a negligible impact on the ground
temperature and water content evaluation close to the foundation. The main objective of this
choice is to reduce the number of equations to solve and thus the computational time. The use
of this method is justified by the fact that the ground top surface is complex - this is all the
more true considering the grass - and it is not reasonable to consider it as a theoretical perfect
surface. Actually, its coarseness can be seen as the introduction of an additional storage
property.
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Figure 33 : Ground top surface boundary conditions: (a) moisture and (b) heat transfers
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Chapter 4. Objectives and development of the coupled heat and mass transfer model

Exchange coefficients’ evaluation

Attention must be paid to the evaluation of the thermal and vapour transfer coefficients
and the sky temperature. They are necessary but not sufficient conditions of the model
consistency with the experimental data. The models developed by Deru (2003) and Janssen
(2002) have been widely used to build this one.

The convection heat transfer coefficient h, is the product of the mass specific heat of air
and the aerodynamic conductance h, = p,C,U,. The conductance depends on the air layer
stability above the ground and is given by

KW
Ue = 7’ 4 (4.33)

where @ is a correction coefficient taking into account the air layer stability above the
ground, and W the wind speed measured at the altitude Z,. The stability can be quantified by
the Richardson number given by

— g(Taext - Tsurf)(Ze - ZO)

TER 2 (4.34)

R;

This dimensionless number is negative when the air layer is unstable and is in the range
10,0.2] for the stable cases. Several models exist to calculate the correction coefficient, but one
of the more relevant according to (Janssen, 2002) is given by

(AB)1ifR; <0
_ { L (4.35)
(1-5R)if0<R;<0.2
where all the needed variables are calculated according to
2
n (2255 4 2mn (ﬂ) —2tan 1 (X) + =
2 2 2
A=1-— > (4.36)
In(Ze
n (ZO)
(1 + XZ)
In >
B=1—-— %2 7/ (4.37)
Z
In(Ze
n (ZO)
7, \0%5
x=(1-16-2) (4.38)
Mo
Z VA
e _ AZB‘lln( ¢ )Ri (4.39)
Lmo Lo

Z, and Z are respectively the altitude of the wind speed measurement and the roughness
length of the surface. Ly, is the Monin-Obukhov instability length. These relations give a non
linear dependence between the correction coefficient ¢ and the Richardson number R; that
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Boundary conditions description

should be solved by an iterative procedure. Since such methods reduce the numerical
efficiency of the modelling, Janssen proposed to modify the previous relations to obtain a
direct relationship between ¢ and R;. This last method has been used in our model. As we can
observe, this model does not include natural convection, which is negligible compared to
forced convection due to the wind. However, natural convection phenomena still exist
especially governed by thermal effects when there is no wind. In order to avoid null
convective heat exchanges during such period, the aerodynamic correction coefficient has
been limited to a minimum of 0.2.

The vapour diffusivity coefficientis assumed to be equal to the aerodynamic conductance.
According to Deru (2003), a resistance is added in series to reduce the value of the vapour
exchange coefficient that has been experimentally proved to be too high. The modulation is
made by the water content of the ground top surface mesh according to (4.40), and the total
vapour exchange coefficient is given by (4.41).

75 = max(410 — 81406, ,0) (4.40)

1 _1
hy = <U_e +1,) (441)

Regarding radiation transfer, several sky temperature models exist, but one of the most
relevant appeared to be that used by Janssen, see equation (4.42). Indeed, the model proposed
by Deru does not enable to reproduce well the experimental soil surface temperature
measured. Indeed, difference of up to 10 °C can be observed, especially in summer (Deru,
2003; Deru and Kirkpatrick, 2002a).

Tsiey = TE*" — (23.8 — 0.2025(T¢* — 273.15))(1 — 0.87 - ¢f) (4.42)

A ‘cloud factor’ cf emerges to modulate the sky temperature as a function of the
cloudiness. Janssen set it at a mean value of 0.6, corresponding to the mean cloud cover of the
place he was considering over one year. In our case, the ground top surface in contact with
the ambient air doesn’t exchange long wave radiations with the whole sky half-sphere.
Indeed, the buildings walls intercept an important part of this radiation. Their radiant
temperature is almost all the time higher than that of the sky. The cloud factor has thus been
used to take into account in a simple manner the influence of the buildings walls. It has been
set at 1.1, which doesn’t have a physical meaning anymore, but enable to build artificially a
temperature of an equivalent surface (‘sky + building’) exchanging radiation with the ground
top surface.

Finally, the ground emissivity € and albedo a has been taken equal to 0.75 and 0.15
respectively, which is representative for grass and soil. This choice has been made after
several tries and comparisons with the experimental data (see section 7.2).

All of these were the equations to model a bare ground, typically the lawn of the EHPAD
retirement home (see Chapter 6). But the main part of the ground top surface is covered with
deactivated concrete, thus allowing simplifications of the previous equations. The concrete
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Chapter 4. Objectives and development of the coupled heat and mass transfer model

layer can be considered impermeable. Therefore, all the moisture flows, and the associated
heat fluxes are ignored. Figure 34 shows the remaining heat flows considered in the case of a
deactivated concrete cover on the ground top surface. These fluxes are calculated in the same
way as previously. The resolution of the energy balance at the deactivated concrete surface
yields the surface temperature, and afterward the heat flux crossing the meshes at the ground
top surface.
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Figure 34: Boundary heat flows on the ground top surface with deactivated concrete cover
4.5.1.2. Water table

The ground base layer is assumed to be a water table. Naturally, the matric head at the
ground bottom is thus equal to W, For the thermal boundary equation, Janssen (2002)
proposed, instead of an adiabatic or an isotherm condition, to impose a null conductive heat
flow, i.e. a null gradient of temperature. According to him, this is the best way to model a low
ground water flow: the moisture drainage still enables sensible and latent heat transfers to
the water table. The heat boundary equation is thus:

2
¢h,base = pic (Tbase - TO)Kh (5— (l‘Usat - lpbase) - 1) (4.43)
Zpase

4.5.1.3. Ground - crawl space interface

The evaluation of heat and moisture transfer between the ground beneath the building
slab and the crawl space air require knowing the temperature and the humidity of the latter.
A very strong assumption would consist in considering a constant temperature and relative
humidity. This leads to poor fitting with the real ground temperature measurements (see
Chapter 7). This model has to be grounded on a satisfying compromise between more realistic
boundary condition and relative simplicity in order to avoid considering much more new
parameters. For that purpose, the experimental work of Kurnitski (2000) is used. The main
assumptions of our model are:

1. no moisture production within the air volume
2. no condensation within the air volume
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Boundary conditions description

3. theinlet airflow is equal to the outlet airflow

4. no radiative flux.

Under these circumstances, the moisture and heat balance equation for the crawl space
air volume are respectively given by (4.44) and (4.45) where Vs designates the volume of the
crawl space, A.s the ground-crawl space interface area, Uy, the heat loss coefficient of the
slab, Tj,; the indoor air temperature and ACR the air change rate. hf’csand hf’cs are
respectively the mass and heat convective exchange coefficients between the crawl space air
and the soil. Similarly, h{:,cs and h{,cs are the mass and heat convective coefficients for the
foundation external walls exchanging with the crawl space air.

9 V,
Ves St = ACR —=(pgxt pva)+Z6SgCSthS Pg —PCS)

3600 vij
(4.44)
f.C8 fcs f
255 ny(pf; - P,f;i)
aTCS
VCSpv Ca—F%, at slabACS(Tin_TCS)
extText TCS
+ Cq 3600 pva )
,CS ,CS ,CS
+255~" g5 (15 - 19)
(4.45)

+ (CVTCS + 19, g (PSSS - BSS)]

v,i,j v,i,j

+Z§Sf O [RL (11 - 189)

( TS + 1, S (pLS - PSS

The last equations imply new variables and parameters that could not be measured in
this work. Nevertheless, the work of Kurnitski has been carried out for a naturally ventilated
crawl space with similar dimensions. It allowed to reasonably thinking that some of the
descriptive variables of the present crawl space are similar to his. Consequently, we assumed
that the air change rate is constant and equal to the mean air change rate measurement over
one year for the ‘naturally ventilated crawl space’, namely 1.7 h~! (Kurnitski, 2000). The
indoor air temperature is assumed constant and equal to 293 K, and the heat loss coefficient
is equal to 0.31 W.m 2K~ L,

The heat and moisture transfer convective coefficients at the ground top surface and at
the external horizontal wall of the foundation are calculated according to (4.46). The Nusselt
number Nu,s is given by (4.47) if the temperature of the surface is lower than the crawl space
air temperature, and by (4.48) otherwise (Incropera and DeWitt, 1990).

N ACS
hes = ”LCS a (4.46)
CcS
Nugs = 0.27Ra s (4.47)
Nugs = 0.54Ra (4.48)
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Chapter 4. Objectives and development of the coupled heat and mass transfer model

L¢s is the characteristic length of the ground crawl space top surface or of the external
horizontal top surface of the foundation, and Ra s is the Rayleigh number of the air. For the
beam vertical wall facing the crawl space air, the correlation to calculate the Nusselt number
is the Churchill and Chu equation (Incropera and DeWitt, 1990)

Nugs = (0.825 +0.387

(4.49)
. (0.492)9/16 8/27
Pr

The resolution of (4.44) and (4.45) is realised with a Newton-Raphson method and yields
the values of TSS and W&, Finally, the heat flux and the moisture flow at the ground top
surface beneath the slab are given by (4.53) and (4.55) where the summation signs have been
removed for the sake of simplicity.

RO =[RS — T8 + (eoTds + 19)9 ] (450)
g.CS
9,05 _ 1;) (B — PSS (4.51)
l

Similar equations are used for the boundary condition between the concrete beam and
the crawl space air.

4.5.2 BOUNDARY CONDITIONS FOR THE CONCRETE FOUNDATION
4.5.2.1. Cavity walls - circulating air

The model to compute the temperature and the relative humidity evolution of the
circulating air along the foundation is widely reported in the section 5.3.1.1. We focus here
only on the heat and moisture exchanges between the air and the cavity walls.

Each section of the circulating air along the y axis corresponds to one air volume and is
represented by one air node. The moisture and the heat exchanged between the air node and
a mesh in the cavity wall are respectively calculated according to (4.52) and (4.53).

T};,cav _ hl}:,cav(Pv]ja _ Pv},ccav) (4.52)
9 W9 (1] ~Th) + (6t + L, )0 459

The convective coefficient h; .4, is calculated thanks to the relation (4.54) where the
Nusselt number is given by the Colburn equation (4.55) (Incropera and DeWitt, 1990). Dy, .4,
is the hydraulic diameter of the foundation cavity’s.

N Jcav
hl]:‘,cav — Dcav a (4.54)
h,cav
4 1
Nu = 0.023Re /S prl/3 (4.55)
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Boundary conditions description

According to the heat and mass transfer analogy (Incropera and DeWitt, 1990), the
moisture transfer coefficient is related to the convective heat transfer coefficient by

hf,cav
pfeav = ———— =61 10~hLC* (4:56)
pa RvTa Ca

4.5.2.2. Foundation - ground interface

The foundation external walls are partially covered with a bituminous coating, in order
to inhibit all the vapour and the liquid transfers from the ground that could thus damage the
building materials. However, this treatment enables sensible heat transfers. This bituminous
coating is applied on the outside faces only. The inside walls are left without treatment, which
allows moisture transfers. Two kinds of boundary conditions will be thus taken into account
for the foundation-ground interface modelling: interface with and without bituminous
coating.

Interface with bituminous coating
Three sensible heat transfers take place at this interface (Figure 35):

1. The sensible heat transfer between the ground central node of the mesh facing the
concrete wall’s foundation and its surface,

2. The sensible heat transfer between the foundation central node of the mesh facing the
ground and its surface,

3. A sensible heat flow between the ground surface and the foundation wall surface due to
the imperfections of the contact between the two materials.
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Figure 35: Modelling the heat and mass transfer through the interface soil / bituminous coating /
foundation (not in scale)

Let kgT the thermal conductance in heat transfer equation for the ground, k{T the thermal
conductance in the heat transfer equation for the concrete and Ryr ¢ the thermal contact
resistance between the soil and the concrete. The global thermal resistance is the sum of three
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Chapter 4. Objectives and development of the coupled heat and mass transfer model

resistances. Facing the complexity of the modelling of the thermal and hydric contact between
two materials, and the lack of information about the real implementation, all kind of contact
resistance will be ignore thereafter. The equivalent thermal conductance is thus given by

(6x6 + 6xp)k I k).
Sxghly + Sxpkd,

eq _
TT —

(4.57)

Finally, the boundary condition for the ground meshes in contact with the foundation in
the zone with bituminous coating is

2
PH fnd-grd = 8S - kf;';{ ' m (Tf - Tg) (4.58)

Interface without bituminous coating

As previously exposed, we can define equivalent heat and moisture conductance for both
heat and mass transfer equations (Figure 36), still neglecting the contact resistances. One
example is given with the moisture equivalent conductance for the heat equation, considering
a heat flow from the foundation to the soil

(6xg + SxF)kgwkgq,

keq —
Ox¢ k;,}, + 5ka¥q,

TY —

(4.59)
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Figure 36: Modelling the heat and mass transfer through the interface soil / foundation (not in scale)

Since the ground and the foundation system of equations use respectively the matric head
and the capillary pressure as potential to describe the moisture movement, the mass
conductance for the heat equation in the foundation is not expressed with the same unit. The
linear relation between these two variables gives a simple equation to write the conversion
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Therefore,

(8xg + Oxp)kdyktp,

eq
kry =

k
Sxgkp, + 8xp—LL

)

g

And as k;?,T is assumed negligible, the same holds for k&,‘zr

kgt =0

Boundary conditions description

(4.60)

(4.61)

(4.62)

The same procedure is applied to calculate the equivalent heat and moisture transfer
coefficients for the heat and the mass transfer equations. The results are summed up in Table

15.

Table 15: Boundary conditions at ground-foundation interface

Foundation — Ground

Ground — Foundation

Heat transfer

(6x + 6xp) kS k]

. kg =
coefficient T Sxgkl + bxpk,
. g 1.f

Moisture eq _ (0% +8xp)kpykrp, o (Oxg+ Sxp)kdykhp,
transfer ™ = 9 M=

f TV c f g
CoefﬁCient 6kaTPC + 6XFW (Sx(;plngPC + 6kaT‘1’

Heat fog 288
equation T (6xg + 6xp)
o 265
kL - (TS —T9) (O + 5sz -

Full equation ( req* (19 =T7)

+ k’le"?ll + kTPc-eq

. g _pf
_(i_ w) (pg#? - F)))
hg

Heat transfer 0
coefficient
Moisture eq _ (Oxg+ Sxp)kyk p, . (gt Sxp)kS kL
transfer vy k9 PePy = —

, f cPc f g
Mozstyre coefficient 8xgkp p + 6xp % 98xckp p + Sxpkyy
equation

268
-9 _ -k f
= . 268 P
Full equation " (0% +0xp) R gnf = et e k- (E ) Wg)
'(Pzg'lug—Pcf) G F l
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Chapter 4. Objectives and development of the coupled heat and mass transfer model

4.6. NUMERICAL RESOLUTION

4.6.1 PROJECTION OF THE CONSERVATION EQUATIONS
4.6.1.1. Spatial discretization: a finite volume method

Finite volume method consists in integration of the conservation equations on a control
volume. All the details of the calculation are available in Appendix C, and the resulting matrix
system of equation is given by

aT v
CTT_ + CTlp_ = KTTT + KTlPlp + GT + BT
at at
(4.63)
aT v

where Cyr, Cry, Cyr and Cyy are diagonal heat capacity matrix, K7, K1y, Kyr and Kyy
are tridiagonal by bloc conductance matrixes, Gt and Gy are load vectors and By and By are
boundary vectors. A similar system can also be developed for the foundation model. The
spatial derivatives are differenced which is a considerable simplification of the problem.
Nevertheless all of these matrixes still depend on the variables T and W (P. for the concrete)
and on time. An efficient programme is thus required to compute fast enough the solution for
each iteration and time step.

4.6.1.2. Temporal discretization: a Newton-Raphson method

Once the spatial derivatives have been removed from the conservation equation, we need
to evaluate the temporal derivatives. This has been done using an implicit forward Euler
method. An example for the heat equation is given in the following equation (4.64) where At
denotes the time step, eventually variable.

C?%At(TH-At _ Tt) + C?{pAt(lpH-At _ lpt)
— AtK;:;-AtTH-At +AtK;‘-I‘-lJAt1pt+At (4.64)
+ At(GFHAT + BEHAY)

The Newton-Raphson method was chosen to solve this matrix system as it is relatively
stable and robust compared to other method such Picard method for example. The details of
the method are given in Appendix D. The final matrix system equation to solve - either for the
soil or the concrete domain - is given by

[Ct+At,m _ Ath+At'm

— At(aKt+At'm + aGt+At,m + aBt+At,m)]AUt+At,m+1 (4.65)
— At(Kt+At,mUt+At,m + Gt+At,m + Bt+At,m)

As one can note, only one equation allows the representation of both the heat fluxes and
the moisture flows. Indeed, instead of solving two systems of equations, one for the heat
conservation and one for the moisture conservation, it has been decided to gathered in one
matrix system - the size of which is double - alternating one row for the heat equation of one
mesh and one row for the moisture equation which allow a better balance of the matrixes. For
example, the ground state vector that gathers temperature and matric head is written
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Numerical resolution

(4.66)

where i is the mesh number.

Such temporal discretization scheme is not mass conservative. As first introduced in Celia
and Bouloutas (1990) and then used by Janssen et al. (2007) and Miller et al. (1998), a mass-
conserving procedure has been proposed to solve this issue. It consists in adding in the
balance equation (4.67) the variation of a corrective term S between two consecutive time

steps.
[Ct+At,m _ Ath"'At'm
— At(aKt+At,m + gGt+atm aBt+At,m)]AUt+At,m+1
— At(Kt+At,mUt+At,m + Gt+atm 4 Bt+At,m) (4.67)
- (St+At _ St)
where the corrective term is given by for the foundation equation and for the soil
equation.
Sf = C(T9 —To)V
g (4.68)
Sy =06V
f— ol rr
5 = el oV (4.69)

) =oVw

4.6.2 ALGORITHM PROCEDURE, MESHING AND TIME STEP DEFINITION
4.6.2.1. Algorithm procedure - a variable time step method

The algorithm for the resolution of the equation (4.67) for both the soil and the
foundation domain is described on Figure 37. This procedure has been widely inspired from
the work of Janssen (2002). The resolution is governed by a global time step At, and two
independent time steps: one for the soil model At9and one for the foundation model At”.

For a given time t, the ground model is first solved, using all the equations and the
numerical method described from section 4.2 to sub-section 4.6.1.2. The equation (4.67)
yields the state of the ground at the current time t and the next iteration m + 1. If the
convergence condition given by equation (4.70) is true, then the calculation starts for the next
time t + AtS.

CONDY
max|[ct,m _ Atht,m]Ug,t,m+1 _ [Atg(Gt'm + Bt,m) + Ct,ng,t—At,m _ (St _ St—At

= (4.70)
max|Atd(Gtm 4+ Btm) 4 ctmygt-Atm _ (gt — §t=At)|

<107°

At that stage, a variable time step procedure has been adopted. The value of the next time
step At® depends on the convergence speed of the previous time t, measured by the number
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Chapter 4. Objectives and development of the coupled heat and mass transfer model

of iteration required to satisfy the convergence condition. If the iteration number is low, then
the time step can be increased. On the contrary if it is high, the risk of divergence for the next
time increases and the time step has to be decreased. This is mathematically reflected in the
equations (4.71). As one can notice, the time step increasing is limited by a factor 2 since a
too high time step would automatically lead to divergence. Furthermore, its value is limited
in such a way it does not exceed the global time step: the two models merge at every At.

m
At9 = At9 - min(—, 2
min (30 ) (4.71)

At9 = min(Ae9, (t + At) — (9 + At9))
In the cases where:

The temperature is out of the interval [243,343] K,
The matric head exceed 2 cm,
The iteration m exceed the maximum allowed value of 30,

. . . . . At8 .
the time step is halved and the calculation start again from the time t9 — Tt This is often

the case when the outdoor conditions vary sharply, especially during rainfall or in summer
when the soil surface is wet and the evaporation rate is high.

Unfortunately, as noted by Janssen (2002) there still remains times for which the
convergence is impossible. The identification of such cases is done according to the values of
the time steps (of the soil and the foundation) and their mean values over the 30 last
computations. If their value is under 10~* s or if the average of latest 30 values is under 60 s,
itis considered as a sign of divergence. For such cases, the current time t¥¢ is skipped, and the
calculation starts again from t + At.

The procedure above is repeated until the ground solution is computed for the time ¢t.
The state of the soil at the time t enables the calculation of the foundation loads, and thus the
computation of the foundation solution at the time ¢, also according to the procedure
described above. The calculation of the state of the foundation is then repeated to reach the
time t + At, while the soil state is assumed unchanged. This solution in turn enables the
calculation of the soil conditions and consequently the resolution of the soil model at the time
t + At. The soil state at time t + 24t is once again computed while the state of the foundation
remains unchanged. This is repeated until the final time of the simulation.

4.6.2.2. Verification tests

Given the complexity of the coupled system of equations and their numerical resolution,
it is common to do some verification on reference cases (Deru, 2003; Janssen, 2002). This is
realized in order to evaluate the correctness of the computation compared to analytical
solutions for several simple cases or against others numerical results. Two one-dimensional
configurations have been used here to cover the main difficulties of such coupled heat and
moisture transfer model.
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Ground model - Iterative loop - while t9 < t

Numerical resolution

end

K .,

Foundation model - Iterative loop t/ < t

T derivatives relative to T94™ and wom (see section 4.3.)

derivatives relative to T/*™ and B'™ (see section 4.4.)
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Figure 37: Algorithm of the 3D finite volume model for the resolution of the coupled heat and moisture equations within the soil and the concrete foundation
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Chapter 4. Objectives and development of the coupled heat and mass transfer model

The first one has been introduced by Milly (1982) is a try to evaluate the ability of the
code to reproduce an isothermal liquid transfer within a soil column. A 40 cm depth Yolo light
clay column is firstly assumed to be dry (¥ = —6 m). Then it is subject to a sudden change in
the matric head at the top - assumed at saturation (¢ = 0 m) while the other end is subject to
a matric head unchanged of —6 m. Neglecting the heat and moisture transfer, only one
equation is required to describe the water flow. Equation (4.1) is thus reduced to

Cow s V- (ke VW9 + gy) (4.72)

. g _ 69 g _ —_— __ —_— . .
with ¢y = > kyy = Ky and gy = Kpu,. The expression for the water retention curve

and the hydraulic conductivity can be found in (Milly, 1982). The numerical procedure
described above is applied to solve this problem. The solution has been plotted over the figure
in (Milly, 1982) representing both the analytical and the numerical solution - calculated via
finite element method. The comparison presented on Figure 38 (a) shows a good agreement.
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Figure 38: Validation of the numerical code over test exercises: (a) infiltration - results from (Milly, 1982)
(b) heat and vapour transfer - results from (Janssen, 2002)
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Numerical resolution

The second case deals with the vapour transfer within a 10 cm hight dry soil column. This
study was first introduced by Milly (1982) and re-used by Janssen (2002) with other soil
thermo-hygric parameters. Indeed, the characteristics of loam in Table 24 were used for the
calculation of the water retention curve. At t = 0 s, the matric head at soil surface is changed
from —2-10* to —1.8 - 10* which induces an increase of the water vapour density, thus a
vapour flow toward the bottom of the column, then condensation against the pore walls and
temperature rising. The results superimposed to the calculation of Janssen (2002) show good
agreement with both finite element numerical results and analytical results, as can be
observed on Figure 38 (b).

