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Abstract 

 This dissertation presents a methodology involving experimental setup and design, for the 

investigation of ignition and flame spread characteristics of combustible ceilings. The 

flame spread is an important parameter to study for understanding the fire growth and 

develop the design fires. 

The experimental setup consisted of rectangular (1500mm x 500mm x150mm) CLT 

samples placed at a distance above a radiant panel. The radiant panel created a heat flux 

distribution along the length of the samples and line burner was used to ignite the sample 

from one end. The experiment and sample was instrumented with solid phase 

thermocouples to measure the temperature through the thickness for the thermal 

penetration. Bidirectional probes along with differential pressure gauges was implemented 

to gather the velocity data. Video recording was done to extract the flame spread rate  from 

the footages later on. 

The experimental scheme consisted of 6 tests conducted, at different representative heat 

flux distributions to study the effect of heat flux on the ignition times and the flame spread 

rates. It was found that in this orientation the flame spread is highly sensitive to the 

geometric changes. The fluid dynamics play a major role in the fire behaviour as well, as 

no flaming was observed right above the radiant panel due to high turbulence and high gas 

velocities low residence times. Flame initially spreads on the edges and these two edge 

flames joined each other downstream from the radiant panel, the pyrolysis gases released 

from sample right above the radiant panel did not burn right away, rather travelled 

downstream and burn there. Flames extended far beyond the pyrolysis front and due to 

buoyancy, flames kept attached to the ceiling, hence no  distinction between the flame 

spread and flame extension could be made.  

Critical heat flux for ignition was found to be 14.47kW/m2 with the ignition/pyrolysis 

temperature of 3780C. the max flame spread rate was 125mm/s for test 2 with 45kW/m2.
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 Introduction 

In the following chapter, the context and motivation are provided that led to my research 

project. The chapter also outlines the goals, aims and objectives of the research, and the 

scope of this report which covers the extent of topics to be discussed. 

1.1 Background and Motivation 

Due to their environmental credentials and societal goals of sustainable development with 

lower energy demands and less pollution in all sectors, timber structures have undergone a 

resurgence in recent decades[1–3]. This also includes the construction sector, which 

represents a significant portion of the overall community economy[4]. In contrast to 

conventional, usually non-combustible construction forms, timber also satisfies 

architectural aspirations, can result in lower construction costs, and can speed up 

construction[5,6]. Recent architectural ideas frequently include tall mass timber structures 

with spacious open floor plans for use as offices and public spaces[7]. However, as timber 

is a combustible material and participates in the fire as fuel, hence, the use is restricted by 

regulatory authorities and building regulations. The restrictions are more strict and severe 

in case of larger and taller buildings[8–10]. 

The open plan environments have gained a lot of popularity, they offer many benefits, 

including a greater sense of space, improved natural light, and greater flexibility in home 

design[11]. Open-plan offices in contemporary design and modern tall buildings have 

become increasingly popular in recent decades. 

The problem arises when the two concepts of open plan spaces and exposed timber are 

combined together. Introducing exposed timber into the built environment increases the 

fire hazard as timber is a combustible material and adds to the overall fuel load. 

Gupta presented a framework of open plan compartment fires[12].  He conducted a study 

of fire dynamics in open plan compartments [12] and the work is still on going. Starting 



11 

 

 

from 1950s to date detailed research has been conducted for the compartment fire 

dynamics, the documentations is also readily available and is a part of many building safety 

regulations. But this work was centred mainly on smaller compartment with respect to the 

floor area and with restricted ventilation. Open-plan compartments or compartments with 

a large amount of ventilation cannot be accommodated by this methodology[12–15]. 

And lastly the spread of flames under the ceilings has been scarcely studied. Flashover can 

very often be triggered by the flames spreading under the ceilings[16]. The major problem 

is that it effectively drives flame spread on the fuel load and also increases your burning 

rate due to large thermal feedback. 

After conducting a detailed literature review, Phillion et al[17]. discovered that the 

parameters pertaining to incident heat flux, flame spread rate, and extinction rate are 

insufficiently detailed in terms of their expected behaviour when applied to CLT ceilings.  

In light of above discussion, the ceiling flame spread is an important aspect of fire 

dynamics. Additionally, the geometric changes will affect the residence time of 

combustible gases under ceilings hence changing the fire dynamics significantly. In the 

compartment fire context it will lead to faster fire growth and result in early flashover. 

Flame spread under ceiling of carriage was one of the important factor which resulted in 

Daegu underground railway fire[18,19]. In the context open plan compartment (discussed 

in Chapter 2:Literature Review) the exposed ceiling will lead to larger heat feedback on 

the fuel and higher speed of travelling fire in the open compartment. The CHF and ignition 

temperature affect timeline of the events happening and change the overall ASET value. 

Hence, this research is focused on the ignition and flame spread of timber, charring 

combustible material, under ceiling in downward facing orientation. Including the CHF 

and ignition temperatures along with geometric changes like downstands effect on spread. 

1.1.1 Engineered Timber in Built Environment 

Engineered timber, is a type of wood product that is made from multiple pieces of wood 

that have been bonded together using adhesives or other technologies. 
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Engineered timber is increasingly being used in the built environment due to its unique 

properties, sustainability, and aesthetic appeal. One of the key advantages of using 

engineered timber in construction is its high strength-to-weight ratio, which allows for 

efficient material use and design flexibility. Engineered timber products are also 

dimensionally stable, meaning they are less likely to warp or shrink than traditional solid 

wood products. 

Cross-laminated timber (CLT) is a type of engineered wood product made from layers of 

lumber boards stacked crosswise and glued together under pressure, resulting in a solid 

wood panel with enhanced structural properties. The boards are typically oriented 

perpendicular to each other, which creates a stable, strong, and rigid panel that can be used 

for a variety of construction purposes, such as walls, floors, and roofs.  

1.1.2 Open Plan Compartments 

Open plan compartments refer to interior spaces that are not divided by traditional walls or 

partitions, but rather have an open and flowing design. This type of design has become 

increasingly popular in contemporary architecture, particularly in commercial spaces, due 

to the sense of openness, flexibility, and social interaction it can create[11]. 

Open plan compartments are often used to create a seamless flow between different areas 

of a building, such as between the kitchen, dining, and living areas in a residential home. 

They can also be used in commercial spaces such as offices and coworking spaces to foster 

collaboration and communication between employees. 

In addition to the aesthetic appeal of open plan compartments, this design can also provide 

practical benefits. It can allow for better natural lighting and ventilation, and it can create 

the impression of more space, making small areas feel larger. 

Overall, open plan compartments can provide a unique and versatile design option for 

architects and designers, allowing for creative and functional interior spaces that promote 

social interaction and flow. 



13 

 

 

1.1.3 Flame Spread 

Understanding fire growth is essential to comprehending fire behaviour. The process of 

fire growth is intrinsically linked to the flame spread through the fuel. 

Flame spread can be described as a sequence of ignition processes. This process begins 

with the ignition of the fuel, which generates heat and a localized flame. As the flame 

spreads, it heats up the surrounding fuel, causing it to pyrolyze and release combustible 

gases. These gases mix with the air and ignite, generating additional heat and propagating 

the flame further. This sequence of ignition processes continues as the flame spreads across 

the surface, consuming the fuel in its path, as illustrated in the Figure 1.1. Understanding 

flame spread is necessary to develop design fires and to understand consequence of fire. 

 

Figure 1.1 Flame spread as a sequence of ignition process, reproduced from [20] 

1.2 Aims and Objectives 

The aim of this research project is to study the ignition and flame spread of timber 

(combustible) ceilings (downward oriented surfaces). The objectives are given below, 

1. Development of methodology to investigate the flame spread characteristics of 

combustible ceilings. This includes the experiment setup design along with the 

associated instrumentation. 
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2. Study the effects of external heat flux on the ignition characteristics of CLT in 

downward orientation. 

3. Calculate and extract flame spread rate under exposed timber ceilings. And study 

the effect of heat flux distribution on the flame spread rate. 

4. Study the effect of downstands on flame spread and fire behaviour. 

1.3 Thesis Layout. 

Chapter 1: Introduction 

Chapter 1 discusses an introduction to the topic and brief intro to engineered timber in built 

environment, open plan compartments and flame spread. Motivation and background of 

the topic is presented along with the aims and objectives of current research. 

Chapter 2: Literature Review 

Detailed historical literature is presented and discussed in this chapter. Specific focus is 

kept on the use of timber in built environment and open plan compartments with exposed 

timber. Along with the aspect of flame spread on the surfaces. 

Chapter 3: Methodology 

The conception and design of experiment along with the components being used, is 

presented. Instrumentation and test matrix followed is presented. 

Chapter 4: Results and Discussion 

The results of fire behaviour, ignition parameters, flame spread and propagation of 

pyrolysis front is shown, and these results are also discussed. The equations used for 

calculation are included along with the inferences extracted from the presented results. The 

discussion also includes error and uncertainty sources where applicable. 

Chapter 5: Conclusions and Future recommendations 

This chapter concludes the thesis with major outcomes extracted from this research, future 

recommendations are also provided for further research which will tend to minimize the 

errors associated with the results.  
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 Literature Review 

The detailed literature review of flame spread and open plan compartment fire is provided 

in this chapter below this also includes the engineered timber in fire scenarios. 

2.1 Timber in Built Environment and Fire Engineering 

In the past one to two decades engineered timber has increased in demand in the built 

environment. This is a result of environmental concerns to reduce the carbon emissions. 

The Intergovernmental Panel on Climate Change (IPCC) suggests that the built 

environment sector's operational energy usage is responsible for 40% of primary energy 

demand and 36% of CO2 emissions in industrialized nations. When the embodied energy 

and greenhouse gas (GHG) emissions of construction materials are factored in, these 

percentages become even greater[21]. According to Broun and Menzies (2011), the 

construction sector globally is linked with 60% of the extractions from the lithosphere[22]. 

Built environment sector can significantly contribute to reducing climate change by 

decreasing operational energy usage and selecting construction materials with minimal 

environmental impact. Increasing the usage of timber in construction has the possibility to 

reduce the impact of climate change. Timber has a potential for climate change mitigation 

in two ways - first, by substituting materials that have higher embodied energy and carbon; 

and second, by storing sequestered atmospheric carbon dioxide in long-life products[23]. 

Engineered timber is a sustainable building material that has a lower carbon footprint 

compared to other conventional construction materials like concrete and steel. 

Additionally, it is a renewable resource that can be sourced from responsibly managed 

forests, aligning with sustainable building practices. 

Engineered timber is being used in a wide range of applications in the built environment, 

including mid-rise and high-rise buildings, residential homes, schools, and other 
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commercial structures. Its use in building construction can result in reduced construction 

time, lower costs, and improved environmental performance. 

Furthermore, engineered timber's aesthetic appeal is driving its use in building design, 

where it is used to create warm and inviting spaces, provide natural texture and warmth, 

and create unique and expressive architectural features. Overall, the use of engineered 

timber in the built environment is increasing due to its many advantages, and it is likely to 

continue to grow in popularity in the future 

With the increase in the use of timber in construction the fire safety engineering concerns 

have surfaces because of its combustible nature. Also, architects aspire to have an exposed 

timber for more artistic look but fire safety is being a biggest hurdle in its way. Figure 2.1 

shows Australia’s commercial timber building. 

