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Abstract

Overcrowded areas like hospitals, jails, and shelter elevators pose a risk in terms of excessive
temperatures, excessive CO> concentrations, or even the presence of toxins and viruses. Hence,
ventilation, thermal comfort and energy management are crucial issues for these kinds of places.
In the present study, a prototype (1:4) of a prison quarry located in Baghdad, Iraq has been
examined. Indoor air quality, humidity, temperature distribution and energy consumption of the
room have been monitored for the identical weather conditions of the real prison cell, including
five dummy occupants, each dissipating 100 W/m? of heat, releasing CO of 0.3 I/min and water
vapor. To reduce the cooling energy consumption of the building and the temperature deviation
during the day, two layers of Phase Change Materials, PCMs, have been embedded in the ceiling
of the prototype. Experiments have been recorded for three hours in Baghdad’s harsh weather
conditions in August. In addition, numerical analyses were conducted and compared with
experimental findings, and a good match is obtained. Energy saving of 47.2% have been calculated
by using PCM for the inlet air velocity of 0.5 m/s.
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Nomenclature

Cp : specific heat [J kg K] Greek Let.

f : melt fraction o - diffusivity [m?/s]

F : body force per unit volume [Nm®] p - density [kg/m?]

k : thermal conductivity W m? K] dynamic viscosity [N-s m2]
L  latent heat of fusion [J kg™] Subscripts

h - enthalpy [Kj kg™ i - inner

h - heat tr. coef. [W m? K] I : liquid

H : total enthalpy [J m?] 0 : outer

P : pressure [Pa] S : solid, sensible

q - heat flux vector [W m?] Abbreviations

T : temperature [K] Al :aluminum

u - velocity [m 7] PCM : Phase Change Material
Xm : solid liquid interface position Rad - radiation

1. Introduction

Thermal energy storage (TES) is a key advanced renewable technology that has been increasing
interest in its use for heating and cooling applications in buildings in recent years [1]. The
capability of Phase Change Materials (PCMSs) to absorb, store and release of thermal energy in the
form of latent heat during the phase change makes them to be considered as a promising TES
material [2,3][2,3]. It causes the cooling load to shift from peak to off-peak hours and improve

system efficiency by lowering the needed capacity [4] and chiller partial-load operations [5].

In this context, various studies have been conducted [6,7] and incorporating PCMs with building
walls [8], roof [9], concrete [10], window shutter [11], insulations [12] and bricks [13] have been

investigated.

Prabhakar et al. simulated office buildings containing PCM in different climate conditions. By
combining a PCM passive system with night ventilation, the efficacy of PCM was raised from
3.32% to 25.62% in temperate conditions. When PCM was combined with temperature-controlled

airflow, the improvement increased to 40%. It was discovered that using only PCM as a passive



cooling device in workplace buildings during cooling months was ineffective in hot and dry

climate conditions [14].

In the extremely hot climate of Al Amarah city, Irag, Al-Yasiri and Szabo investigated two
identical rooms, one its walls and ceiling loaded with PCM and the other without (the reference
room). It was determined that, in comparison to the reference room, the PCM significantly
improved the thermal efficiency of the PCM room during the hot hours. Additionally, the PCM
room's ceiling performed thermally better than the walls [15]. The average heat and associated
CO- emission reductions were reported 56 W and 1.35 kg/day, respectively [16]. They also
investigated the thermal performance of a room containing PCM based on the effectiveness of the
natural night ventilation period on the thermal performance of a room-integrated PCM. The
increase in the natural night ventilation time from 1 to 4 hours reduced the average indoor air
temperature by 28.6% during the day. Although the period affected the temperature, the results
showed that the average heat gain difference did not change considerably in the next day-cycle
[17].

Golamibozanjani and Farid modeled an active air-PCM heat exchanger two-dimensionally. The
natural convection inside the molten layer, thermal mass of the metal heat exchanger and volume
expansion of PCM were taken into account [18]. In addition, they compared the thermal
performance of active and passive PCM systems experimentally. Considering the space cooling
scenario, the active PCM system consumed slightly higher energy than the passive PCM system.
On the other hand, the active PCM system consumed 22% less energy comparing the passive PCM

system for space heating [19].

