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1 ABSTRACT 
As open-plan compartments become increasingly common in the built environment, it is important to 
question whether the assumptions embedded in fire standards remain valid. In contrast to a typical 
room, where a homogenous temperature distribution may be expected post-flashover, travelling fires 
are characterised by a flame front that progressively spreads across the room, leading to regions of 
high and low temperatures, at different points in time and space.  

This study uses the Fire Dynamics Simulator (FDS) to investigate travelling fires, highlighting the main 
parameters influencing the temperature profile within the enclosure. Several simulations with 
different geometries, Heat Release Rate per Unit Area (HRRPUA), and ventilation configurations are 
explored. It is observed that the fire behaviour and the temperature profile are highly sensitive to the 
ventilation conditions. The location and size of the openings have a large impact on the flow field 
causing peak temperatures ranging from 600 to 1300oC to develop. A transition from travelling fire 
behaviour to localised flashover is identified in compartments with closed recesses. Significant non-
axisymmetric ceiling jets are recorded in some simulations causing increased thermal exposure to 
certain sections of the ceiling.  

Next, the Travelling Fire Methodology (TFM) is implemented and the results are compared with the 
numerical simulation output. A time-offset linked to the fixed fire spread rate assumption of the TFM 
is observed upon comparison of the results. The flame spread rates derived from the simulation data 
reveal a non-constant value during the fire event. It is also noted that the far-field temperatures are 
consistently underpredicted by the TFM. 

The research concludes that accurate representation of the fire spread rate is critical in achieving 
reasonable results from the methodology. The inability to incorporate the effects of ventilation on the 
temperature profile is identified as being a major shortcoming of the TFM. 
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3 INTRODUCTION 
The focus of fire research has, traditionally, been targeted towards understanding the intricacies and 
dynamics associated to fire development in enclosures commonly encountered in the built 
environment. Logically, the brunt of experimental tests conducted were aimed at replicating small 
compartments with boxlike geometries [1], for which the assumption of a spatially homogenous 
burning and temperature within the enclosure was deemed conservative for structural fire analysis.  
The uniform burning and homogenous temperature distribution have, as a result, become embedded 
in fire design standards [2] and subsequently justified the adoption of monotonically increasing 
temperature time curves, such as the standard time-temperature curve, external fire curve and the 
hydrocarbon curve.  

However, the validity of such assumptions breaks down in large compartments, where real fires do 
not burn simultaneously throughout the compartment, but rather travel across the room, thus leading 
to regions of higher and lower temperatures [3] both spatially and temporally. Such fire behaviours, 
labelled ‘travelling fires’, have been observed both experimentally in Cardington [4] and Dalmarnock 
fire tests [5] as well as in large accidental fires, such as the Ghost Ship Warehouse Fire in the U.S.A in 
2016 [6] , TU Delft in the Netherlands in 2008 [7], the Windsor Tower in Spain in 2005 [8] and the 
World Trade Center in New York in 2001 [9].  

While the inclusion of the parametric temperature-time curves in the Eurocode 1 [10] has partially 
addressed the transient nature of the temperature within an enclosure, its narrow applicability limits 
preclude its use as a blanket solution, often excluding compartments where travelling fire behaviour 
would be expected. This issue stems from the fact that current understanding of compartment fire 
behaviour comes mainly from experiments involving near cubical compartments [11]. It is therefore 
critical that the evolution of traveling fires, associated with large compartments, be investigated and 
explored, in order to better define the prevailing temperature field and characterise more accurately 
the actual building performance of a structure under fire conditions [2].  With both an increased 
propensity to build large, open plan structures and surveys [12] showing that modern structures fall 
increasingly outside the applicability limits of the Eurocode, the need to capture the particularities of 
travelling fires is only a natural evolution towards adaptation to a shifting architectural environment. 

Owing to the high cost associated to full scale testing for this study, this thesis attempts to gather and 
interpret data using numerical means in order to identify the impact of physical factors on the 
behaviour of travelling fires and provide a preliminary validation of the Travelling Fire Methodology 
(TFM). The thesis focuses on the effect of ventilation, geometry and heat release rate per unit area on 
travelling fire behaviour as well as fire spread rates on the TFM results. 

3.1 AIMS AND OBJECTIVES 
The overall aim of the thesis is to develop a deeper understanding of travelling fires through numerical 
analysis. A four-tiered approach is used to that effect: 

1. To map available theoretical models of travelling fires through a literature study, summarising 
their theoretical backgrounds and highlighting the application limits. 

2. To study a range of travelling fires using Computational Fluid Dynamics (CFD) by altering the 
geometry and fire characteristics. 

3. To compare the results of the CFD study with the prediction of the Travelling Fire Methodology 
(TFM). 

4. To identify and investigate key parameters for accurate prediction of the theoretical models. 
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4 LITERATURE REVIEW 

4.1 WHAT ARE TRAVELLING FIRES? 
Stern-Gottfried describes travelling fires as those that do not burn simultaneously throughout a 
compartment but instead, move across floor plates as the flame spreads, burning over  a limited area 
at any one time [5]. Such fires are contrasted with the flashover fire event that usually involves the 
whole compartment at once. 

4.2 THEORETICAL MODELS 

4.2.1 Migrating Firecell Model (MFM) 
One of the first documents linking structural design to travelling fires was put forward by Clifton [13] 
in a report called “Fire Models for Large Firecells” as part of a research programme at HERA in New 
Zealand. The objective of the study was to understand the behaviour of steel elements under fire 
conditions; the report provided a method which employed two different fire models and several rules 
to represent the temperature-time relationship of a travelling fire. The approach consisted of 
subdividing the total floor area of a compartment, defined as a firecell by Clifton, into a given number 
of design areas. The design areas would then be assigned one of the following attributes namely: fire, 
burned out, preheat or smoke logged. Based on these attributes, the temperature-time curves were 
derived using the newly proposed fire models.  

One of the main shortcomings of the model, as acknowledged by Clifton, was the lack of experimental 
data available; several assumptions pertaining to fire size, fire spread and ventilation conditions were 
required in order to build the model. While analyses conducted by Moss et al. using the migrating 
firecell method have produced somewhat realistic results when validated against some Cardington 
tests [14], the study concluded that “they could not be related to any directly comparable 
experimental results”. For this reason, it is important to verify the validity of the model when 
challenged with a broad range of varying parameters. The list below provides a list of inherent 
assumptions  used in the MFM [15] that warrant further validation while providing new avenues to 
explore in travelling fire modelling. 

1. Preheat and delayed cooling periods are assigned within temperature band of 400 to 800oC  
2. Window breakage when gas temperatures at the windows reached 350oC  
3. Individual design area size is fixed at 50m2. 

4.2.2 Travelling Fires Methodology (TFM) 
In 2010, during the SFPE Conference held in Lund, Sweden, a renewed approach that encompassed 
both uniform burning and travelling fires was proposed by Stern-Gottfried et al. [16]; the paper 
established a framework to calculate the thermal environment and corresponding structural response 
for a wide range of fires in enclosures. It established that uniform temperature assumption does not 
necessary lead to more conservative structural performance results. One of the main distinct traits of 
the TFM was the classification of the temperature field with respect to its influence on the structure, 
rather than being characterised by the state of the fire as performed in the MFM approach. This 
allowed the methodology to circumvent the inaccuracies associated with flame temperature 
prediction of most fire models [16]. Using the TFM, the temperature field was divided into a near field, 
where a structural element is directly exposed to the flames, and the far field, where the element is 
exposed to hot gases (typically smoke layer). 
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The travelling nature of the fire was characterised and determined by defining a percentage 
representative of the fraction of total floor compartment burning at any time. This implied that a 
constant burning area is assumed over the entire fire duration. Further assumptions include: 

1. A uniform fuel load across the fire path. 
2. A burning time based on fuel load density and Heat Release Rate (HRR) only. 
3. Very fast growth and decay phase. 
4. Burning time independent of burning area. 

The calculation of the far field temperature is calculated in the model by employing the ceiling jet 
correlation developed by Alpert while the near field is assumed to be equal to the flame temperature. 
Although the Alpert correlations provide a relatively simple estimation of the gas temperatures based 
on only three variables (see Eq.  1), its use also entails that several other factors that could potentially 
affect the temperature field are ignored. 

  𝑇 − 𝑇 = 5.38

�̇�

𝐻

𝑟
𝐻

 ,    𝑟 𝐻⁄ > 0.18 Eq.  1 [17] 

These intrinsic assumptions should be assessed in the context of their use for travelling fires. Alpert 
[18] noted that the correlation was appropriate subject to restrictions, some of which are listed below: 

1. Ceilings are smooth. 

2. Fire intensity does not double in less than one minute. 

3. Wall to wall distance is 2 to 4 ceiling heights. 

Most importantly, his paper highlighted that drafts induced by room ventilation were not included 
when formulating the equations. It is, however, known that ventilation does affect the temperature 
evolution; this has been confirmed by Welch et al. [19] in large scale fire tests. Studies conducted by 
Johansson et al. [20] have shown that the correlations presented by Alpert underestimated the 
maximum temperature by 30 to 50%  when compared to results from numerical experiments. It would 
therefore be interesting to investigate the predictive capabilities of this methodology. 

It should be noted that, for structural analysis, the far field temperature, 𝑇 , according to the TFM 
methodology, is condensed into a single value by using a fourth power average of  𝑇  in an attempt 
to bias high temperatures and simplify further processing of the information, as shown Eq.  2. 

  𝑇 =
∫ (𝑇 ) 𝑑𝑟

𝑟 − 𝑟

 Eq.  2 [16] 

4.2.3 Extended Travelling Fires Methodology (ETFM) 
The ETFM, much like the TFM distinguishes between the near field region and far field region. In this 
methodology, the near field region values are derived using a variant of Hasemi’s localised fire model 
whereas the far field is based on a zone model approach [21]. The ETFM framework allows for variable 
temperatures in the near field, unlike that of the TFM, which assumed a constant value between 800-
1200oC. Most importantly, due to the introduction of a zone model to compute the far field values, 
the effects of smoke accumulation under the ceiling could also be included.  It also follows that the 
mass and energy balance in the compartment are explicitly accounted for using this methodology. 
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4.2.4 Improved Travelling Fire Methodology (iTFM) 
The iTFM is a more refined form of the original TFM, aiming to model more credible fire dynamics, by 
screening out unrealistic fires and introducing the concept of flame flapping angle to account for lower 
mean near field temperature (see Figure 1). The limitation of the fire size in this method is between 
0.2% to 44% of the compartment floor area and is based on the fire spread values used by Clifton in 
the LFM [22]. 

 

 

 

Figure 1 Representation of Flapping Length (f) on the ceiling and angle (𝜽) [22] 
 

 The result is an algebraic expression to obtain the near field temperature as shown below: 

  𝑇 = 𝑇 +
𝑇 2𝑟 + 𝐿 − 2𝑇 ∙ 𝑟

𝑓
+

32.28�̇�

𝐻 ∙ 𝑓
(𝑟 − 𝑟 ) Eq.  3 [22] 

The Alpert correlation, as outlined in Section 4.2.2 is maintained when calculating the far field 
temperature due to its simplicity [22]. 

4.3 TRAVELLING FIRES – PARAMETERS OF INTEREST 

4.3.1 Ventilation Openings 
The influence of ventilation on the fire development and temperature evolution in small 
compartments has been well documented in many independent research endeavours ([11] [23] 
[24][25]). More interestingly, similar studies have been conducted in larger enclosures, identifying 
more complex fire behaviour. Thomas [26] highlighted in his research that  deep enclosures were 
strongly influenced by ventilation and that non-uniform fires occurred throughout the depth of the 
enclosure.   

