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General introduction

Context

The buildings sector is a major consumer of energy globally. It constitutes a third
of the world’s energy use, according to the International Energy Agency. In particular,
between 2000 and 2010, the amount of energy used for air conditioning increased by about
60 % . The cooling of the premises in Algeria comes mainly from electrical energy. This
energy represents 46.6% of the total consumption of energy in the country. Furthermore,
this proportion is continuously growing with the development of dwellings, without taking
environmental conditions into account, and with the increase in living standards. Indeed,
the forecast was conducted by the Ministry of Energy(ME) [10], of the final demand for
energy by sector.

It indicates that the buildings sector will be the most energy-consuming field by
2030. This reflects a very high energy bill.

In addition to this energetic existence, the increase in the usage of this energy is
followed by an increase in the amount of emissions pollution.

As a result, it is necessary to replace the current conditioning devices, which
are major energy consumers, with other resource new technologies having better energy
efficiency. This can only be guaranteed by developing the use of renewable energies.

The type of renewable energy most appropriate for heating and cooling buildings
is surface or underground geothermal energy. In Algeria, the surface geothermal potential
is very important. Indeed, measurements of the soil temperature at the site of El Oued,
approximately three-meter deep, are in the order of 22 °C' in winter and 25 °C' in summer.

So, the ground can be seen as a gigantic heat reservoir from which excess heat

can be drawn or rejected upon the need via a heat exchanger. The air-ground heat
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exchanger is a geothermal installation consisted mainly of an underground pipe in which
the outside ventilation air is pumped. The air will lose or gain heat depending on whether
its temperature is high or low compared to the temperature of the soil at the burial depth.

Holicoidal Water Air Heat Exchangers (HWAHES) are chosen according to the
energy needs of the buildings to be conditioned. Indeed, a single unit is sufficient for a
room or a small house, while for large houses, larger areas, several HWAHEs must be
used.

The interest of Algeria in exploiting geothermal energy opens up new possibilities
for economic growth, especially since it is an energy source that can help reducing the

problems of large energy consumption in the sector buildings.

Objective of this study

The objective of this thesis is to initiate and test the exploitation, in Algeria,
of the thermal potential of the ground and especially the surface geothermal energy, for
air conditioning individual premises. An experimental study of the performance of such
systems in the climatic conditions of our country can allow us to conclude wether feasibility

of geothermal energy, in our country, may be done;

A new geometry that consists of a helicoid exchanger may be thougth as devel-
opment design. This design helps the geothermal heat exchanger to reduce the

installation area and ensure the transfer of heat.

o In order to assess the evolution of the air temperature inside the buried exchanger a

need to propose analytical and numerical models for the principle of energy balances.

o Experimental validation of the developed models takes place from the measurements

throught an installed system in EI Oued region.

o The electricity consumption for a house cooling and heating will be calculated with
and without the HWAHE system, after having determined the energy usage for

cooling and heating the house.
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Organization of the thesis

This thesis contains sixth chapters:

e In the first chapter entitled "General information on geothermal energy' in
wich a brief overview is given on the energetic state in Algeria. Next, a description
of geothermal energy as a renewable energy is presented with an emphasis on its
applications in the field of housing in particular, geothermal heat pumps and air-

to-ground heat exchangers.

e The second chapter entitled "State of art on geothermal heat exchanger sys-
tems" provides an overview of the various works carried out around the world under
different operating conditions of the air-to-ground geothermal heat exchanger. In
this context, analysis of previous works will allow us to predict the challenges to be

taken into account in the next chapters;

o .In the third chapter entitled "Study of thermal heat transfer' Various theoret-

ical balances used to calculate the variation of quantities will be described;

e The experimental study is presented in the fourth chapter. The existing experi-
mental setup taken considerations was done in El Oued region at the South-East of
(Algeria), is presented. The monitoring set up for this experimental part of system

energy performance is helicoidally Water Air Heat Exchanger (HWAHE);

e The fifth chapter is reserved for the exposure, evaluation and interpretation of the

various obtained results;

o In the sixth chapter "Techno-economic study",a modelling analysis into the re-
duction of the cooling and heating energy consumption of a specific house, coupled

with the HWAHE device under the designed conditions, will be presented;

o finaly a general conculsion about this work will take place in this munscript.



Chapter 1

General information on geothermal

energy

I.1 Introduction

firstly,this chapter deals with Algeria’s energy situation from an economic point of
view, then it will talk about geothermal energy as well as clean and renewable energy and
their different applications, in particular in the field of geothermal energy. The emphasis is
on application of air-ground heat exchangers wich a known as Canadian wells depending

on the use for heating or cooling buildings.

I.2 Global energy demand

The world energy demand is growing, it is satisfied by a very predominantly car-
bon supply. In 2000, global final energy consumption was 394 Ej (IEA, 2000) and primary
energy consumption was 583 Ej (BP, 2019) the [1,11], whose world population was 7.8
billion inhabitants (PRB, 2019) [12]. The difference between primary energy and final
energy comes on the one hand from the energy consumption of the industries of the pro-
duction system, transport and distribution of energy (mines, refineries), losses in transport
(electric lines, gas pipelines) and especially energy losses linked to the transformation of
heat into electricity in thermal power plants (conventional or nuclear).

It is interesting to know the primary and final energy consumption under two



CHAPTER I. GENERAL INFORMATION ON GEOTHERMAL ENERGY )

aspects: the primary energy consumption by product and the final energy consumption

by energy product and by sector of activity.

1.3 Primary energy consumption by form of energy

Despite the determination of the international community to reduce and decar-
bonize (that is, to favor low-carbon sources that emit less greenhouse gases), the demand
for primary energy has increased by more than 52% from 2000 to 2019, and the share of

hydrocarbons remained dominant at almost 87%, as illustrated in Figure I.1.

Hydro electric
Renewables source ¥ Renewables source

Hydro electric 0.08% 7% 5%
6,76% ’

0il
oil 33%
39,38%

Coal
27%

Coal
25,17%

Natural Gas Natural Gas
22,03% 24%

2000 2019
(a) (b)

Figure I.1: Breakdown of overall output of primary energy by form of energy [1]

Fossil fuels are dominant: the first consumed source is petroleum (33%), followed
by coal (27%); the share of natural gas is around 24% of primary consumption. Production
from renewable sources, dominated by hydraulics (7%), is higher than that of nuclear (4%
in 2014). World consumption of primary energy is around 583 Ej in 2019 (see Appendix
A). A significant part (40%) of primary energy consumption is devoted to the production

of electricity.
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1.4 Energy consumption in Algeria

Final consumption includes all final energy uses, reached 48.1 Mtoe in 2018,
reflecting an increase of 3.5 Mtoe, or (+ 7.8%) compared to 2017. The evolution of final
consumption by product and by sector of activity is detailed entited below [2,10,13].

1.4.1 By energy product

Strong increase (17.4%) in natural gas consumption to 16.0 Mtoe, which has
become the main form of energy consumed and was boosted after its first place in the final
energy mix of 33.3%, induced by the growing needs of Sonelgaz customers, particularly
those of buildings. Petroleum products energy consumed, with 32.2% of final consumption
(15.5 Mtoe) a slight recovery (1.2%) in the consumption of petroleum products per day
after two years of decline. Electricity consumption growth (4.9%) to reach 13.9 Mtoe,
following the increase in demand from Sonelgaz customers. Finally, growth in demand
for LPG (4 11%) to 2.6 Mtoe, driven by that of LPG / C which experienced a strong
increase (42%) (see Figure 1.2).

Other
/_0,20%

Oil products

Electricity 32,20%

28,90%

Natural gas
33,30%

Figure 1.2: Breakdown of final consumption by energy product for 2018 [2]
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Industry

21,70% Transport
31,70%

Figure 1.3: Breakdown of final consumption by sector of activity for 2018 [2]

I.4.2 By sector of activity

The detail of final consumption, by sector of activity, is given in the figure 1.3
below: According to the National Agency for the Promotion and Rationalization of the
Use of Energy (APRUE), in its report on the final energy consumption of Algeria, for
the year 2018, the most consumer sector of energy is the buildings sector of 46.6 %, then

industry with 21.7 % and finally transport with 31.7% [2].

1.4.3 Energy consumption in the buildings sector in Algeria

Figure 1.4 represents energy consumption in the building sector in Algeria wich
was probably multiplied by five between the years 2009-2018. Electricity, natural gas,
fuel, coal, wood and even electric batteries are energy carriers of the domestic sector.
The different types of energy serve us globally for four different uses,heating, lighting,
domestic hot and cooking.

Heating represents the largest expenditure for around 60% of household energy:;

Lighting, appliances.

o Lighting, audiovisual appliances and air conditioning account for almost 20% of

energy;
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Figure 1.4: Evolution of national electricity consumption in the household sector

o The domestic hot water required represents almost 15%;
« Cooking represents almost 5%.

Figure 1.4 presents final energy consumption per citizen is 0.48 toe in 1990, its
evolution will increase from 0.71 toe in 2000 to 1.35 toe in 2010 and to 1.88 toe in 2020.

Today, Algeria energy needs are met almost exclusively by hydrocarbons [2,10,13-22].

I.5 Consumption of natural gas and electricity in Al-
geria

Domestic natural gas consumption started in 1961 at a rate of 156 million m? and
reached 1.4 billion m3 in 2000. According to statistical data obtained from SONELGAZ
services figure 1.5, it shows an evolution in gas consumption, with an average consumption
of 8.5 Billion m? in 2010, and continued consumption of gas in 2018, when it reached 16.9

billion m?, and the expected development of gas consumption contenus to groo.

Electricity consumption and production between 1980 and 2012 increased by 41.5
% and 61.5%. In recent years, electricity consumption in Algeria has risen by 4.9 % year
and long-term demand for electricity has been forecast to rise by 7 % per year in the

long term. Furthermore, in recent years the distribution of electricity has experienced
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Figure 1.5: National consumption by form of energy

significant disruptions due to rising domestic demand, mainly due to the increased use of

air conditioners, especially in the residential sectors [2,10,13-22].

I.6 Climatic data

I.6.1 Geographical data

Algeria is distinguished by a variety of climatic zones which can be divided into

three categories:
1. The Tell: temperate humid climate of Mediterranean type;
2. The High Plains: continental climate;
3. The Sahara: arid and dry climate.

Algeria is located between latitude 18° and 38° North, and between 9° West longitude
and 12° East longitude, with the international meridian 0° Greenwich passing near the
town of Mostaganem. The distances between north and south, east and west vary from

2000 to 1600 km, respectively [23].
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I.6.2 Climatic zones in Algeria

Algeria has an area of 2.381,741 km? , with great geographic and climatic diver-

sity, from the coast to the desert. The main climatic regions are illustrated in figure 1.6

o Zone A (Coastal Zones): the maritime coast whose climate is particularly tem-

perate with mild and rainy winters and hot, humid summers;

o Zone B (Internal areas): the mountain coastline, which has a cold climate in

winter, but the summer is hot and less humid;

o Zone C (Upper Highlands): heights characterized by cold and fairly long winters

of the same height as zones A and B and hot and dry summers;

e Zone D (Saharan zones): it represents the desert climate which is characterized
by a large solar reserve and low humidity, the winter period is shorter with moderate
days and cold nights, and the summer is very hot when the temperatures reach 45°C'

in the shade.

The thermal behavior of a building depends on external stresses such as the temperature
of the external air, the radiative exchange with its surroundings and mass transfer. A
building is made of interconnected elements and heat transfer takes place concurrently by

conduction, convection and radiation [24].

1.6.3 Climate of the El Oued region

The region of EL Oued is characterized by a Saharan climate, with a very reduced
rainfall, high temperatures, high evaporation and a weak biological life of the ecosystem
(See Appendix A Table I.1). The average monthly temperatures recorded in the hottest
month (July) are 34.3°C". While those of the coldest month (January) are 11.6°C'. Precip-
itation is rare and irregular, and ranges from 0.3 mm to 12 mm. Annual average rainfall

1

at El Oued is 6.65 mm.year~!. (Hot and dry wind) with a speed of up to 4.44 m.s~! can
be remarked at any time of year. Relative humidity levels vary from 25 to 70 % [25] .
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Figure 1.6: Classification of climate in Algeria [23]

The quantitative study of the climate of El Oued region climate reveals that the
climate is exactly, of arid type, in conformity with the theory of "De Martonne'. According
to the climatic conditions of the region of El Oued region and the tables of Mahoney [26],
three main areas can be distinguished:

The sub-heating zone, which spreads both day and night during the winter
season, and only at night during the spring season (Mars and April) and autumn (October
and November).

The comfort zone, present in the months of March, April, October and Novem-
ber by day, and the months of May and September by night.

Finally, the overheating zone, which lasts during the summer during the day

and the days for the months of May and September.

1.7 Integration of renewable energies in Algeria

The development of new energy resources remains one of the main concerns of

the public authorities in Algeria. Actually, the combination of renewable energies in the
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Figure 1.7: Interpretation of climatic data for the El Oued region (2008-2018)

national energy mix constitutes a major challenge in the preservation of fossil resources by
diversification of electricity production sectors and contribution to sustainable develop-
ment In 2011, our country adopted an ambitious renewable energy production program.
This program provided the foundations, the means for its implementation and a timetable

for 2030.
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Figure 1.8: Distribution of the National Renewable Energy Program [3]

The objective of this program is to produce 22 GW of renewable energy electricity
by 2030, of which 12 GW will be devoted to national demand and 10 GW to export. This
program focuses on the development of photovoltaic and large-scale wind energy, the
introduction of biomass (waste valuation), cogeneration and geothermal energy, and also
the postponement of the development of solar thermal energy (CSP) until 2021.

The completion of this figure 1.8 will make it possible to achieve, by 2030, a share

of renewables of almost 27% in the national electricity production balance sheet [3].

1.8 (Geothermal energy

The European renewable energy Directive 2009 (2009/28 / EC) defines geother-
mal energy as "energy stored as heat below the solid earth surface." Geothermal energy is
on the surface of the globe all over. It is due to a temperature gradient (increase in depth
temperature), averaging 3 °C' per 100 meters deep. Regional variations in the geothermal
gradients were observed though. It can be related to the age and composition of 1 or
similar geological structures.

This energy is exploited by extracting heat, which makes it possible, depending
on the quantities and temperatures obtained, to produce electricity, to supply collective
or individual heating networks (individual houses, residences collective, heating of service

or industrial buildings, ...).
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Geothermal energy use dates from the 19th century for non-electric uses such as
heating or cooling. Geothermal energy is currently the thermal source of applications in
agriculture, aquaculture, district heating, and also for heating and cooling in the residen-
tial and industrial sectors [27]. The output is also assured at a pace from 100 to 300 years
that could be sustained for a long time [28]. Therefore, geothermal systems contribute
to the efficiency of sustainable development and the benefits of a geothermal system are
multiple: simple, safe, adaptable, capable of responding to a load continuously, variable

or for peak [29].

I.8.1 Geothermal energy falls into three categories

1.8.1.1 High geothermal energy

High energy geothermal resources with a temperature above 150 °C' are located
between 1500 and 3000 m below sea level in geographical areas with an abnormally high
geothermal gradient. They correspond to volcanic regions located close to the borders of
the lithospheric plates: the Pacific "fire belt", the Lesser Antilles arc, the Mediterranean
arc, or the great African rift. This type of geothermal energy is then used to power

thermal springs, heat houses, or even produce electricity.

