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Abstract: The aim of this research was to evaluate the effectiveness of phase-change materials (PCMs)
incorporated into the supply air duct of a hollow-core slab ventilation system. Both experimental
and numerical approaches were adopted in this investigation. In the experimental work, the air
was passed through a PCM-incorporated aluminum air duct, and the temperature at various
points of the duct was recorded. Computational fluid dynamics models of the PCM-incorporated
supply air duct and the hollow-core slab were developed and validated with the respective
experimental data. The validated models were used to simulate the performance of PCM-incorporated
hollow-core slabs during summer in Melbourne, Australia. The results showed that the reduction
in temperature fluctuation varied with the way the PCM was incorporated inside the supply air
duct. The temperature difference was maximum and was maintained for a longer period when the
PCM was spread to all four internal surfaces of the supply air duct. The results also showed that the
effectiveness of the combined PCM–air duct–hollow-core slab system in reducing the temperature
fluctuation was lower than the individual performance of the PCM–air duct and hollow-core concrete
slab for a given inlet temperature condition during the simulated period. This was because the
integration of PCMs in the supply air duct resulted in a precooling effect which reduced the difference
between the amplitude of slab inlet temperature swing and average slab temperature. As a result,
the reduction in temperature fluctuation due to the thermal mass of the hollow-core slab was 21%
lower in the presence of PCMs compared to the no-PCM case.

Keywords: ventilated hollow-core slabs; phase-change materials; energy efficiency; thermal energy
storage; computational fluid dynamics

1. Introduction

Buildings are one of the largest users of energy, accounting for 32% of total global final energy
use and 19% of total energy-related greenhouse gas (GHG) emissions [1]. Due to population growth,
increase in building stock, and lifestyle changes, the energy consumption and GHG emissions in this
sector are increasing continuously, which contributes to global average temperature increase and may
lead to harmful climate change impact [2]. Improving energy efficiency in buildings encompasses the
most cost-effective energy usage and GHG mitigation opportunities. Use of thermal energy storage
(TES) systems in buildings is an attractive option to reduce the building energy use and to improve
indoor thermal comfort.

A TES system in a building can store thermal energy using the sensible and latent heat thermal
energy storage methods [3]. In the sensible heat storage method, the energy is stored by changing
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the temperature of the storage mediums (e.g., masonry walls, concrete, rock beds, etc.). On the other
hand, in the latent heat storage method, the material stores heat by changing its phase. The material is
known as phase-change material (PCM).

One of the ways to use the building fabric as sensible thermal storage is to pass the cold/hot
heat transfer fluid through precast hollow cores in the hollow-core slabs. The earliest development of
the hollow-core slab was reported in Sweden in the late 1970s which was later commercialized in the
UK as the “TermoDeck®” System [5]. It consists of a patented arrangement of interconnected hollow
cores making an air passage within a precast concrete plank as shown in Figure 1. In the hollow-core
concrete slab system, air is used as a heat transfer fluid. The air passes through the several cores
back and forth utilizing the increased heat transfer area of the inside surface of the cores. During the
summer nights, the cool ambient air removes the heat from the slab as it passes through the hollow
cores, lowering its temperature for the daytime use. During the day, warmer outside air is cooled
down as it circulates through the cores of the slab before entering the occupied space. The supply air
is distributed to the hollow-core slabs with a central distribution air duct which runs perpendicular
to the slabs as shown in Figure 1. Each slab is connected to this air duct. The supply air, either from
outside or the HVAC system, is sent through the distribution duct and then through the hollow-core
slabs to the conditioned space.
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Figure 1. Schematic of TermoDeck® hollow-core slab system reproduced from [4].

Various studies have been carried out regarding the design, modeling, and application of
hollow-core slabs [6,7]. Winwood et al. [8] performed a three-dimensional (3D) Computational Fluid
Dynamics (CFD) analysis of a hollow-core slab in PHONICS using a simplified geometry. The effects
of various parameters (e.g., insulation on the surface, a variation of thermal conductivity of the slab,
air flow rate, etc.) on the heat transfer of the hollow-core slab were investigated. The results showed
that the model could reproduce the pattern of the heat transfer in the hollow-core slab similar to the
experimental data with 2.0% accuracy. In another study, Winwood et al. [9] reported an application
of the TermoDeck®slab in a real office building (Weidmuller Building) in the UK which suggested
that with better control, efficient fans, and improved night ventilation, the building could reach the
energy target of 50 to 70 kWh/m2. Zmeureanu and Fazio [10] showed that the hollow-core slab can
save average cooling load from 28.4 W/m2 to 44.2 W/m2 and can provide thermal comfort without
the mechanical system in an office building in Montréal, Canada. Similar observations were reported
by Willis and Wilkins [11] based on their experimental study.