 

Figure 2.1 Australia’s commercial all timber building, copied from [24] 

2.1.1 Compartment Fire Framework and Exposed Timber 

A detailed research has been conducted in the past of the compartment fire dynamics to 

understand the various concepts of the fire inside the compartment. This detailed research 

has led to simplified correlations which can be used to a certain degree of acceptance in 

the fire scenarios. This leads to a compartment fire framework, that provides correlations 

for the fire design of the compartment fire. The compartment fire framework refers to a 
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systematic approach or framework used to analyse and understand the behaviour, 

dynamics, and effects of fires that occur within confined spaces or compartments. It 

involves the study of various factors such as fire growth, flame spread, heat transfer, smoke 

production, and structural response within the compartment[25]. 

Adding, timber (CLT) into the compartment as exposed structural element not only 

increases the fire load inside the compartment but also changes the fire dynamics of the 

compartment[26]. This has been shown in the recent researches over the year. 

Two significant assumptions have been identified by Gorska et al[27] that are not sufficient 

for compartments built with Engineered Wood Products (EWP): 

1. The methodology proposed for predicting maximum temperatures assumes heat 

loss through all compartment boundaries except for the floor covered in burning 

fuel. However, this assumption may not hold true for timber surfaces, as timber is 

prone to igniting and contributing additional heat to the compartment instead of 

acting as a heat sink. The exposed CLT walls might act as thermal source rather 

than heat sink. 

2. Transition from fuel controlled to ventilation controlled fire and the velocity field 

is attributed to the geometric dimensions. But for the exposed timber these velocity 

field will be altered. 

Hadden et al[28] found that there was no significant difference on the compartment 

temperatures with exposed timber as compared to those predicted by existing correlations 

for compartment fire. This was also found by Frangi and Fontana[29]. However, the rate 

at which heat was released was greater than what the correlations predicted. The most 

significant finding of the research was that in compartments with two exposed timber 

surfaces, it has been observed that auto-extinction, occurs if the char layer remains attached 

without delamination during the fuel load combustion or decay period. Auto-extinction in 

timber refers to the phenomenon where the combustion of a timber sample ceases to 

produce flames once the net heat flux to the sample falls below a critical threshold[30–32]. 

Compartments with three exposed timber surfaces did not exhibit this phenomenon since 

heat transfer between the surfaces prevented the critical heat flux required for extinction 
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from being achieved. This implies that the occurrence of auto-extinction in timber 

compartments depends on the count of exposed surfaces as well as the characteristics of 

the char layer throughout combustion and decay. 

Bartlett et al [8] provide some literature review for fire dynamics with exposed timber. 

Compared to light timber frames, large solid timber panels such as CLT are less likely to 

have fire spread through void cavities[33]. However, the use of large solid timber panels 

may lead to an increase in the effective fire load, which is caused by the increased surface 

area of timber due to the possibility of delamination during heating [34]. Frangi and 

Fontana also concluded that for the compartment with combustible lining the flashover is 

reached 30-55% earlier and with severe external flaming[29].Mcgregor [35] found that 

during the growth phase of the fire in the unprotected tests, the CLT panels were quickly 

involved, leading to an escalated fire growth rate . Also, the ceiling panels were the first to 

ignite, and in just 20 seconds, all exposed surfaces of the CLT were on fire, causing rapid 

flashover[35]. Secondary flashover is also one of the concepts for the  exposed timber 

compartment, this can happen due to delamination[36]. 

In the research focused on the compartment fire dynamics with CLT ceilings, Mcnamee et 

al [37], found that by addition of a timber ceiling made of flammable material increases 

the temperatures inside the compartment, regardless of whether the fire is fuel-controlled 

or ventilation-controlled. 

2.1.2 Open plan compartments and exposed timber 

Fire dynamics in an open plan compartment is the current topic of interest of researchers 

and efforts are being made to better understand the phenomenon[12]. In the open plan 

compartments the flow dynamics are different and are not primarily hydrostatically driven, 

hence, cannot be explained by the compartment fire dynamics[12]. 

The complexity of large compartment fires stems from the possibility that post-flashover 

may not always occur during their evolution. This can result in various "modes of fire 

spread" that affects and controls the fire dynamics[38]. It has been observed that there are 

three modes of fire spread in open floor plans, which are determined by the ratio between 

the velocity of the flame front (VS) and the burnout front (VBO)[39]. Although experiments 
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have shown the existence of these modes[40], comprehending the fundamental physical 

mechanisms governing each mode and their unique behaviour is essential to establish a 

scientific framework for evaluating the thermal exposure of structures in real fires within 

large open-plan compartments. 

Gupta et al studied the ventilation effects in the open compartments. The thermal properties 

resulting from the various modes of fire spread and the influence of the ventilation applied 

were examined[41]. Spatial heat distributions with distinct and significant characteristics 

are induced by each fire spread mode. The results showed that even with lower gas 

temperatures and irradiation, fires in open-plan compartments with large opening areas and 

dominant plume flows imposed equivalent or possibly severe thermal loading on structural 

systems. This suggests that the current design fire methodologies do not fully capture the 

unique and potentially more severe thermal loading of fires in open-plan compartments. 

Nothard et al studied the influence of a timber ceiling and intrusions on the ceiling on the 

rate at which flames spread across the fuel-bed located on the floor[42]. The conclusion 

drawn from this research are important consideration in the context of current dissertation. 

It was found that upon ignition of a Cross Laminated Timber (CLT) ceiling, there is a 

notable escalation in the rate of fire spread within the compartment. The compartment 

rapidly progresses to a fully developed fire state. It is observed that the transition to a fully 

developed fire state is significantly quicker in the case of CLT ceilings[42]. Moreover, the 

results suggested that the ceiling orientation is a critical variable in predicting the ignition 

of CLT ceiling as the residence time is changed due to the change in orientation. Ceiling 

intrusions led to a significant increase in spread rates. The fuel-bed spread rates are slower 

initially when a timber ceiling is present, but once the ceiling ignites, flames spread rapidly 

across it. Flames and smoke layer tends to accelerate the flame spread[42]. HRR was found 

to be increased by 45% by the inclusion of the exposed CLT as secondary fuel load. The 

presence of CLT was observed to have a substantial impact on the flame spread rate, 

increasing it by as much as 40%. This is attributed to the flaming ceiling emitting radiation 

downwards, which affects the remaining fuel load and accelerates the spread of the fire[43]. 

During the postprocessing the CHF was evaluated to be 30kW/m2[43], which is much 
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larger than 11-14kW/m2 presented in the literature. This asks for a more refined research 

and approach to the ignition problem. 

In 2017 x-ONE fire experiment was conducted in the attempt to study the fire dynamics of 

open large compartment[44],  with the floor area of 380m2. The results showed a travelling 

fire along the span of the compartment. A changing flame spread from 3mm/s to 167mm/s 

was observed as the rate accelerated. This experiment was with non-combustible lining 

having no exposed timber on ceiling or walls or columns. The installation of thermocouples 

and cameras along the fire path revealed distinct near-field and far-field regions, indicating 

significant non-uniform spatial temperatures and burning within the compartment and no 

evidence of occurrence of flashover was observed. In 2019 same enclosure was used to 

perform x-TWO experiment with a different fuel load[45]. Table 2-1 below shows a 

summary of x-ONE and x-TWO experiment fuel load. The objective of the study was to 

investigate how altering the fuel load affects the dynamics of travelling fires and to 

minimize other factors that may influence the behaviour of fires, given that the 

compartment and ventilation were kept constant. The experiment allowed the fire to grow 

naturally and effectively recorded a 32-minute fast and accelerating fire spread during Part 

1, and a 180-minute steady-state traveling fire spread during Part 2. Flashover was not 

observed which was consistent with the result from x-ONE. In Part 1 of the experiment, 

the fire spread rate was not consistent, and it was gradually increasing instead of being 

assumed as constant in the traveling fire methodology. The same was true to some extent 

in Part 2 as well[45]. 

Table 2-1 Summary of fuel load densities in x-ONE and x-TWO (extracted from 

[45]) 

Experiment/Code  x-ONE [15]  x-TWO Part 1  x-TWO Part 2  

Fuel load MJ/m²  370  355  249  

Wood crib layers  11,5  11,5  8,5  

Fibreboard layers  2 covered 6m x 29m  
2 covered 6m x 

1m 
2 covered 6m x 1m 

To further the research of the open-plan compartment, especially with exposed timber, new 

set of experiments were designed named CodeRed experiments. CodeRed#1 experiments, 

with floor area of 352m2, found that involvement of timber structure (CLT ceiling and 
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Glulam columns) in the fire increased the HRR nearly two times as was expected by the 

burning of wood crib only[46]. It was found that flames spread rapidly across the ceiling 

and within almost 5 minutes whole of the crib was flaming as well. Kotsovinos et al found 

in the CodeRed #2 experiment, that ventilation has an effect on the fire dynamics of a large 

compartment. The research suggested that reduction in ventilation slowed down the fire 

spread along with the burning rate. However, it increased the duration of fire[47]. CodeRed 

#4 was aimed at studying the effect of encapsulation (partial) on the fire dynamics of open 

plan compartment[48]. Around 50% of the CLT ceiling was encapsulated, which resulted 

in delayed ignition of ceiling. Once the ceiling ignited the fire spread rapidly throughout 

the compartment. The max HRR was approximately 17% less than the fully exposed CLT 

ceiling. The charring depth was found to be around 25mm which was not significantly 

different, suggesting that the severity of fire is not affected by the encapsulation and also 

ceiling went on to smoulder even with encapsulation. 

Comparing between x-ONE, x-TWO and CodeRed experiments it can be said that exposed 

timber increases the fire spread rate. Also with combustible ceiling faster and increase heat 

feedback is provided by burning ceiling. 

2.2 Flame Spread 

Surface flame spread refers to the movement of a flame in the vicinity of a region on the 

surface of a solid or liquid where pyrolysis or vaporization is occurring respectively, acting 

as a fuel source[49]. Flame spread is an important parameter to study in the domain of fire 

safety engineering. Fire growth is dependent on flame spread rate[50]. Flame spread is 

complex and complicated problem as this is not only a gas phase problem but also a solid 

phase problem as the pyrolysis gases are being released from the combustible surface[51]. 

This can be defined by a cycle process described below, 

• The fuel is vaporized to give combustible gases. 

• Pyrolyzing gases mix with oxygen. 

• The pyrolyzed gases burn and form a diffusion flame. 
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• Heat feedback from this flame heat the virgin material to the ignition temperature 

and the flame spreads further on the surface. 

This scope of this literature review will include solid flat surfaces for simplicity. Based 

upon the flow and direction of the free stream oxidizer, the spread can be categorized in 

two types of flame spreads, opposed flow (counter current)  and concurrent flame spread. 

Opposed flow flame spread can be defined as a type of flame spread when the flow 

direction of air (oxidizer) is opposite to the direction of spread[50]. Some authors refer it 

as opposed flow flame spread[52]. The concurrent flame spread is when the direction of 

flow of free stream air is same as that of spread direction. The two modes are illustrated in 

the Figure 2.2. 

 

Figure 2.2 Physical Schematic of modes of flame spread, reproduced from [52] 

De Ris [53] in 1969 presented a mathematical model for the counter current flame spread 

taking the heat transfer and mass transfer problem under consideration but assuming 

laminar flow and  most of today’s theoretical models build on this model. A detailed review 

of the theoretical models is presented I. S. Wichman [51] which states chronological 

developments in the topic of counter current (opposed flow) flame spread. 
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2.2.1 Parameters which affect flame spread 

Flame spread can be influenced by several factors, such as the direction in which the 

surface is oriented, thickness of fuel, geometry of sample, the presence of wind and gravity, 

the flow of air or other materials, the physical state of the material being burned (solid or 

liquid), the size of the flame and amount of radiation, as well as the shape and geometry of 

the space in which the fire is occurring, such as corners, channels, or ducts[52]. Density, 

specific heat and thermal conductivity also affects the rate of spread significantly. 

