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Abstract

A one-dimensional mathematical model was developed in order to analyze and optimize the latent heat
storage wall. Two layers of phase change material (PCM) are sandwiched within a concrete wall. The
governing equations for energy transport were developed by using the enthalpy method and discretized
with volume control scheme. A series of numerical investigations were conducted. The effect of the
melting temperature on the possibility of increasing the energy performance of the proposed heating
system was analyzed. Results are obtained for thermal gain and temperature fluctuation. The
charging/discharging process was also presented and analyzed.
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1. Introduction

Thermal energy storage in PCMs has been a central topic in research for the last 20 years. Because of
the high thermal mass of PCM walls, they are capable of minimizing the effect of large fluctuations in
ambient temperature on the inside temperature of a building [1]. They can therefore be very effective in
shifting the heating and cooling load to off peak electricity periods. Castell et al. [2] conducted an
experimental set-up to test phase change materials with alveolar brick for Mediterranean construction in
real conditions. Several cubicles were constructed and their thermal performance throughout the time
was measured. For each construction material, RT-27 and SP-25 A8 PCM is added in one cubicle. The
experiments show that the PCM can reduce the peak temperatures up to 18 °C and smooth out the daily
fluctuations. A thermally activated panel with PCM for applications in lightweight buildings was
developed [3]. The design for the panel exploits the properties of the PCM paraffin. Its high thermal
storage capacity during the phase change enables the overall panel thickness to be limited to 5 cm.
Studies of the thermal behavior of wallboards containing PCM have been carried out in order to build a
light building envelope with less energy consumption. The thermal effectiveness of a building’s roof
with phase change material (PCM) was studied by Alawadhi et al. [4]. The considered model consists of
a concrete slab with vertical holes filled with PCM. The thermal effectiveness of the proposed roof-PCM
system is determined by comparing the heat flux at the indoor surface to a roof without the PCM during
typical working hours. It was found that n-eicosane PCM shows the best performance among the
examined PCMs. The results indicate, also, that the heat flux at the indoor surface of the roof can be
reduced up to 39 % for a certain type of PCM. Latent heat thermal energy storage was integrated into
cooling system in buildings to cool the rooms during peak period while charging the storage system

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2014 International Energy & Environment Foundation. All rights reserved.



354 International Journal of Energy and Environment (IJEE), Volume 5, Issue 3, 2014, pp.353-360

during off peak period [5]. PCM can also be integrated into a building wall to acts like a heat reservoir to
provide thermal comfort by reducing the cooling/heating loads. There is a significant increase in comfort
even in the absence of an air conditional [6]. A PCM cold storage unit incorporated in air conditioning
systems in buildings has been build and studied. The PCM is solidified during the night and used to cool
the interior of the building during the hottest hours of the day. This concept is known as free cooling [7].
Berroug et al. [8] analyzed the thermal performance of a north wall made with hydrate salt phase change
material as a storage medium in east-west oriented greenhouse. A numerical study has been developed to
investigate the impact of the PCM on greenhouse temperature. Results show that, with an equivalent to
32.4 kg of PCM per square meter of the greenhouse area, temperature of inside air were found to be 6°C
more at night in winter period with less fluctuations. In the present paper, a study of the thermal
performance of a wall/phase change material system for building thermal energy management is
analyzed and discussed. The thermal response to the realistic boundary conditions and using temperature
ranges and material properties that are common in buildings are investigated. The effect of the PCM
melting temperature was analyzed for the cold period (January). The thermal performance is compared to
an ordinary wall.

2. Mathematical model

Figure 1 shows the physical system studied in the present work. It consists of a sandwiched wall made
with five layers: The inner face is made with 1 cm mortar followed by two layers of PCM sandwiched by
cement. The total thickness of the wall is Z=30 cm and the PCM layer is located at constant positions x,,;
and x,». The thickness of each PCM layers is kept constant e,=2cm. The composite wall corresponding
thermal properties are given in Table 1. The PCM wall was initially at a uniform temperature close to the
thermal comfort requirement, 7;,; ~ T.= 22°C. The boundary conditions on the outer surface of wall are
due to the combined effects of solar radiation and ambient air convection. Meteorological data for every
hour servicing during January in Casablanca, Morocco (33°36'N, 7°36'W) are used (Figure 2).
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Figure 1. Physical model

Before presenting the equations that govern the heat transfer process occurring in the system, some
assumptions were made in order to simplify its resolution. These assumptions are given as follows:

o thermal properties are constant and not varying with respect to temperature;

end effects are neglected,;

interfacial resistances are negligible;

heat transfer through the wall is assumed 1 D ;

buoyancy induced flow in the melt PCM is neglected.

