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ABSTRACT

Thermal Performance of a Room with Wall Latent Heat Storage

CHUNYAN LIU

Thermal storage use in buildings is a promising approach for the improvement of energy
efficiency. In this study, the feasibility and benefits of utilization of phase change materials

(PCMs) in building envelope components for thermal storage were investigated.

The phase change material (PCM) gypsum board used in this study was made by soaking
conventional gypsum board in a PCM with phase change range of 16.0°C--20.3°C. Both
experimental and theoretical studies were performed to investigate the thermal performance of
the PCM gypsum board when used in a passive solar building. The experimental study was
conducted in a full scale outdoor test-room with the PCM gypsum board as inside wall lining.
The test room was equipped with a computerized data acquisition and control system for transient
thermal measurements. An explicit finite difference model was developed to simulate the transient
heat transfer process in the walls with PCM gypsum board as inside lining. The mode] takes into
account the transient boundary conditions, absorbed solar radiation, the melting/freezing of the
PCM and employed a nonlinear film coefficient. Reasonable agreement between the simulation

and the experimental results was observed.



The mathematical mcdel may be used in conjunction with other building thermal analysis
software to evaluate the design parameters and the operational characteristics of buildings with
wall latent heat storage. This study shows that the utilization of the PCM gypsum board in a
passive solar building can effectively limit rocm overheating by 4-5°C during the daytime and

reduce the heating load at night significantly.

iv
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CHAPTER 1 INTRODUCTION

1.1 ENERGY STORAGE IN BUILDING

Energy consumption in building mechanical systems forms an important part of overall energy
consumpticn, especially in an industrial country. For example, more than 25 quads of energy,
which costs $166 billion, is used for heating, cooling, lighting and ventilation of buildings in the

USA every year [1]. Therefore, the improvement of the building energy efficiency deserves a

large amount of effort.

There are many approaches t~ improving the energy efficiency of building mechanical systems,
such as more advanced design, more effective HVAC controls, better insulation, new
develbpménts in the design of windows and doors, improved methods of ensuring air tightness
and. vapour sealing as well as more efficient bumers, chillers and heat exchangers. However,
there is one sphere of activity relating to an alternative energy use, where the scale of
development has been markedly less than those in other areas. This field of investigation is the

development of appropriate and economical means of thermal energy storage in buildings {2].

An adequate thermal energy storage capacity of a building can be employed to optimize energy
efficiencies and, consequently, to suppress the heating and cooling energy costs for the full
diversity of space conditioning technologies and strategies. The thermal storage is used for the

improvement of building energy efficiency in the following ways [2]:



a)

b)

d)

It makes feasible to use low cost or free energy which would otherwise be wasted because

its supply frequently exceeds or is asynchronous with thermal demand. This type of energy

may be derived from the following sources:

1)  passive and/or active solar heating;

2) warm infiltrated air;

3)  heat generated by occupants, particulatly where large numbers are present as in
classrooms, public rooms, theatres and restaurants;

4)  heat produced from lighting, cooking, appliances, heat-emitting equipment or
exothermic processes [2].

Energy may sometimes be purchased at lower cost during off-peak periods for storage and

discharge when full rates would orherwise be charged [2].

In addition to time-shifting of energy consumption, thermal storage can also effect a

decrease of the demand peak reflected in less energy costs, smaller equipment sizing and

more efficient operation [2].

Excess heat may also be absorbed during the day to moderate the temperature in a building.

In this case, the heat is stored for subsequent transfer to cool night air which is circulated

over the heat storage surfaces. Thus, using the outside air at night (or whenever the

temperature falls to the requisite level) enables a thermal storage system to replace or

supplement the function of an air conditioning system [2].

Reduction of furnace cycling and significant improvement of combustion efficiency may

be achieved by the use of thermal storage. In this application, the control of the burner is

arranged so that the ignition does not occur until the stored heat is depleted, ie. the



thermostat is set to cause the bumer to ignite at a temperature below the freezing point of
the phase change material. This arrangement will prolong the fumace’s on and off duration.
Research has shown that combustion efficiency can be improved between 11% and 54%
by reducing short cycle operation. In Canada, it is estimated that the average would be
approximately 30% [2].

f)  Higher efficiencies of hcat‘pumps and chillers can be expected where their operating

schedules incorporate the longer on and off cycles made possible by the thermal

storage [2].

Thermal energy can be stored in three ways:
1)  as sensible heat;
2}  as latent heat;

3)  converted into another form of energy, especially thermo-chemical storage.

Combinations of these techniques may also be used.
1.2 SENSIBLE HEAT STORAGE

Thermal storage as sensible heat is described by:

TZ
Q, = ][M.CP.dT « M.C,AT

1



Q, = the quantity of stored sensible heat, kJ;

Cp = the specific heat of the material, kJ/kg.°C;
M = the mass of the matenal, kg;
AT = T,-T,, the temperature change of the material.

For a building component, in order to obtain an adequate sensible heat storage capacity, a large

temperature swing AT or large structure mass are required.

1.3 THERMAL STORAGE AS LATENT HEAT

Latent heat storage is caused by a phase change in a material. The material is called phase
change material (PCM). Thermal energy storage may be achieved by melting the PCM and the
recovery by freezing it. This phenomenon involves the absorption and the release of a large
amount of heat, even though little or no change in temperature occurs. The thermal mechanism
of a phase change is as follows: The mean molecular kinetic energy of a substance is higher
when it is in Jiquid state than it is in the solid one. A process of liquid to solid phase transition
generates a certain amount of energy which equals the difference between the substance’s mean
molecular kinetic energy when it is in liquid and solid states. Conversely, the same amount of

energy is absorbed by a solid to liquid phase transition process.



1.4 ADVANTAGES OF USE OF LATENT HEAT STORAGE

The utilization of latent heat storage in a comfortable indoor temperature range in buildings can

resuit in an increase of thermal storage capacity in the range of 100%-130% [3]. Compared with

the other two forms of heat storage, latent heat storage has the following advantages for building

applications (referring to Table 1.1):

a)

b)

d)

e)

It stores large quantities of energy. Table 1.1 shows the values of latent heat and sensible

heat of unit mass of some materials;

It avoids the use of large structural mass which is required when sensible heat storage is
employed;

Thermal storage may occur in the comfort temperature range;

It stores energy within a small temperature swing and thus avoids the uncomfortable
temperature variations which are characteristic of sensible heat storage in buildings;

It avoids seasonal overheating problems which may occur after a succession of hot sunny

days and warm nights.



Table 1.1 Latent Heat and Specific Heat of Some Materials

TRANSITION SPECIFIC
HEAT
MATERIAL TEMPERATURE LATENT M¥m?.°C
RANGE HEAT J/g or J/gK
°C
" Rocks © N/A N/A 2.32
- (granite) -
b Cement N/A N/A 1.29
. Brck N/A N/A 1.58
~ - (building) -
H,0 0 333 4.18
Na,S0,.10H,0 32.4 254 1.93
CaCl,.6H,0 29.7 171 1.45
Octadecane(99% pure) 27-32 253 1.81
Commercial Wax 35-47 147 1.83
Stearic acid 55-71 191 7 2.07
Shell paraffin wax 52/54 20-40 45 2.04
Butyl stearate 17-21 140 1.8
Butyl stearate gypsum board 17-21 34 1.26
1) Data sources: [4],[5],[9],[14] in the reference list;

2)  Shaded materials are used for sensible thermal storage, others are use for latent thermal
storage.

1.5 PHASE CHANGE MATERIALS (PCMs)

PCMs are employed in building applications to obtain latent heat storage within the comfort

temperature range. There are many potential implementations of the PCM technology such as
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gypsum wallboard incorporating 2 PCM, latent heat storage integrated into room heaters or air

ducts, preheating the cold side air in heat pumps, curtain walls containing a PCM, water heaters

with PCM storage and heat recovery in thermally cyclic processes. The characteristics required

for a PCM to be considered suitable for incorporation in building materials or HVAC devices as

heat storage means are described below [4]:

b)

Thermal properties

Phase transition temperature: 17°C to 36°C, latent heat of fusion: 130-200 J/g;

Physical properties

(D

@'

3)

“

)

(6

Phase equilibrium: melting and freezing of all components must be congruent to
avoid segregation of material and keep heat exchange within a reasonable temperature
range.

Vapour pressure: must be in the range to avoid damages of building or HVAC
components.

Density: the higher the density, the greater the amount of heat storage per unit
volume, other properties being equal.

Supercooling: must be avoided because latent heat is not completely released where
supercooling occurs. It is a problem with salt hydrates but, fortunately, organic PCMs
show little tendency to supercool.

Chemical stability: because the PCMs are incorporated into building materials, they
must have a long service life. *

Compatibility: PCMs must not react with any material which is likely to be in contact



with them.
(7) Free fi. a hazard: PCMs must not be toxic nor constitute any hazard in respect to
fire, fume or explosion.
(8) Nuisance free: PCMs can not contain material which emits an odour or causes
allergic reactions.
(9) Good appearance: The PCM must remain within the building material in both solid
and liquid states and not cause unacceptable changes in colour or surface condition,
e.g. oiliness or crystalline formation [4].
¢}  Economic factors
The PCMs must be readily available in the market. Their quality must be reliable as per
specification. The supply must be abundant and preferably from renewable resources. The net
cost must be low. Cost includes processing, containment, maintenance, storage space and heat
exchanger requirements. Note that only processing affects the additional cost of its use in

building application.

1.6 OBJECTIVES OF THE THESIS

The objectives of this research are as follows:

1. Investgation of the thermal performance of PCM gypsum board used in a passive solar
building.

2. Estimation of the benefits from the application of PCM gypsum board in passive solar

buildings in terms of the reduction of room overheating and energy savings.



