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Abstract: The objective major of this numerical study is the characterization of thermal comfort in new
habitable architectures located in a completely desert area. This numerical characterization is intended to
determine the parameters that affect the thermal comfort for the occupants of these architectures in this region.
To achieve this objective, a numerical model describing the thermal exchanges taking place in a model of a
habitable envelope has been developed. This model is based on thermal balances established at the level each
wall of the habitat. The numerical models developed have been validated using climatic data recently measured
in the renewable energy research unit of the Saharan medium at Adrar “URER'MS*’. A well detailed analysis
of the some parameters that influence the thermal comfort in this architecture was raised and discussed. The
fundamental equations governing thermal exchanges have been concretized by an implicit finite difference
method, based on the nodal procedure. The system of algebraic equations obtained was solved by the iterative
Gaussian method. The results of the numerical simulation have shown that the material currently used in the
construction of this architecture of Adrar region, as well as the current climatological conditions, are the main
causes of the thermal discomfort.

Keywords: Finite difference, Numerical models, Adrar region, Characterization, Thermal discomfort,
Heat exchange.

1. INTRODUCTION

Environmental issues and energy consumption are increasingly alarming global concerns
today. It is essential to adopt solutions to obtain more energy-efficient and sustainable
buildings, both new and existing. The use of solar energy is a means of improving the use of
natural energy, which can reduce energy consumption [1]. The energy performance of a
habitat can be estimated by performing thermodynamic simulations that take into account
different conventional assumptions such as: the weather, occupancy, temperature set points,
and uses of the window and shutter by the occupants and even the architecture of the
habitats. The experience feedbacks in the habitable envelope with high energy performance
highlight significant differences in energy consumption between forecasts and summer
overheating [2]. Ryzhov and al [3] in his recent study, he approached the importance of
renewable energy exploitation, more specifically the solar energy in buildings. He attributed
the strategy that promotes reduced energy consumption and environmentally friendly
techniques.

The development of a good energy concept for a house involves the search for a balance
between reinforced insulation, compactness, passive solar gains, thermal inertia and comfort,
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indoor air quality and investment cost. This has been the subject of specific attention since
the pre-project phase and most often requires the use of premature studies [4].

The essential function of a house is to ensure an interior ambiance well suited to our needs
and our comfort. The inhabitant often places his comfort before saving energy. It is therefore
necessary to plan the construction and installations to consume less energy while ensuring
adequate comfort [5].

Saheli and al [6] studied the influence of climatic conditions on the local heating efficiency
of a building installed in the South Algeria. Furthermore, Benhammou and al [7,8] analyzed
the thermal behavior of a housing submitted to periodic solicitations under hot and dry
climate. This analysis was made for the hottest July in the summer season, in order to
examine the effect combined of the heat insulation and the passive cooling by EAHE on the
thermal performances of the livable envelopes for desert regions in the South Algeria.

This numerical study consists of visualizing not only the impact of climatic conditions and
building materials used in Adrar region's architecture on thermal comfort, but also its effects
on the main heat transfer mechanisms related to the thermal comfort process. In addition,
from the results of digital investigation of different variables such as: the internal
temperature, external temperature and the density of the solar flux, we show ourselves such
an approach which allows improving the thermal comfort in this architecture.

2. DOMESTIC ARCHITECTURE

The raw earth is a material available everywhere in the planet. It is the universal material the
privileged and the easiest handled by the human being to make a shelter while several
millennia. Globally, earthen houses today house more than a third of the world's population
[9]. This construction material, respects the man and the environment, is perfectly recyclable.
It ensures thermal comfort by its characteristics and offers advantageous economic
convenience.

Algeria, this vast territory has experienced diversified land architecture according to the
diversity of climatic zones. The domestic conception of Adrar region, south-west of the
Sahara, differs from that of Algiers, or that of M'zab valley at Ghardaia, at the lower Sahara.
The model of earth allows a real diversity of architectural language [9]. Unfortunately, since
the floods of 2009, the use of this material is banned, and replaced by cement (reinforced
concrete). This material seen as modernity symbol and social promotion. In figure 2.1, we
present the new architecture of Adrar region which is based on reinforced concrete without
total control of thermal insulation.

Fig. 2.1. New reinforced concrete architecture in Adrar region.
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On the other hand, in figure 2.2 we present the old architecture of this region. This

architecture allows a thermal insulation based on the raw earth. The latter played the role of
an insulating material against thermal discomfort.

