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ABSTRACT 

The motivation for the research described in this thesis was to develop a simple method 

for dealing with one specific, but fundamentally important, aspect of the variability that is 

inherent in modelling fires in buildings; namely, the variability in the heat release rate 

(HRR) curve that is used as one of the inputs for performance-based fire safety 

engineering calculations. The traditional approach by fire safety engineers is to select a 

single (or a few) HRR curves, and conduct a deterministic analysis of the fire 

environment. In doing so, no attempt is generally made to investigate the range of 

possible HRR curves that could occur in the particular occupancy of interest. The 

development of a new method is therefore presented in this thesis which offers a 

rational way to quantify the variability in pre-flashover HRR curves for residential-scale 

occupancies – the methodology is termed a ‘design fire generator’, or DFG. The DFG is 

in turn a module within a new quantitative risk analysis fire model called B-RISK. The 

research described in this thesis forms part of a larger, joint research project undertaken 

by BRANZ and the University of Canterbury, with the primary output from the overall 

project being the B-RISK computer model. The approach taken by B-RISK is to use 

Monte-Carlo simulation for an iterative series of deterministic fire modelling calculations. 

As well as sampling from various probability distributions for different input parameters, 

B-RISK also requires a unique HRR curve, for each iteration, and hence the need for 

the DFG. The conceptual basis for the DFG is random population of a compartment with 

combustible items, a first item randomly igniting and then fire spread to secondary items 

occurs, based on incident radiation and an associated ignition criterion. As secondary 

items ignite the principle of superposition is used to generate a composite HRR curve 

for the compartment of fire origin, which becomes an input to one of multiple Monte-

Carlo iterations in B-RISK. It is demonstrated that the DFG can successfully quantify the 

variability in pre-flashover HRR curves, the primary aim of the project. At the same time, 

the DFG was more conservative than the corresponding HRR curve required by the 

Verification Method, C/VM2, for this type of occupancy. As well as making theoretical 

predictions of HRR curves, the DFG can be used to recreate specific compartment fire 

scenarios. A series of blind modelling and compartment fire experiments were also 

conducted to benchmark the predictive capability of the DFG/B-RISK in this regard. The 

trueness of the predictions of the ignition of the first secondary item were in good 

agreement with the compartment experiments, but thereafter the DFG predicted ignition 

times that were generally earlier than occurred in the experiments, resulting in a peak 

HRR being predicted to occur earlier than the experiments. Further analysis of the data 

also indicated that the DFG not allowing for compartment effects to enhance the HRR of 

secondary items also contributed to the low trueness of the overall HRR predictions. 
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NOMENCLATURE 

 

Symbol Definition Value Units 

𝐴 Area  m2 

𝐵𝑖𝑔 Gradient from analysis of time-to-ignition data  Ws0.55/m2 

𝑐 Specific heat  J/K 

𝐶 Correction factor for mean beam length calculation 0.9  

𝐸 Expected value (average)   

𝐸𝑛298 
Heat released per volume of oxygen consumed, at 

298 K 
17.2 106 J/m3 

𝐹 Configuration factor   

𝐹𝑇𝑃 Flux-time product  s(W/m2)n 

Δ𝐻𝑐 Heat of combustion  J/g 

𝐻 Height of opening  m 

𝐻𝑢𝑚 Humidity  % 

ℎ𝑃𝑇 Convective heat transfer coefficient  W/m2K 

𝑘 Thermal conductivity  W/mK 

𝑘𝑟𝑒 Reynolds number correction for bidirectional probe   

𝑘𝑡 Heat release calibration constant   

𝐾𝑐𝑜𝑛𝑑 Conduction correction factor  W/m2K 

𝐿 Mean beam length  m 

𝐿0 Actual geometric mean beam length  m 

�̇�𝑎 Air flow rate (into compartment)  g/s 

�̇�𝑏 Burning rate or mass burning rate  g/s 

�̇�𝑓 Fuel mass loss rate  g/s 

𝑛 FTP index   

𝑂𝐷𝐹 Oxygen depletion factor   

𝑝 Pressure  Pa 

�̇� Heat release rate  W 

�̇�" Heat flux per unit area  W/m2 

𝑅 Radial distance  m 

𝑅2 Coefficient of determination   

𝑅𝑒 Reynolds number   

𝑅𝑒𝑠 Residual   

𝑠 Stoichiometric air-to-fuel ratio   

𝑡 Time  s 

𝑇 Temperature  K 
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𝑉 Volume  m3 

�̇� Volume flow  m3/s 

𝑋 Mole fraction   

Greek 

𝛼 Fire growth rate factor  W/s2 

𝛿 Thickness  m 

휀 Emissivity   

𝜅 Extinction coefficient  1/m 

𝜌 Density  g/m3 

𝜎 Stefan-Boltzmann constant 5.67x10-8 W/K4m2 

𝜙 Global equivalence ratio   

𝜒 Combustion efficiency or loss fraction   

Superscripts and Subscripts 
a Air   

amb Ambient   

ABS Acrylonitrile-butadiene-styrene   

chem Chemical   

con Convective   

cond Conductive   

cr Critical    

eff Effective   

ent Entrainment   

exh Exhaust   

expt Experiment   

FC Furniture calorimeter   

fo Flashover   

fl Flame   

g Gas   

gr Growth   

HFM Heat flux meter   

ig Ignition   

inc Incident   

min Minimum   

MDF Medium-density fibreboard   

net Net   

o Opening   

PT Plate thermometer   

PU Polyurethane   

rad Radiative   
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s solid   

stoich Stoichiometric   

sur Surroundings   

tot Total   

UL Upper layer   

VL Ventilation limited   

W water   
0 Initial, i.e., 𝑡 = 0 (s)   

273 At 273 K   

298 At 298 K   
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1 INTRODUCTION 

 

This PhD thesis consists of seven chapters, as follows: 

 

1. Chapter 1 INTRODUCTION provides general background information on 

performance-based fire safety engineering, fire safety in New Zealand buildings, 

the New Zealand building regulatory system, and details of this PhD research 

project; 

2. Chapter 2 COMPARTMENT FIRES is a second, technical introductory chapter 

that provides details of the relevant phenomenological aspects of compartment 

fires, as well as compartment fire modelling, and design fires; 

3. Chapter 3 DEVELOPMENT OF FIRE SPREAD SUB MODEL describes the 

development, and experimental benchmarking, of the item-to-item fire spread 

sub model, that forms part of the design fire generator; 

4. Chapter 4 DEVELOPMENT OF DESIGN FIRE GENERATOR describes the role 

of the design fire generator in the B-RISK model, its functionality and verification, 

benchmarking with experiments, and alternative options for generating heat 

release rate curves as model inputs to B-RISK; 

5. Chapter 5 COMPARISON OF DFG MODELLING WITH EXPERIMENTAL DATA 

describes a modelling and experimental programme that benchmarked the 

predictive capability of the design fire generator; 

6. Chapter 6 DISCUSSION discusses various aspects of the fire spread sub model 

(Chapter 3), the design fire generator (Chapter 4) and the comparison of 

modelling with experiments (Chapter 5); 

7. Chapter 7 CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK 

presents a series of conclusions and recommendations that stem from the 

research project. 

 

1.1 Performance-Based Fire Safety Engineering 

New Zealand has had a performance-based building regulatory system since 1991. The 

fundamental philosophy underpinning the introduction of this performance-based regime 

was to foster innovation and to promote cost-effective construction solutions. During this 

period fire safety engineering has grown and developed significantly as a discrete 

engineering discipline (Baker, et al., 2012). 

 

1.1.1 Basic principles of performance-based fire safety engineering 

Alvarez et al. (2013) describe three major steps in the process of performance-based 

fire safety engineering (PBFSE), namely: 
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1. Qualitative Design – stakeholders establish goals and objectives, which the fire 

safety engineer translates into design objectives and performance criteria. The 

fire safety engineer then works with the client and the design team to come up 

with one or more packages of fire safety measures for the building in question 

(known as ‘trial designs’). Design fire scenarios are agreed upon and used as the 

basis for evaluating the trial design(s); 

2. Engineering Analysis – the fire safety engineer conducts engineering analyses to 

evaluate the consequences of the design fire scenarios that have been chosen 

and compares their outcomes with the performance criteria; 

3. Documentation – the final design is chosen based on the engineering analysis 

and relevant documentation is prepared in relation to fire safety system 

specification, operation and maintenance. 

Focussing on Step 2 above, PBFSE makes use of calculations and modelling. For 

example, demonstrating that building occupants can safely evacuate in the event of a 

fire breaking out is generally done by conducting an ASET/RSET analysis. In this 

context the available safe egress time (ASET) is the time for conditions to become 

untenable, while the required safe egress time (RSET) is the time taken to reach a 

place of safety (Gwynne, 2012). Focussing on ASET, the starting point for the 

calculations are design fire scenarios (qualitative descriptions that characterize the key 

events of a potential fire), which include such aspects as the location of the fire, building 

characteristics, fire loads, fire protection systems, etc. A design fire scenario also 

includes a design fire (quantitative description of fire characteristics within the design 

fire scenario) which is typically defined as a heat release rate (HRR) time history, but 

will also often include species production rates and the effective heat of combustion 

(ISO, 2006). In order to demonstrate that the ASET exceeds the RSET, generally with 

an appropriate safety factor, widespread usage is made of computer models to simulate 

both compartment fires (ASET) and occupant egress (RSET). Typically, models can be 

classified as being either deterministic (single values for calculation parameters) or 

probabilistic (range of possible values for calculation parameters), with the former being 

the most commonly used in performance-based fire safety engineering. Fleischmann 

(2011) notes that with only a few specific scenarios being considered and single-point 

values for key design parameters incorporated into the calculation procedures, this 

approach makes no allowance for the probability of these scenarios occurring or the 

variability of input parameters (Baker, et al., 2013c). 

1.1.2 Performance-based fire safety engineering in New Zealand 

During the more than two decade period in which performance-based fire safety 

engineering has been carried out in New Zealand, a number of issues have become 

apparent. One major issue that has hampered the full benefits of a performance-based 
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regime being achieved has been a lack of quantification of performance criteria in the 

New Zealand Building Code (NZBC). This lack of quantified performance criteria has 

resulted in the unsatisfactory situation of fire designers both proposing and applying 

their own criteria. In addition, a lack of suitable verification methods has resulted in a 

general design approach that is not standardised and sensitivity analysis, to address 

uncertainty, is rarely done. The current process of design and regulatory approval 

appears to involve a high degree of subjective judgement and has resulted in 

inconsistency in fire engineering and disputes about fire safety (Wade, et al., 2007). In 

2006 a project was initiated by the building regulator which in part had the objective of 

providing more specific guidance to practitioners – this culminated in the publication in 

2012 of a new Verification Method, i.e., a method by which compliance with the NZBC 

can be verified, (DBH, 2012) which quantifies design fire scenarios, design fires, pre-

travel activity time and acceptance criteria (Baker, et al., 2013c). Until 2012, the 

Compliance Document used for establishing compliance with the fire safety clauses of 

the NZBC (DBH, 2011) did not provide quantified guidance for specific PBFSE.  

 

1.1.3 Comparison to international practice 

Alvarez et al. (2013) conducted an engineering review of international performance-

based fire safety engineering over a twenty year period (the early 1990’s to the early 

2010’s) and “identified shortcomings in the interpretation, application and 

implementation of the performance-based design process, apparent inconsistency in 

the resulting levels of performance achieved and several opportunities to enhance the 

process” (Alvarez, et al., 2013, p. 249). Alvarez et al. describe a range of nine ‘technical’ 

and ‘political’ challenges (Alvarez, et al., 2013; Alvarez, et al., 2014). The technical 

challenges relate to scientific and technological aspects of fire safety engineering, while 

the political challenges relate to balancing social, legal cultural, technical and other 

factors that compete in a regulatory process. Of the nine challenges, two were identified 

as being the most important; firstly, the application of generic guidance to specific 

problems, resulting in critical details being missed, and secondly, that some engineering 

issues are dealt with in a political context, when in fact they should be dealt with on a 

purely technical basis. 

 

Another separate review conducted by Notarianni and Fischbeck (1999) “uncovered 

seven major barriers to determining and documenting achievement of agreed-upon 

levels of fire safety for a particular project” (Notarianni, 2002, pp. 5-42). Notarianni 

(2000) provides details of these seven ‘barriers’, with the fifth barrier being directly 

applicable to the topic of this research in that it relates to the situation where the 

“outputs of fire models are point values that do not directly incorporate uncertainty” 

(Notarianni, 2000, pp. 2-11). 

 



4 
 

1.2 Fire Safety in New Zealand Buildings 

Every year in New Zealand, fires result in fatalities, injuries and property damage. Data 

published by the New Zealand Fire Service (2013) record that on average 

approximately 33 people per year were killed in fires in New Zealand over the five year 

period 2008 to 2013. The largest number of fatalities over this period was 38 in the 

2012/2013 financial year (July 2012 to June 2013), and the lowest number was 25 in 

the 2010/2011 year. During this same period, on average 337 people were injured in 

fires, with a maximum of 412 people in the 2010/2011 financial year, and a minimum of 

200 people in the 2011/2012 financial year. 

 

The Geneva Association publishes various fire statistics annually in its World Fire 

Statistics Bulletin. With regard to fire fatalities, the organisation provides normalised 

figures and in the most recent edition (Geneva Association, 2014) New Zealand is 

recorded as having 0.77 fatalities per 100,000 population. This is below the average of 

0.99 for the 28 countries for who data is reported, with the highest normalised number 

occurring in Finland (2.03) and the lowest in Singapore (0.02). 

 

The Geneva Association also reported direct fire losses and fire insurance claims in 

New Zealand in 2010 as being NZD$210 M, or 0.12 % of GDP in the period 2008-2010, 

and that the indirect losses from fire in New Zealand were 0.007 % of GDP in 2004. 

Assuming that the indirect loss rate was the same in 2010 as 2004, this gives a 

combined direct and indirect fire losses in New Zealand in 2010 of approximately 

NZD$222 M. 

 

1.3 New Zealand Building Regulatory System 

The New Zealand Building Code Handbook (Building Code Handbook) (MBIE, 2014) 

provides a full description of the building regulatory system in New Zealand, which is 

briefly summarised in this thesis section.  

 

1.3.1 Building control framework 

The building legislative system in New Zealand consists of a three-tier framework, as 
illustrated in  
Figure 1-1. 
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Figure 1-1. Building control framework legislation (MBIE, 2014, p. 3). 

 

The overarching piece of legislation in the framework is the Building Act 2004 (NZ 

Govt., 2004), which contains the provisions for regulating building work in New Zealand. 

At the second level are various building regulations, which the Building Code Handbook 

describes as containing “prescribed forms, list specified systems, define ‘change of use’ 

and ‘moderate earthquake’, and set out the rate of levy and fees for determinations” 

(MBIE, 2014, p. 3). Of relevance in this context, at level two of the framework, are the 

Building Regulations 1992 (NZ Govt., 1992). The third level of the framework consists of 

the NZBC, which is Schedule 1 of the Building Regulations 1992.  

 

1.3.2 New Zealand building code 

The NZBC sets the performance criteria for all new building work. The NZBC is made 

up of a range of technical provisions that cover aspects such as stability, protection from 

fire, access, moisture, safety of users, services and facilities, and energy efficiency. 

Importantly, the Building Code Handbook notes that the NZBC “does not prescribe how 

work should be done, but states how completed building work and its parts must 

perform” (MBIE, 2014, p. 7). This what-but-not-how philosophy is the essence of a 

performance-based building regulatory system. 

 

The NZBC consists of two preliminary clauses and 37 technical clauses. Each technical 

clause has three levels, as follows: 

 

1. Objective – social objectives that the building must achieve; 

2. Functional Requirement – functions that the building must perform to meet the 

Objective; 

3. Performance – performance criteria that the building must achieve. By meeting 

the performance criteria, the Objective and Functional Requirement can be 

achieved. 
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1.3.3 Protection from fire clauses 

There are six C Protection from Fire clauses in the NZBC (DBH, 2012) that came into 

effect in April 2012.  

 

Clause C1 contains the Objectives for the subsequent five clauses, and states that: 

 

“The objectives of clauses C2 to C6 are to: 

 

(a) Safeguard people from an unacceptable risk of injury or illness caused by fire; 

(b) Protect other property from damage caused by fire; 

(c) Facilitate firefighting and rescue operations” (DBH, 2012, p. 1). 

 

Clauses C2 to C6 in turn provide Functional Requirement and Performance provisions 

for the following aspects of ‘protection from fire’: 

 

 C2 – prevention of fire occurring; 

 C3 – fire affecting areas beyond the fire source; 

 C4 – movement to place of safety; 

 C5 – access and safety for firefighting operations; 

 C6 – structural stability. 

 

1.3.4 Compliance pathways 

Being performance-based, a designer has two primary options for demonstrating 
compliance with the NZBC, which can be categorised as being either a range of 
‘deemed-to-satisfy’ choices, or a smaller selection of Alternative Solutions. In  
Figure 1-2, the lower left-hand portion of the graphic shows various deemed-to-satisfy 

options, while the lower right-hand side shows the Alternative Solution pathway options. 
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Figure 1-2. Compliance Pathways for NZBC (MBIE, 2014, p. 7). 

 

Amongst the various deemed-to-satisfy options shown in  
Figure 1-2, there is at least one Compliance Document for each NZBC clause. 
Typically, Compliance Documents are Verification Methods and/or Acceptable 
Solutions. A Verification Method is a test or calculation method that prescribes one way 
of complying with the NZBC. The test method nominated in a Verification Method 
document may consist of either laboratory testing or in-situ testing, while the calculation 
method uses recognised analytical methods and mathematical models. An Acceptable 
Solution is a simple step-by-step set of instructions that prescribe one option for 
demonstrating compliance with a particular clause in the NZBC. 
 

Compliance Documents are published by the responsible government agency and 

provide details that, if followed, comply with the NZBC. Moreover, a design that 

complies with a Compliance Document must be accepted by a Building Consent 

Authority (the local government agency responsible for issuing Building Consents in a 

city or region) as complying with the NZBC. 

 

The other compliance pathway option is to use an Alternative Solution and is defined in 

the Building Code Handbook as “a solution that is compliant with the Building Code but 

is not part of the Compliance Document” (MBIE, 2014, p. 107). In other words it is an 

alternative to the applicable Acceptable Solution or Verification Method for that 

particular clause of the NZBC. The Building Consent Authority must be satisfied that an 
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Alternative Solution satisfies the NZBC. An Alternative Solution is used where an 

Acceptable Solution or Verification Method does not apply to the particular design, or 

the building work has unusual aspects or is not covered by a Compliance Document. 

Since the NZBC is a performance-based code, the Building Consent applicant is free to 

propose a solution based on an Alternative Solution. 

 

1.3.5 Verification method C/VM2 

Since this PhD project was started in 2008, significant changes have been introduced 

for the fire safety engineering community in New Zealand. In a regulatory context, the 

most notable of these was the introduction of the Verification Method C/VM2 in April 

2012 (DBH, 2012). This coincided with the simultaneous publication of new C Protection 

from Fire clauses for the NZBC as well as seven new Acceptable Solutions, C/AS1 to 

C/AS7.  

 

The focus of C/VM2 is ten design scenarios that must be considered when conducting a 

design in order to demonstrate compliance with the C-clauses of the NZBC. 

 

The ten design scenarios cover the following aspects: 

 

1. Design scenario BE – blocked exit; 

2. Design scenario UT – unknown threat in unoccupied room; 

3. Design scenario CS – concealed space; 

4. Design scenario SF – smouldering fire; 

5. Design scenario HS – horizontal spread; 

6. Design scenario VS – vertical spread of fire; 

7. Design scenario IS – surface finishes; 

8. Design scenario FO – firefighting operations; 

9. Design scenario CF – challenging fire; 

10. Design scenario RC – robustness check. 

 

In combination, the ten design scenarios address all six of the C: Protection from Fire 

clauses of the NZBC, as detailed in the Table 1-1.  
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Table 1-1. Key features of design scenarios (MBIE, 2014, p. 24). 

 

 
 

As indicated in Table 1-1, some design scenarios can be addressed by inspection, or 

selection of fire safety systems, while others require modelling. Importantly, C/VM2 also 

sets out various specific aspects such as fire modelling rules, design fire characteristics, 

other parameters required by the design scenarios, occupancy criteria and calculations 

for the movement of people. 

 

A companion commentary document (MBIE, 2013) provides extensive details about 

C/VM2, and a paper by Fleischmann (2011) also summarises information about C/VM2 

and gives an explanation of the philosophies underpinning its development. 

 

1.4 PhD Research Project 

The PhD research project that is the subject of this thesis was a part contribution to a 

larger collaborative research project involving resources from BRANZ Ltd (BRANZ) and 

the University of Canterbury (UoC) fire engineering programme. For the majority of the 

PhD project the author was an employee of BRANZ. 
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1.4.1 Joint BRANZ and University of Canterbury project 

In 2007, BRANZ and UoC started to collaborate in a joint research project entitled 

‘building safety design-fire tool for use in a risk-informed regulatory environment’. The 

funder of the project was the government’s research, science and technology agency 

(initially the Foundation for Research, Science and Technology, which subsequently 

became the Ministry of Science and Innovation), with co-funding from the Building 

Research Levy and the building regulator (known at that time as the Department of 

Building and Housing).  

 

At the time that the joint project started in 2007, a fire safety engineering model called 

BRANZFIRE (Wade, 2004) was the most commonly used fire engineering software in 

New Zealand. The previous year the building regulator had started a project with the 

intention of changing the NZBC to more clearly express the expected levels of 

performance, including the development of new risk-informed performance criteria. To 

be able to demonstrate that building designs satisfied such criteria, fire safety engineers 

would require new design tools. The primary objective of the joint BRANZ/UoC project 

was therefore to develop a risk-informed fire design tool. 

 

The approach taken in the joint project was to introduce significant additional 

functionality to the existing BRANZFIRE model. The enhancements consisted of: 

 

1. Representation of key input parameters with probability distributions 

2. Monte-Carlo iterative functionality for the deterministic fire environment 

calculations 

3. A methodology to generate HRR and other design fire inputs for each Monte-

Carlo iteration (termed a Design Fire Generator, or DFG) 

4. Characterisation of fire safety system reliability 

5. Tenability criterion outputs in the form of probability distributions 

 

The new risk-informed model that was the primary deliverable from the joint 

collaborative project was called B-RISK (Wade, et al., 2013) and was released at the 

conclusion of the project in 2013.  

 

During the course of the project research staff from BRANZ, and academic staff and 

post-graduate students from UoC, contributed to the project.  

 

1.4.2 Description of PhD project 

The author of this thesis was responsible for developing the HRR component of the 

Design Fire Generator (DFG), listed as item 3 in Sub-section 1.4.1. The original concept 

of the DFG was not the author’s, but the author had primary responsibility for 
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developing the DFG functionality from that conceptual basis. Another member of the 

joint project team was the primary author of the source code that was required to 

implement the DFG into B-RISK. 

 

The research hypothesis that was written at the start of the PhD project in 2008 was: 

 

That an item-to-item fire spread sub model, in combination with a probabilistic 

residential occupancy DFG, can be developed and integrated into a current 

version of a deterministic zone fire model. 

 

Based on this research hypothesis, the PhD project had three major tasks: 

 

1. Develop an item-to-item fire spread sub model; 

2. Develop a DFG, 

3. Write and submit scientific publications and a PhD thesis. 

 

The first task of the PhD project was to develop a physics-based algorithm (sub model) 

for modelling fire spread from an ignition source (burning item) to other combustible 

items within a compartment. The fire spread behaviour would depend on the 

flammability characteristics of individual items and spatial arrangement of the items in 

the compartment.  

 

The second, and most important, task within the PhD project was to develop a 

probabilistic DFG, with the primary focus being composite HRR curves. The core 

functionality of the DFG would be to randomly populate a fire compartment with 

combustible items. Items would have a range of fire properties assigned to them, 

including ignition properties and a HRR curve. Using the item-to-item fire spread sub 

model from Task One, a design fire, including a composite HRR curve, would be 

generated for the fire compartment. 

 

The third and final task in the PhD project was to write and submit papers for scientific 

journals and conferences, as well as writing and submitting this thesis for examination. 

 

Based on the research conducted for this PhD project, the candidate has been either 

the primary author or a co-author of the following publications: 

 

1. Baker, GB and Wade, CA. Development of Probabilistic Design and Analysis 

Tools for Performance-Based Fire Safety Engineering, Proceedings of the 2009 

International Symposium on Fire Science and Fire Protection Engineering, Sun 

Jinhua, Ed., China Fire Protection Association, Beijing, China, pp. 37-49, 2009. 
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2. Wickström, U, Robbins, A, and Baker, G. The Use of Adiabatic Surface 

Temperature to Design Structures for Fire, Proceedings of the 6th International 

Conference Structures in Fire, V Kodur and J-M Franssen, Eds., Destech 

Publications Inc., Lancaster, PA, USA, pp. 951-958, 2010. 

3. Robbins, A, Wade, C, and Baker, G. Characterising Fire Scenarios Based on 

New Zealand Fire Incident Data, Proceedings of the 8th International Conference 

on Performance-Based Codes and Fire Safety Design Methods, Society of Fire 

Protection Engineers, Bethesda, MD, US, pp. 225-236, 2010. 

4. Baker, GB, Spearpoint, MJ, Fleischmann, CM, and Wade, CA, (2011). Selecting 

an Ignition Methodology for Use in a Radiative Fire Spread Submodel, Fire and 

Materials 35(6):367-381, DOI: 10.1002/fam.1059. 

5. Baker, G, Spearpoint, M, Fleischmann, C, and Wade, C, Development of a 

Radiative Fire Spread Sub Model for an Enhanced Zone Model, Proceedings of 

the 8th Asia-Oceania Symposium on Fire Science and Technology (in press), 

2010. 

6. Baker, GB, Spearpoint, MJ, Fleischmann, CM, and Wade, CA. Experimental 

Validation for an Item-to-Item Fire Spread Submodel, Proceedings of Fire and 

Materials 2011 – Twelfth International Conference, Interscience Communications 

Ltd, London, UK, pp. 209-220, 2011. 

7. Wickström, U, Robbins, A, and Baker, G, (2011). The Use of Adiabatic Surface 

Temperature to Design Structures for Fire Exposure, Journal of Structural Fire 

Engineering 2(1): 21-28, DOI: 10.1260/2040-2317.2.1.21 

8. Baker, G, Wade, C, and Beever, P. Fire Design Tools for a Risk-Informed 

Regulatory Framework, Paper presented at the 6th International Conference on 

Fire Safety Engineering, Madrid, Spain, 2011. 

9. Baker, G, Fleury, R, Spearpoint, M, Fleischmann, C, and Wade, C. Ignition of 

Secondary Objects in a Design Fire Simulation Tool, Fire Safety Science -- 

Proceedings of the Tenth International Symposium, M. Spearpoint, Ed., IAFSS, 

pp. 1359-1372, 2011, DOI: 10.3801/IAFSS.FSS.10-1359 

10. Baker, G, Spearpoint, M, Fleischmann, C, and Wade, C. Development of a 

Design Fire Generator for a Risk-Informed Fire Safety Engineering Tool, 9th 

International Conference on Performance-Based Codes and Fire Safety Design 

Methods, Hong Kong, 2012. 

11. Baker, G, Wade, C, Spearpoint, M and Fleischmann, C, (2013). Developing 

Probabilistic Design Fires for Performance-Based Fire Safety Engineering, The 

9th Asia-Oceania Symposium on Fire Science and Technology, Procedia 

Engineering, 62, pp. 639-647, DOI: 10.1016/j.proeng.2013.08.109 

12. Baker, GB, Collier, PCR, Wade, CA, Spearpoint, MJ, Fleischmann, CM, Frank, 

KM and Sazegara, S. A Comparison of A Priori Modelling Predictions with 

Experimental Results to Validate a Design Fire Generator Submodel, 

http://multi-science.metapress.com/content/t9525825565842p8/
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Proceedings of Fire and Materials 2013 – Thirteenth International Conference, 

pp. 449-460, 2013.  

13. Wade, C, Baker, G, Frank, K, Robbins, A, Harrison, R, Spearpoint, M, 

Fleischmann, C. BRANZ Study Report SR 282, B-RISK User Guide and 

Technical Manual, BRANZ Ltd, Porirua, New Zealand, 2013. 

14. Baker, G., Frank, K., Spearpoint, M., Fleischmann, C., & Wade, C. The Next 

Generation of Performance-Based Fire Safety Engineering in New Zealand. In S. 

Kajewski, K. Manley, & K. Hampson (Ed.), Proceedings of the 19th International 

CIB World Building Congress. Brisbane, QLD, Australia, May 2013. 

15. Meunders, A., Baker, G., Arnold, L., Schroeder, B., Spearpoint, M., Pau, D. 

Parameter Optimization and Sensitivity Analysis for Fire Spread Modelling with 

FDS, 10th International Conference on Performance-Based Codes and Fire 

Safety Design Methods, Brisbane, QLD, Australia, 2014. 

16. Spearpoint, M. J., Baker, G. B. (2016). Ranking the Level of Openness in Blind 

Compartment Fire Modelling Studies, Fire Technology, 52(1): 25-50, DOI: 

10.1007/s10694-014-0431-4 

17. Baker, G., Spearpoint, M., Wade, C., Fleischmann, C. The Role of Quantitative 

Risk Analysis Models in Performance-Based Fire Safety Engineering, Interflam 

2016 – 14th International Fire Science and Engineering Conference, Royal 

Holloway College, Surrey, UK, pp. 1333-1344, July 2016. 

 

Of the 17 publications listed, three where published in peer-reviewed scientific journals, 

four in peer-reviewed conference proceedings, nine in non-peer reviewed conference 

proceedings, and one publication was a non-peer reviewed technical report. 

 

1.4.3 Motivation/objectives of PhD project 

The following statement is contained in the New Zealand introductory chapter of the 

International Fire Engineering Guidelines (IFEG) (ABCB, 2005, pp. 0.2-5). 

 

When a fire engineering evaluation is carried out, “design fires” have to be 

developed in order to evaluate the fire safety system under consideration. The 

quantification of design fires relies, to some extent, on the application of 

engineering judgment. Such judgments may therefore vary. 

 

This statement from the IFEG captures the first component of the motivation for this 

PhD project, i.e., to eliminate subjective judgement from the selection of HRR curves for 

fire modelling. 

 

The importance of heat release rate to accurately characterise the fire environment in a 

building is encapsulated in an extract from an abstract to a paper dealing with the effect 
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of heat release rate uncertainty on the available safe egress time in a building fire, 

where Kong and co-authors state that (2013, pp. 5-6): 

 

Available safe egress time is an important criterion to determine occupant safety 

in performance-based fire protection design of buildings. There are many factors 

affecting the calculation of available safe egress time, such as heat release rate, 

smoke toxicity and the geometry of the building. Heat release rate is the most 

critical factor. Due to the variation of fuel layout, initial ignition location and many 

other factors, significant uncertainties are associated with heat release rate. 

Traditionally, fire safety engineers prefer to ignore these uncertainties, and a 

fixed value of heat release rate is assigned based on experience. This makes the 

available safe egress time results subjective. 

 

In a similar vein, Upadgyay and Ezekoye suggest that (2008, p. 127):  

 

The use of a single-design fire in a performance-based fire design code typically 

fails to account for the inherent uncertainty in knowledge of the future use of the 

space, 

 

The authors go on to say that: 

 

Uncertainties in knowledge of intended use and the implications in terms of fuel 

loading and potential heat release rate can be bounded using probabilistic 

methods. 

 

These two quotes embody the second component of the motivation for this PhD project, 

namely, to develop a method for quantifying the variability in HRR curve that are used 

for modelling fires. The resulting objective for this PhD project is to therefore develop an 

objective methodology to quantify variability in HRR curves that are used as input for 

predictive fire modelling in the context of PBFSE in the built environment.  

 

1.4.4 Terminology 

At this point it is very important to clarify the intended meaning for some key terms that 

are used or quoted in this thesis. 

 

1.4.4.1 Uncertainty and variability 

In a paper entitled “Uncertainty vs. variability: What’s the difference and why is it 

important?”, Begg et al. (2014) make the important distinction between the terms 

uncertainty and variability.  
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Firstly the authors state that “uncertainty refers to the unknown, single, true value of 

some quantity. The amount of uncertainty is quantified using a probability, which is 

assigned based upon the information or evidence we have about what the true value 

might be”. 

 

Secondly, Begg et al. state that “variability refers to the fact that multiple instances of 

some quantity take on different values as a function of location, time or some other 

index. Variability is quantified using statistics which are derived from measurements or 

observations, that is, data. These statistics might be useful to help assess probabilities, 

with the usefulness depending on how similar were the processes that produced them 

to the processes that produce (or will produce) the event which we are uncertain about”. 

 

In the context of this PhD project the term variability is deliberately and consciously 

used to define the scope of the research. In essence the research revolves around 

developing a methodology that predicts (or generates) the range of HRR curves that 

could occur in a given fire compartment for a given scenario, i.e., the variability in this 

family of HRR curves. While there is uncertainty associated with the values of certain 

HRR curve parameters, resulting from measurements taken during experiments or 

calculations performed during modelling, such uncertainties are outside the scope of 

this research project. While other terms such as probabilistic or risk-informed can be 

used to qualify the HRR curves, it is actually the variability which is the primary focus. 

 

1.4.4.2 Probability and risk 

In distinguishing between the terms uncertainty and variability, Begg et al. (2014) also 

refer to two other terms – probability and risk. 

 

ISO Guide 73 provides a definition for the term probability as the “measure of chance of 

occurrence expressed as a number between 0 and 1, where 0 is impossibility and 1 is 

absolute certainty” (ISO, 2009, p. 7). ISO 31000 does not define the term probability but 

does define the associated term likelihood as the “chance of something happening” 

(SIS, 2009, p. 5). 

 

In relation to PBFSE, risk is defined as a “combination of the probability of a fire and a 

quantified measure of its consequences” (ISO, 2012, p. 2). This definition in ISO 16732-

1:2008 is in turn adapted from ISO 13943:2008 where in the latter document, it is noted 

that fire risk “is often calculated as the product of probability and consequences” (SIS, 

2010, p. 15). 
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In the British Standards Institute document PD 7974-7:2003, generic risk is defined 

slightly differently, as the “probability of occurrence of a hazard causing harm and the 

degree of the severity of the harm”. This document defines the more specific risk to life 

and health as the “expected extent of injury or loss of life from a fire, defined in terms of 

probability as the product of frequency of occurrence of an undesirable event to be 

expected, in a given technical operation or state, and hazard to life and health” (BSI, 

2003, p. 5). In the same document it is stated that “risk is expressed as the likelihood 

that a set of consequences will occur” and that “risk is a function of both consequences 

and frequency of hazard occurrence” (BSI, 2003, p. 8). PD 7974-7:2003 also notes that 

in practice events that have a high likelihood of occurrence and low consequences, or 

the converse of low likelihood and high consequences, may be treated as being of a 

similar risk. 

 

Ramachandran indicates that “fire risk in a building is the product of probability of fire 

starting or mean (average) number of fires likely to occur during a period […] and 

expected (average) damage to life and property when a fire occurs” (1999, p. 370). 

Ramachandran also indicates that “in some cases it would be useful to express the 

probable damage in the event of a fire occurring as the product of […] probability of 

occurrence of an undesirable event [and] probable consequences or damage if the 

undesirable event occurs” (1999, p. 370). 

 

In describing a new performance-based fire protection design process, Alvarez et al. 

(2014) use the terminology likelihood and impact, but this is essentially the same as the 

probability/consequences approach. Similarly in the SFPE Handbook of Fire Protection 

Engineering, Watts and Hall (2002) also adopt the probability/consequences approach 

to define risk. Meacham, citing Rasmussen (1990), also indicates that “engineers have 

come to view risk as a numerical value that is a function of probability and 

consequences” (2004, p. 200). 

 

These sources from the fire safety engineering literature collectively constitute the 

‘classical’ mathematical representation of risk shown in Eqn. 1-1, namely: 

 

 𝑅𝑖𝑠𝑘 = 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦×𝐶𝑜𝑛𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒 Eqn. 1-1 

 

The B-RISK model developed by the joint BRANZ/UoC research partnership is 

classified as a quantitative risk analysis (QRA) model. In quantifying the risk associated 

with PBFSE, the HRR curves that are used as input for iterative Monte-Carlo 

simulations in B-RISK constitute one element of the quantification of the 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 

parameter in Eqn. 1-1.  
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2 COMPARTMENT FIRES 

In this chapter, information is presented about a number of different aspects of 

compartment fires that are relevant to the development of the item-to-item fire spread 

sub model and DFG. It should be noted that in the literature, the terms enclosure and 

compartment are both used interchangeably to mean the same thing, but in this thesis 

the term compartment is used.  

 

2.1 Radiation 

In residential-scale occupancies (i.e., the scope of this thesis), solid fuels predominate, 

and are hence the focus of this thesis (as opposed to fuels that are either a liquid or gas 

at ambient temperatures). With regard to solid fuels, the first step in the process that 

results in ignition is external heating of the exposed surface, which Babrauskas 

indicates (2003) will involve either one, or a combination, of the three heat transfer 

mechanisms, namely radiation, conduction and convection.  

 

To give an indication of which of the three heat transfer mechanisms dominates in 

compartment fires, Babrauskas states that “heating by radiation is considered to be the 

most important of these [three heat transfer mechanisms] and is the dominant one in 

flames and in situations where a non-contiguous hot body provides the heating” (2003, 

p. 237). In a similar vein, Karlsson and Quintiere indicate that “due to the high 

temperatures of flames and fire gases, radiative heat transfer is very often the 

dominating mechanism for transferring heat in enclosure fires” (2000, p. 142). In 

addition, Drysdale also indicates that “radiation is of fundamental importance in the 

growth and spread of fire in many situations, such as open fuel beds […] and 

compartments […] ” (1998, p. 213). In the DFG, as a simplifying assumption, of the 

three heat transfer mechanisms only radiation is considered in relation to fire spread, 

with convection and conduction being ignored. 

 

Bergman et al. (2011) provide a description of the fundamental principles of radiation, 

which are briefly summarised here. The first aspect of radiation to note is that whereas 

convection and conduction require a thermal gradient to exist in some form of matter, 

radiative transfer does not require any form of matter to occur. To explain the principles 

of thermal radiation, consider a solid in a vacuum whose temperature 𝑇𝑠 is initially 

higher than the temperature of its surrounding, 𝑇𝑠𝑢𝑟, as depicted in Figure 2-1. 
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Figure 2-1. Illustration of a solid in a vacuum emitting radiation (Bergman, et al., 

2011, pp. 768 - used with permission). 

 

Because the solid is in a vacuum, no energy will be lost by convection or conduction. 

The solid will however lose energy (i.e., cool) until the point where it reaches thermal 

equilibrium with its surroundings, i.e., 𝑇𝑠 = 𝑇𝑠𝑢𝑟. The cooling of the solid results from the 

emission of thermal radiation, which is associated with a reduction in the internal energy 

of the solid. All matter above absolute zero emits radiation, and in the situation 

illustrated in Figure 2-1, the solid in the vacuum will also receive (and absorb) radiation 

from its surroundings. Since 𝑇𝑠 > 𝑇𝑠𝑢𝑟, the net radiant heat transfer rate is away from the 

surface up to the point of thermal equilibrium being reached. 

 

Thermal radiation has a specific wavelength range of approximately 0.1 to 100 µm, as 

shown in Figure 2-2, which illustrates the full wavelength (symbol 𝜆) spectrum of 

electromagnetic radiation. 

 

 
Figure 2-2. Spectrum of electromagnetic radiation (Bergman, et al., 2011, pp. 

770 - used with permission). 
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Bergman et al. note that the term thermal radiation stems from the fact that 

electromagnetic radiation over this wavelength range is both caused by, and will affect, 

the thermal state (i.e., the temperature) of matter. 

 

Two aspects complicate the characterisation of thermal radiation: Firstly, the magnitude 

of the radiation varies with the wavelength, i.e., the magnitude of the radiation is termed 

as having a ‘spectral” distribution; secondly, the radiation emitted from a surface may 

vary with the direction of emission, i.e., it is described as having a ‘directional’ 

distribution associated with it. These two aspects are depicted in Figure 2-3. 

 

 
Figure 2-3. Spectral and direction distributions for thermal radiation (Bergman, 

et al., 2011, pp. 770 - used with permission). 

 

To treat thermal radiation in a rigorous manner, the spectral and directional attributes 

must be included in the treatment. However, and again as simplifying assumptions in 

the DFG, the spectral and directional distributions of thermal radiation are ignored.  

 

2.2 Pyrolysis 

Radiation on the surface of a solid fuel causes a process called pyrolysis to occur, 

which is characterised by Babrauskas as being chemical degradation due to the action 

of heat, while Torero describes it as being the “process by which the solid transforms 

into gas-phase fuel” (2008, pp. 2-261). The ISO 13943 definition is very similar, namely 

the “chemical decomposition of a substance by the action of heat” (2010, p. 31). 

 

Babrauskas indicates that most combustible solids consist of very large molecules, of a 

size which are not able to undergo oxidation in the sense of a reaction rapid enough to 

be classed as a combustion reaction. The heat from the external source causes the 

large molecules of the solid fuel to break down into smaller fragments that emerge from 

the surface of the solid as gas molecules. These gas molecules mix with the air 
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(typically) above the surface of the solid, where they then have the potential to ignite, if 

the conditions are conducive. 

 

Pyrolysis is an irreversible/destructive reaction where the degraded substance (the so-

called pyrolyzates) is no longer chemically identical to the original solid material. 

Although liquid fuels are not in the scope of this thesis, it is still useful to compare how 

pyrolysis differentiates the process by which solids and liquids ignite. As Torero notes, 

“in the case of liquids, a change of phase is not necessarily accompanied by a chemical 

change” (2008, pp. 2-261). Babrauskas notes that in most cases (for pure substances) 

the vapour produced when the liquid is exposed to an external heat source will be 

chemically-identical to the original liquid at ambient temperature. When cooled, the 

vapours will condense back into the original pure liquid, i.e. the vaporisation process is 

reversible.  

 

In contrast for a solid fuel, the pyrolyzates will not reproduce the original material when 

cooled. In relation to solid fuels, the nature of the residue that remains after the 

pyrolysis process will depend on the substance involved, with Babrauskas giving the 

examples of wood, where the residue is a solid carbonaceous matrix (char), and 

polypropylene, where the residue is essentially a liquid (i.e., the original solid plastic has 

also undergone a phase change). 

 

2.3 Ignition 

Babrauskas identifies four basic types of ignition of solids (2003, p. 238): 

 

1. Ignition of the fuel vapours driven off the solid; 

2. Smouldering ignition; 

3. Direct ignition of the surface of the solid; 

4. Ignition by a chemical reaction. 

 

Babrauskas indicates that the most common form of ignition is the ignition of fuel 

vapours that have been driven off the solid material as a result of exposure to the 

external heat source. Babrauskas also indicates that this type of ignition is apparent in 

the form of flaming (i.e., flaming ignition), which is a gas-phase phenomenon. The 

ignition mechanism that is relevant to the DFG is listed above as item 1. 

 

The aspect of ignition theory relevant to the topic of this thesis is flaming ignition of 

solids. For flaming ignition to be possible, the solid fuel must firstly be capable of 

pyrolyzing, i.e., breaking down when subjected to external heating and producing 

combustible vapours. For flaming ignition to then actually occur, Babrauskas lists three 
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conditions that must be satisfied, that are essentially analogous to the oxygen-heat-fuel 

‘fire triangle’ (CAENZ, 2008): 

 

1. The solid must respond to external heating to an extent that sufficient pyrolysis 

occurs; 

2. Sufficient oxidiser (typically air) is present for a flammable fuel/oxidiser mixture to 

occur; 

3. The temperature of the fuel/air mixture is high enough for auto-ignition to occur, 

or there is an external energy source present such that piloted ignition will occur. 

 

It could be argued that ‘solid’ fuels such as flexible polyurethane foam could melt, form 

a pool, and hence ignition of a liquid fuel would be applicable phenomenon. While this 

could well be what happens in reality, the simplifying assumption made for the fire 

spread modelling in the DFG is that all fuel items in the fire compartment are assumed 

to be solid. 

 

Drysdale defines ignition as being the “process by which a rapid, exothermic reaction is 

initiated, which then propagates and causes the material involved to undergo change, 

producing temperatures greatly in excess of ambient” (1998, p. 193). ISO 13943 defines 

ignition as a combination of four defined terms (ignition, combustion, oxidising agent, 

and oxidation) (2010, p. 22). Ignition is defined as the “initiation of combustion”, 

combustion is defined as an “exothermic reaction of an oxidising agent”, oxidising agent 

is defined as a “substance causing oxidation”, and oxidation is defined as a “chemical 

reaction in which the proportion of oxygen or other electronegative element in a 

substance is increased”. 