A literature review is summarized in chapter 2 to provide the reader with an overview of the
present status of the research work on building latent heat storage issues, including thermal
storage materials, the relevant devices used for latent heat storage and the achievements of the
incorporation of PCMs with conventional building materials. A previous work (Feldman et. al.,

1991) [3] which developed the PCM gypsum board is also introduced.

Chapter 3 presents an experimental study of the thermal performance of the PCM gypsuin board
and the effects of its application on the overall thermal performance of a passive solar room. The
experimental study was conducted in a full scale outdoor test-room with the PCM gypsum board
as inside wall lining. The test room was equipped with a computerized data acquisition and
control system for the transient thermal measurements. The measurements were performed under

various weather conditions. The space temperature was controlled by constant setpoint with or

without night setback.,

Chapter 4 presents a finite difference thermal network model developed to analyze the transient
heat transfer process in the walls witi. PCM gypsum board as inside lining. The model takes into
account tﬁe transient boundary conditions, absorbed solar radiation, the melting/freezing of the
PCM and =mployed a nonlinear film coefficient. A computer program, PCMBOARD, was
developed to perform the computation. Comparisons between the numerical and experimental
results are presented. The estimations of energy saving from the us: of PCM gypsum board were

given from the simulations for various weather conditions and setpoint temperatures.



Finally, the conclusions on the benefits obtained from the utilization of the PCM gypsum board
as a building envelope component are summarized in chapter 5. Extensions of the present work

are then recommended.
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CHAPTER 2 LITERATURE REVIEW

Research with respect to PCMs for building thermal storage applications can be separated into
two categories. One is the development of the sutable phase change materials which possess the
required characterisiics for building applications. The other is the development of thermal storage
devices with high heat exchange efficiency. Figure 2.1 shows a block diagram which provides

an overview of the various efforts in the development of a latent heat storage system.

Latent Heat Thermal Energy Storage Systems

|
] 1

Materia! Investigation | ‘ Heat Exchanger Development l
Choice of Materials in the | Cheice of Heat Exchanger .
Appropriate Tempersture Range

T —
| I \ Experimental
Investigalion

Heal Srorage l Construction Materials E S

Thermai Analysis
Pararmetric Investigation

ial
Marerials : Laboratory Models
! | - —
Thermophysical Meiting & Freezing _ Prototypes Investigation
Property data Chartacieristics S with Heating/
— I Simulation Models Pilol Units Cooling Unils
to Pricict Performance ' [
Shert-term Long-term :
Behavicur Behaviour of Systems Field Test
Thermal cycling Ma[erlal. B .
Compatibilily ‘ - | Final Cost Analysis |
Long Lite l
Consideration ‘
i I Commercial Production l

D Previous work investigated during this study; Dvork developed by this study,

D Recommended furture work.

Figure 2.1 The development of a latent heat storage system
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2.1 MATERIAL DEVELOPMENT

The utilization of PCMs in the application of building thermal storage has been a subject of
considerable interest ever since the first reported application in the 1940s [10]. Later on, facing
the pressure of energy crises in all over the world, much work has been done on the development
of suitable PCMs which could be used as means of building thermal energy saving. Since the late
1970s, studies have been reported by many authors, such as, Feldman, Shapiro and Fazio (1933,
Canada), Abhat (1977, 1981, 1982, FRG), Van Galen (1986, Netherland), Salyer and Sircar
(1985, USA), Shibasaki and Fukuda (1985, Japan), Sayigh (1990, Canada) and Hawes, Banu and
Feldman (1989, 1990, Canada). In these studies, the PCMs usually considered were of two types,
in-organic and organic groups. The in-organic one is mainly comprised of salt hydrates such as
Glauber’s salt (Na,5Q,.10H,0) and calcium chloride hexahydrate (CaCl,.6H,0). The organic
one includes paraffins such like octadecane, farty acids and fatty acids esters such like butyl
stearate. The problems of supercooling and phase separation existed in the salt hydrates have
been overcome to a large extent and some commercial products are available. The organic group
of PCMs is thermally more stable but has lower volumetric heat of fusion and is more expensive
than the in-organic one. However, they are easier to be encapsulated and immersed into ordinary
building materials. Research has proved that both these two classes of PCMs can be used in
building thermal storage applications. They may be employed in different thermal storage systems

according to their characteristics.
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2.2 DEVELOPMENT OF HEAT STORAGE DEVICES

Studies focused on the improvement of active solar system efficiency were largely reported since
'1970°s. San Tamouris and Lefas (1988, Greece) designed a new heat exchanger based on the
rolling cylinder principle. Yanadori (1989), Hirata and Ueda (1988, Japan), and Sakitani and
Honda (1989, Japan) contributed their work on the development of different PCM containers and
the improvement of heat transfer conditions. Hirose and Saitah (1990, Japan) developed a unique
latent heat thermal energy storage/heat pump system using spherical capsules, a heat pump was

introduced to resolve the supercooling problem of many salt hydrates systems.

Contributions on the improvement of passive solar system thermal efficiency made it more
feasible to apply the PCMs in building applications. A significant accomplishment was to
introduce PCM, with phase change point in the human comfort temperature range, into ordinary
building material, such as gypsum board and concrete. Neeper (1989) discussed the benefits of
distributed PCM thermal storage in passive solar buildings. Salyer (1989) and Kedl (1989)
performed theoretical and experimental studies conceming the thermal performance of PCM
gypsum board. Peippo, Kauranen and Lund (1991) presented a computational method for the
determination of the optimum phase change temperature and thickness of a PCM wallboard.
However, not much has been reported on the theoretical and experimental studies of the thermal

performance of PCM wallboard used in an actual building.

The optimization of the latent thermal storage system is dependent on the energy collection and
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delivery characteristics of the system [12]. In the applications of active solar systems and heat
pumps, PCMs have high phase change point (higher than normal human comfort temperature).
Latent heat has to be transferred by heat exchanger between the solar collector and nommal
comfort temperature zone. In passive solar systems, the PCMs are incorporated into conventional
building components, such as gypsum board and concrete. Their phase transitions take place in
a normal comfort temperature range, from 16°C to 30°. The generated and absorbed latent heat
is transferred directly between building components and the space and no extra heat exchange
systems are required. Passive solar systems are more promising because of their simplicity of
concept and they avoid heat transfer problems of active solar ones. PCM gypsum board is oﬁe

of the most promising thermal storage options.

2.3 PCM GYPSUM BOARD

PCM gypsum board is made by the incorporation of PCM into ordinary gypsum board. The
incorporated PCM absorbs and releases latent heat during its phase transition. The gypsum matrix
acts as a vehicle to contain the PCM and transfer the released or absorbed heat to or from the

space. The PCM gypsum board is unique because it can be used as a conventiona! building

component and a latent heat storage device as well,

A major advance in the development of PCM gypsum board was reported by Feldman et al.
(1990) [3]. In this work, the chosen PCM was an organic material, Butyl Stearate (BS). BS

possesses the thermodynamic and kinetic characteristics for the low temperature heat storage
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mentioned in Chapter 1. It has relatively low phase change point and a high latent heat of
transition per unit mass. It exhibits a small volume change during the phase transition and does
not supercool during its freezing. It possesses good chemical stability, low vapour pressure at
room temperature, high flash point and high auto-ignition temperature; Moreover, it is non-toxic,

non-cerrosive and odourless [3].

BS is a commercial product (Emery 2325) and consists of a mixture of 49% butyl stearate and
48% butyl palmitate. It represents more than half of the stearic acid esters production. The fatty
acid esters are already produced in large amounts for plastic, cosmetic, textile and lubricant

industries and many of them are obtained from: renewable sources such as oil seeds and

tallow [3].

Gypsum wallboard was chosen as an appropriate vehicle for the PCM (BS), because it is a
common building product which is easily adapted to energy storing applications. It can also be

produced and marketed by existing manufacturing and sales facilities. The other results of this

work were summarized as follows [3]:

The flexural strength of laboratory produced thermal storage wallboard compared well with

values obtained for conventional wallboard [3].

Durability of the samples and components of thermal storage wallboard was evaluated by the use

of accelerated freeze-thaw tests. The results obtained were satisfactory [3].
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Compatibility tests with representative paints (ester- and alkyd-based) showed no sign of any

peeling, blistering, or evidence of exudation of the BS one year after manufacture [3].

The water absorption test demonstrate that this product absorbs less than 1/3 as much water as

plain wallboard and is, therefore, a potential candidate for use in humid environments [3].

For a rise of about 4°C through the melting range of PCM, 1 m? of energy storing wallboard,
with 22% BS, has a total thermal storage capacity of 370 kJ. This capacity was computed by
adding the sensible heat capacity of gypsum alone (33 kJ) with the sensible heat capacity of BS

(16 kJ) and the latent heat capacity of BS (321 kJ) [3].

The BS gypsum board developed for this work contains about 25% by weight proportion of buty!
stearate. 'll"hc thermal properties of this PCM gypsum board were tested by using the differential
scanning calorimeter (DSC). Table 2.1 presents some physical and thermal properties of the butyl

stearate and the BS gypsum board .
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Table 2.1 Thermal properties of butyl-stearate and BS gypsum board

Density Specific heat Thermal Phase Latent heat
Material conductivity change range
kg/m3 kJ/kg.°C W/m.°C °C
Jg
Butyl 855 1.80 0.20¢ 17.8~232 140®
stearate
Gypsum 720 1.08 0.187 N/A N/A
board
BS gypsum | 9007 1.267 0.214¥ 16.5~20.9 |  30.7"
board
ote: 1) numbers in brackets refer to data sources and are consistent with the ones i the

references list;

2) * denotes the DSC test result from the Building Materials Laboratory at the CBS,

Concordia University.