Fig. 2.2. The old architecture with raw earth in Adrar region.

3. CLIMATOLOGICAL CHARACTERISTICS

Adrar has a typical hot desert climate of the hyper-dry Saharan zone. It's the heart of Sahara,
with a hot, very long summer and a hot short, moderate winter. The annual average of
precipitation in this region reaches hardly 14 - 15 mm, falling essentially in autumn or to
spring [10].

The maximal average temperatures are 46 - 48 °C in July (the hottest month), what makes of
Adrar one of the world hottest cities. As an example: the peak of record temperature was
established on Monday, July 9th, 2018 with a temperature of 65 °C [11,12,13].

3.1. Solar data of the typical day chosen in Adrar region

Table 3.1 presents the astronomical data for the designated typical day. Noting that these
data will be used to calculate the different densities of solar flux influencing heat exchange in
habitable envelope. These data were recently measured by a radiometric station to in the
renewable energy research unit in the Saharan medium of Adrar “URER'MS’’. This
autonomous radiometric measuring station was realized at the end of 2010. Furthermore, it
measures the global radiation parameters on three plans (Horizontal, Inclined at the latitude
of the place and optimal monthly) and the ambient temperature. Figure 3.1 present a local
image of this radiometric station in Adrar site.

Copyright ©2019 ASSA. Adv. in Systems Science and Appl. (2019)
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Fig. 3.1. Local picture of Adrar radiometric station.

Table 3.1. Astronomical Data of the Typical Day [12].

Typical day (July 17, 2014)
Maximum ambient temperature in (°C) 47,70
Minimum ambient temperature in (°C) 32,50
Average ambient temperature in (°C) 40,70
Maximum flux in (W/m?) 1051,00
Average flow in (W/m?) 323,00
Average wind speed in (m/s) 5,80
Duration of the day in (h) 14,00
The time sunrise in (h) 5,00
The time sunset in (h) 19,00
The sun declination in (°) -13°,12°
The time correction in (minute) 17°,97

The hourly distribution of the wind speeds represents an indicator for the wind potential. His
knowledge allows the estimation of the wind energy available on the site. The figure 3.2
represents the frequency distribution of average speeds measured for day given in percentage
term for Adrar site. The analysis of these curves shows that site of Adrar has important wind
energy potential and which is more favorable to exploitation of this energy type for
electricity production. The reached average speed is from 5 to 6m/s in July.

Copyright ©2019 ASSA Adv. in Systems Science and Appl. (2019)
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enerMENA High Precision Meteorological Station in Adrar, Algeria- 1 min, juillet 17 2014
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Fig.3.2. Hourly evolution of the average wind speed [12].

4. DESCRIPTION OF PHYSICAL MODEL

The physical model used in this study is a parallelepiped-type habitable envelope composed
of a single four-facade room, see Figure 4.1. The construction is located on a surface of
20m?2. This room is built according to the following standards:
e The walls of the room are constructed of a light structure usually, 15 cm of block
full of cement.
e The floor slab is placed on a flat earth. It is cast directly onto a 4cm layer of thermal
insulation.
e The roof consists of a slab of reinforced concrete.

\

=

\

Fig.4.1. Sketch of the piece studied.

5. IMPLEMENTATION OF MODEL AND RESOLUTION

In this numerical study, we have opted for the nodal method use, which makes it possible to
establish a thermal network equivalent to the modeling element. Conductive, convective and
radiative processes are considered in global form (conservation of the heat flux). According
to on the complexity of the network adopted, one can to incorporate all or part of the heat
transfer phenomena, which allows predicting, with more precision, the thermal behavior of
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the studied part [14]. The phenomenological equation of heat relative to an infinitesimal
volume makes it possible to write [15,16,17]:

p.Cp%dr+div(¢).dr: P.dz (5.1)
With;

T . . .
%_t . is the rate of variation of stored energy in dz ;

div(¢) : is the outgoing flow in dr ;
P.dz : is the energy flow generated.

By integrating this expression on a volume V; at temperature T, the energy balance is written
[15-18,19,20]:

aT.

p- Cp| EI = (/)conduction+ (pair + qoconvection + goradiance—l_ PI (52)

Or;

Cpi : is the calorific capacity of the volume V;
P; : is the source of flux dissipated in the volume Vi

Poonduction + Pair + Peonvection ANA Donauation :  are the flows exchanged between Vi and its

environment by conduction, fluidic transport, convection and radiation. Figure 5.1 shows the
different modes of heat transfer in the study room.
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Fig.5.1. Description of the different modes of heat transfer for the studied room.

