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Abstract 

One of the essential objectives in fire safety engineering is to safeguard 

firefighters during operations. A smoke explosion is an unforeseen deflagration that 

can occur in a compartment fire endangering firefighter safety. In addition to the 

classical compartment fire development stages, smoke explosions can occur for 

underventilated conditions while the ventilation openings remain the same. This thesis 

is focused on the smoke explosion phenomenon to obtain a better understanding of its 

process. A better understanding of the smoke explosion phenomenon raises 

firefighters' awareness of its causes and potential consequences. 

This study starts with a comprehensive review of the previous compartment fire 

experiments that led to smoke explosions. The effects of the fuel location and the 

ventilation opening size on the mass loss rate and heat release rate are analysed based 

on the previous experiments. A novel ventilation factor is introduced for the 

compartment with two vertical front openings. It is demonstrated that the overall 

compartment fire behaviour (excluding the possible occurrence of explosions) is 

nearly independent of the location or the porosity of timber crib fuel for 

underventilated conditions but depends on the ventilation factor. A preliminary 

explanation for the occurrence of the smoke explosions is provided, and it was found 

that the effect of crib porosity on the occurrence of smoke explosions needs further 

investigation. 

As part of the study, the flammability limits of the pyrolysate gases produced 

from thermally decomposed medium density fibreboard (MDF) and plywood are 

quantified. Finding the flammability limits of the pyrolysate gases is believed to assist 

in studying the smoke explosion phenomena as the smoke explosion is known to be 

caused by the gradual transformation of the oxygen and smoke gas mixture to reach a 

flammable range. An experimental procedure is developed to generate pyrolysis from 

decomposing thermally thick fuels and measure the flammability of these pyrolysis 

gases. The flammability characteristics provided fundamental knowledge for 

understanding the smoke explosion phenomenon in the compartment fires. 

This study investigates the burning history of medium-density fibre (MDF) cribs 

in an underventilated compartment with two openings. Such compartment fires are 
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explored before by other researchers and demonstrated that would lead to smoke 

explosions. A total of 19 compartment fire experiments were completed, five of which 

led to smoke explosions. A gas conditioning system is designed for the smoke 

explosion experiments, which includes a flame ionisation detector (FID) for 

hydrocarbon measurements and an enhanced Phi-meter for equivalence ratio 

measurements. In addition to these measurements, heat release rate, mass loss rate, 

temperatures, pressures, and O2, CO2 and CO gas concentrations with the compartment 

are measured for each experiment. 

The smoke explosion occurs in a compartment fire when the changes of 

pyrolysate gases and oxygen concentrations in the compartment make the mixture 

forms a flammable mixture, i.e., falling within the flammable region of the 

flammability diagram. The increase of oxygen and pyrolysate gas concentrations to 

form a flammable mixture occurs following the transition of flaming combustion to 

smouldering. The averaged equivalence ratio of the compartment immediately before 

the occurrence of smoke explosions were found between 1.5 to 2.0. 

The development of fire in severely underventilated compartment fires are 

described and classified to three different scenarios. These scenarios are: 

a. flaming combustion from ignition to burnout with no smoke explosion,  

b. flaming combustion transitioning to smouldering combustion and 

smouldering combustion continues until the burnout with no smoke 

explosion, and  

c. flaming combustion transitioning to smouldering combustion and smoke 

explosion occurring after the transition to smouldering combustion.  

The questions raised by the external examiners of the thesis and the authors 

response to those questions are appended to the thesis. 

 



 

iv Experimental Investigation of the Smoke Explosion Phenomenon 

Table of Contents 

Keywords .................................................................................................................................. i 

Abstract .................................................................................................................................... ii 

Table of Contents .................................................................................................................... iv 

List of Figures ........................................................................................................................ vii 

List of Tables ......................................................................................................................... xxi 

List of Abbreviations ........................................................................................................... xxiii 

List of Nomenclature ........................................................................................................... xxiv 

Statement of Original Authorship ....................................................................................... xxvi 

Acknowledgements ............................................................................................................ xxvii 

Chapter 1: Introduction ...................................................................................... 1 

1.1 General ........................................................................................................................... 1 

1.2 Background .................................................................................................................... 2 

1.3 Research Motive ............................................................................................................ 5 

1.4 Research Aim ................................................................................................................. 5 

1.5 Research Methodology .................................................................................................. 5 

1.6 Thesis Structure and Overview ...................................................................................... 6 

Chapter 2: Literature Review ........................................................................... 11 

2.1 Compartment Fires ....................................................................................................... 11 

2.2 Pyrolysis Rate in Regime I (Ventilation-Controlled) and Regime II (Fuel-Controlled)

 13 

2.3 Pyrolysis Rate in Regime III (Porosity-Controlled) ..................................................... 15 

2.4 Air Inflow Rate – Compartment with a Single Opening .............................................. 17 

2.5 Combustion Stoichiometry .......................................................................................... 18 

2.6 Species Yields .............................................................................................................. 19 

2.7 Equivalence Ratio ........................................................................................................ 21 

2.8 Flammability Diagram ................................................................................................. 22 

2.9 Measuring the Heat Release Rate ................................................................................ 26 

2.10 Compartment Fire Explosions...................................................................................... 31 

Chapter 3: Underventilated Fire in an Enclosure with Two Openings ........ 37 

3.1 Underventilated Compartment Fires ............................................................................ 37 

3.2 Experimental Setup and Procedure .............................................................................. 38 

3.3 Vent Flow Analysis for a Compartment with Two Openings ...................................... 44 

3.4 Observations................................................................................................................. 51 

3.5 Analysis and Data Correlations .................................................................................... 56 



 

Experimental Investigation of the Smoke Explosion Phenomenon v

3.6 Smoke Explosion Phenomenon ....................................................................................67 

3.7 Summary and Conclusions ...........................................................................................70 

Chapter 4: Exploratory Experiments with Smoke Generating Apparatus .. 73 

4.1 Introduction ..................................................................................................................73 

4.2 Initial Smoke Generator Apparatus ..............................................................................74 

4.3 Revised Smoke Generator Apparatus ...........................................................................78 

4.4 Discussion .....................................................................................................................82 

4.5 Conclusion ....................................................................................................................85 

Chapter 5: Flammability of Timber Pyrolysis ................................................ 87 

5.1 Introduction ..................................................................................................................87 

5.2 Background ...................................................................................................................88 

5.3 Experimental Setup and Procedure ...............................................................................94 

5.4 Results and Discussion .................................................................................................99 

5.5 Gas Composition ........................................................................................................109 

5.6 Conclusion ..................................................................................................................111 

Chapter 6: Smoke Explosion Experiments Setup and Instrumentation ..... 113 

6.1 Compartment Setup ....................................................................................................113 

6.2 Experimental Measurements ......................................................................................120 

6.3 Experiment Fuels ........................................................................................................135 

6.4 Experiments Matrix ....................................................................................................138 

6.5 Experimental Procedures ............................................................................................139 

6.6 Ignition and Warm-up Time .......................................................................................141 

6.7 Experimental Verification ..........................................................................................142 

6.8 Gas Burner Verification Tests ....................................................................................144 

6.9 Experimental Problems Encountered..........................................................................144 

Chapter 7: Phi-meter Device for Measuring Equivalence Ratio ................. 149 

7.1 Phi-meter Concept ......................................................................................................149 

7.2 Enhanced Phi-meter Correlations ...............................................................................150 

7.3 Construction of the Enhanced Phi-meter ....................................................................154 

7.4 Phi-meter Calibration..................................................................................................156 

7.5 LPG Fire Experiments and Results .............................................................................159 

7.6 MDF Crib Fire Experiments and Results ...................................................................161 

7.7 Conclusion ..................................................................................................................164 

Chapter 8: Experiments Results ..................................................................... 167 

8.1 Results for Experiments with Gas Fuel ......................................................................167 

8.2 Results for Experiments with MDF Crib Fuel ............................................................177 

Chapter 9: Analysis and Discussion ............................................................... 263 



 

vi Experimental Investigation of the Smoke Explosion Phenomenon 

9.1 Summary of Cribs Free-burn Experiments ................................................................ 263 

9.2 Summary of All Experiments..................................................................................... 266 

9.3 Classification of Combustions Based on Porosity and Compartment Ventilation ..... 269 

9.4 Combustion Regime Based on Crib Porosity and Compartment Ventilation ............ 278 

9.5 Smoke Explosions Prerequisites ................................................................................ 280 

9.6 Compartment Fire Analysis ....................................................................................... 289 

9.7 Repeatability .............................................................................................................. 294 

Chapter 10: Conclusions.................................................................................... 301 

Chapter 11: Insights and Future Studies ......................................................... 309 

References ............................................................................................................... 313 

Appendices .............................................................................................................. 321 

Appendix A Examiners Comments ...................................................................................... 321 

 



 

Experimental Investigation of the Smoke Explosion Phenomenon vii

List of Figures 

Fig. 2-1: HRR histories for compartment fire development scenarios [27] ............... 12 

Fig. 2-2: Pyrolysis rate of compartment fires for varying ventilation factors, 

both normalised by the fuel area [31] .......................................................... 14 

Fig. 2-3: UFL and LFL of methane determined in the vertical tube apparatus 

for upward propagation (circles), i.e., ignition at the bottom of the 

vertical tube; and downward propagation (crosses), i.e., ignition at the 

top of the vertical tube [61] .......................................................................... 24 

Fig. 2-4: Three-axis flammability diagram for the methane gas at atmospheric 

pressure and 26oC [56] ................................................................................. 26 

Fig. 2-5: Schematic of full-scale calorimetry for compartment experiments of 

this study showing the control volume of the incoming air and exhaust 

flow (to gas analysers) ................................................................................. 28 

Fig. 3-1: Photograph of the enclosure of the experiment ........................................... 39 

Fig. 3-2: Schematic diagram of the exploded compartment (All dimensions in 

mm) .............................................................................................................. 40 

Fig. 3-3: Schematic diagram of the crib elevations; a) Floor (F) b) Middle (M) 

and c) Ceiling (C)......................................................................................... 41 

Fig. 3-4: Photograph of the 10 kg MDF crib ............................................................. 41 

Fig. 3-5: Schematic diagram of the compartment in front view (left) and top 

view (right)................................................................................................... 42 

Fig. 3-6: Schematic diagram of the gas sampling system .......................................... 43 

Fig. 3-7: Notation describing the vent flows for the compartment with two 

openings ....................................................................................................... 45 

Fig. 3-8: Schematic of the vent flow for the enclosure of study with the 

assumption of having unidirectional flow in each vent (i.e., neutral 

plane between the top and bottom vents) ..................................................... 48 

Fig. 3-9: Burning stages for cribA:F-100 experiment where no smoke 

explosion (similar to the solid and red dashed line in Fig. 2-1) ................... 52 

Fig. 3-10: Video captures of cribA:M-100 experiment showing the flame and 

the smoke and flames through the top and bottom vents. ............................ 54 

Fig. 3-11: Burning stages for cribA:C-100 experiment where the smoke 

explosion occurred to be contrasted with the burning history in Fig. 

3-9 (similar to the solid and blue dashed line in Fig. 2-1) ........................... 54 

Fig. 3-12: Repeatability check for cribA:M-100 experiment in which heat 

release rates agreed and repeated oscillation occurred following smoke 

explosion. ..................................................................................................... 56 

Fig. 3-13: Fuel mass history for Crib A at compartment with 100 mm vents in 

different fuel elevations – Circle designates single smoke explosions ........ 57 



 

viii Experimental Investigation of the Smoke Explosion Phenomenon 

Fig. 3-14: Heat release rate for Crib A at compartment with 100 mm vents in 

different fuel elevations – Circle designates single smoke explosions ........ 57 

Fig. 3-15: Fuel mass history for Crib A at compartment with 71 mm vents in 

different fuel elevations ............................................................................... 58 

Fig. 3-16: Heat release rate for Crib A at compartment with 71 mm vents in 

different fuel elevations ............................................................................... 58 

Fig. 3-17: Fuel mass history for crib A sample at compartment with 50 mm 

vents in different fuel elevations .................................................................. 59 

Fig. 3-18: Heat release rate for crib A sample at compartment with 50 mm 

vents in different fuel elevations .................................................................. 59 

Fig. 3-19: Mass loss history for experiments with Crib B, namely, cribB:M-

100, cribB:M-71 and cribB:M-50 ................................................................ 61 

Fig. 3-20: Mass loss history for experiments with Crib A, namely, cribA:M-

100, cribA:M-71 and cribA:M-50 ................................................................ 61 

Fig. 3-21: Heat release rate for experiments with Crib B, namely, cribB:M-100, 

cribB:M-71 and cribB:M-50 ........................................................................ 62 

Fig. 3-22: Heat release rate for experiments with Crib A, namely, cribA:M-

100, cribA:M-71 and cribA:M-50 ................................................................ 62 

Fig. 3-23: Heat release rate history for experiments with Crib A in medium 

elevation for opening diameters of 25 mm, 36 mm, 50 mm, 71 mm 

and 100 mm .................................................................................................. 63 

Fig. 3-24: Fuel mass history for five experiments with different opening sizes – 

Each circle designates a smoke explosion ................................................... 64 

Fig. 3-25: Temperature histories of the rear top thermocouple (located at 950 

mm height) for five experiments with different opening sizes .................... 64 

Fig. 3-26: Mass loss rate vs. ventilation factor for fourteen different 

experiments with various fuel mass, (5 kg or 10 kg), fuel height (floor, 

middle or ceiling) and opening sizes (25 mm, 36 mm, 50 mm, 71 mm 

and 100 mm) ................................................................................................ 65 

Fig. 3-27: Heat release rate vs. ventilation factor for fourteen experiments .............. 65 

Fig. 3-28: Gas concentrations for cribA:M-50 experiment ........................................ 69 

Fig. 3-29: Gas concentrations for cribA:C-100 experiment ....................................... 69 

Fig. 4-1: Schematic of the initial smoke generator apparatus setup ........................... 75 

Fig. 4-2: Initial smoke generator apparatus with a forced air inlet from the 

bottom of the combustion chamber .............................................................. 76 

Fig. 4-3: Flame projection occurrence after ignition with naked flame ..................... 76 

Fig. 4-4: Fuel mass loss history and burning stages for different inlet flows ............ 77 

Fig. 4-5: Schematic of the revised smoke generator apparatus and the detail of 

the outlet orifice plate used for measuring the exhaust flow rate ................ 78 

Fig. 4-6: Bottom view of the inside of revised smoke generator combustion 

chamber ........................................................................................................ 79 



 

Experimental Investigation of the Smoke Explosion Phenomenon ix

Fig. 4-7: Smoke/gas outlet orifice pressure difference (Pa) of the revised smoke 

generator apparatus in relation to the air inlet flow (litre/min or LPM) ...... 81 

Fig. 4-8: Average fuel mass loss rate for the revised smoke generator apparatus ..... 82 

Fig. 4-9: Flammability of timber pellet smoke and combustion regime to air to 

fuel mass ratio using the smoke generator apparatus developed in this 

study ............................................................................................................. 85 

Fig. 5-1: Schematic of the gas generating apparatus up to its connection to the 

flammability test apparatus .......................................................................... 95 

Fig. 5-2: Schematic of the flammability test apparatus.............................................. 97 

Fig. 5-3: Mass loss history (left) and mass loss rate (right) of engineered wood 

specimen during pyrolysate gas generation. Mass loss rate is plotted in 

60 seconds moving average ....................................................................... 100 

Fig. 5-4: A: Charred residuals of MDF pyrolysis process inside the pyrolysis 

chamber, B: comparison of shape and size of a charred sampled after 

pyrolysis and initial MDF fuel, C: Condensation trap to filter the 

aerosols, tar and condensation ................................................................... 101 

Fig. 5-5: Full flame propagation for MDF pyrolysate gas at 40% fuel volume in 

FTT (near UFL) ......................................................................................... 102 

Fig. 5-6: Comparison between the flammability diagram for fresh (less than 4 

hours from gas generation) and aged (after 72 hours of gas generation) 

MDF pyrolysis gas samples ....................................................................... 104 

Fig. 5-7: Comparison between the flammability diagram for fresh (less than 4 

hours from gas generation) and aged (after 72 hours of gas generation) 

MDF pyrolysis gas samples ....................................................................... 105 

Fig. 5-8: Comparison between the flammability diagram for fresh (less than 4 

hours from gas generation) and aged (after 72 hours of gas generation) 

plywood pyrolysis gas samples .................................................................. 107 

Fig. 5-9: Comparison between the flammability diagram for fresh (less than 4 

hours from gas generation) and aged (after 72 hours of gas generation) 

plywood pyrolysis ...................................................................................... 108 

Fig. 5-10: Phi-meter measurement schematic used to determine the 

stoichiometric fuel to air ratio of MDF pyrolysis (MFC stands for 

mass flow controller) ................................................................................. 109 

Fig. 6-1: Steel structure drawing of the compartment (all dimensions in 

millimetre).................................................................................................. 114 

Fig. 6-2: Compartment detailed drawing with locations of openings, 

thermocouple trees, pressure transducer locations and sampling tubes 

(all dimensions in millimetre) .................................................................... 115 

Fig. 6-3: Compartment exploded diagram with dimensions (all dimensions in 

millimetre).................................................................................................. 116 

Fig. 6-4: Compartment right panel from outside ..................................................... 117 

Fig. 6-5: Inside the compartment (front view) before an experiment ...................... 118 



 

x Experimental Investigation of the Smoke Explosion Phenomenon 

Fig. 6-6: The photo of the pressure relief panel spring load ball catchers ............... 120 

Fig. 6-7: A close-up photo of the 0.2 Torr pressure transducer installed at the 

compartment outer surface ......................................................................... 123 

Fig. 6-8: Photo of the bottom vent (100 mm diameter opening) .............................. 124 

Fig. 6-9: Schematic of the gas conditioning system of the analysers ...................... 125 

Fig. 6-10: Detailed schematic of the instrumentation and gas conditioning 

system ......................................................................................................... 126 

Fig. 6-11: Photo of the heat release rate duct with connected instrumentation ....... 129 

Fig. 6-12: Photo on the left side is a view of the inside of the HRR duct and the 

orifice plate for pressure and flow measurements; photo on the right 

side is the O2, CO2 and CO analysers for HRR measurement ................... 130 

Fig. 6-13: Phi-meter furnace with Inconel tube filled with NiChrome catalyst ....... 133 

Fig. 6-14: Phi-meter and room O2/CO2/CO analyser set ......................................... 133 

Fig. 6-15: Hydrocarbon analyser set. The left-side photo is the rear view of the 

analyser showing the heated sample lines, and the right-side photo is 

the front view of the hydrocarbon analyser ............................................... 134 

Fig. 6-16: Unconfined burning rates of the wood cribs in terms of the crib 

porosity by Heskestad and the effect of the crib porosities of this study 

on the unconfined burning rate .................................................................. 137 

Fig. 6-17: Schematic of the arrangement for Phi-meter verification setup .............. 142 

Fig. 6-18: Verification of the hydrocarbon analyser, i.e., theoretical THC 

concentration compared to measured THC concentration ......................... 143 

Fig. 6-19: Photo of PTFE tube inside the heated sample line after melting ............ 145 

Fig. 6-20: Glass microfibre filter (257 mm diameter) before use on the left and 

after a test on the right ................................................................................ 146 

Fig. 7-1: Schematic diagram of the enhanced Phi-meter setup ................................ 155 

Fig. 7-2: Measured and calculated equivalence ratio (ER) values from 

calibration experiments on the combustion of variable propane/air 

mixtures (by Parkes [103]) ......................................................................... 157 

Fig. 7-3: Measured and calculated equivalence ratio (ER) values of calibration 

experiments on the combustion of variable methane/air mixtures ............ 157 

Fig. 7-4: Equivalence ratio (ER) measured by Phi-meter for propane gas fire 

experiments in the compartment with two 100 mm diameter circular 

openings compared to the estimated equivalence ratio.. ............................ 160 

Fig. 7-5: Equivalence ratio (ER) measured by Phi-meter for MDF crib fire 

experiments in a compartment with two circular openings for Crib D. 

The measured ER is plotted for three experiments with 100 mm and 

71 mm diameters ........................................................................................ 161 

Fig. 7-6: Oxygen, CO2, CO and total hydrocarbon (THC) concentrations within 

the compartment in time for MDF crib fire experiments in the 

compartment with two circular vents of 71 mm diameters ........................ 162 



 

Experimental Investigation of the Smoke Explosion Phenomenon xi

Fig. 7-7: Stoichiometric fuel to oxygen ratio i.e., mfmO2st. of MDF crib fuel 

in terms of the fuel mass loss percentage. The results are for two 

separate crib fire tests in the compartment with two 100 mm and 71 

mm diameter openings. The yellow line is the fitted curve based on all 

the data points that shows R2 error function of 0.78 for the trendline ....... 163 

Fig. 8-1: Heat Release Rate of LPG fuel for three different vent sizes in 

relation to the theoretical HRR based on the fuel mass flow rate .............. 168 

Fig. 8-2: Heat release rate of LPG fuel in time for three different vent sizes to 

the theoretical heat release rates ................................................................ 168 

Fig. 8-3: Rapid flame propagation through the bottom vent in the experiment 

with 100 mm vents in 45 kW nominal HRR.............................................. 169 

Fig. 8-4: Front and rear thermocouple trees temperature measurements in time 

for LPG fuel experiments in the compartment with 100 mm opening 

diameters .................................................................................................... 171 

Fig. 8-5: Front and rear thermocouple trees temperature measurements in 

height for 20 minutes measurement time intervals for LPG fuel 

experiments in the compartment with 100 mm opening diameters ........... 171 

Fig. 8-6: Air inflow rate (negative numbers) and smoke/gas outflow rate 

(positive numbers) for experiments with 100 mm, 71 mm and 50 mm 

vent sizes determined by pressure difference measurements using 

orifice flow correlation, i.e., Eq. 33. The dashed lines are theoretical 

flow rates for enclosure with two openings determined by Eq. 66 ............ 172 

Fig. 8-7: Maximum theoretical HRR determined based on consumption of all 

oxygen inflow (black and grey lines) versus the HRR measurements 

for 100 mm, 71 mm and 50 mm compartment openings ........................... 173 

Fig. 8-8: Equivalence ratio (ER) or Phi determined by Phi-meter for 

compartment with 100 mm, 71 mm and 50 mm openings with LPG 

gas fire ........................................................................................................ 174 

Fig. 8-9: Gas concentrations (O2, CO2, CO and THC) in the compartment for 

LPG fuel experiments in the compartment with 100 mm openings .......... 175 

Fig. 8-10: Gas concentrations (O2, CO2, CO and THC) in the compartment for 

LPG fuel experiments in the compartment with 71 openings.................... 176 

Fig. 8-11: Gas concentrations (O2, CO2, CO and THC) in the compartment for 

LPG fuel experiments in the compartment with 50 mm openings ............ 176 

Fig. 8-12: Gas concentrations (O2, CO2, CO and THC) in the compartment for 

all LPG fuel experiments in the compartment in relation to the 

equivalence ratio ........................................................................................ 177 

Fig. 8-13: Heat release rate plot for 141-A experiment ........................................... 179 

Fig. 8-14: Thermocouple tree plot in time (minute) for front thermocouple tree 

(left) and rear thermocouple tree (right) for the 141-A experiment. .......... 179 

Fig. 8-15: Side photo frames of smoke wisping out of the bottom vent of the 

compartment occasionally and seldom with visible flame for 141-A 

experiment, when the ghosting flame inside the compartment travels 

toward the bottom vent .............................................................................. 180 



 

xii Experimental Investigation of the Smoke Explosion Phenomenon 

Fig. 8-16: A side-image of the ejecting flame existing through the top vent of 

the compartment opening for 141-A experiment ....................................... 180 

Fig. 8-17: Fuel mass history for experiment 141-A over time (left), and mass 

loss rate of MDF crib fuel over 60 seconds moving average (right) in 

grey (with red line being the averaged curve of the data) .......................... 181 

Fig. 8-18: Mass flow rates through compartment openings in time (left) and 

theoretical HRR with the assumption that all incoming oxygen is 

combusted inside the compartment vs. measured HRR (right) for 141-

A experiment .............................................................................................. 181 

Fig. 8-19: Equivalence ratio of 141-A experiment measured by enhanced Phi-

meter ........................................................................................................... 182 

Fig. 8-20: O2, CO2, CO and THC (CH4 equivalent) concentrations in the 

compartment measured near the ceiling for 141-A experiment ................. 183 

Fig. 8-21: Heat release rate plot for 141-B experiment ............................................ 184 

Fig. 8-22: Thermocouple tree plot in time (minute) for front thermocouple tree 

(left) and rear thermocouple tree (right) for the 141-B experiment ........... 185 

Fig. 8-23: Thermocouple height vs. temperature plot in 10 minutes time 

intervals for the 141-B experiment. The left plot is the temperature in 

different heights for the front thermocouple tree, and the right-side 

plot is the temperature in rear thermocouple tree ...................................... 185 

Fig. 8-24: Fuel mass history for experiment 141-B over time (left), and mass 

loss rate of MDF crib fuel over 2 minutes moving average (right) in 

grey (with red line being the averaged curve of the data) .......................... 185 

Fig. 8-25: Mass flow rates through compartment openings in time (left) and 

theoretical HRR with the assumption that all incoming oxygen is 

combusted inside the compartment vs. measured HRR (right) for 141-

B experiment .............................................................................................. 186 

Fig. 8-26: Heat release rate plot for 141-C experiment ............................................ 187 

Fig. 8-27: Thermocouple tree plot in time (minute) for front thermocouple tree 

(left) and rear thermocouple tree (right) for the 141-C experiment ........... 188 

Fig. 8-28: Thermocouple height vs. temperature plot in 10 minutes time 

intervals for the 141-C experiment. The left plot is the temperature in 

different heights for the front thermocouple, and the right-side plot is 

the temperature in the rear thermocouple tree ........................................... 188 

Fig. 8-29: Fuel mass history for experiment 141-C over time (Left), and mass 

loss rate of MDF crib fuel over 3 minutes moving average (Right) in 

grey (with red line being the averaged curve of the data) .......................... 189 

Fig. 8-30: Mass flow rates through compartment openings in time (left) and 

theoretical HRR with the assumption that all incoming oxygen is 

combusted inside the compartment vs. measured HRR (right) for 141-

C experiment .............................................................................................. 189 

Fig. 8-31: Equivalence ratio of 141-C experiment measured by enhanced Phi-

meter ........................................................................................................... 190 



 

Experimental Investigation of the Smoke Explosion Phenomenon xiii

Fig. 8-32: O2, CO2, CO and THC (CH4 equivalent) concentrations in the 

compartment measured near the ceiling for 141-C experiment ................. 190 

Fig. 8-33: Heat release rate plot for 141-D experiment ........................................... 192 

Fig. 8-34: Side-view frames of the first smoke explosion in 141-D experiment ..... 192 

Fig. 8-35: Floor-view frames of the first smoke explosion in 141-D experiment. .. 193 

Fig. 8-36: Thermocouple tree plot in time (minute) for front thermocouple tree 

(left) and rear thermocouple tree (right) for the 141-D experiment. .......... 194 

Fig. 8-37: Thermocouple height vs. temperature plot in 10 minutes time 

intervals for the 141-D experiment. The left plot is the temperature in 

different heights for the front thermocouple, and the right-side plot is 

the temperature in the rear thermocouple tree ........................................... 194 

Fig. 8-38: Fuel mass history for experiment 141-D over time (left), and mass 

loss rate of MDF crib fuel over one minute moving average (right) in 

grey (with red line being the averaged curve of the data).......................... 195 

Fig. 8-39: Mass flow rates through compartment openings in time (left) and 

theoretical HRR with the assumption that all incoming oxygen is 

combusted inside the compartment vs. measured HRR (right) for 141-

D experiment .............................................................................................. 195 

Fig. 8-40: Equivalence ratio of 141-D experiment measured by enhanced Phi-

meter .......................................................................................................... 196 

Fig. 8-41: O2, CO2, CO and THC (CH4 equivalent) concentrations in the 

compartment measured near the ceiling for 141-D experiment................. 196 

Fig. 8-42: Crib photos of 100-A test taken from the under the compartment 

floor. ........................................................................................................... 198 

Fig. 8-43: Heat release rate plot for 100-A experiment ........................................... 198 

Fig. 8-44: Thermocouple tree plot in time (minute) for front thermocouple tree 

(left) and rear thermocouple tree (right) for the 100-A experiment. The 

temperature decay at 13 minutes shows the transition to the 

smouldering stage followed on by smoke explosions................................ 199 

Fig. 8-45: Thermocouple height vs. temperature plot in 10 minutes time 

intervals for the 100-A experiment. The left plot is the temperature in 

different heights for the front thermocouple, and the right-side plot is 

the temperature in the rear thermocouple tree ........................................... 199 

Fig. 8-46: Frames showing the propagation of flame and occurrence of the first 

smoke explosion for 100-A experiment inside the compartment using 

the front camera at the bottom vent, in variable time steps ....................... 200 

Fig. 8-47: Frames showing the propagation of flame and occurrence of the first 

smoke explosion for 100-A experiment outside of the compartment 

via side view camera with a scaled timeframe ........................................... 201 

Fig. 8-48: Frames showing the propagation of flame and occurrence of the 

second smoke explosion for 100-A experiment inside the 

compartment using floor camera with a scaled timeframe ........................ 202 



 

xiv Experimental Investigation of the Smoke Explosion Phenomenon 

Fig. 8-49: Fuel mass history for experiment 100-A over time (Left), and mass 

loss rate of MDF crib fuel over 3 minutes moving average (Right) in 

grey (with red line being the averaged curve of the data) .......................... 203 

Fig. 8-50: Mass flow rates through compartment openings in time (left) and 

theoretical HRR with the assumption that all incoming oxygen is 

combusted inside the compartment for vs. measured HRR (right) 100-

A experiment .............................................................................................. 203 

Fig. 8-51: Equivalence ratio of 100-A experiment measured by enhanced Phi-

meter ........................................................................................................... 205 

Fig. 8-52: O2, CO2, CO and THC (CH4 equivalent) concentrations in the 

compartment measured near the ceiling for 100-A experiment ................. 205 

Fig. 8-53: Photos of the crib fire for 100-B experiment ........................................... 208 

Fig. 8-54: Heat release rate for 100-B experiment ................................................... 209 

Fig. 8-55: Thermocouple tree plot in time for front thermocouple tree (left) and 

rear thermocouple tree (right) for 100-B experiment ................................. 210 

Fig. 8-56: Thermocouple height vs. temperature plot in 10 minutes time 

intervals for the 100-B experiment. The left plot is the temperature in 

different heights for the front thermocouple, and the right-side plot is 

the temperature in the rear thermocouple tree ........................................... 210 

Fig. 8-57: Fuel mass history for experiment 100-B over time (Left), and mass 

loss rate of MDF crib fuel over 3 minutes moving average (Right) in 

grey (with red line being the averaged curve of the data) .......................... 211 

Fig. 8-58: Mass flow rates through compartment openings in time for 100-B 

experiment .................................................................................................. 211 

Fig. 8-59: Equivalence ratio of 100-B experiment measured by enhanced Phi-

meter ........................................................................................................... 213 

Fig. 8-60: O2, CO2, CO and THC (CH4 equivalent) concentrations in the 

compartment measured near the ceiling for the 100-B experiment ........... 213 

Fig. 8-61: Frames of the first smoke explosion for 100-B experiment in 0.5 

second intervals .......................................................................................... 214 

Fig. 8-62: Photos of the crib fire for 100-C experiment ........................................... 216 

Fig. 8-63: Heat release rate (kW) plot over time for 100-C experiment .................. 217 

Fig. 8-64: Thermocouple tree plot in time for front thermocouple tree (left) and 

rear thermocouple tree (right) for the 100-C experiment ........................... 217 

Fig. 8-65: Thermocouple height vs. temperature plot in 10 minutes time 

intervals for the 100-C experiment. The left plot is the temperature in 

different heights for the front thermocouple, and the right-side plot is 

the temperature in the rear thermocouple tree ........................................... 217 

Fig. 8-66: Fuel mass history for experiment 100-C over time (left), and mass 

loss rate of MDF crib fuel over 2 minutes moving average (right) in 

grey (with red line being the averaged curve of the data) .......................... 218 



 

Experimental Investigation of the Smoke Explosion Phenomenon xv

Fig. 8-67: Mass flow rates through compartment openings in time (left) and 

theoretical HRR with the assumption that all incoming oxygen is 

combusted inside the compartment vs. measured HRR (right) for 100-

C experiment .............................................................................................. 218 

Fig. 8-68: Equivalence ratio of 100-C experiment measured by enhanced Phi-

meter .......................................................................................................... 220 

Fig. 8-69: O2, CO2, CO and THC (CH4 equivalent) concentrations in the 

compartment measured near the ceiling for 100-C experiment ................. 220 

Fig. 8-70: Heat release rate plot for 100-D experiment ........................................... 222 

Fig. 8-71: Frames of ghosting flames in the compartment occurred between 

t=16 to 18 min. ........................................................................................... 223 

Fig. 8-72: Thermocouple tree plot in time (minute) for front thermocouple tree 

(left) and rear thermocouple tree (right) for the 100-D experiment ........... 224 

Fig. 8-73: Thermocouple height vs. temperature plot in 10 minutes time 

intervals for the 100-D experiment. The left plot is the temperature in 

different heights for the front thermocouple, and the right-side plot is 

the temperature in the rear thermocouple tree ........................................... 224 

Fig. 8-74: Fuel mass history for experiment 100-D over time (left), and mass 

loss rate of MDF crib fuel over 3 minutes moving average (right) ........... 226 

Fig. 8-75: Mass flow rates through compartment openings over time .................... 226 

Fig. 8-76: Theoretical HRR with the assumption that all incoming oxygen is 

combusted inside the compartment for the 100-D experiment (i.e., 

maximum theoretical HRR) to actual measured HRR using oxygen 

depletion method ........................................................................................ 226 

Fig. 8-77: Equivalence ratio of 100-D experiment measured by enhanced Phi-

meter .......................................................................................................... 228 

Fig. 8-78: O2, CO2, CO and THC (CH4 equivalent) concentrations in the 

compartment measured near the ceiling for 100-D experiment................. 228 

Fig. 8-79: Crib E with 10 sticks per layer, 6 layers and 360 mm long sticks 

inside the compartment (left) and on a weighing scale before the 

experiment (right) ...................................................................................... 229 

Fig. 8-80: Heat release rate plot for 100-E experiment ............................................ 230 

Fig. 8-81: Thermocouple tree plot in time (minute) for front thermocouple tree 

(left) and rear thermocouple tree (right) for 100-E experiment ................. 230 

Fig. 8-82: Torch flame attempting to ignite crib E (left) and crib E fire when 

established due to partial collapse of crib (right) ....................................... 230 

Fig. 8-83: Thermocouple height vs. temperature plot in 10 minutes time 

intervals for the 100-E experiment. The left plot is the temperature in 

different heights for the front thermocouple, and the right-side plot is 

the temperature in the rear thermocouple tree ........................................... 231 

Fig. 8-84: Fuel mass history for experiment 100-E over time (Left), and mass 

loss rate of MDF crib fuel over 3 minutes moving average (Right) .......... 231 



 

xvi Experimental Investigation of the Smoke Explosion Phenomenon 

Fig. 8-85: Equivalence ratio of 100-E experiment measured by enhanced Phi-

meter ........................................................................................................... 232 

Fig. 8-86: O2, CO2, CO and THC (CH4 equivalent) concentrations in the 

compartment measured near the ceiling for 100-E experiment ................. 233 

Fig. 8-87: Image of experiment 100-E taken 1 hour after the test, showing 

clean laminar burning over the top of the crib. Also, the partially 

collapsed front of the crib that allows air inflow into the crib and clean 

(soot-free) compartment surface linings are observable ............................ 233 

Fig. 8-88: Heat release rate plot for 71-A experiment ............................................. 235 

Fig. 8-89: Thermocouple tree plot in time (minute) for front thermocouple tree 

(left) and rear thermocouple tree (right) for the 71-A experiment ............. 235 

Fig. 8-90: Thermocouple height vs. temperature plot in 10 minutes time 

intervals for the 71-A experiment. The left plot is the temperature in 

different heights for the front thermocouple, and the right-side plot is 

the temperature in the rear thermocouple tree ........................................... 235 

Fig. 8-91: Fuel mass history for experiment 71-A over time (left), and mass 

loss rate of MDF crib fuel over 3 minutes moving average (right) ........... 237 

Fig. 8-92: Equivalence ratio of 71-A experiment measured by enhanced Phi-

meter ........................................................................................................... 237 

Fig. 8-93: O2, CO2, CO and THC (CH4 equivalent) concentrations in the 

compartment measured near the ceiling for 71-A experiment ................... 238 

Fig. 8-94: Approaching a torch naked flame to the flammable smoke 

exhausting the top vent at t=125 min to the smoke exhausting the 

compartment through the top vent to confirm the smoke mixture is 

flammable. This is observable as a pulse in the HRR plot (Fig. 8-88) 

at this time. ................................................................................................. 238 

Fig. 8-95: Photo of the 71-B experiment during when the hatch is open for 3 

minutes to let the fire to establish (immediately before closing the 

hatch) .......................................................................................................... 239 

Fig. 8-96: Heat release rate plot for 71-B experiment .............................................. 240 

Fig. 8-97: Thermocouple tree plot in time (minute) for front thermocouple tree 

(left) and rear thermocouple tree (right) for the 71-B experiment ............. 240 

Fig. 8-98: A: 20 seconds after closing the compartment hatch, B: 1 minute after 

closing the compartment hatch showing the decay of burning rate, C: 

at t=4 min showing the minimum HRR and D: at t=20 min showing 

the fire at peak HRR before transition to smouldering combustion .......... 241 

Fig. 8-99: Thermocouple height vs. temperature plot in 10 minutes time 

intervals for the 71-B experiment. The left plot is the temperature in 

different heights for the front thermocouple, and the right-side plot is 

the temperature in the rear thermocouple tree ........................................... 242 

Fig. 8-100: Fuel mass history for experiment 71-B over time (left), and mass 

loss rate of MDF crib fuel over 3 minutes moving average (right) ........... 242 



 

Experimental Investigation of the Smoke Explosion Phenomenon xvii

Fig. 8-101: Mass flow rates through compartment openings in time (left) and 

theoretical HRR with the assumption that all incoming oxygen is 

combusted inside the compartment vs. measured HRR for the 71-B 

experiment.................................................................................................. 243 

Fig. 8-102: Equivalence ratio of 71-B experiment measured by enhanced Phi-

meter .......................................................................................................... 244 

Fig. 8-103: O2, CO2, CO and THC (CH4 equivalent) concentrations in the 

compartment measured near the ceiling for 71-B experiment ................... 245 

Fig. 8-104: Heat release rate (kW) plot in time (minute) for 71-C experiment ....... 247 

Fig. 8-105: Thermocouple tree plot in time (minute) for front thermocouple 

tree (left) and rear thermocouple tree (right) for 71-C experiment ............ 247 

Fig. 8-106: Frames showing the moment when the weak flame ignited the 

formed premixed fuel mixture leading to ghosting flames and a smoke 

puff through the bottom vent (as well as a spike in HRR and 

temperature); this is considered as a weak propagation like the smoke 

explosion phenomenon. The frames are taken in 0.4 seconds intervals .... 248 

Fig. 8-107: Thermocouple height vs. temperature plot in 10 minutes time 

intervals for the 71-C experiment. The left plot is the temperature in 

different heights for the front thermocouple, and the right plot is the 

temperature in the rear thermocouple tree ................................................. 249 

Fig. 8-108: Fuel mass history for experiment 71-C over time (left), and mass 

loss rate of MDF crib fuel over 3 minutes moving average (right) ........... 249 

Fig. 8-109: Mass flow rates through compartment openings in time (left) and 

theoretical HRR with the assumption that all incoming oxygen is 

combusted inside the compartment vs. measured HRR for the 71-C 

experiment.................................................................................................. 249 

Fig. 8-110: Equivalence ratio of 71-C experiment measured by enhanced Phi-

meter .......................................................................................................... 251 

Fig. 8-111: O2, CO2, CO and THC (CH4 equivalent) concentrations in the 

compartment measured near the ceiling for 71-C experiment ................... 251 

Fig. 8-112: Heat release rate (kW) plot in time (minute) for 71-D experiment ....... 254 

Fig. 8-113: Thermocouple tree plot in time (minute) for front thermocouple 

tree (left) and rear thermocouple tree (right) for the 71-D experiment ...... 254 

Fig. 8-114: Thermocouple height vs. temperature plot in 10 minutes time 

intervals for the 71-D experiment. The left plot is the temperature in 

different heights for the front thermocouple, and the right-side plot is 

the temperature in the rear thermocouple tree ........................................... 254 

Fig. 8-115: Fuel mass history for experiment 71-D over time (left), and mass 

loss rate of MDF crib fuel over 3 minutes moving average (right) ........... 256 

Fig. 8-116: Mass flow rates through compartment openings in time (left) and 

theoretical HRR with the assumption that all incoming oxygen is 

combusted inside the compartment vs. measured HRR for the 71-D 

experiment.................................................................................................. 256 



 

xviii Experimental Investigation of the Smoke Explosion Phenomenon 

Fig. 8-117: Equivalence ratio of 71-D experiment measured by enhanced Phi-

meter ........................................................................................................... 257 

Fig. 8-118: O2, CO2, CO and THC (CH4 equivalent) concentrations in the 

compartment measured near the ceiling for the 71-D experiment ............. 257 

Fig. 8-119: Heat release rate (kW) plot in time (minute) for the 50-D 

experiment .................................................................................................. 259 

Fig. 8-120: Thermocouple tree plot in time (minute) for front thermocouple 

tree (left) and rear thermocouple tree (right) for the 50-D experiment ...... 259 

Fig. 8-121: Thermocouple height vs. temperature plot in 10 minutes time 

intervals for the 50-D experiment. The left plot is the temperature in 

different heights for the front thermocouple, and the right-side plot is 

the temperature in the rear thermocouple tree ........................................... 259 

Fig. 8-122: Fuel mass history for experiment 50-D over time (left), and mass 

loss rate of MDF crib fuel over 3 minutes moving average (right) ........... 260 

Fig. 8-123: Mass flow rates through compartment openings in time (left) and 

theoretical HRR with the assumption that all incoming oxygen is 

combusted inside the compartment vs. measured HRR for 50-D 

experiment .................................................................................................. 260 

Fig. 8-124: Equivalence ratio of 50-D experiment measured by enhanced Phi-

meter ........................................................................................................... 261 

Fig. 8-125: O2, CO2, CO and THC (CH4 equivalent) concentrations in the 

compartment measured near the ceiling for 50-D experiment ................... 261 

Fig. 9-1: MDF cribs (A to D) free-burn mass history over time .............................. 264 

Fig. 9-2: Free-burn fire with crib D at the transition point when flame appeared 

outside (above) the crib. The frames are extracted at 0.5 second 

intervals, with first frame taken at t=11.35 min after ignition ................... 264 

Fig. 9-3: MDF cribs (A to D) MLR versus the normalised mass of the crib, i.e., 

mass over the initial mass of the crib (30 seconds moving average) ......... 265 

Fig. 9-4: Burning rate of the MDF cribs in free burn condition to cribs porosity 

scaled and compared to the plot presented by Heskestad’s model [39] ..... 265 

Fig. 9-5: Burning rate of the MDF cribs in free burn condition to cribs porosity 

scaled and compared to the plot presented by Hu et al. [37] and Gross 

[38] ............................................................................................................. 266 

Fig. 9-6: Measured heat release rate (kW) over time for cribs A-D in the 

compartment with 100 mm diameter openings .......................................... 272 

Fig. 9-7: O2, CO2, CO and THC (CH4 equivalent) concentrations in the 

compartment measured near the ceiling for the 100-A experiment 

(left) and 100-D experiment (right) ........................................................... 274 

Fig. 9-8: O2 concentrations in the compartment measured near the ceiling for 

experiments with two 141 mm diameter openings .................................... 275 

Fig. 9-9: Mass loss rate of the experiments for experiments with two 141 mm 

diameter openings (10 minutes moving average) ...................................... 275 



 

Experimental Investigation of the Smoke Explosion Phenomenon xix

Fig. 9-10: Temperature in the mid-height (550 mm from the floor) in the rear 

corner of the compartment for the experiments that flaming 

combustion transitions to smouldering combustion, but no smoke 

explosion occurred ..................................................................................... 277 

Fig. 9-11: O2% overtime for the experiments that flaming combustion 

transitions to smouldering combustion, but no smoke explosion 

occurred...................................................................................................... 277 

Fig. 9-12: Indicative zones with different combustion regimes based on crib 

porosity and compartment ventilation condition. The zones are not 

scaled and are indicatively drawn based on the experiments conducted 

in this study ................................................................................................ 279 

Fig. 9-13: Temperature vs time comparison for MDF-crib experiments 

considering mid-height (550 mm above the floor) thermocouple in the 

rear thermocouple tree. .............................................................................. 281 

Fig. 9-14: Equivalence ratio for the MDF-crib experiments .................................... 282 

Fig. 9-15: Flammability diagram for 100-A, 100-B and 100-D experiments, 

based on compartment O2% and fuel concentration (aggregate value 

of CO% plus THC%). ................................................................................ 285 

Fig. 9-16: Close-up view of the flammability diagram for 100-A, 100-B, and 

100-D experiments, based on compartment O2% and fuel 

concentration (aggregate value of CO% plus THC%). .............................. 286 

Fig. 9-17: Close-up view of the flammability diagram for 100-A, 100-B, and 

100-D experiments, after the first smoke explosion and the changes of 

gas concentrations that lead to the occurrence of the second smoke 

explosion (red-data points) ........................................................................ 287 

Fig. 9-18: Close-up view of the flammability diagram for 71-A, 71-B, and 71-

C experiments, before and when they enter the flammable region, 

although not led to occurrence of smoke explosion................................... 288 

Fig. 9-19: MDF-crib MLR (kg/s) averaged between 30% to 70% of the crib’s 

mass loss over the novel ventilation parameter for enclosure with two 

openings (introduced in Chapter 3) normalised over free burn mass 

loss rate. The data points are compared to the theoretical pyrolysis rate 

introduced in Eq. 60 ................................................................................... 290 

Fig. 9-20: Measured HRR (kg/s) averaged between 30% to 70% consumption 

of fuel, versus theoretical HRR .................................................................. 290 

Fig. 9-21: CO% as a function of ER for LPG fuel based on the experiment 

conducted in a compartment with two 100 mm openings and 

increasing LPG flow rate. A linear averaged value is presented with an 

R2 error function of 94%. ........................................................................... 291 

Fig. 9-22: THC% as a function of ER for LPG fuel based on the experiment 

conducted in a compartment with two 100 mm openings and 

increasing LPG flow rate. A linear averaged value is presented with an 

R2 error function of 96%. ........................................................................... 292 

Fig. 9-23: CO% as a function of ER for MDF fuel based on various 

experiments with multiple types of cribs and compartment ventilation 



 

xx Experimental Investigation of the Smoke Explosion Phenomenon 

opening. Each data point is the ER, and CO% is for two minutes 

moving average. A linear averaged value is presented with an R2 error 

function of 85%. ......................................................................................... 292 

Fig. 9-24: THC% as a function of ER for MDF fuel based on various 

experiments with multiple types of cribs and compartment ventilation 

opening. Each data point is the ER, and THC% is for two minutes 

moving average. A linear averaged value is presented with an R2 error 

function of 78%. ......................................................................................... 293 

Fig. 9-25: O2% as a function of ER for MDF fuel based on various experiments 

with multiple types of cribs and compartment ventilation opening. 

Each data point is the ER and O2% is for two minutes moving 

average. ...................................................................................................... 294 

Fig. 9-26: Plot of MLR (left-side) and temperature (right-side) for the 100-B-i 

and 100-B-ii experiments (repeated experiment). The MLR is 

averaged over 2 minutes to eliminate the noise. The temperature plot 

is the temperature recorded from the mid-height (550 mm height from 

floor) in the rear thermocouple tree ........................................................... 296 

Fig. 9-27: Plot of HRR (left-side) and equivalence ratio (right-side) for 100-B-i 

and 100-B-ii experiments (repeated experiment) ....................................... 296 

Fig. 9-28: Plot of O2, CO2, CO and THC gas concentrations for 100-B-i and 

100-B-ii experiments .................................................................................. 296 

Fig. 9-29: Plot of MLR (left-side) and temperature (right-side) for 100-D-i and 

100-D-ii experiments (repeated experiment). The MLR is averaged 

over 2 minutes to eliminate the noise. The temperature plot is the 

temperature recorded from the mid-height (550 mm height from floor) 

in the rear thermocouple tree ..................................................................... 298 

Fig. 9-30: Plot of HRR (left-side) and equivalence ratio (right-side) for 100-D-i 

and 100-D-ii experiments (repeated experiment) ...................................... 298 

Fig. 9-31: Plot of air mass flow rate of the incoming air through the bottom 

opening of the compartment overtime for 100-D-i and 100-D-ii 

experiments ................................................................................................ 298 

Fig. 9-32: Plot of O2, CO2, CO and THC gas concentrations for 100-D-i and 

100-D-ii experiments ................................................................................. 299 

Fig. 10-1: Flowchart of development of fire and smoke explosions of this study ... 307 

 



 

Experimental Investigation of the Smoke Explosion Phenomenon xxi

List of Tables 

Table 2-1: Summary of the stoichiometric ratios of the fuels used in this work 

[15] ............................................................................................................... 19 

Table 3-1: MDF crib sample types used in the experiments ...................................... 41 

Table 3-2: MDF crib sample types used in the experiments ...................................... 43 

Table 3-3: Summary of experiments .......................................................................... 55 

Table 3-4: Comparison between air inflow and pyrolysis rate for enclosure 

with two vents and single vent enclosure .................................................... 67 

Table 4-1: Results with the initial smoke generator (no sustained flammable 

smoke at the exhaust) ................................................................................... 83 

Table 4-2: Results with the revised smoke generator with side air-pump and 

vent holes (leading to have sustained flammable smoke at the exhaust 

for experiments with 6 to 8 litre/min) .......................................................... 83 

Table 5-1: Literature review of the pyrolysis experiments that reported MDF 

pyrolysate gas yields .................................................................................... 92 

Table 5-2: Literature review of the experiments that reported wood pyrolysate 

gas yields ...................................................................................................... 93 

Table 5-3: Methane airline flammability testing results to validate the 

flammability test method ............................................................................. 98 

Table 5-4: MDF and plywood sample types used in the experiments of this 

study and mass loss due to pyrolysis ........................................................... 99 

Table 5-5: Flammability limits, limiting oxygen concentration (LOC) found by 

experiments for pyrolysate gases of MDF and plywood ........................... 112 

Table 6-1: List of all instruments used in the experiments and introduced to the 

UDL ........................................................................................................... 121 

Table 6-2: List of analyser sets used for the experiments ........................................ 125 

Table 6-3: Uncertainty of instruments used for equivalence measurement by 

the enhanced Phi-meter .............................................................................. 132 

Table 6-3: MDF crib codes and properties with crib “A” being the most porous 

and crib “E” being the least porous crib .................................................... 137 

Table 6-4: Final experiments matrix based on crib types and opening diameters 

( for experiments that are repeated  experiments done once, and 

 for no experiment) .................................................................................. 138 

Table 6-5: Flow rates of methane, air and oxygen used for Phi-meter 

verification ................................................................................................. 143 

Table 8-1: Summary of gas concentrations for 100-A experiments before the 

occurrence of the smoke explosions and whether the mixture 

flammable (above LFL) ............................................................................. 206 



 

xxii Experimental Investigation of the Smoke Explosion Phenomenon 

Table 8-2: Summary of gas concentrations for 100-B experiments before the 

occurrence of the smoke explosions and whether the mixture 

flammable (above LFL) ............................................................................. 214 

Table 8-3: Summary of gas concentrations for 100-D experiments before the 

occurrence of the smoke explosions and whether the mixture 

flammable (above LFL) ............................................................................. 228 

Table 8-4: Summary of gas concentrations for 71-C experiments before the 

occurrence of a weak smoke explosion and whether the mixture 

flammable (above LFL) immediately after this incident ........................... 252 

Table 9-1: Summary of all MDF-crib experiments in the compartment with the 

focus on Smoke Explosion occurrence and its consequences .................... 267 

Table 9-2: Summary of all MDF-crib experiments in the compartment with the 

focus on gas concentrations prior to the occurrence of smoke 

explosions ................................................................................................... 284 

Table 9-3: Summary of repeatability assessment for the repeated experiments ...... 295 

 



 

Experimental Investigation of the Smoke Explosion Phenomenon xxiii

List of Abbreviations 

ASTM: American Society of Testing and Material 

ER: Equivalence Ratio 

FID: Flame Ionisation Detector 

FTIR: Fourier Transform Infrared 

FTT: Flammability Test Tube 

GER: Global Equivalence Ratio 

HRR: Heat Release Rate 

LFL: Lower Flammability Limit 

LOC: Limiting Oxygen Concentration 

LPG: Liquified Petroleum Gas 

LPM: Litres per minute 

MDF: Medium Density Fibreboard 

MFR: Mass Flow Rate 

MFC: Mass Flow Controller 

MLR: Mass Loss Rate 

NDIR: Non-Dispersive Infra-Red 

NFPA: National Fire Protection Association 

PER: Plume Equivalence Ratio 

SFPE: Society of Fire Protection Engineering 

SHS: Square Hollow Section 

TGA: Thermogravimetric Analysis 

THC: Total Hydrocarbon 

UDL: Universal Data Logging 

UFL: Upper Flammability Limit 



 

xxiv Experimental Investigation of the Smoke Explosion Phenomenon 

List of Nomenclature 

� Correction factor for volume flow through mass flow controller (-) ∅ Equivalence ratio (-) ∅
��  Equivalence ratio corresponding to the added oxygen by the phi-meter 

oxygenator (-) � Air density at ambient conditions (kg/m3) ρ� Density of ambient air (kg/m3)  ρ� Density of gases (kg/m3) 

A Vent area of one opening in enclosure with two identical openings (m2) �� Compartment vent area (m2) �� Orifice plate coefficient (kg0.5m0.5K0.5) ��
 Constant pressure specific heat of CO (J/gK) ��
� Constant pressure specific heat of CO2 (J/gK) ��� Constant pressure specific heat of N2 (J/gK) �
� Constant pressure specific heat of O2 (J/gK) �
� Depletion rate of oxygen (-) ����.� Yield of residual soot over the theoretical maximum yield of residual soot 

(-) ��
 Yield of CO over the theoretical maximum yield of CO (-) ��
� Yield of CO2 over the theoretical maximum yield of CO2 (-) ����  Yield of hydrocarbons over the theoretical maximum yield of 

hydrocarbons (-) g Gravitational acceleration in earth (m/s2) �� Height of the opening in enclosures with a single opening (m) h! Height of the bottom opening (m) h� Distance between the base of the top and bottom openings (m) h" Distance between the base of the bottom opening to the top of the top 

opening (m) h# Height of the neutral plane from the base of the bottom opening (m) ∆h% Distance between the centre of the vents in an enclosure with two 

openings (m) ∆H' Heat of combustion (kJ/kg)  () Theoretical maximum value for the yield of species “i” (-) *) Molecular weight of species “i” (kg/kmol) m+  Burning rate (kg/s) m+ � Mass flow rate of incoming air (kg/s) m+ , Mass flow rate of the fuel (kg/s)  m+ � Mass flow rate of gases outflow (kg/s)  m+ - Mass flow rate of the gas species “i” (kg/s)  m+ . Pyrolysis rate (kg/s)  m+ /, Rate of the burned fuel portion of the pyrolysis rate (kg/s)  m+ 0/, Rate of the unburned fuel portion of the pyrolysis rate (kg/s)  1+ 2
�3�  Stoichiometric oxygen molar flow rate (mol/s) 1+ 2
�3�  Molar flow rate of the added oxygen by the phi-meter oxygenator (mol/s) 1+ 2
�34  Ambient oxygen molar flow rate (mol/s) 



 

Experimental Investigation of the Smoke Explosion Phenomenon xxv

1+ 2
�3 Oxygen molar flow rate at oxygen analyser of the phi-meter (mol/s) 1+ 2��34  Ambient nitrogen molar flow rate (mol/s) 1+ 2��3 Nitrogen molar flow rate (mol/s) 

P Porosity (cm) 5 Pressure (Pa) 5
��  Pressure of the added oxygen stream (Pa) ∆5� Pressure difference at compartment circular vent (Pa) Q+  Heat release rate 2kW3 

r  Stoichiometric ratio of the fuel/air  9 Ideal gas law constant (8.205×10-5) (m3/K.mol) 

Rr  Unconfined burning rate of crib :; <= > ?
��  Pressure of the added oxygen stream (K) ? Temperature (K) 

tE Time it takes to the occurrence of the first smoke explosion in an 

experiment (minute) 

TE0 Temperature measured by the rear top (950 mm height) thermocouple 

before the occurrence of the first smoke explosion (K) 

TE1 Temperature measured by the rear top (950 mm height) thermocouple 

after the occurrence of the first smoke explosion (K) T� Ambient air temperature (K) T� Temperature of gases inside the enclosure (K) A+  Volumetric flow rate of the total sample flow (m3/s) A+2
�3�  Volumetric flow rate of the added oxygen stream (m3/s) B+2��3 Nitrogen mole fraction (-) B+2��34  Nitrogen mole fraction at ambient air i.e., ~ 0.79 (-) B+2
�3 Oxygen mole fraction during the experiment measured at O2 analyser (-)  B+2
�34  Oxygen mole fraction in ambient air (without extra oxygen) (-) B+2�
�3 Carbon dioxide mole fraction during the experiment measured at CO2 

analyser (-) B+2�
�34  Carbon dioxide mole fraction at ambient air i.e. ~ 0 (-)  B+2�
3 Carbon monoxide mole fraction during the experiment measured at CO 

analyser (-) B+2�
34  Carbon monoxide mole fraction at ambient air i.e. ~ 0 (-) B+2
�3)  Oxygen mole fraction in the outlet with the oxygen added by phi-meter 

oxygenator when no fuel sample is introduced (-) B),E�F Wet mole fraction of the species “i” (-) G) Combustion yield of species “i” (-) 
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Chapter 1: Introduction 

1.1 GENERAL 

Buildings are expected to protect the occupants from potential undue harm. 