4.3.1.1 Size – Ventilation Factor 
Large compartment fire tests have shown that the net effect of ventilation is complex and cannot be 
predicted through manual calculations alone. Some experiments positively  correlate to Kawagoe’s 
equation i.e., �̇� = 𝐴 √𝐻   [27], showing a decrease in HRR and peak temperature in fuel rich 
conditions as opposed to well ventilation conditions [28][29].   However, in certain tests, it was 
observed that large opening factors, favouring fuel lean conditions, led to lower peak temperatures 
[19] , presumably due to the venting of hot gases to the outside of the compartment. These competing 
behaviours should therefore be thoroughly explored. 
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4.3.1.2 Location of Fire Origin 
Experiments conducted by Kirby et al. [4][5], showed that burning behaviour was strongly affected by 
the position of the seat of the fuel with respect to ventilation opening. In one experiment, the crib at 
the rear was ignited while the ventilation opening was at the front of the deep enclosure. Figure 2 
shows the temperature time evolution inside this enclosure for cribs placed at the rear, middle and 
front of the compartment. 

 

 

 

Figure 2 Temperature time evolution at rear, middle and front locations of a long enclosure. [5] 

It is apparent that the rear and middle compartments are oxygen starved because of the remoteness 
of the only ventilation opening as opposed to the front cribs. For these reasons, there are many 
insights to be drawn from investigating the effect of ventilation size, position, time of opening and 
symmetry of openings. 

4.3.2 Geometry of Compartment 
It has been observed that fire spread in long compartments, while initially spreading radially in a two-
dimensional fashion, transitions into a one-dimensional fire spread as the compartment walls are 
reached [30] and the fire spread is limited to only one axis. This phenomenon is illustrated in Figure 3. 

 
Figure 3 Flame front at different time stamps. Notice the radial flame front within the first 10 minutes 

transitioning into a more linear fire spread at 30min mark. [30] 

It would be interesting to validate how well current travelling fire models can cope with changes in 
fire spread regime. 
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4.3.2.1 Height of compartment 
A study conducted by Wahlqvist et al. [31] has investigated the different characteristics on design fires 
and showed that higher compartment ceilings typically led to lower HRR. This was attributed to the 
reduced radiation feedback from the smoke. The authors also commented that in small rooms, most 
of the radiative feedback emanated from the walls of the enclosure. The variation of compartment 
height in large enclosures could therefore exhibit a different behaviour due to the decreasing weight 
of the wall radiation with respect to the smoke layer.  

 

 

 

Figure 4 HRR as a function of different ceiling heights (3m, 5m, 7m) [31] 
 

4.3.2.2 Floor Dimensions (Length to Width ratio) 
It is expected that the shape and size of the compartment will play a role in the dynamics of the fire 
spread. It is envisaged that the geometry of room will affect smoke movement and the intensity of 
radiation feedback.  Longer smoke residence times are expected in corridor-like compartments. 

4.3.3 Heat Release Rate (HRR) 
The choice of HRR is one of the most important properties to consider in fire dynamics. It is known 
that gas temperature is positively related to the HRR and has been expressed through algebraic 
expressions [27]. Experiments conducted by Welch et al. [19] reiterated that the  fuel type is an 
important parameter to characterise, in the context of fire dynamics study in large compartments. 
Therefore, information about the HRR of the fuel chosen for experiments is essential in order to 
identify patterns and logically understand the behaviour of travelling fires. Specification of the fuel 
should thus be conducted with minimal uncertainty as far as reasonably practicable. 
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4.4 METHODS OF RESEARCH 

4.4.1 Full -Scale Tests 
Several full-scale tests have been conducted to further clarify the behaviour of fire in large 
compartments. These tests, coupled with other analytical methods, have allowed us to grasp the 
previously poorly understood fire behaviour. However, the cost implications to set up and run full 
scale experimental setups, especially large fire tests, can be very expensive. This problem is further 
exacerbated by the fact that, for travelling fire phenomena, a large amount of space, instrumentation 
and time is required to set up the experiments. As a result, the full-scale experiments are seldom 
performed and, if attempted, coordinated in such a way to maximise the amount of data and research 
that can be derived from it. 

4.4.2 Reduced Scaled- Experiments 
Reduced scaled experiments have positioned themselves as a promising alternative to large scale fire 
tests due to the reduced space footprint and need for materials. Through a series of validated 
experiments, Ingason et al. [32] have shown very good agreement of the application of the Froude 
scaling technique to devise reduced scale experiments. Although the research focused on tunnel 
configurations, it is deemed that larger open plan compartments studied in this thesis possess a similar 
tunnel-like geometry. The technique could thus be extended to perform reduced scale experiments in 
future works based on this study. A summary of scaling correlations is provided below. 

Table 1 Scaling Correlations 
Parameter Scaling Model Eq. No. 

Heat Release 
Rate (kW) 

�̇�
𝐹

�̇�
𝑀

=
𝐿𝐹

𝐿𝑀

5
2

 Eq.  4 

Volume Flow (m3/s) 
�̇�𝐹

�̇�𝑀

=
𝐿𝐹

𝐿𝑀

5
2

 Eq.  5 

Velocity (m/s) 
𝑢𝐹

𝑢𝑀

=
𝐿𝐹

𝐿𝑀

1
2

 Eq.  6 

Time (s) 
𝑡𝐹

𝑡𝑀

=
𝐿𝐹

𝐿𝑀

1
2

 Eq.  7 

Energy (kJ) 
𝐸𝐹

𝐸𝑀

=
𝐿𝐹

𝐿𝑀

3

 Eq.  8 

Mass (kg) 
𝑚𝐹

𝑚𝑀

=
𝐿𝐹

𝐿𝑀

3

 Eq.  9 

Temperature (K) 𝑇𝐹 = 𝑇𝑀 Eq.  10 

4.4.3 Numerical Study 
The surge in computational efficiency and power over the past decades has been a great asset to the 
development and widespread use of computational fluid dynamics, making numerical study a viable 
option to consider for research purposes. The advantages of using numerical methods is very well 
presented in a review by Johansson [33] and are summarised below: 

1. Resource efficient – requires much less instrumentation than required for a full-scale test.  
2. Much less expensive to run numerical simulations than full-scale experiments. 
3. Multiple numerical simulations can be run concurrently unlike large scale tests. 
4. Possibility to circumvent the problems associated to scaling. 
5. Ability to tackle large geometries which would not be feasible at full scale 
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The ability to have a high spatial resolution in the context of travelling fires is a significant proponent 
to the use of numerical methods. The addition of sensors can quickly become a bottleneck in full and 
reduced scale experimental setups and the lack thereof has often been criticised by researchers [5]. 

It is noted that there are modelling and uncertainties associated with the use of numerical systems. 
The assumptions and limitations of the modelling software are considered and dealt in greater detail 
in Section 5.1.5. Due to the size of the domain and level of accuracy required to predict the 
temperature within the computational cost can also become prohibitively expensive. The use of high-
performance computing can partially alleviate this problem; nevertheless, the exponentially 
increasing resource cost of simulations at finer mesh size still limits to a large extent the quality of the 
numerical experiments run. A mesh sensitivity study can be carried out to determine the magnitude 
of mesh size dependent errors. 

4.5 CURRENT LIMITATIONS OF TRAVELLING FIRE RESEARCH 

 Validation of Results 
Due to the significant cost associated with setting up large scale experiments, the validation of 
travelling fire research is restricted. Numerous large-scale tests highlight the need for several key 
elements, aside from the funds, to perform such studies. These include the provision of an 
experimental building to carry out the test, the need for a significant amount of material (combustibles 
and insulating linings), sensor arrays, as well as firefighting support [34]. The coordination of all 
necessary stakeholders and items mentioned above contribute to the relatively scarce knowledge 
base for data validation in large scale compartment fires. 

 Availability of Experimental Results – Lack of spatial resolution 
As highlighted earlier, the ability to measure temperature fluctuations over time at different locations 
is an essential part of travelling fire study. By extension, the larger the compartment under study, the 
greater the amount of sensors required to measure the spatial and temporal temperature distribution. 
For this reason, the lack of spatial resolution is identified as a barrier to travelling fire research.  

 Parameter Sensitivity 
Fires are a highly dynamic and complex process that depends on numerous factors such as material 
properties, ventilation conditions, compartment geometry and fuel load amongst many others. 
Therefore, it is quite difficult to characterise with high certainty the way in which a fire would evolve 
given a set of boundary conditions. As a result, a series of experiments are often required to define 
the impacts of certain parameters on the fire behaviour. The high cost of travelling fire experiments 
thus further limits the ability to comprehensively test different parameters thereby restricting the 
progress in the travelling fire research. 

 Simplification of Fuel Packages 
In order to better characterise the initial conditions of experiments, researchers tend to utilise fuel 
packages of known fire development characteristics. In this thesis, the same approach is used, allowing 
for reasonable prediction of HRR of fuel packages. Similarly, the fuel packages are simplified for the 
purpose of the CFD study. Some travelling fire methodologies assume a homogenous fuel distribution. 
However, one is reminded that, in real compartment fires, the fuel load is not homogenous and has 
varying fire interaction characteristics. The results from experiments thus reflect simplified 
compartments. 
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5 METHODOLOGY 
Since the study being undertaken consists of applying existing methods, running CFD simulations and 
comparing the results, the algebraic method and CFD simulations are detailed in their respective 
sections within this chapter. 

5.1  FDS MODEL DEVELOPMENT 

5.1.1  Fire Dynamics Simulator (FDS) and High-Performance Computing (HPC) Infrastructure 
The numerical simulations conducted in this thesis were run using a Large-Eddy Simulation (LES) 
software for low-speed flows, with an emphasis on smoke and heat transport from fires, called FDS 
[35]. The HPC Tier 2 infrastructure provided by Vlaams Supercomputer Centrum – Ghent University is 
used to run the FDS software (version: FDS 6.7.0). 

5.1.2 Geometry and Boundary Conditions 
In order to capture travelling fire behaviour, it is necessary to design a large computational domain; a 
compartment of 40m by 10m was constructed in FDS. These dimensions are deemed both large 
enough for the purpose of the study while maintaining a reasonable amount of computational time 
to run the simulations. While the default height was set at 4m, this value is modified to investigate 
the impact of compartment height on fire spread. Openings are provided on both sides of the longer 
facades to allow for influx of fresh air. It should be noted that the openings are set at a height 
representative of typical windows. The opening does not extend to the ceiling thereby allowing a 
smoke layer to be built up. The computational domain around the openings is extended to minimize 
air flow errors caused by the pressure solver at the mesh boundary. Detailed dimensions of the 
compartment are presented in Appendix 10.1. 

 
Figure 5 FDS Visualisation of Cribs in Open Plan Compartment 

Owing to the size of the computational domain, it was important to evenly distribute the 
computational load over the number of cores used to run the simulations. A diagnostic simulation was 
run to identify the smoke travel path upon exiting the compartment and it was observed that the 
smoke seldom spread over the roof but rather spilled further horizontally upon exiting the 
compartment, after which it was transported vertically. The computational boundaries were adjusted 
to avoid clipping the smoke too close to the compartment openings. Further details on the mesh 
boundary is provided in Appendix 10.3. The material properties of the boundary walls, floor and ceiling 
were assumed to be those of concrete. The wooden cribs were assumed to bear the same material 
properties as those of pine wood. The values used are summarised in Table 2. 
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Table 2 Material Properties used in CFD simulation 

 PROPERTIES 

SOURCE 

𝑘 𝜌 𝑐 

MATERIAL 𝑊/𝑚 ∙ 𝐾 𝑘𝑔/𝑚  𝐽/𝑘𝑔 ∙ 𝐾 

Walls Concrete 1.1 2100 880 [27] 
Floor Concrete 1.1 2100 880 [27] 

Ceiling Concrete 1.1 2100 880 [27] 
Fuel Package Yellow Pine 0.147 640 2800 [17] 

Burnt out package Yellow Pine 0.147 640 2800 [17] 

5.1.3 Fire Characteristics 
It is especially important to characterise the fire source to allow for both accurate numerical 
simulations and validation through subsequent reduced scaled experiments. For this reason, the fuel 
packages are modelled based on research available on wooden pallets. This choice is supported by the 
following reasons: 

1. Availability of the HRR curve from experimental data. 
2. Generalised equation for prediction of peak HRR for a range of wood pallet sizes.  
3. Availability of validated scaling experiments using wooden pallets. 