4.6.2.3. 3D finite volume meshing definition

The objective of this part is to identify the best meshing for the foundation and the beam
above, i.e. the best trade-off between accuracy and computational time. The foundation is
60cm width by 1m high with a 35 cm width by 45 cm high cavity. The beam is 20 cm width by
1.2 m high. In order to raise the number of meshes that can be tested, and since the heat and
mass transfer are mainly two-dimensional, the simulation will be led with two-dimensional
grid first. Then, the third axis will be added to the 2D optimal grid, and the study of the full 3D
grid will focus on this axis only.

The criterion for the accuracy of a grid is defined as the root mean square error between
the outlet air temperature yield by the model using this grid, and the outlet air temperature
of the same model using a reference grid. The reference is built with 2493 nodes, which the
maximum size is 2cm x 2cm. Several meshing have been modelled and compared to this
reference. The simulation is run over ten days in August with a ten minutes time-step.

Indoor

O air

Ground surface

Slab

Soil

Water table

Figure 39: Domain studied and its limits

As this study is only led on the foundation model, attention has to be paid to the boundary
conditions. Indeed, the grid has to be optimized as if it was embedded in ground. The
boundaries thus have to correctly represent the real conditions. Five kinds of boundary of the
studied domain are distinguished and seem to be relevant to takes into account the full
complexity of the problem (Figure 39):
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Tempetature (K)

Tempetature (K)

Chapter 4. Objectives and development of the coupled heat and mass transfer model

1. The first condition is the limit between the foundation and the beam left walls, in
contact with ground exposed to outdoor. A Dirichlet condition is applied on this edge,
and the temperature is supposed to be equal to T(z,t) calculated according to the
equation (2.1) where z is the depth from the ground surface,

2. The second limit is the foundation base, in contact with the sub-ground. For the sake
of continuity, it is supposed to evolve linearly between the left and the right base
corner of the foundation,

3. The third boundary is the right edge of the foundation, in contact with the ground
below the building. As the ground below the building is supposed to be cooler than
the ground directly exposed to the weather, and its amplitude lower, the temperature
imposed over this limit is T'(z,, t) calculated according to the equation (2.1) where z,
the depth of the base of the foundation,

4. The fourth boundary is the limit between the beam and the crawl-space air. The slab
presence is ignored. As previously, a Dirichlet condition is considered here, and the
temperature is equal to Terqui—space(t) = (1 — [)’)T(zcmwl_space,t) + LT,y ie. a
weighted average between the crawl-space ground surface and the ambient air, with
B =023

5. The fifth and last boundary is the top of the beam exposed on the left side to the
outdoor air and on the right side to the building. The temperature impose on this
surface is a linear evolution between this two extreme. It assumes that the
temperature on the right side is equal to the air temperature of the crawl space, which
still neglects the presence of the slab, and the presence of insulation of all kind.

Nine grids are successively used for the simulation. They are all compared to the
reference grid called ‘47x123’ for 47 meshes along the x axis and 123 meshes along the z
axis’. The outlet air temperature and relative humidity difference with the reference are
plotted on the Figure 40 (a) and (b) respectively.
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Figure 40: Comparison of the outlet temperature (a) and relative humidity (b) to the 2D reference case

The coarser mesh sizes lead to unacceptably large errors, but the first five grids seem to
be relevant. A more careful analysis is provided on the Figure 41. It sums up the accuracy by
using the root mean square error. It although takes into account a crucial factor: the
simulation time. It clearly shows that some grids are not relevant, as the accuracy does not
improve when the computational time keep rising. The grid ‘34x61’ corresponding to 1270
nodes is the best one according to this analysis and taking into account all the assumptions
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Numerical resolution

made. Indeed it provides results in 300 s for the exercise considered, and the difference
between the outlet air temperatures and relative humidity with the reference model is lower
than 10-3 K and 10-3 %.
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Figure 41: Trade-off simulation time / Accuracy as a function of the number of nodes for a 2D simulation

The impact of spatial discretization along the y axis is then studied. Figure 42 shows the
trade-off between the RMSE and the computational time resulting from the meshings, while
Figure 43 details the differences between the outlet air state with the reference case. First,
simulations with uniform meshings with 4, then 5, 8, 10, 15 and 20 meshes along the y axis -
which correspond respectively to 5080, 6350, 10160, 12700 and 19050 meshes - are carried
out. The simulation is this time restrained to one day, and the reference case is the grid with
19050 meshes. Even for the coarser grid, the results are not so different from the reference
case. The difference between the finest grid and the grid 34x15x61 is around 103 K. It
confirms the fact that the heat and moisture transfer are mainly two-dimensional. It also
shows that the use of more than 15 meshes along the y axis is unnecessary. The grid 34x10x61
and 34x8x61 give differences lower than 10-2 K and allow a considerable reduction of the
simulation time.
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Figure 42: Trade-off simulation time / Accuracy as a function of the number of nodes for a 3D simulation

As illustrated on Figure 44 (a) and (d), the maximal temperature gradient along the y axis
is 1.4 K, and the maximal water content gradient is 11 kg.m-3 close to the cavity edges. This is
quite low and suggests that a grid with high number of meshes along the y axis is unnecessary.
As can be seen on Figure 44 (b) and (c), the strongest thermal and moisture gradient are at
the foundation entrance but range in moderate values. Consequently, refine the grid at the
entrance also appears as unnecessary. A uniform meshing with 5 meshes along the y axis is
thus justified. The final foundation mesh 34x5x61 will be used for further considerations.
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Chapter 4. Objectives and development of the coupled heat and mass transfer model
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Figure 43: Comparison of the circulating air outlet temperature (a) and (b) and relative humidity (c) and

(d) to the 3D reference case

The upper and the central part of the ground meshing stem from the foundation meshing.
As illustrated on Figure 45, the remaining part of the ground meshing has been set in harmony
with it, progressively rising the size of the meshes toward the subground and far from the

foundation outer edges.
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Figure 44: Maximum temperature (a) and water content (d) gradient along the y axis - Temperature (b)
and water content (c) evolution through the concrete foundation for the finest grid 34X20X61
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Figure 45: Global meshing a cross-section of the system {soil+foundation}

4.6.3 IMPLEMENTATION OF BOUNDARY CONDITIONS
4.6.3.1. Ground top surface

Sometimes the formulation (4.26) - (4.32) of the ground top surface boundary conditions
cannot be applied, more specifically the moisture transfer due to evaporation ((4.29) and
(4.31)). Indeed they result in convergence problems that are linked to specific weather
conditions. Some of them have been identified like for example:

e Aheavy rainfall on a dry soil,
e A sunny and hot weather after a rainy period.

The following numerical methods have been implemented to get around these problems.
[t was inspired by that proposed by van Dam and Feddes (2000) who studied the modelling
of a moisture flow into a soil. He proposed to split the problem into simpler cases that can be
easily solved from a numerical point of view. More precisely, the method consists in changing
the previous general flow -based formulation (Figure 46 (a)) into a potential /Dirichlet-based
formulation (Figure 46 (b)).

The first case identified is when the ground top surface meshes are saturated, in the
middle of just after a rain period. Two sub-cases are possible:

l.a. A flow is entering the meshes. It most of the time correspond to a period of
heavy rainfall, when the soil is not able to drain enough water. Consequently,
water is stored at the ground top surface: this will be called ‘stacking’ in what
follows.

1.b.  Aflow is going out of the meshes. Most of the time, this situation appears at
the end of a rainfall.

By opposition, the second case corresponds to unsaturated ground top surface meshes.
Three sub-cases have been distinguished:
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Chapter 4. Objectives and development of the coupled heat and mass transfer model

2.a. A moisture flow is entering the meshes, and the air volumes in the pores are
not large enough to contain it. This will lead again to water stacking at the
ground top surface.

2.b. A moisture flow is entering the meshes, but the air volumes in the pores are
large enough to contain it. This generally occurs just after a rain period.

2.c. A moisture flow is going out of the meshes. From a numerical point of view,
this sometimes induces an important evaporative flow that cannot be
supplied by the ground. Indeed the hydraulic and vapour transfer coefficient
are too low.

All of these specific cases are treated by the same manner. As previously explained, a
matric-head controlled is set instead of a flux-controlled boundary flow. This involves
defining and calculating a set of new variables at ground top surface (¥, s and Ty, ¢) and a
set of new liquid and vapour transfer coefficients (K}, s,rr and Dyy sr7). The new values for
the moisture flow added in the system of equations, and the values of the liquid and vapour
transfer coefficients are listed in Table 16.

S

()] M, evap TW)t L,bsu,,f

[ Xy [ L] [ 8z,=
! ! ; bz¢/2
P i
______________
B . i i 52,

Q K, VW
X e evar = Du(Pvair — Pup) H

ﬂ ¥u prec = Prec

(a) : (b)
Figure 46: Description of the moisture flow in the flux-controlled (a) and the matric-head controlled case

(b)

For the cases where the moisture inflow exceeds the ground capacity:

Yourr = Ypona (473)
. (INFLOW
Yyona = min (5—5})’ 1)
4.74
INFLOW = At - ¢, for case 1.a (4.74)
- {At " m — 6Vp pree for case 2.a
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Numerical resolution

The formula that gives the quantity of pounded water at the ground top surface express
that for quantities over 1cm, the rain is supposed to be evacuated. For the outflow cases, the
driving potential is assumed to be the atmosphere humidity. For that purpose, a matric head
is artificially associated to the outdoor air, thanks to the Kelvin’s law:

ext

ext _—
Yot =

In(pg*t) (4.75)

More specifically, the case 2.a. occurs at the beginning of a rainy period, followed by the
case 1.a. Most of the time when the rain stop, pound water is still left at the ground top surface.
As the soil has begun to drain the excess, such situation generally corresponds to cases 2.b.
Then and finally, sun and wind dry the surface, but the quantity involved - due to the high
moisture content of the ground top surface - prevent the convergence of the code. This is the
need for the case 2.c.

Table 16: Matric head-controlled boundary conditions at ground top surface: moisture equations and
transfer coefficients

Ysury K surs Dyy surf T Moisture flow ¢,

1.(1. lp];and Kh(lpsat) 0 - ¢ - 5SP (Khsurf + k‘l"}’surf (d )( pond LIIP))

¢ = 5SP <Kh surf + kll"l’ surf ( ) WEXt't - lyP)
1b lzuaexr't 5-107° Wt At
pond)

...................... t ra Dy, (W) i - 5
2.a. l‘upoﬂd _ .L.)Kh(g/ext,t) +(1- ‘L’)Dl,,,,(‘a”a ’ ) 5-10 P = 8Sp Kh,surf + kll"l’,surf (E) pond IPP)
a
- _ 2
2.b. W;aﬁé 5-107° ¢m = 6Sp <Kh,surf + kll”l’,surf (dz) qjlgo‘ﬁé WP))
.................................. 5
2.c. "Uaen't 5-107° ¢bm = 08Sp (Kh,surf + klllll/,surf (E) (W;Xt't - lPP))

This procedure modifies the original moisture boundary condition formulation, and
rigorously the heat equation should be adjusted accordingly. But the difference between the
original heat equation and the adjusted one is assumed to be negligible. It has a low impact
over the temperature and water contents fields close to the foundation.

Close to the ground top surface, where the conditions are fast and of large amplitude:

o the variation of the vapour density, the water content, the liquid and vapour transfer
coefficients are strong - of several orders of magnitude over a few millimetres;
e thelocal thermal equilibrium - reflected in the Lewis’ law - is not valid anymore.

The need for the boundary equations change described in the previous section actually
results from these physical aspects of the problem. The physical properties modelling at the
ground top surface cannot consider the whole complexity of the physics. It generates
numerical difficulties and of course a bad estimation of the real moisture and heat flow
through the ground top surface. The method previously detailed has been developed to
enable (in almost all cases encountered) the convergence of the code and of course to stay as
far as possible consistent with physical laws.
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Chapter 4. Objectives and development of the coupled heat and mass transfer model

4.6.3.2. Foundation inner surface

Zhang and Haghighat (2005, 2009) studied an EAHE with a large rectangular cross-
sectional area, similar to the Fondatherm duct. Compared to conventional EAHE, this system
is said to has a lower airflow resistance and is more energy efficient than conventional small
ones. They noticed that most of the studies about EAHE focused on the heat conduction within
the ground, while the evolution of the air temperature along the channel is calculated using
various correlation (exposed in Table 9) with large discrepancies between each other. A lack
of accuracy regarding the heat convection at the duct / air surface is thus pointed out and they
proposed to use a CFD model to improve on that issue.

Once validated against results from the literature, the CFD model enables the authors to
calculate the heat flow between the flowing air and the walls. The local area-weighted Nusselt
number is thus deduced from (4.76).

Dh f,cav
Nu — ,cav h
cav Aglav Tc{ _ Tf

cav

(4.76)

Because of entrance effects, the complexity and the non uniformity of the boundary
conditions on each end of the foundation, the heat transfer are anisotropic, therefore delicate
to evaluate. Accordingly, the usual correlations to calculate the convective heat transfer
coefficient for large cross sectional areas are not adapted.

The evolution of the Nusselt numbers along the duct is very important. Strong differences
are also observed between the orientations of the different walls. The Nusselt is higher for
the floor than for the ceiling. A strong decreasing is observable along the cavity length. A
strong variation also exists between heating and cooling modes.

The equations (4.54) and (4.55) have thus been adapted to take into account the previous
observations. From the evolution of the Nusselt number along the rectangular duct and for
the four walls given by the results of the work of Zhang and Haghighat, multiplicative
corrective factors have been applied to the heat transfer coefficient. Their values are listed in
Table 17 for a given wall (upper, lower or vertical) and a given meshes along the airflow
direction.

Table 17: Multiplicative corrective factor for the convective heat transfer coefficient of the foundation
cavity

e pirflowdiny |1 2nd 3 4o 5

Foundation X 1.3 1.2 1.2 1.1 1

inner wall

Upper 1.3 1.69 1.56 1.56 1.43 13

Verticals | 1.2 1.56 1.44 1.44 1.32 1.2

Lower 1.1 1.43 1.32 132 121 11
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Conclusions

4.7. CONCLUSIONS

The set of conservation equations that describes the heat and moisture transfer within
soil and concrete have been introduced in the previous chapter. Some terms have been
proved to be negligible in section 4.2.

The thermo-hygric characteristics of both media have been exposed in the two next
sections. Seven soils have been identified and assumed representative for most of the
common grounds encountered. For each of these soils, a compilation of experimental data
enables to link its thermal and hygric properties with the textural properties.

Finally, a limited set of parameters was built for representing seven soils. About the
foundation, the parameters are not specifically known for the concrete used, but this material
is quite common and a lot of studies characterized it. A set of thermo-hygric parameters has
been built thanks to data available in the literature.

A mathematical formulation of the complex boundary conditions of the problem has also
been proposed for:

e The boundaries at ground top surface,

e The coupling between the ground and the concrete foundation,

e The heat and moisture transfer between the foundation and the flowing air,
e The coupling with the crawl space.

A direct implementation of the boundaries at ground top surface sometimes leads to
divergence problems and unphysical situations. A solution has been proposed to solve those
issues, consisting in dividing the moisture evaporation / infiltration into several cases and
switching from the initial flow formulation of the equation to a potential formulation.

The resolution of the problem is made through a finite volume method for the spatial
discretization of the non linear conservation equations, and a Newton-Raphson method for
the temporal discretization. The choice of the three-dimensional meshing has been justified
according to accuracy and computational time criteria. Finally, the validity of the whole
numerical model will be evaluated thanks to the collected experimental data over several
months in Chapter 7.
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Objectives

Chapter 5. OBJECTIVES AND
DEVELOPMENT OF THE SENSIBLE HEAT
TRANSFER MODEL

5.1. OBJECTIVES

The general objective of the previous detailed model is to understand through a dynamic
approach the functioning of the ventilated foundation, the nature and the role of the processes
involved and their relative importance in relation to the phenomenon studied.

The objective of the model presented in this chapter is quite different and complements
the previous approach. Indeed, the aim of this second model is to create a design tool that
yields the evolution with time of air temperature and relative humidity along the foundation.
This model will also complement both the detailed and experimental approach. The
comparison of both the sensible and the coupled models to the experimental results will allow
identifying the degree of relevance of the adopted hypotheses as well as the limits of use of
each model.

Several constraints motivate the development of a specific model. Contrary to the model
introduced in the previous chapter, for which the objectives were only related to science
(accurately represent the physical phenomenon), a design brief here sets out the objectives.
The main aspects of the requirement specifications are described and explained in the seven
subsections below.

5.1.1 GEOMETRY

The present model has to be able to give to the user the possibility to evaluate the impact
of a change in the foundation geometry on the output of the model such as width, and height
of the cavity, width and height of the outside walls of the foundation, etc. The literature review
established in section 2.1 showed that these characteristics can strongly modify the heat
transfer within the EAHE. From that conclusion, it appears that the explicit modelling of the
foundation is a mandatory requirement. Regarding this, it clearly means that models based
on transfer functions are not good candidates.

5.1.2 THERMAL CHARACTERISTIC

The model should enable the assessment of the impact of the properties of the ground
and the concrete on the foundation performance. Therefore, the ground and the foundation
thermal characteristics such as thermal conductivity, density and specific heat should be
taken into account.
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Chapter 5. Objectives and development of the sensible heat transfer model

5.1.3 GROUND STRATIFICATION

In real cases, the ground is rarely a homogeneous and continuous medium, but more a
stacking of different layers. A change in the thermal characteristic with depth implies a
modification of propagation of heat within the ground. The penetration depth, the thermal
wave dampening and phase shifting are affected. The stacking of ground layers is a
discontinuous variation of the thermal characteristic of ground with depth, but it's also
possible to find cases where the variation occurs along the two other axes, with the same
consequences. It therefore appears as important to first, be able to use several materials, and
secondly to be able to place them in different locations to model ground heterogeneities.

5.1.4 AIR FLow

As explained in section 2.1, the air speed within the pipes of an EAHE affects the heat
transfer between the air and the wall. This is usually taken into account via the convective
heat transfer coefficient and the advection term. Furthermore, the air flow i.e. the air renewal
is imposed by the health standard, depending on the building typology (commercial,
residential, etc.). The air flow / air speed is therefore an important design parameter that has
to be incorporated in the model.

5.1.5 CLIMATE

The EAHE behaviour has been proved to strongly depend on climate conditions. In a
designing process, the heat that is possible to recover from the ground and to release to the
ground via the EAHE will change the building heating and cooling loads, and as a result the
sizing of the heating and cooling systems. It seems therefore natural to take into consideration
the climate while implementing the model.

5.1.6 BUILDING BASEMENT CONFIGURATION

Hollmuller and Lachal (2014) highlighted the fact that in the case of an EAHE placed
below the building, some part of the heat loss by the building via the slab is recovered by the
heat exchanger. Even if the efficiency of such process has however been proved to be low -
the global balance for the building is negative - the building influence is of course an
important factor of the EAHE thermal behaviour. The constructional type of the building
basement - slab-on-ground or cellar, with or without insulation beneath the slab and over the
foundation - has to be considered in the intended model. Throughout this work, the most
complicated configuration - with cellar - will be modelled only, but the model could be easily
adapted to the slab-on-ground case.

5.1.7 SIMULATION TIME AND ACCURACY

A design tool allowing dimensioning a foundation element and coupled HVAC systems
can be useful only if it is fast enough to give the user the possibility to carry out a parametric
study. However the computation speed cannot represents the main objective at the detriment
of accurate results. A trade-off between these two criteria has to be found. Model reduction
techniques, formerly developed in the field of automation and control, can enable to reach a
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State model development and reduction

good compromise. In this regard, the model will be compared on experimental results as
described in Chapter 7.

5.2. STATE MODEL DEVELOPMENT AND REDUCTION

5.2.1 STATE MODEL FOR CONDUCTION WITHIN THE SOLIDS

In this section the operation of the sensible heat transfer model, developed to fill the
requirements previously exposed, is detailed. The conservation equation to describe the
conductive heat transfers within a material with thermal conductivity A, specific heat C,
density p and a source term S is then resolved

oT o
peor =V (AVT) + S (51)

As highlighted in the literature survey in sections 2.1 and 2.2, the heat transfers within
the vicinity ground of an EAHE is mainly two-dimensional in a section perpendicular to the
direction of the airflow. Most of the time, the heat transfers along the third dimension is
neglected, the modelling is restrain to a two-dimensional study. Indeed in most cases, the
conditions and the soil properties vary two-dimensionally, and the temperature gradient
along the EAHE pipes are low. However, as explained in the previous section, the ground
nature can vary along the three axes, so as the geometry of the building basement.
Furthermore, considering the features of Fondatherm, the effect of the flowing air on the
ground could lead to higher thermal gradient along this third axes. It is therefore reasonable
to first consider a three-dimensional model.

Except for one- and two-dimensional with simple geometry and boundary condition, it’s
not possible to find an analytical solution of (5.1). As previously, a finite volume method has
been chosen to spatially discretize the studied domain, as it has been recognized as robust
and easy to implement. Assuming that the source term is null, and that some of the meshes at
the boundaries of the domain are exposed to a thermal flow from the outside, the integration
of (5.1) leads to (5.2), where the index E, W, N, S, T, B designate the east, west, north, south
top and bottom meshes adjacent to the mesh P. K, is the semi-conductance for the meshes in
contact with the outside, T, the outside temperature V, the mesh volume, 6x, §y and 6z the
meshes width, length and height, Kp = Kz + -+ Kz + K, . The evaluation of all the
conductive coefficients K has been done according to Patankar (1980). The nodes are set in
the middle of a mesh, and the values for the conductivities at the interfaces between two

meshes are computed as a geometric mean of the values at the adjacent nodes. Finally, the
ZﬂplEé‘ypé‘Z}:v

- and so on for the other indexes.
AE(S'XP'FAP(S'XE

conductances are of the form K =

T,
pPCPVPﬁ = KETE + KWTW + KNTN + KSTS + KTTT + KBTB - KPTP (52)

Considering N nodes, the system of N equations can be written in a matrix form (5.3),
where C is a diagonal matrix (the capacitance matrix, with non zero elements), K is square
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Chapter 5. Objectives and development of the sensible heat transfer model

T; To1
tridiagonal by bloc (the conductance matrix), B a N by I matrixand T = ( : > and U = ( : )

Ty To
are vectors where [ is the number of meshes on the boundaries.