Russell and Surendran [12] established a correlation between the air temperature through the
slab, slab surface temperature, and the cooling potential for different configurations of the slab (e.g.,
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number of cores, position of cores in the slab, etc.). Knowledge of the correlation can be useful in
understanding the influence of core air temperature on cooling potential, the likelihood of surface
condensation, and the obvious implication on thermal comfort. Corgnati and Kindinis [13] coupled
the hollow-core slab with the night ventilation and the results showed that night ventilation coupled
with thermal mass activation can reduce the average operative temperature and improve the thermal
comfort. Chae et al. [14] developed a computational model of the hollow-core slab using Energy Plus
and investigated its influence on the whole building operation. The model included an auxiliary
air-handling unit, radiant slab with hollow cores, and various control options to provide conditioned
air when desired.

On the other hand, the use of phase-change materials (PCMs) has received considerable
attention in recent decades due to its potential benefits of high volumetric heat capacity and small
temperature variation during the phase transition process. The use of PCMs in buildings can be
categorized into three methods: passive, active, and free cooling. In the passive application method,
PCM can be incorporated in brick walls [15,16], wall plasterboards [17–20], concrete floors [21–25],
and ceilings [26–29]. These studies have reported varying degrees of energy savings and thermal
comfort improvement depending on thermophysical properties of PCM used, application location,
and local climatic conditions.

In the case of active methods, PCM can be integrated into HVAC (heating, ventilation, and air
conditioning) systems [30], floor heating systems [31], and heat pumps [32,33] to improve the energy
efficiency of the unit. Real et al. [33] studied the performance enhancement of a heat-pump-based
HVAC system with two thermal storage tanks using PCM. One tank utilizes the cool nighttime
outside air temperature to solidify the PCM and uses it later to cool the building. The second tank
acts as an alternative hot reservoir providing the system with the flexibility to dissipate heat at
constant temperature ensuring the Coefficient of Performance (COP) value remains over a minimum
limit. Chaiyat [30] used PCM to reduce the air temperature entering the evaporative coil of an
air-conditioning unit in Thailand. The results showed that electrical consumption of the modified
air conditioner could be decreased to 3.09 kWh/day which is equivalent to the cost savings of
170 USD/year. The calculated payback period was around 4.12 years.

The free-cooling method stores the coldness of night ambient temperature and extracts it during
daytime by supplying the indoor/outdoor air through the PCM storage unit [34]. The PCM storage
unit is placed between the suspended ceiling and the floor/roof above [35,36]. During the day, the room
air is circulated through the unit to reduce the temperature, and cool outside air is used during the
night to regenerate the PCM. The free-cooling method can overcome the melting and solidification
problems experienced in the passive application method and can increase the effectiveness of PCM [34].
However, the design of the heat storage unit plays a vital role in the effective utilization of the PCM
storage unit.

Realizing the potential of both PCM and hollow-core system in improving building energy
efficiency and thermal comfort, several studies have investigated the combination of these two
technologies to further improve the energy efficiency. Whiffen et al. [37] worked on a prototype
of hollow-core slab with PCM enhancement and investigated energy savings and comfort benefits
under laboratory conditions. Due to the PCM incorporation, additional 0.1 kWh energy was saved
per day, with 1.2 h thermal delay and 1.0 ◦C reduction of room temperature reported compared to the
original hollow-core slab. Pomianowski et al. [38] carried out a full-scale experimental study where a
microencapsulated PCM layer was applied on the surface of a hollow-core slab. The results indicated
that the incorporation of the PCM layer in the hollow-core slab reduced its cooling capacity, which was
attributed to the low thermal conductivity of the PCM or the experimental error. Faheem et al. [39]
studied the effects of incorporating microencapsulated PCM in hollow-core slabs on cooling energy
savings of an office building. Their results showed that the PCM-incorporated hollow-core system
exhibited much higher cooling potential when placed in low-thermal-mass buildings compared
to high-thermal-mass buildings. The cooling also depends on ventilation rate and PCM content.
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Navarro et al. [40,41] incorporated PCM, macro-encapsulated in aluminum tubes, inside the concrete
slab hollows. The prefabricated prototype was tested in a house-like, two-story cubicle where the
system was used as an internal slab to store thermal energy in order to minimize or eliminate the use
of HVAC systems. The cool nighttime air was used to solidify the PCM and prepare it for the next
day cooling operation. The results showed significant HVAC energy savings ranging from 30% to 55%
under mild conditions and 15% to 20% under severe conditions with the application of PCM. In terms
of heating, the application of PCM reduced heat pump energy consumptions by 25% under severe
conditions and 40% under mild conditions.

