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Abstract il

ABSTRACT

The disadvantaged people in South Africa are unfortunate, by virtue of their financial
status. It was estimated in 1992 that 20 % of the South African population live in
informal settlements. The houses in these settlements are found to be very energy
inefficient. This study was aimed at developing low cost thermal insulating materials
that can be used to increase energy efficiency of the houses in these informal
settlements. This was done by firstly studying the properties of thermal insulation
materials. Furthermore, common thermal insulating materials in South Africa were
studied and evaluated. Only recycled polymeric based materials were examined for
selecting the raw materials that were used to investigate the feasibility of the thermal
insulating materials from waste material.

The experimental work was extended to construct a thermal conductivity rig that was
to be used in measuring the thermal conductivity of both the developed and existing
thermal insulating materials. The expanded polystyrene obtained from Sagex (Pty)
Ltd and polyester obtained from Isotherm (Pty) Ltd. were evaluated and compared to
the manufactured recycled polymer slabs and expanded polyethylene foams (EPEF).
Expanded polyethylene foam and recycled polymer slab samples were subjected to
mechanical and physical testing. A temperature comparison test and thermal
conductivity determination were conducted on both the expanded polyethylene foam
(EPEF) and recycled polymer slab (RPS) samples. The scanning electron microscope
(SEM) was used to reveal the micro-structures of all the developed thermal insulating
material samples. The expanded polystyrene and polyester thermal insulating
materials were also examined using the SEM. Optical microscopy was only used on
RPS samples.

It was found in this research, that the properties that govern the viability of thermal
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Abstract 1]

combustibility, moisture absorption and the presence of hazardous gases during
burning. The temperature comparison test showed that the recycled polymer slab
(RPS) and expanded polyethylene foam (EPEF) retards the flow of heat to levels
comparable to that of the locally obtained thermal insulation. The comparative cut
bar method was found to be relatively cheap to design and it was ideal for the
measurement of the thermal conductivity of polymeric based materials. The k-value
of all the EPEF samples was measured to be around 0.04 W.m 'K and the RPS k-
value was found to be 0.05 W.m'K!. This is attributed to air pockets with lower
conductivities values, found within the structure of the polymeric thermal insulating
materials. The porous structure is evident from the SEM micrographs of both the
EPEF and RPS samples. One grade of expanded polyethylene foam, the SPX80, had
accumulated less moisture when moisture absorption was compared with other EPEF
samples. The RPS material did have a propensity for absorption of water. The
flammability retardant tests have showed that gypsum board has to be incorporated
during service for the RPS and SPX80. The mechanical testing results also suggest
that both the EPEF and RPS need to be supported when installed in a ceiling, for

example.

UNIVERSITY OF CAPE TOWN E



Nomenclature

WHO
CSIRO
RDSM
U.S
k-value (k)
ke

ks
R-value (R)

U-value
K
m

Pa

RAL

NOMENCLATURE

World Health Organization

Commonwealth Scientific and Industries Research Organisation

Residential Demand Side Management
United States of America

Thermal Conductivity

Thermal Conductivity of the References
Thermal Conductivity of the Unknown Sample
Thermal Resistance

Thermal Transmittance / Conductance
Kelvin

Meter

Millimetre

Watt

Kilogram

Degrees Celsius

Joules

Thickness

Temperature

Flexural Stress

Flexural Modulus

Pascal

Rand Loss per Unit Area

UNIVERSITY OF CAPE TOWN E



Nomenclature

Raug)
Si0,
CaO
MgO
KO

CO,
CO

B,0;

Rand per Unit of Heat Energy
Silica

Calcium Oxide

Magnesium Oxide

Potassium Oxide
Chlorofluorocarbon
Hydrochloride-Fluorocarbons
Hydro-Fluorocarbon

Heat Flow Rate

Carbon Dioxide

Carbon Monexide

Boron Oxide

South African Rand

U.S. Dollar

Hour

Giga

Mega

South African Cent

Heat

Area

Urea Formaldehyde Foam Insulation
Polymeric Methylene Diisocyanate
High Voltage Alternating Current
Environmental Protection Agency

Cellulose Insulation Manufacturers Association




Nomenclature vi

SIK
SEM
PE

PP

LWP

EHC

MLR

PIMA

Expanded Polystyrene
Extruded Polystyrene
Expanded Polyethylene Foam
Recycled Polymer Slab
Standard Insulation Kit
Seanning Electron Microscope
Polyethylene

Polypropylene

Residential Development Program
Water Vapour Permeability
Liquid Water Permeability
Effective Heat of Combustion
Heat Release Rate

Rate of Smoke Formation
Mass Loss Rate

Polyisocyanurate Insulation Manufacturers Association
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Chapter 1: Introduction A 1

CHAPTER 1

INTRODUCTION

1.1 BACKGROUND TO THE PROJECT

This research project is a partnership project comprising the City of Cape Town, the
Environmental Evaluation Unit and Centre for Materials Engineering at the
University of Cape Town and the Wood Science Department at the University of
Stellenbosch. This project can be viewed in the broader context as a South African
government initiation to deliver sustainable settlements under Agenda 21 and the
Habitual Agenda. The South African government’s housing policy has the objective
of ensuring that every South African has access to housing, hence providing thermally
efficient houses would be consistent with the policy”.

The disadvantaged people in South Africa are unfortunate, by virtue of their financial
status. As a result they are forced to reside in dwellings of sub-standard materials.
These are however, the only form of accommodation they can afford. The structures,
such as shacks are extremely energy inefficient and in turn give rise to several other
problemsz. Most shacks are built from wood, corrugated iron, fibre cement, or a
combination of the three. There is potential of saving energy by closely examining

how heat is lost from corrugated structures®.

It was estimated in 1992 that 20 % of South African population is living in informal
settlements®. The houses in these settlements are found to be very energy inefficient.
The inhabitants can spend up to 20 % of their disposable income on heating and they
use mainly low energy content fuels, bio-fuels and inefficient heating methods that
also contribute to energy wastage®. The burning of low energy content fuels further
result in high personal exposure to total suspended particulates. A study on low cost
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houses in South Africa indicates that extremely high levels of exposure of between 3
and 12 times higher than that prescribed by the World Health Organization (WHO),

are currently experienced®.

1.2 THERMAL INSULATION IN SOUTH
AFRICA

Low income communities deem thermal performance an important standard for
housing in South Africa. Acceptable indoor thermal conditions result in greater user
satisfaction, better health and lower electricity accounts’. Residential Demand Side
Management (RDSM) of South Africa and the City of Cape Town aim to improve
electrical use in residences by promoting energy efficiency and load shaping. Load is
the amount of electric power or energy delivered or required at any specified point or
points in a system and load shaping is the adjustment of storage releases so that
generation and load are continuously in balance. From the electricity supply point of
view, space heating with electrical resistance heaters presents a particular problem. In
South Africa, there is evidence that this end-use is largely to blame for annual peak
load and poor daily load shape®. The situation will rapidly deteriorate further in the
near future, as a result of massive housing construction driven by the South African
Government, and this coincides with the “electricity for all” campaign requiring that
every South African has electricity connected to their homes. Another important issue
is the design of more than 1000 new houses that must be built per year in South Africa

to alleviate South Africa’s housing crisis’.

The new houses have to be prudently designed and built to ensure the optimum use of
energy resources. For this reason, this thesis evaluates energy efficiency design
factors based on thermal insulation that should be incorporated in the design of the
new low cost houses. Electricity suppliers and the Government are also interested in
electrical energy savings, so that capital expenditure on new generating equipment
can be postponed, and also, to minimise the impact on the environment.
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South African residential consumers, on the other hand, see affordable electricity as a
requirement for an improvement in their standard of living. The convenience of
small, portable, inexpensive, electric resistance heaters makes these appliances ideal
mass consumer items for households. This problem is worsened by the mildness of
the South African climate, which allows houses to be built with complete disregard
for thermal response considerations. The fact that the heating season is relatively

short makes the adoption of the unplanned space heating measures popular™®.

1.3 INTERNATIONAL EXPERIENCE ON
THERMAL INSULATION

The ‘‘demand side” of the electricity market can be divided into the industrial,
commercial and residential sectors. In each sector the typical use of electricity is
different. Studies have indicated that the opportunity for demand management in
these sectors is substantial®. International experience, particularly in the United States
of America, shows that considerable electrical savings are possible for the residential
sector. Many countries have programs targeting the residential sector, particularly,
with the aim of improving the load factor. Most of the overseas experience is in cold
climates and therefore they are not applicable in South Africa. However, experience
in other countries shows energy savings of above 20 % in residential areas are
achievable®. It also appears possible to improve the residential load shaping. In this
case the measures that have been employed include thermal insulation of residences.

Thirty years after the introduction of compulsory thermal insulation in most European
countries, insulation materials still form the major tool for the improvement of a
building’s energy behaviour. The use of insulation materials has increased, both in
terms of buildings being insulated and in the minimum values of insulation required
by the national regulations. This degree of insulation necessary becomes clear when
considering the thermal conductivity values foreseen in various European countries
for the building envelope of presently built residential buildings and they are
presented in table 1.1'. The k-values in table 1:1 were derived from computer
simulations that were based on the regions estimated temperature and building
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traditions. This indicates that the k-values for insulating malenials depend on the
adaplability of an insulating material for particular naiional, regiomal or even local
building methods and traditions, In that sense, the k-values foreseen theoretically for
specific regions are diflerent because the materials used in buildings can alter the

performance of thermal insulating materials,

Table 1.1: Typical thermal conductivity (W.m'K') values for the building envelope

ol presently built residential buildings in various European countries',

Roofs Outer Walls Ground Floors Windows
Apsiria 0.2-0.3 0.3-04 0.4-0.8 1.40-1.5
uﬁ‘:i‘:;r'i } 0.4-0.5 05016 0.6-0.6 1.5-2.5
Denmark 0.1-0.2 (2-0.3 01-0.2 15-2.3
Finland 102 th2-003 0.2-03 1.3-2.10
Franie 203 (.3-{b 0.4-0.5 1.5-2.5
Germany (1.2-03 (L5-th6 (0.4-00.5 1.0-1.5
(irecee h4-0.5 .5-0.7 0.7-19 2535
Treland 0102 {12-03 0.2-0.3 1.5-2.5
[taly {1.3-0.4 .4-0.5 (.45 25435
Lithnamia 102 1203 203 1.5-25
Norway 102 0.2-03 0102 L.0-1.5
Portugal 0.6-0.6 0606 h6-0.6 2.0-30
ti::‘:‘:::m 0.1-0.4 0,1-0.2 (104 |.5-3.3
Spain 0.6-0.6 0.6-0.6 06-0.6 2535
Switzerland 0.3-0.4 0.3-0.4 06406 Li-1.5
LK 0.1-02 0.3-0.4 0.2-0.3 1.5-2.3
The Netherlamls 0.2-0.3 0.2-0.4 0.2-0.3 1.5.2.5
Sweden 0.1-0.2 0.1-0.2 0,142 1.0-1.5
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countries over the past years. These are depicted for walls and roofs in figure 1.1 and
figure 1.2, respectively'®. It is interesting to note that whilst in some countries,
mainly in Northern Europe, the requirements have almost doubled during this period,
in others like in Greece, the standards have remained unaltered.

1.4 ENERGY SAVING ASSOCIATED WITH
THERMAL INSULATION

As climate modifiers, buildings are usually designed to shelter occupants and achieve
thermal comfort in the occupied space backed up by mechanical heating and air
conditioning systems as necessary. Significant energy savings could be achieved if
they are properly designed and operated. For every unit of energy saved by a given
measure of technology, resources will be saved and annual operating costs associated
with producing that unit of energy will be reduced or even eliminated. Therefore,
building designers can contribute to solving the energy problem if proper early design
decisions are made regarding the selection and integration of building components.
Thermal insulation is a major contributor to energy savings. It is an obvious practical
and logical first step that can be used to achieve energy efficiency in envelope-loading
dominated buildings located in places with harsh climatic conditions™.

Space air conditioning uses a large share of the energy used to operate buildings. In
the average American home, for example, space heating and cooling account for 50
%-70 % of its energy usage'®. This percentage could be higher in other parts of the
world with more harsh climatic conditions and less energy efficient buildings. The
amount of energy required in cooling or heating a building depends on how well the
envelope of that building is treated thermally, especially in envelope dominated
structures such as residences. The thermal performance of the building envelope is
determined by the thermal properties of the materials used in its construction. This
performance is characterized by its ability to absorb or emit solar heat'?.

UNIVERSITY OF CAPE TOWN E
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The placement of the insulation material within the building component can affect its
performance under transient heat flow. The best performance can be achieved by
placing the insulating material close to the point of entry of heat flow. This means
that the placement of the insulation on the inside of the building’s wall is efficient
where winter heating is dominant and on the outside of the building’s wall where
summer cooling is dominant, for different climatic condition in the world. However,

for practicality, it is common to use insulation on the inside or between wall cavities.

1.5 PROJECT MOTIVATION

This project was motivated by the living conditions of low income communities living
in informal settlements, and formal low-cost housing in South Africa. Since informal
low-cost houses are poorly sealed from the outdoor environment, heat streams occur
inside the house during summer months and outside during winter months. In winter
months, up to 20 % of the occupant’s income can be spent on heating. To provide
heat by burning bio-fuels leads to high levels of indoor pollution. This situation is
undesirable for the occupants as it poses a serious health risk. Indoor pollution, health
risks, and depletion of natural resources as a result of the high space heating
requirements, are a problem. This can be addressed simultaneously by increasing the

energy efficiency of these low cost houses.

The domestic sector is one of the largest electricity consumers in South Africa's.
Households alone consume approximately 29 % of municipal electricity. This figure
is expected to increase to 37 % by the year 2015, One of the reasons for this
expected rise is the recently electrified urban townships. South Africa is also
experiencing a rapidly increasing peak demand, of which households contribute over
20 % to this peak demand"”. To forestall the building of costly new power stations,
the peak demand must be reduced. Electricity savings in the domestic sector could
therefore have a significant impact. The environment will also benefit from these

savings.

UNIVERSITY OF CAPE TOW E
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Recent studies indicate that South Africa’s contribution to the additional radiation
load on the global atmosphere though emissions are roughly 1.2 %'®. This is very
high when considering South Africa’s contribution to the world economy and
population. Electricity generation accounts for a large portion of these unwanted
emissions, which are mostly greenhouse gases'. Effective energy management is the
cheapest alternative to decreasing pollution in the energy industry”. A Dbetter
approach is to improve the thermal performance of the house shell. Passive design
aspects such as building orientation, insulation, window sizes and exterior colour
should be investigated. The main benefit of this strategy is that once a house is
designed to be thermally efficient, no further effort is required. Matthews et al. had
shown in their research that thermal insulation gives maximum savings in energy

when compared to other forms energy savings®.

1.6 AIMS OF THE PROJECT

The aims of this project were to:

1. Study the material parameters contributing to the thermal insulating

properties of a material.

This will be achieved by studying the existing thermal insulating materials on the
South African market. This is done in order to understand what makes a material a
good thermal insulating material and to know what types of the thermal insulating

materials are available on the South African market.
2. Develop a low-cost thermal insulating material.

This is to be achieved by examining the polymer based materials that can be used as
raw materials to develop a reasonably inexpensive thermal insulating material(s) that
is simple to install, user-friendly, practically safe, moisture resistant, and non-
flammable. The developed insulating material(s) is further intended to reduce energy
heating costs and increase comfort levels in South African residential houses, mainly

in formal low-cost housing and be produced with low technology.

3. Measure accurately the thermal conductivity of developed thermal insulating

materials.
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This will be achieved by constructing a thermal conductivity device (rig) that will
measure thermal conductivity. This thermal conductivity will be used to calculate the
R-value, and to illustrate the material’s ability to resist heat conduction through it.
The R-value is the thickness of the panel divided by the thermal conductivity.

1.7 LIMITATIONS TO THIS THESIS

The limitations of this thesis are:

This project is mainly experimentally based. In this regard no simulation or
modelling software has been used. Any built device will only be applicable to
polymer based materials.

1.8 OUTLINE OF THIS THESIS

The work that was carried out in the current study is reported in different chapters.
Chapter 2 gives the literature review. The literature review discusses the background
into insulation, different forms of insulation and insulating materials, energy saving
methods through insulation, a comparison of insulating materials on environmental
impact, the thermodynamics behind heat transfer and the relevant terminology.
Chapter 3 describes all the test methods that were followed to achieve the aims of this
project research. The results obtained in this investigation are given in Chapter 4 and
discussed in Chapter 5. The conclusions that can be drawn from Chapter 4 and
Chapter 5 are then stated in Chapter 6. Recommendations for the future work are
listed in Chapter 7.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

Thermal insulation is the use of special materials that retard the flow of heat energy.
It prevents the loss of heat, so saving on fuel and money, and contributing to safety
and comfort. In general insulation is a barrier that minimizes the transfer of heat
energy from one material to another by reducing the conduction, convection and
radiation effects. There is a wide variety of insulating materials, including minerals-
based materials. Insulation is mainly measured in R-values, the resistance to heat
flow. Therefore the higher the R-value (a measure of the material’s ability to resist
heat flow through it) the better the insulating material is to restrict heat flow.
Although insulation can be made from a variety of materials, it is usually used in four
different types viz. batts, rolls, loose-fill and rigid foam boards. Each type is made to
fit in a different part of a building. The choice of the material depends on cost,
temperature, application, environment and safety. The thickness of insulation should
be calculated so as to optimise the cost of the insulation against the savings in energy.

2.2 BACKGROUND INTO INSULATION

From caves to super insulated houses, human beings have demonstrated the need for
protection from the elements. The true origins of the science of thermal insulation,
however, are difficult to identify. Organic materials have served as the natural
prototype for thermal insulators. Evolutionary examples include fur covering the
polar bear or feathers on a bird, cotton, wool, straw and even hair. Prehistoric human
beings clothed themselves with wool and skins from animals. They built homes of
wood, stone, earth and other materials for protection from the cold winter and the heat

UNIVERSITY OF CAPE TOWN E
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For thousands of years, house structures were designed to best suit the climate of their
location. For example, using the earth as an insulator, the Egyptians retired to the
coolness of subterranean chambers and caves on hot days®. Historians believe that
the ancient Greeks and Romans discovered asbestos and found many uses for it
because of its resistance to heat and fire. The Romans even used cork for insulation in
shoes in order to keep their feet warm. Pliny, in the first century, referred to the use
of cork as an insulating material for roofs. Early inhabitants of Spain lined their stone
houses with cork bark, and North African natives used cork mixed with clay for the

walls of their dwellings®!.

2.3 THERMAL INSULATING MATERIALS

Thermal insulating materials are dependent energy productions that depend on the
structure they are insulating. They form part of complex structural elements which
form a building’s covering. Based on the fact that they are not independent energy
production systems they cannot be evaluated in the same way as energy producing
systems e.g. solar, thermal or photovoltaic systems. They have to be evaluated as an
integral part of a building’s design and construction. The quality of a thermal
insulating material depends on its adaptability to local building methods.  In that
sense, materials are widespread in specific regions, even though from the scientific
point of view, any material could be used instead. When high specifications are set on
certain mechanical properties and humidity resistance or where the initial cost factor
is less important, there are certainly very expensive different thermal insulating
materials. A further point of interest is the development of alternative materials, like
sheep wool and cotton wool and the so called intelligent materials, such as transparent
insulation and dynamic materials with temperature dependent thermal conductivity
properties'”.

Insulating materials are dominated by inorganic fibrous materials, glass wool and
stone wool, which account for 60 % of the European market’. Organic foamy
materials such as expanded and extruded polystyrene and a lesser extent polyurethane
account for 27 % of market. The remaining 13 % is accounted for by other insulating
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materials likc combined materials, Tnsulating materials are classificd according to

their chemical or physical structure.  The mostly widely used building insulating

materials arc classified in table 2.1,

Table 2.1: Classification of the most used insulating materials'.

Insulating Materials

; 1 i : Combined New Technological
lnorganic Materials Crganic Materials Aaterials IS
{Foamy)
1Fnanmy} Expanded Folystyrene
Foeurn O lass Eatruded Pulvsiyrene
Polywrethane Foam
[Foamy Ciypanded}
Cark Silicnneted (uleiur
Transparent Materials
Melamine Fnam Cypsum Fuar
. Dryvmaric Materials
{Fibrgms] Phenal Foam Wouwd Wool
{ilass Wonl iFibrs}
Stnne Wnal Sheep Wonl
Codton Wl

Cocouul Fibre

Cellalnse

‘The thermal insulating materials growth in the market 1s an 15sue ol economics, with
further development depending on both improvements in the production processcs
and on achieving economies scale. There is a serics of new rcady-to-use thermal
insulation building compoenents that have been developed lor specific constructions.
These components arc mainly prefabricated thermal insulation panels for commuercial
and office buildings and prefubricated thermal insulation panels for residential
buildings. 'The performance of the insulating material itself in these products (be it
organic foamy or inorganjc fibrous) remains the main determinant of such a
component’s cnergy behaviour. The measure of their success, however, depends on

criteria such as adaptability, handling and cost''.
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2.3.1 BLANKETS

Blankets (batts or rolls) are divided mainly into three types, fibreglass, rock wool and
polyethylene.

2.3.1.1 Blanket Fibreglass

Sand and recycled glasses are mainly used as raw materials to manufacture fibreglass
thermal insulation. Fibreglass has good fire resistance and an excellent resistance to
direct sunlight with a maximum service temperature range from -4 °C to 260 °C as
well as high sound absorption. When compressed, its R-value decreases and produces
irritating dust during installation of the fibreglass insulation. It has a thermal
conductivity range from 0.033 W.m'K™ to 0.04 W.m'K™. It is typically applied to
frame Walls or ceilings, partitions, prefabricated houses, irregularly shaped surfaces,

ducts and pipes for insulation'>*,

2.3.1.2 Blanket Rock Wool

Rock wool which is extracted from natural rocks has density values between 40-200
kg.m™. The larger proportion of rock wool is from steam injection into molten slag.
It is applied to the same places as fibreglass. It has good fire resistance, excellent
resistance to direct sunlight and a very high sound absorption factor with a maximum
service temperature of 800 °C. Like fibreglass it produces irritating dust during
installation and the R-value decreases on compression!®. It has a low thermal

conductivity of 0.037 W.m 'K,

2.3.1.3 Blanket Polyethylene

The service temperature of polyethylene is 90 °C. It has poor resistance to fire with
good resistance to direct sunlight. It is mainly placed in ceilings, hangers, wrapping,
carpet underlay and expansion joints. It has a low thermal conductivity of

approximately 0.041 W.m'K"! and it emits toxic organic smoke when burning®.
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2.3.2 LOOSE FILL

Loose-fill blow-in or poured-in thermal insulation is divided into five different
thermal insulating materials. Open cell structure fibreglass, open cell structure rock

wool, cellulose, vermiculite and perlite.
2.3.2.1 Open Cell Fibreglass and Rock Wool

Even though open cell structure fibreglass and open cell structure rock wool share the
same properties as normal fibreglass and rock wool as described above, they are
mainly applied to cavities and around obstructions. Adhesives are added to both of

them to provide more resistance to air infiltration®2.

2.3.2.2 Cellulose

Cellulose produced from ground waste paper has a very good fire resistance when fire
resisting chemicals are added to it. Its maximum operating temperature is 80 °C with
good resistance to direct sunlight and it is mainly used in cavities. It is a good
insulating material with a thermal conductivity value in the range of 0.046 W/m K
t0 0.054 W.m 'K 25,

2.3.2.3 Perlite

Perlite is a volcanic rock containing 2 to 5 % bonded water. It is a chemically inert
substance composed mainly of Si0; and Al, but some impurities, such as Na,O, Ca0,
MgO and KO, which are hygroscopic, can absorb moisture easily. Therefore,
depending on the storage conditions and the quality of the perlite, moisture absorption
can be minimized.

2.3.2.31  Expanded Perlite

The average density of expanded perlite is about 130 kg.m> and its thermal

conductivity is about 0.047 W.mK™'. The perlite is expanded by means of rapid
heating to a temperature between 800 °C and 1200 °C. The vaporization of the
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bonded water and the formation of natural glass results in the expansion of the perlite
particles, which have a granular shape®.

The main parameters that define the characteristics of expanded perlite are:

o The origin of the volcanic rock.

e The granulometric characteristics of the mineral before the expansion process.
e The temperature of expansion.

However, despite its good insulating efficiency, it is only effective when it is dry or in
a loose granular state. As these granules tend to absorb moisture and settle afier
installation, it becomes less effective as an insulation material with time. The most
common way of applying perlite is to pour the granules and spread them manually. It
can fill small spaces more completely than fibrous insulation materials. Loose fill
insulation, such as expanded perlite, may be used in combination with other types of
insulation material (e.g. slabs of cellular plastics) for filling awkwardly shaped areas
where cutting of slabs to the desired shape would be time consuming and incomplete.
Caution is needed during handling and installation of expanded perlite, as perlite dust

can cause chronic poisoning.
2.3.23.2 Unexpanded Perlite

Unexpanded Perlite is produced from natural glassy volcanic rock. It has excellent
resistance to open fire with a thermal conductivity value in the range of about 0.040
W.m Ko 0.06 W.m'K'. The maximum service temperature of perlite is 760 °C.
Unexpanded perlite is mainly mixed with Portland cement for walls, roofs, floors and
plastering when it is used®.

2.3.2.4 Vermiculite

Vermiculite is made from expanded mineral called mica. When mica is exposed to
high temperatures it expands to form vermiculite. Vermiculite is used mainly as an
insulating material. Vermiculite has a relatively high density (64 kg.m>-130 kg.m™),
with a relatively low thermal conductivity (0.063 W.m'K™'-0.068 W.m'K™}). It also
has excellent resistance to fire, good resistance to direct sunlight and its maximum
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service temperature is 1315 K. It is mainly poured into ceiling, cavity walls, and the

cores of hollow core bricks®>.

2.3.3 RIGID BOARDS

Rigid board is another form of thermal insulating material that is mainly divided into
four types, viz.: fibre glass (open cell structure), expanded polystyrene (closed cell
foam), extruded polystyrene (closed cell foam), polyisocyanurate (closed cell foam)
and polyurethane™. Both expanded and extruded closed cell foam polystyrene have a
maximum service temperature value of 100 °C. Through polymerization styrene can
be made into white pearls or beads of polystyrene plastic. These beads can then be
expanded to form foam known as expanded polystyrene.

2.3.3.1 Rigid Board Fibreglass

The rigid board fibreglass has a higher maximum service temperature of
approximately 350 °C compared to the batts and loose fill equivalents and is more
rigid than batts. It is applied mainly on roofs, cavity walls and prefabricated
structures. In general fibreglass matting is also used as a thermal insulating material
and offers the following advantages:

e High resistance to fire.

e High resistance to microbiological attack.

e Good resistance to most chemicals.

e High heat resistance.

e Available in a variety of presentations (e.g blankets, mats, loose fill and boards).
e Low thermal conductivity.

The thermal conductivity of rigid board fibreglass depends on density as indicated in
table 2.2.
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Table 2.2: Values of the thermal conductivity and density values of the

fibreglass thermal insulation at 273 K where “Type™ signifies the

difference in densities®!.