 

As noted by Babrauskas (2003), there are two ignition modes, both of which are 

considered in the DFG. Firstly, auto-ignition is defined by ISO 13943 as “ignition 

resulting from a rise of temperature without a separate ignition source”, where ignition 

source is itself defined as the “source of energy that initiates combustion” (2010, p. 3). 

The term spontaneous ignition is also at times used interchangeably with auto-ignition, 

but ISO 13943 notes that the former is generally used in relation to ignition caused by 

self-heating (i.e., no external heat source), whereas in this context, the auto-ignition 

phenomenon includes an external heat source. 

 

Babrauskas notes that auto-ignition occurs when a flammable fuel/oxidiser mixture 

reaches a temperature sufficient to ignite, as opposed to the solid fuel material itself 

needing to reach a certain temperature. In a similar vein, Drysdale indicates that “if a 

combustible solid is exposed to a sufficiently high heat flux in the absence of a pilot 
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source, the fuel vapours may ignite spontaneously if somewhere within the plume the 

volatile/air mixture is at a sufficiently high temperature” (1998, p. 227). 

 

Secondly, piloted ignition, which ISO 13943 defines by using a combination of four other 

defined terms (ignition, combustible, flame and glowing), as “ignition of combustible 

gases or vapour by a secondary source of energy such as a flame, spark, electrical arc 

or glowing wire” (2010, p. 29). The ISO 13943 definition for ignition has previously been 

provided, and combustible is defined as “capable of being ignited” with ignited in turn 

being defined as “caused to be in a state undergoing combustion”. The ISO 13943 

definition for combustion has also previously been provided. Flame is defined as “rapid, 

self-sustaining, sub-sonic propagation of combustion in a gaseous medium, usually with 

emission of light”. In ISO 13943 glowing is not defined as an adjective, but is however 

defined as a noun, namely as “luminosity caused by heat”. In a similar manner, 

Quintiere describes piloted ignition as a process where “combustion is initiated in a 

mixture of fuel and oxidisers by a localised source of energy” (2006, p. 85). 

 

2.4 Combustion 

Once ignition of a solid material has occurred, a pyrolysis front forms and moves across 

the surface of the material, termed ‘fire (or flame) propagation’ (Tewarson, 1994). The 

fire propagation behaviour can be classified as being either ‘non-propagating’, ‘non-

accelerating’, or ‘accelerating’ (Tewarson & Ogden, 1992; Tewarson & Khan, 1988). 

During the ignition and fire propagation processes, the pyrolysis products that are being 

generated from the solid material, continue to combine with air and oxidize to generate 

heat and gaseous products in a process termed combustion (Tewarson, 1994). The 

heat is generated as a result of chemical reactions in both the gas phase and the solid 

phase, and is termed the chemical heat. The rate at which this chemical heat is 

generated is called the chemical heat release rate, �̇�𝑐ℎ𝑒𝑚, which gives rise to both a 

convective, �̇�𝑐𝑜𝑛, and radiative, �̇�𝑟𝑎𝑑, component (Tewarson, 2008), i.e.: 

 

 �̇�𝑐ℎ𝑒𝑚 = �̇�𝑐𝑜𝑛 + �̇�𝑟𝑎𝑑 Eqn. 2-1 

 

The convective heat release relates to the flow of hot combustion gases, while the 

radiative heat release relates to the thermal radiation from the flames (Tewarson, 1994). 

 

The solid phase reactions occur in the reduction zone where the material is pyrolyzed 

as a result of an imposed heat flux, and pyrolyzates are produced. Where the material 

contains carbon and hydrogen in its chemical structure, the pyrolyzates are primarily 

soot, carbon monoxide, hydrocarbons and other intermediate products. The chemical 
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structure of the material and the surface heat flux govern the amount and nature of the 

pyrolyzates. No heat is actually generated in the reduction zone (Tewarson, 1994). 

 

The gas phase reactions occur in the oxidation zone, where the pyrolyzates combine 

with oxygen (i.e., oxidation) to form carbon dioxide and water, and chemical heat is 

released, in the form of convective and radiative heat. The oxidation is dependent on 

the flame temperature, flow of oxidiser, and generation rate/amount of pyrolyzates 

(Tewarson, 1994). 

 

In a balanced chemical reaction, the quantitative balance between the reactants and the 

products is known as reaction stoichiometry. The balanced chemical reaction for a fuel 

that contains carbon and hydrogen, where the exact proportions of fuel and oxygen are 

converted completely by oxidation to carbon dioxide and water (with no reactants 

remaining) (Drysdale, 2008), is represented as: 

 

 𝐶𝑥𝐻𝑦 + 𝑛𝑂2 → 𝑥𝐶𝑂2 + (
𝑦

2
) 𝐻2𝑂 Eqn. 2-2 

 

In Eqn. 2-2 𝑛 = 𝑥 + (
𝑦

4⁄ ). The net heat of complete combustion, Δ𝐻𝑐,𝑛𝑒𝑡, is the amount 

of calorific energy per unit mass of fuel consumed that is released in this process. 

Complete combustion however rarely occurs in fires (Tewarson, 2008), and instead of 

just carbon dioxide and water being produced by the combustion process (for the 

example fuel shown in Eqn. 2-2), products of incomplete combustion such as soot and 

carbon monoxide are also produced (Tewarson, 1994). The calorific energy released in 

incomplete combustion reactions is termed the effective (or chemical) heat of 

combustion, Δ𝐻𝑐,𝑒𝑓𝑓 (or Δ𝐻𝑐,𝑐ℎ𝑒𝑚), and is always less than the net heat of complete 

combustion (Janssens, 2008). This gives rise to the concept of combustion efficiency 

(Tewarson, 1994; Tewarson, 2008; Janssens, 2008; Tewarson, et al., 1993), which is 

defined as the ratio of effective to net heat of combustion, i.e.: 

 

 𝜒𝑐ℎ𝑒𝑚 =
Δ𝐻𝑐,𝑐ℎ𝑒𝑚

Δ𝐻𝑐,𝑛𝑒𝑡
 Eqn. 2-3 

 

When the combustion is complete and the chemical reaction is stoichiometric, the 

combustion efficiency is unity, i.e., Δ𝐻𝑐,𝑐ℎ𝑒𝑚 = Δ𝐻𝑐,𝑛𝑒𝑡 and 𝜒𝑐ℎ𝑒𝑚 = 1.0. 

 

As with the chemical heat release rate (refer to Eqn. 2-1), both the heat of combustion 

and the combustion efficiency have a radiative and convective component, i.e.: 

 

 Δ𝐻𝑐,𝑐ℎ𝑒𝑚 = Δ𝐻𝑐,𝑐𝑜𝑛 + Δ𝐻𝑐,𝑟𝑎𝑑 Eqn. 2-4 
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and 

 

 𝜒𝑐ℎ𝑒𝑚 = 𝜒𝑐𝑜𝑛 + 𝜒𝑟𝑎𝑑 Eqn. 2-5 

 

where 𝜒𝑐𝑜𝑛 and 𝜒𝑟𝑎𝑑 are the convective and radiative fraction respectively of the energy 

released in the combustion process. 

 

The heat release rate (HRR) is calculated as the product of the burning rate and the 

heat of combustion. The HRR for complete combustion, �̇�𝑛𝑒𝑡, is therefore calculated as: 

 

 �̇�𝑛𝑒𝑡 = �̇�𝑏Δ𝐻𝑐,𝑛𝑒𝑡 Eqn. 2-6 

 

while the HRR for incomplete combustion, i.e., the effective (or chemical) HRR �̇�𝑐ℎ𝑒𝑚, is 

calculated in accordance with Eqn. 2-6 using the effective (or chemical) heat of 

combustion, Δ𝐻𝑐,𝑐ℎ𝑒𝑚. 

 

The combustion efficiency can also be expressed as the ratio of effective HRR to HRR 

for complete combustion, i.e.: 

 

 𝜒𝑐ℎ𝑒𝑚 =
�̇�𝑐ℎ𝑒𝑚

�̇�𝑛𝑒𝑡

 Eqn. 2-7 

 

In relation to the item-to-item fire spread sub model, the radiative fraction is of primary 

interest. In the literature (Tewarson, 2008; Bouhafid, et al., 1989; Souil, et al., 1984; 

Orloff, 1981; Tewarson, et al., 1981; Hamins, et al., 1991), the radiative fraction is 

expressed as the ratio of radiative portion of the effective HRR, �̇�𝑟𝑎𝑑, to the HRR of 

complete combustion, i.e.: 

 

 𝜒𝑟𝑎𝑑 =
�̇�𝑟𝑎𝑑

�̇�𝑛𝑒𝑡

 Eqn. 2-8 

 

In fact, where combustion is incomplete, it can be argued the radiative fraction should 

be derived as being a portion of the effective (chemical) HRR, i.e.: 

 

 𝜒𝑟𝑎𝑑 =
�̇�𝑟𝑎𝑑

�̇�𝑐ℎ𝑒𝑚

 Eqn. 2-9 
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With the denominator in Eqn. 2-8 being less than that in Eqn. 2-9, i.e., �̇�𝑐ℎ𝑒𝑚 < �̇�𝑛𝑒𝑡, the 

value of 𝜒𝑟𝑎𝑑 will be correspondingly greater. 

 

2.5 Fire Development in Compartments 

Walton et al. (2016) describe five stages in the development of compartment fires, 

namely; ignition, growth, flashover, fully-developed, and decay. Walton et al. point to the 

fact that during the growth phase the growth is primarily a function of the fuel itself with 

little or no influence from the compartment and that with sufficient fuel and oxygen 

available growth will continue and cause the compartment temperature to rise, noting 

that this is said to be a fuel-controlled or well-ventilated fire (2016, pp. 996-997). 

 

Karlsson and Quintiere (2000) also use the same five-stage idealisation of a 

compartment fire. Karlsson and Quintiere indicate that during this growth phase, the 

growth may be either slow or fast, and depend on four factors, namely: 

 

1. The type of combustion; 

2. The fuel type; 

3. Interaction with the surroundings; 

4. Access to oxygen. 

 

Considering the HRR and rate of production of combustion gases, hazardous amounts 

of toxic gases can be produced from a smouldering fire, while the HRR is relatively low, 

and the growth phase may be very long, and subsequent stages of fire growth may 

never be reached. Alternatively, the growth stage can be very rapid, especially with 

flaming combustion where the fuel flammability is such that rapid flame spread can 

occur over the fuel surface and the heat flux from the initial burning fuel item is 

sufficiently high to ignite adjacent combustible items. If sufficient oxygen and fuel are 

present, the fire will grow rapidly (Karlsson & Quintiere, 2000). 

 

Flashover is defined in ISO 13943 as a “transition to a state of total surface involvement 

in a fire of combustible materials in an enclosure” (2010, p. 18). In the fully-developed 

stage of the fire, the HRR will peak and often the fire is ventilation-controlled, in which 

case unburnt gases can accumulate at the ceiling level and ignite as the leave the 

compartment through an opening. In the decay phase, as the amount of fuel reduces, 

so the HRR drops and the fire becomes fuel-controlled again (Karlsson & Quintiere, 

2000).  

 

If one considers that a stage in the fire development is a period of time then it can be 

argued that ignition and flashover are just points in time, or events, rather than stages of 

fire development, and hence there are only three stages to the development of a 
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compartment fire. This is in fact exactly the approach that Drysdale takes, in describing 

three stages to compartment fire development (1998), namely; growth/pre-flashover, 

fully-developed/post-flashover, and decay. 

 

Drysdale notes that while still small in size the growing fire will burn freely (i.e., 
equivalent in effect to an item burning in an unconfined environment) and that the 
pyrolysis rate and HRR are only affected by the burning of the fuel and not by the 
compartment boundaries. The fire will grow in size if flame spread over the initial 
burning item occurs, or if fire spread occurs to nearby objects, and confinement will start 
to influence the development of the fire. In the presence of sufficient ventilation, the 
HRR can be idealised as illustrated by the solid line in  
Figure 2-4. During this growth phase, the fire increases in size to and beyond the point 

where interaction with the boundaries of the enclosure become significant (Drysdale, 

1998). 

 

 
 

Figure 2-4. Alternative representation of three stages of compartment fire 

development (Drysdale, 1998, pp. 292 - used with permission). 

 

In the context of this PhD research project, the stage of direct relevance is the growth or 

pre-flashover phase, noting that the terminology adopted in this thesis is the term pre-

flashover. 

 

These stages are described as an ‘idealisation’ for the reason that once ignition has 

occurred there are a range of scenarios that may ensue subsequently. Drysdale 

describes three possible scenarios, ignoring manual or automatic suppression situations 

(1998, p. 293): 
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1. The fire burns itself out without involving other combustible items in the 
compartment, which is feasible if the initial item ignited is remote from other 
combustibles in the enclosure (broken line in  

2. Figure 2-4); 

3. In the case of inadequate ventilation, the fire may either self-extinguish or burn at 

a very slow rate (smoulder), depending on the presence of oxygen; 

4. If sufficient ventilation and fuel are present the fire may growth to the subsequent 

full-developed stage. 

 

Drysdale also makes the very pertinent comment, in relation to the topic and scope of 

this thesis, that “an understanding of the pre-flashover stage of the compartment fire is 

directly relevant to life safety within the building” (1998, p. 292). Drysdale elaborates to 

say that this relates to quantifying the duration of the growth/pre-flashover stage up to 

the point at which flashover occurs. This is of direct relevance to this thesis with regard 

to the manner in which B-RISK models the occurrence of flashover. 

 

B-RISK offers two options for the criterion that defines the onset of flashover; the 

radiation heat flux at the floor exceeding 20 kW/m2, or the upper layer temperature 

reaching 500 °C. The former criterion is attributed (Drysdale, 1998) to Waterman 

(1968). With regard to the upper layer temperature criterion, a commonly-quoted value 

to define the onset of flashover is a ceiling temperature of 600 °C, which is attributed to 

Hägglund et al. (1974). However, in B-RISK a value of 500 °C is used, which is 

approximately based on an upper layer temperature rise of 500 °C which McCaffrey et 

al. describe as a being “a conservative criterion for estimating the onset of flashover” 

(1981, p. 110). Verification Method C/VM2 also uses a value of 500 °C as the criterion 

for the onset of flashover (MBIE, 2014). 

 

2.6 Compartment Effects 

Krasny et al. indicate that there are two major aspects to the interaction of a fire and the 

enclosure in which the fire occurs. The first is “radiation feedback from the hot walls, 

ceiling, and upper gas layer”, and secondly, “since the inflow of fresh air is restricted to 

open windows or doorways, under-ventilated conditions can develop when the HRR 

becomes high enough” (Krasny, et al., 2001, p. 62). The impact of the radiation 

feedback is to enhance the pyrolysis rate of the fuel item(s) in the enclosure, and hence 

augment the HRR. The impact of the restricted airflow is to restrict the HRR. 

 

Krasny et al. also indicate that there are other compartment interaction effects. Due to 

the nature/location of ventilation openings, the inflow of air will not be axially symmetric, 

in contrast to the axi-symmetric flow that will occur for objects burning in the open. The 
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authors note that “airflow direction and magnitude can affect the flame-spread rates” 

(Krasny, et al., 2001, p. 62). Linking airflow direction to flame spread on a horizontal 

surface of a burning object, horizontal airflow into a compartment will create opposed-

flow, and potentially concurrent-flow flame-spread, depending on the magnitude of the 

air inflow. 

 

For vertical flame spread, concurrent-flow and opposed-flow flame-spread is induced by 

the buoyancy of the fire plume, i.e., more rapid flame spread will occur in an upwards 

direction with the concurrent flow, but flame spread will be slower in a downwards 

direction with the opposed flow of the buoyant plume. 

 

The proximity of a burning item to a compartment boundary can also have a localised 

impact on the fire development. The heat from the flames will heat the adjacent 

surfaces, which in turn will re-radiate to the burning item, potentially increasing the 

pyrolysis rate. Citing Babrauskas (1980), Krasny et al. indicate that if the burning item is 

close enough to a wall, i.e., flush or close to flush with the wall, the flames will ‘attach’ to 

the wall and become taller. This can decrease the radiation to the burning item since the 

flame zone is drawn away from the surface of the burning item. At the same time heat 

losses to the wall will decrease the flame temperature, thus also reducing the radiation 

back to the fuel surface (Krasny, et al., 2001). 

 

There is a large amount of research published in the literature which quantifies the 

impact of compartment effects. In relation to compartment effects, it is important to 

distinguish between two terms that are sometimes used interchangeably, but which in 

fact have quite different meanings in the context of compartment fire dynamics. As 

noted by Utiskul and Quintiere (2008), the burning rate �̇�𝑏 (sometimes known as the 

mass burning rate) is the rate at which the fuel is consumed due to combustion, as 

opposed to the fuel mass loss rate �̇�𝑓, which is the rate at which the fuel is pyrolized 

due to the heat flux at the fuel surface.  

 

The global equivalence ratio, 𝜙, is defined in ISO 13943 as the “mass lost from 

combustible(s) divided by the mass of air introduced into the fire compartment and 

divided by the stoichiometric fuel/air mass ratio” (2010, p. 19). When 𝜙 < 1, the 

combustion is fuel-controlled, i.e., the mass of air (denominator) is greater than the 

mass of fuel lost (numerator), and when 𝜙 > 1, the combustion is ventilation-controlled, 

i.e., the mass of air is less than the mass of fuel lost. When 𝜙 = 1, the combustion 

reaction is stoichiometric – refer to Eqn. 2-2.  

 

Under free-burning conditions, i.e. when the global equivalence ratio 𝜙 < 1, the burning 

rate and mass loss rate are equivalent, i.e., �̇�𝑏 = �̇�𝑓, but under ventilation-controlled 
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conditions, i.e. when 𝜙 > 1, the burning rate is less than the mass loss rate, i.e., �̇�𝑏 <

�̇�𝑓, and the burning rate is calculated as the incoming air flow rate divided by the 

stoichiometric air-to-fuel ratio, 𝑠: 

 

 �̇�𝑏 =
�̇�𝑎

𝑠⁄  Eqn. 2-10 

 

The HRR is then calculated as: 

 

 �̇� = �̇�𝑏∆𝐻𝐶 Eqn. 2-11 

 

In the context of enhancement due to compartment effects, it is the fuel mass loss rate 

that is enhanced by compartment radiation, and then the burning rate (and HRR) will be 

determined by the ventilation conditions in the enclosure. In other words, while the 

compartment environment may augment the fuel mass loss rate, concurrent ventilation-

limited conditions may not result in a corresponding increase in the HRR.  

 

2.6.1 Threshold for compartment enhancement 

Just because an item is burning in a compartment, rather than in a free-burning 

situation, it does not automatically mean that enhancement will occur. It is perfectly 

feasible for an item to burn in an enclosure with no discernible difference in the HRR 

curve characteristics, compared to that for the free-burning case. Eliminating factors 

such as the ventilation conditions and the thermal conductivity of the compartment 

boundaries as variables, if the fire size is small enough and/or the compartment large 

enough, there will be no interaction between the compartment and the fire.  

 

Another aspect of interest therefore in relation to compartment fire dynamics generally, 

and compartment effects specifically, is to quantify a threshold at which the heat flux 

augmentation due to the compartment will start to actually influence the development of 

the fire. The focus of this thesis is HRR curves so the specific aspect of interest is to 

identify a HRR threshold value where the fire is of sufficient size that compartment 

effects start to enhance the HRR, i.e., the fire no longer behaves as a free-burning fire. 

 

Parker et al. (1991; 1990) conducted a series of fire tests on equivalent sets of 

upholstered armchairs in three configurations: 

 

1. An ASTM room (in 1982 a proposed ASTM test standard with an enclosure of 

similar dimensions and opening size to the ISO 9705 room (1993); 

2. The California Technical Bulletin 133 (CA-TB133) room (CBHF, 1991), and; 

3. A furniture calorimeter.  
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The authors analysed the data by plotting peak HRR in the furniture calorimeter vs. 

peak HRR in the ASTM/CA-TB133 rooms, and then determined the intersection of the 

equality line and the linear trend line for the correlated data. In this manner Parker et al. 

concluded that below a peak HRR of 600 kW there was no interaction between the 

burning armchairs and the room enclosure and that the HRR in the room was the same 

as that in the furniture calorimeter. In nominating this threshold the authors did note 

however that for enclosures of smaller size or lower thermal conductivity, the value of 

peak HRR would reduce. The CA-TB133 room, at 3.7 × 3.0 × 2.4 m H, has a volume 

that is ≈ 30% greater than the ASTM room, at 3.6 × 2.4 × 2.4 m H. The CA-TB133 room 

also has a slightly different ventilation opening than the ASTM room, i.e. 2.1 × 0.97 m W 

vs. 2.0 × 0.76 m W, respectively. The higher soffit height and greater width of the CA-

TB133 room means that the impact of the hot upper layer would have been less than 

that of the ASTM room. Intuitively these volume and opening differences would have 

meant that the enhancement of the HRR of free-burning items would take longer, i.e. 

occur at a higher HRR, in the CA-TB133 room in comparison to the smaller ASTM 

room. 

 

Krasny and Parker (1995) analysed data from the European CBUF programme 

(Soderbom, 1995; Ramo, 1995), where testing was carried out in a furniture calorimeter 

and the ISO 9705 Room. In the CBUF programme a range of furniture items purchased 

in the marketplace and custom-made furniture were tested, including armchairs, sofas, 

executive chairs, office chairs, sofa beds and mattresses (Brighten, 1995), therefore 

covering both domestic and commercial applications.  

 

Krasny and Parker repeated the analysis methodology of Parker et al. (1991) for a 

selection of data from 27 Series 1 CBUF tests by plotting peak HRR in the furniture 

calorimeter vs. peak HRR in the ISO 9705 Room. From the 27 Series 1 CBUF tests, 

Krasny and Parker selected 11 armchair tests, and they again determined the 

intersection point of the equality line and a linear trend-line correlation through the 

selected experimental data points, as shown in Figure 2-5(a): 
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(c) 

Figure 2-5. Peak HRR furniture calorimeter vs. room: (a) CBUF Series 1 

armchairs; (b) CBUF Series 1 armchairs plus Parker et al. (1991) ASTM room data; 

(c) CBUF Series 1 & 2 plus Parker et al. (1991) data. 

 

In Figure 2-5(a), 9 of 11 data points are correlated, with two outliers, giving a peak HRR 

value of 460 kW where the furniture calorimeter and ISO Room data would be the 

same, i.e. with no influence from the enclosure. The combination of the ASTM room 

tests from Parker et al. and the 11 CBUF Series 1 armchair results is depicted in Figure 

2-5(b), where for the former there was one further outlier, as well as three low value 

data pairs termed “non-enhanced”. There was a good match achieved for the additional 

ASTM room data to the correlation of the 11 CBUF test results. The enhancement 

threshold peak HRR value is 460 kW, rounded to the nearest 10 kW. 

 

To further investigate the CBUF data, Figure 2-5(c) shows the addition of more CBUF 

test data, namely a total of 21 Series 1 tests (of a total of 27 Series 1 tests, 6 mattress 

tests are excluded here), plus 16 Series 2 armchair tests. The 21 Series 1 tests 

consisted of commercially-available two- and three-seat sofas, armchairs, office chairs, 

executive chairs and a sofa bed, while the 16 purpose-built Series 2 tests consisted of 

one control test, plus 15 upholstery permutations (Brighten, 1995). The combined data 

shown in Figure 2-5(c) consists of 29 correlated data points (labelled “enhanced”), 6 

“non-enhanced” (and hence uncorrelated) data points, and 11 “outliers” (also 

uncorrelated). The resulting peak HRR enhancement threshold value is 300 kW 

(rounded to nearest 10 kW) which ≈ 35% less than the value for the first two 

correlations presented in Figure 2-5.  
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In summary, the experimental data presented shows that a burning object will behave in 

exactly the same fashion in a compartment, as it would in a free-burning situation, i.e., 

without any influence/augmentation from the compartment, in the early stages of the fire 

development and growth, i.e., the HRR curve for a burning object in a compartment will 

match that in the free-burning case, but at some point, the HRR will start to increase 

above the free-burning curve. 

 

From the data summarised herein, the enhancement threshold value of HRR is 

somewhere between 300 and 680 kW for the various scenarios included, which can be 

approximated as a range of 500 ± 200 kW. In effect what this suggests is that the 

threshold value is not an exact figure but will rather depend on a number of factors such 

as the furniture item, the compartment size, the ventilation conditions, the thermal 

properties of the compartment boundaries, etc. 

 

One thing that all the data indicates is that the enhancement occurs well before 

flashover. Using the Babrauskas “simple” flashover formulation (Eqn. 2-12) gives an 

estimated value for �̇�𝑓𝑜 of 1700 ± 300 kW for the ISO 9705 room opening of 

2.0 H × 0.8 m W, which is well in excess of the range of enhancement threshold values 

of ≈ 500 ± 200 kW (Babrauskas, 1980). 

 

 �̇�𝑓𝑜 = 750𝐴𝑜√𝐻𝑜 Eqn. 2-12 

 

2.6.2 Compartment enhancement and ventilation-controlled combustion 

Having reviewed some of the research that identifies a threshold HRR value at which 

compartment enhancement occurs in Sub-section 2.6.1, there is also a subsequent 

phase of the fire development where enhancement and ventilation-controlled conditions 

interact. A number of experimental programmes have been conducted where identical 

single items of furniture have been tested in both free-burning conditions (i.e. fuel-

controlled) and in enclosures where the ventilation is limited (ventilation-controlled or 

ventilation-limited), and as such, data have been generated, with an emphasis herein on 

HRR, which quantify compartment effects on the combustion of the furniture items. 

Hirschler and Janssens (2013) provide a convenient summary of some of this research. 

 

Babrauskas (1984) conducted compartment experiments with items of upholstered 

furniture which had previously been tested in a furniture calorimeter (Babrauskas, et al., 

1982; Babrauskas, 1983) and then compared the respective HRR curves to determine 

what influence the compartment had on the original free-burning data. As noted by 

Hirschler and Janssens, Babrauskas’ results were “somewhat inconclusive” with regard 

to the effect of the enclosure on HRR. 
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As noted previously in Sub-section 2.6.1, Parker et al. (1991) conducted a series of 

tests on armchairs in both the furniture calorimeter and in two compartments. In relation 

to Parker et al.’s data, Krasny et al. (2001) indicate that at values of �̇�𝐹𝐶 = 1200 kW, the 

corresponding value of �̇�𝑅𝑜𝑜𝑚 was 50% higher, as shown in Figure 2-6, while Hirschler 

and Janssens indicate that “the enclosure effects were less clear” (2013) when 

compared to the comparison of room sizes. Although the enhancement trend illustrated 

in Figure 2-6 is obvious, what Hirschler and Janssens are probably referring to is that 

Parker et al. did not draw any conclusions about the quantification of the enhancement 

other than the threshold value of 600 kW above which the enhancement progressively 

increased. 

 

 
Figure 2-6. Peak HRR furniture calorimeter vs. ASTM/CA-TB133 rooms (Parker, 

et al., 1990, p. 22). 

 

Further examination of the correlated linear trend line in Figure 2-6 suggests that 

between a �̇�𝐹𝐶 value of 600 and 1800 kW, the �̇�𝑅𝑜𝑜𝑚 value will increase at a rate of 

2 MW per 1 MW increase in �̇�𝐹𝐶. The Parker et al. data is not extensive enough to 

clearly illustrate what will happen at values of �̇�𝐹𝐶 above 1.8 MW, other than the right-

most data point in Figure 2-6 does suggest the possible influence of a ventilation-limited 

burning regime. 

 

In addition to the information contained in sub-clause 2.6.1, further analysis of the 

CBUF data conducted by Krasny and Parker (1995) illustrates what will occur post-

flashover as ventilation starts to limit the burning of the item. In Figure 2-7, peak HRR 



35 
 

data from the furniture calorimeter (FC) and the ISO 9705 room (Room) CBUF 

experiments are plotted. The data depicted in Figure 2-7(a) for the CBUF Series 1 

armchairs does not include data from four sofa and sofa bed tests. In Figure 2-7(a), the 

trend line from Figure 2-5(a) is included, but only the latter four data points are shown. 

 

It can be clearly seen from the HRR comparison in Figure 2-7(a) that for the higher peak 

HRR values associated with the sofas and sofa bed, for the first two (left-hand) data 

points, while enhancement occurs, the enhancement is below the trend line, and for the 

two right-hand values the room (enhanced) peak HRR is less than the equality line. 

 

 
(a) 

 
(b) 

Figure 2-7. Peak HRR furniture calorimeter vs. room: (a) CBUF Series 1 sofas and 

sofa bed; (b) all CBUF Series 1 data excluding mattresses. 

y = 1.6487x - 297.63
R² = 0.9741

0

500

1000

1500

2000

2500

3000

0 500 1000 1500 2000 2500 3000

P
e

a
k

 H
R

R
 R

o
o

m
 (

k
W

)

Peak HRR FC (kW)

Sofas and sofa bed

y = 1.6487x - 297.63
R² = 0.9741

0

500

1000

1500

2000

2500

3000

0 500 1000 1500 2000 2500 3000

P
e

a
k

 H
R

R
 R

o
o

m
 (

k
W

)

Peak HRR FC (kW)

Greater than 1300 kW

Less than 1300 kW



36 
 

 

Figure 2-7(b) shows the full set of CBUF Series 1 data, excluding mattress data, i.e., 21 

data points in total. Krasny and Parker (1995) noted that the reduction in peak HRR 

above 1300 kW was linked to the occurrence of flashover in the ISO 9705 enclosure, 

where burning was occurring through and outside the door opening of the enclosure, 

and hence radiative enhancement inside the room was reducing, in conjunction with the 

impact of reduced ventilation on the growth of the HRR. 

 

This analysis of the CBUF data suggests that once the enhancement threshold for the 

peak HRR has been reached, the HRR of an item in an enclosure will continue to grow 

above the corresponding free-burning value, but there will be a point at which the 

combustion starts to be affected by ventilation restrictions and the rate of enhancement 

will reduce, and then once flashover occurs the burning will become fully ventilation-

controlled. 

 

Janssens et al. (2012) conducted a research project for the US Department of Justice, 

National Institute of Justice (NIJ), which had the goal of developing guidelines for the 

fire investigation community on how to estimate the burning rate of upholstered furniture 

and quantify/optimise the uncertainty of the predictions. The project consisted of a 

series of full-scale furniture and room calorimeter testing of mock-up and actual 

upholstered furniture, small-scale testing of upholstery components, assessment of the 

predictive capability of burning rate models that used small-scale test data against full-

scale experimental results, and computer modelling of surface flame spread and 

compartment fire dynamics. The general conclusion that Janssens et al. drew from this 

series of experiments was that the “comparison of HRR data of items tested directly 

under the hood versus in room indicated that enclosure effects were negligible for fire 

below 500 kW in size”. 

 

With the Janssens et al. data, there are discernible differences in the comparison of the 

shape of the open and room calorimeter HRR curves. There is generally a time lag in 

the room calorimeter when compared to the corresponding open calorimeter data, there 

is generally an apparent reduction in the intensity of the fire (peak HRR) in the room 

calorimeter, and the rate of decay of the HRR appears to be slower for the room 

calorimeter experiments. The most likely explanation relates to apparatus-dependent 

features of the room calorimeter. Calibration of room calorimeters is generally carried 

out under the extract hood itself, rather than in the chamber. Not only do the fire 

emissions generated in the room need to physically travel further to the sampling point 

in the extract hood, but the room in question effectively has a reservoir that is created 

by the soffit of the doorway that will cause smoke and hot gases to accumulate for a 

time before leaving the room. What this then means for the subsequent oxygen 
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consumption calorimetry is that there will be additional time delays in the oxygen 

readings, which in turn will manifest itself as a delay in the HRR values that are derived. 

The reservoir effect created by the geometry of the room opening is also likely to result 

in apparent damping of peak HRR values in the room calorimeter. It would be expected 

that the combustion in the open and room calorimeters for the same furniture mock-up 

is likely to consume the same amount of oxygen, and hence release the same amount 

of energy. An analysis of the areas under the respective HRR curves shows that similar 

amounts of energy are released when comparing open and room calorimeter data, the 

room calorimeter curves generally exhibit a slower decay rate from the peak HRR, i.e. 

have an apparent longer duration of combustion. 

 

Poulsen and Bwalya (2011) conducted a series of free-burning and compartment fire 

tests on horizontal slabs of polyurethane, where the stated objective of the experiments 

“was to study the effect of radiation feedback on surface flame spread, rate of fire 

growth and peak HRR during the pre-flashover phase of a fire”. The authors also noted 

that “the thermal radiation feedback [was] in this context understood to occur due to 

radiation from the smoke layer below the ceiling and heated walls”.  

 

Three corresponding experimental burns were conducted, one free-burning under the 

calorimeter hood, and the other two in a 2.4 W × 2.8 L × 2.4 m H compartment with a 

0.74 W × 1.5 m H vertical vent that had a 0.5 m H sill (i.e., the soffit of the opening was 

2.0 m above floor level) and which opened beneath the calorimeter hood. One 

parameter of particular interest for the compartment experiments was the thermal 

properties of the wall lining materials since differing values of thermal inertia were 

expected to affect the temperature levels of the hot upper layer, and hence the radiation 

feedback to the burning material. Therefore in the two compartment experiments, 

different lining materials with very different thermal inertias were used, namely 12.7 mm 

cement board and 50 mm mineral wool insulation. Poulsen and Bwalya note that the 

density of the cement board was ≈ 1257 kg/m3, and the corresponding value for the 

mineral wool insulation, ≈ 100 kg/m3, while the thermal inertia (𝑘𝜌𝑐) for the lining 

materials were ≈ 0.6 and 0.004 W2s/K2m4, respectively. 

 

In each experiment a horizontal block of furniture-grade non-fire-retarded (flexible) 

polyurethane foam was tested, with the slab length running across the room width. A 

steel pan was used in each experiment to contain the pool of molten polyurethane that 

developed during each test. A customised two-flame burner was used as the ignition 

source for each test, with the point of ignition being the middle of the slab width. The 

burner had both a horizontal and vertical flame of equal length, with a combined HRR of 

75 kW, and was left on throughout the experiments. 
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Poulsen and Bwalya indicate that they consciously chose the dimensions of the 

polyurethane foam slab so as to firstly not exceed the (conservative) flashover threshold 

nominated by Babrauskas et al. (2003) for the ISO 9705 compartment, i.e., ≈ 1 MW, but 

at the same time to exceed (albeit slightly) the minimum threshold value of ≈ 500 kW for 

the effects of thermal feedback (enhancement) to occur (Krasny & Parker, 1995). 

 

In conjunction with some prior free-burning experiments using 610 × 610 × 100 mm 

slabs of polyurethane foam achieving a peak HRR of 298 kW (Bwalya, et al., 2006), the 

slabs for the latter experiments were chosen to be approximately four-times the volume, 

i.e., they measured 1200 × 600 × 200 mm and weighed ≈ 4.8 kg. 

 

In the case of the testing described by Poulsen and Bwalya, the actual compartment 

dimensions were less than the standard ISO 9705 chamber, i.e. the length was only 

2.8 m, rather than the standard 3.6 m L, and the vertical doorway was only ≈ 70% of the 

area of the standard ISO Room door opening.  

 

The comparative HRR curves for the three experiments are shown in Figure 2-8. 

Poulsen and Bwalya reported that the peak HRR for the free-burn experiment (Test 1) 

was 498 kW which occurred 172 s after ignition, with a plateau for ≈ 34 s, before the 

HRR rapidly declined. A second peak for Test 1 at ≈ 360 s of ≈ 300 kW can also be 

seen in Figure 2-8. For Test 2 (cement board lining) a peak of 526 kW occurred 159 s 

after ignition, with an immediate decline, with once again a secondary peak of ≈ 350 kW 

occurring at ≈ 360 s. For the test in the enclosure lined with mineral wool (Test 3), the 

peak of 965 kW occurred 176 s after ignition, with a subsequent rapid decay phase. 
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Figure 2-8. Comparison of HRR curves for free-burning and compartment 

experiments (Poulsen & Bwalya, 2011, p. 10). 

 

The trend illustrated in Figure 2-8 is very clear, namely that for the compartment test 

(Test 2) with the less insulating enclosure lining (cement board), there is no discernible 

difference between the compartment and the free-burn case, whereas when the 

enclosure lining was the superior insulating mineral wool (Test 3), there was a 

significant increase in the peak HRR. 

 

In relation to the data and discussion presented in Sub-section 2.6.1 on the threshold 

for enhancement in (primarily) ISO 9705 room tests, it is apparent from Figure 2-8 that 

the threshold HRR value in this case is ≈ 300 - 350 kW, which is at the lower end of the 

500 ± 200 kW range noted previously. Due to the smaller compartment size, compared 

to the ISO 9705 room, i.e. 16.1 m3 vs. 20.7 m3 respectively, i.e. the ISO 9705 room has 

≈ 30% greater volume than the Poulsen and Bwalya enclosure, it is logical that a lower 

enhancement threshold would occur. In addition, the polyurethane slabs were 750 mm 

above the floor level in both compartment tests, which would also contribute to the more 

rapid onset of enhancement, as would the reduced ventilation opening area of the test 

room, i.e. 1.1 m2 vs. 1.6 m2 for the ISO 9705 room, an increase of ≈ 45%. 

 

Girgis (2000) conducted a series of six experiments on armchairs in an ISO 9705 room. 

The armchairs were custom-made to match the Series 2 CBUF fully-upholstered single-

seat armchair (Brighten, 1995), and consisted of a timber frame, different polyurethane 

foams, and a 100% polypropylene fabric covering - details of the armchair construction 

are shown in Figure 2-9. 
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(a) 

 
(b) 

Figure 2-9. Frame and upholstery details: (a) Timber frame; (b) Upholstery 

(Brighten, 1995, p. 269). 

 

Details of the six foams used by Girgis were provided in complementary research 

undertaken by Denize (2000), as detailed in Table 2-1. Denize also conducted furniture 

calorimeter tests on replicates of five of the six armchair/foam combinations that Girgis 

tested in the ISO 9705 room. 
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Table 2-1. Polyurethane foam details (Girgis, 2000; Denize, 2000). 

Chair No. Foam code Density (kg/m3) Application 

1 G 28 Domestic furniture seats 

2 H 37 Superior domestic furniture (fire retarded) 

3 I 35 Superior domestic furniture, public seating 

4 J 36 Public auditorium seating (fire retarded) 

5 K 27 
Domestic and commercial seat backs, cushions 

and arms 

6 L 36 Public auditorium and transport seating 

 

In the ISO 9705 room tests conducted by Girgis, the armchairs were placed in the far 

corner of the compartment. The ignition source for all experiments (furniture calorimeter 

and ISO 9705 room) was a 250 mm square ring LPG burner with a heat output of 30 kW 

which matched the CA-TB 133 (CBHF, 1991) ignition source. Denize indicated that the 

burner was positioned 25 mm above the middle of the seat cushion and that the flame 

made direct contact with the surface, thus providing a consistent and reliable ignition 

source for the armchair. 

 

The following table (Table 2-2) shows a tabulated comparison of the key HRR data for 

the ISO 9705 room and furniture calorimeter test data: 

 

Table 2-2. HRR and growth rate data for ISO 9705 room and furniture calorimeter 

experiments (Girgis, 2000). 

Chair No. 

ISO 9705 room (ISO) Furniture calorimeter (FC) ISO vs. FC 

HRRpeak 

(MW) 

tpeak 

(s) 

α 

(kW/s2) 

HRRpeak 

(MW) 

tpeak 

(s) 

α 

(kW/s2) 
HRRpeak α 

1 1450 184.3 0.0427 688 149.7 0.0307 2.108 1.391 

2 1340 196.3 0.0348 841 149.2 0.0378 1.593 0.921 

3 1560 144.0 0.0752 952 172.6 0.0320 1.639 2.350 

4 1520 210.4 0.0343 593 214.6 0.0129 2.563 2.659 

5 1590 136 0.0860 No test data - - 

6 1820 138.1 0.0954 1048 122.9 0.0694 1.737 1.375 

 

Average 1.928 1.739 

 

Girgis did not provide a comparison between ISO 9705 room and furniture calorimeter 

peak HRR data, but the (additional) analysis of the ratios presented in Table 2-2 

demonstrates a clear trend of enhancement from the free-burning to the compartment 

experiments. 
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2.7 Compartment Fire Modelling 

B-RISK is classified as a two-zone model, where the fire compartment is treated as an 

upper and lower gas zone that, according to Quintiere and Wade, result from “thermal 

stratification due to buoyancy” (2016, p. 981). The basic principle of a two-zone model is 

to solve a series of conservation equations that are applied to both of the zones to 

account for the different transport and combustion processes that are modelled. In a 

two-zone model, the fire is source of energy and mass that pumps mass from the lower 

to the upper zone via a fire plume by entraining air from the lower zone (Quintiere & 

Wade, 2016). 

 

Figure 2-10 shows a simple schematic representation of the mass transport phenomena 

associated with a two-zone model. 

 

 
Figure 2-10. Simple schematic of two-zone model mass transport (Baker, et al., 

2010). 

 

Quintiere and Wade note that zone modelling emerged in the mid-1970’s and the 

development of zone models grew rapidly from that point. In 1992 Freidman conducted 

a survey which identified 31 zone models in the world (1992, p. 82). Olenick and 

Carpenter did a similar survey in 2003 and identified a total of 51 zone models 

internationally (2003, pp. 92-93).  

 

The second major category of fire model is the CFD (computational fluid dynamics) 

model. While approximately 50 zone models were identified in the Olenick and 

Carpenter survey, McGrattan and Miles note that “about a dozen CFD models 

developed specifically for fire” (2016, p. 1035) were identified in the same survey. But 

while zone models outnumber the CFD models, CFD models are in fact the more widely 

used in PBFSE. 
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Walton et al. (2016) provide further generic details about zone models in the SFPE 

Handbook. The reader is also referred to Wade et al. (2013) for full details of the B-

RISK zone model functionality. 

 

2.8 Design Fires 

A design fire scenario is defined in ISO/TS 16733 as “a specific fire scenario on which a 

deterministic fire safety engineering analysis may be conducted” (2006, p. 2). 

Hadjisophocleous and Mehaffey (2016) note that design fire scenarios are an integral 

part of PBFSE. A design fire is in turn defined as a “quantitative description of assumed 

fire characteristics within a design fire scenario”, noting that it is “typically an idealized 

description of the variation with time of important fire variables, such as heat release 

rate and toxic species yields, along with important input data for modelling such as the 

fire load density” (ISO, 2006, p. 1). ISO 13942 defines fire load density as the “fire load 

per unit area” (2010, p. 13) while fire load is defined as the “quantity of heat which can 

be released by the complete combustion of all the combustible materials in a volume, 

including the facings of bounding surfaces” (2010, p. 14). 

 

Hadjisophocleous and Mehaffey provide guidance on a number of methods to 

characterise pre-flashover design fires in terms of the time-dependent HRR. The first 

method is the generic t2 model which Hadjisophocleous and Mehaffey indicate is 

appropriate for use when there are combustible items of varying composition present in 

the fire compartment. This method is also a parametric method. The rate of growth 

accelerates as the pre-flashover fire develops, often proportionally to the time squared, 

i.e.: 

 

 �̇� = 𝛼𝑡𝑔𝑟
2  Eqn. 2-13 

 

In Eqn. 2-13 the parameter 𝛼 is the fire growth rate factor that is calculated as the time 

for the fire to grow to 1000 kW1, i.e., 𝛼 = 1000
𝑡𝑔𝑟

2⁄  (kW/s2). NFPA 204 (2015) specifies 

four generic classifications for this growth time, 𝑡𝑔𝑟, namely: ultra-fast (75 s), fast 

(150 s), medium (300 s) and slow (600 s). 

 

In relation to defining time 𝑡 = 0 for the quantification of HRR curves, the International 

Fire Engineering Guidelines (IFEG) make the following statement (ABCB, 2005, pp. 2.4-

11) (p. 2.4-11:  

 

                                            
1 In some references a value of 1055 kW is used. 
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Fire experiments indicate that there is a period of slow burning following ignition 

that precedes the stage of a fire where the fire growth may be represented by the 

simple mathematical functions described above. This initial phase is referred to 

as the ‘incubation’, ‘induction’ or ‘establishment’ phase of fire growth. For 

practical purposes, the duration of the incubation phase of a fire cannot be 

determined reliably. In most fire engineering design fires, this incubation phase is 

ignored and this is usually a conservative assumption. 