Bohorquez- Ordenes et al. carried out thermal simulations of a house with variable thickness of
PCM layers. Reduction in the thermal discomfort hours increased for both passive and active
analyses as the thickness of the PCM layer varied from 2 mm to 10 mm. Besides, the total
electricity consumption for the cooling demand fell by 60.3% by using the PCM layer [20].

Hagenau and Jradi simulated a standard Danish office to select the optimal PCM from examined
17 PCMs. It’s been concluded that a PCM with a melting temperature of 24 °C, latent heat of
fusion of 219 kJ/kg, and a crystallization temperature of 21 °C had the best performance. In

addition, based on the parametric analysis, it was resulted that the best energy performance and



indoor thermal comfort were obtained by using of 40 mm PCM layer on the interior side of the

building components [21].

Ma at el. investigated the temperature and energy consumption of a rural residential building
containing a sunspace in a sever cold area. It’s been concluded that the heating energy consumption
by using PCM and PCM+Silica aerogel glass were reduced by 10% and 14%, respectively
compared to the reference sunspace with a hollow to the building [22].

Yang et al. numerically evaluated the performance of encapsulated PCM ceiling panels. The
findings show that the panel made of a pyramid array performs better thermally than the
tetrahedral-based one and for the panel volume of 250 mL, the average melting rate is 20.8%
higher. In addition, the heat transfer performance is enhanced by hanging the panel instead of
attaching it to the ceiling [23].

Rangel et al. evaluated the thermal performance in a chamber considering the effect of PCM and
natural convection for semi-arid climatic conditions, experimentally. The best results were
achieved when PCM was combined with a 30 cm air gap without natural ventilation. It lowered

the internal air temperature by 2.5 °C. Besides, it resulted in a lag time of 70 min [24].

Nemeth et al. examined two model houses, one as a reference and the other one equipped with
plaster lining containing incorporated PCM microcapsules. The experiments were conducted
during the winter by heating daytimes and cooling in the nights. The results revealed that the PCM
improved the thermal performance by increasing the inner walls temperatures, typically from 23
°C to 27 °C, and reducing the power demand of electric radiator by 10.3%. The inner walls
temperatures and the energy demand reduced to 25 °C and 7%, respectively by applying heat

pumps instead of electric radiator [25].

Mousavi et al. experimented full-scale cabin equipped with phase change material embedded
radiant chilled ceiling. Aim was to improve energy efficiency and indoor environmental quality,
and also provide demand-side flexibility. The electricity demand was met mostly (80% of the total
use) during off-peak hours. Class B thermal comfort according to 1SO7730 standards is obtained
[26].

Alassaad et al. conducted laboratory experiments to determine the PCM integrated lightweight
earth based material. Earth-based material-PCM mix material is mounted on the exterior walls of



family houses on Caen and Nice, France. As a result of the simulations, energy savings of
heating/cooling requirements are achieved at 62% in Caen, and 67% in Nice [27].

Sub-scaled experimentation for cooling/heating applications for buildings is widespread in the
literature. Zhu et al [28] experimentally investigated two reduced-scale test chambers, one coated
with microencapsulated PCM. Under 80 W/m? heating load, while the PCM coated chamber could
maintain the room temperature between 26-28°C for 77 mins, the other room could maintain that
temperature level for only 13 mins. Similarly, Berardi and Soudian [29] replicate typical apartment
units with 1:10 scale. 2 layer PCMs (with melting temperatures of 21.7 and 25°C) are applied to
the walls of the test chamber. They observed that peak temperature is reduced up to 6°C in the
room equipped with PCMs. Besides, it prevented sharp temperature fluctuations in the room even
in strong outdoor environmental changes. Many studies in the literature studying in this field used
subscale chambers in their experimental work [30-33] because of reasons like; cost, setup

manageability, size of the lab area, and time constraints [33].

Recent studies related to peak electricity shaving, energy saving and indoor thermal condition are
listed in Table 1.