Type ety Clﬂ::ur:;|ii:t3'

kg/m? WimK

Typel 10-18 0.044

Type 11 19-30 0.037

T}" pe H1 31-45 0.034
Type IV 46-65 0.033
Type V 6-90 0.033
Type ¥1 a1 0.036
GIHSSB]::EHREﬂ“ 64-144 0.036

Rigid board fibreglass insulation is available in rolls of different thicknesses, which
are also called blankets or mats. ‘The width of the blankets and mats will depend on
the way they are to be installed and some are faced on one side with aluminium foil or
Krall paper. which serve as vapour bartiers. Krall paper 15 a relatively heavy, high
strength sulphate paper used mainly in glectrical insulaiing materials. Howcver, the

matn lechnical Iimitations of fibreglass malling as insulation are:
= Poor siructural strength or compression tesistance.

« A tendency to scttle after installation if not properly installed.
¢ lt3 permeability to moisture.

Rigid board panels can be made with compressed fibreglass. ‘these lightweight

insulation boards have rclatively high R-values for their thickness®®,

2.3.3.2 Extruded Polystyrene

Fxiruded foams are made by mixing the polysiyrene with a solvent, adding a gas

under pressure and fmally extruding the mixture to the required thickness. The
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extrusion process improves the characteristics of the final foam, such as its
mechanical resistance, producing non-interconnecting pores and a more homogeneous
material. Mechanical resistance here refers to resistance to tensile. compression,
creep and Hexural leadings. The mechanical resistance of extruded polystyrene foams
can vary as the density of the foam varies from 0.4 kgm™ to 1.1 kgm™. There are
several grades of foams available with densities ranging from 10 kg.m™ 10 33 kg.m™,

with thermal conductivities that are lower with an increase in densityz‘,

2.3.3.3 Expanded Polystyrene

Table 2.3: Thermal conductivities and densities of expanded and extruded
polystyrene insulation at 273K,

Tyvpe Dmsily Cill:leur:']t]iility

Kg/m* Wmk

E-x-p;nﬂeﬂ Fﬂa;n-”l_'we 1 10 0.057
Expanded Foam Type I 12 0,644
Exn:mded f‘n;;;ﬁ T}}}e I 15 0.037
Expanded Foam Type Eﬁ.ﬁ’a: 20 0.034
Expanded Foam Tm‘@ é 25 0.033
ngiﬂ.EﬂF“ﬂ;ﬁi%- 33 0.033

Expanded polysiyrene foams have a number ol lechnical limitations:
+ They are flammable, although fire-retardant grades are available
# They break down gradually when exposed to direct sunlight

» They react with solvents used in the installation of fibreglass-reinforced plastic
{such as styrene-formulated polyesters} as well as with other organic solvents such
as petrol, kerosene and acetone.

Table 2.3 gives an indication of the effects of density on polystyrene insulation®®,

Rigid board panels ¢an be made with expanded polystyrene of different densities,
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various thicknesses and sizes. Density plays a major role in the thermal conductivity

values of polystyrene insulation.

2.3.3.4 Polyurethane Foam

Table 2.4: Thermal conductivities and densities of polvurethane at 293-298 K™,

Density Thermal Conductivity
Type
kg/m?  WimK
Foam 30 0.026
Rigd &3 pandent 30 0.020-0.025 ( Average of 0.0225)
Board
Rigid Expanded
40 0.02
Board 2
Rigid Expanded
: e e 14 i
S 0 0.04
Foamed in Place 24-40 0.023-0.026 (Average of 0.0245)

Polyurethane foam is effeclive as an insulator because il has a high proportion (940 %5
minimum} of non-connected closed micro cells, filled with inert gas. Until recently.
the non-rcactive gas most commonly used in polyurethane foams was R-11
(trichlorolluoromethane). The Monireal Protocol on Subsiances that Deplete the
Ozume Layer organmisation has called for the phasing out of the use of CFC’s such as
R-11. Replacement foaming agents are being investigated at the present time, with
hydrocarbons, hydro fluorocarbons and inerl gases such as carbon dioxide. Table 2.4

wives density and thermal conductivity values of foamed polyurethane™,

Polyurcthane and closed cell foam polyisocyvanurate both have poor fire and direct
sunlight resistance and they have a maximum service temperature of around 95 °C.

They arc both used on arcas like roofs and walls, but they too have to be covered in
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the inside for fire and against outside weather. They both have thermal conductivity

values ol 0.023 W.m' 'K

2.3.4 OTHER COMMON FORMS OF THERMAL
INSULATING MATERIALS

2.34.1 Cork

Table 2.5: Values of the thermal conductivity and
density for cork thermal insulation at 293-298 K

Densiey Fheermal
Type i Conductivity

kg/m? Wi mK

Granulated Loose, Drey 115 (LOs2

Caranobated 86 (L(M38

Expanded Cork Slab 130 0,044

Kxpanded Cork Board 150 0.043
Expanded Bonded with

" Resin/Bitumen 100-150 0.043
Expanded Bonded with:

Resin/Bitinien i 150-250 0.048

Cork is probably one of the oldest insulation materials used commercially, and in the
past it was the most widely used insulation matenal in the refrigeration industry. At
present, due (o the scarcity of cork-producing trees, its price is relatively high in
comparison with other insulating materials. Therefore, its use is very limited, with the
exception of some machine foundations where it is used to reduee the transmission ol
vibrations. It is available as expanded slabs or boards as well as in granular form. Its
density varies from 110 kg.m™ to 130 kg.m™. It can only be used up to temperatures
of 65 °C. It has good thermal insulating properties, is fairly resistant to compression
and is difficuit to burmn.  Its main technical limitation is the tendency to absorb
moisture with an average permeability to water vapour of 12.5 p.m”day™. Table 2.5

gives some typical characteristics of cork™,
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2.3.4.2 Aluminium Thin Sheet

Aluminium thin sheet is made of reflective foil separated by air spaces. It mainly
works by reducing radiant heat transfer. It has a high maximum service temperature
with good resistance to both fire and direct sunlight. It is used in ceilings, walls and
floors. It is most effective in reducing downward heat flow. Reflective systems are
the other form of insulation and are divided into two forms, aluminised thin sheet and

ceramic coating®.
2343 Ceramic Coating

Ceramic coatings are mainly acrylic paint filled with ceramic micro-spheres. It is
used for radiant control because it has excellent resistance to fire and direct sunlight.
It requires protective clothing and eye protection when applied to metal roofing, built-
up roofing, walls, storage systems, ducts and pipes.

2.3.5 SELECTION OF INSULATING MATERIAL

Some the most important properties which must be considered in the selection of an

insulating material are as follows:

o Thermal resistance: the higher the value of thermal resistance, the better the
insulating capability of the material.

e Combustibility: this becomes significant as it provides an indication of the
insulating material’s contribution to fire hazard.

Toxicity: certain insulating materials are combustible and release toxic fumes when
they burn. This must be avoided where there is a danger of fire in a confined

space.

Appearance: Appearance is significant in exposed areas and for the purpose of
identification.

Density: the density of an insulating material affects many of its other properties,
especially its thermal properties.
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2.4 FORMS OF INSULATION

Insulation is mainly defined as the control of heat flow and the distinguished forms of

insulation are:

e Reflective insulation.
e Resistive insulation.
e Composite insulation.

e Capacitive insulation.

2.4.1 REFLECTIVE INSULATION

The primary function of reflective insulation is to reduce radiant heat transfer across
open spaces, which is a significant contributor to heat gain in summer and heat loss in
winter. The only practical reflective insulating material is aluminium foil. Reflective
insulation is employed mainly where the dominant heat transfer is radiation. The low
emissive metal foil (usually aluminium) surface of the product blocks up to 97 % of
radiation and therefore a significant part of the heat transfer®.

Aluminium foil has a low absorbance and low emission®. Reflective insulation
systems are fabricated from aluminium foils with a variety of support such as Kraft
paper, plastic films, polyethylene bubbles, or cardboard. Supports are applied to
provide a series of closed air spaces. Its insulating value is derived from heat
reflective surfaces separated by air spaces into which the radiation is reflected. The
resistance to heat flow depends on the heat flow direction, and this type of insulation

is most effective in reducing downward heat flow.

Reflective systems are typically located between roof beams, floor joints or wall
studs. If a single reflective surface is used alone and faces an open space, such as an
attic, it is called a radiant barrier. Radiant barriers are sometimes used in buildings to
reduce summer heat gain and winter heat loss. When compared to mass insulation

materials like fibreglass, reflective foils offer some advantages. They are not affected
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by humidity or moisture, they do not lose their effectiveness when compressed, and
they do not irritate the skin, nose, or eyes and require no special handling or clothing
to install.

Reflective systems are more effective in hot climates than in cool climates. They can
be used on their own, but they are frequently laminated with building paper, either
single sided or double sided and even on plasterboards. They must be installed in
cavities or air spaces for them to be effective. They differ from other insulating
materials in the manner in which they retard heat transfer. Reflective insulation
works by reflecting incident infrared radiation, thus reducing radiant heat transfer”’.

2.4.2 RESISTIVE INSULATION

Resistive insulation is the most common type of insulation, often referred to as bulk
insulation. Resistive insulation insulates against the transfer of heat simply through
its resistance to conduction. Because air has one of the highest resistances to
conduction, the best resistive insulators are those that trap small pockets of air within
themselves. Insulators such as glass fibre, mineral wool and expanded polystyrene
work extremely well as long as the air within these pockets cannot move and thus
transfer heat by convection. Resistive insulation includes mineral wools, strawboard,
wool slabs, glass fibre, cellulose fibre and kapok. They also include expanded and
extruded polystyrene and polyurethane, urea formaldehyde, vermiculite and perlite®®.

2.4.3 COMPOSITE INSULATION

Composite products are a range of composite insulation products that combine a
reflective foil with bulk insulation, combining the benefits of both types of insulation.

2.4.4 CAPACITIVE INSULATION

Capacitive insulation has virtually no effect to steady-state heat flow when
temperatures are relatively constant on each side of a material. If the temperature on

either side fluctuates however, capacitive insulation effects become important. Daily
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variations between the outside and inside temperatures of the building takes time to
reach a steady because heat transfer is not instantaneous as heat takes time in passing
through the building elements. For some materials like glass this is not that
noticeable, however, for double brick or rammed earth walls this can take up to eight
or nine hours. This delay is termed thermal lag and is measured as the time difference
between peak outside temperature and the peak temperature on the inside surface of

an element™.

2.5 ROLE OF THERMAL INSULATION

A building of any kind is essentially a space surrounded by the building envelope. A
building envelope may include sub elements such as windows and doors, but its main
elements are the floor, walls and roof. Heat will flow through the building envelope
from a high temperature side to a lower temperature side if the interior space is
maintained at a temperature different from the outdoors by heating or cooling.
Heating is provided by some energy installation during winter. If the indoor
temperature is to be maintained, a steady state must be reached where heat input is
equal to the heat loss. The heat flow rate from the heat input must balance the heat
loss through the building envelope. If the sum of the heat lost through all the leaks is
greater than the flow from the input, the indoor temperature will drop. Conversely,
when the inside temperature is at the same ternperature as the outside and heating up,
the building will require the heat flow rate from the heat input to be greater than the
heat loss. If energy is to be conserved or the heating cost is to be kept down then heat
loss through the envelope should be reduced. This is maintained through thermal

insulation®.

Inadequate insulation and air leakage are the leading causes of energy waste in most
buildings. Thermal insulation saves money and the nation’s limited energy resources.
It can make a house or building more comfortable by helping to maintain uniform
temperatures throughout the house. Hence walls, ceilings and floors will be warmer
in winter and cooler in summer. The thermal and energy performance of buildings
depends on the thermal characteristics of the building envelope and particularly on the
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thermal resistance of the insulation materials used”. With the general acceptance of
global warming as a continuing problem, energy efficiency is becoming a higher
priority in industry and residential houses. One aspect of energy efficiency is to
improve the insulation of buildings by using materials of a low thermal conductivity.
In temperate and polar climates this will result in reducing heating requirements,
whilst in equatorial areas air conditioning energy consumption is decreased.
Additionally, in order to reduce CO, and other emissions, legislation and standards
concerning insulation levels in buildings and other applications involving heat transfer

are becoming more stringent world wide®.

The electricity savings potential as well as the economic and environmental impact of
ceiling insulation on South Africa have been well established. A previous study has
shown that if all existing high income houses in South Africa are insulated, (where the
term “insulated” here is taken to mean an insulated ceiling as well as additional
insulation wrapped around the outside of the geyser), almost 3000 GWh of electricity
can be saved in winter heating per year. This is equivalent to an annual monetary
saving of Ro740 million. The corresponding reduction in greenhouse gas pollution
from power stations is roughly one million tons per year’’. Furthermore, ceiling
insulation has the potential to reduce evening peak electricity demand in the winter by
more than 1900 MW>2, This will result in an even greater saving for the country as it
will allow the building of a new power station to be postponed. The study conducted
in 1996 has indicated that South Africa will save around $2 billion through thermal

insulation®.

2.5.1 ENERGY SAVING METHODS

In South Africa there are a large number of energy inefficient buildings. This is
mainly because of a high percentage of low income communities living in informal
low cost houses (shacks). Extensive research has already been conducted to
determine the characteristics of a typical informal low cost house™. According to this
research, the typical informal low cost house is built with two windows, one on the
south side and one on the west. Winter heating requirements are lowest when the
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windows are placed on the northern facing equator and eastern walls™, The
requirements of different orientations are negligible. The exterior colour of a building
can play a very important role in determining the building’s thermal performance.
Shacks with a dark exterior colour require less indoor heating to achieve acceptable
indoor temperatures during winter. This is because the darker surface absorbs a lot
more heat from the sun than the light surface does. It was found that in the absence of
any wall insulation, applying a dark colour to the exterior of the shack could lower the
winter heating requirements by 24 %°. An increase of this magnitude hardly
compensates for the winter energy saving. Summer indoor conditions however are
affected by a dark exterior. . Interestingly, it was found that shacks inhabitants prefer
light exterior colours, silver particularly®. Exterior colour control is thus not really a
feasible energy control option for shacks.

A recent study showed that the natural infiltration into a leaky building is of the order
of 0.9 air changes per hour. This infiltration rate can be increased dramatically as
most shack inhabitants use coal stoves™. Although significant energy savings can be
achieved by limiting infiltration, the idea is not really practical. Coal stoves generate
indoor pollution and adequate volumes of outdoor air are thus required for health
reasons. Limiting ventilation is not recommended as an option for increasing energy
efficiency in informal low-cost houses®™. In contrast to all the options discussed thus
far, the addition of thermal insulation is an extremely effective option for increasing
energy efficiency for shacks. Placing a thermal insulation on the walls and roofs of a
house increases the resistance to heat flow to and from the building. As a result,
outdoor heat may be kept away from the shack in summer and the warmth is kept
inside the shack in winter. It was found that adding 25 mm of glass wool, which has a
thermal resistance of 1.05 m?K. W, that the winter energy requirements were reduced
by 78 %. The option of installing thermal insulation is thus clearly much more
effective than others’. The important role of insulation is shown in figure 2.1
compared to other options“.




Potential Methods to inprove Energy Ffficiently

Energy Saving (%)

Orpentation

Figure 2.1: Comparisons of the effect on energy saving options

Exte rier
Colour

through different methods®,

Table 2.6: Comparison of the effect of different methods of energy

savings in different types of houses®.

Ventilation

Control

Insulation

. Shacks | Matchbox | Suburban
Options
[%ol (%] | %l
Exterior Colour | & 26 10
=

2 122 14
& 16 10
Window Size 0 2 5
Insulation M 50 35

Van Wyk ef of. investigated building materials, building orientation, exierior colour,
ventilation control and insulation in formal low-cost housing (matchbox houses) and
informal low-cost housing (shacks). 1t was found that thermal insulation provided the
most effective energy saving of up to 735 %> There are niwmy forms of energy

conservation and methods of conserving energy by means of thermal insulation are
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including suburban houses. Their findings are summarised in table 2.6. In general the
role played by thermal insulation in buildings can lead to a number of benefits, which
are summarized as follows™":

e Using thermal insulation in buildings helps to reduce the reliance on mechanical or
electrical systems to operate buildings comfortably. Resources, like coal

associated with energy, are conserved.

e The use of thermal insulation not only saves energy operating costs, but also results
in environmental benefits and as a result dependence upon mechanical means with

the associated emitted pollutants is reduced.

e An energy cost is an operating cost, and a significant energy saving can be
achieved by using thermal insulation with little capital expenditure of only about §
% of the building construction cost.

e This does not deal only with the reduction of operating cost, but also reduces high
voltage alternating current (HVAC) equipment cost due to a reduction of the

equipment size required.

The use of thermal insulation in buildings not only reduces the reliance upon
mechanical air conditioning systems, but also extends the periods of indoor thermal
comfort of installed buildings. This enhances the acoustic comfort of insulated
buildings. High temperature changes may cause undesirable thermal movements,
which may result in damage of the building and structure. Hence insulation can
increase the building structural integrity of buildings by minimising temperature
fluctuations. This can be achieved by the use of proper thermal insulation and so
helps in increasing the lifetime of building structures™.

Proper design and installation of thermal insulation helps in preventing vapour
condensation on building surfaces. However, care must be taken to avoid adverse
effects of damaging a building structure, which can result from improper insulation
material installation or poor design. Vapour barriers are usually used to prevent
moisture penetration into thermal insulation. If a suitable insulation material is
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selected and properly instailed. it can assist in retarding heat and preventing flame

spread into the building in the case ol fire",

2.6 COMPARISON OF THERMAL

INSULATING MATERIALS

Table 2.7: Some common thermal nsulations material’s R-values, advantages and

disadvantages™,
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Over the years, there have been many health concems that have arisen due to

insulation materials such as asbesivs and urea formaldehvde foam insulation.

Nevertheless different types of insulations that have been and are being used, have

their advantages and disadvantages. Some of the more common materials used for




insulation are compared in table 2.7 with their relative insulating values and the
advantages and disadvantages of each particular type. In general, the more expensive
materials, such as the polyurcthane foams are more efficient insulators for given
thicknesses. Using the “R” system of grading, it is possible to arrive at equivalent R-
values for a variety of insulating material types“.

2.6.1 ASBESTOS

Asbestos is a mineral fibre that has been used commonly in a variety of building
construction materials for insulation and as a fire retardant. It was commonly used
before 1970 in building products because it was fireproof, a good thermal insulator,
and easily made into pipe covering fabric and other materials. Asbestos was
commonly found in pipe and furnace insulation materials, especially in homes built
between 1930 and 1950. Oil and coal furnaces and door gaskets may also have
asbestos insulation. Hot water and steam pipes in older houses may be coated with an
asbestos material or covered with an asbestos blanket or tape. Asbestos was an
excellent thermal and electrical insulator for more than 50 years, but the manufacture
and use of asbestos is now prohibited in many countries in the world. It is known to
cause several cancers such as a type of lung cancer called mesothelioma and cancers
of the gastrointestinal tract™.

2.6.2 UREA FORMALDEHYDE FOAM
INSULATION (UFFI)

In the 1970’s there were concerns about health effects of insulation materials, when
improperly installed UFFI caused high levels of formaldehyde emissions in tens of
thousands of homes. No insulation materials in use today exhibit indoor air quality
problems approaching those of UFFI, but the rapidly growing interest in healthy
homes is spurring a close examination of health impacts. Urea formaldehyde is one of
the main resin mixtures of formaldehyde and of all the formaldehyde compounds. It

contributes the most to indoor air problems because of its water solubility™.
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2.6.3 FIBREGLASS

Fibreglass is a soft wool-like material that is usually pink or yellow. It is used as
insulation, in weatherproofing and as textile material. It was originally used as a
"safe" substitute for asbestos. The modern technique of making fibreglass insulation,
developed in 1931, involves jetting of molten glass through tiny heated holes into
high speed air streams, wherein the resulting fibres are drawn very thin and to great
lengths*®. Fibreglass was used as a liner inside air supply ducts and air handler
compartments of the ventilation system of homes and buildings built from the early
1960’s through to the late 1980°s. It was used in ventilation systems as an insulator to
prevent the loss of ventilation pipes cold air and to reduce the noise from the blower
fan. Fibreglass liners inside ducts were a problem because if it got wet it could

become a breeding ground for micro organisms.

There are a few more problems with fibreglass. One is there are some health
problems associated with it. For example, it can cause a skin allergy and there is
debate on whether or not fibreglass may cause cancer. It may also trigger reactions in
people who are chemically sensitive since most fibreglass insulation is produced using
a phenol formaldehyde binder to hold the fibres together. These binder materials may
release offending amine or "dead-fish" odours in high humidity situations. Another
factor that should be considered when choosing insulation is the ingredients that go
into it. The largest fibreglass insulation manufacturers all use at least 20 percent
recycled glass in their insulation products to comply with the U.S. Environmental
Protection Agency (EPA) recycled content guidelines, which is adopted world wide.
One of the raw materials that are used to make fibreglass more flexible and fire
retardant is boron. However, there are only two large deposits of boron in the world:
one in the southwest U.S. and one in Turkey. Since the total known U.S. reserves of
boron are just 200 years, other renewable alternatives should be considered®..
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2.6.4 MINERAL WOOL

Mineral wool was at one time the most common type of insulating material and its
market share was largely lost to fibreglass in the 1960’s and 1970’s. In the past few
years, however, the product appears to have made a comeback. There are currently
several manufacturers of mineral wool in the U.S. and about eight plants that produce
it. Mineral wool actually refers to two different materials, slag wool and rock wool.
Slag wool is produced primarily from iron ore blast furnace slag, an industrial waste
product. Rock wool is produced from natural rocks. Slag wool accounts for roughly
80 % of the mineral wool industry, compared with 20 % for rock wool. Given the
relative use of these two materials, mineral wool has, on average, 75 % post-industrial

recycled content*!.

2.6.5 CELLULOSE

Cellulose is perhaps the best example of recycled material that is used in insulation.
Most cellulose insulation is approximately 80 % post-consumer recycled newspaper
by weight; the rest is comprised of fire retardant chemicals and, in some products,
acrylic binders. The biggest long term performance concern with cellulose insulation
is possible loss of fire retardant chemicals because borates are water soluble and they

can leach out if the insulation gets wet*!.

2.6.6 COTTON

Cotton is a type of insulation that uses cotton and polyester mill scraps with plastic
fibre added for three dimensional lofts and borates added are for pest and combustion
resistance. This insulation costs about 15 % to 20 % more than comparable fibreglass
insulation. Of course, precautions need to be taken to prevent insect infestation as

well as moisture intrusion®’.
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2.6.7 FOAM INSULATING MATERIALS

There are different types of foam insulation materials. These include
polyisocyanurate, polyurcthane and polystyrene. Styrene, like that used in
polystyrene insulation, can cause irritation of the eyes, nose and respiratory system. It
can also cause headache, fatigue, dizziness, confusion, malaise (vague feeling of
discomfort), drowsiness, weakness, unsteady gait and possible liver injury. Many
foam insulations use recycled plastic resin such as that found in some extruded and
expanded polystyrenes (EPS).

Of the foam insulations, polystyrene is easier to recycle than polyisocyanurate or
polyurethane since it can easily be melted down and reformed into other products.
The simplest recycling involves crumbling the old EPS into small pieces and re-
moulding them into usable shapes. Polystyrene used to be blown with
chlorofluorocarbons, or CFC’s, that destroy the earth's protective ozone layer.
Modern extruded polystyrene (XPS) uses hydrochloride-fluorocarbons (HCFC’s) that
are not as harmful. EPS is the only common rigid foam board stock insulation made
with neither CFC’s nor HCFC’s. During manufacture, polystyrene beads are
expanded with pentane, which is a flammable gas. An advantage of board stock
insulation is that if it can be removed without breaking up, it can often be reused.

Two new types of foam insulations that do not use CFC’s or HCFC’s are Icynene and
Air Krete™. Icynene is a foaming agent that uses a mixture of carbon dioxide and
water. Though it does not have polyurethane’s HCFC-related environmental
problems, it also has a lower insulation rating (R-value). Like polyurethane, Icynene
is foamed into wall cavities, but the resultant open-cell foam is soft, not rigid. Air
Krete™ is inorganic foam produced from magnesium oxide (derived from sea water).
It is foamed under pressure with a microscopic cell generator and compressed air and
no CFC’s or HCFC’s are used*”.
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In some parts of the country, foam insulation materials are prone to infestation of
wood boring insects, such as carpenter ants. Tunnels and nesting cavities will reduce
thermal performance and may affect the structure as well. Foam insulation materials
that contain HCFC’s must be avoided. Though HCFC’s are less destructive to
stratospheric ozone than CFC’s, they are still damaging to the environment®’.

2.6.8 LOOSE FILL

Other considerations regarding insulation are that some loose fill fibre insulation will
settle and get displaced because of wind and rodent pestilence. It is also possible that,
over many years, dust and dirt accumulation could reduce the R-value by either
compressing the insulation or by filling air pockets*!. Insulating materials should be
durable so that they do not have to be replaced every few years, thus contributing to
the solid waste problem. Provision must be made so that a home or a building is well
insulated to save energy. Reducing the energy use of a building is usually the single
most important factor that can be done to reduce the building's overall environmental
impact. If an insulating material that has a lower R-value (insulation rating) is being
used then the thickness of the insulation can be increased. The insulation materials
that have large amounts of recycled materials are a better choice. For example, with
cavity-fill insulation, cellulose and mineral wool have a higher recycled content than
fibreglass. Also, as far as possible, an insulation contractor who recycles scrap

insulation must be chosen*!,

2.7 ENVIRONMENTAL COMPARISONS
OF INSULATION MATERIALS

Decisions about insulation are among the most important that must be made relative
to the environmental impact of buildings. Because insulation reduces the energy
consumption, it provides ongoing environmental benefits throughout a building’s life.
However, not all insulation materials are equally environmentally friendly. In
assessing the environmental characteristics of insulation materials, there is a need to

consider a broad range of issues relating to the resources going into their production.
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These include manufacturing processes, pollutants given off during their lifecycle,

durability, recyclables and impact on indoor air quality.

2.7.1 RAW MATERIAL ACQUISITION

The raw materials used to produce insulation vary widely, ranging from the sand used
in fibreglass to the petrochemicals in foam plastic insulation and old newspaper in
cellulose insulation. Environmental concerns with raw material acquisition include,
on the negative side, depletion of limited resources and pollution resulting from
mining. On the positive side is the recycled content of many common insulation

materials*.

2.7.2 LIMITED RESOURCES

The most obvious resource limitation among materials used to produce insulation is

the availability of fossil fuels used in foam plastic insulation.

2.7.2.1 Polystyrene

Polystyrene is produced from ethylene, a natural gas component and benzene, which
is derived from petroleum. Polyisocyanurate and polyurethane are made from
polymeric methylene diisocyanate (PMDI) and polyol, both of which are derived from
petroleum. While fossil fuels are not going to run out any time soon, the reserves are
finite, and as they decrease in the next century, costs are likely to rise*>. While other
insulation materials are not made from petrochemical feed stocks, most require fossil
fuel energy for mining, manufacture, and transport, so they lead indirectly to fossil
fuel depletion. Another raw material that is potentially in short supply is the boron

used in fibreglass insulation and as a fire retardant in some cellulose insulation®.

2.7.2.2 Fibreglass

Fibreglass insulation is the biggest consumer of boron, most of which comes from two
primary deposits: the largest in the south-western U.S. and Turkey. Boron improves
the flexibility of fibreglass. Fibreglass insulation is approximately 6 %-8 % boron
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oxide (B,O;) by weight. At present levels of extraction and with current economics,
U.S. Bureau of Mines data shows a 54 year reserve of boron in the U.S., and total

known U.S. reserves of about 200 years®?.