Environmental factors such as oxygen concentration, ambient temperature or temperature 

of fuel, imposed external heat flux and atmospheric pressure affect the flame spread rate 

[50]. 

Few of these factors which are important and relevant in the scope of this research are 

discussed in the following sections 

2.2.1.1 Effect of surface orientation 

Solid surfaces are generally capable of burning in any orientation; however, when a flame 

is directed upwards on a vertical surface, flame spread occurs more rapidly. This has been 

shown by Magee and McAlevy[54,55]. 

The downward flame spread in vertical orientation was found to be less affected by the 

change in orientation. From -900 (vertically downwards) to -300 the spread rate was 

estimated to be almost constant but it increased approximately 3 times as the angle was 

changed from -300 to 00 (completely horizontal facing upwards)[56]. Here the angles are 

measured from the horizontal as 00. If we combine the above two results it can be fair to 

say that the increase from downward flame spread is approximately 50 times less than that 

in the upwards direction. This is shown in the Figure 2.3 extracted from data provided by 

Drysdale and Macmillan[57] and Hirani et al[56]. 
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Figure 2.3 (left) flame spread rate over thin fuel vs angle of inclination from 

horizontal (data extracted from[56]). (right) flame spread rate from horizontal to 

300 (data extracted from [57]). 

Downward flame spread on the vertical orientation is termed as counter current spread as 

the pyrolysis front is moving downward and the air is entrained from below the flame into 

the fire. Whereas the upward flame spread is termed as concurrent flame spread as the air 

is entrained in the upward direction same as the spread direction[50,58]. The fast upward 

flame spread can be attributed to preheat zone ahead of the flame that helps heat the virgin 

fuel ahead[59,60]. 

Drysdale and Macmillan [57] discovered that a noticeable increase in the upward spread 

of fire occurs only when the inclination of the surface exceeds +15◦. The effect is 

particularly evident when the flame is spreading up a plane incline. However, the effect is 

considerably more pronounced when sidewalls prevent air entrainment from the side. This 

was observed during an investigation of a fire that spread rapidly on a wooden escalator at 

the King’s Cross Underground Station in London[61,62]. The air entrainment was hindered 

by the escalator sides. This phenomenon was first identified by Markstien and deRis [63] 

which was later termed as the “Trench Effect”. Detailed experimental and CFD simulation 

was later taken up to better understand and characterize this phenomenon[64–69]. 

Ceiling flame spread 
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The rate of upward spread on the underside of an incline  has not been thoroughly 

researched, although there is a suggestion, that the phenomenon of upward spread may 

manifest at a faster rate on the lower surface of a fuel of substantial thickness as compared 

to its upper surface. This is attributed to the flame's buoyancy which keeps it in close 

proximity to the surface, leading to heightened efficiency of flame to surface heat transfer 

and thus an accelerated rate of spread. This is discussed below in context of flames under 

ceilings.  

While a combustible ceiling can burn and disseminate flames, in order for this to happen, 

a "ceiling jet" must first be produced by a fire on the floor or a fire on a wall[50] or even 

the flames themselves under the ceiling. Without this forced flow, the flame spread rate 

will be slowed down. It can be said that for effective spread of flames under the ceilings 

we require an imposed co-current flow. This was shown by researches in wind tunnel 

studies with PMMA slab on the ceiling[70]. The factors responsible for upward flame 

spread are also responsible for the flame spread under the ceilings as confirmed by 

studies[16,71–76]. One interesting effect int this configuration is the buoyancy as it pushes 

the flame closer to the ceiling surface, hence if we assume everything else as same, the 

horizontal flame spread under the surface will be effectively more than the spread above 

the surface. However, if we discuss the spread below the surface in the inclined orientation 

it will not require an imposed flow as the flow will be induced by the flames themselves, 

creating a flow field below the surface. 

2.2.1.2 Effect of imposed heat flux 

If we have an imposed radiant heat flux, it will preheat the material ahead of the flame and 

will cause increase in the rate of flame spread[77–79]. As the rate of burning behind the 

flame front increases, the strength of the flames also intensifies, resulting in a greater 

amount of forward heat transfer and ultimately accelarating the process. The effects 

mentioned above are applicable in a broad sense, however, their significance varies 

depending on the orientation of the flame spread. Specifically, when the spread occurs in 

an upward vertical direction, the impact is significantly more pronounced than horizontal 

spread[[80,81]. 
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Transient heating effects should be taken into account while examining the response of a 

surface to the applied flux, as the surface's reaction is not immediate[82,83]. According to 

Kashiwagi’s findings [82], the flame spread rate on the surface of a material with high 

thermal thickness increases as the duration of exposure to constant heat flux increases. The 

way a material responds to thermal radiation initially is contingent on its thermal inertia, 

represented by the product of its thermal conductivity, density, and specific heat capacity 

(kρc). On the other hand, the surface temperature achieved at equilibrium determines the 

steady-state velocity, which corresponds to a long preheating time[82]. 

2.2.1.3 Effect of thickness of sample 

For a thin sample of fuel lumped thermal capacity model can be applicable. For this kind 

of system with small thickness the flame spread rate is found to be inversely proportional 

to the thickness. The lesser the thickness is the faster the flame spread across the 

surface[55,84]. The lumped thermal capacity models suggests that whole thickness of the 

sample is at the same temperature and there is no temperature gradient across the thickness. 

Suzuki found that this relation holds for thickness up to 1.5mm[84]. As the thickness is 

increased the material starts to behave as thermally thick and starts to deviate from lumped 

thermal capacity model. Hence the flame spread rate starts to be independent of the 

thickness, so for semi-infinite material flame spread it can be said that change in thickness 

has no effect on the flame spread[52]. 

2.3 Research gaps 

The issue of flame spread beneath ceilings has not been studied extensively, which is 

concerning given the increasing use of exposed timber in open plan compartments within 

the built environment. This problem is particularly important to address in order to ensure 

the safety of building occupants and to minimize damage to property. Therefore, it is 

crucial to identify and understand the variables that affect flame spread in a downward 

orientation. By doing so, these variables can be optimized during the design stage of 

buildings with exposed timber, ultimately leading to safer and more resilient structures. 
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Therefore, the objective of this research is to investigate and identify the various 

parameters and conditions that impact flame spread, with the aim of extracting and 

analysing key variables that contribute to this phenomenon. By doing so, this study will 

contribute to a better understanding of the factors that govern flame spread in exposed 

timber constructions.  
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 Methodology 

An experimental methodology was designed to investigate the behaviour combustible 

ceiling, the ignition and flame spread and effect of incident heat flux on these parameters. 

This chapter discusses the experimental setup, instrumentation, target input and output 

variables. 

3.1 Conceptual design and outline 

To study the flame spread on the surface, a heat flux distribution is imposed in the surface 

and then the spread rate is measured against the imposed distribution of heat flux. Leung 

et al. [85] provides a detailed review of the various standard test procedures used for Lateral 

Ignition and Flame spread Test (LIFT). Usually, a decreasing heat flux is imposed on 

sample and is ignited at the end with highest flux measurement. Similar concept is adopted 

from these LIFT experiments for this experimental design. The conceptual outline is shown 

in Figure 3.1. 

 

Figure 3.1. Flame spread investigation conceptual design. 
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3.2 Design of experimental setup 

An experiment was designed to be conducted under the extraction hood. The schematic is 

presented in the Figure 3.2, showing the sample and various other components under the 

extraction hood. 

 

Figure 3.2. Experimental schematic 

3.2.1 Components 

Various components are used in the design and development of the setup that can be used 

to investigate the target parameters such as flame spread rate, flame spread parameter and 

ignition characteristics. 

3.2.1.1 Frame/sample holder 

In the context of flame spread testing, it is often necessary to lift the sample off of the 

ground. This requirement typically arises when the sample is in a downward-facing 

configuration or orientation. The reason for this is that in such cases, heat flux distribution 

needs to be applied from below the sample. By lifting the sample off of the ground, it 

becomes possible to achieve the desired heat flux distribution and accurately measure 

flame spread characteristics. To fulfil this requirement, a metallic frame with four legs is 

           

     

      

            

          

         
            
      

                                    
                             

Extraction hood 
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utilized. This frame provides a sturdy base for the sample to be placed above the heat 

source. The frame also provides a fixture for gas phase instrumentation which will be 

discussed in this chapter later on, which is fixed to the metallic frame providing a stable 

fixture. This fixture helps in accurate measurements of gas parameters during the 

experiment. The frame's stability ensures the instruments remain in place and provide 

reliable data. Additionally, the instruments mounted on the frame can be positioned at 

specific distances from the sample, allowing for precise measurements. Figure 3.3 shows 

the sample holder/frame used. 

 

Figure 3.3 Sample placed on the frame 

3.2.1.2 Sample 

CLT sample of 500mm width and 1500mm length. The samples had thickness of 150mm. 

The side exposed to fire is referred as fire side, had 40mm holes with depth of 40mm. These 

holes were drilled to install the TSCs for the heat flux measurement. The unexposed side 

had 5 holes at 5 different locations for the solid phase temperature measurement through 

thermocouple. The details of the instrumentation is provided in section 3.2.2 and section 

3.2.3. Drilling template or drawing for the sample preparation is provided in appendix. 

3.2.1.3 Ignition source 

In this experiment, the line burner is employed as an ignition source. The purpose of using 

a line burner is to facilitate the distribution of the pilot flame uniformly across the width of 

the sample. This results in more simultaneous and even ignition along the entire width of 

Sample holder/Frame 



31 

 

 

the sample, which is essential for achieving consistent and accurate experimental results. 

The line burner is designed to produce a thin, linear flame that can be easily controlled and 

manipulated to suit the specific requirements of the experiment. By using the line burner 

as an ignition source, it can be ensured that the combustion process is initiated in a 

controlled and uniform manner 

3.2.1.4 Radiant panel for heat flux distribution 

The use of propane gas radiant panels to create a heat flux distribution provides a controlled 

method of heat transfer to the sample being tested. The fuel and oxidizer are premixed and 

fed through the nozzles, allowing for consistent and even combustion on the surface of the 

panel. By adjusting the distance between the panel and the surface of the sample, the 

desired heat flux can be obtained. This method is widely used in fire science experiments 

to simulate the heat flux that a material or structure may be exposed to in a real fire scenario. 

Figure 3.4 shows the radiant panels used to create the heat flux distribution. 

 

Figure 3.4 Radiant panel 
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3.2.1.5 Smoke extraction hood 

Typically for most of the fire science experiments the extraction hoods are used. The 

purpose of an extraction hood in fire science experiments is to capture and remove smoke 

and other combustion by-products generated during the experiment. The complete 

experimental setup is typically placed under the hood to ensure that any smoke or fumes 

generated are captured and removed from the surrounding environment. This helps to 

minimize the amount of smoke and other combustion by-products that may be released into 

the laboratory or testing facility, which can pose health and safety risks to people present 

and conducting the experiment. Additionally, the extraction hood helps to maintain a clear 

field of view, which is important to monitor the progress of the experiment and collect data. 

The extraction hood is also instrumented with the gas analysis probes, so HRR can be 

calculated based on Oxygen Consumption Calorimetry[86]. 

3.2.1.6 Blue light 

A UV light was used during the experiment. The purpose of this light was to attempt to 

track the pyrolysis front using camera with the blue filter. The blue filter removes all the 

other possible wavelengths from the video and only keeps the blue wavelengths, this helps 

in visualizing the pyrolysis gases being released and tracking the pyrolysis front. This 

filters out the flame and effectively can see through the flame[87]. 

