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ABSTRACT

Architectural features with glass panels have been designed in big modern construction
projects. Fire resisting glass products have the ability to remain their integrity in fires.
They are good replacements of standard glass products used in buildings. It has been
observed that smoke is emitted when burning the protective layers of those glass
products. The smoke emitted from these products can be potentially harmful during
fires, causing injuries or even deaths. The objective of this thesis is firstly to carry out
an in-depth study on smoke toxicity and other related fire safety aspects of fire resisting
glass with higher rating. Secondly, thermal hazards upon breaking of glass in a room

fire are also studied.

Common types of fire-resisting glass available, especially the ones with high fire
resistance rating, were reviewed. The compositions of fire resisting glass products are
not released by manufacturers, especially those from the Far East. It has been observed
that smoke is emitted when burning the protective layers of glass products. Relevant fire
safety standards and codes were reviewed. Key aspects such as fire resistance, impact

safety and toxic potency were studied.

Smoke toxicity is an important aspect in fire safety assessment. The hazards of smoke

and common smoke toxicants were reviewed. Selected methods used for quantifying



fire gas toxicity such as lethal toxic potency and fractional effective dose were outlined.
Applications of bench-scale and large-scale smoke toxicity tests were also discussed

according to their fire effluent generating and assessing methods.

Samples of insulating glass available in the local market were selected. Chemical
compositions of the protective layers and gases discharged from the protective layers of
fire resisting glasses upon heating in different atmosphere were examined. A variety of
techniques, including X-ray photoelectron spectroscopy (XPS), Fourier transform
infrared spectroscopy (FTIR), thermogravimetric Fourier transform infrared
spectroscopy (TG-FTIR), pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS)
and tubular furnace coupled Fourier transform infrared spectroscopy (TF-FTIR), were

employed.

Cone calorimeter has been proven to be a suitable tool for assessing the smoke toxicity
of materials under well-ventilated conditions. Five samples of fire-resisting glass were
tested with a cone calorimeter to study their behaviour under different fire conditions.
The toxic gas yields others than their concentrations measured were used for lethal toxic
potency and fractional effective dose estimations. The calculation procedures were

clarified.

Destruction of window glass can introduce ventilation through the opening causing high

heat release rate and even flashover. This brings concerns to the fire safety of buildings



with large window area or even glass facade. Many useful correlation equations derived
for estimating the heat release rate for a post-flashover room fire were applied in
performance-based design. Three correlation equations were justified by reported
experimental data. Two sets of reported experimental results on post-flashover room
fires with transient heat release rates measured by oxygen consumption calorimetry were

used.
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CHAPTER1 INTRODUCTION

1.1 Background

Glass facade systems can provide better external view and have clear advantages in
making use of day-lighting to save lighting energy consumption [Krarti et al., 2005;
Wong et al., 2005; Thm et al., 2009]. It has been increasingly used in tall building,
especially those with green and sustainable designs, all over the world [Wong et al.,
2005; Aboulnaga, 2006; Li and Tsang, 2008]. Many of these constructions are
commercial buildings found in densely populated areas in the Far East including Hong
Kong, Singapore and Mainland China. Fire safety concerns have been raised for glass

facade systems in such buildings [Chow, 2005a; Chow et al., 2006].

During fires, conventional glass panels crack and introduce ventilation through the
opening causing back-draft or flashover [Emmons, 1986; Cuzzillo and Pagni, 1998].
Fire resisting glass products with better fire performance are often installed in big
openings or glass facade systems [GGF, 2011]. When heat insulation is required, fire
resisting glass system with protective interlayers made up of materials such as aqueous

gel or metal silicates can be used [Klein, 1993].



Some research has been done on the breakage of fire resisting glass with protective
interlayer in fires [Klassen et al., 2006; Manzello et al., 2007; Babrauskas, 2011].
However, the compositions of fire resisting glass products are not released by
manufacturers, especially those from the Far East. It has been observed that smoke is
emitted when burning the protective layers of these glass products. The smoke emitted
from these products can be potentially harmful during fires, causing injuries or even
deaths. Efforts should be put in to study the smoke emitted from burning the fire

resisting glass products.

1.2 Objectives and Methodology

The main objective of this thesis is to gain more understandings of the fire behaviours
and gas emissions of fire resisting glass products and thereby apply these findings for
much needed safety protection measures when installing fire resisting glass in largely

glazed buildings.

Common types of fire resisting glass available, especially the ones with high fire
resistance rating, need to be reviewed. The possible chemical compositions of the
protective layers used in the fire resisting products are to be surveyed as well as relevant
fire safety standards and codes. Key aspects such as fire resistance and impact safety are

to be considered.



Smoke toxicity is an important aspect in fire safety assessment. The hazards of smoke
and common smoke toxicants are to be reviewed. Both bench-scale and large-scale
methods used for quantifying fire gas toxicity such as lethal toxic potency and fractional

effective dose are concerned.

The first stage is to understand the possible chemical compositions of the protective
layers. Product samples available in the local market are to be selected. Compositions
of the protective layers of these glass samples are to be measured by X-ray

photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR).

Chemical compositions of the protective layers and gases discharged from the protective
layers of fire resisting glasses upon heating in different atmosphere are to be examined.
A variety of techniques, including X-ray photoelectron spectroscopy (XPS), Fourier
transform infrared spectroscopy (FTIR), thermogravimetric Fourier transform infrared
spectroscopy (TG-FTIR), pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS)
and tubular furnace coupled Fourier transform infrared spectroscopy (TF-FTIR), were

employed.

Samples of fire resisting glass will be tested with a cone calorimeter to study their
behaviour under different fire conditions. The toxic gas yields with their concentrations
measured will be used for lethal toxic potency and fractional effective dose estimations.

The calculation procedures will be clarified.



Destruction of window glass can introduce ventilation through the opening causing high
heat release rate and even flashover. Many useful correlation equations derived for
estimating the heat release rate for a post-flashover room fire are applied in
performance-based designs. Three correlation equations will be justified by reported
experimental data. Two sets of reported experimental results on post-flashover room
fires with transient heat release rates measured by oxygen consumption calorimetry are

to be used.



CHAPTER 2 FIRE RESISTING GLASS WITH HIGH RATING

2.1 Introduction

Architectural features with glass panels are commonly featured in large-scale
construction projects. Many of these constructions are symbolic buildings found in the
Far East including Hong Kong, Singapore, Mainland China, Japan, Korea and Malaysia.
Some are supertall buildings of height over 300 m [Chow, 2009]. Designs such as glass
facade are commonly employed in these buildings comprising of framework, glass panes
and other accessories, such as acoustic insulation and wind pressure relief. Such glass
systems are mainly used as vertical walls with special features such as double-skin
facades. The trend of using glass systems as floor and ceiling for vision extension has
also started [Chow, 2005b]. In case of fire, the spread of flame and smoke from a closed
compartment with adequate fire resistance rating to the neighbouring areas is often
caused by the destruction of glass panes. Openings are then found after breaking the
glass. Further, the entire glass system of the panes may not be fixed properly by
following the standard. The propagation of fire through glazed opening is a great

concern [Klein, 1993].

A wide range of glass materials has been used by the building industry, and these glass

materials are classified in standards such as BS 952-1 [1995]. Most glass products will



crack quickly upon heating because of the temperature difference between the surfaces
and edges [Vondrasek, 2003; Chow and Gao, 2008; Chow et al., 2010]. The discharge
of cold water of the fire suppression systems, which might break the heated glass panels
[Sato et al., 2006] into pieces, is another concern. Because conventional glass materials

are weak spots in a building, fire resisting glass has been developed.

Common types of fire resisting glass, especially the ones with high ratings, are to be

reviewed. Tests and standards used to assess these products are also to be examined.

2.2 Classifications of Fire Resisting Glass

Fire resisting glass can be defined [BS EN 13501-2, 2008] as a glass system consisting
of one or more transparent or translucent panes with appropriate mounting, e.g. frames,
seals and fixing materials. The system can also satisfy appropriate fire resistance criteria.
Performance criteria and standard tests for fire resisting constructions in different
countries were reviewed and compared [Hadjisophocleous and Benichou, 1999; Hung
and Chow, 2002]. The most relevant performance criteria of fire resisting glass are
integrity with assigned symbol E and insulation with assigned symbol I as indicated in
BS EN 13501-2 [2008]. A supplementary criterion of radiation with assigned symbol W
is also specified in some standards such as BS EN 13501-2 [2008] and GB 15763.1

[2009].



Common glass products which provide some resistance to fire and are given fire ratings
are reviewed briefly [Klein, 1993; Amstock, 1997; Rutledge, 2006; Razwick, 2006;
Lyons, 2007; Wood, 2007]. Glass and Glass Federation (GGF) [2011] provides a
detailed guideline on the specification and use of fire resisting glass products available
in the UK market. The types of glasses and the performances of fire resisting glass
products available in the US are also reviewed [Curkeet, 2003; Q'Keeffe, 2007]. Fire
resisting glass can be classified into three types: those satisfy integrity criterion only;
those satisfy both integrity and radiation criterion; and those satisfy both integrity and
insulation criterion. Some literature refers integrity or radiation as non-insulating
[Lyons, 2007; GGF, 2011]. Hence, fire resisting glass can be divided into two

categories: non-insulating and insulating.

2.3 Non-Insulating Fire Resisting Glass

Various types of glass products are available for different building and construction
purposes [Amstock, 2007]. Some of these glass products are regarded as non-insulating
fire resisting, which provide integrity against fire. Integrity can be defined as the ability
of a material to withstand fire exposure on one side without the transmission of fire as a

result of the passage of flames or hot gases [BS EN 13501-2, 2008].



Wired glass has been the only glass offering some fire resistance for decades, and it has
been accepted as a generic product [Amstock, 1997; Vondrasek, 2003, Lyons, 2007].
Wired glass is made by embedding a wire mesh throughout the glass pane [Curkeet,
2003; Q'Keefte, 2007; GGF, 2011]. In a fire, the glass usually breaks quickly, but it is
still held together by the integral wire mesh at the same spot. The integrity limit is

reached when the glass softens and is pulled out of the glazing pocket.

With the development of glass technologies, other non-insulating glass products, such as
toughened soda lime-silicate glass, toughened borosilicate glass, glass ceramics etc.,
have been developed. These products are toughened physically or chemically to
increase resistance to thermal stress [Amstock, 1997; Lyons, 2007]. They can better
withstand the impact of thermal shock and block the passage of flame and smoke, but
they cannot stop heat transmission by radiation and conduction. = When building
occupants evacuate, intense radiation is a threat if the glass areas are adjacent to escape

routes. Hence, products with the ability to reduce radiant energy are developed.

Reflective coated glass is made by applying thin layer of oxides or other compounds of
tin, aluminium, titanium and alloys such as stainless steel on the glass pane surface
[Collins et al., 1997]. The metal coating is visually transparent and can reduce the heat
transferred to the glass by reflecting radiant energy in a fire. Most of the energy reduced
is in the infrared portion of the spectrum where the glass is opaque and a good absorber.

The effect of a metallic coating on fire resisting glass was reported by Fawcett [1996].



Resin laminated glass is the other type that can reduce heat transmission. It is made by
bonding layers of glass with polymer layers. During a fire, the polymer interlayer
carbonizes to give an opaque layer, which holds the glass panes together and reduces
heat radiation [GGF, 2011]. These are also wired, tempered borosilicate and ceramic
glasses. It is suggested that several polymers, such as the ones from fluorocarbon family,
can be used in the layers of this glass [Sakamoto et al., 1993; Friedman et al., 1999].
However, polyvinyl butyral (PVB) with fire resisting addictives is the most commonly
used material [Gomez, 1987; Curkeet, 2003]. As the adhesive polymer layer prevents
the dispersal of glass fragments during an impact, resin laminated fire resisting glass is

also used as safety glasses.

Both reflective coated and resin laminated glasses have the ability to reduce heat

transmission in fires. However, they cannot provide insulation in standard fire

resistance test, and they are not usually considered as insulating glass.

Fire resisting properties of these products are summarized in Table 2.1.

2.4 Insulating Fire Resisting Glass

Insulation is the ability of a material to withstand fire exposure on one side without the

transmission of fire to the unexposed side by limit heat transfer due to conduction,



convection and radiation (in addition to integrity) [GGF, 2011]. Insulating fire resisting
glass can block significant amount of heat transfer; it is manufactured by laminating
glass pane with fire resisting layers. There are two main types of insulating fire resisting

glasses: intumescent and gel laminated glass.

Gel insulated glass is produced by sealing aqueous gel layers in the inter-space between
toughened silicate glass panes [Curkeet, 2003]. During a fire, the gel releases water and
absorbs considerable amount of energy. Water evaporates and the fire side glass breaks.
Evaporation of the water results in the formation of an insulating crust, which prevents
the penetration of heat. This product is made to the required size as it cannot be cut.
Performance range of this type of products is made possible by the varying thickness of

the gel [GGF, 2011].

The main components of the aqueous gel interlayer are water, water soluble salt and
polymer which act as a gelling agent [Ortmans and Hassiepen, 1989; Holzer and
Gelderie, 1993; Frommelt et al., 2002]. Derivatives of acrylic acid, such as acrylamide,
are commonly used to form polymer. The polymerization is achieved by adding a
catalyst and a cross link agent, for example diethylaminopropionitrile (DEAPN) and N,
N -methylenebisacrylamide (MBA). Due to the toxicities of acrylic acids, the use of
other non-toxic components such as polyvinyl alcohol have also been proposed [Holzer
and Gelderie, 1991; Holzer and Gelderie, 1993]. The water soluble salt is generally a

salt of alkali metal or ammonium such as chlorides of sodium and calcium and it should

10



be compatible with the rest of the chemical system. The salt often has strongly corrosive
effects on the metal frame of the glass system; anticorrosive chemicals, such as an alkali
phosphate, can also be added to the aqueous gel [Ortmans and Hassiepen, 1989]. The
aqueous gel layers are sealed within layers of toughened glass panes using conventional
sealing system, and a primer can also be used to generate adhesion between aqueous gel

and silicate glass panes [Schueller et al., 1997].

Intumescent laminated glass incorporates special interlayers which turn opaque and
foam to form a thick solid layer upon exposure to heat. This intumescent interlayer
inhibits the passage of conductive and radiant heat and becomes resistant to fire. The
glass layers adjacent to the fire crack retain integrity owing to adhesion with the
interlayers. They are generally made with annealed glass and can be cut. Depending on
the thickness of the glass, the number of interlayers and interlayer combination, fire
resistance (integrity and insulation) of up to 2 hours can be achieved, if appropriate glass

and frame sizes are used [De Boel, 1984; Vanderstukken, 1993].

The intumescent laminated glass is made by drying hydrated alkali metal silicates
mixture on glass panes, and the production process has been described in a number of
patents [De Boel, 1981; Nolte, 1984; Goelff, 2009]. The main component hydrated
alkali metal silicates were reported to have a weight ratio SiO,:M;0 in the range of 2.5:1
to 5.0:1 and a water content of 10 to 40 percent. Sodium silicate is used as intumescent

material, and the commercial product with weight ratio Si0,:Na,O of 3.4:1 is considered
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suitable for this use. It is suggested that addictives can improve fire resistance of the
intumescent interlayer. The effects of organic compounds on the fire resistance of
interlayer were reviewed, and some examples of organic compounds include glycerol
and citric acid [De Boel and Baudin, 1980; Nolte et al., 1998; Holland et al., 2005].
When exposed to fire, the fire side glass sheet is likely to shatter into pieces and falls off.
A primer layer is then applied between the fire side glass pane and the intumescent layer;
the layer contains silanes such as fluorosilanes can be used as protective layer [Gelderie
et al. 2000]. The adhesion between the primer layer and the intumescent layer decreases
at high temperature, and this causes the fire side glass to separate completely from the

intumescent material which remains intact.

Fire resisting properties of these insulating products are also summarised in Table 2.1.