 

Another name often used for this initial stage is the incipient phase, but regardless, the 

principle of ignoring this phase for the purposes of PBFSE is common practice. 

 

The second method identified by Hadjisophocleous and Mehaffey is the experimental 

data method. This method can only be reliably applied where the first item ignited can 

be determined, in which case the initial fire growth can be based on test data. Typically 

such data will be for free-burning tests under a calorimetry hood, so when making use 

of the data in compartment fire scenarios, it is important to be mindful of possible 

compartment effects, i.e., radiative feedback and ventilation-limited combustion, 

affecting the HRR (discussed previously in Sub-section 2.6.2). 

 

The third method that Hadjisophocleous and Mehaffey nominate is the calculation from 

first principles method. This method can be applied where the relative orientation and 

spacing of combustibles items is known. Having determined the HRR for the initial 

burning item (from experimental data or modelling), it is then possible to calculate when 

secondary items in the compartment will ignite and thereby determine a cumulative 

HRR curve for the compartment as a whole due to multiple item burning. Two aspects 

to be mindful of are that the ignition source will differ from that used in experiments to 

determine the HRR for individual items, as well as the impact of compartment effects on 

the HRR. This third method is in essence the approach used for the DFG described in 

this thesis. 

 

Hadjisophocleous and Mehaffey also provide comment on a number of other aspects 

relating to constructing parametric HRR curves for use in PBFSE. They firstly point out 

that the HRR curve cannot grow without limit and that there may be a maximum value 

that can occur. One situation could be where sprinkler activation occurs, where it is 

common practice to assume control, rather than suppression, and the parametric HRR 

curve is assumed to plateau at this point. Fleming provides an explanation of sprinkler 

control and sprinkler suppression (2003). In the absence of sprinklers, the fuel (amount, 

type, configuration) may also introduce an upper limit for the HRR, i.e., the combustion 

is fuel-controlled. The other typical possibility in this regard is the available ventilation 
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imposing an upper limit on the HRR. Hadjisophocleous and Mehaffey suggest this limit 

on HRR be calculated as: 

 

 �̇�𝑉𝐿 = 1400𝐴𝑜√𝐻𝑜 Eqn. 2-14 

 

Babrauskas (1980) nominates a higher value for the ventilation-limited HRR of: 

 

 �̇�𝑉𝐿 = 1500𝐴𝑜√𝐻𝑜 Eqn. 2-15 

 

Eqn. 2-15 is the more widely used calculation method.  

 

In the case of a parametric HRR curve for a ventilation-limited situation, once the 

growing HRR has reached flashover, the HRR curve will plateau at the �̇�𝑉𝐿 value. The 

duration of this period of steady-state output is governed by the total fuel content. 

Hadjisophocleous and Mehaffey recommend that the decay phase of the fire commence 

when 70-80 % of the available fuel has been consumed, and that the HRR curve decay 

to zero in a linear fashion to account for the remaining 20-30% of the fuel load. The 

IFEG recommends a corresponding figure of 80 % (ABCB, 2005), while C/VM2 actually 

has no decay phase as such, with the HRR curve staying at the �̇�𝑉𝐿 level until all the 

fuel is consumed, with the HRR in effect returning to zero instantaneously (MBIE, 2014). 

 

As an important parameter in characterising parametric HRR curves, Hadjisophocleous 

and Mehaffey also provide some general guidance on fuel load density (also known as 

fire load energy density (FLED) in New Zealand, and fire load density in other 

countries). The authors note that the combustible contents of a building can be more 

significant than the materials used in the construction of the building with respect to fire 

development and that both the quantity and type of fuel(s) will need to be estimated. 

The typical units used to express the fuel load density are MJ/m2 of floor area2. Where 

statistical information is available, the designer can select a specific percentile for the 

fuel load density value(s) to be used, with Hadjisophocleous and Mehaffey 

recommending the 80th, or even 95th, percentile, as well as reminding the reader to be 

conscious that fuel may not be uniformly distributed in the compartment(s) of interest. In 

addition to the amount of potential fuel energy in the fire compartment(s), the type of 

fuel is also important to consider, particularly in relation to the rate of fire growth at the 

pre-flashover stage. 

 

The IFEG suggest four methods, in order of preference, to determine the fire growth 

rate as the HRR input for modelling a pre-flashover fire (ABCB, 2005, pp. 2.4-10): 

                                            
2 Fuel load density can in some instances be expressed in relation to total enclosure surface area, i.e. 
floor, wall and ceiling areas combined. 
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1. Carefully designed full-scale experiments; 

2. Furniture calorimeter results; 

3. Statistical data/fire incidents; 

4. t2 fires. 

 

The IFEG however does not elaborate further. It is also interesting to note that even 

though, in effect, the IFEG provides guidance from the building regulator in a number of 

countries, the vast majority of designers would still utilise option 4 for PBFSE, purely on 

the grounds of expediency. The IFEG also provides detailed data on fire load densities 

(ABCB, 2005, pp. 3.4-3 to 3.4-8) with a value of 500 MJ/m2 given for homes, and for 

dwellings, an average of 780 MJ/m2, and fractiles of 870 (80th), 920 (90th), and 970 

(95th). 

 

In New Zealand, for the purposes of PBFSE, Verification Method C/VM2 (MBIE, 2014) 

is generally utilised. This document provides guidance on how to construct parametric 

HRR curves for a range of scenarios. Focussing on the scenario of relevance for the 

scope of this PhD thesis, i.e., residential-scale occupancies (generally small 

compartments with limited ventilation and no sprinklers), C/VM2 nominates a fast t2 fire 

be used for the pre-flashover phase of the HRR curve, with an upper limit of 20 MW as 

the peak HRR, �̇�𝑝𝑒𝑎𝑘, value that can occur. This HRR curve is used as input to the first 

iteration of modelling, where the time to reach an upper layer temperature, 𝑇𝑈𝐿, of 

500 °C and the corresponding �̇�𝑉𝐿 are determined. For the second iteration of the 

modelling, a modified HRR curve (solid black line in Figure 2-11) is used as input where 

the HRR curve ramps up in a linear fashion over a 15 s period to a value of 1.5�̇�𝑉𝐿, as 

an approximation of the enhancement that occurs over the flashover transition period. 

The fire model will still however limit the �̇�𝑝𝑒𝑎𝑘 value to �̇�𝑉𝐿, as illustrated by the solid 

black line in Figure 2-11 that returns to an approximately constant value of 10 MW after 

flashover. The black broken line in Figure 2-11 shows what would happen if the 

flashover enhancement is not modelled, and the fire were to simply grow as a fast t2 

fire. Since this scenario is ventilation-limited, the fast t2 fire does not actually continue to 

grow to the maximum value of 20 MW, but rather is limited to the same �̇�𝑉𝐿 value. The 

solid and broken red lines show the upper layer temperature for the case where 

flashover over is modelled and not, respectively. The green lines in Figure 2-11 model 

the fire outside the vent for the corresponding cases. 
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Figure 2-11. Example of parametric HRR curve using C/VM2 methodology (MBIE, 

2013, p. 67). 

 

C/VM2 also provides a range of FLED values (MBIE, 2014, p. 30), with a value of 

400 MJ/m2 being nominated for household units. It should be noted that it is not defined 

in C/VM2 whether this is an average or fractile value. 

 

Hietaniemi & Mikkola (2010) also provide detailed guidance on quantifying design fires 

for residential occupancies. For dwellings they provide a range of fire load density data 

(2010, pp. 33, 35) giving average and 80th fractiles. The average values for the whole 

dwelling range from 320 to 780 MJ/m2 and the 80th fractile values from 425 to 

948 MW/m2.  

 

Hietaniemi & Mikkola describe a method to transform the fire load density data into a 

HRR. Initially, a number of typical items of furniture for a dwelling were selected to 

which they assigned distributions based on statistics for the item mass and the calorific 

value. The number and type of items in the room were then adjusted to match the 

statistical value for the fire load density. Once the number and type of items was 

finalised, a “simplified” method (Hietaniemi & Mikkola also use the term “trivial”), 

attributed to Babrauskas (1986) and Babrauskas and Walton (1986) was used to 

determine the HRR for each item. This model approximates the HRR curve for 

individual furniture items as a triangle with a peak HRR value and duration of burning. 

Once this is determined, Hietaniemi & Mikkola note that “the rate of heat release of a 

room can be evaluated by adding up the rates of heat release of different moveables” 

(2010, p. 36).  
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3 DEVELOPMENT OF FIRE SPREAD SUB MODEL 

As described in sub-section 1.4.2, the first task in this PhD project was to develop a 

physics-based sub model for modelling fire spread from an ignition source (first burning 

item) to other combustible items within the fire compartment of interest. This chapter of 

the thesis describes in detail the development of the item-to-item fire spread sub model. 

 

Four papers were published during the course of this PhD project that relate to the 

development of the item-to-item fire spread sub model, namely (Baker, et al., 2011a; 

Baker, et al., 2010; Baker, et al., 2011b; Baker, et al., 2011c). Content from these four 

papers in used in this chapter, as well as content from relevant sections of the B-RISK 

User Guide and Technical Manual (Wade, et al., 2013). 

 

3.1 Combustible Items 

The most basic building blocks of the item-to-item fire spread sub model are 
combustible items. In B-RISK, each item in an Item Database has a range of properties 
defined.  
Figure 3-1 shows the Edit Item dialogue box from B-RISK for a typical item in the Item 

Database. 

 

 
 

Figure 3-1. Item properties (Wade, et al., 2013, p. 29). 
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Each item is modelled in B-RISK as rectilinear prism defined by a length, width and 

height. The clearance from the floor of the compartment can be specified as a non-zero 

value if the item is elevated off the compartment floor, and if modelling is being 

undertaken for items in pre-determined positions, then the location of items can be set. 

The mass of the item can be manually entered or it is calculated based on the HRR and 

heat of combustion values that are assigned to the item. 

 

A range of properties are defined such as heat of combustion, species yields, radiant 

loss fraction are also defined, as well as ignition criterion properties for the vertical and 

horizontal surfaces of the item. The HRR time history is also defined. 

 

3.2 Modelling Radiation in Compartment Fires 

There are two primary sources of radiation that are considered in the fire spread sub 

model, namely radiation from the flames of burning objects, and radiation from the 

underside of the hot upper layer. 

 

It is important to note that a third type of radiant heat transfer occurs in compartment 

fires (and between all matter), namely radiant exchange. In addition to radiation from 

flames and the hot upper layer, the surfaces of the compartment are also emitting 

radiation. In simple terms, radiant exchange is the process that allows for the fact that a 

surface not only emits radiation, but will receive radiation from other sources. In a 

compartment fire situation, multiple surfaces will be involved to the process of radiant 

exchange. 

 

For the purposes of the fire spread sub model within the DFG, and as a simplifying 

assumption, radiant exchange is not considered to be significant in pre-flashover 

compartment fires and is therefore ignored - refer to Sub-section 3.2.2. 

 

3.2.1 Modelling radiation from flames 

 

Fleury (2010) and Fleury et al. (2011) reviewed several different theoretical flame 

radiation models and compared predictions to experimental results (Baker, et al., 

2011c). The best match between theory and experimental data was obtained for the 

PSM (point source model, but also known as Modak’s point source model (1977)). 

However, a limitation noted in the literature is that the PSM significantly over-predicts 

the incident heat flux if the target is located too close to the exposing fire, i.e., where the 

ratio of separating distance to fire diameter is less than 2.5 (NRC, 2004). Fleury 

conducted a series of propane gas burner experiments where the radial distance, 

burner aspect ratio, heat output and orientation were varied. These data were then 
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compared to the corresponding predictions from 6 flame radiation models and as noted 

the finding from this comparison was that the PSM gave the best match between the 

models and the experimental results. The radial distances for these experiments were 

500, 750 and 1000 mm, while the burner aspect ratios were 300x300, 300x600 and 

300x900 mm. The 300x300 burner aspect ratio gives an equivalent diameter of 339 mm 

(Beyler, 2002), which in turn gives a separating distance to fire diameter ratio of 

approximately 1.0 to 2.5 for this range of radial distances. Even though the experiments 

were conducted primarily below the 2.5 threshold, the PSM still gave the best match 

with the experiments and on this basis the PSM is used as the model for radiation from 

burning items in the item-to-item fire spread sub model. 

 

The point source model is expressed mathematically as: 

 

 �̇�𝑓𝑙
" =

𝜒𝑟𝑎𝑑�̇�𝐶ℎ𝑒𝑚

4𝜋𝑅2
 Eqn. 3-1 

 

In Eqn. 3-1, q̇fl
"  (kW/m2) is the heat flux received by the secondary target, �̇�𝐶ℎ𝑒𝑚 (kW) is 

the heat output from the burning item as specified in the item HRR time history, 𝜒𝑟𝑎𝑑 is 

the radiant loss fraction from the burning object, and 𝑅 (m) is the radial distance (in plan 

view) from the centre of the burning object (point source) to the nearest part of the 

secondary item. Where multiple items are burning, the heat flux received by a 

secondary target is the sum of each individual q̇fl
"  value from all burning items calculated 

using Eqn. 3-1. 

 

3.2.2 Modelling radiation from hot upper layer 

 

In addition to flame radiation, radiation is concurrently calculated from the underside of 

the hot upper layer, which is treated as a planar, uniform, isothermal ‘surface’. The 

surface is also assumed to be both ‘diffuse’, i.e., the intensity of the emitted radiation is 

uniform in all directions and ‘gray’, i.e., the emitted radiation is independent of 

wavelength (Tien, et al., 2008). The heat flux from the hot upper layer, �̇�𝑈𝐿
"  (kW/m2), to 

the top surface of the object, is therefore calculated as: 

 

 �̇�𝑈𝐿
" = 휀𝑈𝐿𝜎𝑇𝑈𝐿

4 𝐹 Eqn. 3-2 

 

In Eqn. 3-2, 𝜎 (kW/K4m2) is the Stefan-Boltzmann constant, 𝑇𝑈𝐿 (K) is the temperature of 

the hot upper layer as calculated by B-RISK for every time step in the simulation and 𝐹 

is the configuration factor for the underside of the hot upper layer which is represented 

as a rectangular surface. It is assumed that the secondary object is located at the centre 

of the compartment and 𝐹 is computed as (Tien, et al., 2008): 
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 𝐹 =
2

𝜋
[

𝐴

√1 + 𝐴2
tan−1

𝐵

√1 + 𝐴2
+

𝐵

√1 + 𝐵2
tan−1

𝐴

√1 + 𝐵2
] Eqn. 3-3 

 

In Eqn. 3-3, 𝐴 =
𝑋

2𝑧(𝑡)
, 𝐵 =

𝑌

2𝑧(𝑡)
, 𝑋 and 𝑌 (m) are the length and width of the 

compartment respectively, and 𝑧(𝑡) (m) is the height from the top of the secondary 

object to the underside of the hot upper layer as a function of time. In many instances 

the secondary object will not be located at the centre of the compartment, giving a 

different value for 𝐹, but the former approach gives the maximum value and is hence 

conservative. In the calculation procedure, when the upper layer reaches the top of the 

secondary object, the value of 𝐹 becomes unity. The remaining parameter in Eqn. 3-2 is 

the emissivity of the soot-gas mixture comprising the upper layer, 휀𝑈𝐿, which is 

calculated as (Tien, et al., 2008): 

 

 휀𝑈𝐿 = 1 − 𝑒−𝜅𝐿 + 휀𝑔𝑒−𝜅𝐿 Eqn. 3-4 

 

In Eqn. 3-4 the term 1 − 𝑒−𝜅𝐿 accounts for the emissivity of the soot in the upper layer, 

while the term 휀𝑔𝑒−𝜅𝐿 represents the emissivity of the upper layer gases. In the B-RISK 

model, it is assumed that only water vapour and carbon dioxide contribute to the gas 

emissivity, 휀𝑔. The exponent 𝜅 (1/m) is the extinction coefficient of the upper layer 

which, neglecting the scattering coefficient, equates to the absorption coefficient of the 

upper layer (Tien, et al., 2008). In B-RISK, the extinction coefficient is calculated as the 

mass concentration of soot in the upper layer (kg soot/m3) multiplied by the particle 

extinction cross-section (m2/kg soot). 

 

The other exponent in Eqn. 3-4 is the mean beam length, 𝐿 (m). Tien et al. indicate that 

the mean beam length can be used to calculate the radiation from an arbitrary gas 

volume to its bounding surfaces and “represents the equivalent radius of hemispherical 

gas body such that it radiates a flux to the centre of its base equal to the average flux 

radiated to the boundary surface by the actual volume of gas” (2008, pp. 1-80). In the B-

RISK model the upper layer is assumed to be optically thick, so therefore the mean 

beam length, 𝐿 (m), is approximated as 𝐿 = 𝐶𝐿0, where C is a correction factor which 

has the value 0.9 for many geometries and 𝐿0 (m) is the actual geometric mean beam 

length of the upper layer. The geometric mean beam length is approximated as 𝐿0 =
4𝑉𝑈𝐿

𝐴𝑈𝐿
, where 𝑉𝑈𝐿 (m3) is the volume of the upper layer and 𝐴𝑈𝐿 (m2) is the area bounded 

by the upper layer. Combining these parameters together, the mean beam length is 

defined as: 
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 𝐿 =
3.6𝑉𝑈𝐿

𝐴𝑈𝐿
 Eqn. 3-5 

 

One simplifying assumption that is made in the modelling of radiation from the hot upper 

layer is to ignore the contribution from the ceiling and upper walls that bound the hot 

upper layer. This assumption aligns with findings reported by Drysdale (1998) where he 

refers to research by Orloff et al. (1979). Orloff et al. demonstrated in their experiments 

using a slab of polyurethane foam and ventilation-limited conditions that only a small 

proportion (less than 15 %) of the radiation reaching the floor of the compartment came 

from the ceiling and upper walls of the compartment during the pre-flashover stage, with 

radiation from the hot upper layer dominating. 

 

3.3 Criterion for Ignition of Secondary Objects 

Having developed suitable methods to model radiation received by secondary objects, 

the next step in the development of the item-to-item fire spread sub model was to 

determine a suitable criterion for ignition of these target items in the fire compartment. 

This aspect of the PhD research project is summarised in (Baker, et al., 2011a), which 

is used as the basis for much of the content in this section. 

 

3.3.1 Selection criteria 

In order to maintain a consistent level of complexity between the overall model and the 

fire spread sub model, the chosen ignition criterion procedure did not need to be highly 

accurate. Instead, it needed to be a suitable engineering approximation that achieved a 

balance between scientific rigour and accuracy, and ease of application. 

 

The ignition criterion method needed to satisfy a number of criteria, as follows: 

 

 Was simple to integrate into the sub model 

 Did not require temperature-dependent thermo-physical properties 

 Eliminated the need to measure or estimate ignition temperature 

 Required only simple testing to determine material parameters 

 Could deal with time-varying incident radiation 

 Could be used with a wide range of materials, including some composites 

 Could account for materials of different thermal thickness and orientation 

 

A significant amount of research (Lawson & Simms, 1952; Smith & Satija, 1983; 

Quintiere & Harkleroad, 1985; Janssens, 1993; Silcock & Shields, 1995; Moghtaderi, et 

al., 1997; Tewarson, 2002) has been carried out over a number of decades to develop 
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correlations that relate experimental time-to-ignition and incident flux data for 

combustible materials. Various authors (Simms, 1963; Kanury, 1972; Mikkola & 

Wichman, 1989; Janssens, 1991; Babrauskas, 2003) have summarised these 

correlations, which generally are based on a theoretical model of heat conduction into 

an inert solid resulting from incident flux and associated surface losses to varying 

degrees of complexity. 

 

Based on a comparison of these various correlation procedures against the stated 

criteria, the Flux-Time Product (FTP) method was selected for inclusion in the item-to-

item fire spread sub model for the piloted ignition mode. The ignition criterion associated 

with the FTP method is based on accumulated incident flux, rather than surface 

temperature, which Smith and Satija (1983) note simplifies the ignition prediction when 

modelling. In addition, Tran and White (1992) indicate how difficult and elusive the 

measurement of surface ignition temperature can be. The need for predefined thermal 

properties is eliminated by this method, because they are accounted for in the 

experimental determination of the FTP (Smith & Satija, 1983). The predicted ignition 

time is derived directly from the linear regression line fitted to the experimental data. 

This is a major advantage for practical use in the fire spread model because only simple 

ignition tests are required to determine all the necessary FTP data for the product. It is 

often difficult to obtain temperature-dependent thermal properties for common materials, 

let alone those for poorly-characterised composites. 

 

3.3.2 Flux-time product method 

In relation to the mathematical modelling of developing compartment fires, Smith and 

Satija (1983) originally defined the FTP concept as a method to predict the time-to-

ignition of a material. The application of the FTP approach was then extended by a 

group of authors (Toal, et al., 1989; Shields, et al., 1993) to open system environments 

such as the ISO Ignitability Test, ISO 5657 (1986), and the cone calorimeter apparatus, 

ISO 5660-1 (2002) and ASTM E 1354 (1997), for cellulosic materials. 

 

One shortcoming with the original FTP approach is that it treated materials of different 

thermal thickness in an identical manner. Shields et al. (1994) addressed this issue by, 

in effect, incorporating a thermal thickness parameter into the correlation procedure. 

The authors demonstrated this for conditioned cellulosic materials using the cone 

calorimeter over the incident flux range 20 - 70 kW/m2, as well as investigating the 

influence of orientation and piloted ignition mode. They related time-to-ignition to the 

effective flux,  crqq   , on a specimen material as: 

 

 𝐹𝑇𝑃 = 𝑡𝑖𝑔(�̇�" − �̇�𝑐𝑟
" )𝑛 Eqn. 3-6 
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where �̇�" is the incident flux, �̇�𝑐𝑟
"  is the critical irradiance and 𝑛 is the FTP index 

(1 ≤  𝑛 ≤  2).  

 

Shields et al. then rearranged Eqn. 3-6 to give a linear relationship between the incident 

flux, �̇�", and the reciprocal of the time-to-ignition, 𝑡𝑖𝑔, to the power of 1/𝑛: 

 

 �̇�" = 𝐹𝑇𝑃1/𝑛

𝑡𝑖𝑔
1/𝑛⁄ + �̇�𝑐𝑟

"  Eqn. 3-7 

 

A plot of incident flux and time-to-ignition data pairs in accordance with Eqn. 3-7 means 

that a material could be characterised in terms of 𝐹𝑇𝑃, �̇�𝑐𝑟
"  and 𝑛. 

 

Mikkola and Wichman (1989) proposed data correlations for time-to-ignition and 

incident radiation. They developed an approximate integral solution of their thermal 

model, with non-linear heat losses, for the thermally-thick, thermally-thin and thermally-

intermediate cases. In relation to the power law index in Eqn. 3-7, this procedure 

implied a discrete value of 𝑛 = 2 for thermally-thick materials, 𝑛 = 1 for the thermally-

thin case and 𝑛 = 3/2 for the thermally-intermediate situation. 

 

Shields et al. (1994) indicated that it was not necessary to slavishly adhere to these 

discrete values for the power law index and then Silcock and Shields (1995) elaborated 

on this by suggesting that 𝑛 could assume any value in the range between 1 and 2. 

Silcock and Shields also put the modified FTP concept on a firmer mathematical footing 

by using dimensional analysis to justify using a general thermal thickness approach, in 

relation to both cellulosic and polymeric materials.  

 

3.3.3 Application 

The FTP correlation procedure was developed for use with piloted ignition data, as 

opposed to the auto ignition mode. As indicated by both Kanury (2002) and Kashiwagi 

(1979), for piloted ignition, only sufficient amounts of fuel and oxygen in the gas-phase 

are required for ignition whereas for auto ignition, the gas-phase temperature must also 

be high enough to initiate the combustion reaction. The theoretical model, upon which 

the FTP correlation is based, only accounts for solid-phase heating to produce a volatile 

gas-phase fuel/air mixture which will ignite in the presence of a pilot. The theoretical 

model does not include the additional gas-phase heating required to raise the 

temperature to a level at which it ignites spontaneously. Therefore, because the 

correlation’s theoretical basis does not include this additional gas-phase heating 

component, the FTP protocol can only be used as the ignition criterion for the piloted 

ignition case within the item-to-item fire spread sub model. 
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3.3.4 Cone calorimeter experiments 

In order to generate time-to-ignition data, a series of cone calorimeter experiments was 

conducted on a composite foam-padding-fabric (FPF) specimen that consisted of a 

flexible polyurethane foam base, a lightweight thermally-bonded polyester blanket 

padding inter-layer and a 100% polyester fabric cover. This combination was the same 

as that reported by Collier and Whiting (2008) and represented typical entry point, mass 

volume, furniture sold in the New Zealand market. The density of the foam was 

approximately 30 kg/m3, the polyester padding had a nominal weight of 170 g/m2 and 

the polyester fabric 200 g/m2. 

 

All three of the constituents of the FPF composite were not fire-retardant-treated. As 

noted by Denize (2000), New Zealand differs from other countries, such as the United 

Kingdom and the United States, in that there are only voluntary, not mandatory, 

flammability regulations for upholstered furniture. Therefore in New Zealand, imported 

and domestically-manufactured upholstered furniture can be, and typically is, made 

from any materials without limitation on flammability. 

 

The FPF specimens had an overall thickness of 50 mm, the maximum permitted by the 

test standard. It consisted of a ‘sandwich’ of 25 mm thick foam, beneath a 25 mm thick 

layer of the polyester padding and then an outer single fabric layer, again compressed 

over a 13 mm bed of ceramic fibre blanket. Initially, as the 50 mm sandwich was 

compressed into the specimen holder the exposed surface bulged approximately 5-

10 mm proud of the top surface of the specimen holder. It was therefore necessary to 

use the standard sample retaining grid for all testing. The bottom and sides of each 

specimen was wrapped in aluminium foil. Figure 3-2 shows a schematic representation 

of the FPF composite in a horizontal specimen holder base. 
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Figure 3-2. Schematic cross-section of FPF composite in horizontal specimen 

holder (Baker, et al., 2011a, p. 371). 

 

The time-to-ignition was determined experimentally for three replicates of the FPF 

composite for each constant flux setting, the horizontal and vertical orientations and 

each ignition mode - the results obtained are summarised in Table 3-1. The piloted 

ignition data was generated for use with the FTP correlation procedure, while auto 

ignition data was generated as the basis for developing an empirical ignition 

approximation. 
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Table 3-1. Time-to-ignition data (Baker, et al., 2011a, p. 373). 

 

 
NI = no ignition after 900 s exposure 

 

In addition to the ignition times over the range 20 – 60 kW/m2, values for �̇�𝑚𝑖𝑛
"  were also 

determined experimentally. The �̇�𝑚𝑖𝑛
"  values were determined by reducing the exposure 

radiation in the cone calorimeter in 1 kW/m2 increments to a level where ignition did not 

occur for three specimens after an exposure period of 900 s. The �̇�𝑚𝑖𝑛
"   value was then 

calculated to be halfway beteen the minimum radiation value at which ignition did occur 

and the maximum value at which it did not. Table 3-2 summarises the values for �̇�𝑚𝑖𝑛
" . 

 

Table 3-2. Minimum heat flux (Baker, et al., 2011a, p. 373). 

 

 
 

3.3.5 Analysis of piloted-ignition data 

The analysis using the FTP correlation procedure was directly applied to the piloted 

ignition data only. The procedure used to analyse the piloted time-to-ignition data 

 Time-to-ignition (s) 

Incident 
radiation 

flux 
(kW/m2) 

Horizontal Vertical 

Piloted Auto Piloted Auto 

1 2 3 av
. 

1 2 3 av. 1 2 3 av
. 

1 2 3 av. 

20 39 39 47 42 NI NI NI  40 45 40 42 NI NI NI  

25 32 31 30 31 NI NI NI  37 31 29 32 NI NI NI  

30 22 23 22 22 15
7 

13
9 

19
4 

16
3 

25 27 26 26 NI NI NI  

35 17 19 19 18 87 11
3 

89 96 20 19 21 20 79 77 81 79 

40 16 15 16 16 38 38 48 41 22 22 18 21 72 70 65 69 

45 15 15 15 15 33 18 22 24 14 18 21 18 58 56 62 59 

50 13 12 12 12 17 16 17 17 11 20 13 15 52 50 55 52 

55 10 11 12 11 12 15 23 17 12 11 14 12 44 26 42 37 

60 9 9 9 9 17 13 14 15 10 11 12 11 19 20 24 21 

 

Minimum Heat Flux minq   [kW/m
2
] 

Horizontal Vertical 

Piloted Auto Piloted Auto 

11.5 25.5 10.5 30.5 
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generally follows the protocol described by Silcock and Shields (1995). In all cases 

average ignition time values (i.e., the shaded columns labelled “av.” in Table 3-1) were 

used for the analysis. 

 

Eqn. 3-7 is in the generic form 𝑦 = 𝑎𝑥 + 𝑏, so a plot of 1/𝑡𝑖𝑔
1/𝑛

 (x-axis) vs. �̇�" (y-axis) and 

then fitting a linear trendline will yield a value for FTP (i.e., gradient = 𝐹𝑇𝑃1/𝑛) and �̇�𝑐𝑟
"  

(i.e., y-axis intercept). Specifically, a computer spreadsheet software package was used 
with an X-Y scatter plot, a linear trendline fitted, the coefficient of determination (R2) and 
trendline equation options selected, and then the FTP index parameter varied manually 
to see which value gave the best fit for the linear trendline, i.e., highest R2 value. 
However, for the fabric-padding-foam (FPF) composite described in sub-section 3.3.4 

and the analysis presented in Table 3-3 for key FTP index values of 𝑛 = 1, 𝑛 = 1.5 and 

𝑛 = 2.0., the best linear trendline fit gave a physically meaningless, negative value for 

�̇�𝑐𝑟
" . Instead, an appropriate ratio of �̇�𝑐𝑟

" : �̇�𝑚𝑖𝑛
"  was the basis for selecting the 

representative FTP dataset. The value for  �̇�𝑚𝑖𝑛
"  was determined by taking ignition 

measurements in the cone calorimeter at heat fluxes that decreased in 1 kW/m2 
increments, until no ignition occur, and then specifying the midpoint between ignition 

and no ignition as the �̇�𝑚𝑖𝑛
"  value, which for the FPF composite was 11.5 kW/m2. The 

�̇�𝑐𝑟
" : �̇�𝑚𝑖𝑛

"  ratio range of 1-0.8 nominated by Shields et al. (1994) was the basis for 

selecting the 1/481/9.5 FTP dataset for the FPF composite, with a �̇�𝑐𝑟
" : �̇�𝑚𝑖𝑛

"  ratio of 0.83. 

 

Table 3-3. Analysis of pilot-ignition data (Baker, et al., 2011a, p. 373). 

 

 
 

Figure 2 shows the linear trend line fitted in accordance with the FTP correlation 

procedure for both the horizontal and vertical orientations for a FTP index of 𝑛 = 1, thus 

providing an indication of the effect of orientation (horizontal or vertical) on the 

respective �̇�𝑐𝑟
"  (y-axis intercept) values for the material tested. 

 

 n R
2
 FTP 

crq  [kW/m
2
] minq   [kW/m

2
] 

H
o

ri
zo

n
ta

l 1.0 0.981 481 9.5 

11.5 1.5 0.987 4786 -4.5 

2.0 0.985 55286 -18.0 

V
er

ti
ca

l 

1.0 0.971 592 8.0 

10.5 1.5 0.980 6206 -7.5 

2.0 0.982 75972 -23.0 
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Figure 3-3. Effect of orientation on FTP analysis (Baker, et al., 2011a, p. 374). 

 

3.3.6 Sub model implementation 

In the FTP calculation procedure, q̇cr
"  is the threshold incident flux value that triggers the 

start of the FTP summation process. As such, the values for n, FTP and q̇cr
"  are all 

interdependent on each other. The sub model calculates the incident flux, q̇", that is 

received by the secondary ‘target’ fuel item at each time step, both for the radiation from 

the hot upper layer to the top (horizontal) surface of the target item, as well as 

separately calculating the incident flux from burning objects to the nearest vertical face 

of the target item. For any time step, 𝑖, where the incident flux at that time step, �̇�𝑖
", 

exceeds q̇cr
" , the algorithm by which the sub model calculates a value for FTP is a 

modified form of Eqn. 3-6, as follows: 

 

 𝐹𝑇𝑃 = ∑(�̇�𝑖
" − �̇�𝑐𝑟

" )𝑛 ⋅

𝑚

𝑖=1

𝛥𝑡𝑖                𝑓𝑜𝑟 �̇�" > �̇�𝑐𝑟
"  Eqn. 3-8 

 

The total FTP is therefore evaluated in a cumulative fashion until the time step when the 

sum exceeds the FTP value required for ignition of the fuel item, and the fuel item is 

then deemed to have ignited. If the incident flux is steady up to the point of ignition, Eqn. 

3-8 simply takes the form of Eqn. 3-6. In all likelihood however the incident flux will vary 

from time step to time step and the calculation represented by Eqn. 3-8 is based upon a 

time step such that a quasi-steady value for the incident flux is a suitable approximation. 
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3.3.7 Ignition mode 

In relation to the modelling of ignition of secondary fuel items in compartments, both the 

piloted and auto-ignition modes may be applicable, depending on the circumstances of 

the particular scenario. Where flame impingement may occur due to the proximity of 

secondary fuel items, or where sparks and embers are generated by first or subsequent 

items ignited, then the piloted ignition mode is the appropriate option to use for the 

ignition modelling. On the other hand, auto ignition may be the appropriate option where 

dictated by factors such as the burning behaviour of fuel items, spatial separation of 

secondary items, compartment height, etc. 

 

In the research literature, Moghtaderi et al. (1997) indicate the importance of piloted 

ignition in the field of fire safety research because of the lower critical surface 

temperatures involved and the link to the initiation, growth and development of fire from 

small ignition sources. This view is also shared by Atreya and Abu-Zaid (1991). 

According to Peacock et al. (Peacock, et al., 1999), the auto-ignition mode is 

considered more appropriate in relation to full room involvement since ignition remote 

from the flames is involved. Essentially the choice in the fire spread sub model is left up 

to the model user as to which mode they consider most appropriate for their particular 

situation. 

 

In the DFG modelling, the user has to enter two sets of FTP ignition data (refer to Figure 
3-1). One is for ignition of vertical surfaces by source items (heat flux calculated using 
the point source model as described in sub-section 3.2.1), while the second relates to 
ignition of horizontal surfaces by the upper layer (radiation from the underside of the hot 
upper layer as described in sub-section 3.2.2). For each secondary item, both situations 
are calculated concurrently to determine which occurs first. Where the auto/random 
populate items function is being used, it is recommended that piloted ignition data be 
used for PSM ignition of vertical surfaces by source items case, and auto-ignition data 
for the ignition of horizontal surfaces by the upper layer case. Where the manual 
positioning of items option is used, e.g., separation distances known, first item ignited, 
likely ignition sequence, etc., it is recommended that auto-ignition data be used for the 
hot upper layer radiation case. For the PSM ignition of vertical surfaces by source items 
case, based on experimental observations it is recommended that where the gap 
between the burning object and the secondary object is less than 200 mm then piloted 
data should be used and where greater than 200 mm auto-ignition data should be used. 
 

3.3.8 Auto-ignition data 

In examining the auto ignition experimental data shown in Table 3-1 and Table 3-2, the 

same trends reported by other researchers are observed. Citing research by Cain, 

Babrauskas (2003) noted that �̇�𝑚𝑖𝑛
"  for the auto-ignition mode was 1.6 - 3.7 times that 

for piloted ignition, for twelve tested products. From the data in Table 3-2, the 

corresponding proportions are 2.2 times (horizontal) and 2.9 times (vertical). Shields et 
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al. (1994) reported auto-ignition data for three conditioned cellulosic materials, which 

matched the trends illustrated by the data in Table 3-1 where the auto ignition time is 

significantly higher than the corresponding piloted value at low flux levels, but at the 

higher fluxes, the auto ignition values start to converge towards the piloted values. 

Kanury (1972) also illustrated the differences between piloted and auto ignition by 

noting that the surface temperature required for wood to ignite spontaneously from 

radiant heating is 600ºC while a corresponding value of 300 – 410ºC is required for 

piloted ignition, which is consistent with the trends described herein. 

 

3.3.9 Orientation 

Cone calorimeter data for three conditioned cellulosic materials from Shields et al. 

(1993), indicates larger ignition times in the vertical orientation at the minimum flux 

level, but a convergence at the maximum flux level. When analysed using the FTP 

procedure, Shields et al. (1994) concluded that �̇�𝑐𝑟
" (horizontal) was less than �̇�𝑐𝑟

"  

(vertical), due to the influence of greater convective cooling for the vertical specimen. In 

relation to time-to-ignition, Atreya et al. (cited by Janssens (1991)) did not actually find 

any significant differences between the horizontal and vertical orientations for two wood 

species. Babrauskas and Parker (1987) found both the former and latter trend for time-

to-ignition data, covering a range of different materials. 

 

Focussing on the piloted ignition mode, the raw experimental data shown in Table 3-1 

generally illustrates that piloted ignition times over the flux range 20 - 60 kW/m2 are 

greater for the vertical orientation. However, when �̇�𝑚𝑖𝑛
"  was determined experimentally 

(refer to Table 3-2) and the analysis undertaken (as represented by Figure 3-3) a 

reversal is apparent, in that both �̇�𝑚𝑖𝑛
"  and �̇�𝑐𝑟

"  for the vertical orientation are less than 

the horizontal orientation. One reason could simply be the inherent variability in ignition 

times at lower flux levels. Shields et al. (1994) indicate that the variance in times-to-

ignition is large at low heat fluxes in relation to conditioned cellulosic materials tested in 

both orientations over the range 20 – 70 kW/m2. Another possible reason for this 

apparent inconsistency is the interaction between the spark igniter and pyrolyzates 

emanating from the specimens in the vertical orientation. Whereas in the horizontal 

orientation, the volatile gases produced by pyrolysis are distributed over the surface 

area of the specimen, in the vertical orientation the convection/buoyancy effects 

concentrate the gases in a smaller zone in the proximity of the spark igniter. This issue 

is indirectly implied by commentary in the test standard (SA/SNZ, 1998), where mention 

is made of greater repeatability of ignition data in the horizontal orientation due to a 

wider column of pyrolyzates present at the location of the spark gap. Especially at low 

levels of incident flux, it is possible that this apparent phenomenon could actually more 

than offset the impact of greater convective losses in the vertical orientation. In contrast 

however, Babrauskas (2003) actually suggests the opposite trend when he refers to the 
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very thin sheet of pyrolysis products associated with the vertical orientation, requiring a 

higher energy concentration due to its thinness and tendency to fluctuate position, 

resulting in a longer ignition times in the vertical orientation. 

 

This issue is an apparatus-dependent phenomenon and is unlikely to occur in a real 

compartment fire. In order to be conservative, and for ease of small-scale testing, it is 

recommended that cone calorimeter testing in the horizontal orientation be conducted 

when required to determine FTP input parameters for the sub model, although the user 

still has the option to use vertical data if deemed appropriate to do so. 

 

3.3.10 Determination of FTP for piloted ignition 

It is important to note that �̇�𝑚𝑖𝑛
"  is an experimentally-determined minimum value while 

�̇�𝑐𝑟
"  is a theoretical flux value, derived from a correlation procedure, at which ignition will 

occur after an infinite period of time. In reality however, the pyrolysis of the fuel will only 

last for a finite time span (Silcock & Shields, 1995). As indicated by Shields et al. 

(1994), the condition �̇�𝑚𝑖𝑛
" > �̇�𝑐𝑟

"  should always be satisfied and based on their reported 

results, �̇�𝑐𝑟
"  in the horizontal orientation is approximately in the range 1.0 − 0.8×�̇�𝑚𝑖𝑛

" . 

 

It should be noted that the single example dataset present herein does not necessarily 

illustrate this point, with negative values for �̇�𝑐𝑟
"  for values of 𝑛 =

3

2
, 2. However, 

generally, where the user of the sub model wishes to generate a new FTP data set, it is 

important to experimentally determine a value for �̇�𝑚𝑖𝑛
"  and confirm that the value of �̇�𝑐𝑟

"  

derived by the FTP correlation procedure has an appropriate relativity to �̇�𝑚𝑖𝑛
" .  

 

The analysis of the time-to-ignition data for the FPF composite created a dilemma. The 

modified FTP analysis protocol suggests that 𝑛 be found for the best-fit linear trend line 

in the range 1 ≤ 𝑛 ≤ 2. Intuitively, the FPF composite would be assumed to be either a 

thermally-intermediate (i.e., 𝑛 = 3/2) or thermally thick (i.e., 𝑛 = 2) material. And in fact 

for the horizontal data presented in Table 3-3, the goodness-of-fit of the linear trend line 

(and hence the value for 𝑛) via the correlation procedure suggests a value for the FTP 

index of 𝑛 =  3/2 (i.e., thermally-intermediate behaviour). 

 

However, the correlation procedure for 𝑛 =  3/2 also indicates a negative value for �̇�𝑐𝑟
" , 

which is neither logical nor does it meet the previous criterion of falling in the range of 

up to 20% less than �̇�𝑚𝑖𝑛
" . In the context of implementing the FTP dataset for the FPF 

composite in the sub model, this would equate to a value of �̇�𝑐𝑟
" = 0.  

 

The alternative option is to treat the FPF composite as a quasi-thermally-thin material. 

In the literature (Babrauskas, 2003; Chen, 2001), the correlation of data by other 
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authors indicates thermally-thin behaviour for similar composite materials. A value of 

𝐹𝑇𝑃 = 310 kWs/m2 can be deduced from the data presented by Chen (2001) for a 

similar foam/polyester fabric composite, a corresponding �̇�𝑚𝑖𝑛
" = 9.5 kW/m2 and �̇�𝑐𝑟

" =

7.7 kW/m2 when 𝑛 = 1. Babrauskas (2003) summarises data for a similar foam/acrylic 

fabric upholstered furniture composite with �̇�𝑚𝑖𝑛
" = 7 kW/m2, �̇�𝑐𝑟

" = 6.3 kW/m2 and 𝐵𝑖𝑔 =

510 kWs/m2, noting that 𝐵𝑖𝑔 ≡ 𝐹𝑇𝑃. Babrauskas and Krasny (1985) also illustrate some 

data for a similar polyolefin/foam upholstered furniture composite, with a minimum 

irradiance-for-ignition value reported of 8.1 kW/m2. Extracting the time-to-ignition data 

and plotting in the same manner as for Figure 3-3 gives an estimated 𝐹𝑇𝑃 ≅

220 kWs/m2 and �̇�𝑐𝑟
" ≅ 7.5 kW/m2. 

 

This comparison shows that the FTP values derived for the FPF composite are of a 

similar order of magnitude to those reported in the literature by other researchers. There 

are a number of possible reasons as to why there are differences. Firstly, the materials 

are different, and hence different FTP values would be expected. Apparatus-dependent 

variability may also contribute to differences. For example, the ISO 5657 (1986) 

apparatus was used for the data reported by Chen, rather than the cone calorimeter. 

 

3.3.11 Empirical auto-ignition approximation 

In analysing data from Shields et al. (1993; 1994), Babrauskas (2003) indicates that the 

relationship between auto and piloted time-to-ignition could be expressed as: 

 

 𝑡𝑖𝑔(𝑎𝑢𝑡𝑜) = (2.86 − 0.0172�̇�")×𝑡𝑖𝑔(𝑝𝑖𝑙𝑜𝑡) Eqn. 3-9 

 

Figure 3-4 shows a plot of the auto and piloted ignition data for the FPF composite in 

the horizontal orientation, with a linear trend line shown to give the equivalent 

expression to Eqn. 3-9.  
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Figure 3-4. Incident flux vs. ratio auto/piloted ignition time (Baker, et al., 2011a, p. 

378). 