3.3 Measurements and instrumentation 

This section provides a description of all the measurements and instrumentation used for 

the experiment. 

3.3.1 Solid phase temperature 

The thermal penetration through the sample thickness was monitored by utilizing 1.5mm 

K-type thermocouples, during the experiment. The placement of these thermocouples 

involved a total of 5 locations spanning the length of the sample. These 5 locations are 

125mm, 375mm, 625mm, 875mm and 1125mm. Within each location, temperature 

readings were collected from 5 different thicknesses, specifically at 2mm, 4mm, 8mm, 
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15mm, and 25mm. The data collected by these thermocouples allowed for a time history 

analysis of the temperature evolution through the sample thickness throughout the entire 

duration of the experiment. 

3.3.2 Gas phase temperature and velocity 

5mm K type TCs are used to obtain the gas phase temperatures near the surface of the panel 

at 5 different locations. The location are 250mm, 500mm, 750mm, 1000mm and 1250mm 

from edge of the sample. Temperature readings of these TCs are also used for the density 

correction calculation for the velocity gases. 

In order to measure the gas phase velocity, bidirectional probes are employed along with  

differential pressure transducers (DPT) to determine the differential pressure. The resulting 

measurements are then converted to velocity using Bernoulli's principle and temperature-

corrected density values, the mathematical equations (12)-(14) are provided in results and 

discussion session. In this thesis, the combined assembly of bidirectional probe and 

pressure transducer is referred to as BDP for simplicity. The location at which velocity is 

measured coincides with the gas phase temperature, allowing the use of temperature values 

for density correction. The velocity measurements are crucial for understanding the 

behaviour of the gas flow and its interaction with the sample during the experiment. 

3.3.3 Heat flux measurement 

One of the instruments utilized in measuring heat transfer rates during a fire test is the Thin 

Skin Calorimeter (TSC). This instrument enables the quantification of incident radiant heat 

flux on the exposed surface of solid elements such as structural elements, by gauging the 

total heat flux[88,89]. 5 TSCs are used here in this experiment at locations coincident with 

those of the gas phase instrumentation. Figure 3.5 shows individual TSC and Figure 3.6 

shows a view from underside of the sample. 

�̇�𝑖𝑛𝑐
" =

1

𝛼𝑑𝑖𝑠𝑐(1 − 𝐶)
(

𝑚𝑑𝑖𝑠𝑐

𝑆𝑑𝑖𝑠𝑐
𝑐𝑝 𝑑𝑖𝑠𝑐
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Here, �̇�𝑖𝑛𝑐
"  is incident heat flux, 𝛼𝑑𝑖𝑠𝑐 is absorptivity of TSC disc. 𝑚𝑑𝑖𝑠𝑐, 𝑆𝑑𝑖𝑠𝑐 and 𝑐𝑝 𝑑𝑖𝑠𝑐 

is the mass, surface area and specific heat of TSC disc. Ɛ𝑑𝑖𝑠𝑐 is emissivity and 𝑇𝑑𝑖𝑠𝑐 is 

temperature of disc. 

 

Figure 3.5 Individual TSC 

3.3.4 Visual recording 

Two cameras were implemented for video recording, these recordings were later used to 

track the flame front and consequently the flame spread rate under the CLT sample. One 

of the camera included  blue light filter in attempt to track the movement of pyrolysis front. 

 

Figure 3.6 Sample and instrumentation view from underside of the sample 

3.4 The instrumentation matrix 

Table 3-1 provides the instrumentation matrix and nomenclature for the experimentation. 

Figure 3.7 shows the schematic of instrumentation for the experimentation. 

TSC 

BDP 

Gas TC 
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Figure 3.7 Instrumentation schematic 

Table 3-1  Instrumentaton matrix 

Instrument Name/ 

Type 

Instrument Tag X location 

* 

Z location Category 

K type Thermocouple TC11 

1
2
5
m

m
 

2mm 

S
o
li

d
 P

h
as

e 

K type Thermocouple TC12 4mm 

K type Thermocouple TC13 8mm 

K type Thermocouple TC14 15mm 

K type Thermocouple TC15 25mm 

K type Thermocouple TC21 

3
7
5
m

m
 

2mm 

K type Thermocouple TC22 4mm 

K type Thermocouple TC23 8mm 

K type Thermocouple TC24 15mm 

K type Thermocouple TC25 25mm 
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K type Thermocouple TC31 

6
2
5
m

m
 

2mm 

K type Thermocouple TC32 4mm 

K type Thermocouple TC33 8mm 

K type Thermocouple TC34 15mm 

K type Thermocouple TC35 25mm 

K type Thermocouple TC41 

8
7
5
m

m
 

2mm 

K type Thermocouple TC42 4mm 

K type Thermocouple TC43 8mm 

K type Thermocouple TC44 15mm 

K type Thermocouple TC45 25mm 

K type Thermocouple TC51 
1
1
2
5
m

m
 

2mm 

K type Thermocouple TC52 4mm 

K type Thermocouple TC53 8mm 

K type Thermocouple TC54 15mm 

K type Thermocouple TC55 25mm 

K type Thermocouple GTC1 250mm 

-2
5
m

m
 

G
as

 P
h
as

e
 

K type Thermocouple GTC2 500mm 

K type Thermocouple GTC3 750mm 

K type Thermocouple GTC4 1000mm 

K type Thermocouple GTC5 1250mm 

Bi Directional Probe BDP1 250mm 

-2
5
m

m
 

Bi Directional Probe BDP2 500mm 

Bi Directional Probe BDP3 750mm 
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Bi Directional Probe BDP4 1000mm 

Bi Directional Probe BDP5 1250mm 

Thin Skin Calorimeter TSC1 250mm 

0
m

m
 

S
u
rf

ac
e 

h
ea

t 
F

lu
x

 

Thin Skin Calorimeter TSC2 500mm 

Thin Skin Calorimeter TSC3 750mm 

Thin Skin Calorimeter TSC4 1000mm 

Thin Skin Calorimeter TSC5 1250mm 

*It is to be noted that all the X location values are measured from the edge of sample 

present right above the line burner as an ignition source. 

All the instrumentation was installed on the centreline of the sample, at y=250mm. 

3.5 Heat flux calibration 

Before starting the experimentation, the heat flux values to be used were calibrated to find 

the height below the sample where that flux is obtained. This was done using a Boelter-

Schmidt [90] water cooled heat flux gauge that was free of any convective influence 

therefore it measured the radiative heat flux. So, radiant panel are just placed at that 

location before starting the experiment rather than calibrating it every time. The three 

representative heat flux values are 45, 30 and 20 kW/m2. The results of calibration is shown 

in Figure 3.8. 

The representative heat flux values are the maximum values of the distribution right above 

the centre of radiant panel. The point on sample , right above the centre of radiant panel 

has largest view factor, hence the largest the heat flux values is coincident with x=375mm. 

The value drops on either side of this location as the view factor starts to drop. 
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Figure 3.8 Representative heat flux values and their distribution 

3.6 Test matrix 

The testing scheme was developed for the investigation. Test 1 was conducted to verify 

and validate the working of the proposed methodology and was used as the basis for 

developing the matrix further based on the observations. The detailed view of Test 1 is 

provided in section 4.1.1 and also the changes made to the setup based on the findings from 

this test. Table 3-2 shows the final test matrix used. The purpose of downstands was to 

study effect of geometrical changes on flame spread, as it affects the residence of 

combustible gases. 

Table 3-2 The test matrix 

Test Number Representative Heat 

Flux 

Downstands Preheating 

1 30kW/m2 No Yes 

2 45kW/m2 No No 

3 30kW/m2 No No 
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4 20kW/m2 No No 

5 20kW/m2 Yes No 

6 20kW/m2 Yes No 

Preheating was done for only Test 1, such that the measurement of TC21 reached 2000C. 

Subsequently this preheat was omitted from later experiments as the pyrolysis gases 

released during preheat time did not ignite and majority of these gases were lost into the 

exhaust stream without igniting. 
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 Results and Discussion 

This chapter contains the all the results obtained from the experimentation and also the post 

processing that has been conducted to obtain the values of desired output variables.  

4.1 The fire behaviour 

The general fire behaviour of various tests is presented and discussed here. The time (t) is 

presented here in this section is presented as minutes (m) and seconds (s) in the form 

mm:ss. 

4.1.1 Test 1 

Test 1 was the heat flux corresponding to the 30kW/m2. This test was performed with the 

preheating. Sample was placed and radiant panels were ignited at t=0sec. It was let to 

preheat for 6min and 14 seconds, till TC21 reaches 2000C The line burner was ignited at 

t=6:14, and the CLT sample ignited within 6 seconds at t=6:20. 

No flame spread was observed here and only the edge of CLT right above the line burner 

(x=0mm) was ignited. The flame went on till t=8:00 and then self-extinguished. The radiant 

panel and the line burner were kept on to see if reignition happens but no reignition was 

observed till t=18:00. The radiant panel and line burner were turned off at this time. 

4.1.1.1 Observations from Test 1 

• In this configuration, a large proportion of the pyrolysis gases released from the 

sample did not undergo combustion and instead escaped/spilled through the 

sample's edges into the exhaust stream. As a result, any alterations to the 

experimental setup's geometry can have a significant impact on flame spread in this 

orientation. 
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• Few of the instrumentation cables got damaged due to hot gases spilling from the 

edges so a slight change in the experimental setup was suggested for future 

experiments. To keep the cables from burning, a plasterboard sheet was put on the 

edges, flush with the bottom surface of the sample, to prevent the hot gases from 

spilling over the edges and damage the instrument cables running above the sample. 

Also, more insulation was provided for the cables to keep them from getting 

damaged during the test. 

• For the next tests preheat was eliminated as an input variable and all further testing 

was done with no preheat time. This was done as it was observed from Test 1 that 

most of the generated pyrolysis gases were spilled over and did not burn.  

4.1.2 Test 2 

This test was performed with the representative heat flux of 45 kW/m2. As there was no 

preheat time to radiant panels and the line burner both were ignited at the same time t=0. 

The sample ignited at t=0:49. The sample ignited throughout the whole width of the sample 

(y=0-500) simultaneously.  

The ignition happened right above the centre of the radiant panel at x=375mm (location of 

highest heat flux) and the flame spread both ways (towards x=0mm and also towards 

x=1500mm). The flame spread till x=1000mma at t=1:41. Afterwards, flames started to die 

down and extinguished at t=5:01. 

The test was allowed to continue further and the sample reignited at t=6:00 and x=625mm. 

Flaming continues till t=7:58 and completely self-extinguishes. The test was stopped at 

t=20:00 and no further reignition was observed. This complete ignition and flame 

development is shown in Figure 4.1 in form of contour plots extracted from the video data 

using MATLAB R2021b, the sample of code is presented in the appendix. The data 

extracted manually from the video data. Value of 1 was assigned to the location where 

there was flame and 0 where there was no flame, this was repeated for various time steps. 

Plotting 0 and 1 in black and white contours provide such images. Black for flame and 

white for no flame. 



42 

 

 

 

1) t=0:49 

 

2) t=1:41 

 

3) t=2:00 

 

4) t=6:00 

Figure 4.1  Flame stages for test 2. 1) ignition, 2) max extent of flame spread, 3) 

flames dying out and 4) reignition. Legend -white (no flame) – black (flame) 

4.1.3 Tests 3-6 

Test 3 to Test 6 are presented together as the fire behaviour was consistent within all these 

experiments and similar to each other. However, individual values of parameters like time 

to ignition, flame spread rate and the extent of flame spread was different within these 

individual tests. 