However, the buildings themselves may cause harm in seismic or unwanted fire events. 

Unwanted fires that could escalate within the building and endanger life safety and 

structural stability are one of the ever-existing building risks. The building codes 

regulate the minimum requirements to mitigate the credible risks associated with the 

built environment to save lives and assets. One of the key objectives of the building 

codes is to provide life safety for the occupants of the building in the event of a fire. 

Other objectives often are the protection of the neighbouring properties from fire 

spread and firefighters' safety. 

The study of fire behaviour is essential to the life safety of the building occupants 

and firefighters. The most common objective in providing life safety to the building 

occupants is to ensure a safe escape. On the other hand, the most common purpose for 

firefighters is to rescue lives and properties from fire without endangering their lives. 

While finding statistics and reports for the firefighter injuries and fatalities around the 

globe is difficult, in the United States, the average number of on-duty firefighters' 

deaths is 65 casualties per year between 2014 to 2018 [1]. 

Although the firefighters in different regions use different approaches to fight 

the fire, they often base their expectations of how the fire will behave on their 

experience. The visible flame and colour of the smoke gases are key indicator's 

firefighters rely on, to interpret the fire characteristics. However, not all fires are 

similar, and the development of fire in a building is dependent on various parameters. 

While having a small number of fires is desirable for the community, firefighters have 

limited opportunities to gain the experience necessary to develop a sound 

understanding of fire behaviour through experience alone. Compartment fires can lead 

to various scenarios depending on the fuel type, arrangement and quantity, access to 

the oxygen, compartment material, and any fire suppression system activation. Being 

able to anticipate fire and smoke behaviour will help prevent the firefighter injuries 

and fatalities in fire operations. 
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1.2 BACKGROUND 

A fire within a room or enclosed space is generally referred to as a compartment 

fire. In a compartment fire with no extinguishing agent intervention, the released 

energy from the fire that corresponds to its significance will be controlled by the 

amount of available fuel (fuel-controlled) or oxygen (ventilation-controlled). If 

adequate fuel and oxygen are available in the compartment, a local fire can grow to 

involve the compartment fully, typically referred to as flashover, after which all 

combustible materials within the compartment could transition to gas and burn. In post 

flashover conditions, the energy release rate typically stops growing as the 

compartment fire becomes ventilation-controlled (fuel-rich or oxygen-lean). It is 

accepted that the smoke species of an oxygen-lean fire vary significantly from the 

smoke of a well-ventilated fire of the same fuel [2]. 

According to the ASTM E176: Standard Terminology of Fire Standards, smoke 

is defined as "the airborne solid, and liquid particulates and gases evolved when a 

material undergoes pyrolysis or combustion" [3]. Measuring the toxic components of 

smoke has attracted significant research interest in the past few decades as these toxic 

components of smoke, such as CO and HCN are the significant contributors to 

fatalities in compartment fires [4].  The composition of these combustion products 

varies depending on the fuel, ventilation conditions, and temperature. 

Although the smoke composition is primarily crucial in fire safety engineering 

from a toxicity perspective, smoke can also play an essential role in fire spread and in 

the possibility of having a deflagration of the compartment fire gases. The 

accumulation of fuel-rich smoke may lead to a deflagration without any warnings that 

can cause structural damage and endanger firefighters' safety. Such observations lead 

to the concept of "smoke is fuel", which is found in firefighters' tactical trainings [5].  

The phenomena that cause such deflagration are indistinct within the industry, 

and terms such as delayed flashover, backdraft or smoke explosion are often used in 

the literature ambiguously or synonymously. A statistical report has recorded that 47 

U.S. firefighters lost their lives due to flashover between 1985 and 1994 [6]. Another 

report has recorded that 11 U.S. firefighters lost their lives due to backdraft or 

flashover between 2009 to 2018 [7]. The concept of flashover has been used within 

the fire industry in the past 50 years; however, inconsistencies in its terminology still 

exist in different publications. The precise definition of the flashover is still under 
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debate and various literature and standards define it differently. An example is the 

difference between the definition of the flashover in various NFPA Standards, such as 

NFPA 101, NFPA 921 and ISO 13943 standard [8, 9, 10]. Some literature consider 

flashover as a transition phase in the development of compartment fire (e.g., NFPA 

921 and ISO 13943), while others consider it as a compartment fire stage (e.g., NFPA 

101) [8, 9]. Although this paragraph intends to emphasise the ambiguity of this topic, 

it is worth noting that the definition of ISO 13943 for flashover is considered for this 

study which is, "the transition to a state of total surface involvement in a fire of 

combustible materials within an enclosure" [10].  

The other example relevant to this thesis's topic is the ambiguity between the 

backdraft and smoke explosion phenomenon. An example for this is NFPA 921: Guide 

for Fire and Explosion Investigation, which uses the terms backdraft, and smoke 

explosion synonymously [8], and this ambiguity contributes to the inherent difficulty 

of the post-fire incident investigations for fires in which deflagration occurred that 

could have potentially been a backdraft, smoke explosion, explosion of stored fuel or 

even structural collapse leading to a dust cloud or flame propagation. There are 

multiple videos on social media (e.g., YouTube [11, 12]) showing the occurrence of 

deflagrations endangering firefighter safety. The analysis of deflagrations in actual fire 

incidents often involves speculations and rarely is a robust root cause analysis. 

One of the most notable documented examples of a smoke gas explosion is the 

explosion occurring in a warehouse fire at the Chatham Dockyards in the U.K. in 1974. 

The incident claimed the lives of two firefighters and injured four others from the Kent 

Fire Brigade. The building was a three-storey building, and at the arrival of the fire 

brigade, the fire was engulfed the storerooms on the ground floor. The main storeroom 

in the fire was reported to contain 178 foam mattresses as well as cleaning equipment. 

The second level was reported as being empty. Before the explosions, firefighters 

searched throughout the enclosure of fire reported no flaming combustion. In the 

search, a half a meter thick upper layer smoke was observed in the storeroom. Smoke 

was also observed leaking out through the windows of the main storeroom. Although 

the fire source was not apparent, an unforeseen explosion was reported to be large 

enough to break the windows [13]. 

In the 1990s, the process of backdraft was studied in detail by Fleischmann et al. 

[14]. At about the same time, other research was carried out about the backdraft in 
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Sweden, Japan, and the U.K. due to the raised concerns for the firefighters' safety. 

Drysdale has provided a clear distinction between the flashover and backdraft as 

follows. "Backdraft is preceded by burning under conditions of very poor ventilation 

and is initiated by the sudden influx of air when a door opens or a window breaks. The 

development of flashover occurs under conditions where a fire in a compartment 

already has adequate ventilation" [15]. 

To date, many academic studies have been carried out concerning backdraft, but 

the distinction between the backdraft and smoke explosion is not entirely characterised 

[16, 17, 18, 19, 20, 21]. The smoke explosion is briefly described in a few fire 

dynamics texts but is often considered synonymous with backdrafts [15, 22]. Other 

authors that distinguished smoke explosions from backdraft noted that this 

phenomenon generally occurs remote from the fire or when gases from a compartment 

fire are leaked into an adjacent compartment, mixing with air in an adjacent space 

creating a flammable mixture and deflagration in the presence of an ignition source 

[23].  

Experimental research about smoke explosion phenomena started at the 

University of Canterbury in 1999 by Sutherland [24]. Sutherland has found a range of 

fuel and compartment ventilation conditions that led to smoke explosions [24]. He 

showed that under the right conditions a smoke explosion can occur in a compartment 

fire with MDF crib fuel without a change in ventilation. Sutherland's experiments were 

complemented by Chen's research in 2013 [25]. Chen conducted a series of 

experiments with various fuel elevation, fuel type and ventilation conditions on the 

occurrence of smoke explosions and measured heat release rate and mass loss rate of 

the fuel. Following these studies, the definition of the smoke explosion was presented 

as an explosion of the accumulated gases with no change in the compartment's 

ventilation [26]. It was noted that while backdrafts and smoke explosions share many 

commonalities that occur in limited oxygen conditions such as fuel-rich smoke gas 

mixture and deflagration of the flammable gases, there is one primary difference: the 

ventilation condition [26]. In a backdraft, the compartment is filled with fuel-rich 

combustible gases but very little oxygen. For there to be a backdraft, there must be a 

change in the ventilation of the structure (e.g., opening a door or a window break), 

which allows a rapid ingress of the oxygen-rich air to flow into the compartment 

mixing with combustible gases in the upper layer, leading to a deflagration upon 
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contact with an ignition source. However, smoke explosion occurs with no physical 

change to the ventilation of the compartment. 

1.3 RESEARCH MOTIVE  

The author believed more research was needed for understanding of the smoke 

explosion phenomena and its precursors, which was the incentive for this research. 

Understanding the smoke explosion's physics could help identify its warning signs, 

develop preventive measures, and mitigate smoke explosion risks. 

1.4 RESEARCH AIM  

This research aimed to quantify the flammability characteristics of the 

combustion products within a compartment fire with severely limited ventilation and 

to use these flammability characteristics to understand smoke explosion precursors. 

This research kept its focus on the smoke explosion phenomenon to obtain a better 

understanding of its process. A better understanding of the smoke explosion 

phenomenon will raise firefighters' awareness of this phenomenon, its causes, and 

potential consequences. 

1.5 RESEARCH METHODOLOGY  

This research is a continuation of the works of the previous researchers in the 

University of Canterbury who worked on the topic of Smoke Explosion, i.e., 

Sutherland [24] and Chen [25]. A full analytical study is completed on previous 

relevant research before running new experiments. Moreover, previous researchers 

outlined multiple challenges for the compartment fires experiments that led to smoke 

explosions, which are resolved in this study. 

This research started with assessing and analysing the previous experimental 

results. It then pursued by designing new experiments for flammability and smoke 

explosion tests. The previous challenges with instrumentation are attempted to 

overcome by setting up a new gas conditioning system to measure smoke gases. A Phi-

meter apparatus is developed to characterise the equivalence ratio of the compartment 

fire; all in all, to assist in finding a better understanding of the smoke explosion 

phenomenon. 

The research methodology has been broken down into the following steps and 

followed in the written order: 
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i. A comprehensive analysis of the previous smoke explosion research 

which is published as below article [27]: 

• S. Rasoulipour, M. Delichatsios, C. Fleischmann and Z. Chen, 

"Experimental Investigation of Underventilated Fires in Enclosures with 

Two Front Vertical Openings and Occurrence of Smoke Explosions," 

Fire Safety Journal, 2020 

ii. Finding the flammability diagram of timber smoke to help assessing the 

flammability of smoke in a compartment fire. The efforts towards finding 

a procedure to obtain flammability limits of smoke/pyrolysis products 

are published as below articles [28, 29]: 

• S. Rasoulipour, C. Fleischmann and S. Spearpoint, "The Flammability of 

Smoke in Underventilated Compartment Fires", 14th International 

Conference and Exhibition on Fire Science and Engineering - Interflam 

2016, Windsor, UK 

• S.Rasoulipour, C. Fleischmann, Mercieca L., Adams N., "Flammability 

of Engineered Wood Pyrolysis Gases at Anaerobic Condition", Fire 

Safety Journal, 2021 

iii. Developing a gas conditioning and analysing system for real-time 

measurements of O2, CO2, CO and hydrocarbon concentrations. Also, 

developing an enhanced Phi-meter apparatus for real-time measurements 

of the global equivalence ratio of the compartment fire. This part of the 

research is published as below article [30]: 

• S. Rasoulipour, A. Parkes, C. Fleischmann, “Enhancing the Phi-meter by 

incorporating carbon dioxide measurements”, Fire Safety Journal 2022 

iv. Conducting underventilated compartment fire experiments with timber 

fuel that led to smoke explosions to characterise the smoke explosion 

precursors. This objective required developing a gas conditioning system 

for real-time measurements of the smoke species and equivalence ratio 

within the compartment. 

1.6 THESIS STRUCTURE AND OVERVIEW 

This thesis is structured to have 11 chapters. 

1. Chapter 1 (this chapter) is an introduction to the thesis that provides 

information about the research topic's background and describes the current 

research gaps that this thesis aimed to address. The research methodology, 
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research objectives and articles published as part of the research are listed. 

Lastly, the thesis structure and an overview of each chapter are provided.  

2. Chapter 2 is intended to review the pieces of literature that are used for this 

work. The theoretical information described in Chapter 2 is used in the thesis's 

later chapters for measurements and analytical works. Chapter 2 starts by 

reviewing the compartment fire theories with an emphasis on the 

underventilated compartment fire behaviour. This chapter describes the 

combustion chemistry and flammability diagram to the extent that is relevant 

for this study and the definition and practicality of using the equivalence ratio. 

As timber cribs are planned to be used, a review of the effect of crib porosity 

on the heat release rate is provided. Lastly, the theoretical background for 

measuring the heat release rate using the oxygen depletion method used for the 

experimental study is re-produced from the literature. 

3. Chapter 3 is a reproduction of the following published article [27]: 

• S. Rasoulipour, M. Delichatsios, C. Fleischmann and Z. Chen, 

"Experimental Investigation of Underventilated Fires in Enclosures with 

Two Front Vertical Openings and Occurrence of Smoke Explosions," 

Fire Safety Journal, 2020 

This chapter summarises the  review and analytical works conducted on the 

experimental results obtained by Chen [25]. An analytical method is developed 

to quantify the heat release rate (HRR) and air inflow rate for underventilated 

fires in compartments with two openings based on a novel ventilation 

parameter. The effect of wood crib type, location, and the ventilation size on 

the HRR and mass loss rate (MLR) are analysed. Moreover, a qualitative 

explanation for the smoke explosion phenomenon based on previous research 

is provided. 

4. Chapter 4 is a reproduction of the following published article [28]: 

• S. Rasoulipour, C. Fleischmann and S. Spearpoint, "The Flammability of 

Smoke in Underventilated Compartment Fires", 14th International 

Conference and Exhibition on Fire Science and Engineering - Interflam 

2016, Windsor, UK 

Chapter 4 describes the exploratory experiments conducted to develop a novel 

bench-scale smoke generating apparatus to measure the air/fuel ratios that 

generate flammable smoke. The objective was to find a routine procedure to 
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determine the flammability limits of the smoke of various fuels during the 

combustion process. The experimental procedure and the results are attained 

from the developed smoke generator apparatus. Although this apparatus 

provided insight regarding timber smoke flammable mixtures, there were some 

challenges to characterise the flammability of smoke by using such purpose-

built smoke generator apparatus. These challenges led to developing a 

pyrolysis gas generating apparatus and a flammability test apparatus, as 

described in Chapter 5. 

5. Chapter 5 is a reproduction of the following published article [29]: 

• S.Rasoulipour, C. Fleischmann, Mercieca L., Adams N., "Flammability 

of Engineered Wood Pyrolysis Gases at Anaerobic Condition", Fire 

Safety Journal, 2021 

In Chapter 5, the construction of a novel gas generating apparatus to test the 

flammability of pyrolysate gas of thermally decomposed materials is 

described. Also, a flammability test apparatus similar to the standard apparatus 

developed by the U.S. Bureau of Mines is developed and used to find the 

flammability diagram of timber pyrolysis. The validation method of the 

flammability test apparatus is described, and the flammability diagrams for 

MDF and plywood fuels are plotted. These results are compared to the 

flammability limits found using the available gas yields information in the 

literature. The ratios of air to timber pyrolysis in which the mixture is 

flammable, and the limiting oxygen concentration (LOC) for timber pyrolysate 

fuel is found in this chapter. 

6. Chapter 6 details the experimental setup and instrumentation for the smoke 

explosion experiments conducted as part of this research. The experiments 

matrix based on the fuel type and compartment ventilation is provided. The 

compartment with two openings used by Chen [25] is refurbished and used for 

the smoke explosion experiments; however, the instrumentation was enhanced 

by utilising a new gas conditioning system inclusive of a Flame Ionisation 

Detector (FID) hydrocarbon analyser and an enhanced Phi-meter using heated 

sample lines. In this chapter, schematics, exploded sketches, and process flow 

diagrams are used to show the dimensions and visual aids. The operational 

diagrams and procedures followed for consistent execution of the experiments 
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are detailed to help mimic the experiments in future. The full description of the 

enhanced Phi-meter is detailed separately in Chapter 7. 

7. Chapter 7 is a reproduction of the following published article [30]: 

• S. Rasoulipour, C. Fleischmann, A. Parkes, “Enhancing the Phi-meter by 

incorporating carbon dioxide measurement”, Fire Safety Journal, 2022 

Chapter 7 describes the Phi-meter setup and the enhanced Phi-meter 

development with CO2 and CO species measurements. The benefits of the 

enhanced Phi-meter are described, and the theoretical work is explained to 

adjust the Phi-meter formulas to be used for enhanced Phi-meter with CO2 and 

CO species measurements. The Phi-meter measurements verification process 

is described, and ultimately the equivalence ratios (ER) of the compartment 

fires with various fuel types are used to interpret the fire behaviour. In this 

chapter, the results of the propane gas and MDF crib fire experiments 

conducted as part of this research are used to provide a broad spectrum of ER 

measurements in compartment fires with different fuel types. 

8. Chapter 8 describes the propane gas fire and MDF crib fire experimental 

results. Each experiment conducted is separately explained, and the 

observations of the fire behaviour are reported for each compartment fire 

experiment. The key results for each experiment are plotted over time and 

described including, HRR, temperatures, MLR, air/gas flow rates, ER, and gas 

concentrations. 

9. Chapter 9 is the analysis and discussion for the results provided in Chapter 8. 

Tables are provided to summarise the critical parameters of experiments. 

Parameters in different experiments are plotted against each other to analyse 

how the fuel type and ventilation affect each parameter. The experiments in 

which smoke explosion occurs are compared with the ones with no smoke 

explosion to characterise pre-requisites that lead to the smoke explosions. The 

compartment pressures at smoke explosions are compared in relation to the 

duration of the smouldering fire before the smoke explosion, gas 

concentrations and compartment temperature.   

10. Chapter 10 provides a conclusion for all that is covered in the thesis and the 

key findings. 



 

10 Chapter 1: Introduction 

11. Chapter 11 provides insight for the future studies that can be conducted to 

complement the studies for this thesis.
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Chapter 2: Literature Review 

This chapter provides a review of the relevant literature to accomplish the 

research goal. This chapter starts with a review of different compartment fire regimes, 

i.e., fuel-controlled and ventilation-controlled regimes; with a focus on 

underventilated compartment fire behaviour. The effect of fuel porosity on the 

pyrolysis rate is reviewed which is commonly known as the third fire regime. The fuels 

and their combustion chemistry are reviewed, focusing on timber cribs and the effect 

of their geometry on the burning rate. The flammability diagram and theories for 

equivalence ratio are summarised to the extent used in this thesis. The theoretical 

background for measuring the heat release rate using the oxygen depletion method 

used for the experimental study is reproduced from the literature. Lastly, a literature 

review provided for the compartment fire deflagrations with a focus on the smoke 

explosion phenomenon. 

2.1 COMPARTMENT FIRES  

“Compartment Fire” is the term used in fire engineering studies for when a fire 

started and is confined within an enclosure or a room. Understanding the behaviour of 

compartment fires is fundamental in the study of fire engineering. Also, 

comprehending compartment fires is essential for understanding the building 

performance in fire characterised by building compartmentation geometry and the 

combustion process. The classical development of the compartment fires was subject 

to numerous researches in decades that emerged primarily since the mid-20th century. 

These studies evolved the building code requirements and transformed the fire safety 

requirements of the built environment. 

Compartment fires have fire growth histories sketched as shown by the solid or 

the solid and dashed or dotted lines in Fig. 2-1. The compartment fire initiates with the 

ignition and starts with an incipient phase in which the fire growth and HRR are low. 

The governing factors to characterise the incipient phase are not well researched, and 

often design fires are assumed to start past the incipient stage when the fire starts to 

grow. The growth rate generally follows the curve of the free-burn condition unless 

the fire is in a relatively small compartment. The growth rate depends on the fuel's 



 

12 Chapter 2: Literature Review 

characteristics, including the energy release of the fuel material and the fuel geometry. 

In the growth phase (pre-flashover stage), the average compartment temperature is 

relatively low, and the flame is localised to the burning zone. 

 

Fig. 2-1: HRR histories for compartment fire development scenarios [27] 

If the fire does not extinct in the growth stage (green dotted line in Fig. 2-1), the 

growth rate of the fire continues to an extent controlled by the quantity of available 

fuel or by the compartment ventilation. Where sufficient fuel and ventilation are 

available, the burning zone and growth rate rise, and the gas layer temperature near the 

ceiling and compartment average temperature increase. The heat radiation of the high-

temperature gas layer to the exposed combustible material within the room causes 

combustible material to decompose, leading to a nearly simultaneous rapid ignition of 

the pyrolysed fuel in regions away from the initial burning zone which is called 

flashover. Flashover often leads to a fully developed compartment fire and the 

compartment fire after this transition is referred to as post-flashover compartment fire. 

Flashover happens in a short timeframe compared to the duration of compartment fire, 

hence considered a determined physical event. Following flashover, the compartment 

reaches its maximum HRR if ventilation is held constant. 

In post-flashover fire conditions, when the compartment is over-ventilated (solid 

line), the fire transitions through flashover into a fully developed phase which ends 

with a decay phase as all fuel is consumed. In this case, the maximum heat release rate 

depends on the enclosure’s total fuel load energy density and geometry. However, 
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many compartment fires following flashover are ventilation-controlled (red dashed 

line in Fig. 2-1) because not enough air flows into the compartment for complete 

combustion. In this case, the maximum heat release rate is determined by the 

consumption of all oxygen in the inflow air. The unburned fuel inside the compartment 

may burn as it comes outside from the compartment as an external flame or persists as 

unburned fuel. The inflow of air to the enclosure varies with the size and location 

(vertical or horizontal) of the opening and the number of openings [31, 32]. 

If the inflow of air decreases for smaller openings, either: 

• an extinction of fire can occur (as shown in Fig. 2-1 in green dotted line) or, 

• flame oscillations can occur as shown in the works by Tekada et al. [32] or 

Utiskul et al. [33], which is not shown in Fig. 2-1, or  

• sometimes smoke explosions can happen as the burning rate of the fuel and 

ignition of gases in the enclosure interacting with the inflow of the air in an 

unstable way (as shown in Fig. 2-1 in blue dashed line) [24, 25, 26]. The 

HRR history in a scenario where a smoke explosion occurs is also shown in 

Fig. 2-1 by the current work as explained in later chapters. As shown in Fig. 

2-1, HRR decreases before the smoke explosion because the consumption 

of oxygen inside the compartment is reduced [27]. 

2.2 PYROLYSIS RATE IN REGIME I (VENTILATION-CONTROLLED) 

AND REGIME II (FUEL-CONTROLLED) 

One of the earliest research topics of the compartment fires was developing time-

temperature curves in compartments and understanding the effect of fuel load on the 

severity of the compartment fires. In 1958, Kawagoe summarised and published a 

decade of experimental work that started in 1948 on the fully developed fires in Japan. 

Kawagoe works involved small (0.4 m × 0.4 m × 0.2 m) to large scale (up to 3 m) 

cubic shape compartment fires in different ventilation conditions. Kawagoe 

established the correlation between the fuel (waste timber) burning rate to the 

ventilation factor of ��H�� in which �� is the opening area and �� is the height of the 

opening. The cubical shape experiments and fuel to compartment surface area ratio 

were chosen to reasonably expect a uniform compartment temperature. Kawagoe 

correlation for the burning rate of fuel in a ventilation-controlled compartment is as 

below for a compartment with a single opening: [34] 
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I+ J = 0.092  ��H��   ~ 0.1��H�� Eq. 1 

The Kawagoe ventilation factor 2��H��3  is known as the fundamental variable 

of the compartment fire burning rate. However, Eq. 1 was later proven not to remain 

correct for all compartment and ventilation geometries. Thomas et al. demonstrated 

that the Kawagoe correlation does not remain valid for all geometries, specifically 

when the compartment's ventilation is relatively large that fire becomes fuel-

controlled. Thomas et al. later provided a distinction between these two regimes by 

referring to them as Regime I (ventilation-controlled) in which Kawagoe correlation 

can be considered valid and Regime II (fuel-controlled), where burning rate 

predominantly depends on the pyrolysis rate governed by fuel properties and the fuel 

geometry [35, 36]. Regime II compartment fires is in general less severe due to lower 

temperatures (higher temperature loss rate to ambient) and shorter burn out time 

(higher burning rate). As Regime II compartment fires are oxygen-rich, the rate of soot 

generation is lower. Delichatsios et al. introduced a simplified explanation of the mass 

pyrolysis rate in cubic-shape compartments, based on Thomas and other researchers' 

work plotted in Fig. 2-2 [31]. In Region II (fuel-controlled), as the ventilation factor 

decreases, the mass pyrolysis rate of fuel with a specific fuel surface area initially 

increases. The increase is due to the radiation augmentation by the hot gases and 

reaches the maximum pyrolysis rate. When the ventilation factor further decreases 

(Region I, ventilation-controlled), the normalised pyrolysis rate linearly decreases and 

follows the Kawagoe correlation [31]. 

 
Fig. 2-2: Pyrolysis rate of compartment fires for varying ventilation factors, both 

normalised by the fuel area [31]  



 

Chapter 2: Literature Review 15 

Delichatsios et al. investigated the effect of the compartment geometry and 

compared correlations of cubic-like to the corridor-like compartment geometry for the 

incoming air and fuel pyrolysis rate [31]. They showed that the ventilation factor for 

corridor shape compartments differs from Kawagoe's previously found coefficient for 

underventilated compartment fire. Delichatsios reported that the temperature 

distribution is layered for corridor shape enclosures, unlike the uniform temperature 

distribution for cubic shape compartments. The experiments conducted and reviewed 

as part of this work are conducted in cubic-like compartments as the focus here is to 

understand the nature of smoke explosion phenomena. 

2.3 PYROLYSIS RATE IN REGIME III (POROSITY-CONTROLLED) 

Cribs are regular arrays of sticks of solid material in a crisscross pattern 

commonly used to create three-dimensional fuels for fire experiments. Cribs, e.g., 

wood cribs, have been historically used for fire experiments for solid fuels (primarily 

timber) to produce reproducible fires. This study involves experimental work and 

analysis of timber crib fires; therefore, their fire behaviour is reviewed in this section. 

Cribs could be of higher or lower density over their entire volume, i.e., less or 

more porous. Crib fuel properties are defined by the thickness of each stick (b), stick 

length (l), the number of sticks in each layer (n), and the number of layers (N). The 

sticks spacing in the layer (s) is then determined by: 

< = P − 1R1 − 1      Eq. 2 

These parameters affect, the total open area of its vertical shafts 2��3, the 

exposed surface area of the crib 2��3, or in general, their porosity. Therefore: [37] 

�� = 2P − 1R3� Eq. 3 

�� = 1S24PR + 2R�3 − 2S − 131�R�   Eq. 4 

As described in the works of various researchers, the burning characteristics of 

timber cribs in free space can be surface controlled where the exposed surfaces of 

timber sticks control the burning rate, which applies for cribs with wide inter-stick 

spacing; or porosity-controlled where the wood sticks have close spacing and airflow 

through the cribs controls the mass loss rate [38, 39]. The porosity of the wood crib, P 

is defined by Heskestad is [39]: 
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P = s4.Wb4.W Y�� ��= Z Eq. 5 

The governing burning rate of a wood crib in an unconfined space (free burn) 

defined by Heskestad is provided in Eq. 6, where C is a constant that depends of the 

fuel material [39]: 

9� = � ��R[4.W10"  
Eq. 6 

For compartment fires with crib fuel bed, in addition to Regime I and II discussed 

in the previous section, Thomas and Nilsson have identified a third regime of burning 

that must be considered in which the crib structure controls the burning rate. The third 

regime, known as porosity-controlled regime, is when crib density over its volume is 

relatively high, and the crib itself could be viewed as an enclosure within the 

compartment [40, 15]. The expression for pyrolysis rate of the porosity-controlled 

wood crib is presented by Nilsson (reproduced by Babrauskas in the SFPE Handbook) 

as Eq. 7 where I4 is the crib’s initial mass [41, 42]: 

I+ J = 4.4 × 10[] Y< I4S R�Z   Eq. 7 

For an underventilated compartment fire with wood crib fuel, the pyrolysis rate 

can be either room ventilation-controlled or porosity-controlled. The burning rate can 

be governed by the minimum pyrolysis rate found from Eq. 1 and Eq. 7, for cribs when 

ignited uniformly overall. 

This condition is valid for when the crib ignited uniformly overall. In most 

experimental works, the crib is located over a rectangular tray of the flammable pool 

ignited for starting the combustion. For the centre-ignited crib, the burning regimes 

depend on the time the flame spread has reached the edge of the crib [42].   

Corce and Xin [43] conducted a comprehensive experimental study on the 

behaviour of wood cribs with a wide range of porosities. They have conducted their 

fire tests using three compartments of different scales. Corce and Xin [43] reported 

observing three types of burning behaviour depending on the ventilation:  

a. Well-ventilated conditions in which flame was attached to the crib as in free-

burn,  
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b. Underventilated conditions in them flame either detached from the crib and 

wandering over the floor and then moving towards the enclosure openings 

or languidly burning flames. In a few cases in short periods, flames 

reattached to the cribs or oscillatory flames were observed during the burning 

period, and, 

c. Unsustained combustion following the ignition. Corce and Xin [43] reported 

that “the transition from tightly packed to loosely packed cribs occur at a 

value of P=0.03-0.05 cm above these values, the crib becomes loosely 

packed, and the influence of P is much less significant". 

It is worth noting at the end that the cribs moisture content must be controlled 

and could affect the crib's behaviour during combustion. 

2.4 AIR INFLOW RATE – COMPARTMENT WITH A SINGLE OPENING 

Kawagoe’s findings were complemented by numerous other studies that 

provided refinements. The burning rate correlation is found to have a remarkable 

agreement considering the flow rate of incoming air being as per Eq. 8 found in the 

literature using the vent flow equations [44, 45]. 

I+ � =  0.52��H��  Eq. 8 

This incoming air correlation considers the stoichiometric burning condition 

with the assumption that all incoming oxygen is being consumed. The stoichiometric 

ratio is the ratio of fuel to oxygen mass that leads to a complete combustion of the fuel, 

which is in agreement with I+ J (introduced by Kawagoe) over I+ �. However, the 

incoming air correlation has incorporated multiple simplifying assumptions such as 

neglecting the fuel pyrolysis rate, i.e., I+ � = I+ _.  

This assumption (neglecting the fuel pyrolysis rate) is not valid for severely 

underventilated conditions where the pyrolysis rate is comparable to the air inflow 

rate. Delichatsios et al. further developed the incoming air correlation analytically and 

provided a more general relation for cases where the fuel pyrolysis rate is not 

negligible [31]. 

I+ � = 0.5��H�� − 0.5I+ J Eq. 9 
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The above equations for incoming air mass flow rate are found analytically using 

vent flow analysis governed from the Bernoulli equation at the compartment vent [31]. 

In experimental studies, real-time mass flow measurements could be planned and 

conducted at the compartment vents to provide a more reliable source of information 

for mass flow rate. However, the flow rate measurement could be challenging as it 

depends on the ventilation geometry. The ventilation geometry coefficient could be 

calibrated for a range of flow rates, enabling mass flow measurements, typically 

expected to be between 0.6 to 0.7 for orifices. Eq. 10 is the orifice flow correlation for 

buoyancy-driven flows at vertical vents [46]: 

I+ � = ��FH2�∆5 Eq. 10 

2.5 COMBUSTION STOICHIOMETRY 

Fire is a reaction between fuel and oxygen that releases energy. The energy 

released by a unit quantity of fuel when oxidised is its heat of combustion, ∆�`. The 

products of complete combustion of hydrocarbon fuels are CO2 and H2O. When 

oxygen is supplied by air, the nitrogen is typically inert and will not participate in the 

combustion. The complete combustion is called stoichiometric combustion which 

occurs when the fuel/oxygen ratio can lead to complete combustion, i.e., CO2 and H2O. 

The premixed air/fuel mixture could be fuel-rich when oxygen concentration is 

insufficient to combust all the available fuel or fuel-lean when the oxygen 

concentration exceeds the need for complete combustion. Alternatively, the terms 

oxygen-lean or oxygen-rich can be used respectively. 

The stoichiometric fuel/oxygen ratio is the ratio of fuel to oxygen for a complete 

combustion. The stoichiometric ratio could be presented in mass flow or molar flow 

or: a) air/fuel, b) fuel/air, c) oxygen/fuel, or d) fuel/oxygen, which are all convertible 

to each other. This thesis has attempted to consistently use fuel/air ratio when 

addressing the stoichiometric ratio. 

For example, the stoichiometric equivalence ratio of the heptane fuel, is found 

to be 0.066 using the following reaction for n-heptane (C7H16). 

C7H16 + 11 (O2 +3.78 N2) ===> 7 CO2 + 8 H2O + 41.58 N2 
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Therefore, for each mole of heptane burned, 11 × (1 + 3.78) = 52.5 moles of O2 

and N2 are involved.  Hence, the stoichiometric fuel/air mass ratio considering the 

molecular weight of carbon, hydrogen, oxygen and nitrogen is: I+ aI+ �b�F = 1+ 2�3  ×  M�  +  1+ 2�3  ×  M� 1+ 2
3  ×  M
  + 1+ 2�3  ×  M� = 7 ×  12 +  16 ×  1 11 × 232 + 3.78 × 283 = 0.066 

For wood (considered as CH1.5O0.7), the theoretical stoichiometric air/fuel mass 

ratio is noted 5.7 in the literature [15], however for its volatiles (CH2O) and char 

(CH0.2O0.02), this theoretical number becomes respectively 4.6 and 11.2. Table 2-1 

details the stoichiometric ratios for different fuels referred to as part of this work. 

Table 2-1: Summary of the stoichiometric ratios of the fuels used in this work [15] 
Fuel Chemical 

formula 

I+ aI+ �b�F 
I+ aI+ 
�b�F  

I+ �I+ a h�F 
I+ 
�I+ a h�F 

∆�` 

(kJ/g) 

Wood  CH1.5O0.7 0.175 0.750 5.70 1.33 19.5 

Wood volatile CH2O 0.217 0.940 4.60 1.06 16.6 

Char CH0.2O0.02 0.089 0.370 11.20 2.70 34.3 

Heptane C7H16 0.066 0.280 15.15 3.52 45.0 

Propane C3H8 0.060 0.270 16.70 3.70 46.5 

LPG (60% 

propane and 

40% butane) 

0.6 C3H8 + 

0.4 C4H10 

0.059 0.254 16.95 3.94 46.1 

For fuel-rich fires, when insufficient oxygen is available to allow complete 

combustion, products of incomplete combustion will be generated including CO, H2, 

hydrocarbons and soot. Otherwise, for fuel-lean fires, the oxygen concentration is 

more than what is needed for complete combustions, and the additional oxygen will 

be found in the combustion products. 

2.6 SPECIES YIELDS 

The generation of fire products per mass fuel burned is called the species yields, 

defined if the combustion reaction is known. Similar to the reaction, the species yield 

depends on the compartment fire conditions, including the fuel, compartment 

properties, and ventilation condition. Yield of the species i or 2G)3 is defined as [2]: 

G) = I+ ) I+ a⁄  Eq. 11 

Considering a theoretical maximum value for the yield of each species (()3, the 

normalised yield (�)3 of each species can be introduced [2]: 
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�) = G) ()⁄  Eq. 12 

The normalised species yield (�)3, can theoretically range between 0 to 1 and 

could be an indicator for complete combustion, i.e., for CO2 and H2O being 1. The 

concept of normalised yields is also helpful in establishing a carbon count mass 

balance for reaction, considering CO, CO2, total hydrocarbons (THC) and residuals 

such as soot [2]: 

��
 + ��
� + ���� + ����.� = 1 Eq. 13 

For compartment fires considering the two-layer gas environment, the yield of 

all species except oxygen can be determined theoretically by the following formula 

[2]: 

G) = B),E�F2I+ a + I+ �3*)I+ a*j)k  Eq. 14 

In Eq. 14, B),E�F is the wet mole fraction of the species, which is typically not 

measured in experimental works because most gas analysers require moisture to be 

removed before entering the analyser. Therefore, the measured gas concentrations by 

analysers would be on a dry basis and expected to exceed the actual wet concentration 

[2]. The concentration of H2O, which is hard to measure, depends on the actual 

reactions and typically ranges between 10% to 20% of the products [2]. Using the 

assumption that at any fuel/air ratio, the molar ratio of H2O to CO2 remains equal to its 

value at the stoichiometric reaction. Eq. 15 is provided in the literature to correlation 

the actual wet concentration of species to its measured dry concentration [2]. This 

assumption will have an error range between 1% to 5% [47]. 

B),E�F = B),��l1 + Y1+ ��
 1+ �
�= Z�Fm)`n. B�
�,��l 

 

Eq. 15 

For oxygen yields, Eq. 14 cannot be used, and Eq. 16 is provided in the literature 

[2] to calculate the depletion rate of oxygen (�
�3 : 

�
� = 0.21I+ � Y*
�*� Z − B
�,E�F2I+ a + I+ �3 Y *
�*j)kZI+ a  Eq. 16 
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2.7 EQUIVALENCE RATIO 

The equivalence ratio (ER) is a parameter that is becoming increasingly popular 

to describe the ventilation conditions during a fire. The equivalence ratio (Phi or ∅) is 

the fuel/oxygen ratio compared with the stoichiometric fuel/oxygen ratio. As various 

fuels with different chemical formulas need different oxygen concentrations for 

complete combustion, it will be useful to normalise the actual air to fuel ratio to the 

ratio that makes the complete combustion. This normalised value is the ER of the 

air/fuel mixture. 

The equation for the ER is presented in Eq. 17. The airflow rate can also be 

substituted by oxygen flow rate in Eq. 17 in which the oxygen measurement in the ER 

formula is the oxygen of the oxidiser, e.g., oxygen of air and not the oxygen atoms that 

might be present in the fuel.  

∅ = oj+ pqrs j+ tu bvtwxsroj+ pqrs j+ tu bvyz{|}{zwry~�
= oj+ pqrs j+ tu bvtwxsr�   Eq. 17 

Thus, φ<1 implies an oxygen-rich condition, which means that sufficient oxygen 

is theoretically available for complete combustion and φ>1 implies a fuel-rich situation 

and when there is not enough oxygen available for complete combustion. 

Subsequently, reduced ventilation within the experimental enclosure results in 

increased unburned pyrolysis. The smoke species, including unburned pyrolysis and 

partially burned fuel that are inevitably present along with the smoke particles, are 

combustibles. Croft has shown that under certain circumstances, smoke species can 

result in an explosion or explosion-like events [48]. 

Although the ER concept is identical, researchers introduced different control 

volumes to measure the ER. Beyler has introduced Plume Equivalence Ratio (PER) by 

measuring the ER based on pool fire's fuel supply rate and air entrainment rate to the 

fire plume [49]. Pitts has introduced the concept of global equivalence ratio (GER) as 

“the ratio of the mass of gas in the upper layer derived from the fuel divided by that 

introduced from air normalised by the stoichiometric ratio” [50]. The equivalence ratio 

can be measured when the combustion process and sample flow mixture is taken from 

a sampling probe, measuring the species locally. Note that for steady-state cases where 

no air or fuel enter the upper layer except by way of the fire plume, PER and GER are 
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identical [50]. The concept of GER and its application for predicting the formation of 

CO was discussed in detail by Pitts [50]. 

In underventilated compartment fire studies, generally, when the gases are well-

mixed within the compartment, the interest is to measure the average ER within the 

entire compartment using multiple sampling points, i.e., GER. Measuring the GER is 

a convenient way to estimate the ventilation condition of the compartment fire which 

is the ratio of the fuel supply rate to air inflow rate, divided by the stoichiometric ratio 

of the fuel, r: 

∅ = �+�∆�`I+ � 
Eq. 18 

In fires, the production of combustion species is strongly related to the 

equivalence ratio. In fuel-lean conditions, often the complete combustion takes place, 

and species yields are near their stoichiometric yields. However, in fuel-rich 

conditions, significant amounts of CO, THC, soot and HCN (if the fuel contains 

nitrogen) will be produced. Therefore, developing methods to measure the equivalence 

ratio continuously is essential and has been subject to multiple studies in the past. 

These studies were primarily aimed to quantify CO yields as the deadliest by-product 

of incomplete combustion and correlate it to the equivalence ratio [49, 51]. Until the 

1990s, the concept of GER could only be used in controlled experiments when the fuel 

and airflow rates could have been measured, and the composition of fuel was known. 

In experimental studies, the pyrolysis rate can be measured using fuel mass loss rate 

measurements; however, measuring the real-time air inflow rate to the compartment is 

often challenging. Moreover, the composition of the volatiles is often unknown. In 

1993, Babrauskas et al. proposed a fuel-independent instrument called Phi-meter to 

measure ER even for solid combustibles or when air and fuel flow rates are unknown 

[52]. As part of this work, an enhanced Phi-meter is developed for real-time 

measurements of the equivalence ratio as described in Chapter 7. 

2.8 FLAMMABILITY DIAGRAM 

Flammability limits are composition limits of gaseous fuels and air that are 

flammable [53]. The flammability limits are determined experimentally, comprising 

the lower flammability limit (LFL) and the upper flammability limit (UFL). LFL and 

UFL are respectively the minimum and maximum of gas fuel concentration that results 
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in flame propagation. Flammability limits for various individual gases and vapours are 

provided in several sources, including NFPA Fire Protection Handbook [54], SFPE 

Fire Protection Handbook [53], and Chemical Properties Handbook by Yaws [55]. 

SFPE handbook provides a summary of lower flammability limit (LFL) and upper 

flammability limit (UFL) of various individual gas fuels and vapours at atmospheric 

pressure and a specific temperature [53], compiled from literature, primarily based on 

Zabetakis’s study [56].  

Multiple methods are available to measure the flammability limits of gaseous 

fuels. The most widely used method is the one developed by the U.S. Bureau of Mines 

[56, 57]. Amongst the many researchers that have used this method to assess the 

flammability of fuels, Zabetakis did the most extensive review [56]. In this method, a 

premixed air/gas/diluent of known mixture ratio is tested in a 1,500 mm long vertical 

tube with 50 mm internal diameter with a piloted ignition at the bottom of the tube. 

The mixture is considered flammable if the flame propagates upwards and travels at 

least half the height of the tube. The LFL is then found as the average value of the 

highest concentration of the fuel in the air that is non-flammable :��a> and the lowest 

concentration of fuel in air that is flammable :�a>, i.e.: 

LFL = ��a + �a2  
Eq. 19 

Similarly, UFL is found as the average of the lowest concentration of fuel in the 

air that is non-flammable and the highest concentration of fuel in the air that is 

flammable. 

The U.S. Bureau of Mines method is not the only technique used to define 

flammability limits, and other methods have been introduced to improve 

measurements of the apparatus [58, 59, 60]. One of the disadvantages of the U.S. 

Bureau of Mines method is neglecting the effect of the tube diameter on the 

flammability result. The tubes narrower than the quenching diameter would have 

increased heat loss through the walls, in which flame would be unable to propagate. 

The tube diameter is less critical when the tube is designed for upward propagation 

(spark at the bottom) and has a diameter of 50 mm or higher, as shown by Linnett and 

Simpson [61], which is reproduced in Fig. 2-3. 
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Fig. 2-3: UFL and LFL of methane determined in the vertical tube apparatus for 

upward propagation (circles), i.e., ignition at the bottom of the vertical tube; and 

downward propagation (crosses), i.e., ignition at the top of the vertical tube [61] 

Another disadvantage would be testing the heavier than air fuels that can escape 

the tube once the tube bottom cap is opened immediately before ignition. A spherical 

pressure vessel was developed by Hirst et al. in 1981 as an alternative apparatus that 

defines the flammability based on the pressure rise inside the vessel [60], which can 

overcome some challenges of the U.S Bureau of Mines apparatus and can be used for 

heavier than air gases. The current standard method in ASTM similarly uses a 5-litre 

pressure vessel that defines flame propagation as a minimum 7% pressure rise after 

ignition [59].  

The flammability of premixed gas fuels is reported to be dependent on the 

mixture of fuel-oxygen-diluent concentration and the mixture temperature and 

pressure [53, 57].  The flammability range is reported to have widened with the 

increase of temperature [53]. There is evidence suggesting a lower temperature limit 

below which flame cannot propagate, regardless of the mixture [15]. With the increase 

of temperature, the flammability limits widen, but the UFL is more sensitive to the 

increase of temperature than LFL [53]. 

Despite the disadvantages of the U.S. Bureau of Mines apparatus, the 

flammability limits obtained from this method are still considered to be the most 

widely available for most of the fuels and has been adapted for use in this study at 

room temperature as described in Chapter 5. 
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For a mixture of gas fuels in the air, Le Chatelier’s law can be used to assess 

whether the mixture is above its LFL or not. The Le Chatelier’s law can be used for 

finding the LFL (and not UFL) of the mixtures because the critical energy density 

concept is applicable for alkanes LFL and is 48 g/m3 ± 5%, i.e., alkanes LFL in terms 

of mass concentration is 48 g/m3 [15]. However, no such constant mass concentration 

is found for UFL. Le Chatelier’s law is as follows, in which �a) is the concentration of 

gas fuel “i” within the gas mixture, ���) is the LFL of the component “i” and ���j, 

is the LFL of the mixture.  

���j = 100∑ o�a) ���)u b�)�!  
Eq. 20 

In another presentation, the mixture is above its LFL under the condition of Eq. 

21 [57]: 

� o�a) ���)u b�
)�! > 1 

Eq. 21 

In addition to characterising the flammability limits of a premixed fuel by LFL 

and UFL, the flammability limits can be presented in different mixtures of oxygen and 

nitrogen (or other inert gases), via flammability diagrams. The flammability diagrams 

are typically presented in the form of a three-axis diagram with fuel (pure or mixed), 

oxygen and inert (nitrogen or other diluents) concentrations in each axis, as shown in 

Fig. 2-4. The blue line is the airline in which the ratio of oxygen and nitrogen is the 

same as air (21% O2, 79% N2). The grey area shows the flammable region in which 

the fuel/oxygen/nitrogen mixture a flammable. The grey area on the right side of the 

blue line is when the oxygen concentration is lower than the ratio of oxygen in the air, 

which is the area of interest for analysing the underventilated compartment fire. 

The dashed line corresponds to the minimum oxygen concentration required to 

form a flammable mixture, known as limiting oxygen concentration (LOC). The LOC 

is an essential parameter in the process safety field, and if the oxygen concentration 

can be maintained below this level, the mixture would be inert. 
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Fig. 2-4: Three-axis flammability diagram for the methane gas at atmospheric 

pressure and 26oC [56] 

The LOC would be different depending on the inerting agent (diluent). Multiple 

researchers such as Zabetakis and Coward et al. [56, 57] have studied the LOC for gas 

fuels, especially for N2 and CO2 inert gases, and the results are summarised in 

textbooks such as the Flammability Limits chapter of SFPE Handbook [53]. In general, 

the LOC for N2 diluent is 2-3% lower than when CO2 is the diluent.  

The red line shown in Fig. 2-4 is the stoichiometric line in which the mixture 

contains just enough oxygen to oxidise all carbons to CO2 and all hydrogen to H2O. 

The grey area below the stoichiometric line is the region in which the mixture is fuel-

lean, and the grey area above the stoichiometric line is where the mixture is fuel-rich. 

The point that the stoichiometric line intersects the flammable region is called the 

stoichiometric limit (SL). The SL is the most dilute stoichiometric mixture that will 

propagate a flame remote from the ignition source [53]. 

2.9 MEASURING THE HEAT RELEASE RATE 

Oxygen consumption calorimetry is the most common approach for measuring 

heat release of fire in full scale since the 1980s. Huggett found a nearly constant net 
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amount of heat released per unit mass of oxygen consumed and obtained an average 

value of 13,100 kJ/kg of heat release rate per oxygen consumption [62]. This is equal 

to 3,000 kJ/kg of heat release rate per air flow rate i.e., consumption of oxygen of air 

flow. The essential requirement of this method is that smoke species are removed 

downstream of an exhaust hood where temperature, flow rate and composition of gases 

(O2, CO2 and CO) are measured. The approximated oxygen consumption is then used 

to measure HRR using the Huggett constant. A schematic of the full-scale calorimetry 

is demonstrated in Fig. 2-5, which is applicable for this study.  

Multiple equations were introduced in the literature to measure HRR primarily 

based on the gas analysers available. The oxygen depletion method can determine the 

HRR by measuring the flow rate of exhaust gases and O2 concentration as a minimum. 

Janssens [63] presents the following correlations to measure the HRR using an oxygen 

analyser. 

B+
��4 = j+ ��� ���uj+ ��� ���u �j+ ��� ���u   
Eq. 22 

and,  

B+
�� = j+ �� ���=j+ �� ���= �j+ �� ���=   
Eq. 23 

where: 

B+
��4 : Measured mole fraction of O2 in the incoming air 

B+
��  : Measured mole fraction of O2 at the analyser 

I+ 
�4  and I+ ��4 : Mass flow rate of O2 and N2 in the incoming air 

I+ 
� and I+ ��: Mass flow rate of O2 and N2 at the analyser 

*
� and *��: Molecular weight of O2 (32 kg/kmol) and N2 (28 kg/kmol) 
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Fig. 2-5: Schematic of full-scale calorimetry for compartment experiments of this 

study showing the control volume of the incoming air and exhaust flow (to gas 

analysers) 

Solving equations Eq. 22 and Eq. 23 with the assumption of I+ �� = I+ ��4 , as N2 

is considered not participating in the combustion results to: 

B
��4 − B
�� = j+ ��� ���uj+ ��� ���u �j+ ��� ���u − j+ �� ���=j+ �� ���= �j+ �� ���= =
j+ ������j+ ��� ���u �j+ ��� − j+ �����j+ �� ���= �j+ �� =

j+ ��� Y���j+ �� ���= �j+ ��Z[j+ ������j+ ��� ���u �j+ ��� h
����j+ ��� ���u �j+ ��� hY���j+ �� ���= �j+ ��Z =

j+ ��� [j+ ��Y���j+ �� ���= Z�!�j+ ��� ���u ��� j+ ��= hY!�j+ �� ���= ��� j+ ��= Z   
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Thus: 

I+ 
�4 − I+ 
� = Y*
�I+ �� *��= Z :B+
��4 − B+
�� > o1 + I+ 
�4 *
�u *�� I+ ��= b Y1
+ I+ 
� *
�= *�� I+ ��= Z
= Y*
�I+ �� *��= Z :B+
��4

− B+
�� > �I+ ��4 *��u + I+ 
�4 *
�uI+ ��4 *��u � �I+ �� *��= + I+ 
� *
�=I+ �� *��= �
= Y*
�I+ �� *��= Z 2B
��4 − B
�� 3 � 1B��4 h o 1B��b 

which leads to the heat release rate equation: 

I+ 
�4 − I+ 
� = Y*
�I+ �� *��= Z 2B
��4 − B
�� 321 − B
��4321 − B
�� 3 
Eq. 24 

and,  

� = � 2B
��4 − B
�� 321 − B
�� 3 I+ � Y*
� *�= Z 21 − B��
4 − B�
�4 3 
Eq. 25 

The above equations are for the scenario when CO2 is removed from the sample 

using a chemical absorbent and H2O removed by a moisture absorbent. Also, 

considering the assumption of CO species being negligible. Using CO2 and CO 

analysers allows a more accurate measurement of heat release rate, especially for an 

underventilated compartment fire similar to the tests conducted in this research. 

Therefore, the correlations are developed to consider the CO2 and CO concentrations 

measurements like above. Below are the equations for when O2, CO2 and CO 

concentrations are measured and only water vapour is trapped before the sample 

reaches the analysers [63]. The mole fraction of the CO2 in the incoming air is 

generally small (~330 ppm), and the mole fraction of CO is zero.  

I+ 
�4 − I+ 
� = � B
��421 − B
��4 − B�
��4 3
− B
��21 − B
�� − B�
�� − B�
� 3h Y*
�I+ �� *��= Z 

Eq. 26 
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The air inflow to the system cannot be measured as the system is open. Equations 

are developed in the literature that correlates the incoming airflow to exhaust flow and 

provide a formula to measure the consumed oxygen. To find a correlation between I+ � 

and I+ �, the oxygen depletion factor is introduced as [63]: 

φ = I+ 
�4 − I+ 
�I+ 
�4  
Eq. 27 

Therefore, for the case where O2, CO2 and CO analysers are present:  

φ = B
��421 − B�
�� − B�
� 3 − B
�� 21 − B�
��4 3B
��421 − B
�� − B�
�� − B�
� 3  
Eq. 28 

The heat release rate equation used in this study is as presented by Janssens [63] 

for the case of having O2, CO2 and CO analysers present.  

 � =  ��φ − 2��
 − �3 ![�� ���������   j+ r!��2¡[!3 ����t 21 − B��
4 3B
��4 
Eq. 29 

In Eq. 29, ¢ is the expansion factor between I+ � to I+ � due to having more moles 

of products than the reactants [64]. An average value of 1.105 is suggested by Janssens 

[63]. ��
 is the heat release per unit mass of O2 consumed for the combustion of CO 

to CO2, which is approximately 17,600 kJ/kg of O2. 

Exhaust flow rate I+ � is measured by the orifice plate equation I+ � = �£∆¤�r  

where C is the orifice plate coefficient, ?� is the gas temperature (K) and ∆5 is the 

pressure difference across orifice plate (Pa). This orifice plate coefficient is further 

developed by Janssens [63] to form Eq. 30. 

I+ � =  26.54 �(��29¥3 ¦∆5?�  

Eq. 30 

where: 

A: The cross-sectional area of the duct (I�) 

(�: Ratio of the average velocity profile to the velocity at the centre line of the duct  

�29¥3: Reynold’s correlation presented in Janssens [63], equals to the constant value 

of 1.08 for 9¥ > 3800 
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Moreover, in Eq. 29, The mole fraction of the incoming air B��
4  could be found as 

[63]: 

B��
4 =  9�100 5�2?�35�  
Eq. 31 

where: 

RH: is the relative humidity of ambient air (%) 

5�2?�3: Saturation pressure of water vapour at ?� (Pa) that can be found using Clausius-

Clapeyron equation [63] as, ln25�3 =  23.2 − 3816/2−46 + ?�3 with 5� in Pa and ?� 

in K 

Finding the B��
4  allows determining the molecular weight of the incoming air *�, as: 

*� = *��l21 − B��
4 3 + *��
B��
4  Eq. 32 

where: 

*��l: is the molecular weight of dry air (~29 kg/kmol) 

*��
: is the molecular weight of water vapour (~18 kg/kmol) 

The combination of the Eq. 29 to Eq. 32 are used in this study to determine the 

heat release rate of the compartment fire using the oxygen depletion method. However, 

to find the gas flow rates which is required for to find HRR, instead of the direct use 

of Eq. 30, orifice flow correlation in its general form is used in this study as per Eq. 33 

[65]: 

I+ =  ���H2∆5 Eq. 33 

For HRR measurements, flow rate is found using above Eq. 33 and the orifice 

plate coefficient (��3 is calibrated before each test for accurate flow measurements as 

described in section 6.2.6. 