Table 1 Recent studies related to peak electricity shaving, energy saving and indoor thermal

condition
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When considering the significant energy consumption of the buildings and its transient behavior,
at the same time, maintaining indoor environment quality requires a smart control mechanism.
Elnour et al. a neural network-based model predictive control management and optimization
system is generated for the HVAC system of a building [34]. Artificial intelligence and big data
are other research subjects for building automation and management systems [35,36]. Simulation-
based approaches, artificial intelligence, machine learning, and optimization algorithms are the
alternative energy management strategy approaches [37]. On a larger scale, creating smart cities
targeting net zero emissions, low waste energy, and relatively stable grid is the ultimate aim. To
be able to do this, artificial intelligence, the Internet of Things, and communication technologies
are employed to gather and analyze big data [38].

Although extensive studies have been conducted on PCM-based thermal storage in buildings, the
majority of research has investigated just the effect of the PCMs on the overall temperature and
energy consumption. However, further research is required to investigate their effects on indoor
air quality (IAQ) which includes airflow, management of organic volatile compounds, air
temperature distribution, CO. dispersion, and relative humidity inside the buildings. In addition,
overcrowded areas like hospitals, jails, and shelter elevators pose a risk in terms of excessive
temperatures, excessive CO2 concentrations, or even the presence of toxins and viruses. Hence, the

investigation of the effectiveness of PCMs on the aforementioned parameters seems crucial.

It is not completely fair to compare the studies in the literature regarding their energy-saving rate
as the operating conditions are not the same. However, it is important to understand in terms of
how impactful the PCM is. Among the recent studies of the literature, Bohorquez- Ordenes et al.
[20] and Alassaad et al. [27] have reached the best energy-saving rates as a result of their
simulations with 60.3 and 67%, respectively. On the other hand, 47% maximum energy saving has
been reached in the present study. In addition to the energy-saving ratio, the present study also

examines the IAQ, CO- dispersion, and relative humidity of the building.

In the present study, a prototype of a prison quarry located in Baghdad, Iraq with dry and hot
weather in summer days has been examined. Five dummy occupants were considered in various
positions, each dissipating heat, releasing CO and water vapor. The prototype includes two layers

of PCMs embedded in the ceiling and was compared with the reference one. Additionally,



comprehensive transient Computational Fluid Dynamics analyses were conducted to monitor the
temperature distribution, CO. level, humidity, and energy consumption for various inlet air

velocities.
2. Material and Methods

This section is divided into two main subsections. Firstly, the experimental test setup is explained.
Afterward, the numerical model to simulate two rooms containing dummy occupants with and

without PCMs embedded in the ceiling are described.
2.1. Experimental test setup

This section is comprised of four parts including test setup description, measurements, PCM
characterization, and uncertainty analysis.

2.1.1. Experimental test setup geometry

The prototype model (1/4 scaling) used in this study is based on a real prison cell with dimensions
of 4800 mm in length (1200 mm for the model), 2400 mm in width (600 mm for the model), and
3200 mm in height (800 mm for the model). It is considered that five people accommodate in the
cell. The human body was represented as a cylinder with a cap, with dimensions of 30 mm in
diameter and 400 mm in height. Two dummy cylinders representing two people are positioned
horizontally. The rest are positioned vertically as shown in Fig. 1. A heating pad inside the
cylinders provides 100 W/m? heat flux representing an individual’s heat dissipation to its
surrounding. The room has no windows and no openings to the outside. The walls of the
experimental model were constructed of insulated Perspex sheets with a thickness of 6 mm, which
were attached to the steel structure of the model using studs. The supply and return grilles were
the only connection between the room and the outside world. While the inlet grill was positioned
on the western wall and had dimensions of 80 mm x 60 mm with a 60 mm distance to the ceiling,
the exhaust grill with dimensions of 100 mm x 80 mm is positioned 50 mm above the eastern wall.

An air conditioning laboratory unit was used to control the inlet temperature and velocity.



Figure 1 Test setup geometry

The ceiling of the experimental apparatus was made of an aluminum container filled with PCM:.
Two identical aluminum containers were used, each containing a different PCMs with dimensions

of 1200 mm x 600 mm x 25 mm as shown in Fig.2.
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Figure 2 Ceiling configuration with embedded PCMs

A sober inhalation and exhalation system for the pseudo dummy was created. It consists of
solenoid valves, a two-way pump, a CO- gas bottle, a fitting segmentation, and a tube orifice grid.