The heat release rate of a typical wooden pallet stack (1.22 x1.22 x1.22m) is illustrated in Figure 6. It 
is of interest to observe that that a plateau in HRR is achieved, similar to burning wooden crib 
behaviour as noted by Babrauskas [36]. It is noted that Babrauskas derived these results using a 
furniture calorimeter are more similar to an open burning scenario rather than an enclosed space 
burning behaviour. 

 

 

 

Figure 6 Heat Release Rate curve for a typical wooden pallet fire (1.22 x 1.22 x 1.22m) [17] 

The SFPE Handbook also provides a generalised formula expressing the maximum HRR, i.e., the 
plateau in Figure 6 in terms of stack height and moisture content. The equations are presented below. 

  �̇� = 1368 1 + 2.14ℎ  × (1 − 0.03𝑀), 𝑓𝑜𝑟 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑝𝑎𝑙𝑙𝑒𝑡𝑠 Eq.  11 [17] 

  �̇� = 919 1 + 2.14ℎ  × (1 − 0.03𝑀), 𝑓𝑜𝑟 𝑛𝑜𝑛 − 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑝𝑎𝑙𝑙𝑒𝑡𝑠 Eq.  12 [17] 

Where   ℎ = 𝑠𝑡𝑎𝑐𝑘 ℎ𝑒𝑖𝑔ℎ𝑡 (𝑚) 

 𝑀 = 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) 

The equation allows the calculation of preheated and subsequently drier fuel packages in addition to 
those maintained under normal conditions. While the preheating is not modelled in this study, the 
above equations could be used for such purposes in future works. 
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 Figure 7 Individual Fuel Package Dimensions 

The top and side faces only ignite and contribute to fire spread. This is equivalent to a maximum of     
1 x 5 = 5m2 of burning area per fuel package. The bottom face, in contact with the floor, does not burn. 

The wooden pallets are modelled in FDS using 1m cubes with an initial moisture content of 5%. It is 
assumed that the HRR curve shown in Figure 6 is representative of the HRR evolution irrespective of 
the peak HRR value and is thus scaled to match the calculated peak HRR. 

The peak HRR is thus calculated as follows from Equation 12: 

�̇� = 919 1 + 2.14ℎ  × (1 − 0.03𝑀) = 919(1 + (2.14 × 1.0)) × (1 − 0.03(5)) ≈ 2453 𝐾𝑊 

For one fuel package, the exposed area available for flame spread is 5m2; the corresponding HRR per 
unit area of fuel package surface is therefore 490.6 KW/m2. The growth and decay of the fuel package 
is determined by digitizing the HRR curve from experiments illustrated in Figure 6. The obtained values 
are then used to generate the HRR ramp in FDS. The FDS code can be found in Appendix 10.4. 

5.1.4 Fire Spread Modelling 

Given that travelling fires are characterised by a moving flame front, the rate of fire spread is a key 
phenomenon requiring due consideration. However, fire spread is dependent on several variables 
such as HRR and material properties of the fuel. Due to the lack of available data, it has proved difficult 
to determine the aforementioned properties, leading to poor predictions of fire spread [37]. Studies 
conducted by Yuen et al. [38] have shown that change in temperatures affect the material composition 
and hence the pyrolysis process, which is itself strongly linked to fire spread. Bearing this in mind, the 
fire spread is modelled dynamically in FDS to provide a realistic realisation of the fire growth and 
temperature profile within the compartment. Initially, the critical heat flux or critical temperature for 
ignition were proposed as potential triggers for flame propagation onto discrete fuel packages in FDS. 
However, research conducted by Vermesi et al. [39] have concluded that irradiation alone is not a 
reliable predictor of wood ignition. The critical temperature for ignition of wood was therefore used 
as the parameter for flame spread between fuel packages. This reasoning was supported by the 
findings from Yudong et al. [40] stating that using temperature of the order of 300oC will give 
conservative results in simple heat transfer models of ignition. Using this approach, each fuel package 
is assigned an ignition temperature of 300oC and ignites automatically once the temperature of the 
fuel packages’ surface reaches this assigned value.  

The advantage of this approach is that radiation from multiple sources is accounted for in the fire 
spread, thus providing more realistic fire propagation. It should however be kept in mind that this 
approach is reliant upon the quality of the resolution of the temperature profile; a fine mesh is 
required to obtain reasonably accurate results. Additionally, because FDS uses a discretized form of 
the radiation transport equation (RTE) utilizing solid angles [41], the quality of radiation modelling will 
drop very rapidly as distance between the emitting and receiving body is increased. The non-uniform 
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distribution of the radiant energy due to this discretization, called the ‘ray effect’, will lead to hotspots 
thereby decreasing the quality of the simulation. For this reason, the fuel packages are spaced at 
relatively small intervals of 1 metre in all the simulations run. 

5.1.5 Mesh Treatment 
One of the main challenges posed by this study was the size of the compartment to be studied from a 
numerical analysis standpoint. Travelling fires are associated with large compartments where localised 
flashovers progress through the enclosure; the effect cannot be replicated in smaller compartments 
because the flashover leads directly to a fully involved room. Therefore, it was important to 
characterise an enclosure of dimensions that would allow the travelling fire phenomenon to be 
observed while not increasing unnecessarily the size of the computational domain. The dimensions 
used in the numerical study were informed by the above-mentioned reasoning. Moreover, all 
simulations were run using the High-Performance Computing (HPC) Infrastructure of Ghent University 
which provided the ability to running the simulations on multiple threads in parallel.  For this reason, 
most simulations were broken down into multiple meshes and run to reduce the compute time 16-
fold (16 to 20 threads used). It should be noted that the mesh boundaries were situated as far as 
possible from the burning surfaces modelled to minimise the risk of numerical instabilities. 

5.1.5.1 Turbulent Flow Scales 

It is essential that the turbulent eddies of the simulation are resolved to a sufficiently fine scale to 
avoid introducing modelling errors. A too coarse mesh will cause large eddies in the energy-containing 
range, still geometry dependent, to be modelled instead of being resolved. To ensure the mesh size 
falls within the universal equilibrium range where the eddies are considered to be isotropic, the 
characteristic length scale of the inertial subrange is defined. 

Based on Pope [42], typically, the onset of the inertial subrange is defined as: 

𝑙 =
𝑙

6
 

Where  lEI is the inertial subrange length scale 

 lo is the length scale of the geometry. 

In order to be conservative, the geometry length scale is assumed to be smallest value of the model 
geometry, i.e., the height of the compartment. In this case, the lowest compartment height studied 
was at 3 metres. 

The IEI length scale is calculated to be  𝑙 = = 0.5m. This value provides an indication of the 
maximum mesh size that will not introduce significant modelling errors from a perspective of 
capturing turbulent energies. Based on the above assessment, mesh sizes smaller than 0.5m are 
considered for further investigation. 

5.1.5.2 Non-Dimensional Fire Diameter and Plume Resolution Index 

The FDS User Guide provided some guidelines on how to treat mesh resolution. A measure of how 
well the flow field is resolved can be gauged by determining the Plume Resolution Index (PRI), which 
is the ratio of the characteristic fire diameter over the mesh spacing. 

The dimensionless fire diameter and PRI are expressed as follows: 

𝐷∗ =
�̇�

𝜌 𝑐 𝑇 𝑔
 

𝑃𝑅𝐼 =  
𝐷∗

𝛿𝑥
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Where 𝛿𝑥 is the mesh filter size. 

In most experimental setups, the FDS validation guide reported values for the 𝐷∗/𝛿𝑥  ratio between 
5 and 15 [41]. Based on the design fire characteristics, the corresponding values are calculated for 
 𝐷∗/ 𝛿𝑥 and summarized below. The heat release rate �̇� , was taken to be that of a fully involved row 
of fuel packages since it was deemed to be representative of the average fire size within the 
compartment. 

𝐷∗ =
12265

1.204 × 1.005 × 293 × √9.81
= 2.614 

Table 3 shows the calculated values for mesh sizes tried during these simulations. 

Table 3 Mesh Sensitivity Study – Non dimensional ratio comparison 

 Very Coarse Coarse Moderate Fine Fine 

Mesh size, m 0.5 0.4 0.2 0.1 0.05 

𝑫∗/𝜹𝒙 5.23 6.54 13.07 26.14 52.28 

While the results presented in the above table do not provide a definitive idea of the quality of the 
results, they provide an indication of potentially adequate meshes sizes that can be utilised for the 
simulations. Therefore, based on the PRI, mesh sizes of 0.2m, 0.1m and 0.05m were considered for 
further study. 

5.1.5.3 Mesh Sensitivity Study 
A mesh sensitivity analysis is carried to determine the most representative results at reasonable 
computational cost. The initial approach employed was to run simulations on gradually finer meshes 
until no appreciable differences in the parameters being sought were obtained. However, it was also 
important to consider the computational power available and corresponding time required. A 
preliminary analysis showed that the computational time of the 0.1m mesh was of the order of weeks. 
To save on the computational time, the mesh sensitivity study was carried out on a portion of the 
domain, i.e., the first 20m of the compartment, which effectively reduced the computational time by 
roughly half. The table below summarises the time taken to run the simulations using the HPC 
infrastructure (excluding queuing time) and emphasises the limitations of refining the mesh to 0.1m 
and lower. The geometry details can be found in Appendix 10.4. 

Table 4 Summary of computational time required to run mesh sensitivity study 

 Coarse Moderate Fine Fine 

Mesh size, m 0.4 0.2 0.1 0.05 

Number of Cells 12500 100,000 800,000 6,400,000 

Computational Time 6-7hrs 48-72hrs 9-12 days N/A 

𝑫∗/𝜹𝒙 6.54 13.07 26.14 52.28 

Table 4 stresses the expensive computational times associated with meshes smaller than 0.2m. Since 
the simulations in this study are roughly twice as larger as those run for the mesh sensitivity study, it 
can be inferred that the run time for a 0.1m simulation would require in excess of a month. These 
results therefore place significant limits to the ability to resolve the fire dynamics at a finer mesh scale 
given the timeframe available for this study. The results obtained for different meshes and different 
number of radiation angles are compared and presented in Table 5. 
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Table 5 Mesh Sensitivity Study - Comparison of Adiabatic Ceiling Temperatures and Heat Release 
Rates 

 

 

 



Analysis of Travelling Fires using CFD Simulations and Comparison to the Travelling Fire Methodology 

19 
 

 

From the results, it can be inferred that mesh convergence for HRR and ceiling temperatures are not 
achieved with 0.4m and 0.2m meshes. The 40cm mesh leads to a significant overprediction of the HRR 
in the simulation subsequently causing more elevated temperatures to be recorded at the ceiling level 
in all positions within the compartment. The opposite is observed for the 20cm mesh, whereby 
underpredictions in temperature are recorded when compared to the 10cm mesh. It is also noted that 
the divergence in results occur after 1600s of burning, where the discrepancy in HRR between the 
different mesh sizes amplify the difference between the measured temperatures. Based on these 
results, it can be inferred that the inaccuracies in predicting the temperatures within the compartment 
become increasingly apparent as time progresses in the simulation. This highlights a potential 
limitation of the fire modelling approach employed; the heat feedback is responsible for flame spread 
in the simulations and subsequently, deviations are magnified as the fire event progresses. 