1.8.1.2 Medium geothermal energy

Present in many parts of the world, medium-energy resources (90 to 150 °C') are
found in the same geological setting as high-energy geothermal energy, at a shallower
depth (less than 1000 m). But they are also hidden in sedimentary basins at depths
ranging from 2000 to 4000 m. Medium energy geothermal energy also occurs in many of
the very localized regions where discontinuities in the rocks occur, faults through which

water can easily rise to the surface, indicating its presence through hot source.

1.8.1.3 Low-energy geothermal energy

Low energy geothermal energy is based on the direct use of hot water heat con-
tained in deep aquifers, with a temperature between 30 and 150 °C'. It is present in many

regions of the world: The Amazon and Rio Plata basin in South America, the Boise region
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(Idaho) and the Mississippi-Missouri basin in the USA, the Pannonian basin in Hungary,
the Paris and Aquitaine basins in France, the Artesian basin in Australia, the Beijing

region and Central Asia.

1.8.1.4 Very low energy geothermal energy

It is an energy that is located a few meters below the ground surface and whose
temperature is lower 30 °C. Everywhere and at any point, including in the crystalline
basement regions, the heat stored in the ground surface layers (few meters deep) can be
captured and converted by the 'through a heat transfer fluid for heating and cooling indi-
vidual buildings. For collective or commercial buildings, it is important to implement heat
pumps which use this energy at low temperatures to increase it to a sufficient temperature

for heating [30].

1.9 Types of operation and application

The General exploitation of geothermal energy depends on the temperature of the
subsoil, which in turn depends on the depth where the heat exchangers will be installed.
The minimum depth (also called minimum production depth (km)) is the depth that
corresponds to a temperature of the surface of the ground of about 40 °C. The map of
the minimum production depth of the world is represented on figure 1.9, (in respect the
this figure for Algeria, it is clear that the minimum production depth is between 1 and

1.5 km) [31] .

rrrrrrr

Figure 1.9: Map of minimum production depth
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I.10 Geothermal potential in Algeria

Geothermal energy occupies an important part of renewable energy sources in
Algeria. The uses of this energy are many and varied. They range from direct uses, such
as fish farming, greenhouse heating, and balneotherapy to industrial uses, such as power
generation. The geothermal resources of Algeria are of low energy type, they are mainly

located in the North and in the Sahara [31].
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Figure 1.10: Minimum production depth map

The maximum temperature extracted for a depth of 3 km or less is shown in Fig-
ure 1.9 for Algeria.the later has better geothermal as see in Figure .10 shows that Algeria
has better geothermal potential compared to African countries. Indeed, the maximum
temperature extracted for depth less than or equal to 3 km is between 100-150 °C' [31].

Gouareh et al. [32] have elaborated on a geothermal gradient map showing the
temperature variation as a function of depth over the Algerian national territory. Three

zones with a strong geothermal gradient are highlighted: in the North-East, more partic-
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ularly in the Constantine regions, in the North-West (the Oran regions), in addition to
the numerous thermal springs in the Algerian South and more exactly in the South-West.
In these regions, the value of the geothermal gradient can be as high as 7 °C'/ 100 m (see
Figure I.11).
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Figure [.11: Geothermal gradient map in Algeria

I.11 Geothermal energy capture system

Geothermal energy collection systems are made up of exchangers, (also called
sensors) buried in the ground according to their arrangement, there are three types of

exchanger: horizontal, vertical and helical.

1.11.1 Horizontal heat exchanger

These are tubes (generally made of polyethylene) installed and buried horizontally
at a shallow depth (0.6 m to 1.2 m). The fluid circulating in the exchanger tubes is called

refrigerant. Horizontal exchangers are installed in-ground, exposed to the sun, next to
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Figure [.12: Geothermal heat pump diagram using a horizontal sensor

the building, they must be placed more than 2 m from trees and 3 m from foundations,

wells, septic tanks, and drainage systems in shown Figure 1.12.

I.11.2 Vertical heat exchanger

1.11.2.1 Exchangers Vertically Buried

Exchangers Vertically Buried: A borehole is carried out in which a sensor con-
taining a heat transfer fluid is mounted (U-shaped tube, or double U in polyethylene).
With cement and bentonite, it is then sealed. It can achieve a drilling depth of up to 100
m. In theory, two geothermal probes spaced at least 10 m apart will heat a house with
120 m? of living space as shown in figure I.13. In general, this type of exchanger is more
costly to mount, but on the other hand, it is less costly on the piping side than horizontal

exchangers [33].

I1.11.2.2 Vertical exchanger on ground water

Vertical exchangers are called "ground water' when the capture of geothermal
energy is guaranteed by the water figure 1.14. The heat of the subsoil is that contained
in the water of shallow aquifers captured by drilling.

In the case of vertical exchangers on ground water, the ground water with drawn

(suction well) is discharged (into another river or discharge well). This type of exchanger
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Figure 1.13: Geothermal heat pump diagram with vertical sensor (geothermal probe)

is interesting from a point of view cost since a single borehole provides air conditioning

to collective or tertiary buildings [33].

Figure 1.14: Geothermal heat pump diagram with groundwater

1.11.3 Helicoidal heat exchanger

As mentioned previously, geothermal probes require substantial investment in the
high cost of drilling, and horizontal geothermal sensors need large, well-off ground surfaces.

Faced with these constraints, other geometries and forms were developed, mainly the
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Figure [.15: Schematic representation of helical sensors

circular helix shape, also known as the helicoidal. The geothermal heat exchanger which
takes this form is generally called "a geothermal basket "(Moch, 2013) and presented in
figure 1.15. Its particularity lies in its spiral form which allows it to occupy small ground
area compared to the horizontal sensors, the helical exchangers are more practical to
install than the horizontal sensors, but also more economical than the vertical sensors,
since the cost of the installations of the exchangers entered is linked to the depth of the

drilling [34, 35].

.12 Earth-to-air heat exchanger (Canadien well)

Air -earth heat exchangner (or Canadian underground tube): The idea of utilizing
the earth as a heat sink was known in ancient times. In about 3000 B.C., [ranian architects
used wind towers and underground air tunnels for passive cooling. Underground Air
Tunnels (UAT) systems, nowadays also known as earth to air heat exchangers (EAHE).
EAHE system is a very low energy geothermal heat exchanger used to cool or heat the
ventilated air in a building.It has been in use for years in developed countries due to their

higher energy utilization performances compared to conventional heating and cooling



CHAPTER 1. GENERAL INFORMATION ON GEOTHERMAL ENERGY 21

Building

Blower Outside air
- A=
Sub_soil Sub_soil l
- 4 Depth at 1.5 - 3
epth at 1.5 - 3m
P! Toon
Heat exchanger
<
> »l
| =l

Length

Figure 1.16: Earth to air heat exchanger in operation during summer season

systems. EAHE is a passive climate control technique that has application in buildings
and agriculture homes using the underground soil temperature that stays fairly constant
at a depth of about 2.53 m [36, 37].

The principle is simple, pass a pipe of good thermal conductivity (steel, PVC,
etc.) at a certain depth where the annual temperature of the subsoil remains constant
temperature during the season of the year [37]. The air generally used as a working fluid
transfers heat during its passage through the tube wher the subsoil presents a source of
heat gain or loss due to its thermal capacity to store heat or coolness [38].

Through the day and the summer period ( see Figure 1.16), the external air
temperature Text is higher than the temperature of the ground. The air is forced naturally
(by the blower the air) inside the buried tube or it carries out heat exchange with the layer
which surrounds the tube by conduction and convection or the basement plays the role of a
source of dissipation. The air loses some degree temperatures during the passage and it will
be injected directly into the building which improves cooling or natural ventilation [39].

In the winter season (see Figure 1.17), the outside air temperature is lower than
the air temperature within the house. The underground soil as a source of heat gain
increases the temperature of the air passing through the system. Tair out > Tair in. The
result is building preheating and more induced flow which enhances thermal comfort. The
ability to work during all seasons of the year (winter and summer) shows the potential of

this technique in improving thermal comfort [40].
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Figure 1.17: Earth to air heat exchanger in operation during winter season

1.12.1 Types of heat exchangers

There are two different types of earth to air heat exchangers. The first, with
an "open-loop" where the outside air is absorbed through tubes in order to ventilate the
building, and the second with "closed-loop" where the air is absorbed from the building
before being recycled through the tubes. The last type is less used in the residential sector
because it does not meet the requirements for air quality. The important aspects that
determine the efficiency of an earth to air exchanger are the nature of the climate, the
thermophysical properties of the soil, the depth of the source rock, and the water table.
This information is essential for the dimensioning of the air-ground exchanger system.
Also, there is Hybrid system: EAHE is used with air conditioning systems to minimize
energy consumption and increase the system efficiency coefficient. Renewable methods
can also be combined with EAHE such as wind towers, solar chimney, etc (see Figure

1.18).
1. Arrangement of buried tubes:

 single tube system;

o Multiple tube system.
2. Alignment of buried tubes:

e horizontal EAHE;
o Vertical EAHE;

e Helicoidal EAHE.
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(a) Linear pipe-layout for EAHE sys-
tems (b) Closed loop for EAHE system

(c) EAHE systems with spiral pipe lay- (d) Ring pipe-layout for EAHE sys-
outs tems

(f) Serpentine pipe-layout for EAHE
systems

(e) Grid pipe-layout for EAHE system

Outlet

Inlet

Heat transfert
pipe

(h) Helical horizontal-coil pipe-layout
for a EAHE

(g) Helical vertical-coil pipe-layout
for a EAHE systems

Figure [.18: Diagram of Heat Exchanger Forms
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1.12.2 Factors affecting the performance and operation of air-

to-ground heat exchangers

factors that affect the efficiency and operation of air-to-ground heat exchangers

are listed as bellow:

o Geographic location;

« Composition and treatment of the soil surface covering the ground (climatic condi-

tions);

o Physical properties of the soil (humidity, density of the soil, mineral composition of

the soil, the form of the particles making up the soil);

o Physical and thermal properties of the soil (thermal conductivity of the soil, thermal

diffusivity of the soil);
o Bonding of soil with pipes;
e Temperature and velocity of the inlet air;
» Relative humidity of the air;

o Parameters related to the pipe: material (PVC, steel... etc.), length of the pipe,

diameter, thickness;
e Depth of the buried pipe;
e Spacing between the pipes;
o Pipe roughness;
e Thermal insulation at the outlet of the pipe;
o Operating time;

o Sensitive and latent heat transfer.
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I.12.3 Advantages and disadvantages of earth to air heat ex-

changer

The earth to air heat exchanger has the following advantages:
Simplicity of dessing and installation;
They consume less energy to operate the system;
Adaptation to several types of soil;

It is expected that air pollution problems will be minimized by using EAHE for

passive cooling and heating purposes;

Requires less maintenance with lower costs;

No pollution or greenhouse effect due to the absence of any source of combustion;
They do not use compressor, or any refrigerant;

Air uses as working fluid;

They have a simpler design and consequently less maintenance;

They do not require the unit to be located where it is exposed to weathering;
Does not require energy for its operation in case of wind velocity high;

They have lower initial cost than GSHPs and ISAHP.

Despite these advantages, the technique has the following disadvantages:

High installation price.

Phenomenon of condensation inside the exchanger tube and possible development

of microorganisms which lowers the quality of indoor air.
Air outlet temperature is non-uniform.

High dependence on local climatic conditions in the presence of the upper parts of

the exchanger above the ground, which directly and indirectly
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« convection of fan noise via pipes to the far away living space.

Air vapor condensation discharge from EAHE is considered as problem. Useful
solution for solving condensed water vapor discharge problem in the underground air
tunnel, there is a way to pump out any water in the pipe, that is, a small submersible
pump is located at the lowest point. but, this solution will increase the total energy

consumption of the system.



Chapter 11

State of Art on geothermal heat

exchanger systems

II.1 Introduction

Several types of air-to - ground exchangers have been developed and tested by
several researchers around the world, with the primary objective of releasing and/or re-
covering the maximum amount of thermal energy at low financial costs and evaluating
the air exchanger’s thermal efficiency. This party aims to give an overview of the imple-
mentation of geothermal Heat Exchanger for passive air conditioning for any applications.
The overview switches focus to systems which utilize the ground as a heat source, this
covers general definitions and the most factors inuencing on heat exchanger performances,
which need to be considered from ground thermal properties to piping materials. numer-
ous experimental, theoretical and simulation studies have been carried out to investigate
the different parameters. Different modes of operation have been performance reviewed
on the efficiency of earth air tunnel heat exchanger systems, the effect of thermo-physical
parameters of soil, thermal and flow parameters of air, geometrical and material proper-
ties of pipes. Significant work has recently been discussed to achieve these targets. In this
chapter, we present some works available in the literature on the thermal phenomena of

air-to- ground exchangers.

27
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II.2  Main factors influencing on ground heat ex-
changer behaviors

In literature review of previous studies, we found several factors that affecting the
behavior of geothermal heat exchanger. Soil properties and moisture content such as the
heat capacity, thermal conductivity and thermal diffusivity should take in consideration
during the GHE implementation, because those factors have an important influence on
the behavior of the GHE [41-43]. Also, the ground loop such as length, diameter and
physical properties, have a consistent effect [44,45]. Additional to all these factors, the
climatic conditions play a principal role in GHE performances. Besides the selection of
mechanical components, the ground loop length is the primary focus of ground source heat
system design. Despite this, few investigations have considered the long-term influence of
ground-loop characteristics on ground behavior or with regard to system optimization [46].
To date, the design of ground-loops is non-standardized, leading to range of ground-
loop configuration, installation depths, pipe diameters and materials being used [36] .
The following paragraphs present the main factors of the ground-loop influencing on the
geothermal heat exchanger. The conduit of the well may consist of a single tube laid
in a meander or loop around the building or be organized in the form of a network of
parallel tubes installed between collectors in order to increase the ow of air circulating
in the well [47]. However, the length of the tubes determines the exchange surface and
the residence time of the air in the tubes. In a first approximation, the temperature
profile of the air in the tubes is asymptotic. The optimum length of the exchanger will
depend on the ow in the pipes. Indeed, the bibliography shows that for low ows, the
minimum temperature is reached rather quickly, and that after a certain length, the
exchanger no longer tempers the air: It has reached its limit of effectiveness. On the
other hand, when ow increases, the tube length increases too in order to establish the
ground temperature [41]. Therefore, an increase in the diameter of the tubes results in an
increase in the exchange surface, but the experience demonstrated that doesn’t necessarily
increasing the heat exchange, this is due to the air circulating in the center of the pipe will

no longer be in contact with the pipe wall’s and its temperature will be little in uenced
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by the temperature of the ground. The choice of the material properties is important
because it is directly affecting the soil / well thermal exchanges. The use of compact
walls with high thermal conductivity must be favored because it allows to increase the
exchanges and thus to reduce the length of the well [48] . Some other factors have low
inuence on the behavior of the GHE, these include the internal roughness of the pipes,

the overall geometry of the ground loop and the operating regime of the GHE [49].