2.10 COMPARTMENT FIRE EXPLOSIONS 

This research focuses on the smoke explosion phenomenon, which is a 

deflagration, i.e., explosion at subsonic speed. One of the earliest pieces of literature 

available about the description of the compartment fire explosions is the paper 

published by Steward in 1914. Steward used the term smoke explosion as a general 

term to distinguish between smoke gas explosions to dust explosions. Steward noted 
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that “… ‘smoke explosions’ frequently occur in burning buildings and are commonly 

termed ‘back draughts’ or ‘hot air explosions’. Fire in the lower portion of a building 

will often fill the entire structure with dense smoke before it is discovered issuing from 

crevices around the windows. Upon arrival of the firemen openings are made in the 

building which admit free air, and the mixture of air and heated gases of combustion 

are ignited with a flash on every floor, sometimes with sufficient force to blow out all 

the windows, doors of closed rooms where smoke has penetrated, ceilings under attics 

etc.” [66] 

In 1979, an unforeseen explosion in the Chatham Dockyard mattress store fire 

caused two fatalities and injured four firefighters. Croft surveyed the fires involving 

explosions during firefighting operations between 1906 to 1976 in the UK, USA and 

Canada. The conclusions of the 70-year survey revealed that most of the firefighter 

deaths in smoke explosions had been caused by the ignition of pyrolysis products from 

smouldering materials. The combustible gases produced by the smouldering rubber 

were cool compared with those produced by cellulosic materials in cases that led to 

explosions. This study enlightened the importance of unexpected fire explosions and 

led to more research work to understand the process of smouldering fires. Croft 

concluded that the most hazardous explosive conditions come from smouldering fires 

with a low heat release rate, and low temperature and non-flaming compartment fires 

can no longer be treated as relatively safe conditions for the entry of firefighting 

personnel. However, the difference between various types of fire explosions was not 

discussed in his study. The fire explosions were presented in general as delayed 

flashovers occurring within a few seconds and accompanied by pressure effects. [48] 

In the 1990s, the concerns for firefighters' safety made researchers start studies 

on the fire gas explosions with a focus on the physics of the backdraft. Backdraft was 

studied in detail by Fleischmann et al. in 1993. Fleischmann conducted backdraft 

experiments and demonstrated that a critical factor in developing a backdraft is the 

‘gravity current’ of cold air that flows into the compartment at a low level as hot 

buoyant (fuel-rich) gases flow out through the opening at a high level. The entire 

process was demonstrated to occur due to the accumulation of excess pyrolysates or 

unburned gaseous fuel. The propagation of an oxygen-rich gravity current creates a 

premixed region carried to the ignition source leading to a backdraft. The effect of time 

delay and location of the ignition source on the occurrence of backdraft was also 



 

Chapter 2: Literature Review 33 

investigated by Fleischmann. It was concluded that the location of the ignition source 

plays a vital role in the severity of the backdraft. [14, 16] 

In 1994, following a backdraft incident in a three-storey building in Manhattan, 

New York that caused the death of three firefighters, Bukowski modelled the incident 

to understand the factors that produced such a backdraft. The Consolidated Fire and 

Smoke Transport (CFAST) zone model reproduced the incident conditions and 

supported the theory of the accumulation of significant quantities of unburned fuel 

from a vitiated fire in an apartment. The study concluded that the long duration of the 

flame in a vitiated fire condition could impose a deflagration hazard against 

firefighters. As buildings become better insulated and further sealed for energy 

efficiency, such hazards to firefighters may be of higher risk as the fire condition would 

be further vitiated. A review of the emergency operational procedures was 

recommended to reduce the life safety risk of backdraft. [67] 

In 1997, Foster et al. continued the experimental investigations on the backdraft 

phenomenon. They demonstrated that the intensity of the backdrafts is enhanced in 

higher compartment temperatures. They also re-emphasised that the presence of an 

open vent in a compartment fire cannot reassure that there is no risk for the backdraft. 

They have concluded that firefighters always need to be aware of potential backdraft 

situations [68].  

In 1999, Guttok et al. conducted a series of real-scale backdraft experiments with 

diesel fuel and identified the fuel mass fraction as a critical parameter for backdraft 

occurrence. Guttok et al. shown that for diesel fuel, when the ratio of the mass of fuel 

over the total mass of the gas within the compartment is over 0.16, backdraft is likely 

to occur. They have plotted the mixture of the gases within the compartment in a 

flammability diagram and demonstrated how the flammability diagram could predict 

the critical fuel mass fraction for the occurrence of backdraft. They have also 

demonstrated that water spray could be an effective mitigation measure to prevent 

backdrafts by reducing the fuel mass fraction. [17] 

With the advent of Computational Fluid Dynamics (CFD) fire modelling tools 

in the 2000s, the study on backdrafts was pursued, focusing on the gravity current and 

the CFD modelling. Although the agreement of the CFD simulation of the backdraft 

with the experimental data is confirmed only qualitatively, the simulations are found 

capable of predicting the propagation speed of the turbulent deflagration with 
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reasonable accuracy [69, 70, 71]. The research by Guigay et al. took a more practical 

approach and aimed to evaluate multiple firefighting tactics in a possible backdraft 

situation using CFD. Various firefighting tactics such as diluting the compartment 

using positive pressure ventilation, water mist or natural ventilation are examined by 

CFD simulations. In firefighting situations where all occupants have evacuated the 

building, a defensive approach of multiple natural ventilation is suggested for tactical 

firefighting. However, firefighters usually take higher risk approaches such as smoke 

cooling and positive pressure ventilation when occupants are trapped inside. [72] 

Despite multiple pieces of research about backdrafts, predicting the 

compartment conditions that will result in a backdraft is not entirely reached. Multiple 

researchers reported their experiments were not always repeatable, and in some 

nominally identical situations, backdraft was observed in one test but not another [17].  

Compared to backdraft, the studies carried out to date about the smoke explosion 

phenomena are even less, and the knowledge about the smoke explosion is limited. 

The smoke explosion phenomenon is briefly mentioned in some fire dynamics 

textbooks [15, 22] and further described by experience in literature aiming to educate 

the firefighters [73].  

Croft defined the smoke explosion as a rapid propagation of a flame 

accompanied by a pressure wave in the order of 5–10 kPa that could result in the 

breaking of windows and the expulsion of flames. In a smoke explosion, it is 

understood that the magnitude of the pressure wave and whether it damages the 

surroundings depends only on the velocity of the flame front [74]. If the pressure wave 

is not formed or negligible, then the phenomenon is known as a flash fire [74]. 

Wiekema found that the occurrence of flammable mixtures in touch with an ignition 

source generates a flame front [74]. The flame front speed significantly increases in 

the presence of obstacles and semi-confinements, resulting in an explosion. In the 

absence of obstacles, only flash fires with negligible pressure waves occur.  

A preliminary study of the smoke explosion is done by Sutherland (1999) at the 

University of Canterbury [24]. Sutherland designed a series of compartment fire 

experiments that could lead to occurrence of smoke explosions. Sutherland concluded 

that the smoke explosion is a result of smouldering combustion, which is in line with 

Croft’s conclusion that the unforeseen compartment fire explosive conditions come 

from smouldering fires with low heat release rate. Sutherland reported that grey smoke 
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gradually turns white during the transition period towards unstable conditions and 

noted observing light coloured (white) smoke following a period of smouldering 

before the explosions [24]. The light-coloured smoke is expected to be fuel-rich and 

because of a low-temperature compartment that cannot support flaming combustion or 

low oxygen concentrations [75].  

The experiments done by Sutherland was reproduced and extended by Chen at 

the University of Canterbury in 2012 [25]. Chen used a 1m wide by 1.5 m deep by 1m 

high, medium scale compartment vented with two circular vents. Chen used medium-

density fibreboard (MDF) cribs against the wall opposite the vent openings and used 

qualitative analysis to characterise the conditions immediately before the smoke 

explosion and observed that the compartment fire underwent three phases: growth 

decay and post-explosion phase. The phases identified in both Sutherland and Chen 

studies are repeatable and reproducible [25]. The results of the Chen experiments were 

quantitatively analysed by the author of this thesis and published in 2020 at Fire Safety 

Journal, as explained in Chapter 3 [27]. 
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Chapter 3: Underventilated Fire in an 

Enclosure with Two Openings  

To understand the smoke explosion mechanism, a series of experiments were 

conducted by Chen in 2012, at the University of Canterbury [25]. This chapter 

provides a thorough analysis of the enclosure fire behaviour based on the results 

obtained by Chen. This analytical work is published in the form of a journal paper as 

below [27]: 

• S. Rasoulipour, M. Delichatsios, C. Fleischmann and Z. Chen, 

"Experimental Investigation of Underventilated Fires in Enclosures with 

Two Front Vertical Openings and Occurrence of Smoke Explosions," 

Fire Safety Journal, 2020 

The contents of this chapter are reproduced based on this publication. 

3.1 UNDERVENTILATED COMPARTMENT FIRES 

Many studies have investigated compartment fires, but previous studies cannot 

yet fully correlate the fuel properties and ventilation configuration for underventilated 

fires. Tewarson [76], and Takeda [32] to name a few, reported how compartment 

ventilation changes the burning behaviour and regime of pool fires. Utiskul et al. [33] 

investigated the effect of two wall-vent for heptane pool fires in small scale 

compartments and provided a supporting mathematical model.  

A sketch of the HRR history with different possible scenarios is provided in Fig. 

2-1, including the underventilated fire scenario that in some cases lead to smoke 

explosions. As discussed in section 2.10, the smoke explosion is a sudden deflagration 

that may occur in compartment fires that are severely underventilated. A smoke 

explosion occurrence is unforeseen with no change in the compartment ventilation, 

hence a separate phenomenon to backdraft that requires a change in the ventilation, 

i.e., opening a door or breaking a window [24, 25, 26]. 

In this chapter, the burning of medium density fibreboard (MDF) cribs in 

underventilated fire conditions within an enclosure with two openings is analysed, 

based on Chen’s results [25]. MDF cribs were chosen as the experiment fuel because 

timber products are a common building product that participates in building fires. The 



 

38 Chapter 3: Underventilated Fire in an Enclosure with Two Openings 

cribs made of MDF were chosen because MDF has consistent burning behaviour 

compared to natural wood. This consistency is due to its uniform properties and 

reduced tendency to form cracks during burning. 

The objectives of reviewing Chen’s results were to examine: 

1. The effects of a) the fuel location near the floor, in the middle height and near 

the ceiling, as well as the effects of b) the fuel mass and c) the ventilation 

opening size on the MLR and HRR histories for underventilated conditions. 

2. The relation of MLR and HRR with the size of the openings and the conditions 

inside the enclosure with two openings using a novel ventilation parameter 

similar to the case of one opening. This parameter, similar to the parameter 

introduced by Kawagoe [34], was derived analytically as described in this 

chapter by providing a new simplified expression for the effects of gas 

temperatures and fuel pyrolysis rate. 

3. The possibility that a smoke explosion would occur, as previous experiments 

have shown [24, 25, 26]. 

3.2 EXPERIMENTAL SETUP AND PROCEDURE  

A medium scale compartment sized 1.5 m (L) × 1.0 m (H) × 1.0 m (W) was used 

for the experiments. Fig. 3-1 is a photograph of the compartment, and Fig. 3-2 is a 

schematic layout of the compartment, including dimensions, the location of the 

relevant experimental measurements and the locations of the openings. The internal 

surface of the compartment was lined with a 50 mm thick layer of Kaowool ceramic 

fibre vacuum board as thermal insulation. The thermal properties of the insulation were  = 310 2(;/I"3, �J = 1.07 2(;/(ª. «3 and thermal  conductivity  ranging  from  

0.07 2¬/I. «3 at 300 ºC to 0.20 2¬/I. «3 at 1,000 oC [77]. 
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Fig. 3-1: Photograph of the enclosure of the experiment  
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Fig. 3-2: Schematic diagram of the exploded compartment (All 

dimensions in mm) 

 

The ventilation for the compartment was through two equal size circular 

openings in the central axis of the front side of the compartment. The centre of the 

bottom vent was positioned 135 mm above the compartment floor and the centre of 

the top vent 785 mm from the compartment floor. The distance between the centres of 

the openings was kept at 650 mm for the various opening sizes. The opening sizes 

were adjustable at three vent sizes using removable steel circular orifice plates (Ø 100 

mm, Ø 71 mm and Ø 50 mm). The openings were chosen to be circular in order to 

have a good estimate of the discharge coefficients, that could be used in the vent flow 

analysis. 

The MDF crib (fuel) was placed near the rear of the compartment sitting on a 

loading table with adjustable elevation. The cribs were located and ignited in three 

different elevations above the floor (270 mm, 500 mm and 780 mm), as shown in Fig. 

3-3. The crib sat on a loading table located 50 mm away from the back of the 

compartment. The loading table was supported by four steel rods that extended through 

holes at the bottom of the compartment on a load cell. The crib sat inside a steel meshed 

cage to avoid falling off the loading table during experiments due to collapse or exerted 

force of the smoke explosion. The back of the crib was located between 75 ± 10 mm 

away from the back of the compartment.  
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Fig. 3-3: Schematic diagram of the crib elevations; a) Floor (F) b) Middle (M) and c) 

Ceiling (C) 

 

The cribs were made from a 30 mm thick MDF board and cut into 30 × 30 mm 

square sticks, 300 mm in length. The sticks were fixed together with 2.4 × 30 mm nails 

at 24 mm spacing in a crisscross pattern, as shown in Fig. 3-4. 

 

Fig. 3-4: Photograph of the 10 kg MDF crib 

All cribs were conditioned at 25 ± 2 °C and 50% relative humidity environment 

for at least two weeks before testing. Experiments were done with two different crib 

geometries of 5 kg (180 mm height) and 10 kg (360 mm height), as detailed in Table 

3-1. The total mass of the nails per crib is less than 3 to 4% for each (considered 

negligible). The crib porosity was found using the equation introduced by Heskestad 

(Eq. 5), in which the nominal porosity is a direct function of stick spacing and 

thickness, the total area of the vertical shaft and the total surface area of sticks. [39] 

Table 3-1: MDF crib sample types used in the experiments 
Crib 

Sample  

Mass 

(kg) 

Sticks 

per layer 

No. of 

layers 

Crib Dimension  

Length × Width × Height (mm) 

Crib Porosity 

(cm) [38, 39, 78] 

A 10 6 12 300 × 300 × 360 0.016 

B 5 6 6 300 × 300 × 180 0.032 

A window was constructed and placed right below the loading table in the floor, 

to observe the fire behaviour. The dimension was 620 mm × 640 mm, and the glazing 

consisted of 5 mm Neoceram glass. High-temperature adhesive was used to secure the 
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glass within the steel frame. One video camera was placed approximately 60° against 

the observation window to record the full duration of all experiments. 

Two thermocouple trees (each having ten thermocouples) were placed vertically 

at the front and rear corner (100 mm away from the surface, see Fig. 3-1, Fig. 3-2 and 

Fig. 3-5) between floor to ceiling. Two sets of differential pressure transducers were 

installed to monitor the pressure at both upper and lower vents. A pressure relief panel 

(500 mm × 500 mm) was installed in the wall to avoid excessive overpressure in the 

event of an explosion. 

 
 

Fig. 3-5: Schematic diagram of the compartment in front view (left) and top view (right) 

Gas species were collected through two sampling tubes located in the upper layer 

of the compartment 100 mm below the ceiling of the compartment. Both sampling 

tubes spanned along the length of the compartment, and each had five suction holes, 

each with 2 mm diameter. Two sets of gas analysers were used to monitor 

concentrations of O2, CO2 and CO (see Table 3-2). The first set was used to analyse 

the gas concentration on the samples directly taken out of the compartment, as shown 

in Fig. 3-6. The compartment was placed underneath a 3.0 m ×3.0 m hood to collect 

all the combustion gases, and the second set of analysers were used to measure gas 

concentrations in the exhaust duct. The duct was instrumented to measure the HRR 

using oxygen consumption calorimetry [79], including O2, CO2 and CO gas 

concentrations, temperatures and pressures. 
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Table 3-2: MDF crib sample types used in the experiments 
Analyser Set  Apparatus  Gas Species  Objective  

Compartment 

Analyser  

Siemens Ultramat 6 and 

Oxymat 6  

CO, CO2 and O2  Monitor the gas species 

within the compartment  

Hood Analyser  Siemens Ultramat 6 and 

Oxymat 6  

CO, CO2 and O2  Calculate the heat release 

rate of each experiment  

 

 

Fig. 3-6: Schematic diagram of the gas sampling system 

Both gas analyser sets had similar hardware configuration with main 

components of the gas sampling system, including gas sampling diaphragm pump, soot 

filter, a cold trap and Drierite desiccant crystals that absorb the remaining water passed 

through the cold trap.  

All instruments including the compartment gas analysers, loading cell, 

thermocouples and pressure transducers were incorporated into the setup and 

electronically logged.  

Each experiment started recording three minutes baseline of the ambient 

conditions before igniting the cribs. All experiments were conducted using 200 ml of 
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methylated sprits to start the crib fires. Once the methylated spirits were ignited, the 

compartment was left open to allow the fire to become established in the crib. Then, 

the compartment hatch was closed after a minute. The time of each experiment varied 

from 45 minutes to 3 hours depending on the ventilation condition and the crib size. 

The end of the experiment was declared when no visible smoke was ejecting from the 

top opening or the mass of the remaining fuel was less than 20%. 

3.3 VENT FLOW ANALYSIS FOR A COMPARTMENT WITH TWO 

OPENINGS 

The mass flow rate of incoming air to the compartment theoretically defined by 

Rockett [44] is for the enclosure with a single opening. Because the compartment used 

for this work has two circular vents (to enable vent flow measurements based on 

pressure difference at the circular vents i.e., orifices), the air inflow rate is analytically 

determined as part of this research for a compartment with two openings [27]. 

The correlations of the orifice flow are valid with simplifying assumptions of 

steady-state incompressible flow [65]. In addition, it can be assumed that the flows 

through each opening of the compartment with two openings (bottom and top) are 

unidirectional. An analytical assessment is undertaken as below to estimate the height 

of the neutral plane to confirm that having unidirectional flows is a valid assumption. 

Three possible scenarios are considered for the height of the neutral plane: 

i. The neutral plane is through the height of the top opening; meaning that the 

flow through the top opening is bidirectional (air ingress and smoke exhaust), 

and through the bottom, the opening is unidirectional (air ingress).  

ii. The neutral plane is between the top and bottom opening; meaning that the 

flow through both openings is unidirectional, i.e., 100% air ingress through the 

bottom opening and 100% smoke exhaust through the top opening. 

iii. The neutral plane is through the bottom opening; meaning that the flow through 

the bottom opening is bidirectional (air ingress and smoke exhaust), and 

through the top opening is unidirectional (smoke exhaust). 

Having bi-directional flows for both openings are impossible in theory and not 

considered as a scenario. Having an underventilated fire with a bi-directional outflow 

from the top opening and unidirectional inflow from the bottom opening (Scenario i) 

is not a realistic case either for the underventilated fire experiments that has been 
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conducted in this work, because such scenario essentially means to have a two-zone 

well-ventilated fire condition with a smoke layer stabilised above the flame height. 

To assess the location of the neutral plane, it is initially assumed that the neutral 

plane height is through the bottom opening as per Fig. 3-7, i.e., Scenario iii. Moreover, 

it is assumed that the compartment has a uniform temperature which is a valid 

assumption considering a well-stirred underventilated fire (and supported in 

experiments by temperature readings using thermocouple trees). 

 
Fig. 3-7: Notation describing the vent flows for the compartment with two openings 

To determine the neutral plane height, conservation of mass is initially:  

I+ !� = I+ �� + I+ "� + I+ . Eq. 34 

The notations for the following formulas are as per the points indicated in Fig. 

3-7 for static pressure. For example, “a”, “0” and “g” notations are respectively air 

outside the compartment, air/gas at the compartment opening and gas inside the 

compartment.  
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The conservation of mass can be simplified by neglecting the pyrolysis term (i.e., I+ . ≈ 0) and be written as: 

I+ !� = I+ �� + I+ "� Eq. 35 

At the lower opening, using Bernoulli equation between points “1a” and “1o” 

for air inflow (I+ !3 gives: 

5!� + 1 2= !�A!�� + !�;® = 5!m + 1 2= !mA!m� + !m;® Eq. 36 

Assuming !� = !m  ¯1° A!� = 0 gives: 

5!� − 5!m = 1 2= !mA!m� = 1 2= !�A!m�  Eq. 37 

Also, using Bernoulli equation between points “1g” and “1a”: 

5!� + 1 2= !�A!�� + !�;® = 5!_ + 1 2= !_A!_� + !_;® 

 

Eq. 38 

Assuming  A!_ = A!� = 0 gives: 

5!� − 5!_ = ;®2!_ − !�3 Eq. 39 

By assuming 5!m = 5!_ and using Eq. 37 and Eq. 39: 

1 2= !�A!m� = ;®2!_ − !�3 

 

Eq. 40 

or: 

A!m = ¦2;®2!_ − !�3!�  Eq. 41 

or: 

A! = ¦2;®2?� − ?_3?_  Eq. 42 

With the assumption of having a neutral plane within the bottom vent, thus 

having smoke exhaust through the bottom vent, and using Bernoulli equation between 

2a and 2g, A� is found in a similar way used above for air inflow as Eq. 43: 
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A� = ¦2;®2?_ − ?�3?�  Eq. 43 

Finally, using Bernoulli equation in a similar fashion for the top opening gives: 

A" = ¦2;®2?_ − ?�3?�  Eq. 44 

Using inflow and outflow velocities in terms of the height from a reference line 

(in this case, the bottom edge of the bottom vent), ambient and gas temperature, the 

mass flow rate through each opening 2m+ = C²Aρ�V3 will be:  

m+ ! = C²W µ ρ�¶·
4 V!2¸3dz = 23 C²!Wρ�¦2g2T� − T�3T� h#"/�

 Eq. 45 

m+ � = C²W µ ρ�¶»[¶·
4 V�2¸3dz

= 23 C²�Wρ�¦2g2T� − T�3T� 2h! − h#3"/� 

Eq. 46 

m+ " = C²W µ ρ�¶¼[¶·
¶�[¶· V"2¸3dz

= 23 C²"Wρ�¦2g2T� − T�3T� :2h" − h#3"/�
− 2h� − h#3"/�> 

Eq. 47 

Considering a severely underventilation fire and not neglecting the pyrolysis rate 

(m+ ½), the pyrolysis rate can be estimated by analysing previous experiments with 

similar compartment and fuel type as reported in ref. [27]. It must be noted that the 

vents in the experiments were circular, while for simplicity, the vents in this theoretical 

analysis are considered square with a similar open area. For instance, the ∅100 II 

openings are considered square openings with a width of 88 mm. Therefore: 

m+ ½ = 0.4�H∆ℎ� = 0.4¬ℎ!Hℎ� Eq. 48 

Substituting Eq. 45 to Eq. 48 into Eq. 34 and rearranging gives: 
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¦T�T� ℎ�"/� + 32 ¦ T�2g2T� − T�3 0.4ℎ!Hℎ�ρ�C²= 2h! − h#3"/� + :2h" − h#3"/� − 2h� − h#3"/�> 

Eq. 49 

Considering �� of 0.7 [22], ; = 9.81 I <�=  and � = 1.20 (; I"= , Eq. 49 is 

attempted to get solved for known ℎ!, ℎ� and ℎ" geometries for each opening size. 

Numerical solution methods using iterative goal seek function of Microsoft Excel™ 

does not answer Eq. 49. Having no answer is interpreted as having the neutral plane 

between the top and bottom openings as it invalidates Scenario iii. Therefore, it is 

theoretically proven that the compartment fire with such properties will have 

unidirectional inflow and outflow (respectively from the bottom and top vent) as 

shown in Fig. 3-8. 

 
Fig. 3-8: Schematic of the vent flow for the enclosure of study with the assumption 

of having unidirectional flow in each vent (i.e., neutral plane between the top and 

bottom vents) 
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The equations are rewritten to find the neutral plane height, this time, based on 

having unidirectional flow in each vent. Introducing I+ � for air inflow rate and I+ � for 

smoke outflow for the bottom and top openings: 

I+ � = I+ � + I+ .  Eq. 50 

m+ � = C²W µ ρ�¶·
¶·[¶» V�2¸3dz

= 23 C²!Wρ�¦2g2T� − T�3T� ¿h#"/� − 2h# − h!3"/�À Eq. 51 

m+ � = C²W µ ρ�¶¼[¶·
¶�[¶· V�2¸3dz

= 23 C²�Wρ�¦2g2T� − T�3T� ¿2h" − h#3"/�
− 2h� − h#3"/�À 

Eq. 52 

The Eq. 50  and Eq. 52 are replaced into the conservation of mass Eq. 49 with 

the same obtained pyrolysis rate (0.4�H∆ℎ�) [27] to find the h# by using an iterative 

goal-seek method (using Microsoft Excel™). The equation is solved for known ℎ!, ℎ� and ℎ" for various opening sizes (e.g., for ∅100 II opening diameter ℎ! =88 II, ℎ� = 650 II and ℎ" = 738 II) to determine the height of the neutral 

plain, mass inflow and outflow. 

The height of the neutral plain is theoretically found to be within the range 

between 140 to 190 mm from the bottom of the lower vent, for the gas temperature 

varying between 600 to 900 K. This means that the neutral plain is between the top 

and bottom vents in all cases. In other words, the flow in each opening is 

unidirectional, which agrees with the visual observation by Chen [25, 27] for timber 

crib experiments and by this author for both gas burner validation tests and timber crib 

experiments as noted in Chapter 8 and Chapter 9. 

The changes in the neutral plane are minimal for each experiment (≈ 50 mm), 

which could be interpreted that the air inflow is independent of the enclosure 

temperature and considered constant for each vent size. This interpretation is proven 

valid by experiments, having the measured air mass flow rate nearly constant in the 

experiments [27]. 
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Moreover, considering compartment temperature ranging from 600 to 900 K, a 

theoretical air mass flow rate is found for the compartment with two openings by 

introducing a novel ventilation factor �H2∆ℎ�3 for the compartment with two 

openings. In this ventilation factor, ∆ℎ� is the distance between the centre of the top 

and bottom vents in meters which was 0.65 m for all cases in this study (and Chen’s 

study [27]), and A is the vent area of one of the two identical openings in m2. This 

novel ventilation factor is developed in ref. [27] and reproduced here by rewriting the 

mass continuity considering the pyrolysis rate, i.e., Eq. 50. 

_ÁΔÃ_Áe = �|Δp�|21 + I+ JI+ �3� Eq. 53 

Also rewriting Eq. 39 as |Δp�| + ÁΔp_Á = :� − _>;∆ℎ� and replacing in Eq. 53: 

 |Δp�| = �;∆ℎ� ![ÇÈÇt!�ÇtÇÈ2!�w+ xw+ t3�     Eq. 54 

The mass inflow rate is then given by: 

I�+ =  ����H2|Δp�|/�   
= ���� ⎝⎛2;∆ℎ� 1 − _�1 + �_ 21 + I+ JI+ �3�⎠⎞

4.W
 

Eq. 55 

And by setting: 

G =  jt+�Í�Ît2_∆nÏ3»/�                      

and similarly:     B = jx+�Í�Ît2_nÏ3»/�  

It follows that Eq. 55 takes the form: 

G = Ð �Y![ÇÈÇtZ!�ÇtÇÈ2!�ÑÒ3�Ó4.W
  Eq. 56 

Using Eq. 56 and �?� = _?_: 

1 = Ð �o![ÔtÔÈb
!�ÔÈÔt2!�ÑÒ3�Ó G[�  Eq. 57 
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For enclosure temperatures  ?_ = 600 ÕÖ 900 «, using the Microsoft Excel™ goal 

seek function, Eq. 57 is simplified to the following linear correlation: 

G = 0.6 − 0.8B  Eq. 58 

Considering �� of 0.7, ; = 9.81 I <�=  and � = 1.20 (; I"= , Eq. 58 in dimensional 

units becomes: 

I�+ = 1.58�H∆ℎ� − 0.8IJ+  Eq. 59 

Mass units are in kg, and all lengths are in m. 

3.4 OBSERVATIONS 

Two MDF cribs, three elevations and three vent sizes were used to examine their 

impact on the gas temperatures, mass loss, heat release rate and the occurrence of the 

smoke explosion. Each test was coded to address the crib type (A or B) as part one 

(see Table 3-1), the fuel elevation (F: floor, M: middle and C: ceiling) as part two and 

vent diameter in millimetre (50, 71 or 100) as part three. The fuel elevations were 

respectively 270 mm, 500 mm or 780 mm from the enclosure floor for the F, M and C 

experiments (see Fig. 3-3) 

During the burning process various stages of fire development were observed as 

described below: 

Incipient: For about the first minute after ignition, the compartment door was 

left open to allow the fire to become established on the crib. As time went by, the crib 

started to become involved in the burning process, the temperature and the HRR started 

to increase to reach a steady growth period. 

Growth: At the beginning of the growth phase, hot gases were observed exiting 

from the top vent suggesting a near complete combustion. After a period, light grey 

smoke started to flow out of the top vent, but no flames existed outside the 

compartment. The smoke gradually turned into thick grey indicating copious 

production of smoke and unburned fuel. As the fire developed, the temperature of the 

enclosure gradually increased. In different experiments having various ventilation 

sizes, the peak temperature values ranged from 600 K to 900 K i.e., larger vents 

resulted in higher peak temperature. 
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Ventilation-controlled combustion: In all experiments, after the growth phase, 

the compartment fire became ventilation limited as the air inflow was inadequate for 

complete combustion of the pyrolysing fuel, where nearly all oxygen inflow was 

consumed. At this stage, flames were detached from the fuel and burned as ghosting 

flames [80] as the fuel continued smouldering. A steady state HRR and MLR were 

reached at this stage. As the fire became ventilation-controlled, dark smoke was 

ejecting from the top opening, but no flames were present outside the compartment. 

No smoke exhaust appeared in the bottom vent implying air flows into the 

compartment from the bottom opening.  

This stage was the distinction between two different behaviours observed in the 

experiments. In some experiments, this stage produced a constant HRR that continued 

until burn-out. In this scenario, the fire kept burning at the steady state HRR for the 

rest of the experiment without significant change. The behaviour was similar to the 

classical underventilated compartment fire behaviour as shown in the red dashed line 

in Fig. 2-1 and an experiment in Fig. 3-9 with a near steady state HRR for the rest of 

the experiment. However, in some other experiments, the HRR and temperature 

decayed in a smouldering condition as described next. 

 
Fig. 3-9: Burning stages for cribA:F-100 experiment where no smoke explosion (similar 

to the solid and red dashed line in Fig. 2-1)   

Reduced HRR (smouldering decay) followed by smoke explosion – Fig. 3-10 

and Fig. 3-11: In some cases, the heat release rate decays and smouldering are 

observed because the combustion was affected by the reduced burning inside the cribs. 
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No flame was observed outside of the crib while the glowing embers were visible and 

gradually spread over the crib sticks. 

At this stage, the oxygen within the compartment was mostly consumed and 

reaches a small value (2%), while a quasi-steady ingress of air inflow continued [25]. 

As the smouldering combustion consumed less oxygen and the oxygen inflow 

remained constant, the oxygen concentration started to increase in the compartment. If 

smouldering continued and did not burn out, an increase of oxygen concentration 

mixing with unburned fuel could create a flammable mixture leading to a smoke 

explosion. 

Smoke explosion and repeated oscillation (Fig. 3-10 video captures of smoke 

explosion): In this case, deflagration developed in the hot layer as the oxygen 

concentration increases and mixed with the unburned fuel eventually falling within its 

flammability range. The time when smoke explosion would occur is unpredictable; 

however, the smouldering decay phase seemed to be a pre-requisite in the experiments 

in Chen’s experiments [25]. The smoke explosion started with discharging a large 

quantity of smoke through top vent, followed by an approximately one metre long jet 

flame confined at the top vent. Ultimately another stream of smoke of shorter length 

ejected of the bottom vent. Fig. 3-10 shows a history of a smoke explosion in cribA:M-

100 experiment just before the explosion and shows the visible flames ejected from 

the top and bottom openings. The explosions in the smoke layer represent an unstable 

situation and sometimes were associated with repeated oscillations. The repeated 

oscillation following the first smoke explosion occurred in two of the experiments 

reported by Chen [25]. In this case, the cycle of smouldering decay to smoke explosion 

was repeated. 

The interval between two deflagrations was about 40 seconds using the video 

footage of the experiment. In the repeated oscillations, the oxygen concentration 

dropped to about 2% after each deflagration. Deflagration followed by smouldering 

combustion and increase of oxygen concentration to 7% post-deflagration (in 40 

seconds) [25], when the next deflagration occurred, and the cycle repeated. 
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Fig. 3-10: Video captures of cribA:M-100 experiment showing the flame and the smoke and 

flames through the top and bottom vents. 

 

 
Fig. 3-11: Burning stages for cribA:C-100 experiment where the smoke explosion occurred to 

be contrasted with the burning history in Fig. 3-9 (similar to the solid and blue dashed line in 

Fig. 2-1)   

Return to underventilated conditions following the smoke explosion: After 

the observed explosions, the crib burning, and heat release rate returns to values before 

the decay of HRR.  

Time: 37′ 0.3″ - Temp.:590 K Time: 37′ 0.6″ - Temp.:590 K 

Time: 37′ 0.9″ - Temp.:590 K Time: 37′ 1.2″ - Temp.:705 K Time: 37′ 1.5″ - Temp.:705 K  

Time: 37′ 0.0″ - Temp.:590 K 
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Table 3-3 summarises burning characteristics of Chen’s experiments as obtained 

from visual observations and the measurements. Here, tE is the time (minute) when the 

first smoke explosion in an experiment occurs. TE0 and TE1 are respectively the 

compartment temperature before and after the occurrence of the first smoke explosion 

(K). 

The experiment cribA:M-100 was replicated to assess the repeatability of the 

experiments. The MLR and HRR followed a similar trend in the replicated experiment 

(see Fig. 3-12). Moreover, the smouldering decay and repeated oscillations reoccurred. 

Table 3-3: Summary of experiments 

Test code1 First smoke 

explosion 

Ghosting 

fire4  

Decayed HRR 

and 

smouldering 

combustion 5 

Smoke 

explosion/ 

repeated 

oscillation 

Ave. 

MLR 

(g/min)6 

Ave. 

HRR 

(kW)7 tE  TE0
2 TE1

3 

A:C-100 67 609 755 Yes Yes Yes / No 161.8 20.8 

A:C-71 68 603 774 Yes Yes Yes / Yes 83.3 16.6 

A:C-50 - - - No No No / No 41 8.4 

A:M-100 37 773 833 Yes Yes Yes / Yes 162.7 22.6 

A:M-71 34 582 766 Yes Yes Yes / No 108.2 12.6 

A:M-50 - - - Yes No No / No 52.4 4.1 

A:F-100 - - - Yes No No / No 167.7 24.8 

A:F-71 72 691 883 Yes Yes Yes / No 99.2 14.0 

A:F-50 138 628 763 Yes No Yes / No 54.6 9.9 

B:M-100 - - - Yes No No / No 154.5 26.1 

B:M-71 - - - Yes No No / No 98.5 16.9 

B:M-50 99 553 773 Yes No No / No 33.2 6.5 

1 Crib type (crib A or crib B as per Table 3-1): Fuel elevation (F: floor, M: middle and C: ceiling)-Vent 

diameter (e.g., 50 for 50 mm). 
2 Temperature measured by the rear top (950 mm height) thermocouple before the occurrence of the 

first smoke explosion 2«3 
3 Temperature measured by the rear top (950 mm height) thermocouple after the occurrence of the first 

smoke explosion 2«3 
4 The occurrence of the ghosting fire prior to the smoke explosion. 
5 The occurrence of decay of heat release rate and temperature prior to the smoke explosion. 
6 The average (quasi steady) mass loss rate is calculated as the mass loss between 20% to 80% of the 

time history. 
7 The average heat release rate of the flaming combustion is based on calorimetry measurement with the 

exclusion of the first 10 minutes of each test excluding the decay period (see Fig. 3-11) 
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Fig. 3-12: Repeatability check for cribA:M-100 experiment in which heat release rates 

agreed and repeated oscillation occurred following smoke explosion.  

3.5 ANALYSIS AND DATA CORRELATIONS 

3.5.1 Effect of fuel location on mass pyrolysis and heat release rate 

The effect of the fuel location is examined by using experiments having identical 

ventilation opening and crib size but different fuel elevations at the rear of the 

compartment denoted F, M and C as shown in Fig. 3-3. Comparison between the 

experiments, (Fig. 3-13 to Fig. 3-18), shows that the average mass loss rate and the 

average heat release rate are almost equal in experiments having different fuel 

elevations with a maximum deviation of ±20% (see Table 3-3). 

The average mass loss rate is calculated (Table 3-3) using the fuel mass loss of 

between 20% to 80% of the initial fuel mass, divided over the corresponding time 

difference in each experiment. Therefore, the averaged mass flow rate excludes the 

incipient and decay phases. In addition, the average heat release rate of each 

experiment is determined as the average heat release rate after the first 10 minutes up 

to the 80% mass loss excluding the HRR decay period.  

Fig. 3-13 to Fig. 3-18 show the fuel mass and HRR for the experiments with crib 

A, in the enclosure having vent diameters of 100, 71 and 50 mm respectively. In these 
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figures, the mass loss histories of the experiments are shown instead of MLR curves, 

because of significant fluctuations in the mass loss measurements due to the (pressure) 

oscillations that would have made the MLR curve difficult to interpret. The HRR 

curves have been already smoothed by moving averages (10 seconds). 

 
Fig. 3-13: Fuel mass history for Crib A at compartment with 100 mm vents in 

different fuel elevations – Circle designates single smoke explosions 

 
Fig. 3-14: Heat release rate for Crib A at compartment with 100 mm vents in 

different fuel elevations – Circle designates single smoke explosions 
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Fig. 3-15: Fuel mass history for Crib A at compartment with 71 mm vents in 

different fuel elevations 

 
Fig. 3-16: Heat release rate for Crib A at compartment with 71 mm vents in different 

fuel elevations 
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Fig. 3-17: Fuel mass history for crib A sample at compartment with 50 mm vents in 

different fuel elevations 

 
Fig. 3-18: Heat release rate for crib A sample at compartment with 50 mm vents in 

different fuel elevations 

In these plots, the effect of fuel elevation is examined. It can be observed from 

Fig. 3-13, Fig. 3-15 and Fig. 3-17, that the average slope after the incipient period of 

the curves that represent the average (quasi steady) MLR is similar, but the incipient 

mass loss history varies. The largest difference in the incipient period occurs in the 

experiments with the crib at the ceiling, which has a much longer incipient phase. This 

is probably due to the accumulation of smoke around the crib that reduces the local 
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oxygen concentration and HRR. In the incipient phase of the ceiling experiments 

cribA:C-100, cribA:C-71, cribA:C-50, the HRR did not exceed 10 (¬ and the 

temperature remained lower than 500 K.  

After the occurrence of smoke explosion, the HRR rapidly rises as can be seen 

in plots for cribA:C-100 and cribA:M-100 experiments. Note that no reduction of HRR 

nor any smoke explosion incidents occurred for cribA:F-100. For experiments such as 

cribA:C-100, smouldering combustion led to a single explosion that was followed by 

flaming crib after the explosion until the crib eventually burned out. For multi-

explosion experiments such as cribA:M-100, subsequent repetitive explosions or more 

precisely oscillations occurred. During the multiple-explosion (oscillations) period, 

each event was approximately 40 seconds apart.  

Comparing the initial slopes and average heat release rate after the incipient 

phase in Fig. 3-14, Fig. 3-16 and Fig. 3-18, it can be concluded that the fuel elevation 

does not affect the peak flaming heat release rate in similar ventilation conditions. 

The noise (fluctuations) on the HRR curve is because of the limitation of the 

oxygen depletion calorimetry. Unlike other large scale (*¬) fire experiments, these 

experiments were carried out under severely ventilation limited conditions creating 

small scale ((¬) fires. Hence, the resolution of the calorimetry became low and 

generated large HRR fluctuations. Therefore, the experiments with 50 mm diameter 

ventilation and less had lower accuracy. It was discussed in this section that the fuel 

elevation does not notably affect the MLR and the HRR. This could be explained by 

the fact that the conditions are ventilation-controlled. 

3.5.2 Effect of crib type on mass pyrolysis and heat release rate 

Fig. 3-19 to Fig. 3-22 present the effects of the crib types A and B on the mass 

loss rate and heat release rate for experiments conducted in the middle elevation. It is 

worth noting that the porosity of both cribs A and B (see Table 3-1) puts them into a 

crib porosity-controlled regime (regime III in section 2.3) [39, 78]. In these plots, the 

effect of the crib type is examined. It can be observed from Fig. 3-19 and Fig. 3-20 

(and the information provided in Table 3-3) that the average slope after the incipient 

period of the curves that represent the average MLR are similar for experiments with 

different crib types. The greatest deviation is noted with the 50 mm openings. 
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It is noticeable that the type of MDF crib (whether 5 kg or 10 kg) does not affect 

the MLR or HRR (see also Table 3-3). This is apart from some cases in which a drop 

in the HRR is observed due to the burning inside the enclosure being controlled by the 

ventilation restrictions through the cribs. Moreover, the HRR is different in the 

incipient period of the crib burning due to the variable duration of this period. 

 
Fig. 3-19: Mass loss history for experiments with Crib B, namely, cribB:M-100, 

cribB:M-71 and cribB:M-50 

 
Fig. 3-20: Mass loss history for experiments with Crib A, namely, cribA:M-100, 

cribA:M-71 and cribA:M-50 
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Fig. 3-21: Heat release rate for experiments with Crib B, namely, cribB:M-100, 

cribB:M-71 and cribB:M-50 

 
Fig. 3-22: Heat release rate for experiments with Crib A, namely, cribA:M-100, 

cribA:M-71 and cribA:M-50 

3.5.3 Effect of ventilation on mass pyrolysis and heat release rate 

In this section, the effects of opening size on the mass loss and heat release 

history of the MDF cribs are examined. For this purpose, primarily the results of the 

experiments for Crib A in the middle position designated as crib A:M-X are presented 

because the effects of the location and crib type on the burning behaviours were small 

(as discussed in sections 3.5.1 and 3.5.2). The heat release rate and mass loss history 

of crib A:M-X experiments having different opening sizes are plotted in Fig. 3-23 and 
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Fig. 3-24 to examine how vent size affects fuel mass loss and the HRR. In addition, 

the temperature histories measured by a thermocouple located at the rear top of the 

compartment (950 mm height above the floor) are plotted in Fig. 3-25, which 

represents the higher range of temperature changes within the compartment. The mass 

loss, heat release rate and temperature histories depicted in Fig. 3-23 to Fig. 3-25 

clearly demonstrate that the burning intensity decreases as the vent size decreases. This 

behaviour is consistent with the observation that burning in these experiments occurs 

in underventilated conditions. 

Fig. 3-23 to Fig. 3-25 show the results of two additional experiments with 

smaller ventilation openings, namely, cribA:M-36 and cribA:M-25. These 

experiments with 25 mm and 36 mm openings were carried out only for the crib A in 

medium(M) elevation. 

The average MLR (from 20% to 80% of the mass loss) and flaming HRR (after 

the initial transient period - 10 min, excluding the temporary HRR decrease, before the 

occasional smoke explosion) are plotted in Fig. 3-26 and Fig. 3-27 against a novel 

ventilation parameter �H2∆ℎ�3  introduced as explained and derived in detail in 

section 3.3. Here, ∆ℎ� is the distance between the centre of the top and bottom vents 

which is 0.65 m for all cases in this study while area (A) is the varying area of one of 

the two identical openings in square meter.  

 
Fig. 3-23: Heat release rate history for experiments with Crib A in medium elevation 

for opening diameters of 25 mm, 36 mm, 50 mm, 71 mm and 100 mm 
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Fig. 3-24: Fuel mass history for five experiments with different opening sizes – Each 

circle designates a smoke explosion 

 
Fig. 3-25: Temperature histories of the rear top thermocouple (located at 950 mm 

height) for five experiments with different opening sizes 

The results in Fig. 3-26 and Fig. 3-27 show that the mass loss rate and the heat 

release rate are linear functions of the novel ventilation parameter, �H2∆ℎ�3: 

I+ . ≈ 0.40�H2∆ℎ�3   Eq. 60 

Here, the mass loss rate is in (;/< and all length units in meter. 

Q+ ≈ 4,000�H2∆ℎ�3 Eq. 61 
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Fig. 3-26: Mass loss rate vs. ventilation factor for fourteen different experiments with 

various fuel mass, (5 kg or 10 kg), fuel height (floor, middle or ceiling) and opening 

sizes (25 mm, 36 mm, 50 mm, 71 mm and 100 mm); The opening size (A) is the 

surface area of one of the two identical openings and ∆ℎ� is the distance between the 

centre of the openings which is 0.65 m for all experiments; The straight lines represent 

the linear correlation between the mass loss rate and the ventilation factor. The R2 

coefficient of determination is 95%. 

 

 
Fig. 3-27: Heat release rate vs. ventilation factor for fourteen experiments; The straight 

lines represent the linear correlation between the heat release rate and the novel 

ventilation factor. The R2 coefficient of determination is 92%. 
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Here, the heat release rate is measured in the hood and represents all combustion 

inside the enclosure, because no flames were observed outside of the enclosure. Also, 

the air inflow rate can be estimated assuming that all the inflowing oxygen is consumed 

inside the enclosure because the conditions are underventilated and no flames were 

observed outside of the enclosure. Using the heat release per mass of air consumed as 

3,000 (ª/(;, the air mass inflow rate is related to the HRR measured in the hood by: 

I+ � = �+ 3,000u = 4,000�H2∆ℎ�3 3,000u = 1.33 �H2∆ℎ�3   2(;/<3               Eq. 62 

By comparing the air mass inflow, Eq. 62, with the fuel MLR, Eq. 60, and using 

the stoichiometric ratio for the MDF (S = 5.7) [42], it is confirmed that the burning 

conditions inside the enclosure are underventilated where the fuel burned inside is: 

I+ ×a =  I+ �Ø = 1.33�H∆ℎ�5.7 = 0.23 �H∆ℎ� Eq. 63 

It follows that the unburned fuel is: 

m+ 0/, = m+ . −  m+ /, = 0.17�H∆ℎ�     Eq. 64 

The slope of the linear relation for the air inflow rate Eq. 62 is independent of 

the temperature inside the enclosure, supported by the theoretical analysis in section 

3.3.  In addition, the theoretical analysis predicts that the air inflow is close to the 

experimental value (Eq. 59), which is:  

I+ �,Fn = 1.58�H∆ℎ� − 0.8IJ+  Eq. 65 

and by substituting IJ+  from Eq. 60: 

I+ �,Fn = 1.26�H∆ℎ� Eq. 66 

This value compares well with the air inflow rate deduced from the heat release 

rate measurements i.e., Eq. 62. 

Eq. 60 and Eq. 62 give the air inflow rate and pyrolysis rate for the enclosure 

with two openings. These values are obtained in the experiments, even when the 

unforeseen smoke explosions occurred after flaming recovered. These correlations are 

compared with similar correlations for an enclosure having a single opening in Table 

3-4. Here, H is the height of the single opening whereas ∆ℎ� is the distance between 

the two openings in the present experiments. 
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It is important to notice that the present correlations Eq. 60 and Eq. 62, agree 

with the experimental results for heptane pool fires (for Cases 1-4 [33]) regarding the 

inflow rates and for Case 2 (underventilated steady fire [33]) regarding the mass 

pyrolysis rate. 

Despite the quantified uncertainties, the present results in the cubic like 

enclosure having two openings clearly demonstrate that; a) the conditions are 

ventilation-controlled (see Fig. 3-26 and Eq. 60 for the total mass pyrolysis rate) and 

b) the mass inflow rate is given by Eq. 62 as derived both theoretically (in section 3.3) 

and experimentally (Eq. 61 and Eq. 62). A comparison is made between the ratio of 

mass pyrolysis rate to mass inflow rate of the present situation with the same ratio for 

a single opening compartment to show the difference which would depend on the flow 

conditions. For example, it is also known that this ratio varies for ventilation-controlled 

conditions in long corridors having one opening [81].  

It is intriguing for further thinking to notice that the ratio of mass pyrolysis to 

mass air inflow is 0.3 for the two openings and 0.2 for the single opening at 

underventilated conditions. 

Table 3-4: Comparison between air inflow and pyrolysis rate for enclosure with two 

vents and single vent enclosure 

 Enclosure with two openings 

– presented results 

Enclosure with single opening 

Air inflow rate m+ � = 1.33 �H2∆ℎ�3 m+ � = 0.5 �√�  [44] 

Pyrolysis rate m+ . = 0.4 �H∆ℎ� m+ . = 0.1 �√�  (Eq. 1) [34] 

3.6 SMOKE EXPLOSION PHENOMENON 

The relation of the burning development for a single opening in Table 3-4 is in 

line with the observations reported in reference [43] that provided a scaling scheme 

for predicting the burning rate and room environment in enclosure fires using timber 

cribs. The burning behaviour was reported to develop from a flame attached to the crib 

for well-ventilated conditions to ghosting flames, and finally to the case where burning 

could not be sustained for small openings. Although the burning behaviour observed 

in reference [43] is quite similar to the observation reported here, no ignition or 

explosion of the smoke was reported.  The results for the air inflow rate and mass 
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pyrolysis rate for the cribs agrees with the results available in various literature for a 

single opening as listed in Table 3-4. 

Based on the observations and Chen’s experimental results [25], the 

development of fire and smoke explosion can be theorised in the following way: 

1. Initially, the burning rate is controlled by the fuel because the rate of oxygen 

supply is higher than what is required for the combustion of pyrolysing gases 

(over-ventilated conditions).  

2. As the fuel mass loss rate increases, the conditions inside the enclosure become 

underventilated and the oxygen concentration in the upper layer of the 

enclosure diminishes (see Fig. 3-28 and Fig. 3-29) reaching a low level (less 

than 5%). Burning can continue as an underventilated situation until all fuel is 

consumed without any explosion to occur as for example shown in Fig. 3-28. 

3. But in some cases, the heat release rate decays and smouldering is observed 

because the combustion is affected by the reduced burning inside the crib 

which burns a) under-vitiated conditions and b) underventilated conditions 

because of the low porosity of the cribs. Further experiments are required to 

understand whether the porosity of the crib is the cause for this decrease in 

HRR. Fig. 3-21 and Fig. 3-22 indicate that the higher porosity crib i.e., cribB 

did not sustain smoke explosion compared to the lower porosity crib, i.e., 

cribA. The global equivalence ratio (GER) could not be used in these 

experiments to predict the occurrence of the smoke explosions. The GER can 

be estimated from the ratio of total mass pyrolysis rate to the mass inflow rate. 

The GER is considered constant using the averaged values in Eq. 60 and Eq. 

62. In the experiments completed as part of this thesis which are presented in 

chapters 6 to 9, a Phi-meter is used to get direct and real-time measurements of 

the equivalence ratios based on the gas concentrations within the compartment. 

4. In the smouldering stage, the HRR and temperature drop, however, the air 

inflow has not changed (see discussion in sections 3.3 and 3.5.3), and not all 

oxygen inflow is consumed inside the enclosure. This behaviour is clearly 

shown in Fig. 3-29. 

5. During the previous stage, the oxygen concentration in the upper layer 

increases until flammable concentrations with the pyrolysing gases are 
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developed leading to a smoke explosion (Fig. 3-29) induced by the hot 

smouldering crib. 

  

Fig. 3-28: Gas concentrations for cribA:M-50 experiment 

a) Left: O2 and CO2 molar concentration for cribA:M-50 experiment- no smoke explosion 

b) Top right: HRR for cribA:M-50 experiment 

c) Bottom right: Fuel mass loss history for cribA:M-50 experiment 

  

Fig. 3-29: Gas concentrations for cribA:C-100 experiment 

a) Left: O2 and CO2 molar concentration for cribA:C-100 experiment- smoke explosion 

b) Top right: HRR for cribA:C-100 experiment 

c) Bottom right: Fuel mass loss history for cribA:C-100 experiment 

After the explosion, flaming combustion recovers as shown in Fig. 3-29c. 

The development of the aforementioned scenarios for fire development in an 

enclosure is also illustrated in Fig. 2-1. 
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3.7 SUMMARY AND CONCLUSIONS 

Based on Chen’s experimental results [25], the burning history of MDF cribs at 

three different elevations in an underventilated enclosure with two openings has been 

investigated. The effects of the fuel height above the floor, the crib height and the 

ventilation opening size on the MLR and HRR are investigated for underventilated 

conditions. In some experiments, the underventilated fires produced single or multiple 

smoke explosions after a decrease of oxygen concentrations and consequent heat 

release rate inside the enclosure.  

It was demonstrated that the overall burning behaviour, including MLR and 

HRR (excluding the possible occurrence of explosions), is nearly independent of the 

location or the type of MDF cribs for underventilated conditions but depending on the 

ventilation factor. Specifically, the air inflow and pyrolysis rate are shown to be 

independent of the enclosure temperatures for the range of gas temperatures (600-900 

K) measured in this work. 

Other conclusions of this analysis include: 

• After an initial fire growth period, the conditions inside the enclosure become 

underventilated (as shown in sections 3.5.1 and 3.5.2) resulting in the HRR and 

MLR to be proportional to a novel ventilation parameter; �H2∆ℎ�3, where A 

is the opening area and ∆ℎ� is the distance between the centres of the two 

openings. Specifically, the following relations were established experimentally 

as shown in Fig. 3-26 and Fig. 3-27 for the HRR (excluding the explosion 

periods in case of smoke explosions) and the MLR:  

Q+ = 4,000�H2∆ℎ�3   2(¬3             

I+ . = 0.40�H2∆ℎ�3     2(;/<3            

Because all combustion occurred inside the enclosure (no external flame), the 

HRR can be estimated from the air mass inflow rate (see Eq. 62): [62] 

 I+ � = �+ 3,000u = 1.33 �H2∆ℎ�3      2(;/<3            

• The presented results were further consolidated by showing theoretically that 

the air mass inflow for two openings is given by the following relation (Eq. 60 
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and Eq. 66 and analysis in section 3.3) independent of the gas temperatures 

inside the enclosure:   

 I+ �,Fn = 1.26�H2∆ℎ�3  2(;/<3 

This value is quite close to the experimental value i.e., Eq. 62. 

Moreover, a preliminary explanation for the occurrence of the smoke explosions 

is provided. The MLR of the cribs does not change for the different burning conditions 

and crib configurations whereas the HRR decreases prior to a possible explosion (note 

that the latter behaviour does not always occur for repeated experiments under the 

same nominal conditions, but the fuel continues burning in underventilated 

conditions). This decrease in HRR is because the average oxygen concentrations 

become very low to sustain complete consumption of oxygen inside the pyrolysing 

MDF crib. Before an explosion of the smoke layer, the inflow of oxygen remains 

constant, so the concentration of oxygen starts increasing again in the compartment, 

thus leading to an explosion of the smoke gases induced by the hot crib embers.  

At the time completing this analytical work, it was proposed that the low porosity 

of the crib could be a cause for the decrease in HRR prior to the smoke explosion. 

Additional experiments with cribs with various porosities are conducted in this study 

to further assess this proposition, as noted in Chapter 9. 
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Chapter 4: Exploratory Experiments with 

Smoke Generating Apparatus 

The occurrence of the smoke explosion is understood to have a relation with the 

flammability characteristics of the smoke species. In order to characterise the 

flammability of the smoke for various fuels, a smoke generator apparatus was designed 

and built to test the flammability of smoke for various fuels in different fuel/air 

mixtures. This chapter describes the smoke generator apparatus setup as part of this 

research and the results obtained. This part of the work is presented in the form of a 

conference publication as below [28]: 

• S. Rasoulipour, C. Fleischmann and S. Spearpoint, "The Flammability of 

Smoke in Underventilated Compartment Fires", 14th International 

Conference and Exhibition on Fire Science and Engineering - Interflam 

2016, Windsor, UK 

The contents of this chapter are reproduced based on this publication. 