2.5 Fire Resistance Testing

The degrees of fire protection required for different areas of a building vary according to
building codes [Hung and Chow, 2002; Q'Keeffe, 2007]. The glass assemblies in these
locations must carry the same or higher fire resistance rating. Fire glass products
providing only integrity are commonly used on windows and doors; while the fire glass
products regarded as providing integrity and insulation can be used on high-rated fire

walls.
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There are currently a large number of different standard tests in fire resistance testing,
and these tests include comparable fire endurance testing procedures and requirements
[Hung and Chow, 2002; Q'Keeffe, 2007; GGF, 2011]. The glass product must be tested
as a part of a complete fire resisting glass system in a furnace test. The glass system is
installed in the open face of a vertical fire test furnace in which the fire severity follows
a prescribed time-varying temperature curve, known as the standard temperature-time
curve. The standard temperature-time curves used in different countries are identical
[Davis, 2003], and Figure 2.1 shows typical standard temperature-time curves [BS476-
20, 1987; GB/T 12513, 2006; ASTM E 119, 2011; BS EN 1365-1, 2012]. The most
relevant acceptance criteria for fire glass are integrity and insulation. The criterion load-
bearing capacity is applied to glass system used in structural loading applications such as
load-bearing walls and floors. The criterion radiation specified in some standards such
as BS EN 1365-1 [2012] and GB/T 12513 [2006] is only required by a limited number
of countries. Although the actual time in the standard tests is recorded to the near-
integral minute, fire resistance ratings are given at standard intervals, e.g. 30, 60, 90, or
120 minutes. Comparisons of typical standard fire resistance tests BS476-20 [1987], BS

EN 1365-1 [2012], ASTM E 119 [2011] and GB/T 12513 [2006] are shown in Table 2.2.

The British standard BS 476-20 [1987] and BS 476-22 [1987] are long established fire

resistance test used in the UK relevant for glass systems. Under UK building regulations

[ADB, 2006a; 2006b], the adapted European standards, such as BS EN 1363-1 [2012],
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BS EN 1363-2 [1999], BS EN 1364-1 [1999], BS EN 1365-1 [2012], BS EN 1365-2

[2000] and BS EN1634-1 [2008], can also be used to classify glass products.

In United States and Canada, many different standard tests were employed for fire
resistance testing of glass products [Curkeet, 2003; Q'Keeffe, 2007]. Fire glass which
only provides integrity is tested as windows and doors by standard tests such as NFPA
252 [2012], NFPA 257 [2012], UL 9 [2009], UL 10B [2008] and UL 10C [2009]. Fire
glass products can be used on high-rated (more than one hour) walls where insulation is
usually required, these products are usually tested by standard tests such as ASTM E 119
[2011], NFPA 251 [2006] and UL 263 [2011]. These fire tests are conducted in two
parts. The first part is the furnace test which includes the essential procedures
aforementioned. After the furnace test, the glass assembly is subjected to a hose stream
test immediately. During the procedure, water is pumped through a fire hose onto the
entire exposed area of the glass assembly. At the same time, it has to remain intact with
minimum amount of breakage that is allowed by the test standards. There are debates
about the use of hose stream tests for fire resisting glass products. Some believe that
hose stream tests can demonstrate the ability of fire resisting glass to withstand thermal
shock [Berhinig, 2003; Razwick, 2006; Hemingway, 2009]; others think that hose
stream tests are not designed for testing thermal shock, thus they are inadequate for fire
resisting glass testing [Q'Keeffe, 2007; Griffiths, 2008; SAFTI FIRST, 2010]. Currently,

hose stream tests are not used in any other counties except United States and Canada.
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According to GB 15763.1 [2009], fire resisting glass products should be tested by the
standard of GB/T 12513 [2006] in China. In Hong Kong, glass products are mainly
tested in accordance with BS 476-22 [1987] and certificated as being capable of resisting
the action of fire for the specified periods according to the old version FRC Code [1996]

and the new FS Code [2011].

Standard fire resistance test is intended for product classification against pass or fail
criteria with controlled fire conditions and allows the expected performances of test
elements to be compared over a common basis [Wood, 2007]. However, there is no
direst correlation between the fire test results and the duration of resistance in a real fire
[Knegt, 2008]. Conditions such as fire exposure in a real fire are much more
complicated than the ones specified in standard tests. The ratings and classifications of
fire resisting glass products obtained from these standard fire tests are indications of
performance, but they do not represent the behaviour of these products in a real building

fire.

2.6 Other Related Testing

Common glass products break into long sharp shards under impact. In order to reduce

the possibility of severe cutting and piercing injuries, safety testing is needed for glass

products if they are to be placed in locations where accidental impact may occur. The
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safety glass products are required not to break or break safely during standard safety
tests. Impact safety rating are given by standard tests, including standards BS6262-4

[2005], BS EN 12600 [2002], ANSI Z97.1 [2009] and CPSC 16CFR1201 [2008].

2.7 Summary

Nearly 30 years ago, it was recognized that most victims of fires die from smoke or toxic
gases and not from burns, and smoke is the main threat to life in a building fire [Gann et
al., 1994; Purser, 2008; Stec and Hull, 2011]. However, smoke toxicity standards have
not yet even been established in building codes and regulations of fire safety provisions
in Hong Kong and many countries in the Far East [Chow et al., 2004; Chow C.L. and
Chow W.K., 2011]. One of the main reasons is that it is difficult to study the toxicity of
smoke. The release of toxic gas depends not only on the burning materials, but also on

the manner how the materials are burnt [Purser, 2008].

Fire resisting glass products have the ability to remain their integrity in fires. They are
good replacements of standard glass products used in building. Fire resisting glass can
be divided into two categories: non-insulating and insulating. When heat insulation is
required, glass systems with protective layers such as toughened glass can be used.
There are two main types of insulating fire resisting glasses namely intumescent and gel

laminated glass. The main components of gel interlayer are water, water soluble salt and
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gelling agents such as polyacrylamide and polyvinyl alcohol. The intumescent
laminated interlayer is made of hydrated alkali metal silicates mixed with organic

components such as citric acid and glycerol.

The compositions of fire resisting glass products are not released by manufacturers,
especially those from the Far East. It has been observed that smoke is emitted when
burning the protective layers of glass products. This raises a safety question concerning
smoke emissions, especially for buildings with large glazing area. Efforts should be put

in to study the smoke emitted from burning the fire resisting glass products.
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CHAPTER 3 SMOKE TOXICITY AND ASESSMENTS

3.1 Introduction

Fires can cause a great loss of life and property. Building fires pose a big threat to life in
the densely populated areas such as big cities all over the world, particularly in the Far
East including Seoul, Shanghai, Beijing, Singapore and Hong Kong [Chow, 2005a].
The use of new architectural features [Chow, 2005a] and new building and furnishing
materials [Purser, 2008; Stec and Hull, 2011] has increased this threat. The main
hazards of fire are from the heat and smoke produced from burning combustibles [Hall,
2002]. For occupants escaping from a fire, the hazards can be separated into the effects

of heat, visual obscuration by smoke, irritant and asphyxiant gases [ISO 13571, 2007].

The burning of combustible materials and the heat produced from it in a building fire
can affect the structural integrity and even cause the building to collapse [Hall and
Twomey, 2008]. Heat exposure can cause hyperthermia and thermal burns of the skin
and respiratory tract [Gann and Bryner, 2008]. The threats to occupants from smoke
were reviewed briefly by Gann [2001] and Hartzell [2001]. Smoke obscuration can
cause impaired vision, while irritant gases can cause sensory and respiratory tract

irritation. They can both affect mobility and the ability to negotiate escape routes. And
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asphyxiant gases can affect the central nervous system, which can lead to impaired

judgement, disorientation, incapacitation and death.

A large number of gas species present in fire effluents are considered as hazardous and
toxic. Analysis of fire statistics shows that inhalation of toxic fire gases is the leading
cause of fire-related death and injuries [Gann et al., 1994; Stec and Hull, 2011]. The
most important fire gases are listed and given in standards such as ISO 13344 [2004] and
ISO 13571 [2012]. The toxic fire gases are divided into asphyxiant or irritant gases.
Toxicity of the fire gases has been recognized as a serious problem since 1970s [Hull
and Stec, 2010; Purser, 2008], since then large amount of researches have been

undertaken in the area of fire gas toxicity and its assessment.

Smoke toxicity is an important aspect in fire safety assessment. The hazards of smoke

and common smoke toxicants are to be reviewed. Both bench-scale and large-scale

methods used for quantifying fire gas toxicity such as lethal toxic potency and fractional

effective dose are concerned.

3.2  Asphyxiant Gases

Asphyxiant gases such as carbon monoxide (CO), hydrogen cyanide (HCN), Oxygen

(O,) and Carbon dioxide (CO,) were reviewed in detail by Purser [2010a]. Asphyxiant
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gases can cause insufficient oxygen supply to the brain and body tissues resulting in
tissue hypoxia. These gases are also referred as narcotic gases as they affect central
nervous system resulting in incapacitation and even death. The severity of the effects
depends on the accumulated dose and increases with increasing dose. It was pointed out

by Purser [2008] that exposure to asphyxiant gases is the main cause of death in fires.

Major asphyxiant gases are recognised as CO and HCN. CO affects body tissues by
compete with O, to bind with haemoglobin in red cells and reduce the O, levels in blood
[Purser, 2010a]. The affinity of haemoglobin for CO to form caboxyhaemoglobin
(COHD) is 200 times greater than that for O, to form oxyhaemoglobin (O,Hb) [Hull and
Stec, 2010]. The presence of COHb inhibits the release of O, from O,Hb and further
reduces O, availability. Exposure to CO at level of 1000 ppmv for 30 minutes can cause
an adult to loss consciousness, and exposure at 2000 ppmv can results in death [Purser,
2010a]. HCN is much more toxic than CO [Hartzell, 2003]. Hydrolysis of HCN in
blood produces cyanide ion (CN’) which is distributed into body fluids in tissues and
organs. It is reviewed by Purser [2010a] that CN" has no direct effect on oxygen level in
the blood, but inhibits the utilization of oxygen in cells causing loss of cellular functions
and then cell deaths particularly in the heart and brain. It was also pointed out that
exposure to HCN at level of 100 ppmv for 30 minutes can be fatal for humans. HCN is
rarely the primary cause in fire fatalities, and it is generally agreed to be addictive in its
effect to CO [Gann and Bryner, 2008]. The immediately dangerous to health or life

(IDLH) values for CO and HCN are 1200 and 50 ppmv respectively [NIOSH, 1994].
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O, depleted atmospheres can also be important, especially during later stages of
exposure. At a low O, level, approximately 6 to 10 % [Hartzell, 2003], it also causes
direct narcotic effects which can lead to loss of consciousness and deaths. It is reviewed
by Hull and Stec [2010] that inhalation of CO, can stimulate respiration causing more
intakes of oxygen and other toxic gases, and the toxicity of CO, was considered to be
moderate and causing loss of consciousness at 70000 ppmv in a few minutes. The IDLH

value for CO; is considered to be 40000 ppmv [NIOSH, 1994].

Summary of the important asphyxiant gases are shown in Table 3.1.

3.3 Irritant Gases

Irritant gases can cause sensory and even pulmonary irritations [Purser, 2010b]. The
symptoms include discomfort and pain in the eyes, nose, throat and upper respiratory
tract resulting in breath-holding, coughing and excessive secretion of mucus. These
symptoms can reduce a person’s mobility and ability to negotiate escape routes. At high
concentration, irritant gases can penetrate into lungs causing irritation and tissue damage
which may result in post-exposure respiratory distress and death. These irritants include

hydrogen halides, nitrogen oxides and organic and inorganic irritants.
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The most important hydrogen halide is hydrogen chloride (HCI) [Hull and Stec, 2010].
It is likely to be present in fire gases burning polyvinyl chloride (PVC) or with presence
of fire retardants containing chlorine. HCI is both irritating to the sensory and
pulmonary systems, and it is intolerable irritating to humans at a low concentration of
100 ppmv but only causes death at very high concentrations. Hydrogen bromide (HBr)
and hydrogen fluoride (HF) produced from burning polymer or fire retardants show
irritant effects at comparable concentrations to those of HCl [Gann and Bryner, 2008].
ISO 13571 [2012] suggests that the incapacitation concentrations of HCI, HBr and HF
are 1000, 1000 and 500 ppmv respectively, and NIOSH [1994] sets the IDLH values for

HCI, HBr and HF at 50, 30 and 30 ppmv respectively.

Nitrogen oxides mixture, which can be represented as NOy, contains nitric oxide (NO)
and nitrogen dioxide (NO;) with NO; being the main toxicant [Gann and Bryner, 2008].
Both NO and NO, can cause pulmonary irritations and may cause post-exposure
respiratory distress and death. The incapacitation concentration of NO, is suggested to
be 250 ppmv [ISO 13571, 2012], and the IDLH values for NO and NO, are 100 and 20

ppmv respectively [NIOSH, 1994].

There are a number of organic substances can be considered as organic irritants such as
acrolein, formaldehyde, benzene, phenol and toluene [Hull and Stec, 2010]. Acrolein
and formaldehyde are recognized as the most important organic irritants by ISO 13571

[2012], which suggests that the incapacitation concentrations of acrolein and
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formaldehyde are 30 and 250 ppmv respectively. NIOSH [1994] suggests the IDLH

values for acrolein and formaldehyde to be 2 and 20 ppmv respectively.

The most investigated inorganic irritant is the sulphur dioxide (SO;) [Gann and Bryner,
2008]. Its toxic effect is considered to be additive to the other irritants mentioned above.
The incapacitation concentration of SO, is suggested to be 150 ppmv by ISO 13571

[2012], and the IDLH values for SO, is 100 ppmv [NIOSH, 1994].

Summary of the important irritant gases are also included in Table 3.1.

34 Quantification of Toxic Potency

The toxicity of fire gas is determined by the product concentration in the target body and
the time for which the toxicant is maintained [Purser, 2008]. It is not practical to
measure the amount of the toxicants accumulated in affected body, hence secondary
measurements are often used. It was recognised by Haber [1924] that toxicity depends
upon the dose accumulated, toxic potency is expressed as the product of time and

concentration.

LCsy is a standard value used in combustion toxicology to measure the toxic potency of

individual fire gases or of smoke. It is defined as the lethal concentration of a toxic gas
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or fire effluent statistically calculated from concentration-response data that causes death
in 50% of test animals for a specified exposure and post-exposure time [ISO13344, 2004;

ASTM 1678, 2010].

Existing LCs) data for fire gases and many materials can be used to calculate fire
effluent toxicity from analytic data without the use of test animals. This approach is
referred as the fractional effective dose (FED) methodology [Hartzell and Emmons,
1988]. FED is defined as the ratio of the exposure dose for an asphyxiant toxicant to
that exposure dose of the asphyxiant expected to produce a specified effect on an
exposed subject of average susceptibility [ISO 13344, 2004]. An FED equal to 1
indicate that the concentration of an individual fire gas or of smoke will be lethal to 50%
of test animals for over 30 minutes of exposure. Mathematically FED by Hartzell and

Emmons, 1998] can be expressed as:

n b

FED = Zz(g—;)Az (3.1)

=1

where, C, (in ppmv) is the concentration of toxic component i ; (Ct)i (in ppmv-min) is

the specific dose required to produce lethality; and # (in min) is the time increment.

The N-Gas Model developed by the National Institute of Standards and Technology

(NIST) suggests that toxic potency of a product can be estimated from a small number of
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combustion gases [Levin et al., 1985; Babrauskas et al., 1998]. Two equations using rat
lethality data are described in ISO 13344 [2004]. The first equation of FED developed

[Levin et al., 1988; Babrauskas et al., 1991b] can be expressed as:

_ m[CO] . 21-[0,] . [HCN] s [HCI] .\ [HBr]
[Coz]_b 21_Lcso,oz LCS(),HCN LC5(),HCZ LCS(),HBr

(3.2)

which reduces to

m[CO]  21-[0,] . [HCN] [HCI] . [HBr]

FED = + N
[CO,]-b 21-54 150 3700 3000

where, [CO;], [O,] are the volume fraction of CO;, and O,; [CO], [HCN], [HCI] and
[HBr] are the concentration (in ppmv) of the gas CO, HCN, HCI and HBr respectively;
and LCspncen, LCsonci and LCso sy are the LCso values (in ppmv) for HCN, HCI and
HBr respectively. The constants m and b are the slope and intercept of the interactive
curve of CO and CO,. The values of m and b are -18 and 122000 if [CO;] is 5% or less

and 23 and -38600 when the [CO,] is above 5%.

The other equation developed by Purser [2000a] is expressed as:
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JXVCO2+ZA+—21_[OZ] (3.3)

[co] , [nen]  [x] | [v]

LC50,CO LCSO,HCN LC50,X LC50,Y

FED =
21-54

0.14[CO,]

where, Ve, :1+% and Z,=0.05[CO,]. [X]and [Y]are concentration (in

ppmv) of the each acid gas and organic irritant. LCsgx and LCsg y are the LCsy values (in

ppmv) for X and Y.