CT = KT + BU (5.3)

Diagonalizing C"'K and writing X = P™!T with P the transfer matric, the equation
becomes

X=WX+QU (5.4)

where W = P"1C"1KP is diagonal and Q = P~'C~'B. Assuming that U evolve linearly
between two consecutive time step t and t + At, i.e.thatfort < 7 <t + At U isgivenby U* =

Ut+At_Ut . . i
Ut+(t—1t) , the equation has an analytical solution

At

XtHat = EXt + F Ut + FUtt4t (5.5)

_ WAt _ _w-1(1 _w-1(1 —w-lrp _
where E = e ,Fl—(I‘ w (AtI‘+Q)), Fo=wW (AtI‘+Q) and T = W1(E
nQ

The strength of the formulation (5.5) is that it explicitly yields the temperature field of
the whole domain. For a constant time-step, the matrixes E, F, and G are constant for the
whole simulation. Usually, toanalyse the evolution of a few value nodes’ is sufficient to fulfil
the objectives of the study. These are generally the temperature or the heat flow on the
boundary nodes. Therefore, an observation equation can be defined to focus on these values.

Y =JT + DU (5.6)

The Y vector, of dimension (d, 1) is given by a linear operation of the concerned outputs
T, the observation matrix J (dimension (d, N)), the direct transmission matrix D (dimension
(d, 1)) and the excitation vector U. The problem to solve is therefore given by the system (5.7)
where H = JP.

{X =WX + QU (57)

Y=HX+DU

The thermal characteristics of the materials used for the simulations are given in Table
18.

Table 18: Thermal characteristics values for the sensible heat transfer model

Thermal conductivity (W.m-1.K1)  Specific heat (J.kg-.K1) Density (kg.m-3)
Soil 1.97 800 1650
Concrete 2.9 880 1650
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5.2.2 STATE REDUCED ORDER MODEL: BALANCED REALIZATION (MOORE) METHOD

Given the high number of nodes involved - three-dimensional modelling and large
dimensions of the ground and foundation model - this model can be slow to solve with regard
to the objectives of this model. It is nevertheless possible to reduce the order of the model
without accuracy loss. A lot of methods to reduce linear models exist and have been
successfully applied (Kim, 2011; Kim et al., 2014; Ménézo, 1999). One of the most efficient for
building simulation studies appears to be the inner symmetrisation method, also called
Moore method. The main idea is to change the basis of the state model (5.7) for an r order
basis with r « N and with ||Y — 17” « 1 where Y is the observed variables yield by the
reduced model.

This method is based on the concept of the controllability and the observability of the
state variable. The controllability is the capacity of the state variables of the model to be
influenced by the inputs with a change in the external excitations. The observability is the
capacity of the state variables to contribute to the observed outputs evolution. The more the
outputs Y; are changed by a state variable, the more the state variable is said observable. The
more the inputs U; are impacting the state variable, the more the state variable is said
controllable. This notion can be quantified by imposing a Dirac impulse or a Heaviside
function for inertial stable systems on each input U; (i € [1,1]) and observe the effect on the
state variables and then on the outputs ¥} for each j € [1, d]. The strength (represented by
level of energy) of the impacts of inputs on state variables are stored in a square matrix called
grammian controllability W, € My (R). Through the same way, the observability is related to
the effect of the state variables on the observed variables. As previously, it is possible to
quantify this link by imposing a Heaviside impulse on each state variable X; (i € [1, N]) and
observe the effect on the observed variables Y; for each j € [1,d]. The data (energy level of
contribution to the output) are similarly stored in a matrix called grammian observability
W, € My(R). The grammians are solutions of the Lyapunov system of equations.

{C‘lKWC + W.(C*K)T = —BBT

5.8
C KW, + W,(C'K)T = —HTH 58

Expressed in the basis that transforms (5.3) into (5.4) the grammians are equal and
diagonal. The objective is then to build a basis in which the variables are either controllable
and observable or non controllable and non observable. Based on a criterion relative to the
eigen values of the grammians, this last group of variables can be eliminated of the system
(5.7), while passing on their contribution to steady state of the system. This technique induces
a considerable reduction of state variable number and thus system equations. More details of
the construction of this basis and of the grammians are given by Kim (2011) and Ménézo
(1999). The final system of equation is given by (5.9) and solved similarly to the original
system using the equation (5.5) in which E, F; and F, are calculated using the reduced
matrixes W, Q, and H,..

Z=W,Z+QU 59
Y=H,Z+D,U
TAURINES Kevin CETHIL - INSA Lyon 2017
117

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI100/these.pdf
© [K. Taurines], [2017], INSA Lyon, tous droits réservés



Chapter 5. Objectives and development of the sensible heat transfer model

This method has been used in the frame of this study. The results in terms of accuracy -
thanks to comparison with the experimental data as well as the full linear model - and in
terms of computational time will be introduced in Chapter 7.

5.3. BOUNDARY CONDITIONS

Six boundary conditions have been modelled in the sensible heat transfer model and are
successively presented in this section and illustrated on Figure 47:

1. The first one is the core of the problem: the interface between the circulating air
within the foundation and the cavity walls,

The second is the part of the ground exposed to the atmosphere,

The third is the part of the ground or the beam exposed to the crawl-space air,

The fourth is the link between the beam and the slab,

The fifth is the ground base layer,

The sixth are the vertical walls and the beam top surface.

AN

®

®

Figure 47: Boundary conditions for the crawl-space case

5.3.1.1. Circulating air / Cavity walls

The heat transfer model within the foundation have been adapted from Hollmuller
(2002). In his work, the EAHE is divided into several sections. For each segment, the heat and
moisture quantities exchanged between the pipe wall and the air flow are computed, and
enable to determinate the temperature and the relative humidity of the next segment. Both
mass and heat exchanged are computed thanks to a convective coefficient that depends on
the air velocity. The air is considered as incompressible and the relation between the
volumetric and the mass air flow is considered constant along the pipe. The last main aspect
of his model is that liquid water can appear on the pipe wall, due to condensation. In this case,
the water temperature is supposed to be equal to the pipe temperature. The long-wave
radiation heat transfers are neglected.

Hollmuller (2002) worked on a traditional EAHE model. The channel is thus a pipe of
which the radius range is between 6 cm and 13 cm. This enabled him to consider that the
temperature of the pipe wall was homogeneous in a cross-section. This is not a priori the case
anymore for the foundation. The cavity section, 35 cm x 45 ¢m and its position with multiple
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Boundary conditions

interfaces make it is impossible to assume that the temperature is homogeneous all around
the cavity wall. The details of the air flow model are explained below.

(S N N N S | I S T T T T
i T I I ] | 1 1 1 1 1 1
R T | I I I [} [} 1 I
| T I | il | 1 1 1 1 | 1
A O S RO LN | Dt S e Airnode
[T 1 N 3 1 1 1 1 | 1
R e it oAb | I RREt g =17 * Cavity walls’ nodes
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Figure 48: Cavity section: jth air node exchanging heat and moisture with n cavity wall surfaces

The foundation cavity is divided into several sections. Each segment is characterised by
one and only one node for both the air temperature and relative humidity. The air node
exchanges heat and moisture with several cavity small surfaces at the same time. These
surfaces result from the spatial discretization of the foundation. The volumetric airflow is
assumed to be constant along the foundation which implies to neglect the pressure drop. This
is quite reasonable according to the measurements that have been made and presented in
section 6.2.1.

The sensible heat transfer between one air node and one cavity wall mesh is given by
(5.10) where j denotes the j th foundation section, and i the i th mesh of the cavity
wall for this section. The Figure 48 gives a better understanding of this.

Weems (i) = R (1], = T/ 0.1) (5.10)

Tscav (i, J) is the temperature of the i*"* mesh of the cavity wall for the j* section.
T,ir(j) is the j" air node temperature.

The previous sensible heat transfer is actually assumed to result from a mass transfer
between the air flow and a thin air layer at the cavity wall. This layer is supposed to
be saturated in humidity and its temperature equal to the wall temperature.
According to the heat and mass transfer analogy this sensible heat transfer
determinate the moisture flow (Incropera and DeWitt, 1990). The moisture flow is
given by (5.11), and the latent heat transfer that directly results from it by (5.12).

hf,cav
o () = ()~ Osatear(i)) = (511
a
L (i, )) = (Tl + Ly) ¢35 () (5.12)

This is consistent with the theory developed in the subsection 4.5.2.1. Nevertheless, three
problems can be raised by the mass flow modelling according to (5.11). First, for the cavity
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Chapter 5. Objectives and development of the sensible heat transfer model

meshes where the mass flow is toward the cavity wall - for every i such as w,(j) >
Wsqtcav(i,j) which corresponds to condensation - the air might not contain enough humidity
to satisfy (5.11). In these cases, a correction factor F,,,4 € [0,1] expressed in (5.13) is applied
to (5.11) aiming at avoiding unphysical situation. i.,,4 denotes the indexes for which w, (j) >

wsat,cav (icond'j)-

pv,a,jVa,j
At Zimnd Acav (i:j)(prl:icav(ivj)

(5.13)

F cond,j =

The final moisture flow for the cavity meshes concerned by condensation is given by

f.cav
(4

d)m,cav (icond;j) = (woj:,j - wsat,cav(ivj)) C—aFcond,j (514)

Secondly, for the cavity meshes where the mass flow is toward the air node - for every i
such as wg () < Wsqt car(i,j) which corresponds to evaporation - the air might be saturated
and does not satisfy (5.11). As previously presented, a correction factor F,,q,, € [0,1] has been
set up. The factor p, , (j)V,(j)(1 — RH,(j)) represents the quantity of humidity that the air
can still contain.

pv,a,jVa,j(l - RHa,j)
F, P = 515
T A Acan L NR ) (12

The final moisture flow for the cavity meshes concerned by evaporation is given by

f,cav

¢r}:{cav(ievap'j )= (“’t/:.j — Wsat cav(levap J )) CC—F evap,j (5-16)
a

Thirdly, the quantity of water evaporated cannot exceed the available condensed water
on the walls. This is reflected in the following condition

,cav (. S\ P ,cav (. . m‘a, (l,]) [5 17)
bm (leuap']) = max(Acay (i, J) P (levap'])’ - T) :

The energy balance (5.18) is solved iteratively to determinate the cavity wall
temperatures.
szﬁf“t(i,j) (Tctav(i'j) - Tcta_vAt(i'j))
At
= Acar (1)) (O some (0. J) + b (0. 7) (518)

+ Ghcoma (i)

where q,’),{’ccg;:d the conductive heat flow that comes from the foundation. The new water

content of the cavity walls meshes’ is given by

mé, (i) = ml 25 ) + AtAcay (G Db (1)) (5.19)
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Boundary conditions

Finally, the heat and moisture balances on the flowing air provide the evolution of the
characteristics along the foundation according to (5.20) and (5.21). At the foundation
entrance, the temperature and the relative humidity of the air are given by the recorded data
(see section 6.1).

_ ZiAcav( ) Ph sens ()

T/, =T/

aj+1 = laj (5.20)
(Ca + vaij) pa,jd)a
a)f ) — a)f ) Zl Cav(l ])¢fcav(llj) (521)
@1 @ paj(pa

5.3.1.2. Weather-related loads: ground top surface

In order to be able to compare the results from the detailed heat and moisture transfer
model and from the present model, similar boundary conditions at ground top surface has
been considered. As this model take only sensible heat transfers into account, the short and
long wave radiation as well as convection have only been modelled according to equation
(4.26), (4.27) and (4.28) respectively. Equations (4.33)-(4.39) again allowed the calculation
of the convective heat transfer coefficient, and equation (4.42) gave the sky temperature.

As areminder, all of this doesn’t take into account latent heat transfer due to evaporation
and condensation at the ground surface. The presence or absence of vegetation only
influences the albedo, which is an extreme simplification but allowed the construction of a
simple and fast model.

5.3.1.3. Ground below the building: crawl-space case

The equations proposed in the subsection 4.5.1.3 to calculate iteratively the crawl space
air temperature is reused, removing the terms representing the latent heat flows.
Consequently the heat equation becomes

CcS aTC{:S CcS
Vespy Ca? = UslabACS(Tin - Tg”)

+ CaAC 3600 extText pS aTCS)

z 559,65 hg CS(Tg ,CS Tacg)] (5.22)

Z 65)‘ cs [hf’cs(TiG’CS _ Tacs)]

in which the required heat transfer convective coefficients for the calculation of the heat
flows are computed according to the equation introduced in this subsection.

5.3.1.4. Link beam / slab

The building slab is assumed to be made of 36 cm of concrete -representing the floor
cover, the concrete screed, the concrete compression slab and the concrete beam - plus 4 cm
of insulation. Knowing the building indoor temperature and the crawl-space air temperature,
the heat flux and as a result the temperature evolution along the slab can be determinate. All
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Chapter 5. Objectives and development of the sensible heat transfer model

the values used for the coupled model and given in the subsection 4.5.1.3 are reused. The
corresponding temperatures are applied for each mesh between the beam top and the slab
lower surface.

5.3.1.5. Base layer

An isothermal condition is applied on the base layer. The imposed temperature is given
by (2.1), where the coefficient have been obtained via a curve fitting with the recorded soil
temperature at different depth (see Figure 5) and are listed in Table 19.

Table 19: Coefficient for the one dimensional ground temperature model

Yearly oscillation Daily oscillation

Yearly mean temperature Tfnd =11.5
Thermal diffusivity a;=1.01-10"°
Pulsation w; =1.99-1077 w; =199-1077

. 20 20
Penetration depth §(wy) = |[—=3.18 5(w) = |[—=3.18

w1 w1

Amplitude A, =8.28 A, =8.28

5.3.1.6. Vertical walls - Beam top surface

The vertical walls are usually considered adiabatic. This assumption is reasonable if the
ground element modelled is wide enough so that the isotherm can be considered
perpendicular to these walls. The wider it is, the more accurate this assumption will be. This
is obviously also a trade-off with the simulation time. It also depends on the size of the
building. 5 m by each side of the foundation will be assumed as sufficient. Furthermore, it is
assumed that there is no thermal gradient perpendicularly to the beam top surface. This
boundary is therefore considered as adiabatic.

5.4. NUMERICAL RESOLUTION

As for the detailed hygrothermal model, the calculation model is divided into two parts:
the soil and the foundation. Contrary to the detailed model - the form of the equations to
describe the soil and the concrete were similar but not rigorously equal - the computational
time is here the only motivation of such decomposition domain. Consequently, two set of
equations (5.5) and (5.9) are built and solved. The iterative procedure is described on Figure
49. Once the ground model is run for a given time step, the observed variables allow the
calculation of the foundation external factors. Then, the foundation model resolution could be
run. Reversely, the observed variables enable the computation of the soil domain loads. The
link between the ground and the foundation domains is made in the same manner as
described in the subsection 4.5.2.2. This procedure is repeated until convergence - of the soil
and foundation observed variables and the flowing air temperature and absolute humidity -
is reached.

The convergence threshold is arbitrarily fixed at 10-2. A maximum number of iteration of
30 was set for each time step of the simulation. If the convergence condition is still false, the
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Numerical resolution

current time step is considered divergent. The simulation goes on taking the last values for
the variables as if the convergence was reached. Over one year of simulation time with a
hourly time step, this happened less than 2 % of time. It is therefore considered that it has a
limited impact on the results.

The meshing of a cross section of the domain is pictured on Figure 50. The wider meshes
are 1 mx 1 m close to the soil base, far from the foundation. The thinner are 3 cm x 3 cm and
positioned in the foundation; close to the inner walls. In the third dimension - along the
flowing air direction - the computational domain is divided into five equal meshes of 9.1 m
long each.

Calculate the ground sollicitation at next iteration
Ué+ﬂt,ﬂ+1 — g(}’}é+ﬂt,i’1);’;;-Fﬂt,ﬂ’]-aext,t—kﬂt Tt+At Gt+ﬂt,Wl.ndt+dt,TaCS't+ﬂt,Tg+ﬂt

» isky ase

Calculate the ground reduced state variable at next iteration

t+Atn+1 t,n t t+Atn+1
Zg =Eg,Z;" +Fg,.Ug+Fg, U

Calculate the ground observed variable at next iteration

Frt+Atn+1 t+Atn+1 t+hen+1
7 =Hg, Z} + D, Ug

"rrssssssmsssssssssmsssmsamEsnnnannanunt®

Calculate the foundation sollicitation at next iteration

JSt+ATn+1 St+Atn St+AL, Jt+ALn JE+ALn
5 ]=f(YG H,YF H,Taf 5

t+Atn+1 fit+Atn+1
[UF r TG ra ’ a ]

TﬂCS,t+At )

Calculate the foundation reduced state variable at next iteration
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Figure 49: Fondatherm sensible heat transfer model: numerical resolution general procedure
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Chapter 5. Objectives and development of the sensible heat transfer model
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Figure 50: Cross-sectional meshing

5.5. CONCLUSIONS

A model based on sensible heat transfers within the soil and the foundation has been
introduced in this chapter. The objectives were to develop a design tool allowing a fast
nonetheless accurate computation of the airflow temperature variations throughout the year.
It enables the evaluation of the impact of geometry, basement configuration, climate and soil
specifications modifications on the results. The computational time was minimized reducing
the obtained model thanks to a balanced realization method. Generally speaking, the
boundary conditions involved in this model have been built to be as similar as possible to
those used in the detailed model without considering the moisture transfers. This would
indeed allow a clear comparison between the two models against the measurements
introduced in Chapter 7.
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Facilities presentation

Chapter 6. FONDATHERM FULL
SCALE MONITORING

A full scale experiment of an occupied building has been realised. This building is
equipped with two 45 m long geothermal foundations. The first section 6.1 accurately
describes the facilities, the building location and its main characteristics as well as the sensor
positions. The objective of such experimental study is triple. It is first to evaluate the
opportunities of energy savings of Fondatherm standing alone or coupled with an air handling
unit with a heat recovery system, the coupling being studied in the next chapter. The energy
performance is calculated both for heating and cooling purposes throughout various
indicators generally used for thermal systems especially EAHE - as exposed in the subsection
2.1.3. Secondly, the objective is the improvement of the understanding of the Fondatherm
thermal behaviour, of the coupling in one side with the ground and the other side with the
buildings. Given all the characteristics evoked in the subsection 2.3, it means to assess the
heat flow from the four foundation walls, to be able to foresee their evolution along the airflow
direction and with time, and to identify their contribution to the global performance. Thirdly,
a monitoring has to yield enough data to be able to validate the models developed in Chapter
4 & 5 and to identify the limits of the simplified approach of Chapter 5. The two first points
are exposed in the subsections 6.2.1 and 6.2.2 respectively, and the last one in Chapter 7.

6.1. FACILITIES PRESENTATION

The studied building is an EHPAD?, i.e. a long-term care for elderly people. This unit is a
specialized centre for the Alzheimer Disease, located® 10 km far from Auxerre city in France.
The building is divided into two wings (East and West) - each constituted of twelve bedrooms
for the patients and one living room - plus the north part of the building for the technical
installations, the meeting rooms and the kitchen. The study will only focus on the East and
West wings since they are equipped with the Fondatherm system down under.

Overviews of the building are depicted on Figure 51. Two dual-flow air-handling units
(AHU) with heat recovery system of 90 % efficiency -  without
cooling/heating/humidification systems - are supplying fresh air for the two wings.
According to the construction specifications, the airflow supplied by the AHU is around 450
m3.h1. The wings area (rooms only) is around 200 m?, and the air change air rate is thus
roughly equal to 0.9 hl. Nevertheless, the air speed measurement within the cavity was
around 0.5 m.s-I, which mean the airflow rate is around 290 m3.h-1. As the simulation studies
(see Chapter 7) yields results in relative agreement with 0.5 m.s*Z, this value was retained in
all the following. The huge difference between the airflow specification and the measure can
be explained by the fact that the AHU was originally designed to stand alone. The coupling

7 In french an ‘Etablissement d’Hébergement pour Personnes Agées Dépendantes’.
8 GPS coordinates : 47°40'18.8"N 3°35'26.0"E
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Chapter 6. FONDATHERM full scale monitoring

with the foundation added pressure losses and thus reduced the air speed. The foundation air
exhaust is connected to the AHU inlet fresh air (usually connected to the outdoor air). The
building wings shapes, Fondatherm and the AHU positioning are schemed on Figure 52.

A comprehensive measurement instrumentation has been set up. The foundations but
also their near environments are studied. The sensors location and data acquisition system
have been designed in order to evaluate the foundation specifications against a traditional
EAHE, namely the simultaneous influence from the meteorological, the sub-ground and the
building loads, the low burying depth and the high cross-sectional area of the cavity inside
the concrete foundation. For all these reasons, a follow-up of the ground temperature but also
its moisture content has been implemented for several depths and cross-sections along the
foundation axis, both for the free field soil and the terrain underneath the building. Three
inspection manholes - at the inlet, the middle and the outlet sections - have been built to
easily access the foundation channel. Thanks to them a follow-up of the foundation inner walls
temperature has been realised. The flowing air temperature and relative humidity evolutions
along the foundation then through the AHU have also been recorded as well as the AHU
electric consumption and the main meteorological data. The recording is done every minute.
The number, reference and accuracy of the sensors used are listed in Table 20. Their positions
are shown section by section on Figure 53 and that of the corresponding cross-sections on
the ground plane Figure 52.

Table 20: Sensors characteristics

Environment Quantity measured Sensors number, type and ref. Accuracy?
Temp. & Relative hum. 1 thermo-hygrometer Sensirion SHT-75
Solar radiation 3 pyranometers Hukseflux LP02 +8 %
Meteorological conditions -
g Wind speed & direction 1 anemometer and vane Young Wind +0.5 st
Sentry
Rainfall 1 rain gauge Young 52202 +3 %
Soil (East Outdoor field Temp. & water content éili{;];,i.;dg;noe domain reflectometer Temp.: £0.5 °C
wina onl . 6 RTDs + time domain reflectometer Water cont.:
g only)  Beneath build. Temp. & water content |, " 100 +25 %
Inner walls Surface temp. 24 RTDs Pt-100 Prosensor SPCT +0.1 °C
Foundations Temp. & Relative hum. 8 thermo-hygrometers Sensirion SHT-75
Flowing air
Pressure losses 1 differential pressure gauge Testo 512 +0.5 %
Eorl(:rsl}(li air from Temp. & Relative hum. 2 thermo-hygrometers Sensirion SHT-75
. . o . . Temp.: £0.5 °C
Alr. hand[mg Fr(;sh air t.o :oom Temp. & Relative hum. 2 thermo-hygrometers Sensirion SHT-75 Rel. hum.: +4 %
units f:or?luSt air from Temp. & Relative hum. 2 thermo-hygrometers Sensirion SHT-75
Electric consumption 2 electric meters MCI Contax

The denominated ‘SM300’ sensors measure at the same time the temperature and the
moisture content of a ground. Three of them (called SM6, SM12 and SM15) are placed at the
ground surface of the lawn, close to the east wing. Three others (SM5, SM11 and SM14) are
buried 80 cm below the previous one, and three more (SM4, SM10 and SM13) at 1.6 m depth
below the ground surface. All are situated 2 m away from the foundation.