Given that the flame spread and HRR is associated with the temperature exposure of the fuel 
packages, overpredictions (e.g. 40cm mesh) or underpredictions (e.g. 20cm mesh) of temperature in 
the compartment lead to increasingly divergent behaviour as the fire develops.  These findings stress 
the need to run the simulations on very fine meshes in order to capture the fire spread correctly. A 
further step would be to validate the simulations against reduced scaled experiments to improve the 
accuracy of the results.  

While it is acknowledged that the 20cm mesh cannot provide accurate temperature predictions, it is 
used during the course of this thesis because it still gives an indication of the temperature-time trends 
observed in travelling fires. Furthermore, the main reason for not employing a 10cm mesh is the 
computational time required. Additionally, the quality of the 10cm mesh cannot be guaranteed 
without validation through experiments thereby stressing the need to support such simulations in 
future studies with experiments. It is still strongly recommended that this study be conducted on a 
finer mesh in further work until mesh convergence is achieved especially if temperature exposure is 
of interest. 

Another important characteristic of the simulation is the modelling of the radiation. The radiation 
solver accounts for about 30% of the computational time; for this reason, different number of 
radiation angles were investigated to identify their impact on the results [43]. When no radiation was 
modelled, flame propagation did not occur at neither 20cm nor 10cm mesh size, as can be observed 
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in Table 5, thereby emphasizing that radiation plays a crucial role in the fire spread inside the 
compartment despite 65% of the HRR being released through convection. Based on these findings, it 
was deemed that radiation modelling could not be ignored in subsequent simulations. The quality of 
the radiation modelling was investigated by increasing the number of radiation angles and comparing 
the results. It was concluded that increasing the number of radiation angles did not appreciably 
increase the quality of the simulations at the mesh sizes studied. It can be inferred from the results 
that for mesh sizes of 10cm and higher, the mesh is already saturated with 104 radiation angles. 
Therefore, increasing the radiation angles for such mesh sizes only increases the computational cost 
but does not yield improved results. A higher number of radiation angles should however be 
attempted if a finer mesh (e.g. 0.05m or 0.01m) or if a larger spacing within fuel packages is utilised in 
further research. Based on the findings, the simulations were run using a 20cm mesh with 104 
radiation rays. 

Values of the incident heat flux at different radiation angles were also compared and are presented in 
Figure 8. In a similar vein to results observed for the temperature profiles, it can be concluded that 
the number of radiation angles have marginal impact on the quality of the results. Nevertheless, the 
results show that the heat flux is severely underpredicted by the 20cm mesh; the peak heat fluxes 
differ by 45% between the two cases. Due to this larger uncertainty, the use of heat flux 
measurements is only used as an indicative tool in this study. 

 
Figure 8  Comparison of Incident Heat Flux for different mesh sizes and radiation angles 
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5.1.6 Simulation Input Parameters 
The simulation input parameters coded into the FDS codes are presented in this section. The detailed 
dimensions, FDS code, and HPC script are presented in Appendix 10.1, 10.5, 10.6 respectively. 

5.1.6.1 Case 0 - Control Case 
The control case is modelled to represent an array of fuel packages in a large open plan rectangular 
compartment. The fuel packages are distributed evenly throughout the compartment to replicate a 
uniform fuel load density across the whole floor area. The compartment consists of 20 rows of 5 sets 
of stacks amounting to a total of 100 stacks as shown in Figure 9. The distance between two adjacent 
fuel packages is fixed at one metre in order to minimize the error associated to radiation propagation 
in FDS. Openings were provided on both sides of the longer faces of the compartment. Graphs 
presented in this document will utilize the coordinates system illustrated below. 

Figure 9 Plan view of compartment showing arrangement of fuel packages 

5.1.6.2 Case 1 – Increased Ventilation 
In case 1, the general layout of case 0 is conserved with the exception of an increased opening area. 
This was achieved by increasing the height of the opening while maintaining the same clearance from 
the ceiling and is illustrated in Figure 10 and Figure 11. 

 
Figure 10 Front View of Case 0 - 18m x 2.4m opening 

 

 
Figure 11 Front View of Case 1 - 18m x 3.2m opening 

The objective was to investigate the fire behaviour in varying ventilation conditions as it is expected 
that the air flow through the openings will affect the flame propagation. The ventilation factor is used 
to quantify the difference in ventilation; the calculations are presented below. 

x 

y 

40 m  

10 m  

Ventilation Openings (x=11 to x=29) Fire Origin, (0.9,4.9) 

18 m 

2.4 m 

18 m 

3.2 m 
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𝑉𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟, 𝑣 , =  𝐴 𝐻  Eq.  13 

𝐴 = 𝐴 = 𝑏 ℎ    Eq.  14 

𝐻 = 𝐻 =
∑ 𝐴 ℎ

𝐴
 Eq.  15 

𝑤ℎ𝑒𝑟𝑒 𝐴  𝑖𝑠 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑜𝑝𝑒𝑛𝑖𝑛𝑔 𝑎𝑟𝑒𝑎  

    𝐻  𝑖𝑠 𝑡ℎ𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑝𝑒𝑛𝑖𝑛𝑔  

Applying Equations Eq.  13, Eq.  14, and Eq.  15, the ventilation factors for both cases are calculated 
below. 

𝑣 ,  = (2 × 2.4 × 18) ∙ √2.4 ≈ 133.9 

𝑣 ,  = (2 × 2.4 × 18) ∙ √3.2 ≈ 206.1 

The change in ventilation factor between the two cases is calculated to be 34%. 

5.1.6.3 Case 2 – Single Opening 
In this case, the ventilation is reduced compared to the base scenario. One opening is removed leading 
to an asymmetrical ventilation scenario. It is expected that the more significant smoke depth would 
affect the flame spread through the compartment. 

5.1.6.4 Case 3 – Ventilation opening on 2 shorter faces 
As documented in previous experiments, the placement of openings at opposite ends of the 
compartment were shown to affect fire spread behaviour. This case attempts to visualise the 
temperature profile within the room when subjected to a different opening configuration. Figure 12 
shows the placement of the openings leading to a tunnel-like situation. It should be noted that the 
ventilation factor remains unchanged from the control case, i.e., size and height of openings are the 
same. 

Figure 12 Illustration of model with openings positioned at opposite ends of the compartment 

5.1.6.5 Case 4 – Lower Compartment Height 
The lower compartment height aims to explore the potential impact of increased smoke radiation 
feedback and flame impingement at ceiling and their subsequent contribution to flame spread to fuel 
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packages. This is achieved by decreasing the ceiling height to 3m while maintaining the same opening 
size and ventilation factor as the control case. 

5.1.6.6 Case 5 – Increased Compartment Height 
Modelling a higher compartment ceiling aims to investigate the effect of a larger smoke reservoir and 
its subsequent impact on the predictive capabilities of the established travelling fire methodologies. 
The ceiling is raised to 5m height in this case and the results are then compared. 

5.1.6.7 Case 6 – Changing Ventilation Conditions during fire progress 
In real fire scenarios, it is highly likely that ventilation conditions evolve over the course of the fire. For 
this reason, a numerical simulation has been set up to probe the influence of changing ventilation 
conditions during the fire. A reasonable scenario, involving window breakage at a given temperature 
is proposed. The windows are set to break at 340oC based on values found in literature [44].  

5.1.6.8 Case 7 – Increased Heat Release Rate per Unit Area (HRRPUA) 
The increased fuel load density is also examined and compared to the predictions of travelling fire 
methodologies. Case 7 provides further information on the possible limitations associated with the 
identified travelling fire calculations. The HRR of each fuel package is increased from the initial value 
of 2453kW to 4000kW which equates to a change of about 40%. 

5.1.6.9 Case 8 – Square Compartment 
The effects of physical boundaries altering flame spread is assessed in this scenario. The results could 
indicate whether the use of travelling fire methodologies can be extended to complex building 
arrangements (e.g. non-rectangular compartments). The same number of fuel packages are used as 
in the control case. Similarly, the same ventilation dimensions are maintained. 

 
Figure 13 Plan view of square compartment showing arrangement of fuel packages 

 

5.1.6.10 Case 9 – Changing location of fire origin 
The same compartment geometry as in Case 8 is used but the fire origin location is moved closer to 
the openings. The objective of this simulation is to identify fire behaviour changes based on the 
ignition location.  

Fire origin Case 8 

Fire origin Case 9 

20m 
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5.2 APPLICATION OF THE TRAVELLING FIRE METHODOLOGY 
The implementation of the TFM is detailed in this section. This methodology is chosen because it does 
not rely on zone models as is the case for the ETFM, which would add a layer or complexity as well as 
larger modelling uncertainties. The objective is to determine whether hand calculations presented in 
this methodology can provide an accurate representation of the temperature profile in an enclosure 
where a travelling fire exists. 

5.2.1 Travelling Fire Methodology (TFM) 
The TFM proposed by Rackauskaite et al. [45] is adapted to generate a temperature profile at discrete 
locations within the compartment. The methodology utilises a main equation that governs the 
temperature at a point of interest, taking into account the position of the fire within the compartment. 
A set of simple equations are then applied to bound and generate a realistic temperature profile. The 
far field temperature at a given position, 𝑥 , and time, 𝑡 , can be determined using the following 
equation. 

  𝑇 (𝑥, 𝑡) = 𝑇 +
5.38

𝐻

𝐿𝐿∗𝑊�̇�”

𝑥 + 0.5𝐿𝐿∗ − �̇�
 Eq.  16 [45] 

Where   𝑇 (𝑥, 𝑡) = 𝐹𝑎𝑟 𝑓𝑖𝑒𝑙𝑑 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑎𝑡 𝑝𝑜𝑖𝑛𝑡 𝑥 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 

𝑇 = 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, (𝐾)  

𝐻 = 𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑚𝑝𝑎𝑟𝑡𝑚𝑒𝑛𝑡, (𝑚)  

𝐿 = 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑚𝑝𝑎𝑟𝑡𝑚𝑒𝑛𝑡, (𝑚)  

𝑊 = 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑐𝑜𝑚𝑝𝑎𝑟𝑡𝑚𝑒𝑛𝑡, (𝑚)  

𝐿∗ = 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑓𝑖𝑟𝑒 𝑠𝑖𝑧𝑒  𝑑𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑜𝑛 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑒𝑎𝑑𝑖𝑛𝑔 𝑒𝑑𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑖𝑟𝑒  

 �̇�” = 𝐻𝑒𝑎𝑡 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 𝑅𝑎𝑡𝑒 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎, (𝐾𝑊/𝑚 ) 

𝑥 = ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝑓𝑖𝑟𝑒 𝑜𝑟𝑖𝑔𝑖𝑛 𝑡𝑜 𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡, (𝑚)   

�̇� = 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑒𝑎𝑑𝑖𝑛𝑔 𝑒𝑑𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑖𝑟𝑒 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑝𝑙𝑎𝑐𝑒 𝑜𝑓 𝑓𝑖𝑟𝑒 𝑜𝑟𝑖𝑔𝑖𝑛, (𝑚)   

Figure 14 illustrates the different parameters used in order to calculate the temperature field at a 
given point within the compartment. 

 
Figure 14 Illustration of Travelling fire and distribution of gas temperatures near and far field regions and the 

resulting temperature profile [46] 



Analysis of Travelling Fires using CFD Simulations and Comparison to the Travelling Fire Methodology 

25 
 

The first challenge when using this equation was to adapt the formula, which assumes a continuous 
and uniform fuel load density across the floor plate, to one that consists of discrete fuel packages. In 
order to circumvent this limitation, the compartment is divided in 10 arrays of 10 fuel packages each 
and is illustrated in Figure 15.  By discretizing the floor plate, an adjusted fuel load density can then 
be calculated. The green arrow shows the direction of travel of the fire, as it progresses from one array 
to the next. 