4.1 INTRODUCTION 

Generally, the occurrence of a smoke explosion is deemed to be the result of the 

establishment of an adequate amount of oxygen-fuel mixture within the flammable 

range and the mixture's contact with an ignition source in the compartment. The 

oxygen-fuel mixture accumulates either because it is not within the flammable range 

and/or is not flammable at the ignition source. Previous research has not fully 

quantified the components present within the smoke that result in a flammable mixture 

and mainly focused on the toxicity of smoke.  

As part of this research, an exploratory attempt was made to investigate smoke's 

flammability and quantify the flammability characteristics of combustion products 

within a compartment fire with severely limited ventilation. The severely ventilated 

conditions are when the ventilation is not adequate for flaming combustion and fire 

transitions to smouldering at some stage. These experiments were designed to 

characterise the species of combustion products and assess the flammability to predict 

the likelihood of a smoke explosion in compartment fires. The idea was to invent an 

apparatus that can be easily used for the combustion process of different fuels in 

various ventilation conditions. 
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The fuel chosen here to quantify the flammability characteristics of its 

combustion products was timber pellets. Timber is chosen as it is one of the most 

common materials in compartment fires with a smouldering behaviour that is likely to 

produce a large amount of total hydrocarbons (THC) in underventilated burning 

conditions. Timber pellets that are generally made from compacted timber waste are 

chosen to have relatively consistent fuel characteristics. The timber pellets used for 

this study are made of a mixture of pinus radiata and Douglas fir with a bulk density 

of less than 650 kg/m3. The pellets had a measured diameter of 6 mm with an average 

length of 13 mm. The timber pellets used for these experiments contain 7% moisture 

determined by drying them in an oven at 65 oC for seven days. The pellets have been 

burned using two purpose-built smoke generator apparatuses. Both smoke generators 

contain a combustion chamber; however, they had a different setup. The initial smoke 

generator could not generate smoke in a slow combustion process with low MLR; 

therefore, the setup was revised as described in the following sections. 

4.2 INITIAL SMOKE GENERATOR APPARATUS  

4.2.1 Setup 

The smoke from the timber pellets was generated using a simple combustion 

chamber, shown schematically in Fig. 4-1. This apparatus exhausted the smoke from 

a combustion chamber that held the timber pellets while receiving fresh air forced 

through the bottom of the chamber. Timber pellets were held on top of a stainless-steel 

mesh that let the ash pass through and accumulate on the combustion chamber's bottom 

while keeping the pellets above the mesh. The mesh also allowed for even inlet air 

distribution in the combustion zone. The airflow generated by a high-pressure air 

cylinder regulated to 250 kPa, pushed the smoke from the burning timber pellets to an 

outlet port. An electric arc was used to ignite the smoke flowing from the outlet 

periodically. The electric arc was applied with the frequency of two sparks per second. 

The smoke generator sat on a load cell to continuously record the mass of pellets 

consumed. The flammability of the smoke was examined for a range of inlet air flows 

through the burning process. 
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Fig. 4-1: Schematic of the initial smoke generator apparatus setup 

Initiating sustained combustion of the pellets could take time, depending on the 

inlet airflow. In each test, a naked flame was used to start the combustion through the 

ignition hatch, and the hatch was capped after igniting the pellets. Maintaining the 

combustion was more difficult for the lower inlet air flows because the fire could have 

gone out after capping the hatch. Lower inlet air flows required a few minutes of pre-

heating with the naked flame so that when the ignition hatch is capped, combustion 

continued. The lowest examined air inlet flow was 6 litre/min as the setup did not work 

for lower flow rates as the combustion process stopped. 

4.2.2 Results 

The experiments have been repeated for a range of 6 to 16 litre/min inlet air 

flows. The flow of the smoke coming out of the exhaust port is equal to the inlet airflow 

plus the combustion products, and there was no other natural or forced air ventilation 

in the system. Although the generated smoke was flammable for a few short periods 

in each experiment, all those conditions that led to the flammable smoke were 

transient. However, in steady burning conditions, flammable smoke was not observed. 

Hence conditions resulting from flammable smoke were not clearly identified or 
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measured. Fig. 4-2 shows the initial smoke generator apparatus and a transitional 

period in which the smoke outflow was flammable. Moreover, in some instances, a 

flame projection was observed through the smoke exhaust vent followed by the non-

flammable smoke exhaust, as shown in Fig. 4-3. 

 
Fig. 4-2: Initial smoke generator apparatus with a forced air inlet from the bottom of 

the combustion chamber 

 
Fig. 4-3: Flame projection occurrence after ignition with naked flame 
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The mass loss rate for various inlet air flow rates is shown in Fig. 4-4. As 

expected, higher inlet flows resulted in an increased mass loss rate and a higher burning 

rate. The mass loss rate and the burning rate of the timber pellets varied over time in 

each experiment. The process could roughly be considered in three stages. The warm-

up stage in which the combustion zone grows, the maximum burning rate stage in 

which the mass loss rate has its steepest slope and is steadier than other stages, and 

lastly, the decay stage in which most of the fuel is consumed and transformed to ash. 

Increasing the air inflow rate reduced the warm-up stage duration and increased the 

slope of the steady stage. Hence, increasing the air inflow rate increased the overall 

MLR. The experiments were undertaken with approximately 1000 grams of fuel and 

stopped in the decay stage when the residual fuel became less than 200 grams. 

 
Fig. 4-4: Fuel mass loss history and burning stages for different inlet flows 

Although the smoke generated by the initial smoke generating apparatus was 

flammable in transient conditions, none of those conditions was in a measurable steady 

condition. The device could not have continuous combustion with inlet airflow rates 

of less than 6 litre/min, which appeared to be essential to examine the flammability of 

smoke in severely underventilated compartment fires. Hence, the design of the smoke 

generating apparatus was modified to have sustained combustion in lower inlet air 

flows. 
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4.3 REVISED SMOKE GENERATOR APPARATUS  

4.3.1 Setup 

In order to generate smoke with lower fuel burning rates, smoke was generated 

using timber pellets in a revised smoke generator apparatus. The revised smoke 

generator apparatus used pressure difference to extract the smoke from a chamber of 

timber pellets while drawing fresh air in through small ventilation holes near the 

bottom of the chamber. The combustion process started by igniting the pellets by a 

torch through the small ventilation holes. This setup allowed the combustion to 

continue for lower flow rates compared to the initial setup without the need for pre-

heating. The revised apparatus is shown schematically in Fig. 4-5, and Fig. 4-6 shows 

a photograph of the inside of the revised smoke generator from its bottom. 

 
Fig. 4-5: Schematic of the revised smoke generator apparatus and the detail of the 

outlet orifice plate used for measuring the exhaust flow rate 
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Fig. 4-6: Bottom view of the inside of revised smoke generator combustion chamber 

As with the initial setup, the revised experiment assessed the timber pellet 

smoke's flammability in the presence of a spark ignition. The airflow generated by a 

variable flow air pump pushed the smoke of the burning timber pellets to the exhaust 

port while fresh air is drawn in through two 10 mm diameter air inlet holes near the 

bottom of the chamber. Due to the arrangement of the fuel inside the chamber and the 

arrangement of the air inlet near the bottom of the chamber, smouldering combustion 

only occurred near the bottom of the chamber as the lower pellets turn to ash and upper 

fuel layers collapse into the combustion zone. As before, the smoke generator sat on a 

load cell to continuously record the mass of the fuel consumed. A thermocouple 

measured the temperature of the generated smoke at the centre of the exhaust port. The 

experiment was repeated with five different air pump inlet flows. The total air inflow 

is the air pump's flow rate, which was a known fixed value, plus the air sucked into the 

combustion chamber through the small ventilation holes. It is worth noting that the 

forced air inlet by air pump through the small holes with plugged holes did not lead to 

getting the flammable smoke in steady-state conditions like the initial smoke generator 

apparatus, so this approach was not pursued. 

The revised smoke generator apparatus with side vent holes were experimentally 

found to generate flammable smoke in its steady combustion stages. The total air 

inflow to the combustion chamber in the revised setup is the sum of air inflow through 

the air pump (known value), and the air sucked into the combustion chamber through 

the vent holes (unknown). An attempt for real-time measurements of the smoke 



 

80 Chapter 4: Exploratory Experiments with Smoke Generating Apparatus 

outflow with an orifice plate was challenging due to the backflow created at the inlet 

holes for low air inflow rates. The details of the orifice plate installed on the revised 

smoke generator are shown schematically in Fig. 4-5. The created backpressure 

reversed the flow direction through the air inlet holes for air pump inflows of less than 

5 litre/min. Therefore, in low air inflow rates, the revised setup with the orifice plate 

caused a large portion of the generated smoke to discharge through the air inlet holes 

rather than the exhaust port. As a result, the combustion zone could not develop, and 

combustion could not continue for low air inflows through the air pump. 

Instead of real-time measurements of the smoke exhaust flow rate, an estimate 

of the suction flow through the inlet holes has been carried out by measuring the 

pressure difference across the orifice plate in the exhaust port concerning the incoming 

air in non-combustion conditions for flow rates of above 5 litre/min. The pressure 

difference measurement is done once with open inlet holes of the combustion chamber 

and the other time with plugged air inlet holes to have equal inflow and outflow. For 

inlet airflow between 5 to 20 litre/min, the air coming in via the air inlet holes is 

approximately 13% to 17% of the forced inlet airflow, as shown in Fig. 4-7. For 

example, the pressure difference when the air inflow through the air pump was 15 

litre/min and the holes are plugged found nearly 8 Pa. The 8 Pa pressure is measured 

for when the side holes opened at the air pump flow rate of approximately 12.9 

litre/min. Therefore, it is concluded that the 8 Pa pressure difference at the exhaust for 

the case that the vent holes are open corresponds to having 15 litre/min exhaust flow: 

12.9 litre/min through air inflow and 2.1 litre/min through side holes. Therefore, the 

air inflow through holes in this flow rate is 16% of the air inflow through the air-pump. 

This calibration exercise is conducted for the condition of no combustion, and the 

effect of combustion chamber temperature is neglected. In a combustion condition, 

when the chamber's temperature (and pressure) rises, the air inflow through the vent 

holes is expected to reduce. 
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Fig. 4-7: Smoke/gas outlet orifice pressure difference (Pa) of the revised smoke 

generator apparatus in relation to the air inlet flow (litre/min or LPM) 

Flammable smoke at the outlet smoke exhaust was observed for air-pump air 

inflow rates of between 6 to 8 litre/min that sustained for a period of up to 10 seconds 

in these experiments.  

The other transient condition that caused flammable smoke discharge is 

immediately lowering the inlet airflow by the mass flow controller needle valve. The 

flame in the outlet smoke did not last longer than 60 seconds in this transient condition. 

However, such observations in transient conditions that lead to flammable smoke were 

not measurable in terms of fuel/air ratios. 

In addition, a few flame projections were observed immediately after witnessing 

flammable smoke in transient conditions, similar to what is shown in Fig. 4-3. This 

phenomenon occurred twice in transient conditions for less than a second. In both 

incidents, the discharged smoke was flammable before its occurrence and immediately 

after the flame projection, the discharged smoke was no longer flammable. 

4.3.2 Results 

It has been observed that using the revised smoke generator apparatus allowed 

continued combustion having lower inlet air flows. The generated smoke with this 

apparatus was flammable occasionally during the steady smoke generating stage in a 
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few experiments. The experiments with this apparatus carried out for the inlet air flows 

between 4 to 8 litre/min. Fig. 4-8 illustrates the averaged fuel mass loss rate for three 

inlet air flows, i.e., 4, 5 and 7 litre/min. 

The three stages of the mass loss rate are still observable for 5 litre/min and 7 

litre/min inlet airflow rates using the revised smoke generator apparatus; however, the 

overall mass loss rates have been reduced. For the 4 litre/min inlet airflow experiment, 

the mass loss rate is shallow and does not follow the trend of the three stages. After 

approximately 8 hr the mass is reduced by approximately 60 grams. 

 
Fig. 4-8: Average fuel mass loss rate for the revised smoke generator apparatus 

4.4 DISCUSSION 

In order to compare the mass loss rates of both smoke generators, the steepest 

slope of MLR curve is considered as the maximum mass loss rate of that experiment. 

Table 4-1 and Table 4-2 illustrate each experiment's air to fuel mass ratio in the steady-

state conditions, i.e., air inflow rate over fuel mass loss rate. The theoretical air to fuel 

ratio required for the ideal combustion of wood is noted to be 5.7 (g air/g fuel) in 
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literature, while this number for timber volatiles and char is respectively 4.6 and 11.2 

[15].  

Table 4-1: Results with the initial smoke generator (no sustained flammable smoke at 

the exhaust) 

Inlet airflow1 Initial smoke generator 

Fuel MLR2 

(g/hr) 

oI+ �)� I+ aÚ�Ûu b 
Initial 

fuel (g) 

Burn time 

(hr) 
litre/min g/hr 

6 432 357 1.2 1050 4.8 

8 576 360 1.6 1000 3.6 

10 720 398 1.8 1000 3.4 

14 1008 549 1.8 1000 2.7 

16 1152 875 1.3 1000 2.3 

1 All the air inflow is forced and fixed by a mass flow controller. 
2 Fuel mass loss rate (MLR) is determined based on the maximum mass loss rate in quasi-steady 

conditions. 

Table 4-2: Results with the revised smoke generator with side air-pump and vent holes 

(leading to have sustained flammable smoke at the exhaust for experiments with 6 to 

8 litre/min) 

Air-pump airflow  

Maximum 

total air 

inflow 1 

Revised smoke generator 

Fuel MLR 

(g/hr) 

oI+ �)� I+ aÚ�Ûu b 
Initial fuel (g) Burn time 

(hr) 

liters/min g/hr g/hr 

4 288 325 14 23.2 500 7.2 

5 360 406 36 11.2 500 6.3 

62 432 488 80 6.1 600 2.2 

72 504 569 150 3.8 600 3.8 

82 576 656 156 4.2 1200 8 

1 Maximum air inflow is estimated based on the aggregate value of the air-pump airflow and the air 

inflow through the holes. As discussed in section 4.3.1 and Fig. 4-7, the maximum air inflow through 

the vents is calibrated for each air-pump air inflow. 

2 The experiments in the coloured rows (6 to 8 litre/min) led to having sustained flammable smoke in 

their quasi-steady period. 

Table 4-1 shows the results obtained by using the initial smoke generator 

apparatus. The total amount of fresh air is the air flow that enters the combustion 

chamber through the inlet air connection (forced air) for the initial smoke generator. 

Table 4-2 shows the experiment results for the revised smoke generator. The inlet 

airflow for the revised smoke generator is not the total amount of fresh air introduced 

to the combustion chamber, as part of the air inlet is through the vent holes that allow 
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a slow burn process. The total air inflow is estimated based on the calibration exercise 

via an orifice plate in the outlet in the non-combustion condition. Air inflow through 

vent holes is between 13% to 16% of the forced air inflow with the air pump. For the 

lower flow rates experimented here, it is approximated that the air inflow through the 

holes is 13% of the air inflow via the air pump.  

As Table 4-1 shows, the initial smoke generator resulted in fuel-rich mixtures 

and a faster burning process. The initial smoke generator has not generated flammable 

smoke in steady stages, which contrasts the expectations for low air to fuel rates. The 

observations of the experiments with the initial smoke generator were that the smoke 

exhaust was only flammable in transient conditions. This partly confirms the fuel-rich 

reaction that generates fuel-rich smoke. The air to fuel ratio is between 1.2 to 1.8 for a 

wide range of air inflows, indicating that nearly all incoming air is consumed in the 

combustion and increased the fuel mass loss rate proportionally. This is similar to an 

underventilated compartment fire in which the air inflow rate determines the burning 

rate. The faster burning rate of the initial smoke generator (compared to the revised 

smoke generator as per Table 4-2) could be due to having flaming combustion within 

the chamber. However, as the chamber has no holes, it was impossible to observe the 

chamber's combustion process. The smoke yields of the flaming combustion are 

understood to be different to the smouldering combustion. Unfortunately, no sustained 

combustion could be had for air inflows of lower than 6 litre/min with this setup. 

As Table 4-2 shows, the air to fuel ratio for the revised smoke generator for inlet 

air flows of more than 6 litres/min appears to be fuel-rich, leading to sustained flame 

at the smoke exhaust (the highlighted cells in Table 4-2). The experiments with higher 

than 8 litre/min inlet airflow have not been carried out. The slow-burning rate is 

understood to be caused by smouldering combustion, which is confirmed visually. 

Smouldering combustion and lower burning rate in this setup are owed to the 

combustion zone being mainly around the vent holes, and the forced air (by air pump) 

may mostly exit the combustion zone without passing through the combustion zone 

(see Fig. 4-6). However, the venturi effect causing air sucked into the combustion 

chamber and kept the smouldering combustion going around the vent holes. 
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4.5 CONCLUSION 

The pre-requisites for generating flammable smoke are not very well understood. 

This study shows that the flammability of timber pellet smoke is changed for the 

different designs of the smoke generator apparatus. The change in the smoke 

generating apparatus influenced the fuel mass loss rate and the flammability of the 

smoke. It is observed that flammable smoke is achievable for air to fuel ratio of 

between 3.8 to 6.1 for timber pellet fuel. The flammability of the smoke and 

combustion condition observed based on the air to fuel mass ratio is plotted in Fig. 

4-9. 

 
Fig. 4-9: Flammability of timber pellet smoke and combustion regime to air to fuel 

mass ratio using the smoke generator apparatus developed in this study 

Two attempts were made to develop a smoke generator apparatus that can 

characterise the flammability of smoke for various fuels in different ventilation 

conditions. A steady, slow-burning process can be achieved with the revised smoke 

generator that uses natural vents for air inlet; however, a more robust flow measuring 

method should be used to determine the smoke flow without restricting the flow 

downstream of the smoke generator. This is found challenging; therefore, such smoke 

generator apparatus was not further developed or experimented with, for characterising 

the flammability of smoke of different fuels. 

Future work could focus on modifying the revised smoke generator to quantify 

the generated smoke flow. The generated smoke could be analysed to quantify THC, 
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CO, CO2, and O2 continuously. Such measurements would allow plotting the 

flammability diagram of smoke for various fuels. Similar to the diagrams developed 

by Zabetakis [56] for pure gas mixtures. 

Moreover, in future works, a Phi-meter could be used in this setup to measure 

the real-time equivalence ratio instead of measuring the air inflows, which are found 

challenging to measure. This would assist in characterising the flammability of smoke 

of different products based on the equivalence ratio. 

This study aims to develop a robust procedure and apparatus that quantifies the 

flammability limits for the smoke of other smouldering fuels. Instead of further 

developing the smoke generator apparatus, a different approach was taken to 

characterise the flammability limit of pyrolysis products, as described in Chapter 5.  
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Chapter 5: Flammability of Timber 

Pyrolysis  

The exploratory experiments for determining the flammability characteristics of 

timber smoke and developing a smoke generator apparatus test that can be used for 

other fuels is described in Chapter 4. The developed smoke generator apparatus in 

Chapter 4 was shown to have some challenges for generating sustained flammable 

smoke in a measurable condition. Therefore, the approach for characterising the 

flammability of smoke is altered and a new setup is developed to measure flammability 

of fuel pyrolysis. This setup is described in this chapter and used for plywood and 

medium density fibre (MDF) fuels. The flammability diagram of engineered wood 

pyrolysis is developed in this chapter in anaerobic conditions for dried pyrolysis. This 

is slightly different to the approach explained in Chapter 4 in which the combustion 

smoke was aimed to be measured.  

This part of the work is presented in the form of a publication as below [29]: 

• S.Rasoulipour, C. Fleischmann, Mercieca L., Adams N., "Flammability 

of Engineered Wood Pyrolysis Gases at Anaerobic Condition", Fire 

Safety Journal, 2021  

The contents of this chapter are reproduced based on this publication. 

5.1 INTRODUCTION 

Smouldering combustion is previously shown to be a required precursor to a 

smoke explosion occurrence, producing large quantities of CO and unburned 

hydrocarbons [24, 25]. Given the continuously changing species, understanding the 

flammability limits of the combustion products is crucial in understanding the smoke 

explosion phenomenon [24, 25, 26]. Flammability limits are composition limits of 

gaseous fuels and air that are flammable and flame can propagate during combustion 

[53]. The flammability limits are determined experimentally comprising the lower 

flammability limit (LFL) and the upper flammability limit (UFL). LFL and UFL are 

respectively the minimum and maximum of gas fuel concentration that results in flame 

propagation. 
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The objective of the present chapter is to provide an experimental procedure to 

generate pyrolysis from decomposing engineered wood and measure the flammability 

of these pyrolysis gases. The flammability characteristics obtained in the research will 

provide a fundamental knowledge which is required to better understand the smoke 

explosion phenomenon in the compartment fires. This information will be useful in 

subsequent research for understanding whether the air/fuel mixture falling within 

flammability range is the precursor of smoke explosion occurrence. Therefore, this 

research is focused on the flammability diagram with oxygen concentrations of 

ambient and less, and the flammability diagram is not developed for conditions with 

oxygen concentrations greater than ambient. This is because oxygen-rich conditions 

are not important for the purpose of the ultimate research goal here which is 

understanding precursors of smoke explosions that occur in underventilated fire 

conditions. 

5.2 BACKGROUND 

5.2.1 Measurement of flammability limits 

Multiple methods are available to measure the flammability limits of gaseous 

fuels. The method that is most widely used is the one that developed by the U.S. Bureau 

of Mines [56, 57]. Amongst the many researchers that have used this method to assess 

the flammability of fuels, Zabetakis did the most extensive review [56]. In this method, 

a premixed air/gas/diluent of known mixture ratio is tested in a 1,500 mm long vertical 

tube with 50 mm internal diameter with a piloted ignition at the bottom of the tube. 

The mixture is considered flammable if the flame propagates upwards and travels at 

least half the height of the tube. 

This method is not the only technique used to define flammability limits and 

other methods have been introduced to improve measurements of the U.S. Bureau of 

Mines apparatus [58, 59, 60]. One of the disadvantages of this method is neglecting 

the effect of the tube diameter on the flammability result. However, the effect of tube 

diameter has been shown to be less important when the tube is designed for upward 

propagation (spark at the bottom) as shown by Linnett and Simpson [61]. Another 

disadvantage would be for testing the heavier than air fuels which can escape the tube 

once the tube bottom cap is opened immediately before ignition. To overcome these 

challenges, a spherical pressure vessel was developed by Hirst et al. in 1981 as an 



 

Chapter 5: Flammability of Timber Pyrolysis 89 

alternative apparatus which defines the flammability based on the pressure rise inside 

the vessel [60]. Current standard method in ASTM similarly uses a 5-litre pressure 

vessel that defines flame propagation as a minimum 7% pressure rise after ignition 

[59]. 

The flammability of premixed gas fuels is reported to be dependent on the 

mixture of fuel-oxygen-diluent concentration as well as the mixture temperature and 

pressure [57, 53].  The flammability range is reported to have widened with the 

increase of temperature [53]. There is evidence suggesting that there is a lower 

temperature limit below which flame cannot propagate, regardless of the mixture [15]. 

With the increase of temperature, the flammability limits widen, but the UFL is more 

sensitive to the increase of temperature than LFL [53]. 

Despite the disadvantages of the U.S. Bureau of Mines apparatus, the 

flammability limits obtained from this method are still considered to be the most 

widely available for most of the fuels [53, 15], and has been adapted for use in this 

study at room temperature. 

5.2.2 Gasification of engineered wood  

As part of this study, the distribution of engineered wood pyrolysate gas yield in 

the literature has been reviewed and analysed to seek an expected flammability range 

for engineered wood pyrolysate gases. The flammability limits found by experiments 

are analysed to see if they fit within the expected flammability limits based on the 

engineered wood pyrolysate gas yields reported in various articles. 

There are numerous articles available about the gasification of biomaterials that 

outlines the properties of engineered wood pyrolysate in different gasification 

processes [82, 83, 84, 85]. These studies are focused on introducing biomass fuels as 

an alternative to the conventional fossil fuels. Studies in the engineered wood 

gasification and pyrolysis area have demonstrated that the temperature of the reactor 

(pyrolysis temperature) affect the distribution of pyrolysis species [82, 84].  Becidan 

et al. reported weight fractions of MDF pyrolysate species in reactor temperatures 

varying between 600 ºC and 900 ºC [82]. Their results show that the mass fractions of 

the gas species generated in the pyrolysis process increases with the increase of the 

reactor temperature; also, the mass fraction of the liquid droplets and char reduces. 
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Their results also showed that the changes in the concentration of engineered wood 

pyrolysis species were minor (< 5%) for reactor temperatures exceeding 750 ºC [82]. 

Li and Li reported that the gases produced from the pyrolysis of MDF composed 

of hardwood fibres (89.3%) and urea-formaldehyde resin (10.7%), were water vapour 

(H2O), carbon monoxide (CO), carbon dioxide (CO2), methanol (CH3OH), methane 

(CH4), ammonia (NH3), and small amounts of hydrocarbon compounds [86]. They 

found that the pyrolysis of MDF can be split into three stages, characterised by 

temperature, mass loss and the MDF component undergoing pyrolysis. The first stage 

occurs between 25 ºC to 213 ºC that involves a small amount of pyrolysis of 

hemicellulose and urea formaldehyde resin in which the sample loses ~10% of its mass 

resulting mainly from moisture evaporation and partly from pyrolysis of hemicellulose 

and urea-formaldehyde resin. The second stage occurs between 213 ºC to 382 ºC 

during the pyrolysis of hemicellulose, cellulose, lignin, and urea formaldehyde resin 

in which the sample loses 56% of its mass. The third stage is between 382 ºC to          

700 ºC in which only lignin undergoes further pyrolysis. At 700 ºC the residual sample 

mass was reported as 19% of the initial mass. Therefore, the pyrolysate gases produced 

throughout the MDF thermal decomposition will vary primarily with reactor 

temperature and heating rate. The fastest mass loss rate is reported at 6.3% of the initial 

sample weight per minute that occurred at 350 ºC. 

Williams & Besler [85] reported two distinct areas of gas evolution for dried 

pine wood. First being 200 ºC to 400 ºC in which main gas yields are mostly CO and 

CO2, and above 400 ºC in which concentration of CO and CO2 drops (CO2 having 

more significant decrease). Also, they have confirmed that the heating rate influences 

gas yields [85].  

It is worth noting that most of the studies about thermal decomposition of 

engineered wood are focused on gasification of engineered wood to obtain biomass 

energy and the optimisation of the gasification process to produce alternative fuels. 

Therefore, the pyrolysate gases that are products of incomplete combustion or a 

pyrolysis chamber (as used in this study), are not directly comparable to the pyrolysate 

gases reported in the biofuel studies. This is because the reactor temperatures and rate 

of temperature rise are tightly controlled in the biofuel studies, which cannot be 

achieved in incomplete combustion conditions, nor the method used here. However, 

the data in the biofuel literature still provides a range for the gas species of the 
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pyrolysis process and the distribution allowing to estimate a theoretical range of LFLs 

based on various pyrolysate mixtures reported. Here, Le Chatelier weighted average 

rule is not used to estimate UFL, as the approximations for using such rule for UFL 

are unclear to be valid for fuels/inert mixtures of this study. In literature such as SFPE 

Handbook and U.S. Bureau of Mines, Bulletin, Le Chatelier rule is advised for 

calculating the LFL only [87]. 

Table 5-1 and Table 5-2 summarise the gas yields for MDF and timber pyrolysis 

based on two biofuel studies for each type of material. These studies reported the yields 

of gas species based on the reactor temperature. The LFL of the engineered wood 

pyrolysate is estimated based on the compositions reported by others in biofuel studies 

(Table 5-1 and Table 5-2) by using the empirical rule developed by Le Chatelier. Le 

Chatelier’s rule proposed that the limit of a mixture of gases is located between the 

limits of the individual gases and is proportional to the gas composition [53]. 

The gas yields reported in different biofuel articles for MDF (Table 5-1) and 

wood (Table 5-2) consistently show that the concentration of CO increases and CO2 

decrease with the higher reaction temperature. For instance, for fibreboard and MDF, 

CO increases from 20% at 425 ºC to 40% at 900 ºC and CO2 decreases from 73% at 

425 ºC to 48% at 900 ºC [82, 83].  The concentration of total hydrocarbons is varying 

between 7% and 12% for both MDF and plywood. Using the Le Chatelier’s rule shows 

that the LFL is primarily sensitive to the concentration of the hydrocarbons, and the 

hydrocarbon type (C1 to C4), and less sensitive to the concentration of CO.  The 

concentration of hydrogen is negligible for both MDF and wood fuels and its impact 

to LFL is negligible. 

Based on the biogas articles, the pyrolysate gas yields and hence the LFL 

depends on the fuel and pyrolysis conditions such as temperature and temperature 

increase rate. In general, the estimated value for LFL for MDF pyrolysate gases was 

expected to be within the range of 12% to 26% (Table 5-1) prior to completing the 

flammability experiments. Also, the expected LFL range for wood pyrolysate gases is 

between 14% to 19%. 
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Table 5-1: Literature review of the pyrolysis experiments that reported MDF 

pyrolysate gas yields 

Researchers / 

method  

Fuel 

sample 

size/type 

Gas yields in various 

temperatures 

Other results 

reported 

Becidan et al. [82] /  

Pyrolysis with 

nitrogen flow 

within a heated 

vertical tube reactor 

(0.1 m diameter 

and 1 m high) and 

FTIR analysis of 

gases 

Fiberboard 

with 226 

kg/m3 

density with 

sample size 

of 

10×10×100 

mm 

At 600 ºC gas concentration (%)1: 

30% CO, 63% CO2, 4% CH4, 3% 

C2, 0.07% H2 

LFL2: 23 

 

At 750 ºC gas concentration (%)1: 

39% CO, 50% CO2, 5% CH4, 6% 

C2, 0.1% H2 

LFL2: 16 

 

At 900 ºC gas concentration (%)1: 

40% CO, 48% CO2, 5% CH4, 6% 

C2, 0.2% H2 

LFL2: 15 

Gas yield from 30-35 

wt% to 52-57% 

increased with 

temperature. 

Char production 

decreased from 

roughly 23 wt% at 600 

ºC to 19 wt% at 900 

ºC. 

 

The reactor 

temperature is 

measured at the 

surface of the tube 

reactor 

Park et al. [83] /  

Pyrolysis in a 

fluidised bed 

reactor with pre-

heated nitrogen or 

product gas as fluid 

flow within a 

heated vertical tube 

reactor (0.11 m 

diameter and 0.39 

m high) and 

thermogravimetric 

analyser (TGA). 

MDF particle 

samples 

sized 0.6–1 

mm 

At 425 ºC gas concentration (%)1: 

20% CO, 73% CO2, 7% C1 to C4 

hydrocarbons 

LFL2: 19 to 263 

 

At 475 ºC gas concentration (%)1: 

22% CO, 71% CO2, 7% C1 to C4 

hydrocarbons 

LFL2: 18 to 233 

 

At 525 ºC gas concentration (%)1: 

23% CO, 65% CO2, 12% C1 to 

C4 hydrocarbons 

LFL2: 13 to 183 

 

At 575 ºC gas concentration (%)1: 

28% CO, 60% CO2, 12% C1 to 

C4 hydrocarbons 

LFL2: 12 to 173 

Char yields found to 

be: 

32 to 25 wt% of the 

sample for pyrolysis 

temperatures of 

respectively 425ºC to 

575ºC 

The reactor 

temperature is 

measured as an 

average of three 

thermocouples in a 

nearly uniform 

temperature reactor 

1 The paper reports the gas yields in terms of percentage of initial sample weight percentage which is 

converted to gas concentrations here considering the molecular mass of each species. 
2 Lower flammability limit (LFL) estimated by Le Chatelier’s rule using LFLs of each gas species from 

SFPE handbook [53] 
3 The range of LFLs are determined based 100% C2 hydrocarbons (C2H4 or C2H6) or 100% C4 

hydrocarbons (C4H8) 
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Table 5-2: Literature review of the experiments that reported wood pyrolysate gas 

yields 

Researchers / 

method 

Fuel sample 

size/type 

Gas yields in various 

temperatures 

Other results 

reported 

Rangland et al. [84] 

Bowersox et al. [88] 

 

Pyrolysis 

products of 

drywood 

reported 

under 

combustion 

conditions 

Mass fraction of pyrolysis 

products at combustion is 

reported: 

25% H2O, 18.3% CO, 11.5% 

CO2, 0.5% H2, 4.7% CH4, 

20% Tar, 20% Char 

 

Concentration of dried gas 

species is found: 

47% CO, 46% CO2, 7% CH4, 

0.1% H2 

LFL1: 19 

Above 700 ºC, char 

is reported to have 

little hydrogen 

content which is in 

line with species 

yields reported by 

Girods et al. [89]. 

Williams & Besler 

[85]  / 

Pyrolysis in a static 

batch reactor with 

200cm3 capacity with 

electric ring furnace 

purged by pre-heated 

nitrogen. The reactor 

had a controlled 

heating rate (5 to 80 

K/min) and set to 

reach a final pyrolysis 

temperature for 2 

hours until no further 

gas is released. 

Temperatures were 

measured at the 

centre (hot zone) of 

the reactor. 

 

Dried pine 

wood in 1 cm3 

cubes (25 g 

samples) 

The volume of gas fuel (%) 

generated in different reactor 

temperatures for slow-

burning pyrolysis temperature 

increase rate of 5 K/min are: 

 

At 350 ºC concentration % 

reported: 

24% CO, 57% CO2, 9% H2, 

8% CH4, 2% C2H6 

LFL1: 15 

 

At 400 ºC concentration % 

reported: 

46% CO, 43% CO2, 2% H2, 

5% CH4, 3% C2H6 

LFL1: 16 

 

At 420 ºC concentration % 

reported: 

40% CO, 34% CO2, 5% H2, 

6% CH4, 4% C2H6 

LFL1: 16 

Two distinct areas of 

gas evolution 

observed; 200 ºC to 

400 ºC in which 

main gas yields are 

mostly CO and CO2, 

and above 400 ºC in 

which concentration 

of CO and CO2 

drops (CO2 having 

more significant 

decrease) 

 

Char residue at    

420 ºC and 5 K/min 

reactor temperature 

increase rate is in 

agreement with the 

mass loss of the 

plywood in this 

study. 

1 Lower flammability limit (LFL) estimated by Le Chatelier’s rule using LFLs of each gas species 

from SFPE handbook [53]  
2 C2 hydrocarbons (C2H4 or C2H6) are considered to estimate the LFL for the 2% unknown 

hydrocarbons. It is noted that Beciden et al. [82] reported that the CH4 and C2 hydrocarbons are 

primary hydrocarbons produced.  
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In this part of the study, the exact pyrolysate gas compositions for both MDF 

and plywood are unknown as no gas analysis is performed. Also, some gas products 

were condensed from the system during the gas generation procedure. Moreover, the 

literature referenced in this section (Table 5-1 and Table 5-2) are referred to use MDF 

and plywood, the type of engineered wood used, and the sample sizes deviate from the 

engineered wood products used in this study. Despite the deviations between the 

method and types of engineered wood fuel used in this study, the review of the biofuel 

studies provides insight into the expected gas yields and are compared to the LFL of 

the pyrolysate gases found here. 

5.3 EXPERIMENTAL SETUP AND PROCEDURE 

The setup for this experimental study comprises of two separate apparatuses 

interconnected via a three-way valve and a tube. These two apparatuses and the 

experimental procedure are described in the following sub-sections. 

5.3.1 Gas generation apparatus and procedure 

The pyrolysate gases are generated in a novel gas generating apparatus. The 

pyrolysate gases are generated using a sealed cylindrical pyrolysis chamber of 175mm 

diameter and 185mm height. The pyrolysis chamber contains cube cut engineered 

wood products and is suspended over a liquified petroleum gas (LPG) burner that heats 

the chamber at a constant heat release rate and pyrolyses the fuel inside the chamber. 

The suspension cable of the pyrolysis chamber is attached to a load cell for real time 

mass measurement of the fuel. The engineered wood pyrolysate products will then 

pass through a condensation coil to remove water vapour and aerosols. It is worth 

noting here that the effect of water vapour and aerosols on the flammability limit is 

neglected and the flammability of pyrolysis gases are investigated excluding the effect 

of the condensation gases and aerosols on the flammability limits. 

The gases collected in the early stages of decomposition were purged through a 

flare to remove any oxygen or other gases remaining in the system. The pyrolysate 

gases are collected and stored in a gas storage chamber on a water displacement system 

with a free expanding chamber, common in basic chemistry education. The gas storage 

chamber includes two counterweights so that the chamber has a slight negative 

buoyancy. The gas storage chamber can be isolated after the gas collection using a 

system of valves and tubes and the pyrolysate gases can be stirred in a closed loop for 
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mixing after the gas collection. The pyrolysis chamber temperature is measured using 

a K type thermocouple placed 40 mm below the top of the pyrolysis chamber. The 

schematic of the gas generation apparatus is shown in Fig. 5-1. 

Fig. 5-1: Schematic of the gas generating apparatus up to its connection to the 

flammability test apparatus 

Before each experiment the load cell is calibrated and approximately 630g of 

square cut engineered wood specimen was placed inside the sealed pyrolysis chamber. 

Load cell measurement recording was started before any thermal decomposition. The 

gas burner was lit below the pyrolysis chamber and a mass flow controller kept the 

LPG flow constant to attain a heat release rate of 12 kW. The pyrolysate products from 

the decomposition of engineered wood fuel travelled through a stainless-steel tube 

including a condensation coil to remove all the products that condense above the 

ambient temperature such as water vapour, aerosols and tar. The condensed products 

were then collected in a condensation trap that was periodically opened to allow 

condensed liquids to be expelled. Gases collected in the early stages of decomposition 

were purged through a flare to remove any oxygen or other gases remaining in the 

system. Pyrolysate gases were then collected until thermal decomposition was nearly 

complete, and the mass loss curve plateaued. Following gas collection in the pyrolysis 

chamber, the system and contents were left to cool down while a stirring pump mixed 
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the pyrolysate gases stored in the stainless-steel gas storage chamber for a minimum 

of 30 minutes prior to starting the flammability test. The stirring pump gas flow rate 

was 17 litre/min at atmospheric pressure. The gas storage chamber surface area was 

400 × 400 mm and its maximum height due to the water displacement for these 

experiments reached up to 600 mm i.e., 96 litres of pyrolysate gas stored after the gas 

generation process. Therefore, in the 30 minutes stirring time, the gas is expected to 

be circulated through the chamber for at least 5 times. 

5.3.2 Flammability test apparatus and procedure 

A flammability test apparatus like the setup by the U.S. Bureau of Mines is used 

to test the flammability of pyrolysate gases (in the pyrolysis storage chamber) mixed 

with different quantities of air and diluent [56, 57]. The flammability test tube (FTT) 

which is 1.5 m long with 50 mm internal diameter is closed on the top and sealed at 

the bottom with a bung and is connected to a vacuum pump that can vacuum the tube 

to reach a negative pressure. The flammability test apparatus utilises a series of pumps 

and valves for operation as a sealed system allowing to have measurable 

concentrations of fuel, air and diluent as per schematic in Fig. 5-2. The pyrolysate gas 

can be collected measurably using a calibrated syringe from the gas storage chamber 

which can then be purged into the vacuumed FTT. Following purging fuel into the 

FTT, diluent (such as nitrogen) can be purged into the FTT similarly by using another 

calibrated syringe. Ultimately, the FTT which is still in negative pressure will be 

opened to air to fill in the FTT with air until reaching atmospheric pressure. This 

process allows to fill the FTT with a mixture of gas fuels, diluent (nitrogen here) and 

ambient air with known concentrations. The schematic of the flammability test 

apparatus is shown in Fig. 5-2. 

Before each test, the tubing throughout the system and the FTT, were cleared 

from the previous test’s residual combustion gases by using a vacuum pump. 

Following the tube clearance, a rubber bung with vacuum grease was used to seal the 

bottom of the FTT. The vacuum pump was used to evacuate the FTT to a negative 

pressure of -85 kPa. A predetermined volume of pyrolysate gas were drawn from the 

gas storage chamber into a calibrated two litre syringe, connected to the fuel syringe 

connection. The fuel line passed through a tube filled with Drierite desiccant to remove 

the moisture of the fuel sample. The contents of the fuel syringe were then pulled into 

the vacuumed FTT (without pushing the syringe plunger as the FTT was in negative 
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pressure). The pressure increase in the FTT was recorded (FTT still in negative 

pressure). A predetermined volume of nitrogen (diluent) was drawn from a zero-grade 

nitrogen cylinder into another syringe and purged into the FTT via the diluent syringe 

connection. At this stage, specific volumes of pyrolysate gas and diluent were injected 

into the tube and the tube was still in a negative pressure which was recorded. Dry 

ambient air was then allowed to enter the FTT until the pressure reached atmospheric 

pressure. The unmeasured air volume required to bring the system to atmospheric 

pressure was calculated by knowing the volumes of the pyrolysis fuel and nitrogen (as 

diluent) as well as the volume of the FTT and connected tubes. 

 
Fig. 5-2: Schematic of the flammability test apparatus  

Once the FTT reached the atmospheric pressure, the tubes were sealed using 

isolation valves and contents were circulated with the pump through the FTT for at 

least two minutes to mix the sample. After two minutes, the mixture was circulated 16 

times considering the pump flow rate of 1.6 m3/hr and FTT and tubes aggregate 
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volume of 3.16 litres. After mixing, the bung at the bottom of the FTT was removed, 

and immediately afterwards an electric arc at the bottom of the FTT was ignited. 

Following each flammability test, the FTT was purged with compressed air to expel 

the combustion products and remove condensates. This procedure was repeated to test 

the flammability of other mixtures of gas fuel (engineered wood pyrolysis in this 

study), diluent (nitrogen) and air. Each test was captured by a video camera positioned 

in front of the FTT. 

5.3.3 Methane flammability measurements 

Methane flammability testing was undertaken with the flammability test 

apparatus to examine the validity of the results produced for MDF and plywood gases. 

The methane flammability testing methodology was identical to that used for the MDF 

and plywood gas, except the gas was sourced from a high-pressure cylinder of 99% 

pure methane. The published methane LFL and UFL are 5% and 15% respectively [53, 

56]. A total of 14 methane flammability tests were undertaken and the results are 

summarised in Table 5-3. 

Based on the results, the methane flammability limits published by Zabetakis 

[56] have been reproduced with the flammability apparatus used in this study. The 

small discrepancy in the observed LFL results could be due to the room temperature 

conditions. Where the limits published by Zabetakis were at a temperature of 26°C 

compared with 16°C in this investigation. Hence, the results for this modified 

apparatus are consistent and comparable with Zabetakis results. Based on the 

consistent results of methane test with published flammability limits, the apparatus 

developed as part of the study is validated. 

Table 5-3: Methane airline flammability testing results to validate the flammability 

test method 

Methane 

Volume (%) 

Flammable?(Yes/No) No. of 

Trials 

4 No 2 

5 Yes (1), No (2) 3 

6 Yes 2 

8 Yes 1 

10 Yes 1 

12 Yes 1 

15 Yes 2 

16 No 2 
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5.3.4 Engineered wood Fuel 

The engineered wood products used in experimental testing, MDF and plywood, 

have been selected due to their common use in buildings. The procedure used for 

pyrolysate gas generation from MDF and plywood were identical. It is noted that the 

gas generation experiments for MDF and plywood were separate, and the system was 

purged between each gas production. Gas generation through thermal decomposition 

is completed for MDF and plywood fuels with properties detailed in Table 5-4. The 

gas generation apparatus and the procedure are developed for future use for generating 

the pyrolysate gases of other materials. 

Table 5-4: MDF and plywood sample types used in the experiments of this study and 

mass loss due to pyrolysis  
Fuel / Initial 

mass (g)  

Fuel size/type Fuel composition 

based on literature 

Fuel shape Mass loss at gas 

generation (g) 

MDF  

630 g ± 5 

40 cubes of 

30×30×30 mm 

wood fibres (60-

90%),  

urea polymer with 

formaldehyde (5-

23%), and 

paraffin waxes and 

hydrogen waxes (0-

2%) [86, 90] 

 

420 g ± 5 

66% mass loss at 

gas generation 

and 34% (weight) 

is char residue 

Plywood (7 

layers of 

veneer each 2.6 

mm) Rated as a 

PS1-09 

Exposure 1 

[91] 

630 g ± 5 

21 cubes of 

50×50×18 mm 

92% timber and  

8% glue [92] 

 

440g ± 5 

68% mass loss at 

gas generation 

and 32% (weight) 

is char residue 

 

5.4 RESULTS AND DISCUSSION 

The measured mass of the pyrolysis chamber contents throughout thermal 

decomposition was used to develop a mass loss rate profile for the plywood and MDF 

fuels. The mass loss rate history and mass loss rate for both engineered wood materials 

during gas production are presented in Fig. 5-3. 
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The gas generation halted after the fuel mass plateaued. As can be seen in Fig. 

5-3., the plywood fuel sample had a slightly greater total mass loss over the gas 

generation process than the MDF sample. This could be due to the high quantity of 

adhesive products in MDF relative to that generally present in plywood. The mass loss 

rates for both engineered wood fuels tested are about 10 grams per minute, which is 

governed by the fuel surface area and cannot be generalised or compared to the similar 

value obtained from biogas studies. 

   
Fig. 5-3: Mass loss history (left) and mass loss rate (right) of engineered wood 

specimen during pyrolysate gas generation. Mass loss rate is plotted in 60 seconds 

moving average 

The residuals in the pyrolysis chamber are observed to be in the form of char as 

shown in Fig. 5-4. All MDF cubes and plywood samples were charred (black colour) 

regardless of their position inside the pyrolysis chamber. Also, the variation between 

the mass of the charred samples were minor, suggesting a nearly uniform charring 

process. The mass of MDF samples ranged between a minimum of 15.3 to maximum 

of 18.8 grams prior to the decomposition and the mass of the charred samples found 

to be ranged between a minimum of 4.7 grams to a maximum of 6.3 grams (after 

decomposition). On average (based on 10 samples), the initial mass of each MDF 

block of 16.3 grams reduced to 5.5 grams after gas generation i.e., charred residue 

being 34% of the initial fuel weight. For plywood samples, the initial average mass of 

30.7 grams for each piece of plywood fuel dropped to 9.8 grams i.e., 32% charred 

residue. The residual weight of char agrees with char yields of Park et al. experiments 

for pyrolysis temperature of 425 ºC [83]. Fig. 5-4C also shows the condensation trap 

and its drain valve frequently opened to drain the condensations and tar. 
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Fig. 5-4: A: Charred residuals of MDF pyrolysis process inside the pyrolysis chamber, 

B: comparison of shape and size of a charred sampled after pyrolysis and initial MDF 

fuel, C: Condensation trap to filter the aerosols, tar and condensation 

The constant HRR of the combustion chamber is expected to lead to a constant 

pyrolysis temperature of the fuel however, not implying uniform temperature within 

the pyrolysis chamber. The pyrolysis chamber temperature showed a quasi-steady 

temperature of 260 ºC. The pyrolysis chamber temperature measured is known to be 

lower than the pyrolysis reaction temperature (such as reactor temperatures reported 

in the biofuel studies). The pyrolysis temperature in these experiments is not measured 

as it was found difficult to have multiple thermocouples near the fuel bed to average 

the temperature as the chamber needed to be completely sealed. However, the 

pyrolysis temperature is known to be above 300 ºC due to having black char residue 

(Fig. 5-4) [84, 93] and having thermocouple temperature reaching 260 ºC.  

In the flammability tests, a blue flame is observed in flammable mixtures with 

flame propagating at least half of the tube. The average flame propagation velocity is 

approximately 0.3 m/s, found by the video footage of the tests. Fig. 5-5 shows the 

flame propagation in the flammability test for a flammable mixture in which flame 

propagates and hit the top of the tube. 
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Fig. 5-5: Full flame propagation for MDF pyrolysate gas at 40% fuel volume in FTT 

(near UFL) 

5.4.1 MDF flammability 

More than 200 flammability tests are undertaken for MDF fuel to determine the 

flammability limits of MDF pyrolysate gases. During the preliminary tests, it was 

noticed that the flammability limits slightly shift, while the gas ages. Therefore, two 

flammability diagrams are developed for each type of pyrolysate gas, the first being 

the flammability limits of fresh pyrolysate gas tested less than 4 hours after gas 

generation, and the aged gas tested at least 72 hours after gas generation. Between 

testing days, the aged gas was stored in the gas storage chamber of the gas generation 

apparatus. Before each test, the mixture is stirred for at least 30 minutes to have a 

uniform mixture and avoid testing stratified gas mixture. All flammability testing was 

undertaken at atmospheric pressure and room temperature (varied between 15 ºC and 

22 ºC). The tests started with finding the flammability limits along the airline (fuel and 

air mixture with no nitrogen diluent). The flammability of various gas mixtures is 
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found quite repeatable and consistent. The flammability limits on airline is repeatable 

with ±1% error in various tests. The repeatability is found to be subject to: 

i. Having a constant heat release rate at the LPG burner, and 

ii. Considering similar ageing period, (flammability limits of fresh pyrolysate gas 

tested less than 4 hours after gas generation, or the aged gas tested at least 72 

hours after gas generation are found consistent) 

Following finding the LFL and UFL, the flammability was tested for fuel 

concentrations between LFL and UFL with additional nitrogen as diluent to find the 

maximum concentration of nitrogen diluent (remainder filled with air) in which the 

mixture was still flammable. At limit regions, testing was repeated several times. The 

flammability diagram of the MDF pyrolysis for fresh and aged gas are plotted together 

in Fig. 5-6 and Fig. 5-7. 

The shape of the flammability diagram is in line with the expectations in diluted 

conditions. With the reduction of the diluent and increase of the oxygen concentration, 

the UFL shows an increase, but the LFL is relatively constant. This is expected as in 

LFLs, sufficient oxygen is available to support the combustion whereas, in UFLs, 

available oxygen is less than the stoichiometrically required oxygen. Hence, at the 

upper limit, the additional oxygen participates in the combustion process, whereas at 

the lower limit the additional oxygen simply replaces diluent gas [53].  

The LFL of the MDF pyrolysis gas is found to be 21% for fresh gas and reduces 

to 16% for aged gas along the airline. The UFL found to be 41% for fresh gas and 

reduces to 39% for aged gas. The nose of the line of the flammability diagram 

corresponds to the minimum oxygen concentration in which a flammable mixture can 

form, known as limiting oxygen concentration (LOC). The LOC for the MDF pyrolysis 

gas is found to be 9.5% which is lower than limiting oxygen concentration of 

hydrocarbons (~ 11 to 12) [53] and corresponds to the availability of CO in the 

mixture, as LOC of CO is 5.5%  [53, 56]. 

As gas species are not measured in the experiments, the decrease of the 

flammability limits in aged gas cannot be fully explained. As a large portion of water 

vapour has been condensed from the gas in the condensation trap, the tested pyrolysate 

gas is expected to be largely comprised of CO and CO2 with small amounts of 

hydrocarbons. The obtained LFL from the test agrees with the estimated LFLs based 
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on the gas species of MDF pyrolysis reported in the literature (see Table 5-1) for the 

range of pyrolysis temperature of 400 ºC to 450 ºC. As the temperature measured near 

the top of the pyrolysis chamber was 260 ºC and the charring yield reported in the 

literature [83] in 400 ºC to 450 ºC (32% of initial weight) is in good agreement with 

the mass loss found in these experiments i.e., 34%. 

   
Fig. 5-6: Comparison between the flammability diagram for fresh (less than 4 hours 

from gas generation) and aged (after 72 hours of gas generation) MDF pyrolysis gas 

samples at reduced oxygen concentrations with fresh gas in the solid green region and 

aged gas in the hatched yellow region; this plot is the triaxial flammability diagram. 

For the fresh gas (solid green region), the black sign × shows the mixtures tested and 

found non-flammable and black sign + are the tests for fresh gas where the mixture 

was found flammable. For aged gas, the red sign × shows the mixtures tested and found 

non-flammable and red sign + are the tests for aged gas where the mixture was found 

flammable 
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Fig. 5-7: Comparison between the flammability diagram for fresh (less than 4 hours 

from gas generation) and aged (after 72 hours of gas generation) MDF pyrolysis gas 

samples at reduced oxygen concentrations with fresh gas in the solid green region 

and aged gas in the hatched yellow region; this plot is the close-up plot of 

flammability in a perpendicular graph. For the fresh gas (solid green region), the 

black sign × shows the mixtures tested and found non-flammable and black sign + 

are the tests for fresh gas where the mixture was found flammable. For aged gas, the 

red sign × shows the mixtures tested and found non-flammable and red sign + are the 

tests for aged gas where the mixture was found flammable 
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5.4.2 Plywood flammability 

More than 100 flammability tests are undertaken for plywood fuel to determine 

the flammability limits of plywood pyrolysis. Similar to the MDF tests, two 

flammability diagrams are developed for fresh gas, and aged gas. The process of 

flammability test was similar to the procedure described for MDF. The flammability 

diagram of the plywood pyrolysis for fresh and aged gas are shown in Fig. 5-8 and Fig. 

5-9. 

The LFL of the plywood pyrolysis gas is found to be 18% for fresh gas and 

reduces to 16% for aged gas. Hence, the plywood’s LFL is 3% lower than MDF’s LFL 

for fresh pyrolysis gas. As the pyrolysate gases age, the drop of LFLs is observed to 

be of more significance in MDF compared to plywood. The UFL of plywood pyrolysis 

is found to be 41% for fresh gas that drops down to 40% for aged gas. The LOC is 

found to be 9% for both fresh and aged pyrolysate gases of plywood, which is again 

lower than LOC of hydrocarbons (~ 11 to 12) [53] and corresponds to availability of 

CO in the mixture. 

The LFLs found for plywood pyrolysate gas falls within the range of estimated 

LFLs for different wood products that are summarised in Table 5-2, using Le 

Chatelier’s rule. Based on the pyrolysate mixtures reported by Bowersox et al. [88] in 

combustion condition and reported by Williams and Besler [85] using a temperature-

controlled reactor, the theoretical LFL was estimated to be between 15% to 19% that 

agrees with the results. The thermal decomposition of engineered wood and pyrolysate 

species varies depending on the pyrolysis method whether pyrolysis process takes 

place in an inert reactor or in a combustion condition (at presence of oxygen). The 

thermal decomposition process is accelerated by oxygen, lowering the minimum 

decomposition temperatures [94].  

As outlined in Table 5-2, Williams and Besler used pine wood in 1 cm3 cube 

(thermally thick) and reported gas and char yields in different temperatures in various 

temperature change rates [85]. The char yield (weight%) reported by Williams and 

Besler is 30% at 420 ºC reactor temperature which is close to the 32% charred residue 

found in these experiments [85]. It is worth repeating that the temperature 

measurements reported here does not directly compare to the reactor temperatures 

reported in biofuel literatures, due to different experimental, procedure and setup 

including difference in pyrolysis temperature and the fuels. However, the measured 
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temperature of the pyrolysis chamber (260 ºC) and the fully charred engineered wood 

residual confirm that the pyrolysis reaction temperature is above 300 ºC. 

 
Fig. 5-8: Comparison between the flammability diagram for fresh (less than 4 hours 

from gas generation) and aged (after 72 hours of gas generation) plywood pyrolysis 

gas samples at reduced oxygen concentrations with fresh gas in solid green region 

and aged gas in hatched yellow region; this plot is the triaxial flammability diagram. 

For the fresh gas (solid green region), the black sign × shows the mixtures tested and 

found non-flammable and black sign + are the tests for fresh gas where the mixture 

was found flammable. For aged gas, the red sign × shows the mixtures tested and 

found non-flammable and red sign + are the tests for aged gas where the mixture was 

found flammable. 
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Fig. 5-9: Comparison between the flammability diagram for fresh (less than 4 hours 

from gas generation) and aged (after 72 hours of gas generation) plywood pyrolysis 

gas samples at reduced oxygen concentrations with fresh gas in solid green region and 

aged gas in hatched yellow region; this plot is close-up flammability diagram on a 

standard x-y plot. For the fresh gas (solid green region), the black sign × shows the 

mixtures tested and found non-flammable and black sign + are the tests for fresh gas 

where the mixture was found flammable. For aged gas, the red sign × shows the 

mixtures tested and found non-flammable and red sign + are the tests for aged gas 

where the mixture was found flammable 
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The reduction of flammability limits by ageing is lower for plywood pyrolysis 

compared to MDF pyrolysis, which is due to different gas species yields. As the gas 

storage chamber was a sealed system, and pyrolysate gases were well stirred prior to 

the flammability tests, the reduction of the flammability limits by ageing could be due 

to either condensation of volatiles that are not filtered through condensation trap over 

time or chemical reactions in the gas storage chamber at room temperature. The 

primary combustion products such as CO, CO2 and hydrocarbons are known to be non-

condensable that would not change by gas ageing. 