The energy transport in composite concrete/PCM may be written using the enthalpy formulation [9]:

OH

= V(kVT) 1)

where,
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H(T)=h(T)+pAfAH, (2)
And
WT)=h(T, )+ | pe,dT 3)

4 =1in PCM and 2 =0 in concrete layers.
Using sensible enthalpy h, Eq(1) is rewritten as:

oh  0%h of
Z- — pAdH, L 4
o T P @
The liquid fraction fin the PCM layer is estimated as:
1 if T>T,
f=40 if T <T 5)
O0<f<1if T=T,

The continuity of the temperature and heat flux density are used at the interfaces concrete/PCM. The
thermal properties at interfaces were obtained by the following relations:

(Fk 040) =k, +(10) k
i k+(5_+k_ dr > Vm 1 s (6)

pe, S (pe,), 1 (e, ),
where s_is the distance between the interface and the first node inside the PCM region and s is the
distance between the interface and the first node inside the concrete layer.

- Boundary conditions
- at x=0 (indoor):

L et 1) (7)
X

x=0

- at x=L (outdoor):

or
—k po By (T, =T )+ O, raa + 7 Qe 8)
x=L
where,
Qw,rad: gé& F(T;zy- T4 ):h;ky (711_7) (9)

here, the sky is considered as black body at 7, (°C) [10, 11]:

T,,=0.0552%(T,+273.15)"" - 273.15 (10)

The irradiative heat transfer coefficient 7] is given by:

ho- oe (T;-T") (112)
’ T,-T
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The shape factor F is assumed to be equal to one.
-Heat flux at interfaces, x= x,,; and x= x,,; +e,,, between PCM and concrete is evaluated as:

k. k
"+~ (T —-T 12
q; k+5_+k_5+(+ 2 (12)

A self-Fortran computer code was developed in order to implement the numerical method. The
convergence of the calculus was declared, at each time step, when a criterion based on the energy
conservation principle was satisfied. A grid and time step refinement was carried out and showed that
the time step of 2 s and a size grid of 50 nodes were found to be adequate for all the computations.

Table 1. Thermophysical properties [1]

Material Organic PCM Cement/mortar
T, (°C) 16 -
an, (KJ/kg) 1485 -
o (kg/m®) 981 (Solid) 2200
862 (Liquid)
k (W/mK) 0.145 15
¢, (Jkg K) 1460 (Solid) 838
2130 (Liquid)
; - 0.9
£ - 0.8

3. Results and discussion

Figure 2 shows the time wise variation of the ambient temperature and total solar radiations received by
south faced wall, during a typical decade representing the cold period of the year (winter -January in
Casablanca-Morocco, 33°36'N, 07°36'W). Data analysis shows the minimum temperatures are obtained
during the night. On average, temperatures minima and maxima range between 5°C and 18°C,
respectively, and the ambient temperature swing between these extremes. Radiations remain zero during
the night and increase in the following day. Solar radiations, Q..,, received by a south oriented vertical
wall are zero during the first 6 hours every day and increases with the sunrise and the ambient
temperature increases. Solar radiation reaches a maximum value (720 W/m?2) between solar noon and
15h00 and falls to 0 W/m? at 18h00 (sunset and cancellation of solar radiations). Radiations remain zero
during the night. Casablanca climate is characterized by significant temperature fluctuations with lower
nocturnal values of temperature.