9 According to the sensors’ datasheets. Unfortunately, calibration of the whole data acquisition system
(sensors + wires + data loggers) has not been done because of the complex setting up.
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Facilities presentation

They thus yield the temperature and humidity of the ground at several depths. The soil
nature is unknown and we have not at our disposal experimental means to characterize it.
Furthermore at the depth concerning the foundation, it is probably partially made of
construction wastes. Therefore the presence of three sensors for each depth instead of only
one ensures a better representation of the ground. Six more ‘SM300’ (SM2, SM3, SM8, SM9,
SM17 and SM18) are placed on both sides of Fondatherm along the airflow direction, close to
its outer walls. The objective was to obtain information at the interface between the concrete
and the soil (which is numerically a boundary condition). Finally, sensors SM1, SM7 and SM16
yield information about the ground on beneath the building, at the same depth as the
foundation and 2 m away from the foundation.

West wing East wing

Air intake

| ik el (i, o W |
ey L —

(b)

s

e

(9
Figure 51: Overview of the monitored building: (a) general view of the west and east wings, (b) position of
the east air intake and inspection window at the foundation inlet and (c) weather station installation
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45,5 m
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(b) East wing
Figure 52 : Ground plan of the monitored building: (a) west wing and (b) east wing
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0,15m 0,35 m0,15 m
(i) Cross section II'- West wing - Outlet

Figure 53: Cross-sectional views of the monitored building: sensors positioning

Furthermore, the inspection manholes allowed setting up Pt-100 RTD on the inner walls
of the foundations (East and West) at the inlet, middle and outlet sections, as illustrated on
Figure 54. At the inlet as well as the outlet section, the surface temperature of the upper wall
and the lower wall are recorded. In the middle section, four sensors give the surface
temperature of the upper, lower, and vertical walls. When it was possible, additional Pt-100
have been set-up on both sides of the vertical outer walls of the east foundation, which for
several cases duplicates the measurements yield by the SM300 located at the same place.

The data acquisition system is accurately described in Appendix E.

Foundation internal wall

4 / R

\Pt=100 "

\'

Inspection manhole \SHT75

Figure 54: Inspection manhole: access to the foundation cavity
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Experimental results analysis

6.2. EXPERIMENTAL RESULTS ANALYSIS

The measurement campaign was realized from December 2015 to November 2016. The
acquisition time step is one minute, but the data has been averaged over half an hour in the
following. Two levels of analysis are presented in the next two subsections. First an energy
analysis provides information about the energy savings opportunities for the heating as well
as for the cooling of a building. The foundation performance is evaluated in terms of
amplitude dampening of the outdoor thermal wave, heating / cooling power and energy gains,
operation time and COP. Secondly, the details of the heat transfers for each of the four walls
of the foundation inner surface are analysed in order to provide a better understanding of the
Fondatherm component.

6.2.1 ENERGY BEHAVIOUR UNDERSTANDING

The indicators of the energy performance of Fondatherm are calculated thanks to the
measurements provided by the SHT-75 sensors and the AHU electric-meters. The monthly
maximum daily amplitude of the ambient and of the outlet foundation air temperature are
shown on Figure 55 (a). While the daily ambient air temperature amplitude varies between
15 °C and 25 °C over the year, it is reduced to between 2 and 4 °C at the foundation outlet.
This will ensures a stability of the fresh air supplied to the building and thus improves the
thermal comfort conditions of it.

The heating and cooling power are calculated according to the equation (2.8) then
monthly averaged and plotted on Figure 55 (b). The monthly maximum power ranges
between 0.6 and 1.8 kW for heating and between 0.5 and 1.7 kW for cooling. The obtained
mean powers may appear low when compared to the data gathered in Table 7 and Table 8
given in 2.1.4. Nevertheless, the airflow rate within the foundation is much lower than most
of the cases exposed in these tables. When compared to the study in (Burton, 2004), where
the airflow is 290 m3.h1 for a maximum cooling power of 2.5kW, it reveals that the
performance of the foundation is actually of the same order of magnitude.

The COP is calculated by two different ways, and monthly averaged as previously. The
first calculation considers that the energy consumption of the system corresponds to the
energy dissipated by the pressure drops. Thus, the formula (2.7) was used to plot the COPy,
on Figure 55 (c). The pressure losses were measured only for the foundation channel: they
are approximately equal to 10 Pa. Though additional pressure drops have to be taken into
account due to the pipe that drains air from the intake to the foundation inlet and the pipe
from the foundation outlet to the AHU inlet. Because of all the elbows, these two pipes are of
course at the origin of the main part of the total pressure losses. The total pressure losses
have been estimated around 100 Pa (see Appendix F for the calculation details). The resulting
heating and cooling COP,; vary from 10 to 90 which is very high compared to usual values for
an EAHE. As for the monthly mean power, there is an asymmetry between the heating and the
cooling values. Indeed, the minimum values for the heating are reached in June and the
maximum in November, while for the cooling, the minimum is reached in February and the
maximum in August. The second calculation of the COP, replaces the term Ap®, of the
previous formulation (2.7) by the electric consumption of the AHU.
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Energy gain [kWh]
oo

Heating Cooling

West  East  West  East
Operation time (h) 6141 6187 2644 2598
Total energy gain (kWh.m2) 42,3 44,7 14,7 15,4

Mean daily energy gain 84 89 2.9 3.0

(kWh. day1)

Annual mean power (kW) 0,5 0,5 0,3 0,3

E:: B czz;::g Annual max. power (kW) 1.7 1.8 1.7 1.7
West - Heating COPyi - pressure drop based (-) 59,1 61,7 388 405

[West - Cooling
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(g) Heating and cooling mean daily energy gains (h) Annual summary
Figure 55 : Energy experimental analysis of Fondatherm
TAURINES Kevin CETHIL - INSA Lyon 2017
136

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI100/these.pdf

© [K. Taurines], [2017], INSA Lyon, tous droits réservés



Experimental results analysis

The heating and cooling COPs thus range between 1 and 7 (see Figure 55 (d)) - with monthly
maximum ranging between 6.9 and 18.1 for the heating, and between 0 and 17.2 for the
cooling - which is fully consistent with the performance of a traditional EAHE.

The distribution of the time when the foundation is used for heating (T, t1er > Text) and
when it is used for cooling (Tyytier < Text) is given on Figure 55 (e). During winter time
(December to February), the foundation is used more than 80% of time for heating. However
during summer time (June to August), the cooling operation time represent only 50 to 65 %
of the total operation time. This illustrates the asymmetry between heating and cooling for
mid-European climates evoked by Hollmuller and Lachal (2014). Furthermore, in winter the
20% of time when the foundation is used for cooling are of course undesirable. In such cases
a by-pass should be used to optimise the energy storage energy from the environment. In
mid-European climates, the cooling is only needed occasionally to dampen the ambient air
peak temperatures especially during summer.

The Figure 55 (f) depicts the heating and the cooling energy gains normalized by the
exchanging surface area of the foundation for each month, calculated according to

1

Efound,surf = m—];monthn.laca (Toutlet - Tinlet)dt (6.1)

Figure 55 (g) shows the daily energy gains - averaged over each month - calculated
according to (6.2). The monthly maximum of the daily energy gains ranges between 6.3 and
31.6 kWh for heating and between 2 and 18.8 kWh for cooling. The orders of magnitudes of
the obtained values are in agreement with that for traditional EAHE and even slightly better
in what concerns the heating with total energy gains higher than 43 kWh.m=2.y-1. The cooling
energy gains of almost 15 kWh.m-2.y-1 falls in the middle range of the performances announced
in the literature survey (see 2.1 especially Table 7 and Table 8).

i=day N

1 1 )
Efouna,aaity = 3.6-10°N . Z -La imaca(Toutlet — Tinter)dt (62)
i=day1 y

The same study is carried out for a Fondatherm ‘half-length’ (about 23 m) and the results
gathered in Figure 56. The comparison of the annual summary data of the half-length (Figure
56 (h)) with the annual summary of the total length (Figure 55 (h)) show that the cooling
performances are almost unchanged between the half and the full length. The mean daily
energy gain is reduced by only 8 %, the maximal power is diminished by 12 % and the COP
with a pressure based and an electric consumption based calculation are respectively
decreased by 7 and 3 %. The total surface energy gain for cooling is logically raised by 84 %.
It confirms the fact that the heat transfer power comes from the first meters of the exchanger.
Surprisingly, the operation time is raised by 10 %, which means that there exist times for
which the air is cooled down by the first half of the foundation, and heated up by the second
half. The thermal study of the next subsection should be able to highlight this phenomenon.

However, the heating mean daily energy gain is reduced by 24 %, the annual mean power
by 30 %, the maximum power by 20 %, and the COPs by 16 and 19 %.
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Figure 56: Energy experimental analysis of the half length of Fondatherm
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Total energy gain (kWh.m2) 59,6 722 27,7 27,7
Mean daily energy gain
59 7,2 2,7 2,7
(kWh. day1)

Annual mean power (kW) 0,3 0,4 0,3 0,3

Annual max. power (kW) 1.3 1.5 1.5 1.5
COPy, - pressure drop based(-) 46,7 542 363 375

COP - AHU elec. cons. based (-) 3,5 4,0 2,9 3.2

(h) Annual summary
2017
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Experimental results analysis

This also confirms the design rules for mid-European climates evoked by Hollmuller and
Lachal (2014): for cooling purposes, one or two dozen meters of heat exchanger are enough
to dampen the daily oscillations, but for heating purposes it necessitates longer exchanger to
dampen the annual oscillation.

Furthermore, it is interesting to compare the discrepancies between the east and west
foundations in the case of the Fondatherm ‘full length’ and ‘half length’. The differences
between east and west wings for all the cooling performance calculated for the ‘full length’
are less than 5%. For the heating, it is less than 6 %. These low discrepancies can reasonably
be explained by the measurements uncertainties. However, in the case of the ‘half length
Fondatherm’:

e the heating surface energy gain and the heating mean daily energy gain are
respectively 21 % and 22 % higher for the east wing,

e the annual mean power is 33 % higher for the east wing,

e the heating COPs pressure drop based and AHU electric consumption based are
respectively 16 % and 14 % higher for the east wing,

o the differences between east and west wings for all the cooling performances are less
than 6 %, except for the cooling COP AHU electric consumption based (10 %).

A clear behaviour difference in the first half of the two foundations has been highlighted.
It is nevertheless difficult to explain but the local ground properties and the orientation can
definitely play an important role. Although there is no more precision, one has to keep in mind
that the soil, the foundation and the boundary condition characterization is an important step
especially for the modelling.
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Figure 57: Comparison of the energy performance of Fondatherm technology against traditional EAHE
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Chapter 6. FONDATHERM full scale monitoring

Finally, the Fondatherm technology is compared against the performance of the
traditional EAHE obtained from the literature survey (see 2.1.4). To this end, bubble charts
enable to visually identify the differences between all the available data. The Figure 57
represents on the abscissa axis the depth of the EAHE and on the ordinate axis the airflow
rate. The size and the colour of the bubble are then proportional to the considered physical
quantity. The Figure 57 (a) and (b) are for example the surface energy gains respectively for
heating and cooling. The Figure 57 (c) and (d) are the coefficient of performance respectively
for heating and cooling.

The Figure 57 (a) and (b) clearly put in evidence that given the relatively low depth and
airflow rate compared to the other elements, the Fondatherm technology is efficient.
Considering heating, it is equal or better than almost all the others elements for the lowest
airflow rate and one of the lowest buried depths. Considering cooling, Fondatherm
performance is in the average, but for both the lowest airflow rate and buried depth.
According to the Figure 57 (c) and (d), the COP - based on AHU electric consumption - of
Fondatherm is one of the lowest both for heating and cooling. It has nevertheless similar COP
than EAHE buried deeper or with higher airflow rate. Furthermore, this result has to be
treated with caution for many reasons:

e Some points actually represent the global COP and not the heating or cooling COP,

e Some points are obtained by modelling extrapolations, sometimes with steady-state
calculation,

e The results don’t always result from simulation over a full year but sometimes only
over a couple of days,

e The way to calculate the COPs may differ from an author to another (see 2.1.3).

6.2.2 THERMAL BEHAVIOUR UNDERSTANDING

An analysis of the foundation behaviour in summer, winter, and during the two mid-
seasons is carried out here. The objective is to get a better understanding of the energy results
previously exposed. Furthermore, the Fondatherm specifications presented in section 2.3,
especially its position relatively to the building and the cavity size lead to specific thermal
mechanisms that it is important to identify and explain. The vocabulary and the acronyms
conventions used in what follows are explained on Figure 58 and Table 21.

D100 2 midale - inner surt enep.

100 / SM300 at middle - outer surf. temp.
100 at inlet - inner surf. temp.

o Pt-
o Pt-
e Pt
e Pt

UPPER WALL
\

EXTERNAL WALL \ ; e

OUTLET

MIDDLE

\ \
\\ INTERNAL WALL
\

\ LOWER WALL

INNER SURFACES

INCET ===—___OUTER SURFACES
Figure 58: Vocabulary used - Main sensors positions
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Table 21: Acronyms used definitions

Location Corresponding sensors
Acronym Wing Section Wall Air Surface Tfam Dp.
temp. temp.  difference

W.IN.Up. West  Inlet Upper SHZ  pr1 PT1-SHZ
E.IN.Up. East  Inlet Upper SHI3  pra;  pr21-sH13
W.IN.Low. West  Inlet Lower SHZ  pro PT2-SH2
E.IN.Low. East  Inlet Lower SHIZ  praz  proz-suiz
W.MID.Up. West  Middle Upper SHE6  pr3  pr3-SHE
E. MID.Up. East Middle Upper SHO  pr15 PT15-SH9
W. MID.Low. West  Middle Lower SH6  pry  pra-sHe
E. MID.Low. East  Middle Lower SHO pri6  PT16-SH9
W.MID.EXxt. West  Middle External (facing the ground outside) SH6 PT6 PT6-SH6
E. MID. Ext. East Middle External (facing the ground outside) SHY  pr1g PT18-SH9
W. MID.Int. West Middle Internal (facing the ground beneath the bldg,) SH6 PT5 PT5-SH6
E. MID.Int. East Middle Internal (facing the ground beneath the bldg,) SHY  pr17 PT17-SH9
W.OUT.Up. West  Outlet Upper SH7  pro  PT9-SH7
E. OUT.Up. East  Outlet Upper SHE  pr11 PT11-SHS
W. OUT.Low. West  Outlet Lower SH7  pr1o PT10-SH7
E. OUT.Low. East  Outlet Lower SHE  priz PT12-SHE
E MID. Ext.Soil.SM300 : East Middle Inner / Outer External wall - - SM9-PT18
E. MID. Ext.Soil East Middle Inner / Outer External wall - - PT20-PT18
W. MID. Ext.Soil West  Middle Inner / Outer External wall - - PT8-PT6
E. MID. Int.Soil. SM300 East Middle Inner / Outer Internal wall - - SM8-PT17
E. MID. Int.Soil East  Middle Inner / Outer Internal wall - - PT19-PT17
W. MID. Int.Soil West  Middle Inner / Outer Internal wall - - PT7-PT5

6.2.2.1. Summer period

The focus is first on five of the hottest days during the summer period from 16 to 21 July.
First of all, it is important to note that the behaviour of the East and the West foundation are
similar since Figure 59 shows similar trends for both foundations. The observed disparity
between the flowing air temperatures of the two wings are under the accuracy threshold of
the SHT-75 sensors. This confirms the agreement between all the cooling indicators
calculated in the previous section for the east and the west wing.

Figure 59 (a) shows that while the daily ambient air temperature amplitude is around 25
°C, it is reduced to maximum 3°C at the foundation outlet. The maximum ambient air
temperature over this period is 37.5 °C - but only 31 °C at the foundation inlet - and 20 °C at
the foundation outlet, even after five hot days. During the hottest hours, the temperature
reduction between the intake and the foundation inlet is between -8 and -5 °C. It ranges
between -9 and -5 °C between the foundation inlet and the middle section and is only of -2 °C
between the middle and the outlet section. The cooling occurs during the daytime, but the air
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Chapter 6. FONDATHERM full scale monitoring

is heated up by the foundation at night (roughly from 10pm to 10am). Indeed, the outdoor air
temperature falls below 15 °C at night which is lower than the concrete temperature. Since it
is cooled down, the flowing air relative humidity rises and is very often over 80 % at the
foundation outlet. Nevertheless, the risk of condensation seems limited: the highest
temperature difference between the air and the wall surface is 5 °C at the inlet section but
there the air relative humidity is only about 50 %

Figure 59 (c) and (d) highlighted that the evolution of the surface temperature of the
walls follows that of the flowing air temperature. High amplitudes are observable at the
entrance and are lower at the outlet. Discrepancies between the upper and the lower surface
wall temperatures can be noticed. For the outlet and the middle section, the upper wall is
around 1 °C hotter than the lower wall. This can be simply explained by the height difference
between these walls (1.4m depth for the upper wall and 1.85m depth for the lower wall)
which lead - according to the equation (2.1) - to +1 °C for the upper wall during summer and
-1°C in winter. At the inlet section, the upper surface is also hotter, up to +1 °C difference
during the night and up to 5 °C during the daily peak temperature. This is partially explained
as previously by the elevation difference but probably also by the local perturbation due to
the manhole that drains outdoor air directly to the foundation inlet section. This has to be
kept in mind for the validation of the code, in which the presence of the manhole is not
considered.

The objective is to have a better understanding of the role played by each wall and the
evolution along the airflow direction. It is thus proposed to evaluate the ‘thermal potentials’
of the different parts of the foundation. ‘Thermal potential’ designates in this document the
temperature difference between the circulating air and one of the four surface walls in the
same cross-section (inlet / middle / outlet), and is plotted on Figure 59 (e) and (f) for the east
and west wing respectively. In practical terms, it corresponds to the heat flow from the
foundation walls toward the flowing air normalized by the convective heat transfer
coefficient. Its sign informs about the heating or the cooling impact of one wall on the air. Its
amplitude has to be considered carefully. Indeed the heat flow is the product of the
temperature difference by the convective heat transfer coefficient; the latter varies from a
wall to another and along the airflow direction.

Figure 59 (e) and (f) show that all the studied walls heat the air at night. During the
daytime, all the walls cool the air except the upper wall at the outlet, the contribution of which
is almost negligible. The heating but especially the cooling potential is clearly lower at the
middle and the outlet section than at the inlet section. Furthermore, the upper wall provides
higher heating potential while the lower wall provides higher cooling potential, which is
perfectly logical considering the temperature evolution with depth.

At the middle section, the heat flux through the concrete is evaluated by the same way.
The difference between the surface temperature of the inner and the outer wall is calculated
for the two vertical walls (the one facing outside, and the one facing the ground beneath the
building) and plotted on Figure 59 (g). The thermal potentials are identical and synchronized
with the flow from the lower wall. No distinction appears between the two vertical walls. The
heating potential (through the concrete) is decreased and the cooling potential is unchanged
with the air temperature raising. As the inner surface wall temperature is also rising it means
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that the foundation outer walls i.e. the soil is gradually heated up and its cooling potential less
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Figure 59: Fondatherm thermal performance analysis over five typical summer days
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Chapter 6. FONDATHERM full scale monitoring

6.2.2.2. Winter period

As for the summer period, a similar analysis is carried out for five typical winter days
from 14 to 19 January. The Figure 60 (a) shows that while the daily ambient air temperature
amplitude is between 4 and 8 °C, it is only about 1 °C at the outlet. The minimum ambient and
outlet air temperature are respectively -6 °C and 8 °C. Even after five cold days, the outlet air
temperature is in the interval 8 °C - 10 °C, which means that the temperature elevations are
between 4 and 14 °C. Unlike the previous summer case, there is no alternation between
heating and cooling period, but only heating. Although no difference can be observed on the
inlet air temperature between both foundations, the middle and the outlet air temperature
are higher - respectively around +2 °C and +1 °C - for the east than for the west foundation.
This is in agreement with the differences observed in the previous section: the east
foundation (especially the first half) has better heating performance than the west
foundation.

The Figure 60 (c) and (d) can partially explain the difference. As one can observe, the
lower and the upper wall surface temperatures of the east foundation are more or less equal.
Furthermore, these temperatures are almost equal to the lower wall surface temperature of
the west foundation. On the contrary, the upper wall surface temperature of the west
foundation is around 2 °C lower than the lower one. So all in all, the heat flow from the
foundation inner walls to the air is higher for the east foundation. At the middle and the outlet
sections of the two foundations, the upper wall surface temperature is higher than the lower
one and globally the temperatures of the east foundation are higher.

More details can be obtained from the analysis of the thermal potentials plotted on Figure
60 (e) and (f). They show that all the foundation inner walls heat the air. A differentiation
between the walls however appears contrary to the summer case. The heat flow from the
upper wall is notably higher than the heat flow from the vertical wall facing the crawl space,
which is in turn higher than the heat flow from the lower wall and the vertical wall facing
outside. This can be seen for the two foundations. This is not consistent with the fact that the
lower wall is supposed to be hotter than the upper wall (about 1 °C more) in winter. A possible
explanation is that an additional heat flux comes from the building via the beam and heat the
upper wall surface up. A part of the building heat loss through the slab would thus be
recovered by the airflow. Hollmuller already put in evidence a similar phenomenon in
(Hollmuller and Lachal, 2014). The heat flow from the soil beneath the building to the
foundation is slightly higher than the heat flow from the outside soil (Figure 60 (e), (f) and
(g))- This is of course in agreement with the fact that in winter the soil temperature beneath
the building is higher than the free-field soil.
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Figure 60: Fondatherm thermal performance analysis over five typical winter days
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Chapter 6. FONDATHERM full scale monitoring

6.2.2.3. Mid-seasons
Spring period

Contrary to the summer and the winter cases, the heating and cooling periods are not
well demarcated. The alternation requires to use a by-pass. However the irregularities at the
entrance completely disappeared at the outlet. A relative stability is indeed observable
(Figure 61 (a)) since the outlet air temperature ranges from 10 to 13 °C although the ambient
air temperature varies between -1°C to 21°C.

The surface temperature of the upper wall is 0.5 °C higher than the lower wall surface
temperature (significant compared to the Pt-100 sensors accuracy) at the outlet and 1 °C at
the middle section (Figure 61 (c) and (d)). No conclusion can be easily made at the inlet.
Thanks to the study of the thermal potentials (Figure 61 (e) and (f)) it can be said that:

o The upper as well as the lower wall heat the air at the outlet section, slightly more for
the upper wall,

e At the middle section, the upper wall has a faintly higher contribution to heat the air
up during the heating periods, while the lower wall has a slightly higher contribution
to cool the air down during the cooling period,

At the inlet, the lower wall has also a higher contribution to cool the air down during the
cooling period.

The thermal potential through the concrete is almost nil the first days and becomes
negative during the last days with the hottest ambient air temperature: the soil recovers
energy from the flowing air.

Autumn period

In autumn like in spring the heating and cooling periods are not well demarcated but the
variations at the entrance are smoothed by the foundation. A relative stability is indeed
observable since the outlet air temperature ranges from 13 to 15 °C although the ambient air
temperature ranges from 0°C to 20°C (Figure 62 (a)).