5.5 GAS COMPOSITION 

A gas conditioning system is used for measuring the gas concentrations and 

stoichiometric fuel to air ratio of the MDF pyrolysis. The details of the gas 

conditioning system that is constructed as part of this research for smoke explosion 

experiments is fully detailed in Chapter 6 (e.g., Fig. 6-9). This gas conditioning system 

that is used for analysing the MDF pyrolysis includes: 

• Phi-meter to determine the stoichiometric fuel to air ratio of the pyrolysis 

gases 

• Hydrocarbon analyser to measure the total hydrocarbon concentration of the 

mixture in terms of methane (CH4) concentration 

• Analyser set to measure the O2, CO2, CO concentrations 

5.5.1 Stoichiometric fuel to air ratio 

The MDF pyrolysis gas captured is mixed with air in two different measured 

flow rates and the equivalence ratio is measured by the Phi-meter as schematically 

shown in Fig. 5-10. 

 
Fig. 5-10: Phi-meter measurement schematic used to determine the stoichiometric fuel 

to air ratio of MDF pyrolysis (MFC stands for mass flow controller) 
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The two measurement scenarios are as below: 

i. MDF pyrolysis fuel with a measured constant flow rate of 0.28 

litre/minute is mixed with air flow rate of 2.0 litre/minute. The O2, CO2, 

CO concentrations are measured which resulted to equivalence ratio of 

0.279, based on Eq. 86 as described in Chapter 7. Therefore, using Eq. 

17:  

∅ = oI+ aÚ�Û I+ �u b��jJÛ�oI+ aÚ�Û I+ �u b�Fm)`n)mj�F�l
= �A+aÚ�Û A+�u h��jJÛ��A+aÚ�Û A+�u h�Fm)`n)mj�F�l

 

0.279 = 0.28 2.0=
�A+aÚ�Û A+�u h�Fm)`n)mj�F�l

 

Thus: 

�A+aÚ�Û A+�u h�Fm)`n)mj�F�l = 0.50 

ii. MDF pyrolysis with a measured constant flow rate of 0.3 litre/minute is 

mixed with air flow rate of 4.0 litre/minute. The equivalence ratio is this 

time found 0.150, which verifies the same fuel to air stoichiometric value 

measured in the previous scenario. 

5.5.2 Gas measurements 

The O2, CO2, CO and methane equivalent THC concentrations of the MDF 

pyrolysis are found as: 

• O2%: 0.1%,  

• CO2: 48.1%,  

• CO: 35.5%,  

• THC (CH4 equivalent): 16.5% 

The gas analysers used are described in Chapter 6 and it is worth noting that the 

maximum calibrated measurement range of the analysers are less than the 

concentrations for THC, CO2 and CO. Therefore, the MDF pyrolysis is diluted with 

adequate measured flow of nitrogen before measurements. 
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5.5.3 Verification 

Using Le Chatelier’s rule for the gas concentrations measured, the LFL of the 

mixture is found as: 

��� = 116.5%5% + 35.5%12.5% = 16.2% 

Which is in line with the LFL of the aged pyrolysate gases of MDF. As it took 

approximately 6 hours from the gas generation until gas measurement, the LFL found 

is reasonable. Moreover, writing the stoichiometric reaction based on the measured 

gas concentrations, the theoretical fuel to air stoichiometric ratio can be found as: 

(0.165CH4 + 0.355CO + 0.481CO2) + 0.515 (O2 + 3.76N2)  1.307CO2 + 0.490O2 + 0.182H2O 

Thus: 

oI+ aÚ�Û I+ �u b�Fm)`n)mj�F�l = 0.165 × 16 + 0.355 × 28 + 0.481 × 440.515 × 232 + 3.76 × 283 ≈ 0.48 

Therefore, the fuel to air stoichiometric ratio found based on the gas 

concentration measurements almost match the fuel to air stoichiometric ratio measured 

by the Phi-meter. 

5.6 CONCLUSION 

The flammability limits and flammability diagram for pyrolysate gases of 

thermally decomposed MDF and plywood are found. As part of the research, a novel 

gas generating apparatus was developed to generate and store pyrolysate gas of 

thermally decomposed materials, enabling to measure their flammability limits using 

a flammability test apparatus. The flammability test apparatus developed here is 

similar to the U.S. Bureau of Mines flammability apparatus [57, 56]. The flammability 

test method was validated using methane gas to determine LFL and UFL of methane 

that agreed to data available in the literature. 

The flammability diagram for MDF and plywood pyrolysate gases are shown in 

Fig. 5-6 and Fig. 5-8 for underventilated conditions. The LFL’s found by the 

experiments show good agreement to the theoretical LFL values using Le Chatelier’s 

rule for the various engineered wood pyrolysate mixtures reported in biofuel studies 

as summarised in Fig. 5-1 for MDF and Table 5-2 for wood. The LFL of plywood 

pyrolysate gases is approximately 3% lower than the LFL of MDF pyrolysate gases. 
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The flammability limits and LOC of MDF and plywood found by this study are 

summarised in Table 5-5. Also, the stoichiometric fuel to air ratio and gases (O2, CO2, 

CO and THC) concentrations for MDF pyrolysis are summarised in Table 5-5. 

Table 5-5: Flammability limits, limiting oxygen concentration (LOC) found by 

experiments for pyrolysate gases of MDF and plywood 

Fuel type LFL 

(%) 

UFL 

(%) 

LOC 

(%) 

Stoichiometric 

fuel to air ratio 

Gas Concentrations 

Fresh pyrolysate 

gases of MDF 

21 41 9.5 0.50 O2: 0.1% 

CO2: 48.1% 

CO: 35.5% 

THC (CH4 equivalent): 

16.5% 

Aged pyrolysate 

gases of MDF 

16 39 Not tested 

Fresh pyrolysate 

gases of Plywood 

18 41 9.0 

Aged pyrolysate 

gases of Plywood 

16 40 

The composition of the pyrolysate mixture was found changing as the pyrolysate 

gas aged. The lower flammability limits (LFLs) of the aged gas were found to be 

slightly lower than the fresh gas. The reduction of the flammability limits of aged gas 

is observed to be of more significance for MDF pyrolysate gas compared to plywood 

pyrolysate gases.  

The flammability limits and LOC found here is for pyrolysis gases where 

moisture and aerosols are removed from the gas sample. Therefore, the results may 

slightly deviate to the flammability limits of smoke in a compartment fire.  

The flammability diagram found in this study for engineered wood fuel and in 

future studies will be useful for finding a better understanding of the smoke explosion 

phenomenon.  
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Chapter 6: Smoke Explosion Experiments 

Setup and Instrumentation 

This chapter details the setup and instrumentation for the smoke explosion 

experiments conducted as part of the study. In this chapter, a detailed description of 

the construction of the compartment is provided as well as the ventilation geometries 

used in the experiments, the location of windows and video cameras. Moreover, the 

details and arrangements of the instruments used, the data acquisition system, and the 

gas analysing systems are provided to the extent that could be repeated in future 

studies. The schematics of the instrumentation design, process and instrumentation 

diagrams and the equipment used with their limitations are described. Finally, the 

experimental matrix, and the operation procedure are noted. 

6.1 COMPARTMENT SETUP 

For the smoke explosions experiments of this study, the same compartment used 

previously in the University of Canterbury for the experiments conducted by Chen 

[25] is refurbished and utilised. The compartment with similar size was used as it was 

expected to lead to smoke explosions in certain ventilation conditions, which were to 

be studied with new instrumentation and fuel arrangements. The shortcomings and 

limitations identified in the previous experimental arrangements [24, 25] were 

attempted to overcome in the new set of experiments. 

The compartment was a rectilinear 1.5 m (L) × 1.0 m (W) × 1.0 m (H) box made 

with stainless steel (304 grade). Stainless steel was chosen in the first place due to its 

durability and strength. The mainframe of the box was constructed from 400 mm × 

400 mm square hollow section (SHS) steel with 500 mm spacings. Stainless steel (304 

grade) sheet metal with 2 mm thickness was used to line the walls, floor and ceiling 

by welding the sheets to the inside of the SHS. The front side of the compartment was 

a hatch that was hanged to the compartment with two hinges. A schematic of the 

compartment framing is shown in Fig. 6-1. 
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Fig. 6-1: Steel structure drawing of the compartment (all dimensions in millimetre) 

An observation window was placed in the compartment floor, allowing to 

observe the fire behaviour during the experiments. The observation window was 360 

mm × 640 mm and comprises 5 mm fire-resistant glazing, i.e., FireLite™ ceramic 

glass. High-temperature adhesive was used to fix the glazing to the steel frame of the 

compartment floor.  

A U-shape stainless steel sampling tube with a 6 mm internal diameter was 

mounted to the compartment's ceiling to collect and transfer the smoke sample to the 

gas analysers. The U-shape tube had two parallel lines, each with five holes with equal 

spacing. The size of the holes was 2 mm. The sampling tubes were mounted at 100 

mm below the ceiling. The sampling tube holes were checked after each experiment 

to ensure they were not clogged. The sampling tubes were then connected to a single 

6 mm outlet connection fitting that transfers the sample gas to the gas analysers. 

A detailed isometric drawing of the compartment and an exploded diagram of 

the compartment are shown in Fig. 6-2 and Fig. 6-3. These drawings show the 

locations of the ventilation openings, locations and dimensions of the thermocouple 

tree, pressure transducers and sampling lines. These devices are further described in 
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the following sections. Fig. 6-4 also shows a photo of the right-side panel of the 

compartment. 

 
Fig. 6-2: Compartment detailed drawing with locations of openings, thermocouple 

trees, pressure transducer locations and sampling tubes (all dimensions in millimetre) 

Each experiment was recorded with four video cameras. One video camera was 

placed underneath the compartment floor glazing at approximately 60º angle to film 

the compartment fire behaviour from underneath. One GoPro™ video camera was 

placed directly in front of the bottom vent (≈ 100 mm distanced) of the compartment 

to film a close-up of the crib fire from the front side. As the hot gases exhaust the 

compartment from its top vent, the front GoPro™ camera was heated mainly by 

radiation from the compartment, but it was found that they could tolerate the heat for 

the duration of most experiments. A few times, the front GoPro™ needed to be 

replaced during the experiment when they stopped operating due to heat-up. Moreover, 

another camera was placed in front of the compartment approximately 3 meters from 

the front hatch to record the compartment fire through its vents, smoke colour and 

smoke explosion ejecting from the compartment. Lastly, a camera was placed 

perpendicular to the front hatch to record a real-time section view of the compartment. 
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Fig. 6-3: Compartment exploded diagram with dimensions (all dimensions in 

millimetre) 
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Fig. 6-4: Compartment right panel from outside  

6.1.1 Insulation 

The floor, walls and ceiling of the compartment were insulated with 50 mm thick 

Kaowool boards. The Kaowool boards were produced from refractory fibre 

compositions developed to give rigid, self-supporting boards with a thermal resistance 

of up to 1,260 oC [95]. The Kaowool insulation boards were fixed to the compartment 

by steel studs to remain in place in high compartment temperatures. Fig. 6-5 shows the 

inside of the compartment and the Kaowool insulation boards. 
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Fig. 6-5: Inside the compartment (front view) before an experiment  

6.1.2 Ventilation 

Ventilation to the compartment will be provided through two circular openings, 

i.e., bottom vent and top vent.  

In order to use multiple ventilation sizes for different experiments, each vent was 

constructed using a stainless-steel panel with 141 mm circular opening as the 

maximum vent size was 141 mm. For other ventilation sizes (diameters less than 141 
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mm), steel orifice panels screwed to the outside of the 141 mm panel to change the 

ventilation size. In each experiment, bottom and top vents of similar sizes were used.  

Four different opening sizes were used for the experiments that had 141 mm, 

100 mm, 71 mm and 50 mm diameters as part of the experiments. The distance 

between the centre of the vents was 650 mm, which was the value used in the novel 

ventilation factor introduced for the compartment fire with two openings as described 

in Chapter 3, i.e., ∆ℎ�. A theoretical vent flow assessment for determining the air 

inflow mass to the underventilated fire compartment with two vents were provided in 

section 3.3 and 3.5.3. This theoretical assessment involved introducing a novel 

ventilation parameter �H∆ℎ� in which A was the ventilation area of one opening (out 

of two identical vents), and ∆ℎ� was the vertical distance between the centre of the 

circular vents, i.e., 0.65 m in these experiments [27]. As shown in Chapter 3, the 

theoretical air inflow for the compartment with two openings was given in Eq. 66. The 

theoretical assessment demonstrated that for an underventilated compartment fire of 

this study, a unidirectional inward airflow from the bottom vent and unidirectional 

outward smoke exhaust from the top vent is expected. 

To measure the air inflow rate and smoke exhaust flow rate to/from the 

compartment, two pressure transducers were installed in iso-pressure planes, i.e., same 

elevations of the centres of the top and bottom vents. These pressure transducers (see 

Fig. 6-5) measured the differential pressure in the compartment at the height of each 

vent and the ambient pressure. It was expected to have a negative pressure for the 

bottom vent and positive pressure for the top vent representing inward and outward 

flow directions. The absolute pressure difference at the bottom vent was also expected 

to be slightly lower than the pressure difference at the top vent, as the outflow rate was 

expected to be slightly higher than our inflow. 

6.1.3 Pressure Relief Panel 

A 400 mm × 400 mm square shape pressure relief panel was constructed in the 

right panel of the compartment to relieve the excessive pressure that may cause by 

deflagration. The pressure relief panel was constructed to mitigate the risk of an over 

pressurised compartment explosion for the safety of the occupants in the laboratory 

and equipment protection. 
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The pressure relief panel had a 20 mm × 20 mm SHS structure with a 2 mm thick 

stainless-steel panel welded to the inside of the SHS structure. Four clips with spring-

loaded ball catch (see Fig. 6-4 and Fig. 6-6) were provided as the securing mechanism 

of the pressure relief panel, two on top and two at the bottom of the pressure relief 

panel. The pressure relief panel was fixed to the compartment with an external chain 

to prevent the panel leap away. The pressure relief set pressure was 5 kPa. Inside the 

compartment, the pressure relief panel was lined with 50 mm thick Kaowool boards, 

similar to the rest of the wall linings (see Fig. 6-5). 

 
Fig. 6-6: The photo of the pressure relief panel spring load ball catchers 

6.2 EXPERIMENTAL MEASUREMENTS 

6.2.1 Data Acquisition 

The universal data logging (UDL) system developed by the University of 

Canterbury was used for collecting and storing measured data from instruments. 

Except for thermocouples, the change in voltage of each measuring instrument was 

buffered inside a serial box and transferred to a computer with Windows XP operating 

system. Thermocouples monitored and logged the temperature measurements directly 

in terms of the degree of Celsius. 

The UDL measuring system logged voltages at a rate of one sample voltage log 

per second. The UDL system could monitor and plot up to 10 channels on the screen, 

which were interchangeable during the experiments. The real-time measurements of 

the rest of the channels (and the monitored channels) were stored in a comma separated 
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value (CSV) file that could be converted to an excel spreadsheet file for post-

processing and analysis. A total of 48 channels were set up to collect data from the 

instruments. These channels are listed in Table 6-1 and further described in the 

following sub-sections. 

Table 6-1: List of all instruments used in the experiments and introduced to the UDL 
No. Analyser Set Description Unit Channel 

1 Heat Release 

Rate Analyser 

(or Hood 

Analyser) 

O2 Concentration % T1 

2 CO2 Concentration % T2 

3 CO Concentration % T3 

4 Pressure Transducer at Duct (0-10 Torr), 10 Volt => 10 Torr V T4 

5 Thermocouple at Exhaust Duct ºC M11 

6 Thermocouple at Cold Trap ºC M12 

7 Compartment 

Pressure 

Pressure Transducer (0 – 100 Torr;1 V => 100 Torr) for 

Smoke Explosion Pressure Measurement – Box Pressure 

V Q1 

8 Pressure Transducer (0 –2 Torr; 1 V => 0.2 Torr) for Top 

Vent Inflow Measurement – Box Pressure 

V Q2 

9 Pressure Transducer (0 –2 Torr; 1 V => 0.2 Torr) for Bottom 

Vent Outflow Measurement – Box Pressure 

V Q3 

10 

to 

19 

Compartment 

Temperature 

Front Thermocouple Tree (measuring the temperature at 50, 

150, 250, 350, 450, 550, 650, 750, 850, 950 millimetres 

above the compartment floor) 

ºC M1 (top) 

to M10 

(bottom) 

20 

to 

29 

Rear Thermocouple Tree (measuring the temperature at 50, 

150, 250, 350, 450, 550, 650, 750, 850, 950 millimetres 

above the compartment floor) 

ºC P1 (top) 

to P10 

(Bottom) 

30 Mass Loss Rate Crib Platform Scale (or fuel load cell) Kg P1 

31 Phi-meter and 

Room 

Concentrations 

O2 Concentration #1 (furnace line) % R1 

32 CO2 Concentration #1 (furnace line) % R2 

33 CO Concentration #1 (furnace line) % R3 

34 MFC #1 (furnace line), 0 – 10 LPM; 5 V=>10 LPM V R4 

35 O2 Concentration #2 (direct line from compartment) % R6 

36 CO2 Concentration #2 (direct line from compartment) % R7 

37 CO Concentration #2 (direct line from compartment) % R8 

38 MFC #2 (direct line), 0–100 LPM; 5 V=>100 LPM V R5 

39 Temperature of Chiller #1 Analysers ºC J1 

40 Temperature of Chiller #2 Analysers ºC J2 

42 Phi-meter Furnace Temperature ºC J3 

43 Phi-meter Furnace Outlet Temperature ºC J4 

44 MFC of Air Compressor, 0 – 20 litre/min; 5 V=>20 LPM 

(used for verification tests only) 

V U1 

45 MFC of Oxygen, 0 – 10 litre/min; 5 V => 10 litre/min V U4 

46 Hydrocarbon 

Analyser (FID) 

MFC of Methane for Calibration 0 – 1 LPM; 5 V=>1 LPM 

(used for verification tests only) 

V U2 

47 MFC of Nitrogen for Dilution 0 – 5 LPM; 5 V=> 5 LPM V U3 

48 Hydrocarbon Concentration 1 – 5 V % U5 
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6.2.2 Compartment Temperature 

Two thermocouple trees measured the temperature within the compartment, each 

having ten thermocouples (see Fig. 6-5) which were identical to the thermocouple trees 

used in Chen’s experiments [25]. These two thermocouple trees were positioned in the 

front-left and rear-right corner of the compartment to provide a temperature 

distribution within the compartment's height. In each thermocouple tree, the sensor 

with the lowest and highest heights was distanced 50 mm from the compartment floor 

and ceiling. The other eight sensors in between were equally spaced 100 mm from 

each other. 

The thermocouple tree arrangement in terms of thermocouple heights and 

thermocouple tree position (horizontal plane) is shown in Fig. 6-2. All thermocouples 

on the two corner trees were K-type (containing nickel/chromium alloy) sheathed 

wires with a bare bead held by 6 mm stainless steel tubes as a shield, with bead 

protruding 10 mm outside the protective tube. The tip of the steel tubes was sealed 

with a Hilti 601S silicon fire sealant. The thermocouple beads were distanced at least 

50 mm from the wall surface of the compartment.  

The thermocouples were connected to the compartment using a steel flange for 

each sensor holding a steel elbow outside the compartment. The square shape flange 

was screwed to the outer shell of the compartment, as shown in Fig. 6-4. 

A bare bead temperature sensor might have a measurement error caused by 

radiation exchange to the thermocouple wire. To improve gas temperature 

measurement, the gap between the steel tube and the thermocouple wire was filled 

with glass wool insulation to reduce the radiation to the wire [25].  

The analysis of the temperature measurements was found useful (Chapter 8) for 

assessing the location of the neutral plane and understanding whether the compartment 

temperature was uniform (single zone) or the compartment fire was two-zone. 

6.2.3 Compartment Pressure 

Three pressure transducers were installed in the compartment to provide a real-

time measurement of differential pressure between compartment and ambient. All 

three pressure transducers were MKS™ Baratron Type 223B that measure differential 

pressure according to its full-scale range and provided a 0 to ±1 Volt signal which was 

linear with pressure and measured to 10E-6 resolution. The pressure transducers were 
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diaphragm type, containing a metal diaphragm and a ceramic electrode that sensed the 

diaphragm deflection due to the pressure difference. The maximum overpressure of 

these pressure transducers was 140 kPa [96]. 

Two of the pressure transducers were ranged to measure pressures between 0 to 

0.2 Torr (i.e., 0 to 26 Pa). These two pressure transducers were utilised for flow rate 

measurements through the openings of the compartment. One transducer was placed 

in the same height at the centre of the bottom vent and the other at the same height of 

the centre of the top vent (as shown in Fig. 6-4, Fig. 6-5 and Fig. 6-7).  

The third pressure transducer was a high-range transducer capable of measuring 

the pressure difference between 0 to 100 Torr (0 to 13.3 kPa). This pressure transducer 

was installed in the middle of the compartment (above the pressure relief panel) at the 

same height as the higher opening to measure the maximum pressure at the occurrence 

of smoke explosions. As the pressure relief panel was designed to open at 5 kPa for 

safety in design, the pressure transducer range to up to 13.3 kPa was suitable for 

pressure recordings of smoke explosions. 

During experiments, the maximum pressure measured for a smoke explosion 

was found relatively lower than the pressure ranges reported by Chen [25]. Therefore, 

a new high-range pressure transducer parallel to the existing transducer was installed 

to verify the pressure measurements. The pressure verification proved the correctness 

of the pressure measurements conducted in this study. 

 
Fig. 6-7: A close-up photo of the 0.2 Torr pressure transducer installed at the 

compartment outer surface 
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6.2.4 Vent Flow Measurements 

Vent flow measurements were required for the experiments for the flow through 

the compartment openings. The compartment openings were circular, and the air 

inflow and smoke exhaust outflow could be measured using the concept of restriction 

flow measurement by an orifice plate. Flow measurement through orifice plates was 

provided in fluid mechanic handbooks such as Fox and McDonald Fluid Mechanics 

Handbook [65]. A comprehensive review of the vent flows for compartment fire with 

single and two openings are provided in sections 2.4 and 3.3. Either Eq. 66 for the 

compartment of this study, or direct mass flow measurements using the orifice flow 

equation (Eq. 33) when pressure difference in an orifice shape vent was recorded were 

expected to give the air inflow rate to the compartment, through the bottom vent. The 

edge of the orifice plates covered with soot and aerosols were cleaned before each 

experiment. Fig. 6-8 shows a photo of the bottom vent opening. 

The circular vents are chosen over square shaped vents to reduce the 

measurement uncertainty using an orifice plate measurement. Still, considerable flow 

measurement uncertainty is expected that could be caused by the gas temperature 

changes, formation of tar at the orifices changing the orifice coefficient and changes 

of the gas properties e.g., viscosity and density. Due to the found agreement between 

the HRR measured using air inflow rate in underventilated conditions, in comparison 

to HRR direct measurements as shown in future sections (e.g., Fig. 8-25), the expected 

uncertainty for flow measurement is < ±20%. 

 

Fig. 6-8: Photo of the bottom vent (100 mm diameter opening) 
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6.2.5 Gas Measurements  

The experiment setup contained four separate sets of gas analysers listed in Table 

6-2 and shown in the schematic in Fig. 6-9. Each set of analysers was installed and 

calibrated for their specific objective. 

Table 6-2: List of analyser sets used for the experiments 

Analyser 

Set 

Model Gas species 

measured 

Objective 

Room 

Analyser 

Siemens Oxymat 6 and Ultramat 6 O2, CO2 and CO Measure the gas species 

within the compartment 
California Analytical Instruments 

(CAI), flame ionisation detector 

(FID) 600 series 

Total hydrocarbons 

(THC), methane 

equivalent 

Furnace 

Analyser 

Siemens Oxymat 6 and Ultramat 6 O2, CO2 and CO Measure the gas species 

exhausting of the Phi-

meter furnace 

Hood 

Analyser  

Servomex Servopro 4100 O2, CO2 and CO Heat release rate 

measurement 

 
Fig. 6-9: Schematic of the gas conditioning system of the analysers 

A detailed schematic of the instrumentation and gas conditioning system of the 

experiments are provided in Fig. 6-10. 
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Fig. 6-10: Detailed schematic of the instrumentation and gas conditioning system 
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6.2.6 Heat Release Rate Measurement 

The burning rate of the compartment fires was measured using the oxygen 

depletion method. The concept of this method is to identify the difference in oxygen 

concentration between the incoming ambient air and the exhaust gases to determine 

oxygen consumption for combustion and heat release rate [63]. This concept was 

reviewed and detailed in section 2.9.  

A 1 m×1 m hood with 0.3 m down stand was installed outside the compartment 

to collect all the combustion products that exhaust through the compartment top 

opening. Observation and analytical works both showed that after a short period at the 

beginning of the experiments where thermal expansion occurred inside the 

compartment, and except when the smoke explosions occurred, combustion products 

exhausted only through the top vent for the range of experiments of this study. 

The hood was connected to a ductwork longer than 10 meters, enabling the 

measurement of the well-mixed gas composition at a sufficient distance downstream. 

The flow rate of the combustion products mixed with air inflow was measured in the 

duct using an orifice plate. The smoke exhaust duct downstream was circular sized 

300 mm diameter. The diameter of the orifice plate used for flow measurement was 

150 mm. The orifice plate was located downstream of a vertical duct with a length of 

approximately five times the diameter of the duct, i.e., 1,500 mm straight pipe. 

In order to obtain the mass flow rate for the exhaust gases passing through the 

circular duct, the pressure drop across an orifice plate and the temperature at the orifice 

plate were measured. The flow rate was obtained from Eq. 67, which is a simplified 

form of Bernoulli equation with the assumption of pressure change due to height 

change is negligible for an orifice plate [65]: 

I+ � = ��FH1 − �] H2�∆5 
Eq. 67 

where: ∆5 is the pressure difference across the orifice plate (Pa) � is the density of the flow at the orifice plate, which is equal to 
�?� ?�=  or 353 ?�=  ?� is the temperature of the flow at the orifice plate (K) �F is the area of the orifice plate (m2) � is the discharge coefficient of the orifice, which is 

Ý�F� 4= = 0.0177 I� 
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� is 
�F �!=  i.e., diameter of the orifice over the diameter of the duct, which is 0.15 I 0.3 I= = 0.5  

For an orifice plate with a thin plate, the discharge coefficient can be found using 

below equation [65]: 

� = 0.5959 + 0.0312��.! − 0.184�Þ + 91.71��.W9¥ß!4.àW  

The duct fan flow rate required to collect all the exhaust gases was found in the 

exploratory experiments. This flow rate was kept constant for all experiments to have 

a similar discharge coefficient at the orifice plate. However, the orifice coefficient was 

found to be varying between 0.5 and 0.7 in the early experiments. The coefficient 

changes were believed to be due to soot built-up around the orifice plate as identified 

by Enright [97]. Therefore, to make accurate heat release rate measurements, the 

orifice plate discharge coefficient was calibrated before each test by running a 30 kW 

(propane) gas fire under the hood for a minimum of 15 minutes. The C-factor was then 

calibrated before each test to have a measured heat release rate of 30 kW and orifice 

flow correlation in its general form (Eq. 33) was used to find the flow rate in the HRR 

duct. 

The sample gas was collected by a ring shape tube with sampling holes 

distributed equally through the ring. The sample was then pass through a soot filter, 

sampling pump, bypass line, chiller and Drierite desiccant to remove moisture from 

the flow before entering the O2, CO2 and CO gas analysers, i.e., Servomex Servopro 

4100. The heat release rate of the compartment fire was found using Eq. 29 [63]. Fig. 

6-11 and Fig. 6-12 show inside and outside of the duct where instrumentation for heat 

release rate measurements is attached. 

While the accuracy of the measured HRR was found to be agreeing with the 

theoretical HRR in the LPG calibration test, it was expected that the actual experiments 

would have a level of measurement uncertainty. One of the main sources of the 

uncertainty was caused by pockets of smoke occasionally escaping the down stand 

installed underneath the hood and not sucked in by the hood’s fan. Such measurement 

uncertainty was hard to measure but the fan speed was set to a constant value to 

minimise smoke escaping the hood suction.  
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Other important source of uncertainty was the flow measurement of the exhaust 

gases through the ductwork. As noted, an orifice plate was used as using a bi-

directional probe seemed unfeasible because the smoke gas was quite dirty with high 

volumes of soot. The effect of this uncertainty was attempted to be minimised by 

conducting a propane gas test with known mass flow rate. The uncertainty of the MKS 

mass flow controller used for propane mass flow measurement was ±5% according to 

MKS™ 1500 series mass flow controller [98]. 

The accuracy of the Servomax Servopro Multiexact 4100 is ±0.01% for O2, ±1% 

for CO and CO2 according to the instrument’s manual [99]. While a thorough 

uncertainty analysis was not conducted for the HRR measurements, considering the 

propane HRR test prior to HRR measurements, the uncertainty of HRR was estimated 

to be ±10% [97]. Such accuracy was deemed to be sufficient for the purpose of this 

study. Moreover, the HRR measured using oxygen depletion method was generally 

found to be in agreement with HRR measurements found using air inflow 

measurements and heat of combustion of air’s oxygen as described in Chapter 8. 

 
Fig. 6-11: Photo of the heat release rate duct with connected instrumentation 
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Fig. 6-12: Photo on the left side is a view of the inside of the HRR duct and the orifice 

plate for pressure and flow measurements; photo on the right side is the O2, CO2 and 

CO analysers for HRR measurement 

6.2.7 Phi-meter 

Phi-meter measures the fuel/oxygen ratio over the stoichiometric fuel/oxygen 

ratio. The concept of the Phi-meter is to take a sample of the combustion gases from 

the enclosure, introduce oxygen (in measured flow rate) whilst at the same time 

stimulating a combustion process in a furnace with a heated catalyst. This combustion 

process and the introduced oxygen burn all the remaining combustion gases and 

transform the carbon atoms in the fuel to CO2 and all the hydrogen atoms to H2O. The 

analysis of the equivalence ratio is based upon oxygen consumption in the Phi-meter 

furnace. 

The original Phi-meter, as presented by Babrauskas [100] and Lönnermark 

[101], measures only the oxygen species with the CO2 being removed by Ascarite 

chemical sorbent (active ingredient NaOH), and CO and soot being re-combusted to 

CO2 in the combustion process. In this study, an enhanced Phi-meter was developed 

considering using O2, CO2 and CO analysers with no CO2 scrubber. Given that the 

equivalence ratio relationship was based upon the original Phi-meter in which only 

oxygen was measured, the additional sampling of CO2 and CO required a re-evaluation 

of the equivalence ratio equations. This re-evaluation is provided in Chapter 7. 
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In these experiments, the sample gas was drawn from the compartment to the 

Phi-meter’s furnace through the heated sample lines retained at 190 ºC to avoid the 

condensation of gases.  

The unburned fuel in the sample gas was combusted with an additional stream 

of oxygen inside the Phi-meter’s furnace. The oxygen flow was constant and measured 

by a mass flow controller. An Alicat MC-series general purpose mass flow controller 

with 0 to 10 litre/min range was used, and the oxygen flow rate was set to 1.5 litre/min. 

The total flow rate through the analyser was set by another Alicat MC-series general 

purpose mass flow controller to 3 litre/min. Therefore, the oxygen concentration 

measurement by the analyser was expected to be 60%. Therefore, the Phi-meter was 

capable of measuring the equivalence ratio to up to 3.0 [100]. 

The Phi-meter furnace was a Thermcraft vertical split tube furnace comprised of 

an Inconel alloy tube in which the combustion gases mixed with an additional stream 

of oxygen re-combusted with reaction species measured and analysed (see Fig. 6-13). 

The tube was 915 mm long, and the internal diameter of the tube was 180 mm. The 

tube was flanged in both ends with ASTM a105 class 150 flanges and sealed in its end 

connections via high-temperature graphite gaskets (Garlock Graph-Lock Style 

3125SS) sandwiched between flat faced flanges. The vertical furnace uses ceramic 

half-round heating elements to give a uniform temperature of up to 1,200 ºC around 

the full 360º of the heating chamber.  

A Thermcraft control unit controlled the furnace temperature. The set 

temperature for the tests was considered 900 ºC, which was expected to be adequate 

to burn nearly all hydrocarbons. Also, NiChrome wires of 200 mm long were used as 

a catalyst that is held upright over a steel mesh inside the furnace. 

After the combustion within the furnace, the sample passed through a 7 μm soot 

filter to check and remove excess carbon. The filter was routinely checked after each 

experiment and assessed whether it needed to be replaced. The sample was then passed 

through Drierite desiccant to remove the water before passing through the pump and a 

cold trap to lower the sample temperature before entering the O2, CO2 and CO 

analysers. The O2, CO2 and CO measurements were made by a Siemens 

Oxymat/Ultramat 6 analyser set. 
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The uncertainty of the Phi-meter measurement is dependent on the uncertainty 

level of the O2 and CO2 analysers as well as the flow measurements. The uncertainty 

of the instruments used for Phi-meter apparatus are provided in Table 6-3, based on 

their manufacturer datasheets: 

Table 6-3: Uncertainty of instruments used for equivalence measurement by the 

enhanced Phi-meter 

Component Manufacturer Relative Uncertainty 

(%) 

Reference 

Paramagnetic O2 Sensor Siemens Oxymat ±0.75 of the smallest 

possible measuring range 

[102] 

NDIR CO2 Sensor Siemens Ultramat ±0.75 of the smallest 

possible measuring range 

[102] 

Mass Flow Controller Alicat Scientific, Inc. 0.5 [103] 

Mass Flow Controller MKS (for propane 

measurements) 

4.0 [98] 

While no comprehensive uncertainty analysis is conducted, Babrauskas et al. 

[100] demonstrated that the uncertainty of the Phi-meter is expected to be < 5%. It is 

understood that the uncertainty of the enhanced Phi-meter would be < 5% as well as 

the accuracy of the instruments used in this study are not less than what used by 

Babrauskas et al., and also CO2 measurement may reduce the overall uncertainty of the 

equivalence ratio. 

The enhanced Phi-meter setup, the correlations for measuring equivalence ratio, 

and the results are described separately in Chapter 7 of this thesis. 
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Fig. 6-13: Phi-meter furnace with Inconel tube filled with NiChrome catalyst 

  
Fig. 6-14: Phi-meter and room O2/CO2/CO analyser set 



 

134 Chapter 6: Smoke Explosion Experiments Setup and Instrumentation 

6.2.8 Hydrocarbon Analyser 

A flame ionisation detector (FID) hydrocarbon analyser was used to determine 

the total hydrocarbon content (THC) of the gas sample taken from the compartment. 

The THC value measured by FID was methane equivalent concentration. The 

hydrocarbon analyser ionised the gas sample in a flame using hydrogen/helium fuel, 

and the electrostatic field caused the charged particles to migrate, creating a small 

current measured by the amplifier [104].  

The sample gas was conducted to the FID through a heated filter, heated sample 

lines, a heated pump and a heated flow meter; all kept at 190 ºC to prevent any loss of 

hydrocarbon concentration in the sample due to condensation. The sample gas was 

maintained at this elevated temperature until it exited the FID’s bypass outlet as the 

analyser oven temperature was factory set to be at 190 ºC as well. 

 
Fig. 6-15: Hydrocarbon analyser set. The left-side photo is the rear view of the analyser 

showing the heated sample lines, and the right-side photo is the front view of the 

hydrocarbon analyser 

The hydrocarbon analyser used a gas fuel for its internal burner, which must be 

60% helium and 40% hydrogen. Also, the air required for the burner must be synthetic 

air or less than 1 ppm carbon purified (220 to 300 cc/min). Ultra-zero air grade was 
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used for the experiments with less than 1 ppm CO2, 0.5 ppm CO, 0.5 ppm ethane and 

0.5 ppm methane. 

The hydrocarbon analyser could measure THC up to 30,000 ppm, approximately 

3% methane equivalent concentrations. As the experiments were in severely 

underventilated conditions, THC concentrations were expected to be higher than the 

maximum measurable range of the hydrocarbon analyser. Therefore, nitrogen gas flow 

was set up to be added to the sample to dilute the mixture. A high-pressure container 

of 99.99% pure nitrogen was used to mix nitrogen with the sample flow. Nitrogen flow 

passed through a heated sample line held at 190 ºC before mixing to prevent cooling 

the sample. The nitrogen flow was kept constant using an MKS™ general purpose 

mass flow controller ranging from 0 to 5 litre/min. The nitrogen flow was kept constant 

at 4.5 litres/min throughout the test. The heated sample taken from the compartment 

was set to 1.5 litres/min. Therefore, the actual THC range that could be measured was 

up to 11%. This upper concentration measurements range was proven to be sufficient 

for the experiments of this study.  

The hydrocarbon analyser had its internal pump, and pressurised sample gas over 

13 kPa would have damaged the analyser. Therefore, a furnace and a bypass line were 

constructed immediately before the analyser to avoid over-pressurisation which used 

to mix the sample with the nitrogen for diluting the sample and increasing the 

measurement range. 

The uncertainty of FID analyser itself is relatively low (< ±0.1%) [104], but the 

more significant uncertainty of THC measurements was expected to be caused by flow 

measurements i.e., flow meter and MFCs. The MFCs were set and calibrated to a 

constant volume of diluent nitrogen. However, the flow meter measuring sample 

intake could have had minor fluctuations (< ±5%) over time with soot build up. In a 

few times the flowmeter was filmed through the entire experiment. The overall 

uncertainty of the THC measurement is expected to be < ±10%. 

6.3 EXPERIMENT FUELS 

The experiments were conducted initially with propane gas fuel. The gas fuel 

tests were primarily done to verify the HRR measurements in the compartment fire 

and ensure all the other instrument measurements were functioning as desired. 
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Following the verification tests with the gas fuel, medium-density fibreboard 

(MDF) cribs were used for the smoke explosion experiments. The MDF cribs were 

made out of a 30 mm thick MDF board and cut into 30 mm × 30 mm square sticks in 

300 mm or 360 mm lengths and nailed together with 30 mm nails at 24 mm spacing in 

a crisscross pattern. All cribs were conditioned under 25 ± 2 °C and 50% relative 

humidity for at least 48 hours before testing. Various crib types were chosen for the 

experiments with different porosities; however, the cribs were designed to have 

approximately similar mass, i.e., 11.5 ± 0.5 kg. 

The MDF cribs with different porosities were used for the experiments to 

understand the effect of crib porosity, i.e., fuel surface area, on the occurrence of 

smoke explosions. Five types of cribs were proposed to be used to provide a range of 

porosities to have both crib porosity-controlled and compartment ventilation-

controlled combustion regimes. The crib types used in the experiments were coded as 

per Table 6-4. 

As described in section 2.3, the burning rate of the MDF crib within a 

compartment was governed by the least of the: (a) maximum burning rate of the air 

penetrating the crib through the crib openings (for tightly packed or porous cribs, i.e., 

porosity-controlled), or (b) maximum oxygen supplied to the compartment. Similarly, 

for an unconfined (or free-burn) condition, the burning of a crib could be crib-surface 

controlled or crib-porosity-controlled. Heskestad provided the governing burning rate 

for the unconfined burning conditions per Eq. 6 [39]. 

Heskestad showed that the burning behaviour of the wood crib is porosity-

controlled for the cribs with the porosity of 0.07 cm or lower. Their studies assumed 

that the oxygen concentration of that air inflow to the wood crib is ambient air with 

ambient oxygen concentration. The unconfined burning rates of the wood cribs in 

terms of the crib porosity is plotted in Fig. 6-16. The unconfined burning rate for the 

wood cribs of Table 6-4 is pointed in the Fig. 6-16 plot based on the model presented 

by Heskestad. The coefficient C in the equation can be found by using the Fig. 6-16 

plot presented by Heskestad, which can estimate the unconfined burning rate of the 

low porosity cribs in this study. 
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Table 6-4: MDF crib codes and properties with crib “A” being the most porous and 

crib “E” being the least porous crib 

MDF crib code  A B C D E 

b: Wood crib thickness (cm) 3  3  3  3  3  

l: Wood crib length (cm) 36  36  36  30  36 

n: Number of sticks in each layer 4 5 6 6 10 

N: Number of layers  15 12 10 12 6 

s: Sticker spacing (cm) where á = â[ãäã[å      8.0  5.3  3.6  2.4  0.7  

æç[èéêä: Total area of vertical shafts (cm2) 

where æç[èéêä = 2â − ãä3ë    

576 441 324 144 36 

æá[èéêä: Total surface area (cm2) where 

 æá[èéêä = ãì2íâä + ëäë3 − 2ì − å3ãëäë 

24984 24525 24084 23652 22500 

î: Porosity (cm) of crib where 

î = ïð.ñòð.ñ Yæç[èéêä æá[èéêä= Z 

0.113 0.071 0.044 0.016 0.002 

Crib size “width(cm) × height(cm)” 36×45 36×36 36×30 30×36 36×18 

 

 
Fig. 6-16: Unconfined burning rates of the wood cribs in terms of the crib porosity by 

Heskestad and the effect of the crib porosities of this study on the unconfined burning 

rate 
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6.4 EXPERIMENTS MATRIX 

The experiments started initially with (propane) gas fire within the compartment. 

Three gas fire experiments are completed with 50 mm, 71 mm and 100 mm diameter 

vent sizes. In each test with a specific vent size, the HRR was initially set to 5 kW and 

increased in 5 kW intervals until no visible flame was present in the compartment. In 

each HRR, the test is continued for at least 10 minutes to reach quasi-steady conditions. 

The final smoke explosion tests were designed based on previous smoke 

explosion studies at UC [24, 25]. Chen has shown that the experiments with 71 mm 

and 100 mm diameter openings led to the smoke explosion(s) regardless of the location 

of the fuel. The experiments of this study are to have similar ventilation openings used 

in previous studies, i.e., 50 mm, 71 mm and 100 mm diameter openings as well as 141 

mm which is additional to previous studies [25]. 

The experiments of this study are all designed to have an MDF crib located on 

the loading table, which is 80 mm above the compartment floor, at the rear of the 

compartment. The location of MDF crib fuel is similar in all experiments completed 

in this study. The back of the crib is located 75 mm away from the rear panel of the 

compartment. The loading table was supported by four steel rods that extended through 

holes at the bottom of the loadcell and the penetrations were sealed. The cribs sat inside 

a steel mesh surrounding the crib to prevent the crib falling of the loading table. 

A total of 19 compartment experiments were conducted for different opening 

sizes and crib types, as summarised in Table 6-5. Also, four free-burn tests were 

completed for cribs A to D to provide a baseline for heat release rate (HRR) and mass 

loss rate (MLR) of the crib, burning in free burn condition. 

Table 6-5: Final experiments matrix based on crib types and opening diameters ( 

for experiments that are repeated  experiments done once, and  for no experiment) 

Crib 

code 

Crib Properties 

Stick length (cm) - No. of sticks in each 

layer - No. of layers 

Vent diameter (mm)  

Free 

Burn 
50 71 100 141 

A 36-4-15      

B 36-5-12      

C 36-6-10      

D 30-6-12       

E 36-10-6      
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The experiments are coded and presented from hereon as X-Y where: 

• X is the diameter of each opening in millimetres, i.e., 50, 71, 100 and 

141. 

• Y is the crib code, i.e., A, B, C, D or E with A being the most porous crib 

and E being the least porous crib 

6.5 EXPERIMENTAL PROCEDURES 

This section details the experimental procedure followed to run the experiments. 

The procedure was developed to have a consistent experimental run and ensure all 

required information was picked up and logged for each test.  

Before turning on the analysers, filters were checked to ensure clean or replaced, 

sample lines were flushed with methylated spirit and high-pressure air to remove the 

residuals built-up from the previous tuns, and Drierite desiccant was checked to ensure 

not saturated. 

Each experiment started with turning on the Phi-meter furnace, heated sample 

lines, heated pump and filter, and the gas analysers. Before running an experiment, it 

took about 45 minutes for the sample lines and furnace to warmed up and reached the 

target temperature. The set temperatures for the hydrocarbon analyser, 191 ºC. Also: 

- Heated samples lines set temperature was 185 ºC 

- Heated pump and filter and phi-furnace set temperature was 180 ºC 

- Phi-meter furnace set temperature was 900 ºC 

While the warm-up of the heated lines and furnace were underway, four sets of 

gas analysers were calibrated before each test.  

6.5.1 O2, CO2 and CO Analysers Calibration 

The procedure for manual calibrating the O2, CO2 and CO analysers were as 

below for zero and span gas calibration:  

a. The gas bottles were opened to start calibration, i.e., nitrogen (> 99.99% pure) 

for zero gas. The span gas concentrations for HRR measurements were, 15.99 

± 0.08 % O2, 4.51 ± 0.02 % CO2 and 0.802 ± 0.009 % CO. The span gas for 

Room and Phi-meter analyser sets were 15.99 ± 0.08 % O2 and 10% ± 0.05 % 
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CO2 and CO as it was expected to have high concentration of CO in the Room 

and high concentrations of O2 and CO2 in the Phi-meter analyser. 

b. After opening the gas bottles, the bypass valves of the analysers were opened, 

and analyser valves were set to “calibration” and “calibration low”. 

c. The analysers and gases were left running for at least five minutes. 

d. Low calibration (zero) was completed with nitrogen as zero gas, and one-

minute data were logged through UDL, for zero gas. 

e. The analyser valves were set to “calibration” and “calibration high” for high 

calibration with span gas. 

f. The analysers and gases were left running for at least five minutes. 

g. High calibration (span) was completed with a span gas cylinder, and one-

minute data were logged through UDL, for span gas. 

After calibration, the baseline measurement was completed (before ignition) 

with air as a sample by the below procedure: 

a. The hood fan was turned on and set to a fixed speed used for all experiments. 

b. Analyser valves were set to “sample”. 

c. The sample pumps of the analysers were turned on. 

d. For the Phi-meter analysers, the Mass Flow Controller was turned on. 

e. The analysers were logged and left running for at least five minutes. 

f. A minute of data was saved through the UDL for air sample and checked if the 

concentrations were correct for air, i.e., 20.95% oxygen, 0.04% CO2 and 0.00% 

CO. 

6.5.2 Hydrocarbon Analyser Calibration 

The hydrocarbon analyser (or FID) was calibrated using the automatic 

calibration function within the analyser, and the data of the automatic calibration 

function were recorded in the data file. During the automatic calibration process, the 

analyser first auto-opened the built-in synthetic air solenoid valve. The FID analyser 

required synthetic air with less than 1 ppm carbon concentration to calibrate its zero 

points. It then closed the air solenoid valve and opened the span gas solenoid valve 
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automatically. The span gas for FID contained 2.94% (±0.06%) of methane (CH4) 

balanced with nitrogen. The THC concentration provided by FID was also methane 

equivalent THC, so methane was the correct gas for calibration. 

The automatic calibration results of the hydrocarbon analyser were recorded 

through the UDL. For data logging, 1 V signal represented 0% THC, and for 3% THC 

(maximum range), 5 V signal was sent to the UDL. Therefore, the following equation 

was used for transforming the voltage recordings to THC concentration. 

THC Concentration 2%3 = 0.752Voltage –  13100   Eq. 68 

6.5.3 Other Checks  

Before running the experiments, the sampling pumps of the analysers were 

turned on. The HRR hood fan was turned on and set to a constant rate (30 Hz) which 

was found in the exploratory tests to be adequate to capture all the smoke exhausting 

from the compartment. Also, the large laboratory exhaust fan was set to work on its 

25% capacity to exhaust all the smoke exhausting through the HRR hood exhaust.  

Before the tests and while fans were running, the measurements of the 

compartment pressure transducers were checked to ensure being near zero when there 

was no combustion. This check was to reassure that the operations of the fans do not 

affect the inflow/outflow through the compartment openings. 

6.6 IGNITION AND WARM-UP TIME 

Each test started with two minutes of baseline data collection and ignition started 

after collecting ambient measurements. Before ignition, 200 ml of acetone was poured 

into a purpose-built pan that sat below the crib. A torch ignited the acetone in the pan.  

After ignition, the compartment hatch remained open for typically (cribs A, B, 

and C) three minutes to allow the fire to be established, depending on the porosity of 

the fuel. For the experiments with the crib D, the hatch was generally closed after five 

minutes as it took longer for the crib fire to be developed due to its lower porosity. For 

the crib E, the hatch was closed after 7 minutes as the crib had very low porosity, and 

it took a long time for the crib fire to establish. 

The results plotted and reported in Chapters 8 and 9 are from one minute after 

closing the compartment hatch. 
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6.7 EXPERIMENTAL VERIFICATION 

6.7.1 Verification of Phi-meter using methane/air mixtures  

The operation of the Phi-meter was evaluated and verified using various 

mixtures of methane gas and air as the sample gas. In the verification experiments, the 

constant airflow rate was mixed with various methane flow rates and each flow stream 

was measured using a mass flow controller (MFC) before entering the Phi-meter 

furnace. Also, a constant flow of oxygen (99.9% pure) measured by another MFC was 

connected to the Phi-meter furnace. The schematic of the validation test diagram is 

shown in Fig. 6-17. 

 

Fig. 6-17: Schematic of the arrangement for Phi-meter verification setup 

The stoichiometric fuel to oxygen ratio of methane combustion is provided in 

Table 2-1, i.e., 0.25. 

In the Phi-meter verification experiments, as methane and airflow rates were 

known, theoretical equivalence ratio (Phi) was measured using the Eq. 17 as: 

∅ = oI+ aÚ�Û I+ mkl_��u b��jJÛ�oI+ aÚ�Û I+ mkl_��u b�Fm)`n.
= *��]*
� 1+ ��]1+ 
�0.25 = 1+ ��]1+ 
�0.5 ≈ 2 A+��]A+
�  

The flow rates of methane, oxygen and air for the verification experiments were 

as Table 6-6. 

Based on the above table and the air and oxygen flow, the B+2
�3)  parameter that 

is used in the Phi-meter formulas (the oxygen mole fraction with extra oxygen added 

before the experiment, i.e., no fuel) was found using below formula. 
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B+2
�3) = A+2
�3� + 2A+ − A+2
�3� 3B+2
�34A+  

The results for the verification tests, the development of a formula for 

determining the equivalence ratio by Phi-meter and further description of the setup are 

provided in a separate chapter, i.e., Chapter 7. 

Table 6-6: Flow rates of methane, air and oxygen used for Phi-meter verification 

Methane 

flow 

(litre/min) 

Airflow 

(litre/min) 

ø+ 2ùë3ú  

(litre/min) 

ø+  
(litre/min) 

Theoretical 

Equivalence 

Ratio 

û+ 2ùë3ê  

0.067 

2.2 2 

4.267 0.29 0.580 

0.134 4.334 0.58 0.575 

0.201 4.401 0.87 0.569 

0.268 4.468 1.16 0.564 

0.402 4.602 1.74 0.553 

0.536 4.736 2.33 0.544 

0.670 4.87 2.91 0.534 

6.7.2 Verification of hydrocarbon analyser using methane/air mixtures 

Like the method and arrangement described for the Phi-meter validation, 

methane and air mixtures in pre-determined mass ratios were used as verification 

samples through the hydrocarbon analyser. The methane concentrations within the 

nitrogen/methane sample mixtures ranged from 3% down to 0.5%. The measured 

concentration by the hydrocarbon analyser agreed with the theoretical concentrations 

with an error of up to 0.1%, as shown in Fig. 6-18. The slight error could be due to 

inaccuracies of the mass flow controllers. 

 
Fig. 6-18: Verification of the hydrocarbon analyser, i.e., theoretical THC concentration 

compared to measured THC concentration 
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6.8 GAS BURNER VERIFICATION TESTS 

After installation and calibration of the gas analysers, compartment fire 

experiments were first completed using a gas burner as the fuel. Gas burner 

experiments were completed by having a known fuel flow rate. Therefore, the 

operation of the gas conditioning/analysing system was assessed and verified by the 

gas burner tests. The gas fuel used for the gas burner was 100% propane.  

The gas burner experiments were completed primarily to verify the oxygen 

depletion method used for HRR measurements. A gas burner was located at the rear 

of the compartment on the floor fed by LPG with pre-set mass flow rates. The density 

of LPG was 1.898 g/litre [98], and its heat of combustion was considered to be 46.1 

MJ/kg [105]. The MKS™ 1500 series mass flow controller used to measure the gas 

flow was calibrated for nitrogen, and a gas correction factor was introduced for the 

flow of other gases based on their density, specific heat and molecular structure [98]. 

The gas correction factor for LPG was found to be 0.33 based on the MKS™ 

instruction manual. The maximum nitrogen flow through the mass flow controller 

(valve 100% open) was 300 litres/min, i.e., maximum 100 litres/min propane flow. As 

an example, the propane flow for 5 kW HRR and corresponding mass flow controller 

valve open position were found as: 

A+ = �+∆�` ×  = 5 2(¬346,100 Y(ª (;= Z × 1.898 Y(; I"= Z × 1000 YPüÕ�¥ I"= Z × 60:< Iü1= >
= 3.4 PüÕ�¥/Iü1 

Valve open position (%) = 
ýÛmE ��F� ��þÚ)���ýÛmE ��F� ma J�mJ��� �F !44% mJ�� = ".]!44 = 3.4% 

The gas burner flow rates were considered to have HRR between 5 kw to 45 kW 

with 5 kW intervals.  

6.9 EXPERIMENTAL PROBLEMS ENCOUNTERED 

Although the experiments were attempted to be carefully designed, still some 

issues encountered during the tests. These issues were due to the challenging nature of 

the experiments as the setup comprised numerous instruments designed to log real-

time measurements, each with its limitations and required considerations.  

The challenges and problems that occurred in the experiments and the mitigation 

measures to resolve them are listed in this section. When the results were deemed 
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unreliable for a specific measurement, those results were not reported in the following 

chapters, and the experiment was repeated. The issues encountered were: 

i. Sample lines clogging: The smoke sample (especially for the MDF crib tests) 

was quite dirty and comprised significant soot and moisture yields. As the 

samples taken for Phi-meter and hydrocarbon analyser were required to be 

non-filtered to give accurate measurements, heated sample lines and heated 

pump installed in their upstream to prevent condensation. Despite the 

installation of heated lines, there were still a few cold points, primarily at the 

joints and connections, that were prone to cause condensation over time and 

clogging. This issue was resolved by cleaning the sampling lines after each 

test. Methylated spirit and air blowing through the sample lines were found 

effective in clearing the lines after each test. Also, the identified cold points 

were lagged with Rockwool. After a few tests, this issue was progressively 

resolved by identifying the prone to fail points, lagging them, and clearing the 

lines after each test.  

ii. Sample-line choking: The inner tube of the heated sample lines was originally 

6 mm diameter, PTFE (Polytetrafluoroethylene). Following insulating the cold 

point of the heated lines, it was noticed that the sample line flow dropped and 

ultimately choked. After the test, it was identified that the PTFE inner tube 

within the heated sample line was melted (see Fig. 6-19) due to the high 

temperature of the sample. The inner tubes of the heated sample lines were 

then replaced with stainless steel braided tubes that resolved this issue. 

 

Fig. 6-19: Photo of PTFE tube inside the heated sample line after melting 

iii. Chillers freezing: In a few tests, the sample flow rate through to the Room and 

Phi-meter analysers stopped in the middle of the test. After investigation, none 



 

146 Chapter 6: Smoke Explosion Experiments Setup and Instrumentation 

of the lines (or filters) were found clogged, but the chillers in the line were 

found frozen causing blockage. This problem was resolved by finding an 

optimal chiller set temperature (slightly higher) to prevent them from freezing 

while condensing the moisture content and saturating less Drierite desiccant 

in each run. 

iv. Filters clogging: The 90 mm diameter microfibre glass filter positioned 

immediately outside of the compartment for the Room gas analysers lines was 

prone to be clogged due to accumulation of soot and moisture condensation. 

This issue was remediated using a large filter (257 mm diameter) and a 

condensation trap before the large filter (and flange). This way, the filters 

could have passed the samples through for the duration of a full test. The filter 

was then replaced after each test. 

    

Fig. 6-20: Glass microfibre filter (257 mm diameter) before use on the left and after a 

test on the right 

v. Mass flow controller (MFC) ranges: Originally, mass flow rates of a higher 

range (0 to 100 litre/min.) were used for the oxygenator and the analysers. The 

high range MFC was found to amplify the errors and fluctuations in the results. 