II.3 State of art on ground heat exchanger

The geothermal energy system is an environmentally friendly and inexpensive
technique that is influenced by the temperature difference Tin and Tout at the level of
the PVC pipe or the heat exchanger. Like any other energy system, the geothermal energy
also is influenced by the solar energy [50] Many studies noted that beyond 3 m depth,
the temperature can be considered almost constant [51-53]. In the studies of [5, 54],
numerical simulations and experimentations were performed, and different parameters
such as air flow, depth of burial, length and diameter were taken in consideration to
calculate the energy performance of earth air heat exchanger (EAHE). The performance
of a conventional air/water heat pump system with that of a geothermal heat pump
system was compared experimentally in [55]. Comparing the two systems, the results show
that the geothermal system could save 43% of the energy consumed by the traditional
system during the heating period (winter) and 37% during the cooling period (summer).
Several experimental and numerical models are developed for the researches have been
carried out on the GHE system in literature. Al Ajmi et al [4] carried out study on the
cooling potential of earthair heat exchangers for domestic buildings in a desert climate,
a theoretical model of an earthair heat exchanger (EAHE) was developed for predicting
the outlet air temperature and cooling potential of these devices in a hot, arid climate. A
sub-soil temperature model adapted for the specific conditions in Kuwait is presented and
its output compared with measurements in two locations, a typical meteorological year for
Kuwait was prepared and used to predict the cooling loads of the air-conditioned dwelling
with and without the assistance of the EAHE. A typical Kuwaiti domestic building of
dimensions (10 x 10 x 3)m? was defned for testing EAHE performance. The building
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materials (walls, roof and oor) are in accord with the prevailing building materials and
practices in the region. The building is assumed to have two windows each of area 1m?
in the North/South direction. The simulation carried out by Al Ajmi for the period from
May to September, which is the most arid and the hottest time of the year in Kuwait. The
simulation conducted for the case of the building being cooled by air-conditioning both
with and without assistance from the EAHE.figure II.1,represnted the peak heat removal
rate from the building with air-conditioning alone was calculated to be 4370 W while that
with air conditioning and EAHE assistance was 2670 W. The peak cooling load reduction
due to the operation of the EAHE was thus 1700 W (mid-July). The indoor temperature
of the building for the free running” condition (that is, without air conditioning) showed a
reduction of 2.8 °C' in the peak hours through use of the EAHE system as illustrated [4].
Concluded that there is potential for EAHE systems to make a useful contribution to

energy saving in Kuwait, and in similar desert climate locations. Moummi et al [56].
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Figure I1.1: Heat removed from the building by air conditioning during May September
with and without EAHE assistance [4]

Presented theoretical and experimental study on refreshing by geothermal energy in Biskra
area, this technique, called Canadian’s well, uses air/ground heat exchanger system. They
investigated the air temperature evolution at the outlet of the heat exchanger. The authors
verified experimentally first the mathematical models that have been established, which

give the best evolution of the air temperature in the exchanger as a function of the
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different structural parameters (diameter, length, ow, ground temperature, depth). The
experimental tests bench was mounted on site at the University of Biskra. It is a network
of four trays with a total length of about 60 m. The inner diameter of the pipe is 110 mm
which is placed at a depth of 3 m under a slope of 2%. In the second stage, a synthesis and
comparison study were taken place between the theoretical results developed and those
obtained experimentally from the measurements.

At the end of this study and based on the results obtained, the authors found
a promising vector in climate engineering as a renewable energy source can be exploited
industrially. However, the experimental results compared to the analytical results allowed
the authors to conclude that the presented model can be improved. Indeed, experimentally
the temperature of the uid continuously decreases with the length of the exchanger.

Benhammou et al [5]. Implemented They study on simulation and characteri-
zation of a geothermal air exchanger for refreshing buildings operating in the climatic
conditions of southern Algeria (Adrar). The authors obtained very encouraging results
which indicate that this low-priced technique can cover an important part of our needs
in domestic cooling. This study also permitted them to exanimate the inuence of several
parameters of the exchanger on its daily average efficiency and on the temperature of air
cooled in the outlet of the exchanger. This heat exchanger constructed from a polyethy-
lene pipe of 50 m length and 16 cm diameterit is shown in figure I1.2, buried at a depth of
3 m from the ground surface. The average air velocity in the pipe is taken to be 3.5 m.s™1.
The inuence of different parameters on the functional of the air-to-ground exchanger [5].

Based on this study the authors concluded that the temperature of the cooled
air at the outlet of the exchanger is lower when the burial depth in the ground greater.
Similarly, when the exchanger is longer the temperature of the cooled air is lower; however,
the ow velocity has such an important effect on the functional of the geothermal exchanger.
The temperature of the cooled air increases linearly with the speed of the air. Therefore,
it is better to choose a speed neither very low nor very high. Concerning the diameter
of the buried pipe, they found that there is an optimum diameter of 10 cm for which
the temperature of the cooled air is minimal and the daily efficiency of the exchanger is
maximal.

Draoui et al [57] carried out a study on the air conditioning system integrating a
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Figure I1.2: Effect of pipe length on the air outlet temperature [5]

Canadian well in the arid zones, case of Bechar. In this work, they studied the performance
of an air ground heat exchanger with a view to perform an analytical modeling. They
first validated the model of the ground temperature and air temperature in the heat
exchanger, and then analyzed the inuence of several parameters, namely depth, diameter
and length of the pipe on the temperature inside the exchanger, the authors exanimated
the inuence of several parameters on the functional of the air-to-ground heat exchanger,
furthermore they compared their results with some work already implemented [4,56]. The
results obtained by the authors make it possible to fully understand the functional of the
air-ground heat exchanger during the seasons. Beloufi et al 43. Investigated the thermal
performances of an earth air heat exchanger (EAHE) under transient conditions in cooling
mode.

They carried out their experiments in south Algeria at the University of Biskra.
They constructed a PVC pipe of 53.16 m long and 110 mm diameter buried at 3 m
depth to be used. The experimental setups were tested under monitoring of 71 hours
in continuous operation mode with high inlet temperatures. Therefore, a mathematical
model was presented for EAHE by using the fnite differences method. They found that

the continuous operation mode has no signifcant effect on the outlet air temperature and



CHAPTERII. STATE OF ART ON GEOTHERMAL HEAT EXCHANGER SYSTEMS33

thus on the EAHE performances during operating period.

Results of the theoretical predictions were validated with the measured air tem-
peratures along the EAHE and showed acceptable matching between numerical and ex-
perimental results. H. Boughanmi et al [6]. Studied the evaluation of soil thermal po-
tential under Tunisian climate using a new conic basket geothermal heat exchanger, they
designed geothermal heat exchangers system composed of two conic baskets serially con-
nected. Both heat exchangers are made in polyethylene high-density material and have
a length of 3 m each one. They used for greenhouse cooling and heating through a
geothermal heat pump. Its conical geometry is selected to reduce the operation cost and
the exploited area, compared to vertical and horizontal geothermal heat exchangers often
used. It also assures the maximum of heat exchange with the soil. The aim of this study
is to determine the thermal performance of one Conic Basket Geothermal Heat Exchanger
(CBGHE) are shown in figure I1.3, a buried at 3 m deep, in the exploitation of the soil
thermal potential, in summer. A rate of heat exchange with the soil is determined and
the global heat exchange of the CBGHE is assessed. Its energy and efficiencies are also
evaluated using both first and second law of thermodynamic. presented the results. This
work allows determining the optimal exchange surface of the CBGHE which should be
used to assure the maximal exploitation of the soil thermal potential for eventual use in

greenhouse heating and cooling.

1300 mm

1
‘l
2500 mm

Figure I1.3: schematic of the CBGHE system [6]
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II.4  Effect of thermal and flow parameters of air

Air properties such as temperature, flow rate, relative humidity are important
parameters that affect EAHE system efficiency. Different studies were carried out con-
sidering the effect of air properties on the efficiency of the EAHE system. It presents the

effect of different thermal and flow properties of air as presented in table II.1.

1I.4.1 Effect of Inlet air temperature

Air temperature at the EAHE tube inlet plays a significant role as the rate of heat
transfer between air and soil is controlled by the difference in temperature between the air
and ground soil are chown in figure I1.4. Studied the impact of ambient air temperature on
outlet air temperature, observed that the performance of the earth to air heat exchanger
(EAHE) system highly depends on inlet air temperature. also, they noticed that with the

increase in inlet air temperature, the outlet temperature of air increases [58-62].
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Figure I11.4: EAHE performance under different inlet air temperature [7]
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11.4.2 Effect Air flow velocity

The increase in air velocity in the pipe below the soil surface also affects the
efficiency of the EATHE system as evidenced by a decrease in the overall temperature

differential between inlet and outlet air [60,63-70].

Table II.1: Effect of thermal and flow properties of air on performance of EAHE system

S. No Properties Findings References
1. Velocity of air ~ With increase of air velocity, the total tem-  [64,71-73]
perature difference between inlet and out-
let air temperature decreases but total heat
gain/loss increases.

2. Inlet air tem- Increasing inlet air temperature, the out- [58,61,62,
perature let air temperature increases but the total 70, 72]
temperature drop increases in cooling oper-
ation, however, the total temperature rise
decreases during the heating operation.

I1.5 [Effect of pipe properties on EAHE system

Geometric and thermo-physical properties of the pipe are the main parameters
that significantly affect EAHE efficiency. The geometric properties include the length,
diameter, thickness etc. of the pipe and thermo-physical properties include thermal con-
ductivity, density, roughness etc. The effects of the various pipe properties on EAHE

device efficiency are illustrated in Table I1.2.

11.5.1 Effect of pipe material

It can be inferred from previous studies that buried pipe content has a negligible
impact on the thermal efficiency of the EAHE system, and can therefore be ignored. Pipe
quality, corrosion resistance and reliability are the key considerations for selecting the
pipe material of an EAHE device. In addition, the interior of the pipe must be hygienic,
and an anti-microbial coating is also recommended. PVC pipe, therefore, provides a
better option, as it has the advantage of low cost, greater corrosion resistance and easier

installation.
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11.5.2 Effect of pipe length

The studied that pipe length is a key factor which affects EAHE efficiency. In
several studies it was clearly established that the drop / rise in air temperature increases
to a certain length by increasing pipe length, after which the impact of pipe length on
drop/rise temperature becomes less pronounced. The pipe length should therefore be
optimized to minimize the initial capital cost of the system without compromising EAHE

system efficiency.

11.5.3 Effect pipe diameter

Numerous researchers have taken into account the parametric study effect of the
pipe diameter, which is the significant geometric parameter that affects the efficiency of the
EAHE device. From numerous studies it is observed that by increasing the pipe diameter
are represent in figure I1.5; the total temperature drop / rise in the heat exchanger pipe
decreases but the overall heat transfer rate increases for the given flow velocity. For the
same strength the expense of large diameter pipes (0.15 m) is 6-7 times greater than that
of small diameter pipes (0.05 m). It is therefore preferable to use several small diameter

pipes instead of single pipes with a wide diameter.
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Figure I1.5: EAHE performance under different diameter
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11.5.4 Buried pipe depth

Knowledge of the temperature profile at ground surface and its variation with
depth is important for deciding underground heat that can be tapped for heat exchanger
system design. The distribution of ground temperature is primarily influenced by the
soil’s physical properties and composition, and also by the soil surface cover. The studies
carried out to date have shown that for different geographical and climatic conditions
the optimal pipe depth of the heat exchanger device has different values. Therefore, pipe
should be installed at optimum depth below the surface of the earth so as it affects the

whole system efficiency.

Temperature (°C)
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Figure I1.6: Air temperature along the tube length at different depths [§]

I1.5.5 Pipe spacing (pitch)

Wide requirements for cooling/ heating loads can require the use of several pipes
and make interspacing an important factor which must be greater than the thermal zone.
Thermal influence zone (TIZ) described as an area in the soil layer around the heat
exchanger pipe where the transfer of heat from air to soil causes a significant change in

soil layer temperature (0.5 ©C rise or drop from undisturbed soil temperature).
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I1.5.6 Pipe roughness

Pipe roughness is also a critical factor that greatly influences the efficiency of the
EAHE system. Experimental investigations have shown that the cooling efficiency and
the decrease in temperature increases as the relative roughness of the tubes increases.
Increasing the roughness of the tubing, increases not only the coefficient of heat transfer
but also the pressure decrease are chown in figure I1.7. The EAHE pipe should therefore

be constructed to ensure optimal heat transfer with minimal pressure losses.

A Cra
v 2
Q:‘j"" . Qunw Insulation

Inswlation

SRNRNNNNNNNNNNNNNNNNN

H’ll

H,y

Figure I1.7: EAHE with thermal insulation at pipe outlet [9]

I11.5.7 Different design

a comprehensive review of different design aspects of EAHE pipe pinpoints to
create the EAHE system with suitable pipe layout and design guidelines to minimize the
overall system expense. It thus becomes an inexpensive and viable passive system for

applications for air heating and refrigeration [74-81].
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Table I1.2: Effect of pipe properties on the performance of EAHE system

S. No Properties Findings References
1. Pipe length Increasing the length of pipe, the differ-  [82-85]
ence between inlet and outlet air temper-
ature increases up to a certain length be-
yond which no increase in heat transfer
has been shown

2. Pipe diameter At given flow rate, heating, and cooling [71,72,86-90]
potential of EAHE increases with decreas-
ing pipe diameter.

3. Pipe material Pipe material has a small influence (neg-  [73,86,90,91],
ligible) on the thermal performance of
EAHE system

4. Depth of pipe Increasing depth of EAHE pipe, heating [8,71,86,91-93]
and cooling potential increase up to a cer-
tain depth beyond which no important im-
provement in performance increment was

observed.
5. Spacing  be- The spacing between pipes must be equiv-  [82,82,94-97]
tween parallel alent to or more than thermal influence
pipes place. Smaller spacing between pipe cre-

ates a negative impact on the thermal per-
formance of EAHE system

6. Roughness of By increasing relative roughness of pipe, [98,99]
pipe the cooling/heating efficiency increases
but pumping power also increases
7. Different de- with suitable pipe layout and design [74-81]
sign guidelines become an inexpensive and vi-

able passive system for applications for air
heating and refrigeration

I1.6 Conclusion

Based on various experimental, theoretical and simulation tests, the geothermal
heat exchanger system is found to be an outstanding passive heating / cooling technique
for buildings. The geothermal heat exchanger system helps to minimize the building’s
power usage because, compared to the traditional system, it uses very little power. The
geothermal heat exchanger device can function effectively under various climatic condi-
tions and can provide pre-tempered air for different applications.

Thus, it is concluded that if geothermal heat exchanger system developed with
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proper design guidelines it would be capable of providing sufficient heating and cooling

in small as well as large buildings with significant energy savings.



Chapter 111

Study of thermal heat transfer

III.1 Introduction

An evaluation of a geothermal heat exchanger thermal efficiency includes suitable
thermal models. In the first section, an analytical model using the general conduction
equation will be established in transient conditions during this third chapter in order
to estimate the ground temperature profile. In the second part of this chapter and we
present to evaluate the energy and exergy performance of geothermal heat exchanger,
the exchanger efficiency and the exchanger’s pressure drops as a result of the air flow

controlling the heat transfer.

I11.2 Mathematical modeling

In order to extract the maximum cold energy contained in the first few meters
of the subsoil at a reliable economic cost, we must study the depth of penetration into
the ground for the ideal location of the air/soil exchanger in the subsoil and this means
where the temperature remains invariant or less sensitive to external climatic conditions

over time.