2.7.3 POLLUTION FROM RESOURCE
EXTRACTION

Environmental impacts from raw material acquisition include air pollution, water
pollution and erosion from mining of minerals. For example, sand and limestone used
in fibreglass, diabase rock used in rock wool, and bauxite for the aluminium used in
foil facings and radiant barriers. Often these environmental impacts are combined.
For example, mining usually produces tailings waste, which results in runoff with
high levels of suspended solids. This increases turbidity in surface waters, which can
cause deoxygenating of these waters, which in turn can kill fish. Pollution from oil
spills and well-head leaks occurs when extracting and transporting the fossil fuels
used to make plastic foam. The same fuels provide the energy for mining and other

resource extraction®,

2.74 RECYCLE CONTENT

Recycled content is the most recognized environmental feature of building products.
Materials with recycled content have three advantages:

e They require less natural resource.
e They divert materials from the solid waste stream.
e They use less energy during manufacturing.

The insulation industry is abundant with good examples of recycled material use.
Considerable use of recycled materials in producing insulation has been investigated
in other countries. As an example, the U.S. Environmental Protection Agency's
recycled-content procurement guidelines specify minimum recycled contents for
construction projects receiving over $10 000 in federal funding. Table 2.8 shows the
minimum recycled content percent by weight for common insulating materials*2.
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Table 2.8: The recycled-content acquired by EPA guidelines®’,

Muterial Type Minimum Recveled Content (% by Weight)
Cellulime Lawise —Fll and Spray—on) TE%% posf=C onsutier recovered paper
Filoreplass 20%5=25% culler (post-industrial or pust-consumer ghass)
Mineral Yool T5% reenvered materials
Polyisecranurate Rigld Foam 9% revovercd meterial (polyol reslo contents)
Fobs urethane Spray Fod 5% recoviered material (polyol resin contents)

2.7.4.1 Cellulose

Celluloze is perhaps the best example of recycled material use in insulation. Most
cellulose insulation is approximately 80 % post-consumer recycled newspaper by
weight, The rest is comprised of fire retardant chemicals and in some products acrylic
binders. The cellulose industry used approximately 381 million kg of recycled
newspaper in 1994, according to the Cellulose Insulation Manufucturers Association
{CIMA).

New celiujose insulation technologies are helping recycled newspaper to go further.
There 15 increasing use of lower density cellulose produced by breaking newspaper
down into individual (ibres that are Nuflier. The industry 1% switching to this process
from the older hammer mill process because it results In a better product that is
cleaner, has less dust, and slightly higher R-value. More manulacturers are olfering

stabilized cellulose to prevent settling of louse fill aitic insulation,

2.7.4.2 Mineral Wool

UNIVERSITY OF CAPE TOWN




While mineral wool was at one time the most common type of insulation, its market
share was largely lost to fibreglass in the 1960°s and 1970’s. Over the past few years,
however, the product appears to have made a comeback. There are currently several
manufacturers of mineral wool in the U.S. and about eight plants that produce it. Slag
wool is produced primarily from iron ore blast furnace slag, an industrial waste
product. Rock wool is produced from natural rocks, such as basalt and diabase. Slag
wool accounts for roughly 80 % of the mineral wool industry, compared with 20 %
for rock wool. Given the relative use of these two materials, mineral wool has, on
average, 75 % post-industrial recycled content. According to the North American
Insulation Manufacturers Association, 425 million kg of blast furnace slag were used
in 1992 to produce slag wool*'.

2.74.3 Fibreglass Insulation

Fibreglass insulation manufacturers Owens Corning, Schuller International and
Certain Teed in the U.S. use at least 20 % recycled glass cullet in their insulation
products to comply with the EPA recycled-content procurement guidelines.
Schuller's fibreglass is certified by the Scientific Certification Systems (SCS) to
contain 25 % recycled glass (18 % post-consumer bottles and 7 % post-industrial
cullet), and it has most actively promoted that environmental benefit. Schuller's
manufacturing equipment readily handles colour glass, making it easier for the
company to use post-consumer recycled cullet. Certain Teed and Owens Corning rely
primarily on post-industrial cullet from flat glass manufacturers®>. Recycled glass
content in excess of 90 % is feasible. Each percent of glass cullet (over 10 %)
substituted for raw sand reduces energy use by about 1 %. The company has one
plant using 40 % recycled glass, but they claim a 20 % average among all their plants.
Owens Corning, the largest producer of fibreglass insulation, is now averaging 30 %

recycled glass and one of their foreign plants is using in excess of 90 %%,

2.74.4 Extruded and Expanded Polystyrene

Recycled plastic resin is used in some extruded and expanded polystyrene. Expanded
polystyrene (EPS) can also be made out of recycled polystyrene. The simplest
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recycling involves crumbling the old EPS into small pieces and re-moulding them into
usable shapes. Any polystyrene can be recycled into building insulation, but because
of fire retardants, old building insulation cannot usually be recycled into non-building

applications“.

2.7.4.5 Polyisocyanurate Foam

The polyisocyanurate foam insulation industry also uses recycled material in its
products. In addition to the raw chemicals having recycled content, the foil facings
used on polyisocyanurate are typically 70-80 % recycled aluminium. Like foil facings
on polyisocyanurate insulation, the aluminium used in radiant barriers is also mostly
recycled. The 6mm polyethylene foam insulation in the product is 10 % recycled
high-density polyethylene*Z.

2.7.4.6 Cotton Insulation

Cotton insulation is the new thermal insulating material in the fibre insulation
industry. Promoted initially as a non-irritating alternative to fibreglass, early market
research revealed an interest in the use of recycled fibre. The present product is
approximately 95 % post-industrial recycled fibre, 25 % of which is polyester fibre.
The polyester improves tear strength and recoil characteristics®?.

2.7.5 CHEMICAL PRECURSORS OF SOME
INSULATING MATERIALS

With some insulation materials, there are industrial processes that result in non-
energy-related pollution. To manufacture isocyanate, a precursor of polyisocyanurate
and polyurethane insulation, two chlorine-based chemical intermediates are used:
phosgene and propylene chlorohydrins. The styrene used in polystyrene insulation is
identified as a possible carcinogen, mutagen, chronic toxin, and environmental toxin.
Further, it is produced from benzene, another chemical with both environmental and

health concerns.
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Most fibreglass insulation is produced using a phenol formaldehyde {(PI} binder to
hold the fibres topether. Though exact quantities of binder used in manutacture of
fibreglass are not disclosed by industry, it comprises 5-7 % of typical residential
fibreglass insulation products. and they may account tor 10-15 % of the total material
cost. During manulacniring. most of the binder apparently dissipates and is captured
with pollution control equipment. A new type of fibreglass that does not require a
binder is being introduced. Because there are no binders or other chemicals (such as
colorants) in this product, pollution control equipment is not required, and pollution

e . E 3 i
emissions during manufacturing will be much less of a concern™.

2.7.6 CHLORO-FLUOROCARBONS AND
HYDROCHLORIDE-FLUOROCARBONS

The most significant pollutants found in insulation malerials are chlorine based
chemicals that destroy the earth's protective ozone laver. Chlorofluorocarbons. which
are also greenhouse gases, were used until recently as blowing agents in extruded
polystyrene, polyurethane, polyisocyanurate and phenolic foam as indicated in table
2.9% As revelations about the role CFC's play in ozone depletion came io Jight and
regulations to resiricl their use were enacted, however, these industries have tumed to

other, less damaging, foaming agents.

Table 2.9: Blowing agents used in rigid board stock and spray polyurethane insulation®,

Original . Dade of
® = Current Blowing = Dute of HCFC
Product Blowing CFC Phase- :
Agent Phase-nut
Agent ot
Extruded Polystyrene CFC-12 T FC-142h 10199 3 2020
Pudyisacyanurate CEC-11 HCEC-141h 1993 Iee. 2HI2
HOFC-1410
Spray Polvurethane CHC-11 (or water, HCFC-22h, 1993 D, 2002
HCFC-134hb)
FPhendlic Form Board — HOFC-141h and o7
Stock CFC-1 reeveled CFCs 1942 Dec. 2002
Cxpanded Molysiyrene FPentane Pentane M4 M.A
Rivid Filrreyglass Mairie MNone M. M.A
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Among building insulation materials, extruded polystyrene (XPS) led the shift to less
damaging hydrochloride-fluorocarbons (HCFC's). XPS manufacturers were able to
switch quickly because HCFC-142b had already passed toxicity testing and
comparies were able to produce it without additional testing. Other CT'C users were
not so fortunate. Polyisocyanurate, polyurcthane, and phenol foam were all foamed
with CFC-11, and the best replacement found, HICFC-141b, had not been tested for
toxicity, so was not on the markel, Thus, those industries could not shift away from
CFC’s as quickly.  In mid 1993, PIMA announced that the POLYTSO-industry had
complcted the shift from CT'C-11 to HCI'C-141b. HCEF(C's are only 5 %5 to 11 %5 as
damaging to ozene as CI'C’s because they do net last as long in the atmosphere.
However, they are almost as damaging for the period of time when they arc present
and all are significan! greenhouse guses believed to cause global warming., Foam
insulation manufacturers and chemical producers are working hard to find zero-

ozone-deplction alternatives™,

2.7.7 CFC’S FREE FOAM INSULATION

Among foam insulation materials. there are several alternatives to those made with

ozone exhausting chemicals,

2.7.7.1 Expanded Polystyrene (EPS)

Expanded polystyrene {EPS) is the only common rigid foam board stock insulation
made with neither CFC's nor HCFC's. During manufacture, polvstyrene beads are
cxpanded with pentane, a hydrocarbon that econtributes to smog but is not implicated
in vzone depletion or global warming; the pentane quickly leaks out of the insulation
and is replaced by air. Several EPS manufacturers have redesigned their plants to
recover up to 93 % of the pentane used in production and some manufacturcrs have

shifted iv a low pentane formulation™,

2.7.77.2 Polyurethane

The polyurethane industry as a whole has gone the route of replacing CFC-11 with
HCF(C's. Some producers and insulation contractors have stopped the usc of CFC-11
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and gone to a non-ozonc-depleting hydro-fluorecarbon (HFC). Others use HFC-134a
as the fouming agent in polyurcthane foam™. The higher cost of this foaming agent
results n an increase of about 10 % over conventional polyurethane. While HFC's

are ozone-sale and they are significant greenhouse gases.
2.7.7.3 Icynene

Icynene is another type of foamed nsulation. 'The foaming agent is a mixture of
carbon dioxide uand waler, This climinates polyurcthanc's HCYC-related
cnvironmental problems but also means a lower R-value, Like polyurethane, Teynene
is foamed into wall cavitics, but the resultant open-cell foam is sofl not rigid. In laet,
it is marketed as much for its air scaling characteristics as its insulation properties, A
recent developmeni with leynene is a second lormulation that can be foamed into

closed cavitics.

2.7.8 EMBODIED ENERGY

Table 2.10: Emboedied cnergy values for common insulation materials™,

Embodied Weight per Embodied Energy
Material Energy Insulation Unit | per Insulation Unit

(MJI7kg) (kg) (M.J)
diolees L75 0.37 0.6
i

~ Fibreglass 27.% 0.L7 4.8
Mineral Wool | 151 0.21 31
EPS 1.6 0.17 19.0
Polyisocyanurate 69.8 0,22 5.1

State of the art, energy-efficient, passive solar houscs built today mav eonsume less
heating and cooling cnergy over 30 or even 50 vears ol operation than was required to

build it. This means that if society wants to continue the impressive gains thal have
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been made over the past 20 years in reducing energy usage, they will need to focus
attention on embodied energy as well as operating energy. Embodied energy is the
energy required to produce and transport materials. If two insulation materials
insulate equally well and other manufacturing factors are comparable, then the one

with lower embodied energy is environmentally preferable.

While the embodied energy of insulation materials is usually quite low when
compared with the energy a given amount of insulation will save over its lifetime, it is
nonetheless important. Embodied energy values for common insulation materials are
compared in table 2.10%. Because these values were obtained from different sources
and may have been obtained using different assumptions, they should not be
considered to be highly accurate. They do however provide useful order of magnitude
comparisons. Just how embodied energy values relate to environmental performance
of a product is complicated by the fact that different fuels have different
environmental impacts. For this broad comparison, it is reasonable to assume that a
Joule of energy used by one industry is roughly comparable in terms of resource use
and resultant pollution to a Joule used by another industry®.

2.7.9 DURABILITY

Durability of building materials, including insulation, is a very important
environmental consideration. Clearly, more durable materials are environmentally
superior to less durable ones. Most insulation materials will perform very well over
the lifetime measured in decades or even centuries. There are exceptions, however,

and various factors affect performance over time.

The biggest long term performance concern with cellulose insulation is possible loss
of fire-retardant chemicals. Borates are water soluble; hence they can leach out if the
insulation gets wet. There is a shift within the industry towards ammonium sulphate
fire retardants, which actually improve in fire resistance performance over time. A
concern with ammonium sulphate, however, is corrosion of metals in contact with the

insulation, particularly with wet-spray applications®?. Other concerns with loose fill
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fibre insulation are settling, displacement as a result of wind and infestations of
rodents. It is also possible that, over many decades, dust and dirt accumulation could
reduce the R-value either by compressing the insulation or by filling air pockets.
Insulation materials that rely on reflectivity for their thermal performance are prone to

reduced performance as accumulating dust reduces reflectivity.

Rigid foam insulation materials that are produced using low conductivity blowing
agents (CFC’s and HCFC’s) are prone to R-value decreases as the blowing agents
leak out of the cell structure and air leaks in. In some parts, foam insulation materials
are also prone to infestation of wood boring insects, such as carpenter ants. Tunnels
and nesting cavities will reduce thermal performance and with foam-core panels, may
affect the structural performance as well®?,

2.7.10 REUSABILITY AND RECYCLABILITY

Most insulation materials reach the end of their life not because it has worn out or has
ceased to function properly, but because the building it was installed in is altered or
taken down. An exception of this is commercial roofing. Many built-up roofing
systems incorporate both rigid insulation and an adequate amount of roof surfacing.
When re-roofing becomes necessary, the whole roof surface including insulation is

often removed.

The reusability of insulation materials is dependent on how these materials were
installed. To facilitate re-roofing without replacing the insulation, a layer of sheathing
between the insulation and the roofing membrane is recommended. If rigid board
stock insulation can be removed without breaking it up, it can often be re-used. The
performance of reused polyisocyanurate insulation will not be as good as that of new
material, because some of the low-conductivity gases will have escaped and because
of nail holes. Extruded polystyrene, expanded polystyrene and all fibre insulation
materials should not appreciably change in their insulating performance, though dust
in fibre insulation materials will make working with the material at best disagreeable

and at worst hazardous®S,
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Because of dust and dirt, it is unlikely that any fibre insulation materials could be
easily recycled into products other than insulation. Of the foam insulation materials,
polystyrene (expanded polystyrene and extruded polystyrene) is easier to recycle than
polyisocyanurate or polyurethane. Polystyrene is a thermoplastic and can be melted
and reformed into other products with minimal chemical modification.
Polyisocyanurate and polyurethane are thermosetting plastics that do not melt. Most
of the research being done on recycling of these materials is focusing on grinding the

insulation and using the resultant powder as an additive in various unrelated materials.

Another issue of concern relating to disposal of insulation is the CFC blowing agents
that are within the foamed thermal insulating materials in our existing buildings. A
large portion of the CFC blowing agents that have been used in building insulation
over the past 20 years have not yet been released into the atmosphere and are still in
the insulation. If studies show that even phasing out new production of CFC’s and
HCFC’s is not enough to stem the ozone depletion that is occurring, there might be
pressure to capture and thermally destroy CFC’s in foam insulation that is being
disposed of. This is already happening to a limited extent with refrigerators that are
being recycled by utility companies through demand side management programs"s.

2.7.11 INDOOR AIR QUALITY

Though indoor air quality issues are different from environmental issues, they are
related and should be considered at the same time. Health effects of insulation
materials have been a concern since the 1970’s, when improperly installed urea
formaldehyde foam insulation (UFFI) caused high levels of formaldehyde emissions
in a large number of homes. No insulation materials in use today exhibit indoor air
quality problems approaching those of UFFI, but the rapidly growing interest in

healthy homes is spurring a close examination of health impacts*®,

Some argue that the fibres released from fibreglass insulation may be carcinogenic,
like asbestos. A spate of recent technical articles about the carcinogenicity of glass
fibres has been damaging to the image of the fibreglass industry, as has the

requirement for cancer warning labels. To address health concerns, fibreglass batts
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ihal have been covered are available in perforated polyethylene. While touted as a
convenicnee feature for do-it-yourselves, most industry obscrvers consider it a
reaction to growing health concems about glass fibre. The usc of binder in loose-fill
libreglass insulation has been increased to reduce the amount of loose (ibres escaping
mio the air, but higher levels of phenol formaldehyde binder raise concern among
some about formaldehyde off-gassing, The fibres are stronger and less brittle in
fibreglass. The product may not have to carry the cancer waming label.  Also, this
type of fibreglass contains no chemical binders or dyes, so there should be no olf-

. - 45
gassing .

Table 2.11: Summary of Environmental and FHezlth Impacts for some commonly used

fibre thermal msulating materials®,

Fibri Insulation
Type of Insulstinn H-walue Raw Pollation from Ladonr Air Quality
Insulation Methods imE KW Aaterial the Manufacture Tmpact
Lo . we gl g
x ] - = s -|
Ll AjiERY; Hense pack Zlee ARHNOni um HEEiCible showid be isolated
stahilized :
sulphate from interior space
Ratis, loose ML, Sihes: sand, )
Fibreg) tabllizcd righd 15.24 HESEdtallE, Alr;pin o feam Same as cellulose
Lo b % I::m a & horran, PF ENErEY
: resim, cullet
Mineral Wool Loose Gil, bats 14-26 Seel slag, T Same as fibreglass Same as celluluse
naturat rock
Catinn and
Cution Batts, leeose Fill 21-26 polyester, mill Menligible Considered very sale
SCrAps
Perkite Liose fill 17-13 Voltani rock Negligible BemE: ‘kl'i'l'l;:’"’"““

There are also claims that the fire retardant chemicals or reparable particles in
ccllulose insulation may be hazardous. Much of the concern about fibreglass and
cellulose has been gencrated by competing manufacturers or trade assoctations, and it

has become difficult to pick out areas of real concern as it appears that some of the
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issucs arc unnccessarily exaggerated. When properly installed, neither libreglass nor

cellutose should pose any health nsks,

Some individuals have acute chemical sensitvity to the small quantities ol chemicals
The binders used in

conventional batt insulation, inks from the recycled newspaper in cellulose, and

that off gas from nearly all common insulation malerials,

V(s relcased from foam insulation are examples of such off gassing. This has led
to increasing interest in such products as Air Krele!™. Tables 2.11 and table 2.12
below summarise the health nisks thal are posed by different common insulating

materials™,

Table 2.12: Summary of Environmental and Health Impacts for some commonly
used foamed thermal insulating materials®,

Foam Insulation
Turi K
Type of Lnsnkation B-value Raw ke m:::l ik TACH Kt
Insulation Methods | (m?K/W)) Material P
Maoulaclure
Expanded Fossil Fuels Pentuame emisslon Concern only
Tolvstyrene Higid boards 25-31 antne E contribute for those with
(EPS) P pollution sensitivities
. . Dzone depletion
Extroded . . Fossil fueks, : . i
Polyityrene Rigidl boards 35 HCFC-142b global warming, Sume as EPS
h Brergy wsy
s : Same ax
e Foil-faced, Fossil fueks, e
Polvisocyanurate ¥idid boarils 30-53 HOFO-141b Extruded Same as EFS
Pulvstyrene
; ; Sume a4y
Foil-taced, Fosail fuels, , =
Phenols cioil bowrils 55 HOFO-142h L:Frudn-d Same as EI'S
Folvstyrene
Fassil fuels, Uil
Polvurethane Spray in A-47 HCFC-142b Exrtruded Sume as EPS
Pulystyrene
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2.7.12 POLLUTION FROM MANUFACTURE AND
USER

Nearly all manufacturing processes generate pollution. Much of the pollution
generated by insulation production is a result of energy use (generally fossil fuel
combustion), so a simple way to compare manufacturing impacts of different

insulation materials is to compare the manufacturing energy required®.

2.8 MOISTURE CONTROL

Moisture transfers into the building structure from many sources. If enough quantities
of moisture accumulates in the building envelope and cannot escape, it becomes a
good environment for mould and other moisture-related problems. Different materials
have different moisture storage capacities which are a function of time, temperature
and material properties. If moisture penetrates into the building, thermal insulation
will cause physical damage and will adversely impact on its performance by
increasing its thermal conductivity. Four conditions are necessary for moisture to
accumulate in a building component and pose a source of problems. These include a
moisture source, a moisture route for travel, a driving force, and a material susceptible
to moisture damage. Moisture can ideally be controlled if one of these conditions is
eliminated. The most practical approach to controlling moisture in buildings is
through careful design and material selection®,

There are different sources and transport mechanisms of moisture into building

assemblies, including* .

o Liquid water flow from rain and plumbing leaks. Rain can penetrate through leaks

around doors, windows and other cracks in the building envelope.

e Water vapour convection from air infiltration through openings and cracks in the
building envelope. This is a major cause of interstitial condensation in the
building envelope.

UNIVERSITY OF CAPE TOWN [ =
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Water vapour from internal sources such as cooking, shower, laundry and indoor

plants.

Water vapour diffusion from parts with higher moisture levels (higher vapour

pressure) to other parts with lower moisture levels.

Liquid water movement due to capillarity from the ground through porous
materials in the basement, foundation, ground floor slab and walls.

Released moisture which was previously stored in the building structure during
slow air drying construction process. This normally plays a role only in the first
few years after building construction.

In reality, multiple moisture sources and transport mechanisms normally act together.

Every moisture transport mechanism can cause moisture problems and can help dry

building materials and alleviate such problems as well. Therefore, it is not always the

best approach to prevent moisture transport mechanisms but rather to control moisture

sources, control moisture transport and accumulation mechanisms, and encourage
moisture removal (drying) in a building assembly®®. Many factors affect moisture

problems in buildings. These include:

Local climate at the building site.
The difference between the indoor and outdoor climate.

The type and quality of construction. Different materials will hold and transport
moisture differently. For example, concrete will allow more moisture to pass and

be stored than wood or aluminium.

The amount of moisture generated indoors.
The ventilation process.

The type and position of the insulation used.

The use and location of vapour retardants.

In order to control moisture in buildings, it is important to understand the climate at

which the building is designed, its thermal systems, and consider the following:

Select proper building materials and construction methods.
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¢ Prevent rain water penetration into the building envelope by proper roofing and

caulking around all penetrations and cracks.

¢ Control infiltration by sealing all air leakage pathways around the building

envelope.

o Use proper ventilation and dehumidification. However, in humid climates make
sure that the incoming ventilation air is not a moisture source where it might be

more humid than the inside air.

o Use and properly locate vapour retardants in the building envelope when
applicable.

2.9 VAPOUR RETARDANTS

A vapour retardant is a special material (treated papers, paints, plastic sheets, and
metallic foils) that reduces the passage of water vapour. The material permeability
determines the extent to which water vapour can pass through it. The lower the
permeability, the better the material is as a vapour retardant. Materials can be
classified based on their permeability as follows:

¢ Vapour barriers which are very impermeable to water vapour (<1 % permeable).
These include polyethylene films, aluminium foils, oil-based paints, vinyl wall

coverings, sheet metal, foil-faced insulation, glass and rubber membranes.

e Vapour retardants which are semi-vapour permeable to water vapour (1<10 %
permeable) and include plywood, un-faced expanded polystyrene, paper and
bitumen facing on fibreglass insulation and most latex-based paints.

e Breathable materials which are permeable to water vapour (>10 % permeable) such
as unpainted gypsum board, un-faced fibreglass insulation, cellulose insulation,

cement, and other similar building materials.

When vapour retardants are used when there is high level of moisture in the air of a
living space, such moisture can cause a lot of problems. When such moist air touches
a cold surface with a temperature that is below or equal to the dew point of that air,

condensation will start to occur on that surface which could accumulate and create




problems. If this moisture penetrates into the wall or the ceiling it could create an
environment for mould and mildew growth resulting in health problems and damaging
building materials. If it gets into the insulation material, it will adversely impact on
its performance. Thermal insulation can help cure or complicate moisture problems.
The temperature inside an insulated component is changed and the new temperature
profile can either prevent condensation or make a surface inside that component
colder during winter than it would be if un-insulated. Therefore, water vapour

travelling through that component can condense and cause problems“’ 7

The type and location of the vapour retardants to be used in a building depends greatly
on the prevailing climatic conditions and whether moisture is expected to move into
or out of the building. For example, in regions with prevailing cold climates, moisture
tends to diffuse through the building envelope from warmer and more humid inside
air to colder and drier outside air. The exterior surfaces should be permeable to allow
drying towards the outside. In regions with prevailing hot and humid conditions, on
the other hand, moisture is expected to diffuse through the building envelope from
outside warmer and humid air to the colder and drier inside conditioned air.
Therefore, vapour retardants should generally be placed towards the outside surface of
the insulation. In mixed climates, where moisture is expected to move both into and
out of the space without predominance of either, it is better not to use vapour
retardants at all and allow water vapour by diffusion to flow through the building
envelope into and out of the space without accumulation. Rigid foam insulation
boards do not require added vapour retardant treatment when placed onto the interior

of stonework walls?’.
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2.10 PREFERRED INDOOR AIR
TEMPERATURES
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Figure 2.2: A temperature comparison of a typical middle class house before

insulation™,
Mathews et al conducted a study on preferred conformable indoor air temperature in
different regions of South Africa. It was found that an indoor air temperature of
approximately 28.5 °C was acceptable for 80 % of the participants taking part in the
survey. For an indoor temperature of around 30.5 °C, only 27 % were of the opinion
that the indoor environment was acceptably comfortable. These tests were conducted
without the consideration of humidity. A study was also conducted on six different
houses in the Pretoria region“’ ¥ 1t was also found that when thermal insulation is
installed in the ceiling of the house these comfortable temperatures can be
approximately achieved. Fibreglass insulation was installed in each house’s ceiling.
To provide a control, two further non-insulated houses were also measured during the
measurement of other six insulated houses. The six houses used were chosen to fit the

profile of an average middle to high income household in South Africa.
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Figure 2.3: A temperature comparison of typical middle class house after
insulation®.

The measured indoor temperatures for each house were then compared with the
outdoor temperatures. The results are shown in figure 2.2 and figure 2.3. It is
interesting to note that the maximum indoor and outdoor temperatures were close to
each other when no ceiling insulation present. However, a significant difference
occurred after the ceiling insulation was installed®. A better indoor temperature can
be achieved with a different thermal insulating material. The results found here are
not total representations of the South African climatic conditions. However they give
an idea of the significance of thermal insulation in the ceiling of buildings.