The previous studies on PCM-integrated hollow-core systems either applied microencapsulated
PCM in the concrete slab or macroencapsulated PCM in the hollows. Mixing of microencapsulated
PCM with concrete can result in leakage issues [42]. On the other hand, insertion of macroencapsulated
PCM in the hollow may increase the resistance to air flow and generate unwanted noise. Hence,
to overcome the resistance and maintain the same air flow rate, one may need to increase the
fan pressure, which may further increase the noise as well as fan energy consumption [40]. Also,
application of microencapsulated PCM in concrete, as well as insertion of macroencapsulated PCM in
the hollows, are not practical in existing buildings with the hollow-core system. To address the factors
mentioned above, this study aimed to explore the effectiveness of macro-encapsulated PCM integrated
into the supply air duct of a hollow-core system. The supply air duct of a hollow-core system is easily
accessible, and the PCM can be applied in both new and existing buildings. The effect of different
PCM arrangements inside the supply air duct was investigated.

2. Methodology

This study adopted both an experimental and numerical approach to investigate the effectiveness
of PCM as shown in Figure 2. The experimental study investigated the heat transfer and interactions
between air and PCM in a supply air duct without any hollow-core slab. The experimental data
was used to validate the developed CFD model of a PCM-incorporated supply air duct. A second
CFD model for the hollow-core slab system was developed and validated against experimental
measurements available in the literature. Finally, the validated CFD models of supply air duct and
hollow-core slab were used together to investigate the effectiveness of PCM on the thermal performance
of the hollow-core system during summer in Melbourne, Australia.
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2.1. Experimental Study with PCM-Incorporated Supply Air Duct

The experimental test setup is shown in Figure 3. A 2 m long rectangular-shaped (300 mm
× 300 mm) aluminum air duct was used in the experiment to represent the supply air duct of a
hollow-core slab system. A 300 mm wide and 1200 mm long BioPCM mat with an area density of
1.5 kg/m2 was used. The BioPCM with 21 ◦C was selected in this study because it was found to be
the optimum PCM temperature for Melbourne weather [27]. The phase change of this 21 ◦C BioPCM
occurs in the temperature range from 18 ◦C (melting starts) to 23 ◦C (freezing starts) as shown in the
enthalpy–temperature curve of the BioPCM in Figure 4.
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The Dimplex DC10RC portable reverse-cycle air-conditioning (A/C) unit was used in the
experiment to supply conditioned air through the duct. This unit can provide air with temperatures
ranging from 10 ◦C to 45 ◦C. The air duct was covered by R 1.8 reflective earthwool insulation to
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minimize the heat transfer through its wall. Air temperature at the inlet and outlet of the air duct
was recorded at one-second intervals by using thermistors (accuracy ± 0.1 ◦C). Three thermistors
were installed at each of the positions 1 and 2. The temperature data recorded by these three
thermistors at each position were averaged to calculate the inlet and outlet air temperature.
The velocity of the supplied air flow through the duct was measured by using a hot-wire anemometer
(accuracy ± 0.1 m/s). Three sets of experiments were performed:

(i) Without PCM (No-PCM),
(ii) PCM on single surface arrangement (PCM-SSA) as shown in Figure 5a
(iii) PCM on all surfaces arrangement (PCM-ASA) as shown in Figure 5b
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In case of PCM-SSA and PCM-ASA, the total volumetric capacity of PCM was kept the same.
All experiments were carried out for 2 h (120 min).

To study the influence of PCM on inlet air temperature, the experiment was carried out in two
modes: cooling mode and heating mode. Figure 6 shows typical inlet temperature profiles for the
two modes. In the cooling mode, at first, the inlet air was supplied at 27 ◦C for 1 h at high flow rate
to ensure that the PCM was completely melted (data from this step is not shown in Figure 6). Then,
the cooling mode experiment was started and the inlet air temperature was decreased to 10 ◦C as
shown in Figure 6. Similarly, in the heating mode, the inlet temperature was kept around 12 ◦C to
ensure that the PCM was solidified before the start of the experiment. Then, the temperature was
increased to 32 ◦C at the start of the heating mode experiment. In both cooling and heating modes,
the inlet and outlet temperatures were recorded, and the difference between them was calculated to
evaluate the effectiveness of the PCM.