2.4 INCORPORATING METHODS

The incorporation of PCM into gypsum wallboard has been a subject of research in recent years.

Methods of incorporation are [3]:

. incorporation by capsules, comprising the addition of small self-contained capsules of PCM

when blending the components of the building material;

. direct incorporation, incorporating the PCM with other components which make up the

building material;
. immersion, incorporating PCM by direct immersion of regular wallboard at room

temperature into a container of PCM at 80 °C.
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The first two methods are suitable for industrial manufacturing. The direct incorporation and the
immersion methods were discussed and used in previous works by Shapiro et al. (1987) and
Feldman et al. (1990) [3]. The immersion method can be conveniently used for experiments. This
method was also used by Feldman, Shapiro, Fazio, Hawes and Banu (1986) for their studies of

energy storing wallboard [£].

To summarize the literature review, the passive solar systems are more promising because of their
simplicity of concept and they avoid heat transfer problems found in active solar ones. Resent
research shows that, as an application for passive solar thermal storage, the PCM gypsum board
and concrete have great potential in terms of the improvement of building energy efficiency. The

feasibility and benefits of the utilization of BS gypsum wallboard deserve intensive studies.

18



CHAPTER 3 EXPERIMENTAL STUDIES

3.1 PREVIOUS STUDIES

Most of the existing studies conceming the use of PCMs for building application focused on the
development of suitable materials on a laboratory scale. With respect to the thermal performance
of PCM gypsum board applied in a passive solar room, theoretical studies have been carried out
by Peippo et al. (1991) [12] and Kedl (1991) [13]. Kedl (1991) [13] performed an experiment
investigating the thermal performance of PCM gypsum board in the laboratory. During his
experiment, the two surface temperatures (front and back) of the PCM gypsum board were
controlled at certain constant values by two heating and/or cooling panels; therefore the results
from his study could not be applied to actual passive solar buildings. However, this work
developed valuable knowledge concemning the thermal properties of PCM gypsum board and the
test methodology. Whether the PCM in gypsum wallboard applied to a passive solar room as
inside lining is able to undergo its solid-liquid phase wransition and how the application affects

the overall building performance are not known yet and a full-scale experimental study is needed.

3.2 OBIJECTIVES OF THE EXPERIMENTAL STUDY

The objectives of this experimental study are:

1) To investigate the thermal performance of the PCM gypsum board applied in a full-scale

passive solar room;
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2) To test the effect of the use of PCM gypsum board on the overall thermal performance
of an actual passive solar room in the following aspects:
a) reduction of overheating;

b) storage of extra heat and its reuse;
3.3 EXPERIMENTAL FACILITIES
Test Room
An existing out-door test room, exposed to natural weather conditions, was used for this
experimental study. The test room, with its schematic shown in Figure 3.1 and detail structure
shown in Figure 3.2, is of light weight construction. It is located in Montreal (45 © latitude) and

has a large double-glazed window facing 10 degrees east of south,

Table 3.1 provides the thermal properties of the test room.
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Table 3.1 Main parameters of the test-room

2

Floor area, m 7.3
Wall area, m? 26.8
South-facing glazing, m? 1.2
Total glazing, including door glazing, m? 1.7
Door area, m? 1.8
U-value for walls (without PCM gypsum board), W/mZ°C 0.40
U-value for roof, W/m2°C 0.24
U-value for floor, W/m2°C 0.24
U-value for widows, W/m?°C 3.35
PCM wallboard area, m? 20
Heating load, W *1300

E

temperature, -26 °C for Montreal.

PCM gypsum board

PCM (BS) gypsum board was made at the Building Materials I.aboratory in the Centre for
Building Studies according to the "di: :ct immersion” method described in Chapter 2. Ordinary
gypsum board of around 20 m? was immersed into liquid butyl stearate at 70 °C for about
100 seconds. The total weight of butyl stearate absorbed was 45 kg and it constitutes 24.8 wt%

of the BS gypsum board. The BS gypsum boards possess physical and thermal properties

The calculations were based on: mside design temperature, 20 °C, outside design

described in Chapter-2 and were installed in the test-room as inside wall lining.

Heating system

The test room was heated by an electric floor heating panel system with 30 °C maximum
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allowable floor surface temperature and 1300 W total heating capacity and covers the overall

room floor.

Compauter aided thermal controi system

A computerized data acquisition and control system was employed for the heating system control
to maintain the test room air temperature at the required setpoint. The measured data were the
room air temperature, outside temperature, room surface temperatures and the intensity of solar
radiation. The thermal response of the test room was monitored through these measurements. The
controlled parameter, as the output from the control system, was the electric power to the floor
radiant heating panels. The room air temperature or a globe temperature sensor was used for the
thermostatic control. The control algorithm computed the desired output power level based on

the proportional control relationship (Athienitis, 1991, [17]):

() = K (Tyepai® - Tep®)

where,
Ta;mal(t) = measured room air or globe temperature, °C, at time t;
Tsp(t) = setpoint room air or globe temperature at time t, °C.
t = time, second.

The setpoint temperature was programmable as a function of time. The setpoint temperature
profiles were selected based on thermal comfort requirements and energy saving considerations.

Data acquisition and control were performed by a general purpose computer software package
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"Gen-200" [30]. The software contained features which made it an appropriate choice for the
present research which required continuous measurement, data storage and computer control. The
main advantages of this software were that it was fully menu driven, supported multi-task
measurements and controls, allowed real-time modifications of system setup parameters, such as

programmable setpoint profile and simplified the operation of the system.

3.4 EXPERIMENTAL METHODOLOGY

The experiment was performed mainly from the end of February to the end of April, 1992.
During the experiment, the outside temperature was in a range of -25 °C to 3 °C and the weather
conditions comprised cold sunny days, mild sunny days, cold cloudy days and mild cloudy days.
The room air temperature was controlled according to a series of setpoint profiles with or without
night setback. For example, when the room temperature is controlled according to a setpoint
profile with night setback, shown in Figure 3.3, the air temperature is maintained at 23 °C during
the building occupied period (from hour 6:00 to 17:00), and it is set back to 16 °C when the
building is unoccupied. When the room air temperature changes, according to the above
temperature setpoint profile, the PCM in gypsum board undergoes some solid-liquid transitions
in the phase change range of BS, 16 °C to 20.8 °C. If the PCM gypsum board undergoes a
temperature rise through this range, the PCM will melt and latent heat will be absorbed. On the
other hand, if the PCM gypsum board undergoes a temperature drop, the PCM will freeze and
the latent heat will be released. When the room temperature is controlled by a constant setpoint

without night setback, 20 °C, for example, the PCM in the gypsum board can also undergo its
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phase transition and perform its thermal storage function. This is because the room temperature

often increases beyond 22 °C due to solar gain, and it drops back to 20 °C after sunset.

room air 4
temperaturs *C

23+

16 O —

- ‘ . » Time
02 4 681012143618202224 (hour)

! Figure 3.3 A setpoint profile with night setback

To monitor the thermal response of the room with latent thermal storage wallboard, temperatures
at approximately 30 different locations in the test room were measured and recorded against
actual time. These included the front and back surface temperatures of the PCM wallboard on
each wall, the air temperature, the temperature of heating panels, etc. A one square foot piece
of the PCM gypsum board was cut from the north wall PCM gypsum board where solar
incidence might be obtained and replaced by a piece of ordinary gypsum board. The front and
back surface temperatures of this piece of ordinary board were measured and recorded. The same

measurements were taken on the PCM gypsum board immediately adjacent to this piece of
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ordinary gypsum board. The synchronous measurement showed the different thermal response
of these two kinds of gypsum boards under the same ambient conditions. Thermal analysis was
then performed from the temperature records at different test room locations. Figure 3.4 shows

the locations of major measuring sensors in the test-room. The measured items are listed in Table

3.2
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Table 3.2 Measured Parameters

Number Parameters
1 room air temperature at the room centre
2 globe temperature at the room centre
3 globe temperature beside the window
4 front surface temperature of the north wall PCM gypsum board
5 back surface temperature of the north wall PCM gypsum board
6 front surface temperature of the north wall ordinary gypsum board
7 back surface temperature of the north wall ordinary gypsum board
8 front surface temperature of the south wall PCM gypsum board
9 back surface temperature of the south wall PCM gypsum board
10 front surface temperature of the south wall ordinary gypsam board
11 back surface temperature of the south wall ordinary gypsum board
12 interior surface temperature of the ceiling
13 interior surface temperature of the floor
14 front surface temperature of the west wall PCM gypsum board
15 front surface temperature of the east wall PCM gypsum board
16 top surface temperature of the floor heating panel
17 bottom surface temperature of the floor heating panel
18 floor surface temperature
19 room air temperature located 10 cm from the ceiling
20 room air temperature located 15 cm above the floor
21 interior surface temperature of the door
22 solar radiation transmitted through the window
23 solar radiation outside the test room
24 outside air temperature
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3.5 EXPERIMENTAL PROCEDURE

1. Set up of the data acquisition and control system including the connections of the
measuring sensors and the input channels, the output channel and the heating power;

2. Set up of the control system by creating a computer file required by the software package
"Gen-200". The task included defining of the input channels, the scanning items, the
saving items, data saving rate, output type (analogue or digital), the output channe! and
the programming of setpoint profiles, etc;

3. Monitoring of the thermal response of the test room by starting the data acquisition
system. The room temperature was controlled at required setpoint;

4 Repeat of the experiment for different weather conditions ac.compa.nied with various

programmed setpoint profiles. These experiments are summarized in Table 3.3.
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3.6 ANALYSIS OF RESULTS

Thermal response of the PCM gypsum board
The thermal response of the PCM gypsum board was investigated by analyzing the experimental

results obtained from various test conditions (weather conditions and space setpoint):