New sets of mass flow controllers were used with a range between 0 to 10 

litre/min were installed for the Phi-meter analyser and oxygenator that 

resolved this issue.  

vi. Leakage: Experiments required extreme care regarding the compartment being 

sealed (except for front vents). Surface linings and joints were carefully 

checked before the experiments. During the early experiments, in one instance, 
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smoke was observed leaking out around the floor glazing. Following such 

observation, the glazing joints to the floor was wholly re-sealed using fire-

rated sealants, which have resolved the issue.  

Also, in the Phi-meter verification tests, no agreement between theoretical and 

experimental results was initially obtained. Later, it was found that the furnace 

inlet and outlet connections were leaking, which was sealed. 

vii. Analyser calibrations: The oxygen concentration measured by the Phi-meter 

analyser could reach up to 70%, so the O2 analyser should have been set up 

and calibrated to measure up to such concentrations. Also, the CO2 analyser 

of Phi-meter and CO analyser of room required calibration to higher 

concentration for typical measurements. A high-pressure gas bottle with 20% 

CO2 and 20% CO (inert remainder) was used to calibrate the analysers for CO2 

and CO measurements of up to 20%. 

Also, while completing the initial gas fuel tests, it was found that the HRR 

measurement and their fluctuations were quite coarse owing to the rough 

oxygen concentration measurements. It was found that the oxygen 

concentration measuring range is auto calibrated to cover the range between 

0% to 100%. By refining the range of oxygen measurements to between 0% 

to 21%, the oxygen measurements were found to be about five times finer, 

resolving the coarse measurement of HRR. 

viii. The smoke exhausting from the compartment should have been entirely 

captured by the hood outside of the compartment for HRR measurements. Due 

to having relatively small vents, the exhausting smoke had relatively high 

velocity which made it difficult to fully capture by the hood. To overcome this 

issue, down stands were built around the hood and an optimal fan speed was 

found for the hood to capture all the smoke gas while maintaining reasonably 

accurate HRR measurements.  
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Chapter 7: Phi-meter Device for Measuring 

Equivalence Ratio  

This chapter describes the development, calibration, practical application of an 

enhanced equivalence ratio apparatus, or ‘Phi-meter’, used in this study. This Phi-

meter was developed to measure the real-time equivalence ratio from experimental 

enclosure fires. Enhanced Phi-meter was first used at the University of Canterbury by 

Parkes [106] in 2010 to measure pool fires' equivalence ratio in a compartment. In this 

study, the development of enhanced Phi-meter is reviewed, and the challenges 

identified by Parkes are resolved. A new enhanced Phi-meter was built, and its 

measurement was verified with air/methane gas mixtures. The Phi-meter was then used 

to measure the equivalence ratio of propane gas fires and ultimately MDF crib fires in 

the compartment with two openings. This part of the work is presented in the form of 

a publication for review to the Fire Safety Journal. 

• S. Rasoulipour, C. Fleischmann, A. Parkes, “Enhancing the Phi-meter by 

incorporating carbon dioxide measurement”, Fire Safety Journal, 2022 

The contents of this chapter are reproduced based on this publication. The 

relation between the equivalence ratio parameter on the smoke explosion occurrence 

is discussed in Chapter 9. 

7.1 PHI-METER CONCEPT 

The original Phi-meter, presented by Babrauskas [100] and Lönnermark [101] is 

a simple method that makes it a versatile portable device for measuring the equivalence 

ratio. The concept of the Phi-meter is to take a sample of the combustion gases from 

the enclosure, introduce oxygen (in a measured flow rate) whilst at the same time 

stimulating a combustion process. These combustion products, along with the 

introduced oxygen, burns all the remaining combustible gases and transform the 

carbon atoms in the fuel to CO2, and all the hydrogen atoms to H2O. The Phi-meter 

proposed by Babrauskas et al. [100] is designed to measure only the oxygen species 

with CO2 removed by Ascarite chemical sorbent (active ingredient NaOH), and CO 

and soot being re-combusted to CO2 in the combustion process. H2O was removed by 

either Drierite desiccant (active ingredient CaSO4) and/or magnesium perchlorate. To 
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stimulate combustion, the process must provide for two situations: the oxygen-

rich/fuel-lean case and the fuel-rich/oxygen-lean case. In the fuel-lean case (∅ < 13, 

sufficient oxygen is present in the sample mixture such that complete combustion can 

occur. However, sufficient oxygen is not present for the fuel-rich case (∅>1), and 

complete combustion will not occur without assistance. In this instance, a measured 

flow stream of oxygen is introduced into the sample flow to ensure that complete 

combustion occurs. The combustion gases are then passed through a furnace with a 

heated catalyst which combusts the gas stream (complete combustion), leaving only 

CO2, H2O and O2 as combustion products. The CO2 and H2O are removed, leaving 

only oxygen to be analysed. Therefore, the equivalence ratio is determined by 

measuring the oxygen concentration: 

a. for the ambient air under the ambient condition with no additional oxygen 

added, and 

b. when extra oxygen is added with no fuel present, and  

c. for the sampled combustion products with oxygen added 

The sorbent media used for removing the CO2 and H2O in the original Phi-meter 

setup is essential in the process while it is expensive, prone to clog, and requires careful 

handling, being a hazardous substance. Therefore, it is considered beneficial to 

measure additional species when instrumentations are available to simplify the 

filtration process and improve accuracy. As part of this study, an enhanced Phi-meter 

considering using CO2 and CO analysers is introduced with the expectation to have 

more straightforward equivalence ratio measurements and additional accuracy. As the 

analysers used in this study cannot handle wet gas mixtures, the O2, CO2 and CO are 

measured on a dry basis with only H2O removed from the sample stream using Drierite 

desiccant. 

Given that the equivalence ratio relationship was based upon the original Phi-

meter in which only oxygen was measured, the additional sampling of CO2 and CO 

requires a re-evaluation of the equivalence ratio equations. 

7.2 ENHANCED PHI-METER CORRELATIONS 

This section details the derivation of the equivalence ratio equations by 

following the step-by-step process Babrauskas [100] described, considering sampling 
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not only O2, but also CO2 and CO species. The equivalence ratio is commonly defined 

as Eq. 17. The correlation used for Phi-meter is developed considering three different 

scenarios. In the first scenario, the sample flows are unburned before entering the tube 

furnace with no extra oxygen added. For a well-ventilated fire (∅ < 13, when sufficient 

oxygen is available for participation of the entire fuel mixture in the combustion, :I+ aÚ�Û>��jJÛ� = :I+ aÚ�Û>�Fm)`n)mj�F�l, which results to: 

∅ = j+ 2��3~j+ 2��3� = �+ 2��3~�+ 2��3�   
Eq. 69 

Now, considering 1+ 2
�3 as the exhaust oxygen molar flow, the stoichiometric 

flow of oxygen required for complete combustion (for ∅ < 1) can be considered as:  

1+ 2
�3� = 1+ 2
�34 − 1+ 2
�3 Eq. 70 

Using Eq. 69 and Eq. 70, for ∅ < 1, lead to: 

∅ = 12
�34 − 1+ 2
�31+ 2
�34  
Eq. 71 

Considering applying Phi-meter to a range of fuels containing C, H and O atoms, 

conservation of N2 is valid for the Phi-meter as N2 will not participate in the 

combustion process. Therefore: 

∅ = 1+ 2
�34 1+ 2��34u − 1+ 2
�3 1+ 2��3u
1+ 2
�34 1+ 2��34u = 1 − 1+ 2
�3 1+ 2��3u1+ 2
�34 1+ 2��34u

= 1 − B+2
�3B+2
�34 B+2��34B+2��3 

Eq. 72 

Eq. 72 can be transformed in terms of the mole fraction of O2, CO2 and CO to 

be measurable with the O2, CO2 and CO analysers.  

∅ = 1 − �+ 2��3�+2��3� ![�+2��3� [�+2���3� [�+2��3�![�+ 2��3[�+ 2���3[�+ 2��3      for  � < 1 
Eq. 73 

Eq. 73 represents the regime of no additional oxygen; it is limited to the oxygen-

rich regime and cannot be used for the fuel-rich regime. To allow for the fuel-rich case, 

oxygen must be added to the gas flow stream to combust any unburned fuel. Therefore, 
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the flow of the oxygen required for complete combustion, including the added oxygen 

stream, can be considered as: 

12
�3� = 1+ 2
�3� + 1+ 2
�34 − 1+ 2
�3                 for  � > 1 Eq. 74 

where 1+ 2
�3�  is the molar flow of the added oxygen by the oxygenator.  

Therefore, from Eq. 74, the completed Phi-meter equation can be expressed by 

including the added oxygen stream term above: 

∅ = 1+ 2
�3� + 1+ 2
�34 − 1+ 2
�31+ 2
�34 = 1+ 2
�34 − 1+ 2
�31+ 2
�34 + 1+ 2
�3�1+ 2
�34  
Eq. 75 

The first term of this equation is the equivalence ratio for the oxygen-rich 

scenario (ü. ¥.Eq. 73), and the second term corresponds to the added oxygen 

equivalence ratio term and is separately expressed as: 

∅
�� =      1+ 2
�3�1+ 2��3     1+ 2
�341+ 2��34
 

Eq. 76 

Now the added oxygen flow stream can be represented following the ideal gas 

law where the volumetric flow rate of the added oxygen stream A+
��  is evaluated with 

the volumetric flow rate of the total sample flow, A+ . Therefore, the molar flow of added 

oxygen can be expressed as: 

1+ 2
�3� =  A+
�� 5
��         9 ?
��  
Eq. 77 

and the molar flow of nitrogen can be expressed as: 

1+ �� =  A+��5        9 ? =  A+ 21 − B+2
�3 − B+2�
3 − B+2�
�335        9?  
Eq. 78 

Then the added oxygen equivalence ratio term can be expressed as: 

∅
�� =  21 − B+2
�34 − B+2�
�34 − B+2�
34 3 A+ 
��  5
��    ?   B+2
�34 21 − B+2
�3 − B+2�
3 − B+2�
�33 A + 5 ?
��   Eq. 79 

Now assuming that the temperatures and the pressure are considered equal for 

the oxygenator and the oxygen analyser, and considering �
�) as the oxygen mole 

fraction in the outlet with the extra oxygen added, the volume flow of oxygen is: 
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B+2
�3) = A+2
�3� + 2A+ − A+2
�3� 3B+2
�34A+  
Eq. 80 

and: 

A+2
�3�A+ = B+2
�3) − B+2
�341 − B+2
�34  
Eq. 81 

Therefore, by substituting the above equations into the equation; the added 

oxygen term becomes: 

∅
�� = 1B+2
�34 B+2
�3) − B+2
�341 − B+2
�34 1 − B+2
�34 − B+2�
�34 − B+2�
341 − B+2
�3 − B+2�
�3 − B+2�
3 
Eq. 82 

The above equation is derived assuming that volume flow is constant while 

typical mass flow controllers (MFC), inclusive of those used in this study, produce 

constant enthalpy flow. In this case, heat is continuously delivered to the system at the 

furnace and using a chiller upstream of the MFC is essential to reduce the temperature 

to a fixed temperature. The flow passing through the MFC contains CO2, nitrogen and 

oxygen varying from 0 to B+2
�3) . Eq. 82 is corrected to handle a constant enthalpy flow 

(instead of constant volume flow) by considering the � correction factor as Eq. 83 

[100]: 

∅
�� = 1B+2
�34 B+2
�3) − B+2
�341 − B+2
�34 1 − B+2
�34 − B+2�
�34 − B+2�
341 − B+2
�3 − B+2�
�3 − B+2�
3  � 
Eq. 83 

where � is found using the method in ref. [100] nevertheless, considering CO2 

and CO are present in the flow stream passing the MFC: 

� = �1 − Y1 − �
����Z B+2
�3 − Y1 − ��
���� Z B+2�
�3 − Y1 − ��
���Z B+2�
3�1 − Y1 − �
����Z B+2
�3)  

Eq. 84 

� is found to be near unity ±0.5% in the experiments, and its effects on the results 

are negligible. However, its effect must be considered if the gas flow temperature 

passing through the MFC and analyser is high or variable. This is often not the case as 

the sample flow is cooled using a chiller between the MFC and the furnace. To present 

a simpler version of the equation, � is removed from the final equation presented as 

follows.  
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The final equivalence meter equation that allows for � > 1 regimes can be 

defined as follows: 

∅ = 1 − B+2
�3B+2
�34 1 − B+2
�34 − B+2�
�34 − B+2�
341 − B+2
�3 − B+2�
�3 − B+2�
3
+ 1B+2
�34 B+2
�3) − B+2
�341 − B+2
�34 1 − B+2
�34 − B+2�
�34 − B+2�
341 − B+2
�3 − B+2�
�3 − B+2�
3 

Eq. 85 

Using this expression, B+2
�3)  was measured at the start of the experiment, with 

an oxygenator running prior to smoke fuel sampling. The terms B+2�
�34 , B+2�
34  are 

negligible and can be removed from the equation. Finally, B+2�
3 was generally near 

zero, confirming that complete combustion occured within the combustion furnace 

with an additional oxygen stream. Hence, the simplified equation for enhanced Phi-

meter for the experiments of this study would be: 

∅ = 1 − B+2
�3B+2
�34 1 − B+2
�341 − B+2
�3 − B+2�
�3
+ 1B+2
�34 B+2
�3) − B+2
�341 − B+2
�34 1 − B+2
�341 − B+2
�3 − B+2�
�3 

Eq. 86 

7.3 CONSTRUCTION OF THE ENHANCED PHI-METER 

The enhanced Phi-meter with the schematic shown in Fig. 7-1 was developed as 

part of subsequent compartment fire research to measure the global equivalence ratio 

based on Eq. 86. The enhanced Phi-meter was initially used by Parkes in pool fire 

experiments within a compartment with a single rectangular opening [106]. The 

enhanced Phi-meter used by Parkes was upgraded and reused in a compartment with 

two circular openings with propane gas and MDF crib fuel fires. 

The Phi-meter used by Parkes consisted of an electric quartz tube furnace 

through which the combustion gases mixed with an additional stream of oxygen and 

re-combusted. The reaction species that exhausted the furnace were then measured and 

analysed. The quartz tube was heated to 800 ºC and filled with metal oxide as a catalyst. 

The use of a quartz tube as the combustion reactor in the furnace had problems, 

primarily breakages. The steel screw fittings at each end of the quartz tube required 

careful attention to ensure an airtight seal without the risk of over-tightening and 

breaking the quartz [106]. 



 

Chapter 7: Phi-meter Device for Measuring Equivalence Ratio 155 

 

Fig. 7-1: Schematic diagram of the enhanced Phi-meter setup 

A new Phi-meter furnace built with Inconel (nickel-chrome) alloy as part of the 

works and used for LPG and MDF crib experiments. The Inconel tube is a 450 mm 

long, 50 mm diameter tube with stainless steel flanges welded to both ends, which 

sealed tightly by high-temperature graphite gaskets sandwiched between the flanges at 

each end. The Inconel tube was placed within a Thermcraft™ vertical split furnace 

with a temperature controller that kept the furnace at 900 ºC (Fig. 6-13). 

Approximately three-quarters of the Inconel tube was filled Nickle-Chrome wires of 

200 mm long as a catalyst that was held upright over a steel mesh inside the furnace. 

The mixture of sample and added oxygen was drawn through the Phi-meter by a 

12 V DC pump downstream of the furnace. The sample was taken from the 

compartment fire transported to the furnace through a heated sample line. The heated 

sample line initially used (for the pool fire tests by Parkes) was made of a copper tube 

within a 20 mm diameter stainless steel tube sealed jacket, heat traced with 150 °C 

glycerine controlled by a thermocouple placed in the glycerine tank. The heated 

sample lines were upgraded to electrically heated ones maintained at 190 °C with a     

4 mm diameter high temperature braided stainless steel inner tube for ease of 

operation. The increased temperature of the heated sample lines helped minimise the 

sample line blockages due to condensations of smoke products that affect the Phi-
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meter response time. The sample lines were checked and cleaned before each test to 

ensure blockage would not occur. 

To achieve complete combustion in the furnace, a sufficient supply of oxygen 

was provided to the furnace tube on the sampling side. Therefore, before the sample 

gas entered the furnace, it mixed with additional oxygen at the inlet to the furnace. The 

oxygen flow was set to 1.5 litre/minute using a mass flow controller for all 

experiments. 

After combustion within the furnace, the sample passed through a 7 μm soot 

filter to remove excess carbon. The filter was routinely checked during the 

experiments, and it was found clean from soot after each test. This indicated that the 

furnace burned all carbon atoms in the fuel to CO2. The sample was then passed 

through a cold trap to lower the sample temperature, sampling pump, Drierite desiccant 

to remove residual moisture before passing through the mass flow controller and 

entering the O2, CO2 and CO analysers. 

The mass flow controller downstream of the furnace was set to 3.0 litre/minute 

for the experiments, i.e., the sample flow rate was expected to be 1.5 litre/min. These 

mass flow rates were chosen based on the expectations to have an equivalence ratio 

range between 0 to 3. As the oxygen flow was set to 50% of the total flow, the oxygen 

analyser was required to have a measuring range between 0% to 61%. The analyser 

used was a Siemens Oxymat/Ultramat 6 analyser set. 

7.4 PHI-METER CALIBRATION  

Several experiments were performed in order to calibrate and evaluate the 

performance of the Phi-meter.  Propane (C3H8) and methane (CH4) were used as the 

combustion gas sources. Experiments were carried out by sampling varying 

proportions of propane/air (by Parkes [106]) and methane/air (thesis author) mixtures. 

A controlled flow of propane or methane was introduced into the sample line using a 

mass flow controller and mixed with a fixed air flow before entering the furnace. At 

the furnace, a fixed oxygen level (75% of the total flow for propane calibration) was 

introduced. Measurements of the total sample gas flow and the added oxygen were 

recorded, and the calculated equivalence ratio was found from the combustion 

equation for propane and methane and compared to the Phi-meter measurement. The 

results detailed in Fig. 7-2 and Fig. 7-3 show a good agreement between the actual 
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equivalence ratio calculated based on pre-set air to fuel concentrations and the values 

measured by the Phi-meter. 

   
Fig. 7-2: Measured and calculated equivalence ratio (ER) values from calibration 

experiments on the combustion of variable propane/air mixtures (by Parkes [106])  

  

Fig. 7-3: Measured and calculated equivalence ratio (ER) values of calibration 

experiments on the combustion of variable methane/air mixtures 

The equivalence ratio was varied between 0.5 to 3.7 for air/propane mixtures and 

between 0.5 to 3.0 for methane/air mixtures. For the propane/air calibration tests, the 

quartz furnace tube at 800 ºC was used and flash within the quartz furnace tube 

indicated combustion, and this was prevalent in the higher air-fuel mixtures. The 
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experiments involving higher equivalence ratios were noisy, and the experimental 

equivalence ratio results less than 0.5 were lower than the calculated Phi-meter values 

[106]. This was due to the fluctuations in the sampling flow rate due to controlling 

small gas flows with a mass flow controller having an extensive flow range. For the 

propane calibration test, the mass flow controller used was 20 litres/min, while the 

sampling flow rate was of the order of 4 litres/min. This issue was later fixed using a 

mass flow controller of a lower range in the methane calibration test and the 

experiments. For the methane/air calibration tests, the Incotel furnace at 900 oC was 

used with air and fuel mass flow controllers of the lower range (10 litres/min); hence 

the results are improved for lower equivalence ratios. 

7.4.1 Response Time 

It was noted at the Phi-meter calibration tests that there was a delay in Phi-meter 

measurements. This was due to the time it took for the sample gas to transport through 

the heated sample lines, the Phi-meter furnace and the filtration process to reach and 

be measured by the analysers. This delay time was investigated by introducing an 

amount of nitrogen into the sample line and determining the time taken to be analysed. 

The delay time was calculated to be approximately 40 seconds. This is the minimum 

delay time observable for calibration tests regardless of the fuel, i.e., constant sampling 

flow rate. The delay time is required to be of sufficient length such that complete 

combustion occurs within the furnace. In other words, the sampling flow rate and 

pumping pressure cannot be too high to reduce the response time as it can compromise 

the complete combustion to take place in the furnace. In the flow rate used in these 

experiments, the CO concentration at the analyser was nearly zero confirming that 

complete combustion occurred in the furnace. 

It is noted that blockages and accumulation of soot and aerosols that occurred in 

the system during the MDF crib experiments affect the Phi-meter response time. The 

response of the Phi-meter was evaluated before each experiment, and the equivalence 

ratio measurements were shifted to address the effect of the response time. The 

measured response time of the Phi-meter is observed to increase to as high as 80 

seconds for MDF crib experiments in underventilated conditions that could produce 

high levels of aerosols and soot. 
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7.5 LPG FIRE EXPERIMENTS AND RESULTS 

The enhanced Phi-meter was upgraded after Parkes's heptane pool fire 

experiments in 2010 [106] as part of this thesis to overcome the identified deficiencies 

as noted. The Phi-meter with Inconel tube within the furnace heated to 900 ºC with 

Nichrome catalyst was used in other experiments with propane gas and MDF crib fuels 

in the compartment with two circular vents. The compartment and experiment setup 

used for propane and MDF crib experiments is detailed in Chapter 6.  

These experiments consisted of an LPG gas burner located at the rear of the 

compartment on the floor with controlled gas fuel mass flow. The LPG used consisted 

of 60% propane (C3H8) and 40% butane (C4H10). The mass flow of LPG was set to 

generate heat release rates between 5 kW to 45 kW with 5 kW intervals. Each fuel 

burning rate was maintained for a minimum of 10 minutes to achieve a quasi-steady 

condition within the compartment. The vapour density of LPG was considered to be 

1.898 g/L [107], and its heat of combustion was considered 46.1 MJ/kg [15]. The 

highest LPG heat release rate tested in the compartment with 100 mm diameter 

openings was 45 kW (i.e., 30.8 litre/min fuel flow rate) because the flame self-

extinguished for higher fuel flow rates. 

The enhanced Phi-meter measured the averaged equivalence ratio of the 

combustion by taking a sample at the high level of the compartment through a U-shape 

sampling tube with 2 mm holes in equal spacing. The measured equivalence ratio was 

compared with a theoretically estimated equivalence ratio, as shown in Fig. 7-4 for the 

compartment with 100 mm opening diameters. In Fig. 7-4, two different methods are 

shown for calculating the theoretical equivalence ratio and compared separately to the 

measured equivalence ratio by Phi-meter. The calculated equivalence ratio was 

estimated using Eq. 17 once (Fig. 7-4-A) by finding air inflow rate from Eq. 66, and 

once (Fig. 7-4-B) by direct use of the orifice vent flow equation for the bottom vent 

and using the pressure difference measurements from Eq. 33. In both cases, the Ia+  

which is the propane mass flow rate was directly measured by mass flow controller. 

The fuel/air stoichiometric ratio was 0.064 for propane [22, 46]. To measure the air 

inflow rate through the bottom vent, Eq. 33 was used, which is repeated below: 

I�+ =  ����H2�|Δp�|   
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Fig. 7-4: Equivalence ratio (ER) measured by Phi-meter for propane gas fire 

experiments in the compartment with two 100 mm diameter circular openings 

compared to the estimated equivalence ratio. In Fig. 7-4-A, Eq. 66 is used to estimate 

air inflow rate, and in Fig. 7-4-B, Eq. 33 is directly used to estimate the equivalence 

ratio and plotted in 30 seconds moving average. The estimated air inflow rate and the 

measured fuel mass flow rate and stoichiometric equivalence ratio for propane are used 

to find the calculated equivalence ratio. 

By direct measurement of pressure difference at the bottom orifice vent using a 

pressure transducer inside the compartment, considering �� of 0.7 [22, 46] and 

considering the opening surface area and ambient conditions, I�+  and therefore 

equivalence ratio was directly found for each propane gas flow rate, plotted in Fig. 

7-4-B, for enclosure with 100 mm diameter openings. 

Fig. 7-4 shows that the measured equivalence ratio agrees with the estimated 

equivalence ratio found by using the vent flow correlation for air inflow rate. The 

accuracy of the vent flow calculation used relied on the validated vent flow analysis 

and orifice coefficient, which could be challenging to determine. Moreover, the real-

time pressure measurements at the openings introduced further uncertainties to the 

experiments. As shown in Fig. 7-4-B, the calculated equivalence ratio had significant 

fluctuations when fire became underventilated, i.e., ∅ > 1, and the fluctuations 

amplified as the compartment became fuel-rich. The fluctuations were because of 

unsteady buoyancy-driven flow through the openings and occasional smoke ejections 

through the bottom vents as the flame within the compartments moved at times 

towards the bottom vent to reach fresh oxygen flow. Therefore, it was observed that 

the Phi-meter is more reliable to capture the real-time averaged equivalence ratio of a 

compartment fire compared to flow measurements. The equivalence ratio 

measurements by Phi-meter would be also helpful in finding the incoming air flow 
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rate, i.e., correlations such as Eq. 66, for various compartment geometries with 

different types of openings if the mass flow rate of fuel is known. 

7.6 MDF CRIB FIRE EXPERIMENTS AND RESULTS 

The same compartment and instrumentation used for propane gas fuel 

experiments were also used for experiments with timber fuel. The experiments setup 

and MDF crib experimental matrix are described in Chapter 6. In this section, a 

comparison an interpretation of the equivalence ratio (ER) results is provided for two 

MDF fire tests to emphasise on the application of the Phi-meter as submitted 

publication. In Chapter 8, ER plots are provided for each of the MDF crib experiments 

of this study. 

The MDF crib fire experiments for crib D (as per Table 6-4) is provided for two 

different ventilation conditions with 100 mm and 71 mm opening diameters. The 

measured equivalence ratios for the experiments in the compartment with different 

opening diameters are plotted in Fig. 7-5. The ER exceeded one shortly after the 

combustion as all the crib fires were in underventilated conditions. As the fire started 

to grow inside the compartment, the ER started to grow and reaches its peak. The 

maximum ER was for the compartment with 71 mm openings which is up to 2.9. 

 
Fig. 7-5: Equivalence ratio (ER) measured by Phi-meter for MDF crib fire experiments 

in a compartment with two circular openings for Crib D. The measured ER is plotted 

for three experiments with 100 mm and 71 mm diameters 
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The ER plot is expected to correspond to the gas concentrations within the 

compartment, and ER changes could be interpreted from the concentration 

measurements of oxygen and fuel (primarily THC and CO). Fig. 7-6 shows O2, CO2, 

CO, and total hydrocarbon (THC) gas concentrations for the experiment with 71 mm 

openings.  

 
Fig. 7-6: Oxygen, CO2, CO and total hydrocarbon (THC) concentrations within the 

compartment in time for MDF crib fire experiments in the compartment with two 

circular vents of 71 mm diameters 

As the fire grew inside the compartment, the ER grew and reached its peak 

(ER=2.9) after 18 minutes. At this point, the THC% and CO% were relatively high, 

i.e., 7.6% and 6.6%, and O2% was relatively low, i.e., 2.0%.  Hence, the compartment 

was fuel-rich and had the highest fuel to oxygen ratio experienced during the 

experiment. After the peak, the ER started to decay due to THC% and CO% gradual 

decline. At 27 minutes, the oxygen concentration started to increase, affecting the 

decay of the ER. At approximately 35 to 45 minutes, the concentrations of O2, CO, 

and THC were almost steady, reflecting the steady ER during the same period. After 

45 minutes, as the fire started to burnout, the O2% increased and the THC% and CO% 

further declined, resulting in a further decrease of the ER, i.e., compartment moved 

towards becoming fuel lean. The same trend was observed in the two other MDF crib 

experiments, despite having different fuel to oxygen concentration ratios. 
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The equivalence ratio found by the phi-meter can be used to estimate the 

stoichiometric fuel to air ratio of fuels with unknown chemical formulas. This could 

be of particular benefit for solid fuels that their chemical formula could change during 

the combustion process. In the MDF crib experiment, the stoichiometric fuel to oxygen 

ratio was determined using Eq. 17 in which the phi-meter measured ER, I+ aÚ�Û was 

determined by recording the fuel mass and I+ � was found from the orifice plate 

correlation. Fig. 7-7 showed the stoichiometric fuel to oxygen ratio related to the fuel 

mass loss percentage for three MDF-crib experiments in the compartment with 100 

mm and 71 mm openings. 

 

Fig. 7-7: Stoichiometric fuel to oxygen ratio i.e., oI+ a I+ 
�u b�F. of MDF crib fuel in 

terms of the fuel mass loss percentage. The results are for two separate crib fire tests 

in the compartment with two 100 mm and 71 mm diameter openings. The yellow line 

is the fitted curve based on all the data points that shows R2 error function of 0.78 for 

the trendline 

The typical chemical formula for wood and char in the textbooks [15] are 

CH1.5O0.7 and CH0.2O0.02. These chemical formulas are crude and could vary for 

different types of woods. Based on writing the stoichiometric reaction for these 

chemical formulas, the stoichiometric fuel to oxygen ratio would be found 0.75 for 

wood and 0.37 for char. The measured equivalence ratio by the Phi-meter and the 

method described above shows a continuous reduction of stoichiometric fuel to oxygen 

ratio for MDF material, from 0.6 (MDF) to 0.2 for when 75% of the initial mass is 

burned. 
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The equivalence ratio measured by the phi-meter can be used for estimating the 

CO or THC yields from a fire with specific fuel types. This is a subject of the 

subsequent studies, and the phi-meter is demonstrated to be a robust apparatus to 

measure the average equivalence ratio of the compartment. Phi-meter is especially 

useful for solid fuels (with C, O and H atoms) with variable stoichiometric equivalence 

ratios during the combustion process in which equivalence ratio cannot be determined 

theoretically by measuring pyrolysis rate and air flow rate. 

7.7 CONCLUSION 

The ventilation condition of an enclosure fire is one of the essential variables 

that influence the combustion and the consequent production of combustion gases such 

as CO and CO2. As part of experimental studies on compartment fires, an enhanced 

Phi-meter is designed and developed on the principle of measuring O2, CO2 and CO 

combustion species by adapting the existing methodology to assist in classifying the 

compartment fire behaviour. Incorporating the CO2 analyser had the advantage of not 

requiring the removal of CO2 from the sample flow by chemical means, which could 

reduce the cost of experiments and improve accuracy. The CO measurement confirmed 

that the CO generated from incomplete combustion in the compartment fire was fully 

combusted in the furnace with the introduction of the additional oxygen flow and fully 

transformed to CO2. In all three experimental sets, CO measured by the analyser was 

continuously (except a few occasions in pool fire experiments with quartz tube 

furnace) near zero, indicating that the complete combustion took place in the furnace. 

The calibration of the enhanced Phi-meter provided good agreement with the 

theoretically calculated values for propane/air and methane/air mixtures, and the time-

dependent results for the compartment experiments showed good sensitivity in the 

results. 

Parkes [106]  measured the equivalence ratio of heptane pool fire experiments 

with Phi-meter. Our analysis of his experimental measurements with theoretical values 

shows good agreement (maximum error of 7%), considering the theoretical air inflow 

rate correlation where pyrolysis rate is not negligible compared to air inflow. The 

equivalence ratios measured for heptane pool fires of Parkes [106] study ranged from 

0.1 for oxygen-rich conditions to 2.3 for fuel-rich conditions. The equivalence ratios 

calculated theoretically and measured by Phi-meter align with the visual observations 

reported by Parkes [106], considering the external visible flames. The Phi-meter 
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Parkes used for the pool fire experiment consisted of an electric quartz tube furnace 

heated to 800 oC through which the combustion gases mixed with an additional stream 

of oxygen re-combusted with reaction species measured and analysed. The sample 

lines were heat traced to 150 °C. The use of a quartz tube as a combustion reactor in 

the furnace had a number of breakages. Therefore, as part of this study, a new Phi-

meter furnace core contained an Inconel alloy tube with stainless steel flanges and 

high-temperature graphite gaskets heated to 900 oC and filled with nickel-chrome 

wires of 200 mm long as a catalyst. The heated sample lines were replaced with 

electrically heat traced lines kept at 190 °C. The Phi-meter system was utilised in 

propane gas and timber crib compartment fires with two circular openings. 

The equivalence ratio measured by the Phi-meter for LPG fire experiments 

within an enclosure with two circular openings (each 100 mm diameter) is conducted 

for various burning rates and agree with the theoretical values. The theoretical 

equivalence ratios are determined from the air inflow rate correlation found for the 

compartment with two openings previously in ref. [27] and directly by using the orifice 

flow equation for a known mass flow rate of propane gas. The Phi-meter has proved 

to measure equivalence ratios when measuring air flow rate reliably is challenging. 

Lastly, the Phi-meter is utilised to measure the equivalence ratio of MDF-crib 

fires in the compartment with two openings. Equivalence ratios were found ranging 

between 0 to 2.9. As the gas yields of solid fuels could vary during the pyrolysis 

process, the stoichiometric fuel/air ratio varies during the combustion, and the Phi-

meter is a valuable method to determine the global equivalence ratio. The equivalence 

ratio measured for MDF crib fires can be used to estimate the CO and THC yields to 

equivalence ratio and assist in analysing the flammability of the smoke gas products 

in underventilated fires. The equivalence ratio measurements by the Phi-meter assists 

to characterise the smoke explosion phenomenon in the compartment fires as further 

discussed in the later chapters. 
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Chapter 8: Experiments Results 

This chapter describes the propane gas fire and MDF crib fire experimental 

results. Each experiment conducted is separately explained, and the observations of 

the fire behaviour in the compartment are reported. This chapter starts with section 

8.1, which describes the LPG gas burner tests in the compartment with two circular 

vents (in three different ventilation conditions). The observations and the experiment 

results are presented. The HRR, air inflow rates, temperatures, equivalence ratios and 

gas concentrations for experiments with different ventilation conditions are compared. 

The results measured by different instruments are proved to agree with each other and 

with observations. 

This chapter follows section 8.2, focusing on the experiment’s results for the 

MDF crib experiments in the same compartment, as detailed in Chapter 6. The 

observations for each MDF crib experiment are described in detail in a separate sub-

section. Moreover, the critical measurements for each experiment are presented to 

provide insight into each experiment. The comparison between the results of various 

experiments with MDF crib fuel, the results of the free-burn experiments of the MDF 

cribs, discussions, and the findings about the smoke explosion phenomenon is 

presented in Chapter 9. 

8.1 RESULTS FOR EXPERIMENTS WITH GAS FUEL 

A gas burner combusting LPG gas was used in three different experiments with 

different ventilations (50 mm, 71 mm and 100 mm orifice diameters) in the 

compartment with two openings. The experiments started after two minutes baseline 

measurement. The gas burner flow rates were set to a nominal value to give 5 kW HRR 

and increased with 5 kW intervals. The actual flow measured by the fuel mass flow 

controller at any set point was slightly higher than the pre-set flow. Therefore, the 

theoretical HRR is slightly higher than the nominal HRR. The HRR plots to compare 

the theoretical HRR and HRR measured by oxygen depletion method are shown in 

Fig. 8-1 and Fig. 8-2. The experiments were continued for each ventilation condition 

until no visible flame is in the compartment. Each test started with two minutes of 

baseline data and ignition made after this period. The response times of the instruments 
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was shorter as the compartment heated up and the fuel flow rates raised, leading to an 

increase of the air inflow to the compartment.  

 
Fig. 8-1: Heat Release Rate of LPG fuel for three different vent sizes in relation to the 

theoretical HRR based on the fuel mass flow rate 

 
Fig. 8-2: Heat release rate of LPG fuel in time for three different vent sizes to the 

theoretical heat release rates 
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For all experiments, not much visible smoke was exiting the compartment in 5 

kW nominal HRR. At 10 kW nominal HRR, black smoke started to be visible exiting 

the compartment through the top vent. For the experiment with 100 mm vents, between 

10 kW to 25 kW HRR, there was a smoke layer in the compartment, and black smoke 

exited the compartment through the top vent only. There was no smoke exiting through 

the bottom vent, and the smoke layer formed inside the compartment was black and 

sooty. At 25 kW nominal HRR, the flame was still over the gas burner, hitting the 

compartment's ceiling. In this HRR, the smoke layer was further disturbed and 

gradually transformed to a well-mixed single-zone fire. Still, no smoke was exiting the 

bottom vent. This was in line with Phi-meter measurements measuring a nearly 

stoichiometric ER at 25 kW HRR. At 35 kW nominal HRR (100 mm openings 

diameter), flame started oscillating on the floor and rarely smoke wisp out through the 

bottom vent of the compartment. However, smoke did not exit through the bottom vent 

steadily. The same behaviour continued for 40 kW nominal HRR (80 to 90 minutes); 

no visible black smoke steadily exited the compartment. At 45 kW nominal HRR, 

smoke/gas propagation frequently occurred through the bottom vent that was similar 

to the smoke explosion phenomenon as shown in Fig. 8-3.  

       

Fig. 8-3: Rapid flame propagation through the bottom vent in the experiment with 100 

mm vents in 45 kW nominal HRR 

The flame propagations were of lower intensity (pressure) and flame length 

compared to the smoke explosions that occurred in MDF crib experiments (later 

sections), however, flame speed was higher. No flame ejection through the top opening 

was observed. These propagations can be determined in Fig. 8-1, where significant 

fluctuations can be seen for the HRR for 100 mm vents test between t=90 to 100 min. 
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The experiment with 100 mm diameter openings stopped at 45 kW nominal HRR, and 

HRR of 50 kW was not tested for health and safety reasons. 

For the experiment with 71 mm openings, at 10 kW nominal HRR, black smoke 

started to be visible exiting the compartment through the top vent. At this HRR, flames 

were attached to the gas burner. At 15 kW nominal HRR, black smoke continued to 

exit through the top vent. The compartment was filled with smoke and the combustion 

became underventilated as the oxygen concentration decreased to lower than 4% and 

THC% grew. At 20 kW nominal HRR, flame was initially still burning on the surface 

of the burner and after some time started detaching the burner. At times, a wisp of 

smoke (white coloured) exited the compartment through the bottom vent, while black 

sooty smoke continued to flow out through the top vent. The wisp of smoke exiting 

through the bottom vent occurred when the ghosting flame occasionally moved from 

the burner towards the bottom opening (an underventilated condition where flame 

tends to move towards fresh oxygen). Finally, the flame moved to the compartment 

floor and oscillated on the compartment floor. At this point, not much visible smoke 

was coming out of the vents. The ER dropped, THC% and CO% decreased at this 

transient period (just before 45 minutes) corresponds to this time. At 45 minutes, the 

LPG fuel flow rate increased to the nominal HRR of 25 kW, resulting in a re-increase 

of THC%, CO%, and ER. Following three minutes of oscillating flame over the floor, 

the flame extinct, and the test was stopped.  

Temperatures measured by the front and rear thermocouple tree in an experiment 

with 100 mm vents are plotted in Fig. 8-4. The temperature of the thermocouple trees 

in terms of the height of the thermocouple versus temperature is also plotted in 20 

minutes time intervals for the experiment with 100 mm opening in Fig. 8-5. The plots 

show that the temperature difference between the three bottom thermocouples at 20, 

40 and 60 minutes are lower than the thermocouple temperatures in higher elevations. 

This is in line with the observations of two-zone fire. The height of the smoke layer 

could be estimated between 150 to 250 mm from the compartment floor for two-zone 

fire conditions (well-ventilated) in 20 minutes (10 kW nominal HRR), 40 minutes (15 

kW) and 60 minutes (25 kW). This agrees with the theoretical analysis in section 3.3, 

and the estimated neutral plane height of between 140 to 190 mm from the bottom of 

the lower vent, i.e., 200 to 250 mm from the compartment floor. 
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Fig. 8-4: Front and rear thermocouple trees temperature measurements in time for LPG 

fuel experiments in the compartment with 100 mm opening diameters 

 
Fig. 8-5: Front and rear thermocouple trees temperature measurements in height for 20 

minutes measurement time intervals for LPG fuel experiments in the compartment 

with 100 mm opening diameters 

At 80 minutes (35kW nominal HRR), the fire was underventilated and was 

oscillating over the floor; the temperatures were quite higher than the temperature in 

previous times (and HRRs). The temperature at the front thermocouple tree was found 

uniform across compartment height; however, in the rear thermocouple tree, the 

temperature was lower at low and high elevations, which is understood to be affected 

by the flame movement. 

Fig. 8-6 illustrates the air inflow rates through the bottom vent and smoke gas 

outflow rate through the top vent determined by the orifice flow correlation. The 

airflow is negative as the direction of the flow is from outside into the compartment, 

and the smoke gas outflow is positive. The orifice plate coefficient is considered  0.65 

for determining the flow rates. Also, in sections 3.3 and 3.5.3, a vent flow correlation 

is theoretically proved to be valid for a compartment with two openings considering 

for the temperature range of 600 to 900 K. The flow rates determined using such 

method are shown in Fig. 8-6 by dashed lines for each ventilation condition. The 

results show reasonable agreement between measurements and theoretical value (Eq. 

66). The significant fluctuations at the air inflow for a compartment with 100 mm vents 
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are owed to the flame propagations through the bottom vent in 45 kW HRR discussed 

above (Fig. 8-3). Also, at the start of each test, thermal expansion within the 

compartment occurred, leading to a transient outflow of gases through both openings. 

Hence, at the start of experiments, the bottom vent had a positive pressure in Fig. 8-6. 

 
Fig. 8-6: Air inflow rate (negative numbers) and smoke/gas outflow rate (positive 

numbers) for experiments with 100 mm, 71 mm and 50 mm vent sizes determined by 

pressure difference measurements using orifice flow correlation, i.e., Eq. 33. The 

dashed lines are theoretical flow rates for enclosure with two openings determined by 

Eq. 66 

Considering the air inflow rate to the compartment, which is a relatively constant 

value for each compartment ventilation condition, the maximum HRR of the 

compartment is determined by using the heat of combustion of air  [62]. The maximum 

HRR for a compartment with 100 mm, 71 mm and 50 mm openings are shown in Fig. 

8-7 using the air inflow rates of Fig. 8-6 found by orifice flow correlation. As can be 

seen, the actual measured HRRs are capped at approximately similar maximum HRR 

defined from air inflow rate measurements. Therefore, good agreement is observed, 

and the transition from well-ventilated to the underventilated condition can be easily 

defined, as shown in Fig. 8-7 for the 100 mm opening experiment. This is also in line 

with Fig. 8-2 where the measured heat release rates diverge from the theoretical HRR 

determined based on LPG mass flow rate as in underventilated condition, not all the 

fuel is consumed (ventilation-controlled condition). 
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Fig. 8-7: Maximum theoretical HRR determined based on consumption of all oxygen 

inflow (black and grey lines) versus the HRR measurements for 100 mm, 71 mm and 

50 mm compartment openings 

Fig. 8-8 shows the equivalence ratio (ER) or Phi of the compartment with two 

openings with 100 mm, 71 mm and 50 mm opening diameters for LPG gas fire. The 

ER>1 represents a fuel-rich compartment which means that the compartment is in 

underventilated condition. The ER of less than 1 represents a fuel-lean compartment, 

i.e., well-ventilated compartment condition. ER is equal to one means that the air 

inflow supplies just enough oxygen for combustion of the LPG fuel flow rate. The 

ER=1 in Fig. 8-8 is the transition between the well-ventilated fire to underventilated 

condition. Based on this transition at ER=1, the well-ventilated and underventilated 

regimes are distinguished in Fig. 8-8. The well-ventilated versus underventilated 

regimes determined by HRR analysis align with the Phi-meter measurements (Fig. 

8-8). 
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Fig. 8-8: Equivalence ratio (ER) or Phi determined by Phi-meter for compartment with 

100 mm, 71 mm and 50 mm openings with LPG gas fire 

The Phi-meter measurement shows that the LPG fire in the compartment with 

100 mm openings reaches near stoichiometric conditions at nominal HRR of 25 kW. 

The actual measured HRR for the period of 50 to 60 minutes is 26.1 kW. In this period, 

it is expected that the I+ � (incoming air flow) and I+ a (LPG fuel flow rate) were in a 

nearly stoichiometric ratio, as noted in Table 2-1. The following equations 

demonstrated that this is correct: 

∅ = j+ p j+ tu
oj+ p j+ tu bvy.

  and, when ∅ = 1: 

I+ a I+ �u = oI+ a I+ �u b�F. 
oI+ a I+ �u b�F. is estimated to be 0.059 for LPG fuel comprising 60% propane and 40% 

butane by writing the stoichiometric reaction. Also, the heat of combustion of LPG 

fuel was considered 46.1 MJ/kg. Writing the I+ a in terms of HRR and heat of 

combustion, and finding the average air inflow rate by pressure difference 

measurements using orifice flow correlation, i.e., Eq. 33 and Fig. 8-6, the 

stoichiometric fuel to air ratio found by experiments would be: 
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j+ pj+ t = �+ ∆�|u!.�	�H∆nÏ = �	.! ]	,!44=4.44
" =0.061, which is close to the stoichiometric air to 

fuel ratio of LPG found from the reaction of LPG, i.e., 0.059 (Table 2-1). 

When flame propagation through the bottom vent was occurring at 45 kW 

nominal HRR, the equivalence ratio is found to be between 1.7 to 2.0, as shown in Fig. 

8-8 between 90 to 100 minutes. 

The gas concentrations in the compartment for LPG fuel experiments with 100 

mm, 71 mm and 50 mm circular openings are shown in Fig. 8-9, Fig. 8-10 and Fig. 

8-11. 

 
Fig. 8-9: Gas concentrations (O2, CO2, CO and THC) in the compartment for LPG fuel 

experiments in the compartment with 100 mm openings 
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Fig. 8-10: Gas concentrations (O2, CO2, CO and THC) in the compartment for LPG 

fuel experiments in the compartment with 71 openings 

 
Fig. 8-11: Gas concentrations (O2, CO2, CO and THC) in the compartment for LPG 

fuel experiments in the compartment with 50 mm openings 
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As shown, the CO and THC concentrations are near zero when compartment fire 

was well-ventilated. As the fire became underventilated (ER > 1), the CO and THC 

concentrations started to ramp up, O2% dropped to lower than 8%, and CO2 reached 

its maximum. For LPG fuel fires, the gas concentrations corresponded to the 

equivalence ratio of the compartment fire. Fig. 8-12 shows the gas concentrations of 

the compartment fires with LPG gas fuel to the combustion equivalence ratio. Such a 

plot could be used to determine a correlation for gas species generation in relation to 

the equivalence ratio as gas concentrations. 

  
Fig. 8-12: Gas concentrations (O2, CO2, CO and THC) in the compartment for all LPG 

fuel experiments in the compartment in relation to the equivalence ratio 

8.2 RESULTS FOR EXPERIMENTS WITH MDF CRIB FUEL 

After completing the gas burner tests and verification of instruments 

measurements, MDF cribs experiments completed as per the experiment’s matrix. The 

observations and important results for each experiment are discussed in this section. 

The comparison between the results for various experiments, discussion and 

explanation for the smoke explosion phenomenon is presented in Chapter 9. Also, the 

results of the free-burn experiments of the MDF cribs are presented in Chapter 9 for 

comparison. 

It is repeated here that the experiments are coded and presented from hereon as 

X-Y where X is the diameter of each opening in millimetres (50, 71, 100 or 141) and 
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Y is the crib code (i.e., A, B, C, D or E as per Table 6-4 with A being the most porous 

crib and E being the least porous crib). 

In all tests, fire started by igniting 200 mL of acetone pool in the tray underneath 

the MDF crib while the compartment hatch was open. As the fire started to develop 

within the crib, and the compartment hatch was closed. All results in section 8.2 and 

Chapter 9 are plotted from 1 minute after the hatch is closed. 

8.2.1 Test Results for 141-A (crib) 

Crib A, which had 4 sticks per layer, 15 layers and 360 mm long sticks, was 

burned inside the compartment with two 141 mm openings. The compartment hatch 

was closed after 3 minutes from ignition. This experiment did not lead to any smoke 

explosion. 

Fig. 8-13 shows the HRR of the 141-A experiment. After closing the hatch, the 

HRR and flame size dropped, but the flaming combustion continued, and flame re-

grew and reached a steady peak. When hatch was closed, smoke started to exhaust 

through the top vent of the compartment. At approximately t=7 min, the flames started 

to detach from the crib and started ghosting in the rear-side of the compartment for 8 

minutes [80]. The period where flames started ghosting in the compartment are distinct 

in the HRR plot (Fig. 8-13) and especially rear thermocouple tree plot (Fig. 8-14) by 

fluctuations of more significance. Occasionally flames moved towards the front of the 

compartment to reach fresh oxygen through the bottom vent and caused smoke wisping 

out of the bottom opening. Seldom flame front reached the bottom vent and flame 

becomes visible outside of the compartment. This observation is shown in four photo 

frames in Fig. 8-15.  

At approximately t=13 min, a jet flame started ejecting through the top vent of 

the compartment and remained there sustainably for approximately 10 minutes. The 

dimension of the jet flame was between 200 to 400 mm in different times. A photo of 

the ejecting flame through the top vent at this period is shown in Fig. 8-16. 
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Fig. 8-13: Heat release rate plot for 141-A experiment 

 
Fig. 8-14: Thermocouple tree plot in time (minute) for front thermocouple tree (left) 

and rear thermocouple tree (right) for the 141-A experiment.  
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Fig. 8-15: Side photo frames of smoke wisping out of the bottom vent of the 

compartment occasionally and seldom with visible flame for 141-A experiment, when 

the ghosting flame inside the compartment travels toward the bottom vent 

 

Fig. 8-16: A side-image of the ejecting flame existing through the top vent of the 

compartment opening for 141-A experiment 
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The fuel mass loss history and mass loss rate are plotted in Fig. 8-17. Fig. 8-17 

shows that the MLR increases and reach its peak after about 4 minutes. After that, the 

MLR decays slightly and sustains around 8 g/s for the duration that ghosting flames 

were present in the compartment. The MLR starts to decay after approximately 13 

minutes.  At t≈23 minutes, approximately 70% of the initial fuel mass was lost, the 

MLR reached almost zero and HRR suddenly dropped as the external flame 

disappeared.  

 
Fig. 8-17: Fuel mass history for experiment 141-A over time (left), and mass loss rate 

of MDF crib fuel over 60 seconds moving average (right) in grey (with red line being 

the averaged curve of the data) 

 

Fig. 8-18: Mass flow rates through compartment openings in time (left) and theoretical 

HRR with the assumption that all incoming oxygen is combusted inside the 

compartment vs. measured HRR (right) for 141-A experiment 

The mass flow rates through the compartment vents and the theoretical HRR 

assuming that all incoming oxygen is combusted in the compartment are plotted in Fig. 

8-18. As can be seen in Fig. 8-18 (left), the air inflow rate and gas outflow rate were 

nearly constant as proven theoretically in section 3.3 and are approximately 16 g/s 

which agrees with the formula introduced earlier in the thesis for the compartment with 

two vents i.e., Eq. 66.  The curve for the incoming air through the bottom vent is noisy 

between t=7 to 13 min, which is the period where ghosting flames were present in the 
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compartment causing a pressure gradient in the compartment. As noted, during the 

period, smoke occasionally wisped out of the bottom vent which was the source of the 

noise on the plot. Moreover, the theoretical HRR assuming that all incoming oxygen 

is burned inside the compartment due to underventilated fire condition is plotted in 

Fig. 8-18 (right) using Huggett’s [62] constant for air, i.e., 3,000 kJ/kg and air inflow 

rate through the bottom vent. As can be seen, the theoretical HRR based on the 

incoming air inflow rate approximately matches the actual measured HRR of the 

experiment (Fig. 8-13), confirming that the fire was ventilation-controlled. 

The equivalence ratio of the combustion for 141-A experiment is shown in Fig. 

8-19, and confirms that the compartment fire was underventilated i.e., ER > 1. The 

compartment gas concentrations are plotted in Fig. 8-20, and found in line with the ER 

values. The ER starts to grow after the compartment hatch was closed as the oxygen 

concentration decays and unburned fuels (CO% and THC%) increase. At t≈5 min, ER 

is in its peak (ER≈2.25) which is the same time that CO% and THC% are in their peak 

(respectively 6.5% and 3.8%). The ER fluctuates between 2 to 2.25 after reaching the 

peak when ghosting flames were present in the compartment and then starts to decay 

as the fire is burning out which is in line with the MLR trend as well as the decaying 

concentrations of CO and THC. 

 

Fig. 8-19: Equivalence ratio of 141-A experiment measured by enhanced Phi-meter  
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Fig. 8-20: O2, CO2, CO and THC (CH4 equivalent) concentrations in the compartment 

measured near the ceiling for 141-A experiment 
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8.2.2 Test Results for 141-B (crib) 

Crib B, which had 5 sticks per layer, 12 layers and 360 mm long sticks, is burned 

inside the compartment with two 141 mm openings. The compartment hatch was 

closed after 3 minutes. This experiment did not lead to any smoke explosions. 

Fig. 8-21 shows the heat release rate measurement for the 141-B experiment. 

After closing the hatch, the HRR initially declines due to the compartment's change of 

ventilation condition and regrows after the compartment warmed up. The HRR grows 

and reach its peak at t≈8 min and sustained at 50 kW (±3) for about 15 minutes, when 

its decay starts. The peak HRR corresponds to the time when the flames started 

detaching from the crib. At approximately t=14.5 to 23 min, sustained ejecting flame 

at the top vent was observed like the 141-A experiment. The HRR decayed after the 

ejecting flame decayed and disappeared. 

  
Fig. 8-21: Heat release rate plot for 141-B experiment 

The temperature plots are shown in Fig. 8-22 and Fig. 8-23. The temperature 

difference in the top and bottom elevation thermocouples are considerable and the 

compartment fire appears to be two-zone with a smoke layer formed between 250 to 

350 mm height from the floor, based on the front thermocouple tree plot in height (i.e., 

Fig. 8-23 left). The temperatures in the rear of the compartment reach to as high as   

900 °C. The period in which ejecting flame jet is observed exiting the top vent 
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corresponds for when the temperature in the top layer at the front of the compartment 

is exceeding 650 °C. 

The fuel mass loss history and mass loss rate are plotted in Fig. 8-24, which 

shows that the MLR increases and reach its peak (steepest slope of mass history) after 

about 4 minutes and stays in the peak up to t≈7 min. After that, the MLR decays 

gradually until the burn-out.  

 
Fig. 8-22: Thermocouple tree plot in time (minute) for front thermocouple tree (left) 

and rear thermocouple tree (right) for the 141-B experiment 

 
Fig. 8-23: Thermocouple height vs. temperature plot in 10 minutes time intervals for 

the 141-B experiment. The left plot is the temperature in different heights for the front 

thermocouple tree, and the right-side plot is the temperature in rear thermocouple tree 

 
Fig. 8-24: Fuel mass history for experiment 141-B over time (left), and mass loss rate 

of MDF crib fuel over 2 minutes moving average (right) in grey (with red line being 

the averaged curve of the data) 
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Fig. 8-25 (left) shows the air flow rate through the bottom vent and smoke 

exhaust through the top vent of the compartment for 141-B experiment. As can be seen 

the flow rates are still similar to the flow rates measured for 141-A experiment and are 

relatively steady and independent from the compartment temperature. The air inflow 

has a small increase at t≈8 min which is about the time when detached flames were 

observed in the rear of the compartment. Fig. 8-25 (right) shows the theoretical 

maximum HRR with the assumption that all the incoming air is combusted inside the 

compartment, in relation to the measured HRR (as per Fig. 8-21). The fire is 

ventilation-controlled up to t≈20 min as the theoretical maximum HRR and measured 

HRR are relatively equal. At t≈22 min, the theoretical and measured HRR start to 

diverge as the fire becomes well-ventilated when fuel is mostly consumed. 

 

Fig. 8-25: Mass flow rates through compartment openings in time (left) and theoretical 

HRR with the assumption that all incoming oxygen is combusted inside the 

compartment vs. measured HRR (right) for 141-B experiment 

For 141-B experiment the ER and compartment gases are not plotted here for 

simplicity as they followed the same trend of 141-A and 141-C experiments and these 

experiments did not lead to smoke explosions. 
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8.2.3 Test Results for 141-C (crib) 

Crib C, which had 6 sticks per layer, 10 layers and 360 mm long sticks, is burned 

inside the compartment with two 141 mm openings. Ignition method was same as other 

experiments and the compartment hatch was closed after 3 minutes. This experiment 

did not lead to any smoke explosions. 

Fig. 8-26 shows the heat release rate measurement for the 141-C experiment. 