Buildings 2019, 9, 51 7 of 22
Buildings 2019, 8, x FOR PEER REVIEW  7 of 22 

 197 

Figure 6. Typical inlet temperature profile for cooling and heating mode. 198 

2.2. Development of Computational Fluid Dynamics Model 199 

2.2.1. Computational Fluid Dynamics Model of the Air Duct 200 
Computational Fluid Dynamics model (CFD) of the experimental air duct was developed using 201 

the ANSYS® CFX software. Due to the axisymmetric nature of the air flow through the air duct, a one-202 
fourth section (150 mm x 150 mm) of the duct was considered in the model with symmetric boundary 203 
(Figure 7a and b). This made the flow domain smaller (i.e., a smaller number of cells), which required 204 
less simulation time. The length of the air duct was 2 m, which is similar to the experimental. The 205 
model included three domains: air flow domain (fluid region), aluminum body (solid region), and 206 
PCM (in PCM-ASA case) domain (solid region). The mesh of the modeled region is shown in Figure 207 
7c. The number of cells in the mesh were 20,000 and 75,000 for No PCM and PCM-ASA cases, 208 
respectively. It should be noted that the CFD model of PCM-SSA was not developed because the 209 
experimental study showed that the PCM-ASA case was more effective than the PCM-SSA case. The 210 
details of the experimental results are shown in section 3.1. 211 

The thickness of the aluminum shell was 0.4 mm. The PCM layer was considered as a flat layer 212 
as used by Muruganantham [43] rather than a sheet of square pouches, to make a smoother and more 213 
convenient mesh generation. The area of the PCM layer was kept the same as the area of the 214 
BioPCM™ mat used in the experiment (300 mm x 1200 mm for PCM-ASA). The thickness of the PCM 215 
layer used in the simulation was 6.4 mm, which was calculated using the area density 1.5 kg/m2 and 216 
material density 235 kg/m3 of BioPCM™. The phase-change process of the PCM was modeled in 217 
ANSYS® CFX software using specific heat capacity curve as shown in Figure 8. 218 

Figure 6. Typical inlet temperature profile for cooling and heating mode.

2.2. Development of Computational Fluid Dynamics Model

2.2.1. Computational Fluid Dynamics Model of the Air Duct

Computational Fluid Dynamics model (CFD) of the experimental air duct was developed using
the ANSYS® CFX software. Due to the axisymmetric nature of the air flow through the air duct,
a one-fourth section (150 mm × 150 mm) of the duct was considered in the model with symmetric
boundary (Figure 7a,b). This made the flow domain smaller (i.e., a smaller number of cells), which
required less simulation time. The length of the air duct was 2 m, which is similar to the experimental.
The model included three domains: air flow domain (fluid region), aluminum body (solid region),
and PCM (in PCM-ASA case) domain (solid region). The mesh of the modeled region is shown
in Figure 7c. The number of cells in the mesh were 20,000 and 75,000 for No PCM and PCM-ASA
cases, respectively. It should be noted that the CFD model of PCM-SSA was not developed because
the experimental study showed that the PCM-ASA case was more effective than the PCM-SSA case.
The details of the experimental results are shown in Section 3.1.

The thickness of the aluminum shell was 0.4 mm. The PCM layer was considered as a flat layer as
used by Muruganantham [43] rather than a sheet of square pouches, to make a smoother and more
convenient mesh generation. The area of the PCM layer was kept the same as the area of the BioPCM™
mat used in the experiment (300 mm × 1200 mm for PCM-ASA). The thickness of the PCM layer used
in the simulation was 6.4 mm, which was calculated using the area density 1.5 kg/m2 and material
density 235 kg/m3 of BioPCM™. The phase-change process of the PCM was modeled in ANSYS® CFX
software using specific heat capacity curve as shown in Figure 8.
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The outside wall of the air duct was set as an adiabatic wall to assume zero heat transfer through
the wall. Velocity boundary condition was applied at the inlet of the domain. The air inlet velocity was
0.5 m/s, which was determined from the experimental measurement. The recorded time series data of
inlet temperature from the experiment was applied as the inlet temperature profile of the air in the
CFD model. The outlet boundary condition was set as an outlet to atmospheric pressure (zero relative
pressure). The k-epsilon turbulence model was used in the simulation to model the turbulent flow.
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In this study, the air flow profile through the air duct did not change with time. Only the
temperature changed with time. Also, the heat transfer occurred with few degrees Celsius temperature
difference, and hence the effect of convection heat transfer on air flow field can be assumed negligible.
That is why the simulation was done in two steps. In the first step, the fluid flow was solved in a
steady-state condition. Once the fluid flow was established, the transient heat transfer equation was
solved with 1-min time step to calculate the temperature distribution with time. This approach greatly
reduced the computational time and facilitated the simulation of a longer period.

