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Abstract. Latent heat storage in a phase change material (PCM) is very attractive
because of its high-energy storage density and its isothermal behaviour during the
phase change process. Low thermal conductivity of the walls and roof reduces the
heat gain at a steady state condition. Chloride hexahydrate (CaCl2 6H2 O) as a phase
change material (PCM) for a room was proposed in this paper to control the indoor
air temperature for a better thermal comfort for human beings. Building concrete roof
with vertical cylindrical hole of 0.5 × 0.5 m and array of 3 × 3 ﬁlled with phase
change material (PCM) was considered for analysis. A detailed thermal analysis was
carried by both simulation and experimental study. Results showed that this type of
PCM room can decrease the indoor air temperature ﬂuctuation by a maximum of 4◦ C.
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1. Introduction
In hot climates the thermal insulation materials are commonly used in building roof and walls
to reduce the heat ﬂow into indoor space by providing an effective thermal barrier (Esam &
Hashem 2011). For single story houses in tropical countries, the heat gain through the roof of
houses is unavoidable. Solar radiation incident on a roof may reach to more than 1000 W/m2 in
clear sky conditions and from 20 to 95% of this radiation may be absorbed (Suehrcke et al 2008).
The latent heat thermal energy storage with a phase change material (PCM) is an effective way
of thermal storage system due to its advantages of high energy storage density and its isothermal
operating characteristics (i.e., charging/discharging heat at a nearly constant temperature) during
the solidiﬁcation and melting processes (Mithat Akgun et al 2007).
Thermal mass of the walls and roof can be increased by incorporating phase change material
(PCM) into walls and roof. PCMs are organic or inorganic substances with a melting temperature according to the needs of the applications and high latent heat of fusion, such as parafﬁn
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and salts. The PCM melts and absorbs part of the heat gain through the melting process during day time and the PCM solidiﬁes and releases the stored heat at night. The net effect is
reducing the energy required for cooling during daytime and shifting it to other times. The
selection of the PCM is mainly based on the PCM’s melting temperature. In addition, low cost,
non-toxic, non-ﬂammable, and chemically stable materials are the preferred PCMs. The PCM
melting temperature should be within the temperature range of the weather to ensure melting
and solidiﬁcation cycles (Hashem & Esam 2013).
Pasupathy & Velraj (2008) presented the thermal performance of an inorganic eutectic PCM
based thermal storage system for thermal management in a residential building. Esam & Hashem
(2011) incorporated the PCM into the roof structure with vertical cone frustum holes ﬁlled with
P CM. The results indicate that the heat ﬂux at the indoor surface of the roof can be reduced
up to 39% for a certain type of PCM and geometry of PCM cone frustum holes. John Kosnya
et al (2012) investigated thermal performance of naturally ventilated solar roof with PCM heat
sink and the result showed that about 30% heating and 50% cooling load reductions are possible
with experimental roof conﬁguration. Hashem & Esam (2013) determined the experimental test
on building roof with cylindrical holes containing PCM the result showed the heat ﬂux at the
indoor surface of the roof is reduced between 9 and 17.26%. Huann-Ming Chou et al (2013)
describes the new design of metal sheet roof with PCM it can effectively reduce the downward
thermal ﬂow through the roof into the house. Erlin Meng et al (2013) developed a new type of
phase change material room which can decrease the indoor air temperature by 4.3◦ C in summer
and 14.2◦ C in winter.
The various authors reviewed PCM as thermal storage system for thermal management of
buildings (Adeel Waqas & Zia Ud Din 2013; Atul Sharma et al 2009; Osterman et al 2012)
and it can be seen that most researchers used parafﬁn type PCM in the cylindrical holes. In
the present work, Chloride hexahydrate (CaCl2 6H2 O) as a phase change material (PCM) for a
room was proposed to control the indoor air temperature for a better thermal comfort for human
beings. The simulation and experimental investigation has been presented here with chloride
hexahydrate (CaCl2 6H2 O) as PCM. The simulation were performed using the ANSYS software.
2. Methodology
2.1 Statement of the problem
Geometry conﬁguration consists of concrete roof slab with dimension of 0.5 × 0.5 × 0.08 m
incorporated with nine vertical cylindrical holes of diameter 0.06 m and height 0.04 m. The outdoor surface of the roof is subjected to a time dependent solar radiation and convection boundary
conditions. The indoor surface is subjected to a time independent convection boundary condition.
2.2 Simulation
In general, the geometry conﬁguration of the roof is three-dimensional spaces. A PRO-E software model of concrete roof without cylindrical holes and PRO-E software model concrete roof
with nine cylindrical holes with above mentioned dimension were created. These geometries are
imported to ANSYS software, meshed and analysis has been carried out. The type of element
for geometry with and without cylindrical holes is solid-tet node 87 (10 node). For geometry
without cylindrical holes, number of element is 18432, number of nodes is 21609, maximum
cell squish is 2.20268e−11 and maximum aspect ratio is 1.78049. For geometry with cylindrical holes, number of elements is 811259, number of nodes is 738547, maximum cell squish is
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Table 1. Thermo physical properties of PCM and concrete.
Material
Concrete
Cacl2 6H2 O (Mohammad
Rostamizadeh 2012)