The analog schematization, we allow to propose an electric circuit amounting to the thermal
system to be able to apply the law of Ohm [21,22,23,24].

Copyright ©2019 ASSA Adv. in Systems Science and Appl. (2019)



STUDY AND CHARACTERIZATION OF THERMAL COMFORT IN A DESERT CLIMATE
69
The habitable envelope
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Fig.5.2. Electrical map of the studied room.
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Tsoit: Soil temperature in (° C).

As a condition the limits of the room studied, consideration was given to the ground
temperature equal to the external ambient temperature. In addition, the temperature of the
celestial vault is calculated by the following formula [25,26]:

Toy = 0,0552xT.-* (5.3)
Indeed, the coefficient of external convection is given by [25,26]:
hCext = 5’7 x 3’8 ><Vwindspeed (54)

The law enforcement of Ohm, in every knot of the studied room, gives the system of
following equations [17-20]:

e Thermal balances of external facades of the studied room

[ Mes.Cp g7
b ZPSE _p AT 4+ E.AT + N c_pse AT +hrgg _pee AT + P,
€

~ "Cext" absor

Sps At
Mps CP, T, A
b 'PNE b
S i =he ot AT + — AT + e ppe AT +hr AT + Py,
PN t e
Mpo.Cp, dT, Ay
—FO = —POE —h AT + 2 AT +hie_poe AT +higg) pog AT + Py, (5.5)
Spo At e
Mpep-CPy dTprpe 4
. =he oo AT + — AT + hc_prpg AT + Pypgor
Spep At e

mPE'Cpb dToee

Spe i

=h ext absor

p
AT + 2 AT + e _ppe AT + higg_pee AT + P,
e

Copyright ©2019 ASSA. Adv. in Systems Science and Appl. (2019)



70

A. OUDRANE, B. AOUR

e Thermal balance of interior facades of the studied room
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The algebraic equations systems resulting from the discretization of transfer equations in
both habitat environments (external and internal) are expressed in the form of matrices that

can be written as: A . x =
method of Gauss.

B. This equations system is solved by using the iterative numerical
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A, =Tog' = (— %} (5.9)

B, = [”‘F’;—F:F%Ti—si hoae T My pse T + Nrsorpee Teoy + FSGig ] (5.10)

A, =Tot = (mpé—::pbi +he + % +Nosiont + Npsipor + Nepsipe; + Nipsi_prpr + hrPSI—PIPj (5.11)
A24 = T;E?t = (_ hrPSI—PNI ) (5.12)

The temperature of the thermal comfort (T¢) for a habitable one makes it possible to estimate
the heating needs [27]. However, based on the bibliographic synthesis that was conducted in
order to find a suitable model for the calculation of the comfort temperature, we opted for a
relationship that was established between the comfort temperature (Tc), internal temperature
(Tint) and mean radiant wall temperature (Tei), as follows [28,29]:

n=6
Tine + ZlTpl
To=—g?— (5.13)
n=6
%TPI :TPSI +TPNI +TPEI +TPOI +TPFPI +TPPI (5-14)

Taking into account the air as a transmission fluid between the ambiance and the room
facades. Table 2 shows the physico-thermal properties of the air that were taken during the
numerical simulation.

Table 5.1. The Air Thermal Properties [29].

A Thermal conductivity in (W.m*.K™?) 0,0262

Cp Specific heat in (J.Kgt.K?) 1006

P Density in (Kg.m™) 1,177
Dynamic viscosity in (Kg.m*.s™) 1,85.10°

D) Kinematic viscosity in (m2.s?) 1,75.10°

Pr Number of Prandtl 0,708

6. FLOW CHART OF NUMERICAL MODELING

The calculation of the different heat transfer parameters within the habitable envelope under
consideration is based on the following steps:
e Introduction of climatic data of the considered region for the selected typical day.
e Calculation of the geometrical and astronomical parameters of the sun in the
considered typical day.
¢ Introduction of climate data such as: the average amount of the ambient solar flux and
the ambient temperature of the considered day.
e Determination of solar radiation incidence angles for each facade of the habitat as a
function of the hour angle and the position of the sun in the sky.

Copyright ©2019 ASSA. Adv. in Systems Science and Appl. (2019)
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e Computation of the amount of solar flux density for of all the house facades.
The numerical tests carried out during the development of the computer code in FORTRAN
language led to the retention of a time step of 300 seconds. In figure 6.1, we show the
computational steps developed in the numerical simulation code.
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Fig.6.1. Flow chart of calculation steps in the habitat performed by the developed FORTRAN code.