Figure 15 Division of floor plate into discrete sections of uniform fuel load density 

However, since the method also assumes a constant HRR per unit area (HRRPUA), it was necessary to 
establish a representative point value HRR, based on the HRR curve of fuel packages being modelled. 
This is achieved by quantifying the energy released by the fuel package and averaging the value of the 
burning time of the package. The energy content of each fuel package is obtained by evaluating the 
area under the graph of the HRR vs time plot (see Figure 16), using the Simpson’s rule. 

 
Figure 16 Area under graph showing energy released by fuel package 
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𝑈𝑠𝑖𝑛𝑔 𝑆𝑖𝑚𝑝𝑠𝑜𝑛 𝑠 𝑅𝑢𝑙𝑒  

𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝐺𝑟𝑎𝑝ℎ, 𝐸 =
1

2
( 𝐻𝑅𝑅 + 𝐻𝑅𝑅  ) × 𝑡 = 1360.4 𝑀𝐽 Eq.  17 

Logically, the total energy released by one array of 40m2, consisting of 10 fuel packages would be 
13604MJ. The adjusted fuel load density can thus be calculated as 13604/40 = 340𝑀𝐽/𝑚 . Similarly, 
the HRR per unit area (HRRPUA) is obtained as follows: 

𝐻𝑅𝑅𝑃𝑈𝐴 =
𝐸 ,  

𝑡 × 𝐴
=

13604

995 × 40
= 341.8𝐾𝑊/𝑚  Eq.  18 

With both the fuel load density and HRRPUA being quantified as point values, it is now possible to 
determine, using Equation Eq.  16, the predicted temperature at a given point. It should, however, be 
noted that the temperature is related to the position of the fire, characterised by the value �̇� . The 
method uses a constant fire spread rate in order to track the position of the fire within the 
compartment as shown in Equation Eq.  19. Once again, it is necessary to determine a fixed fire spread 
value due to the limitations of the methodology.  

�̇� = 𝑠 × 𝑡 Eq.  19 

Where �̇� = 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑒𝑎𝑑𝑖𝑛𝑔 𝑒𝑑𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑖𝑟𝑒 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑝𝑙𝑎𝑐𝑒 𝑜𝑓 𝑓𝑖𝑟𝑒 𝑜𝑟𝑖𝑔𝑖𝑛, (𝑚) 

𝑠 = 𝑓𝑖𝑟𝑒 𝑠𝑝𝑟𝑒𝑎𝑑 𝑟𝑎𝑡𝑒, (𝑚/𝑠)  

𝑡 = 𝑡𝑖𝑚𝑒 𝑠𝑖𝑛𝑐𝑒 𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑢𝑒𝑙, (𝑠)  

Due to the scarce information on fire spread rates of travelling fires, there is a large uncertainty band 
associated with this parameter. Values from literature, derived from real building fire investigation 
reports, include fire spread rates ranging from 1.5mm/s to 19.3mm/s [47]. Two approaches are 
proposed to tackle this problem. In the first approach, the average fire spread rate is calculated from 
the numerical simulations and is then utilised to determine �̇�  and then compare the TFM with the 
numerical results. The second method, is to use the average fire spread rate obtained from literature, 

i.e., . .
= 10.4𝑚𝑚/𝑠. This second option, however, assumes that a blanket single fire spread rate 

is used for all cases. It is acknowledged that the first option offers limited value to applied fire 
engineering because of their reliance on the numerical results as an input to the TFM method. 
However, in this study, the TFM is used as a comparative tool rather than a predictive one. Thus, the 
use of simulation results to inform the values used in the TFM are deemed acceptable. 
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6 RESULTS AND DISCUSSION 

The results and discussion are presented in three parts. The first part consists of understanding the 
fire dynamics occurring during a travelling fire event. Secondly, the travelling fire methodology is 
applied to the results obtained from the numerical simulation and the observations discussed. Finally, 
the assumption of fixed fire spread is analysed and discussed.  

6.1 ANALYSIS OF TRAVELLING FIRE BEHAVIOUR 
The temperature time profiles are presented for multiple locations at ceiling level. The locations most 
referred to are shown in the figure below. 

Figure 17 Location of devices measuring temperature profiles in simulations 

6.1.1 Control Case - Temperature Profile 
The graph below shows the temperature variation over time at four discrete locations at ceiling level 
in the compartment for the control case.  

 
Figure 18 Temperature-Time profile of ceiling at three different positions inside the large compartment for Case 0 

x 

y 

40 m  

10 m  

AST_53, (20.9,5.0,4.0) AST_23, (10.9,5.0,4.0) 

AST_68, (26.9,5.0,4.0) 

AST_93, (36.9,5.0,4.0) 
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It can be observed that the temperature exposure at 10.9, 20.9, 26.9 and 36.9m correspond to 
travelling fire behaviour; the further the measuring point with respect to the fire origin, the longer the 
time until the first peak temperature is observed. This initial peak corresponds to the time at which 
the flame is directly below the measurement device and is confirmed by observing the temperature 
slices at their corresponding times  as shown in Table 6. The slices also reveal that a significant amount 
of smoke is built up behind the flame front during the first 2200s, leading to a higher temperature 
(700-800oC) registered by the measuring device. During this period, the smoke is trapped between the 
walls of the compartment and the flame front, unable to escape effectively through the openings. This 
contrasts with the temperature slice at 3745s, where a cooler smoke layer (500-600oC) is present. It is 
also reflected in the 20.9m temperature profile in Figure 18, where the temperature is generally lower 
than both the 10.9m and 26.9m profiles as smoke can freely escape as well as mix with entrained fresh 
air. 

 Table 6 Temperature Slices and side view (oC) at centreline of compartment (y=5.0m)  
  

a) 
t = 

2190s 
 

 

b) 
t = 

3745s 

 

c) 
t = 

4500s 

 

d) 
t = 

5400s 

 

e) 
t = 

5400s 

 

An interesting behaviour is observed as the flame front progresses past the openings. Once again, the 
venting of hot smoke is inhibited by the presence of the advancing flame front towards the far end of 
the compartment.  A similar smoke build-up to what occurred in the initial 2000 s of the fire. However, 
the main distinction in this case, is the presence of unburnt fuel packages at the location of smoke 
build up (see Table 6 c)). The hot smoke layer descends and thus causes a rapid ignition of all remaining 
fuel packages located at the far end of the compartment. In other words, the travelling fire behaviour 
transitions to a traditional flashover event at the end of the compartment.  

The localised flashover observed at the end of the compartment leads to a sudden increase in 
temperature at the ceiling directly above the fuel packages as illustrated in Figure 18 (see 36.9m plot). 
Due to an oxygen vitiated environment at the end of the compartment, flaming also occurs along the 
length of the ceiling leading up to the openings. The temperature slice at 5400s confirms the presence 
of temperatures of 1000oC extending to a large part of the ceiling in the second half of the 
compartment (i.e., 20m < x < 40m). The flashover prior to complete burnout of the compartment  
causes a second large spike in temperature as observed in Figure 18. The effect is more prominent at 
the locations closer to the end of the compartment and suggests that any element at ceiling level may 
be subjected to elevated temperatures multiple times during a fire in a large compartment. The 
localised flashover will be of critical importance when comparing the predicted temperature profile 
from calculations with observations made thus far and is discussed in Chapter 6.4. 
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6.1.2 Ventilation Opening Configurations 
The five different ventilation configurations highlighted in the methodology section are compared. 
Firstly, Figure 19, Figure 20 & Figure 21, all show that the travelling fire behaviour is present in all 
ventilation configurations simulated. However, different peak temperatures and burn out times are 
observed. The legend in Figure 19 also applies to Figure 20 & Figure 21. 

 
Figure 19 Temperature-Time Profile for different ventilation conditions at (10.9,5.0) 

 
Figure 20 Temperature-Time Profile for different ventilation conditions at (20.9,5.0) 

 
Figure 21 Temperature-Time Profile for different ventilation conditions at (26.9,5.0) 
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6.1.2.1 Larger Openings 
In Case 1 (Larger Openings) the temperatures escalate at a quicker rate and peaks at 1000oC. This is 
contrasted with Case 0 (Control), where the peak temperature does not exceed 800oC.  The increased 
opening area in Case 1 supplies a larger amount of fresh air to the compartment, allowing more 
efficient combustion at the early stages of the fire. The larger radiative feedback from the hotter 
smoke and flames accelerates the fire growth and causes the temperature to rise sharply as seen in 
Case 1. However, due to a larger amount of fuel packages being involved at this stage, more pyrolysis 
gases are produced and at a certain point in time, a fuel rich environment is created within the 
compartment. The flames consequently become extended in height explaining the higher peak 
temperatures observed in Case 1. The fuel rich environment does not occur as severely in Case 0 
because of the initially lower fire spread. Table 7 shows a comparison of the fuel mass fractions, 
contrasting the fuel rich environment in Case 1 associated to increased flame length and higher ceiling 
temperatures. 

Table 7 Comparison of fuel mass fractions (kg/kg) of Case 0 and Case 1 at 1600s 

a)  

 

 

b) 
 

 
 a) Case 0 (Control) - 2 symmetrical openings of 18m x 2.4m 

b) Case 1 (Larger Openings) – 2 symmetrical openings of 18 x 3.4m 

6.1.2.2 Location of Openings (Openings placed at the short ends of the compartment) 
Similar to the observations in Section 6.1.1, a second peak in temperature is recorded just prior to 
burnout of the compartment in all but one case. The characteristic localised flashover at the end of 
the compartment is absent in Case 3 (Ventilation openings at the short faces) due to the hot smoke 
being able to readily escape through the openings. Figure 22 confirms that the fire spread in the Case 
0 (Control) is initiated by the hot smoke layer whereas fire spread is triggered by the flames of the 
adjacent fuel packages in Case 3. In all simulations, the trigger event for flame spread was based on 
the fuel packages’ surface temperature. This temperature was set at 300oC and is denoted by the 
green horizontal line in the graph. In the Case 0, the top face of the fuel package reaches the ignition 
temperature before the side face, as opposed to Case 3 where the reverse is observed thus supporting 
the hypothesis that the smoke is not the dominant cause of fire spread in Case 3, unlike in Case 0. 
These are highlighted by the arrows in Figure 22. 
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Figure 22 Comparison of Top and Side temperature profiles of fuel package 98 (38.9,5.0) for Case 0 

and Case 3 
The flow velocities are also presented in order to provide an indication of the flow field prevailing in 
the compartments. The figures shown correspond to those taken at a height of 3.6m (above the 
neutral plane and within the smoke layer). A marked difference is that the gas velocities lie mainly 
between 3.2 to 5.6m/s whereas velocities of 3.2 to 8m/s are observed in the control case. Moreover, 
the flow velocities recorded in Case 3 are much more homogenous both in magnitude and in space 
throughout the fire event. This behaviour is heavily contrasted in Case 0 where the velocities peak at 
8m/s when the fire front is behind or ahead of the openings. 

Table 8 Comparison of velocity flow field of Case 0 and Case 3 at different times at z = 3.6m 
Time (s) Case 0 (Control Case) Case 3 (Ventilation on short faces)  

1600 

 

 

3600 

 

5000 
 

 

The velocity vector slices shown in Table 9 further highlight the trapped smoke recirculation occurring 
in Case 0 when the flame front progresses past the opening. In Case 3, the lower part of the 
compartment consists of cold fresh air flowing into the compartment. The cumulative effect of the 
fresh air ingress and thinner smoke layer lead to the significantly different temperature time profile 
recorded for Case 3. 
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Table 9 Illustration of flow field at the end compartment for Case 0 and Case 3 at y = 5.0m 

Case 0 

 

Case 3 

 

6.1.2.3 Decrease in Ventilation Factor 
An asymmetrical ventilation condition is induced by removing one of the openings from the control 
case. Figure 19, Figure 20 & Figure 21 show that higher peak temperatures, of the order of  1100oC 
are registered at ceiling level.  The fire develops rapidly due to the formation of a thicker smoke layer 
caused by the presence of only one opening through which the hot gases can escape. Multiple fuel 
packages being involved in the fire create a fuel rich environment in the compartment, especially with 
decreased ability to entrain fresh air in. Flaming thus extends to the ceiling and through the openings, 
explaining the higher peak temperatures. This case exhibits the highest peak temperature in the 
simulations where ventilation was altered. Interestingly, the peak temperature is recorded when the 
flame front is at the position x=20.9m, despite being adjacent to the opening. This is contrasted with 

Case 0, where lower temperatures were observed due to increased venting of smoke. These findings 
indicate that one cannot directly assume lower temperatures will be observed close to openings. 