2.2.2. Computational Fluid Dynamics Model of the Hollow-Core Concrete Slab

A second CFD model of the hollow-core concrete slab was developed using the ANSYS® CFX
model. There are many different sizes of the precast hollow-core slab. In this study, the geometry of
the hollow-core concrete slab was built similar to the dimensions used in the experimental study of
Winwood et al. [44]. In this hollow-core slab, three middle cores were active cores (i.e., air flowed only
through three middle cores). They were interconnected sideways as shown in Figure 9. The two side
cores were disconnected and remained idle. They were not used for the air flow. All the cores were
closed at both ends.
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The model was divided into two regions: the solid region (concrete) and the fluid region (air
passage or cores). The mesh of these two regions is shown in Figure 10. The mesh consisted of
640,000 elements. The slab surface which contained the inlet and outlet boundary was assumed to
interact with the conditioned room. In this CFD model, no indoor zone was considered. Instead,
the surface was exposed to the same ambient temperature as the outlet temperature assuming that the
room temperature would be the same as the outlet shortly. The convection heat transfer coefficient
of the exposed surface was calculated using the equations of free convection from heated and cooled
plate facing downward [45]. The calculated average value of the convection heat transfer coefficient
was 1 W/m.K. because limited convection heat transfer was expected from the downward-facing
surface due to the smaller temperature differences. The other surfaces of the slab were modeled as an
adiabatic wall to limit the heat transfer in those directions.



Buildings 2019, 9, 51 10 of 22
Buildings 2019, 8, x FOR PEER REVIEW  10 of 22 

 261 

 262 

Figure 10. The mesh of (a) solid region and (b) fluid region of the hollow-core slab model. 263 

The velocity of air at the inlet boundary was set to 1 m/s as suggested by Winwood et al. [8] for 264 
the hollow-core system. For the validation case, the temperature profile at inlet boundary was taken 265 
similar to the experimental inlet temperature of Winwood et al. [44]. Similar to the PCM–air duct 266 
model, the hollow-core slab model was solved in two steps. The first step was to solve the fluid 267 

(b) 

(a) 

Figure 10. The mesh of (a) solid region and (b) fluid region of the hollow-core slab model.

The velocity of air at the inlet boundary was set to 1 m/s as suggested by Winwood et al. [8]
for the hollow-core system. For the validation case, the temperature profile at inlet boundary was
taken similar to the experimental inlet temperature of Winwood et al. [44]. Similar to the PCM–air
duct model, the hollow-core slab model was solved in two steps. The first step was to solve the fluid
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dynamics problem in a steady-state simulation. Then, the transient heat transfer problem was solved
in the second step. The time-step was set to 5 min, which is higher than the PCM–air duct model
because there is no PCM in the slab. The k-epsilon model was used for turbulence modeling.

3. Results and Discussion

3.1. Experimental Results of PCM-Integrated Supply Air Duct

Figure 11 shows the difference between outlet and inlet temperatures for the three different
PCM arrangements in cooling mode. In this mode, the inlet temperature was dropped from 27 ◦C to
approximately 10 ◦C. In the beginning, there was a peak in the temperature difference for all three
cases which represents the initial delay in outlet temperature in response to the inlet temperature.
Afterward, the temperature difference dropped sharply in the No-PCM case, that is, outlet temperature
closely followed the inlet temperature because there was no thermal storage or thermal mass in the air
duct. In this case, ideally, the temperature difference should be zero. However, 0.18 ◦C difference was
observed which might be due to some experimental noises (e.g., leakage, sensor accuracy, etc.).Buildings 2019, 8, x FOR PEER REVIEW  12 of 22 
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Figure 11 shows that the temperature difference was higher than 0.5 ◦C for 10 min, 38 min,
and 54 min for no PCM, PCM-SSA, and PCM-ASA cases, respectively. The PCM-SSA and PCM-ASA
cases exhibited slower descent in the temperature difference plot due to the presence of PCM. In the
cooling mode, when inlet temperature of the air dropped from 27 ◦C to 10 ◦C, the PCM changed its
phase from liquid to solid. During this phase change, it released heat and warmed the flowing air,
which resulted in an outlet air temperature higher than the inlet temperature. Although the volumetric
capacity of PCM was the same in both PCM-SSA and PCM-ASA cases, the temperature difference
was higher and was maintained for a longer period in the PCM-ASA case. This occurred due to the
difference in PCM application methods in those two cases. In the PCM-SSA case, the BioPCM™ sheet
was placed on the bottom surface of the air duct (Figure 5a). This arrangement allowed PCM to interact
with the air only from one side. On the other hand, in the PCM-ASA case, the PCM was laid out on
all the four surfaces (Figure 5b) which increased interaction of PCM with the air in all four directions.



Buildings 2019, 9, 51 12 of 22

That is why this arrangement maintained higher temperature difference for a longer period compared
to the PCM-SSA case.