The LCsy values for each gas based on rats exposed for 30 minutes in equation (3.3) by

the standard ISO 13344 [2004] are also given in Table 3.1.

Once the FED value of the test sample is determined by the N-gas model from some
toxicity tests, the fire toxicity of it can be calculated. The toxicity of the test sample can
be expressed as an LCsy (g'm™) which is related to the mass loss Am (g) and chamber

volume (for closed systems) or total air volume (for flow through systems) ¥ (m’) as:

Am

_— 34
FEDxV G4

LC50 =

26



3.5 Bench-scale Tests on Smoke Toxicity

The yields of toxic products in building fires depend on the combustible materials
present. It is also highly dependent on the fire scenarios and thermal decomposition
conditions that the combustible materials are in [Purser, 2008]. Fire scenarios and
building structure determine the growth and spread of the fire and the rate of product
evolution. Thermal decomposition conditions include the temperature and oxygen
supply and whether it is flaming or non-flaming. Three basic thermal decomposition
conditions have been classified as fire stages in ISO 19706 [2011] as non-flaming, well-

ventilated flaming, under-ventilated flaming.

Bench-scale toxicity tests have been introduced to model evolution of toxic products
under different thermal decomposition conditions. There has been extensive research in
bench-scale smoke toxicity tests since 1970s [Gann and Bryner, 2008]. Eight different
bench-scale test methods have been first introduced in ISO TR 9122-4 [1993]. The ideal
characteristics and evaluation criteria of fire effluent toxicity test method have been
described in the standard ISO 16312-1 [2010]. The technical report ISO TR 16312-2
[2007] has been produced to provide guidance for evaluation criteria applications in 12
commonly used test methods. A wide range of bench-scale smoke toxicity tests was
reviewed recently [Hull and Paul, 2007; Hull, 2010]. Typically, the bench-scale toxicity

tests can be divided into closed chamber or flow-through methods.
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In closed chamber tests, the specimen of the test material is thermally decomposed and
the resulting effluent accumulates within the cabinet [Hull and Paul, 2007]. The effluent
is produced through the fire stages from well-ventilated to under-ventilated, but without
giving any indication of how the yield varies with fire condition. NBS (National Bureau
of Standards, now the National Institute of Standards and Technology) cup test [Levin et
al., 1982], which was used in 80 and 90s [Levin et al., 1985; Babrauskas et al., 1991a] is
an example of closed chamber tests. It was later adopted into radiant furnace test
method, which was standardized into ASTM E 1678 [2010] and employed in studies by
Gann [2004] and Gann et al. [2007]. Closed cabinet tests used in ISO 5659-2 [2012]
and NFPA 270 [2013] and the British defence standard DEF STAN 02-713 [2012] are

also included in this category.

For flow through tests, the specimen is thermally decomposed in a furnace with control
of ventilation, which drives the effluent to the gas sampling systems or measurement
device [Hull, 2010]. The simple tube furnace flow through test NF X 70-100 [2006] was
designed for the French rail system. It is a small-scale test with fixed air flow rate and
have been used in studies of various materials [Hull et al., 2007, 2008]. Steady state
tube furnace test DIN 53436 [1981-2003] was designed to allow the possibility of
controlling the fire conditions during burning [Babrauskas, 2000; Hertzberg et al., 2003;
Gann, 2004]. And this method was later adapted into the Purser furnace method,
specified in BS 7990 [2003], ISO/TS 19700 [2007] and IEC TS 60695-7-50 [2002],

which have been used in studies by Hull et al. [2002, 2009] and Stec et al. [2008, 2009].
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Other flow-through methods also include University of Pittsburgh (UPITT) test [Barrow
et al., 1976] and the cone calorimeter test [ISO 5660-1, 2002; ISO 5660-2, 2002]. Cone
calorimeter was originally developed to determine the heat release rate and effective
heat of combustion for building materials. It was later modified to assess parameters,
such as ignitibility, smoke evolution, and toxicity, simultaneously. Problems in using
the gas concentration measured in the exhaust duct of the cone calorimeter following

ISO 13344 [2004] have been studied [Han and Chow, 2004, 2005].

Bench scale tests enable detailed studies of pathological mechanisms and lethality for
individual toxic gases and fire effluent mixtures. The LCsp is a good model for
evaluation of the lethal concentration of fire effluent. These tests also allow evaluation
of toxic effects of fire effluent mixtures from measured concentrations of key known
toxic species. Data obtained can be used by the FED model to calculate the time at
which the summed effective doses reach unity, at which point impair escape capability
or incapacitation is predicted to occur. Summary of main bench-scale toxicity test

methods of fire smoke are given in Table-3.2.

3.6 Large-scale Tests on Smoke Toxicity

Large-scale measurements of combustion product toxicity enable both fire scenarios and

thermal decomposition conditions to be monitored [Blomqvist and Simonson-Mcnamee,
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2010]. Large-scale fire tests, such as room corner test ISO 9750 [1993], open
calorimeter ISO 24473 [2008], single burning item (SBI) test EN 13823 [2010] and
cable tests BS EN 60332-3-10 [2010], have been developed. These fire tests have been
adapted to include toxic gas measurements providing data in many studies [Purser 2000b;
Blomqvist and Lonnermark, 2001; Gann et al., 2003, 2010]. Due to the high cost of
large-scale tests, they are much less popular than bench-scale tests for research and

actual evaluation of products [Stec et al. 2009; Babrauskas, 2000].

Efforts have been put in to validate bench-scale fire toxicity methods against large-scale
room fires in many studies [Babrauskas et al., 1991a; Babrauskas, 1997, 2000; Gann et
al., 2007; Hull et al., 2008; Stec et al., 2009]. The accuracy of various bench-scale fire
toxicity methods for obtaining smoke toxic potency data was assessed. The aims of
these studies were to validate bench-scale data for use in engineering hazard calculations,

and provide useful information for control of the hazard due to combustion products.

3.7  Summary

In building fires, combustibles materials burn and give out heat and toxic effluent. Both

asphyxiant and irritant fire gases produced from burning the combustibles materials are

hazardous to the occupants. Irritant gases can cause sensory irritations which reduce the

occupants’ mobility and the ability to negotiate escape routes during evacuation. At
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high concentration, irritant gases can cause irritation and tissue damage which may
result in post-exposure respiratory distress and death. These irritants include hydrogen
halides, nitrogen oxides, organic and inorganic irritants. Asphyxiant gases can affect the
central nervous system and cause impaired judgement, disorientation, incapacitation and

death.

Standard values are used in combustion toxicology to measure the toxic potency of
individual fire gases or of smoke. Toxic potency is often expressed as the product of
time and concentration. Smoke toxicity testing methods are available for toxic hazards
evaluation of building products and materials. Bench-scale toxicity tests have been
developed to model toxicants evolution of commercial products under different thermal
decomposition conditions. Bench-scale tests are more commonly used for research and

actual evaluation of products, as large-scale tests are very expensive to be carried out.
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CHAPTER 4 CHARACTERIZATION OF PROTECTIVE
LAYERS IN HIGH RATING FIRE RESISTING

GLASS

4.1 Introduction

Fire resisting glass products have been developed to provide better performance against
fire [Klein, 1993; Amstock, 1997; Rutledge, 2006; Razwick, 2006; Lyons, 2007; Wood,
2007]. These fire resisting glass products with different fire performance have been
reviewed [Curkeet, 2003; Q'Keeffe, 2007; GGF, 2011]. As discussed in Chapter 2, fire
resisting glass can be divided into two categories: non-insulating and insulating. When
heat insulation is required, appropriate glass systems are available in the local market.
These systems are equipped with protective layers between glass panes, using materials
such as aqueous gel that contains water, water soluble salt and polymer, or intumescent

interlayers of metal silicate mixtures.

It was observed that smoke emitted from protective layers during fire resistance tests.
The smoke can be toxic and harmful, causing injuries or even deaths. Preliminary test
[Wu and Chow, 2012] in which insulating glass were burnt showed that carbon
monoxide (CO) was emitted. The chemical compositions of some fire resisting glasses,

especially those from China, are not known. Calcium silicate and sodium silicate in
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semi-solid or solid form act as a suitable bond, and a fire barrier might be formed. Such
materials are used, but it is also possible that other products are added to stabilize them.
Investigational work is necessary to assess both the smoke concentration and toxicity of
the gases emitted from the protective layers during burning. The first stage is to

understand the possible chemical compositions of the protective layers.

Six glass samples available in the local market are selected. Compositions of the
protective layers of these glass samples were measured by X-ray photoelectron

spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR).

4.2 Sample Selections

Six glass samples available in the local market have been selected. The six selected
glass samples have multi-layer structures and are transparent with protective layers filled
in between glass panes. The samples are labelled as sample 1 to 6. Sample 1 to 4 are
produced by sealing gel-like protective layer in the inter-space of glass boxes. Sample 5
and 6 are produced by laminating protective interlayer in between the glass panes

without sealing.

Sample 1, 5 and 6 have the same area of 10 cm by 10 cm, and have the same thickness

of 2.5 cm. Sample 2 and 3 are of 15 cm by 10 cm rectangular shapes; they are 2.0 cm
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and 1.7 cm thick respectively. Sample 4 is of a 23 cm by 16.4 cm right angle triangular
shape and has a thickness of 2.6 cm. The appearance of the glass samples and the
protective layers scraped off from the samples are shown in Figure 4.1. All six samples
are insulating fire glass with claimed fire resistance in the range of 25 to 60 min. The
characteristics of the selected sample are summarised in Table 4.1. The possible gases
emitted from the protective layers and the compositions of the protective layers are

concerned. Therefore, only the protective layers were tested.

4.3  X-ray Photoelectron Spectroscopy (XPS)

XPS was employed to identify the chemical elements of the protective layers. XPS
measurements were conducted on a Thermo Scientific ESCALAB 250 spectrometer
with a monochromatic Al Ko X-ray source. The spectrometer energy scale was
calibrated to the C 1s core level line at 284.8 to 285.8 eV, and the spectra were recorded

in the range of 0 to 1350 eV.

The XPS spectra of protective layer samples are shown in Figure 4.2. The detected
chemical elements with their corresponding peak binding energies and atomic
percentages for each sample are also shown in Figure 4.2. The chemical elements and
their relative composition percentage for the six samples are summarised in Table 4.2.

The six samples can be divided into two types according to the elements contained as
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seen from Table 4.2. Sample 1 to 4 have similar chemical compositions and they mainly
contain elements carbon (C), oxygen (O), nitrogen (N), chlorine (Cl), sodium (Na),
potassium (K) and magnesium (Mg). Sample 4 also contains a small atomic percentage
(about 1.3 at. %) of sulphur (S). Sample 5 and 6 have similar chemical compositions,
and they mainly contain C, O, Cl, Na and silicone (Si). It should also be noted that

hydrogen (H) and helium (He) could not be detected by XPS.

4.4  Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was employed to find possible
functional groups in the protective layers. FTIR spectra were recorded on a Thermo
Scientific Nicolet 8700 spectrometer in the range of 400 to 4000 cm™ at room

temperature.

FTIR spectra of protective layer samples at room temperature are shown in Figure 4.3.
Functional groups with characteristic absorption peaks detected by FTIR are
summarized in Table 4.3. As shown in Figure 4.3 and Table 4.3, sample 1 to 4 have
similar functional groups with possible compositions containing water, amides and
alcohols. It is also shown that sample 5 and 6 have similar functional groups with

possible compositions containing water, silicates, alcohols and carboxylates. Figure 4.3

35



also shows that the water contents of sample 5 and 6 are much lower than that of sample

1 to 4.

FTIR spectra of protective layer samples from room temperature up to 600 °C are shown
in Figure 4.4. For sample 1 to 4, most of the water content is lost before 300 °C is
reached, while the amides break significantly above 250 °C. For sample 5 and 6, the
water content is much less than that of sample 1 to 4 and is lost blow 200 °C, and the

carboxylate also breaks down at low temperatures below 300 °C.

As shown in Figure 4.3 to 4.4 and Table 4.3, the samples are again divided into two

groups, and this classification accords with the XPS observations.

45 Discussions

From the XPS and FTIR observations, it can be suggested that the gel-like sample 1 to 4
contain mainly water, water soluble salts and amides with possible presence of alcohols.
The polymers present in sample 1 to 4 are likely to be mainly polyacrylamide with
possible presence of polyvinyl alcohol. It is also suggested that the intumescent sample
5 and 6 contain water metal silicates with possible presence organic components of

carboxylates and alcohols. The organic components could be a mixture of citric acid

36



and glycerol. These suggestions cohere with the findings from the literatures [Amstock,

1997; GGF, 2011; Wu and Chow, 2012].

Chemical compositions of the protective layers which are derived from FTIR and XPS
spectra might not be so accurate. These tests on chemical compositions give us a basic
knowledge of these fire resisting glass samples. More tests are needed for accurate

composition information.

4.5 Summary

According to the XPS and FTIR results, there are two types of protective layers of the
fire resisting glass. One consists of water, water soluble salt and amides with possible
presence of alcohols, and the other consists of water metal silicates with possible
presence of carboxylate and alcohols. FTIR characterizations also indicated that sample

5 and 6 contain much little moisture than the other samples.
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CHAPTERS5 THERMAL DECOMPOSITION OF PROTECTIVE
LAYERS IN HIGH RATING FIRE RESISTING

GLASS

5.1 Introduction

Smoke emitted from heating the protective layers of fire resisting glass can be hazardous
[Wu and Chow, 2012]. Because there are no emission controls on smoke, especially its
toxicity during burning, investigational work is necessary. Chemical compositions of
the gases discharged upon heating may vary in different testing conditions. There has
been no other test report or journal that has reported on the compositions of the gases
emitted from heating fire resisting glass. These measurements are useful for

understanding the possible behaviours of fire resisting glasses.

Emission of smoke and toxic gases is highly dependent on the burning conditions, which
are complex in real room fires [Purser, 2008]. The yields of different gases vary greatly
in different ventilation and thermal conditions. For example, high concentration of
carbon monoxide would be generated if the combustion is incomplete due to inadequate
air supply or cooling of the burning objects. It is important to study the chemical
compositions of the gases discharged from the protective layers of fire resisting glasses

upon heating in different temperature ranges and atmospheres.
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Six glass samples available in the local market are selected. Thermal behaviours of the
protective layers of these glass samples were monitored by thermogravimetric Fourier
transform infrared spectroscopy (TG-FTIR), pyrolysis-gas chromatography-mass
spectrometry (Py-GC-MS) and tubular furnace coupled Fourier transform infrared
spectroscopy (TF-FTIR). It is difficult to heat up the glass inside the instrument.
Therefore, the protective layer was taken out from the glass for these small-scale

experiments. Results on the liberated chemicals in these tests are to be reported.

5.2 Experimental Methods

The six selected glass samples mentioned in Chapter 4 have multi-layer structures and
are transparent with protective layers filled in between glass panes. The samples are
labelled as Sample 1 to 6. Sample 1 to 4 are produced by sealing the gel-like protective
layer in the inter-space of a glass boxes. Sample 5 and 6 are produced by laminating the
protective interlayer in between the glass layers without sealing. The appearance of the
glass samples and the protective layers scraped off from the samples are shown in
Chapter 4 Figure 4.1. Because of the difficulties in heating up the glass samples in the
instruments, the protective layer was taken out from the glass for these small-scale

experiments as done in Chapter 4.
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TG-FTIR analysis was conducted on a Netzsch TG209 which was connected to a Bruker
Vector TM-22. For the TG analysis, 30 mg of each sample was heated at a heating rate
of 20 °C-min” from ambient to 900 °C in both nitrogen and air with 40 ml-min™' gas

flow rate. FTIR spectra were also recorded for the gas emitted in the TG tests.

Py-GC-MS analysis was conducted on a HP 6890 connected to a Waters Micromass
GCT. For the Py-GC analysis, each sample was heated at a heating rate of 80 °C-min’"
from ambient to 600 °C in vacuum. The samples were heated to 600 °C in 8 minutes
and held at 600 °C for a further 18 minutes. Chromatograms of the pyrolysates were

recorded and the MS spectra of the interested peaks were analyzed.

TF-FTIR analysis was conducted with a Thermo Scientific Nicolet 8700 spectrometer.
About 4 g of each sample was heated at a heating rate of 10 °C'min”" from ambient to
800 °C in both argon and air with 100 ml'min™' gas flow rate. Gas emitted from the
tubular furnace at different temperature range was collected into a gasbag and then

tested with FTIR.