The thermal performance of the PCM and the ordinary gypsum boards during cold sunny days
are presented in Figures 3.5 to 3.8. In Figure 3.5, "PCM Board Front" and "PCM Board Back”
denote the front and back PCM board surface temperature, respectively. "O.Board Front” and
"O.Board Back" denote the front and back ordinary board surface temperature, respectively (the
same legends are used in other figures presenting the experimental results). Comparison between
the surface temperature of the PCM and the ordinary gypsum boards indicates that the
temperature rise of the PCM gypsum board was effectively restricted when large amounts of solar
gains were presented. The largest front surface temperature difference between the PCM and the
ordinary boards was approximately 11 °C at 10:00. The lowered surface temperature of the PCM
gypsum board was caused by the heat absorption due to the PCM’s melting process. The figure
shows that this process started from the front surface at about 7:30 and finished at the back
surface at about 10:00. The overall melting period for the full thickness of the PCM gypsum
board was two and an half hours. The melting period varies due to the different amount of solar
gains and outside temperature. The melting periods obtained from other experiments, shown in
Figures 3.6 and 3.7, are two (9:00 to 11:00) and four (7:00 to 11:00) hours, respectively. During

these melting processes, the surface temperature of the PCM gypsum board was generally lower
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than the ordinary one’s two to six °C. It even sometimes remained steady when the air
temperature and the ordinary wallboard surface temperature increased largely. Figure 3.8, a result
obtained from another cold sunny day, shows that the front surface temperature of the PCM

gypsum board maintained steady at around 21 °C, while the ordinary one’s increased up to

27 °C.

When the space temperature drops due to the sunset and the setback of the setpoint, the
temperature drop of the PCM gypsum board is slower than the ordinary one’s. This is because
the freezing process occurs and the released latent heat restricts the temperature drop of the PCM
gypsum board. Figure 3.6 - 3.8 show a general trend that, during the freezing process, the front
surface temperature of the PCM gypsum board was higher than the ordinary one’s 1.5 to 2.9 °C
(the maximum values). The surface temperature of the PCM gypsum board was even maintained
equal to, or higher than the air temperature during the PCM s freezing process. For example,
it was equal to the air temperature for two hours from 17:30 to 19:30 in Figure 3.6. It was higher
than the air temperature about 0.2 to 1 °C for three hours (17:30 to 20:30) and two hours (18:00

to 20:00) in Figure 3.7 and 3.8, respectively.

33



40

35-...-u"u.u...-.......u.........u...u...............................nu..nu....---------....v R T L L ]

a}_“... .............
Q
T
a
2 )
T e I O N 0l
3 !
& .'
g i
=

20_ .

15_ ......

[]
10 T T T T
a] 5 10 -1 20 25

Time (hours)
= alr temperature -—- o.board front ---~ 0.board back
----- PCM noard front - PCM hoard back

Experimental result for March 5,92, a cold sunny day with transmitted solar radiation 668 W/M ™2 at noon,
Control strategy :air temperature control, Kp=1000 W/C, Low setpoint = 16C, high setpoint = 23°C,
high setpeint from 6:00 to 17:00.

Figure 3.5 Comparison of the thermal response of the PCM and the ordinary gypsum

boards (cold sunny day-1, air temperature control with hour 17:00 to 6:00 night setback)
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Control strategy: air temperature control, Kp= 1000 W/C, Low setpoint = 16°C, high setpoint = 23°C
high setpoint from hour 6:00 to 17:00.

Figure 3.6 Comparison of the thermal response of the PCM and the ordinary gypsum

boards (cold sunny day-2, air temperature control with hour 17:00 to 6:00 night setback)
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Experimental result on March 15,1992, a cold sunny day with lowest outside temperature -15°C and
transmitted solar radiation 600 W/M ™~ 2.

Control strategy: air temperature control, Kp = 1000W/C, Low setpoint = 16°C, high stpoint = 23°C,
high setpoint from hour 6:00 to 17:00.

Figure 3.7 Comparison of the thermal response of the PCM and the ordinary gypsum

boards (cold sunny day-3, air temperature control with hour 17:00 to 6:00 night setback)
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Experimental result on March 14th,92, a cold sunny day with lowest outside temperature -15°C and
fransmitted solar radiation 800 W/C at noon.

Control strategy: air temperature control, Kp=1000 W/C, step setpoint from 16%C to 23°C ,
hight setpoint from 6:00 to 17:00

Figure 3.8 Comparison of the thermal response of the PCM and the ordinary gypsum

boards (cold sunny day-4, air temperature control with hour 17:00 to 6:00 night setback)
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For 2 cold cloudy day, the melting period is longer than it is in a sunny day, for example, in
Figure 3.9, it was five hours (7:30 to 12:30). During cloudy days, because of the absence of the
solar radiation, during melting, the PCM absorbs and stores thermal energy obtained from the
auxiliary heating when the space setpoint is changed from 16 °C to 23 °C in the moming. During
the evening, when the setpoint is set back from 23 °C to 16 °C, the stored heat is generally
released to the space and the front surface temperature of the PCM gypsum board was higher
than the room air temperature for maximum of one degree for four hours (20:00 to 24:00). In this
case, the application of the PCM gypsum board does not contribute to the heating energy saving
or consumption, because the i.eat absorbed by the PCM’s melting is supplied by the auxiliary
heating and given back to the space. Obviously, certain amount of energy is lost during this
energy charge and releasc process. But the amount is estimated to be low because the PCM
gypsum board is installed as inside wall lining and most released energy is given to the space.
The detailed study with respect to energy loss due to the use of PCM gypsum board in cloudy

days 1s not covered by the present work.

The results obtained from the mild days are similar to the ones obtained from cold days, but with
longer freezing process. Figure 3.10 shows that the freezing process lasted nine hours, from 18:00
in the evening until 3:00 in the next morning. The released latent heat kept the front surface

temperature of the PCM board higher than the air temperature for 4.3 hours.
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Control strategy: air temperature control, Kp = 1000 W/C, Low setpoint = 16°C, high setpoint 23°C,
high setpoint from hour 6:00 to 17:00.

Figure 3.9 Comparison of the thermal response of the PCM and the ordinary gypsum

boards (cold cloudy day, air temperature control with hour 17:00 to 6:00 night set back)
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high setpoint from hour 7:00 to 17:00,

Figure 3.10 Comparison of the thermal response of the PCM and the ordinary gypsum

boards (mild semi-cloudy day, air temperature control with 17:00 to 6:00 night setback)
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For semi-cloudy days, the space temperature still increased to as high as 27 °C due to the solar
gains, as shown in Figure 3.11 (the setpoint was 23 °C). At this time, even without being directly
exposed to solar radiation, the PCM was still melted due to the heat transfer from the room air.
Figures 3.12 and 3.13 show a similar phenomenon when the room was heated to 25 °C and 24
°C, respectively, when the room received solar gains. The PCM was melted by the warmed air
and excess heat was stored in the melted PCM. These results indicate that the PCM gypsum
board can not only absorb direct solar radiation but also the excess heat when the room receives

indirect solar gains or is exposed to mild ambient temperature.

When constant setpoint was used, only the solar gains contributed to the melting and freezing
of the PCM. Figure 3.14 shows the thermal response of the PCM and ordinary gypsum board
when the setpoint was set at 18 °C constantly during a mild sunny day. As can be seen from the
figure, the surface temperature of the PCM board is lower than that of the ordinary board when
the room received solar gains (from 9:00 to 13:00). Part of the excess solar gains in the room
were stored in the PCM gypsum board during this time. At sunset, the surface temperature of the
PCM gypsum board was higher than the ordinary one’s because the stored solar gains were being
released from the PCM’s freezing process. Figure 3.15 shows a similar result obtained from a
semi-cloudy day. The thermal response of the PCM and ordi;lary gypsum board shown in the
figures indicates that, when constant setpoint (18 °C) is used, the PCM gypsum board also

functions as solar energy storage device during mild sunny and semi-cloudy days.
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Experimental result for March 24,92, a mild semi-cloudy day with lowest outside temperature -7°C and
the transmitted solar radiation 500 W/M ™~ 2 at noon.

Control strategy: air temperature control, Kp = 1000 W/C, Low setpoint = 16 C, high seipoint = 23°C,
high setpoint from hour 7:00 to 16:00.

Figure 3.11 Comparison of the thermal response of the PCM and the ordinary gypsum
boards (mild semi-cloudy day-1, air temperature control with hour 16:00 to 7:00 night

setback)
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Experimental result for April 8, 92, a mild semi-cloudy day with lowest outside temperature 0°C and
transmitted solar radiation 450 W/M ~ 2.

Control strategy: globe temperature control, Kp = 1000 W/C, Low setpoint = 16'C, high setpoint = 23°C
high setpoint from hour 7:00 to 16:00.

1

Figure 3.12 Comparison of the thermal response of the PCM and the ordinary gypsum
boards (mild semi-cloudy day-2, globe temperature control with hour 16:00 to 7:00 night

setback)
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Experimental result for April 4, -2, a mild sunny day with lowest outside temperature -1°C and transmitted
solar radiantion 420 W/M ™ 2 at noon.

Control strategy: globe temperature control, Kp = 1000 W/C, Low setpoint = 16°C, high setpoint = 23°%C,
high setpoint from hour 7:00 to 16:00.

Figure 3.13 Comparison of the thermal response of the PCM and the ordinary gypsum
boards (mild semi-cloudy day-3, globe temperature control with hour 16:00 to 7:00 night set

back)
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The experiment was performed on March 22, 1993, a mild sunny day with an outside temperature range
of -2C 10 0 C and outside solar radiation 900 W/m™2;

Control strategy: air temperature control, constant setpoint at 18°C.