II1.2.1  Modeling of the soil temperature

Soil is considered to be a homogeneous and invariant medium, characterized by

constant properties such as: thermal conductivity A soil, the density p soil and the specific

41
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heat capacity Cpgo;. The transfer of heat in the soil is unidirectional in the vertical
direction. The temporal variation of the soil moisture rate due to water infiltration is
neglected and no water table is taken into account under the area where the exchanger is
installed. The mathematical model of the soil temperature is based on the heat conduction

theory applied to a semi-infinite homogenous solid [100,101]. Heat conduction in the soil

is given by:
PT 10T,y
=— I1.1
0?’Z  «a Ot ( )
T(0,t) = Trnean + As X cos|w(t — tg)] (I1.2)
T(00,t) = Thean (IT1.3)
Where:

Tonean: mean annual temperature (°C');

A: Amplitude of the soil surface temperature variation (°C); t: Time (h);

Z: Vertical coordinate (m);

«: Thermal diffusivity of the soil [a = M/ (p.C})](m?.s71);

w: Annual temperature frequency, [w = 2.7/8760](rad/hour) ;

A: Thermal conductivity of the soil (W.m=!.°C~1);

p: Density of the soil (kg.m™3); C),: The specific heat of the soil in (J.kg='.cC~1).

To modeling the earth/ air heat exchanger, it is necessary to know the optimal
installation depth of the underground pipes in the region under study, i.e. EL Oued. The

soil temperature was calculated using the following equation [102,103].

T(Z,t) = Tnean + Ay x exp >V /8TTxcosl57m x(t—t0) =557 (IIL.4)

I11.2.2 Analytical study of the immersed exchanger

I11.2.2.1 Power exchanged and thermal efficiency

We consider an air of temperature Tair which circulates in a buried exchanger.
Considered to be a cylindrical tube of length L, immersed at a level in the water well

of considered constant temperature Twat. The power exchanged through the immersed
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Figure II1.1: Schematic diagram of the earth air heat exchanger

exchanger is a function of the air temperature Tair, the inlet (7},) and outlet (T,,;) of
the exchanger, and the temperature of the water well Twat. It is also a function of
the exchange coefficient U of the immersed exchanger and of the exchange surface (S).

Consider an infinitesimal element of the exchanger, dx in the direction of flow.

I11.2.2.2 Thermal analysis of a geothermal helicoidal heat exchanger

The heat flow exchanged through the dS surface element between air and water
well is written. For the geometry of the helicoidal exchanger is complex we will consider
the case of a cylinder with an inner radius ri and outer radius re. The analytical model was
initially used to determine the outlet fluid temperature under the ground. We consider an
infinitesimal element dx of a pipe in the coolant flow direction figure III.1. The analytical

heat exchange rate dQ is given:
0Q = U(T, — Tyut)0A (I11.5)

0Q = 1 C,dT = 11 Cy [Tt (X + 0X) — Ty (X)) (I11.6)

We suppose that there is no phase change.
0Q = m C,0T (ITI1.7)

0Q = 11 CydT g = U(T, — Tp)OA (111.8)
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After, rearranging Eq. (II1.8)

ajjout . U

= — 0A I11.9
Tg - Tout m C(P ( )
After, rearranging of Eq. (I11.9) gives
T, z
out aTout U /
= - 0A II1.10
/Tm Tout - Tg m C1P 0 ( )
Touwr — 1T, U

L — A II.11

With A = 2nrL

The outlet temperature has a following expression:

Touwr = (Tin, — Ty) exp (— A> + 1T, (I11.12)

m Cp

The amount of heat transferred to the ground is:

Qcrp =mCp {1 — exp (—LA> (T, — Tm)] (I11.13)

m Cp

QGHE can be formulated by following equation:
Qcnp = UAATLM (I11.14)

where U and A denotes respectively the overall heat transfer coefficient and heat transfer

area. AT LM is the log mean temperature difference and defined as follows:

Tout - ,—Tz

In (—;;:_T;")

(I11.15)

I11.2.2.3 Temperature ratio for an earth-to-air heat exchanger

The temperature ratio RT is an important characteristic for passive cooling appli-
cations which describes the temperature damping between inlet and outlet temperature.

The smaller RT is, the more cooling energy is supplied to the building mean (high con-
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ductive heat transfer between soil and pipe and high convective heat transfer between
pipe and air) [104].
RT is independent of the climate if the inlet air temperature is related to same

limits (En,maa} and T%n,min):

Tou max ~ Tou min
RT — —ou L (I11.16)

ﬂn,maw - ﬂn,min

I11.2.2.4 Thermal efficiency

The efficiency of the HWAHE is defined as the ratio of the air temperature drop
between the outlet and the inlet of the HWAHE and the difference between water and
inlet air temperatures [69,103]. The exchanger thermal efficiency is defined as the ratio of
the actual exchanged Qe thermal power and the maximum theoretically possible exchange

power (Qemax), expressed by:
_ Toutlet - 7‘%nlet

= I11.17
Tsoil - 71inlet ( )

I11.2.2.5 Energy Performance

The thermal performance of the HWAHE can be estimated in terms of the coef-
ficient of performance (COP) [105]. COP is a ratio between the removal heat of cooling
and the power input to the blower that is kept approximately constant as given by Eq.

Qe
P = II1.1
cO w ( 8)
Where :
Qe = mCP(En - Tout) (11119)

II1.2.3 Pressure losses at the buried exchanger

An ideal heat exchanger is assumed to have infinite conductance. However, the
calculation of pressure losses is essential to better quantify the heat transfer through the

buried exchanger [106]. There are two types of pressure losses: The linear pressure loss
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AP, and the singular pressure loss AP;;, . The total pressure loss is calculated using Eq
AIDtotal = AIjlm + APsm (11120)

I11.2.3.1 linear pressure loss

The linear pressure loss AP, describes the pressure losses by friction with the
wall of pipes. They are caused by fluid viscosity, the linear pressure loss for a flow in a
rectilinear control is determined in the following way

B pLv?

APy = 5 5-A (111.21)

With,

A :Linear loss ratio of load;

p :Density of air flowing in the pipe;

v :Flow velocity;

D : Exchanger diameter;

L : Exchanger lengths. The calculation of the pressure drop coefficient depends
on the nature of the flow, laminar or turbulent. Flow is characterized by its Reynolds

number:

pv D
L

Re = (I11.22)

Or, p represents the dynamic viscosity of air (1.85 x 107°Pa.s)
For values of Re <2000, the flow regime is laminar and the coefficient A is not

affected by the relative roughness. It is a function of the flow rate Q is given by the

64

Hangen-Poiseuille relation: A = 2.

Within the limits 2000 <Re <4000, the regime is considered unstable and A is
determined by the Frenkel relation: A = % For 4000 < Re < 10000, the regime is
considered unstable and A is estimated by Blasius relation: A = %

For high values of Re, the regime is completely turbulent from which results in
the variation of as a function of Re and of & (¢;: roughness index of the exchanger, it

translates the amplitude of the linearity defects of the wall of the exchanger tube). Von
Karman and Prandtl, Nikuradse or Colebrook and White determined A by the empirical
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relations [106]:

Von Karman et Prandlt :

_ 2.51
=2 log |:Re \/Xi|
Nikuradse : A = 0.0032 + 222

S

Colebrook et white : % = —2log [% + }1255\1&]
To estimate the type of flow we calculated in the table III.1 the Reynolds number

for different diameters and mass flow rates

Table II1.1: Effect of pipe properties on the performance of EAHE system

Pipe diameter 30 40 60 80 100
Mass flow rate (kg.s™!) Reynolds number

0.02 63270 47453 31635 23726 18981
0.04 126541 94906 63270 47453 37962
0.06 189812 142359 94906 71179 56943
0.08 253083 189812 126541 94906 75925
0.1 316354 189812 158177 118632 94906

We can remark that for the range of the flow and the diameter that we study
here, the flow is partially turbulent. We therefore consider for the following the pressure
loss for a turbulent flow whose pressure loss coefficient can be calculated by the Blasius

relation:

0.316 0.01\%%
A— oo = < o ) (I11.23)

I11.2.3.2 Singular pressure loss

The singular pressure loss AP, is the result of velocity differences and changes

of direction of the fluid and can be given as:

2

AP = fp% (I11.24)

with £ represents the coefficient of the singular pressure loss [106].
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111.2.4 Exergetic study of the heat exchanger

I11.2.4.1 HWAHE Exergy balance

The exergy is defined as the available work exists in the system with respect to
the environment conditions [6,105,107,108]. It is considered as a useful tool that can be
used for energy system designing, performances analyzing and optimizing. The exergy

balance is given as:
Z Ex,des = Z Ex,in - Z Em,out (11125)

Where Y E, ;, represents the rate of exergy gained in the tube flow. It is given by the

following equation:

Z Eﬂ:,in - mm C’P (ﬂn - Tsoil - Tsoil In (T )) + m AP’m (11126)
soil

With:
Min,: Air inlet mass flow rate at the exchanger;
T;, : Air inlet temperature at the exchanger;
AP;,: Air inlet pressure loss at the exchanger.

> E.out is the total exergy of geothermal heat exchanger system, and is given

by the following expression:

Tou 7 ou
Z E:):,Out = mout C’P (Tout - Tsoil - Tsoil In <T ! )> + o tAPout (11127)
soil P

With: m,: Air outlet mass flow rate at the exchanger;
T,.:: Air outlet temperature at the exchanger;
AP, : Air outlet pressure loss at the exchanger.

The exergy destruction rate of the exchanger can be translated as:

Em,dest = Z mzn [(hm - hO) - Tsoil(Sin - SO)] - Z mout [(hout - hO) - Tsoil(Sout - SO)]
(I11.28)

Due to conservation of mass, and the rearranging of the equation above, we can
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write:

Z Ea:,dest - Z m [(hzn - hout) - Tsoil(Si - Sout)] (11129)

D iy =Y g = Y 1 (I11.30)

The Ah and AS expressing respectively the enthalpy and entropy of the HWAHE are

calculated as follow:

AP,
Ah - hzn - hout = CP(Tout - 1—; ) - (11131)
p
Tout
AS = Sz - Sout = Op In T (11132)
The exergy destruction rate of the exchanger is calculated as follows:
. Tout m
Z Ex,dest =m C'P Tout - E - Tsoil In T + _A-PM’L (11133)
I11.2.4.2 Exergy efficiency of HWAHE
The exergy efficiency of the HWAHE system is evaluated by [6,105]:
E
_ 2 Brou (I11.34)

= Z Em,in

II1.3 Conclusions

Thermal mathematical models based on the general conduction equation and the
theory of energy balances have been presented in this chapter, the purpose of which is
to predict the evolution of the temperature in the soil and that within the buried tube.
To determine the different essential parameters that enabled us to assess the thermal
efficiency of a fresh geothermal heat exchanger as a helical water air heat exchanger, a

program was developed in the "Fortran’ language.



Chapter IV

Experimental setup

IV.1 Location of the cell: Presenting the study site

El-Oued is an Algerian state, located in the southeastern part of Algeria; it is
a desert area. This zone has abundant solar radiation throughout the year as shown in
figure IV.1. The coordinates of the selected site for the completion of the solar power
station are: the latitude is 33.60° north, the longitude is 6.79° east, and the altitude

equals 42 m.

Espagne

Figure IV.1: Location and geographical coordinates of the studied area

The area is shown in figure IV.1 is located in Reguiba municipality, where this

chosen place is located about a 30 km away from El Oued headquarters, this region is

20
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a place in a vast desert climate covering the yellow floor and glossy. As for the climate
of this region, it is hot and dry in summer, cold and dry in winter, while the spring is
characterized by the seasonal wind. The agriculture of all kinds is the first economic
activity of the population of this region; the trade comes in the second place, while the
livestock occupies third place and finally the rest of the services.

In figure IV.2, the daily average solar radiation and day duration are presented
for El-Oued region. It is obvious that El-Oued region has an average daily insolation of
6 h in December to 14.18 h in June. In addition, more than 228 kW h.m™~t.month™! of
direct solar radiation in summer and about 114 kWh.m~!.month=' in winter fall on the

El-Oued region [109].
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Figure IV.2: Mean daily solar radiation intensity and duration of the day and its bright
sunshine insolation in El-Oued region

Description of materials

The first geothermal system studied in the regions El Oued in the framework
of this thesis consists of air duct. The geothermal heat exchanger designed and realized in
El Oued region (Reguiba) which consist to of a helicoidal vertical shape as shown in figure

IV.3. This configuration allows to decrease the area of installation of the geothermal heat
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exchanger and to assure the maximum of heat transfer from the soil to its surface due to
the helicoidal shape of the vertical. The Helicoidal Water Air Heat Exchanger(HWAHE)
has a helical shape with 0.8 m in diameter and 3 m in length. The heat exchanger is made
of PVC pipe of 30 m length and 0.06 m diameter, and it is formed of 12 spires where
the space between two consecutive spires is 0.3 m. The heat exchanger is immersed in a

water well of 5 m deep as shown in figure IV.3.

Heat exchanger (L=30m, diameter 0.06 m)

Dlameter (0§ m) mml;'::npol;ufmle 2
Well water
12 spires Sand
Heat exchanger
E
oy
B depth
. Water depth

Figure IV.3: Description of the heat exchanger

IV.1.1 Geothermal heat exchanger description

The experimental setup steps mainly consist of drilling the well, preparation of
the exchanger and setting up of the heat exchanger into the water well as detailed below.
Due to the low solidity of El Oued soil (sandy soil) the well drilled using the Concrete
rings to avoid falling of the sand, the well drilled with 1 m diameter and 5 m depth and
then filled with water, figure IV.4 shows clear picture of the drilled well.

The geothermal heat exchanger installed into the water well in the depth of 2
to 5 m as shown in IV.4. So, all the exchanger placed between the second and the fifth
meter of the water well, the inlet and the outlet of the exchanger placed in small room
constructed by plastic with the outlet have another option of injecting air from the outside
too. In addition, a variable air flow extractor is placed at the inlet of the exchanger.

An external air intake vent with a height of 0.5 m built to avoid clogging is

provided for the entry of fresh air into the duct, covered by a cap that prevents rainwater
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and sand from infiltrating within the duct. To prevent the intrusion of rodents, birds and
insects, a fine mesh protective grid, accessible for cleaning, is installed at the entrance of
each tunnel. A blower is mounted at the tube inlet to pump air within the exchanger. The
flow of the blower varies. Air is continually pumped into the exchanger. No regulation is

provided to start or stop the blower [69].

Figure IV.4: Experimental setup
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The geothermal heat exchanger has a conical basket shape. Its diameter is 80
cm and the length 3 m, this exchanger made by PVC pipe with 30 m length and 6 cm
diameter, it is formed of 12 spires and the space between two consecutive spires is 30 cm,

Table IV.2 shows the parameter of the exchanger.