5.3 Thermogravimetric Fourier Transform Infrared Spectroscopy (TG-FTIR)

Weight loss profiles for each sample in air and nitrogen at 10 °C'min”" heating rate

(labelled as the TG curves) are plotted in Figures 5.1 and 5.2 respectively. The
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derivative weight losses calculated (labelled as the DTG curves) are plotted in Figures
5.1 and 5.2. As shown in Figure 5.1 and 5.2, weight losses start once the samples are
heated in air or nitrogen. For sample 1 to 4, the main devolatilization occurs with
maximum rate around 130 °C, and it is followed by slower further weight loss with
weight losses peaks appearing at 200 to 700 °C. For sample 5 and 6, the main
devolatilization occurs around 150 °C, and it is followed by further weight loss with

weight losses peaks appearing at 250 to 500 °C.

Total weight loss, maximum weight loss rate and temperature at maximum weight loss
rate of six samples are summarized and compared in air and nitrogen in Table 5.1. As
shown in Table 5.1, the differences between the total weight loss of each sample in air or
nitrogen are very small. It can be seen that total weight losses for sample 5 and 6 are
much lower than that of sample 1 to 4. It is also shown that maximum weight loss rates
of each sample are affected very little by the presence of air or nitrogen. The
temperature at maximum weight loss rate of sample 1 to 4 in air or nitrogen varies less

than that of sample 5 and 6.

TG profiles of the six samples in air and nitrogen are compared separately in Figure 5.3
(a) and (b). Figure 5.3 shows that the shapes of the TG profiles of each sample in air or
nitrogen are very similar, indicating that the atmosphere has very little influence on the
thermal decomposition behaviour. TG profiles of sample 1 to 4 are identical, and

sample 5 and 6 has very similar TG profiles.
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Gas emitted from heating each sample in air during the TG test is analyzed by FTIR, and
the FTIR spectra of the gases with identified compositions are shown in Figure 5.4. As
shown in Figure 5.4, the main compositions of the gases emitted from sample 1 to 4 are
similar; the gases also contain carbon dioxide (CO,), water (H,O) and a small amount of
hydrogen chloride (HCI) and Ammonia (NH3). The compositions of the gases emitted
from sample 5 and 6 are similar, as the gases contain H,O, CO, and a small amount of

HCL

Combine the observations from both Figures 5.1 (a) to (d) and 5.4 (a) to (d), it is shown
that the weight loss peaks of sample 1 to 4 around 130 °C are mainly induced by water
evaporation, whereas those appearing at 200 to 300 °C are possibly attributed to
decomposition of amides releasing H;O, NH; and CO,. The decomposition of amides
can be identified mainly at 300 to 600 °C, where the weight loss peaks around 350 °C
are associated with releasing of H,O, CO, and NHs, and those around 500 °C are
associated with releasing H,O, CO, and HCl. From Figures 5.1 (e) and (f) and 5.4 (e)
and (f), it can be seen that the weight loss peaks of sample 5 and 6 around 150 °C is
mainly induced by water, whereas those appearing above 200 °C are attributed to
decomposition of carboxylates releasing H,O, CO; and HCI. It is also seen that the

signals of HCI are stronger for sample 1 to 4 than those for sample 5 and 6.

The chemical compositions of the gases detected by TG-FTIR in air are summarized in

Table 5.2.
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5.4 Pyrolysis-Gas Chromatography-Mass Spectrometry (Py-GC-MYS)

Chromatograms of the pyrolysates are recorded from the Py-GC-MS tests, and the data
is listed in Figure 5.5. The MS spectra of the interested peaks are analyzed, and the
main compositions are shown in Figure 5.5. As shown in Figure 5.5, the main
compositions of the gases identified from sample 1 to 4 are similar; the gases also
contain CO,, H,O and a small amount of HCI. Small amounts of NHj; are also detected
in pyrolysates from sample 3 and 4. The compositions of the gases emitted from sample
5 and 6 contain H,O, CO,, HCI and alkenes and aldehydes. Carbon monoxide (CO) was

also found in the pyrolysates from sample 6.

The chemical compositions of the gases detected by Py-GC-MS in vacuum are also

summarized in Table 5.2.

5.5  Tubular Furnace Coupled Fourier Transform Infrared Spectroscopy

(TF-FTIR)

Gas emitted from heating each sample in argon and air during the TF test was analyzed
by FTIR and the FTIR spectra of the gases, and identified compositions are shown in
Figures 5.6 and 5.7 respectively. As shown in Figures 5.6 and 5.7, the products from

heating each sample in argon or air are very similar. The main compositions of the
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gases emitted from sample 1 to 4 contain CO,, H,O and a small amount of CO, HCI and
NHj. For sample 5 and 6, the main compositions of the gases emitted contain H,O, CO,
and a small amount of CO and HCI. It is also shown that the signals of HCI are stronger
for sample 1 to 4 than those for sample 5 and 6. The signals of CO, are much stronger at
temperature above 200 °C when heating in air for sample 1 to 5, and this increase in CO,
is not obvious for sample 6. The decomposition of sample 1 to 4 in air is mainly
identified in the temperature range of 300 to 600 °C and possibly attributed to
decomposition of the amides. The decomposition of carboxylates in air starts above

200 °C for sample 5 and 6.

The chemical compositions of the gases detected by TF-FTIR in both argon and air are

summarized in Table 5.2.

5.6 Discussions

The chemical compositions of the gases detected by TG-FTIR in air, Py-GC-MS in
vacuum and TF-FTIR in both argon and air are summarized in Table 5.2. As shown in
Table 5.2, the three tests gave similar results, as H,O, CO, and HCI are the main
components of the gasses emitted from the protective layers upon heating. In some

samples, NH; is also found. Some species of alkyl (-C-H), carbonyl (-C=0) were
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reflected in the FTIR spectra, but the molecules could not be deduced from the limited

experimental data.

Among the three techniques, Py-GC-MS is most sensitive, whose detection limit is
much lower than others. Also, it has real-time detection. But pyrolysis can only be
conducted in vacuum, and the highest temperature is 600 °C. Under the present
conditions, Py-GC-MS tests in other atmosphere and higher temperatures cannot be
conducted. Furthermore, it is difficult to distinguish whether some species in mass
spectrometry come from pyrolysis or ionization. TF-FTIR is more intuitionistic and the
process of gases emitting can be observed directly. The temperature range is wider and
up to 800 °C and the atmosphere can be controlled. But real-time characterizations on
the gases cannot be conducted. The gases were collected into the gasbags over certain
temperature ranges and then taken out for FTIR tests. FTIR spectra can only reflect the
changes of emitted gases over different temperature ranges. During this process, some
gases such as H,O might be condensed and gases such as HCl and NH; might be
dissolved into condensed water and cannot be detected in FTIR tests. Meanwhile, some
gases with low concentration cannot be identified, either. TG-FTIR has the widest
temperature range up to 900 °C, and it can be used to derive real time characterization of
the gases emitted from the samples during heating. 3-dimensional FTIR spectra can

reflect the changes of different gases over time.
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Gases emitted from the protective layers heated in air and in argon and in vacuum are
similar. H,O, CO, and HCI are the main components, and NHj is also found from
sample 1 to 4. The decomposition of amides in sample 1 to 4 in air is mainly identified
in the temperature range of 250 to 600 °C. The decomposition of carboxylates in air is
found to start above 200 °C for sample 5 and 6. Sample 5 and 6 produce less HCI than
other samples upon heating. This founding also coheres with observations from the TF-

FTIR tests that less smoke and irritating gas were produced from sample 5 and 6.

Carbon monoxide detected by Py-GC-MS and TF-FTIR indicates that oxygen might not
be sufficient for combustion. Other species were found in different test results, but this
may be due to different conditions such as temperature, flow rate, amount of raw
materials, and instrumental errors. The chemical reactions occurred during the heating

process are complex and affected by many factors.

5.7 Possible Chemical Reactions

As discussed in Chapter 4, it has been suggested that the gel-like sample 1 to 4 contain

mainly water, water soluble salts and amides with possible presence of alcohols and

main polymers present in sample 1 to 4 are likely to be polyacrylamide. Polyacrylamide

is a polymer formed from acrylamide subunits:
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It has been suggested that thermal decomposition of polyacrylamides is influenced by
many factors and can be divided into several temperature regions [Leung et al., 1987;
Van Dyke and Kasperski, 1993; Caulfield et al., 2002]. Below temperatures of about
220 °C, polyacrylamides are generally thermally stable and the weight loss of the gel is
attributed to loss of bound water. Above approximately 220 °C, polyacrylamides begin
to undergo irreversible chemical changes. In the temperature range 220 to 340 °C, NH;
and H,O are released as by-products of imidization and dehydration. Above temperature
of 340 °C, breakdown of the main polymeric backbone dominates the reactions giving
off more CO,. Reactions for the thermal decomposition of polyacrylamide summarized
by Leung and colleagues [1987] are shown in Figure 5.8. As seen in Figure 5.1 and 5.4,
weight loss of the gel samples is caused by loss of water content below 250 °C; NH3 is
detected at 250 to 350 °C; release of CO, is mainly observed after 300 °C and peaked
around 450 °C. These observations coherer with the proposed reaction scheme for

thermal decomposition of polyacrylamide.

It is suggested in Chapter 4 that the intumescent sample 5 and 6 contain water metal
silicates with possible presence of carboxylates and alcohols. The organic components
are suggested to be a mixture of citric acid and glycerol. The structural formula of citric

acid is:
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Thermal decomposition of citric acid has been studied by Barbooti and Al-Sammerrai
[1986]. Citric acid melts around 150 °C and dehydrates to give aconitic acid on heating
at 175 °C. Further heating forms methyl maleic anhydride. Reactions for the thermal
decomposition of citric acid [Barbooti and Al-Sammerrai, 1986] are summarized in

Figure 5.9.

The structural formula of glycerol is:

CH,—CH— CH»

OH OH OH
Thermal decomposition of glycerol has been reported [Stein et al., 1982]. Acrolein is
the principal product of glycerol decomposition below 350 °C, and acetaldehyde is also
formed above 450 °C. Above 600 °C, acetaldehyde and acrolein will further decompose
by radical mechanisms. Reactions for the thermal decomposition of glycerol [Stein et al.,
1982] are summarized in Figure 5.10. As seen in Figure 5.1 and 5.4, the first weight
loss peak of the intumescent samples is observed around 160 °C; two more weight loss

peaks are observed in temperature range 300 to 450 °C with first peak CO, release

around 450 °C; the second peak release of CO, is observed above 600 °C. These
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observations coherer with the proposed reaction scheme for thermal decomposition of

citric acid and glycerol.

5.8 Summary

Experimental studies on the gases emitted from fire resisting glass upon heating were
conducted. Techniques of TG-FTIR, Py-GC-MS, TF-FTIR were employed to examine
the chemical compositions of the gases discharged from the protective layers when
heated in different atmosphere. The three methods of TG-FTIR, Py-GC-MS, TF-FTIR
gave similar results. Water vapour, carbon dioxide and hydrogen chloride gases were
emitted upon heating. Gases emitted from the protective layers heated in air, in argon
and in vacuum are similar in that water vapour, carbon dioxide and hydrogen chloride
are the main components. Sample 5 and 6 produce less hydrogen chloride than the other
samples upon heating. Carbon monoxide was produced in the Py-GC-MS and TF/FTIR
results, and this could be ascribed to inadequate oxygen for combustion. Possible

chemical reactions of the sample contents upon heating were also proposed.

It is difficult to carry out tests with the whole pieces of glass samples inside the heating
apparatus. Therefore, the protective layers were taken out for testing. These bench-
scale measurements give important information for understanding the possible behaviors

of fire resisting glasses in real fires. However, these measurements are just qualitative
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under some standard testing conditions. More detailed tests are needed to quantify the
amount of gases emitted from burning glass in real fires for estimating toxicity

parameters.
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CHAPTER 6 SMOKE TOXICITY ASSESSMENT OF BURNING

FIRE RESISTING GLASS

6.1 Introduction

Designs employing large amount of glass panels such as glass facades are widely used in
contemporary buildings in the Far East [Chow C.L. and Chow W.K., 2010].  Fire
resisting glass products are good replacements of conventional products. Fire resisting
glass system consists of one or more transparent or translucent panes with appropriate
mounting, e.g. frames, seals and fixing materials [BS EN 13501-2, 2008]. The system
should also satisfy appropriate fire resistance criteria. Standard tests in different
countries used for fire resistance assessment of the glass products were reviewed and
compared [Hung and Chow, 2002; Wu and Chow, 2012]. Common performance criteria
relevant to fire resisting glass in these standard tests are integrity and insulation. A
supplementary criterion of radiation is also specified in some standards such as BS EN
1365-1 [2012] and GB/T 12513 [2006]. A brief review of fire resisting glass was

presented by Wu and Chow [2012].

Some glass systems available in the local market [Wu and Chow, 2012] are provided

with protective layers such as aqueous gel in between panels such as toughened glass; or

intumescent interlayers of metal silicates between annealed glass panes. The chemical
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compositions of the interlayers depend on the method of making and the fire resistance
they are required. Smoke is emitted while heating up the protective layers of those glass
products [Wu and Chow, 2012; 2013]. The smoke emitted from these glass products
would have potential health and safety effects to people trapped inside and firemen
going into the fire site. Therefore, both smoke concentration and toxicity should be
assessed. Smoke toxicity should also be recommended in assessing the fire responses of

glass products.

Five samples of insulating fire glass available from the local market are selected. The
thermal behaviours of the samples are to be tested in a cone calorimeter exposed to 50

kW-m™ and 70 kW-m™ heat fluxes.

6.2 Cone Calorimeter Testing

The building fire safety code [FS Code, 2011] was released in September 2011 in Hong
Kong. However, the approach of study, adaption of methodology, level of investigation
and effort paid on fundamental research in the entire study should be watched. For
example, effect of smoke toxicity on tenability limits was not yet specified clearly. Only
temperature of smoke layer, visibility and carbon monoxide concentration were
mentioned on specifying smoke effect on tenability limits. The importance of specifying

smoke toxicity was pointed out recently [Chow C.L. and Chow W.K., 2011] with
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reference to published experimental data on studying smoke toxicity of burning video
compact discs (VCD) with a cone calorimeter [Chow et al., 2002; Chow and Han, 2004;

Han and Chow, 2005].

Cone calorimeter is now the most powerful bench-scale test for fire hazard assessment
[Babrauskas, 1992b]. There is a conical heater which can give radiative heat flux of up
to 100 kW-m™. The heat release rate is measured based on the principle of oxygen
consumption. The maximum size of the sample to be tested is 10 cm x 10 cm and up to
5 cm thick. The method for assessing heat release rate and effective heat has been
standardized into ISO 5660-1 [2002]. It can also be used to assess ignitability as
specified in BS 476-13 [1987] and ISO-5657 [1997] or smoke generation as specified in
ISO 5660-2 [2002]. It was reviewed as a bench-scale apparatus for toxicity assessment
and compared with other bench-scale apparatus by Gann [2004]. When used for toxicity
testing, the apparatus is considered as well ventilated and best-suited for consider the
toxicity of materials in the well-ventilated fire stages [Hull, 2010]. The carbon
monoxide yields of cable materials in the cone calorimeter have been found to correlate

with an equivalent ratio of 0.7 [Hull et al., 2005].

Cone calorimeter method was employed as one of the bench-scale methods by
Babrauskas et al. [1991a] to assess the toxicity of Douglas fir, rigid polyurethane foam
and PVC, and the results were compared with data obtained from real-scale toxicity

assessment methods. Further studies by Babrauskas [1997, 2000] have used cone
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calorimeter method for toxicity assessment of building materials such as sandwich
panels and wall insulations. It was pointed out by Babrauskas [1997] that cone
calorimeter gives more realistic CO yields than the DIN 53 436 tube furnace based on
ISO 9705 test. More studies on fire effluents from burning common building and
furnishing materials using cone calorimeter method have also been reported [Hertzberg

et al., 2003; Blomqvist et al., 2003; Chow et al., 2004; Han and Chow, 2004, 2005].