Figure 3 compares the thermal behavior of the ordinary wall and the composite wall with PCM, (7;,=16
°C -Table 1). Data analysis shows that the inside wall temperature increases from 16°C to 25°C for
wall/PCM and from 14 °C to 34 °C for an ordinary concrete wall without PCM. Remember that ambient
temperature varies between 5°C to 15°C (Figure 2), but the wall receives also a heat flux due to the solar

radiations absorbed by the concrete (¥ =0.8) combined with convective heat flux that increases the
PCM temperature to the melting point (7,,= 16°C). Also, remark that sensible heat storage stops and
latent heat process starts (Figure 4). As a result, a first layer of the liquid phase appears (f > 0) and the
latent heat storage develops with the start up of the melting process. For the PCM wall case, the slop of T
curve weakens during the phase change because the melting and solidification occur at a constant
temperature. The increase of solar radiations accumulates sensible heat storage in concrete and latent
heat in PCM layer. The composite PCM-Concrete wall can be considered as an important heat storage
device. The excess of heat is stored in the wall with less temperature fluctuation until the full melting of
PCM (f=1). The stored heat during a day is used for heating needs in the following night. Figure 3 shows
also that PCM is totally melted at 11h00 (=1) and the sensible heating continue and leads to the increase
of wall face temperature between 11h00 and 17h00. This result is confirmed by Figure 4 which gives the
latent, ¢,, and sensible heat, ¢,, variations. Analysis of such figure shows that, ¢;, is more important than,
g5, and remains constant between 11h00 and 17h00 (f =1). The overheating of melted PCM layer is due
to the raise of the sensible heat storage during that period and, therefore, leads to the increase of the wall
temperature. This process continues until the decease of liquid fraction. The discharging process starts at
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21h00 and the inner wall temperature falls after a certain delay due to the thermal inertia and to the weak
value of its thermal conductivity. Note that minimum temperature reached in case of the wall with PCM
is clearly greater than that achieved without PCM because the heat lost by the wall is shifted by the
release of the important stored latent heat. Figure 4 shows, also, that PCM solidify and melts periodically
and the stored latent heat, ¢, varies between 18.5MJ and 43MJ. Day/night cycles allow for
charging/discharging of the PCM and wall temperature varies from 16°C to 25°C. The fluctuation
intensity of the inner temperature (concrete with PCM case) decreases with the development of the latent
heat of fusion. The accumulated heat during the melting processes added to the sensible overheating of
the liquid PCM, ¢ increases, lead to the enhancement of the inner temperature during the night. The
latent heat stored in the wall/PCM shifts the fast decrease of the temperature during the night and the
inside temperature of the PCM concrete wall is less fluctuating. Note that for wall without PCM sensible
heat gs decreases to negative values at night that explains the lower values of temperatures reached in
case of ordinary wall.

8

i“‘
‘LJ

N S T L S G T B R U B SRR T BN

| - 90
" ——-Q
o Tanbiert { g0
L A
o T T O T I
A O e A T
A S L F N S PR P
I A 1%
S NI IR (O
S I | I I 108
SO
§15 . r . i A r400§
2 ! \ \ \ ! \ <
3 L i | 0 Ha0<
S py il | IR 0%
o VST AT Ve
b [ o4 1
] | Rl
\ ! \
, [ ' I

Ay s vy e e

/|
|
|

|
o

b o 1 L L L L]
0 2% 3 7 % w W 18 @ 26 200

Time, hr

Figure 2. Time wise variations of the ambient temperature, T,, and the global solar radiations, Qeyt,
received by a south oriented vertical wall, (January- Casablanca, Morocco 33°36'N, 07°36'W)
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Figure 3. Variations of the inner wall temperature, Ty;,, and liquid fraction, f
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Figure 4. Variations of the latent heat, g, and sensible heat, g