Figure 3.14 Comparison of the thermal response of the PCM and the ordinary gypsum

boards (mild sunny day, air temperature control with constant setpoint)
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The experiment was perlormed on March 20, 1993, a mild semi-cloudy day with an cutside temperature range
of -7¥ 1o -1 and cutside solar radiation 500 W/m™ 2;

Control strategy: air tempserature control, constant setpoint at 18°C.

Figure 3.15 Comparison of the thermal response of the PCM and the ordinary gypsum

boards (mild cloudy day, air temperature control with constant setpoint)
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Reduction of overheating

Figure 3.16 shows an experimental result obtained from a cold sunny -..y. In the figure, the front
surface temperature of the PCM gypsum board was generally lo «ur than the globe temperaturs
when the test room received solar gains and the heating panel was off. This indicates that the

PCM gypsum board functions as a cooling surface when the overall space temperature is higher

than the setpoint.

As can be seen from the figure, from morning through noon, inside room air temperature
increased due to the change of setpoint and the increase of solar radiation. When the air
temperature increased as high as approximately 26 °C, the melting of the PCM started to affect
the air temperature. At this time, the room air temperature tends to decrease instead of
continually increase because a large amount of heat was absorbed by the PCM’s melting process.
This phenomenon can also be found from previously presented results obtained from sunny days
(Refer to Figure 3.5, 3.6 and 3.7). As indicated by the previous analysis of the thermal response
of the PCM gypsum board, under direct solar radiation, the front surface temperature of the PCM
gypsum board was lower than the ordinary one’s two to six °C, and the amount was one to
two °C when no direct solar radiation was exposed by the boards. The lowered PCM gypsum
board surface temperature contributes to the reduction of room overheating. A previous work {7)
(Athienitis, 1992) showed that, when ne PCM wallboard was employed in the test-room, room
air temperature was often as high as 30 °C during a sunny day, while it was 25-26 °C after the
PCM wallboard was used (with the similar weather conditions). A significant conclusion is that

the application of PCM gypsum board can effectively restrict overheating in a passive solar room.
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Figure 3.16 Thermal performance of the test room
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Improvement of the thermal comfort

Previous analysis of the thermal response of the PCM gypsum board also showed that the surface
temperature change of the PCM wallboard is restricted when the space temperature changes
significantly due to solar gains. Since the PCM wallboard constitutes more than half of the total
mterior surface of the test room, its smooth surface temperature variation helps to provide a
slower globe temperature change. Considering that the globe temperature is one of the most
important parameters indicating the human thermal comfort conditions, the use of the PCM
gypsum board can effectively improve the thermal comfort level. When the space receives much
solar radiation, the outside temperature change rapidly or intemnal gains vary significantly, the

space globe temperature can be moderated when the PCM wallboard is used as wall interior

lining.

Storage of extra heat and its reuse

The experimental results also reveal that the thermal energy stored as latent heat in the melted
PCM during the daytime can be released from the PCM’s freezing when the ambient temperature
decreases at night. Released energy from the freezing process delays the cooling of the room air.
As an example, the result from the experiment on March 15, 1992 (Figure 3.10) shows that
during the freezing process which lasted 4.5 hours, the PCM gypsum board front surface
temperature is on average 2.5 °C higher than that off the ordinary board. With a total of 19.69
m? PCM gypsum board used in the test room, the latent heat released from the 4.5 hours’
freezing process reduced the heating load by 6.5 x 10° Joules. In 4.5 hours, this amount is

equivalent to a 403 watts’ auxiliary electrical heating, approximately 30% of the peak heating
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load. This estimation was conducted as follows:

Reduced heating load = h, -AT-A

where, h = inside film coefficient (8§ W/mz);
AT = average temperature difference between ordinary and PCM boards
(2.56 °C),
A = surface area (19.69 m2).

The conclusion is that extra heat can be stored in the PCM gypsum board during daytime and

can be utilized at night. Building energy efficiency is thus improved.

Advance of the setpoint setback

In experiments No.9, No.10 and No.11 (refer to Figure 3.11, 3.12 and 3.13), when the weather
was not exwremely cold (the lowest outside temperature was higher than -10 °C), the time for
setting back the space setpoint, from 23 °C to 16 °C, was advanced from hour 17:00 to 16:00.
The results showed that the air temperature or the globe temperature was still maintained above
18 °C until 17:00 in all these days. This is because the released energy from the PCM’s freezing
process prevents fast drop of the room temperature, especially the globe temperature. The strategy

can be vsed to reduce the heating energy consumption by setting back the setpoint before the

vacancy of the building and maintain an acceptable space thermal comfort level.

It can be estimated that, during the evening afier a mild-sunny day, (it often happens in the early

spring and late autumn), the required space temperature can be maintained mainly by reuse of
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the latent heat stored during the daytime. Figures 3.17 and 3.18 show the off-heating periods
during which the room temperature was kept in the comfort range by solar gains and the released
latent heat. In Figure 3.17, the off-heating period was from hour 5:10 to 18:30 (11.2 hours) on

a mild sunny day. In Figure 3.18, it was from 7:00 to 17:00 (ten hours) in a mild cloudy day.
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CHAPTER 4 MATHEMATICAL MODEL

4.1 INTRODUCTION

The conclusions from the experimental results are that by use of the PCM gypsum board in the
test room, the room overheating can be reduced during the PCM’s melting process and a
significant amount of heat is released during its freezing process. However, the experimental
result is not enough to perform the estimation of the effect of the PCM wallboard under the
circumstances which are different than the ones existing in the test-room. More investigation is
required to study the thermal performance of the PCM gypsum wallboard when applied in
different types of buildings, with a variety of given setpoint and weather conditions. The work
also should be extended to the study of the adaptive thermal control strategies and the reduction
of furnace cycling. It is not necessary or feasible to perform all these studies experimentally.

Alternatively, an effective mathematical model is required for further research and design.

4.2 PREVIOUS MODELS

Mathematical solutions have been devised for heat wansfer problems in the materials which
undergo phase changes in a given temperature range, especially since the late 1970°s. These
mathematical models were mainly classified into two categories. One is the analytical solution
and the other is the numerical solution. In the analytical one, Ozisik (1979) dealt with an infinite

medium with cylindrical symmetry [20]. A publication "Transient Heat Transfer Analysis of
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Alloy Solidification” by Muehlbauer, Haicher and Sunderland (1973), [23], presented an
approximate mathematical analysis obtained for the temperature distribution and rate of phase
change for the transient one-dimensional solidification of a finite slab of a binary alloy. However,
these previous analytical solutions dealt with stmple boundary conditions, such as the first or
second class boundary conditions. During the present study, many efforts have been made 1o find
the analytical solutions for a finite slab problem with the third class boundary conditions. But the
equations with A and 7 (the ratio of liquid-mushy and mushy-solid boundary location to time,
refer to Ozisik (1979), [20]) were found with variable t (time) involved explicitly. The analytical
approach is very complicated for the simulation of the heat transfer process in the PCM
wallboard exposed to the boundary conditions with transient convective and radiative heat source

such as those involved in a passive solar room.

Many numerical solutions have been successfully applied, even to very complicated heat and
mass transfer problems in which the substance may involve phase wansition in a given
temperature range. Morgan (1981) presented an explicit finite element algorithm for the solution
of the basic equations describing combined conductive and convective transfer with phase change
involved [21]. In addition, Voller and Prakash (1987) developed an enthalpy formulation based
on fixed grid methodology for the numerical phase change problems [22]; Cao, Faghri and Juhasz
(1991) solved the change of phase of PCM and the transient forced convection heat transfer
simultaneously as a conjugate problem [24]. Kedl (1991), [13], studied the thermal performance
of the PCM wallboard with surface temperatures controlled on both sides, both experimentally

and theoretically. The mathematical modelling and experimental results agreed well in his work.
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Based on a survey of previous works, a numerical solution is chosen for the following reasons:

1. It is adaptable to apply to different kinds of boundary conditions which could arise in
actual building applications.

2. Itis easily modified so that the thermal performance of other PCM building materials, such

as PCM concrete block, can be modelled as well.
4.3 MODELLING ASSUMPTIONS

The heat transfer mechanism is complex in PCM gypsum board, especially when the PCM is at
its phase transition stage. Figure 4.1, a conceptual diagram shows the temperature transition
profiles across the PCM board during its freezing process. The initial condition assumed is that
the room air temperature is higher than 22 °C and the PCM in gypsum board is in the liquid
phase. As the room air temperature cools, the solidification process starts from the cooler edge
(left edge'in Figure 4.1) of the PCM board. The PCM in the wallboard changes from a liquid
state to a mushy one and then it becomes solid. As the temperature of the cooler side continues
to decrease, ihi¢ mushy state goes forward from the cooler side to the warmer side and the solid
band becomes progressively wider until all the PCM in the gypsum board becomes solid. 1Wl'u:n
the PCM in the gypsum board undergoes a phase change, the densities of the three states (solid,
mushy and liquid) of the PCM gypsum board are different. The density difference causes natural
convection at the boundary of the mushy and liquid states. In addition, the physical and shermal
properties of the PCM in the gypsum pores are also different. If all these factors are taken into

account, the study could become very complicated for practical analysis. To simplify the process,
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ree assumptions are made:

1. The natural convection at the mushy-liquid boundary is neglected because the density
difference between the mushy and liquid states is small and the convective effect is
significantly reduced due to the flow resistance caused by the gypsum pores.

2. PCM and gypsum matrix are considered as a uniform body. Furthermore, this uniform body
is considered to have integrated physical and thermal properties, such as specific heat,
density, thermal conductivity and latent heat. These integrated properties have been
obtained directly from the Differential Scanning Calorimeter (DSC) test. Many previous
studies such as Ozisik (1979), [20], and Morgan (1981), [21], have proved that this
assumption does not affect the results significantly.