The radiant panel and the line burner were ignited together. At time of ignition, the CLT 

sample ignited on the edge above the line burner. The difference from test 2 is that the 

ignition occurred above the radiant panel in test 2 but here the ignition occurred at the edge 

above the line burner (x=0mm). Once the edge ignited, the flame started to spread along 
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the longitudinal edges (along x direction). No or very little flame spread was observed 

along the centreline or any point apart from the edges. The two flames on each edge of the 

sample started to spread inwards laterally (y direction), towards each other and then 

connected between 750-1000mm. The actual point of contact between the two flames is 

different for each test but the same trend for the flame behaviour was observed in all these 

tests. 

After these two streams of flames connect, the flame spreads further along x axis and 

slowly starts to die out. In the end, the flames were extinguished using water spray. These 

various stages of flame spread is shown from Figure 4.2 to Figure 4.5. 

 

1) t=2:36 

 

2) t=2:40 

 

3) t=2:45 

 

4) t=3:35 

Figure 4.2  Stages of flame spread for test 3. 1) ignition, 2) flame spreading on the 

edges, 3) flames joining from the edges and 4) flame spread further after connecting 

from both edges. Legend -white (no flame) – black (flame) 
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1) t=5:37 

 

2) t=7:17 

 

3) t=8:02 

 

4) t=9:02 

Figure 4.3  Stages of flame spread for test 4. 1) ignition, 2) flame spreading on the 

edges, 3) flames joining from the edges and 4) flame spread further after connecting 

from both edges. Legend -white (no flame) – black (flame) 

Ignition at the 

corner 
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1) t=7:36 

 

2) t=8:05 

 

3) t=8:35 

 

4) t=9:05 

Figure 4.4  Stages of flame spread for test 5. 1) ignition, 2) flame spreading on the 

edges, 3) flames joining from the edges and 4) flame spread further after connecting 

from both edges. Legend -white (no flame) – black (flame) 

 

Ignition at the 

corner 
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1) t=6:36 

 

2) t=7:36 

 

3) t=8:06 

 

4) t=9:21 

Figure 4.5  Stages of flame spread for test 6. 1) ignition, 2) flame spreading on the 

edges, 3) flames joining from the edges and 4) flame spread further after connecting 

from both edges. Legend -white (no flame) – black (flame) 

One difference can be noted between Test 3 and Test 4-6, is that test3 ignited over the 

complete edge and test4-6 ignited only at the corner and then the flame spread around the 

edges. 

The actual snapshots from experiments for test 3 is shown in Figure 4.6. 

Ignition at the 

corner 
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1)  

 

2)  

 

3)  

 

4)  

Figure 4.6 Major events during Test 3. 1) Ignition on the edge, 2) Flame spreading 

on the edges, 3) Edge flames coincide in the middle and 4) Flame spreading further 

downstream 

4.1.4 Discussion on flame behaviour 

It can be deduced from the results presented for Tests 3-6, that once it ignited at the end 

the flame spread on the edges and did not spread in the middle part of the sample from the 

range  x=250mm-600mm. This phenomenon can be explained by 3 reasons as stated below. 

• Important consideration of the experimental setup is that the centre of radiant panel 

is right below the location x=375mm and y=250mm. So the buoyant gases from the 

panel rise up and hit the sample at around x=375mm and spread radially. As a result, 

the fluid flow is from x=375mm to x=0mm, the sample ignited at x=0mm, this 
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results in counter current flame spread because the flame has to spread against the 

flow of the gases. This counter current flow suppresses the flame spread. 

• Another reason is the high velocities and high turbulence, as the buoyant gases hit 

the sample. High velocity at this point allows the combustible gases to be carried 

away quickly without burning. These gases burn further downstream where the 

flow is much more stable. This is presented and discussed in detail in section 4.5. 

• A hypothesis can be drawn here,  that play a role is the thermochemistry aspect of 

combustion. The gases released from the radiant panel are basically the combustion 

products from the propane fired radiant panel, predominantly carbon dioxide and 

water vapours. This mixture is very dilute in oxygen. As the hot gases rise under 

buoyancy, air is entrained but this air might not be enough to form a combustible 

mixture right above the panel. As the gases move further downstream more air is 

entrained to produce combustible mixture that burns. 

The test 2 follows a different pattern, as the incident heat flux is so high that the rate of 

production of pyrolysis gas is too high and hence the above mentioned points are not valid 

for that test. Also, the ignition happened at x=375mm, as opposed to the edge in all the 

other experiments. 

4.2 Critical heat flux and ignitability 

4.2.1 Ignition process 

When a combustible material is exposed to a heat flux, the temperature of surface starts to 

rise. If there is moisture content in the sample, the temperature will rise to a 100oC and will 

stay there until either all the moisture is evaporated or migrated into the thickness of the 

sample. The temperature starts to rise again after the removal of moisture and reaches such 

a level that the material starts to disintegrate (pyrolyze). This temperature is usually termed 

as the pyrolysis temperature. This can also be referred as the ignition temperature, because 

at this temperature the pyrolysis gases also burn in oxidizer in presence of a pilot flame. 

The processes leading to formation of vapours for combustion from solid is presented in 

Figure 4.7. 
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Figure 4.7  Processes leading to piloted ignition of solids, reproduced from [50] 

4.2.2 The ignition model 

Ignition model is presented by Quintiere and Drysdale [50,52]is provided below for 

thermally thick material. The model derives from the basic one dimensional conduction 

heat transfer problem from Fourier law. 

 𝜕2𝑇

𝜕𝑧2
=

1

𝛼

𝜕𝑇

𝜕𝑡
 

(1) 

For the solution condition radiation heat flux which is incident at the surface is considered. 

Also a thermally thick material is considered for this derivation i.e. semi-infinite solid. 

Following solution can be obtained. 

 
𝑇(𝑧, 𝑡) = 𝑇0 +

2Ɛ𝑤�̇�𝑅
′′

𝑘
[(

𝛼𝑡

𝜋
)

1 2⁄

exp (−
𝑧2

4𝛼𝑡
) −

𝑧

2
𝑒𝑟𝑓𝑐 (

𝑧

2√𝛼𝑡
)] 

(2) 

Solving for z=0 (at the surface) the solution becomes, 

 
𝑡𝑖𝑔 =

𝜋

4
𝑘ρc

(𝑇𝑖𝑔 − 𝑇0)
2

�̇�𝑅
′′ 2

 
(3) 
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Linearizing the above equation we get, 

 1

√𝑡𝑖𝑔

=
2

√𝜋

1

√𝑘ρc

�̇�𝑅
′′

(𝑇𝑖𝑔 − 𝑇0)
 

(4) 

The equation (4) is plotted for 
1

√𝑡𝑖𝑔
 vs �̇�𝑅

′′ we get a straight line and slope is 
2

√𝜋

1

√𝑘ρc(𝑇𝑖𝑔−𝑇0)
. 

Equation (3) when plotted for tig vs heat flux, has the asymptote at 0 value of heat flux. 

This implies that critical heat flux of any case is always zero and even small heat fluxes 

with eventually ignite the material if left for enough time. But this observation is contrary 

to what has been observed from the experiments. From experimental evidence, it is 

concluded that there is a definite CHF which depends of fuel but there exists a threshold 

below which ignition is not observed[91,92]. Equation three is derived based on purely 

thermal stand point and no other argument is taken in consideration for derivation. 

Hence, using the experimental proof this equation is corrected by incorporating CHF, 

provided below as equation (5). 

 
𝑡𝑖𝑔 =

𝜋

4
𝑘ρc

(𝑇𝑖𝑔 − 𝑇0)
2

(�̇�𝑅
′′ − 𝐶𝐻𝐹)

2 
(5) 

4.2.3 Calculation of CHF, ignition temperature and thermal inertia 

From the videos obtained from the tests, time to ignition was obtained against the 

representative heat flux values as presented in Table 4-1. 

Table 4-1  Time to ignition for Tests 2-6 

Test Number Heat Flux Value (kW/m2) Time to ignition (s) 

2 45 51 

3 30 146 

4 20 337 

5 20 406 

6 20 396 
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Figure 4.8 shows graphical representation of this data along with an asymptotic curve fit. 

 

Figure 4.8  Time to ignition vs heat flux 

The theoretical value for the thermal parameters of CLT obtained from literature are 

mentioned in Table 4-2 

Table 4-2  Thermal parameters of CLT* 

Parameter Value 

Thermal conductivity (k) 0.265 W/m.K [93] 

Density (ρ) 972 kg/m3 [93]. 

Heat capacity (c) 2.5 kJ/kg.K [94] 

Thermal inertia (𝑘ρc) 0.65 kW2s/m4K2 

*The values are representative, taken from various sources. Actually the values are 

presented as large range with a lot of uncertainty due to many factors. 
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The asymptotic curve fit equation used in Figure 4.8 is of the form y=a/(x-b). The value of 

‘b’ in this equation is the value of asymptote hence the b=CHF. Using curve fitting and 

solving simultaneous equation the constant values are calculated, 

b=CHF=14.47 (kW/m2)   a=2210.21 

For the calculation of the ignition temperature a simple heat balance equation at the 

surface is considered,  

 Ɛ�̇�𝑐𝑟
′′ = ℎ𝑐(𝑇𝑖𝑔 − 𝑇0) + Ɛσ(𝑇𝑖𝑔

4 − 𝑇0
4) (6) 

Here, 

�̇�𝑐𝑟
′′ =CHF=14.47kW/m2, ℎ𝑐=12 W/m2K [95] and Ɛ=emmisivity=0.9 (assumed). 

Solving equation iteratively for evaluating the ignition temperature, the result comes out 

to be 𝑇𝑖𝑔=3780C. 

For calculation of thermal inertia (𝑘ρc) the inverse square root of time to ignition vs heat 

flux was plotted, this graph of the form of equation (4) is presented in Figure 4.9. 

 

Figure 4.9  Inverse square root of time to ignition vs incident heat flux 
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The slope of this graph represents √
2

𝜋𝑘𝜌𝑐

1

𝑇𝑖𝑔−𝑇𝑜
 = 0.0036, and using the value of ignition 

temperature from above the thermal inertial is calculated to be 𝑘ρc = 0.78 kW2s/m4K2. 

4.2.4 Discussion 

The CHF and ignition temperature is not a constant value, it varies depending on the type 

of wood, orientation, moisture content and also the flow conditions [96–100]. But all the 

values provided in literature sources are either for upward facing, horizontal or vertical. 

Range of 13-17 kW/m2 is usually found in the literature sources. And the ignition 

temperature is also a wide range of 3300C-4800C.  

As cone calorimeter cannot be used for ignitability investigation in this orientation, hence 

a different kind of testing setup needs to designed to investigate the critical heat flux, 

ignition temperature and other ignition parameters. This experiment was not designed for 

the purpose of testing of ignitability of CLT in downward facing orientation, but the results 

provided above can be used as a basis for the expected outcomes. The critical heat flux in 

this testing is calculated to be 14.47kW/m2. This falls within the range provided above. 

A heat balance is considered for the analysis of the ignition temperature, which gives the 

value that is fairly accurate within the range mentioned above. 

Test 1 is excluded from this calculation, as it included the preheat part and line burner was 

ignited later-on after preheat. 

4.3 Flame spread investigation 

4.3.1 Theoretical model of flame spread 

Quintiere [52] formulated a theoretical model for the flame spread with few base 

assumptions to arrive at a rather simple solution to a complex problem. During the 

formulation he neglected the phase change process of the burning fuel, thermal 

deformations were also neglected along with heat loses. A thermally thick solid is 

considered which is assumed to be homogeneous and continuous. 