Melting temperature Thermal conductivity Speciﬁc heat Density Latent heat
Tm (◦ C)
k (W/m K)
Cp (J/kg K) ρ (kg/m3 ) λ (kJ/kg)
—
29.9

1.25
0.53 (liquid)
1.09 (solid)

1000
2300
2200 (liquid) 1530 (liquid)
1400 (solid) 1710 (solid)

—
187

7.31011e−11 and maximum aspect ratio is 2.68152e+01. The outdoor surface of the roof is subjected to a time dependent solar radiation and convection boundary condition while the indoor
surface is subjected to time dependent convection boundary condition. The effect of the natural
convection of the liquid PCM and radiation within the PCM are neglected in the simulation.
The selected PCM is calcium chloride hexahydrate (CaCl2 6H2 O) and its thermo physical
properties are shown in table 1. The outdoor surface convection boundary condition ho =
4.15 W/m2 K and solar radiation qs = 650 W/m2 and the initial temperature of the domain is
40◦ C and varying the radiation and temperature using solar ray calculator in ANSYS software.
The simulation was kept running until the solution becomes the periodic. The following relations
were used to apply the boundary conditions for simulation.
The heat ﬂux at the outdoor surface can be expressed as
Qos = ho (To − Tos ) + ∝ qs ,

(1)

where ho is the outdoor surface convective heat transfer in W/m2 K, To is the outdoor air temperature in ◦ C, Tos is the outdoor surface temperature in ◦ C, ∝ is the solar absorptivity, qs is the
solar heat ﬂux in W/m2 . The heat ﬂux at the indoor surface can be expressed as
Qis = hi (Ti − Tis ),

(2)

where hi is the indoor surface convective heat transfer, Ti is the indoor air temperature in ◦ C, Tis
is the indoor surface temperature in ◦ C. The indoor surface convective heat transfer coefﬁcient
can be calculated using the equation below,
hi =

K
× Nu,
Lc

(3)

where K is the thermal conductivity in W/mK, Lc is the characteristic length of the horizontal
slab in m, Nu is the Nusselt number. In order to obtain the indoor surface convection heat transfer
however, it is necessary to calculate a value for the Nusselt number.
The empirical correlations for the average Nusselt number (Nu) are found using the following
equation
(4)
104 − 107 = Nu = 0.54 (RaL )1/4
107 − 1011 = Nu = 0.15 (RaL )1/3 .

(5)

2.3 Experimental investigation
An experimental set-up consisting of the two rooms of size 0.5 × 0.5 × 0.76 m with a concrete
roof of 0.5 × 0.5 × 0.08 m incorporated with nine vertical cylindrical holes of diameter 0.06
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m, height 0.04 m and another one with a concrete roof of 0.5 × 0.5 × 0.08 m without holes.
Figure 1a shows experimental test room with a concrete roof incorporated with nine vertical
cylindrical holes. Figure 1b shows experimental test model of concrete roof with holes ﬁlled
with PCM material. The upper surface of the concrete roof is covered with thin layer of glass
to protect the PCM from being contaminated in the rainy season. Experiments were conducted
on room with concrete roof without hole and with holes ﬁlled with PCM on the same day.
Thermocouples were placed to record outdoor, indoor and PCM temperatures.