After closing the hatch, the HRR continued to grow. The flames started to move from 

within the crib towards the crib’s surface at t≈4.5 min. At t≈11 min, HRR reached its 

peak. At this time flames detached from the crib and turned into ghosting flames 

pulsing through the compartment. Flames occasionally moved towards the 

compartment front and caused a wisp of smoke occasionally ejecting through the 

bottom vent. The HRR sustained around its peak (45 to 50 kW) for about 22 minutes, 

and then decayed as the fuel burned-out. The peak HRR happened at about the time 

when detached flames were burning within the compartment.  

  
Fig. 8-26: Heat release rate plot for 141-C experiment 

The temperature plots are shown in Fig. 8-27 and Fig. 8-28. The temperature 

difference in the top and bottom elevation thermocouples are considerable in the first 

10 minutes of the experiment and the compartment fire appears to be two-zone with a 
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smoke layer formed between 250 to 350 mm height from the floor, based on the front 

thermocouple tree plot in height (i.e., Fig. 8-28 left for t=10 min). The temperatures in 

the rear of the compartment reach to as high as 900 °C and in the front side of the 

compartment up to 750 °C. 

 
Fig. 8-27: Thermocouple tree plot in time (minute) for front thermocouple tree (left) 

and rear thermocouple tree (right) for the 141-C experiment 

 
Fig. 8-28: Thermocouple height vs. temperature plot in 10 minutes time intervals for 

the 141-C experiment. The left plot is the temperature in different heights for the front 

thermocouple, and the right-side plot is the temperature in the rear thermocouple tree 

The MLR reached its peak of 6.6 g/s at t≈3 min, sustained in the peak for about 

8 minutes and started to diminish at t≈11 min as shown in Fig. 8-29. The HRR unlike 

the MLR remains steady after this time which indicate that the fire is ventilation-

controlled (not fuel-controlled). The expected ER are to be higher than one which are 

all proven as shown in later plots. 

Fig. 8-30 (left) shows the air flow rate through the bottom vent and smoke 

exhaust through the top vent of the compartment for 141-C experiment which are still 

similar to the flow rates measured for 141-A and 141-B experiments. The air inflow is 

steady and independent from the compartment temperature. The air-inflow fluctuates 

when the flames detach from the crib and pulsing within the compartment as they result 

reverse flow through the bottom vent which is observed as smoke wisps through the 
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bottom vent. Fig. 8-30 (right) shows the theoretical maximum HRR with the 

assumption that all the incoming air is combusted inside the compartment, in relation 

to the measured HRR (per Fig. 8-26). The fire is ventilation-controlled up to t≈23 min, 

when the theoretical and measured HRRs start to diverge as the fire becomes well-

ventilated when fuel is mostly consumed (burnout stage). The ER is expected to drop 

to lower than one from t≈23 min onwards when fire becomes fuel-controlled which is 

proven in Fig. 8-31. 

 
Fig. 8-29: Fuel mass history for experiment 141-C over time (Left), and mass loss rate 

of MDF crib fuel over 3 minutes moving average (Right) in grey (with red line being 

the averaged curve of the data) 

 
Fig. 8-30: Mass flow rates through compartment openings in time (left) and theoretical 

HRR with the assumption that all incoming oxygen is combusted inside the 

compartment vs. measured HRR (right) for 141-C experiment 

The ER measured by the Phi-meter is plotted in Fig. 8-31. The fire is fuel-rich 

(underventilated after a minute until t≈23 min) as the ER exceeds one. The ER plot 

agrees with the gas fuel measurements plotted in Fig. 8-32. The peak ER which is 1.8 

happens at t≈12.5 min where the CO% and THC% are in their peak and the O2% is 

near zero. After the peak, the CO% and THC% decay leading to diminish of ER. At 

t≈17 min, the O2% starts to pick up and at t≈22.5 min, the ER drops below one 
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indicating the fire is becoming fuel-controlled where almost 70% of the crib mass is 

burned. 

 
Fig. 8-31: Equivalence ratio of 141-C experiment measured by enhanced Phi-meter  

 

 
Fig. 8-32: O2, CO2, CO and THC (CH4 equivalent) concentrations in the compartment 

measured near the ceiling for 141-C experiment 

8.2.4 Test Results for 141-D (crib) 

Crib D, which had 6 sticks per layer, 10 layers and 300 mm long sticks, is burned 

inside the compartment with two 141 mm openings. The compartment hatch was 
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closed after 3 minutes. This experiment led to a weak smoke explosion as described in 

this section. 

After closing the hatch, visible grey smoke was ejecting through the top vent of 

the compartment right from the start as the burning of crib D appeared to be porosity-

controlled. This was unlike the other experiments conducted with 141 mm openings 

(cribs of higher porosity) where the visible smoke started ejecting the top vent after a 

few minutes when fire became ventilation-controlled by compartment vents.  

In this experiment, compared to other experiments with 141 mm openings; it 

took a longer time ( ≈ 11 minutes) for the burning rate to reach the maximum HRR (≈ 

43 kW) as plotted in Fig. 8-33 (and Fig. 8-38 for MLR). After closing the hatch, the 

burning rate grew slowly and at t=5.7 and 6.7 min, the HRR plot shows two rapid 

spikes which are related to occurrence of two smoke explosions. Before the smoke 

explosions, flaming combustion was present within the crib, which was unique as all 

other experiments that led to the occurrence of smoke explosions appeared to be 

having smouldering combustion immediately before the occurrence of smoke 

explosions (as can be seen later in sections of this chapter and as experimented by 

Sutherland and Chen [24, 25]). After the first smoke explosion, the flaming 

combustion continued within the crib while no visible smoke was exhausting the 

compartment for 55 seconds when the next smoke explosion occurred. The second 

smoke explosion appeared weaker than the first one (pressures are provided in Chapter 

9). After the second smoke explosion, the burning rate continued to grow and reached 

its peak. The time-scaled frames that show the occurrence of the first (stronger) smoke 

explosion are shown in Fig. 8-34 and Fig. 8-35. 

As can be seen in Fig. 8-34, smoke explosion started with smoke ejecting 

through the bottom vent and continued by a jet flame ejecting the top vent for less than 

0.5 seconds. Following the disappearance of the jet flame, smoke continued to eject 

through bot vents and cleared completely in 4.8 seconds. 
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Fig. 8-33: Heat release rate plot for 141-D experiment 

 
Fig. 8-34: Side-view frames of the first smoke explosion in 141-D experiment 
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Fig. 8-35: Floor-view frames of the first smoke explosion in 141-D experiment. The 

first frame shows small flames being present within the crib immediately before the 

occurrence of the smoke explosion. The smoke explosion involved burning of the 

accumulated fuel in the smoke layer of the compartment. The compartment fire was 

two-zone and flames were ejecting only through the top vent of the compartment. 
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The temperatures within the compartment are plotted in Fig. 8-36 and Fig. 8-37.  

Fig. 8-36 show the temperatures over the experiment time and show that the 

compartment temperatures increase over time and reach to up to 850 °C between t=20 

to 30 min. The temperature fluctuates between t=15 to 25 minutes is due to ghosting 

flames that moved within the compartment. The temperatures in different heights are 

shown in Fig. 8-37 which show that the fire within the compartment is two-zone 

throughout the experiment with neutral plane height being changed over time. At t≈30 

min, the location of the neural plane height is estimated to be between 250 to 350 mm 

from the compartment floor. 

 
Fig. 8-36: Thermocouple tree plot in time (minute) for front thermocouple tree (left) 

and rear thermocouple tree (right) for the 141-D experiment.  

 
Fig. 8-37: Thermocouple height vs. temperature plot in 10 minutes time intervals for 

the 141-D experiment. The left plot is the temperature in different heights for the front 

thermocouple, and the right-side plot is the temperature in the rear thermocouple tree 

The fuel mass loss history and mass loss rate are plotted in Fig. 8-38. The MLR 

increases and reaches its peak after about 11 minutes. The MLR decays after about 20 

minutes where approximately 65% of the initial fuel mass is lost. The experiments are 

continued until the MDF crib fuel mass plateaued. The air inflow rate is plotted in Fig. 

8-39 (left) which shows that the air inflow rate is lower in the first 11 minutes when 

the combustion was crib porosity-controlled. After 11 minutes, when HRR and MLR 

reach their peak, the air inflow rate increases to the value similar to the other crib tests 
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with 141 mm diameter vents, which can be interpreted as the combustion becoming 

compartment ventilation-controlled. At this stage (t≈11 min.), the theoretical air inflow 

rate and the measured HRR curves nearly converge as shown in Fig. 8-39 (left), 

indicating that almost all the incoming oxygen to the compartment is combusted. 

 
Fig. 8-38: Fuel mass history for experiment 141-D over time (left), and mass loss rate 

of MDF crib fuel over one minute moving average (right) in grey (with red line being 

the averaged curve of the data) 

 

Fig. 8-39: Mass flow rates through compartment openings in time (left) and theoretical 

HRR with the assumption that all incoming oxygen is combusted inside the 

compartment vs. measured HRR (right) for 141-D experiment 

The ER is in agreement with the gas concentrations in the compartment as shown 

in Fig. 8-41. The ER grew after closing the hatch as the oxygen diminished within the 

compartment. The occurrence of the smoke explosions is distinct in Fig. 8-41, where 

the O2%, CO% and THC% suddenly drop. despite the concentrations of CO and THC 

in the smoke layer being 2.5% and 1.7% respectively, before the first smoke explosion. 

These concentrations appear to be lower than concentrations required to make a 

flammable mixture.  

At t≈27 min, when burn-out stage started, the ER dropped below one (fuel-lean) 

which is in-line with when O2% rapidly grew. 
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Fig. 8-40: Equivalence ratio of 141-D experiment measured by enhanced Phi-meter  

 
Fig. 8-41: O2, CO2, CO and THC (CH4 equivalent) concentrations in the compartment 

measured near the ceiling for 141-D experiment  
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8.2.5 Test Results for 100-A (crib) 

Crib A, which had 4 sticks per layer, 15 layers and 360 mm long sticks, is burned 

inside the compartment with two 100 mm openings. The compartment hatch was 

closed after 3 minutes when fire is established. Fig. 8-42 shows photos of the fuel crib 

taken from underneath the crib, before and after ignition, and before and after closing 

the hatch. 

Fig. 8-43 shows the HRR of the 100-A experiment. After closing the hatch, the 

burning rate and flame size dropped notably. The flaming combustion and burning rate 

were then re-grew after the decay and reached a steady peak (Photo 5 and 6 of Fig. 

8-42), while the flaming combustion remained inside the crib. After about 14 minutes 

from closing the hatch, no visible flame could be observed in the compartment, which 

indicated that the combustion turned to smouldering combustion. Transition to 

smouldering combustion is reflected in the HRR and temperature plots in the form of 

a decay (Fig. 8-43 and Fig. 8-44).  

The smouldering combustion continued for about 12 minutes before the 

occurrence of the first smoke explosion. The development of the smoke explosion 

inside the compartment is shown in Fig. 8-46. Before the smoke explosion, glowing 

embers were visible at the crib. The propagation started at the crib, as the glowing crib 

appeared to be the ignition source. 

After ignition, the propagation occurred with a clear flame front through the pre-

mixed air/fuel mixture. The flame front moved from the crib towards the enclosure's 

front, and it took 3.5 seconds to eject from the compartment bottom vent. Flaming 

combustion continued for about 5 seconds after the smoke explosion until the 

combustion transitioned to smouldering combustion again. Fig. 8-47 shows the flame 

ejection outside of the compartment from the side-view. The flame length is estimated 

to be 600 mm at its peak length. The flame ejection outside of the compartment was 

rapid and took less than a second. Before the flame ejection, smoke exhausted the 

compartment from both vents due to the pressure rise inside the compartment when 

the flame propagated inside the compartment, as shown in Fig. 8-46.  
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Fig. 8-42: Crib photos of 100-A test taken from the under the compartment floor. 

Photo 1 is taken before ignition; Photo 2 is 1.5 minutes after ignition when the fire 

is being established through the crib; Photo 3 is 3.0 minutes after the ignition when 

the hatch door is just about to be closed, and fire is developed and flames impinging 

the top of the compartment; Photo 4 is taken 1 minute after closing the hatch (small 

flaming combustion); Photo 5 is taken 5 minutes after closing the hatch and Photo 6 

is 10 minutes after closing the hatch 

 

  
Fig. 8-43: Heat release rate plot for 100-A experiment 
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Fig. 8-44: Thermocouple tree plot in time (minute) for front thermocouple tree (left) 

and rear thermocouple tree (right) for the 100-A experiment. The temperature decay 

at 13 minutes shows the transition to the smouldering stage followed on by smoke 

explosions 

 
Fig. 8-45: Thermocouple height vs. temperature plot in 10 minutes time intervals for 

the 100-A experiment. The left plot is the temperature in different heights for the front 

thermocouple, and the right-side plot is the temperature in the rear thermocouple tree 
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Fig. 8-46: Frames showing the propagation of flame and occurrence of the first smoke 

explosion for 100-A experiment inside the compartment using the front camera at the 

bottom vent, in variable time steps 
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Fig. 8-47: Frames showing the propagation of flame and occurrence of the first smoke 

explosion for 100-A experiment outside of the compartment via side view camera with 

a scaled timeframe 

The occurrence of the first smoke explosion (at 25.5 minutes on Fig. 8-43 and 

Fig. 8-44) was followed by the reoccurrence of smouldering combustion. The 

smouldering combustion continued for 134 seconds when the second smoke explosion 



 

202 Chapter 8: Experiments Results 

occurred in a similar form. The second smoke explosion started with the ignition on 

the top of the crib and flame propagation. After the second smoke explosion, the 

flaming combustion continued until the burnout. Following the second smoke 

explosion, the flaming combustion was initially at the crib for about 90 seconds, as 

shown in Fig. 8-48 at t≈25 s. After about 90 seconds, flame gradually moved from the 

crib and started oscillating over the compartment floor, as shown in Fig. 8-48, between 

t=90 to 100 s. 

 
Fig. 8-48: Frames showing the propagation of flame and occurrence of the second 

smoke explosion for 100-A experiment inside the compartment using floor camera 

with a scaled timeframe 
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Because the combustion turned to flaming combustion following the second 

smoke explosion, the HRR and temperature reached their peak again and continued a 

quasi-steady condition until the burnout of fuel. Burnout is considered when the fuel 

mass history plateaus, at least 70% of the initial fuel mass is consumed, and no visible 

smoke exhaust the compartment. The fuel mass loss history and mass loss rate are 

plotted in Fig. 8-49. Fig. 8-49 shows that the MLR increases and reaches its peak 

(steepest slope) after about 5 minutes. The MLR starts to decay after ≈35 minutes 

where 70% of the initial fuel mass is lost. This is in agreement with a gradual decay in 

HRR after about 40 minutes. It is important to note that the MLR does not decrease 

drastically during the smouldering combustion period, albeit HRR and temperature 

decay considerably. This means that pyrolysed fuel was not fully combusted; 

therefore, it is expected that accumulation of unburned fuel occurred more 

considerably at this stage.  

 
Fig. 8-49: Fuel mass history for experiment 100-A over time (Left), and mass loss rate 

of MDF crib fuel over 3 minutes moving average (Right) in grey (with red line being 

the averaged curve of the data) 

 

Fig. 8-50: Mass flow rates through compartment openings in time (left) and theoretical 

HRR with the assumption that all incoming oxygen is combusted inside the 

compartment for vs. measured HRR (right) 100-A experiment 

 



 

204 Chapter 8: Experiments Results 

It is worth noting that as expected, the occurrence of smoke explosion does not 

make a substantial change in the MLR as its an instantaneous combustion of the 

unburned gas fuel. 

The mass flow rates through the compartment vents and the theoretical HRR 

(assuming that all incoming oxygen is combusted in the compartment) are plotted in 

Fig. 8-50. The two pulses in the plots of Fig. 8-50 between 25 to 30 minutes are 

because of the smoke explosions. The air inflow rate and smoke gas outflow rates are 

nearly constant, (8 g/s) which agree with Eq. 66. The theoretical HRR based on the 

incoming air inflow rate approximately matches the actual measured HRR of the 

experiment (Fig. 8-43), excluding the first four minutes and when HRR is decayed due 

to smouldering combustion between t=14 to 30 min. 

The deviation in the first four minutes is because of the transient growth fire 

stage within the compartment. As the burning rate grew, it eventually reached its peak 

which was when HRR controlled by compartment ventilation. During the smouldering 

stage, the theoretical HRR is about twice the actual HRR, meaning that approximately 

50% of the incoming oxygen flow is not consumed during the smouldering stage. 

Therefore, it is expected that the excess pyrolysis being accumulated in the 

compartment, and O2% grows. After the second smoke explosion in the 100-A 

experiment when flaming combustion continued, the measured HRR re-agrees with 

the theoretical HRR as nearly all incoming oxygen is combusted.  

The equivalence ratio of the combustion within the compartment is shown in 

Fig. 8-51. The ER exceeds 1 after about 4 minutes meaning the fire becomes 

ventilation-controlled. This is in line with the point in which measured HRR reaches 

its peak HRR as all incoming oxygen is consumed. As the flaming combustion 

continues, the ER raises further and exceed 2. After 13 minutes, the ER decays, which 

is the time when fire transitions to smouldering combustion. The equivalence ratio at 

the time of smoke explosions is approximately 1.8, and no significant change in ER 

happens at the occurrence of smoke explosions. However, after the second smoke 

explosion (flaming combustion), the ER initially grows and then gradually decays as 

the mass less rate decays. 
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Fig. 8-51: Equivalence ratio of 100-A experiment measured by enhanced Phi-meter  

 
Fig. 8-52: O2, CO2, CO and THC (CH4 equivalent) concentrations in the compartment 

measured near the ceiling for 100-A experiment 

Fig. 8-52 plots the O2, CO2, CO and THC gas concentrations in the compartment. 

The measurements are through the sampling lines that takes gas sample near the ceiling 

as explained in Chapter 6. After closing the compartment hatch, the oxygen 

concentration decreases while CO2, CO, and THC concentrations grow at different 

rates. Generally, the CO concentration is higher than the THC concentration in all 
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stages of the combustion, similar to all other MDF crib experiments. At t≈13 min, the 

fire was observed to become smouldering, which is reflected in Fig. 8-23 with rapid 

increase of O2% and small decrease of CO2, CO, and THC concentrations, which is 

when ER is at its relative minimum. After O2% reaches its peak (ER relative minimum 

point), the oxygen concentration gradually decreases as CO and THC increase (HRR 

gradual increase). This is the period that was explained before that roughly 50% of the 

oxygen is expected to be consumed (as measured HRR is about half of the theoretical 

HRR). Also, concentrations of CO and THC increase as expected as the HRR is lower 

than the flaming combustion period, but the MFR of the fuel has not much changed. 

The concentrations of gases immediately before the smoke explosions are noted in 

Table 8-1. The concentrations indicate that the gases (CO and THC) inside the 

compartment form a flammable mixture. 

Table 8-1: Summary of gas concentrations for 100-A experiments before the 

occurrence of the smoke explosions and whether the mixture flammable (above LFL) 

Time 

(min) 

O2 % CO2% CO% THC% LFL %1 Fuel%2 Theoretically 

flammable? 3 

25.42 9.1% 7.9% 5.5% 4.0% 7.7% 9.5% Yes 

27.62 7.0% 8.3% 6.2% 3.9% 7.9% 10.0% Yes 
1 The lower flammability limit (LFL) of the fuel is found using Le Chatelier’s methods. 
2 The fuel concentration is the summation of CO% and THC%. 
3 The gas mixture is theoretically flammable as the fuel concentration exceeds the LFL%. 

 

Following the second smoke explosion, the flaming combustion continued in the 

form of ghosting flames over the floor for about 8 minutes and then gradually burned 

out.  
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8.2.6 Test Results for 100-B (crib) 

Crib B, which had 5 sticks per layer, 12 layers and 360 mm long sticks, was 

burned inside the compartment with two 100 mm openings. Hatch is closed after 3 

minutes when fire is established.  

Fig. 8-53 shows the photos of the crib fire in various stages of the compartment 

fire until the first smoke explosion. Following closing the compartment hatch, flaming 

combustion continued predominantly inside the crib (Fig. 8-53a). The flame size 

gradually grew with time due to compartment temperature and HRR increase (Fig. 

8-53b and Fig. 8-53c), and at t ≈ 5 minutes, started hitting the compartment’s ceiling. 

At t ≈13.9 min, the flame started detaching from the crib and dancing around the 

compartment for a minute before flame extinction (Fig. 8-53d and Fig. 8-53e) at 

t≈14.8 min. The smouldering combustion continued after flame extinction until              

t ≈ 22.9 minutes, when the first smoke explosion occurred. During the smouldering 

combustion, there was no visible flame inside the compartment (Fig. 8-53f); however, 

as the smouldering combustion continued, the glowing embers on the crib started to 

become visible. Fig. 8-53g is the photo immediately before the occurrence of the first 

smoke explosion. Fig. 8-53h to Fig. 8-53k show frames of the first smoke explosion. 

Following the first smoke explosion, compartment flames extinct and transitioned to 

smouldering combustion again. 

The second smoke explosion occurred 183 seconds after the first smoke 

explosion and followed by combustion transition to smouldering combustion again. 

The smouldering combustion carried on for another 220 seconds before the third 

smoke explosion happened. The same trend repeated for the fourth smoke explosion 

after 115 seconds.  

Following the fourth smoke explosion, flaming combustion continued until the 

burnout. Fig. 8-53i is a photo showing this period in which flaming combustion is 

ongoing but detached from the crib. The flames were predominantly over the floor 

around the crib.  
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Fig. 8-53: Photos of the crib fire for 100-B experiment; a) crib fire at t=2 min, b) crib 

fire at t=7 min with flames hitting the ceiling showing flame growth over time, c) crib 

fire at t=13 min with flames start detaching from the crib, d) crib fire at t=14 min after 

closing the hatch with detached flame from the crib, e) frame immediately before flame 

extinction in the compartment at t=14.8 min, f) smouldering combustion with no 

visible flame at t=17 min., g) frame from smouldering combustion with glowing 

embers immediately before the first smoke explosion at t=22.9 min, h) first frame of 

the smoke explosion at t=22.9 min, i) development of the smoke explosion 1 seconds 

after frame h, j) development of the smoke explosion and flame hitting the camera in 

front of the bottom vent, 1.5 second after frame i, k) a photo immediately before the 

flame extinction after first smoke explosion, 9 second after frame h, l) burnout phase 

after fourth smoke explosion at t=50 min with detached ghosting flame around the crib  
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As shown in Fig. 8-53i, the crib did not burn symmetrically, and it appears that 

the sticks in the left side view of the crib are burned-out. This is in line with Fig. 8-53a 

and Fig. 8-53b, where the flame are in the left side of the crib and could be owed to 

the acetone tray not being completely level.  

Fig. 8-54 shows the heat release rate measurement during the experiment 

measured by the oxygen depletion method described in Chapter 6. The HRR grows 

after closing the hatch as the temperature inside the compartment raises, as shown in           

Fig. 8-55. The HRR growth slows down after about 5 minutes when the HRR exceeds 

20 kW and becomes controlled by incoming oxygen. At t=14.8 min, the combustion 

transition to smouldering combustion leads to a significant drop in HRR and 

compartment temperature decay. 

  
Fig. 8-54: Heat release rate for 100-B experiment 
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Fig. 8-55: Thermocouple tree plot in time for front thermocouple tree (left) and rear 

thermocouple tree (right) for 100-B experiment 

 
Fig. 8-56: Thermocouple height vs. temperature plot in 10 minutes time intervals for 

the 100-B experiment. The left plot is the temperature in different heights for the front 

thermocouple, and the right-side plot is the temperature in the rear thermocouple tree 

The burning rate started to grow mildly in the smouldering phase and crib started 

to glow as the smouldering combustion continues. At the occurrence of the first smoke 

explosion, the HRR jumps from about10 kW to 24 kW, which is then re-drops as fire 

becomes smouldering again. This repeats four times, and after the fourth smoke 

explosion, HRR remains above 25 kW as the flaming combustion continues until the 

burnout. 

Fig. 8-56 shows that the temperature difference is significant in the first 30 

minutes in the top and bottom of the compartment. This temperature difference reduces 

after 30 minutes as the compartment become well-stirred in underventilated 

conditions. 

Fig. 8-57 shows the mass history and MLR of the fuel for the 100-B experiment. 

The MLR plot shows a similar trend to the 100-A experiment with similar peak MLR 

as both cribs are reasonably porous, and energy release is controlled by compartment 

ventilation conditions (rather than crib properties). This is further discussed in the next 

chapter. 
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Fig. 8-58 shows the mass flow rates through the compartment vents. The air 

inflow rate and gas outflow are almost constant throughout the text, as expected. There 

is a pulse at t=14.8 min which appears to be due to the transition from flaming 

combustion to smouldering, causing lower compartment temperatures and a slight 

increase of air inflow and decrease of exhaust gas outflow. The four distinct pulses in 

the MFR plot are because of the compartment the pressure rise caused by smoke 

explosions. The theoretical HRR if all the incoming air to the compartment is 

consumed, i.e., maximum theoretical HRR, is not plotted for 100-B experiment as it 

was similar to the 100-A experiment. 

 
Fig. 8-57: Fuel mass history for experiment 100-B over time (Left), and mass loss rate 

of MDF crib fuel over 3 minutes moving average (Right) in grey (with red line being 

the averaged curve of the data) 

 

Fig. 8-58: Mass flow rates through compartment openings in time for 100-B 

experiment  
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Fig. 8-59 shows the equivalence ratio measured by the enhanced Phi-meter device, and 

Fig. 8-60 shows gas concentrations inside the compartment. After closing the hatch, 

the ER starts to grow when the compartment gradually becomes fuel-rich (oxygen-

lean). The ER reaches its peak (≈ 1.75) at t = 13.6 minutes, after which the ER plunge 

down as initially the CO and THC concentrations drop, and then the O2% starts rapidly 

rises when combustion becomes smouldering. In the smouldering combustion period, 

O2% gradually decays, and CO and THC concentrations gradually increase, making 

the ER regrow. The ER fluctuates between 1.5 to 1.7 when smoke explosions happen. 

The ER starts to decay after the fourth (last) smoke explosion when flaming 

combustion continues until the end of the test.  

Between t=40 to 45 min, O2% grows, which lead to a temporary increase in the ER, 

which is not sustained. The cause for O2% and ER growth in this period is not 

recognised. 

Fig. 8-61 shows 9 frames showing the first smoke explosion for the 100-B 

experiment in 0.5 second intervals. The intensity of the first smoke explosion for      

100-B is observed to be of more significance compared to the smoke explosion of 100-

A experiment. The smoke explosion started with smoke exhaust through both vents 

due to pressure rise and propagation inside the compartment. After that, a jet of flame 

was ejected from the top vent having its length estimated to be a meter. After a second, 

a jet of flame ejecting the bottom vent with almost similar length. The flame ejecting 

the bottom vent lasts longer (≈ 1 second), as seen in two frames.  

The compartment pressure caused by smoke explosions is discussed in the next 

chapter. The difference in the intensity of the smoke explosions between 100-A and 

100-B could be connected to the gas concentrations inside the compartment. 

Comparing the concentrations before smoke explosion for 100-A and 100-B (Table 

8-1 and Table 8-2), O2% and THC% are 1.2% higher, and CO is 0.8% lower in the 

100-B experiment. Therefore, the overall fuel concentration was only 0.4% higher in 

the 100-B experiment. Other parameters such as the duration of the smouldering 

combustion, compartment temperature and ER immediately before the occurrence of 

smoke explosions, and whether there is a relation to the pressure rise caused by the 

smoke explosion is discussed in the next chapter. 



 

Chapter 8: Experiments Results 213 

 

Fig. 8-59: Equivalence ratio of 100-B experiment measured by enhanced Phi-meter  

 
Fig. 8-60: O2, CO2, CO and THC (CH4 equivalent) concentrations in the compartment 

measured near the ceiling for the 100-B experiment 
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Table 8-2: Summary of gas concentrations for 100-B experiments before the 

occurrence of the smoke explosions and whether the mixture flammable (above LFL) 

Time 

(min) 

O2 % CO2% CO% THC% LFL %1 Fuel%2 Theoretically 

flammable? 3 

22.7 10.3% 7.5% 4.7% 5.2% 7.0% 9.9% Yes 

25.75 8.8% 7.9% 4.6% 4.7% 7.1% 9.3% Yes 

29.42 6.6% 8.1% 5.5% 3.5% 7.9% 9.0% Yes 
31.35 7.2% 8.2% 5.1% 3.3% 7.9% 8.4% Yes 

1 The lower flammability limit (LFL) of the fuel is found using Le Chatelier’s methods. 
2 The fuel concentration is the summation of CO% and THC%. 
3 The gas mixture is theoretically flammable as the fuel concentration exceeds the LFL%. 

 

 
Fig. 8-61: Frames of the first smoke explosion for 100-B experiment in 0.5 second 

intervals 
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8.2.7 Test Results for 100-C (crib) 

Crib C, which had 6 sticks per layer, 10 layers and 360 mm long sticks, is burned 

inside the compartment with two 100 mm openings. In this test the compartment hatch 

is closed after 5 minutes when fire is established. This experiment did not lead to any 

smoke explosions. 

After ignition, the acetone started burning within the crib symmetrically             

(Fig. 8-62a). The flaming combustion inside the crib continued after closing the 

compartment hatch. The flame size after closing the hatch became initially smaller 

(Fig. 8-62b), but then it recovered and continued burning within the crib (Fig. 8-62c). 

At t= 7 to 8 min, the flames burning within the crib were gradually moved to the 

surface of the crib and burned over the crib’s surface (Fig. 8-62d). This could be owed 

to the porosity as crib C porosity is less than the porosity of cribs A and B. At t = 17 

to 18 min, flames gradually detached from the crib and burned as ghosting flames for 

about 20 minutes. At t ≈ 35 min, the flame started to move back to the crib and burn 

within the crib as the crib is deformed and almost burned out. 

Fig. 8-63 and Fig. 8-64, respectively, show the HRR and compartment 

temperature for the 100-C experiment. The HRR grows after closing the compartment 

hatch and reaches peak HRR (≈ 25 kW) at t=14.7 min. The HRR remains relatively 

constant with a minor growth at t=35 to 40 min before the burnout stage. The HRR 

and temperature curves do not show any significant drop like 100-A or 100-B 

experiments, which agrees with the observation that the fire does not transition to a 

smouldering fire. The temperature curves (Fig. 8-64) show fluctuations between t=17 

to 35 min because of the ghosting flames moving in the compartment around the crib. 

The temperature fluctuations indicate that the ghosting flames were predominantly in 

the rear side of the compartment (around the crib). 

Fig. 8-65 shows the temperatures in the rear and front of the compartment in 

different heights in 10-minute intervals. The temperature difference between the top 

and bottom of the compartment exceeds 200 °C in the rear of the compartment and 

100 °C in the front at 10 and 20 minutes. The temperature becomes much more uniform 

throughout the compartment after 20 minutes. 
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Fig. 8-62: Photos of the crib fire for 100-C experiment; a) crib fire 20 seconds after 

closing the compartment hatch, b) crib fire 40 seconds after closing the hatch, i.e., 

smaller flame, c) crib fire at t=4 min with regrew fire, d) crib fire at t=10 min with 

flames over the surface of the crib, e) crib fire at t=15 min with combustion over the 

crib surface and crib slightly deformed, f) fire at t=20 min where flames are mostly 

detached from the crib and burn like ghosting flames  
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Fig. 8-63: Heat release rate (kW) plot over time for 100-C experiment 

 
Fig. 8-64: Thermocouple tree plot in time for front thermocouple tree (left) and rear 

thermocouple tree (right) for the 100-C experiment 

 
Fig. 8-65: Thermocouple height vs. temperature plot in 10 minutes time intervals for 

the 100-C experiment. The left plot is the temperature in different heights for the front 

thermocouple, and the right-side plot is the temperature in the rear thermocouple tree 
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The fuel mass loss history and MLR are plotted in Fig. 8-66. The maximum fuel 

MLR is plotted based on 2 minutes moving average and fluctuates between 4 to 6 g/s 

in the first 20 minutes, similar to the range of fuel mass loss rate observed for 100-A 

and 100-B. However, the MLR is within this range right from the start, unlike  100-A 

and 100-B experiments (Fig. 8-50 and Fig. 8-58) which MLR was initially small and 

gradually grew to reach peak MLR. This difference could be because of the longer 

time the compartment hatch was kept open for this experiment (5 minutes for 100-C 

compared to 3 minutes for 100-A and 100-B). The hatch was decided to be kept open 

in this experiment longer as the crib was of lower porosity, and there was concern that 

the combustion could not be sustained if the hatch was closed after 3 minutes.  

 
Fig. 8-66: Fuel mass history for experiment 100-C over time (left), and mass loss rate 

of MDF crib fuel over 2 minutes moving average (right) in grey (with red line being 

the averaged curve of the data) 

 

Fig. 8-67: Mass flow rates through compartment openings in time (left) and theoretical 

HRR with the assumption that all incoming oxygen is combusted inside the 

compartment vs. measured HRR (right) for 100-C experiment  

Fig. 8-67 shows the mass flow rates through the compartment vents and the 

theoretical HRR if all incoming air is combusted, i.e., theoretical maximum HRR. The 

air inflow and gas outflow rates are almost similar to 100-A and 100-B experiments.  
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The ER and gas concentrations of the 100-C experiment are plotted in Fig. 8-68 

and Fig. 8-69. As the fire grows inside the compartment, the ER grows and reach its 

peak after 9 minutes. At this point, the CO% is 6.2% and THC% is 2.0%. Such fuel 

mixture is known to be flammable. However, due to the flaming combustion within 

the compartment, the incoming oxygen is mainly consumed, and O2% inside the 

compartment is less than 2% at peak ER and further reducing. Therefore, there is 

insufficient oxygen to burn the excess unburned fuel or accumulate and form a 

flammable mixture. The unburned fuel within the compartment is understood to be in 

its flammable range until t ≈ 17 min, where oxygen concentration inside the 

compartment is nearly zero.  

Following the peak ER, CO% and THC% gradually drop, which lead to a 

reduction of ER. After 40 minutes, O2% starts to pick up as most of the fuel is burnt, 

and MLR is low. At this point, the ER approaches near stoichiometric conditions, i.e., 

ER=1, and the generation of THC and CO are nearly zero. 
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Fig. 8-68: Equivalence ratio of 100-C experiment measured by enhanced Phi-meter  

 

 
Fig. 8-69: O2, CO2, CO and THC (CH4 equivalent) concentrations in the compartment 

measured near the ceiling for 100-C experiment 
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8.2.8 Test Results for 100-D (crib) 

Crib D, which had 6 sticks per layer, 12 layers and 300 mm long sticks, is burned 

inside the compartment with two 100 mm openings. The compartment hatch was 

closed after 5 minutes to allow the fire to be established. The flames were relatively 

smaller for crib D when the hatch was open compared to combustion of crib A, B (and 

even C); therefore, the hatch was closed after 5 minutes so that the fire is established 

and not extinct after closing the hatch.  

The heat release rate of the 100-D experiment is plotted in Fig. 8-70. The HRR 

grows after closing the hatch from 5 kW to up to 27 kW for 15 minutes. During the 

HRR growth period, the fire is expected to be porosity-controlled. The fire is initially 

in the lower part of the crib and appears to be inside the crib, but as the fire grows, the 

flame is predominantly observable around the crib surface until t≈13 min. After this 

time, the flame was entirely at the crib's surface and appeared to be more turbulent. At 

t≈16 min, the flame detached from the crib and occasionally moved towards the 

bottom vent. Whenever detached ghosting flame moved towards the vent(s), a black 

smoke puff was observable exhausting the bottom vent, that is definable in the mass 

flow rate plot. This period is also definable from the significant fluctuations on the 

HRR plot between t=16.3 to 19.2 min (Fig. 8-70). At times the ghosting flames 

disappeared completely and again reappeared shortly after. A ghosting flame 

sometimes flashed outside of the bottom vent too. A series of frames showing the 

ghosting flame movement within the compartment with 0.5-second intervals are 

shown in Fig. 8-71, starting from a frame of no visible flame in the shot to when flame 

reappeared and reached the bottom vent.  

In this experiment, after the occurrence of the ghosting flames (Fig. 8-71) for 

about 3 minutes, at t = 19.38 min, the flame extinct and did not reappear. After 70 

seconds, i.e., at t=20.55 min, the first smoke explosion occurred that matches the first 

rapid rise of HRR in Fig. 8-70. After the first smoke explosion, the fire became 

smouldering again, followed by another smoke explosion. Four smoke explosions 

happened for the 100-D experiment, and the fourth smoke explosion followed by 

flaming combustion over and inside the crib and continued until the burnout. 

The second smoke explosion occurred 93 seconds after the first one; the third 

one 66 after the second one, and the fourth one 43 seconds after the third smoke 

explosion.  
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Compartment temperature versus time is plotted in Fig. 8-72 for the front and 

rear thermocouple trees. The combustion stage in which the ghosting flames occur are 

distinct in the temperature plot as fluctuations. After this period, decay of temperature 

corresponds to the smouldering combustion. The rapid jump in the temperature plot 

after the smouldering decay is due to smoke explosions. 

  
Fig. 8-70: Heat release rate plot for 100-D experiment 
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Fig. 8-71: Frames of ghosting flames in the compartment occurred between t=16 to 18 

min. The frames are all continuous with 0.5 second time interval aiming to show 

detached flame appearing and disappearing through the compartment and at times 

propagating toward the bottom vent, causing back smoke puff through the bottom vent 

Temperatures recorded in different heights for 10-minute time intervals are 

plotted in Fig. 8-80. The temperature difference between the top and bottom of the 

compartment appears to vary much in the first 10 minutes. 
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Fig. 8-72: Thermocouple tree plot in time (minute) for front thermocouple tree (left) 

and rear thermocouple tree (right) for the 100-D experiment 

 
Fig. 8-73: Thermocouple height vs. temperature plot in 10 minutes time intervals for 

the 100-D experiment. The left plot is the temperature in different heights for the front 

thermocouple, and the right-side plot is the temperature in the rear thermocouple tree 

 

The fuel mass loss history and MLR are plotted in Fig. 8-74. The maximum fuel 

MLR is plotted based on 3 minutes moving average with a peak of 6 g/s between 5 to 

15 minutes. The burning rate of crib D is expected to be lower than crib C in a free-

burn condition due to its lower porosity. Therefore, having similar 5 minutes for 

keeping the hatch open until the fire is established for 100-D and 100-C tests, the MLR 

in the 100-D experiment is initially lower than what was observed in the 100-C 

experiment. However, as the fire develops and combustion becomes controlled by 

compartment ventilation conditions, both would reach the maximum MLR of 6 g/s in 

their peak. 

Fig. 8-75 shows the mass flow rates through the compartment vents. The air 

inflow and gas outflow rates differ from 100-A and 100-B experiments in the growth 

fire stage. In experiments with cribs of higher porosity with similar compartment 

ventilation conditions (i.e., 100-A and 100-B experiments), the air inflow and gas 

outflow rates were almost constant during the test, even when HRR and temperature 

were growing in line with the theoretical analysis carried out in section 3.3. However, 
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in this test (100-D), the air inflow grows over time, and as the fire grows, until the 

HRR reaches its peak and only then it reaches the same air inflow rate of the 

experiments with cribs of higher porosity. As, the only variable between the 100-X 

experiments is the crib type, the change of air inflow rate is understood to be connected 

to the crib porosity. The explanation is that initially, the fire was porosity-controlled 

in the compartment in the growth stage until when the compartment temperature 

started to grow, and the crib surface started to burn. When the crib surface started to 

burn, the buoyancy-driven air inflow increased, and the fire became compartment 

ventilation-controlled. The air inflow rates were almost equal in the experiments with 

similar vent conditions (different crib types) when fire was compartment ventilation-

controlled. 

An analogy that can be used here to understand this better is having a small 

compartment fire (crib) within a larger compartment with limited ventilation. As the 

fire within the smaller compartment is growing, the burning rate and air inflow are 

controlled by the ventilation condition of the smaller compartment (crib). When the 

flame spreads from the smaller compartment (here crib) to the outer combustible 

surface of the smaller compartment (crib’s surface starts burning), the air inflow 

through the larger compartment vents controls the burning rate and air inflow rate. 

As the air inflow rate to the compartment increased, the maximum theoretical 

HRR determined based on the consumption of all incoming oxygen to the 

compartment grew as well, as shown in Fig. 8-76. In Fig. 8-76, the theoretical HRR 

based on the assumption that all incoming oxygen is consumed is plotted against the 

actual measured HRR for the 100-D test and found to be matching. Therefore, during 

the growth stage, the measured HRR is close to the maximum theoretical HRR. This 

is different to the experiments with higher porosity cribs (100-A and 100-B), in which 

the actual measured HRR during the growth stage is lower than the theoretical 

maximum HRR, i.e., well-ventilated conditions during the growth period until 

becoming ventilation-controlled. 
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Fig. 8-74: Fuel mass history for experiment 100-D over time (left), and mass loss rate 

of MDF crib fuel over 3 minutes moving average (right) 

 
Fig. 8-75: Mass flow rates through compartment openings over time  

 
Fig. 8-76: Theoretical HRR with the assumption that all incoming oxygen is 

combusted inside the compartment for the 100-D experiment (i.e., maximum 

theoretical HRR) to actual measured HRR using oxygen depletion method 
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The ER and gas concentrations of the 100-D experiment are plotted in Fig. 8-77 

and Fig. 8-78. As the fire grows inside the compartment, the ER grows and reach its 

peak after 15 minutes. This trend and ER plot for the 100-D experiment is similar to 

the 100-C test (including similar maximum ER), albeit with a slower ER growth. At 

this point, the THC% is roughly 5.6% and CO% is about 4%. Such fuel mixture is 

known to be flammable as the fuel concentration exceeds LFL. However, due to the 

flaming combustion within the compartment, the incoming oxygen is mostly being 

consumed, and O2% inside the compartment is less than 1% at peak ER. Therefore, 

there is insufficient oxygen to burn the excess unburned fuel or accumulate and form 

a flammable mixture. The unburned fuel within the compartment is understood to be 

in its flammable range until t ≈ 25 min. When the flames extinct, fire transitioned to 

smouldering combustion (at t=19.38 min) and O2% ramped up and mixed with the fuel 

inside the compartment with increased O2%, the compartment gases became 

flammable and led to the first smoke explosion. Following the smoke explosion, O2%, 

CO% and THC% all dropped as they are consumed in the combustion process. 

Amongst those, the drop of oxygen concentration was more considerable, indicating 

that nearly all oxygen was consumed by smoke explosion deflagration. However, the 

concentrations of CO and THC were still in a range that makes the unburned fuel 

mixture flammable, i.e., not all the unburned fuel was consumed, and unburned fuel 

concentration exceeds fuel LFL. Therefore, it is fair to say that the intensity of the 

smoke explosion is highly affected by the availability of oxygen or O2%. However, 

the fuel mixture is also crucial as the heat of combustion of CO is at least four times 

lower than THC (here, methane equivalent). 

While the pulses of gas concentrations reflect the occurrence of smoke 

explosions, smoke explosions do not stand out on the ER plot. The smoke explosions 

in the 100-D experiment occurred in the ER range of between 1.6 to 1.9. After the 

fourth smoke explosion, CO% and THC% gradually decline, leading to ER reduction 

and moving towards the stoichiometric condition. After 35 minutes, the sample lines 

of the Phi-meter started clogging, which is reflected on the ER plot as fluctuations in 

the last 5 minutes. 

Table 8-3 summarised the gas concentrations immediately before the four smoke 

explosions occurred in the 100-D experiment. All gas mixtures are found to be within 
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their flammability limit (above their LFLs) immediately before the occurrence of 

smoke explosions. 

    
Fig. 8-77: Equivalence ratio of 100-D experiment measured by enhanced Phi-meter  

 
Fig. 8-78: O2, CO2, CO and THC (CH4 equivalent) concentrations in the compartment 

measured near the ceiling for 100-D experiment 

Table 8-3: Summary of gas concentrations for 100-D experiments before the 

occurrence of the smoke explosions and whether the mixture flammable (above LFL) 

Time 

(min) 

O2 % CO2% CO% THC% LFL %1 Fuel%2 Theoretically 

flammable? 3 

20.55 9.0% 9.1% 4.6% 4.1% 7.3% 8.7% Yes 

22.12 9.5% 8.7% 4.7% 4.0% 7.4% 8.7% Yes 

23.2 9.5% 8.4% 4.8% 3.7% 7.5% 8.5% Yes 
23.92 6.9% 9.2% 4.4% 3.4% 7.5% 7.8% Yes 

1 The lower flammability limit (LFL) of the fuel is found using Le Chatelier’s methods. 
2 The fuel concentration is the summation of CO% and THC%. 
3 The gas mixture is theoretically flammable as the fuel concentration exceeds the LFL%. 
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8.2.9 Test Results for 100-E (crib) 

Crib E (the least porous crib in our experiments) that had 10 sticks per layer, 6 

layers and 360 mm long sticks is burned inside the compartment with two 100 mm 

openings. Photos of Crib E are shown in Fig. 8-79. This was the only test conducted 

with crib E as the standard test procedure could not be followed for this crib due to its 

highly dense form, as explained below. 

  
Fig. 8-79: Crib E with 10 sticks per layer, 6 layers and 360 mm long sticks inside the 

compartment (left) and on a weighing scale before the experiment (right) 

The fire started by igniting a 200 mL acetone pool in the tray underneath the 

MDF crib while the compartment hatch was open. However, because of the crib's high 

density (low porosity), the ignition was not sustained after a few attempts. Therefore, 

the torch was held in front of the crib impinging flame towards the crib for a few 

minutes to get a sustained combustion. The compartment hatch was left open for 7 

minutes, to let the fire be established in the crib. The measurements are plotted from 1 

minute after closing the compartment hatch. After closing the hatch, it took about 35 

minutes until the HRR and temperature started to grow, as shown in Fig. 8-80 and Fig. 

8-81. The change of behaviour and spread of fire to the crib was noted to be due to a 

partial collapse of a front stick of the crib, which is understood to be due to prolonged 

exposure to the torch flame for ignition. Fig. 8-82 shows the torch flame attempting to 

ignite the crib in the 100-E experiment (compartment hatch was open when the photo 

is taken) and the established crib fire at t ≈ 40 min, in which a stick is partially 

collapsed. 
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Fig. 8-80: Heat release rate plot for 100-E experiment 

 
Fig. 8-81: Thermocouple tree plot in time (minute) for front thermocouple tree (left) 

and rear thermocouple tree (right) for 100-E experiment 

  

Fig. 8-82: Torch flame attempting to ignite crib E (left) and crib E fire when 

established due to partial collapse of crib (right) 
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The temperatures are plotted in height for 10 minutes time intervals in Fig. 8-83. 

In the first 30 minutes, temperature in the compartment is relatively low. Between t=40 

to 50 min, the temperature difference in low and high elevations of the compartment 

is relatively high, indicating of formation of a smoke layer and two-zone fire. After 50 

minutes, when the fire reaches its peak HRR temperatures become slightly uniformed. 

Throughout the duration of the experiment, the compartment is two-zone (with a 

formed a smoke layer), based on Fig. 8-83. 

 
Fig. 8-83: Thermocouple height vs. temperature plot in 10 minutes time intervals for 

the 100-E experiment. The left plot is the temperature in different heights for the front 

thermocouple, and the right-side plot is the temperature in the rear thermocouple tree 

 

The MDF crib mass loss history and MLR are plotted in Fig. 8-84. The MLR is 

relatively low in the first 40 minutes of the experiment and starts to increase as the 

HRR increases and peaks at about 60 minutes following that, it declines again as the 

fire starts to burn out. 

  
Fig. 8-84: Fuel mass history for experiment 100-E over time (Left), and mass loss rate 

of MDF crib fuel over 3 minutes moving average (Right) 

The ER and gas concentrations of the 100-E experiment are plotted in Fig. 8-85 

and Fig. 8-86. The oxygen concentration is above 18% for 35 minutes. After this time, 

the fire starts to grow and O2% drops down to 2% at t=50 min and remains low for 

about 15 minutes (peak HRR, MLR and ER). The unburned fuel generated at this time 
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is not as high as the other experiments. In general, the observation was that the 

combustion primarily occurred over the top of the crib, and the combustion was 

relatively cleaner than other experiments. Not much smoke exhausting the 

compartment, and not much soot generated which was unlike other experiments as 

shown in Fig. 8-87. The cleaner-burning process can be explained using the measured 

ER (Fig. 8-85), as the ER is near stoichiometric value (between 0.75 to 1.25) after 40 

minutes when the fire is established in the compartment, or well-ventilated. 

 

Fig. 8-85: Equivalence ratio of 100-E experiment measured by enhanced Phi-meter  
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Fig. 8-86: O2, CO2, CO and THC (CH4 equivalent) concentrations in the compartment 

measured near the ceiling for 100-E experiment 

 
Fig. 8-87: Image of experiment 100-E taken 1 hour after the test, showing clean 

laminar burning over the top of the crib. Also, the partially collapsed front of the crib 

that allows air inflow into the crib and clean (soot-free) compartment surface linings 

are observable 
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8.2.10 Test Results for 71-A (crib) 

Crib A, which had 4 sticks per layer, 15 layers and 360 mm long sticks, is burned 

inside the compartment with two 71 mm openings. The fire starts to develop within 

the crib after the ignition, and the compartment hatch is closed after 3 minutes. This 

experiment did not lead to any smoke explosions. 

Fig. 8-88 shows the heat release rate measurement for the 71-A experiment. 

After closing the hatch, the burning rate initially declined due to the compartment's 

change of ventilation condition. The fire became smouldering in approximately 1 

minute after closing the hatch, and it was unclear whether the fire had extinct or 

smouldering combustion was ongoing when HRR and temperatures were decreasing 

and reaching a minimum between t≈20 to 40 min. At t≈40 min, it was observed that 

the temperature was slowly started to increase which was an indication that the 

smouldering combustion existed, and the experiment carried on. The smouldering 

combustion continued until the end of the experiment, although the HRR and 

temperature (Fig. 8-89) gradually increased. The HRR increased from a minimum of 

0.5 kW to up to 12 kW at the time the test was stopped. At t≈125 min, there was a 

spike in the HRR which is artificial as explained later in this section. 

Fig. 8-90 shows the temperatures in different heights in front and rear 

thermocouple trees for 10 minutes time intervals. The compartment temperature 

decreased after 10 minutes and plateaued for roughly 40 minutes; then started to grow 

slowly after 50 minutes. The compartment temperature was more uniform in the first 

60 minutes of the experiments. After 60 minutes the temperature difference between 

top and bottom thermocouples increased to more than 100 °C. According to the front 

thermocouple tree height-temperature plot, the neutral plane height could be estimated 

to be between 250 to 350 mm above the compartment floor. Above 350 mm 

thermocouple height, the temperatures were almost uniform in higher heights. Two-

zone fire continued until the end of the experiment. 
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Fig. 8-88: Heat release rate plot for 71-A experiment 

 
Fig. 8-89: Thermocouple tree plot in time (minute) for front thermocouple tree (left) 

and rear thermocouple tree (right) for the 71-A experiment 

 
Fig. 8-90: Thermocouple height vs. temperature plot in 10 minutes time intervals for 

the 71-A experiment. The left plot is the temperature in different heights for the front 

thermocouple, and the right-side plot is the temperature in the rear thermocouple tree 
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The MDF crib mass loss history and MLR are plotted in Fig. 8-91. The MLR is 

relatively low in the first 60 minutes of the experiment and starts to increase as the 

HRR increases and peaks at t≈130 min. Following the peak MLR, it decays as the fire 

starts to burn out. 

The ER and gas concentrations of the 71-A experiment are plotted in Fig. 8-92 

and Fig. 8-93. After closing the hatch and as fire became smouldering, the ER declines 

to  0.3 meaning that the fire was well-ventilated until t ≈ 82 min, when ER reaches 1. 

The ER grows as the HRR and fuel MLR grow and reaches a maximum of 2.0 at t ≈ 

126 min.  

After roughly 120 minutes, four major fluctuations were observed in the ER plot, 

which are believed to be either due to temporary blockages of the Phi-meter sampling 

lines or as a result formation of tar or aerosol droplets in the sampling lines being 

reburned, causing a sudden drop in oxygen concentration measured by the Phi-meter 

analyser. These sudden jumps of the ER were corrected without any intervention in 

the process and can be ignored in interpreting the results. 

The compartment being fuel-rich after 80 minutes is in line with the gas 

concentrations plotted in Fig. 8-93. As the HRR grows after 40 minutes, the oxygen 

concentration diminishes, and CO and THC concentrations start growing. The 

accumulation of unburned fuels and reduction of oxygen concentration make the 

compartment fuel-rich leading to ER growth. 

At t ≈ 105 minutes, the O2%, CO% and THC% respectively reached 10.6%, 

3.5% and 3.7% which appears to be a flammable mixture. Following this time, the 

unburned fuel concentrations continued to grow but at the same time oxygen 

concentration continued to diminish. At t=114 min, the O2% dropped to lower than 

9.0% which is approximately the LOC of MDF fuel as obtained in flammability 

experiments in Chapter 5. It is believed that this period (t=105 to 114 min) could have 

been a potential time for occurrence of a smoke explosion, but no smoke explosion nor 

a flaming combustion occurred. It is unknown why a flaming combustion or smoke 

explosion did not occur in the period of the 71-A experiment where the mixture was 

flammable. One possibility would be that no glowing ember or hot enough surface 

existed over the fuel to ignite the premixed gases. This could be a possibility as for 

100-A and 100-B experiments glowing ember was visible by the cameras; for example, 
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the frame “a” of Fig. 8-48 is taken immediately before the first smoke explosion of the 

100-A experiment. However, in the 71-A experiment, no glowing ember was visible 

throughout the stage in which the gas mixture is deemed flammable. Another theory 

would be that the gas mixture near the crib (lower height) and at crib plume is non-

flammable and different to the gas composition of the smoke layer in the higher 

elevation (where the sampling line is), as the compartment is two-zone. 

The flammability of smoke exhausting the compartment is examined by 

approaching a naked flame of a torch to the exhausting smoke through the top vent as 

shown in Fig. 8-94. The photos show the smoke and torch flame before and after 

approaching the flame towards the smoke flow. It was expected that due to the CO% 

and THC% at this time, the fuel mixture being above its LFL. This was confirmed and 

the smoke was observed to be flammable with the assist of a torch. 

  
Fig. 8-91: Fuel mass history for experiment 71-A over time (left), and mass loss rate 

of MDF crib fuel over 3 minutes moving average (right) 

 
Fig. 8-92: Equivalence ratio of 71-A experiment measured by enhanced Phi-meter  
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Fig. 8-93: O2, CO2, CO and THC (CH4 equivalent) concentrations in the compartment 

measured near the ceiling for 71-A experiment 

  
Fig. 8-94: Approaching a torch naked flame to the flammable smoke exhausting the 

top vent at t=125 min to the smoke exhausting the compartment through the top vent 

to confirm the smoke mixture is flammable. This is observable as a pulse in the HRR 

plot (Fig. 8-88) at this time.   
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8.2.11 Test Results for 71-B (crib) 

Crib B, which had 5 sticks per layer, 12 layers and 360 mm long sticks, is burned 

inside the compartment with two 71 mm openings. After the ignition, fire started to 

develop within the crib, and the compartment hatch was closed after 3 minutes, as 

shown in Fig. 8-95. This experiment did not lead to any smoke explosions. 

Fig. 8-96 shows the heat release rate measurement for the 71-B experiment. 

After closing the hatch, the HRR initially declined due to the compartment's change of 

ventilation condition and regrew after the compartment warms up. The HRR and 

temperature (Fig. 8-97) grew and reached their peak at t≈20 min. 

Fig. 8-98 shows the early stages of the fire development, from 20 seconds after 

closing the hatch, dropping, and regrowing the burning rate (based on flame size). 

After reaching the peak HRR, the fire transition to smouldering combustion 

temporarily at t=22.9 min and flames reappear at t=23.9 min. The HRR and 

temperature decay again at t=27.1 min as the fire transitions to smouldering 

combustion, continuing until t ≈ 82 min. 

 
Fig. 8-95: Photo of the 71-B experiment during when the hatch is open for 3 minutes 

to let the fire to establish (immediately before closing the hatch) 
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Fig. 8-96: Heat release rate plot for 71-B experiment 

 
Fig. 8-97: Thermocouple tree plot in time (minute) for front thermocouple tree (left) 

and rear thermocouple tree (right) for the 71-B experiment 
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Fig. 8-98: A: 20 seconds after closing the compartment hatch, B: 1 minute after closing 

the compartment hatch showing the decay of burning rate, C: at t=4 min showing the 

minimum HRR and D: at t=20 min showing the fire at peak HRR before transition to 

smouldering combustion 

Fig. 8-99 shows the temperatures in different heights in front and rear 

thermocouple trees for 10 minutes time intervals. After 30 minutes, the temperatures 

are more uniform than the early stages of fire, and the temperature difference between 

top and bottom thermocouples becomes lower than 100 °C. 