2.11 MODES OF THERMAL HEAT
TRANSFER

To change the temperature of an object, energy is required in the form of heat
generation to increase the temperature, or heat extraction to reduce temperature. Once
the heat generation or heat extraction is terminated a reverse flow of heat occurs to
reverse the temperature back to ambient. To maintain a given temperature,
considerable continuous energy is required. Thermal insulation can be used to reduce
this energy loss. Heat may be transferred via three modes: conduction, convection

and radiation. All heating applications involve each mode to a greater or lesser

degree.
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Convection is the mode of energy transfer between a solid surface and the adjacent
liquid or gas that is in motion. It involves the combined effects of conduction and
fluid motion. The faster the fluid motion or gas motion, the greater the convection
heat transfer. Convection of heat occurs in liquids and gases, whereby flow processes
transfer heat. Free convection is flow caused by differences in density as a result of
temperature differences. Forced convection is flow caused by external influences (e.g

wind or ventilators).

Radiation is the transfer of heat energy by electromagnetic (infrared) waves and is
very different from conduction and convection. Conduction and convection take
place when the material being heated is in direct contact with the heat source. In
infrared heating, there is no direct contact with the heat source. Infrared energy, like
light travels in straight lines through space or vacuum and does not produce heat
energy until absorbed. Thermal radiation mechanism occurs when thermal energy is
emitted similar to light radiation®. It occurs generally where the mode of heat

transport is a gas.

Glass, ceramics and polymers are relatively poor conductors of heat energy and are
frequently used as thermal insulators. All gases are poor conductors of heat energy.
The atoms or molecules are widely separated and interact rarely compared to solids
and liquids. This is illustrated in figure 2.4, where two substances at different
temperatures are separated by a barrier which is subsequently removed®. When the
barrier is removed, the fast high energy atoms collide with the slower lesser energy
ones. In such collisions the faster atoms lose some speed and the slower ones gain
speed; thus, the fast ones transfer some of their kinetic energy to the slow ones. This
transfer of kinetic energy from the hot to the cold side is called a flow of heat through
conduction. The red box represents fast atoms, blue represent slow atoms and yellow
the temperature achieved after removing the barrier. A combination of expanded
polymer or ceramic fibre filled with air is an excellent thermal insulation. Generally,
conduction in a solid, a liquid, or a gas is the movement of heat through a material by
the transfer of kinetic energy between atoms or molecules.
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Figure Ii Heat 15 conducted by conduction between gas
molecules™.

=
o

Thermal conduction is the melecular transport of heat under the influegnce of a
temperature gradient. This mode of heat transfer is more clearly delined when a metal

rod is heated at ome end and heat 1s conducled through the rod by conduction as ligure

2.5 illustrates™.

HOT COLD
(lots of vibration) {not much vibration)
EEeATNE——

' 3.5.923.5 0% %958, $82.9,9.959.9.0

Heat travels
along the rod

Figure 2.5: A schematic representation of how heat is conducted through a
heated rod™.
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Figure 2.6; Ifeat transfer from a hot surlace to air by convection represented
schcma:ticall},f“.

In the absence of any bulk fluid motion, heat transler between solid surfuces and the
adjacent fluid is pure conduction. The presence of bulk motton ol the fluid enhances
the heat transfer belween solids and the fluid, but it also complicaics the
deterrination ol heat transfer rates. Consider the cooling of a hot block by blowing
of cool air over its top surface as indicated in figure 2.6%. Energy is first transterred
to the air layer adjacent to the surface of the block by conduction, This energy is then
carried away from the surface by convection. The cffects of conduction within air duc
to random metion of air molecules and microscopic motion of air thut removes the
heated air near the hol surfuce and replaces il by the cooler air, resnlis in convection

effcets.

All materials transfer heat by conduction as their component atoms or molecules
exchanpe energy through collisions. Solids are the most effective conductors of heat.
Although the atoms in a solid have fixed positions, they constantly vibratc and
interact with their neighbours. In hot areas the atoms vibrate more strongly, so the
inieractions tend to pass cnergy to cooler regions resulting in heat flow. Some solids

conduct heat much better than others, depending on the way the atoms are bonded

UNIVERSITY OF CAPE TOWN




57

together. Liquids are generally worse conductors of heat than solids. The interactions

are weaker than in solids and this makes energy transfer less efficient.

DitTerent materials transfer heat by conduction al different rates and this 18 measured
by the material's therma! conductivity. Consider a material placed in between two
reservoirs at different temperatures, as in the indicated in figure 2.7, The flow of
heat through the material over time can be measured. But more practically the heat
flow tate (HFR) through the insulation for a flat surface may be calculated using

gquation 245

DT xA

HFR(in-an-hour)= [Wh| (2.9)

where, DT (K) is temperature difterence across the insulating material and A is the
surface area [mz], The term heat flow in general, refers to the rate at which heat

moves from an area of higher temperature to an area of lower temperalure.

Figure 2.7: Schematic illustration of how thermal conductivity can
be measured™".
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The purpose of any insulating material is to retard heat flow. The term thermal
conductivity is used to express the quantity of heat, which will flow across a unit area
when a temperature deference of one degree exists. Thus, for a given temperature
difference between the reservoirs, materials with a large thermal conductivity will
transfer large amounts of heat over time. Such materials, for example, copper, are
good thermal conductors. Conversely, materials with low thermal conductivities will
transfer small amounts of heat over time and these materials, like concrete, are poor
thermal conductors. For this reason, fibreglass, feathers or fur as insulation have air
pockets and still air is a poor thermal conductor. These air pockets aid in cutting back
on the heat loss through the material. Home insulation is thus a poor thermal
conductor, which keeps as much heat in as possible. Instead of being rated in terms of
thermal conductivity, insulation is usually rated in terms of its thermal resistance (R),
which is defined as:

R= ;:- [mi KW @.2)

where t is the insulation thickness, and k is the thermal conductivity™. Materials
which have a high thermal conductivity have, by definition, a low thermal resistance
and they are poor heat insulators. Good insulating materials therefore should have a
high thermal resistance. In fact, the R-value quoted for insulation is the thermal

resistance.

2.12 THERMAL QUANTITIES

Heat is a form of energy, appearing as molecular motion in a substance or radiation in
space. It is measured in the same units as any form of energy: the SI unit being the
joule (J). Temperature can be considered as a symptom of the presence of heatin a
substance; it is a measure of the thermal state of that substance. This is measured in
the Celsius scale or Kelvin scale. Specific heat capacity of a substance expresses the
relationship between heat and temperature: it is the amount of heat energy that causes

a unit temperature increases for a unit mass of the substance, measured in units of




Jkg'K'%. The most common quantities that are used to describe thermal properties
of insulating materials are thermal conductivity, thermal resistance, thermal
conductance and thermal transmittance’. Thermal conductivity is the time rate of
steady state heat flow (W) through a unit area of 1m thick homogeneous material in a
direction perpendicular to isothermal planes, induced by a unit (1K) temperature
difference across the sample®®. Thermal conductivity which is the k-value is
expressed in W.m'K!. It is a function of the material’s mean temperature and
moisture content. Thermal conductivity is a measure of the effectiveness of a material
in conducting heat. Hence, knowledge of the thermal conductivity values allows
quantitative comparisons to be made between the effectiveness of different thermal

insulation materials.

Thermal resistance is a measure of the resistance to heat flow as a result of
suppressing conduction, convection and radiation. It is a function of the material’s
thermal conductivity, thickness and density. Thermal resistance, R-value, is
expressed in m?K. W™, Thermal conductance is the rate of heat flow (W) through a
unit surface area of a component with unit (1K) temperature difference between the
surfaces of the two sides of the component. It is the reciprocal of the sum of the
resistances of all layers composing that component without the inside and outside air
film resistances. It is similar to thermal conductivity except it refers to a particular
thickness of material. Thermal conductance, U-value, is expressed in W.mK,
Thermal transmittance is the rate of heat flow through a unit surface area of a
component with unit (1K) temperature difference between the surfaces of the two
sides of the component. It is the reciprocal of the sum of the resistances of all layers
comprising that component plus the inside and outside air film resistances. It is often

called the overall heat transfer coefficient and is expressed in W.m?K™" %,
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2.13 PRINCIPAL METHODS OF THERMAL
CONDUCTIVITY MEASUREMENTS

Heater

{1
¥,

Coolant

Figure 2.8: A schematic illustration procedure of how thermal
conductivity can be measured™.

According to the illustration in figure 2.8, thermal conductivity can be defined by the

following equation™:

%
k=_ZA 2.3)
AT AL

where, Q is the amount of heat passing through a cross section, A, and causing a
temperature difference, AT, over a distance of AL. Q / A is therefore the heat flux
which is causing the thermal gradient, AT / AL. The measurement of thermal

conductivity has always involved the measurement of the heat flux and temperature

difference. The difficulty of the measurement is associated with the heat flux
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measurement. The measurement is called absolute when the measurement of the heat
flux is done directly by measuring the electrical power going into the heater. When
the flux measurement is done indirectly through comparison techniques, the method is
called comparative™.

2.13.1 AXIAL FLOW METHODS

Axial flow methods have long established and have produced some of the most
reliable, highest accuracy results reported in the literature. It is the method of choice
at low temperatures. Key measurement issues are mainly centred on a reduction of
radial heat losses in the axial heat flow developed through the specimen from the
electrical heater mounted at one end. The power dissipation of this heater is used in
calculating column heat flux. The losses are minimal at low temperatures. As the
specimen temperature moves above room temperature, control of heat losses becomes
more difficult to eliminate. Of importance are the experimental parameters such as
the ratio of effective specimen conductance to lateral insulation conductance and to
the quality of guarding. Guarding is the match of the axial gradient in the specimen to
that of the surrounding insulation. In practice, only cylindrical symmetry heat transfer

is used™.
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2.13.2 COMPARATIVE CUT BARS

Heater

J

Reference AT, AL;=L

:
I

Sample AT, AL =L

Reference AT; AL,=L

({3
m

Coolant

Figure 2.9: The axial comparative cut bar thermal conductivity
testing method™> .

This is perhaps the most widely used method for axial thermal conductivity testing.
The principle of the measurement lies with passing the heat flux through a known
sample and an unknown sample and comparing the respective thermal gradients,
which will be inversely proportional to their thermal conductivities. In most cases the
unknown is sandwiched between two known samples (the references) to further
account for minor heat losses that are very difficult to eliminate. This type of thermal
conductivity measurement method it is outlined in figure 2.9°% %, If kg in figure 2.9 is
the thermal conductivity of the references, then the thermal conductivity of the
unknown sample can be calculated from:

Q=k, X(A'l%) _ kg x(AzTIi +AT,) 2.9)
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Through mathematical manipulations equation 2.4 resolves to the following equation:

K = kg x(AT, +T,)

25
: 24T, @)

Guarded or unguarded heat flow meter methods involve the use of a flux gauge®” 5.
The flux gauge is very similar, in its purpose, to the references in the comparative cut
bar method. In practice the reference material has a very low thermal conductivity
and can be made very thin. Thermocouple pairs are located on both sides of the
reference material. They can be connected differentially to yield directly an electrical
signal proportional to the differential temperature across it. This type of flux gauge is
mostly used with instruments testing very low thermal conductivity samples, such as
building insulations. In a similar fashion, flux gauges can be constructed from a wide
variety of materials, thick or thin, depending on the material’s thermal conductivity.
Common requirements for all flux gauges are that the material used for the measuring
section be stable, not affected by the thermal cycling, and the gauge be calibrated by
some method independently. A very large variety of testing instruments use this
method.

2.14 MECHANICAL TESTING

All materials require some degree of standard testing to ensure the proper execution
for the desired application. There are various standard test methods introduced to
determine the mechanical behaviour of insulating materials. This section will briefly
discuss some of the test methods mostly used. The methods include three-point
bending testing, compression testing, and creep testing. These methods are employed
in industry to develop mechanical property data mainly taken over a short period of
time at standard temperature and strain rates.
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2.14,1 THREE-POINT BENDING TESTING

Crosshead movement

[ | Specimen

>
>

Slidmg support
Sl # (o adjust span)
i i
span Set screw

(to fix span)

Figure 2.10: Lxperimental set-up for the flexural test illustrated
schematically, where the test speed is 5 mm/min®.

The three-point bending testing intreduces flexural stresses onto the test samples.
Therefore materials are subjecied to flexural testing in order 1o determine the
mechanical behaviour.  Puring the three-point bending testing the material
experiences both compression and temsile forces™. The test specimen used is a
reetangular bar, which is placed on fixed supports near each other. The load is
applied from (he top at the middle of the speeimen (sce figure 2.10°%. [n the threc-
poinl bending test the flexural stress (o), deflection and the tlexural modulus (F) of
the material can be determined. The follewing equations are used to calculate these
paramcters™. The top part of the specimen is under compression and the bottom parl

i= under tension.

_ (3¥FL)
= -(ZL'-T) Flexural Stress (2.5)
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E= D Flexural Modulus  (2.6)

where, F. L, b, d and D arc the load, supporl span, specimen widih, spectmen
(hickness and deflection at the centre of the beam (see figures 2.10 and 2.11%"),

respectively.

Flexural propertics are important in assessing the resistance of malerials to bending.
I the load recorded corresponds to the wvalue at which failure occurs, then o

corresponds to the Nexural strength®'.

Figure 2.11: Schematic drawing showing the maximum deflection during
flexure .

2.14.2 COMPRESSION TESTING

The compressive strength of a material is the compressive force per unit area that it
can withstund without (ailing. Thos 1s 10 contrast to the more commonly measured
tensile strength, ASTM 1D 695 13 the most commonly used lest method. Figure 2.12

shows the test geometey®”.
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Figure 2.12: The test peometry of ASTM D 695 for compressive strength
testing represented schematicall}'“‘

The compressive vield strength is the stress measured at the point of permanent yield
where the slope is zero. on the stress-strain curve. The ultimate compressive strength
is the stress required to rupture a specimen. Materials such as most plastics that do
net rupture can have their results reported as the compressive strength at a specilic
deformation such as 1%, 5%, or 102 of the sample’s original height. The
compressive strength is caleulated by dividing the maximum load by the eoriginal
cross-sectiongl areag of a specimen in a compression lest. Polysiyrene, as g commaon

insulating material, has a compressive strength of around 70 kPa®™ .

2.14.3 CREEP TESTING

A crucial challenge when designing products to be made from polymeric materials is
the prediction of performance over long periods of time. The amount of deformation
after short or long term loading has to be known reasonably accurately in advance, ie
at the design stage. During leng term service, creep and stress relaxation are the main
deformation mechanisms that is of concern. Creep is particularly common in
polymers. Creep occurs when a force is conlinuously applied to a component, causing
it to deform gradually. 1'or pelymers, the delayed response of polymer chains during
deformatiens is the cause of cregp behaviour, It a load is slowly applied to a

polymeric hody, the chains in the polvmer have time to unfold and stretch.
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Deformation stops when the initially folded chains reach a new equilibrium
configuration (i.e. slightly stretched). This deformation is recoverable after the load is
removed, but recovery takes place slowly with the chains retracting by folding back to
their initial state. The rate at which polymers creep depends not only on the load, but
also on temperature. The temperature at which a polymeric body is loaded is very
important with respect to its mechanical behaviour. In general, a loaded component
creeps faster at higher temperatures®,

2.15 ECONOMICS OF INSULATION

Insulation can be considered as a long term investment with associated financial
benefit, following a relatively short initial payback. There are number of computer
programs available to aid in selecting the most economic insulation thickness. The
thickness provides the highest insulation value for the lowest cost. Economics is the
primary concern in evaluating investment alternatives. When applied to an insulating
system, economics can be used mainly to establish the following items.

e Evaluation of two or more thermal insulating materials for the lowest cost for a

given thermal performance.
e Selection of the optimum insulation thickness for a given insulation type.

Knowing the value of heat energy, the cost of lost heat at the various thicknesses can

be determined by the equation:

R L =HFR xRy @7

where RL (R,) is the Rand loss per unit area and Ryye is Rand per unit of heat
energy™. HFR is the heat flow rate through an insulating material.
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2.16 FIRE TESTING OF POLYMERIC
MATERIALS

When thermoplastics and elastomers are exposed to external or internal heat fluxes,
they generally undergo softening and melting. This is followed by the release of
vapours to the environment without significant surface charring. When thermosets
are exposed to external and internal heat flux in a fire, they generally result in surface
charring and form a combustible or a non-combustible mixture, depending on the
chemical composition of the polymer vapour™. The polymer vapours generated
during exposure to fire mix with air and form a combustible or a non-combustible
mixture, depending on the chemical composition of the polymer vapours. As the
polymer vapour-air mixture come into contact with the hot surface or the flame, the
combustible mixture ignite and a flame is established at the surface, while the non-
combustible mixture does not ignite. The establishment of the sustained flame at the
surface is termed ignition. After ignition, the burning polymer continues to generate
vapours, whereas the non-combustible mixture continues to release vapours without
burning. The two processes are called flaming and non-flaming combustion,

respectively®.

The polymer surface location for ignition and the establishment of a sustained flame is
defined as the ignition zone. The sustained combustion extends beyond the ignition
zone if the heat flux from the burning polymer is of sufficient magnitude to ignite the
polymer surface ahead of the flame front. The continuous extension of the sustained
combustion on the polymer surface is defined as the flame spread. The release of
heat, smoke and combustion and charring of the polymer in the flame is called fire
propagation. Under all three fire stages of ignition, combustion and fire propagation,
heat and products of complete and incomplete combustion are released into the
environment around the fire periphery. The release of heat in the fire is responsible
for thermal hazards and the release of complete and incomplete combustion and
polymer vapours are non-thermal hazards®.
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CHAPTER 3

EXPERIMENTAL METHODS

3.1 INTRODUCTION

This chapter outlines all the experimental methods used in this research project. The
South African thermal insulating material market was examined by evaluating various
thermal insulating materials. The recycled streams were also considered for possible
raw materials that could be used to develop low-cost thermal insulating materials.
Several mechanical tests where conducted in order to carry out the objectives of this
research work. The developed expanded polyethylene foam (EPEF) and recycled
polymer slab (RPS) samples where subjected to flexural (three-point bend), creep,
liquid water, water vapour permeability, flammability and compression tests. A
temperature comparison test and thermal conductivity determination were conducted
on both the EPEF and RPS samples. The SEM (scanning electron microscope) was
used to reveal the micro and macro structures of the samples and some of the already
exciting thermal insulating materials on the South African market. Optical
microscopy was only used on RPS samples. This chapter is aimed at providing the
reader with an understanding as how the results of this research work, outlined in
chapter 4, were obtained.
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3.2 REVIEW OF EXISTING INSULATING
MATERIALS

The South African thermal insulation market was studied to look at the thermal
insulating materials available to local household communities and the industrial
sector. This was done by visiting the Building Centre in Cape Town and obtaining
the products from insulating companies that had their products displayed.

3.3 RECYCLED MATERIALS SELECTION

3.3.1 INTRODUCTION

Different polymer based materials were evaluated for the purpose of the research
project objectives. Recycled glass wool, recycled polymeric container bottles (e.g. PE
and PP), recycled foamed polyethylene and recycled rubbers (tyres) were the
materials considered. In considering the thermal insulating material, factors such as
the method of production, assembly and the requirements for the end users were taken
into account. Apart from the insulating properties, the most important consideration
in developing the low-cost insulating materials is of course cost.

3.3.2 EXAMINED MATERIALS

Approximately 360 tons of scrap glass wool is produced each year during the
manufacture of glass wool insulation. This scrap is available free of charge from the
manufacturers’. The thermal properties, fire retardant, UV-resistance, and low-
density of these materials are all very attractive. Glass wool was not chosen for this
project since glass wool irritates the skin upon contact, it cannot be used in an
exposed application, and it provides no waterproofing and above all the technology
upon upgrading it to a low-cost thermal insulating material has been proven to involve

expensive binding resins.
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Roughly 600 000 tons of used tyres are produced in Belgium, Germany, France,
Luxembourg and the Netherlands on a yearly basis. These tyres are either dumped in
landfills, or burnt in power stations as a coal supplement’’. The latter however, has
caused a loud outcry from environmentalists, and increasing pressure from various
environmental groups is likely to put a stop to this practice. A possibility also exists
that an environmental tax may be placed on tyres in Europe. This tax would then be
used to process tyres at the end of their lifetime®”. Tyres could thus easily be
imported from Europe using the environmental tax. These tyres could then be
processed into a base material for insulation at the expense of the original buyer.
Studies have shown that rubber is an effective domestic insulator, and it is both UV-
resistant and waterproof®®. The major drawback of rubber (tyres), however is that it
requires binding agents in its base form, which is quite expensive. The high density
of a rubber compound could pose a problem for the flimsy structure of a RDP

houses>.

There is a large quantity of recycled polymeric bottles in the South African recycled
sector. These used bottles include mainly PE and PP and they can be easily collected
from the recycled facilities all over South Africa. Sondor industries (Pty) Ltd. is a
company that produces expanded polyethylene foam (EPEF), ethylene vinyl acetate
(EVA), closed cell rubber and foamed plastic. The company’s polyethylene off-cuts
were mainly used in the developed insulating materials®. The recycled
polypropylene and polyethylene bottles and tops were chosen from other recycled
polymeric materials, as they can be inexpensively collected from the recycling
structures. The EPEF samples were also selected for this research project. The
insulation kit (polyester and gypsum board) was chosen as a standard insulating

material,
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3.4 PRODUCTION OF SOLID POLYMERIC
SLABS

'The sclected recycled polypropylene and polyethylene boitles and tops were
granulated to finc particles at Plastamid (Pty) Litd. in Cape Town. The rcactor that
was built in the Centre for Materials Lngincering {CME) was modified for this
purpose.  Fipure 3.1 shows the final reactor that was to be uscd whilst figure 3.2
shows a picture ol the mould. The granules were fused to form a compacted siab
using this rig. The components in figure 3.1 are: (1) temperature controller {2}
heating clements (3) mould {4) and (5) basc and top metal blocks (6) and (7} cooling
pipes on base and top blocks (8) pressurc applying biock (9) hydmulic press (10)
pressute gauge {11) pressure applying lever. The detailed procedure of using the rig

to produce the slabs is outlined in Appendix [.

P

Figure 3.1: Thotograph showing the rig used ro
produce the solid recycled polymer slabs,
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Figure 3.2: A photograph showing a closer view of
the mould.

To see if the rig was working properly, the PT* {virgin polypropylene) was fused in the
mould of the rig following the procedure in Appendix I The produced slab of PP is
shown in figure 3.3. Slabs were then produced from granulated recycled PP and PE
bottles and tops. The slabs where produced by using a mould temperature of 80 °C
for a period of 30 minutes. The slabs were further laminated with two layers of

fibreglass on both sites.

; R R N
- 175mm >

Figare 3.3: Photograph showing a sintered polypropylene slah.
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3.5 THERMAL PROPERTIES

351 TEMPERATURE COMPARISON TESTING

gl ¢

Figure 3.4: Pholograph showing (A) the front view, (B) top view of the
inside of the roof and {C) top view of the inside of the two rooms.

The hot box that was built in CME was used to compare the samples with a standard
insulating kit. The standard insulating kil is a combination of Isotherm’s thermal
msulating material and gypsum board. The [sotherm thermal msulating malerial is
made mainly of polyester. The hot box was constructed using wood and Perspex.
Three thermometers and two 60 W light bulbs were used. Figure 3.4 show the two
rooms of the hot box. The ambient temperature was not controlled during this

cxperiment and it was varied between 20 and 25 °C.

In figure 3:4 A is the front view of the entre bot box, B is the roof with two light
bulbs and C is the two separated rooms. The procedure for operating the hot box s
cutlined in Appendix II. The temperaiure comparison lest was conducted for all the
insulating material samples. This was done by firstly leaving the roof of onc room
un-insulated while the other room was inzulated with the standard insulating kit. This
was followed by placing the insulating material samples in the ceiling, and comparing

the temperature curve with that of the standard insulating kit.  The eguivalemt
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temperature for cach room was noted for every 15 minutes. These comparison tesls
were conducted three times for each of msulating material samples and the average

recorded.

3.5.2 MEASUREMENTS OF THERMAL
CONDUCTIVITY

To measure the thermal conductivity of the insulating malerials samples, a thermal
conductivity testing rig was built in the CML. The instrument was constructed based
on the comparative cut bar (ASTM L1225 Test Method) method. Figure 3.5 shows
the therma! conductivity measuring rig. The thermal conduetivity of cxpanded
polystyrenc was measurcd in order to detcrming if the rig was working properly which

was then compared to its known thermal conductivity value from literature.

4 ;
s E—
! - e \I
.,
b

Figure 3.5: Photograph showing (A) sicp-lown voitage converler, (B}
programmable voltage and temperature controller (Rex-P90), (C) aluminium
heat sink, (D) specimens holder. (E) portablic hybrid recorder (Model 3087),
(F) heating element holder, (G) heating clement, and (H) top view ol
specimen holder.
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The step-down vellage controller reduces the 240 volls input from the mains to 80
volts, which is suituble for the Rex-P90 to control the heating element within the
required range. The Rex-P90 is programmed to supply the heating element with
power to reach a temperature of 80 °C in five minutes. After live minuies has
clapsed, the Rex-P90 allows the temperature of the heating clement to be between 79
°C and 81 "C by switching the power supplied to the heating element on and off for a

period of thirty minutes.

Thermocouple 1
i

Reference malerinl

BlGh

Thermacouple 2
—f L 4y

Sample material

o
e NERH N
<l
a
&

Gl 130 i Beference material

I b i et

|
Thermocou

PI&,’_EL.E_ e ﬂ‘gc j

S

Figure 3.6: A schematic illustration of the copper tube specimen holder
showing positions of the thermocouples, reference and sample materials
and the heating element {hcater).

After thirty minutes has clapsed, the Portable hybrid recorder reads and prints the
temperature in four different points on the specimen holder. Figure 3.6 shows the
positions were the thermocouples are placed on the copper tube specimen holder. Al
the dimensions in figure 3.6 are in mm. The Portable hybrid recorder uses K-type
thermocouples to read the temperature. The Rex-P90 switches off the power to the
heating clement afier the temperalures are recorded by the Portable hybrid recorder,
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The heating element is placed al the bottom of the specimen holder. into the hollowed
copper tube so thal it can introduce heat to the specimens that are placed above it.
The aluminium heat sink is placed at the top of the specimen holder to encourage the
heat to move upwards through the specimens. The specimen holder has three
difterent parts, the high thermal conductivity copper lube (specimen holder) at the
ingide, non-flammable Acrolite thenmal insulation blanket in between and PVC
{polyvinylchloride) on the outside. The Aerclite thermal insulating material has a
thermal conductivity of 0.040 W.m” K" and it was used as a reference material. The
thermal blanket is used reduce the radial heat toss by insulating the copper lube.
Three sels ol temperature measurements where performed for each sample und an

average calculated o give the thermal conductivity of the insulating material sample.

3.6 MATERIALS USED

The thermal insulating materials samples used together with those developed for the

research purposes were:
+ Sapex's EPS (expanded polystyrenc).
» Tsotherm’s polyester thermal insulaling material,

o Sondor’s developed cxpanded polyethylene foam (SPX25, SPX33, SPX33FRA.
SPX45 and SPX80). The two digits in front of the SPX- represent the density
(kg.m™) of the sample and SPX is the trade name used at Sondor (Pty) Lid.

s Polypropylene and polyethylene fused solid stabs (reeycled polymer slabs).

3.7 SCANNING ELECTRON MICROSCOPY

The thermal insulating materials samples collected together with those developed

were examined under the SEM. The matenials include:
s Sagcx’s EPS (expanded polystyrenc).
+ |sotherm (polyester).