The surface temperature of the upper wall at the middle and at the outlet section are also
higher than the surface temperature of the lower walls (Figure 62 (c) and (d)). No general
conclusion can be made at the inlet section as different behaviours are observables for the
two foundations.

Figure 62 (e) and (f) put in evidence that all the walls of the middle and the outlet sections
contribute to heat the air almost all the time. The walls of the inlet section occasionally cool
the air. The upper wall contributes slightly more than the other to heat the air. The thermal
potential through the concrete shows that the foundation mainly contributes to the heating
of the air. This is consistent with the fact that the soil was heated up by the flowing air during
summer, and that it is hotter than air during autumn as temperatures begin to decrease.
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Figure 61: Fondatherm thermal performance analysis over five typical spring days
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6.2.2.4. Behaviour over the whole year

In order to generalize the observations previously made, boxplots for every thermal
potential are represented for each month and for both foundations on Figure 63.

Attheinlet section, the heating duration from the upper wall is over 75 % of the operation
time from October to March. It is only over 50 % of the time from April to September. The
maximal thermal potential ranges between about 4 °C and 7 °C, and the minimum between -
5and -2 °C. The heating duration from the lower wall is also over 75 % from October to March.
[tis over 50 % of the time in April and September. In May, June and August, the operation time
of this wall is half devoted to cooling, half to heating. In July, the cooling time is even over 50%
of the time. The maximum thermal potential is between 3 and 7 °C, while the minimum is
between -10 and -2 °C.

At the middle section, the boxplots show that:

e Theupper and the internal walls only contribute to the heating of the air from October
to May. They occasionally contribute to cooling from June to September, but less than
25 % of the operation time. The maximum thermal potentials range between 3.5 and
5 °C for the upper wall, and between 2 and 4 °C for the internal wall. The minimum
range between -1 and 1 °C and between -1.5 and 1 °C for the upper and the internal
walls respectively.

e The lower and the external walls contribute to the heating of the air from October to
March. In April and September this contribution is reduced, but is still over 75 % of
the operation time. The lower wall is in cooling mode from May to August. In May and
June, the cooling time is equal or more than 25 % of the operation time. In July and
August, it is even over 50 %. For the external wall, over three quarter of the time of
May is operating in heating mode. From June to August, the cooling time is equal or
more than 25 % of time. The maximum thermal potentials range between 2 and 3.5
°C for the lower wall, and between 2 and 3.5 °C for the external wall. The minimum
range between -3 and 1 °C and between -2 and 0.5 °C for the lower and the external
walls respectively.

[t thus appears that for the middle section the lower wall is the one which is the most
efficient for cooling the air. The external wall is in the second position. On the contrary the
upper wall is definitely the one which provides the more energy for heating, logically followed
by the internal wall. The contribution of the two other walls is similar for the heating.

It is easily observable that at the outlet section, the main contribution of the upper and
the lower wall is for heating. The lower wall has a cooling effect 25 % of time in June, 50 % of
time in July, 25 % of time in August, and punctually in September. However, the upper wall
function is only heating. It is also clear that the thermal potential of the lower wall is under
that of the upper wall. This difference is increasing from January to July and decreasing from
August to December.

To sum up, the upper wall mainly ‘provides heat’ throughout the year while the lower
wall mainly ‘supply cold’ during the cooling season. The external wall has a slight better
performance than the upper and the internal wall to cool the air in summer. On the contrary,
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the internal wall has slightly a better potential than the lower and the external walls to heat
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Figure 63: Monthly boxplot diagram of the thermal potentials within the foundations (full line: west wing,
dashed line: east wing, blue line: inlet section, green line: middle, red line: outlet)

What has been previously exposed is concerning the contribution of each wall (upper,
lower and verticals) for the heating and the cooling of the flowing air over short periods.
However it is necessary to understand the dependencies of these fluxes to parameters such
as soil temperature and moisture content. Facing that end, the thermal potential of the
internal (respectively external) wall at the middle section is plotted on Figure 64 (c)
(respectively (a)) as a function of the undisturbed!? soil temperature of the soil beneath the
building (respectively the free-field soil) measured by the sensor SM7 (respectively SM4). The
colour scale indicates the heating (or cooling) of the air through the foundation.

The heating of the circulating air seems to be well correlated to the thermal potential of
the vertical walls of the middle section. For example, if the thermal potential ranges between
2 and 3 °C, the heating is around 5 and 10 °C. The air is cooled down if the thermal potential
is less than 1 °C. These tendencies are true for all undisturbed soil temperatures. One can
observe a slight global decreasing of the thermal potential with the soil temperature.
However, this can be hardly interpreted. Indeed, the highest soil temperature are reached in
mid-September, but this does not correspond to the highest ambient air temperature and
consequently to the highest temperature decreasing by the foundation. Furthermore, the
standard deviation of the regression curve indicated on Figure 64 (a) and (c) are relatively
high (3.5 and 1.5 respectively), which means that the values are widely

10 The ground is assumed to be undisturbed at 2 m far from the foundation
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Conclusions

spread. The same work has been done with the ground moisture content as parameter instead
of the ground temperature. The soil humidity of the crawl space soil does not vary a lot as can
be seen on Figure 64 (d). No clear conclusions can be done. The humidity of the free-field soil
varies more, but again no clear tendencies can be observed on Figure 64 (b).

6.3. CONCLUSIONS

In this chapter, en extensive instrumentation of the geothermal ventilated foundation and
its surrounding soil as well as a weather monitoring have been carried out. Since numerous
differences between a traditional EAHE and Fondatherm have been introduced in Chapter 1
- as for instance the low buried depth and the cross-section width which results in complex
heat and moisture flow within the foundation - the position of the probes in both domains has
been chosen in order to capture as far as possible the thermal and moisture gradient in the
three dimensions.

The results concerning the airflow have shown that the ambient air temperature
amplitude is strongly dampened, which increases the thermal comfort and in cases of a
coupling with heat pump is intended, it can prevent frost formation and supply more stable
cold source. The maximal heating and cooling power over one year is between 0.5 and 1.8 kW,
in the average of EAHE power. Likewise the COP ranges between 1 and 7 throughout the year
both for heating and cooling, which is consistent with the literature data available about
EAHE. The mean daily energy gain is around 8.7 kWh for heating which is slightly better than
traditional EAHE for similar airflow and buried depth. It is only around 3 kWh for cooling,
which is consistent with the literature data available about EAHE. The strong asymmetry
between heating and cooling time repartition can be found in the study of the half-sized
Fondatherm. It reveals that the cooling performances are almost unchanged compared to the
full length Fondatherm. Nevertheless, the heating performances are reduced by between 15
and 30% - which is still lower than 50%. This is consistent with the fact that first, a longer
exchanger is required for heating purpose. Secondly, most of the thermal transfers occur over
the first meter of the air-soil exchangers. Furthermore, these results should be taken with
caution, as non negligible difference has been observed between the two first half (East and
West) instrumented foundations.

The detailed study section by section and wall by wall of the thermal transfers confirmed
that most of the heating and cooling potentials result from transfers in the first part of the
exchanger. It also confirmed that there exists significant difference between Fondatherm and
traditional EAHE. Indeed, the cooling power is mainly driven by exchanges with the lower
wall, and second with the external wall. Given the usual size of the pipes, the heat flow through
their surface is considered homogeneous. On the contrary, for Fondatherm, the heating power
is mainly driven by the upper wall, and second by the internal wall. While the inlet section
alternates throughout the year heating and cooling mode, the outlet section is mainly devoted
to heating.

The next chapter will reveal the potential of the previously introduced models to
reproduce this complex behaviour, by a careful comparison of the simulation results to the
recorded experimental data.
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Introduction

Chapter 7. SIMULATION RESULTS -
COMPARISON WITH THE
MEASUREMENTS

7.1. INTRODUCTION

7.1.1 OBJECTIVES

The objectives of this part are related to the comparison between the models previously
introduced and experimental data. Our analysis consists to identify the time range for which
the agreement with the experimental data - widely introduced in Chapter 6 - is satisfying, and
those for which the numerical models prediction are too far from experiments.

The reasons of these discrepancies would be analysed as they could be explained either
by physics related to the conservation equations detailed in Chapter 3 that could be not fully
representative of the reality in some specific cases. The reasons could also be numerical. It is
possible that for the algorithm of resolution and the implementation of the conservation
equations as exposed in Chapter 4 & 5 could appear to be badly adapted to the physical
problem. Moreover, in order to identify the relative advantages and drawbacks of each model,
and their potential to fulfil their own objectives (design tool for one, analysis tool for the
other) an analysis to identify their limits of use is carried out. In order to carry out all of these
cross-analyses, we suggest developing them in two stages.

The first step consists in analyzing the comparison of both models with the experimental
results over short periods of fifteen days is well suited. It is indeed not too long to be able to
visualize the whole simulation period, and long enough to be sure of the code stability and to
be able to draw some relevant conclusions. This step will be used to answer the first objective.
If the physics is the cause of the deviation of the model, this step could also enable to partially
fulfil the second objective. All these points will be discussed in subsection 7.2.

The second step deals with the verification of the ability of the code to reproduce
correctly the physics over long time periods. The validity of the code over short periods that
will be analysed in the first step has to be extended. Furthermore, the global deviation or
agreement of the codes with the measurements will be discussed. This will be made in the
subsection 7.3.
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7.1.2 PARAMETERS OF THE MODELS, SIMULATION PERIOD, AND DIVERGENCE
PROBLEMS

The initial objective of the running of the model was to simulate the foundation over the
experimental monitoring period (more than one year).

Measurements were gathered successfully from mid November 2015 to April 2017. The
only blemish was that the rain gauge didn’t work over a long period at the beginning of the
measurement campaign. Indeed, the tipping bucket movement was limited for mechanical
reasons, and the yielded rainfall were too low. This failure period lasted until mid July 2016.
From the beginning of the measurement campaign to the end of this period, the rainfall data
were replaced by the hourly data from the website infoclimat.frll. The data are for the
Auxerre city, which is about 15 km away from the building location. This has to be kept in
mind when comparing the soil surface water content yielded by the model and those obtained
from the measurements.

Concerning the coupled heat and mass transfer model, some numerical divergence
problems have failed the resolution of the equation over the whole period and still remain.
Indeed, after simulation of several month, the time step for which the calculation is impossible
(the ‘skipped time step’, see sub-section 4.6.2.1) multiply, sometimes consecutively such that
the computation has to be stopped. For those cases, two solutions have been tried:

e The first consisting in restarting the computation with initial condition equals to the
output of the code several hours or days before the latest calculated time step. This
sometimes enables to continue the simulation for several hours or days, but the
problem always repeat soon or later.

e Analysing the evolution of the convergence threshold (see equation (4.70)) the
problem often appeared to come from the complex interface of the soil surface.
Indeed, while the convergence condition is respected for all other meshes, the value
of the convergence threshold for several meshes in a few centimetres below the
ground top surface is at best steady but beyond the condition 107°, and sometimes
continuously increasing. This seemed particularly true for summer conditions.
However none clear correlations allowed us to prove this assertion. Following these
observation, the boundary conditions has been identified as potentially tricky. The
second solution consisted in slightly modifying the weather data to get around the
problematic time step. In rare cases it allowed the computation to continue but the
same problem reappeared several time steps later.

Neither efficient solution has been found to solve this problem, the origin of which
seemed to be purely numerical. Nevertheless, in order to maximize the simulation period, the
first solution has been used several times in May and June 2016 as the previously cited
problem especially occurred from the end of April. This could be attributed to a greater
variability of climatic conditions (especially regarding rainfall) during spring time. Even

11 http://www.infoclimat.fr/observations-meteo/temps-reel /auxerre-perrigny/07266.html?metar
(accessed September 2017)
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though the total simulation period was limited, several months could still be successfully
studied. The period retained in what follows extend from December 1, 2015 to June 22, 2016.

As explained in the section 6.1, even though the airflow rate is 435 m3.h? (which
corresponds to an average cross-sectional air speed of 0.77 m.s'1 within the foundation
cavity) according to the construction specifications, the measured air speed (0.5 m.s'1) yields
a much lower value around 290 m3.h-L. This latter value has been retained in what follows,
and allow - in the view of the results introduced in the next sections - good agreement with
the experimental data.

About the value initialisation, the soil temperature field has been determinate for both
models according to equation (2.1). The exception is for the ground located below the
building. From the water table to the base level of the foundation this temperature is
incremented by 2 °C. From the base level of the foundation to the soil top surface on the crawl
space side, it is incremented by +3.5°C. This was chosen in compliance with the SM300
measurements. The foundation temperature has been set in compliance with the Pt-100
measurements. The temperatures of the five sections have been set to 11, 13.5, 14.25, 14.5
and 14.5 °C in the direction of the flowing air respectively.

Similarly to (2.1) for the soil temperature evolution with depth and time, the initialisation
of the soil matric head has been made using the following formula (7.1), the parameter has
been set to fit with the water content measurements. The foundation capillary pressure is
assumed to be homogeneous and equal to —2.5 - 10° Pa.

-z z
Y(z,t) = —2.5—10e 3-sin (nﬁ) (7.1)

[tis important to note that the skipped time steps - according to the algorithm description
Figure 37 for the detailed hygrothermal model, Figure 49 for the sensible heat transfer model
- is low, especially for the linear model (both for the full and the reduced model). Indeed, 19
divergence has been recorded for the full linear model, 29 for the reduced model, and 47 for
the coupled heat and mass transfer model (including 37 for the soil model and 10 for the
foundation model), which is respectively equal to 0.6 %, 0.4 % and 0.8 % of the total number
of time steps. Therefore it can reasonably be assumed that the results are not affected by these
steps.

Throughout this chapter, the simplified model taking into account only sensible heat
transfers - introduced in Chapter 5 - will be designates by the term ‘linear model’. The
detailed hygrothermal model will be designated by the term ‘coupled model’.

7.1.3 COMPUTATIONAL TIME

As introduced in Chapter 5, the linear model has been reduced in order to reduce the
computational time. This has been done at the expense of the information yielded by the
model. Indeed, the model returns only the values for the observed vector (defined by the
equation (5.6)). The longer this vector is, the less efficient the reduction is. Consequently, the
observed vector has been limited to the minimum required for the simulation. For the soil
domain, these nodes are:
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e Atthe interface soil / foundation,
e At the soil surface,
e Atthe soil surface facing the crawl-space.

For the foundation domain, these are:

e Atthe interface foundation / soil,
e Atthe interface foundation / crawl-space air.

The size of the full and the reduced models are given in Table 22. The reduction is not as
efficient as might be expected, especially for the foundation domain, for which only 35% of
the state variables are removed, while usually it is closer to 90 %. The soil domain reduction
is closer to the usual performance with around 81% of nodes removed. This relatively modest
reduction can be explained by the fact that the percentage of the nodes at the edges of the
domain is really high, especially for the foundation. An important part of the system is
therefore subject to external loads. Since the observed variables are given at the same nodes,
they are very likely at the origin of observable and controllable modes. By comparison, the
volume of the soil is much more important which means that the fraction of the nodes
subjected to external loads is lower. Indeed, the size reduction of the soil domain is much
higher than the foundation domain.

Table 22: Node number used for the reduced and the full linear model

Node number Reduced model Full model Reduction %
Ground domain 783 4060 80.7 %
Foundation domain 769 1180 34.8%

Obviously the limited reduction of the system size restricts the computational time
reduction between the full and the reduced model. With a Core i7 processor 2.7 GHz under
Window 7, the computation time for the three models are given in Table 23.

Table 23: Computational time of the full and reduced linear model, and of the coupled model

Computation time (s /h) Linear reduced Linear full Coupled
model model model

Weather data assembling on a readable 2048 /0.57

format

Assembling the matrix system of equation 422/0.12 82/0.02 7/0.002

Resolution of the system 862 /0.24 1630 /045 62013 /17

Total 3332/0.93 3760 / 1.04 64068 / 17.8

The computational time for the resolution of the equations of the reduced linear model is
reduced by almost 50 % compared to the full model. Nevertheless, the assembling of the
matrix system of equation is 6 times longer for the reduced model than for the full model, due
to the reduction procedure. Considering both this CPU time (that for the assembling of the
matrix system and that for its resolution), the reduction model is interesting. Nevertheless,
the required procedure - that could be probably improved - to built the weather data file is
long. Considering this time, the gain between the total computational time for the reduced
and for the full linear model is negligible. Nevertheless, the reduction might be interesting for
a multiple years simulation. The computational time of the coupled model is logically much
higher given the complexity of the equations. It has to be noted that an important part of this
time is attributed to the numerical problem cited above, mainly starting from May. To give an
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idea, the required time to compute the solution from December 1 to April 30 is 27534 sor 7.6
h, corresponding to less than half of the total time.
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Figure 65: Comparison of the calculation from the full and from the reduced linear model: temperature
and relative humidity differences at the foundation (a) middle section (b) outlet section

The comparison of the reduced and the full model is shown on Figure 65. Figure 65 (a)
shows the airflow temperature and relative humidity differences observed between both
models at the foundation middle section. Figure 65 (b) shows the same information at the
foundation outlet section. In both cases, the agreement between both models is good: the
absolute temperature difference does not exceed 0.04 °C and the absolute relative humidity
difference 1%. Since the reduction is done at the detriment of information - the soil
temperature field is not yield by the reduced model - the full model will be used in the
following.

7.2. FOCUS OVER SHORT PERIODS

7.2.1 GLOBAL ANALYSIS OF THE COUPLED MODEL BEHAVIOUR

In order to ensure the global consistency of the complex coupled model, Figure 66 shows
cross-sectional (a and b) and longitudinal (c and d) view of the temperature and the
saturation level fields obtained from the models in winter conditions.

The deep ground is saturated and at around 14 °C. In keeping with the boundary
conditions imposed, the soil below the building is hotter and dryer than the soil directly
subjected to the weather loads. The soil surface is logically colder, around 5 °C. Surprisingly,
it is dryer than what could be expected. This can be explained by the fact that first the
December month was not rainy compared to the normal rainfall, and second, the considered
day is probably still affected by the initial conditions.

Concerning the foundation, a heat flux coming from the building slab toward the concrete
beam is highlighted by Figure 66 (a and c). The lower and the internal part of the foundation
are close to saturation. This is the consequence of the change of material. Even if the soil is
not saturated, the matric head potential leads to concrete water content values close to
saturation. The external and the top walls are drier: their outer surfaces are indeed covered
with an impervious bituminous coating. The airflow is logically heated up throughout the
foundation cavity from about 5 to more than 10 °C. One can note that at the foundation outlet,
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Chapter 7. Simulation results - Comparison with the measurements

the air temperature is still colder than the ground (around 3 °C difference). The efficiency of
the heat exchanger in heating mode is therefore not maximal.
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Figure 66: Temperature and water saturation level fields obtained from the coupled model - cross and
longitudinal sections - 12 January 2016, 12h

A similar analysis but for spring conditions is done on Figure 67. The top left corner on
the cross-sectional view of the saturation level (Figure 67 (b)) confirms that the global
functioning of the model is good. Indeed, after a rainy period, the saturation level is higher
than the soil above the building: the first two meters from the soil surface are at about 60 %
of saturation. The soil beneath the concrete cover (next to the concrete beam) is dryer. The
influence of this concrete layer is also easily identifiable on Figure 67 (a): since the albedo of
this surface has been set lower than that of the lawn, it is much hotter. On the longitudinal
view Figure 67 (c) one can see that the air is correctly cooled down by the foundation. It goes
out at the ground temperature.
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From a general point of view, one can note that both temperature and water content
gradients are really low along the airflow direction. This is less obvious in the vicinity of the
foundation. The choice of setting only 5 meshes along this direction thus appears as
reasonable.

U '
N =

: : — 1
0.8
-3 . =
o &
T4 5 06T
< 2 3
a®d g 5
@ a =
Q-6 E 04 5
4 = 3
-8 -8 0.2
-9 -9
0
2 4 6 8 10 2 4 6 8 10
Width x [m] Width x [m]
(a) Cross-section - Temperature field (b) Cross-section - Saturation level
25
-2 )
E4 20 &
= &
87 .
5 10 15 20 25 30 35 40
(c) Longitudinal section - Temperature field
1 —
I — X
—2 —
E, >
< 05 ¢
Q__6 g
3 ©
-8 %
0 n
5 10 15 20 25 30 35 40

Length y [m]

(d) Longitudinal section - Saturation level

Figure 67: Temperature and water saturation level fields obtained from the coupled model - cross and
longitudinal sections - 17 May 2016, 16h

7.2.2 TWO WINTER WEEKS
7.2.2.1. Focus on the soil domain

Figure 68 shows the results yield by the models concerning the soil beneath the building.
First Figure 68 (a) shows the air temperature of the crawl-space calculated by the linear as
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Chapter 7. Simulation results - Comparison with the measurements

well as the coupled model. The tendencies are similar for both: the air temperature is almost
constant around 18 °C. In addition, the air relative humidity is calculated by the coupled
model, varying between 35 % and 70 %. As no measure has been done within the crawl space,
the relevance of these values can hardly be discussed.

The study of the ground beneath the building at 40 cm depth gives more information.
Figure 68 (b) shows that the soil temperature is really well reproduced by the coupled model,
and slightly overestimated (about 2 °C) by the linear model. As in the observation made at the
outdoor ground surface, the latter difference can potentially be explained by the absence of
latent heat transfers.

With all the previous observation, one can considers that the ground model yields correct
boundary values (both for the temperature and the humidity) to the foundation domain
studied in the next subsection.

Figure 69 enables the comparison of the results obtained by the linear and the coupled
model with the experimental measurements of the soil subjected to the outdoor loads. The
studied period is from 5 to 20 January 2016. Figure 69 (a) shows the measured environment
conditions, namely the air temperature, the total horizontal radiation and the rainfall. For the
three other graphs ((b), (c) and (d)), the orange lines are the measurements returned by the
SM6, 12 and 15 sensors, while the black full and dashed line are respectively the coupled and
the linear model results. The yellow spindle represents the SM300 sensor uncertainties.

Figure 69 (b) focuses on the soil surface temperature and water content. The temperature
is really well reproduced by the coupled model. The darkline is indeed most of the time within
the uncertainty spindle. However, over or under-prediction appears very often for the linear
model. This is apparently true when the temperature is maximal. The absence of the latent
heat transfers in this model can be pointed out as a possible explanation for these
discrepancies. Regarding the coupled mode, the moisture content is badly reproduced.
However, the study of this short period cannot allow concluding about a poor performance of
the code to reproduce the moisture transfers. The problem cited above (sub-section 7.1.)
about the rain gauge means that perhaps the local rainfall are very different to the data in
Auxerre taken from infoclimat.fr. The rainfall used for the model (Figure 69 (a)) are actually
really low, and one can observe a slight increasing of the water content corresponding to the
0.5mm rainfall which means that the model response to the moisture load could be correct.