A control volume consideration is shown in the Figure 4.10. 



54 

 

 

 

Figure 4.10 Control volume consideration for the theoretical model development 

(copied from [52]). 

Solving the heat transfer problem for the control volume consideration we can get 

 
𝑣 ≈  

4�̇�𝑅
" 𝛿𝑓

𝜋(𝑘𝜌𝑐𝑝)(𝑇𝑖𝑔 − 𝑇𝑠)2
 

(7) 

Here a flame spread parameter can be introduced as ∅ =
4�̇�𝑅

" 𝛿𝑓

𝜋
 so we get the following 

equation 

 
𝑣 ≈  

∅

(𝑘𝜌𝑐𝑝)(𝑇𝑖𝑔 − 𝑇𝑠)2
 

(8) 

Considering that heating Ts is obtained by external heating flux, this can be rewritten as, 

 
𝑣 ≈  

ℎ𝑡
2∅

(𝑘𝜌𝑐𝑝)(𝑄𝑖𝑔
"̇ − �̇�𝑅

" )2
 

(9) 

Writing the above equation in terms of straight line y=-mx+c 

 
1

√𝑣
= −√

𝑘𝜌𝑐𝑝

ℎ𝑡
2∅

�̇�𝑅
" + √

𝑘𝜌𝑐𝑝

ℎ𝑡
2∅

�̇�𝑖𝑔
"  

(10) 

Hence plotting using slope and intercept the flame spread parameter can be estimated. 
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4.3.2 Experimental results of flame spread 

Two different flame spread rates were calculated. One for edge flame spread and one for 

centreline flame spread, 𝑣𝑒 and 𝑣𝑐 respectively. Both these rates are calculated manually 

from the videos obtained from the testing, by timing flame location (leading edge) based 

on markers. These are mean flame spread rates with the time steps used as the averaging 

window. The results are provided below and discussed in this section. 

4.3.2.1 Test 2 

Test 2 results are presented separately because the flame spread behaviour was different 

for this test as compared to all the other tests. Flame spread rate is shown in Figure 4.11. 

 

Figure 4.11  Centerline flame spread for Test 2 

As the flame spread occurred on the entire width, edge flame spread is not evaluated 

separately for this test. Plotting the data in the form of equation (10) to calculate the flame 

spread parameter in Figure 4.12. 
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Figure 4.12  Test 2 inverse square root of flame spread velocity vs heat flux, with 

linear curve fitting as per equation (4) 

4.3.2.2 Test 3 and Test 4 

As the flame spread first started at the edge of the samples and then coincided with each 

other downstream from the ignition. Hence, two distinct flame spread rates are evaluated 

from the video data of the experiments. This is presented in Figure 4.13 and Figure 4.14 

  

Figure 4.13 Test 3 flame spread rate evaluated as a function of X location. (left) 

flame spread rate on the edge, (right) flame spread rate on the centreline. 
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Figure 4.14 Test 4 flame spread rate evaluated as a function of X location. (left) 

flame spread rate on the edge, (right) flame spread rate on the centreline 

The linearized form of equation (10), the inverse square root of flame spread rate vs the 

heat flux is presented in Figure 4.15 and Figure 4.16. 

  

Figure 4.15 Test 3 Inverse square root of flame spread rate vs heat flux. (left) edge, 

(right) centreline 
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Figure 4.16 Test 4 Inverse square root of flame spread rate vs heat flux. (left) edge, 

(right) centreline 

4.3.2.3 Test 5 and Test 6 

These two tests were both conducted with the downstands and the results are presented 

below from Figure 4.17 to Figure 4.20. 

  

Figure 4.17 Test 5 flame spread rate evaluated as a function of X location. (left) 

flame spread rate on the edge, (right) flame spread rate on the centreline 
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Figure 4.18 Test 6 flame spread rate evaluated as a function of X location. (left) 

flame spread rate on the edge, (right) flame spread rate on the centreline 

  

Figure 4.19 Test 5 Inverse square root of flame spread rate vs heat flux. (left) edge, 

(right) centreline 
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Figure 4.20 Test 6 Inverse square root of flame spread rate vs heat flux. (left) edge, 

(right) centreline 

4.3.3 Discussion 

Test 2 ignited, and flame spread happened throughout the width of the sample so it has the 

most smooth and accurate evaluation. The flame spread evaluated for test 3 and 4 also 

showed similar trend. A trend of decreasing flame spread rate with respect to decreasing 

heat flux while doing downstream in X direction. This can be seen for both edge flame 

spread and centreline flame spread. 

The slope of Figure 4.12, Figure 4.15 and Figure 4.16 is √
𝑘𝜌𝑐

ℎ𝑡
2∅

 where ℎ𝑡 = 36.88 W/m2K 

is the total heat transfer coefficient calculated according to equation (11). This slope is 

expected to be linear but the results do not follow linear pattern. 

 ℎ𝑡(𝑇𝑖𝑔 − 𝑇0) = ℎ𝑐(𝑇𝑖𝑔 − 𝑇0) + Ɛσ(𝑇𝑖𝑔
4 − 𝑇0

4) (11) 

The value of this slope is in the range of 0.0028-0.134 𝑚2𝑠1 2⁄ /𝑘𝑊𝑚𝑚1 2⁄  for the 

centreline flame spread and the range for edge flame spread is 0.00184-0.0053 

𝑚2𝑠1 2⁄ /𝑘𝑊𝑚𝑚1 2⁄ . Non-linear slope suggests that the flame spread model is not valid in 

this orientation because the underlying assumption is of, preheat to a time till we have 
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approximately dT/dz=constant (thermal equilibrium) this thermal equilibrium is not 

achieved during the testing due to flame movement. 

There is large inaccuracies and uncertainty in the calculation of flame spread rates which 

are discussed here. The main source of uncertainty is the difficulty to distinguish between 

the flame spread and flame extension. Flame under the ceiling tends to extend for longer 

lengths, mainly due to lack of entrainment of air[50,52,101–104]. So the flame can be 

identified at a location due to flame extension but that part sample might not be actually 

burning or taking part in combustion. This creates an error in judgement and calculation of 

flame spread rate because it will also include the flame extension even though the sample 

is not burning at that location. Consequently, a pyrolysis front tracking is done in the 

following section to see the extent of sample pyrolyzing and giving combustible gases. 

For Test 5 and Test 6, the main difference was that down stands were included in these 

tests. These downstands have an effect on the residence time and also on the collection of 

gases under sample. The downstands attempt to gather and collect the combustible gases 

near the edges and consequently it can be seen that the flames spreads longer on the edges 

and starts to join in the middle, throughout the flame length rather than connecting at one 

location and then spreading further downstream this is shown in Figure 4.4 and Figure 4.7. 

This effect is much more pronounced in test 6 with longer (6cm downstands). 

4.4 Pyrolysis front tracking 

The temperature values taken through the thickness were used to extrapolate the 

temperature value at the surface. MATLAB script was used to extrapolate the temperature 

values at the surface. 2mm, 4mm and 8mm values are used and using spline interpolation 

algorithm, a curve fitting is done and finally extrapolated for 0mm values. This surface 

temperature evolution, is presented in Figure 4.21 to Figure 4.26 for all the tests. The 

temperature evolution of in the thickness of the samples is presented on all 5 X locations 

for all tests in the Appendix this is the base value for extrapolating the surface temperature. 

These figures show very well set trend. The temperature rises to 1000C and stays there for 

a while for dehydration. The temperature starts to rise again  and reaches the pyrolysis 
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temperature of 3780C as calculated in section 4.2.3. It can be said that after some time the 

rate of temperature rise starts to decrease and tends towards a plateau value before the 

ignition. After ignition the temperature starts to rise again to reach the max value. Plots for 

test 5 and test 6 show a different trend lot of error as during the experimentation, some of 

the thermocouple cables got damaged after some time so could not log the temperature for 

the whole duration. 

 

Figure 4.21 Test 1 surface temperature at five X locations vs time 
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Figure 4.22 Test 2 surface temperature at five X locations vs time 

 

Figure 4.23 Test 3 surface temperature at five X locations vs time 
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Figure 4.24 Test 4 surface temperature at five X locations vs time 

 

Figure 4.25 Test 5 surface temperature at five X locations vs time 
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Figure 4.26 Test 6 surface temperature at five X locations vs time 
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The time for the surface temperature curve to reach the pyrolysis is evaluated using the 

same MATLAB code and that is the time when the pyrolysis starts at that particular 

location. A plot was created for time to pyrolysis temperature with respect to X location. 

The location where the pyrolysis front can be identified is donated as 𝑥𝑝. Plot provides t vs 

𝑥𝑝 so the inverse slope is 𝑣𝑝 =
𝑑𝑥𝑝

𝑑𝑡
. This inverse slope is also plotted for each test with 

respect to the location. Show in Figure 4.27 to Figure 4.32. 

  

Figure 4.27 Test 1 (Left) time to pyrolysis temperature with respect to the X 

location. (Right) Pyrolysis front movement rate as a function of location. 

  

Figure 4.28 Test 2 (Left) time to pyrolysis temperature with respect to the X 

location. (Right) Pyrolysis front movement rate as a function of location. 
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Figure 4.29 Test 3 (Left) time to pyrolysis temperature with respect to the X 

location. (Right) Pyrolysis front movement rate as a function of location. 

  

Figure 4.30 Test 4 (Left) time to pyrolysis temperature with respect to the X 

location. (Right) Pyrolysis front movement rate as a function of location. 
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Figure 4.31 Test 5 (Left) time to pyrolysis temperature with respect to the X 

location. (Right) Pyrolysis front movement rate as a function of location. 

  

Figure 4.32 Test 6 (Left) time to pyrolysis temperature with respect to the X 

location. (Right) Pyrolysis front movement rate as a function of location. 

Table 4-3 gives the extent of pyrolysis in the tabular form against X location as well as the 
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calibration before the starts of experimental investigation as mentioned in the chapter 3 
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Table 4-3 Extent of pyrolysis front as X location with respective heat flux 

Test Number X location (mm) Heat Flux value (kW/m2) 

1 701 18.2 

2 907 10.3 

3 952 7.1 

4 456 19.9 

5 743 12.2 

6 704 14.1 

4.4.1 Discussion 

Figure 4.27 to Figure 4.30, reveal that the initiation of the pyrolysis front occurs at 

x=375mm, which is just above the centre of the radiant panel where the highest heat flux 

value is present, and propagates in both directions. The figures also present the rate of 

forward propagation of the pyrolysis front, which follows a steady quadratic decline trend. 

Figure 4.31 and Figure 4.32, show a completely different trend for Test 5 and 6. Seems like 

the pyrolysis propagation is accelerating. One of the explanation that can be provided here 

is that due to the downstands used in these tests the hot gases tend to get collected 

underneath the ceiling, forming a kind of hot layer. This increase the heat feedback and 

might in turn also enhance the movement of pyrolysis front. But this is not an very accurate 

or quantitative evidence based explanation rather just an observation from the experiments. 

Further detailed investigation and quantitative evidence is required to back this hypothesis. 

The values of heat flux in the Table 4-3 contain a number of error sources, one of the major 

error source is that the heat flux values are given by calibration prior to the experiment. 

Hence, it does not incorporate the actual heat flux at that location during the experiment. 

This error can be minimized by using the TSC values for the heat flux which will provide 

the actual value at that location during the experiment, this will include the contribution by 

the flames as well as the hot layer created right below the sample. 
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4.5 Gas velocities 

Test 3 and Test 4 results of gas velocities is presented in this section. These two tests are 

chosen as the representative as the trend and behaviour is similar in all the tests. Moreover, 

for other Tests either the some or all of the GTCs got damaged which are required for the 

density correction of the velocity values. 