+ EPEF samples (SPX25, SPX33, SPX33FRA, S5PX45 and SPXR()
LMNIVERSITY OF CAPE TOWN




78

s Polvpropylene and polvethylene fused solid slabs (recycled polymer slabs),

A LEO STEREOSCAN 440 SCM operating at an acceleration voltage of 10 kV was
used to quantify the cells and their spatial distribution. This analvsis was carried out
on crvogenically fractured surfaces. In prepaning samples lor the techmique,
specimens were first mounted on aluminium stubs. Belore analysis, the samples were
sputter coaled with a gold / palladium mixture for 10 minwmes to render (hem

conductive.

3.8 PHYSICAL PROPERTIES

3.8.1 WVP AND LWP TESTS

WVP (water vapour permeability) and LWP (liquid water permeability) tesis on the
insulating materials were performed in the Wood Science Department at Stellenbosch
University. The water vapour permeability {WVP) of the materials was measured as
miass increase per exposed square metre, aller exposure of one side ol the sample 10 a
00 % RH atmosphere for 7 days. The test areas were 204 em’. Ligquid water
penmeabilily (LWP) was measured as mass increase per exposed square metre after
exposure of one side of the sample to a liquid water for 24 hours. The Lest areas were

200 em’ und all tests were done at 25 °C.

3.8.2 FLAMMABILITY TESTS

The (lammability tests for the EPEF und RPS samples were performed by CSIRO in
Australia. The cone calorimeter, as depicted schematically in figure 3:7, was used to
examine the fire retardant performance of all the samples. By observing (he change in
the fire parameters measured during this test, the fire retardant effectiveness of the
materials was determined. Parameiers that were considered in this test included the

lollowing:
o Effective heat of combustion in MIkg™,

¢ Ratio of C(O 10 CO: (based on weight of the material burned).
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o Heat release rale in kW.m™.
o Mass loss rate in %.5™".
» Rale of smoke formation in em’.s™.

The effective heat of combustion (EHC) is a measure of the efficiency with which the
emitied gaseous products are combusted. A lower EIIC indicates a less efficient
combustion process in the gas phase, suggestivg a better flame retardant. The heat
release rate (HRR) is ome of the mosl important parameters for characlensing the
material’s [ire behaviour. 11 is an indicator for the rate of fire growth and the intensity
of the fire. A more effective fire retardant has a lower HRR. A high production
smoke rate (RFS}) may be used an indicator of uncompleted combustion of volatile
products. The CO to C{; ratios may be consulered an indicator of the degree of
efficiency of the combustion processes. A bigh CO with respect 1o CO; confirms an

inefficient combustion.

——l- %—FTD'SIEI'LIJDEF
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flow meter r_L_

Termgeralure Moniiy ———(

Certrifugal fan E ?
Temperature momtor J

D Lager Siroke mgnitor

|_:'I'II'|[E'|'

Figure 3:7. A Schematic representation of a Stanton Redcroft cone
calonmeler used by CSIRO to perform the fire tests,

A Stanlon Redeoroft cone calorimeter was used in accordance with TSO 5660-1, Under
the standard conditions, the sample dimensions were 100 mm X 100 mm with a

thickness of 6 mm and were contained within an aluminium tray daring the lesling,
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The aluminium tray was taller on the sides than the tray specified in IS0 3660-1 to
ensure of the entirc specimen and mass loss was only via volatilisation and
combustion. The specimens were posttioned horizentally on the load cell wathin the

cone calorimeter and tested at a heat Nux of 25 KW.m™. The other variation 1o the

standard was the use of a radiation of 25 instcad of 50 kW.m™'.

3.9 ECONOMICS OF INSULATION

3.9.1 ECONOMIC INSULATION THICKNESS

‘The thickness of insnlation can provide the highest insulation value. As a result of
this a cost analysis was conducted on the expemmental thermal insulating material
samples, A cost analysis was done to determine the opiimum thickness with the
lowest energy lost for the thermal insulating materials under investigation. This cost
analysis, which is based on thickness, R-value and thermal conductivity, helps to
cvaluate the insulating material for the lowest cost [or a given thermal performance.

As a result the optimum insulation thickness will be sclecled for given insulation iype.

Fquation 2.1 in chapter 2 was used to calculate the heat flow rate (HFR), which is the
cquivalent of the heat loss through an insulating material. Equation 2.2 was used 1o
calculate the thermal resistance (R-value). The charge rates of Eskom were used in
calculating the Rand loss per unit arca (RL) {cquation 2.7 for the insulating matenals,
‘The caleulation was done on all the EPEF samples and the RPS insulating materials,
The EPS thermal insulating material from Sagex was al=o cvaluated. The last audited
average price thai Eskom charged was 16,08 cents(c) / kWh in 2003, The price in
2005 should be around 2.5 % higher, putting it around 16.5 cent (c).kW 'h”, where
kWh is kilowatt hour™.

A recent study that was conducted indicated that the most acceplable indoor
lemperature was found (0 be around a temperature of approximately 301.5 |G

The study showed that the mosi common maximum ontdoor temperalure Is
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approximately 32 “C (305K} in regions around (Gauteng provinee (South Africay™.
The difference between the indoor and outdeor temperanure values (D) of the house

was aboul 3.5K (305K-301.5K).

3.10 MECHANICAL PROPERTIES

Several mechanical tests were conducted at rcom temperature to determine the
mechamcal propertics of the insulating matenals samples. ‘The insulating materials
samples were subjected to flexural, compression and creep testing.  The flexural test
and the compressive tests were conducted at the Centre for Materials Engineering,
while the creep test was conducted at the Stellenbosch University Wood Science

Department,

3.10.1 COMPRESSION TESTING

Figure 3.8: Photograph showing the grip setup for the
compression test on the ZWICK Universal lensile machine.

The Universal ZWICK tensile tester was used for the compression testing by using
suitable compression tesiing grips. The grip set up is iHustrated in figure 3.8. In

figure 3:8 the arrow points to the position where the specimen is placed during testing.
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The dimensions of the EPET specimens used for these tests were 25 mm X 34 mm for
the diameter and thickness, respectively. For the recycled polymer slab the thickness
used was 14 mm and the diameter was 27 mm. The ASTM standard N-695 was used
for conducting the compression tests, Ten specimens were tested for each type of
material. The test speed was set to 0.05 mm/min. Ten samples were done for each

material.

3.10.2 CREEP TESTING

Creep testing on the insulating materials was performed in the Wood Science
Department at Stellenbosch University. Creep was measured as the downward
deflection (in mm) of the cenire of a 30 mm X 30 mm board due to a 200 g weight
aced at that centre point for a period of 14 days and under RH of 100 %5, The tests

were conducted at 25 °C.

3.10.3 THREE POINT BEND TESTING

Figure 3.9: Photograph showing a the grip set up on the
Universal ZWICK (ensile tester machine for the three-point
bend testing of samples.

The Umversal ZWICK tensile tester was used for the three-point bend tests by using
suitable three-point bend flexures as shown in figure 3.9. The ASTM standard D
3023 was used for conducting the three-point bend tests. This test was used 1o
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determine the mechanical properties of the materials subjected to flexural forces. The
dimensions of the EPET specimens used for thesce tests were 800 mm X 100 mm X {8
mm for the length, width and thickness, respectively. The recveled polymers slab
thickness was 14 mm and that of the gypsum board was @ mm. The test speed was set

at 3 mm/min. Ten specimens were donc for cach material.

3.11 INSULATING MATERIAL PROPERTIES

There are few companies in South Africa that are involved in manufacturing and
distributing of thermal nsulation materials. These companies include Aerolite
(ceiling insulation), Sagex (Pty) Lid., Insulation Solutions (Ply) [td., Nampack 1. &
CP {super Sisalation”), and [sotherm (Pty) Lid. (thermal roof insulation),

3.11.1 AEROLITE

Table 3.1: The thermal and physical properties of
Acrolite thermal insulating material”'.

Maise
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Aerolite thermal insulating matertal is made from pure spun glass that is bonded with
an inert thermosetting resin, 1t reduces heat flow by up to 87 %6 and it can lower the
temperature in summer by up to 5 "C. It is a non-combustible material that conforms

lo SABS D177 part V and SABS 0177 part 11l (class ). Aerolite can easily and
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incxpensively be installed in both existing or new homes and buildings as ceiling

insulation. Table 3.1 tabulatc the properiies of Aerolite thermal insulating material .
3.11.2 SAGEX

Tahle 3.2: ‘The thermal, mechanical and physical
properties for Sagex EPS 16Dy and 24D thermal

insulating material™.

Grade
SRR 16D 24D
Density (kg.m™) 1517 22-26
Thermat ;:::ltl:uf;v:jn at 10°C W0ie i\
Compressive strengih (kPa) RS 178
Tenstle strength {LPa) 20 30
Water absorption (% Yel) V50 L5 1510 1.5
Tem peratere limits in °C 150 to &0 -150 to R

Sagex (Pty) Lid. has four different thermal insuvlating products.  All four products
have expanded polystyrene (EPS) as the core malerial. These four different thermal
msulating materials are EPS, Megaspan, Kulite and Koolspan™. The Sagex’s EPS is
a polymerised styrene and is produced from benzenc and  cthylenc. The
polymerisation is accomplished in the presence of catalysts vsing organic peroxides.

The thermal and physical propertics of Sagex EPS are tabulated 1o lable 3.2,

Megaspan is an insulated roof panel. The standard Megaspan panel comprises ot a
wide span metal roof sheet bonded to a core of 16 lcg.m'3 Sagex EPS, finished with a
chromadek steel cciling board. The overall thickness of Mcepaspan is 79 mm with 50
mm of EPS and has a mass of 10.5 kg per square meter.  This whole Mepaspann
component has an average R-value of 1,712 m> KW', Kulitc is a rigid laminated
insulation board consisting of a core of Sagex MMame retardant EPS, faced on both
sides with a varicly of combinations of reflective aluminium foil, lacguered foil, and
vinyl and bituminised kraft paper. Kulite is resistant to both moisture and most acids

and alkalis found in normal environmenis . Koolspan insulated ceiling panels arc a
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derivalive of the Megaspan range of composite insulated roof panels. It consists of an
EPS sheet laminated to a ceiling board. The overall ihickness of Koolspan is 34 mm
with 30 mm of EPS and is has a mass of 6.4 kg per square meter. This whole

Koolspan component has an average R-value of 0.855 m*.K W™,

3.11.3 ISOTHERM

Isotherms thermal roof insulaiion 1s made from 100 % polyester. [t 1s safe and easy to

install in roofs. Table 3.3 list the Isotherm performance data™.

Table 3.3: [sotherm insulating material performance data™.

Thermal
: A Reduaction in Resistanee Maoise Heduction
T':{':I':‘:““ [1:‘““‘?]'_?) Hest Flow (mK W | Coefficient NRC Value
) E: {Downwards) {as tested by | (asfested by the SABS)
the SABS)
4l 14 6% {h1% 1%
S0 10 e 110 14
T 14 TR% L.63 H
1H) L] BI% 220 ]

3.11.4 INSULATION SOLUTIONS CC

Aluminium Foill ~
Polyethylene Elim
Woven Fabric

Fire Ratardant Lambnats
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Figare 3.10: lllustration of a cross-sectional view of the
Polyminium 202 insulating material™,
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Polyminium 202 is a reflective foil insulation product that is supplied by Insulation
Solutions (Pty) Ltd.™, Polyminium 202 is a light. super strong roof, waterprooting
and dust proofing buildings. It is a double sided retlective foil with super strong
woven polyethylene reinforcing as illustrated in figure 3.10.  In the longitudinal
direction Polyminuim has a tensile strength of 12.2 kN.m™ and in the transverse
direction it has a tensile strength of 8.9 kN.m™'. Its thermal resistance (R-value) is 1.4
m  K.W™.

3.11.5 NAMPAK L & CP (SUPER SISALATION®)

—# Aluminium foil
# Polyethylene
* Reinforcing scrim
— o Kraft
¢ Polyethylene
8 Aluminium foil

Figure 3.11: Illustration of the Nampak L & CP (Super
Sisalation®) 400 industrial prade ™.

Nampak [. & CP (Super Sisalation™) manufacture and distribute four different thermal
insulating materials. Their products are all based on the principle of reflective
insulation. Super Sisalation® is a reinforced aluminium foil insulation material, made
from a lamination of alumimium ftoil, Krall paper. reinforced synthetic fibre and
polyethylene. It is used in factories, warehouses. schools. hospitals and commercial
and residential dwellings. Super Sisalation” reduces heat gains in summet and retains
heat losses in winter, The material also acts as a waterprooling membrane when used
under roof tiles. Super Sisalation™ has a high light reflectivity. When installed in
industrial building as an exposed internal roof lining, the reflectivity of the ceiling is

increased by up to 40 9475,
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CHAPTER 4

EXPERIMENTAL RESULTS

4.1 INTRODUCTION

This chapier presents the results of all the experiments outlined in chapter three. The
resulis obtained from temperature comparison tests are included. Mechanical and
physical testing results are presented. Macro- and micro-structural investigations
rcsults are also presented. The results from constructing the thermal conductivity
measuring device are also oullined in this chapter. The thermal properhies of existing
thermal msulaling malenals are then comparcd with the thermal insulating matenals
developed during the rescarch.  This comparison will indicate which devcloped
thermal insulating matcrial could feasibly be sclected for low cost housing

applications.
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4.2 MICRO- AND MACRO-STRUCTURAL
ANALYSIS

4.2.1 POLYESTER (FROM ISOTHERM)

Figure 4.1: 5EM image showing the structure of the fuscd fibres

of the polyvester insulaiing material obtainable from [sotherm.

Nofe the porous nature of this material.
The SEM micrographs in figure 4.1 show the polyester tibres and the numerous air
spaces belween the polyester fibves. ‘The micrographs show clearly white 100 %
polyester fibres that weore thermally bonded from long organic chains of synthetic
polymer fibre. It is apparent from figure 4.1 that the air gaps play a significant role in
the low thermal conductivity of this material.

4.2.2 EXPANDED POLYSTYRENE (FROM
SAGEX)

Figure 4.2 show the closed cell cxpanded polystyrene microstructure at two differcnt
magnifications. The microstructures in figure 4.2 also shows the bonding between the
polystyrenc beads. This foamed microstrueture in figure 4.2 reveals clearly how air
can be trapped within the closed cell structure of expanded styrene. Collisions within

the pas molecules are reduced significantly by this form of microstructure.

UNIVERSITY OF CAPE TOWN 6
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Figure 4.2: SEM images showing (A) Sagex’s expanded polysiyrene
closed cell microstructurcs structure and (B3) the microstructure at differcnt
magnilication.

4.2.3 RECYCLED POLYMER SLABS (RPS)

Figure 4.3: The photograph showing the produced recyceled polymers
slab without the woven glass libres rcinforcement.

The rig described in section 3.4 of chapter three was used lo produce the polymer
slabs oblamed by fusing logether granulated polymer particles. Figure 4.3 shows a
picture of such a recycled polymer slab (RPS).  Figure 4.4 shows a higher
magnification optical microgruph of the produced RPS, without the glass [thre
reinforcement. It is apparent from figure 4.4 that the granules of recycled PP and PF
have been bonded together, but bonding is not fully attained. Therefore the granules
can be easily removed from the solid slab by ubrading it against another surlace.
Woven glass fibres were laminated on the solid slab 1o prevent this disintegration of
the granulates from the slab and o improve the mechanical swrength to the RPS,
Figure 4.5 shows this laminated solid slab and a higher magnification micrograph is
presented in (igure 4.6,
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Figure 4.4: An optical micrograph showing the recycled slab
morphology without the woven glass Dibres reinforcement.

Figure 4.5: Top vicw of the produced recycled polymers slab
laminated with two layers of glass fibres on the top and bottom fuces.

_-1 - jll.r F 3mm

Fiure 46: An u;ptica] micrograph  showing  the
morphology of the reeyeled polymers slab with the
reinforcement of the woven glass fibres.



N

Figure 4.7: SEM micrograph of the recyeled polymer slab
showing the glass Iibre + resin area {A) and an ar¢a ol
granulates (B).

2 |

Figurc 4.8: SEM micrograph of the recveled polymer
slab showing the bonding between granulates.

The SEM micrographs in figures 4.7 und 4.8 itlustrate the morphology of the recycled
polymer solid slabs at a microscopic level. The letter (A) in ligure 4.7 indicates the
area ground the surface of the slab where the glass fibre. thermosetling resin, and
granulates bonds together, while (B) indicates the area of the polymers (PP and PE)
granulates bond as a result of heat applied during the fusion process. This s more
clearly illustraied in the optical micrograph in figure 4.9. 11 is apparent [rom the two
micrographs that the polymer granulates did not melt during the process of fusion, but
only softened und bonded as they were cooled. It is also noticeable in figure 4.9 that
the type of bond formed between the granulated polymers had resulled in a tormation
of structure that has air spaces between the polymer particulates. Hence air is
separated in these polymer slabs structures and there is a sigmificant reduciion in gas

molecule collision.

UNIVERSITY OF CAPE TOWN



Figure 4.9: Optical micrograph of the recyeled polymer
slab picture showing the glass [ibre and resin area (A) and
(B) the area of granulales.

42.4 EXPANDED POLYETHYLENE FOAM
(EPEF) SAMPLES

Figure 4.10: SEM images showing the closed-cell foamed
microstructure of (A) SPX25, (B) SPX33. (C) SPX33FRA, (D)

SPX45 and (L) SPX80.
UNIVERSITY OF CAPE TOWY E
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SPX, in gencral, is a closed cell, crossed-linked expanded polyethylene foam (EPET).
The SEM imapcs in figure 4.10 illustraie the morphology of the LPET with respect to
their different densities. The numbers at the cnd of the letters "SPX™ signify the
density {kg.m'j} of the material. A closed cell foamed structure can be observed in all
of these micrographs in figure 4.10. These closed cell microstructure indicates that air

is easily trapped in this cell prevenling maximum colhisions between gas molecules.

4.3 THERMAL INSULATION PROPERTIES

4.3.1 RELATIVE TEMPERATURE
COMPARISON TESTING

The temperature comparison test was chosen to compare temperatures obtained form
the two chambers in the hot box. The standard imsulating kit polyester (oblained {from
Isotherm} and gypsum board 1s placed in the roof of the onc chamber while the
various insulating malerials samples under investigation arc placed in the other
chamber. The temperature comparison tests were conducted on all samples viz., the
recycled polymers slabs {RPS), and 4l of the Sondor crossed linked EPEF {expanded

polyethylenc foam) samples.

4.3.1.1 Recycled Polymer Slab Results

The praphs in figure 4.11 show a gradual increase in temperature as a function of
time. Temperature {in deprees Cclsius) 15 plotted against ime (in minutes). It is
appareni from figure 4.11 that there is a signilicant difference in temperature between
the curve of the roof. un-insulated room whilst the curves for RPS sample and
standard insulation kit are similar. The difference increases slightly as temperature
increases with time, It is clear from figure 4,11 that the temperature riscs rapidly in
the roof. followed steadily by that in the un-insunlated room. The temperatures of the
room insulated with the standard insulation kit and that insulated with the RPS sample
were below 30 “C for the duration of the test (figure 4.11).
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Recveled Polvmer Slab Temperuture Comgrarision Test
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Figure 4.11: The graphs of the temperalure vs. time of the thermal insulaling
material samples (RPS) compared wilh temperature profile of the siandard
insulation kit {[sotherm + Gypsum board).

Recyeled Polvmers Slab Te mperature Comparision Test
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Figure 4.12: Bar chart representation of the “equilibrium’ temperaiures for the

thermal insulating material sample (RPS) compared to the standard msulation kit

in temperatures between the two. [t is also apparent from the bar chart graphs

LNIVERSITY OF CAPE TOWN

There 15 a small difference in the “equilibrium’ temperatures between the RPS and
standard mmsulation kit (8TK), This is apparent 1n the bar chart graphs of figure 4,12,
The roof temperature reached the highest of approximately 71.4 °C on average
followed by approximately 40 "C for the un-mmsulated room. The RPS room
lemperature is around 26 °C and the standard insulation kit s at around 25 °C. The
bar chart graphs for the RPS samples also shows that the error bars for the insulated

and un-insulated room do not overlap indicating that there is a significani difference
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figure 4.12 that the RPS and SIK had significanily reduced the temperature of the

rooms they were insulating, Al this temperatures are the maximum values of the test

at steady slate.

4.3.1.2 Sondor EPEF Samples

500 R P TR L T TR
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15140 -t . . . . -
1} 15 31 a5 & 7% A4 las 120 L3 150 168 10 19K 144
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Rewal S e Un-insulated .
Istherm (51 mm) + Covpaam (% mmy = = =SPXI5 I8 mmj
SPX33 (13 mm) — = SPXAAFRA (1N inm)
SEX45 (18 unm} SPXEQ (1% mm)

Figure 4.13: Temperature profiles of the thermal insulating material sample
(EPEF [18mm)]) compared with the standard insulation kil temperature profile.

The graphs in figure 4.13 and figure 4. 14 shew the rise in temperature as a tunclion of
time for the EPEF samples with thicknesses of 18 mm and 34 mm, respectively.
Temperature {in degrees Celsius) is plotted against time (in minutes). H is noticeable
from figure 4.13 and figure 4.14 that there is a significant difference in temperature
between the curve of the roof, the un-insulated room, and the curves for the EPEF
sample and the standard insulation kit materials. It is also clear from figure 4.13 that
the temperature in the roof and un-insulated rooms rises rapidly and then levels off.
The temperatures of the room insulated with the standard insulation kit and all of the
EPEF samples, managed Lo stay well below 30 °C for the duration of the test.
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Figure 4.14: Temperature profiles of the thermal imsulating material sample
(EPEF [34mm)) compared with the standard insulation kit temperature profile.

&l

£
=

I

Roal Lrinsulage Hiimm Gypeum (Yain)+ S 25 (18mm)  SFX ¢1fmm) STLIFRA SEXA5 (1 Hmaa)  SPXB0 (I Hmaa)
Leinherm (51 mmp |1%mm}

Temperature ')
2 &
= =

200+
L

00

Figure 4.15: Bar chart representation of the equilibrium temperature for the thermal
insulating materials samples (EPEF [18 mm]) compared with the standard insulation kit
roOm temperature.
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Figure 4.16: Bar chart representation of the equilibrium temperature for the thermal
insulating materials samples (EPEF [34 mm]) compared with the standard tnsulation
kil room temperature.

There is a small difference in room temperatures for the EPEF samples and standard
insulation kit (SIK) combination. This is apparent in bar chart graphs of figure 4.15
and figure 4,16, The roof temperature reached approximately 71.4°C on average
whilst the un-insulaled room weached approximately 40 °C. Table 4.1 tabulates the
temperature recorded for the Sondor EPEF insulating materials samples with respect
to their thicknesses. It is apparent from table 4.1 that for the SPX33FRA (34mm)
insulation the lowesl temperatures were recorded compared 1o the other FPEF
samples which were are all below 25 "C. From the bar charts, the error bars for all the
EPLF samples do not overlap. ‘lThere is a significant difference between the
temperature for the roof and the un-insulated roof as indicated again by the error bars
that do not overlap. It is apain apparent from the bar chart graphs in figure 4. 15 and
figure 4.16 that the EPEF insulating materials and SIK had significantly reduced the
temperature of the rooms they were insulating. The thickness of the EPEF samples
showed no significant difference with respect to the maximum temperatures recorded.
All these temperatures are at the maximum point of the test duration when the steady
stale wius observed (table 4.1}

UNIVERSITY OF CAPE TOWXN
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Table 4.1: The maximum room temperaturc of the hot-box insulated
with different Sondor EPEF insulating material samples.

EPEF Thiékness
Samples 18 mm 34 mm
= 23°C 24°C
230 220(
23C 21+C
23°C 22°(
23°C 22°C

4.3.2 THERMAL CONDUCTIVITY

The thermal conductivity measurement was chosen in order to better understand the
insulating ability of the materials, The thermal conductivity was conducted on all the
Sondor EPEF insulaling material samples and the RPS samples. The thermal
conductivity for Sagex’s LPS was also measured. The results of all the insulating
materials under investigation together with the EPS from Sagex are tabulated in table
42 It is evidenl from table 4.2 that the EPEF samples have considerably low k-
values compared 10 the EPS and RPS matenal. The standard error was considered to
be significantly small for all samples tested. “The difference in the thermal
conductivity values of all the TPLT and the RPS samples 1s not highly significant as
compared to that of the expanded polystyrene.

UNIVERSITY OF CAPE TOWN @



Table 4.2: Values of the thermal corductivity for the EPS, EPEF and RPS thermal
insulating material samples.

: KiW.m!'K") | k (W.m'K-! Standard
Materials W g ) (W ) B

(iven Calculated Deviation
EPS {SA_{}EX]} 0. D 0.047 {+6.0003) 0.001
SPX25 (Sondor) 037 0.045(=0.001) 0.002
SPX33 (Sendor) 0.037 0.043(+0.001) 0.002
SPX33FRA (Sendor) 0.037 0.039(:0.001) 0.001
SPX45 (Sondor) 0,042 0.043(:0.001) 0.001
SPX30 (Sondor) Hane {).040{+0.0003) .01
Recycled Polvmer Slabh ane 0.054(-0.0003) 0,001

4.3.3 FLAMMABILITY TESTING

4.3.3.1 Mass Loss Rate (MLR) and Mass Loss (ML)

Recycled Polymers Slab

Mass (%)

] 200 400 G 300 1006
Time (8)

Figure 4.17: A graph of the average mass loss versus tnme tor the
RPS samples aller the ignition had been initiated.
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After ignition. there is a relatively rapid mass loss for the recycled polymers slab
tollowed by a constant rate of mass loss until full decomposition. This constant rate
of mass loss is observable in figure 4,17 and the maximum time for full
decomposition for the RPS sample 15 approximately 13 minutes. Two samples were
tested for the recycled polymers slabs and their average mass loss is plotted in figure

4.1

For all of the EPEF samples after ignition, there is refatively slow mass loss followed
by a relative constant rate of mass loss until full decomposition (figure 4.18). It i3
apparent from figure 4.18 that it took less than 150 seconds for SPX25 and SPX33 to
undergo full decomposition. It took about 200 seconds for the SPX33FRA and
SPX45 to experience full decomposition (figure 4.18). Figure 4.1% shows that it took
shghily above 200 s for SPX80 to undergo decomposition and full decomposition did
not appear to occur (figure 4.18).

Mass (%)

0 160 2 300
Time ()

——$PX2§ == SPX33 —— SPX3I3FRA —— SPX45 — SPX80

Figure 4.18: The graphs of the average mass loss versus time for the EPEF
samples atter the ignition had been initiated.

UNIVERSITY OF CAPE TOWN g



101

Table 4.3: The mass loss rate range and the time it look for the EPEF samples lo
decompose.

Material M 1"’;5 Rate (WILR) Time iy
i seC seC
LH-1.13 L60)
0.89-0.87 150
0.57-1.00 146
0.74-0.73 219
0.47-0.50 347

1.24 N _— A, — —_

3

.80 -

060

040

Mass Loss Rate (%.s')

20

0.00

Time (s)

Figure 4.19: The graphs of the average mass loss rate versus lime for the FPEF
samples and RPS samples after the ignition had been initiated.



102

1.20

= 100

Mass Loss Rate ( %.
[—J = =
. = B
= = =

=
It
—]

0.00 - . =4

RPS SPX25 SPX33  SPX3IFRA  SPX45 SPX30

Figure 4.20: Bar charls of the average mass loss rate versus time for the EPEF
samples and RPS samples after the ignition had been initiated.