7. RESULTS AND DISCUSSION

7.1. Internal evolution of temperature of the room

Figure 7.1 shows the hourly variation of the temperature of different internal facades of the
room during the typical day. It can be seen that the thermal inertia of the concrete plays a
very important role in the heat transfer at the walls. Indeed, the ceiling temperature (TPFP) is
greater compared to the temperatures of the other internal faces of the South walls (TPSI),
West (TPOI), North (TPNI) and East (TPEI). This is due to the conjugation of two essential
factors that led to this increase in temperature: in the first place, the walls thickness of the
room which involves the elevation of the thermal inertia and secondly, the inclination angle
of the roof facade which is equal to 0 °.

Copyright ©2019 ASSA Adv. in Systems Science and Appl. (2019)



STUDY AND CHARACTERIZATION OF THERMAL COMFORT IN A DESERT CLIMATE
73

—a—T__ (inb)
| |—e—T1PEI
40  |=—le=TPFPI

1 |—e=—TPNI
3V |——pPoOI
2] |=P—TPsSI

a1 4

37 ]
36
a5
34

33

Phase shift

Temperature of internal facades in (° C)

32

T
0 2 4 5] 8 10 12 14 16 18 20 22 24
Duration of the day in (h)

Fig.7.1. Internal evolution of air temperature in the room, according to the local time.

7.2. Internal evolution of temperature according to building materials

To use construction materials wisely, it is essential to know their thermal properties. The
thermo-physical properties of the materials used in this study are shown in Table 7.1. The
thermal capacity of a wall is especially useful if it is placed in the interior of the room and
isolated from the external climatic conditions. To build in strong inertia, it is therefore to use
heavy materials inside the room in order to store the solar heat and to attenuate the internal
temperature variations [30]. Conversely, the temperature of a room with low inertia increases
rapidly at the slightest ray of sun without the possibility of storing solar heat. Internal
temperature differences will be significant and the risk of overheating will be high. Strong
inertia is especially useful in case of permanent occupation. Low inertia can be interesting
for habitable environments with intermittent use [30,31].

Table.7.1. Thermophysical Properties of Building Materials [30,31].

Heavy | Lightweight | Concrete | Light Heavy
concrete concrete stone wood wood
Thermal conductivity
2 (W.mL K 1,75 1,00 1,40 0,14 0,20
Density » (Kg.m™) 2200 1500 1895 540 800
Specific heat
o (kgL KY) 1000 1000 1000 2400 2700
Emissivity ¢ 0,54 0,54 0,54 0,86 0,86
Absorptlonacoefflment 0.6 0.6 0.6 0,07 0,07

Figure 7.2 illustrates the thermal capacity effect of solar energy storage in the room wall of
for different building materials (light concrete, heavy concrete, stone concrete, light wood
and heavy wood). It can be noted that for all habitable rooms built with high thermal capacity
materials such as lightweight concrete (see Fig. 7.2(a)), heavy concrete (see Fig. 7.2(b)) and
concrete stone (see Fig 7.2(c)), the temperature of its internal space is optimal in the month
of July because of the thermal inertia of these materials. Indeed, it is well observed in figures
(see Fig. 7.2(a), Fig.7.2(b) and Fig.7.2(c)) that the temperature of the internal ambiance
varies between 37°C and 38,5°C.

In addition, if the construction of habitable rooms is based on low heat capacity materials,
the temperature of the internal space varies around 34°C and 35°C because of the thermal
inertia of this building materials type (heavy wood (see Fig. 7.2(d)) and light wood (see Fig.
7.2(e)). Furthermore, it is noted that the temperature of the internal facades for building
Copyright ©2019 ASSA. Adv. in Systems Science and Appl. (2019)
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materials with high thermal capacity is very high compared to the internal facades of
buildings with low heat capacity materials.
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Fig.7.2. Evolution of temperature of the room internal facades for different building materials.