Table IV.1: Experimental parameters

Parameters Values
Diameter of pipe (m) 0.06
Length of pipe (m) 30
Depth of pipe (m) 5
Thickness of pipe (m) 0.005
Mass flow rate (kg.s™') 0.035, 0.05 and 0.07
Water temperature (K) 297.8
Water thermal conductivity (W.m™'.K~!) 0.60
Water density (kg.m™?) 1000
Water specific heat capacity (J.kg 'K~!) 4180
Ambient temperature (K) 311

IV.1.2 Principle of operation

The principle of operation is very intuitive, the air at ambient temperature is
blown into the heat exchanger by a blower at a constant velocity. It travels throughout
the tube and exchanges heat with water. At the inlet and outlet at 30 m the heat
exchanger, an anemometer is placed at the end of the PVC tube to control the velocity of
the outlet air and a thermocouple to control the temperature. This temperature difference
is one of the factors that affects the performance of the system. FigureIV.5 shows the
positioning of the K-type thermocouples on the heat exchanger immersed in the water of
the well. It was also used to measure the air temperature in different sections along the
tube. Another instrument, Anemometer TESTO 416, is placed at the exit of the heat

exchanger to measure the velocity of the air created by a blower.
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Inlet of cold or hot air Qutlet of cold or hot air

Anemometer TESTO 416
Thrnnocqulr 4({30m)

Airblower

Thermocouple 1 (Om) - - Well water

Heat exchanger

Water

Heat transfer between the exchanger and the water
Thermocouple 2 (10m) -

Thermocouple 3 (20 m)

Figure IV.5: General view of the heat exchanger

IV.2 Thermophysical characteristics of the system

The thermophysical characteristics of pipe air ducts, water and air are shown in
Table IV.2, systems based on the water have become an interesting alternative, especially

due to the high specific heat and the heat capacity of water.

Table IV.2: Physical and thermal properties used in the present study

Material Density Thermal Capacity Thermal Conduc-
(kg.m™3) (Jkg P K1) tivity (Wom 1. K1)

Air(300 K) 1.1774 1005.7 0.02624

Water (300 K) 1000 4180 0.60

PVC pipe 1380 900 0.16

IV.3 Measuring equipments

The temperature measurements at the different levels in the "test office" are
carried out using a constant-manganin thermocouple (k-type) are represented in figure
IV.6. The technical characteristics of the thermocouples are presented in (See Appandix
B.Table IV.3).A set of K-type thermocouple were used for measuring the temperature in
different locations such as ambient temperature, water well temperature at five different
positions, the temperature of air in the inlet and outlet of the HWAHE, seven measuring
the temperature detectors (k-type) were used to measure the temperature of the air at

different sections along the length of pipe (See Appendix B).
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Figure IV.6: Type K thermocouples used

Air flow velocity and flow rate through HWAHE pipe was measured with the
help of a vane probe-type anemometer (TESTO 416) as shown in Figure IV.7 small vane
anemometers with a fixed telescopic probe, designed for measuring the airflow, wind speed
and calculating Volumatic flow rate. The 416 digital anemometer provides accuracy on
the spot readings in small ducts, ventilation grilles and air outlets. Compact in design,
the hand-held instrument uses a high precision mini rotating vane to deliver readings with
a high degree of accuracy. A TESTO 416 type was utilized for measuring the mass flow
rate. the anemometer is placed at inlet and outlet of the heat exchanger to measure the

velocity of the air created by a blower.

Figure IV.7: Anemometer Testo 416
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IV.4 Experimental uncertainty

Several factors such as instrument selection, state and calibration, environmen-
tal condition and experiment plan can cause errors and uncertainties in the experiments.
Therefore, an uncertainty analysis should be performed to verify the precision of the
equipment and experiment. An uncertainty analysis was performed using the method
described [102].

A result R which depending on Wy, Wy, Wi........ , W,. In this work, be the un-
certainties in the independent variable measured in the experiments, then the uncertainty

in the result having these odds is given as:

OR \* (0R \? or \7*
(a_xlwl) +(a—x2'UJQ) + o +<a—$nwn)] (IV].)

Each measured and calculated parameters uncertainty is calculated using Eq

WR =

(IV.1), an example the uncertainty evaluations in the heat exchange rate can be gifted as

follows:

? 2 2 2132
o= [ (B (oY () + (ewn)] v

Where W,;, and Wy, represent the estimated uncertainties of the mass flow rate

and temperature measurements, respectively. The sensitiveness of the thermocouple and
anemometer used to carry out these experiments is respectively equal to &= 0.01 °C' and
+0.1 m.s™!. To identify tests errors and uncertainties caused by tools chosen in the present
study and to prove the accuracy and validity of the experiments, the measurement errors
are presented (see Appandixe B Table IV.3). The error investigations, therefore, give the
uncertainties for velocity and temperature as £+ 2.0% and + 3.57% respectively. This
is an actual instrumental error noted over the measurement as the present study is a
comparative analysis of actual experimentation to investigate the performance of several

parameters under various different operating conditions.



CHAPTER 1V. EXPERIMENTAL SETUP o8

IV.5 Climatic conditions of the experiments

The climatic conditions of El Oued experiments were measured for long-term
average values: maximum and minimum ambient temperature, monthly average relative

humidity, wind speed and average water temperature immersed TableIV.3.

Table IV.3: The climatic conditions of El Oued (May 2017)

Day 3 May 4 May 5 May
Maximal ambient temperature 38,2 36 37,6
Minimal ambient temperature 17.3 19.5 20
Average relative humidity % 31 32 34
Mean wind velocity 3.9 4.3 4.6
Average water temperature at 5m 24.8 25 25.1

Hourly variance during the month (May 3™ to 5", 2017) of ambient temperature
and solar radiation is shown in Figure IV.8. The ambient temperature differed between

15 to 40 °C during this time, and solar radiation ranged from 900 to 1000 W.m 2.
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Figure IV.8: Solar radiation and ambient temperature (3 -5 May 2017)

Figure IV.9, presents the average wind speed and relative humidity values at the

identical time. It demonstrates that at 07:00 h, the maximum value of relative humidity
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is reached, equivalent to 77 %. At 16:00 h, its minimum value 19 %. The mean wind

speed is 3 m.s™ 1.
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Figure IV.9: Evolution of relative humidity and wind velocity

IV.6 Conclusion

The thermal behavior and thermal efficiency of the helicoidal water heat ex-
changer can be determined from experimental tests carried out during the cooling period
in the EI Oued region.

A data acquisition system was also installed, including the acquisition system
and the various measuring instruments. This system allowed us to measure the different
parameters: flow rate, soil temperature, input water temperatures, and output of the

buried exchanger.



Chapter V

Experimental and numerical results

V.1 Introduction

A significant factor in geothermal system installations is the buried or submerged
heat exchanger. Because the efficiency of these systems necessarily starts with a good use
of geothermal energy, which is assured by the immersed exchanger being well mounted.
The objective of this chapter is to characterize buried exchangers and to determine the
output of exchangers of this kind in arid and semi-arid climates. The heat exchange rate,
extracted from the earth, is used to express the efficiency of the buried exchangers during
this analysis. The effects of various parameters, such as air mass flow rate, burial depth,
length and temperature of the inlet, are studied experimentally.

In order to complete the experimental part of the study of the impact of the
diameter, the measurement of pressure losses and the exergy study, an analytical study

have also been developed and validated.

V.2 Thermal ground model(Depth ground tempera-
ture)

Figures V.1a, V.1b and V.1c show the average annual variation in soil temperature
for three different soil types. Table V.1 shows the different thermophysical properties of
the three types of soil studied (wet sand, clay and clay-sand silt). We notice that the

60
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average temperature of the soil decreases when we increase more into the soil. This
behavior appears clearly in soil with a low thermal diffusivity (figure V.1b) than other
types of soil (figure V.1a, V.1b and V.1c). The nature of the soil plays a very important

role in the burial and the operation of the air-to-soil exchanger.
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Figure V.1: Hourly evolution of soil temperature as a function of depth for all types of
soil

Figures V.2, it is remarked that there is a maximum temperature phase shift in
the winter period, on the other hand, this phase shift becomes minimal in the summer
period for the three soils, this phase shift is due to the thermal diffusivity of each soil, we

also notice that as thermal diffusivity increases, the temperature of the soil increases.
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Table V.1: Thermal and physical properties of soil

Type of Density Thermal diffusivity Heat capacity

soil kg.m=3 m2.h~! Jkg LK1
Clay 1500 0.00348 880
Loam 1800 0.00223 1340
Sand 1780 0.00135 1390
34 L clay ¢=0.00348 m’/h

clay-sandy loam ¢=0.00223 m*/h
——sandy a=0.00135 m?/h
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Figure V.2: Hourly evolution of soil temperature for three types of soil for a depth of
3.0m

V.3 Water well temperature variation

In this work, an experimental study is undertaken to present the potential uti-
lization of a Helicoidal Water-Air Heat Exchanger (HWAHE) in refreshing mode in arid
zones, particularly for El-Oued area, Algeria. With this aim, a study of the thermal

performance of HWAHE was experimentally analyzed.

V.3.1 Water well temperature variation

The evolution of ambient temperature and water well temperature for different
depths positions, from May 3th to 5th, 2017 is presented in figure V.3. The obtained

results demonstrate that the ambient temperature varied from 18 to 38 °C'. The temper-
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ature of both ambient air and water fluctuates due to solar radiation effect. In addition,

the water well temperature was between 23 and 25 °C' for different depth positions.
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Figure V.3: Experimental soil temperature profile at different depths (May 3th to 5th,
2017)

V.3.2 Evolution of the air temperature at the outlet of the ex-

changer

Experiments were performed in the region of El Oued on May 2017 from 10:00
h to 18:00 h. Temperatures were measured each lhour period for three different air
velocities (10, 15 and 20 m.s™1). Besides, it is worth to note that the temperature in
the water well beyond 3 m was almost constant, varied between 24 and 25 °C'. In this
regard, the HWAHE was immersed in the water beyond this depth to keep it in a constant
temperature environment. Figure V.4 shows side by side the experimental measurements
of the inlet temperature, the water temperature and the outlet temperature in the three
cases of air velocity 10, 15 and 20 m.s™!. From the results of figure V.4, an increase in
the air outlet temperature is observed with increasing of air velocity which reaches its

highest value at 20 m.s™!.

The increasing of air velocity causes an increase in the air
outlet temperature because of the decreasing of the residence time of air in the HWAHE
pipes. Therefore, the thermal performance of the HWAHE deteriorates with increasing
of air flow velocity.

Air temperature at the inlet of HWAHE pipe plays a significant role as the rate

of heat transfer between air and soil is governed by the temperature difference between
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Figure V.4: Variation of the outlet temperatures of the heat exchanger

air and underground soil. The figure V.5, noticed that with the increase in inlet air
temperature, the outlet temperature of air increases whereas, the amplitude decreases
considerably. As the inlet temperature varied from 33 to 42 °C', outlet air temperature
varied from 26 to 29 °C', for a 30 m length exchange, also observed with an increase of

mass flow rate, the outlet air temperature increase but total heat gain increases.

V.3.3 Duration curve of outlet temperature

An important characteristic for passive cooling applications is the temperature
ratio RT which describes the temperature damping between inlet and outlet temperature,
the effect of the flow rate on the performance of HWAHE was investigated. Figure V.6
shows the air temperature ratio along with the mass flow rate of HWAHE under the dif-
ferent air flow conditions. When the mass flow rate was 0.035 kg.s~! the air temperature
decreasing rate was the fastest. The smaller the flow rate was, the faster the air tem-
perature decreasing rate was, and the lower the outlet air temperature was. When the
air mass flow rate was low, the time of air staying in the tube was long. Therefore, the
heat transfer amount was also more than that of high airflow. The smaller RT, the more

cooling energy is supplied to the building. As expected, reaches the smallest RT due to
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Figure V.5: Outlet air temperature variation versus the inlet air temperature for different

mass flow rate

the high specific surface area (high conductive heat transfer between water immersed and

pipe) and the comparatively small pipe diameter (high convective heat transfer between

pipe and air).
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Figure V.6: Temperature ratio at a different flow rate
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V.3.4 Evolutions Heat Exchange Rate

To evaluate the overall heat transfer coefficient, three tests of the thermal po-
tential were performed with varying mass flow rate between 0.035 and 0.07 kg.s~!. For
estimating heat exchange rate in each experience, the air temperature and mass flow rate
in the exchanger inlet were fixed. The heat transfer rate was calculated when the out-
let temperature became stable. Figure V.7 demonstrates that the difference of average

logarithmic temperature (ATLM) has a linear relationship with heat exchanger rate.
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Figure V.7: Heat transfer rate, according to the log mean temperature difference for
different flow rates
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Figure V.8: The overall heat transfer coefficient versus mass flow rate

The calculated overall heat transfer coefficient U of the HWAHE systems is dis-
played in Figure V.8, this figure shows that the overall heat transfer coefficient, U, in-
creases with the mass flow rate increases, varied from 9 to 19 W.m=2.°2C~1.
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Figure V.9: Heat exchange rate versus mass flow rate

Figure V.9 illustrates the linear relationship between the mass flow rate and the
heat exchange rate. The results are showing that when the flow rate is doubled (from
0.035 to 0.07 kg.s™1), the heat exchange rate increases from 8 to 18 W.m™!. From these

results, it is clear that the mass flow rate has a major impact on the rate of heat exchange.
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The same is true for the cooling power figure V.10, represents the heat transfer
rate varies according to the time for different mass flow rates. An increase of 0.4 kW in
cooling power was observed for a change in the mass flow rate of 0.035 to 0.07 kg.s™1.
As the difference in air temperature between the inlet and the outlet of the buried pipe
decreases with the increase in mass flow rate, then the increase in cooling power is due
only to the increase in mass air flow. These values confirm the significance of geothermal

energy exploitation in El-Oued region.
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Figure V.10: Heat exchange rate versus time for different mass flow rate

V.3.5 Energy efficiency

The effect of mass flow rate on energy efficiency, determined by the equation
(Eq.II1.17), is also studied, the results are shown in figure V.11. We notice in this figure,
we note that increasing the mass flow rate decreases energy efficiency, from 92.5 % to
90 %. In addition, the flow rate determines the residence time of the air inside the heat
exchanger, so it determines the residence time of the air inside the heat exchanger, so it
determines the amount of heat the water immersed can retain. As the flow increases, the

temperature differential between the exchanger and the exchanger decreases and thus the

energy efficiency decreases.
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Figure V.11: Energy efficiency versus mass flow rate

V.4 Effect of the length of the immersed exchanger

Figure V.12 shows the hourly variation of the air temperature inside the HWAHE
system at three distances from the inlet (10, 20 and 30 m) for air velocity of 0.035, 0.05
and 0.07 kg.s~'. From the results of Figure V.12 it can be noticed that any variation
in the inlet temperature will be followed by a variation in the temperature of HWAHE
mainly at 10 and 20 meters of distance. However, at the outlet of HWAHE (at 30 m),
the air temperature is fairly constant and lower than 29 °C' irrespective of the inlet
temperature. an increase in the air outlet temperature is observed with increasing of air
flow which reaches its highest value at 0.07 kg.s~!. At the outlet, a pleasant and favorable
temperature level for cooling the buildings in the region of El Oued is achieved at 27°C'.