The system is controlled by Arduino.

2.1.2. Experimental measurements



The indoor monitoring system developed in this study utilizes a system architecture with sensor
nodes that measure primary variables such as temperature, humidity, air velocity, and CO-
concentration. These sensor nodes are managed by two Arduino microcontrollers. The recorded
information is transferred to a PC for display. Figure 3 depicts the test setup. The indoor air speed,
relative humidity, CO> concentration, and indoor air temperature are measured using a digital-
output relative humidity sensor (model DHT22) for temperature and humidity, an MG-811 GAS
SENSOR, and an MQ-2 GAS SENSOR for CO concentration, and a hot wire anemometer (model
Lutron YK-2005AH) for the air velocity. Detailed information can be found in [39].

Figure 3 Test setup, a) complete portotype model prior to insulation, b) setup installation, c)
PCM melting, d) PCM placement stage, €) PCM puring to the top

2.1.3. Characterization of PCMs

Two different compositions of local paraffin waxes, named as PCM1 and PCM>, have melting
points suitable for Iraq’s hot and cold conditions, respectively. They are made of a mixture of soft
wax (20 % for PCMand 100 % for PCMy) and crystal wax (80 % for PCM1). These PCMs were
used in roof construction. Differential Scanning Calorimeters (DSC) analysis has been carried out



to determine the melting range and heat storage ability of the PCMs. The main thermophysical

properties are provided in Table 2.

Table 2 PCMs properties

Parameter Unit Value

Paraffin’s Wax

PCM; (RRM1) PCM; (RRM2)

Melting point C 40-55 19-37
Density (ps) (kg/m3) 1270 785
Density (pi) (kg/md) 1180 749
Specific Heat (C,) at solid (kd/kg °C) 2.71 1.4
Specific Heat (Cp) at liquid (kJ/kg °C) 2.87 2.2
Thermal Conductivity (ks) (W/m K) 0.41 1.09
Thermal Conductivity (ki) (W/m K) 0.22 0.51
Diffusivity os (m?/s) 2.6x10* 9.9x10°
Diffusivity a. (m?/s) 1.0 x10* 3.03x10°®
Layer thickness cm 25 25
Enthalpy (h) (kJ/kg) 250 146

2.1.4. Uncertainty analysis
Uncertainties of the measuring devices are summarized in Table 3.

Table 3 Uncertainty values

Uncertainty

Parameter Measuring device Model Units
Value
Mean temperature in PCMs Thermocouple Type (K) +1.2 °C
Indoor air temperature Digital-output DHT22 +0.5 °C
Air relative humidity Digital-output DHT22 +0.2% RH
Air velocity Anemometer No. yk-2005AH +0.025 m/s
CO; concentration Gas sensor MQ-135 GAS +1.0 ppm

CO; concentration Gas sensor Mg-811 GAS +1.0 ppm




Hot wite +0.01

Breathing airflow No. yk-2005AH md/s

Anemometer

2.2. Numerical Model

2.2.1. Geometry and computational domain

The geometry of the numerical model is exactly the same as the scaled room constructed for the
experimentation. Five dummy occupants with the same dimensions and positions as in the
experimental setup are considered for the simulation. Each body generates heat flux of 100 W/m?.
A fluorescent light with a power consumption of 10 W with no open exposure due to security
concerns was simulated by constant power generation. A carbon dioxide rate of 0.3 I/min is
considered to be emitted from the mouth of the dummy body [40]. ASHRAE Standard
recommends that the temperature and humidity of exhaled air are 33 °C and 95 %, respectively
[41].