7.3. Evolution of the thermal comfort temperature

Figure 7.3 shows the hourly change in temperature of thermal comfort of different
building materials as a function of local time. From this illustration, it can be seen that
the choice of construction material has a significant influence on the hourly evolution
of the thermal comfort temperature. Indeed, when one uses for example the concretes
selected categories in this study as building material with these dry climatological
conditions, and without control of thermal insulation, the comfort temperature will
exceed the conventional norms. That is to say, undesirable overheating of the habitable
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environment with a temperature of 39°C at 15h00 in the afternoon as illustrated in
figure 8 for the three categories of concrete (heavy, light and stone). On the other hand,
the exploitation of other building materials such as the categories of wood (heavy and
light) in this region with the same climatic conditions will help to get closer to the
conventional values of the comfortable temperature in the environment. Habitable,
since the maximum temperature obtained using the wood does not exceed 37°C (value
obtained at 15h00 pm).
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:E ag,0 || M T_forheavywood 3 ‘
% 27,5 ¥ 8,
=1 - ' '
D 27,0 4  J X
o ]
= 35.5—| solar maximum in (TSV) l ‘{
40_..) 4 -
E 36,0 “,
% 35,5 1 :r
© 3504 b |
o i
£ 345 tEER
E 4

33.5 1 T 1 — — T

0 2 4 [ 8 10 12 14 186 18 20 22 24

Duration of the day in (h)

Fig.7.3. Evolution of the thermal comfort temperature in the room for different building materials in a typical
day.

7.4. Overlay on the psychrometric chart

Figure 7.4 shows the superimposition on the psychometric chart of temperature of thermal
comfort within the room for different building materials in the typical day (July 17", 2014).
It can be seen that the thermal comfort temperature of concrete structures (heavy, light and
stone) is positioned in the area of thermal discomfort and the need for evaporation. While for
both types of wood (heavy and light) is positioned in the same area as that of the concrete
categories, except that the comfort temperature for a concrete construction varies between
38°C and 39°C and the temperature of a wood construction varies between 34°C and 36°C.
Noting that these thermal comfort temperatures were calculated for the typical day of July
17", 2014, which is the hottest day of the summer season in Adrar region.

— 100 80 80 70 B0
1. CONFORT DE INVIERNO Lightweight concrete K K § /
/|
|

2- CONFORT DE VERANO - ’
3 VENTILACION CRUZADA COINSTIICION A
4. INERCIA TERMICA Y VENTILACION SELE CTIVA
25/5- ENFRIAMIENTQ EVAPORATIVO

6- HUMID FICACION

7- SISTEMAS SOLARES PASNVOS

Heavy concrete
construction

Stone concrete
20 construction

Light wood
construction

15 Heavy wood

construction

TENSION DE VAPOR DE AGUA - mmHg

30 40
TEMPERATURA SECA °C

Fig.7.4. Super-positioning temperatures of thermal comfort of the room for different building materials during
the typical day.
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8. CONCLUSION

Thermal comfort is an essential element for the well-being of the occupant in his built
environment. Taking it into account that the habitat implies there different aspects. However,
after the numerical examination of the temperatures of different internal facades of the
habitable room, the change effect of the building materials on the evolution of the internal
temperature and the superposition of the thermal comfort temperatures on the psychometric
chart, it has been found that:

e The use of bare concrete as a building material in the current architecture of Adrar
region, involves undesirable overheating. In addition, the same effect has been
noted for wood in this region, but with temperatures a little closer to conventional
temperatures of thermal comfort.

e The severe climatic conditions of this region contribute in a direct way to the
thermal discomfort.

On the basis of this study, it is recommended that before beginning the construction of a
habitable envelope in this desert region, it is imperative to undertake an overall revision of
conventional standards for thermal comfort, in particular the respect for bioclimatic concepts.
On the other hand, we suggest:

e Ventilation and evaporative cooling during the summer season.

e Insulation and shading of the walls the most requested for excess solar radiation.

Nomenclatures Abbreviation
e The material thickness m PE East wall
Coefficient of internal 2 1
hc heat exchange by w.m- .k PN North wall
convection
Mps The south wall Mass Kg PO West wall
Amount of heat
Pabsor absorbed w PS South wall
SpL South wall surface m? PFP The ceiling Wall
Tamb Ambient temperature °C PNI Internal north wall
Tsol Temperature of soil °C PSI Internal south wall
Tair Air temperature °C PFPI Interngl_ wall of the
ceiling
AT Temperature difference °C PSE External south wall
_ Full air temperature in o
Tint the habitat C POE External west wall
Text Outside air °C PIP Internal floor wall
temperature
To Temperature of the °C PEE Externe east wall
concrete slab
Te Thermal comfort oC PEPE Extern_a! wall of the
temperature ceiling
FSG Global solar flux Wim? Mzab Regian north of Sahara
Algerian
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