 

For the FPF composite the resulting expression from the linear trend line best fit 

corresponding to Eqn. 3-9 is: 

 

 𝑡𝑖𝑔(𝑎𝑢𝑡𝑜) = (11.42 − 0.1853�̇�")×𝑡𝑖𝑔(𝑝𝑖𝑙𝑜𝑡) Eqn. 3-10 

 

Both by inspection of the data point markers and from the reported coefficient of 

determination (𝑅2) value in Figure 3-4, a non-linear relationship between the time-to-

ignition in the auto and piloted ignition modes is apparent. At low incident flux levels, an 

asymptote parallel to the y-axis corresponding to �̇�𝑐𝑟
" (𝑎𝑢𝑡𝑜) as 𝑡𝑖𝑔(𝑎𝑢𝑡𝑜) 𝑡𝑖𝑔(𝑝𝑖𝑙𝑜𝑡)⁄  

increases would be expected, rather than a y-axis intercept corresponding to �̇�" = 0 that 

is indicated by Eqn. 3-10. Similarly at high incident flux levels, a convergence towards 

𝑡𝑖𝑔(𝑎𝑢𝑡𝑜) 𝑡𝑖𝑔(𝑝𝑖𝑙𝑜𝑡)⁄ = 1 as �̇�" increases would also be expected. It would not be 

physically possible for 𝑡𝑖𝑔(𝑎𝑢𝑡𝑜) to be less than 𝑡𝑖𝑔(𝑝𝑖𝑙𝑜𝑡) and hence 

𝑡𝑖𝑔(𝑎𝑢𝑡𝑜) 𝑡𝑖𝑔(𝑝𝑖𝑙𝑜𝑡)⁄  to be less than unity. 

 

In relation to the sub model, an estimate of the auto ignition mode time-to-ignition is not 

directly useful since the sub model must account for time-varying incident flux. The FTP 

approach, as used in conjunction with piloted ignition data, has greater utility in relation 

to the sub model. 

 

A quasi-FTP empirical approximation is therefore proposed for the auto ignition mode. 

Rather than fit a trend line to the experimental auto ignition data, a straight line plot is 
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simply made in a form identical to Eqn. 3-7 to give a quasi-FTP value for the auto 

ignition mode. This plot is based on an estimated y-axis intercept for �̇�𝑐𝑟
" (𝑎𝑢𝑡𝑜) and an 

incident flux, �̇�", at which convergence of ignition times occurs, i.e., 

𝑡𝑖𝑔(𝑎𝑢𝑡𝑜) =  𝑡𝑖𝑔(𝑝𝑖𝑙𝑜𝑡). 

 

Firstly it is assumed that the thermal thickness, as indicated by the FTP index, is the 

same for the two ignition modes. The second assumption required for the auto ignition 

empirical approximation is that the proportionality of �̇�𝑐𝑟
" �̇�𝑚𝑖𝑛

"⁄  for the piloted-ignition 

mode also applies for the auto-ignition mode. Chen (2001) reports data which gives a 

ratio �̇�𝑐𝑟
" �̇�𝑚𝑖𝑛

"⁄ = 0.81 for a composite similar to the FPF composite reported herein. 

Babrauskas (2003) similarly reports data with the ratio 0.90, while Babrauskas and 

Krasny (1985) report the ratio 0.93. The horizontal orientation data in Table 3-3 for the 

FPF composite gives a ratio of 0.83. On this basis a mid-point ratio of �̇�𝑐𝑟
" �̇�𝑚𝑖𝑛

"⁄ = 0.87 is 

proposed for the auto-ignition empirical approximation. Now, based on the previous 

auto ignition �̇�𝑚𝑖𝑛
"  value in Table 3-2, for the FPF composite in the horizontal orientation, 

�̇�𝑐𝑟
" (𝑎𝑢𝑡𝑜) = 0.87×25.5 = 22.0 kW/m2.  

 

The third assumption is the value for �̇�" at which 𝑡𝑖𝑔(𝑎𝑢𝑡𝑜) = 𝑡𝑖𝑔(𝑝𝑖𝑙𝑜𝑡). The data from 

the testing of the FPF composite and the literature (Shields, et al., 1993) suggest 

convergence of the auto/piloted ignition times. The range of the cone calorimeter 

(maximum 100 kW/m2), the minimum ignition time threshold value of 𝑡𝑖𝑔 = 5 − 7 s 

relating to the spark igniter deployment time and the accuracy of a hand-held stopwatch 

for measuring 𝑡𝑖𝑔 meant that the actual value could not be readily determined in this 

case but an estimate of �̇�" =  120 kW/m2 is proposed however. 

 

The corresponding auto ignition mode form of Eqn. 3-7 for 𝑛 = 1 becomes: 

 

 �̇�𝑎𝑢𝑡𝑜
" =

𝐹𝑇𝑃𝑎𝑢𝑡𝑜
𝑡𝑖𝑔

⁄ + 22 Eqn. 3-11 

 

and for the piloted-ignition mode: 

 

 �̇�𝑝𝑖𝑙𝑜𝑡
" =

𝐹𝑇𝑃𝑝𝑖𝑙𝑜𝑡
𝑡𝑖𝑔

⁄ + 9.5 Eqn. 3-12 

 

From the intersection of Eqn. 3-11 and Eqn. 3-12 at �̇�𝑎𝑢𝑡𝑜
" = �̇�𝑝𝑖𝑙𝑜𝑡

" = 120 kW/m2, by 

substituting the known value of 𝐹𝑇𝑃𝑝𝑖𝑙𝑜𝑡 = 481 kWs/m2 and by eliminating the term 𝑡𝑖𝑔, it 

can be shown that 𝐹𝑇𝑃𝑎𝑢𝑡𝑜 = 427 kWs/m2.  
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Figure 3-5 therefore shows a straight line plot (dashed line) for the auto ignition 

empirical approximation with a y-axis intercept of �̇�𝑐𝑟
" = 22 kW/m2, a gradient of 

𝐹𝑇𝑃𝑎𝑢𝑡𝑜 =  427 kWs/m2 and an intersection with the corresponding piloted-ignition plot 

(solid line) at �̇�" = 120 kW/m2.  

 

 
Figure 3-5. Empirical auto-ignition approximation (Baker, et al., 2011a, p. 379). 

 

The actual experimental data points for the auto-ignition mode, in both the horizontal 

(solid diamond marker) and the vertical orientation (unfilled square marker), are also 

depicted in Figure 3-5 as a comparison to the auto ignition empirical approximation. 

This comparison firstly indicates that the proposed empirical approximation will predict 

ignition times which are less than the cone calorimeter experiments. Secondly, the 

comparison depicted in Figure 3-5 suggests that, although the empirical approximation 

is based on the horizontal orientation, it can also be used to account for the vertical 

orientation. 

 

The formulation of the empirical approximation, using the value �̇�" = 120 kW/m2 as the 

point where 𝑡𝑖𝑔(𝑎𝑢𝑡𝑜) = 𝑡𝑖𝑔(𝑝𝑖𝑙𝑜𝑡), is not highly sensitive to the value assumed. For 

example, assuming a value of �̇�" = 180 kW/m2, i.e., a 50 % increase, results in an 

increase in the 𝐹𝑇𝑃𝑎𝑢𝑡𝑜 value of approximately 4 %. In the context of the empirical 

approximation utilising the quasi-FTP auto ignition value in the sub model, this level of 

variation has little significance. 
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3.3.12 Recommendations for sub model users 

The piloted ignition experiments described in this thesis section lead to the following 

recommendations for the sub model user wishing to generate a new FTP dataset: 

 

1. A value for �̇�𝑚𝑖𝑛
"  always be determined experimentally to ensure that the �̇�𝑐𝑟

"  

value entered into the sub model database is appropriate; 

2. Where application of the FTP correlation procedure leads to ambiguity as to the 

correct FTP index to use, a sensitivity analysis of the impact on sub model 

ignition should be undertaken; 

3. When deriving the input piloted ignition data for the sub model, specimens should 

be tested in the horizontal orientation; 

4. Where possible, compare ignition data values with those in the literature to 

ensure a level of consistency is achieved. 

 

Having derived a FTP data set for the piloted ignition mode, the corresponding quasi-

FTP data set can be derived for the auto ignition mode based on an experimentally-

derived �̇�𝑚𝑖𝑛
"  value and a �̇�" value where 𝑡𝑖𝑔(𝑎𝑢𝑡𝑜) = 𝑡𝑖𝑔(𝑝𝑖𝑙𝑜𝑡). The model user should 

give careful consideration to choosing the appropriate ignition mode to suit the situation 

being modelled. 

 

3.4 Comparison of Sub Model Predictions with Experiments 

Three different sets of experiments were conducted to compare the predictive capability 

of the item-to-item fire spread sub model with experimental data. 

 

3.4.1 Gas burner experiments - radiation 

Firstly, a series of intermediate-scale experiments were carried out in an ISO 9705 

(1993) enclosure to compare experimental radiation measurements with theoretical 

radiation outputs from the sub model. A propane burner and radiation measuring 

devices were set up in various arrangements in the enclosure and a series of trials 

conducted. The radiation measuring devices were all in the vertical orientation. At the 

same time, gas temperature measurements were taken within the enclosure. 

 

A series of three trial burns were conducted and for each setup, the position of the 

burner was varied in relation to the fixed location of the radiation measuring devices. 
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Figure 3-6. Plan view of gas burner locations (Baker, et al., 2010). 

 

The burner consisted of the “standard propane ignition source” described in the ISO 
9705 fire test standard, having internal dimensions of 170 by 170 mm in plan, with the 
top surface, and hence also the base of the flames, 300 mm above floor level. For the 
three trials, the burner was located at the positions B1-B3 shown in  
Figure 3-6, or coordinates of (1800, 1200), (1800, 2300) and (100, 2300) respectively. 
 

 
 

Figure 3-7. Nominal burner output for experiments (Baker, et al., 2010). 

 

Each trial used the same burner output shown in  
Figure 3-7, with the only difference being the location of the burner. Each period of 
constant heat release rate was of 1200 s duration, followed by either a stepped increase 
or decrease of 100 kW for the next constant period of 1200 s, with a total duration 
overall of 6000 s. 
 

Radiation measurements were taken at positions R1 and R2 in  
Figure 3-6, at coordinates of (1800, 600) and (2700, 1200) and at a height of 1000 mm 
above the enclosure floor level. Two different devices were used to measure radiation in 
the experimental programme – water-cooled Gardon total heat flux meters and plate 
thermometers. Heat flux meters of the Gardon or Schmidt-Boelter type have traditionally 
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been used in fire tests to measure total heat flux, to a water-cooled surface (Olsson, 
1991). Plate thermometers are a temperature measuring device, described in fire 
resistance test standard ISO 834-1 (1999), which were originally developed as a reliable 
way to control the temperature in fire resistance furnaces (Wickström, 1994). 
 

In the experiments, the temperature of the water cooling the heat flux meters was close 

to ambient, and hence the incident radiation, �̇�𝑖𝑛𝑐
" , at the heat flux meters was calculated 

as �̇�𝑖𝑛𝑐
" = �̇�𝐻𝐹𝑀

" + 𝜎𝑇𝑤
4 (Ingason & Wickström, 2007). The theory suggested by Ingason 

and Wickström is also used to calculate the incident radiation measured by the plate 

thermometer, whereby: 

 

�̇�𝑖𝑛𝑐
" = 𝜎𝑇𝑃𝑇

4 +
(𝐾𝑐𝑜𝑛𝑑 − ℎ𝑃𝑇)(𝑇𝑎𝑚𝑏 − 𝑇𝑃𝑇)

휀𝑃𝑇
+

𝜌𝑃𝑇𝑐𝑃𝑇𝛿𝑃𝑇(∆𝑇𝑃𝑇 ∆𝑡⁄ )

휀𝑃𝑇
 Eqn. 3-13 

 

The conduction correction factor, 𝐾𝑐𝑜𝑛𝑑, allows for combined heat lost as 2-D conduction 

away from the central measuring point in the plane of the plate thermometer as well as 

the heat lost through the insulating pad on the back face of the plate thermometer. The 

combined term 𝜌𝑃𝑇𝑐𝑃𝑇𝛿𝑃𝑇(∆𝑇𝑃𝑇 ∆𝑡⁄ ) represents the heat stored per unit area and time in 

the plate thermometer. The terms 𝜌𝑃𝑇, 𝑐𝑃𝑇 and 𝛿𝑃𝑇 represent the density, specific heat 

capacity and plate thickness respectively of the plate thermometer. The term ∆𝑇𝑃𝑇 is the 

temperature difference between consecutive plate thermometer temperature readings 

over a time step ∆𝑡. 

 

Gas temperatures were measured with thermocouple measurements being taken in the 
enclosure at position T1 shown in  
Figure 3-6, with 10 measuring points located at coordinates (3300, 300) and at heights 

260, 670, 970, 1270, 1420, 1570, 1720, 1910, 2100 and 2300 mm respectively above 

the floor of the enclosure. Mineral insulated, metal sheathed thermocouples of 3 mm 

diameter were used, matching those specified in fire resistance test standard AS 1530.4 

(SA, 2005). 

 

Six sets of experimental data were generated during the experimental programme, from 

three burner locations and two measuring points. Three B-RISK simulations were 

carried out, corresponding to the experimental burner locations B1-B3, and the 

temperature and layer height data from B-RISK was used as the basis for the sub 

model radiation predictions from the underside of the hot upper layer.  

 

The experimental results were then compared to the theoretical radiation predictions of 

the sub model. The theoretical incident radiation values derived by the sub model (SM) 

are compared with measured incident radiation values from adjacent plate 

thermometers (PT) and Gardon heat flux meters (HFM). 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3-8. Incident radiation comparisons: (a) B1/R1; (b) B1/R2; (c) B2/R1; (d) 

B2/R2; (e) B3/R1; (f) B3/R2 (Baker, et al., 2010). 

 

It is apparent from the plot for the heat flux meter in both Figure 3-8(a) and (c) that 

some type of discrepancy occurred in the heat flux meter readings. In Figure 3-8(a) 

there is a rapid drop shown of 4 kW/m2 at 5000 s, while the plate thermometer reading 

remained stable. Figure 3-8(c) depicts a similar occurrence, where the heat flux meter 

value rapidly rises by 4 kW/m2 at 2500 s, only to drop the same amount back to a 

plateau of 5 kW/m2 at 3200 s, while over the same period the plate thermometer again 

returns a stable incident radiation reading. While no explanation could be found for the 

deviation recorded in these two instances, it is possible to deduce the ‘correct’ radiation 

reading for both these situations, namely 6 kW/m2 for the dataset shown in Figure 

3-8(a) and 5 kW/m2 for Figure 3-8(c). 
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It should be noted that the data from the plate thermometers depicted in Figure 3-8 as 

“PT” are incident radiation measurements, while the heat flux meter data depicted as 

“HFM” are total heat flux measurements, i.e., a combination of radiation and convection. 

The Gardon heat flux meters used were water-cooled, and in gases at ambient 

temperature that match the temperature of the cooling water, the convection heat 

transfer is insignificant. When there is a significant difference in temperature between 

the cooling water and the gas temperature the convection heat transfer becomes 

significant and can be of the same order of magnitude as the radiation heat transfer. 

The plate thermometer and heat flux meter location was at 1000 mm above floor level, 

which for these experiments was at or close to the interface height between the hot 

upper layer and the (relatively cooler) lower layer. The B-RISK modelling for the three 

burner scenarios B1 – B3 predicted maximum lower layer temperatures of 

approximately 55 - 65° C, and corresponding minimum layer heights of approximately 

1000 – 1400 mm, while the thermocouple data (location T1 in Figure 3-6) gave peak 

(uncorrected) readings at 970 mm above floor level of approximately 140 - 145° C. On 

this basis it would therefore be expected that the heat flux meter readings would be 

higher than those for the plate thermometers. This trend is apparent for the R2 

measuring location, but inexplicably, the opposite trend is apparent for the R1 

measuring location, i.e., the heat flux meter readings are less than those for the plate 

thermometers. 

 

It was also apparent during the experiments that the propane burner flame, while being 

unstable and fluctuating in a fashion typical of flames, did tend to ‘lean’ towards the 

doorway of the ISO 9705 enclosure. This would result in higher actual readings, 

compared to the sub model values that are based on a vertical flame geometry, and 

while this is indicated by the higher heat flux meter readings, the plate thermometer 

readings however are not consistent with this trend. The slower thermal response of the 

plate thermometer, compared to the short response time of the heat flux meter, could be 

a factor in this regard. 

 

3.4.2 Hydrocarbon pan experiments – radiation and auto ignition 

A second series of experiments was conducted to compare sub model predictions of 

both radiation and time-to-ignition, with experimental data. For these experiments the 

fuel was commercial grade 91-octane petrol in five pan locations, as illustrated in Figure 

3-9. 
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Figure 3-9. Plan view of fuel pan locations (Baker, et al., 2011b, p. 212). 

 

In this second series of experiments, while again trialling the radiation algorithms of the 

sub model, the auto ignition functionality was also compared. This second aspect was 

achieved by positioning a vertical 100 by 100 by 25 mm thick sample of FPF composite 

(the same composite as used in the cone calorimeter ignition experiments (Baker, et al., 

2011a)) at the two radiation measuring locations (R1 and R2). The heat flux meters 

were again at 1000 mm above floor level. Not only were radiation measurements 

recorded during the experiments, but the time-to-ignition measurements, noted in Table 

3-4, were also taken. 

 

Table 3-4. Experimental and predicted auto-ignition times (Baker, et al., 2011b, p. 

213). 

Fuel pan location 
R1 – time-to-ignition (s) R2 – time-to-ignition (s) 

Experiment Predicted Experiment Predicted 

P1 NI NI NI NI 

P2 NI NI NI NI 

P3 NI NI NI NI 

P4 NI NI NI NI 

P5a 90 94 NI NI 

P5b 86 102 NI NI 

NI – no ignition 

 

The comparison of the measured and predicted radiation values are shown in Figure 

3-10. 
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(g) (h) 

 

 
(i) (j) 

 

 
(k) (l) 

Figure 3-10. Comparison of measured and predicted radiation: (a) P1/R1 

configuration; (b) P1/R2; (c) P2/R1; (d) P2/R2; (e) P3/R1; (f) P3/R2; (g) P4/R1; (h) 

P4/R2; (i) P5a/R1; (j) P5a/R2; (k) P5b/R1; (l) P5b/R2. 
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Figure 3-11 illustrates graphically an example, for the P5a/R1 configuration, of the FTP 

calculations that the sub model carries out. 

 

 
Figure 3-11. FTP calculation example for P5a/R1 (Baker, et al., 2011b, p. 214). 

 

Figure 3-11 is essentially an alternative presentation of the time-to-ignition data 

presented in Table 3-4 for the P5a/R1 configuration, showing an experimental result of 

𝑡𝑖𝑔 (𝑒𝑥𝑝𝑡) = 90 s, compared to a prediction from the sub model of 𝑡𝑖𝑔(𝑝𝑟𝑒𝑑𝑖𝑐𝑡) = 94 s. 

 

3.4.3 Hydrocarbon pan experiments – piloted ignition 

A third series of experiments was conducted where the focus was to compare the 

piloted ignition time predictions of the sub model with experimental measurements, 

represented by the data in Table 3-5. The fuel pan location was in the centre of the 

enclosure, i.e., identical to pan location P5a/b shown in Figure 3-9, with the radiation 

measuring station R2 now located 600 mm from the centre of the fuel pan. For 

experiments P5h and P5i, the offset to R2 was increased 100 mm per test. The heat 

flux meters were again 1000 mm above floor level. Piloted ignition was only measured 

at the R2 location, with a small gas pilot flame positioned immediately above the soft 

furnishing sample and ignition times recorded.   
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Table 3-5. Piloted-ignition data (Baker, et al., 2011b, p. 215). 

Fuel pan location R2 Offset (mm) 
R2 – piloted ignition time (s) 

Experiment Predicted 

P5c 600 75 63 

P5d 600 64 ND 

P5e 600 85 77 

P5f 600 70 78 

P5g 600 58 77 

P5h 700 90 116 

P5i 800 124 139 

ND – no data 

 

For test P5d, where “no data (ND)” is noted for the predicted piloted-ignition time, the 

oxygen calorimetry data acquisition system malfunctioned during the experiment. This 

meant that no heat release rate data was available to be able to complete the sub 

model (SM) prediction for the ignition time. 

 

Figure 3-12 gives an alternative representation of the ignition data that is presented in 

Table 3-5, showing that on average the time-to-ignition predictions are higher than the 

experimental data. 

 

 
Figure 3-12. Experimental vs. predicted ignition times 

 

In Figure 3-12, a comparison of the measured and predicted radiation is presented for 

six of the seven trials, noting that no data was collected for test P5d. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) * 

Figure 3-13. Predicted vs. measured radiation: (a) P5c/R2; (b) P5e/R2; (c) P5f/R2; 

(d) P5g/R2; (e) P5h/R2; (f) P5i/R2 *. 

* SM prediction approximate only. 

 

Figure 3-14 gives an example of the graphical representation of the FTP calculation 

process by the sub model for test P5c/R2. 
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Figure 3-14. FTP calculation example for P5c/R2 (Baker, et al., 2011b, p. 216). 

 

Figure 3-14 is an alternative presentation of the time-to-ignition data presented in Table 

3-5 for the P5c/R2 configuration, showing an experimental result of 𝑡𝑖𝑔 (𝑒𝑥𝑝𝑡) =  75 s, 

compared to a prediction from the sub model of 𝑡𝑖𝑔(𝑝𝑟𝑒𝑑𝑖𝑐𝑡) =  63 s. 
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4 DEVELOPMENT OF DESIGN FIRE GENERATOR 

As described in Sub-section 1.4.2, Task Two in this PhD project was to develop a 

probabilistic DFG, with the primary focus being the generation of composite HRR 

curves. The core functionality of the DFG is to randomly populate a fire compartment 

with combustible items. Items have a range of fire properties assigned to them, 

including ignition properties and a HRR curve. Using the item-to-item fire spread sub 

model from Task One, a design fire, including a composite HRR curve, is generated for 

the fire compartment. This chapter of the thesis describes in detail the development of 

the DFG. Three papers were published during the course of this PhD project that relate 

to the development of the DFG, namely (Baker, et al., 2012; Baker, et al., 2013b; Baker, 

et al., 2013c), and content from these three papers is incorporated into this thesis 

chapter. In this chapter, content is also used from relevant sections of the B-RISK User 

Guide and Technical Manual (Wade, et al., 2013). 

 

4.1 Role of DFG in B-RISK Model 

Structurally, B-RISK consists of a User Input Module, a Sampling Module, a 

Deterministic Calculation Module, an Output Data Module, and an Output Distribution 

Module. The Deterministic Calculation Module incorporates the Design Fire Generator 

Sub Module and a Systems Effectiveness Sub Module. Figure 4-1 shows schematically 

the high-level conceptual structure of B-RISK. 

 

 
Figure 4-1. Schematic diagram of over-arching B-RISK functionality (Baker, et al., 

2013c). 
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The User Input Module deals with the variability and uncertainty associated with the 

modelling inputs by assigning probability distributions to key input parameters. Next, the 

Sampling Module uses iterative Monte-Carlo sampling techniques to select a set of 

input values from the user-defined input distributions.  

The Deterministic Calculation Module uses zone modelling principles to determine the 

fire environment. Two important sub modules contribute to the Deterministic Calculation 

Module - the Design Fire Generator Sub Module provides an input HRR curve for each 

simulation loop, while the Systems Effectiveness Sub Module provides the ability to 

incorporate fire safety systems reliability and efficacy into the B-RISK modelling 

predictions. The latter module is not described here but in work by Frank (2013). 

Each of the n iterations of the Simulation Process Loop provides a set of output data to 

the Output Data Module and then the Output Distribution Module collates these 

datasets into output distributions, which take the form of cumulative density functions of 

probability.  

 

4.2 General DFG Functionality 

While other input parameters are sampled from user-defined input distributions, the 

DFG creates a unique, ‘probabilistic’ HRR curve for each of a large number of 

deterministic calculation runs that are repeated in an iterative manner. The resulting 

model outputs are therefore cumulative density functions of probability, rather than the 

usual single point values that would be derived from a purely deterministic calculation 

procedure. 

 

For any particular model run, the DFG populates the compartment of fire origin by 

sampling items from a customized item database where the model user has selected 

appropriate fuel items, for the occupancy under consideration, from a general item 

database. The sampling process to populate the compartment is random, but subject to 

the application of a number of ‘rules’. Some of the rules are built into the model, while 

others are applied by the model user. These rules are described below. 

 

4.2.1 Fire load density rules 

The fire load density (MJ/m2) in the compartment is governed in one of two ways: 

 

1. The user stipulates a maximum value, often based on a threshold defined in a 

building code or standard, or  
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2. The user represents the fire load density as a probability distribution, based on 

fuel load surveys and/or data in the literature. 

 

In either case, the value for fire load density determines the number of items that 

populate the compartment, based on the floor area, the heat of combustion and mass of 

the items sampled. The mass of the item is either set by the user or derived from the 

HRR curve and heat of combustion for the item.  Alternatively, instead of the fire load 

density determining the number of items in the compartment, another rule that the user 

may apply is to limit the number of any particular item in a compartment.  This rule is 

particularly useful to the user when recreating a particular scenario with a certain 

number of items.  When the number of items is limited in this fashion by the user, in 

some instances the fire load density may actually be a lesser value than that set by the 

user. 

 

4.2.2 Location of items rules 

Generally in populating the compartment, the location of objects is purely random, but 

another two rules can be applied by the model user. Firstly, the proximity to the walls of 

a particular object may be governed by the user assigning a discrete probability 

weighting value to that object. Secondly, the user may define the exact location of the 

objects when this is known a priori. In this latter case, the item population functionality is 

over-ridden by the user. In addition, the user may introduce a vent clearance rule so 

that items are excluded from the region immediately adjacent to openings such as 

doorways. 

 

Figure 4-2 illustrates the latter case where the location of the objects is known a priori. 
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(a) (b) 

Figure 4-2. DFG functionality: (a) Populate room functionality; (b) item 

coordinates to locate items (Baker, et al., 2012). 

 

In Figure 4-2(a), the location of the armchair item in the top left hand corner of the 

compartment layout plan is defined by the coordinates shown by the circle in Figure 

4-2(b). 

 

4.2.3 First item ignited rules 

Once the compartment of fire origin is populated, the first object ignited is either 

determined randomly or set by the user.  

 

4.3 Generation of HRR Curves 

The DFG uses the principle of ‘superimposing’ the HRR curve of individual items to get 

a combined HRR curve for the whole compartment. A number of other researchers 

have used this same approach to develop composite HRR curves where there are 

multiple items in the fire compartment. For example, Mowrer and Williamson state that 

“total heat release rate histories can be constructed by superposition of representations 

of the component parts” (1990, p. 380), which for 𝑛 combustible item in a compartment 

is expressed mathematically as: 
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 �̇�(𝑡)𝑡𝑜𝑡 = ∑ �̇�(𝑡 − 𝑡𝑖𝑔)𝑖

𝑛

𝑖=1

 Eqn. 4-1 

 

Deal also uses this approach in the FREEBURN procedure within the MAKEFIRE 

module of FPEtool (1995). Likewise, Hansen and Ingason describe a model that 

calculates HRRs of multiple objects in underground structures where “the model 

basically sums up the individual HRR curves for each object by estimating when ignition 

between objects occurs”, going on to say that “the method assumes that HRR curves 

are known a priori” (2011, p. 194). In a similar fashion, Chow and Han note that “the 

principle of superposition is commonly applied to estimate the total HRR from the 

individual curves measured for single items” (2006, p. 75). 

 

In the DFG, each fuel object in the item database has its own HRR and, once the first 

item ignites, the total HRR for the compartment is that of the first object until secondary 

objects are ignited either by radiation directly from the initial burning object or by 

radiation from the hot upper layer. As soon as other items in the compartment ignite, the 

total HRR for the compartment is the sum of the HRR of the individual items. The 

compartment HRR continues to grow in this fashion during the initial fuel-controlled 

phase, up to the stage where the fire becomes ventilation-controlled. The user has the 

option of activating the burning rate enhancement function in B-RISK, to account for 

compartment effects. However, the DFG does not explicitly account for the ignition 

source (items that are already burning) for secondary items being different to that for the 

item HRR curve that is entered into the item database. For example, in the experimental 

programme described in Chapter 5, a 100 kW gas burner was used as the ignition 

source for furniture items, whereas in the DFG, the ignition source for secondary items 

is likely to be another burning item with a larger heat output, which will in turn influence 

(enhance) the HRR for the secondary item. 

 

4.4 Verification of DFG Functionality 

The term verification is defined in ISO 16730 as the “process of determining that a 

calculation method implementation accurately represents the developer's conceptual 

description of the calculation method and the solution to the calculation method” with an 

associated footnote stating that “the fundamental strategy of verification of 

computational models is the identification and quantification of error in the 

computational model and its solution” (2008, p. 3). The verification exercise described in 

this section considers the two pivotal algorithms within the DFG, namely the process for 

determining the ignition of secondary fuel objects, as well as the process by which the 

cumulative HRR curve is generated as secondary items ignite. 
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4.4.1 Verification scenario 

To verify these two DFG algorithms, a residential occupancy compartment scenario was 

modelled, replicating experiments done in Sweden by Blomqvist and colleagues (2004). 

The compartment in question had dimensions of 4 × 4 × 2.4 m H, with a single 2 × 1.2 

m W opening centrally located in the front wall. The DFG simulation of the experimental 

compartment contained two armchairs, one 3-seat sofa, one television and five 

bookcases, but ignored the contribution from a curtain along one complete wall, a coffee 

table and a carpet square covering approximately one quarter of the floor area. 

 

4.4.2 Radial distances 

The first step in verifying the radiant ignition algorithm was to check the radial distance 

calculation within the DFG, namely the distance from the centre of the burning item to 

the nearest point on the vertical face of the secondary object in the horizontal plane. An 

a priori check was made of the radial distance between each possible pair of objects 

using a spreadsheet, with the results shown in Table 4-1.  

 

Table 4-1. A priori calculation of radial distances (Baker, et al., 2012). 

 
 

The exercise was then repeated using the DFG, with the only variation to the data in 

Table 4-1 (shaded) being the BC4/BC2 combination (0.810 vs. 0.811) and BC4/BC3 

(0.400 vs. 0.402). This is due to the algorithm used to determine the nearest point on 

the secondary object, whereby the nearest side of the object is divided into ten 

segments of equal length (i.e., nine points between the object corners) (Wade, et al., 

2013). Figure 4-3(a) shows a very small error is introduced by this algorithm, amounting 

to 1 in 810 mm (0.12%), and 2 in 400 mm (0.50%) respectively. 

 

TV BC1 BC2 BC3 BC4 BC5 Sofa Arm1 Arm2

TV - - - - - - - - -

BC1 0.550 - 0.400 0.449 1.005 1.716 2.493 1.782 3.003

BC2 1.350 0.400 - 0.205 0.810 1.610 3.109 2.582 2.990

BC3 1.359 0.449 0.205 - 0.400 1.200 2.896 2.580 2.580

BC4 1.831 1.001 0.615 0.205 - 0.400 3.002 2.987 1.783

BC5 2.215 1.621 1.415 1.005 0.400 - 2.950 3.174 0.986

Sofa 1.302 2.039 2.748 2.611 2.716 2.715 - 0.800 2.425

Arm 1 0.810 1.760 2.560 2.560 2.774 2.974 1.275 - 3.493

Arm2 3.004 2.807 2.795 2.385 1.780 0.980 2.557 3.493 -

Burning object
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4.4.3 Ignition times 

Having verified the radial distance calculations within the DFG, the verification of the 

radiant ignition algorithms was completed by comparing ignition times generated by the 

DFG with those calculated manually in a spreadsheet. With the TV being the first item 

ignited, the DFG gave the ignition times shown in Figure 4-3(b), in each case being the 

piloted-ignition mode except for the armchair at the bottom right-hand corner (labelled 

Arm2) being the auto-ignition mode. Ten iterations were performed and each iteration 

gave exactly the same ignition times, thus demonstrating the repeatability of this DFG 

algorithm. 

 

  
(a) (b) 

Figure 4-3. Verification scenario: (a) Radial distances; (b) Ignition times (Baker, et 

al., 2012). 

 

The verification process then consisted of a manual a posteriori check of the ignition 

times in a spreadsheet format for both the piloted and auto-ignition modes concurrently. 

For the piloted-ignition mode the PSM flame radiation to the secondary objects for each 

time step was calculated using Eqn. 3-1, while for the auto-ignition mode Eqn. 3-2 was 

used to calculate the hot upper layer radiation to the secondary objects. At the same 

time Eqn. 3-8 was used for both ignition modes to calculate the accumulating FTP value 

for each time step where iq   exceeded crq  , until the ignition threshold for the FTP was 

reached. At the time step when the second item ignited, the other secondary items 

started receiving PSM flame radiation from two sources, and the process was repeated 

while monitoring the auto-ignition mode, until the ignition time for each of the eight 

secondary items in the compartment was determined. The ignition times generated in 

this manner matched those from the DFG, shown in Figure 4-3(b), exactly.  
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4.4.4 Generation of cumulative HRR curves 

The second DFG algorithm verified was that for generating composite HRR curves 

based on individual HRR curves from multiple burning items. The same verification 

scenario described previously was used and the heavy line shown in Figure 4-4 was the 

resulting HRR curve.  

 

 
Figure 4-4. HRR curve comparison (Baker, et al., 2012). 

 

Next, a manual a posteriori check was made of the HRR predicted by the DFG using a 

spreadsheet. Essentially the ignition times shown in Figure 4-3(b) determined when the 

HRR time-history for each individual item was added into the spreadsheet. The curve 

shown as the fine line in Figure 4-4 was the result of this verification spreadsheet 

procedure. The comparison shows that the two curves diverge in the peak region. The 

explanation for this is that the verification spreadsheet is purely an arithmetic 

summation of HRR values from individual items burning in the open air, while the DFG 

prediction also includes the effect of ventilation-controlled combustion within the 

compartment limiting the maximum HRR value (Wade, et al., 2013). 

 

In relation to the heavy line (DFG) shown in Figure 4-4, the single opening in the 
Blomqvist et al. experiments was 2.0 m high x 1.2 m wide, for which Eqn. 2-15 gives a 

ventilation-limited heat output value of �̇�𝑉𝐿 ≈ 5.1 MW while the prediction by B-RISK is 
approximately 4.6 MW. The primary aspect to note in this regard is the difference in the 
approximation represented by Eqn. 2-15, and the method by which B-RISK calculates 
the compartment HRR. The basis for Eqn. 2-15 is an approximate heat balance of the 
hot upper layer in a compartment fire that involves a number of simplifying assumptions. 
The B-RISK method involves a more complete energy balance that is a much more 
complex calculation with fewer built in assumptions. At the same time the B-RISK 

method for calculating �̇�𝑉𝐿 is still subject to assumptions, e.g., the mass flow through 
the vent opening may be underestimated, i.e., an underestimate in the discharge 
coefficient would be reflected in the mass flow of oxygen in the plume and therefore 

�̇�𝑉𝐿.   
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Another aspect is that Eqn. 2-15 is the stoichiometric HRR, i.e., the maximum amount of 

energy that can be released by complete combustion, whereas the calculation in B-

RISK is subject to combustion efficiency considerations. B-RISK does also account for 

combustion of excess pyrolyzates in the adjacent compartment, termed a ‘vent fire’ – 

refer to section 7.17 in the B-RISK User Manual. 

 

4.4.5 Parametric sensitivity analysis 

It is important for the B-RISK user to know the sensitivity of the DFG to various key sub 

model inputs. A parametric study of the sensitivity of the ignition time and HRR 

predictions of the DFG, to variability in each of the parameters in Eqn. 3-1 and Eqn. 3-8, 

was therefore carried out. As an example of this study, variability in the item FTP 

dataset, namely FTP limit pilot, Critical Flux pilot and FTP index pilot, n (refer to Figure 

4-2(b)), is presented. 

 

 

 

(a) (b) 

Figure 4-5. FTP dataset sensitivity analysis: (a) FTP plot; (b) HRR plot (Baker, et 

al., 2012). 

 

These three FTP dataset variables are not actually independent, but rather are inter-

dependent, so varying these parameters randomly is a complicated process. As 

previously noted, the FTP dataset for an item is generated by analysing time-to-ignition 

data at various incident flux levels (Baker, et al., 2011a). The actual experimental data 

was therefore re-analysed with ± 25 % variability in the time-to-ignition values, which 

also resulted in variability of ± 25 % in the FTP pilot limit value, while Critical Flux pilot 

and FTP index pilot, n remained unchanged, as depicted in Figure 4-5(a). The original 

DFG trial was then repeated for the two cases of ± 25 % variability in the FTP pilot limit. 

Qualitatively, an increased FTP pilot limit value resulted in longer ignition times, and a 

decrease in FTP pilot limit value resulted in shorter ignition times. Quantitatively, 

variability of ± 25 % in the FTP pilot limit value resulted in a ±5-10 % variability in the 

ignition times. This in turn resulted in only a small impact on the HRR, as shown in 

Figure 4-5(b). 
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4.5 Comparison of DFG Predictions with Third Party Experiments 

During the course of the research described in this thesis, it proved difficult to find 

suitable experimental data from other researchers that could be compared to DFG 

predictions. In order to compare the HRR curve predictions of the DFG, B-RISK was 

used to simulate, in an a posteriori manner, the same existing residential-scale 

experiments conducted by Blomqvist et al. (2004) that are described in section 4.4. 

 

No HRR, ignition, chemistry, etc., data from the experiments were available for the DFG 

simulation, but nevertheless, four items were selected for inclusion in the customized 

database for the scenario, as shown in Figure 4-6(a).  

 

 

 
(a) (b) 

Figure 4-6. DFG simulation input data: (a) Item database screen; (b) Edit item 

screen (Baker, et al., 2013b, p. 642). 

 

Figure 4-6(b) shows the standard input dataset for, in this case, the television item and 

consists of Geometry, Chemistry, Target Ignition and Heat Release Rate information. In 

this case the Geometry dataset includes the x and y-coordinates since the Manual 

Positioning of Items functionality is being utilized to recreate a scenario in an a 

posteriori fashion. The Chemistry dataset represents relevant data for the item in 
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question – in the case of the four items in this demonstration, all the data are taken from 

the SFPE Handbook (Tewarson, 2008). The Target Ignition data for the 3-seater sofa 

and the armchair are represented by values obtained from Baker et al. (2011a). The 

ignition data for the television is based on cone calorimeter ignition data from Morgan 

and Bundy (2007) for 3.2 mm thick black ABS containing phosphate flame retardant 

additives. The ignition data for the bookcase is based on cone calorimeter ignition data 

for 15 mm thick chipboard (Shields, et al., 1993). The HRR curve for each item is based 

on data from the literature – the 3-seater sofa and armchair are based on furniture 

calorimeter measurements from the CBUF research programme (Soderbom, 1995), 

while the data for the television and bookcase come from the SFPE Handbook 

(Babrauskas, 2008). For the DFG simulation, the HRR curves were approximated as 

being triangular, with �̇�𝑝𝑒𝑎𝑘, time to �̇�𝑝𝑒𝑎𝑘, 𝑡𝑝𝑒𝑎𝑘, and effective heat of combustion values 

defining the triangular shape of the HRR curve, as shown in Figure 4-7. 

 

  
(a) (b) 

Figure 4-7. Parametric HRR curves for items: (a) TV and bookcase items; (b) 

Armchair and sofa. 

 

The combustible object layout and ignition source scenario shown in Figure 4-3 (b) were 

replicated in the DFG – the resulting HRR curve comparison is shown Figure 4-8(a), 

labelled as DFG and Expt. It should be noted that the actual experiment conducted by 

Blomqvist and colleagues, shown in Figure 4-8(a), had a long (≈ 750 s) incipient phase. 

The start of the growth phase is set at the same time between the DFG and Expt 

datasets, so the resulting comparison shown in Figure 4-8(a) is a comparison of the 

growth, fully-developed, and decay phases only.  

 

It can be seen from this comparison in Figure 4-8(a) that: 

 

1. The growth rates are similar; 

2. The fully-developed phase of the curves have a similar duration; 

3. A higher peak HRR in the Expt curve occurs, and there is greater fluctuations in 

the Expt curve during the fully-developed stage; 
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4. The Expt curve has a slower decay phase. 

 

Given the fact that HRR data were not available for the actual items used in the 

Blomqvist et al. experiments, Figure 4-8(a) shows good agreement between the 

predictions and experiments.  

 

The comparison with existing experimental results described thus far has been for a 

scenario where the items are at fixed locations in the compartment and the number of 

items is limited to match the experimental scenario. Normal usage of the B-RISK model 

by fire safety engineers would involve the random Populate Room functionality, with the 

fire load density governing how many items there are in the compartment.  

 

In the experimental scenario described above, the fire load density was approximately 

150 MJ/m2 based on a specific number of items, whereas in a previous version of the 

NZBC Compliance Document, a residential occupancy would have a design fire load 

density in the range 0 – 500 MJ/m2 and a 80th percentile design value of 400 MJ/m2 

(DBH, 2011). 

 

To get an indication of the potential range of design fires that the DFG/B-RISK would 
generate for this compartment and these four items, 100 DFG iterations were therefore 
carried out. The Populate Room functionality ‘populated’ the space with items sampled 
randomly from the customised item database, with the maximum number of items for 
each iteration governed by a fire load density value that had been sampled from the 
triangular probability distribution. The NZBC Compliance Document (DBH, 2011) does 
not indicate a distribution type, so a triangular distribution was chosen as an arbitrary 
approximation for the variability in the fire load density. The triangular distribution had a 

peak value (𝑚𝑜𝑑𝑒) of 250 MJ/m2, an upper bound (𝑚𝑎𝑥) of 500 MJ/m2 and a lower 
bound (𝑚𝑖𝑛) of 0 MJ/m2, respectively. It should be noted that a lower bound value of 
0 MJ/m2 is not realistic for actual residential-scale occupancies, but was used in this 
case merely to be consistent with the range of 0-500 MJ/m2, and an 80 percentile value 
of 400 MJ/m2, nominated by the building regulator (DBH, 2011). A symmetric triangular 
distribution is used here, i.e., mode 250 MJ/m2 for which 400 MJ/m2 is approximately 
the 90 percentile, while in the literature fire load density data from surveys suggest a 
positively-skewed log-normal distribution (Bwalya, et al., 2008). 
 

For a triangular distribution, the cumulative distribution function is represented as (Vose, 

2008): 

 

 𝐹(𝑥) = 1 −
(𝑚𝑎𝑥 − 𝑥)2

(𝑚𝑎𝑥 − 𝑚𝑖𝑛)(𝑚𝑎𝑥 − 𝑚𝑜𝑑𝑒)
 Eqn. 4-2 

 



91 
 

In Eqn. 4-2, 𝐹(𝑥 = 400) = 0.92, i.e., the 92nd percentile and 92% of the fire load density 

values are less than or equal to 400 MJ/m2.   

 

The HRR curves resulting from the 100 DFG iterations are shown in Figure 4-8(b) - in 7 

of the 100 iterations, the fire did not spread beyond the first item ignited. In each of the 

remaining 93 iterations where the fire spread to multiple items, flashover (𝑇𝑈𝐿 = 500 °C) 

occurred. Figure 4-8(a) also shows the HRR curves for the iterations that reach 

flashover in both the shortest (labelled DFG Max), and the longest time (labelled DFG 

Min). For comparative purposes, the parametric HRR curve in the initial (2012) version 

of C/VM2 (DBH, 2012) for this occupancy is also shown, which is based on a ‘fast’ t2-

fire, i.e., �̇�(𝑡) = 0.047𝑡2 (kW), and a peak (stoichiometric) HRR of �̇�𝑠𝑡𝑜𝑖𝑐ℎ =

1500 ⋅  𝐴𝑜√𝐻𝑜 (kW), where 𝐴𝑜 (m2) is the area and 𝐻𝑜 (m) is the height of the vertical 

opening in the compartment. 

 

 
(a) 

 
(b) 

Figure 4-8. HRR curves: (a) Comparison; (b) 100 DFG iterations (Baker, et al., 

2013c). 
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4.6 Alternative Option for HRR Curves 

Another option for ‘generating’ HRR curves was explored as part of this PhD research 

project. Rather than the Populate Room functionality of the DFG, the alternative method 

was based on a probabilistic representation of the 𝑡2 fire. There were three parameters 

of interest in the analysis: 

 

1. The fire growth rate factor; 

2. The peak HRR value; 

3. The fire load density (which governs the area under the HRR curve, i.e., the 

duration of burning). 

 

To investigate this option further, the same scenario used for 100 DFG iterations in 

section 4.5 was again utilised. 

 

4.6.1 Fire load density 

In the comparison with third party experiments described in section 4.5, a non-skewed 

triangular distribution had been used for the fire load density parameter in the DFG. 

However, further research in the literature (Hietaniemi & Mikkola, 2010; CEN, 2002; 

Bwalya, et al., 2008) on fire load density data from surveys suggested a positively-

skewed distribution as either a Gumbel (Hietaniemi & Mikkola, 2010; CEN, 2002) or log-

normal (Bwalya, et al., 2008) distribution. In the absence of specific guidance in the 

NZBC Compliance Document (DBH, 2011), the fire load density was approximated as a 

triangular distribution that was positively skewed with a mode of 200 MJ/m2, even 

though this resulted (conservatively) in 400 MJ/m2 being approximately the 90-

percentile value. 