Figure V.13 represents the results of the experimental measurements. In V.13,
the variation of air temperature along the length estimated by measured data for three
different mass flow rates of 0.035, 0.05 and 0.07 kg.s~*. In this figure, it was observed
that increasing the mass flow rate causes a decrease in the air temperature because of the
decreasing residence time of the flowing air inside the HWAHE. Therefore, the thermal
performance deteriorates proportionally with mass flow rate increases. It was also ob-
served the increase in the length causes an increase in the exchange surface between the

fluid and the immersed pipe which increases the heat losses by convection of the air and
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Figure V.12: HVariation of the air temperature along the HWAHE versus the time for

different flow rates

consequently, the air becomes cooled more. and comes out with a temperature closer to

the buried tube.
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Air Temperature (°C)

Figure V.13: Variation of air outlet temperature as function of mass flow rate

The efficiency of the system changes according to two variables; temperature and

mass flow rate. Figure V.14 shows the results of the efficiency of the system as a function
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of the length of the heat exchanger. It was observed that when the flow rate increased,

the efficiency of the system decreased. Indeed, the residence time influences directly the

amount of heat absorbed by the air. Therefore, as the mass flow rate increases, the heat

transfer coefficient increases, but on the other hand the residence time of the air in the

heat exchanger decreases, so the temperature of the outlet air increases, which finally

results in a decrease in the heat exchange efficiency. The efficiency is obtained to be

82%, 81% and 80% for three different mass flow rates of 0.035, 0.05 and 0.07 kg.s !,

respectively.
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Figure V.14: Efficiency energy versus the exchanger length for different mass flow rate
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V.5 Exploitation of the analytical model

The purpose of the analytical analysis is to research the other parameters not
treated in the experimental part, such as the diameter, the length of the immersed ex-
changer as well as the pressure losses, we will start with a validation of the analytical

model followed by its exploitation

V.5.0.1 Validation of the analytical model

The validation of the analytical model is limited to the outlet temperature and
the energy efficiency of the 30 m length exchanger immersed at a depth of 5 m for the
three mass flow rates considered in the experiment. Complete results are grouped in table

V.2.

Table V.2: Comparison between exprimental and analytical results

Outlet temperature Efficiency energy
Mass flow rate (kg.s™') Exprimental Analytical | Exprimental Analytical
0.035 27.12 26.60 82 83
0.05 27.21 27.77 81 79
0.07 27.53 28.04 80 76

It should be noted from Table V.2 that the following analytical values have the
same trend as those measured with an acceptable level, in the order of 2% for the outlet

temperature and about 4% for the energy efficiency.

V.6 Exergy performance

The variation of HWAHE exergy efficiency with mass flow rate is plotted in figure
V.15. It is remarked that the exergy efficiency declines with the increment in flow rate.
The values of exergertic efficiency are calculated as 90, 88 and 87% at respectively 0.035,
0.05 and 0.07 kg.s~!, mass flow rates. It is seen that the efficiency of net energy was
always higher than that of net energy efficiency. Due to the substantial storage ability of

the water well.
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Figure V.15: Exergy efficiency versus mass flow rate

The exergy destruction rate of the HWAHE system is presented in the figureV.16.
These results confirm that the increase of mass flow rate leads to an increase in the exergy
loss. It is about of 0.9 kW and 3.5 kW at respectively 0.035 kg.s~* and 0.07 kg.s~* mass
flow rates. The exergy destruction occurs principally due to blower and HWAHE piping

system.

Exergy losses (kW)
(o]
1
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Mass flow rate (kg/s)

Figure V.16: Exergy losses versus mass flow rate
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V.7 Theoretical process exploitation

V.7.1 Impact of the diameter of an immersed heat exchanger

In order to illustrate the effect of the exchanger diameter, we have represented
on the figure V.17 the variation of the heat exchange rate according to the length of the
exchanger for three diameters. The effect of the pipe diameter on the temperature of the
air outlet is shown in figure V.17. As noted, an increase in the diameter of the tube leads
to an increase in the temperature of the air outlet.
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Figure V.17: Influence of pipe diameter on the air outlet temperature

In fact, we observed an increase of 1 °C' and 2 °C' in the maximum air outlet
temperature for tube diameter variations of 50 -80 cm respectively. Indeed, the tempera-
ture of the air outlet increases because, due to the increase in the diameter of the tube,

the mass flow of the circulating air increases, which causes its thermal inertia to rise and

therefore the air to lose less heat.

V.7.2 Calculation of the pressure losses

The differences in the pressure losses as a function of the mass flow rate of air
and as a function of the exchanger diameter are grouped in the Table V.3.

These results show that the pressure drop increases with the flow rate and de-

creases with the diameter of the exchanger.
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Table V.3: Analytical pressure loss per unit length

Pipe diameter 50 60 70 80
Mass flow rate (kg.s™') Pressure losses (Pa.m™!)
0.035 727.46 581.05 480.80 408.28
0.05 1480.89  1183.31  979.50 832.06
0.07 2452.66  1960.20 1623.01 1379.08

V.8 Conclusion

In this study, a new helicoidally waterair heat exchanger (HWAHE) configuration
was presented and tested experimentally in refreshing mode in El-Oued region, Algeria.
The HWAHE was immersed in 5 m depth water well. Effect of various parameters such as
air velocity, exchanger length and inlet air temperature of the HWAHE were examined.
Besides, an analytical model was used to predict the evolution of the air temperature
inside the HWAHE as function of the main parameters. A good agreement between the
experimental measurements and the results of analytical model was found. The main

points concluded from this study are as follows:

e The maximum obtained temperature gap between the inlet and the outlet of the

HWAHE is of 14.1 °C with 0.035 kg.s~! of air flow rate;

o The efficiency of the proposed HWAHE decreased with the increase of the air ve-
locity. For the average values of air flow rate used in this study (0.035, 0.05 and
0.07 kg.s™ '), the HWAHE efficiencies are 82%, 81% and 80%, respectively;

o The analytical study of the exchanger showed a high concordance with those exper-

imental;

o The HWAHE overall exchange coefficient has a positive relationship with mass flow
rate and it rises to 19 W.m 2. K~ from 9 W.m 2. K~! when the mass flow rate is

varied from 0.035 to 0.07 kg.s~* ;

o The HWAHE heat exchange rate improves to 18 W.m ™! from 8 W.m ™! with rise in
mass flow rate from 0.035 to 0.07 kg.s™! ;
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e The obtained results show that the energy provided by the HWAHE is more impor-
tant in southern Algeria due to a significant difference between ambient temperature

and ground temperature.



Chapter VI

Techno-economic study

VI.1 Introduction

The role of geothermal energy in Buildings has received increased attention across
a number of disciplines in recent years. Recent developments in the field of geothermal
heat exchange uses have led to a renewed interest in energy saving. This chapter investi-
gates the ability to reduce the energy usage for residential buildings located in El Oued
region through a techno-economic comparison between three configurations of geother-
mal heat exchanger. The electricity consumption for cooling and heating of the studied
case is calculated with and without the HWAHE system.The outlet air temperatures are
calculated by MATLAB software. On this basis, The cooling and heating load for the
chosen build with and without the heat exchanger system during the summer and winter

are calculated by TRNSYS.

V1.2 Description of case study

In this case study, the heat exchanger is integrated in the house of 200 m? as
shown in Figure VI.1. The choosen house design is widely used in the arid and semi-
arid region, it is selected to demonstrate the possible cooling and heating savings energy
consumed when combined with heat exchanger system. The available garden area is used

to bury the heat exchanger system.

77
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Figure VI.1: Plan of the chosen house for the study

Throughout this study, Three configurations of heat exchanger systems will be
studied to demonstrate the economic benefit of geothermal energy integration in build-

ings:VI.2:

o System 1:This system is designed according to the garden area. It consists of one
PVC pipe with 110 mm of diameter and 53.16 m of length, the serpentine pipe
buried at 3 m depth, with 2 m spacing and slope of 2% [103];

o System 2: The HWAHE consists of PVC piping with 30 m of length and 0.06 m of

diameter immersed into the bottom of a water well at 5 m of depth [69];

o System 3: This system consists of 15 pipes arranged horizontally with 1 m space
between them and with 0.1016 m of diameter and 7 m length of each pipe, it buried
at 3 m of depth. All the 15 pipes are connected with two header pipes of 0.152 m of
diameter and 16 m of length. The method of installation and the size of the three
systems GHE studied are shown in Figure VI.2 [110] (see Appendix C).



ure

CHAPTER VI. TECHNO-ECONOMIC STUDY 79
Outlet air a) Outlet air b)
Inlet air
Inlet air
Length =30m
Diameter =0.06 m
Length= 53m
Diameter =110mm
5
03m
Im
(b) Schematic of heat exchanger for our
(a) Schematic of heat exchanger for [43] study [69]
Inlet air
%’
(c) Schematic of heat exchanger for [110]
Figure VI.2: Schematic of the three studied systems of heat exchanger
V1.3 Governing equations
The heat transfer rate provided by heat exchanger system is given as;
Q =mCpAT (VL.1)

The air blower Input Power (IP) is computed by dividing the pumping power by

the blower efficiency.
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p-tr (VL.2)
n

where, n is the blower efficiency and it is taken to be equal to 0.8.

The cooling and heating loads of the selected house using the HWAHE system is
calculated by subtracting the heat transfer rate provides by the heat exchanger from the
cooling and heating load without the HWAHE system [111].

=Q—-Q (VL3)

QI

Where

5: Cooling or heating load for chosen building with heat exchanger system (kW);

Q: Cooling or heating load for chosen building without heat exchanger system
(kW).

The reduction in cooling and heating loads of the chosen building utilizing the
heat exchanger system is determined [110,111]:

Load reduction (%) = [1 — %] x 100 (VI1.4)

The energy efficiency ratio (EER) is determined to assess household air-conditioning
electricity usage, which reflects the ratio of cooling or heating capacity in BTU.h™! to
input power for AC units, varying from 8.5 to 12.5 per air-conditioning (refrence ) For

this analysis, EER is assumed to be equivalent to 11.4.

Cooling or heating (BTU/h)
Power input (W)

EER = (VL5)

The total consumed electricity (kWh) for cooling and heating of a chosen building
with and without the heat exchanger system for 24 hours and 30 days from each month

is determined from [110].

Q(BTU/h) oL
EER 1000

T.E.C = x 24 x 30 (VL6)
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X L x 24 x 30 (VL.7)

T.E.C=
¢ 1000

Q(BT

QUBTUM) |,
EFER

T.E.C: Total electricity consumption without heat exchanger system (kW).

T.E.C: Total electricity consumption with heat exchanger system (kW).

The energy savings that can be achieved with the heat exchanger system are

calculated by:

~

E.C

x 100 (VL)
T.EC

Energy saving (%) = [1 -

V1.4 Boundary conditions

The following conditions were used to complete the model of heat exchanger,
where the cooling and heating loads have been calculated according to the design condi-
tions, the construction materials and load components. At the inlet section of the heat
exchanger tube, the mass flow rate is constant and equal to (0.07 kg.s™!) with constant
inlet temperature (7},), which equals to the ambient air temperature. The values of the
outside air temperature (7,) are selected according to the data that was recorded for
each month during the period (May 2017-April 2018) in El Oued city in southern Algeria.

At the outlet, the relative pressure was taken to be equal to the atmospheric pressure.

V1.5 Comparison of three proposed systems

V1.5.1 Cooling season

Figure VI.3 shows Heat transfer rate for three studied systems over the summer
season. From this figure it can be remarked that during the summer season the heat
transfer from the system and soil increased with increasing of contact surface, thus the
maximum heat transfer rate can be obtained from system 3 then system 2, and finally
system 1.

The cooling load for the chosen build with and without the heat exchanger system

during the summer season is shown in figure VI.4. From this figure, it can be viewed that
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Figure VI.3: Heat transfer rate for the three studied system during summer season

during the summer season, the cooling load for the chosen build decreased using the heat
exchanger system, and this drop in cooling load increased with increasing the contact
surface of heat exchanger system due to outlet temperature decreasing. So, the minimum

cooling load was achieved with using system 3.
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Figure VI.4: The cooling load for the chosen build with and without heat exchanger
system for the three studied systems during the summer season

The percentage reduction in the cooling load that can be obtained from each
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configuration of heat exchanger system is shown in figure VI.5. It seems from this figure
that system 3 gives the highest reduction percentage in cooling load, then system 2, which

gives a reduction value of 10% ,is greater than system 1 by 6%.
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Figure VI.5: The percentage of reduction in cooling load for a chosen building using the
heat exchanger system for the three studied systems during summer season

Figure VI.6 , demonstrates the electricity consumption for cooling of the chosen
house, with and without the heat exchanger system, for the three systems studied. It is
easy to see from this figure that the electricity consumption for cooling of the selected
construct is reduced by using the heat exchanger system due to the reduction in the
load that needed to be removed by AC units. This figure also shows that the minimum
electricity consumption is achieved using System 3 since the maximum reduction in cooling
load is given by this system.

For the three tested systems, figure VI.7 shows the energy savings that can be
achieved using heat exchanger for the cooling of the chosen house. This figure presents the
key advantage of using heat exchanger system, where it can be seen that using the heat
exchanger as a passive system for cooling of the selected house during the summer season,
there is a saving in energy due to the reduction that occurs in consumed electricity. This
figure also shows that a higher energy saving value was reported with system 3 at 15 %
, then system 2 at 10 % value, and eventually system 1 at 5% energy saving value in the

selected home.
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Figure VI.6: The electricity consumption for cooling the chosen build with and without
the heat exchanger system for the three studied systems during summer
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Figure VI.7: Saving in energy occurs with using heat exchanger system for cooling the
chosen building
V1.5.2 Heating season

Figure VI.8 shows the three worked systems over the winter season, the heat

transfer rate between air and soil. From this figure it can be found that during the winter
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season the heat transfer from the air pipe to the soil increasing with the increasing system
number of mounted pipes, hence the contact surface, thus the maximum heat transfer rate

can be obtained from system 3 then system 2, and finally system 1.
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Figure VI.8: Heat transfer rate between three systems during the winter season

Figure VI.9 dipects the heating load for the chosen home with and without the
heat exchanger system during the winter season. From this figure, it can be seen that
the heating load for the chosen house decreases using the heat exchanger system during
this season, and this decrease in heating load increased as the contact surface of heat
exchanger system increased due to an increased in the temperature of the air supplied to
the house. So, using system 3, the minimum heating load was achieved.

Figure VI.10 displays the percentage reduction in the heating load for the three
chosen systems, it seems from this figure that the maximum reduction percentage in
heating load is given by system 3, then system 2, which gives a value of reduction close

to system 3, and higher than system 1.
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Figure VI.9: The heating load for the chosen home with and without heat exchanger
system for the three studied systems during the winter season
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Figure VI.10: The percentage of reduction in heating load for the chosen home using the
heat exchanger system for the three studied systems during winter season

Figure VI.11 shows the energy consumed for the heating of the selected house
during the winter season with and without a heat exchanger system for the three systems
tested. From this figure, it can be seen that the energy consumed has decreased. That by
using a geothermal heat exchanger, where the heat exchanger acts as a heating system.

Figure VI.12 shows the saving in energy utilizing for the three systems studied.

This figure illustrates that the saving in energy increased with increasing in reduction of
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Figure VI.11: The electricity consumption for heating with and without the heat ex-
changer system for the three studied systems during winter season

electricity consumption, so the maximum energy saving is noted from utilizing system 3
compared with system 2, which gives energy saving higher than system 1.
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Figure VI.12: Saving energy occurs with using the Earth to air heat exchanger system
for heating the selected house
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V1.6 Initial costs of installation

The initial cost of installation of a geothermal heat exchanger device included
drilling costs, tubing, elbows, staff, and drawers. The estimates cost for the three systems
were made on the basis of the local Algerian market prices, as shown in Table VI.1. From
this table, it can be noted that the overall total initial cost of the heat exchanger system
in case 3 is 60,310.00 DZD (468 $), while system 1 and heat exchanger system 2 have
reached 75,700.00 DZD (588 $) and 97,200.00 DZD (755 §$) respectively.