Table 10 Fuel mass fraction at 1.6m height at 2200s for Case 0 (Control) and Case 2 (Single Opening) 

a) 

 

 

b) 

 

 
a) Case 0 (Control) Fuel Mass Fraction Slice at 1.6m 
b) Case 2 (Single Opening) Fuel Mass Fraction Slice at 1.6m 
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Table 10 compares the fuel mass fraction within the compartment at a height of 1.6m supporting the 
reasoning that the vitiated oxygen environment causes more significant ceiling jets at the openings. It 
is interesting to note that the flame jets persist for a larger portion of the fire in this configuration 
because of limited oxygen availability; the flaming shifts from inside the compartment to the openings,  
This is reflected by the high ceiling temperature at the 20.9m mark shown in Figure 20.  

Furthermore, comparing the temperature slices for the Case 0 (Table 6) and Case 2 (Table 11) reveal 
that the thermal exposure of 1000oC on the ceiling is much broader in width. The larger area of effect 
of the elevated temperatures could imply more severe thermal attack of structural elements. 
Although the scope of this thesis does not include the thermal response analysis of structures, it would 
be interesting to consider its effects in further research. 

Table 11 Temperature Slices (oC) at centreline of compartment for Case 2 (y=5.0m) 
Time (s)  

 

a) 
t = 

2300s 
 

 

b) t = 
2700s 

 

c) t = 
3000s 

 

d) t = 
3700s 

 

The single opening also gives rise to an asymmetrical temperature distribution across the depth of the 
compartment (y- axis). The temperature slices in Table 12 indicate that the gas temperatures close to 
the openings are of the order of 700oC (Table 11a)) whereas the temperatures at the back of the 
compartment (y=9.0m) lie closer to 1000oC. Once again, the impact of the ventilation arrangement 
cannot be understated; the thermal attack outlined in Figure 23 shows that the back of the 
compartment is subjected to a more severe  temperature for half of the duration of the fire event 
(shaded in red) which could potentially lead to structural failure induced by uneven heating. 

Table 12 Temperature Slices (oC) at different depths inside the compartment (y-axis) 
Time (s) 

 

 

a) 
y = 1m 

 

b) 
y = 3m 

 
 

c) 
y = 5m 

 
 

d) 
y = 7m 

 
 

e) 
y = 9m 
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Figure 23 Ceiling Temperature (oC) for single opening case showing difference in thermal exposure 

6.1.2.4 Dynamic ventilation conditions 
Case 6 (Simulated Window Breakage) shows multiple similarities with the cases discussed earlier. Prior 
to the window breakage, the exhaust of smoke is limited and causes the smoke layer to descend to 
about 1.5m as shown in Table 13. The increased radiation feedback enhances the propagation of the 
flame leading to a larger surface area being involved in the fire. However, the fire is heavily ventilation 
controlled at this point due to the limited openings. Upon breakage of the window, the ingress of air 
allows the fire to grow rapidly leading to peak ceiling temperatures of 1000oC. The simulated window 
breakage scenario provides important insights as to how the initial ventilation conditions can impact 
on the fire progress and temperature inside a compartment and thermal exposure as demonstrated 
in Figure 19, Figure 20 & Figure 21. 

Table 13 Comparison of smoke layer heights before and after first set of windows break 

a) 

 

b) 

 
 a) Smoke layer prior to window breakage (t =1460s) 

b) Smoke layer after first set of windows break (t =1598s) 

Based on the results presented, it is evident that the ventilation conditions play a significant role on 
the temperature profiles inside a compartment. Localised flashovers were observed in compartments 
where smoke could not readily escape ahead of the flame front causing a secondary high temperature 
exposure to elements at the ceiling. Additionally, it was inferred from Case 1 and Case 2 that the peak 
registered temperatures did not behave in a consistent fashion with regards to the supply of fresh air; 
both increasing and decreasing the opening size led to higher temperatures than the control case.  The 

1.5 m 
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peak temperatures recorded varied from 600oC to 1100oC in the five cases studied. Furthermore, Case 
6 demonstrated that dynamic changes in the compartment ventilation can lead to large deviations in 
fire behaviour and should therefore be taken into consideration when studying thermal effects on a 
structure. The high sensitivity to ventilation demonstrated in the above cases is certainly a 
contributing factor in the challenge to obtain accurate results from a-priori generated models [48].  

6.1.3 Compartment ceiling height and travelling fire behaviour 
The following graphs illustrate the effects of compartment ceiling height on the temperature-time 
profile. Three different ceiling heights namely 3m, 4m and 5m are compared and depicted in Figure 
24, Figure 25 and Figure 26. The legend applies to Figure 24, Figure 25 and Figure 26. 

 

 
Figure 24 Temperature-Time Profile for different ceiling heights at (10.9,5.0) 

 
 

 
Figure 25 Temperature-Time Profile for different ceiling heights at (20.9,5.0) 
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Figure 26 Temperature-Time Profile for different ceiling heights at (26.9,5.0) 

The results reveal that lower compartment heights are associated with faster rise and higher peak 
temperatures and this is attributed to flame impingement on the ceiling (see Table 14). The fire growth 
is also accelerated by the flame radiation from the ceiling jets to the fuel packages underneath. Figure 
27 shows how the incident heat flux on the top face of the fuel package is much more significant the 
lower the compartment ceiling is. This causes the heat release rate to rise sharply and contribute to 
temperatures in excess of 1050oC. Due to the rapid fire growth, the fire travels quickly to the end of 
the compartment; burnout is reached after 4000 s only. In comparison, Case 0 and Case 5 take 5900s 
and 6450s respectively. In scenario with a 5m compartment height, only transient flame impingement 
occurs resulting in slower fire spread overall. 

 Table 14 Side view of 3m and 5m compartment showing extent of flame impingement 
and ceiling jets 

a) 

 

b) 

 
 a) 3m compartment height 

b) 5m compartment height 

Minimal flame 
impingement on ceiling 

Severe flame impingement: Arrow indicating flame arching over next row.  
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Figure 27 Comparison of Incident Heat Flux of top face of fuel package 18 (8.9,5.0) 

6.1.4 HRRPUA and Travelling Fire Behaviour 
The influence of an increased HRRPUA (Case 7) is compared to the control cases in the three following 
graphs. The results show that more severe thermal exposure is encountered in the increased HRR case 
due to the significant flame impingement occurring at the ceiling; temperatures of the order of 1200oC 
are registered at all three locations at which the temperature was plotted. Moreover, the far field 
temperature remains elevated due to the higher energy released during the course of the fire.  As a 
result, the fire progresses through the compartment at a faster rate leading to burnout after only 52 
minutes. It should also be noted that significant external flaming is observed in Case 7, explained by 
the fuel rich environment produced by the higher HRRPUA. 

 
Figure 28 Temperature-Time Profile for different HRRPUA at (10.9,5.0) 
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Figure 29 Temperature-Time Profile for different HRRPUA at (20.9,5.0) 

 
Figure 30 Temperature-Time Profile for different HRRPUA at (26.9,5.0) 

It is inferred from the results that an increase in HRRPUA leads to a shorter burn duration but at more 
severe temperatures. It is however noted that the duration at which the temperatures remain above 
400oC are quite similar in both cases as shown in Table 15.  

The duration of elevated temperatures beyond 400oC is expected to be of larger importance from a 
structural design standpoint especially in steel construction due to their rapid strength loss past 400oC. 
However, despite a 40% increase in HRRPUA, the exposure times remained fairly similar to the control 
case. These findings imply that the structural response in those cases will be dictated by the magnitude 
of the temperature, rather than the duration. It is thus proposed that the impact of thermal effects 
on the structural strength are carried out in future works to quantitatively assess the difference in 
structural response. Further simulations are also suggested to confirm whether the exposure to 
>400oC remains relatively constant over a broad range of HRRPUA values. 



Analysis of Travelling Fires using CFD Simulations and Comparison to the Travelling Fire Methodology 

39 
 

Table 15 Comparison of key results obtained from Case 0 and Case 7 simulations 
 Units Control (Case 0)  Increased HRRPUA (Case 7) 

HRRPUA KW/m2 491 800 

Time to burnout minutes 98 52 

Peak Temperature oC 925 1250 

Time temperature 
>400oC 

minutes 

x=10.9m 28 37 

x=20.9m 35 35 

x=36.9m 29 28 

6.1.4.1 Compartment Geometry and travelling fire behaviour 
In this section, the impact of the compartment geometry is analysed. It should be noted that the plots 
in Figure 31 are measured at the centreline of the compartment at a distance of 11m from the fire 
origin. Despite that all parameters such as HRRPUA, number of fuel packages, ventilation sizes have 
been kept the same, disparate fire behaviours are observed between the two scenarios.  

 
Figure 31 Temperature-time profile (oC) at centreline of compartment (y=5.0m for case 0, y=11.1 

for Case 8) showing geometry effects on travelling fire behaviour 

The fact that burnout is reached earlier in the square compartment indicates faster fire spread within 
the compartment. As shown in Figure 32, the fire spreads radially from the ignition source but is 
subsequently restricted by the compartment walls in the control case causing the fame front to spread 
to transition from a radial pattern to a linear one. On the other hand, because of the larger width of 
the compartment in Case 8, the fire spreads freely in a radial manner as illustrated in Figure 33. For 
this reason, burnout is reached faster in Case 8 than in Case 0.  

 
Figure 32 Mapping of Flame front for control case 4m height (Case 0) 
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Figure 33 Mapping of Flame front for Square Compartment (Case 8) 

The plots also reveal a rather counterintuitive behaviour; the peak temperatures are lower than the 
control case despite showing a faster and more vigorous fire growth. This behaviour is related to the 
position of the ventilation openings. In Case 8, less hot smoke and by extension, heat, is trapped in 
the compartment because the openings occupy the entirety of two of the wall faces. The hypothesis 
is confirmed when observing the velocity profiles at the openings, shown in Table 16; velocities as high 
as 8.5m/s are recorded in the rectangular compartment as hot smoke is channelled first by the side 
walls, then through the openings. The absence of such obstructions in the square compartment gives 
rise to velocities inferior to 6m/s. It is thus inferred that a higher fire spread rate does not necessarily 
lead to a more severe thermal exposure of the ceiling. This example thus further stresses the 
complexity associated of ventilation openings on predicting temperatures inside a compartment. 