6.3  Experiments with a Cone Calorimeter

Samples of insulating fire glass available from the local market were selected and shown
in Figure 4.1 and 6.1. As shown in Figure 4.1, sample 4 is of triangular shape and could
be tested in the cone calorimeter; hence only samples 1 to 3, 5 and 6 were tested.
Characteristic of samples were summarized in Table 6.1. Sample 1 to 3 produced by
sealing the gel-like protective layer in the inter-space of a glass boxes. Sample 5 and 6
were produced by laminating the protective interlayer in between the glass layers
without sealing. Sample 1, 5 and 6 have the same area of 10 cm by 10 cm and the same
thickness of 2.5 cm. Sample 2 and 3 are of 15 cm by 10 cm rectangular shapes; they are
2.0 cm and 1.7 cm thick respectively. In order to test sample 2 and 3 in the cone
colorimeter, the samples were protected on both sides by aluminium foil leaving the

centre area of 10 cm by 10 cm exposed.
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Samples of fire resisting glass were tested with a cone calorimeter [ISO 5660-1, 2002]

under different heat fluxes R, of 50 kW-m™ and 70 kW-m™ as shown in Figure 6.2. The

samples were tested under horizontal orientation with pilot ignition using the electric
spark for 30 minutes for each test. The appearance of the glass samples after heating is
also shown in Figure 6.1. The heat release rate O, (in kW-m™), concentrations of

oxygen [O;], carbon monoxide [CO] and carbon dioxide [CO,] and sample mass (in g)

under the two incident heat fluxes were measured as a function of time.

Four key parameters [Petrella, 1994; Chow, 2002; Han and Chow, 2004, 2005] were

deduced for fire hazard assessment:

(1) Time to ignition, 77/ (in s) is defined as the duration from the sample exposed
under the heat flux to the ignition of the sample (taken as the time when a self-
sustaining flame was observed).

(i1) Peak heat release rate, pkHRR (in kW-m™).

(iii)  Total heat release rate, THR (in MJ-m™)

(ii1))  Peak carbon monoxide concentration, pk[CO] (in ppmv).

LCsy is the lethal toxic potency used and defined as lethal concentration of a toxic gas or
fire effluent causes death in 50% of test animals for a 30 minutes exposure [ISO13344,

2004; ASTM 1678, 2010]. As only CO and CO, were measured in this cone calorimeter,
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and toxic potency LCsy for CO; is much greater than that for CO (i.e. 5000 ppmv)
[Babrauskas, 1997]. The fractional effective dose (FED) can be deduced by the CO
concentration [Chow et al., 2004; Han and Chow, 2004, 2005]. An FED equal to 1
indicate that the concentration of an individual fire gas or of smoke will be lethal to 50%
of test animals for over 30 minutes of exposure. The toxic potency LCsy for CO denoted
by LCjsg,co is taken to be 5000 ppmv, and the fractional effective dose estimated from the

cone calorimeter test data is expressed as:

[CO]
FEDC :TOOC (61)

where [CO]C is the cumulative concentration of CO in the volume ¥ of 0.01 m® can be

estimated using the volumetric flow rate of exhaust gas in the cone calorimeter ¥, as:

cone

cone

[/[colV,,.dt
_Jdo
; 0.01

[CO] (6.2)

The predicted LCs (in g'm™) for a testing sample is calculated from the sample mass

loss Am , FED,. and the volume ¥ (0.01 m’ ) for cone test using equation (3.4):

Am

LCy=—— 6.3
" 0.01FED, 63)
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Results for the above key parameters are summarized in Table 6.2.

As seen from the experiments the fire glass samples cannot be ignited easily. The
insulating layers will burn more vigorously under higher heat fluxes, pk/CO] and FED.,
will increase significantly. Note that in a flashover room fire, radiation heat fluxes are
20 kW-m™ at the floor, 35 kW-m™ on the wall, and 50 kW-m™ at the ceiling. The
burning environment of the samples is difficult to estimate. Hence, the samples were

tested under higher heat fluxes of at least 50 kW-m™ in the cone calorimeter.

During the experiments, it was observed that heat release rates were very low. pkHRR

and THR values for the samples were zero. Carbon dioxide emission was too low to be
detected for the tests. CO was emitted while testing under high heat fluxes. Higher
content of carbon monoxide was liberated from burning the samples at high heat fluxes.

Only the [CO] was recorded and presented in Figure 6.3.

6.4 Hazard Assessment

As discussed by Petrella [1994] and expanded later by Chow [2002], two parameters x

and y are estimated to study the thermal effect and one parameter z is used to quantify

the smoke hazard.
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The first parameter is the flashover propensity x (in kJ-m™?'s) given by:

_ pkHRR
TTI

(6.3)
Based on the experimental results, materials can be rated in an arbitrary scale of x as:
Low risk to flashover LRF :0.0to0 1.0

Intermediate risk to flashover IRF  : 1.0 to 10

High risk to flashover HRF : 10 to 100

Very high risk to flashover VHRF  :> 100

The second parameter is y on the THR (in MJ 'm'z), ie.

y =THR (6.4)

Similarly, materials are rated as:

Very low risk of heat generation VLRH :0.0to 1.0

Low risk of heat generation LRH :1.0to 10
Intermediate risk of heat generation IRH : 10 to 100
High risk of heat generation HRH :>100
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The third parameter [Han and Chow, 2004] is z (in m>kg™"), taken as reciprocal of LCs

as:

~ 1000
LC,,

(6.5)

Similarly, materials are rated as:

Low risk of toxic hazard LRTH :0to 1.0
Intermediate risk of toxic hazard IRTH :1.0to 10
High risk of toxic hazard HRTH : 10 to 100
Very high risk of toxic hazard VHRTH :>100

These three parameters x, y, z are calculated for the insulating fire glass samples to
quantify their fire risks. Values of x, y and z calculated for the selected samples are
shown also in Table 6.2. The selected fire resisting glass sample have low risk to
flashover and very low risk to heat generation. They have low to intermediate risk to

toxic hazard.
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6.5 Discussions

As seen from the cone colorimeter results, sample 1 to 3 have smaller CO yield than that
from sample 5 and 6 under heating. This is possibly the result of high water content of
the gel laminates in sample 1 to 3. The LCsj values of the five samples selected are in
the range of 12325 to 291 g'm™. The five samples have low risk to flashover and very
low risk to heat generation. They have low to intermediate risk to toxic hazard and the

parameter is in the range of 0.1 to 4.

Toxic effect of real products can be calculated from real-scale mass loss rate and real-
scale LCsy on burning. It was found from a developed database that LCsy in actual fires
would not be deviated much from LCs, determined by bench-scale tests. However, the
mass loss rates in a real fire and in a bench-scale test varied significantly. Babrauskas
[2000] suggests that the burning rate should be reduced, rather than making the effluent
less toxic. The key concern is how the materials are burnt, as incomplete combustion of
polymer will give higher levels of carbon monoxide. The large-scale tests are needed
for validation of bench-scale data for use in engineering hazard calculations. Smoke
toxicity effects due to other toxic gases for common building materials in real-scale fires
can then be estimated by deriving correlation expressions through cone calorimeter tests
under high heat fluxes encountered in post-flashover fires. This will provide useful

information for control of the hazard due to combustion products.

60



6.6  Case Study of Toxic Hazard Analysis

The toxic hazard of fire resisting glass structures can be analysed using the fractional
effective dose methodology. A room of length 5 m, width 4 m and height 3 m is
assumed to have one wall of length 4 m and height 4 m which is built using fire resisting
glass panes. During fire, the fire resisting glass panes are assumed to release CO as the
main fire gas. The CO yields of different types of fire resisting glass panes under
heating can be evaluated from data shown in Figure 6.2, and the results are presented in
Figure 6.3. The emitted CO is assumed to be dispersed into the room of length 5 m,
width 4 m and height 3 m. The fractional effective does shown in equation (3.1) is
defined as the sum of exposure does to the predicted incapacitation exposure does ratios
for toxicants. Hence, the fractional effective does for fire effluent containing only CO

can be expressed as [ISO13571, 2012]:

[CO] x time
p = LM (7.20)
35000

where, [CO] can be calculated by yield of CO over the room size and the value of 35000
ppmv-min is taken as the incapacitation does. The incapacitation is predicted when FED

exceed 1.
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FED of the fire effluent form each fire resisting glass pane was calculated at each time
for the period of 30 minutes and the results are presented in Figure 6.4. As shown in
Figure 6.4, sample 1 and 2 are relatively less hazardous than the other products. It is
shown that tenability limit is reached due to the incapacitation effect of the CO gas
generated by glass panes of sample 3, 5 and 6 under heating. For sample 6, the
tenability limit is reached around 7 and 13 minutes under heat flux of 50 and 70 kW-m™
respectively. For sample 5, the tenability limit is reached around 14 and 17 minutes
under heat flux of 50 and 70 kW-m™ respectively. The tenability limit is reached around

30 minutes under heat flux of 70 kW-m™ for sample 3.

6.7 Summary

The fire behaviour of five insulating fire resisting glass samples available in the market
was assessed by a cone calorimeter. Tests under different incident heat fluxes of 50
kW-m™ and 70 kW-m™ were carried out. The heat release rate was very low. Carbon
dioxide emission was too low to be detected. Carbon monoxide was emitted while
testing under high heat fluxes. Higher content of carbon monoxide was liberated from

burning the samples at high heat fluxes.
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Parameters x, y and z with an arbitrary scale for assessing the propensity to flashover,
total heat released and smoke toxicity are proposed to test combustible building
materials with quantitative data.

The LCsy values of the five samples selected were in the range of 12325 to 291 g'm”™.
The five samples were found to have low risk to flashover and very low risk to heat
generation. They were also found to have low to intermediate risk to toxic hazard and

the toxic hazard parameter was in the range of 0.1 to 4.

The toxic potency values of LCs) and FED have been recognised as very useful
parameters in assessing materials while setting up design guides or regulations on
selecting materials, and implementing engineering performance-based fire codes. Both
FED and LCsy in real-scale fires can be worked out together with fire models for
studying the consequences of fire scenarios on burning different combustibles. It was
proposed that FED can be estimated by measuring carbon dioxide and carbon monoxide
in a cone calorimeter. A database on fire behaviour for local materials should be

developed from those full-scale burning tests.
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CHAPTER7 THERMAL EMPIRICAL EQUATIONS FOR POST-

FLASHOVER COMPARTMENT FIRES

7.1 Introduction

In a compartment fire, the destruction of window glass can introduce ventilation through
the opening causing back-draft or flashover [Cuzzillo and Pagni, 1998]. Conventional
glass panels cracked quickly because of thermal stress caused by the temperature
difference between the surfaces and edges [Emmons, 1986]. Fire resisting glass
products with better fire performance are often used in big openings or glass fagade
system. During fires, the integrity limits of fire resisting glass products are reached by
cracking or even pulling out of the glazing pocket. The resultant openings bring air
supplies providing oxygen to burn up all stored combustibles to give a big fire [Chow,
1997; Chow and Han 2006; Chow C.L. and Chow W.K., 2010]. This is particularly
obvious for buildings with high window-to-wall area ratio. This brings concerns to the

fire safety of buildings with large window area or even glass facade.

Works on flashover phenomenon reported in the literature were mainly based on
estimating air flow rate across opening in the room fire. These included pioneer works
by Kawagoe [1958] on hydrostatic models to give a relation on ventilation factor. It was

followed by many other works [Quintiere, 1976; Rockett, 1976; Babrauskas and
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Williamson, 1978; Babrauskas, 1980; Quintiere and McCaffrey, 1980; Thomas et al.,
1980; McCaffrey et al., 1981; Thomas, 1981; Walton and Thomas, 1988; Morgan,
1989] with experimental data reported in the literature on deriving, assessing or
verifying such useful design empirical equations. Although there had been many studies
on flashover fire, the understanding is still limited to thermal aspects. This is because
firstly there are thousands of intermediate combustion chemical reactions while burning
the fuel. Secondly, turbulent flow in air mixing is difficult to model. Thirdly, thermal
radiation heat fluxes cannot be calculated accurately without measuring empirical
parameters. In those works, heat release rate used to be assessed by the fuel mass loss
rate. Flashover was commonly determined by observing whether flame came out of the
doors. Results might be different if the heat release rates are measured by oxygen

consumption calorimetry [Babrauskas, 1992a].

Empirical equations relating room fire temperature and heat release rate for post-
flashover fires are commonly used in PBD projects. One was derived by Babrauskas
and Williamson [Babrauskas and Williamson, 1978; Babrauskas, 1980] denoted as the
BW equation. The equation derived by McCaffrey et al. [1981] is denoted as the MQH
equation. Another approximate simplified method proposed by Babrauskas in 1981 to

determine fire temperature was also suggested and denoted as the VB equation.
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7.2 The Babrauskas and Williamson (BW) Equation

A thermal balance equation in a room fire was set up by Babrauskas with Williamson in

1978 [Babrauskas and Williamson, 1978; Babrauskas, 1980]. The heat release rate ¢

(in kW) is related to the air flow rate m, (in kg's™), fire temperature T, (in °C), ambient
air temperature 7, (in °C), heat lost ¢, (in kW) and specific heat capacity C, (in kJ kg

°C™") of air by:

g=m,C,(T,~T,)+q, (7.1)

The heat generation term ¢ can be expressed in terms of fuel mass loss rate 72, (in kgs™)

and effective calorific value Az, (in kJ kgl as:

g = Ah, (7.2)

The air flow rate m, through an opening of area 4, (in m?) and height h, (in m) is:

i, =0.54,(h,)"
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5/2

Note that A4 (k)" is the ventilation factor V, (in m™) relating to ¢ as justified before

[Chow et al.]:

i, = 0.5V, (7.3)

The heat loss rate g, can be expressed in terms of wall area 4, (in m?), gas emissivity
&, 0f 0.5 and Stefan-Boltzmann constant oof 5.67 x 10" kW-m™2-°C™.

g, =¢,0(T,*~1,')(0.44,) (7.4)

For normal room shapes, 4, and 4 ,(h )" are correlated (perhaps satisfying building
regulations to become common design practice) with 4,/ A (k)" of about 50 m'?,

C, is about 1 kJ kg'-°C". Putting in numerical values to all these parameters, and ¢ is

simplified to:

4 =600V, (7.5)
Using equation (7.3) for m, of 0.5V, the minimum amount of fuel burnt at this rate

under stoichiometric mixing would give 3000 kJ per kg of air consumed. Therefore, the

stoichiometric heat release rate ¢, (in kW) is 300072, , or
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g =15007, (7.6)

The desired minimum heat release rate for flashover ¢, (in kW) is 40% of ¢,

g,, =600V, (7.7)

Based on experimental data with heat release rate curve by mass loss rate of fuel

[Babrauskas and Williamson, 1978; Babrauskas, 1980], Gy is 50% of ¢, , varying

between 0.3¢g, to 0.7g,. Note that the air intake rate would be lying within the range

from 30% to 70% of air intake rate required for stoichiometric combustion. This gives a

parameter « to the BW equation of ¢, as:

qu =al, (7.8)

Value of « is 750 kWm™?, but lying between 450 kWm™? (for 0.3¢,) to 1050 kWm™?

(for 0.74, ).

Equation (7.1) was labelled as BW equation and simplified to:
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g=m,(T,-T,) (7.9)

This is a straight line with the slope 7, (in kW-°C™") having two parts m,, and m,, :

m,=m,, +m, (7.10)

The first part m,, (in kW-°C™) is related to ventilation provision given by equations

(7.1) and (7.3).

m,, =0.57,C, (7.11)

The second part m,, (in kW-°C™) is related to heat lost given by equation (7.4).

m, =£,0(044,)(T,+T,)(T7+1,) (7.12)

7.3  The McCaffrey, Quintiere and Harkleroad (MQH) Equation

Another correlation expression relating g to 7, labelled as MQH equation in this paper

was reported by McCaffrey, Quintiere and Harkleroad [1981]. A thermal balance
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equation similar to equation (7.1) was also considered with ¢, (in kW) expressed in

terms of an effective heat transfer coefficient through ceiling and walls 74, (kW-m’z-"C'l)

as:

g, =h,A4,(T,~T,) (7.13)

The room fire temperature (Tf —To) is fitted by two parameters related to ¢/V, and

h,A,/V,. The following MQH equation was fitted by 8 sets of data from 112

experiments:

480

3 0.5
) T, -T 05
q={¢§ cppoT(f( > )} {hay,} (7.14)

Variables in the above equation are gravitational acceleration g (in m's?), specific heat

capacity C, of air, density of air at ambient temperature p, (in kg'm™), ambient air

temperature 7, wall area 4, ,area of opening A and height /4 as in the BW equation.