In the heating mode, the inlet temperature was raised from 12 ◦C to 32 ◦C, and the corresponding
outlet temperature was recorded. Figure 12 shows the temperature difference between inlet and
outlet for the three cases in heating mode. The inlet temperature was higher than that of the outlet,
and that is why “inlet–outlet” difference is shown in Figure 12. After the peak of the initial delay,
the temperature difference of the No-PCM case fell sharply to approximately 0.2 ◦C as there was no
PCM material to keep the difference. The temperature difference was higher than 0.5 ◦C for 9 min,
36 min, and 69 min for no PCM, PCM-SSA, and PCM-ASA cases, respectively. Similar to the cooling
mode, PCM-ASA demonstrated higher temperature difference for a longer period compared to the
PCM-SSA case. In this case, PCM changed from solid to liquid by taking the heat from the flowing air
which eventually lowered the temperature at the outlet.
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3.2. Validation of CFD Model of PCM–Air Duct

The developed CFD model of the PCM–air duct was validated by comparing the simulation
results with the experimental data. The PCM-ASA was observed to be performing better in the
experimental study than the PCM-SSA case. That is why CFD models for No-PCM and PCM-ASA
cases were developed and validated here. Figure 13 shows the comparison of experimental and
simulation temperature difference for the No-PCM case in cooling mode. The simulation profile
captured the initial delay (up to 13 min) very close to the experimental one. Afterward, the simulation
temperature difference dropped to zero, which is more reasonable as there was no PCM to influence the
air temperature. On the other hand, the experimental profile stayed at 0.18 ◦C, keeping this difference
with the simulation all the way. This might be due to some experimental noises coming from the
sensors, leakage, and so forth, as explained in the previous section. The overall RMS error between
experimental result and simulation was 0.195 ◦C. Figure 14 shows the comparison of experimental
and simulation temperature difference for the No-PCM case in heating mode. The initial delay (up
to 15 min) was sharper in the experiment than the simulation and the difference between them was
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slightly higher than the cooling mode. The average error was 0.4 ◦C with maximum 0.8 ◦C in this
range. As expected, after the delay, the simulation gradually dropped to zero. The RMS error between
simulation and experiment data was 0.24 ◦C.

The experimental and simulation results of PCM-ASA configuration in cooling mode are presented
in Figure 15. From the figure, it is apparent that both the experiment and the simulation profiles
followed a similar trend. The initial delay in the simulation showed a lower peak than that of the
experimental result. After this, both experimental and simulation profiles of temperature difference
gradually dropped to around 0.5 ◦C and maintained it until the end. The average error in simulation
results was about 0.09 ◦C, although the maximum error was about 0.5 ◦C, which was near the peak of
the delay period. The overall RMS error was 0.14 ◦C.

Figure 16 shows the comparison of results for the same configuration in heating mode. Although
the peak of the initial delay was missing in the experimental result, it is present in the simulation
temperature difference profile. After the peak, the simulation profile gradually reduced to around
0.5 ◦C, where the experimental result further dropped to 0.4 ◦C. The average disagreement between
the experiment and the simulation results was 0.13 ◦C with the maximum of 0.8 ◦C, which was near
the initial delay period. The overall RMS error was 0.17 ◦C.

From the above discussion, it is evident that the developed CFD model can be used to evaluate
the performance of PCM-integrated air ducts at various inlet air conditions with good accuracy.
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3.3. Validation of Hollow-Core Slab CFD Model

The developed CFD model of the hollow-core slab was validated by using the experimental data
from Winwood et al. [44]. The slab outlet temperatures from experiment and simulation are presented
in Figure 17. The outlet temperature was calculated by taking a surface average of temperatures at
the simulated outlet surface. Figure 17 shows that the simulated outlet temperature agreed well with
the experimental outlet temperature profile. The average difference in temperature of simulation and
experiment was 0.24 ◦C with the maximum difference of 0.77 ◦C. The RMS error was 0.32 ◦C.
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3.4. Scenario Analysis Using Different Weather Conditions

After validation, the CFD models were used to evaluate the effectiveness of PCM in a hollow-core
system under Melbourne weather conditions. Simulations were carried out for 49 days using
Melbourne summer weather from 25 January to 13 March 2015. In this simulation, a 0.3 m × 0.3 m
× 6 m supply air duct was used to supply air through a hollow-core slab. The length of the supply
air duct was taken as 6 m which is sufficient to supply air in the hollow-core slabs of a medium-size
office room. PCM was applied to all surfaces of the supply air duct at 1.5 kg/m2. Two different
configurations were simulated and compared as shown in Figure 18:

• Case-a (No PCM): Outdoor air passes through the air duct and then the hollow-core system into
the room. The outlet temperature profile from the supply air duct simulation was used as the
inlet temperature of the hollow-core slab simulation model.

• Case-b (With PCM): Outdoor air passes through the PCM-incorporated supply air duct and then
the hollow-core system into the room. The outlet temperature profile from the PCM-incorporated
supply air duct simulation was used as the inlet temperature of the hollow-core slab simulation
model. In the simulation of the PCM-incorporated supply air duct, the PCM-ASA configuration
was chosen as PCM effectiveness was maximum in this arrangement.

