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Numerical Investigations of an Integrated
Phase-Change-Material Solar Collector
Z. Bouhssine1 , M. Faraji1 , M. Najam1 and M. El Alami1,2

Abstract: The objective of this study is to optimize the thermal performance of
a solar collector. The solar collector is coupled to a building slab with a PCM
layer. A mathematical model for the thermal behavior of the studied system is
developed using the enthalpy method. The model parameters are defined and the
resulting equations are solved iteratively. Several simulations were carried out to
optimize the proposed heating system. The results show that the inlet temperature
fluctuations are less pronounced than those at the outlet.
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Nomenclature
S
D
L
E
qu
Tf i
Tf o
Tf
Ta
Tc
Tin
k
hin
f

total radiation received by the collector, [W/m2 ]
outside diameter of the tubes, [m]
distance between the glass and the absorber, [m]
absorber thickness, [m]
useful flux transferred to the fluid, [W/m2 ]
fluid inlet temperature, [K],[˚C]
fluid outlet temperature, [K],[˚C]
melting temperature, [K],[˚C]
ambient temperature, [K],[˚C]
internal temperature under the slab, [K],[˚C]
building internal temperature, [K],[˚C]
thermal conductivity, [W/m K]
internal convective coefficient under the slab, [W/m2 K]
liquid fraction
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distance between the tubes, [m]
area of solar collector, [m2 ]
overall conductance, [W/m2 K]
heat capacity, [J/kg K]
transposition factor
conductance factor of absorber
light, [W/m2 ]
diffuse radiation, [W/m2 ]
global radiation, [W/m2 ]

Greek symbols
β
ṁ
ω
δ
ϕ
∆H
ρ
ϕsa

tilt angle by degrees
water flow rate, [kg/s]
hour angle by degrees
declination
latitude
latent heat of melting, [KJ/kg]
density, [kg/m3 ]
radiation absorbed by the absorbent, [W/m2 ]

Subscripts
m
b
s
l

PCM
concrete
solid
liquid

1

Introduction

The daily performance of a solar collector depends on thermo-physical parameters
of the heating fluid (the fluid inlet and outlet temperatures, storage temperature), the
components of the system (overall coefficient of the solar collector’s heat losses)
and the meteorology conditions (solar radiation, temperature, humidity etc.). Detailed analysis of a solar collector is a complex task, due to the high number of
parameters affecting its performances. In the last 40 years, several dynamic procedures have been developed and tested using numerical approaches, to get the solar
collector behavior without making the whole complex and expensive experimental
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testing generally adopted in the approaches to the steady state. In this context, a
great effort has been made in recent years by [Tagliafico et al. (2014)], also, by
[Hakem et al. (2008)] to improve the potential of prediction of dynamic models
of solar collectors. In the same sense, [Gao et al. (2013)] made a comparison of
thermal performances between two types of solar collectors. [Wei et al. (2013)]
propose an improvement of the structure of a solar plan where a transient heat
transfer model was developed to calculate the performance of the solar collector,
the temperatures of the water, of the glass and of absorber. [Handoyo et al. (2013)],
also, [Tadili and Bargach (2005)] showed that the choice of orientation and the tilt
angle of the solar collector also contribute to the increase of these thermal performances. [Probst and Roecker (2007)] conducted an investigation on the integration
of solar thermal systems in the building in order to improve their qualities and potential to the eventual new users. Within the same framework, [Yang et al. (2013)]
study the integration of the solar plan ceramic. The results show that when the
solar collector is placed on the sloping roofs during the construction, the thermal
efficiency of the solar system in ceramic is more than 50%. Also, the use of solar
collectors integrated in the building in solar air conditioning systems should be limited to situations where the availability of the roof is insufficient when applied in
sub - tropical regions such as Hong Kong deduced by [Fong et al. (2012)]. [Kosny
et al. (2007)] have studied the importance of the PCM and uses thereof to stabilize
the temperature inside the building. Thus, the best places for the integration of the
PCM is on the surfaces of interior walls, ceilings, or floors. The passive construction solutions with PCMs reduce the energy consumption for heating and cooling,
and for increasing inside thermal comfort due to the reduced inlet temperature fluctuations by [Soares et al. (2013)]. [Mohamed Rady and Eric Arquis (2010)] studied
the phase changing behavior of granular composites by using differential scanning
calorimetry (DSC) and a modified T-history method. [Prud’homme and El Ganaoui
(2007)] gived a review about some numerical and experimental problems related to
the solid/liquid phase change.
In the present work, a parametric study is developed in two parties to optimize the
thermal performance of the plan solar collector built into a concrete slab in the
presence of a PCM in January in Casablanca. In the first part, several simulations
were conducted to improve the geometric parameters of the solar collector (diameter of the tubes, the absorber thickness, etc.), the inclination of the solar collector,
and the flow rate of the fluid in the system. Also in the second part, important simulations were made to optimize the thermo-physical properties of the PCM. The
results show that the optimization of the characteristic parameters of the solar collector allows an increase of its efficiency of 17%. In addition, the optimization of
thermo-physical parameters of the PCM ensures the conditions for thermal comfort
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for the building.
2