 

4.6.2 Multiple DFG iterations 

One thousand iterations were conducted, with Figure 4-9 showing the resulting 1000 

HRR curves generated by the DFG for this demonstration scenario – this took 

approximately 70 min to run on a standard laptop computer. Of the 1000 iterations, 74 

did not reach flashover, while for the balance of 926 iterations, the time-to-flashover (the 

time-step where the average upper layer temperature, 𝑇𝑈𝐿, exceeds 500 °C) ranged 

from 77 to 635 s. 
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Figure 4-9. HRR curves for 1000 DFG iterations (Fig. 2, p. 643 in Ref. Error! R

eference source not found.). 

 

4.6.3 Analysis of multiple DFG iterations data 

For each of the 1000 iterations where flashover occurred, B-RISK automatically 

calculated a fire growth rate factor value as: 

 

 𝛼𝑓𝑜 =
�̇�𝑓𝑜

𝑡𝑓𝑜
2  Eqn. 4-3 

 

where 𝛼𝑓𝑜 is the fire growth rate factor (kW/s2), �̇�𝑓𝑜 is the HRR (kW), and 𝑡𝑓𝑜 is the time 

(s), when the flashover criterion, i.e., an average upper layer temperature equalling or 

exceeding 500 °C, is reached. 

 

The 74 iterations that did not reach flashover were discounted from the analysis – this 

was done for the same reasons that the incipient stage of fire growth is ignored in 

PBFSE as a conservative assumption. The remaining 𝛼𝑓𝑜 values were grouped into 

bands or bins and normalized (i.e., to give unit area beneath the curve), and the method 

of least squares was used to minimize the root-mean-square error between the 

normalized relative frequency of the actual DFG data and the corresponding value for 

different probability density functions, with the best-fit achieved for a triangular 

distribution. The bin values were also varied to see what impact this would have on the 

distribution fitting.  

 

Figure 4-10 shows the resulting distribution fitting for bin sizes of 0.005, 0.010, 0.015 

and 0.020 kW/s2. The best-fit for the triangular distribution occurred for 

bin = 0.015 kW/s2, shown in Figure 4-10 (c), with a root-mean-square error of 0.6313 

and corresponding distribution parameters of; 𝑚𝑖𝑛 =  0, 𝑚𝑜𝑑𝑒 =  0.036 and 

𝑚𝑎𝑥 =  0.412 kW/s2. The 𝑚𝑜𝑑𝑒 value of 0.036 kW/s2 is less than that for a ‘fast’ 𝑡2 fire, 

(𝛼𝑓𝑎𝑠𝑡  =  0.0469 kW/s2), however the 𝑚𝑜𝑑𝑒 corresponded to the lower 15th percentile 
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value of the triangular distribution. As well as fitting a distribution to the 𝛼𝑓𝑜 values 

generated by the DFG, a normal distribution was fitted for the 𝑄𝑝𝑒𝑎𝑘 values for each of 

the 926 DFG iterations where flashover occurred, with distribution parameters; mean 

𝜇𝑝𝑒𝑎𝑘 = 4602 kW and standard deviation 𝜎𝑝𝑒𝑎𝑘 = 74 kW. 

 

  
(a) (b) 

  

(c) (d) 

Figure 4-10. Fire growth rate factors distribution fitting: (a) bin = 0.005 kW/s2; (b) 

bin = 0.01 kW/s2; (c) bin = 0.015 kW/s2; (d) bin = 0.020 kW/s2 (Baker, et al., 2013b, 

p. 643). 

 

The analysis presented in this Sub-section therefore provides an illustration of a 

methodology for quantifying the variability in HRR curves for this particular type of 

occupancy. 

 

4.6.4 Multiple parametric iterations 

Having generated theoretical distributions for 𝛼𝑓𝑜 and 𝑄𝑝𝑒𝑎𝑘, a second series of 1000 

iterations was conducted using this parametric HRR input, i.e., making use of the 

statistical data generated and the subsequent analysis of the data from the multiple 

DFG iterations. For this second series of iterations, the Power Law Design Fire feature 

in B-RISK was selected to override the DFG functionality.  
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For the Power Law Design Fire option, instead of the DFG generating HRR input to B-

RISK, the user locates a single ‘virtual’ item in the compartment with various properties. 

B-RISK constructs an input parametric HRR curve based on user-specified distributions 

for the t-squared fire growth rate factor 𝛼𝑓𝑜 (kW/s2), peak HRR 𝑄𝑝𝑒𝑎𝑘 (kW), and fire load 

density (MJ/m2). For each iteration in the simulation, B-RISK samples a value from each 

input distribution, to generate the parametric HRR curve. The flashover and fully-

developed stages of the input parametric HRR curve are constructed in the same 

manner as the method stipulated in C/VM2 (DBH, 2012). Once the growing fire reaches 

flashover (average upper layer temperature equals or exceeds 500 °C) the HRR is 

ramped up over a 15 s time-step to a maximum value that is the lesser of: (a) the peak 

value stipulated in C/VM2; (b) 1.5 times the ventilation limited HRR (�̇�𝑉𝐿) (where �̇�𝑉𝐿 is 

the HRR at the point in time where, by fire modelling, the predicted HRR first diverges 

from the input design fire HRR due to insufficient oxygen for complete combustion to 

occur); or (c), the �̇�𝑝𝑒𝑎𝑘 value sampled from the input distribution. The input parametric 

HRR curve then follows a constant plateau until the fuel is exhausted (determined by 

the sampled fire load density value) at which point it returns to zero over the nominated 

time-step duration. 

 

In Figure 4-11 the curve labelled DFG is the output HRR curve from the DFG iteration 

that had the 80th percentile 𝛼𝑓𝑜 value, while the curve labelled Parametric is the output 

from the corresponding parametric simulation iteration. In both cases this represents the 

oxygen-constrained HRR inside the room.  

 

 
Figure 4-11. Comparison of 80th percentile HRR curves from parametric iterations 

(Baker, et al., 2013b, p. 644). 

 

Figure 4-11 compares two alternative methods for ‘generating’ a HRR curve for 

modelling in B-RISK, the former based on the stochastic approach of the Populate 
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shows that similar results are obtained. The oxygen-constrained peak for both is similar, 

albeit that the DFG curve is influenced by multiple items interacting, while the 

Parametric curve has a fixed peak value. The duration of burning is also governed by 

random sampling from the fire load density distribution, and in the case of the DFG 

curve, the decay phase is determined by the multiple items that are ignited. 
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5 COMPARISON OF DFG MODELLING WITH EXPERIMENTAL DATA 

As noted in Section 4.5, it proved difficult to find experimental results with suitable data 

for benchmarking purposes. A modelling and experimental programme was therefore 

carried out. One of the initial ‘philosophical’ decisions made by the joint research team 

was that all comparisons between modelling and experiments should be either a priori 

or blind, as opposed to open, or a posteriori. The intention was to replicate in principle 

the approach that had been taken in the well-known Dalmarnock fire tests (Rein, et al., 

2007). Two papers were published during the course of this PhD project that relate to 

the modelling and experimental programme, namely (Spearpoint & Baker, 2016; Baker, 

et al., 2013a), and content from these two papers is incorporated into this thesis 

chapter.  

 

Although the two terms a priori and blind for comparisons are often used 

interchangeably, they are in fact different. Beard (2000) characterises a priori 

comparisons by three conditions: 

 

1. No test results are used by the modeller, i.e., the modeller has not seen the test 

results; 

2. No test result data are used by the modeller; and 

3. No adjustment to input parameter values has taken place, i.e., the modeller 

decides on a reasonable or appropriate set of input parameter values and the 

resulting model outputs for comparison. 

 

Beard indicates that blind comparisons have one important difference, namely some 

data from the comparison experiments is used in the modelling, i.e., condition 2 above 

is different for blind comparisons. In order to distinguish between a priori and blind 

comparisons, the terms double blind and single blind respectively were used by the 

project team. In contrast, Beard characterises open (also known as a posteriori) 

comparisons by three corresponding conditions, namely: 

 

1. The modeller has seen the test results and therefore knows what is being aimed 

at - the assumption is that this prior knowledge may influence the inputs chosen; 

2. The modeller can use test result data; and 

3. The modeller is free to adjust values of input parameters after comparisons have 

been made. 

 

The reader is referred to Spearpoint and Baker (2016) for a more extensive discussion 

on the concept of blind modelling. 
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It was decided that the modelling/experimental programme would consist of the 

following generic phases: 

 

1. Double blind modelling of selected room scenarios, making a best estimate for all 

input parameter values; 

2. Cone calorimeter testing of representative materials to characterise various 

thermo-physical properties of the materials at bench-scale, for use in subsequent 

single blind modelling; 

3. Furniture calorimeter testing of single representative mock-up items to 

characterise various thermo-physical properties of the individual items at full-

scale, also for use in subsequent single blind modelling; 

4. ISO 9705 Room testing of single representative mock-up items to determine if 

there were any ‘compartment effects’ when compared to free-burning furniture 

calorimeter testing; 

5. Single blind modelling of selected scenarios, making use of cone and furniture 

calorimeter data for some of the input parameter values; 

6. ISO 9705 Room testing replicating the modelled scenarios at compartment-scale. 

 

Five members of the joint research project team (Modeller A to E) undertook the 

modelling, including the author (Modeller A). Generally, more comprehensive 

information will be provided in this thesis in relation to the author’s modelling, etc., but 

where appropriate, comparisons will also be made with the data of the other modellers. 

 

In order to ensure that experimental results did not influence the modelling, the double 

blind modelling was conducted before any experiments were carried out, and then the 

single blind modelling was conducted after the furniture calorimeter testing, but before 

the compartment testing was carried out. In addition, modelling results were deposited 

with an independent external third party prior to the compartment experiments 

occurring.  

 

5.1 Material and Object Selection 

The first step in the modelling/experimental programme was to decide on what materials 

and what material configuration should be used for representative combustible items. 

Three generic materials, that are common in typical New Zealand residential 

occupancies, were used, namely: 100 mm thick non fire-retardant flexible polyurethane 

(PU) foam of nominal density 𝜌𝑃𝑈 = 32 kg/m3 (used in typical residential furniture); black 

3 mm thick acrylonitrile-butadiene-styrene (ABS) plastic sheet that had a UL 94 (1996) 

HB (horizontal burning) classification and a nominal density of 𝜌𝐴𝐵𝑆 = 1050 kg/m3 (the 

casing for typical electronic goods); and 18 mm thick medium density fibreboard (MDF) 

that had a nominal density of 𝜌𝑀𝐷𝐹 = 620 kg/m3 (used as the substrate for typical 
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modern furniture and cabinetry found in New Zealand buildings). All materials used in 

the experiments were initially conditioned to equilibrium in accordance with the 

procedure in ISO 9705 (1993), i.e., conditioning at (50 ± 5) % relative humidity and a 

temperature of (23 ± 2) ºC until equilibrium is reached. 

 

Next, mock-up items, constructed from the three materials, were designed. The items 

were deliberately kept simple in terms of materials and geometry to: (a) match the 

DFG/B-RISK capability; (b) allow for future replicates; and (c) allow comparisons to not 

be over-complicated by additional factors – it is challenging enough to try to model 

these simple items without the added inherent complexity of real objects. The first item, 

shown in Figure 5-1(a), was a mock-up armchair which consisted of a steel angle frame 

into which were inserted five 600 × 400 × 100 mm thick blocks of PU foam; two blocks 

side-by-side making up a 800 × 400 mm seat of the armchair, on top of the seat were 

placed two 600 mm long × 400 mm high blocks to make each of the two sides, and the 

fifth and final 600 mm long × 400 mm high block was then placed on top of the seat and 

between the side blocks to form the back of the armchair. A light-gauge steel mesh was 

used to support the seat of the armchair. The bottom surface of the armchair seat was 

400 mm above the floor, which gave the armchair overall nominal dimensions 

900 high × 800 wide × 600 mm deep.  

 

One simplifying aspect with regard to the mock-up armchair was to not use fabric 

coverings on the PU foam. As noted by Bwalya et al., in relation to a series of sofa fire 

experiments, “the omission of upholstery fabrics […] was justified in that they largely 

affect the incipient stage of the fire by either delaying or hastening the involvement of 

the PU [foam] in the fire. The real danger from an upholstered furniture fire begins when 

the PU [foam] begins to burn” (2006, p. 1). 

 

   

(a) (b) (c) 

Figure 5-1. Full-scale mock-up item for each material: (a) PU foam armchair; (b) 

ABS television; (c) MDF cube (Baker, et al., 2013a, p. 453). 
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The second item, shown in Figure 5-1(b), was a mock-up flat-screen television which 

consisted of a 50 × 50 mm steel square hollow section frame forming a 300 mm high 

stand and a 675 mm wide × 635 mm high screen, with a matching size piece of 3 mm 

thick black ABS plastic lining the back and front faces of the screen. The third item, 

shown in Figure 5-1(c), was a mock-up item of cabinetry which consisted of a hollow 

cube constructed from six pieces of 18 mm thick MDF to overall dimensions 

600 × 600 × 600 mm, with each piece being mechanically attached with three screws 

per edge to adjacent pieces. 

 

5.2 Compartment Scenarios 

Having selected the materials and combustible items, the next step was to design 

suitable compartment scenarios. The ISO 9705 Room (1993) test enclosure was the 

only option for compartment experiments available to the research team, measuring 

internally 3.6 m long × 2.4m wide × 2.4m high, with a 2.0 m high × 0.8 m wide door 

opening. 

 

The project team gave consideration to various options for an initial ignition source for 

the compartment experiments, such as a small flaming ignition source placed onto 

objects, a radiant panel, waste paper basket, or propane burners. For reasons of 

repeatability, its characterisation, its relative robustness, its ability to be modelled in the 

DFG, and its ease of use, the standard ISO 9705 propane burner was selected 

(dimensions 170 × 170 mm in plan, and the top of burner being 300 mm above floor 

level). For each scenario, the propane burner ramped up from 0 to 100 kW nominal 

output over an initial 6 s period, and then operated at a nominal 100 kW output for the 

entire duration of the simulation, up to a maximum of 1500 s. 

 

Two room scenarios (layouts) were chosen, both incorporating all three items and the 

propane burner. Scenario A consisted of two PU foam armchairs, four MDF cubes, one 

ABS television, and the propane burner, set out as indicated in Figure 5-2(a). The layout 

was consciously chosen so as to give a number of different options for radiant ignition of 

secondary items, namely the physical separation distances for the MDF cubes of 0, 

100, 200 and 300 mm from the PU armchairs, and the separation distances of the PU 

armchairs being 300 and 600 mm from the burner centre. The nominal fire load density 

for Scenario A was ≈ 170 MJ/m2 floor area. This fire load density value is 10-15 % 

higher than the Blomqvist et al. experiments (2004), described previously, but 

considerably less than the 80th percentile design value (400 MJ/m2) nominated in 

C/VM2 (DBH, 2011). 

 



101 
 

Scenario B consisted of three PU armchairs, five MDF cubes, one ABS television, and 

the propane burner, set out as indicated in Figure 5-2(b). Scenario B was designed with 

the objective of achieving sequential item-to-item fire spread, as well as having a higher 

fire load density, namely ≈ 210 MJ/m2 floor area, in anticipation of a greater peak HRR 

being achieved relative to Scenario A. 

 

 
(a) 

 
(b) 

Figure 5-2. Compartment layouts: (a) Scenario A; (b) Scenario B. 
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5.3 Double Blind Modelling – Phase One 

The first phase of the modelling/experimental programme was to conduct double blind 

modelling where each modeller was asked to model the two scenarios described in 

Section 5.2. The modelling was conducted in a purely deterministically fashion, i.e., 

where variables had an option of being described by a probability distribution, set values 

were used.  

 

Specifically, the instructions to the modellers for the double blind modelling were: 

 

a. Single-run deterministic modelling; 

b. Each modeller makes a best guess (single point) estimate for various input 

parameters; 

c. Distributions not assigned to parameters, and; 

d. No Monte-Carlo sampling or iterative simulations. 

 

The double blind modelling was carried out using version 2012.0.44 of B-RISK. 

 

Figure 5-3 shows a typical Edit Item screen. Other than the basic physical parameters 

of both scenarios (essentially the Geometry input values shown in Figure 5-3, and the 

compartment geometry), each modeller had to select a suitable set of input data. The 

only stipulation provided for selection of the input parameter values was that the data 

had to be published, i.e., in a handbook, a journal article, a research report, a thesis, 

etc. The secondary objective in this regard was to get a feel for the range of input data 

that five different modellers would choose to use, given the same starting basis for the 

exercise. This was considered to be a useful objective in that a typical model user would 

be faced with exactly the same decisions when using B-RISK for actual fire safety 

engineering design purposes. 
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Figure 5-3. Typical item input screen for modelling. 

 

5.3.1 Chemistry input data 

As indicated in Figure 5-3, each item in the modelling required various Chemistry input 

data to be specified. 

 

5.3.1.1 Propane gas burner 

For the Propane Burner item, the Chemistry input values for the Heat of Combustion, 

Soot Yield, CO2 Yield and Radiant Fraction parameters were pre-determined for all 

modellers, based on data from Tewarson (2008, pp. 3-142) – refer to Table A-1. 

 

5.3.1.2 PU foam armchair 

In relation to the Chemistry input data fields shown in Figure 5-3, for the PU Foam 

Armchair Modeller A utilised data from Babrauskas et al. for the Heat of Combustion 

input value, namely ∆𝐻𝑐,𝑒𝑓𝑓 = 18.1 MJ/kg (1982, p. 30). This value is very similar to a 

value of ∆𝐻𝑐,𝑒𝑓𝑓 = 17.6 MJ/kg when the ∆𝐻𝑐ℎ𝑒𝑚 data from Tewarson (2008, pp. 3-143) 

for four flexible PU foams (labelled GM21, GM23, GM25 and GM27 respectively) were 

averaged. Coles (2001, p. 22) also provides Heat of Combustion data for three flexible 
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PU foams, ∆𝐻𝑐,𝑒𝑓𝑓 = 21.2, 20.9 & 18.6 MJ/kg, which again were in reasonable 

agreement with the modelling value chosen from Babrauskas et al. (1982). 

 

Modeller A also derived Soot Yield and CO2 Yield values for the double blind modelling 

from Tewarson (2008), again averaging the four values noted above. The Radiant 

Fraction was calculated in accordance with Eqn. 2-9, in the same fashion by averaging 

the four pairs of data given by Tewarson (2008).  

 

5.3.1.3 ABS television 

In relation to the Heat of Combustion input value for the ABS Television item, Modeller 

A considered data from Tewarson (2008, pp. 3-143) for both ABS and a material similar 

to ABS, polystyrene (labelled PS), as well as data from Bundy and Ohlemiller (2003), 

and Morgan and Bundy (2007). The data reported by Bundy and Ohlemiller, and 

Morgan and Bundy covers a range of 18 different plastic resins that are used as casings 

for electronic goods. The non-fire retardant high impact polystyrene (HIPS) material was 

chosen (labelled 3-HIPS-NFR in (Bundy & Ohlemiller, 2003) and HIPS-NFR-3 in 

(Morgan & Bundy, 2007)) because in an associated publication from Bundy and 

Ohlemiller (2004), the HIPS-NFR material was noted as being the only material with a 

UL-94 HB (horizontal burning) rating, which was the rating for the actual ABS utilised in 

the BRANZ/UoC experimental programme.  

 

The values for ∆𝐻𝑐,𝑒𝑓𝑓 from these various sources ranged from 27 to 34 MJ/kg, but the 

value for the polystyrene (PS) material (∆𝐻𝑐,𝑒𝑓𝑓 = 27 MJ/kg) from (Tewarson, 2008) was 

chosen for the simple reason that associated data were also available from which a 

value for the Radiant Fraction parameter could be derived, in accordance with Eqn. 2-9. 

Values for the Soot Yield and CO2 Yield parameters were also sourced from Tewarson 

(2008, pp. 3-143) for the PS material. 

 

5.3.1.4 MDF cube 

The process was repeated for the MDF Cube, by selecting data from Tewarson (2008, 

pp. 3-143) for the material labelled wood (pine), for the Heat of Combustion, the CO2 

Yield, and the Radiant Fraction, while the value for the Soot Yield was based on the 

material labelled wood (red oak).  

 

5.3.1.5 Other chemistry input parameters 

It should be noted that the parameters Latent Heat of Gasification, Constant A and 

Constant B shown in Figure 5-3, are only required for burning rate enhancement 

calculations (Wade, et al., 2013). For the double blind modelling, the modellers were 

instructed not to use the burning rate enhancement functionality of B-RISK and the 

modellers did not therefore need to enter a value for these three parameters. 
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The HRR per unit area parameter, as well as being utilised in burning rate enhancement 

calculations, is also used for plume entrainment calculations (Wade, et al., 2013). It is 

used to calculate the equivalent diameter for non-circular fire sources, which in turn is 

used to calculate the virtual source of the plume and the flame height – refer to Sub-

section 7.9.1 Heskestad Strong Plume, (Wade, et al., 2013, pp. 57-58). 

 

In order to quantify the effect of variability in the HRR per unit area parameter on B-

RISK predictions, a sensitivity analysis exercise was conducted. The HRR per unit area 

parameter was varied for each of the items, but leaving all other parameters 

unchanged, and B-RISK runs repeated. The net result was no change to the 

compartment HRR, upper layer temperature, and layer height outputs values, i.e., the 

calculation procedure is not sensitive to changes in the value for the HRR per unit area 

parameter. To avoid computational errors, however, the value for this parameter must 

be set to a positive value. 

 

5.3.1.6 Data summary 

Table 5-1 provides a full summary of the data used by Modeller A, while Table A-1 in 

Appendix A1, provides a summary of all the Chemistry input data used by the five 

modellers involved in the double blind modelling exercise. 

 

Table 5-1. Chemistry input data for Modeller A. 

Item 

Property 
Units 

Propane Burner PU Armchair ABS TV MDF Cube 

Data Source Data Source Data Source Data Source 

Heat of 

Combustion 
(kJ/g)* 43.7 [1] 18.1 [2] 27.0 [1] 12.4 [1] 

Soot yield (g/g) 0.024 [1] 0.19 [1] 0.164 [1] 0.015 [1] 
CO2 yield (g/g) 2.85 [1] 1.53 [1] 2.33 [1] 1.33 [1] 
Radiant 

loss 

fraction 

- 0.3 [1] 0.52 [1] 0.59 [1] 0.3 [1] 

HRRPUA kW/m2 3460 - 560 - 1332 [3] 500 - 

* units kJ/g ≡ MJ/kg, [1] = (Tewarson, 2008), [2] = (Babrauskas, et al., 1982), [3] = (Bundy & Ohlemiller, 

2003) 

 

5.3.2 Target ignition input data 

The second group of input data shown in Figure 5-3 are the Target Ignition input values. 

The methodology for deriving the FTP dataset is described previously (Sub-section 

3.3.5), and examples of the derivation for the ABS and MDF materials are provided 

herein to demonstrate the procedure.  
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5.3.2.1 PU foam armchair 

The derivation of the FTP dataset for the PU foam material, used by Modeller A for the 

double blind modelling, was the same data upon which the derivation in Sub-section 

3.3.5 was based (Baker, et al., 2011a). 

 

5.3.2.2 ABS television 

For the ABS television item, data from Morgan and Bundy (2007) was used to derive 

the FTP dataset. Morgan and Bundy reported cone calorimeter piloted-ignition data for 

18 different thermoplastics used in electronic enclosures. The materials were all tested 

at three different heat flux levels; namely 30, 50 and 90 kW/m2. Modeller A considered 

the material labelled ABS-PFR-19, being a 3.2 mm thick black phosphate fire-retarded 

ABS, and the material labelled HIPS-NFR-3, being the 3.2 mm thick white non-fire 

retardant HIPS used for the Chemistry input parameters (refer to Clause 5.3.1.3) in 

Morgan and Bundy’s paper (2007). Modeller A chose the data for the former of these 

two materials (the ABS-PFR-19 material) to represent the ABS material of the mock-up 

television. 

 

The first step in the FTP analysis procedure described in Sub-section 3.3.5 was to plot 

Morgan and Bundy’s pairs of cone calorimeter data (�̇�", 𝑡𝑖𝑔) in the form of Eqn. 3-7, i.e., 

1 𝑡𝑖𝑔
1/𝑛⁄  vs. �̇�". The value of the FTP index 𝑛 was varied by trial-and-error to get the best 

fit for the linear regression line, i.e., the maximum value of the coefficient of 

determination (R2) parameter. With reference to the solid trend line shown in Figure 

5-4(a), the best fit was found for a value of 𝑛 = 1.6. The piloted-ignition 𝐹𝑇𝑃 (gradient) 

and �̇�𝑐𝑟
"  (y-axis intercept) values were then derived from the equation for the linear trend 

line shown Figure 5-4 (a). 

 

Having determined the FTP piloted-ignition dataset for the ABS material, the second 

step in the analysis procedure was to use the empirical auto-ignition approximation 

method (Baker, et al., 2011a) to determine the corresponding FTP auto-ignition dataset. 

Modeller A made the (arbitrary) assumption that the time-to-ignition for the auto- and 

piloted-ignition modes converged at a value of �̇�" = 120 kW/m2, and that for the auto-

ignition mode, �̇�𝑐𝑟
" = 20 kW/m2, i.e., approximately double that for the piloted-ignition 

mode. The broken line in Figure 5-4(a) represents these parameters, with a 

corresponding 𝐹𝑇𝑃(𝑎𝑢𝑡𝑜) value being calculated from the gradient. No actual auto-

ignition data was available for this material, to compare to the empirical auto-ignition 

approximation predictions. 
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5.3.2.3 MDF cube 

For the MDF cube, cone calorimeter ignition data from Shields et al. (1993) for 15 mm 

thick chipboard (particleboard) was used, and the procedure described for the ABS 

material, repeated. For the chipboard material, both piloted- and auto-ignition data were 

available. For the piloted-ignition data, the best fit for the linear trend line was derived 

for a FTP index value of 𝑛 = 1.75, as shown in Figure 5-4(b). The empirical auto-ignition 

approximation procedure was repeated, but with the convergence of the auto and 

piloted-ignition times being estimated on a less arbitrary basis, namely �̇�" = 100 kW/m2. 

Again, �̇�𝑐𝑟
"  for the auto-ignition mode was estimated as being approximately double the 

piloted-ignition value, at 14 kW/m2, as illustrated in Figure 5-4(b). The actual auto-

ignition values reported by Shields et al. (1993) are also shown in Figure 5-4(b) as solid 

triangle symbols. 
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(b) 

Figure 5-4. FTP dataset analysis: (a) ABS plastic (Morgan & Bundy, 2007); (b) MDF 

(Shields, et al., 1993). 

 

5.3.2.4 Data summary 

The ignition data that was used in the FTP dataset derivations for all three materials are 

shown in Table 5-2. 

 

Table 5-2. Ignition data for PU foam, ABS and MDF. 

incq   

Time-to-ignition, tig 

PU foam armchair ABS television MDF cube 

Piloted Auto Piloted Auto Piloted Auto 

20 42 - - - 169 - 

30 22 163 99 - 54 123 

40 16 41 - - 32 61 

50 12 17 - - 20 27 

60 9 15 36 - 14 19 

70 - - - - 10 14 

90 - - 11 - - - 

 

Piloted-ignition
y = 237.08x + 6.92

R² = 0.9986

Auto-ignition
y = 219.18x + 14

0

20

40

60

80

100

120

140

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

In
c

id
e

n
t 

F
lu

x
 [

k
W

/m
2
]

Modified Time-to-Ignition 1/tig
1/n

Piloted-ignition

Auto-ignition

Piloted-igntion

Auto-ignition



109 
 

The FTP dataset values that were derived by Modeller A, from the ignition data in Table 

5-2, for all three materials are summarised in Table 5-3. 

 

Table 5-3. FTP datasets for PU foam, ABS and MDF. 

Item property Units 
PU foam armchair ABS television MDF cube 

Piloted Auto Piloted Auto Piloted Auto 

FTP limit kWsn/m2 481 430 12115 10577 14324 12485 

FTP index - 1 1 1.6 1.6 1.75 1.75 

Critical flux kW/m2 10 22 11 20 7 14 

 

It should be noted that Modeller A used the auto-ignition FTP dataset for both target 

ignition configurations, rather than differentiate between piloted- and auto-ignition 

datasets. 

 

A complete summary of the Target Ignition data for all five modellers are provided in 

Appendix A1 Double Blind Modelling Data, Table A-2. 

 

5.3.3 Heat release rate input data 

The third input dataset shown in Figure 5-3 were the Heat Release Rate time histories 

for the different items. Each of the five modellers selected a HRR curve for each of the 

items based on either data that were available in the literature, or by using engineering 

judgement, or a combination of the two. 

 

5.3.3.1 PU foam armchair 

Modeller A selected a HRR curve from Babrauskas et al. (1982) to represent the PU 

foam armchair. The armchair was described by Babrauskas et al. as consisting of PU 

foam that met California State Technical Information Bulletin 117 (CBHF, 2000), with 

polyolefin fabric and a wooden frame. Peak HRR (1970 kW), time to peak HRR (280 s), 

total heat release (440 MJ), and heat of combustion (18.1 MJ/kg) data were taken from 

Table 2A chair F21, test T19 (Babrauskas, et al., 1982, p. 30) and the experimental 

HRR curve was taken from Figure 13, labelled ‘furniture calorimeter’, (Babrauskas, et 

al., 1982, p. 52) to produce the idealised HRR curved that is depicted in Figure 5-5. 

 

5.3.3.2 ABS television 

Modeller A used data cited by Babrauskas (2008) from Bundy and Ohlemiller (2004) as 

the basis for producing an idealised HRR curve for the ABS television item. The item 

was identified as a 19 inch (482 mm) computer monitor with a cathode ray tube (CRT). 

For Test 1 of the material labelled HIPS rated UL-94 HB in Table 3-1.3, and Figure 3-
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1.29 (Babrauskas, 2008, pp. 3-15 & 3-17), and with a needle flame ignition source, a 

peak HRR of 207 kW resulted. The experimental HRR curve shown as Fig. 3-1.29 

(Babrauskas, 2008, pp. 3-17), and Fig. 16 (Bundy & Ohlemiller, 2004, p. 16) for the 

computer monitor was idealised to represent the ABS television, as shown in Figure 

5-5. 

 

5.3.3.3 MDF cube 

It proved difficult for Modeller A to find a suitable HRR curve for an item from the 

literature that was similar to the construction of the MDF cube. An idealised HRR curve 

that was based on an experimental HRR for an object labelled as a ‘3 shelf wood 

bookcase with files’ in Figure 3-1.15 (Babrauskas, 2008, pp. 3-11) was utilised in the 

double blind modelling, as shown in Figure 5-5. 

 

Babrauskas indicates that “storage furniture made of wood or wood covered with thin 

layers of thermosetting plastic tends to resist ignition unless filled with combustible 

contents” (2008, pp. 3-11). In selecting the HRR curve that was used to represent the 

MDF cube, it was anticipated that the presence of combustible contents would give a 

HRR curve that reached a higher peak HRR more quickly, than would be the case for 

the actual MDF cube HRR curve. 

 

5.3.3.4 Data summary 

The individual HRR curves for the three items are shown together in Figure 5-5, to 

clearly demonstrate the relativity between the three objects. It is apparent for Modeller A 

that the PU foam armchair is the dominant item with respect to the peak HRR and the 

time to peak HRR and that it would therefore make the most significant contribution to 

the combined compartment HRR in the subsequent double blind modelling. 

 

 
Figure 5-5. HRR curves for items. 
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5.3.4 Input data comparison between different modellers 

A secondary objective of the double blind modelling exercise was to quantify the range 

of input data that the different modellers would choose, given the same starting basis. 

 

5.3.4.1 Chemistry input data 

With regard to the Chemistry input data, Table 5-4 shows the range of data for the three 

items that were selected by the five different modellers. The complete summary of the 

actual values for these parameters for each modeller are detailed in Appendix A1

 Double Blind Modelling Data. 

 

Table 5-4. Comparison of Chemistry input data. 

Item property Units 
PU foam armchair ABS television MDF cube 

Min Max Av Min Max Av Min Max Av 

Heat of combustion (kJ/g) 18.0 27.2 21.4 25.2 33.8 29.0 12 14 12.6 

Soot yield (g/g) 0.07 0.227 0.179 0.022 0.164 0.100 0.015 0.015 0.015 

CO2 yield (g/g) 1.51 1.92 1.68 0.01 2.33 1.66 1.19 1.5 1.32 

Latent heat of 

gasification 
(kJ/g) 1.22 2.4 1.99 2.6 3.4 2.88 1.8 3.9 2.85 

Radiant loss fraction - 0.45 0.52 0.49 0.3 0.593 0.43 0.3 0.38 0.34 

HRR per unit area kW/m2 245 3125 962 290 1332 658 122.7 2378 762 

 

5.3.4.2 Target ignition input data 

In relation to the Target Ignition input data, Table 5-5 provides a summary of the values 

for the different parameters that the five modellers used in their individual double blind 

modelling. 
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Table 5-5. Comparison of Target Ignition input data. 

Item property Units 
PU foam armchair ABS television MDF cube 

Min Max Av Min Max Av Min Max Av 

FTP limit (pilot) kWsn/m2 190 812 463 1400 11260 5854 4696 104000 28307 

FTP index (pilot) - 0.6 1.2 0.96 0.74 1.6 1.22 0.6 2.0 1.32 

Critical flux (pilot) kW/m2 4 22 13.1 5 22.3 14.1 9.3 14 10.7 

FTP limit (auto) kWsn/m2 190 5759 1452 1400 12869 7841 949 104000 27557 

FTP index (auto) - 0.51 1.2 0.94 0.59 1.6 1.19 0.6 2 1.37 

Critical flux (auto) kW/m2 4 28.2 9.0 5 22.3 15.2 9.3 31.5 15.0 

 

A full summary of the data used by the five modellers is provided in Table A-2 . It can be 

seen that four of the five modellers did not differentiate between the pilot and auto 

ignition modes when selecting the Target Ignition dataset to use for their double blind 

modelling.  

 

For the PU foam armchair item, Modeller A and C used auto-ignition data for both 

modes, Modeller D and E used pilot-ignition data for both modes, and Modeller C 

differentiated between the two ignition modes. The value of the critical flux is the best 

indicator of the ignition mode from which the data is derived. The typical trend is 

illustrated by the data used by Modeller B, where the critical flux (auto) value is two-to-

three times the critical flux (pilot) value. Table A-2 also demonstrates the trend whereby 

the FTP limit (auto) value is higher than the FTP limit (pilot) value. 

 

For the ABS television object, Modeller A and D used auto-ignition data for both ignition 

modes, Modeller C and E used pilot-ignition for both ignition modes. Modeller B 

differentiated between the ignition modes. 

 

For the MDF cube object, Modeller A used auto-ignition data for both ignition modes, 

while Modeller C, D and E used pilot-ignition data for both ignition modes. Modeller B 

differentiated between the two ignition modes. 

 

5.3.4.3 Heat release rate input data 

The graphs in Figure 5-6 illustrate the comparison between the different HRR curves 

that each modeller chose to represent the three objects.  
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(a) 

 
(b) 

 
(c) 

Figure 5-6. Comparison of HRR curves: (a) PU foam armchair; (b) ABS television; 

(c) MDF cube. 

 

It is clear from Figure 5-6 that the five modellers had taken different approaches to 

deriving and/or choosing the HRR curves for the three objects. 
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5.3.4.3.1 PU foam armchair 

With respect to the PU foam armchair item (Figure 5-7(a)), Modeller A chose to simplify 

or idealise actual experimental data in the form of straight lines between discrete points 

to give a triangular shape to the HRR curve. This is similar to the approach described by 

Mowrer and Williamson (1990) who cite the methodology adopted by Babrauskas and 

Walton (1986) which yields “a triangular approximation of the heat release rate history” 

(Mowrer & Williamson, 1990, p. 372). In fact Fig. 2 and Table 1 (Babrauskas & Walton, 

1986, p. 183 & 186) a single triangle approximation for the F21 armchair (that was 

utilised by Modeller A) is derived, however, Modeller A represented the experimental 

data in the more complex three-triangle shape depicted in Figure 5-5. The purpose for 

this was that, originally, Babrauskas and Walton (1986) only accounted for 54% of the 

energy content from the burning armchair with their triangle approximation, while 

Modeller A accounted for 100 % of the energy with the shape for the HRR that was 

chosen. Modeller B took a similar approach to Modeller A, while Modellers C - E took a 

parametric approach. For the parametric HRR curves, Modeller C – E all used a 

parabolic (t-squared) growth rate, of the form described previously in Section 2.8 and 

Eqn. 2-8. 

 

Modeller C and D chose a fast growth rate for the PU foam armchair HRR curve, while 

Modeller E chose an ultra-fast growth rate. In Table 4-1.4 (Custer, et al., 2008, pp. 4-13) 

a summary of 𝛼 values is provided for armchair items which cover the range of values 

chosen by Modellers C – E. Modellers C and E also used an exponential decay phase 

for their HRR curves, as depicted in Figure 5-6(a).  

 

The key difference between the HRR curves for the PU foam armchair that the five 

modellers selected was that Modeller A chose to use a curve with the equivalent of an 

initial incipient phase with low growth, while the other four modellers used curves which 

grew more rapidly. This meant that the HRR curves for Modellers B – E reached their 

peak earlier than Modeller A’s HRR curve, however, Modeller A had a peak HRR 

significantly higher, and a burning duration significantly longer, than the other four 

modellers. 

 

5.3.4.3.2 ABS television 

As depicted in Figure 5-6(b) for the ABS television item, Modellers A and B again used 

a single triangle to approximate actual experimental HRR data of a television, Modeller 

E used actual experimental data, while Modeller C and D again used a parametric 

approach. Modeller C used a growth constant α value of 0.032 kW/s2 (between fast and 

medium fires) with a plateau at approximately 470 kW, while Modeller D used value of 

0.0066 kW/s2, i.e., between the standard medium and slow fire, and then an exponential 

decay period. 
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The HRR curves for the ABS television chosen by Modellers A, D and E are quite 

similar, while the corresponding curve for Modeller B is similar also, other than having a 

faster growth rate of approximately 0.1 kW/s2, i.e. between ultra-fast and fast. The HRR 

curve that differs most is that for Modeller C, with a much higher peak and a much 

shorter burning duration. 
 

5.3.4.3.3 MDF cube 

In Figure 5-6(c), the different HRR curves chosen by each modeller for the MDF cube 

item are shown. The approach from all modellers was the same as for the ABS 

television object, namely a triangular idealisation of experimental data for Modellers A 

and B, Modeller E used actual experimental data, and Modellers C and D a parametric 

approach, with growth constants of 0.0025 and 0.0066 kW/s2 respectively. Modeller C’s 

HRR had a long plateau at approximately 200 kW, while Modeller D again had an 

exponential decay phase. 

 

The HRR curves chosen by Modellers A, C and E for the MDF cube item were quite 

similar, while the curves for Modellers B and D differed, both with a much lower peak, 

i.e., approximately 200 kW, and also a rapid decay phase for Modeller B, but a long 

steady-state peak plateau for Modeller C. 

 

5.3.4.3.4 HRR curves for each modeller 

To demonstrate the relativity of the three HRR curves chosen by each modeller, Figure 

5-7 shows the groupings of HRR curves for each individual modeller. 
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(b) 

 
(c) 
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(e) 

Figure 5-7. Comparison of HRR curves: (a) Modeller A; (b) Modeller B; (c) 

Modeller C; (d) Modeller D; (e) Modeller E. 

 

Although the HRR curve sets depicted in Figure 5-7 show some significant differences 

in the input data selections, it is only possible to determine the impact of these 

differences, and the differences in the Chemistry and Target Ignition datasets, by 

comparing the output data that was generated by each modeller. 

 

5.3.5 Output data 

The double blind modelling runs that each modeller conducted in B-RISK produced 

time-to-ignition data for the various objects of Scenario A and B, as well as associated 

compartment HRR curves. 

 

5.3.5.1 Time to ignition data comparison 

Table 5-6 and Table 5-7 provide a summary of the ignition data obtained by each of the 

five modellers for the double blind modelling exercise of phase one, for both Scenario A 

and Scenario B. 

 

Table 5-6. Comparison of time-to-ignition data for Scenario A. 

Item 
Time-to-ignition (s) 

A B C D E 

Burner 0 0 0 0 0 

Arm-1 100 147 100 44 10 

Arm-2 280 214 203 98 43 

MDF-1 270 269 639 144 65 

MDF-2 281 259 533 148 69 

MDF-3 338 292 588 172 84 

MDF-4 320 469 520 186 92 

TV 358 476 258 204 100 
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Table 5-7. Comparison of time-to-ignition data for Scenario B. 

Item 
Time-to-ignition (s) 

A B C D E 

Burner 0 0 0 0 0 

Arm-1 267 284 308 155 80 

Arm-2 220 243 239 115 59 

Arm-3 33 147 100 24 10 

MDF-1 324 (A) NI 940 264 138 

MDF-2 192 239 495 110 58 

MDF-3 74 233 533 103 53 

MDF-4 234 522 653 224 96 

MDF-5 282 624 811 301 144 

TV 248 480 252 211 99 

 

5.3.5.2 HRR data comparison 

The HRR output curves for each modeller, for both the layout scenarios depicted in 

Figure 5-2, are shown in Figure 5-8. 

 

 
(a) 

 
(b) 

Figure 5-8. HRR output for each modeller: (a) Scenario A; (b) Scenario B. 
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5.4 Ignition Experiments – Phase Two 

The second phase of the modelling/experimental programme was to conduct bench-

scale ignition experiments with the three generic materials, namely PU foam, ABS and 

MDF. The purpose for conducting ignition experiments was to generate suitable input 

data for the single blind modelling that constituted Phase 4 of the experimental 

programme. To this end, additional thermo-physical data was also gathered during the 

testing. The materials tested were identical to those that were subsequently used for the 

mock-up fuel items in the compartment experiments (Phase 5) of the overall 

experimental programme. The expectation was that more representative data would be 

generated, than would have been possible to source from the research literature in 

Phase 1 of the programme. 

 

The data from the testing were not provided to the modellers until the data and 

modelling files from the double blind modelling (Phase 1) had been submitted to the 

programme coordinator. 

 

5.4.1 Test protocols 

Three specimens of each material where tested in accordance with the relevant 

procedures defined in the ISO 5660 cone calorimeter test standard (2002). The 

specimens were subjected to a range of different irradiance levels, and the ignition 

times recorded. This process was repeated for both the piloted- and auto-ignition 

modes, in the horizontal orientation.  

 

5.4.1.1 Conditioning 

All specimens of the different materials were conditioned to constant mass in 

accordance with the test standard, namely at a temperature of 23 ± 2 ºC and a relative 

humidity of 50 ± 5 %. Constant mass is considered to have been reached when the 

specimen weight does not vary by more than 0.1 % or 0.1 g, whichever is greater, when 

two successive weighing are carried out at an interval of 24 h (ISO, 2002). 

 

5.4.1.2 Ignition criterion 

The test standard ISO 5660 defines ignition as the onset of sustained flaming, which in 

turn is defined as the “existence of flaming on or over the surface of the specimen for 

periods of over 10 s” (2002, p. 2). For the purposes of the experimental programmed 

described in this section, ignition was recorded with a hand-held stopwatch by the 

operator as being the period of time that had elapsed from the specimen being exposed 

to the irradiance until flaming was visually observed to have started. 
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5.4.1.3 End of test criteria 

Where ignition occurred, the data acquisition was continued for 30 s beyond the point 

where the operator was unable to see flaming in the specimen holder. Where no ignition 

occurred, the data acquisition generally continued for a period of 900 s from the point 

when the specimen was exposed to the set irradiance. 

 

5.4.2 PU foam ignition data 

The PU foam that was subjected to the cone calorimeter testing was a standard non-fire 

retardant foam that is widely used in New Zealand for residential furniture. In this 

regard, Baker et al. (2011a, p. 370) cited Denize (2000) by noting that “New Zealand 

differs from other countries, such as the United Kingdom and the United States, in that 

there are only voluntary, not mandatory, flammability regulations for upholstered 

furniture. Therefore in New Zealand, imported and domestically manufactured 

upholstered furniture can be, and typically is, made from any materials without limitation 

on flammability.” The cone calorimeter test specimens were 100 × 100 mm, and a 

thickness of 50 mm. The PU foam was a light blue-green colour. With regard to 

conditioning, the typical block weight was ≈ 16 g, so the 0.1 g criterion was the 

maximum of the two constant mass criteria, and hence governed. 