Table 16 Comparison of velocities of hot gases leaving the square and rectangular compartment 

 

Vel. 
(m/s) 

 

  

Square Compartment Side view showing velocity contours as smoke leaves through opening 

20 m 

Control Compartment Side view showing velocity contours as smoke leaves through opening 

40 m 
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6.2 IMPLEMENTATION OF TRAVELLING FIRE METHODOLOGY 

The TFM is applied with the same boundary conditions used in the numerical simulations and making 
certain assumptions, as mentioned in Section 4.2.2 and 5.2. In this section, we assign a fixed fire spread 
rate value which is required to plug into the TFM formulae. Although the intent of the calculation-
based travelling fire methodology is to obtain temperature profiles without having to resort to 
numerical simulations, the large band of fire spread rates retrieved from literature impart a large 
amount of uncertainty to the accuracy of the methodology. Initially, an average value of 10.4mm/s 
was used as described in Section 5.2.1. Using this method, the results matched very poorly with the 
simulation results and was thus not applied further in this study. More details about this method can 
be found in Appendix 10.2. As an alternative method, the average fire spread rate used in the 
calculations is based on the burnout time of each respective scenario based on FDS simulations using 
the equation Eq.  20 . The average fire spread rates are found to be in agreement with fire spread 
rates (between 1.5-19.3mm/s) reported for natural fires in large scale compartments [4].  The 
approach used also ensured that the burnout of the compartment in the TFM curves corresponded 
with the results from the simulations. Additionally, a near field temperature is also specified to cap 
the maximum temperature experienced at any point at the compartment ceiling. This value is set 
based on the peak temperature observed in the simulations studied in this thesis while remaining 
within the 800-1200oC bounds set by the methodology.  

𝑠 =
𝐿

𝑡
 Eq.  20 

Where 𝐿 = 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑚𝑝𝑎𝑟𝑡𝑚𝑒𝑛𝑡, (𝑚) 

𝑠 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑖𝑟𝑒 𝑠𝑝𝑟𝑒𝑎𝑑 𝑟𝑎𝑡𝑒, (𝑚𝑚/𝑠)  

Table 17 Average fire spread times based on FDS simulations 

Scenario Time to burnout, (s) Average fire spread rate, 𝒔𝒂𝒗𝒈 

Case 0 – Base Scenario 5896.8 6.78 

Case 1 – Larger Ventilation Openings 4106.9 9.74 

Case 2 – Single Opening 4019.5 9.95 

Case 3 - Ventilation on short faces 6810.1 5.87 

Case 4 – Lower Compartment height 3957.4 10.1 

Case 5 – Higher compartment height 6463.8 6.19 

Case 6 - Simulated window breakage 5023.2 7.96 

Case 7 – Increased HRRPUA 3156.2 12.7 

Case 8 – Square Compartment 4094 4.89 
Case 9 – Square compartment – different 
ignition location 

4312.8 4.64 

Using the above values, the temperature time profiles are plotted and compared. In all the 
simulations, the adiabatic surface temperature is used to determine the prevailing ceiling 
temperature. The adiabatic surface temperature is deemed most appropriate because it provides a 
representation of the fire insult to a structure and can be used directly to evaluate heat transfer to a 
given specimen as well as its temperature. Studies have also shown that plate thermometers as 
specified in the ISO 834 and EN 13663-1 standards approximately measure adiabatic surface 
temperature [49].   
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6.2.1 Ventilation Configurations and TFM 
The TFM does not incorporate ventilation in its calculation procedure explicitly despite Section 6.1 
clearly showing a strong influence of ventilation conditions on the shape of the temperature-time 
curves. The impact of ventilation on the fire behaviour is therefore not predicted by this methodology 
unless accounted for by other parameters, namely fire spread rate, HRRPUA and fuel load density. In 
the following graphs, an attempt is made to adjust for the ventilation by using the average fire spread 
rates summarised in Table 17. The decision is supported by the inability to assume a fire spread rate 
with low uncertainty. The time temperature profile for different ventilation conditions and locations 
are presented in Table 18. 

Table 18 Comparison of TFM and measured temperature time profiles for different ventilation 
configurations 

 

Legend 

 

  

  

The plots show that the TFM temperature-time envelopes are out of phase with the actual recorded 
temperatures inside the compartment except for Case 3 (ventilation openings on short faces). The 
offset is most prominent in case 2 (Single Opening), corresponding to the most severe localised 
flashover case and presenting the highest peak temperatures. Both of these observations hint towards 
the fact that the localised flashover event could be associated with this offset when superposing the 
curves. The absence of a localised flashover at the end of the compartment in Case 3 also supports 
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this hypothesis; the TFM curves predict the temperature variation over time quite conservatively for 
a significant portion of the time under thermal exposure. This hypothesis is further discussed in 
Section 6.3. 

Furthermore, it should be noted that the maximum near-field temperatures set are informed by the 
maximum recorded temperatures in the simulations. For this reason, the near field temperature is not 
underpredicted in any of the cases. Nevertheless, in the absence of numerical or experimental 
information specific to each particular scenario, it is difficult to accurately predict the near field 
temperature. The upper limit of 1200oC reported in literature can still be used to ensure 
conservativeness in that respect. 

With regards to the far field temperatures, the TFM generates conservative values when the fire is 
travelling towards the measurement point but underpredicts the temperatures once the fire travels 
past the point of interest. As observed in several simulations, ceiling jets caused by the end of 
compartment flashover tend to extend towards the openings, causing high temperatures to be 
registered prior to burnout of all the fuel. This phenomenon is not captured by the TFM and thus 
explains the underpredicted far field temperatures. Underpredictions of up to 870oC are noted in Case 
2 close to burnout. Additionally, not accounting for the elevated temperatures prior to burnout induce 
severe inaccuracies in a subsequent thermal response analysis on the ceiling elements. The fact that 
4 out of 5 cases studied demonstrate this behaviour warrant the need for further refinement of the 
TFM prior to application in structural fire safety design. The importance is further compounded upon 
observation that in Cases 0, 2 and 6, the second temperature peak is of larger magnitude than the first 
at some locations by 50-100oC. It is also stressed that the  TFM assumes a  homogenous temperature 
along the y-axis; this is however, untrue, as highlighted previously in Figure 23. 

6.2.2 Compartment Height and TFM 
In the following set of graphs, the TFM curves are compared to the results for simulations modelling 
different ceiling heights. 

Table 19 Comparison of TFM and measured temperature time profiles for different ceiling heights 

 

Legend 
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Once again, an offset of temperature predictions is observed. One of the key observations is that the 
TFM assumes a minimum near-field temperature of 800oC, originating from the reasoning that the 
near field temperature would be largely attributed to flame temperature. However, In Case 5, where 
the ceiling is set at 5m, very limited flame impingement occurs in the initial stages of the fire. As a 
result, the heating effect of the flame itself is diminished and the lower limit of 800oC imposed by the 
TFM loses its validity. 

Furthermore, the results indicate that the methodology produces better predictions for lower ceiling 
heights; ignoring the flashover event at the end of the compartment, the far-field temperatures 
produced by the methodology align the most with the simulation results for the 3m compartment. 
The quality of the TFM results decrease as the height is increased and is confirmed by the increasingly 
larger area above the  prediction line as the height is increased (e.g. shown in Table 20).  

Table 20 Close up showing over and underprediction of temperature profiles using TFM for (20.9,5.0) 
3m Compartment Height 4m Compartment Height 5m Compartment Height 

Conservative Not conservative Not conservative 

   

6.2.3 Increased HRRPUA and TFM 
In the following graphs, the impact of a larger fuel load density is compared to the TFM generated 
curves. In order to do so, the HRRPUA in the formula is adjusted to reflect the increase modelled in 
the simulation. 

Figure 34 Comparison of TFM and measured temperature time profiles for an increased HRRPUA 
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The increased HRRPUA is captured by the TFM and predicts the faster rise in temperature observed in 
the simulations. However, the offset observed in previous cases persists in this scenario as well. Due 
to the rapid fire progress, the temperature profile remains elevated for a larger portion of the fire 
event but is not replicated in the TFM results. The discrepancy is most apparent at the measuring point 
at the centre of the compartment where the openings are located. As explained earlier, this is due to 
the formation of large ceiling jets moving closer to the openings. The results suggest that the 
conservativeness of the TFM equations decrease at higher HRRPUA value because of the inability of 
the TFM to incorporate the heating effects of ceiling jets. The results highlight that the TFM should be 
applied cautiously, especially when the scenario can give rise to ceiling jets. These can occur not only 
when the HRRPUA is high but also in low ceiling compartments. 

6.2.4 Compartment Geometry and TFM 
The comparison of the TFM and the numerical results is also carried out for a square compartment 
(Case 8). Figure 35 identifies the locations of the probes used in the analysis.  

 
Figure 35 Location of devices measuring temperature profiles in simulations for square compartment 

It can be observed that the TFM predicts much more conservatively the temperature profile evolution 
for the majority of the fire event. Once again, the flashover prior to burn out is not predicted by the 
methodology causing an underprediction of 250oC in the later stages of the fire at (5.1,11.1) at 
t=3400s. As illustrated in Section 6.1.4.1,the smoke flows freely out of the compartment in Case 8, like 
Case 3.  The fact that Alpert’s correlation was derived from experiments whereby the smoke was 
allowed to freely escape from under the ceiling [18] and that the TFM produces better results in cases 
that replicate such conditions is thus logical.  Therefore, it can be inferred that TFM generates better 
predictions in very well-ventilated cases, where smoke accumulation at ceiling level is minimal. 

 
Figure 36 Temperature-Time profile of ceiling at three different positions for Square Compartment 

(Case 8) 

AST_26, (5.1,11.1,4.0) 

AST_56, (11.1,11.1,4.0) 
AST_96, (19.1,11.1,4.0) 
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6.3  TFM + HASEMI MODEL FOR FLAME EXTENSION 
It was concluded from the previous results that the TFM did not account for the presence of ceiling 
jets, which in turn led to underpredictions in the temperature field at a given location. In order to 
address the present oversimplification,  Heidari et al. [50] developed a method using a combination 
of the TFM and Hasemi model to estimate the net heat flux resulting from flame extension at the 
ceiling and hot gases. 

In this section, the TFM+Hasemi Model is adapted to reflect the increased heating caused by ceiling 
jets. It is noted that the Hasemi model was derived from experiments (up to 60MW [50]) with HRR of 
similar magnitude to those observed in the simulations presented. Since the quality of the mesh does 
not produce reasonably accurate heat flux values, a comparison of the predicted net heat flux and 
numerical simulation results is not conducted in this thesis but is proposed for further studies on finer 
meshes. The implementation of the Hasemi Model is thus limited to making one modification to the 
existing model. The near field region, which was originally defined as the area lying directly under the 
fire seat (denoted by Lf in Figure 37), is now increased to cover the regions where ceiling jets are 
expected to be present (denoted by LH). The flame extension under the ceiling is calculated using the 
following equation. The results are presented below for the several cases. 

  𝐿 = 2.9𝐻 ∙ (𝑄∗) . − 𝐻  Eq.  21 [50] 
 

  
Figure 37 Diagram showing Flame Extension under the ceiling [50] Figure 38 Comparison of TFM & TFM +Hasemi Results for Case 3 

  
Figure 39 Comparison of TFM & TFM +Hasemi Results for Case 4 Figure 40 Comparison of TFM & TFM +Hasemi Results for Case 0 

The implementation of the TFM + Hasemi method produced mixed results. The revised larger near-
field leads to more conservative results. The predictions however do not align with the numerical 
results obtained. This occurs because the TFM + Hasemi method only changes the near-field 
temperature profile but not the far-field temperatures. In the above cases, the underprediction of the 
far-field temperatures as well as the plot offset is still present. Another explanation to the minimal 
improvement of results is the fact that flame extensions observed in the simulations are not axi-
symmetric as assumed by the Hasemi ceiling jet equation. It is also stressed that, despite being simple 
in geometry, the compartments modelled in this thesis still lead to non axi-symmetric ceiling jets. It is 
thus concluded that using the Hasemi model to predict the effects of flame extension in travelling fire 
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scenarios is unreliable due to the complex interaction of the ceiling jets with compartment ventilation 
and geometry. 

6.4 FIRE SPREAD RATES 
To implement the TFM, it was required to choose a fixed fire spread rate in the calculation. In this 
section, the appropriateness of a fixed flame spread is investigated and challenged. The following 
figures demonstrate the position of the flame front at different time stamps and are used to identify 
the pattern in which the fire spreads throughout the compartment. 