3.  The heat transfer process across the PCM gypsum board and the original wall is treated as
a one-dimensional problem. The justification for this is that the temperature difference
across the wall is much larger than it is along the wall and the dimension across the wall
is very small compared with the dimension along the wall (the ratio is 1/20). The heat
transfer along the wall may, therefore, be neglected because of the small temperature
difference and the large thermal resistance.

Based on the above assumptions, the heat transfer problem across the wall is treated as a one

dimensional, transient heat diffusion problem with uniform physical and thermal properties and

a temperature dependant heat source which represents latent heat flow.
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4.4 GOVERNING EQUATIONS

Temperature
)

B

i ///L__.....
— = x,(distance)
PCM gypsum beard Original wall R

Figure 4.2 Schematic of heat transfer system for mathematical model

Figure 4.2 shows the temperature decreasing across a wall with PCM gypsum board as inside
lining. One surface of the PCM wallboard is exposed to inside air and the other abuts the original
wall. The energy balance for the heat transfer system shown in Figure 4.2 is governed by the one

dimensional heat diffusion equation:

pC, TN - .2 T g @1

with boundary conditions:
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where,

T(x,t)
Tair(t)

To(t)

qx,t)

]

I

-k-a_Ta(_’fﬁ = hOAT,(0-T&D)) + ag) x=0 4.2)
X

_k.agx,t) - hom'(To(t)‘T(x,t))s x=62 {4.3)
X

density, kg/m>, when 0< x <9,, it is the density of PCM gypsum board; when
8,< x £9,, it is the density of the original wall;

specific heat, Jkg.K, when 0< x <8, it is the specific heat of the PCM
gypsum board, when §;< x <3,, it is the specific heat of the original wall;
thermal conductivity, W/m-°C, it equals to the thermal conductivity of PCM
gypsum board when 0< x <6,, and the thermal conductivity of the original
wall when §,< x <§,;

temperature of concemed element, °C,;

inside air temperature, °C;

outside air temperature, °C;

distance from origin of x axis, m;

time, s;

latent heat flow when phase change occurs at O<x<3,, W/m; it equals zero

at ;< x <J,;
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h,(t) = transient inside film coefficient, W/m2.°C, it 1s determined by radiative and
convective heat change between inside air and board inside surface (refer to
Appendix-C);

hou = outside film coefficient, W/mZ.°C,

o = surface solar absorptivity;

q,(t) = intensity of the solar radiation incident on the surface at x = 0, W/mz."C,
which is determined as follows:

0 <T,,
g(t) = { doinl T:r T T,st<T, (4.4)
ss” e
0 T
where,

Qgp = the peak value of solar radiation intensity, W/mz;

ter = sunrise time on the surface, s;

tes = sunset time from the surface, s.

4.5 DETERMINATION OF LATENT HEAT FLOW

In constructing a solution to a heat transfer problem involving a liquid/solid change of phase, a

key factor is to correctly simulate the latent heat flow, term g(x,t) in equation (3.1), then to solve
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equations (3.1) to (3.3).

4.5.1 PREVIOUS MODELS

The latent heat flow indicates the rate of latent heat generation per unit mass of PCM at a
specific temperature T(x,t). It can be simulated by two methods. One is the "enthalpy method"
and the other is the "temperature-based equivalent hea* capacity method”. The former one, used
by Ozisik (1979), [20], Voller and Prakash (1987), [22], simulates the heat released from

solidification as a volumetric heat generation term,

ax) = LY .5)
dr
where, .

p = density of the PCM;

fg = solid fraction in the two-phase region at the solidus front, it depends on the
substance’s composition;

L = the value of latent heat, given unit mass of PCM during a freezing or melting
process, J/kg;

t = time, s.

In the temperature-based equivalent heat capacity method, the amount of latent heat is

ransformed to the form of a substance’s heat capacity as a function of to its temperature as
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follows:

C, (@T<-8T
C=CT)=4C,+ 2?T (-3TsT"<8T) (4.6)
C, (@=81
where,

p = density of the PCM, kg/m?;

C = specific heat, J/K.°C;

T = temperature, °C;

H = latent heat, J/Kg;

C; = thermal capacity of solid state;

C, = thermal capacity of liquid state;
C, = thermal capacity of mushy state;

T = scaled temperature .

This method had been successfully used by Cao and Faghri (1991) in their relevant work [24]
previously mentioned and it can effectively eliminate the effects of time step and grid size which
are normally encountered for other fixed-grid methods. However, this problem only exists when
natural or forced mass flow is involved. For the present study without mass flow involved, as

assumed, fix-grid method can be chosen and the enihalpy method is chosen as a resuit.
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4.5.2 DSC TEST

The value of latent heat ‘L’ and the rate of solidification ‘df, /dt’ in equation (4.5) were obtained
from the Differential Scanning Calorimeter (DSC) test. Referring to Figure 4.3, the DSC test
consists of heating/cooling a weighted sample and an empty reference sample pan both at the
same controlled rate, R, in an insulated chamber. If a given heat exchange related to the phase
change takes place in the sample, but not in the empty reference pan, the resulting difference in
the temperature between them is directly related to the heat flow to or from the sample. This
differential heat flow is quantitatively measured and plotted in the form of DSC curves as shown
in Figure 4.4. The value of the latent heat, L, flow from or to the sample is calculated by

automatic peak integration of the related heat flow vs time curves.

The DuPont 910 DSC consists of a cell base module which is directly connected to a
programmer-recorder (1090 DuPont) thermal analyzer. The parameters which are calculated by
the interactive Data Analysis Program are the following: (referring to Figure-4.4):
a}  Melting point and freezing point
The initial melting point or freezing point onset temperature on the heating or cooling
curve is the calculated temperature at the intersection of the base line with the tangent to
tne inflection point in the curve of heat flow versus temperature;
b)  Heat of melting and freezing
The heats of melting and freezing are calculated from the integrated area over time for the

heat flow associated with melting (an endothermic process) or freezing (an exothermic



process) based on the following formula:

where,

£(T)

)
k
o

heat of phase transition;

sample mass;

heat flux;

time;

DSC constant (obtained by calibration)

temperature dependent heat transfer function.

DSC CELL CROSS — SECTION
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Figure 4.3 The DSC Test (from reference [5])
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Examination of all the DSC curves presented in "Energy Storing Wallboard" [5] revealed that
the latent heat value, L, is affected by the follewing factors (refer to Figure 4.4):

a)  the type of phase change material and the percentage of incorporation;

b)  the size of sample;

¢)  heating or cooling rate of the DSC test.

Figure 4.4 (a) and (b) shows the difference of the DSC curves obtained from two DSC tests with

the same test conditions except the different heating/cooling rate, 0.15 °C/min and 2 °C/min.
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Figure 4.4 DSC icstresults of BS-gypsum board, (a) with testing rate 2°C/min; (b) with

testing rate 0.15°C/min
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Figure 4.5 A schematic diagram for DSC curve

Satisfactory simulation of the latent heat flow can be achieved only after these factors are taken

into account. The simulation was performed according to the DSC test which possessed the

following features:

a)  the sample contained 24.8 wt% butyl stearate in the gypsum board, as used in the present
study;

b)  size of sample is 26.678 mg weight, the diameter is around i-2 mm;

¢)  the heating or cooling rate is 0.15 °C/min, which approximates the rate of temperature

change in the test room.
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4.5.3 SIMULATION OF THE LATENT HEAT FLOW

A DSC curve, as shown in Figure 4.4 (b), was chosen based on the former consideration and
modelled by a schematic diagram shown in Figure 4.5. In the figure, T, and T, respectively
indicate the temperatures at which freezing process starts and ends. (max indicates the maximum

latent heat flow. The area of triangle T;T,q,, . is the value of latent heat, L. With known heating

or cooling rate, R, we have:

1 1 (4.8)
L=E Graxl 12~ 1) 'k;
where,
L = latent heat for a whole freezing or melting process in the DSC test (it is in a
' temperature range of -2 to 32 °C in the present study), }/g;
R = heating or cooling rate, *C/second;
Ty, T, = the initial melting and freezing points, respectively.
From simple trigonometry, the latent heat flow, q(x,t), is thus determined as:
T-T, 4.9)

q(x,h)=

Tz 'T1 es

Substituting (4.8) into (4.9), we obtain:
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q(x,)=2"L'R 7 T‘)z (4.10)
274

Through «xamination of the DSC curves, it is also found that a correct must be made as follows:

L, = (60%-65%)L @11)

where, Lp = latent heat given by the PCM when phase transition occurs in the temperature
range of T; to Tj.

Replace L with L in equation (4.10), latent heat flow is thus determined as:
q

T(x,)-T,
qx,) = 2-1,},-1?-—2 (4.12)
(T,-Ty)
Similarly, the latent heat flow absorbed by a melting process is determined by:
T(x,)-T,
gix,t) = -2-me-R-_____.§. (4.13)
(T,-Ty)
where, me = latent heat absorbed by a melting process occurs in the temperature range of

T, to T,.