The setup is sub-scaled with 1/4 ratio. As the sizes shrink, the heat load, the air's mass flow rate,
the setup's surface area, PCM mass, and human model sizes are reduced in the same order.
Therefore, a similarity between the real size model can be obtained. If the natural convection were
dominant in the cabin, size would matter. However, there is forced convection inside the room
with the same inlet Re numbers. Hence the heat transfer behavior between the surfaces and fluid
is expected to be similar. As a result, it is expected there is no major reason for deviation between
the scaled model and the real size case. The important parameters like energy saving, temperature
distribution, and PCM melting characteristics are not significantly affected by scaling. In addition,
the main aim of the present study is the comparison between the room with PCM and the one
without PCM. Subscaled studies are widespread in the literature as mentioned in the introduction

section and the same procedure, which has been used in this study have been employed [29-33].
2.2.2. Governing equations

Continuity, momentum, and energy equations are solved for the room and the PCM regions.
Transient analysis on the room region has been performed under the assumptions of three-

dimensional geometry, incompressible, k-¢ turbulent flow. Three-hour analysis is performed



starting at 12 PM to 15 PM for Baghdad, Iraq’s conditions in August. The continuity equation is

givenin Eq. 1 as

dp

Jt

+V-(p#) =0 1)

@ is the three-dimensional velocity vector. The momentum equation for constant viscosity is

provided in Eq. 2

aa - - ->
p__+p&-V)u=—-VP+uV2a+ +F (2)
ot

F in Eq. 2 is the body force per unit volume. The energy equation neglecting the viscous

dissipation for the air region is provided in Eq. 3 as

oT
pC _ +pC (& V)T = kV2T 3)

Pat p

The inlet air temperature is 16 °C. The air in the room is in thermal interaction with the PCMs at
the top. The air inlet velocity varies for different cases (0.5, 1, and 2 m/s). All walls are thermally
insulated. The ceiling is also considered insulated for cases without PCMs. A three-hour transient

analysis starting from 12 PM to 15 PM has been carried out.
Thermophysical properties of the construction materials of the room are provided in Table 4.

Table 4 Material properties of the simulated room

Density (o) Specific Heat (C,) Thermal
; ensi ecific Hea
Part Material y P P P Conductivity (k)
Type
kg/m? JI(kg-K) W/(m-K)
Ceiling Aluminum 2719 871 202.5
Floor and
Glass-Wool 64 670 0.04

é?ég I\?\tlgﬁs Perspex 1180 1450 0.2




It is presumed that there is no natural convection in the PCMs. In addition, PCM properties are
constant for the solid and liquid phases, the only heat transfer mechanism is the thermal conduction
in one dimension. At the initial state, the PCMs are completely solid, and their temperatures are at

16 °C. The general energy equation in the PCM regions is given in Eq. 4 as [42]
0H .
__+V@EH) =-V-q (4)
ot

H in Eq. 4 represents the total enthalpy, # is the liquid phase PCM velocity (neglected), g is the
heat flux vector.
H(T) = AH(T) + hs(T) )
AH(T) = p f(T) Lrpm (6)

fin EqQ. 6 is the melt fraction, hs is the enthalpy value of the PCM which can be calculated using
Eq.7 as [43]

T
hs = heer +J  pPpem Coem @ (7
Tref
0, T<Ts
F={ 1 T>T ) 8)

10,1 Ts <T <T

The first term in Eq. 7 is the reference enthalpy. Liquid fraction gets the value of zero if it is below
the solidus. Its value is 1 if the PCM is above the liquidus temperature. If Eq. 7 is expressed in
terms of hs by neglecting the liqguid PCM motion,

dh,

==V-qg —pL Of 9)

ot PCM At

Solid-liquid interface is determined by Stefan condition

0xm(t) oT dTs (10)
p L )
PCM PCM 5. = —ki (ay) + ks (6y

xm is the time-dependent solid-liquid interface position. The coordinates of the PCM region are
defined in Fig. 4.

Figure 4 also depicts the measured temperature values of the thermocouples. Six thermocouples

were regularly embedded at the bottom, middle, and sides of the PCM panels to measure the



temperatures at six points, allowing for the prediction of the behavior of the paraffin inside the

panels.

point 4 point § point 6
RRM1 l y:0

RRM2

point 1 point 2 point 3

Figure 4 PCMs positions and locations of the embedded thermocouples

Ceiling of the room facing to the sky (y=0) is exposed to the thermal radiation and convection.
The boundary condition for the upper PCM is given in Eqg. 11 as

K ﬂl =q + hT -T (11)