 

Table 5-8 summarises the piloted-ignition data from the cone calorimeter experiments 

on the PU foam that were provided to each modeller for use in the single blind 

modelling. 

 

Table 5-8. Cone calorimeter piloted-ignition data for PU foam. 

Specimen code Mass (kg) Irradiance (kW/m2) tig (s) 

 

PU-P-10-1 16.6 

10 

232.9 

PU-P-10-2 16.0 171.9 

PU-P-10-3 16.0 193.4 

 

PU-P-15-1 16.2 

15 

62.3 

PU-P-15-2 16.0 48.0 

PU-P-15-3 16.0 66.7 

 

PU-P-20-1 16.2 

20 

12.1 

PU-P-20-2 16.1 12.8 

PU-P-20-3 16.5 11.7 

 

PU-P-25-1 16.6 

25 

7.6 

PU-P-25-2 16.3 7.7 

PU-P-25-3 16.2 7.5 

 



121 
 

Table 5-9 summarises the corresponding auto-ignition data for the PU foam. For the 

auto-ignition tests, everything was identical to the pilot-ignition tests, other than the 

standard spark igniter was not deployed. 

 

Table 5-9. Cone calorimeter auto-ignition data for PU foam. 

Specimen code Mass (kg) Irradiance (kW/m2) tig (s) 

 

PU-A-20-1 16.6 20 NI* 

 

PU-A-35-1 16.4 

35 

119.1 

PU-A-35-2 16.3 81.1 

PU-A-35-3 16.4 127.3 

 

PU-A-40-1 16.7 

40 

83.5 

PU-A-40-2 16.3 90.6 

PU-A-40-3 16.1 107.9 

 

PU-A-50-1 16.2 

50 

46.7 

PU-A-50-2 16.7 42.7 

PU-A-50-3 16.3 47.0 

 

PU-A-60-1 16.0 

60 

4.9 

PU-A-60-2 16.4 3.2 

PU-A-60-3 16.8 4.2 

 

NI* = no ignition after 600 s exposure 

 

5.4.3 ABS ignition data 

A series of cone calorimeter tests were performed on 100 × 100 × 3 mm ABS samples 

in both the piloted- and auto-ignition modes. The ABS had a UL94 HB (horizontal 

burning) classification (UL, 1996). The material was black, with a smooth glossy surface 

on one face and a slight textured pattern called “haircell” on the other – this textured 

face was always facing upward for all cone testing. The typical weight of each test piece 

of ABS was approximately 32 g and the ABS specimens exhibited no discernible mass 

loss during the standard conditioning process. 

 

Table 5-10 details the piloted-ignition data for the ABS material that was provided to the 

modellers for the single blind modelling. 
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Table 5-10. Cone calorimeter piloted-ignition data for ABS. 

Specimen code Mass (kg) Irradiance (kW/m2) tig (s) 

 

ABS-P-10-1 32.5 10 NI 

 

ABS-P-15-1 32.2 15 NI# 

 

ABS-P-20-1 32.5 

20 

186.1 

ABS-P-20-2 31.8 208.1 

ABS-P-20-3 31.7 193.7 

 

ABS-P-35-1 31.9 

35 

48.5 

ABS-P-35-2 32.9 50.3 

ABS-P-35-3 32.6 51.8 

 

ABS-P-50-1 31.5 

50 

23.1 

ABS-P-50-2 31.9 22.2 

ABS-P-50-3 32.0 22.4 

 

ABS-P-60-1 31.8 

60 

15.6 

ABS-P-60-2 32.0 15.5 

ABS-P-60-3 31.9 16.9 

 

NI = no ignition after 900 s exposure. 
# specimen ignited at 902.6 s but was deemed as being NI since 900 s criterion met. 

 

Table 5-11 details the corresponding auto-ignition data for the ABS material. 
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Table 5-11. Cone calorimeter auto-ignition data for ABS. 

Specimen code Mass (kg) Irradiance (kW/m2) tig (s) 

 

ABS-A-20-1 31.7 20 NI* 

 

ABS-A-35-1 32.3 

35 

127.5 

ABS-A-35-2 32.3 224.3 

ABS-A-35-3 32.5 134.3 

 

ABS-A-50-1 31.7 
50 

35.2 
ABS-A-50-2 31.8 34.8 
ABS-A-50-3 31.9 33.8 

 

ABS-A-60-1 32.1 
60 

25.4 
ABS-A-60-2 31.6 25.2 
ABS-A-60-3 31.8 21.7 

 

NI* = no ignition after 900 s exposure 

 

5.4.4 MDF ignition data 

The MDF specimens used for the cone testing were 100 × 100 × 18 mm thick, cut from 

sheets of standard non fire-retardant MDF board. Each piece of material weighted 

approximately 112 g after standard conditioning. 

 

The data for the piloted-ignition mode that was provided to the modellers for the single 

blind modelling is summarised in Table 5-12. 

  



124 
 

 

Table 5-12. Cone calorimeter piloted-ignition data for MDF. 

Specimen code Mass (kg) Irradiance (kW/m2) tig (s) 

 

MDF-P-20-1 112.0 

20 

201.6 

MDF-P-20-2 110.7 198.9 

MDF-P-20-3 111.9 194.7 

 

MDF-P-35-1 112.1 

35 

65.0 

MDF-P-35-2 113.1 66.7 

MDF-P-35-3 112.7 65.7 

 

MDF-P-40-1 112.2 

40 

54.8 

MDF-P-40-2 112.9 53.6 

MDF-P-40-3 111.4 50.5 

 

MDF-P-50-1 111.8 

50 

35.3 

MDF-P-50-2 112.3 34.2 

MDF-P-50-3 111.6 34.7 

 

MDF-P-60-1 111.4 

60 

24.6 

MDF-P-60-2 112.9 24.8 

   

 

The corresponding data for the auto-ignition mode for the MDF material is summarised 

in Table 5-13. 
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Table 5-13. Cone calorimeter auto-ignition data for MDF. 

Specimen code Mass (kg) Irradiance (kW/m2) tig (s) 

 

MDF-A-20-1 111.6 20 NI 

 

MDF-A-35-1 110.2 35 NI 

 

MDF-A-40-1 113.6 40 NI 

 

MDF-A-50-1 113.1 

50 

48.2 

MDF-A-50-2 110.9 46.9 

MDF-A-50-3 113.2 40.2 

 

MDF-A-60-1 112.0 

60 

32.5 

MDF-A-60-2 111.8 31.5 

MDF-A-60-3 111.4 29.4 

 

MDF-A-70-1 112.1 

70 

26.5 

MDF-A-70-2 112.9 25.1 

MDF-A-70-3 111.9 27.2 

 

NI = no ignition after 900 s exposure 

 

5.4.5 Other data from cone testing 

In addition to the ignition dataset generated for each of the three materials from the 

cone calorimeter testing, a full set of data gathered in accordance with the test standard 

(ISO, 2002), was provided to the modellers for use in the single blind modelling exercise 

at their discretion. Three complete piloted-ignition cone calorimeter data files per 

material were provided to each modeller; namely three files for ABS at 50 kW/m2 

irradiance, three files for MDF at 50 kW/ m2 irradiance, and three files for PU foam at 

30 kW/m2 irradiance. 

 

5.5 Single Item Free-Burning Experiments – Phase Three 

The third phase of the modelling/experimental programme was to conduct a series of 

furniture calorimeter experiments on single mock-up items, utilising each of the three 

generic materials, as shown in Figure 5-1 and described in Section 5.1. The objective of 

this phase was to generate actual HRR data for the different items for use in the 

subsequent single blind modelling exercise.  

 

Essentially the items were placed under the extract hood that was used for the later ISO 

9705 Room (1993) experiments, and the standard propane burner used as the ignition 
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source, in the same manner as was to be used in the compartment experiments. Three 

identical experiments were conducted and time-to-ignition data, as well as the data 

required by the ISO 9705 test standard, were collected. 

 

It should be noted that the HRR data present herein was ‘smoothed’, as part of the raw 

data reduction process, as a 30 second average, i.e., ± 15 s. The same approach was 

also adopted for the single- and multi-item ISO Room experiments. 

 

5.5.1 PU foam armchair 

Two different ignition scenarios were tested for the PU foam armchair object, to match 

the two situations for Scenario A and B – see Figure 5-2. 

 

5.5.1.1 PU foam armchair – front ignition 

To match the situation shown in Figure 5-2 (a) for Scenario A, the burner was placed 

centrally 300 mm from the front edge of the PU foam armchair mock-up. The burner 

output was a fixed 100 kW for the duration of the test. For each curve the time period 

between the burner igniting and the ignition of the PU foam armchair was removed, i.e., 

the time 𝑡 = 0 s is the point where the PU foam armchair ignited. 

 

The three HRR curves that were measured in the furniture calorimeter are labelled as 

ArmA-1 to ArmA-3 in Figure 5-9, while the straight line graph (labelled Average) was the 

HRR curve used by Modeller A in the single blind modelling. In each case the 100 kW 

contribution from the propane burner has been removed in the analysis. 

 

 
Figure 5-9. HRR curves for PU foam armchair – Scenario A. 

 

It can be seen in Figure 5-9 that there is reasonable repeatability between the three 

experiments, albeit with different shapes to the respective curves. The curve for ArmA-1 
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illustrates that the growth phase was more rapid than for either ArmA-2 or ArmA-3. The 

peak HRR for ArmA-3 was also approximately 20 % higher than for the other two items. 

As noted, the curves shown in Figure 5-9 do not include the time-to-ignition for the PU 

foam armchairs. In Figure 5-10, the HRR curves are shown with the actual ignition 

period included, where 𝑡 = 0 s signifies the ignition of the propane burner. As seen in 

Figure 5-10, the three PU foam armchairs ignited at 378 s (ArmA-1), 582 s (ArmA-2), 

and 789 s (ArmA-3), respectively. The graph labelled Average is again the 

approximation that was used for the single blind modelling by Modeller A, with an 

ignition time that is the average of the three item replicates. 

 

 
Figure 5-10. HRR curves for PU foam armchair with ignition sequence – Scenario 

A. 

 

5.5.1.2 PU foam armchair – side ignition 

For the Scenario B tests (refer to Figure 5-2 (b)) the burner was placed centrally 

300 mm from the side face of the PU foam armchair mock-up, with an output of 100 kW. 

The resulting three HRR curves, plus the approximation (labelled Average) actually 

used in the single blind modelling, are shown in Figure 5-11, noting that the 100 kW 

from the burner has been deducted. Again, as for the ArmA HRR curves shown in 

Figure 5-9, for each curve in Figure 5-11 the time period between the burner igniting 

and the ignition of the PU foam armchair was removed, i.e., the time 𝑡 = 0 s is the point 

where the PU foam armchair ignited. 
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Figure 5-11. HRR curves for PU foam armchair – Scenario B. 

 

As seen in Figure 5-11, the three HRR curves have a very similar initial growth phase, 

followed by a correspondingly similar rapid growth rate – while the curve ArmB-1 and 

ArmB-3 are subsequently very similar, the curve for ArmB-2 is quite different, having 

two distinct lower peaks and decay phases. 

 

In Figure 5-12, the actual ignition times are shown, being 75 s (ArmB-1), 105 s (ArmB-

2), and 85 s (ArmB-3), respectively. The HRR curve labelled Average (i.e., the HRR 

curve used for the single blind modelling input by Modeller A) is translated by the 

corresponding average of these three ignition times.  

 

 
Figure 5-12. HRR curves for PU foam armchair with ignition sequence – Scenario 

B. 

 

5.5.2 ABS television 

The layout for Scenario A (refer to Figure 5-2) has the ABS television object located on 

top of a 600 × 600 × 600 mm MDF cube, and the propane burner 700 mm from the ABS 

television. Due to the fact that the ABS television object would not ignite with a 100 kW 
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heat source located 700 mm away, it was decided to locate the burner 300 mm from the 

face of the ABS television item, and to also dispense with the MDF cube stand. This 

meant that the top edge of the burner was at the same height as the bottom edge of the 

item. 

 

Three repeat experiments were conducted, with a 100 kW propane burner output as the 

ignition source. Time-to-ignition data were recorded, along with the standard dataset 

collected for ISO 9705 experiments. 

 

Figure 5-13 shows the three HRR curves that resulted from the replicate ABS television 

experiments, again with 𝑡 = 0 s being the point at which the ABS ignited and the 

100 kW contribution from the propane burner removed from the analysis, while the 

graph labelled Average is the simplified approximation that was used by Modeller A for 

the single blind modelling. 

 

 
Figure 5-13. HRR curves for ABS television. 

 

The three experimental HRR curves depicted in Figure 5-13 show a reasonable degree 

of repeatability with regard to their general shape, with similar initial growth rates, 

double peaks, and decay phases. The comparison between peak HRR and time to peak 

is not quite so good. 

 

Figure 5-14 shows the actual ignition sequence that occurred in the three ABS 

television experiments in the furniture calorimeter, with 𝑡𝑖𝑔 = 225 s (TV-1), 276 s (TV-2), 

and 303 s (TV-3), respectively. In fact there were some problems with ignition of the 

ABS television object during the experiments. An initial trial was conducted where the 

ABS sheet material softened and collapsed out of the retainer brackets on the steel 

support frame and onto the burner. As a result, in subsequent experiments, thin wire 
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was used to help retain the ABS material. In the fourth experiment, the ABS did not 

actually ignite, so a fifth experiment, reported as TV-3, was conducted. 

 

The curve labelled Average is again the input HRR for the single blind modelling for 

Modeller A, but translated by the average of the three experimental ignition times. 

 

 
Figure 5-14. HRR curves for ABS television with ignition sequence. 

 

5.5.3 MDF cube 

The layouts depicted in Figure 5-2 as Scenario A and B have the centre of the propane 

burner 500 and 300 mm respectively from the face of MDF cubes. However, it was 

decided, due to anticipated difficulties in igniting the MDF cube objects, that the burner 

would be located 100 mm from the face of the MDF cubes. 

 

As expected, the MDF cubes proved difficult to ignite, taking almost 60 minutes for the 

HRR to start growing significantly.  

 

Three repeat experiments were conducted with a 100 kW output from the propane 

burner ignition source. The standard dataset for ISO 9705 experiments was collected. 

Due to the nature of the MDF cube items, it proved difficult to distinguish exactly when 

the items ignited, but values for tig of 57 s (MDF-1), 62 s (MDF-2), and 51 s (MDF-3) 

respectively were recorded by observation. 

 

The HRR curves for the three MDF cube experiments are shown in Figure 5-15. 

Although the MDF cubes ignited quite quickly, i.e., within approximately 60 s of the 

burner being ignited, the combustion of the MDF cube was predominantly surface 

burning for the first 45 – 60 minutes, signified by the gradual growth to approximately 

30 – 40 kW. At that stage in the fire development, the fire had burnt through the 18 mm 
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thickness of the MDF board into the cavity, and the fire started to grow rapidly towards a 

peak of approximately 350 kW, as seen in Figure 5-15.  

 

 
Figure 5-15. HRR curves for MDF cube. 

 

The HRR curve labelled Average was the curve used by Modeller A to represent the 

MDF cube object in the single blind modelling. The decision was taken to significantly 

shorten the slow growth phase seen in the actual experiments, to 600 s, due to the fact 

that the MDF cubes in the subsequent compartment experiments were expected to be 

subjected to much higher incident radiation, than that from the 100 kW propane burner 

ignition source. 

 

There are a number of sudden fluctuations in the experimental HRR curves depicted in 

Figure 5-15, which were due to a series of gas flow interruptions to the propane burner 

during the experiments. Generally these gas flow interruptions did not affect the HRR 

curves. The only possible exception is seen in the curve for MDF-1, where the small 

‘plateau’ in the rapid growth phase of the HRR signified an interruption to the gas flow. 

The most likely impact of this is that the time to the peak HRR would have been delayed 

by approximately 200 s. 

 

5.6 Single Item Compartment Experiments – Phase Four 

The fourth phase of the modelling/experimental programme was to conduct a series of 

tests that repeated the single item free-burning experiments, but with the testing being 

conducted within the ISO 9705 Room (1993). The objective of this series of experiments 

was to determine what, if any, compartment enhancement occurred in relation to free-

burning performance characteristics such as time-to-ignition and HRR. A set of three 

repeat experiments were conducted with the PU foam armchair item for both the front 

(ArmA) and the side (ArmB) ignition scenarios – refer to the layouts shown in Figure 
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5-2. The data from phase four was not used to derive input data for the subsequent 

single blind modelling as such, but was rather simply to investigate the impact of 

‘compartment effects’ on both the ignition and HRR of the PU foam armchair item. 

 

5.6.1 HRR curves and ignition times – Scenario A 

Figure 5-16 shows the HRR curves for the three front ignition (ArmA) tests that were 

conducted, with 𝑡 = 0 s being the time at which the PU foam armchairs ignited. 

 

 
Figure 5-16. HRR curves for PU foam armchair in ISO 9705 room – Scenario A. 

 

The time-to-ignition for the PU foam armchair items in the three Scenario A (front 

ignition) tests were quite similar, with values of 75 (ArmA-1), 42 (ArmA-2), and 30 s 

(ArmA-3), respectively, or an average of 49 s. The ignition timings are depicted in 

Figure 5-17, along with the corresponding data for the three free-burning experiments 

that were conducted in the furniture calorimeter. 
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Figure 5-17. HRR curves for PU foam armchair with ignition sequence for ISO and 

FC – Scenario A. 

 

The ignition times for the furniture calorimeter (FC) and ISO 9705 room (ISO) test series 

are significantly different. Table 5-14 shows a simple statistical comparison, with not 

only the mean being significantly less for the ISO test series compared to the FC test 

series, i.e., 49 vs. 583 s, but also the standard deviation (SD) for the ISO test series is 

much lower than for the FC test series, being 19 s vs. 168 s, respectively. 

 

Table 5-14. Comparative ignition times for FC and ISO test series – Scenario A. 

Test number 
Time to ignition (s) 

FC ISO 

   

1 378 75 

2 582 42 

3 789 30 

   

Mean 583 49 

Standard Deviation (SD) 168 19 

 

There are also a number of comparative differences between the ISO and the FC HRR 

curves. By visual observation, the ISO tests are more repeatable in comparison to the 

FC tests. This is also demonstrated by some simple statistical comparisons of the peak 

HRR and time-to-peak, between the ISO and FC datasets, as shown in Table 5-15. 
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Table 5-15. Comparative data for ISO and FC HRR curves – Scenario A. 

Test number 
ISO FC 

Peak HRR (kW) Time to peak (s) Peak HRR (kW) Time to peak (s) 

     

1 1051 81 1045 102 

2 952 69 918 69 

3 1031 93 1264 105 

     

Mean 1011 81 1076 92 

SD 43 10 147 16 

 

The SD is smaller for the peak HRR and time to peak values for the ISO data, when 

compared to the FC data, signifying greater repeatability. As an alternative way to 

illustrate the differences between the FC and ISO HRR curves, the HRR data for each 

set of three tests where averaged at every time-step, with the resulting comparison 

shown in Figure 5-18. 

 

 
Figure 5-18. Average HRR curves for PU foam armchair for ISO and FC – Scenario 

A. 
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than that for the ISO test series. It is worth noting however, that the average peak value 
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the average peak HRR would have been slightly less for the FC test series than for the 

ISO test series. 

 

5.6.2 HRR curves and ignition times – Scenario B 

Figure 5-19 shows the HRR curves for the three ISO Room experiments for Scenario B 

(side) ignition situation, with again 𝑡 = 0 s being the point of ignition for each item. 

 

 
Figure 5-19. HRR curves for PU foam armchair in ISO 9705 room – Scenario B. 

 

The time-to-ignition data for the PU foam armchair items in the three Scenario B (side 

ignition) tests were again quite similar, as was noted for the corresponding Scenario A 

experiments, with values of 45 (ArmB-1), 27 (ArmB-2) , and 42 s (ArmB-3), respectively, 

at a mean value of 38 s. The ignition times are shown in Figure 5-20, along with the 

corresponding data for the three free-burning tests that were carried out in the furniture 

calorimeter. 

 

 
Figure 5-20. HRR curves for PU foam armchair with ignition sequence for ISO and 

FC – Scenario B. 
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The ignition times for the FC tests are shorter than for the corresponding ISO tests. 

Table 5-16 shows the ignition time data comparison for both the FC and the ISO test 

series, with the mean for the ISO series being 38 s vs. 88 s for the FC test series. The 

differences are nothing like as large, however, as for the Scenario A test series – refer 

to Sub-section 5.6.1. 

 

Table 5-16. Comparative ignition times for FC and ISO test series – Scenario B. 

Test number 
Time to ignition (s) 

FC ISO 

   

1 75 45 

2 105 27 

3 85 42 

   

Mean 88 38 

SD 13 8 

 

There are also a number of comparative differences between the ISO and FC HRR 

curves, which can be observed in Figure 5-20, and which are shown by the statistical 

comparison in Table 5-17. The peak HRR and time-to-peak for the ISO test series are 

much more repeatable, while the corresponding values for the FC test series have a 

higher degree of variability. Generally, the HRR curves for the ISO tests were much 

more consistent than the corresponding curves obtained for the FC test series. 

 

Table 5-17. Comparative data for ISO and FC HRR curves – Scenario B. 

Test number 
ISO FC 

Peak HRR (kW) Time to peak (s) Peak HRR (kW) Time to peak (s) 

     

1 598 162 1187 234 

2 604 189 884 288 

3 630 192 1110 216 

     

Mean 611 181 1060 246 

SD 14 14 129 31 

 

Figure 5-21 shows the average of the three HRR curves for both the FC and ISO test 

series, in an identical fashion to Figure 5-18. 
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Figure 5-21. Average HRR curves for PU foam armchair for ISO and FC – Scenario 

B. 

 

It is clearly shown in Figure 5-21 that the time to the average peak HRR value for the 

ISO tests is faster than for the FC tests, i.e., a mean of 181 s for the ISO tests vs. 246 s 

for the FC tests, but the peak itself is much less for the ISO tests in comparison to the 

FC tests, i.e., 611 kW vs. 1060 kW.  

 

5.7 Comparison of Double and Single Blind Input Data 
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replicate exactly the layout in Scenarios A and B (refer to Figure 5-2) for the 

compartment tests of phase six, with respect to burner offset and proximity to 

compartment surfaces. It was not so easy to replicate the compartment experiments 

with the FC and ISO testing for the other two items, since for both the ABS television 

and MDF cube objects, the major ignition radiation would be received from other 

burning objects, not the burner itself. Before the details of the single blind modelling are 

described however, it is useful to compare the double blind input data, with that for the 

single blind modelling, to illustrate the differences between the two datasets.  
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5.7.1 Chemistry input data 

The phase two cone calorimeter testing provided Heat of Combustion and HRRPUA 

data for the modellers for use in the phase five single blind modelling. Table 5-18 shows 

the comparison of the Chemistry input data that Modeller A used for the double and 

single blind modelling. For the single blind input, Modeller A averaged the data from the 

three cone calorimeter files per material (refer to Sub-section 5.4.5) to derive the 

respective Heat of Combustion and HRRPUA values. Modeller A reused all the other 

Chemistry input values from the double blind modelling for the single blind modelling. 

 

Table 5-18. Comparison of chemistry input data – Modeller A. 

Item Units Stage PU foam ABS MDF 

 

Heat of combustion (kJ/g) 
Double 18.1 27.0 12.4 

Single 24.9 28.8 12.2 

 

Soot yield (g/g) 

Double 0.19 0.164 0.015 

Single 
NC 

 

CO2 yield (g/g) 
Double 1.53 2.33 1.33 

Single NC 

 

Radiant loss fraction - 
Double 0.52 0.59 0.3 

Single NC 

 

HRR per unit area kW/m2 
Double 560 1332 500 

Single 459 1077 252 

 

NC = no change from double to single blind modelling. 

 

However, not all modellers utilised the phase 2 cone calorimeter data as the basis for 

input to the phase 5 single blind modelling. While Modeller D also used recalculated 

values for both the Heat of Combustion and HRRPUA parameters, Modellers B, C and 

E did not alter any Chemistry input values from the double blind modelling for the single 

blind modelling. Table 5-19 compares the range of Chemistry input values for all five 

modellers. 
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Table 5-19. Comparison of chemistry input data – all modellers. 

Item property Units Stage 
PU foam armchair ABS television MDF cube 

Min Max Av Min Max Av Min Max Av 

 

Heat of 

combustion 
(kJ/g) 

Double 18.0 27.2 21.4 25.2 33.8 29.0 12.0 14.0 12.6 

Single 19.0 29.3 25.1 25.2 43.8 31.3 12.0 14.4 12.6 

 

Soot yield (g/g) 
Double 0.07 0.227 0.179 0.022 0.164 0.100 0.015 0.015 0.015 

Single NC NC NC 

 

CO2 yield (g/g) 
Double 1.51 1.92 1.68 0.01 2.33 1.66 1.19 1.5 1.32 

Single NC NC NC 

 

Latent heat of 

gasification 
(kJ/g) 

Double 1.22 2.4 1.99 2.6 3.4 2.88 1.8 3.9 2.85 

Single NC NC NC 

 

Radiant loss 

fraction 
- 

Double 0.45 0.52 0.49 0.3 0.593 0.43 0.3 0.38 0.34 

Single NC NC NC 

 

HRR per unit 

area 
kW/m2 

Double 245 3125 962 290 1332 658 122.7 2378 762 

Single 245 3125 940 290 1077 607 122.7 2378 713 

 

NC = no change from double to single blind modelling. 

 

The data in Table 5-19 essentially shows that where the Chemistry input values were 

recalculated for the single blind modelling, i.e. by Modeller A and D for the Heat of 

Combustion and HRRPUA parameters, the values did not actually vary significantly. 

 

A full summary of the Chemistry input data for the “single blind” modelling for the five 

modellers is provided in Appendix A2 Single Blind Modelling Data. 

 

5.7.2 Target ignition input data 

Each modeller was given the ignition data for the three materials (refer to Sub-sections 

5.4.2, 5.4.3, and 5.4.4), and used this to derive the FTP datasets that they would use for 

their individual single blind modelling. 

 

Table 5-20 summarises the FTP datasets that were derived by Modeller A as the Target 

Ignition input data for the single blind modelling. 
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Table 5-20. Comparison of target ignition input data – Modeller A. 

Item property Units Stage 

PU foam 

armchair 
ABS television MDF cube 

Piloted Auto Piloted Auto Piloted Auto 

 

FTP limit kWsn/m2 
Double 430 430 10577 10577 12485 12485 

Single 1653 1653 14126 14126 2913 2913 

 

FTP index - 
Double 1 1 1.6 1.6 1.75 1.75 

Single 2 2 1.79 1.79 1.3 1.3 

 

Critical flux kW/m2 
Double 22 22 20 20 14 14 

Single 20 20 25 25 35 35 

 

All five modellers used the phase 2 cone calorimeter ignition data to recalculate their 

individual Target Ignition input datasets for the single blind modelling of phase 5, as 

summarised in Table 5-21. 

 

Table 5-21. Comparison of target ignition input data – all modellers. 

Item property Units Stage 
PU foam armchair ABS television MDF cube 

Min Max Av Min Max Av Min Max Av 

 

FTP limit 

(pilot) 
kWsn/m2 

Double 190 812 463 1400 11260 5854 4696 10400

0 

28307 

Single 458 2210 1469 680 14126 5588 2590 9630 4905 

 

FTP index 

(pilot) 
- 

Double 0.6 1.2 0.96 0.74 1.6 1.22 0.6 2.0 1.32 

Single 0.6 2.0 1.62 0.74 1.79 1.31 0.75 1.5 1.1 

 

Critical flux 

(pilot) 
kW/m2 

Double 4 22 13.1 5 22.3 14.1 9.3 14 10.7 

Single 7.5 20 10.6 11 25 18.7 7 35 15 

 

FTP limit 

(auto) 
kWsn/m2 

Double 190 5759 1452 1400 12869 7841 949 10400

0 

27557 

Single 1653 5759 3241 14126 700 6629 949 3135 1835 

 

FTP index 

(auto) 
- 

Double 0.51 1.2 0.94 0.59 1.6 1.19 0.6 2 1.37 

Single 0.51 2 1.56 0.59 1.79 1.18 1 1.3 1.1 

 

Critical flux 

(auto) 
kW/m2 

Double 4 28.2 9.0 5 22.3 15.2 9.3 31.5 15.0 

Single 20 35 28.1 18.9 30 25.8 15 35 27.0 

 

It is apparent from the values contained in Table 5-21 that the analysis of the 

experimental (phase two) cone calorimeter data, to generate Target Ignition input 

datasets for the phase five single blind modelling, produced input that differed quite 
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significantly from the data for the double blind modelling, that had been sourced from 

the literature.  

 

Another aspect of the comparison between the different modellers, is that given 

identical experimental data, significantly different Target Ignition datasets were derived. 

The application of the FTP analysis methodology (described in Sub-sections 3.3.10 and 

3.3.11) is in reality a subjective procedure that relies on a high degree of engineering 

judgement by the user. This is also illustrated by some modellers choosing to not 

differentiate between the pilot- and auto-ignition modes, i.e. use the same input values 

for both ignition modes. 

 

A full summary of the Target Ignition input data for all five modellers is contained in 

Appendix A2 Single Blind Modelling Data. 

 

5.7.3 HRR curves 

Each modeller was given identical output data from the FC testing that had been 

conducted, and used that as the basis for deriving their own item HRR curves for the 

phase five single blind modelling. 

 

5.7.3.1 PU foam armchair item 

In Figure 5-22, the comparison between the HRR curves of the five modellers for the 

double and single blind modelling are shown.  
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(b) 
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(d) 

 
(e) 

Figure 5-22. Comparison of HRR curves for PU foam armchair items for “double” 

and “single blind” modelling: (a) Modeller A; (b) Modeller B; (c) Modeller C; (d) 

Modeller D; (e) Modeller E. 

 

It is apparent from Figure 5-22(a) that Modeller A used triangular approximations for the 
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incipient and initial growth phase, but the Double Blind peak HRR is approximately 

double that for the ScenB – Single Blind curve. The ScenA – Single Blind curve has a 

similar growth phase to the ScenB – Single Blind curve, albeit without an incipient 

phase, and a similar peak HRR.  
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ScenB - Single Blind curve, albeit without differentiating between ScenA and ScenB. 

When the double and single blind modelling curves are compared, the growth phase of 

the Double Blind HRR curve is considerably slower than for the ScenA - and ScenB – 

Single Blind curve, and while the peak HRR for the Double Blind curve is approximately 

40 % more than for the ScenA - and B – Single Blind curve, the peak is reached in 

approximately 150 s, vs. less than 50 s for the ScenA - and B – Single Blind curve. 

 

Figure 5-22(c) shows that Modeller C used a parametric ‘t-squared’ HRR curve for the 

double blind modelling of the PU foam armchair item, but actual FC experimental data 

for the combined ScenA & B – Single Blind curve. The Double Blind curve has a slower 

growth phase than the ScenA - and B – Single Blind curve, but the former has a peak 

HRR approximately 50 % more than the latter. 

 

Figure 5-22(d) shows that Modeller D used a parametric growth and decay HRR curve 

for the double blind modelling, a simplification of the FC experimental data for the 

ScenA – Single Blind curve, and then a parametric growth/decay curve for the ScenB – 

Single Blind HRR. The ScenB – Single Blind curve had the slowest growth rate, taking 

approximately 250 s to reach a peak of approximately 1000 kW, the ScenA – Single 

Blind curve reached a similar peak in only approximately 50 s, while the Double Blind 

curve peaked at approximately 800 kW after approximately 150 s. 

 

Figure 5-22(e) shows that the Double Blind parametric curve selected by Modeller E 

was the closest match to the ScenA – Single Blind representation of the FC 

experimental data. The ScenB – Single Blind curve derived by Modeller E was 

significantly different to both the Double Blind and ScenA – Single Blind HRR curves; 

while the peak was of similar magnitude, the time to reach the peak was approximately 

600 s for the ScenB – Single Blind curve, as opposed to approximately 100 s for both 

the Double Blind and ScenA – Single Blind curves. 

 

In Figure 5-23 the information from Figure 5-22 for the PU foam armchair item is 

combined to show the comparison between the five different modellers for the double 

and single blind modelling in combined graphs.  
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(c) 

Figure 5-23. Comparison of HRR curves for PU foam armchair items: (a) Double 

Blind; (b) Scenario A – Single Blind; (c) Scenario B – Single Blind. 

 

Figure 5-23(a) is a repeat of Figure 5-6(a), and is shown here for comparative purposes. 

For Scenario A (front ignition), Figure 5-23(b) indicated that all five modellers had very 

similar HRR curves for the PU foam armchair.  

 

With Scenario B however (refer to Figure 5-23(c)), there are noticeable differences 

between the different modellers. Modellers B and C have reasonably similar curves, as 

do Modellers A and D, while the curve for Modeller E is significantly different to the 

other four modellers. In fact Modellers B and C used the same HRR curve for both 

scenarios, What this means is that while the peak HRR for the curves of Modellers A, B, 

C, and D are all similar, the time to reach the peak value for Modellers A and D is more 

than double that for Modellers B and C.  

 

The FC test results (refer to clause 5.5.1.2) show that the HRR curve for the PU foam 

armchair with side ignition (Scenario B) has a slower rate of growth than for Scenario A 

(front ignition), and hence the difference in the time to reach the peak HRR. 

 

The major difference between the Double Blind HRR curves shown in Figure 5-23(a) 

and the Single Blind curves shown in Figure 5-23(b) and (c) is that the peak HRR is 

generally higher for the Double Blind curves, but the growth rate is lower. 

 

5.7.3.2 ABS television item 

Figure 5-24 shows the double and single blind HRR curves used by the five modellers 

for the ABS television item. 
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(e) 

Figure 5-24. Comparison of HRR curves for ABS television item for double and 

single blind modelling: (a) Modeller A; (b) Modeller B; (c) Modeller C; (d) Modeller 

D; (e) Modeller E. 
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The Double and Single Blind HRR curves for the ABS television item for Modeller C are 

shown in Figure 5-24(c). Modeller C’s interpretation of the FC experimental data has a 

very similar growth rate to that for the Double Blind curve, but the peak HRR for the 

latter is approximately 70-75 % higher than for the Single Blind HRR curve. 
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to a medium-to-slow t-squared fire, for the Double Blind HRR curve. The peak HRR for 

the Single Blind curve is some 35-40 % higher than that for the Double Blind curve. 

 

Referring to Figure 5-24(e), it would appear that Modeller E did not analyse the FC 

experimental data for the ABS television item correctly, in that the Single Blind curve 

includes both the 100 kW output from the burner item, as well as the elapsed time prior 

to ignition of the item occurring, a period of approximately 300 s. The Single Blind curve 

was therefore ‘corrected’ by the author and a new curve, labelled Single Blind – 

corrected, derived. The comparison between the Double Blind and the Single Blind – 

corrected curves is similar to that for Modeller D, shown in Figure 5-24(d). 

 

Figure 5-25 shows the accumulated data from Figure 5-24 to give a combined 

comparison for all five modellers, for both the double and single blind modelling input for 

the ABS television item. 

 

 
(a) 

 
(b) 

Figure 5-25. Comparison of HRR curves for ABS television item: (a) Double Blind; 

(b) Single Blind. 
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Figure 5-25(a) is a repeat of the information provided in Figure 5-6(b), and is shown for 

comparative purposes. Figure 5-25(b) illustrates that all five modellers interpreted the 

experimental data, from the FC tests, in a very similar fashion; with the five HRR curves 

in Figure 5-25(b) virtually overlaying each other. 

 

5.7.3.3 MDF cube item 

Figure 5-26 shows the double and single blind HRR curves used by the five modellers 

for the MDF cube item. 
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(c) 

 
(d) 

 
(e) 

Figure 5-26. Comparison of HRR curves for MDF cube item for “double” and 

“single blind” modelling: (a) Modeller A; (b) Modeller B; (c) Modeller C; (d) 

Modeller D; (e) Modeller E. 
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Referring to Figure 5-26(a), there was a significant difference between the HRR curve 

selected by Modeller A for the double blind modelling, and the interpretation of the FC 

experimental data, for the single blind modelling. While Modeller A used a triangular 

simplification to represent both cases, the Double Blind curve had a much higher peak 

HRR than for the Single Blind curve, i.e., ≈ 90 kW vs. ≈ 350 kW, the peak was reached 

much more quickly, i.e., ≈ 400 s vs. ≈ 900 s, and had a much more rapid decay phase, 

i.e., ≈ 50 s vs. ≈ 2000-3000 s from peak to zero HRR. 

 

The comparison between the double and single blind HRR curves for the MDF cube 

item for Modeller B (refer to Figure 5-26(b)), are similar to that for Modeller A, other than 

the peak HRR for the Double Blind curve is ≈ 200 kW, as opposed to ≈ 900 kW for 

Modeller A. Modeller B also used actual FC experimental data as the representation for 

the Single Blind curve, rather than a triangular approximation. 

 

As depicted in Figure 5-26(c), Modeller C used a parametric approach for the HRR 

curve for the Double Blind case, and an interpretation of the actual FC experimental 

data for the Single Blind curve. The two curves also have a similar peak HRR, other 

than it occurred at ≈ 250 s for the Double Blind curve, and ≈ 700 s for the Single Blind 

case. The former also had a steady-state plateau once the peak HRR was attained, 

while the latter had a traditional decay phase, albeit gradual over ≈ 2000 s. 

 

Figure 5-26(d) shows that Modeller D used a parametric approach, i.e. a t-squared 

growth stage, followed by an exponential decay stage, to represent the HRR curve for 

both the double and single blind modelling, with the only difference between the two 

being that for the latter, the parametric curve approximated the actual FC experimental 

data. Quantitatively, the Double Blind peak HRR was ≈ 1200 kW, reached at ≈ 400 s vs. 

≈ 300 kW reached after ≈ 700 s for the Single Blind curve. 

 

The only significant difference between the Double and Single Blind curves for Modeller 

E, shown in Figure 5-26(e), was the different peak HRRs, namely ≈ 900 kW vs. 

≈ 450 kW respectively. 

 

Figure 5-27 shows the accumulated data from Figure 5-26 to give a combined 

comparison for all five modellers, for both the double and single blind modelling input for 

the MDF cube item. 
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(a) 

 
(b) 

Figure 5-27. Comparison of HRR curves for MDF cube item: (a) Double Blind; (b) 

Single Blind. 

 

Figure 5-27(a) is a repeat of the information provided in Figure 5-6(c), and is shown for 

comparative purposes. The first difference of significance to note between the 

information contained in Figure 5-27(a) and Figure 5-27(b) is that the former graph 

shows that 3 of the modellers, namely Modellers A, C and E, chose peak HRRs for the 

double blind modelling in the range 800 to 1200 kW, which was well in excess of the 

corresponding peak value range of 300 to 500 kW, shown in the latter graph for the 

single blind modelling input. The second point of note is that the growth rate for the 

double blind HRR curves was generally faster than for the single blind equivalent, with a 

time to peak HRR of ≈ 300 - 500 s vs. ≈ 700 – 900 s (for four out of five modellers and 

≈ 400 s for the fifth) respectively. Referring to the single blind input data of the Figure 

5-27(b), it is noticeable that the similarity of interpretation of the FC data by the five 

modellers is not quite the same as for the PU foam armchair item, shown in Figure 
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5-23(b), and for the ABS television item, shown in Figure 5-25(b); in particular, the 

interpretation of Modeller E, is at variance with that of the other four modellers. 

 

5.8 Single Blind Modelling – Phase Five 

The objective of phase five of the experimental/modelling programme was for each 

modeller to use the data produced by phases two and three to generate input for the 

single blind modelling, which in essence was a repeat the double blind modelling of 

phase one.  

 

The term ‘single blind’ is applied in this context to mean that additional information/data 

was available to the modellers for the second modelling phase, when compared to the 

initial ‘double blind’ modelling of phase one, but the modelling was still done prior to the 

compartment experiments of phase six. 

 

The input data described in Section 5.7 was used in the single blind modelling runs that 

each modeller conducted in B-RISK, producing time-to-ignition data for the various 

objects of Scenario A and B, as well as associated compartment HRR curves. 

 

5.8.1 Time to ignition data comparison 

Table 5-22 and Table 5-23 provide a summary of the ignition data obtained by each of 

the five modellers for the single blind modelling exercise of phase five, for both Scenario 

A and Scenario B. 

 

Table 5-22. Comparison of time-to-ignition data for Scenario A. 

Item 
Time-to-ignition (s) 

A B C D E 

Burner 0 0 0 0 0 

Arm-1 44 147 11 42 11 

Arm-2 66 214 81 57 39 

MDF-1 80 269 59 69 54 

MDF-2 80 259 72 70 56 

MDF-3 90 292 114 76 71 

MDF-4 105 470 123 81 78 

TV 110 476 138 86 79 
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Table 5-23. Comparison of time-to-ignition data for Scenario B. 

Item 
Time-to-ignition (s) 

A B C D E 

Burner 0 0 0 0 0 

Arm-1 403 284 694 211 110 

Arm-2 236 243 634 149 86 

Arm-3 44 147 11 11 11 

MDF-1 608 NI 750 342 213 

MDF-2 219 239 51 126 74 

MDF-3 209 233 43 87 51 

MDF-4 916 520 605 230 115 

MDF-5 941 622 660 273 154 

TV 899 478 603 230 103 

 

5.8.2 HRR data comparison 

The HRR output curves for each modeller, for both the layout scenarios depicted in 

Figure 5-2, are shown in Figure 5-28. 
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(b) 

Figure 5-28. HRR output for each modeller: (a) Scenario A; (b) Scenario B. 

 

5.9 Multi-Item Compartment Experiments – Phase Six 

The objective of phase six of the experimental/modelling programme was to conduct a 

series of multi-item compartment experiments, replicating the two layouts for Scenario A 

and B. The exact virtual layout for the modelling was duplicated with actual items in a 

test enclosure, and various experimental measurements recorded.  

 

The experiments were performed at the fire laboratory facilities of BRANZ Ltd, 

Wellington, New Zealand, in late November 2012. 

 

It should be noted that the HRR data presented herein were “smoothed”, as part of the 

raw data reduction process, as a 30 second average, i.e., ± 15 s. The same approach 

had also been used for the single-item free burning and single-item ISO Room 

experiments. 

 

5.9.1 Experimental procedures 

Each experiment consisted of multiple mock-up furniture items being positioned in the 

test enclosure to a pre-determined layout, a propane gas burner being ignited in a pre-

determined location, and then the subsequent fire spread and development thereafter 

being monitored. For each scenario, three replicate experiments were conducted. The 

experiments were carried out in an ISO 9705 fire test room that complied with the 

specifications contained in the test standard (1993). A summary of the experimental 

apparatus details contained in the ISO 9705 standard are presented in Appendix A3, 

Section A3.1 Experimental Apparatus. 
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Large Scale Heat Release (LSHR) Gas Analysis Instrumentation, supplied by Fire 

Testing Technology Ltd, was used to gather data from each experimental burn, using 

the associated LSHRCalc software package (FTT, 2001). Further details of the analysis 

procedure are contained in Appendix A3, Section A3.2 Analysis of Experimental Data 

 

The mock-up objects detailed in Section 5.1 were positioned in the ISO 9705 Room 

enclosure, in accordance with the numbers and positions of items detailed in the 

compartment layouts shown in Figure 5-2. For both scenarios, the relative proximity of 

each item to both other items and the compartment boundaries was carefully replicated. 

In each experiment the standard ISO 9705 propane gas burner was used as the initial 

ignition source, i.e. the first item ignited, as described in Section 5.2. The 

responsiveness of the propane gas burner used in the experimental programme was 

such that it took approximately 6 s for the burner output to build up from 0 kW to the 

target output of 100 kW. 

 

5.9.2 Scenario A experiments 

The three Scenario A experiments replicated the object layout shown in Figure 5-2(a), 

consisting of one propane gas burner (the initial ignition source), two PU foam armchair 

items, four MDF cube items, and an ABS television item that was positioned on top of 

one of the four MDF cube items. 

 

During the course of each experimental burn, visual observations were made of the 

ignition sequence of the multiple items, fire spread and compartment fire dynamics. 

Video recordings made from two different vantage points; one video camera was on a 

tripod that was 3 m from the doorway on the room centreline at a height of 

approximately 1.5 m, while a second video recording was made using a webcam 

located in a protective enclosure just inside the doorway opening at floor level. 