The MQH equation can be rewritten through a constant a as:

g=a,(T,-T,)" (7.15)
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where a, is given by:

CrhAV.)
am=(\/§ Y 01: W f) (7.16)
480"

Thermal penetration time 7, (in s) is defined in terms of density p,, (in kgm™), specific
heat ¢, (in kJ-kg'-°C™), thermal conductivity k, (in kW-m™-°C™"), and thickness o, (in

m) of the wall surface material:

f = (pk—c} (%J (7.17)

The effective heat transfer coefficient through ceiling and walls /4, is related to the

exposure time ¢ (in s) when the time of exposure is less than the penetration time as:

0.5
h, =[MJ (7.18)
t

The variables are density p, , specific heat ¢, and thermal conductivity k, of the wall

surface material as before.
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7.4  The Simplified Babrauskas (VB) Equation

The heat lost term ¢, in the BW equation given by equation (7.1) might not be constant.
Another approximate simplified method proposed to determine fire temperature 7, was
suggested by Babrauskas [1981]. T is related to a baseline temperature 7 " (in °Q), T,
and five factors on burning rate stoichiometry factor 6, , equivalence ratio ¢, wall
steady-state loss factor 6,, wall transient loss factor €, opening height effect factor 6,

and combustion efficiency factor €; by:

T, =T,+(T" -T,)6,0,0,0,0, (7.19)

The burning rate stoichiometry factor &, can be expressed as an equivalence ratio ¢, and

forp <1:

6,=1+0.51(Ing) (7.20)

¢ is a function of ¢ and V, :

q
= 7.21
Y= 15000, 721
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The wall steady-state loss factor 6, is expressed in terms of V,, 4, k,and o, of the

wall as:

V 2/3 5 1/3
6’21—0.94exp{—54(zf] (k—wj } (7.22)

The wall transient loss factor 6, is expressed in terms of V,, 4

w2

exposure time ¢, p, ,

¢, and k, of the wall material:

V 0.6 t 0.4
0, =1-0.92exp{—-150| — (7.23)
3

AW kWchW

At steady state, the wall transient losses factor @, is taken to be 1.

The opening height effect factor 6, is related to 4, :

0, =1-0.25(h,)" (7.24)

The combustion efficiency factor 6, is related to maximum combustion efficiency b, :
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0,=1+0.5Inb,

From equations (7.19) to (7.25),

. 7,1,
g = 211V, exp P
‘ 05(T -T)) 6,60,0,0,

The equation can be rewritten as:
g = b, exp((7,-7,)/c)

where b, (in kW) is given by:

b, =211V,

and ¢, (in °C) is given by:

c,=0.51(T"-T)) 6,0,6,0
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7.5 Summary

Field surveys indicated that large amount of combustibles are stored in dense cities.
Many post-flashover big fires had been resulted by burning up such combustibles as
observed. Taking Hong Kong [Chow, 2010] as an example, most of the factories moved
to China since the early 1980s. Very few big post-flashover fires in factories were
reported in the past 20 years. Small design fires were then accepted by some PBD
projects. But there are more fire incidents in old factory buildings built 40 years ago.
Possible reason might be that some factories in light plastics industry are starting to
move back to Hong Kong. Secondly, such industrial buildings are now functioning as
mini-warehouses. These old buildings used as storage areas will have much more
combustibles, but not yet classified as warehouses. Appropriate fire protection systems
are then not provided. Three big post-flashover fires occurred had already killed four
firemen in the past few years. Training in fighting against post-flashover fires should be
enhanced. Fire safety provisions in these industrial buildings must be upgraded.
Flashover should be studied properly in PBD projects. Systematic full-scale burning
tests should be carried out for better understanding the fire response of new architectural
features and modern materials. The heat release rate for flashover fires should be high

while using as a design parameter.
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CHAPTER 8 EXPERIMENTAL JUSTIFICATIONS ON
THERMAL EMPIRICAL EQUATIONS FOR POST-

FLASHOVER COMPARTMENT FIRES

8.1 Introduction

Fire hazard assessment is a key element in performance-based design (PBD) [CIBSE
Guide E, 2010] for providing appropriate fire safety in buildings. In applying
performance-based design to determine the fire safety provisions, heat release rate of the
design fire is the first parameter to decide. The possible heat release rate was commonly
estimated by correlation equations to determine the Available Safe Egress Time (ASET).
Fire engineers used to show that the heat release rate in a normal room fire is low, say
lower than 2.5 MW in many projects, except on sizing areas in natural venting systems.
There are many PBD projects with ASET estimated from such small design fire
computed from the empirical expressions. Fire safety provisions are then determined
and submitted for approval [Chow, 2010]. However, several big post-flashover building
fires were observed in big cities in the Far East including one in Hong Kong in March,
2010, one in Shanghai in summer, 2010 and one in Shenyang in February, 2011. Very
high fire load density was observed in small residential units and offices in tall buildings.
Consequently, there are concerns that the fire safety provisions are not adequate as

experienced in fighting against such big fires.
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Many useful correlation equations derived for estimating the heat release rate are
believed to be adequate in fire engineering application. However, heat release rates in
deriving those equations were mainly based on estimating mass loss rate of fuel.
Flashover was commonly determined by observing whether flame came out of the doors.
Results might be different if the heat release rates are measured by oxygen consumption
calorimetry [Babrauskas and Grayson, 1992]. The authority is starting to challenge the
use of such correlation equations as fire engineering design tools. Additional

justification of the results with experiments in fire hazard assessment is now required.

Two empirical equations relating room fire temperature and heat release rate for post-
flashover fires are commonly used in PBD projects. One was derived by Babrauskas
and Williamson [Babrauskas and Williamson, 1978, Babrauskas, 1980] denoted as the
BW equation in this paper. The other one was by McCaffrey, Quintiere and Harkleroad
[McCaffrey et al., 1981], denoted as the MQH equation. Another approximate
simplified method proposed to determine fire temperature was also suggested by
Babrauskas in 1981, denoted as the VB equation. All three equations will be justified in

this paper using experimental results reported for post-flashover fires.

The first set of full-scale burning tests was on flashover in compartment fires with heat
release rate measured by oxygen consumption calorimetry reported by Chow et al.
[Chow et al., 2003]. Correlation equations on the minimum heat release rates for

flashover with the ventilation factor [Babrauskas and Williamson, 1978; Thomas et al.,
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1980; Babrauskas, 1980; Thomas, 1981; McCaffrey et al., 1981; Quintiere, 1976;
Walton W.D. and Thomas P.H., 1988; Morgan, 1989] had been justified by this set of
full-scale burning tests. The second set of reported experimental data [Hietaniemi et al.,
2004] was on studying cable fires in a long cavity. Transient gas temperatures measured
at different locations of the room in these two sets of tests will be used to estimate the
transient heat release rate. Results are then compared with the heat release rates

measured in the post-flashover room fire.

8.2  Full-scale Burning Tests

Experiments on post-flashover fires were reported [Chow et al., 2003]. A room
calorimeter of length 3.6 m, width 2.4 m and height 2.4 m as shown in Figure 8.1 was

constructed. Ventilation factor V', was adjusted by a door with fixed width ¥, (in m) of
0.8 m but height 4 varying from 0.9 m to 1.95 m. The height of vent bottom above

floor 4, (in m) varies from 0 to 0.525 m. Six sets of tests, labelled Al to A6 were

carried out with different opening arrangements as shown in Figure 8.2. The values of

Vf were from 0.68 m>? to 2.18 m>? as shown in Table 8.1.
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A pool fire of 1 m diameter and 1.5 litres gasoline was placed at the room centre. The

burning time of fuel 7, (in s) varied from 422 s to 621 s for the six tests. Air temperature

1, of the experimental hall varied from 15 °C to 16 °C.

Transient gas temperatures 7, were measured by 7 thermocouples at positions T1 to T4

as shown in Figure 8.1. There were 1 thermocouple each at T1, T2 and T3, and 4

thermocouples labelled T4a to T4d at T4. Measured gas temperature profiles 7', at the 7

thermocouples are shown in Figure 8.3. Transient heat release rates ¢ in the room fire

were measured by the oxygen consumption method with results shown in Figure 8.4.

Flashover was determined by gas temperature next to ceiling reaching 600°C and
radiative heat flux reaching 20 kW-m™ at floor. It was confirmed by watching whether
there were any flames coming out of the opening. The times #, (in s) for gas
temperature next to ceiling reaching 600 °C and ¢, (in s) for the radiative heat flux
reaching 20 kW-m™ were recorded. From the transient curve on ¢, the minimum heat

release rates for flashover g, were then taken out from the values of ¢ at 7, and .

Results are shown in Table 8.1.

Two tests on burning cables with plastic polyethylene (PE) sheathing in a long cavity at

Technical Research Centre of Finland (VTT) were reported [Hietaniemi et al., 2004].

The cavity was of length 6 m, width 1.2 m and height 0.6 m, as shown in Figure 8.5.
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The cables had diameter of 28 mm and length of 6 m. These two tests were labelled V1
on 6 PE-sheathed cables and V2 on 10 PE-sheathed cables respectively in this paper.
Transient gas temperatures 7, were measured by 5 thermocouples at positions G2 to G5
as shown in Figure 8.5. A burner was positioned under the cables 50 cm from one end of
the cavity. The smoke generated in the burning was collected at the other end of the

cavity by a steel pipe.

The cables were ignited by the burner operating to give out thermal power of 50 kW.
After ignition, the burner was turned off and removed from the cavity. Transient heat
release rates measured by oxygen consumption and gas temperatures recorded are

processed in a way similar to above. These two tests have different values of 4, 4,

A

w

T,and T, as shown in Table 8.2. For both tests V1 and V2, V, was 0.39 m>? as

shown in Table 8.3. Values of m,,, m, and m, were estimated.

8.3  Fitting with Experimental Data by Chow et al. (2003)

Transient experimental data on heat release rate ¢ and the gas temperature rise (T = To)

at the 7 points T1 to T4 in the fire compartment reported by Chow et al. [2003] were

analyzed to compare results of different stages of the fire:
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(i)

(iii)

Values of maximum heat release rate ¢, (in kW) were plotted against the
maximum temperature rise, as shown in Figure 8.6.

Transient values of ¢ and (Tf —T,}) were analyzed only at the thermocouple

points with the maximum gas temperature 7, _ (in °C) recorded, as shown in

max

Figure 8.7.

Transient values of all data on ¢ and (Tf —T())were studied to investigate the

range of measured values of (Tf -T, ) recorded, as shown in Figure 8.8.

And then, transient values only at the thermocouple points with the maximum gas

temperature 7,

(iv)

™)

(vi)

(in °C) recorded shown in Figure 8.7 were further analyzed:

max

Only those gas temperatures 7, above 600 °C upon flashover were used, as

shown in Figure 8.9.

Gas temperatures 7, when the heat flux above 20 kW-m™ were used, as shown in

Figure 8.10.
Time to the maximum heat release rate and time to maximum gas temperature

were matched, and only gas temperature 7, over 600 °C were used, as shown in

Figure 8.11.
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Transient experimental data by Chow et al. [2003] were analyzed in total six ways. And
the results of all six analyses were used to justify both the BW, MQH and simplified VB

equations.

The BW equation was justified by putting numerical values to equation (7.10) to (7.12)
for each test. The six sets of tests have different values of Ve, 4,, T, and 7 to give

different values of m,, , m,, and m,. For example, V', is 2.18 m>?

for test Ala with C,
of 1.05 kJ'kg"-°C™" into equation (7.11), and then m ,, 1s calculated to be 1.145 kW-°C™.
Puiting 4, 0f 44.52 m’, oof 5.67 x 10" kW-m™°C™, £,0f 0.5, T,0f 1079 K and 7, of

288 K for test Ala into equation (7.12) gives m,, of 0.86 kW-°C™'. Substituting m,,

and m, into equation (7.10) gives m4 of 2.00 kW-°C™". Results of m,, , m,, and m for

the six sets of tests are estimated as shown in Table 8.1.

On the fitting (i), values of maximum heat release rate ¢,, (in kW) for the tests are

plotted against the measured maximum gas temperature rise (T

fmax

- To) among all 7
points at T1 to T4. The value of 7,  (in °C) was determined from the maximum value

of all gas temperatures measured by the 7 thermocouples. Maximum values 7, _ were

max

found at T4b for test Ala to ASa, and at T4a for test ASb and A6 as reported before by
Wu and Chow [2011] justifying only the BW equation. A straight line of correlation

coefficient R” of 0.649 was fitted by the method of least square.
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G =2.97(T e —T,) (7.30)

Experimental data on ¢, and (7, —7,)and the above line are shown in Figure 8.6.

The value of m , estimated by thermal balance equation (7.10) varies from 0.84 kW-°C™!

for test A6 with 30% stoichiometric burning to 2.49 kW-°C™' for test Alb with 70%

stoichiometric burning. Analytical results given by equation (7.10) with m, of 0.84

kW-°C" and 2.49 kW-°C™" are also plotted in Figure 8.6 for comparison. It is clearly
observed that experimental heat release rates measured by the oxygen consumption

method are much higher than the estimated values.

For fitting (ii), the transient values of ¢ are plotted against the corresponding transient
(Tf —To)on the set of curves with 7, . for all six sets of tests and shown in Figure 8.7.

The following line fitted by the method of least square for the transient data of each test

with slope m , (in kW-°C™") is found:

qsz(Tf—To) (7.31)
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Values of m, and the corresponding correlation coefficient R? for the six sets of tests
are shown in Table 8.1. Values of m are from 1.65 kW-°C™! for test A6 to 3.09 kW-°C"!

for test Ala.

For fitting (iii), ¢ are also plotted against all gas temperatures measured at all 7
thermocouples and shown in Figure 8.8. Values of m, for all data are also estimated
with R* shown in Table 8.1. It is observed that values of m ,are lying from 1.48 kW-°C

!'for test A6 to 2.98 kW-°C! for test Ala.

For fitting (iv), only the results with gas temperature over 600 °C are plotted in Figure

8.9. The values of (T =T, ) with resultant heat release rate measured at flashover over 20
kW-m™ in fitting (v) are plotted in Figure 8.10. Maximum ¢ and maximum (T p —T())

with gas temperature over 600 °C in fitting (vi) are plotted in Figure 8.11. Values of m,

and the corresponding correlation coefficient R* for the six sets of tests in fitting (iv) to

(vi) are also shown in Table 8.1.

The analytical results given by equation (7.9) and fitted lines given by equation (7.31)

from BW equation are plotted for each test from Figure 8.7 to 8.11.

84



On justifying the MQH equation by the tests reported by Chow et al. (2003), the wall of

the test room was made of brick with thickness &, about 0.1 m. Values of p,, ¢, and
k,are 2000 kgm™, 0.84 kJ'kg'-°C' and 1.32 x 10° kW-m™-°C™" respectively, and ?,

is estimated to be 3182 s. The burning time in these tests is ranging from 422 to 621 s

and much shorter than the penetration time. The exposure time is taken as 300 s, and 4,

is estimated to be 0.086 kW-m™>-°C™".

Putting numerical values of g of 9.8 m's?, C, of 1.05 kI-kg' K™, p,0f 1.2 kgm™, h,
of 0.086 kW-m™°C", 7, about 15°C, 4, of 44.52 m” and ¥, of 2.18 m”” for test Ala
into equation (7.16), and a,, is estimated to be 0.16 kW-°C>?. The following curve

relating ¢ with (Tf -7, ) for test Ala is found:

¢=0.16(T, - 1,)" (7.32)

Different values of a, given by equation (7.16) for the six sets of tests were estimated

and shown in Table 8.2.

As shown in Table 8.2, the values of a, varied from 0.16 kW-°C™" for test Ala and Alb

to 0.09 kW-°C™" for test A6.  Analytical results with a, of 0.16 kW-°C™" and 0.09
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kW-°C™" are also plotted in Figure 8.6 for comparison. Analytical results given by

equation (7.15) from MQH equation are plotted for each test from Figure 8.6 to 8.11.

The following line fitted by the method of least square for each test with slope a, (in

kW-°C??) is given as:
. L5
9= af(Tf ’7:») (7.33)

Values of a, and the corresponding correlation coefficient R’ by fitting data in Figure

8.7 and 8.8 are shown in Table 8.2.

As shown in Table 8.2, the estimated heat release rate at different gas temperature was

higher than the experimental value in using MQH equation.