Table VI.1: The total estimated intiale cost of installation of the heat exchanger systems

System System 1 System 2 System 3
Item Prices (DZD)

Drilling 25000 37500 50000
Workers 14310 16200 16200
Drawer air 15000 10000 25000
Pipes and elbows 6000 12000 6000
Total cost (DZD) 60310 75700 97200
Total cost ($) 486.063 587.504 754.365

After analyzing and determining the appropriate system in terms of energy sav-
ings of cooling and heating loads for the chosen house during the summer and winter
seasons. Where 5 months of summer (May, June, July, August and September) and 3
months of winter (December, January and February) are selected. Studying of the eco-
nomic impacts of HWAHE utilization on energy saving during the year is important for
the future of heating and cooling loads in El Oued region.

The monthly average of inlet and outlet HWAHE air temperature during the
period (May 2018- April 2019) is presented in the figure VI.13. It can be noticed from
this figure that notwithstanding the difference in the average Ambient air temperature per
month, where it ranges from 10.65 °C' in the month of January to 41.72 °C' in August,the
temperature of the outlet air of the HWAHE reported for all months is nearly around to
25 °C'. The temperature of the outlet air from the HWAHE system reported in January is
22.812 °C' and 28.40 °C' in July. In general, from this figure, it can be inferred that the air
temperature supplied by the HWAHE system is more constant compared to fluctuating

external air temperature values.
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Temperature (°C)

Figure VI.13: Monthly average of outside air temperature and outlet air temperature of
HWAHE system

Figure VI.14 presents the monthly average rate of heat transfer between air and
water well per month over the course of the year. Heat transfer is measured on the basis
of each month’s average temperature. From this figure, it can be observed that, due to the
difference in external temperature, which reflects the inlet temperature of the HWAHE
system, the amount of heat transfer rate varies throughout the year. It reported that the
heat transfert rate in January and August was 1942.20 W and 1625.99 W, respectively.
This results may be explained by the fact that the highest amount of heat transfer can be

obtained during theses monthes due to the minimum and maximum outside temperature.

The amount of cooling load for the chosen home during summer months with
and without the HWAHE system is illustrated in Figure VI.15.It can be noticed from this
figure that the amount of cooling load varies in summer, depending on the variation in
the outside air temperature, where the maximum amount was recorded in August and the
minimum was recorded in May because these months have the maximum and minimum
outside air temperature, respectively. Also, it can be remarked from this figure that the
amount of cooling load for the chosen home was reduced when the heat exchanger system

is installed and coupled with the house, whereas, for example, in August, the amount of
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Figure VI.14: The heat transfer rate on the monthly average of the outdoor air tempera-
ture per month

cooling load without the heat exchanger system was registered envirent to 14.90 kW, but

this value reduced to 13.12 kW using the HWAHE system.
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Figure VI.15: Cooling load for the chosen home with and without the HWAHE system
during summer months

The percentage of the cooling load reduction is illustrated in Figure VI.16 From
this figure, it can be observed that the percentages of cooling load reduction ranged from

11.55 % in May to 15.54 % in August. This figure also demonstrates that the maximum
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values reported in August and July due to the high outside temperature.
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Figure VI.16: Reduction in cooling load for the chosen home using the heat exchanger
system during summer months

Figure VI.17 presents the electricity use for the cooling of the chosen home during
the summer months, with and without the HWAHE system. It can be observed from
this figure that the maximum electricity consumption was stated in August, while the
minimum was recounted in May since the consumption of electricity was dependent on
the quantity of cooling load in which the maximum and minimum quantity of cooling
load is registered in those months. This figure also shows that, due to the reduction in
cooling load using the HWAHE system, electricity consumption is decreased compared

with electricity consumption without the HWAHE system.
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Figure VI.17: Electricity consumption for cooling of the chosen home with and without
HWAHE system through summer months
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Figure VI.18: Energysaving occurs with using heat exchanger system for cooling the
chosen home during the summer months

The energy-saving percentages using the HWAHE method during the summer

months are shown in FigureVI.18. This figure presents that the energy-saving percentages
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are from 11.37% to 15.45%, where the maximum energy saving can be achieved in August,
while the minimum amount of energy-saving was recorded in May because in August and
May the maximum and minimum reduction in cooling load was recorded. .

Figure VI.19 shows the amount of heating load for the chosen home with and
without the HWAHE system during the winter months. It can be remarked that during
the months with low outdoor air temperatures, the amount of heating load increased so
that the maximum heating load value was reached in January. This figure also indicates
a decrease in the required heating with the use of the HWAHE system, where the heating
load decreased from 7.41 to 6.01 kW, from 8.20 to 6.57 kW, and from 6.52 to 5.41 kW

through December, January, and February, respectively.
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Figure VI.19: Heating load during winter months for the chosen home with and without
the HWAHE system

Figure VI.20 shows the heating load reduction during the winter months when it
is combined with the HWAHE system. It can be noticed an important reduction in energy
use by utilizing the HWAHE system. It is also seen from this that the HWAHE system
is very helpful in the winter months, where the reduction percentages are values of 18.67

%, 19.82 %, and 16.86 % for January, December, and February months, respectively.
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Figure VI.20: Reduction in heating load of the chosen home using the HWAHE system
during winter season

Figure VI.21 shows the energy usage for heating the chosen house during the
winter months, with and without the HWAHE system. It remarked that the maximum
consumed electricity was in January for heating the chosen house. This figure also shows
that there is a decrease in electricity usage when HWAHE is used during all the winter
months, where usage decreased by 321.89, 378.81 and 255.13 kWh over the months of
January, December and February, respectively.

The percentage of energy savings over the winter months using the HWAHE
system is shown in figureVI1.22. This figure presents that there is a benefit from the use
of HWAHE as a passive heating system, where electricity consumption was reduced using
the HWAHE system, leading to energy savings reaching a maximum value of 19.74% in

January.
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V1.7 Cost saving

The cost saving by using HWAHE as the cooling and heating system is evaluated

2. Electrical energy consumption cost for the cooling and

based on a space with 200 m
heating of the indicated space, with and without the HWAHE system, is determined
according to the prices of the Algerian Ministry of Electricity (ME).

Table VI.2 presents the overall cost of energy used for cooling and heating loads
in the summer and winter months with and without the HWAHE system. This table
shows that the maximum cost saving using the studied system has a range from 1.221,95
DZD (9.48 $) in May to 2.4761,06 DZD (19 $) in July. In addition, the total cost saving
has been 14.614,15 DZD (113 $) during the summer and winter months.

From the total initial cost, the installation of the HWAHE system, which values
75700 DZD (587 $ ) the cost-saving of energy consumed for 1 year for both summer and
winter months reached 14614 DZA (113%). with the payback time of HWAHE system is

around 5 years.

V1.8 Conclusion

The HWAHE system is used to minimize the energy usage of cooling and heating
homes by adding to the method. This chapter presents a modelling inquiry into the
reduction of the cooling and heating energy consumption of a specific house coupled with
the HWAHE device under the design conditions of the South-East Algerian city of EL
Oued. The following can be inferred from the findings:

In the summer season, the maximum decrease in cooling load for a chosen build
using the HWAHE system reached 15.53 %. The maximum reduction in heating load was
reported at 19.89 % in during the winter season.

The total electricity demand for cooling and heating of the chosen house decreases
with the HWAHE method, so energy savings reached a maximum value of 15.45 % in the
summer of August and 19.70 % in the winter of January.

The gross total savings of energy consumed for 1 year for both summer and winter

months reached 14614.158 DZD (113 $) with an expected payback period of approximately
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(General conclusion

This present work aims to establish technical and economic feasibility of installing
a geothermal heat exchanger, it also aims to examine the thermal and energy performance
of an air-to-water heat exchanger(HWAHE) used for building cooling. This exchanger
consists of a PVC tube submerged at 5m depth in the water well and it is operated under
the climatic conditions of the El Oued region.

First, general culture study a accompanied by bibliographical research paper on
the extraction of energy from the ground by geothermal systems on the various passive
cooling or heating techniques carriedout. geothermal heat exchangers are exhibited. Also,
the effect of thermo-physical parameters of soil, thermal and flow parameters of air, geo-
metrical and material properties of pipe, different modes of operation on the performance
of earth air tunnel heat exchanger systems have been critically reviewed.

Done the system’s thermal modeling. For this, a thermal model based on a semi-
infinite medium model, subjected to determine the temperature at the depth of the soil
and at the surface has been developed, In this model, an analysis of the Fourier series
was implemented that allowed us to obtain a harmonic model for the temperature at soil
depth. Three types of soil, namely clay, sandy clay loam, and sand, were also studied.
The obtained results show us that, because of its high thermal inertia, the sandy soil is
most suitable for cooling applications by air-soil exchangers.

An experimental characterization of the immersed in water well exchanger was
carried out,followed by a parametric study and is completed by the development and
validation of an analytical model.

This allowed us to draw conclusions as follows:

e The thermal potential of the HWAHE system in the EL Oued area enables the

immersed helical vertical heat exchanger to be useful in buildings and agricultural
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greenhouses or dwellings of farmers in the considered region;

e Indeed, the variation in the temperature of the water well shows that in May, at a

depth of bm, it is less than that of the outside air by 14 °C,

e The maximum obtained temperature gap between the inlet and the outlet of the

HWAHE is of 14.1 °C with 0.035 kg.s~! of mass flow rate;

e The analytical study of the exchanger showed a high concordance with those exper-

imental;

e Energy and exergy efficiency decrease as a function of the mass flow rate for im-

merged exchangers;

e The maximum reduction in cooling load for a selected home using the HWAHE
system reached 15.54 % in July of the summer season, while in the winter season

the maximum reduction in heating load was recorded at 19.89 % in January;

o With the HWAHE system, the total required electricity for cooling and heating the
selected home decreases, therefore, the saving in energy reached the maximum value

of 15.45 % at July in the summer and 19.72 % through January in the winter;

o The gross cost savings of energy consumed for 1 year for both summer and winter
months reached 14614.158 DZA (113%) with an expected payback period of approx-

imately 5 years.
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Appendix

Appendix A

Approximate conversion factors

1 metric tonne = 2204.62 lb.

= 1.1023 short tons

1 kilolitre = 6.2898 barrels

1 kilolitre = 1 cubic metre

1 kilocalorie (kcal) = 4.1868 kJ = 3.968 Btu

1 kilojoule (kJ) = 1,000 joules = 0.239 kcal = 0.948 Btu
1 petajoule (PJ) = 1 quadrillion joules (1 x 10 '9)

1 exajoule (EJ) = 1 quintillion joules (1 x 10'®)

1 British thermal unit (Btu) = 0.252 kcal = 1.055 kJ

1 barrel of oil equivalent (boe) = 5.8 million Btu = 6.119 million kJ
1 kilowatt-hour (kWh) = 860 kcal = 3600 kJ = 3412 Btu

climatic data for the El-Oued region
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Type de capteur Hélice
testo 416 Plage de mesure 06 d0mis
Précision % (0.2 mia +1.5% v.m.)
testo 416 Anémométre & hélice ; avec hélice = 1digit
télescopique (max. 830 mm) fixe de 16 mm ;
avec piles et protocole d'étalonnage Résalution 0.1 m/s
Ref. D560 4160 Temp. de service -20 . +50°C
Temp. de stockage -4 ... +T0°C
Type de piles Bloc 9V, 6F22
Autonomis BOh
Dimensions 182 = 64 = 40 mm
Poids. 326 g
Matériau du baitier ABS
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Abstract

In the present work of this thesis, experimentally and modeling investigations of
the effect of mass flow rate on the performance of a Helicoidal Water Air Heat Exchanger
(HWAHE) in the region of El-Oued (south-est of Algeria), were undergone. On the
basis of the obtained results, an experimental study of the refreshing strategy (HWAHE)
system in the El Oued region, it was shown that a great potential of the earth to air heat
exchanger technique for buildings and agricultural greenhouses in arid regions preheating
or precooling may be ensured.The HWAHE made of PVC piping with 30 m of length
and 0.06 m of diameter was immersed into the bottom of a water well at 5 m depth.
In addition, a theoretical model was developed to determine the evolution of the air
temperature inside the HWAHE as function of the main operating parameters. It is
found that the exchanger is mainly depending on the mass flow rate. As results, the

L of mass flow rate while

maximum heat exchange reached nearly 418 W at 0.035 kg.s™
the maximum of temperature gap between the inlet and the outlet air was 14.1 °C'. The
HWAHE efficiency decreased with the increase of the mass flow rate. The efficiency of
heat exchanger was obtained to be 82%, 81% and 80% for the average velocity value
of 0.035, 0.05 and 0.07 kg.s~!, respectively. In addition, exergitical and economichal
investigate were carried out. The HWAHE energy and exergy efficiencies are maximal,
and they reach to 92% and 89%, respectively.

Keywords: Geothermal energy; Helicoidal Water Air Heat Exchanger; Energy

and Exergetic analysis;Thermal performance; Energy saving.
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Résumé

Dans le présent travail de cette these, une étude expérimentale et modélisée de
I'effet du débit massique sur les performances d'un échangeur de chaleur hélicoidal eau-
air (HWAHE : Helicoidal water-air heat exchanger) dans la région d’El-Oued (sud-est de
I’Algérie), a été menée . Sur la base des résultats obtenus, une étude expérimentale de
la stratégie de rafraichissement du systeme (HWAHE) dans la région d’El Oued, il a été
montré qu’'un grand potentiel géothermie de la technique des échangeurs de chaleur terre-
air pour le préchauffage ou le prérefroidissement des batiments et ’agriculture des serres
dans les régions arides peuvent étre assurés. Le HWAHE constitué de canalisations en
PVC de 30 m de longueur et 0.06 m de diametre a été immergé au fond d’un puits d’eau
a 5 m de profondeur. De plus, un modele théorique a été développé pour déterminer
I’évolution de la température de 'air a l'intérieur du HWAHE en fonction des princi-
paux parametres de fonctionnement (débit massique et température). On constate que
I’échangeur dépend principalement du débit massique. En conséquence, 1’échange ther-
mique, prés de 418 W, maximal a atteint & 0.035 kg.s~! de débit dair tandis que I’écart de
température maximal entre l'air d’entrée et celui de sortie était de 14,1°C'. L’efficacité de
HWAHE diminue avec 'augmentation du débit massique. L’efficacité de I’échangeur de
chaleur a été obtenue a 82%, 81% et 80% pour la valeur de débit dair moyenne de 0.035,
0.05 et 0.07 kg.s™ !, respectivement. En outre, des enquétes éxergitiques et économiques
ont été menées. Les rendements énergétiques et éxergétiques de HWAHE sont maximaux
et atteignent respectivement 92% et 89%.