PCM1 rad 0o oo y=0
dy =0

ho is the heat transfer coefficient of the outside. grad is the net thermal radiation exposed to the
surface at y=0. The simulations have been carried out considering the experimentation, which was
conducted between 12:00 pm - 3:00 pm. The radiation at this time interval is interpolated for hourly
measured as 780, 1099, 866, and 601 W/m?, respectively. The boundary condition for the ceiling
facing the interior of the room is related to the inner side convection heat transfer as

k | C ) (12)
PCM2 [ =L
ay - iy room
The governing energy equation for the aluminum slabs is provided in Eq. 13 as
02T a 0T a1 (13)

kAl ayz =pA1CA1 ot

2.2.3. Meshing of the computational domain

An unstructured tetrahedron mesh structure has been implemented. The simulations are performed
with three different grid sizes of 1,004,378 1,547,700 and 2,496,452 for the inlet velocity of 0.5



m/s. The grid sizes are restricted based on the computer Ram capacity and the computational time.
When a coarse mesh of 1,547,700 elements is employed, The maximum change in the air
temperature and CO> were respectively 0.5 °C and 1.1% for the last two coarse and fine meshes,
which are within the uncertainty range of measurement devices in the experimentations. Air

temperature and CO> concentrations for coarse and fine meshes are tabulated in Table 5.

Table 5 Average air temperature and CO- concentrations for different mesh sizes

Type of Number of  Skewness Air temperature Relative COz2concentration, Relative
mesh  elements °C difference, % ppm diff., %

Coarser  1.004.378 0.231 24.2 729

Coarse 1.547.700 0.208 26.1 7.2 751 2.9

Fine 2.496.452 0.205 26.6 1.8 760 11

3. Results and Discussion

The numerical results are provided as contour plots from two different cross-sections. These are
depicted in Fig. 5.

'\<ym/8;/°‘“

Figure 5 Cross-sectional planes (a) at Z=0.3 m and (b) at X=0.6 m for displaying the numerical
results

PCM effect on the temperature pattern is investigated for the inlet air velocity of 0.5 m/s under a
typical August day in Irag. Due to restrictions to provide carbon dioxide and vapor continuously,
experiments were just recorded from 12:00 pm to 3:00 pm with a peak ambient temperature of 55

°C. Solar radiation and ambient temperature data are provided in [39]. Temperature distribution of



the room with and without PCM at the moment when the cooling load peaks at 1:22 pm is shown
in Fig. 6.

without PCM with PCM

Figure 6 Temperature distributions at planes of Z=0.3 m, X=0.6 m and streamlines for inlet
velocity of 0.5 m/s

It is evident that the use of PCM was beneficial in providing homogenous temperature distribution
and reducing the average temperature level of the room. The temperature of the ceiling reduces to
33 °C while it remains 48 °C without PCM. In addition, the temperature at the center of the room
is diminished from 35°C to 26°C by using PCM. The vortices’ intensity is stronger for the room
without PCM when the temperature streamlines are examined. Temperature streamlines show that
PCM provides more uniform temperature distribution inside the room.

The other critical parameter for the IAQ of the room is CO> concentration. Figures 7 shows exhaled
carbon dioxide distribution with and without PCM usage at the ceiling. In this case, carbon dioxide
concentration is slightly higher without using PCM, especially in the corners in contact with lying



occupants, reaching 850 ppm due to occupants’ breathing and temperature differences between

zones. However, all the values remain within safe limits due to good air circulation within the
space.

395 877 1360 CO, ppm

without PCM with PCM

Figure 7 CO- concentration for inlet air velocity of 0.5 m/s with and without PCM

The effect of PCM on the distribution of exhaled vapor is illustrated as vapor volume fraction in
Fig. 8. Analysis of the vapor volume fraction depicts that there is no considerable difference
between the vapor volume fractions with and without PCM cases inside the room except the region
near the ceiling that experiences higher values without PCM. The reason would be that the ceiling
for the case without PCM experiences higher temperature than that one with PCM.