Figure 69 (c) shows the temperature and moisture content values of the soil at 80 cm
depth. The trend and the values - in the upper limit of the uncertainties bounds - of the
coupled model are in a good agreement with the measurements. The values returned by the
linear model are also in agreement. Nevertheless, the variation seems too fast compared to
the relative stability of the measurements. This could be explained by two reasons. The first
is directly linked to what has been highlighted at the soil surface: the amplitude temperature
returned by the linear model is too strong. The incoming flux is thus too high, and this
potentially modifies the daily behaviour at 80 cm depth. The second valuable explanation is a
bad estimation of the thermal properties - thermal conductivity, specific heat and density - of
the soil. Regarding the water content, it is difficult to make conclusions since the values yield
by the sensors are very different from one another. It is nevertheless possible to say that the
moisture content returned by the coupled model is almost constant, compared to the
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measurements. However, the default cannot be fully attributed to the model. Indeed, the
SM300 sensors are screw at the end of a PCV tube, which - even though a great attention has
been paid to the instrumentation - in some cases could drain water from the soil surface. This
assumption is plausible since the water content (and temperatures) variations of SM5 sensor
follows in synchrony that of the soil surface. This does not seem realistic as the water can
hardly go through 80 cm of soil only in maximum tens of minutes.

Figure 69 (d) focus on the soil at 1.6 m depth. The linear model reproduces well both the
values and the slow decreasing of the temperature. The coupled model follows the tendency
of the measure relatively well, but the temperature is slightly overestimated by about 1.5 °C.
Regarding the water content, the infiltration problem discussed above is removed at that
depth. The values are almost constant for both the model and the measurements. The water
content is a little bit under estimated. Both the discrepancies observed between the coupled
model and the measurements may at that stage be partially explained by the choice of the
hygrothermal properties of the soil. Since no information is available about the ground, it is
almost impossible to choose the good retention curve, vapour diffusivity, etc. Regarding the
little information we have, one can considers that the coupled model response is satisfactory,
especially at ground surface.
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Figure 68: Crawl-space modelling results: (a) Air volume (b) Soil 42cm depth
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Focus over short periods

7.2.2.2. Focus on the foundation domain

This subsection represents the main focus of the study: the capacity of the model to
accurately reproduce the foundation and the airflow behaviour. Figure 70 focuses on the
foundation inlet section of the building west wing. Figure 70 (a) shows the airflow
temperature and relative humidity used as input variable of the models. It is important to
note that the vertical wall of the soil and the foundation inlet section has been modelled as
adiabatic. This could be realistic at the middle section. However in reality, the weather
potentially strongly influences this wall. Furthermore, the presence of the inspection manhole
accentuates this influence.

Figure 70 (b) is the plot of the inner (i.e. within the cavity) horizontal walls surface
temperature. Both upper and lower surface are well reproduced by the coupled model, and a
maximal overestimation of 2.5 °C is observed. The differences with the values yields by the
linear model are larger. Furthermore, the difference between the upper and the lower walls
surface temperature is around 2.5 °C while the measurements show agreement between
them. The differences are reasonable considering the modelling simplification cited above.

Figure 70 (c) and (d) are respectively the external and the internal outer walls surface
temperature, measured at the same time by Pt-100 and SM300 sensors. The coupled model
yields values in accordance with the SM300 sensors (less than 1.5 °C difference), however the
linear model overestimates them by around 2.5 / 4.5 °C. The difference observed between the
Pt-100 and the SM300 stems from the fact that they are not located exactly at the same place.
The SM300 have been buried in the vicinity of the outer walls, while the Pt-100 probe is
positioned on the outer wall in a small extension of Fondatherm at its entrance, in the
inspection manhole. The influence of the ambient air temperature is thus higher for this
probe; the SM300 can thus be considered as more representative of the reality.

Figure 71 is concerning the foundation middle section. Regarding the airflow, Figure 71
(a) shows a good agreement of the temperature returned by the coupled model with the
measurements. It is however slightly over estimated by maximum 1.5 °C. Overestimation
from the linear model is more important and around 4 °C. This is in direct relation with the
performance of the code at the inlet section since the airflow temperature was already
overestimated there. The relative humidity variations are well reproduced by the models
especially the coupled model. Nevertheless their values are underestimated by around more
than 15 % almost all the time. Part of this difference is the consequence of the overestimation
of the temperature values. In this context, it is hard to know if the moisture transfer between
the flowing air and the walls surface are well reproduced.

Figure 71 (b), (c) and (d) shows respectively the inner horizontal, the outer vertical and
the inner vertical walls surface temperatures. Contrary to the inlet section, the simultaneous
temperature measurement of the external outer walls surface by SM300 and Pt-100 sensors
is carried out at exactly the same position. This is confirmed by the accordance of the values.
However, the position of the probe SM8 and PT19 could not be the same because of the
presence of the inspection manhole. The PT19 is well positioned in the outer internal wall
surface but in the manhole (see Figure 54). Consequently, it also measures the air
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temperature of the crawl space. The values measured by the SM8 will be considered in the
following as more representative. The agreement of the coupled model with the
measurements is really good, even though it is most of the time beyond the uncertainty
spindle. Once again the linear model overestimates the values, especially the upper, the inner
and the outer internal walls surface temperature. This is very likely the consequence of the
overestimation of the soil temperature of the crawl-space side, as highlighted in the previous
sub-section.

Lastly, Figure 72 represents the outlet section of the foundation. Figure 72 (a) shows a
really good agreement of the coupled model with both the measurements of air temperature
and relative humidity. The yielded values are included in the uncertainty range around the
measure. The linear model reproduces well the variations of both variables, but
overestimates the temperature and underestimates the relative humidity of about 2.5 °C and
up to 15 %. As previously, the relative humidity underestimation is mainly linked to the
temperature overestimation. Figure 72 (b) also shows a good agreement of the upper and
lower inner walls surface temperature returned by the coupled model with the
measurements. The linear model once again overestimates them and differentiates the two
walls. As for the middle section, the Pt-100 measuring the outer internal wall surface
temperature (PT13) is positioned in the inspection manhole, and therefore is influenced by
the crawl-space air. The SM17 probe, assumed to measure the same temperature, will be
considered similarly as more representative. The agreement of the coupled model with the
outer external wall surface temperature measured by the SM18 probe is quite good (Figure
72 (c)). The PT14 sensor yield really different values, which cannot be explained, except by a
potential thermal load from the building north part. The outer internal wall temperature is
overestimated by both the model. Potentially the measure is disturbed by an eventual
additional thermal load neglected in the model.

To sum up this sub-section, the ground, the foundation at the middle section and the
airflow behaviour is really well reproduced by the coupled model over the considered period.
This is especially true while considering the lack of information about the ground. Some
additional external loads at the inlet and the outlet section not taken into account by the
model can explain the observed discrepancies. The linear model is not as good. The absence
of latent heat transfer at the soil surface (both outdoor and beneath the building) induces an
overestimation of the influx and consequently of the temperature field. The study of the
spring period in the next sub-section will indicates if this could also be due to a residual effect
of the initial conditions or a bad estimation of the ground thermal properties.
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Figure 70: Foundation inlet section (section AA’) temperature measurements and modelling results: (a) Flowing air (b) Inner walls (c) External outer wall (d) Internal
outer wall
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Figure 72: Foundation outlet section (section FF') temperature measurements and modelling results: (a)
Flowing air (b) Inner walls (c) Outer walls

7.2.3 TWO SPRING WEEKS
7.2.3.1. Focus on the soil domain

Figure 73 is relative to the ground beneath the building. Figure 73 (a) shows the output
of the models concerning the crawl-space air temperature and relative humidity. Their values
are once again relevant but cannot be validated without measurements. Figure 73 (b)
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Chapter 7. Simulation results - Comparison with the measurements

indicates that the crawl-space model is quite good since the soil temperature and water
content at 40 cm depth are well reproduced by the coupled model. The linear model
overestimates the temperature.

Figure 74 is concerning the outdoor soil over two spring weeks from 5 to 25 May, 2016.
Figure 74 (a) is about the weather data of this period. Contrary to the previously studied
period, the rainfalls are multiples and correspond to moderate rain.

Figure 74 (b) shows that the soil surface temperature is still very well reproduced by the
coupled model, but is really overestimated by the linear model when the radiation flux is high.
The behaviour of the coupled model during rainfall is this time really good. The amplitude of
the variation perfectly follows that of the measurements. They however are slightly
underestimated by the model, which can be a default of the hygrothermal properties
evaluation (for this period the deviation cannot be attributed to the effect of initial
conditions).

In Figure 74 (c) and (d) are respectively plotted the ground state at 80 cm and 160 cm
depth. The agreement of the temperature from the coupled model and the measurements is
good. As a result of the previous observation for the soil surface, the linear model logically
strongly overestimates the temperature in both cases. Similar remarks as mentioned in the
previous sub-section can be done for the soil water content measurement. However, during
this period, one can note a slight increasing from the 14 May of the water content at 80 cm
depth then, with about one day time shift, at 160 cm depth. The coupled model seems to be
able to reproduce the slow water movement within the soil, but not the faster ones at 160 cm
depth as for example the episode of the 14 May.
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Figure 73: Crawl-space modelling results: (a) Air volume (b) Soil 42cm depth
7.2.3.2. Focus on the foundation domain

Figure 75 is concerning the foundation inlet section, with the models input variable
shown in Figure 75 (a) namely the flowing air temperature and relative humidity.

Figure 75 (b) focuses on the upper and lower inner walls surface temperature. The
amplitude of their variation is higher than during the winter weeks that have been studied in
the previous sub-section. These variations are dampened by the coupled model, even if the
temperature range is correct. The linear model likewise dampens the oscillations, but also
overestimates the values. It also, as previously, accentuates the difference between the lower
and the upper temperature. The previous explanation - the soil temperature beneath the
building is overestimated - is still valid.
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Figure 74: Ground free field measurements and modelling results: (a) Weather data (b)Soil surface (c) Soil 80cm depth (d) Soil 160cm depth
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Chapter 7. Simulation results - Comparison with the measurements

Figure 75 (c) focuses on the outer external walls surface temperature. The coupled model
agrees well with the SM3 measure - less than 1 °C differences are observed whereas the linear
model overestimates it. For the other side, the coupled model underestimates the
temperature by around 2 °C, but the slight variations are well reproduced. For this latter case,
the measure can be questioned instead of the model, since the SM2 was not positioned from
the inspection manhole but from the soil surface. It could result in a displacement of several
centimetres far from the outer internal wall surface. The linear model is in agreement with
the measure at that point, but given the previous explanation, this is not really reliable.

Figure 76 depicts the behaviour of the foundation in its middle section. Figure 75 (a)
highlights a really good agreement between the airflow temperature measured and the
returned values by the coupled model. The linear model reproduced really well variations but
overestimates the measurements by about 2.5 °C. The relative humidity evolution is not really
well reproduced by both models especially the linear model. Nevertheless, the values yields
by the coupled model are close to the measurements. These discrepancies can hardly be
explained.

Concerning the inner walls (Figure 76 (b) and (d)) the coupled model still reproduces
reasonably well the measurements, with moderate difference (less than 2 °C), and the linear
model overestimates it by about 3 °C / 5 °C. This can be certainly attributed to a combination
of a bad estimation of soil thermal properties and crawl-space soil temperature
overestimation. Similar remarks can be done for the outer walls as shown in Figure 76 (c).

Figure 77 finally concerns the outlet section. About the airflow (Figure 77 (a)) behaviour
reproduction by the models, a similar analysis than for the middle section can be done. The
upper and lower inner walls surface temperature (Figure 77 (b)) are well reproduced by the
coupled model but are slightly underestimated, while the linear model overestimates it.
Finally, the outer external and internal walls surface temperature (Figure 77 (c)) are
underestimated by the coupled model and slightly overestimated by the linear model.
Regarding the relatively good agreement of the coupled model at the two first sections, the
assumption of an additional external load, maybe caused by the presence of the north part of
the building and not taken into account in the model, appears as more and more credible.

The long term performance of the model has to complete this short term analysis, in order
to obtain a more general understanding of the proposed modelling. This has been carried out
in the next sub-section.
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Figure 75: Foundation inlet section (section AA’) temp. measurements and modelling results: (a) Flowing air (b) Inner walls (c) External outer wall (d) Internal outer
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Figure 76: Foundation middle section (section CC’) temperature measurements and modelling results: (a) Flowing air (b) and (d) Inner walls (c) Outer wall
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Figure 77: Foundation outlet section (section FF') temperature measurements and modelling results: (a)
Flowing air (b) Inner walls (c) Outer walls
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Chapter 7. Simulation results - Comparison with the measurements

7.3. ANALYSIS OVER SIX MONTHS

In this section a global analysis over the full simulation period (1 December 2015 to 22
June 2016) is made. The graphs that are representing the measurements on abscissa axis and
the corresponding modelled values on ordinate axis are plotted and enable to evaluate the
correlation ‘Model / Measurements’. The root mean square error (RMSE) is the chose
indicator of the global ability of the model to reproduce the measurements. It is systematically
calculated on every figure. Another approach has been proposed and consists in analyzing the
difference measurements / numerical results, and is available in Appendix G. As previously,
the study will first focus on the soil, then on the foundation.

7.3.1 FOCUS ON THE SOIL RESULTS

Figure 78 (a) is the numerical versus the measured soil surface temperature. The
agreement of the coupled model throughout the (almost) seven considered months is really
good. From the lowest temperatures (around 0 °C) to the highest (around 30 °C), the deviation
from the x=y straight is low: the RMSE is lower than 1.5 °C. In opposition, the deviation of the
linear model from the x=y axis is important and increasing: the higher the measured
temperature, the large the discrepancy. If the measured temperature is around 30 °C, the
model yields 50 °C. The RMSE is over 6. The suggestion to explain such difference was the
absence of the latent flux, which seems reasonable given the fact that this flux is increasing
with solar radiation and temperature. Figure 78 (b) shows the water content modelled versus
measured at the same level. It is globally under-predicted but it follows the x=y trend.

At 80 and 160 cm depth (Figure 78 (c), (d), (e) and (f)), the models behaviour are similar.
Since the coupled model reproduces correctly the heat and moisture transfer at the surface,
the temperature at 80 and 160 cm are also well reproduced. The remaining small deviations
(RMSE around 0.9 in both cases) can eventually be explained by an incorrect choice of the soil
hygrothermal properties. On the contrary the water content is not well reproduced. The
results yield from the model is almost constant around 0.25 m3.m3 over the period, while the
measurements vary from 0.25 to 0.5 m3.m3. Since the ability of the model to correctly
reproduce liquid and vapour flows within a soil column, the remaining assumptions to explain
these discrepancies are a measurement problem or soil thermohygric settings non
representative of the soil considered. The linear model results are acceptable but not as good
as the coupled model since the RMSE is around 2.5 against about 0.9 for the coupled model.

Considering the soil beneath the crawl-space, Figure 78 (g) shows that the slope of the
straight created by the point (coupled model, measurements) is higher than that at x=y.
Nevertheless, the distance to the latter is low, since the RMSE is only about 0.7 against 2.4 for
the linear model. The absence of latent transfer can explain the overestimation. About the
water content Figure 78 (h), only a few measurements are available and do not enable us to
conclude. But since the quantities of liquid water transfers are low, the soil saturation level is
potentially constant except close to its surface.
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7.3.2 FOCUS ON THE FOUNDATION MIDDLE SECTION RESULTS

The analysis of the foundation modelling results only focus on the middle section, since
the inlet and the outlet section has been previously identified as potentially affected by the
presence of the inspection manhole, the outdoor or the north part of the building. Figure 79
(a) and (b) shows the results concerning the air temperature and relative humidity. The
coupled model yield almost perfect results for both. The deviations measured by the RMSE
are respectively 0.34 and 5.4, which is in the order of magnitude of the measurement
uncertainties. The performances of the linear model are not so good. The temperatures are
systematically overestimated but almost constantly. The linear foundation cavity model can
thus not be questioned and the problem is certainly linked to the soil modelling. The relative
humidity is logically under-predicted most of the time but also strongly over-predicted. The

mass transfer model within the cavity should be analyzed in order to explain the observed
difference.

Concerning the prediction of the inner walls surface temperature, they are of course
correlated to the prediction of the airflow temperature. Figure 79 (c), (d), (e) and (f) shows
that all these values are well reproduced by the coupled model with RMSE always around 1,
while the linear model over predict it systematically. All these observations confirm the
trends shown by the studies over the two fifteen day’s periods.

The ability of the model to represent the outer wall surface temperature is finally shown
on Figure 80. Once again the coupled model is more trustworthy than the linear model.
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7.4. CONCLUSIONS

Throughout this chapter, the evaluation of the two models performance developed in
Chapter 4 & 5 has been carefully analysed. The coupled model clearly appears as an accurate
way to study this complex problem. By setting aside the eventual deviations close to the
meshing edges - the vertical faces at the inlet and outlet sections are in reality influence by
external factors and not adiabatic as assumed in the model - the temperature field is well
reproduced. Moreover, it is noticeable that these results have been obtained without any
attempt to optimise the choice of the hygrothermal parameters. Considering the water
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Chapter 7. Simulation results - Comparison with the measurements

content, the major effort of development has been made to model the moisture transfer at the
ground surface and finally the behaviour of this zone is also well reproduced. The remaining
deeper soil is not reproduced very well, but the measurement can also be questioned. Even
though a great care was taken to design a set of instrumentation, the presence of the PVC
tubes used to bury the SM300 probes could have drain water directly from the surface, and
strongly modify the measurements. A calibration of the full acquisition system and the probes
would be necessary to determine the origin of the observed discrepancies. Generally
speaking, this model could be used to carry out the geothermal foundation. It is nevertheless
limited by the high computational time required.

The linear model does not supply really good results for the soil domain, but once again,
no attempt to study the impact of the choice of the materials has been done. Indeed, in a real
situation the ground characteristics are unknown or necessitate long laboratory tests on soil
samples. This model however yields the correct variations of the flowing air temperature,
even though they are overestimated. This over-prediction can be corrected for example by
modifying the heat transfers at the soil surface in order to incorporate the latent heat flux.
This could be realized assuming for example a saturated layer at the ground surface.
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Introduction

Chapter 8. INNOVATIVE  COUPLINGS
WITH OTHER SYSTEMS

8.1. INTRODUCTION

All the previous chapters focused on the Fondatherm heat and mass transfer
understanding and none was dedicated its building integration. This chapter proposes to
carry out the energy, thermal and aeraulic coupling of the geothermal foundation with the
building and its energy systems. Three couplings are investigated.

The first case considers an air handling unit coupling. It is analysed thanks to the
experimental measurements on the two AHU introduced in section 6.1. Secondly, since the
mechanical fan is the only element that requires electricity, an attempt to replace it by a
passive system is proposed: a solar chimney coupling. Finally, a possible solution is
introduced for the detrimental periods - heating during cooling periods and reversely - is
proposed by the integration of phase change material (PCM) within the cavity. The two
further investigations are led using the linear model since it has been proved it can correctly
reproduce the airflow temperature evolutions, which is satisfying to compare the two
scenarios with / without solar chimney and with / without PCM.

8.2. COUPLING WITH AN AIR HANDLING UNIT

In order to complete the full scale experimental study introduced in Chapter 6, this
section discusses the global performance of the coupled {Fondatherm+AHU} system. As a
reminder, the air is draft from the foundation outlet to the AHU inlet via an insulated air
channel (see Figure 52). Both the air channel and the AHU are located in the crawl space. The
AHU includes a heat recovery unit (HRU) of eyry = 90 % efficiency as indicated by the
manufacturer. Figure 81 shows the performances of the coupled system, and will allow a
comparative analysis with the stand-alone Fondatherm system.

Figure 81 (a) shows that the amplitude dampening during mid-seasons and summer is
reduced. Figure 81 (b) shows a slight decreasing of the cooling power in summer. On the
contrary, the heating power is increased by more than 2 fold in winter, and around 1.5 during
the mid-seasons. The COPs (Figure 81 (c and d)) follow the same tendencies. Regarding
cooling mode, the COP is almost unchanged throughout the year while considering the
heating mode it is multiplied by more than two for winter time. The same observations can
be done about the mean daily energy gains (Figure 81 (g)). Throughout the year, the total
energy gain for the heating is multiplied by 2.5, while that for cooling is divided by 1.85.
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Figure 81: Energetic experimental study of the coupling between Fondatherm and the air handling unit
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Coupling with an air handling unit

The analysis of the operation time (Figure 81 (e)) shows that contrary to the standing-
alone Fondatherm case, there is no cooling during the heating period. In summer, a reduction
of the cooling operation time is highlighted: the monthly cooling time switch from around
350/450 h to 250/350 h. The heating operation time is thus increased. Throughout the year,
one can note an increase of 1200 h for heating (thus decreasing of 1200 h for cooling).

All the previous observations can be explained by the fact that the temperature at the
AHU outlet is both influenced by the foundation outlet and the indoor air temperatures. The
inner ambient conditions are almost maintained constant while the outlet air temperature -
following the external loads fluctuations - is most of the time lower than the set point
temperature. Due to the heat exchanger of the AHU, the air temperature is thus most of the
time increasing between the foundation and the AHU outlets. It is related to the temperature
difference between the building exhaust air which is almost all the time over 21 °C and the
AHU inlet air temperature coming from the foundation most of the time under 20 °C, except
during very hot days. Consequently, the air is heated up when it goes through the AHU. It thus
improved the heating performance of the foundation, but decreases the cooling
performances. A strategy could consist in by-passing the AHU during the cooling time, in
order to improve the foundation cooling effect.

Then a question arises:

Is the foundation efficient compared to the HRU performances, and is the coupling
{Fondatherm+AHU} relevant?

In order to answer to this issue, the mean daily energy gains due to the HRU when it is
coupled to Fondatherm are given by (8.1). This is the part of the total energy saved by the
HRU when it is coupled to the foundation.

i=day N

1 1
EHRU daily = 6 N f maca (THRU outlet
3.6-10°N 141 Jaayi (8.1)

- THRU,inlet)dt

The generated mean daily energy gain when the HRU is operating alone is given by (7.1).
Since this latter case has not been studied, it is calculated using the theoretical efficiency ey ry-
Although it can be overestimated by the manufacturer, the yields energy gain values will be
analyzed only considering their order of magnitude.