Outdoor air temperature of the simulated period was applied at the inlet of Case-a and Case-b.
Figure 19 presents the simulated outlet temperatures of the two cases. It is evident from this figure that
integration of PCM in the hollow-core system can result in a higher reduction of supply air temperature.
To describe the results clearly and in detail, simulation results of 10 days have been seperately presented
in Figure 20. The figure also shows the temperature at the outlet of PCM-incorporated supply air duct
(point 2 in Figure 18) for Case-b.
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Figure 20 shows that on 10th of February, the reduction of maximum air temperature was 1.15 ◦C
higher in Case-b compared to Case-a. In Case-a and Case-b, the maximum air temperature was reduced
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by 6.1 ◦C and 7.25 ◦C, respectively. A similar trend was observed for all simulated days. However,
the effectiveness of PCM in reducing the maximum daytime air temperature depends on the previous
night’s minimum air temperature. Figure 20 shows that on 11 February, the difference in maximum
air temperature for Case-a and Case-b was only 0.32 ◦C, which means PCM was not effective on that
day. The exit temperature of the PCM-incorporated supply air duct (Case-b, point 1) closely followed
the outdoor air temperature at the inlet. This occurred due to the fact that the minimum night air
temperature on 11 February was higher than 18 ◦C (solidification point of PCM) which inhibited
complete solidification of PCM. As a result, the PCM could not effectively contribute to the reduction
of supply air temperature.

Table 1 presents a summary of the effectiveness of the hollow-core system in reducing indoor
temperature fluctuations (reducing maximum temperature and increasing minimum temperature)
with and without the application of PCM. The table shows that integration of PCM resulted in an
increase of number of days with maximum temperature reduction greater than 4 ◦C. In Case-b,
the maximum temperature reduced by 4 ◦C for 51% of the simulated days compared to 38.8% in Case-a.
The minimum temperature also increased by 4 ◦C for 20.4% of the simulated days in Case-b compared
to only 8.2% in Case-a. Understandably, the reduction in maximum temperature in other temperature
ranges below 4 ◦C was higher in Case-a compared to Case-b. The integration of PCM resulted in more
days with higher temperature reductions which caused a shift in “% of days” from lower range to
higher range.

Table 1. The difference in inlet and outlet temperatures of hollow-core system without (Case-a) and
with (Case-b) PCM.

|Inlet − Outlet|
Without PCM (Case a) With PCM (Case b)

Min Max Min Max

∆T (◦C) % of days % of days % of days % of days

∆T ≤ 1 ◦C 4.1% 12.2% 4.1% 12.2%
1 ◦C < ∆T ≤ 2 ◦C 26.5% 12.2% 16.3% 10.2%
2 ◦C < ∆T ≤ 3 ◦C 32.7% 14.3% 32.7% 10.2%
3 ◦C < ∆T ≤ 4 ◦C 28.6% 22.4% 26.5% 16.3%

∆T > 4 ◦C 8.2% 38.8% 20.4% 51.0%

Moreover, in Case-a, the reduction in air temperature fluctuation occurred due to the heat transfer
between hollow-core concrete slab and supply air, whereas in Case-b, both the PCM and hollow-core
slab contributed to the reduction of supply air temperature fluctuation. Figure 21 shows that the
effectiveness of the combined PCM–air duct–hollow-core slab system was not equal to the individual
performance of the PCM–air duct and hollow-core concrete slab for a given inlet temperature swing
(point 1 in both Case-a and Case-b as shown in Figure 18). The reduction in peak air temperature in
Case-b was lower than the summation of peak temperature reduction in Case-a and PCM-incorporated
supply air duct only (Case-b, T2 – T1 as shown in Figure 18). This finding suggests that the reduction in
temperature swing due to the thermal mass of the slab was not the same for the two cases. For example,
on 13 February, the PCM-incorporated air duct alone reduced the peak temperature by 3.28 ◦C.
However, the difference between the peak outlet air temperatures of Case-a and Case-b was only
1.12 ◦C, which is 2.16 ◦C lower than the peak air temperature reduction by PCM only. In Case-b,
the combination of PCM-incorporated air duct and hollow-core slab reduced the peak air temperature
by 7.77 ◦C, which means the hollow-core slab reduced the peak air temperature by (7.77 ◦C–3.28 ◦C)
4.49 ◦C in this case. On the other hand, in Case-a, the hollow-core slab reduced the peak air temperature
by 6.65 ◦C. This means that the slab in Case-b was less efficient.