Mots clés: L’énergie géothermique; Echangeur de chaleur hélicoidal eau-air;

Analyse énergétique et exergétique; Performance thermique; Economie d’énergie.
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This paper investigates experimentally the effect of air velocity on the performance of a water-air helical heat
exchanger (HWAHE) in the region of El-Oued, located in the southeast of Algeria. The HWAHE made of PVC
piping with 30 m of length and 0.06 m of diameter was immersed into the bottom of a water well at 5 m depth. In
addition, a theoretical model was developed to determine the evolution of the air temperature inside the
HWAHE as function of the main operating parameters. Results showed that the maximum heat exchange reached
nearly 418 W at 10 m/s of air velocity while the maximum of temperature gap between the inlet and the outlet

air was 14.1 °C. The HWAHE efficiency decreased with the increase of the air velocity. The efficiency of heat
exchanger was obtained to be 82%, 81% and 80% for the average velocity value of 10, 15 and 20 m/s, re-
spectively. According to the obtained results, the HWAHE presented in this paper may be used for cooling and
heating of buildings or greenhouses in the southeastern Algeria.

1. Introduction

Algeria has a great potential for renewable energy including geo-
thermal energy, which can be utilized to provide space heating/cooling
and even electricity [1-3]. The achievement of indoor thermal comfort
and the minimizing energy consumption in buildings are a key chal-
lenge in desert climates [4,5]. The geothermal energy system is an
environmentally friendly and inexpensive technique that is influenced
by the temperature difference T;, and T, at the level of the PVC pipe
or the heat exchanger. Like any other energy system, the geothermal
energy also is influenced by the solar energy [6,7]. Many studies noted
that beyond 3m depth, the temperature can be considered almost
constant [8-10]. In the studies of [11-14], numerical simulations and
experimentations were performed, and different parameters such as air
flow, depth of burial, length and diameter were taken in consideration
to calculate the energy performance of earth air heat exchanger
(EAHE). The performance of a conventional air/water heat pump
system with that of a geothermal heat pump system was compared
experimentally in [15,16]. Comparing the two systems, the results show
that the geothermal system could save 43% of the energy consumed by
the traditional system during the heating period (winter) and 37%

* Corresponding author.
E-mail address: hadjadjabdessami@gmail.com (A. Hadjadj).

https://doi.org/10.1016/j.tsep.2020.100548

during the cooling period (summer).

Many researchers are interested in the development of the EAHEs.
Some research has shown the importance of coupling the EAHE to
building for air conditioning and found that the temperature at the
outlet of the EAHE is very acceptable to provide comfortable indoor
environment [17-19]. An experimental and theoretical study was per-
formed to indicate the influence of the burial depth in the ground,
length, diameter of exchanger and flow velocity on the performance of
geothermal energy in [20]. A transient one-dimensional heat transfer
model, for predicting the effect of the operating parameters on the
performances of the EAHE was developed in [21,22]. A conic basket
ground heat exchanger (CBGHE) coupled to a geothermal heat pump
was utilized for greenhouse cooling and it was found that the use of this
geometric form of the exchanger provides good results [23-27].

The aim of our study is to reduce the consumption of electric energy
used for air conditioning in the buildings in the El Oued region by using
renewable energy available in the area, which is geothermal energy. An
experimental study was performed with a helicoidally water—air heat
exchanger (HWAHE) to select the most appropriate air flow rate for the
utilization of geothermal energy effectively. The novelty of this work is
the use of abundant wells in the region of El Oued to refresh or heat
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2451-9049/ © 2020 Published by Elsevier Ltd.
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Nomenclature

m mass flow rate, kg/s

CPair specific heat capacity of the air, J/kg K

Ta air temperature inside the HWAHE, °C

Tw water temperature, °C

Tin air temperature at the inlet duct, °C

Tout air temperature at the outlet duct, °C

Riotal total thermal resistance, m K/W

Ry thermal resistance of water, m K/W

Rpipe thermal resistance of buried pipe, m K/W

R, thermal resistance of the convective heat exchange be-
tween air and pipe, m K/W

T inner radius of the pipe, m

To outer radius of the pipe, m

Twell water well radius, m

h, air convective coefficient, W/m? K

hy water convective coefficient, W/m? K

L length of the pipe, m

\Y air velocity inside the pipe, m/s

S surface area, m?2

Apipe thermal conductivity of the pipe, W/m K
Awater thermal conductivity of the water, W/m K

p density of the soil, kg/m>
Subscripts

a air

i inner

o outer

w water

Abbreviations

HWAHE Helicoidally Water-Air Heat Exchanger
EAHE Earth Air Heat Exchanger
CBGHE Conic Basket Ground Heat Exchanger

agricultural greenhouses or dwellings of farmers in the region with an
environmentally friendly and inexpensive technique.

2. Method and experimentation
2.1. Experimental setup

The geographical coordinates of El Oued city located in the south-
east of Algeria are 33.3676° N latitude and 6.8516° E longitude [28].
The steps in the experimentation performed in the study consist of
drilling the well, preparation of the heat exchanger and setting up of the
heat exchanger into the water well as detailed below. The tests were
done in May 2017. The temperatures were recorded every hour from
10:00h to 18:00h with thermocouple type K connected to a small
display. The meteorological conditions of the experiment are shown in
Table 1.

The geothermal heat exchanger has a helical shape with 0.8 m in
diameter and 3 m in length. The heat exchanger is made of PVC pipe of
30 m length and 0.06 m diameter, and it is formed of 12 spires where
the space between two consecutive spires is 0.3 m. The heat exchanger
is immersed in a water well of 5m deep as shown in Fig. 1.

2.2. Principle of operation

The principle of operation is very intuitive, the air at ambient
temperature is blown into the heat exchanger by a blower at a constant
velocity. It travels throughout the tube and exchanges heat with water.
At the outlet at 30 m, an anemometer is placed at the end of the PCV
tube to control the velocity of the outlet air and a thermocouple to
control the temperature. This temperature difference is one of the fac-
tors that affects the performance of the system. Fig. 2 shows the posi-
tioning of the K-type thermocouples on the heat exchanger immersed in
the water of the well. Another instrument, flowmeter TESTO 416, is
placed at the exit of the heat exchanger to measure the velocity of the
air created by a blower. Table 2 shows the experimental parameters
used in the system and Table 3 shows the thermal and physical prop-
erties of the air, water and PVC pipe.

2.3. Experimental uncertainty

To identify tests errors and uncertainties caused by tools chosen in
the present study and to prove the accuracy and validity of the ex-
periments, the measurement errors are presented in Table 4.

3. Mathematical modeling

The modeling of HWAHE is established with respect to the following
assumptions: (a) water properties around the immersed pipe is homo-
genous, (b) air flow is uniform along the length of the immersed pipe;
(d) thermo-physical properties of the air are constants; (e) the air flow
is one dimensional.

The energy balance is as follow [29-31]:

. dT, T, — T,
mepy;, 2 = _(u)

dx Rtatal (1)
The total thermal resistance given by
Riotal = Ra + Rpipe + Ry (2)

The convective thermal resistance between the air and inner pipe
surface R, is expressed as:
1
a =
2ntrihg 3)

The thermal conductive resistance of the pipe can be expressed as:

In(r/n)
Rpipe = - ———
270 Apipe 4
The convective resistance at water side can be written as follow:
1
y = ————
27T hyell hw (5)

where r; and r, are the inner and outer radius of the pipe, respectively.
The outlet temperature can be obtained by the following expression
[29]:

—71L)
Towe = Ty + (T — Tw)exp(P CpaS V Riotal 6)

where Tj,, S and V are the inlet air temperature, inner surface area
of the pipe, and air velocity, respectively.The efficiency of the HWAHE

Table 1
Experimental conditions.

Meteorological conditions on May 2017

Sunrise 05:41h
Sunset 19:19h
Ambient temperature 26-40°C
Atmospheric pressure 101325 Pa
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Heat exchanger (L=30 m, diameter 0.06 m)

length3 m

depth
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Themmocouple 1
Thermocouple 2

Fig. 1. Description of the heat exchanger.

Outletof cold or hot air

Inlet of cold or hot air

a 15
Airblower = @ !-— Anemometer TESTO 416
1 Thermocouple 4 (30 m)
/ Well water

Thermocouple 1 (0m)

Heat exchanger

Water

Heat transfer between the exchanger and the water

Themmocouple 2 (10 m) /

-4
s

Thermocouple 3 (20 m)

Fig. 2. General view of the heat exchanger.

Table 2

Experimental parameter.
Length of pipe (m) 30
Diameter of pipe (m) 0.06
Depth of pipe (m) 3-5
Thickness of pipe (m) 0.17
Air velocity (m/s) 10, 15 and 20
Water temperature (°C) 24.5
Ambient temperature (°C) 38

Table 3

Physical and thermal properties used in the present study.

Material Density (kg/ Thermal Capacity Thermal Conductivity (W/
m®) J/kg K) m K)
Air (300K) 1.1774 1005.7 0.02624
Water 1000 4180 0.60
PVC pipe 1380 900 0.16
Table 4
Uncertainties of data readings.
Device Accuracy Range Error
Anemometer (TESTO + 0.2m/s + 1.5% of +0.6 +0.1m/s
416) to + 40m/s
Thermocouple (Type K) mV * 1.1 —200 to 1250°C +1.1°C

(g) is defined as the ratio of the air temperature drop between the outlet
and the inlet of the HWAHE, and the difference between water and inlet
air temperatures [16].

Well water
Sand
Heat exchanger
Water depth
— ’E)ut - En
Tw - TEH (7)

4. Results and discussion
4.1. Effect of the air velocity through the tube

Experiments were performed in the region of El Oued on May 2017
from 10:00h to 18:00 h. Temperatures were measured each 1-hour
period for three different air velocities (10, 15 and 20 m/s). Besides, it is
worth to note that the temperature in the water well beyond 3 m was
almost constant, varied between 24 and 25°C. In this regard, the
HWAHE was immersed in the water beyond this depth to keep it in a
constant temperature environment. Fig. 3.a shows side by side the ex-
perimental measurements of the inlet temperature, the water tem-
perature and the outlet temperature in the three cases of air velocity 10,
15 and 20 m/s. From the results of Fig. 3.a, an increase in the air outlet
temperature is observed with increasing of air velocity which reaches
its highest value at 20m/s. The increasing of air velocity causes an
increase in the air outlet temperature because of the decreasing of the
residence time of air in the HWAHE pipes. Therefore, the thermal
performance of the HWAHE deteriorates with increasing of air flow
velocity. Fig. 3.b shows the hourly variation of the air temperature
inside the HWAHE system at three distances from the inlet (10, 20 and
30 m) for air velocity of 10 m/s. From the results of Fig. 3.b it can be
noticed that any variation in the inlet temperature will be followed by a
variation in the temperature of HWAHE mainly at 10 and 20m of
distance. However, at the outlet of HWAHE (at 30m), the air tem-
perature is fairly constant and lower than 28 °C irrespective of the inlet
temperature. At the outlet, a pleasant and favorable temperature level
for cooling the buildings in the region of El Oued is achieved.

4.2. Heat exchange rate

The air velocity of 10 m/s was used to analyze the impact of the
exchanger length on the heat exchange rate as seen in Fig. 4.a. The
referred figure shows that the heat exchange rate increases according to
the exchanger length for all the considered velocities. Fig. 4.b shows
that the HWAHE heat exchange rate is a function of the time. The ob-
tained experimental result gives a maximum value of the heat exchange
rate of 418 W at a maximum temperature of 40 °C. This means that our
system works well.
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Fig. 3. a. Variation of the outlet temperatures of the heat exchanger. b. Variation of the air temperature along the HWAHE versus the time.
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Fig. 5. a. Heat exchanger efficiency versus the exchanger length for different air velocities. b. Heat exchanger efficiency versus the exchanger length at air velocity of

10m/s.

4.3. Efficiency

The efficiency of the system changes according to two variable-
s; temperature and velocity. Fig. 5.a shows the results of the efficiency
of the system as a function of the length of the heat exchanger. It was
observed that when the velocity increased, the efficiency of the system
decreased. Indeed, the residence time influences directly the amount of
heat absorbed by the air. Therefore, as the velocity increases, the heat
transfer coefficient increases, but on the other hand the residence time
of the air in the heat exchanger decreases, so the temperature of the

outlet air increases, which finally results in a decrease in the heat ex-
change efficiency. The efficiency is obtained to be 82%, 81% and 80%
for the air velocity of 10, 15 and 20 m/s, respectively. A comparison
between numerical and experimental efficiency is presented in Fig. 5.b.
We chose the best efficiency (v = 10 m/s, ¢ = 82%) to validate it with
the theoretical results. According to the graph, there is not a big dif-
ference between the two efficiencies, which shows that the result ob-
tained is logical and acceptable.
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4.4. Effect of the heat exchanger on the water well temperature

Fig. 6.a shows the values of the temperature of the air entering the
heat exchanger at air velocity of 10 m/s and the values corresponding
to the output so that the variation in the temperature level can be ob-
served. Fig. 6.b shows the evolution of the inlet temperature and the
outlet temperature (depth is 5m) as a function of time. Note that the
water temperature at this level is nearly constant around 24.5 °C while
the outlet temperature varies approximately between 26 and 28 °C with
a maximum of 27.9 °C at 14:00 h. On the other hand, the inlet tem-
perature varies between 34 and 42 °C. At 14:00 h precise, we achieved a
big difference between the inlet temperature 42°C and the outlet
temperature 27.9 °C which proves that studied system is effective.
Furthermore, this confirms the feasibility of the HWAHE where the
environment (i.e. the water at 5m depth) plays the role of the cooling

source in summer, and has a potential contribution to the heating in
winter.

4.5. Comparison between analytical and experimental results

Fig. 7 compares the results of the proposed model with the experi-
mental measurements. In Fig. 7 (a, b and c), the variation of air tem-
perature along the length estimated by the theoretical model is com-
pared with measured data for three different air flow velocities of 10,
15 and 20 m/s. In the figures, the deviation between the numerical and
experimental results is also presented. An average relative error of
3.2%, 1.4%, 1.08% % is calculated for air velocity of 10, 15 and 20 m/s,
respectively. It can be concluded from this figure that there is a good
agreement between numerical and experimental results referring to
variation of inlet air temperature over the length of heat exchanger. It
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was also observed that increasing the air flow velocity causes a decrease
in the air temperature because of the decreasing residence time of the
flowing air inside the HWAHE, as mentioned above. Therefore, the
thermal performance deteriorates proportionally with air flow velocity
increasing.

5. Conclusion

In this study, a new helicoidally water—air heat exchanger (HWAHE)
configuration was presented and tested experimentally in refreshing
mode in El-Oued region, Algeria. The HWAHE was immersed in 5m
depth water well. Effect of various parameters such as air velocity,
exchanger length and inlet air temperature of the HWAHE were ex-
amined. Besides, an analytical model was used to predict the evolution
of the air temperature inside the HWAHE as function of the main
parameters. A good agreement between the experimental measure-
ments and the results of analytical model was found.

The main points concluded from this study are as follows:

e The maximum heat transfer rate is about 418 W at air velocity of
10 m/s. The lower the air flow rate, the better the heat transfer rate.

e The maximum obtained temperature gap between the inlet and the
outlet of the HWAHE is of 14.1 °C with 10 m/s of air velocity.

o The efficiency of the proposed HWAHE decreased with the increase
of the air velocity. For the average values of air velocities used in
this study (10, 15 and 20 m/s), the HWAHE efficiencies are 82%,
81% and 80%, respectively.

e The analytical study of the exchanger showed a high concordance
with those experimental.

It is noted that this study is a starting point for a future development
of HWAHE system research in Algeria desert. The obtained results give
a good encouragement to use the proposed HWAHE as an air refreshing
tool in the region of El-Oued and even in the whole Sahara of Algeria.
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