1 1 i=day N
tanding al .
EI:qIRa;dZE‘lgya e = 3.6- 106N Z L macagHRU(Tin — Text)dt (8.2)

i=day1 "% ¢

The total energy gain by the coupled system is given by

Efound+HRU,daily

1 1 i=day N [8 3)
— : t ’
- 6 N J. maca(THRU,outlet —-T% )dt
3.6-10°N Z day i
i=day 1 y
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Chapter 8. Innovative couplings with other systems

Therefore, the net mean daily energy gain of the foundation can be calculated in two ways.
The first is taking the difference between the total energy saved and the part of this energy
saved by the HRU. This actually corresponds to the Fondatherm energy supplying and is given
by

AEfound,daily = Efound+HRU,daily - EHRU,daily (84)

The second is taking the difference between the total energy saved and the energy that
could be saved by the HRU if it was standing alone (8.5) as proposed by Hollmuller and Lachal
(2014). This is a better way to evaluate the Fondatherm contribution. Indeed, the decision-
makers usually want to compare the relative performances of systems to choose between
several investment opportunities. In our case, the aim is to choose between the coupling
{Fondatherm+AHU} and the standing alone HRU.

standing alone __ __ pStanding alone
AEfound,daily = Efound+HRU daily EHRU,daily (8.5)

Figure 82 shows the part of the heating energy savings with the ventilated foundation
ranges between 1/3 and 1/2 of the total amount of the energy gains. It can be noticed that for

the cooling needs the part of the energy saved thanks to the HRU is negligible. It is consistent
with previous observations at the beginning of this section. All the cooling energy gains are
thus supplied by the foundation. Figure 82 also highlights that small discrepancies exist
between, on the one hand, the sum of the energy saved by the foundation and on the other
hand the HRU and the total energy saved (both for heating and cooling). This can be explained
by the way to calculate the total energy gain, which takes into account the pipe that drafts the
air from the foundation outlet to the AHU inlet. On the contrary, this is not considered in (8.1)
and in (6.2). Even if the pipe that goes through the crawl space is insulated, it is around 35 m:
the thermal transfers between the flowing air and the crawl space air are not negligible.
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Figure 82: Mean daily energy gains of Fondatherm, of the heat recovery unit of the AHU and of the coupling
{Fondatherm+AHU}

Figure 83 shows the net energy gains supplied by Fondatherm. As previously explained,
there are two different ways to evaluate them, according to equation (8.4) or (8.5). The results
yield by (8.4) are plotted (yellow and clear green bars) to give the Fondatherm energy savings
as a comparison point. The total energy saved thanks to Fondatherm appears to be limited
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Coupling with a solar chimney

compared to the standing alone HRU energy gains (red and blue curves) except for cooling
purposes during summer.

Furthermore, when compared to a standing alone HRU (8.5), Fondatherm appears to
have none advantage for heating purposes. On the contrary, the Fondatherm net mean daily
energy gains for cooling ranges between 6 kWh.day! and 10 kWh.day1.
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Figure 83: Net mean daily energy gain of Fondatherm when compared to the heat recovery unit (HRU) or
considering the coupling with AHU

Given the cost of Fondatherm integration in a new building construction and the energy
gains related to this geothermal foundation compared with a heat recovery unit (embedded
in an AHU, Fondatherm has almost none advantage for heating compared to a HRU. It is
however more efficient for cooling mode. These conclusions have to be taken carefully. First,
because they are linked to the local weather: the Fondatherm relative advantage for cooling
/ heating can be reversed for hot climates. Secondly, because the analysis has been carried
out in terms of energy gains only, Fondatherm has however the advantage of removing all the
frost problems that can potentially limit the HRU performances.

8.3. COUPLING WITH A SOLAR CHIMNEY

This section provides an analysis of the coupling between Fondatherm and a solar
chimney, as illustrated on Figure 84 (a).

Solar chimney \
/\ r.

Building
\ P
Airflow \ ﬁ‘:
Fondatherm Absorber

Ambiant air

G -n")-ST
(an =) PV panel

Tair /

Ambiant
air

(a) (b)
Figure 84: Coupling between a solar chimney and Fondatherm (a) and solar chimney model (b)
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Chapter 8. Innovative couplings with other systems

The theoretical solar chimney used for the model is schematized on Figure 84 (b) and
constituted from top to bottom:

e A semi-transparent solar photovoltaic panel, made of a glazing and a tedlar layer
encapsulating spaced out PV cells

e Anairlayer

e An absorber layer sets on a insulating material.

Heated along the solar chimney, an airflow is governed by thermal buoyancy forces. It
affects the stack pressure of the system, which drives the ventilation airflow in the building.
These systems have been widely studied as a passive ventilation technique for buildings
(Alemu et al., 2012; Bambrook, 2011; Bansal et al., 2005; Bassiouny and Koura, 2008; Mathur
etal.,, 2006). The air flow generated within the solar chimney affect the pressure of the rooms,
and can induce an airflow through the earth-to-air heat exchanger connected to the building.
Such couplings have been both studied via numerical and experimental approaches (Li et al.,
2014; Maerefat and Haghighi, 2010). The objective of this section is to investigate the
relevance of the coupling between the solar chimney and Fondatherm. The generation of a
natural airflow in the foundation could highly reduce the electric consumption due to
mechanical ventilation. It is here assumed that when the flow which is induced by the solar
chimney is not sufficient, a mechanical fan is switch on, and imposed an airflow of
0.08 m3.s71 i.e. an air change per hour of 1 for housing of 100 m? and 2.5 m ceiling height.
Compared to a traditional solar chimney, the glazing has been replaced by a semi-transparent
PV panel. The electricity produced can be stored and used to supply energy to this mechanical
fan.

The modelled chimney is 4m long and the air gap is 3m width and 0.125m in depth, with
a slope 65, = 45°. Thermal modelling of this chimney relies on models developed by
Bambrook (2011) and Tiwari and Sodha (2007)and is based on an electrical analogy which
consider 1D heat flow perpendicular to air gap (Figure 84). Energy balances are calculated
for every elementary length of the chimney (along the airflow direction). This enable the
computation of every temperature defined on Figure 84. Since the expression of the
convective and radiation heat transfer coefficients are depending on the different
temperatures, the resolution is iterative until convergence. The air flow is obtained by
equation (8.6) proposed by Mathur etal. (2006), where T;;,,; = 20°C is indoor air temperature.

Thgse = Capalsc hstZgLsc sin(0) e~ I (g 5 (86)
mn

The aeraulic coupling between the solar chimney and the building rooms is a very
complex problem. The air flow developing in the solar chimney is affected by the air
infiltration through the building envelope, by the presence of windows, and by the room air
volume. The same problem still occurs for the coupling building / EAHE, such that the air flow
in the solar chimney cannot be equal to that in the EAHE. For the sake of simplicity, all of these
aeraulic couplings have been neglected in the model: the resulting airflow within the
foundation is assumed equal to that in the solar chimney.
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Coupling with a solar chimney

Figure 85 (a) shows the airflow evolution with time throughout the year within the
chimney. It logically increases in the afternoons and during summers. This airflow rate is
around 27 % more than the required threshold of 0.08 m3.s~1. For such periods, the
mechanical fan is assumed to be off, and the solar chimney supplying alone the ventilation of
the foundation. The remaining time, the mechanical fan is assumed to be on - partially
powered by the recovered solar energy - and supplying an airflow of 0.08 m3.s~1.

It has been shown in section 2.1.2. that the airflow increase decreases the cooling/heating
potential of an EAHE. This is the case for Fondatherm: it can clearly be observed that the rising
of the airflow in summer due to the solar chimney induces an elevation of the outlet air
temperature. In winter and mid-seasons, it is slightly lower. These lower thermal
performances are offset by an increasing airflow rate. In summer, the mean daily energy gain
for cooling is multiply by around 2 with the solar chimney. In winter as well a slight increasing
of the heating mean daily energy gain can be noted. It is due to the slight increase of the
chimney airflow during the sunniest afternoon.
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Figure 85: Study of the coupling between Fondatherm and a solar chimney

This study showed that full passive solutions to preheat or cool down the outdoor air for
building air renewal could be designed. The coupling between the geothermal foundation and
a solar chimney is one of them. Nevertheless, even though the previous results are positive,
cautiousness should be exercised for several reasons:

o The complexity of the airflow induced by the chimney into the building rooms and
then into the foundation has not been taken into account. In real situations lower
airflow rate is therefore more probable, and over reduced time periods,
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Chapter 8. Innovative couplings with other systems

e The solar chimney installation is complex and potentially costly,

o The generated airflow is sometimes much higher that the requirements, which could
considerably increase the heat loss by air renewal. A control is thus mandatory,

e The solar chimney ensures alone the ventilation of the room only 27 % of time at this
stage. The design of the chimney (sizes of the air gap, semi-transparency, etc.) has
therefore to be optimized.

8.4. PHASE CHANGE MATERIALS COMBINATION

Several journal papers analyzed the integration of PCM within building construction
elements or within ventilation systems. Farid et al. (2004) then Soares et al. (2013) made a
review about the PCM, more specifically about their uses in building, and it highlighted that
they are usually a promising to improve their energy efficiency. They however pointed out
some points of interest, key of the good incorporation of PCM within constructions - that are
currently the object of numerous researches:

e The kind of PCM used, mainly characterised by the melting temperature, the thermal
conductivity, the density and the specific heat,

e The kind of integration to the construction materials (direct incorporation,
immersion, encapsulation),

e The quantity and the position of PCM used.

Considering PCM integration into materials, Hichem et al. (2013) studied their incorporation
in common construction brick via both numerical and experimental means. Kuznik et al.
(2008) analysed micro-encapsulated PCM in plaster board (manufactured by Dupont de
Nemours) used in three walls of a cell under control conditions. Varying the (artificial) solar
radiation and outdoor air temperature, they highlighted that the PCM allowed a reduction of
4.5 °C of the indoor pick temperature for summer conditions.

Other studies considered the embedding within ventilation systems. De Gracia et al.
(2013) investigated a ventilated facade with micro-encapsulated PCM in blade within the air
layer. Rouault et al. (2014) surveyed numerically and experimentally a ventilated heat
exchanger-storer supplying conditioned air for building air renewal purposes. Jaworski et al.
(2014) proposed to study a heat storage system embedded into ceiling panels, still via both
experimental and numerical way. The micro-encapsulated PCM is embedded into the gypsum
of the panels. U-shape channels within them allow the circulation of the air from outdoor to
the building rooms.

The PCM melting and solidification process is very complicated to model accurately. It
indeed implies to consider a moving boundary (fusion front between the solid and the liquid
phase. Because of temperature gradients, the liquid is moreover potentially moving, which
enhance the heat transfers between the solid and the liquid phases. It is difficult to consider
such a complexity at the building scale modelling. Several solutions have been proposed to fix
that issue. The two main are the enthalpy method and the equivalent specific heat method.
Both are recognized as providing good results (Al-Saadi and Zhai, 2015; de Gracia et al., 2013;
Jaworski et al., 2014; Tittelein et al.,, 2015).
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Phase change materials combination

The objective of this section is to embed PCM within the foundation cavity in order to
limit the detrimental periods that are characteristics at mid-seasons. More specifically, the
PCM could enable to dampen the daily outdoor thermal wave oscillation and to shift it,
similarly to what has been introduced in the previously cited papers.

Since it has been observed that the majority of the thermal transfers took place in the first
meters of the foundation, PCM have been set in the first section (first 9 meters). The Dupont
de Nemours sheets appeared as good candidates to be embedded in the foundation. They can
be simply laid on the cavity walls, without modifying the Fondatherm pre-fabrication process.
Furthermore, the sheets are only ep-; = 5 mm thick, which does not reduce considerably the
cross-section area of the cavity. These materials have been used by Kuznik et al. (2008), and
the experimental results under controlled conditions proved their efficiency. The authors of
this study used an equivalent specific heat method to model it. The PCM equivalent specific
heat has thus been determined experimentally by differential scanning calorimeter method
(DSC), and is given by

22.6—T\?

'( 4 ) (T < °
Cpepy (T) = 4250+ 10750e e siT <22.6°C (8.7)
4250 + 107506’_( 3 ) siT > 22.6°C
According to the authors, the density is equal to

ppcy = 1019 kg.m™3 and the thermal conductivity is obtained by a linear extrapolation of
the available measurements, and given by
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Figure 86: Modelling of the PCM incorporation within the Fondatherm ventilated cavity

As previously said, the PCM coat is assumed to be bonded to the foundation concrete wall
without considering any thermal contact resistance. A one-dimensional model heat transfer
is used to represent the heat flux perpendicularly to the PCM sheet. One node is used for the
whole PCM thickness. At PCM surface facing the flowing air, the boundary condition is similar
to that introduced in Chapter 5 for the linear model (the PCM is assumed to be impervious).
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Chapter 8. Innovative couplings with other systems

This choice will enable a clear comparison between the cases with and without the PCM. This
information is summed up on Figure 86.

The heat balances at the core node of the PCM and at the PCM / concrete interface are
respectively given by (8.9) and (8.10) where all the quantities have been previously defined.
These equations are solved by a Newton-Raphson method at each iteration.

Figure 87 shows the comparison between the foundation outlet air temperature of the
normal case and the case where PCM has been set on the first section wall surfaces. The outlet
air temperature with PCM is significantly lower in summer, with a difference around 1 °C.
Figure 87 (b) highlights that the air temperature amplitude dampening is annual and not daily
as initially expected. This can be potentially due to a bad choice of PCM material: the melting
temperature is not in the range of the most common airflow temperature at the foundation
inlet section, and the phase change does not occur. Figure 87 shows the comparison between
the foundation outlet air temperature of the normal case and the case where PCM has been
set on the first section wall surfaces. The outlet air temperature with PCM is significantly
lower in summer, with a difference around 1 °C. Figure 87 (b) highlights that the air
temperature amplitude dampening is annual and not daily as initially expected.
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Figure 87: Comparison of the Fondatherm outlet air temperature with and without PCM
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This can be potentially due to a bad choice of PCM material: the melting temperature is
not in the range of the most common airflow temperature at the foundation inlet section, and
the phase change does not occur. Another explanation could be that a too large and thicker
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Conclusions

layer of PCM has been used. The Dupont coats can store a huge quantity of energy and slowly
releases it over long time periods.

Ignoring that issue, the analysis of Figure 88 shows a rather low difference between both
cases. One can still note that the foundation without PCM incorporation is globally more
efficient, due to better heating energy gains that are not off-set by the improved cooling
energy gains of the {Fondatherm+PCM} case.

This section put in evidence that a potential improvement of the geothermal foundation
is reachable using phase change material, but that a complex parametric analysis is required
to select the optimum PCM material (melting temperature and thermal conductivity),
thickness, length and position on the cavity. This could involve the use of more accurate PCM
layer model, taking into account three-dimensional heat transfers and more discretization
nodes.
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Figure 88: Mean daily energy gains comparison - Fondatherm with and without PCM

8.5. CONCLUSIONS

Throughout this chapter, several solutions have been proposed in order to improve the
Fondatherm energy performances, or to simply integrate it into the building. The coupling
with the air handling unit showed that Fondatherm could appear to be not relevant in all the
cases. Indeed, the heating energy gains are negligible compared to that supplied by a heat
recovery unit. On the contrary, Fondatherm is competitive considering the cooling energy
gains. This proves again that a careful sizing, taking into account the local climate, the building
energy systems and constraints (e.g. airflow rate) is necessary.

The coupling with a solar chimney aiming at removes all dependency to electricity lead
to the same conclusion. Even if the solar chimney allows reducing the electric consumption
and then improves the energy savings, each element (the foundation and the solar chimney)
has to be sized carefully in order to provide both the required sanitary airflow rate and to
make the foundation work at an optimum state. Finally, the PCM incorporation is at that stage
not very conclusive: this solution appeared to be not efficient, but a wider investigation with
other PCM materials, other quantities, set of different location within the foundation could
appear more appropriate and convincing. Furthermore, the accuracy of the proposed model
can be questioned, and a more detailed level could be necessary.
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Chapter 9. GENERAL  CONCLUSIONS
AND OUTLOOKS

9.1. CONCLUSIONS OF THIS WORK

This work is a part of the Fondatherm project involving five partners, and the manuscript
is the result of multiple interrelations with them and a part of a global production.

The CSTB worked on the air quality issue, and showed two interesting results. First, the
fine particles content (PM 10) of the air is decreased when it goes through the foundation.
This was explained by the adsorption onto the cavity walls. A recommendation was therefore
to clean it regularly (yearly). A process with an appropriate brush robot has thus been
devised. Secondly, the micro-bacteriological results showed a slight increasing of the air
bacteria content, but not beyond the health danger threshold. For their part, Industrelec and
CIAT developed an appropriate air handling unit including the required control strategy -
partially thanks to the CETHIL modelling results - and user dashboard. Finally, the CSTB is
currently applying to a ‘Titre V’, which will allow the integration of a Fondatherm model into
the French thermal rule RT 2012.

Concerning the tasks carried out within the CETHIL laboratory, it is important to recall
here the Fondatherm basic principle and the differences with traditional earth-to-air heat
exchanger (EAHE) that have been clearly identified in Chapter 2. As for classical EAHE, a fan
forces the circulation of the outdoor air within the cavity over several dozen meters. The main
differences with EAHE are the lower burying depth, the wider cross-section area and the
material of the channel walls, the coupling with the building above via the concrete beam and
the simultaneous influence from the weather and the building. All of these induce a more
complex thermal loading of the foundation than in the common EAHE cases. The multi-
functionality - since Fondatherm plays a heat exchanger role while it is participating as a
building structure element - allows saving materials (mainly concrete) which is better from
an embodied energy and carbon balance point of view compared to a traditional EAHE.

From a thermal point of view, as proved by the energy experimental study of Chapter 6,
it also allows preheating or cooling down the air with relatively low energy consumption.
Therefore, even if the heating or cooling energy produced are modest, the COPs are quite
interesting, evolving between 1 and 7 which is in the range of EAHE usual COPs. The raised
question is - considering the system costs resulting for instance from the pre-fabricated
foundation installation and the fan operation - is that technique supply energy (both for
heating and cooling) at a reasonable price compared to gas, fuel or electricity? Is the energy
payback time reasonable? The studies cited in the introduction part of this manuscript
showed that the development of a competitive EAHE is possible, but required a careful
designing process. Similar analysis also appears as crucial for Fondatherm.
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Chapter 9. General conclusions and outlooks

The state of the art realized in Chapter 2 highlighted that the thermal performances -
linked to the outdoor air temperature wave amplitude dampening and phase shifting - were
the results of both:

e The design variables such as the pipe buried depth, diameter, length, number and
spacing, the airflow rate or air speed,

e The environmental factors such as the soil hygrothermal properties, the season,
the climate, the operation time and more generally the control strategy.

Several modelling approach (numerical, analytical, etc) has been developed in the past to
reproduce the EAHE behaviours taking into account the previously cited factors. However,
considering the specifications of Fondatherm compared to traditional EAHE, a direct use of
the previous conclusions and of the model introduced at the end of Chapter 2 looks not
appropriate. Their exploration however gave the best modelling solutions for Fondatherm.

The need for two modelling levels quickly appeared. The first one has a clear objective:
improve the knowledge of the Fondatherm operation conditions and of the complex heat
transfers involved. This required a detailed model. The second need is a designing tool. A
trade-off between accuracy and computational time is this time mandatory.

Concerning the first modelling level, the literature survey showed that a problem close to
the analysis of horizontal geothermic for building heating applications is the study of the
building ground heat loss via the slab. Resulting from the literature survey carried out about
this subject (beginning of Chapter 3) and of EAHE modelling state of art (Chapter 2), it
appeared that the most appropriate approach to answer the first modelling needs would be
to consider simultaneous heat and moisture transfer (HM) within the soil and the concrete
foundation. In Chapter 4, the details about the equations for the HM equations - for both the
soil and the concrete porous media - are discussed. It concerns more specifically the water
retention curve, the thermal conductivity, the hydraulic conductivity and the vapour
diffusivity / permeability. These function required numerous constant to their full
determination, depending on the type of soil. The proposed solution from the Janssen (2002)
thesis is to build a set of parameters for seven representative soils. This is all the more a
relevant solution since most of the time, the soil properties are unknown, and their
determination by the measure is impossible. When a study is carried out, the closest kind of
soil among the seven proposed is selected. Secondly, the boundary conditions description and
implementation has been described. A special effort has been done to accurately reproduce
the thermal and moisture load from the outdoor and from the building via the crawl-space.
At ground top surface, the boundaries have been implemented in such a way that the
reproductions of temperature and water content fields are very satisfactory. This has been
possible distinguishing cases for which the evaporation flow rates are important and cases
for which infiltration becomes high. Then the numerical methods for the resolution of the
conservation equations for both domains (soil and concrete foundation) have been exposed.
Finite volume method for the spatial discretization and Newton-Raphson method for the
temporal discretization were used. A variable time step method has been implemented for
each domain and a global time step govern the progress of the time loop.

In Chapter 5, the second modelling level, i.e. the design tool, is developed. In order to
satisfy the computational time requirements, it is reduced by a balanced realization method.
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The principle of this reducing technique consists in finding a mathematical base where the
state variables are contributing as much to the evolution of observed variables as they are
influenced by external loads. This results in saving calculation time while maintaining the
level of precision of the detailed model.

The Chapter 6 focus on another approach to understand the Fondatherm behaviour,
namely an intensive instrumentation of a building equipped with two 50 m long geothermal
foundations. First, the energetic survey proved that the Fondatherm performances are
interesting both for heating and cooling. The analysis showed that it is as efficient as a
traditional EAHE, even more considering only the heating potential. In addition, and in
accordance with the results from the literature, the second half is unnecessary for cooling
purpose, and can even be slightly detrimental (i.e. heat up the air in cooling mode). On the
contrary, the full length is required in heating mode. Secondly, the thermal survey confirmed
this later result. Furthermore, it has been proved by a whole year statistic analysis that the
exchanges within the cavity are not symmetric at all. In heating mode, the main contribution
comes from the upper and the internal walls. In cooling mode, the main contribution comes
from the lower and the external walls.

The Chapter 7 proposed an analysis of the ability of the two developed model to
reproduce the measurements. Excluding the problem that could arise at the vertical inlet and
outlet edges of the studied domain, the performance of the detailed model is really good. The
remaining observed differences can be explained by the imprecision of the determination of
the soil and concrete thermohygric properties, or by neglected (because unknown) external
loads. Nevertheless, a simulation over a long term period is limited by numerical convergence
problems. Several of them resulted from a first bad implementation of the boundary
conditions. This has been solved by the cases distinction at the soil surface. Unfortunately the
origins of the remaining problems could not be identified. The design tool ability to reproduce
the measure is lower. A major difference that could explain the deviation is the non-inclusion
of latent heat transfers at the soil surface. This strongly modifies the influx, thus the
temperature field close to the foundation. In addition, the soil thermal properties have not
been measured. Despite all, the airflow temperature variations are well reproduced, even
though they are a little bit overestimated.

Finally, the Chapter 8 investigates several innovative coupling with Fondatherm. The
objective is to exanimate the opportunities to enhance its performances. Among them, a solar
chimney, an air handling unit and phase change material embedding have been carried out.
Generally speaking, the results showed that an improvement of Fondatherm was possible but
required a careful sizing to optimize the energy saving and the cost of the installation.

TAURINES Kevin CETHIL - INSA Lyon 2017
195

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI100/these.pdf
© [K. Taurines], [2017], INSA Lyon, tous droits réservés



Chapter 9. General conclusions and outlooks

9.2. FUTURE OUTLOOKS

Given the work developed in this manuscript and the obtained results, several
proposition for future work can be made.

First, the formulation of the boundary conditions at soil top surface should be reworked.
The representation of the whole moisture flow by only one variable (matric head or capillary
pressure) looks not appropriate for this specific zone. Indeed, if a moist soil is exposed to solar
radiation, the matric head vary with several order of magnitude, which induce numerical
problem for which solutions has been proposed in this manuscript but that are apparently
not sufficient. Instead, it could be relevant to split the moisture equation into two equations:
one for the vapour flow and one for the moisture flow - with vapour pressure and liquid water
content as driving potential for example. The decoupling of the vapour and the liquid flow
could limit the above cited problem.