4.6 FINITE DIFFERENCE THERMAL NETWORK MODEL

The outlined mathematical model for dealing with the transient heat diffusion across the PCM

gypsum board was solved with an explicit finite difference method. As shown in Figure 4.6, to
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perform this finite difference solution procedure, the heat transfer system is modelled by a 19-
node thermal network. In the thermal network, nodes 2 to 15 represented the PCM gypsum board,
Nodes 16 to 18 represented the original wall construction. Node 1 and node 19 represented the
inside and outside air respectively. Parameters of the thermal network model are given in
Appendix A. Based on this thermal network model, for node 3-17, equation (4.1) (for heat

diffusion) is written in a finite difference form as follows:

1717
1A s T (4.14)
C:’ i R,','

For node 2 and node 18, the equations (3.2) and (3.3) (for boundary conditions) are given by:

2 TV kY + T7 [Ry; + agf (4.15)

h¢ + 1R,

1 _ (1/R17,18) le; + hou: TII;

@.16)

T R, + 1R
our * 1UR,q 18
where,
1 _ : : of.
TP = the temperature of node i at time step p+1, °C;
TP = the temperature of node i at time step p, °C;
ij = the temperature of an adjacent node to node i, node j, at time step p, °C;
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4.6 FINITE DIFFERENCE THERMAL NETWORK MODEL
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Figure 4.6 Finite difference system, a) the physical system and nodal arrangement; b)

thermal network model
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qf = latent heat flow released or absorbed by node i at time p, watt;

G = heat capacity of node i, J/K;

R = the thermal resistance between node i and its adjacent node j, K/W;
At = time step, §;

‘c_;sp = intensity of incident solar radiation at time p, W/m?;

o = surface absorptivity;

h P = inside film coctiscient at time p, W/m?.°C;

b = outside film coefficient, W/mZ.°C

subscript

i = the node number, from 1 to 19;

j = the number of the adjacent node to node i;

superscript

> ' = the time step number, from 1 to n seconds, ‘n seconds’ is the duration of

freezing or melting procedure concerned in the simulation.

The time step is determined to satisfy the stability requirement by:

(4.17)

The minimum time step which is required by node 15 is 2.71 seconds. A 1 second time step thus
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satisfied the stability requirement and was chosen in this explicit finite difference model.

The simulation was also performed for the ordinary gypsam board with the same given boundary
conditions. Through the comparison between the simulations for the PCM and the ordinary
gypsum boards, the amount of potential energy saving (the reduction of heating load) from the

application of PCM gypsum board was obtained by:

¢
—_— 1
Q= [Ty = T) - by Ty - T (4.18)
0
where,
Q.s = average energy saving from unit area of the PCM board during freezing time
period t, W,

h,, = inside surface film coefficient for ordinary board, W/mz;

hsp = inside surface film coefficient for PCM board, W/mz;
T, = inside surface temperature of ordinary board, °C;
Tisp = inside surface temperature of PCM board, °C;

T, = inside air temperature, °C.

A FORTRAN program named "PCMBOARD" wes developed based on this finite difference
model. Using the program, the transient board surface temperatures and the amount of release
or absorption of latent heat can be calculated with a variety of given conditions, such as solar

radiation and transient inside/outside temperatures.
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4.7 NUMERICAL EXPERIMENTS AND RESULTS

The program was tested by performing a series of simulations. Figures 4.7 and 4.8 show the
comparison between the numerical and experimental results for a freezing and a melting process,
respectively. In Figures 4.7 and 4.8, "MdLPCM board" and "Mdl.O.board" represent the
mathematical model results for the front surface temperatures of the PCM and the ordinary
wallboards, respectively. "Expr.PCM board” and "Expr.Q.board” represent the experimental
results for the front surface temperatures of the PCM and the ordinary wallboards, respectively.
Close agreement between the numerical and experimental results is observed from the

comparisons.

The boundary conditions of the finite difference model, which constitute the input of the program

PCMBOARD, are as follows:
1)  Inside air temperature:
a)  constant setpoint with night setback as often used in commercial buildings, e.g. 23
°C during daytime and 16 °C during the night;
b) -constant setpoint with night setback as used in some residential buildings, 22 °C from
hour 6:00 to 22:00, and 18 °C for the rest of hours;

¢)  constant setpoint, 20 °C, without night setback, typically used for residential

buildings.
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The simulated experiment was pedormed on March 7, 1992, a cold cloudy day with lowest cutside
temperature -18°C; '

control strategy: alr temperature control with Kp=1000 W/C, high setpaint 23°C, low setpolnt 1 s,
high setpoint from €:00 to 17:00.

Figure 4.7 Comparison between the numerical and the experimental results for a freezing

process, front surface temperatures of the PCM and ordinary gypsum boards
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The simulated experiment was performed ort March 14, 1922, a cold surny day with lowest
outside temperature -15% and transmitted solar radiatlon 600 W/m ™ 2 at noon;

Control strategy: air temperature control, Kp=1000 W/C, Low selpaint =16"C, high setpoint = 23°C,
high setpolnt from hour 6:00 10 17:00.

Figure 4.8 Comparison between the numerical and the experimental results for a melting

process, front surface temperatures of the PCM and ordinary gypsum boards
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2)  Qutside air temperature:
a)  cold days, average -15 °C;
b}  mild days, average -5 °C.
3) Intensity of solar radiation:
a)  sunny days, with transmitted solar radiation between 500 to 950 W/mz;
b) semi-cloudy days, with transmitted solar radiation between 350 to 500 W/mz‘
¢) cloudy days, with transmitted solar radiation below 350 W/m?;
Latent heat value of the PCM gypsum board, wall structure and its thermal properties are also

the information required by the program.

The outputs given by the program include:
1)  the transient surface temperatures of the PCM and the ordinary gypsum boards;

2)  the amount of latent heat stored or released by the PCM gypsum board.

Simulations were carried out with different given inputs, such as cold/mild and sunny/cloudy
weathers combined with constant setpoints with or without night setback. The simulation results

are given in Figures 4.9 to0 4.16.

Numerical results are generally consistent with the experimental ones. The simulation results for
the melting processes, shown in Figures 4.9 and 4.10, indicate that, the average surface
temperatures of the PCM wallboards are lower than the ordinary ones 4-5 °C during a sunny day

and 2-3 °C during a cloudy day. As indicated similarly by the experimental results,
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The simulation was performed for a cold cioudy day with lowest outside temperature -18°C;
The room air temperature was set back to 16°C from 23°C at 17:00.

Figure 4.9 Simulation of the s::rface temperatures of PCM and ordincry gypsum boards

(for a freezng process during a cold sunny day with 23 5 1% °C night setback)
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The simulation was performed for a mild-cloudy day with lowest outside temperature -7°C;
The room air temperature was set back to 16 from 23°%C at 16:00.

Figure 4.10 Simulation of the surface temperatures of PCM and ordinary gypsum boards

(for a freezing process during a mild cloudy day with 23 to 16 °C night setback)
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The simulation was performed for a cold-cloudy day with outslde temperature -15°C;
The room alr temperature was set back o 20°C from 22% at 22:00, according to the thermat contro)
strategy used for residential buildings with night setback.

Figure 4.11 Simulation of the surface temperatures of PCM and ordinary gypsum boards

(for a freezing process during a cold sunny day with 22 to 18 °C night setback)
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The simulation was performed for & mitd winter day with outside temperature -5°C;

The room alr temperature was set back to 20 from 22°C at 22:00, according to the thermal control
strategy used for residential buildings with night setback,

Figure 4.12 Simulation of the surface temperatures of PCM and ordinary gypsum boards

(for a freezing process during a mild sunny day with 22 to 20 °C night setback)
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The simulation was performed for a cold sunny day with outslde temperature -18%;
The room air temperalure was controled at constant setpoint 20%C as in conventional residential bulldings.

Figure 4.13 Simulation of the surface temperatures of PCM and ordinary gypsum boards

(for a freezing process during a mild sunny day with constant setpoint)

83



Temperature deg.C

17 T T T T T T T T T
12 12.5 13 11,5 14 14.5 15 15.5 16 16.5 17
Time (hours after midnight)
= PCM board front «---=" PCM board back —#— O. board front -<£- O. board back

The simulation was performed for a mild sunny day with outside temperature -5%;
The room alr temperature was controled at constant setpaint 20°C as In conventlonal residential bulldings.

Figure 4.14 Simulation of the surfaces temperatures of PCM and ordinary gypsum boards

(for a freezing process during a cold sunny day with constant setpoint)
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The simulation was performed for a cold sunny day with outside temperature -16T and transmitted
solar radiatlon 680 W/C at noon;

Control strategy: alr temperature control, low setpoint 16%, high setpoint 23°C, high setpolnt from
hour 6:00t0 17:00.

Figure 4.15 Simulation of the surfaces temperatures of PCM and ordinary gypsum boards

(for a melting process during a cold sunny day with 23 to 16 °C night setback setpoint)
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The sirmivlation was performed for a cold cloudy day with outside termperature -15°C;

Control strategy: alr temperature control, Kp=1000 W/C, high setpolnt =23°C, low setpoint = 167,
high setpoint from 6:00to 1700

Figure 4.16 Simulation of the surfaces temperatures of PCM and ordinary gypsum boards

(for a melting process during a cold cloudy day with 23 to 16 °C night setback setpoint)
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lowered PCM wallboard temperatures effectively contribute to the reduction of space overheating
and the improvement of the thermal comfort. The simulation results for the freezing processes,
indicate that the surface temperatures of the PCM wallboards are higher than the ordinary ones
1.5 to 2 °C for mild days (Figure 4.10) and 0.5 to 1 °C for cold days (shown in Figures 4.11 and
4.12). Figure 4.14 shows that, during a mild day when 22 to 20 °C night setback was employed
(setpoint used in some residential buildings), the front surface temperature of the PCM wallboard
remains almost constant at 20.2 °C fer four hours. This is because the space and outside
temperatures are not cool enough during the sun set and the freezing of the PCM can not be
completed in a short time. Under certain thermal conditions, the PCM in the gypsum board
repeats the melting and freezing cycles and the surface temperature of the PCM wallboard is
maintained around the PCM’s freezing point. Figures 4.15 and 4.16 show the simulation results
when constant setpoint (without night setback) is used on a mild sunny day and a cold sunny day,
the freezing of the PCM is realized during the sunset and the surface temperature of the PCM
gypsum board is higher than the ordinary one’s after the solar radiation is reduced to zero in the
aftermoon. As also determined from the experimental results, the higher surface temperatures of
the PCM gypsum boards significantly contribute to the heating energy savings. Under various
inside a.nd.outsidc conditions, the amount of potential energy savings by use of 1 m? of the PCM

wallboard were calculated based on Equation 4.18. The results are presented in Tables 4.1-4.3.
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

51 SUMMARY

In this study, the feasibility and benefits of utilization of the PCM gypsum board in building
envelope components for thermal storage were investigated. An experimental and theoretical
study of the thermal performance of the PCM wallboard applied in a passive solar test-room was

performed.