 

In addition to visual observations that were manually recorded during each experimental 

run, the footage captured by both the video camera and the webcam were carefully 

examined to determine as accurately as possible exact ignition times, in particular. 

 

5.9.2.1 Experiment A-1 

Following ignition of the burner, the first secondary item to ignite was the first armchair 

(Arm-1), followed by the television (TV), the second armchair (Arm-2), and then the 

MDF cube that the television was sitting on (MDF-4). It was difficult to note exactly when 

the remaining MDF cubes ignited due to obstructed vision, but it is likely that the 

adjacent face of the MDF cube next to Arm-1 and the doorway (MDF-1) ignited when 

the PU foam of the right-hand arm of Arm-1 burnt through. In a similar manner, it is 

likely that both the other two MDF cubes (MDF-2 and MDF-3) would have ignited shortly 
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after Arm-2 ignited. By approximately 200 s all the items in the room were fully involved. 

At approximately 200 s the first sign of intermittent flaming through the doorway was 

observed and this intensified over the next 10-20 s. At approximately 250 s, a deluge 

sprinkler was manually activated in the room and the gas supply to the burner turned 

off. It transpired upon subsequent examination of the calorimetry data that in fact the 

deluge sprinkler had been deployed during the decay phase of the HRR curve, and as a 

result in the second and third experiments, the fire was allowed to decay and burn out 

without activating the sprinkler. 

 

5.9.2.2 Experiment A-2 
After burner ignition, Arm-1 was again the first secondary item to ignite, albeit later than 

Expt-1. Arm-2 was the second item to ignite, and there was then quite a gap in time 

(just over 60 s) until MDF-4 ignited, closely followed by the TV. Prior to ignition of the 

TV, the ABS had slumped onto the top surface of the MDF-4 cube. It was again very 

difficult to determine exactly when the remaining cubes ignited. Shortly after the ignition 

of MDF-4 and the TV occurred, the room was fully involved. Flames started to appear 

through the doorway at approximately 260-270 s, peaked within approximately 20 s, 

and then had ceased a further 100-110 s later, i.e., at approximately 370-400 s. 

 

5.9.2.3 Experiment A-3 

The first armchair (Arm-1) ignited more quickly than in the first two experiments, and 

then it was possible to observe flaming on the top surface of MDF-2, and this was then 

followed by Arm-2 igniting, but well into the decay phase of Arm-1. The ABS again 

slumped onto the top surface of the MDF-4 cube and the MDF-4/TV combination was 

then observed to ignite in rapid succession by which stage the room contents were fully 

involved. Flames started to appear through the doorway at approximately 265 s and had 

peaked by 285 s and ceased by 345 s approximately. 

 

5.9.2.4 Summary of ignition times 

Table 5-24 summarises the ignition times for the items in the compartment for the three 

Scenario A experiments. It was very difficult to accurately determine when the MDF 

cube items in particular ignited, due to the nearest side face of the MDF cube objects 

generally being obscured from where observations were being taken; hence an 

approximation only is provided in Table 5-24 for the ignition times of the MDF cube 

items.  

  



160 
 

 

Table 5-24. Ignition times for items in compartment. 

Item 
Ignition time (s) 

A-1 A-2 A-3 Average 

Arm-1 49 60 34 48 

Arm-2 171 205 213 196 

MDF-1 ≈ 150-160 ≈ 160-170 ≈ 125-135 150 

MDF-2 ≈ 175-180 ≈ 210-220 173 189 

MDF-3 ≈ 175-180 ≈ 210-220 ≈ 220-230 206 

MDF-4 184 268 283 245 

TV 154 270 280 235 

 

5.9.2.5 Experimental HRR data 

In additional to visual observations of ignition sequences, fire spread and compartment 

fire growth, the primary experimental data captured for the purposes of this research 

project were HRR measurements.  

 

Figure 5-29 shows the HRR curve for each of the three Scenario A experiments. The 

HRR curves are for the total rate of heat release (RHR) for the compartment, including 

the contribution of both the gas burner and the items that ignited. 

 

 
Figure 5-29. Heat release rate – Scenario A. 

 

With respect to the three HRR curves shown in Figure 5-29, the start of the initial growth 

stage is consistent with the ignition times listed in Table 5-24 for the first item ignited, 

i.e. Arm-1, namely 34 s for Expt A-3 (broken line), 49 s for Expt A-1 (solid line), and 60 s 

for Expt A-2 (dotted line), but noting that the 30 s averaging of the HRR data shown in 

0

500

1000

1500

2000

2500

0 200 400 600 800 1000 1200 1400

H
R

R
 (

k
W

)

Time  (s)

Expt A-1

Expt A-2

Expt A-3



161 
 

Figure 5-29 means that the ignition times indicated by the HRR curves do not match the 

actual observed ignition times exactly. 

 

All three HRR have a similar first peak, followed by a decay phase as the PU foam fuel 

of Arm-1 is consumed and the individual HRR curve for Arm-1 decays. 

 

The ignition of the second PU foam armchair, Arm-2, occurs first for Expt A-1 at 171 s, 

next for Expt A-2 at 205 s and then third for Expt A-3 at 213 s. The ignition of Arm-2 is 

clearly depicted for both Expt A-1 and Expt A-3, but is less distinct for Expt A-2. The 

second growth phase for Expt A-1 is also more pronounced than that for Expt A-2 and 

Expt A-3. This is most likely due to the ignition of the ABS TV item and the MDF cube 

items occurring sooner, and hence contributing more rapidly to the combined 

compartment HRR curve, for Expt A-1, in comparison to Expt A-2 and Expt A-3. 

 

A second peak occurs for each of the three HRR curves, albeit at different times and at 

different peak values, then followed by a decay phase. There is a noticeable difference 

in the HRR curve for Expt A-1, which drops off to essentially zero HRR due to the 

activation of the deluge sprinkler, in comparison to the curves for Expt A-2 and Expt A-

3, where the decaying HRR curves plateau at approximately 200-300 kW. 

 

The times for the key points in each of the three HRR curves are summarised in Table 

5-25. 

 

Table 5-25. Times for key points on HRR curves. 

Point on 

HRR curve 

A-1 A-2 A-3 

Time (s) HRR (kW) Time (s) HRR (kW) Time (s) HRR (kW) 

Arm-1 

ignition 
49  60  34  

1st peak 129 1216 144 1116 111 1158 

Minimum 162 717 180 776 207 281 

2nd peak 186 1932 315 1848 330 2371 

 

5.9.3 Scenario B experiments 

Two Scenario B experiments replicated the object layout shown in Figure 5-2(b) were 

performed, consisting of one propane gas burner (the initial ignition source), three PU 

foam armchair items, five MDF cube items, and an ABS television item that was 

positioned on top of one of the five MDF cube items. 

 

In both experiments, no ignition of secondary objects occurred during a 30 minute 

period with the gas burner running at a nominal 100 kW output. Further discussion is 

presented in Sub-section 6.3.4. 
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Based on the lack of fire spread observed in the first two experiments, the research 

team decided to not conduct a third Scenario B experiment.  

 

5.10 Comparison of Modelling with Compartment Experiments 

The primary objective of the modelling/experimental programme described in this 

chapter was to generate experimental results that could be compared with DFG/B-RISK 

modelling predictions. In the following sub-sections, a comparison is made between the 

three successful Scenario A experiments, and the associated double and single blind 

modelling data. 

 

5.10.1 Double blind modelling 

The only information available to the modellers prior to the double blind modelling 

(phase 1) was the compartment layout, the composition of the combustible items in the 

compartment, and the ignition source. 

 

5.10.1.1 Ignition times 

The ignition times from the three experiments (Table 5-24) and the results for Modeller 

A in the double blind modelling (Table 5-6) are summarised in Table 5-26. 

 

Table 5-26. Ignition times for items in compartment – double-blind modelling. 

Item 
Ignition time (s) 

A-1 A-2 A-3 Average Modeller A 

Arm-1 49 60 34 48 100 

Arm-2 171 205 213 196 280 

MDF-1 ≈ 150-160 ≈ 160-170 ≈ 125-135 150 270 

MDF-2 ≈ 175-180 ≈ 210-220 173 189 281 

MDF-3 ≈ 175-180 ≈ 210-220 ≈ 220-230 206 338 

MDF-4 184 268 283 245 320 

TV 154 270 280 235 358 

 

The comparative double blind ignition predictions for all five modellers are summarised 

in Appendix A4.1.1 Ignition data, Table A-5. 

 

5.10.1.2 HRR curves 

The HRR curves from the three Scenario A multi-item compartment experiments (Figure 

5-29) and the corresponding HRR curves predicted by Modeller A in the double blind 

modelling (Figure 5-8(a)) are compared in Figure 5-30. 
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Figure 5-30. Comparison of experimental and double-blind modelling 

compartment HRR curves. 

 

The comparative double blind HRR curve predictions for all five modellers are shown in 

Appendix A4.1.2 HRR data, Figure A-2. 

 

5.10.2 Single blind modelling 

Additional information was available to the modellers for the single blind modelling 

(phase 5), namely ignition data generated from cone calorimeter testing, plus HRR data 

from single-item FC testing. 

 

5.10.2.1 Ignition times 

The ignition times from the three experiments (Table 5-24) and the corresponding 

results for Modeller A in the single blind modelling (Table 5-22) are summarised in 

Table 5-27. 

 

Table 5-27. Ignition times for items in compartment – single-blind modelling. 

Item 
Ignition time (s) 

A-1 A-2 A-3 Average Modeller A 

Arm-1 49 60 34 48 44 

Arm-2 171 205 213 196 66 

MDF-1 ≈ 150-160 ≈ 160-170 ≈ 125-135 150 80 

MDF-2 ≈ 175-180 ≈ 210-220 173 189 80 

MDF-3 ≈ 175-180 ≈ 210-220 ≈ 220-230 206 90 

MDF-4 184 268 283 245 105 

TV 154 270 280 235 110 

 

The comparative single blind ignition predictions for all five modellers are summarised in 

Appendix A4.2.1 Ignition data, Table A-6. 
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5.10.2.2 HRR curves 

The HRR curves from the three Scenario A multi-item compartment experiments (Figure 

5-29) and the corresponding HRR curves predicted by Modeller A in the single blind 

modelling (Figure 5-28(a)) are compared in Figure 5-31. 

 

 
Figure 5-31. Comparison of experimental and single-blind modelling compartment 

HRR curves. 

 

The comparative single blind HRR curve predictions for all five modellers are shown in 

Appendix A4.2.2 HRR data, Figure A-3. 
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6 DISCUSSION 

In this chapter, various aspects of the research presented in Chapters 3, 4, and 5 are 

discussed in further detail. 

 

6.1 Fire Spread Sub Model (Chapter 3) 

In Chapter 3, the development of the item-to-item fire spread sub model is described. 

Two aspects of this development process are discussed further in this section. 

 

6.1.1 Comparison of experimental and predicted ignition times 

In total, 19 ignition measurements were taken, including both piloted and auto-ignition 

modes, and in 18 of the 19 cases, corresponding sub model predictions were made. 

Taking data from Table 3-4 and Table 3-5, the collective ignition data is summarised in 

Table 6-1.  

 

Table 6-1. Experimental and predicted ignition times 

Fuel pan 

location 

R2 radial 

distance 

(mm) 

Ignition 

mode 

R1 – time-to-ignition (s) R2 – time-to-ignition (s) 

Experiment Predicted Experiment Predicted 

P1 900 A NI NI NI NI 

P2 900 A NI NI NI NI 

P3 900 A NI NI NI NI 

P4 900 A NI NI NI NI 

P5a 900 A 90 94 NI NI 

P5b 900 A 86 102 NI NI 

P5c 600 P   75 63 

P5d 600 P   64 ND 

P5e 600 P   85 77 

P5f 600 P   70 78 

P5g 600 P   58 77 

P5h 700 P   90 116 

P5i 800 P   124 139 

NI = no ignition, A = auto-ignition mode, P = piloted-ignition mode, ND = no data 

 

It should be noted that the initial radial distance for the R2 location was 900 mm, but for 

P5c to P5g inclusive, this was reduced to 600 mm, for P5h it was 700 mm, and for P5i it 

was 800 mm. 

 

All the data points where ignition occurred and a sub model prediction was possible are 

plotted in a comparative manner and a trend line fitted, as shown in Figure 6-1. 
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Figure 6-1. Comparison of experimental and predicted ignition times. 

 

In can be seen in Figure 6-1 that six of eight data pairs fall above the equality (solid) line 

and from the equation for the linear trend line, it can be seen that on average the sub 

model predictions are approximately 10 % higher than the experimental values. 

 

A possible explanation for this is that with the R2 location (refer to Figure 3-9 for the 

compartment layout plan) the flame was observed to ‘lean’ towards the doorway during 

the experiments. There is no plausible explanation for this phenomenon, with air flow 

caused by the hood extract fan unlikely to be a factor. Whereas the only variable with 

the sub model predictions is the HRR from each fuel pan burn (illustrated by the ignition 

time predicted for P5c), the experiments were dynamic by comparison and the effect of 

the flame leaning towards the doorway, and hence the ignition sample, would be to 

increase the incident radiation and hence reduce the experimental ignition time. 

 

6.1.2 Simplification of incident radiation calculations 

It had always been intended to reduce any unnecessary complexity in the sub model 

algorithms, where justified. In the initial version of the item-to-item fire spread sub model 

(the version used for the experimental comparisons described Section 3.4), radiation 

from three sources was included simultaneously at a target surface on a fuel item, 

namely from the flames of the burner/fuel pan, from the underside of the hot upper 

layer, and from the other compartment surfaces. The radiation from these sources was 

also resolved into their vertical and horizontal components, and, in addition, account 

was taken of the radiant exchange between compartment surfaces in a similar fashion. 

 

The closer to the burning item, the more dominant the radiation from the point source 

model (PSM). In Figure 6-2 this is quantified for two example configurations, with the 

predicted radiation from the fire (labelled Pt source component) separated out from the 
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predicted compartment surface radiation (labelled Surface component), noting that the 

underside of the hot upper layer was treated as an isothermal ‘compartment’ surface. 

 

 
(a) 

 
(b) 

Figure 6-2. Sub model radiation components: (a) centre pan P5a/R1; (b) centre 

pan P5a/R2 (Baker, et al., 2011c, p. 1367). 

 

At a radial distance between the pan fire and radiation measurement location of 

600 mm for the centre pan P5a/R1 configuration shown in Figure 6-2(a), the radiation 

from the pan fire peaked at approximately 95 % of the total, with the balance from the 

compartment surfaces. As the pan fire heat output decayed, the balance of radiation 

between the fire and surfaces changed, as the two approach equality. For the 

configuration where the heat flux target was a radial distance of 900 mm away from the 

pan fire, the proportion of radiation from the pan fire had reduced to a peak of 

approximately 85 %, as shown in Figure 6-2(b). During the decay phase of the pan fire, 

the proportion of surface radiation increased to be greater than that from the fire. 

 

On this basis it was decided to simplify the incident radiation calculations in the final 

version of the item-to-item fire spread sub model. In the final version, two scenarios are 
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calculated simultaneously; firstly the flames of burning items only are the source of 

radiation to the nearest adjacent vertical surfaces of target objects, while concurrently 

the underside of the hot upper layer is the only source of radiation to the top surface of 

secondary items, with the analysis presented in Figure 6-2 demonstrating that accuracy 

would not be sacrificed by not including the surface radiation component. It is 

acknowledged that the analysis presented herein is scenario-dependent and that there 

will be scenarios where the contribution from the upper layer surfaces, particularly the 

compartment ceiling, may be significant and should therefore not be ignored. For larger 

compartments, and where the configuration of combustibles is such that yet-to-ignite 

items are remote from burning items, these simplifications may not be appropriate. 

 

6.2 Design Fire Generator (Chapter 4) 

In Chapter 4, the research relating to the development of the DFG module in B-RISK is 

described. Now in this section, a number of aspects of the DFG functionality are 

discussed in further detail. 

 

6.2.1 Quantification of variability in pre-flashover HRR curves 

Part of the DFG development process included a posteriori modelling of third party 

experiments carried out by Blomqvist et al. (2004). While a single DFG iteration was 

carried out by positioning objects in the compartment to match the experimental layout, 

100 iterations were also conducted using the Populate Room functionality of the DFG. 

The purpose for doing this series of iterations was to quantify the variability in the pre-

flashover growth stage of the HRR curve for this particular scenario. 

 

Figure 6-3(a) (with the order from the original Figure 4-8 rearranged) shows the 

resulting output HRR curves from B-RISK for each of the 100 input HRR curves 

‘generated’ by the DFG for the 100 iterations.  
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(a) 

 
(b) 

Figure 6-3. HRR curves: (a) 100 DFG iterations; (b) Comparison (Baker, et al., 

2013c). 

 

As noted previously in Section 4.5, of the 100 HRR curves shown in Figure 6-3(a), in 7 

of the 100 iterations the fire did not spread beyond the first item ignited and hence 

flashover did not occur. In each of the remaining 93 iterations where the fire spread to 

multiple items, flashover (𝑇𝑈𝐿 = 500 °C) occurred. Figure 6-3(b) shows the HRR curves 

for the iterations that reach flashover in both the shortest (labelled DFG Max), and the 

longest time (labelled DFG Min). This shows the extent of the quantification of variability 

that the DFG would predict for this specific scenario. Note that the curves labelled DFG, 

Expt and C/VM2 in Figure 6-3(b) are not discussed in this sub-section. 

 

Recalling from Sub-section 4.6.3 that the fire growth rate factor is calculated by B-RISK 

as the HRR at flashover divided by the corresponding time-to-flashover squared (Eqn. 

4-3), it is evident that there is a wide range in the variability of the fire growth rate factor, 

which is a by-product of the algorithms within the DFG. The DFG samples randomly 

from the Item Database that the user defines, so therefore in some cases multiple items 

with low growth rate HRR curves are selected, resulting in an overall HRR curve with a 

growth rate at the minimum end of the scale. In other cases, multiple items with much 

quicker growth rates are randomly selected, leading to a composite HRR curve at the 

maximum end of the spectrum. The DFG will also produce HRR curves in between 

these two extremes. This example demonstrates that the DFG can successfully quantify 

the variability in the pre-flashover stage of HRR curves. 

 

In addition to the pre-flashover/growth stage of fire development (the focus of this PhD 

research project), the HRR curves in Figure 6-3 also include the fully-developed and 

decay stages. The fully-developed stage is in most cases ventilation-controlled (as 

calculated by B-RISK), which results in a small range of variability in the HRR clustered 

around approximately the mid-point of the 4000 - 5000 kW HRR band. The B-RISK 
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HRR curves shown in Figure 6-3(a) are each individually based on a unique value 

sampled from the assigned fire load density distribution. Although it is not immediately 

obvious from the cluster of overlapping HRR curves shown in Figure 6-3(a), the 

extracted curves in Figure 6-3(b) demonstrate different fire load density values, in the 

form of different durations for the ventilation-controlled peak HRR plateau. The peak 

HRR plateau has a wide range of variability, as a result of the corresponding variability 

in the fire load density parameter. 

 

While the point at which the decay phase starts is variable, the rate of decay is very 

similar, i.e., has low variability, which is due to the similarity in the rate of decay for the 

different items in the Item Database for this particular scenario. 

 

6.2.2 Comparison to third-party experiments and C/VM2 

Part of that development process included an a posteriori re-creation of a series of third-

party experiments that were carried out in Sweden by Blomqvist et al. (2004). For 

clarity, it should be re-iterated that the actual experiment conducted by Blomqvist and 

colleagues, that is recreated by the DFG, had a long (≈ 750 s) incipient phase. For the 

purpose of the comparison shown in Figure 6-3(b), the start of the growth phase of the 

Blomqvist et al experiment (labelled Expt) is set altered to match the start of the growth 

phase of the DFG prediction (labelled DFG). The resulting comparison shown in Figure 

6-3(b) of the Expt and DFG curves is therefore of the growth, fully-developed, and 

decay phases only. On his basis, the comparison between the experimental HRR curve 

and the DFG re-creation indicates a reasonably accurate prediction by the DFG. One 

aspect of difference is the value of the peak HRR. An explanation for this is that in the 

experiments post-flashover flaming out through the room doorway occurred, which 

would give HRR values higher than the compartment-only values generated by the 

DFG/B-RISK. 

 

The other aspect of difference is that in the experiment data, there is a longer, slower 

decay period. The most likely explanation for this is the selection of the HRR curves for 

the four different combustible items that were used. In the absence of data for the actual 

items of furniture that were used in the experiments, data from the general literature 

was selected as a ‘best guess’ for the DFG input. The decay phase of these selected 

HRR curves may well have been quite different to that for the individual items in the 

experiments, and hence the difference in the decay phase. 

 

It can also be seen that the HRR curve required by C/VM2 for this occupancy class has, 

firstly, a faster growth rate than the actual experiments and secondly, falls within the 

range of the HRR curves generated by the DFG iterations. It is not obvious from Figure 

6-3(b), and difficult to distinguish from Figure 6-3(a), but it is also of interest to note that 
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the C/VM2 curve equates to the lower 23rd percentile of the 93 flashover iterations. 

What this means is that if the DFG functionality in B-RISK were to be used for an actual 

PBFSE design, as an alternative to C/VM2, it is likely that a conservative result (i.e., a 

higher level of fire safety for occupants) would be obtained for this particular scenario. 

 

It is difficult to pinpoint specific reasons for this apparent conservatism, but one possible 

explanation is that the ignition times predicted by the DFG are conservative, leading to 

the compartment fire developing more rapidly – this is discussed in more detail in 

Section 6.3. 

 

6.2.3 Quantification of variability - probabilistic t-squared fires 

In Sub-section 6.2.1, the quantification of variability in pre-flashover HRR curves is 

discussed. B-RISK also has another, more direct, option that quantifies the variability in 

the HRR curves that the DFG generates.  

 

In addition to the standard Populate Room DFG functionality, B-RISK also has a second 

option of using a probabilistic 𝑡2 fire, where probability distributions are assigned to the 

fire growth rate factor, 𝛼𝑓𝑜, and the peak HRR, �̇�𝑝𝑒𝑎𝑘, (in addition to the fire load density 

parameter). It should be noted that the decay stage of the HRR curve is not defined by 

a probability distribution as such, but is rather the by-product of the other parameters. 

 

To demonstrate this functionality, distributions for 𝛼𝑓𝑜 and �̇�𝑝𝑒𝑎𝑘 were generated by 

conducting 1000 ‘standard’ DFG iterations, replicating the same, existing experimental 

programme undertaken by Blomqvist et al., and then fitting parametric distributions to 

the resulting data, as described in Sub-section 4.6.3. 

 

The HRR curve, from both the series of 1000 DFG and parametric iterations, with the 

80th percentile 𝛼𝑓𝑜 value (0.2243 kW/s2) are plotted in Figure 6-4, labelled as DFG 

output (ventilation-limited) and Parametric output (ventilation-limited), respectively. 

 

In addition, a parametric design fire was constructed in accordance with the Verification 

Method C/VM2 with a nominated 𝛼 = 0.0469 kW/m2 (labelled VM2 B-RISK input in 

Figure 6-4) as the input to a single B-RISK iteration, with the resulting output HRR curve 

labelled VM2 B-RISK output (ventilation-limited) in Figure 6-4. The input and output 

C/VM2 HRR curves are compared in Figure 6-4 with the original DFG and parametric 

simulation output HRR curves.  
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Figure 6-4. Comparison of DFG/B-RISK HRR curves to C/VM2 HRR curves (Baker, 

et al., 2011c, p. 645). 

 

In Figure 6-4, the DFG and Parametric HRR curves have a similar growth phase and a 

similar fully-developed phase, albeit the plateau for the DFG curve fluctuates somewhat. 

The notable difference between the two curves is that for the parametric case, a lower 

fire load density value was randomly sampled by B-RISK, thus giving a reduced burning 

duration. 

 

The first difference between the C/VM2 and DFG/parametric simulation curves are the 𝛼 

values. The 𝛼 values for the DFG and parametric simulations are the 80-percentile 

value, while the C/VM2 𝛼 value corresponds to approximately the 15th percentile from 

the triangular distribution generated from the DFG simulation.  

 

The second area of difference is the fire load density. For the DFG and parametric 

simulations, the fire load density is randomly selected from the triangular input 

distribution described previously. The value for the DFG simulation iteration shown in 

Figure 6-4 is 236 MJ/m2, for the parametric simulation iteration 153 MJ/m2, while for the 

C/VM2 simulations is based on 400 MJ/m2. The other point of note is the comparison 

between the peak HRR value for VM2 B-RISK input and VM2 B-RISK output curves, 

where the impact of ventilation-limited conditions is obvious with the latter curve.  

 

Using the DFG/B-RISK values will possibly result in a more conservative design than 

using the C/VM2 input HRR curve, although the higher growth rate in the pre-flashover 

stage of the fire development with the DFG/B-RISK HRR curves is possibly offset by a 

significantly longer fully-developed stage of the fire, resulting from the 400 MJ/m2 fire 

load density value stipulated in C/VM2. 

 

It is also of interest to compare the theoretical 𝛼 values, generated by B-RISK, with 

corresponding data from the international literature. Holborn et al. (2004) have 

previously analysed a sample of fire incident data gathered in the Greater London Area, 

to characterize 𝛼 values. The analysis was based on estimates of the area (i.e., affected 
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floor area) of the fire when first discovered (𝐴1) and when the fire brigade arrived (𝐴2), 

and associated times intervals between ignition and discovery (𝑡1) and ignition and fire 

brigade arrival (𝑡2), plus a theoretical HRR per unit area (�̇�") of 250 kW/m2, as 

represented by Eqn. 6-1: 

 

 𝛼 =
�̇�"(𝐴1𝑡1

2 + 𝐴2𝑡2
2)

(𝑡1
4 + 𝑡2

4)
 Eqn. 6-1 

 

A total of 481 dwelling fires were analysed in this fashion and a log-normal distribution 

fitted, which resulted in an expected value (i.e. average 𝛼 value) 𝐸(𝛼) = 0.006 kW/s2 

and a 95th percentile value 𝛼95 = 0.024 kW/s2.  

 

Tanaka (2011) also presents Japanese dwelling 𝛼 values where the same analysis 

methodology was adopted, and a log-normal distribution also fitted, with corresponding 

values of 𝐸(𝛼) = 0.052 kW/s2 and 𝛼95 = 0.151 kW/s2, albeit for a slightly different HRR 

per unit area value of 279 kW/m2. The Japanese data is comparable to the 𝛼 value 

specified in C/VM2, but it is difficult however to make a meaningful comparison with the 

B-RISK data in this regard, as the basis for the 𝛼 values is totally different. While the 

former is based on floor areas affected by actual fires, the latter in B-RISK is based on 

experimental HRR rates for individual items of furniture and secondary ignition of 

adjacent items. The other important aspect to bear in mind is that the DFG data 

presented herein consciously does not allow for an incipient phase, which would be 

expected to occur in the actual fire data analysed.  

 

In contrast to the methodology used by Holborn et al. and Tanaka, i.e., an 𝛼 value 

derived from actual fire incident data, Young (2007) also conducted research where 

experimental data on 𝛼 values for individual upholstered furniture items were gathered 

and analyzed. For free-burning situations, Young proposed 98th percentile 𝛼 values of: 

0.441 kW/s2 (armchair); 0.306 kW/s2 (2-seater sofa); and 0.134 kW/s2 (3-seater sofa). 

The specified 𝛼 value for an ultra-fast fire is 0.188 kW/s2, and 0.047 kW/m2 for a fast 

fire, so Young’s recommendations for an armchair and 2-seater sofa both fall above the 

ultra-fast fire, while the recommendation for the 3-seater sofa is between ultra-fast and 

fast. 

 

Noting that the DFG and parametric simulations are based on free-burning experimental 

data, the average 98th percentile 𝛼 value from Young’s analysis is 0.294 kW/s2, which is 

in reasonable agreement to the DFG/parametric values. The 98th percentile value for 

the DFG iterations was 𝛼98 = 0.290 kW/s2, for the parametric iterations 0.340 kW/s2, 

and for the triangular distribution used as input to the parametric iterations, 0.409 kW/s2. 
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To compare the fire growth rate factor values visually, Figure 6-5 shows a plot of HRR 

for the different 𝛼98 from all ten sources referred to in this sub-section.  

 

 
Figure 6-5. Comparison of 98th percentile fire growth rate factors.  

 

Figure 6-5 clearly illustrates the slower 𝛼 values associated with actual fire data that 

would have an incipient phase (i.e., the data from Holborn et al. and Tanaka), and the 

faster 𝛼 values from the DFG and Young’s data that is based on the HRR of individual 

items without an incipient phase. 

 

6.3 Comparative Modelling and Experiments (Chapter 5) 

The modelling/experimental programme described in Chapter 5 generated a 

considerable amount of data. A number of aspects relating to the modelling and 

experimental data are discussed in further detail in this section. 

 

6.3.1 Comparison between front and side ignition 

The different graphs of the HRR curves for the two PU foam armchair ignition scenarios 

(Figure 5-9 to Figure 5-22) depict some noticeable differences between the two ignition 

situations. 

 

For the front ignition situation (Scenario A), ignition took on average approximately 

600 s, and varied considerably between the three repeat trials, i.e. tig ranged from 378 
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to 789 s, while for the side ignition scenario (Scenario B) the ignition times were much 

quicker and more repeatable, i.e., tig ranged from 75 to 105 s.  

 

The ignition sub-model (see Sub-section 3.2.1) treats the armchair as a uniform 

rectangular prism of dimensions 800 mm wide × 600 mm deep × 500 mm high, which 

matches the Scenario B burner position, but for Scenario A physically the armchair has 

an essentially open front where the burner flame is centrally located between the 

vertical sides of the armchair. 

 

Recalling the point source model used for flame radiation in the ignition sub-model 

(Eqn. 3-1), the radiation is proportional to the radial distance squared. For Scenario A 

the actual radial distance is 500 mm, and hence the radiation for Scenario A at the side 

edge of the PU foam armchair is only 36 % (i.e., 3002 5002 = 0.36⁄ ) of that when the 

burner is located the same 300 mm from the side face of the PU foam armchair. 

 

There is another factor that is relevant for Scenario B in that a greater area of PU foam 

was exposed to the burner flame (compared to Scenario A) and hence a greater and 

more consistent quantity of pyrolyzates was being produced. This is likely to produce 

greater repeatability between FC and ISO Room tests and hence the ignition times were 

more consistent, when compared to the FC test series. 

 

Even though the PU foam armchair ignited more quickly for the side burner location, the 

HRR growth was slower than that for the Scenario A (front) burner location. It was 

observed during the three Scenario A experiments that although the object took a long 

time to ignite, once ignited the fire spread relatively uniformly and rapidly, with the peak 

HRR occurring approximately 50 s after ignition – refer to Figure 5-9. For Scenario B, 

the exposed side of the PU foam armchair ignited quickly, but then the fire was 

observed to physically spread around the PU foam block that formed the armchair, 

which manifested itself as the peak HRR occurring approximately 200 – 250 s after 

ignition – refer to Figure 5-11. 

 

6.3.2 Comparison of single-item furniture calorimeter and ISO room experiments 

Part of the experimental programme described in Chapter 5 was to conduct furniture 

and room calorimeter experiments on identical items to see if it was possible to quantify 

any compartment effects. 

 

With reference to the ignition times for the Scenario A single item experiments 

summarised in Table 5-14, there would appear to be an obvious impact from the ISO 

compartment, with an average ignition time more than 10 times shorter than that for the 

FC test series.  



176 
 

 

The explanation for, and dominant contributor to, this is most likely not ‘compartment 

effects’ in the traditional sense, e.g., enhanced radiant feedback, but rather an indirect 

compartment effect, namely that the burner flame for the ISO test series was more 

stable, and not influenced by the airflow in the FC test series, i.e., the airflow associated 

with the extract hood. This resulted in more sustained incident radiation on the PU foam 

armchair, which resulted in both quicker and more repeatable ignition times for the ISO 

test series.  

 

A similar trend, albeit nothing like as large, occurs for the Scenario B data, as 

summarised in Table 5-16. The explanation for this is in part similar to that for the 

Scenario A comparison, in that the burner flame was more stable and incident radiation 

on the PU foam armchair was more sustained and hence ignition occurred on average 

more quickly in the ISO experiments. The explanation provided in Sub-section 6.3.1 is 

also relevant when comparing FC and ISO Room testing. 

 

Referring to Sub-section 5.6.2, there is a noticeable difference in peak HRR values 

between the FC and ISO Room tests which is not rational upon cursory inspection. The 

most obvious example of this was where the peak HRR data obtained from the ISO 

9705 room experiments was lower than the comparable data from the furniture 

calorimeter. The logical expectation would have been that the HRR would have been 

enhanced in the compartment. 

 

In addition to the explanation provided in Sub-section 2.6.2, it is likely that another 

procedural aspect is a contributing factor. Calibration of room calorimeters is generally 

carried out under the extract hood itself, rather than in the chamber. Not only do the fire 

emissions generated in the room need to physically travel further to the sampling point 

in the extract hood, but the room in question effectively has a reservoir that is created 

by the soffit of the doorway that will cause smoke and hot gases to accumulate for a 

time before leaving the room, also referred to by Janssens (1991). What this then 

means for the subsequent oxygen consumption calorimetry is that there will be 

additional time delays in the oxygen readings, which in turn will manifest itself as a 

delay in the HRR values that are derived, as noted by Bryant et al. (2003).  

 

It is also possible that this so-called ‘reservoir’ had a damping effect on the HRR 

measurements, reducing the peak values. A simple numerical integration of the two 

average curves depicted in Figure 5-21 yields a very similar total heat released value for 

both curve of ≈ 110 MJ. So while the ISO 9705 compartment moderates/dampens the 

magnitude of the HRR values, the amount of energy released is equal.  
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As an aside, it is interesting to note that the measured density and volume of PU foam 

in each armchair (refer to Section 5.1) indicates that the heat of combustion for the 

material is in fact approximately 30 MJ/kg, rather than the values ranging from 18:0 to 

27.2 MJ/kg from the literature that were used by the five modellers (refer to Table A-1). 

 

Another possible explanation is a different ‘compartment effect’, namely a ventilation-

controlled burning regime, where the rate of burning is restricted by the available 

oxygen. Visual observations during the experiments suggested more than sufficient 

oxygen available for free-burning combustion to occur, and this is further reinforced by 

the traditional ventilation-limited approximation of 𝑄𝑉𝐿 = 1.5𝐴𝑜√𝐻𝑜, which for the ISO 

9705 chamber is ≈ 3.4 MW, a value well in excess of the average value of 587 kW for 

the ISO-ArmA-average HRR curve shown in Figure 5-21. On this basis, any form of 

ventilation limiting the combustion can therefore be discounted. 

 

Another way to analyse the data presented in Sub-sections 5.6.1 (Scenario A) and 5.6.2 

(Scenario B) is by calculating comparative fire growth rate factors. 

 

Table 5-15 summarises the HRR data for the Scenario A ISO Room and FC 

experiments. Calculating a fire growth rate factor as 𝛼𝑝𝑒𝑎𝑘 = �̇�𝑝𝑒𝑎𝑘 𝑡𝑝𝑒𝑎𝑘⁄  gives on 

average values of 0.1541 kW/s2 (ISO Room) and 0.1271 kW/s2 (FC), equating to an 

approximate 21 % enhancement in the ISO Room growth rate, relative to the FC value. 

 

Similarly, Table 5-17 summarises the HRR data for the Scenario B comparison. For 

Scenario B the comparable growth rates are 0.0187 kW/s2 and 0.0175 kW/s2, or an 

approximate 7 % enhancement in the ISO Room, relative to the FC value. This result is 

in spite of the significantly lower average �̇�𝑝𝑒𝑎𝑘 value for the ISO Room experiments. 

 

This fire growth rate factor analysis indicates compartment enhancement, which is in 

line with the approximate HRR threshold range for enhancement described in Sub-

section 2.6.1 of 500 ± 200 kW. At the same time however, the scale of the 

enhancement is considerably less than that reported by, for example, Girgis (2000) and 

Denize (2000) of approximately 74 % increase in the fire growth rate factor for similar 

chairs in the ISO room. 

 

Babrauskas (1980) indicates that the augmentation of the mass loss rate is “slight” up 

until flashover (i.e., in the pre-flashover stage of the fire development), but “dominant” 

after flashover (i.e., in the post-flashover regime). For the ISO Room compartment, the 

HRR threshold for flashover is generally assumed to be approximately 1000 kW. The 

HRR values recorded in these experiments are generally near to or below this value, so 

hence the amount of enhancement would not be expected to be high, whereas the ISO 
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Room experiments reported by Girgis and Denize are well above the nominal threshold 

value of 1000 kW, and hence significant enhancement would be expected. 

 

6.3.3 Comparison of multi-item ISO room with single-item furniture calorimeter 

and single-item ISO room experiments 

With reference to the experimental Scenario A HRR data summarised in Clause 5.9.2.5, 

it is also possible to examine and compare the initial part of the multi-item compartment 

HRR curves (shown in Figure 5-29), with the HRR curves of the individual PU foam 

armchair items when tested in the ISO Room and furniture calorimeter (FC). 

 

Figure 6-6(a) combines the single item compartment experimental results for the 

Scenario A armchair configuration from Figure 5-16 (but now with the 100 kW burner 

output included), with the ignition of the Arm-1 item and initial fire growth (i.e., prior to 

ignition of secondary items), from the multi-item compartment experiments, from Figure 

5-29. In Figure 6-6(a), the three black lines labelled Expt A-1 to A-3, represent the multi-

item compartment experiments, while the set of three grey lines labelled ISO A-1 to A-3 

represent the single-item compartment experiments. 

 

As a further comparison, the HRR curves for the corresponding FC experiments are 

also compared to the multi-item compartment experiments in Figure 6-6(b), albeit with 

the ignition times ‘adjusted’ to match the average for the multi-item ISO Room 

experiments, i.e., 48 s. 

 

Figure 6-6(c) is a comparison of the single-item compartment experiments and the 

single item FC experiments. 
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(b) 

 
(c) 

Figure 6-6. Heat release rate comparisons – Scenario A multi-item experiments: 

(a) Multi to single item ISO Room experiments; (b) multi-item ISO Room to single 

item furniture calorimeter experiments; (c) single item ISO Room to furniture 

calorimeter experiments. 

 

Noting again that the ignition time for the FC experiments have been adjusted in Figure 

6-6(b) and (c), Table 6-2 provides a comparison of the actual ignition times for the 

compartment multi-item and single-item experiments, as well as the corresponding 

ignition times for the FC experiments. When comparing the multi and single-item data, 

although the average ignition time is virtually identical, the multi-item data have a lower 

standard deviation (SD), i.e., a higher repeatability. There is no apparent reason, 

however, for this greater repeatability in the multi-item experiments, other than simple 

variability. 
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Table 6-2. Comparative ignition times for ISO multi and single item test series – 

Scenario A. 

Test number 
Time to ignition (s) 

ISO-multi ISO-single FC 

    

1 49 75 378 

2 60 42 582 

3 34 30 789 

    

Mean 48 49 583 

SD 11 19 168 

 

By way of comparison only, Table 6-2 also illustrates the significantly longer ignition 

times for the FC experiments, when compared to the ISO room (both single and multi-

item) experiments.  

 

To further compare the HRR curves depicted in Figure 6-6, the initial growth phase of 

each set of three HRR curves were compared with a series of t-squared, i.e. parabolic, 

growth rate curves – refer to Section 2.8, Eqn. 2-13. For the purpose of this analysis, 

the ignition time of the Scenario A armchair in each experiment was ‘shifted’ to be the 

time 𝑡 = 0 s, and the constant contribution of the HRR from the burner was also 

ignored. An average was then taken for each of these sets of three HRR curves. For the 

t-squared curves, each growth rate constant was calculated on the shifted timescale as 

being when the HRR reached 1055 kW, i.e.: 

 

 𝛼 = 1055
𝑡2⁄  Eqn. 6-2 

 

The first parabolic curve plotted was the ‘standard’ t-squared curve which was closest to 

the experimentally-measured curves, where the standard t-squared curves are either 

slow (𝛼 = 0.0029 kW/s2 when t = 600 s), medium (𝛼 = 0.0117 kW/s2 when t = 300 s), 

fast (𝛼 = 0.0469 kW/s2 when t = 150 s), or ultra-fast (𝛼 = 0.188 kW/s2 when t = 75 s).  

 

Secondly, the t-squared curve that intersected with the minimum of either 1055 kW or 

the maximum measured HRR, was plotted, regardless of the shape of the experimental 

curve.  

 

Thirdly, a t-squared curve that best matched the measured data was fitted. In this latter 

case, the time parameter 𝑡 in Eqn. 6-2 was varied by trial and error to give the best fit. 

To confirm the best fit, a simple least squares regression analysis was carried out to 

minimise the sum of the squared residuals over a time period of 𝑛 s, with the residual 
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being calculated as the difference in HRR between the experimentally-measured value 

and the t-squared value, at the same time-step, i.e.: 

 

 𝑅𝑒𝑠 = ∑(�̇�(𝑡)𝑒𝑥𝑝𝑡 − �̇�(𝑡)𝑡2)2

𝑛

𝑡=0

 Eqn. 6-3 

 

Figure 6-7 shows the results of the t-squared curve fitting exercise for the multi- and 

single item ISO Room and FC experiments for Scenario A. 
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(a) 

 
(b) 

 
(c) 

Figure 6-7. Growth rate constant comparisons – Scenario A: (a) multi-item ISO 

Room experiments; (b) single item ISO Room experiments; (c) FC experiments. 

 

In each of the three graphs depicted in Figure 6-7, the (average) experimentally-

measured HRR curve falls above the comparative Ultra-fast curve. However, the portion 

of the experimental HRR curves shown are actually a higher order polynomial, rather 

than just parabolic. While in the early stages the measured HRR curve are essentially 

parabolic, as depicted by the Best-fit curves in Figure 6-7, i.e., for approximately the first 
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30 s for the multi-item ISO Room experiments, 20 s for the single item experiments, and 

10 s for the FC experiments, thereafter however, all the measured HRR curves have a 

reducing growth rate as the gradient flattens out towards the peak value, i.e., in the form 

of the higher order polynomial.  

 

The calculated t-squared data depicted in Figure 6-7 for each set of experiments are 

summarised in Table 6-3, with all values rounded to the nearest whole number. Note 

that the lower the t-squared or Best-fit value, the faster the parabolic growth rate. 

 

Table 6-3. Comparative average data for ISO-multi, ISO-single and FC HRR curves 

– Scenario A. 

Parameter Units 
ISO-multi 

labelled Expt A av. 

ISO-single 

labelled ISO A av. 

FC 

labelled FC A av. 

     

�̇�𝑝𝑒𝑎𝑘 kW 1048 993 912 

𝑡𝑝𝑒𝑎𝑘 s 72 72 54 

t-squared s 72 74 58 

best-fit s 41 38 19 

     

 

The values for t-squared are calculated firstly by determining the fire growth rate factor, 

𝛼, from Eqn. 6-2 for the peak HRR and corresponding time, and then determining the 

time that a HRR of 1055 kW would occur for the calculated 𝛼 value. So for example, 

looking at the ISO-multi column in Table 6-3, with values of �̇�𝑝𝑒𝑎𝑘 = 1048 kW and 

𝑡𝑝𝑒𝑎𝑘 = 72 s, a very similar t-squared value would be expected.  

 

For the ISO-single data, although the 𝑡𝑝𝑒𝑎𝑘 value is the same as the ISO-multi data, at 

72 s, the �̇�𝑝𝑒𝑎𝑘 value is lower, and hence it takes longer, i.e., 74 s, to reach the 1055 kW 

HRR. Notice also with the ISO-single data that the t-squared value virtually matches a 

value of 75 s for the standard ultra-fast fire, as depicted in Figure 6-7(b). 

 

Prior to doing the experiments and collecting the data, it would be expected that the 

ISO-multi and ISO-single HRR curves would be similar, and this indeed is borne out by 

the data tabulated in Table 6-3. The FC data differs somewhat from the two sets of ISO 

data in that the growth rate is higher, demonstrated by t-squared and Best-fit values that 

are significantly lower than the ISO data. While the apparent growth rate for the FC data 

is faster than the two ISO datasets, and the 𝑡𝑝𝑒𝑎𝑘 value shorter, the actual �̇�𝑝𝑒𝑎𝑘 value 

itself is lower. 
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While the lower �̇�𝑝𝑒𝑎𝑘 for the FC dataset is consistent with free-burning vs. compartment 

effects associated with the ISO data, the faster growth rate is not. One possible 

explanation for this could be linked to the ventilation conditions of the furniture 

calorimeter when compared to the ISO Room, but this is not entirely plausible, since the 

ventilation conditions of a pre-flashover fire in the ISO 9705 compartment are unlikely to 

be restricted.  