Physical model

Fig.1.a. provides an overview of the proposed model, it is subwoofer fixed, isolated from the sides, carrying forward a glass surface. The inside of the subwoofer
includes an absorbent plate copper tinted in a dark coating that maximizes the absorption of solar radiation. The return of the energy captured is done by passage of
a heat transfer fluid (water) in contact with the metal surface. A layer of the PCM
is directly connected to the subwoofer, which is fixed to the slab. A representative
area defines the location of the layer of the PCM in the system and the various
parameters on the thermal behavior of the solar collector, Fig.1.b.

Figure 1.a: The physical model.

Figure 1.b: The physical model.

2.1

Assumptions

For the mathematical formulation of the problem, the following assumptions were
adopted:
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• Hourly steady state;
• One-dimensional heat transfer;
• For radiation GLO, the sky is a black body at Tsky ;
• Thermal conductivity of concrete is assumed to be constant;
• The PCM is homogeneous and isotropic. Natural convection in the PCM is
neglected;
• Interfacial resistors between the different layers of the system are neglected.
2.2

Equations

Global radiation received by the solar collector [12]:




1 + cos(β )
1 − cos(β )
S=
Hd + 0.2
H + Rb Hb
2
2

(1)

With:
Rb =

sin (δ ) sin(φ − β ) + cos(δ ) cos(φ − β ) cos(ω)
sin(δ ) sin(φ ) + cos(δ ) cos(φ ) cos(ω)

(2)

Heat balance of the solar collector:
Ac φsa = Qu + Q p + Qs

(3)

In steady state:
Qu = Ac [φsa −UL (Tp − Ta )]

(4)

The global coefficient of heat losses to the atmosphere UL is the sum of the forward
heat losses Ut , the heat losses to the rear Ub and laterally heat losses Ue . It is given
by [13]:
UL = Ut +Ub +Ue

(5)

The useful flux transferred to the fluid is:
qu = FR [φsa −UL (T f i − Ta )]

(6)

Furthermore, the conductance factor FR defined in equation (7) represents the ratio
between the power actually retrieved and power that we would have obtained if the
temperature of the fluid was equal to the inlet temperature of the fluid, [14].
"
!#
0
ṁc p
−AUL F
1 − exp
(7)
FR =
AUL
ṁc p
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F0 represents the thermal resistance between the absorber and the ambient by the
thermal resistance between the fluid and the ambient.
The average temperature of the fluid is given by:

qu 
1 − FR
A
T̄ f = T f i +
0
UL FR
F
The outlet temperature of the fluid is expressed by:




φsa
−AUL .F 0
φsa
T f o = T f i − Ta −
exp
+
+ Ta
.
UL
UL
m cp

(8)

(9)

The energy equation under transient conditions in the slab in concrete/PCM is written using the enthalpy method [15]:


∂
∂T
∂f
∂T
=
k
− ρ∆Hλ
(10)
ρc p
∂t
∂x
∂x
∂t
The second term takes account of the latent heat associated with phase change when
it occurs while f represents the liquid fraction given by:


T > Tf
 f =1
λ = 0 In concrete
f =0
if T < T f
With
(11)
λ =1
In PCM

0< f <1
T = Tf
The boundary conditions are as follows:
−km

x = xm ,

∂T
∂x

= qu

(12)

x

∂T
= hin (Tc − Tx )
∂x x
Equality of the flow and temperature at the interface:
−kb

x = 0,

k+

∂T
∂x

= k−
x

∂T
∂x

,

T+ = T−

(13)

(14)

x

The thermo-physical properties of the PCM are as follows:
km = f .km,l + (1 − f ) km,s ,

(ρc p )m = f . (ρc p )m,l + (1 − f ) (ρc p )m,s

(15)

Interfaces ‘i’ between two different materials (‘+’ /‘-’), the properties are estimated
by the method of harmonic averages [15]:
ki =

k+ k− (δ+ + δ− )
k+ δ− + k− δ+

(16)

With δ+ is the separation between the interface and the first node of the material
‘+’ and δ - is the separation between the interface and the last node of the material
‘-’.
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Initial conditions
The system is subject to the climatic conditions of Casablanca-Morocco, during the
month of January, Fig.2.

Figure 2: Climatic conditions of Casablanca-Morocco in January.

An iterative calculation on the absorber and the glass, temperatures used to calculate the coefficient of overall heat losses UL .
The system of equations obtained is numerically integrated on a set of control volumes, Patankar [15].
Table 1: Geometric Configuration of the solar collector.
β
0˚

D (m)
0.0218

w (m)
0.08316

E (m)
0.0035

L (m)
0.04

m (kg/s)
ṁ
0.005

Fig.3. illustrates the influence of the time on the precision of the calculations step.
Note that the time step influence on the liquid fraction. The most suitable time for
the stability of the results is 1 s.
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Table 2: Thermo-physical properties of the PCM.
km (W/m K)
1.9

c pm (J/kg K)
1000

ρ m (kg/m3 )
1800

∆H (KJ/kg)
200

T f (˚C)
22

Table 3: Thermo-physical properties of the concrete slab.
kb (W/m K)
1.5

c pb (J/kg K)
838

ρ b (kg/m3 )
2200

Table 4: Time step optimization.
∆t0 (s)
20

∆t1 (s)
20

∆t2 (s)
5

∆t3 (s)
2

∆t4 (s)
1

∆t5 (s)
0.5

Figure 3: Time step effect on the problem solution.

3

Results and discussion

In this study, we proceed to the optimization of the solar collector with PCM. Tilt
angle β , the diameter of the tubes D, the distance between the tubes w, the thickness of the absorber E, the distance between the glass and the absorber L, the water
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flow rate and the PCM thermo-physical parameters are the control parameters implemented.
3.1

Solar collector optimization

To optimize the solar collector, we did the following steps: At Solar noon, we
examined the effect of geometric parameters of the sensor by varying one parameter
and fixing the other, on the maximum useful heat flux and the outlet temperature of
the fluid.
Tilt angle β
The variation of the tilt angle β has an appreciable effect on the thermal behavior of
the solar collector. Indeed, by increasing β from 0˚ to 75˚, the maximum useful heat
flux transferred to the coolant fluid, rebounds from 351.76 W/m2 to 588.73 W/m2
and decreases to 567.08 W/m2 , Fig.4.a. In this range of β , the outlet temperature
of the heating fluid increases from 56.7˚C to 80.2˚C and decreases to 78.09˚C at
solar noon. Up of β = 60˚, each of heat flux and outlet temperature decrease and
their related curves show a maximum for β = 60˚, a value which we recommend in
winters to optimize the radiation received by the surface of the solar collector.

Figure 4.a: Variation of the useful flux and the outlet temperature as functions of
the tilt angle at solar noon.
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Figure 4.b: Variation of the useful flux and the outlet temperature as a function of
the diameter of the tubes at solar noon.