During the simulated period, the average peak air temperature reduction by PCM air duct only
was 1.21 ◦C. The average reduction of peak air temperature by the combination of PCM-incorporated
air duct and hollow-core slab (Case-b) was 4.07 ◦C, which means, on average, the hollow-core slab (in
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Case-b) reduced the peak air temperature by (4.07 ◦C–1.21 ◦C) 2.86 ◦C. On the other hand, the average
reduction of peak air temperature by hollow-core slab in Case-a was 3.62 ◦C. Hence, on average,
the hollow-core slab was 21% less efficient in reducing peak air temperature with the presence of
PCM. This may have occurred due to the difference between the average slab temperature and the
corresponding slab inlet temperature swing. The higher the difference, the more would be the heat
transfer between the slab and the air passing through it. The presence of PCM in the supply air duct
resulted in a precooling effect which reduced the amplitude of slab inlet temperature swing in Case-b.
Hence, the difference between the average slab temperature and the slab inlet temperature swing
was lower in Case-b, which reduced the functionality of the hollow-core slab in Case-b. From the
simulation, the calculated daytime average slab temperatures on 13th February were 22.09 ◦C and
22.03 ◦C for Case-a and Case-b, respectively. However, the difference between the peak slab inlet
air temperature and average hollow-core slab temperature (point 2 in Case-a and Case-b) during the
daytime were 11.1 ◦C and 7.77 ◦C for Case-a and Case-b, respectively. In Case-b, the integration of
PCM resulted in a precooling effect which reduced the peak slab inlet air temperature by 3.28 ◦C.
Hence, due to lower temperature difference, the hollow-core slab was less effective in reducing the air
temperature in Case-b compared to Case-a.
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Figure 21. Comparison of peak temperature reduction by hollow-core system for PCM and
no-PCM cases.

4. Conclusions

This study explored the effectiveness of PCM when applied in the supply air duct of a hollow-core
ventilation system. Validated computational fluid dynamic models of a PCM-incorporated supply air
duct and hollow-core slab were used in the investigation.

This study showed that integration of PCM in the supply air duct of a hollow-core system
reduced diurnal (day–night) temperature extremes. The magnitude of diurnal temperature fluctuation
reduction depends on PCM configuration inside the air duct. The reduction was higher and was
maintained for a longer period in PCM-ASA (PCM applied to all four sides) case compared to
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PCM-SSA case (PCM applied to the single surface). In cooling mode, the difference between inlet and
outlet temperature was higher than 0.5 ◦C for 10 min, 38 min, and 54 min for no-PCM, PCM-SSA,
and PCM-ASA cases, respectively. In heating mode, the temperature difference was higher than 0.5 ◦C
for 9 min, 36 min, and 69 min for no-PCM, PCM-SSA, and PCM-ASA cases, respectively. This occurred
due to the difference in interaction mechanism between the air and the PCM in these two cases.
Although the surface area and the amount of the PCM for both cases were the same, the interaction
between the PCM and the air in PCM-ASA takes place in all four directions, which allows more air
particles to interact with PCM than the PCM-SSA case in a given volume of air.

The integration of PCM resulted in an increase of number of days with maximum temperature
reduction greater than 4 ◦C during the simulated period. In the combined PCM–air duct–hollow-core
slab system, the maximum temperature reduced by 4 ◦C for 51% of the simulated days compared to
38.8% in the hollow-core slab only case. The minimum temperature also increased by 4 ◦C for 20.4%
of the simulated days in combined PCM–air duct–hollow-core slab system compared to only 8.2% in
hollow-core slab only case.

The effectiveness of the combined PCM–air duct–hollow-core slab system was not equal to the
individual performance of the PCM–air duct and hollow-core concrete slab for a given inlet temperature
fluctuation. Although the PCM-incorporated supply air duct significantly reduced the air temperature
fluctuation, it was not realized fully in the PCM-integrated hollow-core slab system. During the
simulated period, the average peak air temperature reduction by PCM air duct only was 1.21 ◦C.
However, the average reduction of peak air temperature by the combination of PCM-incorporated
air duct and hollow-core slab was 4.07 ◦C, which means, on average, the hollow-core slab (in Case-b)
reduced the peak air temperature by (4.07 ◦C–1.21 ◦C) 2.86 ◦C. On the other hand, the average reduction
of peak air temperature by hollow-core slab only case was 3.62 ◦C. Hence, on average, the hollow-core
slab was 21% less efficient in reducing peak air temperature with the presence of PCM. The reduction
of temperature fluctuation by the hollow-core slab depends on the difference between the amplitude
of inlet temperature swing and the average hollow-core slab temperature. The higher the difference,
the more would be the heat transfer between the slab and the air passing through it. The presence of
PCM in the supply air duct resulted in a precooling effect which reduced the amplitude of slab inlet
temperature swing. Hence, the difference between the average slab temperature and the slab inlet
temperature swing was lower, which reduced the functionality of the hollow-core slab in the presence
of PCM.

Future study is recommended to explore the optimum PCM temperature for hollow-core slab
ventilation systems as well as optimize the hollow-core system so that the thermal mass of PCM and
hollow-core slabs can be utilized more efficiently to reduce the temperature fluctuations further.
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