0.39 0.66 0.93 Vapor Volume Fraction

without PCM with PCM

Figure 8 Vapor volume fraction for inlet air velocity of 0.5 m/s with and without PCM
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Figure 9 Comparison of the temperature values on the embedded thermocouples in PCMs
between numerical and experimental results



Figure 9 compares the measured temperature from six embedded thermocouples in PCMs as
shown in Fig. 4 and numerical simulation between 12:00 to 15:00 pm. It shows a good agreement
in the average temperature of first three thermocouples, which measure the temperature of paraffin
RRM: in the panel between the experimental measurement and numerical results. The maximum
relative error is less than 12%. The average of second three thermocouples, which measure the
temperature of paraffin RRMzy in the panel, are in good agreement with the simulation results from
12:00 pm until 13:54 pm. After this time, however, the temperature difference and relative error

rises about 9 °C and 18%, respectively.

There are many reasons why experimental and numerical results deviate. Inevitably, the
measurement devices have an uncertainty range stated in Table 3. This error is not significant, but
it needs to be considered in experimental studies. Installing measurement equipment into the test
room affects the flow. Undoubtedly, it can be considered as an obstacle to the flow which will
contribute to the deviation between experimental and numerical deviation. Another major
discrepancy reason stems from the transient behavior of the experiments. For example, solar
irradiation, ambient temperature, wind speed etc. vary during the day, but they are evaluated as a
mean value for certain time periods. In numerical calculations, room walls are taken as insulated.
In reality, there might be some heat gain to the room, especially when the forced convection (wind
magnitude) is strong on both sides of the walls. It should be noted that PCM is assumed to be
stagnant, and the only heat transfer mechanism in the PCM region is thermal conduction. Although
the aspect ratio of the PCM contained is very high and PCM motion is very limited, this
discrepancy needs to be evaluated. Besides, most of the thermophysical properties of the materials
are taken as constant for a mean value. However, all temperatures vary due to the transient behavior
of the experiment. Most importantly, the experimental setup is a scaled model of a real prison
quarry. Hence, this dimensionality may affect the flow and heat transfer characteristics of the setup.
In addition, dummy bodies are in cylindrical shape, and do not reflect the human body shapeexactly.

Similarly, heat generation and the CO: release values of a person are the average values.

Figure 10 shows the specific locations of 26 sensors in the room model to measure the local
temperature and CO> concentration. All sensors are positioned at the three basic levels (ground,

mid-room, and roof level).
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Figure 10 Position of sensors inside the scaled model

Instantaneous temperature values for each embedded sensors inside the room at inlet air
velocity of 0.5 m/s are presented in Fig. 11. The results reveal that because of symmetrical
geometry of the room at X direction, temperature values on lines 1, 2 and 3 are same as those on
lines 4, 5 and 6, respectively. Besides, the experimental results are approximately overlapped with
the theoretical ones for PCM usage case. The cooled air enters the room with temperature of 16
°C. Therefore, the temperature values on lines 3 and 6 for the sensors affected from the airflow are
lower than those for the rest of the sensors. In addition, the temperature difference for two cases
with and without PCM rises from the floor to the ceiling (lines 1,4 to lines 3,6). In other words,
maximum temperature reductions by using PCM are about 6, 9, and 16 °C measured from sensors
18, 16, and 2, respectively. Consequently, applying PCM on the ceiling improves the thermal

comfort of all occupants in the room.
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Figure 11 Temperature values measured by positioned sensors for inlet air velocity of 0.5 m/s, a)
line 1, b) line 4, c) line 2, d) line 5, e) line 3, ) line 6

Figure 12 illustrates instantaneous carbon dioxide concentration values for each embedded
sensors inside the room at an inlet air velocity of 0.5 m/s. The Numerical results and experimental
measurements have matched well for all cases. Sensors record higher CO2 concentrations for room
without PCM than those with PCM on the floor. A significant CO level reduction (more than 200
ppm) is observed on ground-level hypothetical lines (lines 1 and 4) by using PCM. No significant
deviation exists for the mid-room (2-5) and roof level (3-6) lines. The carbon dioxide concentration
with using PCM and without PCM do not exceed 570 ppm and 710 ppm, respectively during the
computational time.