Diameter of the tubes D
In this section, we fixed the angle inclination as β =60˚ and we varied the tube
diameter D in the range of 0.005m ≤ D ≤ 0.05m. Generally, the increase of the
tube diameter influences the thermal behavior of the solar collector. Indeed, when D
increases, the flow area increases which leads to the reduction of the fluid velocity,
resulting in a dwell time of more slowly in the tubes. So, by varying D from 0.005
m to 0.05 m, the maximum useful heat flux transferred to the coolant flowing,
rebounds from 492.11 W/m2 to 607.04 W/m2 , Fig.4.b. The increase in the diameter
D of the tubes contributes, also, to the increase of the outlet temperature of the
coolant, from 70.6˚C to 82.05˚C at solar noon.
We will take D=0.04 m as diameter of the tubes, available on the catalogs.
Distance between the collector tubes w
The increase of w from 0.02 m to 0.12 m creates a reduction in the maximum
useful flux assigned to the heat transfer fluid, which decreases, from 620.60 W/m2
to 598.81 W/m2 as shown in Fig.5.a. The increase of the distance between the
tubes also contributes to a slight decline of the outlet temperature of the coolant,
from 83.4˚C to 81.2˚C at solar noon. Heat flux transmitted through the absorber
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portion between the tubes (fin) is made by conduction. It is in the form:
qu,cond =

2.k.∆T
,
w

(−qu,cond = −k.gr~adT )

(17)

It is therefore obvious that this flow decreases when increasing w. It seems, according to this study, the value of w = 0.02m is most favorable to the design of our
sensor. However, there are constraints of construction and market availability of
this system type. We, therefore, opted for a distance w = 0.04m.
By setting the diameter of the tubes D=0.04m and the distance between pipes
w=0.04m, it deduced that the solar collector is 15 tubes.

Figure 5.a: Variation of the useful flux and the outlet temperature as a function of
the distance between the collector tubes at solar noon.

Thickness of the absorber E
For the optimal values of the parameters that we have studied, namely β = 60˚,
D = 0.04 m and w = 0.04 m, we will examine the effect of the thickness of the
absorber plate on the two fundamental unknowns that are the useful heat flux and
temperature at the outlet of the collector. Keeping these optimal values constant and
by increasing Thickness of the absorber E from 0.001m to 0.015m, the maximum
useful flux transferred to the coolant varies from 264.56 W/m2 to 832.29 W/m2 ,
Fig.5.b. The increase of the thickness of the absorber E contributes to the increase
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Figure 5.b: Variation of the useful flux and the outlet temperature as a function of
the thickness of the absorber at solar noon.

of the outlet temperature of the heating fluid, from 48.1˚C to 104.33˚C at solar
noon. The maximum value of the thickness E of the absorber available in the
market, does not exceed E = 0.01m, value that we considered in our work.

• The width L of the air layer

The variation of the distance L between the glass and the absorber, slightly influence the thermal behavior of the solar collector. By varying L from 0.03 m to 0.08
m, the maximum useful heat flux transferred to the fluid increases from 797.73
W/m2 to 819.87 W/m2 , Fig.6.a. The increase of the distance between the glass and
the absorber L contributes to the increase in the temperature of the coolant, from
100.9 ˚C to 103.1 ˚C at solar noon. Note that, for this range of L, there is no important increase of heat flux or the outlet temperature. We must remember that the
air layer is considered as an insulator until its thickness L does not exceed a limit
value L ≤0.04m, value for which natural convection begins to develop. So, there
will increase heat losses and it alters the sensor performance.
The optimal distance between the glass and the absorber is equal to 0.04 m.
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Figure 6.a: Variation of the useful flux and the outlet temperature as a function of
the distance between the glass and the absorber at solar noon.