Figure 1. (a) Experimental test room with a concrete roof incorporated with nine vertical cylindrical
holes. (b) Experimental test model of concrete roof with holes ﬁlled with PCM.
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3. Results and discussion
3.1 Temperature contours
The concrete roofs with PCM and without PCM were simulated in ANSYS software. The outdoor surface of the roof is subjected to time dependent radiation and convection boundary
condition and indoor surface of the roof is convection boundary condition and initial temperature of concrete and PCM is 28◦ C, and the simulation was kept running until the periodic
condition is established, taking about one day. At 9 am the maximum temperature 29◦ C is
in the top of the roof and indoor surface temperature is 27◦ C. Figure 2 represents a sample temperature contour of slab without PCM at 12 pm. At 12 pm the maximum temperature
in the top of the roof raised to 37◦ C and indoor surface temperature increased to 33◦ C. At
1 pm the maximum indoor temperature of 36◦ C is noted, due the heat ﬂux from outdoor to
indoor.
Figure 3 shows a sample temperature contour of concrete with PCM at 12 pm. At 9 am the
maximum temperature 29◦ C is at outdoor concrete portion and the minimum temperature 25◦ C
is at PCM portion. From ﬁgure 3, it can be noticed that indoor temperature is 31◦ C, outdoor
temperature is increased to 39◦ C and PCM portion temperature increased to 31◦ C due to increase
in solar irradiation. In this case, the maximum indoor temperature 32◦ C is noticed at 1 pm and
at the same time PCM portion temperature increased to 52◦ C. The increase in PCM temperature
is due to PCM absorbed the surrounding heat and reduced the indoor temperature. The indoor
temperature at 1 pm is 4◦ C less when compared to concrete roof without PCM.
3.2 Variation of heat ﬂux with respect to time
The variation indoor heat ﬂux with respect to time for with and without PCM is shown in ﬁgure 4.
The simulation and experimental results are in close agreement. The indoor surface heat ﬂux with
PCM is reduced when compared to without PCM and maximum heat ﬂux reduction occurred

Figure 2. Temperature contour without PCM at 12 pm.
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Figure 3. Temperature contour with PCM at 12 pm.

between 13 and 15 h. The reason may be due to the thermal mass of the solid concrete roof is
less than the solid or liquid PCM and the net effect of melting and solidiﬁcation cycle of the
PCM. Maximum heat ﬂux reduction is about 51% at 13 h.
3.3 Variation of temperature with respect to time
Figure 5 represents the variation in temperature at various points with respect to time obtained
in simulation and experiments. The deviation in results between simulation and experiments
is in the order of 3 to 8%. The outdoor temperature increases as time progresses and the
maximum temperature noticed is 45◦ C. The variations in the indoor temperature were noted with

Figure 4. Variations of heat ﬂux with respect to time.
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Figure 5. Variations of temperatures at indoor and outdoor with respect to time.

the presence of PCM and without PCM on the same day to understand the effect of PCM. It was
noticed that after 9 am, (all the time) the temperature of indoor with PCM is less when compared
to roof without PCM. The maximum indoor temperature noticed with PCM was 34◦ C and that
of without PCM is 38◦ C. Concrete roof with PCM gives a maximum reduction in indoor temperature of about 4◦ C. As the indoor temperature goes higher than 29.9◦ C (melting temperature
of PCM), the PCM melts by absorbs heat from surrounding and hence indoor heat reduces.

4. Conclusions
Through simulation and experimental studies on the thermal performances of the room, the
following conclusions can be drawn.
• This type of PCM room can decrease the indoor air temperature maximum by 4◦ C.
• The maximum reduction in indoor surface heat ﬂux is about 51%.
• Chloride hexahydrate (CaCl2 6H2 O) can be used as a phase change material (PCM) to
provide the thermal comfort.
• The developed model could be helpful for the simulation when PCM is used in buildings
with different wall structures, wall materials, PCM holes shapes and dimensions.
The similar analysis may be considered by changing the parameters like inﬂuence of
reinforcements, geometry, nano-particle size and volume concentration as scope for future
research.

Nomenclature
To
Tos
RaL

Outdoor air temperature (◦ C)
Outdoor surface temperature (◦ C)
Rayleigh Number
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∝
Lc
K
Nu
hi
ho
qs
Qos
Qis
hi
Ti
Tis
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Solar absorptivity
Characteristic length (m)
Thermal conductivity (W/mK)
Nusselt number
Indoor surface convection coefﬁcient (W/m2 K)
Outdoor surface convective heat transfer (W/m2 K)
Solar heat ﬂux (W/m2 )
Outer surface heat ﬂux (W/m2 )
Inner surface heat ﬂux (W/m2 )
Indoor convection coefﬁcient (W/m2 K)
Indoor air temperature (◦ C)
Indoor surface temperature (◦ C)
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