The voltages (V) from the DPTs are first converted into pressure values using calibration 

constant, P=10V. The differential pressure is calculated ΔP=P-P0. Where P0 is the time 

average of 1st minute for the pressure values. This differential pressure ins converted into 

velocity using equation (12). 

 

𝑈 = 𝐾√
2ΔP

ρ𝑔
 

(12) 

Here ρ𝑔 is the gas velocity given by equation (13) [50],  

 
ρ𝑔 =

352.14

𝑇𝑔 + 273.15
 

(13) 

The correction factor K is given by  

 𝐾 = 0.0649 ln(𝑉) + 0.8486 (14) 

The calculation of the velocity ‘U’ and the correction factor, denoted as ‘K’, was performed 

using the model for the differential pressure transducers, with an adapted version of the 

proposed model by Gupta et al [88]. This is presented by Julian et al [105]. 

For the data smoothing, exponential smoothing was done which is presented in equation 

(15) [106], 

 𝑆𝑡 = 𝛽𝐴𝑡−1 + (1 − 𝛽)𝑆𝑡−1 (15) 

Here ‘S’ is the smoothed value and ‘A’ is the actual value. Subscript ‘t’ is for the current 

time step and ‘t-1’ is for previous time step. The results are shown in Figure 4.33 and Figure 

4.34. 



71 

 

 

  

  

 

 

Legend 

Figure 4.33 Test 3 Actual and smoothened gas velocities 
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Legend 

Figure 4.34 Test 4 Actual and smoothened gas velocities 

0

0.5

1

1.5

2

2.5

3

3.5

4

0 10 20 30 40

G
as

 v
e

lo
ci

ty
 (

m
/s

)

Time (min)

X=250mm

0

0.5

1

1.5

2

2.5

3

3.5

4

0 10 20 30 40

G
as

 v
e

lo
ci

ty
 (

m
/s

)

Time (min)

X=500mm

0

0.5

1

1.5

2

2.5

3

3.5

4

0 10 20 30 40

G
as

 v
e

lo
ci

ty
 (

m
/s

)

Time (min)

X=750mm

0

0.5

1

1.5

2

2.5

3

3.5

4

0 10 20 30 40

G
as

 v
e

lo
ci

ty
 (

m
/s

)

Time (min)

X=1000mm

0

0.5

1

1.5

2

2.5

3

3.5

4

0 10 20 30 40

G
as

 v
e

lo
ci

ty
 (

m
/s

)

Time (min)

X=1250mm



73 

 

 

4.5.1 Discussion 

The smoothing factor ‘β’, in equation (15) is optimized for different locations based on the 

fluctuations. Using a guess value for ‘β’, say 0.5, a smoothened curve is obtained. Error 

between these two is calculated, Et = At-St. The root mean squared error is evaluated using 

equation (16), 

 

𝐸𝑟𝑚𝑠 = √
∑ 𝐸𝑡

2𝑛
1

𝑛
 

(16) 

This Erms varies with ‘β’, so Erms is minimized and corresponding ‘β’ is selected. The 

values of ‘β’ are in the range of 0.71-0.85. 

From Figure 4.33 and Figure 4.34 it can be observed that the highest velocity is observed 

at x=250mm and this value decreases downstream. High turbulence is also observed in the 

form of fluctuations at x=250mm, which yields high smoothing factors. This supports the 

previous conclusion of no flame spread on top of radiant panel due high gas velocities and 

high turbulence. The fluctuations tend to increase again around 750mm, this is due to 

flaming at this location. The edge flames tends to join each other near this location hence 

high fluctuations. 

4.6 “Pyrolysis Front Spread Parameter” 

Time to ignition is a different variable than time to pyrolysis, as pyrolysis time only include 

the time required to reach a temperature where the volatile are released form the surface, 

whereas the time ignition includes the pyrolysis time as well as the mixing time. Usually, 

the mixing time scale are small enough to neglect as compared to the time to pyrolyze. 

An effort to develop an analogy between the time to ignition and time to pyrolysis is made 

to replace the tig with tp in equation (4), (5), (9) and (10). The resulting equations are given 

below,  

 
𝑡𝑝 =

𝜋

4
𝑘ρc

(𝑇𝑝 − 𝑇0)
2

(�̇�𝑅
′′ − 𝐶𝐻𝐹)

2 
(12) 
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 1

√𝑡𝑝

=
2

√𝜋

1

√𝑘ρc

�̇�𝑅
′′

(𝑇𝑝 − 𝑇0)
 

(13) 

 
𝑣𝑝  ≈  

ℎ𝑡
2∅𝑝

(𝑘𝜌𝑐)(𝑄𝑖𝑔
"̇ − �̇�𝑅

" )2
 

(14) 

 1

√𝑣𝑝

= −√
𝑘𝜌𝑐

ℎ𝑡
2∅𝑝

�̇�𝑅
" + √

𝑘𝜌𝑐

ℎ𝑡
2∅𝑝

�̇�𝑖𝑔
"  

(15) 

Here, it can be seen the by replacing time to ignition with time to pyrolysis, a new 

parameter analogous to the flame spread parameter has emerged as ∅𝑝. This can be termed 

as the “Pyrolysis front spread parameter”. It has the same units as the flame spread 

parameter. The only difference is that in flame spread parameter, movement of flame front 

is considered, whereas ∅𝑝 considers movement of pyrolysis front. 

Test 3 is used a representative test as it has the best data from the tests such that little or no 

cable damages were observed and having a definitive trends in the measurement. 

Figure 4.35 is plotted for the linearized form provided in equation (15). For inverse 

pyrolysis front speed obtained from Figure 4.29 vs heat flux obtained from Figure 3.8. 

 

Figure 4.35 Inverse pyrolysis front speed vs heat flux for Test 3 
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Here the slope = √
𝑘𝜌𝑐

ℎ𝑡
2∅𝑝

 =0.03526 𝑚2𝑠1 2⁄ /𝑘𝑊𝑚𝑚1 2⁄ . After rearranging and separating 

the ∅𝑝 is evaluated to be 365 kW2/m3. This is an attempt to estimate the pyrolysis front 

spread parameter as analogous to the flame spread parameter. This attempt is made because 

the flame is attached to ceiling due to buoyancy and flame extension and flame spread are 

hard tell apart so pyrolysis front is considered. The value obtained for ∅𝑝 is almost 2 orders 

of magnitude larger than the flame spread parameter obtained for LIFT tests form literature 

for wooden products. The range of values obtained from Quintiere[52] is 9-13 kW2/m3 for 

wood based materials. This huge variation suggests that the theoretical model might not be 

valid in this orientation which is further discussed in the final discussion provided below. 

4.6.1 Discussion 

The ignition model and also the flame spread model, as flame spread is considered to be 

sequence of ignition processes, has the same assumptions. A major assumption here is that 

tine scale of mixing is neglected as it is considered to be small enough as compared to the 

time to release combustibles. But this assumption tends to break down in this orientation 

as we have seen that combustible released don’t burn and tend to go downstream, mix with 

air and then combust downstream from the ignition. 

Considering Test 3, X location 750mm the time to pyrolysis is found to be tp=825s. And 

the time for flame to reach this location is t=200s. This shows that there is flaming at this 

location even before the pyrolysis has started. Flame has reached this location because the 

combustibles released from the surface upstream of this location, reach this location and 

burn. So actually the flame is due to upstream combustibles because this location has not 

yet reached the pyrolysis temperature. 
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 Conclusion and Future 

Recommendations  

5.1 Conclusions 

The conclusions that can be drawn from this experimental research and from the results 

and discussion are provided in this section below, 

• The flame problem is highly sensitive to the geometric design. Small changes in 

the experimental setup changes the fire behaviour. This is due to fact that geometric 

changes affect the residence time of combustible gases below the sample and higher 

the residence time more the probability of combustion we can get. This is evident 

from the results of Test 1 and Test 3. Even though the heat flux distribution is 

identical but no flame spread was observed in Test 1 but there was flame spread in 

Test 3. 

• The fluid dynamics plays a very important role in the flaming. As seen that the part 

right above the radiant panel did not burn with flames, but the pyrolysis was going 

on. This is the evidence of being depend heavily on the fluid dynamics. The velocity 

of gases and high turbulence right above do not allow the combustibles being 

released from the surface to ignite. Rather these combustible are ignited and burnt 

downstream from the radiant panel. 

• The above points are also evident from the addition of the downstands in Test 5 and 

Test 6. This had a huge impact on the flame spread and fire behaviour. Even the 

propagation of pyrolysis was effected, which seemed to accelerate downstream. 

• The ignition temperature is found to be 3780C, which is inside the wide range 

obtained from different sources of literature. 
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• The critical heat flux value obtained is 14.47 kW/m2. This value is also conservative 

and the actual value might even be lower than this. This is mainly due to the fact 

that actual heat flux value at the ignition location is not equal to representative heat 

flux being used. Rather due to change in view factors, a drop of heat flux is always 

present when we move in any direction away from the centre of radiant panel. 

• Highest flame spread rate of 125mm/s was observed in Test 2 with highest heat 

flux. 

5.2 Future Work 

Further recommendations for the future is provided here in this section. These will be 

instrumental in any future investigation of this problem and complement current research 

effectively. 

• Better experimental techniques to be used to characterize the flow field under the 

ceiling. Particle Image Velocimetry (PIV) [107] can be used to better understand 

the flow properties and turbulence created due to radiant panel buoyant flow. This 

will help quantify the pressures and velocities created due to buoyant flow. This 

will also provide insight into residence time of the gases under the samples before 

they spill from edges and go to exhaust. 

• Use of electrical radiant panel instead of gas powered radiant panel is recommended 

by the author. This will remove any influence of the thermochemistry as the gases 

released by gas radiant panel is rich in content of  CO2 and H2O vapour, which 

might have the suppression effect on the flame. Electrical radiant panel will remove 

this effect and the buoyant flow created by the panel will only have the ambient air. 

• As the buoyant gases from radiant panel hit the sample from below, they tend to 

spread and flow radially. So a slight change in the experimental design, using 

square sample instead of rectangular samples, will be beneficial in understanding 

the fire behaviour and flame spread. The heating source placed at the centre, below 

the square sample and pilot flame will create a radial spread. In the cartesian 

coordinate system it will be 2D flame spread problem in x and y axis. But can be 
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simplified using cylindrical coordinate system, radial flame spread will be 1D flame 

spread problem in this coordinate system. 