 

Another possible explanation could be linked to the ignition times for the FC 

experiments, compared to the ISO experiments. With reference to the ignition times 

tabulated in Table 6-2, the Scenario A armchairs tested in the FC took considerably 

longer to ignite than in the ISO tests, i.e., > 500 s vs. ≈ 50 s. It is therefore possible that 

during the longer period of pre-ignition exposure, the PU foam in the FC experiments 

underwent more pre-heating, and thus once ignited, the resulting fire developed more 

rapidly. Ironically this is in fact the equivalent of compartment effects in the ISO Room. 

 

Table 6-4 gives a summary of the �̇�𝑝𝑒𝑎𝑘 and 𝑡𝑝𝑒𝑎𝑘 data for each individual armchair 

experiment that was conducted. 

 

Table 6-4. Full comparative data for ISO-multi, ISO-single and FC HRR curves – 

Scenario A. 

Test number 
ISO-multi ISO-single FC 

�̇�𝒑𝒆𝒂𝒌 (kW) 𝒕𝒑𝒆𝒂𝒌 (s) �̇�𝒑𝒆𝒂𝒌 (kW) 𝒕𝒑𝒆𝒂𝒌 (s) �̇�𝒑𝒆𝒂𝒌 (kW) 𝒕𝒑𝒆𝒂𝒌 (s) 

       

1 1103 72 1043 69 919 33 

2 1007 69 945 66 905 54 

3 1046 72 1016 75 882 54 

       

Mean 1052 71 1001 70 902 47 

SD 39 1 41 4 15 10 

 

No consistent trends with regard to repeatability are apparent from the data presented 

in Table 6-4, e.g., the FC experiments had the lowest SD for the �̇�𝑝𝑒𝑎𝑘 parameter, but 

the highest SD for the corresponding 𝑡𝑝𝑒𝑎𝑘 values, but the combined data presented 

does reinforce the reasonable similarity between the ISO-multi and ISO-single data, and 

the differences to the FC data.  

 

If the ISO-multi and ISO-single data are combined, the mean and SD are: �̇�𝑝𝑒𝑎𝑘 1027 

and 48 kW; 𝑡𝑝𝑒𝑎𝑘 71 and 3 s. 
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It should also be noted that the data presented in Table 6-3 and Table 6-4 differs 

slightly, because in the former table an average value for the HRR was calculated at 

each time-step, and the peak values, i.e., �̇�𝑝𝑒𝑎𝑘 and 𝑡𝑝𝑒𝑎𝑘, determined accordingly, 

while in the latter table, the actual peak values at their associated times are averaged. 

 

Extensive use of t-squared HRR curves is made in PBFSE. The intention with the 

comparison between the actual HRR curves for the PU foam armchair item and t-

squared curves is to see how well a parabolic curve represents the shape of the actual 

HRR measurements. As clearly illustrated in Figure 6-7, a parabolic curve does not 

represent the HRR curve for the individual armchair items very well. However, in 

PBFSE a t-squared HRR curve it typically representing the combined fuel load in a 

compartment, i.e. multiple fuel items. Subsequent ignition of multiple secondary items 

would give a composite HRR curve that would more closely resemble a parabolic curve 

for an extended period of time. 

 

6.3.4 Scenario B multi-item ISO room experiments 

The failure of any secondary items to ignite in the two Scenario B multi-item 

compartment experiments is, in retrospect, a surprising result. 

 

Referring to the Scenario B layout in Figure 5-2(b), each of the five modellers predicted 

that the armchair item Arm-3 (side face 300 mm from the centre of the gas burner in the 

top left-hand corner of the ISO Room compartment) would ignite somewhere between 

10 and 147 s in their double blind modelling predictions (refer to Table 5-7 for data) and 

11 to 147 s in their single blind predictions (refer to Table 5-23). 

 

In addition, in both the FC and the single-item ISO Room experiments for Scenario B, 

ignition of the armchair mock-up occurred; in the FC testing, the ignition time ranged 

between 75 and 105 s, with a mean of 88 s and standard deviation of 13 s, while for the 

single-item ISO Room tests, the ignition time ranged from 27 to 45 s, at a mean value of 

38 s and SD of 8 s (refer to Table 5-16). In comparison, the ignition of the 

corresponding Scenario A armchair was slower, particularly in the FC testing, where the 

ignition time range for the three tests was 378 to 789 s, at a mean of 583 s and SD of 

168 s (refer to Table 5-14). On this basis, the research team expected the Arm-3 item to 

quickly ignite in the multi-item Scenario B compartment experiments. With respect to the 

single-item Scenario B ISO Room tests, there were two possible, physical differences, 

when compared to the multi-item experiments. 

 

Firstly, the testing was done on different days under different ambient environmental 

conditions in the laboratory. The single item experiments were conducted in August 

(i.e., late winter) while the multi-item experiments was done in November (i.e., early 
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summer), so other than ambient temperature and relative humidity being different, the 

conditions for the testing was identical. In fact, the expectation would be that if anything, 

winter environmental conditions may slow down the ignition. It is reasonable, therefore, 

to rule out the different environmental conditions as being a factor. 

 

The second difference was the presence of multiple items in the ISO Room 

compartment in the multi-item experiments. One possible explanation for ignition not to 

occur in the multi-item Scenario B experiments is that some form of localised air 

movement was caused by the placement of other items in the compartment, and that 

this was sufficient to cause some form of cooling and/or flame deviation and/or 

pyrolyzate dilution/dispersion, such that ignition didn’t occur. 

 

Figure 6-8 shows a series of four still photographs taken during experiment B-1. 

 

 
(a) 
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(b) 

 
(c) 
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(d) 

Figure 6-8. Series of images from multi-item Scenario B ISO Room experiment B-

1: (a) Start of test; (b) Elapsed time 15’ 40”; (c) Elapsed time 21’ 30”; (d) Test 

termination 30’ 02”. 

 

In Figure 6-8(a), the experiment has just started; in Figure 6-8(b), the experiment has 

been running for just over 15 minutes (900 s) and the piece of foam on the side of the 

armchair immediately adjacent to the burner has just fallen onto the seat of the 

armchair, with significant pyrolysis evident; in Figure 6-8(c) the experiment has now 

been running for over 21 minutes (1260 s) and the amount/rate of pyrolysis is noticeably 

less than the Figure 6-8(b) case; and in Figure 6-8(d), the experiment has just been 

terminated after 30 minutes (1800 s) with no ignition having occurred. 

 

From approximately 7 minutes (420 s), the piece of PU foam on the side of the armchair 

started to bulge away from the burner flame and then collapse onto the seat of the 

armchair at approximately 15 minutes (900 s). It can be seen in Figure 6-8(b) that there 

is still significant pyrolysis occurring at this point, but once the section of PU foamed 

collapsed, and the pyrolysis decreased, as seen in Figure 6-8(c), the chance of ignition 

occurring had diminished even further. 

 

In relation to the PSM (Eqn. 3-1), the predicted incident radiation on the side piece of 

PU foam would have been �̇�𝑓𝑙
" = 26.5 kW/m2. Interestingly, this is in the critical range for 
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auto ignition of the PU foam. For example, the cone calorimeter data for auto ignition of 

the PU foam (refer to Table 5-9) has no ignition at 20 kW/m2, and relatively slow ignition 

at 35 kW/m2 (range 81 to 127 s). Cone calorimeter testing was not carried out at 

intermediate flux levels, but with reference to the cone calorimeter testing of the FPF 

composite reported in Chapter 3 (Table 3-1), no ignition occurred at incident flux levels 

of 20 and 25 kW/m2, but ignition did occur at 30 kW/m2 over the range 139 to 194 s. In 

the same test series, the minimum heat flux for ignition was �̇�𝑚𝑖𝑛
" = 25.5 kW/m2 (Table 

3-2), noting that this value is based on no ignition at 25 kW/m2 and ignition at 26 kW/m2. 

 

Modeller A estimated (emphasis added) a critical incident flux of �̇�𝑐𝑟
" = 22 kW/m2 (refer 

to Table A-2). 

 

In effect therefore, although the single-item experiments demonstrated rapid ignition of 

the Scenario B configuration armchair item, it was on the borderline between ignition 

and not igniting. In this range, there is not much difference between success (ignition) 

and failure (no ignition). In the cone calorimeter apparatus, for example, the 

environment is more stable and the pyrolyzates are concentrated into a vertical plume, 

thus increasing the chances of successful ignition in the auto-ignition mode. As noted 

previously (Section 2.3), auto-ignition requires both a minimum air/fuel mixture, and 

sufficient temperature, to initiate auto-ignition, and in the more open environment of the 

ISO Room, these conditions are more difficult to achieve. Of these two factors, it is 

more likely that the air/fuel mixture was being diluted and/or dispersed by localised air 

movement in the corner of the ISO Room enclosure, thus preventing successful ignition 

from occurring. 

 

Another factor may also have had some influence. It was noted during experiment B-1 

that the burner flaming was ‘leaning away’ from the armchair. At the incident radiation 

level of 26.5 kW/m2, it would only have taken an increase in radial distance from 𝑅 =

300 mm, to 𝑅 = 329 mm, for ignition not to be predicted by the PSM.  

 

Only two Scenario B experiments were conducted, so it is also feasible that ignition may 

have occurred if additional experiments had been carried out, on a purely stochastic 

basis. 

 

6.3.5 Trueness of DFG predictions 

One important issue at the heart of this PhD research project is the trueness (emphasis 

added) with which the DFG can predict the HRR curves that are in turn the input for 

subsequent fire modelling in B-RISK. 
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6.3.5.1 Accuracy, trueness and precision 

Axelsson et al. (2001) indicate that (measurement) accuracy consists of two 

components, namely; trueness and precision. The definition of measurement trueness 

is “the closeness of agreement between the average of an infinite number of replicate 

measured quantity values and a reference quantity value”, while measurement precision 

is defined as “the closeness of agreement between indications or measured quantity 

values obtained by replicate measurements on the same or similar objects and 

specified conditions” (JCGM, 2008). 

 

The difference between trueness and precision is illustrated schematically in Figure 6-9. 

 

 
Figure 6-9. Schematic representation of trueness and precision (Axelsson, et 

al., 2001, p. 8). 

 

In Figure 6-9, precision relates to how closely the holes are clustered together, while 

trueness relates to how well the holes are centred around the central circle. The inter-

relationship can also be illustrated graphically, as shown in Figure 6-10. 
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(a) 

 
(b) 

Figure 6-10. Graphical representation of trueness and precision: (a) Same 

trueness and different precision; (b) different trueness and same precision. 

 

In Figure 6-10 infinite numbers of replicate measured quantity values are represented 

by frequency distributions. In Figure 6-10(a), the two frequency distributions have the 

same (low) measurement trueness with respect to the reference quantity value, but 

different measurement precision, i.e., the solid line curve exhibits a lower precision than 

the corresponding dashed line curve. In Figure 6-10(b), while the two curves have the 

same (low) measurement precision, the measurement trueness varies, with the dashed 

line curve having a lower measurement trueness than the solid line curve. 

 

The solid line curve in Figure 6-10(a) corresponds to the low trueness/low precision 

target shown in the top left-hand corner of Figure 6-9, while the dashed line curve in 
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Figure 6 9(a) corresponds to the low trueness/high precision target in the bottom left-

hand corner of Figure 6-9. In Figure 6-10(b), the solid line curve corresponds to the high 

trueness/low precision target in the top right-hand corner of Figure 6-9. 

 

In the context of the comparison between DFG predictions and experimental results, the 

quantity of interest is trueness, rather than precision, since in the 

modelling/experimental programme described in Chapter 5, the DFG will make identical, 

deterministic predictions every time for the same input values, i.e., perfect precision. 

 

6.3.5.2 Trueness of multi-item ignition predictions 

Referring to the comparison of the ignition times from the Scenario A multi-item 

compartment experiments with the single blind modelling predictions (presented in 

Clause 5.10.2.1, Table 5-27), the level of trueness is low, after the first armchair item 

(Arm-1) ignites. 

 

The reason for this low trueness, for this particular scenario, is likely to be shielding 

from adjacent items, which would reduce the incident radiation on some items, but 

which is not modelled in the DFG. For example, with reference to the item layout for 

Scenario A shown in Figure 5-2(a), once the first armchair (labelled Arm-1 in Figure 

5-2(a)) has ignited, the primary sources of radiation to the second PU foam armchair 

(labelled Arm-2 in Figure 5-2(a)) is from the burner and Arm-1. The nearest side of Arm-

2 to Arm-1 is almost totally shielded by the adjacent MDF Cube item (labelled MDF-2 in 

Figure 5-2(a)) and the steel frame of the armchair. This means that the more likely 

‘target’ area of Arm-2 is in fact the other/second side cushion that is furthest from Arm-1 

and adjacent to MDF-3. Referring to the experimental ignition data in Table 5-24, the 

average ignition time for Arm-2 in the three Scenario A experiments is 196 s, compared 

to a predicted ignition time of 66 s.  

 

To investigate this shielding theory further, manual, a posteriori adjustments were made 

to the radial distance calculations to determine if and when ignition of the other side 

cushion of Arm-2 would occur. Firstly, the nearest corner of the other side cushion was 

checked, i.e., 721 mm from the centre of the gas burner and 1166 mm from the centre 

of Arm-1, yielding an ignition time of approximately 130 s. Next, the point halfway along 

the length of the same side cushion was checked, i.e., 985 mm from the centre of the 

gas burner and 1345 mm from the centre of Arm-1, yielding a prediction that Arm-2 

would not ignite. What this means is that a radial distance, to give a predicted ignition 

time to match the average from the experiments (196 s), would fall somewhere between 

these two points on the second side cushion furthest from Arm-1, thus supporting the 

plausibility of the proposed shielding theory. 
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With regard to the low trueness of ignition time prediction for the MDF Cube items, a 

second simplifying assumption in the DFG could possibly to be a factor. The DFG 

assumes that all incident radiation is co-incident at the same point on the secondary 

item. In fact this is not correct for any of the items in the layout for Scenario A. To 

investigate this theory further, manual a posteriori adjustments were made to the radial 

distance calculations for the MDF Cube items – this exercise yielded only small (of the 

order of less than 10 s) increases in ignition time predictions, suggesting that other 

factors are influencing the disparity between prediction and experiments. 

 

Another possibility is that the recorded ignition times were subject to a high level of 

measurement uncertainty. Visual observation and review of video/webcam footage were 

the methods used to determine all ignition times – for the MDF Cube items this was in 

fact very difficult to do due to the positioning of the exposed face of MDF-1, for example, 

facing away from the observation point, and the combustion of the other items masking 

the ignition sequence of the MDF Cubes generally. It is possible that the MDF Cubes 

did in fact ignite earlier than the times recorded in Table 5-24. 

 

Another possibility is of course some more fundamental issue(s) with the basic DFG 

functionality. With reference to the comparative ignition data contained in Table 6-1, a 

good level of trueness was achieved, with the DFG predicting ignition times on average 

10 % in excess of the comparable experimental values. These initial comparisons were 

at a proof-of-concept stage of the development of algorithms to predict radiant ignition 

of secondary items. At this early stage, the predictions and experiments involved 

radiation from a propane gas burner and pans of burning hydrocarbon fuel, and ignition 

of small, single samples of a FPF composite. It is possible that the DFG algorithms are 

not so suitable for radiation from, and ignition of, different materials, and predictions 

involving the complexity of multi-item scenarios. 

 

In summary, there are multiple aspects that may be contributing to the low level of 
trueness. As noted, the model works satisfactorily for the first item ignited but thereafter 
predictions and experimental results diverge. A number of possible explanations have 
been presented and discussed including shielding, the assumption of co-incident 
radiation, and practical difficulties in determining the actual ignition time for some 
objects due to the compartment layout. At the same time the formulation of the radiation 
and ignition algorithms may be contributing to the low level of trueness. It is possible 
that the PSM model not being very precise, and the FTP ignition methodology being 
inferior, are both contributory factors. As well as the formulation of these sub models, 
values for various parameters were selected by the modellers, such as radiative fraction 
for the PSM and the material ignition properties for the FTP method. The fact that the 
DFG does not account for burning rate enhancement, and the impact of this on the PSM 
model, may also be contributing to the low level of overall trueness in the ignition 
predictions. 
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6.3.5.3 Trueness of HRR predictions 

The comparison between the Scenario A multi-item compartment experiment HRR 

curves and Modeller A’s predictions, summarised in Section 5.10, is reproduced in 

Figure 6-11. 

 

 
(a) 

 
(b) 

Figure 6-11. Comparison of experimental and modelling compartment HRR 

curves: (a) Double blind modelling; (b) Single blind modelling. 

 

Qualitatively, the trueness of the DFG/B-RISK predictions represented in Figure 6-11 is 

low, albeit that the trueness of the single blind modelling in Figure 6-11(b) more closely 

resembles the experimental data than the double blind modelling in Figure 6-11(a). 

Since more information about ignition and HRR for individual items was available for the 

single blind modelling, a greater level of trueness would be expected in the single blind 

modelling. Referring to Figure 6-11(a), the shape of the predicted HRR curve is strongly 

influenced by the prediction of both the ignition time and the shape of the individual 

HRR curve for the first item ignited, armchair Arm-1 (refer to Figure 5-2(a) for 

numbering of items). Referring to the comparative ignition data in Table 5-26, the 

experiments give an average ignition time for Arm-1 of 48 s, compared to the prediction 
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of 100 s. But it is both the incipient phase and peak value of Modeller A’s Arm-1 HRR 

curve which is the biggest contributor to the low trueness. The HRR curve shown in 

Figure 5-5, for Modeller A’s PU foam armchair, is reproduced in Figure 6-12(a). 

 

 
Figure 6-12. ScenA armchair HRR curves for double and single blind modelling. 

 

As shown in Figure 6-12, Modeller A’s double blind PU foam armchair item (solid black 

line) has a slow growth phase from ignition of 150 s, rather than a rapidly accelerating 

growth from ignition, which significantly delays the occurrence of the peak value. In 

addition, the peak value is also significantly higher than the peak HRR value from the 

experiments, further adding to the low trueness. 

 

With regard to the single blind modelling comparison shown in Figure 6-11(b), the 

trueness has improved. The shape (both initial growth and peak value) of Modeller A’s 

single blind HRR curve for the PU foam armchair (solid grey line in Figure 6-12) has 

contributed to an improved overall trueness. 

 

Referring to the comparative ignition data in Table 5-27, while the ignition of the first 

item (Arm-1) has very good trueness, thereafter, Modeller A predicts much shorter 

ignition times than those measured in the Scenario A experiments, which potentially has 

a significant influence on the shape of the overall compartment HRR curve. This can be 

further investigated by adjusting the predicted ignition times to match those that were 

recorded in the experiments. 

 

Therefore, in Figure 6-13(a), the only change that has been made to the modelling is 

that the ignition times have been altered to match the average value measured in the 

three experiments. This a posteriori change gives an improved trueness, but it is 

apparent that the input HRR curve for the MDF items is (still) problematic. 
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(a) 

 
(b) 

Figure 6-13. Comparison of experimental and revised modelling compartment 

HRR curves: (a) Ignition times for modelling matching average experimental 

ignition times; (b) Modified HRR curve for MDF Cube item. 

 

Therefore in Figure 6-13(b), in addition to the amended ignition times, an arbitrary 

change has also been made to the MDF HRR curve to give it a more rapid growth 

phase up to the same peak value, and a shorter decay phase also. Referring to the 

single blind MDF cube HRR curve shown in Figure 5-26(a) for Modeller A, the peak is 

now reached in only 200 s, as opposed to 932 s originally, and the decay is completed 

by 1000 s, not the almost 5000 s originally, as shown in Figure 6-14. 
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Figure 6-14. MDF Cube HRR curve for single blind and a posteriori modelling. 

 

As a result of this second a posteriori change, a visual comparison of Figure 6-13(a) 

and Figure 6-13(b) indicates that the trueness is improved even further, albeit that the 

decay phase after the second peak in Figure 6-13(b) is still not predicted well by the 

modelling. 

 

The a posteriori modelling discussed in this section highlights the impact of one of the 

simplifications in the DFG methodology, which in turn is manifested in the comparisons 

of the modelling/experimental programme, namely the use of free-burning HRR curves 

for the individual items. The trueness between the HRR curves for the single-blind 

modelling and the experiments is good at the early (pre-flashover) stage of the fire 

development, as shown in approximately the first 200 s period in Figure 6-13(b). This is 

due to there being no compartment enhancement at this early stage, and hence the 

free-burning HRR curve for Arm-1 item matching what occurs in the multi-item 

compartment experiments. 

 

It would appear that from that point onwards, compartment enhancement starts to 

contribute to the fire development. In reality, this enhancement is likely to be affecting 

the free-burning HRR of all subsequent items that ignite. To illustrate the principle, an 

arbitrary change has been made to the free-burning HRR curve for the MDF Cube, as 

shown by the solid grey line in Figure 6-14, which is in effect an estimate of how 

compartment enhancement could affect the free-burning HRR curve of one of the items.  

 

Ultimately, an almost endless combination of values for �̇�𝑝𝑒𝑎𝑘, 𝑡𝑝𝑒𝑎𝑘 and the decay 

phase could be trialled for all the subsequent secondary items but it is virtually 

impossible to quantify the contribution of individual items. In a general sense however it 

is important to recognise that in this particular scenario, and likely in most multi-item 

situations, compartment enhancement will occur. 
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7 CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER 

WORK 

As noted in Sub-section 1.4.2, the research hypothesis that was written at the start of 

this PhD project in 2008 was: 

 

That an item-to-item fire spread sub model, in combination with a probabilistic 

residential occupancy DFG, can be developed and integrated into a current 

version of a deterministic zone fire model. 

 

The research described in this thesis has demonstrated that an item-to-item fire spread 

sub model, as part of the associated DFG, has been successfully developed (by the 

candidate) and subsequently integrated (by others as part of the larger joint 

BRANZ/UoC collaborative research project) into a new, quantitative risk analysis model 

called B-RISK. 

 

On completion of this PhD project, and in addition to the original research hypothesis 

noted, there are a number of specific conclusions that can be drawn as a result of the 

research. 

 

7.1 Ignition Prediction Capability 

From the information and analysis presented in Chapter 3 about the fire spread sub 

model, and the subsequent discussion in Sub-section 6.1.1, it can be concluded that the 

fire spread sub model is capable of making ignition predictions for the first secondary 

item (i.e., the first item to be ignited after the initial burning item) to an appropriate level 

of trueness, namely, approximately 10% greater on average than experimental ignition 

times. However, with reference to the discussion presented in Clause 6.3.5.2, the 

trueness of ignition predictions thereafter in compartments with multiple items (i.e., more 

than two items) is low. 

 

7.2 Quantification of Variability in Pre-Flashover HRR Curves 

From the information and analysis presented in Section 4.5, and the subsequent 

discussion in Sub-section 6.2.1, it can be concluded that the DFG/B-RISK can 

successfully quantify the theoretical variability in the pre-flashover stage of HRR curves 

for residential-scale occupancies. 

 

There are a number of situations where such quantification could be applied. With 

reference to the description provided in Sub-section 1.4.1, where the 

acceptance/performance criteria for a PBFSE design are ‘risk-informed’, the DFG 
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functionality in the B-RISK QRA model would be the basis for probability distribution 

outputs for the relevant tenability criteria. Where a specific scenario of interest is being 

either designed or re-created, application of the DFG functionality would also provide a 

useful methodology to quantify the associated variability in HRR characteristics. 

 

7.3 Comparison of DFG HRR Curves with C/VM2 Requirements 

B-RISK provides an alternative option to the PBFSE design framework of C/VM2. From 

the information and discussion presented in Sub-sections 6.2.2 and 6.2.3, it can be 

concluded that the DFG is likely to produce, in the majority of cases, HRR curves with a 

faster growth stage, but a shorter fully-developed stage, in comparison to the 

corresponding requirements in C/VM2 for a residential occupancy. 

 

7.4 Compartment Enhancement 

From the discussion and analysis presented in Sub-section 6.3.2, it can be concluded 

that at an individual item level, modest enhancement occurred for the PU foam armchair 

items when tested in the ISO Room, compared to the free-burning FC experiments. The 

enhancement was greater (approximately 21 % on average) for the Scenario A ignition 

configuration (front ignition) and less for the Scenario B ignition configuration (side 

ignition). The ‘modest’ values are attributable to the level of HRR compared to 

approximate flashover HRR of 1000 kW. 

 

Considering another aspect of compartment enhancement, the situation is different for 

the multi-item compartment experiments, where the level of compartment HRR is well 

into the post-flashover regime. From the comparison of the compartment HRR curves 

that were measured during the multi-item Scenario A experiments (data presented in 

Clause 5.10.2.2, Figure 5-31), and the subsequent discussion in Clause 6.3.5.3, it can 

be concluded that compartment enhancement of free-burning HRR curves for individual 

items is significant in multi-item situations.  

 

7.5 Further Work 

There are a number of recommendations for further research that result from this PhD 

project. 

 

7.5.1 Ignition criterion methodology 

The basis for the FTP methodology used in the DFG is that the �̇�𝑐𝑟
"  parameter is the 

incident flux at which ignition will occur after an infinite period of exposure. One potential 

shortcoming with the method therefore is that it does not explicitly account for pre-

heating of the target fuel surface. For example, if a material with �̇�𝑐𝑟
" = 10 kW/m2 was 
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exposed to an incident flux of �̇�" = 9.9 kW/m2, it would never ‘ignite’ with the FTP 

protocol, whereas in reality the pre-heating that was occurring would be contributing to 

the ignition of the material. Further work to investigate the contribution of pre-heating to 

ignition predictions with the FTP method are warranted. 

 

7.5.2 Generic target ignition input data 

In Sub-section 5.7.2 it is noted that “the application of the FTP analysis methodology 

[…] is in reality a subjective procedure that relies on a high degree of engineering 

judgement by the user”. Further work to eliminate such subjectivity by ‘automating’ the 

generation of target ignition input data would be a beneficial addition to the B-RISK 

functionality. The so-called ‘automation’ could, for example, be based on the use of 

generic target ignition values such as high, medium and low, where the user selects 

from one of the three options for their item. The same outcome could also be achieved 

by B-RISK randomly selecting from the generic options, rather than the user making the 

selection. 

 

7.5.3 Trueness of predictions 

Further to the conclusion in Section 7.4, more work to address compartment 

enhancement effects where multiple items are present would lead to increased trueness 

in ignition, and consequently HRR, predictions. This research could focus on a number 

of aspects, such as: 

 

 The existing burning rate enhancement capability in B-RISK; 

 The potential for using both free burning (pre-flashover) and post-flashover 

(enhanced) HRR curves for items. Based on a cumulative compartment HRR 

threshold, the item HRR could switch from being free-burning to being enhanced; 

 Addressing physical shielding of yet-to-ignite items; 

 More complex item geometry. 

 

7.5.4 Comparison of theoretical predictions and experiments 

It would be of interest to use the random populate functionality to quantify the variability 

that the DFG would predict for the experimental scenarios described in Chapter 5, and 

compare this with the blind modelling predictions and experimental data. 

 

7.5.5 Modeller comparisons 

In Chapters 5 and 6, comparisons are generally made between the predictions of 

Modeller A (the author) and the experimental data. There would be value to be gained 

from separately publishing further benchmarking details for all five modellers involved in 

the blind modelling exercise. 
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7.5.6 Additional experiments 

After the ‘failure’ of the Scenario B experiments, described in Sub-section 5.9.3, a 

further six experiments with layouts that differed from Scenario A and B, were 

conducted. Since these additional layouts had not been part of the double and single 

blind modelling exercise, they are not included in this thesis. However, the fire science 

community would benefit from the publication in another forum of these additional 

results, analysis, etc. 

 

7.5.7 Other occupancies 

The focus of this PhD project is residential-scale occupancies. A natural extension of 

this work would therefore be to investigate the suitability of the DFG in other 

occupancies (e.g., commercial/industrial) as well as different scales of occupancy, such 

as large, open-plan situations. 

 

7.5.8 Combustible linings 

Noting that B-RISK already provides the option of including the contribution from 
combustible linings (Wade, et al., 2013), further work could also include an investigation 
of how the functionality of the DFG could incorporate the contribution to the 
compartment HRR from combustible linings. One potential option in this regard would 
be to include combustible items at the compartment surfaces to represent lining 
materials such as timber, plywood, etc. This could be achieved by allocating a number 
of strips of finite width to the walls and ceiling, in exactly the same manner as any other 
item, with its own Chemistry, Target Ignition and Heat Release Rate properties. Another 
option, and possibly a simpler, more direct alternative, would be to include a ‘dummy’ 
item in the compartment, with item properties that are appropriate for the HRR 
contribution of combustible linings. Experiments where combustible linings only are 
tested, would provide suitable HRR data in this regard. 
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APPENDICES 

 

Appendix A1 Double Blind Modelling Data 

 

Table A-1. Chemistry input data. 

Item Property Units Burner 
PU Armchair ABS TV MDF Cube 

A B C D E A B C D E A B C D E 

Heat of Combustion (kJ/g) 43.7 18.1 24.9 19 18 27.2 27 28.8 30 33.75 25.2 12.4 12.2 12.4 14 12 

Soot yield (g/g) 0.024 0.19 0.07 0.227 0.179 0.227 0.164 0.105 0.022 0.105 0.105 0.015 0.015 0.015 0.015 0.015 

CO2 yield (g/g) 2.85 1.53 1.92 1.92 1.54 1.51 2.33 1.5 2.12 2.33 0.01 1.33 1.5 1.19 1.3 1.27 

Latent heat of 

gasification 
(kJ/g) 0 0 1.22 2.4 1.95 2.4 0 3.4 2.6 2.9 2.6 0 1.8 3.9 3.9 1.8 

Radiant loss fraction - 0.3 0.52 0.5 0.46 0.52 0.45 0.59 0.35 0.3 0.593 0.3 0.3 0.35 0.3 0.35 0.38 

HRR per unit area kW/m2 3460 560 245 628 250 3125 1332 527 543.9 290 595 500 140 122.7 670 2378 
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Table A-2. Target ignition input data. 

Item property Units 
PU foam armchair ABS television MDF cube 

A B C D E A B C D E A B C D E 

FTP limit (pilot) kWsn/m2 430 812 427 454 190 10577 2935 3100 1400 11260 12485 4696 11071 104000 9281 

FTP index (pilot) - 1 0.6 1 1 1.2 1.6 0.74 1.25 1.0 1.5 1.75 0.75 0.6 2 1.5 

Critical flux (pilot) kW/m2 22 8.5 22 4 9 20 13.3 5 22.3 10 14 10.1 10 9.3 10 

FTP limit (auto) kWsn/m2 430 5759 427 454 190 10577 12869 3100 1400 11260 12485 949 11071 104000 9281 

FTP index (auto) - 1 0.51 1 1 1.2 1.6 0.59 1.25 1.0 1.5 1.75 1.0 0.6 2 1.5 

Critical flux (auto) kW/m2 22 28.2 22 4 9 20 18.9 5 22.3 10 14 31.5 10 9.3 10 
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Appendix A2 Single Blind Modelling Data 

 

Table A-3. Chemistry input data – all modellers. 

Item Property Units Burner 
PU Armchair ABS TV MDF Cube 

A B C D E A B C D E A B C D E 

Heat of Combustion (kJ/g) 43.7 24.9 24.9 19 29.3 27.2 28.8 28.8 30 43.8 25.2 12.2 12.2 12.4 14.4 12 

Soot yield (g/g) 0.024 0.19 0.07 0.227 0.179 0.227 0.164 0.105 0.022 0.105 0.105 0.015 0.015 0.015 0.015 0.015 

CO2 yield (g/g) 2.85 1.53 1.92 1.92 1.54 1.51 2.33 1.5 2.12 2.33 0.01 1.33 1.5 1.19 1.3 1.27 

Latent heat of 

gasification 
(kJ/g) 0 0 1.22 2.4 1.95 2.4 0 3.4 2.6 2.9 2.6 0 1.8 3.9 3.9 1.8 

Radiant loss fraction - 0.3 0.52 0.5 0.46 0.52 0.45 0.59 0.35 0.3 0.593 0.3 0.3 0.35 0.3 0.35 0.38 

HRR per unit area kW/m2 3460 459 245 628 250 3125 1077 527 543.9 290 595 252 140 122.7 670 2378 

 

Table A-4. Target ignition input data – all modellers. 

Item property Units PU foam armchair ABS television MDF cube 
A B C D E A B C D E A B C D E 

FTP limit (pilot) kWsn/m2 1653 812 458 2210 2210 14126 2935 4746 680 5453 2913 4696 4696 9630 2590 
FTP index (pilot) - 2 0.6 1.5 2 2 1.79 0.74 1.5 1 1.5 1.3 0.75 0.75 1.5 1.2 

Critical flux (pilot) kW/m2 20 8.5 9.4 7.5 7.5 25 13.3 25 19 11 35 10 10 7 13 
FTP limit (auto) kWsn/m2 1653 5759 3451 2670 2670 14126 12869 4746 700 702 2913 949 949 1230 3135 

FTP index (auto) - 2 0.51 1.3 2 2 1.79 0.59 1.5 1 1 1.3 1 1 1 1.2 
Critical flux (auto) kW/m2 20 28.2 22.3 35 35 25 18.9 25 30 30 35 31.5 31.5 22 15 
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Appendix A3 Experimental Apparatus and Analysis of Data 

 
A3.1 Experimental Apparatus 

The experiments were carried out in an ISO 9705 fire test room that complied with the 

specifications contained in the test standard (1993). A brief summary of the 

experimental apparatus details contained in the ISO 9705 standard are presented 

herein. 

 

A3.1.1 Fire test room 

The test standard specifies the following inner dimensions: 

 

 Length:  3.6 m ± 0.05 m; 

 Width:  2.4 m ± 0.05 m; 

 Height: 2.4 m ± 0.05 m. 

 

The fire test room has a single doorway in the centre of one of the 2.4 ×2.4 m walls with 

the following dimensions: 

 

 Width:  0.8 m ± 0.01 m; 

 Height  2.0 m ± 0.01 m. 

 

The standard requires that the fire test room be placed indoors in a draught-free, 

conditioned space that is large enough not to influence the test fire. 

 

The test standard requires that the fire test room be constructed of non-combustible 

material with a density in the range 500 – 800 kg/m3, and a minimum thickness of 

20 mm. 

 

The BRANZ ISO 9705 Room is constructed from 150 mm thick lightweight concrete with 

the following nominal properties: 

 

 Density:   800 kg/m3; 

 Thermal conductivity: 0.21 Wm-1K-1; 

 Specific heat:  880 Jg-1K-1. 

 

A3.1.2 Ignition source 

The ignition source used in the experiments was the standard ISO 9705 propane gas 

burner with plan dimensions of 170 × 170 mm and the square top surface located 
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300 mm from the floor surface of the fire test room. The burner housing is filled with 

porous, inert material (sand and gravel), and the propane gas is fed through an inlet at 

the base of the burner housing. 

 

A3.1.3 Exhaust system 

All the gases that are produced during a standard ISO 9705 test are collected in an 

exhaust system and various measurements taken. The standard exhaust system 

consists of a hood, an exhaust duct, and an extract fan system. The hood is centrally 

located above the opening in the fire test chamber. The bottom dimensions of the hood 

are 3.0 × 3.0 m, and a height of 1.0 m. The sides of the hood then taper up over a 

further 1.0 m height to a plenum with a cross-sectional area of 0.9 × 0.9 m, and a height 

of 0.9 m. A 400 mm diameter straight exhaust duct connects to the side of this plenum, 

with a minimum length of 4.8 m. Guide vanes at each end of the exhaust duct help 

create uniform flow of the exhaust gases at the point of measurement. Measurements 

are taken at the far end of the exhaust duct. 

 

A3.1.4 Exhaust duct instrumentation 

In order to determine the volume flow in the exhaust duct, a bidirectional probe is 

located on the duct centreline at a minimum distance of 3300 mm from the upper hood 

plenum. The pressure difference in the probe chambers is measured by a pressure 

transducer, and the gas temperature in the immediate vicinity of the probe is also 

measured by means of a wire thermocouple. 

 

A gas sampling probe is located a further 100 mm beyond the probe and an analyser 

unit measures oxygen, carbon monoxide and carbon dioxide concentrations. 

 

The optical density is measured a further 100 mm beyond the gas sampling probe by 

means of lenses, a halogen lamp and a photocell. 

 

A3.1.5 Fire test room instrumentation 

In order to determine the vertical gas temperature profile inside the fire test room, the 

test standard indicates that gas temperature measurements should be taken at seven 

points over the height of the room 670, 970, 1270, 1420, 1570, 1720 and 2100 mm 

above floor level), at the location indicated in Figure A-1. 

 

In the actual experimental chamber, gas temperature measurements were taken at 10 

measuring points located at heights 260, 670, 970, 1270, 1420, 1570, 1720, 1910, 2100 

and 2300 mm respectively above the floor of the enclosure. Mineral insulated, metal 

sheathed (MIMS) thermocouples were used, matching the furnace thermocouples 
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specified in fire resistance test standard AS 1530.4 (SA, 2005). The MIMS 

thermocouples had a stainless steel sheath with wire diameter less than 1.0 mm and an 

overall diameter of 3 mm. The thermocouples were positioned in the room within 

stainless steel tubes, inserted through the front wall of the test enclosure. 

 

 
Figure A-1. Location of thermocouples in compartment. 

 

A3.2 Analysis of Experimental Data 

Large Scale Heat Release (LSHR) Gas Analysis Instrumentation, supplied by Fire 

Testing Technology Ltd, was used to gather data from each experimental burn, using 

the associated LSHRCalc software package (FTT, 2001). 

 

A3.2.1 Calculating heat release rate 

In order to determine the HRR (also known as the rate of heat release, RHR), a series 

of calculations needed to be performed. 

 

The first step in the calculation process was to determine the volume flow in the exhaust 

duct, �̇�298, normalised at atmospheric pressure and an ambient temperature of 25 ºC 

(i.e. 298 K), and given as: 

 

 �̇�298(𝑡) = (𝐴𝑒𝑥ℎ 𝑘𝑡 𝑘𝑅𝑒) ⋅
1

𝜌298
𝑎⁄ ⋅ √

2𝑇273𝜌273
𝑎 Δ𝑝(𝑡)

𝑇𝑒𝑥ℎ(𝑡)
 Eqn. A-1 
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Substituting the constant values 𝑇273 = 273.15 K, 𝜌298
𝑎 = 1.1839 kg/m3, and 

𝜌273
𝑎  =  1.2922 kg/m3 into Eqn. A-1, gives: 

 

 �̇�298(𝑡) = 22.4 ⋅ (𝐴𝑒𝑥ℎ 𝑘𝑡 𝑘𝑅𝑒) ⋅⁄ √
Δ𝑝(𝑡)

𝑇𝑒𝑥ℎ(𝑡)
 Eqn. A-2 

 

Referring to the various terms in Eqn. A-2, for an exhaust duct of 400 mm diameter, 

𝐴𝑒𝑥ℎ =  0.1257 m2. The heat release calibration constant for the LSHR Gas Analysis 

Instrumentation, 𝑘𝑡, was calculated each time the equipment was re-calibrated (i.e. at 

the start of each day’s experiments) and is used to determine the mass of gas flowing 

through the exhaust duct at any point in time. ISO 9705 (1993) indicates that the value 

for the Reynolds number (𝑅𝑒) correction for the bidirectional probe, 𝑘𝑟𝑒, can be taken as 

1.08 when 𝑅𝑒 > 3800, based on research by McCaffrey and Heskestad (1976).The final 

two terms in Eqn. A-2 are Δ𝑝 (Pa), the pressure difference measured by the 

bidirectional probe and 𝑇𝑒𝑥ℎ (K), the temperature measured in the exhaust duct. 

 

The second step in the calculation process was to determine the oxygen depletion 

factor, 𝑂𝐷𝐹(𝑡), based on various gas mole fractions, given by: 

 

 𝑂𝐷𝐹(𝑡) =
𝑋𝑂2

0 (1 − 𝑋𝐶𝑂2
(𝑡)) − 𝑋𝑂2

(𝑡)(1 − 𝑋𝐶𝑂2

0 )

𝑋𝑂2

0 (1 − 𝑋𝐶𝑂2
(𝑡) − 𝑋𝑂2

(𝑡))
 Eqn. A-3 

 

The third step was to calculate the ambient mole fraction of oxygen including water 

vapour, 𝑋𝑂2

𝑎𝑚𝑏, which is defined as: 

 

 𝑋𝑂2

𝑎𝑚𝑏 = 𝑋𝑂2

0 [1 −
𝐻𝑢𝑚

100𝜌𝑎
𝑒𝑥𝑝 (23.2 −

3816

𝑇𝑒𝑥ℎ
0 − 46

)] Eqn. A-4 

 

The final step in the calculation procedure was to determine the total HRR (items plus 

gas burner) as: 

 

 �̇�(𝑡) = 𝐸𝑛298�̇�298(𝑡)𝑋𝑂2

𝑎𝑚𝑏 (
𝑂𝐷𝐹(𝑡)

1 + 0.105 ⋅ 𝑂𝐷𝐹(𝑡)
) Eqn. A-5 

 

The option to ‘smooth’ the HRR data, as part of the data reduction process, was 

selected in the LSHRCalc software, being a standard 30 s average, i.e. ± 15 s. The data 
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was sampled at 3 s interval, with the smoothing of the HRR being represented 

mathematically as: 

 

 �̇�(𝑡) =
0.5�̇�(𝑡 − 15) + �̇�(𝑡 − 12) + ⋯ + �̇�(𝑡 + 12) + 0.5�̇�(𝑡 + 15)

10
 Eqn. A-6 
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Appendix A4 Data for Comparison of Modelling with Compartment Experiments 

A4.1 Double Blind Modelling 

Data from the three multi-item Scenario A compartment experiments, along with the corresponding double blind modelling 

output data from the five modellers, is summarised in this section. 

 

A4.1.1 Ignition data 

Table A-5 tabulates the item ignition data from the three Scenario A multi-item compartment experiments (A1 – A3) along 

with the double blind modelling predictions from the five modellers. 

 

Table A-5. Ignition times for items in compartment – double blind modelling. 

Item 

Ignition time (s) 

Experiments Double Blind Modelling 

A-1 A-2 A-3 Av. A B C D E Av. 

Arm-1 49 60 34 48 100 147 100 44 10 80 

Arm-2 171 205 213 196 280 214 203 98 43 168 

MDF-1 
≈ 150-

160 

≈ 160-

170 

≈ 125-

135 
150 270 269 639 144 65 277 

MDF-2 
≈ 175-

180 

≈ 210-

220 
173 189 281 259 533 148 69 258 

MDF-3 
≈ 175-

180 

≈ 210-

220 

≈ 220-

230 
206 338 292 588 172 84 295 

MDF-4 184 268 283 245 320 469 520 186 92 317 

TV 154 270 280 235 358 476 258 204 100 279 

 

A4.1.2 HRR data 

Figure A-2 shows the double blind modelling predictions of HRR curves for all five modellers (grey coloured lines) 

compared to the three Scenario A multi-item compartment experiments (black lines). 



228 
 

 

 
Figure A-2. Comparison of HRR curves for ScenA multi-item experiments and double blind 

modelling. 
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A4.2.1 Ignition data 

Table A-6 tabulates the item ignition data from the three Scenario A multi-item compartment experiments (A1 – A3) along 

with the single blind modelling predictions from the five modellers. 

 

Table A-6. Ignition times for items in compartment – single blind modelling. 

Item 

Ignition time (s) 

Experiments Single Blind Modelling 

A-1 A-2 A-3 Av. A B C D E Av. 

Arm-1 49 60 34 48 44 147 11 42 11 51 

Arm-2 171 205 213 196 66 214 81 57 39 91 

MDF-1 
≈ 150-

160 

≈ 160-

170 

≈ 125-

135 
150 80 269 59 69 54 106 

MDF-2 
≈ 175-

180 

≈ 210-

220 
173 189 80 259 72 70 56 107 

MDF-3 
≈ 175-

180 

≈ 210-

220 

≈ 220-

230 
206 90 292 114 76 71 129 

MDF-4 184 268 283 245 105 470 123 81 78 171 

TV 154 270 280 235 110 476 138 86 79 178 

 

A4.2.2 HRR data 

Figure A-3 shows the single blind modelling predictions of HRR curves for all five modellers (grey coloured lines) 

compared to the three Scenario A multi-item compartment experiments (black lines). 
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Figure A-3. Comparison of HRR curves for ScenA multi-item experiments and single blind 

modelling. 
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