On justifying the simplified VB equation by the tests reported by Chow et al. (2003),
values of 6, k,, p, and ¢, of the wall material are 0.1 m, 1.32 x 102 kW-m!-eC,

2000 kg'm™ and 0.84 kJ-kg"-°C™" respectively. For test Ala, putting numerical values of

V, of 2.18 m>? and A, of 44.52 m’ into equation (7.22), 6, is estimated to be 0.96.

Burning time is less than 650 s, hence is not in the range of 500 to 20000

kw p w cVI/

m*°C*kW, and the value of 0.63 is found to be a reasonable estimation for 6,. Putting
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numerical values of /4, of 1.95 m and into equation (7.24), 6, is estimated to be 0.83.
For equation (7.25), b, is taken to be 0.9, and 6 is estimated to be 0.95. Putting
numerical V, of 2.18 m>? into equation (7.28), and b, is estimated to be 460 kW.

Substituting the values of 6,, €,, 6, and 6, into equation (7.29) gives ¢, of 414 °C.

Results of b, and ¢, estimated by thermal balance equation (7.28) and (7.29) for the six

sets of tests are estimated and shown in Table 8.2.

As shown in Table 8.2, the values of b, and ¢, varied from 460 kW and 414 °C for test

Ala and Alb to 144 kW and 314 °C for test A6. Analytical results given by equation

(7.27) with b, and ¢, of 460 kW and 414 °C as well as 144 kW and 314 °C are plotted

in Figure 8.6 for comparison.

Analytical results given by equation (7.27) from simplified VB equation are plotted for
each test from Figure 8.6 to 8.11. As shown in Figure 8.6 to 8.11, the estimated heat
release rate at different gas temperature was higher than the experimental value in using

MQH equation.
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8.4 Fitting with VTT Data

Transient values of ¢ reported by Hietaniemi et al. (2004) are plotted against (Tf —7;))

on the set of curves with T

fmax

for test V1 and V2 and shown in Figure 8.12. As shown

in Figure 8.13, transient values of ¢ are also plotted against (7}—7;)) for all gas

temperatures measured at the 5 thermocouples for test V1 and V2.

The BW equation was justified by putting numerical values to equation (7.10) to (7.12)

for each test. Test V1 and V2 have different values of V,, A4

. Tyand T, to give
different values of m,, , m, and m,. For example, V', is 0.56 m>? for test V1 with C »
of 1.05 kJ'kg™'-°C™" into equation (7.11), and then m ,, 1s calculated to be 0.29 kw-eC™.
Putting 4, 0f 21.6 m*, oof 5.67 x 107" kW-m>°C™, £,0f 0.5, T, 0f 1079 K and 7, of
293 K for test Ala into equation (7.12) gives m,, of 0.87 kW-°C™'. Substituting m

and m ,, into equation (7.10) gives m4 of 1.16 kW-°C™'. Results of m,, , m,, and m, for

test V1 and V2 are estimated as shown in Table 8.3.

The values of m, and the corresponding correlation coefficient R? from fitting the

experimental results shown in Figure 8.12 and 8.13 for both test V1 and V2 are also

included in Table 8.3. The analytical results given by equation for each test (7.9) and
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fitted lines given by equation (7.31) from BW equation are plotted together in Figure

8.12 and 8.13.

On justifying MQH equation by the tests reported by Hietaniemi et al. (2004), wall

surface made of non-combustible board of thickness ¢, is about 0.012 m. The value of

w

chW

known as the thermal diffusivity of the wall surface is 0.5x1077 m®s™. t, 1s

estimated by equation (7.17) to be 720 s.

The value of Land k, are 0.5x107 m*s™" and 0.5x107° kW-m"-K™" respectively,
pwcw

and 4, at 600 s is estimated by equation (7.18) to be 0.091 kW-m?2k'.

Putting numerical values of g of 9.8 ms™, C, of 1.05 kIkg' K, p, of 1.2 kgm™, h,
of 0.091 kW-m™K", T, about 20°C, 4, of 21.6 m’ and ¥, of 0.6 m>* for test V1 into
equation (7.16), a, is 0.058 kW-°C>? . The following curve relating ¢ with (T/ —To)

for test V1 is found:

=0.058(7,-T,)" (7.34)
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Different values of a, in the MQH equation given by equation (7.16) for test V1 and V2

were estimated and shown in Table 8.3. Analytical results given by equation (7.15)

from MQH equation are plotted for each test from Figure 8.6 to 8.11.

Values of a, and the corresponding correlation coefficient R? for fitting data in Figure

8.12 and 8.13 are also shown in Table 8.3. As shown in Table 8.3, the estimated heat
release rate at different gas temperature was lower than the experimental value in using

MQH equation.

8.5 Discussions

Heat release rate measured by oxygen consumption calorimetry was related to the gas
temperature by a thermal balance equation [Babrauskas and Williamson, 1978;
Babrauskas, 1980; McCaffrey et al., 1981]. Experimental results for both sets of tests

are higher than the values estimated by the BW equation. It appears that the ventilation

term on estimating heat release rate m (Tf —To)should be higher. The value of m,

estimated by taking 70% of those required for stoichiometric reaction ¢, would agree

better with measurement.
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A factor S is proposed to modify m,, for estimating heat release rate at post-flashover

fire by the BW equation given by equations (7.9) and (7.10):

qg= (:BmAV +mAL)(Tf _7;)) (7.35)

The following straight line can be fitted by experimental data as in equation (7.31),

q.:mf(Tf_YZJ)

Therefore,

Pm,, +m, = m,

or

=" (7.36)
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pis 1 when m, is same as the analytical value (m,, +m, ). For test Ala, [ is

;
(2.98—-0.86)/1.14 or 1.85 for the line fitting all data points on the 7 thermocouples T1

to T4.

Values of f for the test Al to A6 are shown in Table 8.1. These values suggested that
the burning rate due to ventilation across opening would be almost double the value of

that computed by equation (7.3).

Values of £ for the tests V1 and V2 are shown in Table 8.3. The values suggested that
the burning rate due to ventilation across opening would be tripled the value of that

computed by equation (7.3).

As reported [Babrauskas and Williamson, 1978; Babrauskas, 1980], value of Gy 1s 50%
of g,, but lying between 30% to 70% of ¢,. Using this argument, the term m ,, due to
ventilation provision would be varying from (0.3/0.5) to (0.7/0.5)of the value given
by equation (7.11). The value of m, equals (m,, +m, )for 0.5¢, and varies between
(0.6m,, +m, )for 0.3¢, and (1.4m,, +m, ) for 0.7¢,. Values of m, for test Ala is
between 1.55 and 2.46 kW°C™'. The range of validity for m , given by equation (7.10)
lying between (0.6m,, +m, )and (1.4m,, +m, ) is estimated and shown in Tables 8.1

and 8.3, and plotted in Figure 8.7 to 8.13.
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8.6  Summary

The correlation BW [Babrauskas and Williamson, 1978; Babrauskas, 1980] and MQH
[McCaffrey et al., 1981] equations on relating the heat release rates to gas temperature at
post-flashover fires were justified by full-scale burning tests at different ventilation
factors. Heat release rates for flashover fires were studied experimentally with oxygen

consumption calorimetry, rather than by the mass loss rate [Utiskul and Quintiere, 2008].

It is observed that the heat release rates estimated by the BW equation [Babrauskas and
Williamson, 1978; Babrauskas, 1980] were lower than the two sets of experimental
measurement reported [Chow et al., 2003; Babrauskas, 1981]. Heat release rate
estimated by the MQH equation [McCaffrey et al., 1981] agreed better with experiments.

This equation was derived by fitting experimental data under different conditions.

The BW equation derived from thermal balance should be physically correct. However,
air intake rate might be higher to give more oxygen for combustion. Comparing with
the experimental data reported earlier, burning rate due to ventilation across opening
would be about double the value computed by equation (7.3). Air pumping action
[Harmathy, 1993; Chow and Chow, 2012] of fire plume should be considered in
applying empirical correlation for estimating heat release rate. Further analysis is

needed with more experiments but it is beyond the scope of this thesis.
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CHAPTER9 CONCLUSIONS

Conventional glass materials are weak spots in building fires, and fire resisting glass has
been developed and installed. Understandings of the fire behaviours and gas emissions
of fire resisting glass products are much needed for safety protection measure design

when applying fire resisting glass in largely glazed buildings.

Apart from assessing fire resistance of glass panels by standard tests, there are no
universal or state standards in fire resisting glass specifications. A glass facade system
is comprised of framework, glass and other accessories. In standard fire resistance tests,
the most relevant performance criteria of fire resisting glass are integrity, insulation and
radiation. But in literatures, fire resisting glass can be divided into two categories: non-
insulating and insulating. An overview of the common types of fire resisting glass,
especially the ones with high ratings, the tests and standards used to assess these

products was provided.

Fire resisting glass products are good replacements of standard glass products used in
building. The chemical compositions of the glass products, which depend on the
manufacturing method and the required fire resistance rating, are not listed in
architectural specifications. This is common for products manufactured in the Far East.

Smoke was emitted when burning the protective layers of glass products. This raises a
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safety question concerning smoke emissions, especially for buildings with large glazing

arca.

Smoke toxicity is an important aspect in fire safety assessment. Both asphyxiant and
irritant fire gases produced from burning the combustibles materials are hazardous to the
occupants. The hazards of smoke and common smoke toxicants were reviewed. Toxic
potency is often expressed as the product of time and concentration and used in
combustion toxicology to measure the toxic potency of individual fire gases or of smoke.
Smoke toxicity testing methods are available for toxic hazards evaluation of building
products and materials. Bench-scale and large-scale methods used for quantifying fire
gas toxicity such as lethal toxic potency and fractional effective dose were reviewed.
Bench-scale tests such as cone calorimeter test are more commonly used for research
and actual evaluation of products, as large-scale tests are very expensive to be carried

out.

There were two types of protective layers of the fire resisting glass according to XPS
and FTIR test results. Experimental studies on the gases emitted from fire resisting glass
upon heating were conducted. Techniques of TG-FTIR, Py-GC-MS, TF-FTIR were
employed to examine the chemical compositions of the gases discharged from the
protective layers when heated in different atmosphere. The three methods of TG-FTIR,
Py-GC-MS, TF-FTIR gave similar results. Water vapour, carbon dioxide and hydrogen

chloride gases were emitted upon heating. Gases emitted from the protective layers
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heated in air, in argon and in vacuum are similar in that water vapour, carbon dioxide

and hydrogen chloride are the main components.

More detailed tests by cone calorimeter were carried out to quantify the amount of gases
emitted from fire resisting glass upon heating. The fire behaviour of five insulating fire
resisting glass samples available in the market was assessed. Tests under different
incident heat fluxes of 50 kWm™ and 70 kWm™ were carried out. The heat release rate
was very low. Carbon dioxide emission was too low to be detected. Carbon monoxide
was emitted while testing under high heat fluxes. Higher content of carbon monoxide
was liberated from burning the samples at high heat fluxes. The toxic potency values of
LCs5pand FED were calculated for selected product samples. The LCs values of the five
samples selected were found to be in the range of 12325 to 291 g'm™. The five samples
have low risk to flashover and very low risk to heat generation. They were found to
have low to intermediate risk to toxic hazard and the toxic hazard parameter was in the

range of 0.1 to 4.

Glass fagade designs in buildings can be hazardous during fires. Failure of the glass
system can result in large openings which introduce ventilation causing high heat release
rate and even flashover. Many useful correlation equations derived for estimating the
heat release rate for a post-flashover room fire were applied in performance-based
designs. Three empirical correlation equations were justified by reported experimental

data. Two sets of reported experimental results on post-flashover room fires with
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transient heat release rates measured by oxygen consumption calorimetry were used.
Estimated burning rate by correlation equations can be much lower than reported
experimental data. Air pumping action of fire plume should be considered in applying

empirical correlation for estimating heat release rate.
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TABLES

Table 2.1: Properties of typical fire resistant products

Type Glass product Method of providing fire-resistance
Glass breaks early on in the fire but is held together
Wired glass and in place by the embedded wire mesh [GGF,
2009]
Toughened soda They are toughened physically or chemically to
lime silicate glass increase resistance to thermal stress. They can
- better withstand the impact of thermal shock and
Borosilicate block the passage of flame and smoke [Curkeet,
2003; Lyon, 2007; GGF, 2009]
Glass ceramics
Non-
insulating
Reflective coated The metal coating is visually transparent and
glazing red_uces th_e heat transferred to_the glass by
reflecting radiant energy (mostly infrared) from a
fire [Curkeet, 2003]
The resin-based interlayer is formulated to have
Resin laminated | resistance against fire and flaming. When exposed
glazing to a fire, the interlayer carbonizes to give an opaque
layer, which holds the glass together and reduces
heat radiation [Curkeet, 2003]
Gel laminated The gel interlayer absorbs heat by_the evap(_)ration
glass of water a_nd prO(_juces an insulating crust in the
event of fire, which prevents the penetration of
) flame and smoke [Lyon, 2007; Amstock, 1997]
Insulating -
Intumescent interlayer turns opaque and foams to
Intumescent form a thick solid layer on exposure to heat

laminated glass

inhibiting the passage of conductive and radiant
heat [Lyon, 2007; Amstock, 1997]
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Table 2.2: Comparisons of standard fire resistance tests used in different countries

Temperature / time

Performance criteria (conditions of failure)

Standards condition L oad- Hose stream
(shown in Figure 2.1) bearing Integrity Insulation Radiation test
Mean temperature rise
BS476 (1987 _ ' Cotton pad more than 140 °C or
( V| T=3s5 Io(?éoo(g; *1+20 321??;22 ignition or gap | maximum temperature N/A N/A
P gauge penetration | rise more than 180 °C
on unexposed face
Cotton pad Mean temperature rise | Report the time
i _ . ignition, gap more than 140 K or | for radiation to
BS %Zl\éll;’f 511 T=345 |0(?éoo(§; t1)+20 3825::;'052 gauge penetration | maximum temperature | exceed 5, 10, N/A
P or sustained rise more than 180 K 15, 20, 25
flaming on unexposed face kW-m*?
538°C at 5 min; 704°C at Jyeter pressure
ASTM E 119 10 min; 843°C at 30 min; Cotton pad Temperature rise more aoolication
927°Cat 1 hr; 1010°Cat2| Collapse ignition or than 140 °C on N/A ppiicatio
(2011) hrs; 1093°C at 4 hrs; sustained flaming unexposed face specified in
1260,°C at 8 hrs or ovér ASTM E 2226
' (2011)
Cotton pad Mean temperature rise | Report the time
GB 12513 T =345 logyo (8t + 1) + Ty; ignition, gap more than 140 °C or | for radiation to
ois in the range of 5 to gauge penetration | maximum temperature | exceed 5, 10,
(2006) Toisinth f5 N/A i i d5, 10 N/A
40°C. or sustained rise more than 180 °C 15, 20, 25
flaming on unexposed face KW-m™
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Table 3.1: Summary of important asphyxiant and irritant gases

IDLH*

( ) LCso
mv
Important toxicants Mechanism of effects [I\TIpOSH [ S(gpln;\é)zl 4
1994] 2004]
Carbon Cause tissue hypoxia by
. displacing and reducing oxygen
mog‘g"de level in the blood and inhibiting 1200 5700
(CO) oxygen release [Purser, 2010a].
No direct effect on oxygen level
Hydro_gen in the blood, but prevents
) cyanide . . 50 165
Asphyxiant (HCN) consumption of oxygen in the
tissues [Purser, 2010a].
gases
Cause insufficient oxygen supply
Ozj()e/glee r:ig%) to brain and part of the body N/A N/A
P [Hartzell, 2003]
Carbon Stimulate respiration causing
dioxide (CO,) more intakes of oxygen and other 40000 N/A
2} | toxic gases [Hull and Stec, 2010]
Hydrogen
chloride (HCI) 50 3800
Hydrogen
bromide (HBr) 30 3800
Hvdrogen Cause sensory irritations with
fluo);ideg(HF) symptoms include discomfort 30 2900
and pain, breath-holding,
. - : coughing and excessive secretion
Irritant Nltr(ﬁg))(lde of mucus; at high concentration, 100 N/A
gases irritant gases can penetrate into
Nit lungs causing irritation and tissue
_Nrtrogen damage which may result in 20 170
dioxide (NO2) | post-exposure respiratory distress
. and death [Purser, 2010b].
Acrolein 2 150
Formaldehyde 20 750
Sulphur
dioxide (SO») 100 1400