Figure 6.b: Variation of the useful flux and the outlet temperature as a function of
the water flow rate at solar noon.
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Water flow rate ṁ
The variation of the water flow rate ṁ, has a clearly effect on the thermal behavior
of the solar collector, Fig.6.b. The increase of ṁ from 0.005 kg/s to 0.03 kg/s creates
a remarkable increase in the maximum useful heat flux transferred to the coolant
that bounces from 819.87 W/m2 to 1005.79 W/m2 . The increase of the water flow
rate, also, creates a significant decrease of the output temperature of the heating
fluid, from 103.1˚C to 38.5˚C at solar noon.
If we based our work on the heat flux to choose the optimal value of the flow rate
ṁ, we have to take ṁ= 0.03 kg/s. On the contrary, if the choice was based on the
outlet temperature, then the optimal flow rate is around 0.005 kg/s. Therefore we
opted for a compromise where the choice of water flow rate ṁ= 0.009 kg/s to an
optimum value of the outlet temperature of the heating fluid.
A second optimization work has been conducted by disrupting the values previously obtained for the parameters of the solar collector by ±10%. The results of
simulations show that these disturbances have not brought significant variations.
The selected optimal configuration is given by Tab.5:
Table 5: Optimum geometrical configuration of solar collector.
β
60˚

D (m)
0.04

w (m)
0.04

E (m)
0.01

L (m)
0.04

m (kg/s)
ṁ
0.009

Fig.7.a and fig.7.b show the evolution of the useful flux collected by the fluid and
the temperature at the exit of the fluid over a period of 3 days. From midnight
to 7:00 am, the useful heat flux decreases from 3.6 W/m2 to 2.9 W/m2 and the
output temperature from 7.4˚C to 4.2˚C due to the heat losses towards the sky. An
increase begins with the sunrise and causes the increase of the outlet temperature
between 7:00 am and 1:00 pm, solar noon. The useful flux reaches its maximum
value 908.4 W/m2 between 11:00 am and 2:00 pm; it undergoes a rapid decline
to reach the value of 1.5 W/m2 at 5:00 pm featuring the sunset and therefore the
absence of solar radiations. Similarly, the outlet temperature reaches its maximum
value of 71.9˚C between 11:00 am and 2:00 pm then decreases till 14.3˚C at 5:00
pm. The outlet temperature of the heating fluid depends essentially on the useful
flux.
3.2

The PCM Optimization

In the same manner as the last paragraph, we will conduct the study of the PCM
optimization: the liquid fraction and the inlet temperature of the building variations
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Figure 7.a: Typical useful flux of the solar collector during the month of January.

will be studied as functions of the thermo physical properties of the PCM.
Effect of the PCM thermal conductivity km
The variation of thermal conductivity km of the PCM has an appreciable effect
on the thermal behavior of the system. By increasing km from 0.7 W/m K to 1.9
W/m K, the internal temperature of the building Tin reaches a maximum of 42˚C
around 4:00 pm, due to the thermal inertia of the PCM. This increase of temperature
boosts the heat losses in the building. During the night, the internal temperature Tin
decreases to 16˚C for km = 1.9 W/m K less than the melting temperature T f = 22˚C,
Fig.8.a. The increase of thermal conductivity k speeds up the destocking rate of the
PCM, and led to the decrease of the liquid fraction f from 0.42 (km = 0.7 W/m K)
to 0 (km = 1.9 W/m K) during the night, Fig.8.b. For a good thermal insulation to
keep the internal temperature of the building close to the conditions of comfort, we
take km = 0.7 W/m K.
Effect of the PCM specific heat capacity c p,m
The specific heat c p,m represents the ability to store energy by the weight of the
material; it allows the increase of the stocking rate of the PCM. This increase causes
the decrease of the internal temperature of the building. Indeed, by increasing the
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Figure 7.b: Typical outlet temperature of the solar collector during the month of
January.