In order to investigate the effect of the PCM melting temperature on its thermal performance, a study
was made by modifying the parameter , 7,,, then examining the effect on, 7., q., g, and temperature
fluctuations. Figure 5 sketches the time wise variation of the concrete/PCM wall temperature for various
melting temperature of the PCM layer: Values tested range within the interval less than, near and greater
than the comfort temperature, 7,=22°C. The liquid fraction, £, is also presented. Data analysis shows that

the inner temperature relative deviations % are 0.53,0.19, 0.22 and 0.43 for melting temperature
T, equals to 10°C , 16 °C , 23 °C and 28 °C , respectively. So it’s clear that when the melting
temperature of the PCM layer is close to the comfort value, 7,=22°C, better are the living thermal
conditions with less temperature fluctuations. For 7,, equals to 10°C, PCM completely melts (f'=1) and
never solidifies and, so, latent heat is disabled. The same behavior was found when T, equals to 28°C
The PCM remains in solid state and a weak quantity of PCM is melted , /< 0.1, and latent heat doesn’t
work. In contrast when setting 7,, near to the thermal comfort value 22°C an important amount of the
PCM is discharged and solidified (f=0) at night and during the following day as a result good nocturnal
heating of the wall and important diurnal melting of the PCM.
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Figure 5. Variations of the inner temperature and liquid fraction for various value of Ty,
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The performance of the wall with PCM as a heating system for the building has been evaluated in terms
of Thermal Load Leveling, TLL, and daily (24 hours) heating potential, O;, using the following equation

[8]:

(7o), H(T),., (13)
0,=>. ¢,(T,,,()-T,(1))

t=1

Thermal load leveling, TLL, puts a figure on the fluctuations of temperature inside the room. The less the
fluctuations the better is the environment for the occupants. In winter, without heating arrangement for
thermal comfort requirements, thermal load leveling should have lower value by incorporating heating

method due to the increase of (7;,) +(7;,) )and the decrease of ((7;,) -(7,,) ).

The results for daily variation of thermal load leveling for wall with and without PCM are summarized in
Table 2. It can be seen that the value of TLL is maximum for the wall without PCM and it is reduced to
about 20 % for composite wall with PCM with accurate melting temperature. The lower values of
thermal load leveling indicate the decrease in the fluctuations of inner face and, thereby, there occurs an
improvement of thermal comfort environment in the building. Also, the daily variations of total heating
potential O, obtained from PCM wall for typical cold days were calculated and have been accumulated in
Table 2. From the results, it is found that the heating potentials obtained in case with PCM wall were
higher as compared to an ordinary wall.

Table 2. Thermal load leveling

T, (°C) Tinmin(°C)  Tma(°C)  TLL On (K/kg)
No PCM 14 34 0.45 157
10 14.7 26.3 0.28 159
16 16 25 0.17 160
23 17.8 22.5 0.10 163
28 174 26.7 0.21 161

4. Conclusion

A numerical investigation of the thermal performance of sandwiched concrete/PCM wall was performed.
The results showed a significant reduction of indoor wall temperature due to absorption of solar gains in
the composite wall in conjunction with melting of the PCM. It can therefore be concluded that PCM is
effective for storage of solar gains and improvement of thermal comfort. Additional numerical
simulations using different melting temperatures to control the inside temperature of the wall were
conducted. The results showed that the wall thermal load leveling of the wall containing PCM with
melting point near thermal comfort temperature was reduced about 25% compared to the wall without
PCM with lower peak temperatures and more constant conditions, smoothing out the daily temperature
fluctuations. This demonstrates the significant contribution and potential of the use of PCM in building
envelopes for energy savings and thermal comfort.

Nomenclature

¢ specific heat, (kJ/kg K) Indices

f liquid fraction i Interface

em PCM layer thickness, (m) m melting, PCM
h enthalpy, (J) c Comfort

h; inner wall convective heat transfer coefficient, (W/m? K) sky Sky

h, outside wall convective heat transfer coefficient, (W/m? K) in inner wall face
h,, irradiative heat transfer coefficient, (W/m? K) out outer wall face
k thermal conductivity, (W/m K) +,- right, left nodes
L total wall thickness, (m) f fusion
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qr latent heat stored per square meter of the wall, (J) Greeks

qs sensible heat stored per square meter of the wall , (J) p density, (kg/m°)

Oext solar radiation, (W/m?2) ¥ ABSORPTIVITY

O...a heatlost to the ambient by radiations, (J) a thermal diffusivity, (m/s?)

X Cartesian coordinate, (m) c Stefan Boltzmann constant

t time, (s) & concrete emissivity

T temperature, (°C) AH; latent heat of PCM (kJ/kg)
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