It is evident from the curves in figure 4.19 that the average peak mass loss rate ranges
roughly between 0.18 %.sec” and 0,15 %.sec” for the two RPS samples tested and it
lasted approximately for a period of 440 seconds. From tablc 4:3 and figure 4.19, 1L 15
seen that SPX80 has the lowest average peak mass loss rate (0.50 % sce™') compared
to other EPEF samples. Its MLR is higher than the maximum peak MLR value
recorded for RPS (0.18 %.s7). This is more clearly evident in the bar chart
representation. of all the samples (Higure 4.20). SPX25 has the highest peak MLR
value of 1.02 %.s™' (figure 4.19 and figurc 4.20, table 4.3). The SPX33FRA sample
peaks at around 1.0 %.s”', whilst SPX33 has recorded a MLR value of 0.89 %5 and
SPX45 an MLR of about 0.73 %.5™.
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4.3.3.2 Heat Release Rate (HRR)

Heut Rebease Rate

0 50 100 150 244y 250 300 350 400 450 500 550 600 650 700 750 H00

Time (5)

—Ree}eled Pul}'ml:rs Slab —RPXH —QPX.SS —HP!GJFRA —QPK:IS —SPKHII.

Figure 4.21: Graphs of the average heat relcasce rate (HRR} as a function of time
for the EPEF and the RPS samples.
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Figure 4.22: Bar chart graphs of the average heat release rate versus lime for
the EPLEF samples and the RPS sample after the ignition had becn initiated.
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The curve of recycled polymers slabs in figure 4.21 shows a number of stages. There
is an initial rapid increase in IIRR to a peak of around 400 kW m™, which is followed
by a trough and then a steady incline up to about 500 kW.m™. This is followed by a
slight trough until another peak of 750 kW.m ™800 kW.m>, followed by another
trough and a peak of around 500 kW.m™. It is apparent from figure 4.21 that there are
no multiple HRR peaks occurring for SPX23, SPX53, SPX33FRA. and SPX45 except
for the curve of SPX80 that shows an nitial rapid increase of HRR 1o a peak of 600
kW .m™, followed by a trough and then a steady incling 1o a peak that is just above 600
KW .m™, which is the highest as compared to other EPEF samples, but lower than that
of RPS (750 kW.m’z}. The lowest maximum HRR value of approximately 420 kW.m
% was recorded for SPX25 (figure 4.21), with SPX33 at approximately 460 k'W.m™.
SPX33FRA and SPX45 had HRR values of around 500 kW.m™. The HRR values
recorded for the different samples tested is more clearly illustrated in the figure 4.22,

which iz a bar chart representation in terms of the maximum HRE values cbserved.

4.3.3.3 Effective Heat of Combustion (EHC)

60.0

E ffective Heat of C om bustion

0 50 100 150 200 250 300 350 400 450 300 550 6060 650 700 750 800
Time (s)
!—RecyclﬂlPu]}fmers Slaly ====SPX25 e——=SPX}] ===SPXIIFRA =———SPX45 —SPXR0

Figure 4.23: The graphs of the average effective heal of combustion versus time
for the EPEF samples and RPS sample after the ignition had been initiated.
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It clear from figure 4.23 that the EHC for the RPS is fairly constant at between 30 and
40 M .kg'l, during the main burning period, 1t is alse apparent from figure 4.23 that
the EHC values for SPX25, SPX33. SPX33FRA, SPX45, and SPXB0 are moderately
constant between 40 and 55 MIkg', during the main flaming period and the EHC
values for all the EPET samples are slightly higher than that of the RPS sample.
't hese maximum EHC values recorded during the flaming period are presented clearly
it the bar chart graphs in figure 4.24 for the samples tested. The burning period for
the RPS sample is long compared to the EPEF samples (figure 4.23).

60

Ps sPX15 SPX33  SPX33FRA  SPXAS SPX80

Effective Heat of Cum bustion
{MJ kg

Figure 4.24: Bar charts of the average effective heat of combustion versus time for

the EPEF samples and RPS sample after ignition had been imtiated.

4.3.3.4 Rate of Smoke Formation (RSF)

It is apparent from figure 4.25 that the smoke formation in the RPS samples
commenced after ignition with a peak at about 0.1 m”.s™". Because of the slowing of
comhustion after mitial burning, the smoke formation decreased, and then rose
steadily with the burning of the material to 4 maximum shtightly above 0.1 m® 5" and
reduced to zero at the end of the fest. All of the SPXS samples showed a rapid
formation of smoke, because of their relatively fast combustion after igniton. SPXR0,
SPXI3FRA, and SPX25 reached a maximum RSF values that are between 0.1 and
0.12 m’ 5", while SPX45 and SPX33 reached maximum RSF values that are between
0.08 and 0.1 m°s". Figure 4.26 shows clearly the maximum RST values for al!
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samples tested and it is clear that the highest rate was experienced with the
SPX33FRA. These show a relatively low smoke formation within all the EPEF

samples and the RPS sample.
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Figure 4.5; The graphs of the average rate of smoke formation versus time for
the EPEF samples and RPS sample after ignition had been initiated.
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Figure 4.26: Bar charts of the average rale at which the smoke was formed
versus time lor the EPEF samples and RPS sample after ignition had been
nitiated.

I'NHFR‘-\IT\ ﬂF CARFE TOWN




107

4.3.3.5 Carbon Monoxide (CO) and Carbon Dioxide {CO»)
Formation

At the onset of combustion of the RPS samples, a peak of around .06 kg.kg™ (mass
ol CO per mass of the sample) was reached. After the maximum level of 0.06 kaka,
the level of CO had reduced and staved between {1.04 and 0.05 kg,kg". This is clear
in figure 4.27. It is also apparent from figure 4.27 that among the EPEF samples the
SPX25 has a highest amount of CO recorded. The graph of SPX25 in figure 4.27 has
an initial peak of 0.14 kg.kg" and a trough of around 0.04 kg.kg™ which is followed
bv a peak that is around 0.19 kg,kg" al the end of combustion. SPXR0 had the lowest
value of CO formed during combustion (figure 4.27). The bar chart graphs m figure
4.28 indicates clearly the maximum C( recorded for cach sample tested and these
praphs makes it clear that the SPX235 has the highest value, followed by SPX33FRA,
while SPX33, SPX45 and RPS are more less at the same Jevel in terms CO produced

during combustion.

CO (kgkg")

50 100 150 200 2560 300 350 4060 450 500 550 600 650 708 750 800
Time {5}
! — Recycled Folvmers Slab === 5PX25 =500 —‘HI”XB;FRA —:-‘);ﬁ ;SI-‘XRII

Figure 4.27: Graphs of the average rate €0 tormation versus time for the EPEF
samples and RPS sample after ignition had been initiated.
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Figure 4.28: Bar charts of the average carbon monoxide formed versus time for
the EPEF samples and RPS sample alter ignition had been itiated.
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Figure 4.29: Graphs of the average tate C0» formation versus time for the EPLEF
samples and RPS sample after ignition had been initiated.
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Figure 4.30: Bar charts of the average carbon dioxide formed versus time for the
EPEF samples and RPS sample after 1 lgmtmn had been initiated.
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Table 4.4: Maximum average quantity of carbon monexide and carbon
diexide formed during the combustion process for the EPEF samples.

Materials Maximum Maximum
CO (kg.kg) CO, (kg.ke!)

SPX25 1.190 2.63
SPX33 047 3.00
SPXI3IFRA ‘ 110 2.73
SPX43 h .00 2.84
| Sﬂiﬂﬂ 043 2.75
P n]?ﬁlab | 1.060 2.5

The C(); level for the RPS is reasonably constant between 2 and 2.51 kg,kg" (fioure
4.29) tor the main part of combustion, SPX25 has the highest CO; formed compared
to all the samples tested and this is clear from the bur chart graphs in figure 4.29, The
CO, level for all the samples, including SPX25 is between 3.00 kgkg! and 2.50
kekg! (figure 4.30). It is clear from table 4.4 that lor all the samples, the amount of
C (3 formed is higher than CO lormed during combustion process.

4.4 MECHANICAL PROPERTIES

4.4.1 COMPRESSION TESTING

4.4.1.1 Sondor EPEF Samples

The compression test gives the applied foree as a function of the dellection of the
malerial in compression. The results of these tests are represented by compressive
stress versus deflection curve. The compressive siress was derived from the lorce and
the specimen’s dimensions as discussed in chapter 2 section 2.14.3 where the
compressive stress is ecalculated by dividing the load (force} by the c¢ross-sectional
ared {A). The specimens nsed for testing were cylindrical. It is apparent from figure
4.31 that the SPX80 has the highest resistance to crush lead compared to SPX25,
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0.040 MPa whilst the average compressive strength for the SPX25, SPX33,
SPX33FRA and SPX45 is about 0.02 MPa. This is more clearly illustrated in figure
4.32 where the error bars for the EPEF samples overlaps, showing no significant
difference in their maximum compressive strength. For all the samples the test was
stopped as the materials were deforming plastically without breaking to failure. These

EPEF samples recovered completely after the compressive loading.
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Figure 4.31: The compressive test stress / deflection curves for (A)
SPX80, {B) SPX45, {C) SPX33FRA, (D) SPX33 and (E) $PX25,
Compression Strength of EPEF Insulating M aterials
.04 N .
iLI3 z vl AN B N S R
q
o - 1
=04 . ome—c. SEEE. o |
£ i
n ;
001 I ' . L 0
0.04 , ; S

SPX1S SPX3 SPFRXIIFRA S5PX45 SPXKD

Figure 4.32: A bar chart representation for compression tests for the EPEF
insulating materials.
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Table 4.5: Average compressive sirength for the EPEF
insulating materials, RPS insulating material, together with
their standard deviation (STDEV) and standard error values.

Insulating Maximum Stress STDEY
Materials {MPa) ( for Mux.Stress)

Sj’?{iﬁ ' 8021 (£0.001) 0.004
SPX33 0.020 (=0.001) 0.002

SPX33FRA | 0018 (24.0004) 0.0013
S}’Xﬁtﬁ 0.021 {=0.0003) $.8H10
SPXS0 _ i35 (H0.001) 0.00:3

. ?nli:i::?;[lab B3 (£1.3%) 2.79

111

Ten samples were lested in compression for each material. A statistical analysis was

perlormed for each EPEF thermal insulating material and the RPS thermal insulating

materials. he results are tabulated in table 4.5, It is clear from table 4.5 that there is

less deviation from the average maximum compressive strength as the values for the

standard deviation (STDEV) are reiatively low.,

4.4.1.2 Recycled Polymer Slab

B - -

Stress (MPa)

E—E o T NP -
' '

Reevcled I"olymer Skab

e flectnmn {min}

Figure 4.33: Typical compressive stress / deflection curves for the recycled
polymer slabs.
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Figure 4.34; Pictures showing the compression test specimen holder before lesting
{A) and when the lesl was stopped (B3) for the RPS material.

It is apparent from f{igure 4.33 that the maximmum compressive strength of
approximately 7.2 MPa for the RPS is significantly higher than that ot SPX80 (figure
4.31, table 4.5). The tests were stopped when the RPS material crumbled. Figure

4.34 shows the specimen just before the point of failure.

4.4.2 CREEP TESTING

Table 4.6: Creep test results for expanded polyethyfene foam and
the recycled polymers slab samples,

Deflection (mm)
Thickness Sample Description t=14 days
18mm SPX33FRA ;
wom | s | o
13mm SPX4S 1 )
T
18mm SPX33 5
13mm Recyeled Pﬂ'l'mw Slab ¢
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The creep tests were conducted by the Department of Wood Science at the University
of Stellenbosch. The creep test was conducted on all of the EPEF samples and the
recycled polymers slab. The test results for creep are tabulated in table 4.6, The test
results for creep reveals that the SPX80 and the recycled polymers slabs did not show
deflections after 14 days of testing. The maximum value of 3mm was recorded for
SPX25. The SPX45 deflected by only Imm after 14 days. The SPX33 and
SPX33FRA managed a 2 mm deflection. The creep of the deflected samples was not
permanent as the samples had returned to their eniginal shape alter the test load was

remaved,

4.4.3 THREE POINT BEND TESTING

The three-point bend test gives the applied force as a function of deflection of the
material in flexure. The results of these tests are represented by flexural stress versus
deflection curve, where the {lexural stress was derived from the force using cquation
2.5 of section 2.14 in chapter 2. It is apparent in figure 4.35 that the SPX80 (A) has
thc highest value of ultimate flexural stress. There appears to be no significamt
difference in ultimate flexural stress for SPX33, SPX33FRA and SPX25, inforred
from the overlapping of the error bars in figure 4.36. The error bars for SPX45 and

SPX8&0 are not overlapping with any of the other EPEL samples

hyess (NIFa)

00 £0 100 1=0 040 o H SILAT]
Drefled ruoy {idn

[—sex2s —spxss —spysarRy —sPxas —sPxs0 |

Figure 4.35: Three-point bend stress/deflection curves for (A} SPXR0, (B)
SPX45. (C) SPX33FRA, (D) SPX33 and (E)} SPX25 for the EPEF

insulating matcrials.
UNIVERSITY OF CAPE TOWN 5



114

The true failure stress and strain for alt of the EPEF are not known since the tests were
stopped belore falure. They all demonstrated the same behaviour of continuous
plastic deformation. This is illustrated in figure 4.37 where the SPX25 was used as an
example of this common behaviour of the EPEF samples. The tests were stopped
because ull of the EPEF samples were continuously deforming plastically after the
UTS (ultimate tensile siress) during the test until the grips of the testing machine

where about to touch.

Flexural Strength of The EPEF Samples

i s =
.5 i
Il
= 04— -
ﬂ
203 r— -
£ 2
702 : — .
1
0 \ o s —
SPX15 SFX313 SPNIIFRA SPX45 SPAR)

Figure 4.36: The bar chart representation [or the three-point bend tests of
EPEF insulating material samples.

Figure 4.37: Photograph showing the 3-bend lesting of the SPX23 belore
{A) and after the lest was stopped (I3).
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Recyeled Polymers Skab
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Deflection {imm)
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Figure 4.38: Three-point bend stress versus deflection curves for the recyeled
polymers slab.
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Figure 4.39: Three-point bend stress/deflection curves for the gypsum board.

A i

Figure 4.40: The pictures showing the 3-point bending test specimen grips
before testing (A ) and when the test was stopped (B) for the RPS maternial.
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Figure 4.38 shows the flexural stress versus deflection for the recycled polymers slab
{RPS) samples. The RPS has the highest tlexural stress compared to all of the EPEF
samples and the gypsum board, The gypsum board has a UTS flexural stress that is
higher than that ol thc EPLI" samples, but smaller than the flexural value for
insulating material (figure 4.39). Figure 4.40 illustrates the RPS specimen during the
bend test.

Table 4.7: Average flexural stress and modulus for the expanded polyethylene foam
(EPEF) samples, reeyeled polymers slab (RPS) samples, and the gypsum board together
with their standard deviation (STDEV) and standard error values.

Insulating Maximuem STDEV Flexural STDEVY
Materials Stress (MPa) (for Max.Stress) | Modwlus (MPa) | (for F.Modelus)
SPX23 0.21 {xikd1) 004 0.95 (+0.06) 014
SPX33 0.20 (=0.01) 0.03 089 {£0.03) 0.10
SPXIIFRA 0.24 (+0.01) B2 L.0% (+0.03) 0.1k
sPXx4s 0.34 (=0.004) a1 .50 {003 010
SPXE 0.54 {+0.01) 004 b (+0.35) .16
Recycled
" 39,440 (=017 337 44,77 (2145 382
Polymers Skab (019 (h45)
Gypsem
Roard A0 (LT 036 179 (013 0.40

Table 4.7 tabulates the maximum flexural stress and maximum flexural modulus or
the EPEF samples, recyeled polymers slab insulating material and the gypswum board.
Ten samples were tested for cach material and a statistical analyvsis was perlormed on
the data for all the samples. The standard error (the £ value}, in table 4.7, shows that
there is no significant difference between the 10 samples tested for each material. The
standard deviation (STDEV) valucs lor all materials in table 4.7 indicate that there is a
small amount of scatter [rom the mean values of flexural stress and tlexural modulus.
The RPS insulating material has the highest flexural stress and flexural modulus,
comparcd to all EPEF samplcs and the gypsum board. Tt is evident from table 4.7 that
the SPX80 has the highest flexural stress and flexural modulus compared to the other
EPEF samples. The second highest sccond tlexural stress and modulus was recorded
for SPX45 whilst much lower wvalues were rocorded for SPX25, SPX33 and

LUNIVERSITY OF CAPE TOWN
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SPX33FRA. There appears to be no significant difference in the values for llexuyral
siress and modulus for the EPEF samples. The gypsum board, since 1t nol an

insulating material. had higher values of both flexural stress and modulus,

4.5 WATER VAPOUR PERMEABILITY (WVP)
AND LIQUID WATER PERMEABILITY
(LWP) TESTING

The results obtained for the water vapour permeability (WVP} and liquid water
permeabilily (I.WP) from experimental tests that were conducted at Stellenbosch
University are tabulated in table 4.8 (WVP) and table 4.9 (LWP). The results of the
WVP test in table 4.8 shows that the SPX80 sample had the lowest value (11.0 g.m™)
for mass uptake per squarc meter compared to the other insulating materials samples.
There is a small difference hetween the water vapour uptake for the remaining
insulating malerials. SXP33FRA and SPX33 have an uptake vatue of 24.50 gm™
whilst the highest value of 26.00 g.m™ was recorded for SPX45. All the tests on the

specimens where performed for a period of 7 days.

Table 4.8: Water vapour pormneability test resnlts for the EPEF thermal insulating
material samples over 3 period of 7 days.

Date in Date out
DTG5 | 140605 Mass Uptake
Difference {g) /Tduysim?*
Thickness D:;:E:]r:::un Mass (g) Mass {2} (g-m™)

Wi || wm i 16.19 16,68 0.49 24.50
13mm SPX33 1726 17.78 052 26.00
18mm | SPX33FRA 17.17 17.66 0.49 24.50
18mm SPX45 28.29 28.79 0..50 25.00
18mm | _ SPX80 43.36 44.08 0.22 11.00
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Table 4.9: Liguid water permeability test results tor the EPEF thermal insulating
material samples over a period of 24 hours.

Date in Date put
07/06/05 | 08/06/03 i gss liptaio
Difference (g) /24hrs/m?
Thickness “ji?:':,::::;m Mass (g} Mass (g} (g-n17)

I8mm SPX25 1618 16.78 D63 3150
18mm SPXA3 7.3 17.83 0.52 26.00
Efmm SPXIIFRA 17.32 17.58 .16 13.00
i Hlm n APXdS 28.41 28.89 .48 24.00
18mm SPX80) 4398 4418 .20 N0

In the LWP iest, the SPX8( has the lowest value {10.00 g.m’z} for the mass uptake per
square meter. The highest value of 31.50 ;g,.m'2 was recorded for SPX25. The second
lowest value of 13.00 g.m';1 was recorded for SPX33FREA, while there is not much
difference berween the SPX45 and SPX33 samples. as indicated table 4.9. The result
for the RPS slabs could not be obtained. The recycled polymers slab could not be
measured for LWP as il was lgaking. Water could nol settle inside the specimens, A
WVP test was not conducted as relatively little water was expected to be absorbed by
the recycled polymers slab,

4.6 ECONOMICS OF INSULATION

4.6.1 ECONOMIC INSULATION THICKNESS

Table 4.10 shows the calculated values for the heat Aow rate or the heat loss through
an insulating maierial (HFR) and their corresponding Rand loss (RL) values per unit
area (1m?) for EPS, RPS and all of the EPEF thermal msulating material samples,
Their R-values were also calculated. It is noticeable from table 4.10 that the EPEF
samples have lower values of HFR and RL and higher R-values than the RPS

UNIVERSETY OF CAPE TOWN
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material. The SPX33FRA (34 mm) and SPX80 (34 mm) samples have the lowest
HFR values of 0.0040 kWh and 0.0041 kWh, respectively. Il is also seen in lable 4.10
these two materials also show lower values of HFR at the smaller thicknesses {18
mm), at 0.0076 kWh and (L0078 kWh, respectively. ‘The R-values for the EPEF
samples increased when the thickness was increased Irom 18 mm to 34 mm.
SPX33FRA (34 mm in thickness) has (he highest R-value of 0.87 m*K. W™ whilst the
SPXB0 (34 mm) has an R-value of 0.85 m’K.W"'. The EPEF samples of 18 mm
thickness have K-values ranging between 0.4 and 0.46 m*K. W', This can be
compared with the R-value of the RPS which was calculated to be 0.26 m*K. W', In
table 4.10, the RI. values for the SPX insulating materials of thickness 34 mm is of
the order 7-8 x10™ and increases with decreasing thickness. SAGEX EPS (50 mm)
have an RL value of 5x10™ R while that of the RPS (14 mm) was calculated to be
2.2x10™ Ra.

Table 4.10: Tubulated calcutated values of the R-value, HFR and RaL for the EPS
(SAGEX), RPS (developed) and all of the SONDOR EPEF samples.

n . R-¥alue k-value HFR
Mharerial Thickness {m} (r2 K, W) WK W) RL(R,]
EPS (SAGEX) 0050 106 0,047 00033 0.0005
RT'S Sample .14 I 154 L35 MHIZ2
SONDOR EPEF Thermal Ensulating Material Samples
Thickness { 1801 Thickeess (34m)
I k-vatue
R-¥alue 1FR R-Yatue HFR Wam Ky
im? KW | (EWh RL AR mERLWL | (W ki
SPX25 0,40 0,85 00014 076 00046 0.8 M5
SPX33 0.42 0.0084 00014 7% 04 0.0007 1.043
SPXIIFRA .46 00076 00013 (.87 pacae | 007 0.039
SPX4S n.42 0.00%4 014 0.79 00044 | 00007 D043
SPXAD .45 0.0078 0.0013 0.45 nooqr | 00T 0.040
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CHAPTERSS

DISCUSSION

5.1 INTRODUCTION

There are several factors that influence the performance and adaptability of polymeric
based thermal insulating materials. These factors are mainly thermal resistance,
thermal conductivity, combustibility, mechanical properties, moisture resistance and
density. It is evident from the literature study that the key to maintaining a
comfortable temperature in a building is to reduce the heat transfer out of the building
in winter and reduce heat transfer into the building in summer by introducing thermal
insulation materials into the building envelope. The building envelope is mainly
formed by the floors, walls and roof, which may include elements such as windows
and doors. The roof was found to be the major contributor to reducing heat loss in the
building envelope when it is insulated. Buildings, as they are designed and used
today symbolise unrestrained consumption of energy and other natural resources with
its consequent negative environmental impact. This chapter deals with a discussion of
the experimental findings outlined in chapter 4.

UNIVERSITY OF CAPE TOWN E
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5.2 EXISTING INSULATING MATERIALS

As mentioned in chapter 3 section 3.11, existing thermal insulating materials in the
South African market were used in this investigation. This was done in order to
understand and study the properties that would make a material a good thermal
insulating material. It is evident from section 3.11 that the properties that govern the
viability of thermal insulating materials are:

e Thermal conductivity (k-value): This is the fundamental property governing heat
flow through a thermal insulating material from a higher temperature to a lower

temperature.

e Thermal resistance (R-value): The higher the value of thermal resistance, the
better the insulating capability of the material.

e Density: The density of an insulating material affects its thermal insulating
capability.

e Combustibility: This is a significant parameter as it provides an indication of the

insulating material’s contribution to fire hazard.

The second priority is given to physical properties such as moisture absorption and the
presence of hazardous gases during burning. It is evident that polymeric based
materials are mainly used in developing these thermal insulating materials, although
reflective aluminium foils are also sometimes uséd. When cost as the determining
factor is ignored, both the polymer and the metal (Al) foil are combined. In a general
sense the market is dominated by organic, inorganic and reflective thermal insulating
materials.

In section 2.4 different forms of insulation were defined and it was explained in
section 2.3 that insulating materials are energy dependent products. As a result of this
they should be evaluated as part of a building when they are developed or evaluated,
not as energy independent products. It was also found that South African residential
consumers see affordable electricity as a requirement for an improvement in their

standard of living9 . As result of this, convenient small, portable, inexpensive, electric
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resistance heaters are mainly used in households to keep warm. This is practiced
mainly because of the mildness of the South African climate and the fact that the
heating season is relatively short. This has been the driver for the production of
thermal insulation materials in South Africa. Thermal insulation is perceived to be a
luxury. With this in mind, it is evident that most insulating materials on the South
African market have been developed based on affordability and not on sustainable

criteria.

The products from Isotherm, Aerolite and Sagex are mainly resistive thermal
insulating materials. The Sagex and Isotherm products are based on the composite
insulation principle, where resistive and reflective insulation materials are combined.
Insulation Solutions (Pty) Ltd and Nampak L & CP products are reflective thermal
insulating materials and they are mainly used in industry although they are relatively

expensive.

Reflective systems are more effective in hot than in cool climates. Reflective
insulation is employed mainly where the dominant heat transfer is through radiation®’.
It is apparent from the South African thermal insulation market that foamed materials
are mostly used in preference to reflective insulation. This is because solid raw
polymeric materials can easily be developed into inexpensive foamed thermal
insulating materials compared to the conversion of solid metals into reflective thermal

insulating materials.

Foamed thermal insulating materials fall under the group called resistive (bulk)
insulating materials. Resistive insulation insulates against the transfer of heat simply
through its resistance to conduction. Because air has one of the highest resistances to
conduction, the best resistive insulators are those that trap small pockets of air within
themselves. Figure 5.1 show a plot of the thermal conductivity of air as a function of
temperature. It is apparent from figure 5.1 that the thermal conductivity of air is low
even at high temperatures. Insulators such as glass fibre, mineral wool and expanded
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polystyrene work extremely well as long as the air within these pockets cannot move

and thus transfer hzat by convection®,
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Figure 5.1: Graph of thermal conductivity as a function of the temperarure for air™.

Foaming dramatically extends the range of properties for engineering applications.
Cellular solids have physical. mechanieal and thermal properties which are measured
by the sarme methods as those used for fully dense solids. Figure 5.2 shows the range
ol properties that foamed matenals can offer’. The bar with the dotted shading
shows the ranpe of properties spanned by conventional solids and the solid bars show
the extension of this range made possible by foaming, The low densities and thermal
conductivity of foams has given a starting point for the development of low-cost
thermal insulating materials. "This is because in foamed polymeric materials, the low
thermal ¢onductivity allows cheap, reliable thermal insulation even though this can

sometimes be achieved by expensive vacuum-based methods.
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Figure 5.2: The range of properties available to engineering applications through

foaming: (a) density (b) thermal conductivity (c) Young's modulus (d) compressive
Sti'ﬂ.’]gthw

5.3 MATERIALS SELECTION

A low cost thermal insulating material was developed during this research project and
only polymeric based raw malertals were considered. Recyclable matertals were
investigated as possible raw materials because of the fact that the thermal insulating

material had to be relatively i mexpr:nswe Only a few pelymeric raw matermls were

UNIVERSITY OF CATE TOWN



125

selecled for evaluation and these included recycled glass wool. damaged car tyres,
polypropylene and polyethylene bottles and caps as well as expanded polyethylene
foams (EPEF) obtained from Sondor (Pty} Ltd.