An experimental study was conducted in a full scale outdoor test-room with the PCM gypsum
boards as its inside lining. The PCM gypsum board was made by soaking the conventional
gypsum board in liquid butyl stearate, a PCM with a phase change range of 16.0 °C and 20.3 °C.
The test rc;om was equipped with a computerized data acquisition and control system for transient
thermal measurements. The measurements were carried out under various weather conditions with

given space setpoint temperatures.

A mathematical model, which employed an explicit finite difference procedure, was developed
to simulate the transient heat transfer process in the walls with PCM gypsum board as inside
lining. The model takes into account the transient boundary conditions, absorbed solar radiation,
the melting/freezing of the PCM and employed a nonlinear film coefficient. The simulation of
the rate of latent heat release or absorbtion by the PCM was based on the test results from the

Differential Scanning Calorimetry (DSC), taking into account the DSC test conditions such as
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the PCM’s sample size and the heating/cooling rate during the test.

Based on the mathematical model, a computer model PCMBOARD was developed to conduct
the computation. Reasonable agreement between the numerical and the experimental results was
observed. Using the PCMBOARD, the transient thermal performance of the PCM wallboard can

be analyzed and the amount of potential heating energy saving from the application of the PCM

wallboard can also be calculated for various ambient and space conditions.

The main conclusions of this study are as follows:
1.  Under most of the winter weather conditions, PCM gypsum board is able to act as a
thermal storage device when it is used as building interior lining. The stored heat can be

solar gains, excess heat from HVAC system, heat generated by occupants, lighting and

appliances, etc.

2. The utilization of the PCM gypcam board in a passive solar building can reduce space
temperature rise by 4-5 °C during a sunny day and thus restrict the overheating of the
space. The space temperature is moderated due to the thermal storage nature of the PCM

gypsum board and the space thermal comfort is improved.

3.  The recovery of the stored latent heat in the PCM gypsum board can be realized when the

space temperature decreases. For commercial buildings, it usually occurs when a night
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setback is used in thermostatic control. For residential buildings, it usually occurs during
the decrease of solar radiation or outside temperature. The recovery of the latent heat by
using 1 m? of the PCM gypsum wallboard can reduce building heating load in a range of

20 to 50 watts.

4. In summary, PCM gypsum board is a promising building material in terms of the

improvement of thermal comfort and energy saving for both space heating and cooling.

52 RECOMMENDATIONS FOR FUTURE WORK

More accurate experimental results are expected if the test is performed in two identical test-
rooms, one with the PCM gypsum board installed and the other with the ordinary gypsum board

installed.

Presently, the model PCMBCARD is limited to the analysis of the thermal performance of a wall
with the PCM gypsum board as its inside lining. In future work, the model should be extended
in order t;) be able to determine the overall room therma! performance with PCM wallboard or
other PCMs employed. The model should also be extended by conjunction with other building
thermal analysis software to evaluate the design parameters for building enclosure as well as the

HVAC systems.

Thermal performance of e PCM gypsum board should also be studied under summer
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circumstances. Research on its application to cooling systems is also needed.

With PCM wallboard employed in the building envelope, the building operational characteristics

and the HVAC system control strategies should be modified due to the change of building

transfer functions.
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Appendix-A

Data Source for the Finite Difference Model PCMBOARD

1.  PCM gypsum board area
Referring to Figure 3.2 , which shows the structure of the test room, we have (unit: mm):
wall length = 3040;

wall thickness = 8§5;

wall width = 2400;
wall height = 224(;
door width = 900,

door height = 2030,

window width = 1219;
window height = 1219;

The total area of PCM wallboard:
[(3040-150)x2 + (2400-150)x23}x2240
- 900x2030 - 1219x1219

= 1.969x10” =19.69 m?

2.  Physical and thermal properties of the PCM gypsum board used

dry weight of the ordinary gypsum board 180.016 kg
weight of the BS soaked : 44685 kg
content of the BS in the BS gypsum board 24.82 wi%
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area of the BS gypsum board 19.69 m?
thickness of the BS gypsum board 12.5 mm

density of the BS gypsum board 912.95 kg/m>

Table A.1 Thermal properties of butyl-stearate and BS gypsum board

Density Specific heat Thermal Phase Latent heat
Material conductivity change range
Kg/m? x103 Wim.°C °C
Jkg.oC 1/g
Buty] 855 1.80 0.20% 17.8~23@ 140
stearate
Gypsum 720 1.08" 0.187¢" N/A N/A
board
BS gypsum | 9000 1.26M 0.2144 16.5~20.9) | 307
board

ote: 1) numbers in brackets refer to data resources and are consistent with the ones in the
references list;
2) * denotes the DSC test result from the Building Materials Labotary at the CBS,

Concordia University.

3. Thermal conductivity of the wall
Referring to Figure 3.2, the thermal conductivity of the original wall(PCM gypsum board was

not included) was obtained through the following calculation.

Wall Components Resistance oC.m%/W
. inside film omitted, it is connected to gypsum
board;
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. air gap between gypsum
board and onginal wall body

. 2x1/2" gypblock

. fibreglass R12 x 0.176

. vapour barrier

. outside film

0.31

Zx0.08
2.112
0.02

0.03

3R = 2.63

U =1/2.63 =0.38

4. Estimation of the thermal capacity of the wall

Two materials that consist the major thermal capacity in the wall are glass fibre and gypsum

block.

. Glass fibre

. gypsum block

p = 8.0 Ib/f

¢ = 0.23 Btu/(b).°F

C = p x ¢ = 8x0.23 = 1.844 Bay/ft*°C
= 1.23x10° I/m3 X

thickness = .076m

p = 816 kg/m?

c =879 JkgK

C = pc = 7.71x10° J/m3 X

thickness = 0.025 mm

The thermal capacity of glass fibre and gypsum block is:
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1.23x10° x 0.076 + 7.71x10° x 0.025 = 2.72x10* I/K
Taking into account other factors, such as steel studs, wood studs, steel lining, building paper,

etc, the thermal capacity of the wall is estimated at 3.4x10* J/K.

5. Nodal thermal property data for the wall concidered
Referring to Figure 4.6, the thermal conductivity and heat capacity of nodes 1 to 19 are listed
in Table A-1.

Table A-1 Nodal Parameters for the Explicit Finite Difference Procedure

Node 1 2 3-14 15 16 17 18 19

Conductance L NA 10 213 213 22.5 088 | 0.8 |333

2
K
Wim R| 10 | 426 | 213 | 225 | 088 | 08 | 333 | NA
Heat Capacity 0 0 | 1156 | 1156 | 110000 | 5000 | 0. | o.
J/IK
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Appendix-B

Computer Program PCMBOARD

Computer program PCMBOARD was developed to conduct the explicit finite difference model.

In this study, gypsum board with absorbed PCM, which acts as a latent heat storage device, is

used as inside wall lining of an outdoor test-room. The thermal performance of tiie PCM gypsum

board can be simulated by the computer model and the amount of energy saved by the thermal

storage effect can be calculated under varions given inside and outside conditions.

Inputs required by the program:

1.

2.

Thermal conductivity of PCM gypsum board, W/m.°C:

Thermal conductivity of ordinary gypsum board, W/m.°C;

Thermal conductance of original wall, W/m?2.°C;

Specific heat of PCM gypsum board, J/m3.°C;

Specific heat of ordinary gypsum board, J/m3.°C;

Thermal capacity of original wall, J/m2.°C;

Initial inside and outside air temperatures;

Parameters with respect to inside and outside air temperature variations vs time. Referring
to Figure-15, these parameters include different values for inside and outside temperatures
TI1, TI2, TI3, TO1, TO2, TO3, TO4 and the different values indicate the time pericd tpll,
tpl2, tpO1, tp02,1pO3, etc.

Latent heat value of PCM gypsum board. J/kg.
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Output from the program:

1. The benefit gained from the thermal storage of PCM gypsum board, Watts. It is equivalent
to the extra an..unt of heat exchange between wall and inside ambient due to the utilization
of PCM gypsum board instead of use of ordinary gypsum board.

2. The increase of thermal storage due to the utilization of PCM gypsum board instead of

ordinary gypsum board.
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Appendix C

Determination of Inside Film CoefTicient

It is important not to ignore radiative heat transfer in the calculation of to.al heat loss or gain.

Refer to [24] and [26], the heat transfer coefficient, f;_, between the gypsum board surface and

inside atr is :
fm = hT+hC
where, h_ = radiative heat transfer coefficient,
h, = natural convective heat transfer coefficient.

h,

Reffering to the figure below, the angle factor F an-ap = 0.1,

window, Al=].2 sqm

door

gypoum boerd
£=1 mm

] 2.22
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A, is the window area (1.2 m2). A denotes the concerned gypsum board (1 mz). A5 denotes the

rest of the inside room surface beside the window.

ho=Fopmh,, +U-Fpdh

T - T}

h, = ae [F,, , T13 + (1-Fyya) 1

]
T: "Ts

h

C

For a large vertical surface, the convective heat transfer coefficient is:

h, = 131 (AD)?

107