• Thin Skin Calorimeter (TSCs)  cables got damaged during the testing, hence, for 

future TSC data should be used to identify any increase in the heat flux feedback 

due to the downstands, to quantify the possible trench effect. Also, to quantify the 

heat flux from the flame. 
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Appendix A 

Thermal penetration into the thickness 

The temperature penetrated and travelled into the thickness of the sample. The rate of this 

thermal penetration was dependent on the incident heat flux. Higher the heat flux value 

higher the penetration rate into the thickness. The contour plots for the temperature 

isotherms travelling into the thickness are presented below for all the tests. 
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Figure A-1 Temperature penetration contour plots for Test 1 

 

t=20min 

 

t=25min 

Figure A-2 Temperature penetration contour plots for Test 2 
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t=25min 

 

t=30min 

Figure A-3 Temperature penetration contour plots for Test 3 

 

t=20min 

 

t=27min 

Figure A-4 Temperature penetration contour plots for Test 4 
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t=40min 

 

t=43min 

Figure A-5 Temperature penetration contour plots for Test 5 

 

t=40min 

 

t=43min 

Figure A-6 Temperature penetration contour plots for Test 6 
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Appendix B 

Temperature Time History Plots for Solid Phase TC 

  

  

 

 

Legend 

Figure B-1 Temperature histories through thickness for Test 1 
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Legend 

Figure B-2 Temperature histories through thickness for Test 2 

0.00

100.00

200.00

300.00

400.00

500.00

600.00

700.00

0 20 40 60 80

Te
m

p
e

ra
tu

re
 (

0 C
)

Time (min)

X=125mm

0.00

100.00

200.00

300.00

400.00

500.00

600.00

700.00

0 20 40 60 80

Te
m

p
e

ra
tu

re
 (

0 C
)

Time (min)

X=375mm

0.00

100.00

200.00

300.00

400.00

500.00

600.00

700.00

0 20 40 60 80

Te
m

p
e

ra
tu

re
 (

0 C
)

Time (min)

X=625mm

0.00

100.00

200.00

300.00

400.00

500.00

600.00

700.00

0 20 40 60 80

Te
m

p
e

ra
tu

re
 (

0 C
)

Time (min)

X=875mm 2mm

4mm

8mm

15mm

25mm

0.00

100.00

200.00

300.00

400.00

500.00

600.00

700.00

0 20 40 60 80

Te
m

p
e

ra
tu

re
 (

0 C
)

Time (min)

X=1125mm



f 

 

 

  

  

 

 

Legend 

Figure B-3 Temperature histories through thickness for Test 3 
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Legend 

Figure B-4 Temperature histories through thickness for Test 4 
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Legend 

Figure B-5 Temperature histories through thickness for Test 5 
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Legend 

Figure B-6 Temperature histories through thickness for Test 6  
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Appendix C 

Sample Drawing 

 

Figure C-1 Sample drawing/drilling template 
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Appendix D 

MATLAB Scripts 

Script for flame contours is presented below 

clc 
clear 
% Load temperature data from Excel file 
data = xlsread('flame spread calc2.xlsx'); 
x = data(:,1); % x-axis values 
y = data(:,2); % y-axis values 
T = data(:,3:end); % temperature values 
N=size(T,2); 
% Reshape temperature data to a 2D array for contour plot 
n = length(unique(y)); 
m = length(unique(x)); 
a=unique(x); 
b=unique(y); 
 
for k=1:N 
    my_field = strcat('Tmatrix_',num2str(k)); 
    variable.(my_field) = reshape(T(:,k), n, m);; 
    %T_matrix0 = reshape(T(:,k), n, m); 
    [X,Y] = meshgrid(a,b); 
    BDmatrix=variable.(my_field); 
    newpoints = 100; 
    [xq,yq] = meshgrid(linspace(min(a),max(a),newpoints 
),linspace(min(b),max(b),newpoints)); 
    BDmatrixq = interp2(X,Y,BDmatrix,xq,yq,'spline'); 
    %[c,h]=contourf(xq,yq,BDmatrixq); 
    % Create contour plot 
    f=figure; 
     
    [c,h]=contourf(xq,yq,BDmatrixq,'edgecolor','none'); 
    caxis([0,1]) 
    c = gray(2); 
    colormap(flipud(c)); 
    %colorbar; 
    xlabel('Length (mm)'); 
    ylabel('Width (mm)'); 
    title('Flame Contour Plot'); 
    saveas(f, strcat('Test2_',num2str(k)),'png'); 
end 
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Script for extrapolation for surface temperature is presented below 

clc 
clear 
% Load temperature data from Excel file 
[num, txt, raw] = xlsread('surftemp.xlsx'); 
t = num(:,1); % Times in seconds 
temp_2mm = num(:,2); % Temperatures at 2mm in degrees Celsius 
temp_4mm = num(:,3); % Temperatures at 4mm in degrees Celsius 
temp_8mm = num(:,4); % Temperatures at 8mm in degrees Celsius 
 
% Interpolate temperature at x = 0 mm for each time value using quadratic 
interpolation 
y = [2 4 8]; 
temp = [temp_2mm temp_4mm temp_8mm]; 
yq = 0; 
 
N=length(t); 
for i=1:N 
    tempq1(i) = interp1(y, temp(i,:), yq, 'spline', 'extrap'); 
    if tempq1(i)<max(temp(i,:)) 
        tempq1(i)=max(temp(i,:)); 
    end  
end 
tempq1=tempq1(:); 
 
% Plot temperature at x = 0 mm as a function of time 
% figure; 
% plot(t, tempq1); 
% hold on 
% plot(t, temp); 
% hold off 
% xlabel('Time (s)'); 
% ylabel('Temperature (C)'); 
%title('Temperature at x = 0 mm vs Time'); 
 
temp_2mm = num(:,6); % Temperatures at 2mm in degrees Celsius 
temp_4mm = num(:,7); % Temperatures at 4mm in degrees Celsius 
temp_8mm = num(:,8); % Temperatures at 8mm in degrees Celsius 
 
% Interpolate temperature at x = 0 mm for each time value using quadratic 
interpolation 
y = [2 4 8]; 
temp = [temp_2mm temp_4mm temp_8mm]; 
yq = 0; 
 
N=length(t); 
for i=1:N 
    tempq2(i) = interp1(y, temp(i,:), yq, 'spline', 'extrap'); 
    if tempq2(i)<max(temp(i,:)) 
        tempq2(i)=max(temp(i,:)); 
    end  
end 
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tempq2=tempq2(:); 
 
% Plot temperature at x = 0 mm as a function of time 
% figure; 
% plot(t, tempq2); 
% hold on 
% plot(t, temp); 
% hold off 
% xlabel('Time (s)'); 
% ylabel('Temperature (C)'); 
%title('Temperature at x = 0 mm vs Time'); 
 
temp_2mm = num(:,10); % Temperatures at 2mm in degrees Celsius 
temp_4mm = num(:,11); % Temperatures at 4mm in degrees Celsius 
temp_8mm = num(:,12); % Temperatures at 8mm in degrees Celsius 
 
% Interpolate temperature at x = 0 mm for each time value using quadratic 
interpolation 
y = [2 4 8]; 
temp = [temp_2mm temp_4mm temp_8mm]; 
yq = 0; 
 
N=length(t); 
for i=1:N 
    tempq3(i) = interp1(y, temp(i,:), yq, 'spline', 'extrap'); 
    if tempq3(i)<max(temp(i,:)) 
        tempq3(i)=max(temp(i,:)); 
    end 
end 
tempq3=tempq3(:); 
 
% Plot temperature at x = 0 mm as a function of time 
% figure; 
% plot(t, tempq3); 
% hold on 
% plot(t, temp); 
% hold off 
% xlabel('Time (s)'); 
% ylabel('Temperature (C)'); 
%title('Temperature at x = 0 mm vs Time'); 
 
temp_2mm = num(:,14); % Temperatures at 2mm in degrees Celsius 
temp_4mm = num(:,15); % Temperatures at 4mm in degrees Celsius 
temp_8mm = num(:,16); % Temperatures at 8mm in degrees Celsius 
 
% Interpolate temperature at x = 0 mm for each time value using quadratic 
interpolation 
y = [2 4 8]; 
temp = [temp_2mm temp_4mm temp_8mm]; 
yq = 0; 
 
N=length(t); 
for i=1:N 
    tempq4(i) = interp1(y, temp(i,:), yq, 'spline', 'extrap'); 
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    if tempq4(i)<max(temp(i,:)) 
        tempq4(i)=max(temp(i,:)); 
    end 
end 
tempq4=tempq4(:); 
 
% Plot temperature at x = 0 mm as a function of time 
% figure; 
% plot(t, tempq4); 
% hold on 
% plot(t, temp); 
% hold off 
% xlabel('Time (s)'); 
% ylabel('Temperature (C)'); 
% title('Temperature at x = 0 mm vs Time'); 
 
temp_2mm = num(:,18); % Temperatures at 2mm in degrees Celsius 
temp_4mm = num(:,19); % Temperatures at 4mm in degrees Celsius 
temp_8mm = num(:,20); % Temperatures at 8mm in degrees Celsius 
 
% Interpolate temperature at x = 0 mm for each time value using quadratic 
interpolation 
y = [2 4 8]; 
temp = [temp_2mm temp_4mm temp_8mm]; 
yq = 0; 
 
N=length(t); 
for i=1:N 
    tempq5(i) = interp1(y, temp(i,:), yq, 'spline', 'extrap'); 
    if tempq5(i)<max(temp(i,:)) 
        tempq5(i)=max(temp(i,:)); 
    end 
end 
tempq5=tempq5(:); 
 
% Plot temperature at x = 0 mm as a function of time 
%figure; 
%plot(t, tempq5); 
%hold on 
%plot(t, temp); 
%hold off 
%xlabel('Time (s)'); 
%ylabel('Temperature (C)'); 
%title('Temperature at x = 0 mm vs Time'); 
 
% Find the first time when the temperature crosses 378 
time =zeros(1,5); 
found = false; 
for i = 1:N 
    if tempq1(i) >= 378 
        found = true; 
        break; 
    end 
end 
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if i ~= N  
    time(1)=t(i); 
end 
 
found = false; 
for i = 1:N 
    if tempq2(i) >= 378 
        found = true; 
        break; 
    end 
end 
if i ~= N  
    time(2)=t(i); 
end 
 
found = false; 
for i = 1:N 
    if tempq3(i) >= 378 
        found = true; 
        break; 
    end 
end 
if i ~= N  
    time(3)=t(i); 
end 
 
found = false; 
for i = 1:N 
    if tempq4(i) >= 378 
        found = true; 
        break; 
    end 
end 
if i ~= N  
    time(4)=t(i); 
end 
 
found = false; 
for i = 1:N 
    if tempq5(i) >= 378 
        found = true; 
        break; 
    end 
end 
if i ~= N  
    time(5)=t(i); 
end 
 
time=time(:) 
% Export temperature data to Excel file 
output_data = [t tempq1 tempq2 tempq3 tempq4 tempq5]; 
xlswrite('surftemp_output.xlsx', output_data, 'Sheet1'); 
output_time=[time]; 
xlswrite('pyrolysistime.xlsx', output_time, 'Sheet1'); 
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Script for temperature contours is presented below 

clc 
clear 
% Load temperature data from Excel file 
data = xlsread('Book.xlsx'); 
x = data(:,1); % x-axis values 
y = data(:,2); % y-axis values 
T = data(:,3:11); % temperature values 
N=size(T,2); 
% Reshape temperature data to a 2D array for contour plot 
n = length(unique(y)); 
m = length(unique(x)); 
a=unique(x); 
b=unique(y); 
 
for k=1:N 
    my_field = strcat('Tmatrix_',num2str(k)); 
    variable.(my_field) = reshape(T(:,k), n, m);; 
    %T_matrix0 = reshape(T(:,k), n, m); 
    [X,Y] = meshgrid(a,b); 
    BDmatrix=variable.(my_field); 
    newpoints = 100; 
    [xq,yq] = meshgrid(linspace(min(a),max(a),newpoints 
),linspace(min(b),max(b),newpoints)); 
    BDmatrixq = interp2(X,Y,BDmatrix,xq,yq,'spline'); 
    %[c,h]=contourf(xq,yq,BDmatrixq); 
    % Create contour plot 
    f=figure; 
     
    [c,h]=contourf(xq,yq,BDmatrixq,'edgecolor','none'); 
    caxis([25.36,718.88]) 
    c = jet(); 
    colormap(c); 
    colorbar; 
    xlabel('Length (mm)'); 
    ylabel('Thickness (mm)'); 
    title('Temperature Contour Plot'); 
    saveas(f, strcat('Test3_',num2str(k)),'png'); 
end 
 

 