The previous proposition has a crucial drawback: it increases the number of variables,
thus the complexity of the model and consequently the time required for its resolution. The
use of the detailed state model code was anyway clearly limited by the computational time.
Indeed, it is hard to imagine a parametric analysis with the actual computation performances.
The two previous assertions lead us to the second proposition. One possibility to face this
trick is to apply reduction methods. Since the coupled model is highly non linear, the method
used to reduce the sensible heat transfers model is not appropriate. Several methods
accommodate this constraint, as for instance Proper Orthogonal Decomposition (POD) and
Proper Generalized Decomposition (PGD). Among both, the PGD has a great advantage
considering the previous observations. It is possible to consider a parameter of the model as
a variable. Therefore, every parameters planned in a parametric analysis can be easily
manipulated. The PGD can be roughly described in three steps. The first is to select the
parameters to be varied and to ‘transform’ into variables. The second, which is the key point
of the method, is to — mathematically - separate the variables, writing (Chinesta et al. 2013)
for example fV(xq,..,xp)=3YN,F(x;) X ..XFP(xp) where D is the number of
dimensions, f the unknown field, x; a space coordinate, time or even a parameter of the
model, and the number of terms N and the functions F/(x;) are a priori unknown. This
functions are built by iteration with a successfully enrichment. Thirdly, the (simple and fast)
evaluation of this function for each combination of the variables x;, ..., x;, enables the creation
of a global set of solutions of the problem. Exactly in the same manner as with an abacus
reading, the state of the system can be approximate easily.

Thirdly, the moisture transfers between the cavity wall and the airflow could not have
been validated. It is nevertheless an important phenomenon that deserves a careful attention:
it is involved in mould growth and more generally in the air quality issues. Measurements of
the moisture content at the concrete surface could enable to obtain more information to
validate the model.

About the foundation designing, the linear model should allow to study potential
solutions to improve the system. Since it has been observed that the four walls contribution
to heating and cooling of the airflow was different, it could be relevant to put insulation on
one side of the foundation according to the dominant operation mode (heating or cooling).
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Furthermore, several coupling solutions have been investigated in Chapter 8, but more work
is necessary to optimize the global systems and their integration to the buildings. Indeed, it
has been highlighted that a given configuration (chimney size, airflow control, heat recovery
unit efficiency, PCM quantity, melting temperature and location, etc) could improves as well
as inhibit all the geothermal foundation advantages.

Finally, the control strategy of the airflow throughout the foundation should be
developed. This could allow the improvement of the foundation performances, especially
during the mid-seasons when heating or cooling period is unintended. Premises of such
strategy have been explored as illustrated in Appendix H.
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APPENDIX A: SYSTEMS OF CONSERVATION

LAW EQUATIONS FOR SOIL AND
CONCRETE

The systems of conservation law equations for soil and concrete as described by Janssen
(2002) and Janssen et al. (2007) is given by

aT9 owe
g 9 g g
15 T e =V (k3. VT9 + kT8 + g7)

aT9 oWe
bt w5 =V (kg VT9 + ki, VY8 + g5)

C

c

( ; ot/ op/ @y
f — f g f ©pf
J e+ ch, o =V (kfaVT/ + kp VP/)
ot/ op/ - -
f f — f f f
LCPCT i, S =V (k1T + i TP
where the storage coefficients for the soil are given by
0
iy = €+ 0a(Lo + o(T9 = To)) = Py
20 (A.2)
+ (api(T9 —To) — cppy(T9 —Tp) — PvLo)ﬁ
g g apu (A.3)
ey = 04(Lo + c,(T9 — To))
00
+ (Clpl(Tg - TO) - Cvpv(Tg - TO) - vaO)a_q,
a0 9 0 A4
~p /0T " p, 0T
o9 (1 3 p_v>6_9 4 ba 6, 0p, (A.5)
e pi/ 0¥ p 0¥
the transfer coefficients for the soil by
kip = A"+ c,p(T9 — To) Dy (A.6)
ki = piLDyy + €10 (T9 = Ty) Dy, + K) (a7)
k‘%T = Dr, (A.8)
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kigpy = Kn + Dy (4.9)

the gravitational terms for the soil by

0
gr = [ 0 (A.10)
api(T9 —To)Kp
0
gg=|0 (A11)
Kn
the storage coefficients for the concrete foundation by
C;T = prb + ClW (A12)
ow (A.13)
fo—rrZl
cre. =17 5.
f _ A.14
Cpr = 0 (A1
Foo ow (A.15)
PePe = 9P,
and the transfer coefficients for the concrete foundation by
f f 6, P, f (s
khw =2+ (c, 7 + L,,)—z(plLv + P/ (1fy - 1)) (4.16)
leva
o, P, (A.17)
f _ v'v
kyp, = T Ky + (e, T/ + L,,)levT -
o,P, (A.18)
kL . =—2Y _(p,L,+ P/ (T/y -1
P.T levaz ( o+ ( ))
o, P, (A.19)
kf o =Ky +—
PePe P leva
TAURINES Kevin CETHIL - INSA Lyon 2017

210

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI100/these.pdf
© [K. Taurines], [2017], INSA Lyon, tous droits réservés



APPENDIX B: SET OF THERMO-HYGRIC

CHARACTERISTICS FOR SEVEN SOILS

Table 24: Set of parameters for the suction curve, the hydraulic conductivity and the thermal conductivity
analytical models, for seven representative soils

Loam Sand Sand 2 Silt Silt 2 Clay Heavy
Sa 0.37 0.695 0.918 0.191 0.74 0.202 6‘11“3'3
0.419 0.381 0.379 0.442 0.512 0.481 0.499
Hsat
9r 0.072 0.051 0.05 0.057 0.05 0.096 0.101
n 1.461 1.395 2.833 1.705 1.661 1.246 1.168
a 1.09 3.191 3.454 0.443 0.753 1.86 2.114
K() 3.7E-7 3.94E-6 5.219E-5 3.36E-6 5.12E-6 2.17E-6 1.9E-6
- -0.41 -1.257 -0.883 0.566 0.606 -1.794 -3.708
Qq 0.44 0.619 0.753 0.401 0.368 0.28 0.19
enq 0.325 0.243 0.147 0.179 0.105 0.59 0.778
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APPENDIX C: A FINITE VOLUME METHOD

Finite volume method consists in integrate the conservation equations on a control
volume. The calculation here are based on the example of the ground heat equation, on a 3D
meshing (a 2D example is given on Figure 89 by the sake of simplicity). Note that the choice
has been made to set the node in the middle of each meshes, instead to set the interface in the
middle of two nodes. Both considerations have advantages and drawbacks according to
Patankar (Patankar, 1980), but the solution adopted was easier to code.

Figure 89: 2D meshing for a finite volume method

Integration of heat equation on the control volume V. around the node P, delimited by the
surface I, - forgetting at the moment the boundary conditions vector and the superscript
designating the foundation or the soil for the sake of simplicity - and using the Green-
Ostrogradski theorem, we have for example for the heat conservation equation

oT ov¥Y . o —
fff CTT E + CTL[J E = ff (kTTVT + leyVl'p + 5‘)) ) dFC [CZ)
V. T,

The first term of the right hand side of this equation (the second term gives a similar
expression) becomes

ff (kTTVT) dFC) = (kTTVT)e " Fe) - (kTTVT)W ) F—W) + (kTTV)T)n " F—n) (C2)
T, .

- (kTT_V-)T)S * f_: + (kTT_V-)T)t " f‘; - (kTTVT)b " FI:
The evaluation of the coefficient kr on the interface e,w,n and s is done thanks to a

geometric mean, and the evaluation of the temperature gradient is done by a central
difference scheme that finally gives
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o~ =  2krrpkerp (T —Tp)

Ff f (krrVT)dT, = T P - 8ypbzp

B 2kqry krrp(Tp — Tw)

kTTPSxW + kTTWSxP
2kerrpkrry (Tn —Tp) 5,52

krry0yp + krrpbyn (€.3)

3 2kprgkrrp(Tp — Ts)

krrpbys + krr6yp

2krrpkrr o (Tr — Tp)

krrp6zp + kprpdzy

B 2krr gk (Tp — Tp)

krrp6zp + krrgbzp

' SYP6ZP

: 6XP6ZP

8xpbyp

*8xpbyp

As the vector gr has only a component along the z axis, and using the same geometric
mean assumption to compute gt , on the interfaces t and b, we obtain

ffg_> T, = g ( grr(6zp +627)  grp(6zp +62p) )Sx 5y
J T TP grpozr + gr16zp  grpdzp + grpdzp i €4

Reinserting the result into the first equation, we have

c oT +c ¥y
T 57 ™Y 57
= KrrgTg + KerwTw + KrpnTn + KrrsTs + Kppp Tr
+ KrrgTg + KrrpTp + Ky gWg + Krg WPy
+ Krg nPy + Krg sWs + Krg pWr + Kry pWp s
+ Kry p¥p (€
gr1(6zp + 627)
+ 8rp
grpdzr + gr10zp
gr5(0zp + 62p)
- Sxplyp
grpdzp + g1 802p

2krrpkTTE0YPO2ZP
kTTESxP+kTTp6xE

Where KTT,E = and SO On and KTT,P = _(KTT,E + KTT,W + KTT,N +

Krrs+ Kppp + KTT,B). Finally, using the same technique for both heat and mass equations,
we obtain the following system of matrix equation

aT v
CTT_ + CTqJ_ = KTTT + KTqu'p + GT + BT
ot at (c6)
aT v

where Cyr, Cpy, Cyr and Cyy are diagonal mass matrix, Ky, Ky, Kyr and Kyy are
tridiagonal by bloc stiffness matrixes, Gt and Gy are load vectors and By and By are boundary
vectors. A similar system can also be developed for the foundation model. As all these
matrixes of course depend on the variables T and W, it's necessary to write an efficient
programme able to compute it quickly for each iteration and time step.
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APPENDIX D: A NEWTON-RAPHSON
METHOD

For the sake of simplicity and as for the finite volume methods, all the explanation of this

appendix is based on the example of the heat equation. For each iteration, the problem is to

Tt+At,m+1

calculate the unknown A as a solution of the equation (D.1).

g_;: (Tt+At,m)ATt+At,m+1 — _L(Tt+At,m) (D.1)

where

L(Tt+At) — C%—I’i‘At(Tt+At _ Tt) 4+ C;j‘-pAt(Lpt+At _ I_I_jt) _ AtK;jT-‘AtTt+At

_ AtK;j':pAtq;t+At _ At(GF’At + B%+At) -0 (D.2)
and the jacobian matrix of the function £ is given by
O_L (Tt+At,m) — w + Ct+At,m _ a(CTTTt)t-l_At’m
or aT o aT
+At,
(CryPtHaem) T g (O ptytratm
o s or A (0.3)
a(KTTT)t+ tm t+AL a(KTqup)lH_ tm
— At — AtKp ™ — At o7
(G +B t+At,m
_ At (G T)
aT
t+At t+Atm
Neglecting the term of second order <a(CTTATaT ) +
t+ A EHALM
a(CTlpAq'aT ) >ATt+At'm+1—C;:;At’mATt+At _ C;-tpAt’mAlpt+At, solve the equation (Dl) is

equivalent to solve

t+At,m t+At

At d(KppT)tHAtm N 3(Kpy®)t+atm
aT oT
t+At,
a(GT + BT) " ATt+At,m+1
aT
— At(K;;At,mTt+At,m + K;:i—PAt,mlpH.At,m + G;:-I—At’m
+ Bt+At,m)
T

(D.4)

where calling V(i) the neighbourhood of the mesh number i we have for example

TAURINES Kevin CETHIL - INSA Lyon 2017
214

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI100/these.pdf
© [K. Taurines], [2017], INSA Lyon, tous droits réservés



9 (KTTT) t+At,m
aT ;

)

0if eV

a t+Atm
TT i,j i . . . (D.5)
—(T]-—Ti) ifjeV(etj+#i :
_ 0T;
- Atm
aKt+ )
T ik (mt+At;m t+AEMN s g s
(rivsom _evemy ip
. oT;
keV(i)
\ ki
3 kt+A't,m 9
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. ij _ Ji T ik _
with oT; - t+At,m t+Atm)? and aT; -
] (6xikTT‘].‘ +6xjkTT,i ’ ) t
P kt+A.t,m 2
Sxi(8xk+8xi)7( T;I;Lll )(k;;ﬁ(tm)

2
t+Atm t+Atm
(SxikTT_k +é‘xkkTT'i )

Instead of solving two systems of equations, one for the heat conservation and one for
the moisture conservation, it has been decided to gathered in one matrix system - the size of
which is double - alternating one row for the heat equation of one mesh and one row for the
moisture equation which allow a better balance of the matrixes. For example, the ground state

()

vector that gathers temperature and matric head is written U9 = | gi

i+1
\lpi+1/

where i is the mesh

number.
The final matrix system equation is

[Ct+At,m _ Ath+At'm

— At(aKt+At,m + JGLHAtm + aBt+At,m)]Aut+At,m+1 (D.6)
— At(Kt+At,mUt+At,m + Gt+At,m + Bt+At,m)
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APPENDIX E: DESCRIPTION OF THE
EXPERIMENTAL ACQUISITION SYSTEM

Figure 90 shows the global architecture of the data acquisition system required by the
sensors used and listed in Table 20. The system is divided into 6 boxes distributed over the
two building wings in order to limit the wire length from the data logger to the sensors. The
content of each box is detailed in Table 25.

Rooter
Building i
computer
network

-t [ e —

Phoenix Contact =7 Acquisition
API | _ . _.1box
Ethernet wire

Campbell Scientific
CR1000 Ethernet switch

n'- National Instrument

1] = NI 9146

E!l- National Instrument
NI 9074

Figure 90: Position of the acquisition boxes and Ethernet connection

Boxes 2, 3, 4 and 6 all contain one data logger API from Phoenix Contact (view of 1 and 5
are available on Figure 93. They are used to recover data send by the 24 RTDs Pt-100. Boxes
2 and 6 also recover data from the electric meter to measure the consumption of the two air
handling units. Two data loggers are gathered in box 1. The first is a CR1000 from Campbell
Scientific. It is used to recover data from all the weather station sensors, namely the air
temperature and relative humidity, the wind speed and direction, and the rainfall. The second
one is a Compact RIO 9074 from National Instruments. Several modules are plugged on it and
allow the transmission of the measurements from all the thermo-hygrometers ‘SHT-75’, from
the three pyranometers ‘LP02’, and from eight out of eighteen soil water content and
temperature sensors ‘SM300’. In addition, the data treated by the CR1000 are sent via a RS-
232 wire to the CRIO. Finally the box 5 contains an Ethernet RIO 9146 data logger that allows
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the recovering of the data from the rest of the ‘SM300’. It sends all the information to the CRIO
9074 via a modbus connection.

On every data loggers, several modules ensure the sensors signal conditioning. They are
listed in Table 20. The connection of the SM300 sensors to both the data logger via the module
NI 9472 and NI 9205 is not direct and is detailed on Figure 91.

Alim. 12Vec

VSUP NI 9472 12 Ve
COM NI 9472 @ Blindage Vert Blindage
. . . o - Marron Marron Power 0V [\
Al xx - Entrée Temp L & &
Noir Hum LO
Al xx = Entrée o & m
DO xx sortie NI 9472 @ - Blanc Blanc Power V+]
1oxa rCII:I——/: Gris Gris Thermistor
Alxx + Entrée Température & > v
rt
Al xx+ Entrée Humidité @ . a Bleu Hum HI —

w N e R

Figure 91: SM300 connection to NI 9472 and NI 9205

All the boxes are connected to a rooter and to the building computer network via
Ethernet. The data logger CRIO 9074, located in box 1, is the master. All the information
collected from the other boxes are sent to this data logger and then transmitted to the
network. A labview program is written and run on it permanently. Every minute, the values
yield by all the sensors are read and stored on the CRIO 9074 hard disk. The data are arranged
into a text file which is sent by mail to the administrator of the monitoring based in Lyon. It is
also possible to see on real time the information sent by the sensors via the Labview front
panel (Figure 92), which allows to detect various problems on sensors or data loggers.

LIE0)
e e, §
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) [ | e | | e
[\133 \] [|59.z \] STama.C [sM25 | ’T\l [\'12‘53 \] [|163 \] [\“‘3 \] e - —p
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[SHJI ] [\15‘9 \] [|7e.s \] : % w":: =
[SH_lu_l ] [1&1 ] [75.9 ] =
[
[SH,ll,l ] [\17‘4 \] [|59.4 \] —
ml []114—\] ['ssu—\] CPU Usage w‘:: 181
()| ) ) e [z |
EalEl=—1 | [ [
I €012 (kW)
Pyranométres @) m 62 |
Eclairement énergéti 1 1(W/m?)
(s |
2 10W/m’) ”
[211 1
) o _E:IW\ r
[0 Stoper le Programme (Arret RT) ] ‘ 09:24:27 15/09/2015 H
<C> Serveur:192168.0.11 | « [ m D y

Figure 92: Screeshot of the Labview front panel
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Table 25: Details about the box data acquisition system

Data logger

Module

Reference

Number & Function

Reference

Sensors

ID

National Instrument - NI 9403

1x communication with
CETHIL - BOX S;IT—75

Sensirion - SHT-75

@,O

SH1, SHZ2, SH3, SH4, SH5,
SH6, SH7, SH8, SH9,
SH10, SH11, SH12, SH13,

!\ f SH14
—
1x Huksflux - LP02 PY
thermocouple & —
measurement —
National Instrument - NI 9472 1x SM4, SM5, SM6, SM11,

e =

Nat_ional Instrument - NI 9205

—=i

Power switch

1x

Voltage measurement +200

Delta T - SM300
)

SM12, SM13, SM14, SM15

| mV Swmel
Box 1 TDK LAMBDA - DRB15 1x
Power supply 12V/DC
0.63A
""" Sensirion - SHT-75 Text, RH
Campbell Scientific — CR1000
E & RM Young - 52203 Rain
e @ CR1000  ()ssummsy ™
€ -
RM Young - Wind
(Connected on CRIO 9074 via RS-232) 03002 Wind Sentry
L
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Phoenix - IB IL TEMP 4/8 RTD 1x Thermistance PT1, PT2
, measurement Prosensor - Pt100 SPC 1/3 DIN 3
Phoenix Contact - API + Eth. switch wires
| - =
Box 2 MCI - CONTAX D 031042 co
i Electric meter
| _ E
E
U
Phoenix Contact - API + Eth. switch Phoenix Contact - IB IL TEMP 4/8 RTD 4x Thermistance PT3, PT4, PT5, PT6, PT7,
; measurement PT8, PT9, PT10
Box 3 | - Prosensor - Pt100 SPC 1/3 DIN 3
(0):4 wires
i
Phoenix Contact — API + Eth. switch Phoenix Contact - IB IL TEMP 4/8 RTD 4x Thermistance PT11,PT12, PT13,PT14,
measurement PT15, PT16,PT17, PT18
Box 4 | = Prosensor - Pt100 SPC 1/3 DIN 3
0x wires
|
National Instrument - 9472 2x SM1, SM2, SM3, SM7,
rE Power switch Delta T - SM300 SM8, SM9, SM10, SM16,
National Instrument - Ethernet RIO 9146 u SM17,SM18
) F—_ |
National Instrument - 9205 2xX P
E : Voltage measurement +200 |
Box 5 mV I
TDK LAMBDA - DRB15 1x
Power supply 12V/DC
0.63A
Phoenix - IB IL TEMP 4/8 RTD 3x Thermistance PT19, PT20, PT21, PT22,
: measurement Prosensor - Pt100 SPC1/3DIN3 ~ PT23,PT24
Phoenix Contact — API + Eth. switch wires
| -
Box 6 MCI - CONTAX D 031042 co
‘ i Electric meter
11
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Figure 93: View of box 1 (top right corner) and 5 (bottom left corner)
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APPENDIX F: CALCULATION OF THE
PRESSURE LOSSES THROUGH THE
VENTILATED FOUNDATION

The calculation of the pressure losses through the ventilated foundation is detailed in the
Table 26 below. Three sections are considered:

e The first one corresponds to the plastic pipe that drafts the air from the air intake to
the foundation entrance. Two circular elbows are considered, as well as a widening
located just before the foundation entrance,

e The second corresponds to the foundation cavity,

o The third is the pipe that drafts the air from the foundation outlet section to the air
handling unit entrance. Three circular elbows are considered.

The linear pressure losses are considered for the three sections, and calculated assuming
that the roughness of all the materials is equal to 0.05 mm. For the singular losses due to the
presence of elbows, section widening or reduction, the coefficients used are written down in
the table. The total pressure loss of the foundation is about 2 Pa according to the calculation,
while it is around 10 Pa according to the measure. Nevertheless, the assumptions about the
size and shape of the connecting ducts - involved in the calculation of the singular pressure
losses at the foundation ends - as well as the roughness of the surfaces and the airflow rate
are approximate because of a lack of data. Despite this, it gives a reasonable value of the total
pressure losses, which is only used for the COP,; estimation.

Table 26: Calculation details of the pressure losses through the ventilated foundation

Hydraulic Airflow Linear Singular Total
Length 7 . . Flow pressure
(m) diameter rate | Type of singularity 4 regime losses losses losses
(mm)  (m3/h) (Pa)  (Pa)
(Pa)
i Circular duct elbow - 90° -
Section 1 : From sharp edges 12 1599 31
atrr Intalfe to 10 180 435 Circular duct elbow - 30° 0,17 Tubulent{15,02 2,26 33,27
foundation
entrance Sharp widening 0,5 6,66 39,93
Section 2: From
ndation
fOLl datio 46 400 435 Sharp reduction 0,35 Tubulenti1,53 0,19 1,72
entrance to
foundation outlet
. Circular duct elbow - 45° 0,23 3,06 48,12
Section 3: From
foundation outlet 30 180 435 Circular duct elbow - 90° 0,4  Tubulent|45,05 5,33 53,45
to AHU entrance .
Circular duct elbow - 90° 0,4 5,33 58,78
Total pressure losses (Pa) 100,43
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APPENDIX G: DIFFERENCES BETWEEN
THE MEASUREMENTS AND THE MODELS
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Figure 94: Ground modelling - meas. differences: Surface (a) temp., (b) moist. cont., 80cm depth (c) temp.,
(d) moist. cont., 160 cm depth (e) temp., (f) moist. cont., Crawl-space soil (g) temp., (h) moist. cont.
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APPENDIX H: FONDATHERM CONTROL
STRATEGY: PREMISES

Recording the outdoor and outlet air temperature over long period, as well as the
temperature difference between the flowing air and the wall surface, it is possible to build
correlation between these two quantities. Therefore, for a given temperature difference
measured at the foundation middle section for instance, the cooling or heating effect of the
foundation can be anticipated, with statistic margin of errors, as shown on Figure 96. During
a ‘heating period’ for example, if the temperature difference measured is more than 2 °C,
Figure 96 (b) shows that the air will be preheat with a high probability. If the temperature
difference is lower than 1 °C, the airflow will be cooled down with a high probability too, and
consequently, it is better to take this air directly from the outside thanks to a control valve.
Over the range [1,2] °C, nothing is done, which corresponds to deadband required for all the
mechanical systems control.
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Figure 96: Proposition for a control strategy of the airflow rate
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