 
Figure 41 Mapping of Flame front for control case 4m height (Case 0) 

It is apparent from Figure 41 that the flame spread occurs in a radial fashion  until it reaches the side 
walls of the compartment, after which the flame spread transitions into a linear flame front. The flame 
spread accelerates close to the side walls during this transition leading to a non-uniform fire spread 
rate. More interestingly, the regions close the openings are observed to exhibit slower flame spread. 
Both these observations emphasize that the presence of obstacles and openings both affect the rate 
at which the flame front progresses. Already, it can be deduced that the fire spread rate is not constant 
over the course of the fire. Furthermore, the diagram also shows how the flame spreads at a higher 
rate at the end of the compartment stressing the gross approximation made when using a uniform 
fire spread rate in calculations. 

The increase in fire spread rate is most apparent in Case 1, as seen in Figure 42, where the over ¼ of 
the compartment is burned through within 10 minutes (20min to 30min mark). It can also be observed 
that the flame front lingers for 5 mins at 30 metres into the compartment. These indicate that the fire 
progresses rapidly for the first 40minutes, slows down when past the openings and ending by a 
flashover at the end of the compartment. 

Figure 42 Mapping of flame front positions for increased ventilation case (Case 1) 

Figure 43 shows that the presence of an opening leads to the slowing down of fire spread in its 
proximity.  It can be observed that the flame progresses faster on the closed side. 
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Figure 43 Mapping of Flame Front for Single Sided Opening (Case 2) 

Unlike other fire spread patterns seen so far, Figure 44 shows the typical radial flame front 
transitioning into a linear one. The main difference, however, is that the fire spread rate is uniform 
over the whole duration of the fire. This can be deduced from the equal spacing of the lines at 10-
minute intervals. For this reason, the predictions of the TFM were reasonable in Case 3. 

 
Figure 44 Mapping of Flame Front of short end ventilation openings (Case 3) 

Both Figure 45 and Figure 46 show a similar trend to that discussed for Case 0. The fire spread is fastest 
in the lower compartment height case and the time to burnout increases as the height of the 
compartment is raised. 

 
Figure 45 Mapping of Flame front position for 3m ceiling height case (Case 4) 

 

 
Figure 46 Mapping of Flame Front in 5m Ceiling compartment (Case 5) 
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Increasing the HRRPUA causes the fire to spread more rapidly than any of the other cases studied. In 
general, the same flame propagation pattern is seen as in the control case but only at almost twice 
the rate for a 40% increase in HRRPUA; the average flame spread rate of Case 0 and Case 7 was 6.8m/s 
and 12.7m/s respectively. 

 
Figure 47 Mapping of Flame Front with Increased HRR (Case 7) 

The simulated window breakage scenario (Case 6) indicates that the fire progresses further during the 
first 30mins of the fire event than the control case because of the initially closed windows. For 
comparison, the average spread rates calculated for every 10-minute slice is tabulated below.  

Table 21 Comparison of Fire Spread rates at 10 min intervals for Case 0 and Case 6 
 Average Flame spread rate (mm/s) 

Timeframe during fire event Control (Case 0) Simulated Window Breakage (Case 6) 

0-10 min 3.33 3.33 

10-20 min 6.67 6.67 

20-30 min 3.33 13.33 

30-40 min 10.00 6.67 

The simple addition of breakable windows to the scenario led to a fire spread rate four times larger 
than that in the control case for the same time frame (20 to 30mins). It should be noted that the 
window breakage occurs within this timeframe (t = 25mins).The non-uniform of the fire spread rate is 
also confirmed from Table 21. 

 
Figure 48 Mapping of flame fronts with simulated window breakage (Case 6) 

The 5-minute averaged fire spread rates are plotted for other cases in Figure 49 to gain an insight 
about the fluctuating flame spread rates in each scenario modelled. The values are obtained by 
measuring the distance the fire front has advanced after a given time step from the simulations. The 
fire spread rate is then calculated as follows: 
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𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑚𝑚) 𝑚𝑜𝑣𝑒𝑑 𝑏𝑦 𝑓𝑖𝑟𝑒 𝑓𝑟𝑜𝑛𝑡 𝑓𝑟𝑜𝑚 𝑡𝑖𝑚𝑒 𝑡 𝑡𝑜 𝑡

(𝑡 − 𝑡 )
= 𝑓𝑖𝑟𝑒 𝑠𝑝𝑟𝑒𝑎𝑑 𝑟𝑎𝑡𝑒 →  Eq.  22 

The plots confirm the fire spread is non constant over the course of the fire event implying that the 
fixed fire spread rate assumption used in the TFM should be applied cautiously. As observed in the 
previous chapters, Case 3, which also exhibits a stable fire spread rate, was the scenario that was 
predicted best using the TFM. The sharp rise in fire spread rate at the end of the burnout is a result of 
the flashover event explained previously and is thus very large in magnitude. Ignoring this end of 
compartment phenomenon, we still notice transient peaks of up to 40mm/s in fire spread rate within 
the first 30 minutes of the fire event. These values greatly exceed the upper limit reported in literature; 
nevertheless, they did not persist for more than 10 minutes in any of the simulations.  

Figure 49 5-minute averaged Fire Spread Rates at the compartment centreline for different cases simulated 

It is acknowledged that this procedure could have been refined to a smaller interval, say 1-minute. 
However, because the fire spread rate is determined based on the discrete locations of the fuel 
packages, a smaller time interval would lead to erratic values. Already, we notice that the flame spread 
is nil at the 20 - 25minute mark; this is not the case in reality and is a result of discretized fuel package 
and small time interval. On the other hand, if too large time intervals are used, say 10-minute, we run 
the risk of smoothening out fluctuations in flame spread that are inferior to 10minutes in duration. 
The 10-minute averaged fire spread rate is shown in Figure 50 and highlight how some information is 
lost and the curve flattened; the peaks are not as large due to the 10 minute averaging procedure. 
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Figure 50 5-minute averaged Fire Spread Rates at the compartment centreline for different cases simulated 

From the results, it is concluded that the main limitation in obtaining accurate fire spread rates from 
the simulations is the discretization of the fuel package. In this particular study, the centre to centre 
distance between fuel packages was of 2 metres; In future studies, it is suggested that this value is 
reduced to the extent that the mesh size allows. Once again, it is noted that the mesh size ultimately 
becomes the limiting factor. 

Overall, it is inferred that the 1.5-19.3mm/s range (indicated by red dotted lines in Figure 49) can be 
used to characterise the average fire spread rate of the whole fire event but show limited applicability 
in situations where the transient fire spread fluctuations impact on the outcome significantly. The 
results also reveal certain patterns in the burning behaviour such as the end-of-compartment 
flashover, the stable fire spread rate close to openings, and radial to linear fire spread flame front. 
One of the potential avenues of research could thus be to devise a procedure to predict the fire spread 
rate first, and then plug the results into travelling fire equations.  
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7 CONCLUSION AND FUTURE WORKS 
During the course of this study, several CFD simulations displaying travelling fire behaviour were 
investigated and compared to the Travelling Fire Methodology.  The results confirmed that the 
position and size of ventilation openings, the HRRPUA, compartment height and geometry had a 
strong impact on the travelling fire behaviour. Most markedly, the position of the ventilation was 
found to lead to drastically different fire behaviours; compartments with tunnel-like configuration 
showed a relatively homogenous burning while compartments with recesses exhibited flashover 
events prior to burnout.  

Flow field results revealed that the flashover occurred because hot smoke was trapped between the 
walls of the compartment and the advancing flame front. Lesser overall thermal exposure was noted 
in cases where smoke could readily flow out of the compartment. Due to this phenomenon, certain 
points within the compartment were found to be subjected to elevated flame temperatures multiple 
times implying more severe thermal damage on the structure at those locations. The simulations also 
identified that ceiling jets extended towards the openings, causing those sections of the ceilings to be 
exposed to a larger thermal load. The scenarios studied also showed that the was no apparent direct 
correlation between opening dimensions and the peak temperatures recorded. There was a 
substantial difference in temperature-time profiles resulting from changes in ventilation conditions 
during the course of a fire event. 

Secondly, the ceiling adiabatic surface temperatures from the simulations and the results obtained 
from the TFM were compared. The predictive capability of the TFM was found to be limited to specific 
situations because of its inherent assumptions. The fixed fire spread rate assumption was criticized 
and was shown not to be consistent with travelling fire behaviour by demonstrating the non-
uniformity of the fire spread rate in the simulations run. An attempt to improve the TFM was carried 
out by adapting the Hasemi ceiling jet model to the TFM but produced mitigated results due to the 
presence of highly non-axisymmetric ceiling jets. Furthermore, it was inferred that far field 
temperatures were consistently underpredicted by the TFM because it was based on Alpert’s 
correlation which had been developed in an unconfined ceiling setting. It was also noted that the TFM 
did not account for differences in temperatures that might occur across the cross-section of a 
compartment, as seen in Case 2. 

While the results and findings discussed in this work shed some light on the phenomena observed 
during travelling fire behaviour, this thesis exposes many more aspects of travelling fires that have yet 
to be explored and may give way to more research. First and foremost, a series of reduced scaled 
experiments would allow for validation of the findings obtained and impart more confidence in the 
inferences made thus far. More importantly, such experiments might reveal phenomena not 
replicated by the simulations. 

A comparative study with other travelling fire methods, such as those enumerated in the literature 
review section is proposed as a means to gain a more comprehensive overview of the current methods 
available. These methods could potentially contain clues as to how to improve the TFM currently in 
use in the thesis. Moreover, a combination of methods could be sought to address the limitations of 
each method. 

With regards to the FDS simulations, the running of the simulations on finer mesh sizes is strongly 
advised in future studies. The simulations showed thermal runaway due to slight temperature 
overpredictions in the early stages of the fire. Furthermore, it was concluded that more accurate fire 
spread rates could be obtained by refining the mesh size and utilising smaller fuel packages. By 
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devoting more compute power and time for such research, it would be possible to track parameters 
at a much more granular level.  

Moreover, the simulations performed in this thesis were relatively simple in design and do not reflect 
a furnished open-plan compartment. As highlighted in the thesis, the conditions inside the enclosure 
were found to be very sensitive to ventilation and geometry. It would thus be interesting to conduct 
additional simulations that would model the presence of ceiling obstructions, ignition of fuel at the 
corner of the compartment, presence of non-uniform fuel loads, suppression system interaction and 
smoke extraction systems.  

Additionally, due to the significant external flaming occurring outside of the compartment, it is 
proposed that the thermal exposure of exterior walls and possibility of vertical fire spread to other 
floors be explored in further studies. Further research is especially warranted in this case because the 
results showed that a large amount of unburnt volatiles were produced inside the compartment; large 
compartments could thus cause more severe external flaming than a typical room.  In the same vein, 
the use of FDS to quantify the heat flux and HRR burning outside the compartment could be useful. 
Finally, further investigation and quantification of the thermal effects on the structure could be carried 
out using Finite Element Methods (FEM), as a research tool, or to assist engineers in gauging the extent 
of damage such fires could have in the built environment at a structural level. 

Having inferred from numerical results the strong influence of ventilation conditions on both the 
extent and speed of fire spread, it is evident that further research and experimental work is needed 
to reinforce current temperature-time predictive methods. The thesis work showed that events such 
as window breakages could significantly change the fire development, reiterating the complexity of 
fires in large enclosures. Although it is acknowledged that the computational requirements are limiting 
factors in the accuracy of the numerical simulations, the TFM did not conservatively predict the 
thermal exposure of the ceiling in the simulations run. While the inferences made so far are 
substantiated through the numerical study, the need for validation experiments coupled with refined 
simulations are critical to a better understanding of travelling fires. 
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