The threshold limit for indoor CO> is determined by ASHRAE as 1000 ppm. Although all the
results are less than the acceptable threshold and pose no risk to the air-conditioned space, but

applying PCM on the ceiling improves the comfort of all occupants in the room in terms of inhaling
fresh air.
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Figure 12 CO> concentration values measured by positioned sensors for inlet air velocity of 0.5
m/s, a) line 1, b) line 4, c) line 2, d) line 5, e) line 3, f) line 6

The power consumption during the cooling of the room with and without PCM is recorded during

the day. The test was carried out on a typical summer day and the inlet air temperature and the
thermostat set point are adjusted to 16°C and 26°C, respectively. Figure 13 demonestrates

instantaneous power consumption by the air conditioner for cooling the test room at the air velocity

of 0.5 m/s.
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Figure 13 Experimental air conditioner power with and without PCM at inlet air velocity of

0.5m/s for one day in August.

The peak power of 2 kW is recorded for the room without PCM at 2 pm. The positive impact of
PCM use is observed, especially between 5 pm to 6 am. The cooling system is not active for long
hours, and the room temperature is below the set point temperature. The total energy consumption
in 24 hours for the case without PCM is 29.5 kWh . However, this value reduces to 15.6 kwh for
the room with PCM ceiling.

Figure 14 presents the instantaneous power of the air conditioner under the same conditions as the
previous test, in which the inlet air velocity increases to 2.0 m/s. It can be seen that the compressor
is working harder in the without PCM case, with three peak load zones. In contrast, the case with
PCM operates without significant fluctuations.
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Figure 14 Experimental air conditioner power with and without PCM at inlet air velocity of 2
m/s for one day in August.

Figure 15 illustrates the experimental energy consumption in the cooling protocol with and without
using PCM;s for different inlet air velocities.
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Figure 15 Monthly cooling energy consumption for the cases with and without PCM at inlet air
velocities of 0.5, 1 and 2 m/s

It is clear that PCM has significantly reduced energy consumption, especially for the low inlet air
velocity. It has a positive impact on the higher velocity cases as well, but not as much as the low
velocity case. The energy savings using PCM is calculated as 47.2 %, 23% and 17.9% for inlet air
velocities of 0.5 m/s, 1 m/s and 2 m/s, respectively. Considering electricity price of 0.12 USD/kWh
for the first 5000 kWh consumption in Iraq, 50.1, 33.3, and 29.9 USD saving has been obtained
with the PCM for the inlet air velocities of 0.5, 1, and 2 m/s, respectively.

4. Conclusion

The impact of PCM embedded in the room’s ceiling has been examined. Experiments and

numerical simulations have been conducted for severe summer conditions in Irag. IAQ has been



evaluated in terms of temperature, water vapor, CO concentration. Besides, the cooling energy
consumption was calculated with and without PCM.

According to the experimental and numerical results, the following findings can be reported:

- Application of two layers of paraffin-based PCMs embedded in the ceiling, reduced the
temperature at the center of the room by about 9 °C for the inlet air velocity of 0.5 m/s.

- Although carbon dioxide concentrations remained within safe levels for all cases, CO-
concentration level were reduced by more than 200 ppm on the floor by using PCM.

- There was no considerable difference between the vapor volume fractions with and without
PCM cases inside the room around the dummy bodies.

- A good agreement has been obtained between the experimental and numerical results.

- Using PCM reduced cooling energy consumption of the room by 47.2%, 23%, and 17.9%
at inlet velocities of 0.5, 1, and 2 m/s, respectively.

- The results revealed that using PCM not only did improve 1AQ in terms of temperature,
carbon dioxide concentration, and humidity but also reduced the cooling energy

consumption considerably.

The present study and most of the other studies in the literature have conducted transient
simulations for a few hours, but cyclic (daily) analyses are needed to fully understand the
phenomenon. Besides, experiments with real size quarry, and larger size human models under
different seasonal and operational (number of people, activity level, etc.) conditions can be
performed for more detailed analyses. Although PCM is isolated in a container, its effect on human
health is an interdisciplinary research subject before conducting experiments with real human
subjects. In line with the findings in the present study, a larger-scale analysis can be performed in
terms of size and time. In addition, smart thermal control mechanisms can be developed for
buildings equipped with PCM via methods like artificial intelligence, big data, and machine

learning.
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