Some work has been done by Mathews ef af. on recycled plass wool and tyres®. It
was evident from their research thal in order to change or transform recycled glass
wool 1o be a good thermal insulating materials one must use cxpensive binders or
thermosetting resing and the technology behind it is relatively expensive to maintain.
Besides this expensive procedure, the glass wool posses a health risk such as skin
allergy and there is debate over whether or nol fibreglass may causc cancer™. The
same can be said of tyres as they too need expensive binders and are highly
Mammable. Recyeled PP and PE caps and bottles were chosen in order to see 1 it
possible to transform them cheaply into a low cost thermal insulaling materials.
These low cost thermal insulating materials will have to have the same thermal
properties as some of the existing thermal insulating materials. The recycled PP and
PE caps and bottles can easily be collected from the recycling faclories around Cape

Town,

Sondor (Pty) Ltd. is company that is based in Cape Town, produces different grades
of closed cell, cross-linked expanded polyethylene {oams (EPEF) and offered to
provide off-cuts from their manufacturing processes.  Five different foamed
polyethylene products were obtained. The difference can be found in their densities.
The PE recvcled bottles and tops were mainly selected because of their cxcelient
thermal properties. The Sondor EPEF samples were accepled because they are
expecled to have a lower k-valug, since they have a foamed structure.  Solid
polyethylene has a low thermal conductivity value that ranges between 0.35-0.52
W.m K™ whilst solid polypropylene has a thermal conductivity of 0.2 W.m 'K 121,

This indicates that when they are foamed they will have an even lower thermal

conduclivity,
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5.4 THE MORPHOLOGY OF THE RESEARCH
SAMPLES

As outlined in chapter 4, section 4.4, the recycled PP and PE particulates were fused
together into a solid polymer slab (recycled polymer slab). Prior to the fusing
process. the recycled PP and PE matenals were granulated into fine granules. This
was done using a granulalor at Mastamid (Pty) Ltd. The polymer granules were then
washed belore they were used in the project. Polypropylene (PP} and potyethylene
(PF) are both thermoplastics and soften by the application of heat. PP has a softening
temperature of abowt 100 °C and melting point of 176 "C whilst low density PE has a
melting point ol 115°C and high density PLl melts at 135 “C. They both soften a
temperatures hetween 70 °C and 80 °C*. When heated the PE softens and bonds the
particulates together as cooling occurs, Since the granulated matenal contained both
PP and PE (low and high densities) thc mould temperature was set al 80 °C for 30
minules. This process created a porous structure with many air pockets. It is the air
pockets formed in this RPS siructure which minimises air collisions within the slab
(see SEM mnucrographs n figurc 4.7 and 4.8). All materials transfer heat by
conduction as their compenent atoms or molecules exchange energy through
collisions™. The produced RPS has perforations in the siructure which reduces
collisions between air particles which results in a reduction of heat transfer within gas
molecules.  The low thermal conduclivity of the solid particles (PP and PE)
maximises the resistance to heat conduction within the RPS siab. This technique of
preveniing heat conduction by using the high thermal resistance of air is evident in the

EPS (Sagex) microstructure,

The produced recycled polymers slab was laminated with two layers of woven glass
fibres on either side. This was donc in order to prevent the granules from lalting apart
and at the same fime to increase the mechanical properties of the slab. This process
also prevents water from seeping into the stab. A hand lay-up process without
vacuum forming was used 10 make the laminates of the woven glass fibres onto the
polymer slabs. Both the RPS and EPEF samples have a structure that can easily trap
air (see SEM micrograph in figure 4.10). The same principle that is used by EPS and
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polyester for minimising the transfer of heat by conduction is evident in the EPEF
samples. In general more foam materials are nsed for thermal insulation than for any
other purposc.  Closed cell foams have a lower thermal conductivily than

5 4 P |
conveniional nen-vacuum insulation ®,

Several factors combine to limit heat flow in
foams: the tow volune fraction of the solid phase, the small cell size which virtually
supprcsses convection and reduces radiation through repeated absorption and
reflection at the cell walls, and the poor conductivity of the enclosed gas (airhasa k
value of 0.025 W.m'K™* 7 ™). All these factors arc cvident in the micrographic

structurcs of RPS. EPS and all of the Sondor EPEF samples,

5.5 THERMAL PROPERTIES

The hot box construction (figure 3.4, chapter 3) uses the principle thal a temperature
gradient exist 1n the roof and the rooms of the box. The performance of the standard
imsulation kit (Isotherm + gypsum board} can then be comparcd with other materials
e.z. the RPS and all of the Sondor EPEF samples. Heat is a form of energy that
appears as molecular motion in a substance or radiation in space™. Radiation is the
transter of heat energy by clectromagnetic infrared waves and is very different from
conduction and convection. When the light bulbs in the reof of the hot-box arc
switched on it radiates heat. Heat will trave] from the bulbs by forced convection inlo
the surrcunding air-. Since convection is the modc of cncrgy transfor between the
solid surface and the adjacent liquid or gas that is in motion. The heat is absorbed by
the air molecules and they will collide with one another. In such collisions the faster
molecules lose some kinetic energy and the slower ones gain some. This transfer of
kinetic energy fom the hot to the cold side is called a flow of heat through
conduction. Finally heat is transferred to the surface of the thermal insulating

materials by conduction and convection.

Temperature can be considercd to be a symptom of the presence of heat in a medium
(air), and is a measure of the thermal state of that medium™. Thermometers werc
placed in roof and the other two rooms of the hot-box 10 measure the temperature of

the air as a function of timre. It is apparent from figures 4,11, 4.13 and 4.14 that the
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temperature of the un-insulated room reached a maxinmum of around 40 “C, the roof at
about 70.4 °C and the standard insulation kit room around 25°C after approximately
210 min. It is also clear from figure 4.11 thai the ternperature of the un-insulated
room was reduced to below 30°C after an introduction of RPS for the same period of
time (210 min). Both the standard insulation kit and RPS act as ceilings for their
respective romms. Similar results were achieved with all the Sondor EPEF samples
when they were evaluated in the hot-box {figures 4.13 and 4.14. in chapter 4). The
difference in thicknesses for the Sondor FPEF samples did not make a significant

difference m terms of temperalure obtained of the room they insulated (table 4.1).

The open spaces in the RPS and the closed-cell structure in Sondor EPEF samples
retard the flow of heat by conduction and radiation as a result of the temperature
difference hetween the roof and the room they are msutating. The air particles within
the RPS slab and the Sondor EPEF samiples are not colliding with molecules
adjacent cefls and this slows down the (ransfer of heat from the roof into the room.
The same principle happens with the standard insulation kit, where the polyester
reduces collision between the air molecules. TI'igure 4.1 shows the open structure of
polyester.  In the standard insulation kit. the gypsum board was incorporated for
strengih and flammabihity purposes.

5.5.1 THERMAL CONDUCTIVITY

Thermal conductivity in simple terms is a measure of the capacily of a material to
conduct heat through its mass, When heat is applied to one surface of the polymer it
diffuses inwards at a rate that is determined by the thermal conductivity of the
polymer. Heat increases the local amplitude of vibration of the atoms and groups of
atoms which are bonded together in the polymer chain. The thermal conductivity
measures how strongly the vibrations of adjacent atoms or groups are coupled™. This
is the principle behind the use of the comparative cut bar explained in chapter 2,
section 2.13. 'The comparative cut bar was found to be relatively cheap to design and

it was ideal for the measurament of the thermal conductivity of polymeric based



materials. Hence it was designed and used to measure the thermal conductivity of all

the samples under investigation.

Expanded polystyrene as a foamed thermal insulating material was chosen and its
thermal conductivity was measured using the comparative cut bar. EPS uses the
foamed structure to trap air and uses the low thermal conductivity of air together with
that of the solid styrene to retard the flow of heat and this is similar for the RPS and
Sondor samples. Expanded polystyrene (EPS) was also chosen to see if the designed
thermal conductivity device can indeed produce the same values reported in the
literature. The thermal conductivity value for the EPS was found to be 0.047 W.m 'K
! (table 4.10) and this has indicated that the EPS used has a density range between 10-
12 kg.m (table 2.3, chapter 2). This is because of the fact that, as the relative density
of the foamed structure increases, the contribution from conduction of the solid walls
increases while that from radiation decreases’®. The k-value of all the Sondor EPEF
samples was measured to be around 0.04 W.m'K"! and the RPS k-value was found to
be 0.05 W.m 'K and this is attributed to the type of bond in polymeric materials.
Covalent bonds in a crystallographic ordered array give strong coupling (so diamond,
for instance, is a good thermal conductor) and the weak bond and disordered packing,
like those in EPS, RPS and Sondor EPEF samples give poor coupling with their
crystallographic structure.  Ordinary polymers like styrene, polyethylene and
polypropylene, contain weak bonds and are disordered, and for this reason their
thermal conductivities are lower than those of any other class of dense solids. Only

polymeric foams have lower conductivities’.

3.6 PHYSICAL PROPERTIES

5.6.1 WVP AND LWP

The durability of building materials, including thermal insulating materials, is a very
important environmental consideration. Increasing attention is being given to the long

term performance of insulation materials, Thermal insulating materials that are more
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durable are environmentally superior to less durable ones*’. Even though many

thermal insulating materials perform well with time, moisture was found to reduce the
insulating performance of these materials. Moisture can gather in the insulating
material structure through vapour or pure liquid migration. Moisture transfers into the
building structure from many sources, for example from cooking or boiling water.
The reality here is that if moisture penetrates into building thermal insulation
materials, it will cause it physical damage and will adversely impact on its
performance by increasing its thermal conductivity*’. Water vapour and liquid water
are the most serious moisture contributors in buildings, especially residential

buildings.

Water vapour and liquid water permeability tests were performed on all the Sondor
EPEF samples and their results were outlined in section 4.5. It is clear from table 4.8
in chapter 4 that of all the EPEF samples, SPX80 accumulated the least amount of
moisture after being exposed to water vapour for a period of 7 days. The movement
of water vapour in an insulation system is dependent upon changes in relative
humidity, temperature and vapour pressure. The SPX80 sample also had the smallest
mass uptake in the liquid water permeability test (table 4.9). High levels of moisture
can results in the formation of water droplets within the insulating material structure.
Water has a high thermal conductivity and its build up in the foam structure results in
a decrease in overall thermal insulation properties.

The amount of water that can penetrate into the structure of the foam by vapour
condensation or by pure liquid water under a temperature gradient can be surprisingly
high as values of over 100 % weight increase having been reported in the literature’.
At such high levels of absorbed water, a relatively large number of foam cells must be
substantially filled with liquid water. In immersion testing, by comparison, a closed
cell foam structure like polyurethane and polystyrene gives a relatively high rate of
water uptake in the early stages of the test but this rapidly reaches a plateau absorption
value™. This was found with the EPEF foams samples during the tests. Condensation
testing under vapour pressure gradients penetration can therefore be considered to be

a more severe test protocol than immersion testing and has been stated to be more
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appropriate for construction applications such as roofing®. The driving force for
water vapour diffusion through an insulating material can be very low in households.
Liquid water will penetrate any insulation without this driving force, when insulation
is directly exposed to water. This shows that insulating materials have to be protected
entirely from direct water.

The nature of the RPS made it difficult to perform the WVP and LWP tests as water
does not settle in this material, because PP and PE are water repellent and the samples
were not closed at the sides of the specimens. Water could diffuse through the
polyester coating in the samples, This indicates that, the problems encountered by
insulation due to water settling in them, will be relatively low with the RPS samples.

5.6.2 FIRE RETARDANCY

Combustion is the process where the polymer vapour reacts chemically with oxygen
in the reaction zone of the flame, generating heat and products of complete and
incomplete combustion. The effective heat of combustion (EHC) is a measure of the
efficiency with which the emitted gaseous products are combusted. A lower EHC
indicates a less efficient combustion process in the gas phase, suggesting better flame
retardancy in the material. The heat release rate (HRR) is one the most important
parameters for characterising a material’s fire behaviour. It is an indicator of the rate
of fire growth and the intensity of the fire. A more effective fire retardant has a lower
HRR. Release rates of heat and the products of complete of combustion (CO,)
increase with a decrease in oxygen available, whereas the release of products of
incomplete combustion (smoke and CO) increase with an increase in the oxygen
content. High smoke production rates (RSF) may be considered an indicator of
incomplete combustion of volatile products. The CO to CO, ratio may be considered
as an indicator of the degree of efficiency of the combustion process. A high CO with
respect to CO, confirms an inefficient combustion®2.
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The key results are the heat release rate data. The lowest HRR value within the EPEF
samples was recorded for SPX25 while SPX80 have the highest HRR value. Even
though the SPX80 shows a rapid release of HRR after a rapid ignition, the curve in
figure 4.20 indicates that SPX80 is the only material within the EPEF samples that
forms a relatively large trough (or a slowing down in the HRR) after the maximum
HRR peak. The trough suggests the formation of a charred layer which interrupts the
ingress of air to the burning SPX80 thermal insulating material. The relatively low
rate of smoke formation after rapid ignition and low CO relative to CO, during the
main weight loss period indicates an efficient burning process during this time. The
SPX80 had a longest time with respect to the lowest mass loss rate. Therefore the
HRR curve for the SPX80 shows a long period of relatively low smouldering, during
which the CO production is relatively low, compared to other EPEF samples. The
results show that SPX80 does not burn with a great intensity compared to the other
EPEF samples. The EHC values for the EPEF samples have plateaus at about 40-53
MJ.kg", indicating a relatively efficient combustion process with respect to the RPS.

The recycled polymer slabs (RPS) go through a number of burning phases, after
ignition which is relatively late compared to the EPEF materials. The HRR curve
shows a trough (or slowing down in the HRR) suggesting the formation of a char
layer which interrupts the ingress of air to the burning material. A second charred
layer is formed again after the first as indicated by a slowing in the HRR. The shape
of the HRR curve (figure 4.21) suggests the possibility of the third char layer just
before the end of the burn. The peak HRR is relatively high at around 750 kW.m™2.
Another indicator of good and efficient burning of the RPS material is indicated by
the relatively high effective heat of combustion, and a low CO with respect to CO,.
The EHC of the RPS material plateaus at about 35-40 MJ kg™, indicating a relatively
less efficient combustion, with respect to the EPEF samples.

3.7 MECHANICAL PROPERTIES

When a thermal insulating material is installed in a building it will experience some
kind of mechanical loading. The three well known mechanical loadings that can be
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experienced by a thermal insulating material are crecp, bending and compression,
Creep, compression and bending (flexural} stresses are important factors to consider.
This is because thermal insulating materials are subjected to creep when placed in
roofs. Compression and Hexural {vading is experienced when loads are placed on
these materials and may result in a loss in the nsulating material propertics. During
this period ol mechanical loading thermal insulating matcrials can loosc their

insulating propertics.

a 1 mm b 01 mm

Figure 5.3: SEM micrographs of LDPE foarn of density 24 kp.m™ (a) eomplete cells

showing the flal faces (b) section through an edge of the ccll and the 2 adjoining
faces™.,

Closed cell foams are complicated to study because the cell laces do not ruprure
during testing and there arc contributions to the mechanical properties from the
compression of the cell gas and from the stretching (tension) of the ccll faces.
Computer modelling software is mainly uscd to study and predict the behaviour of
foamecd polymeric materials. The polymer response in closed cell foams varies
substantially.  For example, low density polyethylene (LDPE} foams recover
completely when the compressive stress is removed after some time, This indicates
that the polymer response is viscoelastic for the I.DPE samples and this is general for
all the polymeric foams. Figure 5.3 shows a picture of the eclls belore and after the
material was eompressed. There is a hiile delormation in the cell structure where the

cell separates {figure 5.3 {b)).
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The same behaviour was exhibited by the EPEF samples as they recovered fully when
the loading was removed. This indicates that if the EPEF samples experiences
compression during application, they will loose their thermal insulating properties.
However, they will regain the insulating properties as soon loading is removed
because the cell structure will be filled with gas (air) again. SPX80 has the highest
resistance to compressive loading compared to the other EPEF samples. This is
because of its high density (80 kg.m™) as compared to other EPEF samples. The
denser the polymeric material is in a foam structure the higher will be stretching along
the face of the cells®®, For approximately the same deflection as the EPEF sample, the
recycled polymers slab has shown the highest resistance to compressive loading. The
RPS compression test was stopped because the failure was sudden. The recycled PP
and PE’s original ductility has been reduced as a result of impurities and regrinding.
These impurities were incorporated into the RPS during fusing. The woven glass
fibres and the thermosetting resin in the RPS had increased the compression strength
of the slab.

During flexural testing (bending) the samples experience temsion (stretching) and
compression at the same time. This test was done to see if the samples under
investigation will require support during installation. This result will complement
those from the creep tests. SPX80 has the highest flexural stress and flexural modulus
as compared to other EPEF samples as a result of its high compression strength. All
of the EPEF samples were stopped during these tests as they were deforming
continuously after the maximum flexural strength was reached and this shows that
they all have an elastic behaviour under tension. The RPS flexural stress and flexural
modulus are very high as compared to the SPX80. The gypsum board flexural stress
and flexural modulus values are higher than those of EPEF samples, but lower that the
RPS values. The gypsum board was not evaluated for thermal properties, but for
flexural support. Above their glass temperature, polymers show slow, permanent,
time-dependant deformation (creep)“. Both SPX80 and RPS showed no deflection
attributed to creep afier 14 days of testing.
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5.8 ECONOMICS OF INSULATION

Thermal insulation of buildings is a long term investment. This suggests that when
selecting a thermal insulation material, the optimum results have to be achieved by
using low cost thermal insulating materials with high R-values. Economical financial
benefits are achieved when a thermal insulating material is used with the smallest
thickness possible. When the thickness of an insulating material is increased for
optimum results, then the cost of manufacturing it will also increase. An increase in
the manufacturing cost will make the thermal insulating material more expensive.
Computer software can be used to evaluate the optimum thickness for thermal
insulating materials®. An alternative way that is not based on computer simulations
was found and used. This was achieved by calculating the amount of energy that will
be lost through a thermal insulating material and the corresponding amount of money
that will be lost.

Table 4.10 shows the calculated R-values, heat lost through an insulating material
(HFR) and Rand loss (RL) per unit area. This was calculated for all the EPEF
samples, the RPS and EPS. EPS values were calculated for comparison purposes.
Among the expanded polyethylene foams (EPEF samples), the SPX33FRA and
SPX80 (34 mm) performed better in terms of the HFR and RL. The RPS has shown
higher values of HFR and RL values compared to the SPX33FRA and SPX80. The
HFR and RL values for the RPS, SPX33FRA and SPX80 are relatively higher than
the expanded polystyrene’s (EPS’s) HFR and RL values. The R-values for the EPEF
samples are higher than that of the RPS and relatively lower than that of the EPS.
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CHAPTER 6

CONCLUSIONS

Based on the study undertaken the following conclusions can be drawn:

o The properties of thermal insulating materials are complex and difficult to evaluate

and measure. The most significant properties that cause a material to be a good
insulator are the thermal conductivity (k-value), thermal resistance (R-value),
combustibility, density and moisture resistance. The thermal performance of the
thermal insulating material is sensitive to small changes in one of these properties
and could lead to a poor performance of the thermal insulating material. There are
three main different forms of thermal insulating materials on the South African
market, viz: reflective, resistive and composite. Aluminium foil is the only
reflective metal that is used in the development of reflective thermal insulation
products. Polyester, glass fibre and styrene (foamed) are the most commonly used
materials in the construction of resistive thermal insulating products. Composite
thermal insulating materials developed for the South African market are mainly a

combination of reflective and resistive insulating materials.

o The procedure in the production of a low-cost thermal insulating material is rather

challenging. Polymeric materials have the excellent thermal properties compared
to any other solid materials. Their thermal properties are enhanced when they are
foamed. In the production of the recycled polymers slabs (RPS) a relatively low
technology process was used. The RPS is affordable when compared to Sondor’s
SPX80 (expanded polyethylene) product, for example. The recycled polymers
slab (RPS) and SPX80 are relatively low in cost, practically safe, and moisture
resistant developed thermal insulating materials. When RPS and SPX80 are used
together with the gypsum board during installation they will not combust. The
RPS and SPX80 as thermal insulating materials will reduce energy heating costs
and increase the comfort levels in houses where they are installed. These two
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chosen thermal insulating materials, RPS and SPX80, have to be supported when
in place, especially when installed in the roof. The compression and flexural
strength of SPX80 are very low and no permanent loading stress must be present
in service. The heat loss rate through SPX80 (18mm) and RPS (14mm) are
relatively low and the Rand losses per unit area for these two samples are
considerably low.

e The measurement of the thermal conductivity is highly complex. The comparative
cut bar method is relatively cheap to design and it is ideal for the measurement of
the polymeric based materials’ thermal conductivity. The thermal conductivity of
the expanded polystyrene was accurately measured using the comparative cut bar
and accurate k-values of the RPS and EPEF samples were obtained.
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RECOMMENDATIONS FOR
FUTURE WORK

Based on the complex nature of the processes involved in the production of a low-cost

thermal insulating material, the following recommendations are made:

o Although the recycled polypropylene and polyethylene have shown good results in
developing a low-cost thermal insulating material, more research should be done
on other remaining recycled polymer materials. This will further help to evaluate
the possibility of finding a raw polymer based material that could also be
applicable to a low-cost thermal insulating material.

e Foamed polymers have shown good thermal properties in this study. The recycled
polymer slabs were not foamed using blowing agents, because the process is
rather complex and needed time. A study should be conducted on finding an
inexpensive process of using blowing agents to form a foamed structure. The
foamed polymers were found to absorb moisture into their cells and this reduced
the thermal performance of the materials. Even though moisture resistance
mechanisms are rather expensive to be incorporated into the foamed thermal
insulating material, a study should be conducted in order to find a cheap method
of reducing the susceptibility of foamed thermal insulating materials to moisture.

o The chosen thermal insulating materials from the investigated samples are
relatively flammable. Fire retardants are relatively expensive and alternative
methods of reducing the flammability of this product should be investigated. A
study should be conducted on the possibility of incorporating cheap fire retardants
into the thermal insulating materials.
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APPENDIX I

THE PROCEDURE TO MAKE A POLYMER SLAB

The procedure to be flowed to make slabs is as follows:

e Fill the mould with the material e.g. powder.

e Set the target pressure on the pressure gauge with the red needle. Put the
mould on the metal base; insert the thermocouple into the bottom wall of the
mould, and tighten the pressure release valve and jack up to the target

pressure using the pressure-applying lever.

o Set the target temperature on the temperature controller. Heating begins as
soon as the voltage is applied to the controller.

e The pressure continuously falls during heating. This must therefore be
accordingly adjusted during the entire heating process.

o After heating for the required time, switch off the controller and open the tap
for water to flow through the cooling pipes. Do not apply any pressure

anymore.

e Once fully cooled, open the hydraulic release valve. Remove the mould and

remove the sidewalls of the mould to remove the slab.
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APPENDIX 11

THE PROCEDURE OF USING THE HOT BOX

The house (hot-box) is divided into three portions:
* 'The roof
* Room A
* Room R

The light bulbs in the roof supply the heat to increase the tempergture in the rooms.
The temperature in each room is monitored by a small {Mini) thermometer, where Lhe
tip of the stem must protrude at least 30 mm into the room. Table.1 below tabulates
the technical data for Mini-Thermometer.

Table |. Technical dats Tor the Mini-Thérmometer

-50...1 150P°C

£19C-10., .+ 1O0YCY + 2% (rest of range)

0, 1'C-19.9,.,— | 50%CY =1.0°C (rest of range)

| sec

Stainless sreegl

Approx.] vear

The temperature of the rooms and the roof is recorded after fixed time intervals. ez,
after every 15 minutes. Room A must totally be covered in the rool” with the tested
{insulating) material and Room B with the standard insulating material {gypsum board

and Isotherm Polyester).
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APPENDIX 111

Temperature Comparison Tests

THE GRAFPHICAL REPRESENTATION OF ALL THE SONDOR EFPEF AND RPS THERMAL

INSULATING MATERIALS SAMPLES FOR THE TEMPERATURE COMPARISON TESTS




Table 1. Tabulation of the average tcmperature ("C) values recorded for the
recyeled polymers slab during the temperature comparison test.

] 148 179 180 18D
15 40.3 L E] (LE] 153
o 450 19,4 (LB 281
4% 9.7 S .7 7
Lili] 5.7 LA ILE 3.3
e} £3.6 114k L3 JL3
H1 546 1.5 111 330
(L4 36,2 134 139 351
110 578 33 H3 36,0
135 61.7 FA R 24.7 REE. |
150 655 38 251 i3
165 &9.1 Ida FLE | 199
141 Ll kL 186 4.1
135 To 8 244 15N 0.4
a 8 45 59 Ao

Reeyehed Polymers Skah Temperntare Companision Test

O e e

0

Temperawre | "Ch
£

G n_n_n—_u—mt.u‘—"-f-‘-f-‘—f—‘—L'

& 15 M 45 6 TH PG IS I2@ 13F LSD DG5S 4@ 195 LW

Tlme {mfiLk

e B il oy e TH G M
Rrovdied Eolymens Stab e |- i ml b Brvioms

Figure ' Temperatoie vs. time geaph for the RPS (14dmm).