specific heat c p,m from 500 J/kg K to 1500 J/kg K, the internal temperature Tin
decreases from 43˚C to 25˚C during the day and remains constant at T f = 22˚C
during the night, which gives a better thermal insulation of the building, Fig.9.a.
The increase of the specific heat contributes to improving the storage/retrieval rate
of the PCM, where the increase of the liquid fraction is from 0 (c p,m = 500 J/kg K)
to 0.6 (c p,m = 1500 J/kg K) during the night, Fig.9.b. The highest specific heat c p,m
= 1500 J/kg K gives the best performances of the PCM.
Effect of the PCM density ρm
By varying the PCM density from ρm = 1000 kg/m3 to 2200 kg/m3 , the internal
temperature Tin bounces between 1:00 pm and 10:00 pm for a maximum from 23˚C
for ρm = 1000 kg/m3 to 33˚C for ρm = 2200 kg/m3 at 4:00 pm and remained stable
at 22˚C during the night, Fig.10.a. The increase in density ρm also contributes to
good storage of the PCM, where the decay of the liquid fraction f is from 0.6 to
0.14 during the night, Fig.10.b. For a good thermal insulation (in order to keep the
internal temperature of the building under the conditions of comfort), we fixed ρm
= 1800 kg/m3 .
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Figure 8.a: Variation of the internal temperature as function of km .

Figure 8.b: Variation of the liquid fraction as function of km .
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Figure 9.a: Variation of the internal temperature as function of c p,m .

Figure 9.b: Variation of the liquid fraction as function of c p,m .

Fig.11 shows that :
• The internal temperature of the building increased from 22˚C to 25˚C while
the ambient temperature increases from 2˚C to 20˚C, Fig.2, and the outlet
temperature of solar collector increases from 4˚C to 71˚C, Fig.7.a.
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Figure 10.a: Variation of the internal temperature as function of ρm .

Figure 10.b: Variation of the liquid fraction as function of ρm .

• The PCM layer receives a useful flux qu of the solar collector, Fig.7.b which
increases its temperature at 22˚C (melting temperature) and a first layer of
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Table 6: Optimal configuration of the PCM.
km (W/m K)
0.7

c pm (J/kg. K)
1500

ρ m (kg/m3 )
1800

∆H (KJ/kg)
200

T f (˚C)
22

Figure 11: Internal building temperature Tin and liquid fraction f in a typical decade
of January for the solar collector / PCM / concrete slab

the liquid phase appears, f=0.16.
• The presence of the PCM layer within the solar collector improves the heat
storage in the material, and therefore, an increase in the liquid fraction.
• During the night, the outlet temperature of the solar collector is lower than
that of the inner wall of the building. This temperature difference is due to
the losses towards the sky.
• The decrease of the ambient temperature, after having reached a maximum,
and the absence of solar radiations during the night, causes the decrease of
the outlet temperature in solar collector, but the PCM provides its stored heat
and ensures the heating. The internal temperature of the building remained
stable at 22˚C.
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• Cycle day/night allows the increase/decrease in the temperature of the building which varies between 22˚C and 25.8˚C during the month of January. The
PCM solidifies and melts periodically and the liquid fraction f varies between
0.56 and 0.68.
• The fluctuation reduction in the internal temperature of the building is explained by the presence of the two phases of the PCM liquid and solid. The
liquid fraction is always positive (0.5 ≤ f ≤ 0.7). The melting front does
not reach the inner layer of concrete and does not reach the absorber of the
solar collector. Therefore, there is presence of the two phases of the PCM,
T f =22˚C heat source.
• The latent heat stored in the PCM layer maintains the temperature of the
inside of the building close to the temperature of comfort (days and nights).
4

Conclusion

Dynamic simulations have shown that the optimization of the characteristic parameters of the solar collector allows an increase of its efficiency of 17%. The
outlet temperature of the fluid increases from 56.7˚C to 71.9˚C. As, the useful flux
increases by 351.76 W/m2 at 908.4 W/m2 . The results show also that the outlet
temperature of the heating fluid depends essentially on the useful heat flux. In
addition to that, the optimization of thermo-physical parameters of the PCM ensures the conditions for thermal comfort for the building (day and night). Where,
the internal temperature of the building increases from 22˚C to 25˚C, the ambient
temperature increases from 2˚C to 20˚C and the outlet temperature of solar collector increases from 4˚C to 71˚C. Another advantage is that the presence of the
PCM layer within the solar collector improves the heat storage in the material, and
therefore, an increase in the liquid fraction.
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