*The immediately dangerous to health or life (IDLH)
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Table 3.2: Summary of main bench- scale toxicity test methods of fire smoke

Test ISO stage Heat Ventilation in Hazard
Test code [I1SO 19706, decomposition
method source assessment
2011] zone
Well ventilated Animal
Radiant | \orp g 67| flAMINGOT | oo diant Natural exposure
furnace test [2010] possibly panel ventilation or
methods ventilated chemical
flaming analysis
Non-flaming
Tube NF X 70-100 or under Tube Forced Chemical
furnace [2006] ventilated furnace ventilation analysis
flaming
Steady Non-flaming Animal
state tube | DIN 53436 or under Tube Forced exposure
furnace [1981-2003] ventilated furnace ventilation or
(DIN type) flaming chemlc_al
analysis
BS 7990
Steady |[2003], ISO/TS| Non-flaming,
state tube | 19700 [2007] | well or under | Tube Forced Chemical
furnace and IEC TS ventilated furnace ventilation analysis
(Purser) 60695-7-50 flaming
[2002]
Non-flaming, Forced eﬁg(l)r:uarle
UPITT N/A well Or Lneer | Crucible oree or
ventilate ventilation chemical
flaming .
analysis
Heat and
ISO 5660-1 | Non-flaming, smoke
Cone [2002] and | well or under | Radiant Natural with
calorimeter | 1SO 5660-2 ventilated panel convection possible
[2002] flaming chemical
analysis
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Table 4.1: Characteristics of selected fire resisting samples

Dimensions (cm) Claimed fire
Sample Shane Production resistance
number P method
Length | Width| Thickness Integrity | Insulation
1 Square 10 10 2.5 30 30
Sealing gel
2 Rectangular| 15 10 2.0 protective layer 30 30
in the inter-
3 |Rectangular| 15 | 10 | 17 |SPaceofglass | 4, 30
boxes
4 [Rigntangle | o5 145,41 o6 30 30
triangular
Laminating
5 Square 10 10 2.5 orotective 60 25
interlayer in
6 Square | 10 | 10 | 25 | Detweenthe | g, 30
glass sheets
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Table 4.2: Chemical elements with atomic percentages detected by XPS

sample Elements™ (at. %)

number | -\ o | N | cI s | si| Na| K | Mg
1 | 4001|2195 477 | 1736 | - | -~ | 122 | 044 | 1446
> | 3896|2046 | 424 | 1915 | - | - | 125 | 064 | 1530
3 |3851|2270| 396 | 1850 | - | - | 056 | 015 | 1562
4 | 3579|2554 | 490 | 1761 | 127 | -~ | 149 | 011 | 1329
5 | 2695|4173 | 013 | 241 | - | 769 | 2109 | -~ | -
6 |3602|4098| -~ | 18 | - | 717 | 140 | -~ | -

*Noting that hydrogen (H) and helium (He) could not be detected by XPS
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Table 4.3: Functional groups with characteristic absorption peaks detected by

FTIR
- . _1 -

Sample Peaks position (cm™) POSS|_bIe
number chemical
H,O | C=O | N-H | C-H | C-OH | C-Cl | C-O | Si-O | compositions

1 | 3400|1677 | 1634 | 1452 | 1119 | 604 | -- | - | \ater,amide,
alcohol

2 | 3400|1677 | 1634 | 1452 | 1119 | 604 | - | -. | Water,amide,
alcohol

3 | 3400|1677 | 1634 | 1452 | 1119 | 604 | -- | -- | Water,amide,
alcohol

4 | 3400|1667 | 1634 | 1462 | 1129 | 604 | - | -. | Water,amide,
alcohol,

775 | water, silicates,

5 3400|1645 | -- |1462| 1119 | 604 | 1032 | 581 alcohol,
450 carboxylate

water, silicates,

6 | 3400|1645 | -- |1462| 1119 | 604 | 1032 | 450 alcohol,

carboxylate
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Table 5.1: Thermogravimetric characterization of samples in air and nitrogen with
20 °C-min™ heating rate

Weight loss (%)

Maximum weight loss

Temperature at weight

Sample rate (%-min™) loss rate (°C)
number _ _ : : _ :
Air Nitrogen Air Nitrogen Air Nitrogen

Sample 1 94.5% 96.5% 16.1 14.3 130 139
Sample 2 94.1% 90.1% 11.1 12.4 133 131
Sample 3 93.3% 92.1% 15.3 12.8 128 124
Sample 4 91.1% 91.6% 14.8 13.6 127 135
Sample 5 37.3% 32.9% 3.4 5.6 160 88
Sample 6 56.1% 50.9% 7.7 6.2 363 134
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Table 5.2: Comparisons of chemical compositions of the gases from different tests

Chemical Composition of the Gases

sample | 16 priR Py-GC-MS TF-FTIR
number
Air Vacuum Argon Air
H,0, CO, H,0, HCI, CO,, |  H20, CO;, CO,
1 H,0, CO,, HCI HCI, NH3, -C-H
HCI, NH; -C-H (alkyl) (alkyl)
H.0, COz, HClI, |  H20, CO2, CO,
2 20.C02 | ,0,co, HEI | €O, -C-H HCI, NH;,
HCI, NH3
(alkyl) -C-H (alkyl)
H.0. CO H,0O, CO,, H,0, CO,, HCI,
2V, L2, HCI, NH CO
3 HCI, NHs 3 H,0, CO,, CO, HCI
_C-H (alkyl)
H.0. CO H,0, CO,, H,0, HCI, CO,,
20, COy, HCI, NH co
4 HCI. NHs 3 H,0, CO,, CO, HCI
_C-H (alkyl)
H,0, CO,, HCI,
H,0, CO,, CoO, H,0, CO,, CO,
5 H,0, CO,, HCI | HCI, alkenes, _ HCI, -
aldehydes -C=O(carbonyl), C=0(carbonyl)
_C-H (alkyl)
H,0O, CO,, CO | H,0, ggl, COy, H,0. CO,, CO, HCI
6 H20, CO,, HCI | Hcl, alkenes, ’ C=0(carbonv
aldehydes -C=O(carbonyl) | ~~ (carbonyl)
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Table 6.1: Characteristics of fire resisting samples for cone calorimeter tests

Dimensions (cm) . Cla'med fire
Sample Production resistance
Shape
number method
Length | Width| Thickness Integrity | Insulation
1 Square 10 10 2.5 30 30
Sealing gel
protective layer
2 Rectangular| 15 10 2.0 in the inter- 30 30
space of glass
boxes
3 Rectangular| 15 10 1.7 30 30
Laminating
5 Square 10 10 2.5 protective 60 25
interlayer in
6 Square | 10 | 10 | 25 | betweenthe | g, 30
glass sheets
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Table 6.2: Summaries of fire resisting glass samples in cone calorimeter tests

Parameters Sample 1 San;ple Sargple Sample 5 Sample 6
Heat flux
dowm?) | 50 70 70 70 50 70 50 70
Mass (g) | 470 | 470 | 586 500 | 616 | 629 | 576 | 565
Thickness | o | 55 | 59 17 | 25 | 25 | 25 | 25
(cm)
Massloss | g56 | 54 | 787 | 723 | 274 | 327 | 384 | 259
Am (9)
Increase of
Thickness 0 0 0 0 70 92 44 63
(%)
PKICOI | o0 | 83 | 90 | 160 | 120 | 180 | 189 | 446
(ppmv)
?kog.ige_'l‘)" 0.0005 | 0.0005 | 0.0009 | 0.002 | 0.006 | 0.007 | 0.01 | 0.02
FED, 074 | 079 | 074 | 117 | 300 | 377 | 803 | 891
(;ﬁj’.%) 12325 | 10798 | 10609 | 6170 | 913 | 867 | 478 | 201
X 0 0 0 0 0 0 0 0
(kIm?s® | LRF | LRF | LRF | LRF | LRF | LRF | LRF | LRF
) 0 0 0 0 0 0 0 0
y (MJ-m™)
VLRH | VLRH | VLRH | VLRH | VLRH | VLRH | VLRH | VLRH
01 | 01 01 0.2 2 2 3 4
z (m*kg™)
LRTH | LRTH | LRTH | LRTH | IRTH | IRTH | IRTH | IRTH
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Table 8.1: Justification of BW equation using data by Chow et al. (2003)

NUmber Paramstars Test | A1a | Alb | A2a | A20 | A3a | A3b | Ada | Adb | Asa | ASb | A6
Ventilation height h, (m) 1.95 1.8 1.6 1.45 1.2 0.9
Height of vent bottom h,, (m) 0 0 0 0.25 0.375 0.525
Ventilation factor V, (m*?) 218 1.93 1.62 1.4 1.05 0.68
Ambient temperature T, (°C) 15 15 15 15 16 16 15 15 16 16 16
Burning timet, (S) 621 | 488 | 472 | 556 | 547 | 524 | 566 | 531 | 452 | 422 | 608
Maximum heat release rate
measured q (kW) 2642 | 2632 | 2496 | 2460 | 2112 | 2354 | 1996 | 1776 | 1335 | 1306 | 934
Maximum temperature T, .. (°C) | 806 | 818 | 791 | 799 | 760 | 809 | 798 | 750 | 751 | 710 | 675
030, My | 069 | 069 | 0.61 | 0.61 | 0.51 | 0.51 | 0.44 | 0.44 | 0.33 | 0.33 | 0.21
m, | 1.55 | 1.57 | 1.44 | 146 | 1.28 | 1.38 | 1.29 | 1.20 | 1.09 | 1.01 | 0.84
my | 1.14 | 114 | 1.01 | 1.01 | 085 | 0.85 | 0.74 | 0.74 | 055 | 0.55 | 0.36
(kw%cl) 0.54, m, | 0.86 | 0.89 | 0.83 | 0.85 | 0.77 | 0.87 | 0.85 | 0.76 | 0.76 | 0.68 | 0.62
m, | 200 | 203 | 1.84 | 1.86 | 1.62 | 1.72 | 159 | 1.49 | 1.31 | 1.23 | 0.98
076, my | 1.60 | 1.60 | 1.42 | 142 | 1.19 | 1.19 | 1.03 | 1.03 | 0.77 | 0.77 | 0.50
m, | 246 | 249 | 225 | 227 | 196 | 206 | 1.88 | 1.78 | 1.53 | 1.45 | 1.12
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Table 8.1: (Continued) Justification of BW equation using data by Chow et al. (2003)

N —— Test | Ata | Alb | A2a | A2b | A3a | A3b | Ada | Adb | ASa | ASh | A6
m, (KW-°C™) 3.09 | 3.09 | 265 | 2.85 | 250 | 250 | 2.37 | 2.28 | 1.93 | 1.89 | 1.65

Fitting (ii) R? 0.913| 0.929| 0.859| 0.886| 0.805| 0.822| 0.851| 0.820| 0.763 | 0.749 | 0.737
B 1.95 | 1.93 | 1.79 | 1.98 | 2.03 | 1.91 | 2.07 | 2.07 | 2.12 | 2.19 | 2.87

m, (kw-°C™) 2.98 | 292 | 265 | 2.74 | 2.44 | 241 | 217 | 206 | 1.72 | 1.74 | 1.48

Fitting (iii) R? 0.808| 0.825| 0.773| 0.795| 0.729| 0.715| 0.711| 0.693| 0.645 | 0.666 | 0.644
B 185 | 1.78 | 1.79 | 1.87 | 1.96 | 1.81 | 1.80 | 1.78 | 1.74 | 1.92 | 2.40

m, (KW-°C™) 337 | 332 | 3.06 | 316 | 2.82 | 2.86 | 2.65 | 258 | 2.20 | 222 | 1.75

Fitting (iv) R? 0.481| 0.513| 0.377| 0.386| 0.302| 0.333| 0.752| 0.770-0.0874| 0.188 |-0.304
B 219 | 213 | 220 | 2.28 | 241 | 2.34 | 2.45 | 248 | 261 | 2.79 | 3.15

m, (KW-°C™) 336 | 344 | 3.05 | 313 | 290 | 298 | 2.81 | 275 | 1.99 | 212 | 1.71

Fitting (v) R? 0.169 | -0.824| -0.249| 0.091| -0.166| 0.025| 0.591| 0.167| 0.711 | 0.663 | 0.709
B 218 | 223 | 219 | 225 | 250 | 248 | 267 | 2.71 | 2.23 | 2.61 | 3.04

m, (KW-°C™) 3.38 | 3.23 | 281 | 272 | 287 | 2.85 | 2.63 | 257 | 2.23 | 2.23 | 1.84

Fitting (vi) R? 0.807| 0.617| 0.271| 0.234| 0.687| 0.397| 0.575| 0.725| 0.438 | 0.563 | 0.205
B 220 | 205 | 1.95 | 1.85 | 2.47 | 2.32 | 2.42 | 247 | 267 | 2.81 | 3.41
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Table 8.2: Fitting MQH and VB equations using data by Chow et al. (2003)

MQH equation VB equation
Test a Fitted line Fitted line (All data) b c
_om -3/2 a a . oV
(kW-°C?3?) of » R2 of » R2 (kW) | (°C)
(KW-°C™) (KW-°C™4)
Ala 0.13 0.967 0.13 0.925
0.16 460 414
Alb 0.13 0.9656 0.13 0.9328
A2a 0.15 0.11 0.9582 0.12 0.9070
407 407
A2b 0.12 0.9589 0.12 0.9214
A3a 0.14 0.11 0.9234 0.11 0.8640
342 395
A3b 0.11 0.9376 0.11 0.8612
Ada 0.13 0.10 0.9568 0.097 0.8580
295 383
Adb 0.10 0.9417 0.093 0.8339
Aba 0.091 0.8997 0.079 0.7816
0.11 222 358
A5b 0.090 0.8923 0.080 0.8056
A6 0.09 0.083 0.8659 0.073 0.7812 | 144 314
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Table 8.3: Fitting results by Hietaniemi et al. (2004)

Parameters V1 V2
Ventilation height h, (m) 0.6 0.6
Height of vent bottom above floor h, (m) 1.3 1.3
Ventilation factor V, (m>?) 0.56 0.56
Ambient air temperature T, (°C) 20 20
Time for air temperature next to ceiling to reach 255 255
600°C t, (s)
Maximum heat release rate measured g, (kW) 2819 2718
Maximum gas temperature T, (°C) 1137 1194
m 0.18 0.18
0.3, =
M, 1.04 1.06
My 0.29 0.29
m,/KW°C™ (0.5¢, M, 0.87 0.89
m, 1.16 1.18
c
= M,y 0.41 0.41
=3 m, 1.27 1.30
= m, (Kw-°C?) 1.83 1.94
Fitted line R’ 0.739 0.832
Yij 3.29 3.6
m, (KW-°C™) 1.74 2.20
Fitted line 2
(All data) R 0.624 0.707
Yij 2.99 4.48
c a_ (kW-K*?) 0.058 0.058
2| a, (KW-K¥?) 0.063 0.061
S Fitted line >
5 R 0.781 0.871
I
O | Fitted line a; (KW-K*?) 0.061 0.074
(All data) R’ 0.664 0.691
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Figure 6.1: Appearance of the tested samples before and after 30 minutes heating
in a cone calorimeter
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(d) Sample 4

Before heating After 50 kW-m™ After 70 kW-m™
(e) Sample 5

Figure 6.1: (Continued) Appearance of the tested samples before and after 30
minutes heating in a cone calorimeter
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(a) Sample 5 under 50 kW-m™ heat flux ~ (b) Sample 5 under 70 kW-m heat flux

Figure 6.2: Cone calorimeter tests
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Figure 6.3: Carbon dioxide concentrations recorded
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Figure 8.1: The room calorimeter by Chow et al. [2003]
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Figure 8.3: Measured gas temperatures reported by Chow et al. [2003]
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Figure 8.4: Transient heat release rates reported by Chow et al. [2003]
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Figure 8.5: The long cavity by Hietaniemi et al. [2004]
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Maximum heat release rate measured
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Figure 8.6: Maximum heat release rate against maximum gas temperature reported by Chow et al. [2003]
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Figure 8.9: Transient results of maximum gas temperatures data set with
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reaching 20 kW-m?by Chow et al. [2003]
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Figure 8.11: Matching maximum heat release rate and temperature above 600 °C
on maximum gas temperatures data set by Chow et al. [2003]
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Figure 8.12: Transient results on the set of data with maximum gas temperatures
reported by Hietaniemi et al. [2004]
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