Recyeled Pobymers Slab Temperature Comparision Test

L0 f—

- ] — —

=

£

2 HE— —

=

FELLE ——

- ——

LT i L
]

s — |

i
|

Ll g lmped Raam l':;"n-.i-'lulin-. Reyeled Fa:voaer Sk

Figure 2: The bar chart representativn of témperature
comparison test for che RPS {1dmm )b

UNIVERSITY OF CAPE TOWN




n 9.5 194 1% mn
15 bl 204 ol 7 a%J
LU 6.7 LS 2.3 LA
A5 (A% =H | .1 B FL N
il TH i b B i
T Tia 230 r ] 2.4
Wl 14 1% 214 Al
165 LY b A 138 LLH |
12 T4 By 12 Mdi
[F Eh L p L%, 134 Lpa
L58 Tl 23 s ELE
|65 74,2 233 21.7 AR
o rA AL A1k (L]
15 L ny 0 154
i L8] 2 i |
45 (L8 L5 e T
fill T 210 13 AR
7a 731 124 L LF N
iy 743 ILb irn SN ]
s T e LA | LLA |
20 e i 135 dnnl
133 L8 | 2R 115 314
150 43 T 239 g
IL5 15D an M2 A

E

T | 1

|

UNIVERSITY

SFR 250 | Berim ) T 2 oo v iy 1 oﬂnmhu:liTl-

n I i Ll ™ ] Lok W aam |m
Tiaw 1Mimi

e el Lt Rt

el e by il i ol B

&PA 25 { 1B} Tempe ruure s s ion Tesl

.- —
LT
[TTR
oTr
LT
ang | —
ne |
|
Wi
[ —.—
Hund

_5;"-1 LE {3 l;n} Temps runre E'nmhh'_r;;;

| BNEE

Ub-lasalaicd oy + BTN 2% [ IHonae)
[ R S

- — - - — - T -
- - e e
L —
- | —
=] a -
gin B — & ¥
- ® - — =
,. s d— il l— ——h——k—A |
i —
i W o AD 1 E ae i3 LM M g T
Ty [Ming
| e et NI R (3 ming |
e ot N + VP i U Ukl P |
AN 15 (34 mm) Temperztare L pogiariieon [t
-
T
-
-
-
LTy
T ! =
1
TR 1
T :
liinet Tm-tnsulwind Hives  Cljjmiis = Paifieiss HPY 28 o

OF CAPE TOWN




i 2 194 (PR 190
] 5.1 FL AL T 153
Sl fi5.1 LS 111 FLA
d5 filkll 21.1 1.7 T
hlb T 1.5 22.2 1.1
Ty | FER] 26 333
W T3 1.3 114 AL
LB 742 AT 1340 LLE |
12k 51 ERT] PR R[]
135 3 33 134 arx
| =dn g BRI k3 PR k3
5 1 53 1R iK%

i 19.9 | B 19,4 (R
] Sl X 19.4 253
50l (] .1 M2 281
45 [ 5 1.5 LIRS 0.7
&l TLAb .7 LT k) )
= TEé 19.9 HE) 313
M T24 M2 L3 150
0% 4N e d LT A5
121l ER) 206 aln 6.1
£33 TN i1.2 i3 it
£S5t 740 A pt 34.3
145 742 15 252 iR

BI85 33 (bhoun) Te e niwre Coompecision Tesl

Tangersiams | (7]

1w e e

T T w
[} L% 44 0 s B 0f dqu 1w 130 44 LB

Time { M}
— T ETINE—
-.-M‘hl‘:rl + Gﬂl— -ﬂ—\h-l“m L)

| '\I”i.‘*& [lﬂm!‘hmmm {!nr-mrhlm Lest

ﬂ'l.l

Em

i#l ——
= . —
W HEE B | |

u.mqmu Feanm n"--a-lunum u.m:l.[l.u-u

SPX 33 (3dmem} T:rl;:r;l;ue_{-:nm;-rhim Tenl

[
™
-,-:l' =
= En
I L
| »
E
| 1 i
¥isisd . 2
@ Bk df B 3% M1 W05 10§13 030 143 LW
Time (s}
—— Rl T s M A mimmp |
=gir= T hi eTHn + GvpEAM e Un-inau Ll el Hoces
SN A L i) Te e caont Camparksnn Test
B L A

Trmperstwret T}
[P
2 =
a =

Eill =

L kit rr.:.;uu- s Motk EIUAS

UNIVERSITY ﬂF CAPE TOWN




1% AIFRA i lemm) Teogr e Conope visies Tesi

1-}-- = - - -

eyurn | L]

" 19.1 12 7 19,0 = SR | o
12 $3.2 190 199 153 TEL, i o o
W .1 19,7 s 2.1 LTI g el gy
d= hi,2 hI ) a rl B " i el il BFN DA ] by
| i T v & FiLEA N — Ll et bl |
il 044 29 3 ETR Saih
s Il 14 124 A3 S 33K (18 mm) Temperatone Conipunrising 1eal :
™) 0.7 - B 2.5 n "
s 3 2] 232 351 -
- A
120 7K 223 1 6. [z mep
5 ] - e e s
135 Ti: 227 258 s E -
&0 Tl 233 1149 1.4 ™ A oy
1 W -
16% Y 4.1 242 Y ol — W
Teanl Bamm - [l

AP {1

SN RIPHA (i To mipwaii i O o ilon Tea

T
1} 185 181 151 1.0 — B
i5 L5 18.2 THE 53
Jo [ 144 1.2 2M.1 -
45 £5.0 1.0 .6 20,7 P
&l 56,7 160 - 1. [[TTCTITTE RSE - SRS e WP T TP Yoy
7a fif.§ 2.3 205 i
Rt 9.2 N6 0.7 330 | SPX J3FHA (MHmoa) Tempe mtare Comgumision Test
148 Tl el 08 51 : I =
120 e I 0 ) ¥ !
E =
135 m7 N 212 ns gt -
e B
151 LA na 11.3 JK.3 et B
| = i e — - | I
k63 714 214 e IR & e e e e :
L T R T L. LT U T IR
Time {Mink |
e Jle| T APXIIFRA OMEm | |
| +]|||II|-||u SLET ST *III:—J.!.IIIJ o e

UNIVERSITY ﬂFFH’I TOWN




1e £14 24 w1 M3
an fl 2 203 M0
15 fitd 1.3 210 nn
ll i, a7 14 R
B T FER s L3
iy LT 324 pi 8| LEN ]
ins b Y | 2LY 232 J51
120 T 2 P ¥ § Jiwl
138 1.8 2.0 13X 7.4
154 LY 3.0 23 3.3
103 L 232 134 R
o 1.9 i 183 1.0
T i 184 187 34§
BN g V) £2.2 I
45 820 T 198 s
i 65,4 4 i a1l
75 T LA LR AL
kL .1 3 A | a0
108 o 24 LA 450
™ [ 1 iLE Ly
i35 A Ik 1 175
150 w4 na ILE 384
6% 2 21 pral AR2

SFNAS (1A Tempe mmare Comgmrisiss 1ol

S P e —
= . e sl

Tinks (Wi
e T

-—i—-l.h! lr|||||

[T Lis THiL 48R Jin B4R (Wi

o |

5 1A {0 W) Tewmerniure Compsnisons Tral

"

preN—

Wa &
S
&
AW
E

il

L

.'|II:

il

Wi b

Uil i I..-:r-'l.-. Tidhierm

LA Tl T

| SPNAS (Mmm) Temperatue Companslon Test

e il
e s b e 2 Pl

A TS s A ER WE
_ Wime (MImj

i jan imm

— I ;

EIXAS (Menmy Te mgperatare Comparision Test

b
-~ e
¥
- hs
#
&

Ty

s |

s |

[T}

==L il Mises

Alrai o | et e ﬂgp— + Lol WP i

I '\II\PHHIE\ ﬂF(F’«I‘I' I{H‘i'\




SPAKD (1 Rnw) Temge miore Conparision Test

[ T ]
FuFRNLzE

15 4.7 175 1R.3 53 7 »
J“ 'tﬁ I i 96 mi L] I i =k L R INF i W s
: - . Thms (Vs L
45 624 19,2 me 207 —— SR A [ [Bersmt
l — e - (gEes e - ol | R
& L o I1.1 i3 —
i L = ] 3
3 T3] 203 ZL 423 SEX 80418 om) Teomprrne € saparbeon Test
i &1 0% e N | il

] L] L 1.2 ns - | LU

5:, -

12U (T ¥ 204 3 3.0 SR |

135 il 0 33 Jis i :“
150 T 1L 13 L] LET g

[ 1)

165 .6 224 155 e peo

Wmiwvalowd froaw Cypam & boiiom G720 (18w

e
SN M (i Tompeoiters Cumpansion Tesl |

-
")
P B
I w0
1] 14.5 14.3 15 i %4 ' I -
i§ a8 192 19.9 263 | o8
1l fild 20 204 26 1 ) e el ENE—
- ] FL wl L) " ] (LL] Ins LE5) Le (L 13 (1]
AR 61,1 0K It T wa
a0 1.1 Lo A4 3.3 ) | ot ol SRR B o Py
i 8 e i s S MR g Pomgs i mive ©amporsdan Tear
a0 TLY e B N | 3 i
105 L8 FL R 134 K --! s il
.
120 73,1 121 126 60 ¥ ;
138 7.8 1.3 118 s ! e | e
150 0 L6 23u %3 ..... —-—
([ 744 114 211 we eir

Pminbalutedl Prm Uygemes s leelene SEUI0 Rimm

UNIVERSITY OF CAPE TOWN




APPENDIX 111

Temperature Comparison Tests

THE GRAPHICAL REPRESENTATION OF ALL THE SONDOR EPEF AND RPS THERMAL

INSULATING MATERIALS SAMPLES FOR THE TEMPERATURE COMPARISON TESTS
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Table 1. Tabulation of the average temperatore {"C) values recorded for the
recycled polynmers slab doring the temperature comparison test.
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APPENDIX IV

Thermal Conductivity Calculations Data

T, 63 | 570 | S84 | 408 | 524 | 493 | 544 | 538 | 536 | ol | 654 | 627 | 430 | 643 | 542 | 669 | 615 | 593 | 640 | 642 | 647

'I; 486 | 445 | 459 | 415 | 4446 | 420 | 458 | 454 45 514 | 544 | 508 | 364 | SL® | 450 | 576 | 532 | 440 | S04 | S04 | 512

T; 400 | 375 | 380 | 305 | IR | 3T | Mh1 | 30R | 305 | 430 | 455 | 415 | 316 | 432 | M | 506 | 470 | 407 | 416 | 403 | 422

T'-i 128 | Mo | 3246 | 323 | 31 | 335 | M4 | 31| 35T | 368 | 389 | 34T | 281 | o4 | M0 | 460 | 430 | M5 | 345 | 330 | A
Where AT, =T, - T, AT =T, - Ty, AT=T, - T,
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Reeveled Polymers Slab {RPS)

Expanded Pobvethylene Foam (SPX15) Expanded Polyethylene Foam {(STX 33}
Thermul ©Conduvtivity af Firal Seq af Sl el Mir of Thard %ed of Thermul Candovdviey of Firsr e of Secund Sed ul Third Secal Thermal Qmﬂu:th,-jq of Find Sl nff Sarcnnd Sl ol ‘Third % af
thee stamdard - Temperaimres | Vesnpesplaies | Teisprrsruves the stanmdard : Temperntmres | Temperatores | Temmeraimres the standard Towspiramees | Tomsperamrees | CFeapaearirs
: "1 1%L () : Ty =Ch ("Cy o L ' {0 ]
{h = W/ m K] (k=4 W/ mK) (R =W k)
And AT, | BT | AT, (b2 AT, laz And AT, | 137 AT, ks | AT 17 Andl AT, 5 A1 B | AY, 5]
the Fermuln osed in — = 5 the formuols msed in - N the formula used b ;
culewlating e the rmal AT, AT, | 10 Aar, | 1w calculitings tie flicrmal AT, | me AT, nno | AT, T caleilaiug the thetmis) Ar, | a8 A, | EA [ AT, | Ax
conduchivity uf RIS . ) condmclivity of $PX25: i : enndugtivity of SFX33
K, = ky # (AT, + AT,0/20T, AT, | T& | aTy | 85 | AT, | 63 k, =k % (AT, + AT,0/24T, ATy | TR | oAr, | ar | oAv, [ & K.~ kg * AT, + AT)/2AT, at, | am | oam | a7 | AT | s
Culealated bgp, Calcubated kg, Cabew bated ki, p. o,
(Reeyclel Folymers Shaiy) 1 asd 1,15 LLiLF] [SPNLS) (854 LR PX. [SPX3T) L H L 1] LAl L
{WimK) (Wimk) W mK)
Average b {W!mK Averape b (WimK) Ave : 'mK]
re by ( ] — BY Mypia - rage Ky, (W s

Fxpandrd Polyethylene Faam (SPXIIFRA)

Expanded Folvethvlene ¥oam (SFX45) Fxpanded Polyethylene Foam {STXE0)
Theomal C{*I‘lduﬂi\-ih’ of Fird 5el of Secinid Sl o Tlryl S of Thermal Cooductivity of Wird Sei o Seermd Sec af Third Secaf Thersgl Condagtieity of Fire 5ol of Syl el wf Third Sed ul
hestandanil Tempernivrra | Teilperaiwres Wmto g gl THE the standard Temaperstnres | Temperarures Temnpecatores | ihe styoibard Tempecalmres | Tesmperaturet Te mperature
k=LA A e il ik e (kg =L W ' Y e o re) k=i m k) 2 il e
And Ary | 84 | AT, | ALk | oA | He And Abg | e8| AT, | 134 | AT, | uE And AT, b 93 | AY, | BA [ AT | ika
the formauls et o e = ibr formuls wsed in = _ the formala used ; %
calcubatiog the thernal AT, il A, B4 Al 2 valculuting the thermil A, 4 iy BT | AT g catcolaniog the theemal A1, p AL ol it B3
conductvity of SPXIIFRA: B ¥ ae | i conductlyity of SPX45; % el [ . conducHviey of SPX Sk &
k =k, % (aT,+aTgozaT, | YT ] * T | B8 | ATy B8 Ry g wiar s argeaar | 3R [CEM T | 8% ) A 83 |y oyt eanpaay, | AT R0 ) AT |6 AL BE
Cuabnlated kg o0n Calemlatend ko Calculated Koy,
{SPXIIFRA) 1036 4] .04 {SEX A5} LR 1,044 1,12 (P X LR L 1041k
(Wimk) W/mk} [V 'mE)
Avera [Wimhk) Avernge K IS Average k mk
£ Kapranema ai A Kapy i S BEE Kgpyg, (/K o
Expanded Polvethylene Foam (EPS)
Thermal Conductivity of Fhrak Set of Seeond Set of Third Set #f
the standard Temperatares | lTemperslures | Temperwtues
(I:“=['L{'I4‘|r1"-"m K) () | [
Amld AT, 138 AT, 3B | AT, 13.5
the formula wied in ” i ; i
calewlating the thermal Al B AL o M, >

eonduetivity of EPS @ _ : i
K =K, WAT, £ AT gar, | M | 21 | Al | M4 | Aty )

Calculated k.,

{EFS) 4T o047 LI
W i K

Average k. (W/ark)
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APPENDIX V

Name and Function Component for the Portable Hybrid Recorder
(Model 3087)

S T T Tyt T o

ﬂll T T e L
= ﬂ {1 I L1 [_:_,1,,

Figure 3-2. Names and Funetbons of Components {2).
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I Chart

Z-fold chart (rofn| widih 210mm, snalag record-
ing wadth 150mem, digilal prioing specox. 20 man
th the l=ft margm of the chart. total chari lengih
T mi 100w o dov mome,
7. Digital measurement dsts prtont

Measuremend dars are glwa dignlally panted in the

lelt morgin of the chart. Such digital prinving is
exccabed guiomatically at fized trme antervale vg.

hourly {depends on the seiecied cham speedy

Relnlionships beiween Chart Speeds apd Prinfuuls.

| " Cime, Chan
1 wpond, i
Crort spmd | oo Wit | g
Ll 1
daim
1138 i prim nlwe unEw T orinmbils
Wip 500 | peortabls o It priratils
BT 15 lxl'.]-l urrintabls Lmnﬂnr.l:h_l unprisaiie

1higital Measnrement Dars Printing Inferad

Chart sewed Dagrin] rsgmeryerst dor
"I:T"I-J.‘ﬂ Erunklmg imimrwl Bh)
D 12
25 1o 48 1 Ty
[ Bowss | 2
0010 500 !

{3: LED indjoaioes
i1y ALARM: When any of the preset slocm condi-
tans weglcs, 1he red "ALARM" LER indi-
cajor hghis,
{20 FATL:  [he red "FAIL™ LEL pndicator {ights
if the recorder funclion ia shnormatity,
(3 BATTERY: When the balieries fof memory
Back up are dxhanzted, ihe ced “BATTERY"
LED indicator flashcs (tsatlerics back wp (he
memory (nr spprox (hmee moni sl
(4} CHART  The red “CHART™ LED indicanor
lights when chartoend i meneed Regording
stops when Ihe chart o fed ab mm aller
thiz indicatar hghts
When the CHART FEED key fa preswed silei
thi indicator Lghts recording siom imme i
miely. However, aiter rthe HENEW CHART
mprk o LRt chan paper, ibe LED becomes
possithle 1o opermie accasanally OMNrOFF
5 REMDTE: The groen “REMOTE" LED ind|
cator hghta when ramote control i3 execuled
via the GP-1B jmeeriace bus { opliaonal)
4 - THrplayy
Yeur;momihidey, time, nciawred cdofd, cham
spreds am various setlings arc dmplayed {LED 13
dagash.
Enpenples:
{1} Yeasymonch, day and (ime dienlay
1044 AN, Morch 14, 19ES

—
Yest Momh  Dav Tume
1065 Mgt 14 1040

(21 Dats displey Chasnel Ho. 2, 1136.7°C

I
cHa S ‘'

4 Engineering Unfi Displa-

Aoy one of the ‘dllowing snguaeefny wuls Lghts
sccanding to the mcasuring range. Uowever, when
time, chut apced or sconning incerval is displayed,
engurrering unil does nat leghe.

mw v
B F
n kIl
Lmhis whun "soating''
il L a1 in parformesd

Figore 3-3. Engingeerimg Unil Display.

A1 Mode Seiectar Key (MODE)
{1y TRENI:
When MODE key 5 preseed and “TREND™
LED mdlcaing lights, rbe TREMD mode |s
(=19
Whent the TRERD mode 5 @, analog primung
and analog/digtal printog can be sxeceled,
) LOGGING
When MODE key it pressed and “LOGGING™
LED intwelor ubghts, the [OGGING mods i
=l o
Wien the LIMGGING mode 13 st, dignal prnting
can b execuied o1 foced inrervals
(7 Dopley Selector Key (DISFLAY)
Prewing CISPLAY key, you can stlect dasplay any
of DATA CAUTO), DAT A (MAN]) and CLOCE
1) DATA {AUTO) Doplayvs TH Mo, and meature-
meonl dais in order 8t 3 wecond inlervals
2y DATA (MAM) lhisplays dacs only for the TH
currantly desgnoied by the CH wey. Pressing
tha €H Yoy allows UH Nomo 1o be procecavely
mermmented, and the desired CH is calied.
{3) CLOCK: Digplays the year, momih, day and lirme.
‘) Bcarming [oterval Sclector Xey (SCAN)
By preswng SCAN key, &rther AUTO or FIX (353
mode can be arlesed,
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(1) AUTO: In TREND mods, the scanning penod
wariny with the charr speed, Recording chart is
fod 0.25 mm cach scun. In LOGGING mods,
input scenming is petformed every geanming
interval

(23 F1X (58} Wocps the seanning prriod constant
(5 weconds) mgardless of the chart speed
salected.

@ Dzig Set Selecior Key (SET!

By pressing SET key, any of RANGE, ALARM
CLOCK, CHARY SP/INTVL ond PRINT TIME
peiling cun be selecred,

(11 RAKGE. Moamiring inpul ranze can be seleciad.

(2 ALARM: Alarm st ing can be performed.

{3 CLOCK: Year, month, duy and time may be

SBil.

{4 CHART SFANTYL: In TREND mode, charl

speeds {0t pny point belween | and | 200 mm/
. h) can ba selectad,

In LOGGING mode. intorvals (o print out

mleaturemenl date (dygital) on ithe charct can

be gfdor | mdn 1o 290 in man wnat].

(5] PRINT TIME. In TREXND mode, the digital
printoun: Uimea can be sel (b minuies af any
time. The digital printout nierval complies
with Ttem (23 aberve,

1 EIST Key (LIST)

The LIST key permils messuring fioge. alarm
seiling of each ehannel, chon speed, date and Linle,
1o b2 prmmd out on the chart paper,

15 PRINT Kay (PRINT)

The PRINT kev permate, dhsiog/digital or diglial
miating Prnlng opemtan (both in TREND and
LOGGING modes) » possible only wwhen the LED
wndiseior lghts, By prosdng this key, npul scanning
i peeformed once.

J2 MAN PRINT Key (MAN FPRINT)

Digirally prinks mensurement dafa af ail chennel
{excepl For SKII CIL)L
% CHART FEED Key (CHART FEED)

_ The CHART FEET key permuls chart fecding.

4 Data Set Keys

{1} SHIFT Eey (SHIFTY When the LED above the
SINFT koy lights. the chaiecters and mark
above the numeral keye are aifaltpe,

(1) Mumorad Keys (0 to 9% Numerie characiers (0o
) can be per, [n wddition, these keyw Wlow
dlphabelic charscters A w T, H. L, and T
@ bee set with the AHIFT koy pressed,

t3) Sign Key (4/=) Sign key to change gign + or -

(2) Brighthy Ll Pomor Shift Keyy (o, 03 When the
el date currentty duplayed are 10 be changed,
these koyy are uscd 1o shifi brightly i pogs
trons 30 that charscrters or numerals o be
changed are brightly i

{53 Emiry Key (ENT). Enters RARKGE, ALARM,
CLOCK, CHARY SPANTVL ond PRINT
TIME scttings when pressad af the end of
e entry.

(b) OFF Key (OFF{-)¥ Dvugnates channed skip
{in RANGE wemwing] and alarm OFF,

{7 /4 Key: When the RANGE et data are dis-
plaved, i key 15 wsed 1o wwiteh the LEFT
END vatue o the RIGHT END value or vico
verse., Presang thus key highlights the LEFT
END value mark (=} or RIGHT PND value
mazk (1) displayed aad swiiching s com-
pleted by preging SHIFT key and O (2era)
oy shusequently 1o duplay the other end
vahue

4% DMM Operstion Keys

111 DMM Opergtion Keyvs (DMM): Daplays measo-
rod dawe of OV, ACY or OUM (S applied
Iz termingls H and L on the recorder frong
panel,

(3] DCV, ACY anil fEReys iDC, AC, 11 When the
DM key s terped on, these keys aré apera-
teil 10 melect the tvpe of mnput 10 De MeIRrgl

(3} Terminols B and L- Inpot seqminnls on the Trom
panel {Use the meampement legd supplied
with the recorder b

6 Kev Lock Swilch: When ik switch |s slid to

EEY LOCK posfion, rhe keys other than
BISPLAY key will be disabled

POWER Switch: Tums Lhe instruman) ONrOFF.

Ink Hibbon Casmeite

A/D Card

MAIN CPLU Card

SUR CPU Cond

FRIARE
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APPENDIX VI

Thermal Properties of Building Materials

Conductividy Densicy
. (Wim. b} (kgm’y
Wall Matcrialy
| Adube block 1.250 2050
Rrickwork | Duter Leaf 0540 17on
Brickwork i tnner Leaf [ 1700
2 ! Dense 1.4HE 210
Comgrte bl " Lightwcight 350 1200 _____
Heavy 1630 2300
Conerete Block Medivm sl 14010
o Light (k190 Gl
Fibreboard (Soft board) } 040 JH}
Fibrous Cement Shege 1,568 L. =
recking 5K R i)
(2 lass L.t 2500
Plasterhoard D16k Pl
Piywnod B 0138 620
o Marble 2.000 25M}
Stome Sanidstone 130 2000
g Caramite 2.3 2001
__ Tile hanging . 40 103
Timber Sofrw oo 0.130 t’nflll
I Hard waninl 0150 fiLLi)
_ Wopd Chipbogrd | 0000 0120 Gl
i Surfasing( )~
External Hendering 0600 L300
- : I¥ense 0.51H) 1 31H)
Flnsterisy, ™ Lightweight 160 600
Roof and Floor Materials
| Asphalt or Biteminous Felt - .50 1700
t : Fense 1.130 20
Concrete Stab ~Aerated 0360 500
: Wetal Teck Al TRIHI
0 Sereed G410 e e LI m
: Stone Chippinys 2.960 13040
Tiles i .840 1 ikl
Thatch Straw z 0070 240
Timber Board or Wond Blocks | i .14 [
Insulating Materials
Cellzlose Fibre [ F'r;ﬂ;‘éﬂ:‘"‘]. — :;33 ;ﬁ._ -
. Cork 2 0.03% 144
Ful Grass Losiera Maring LG 21
; " Quilt AL 1z
Gilass Fibre Bats (stah) 3005 35
EPS (Exp. Pokvstyrene Slab) 135 z5
Ferllte Lonse Kill kMG &5
. & : Slah L35 a5
Mineral Fibre Slab Dense e 150
_ Phenolic Foam 0l 3
Polvurethane Board : ::;1 :::;;; -— ———-;:—;- .
U Srawboard : 137 250
Compressed Faper Faced AL - A T
Urea-Formaldehyde Foum 040 i
Yermiculate Exfnliated LG4 125
Wirgll Wl __ Siab 0L Sig
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INDOOR MOISTURE PROMCTION

{2 [UE 3 at rest dlg'h
sedenbury 50 2/l
alive M0

ek [rash hreakfase 100 g
lunch Hibp 3000 pidav
dioner 1200 e

st ling breakfase 100 =
lunch i e
dinner J0th v

Mocer maopning 18RI

clethes washing g o

el hes drving 12 il

shirmweer ra /1137

hath 1z

PERMEARILITY OF SOME MATEREALS

berickwenrk fB.0fe - 0042 mpsomLkMa
cenent remder .10
Londerete B.O00% - 0035
cork hnard BoOl3 - Ond
expanded ehorite (Umzote) < {1
cspanded pobvsivrene 0002 - onT
fihreboard (softhoand) Gl - 0070
bardhoard 0000 - 0,002
mineral woul . iG8
plasiering 0007 0025
phasterhoand T 0h23
ol vk O0Z- 07
(kv orethane fvam clused vell LEH L
apen cekl (.85
. ; ) .02z
timbwer air dry .014- oe
wet 0OUT - ook
wiend woil slab 0024 - Ly7y

FERMEANCTE OF S0ME ELEMENTS

ulominum fail < {1 IHHy mgs m'kly
T B OUS (h EE HAIE
TEic Kved 105 mm G004 006
cencrete blocks 200 mm haslleny ([
cement render e sereall, 23 mm d: 047
H .40
eurkhuard Imm 0.40- 0.5
paint. 2 coats, ol un phaster 0, 04-0.17
paint. 3 coats. aily o, gy 0, 021046
plasier an [ath % i3
2 mm HE3
12 033
plasterboard (Omm LT 20
plywood. & mm external quak.  0.026-0041 internal
qual, G L06-0.370
puirethyiene film 006 o 0004 I3 mm
sofivood (pene) k{8 2
mm B10- 047
straw board wouod S0 mm F.13- 20
wiont sfaby 25 mue 3.0h8- 414

[samy Baver uf bess than 0067 mes.m kPa permeance is a vapuur harrier|
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THERM AL PROPERTIES OF SURFACES AND CAVITIES

RADIATHMS PROPERTIES Tor- S0 sl rudiating al S
abs & cmillance refleviance ubs.& cmill
brick, white, glared 025 .75 0.95
{ight colitms 0140 060 0.9
dark colours
[ 1} [ 1} 0
ronfs asphall or bitumen red 0,50 o0 .96
tidex white fikes Mlumimum 5 B :
{ovirdiseid) 0.65 135 .85
paint while .40 XA 050
matl blach .20 LED 011
weathered sprfaces: 30 70 o5
) 0% [[N]F .26
::f:::i“m 0.50 0.50 0.60
0.5 20 0.95
SURFACE RESISTANCES {(m KAW) normal  low emittance
surfaces surfaces
insige,  walk ' 0.12 0.3
ceiling, floor: heat flow up 0.1 22
heust Aow down [NE} (L55
ceiling, 45 heat flow up .11 .23
heat low down 0.13 L35
putside, wadls, sheltered (K]} 11
nornial exposure (B3 X1}
SEVEre Exposire LELE) L3
roofs sheltered 007 .02
normal exposure 04 {105
SEVErE eXpOSUre ¥z 02
CAVITY HESISTANCES (m KW DIRECTICN OF 1IEAT FLOW:
mm horizontal upward dowrnward
i .035 0,035 0.035
0.1l .11 .11
nor mal 1 .15 i3 15
20 i 4 0.0
non- S0 nir 014 {1 ea |
Heoned I 007 0.07 .07
Fovw 5 022 0.22 022
emisgivity {11] 036 0.25 0.30
13 035 .28 [[11]]
5 0.35 .28 0.41
1 (18 b 017 0.17
5 LA nis nis
normal 10 0. .0 ([N [}
20 0.08 0.7 .10
50 0.08 0.07 0.10
ventikated .
1 L35 L35 e
Y 5 i 010 nin
emissivity 10 014 nax 01s
20 AT 0.4 020
S0 D& [F] {1 1}
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