Fig. 8-100 shows the fuel mass loss history and MLR throughout the experiment. 

The MLR gradually increases and reaches up to 3 g/s at 20 minutes in line with when 

HRR reaches its peak. The decay of HRR and MLR between t=20 to 30 min and their 

regrow are also aligned. During the steady smouldering combustion, the fuel MLR still 

ranges between 2 to 3 g/s, almost equal to the maximum MLR of the experiment (at 

t=20 min.) when combustion is flaming and controlled by combustion compartment 

ventilation conditions. 
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Fig. 8-101 shows the mass flow rates through the compartment vents and the 

theoretical HRR if all incoming air is combusted. As expected, the air inflow rate is 

about 50% lower than the experiments with 100 mm diameter openings, as the 71 mm 

opening area is half the area of 100 mm diameter opening. Eq. 66 that was found 

theoretically still applies and found relevant as the air inflow rate changes linearly with 

the compartment opening area. Also, the maximum theoretical HRR is found to be 

between 10 to 15 kW, approximately 12 kW for quasi-steady smouldering period 

between t=30 to 75 min. The maximum theoretical HRR agrees with the measured 

HRR throughout the experiment with ±20% error. However, as the smouldering 

combustion does not consume all the incoming oxygen, O2% is expected not to be near 

zero during the smouldering period, which is confirmed based on Fig. 8-103. The 

measured HRR during the smouldering combustion is between 10 to 15 kW (Fig. 

8-96), which is in line with the HRR of smouldering combustion for other experiments 

with crib B but different vent conditions, e.g., 100-B experiment. As shown in Fig. 

8-54, the HRR of smouldering combustion for 100-B experiment was between 8 to 17 

kW.  

 
Fig. 8-99: Thermocouple height vs. temperature plot in 10 minutes time intervals for 

the 71-B experiment. The left plot is the temperature in different heights for the front 

thermocouple, and the right-side plot is the temperature in the rear thermocouple tree 

 
Fig. 8-100: Fuel mass history for experiment 71-B over time (left), and mass loss rate 

of MDF crib fuel over 3 minutes moving average (right) 
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Fig. 8-101: Mass flow rates through compartment openings in time (left) and 

theoretical HRR with the assumption that all incoming oxygen is combusted inside the 

compartment vs. measured HRR for the 71-B experiment  

Fig. 8-102 shows the ER measured by the enhanced Phi-meter, and Fig. 8-103 

shows the gas concentrations inside the compartment for the 71-B experiment.  One 

minute after closing the hatch (time zero on the plot), the oxygen concentration of the 

compartment starts to rise as the fire HRR drops, and hence the ER decays. As the 

HRR starts to regrow, more incoming oxygen is consumed by combustion, leading to 

ER growth. At peak HRR of the flaming combustion, the ER is approximately 1.25. 

As CO% and THC % starts to increase due to incomplete reaction, the ER exceeds one 

and fire becomes underventilated. At t=21.9 min, the fire temporarily transitioned to 

smouldering combustion, resulting in a minor decrease of ER and a significant increase 

in O2%. Based on observations on other experiments, such smouldering transition 

could be a potential moment for smoke explosion when O2% exceeds limiting oxygen 

concentration (LOC). However, smoke explosion did not occur here as CO%, and 

THC % is insufficient to form a flammable mixture. After a minute, the fire transition 

again to flaming combustion and again becomes smouldering at t=25.9 min. 

Smouldering combustion continued until about t=80 min, and during this stage, it 

appears there have been times that the compartment gases were within the flammable 

range. During the smouldering stage between t=35 to 47 min, the growing 

concentrations of CO and THC were more than 4%, making the fuel mixture above its 

LFL. Also, the O2% was above 9% (i.e., above LOC). In this period, the gas mixtures 

and their changes were somehow like 100-A (Fig. 8-52) and 100-B (Fig. 8-60) 

experiments; in them, smoke explosions occurred. It is unknown why smoke explosion 

did not occur during this period for the 71-B experiment, and one theory could be that:  

a. no glowing ember or hot enough surface existing near the smoke layer to ignite 

the premixed gases, or 
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b. the gases near the crib in the lower level are not within the flammable range 

(having two-zone fire), or 

c. the gases in the lower level are within the flammable range but there is no hot 

(e.g. glowing) point on the crib surface to ignite the premixed gases. This could 

be a possibility as for 100-A and 100-B experiments glowing ember is visible 

by the cameras; for example, the frame “a” of Fig. 8-48 is taken immediately 

before the first smoke explosion of the 100-A experiment. However, in the 71-

B experiment, no glowing ember is visible throughout the stage in which the 

gas mixture is deemed flammable. 

During the smouldering phase, the HRR gradually increased, leading to 

decreased CO% and THC % and consumption of more oxygen. Therefore, the ER was 

gradually increasing and reach up to 1.93 in steady conditions. 

After 75 minutes, the fire became flaming as the smouldering combustion HRR 

gradually increased. The ER, CO% and THC% decline during the flaming combustion 

towards the end of the experiment. As the mass loss is plateaued at this time, the test 

was stopped at t=83 min. 

 

Fig. 8-102: Equivalence ratio of 71-B experiment measured by enhanced Phi-meter  
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Fig. 8-103: O2, CO2, CO and THC (CH4 equivalent) concentrations in the compartment 

measured near the ceiling for 71-B experiment 
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8.2.12 Test Results for 71-C (crib) 

Crib C is burned inside the compartment with two 71 mm openings. After the 

ignition, the fire starts to develop within the crib, and the compartment hatch is closed 

after 3 minutes when the fire is established.  

Fig. 8-104 shows the heat release rate measurement for the 71-C experiment. 

After closing the hatch, the HRR immediately dropped and then started to grow. The 

combustion occurred predominantly inside the crib, and flames were observable within 

and above the crib when the compartment hatch was open. The flame size diminished 

after closing the hatch, and flames were still burning inside and above the crib. The 

HRR and temperature (Fig. 8-105) grew to reach their peak at t≈17 min. After reaching 

the peak HRR, the HRR gradually diminished similar to 71-B, but unlike the 71-B 

experiment, it did not immediately transition to the smouldering combustion. The 

flaming combustion continued until t=33.5 min, in which the flaming combustion was 

near extinction when a propagation like a smoke explosion occurred; however, the 

intensity of the propagation was quite low. This has happened without fire falling into 

smouldering combustion; therefore, the stored energy and gas concentrations were not 

high, hence, the low intensity of the propagation. 

A demonstration of the frames related to the observed spike in the HRR and 

temperature plots at t=33.6 min is shown in Fig. 8-106. The flame size was gradually 

diminished, and flame was just about to extinct (Fig. 8-106a) that it ignited the 

accumulated pre-mixed gas (Fig. 8-106b) within the compartment. A flame 

propagation occurs afterwards, which led to ejection of black smoke through the 

bottom vent. This is considered very similar to the smoke explosion but relatively 

weak. No jet flame ejected the compartment as the pressure increase is deemed not in 

the order of the other smoke explosions observed for other experiments (pressures are 

detailed in Chapter 9). 

Ghosting flames continued for about 1.5 minutes after the flame propagation 

(Fig. 8-106b), and after this period, no visible flame was observable in the 

compartment, indicating that fire transitioned to smouldering combustion. 

Smouldering combustion continued until t≈83 min. Suddenly, an ignition and a small 

flame reappeared at the crib, followed by small ghosting flames around the crib until 

the burnout decay. 
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Fig. 8-104: Heat release rate (kW) plot in time (minute) for 71-C experiment 

 
Fig. 8-105: Thermocouple tree plot in time (minute) for front thermocouple tree (left) 

and rear thermocouple tree (right) for 71-C experiment 

Fig. 8-107 shows the temperatures in different heights in front and rear 

thermocouple trees for 10 minutes time intervals. After 30 minutes, the temperatures 

are more uniform than the early stages of fire. The temperature difference between top 

and bottom thermocouples becomes lower than 100 °C, just like the 71-B experiment. 

At 90 minutes, there is a discrepancy in the rear thermocouple tree (thermocouple at 

350 mm height) which is owed to the appearance of ghosting flames around the crib 

at that time. 
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Fig. 8-108 shows the fuel mass loss history and MLR throughout the experiment. 

The MLR fluctuates around 2 g/s for the most duration of the experiment. The flaming 

or smouldering combustion did not make significant changes to the MLR. 

Fig. 8-109 shows the mass flow rates through the compartment vents and the 

theoretical HRR if all incoming air is combusted. The air inflow rate is slightly higher 

than the 71-B experiment, despite having similar compartment ventilation. Also, the 

maximum theoretical HRR is again found to be more than 15 kW. The increase of 

incoming air inflow rate compared to the 71-B experiment is known to be owed to 

having a crib of lower porosity, as it is the only parameter changed between this 

experiment and 71-B. 

 

Fig. 8-106: Frames showing the moment when the weak flame ignited the formed 

premixed fuel mixture leading to ghosting flames and a smoke puff through the bottom 

vent (as well as a spike in HRR and temperature); this is considered as a weak 

propagation like the smoke explosion phenomenon. The frames are taken in 0.4 

seconds intervals 
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Fig. 8-107: Thermocouple height vs. temperature plot in 10 minutes time intervals for 

the 71-C experiment. The left plot is the temperature in different heights for the front 

thermocouple, and the right plot is the temperature in the rear thermocouple tree 

 
Fig. 8-108: Fuel mass history for experiment 71-C over time (left), and mass loss rate 

of MDF crib fuel over 3 minutes moving average (right) 

 

Fig. 8-109: Mass flow rates through compartment openings in time (left) and 

theoretical HRR with the assumption that all incoming oxygen is combusted inside the 

compartment vs. measured HRR for the 71-C experiment 

Fig. 8-110 shows the ER measured by the enhanced Phi-meter, and Fig. 8-111 

shows the gas concentrations inside the compartment for the 71-C experiment. One 

minute after closing the hatch (point zero on the plot), the oxygen concentration of the 

compartment initially raised as the fire HRR decreased. As the HRR started to regrow, 

more incoming oxygen was consumed by the combustion leading to the growth of ER 

and reduction of O2%. This trend continued until about t=17 min when HRR reached 
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its peak. At the peak of HRR during flaming combustion, the ER is approximately 

1.25, which agrees with ER for the 100-B experiment. 

When ER exceeds one, CO% and THC% starts to increase due to incomplete 

reaction. It was explained that a weak propagation (or weak smoke explosion) occurred 

at t=33.6 min caused a spike on the HRR plot. This point is also visible as a bump on 

the ER plot in Fig. 8-110, which could be explained using the gas concentrations plot 

in Fig. 8-111. The propagation consumed oxygen and led the O2% to drop from 9.0% 

immediately before, down to 3.8%. There is also a drop of CO% and THC% 

simultaneously, while CO2% slightly increased as a by-product of combustion. The 

changes in concentrations depending on the reaction. A more considerable O2% drop 

(compared to CO% and THC%) causes the compartment fuel to air ratio to increase 

slightly, hence the ER plot’s bump at t=34 min. The aggregate concentrations of 

flammable gases (CO% and THC%) are lower than the mixtures LFL as summarised 

in Table 8-4; therefore, although local ghosting flames appeared, at t=34 min the fuel 

concentration is inadequate for a more substantial smoke explosion to occur. This is 

also very similar to the 71-B experiment (Fig. 8-103), where a potential moment for 

the occurrence of the smoke explosion was identified, but no smoke explosion 

occurred. 

At t=34 min and after the propagation, the fire transitions to smouldering 

combustion and O2% jump up as oxygen consumption drastically reduced while air 

inflow rate remains almost constant. During the steady smouldering stage, the HRR 

gradually decay, leading to a gradual decrease of O2%. The smouldering combustion 

in this period also leads to an increase of CO% and THC%. 

Like the 71-B experiment, during the smouldering stage between t=40 to 60 min, 

the growing concentrations of CO and THC were more than 4%, making the fuel 

mixture above its LFL. Also, the O2% was above 9%, hence, above LOC. Again, 

during this period, the gas mixtures appear to form a flammable mixture; however, no 

smoke explosion occurred.  

At approximately t=80 to 83 min, when HRR of the smouldering combustion 

further grows, ghosting flames reappeared for a short period. At this period, most of 

the fuel mass is consumed; therefore, O2% starts to grow, and CO% and THC% 

diminish. The test is stopped at t=90 min. 
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Fig. 8-110: Equivalence ratio of 71-C experiment measured by enhanced Phi-meter  

 

 
Fig. 8-111: O2, CO2, CO and THC (CH4 equivalent) concentrations in the compartment 

measured near the ceiling for 71-C experiment 
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Table 8-4: Summary of gas concentrations for 71-C experiments before the 

occurrence of a weak smoke explosion and whether the mixture flammable (above 

LFL) immediately after this incident 

Time 

(min) 

O2 % CO2% CO% THC% LFL %1 Fuel%2 Theoretically 

flammable? 3 

33.8 9.0% 9.3% 1.7% 3.3% 6.3% 4.8% No 
1 The lower flammability limit (LFL) of the fuel is found using Le Chatelier’s methods. 
2 The fuel concentration is the summation of CO% and THC%. 
3 The gas mixture is theoretically flammable as the fuel concentration exceeds the LFL%. 
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8.2.13 Test Results for 71-D (crib) 

Crib D, which had 6 sticks per layer, 12 layers and 300 mm long sticks, is burned 

inside the compartment with two 71 mm openings. After the ignition, the compartment 

hatch is closed after 5 minutes to ensure the fire is well established and will not be 

extinguished after closing the hatch. This experiment did not lead to any smoke 

explosions. 

Fig. 8-112 shows the heat release rate measurement for the 71-D experiment. 

The HRR grows after closing the hatch and reaches to the peak HRR of roughly 12kW 

in about 28 minutes. After reaching the peak, HRR plateaued and fluctuated between 

10 to 12 kW until the end of the test. 

The temperature plots for the thermocouple tree in the rear and front of the 

compartment are plotted over time in Fig. 8-113. This plot shows that the 

compartment's temperature continuously grows and reaches up to 457 °C in the rear 

top and 405 °C in the front top of the compartment. The temperatures in different 

heights tend to converge as the temperature in the compartment grow. The 

temperatures in different heights for both thermocouple trees in 10 minutes intervals 

are shown in Fig. 8-114. In the first 50 minutes of the 71-D experiment, the 

temperature difference of the top and bottom thermocouples exceeds 150 °C. Even in 

the last twenty minutes of the tests (t=60 to 70 min), the temperature of the 

thermocouple at 50 mm elevation seems to be at least 50 °C lower than the one at 150 

mm elevation in the rear side of the compartment. These plots indicate that a 

compartment fire is two-zone, and a smoke layer is present. The thermocouple at 950 

mm elevation of the rear thermocouple tree shows to fluctuate between t=35 to 56 min, 

which is understood to be due to the flame's movement in that elevation. 
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Fig. 8-112: Heat release rate (kW) plot in time (minute) for 71-D experiment 

 
Fig. 8-113: Thermocouple tree plot in time (minute) for front thermocouple tree (left) 

and rear thermocouple tree (right) for the 71-D experiment 

 
Fig. 8-114: Thermocouple height vs. temperature plot in 10 minutes time intervals for 

the 71-D experiment. The left plot is the temperature in different heights for the front 

thermocouple, and the right-side plot is the temperature in the rear thermocouple tree 
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Fig. 8-115 shows the fuel mass loss history by direct scale measure and MLR in 

3 minutes moving average throughout the experiment. The MLR rapidly rose to its 

peak, which is 4 g/s and sustained for roughly 20 minutes. This MLR is about 30% 

higher than the maximum MLR measured in the 71-B and 71-D experiments. The 

MLR decays after 20 minutes and fluctuates from t=30 to 50 min, between 1 to 2 g/s. 

Again, after 50 minutes, the MLR decays and fluctuates near zero, indicating the fuel 

mass plot plateaus.  

Fig. 8-116 shows the mass flow rates through the compartment vents. The air 

inflow and gas outflow rates differ from 71-B and 71-D experiments in the growth fire 

stage. In experiments with cribs of higher porosity with similar compartment 

ventilation conditions, the air inflow and gas outflow rates were almost constant during 

the test, even when HRR and temperature were growing, which was in line with the 

theoretical analysis carried out in section 3.3. However, in this test (71-D), and in other 

experiments with crib D (141-D and 100-D), the air inflow grows over time as the 

HRR grows. The air inflow rate increases until the fire is fully developed, and only 

then it reaches the same air inflow rate of the experiments with cribs of higher porosity. 

This behaviour that changes between crib D and other crib types is understood to be 

connected to the crib porosity. This behaviour for cribs of lower porosity is like having 

a small compartment fire (crib) within a larger compartment with limited ventilation. 

When the fire within the smaller compartment is growing, the burning rate and air 

inflow are controlled by the ventilation condition of the smaller compartment (here 

crib). When the flame spreads from the smaller compartment (here crib) to the outer 

combustible surface (crib’s surface starts burning), the air inflow through the larger 

compartment vents controls the burning rate and air inflow rate. 

As the air inflow rate to the compartment increases, the maximum theoretical 

HRR determined based on the consumption of all incoming oxygen to the 

compartment grows too as shown in Fig. 8-116 (right). In Fig. 8-116 (right), the 

theoretical HRR assuming that all incoming oxygen consumed is plotted against the 

actual measured HRR for the 71-D test and found to be matching. Therefore, during 

the growth stage, the measured HRR is close to the maximum theoretical HRR. This 

is different to the experiments with higher porosity cribs (cribs A, B and C), in which 

the actual measured HRR during the growth stage is lower than the theoretical 
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maximum HRR, i.e., well-ventilated conditions during the growth period until 

becoming ventilation-controlled. 

 
Fig. 8-115: Fuel mass history for experiment 71-D over time (left), and mass loss rate 

of MDF crib fuel over 3 minutes moving average (right) 

 

Fig. 8-116: Mass flow rates through compartment openings in time (left) and 

theoretical HRR with the assumption that all incoming oxygen is combusted inside the 

compartment vs. measured HRR for the 71-D experiment  

The ER and gas concentrations of the 71-D experiment are plotted in Fig. 8-117 

and Fig. 8-118. As the fire grows inside the compartment, the ER grows and reach its 

peak after 18 minutes. At this point, the THC% and CO% are relatively high, i.e., 

7.54% and 6.59%. Such fuel mixture is flammable, but the O2% is relatively low as 

there is flaming combustion within the compartment. The unburned fuel within the 

compartment is understood to remain a flammable mixture (exceeding LFL) until 

roughly t = 50 min. After 50 minutes, the MLR is relatively low, most of the fuel is 

consumed, and the THC% and CO% diminish while O2% recovers. The ER plot 

matches the gas concentrations, and its changes can be interpreted by following the 

concentration trends of O2, THC and CO. 
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Fig. 8-117: Equivalence ratio of 71-D experiment measured by enhanced Phi-meter  

 

 
Fig. 8-118: O2, CO2, CO and THC (CH4 equivalent) concentrations in the compartment 

measured near the ceiling for the 71-D experiment 
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8.2.14 Test Results for 50-D (crib) 

Only one test is conducted with the compartment with 50 mm openings which is 

reported in this section. This test did not lead to any smoke explosion despite having 

high concentrations of excess pyrolysate, as reported below. As none of the tests 

conducted in the previous studies by Sutherland [24] and Chen [25] led to smoke 

explosions with 50 mm openings or smaller vents, only a single test is conducted with 

this opening size to verify the previous results. 

Similar to other tests with crib D, the compartment hatch was closed after 5 

minutes from igniting the crib. When the hatch was open, flames were visible burning 

inside and above the crib (not side surfaces). After closing the hatch, smoke started 

exhausting the top vent, and due to the thermal expansion of gases, wisps of smoke 

were pulsing out through the bottom vent.  

As the compartment holes were relatively small, the front cameras could not 

record the crib through the test. Also, the floor glass becomes entirely obscured by 

moisture and soot early after the close of the compartment hatch. Therefore, there was 

no visual indication of the status of the combustion inside the compartment. 

Fig. 8-119 shows the HRR plot for the 50-D test over time. The HRR are 

relatively low and do not exceed 7 kW. Due to the small HRR, the measurements are 

crude and considered to have a more significant error. Due to the fluctuations of the 

HRR, the plotted HRR is 3 minutes moving average of HRR. The HRR shows a 

gradual increase over time, similar to the temperature within the compartment as 

plotted in Fig. 8-120. 

Fig. 8-121 shows the temperatures in different heights for 10 minute time 

intervals. According to Fig. 8-121, the temperature continuously increases in the 

compartment and the temperature difference between the thermocouple heights over 

time follow a similar trend. The difference between the temperatures indicates that a 

two-zone compartment fire condition exists. The smoke layer height could be between 

150 mm to 250 mm from the compartment floor as the maximum temperature change 

occurs between these two heights in the rear thermocouple tree. 
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Fig. 8-119: Heat release rate (kW) plot in time (minute) for the 50-D experiment 

 
Fig. 8-120: Thermocouple tree plot in time (minute) for front thermocouple tree (left) 

and rear thermocouple tree (right) for the 50-D experiment 

 
Fig. 8-121: Thermocouple height vs. temperature plot in 10 minutes time intervals for 

the 50-D experiment. The left plot is the temperature in different heights for the front 

thermocouple, and the right-side plot is the temperature in the rear thermocouple tree 

 

Fig. 8-122 shows the fuel mass loss history by direct scale measure and MLR in 

3 minutes moving average throughout the experiment. The MLR raises to 2 g/s and 

sustained for roughly 20 minutes. The MLR decays after 20 minutes and sustains at 

roughly 1 g/s for another 80 minutes before decaying to almost zero.  
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Fig. 8-123 shows the mass flow rates through the compartment vents. As 

expected, the air inflow and gas outflow rates are quite lower than experiments with 

71, 100 and 141 mm openings. Unlike experiments with 71 and 100 mm openings, 

there is a meaningful difference between air inflow rate through the bottom vent and 

the outflow rate of smoke gases through the top vent. This difference is understood to 

be the pyrolysis rate of fuel within the compartment. In this experiment, due to small 

flow rates, the pyrolysis rate of fuel becomes comparable with the air inflow rate and 

cannot be neglected. Also, similar to the other experiments with crib D, due to the 

relatively lower porosity of the crib, the air inflow grows over time as the HRR grows.  

As the air inflow rate to the compartment increases, the maximum theoretical 

HRR determined based on the consumption of all incoming oxygen to the 

compartment grows too as shown in Fig. 8-123 (Right). In Fig. 8-123 (Right).  

 
Fig. 8-122: Fuel mass history for experiment 50-D over time (left), and mass loss rate 

of MDF crib fuel over 3 minutes moving average (right) 

 

Fig. 8-123: Mass flow rates through compartment openings in time (left) and 

theoretical HRR with the assumption that all incoming oxygen is combusted inside the 

compartment vs. measured HRR for 50-D experiment  

The ER and gas concentrations of the 50-D experiment are plotted in Fig. 8-124 

and Fig. 8-125. As the fire grows inside the compartment, the ER grows and reach its 

peak at t=21 min. At this point, the THC% and CO% are relatively high, i.e., 4.8% and 
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6.2%. Such fuel mixture is flammable, but the O2% is lower than LOC in the 

compartment. The O2%, CO% and THC% remain almost steady after the peak until 

the burnout. The burning regime is understood to be flaming combustion until the 

burnout due to relatively low O2% and visual observations. No smoke explosion or 

sudden changes of fuel or oxygen concentrations occurred in the 50-D experiment. 

 

Fig. 8-124: Equivalence ratio of 50-D experiment measured by enhanced Phi-meter  

 
Fig. 8-125: O2, CO2, CO and THC (CH4 equivalent) concentrations in the compartment 

measured near the ceiling for 50-D experiment 
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Chapter 9: Analysis and Discussion 

Chapter 9 is the analysis and discussion for the results provided in Chapter 8. 

Tables are provided to summarise the critical parameters of each experiment. 

Parameters in different experiments are plotted against each other to characterise how 

the fuel type and ventilation affect each parameter. The experiments in which smoke 

explosion occurs are characterised and compared with those with no smoke explosion 

to characterise pre-requisites that lead to the smoke explosion. The compartment 

pressures at smoke explosion are compared and related to the duration of the 

smouldering fire before the smoke explosion, gas concentrations, and compartment 

temperature to correlate how the intensity of the smoke explosion can be characterised. 

9.1 SUMMARY OF CRIBS FREE-BURN EXPERIMENTS 

The cribs (crib A to D) are burned in the open space to measure the burning rate 

of cribs in free-burn conditions. The results of the free-burn combustion are reported 

and compared in this section. The MDF cribs free-burn mass measurements over time 

are plotted in Fig. 9-1. All free-burn experiments started by igniting a 200 mL acetone 

pool poured into a tray underneath the MDF crib after two minutes of baseline data.  

Crib A which was the most porous (loosely packed) crib, experienced the highest 

burning rate compared to the other cribs. The crib D, which is the least porous crib, 

had a different behaviour compared to the other cribs and was for the first 11 minutes 

after the ignition burning with small flames inside the crib with no flame over the crib, 

i.e., porosity-controlled burning rate. The crib’s smoke plume suddenly ignited and 

transformed to flame, as shown in Fig. 9-2, and the flame remained until the burnout. 

Fig. 9-3 shows the MLR based on the normalised mass of each crib, i.e., mass over the 

initial mass of the crib. The MLR is measured using 30 second moving average. The 

maximum MLR is for crib A which reaches as high as 16 g/s. 
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Fig. 9-1: MDF cribs (A to D) free-burn mass history over time 

 
Fig. 9-2: Free-burn fire with crib D at the transition point when flame appeared outside 

(above) the crib. The frames are extracted at 0.5 second intervals, with first frame taken 

at t=11.35 min after ignition 
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Fig. 9-3: MDF cribs (A to D) MLR versus the normalised mass of the crib, i.e., mass 

over the initial mass of the crib (30 seconds moving average) 

Heskestad presented the burning rate of the timber crib by the time average 

between 80% and 55% of the original crib weight for plotting unconfined burning rates 

of the wood cribs in terms of the crib porosity based on Block’s data (reproduced in 

Fig. 6-16) [39, 38]. Fig. 9-4 shows the data points found by free-burn experiments for 

MDF crib A to D compared to Heskestad’s plot. Also, Fig. 9-5 shows the MDF crib 

burning rates, scaled to the plots burning rate versus porosity plots presented by Hu et 

al. [37] and Gross [38]. The burning rates agree with the Gross and Heskestad results. 

Crib E is not tested here as it was found difficult to ignite, as described in section 8.2.9. 

 
Fig. 9-4: Burning rate of the MDF cribs in free burn condition to cribs porosity scaled 

and compared to the plot presented by Heskestad’s model [39] 
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Fig. 9-5: Burning rate of the MDF cribs in free burn condition to cribs porosity scaled 

and compared to the plot presented by Hu et al. [37] and Gross [38] 

9.2 SUMMARY OF ALL EXPERIMENTS 

A total of 19 MDF crib experiments were conducted as part of the study to find 

a better understanding of the smoke explosion phenomenon. Out of these 19 

experiments, 14 combinations of crib type and compartment ventilation condition are 

examined as per Table 6-5, and the remainder (5 experiments) are repetitions to gauge 

the consistency of the results. 

Table 9-1 presents the summary of all 14 unique experiments that were 

conducted based on the experiment code i.e., X-Y where X is the diameter of each 

compartment opening and Y is the crib type. The table only shows the properties for 

the experiments that led to smoke explosions or propagations that appeared similar to 

smoke explosions. The HRR is reported in Table 9-1 immediately before and 

immediately after the smoke explosion. The compartment temperature before the 

experiment is reported immediately before smoke explosion, based on the temperature 

of the mid-height thermocouple in the rear corner thermocouple tree. Equivalence 

Ratio (ER) measured by the Phi-meter and gas concentrations are reported at smoke 

explosion. Compartment pressure-rise due to the smoke explosion and the duration of 

the occurrence and duration smouldering of a smouldering decay phase before the 

smoke explosion is also reported. 
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Table 9-1: Summary of all MDF-crib experiments in the compartment with the focus on Smoke Explosion occurrence and its consequences 

Experiment 

Code1 

SE2 HRR 

before 

SE (kW) 

HRR 

after SE 

(kW) 

Temp. 

before 

SE (°C)3 

MLR 

at SE 

(g/s) 

ER 

at 

SE 

O2% 

at SE 

CO2

% at 

SE 

CO

% at 

SE 

THC

% at 

SE 

Pressure-

increase at SE4 

(Pa) 

Smouldering 

decay period 

before SE5 (min) 

Hatch 

closed time 

(min.)6  

141-A                       3 
 

141-B                       3 
 

141-C                       3 
 

141-D  14.6 27.8 140 4.4 1.0 14.3% 6.6% 2.4% 1.3% 49.5 0 3 
 

100-A  10.6 20.3 374 3.1 1.8 9.1% 7.9% 5.5% 4.0% 769 10.9 3 
 

100-B  10.6 23.2 330 3.9 1.7 11.9% 7.5% 4.7% 5.2% 449 8.0 3 
 

100-C                       5 
 

100-D  15.6 31.4 397 4.3 1.9 9.0% 9.1% 4.0% 4.1% 1284 1.1 5 
 

100-E                       7 
 

71-A                       3 
 

71-B                       3 
 

71-C  9.4 15.1 295 1.9 1.4 9.0% 8.4% 3.3% 1.6% 10 0 3 
 

71-D                       5 
 

50-D                       5 
 

1 The experiment code is in the format of X-Y, where X is the opening diameter of the compartment with two identical openings and Y is the crib type as per Table 6-4 
2 SE stands for Smoke Explosion here. : Experiments conducted once (not-repeated) that led to smoke explosions; : Experiments conducted twice and both times led to 

smoke explosions; : Experiments conducted twice in which the occurrence of smoke explosion was inconsistent, : Experiments conducted once (not-repeated) that did 

not lead to smoke explosions; : Experiments conducted twice that consistently did not lead to smoke explosions  
3 Temperatures are taken from the mid-height thermocouple (550 mm higher than compartment floor) of the rear corner thermocouple tree. 
4 The increase of pressure in the compartment (Pa) that is measured by a pressure transducer as described in Chapter 8 
5 The time it took after the combustion become smouldering to form a flammable mixture in the compartment of sufficient temperature leading to smoke explosion. Where the 

smouldering decay time is zero (0), prior to smoke explosion, compartment had flaming combustion 
6 The time the compartment hatch was left open after igniting the acetone tray underneath the crib to allow the fire to establish 



 

268 Chapter 9: Analysis and Discussion 

Out of 14 different crib type and compartment ventilation scenarios, five led to 

smoke explosions. Out of those five that led to smoke explosions, two (141-D and 71-

C) were relatively weak explosions. The pressure increase after the propagation in 

these two experiments was less than 50 Pa, which is considerably lower than other 

smoke explosion occurrences. In 141-D and 71-C experiments, there was no 

smouldering decay before the smoke explosions, which was against the conclusion 

made by Sutherland and Chen [24, 25]. Also, as shown in Table 9-1, CO% and THC% 

in these two experiments, immediately before the smoke explosion is lower than the 

mixtures LFL. This means that the mixture was not flammable in the upper layer.  

In the 141-D experiment, the smoke explosion occurred in the HRR growth stage 

at t=5.7 and 6.7 min. Comparing this with the free burn fire of the crib D as reported 

in section 9.1, the spike in HRR, temperature and pressure within the compartment 

could be a flashover that ignites the crib’s fire plume similar to the spike of HRR in 

the free-burn. Hence, the pressure rise was relatively low, and the average gas 

concentrations were not being within the flammable range. The ER when the flashover 

spike occurred was only 1, and no smouldering combustion occurred prior to the 

explosion leading to accumulated of unburned fuel and an increase of ER. 

In the 71-C experiment, there was no flame ejection observed outside of the 

compartment at the smoke explosion. A spike in the HRR plot (Fig. 8-104) and smoke 

explosion/propagation was identified only after the test and via video-check. The 

pressure rise of the compartment after the flame propagation was low, and the 

measured gas concentrations were not within flammable range. The propagation could 

have been because the unburned fuel mixture became flammable locally and not the 

entire smoke layer was filled with unburned fuel gases within flammable range. 

Experiments 100-A and 100-B (each repeated twice) consistently led to the 

occurrence of multiple smoke explosions. Experiment 100-D inconsistently led to the 

occurrence of smoke explosion. For these experiments that led to smoke explosions 

(i.e., 100-A, 100-B and 100-D), flaming combustion transitioned to smouldering 

combustion prior to the smoke explosion. By ruling out the propagation that occurred 

in 141-D and 71-C due to small pressure-rise and noting them as false-positives, the 

statement made by Sutherland and Chen noting that smouldering combustion is a pre-

requisite to the occurrence of the smoke explosion could be confirmed [24, 25]. This 

statement can be complemented by saying that low-pressure propagations with some 
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similarities to smoke explosion can occur during the flaming combustion, but they 

would be false-positive smoke explosions that are closer to other events, e.g., flashover 

and ghosting flame propagations. 

From here onwards in this thesis, the experiments 71-C and 141-D are 

considered as false-positives; in other words, experiments in which no smoke 

explosion occurred (due to low-pressure rise and lack of external flame).  

9.3 CLASSIFICATION OF COMBUSTIONS BASED ON POROSITY AND 

COMPARTMENT VENTILATION 

The MDF crib fire experiments are classified into different combustion 

scenarios. As the only variables between the conducted experiments were crib type 

and compartment ventilation, the combustion regime is aimed to be classified based 

on crib porosity and compartment ventilation. Three different fire scenarios were 

observed as listed below: 

a. Un-sustained Combustion (US): After ignition, the combustion could 

not sustain. This scenario happened for a very tightly packed crib (100-

E). 

b. Flaming Combustion (FC): After the ignition and closure of the hatch, 

the flaming combustion continued until the burnout. No smoke explosion 

happened in this scenario, although a low-pressure propagation (like 

ghosting flame) was observed for one tightly packed crib (141-D). 

c. Transition to Smouldering Combustion (SC): After the ignition and 

closure of the hatch, the flaming combustion transitioned to smouldering 

combustion before the fuel burnout. Following transition to the 

smouldering combustion, the smouldering combustion could continue to 

burnout (71-A and 71-B) or, in some experiments following transition to 

smouldering, a smoke explosion occurred. In some experiments 

transition of flaming to smouldering and occurrence of smoke explosion 

was repeated multiple times. The occurrence of a smoke explosion could 

be classified into two different types, both initiated following transitions 

to smouldering combustion (SC), as follows: 

• Smoke explosion of porosity-controlled crib fire (SE-PC) 
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• Smoke explosion of compartment ventilation-controlled fire (SE-VC) 

All above scenarios are further explained and analysed based on the MDF crib 

experiments in sections 9.3.1 and 9.3.3. 

9.3.1 Different scenarios of smoke explosions (SE-PC and SE-VC) 

Two different scenarios are observed that each led to the occurrence of smoke 

explosion. One scenario is when the combustion is porosity-controlled, and the other 

scenario is when the burning rate is compartment ventilation-controlled.  

i. SE-PC: Smoke explosion of porosity-controlled crib fire (100-D) 

 For the porosity-controlled crib fire within the compartment, after closing the 

hatch, both visual observations and HRR plot show no significant change of burning 

rate, suggesting that the incoming air governs the burning rate into the crib prior to 

closing the compartment hatch. This scenario is like having a small compartment fire 

within a larger enclosure, and the smaller compartment openings control the burning 

rate. The tightly packed (non-porous) crib is burning internally (not over the surface). 

This behaviour is similar to the free-burn crib fire for crib D, as explained in 

section 9.1 (and Fig. 9-2). In the free-burn test of crib D, the crib was burning in an 

open environment, but for a considerable time, the burning rate was controlled by the 

crib’s porosity. When a tightly packed crib (e.g. crib D) is inside a compartment, the 

incoming air to the compartment is lower during the fire growth stage (see Fig. 8-40, 

Fig. 8-76 and Fig. 8-117 for 141-D, 100-D and 71-D) as the consumption of oxygen 

by the combustion is controlled by the crib openings. In this scenario, O2% within the 

compartment gradually decays and reaches near zero as the oxygen consumption by 

the crib overrides the air inflow rate. At the same time, incomplete combustion of the 

porosity-controlled crib fire generates considerable quantities of CO and THC (Fig. 

8-79). At this stage that the compartment is fuel-rich. If the crib fire transitions to 

smouldering combustion, the compartment's oxygen concentration rapidly rise as the 

smouldering combustion does not consume as much oxygen as flaming combustion 

requires. The accumulation of oxygen within the compartment (via air inflow through 

vents) forms a pre-mixed oxygen/fuel mixture in the upper level that, in contact with 

a hot surface (e.g., crib’s surface), deflagrates.  

Following the smoke explosion, the cycle could repeat as the flames disappear 

and smouldering combustion is re-established. Again, the accumulation of CO, THC 
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and oxygen because of the smouldering combustion makes a flammable mixture that 

causes reoccurrence of smoke explosion. If/when the crib partly collapses after a 

smoke explosion, the crib's combustion regime changes and transforms to flaming. As 

the compartment temperature increases and combustion moves to the surface of the 

crib, the air inflow rate to the compartment increases until reaching its steady state 

(compartment ventilation-controlled) value.  

ii. SE-VC: Smoke explosion of compartment ventilation-controlled crib fire 

(100-A and 100-B)  

For ventilation-controlled crib fires, the HRR increases more rapidly after ignition than 

the porosity-controlled crib due to having a higher fuel surface area. However, when 

the hatch is closed, the HRR drops rapidly and regrows as the compartment 

temperature increases. 

In ventilation-controlled crib fires that caused a smoke explosion, i.e., 100-A and 

100-B, CO and THC (and ER) concentrations are lower than the porosity-controlled 

fires in the compartment fire growth stage. The burning rate is higher in the growth 

stage, leading to a steady burning rate in a shorter time. 

When fire becomes smouldering, the oxygen level rapidly rises as oxygen 

consumption of combustion drops (like the other scenario). However, the 

concentrations of CO and THC are not adequate to form a flammable mixture. In the 

smouldering phase, CO rapidly increases, and THC mildly increases with the same 

trend as HRR. However, O2% starts to decay gradually as the HRR grows. If/when the 

growth of CO, THC are in a way that the gas mixture becomes flammable (before O2% 

drops lower than mixtures LOC (i.e., 9% for MDF), a smoke explosion could occur, 

e.g., 100-A and 100-B experiments (see Fig. 8-52 and Fig. 8-60). 

9.3.2 Comparison between SE-PC and SE-VC: 

The main difference between the type of smoke explosion that occurred in a 

porosity-controlled fire vs compartment ventilation-controlled fire is the concentration 

of CO and THC. In the porosity-controlled cribs that caused a smoke explosion, the 

fuel MLR and unburned fuel are higher than the compartment ventilation-controlled 

regime scenario.  

When all the oxygen in the compartment is consumed, and the fire becomes 

smouldering, the oxygen concentration increases as smouldering combustion requires 
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less oxygen. In the porosity-controlled fire in which the overall concentration of the 

unburned fuel is above the mixture’s LFL, as soon as the oxygen concentration reaches 

LOC (e.g., 9%), a smoke explosion occurs. On the other hand, in the ventilation-

controlled fires, for the smoke explosion to occur, after the rapid increase of oxygen, 

unburned fuel should further accumulate to exceed LFL and form a flammable 

mixture. 

Fig. 9-6 compares the HRR for experiments with various crib types in the 

compartment with 100 mm diameter openings. Three different scenarios can be 

distinguished: 

a. In Crib 100-D fire (tightly packed crib), the smoke explosions (spike in 

HRR) occur almost immediately after a drop of HRR (due to transition 

to smouldering) between t=17 min. 

b. In fires for cribs 100-A and 100-B (loosely-packed cribs), after the decay 

of HRR (due to transition to smouldering), it takes a relatively long time 

for the HRR rapid rise, i.e., smoke explosion. 

c. In crib 100-C fire, transition to smouldering combustion (HRR drop) 

smoke explosions did not occur. 

 
Fig. 9-6: Measured heat release rate (kW) over time for cribs A-D in the compartment 

with 100 mm diameter openings 

The difference between the smoke explosion in a porosity-controlled crib fire 

and compartment ventilation-controlled crib fire is depicted in Fig. 9-7. Fig. 9-7 
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provides the gas concentrations for 100-A and 100-D experiments to compare the gas 

concentrations trends before the smoke explosion. The following points are the key 

differences: 

• In the 100-A experiment, the O2% curve shows rapid changes at the start 

of the experiment following closing the hatch as the combustion is 

compartment ventilation-controlled. Unlike 100-A, in the 100-D 

experiment, the O2% gradually decays after closing the hatch as the 

combustion is porosity-controlled. 

• In the 100-D experiment, the growth of CO% and THC% are slightly 

higher than 100-A. Therefore, in the 100-D experiment, the smoke 

explosion occurs as soon as fire transitions to smouldering leading O2% 

exceeds LOC.  

In the 100-A experiment, the smouldering fire continues for 

approximately 10 minutes before the first smoke explosion. During this 

period, O2% decays, and CO% grows. When the CO% and THC% 

mixture exceeds the LFL, a smoke explosion could occur. 

• The smoke explosions in more porous experiments (e.g., 100-A and 100-

B) were more consistent and repeatable than when they occurred in the 

porosity-controlled regimes (e.g., 100-D). This consistency could be 

because, in the porosity-controlled regimes, the fire is highly influenced 

by the crib's burning behaviour. Partial collapses of crib sticks and 

inconsistency in igniting the crib (e.g., uneven acetone pool tray) could 

affect the dynamic of combustion. 

Lastly, an important conclusion is that smoke explosion can occur in crib 

porosity-controlled and compartment ventilation-controlled fires. In a porosity-

controlled case, the smoke explosion happens a short time after the fire becomes 

smouldering. In a compartment ventilation-controlled fire case, the smoke explosion 

happens a long time after the fire become smouldering to accumulate further CO and 

THC concentrations. 
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Fig. 9-7: O2, CO2, CO and THC (CH4 equivalent) concentrations in the compartment 

measured near the ceiling for the 100-A experiment (left) and 100-D experiment (right) 

9.3.3 Different scenarios that smoke explosions did not occur 

The experiments that did not lead to smoke explosions are classified into three 

different scenarios as described in this section. 

i. FC: Flaming Combustion (141-A to 141-D, 100-C, 71-D and 50-D) 

All experiments with 141 mm diameter openings (largest opening size of the 

experiment) have had flaming combustion throughout the experiment. Also, 100-C, 

71-D and 50-D had flaming combustion throughout the experiment, and the 

combustion did not transition to smouldering. 

In this scenario, due to ongoing flaming combustion in the compartment, the 

oxygen concentration within the compartment is relatively low throughout the steady-

state period until the burnout stage when oxygen concentrations regrow (Fig. 9-8). The 

MLR of the fuel for experiments in the compartment with 141 mm diameter vents is 

shown in Fig. 9-9. As can be seen, the MLR is decays when oxygen concentration is 

growing in the burnout stage.  

Moreover, the difference between the 141-D experiment (porosity-controlled 

combustion) and 141-A to 141-C experiments is evident in Fig. 9-8 and Fig. 9-9. The 

O2% decays and the MLR growth are slower for the porosity-controlled fire (141-D) 

after closing the hatch until the burning rate grows and is capped by the compartment 

ventilation condition.  

Therefore, the scenario of having flaming combustion and low oxygen 

concentration throughout the experiment is experienced for both porosity-controlled 

and compartment ventilation-controlled fires. As the fire does not transition to 

smouldering, the oxygen concentration does not reach the LOC, and a premixed 

flammable mixture will not form in the compartment. 
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The crib location (primarily height) could be of importance in this case if the 

crib is placed within the smoke layer; there is a possibility that flaming combustion 

extinct due to low oxygen concentrations of the smoke layer. This may be a scenario 

for a smoke explosion that requires further investigations in future. 

 
Fig. 9-8: O2 concentrations in the compartment measured near the ceiling for 

experiments with two 141 mm diameter openings 

 
Fig. 9-9: Mass loss rate of the experiments for experiments with two 141 mm diameter 

openings (10 minutes moving average) 

ii. SC: Flaming combustion transition to smouldering, and no smoke 

explosion occurs (71-A to C) 

Flaming combustion transitioned to smouldering in experiments 71-A, 71-B, and 

71-C, but no smoke explosion occurred. Fig. 9-10 shows the temperatures (middle 
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height) for these tests that transitioned from flaming to smouldering without leading 

to smoke explosion. In 71-A experiments, fire became smouldering about one minute 

after closing the hatch and continued smouldering until the end of the test. Therefore, 

the temperatures are considerably lower than the other experiments, and the 

temperature plots are smooth with no fluctuations.  

In 71-B and 71-C experiments, the flaming combustion transitioned to 

smouldering between t=20 to 40 min. After the transition to smouldering combustion, 

the temperature decayed before a mild regrow (due to the mild increase of HRR). 

Having cribs with lower porosity (more dense cribs) delays the transition from 

flaming to smouldering, as can be observed by comparing 71-A to 71-C. In all these 

three experiments, when fire transitioned to smouldering combustion, there was a 

period that the gas mixture within the compartment was flammable (see Fig. 8-93, Fig. 

8-103 and Fig. 8-111). The flammability of the compartment gases was verified by 

approaching a naked torch towards the exhausting gases (see Fig. 8-94). However, no 

smoke explosion has occurred for these experiments.  

When the compartment gases were within the flammable range for 71-A to 71-

C experiments, compartment temperature (mid-level rear thermocouple) was less than 

300°C. The temperatures (mid-height rear thermocouple) in the experiments that led 

to the smoke explosion were 330 and 397°C; however, for 71-A to 71-C experiments 

the temperatures were less than 300°C. A two-zone smoke layer was present (for 71-

A to 71-C experiments), with neutral plane height being between 250 mm to 350 mm 

from the compartment floor.  

The fuel mass loss rate during the period that compartment gases were within 

the flammable range is between 1.5 to 2.0 g/s and HRR is between 6 to 12 kW. 

Comparing these measurements to the experiments that led to smoke explosions (e.g., 

100-A and 100B), the main differences are the temperature within the compartment 

and MLR. The MLRs of the experiments that led to smoke explosions were between 

3.5 and 4.0 g/s, which was about twice the MLR of 71-A to 71-C experiments. 

However, the HRRs difference was smaller than the MLR deviation. This can be 

interpreted that the rate of accumulation of unburned fuel in the compartment for 71-

A to 71-C experiments was lower than the experiments that led to smoke explosions.  
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Fig. 9-10: Temperature in the mid-height (550 mm from the floor) in the rear corner 

of the compartment for the experiments that flaming combustion transitions to 

smouldering combustion, but no smoke explosion occurred 

 

Fig. 9-11: O2% overtime for the experiments that flaming combustion transitions to 

smouldering combustion, but no smoke explosion occurred 

iii. US: Un-sustained combustion of highly dense cribs (100-E): 

One experiment is conducted with a very dense crib (crib E), as described in 

section 8.2.9. As crib E was very dense (Fig. 8-79), the combustion could not sustain 

following the ignition procedure executed for other experiments. Crib E fire could not 

be sustained in either flaming or smouldering in both free-burn or compartment fire 

conditions. For the experiment, a naked torch flame pointed towards the fuel for 

approximately 7 minutes to initiate the smouldering combustion that could sustain 
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after closing the hatch. During the experiment, and as a consequence of the torch flame, 

a front stick of the crib partially collapsed, which led to transform of fire to flaming 

combustion. 

This high-density crib has been classified as a crib of a very low porosity in 

which the combustion would be un-sustained. 

9.4 COMBUSTION REGIME BASED ON CRIB POROSITY AND 

COMPARTMENT VENTILATION 

Fig. 9-12 shows each experiment’s combustion regime based on the crib’s 

porosity and compartment ventilation. On the Crib-Type axis, crib types of A and B 

are considered porous enough to have surface-controlled fires, confirmed by the 

conducted free-burn tests. The transition point between tightly packed cribs (less 

porous cribs) leading to porosity-controlled fire to loosely packed cribs (more porous 

cribs) leading to surface-controlled fire is considered 0.05 cm (based on ref. [43]), 

which is almost in line with the observations of this study.  

In Fig. 9-12, the compartment ventilation is considered to be ‘underventilated” 

where the flaming combustion continues after closing the hatch, i.e., 141 mm opening 

diameters. The compartment ventilation is considered to be “severely underventilated” 

when the crib fire after closing the hatch transition to smouldering combustion before 

the crib’s burnout. 

Combustion classification observed in this study as shown in Fig. 9-12 shows 

that: 

• Flaming combustion, when transitioned to smouldering combustion, can 

lead to the occurrence of smoke explosions 

• Smoke explosions generally occurred in a boundary region between 

flaming combustion (FC) to smouldering combustion (SC) 

• Low-pressure propagations (or smoke explosions) are possible to occur 

in the flaming combustion when the crib porosity and compartment 

ventilation is near the smoke explosion region (border line of 

smouldering and flaming combustions) 
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Fig. 9-12: Indicative zones with different combustion regimes based on crib porosity 

and compartment ventilation condition. The zones are not scaled and are indicatively 

drawn based on the experiments conducted in this study 
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9.5 SMOKE EXPLOSIONS PREREQUISITES 

In this section, compartment fire properties that are measured are assessed and 

compared to the other fire scenarios that did not lead to smoke explosions. This section 

aims to assess the prerequisites for the occurrence of smoke explosions. 

9.5.1 Compartment temperature before a smoke explosion 

The compartment fire temperature immediately before a smoke explosion was 

ranged between 330 to 397 °C. Temperature measurements are based on the mid-level 

thermocouple (550 mm height) in the rear-corner thermocouple tree.  

Fig. 9-13 compares the compartment temperature for MDF-crib experiments 

based on the temperature measured by the thermocouple in 550 mm height from the 

floor in the rear thermocouple tree. The curves are aimed to follow the same colour 

code of Fig. 9-12, i.e., blue for flaming combustion (FC), green for smouldering 

combustion (SC) and red for experiments led to smoke explosions. 

The experiments with smouldering combustion (SC) had lower compartment 

temperature as expected. Moreover, the 50-D and 71-D experiments had compartment 

temperatures in the order of smouldering combustion fires. The burning rate appeared 

to be balanced with the crib’s porosity while small laminar flames gradually grew 

inside the crib throughout the test. 

The compartment temperature in the experiments that led to smoke explosion 

decayed and sustained at approximately 330 to 400 °C, which is within the same 

compartment temperature range in other smouldering fire experiments. 

The experiments with 141 mm openings had higher temperatures within the 

compartment and reached up to 850 °C. All experiments with 141 mm openings had 

flaming combustion throughout the experiment. 

Smoke explosions happened in compartment temperatures of higher than 330 

°C, in the presence of a glowing ember or a hot surface that can ignite the premixed 

gases. 
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Fig. 9-13: Temperature vs time comparison for MDF-crib experiments considering 

mid-height (550 mm above the floor) thermocouple in the rear thermocouple tree. The 

red curves are the experiments that had smoke explosions and asterisks are when 

smoke explosions happened. 

9.5.2 Equivalence ratio (ER) before a smoke explosion 

Fig. 9-14 shows the equivalence ratio (ER) plot of several MDF crib 

experiments. The equivalence ratio ranged between 0.5 to 3.0, and maximum ER was 

measured for the 71-D experiment. The ER is found between 1.5 to 2.0 before the 

occurrence of smoke explosions.  

The ER change for experiments 71-A to C (green curves) was quite different 

from the ER trend in other experiments in Fig. 9-14. In experiments 71-A and 71-C, 

the flaming combustion transformed to smouldering combustion (SC), and the 

smouldering combustion continued until the burnout. These experiments were 

relatively long as they were smouldering, and the ER was lower than other experiments 

during the growth stage and gradually increasing. In SC experiments, the combustion 

was compartment ventilation-controlled, and smouldering combustion gradually filled 

the compartment with accumulated unburned fuel. Although the ERs in SC 

experiments eventually reached the range in which smoke explosion can occur, smoke 
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explosions did not happen in any SC tests, although the compartment gases were 

within flammable range. 

The ER of the flaming combustion experiments (FC) are shown in Fig. 9-14 with 

blue lines. As can be seen, the ER of the FC experiments are in the same range or 

higher compared to the experiments that led to smoke explosions. Therefore, the 

compartment becomes fuel-rich for both compartment ventilation-controlled fires 

(e.g., 141-A and B) or crib porosity-controlled fires (e.g., 71-D or 141-D). The high 

ER for flaming combustion (FC) is a product of low oxygen concentrations as nearly 

all compartment oxygen is consumed by the flaming combustion. Unless the flaming 

fire does not transition to the smouldering, causing an increase of oxygen 

concentration in the compartment, the premixed gas within the compartment is non-

flammable as the oxygen concentration within the compartment is lower than the LOC. 

 
Fig. 9-14: Equivalence ratio for the MDF-crib experiments. Red curves are the three 

experiments with smoke explosions. Star signs show when the first smoke explosions 

occurred in 100-A, 100-B and 100-D experiments. Blue curves are the experiments 

that had flaming combustion (FC) throughout the experiment. Green curves are the 

experiments with smouldering combustion (SC) that did not lead to smoke explosions. 
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9.5.3 Gas concentrations before smoke explosions 

Table 9-2 shows the gas concentrations prior to the smoke explosions occurred. 

As noted in Chapter 8, the occurrence of smoke explosion often repeated multiple 

times as the combustion went through a cycle of flaming and smouldering combustion. 

In Table 9-2, the gas concentrations are noted for all smoke explosions in each of the 

experiments.   

As can be seen, the fuel concentrations in the smoke layer were found above 

LFL prior to all smoke explosion incidents, meaning that the fuel mixture is 

flammable. Also, the oxygen concentration prior to 7 (out of 10) smoke explosions is 

found above LOC, meaning the fuel/oxygen mixture inside the compartment falls 

within the flammability range prior to the smoke explosion. Moreover, both CO% and 

THC% are found to be quite critical in forming a flammable mixture and the 

occurrence of the smoke explosion, which is a correction to the explanation proposed 

by Chen that CO% yields do not matter in the occurrence of smoke explosions [25]. 
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Table 9-2: Summary of all MDF-crib experiments in the compartment with the focus on gas concentrations prior to the occurrence of smoke 

explosions 

Experiment 

Code1 

SE2 Time  

(min) 

O2% 

at SE 

CO2% 

at SE 

CO% 

at SE 

THC% 

at SE 
∑ o�a) ���)u b�)�! > 1 i.e., 

mixture flammable? 

O2% > LOC ? 4 

 

100-A 1 25.41 9.1% 0.079 5.5% 4.0% Yes Yes  

100-A 2 27.61 7.0% 0.083 6.2% 3.9% Yes No  

100-B 1 22.7 10.3% 7.5% 4.7% 5.2% Yes Yes  

100-B 2 25.73 9.6% 7.9% 4.5% 4.8% Yes Yes  

100-B 3 29.35 9.4% 7.9% 5.3% 4.1% Yes Yes  

100-B 4 31.3 8.6% 8.2% 5.1% 3.3% Yes No  

100-D 1 20.55 9.0% 9.1% 4.0% 4.1% Yes Yes  

100-D 2 22.12 9.5% 8.7% 4.7% 4.0% Yes Yes  

100-D 3 23.2 9.5% 8.4% 4.8% 3.7% Yes Yes  

100-D 4 23.92 6.9% 9.2% 4.4% 3.4% Yes No  
1 The experiment code is in the format of X-Y, where X is the opening diameter of the compartment with two identical openings and Y is the crib type as per Table 6-4 
2 For the experiments that had multiple smoke explosions, this column shows the number of smoke explosions in that experiment. 
3 LOC of the MDF-Pyrolysis is considered 9.0% based on the experiments reported in Chapter 5. 
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Now, considering the gas concentrations at the time of smoke explosions and 

prior to that, the fuel/oxygen mixture transitions can be drawn on the flammability 

diagram as shown in Fig. 9-15. The flammability region is drawn using the same scaled 

shape of the flammability diagram found in Chapter 5 for MDF pyrolysate gases, and 

the same LOC (i.e., 9%). However, the LFL for the compartment gas fuel is 7% here, 

as the ratio of CO% and THC% is measured and known, and the Le Chatelier’s rule 

can be used directly. This plot helps to understand the transitions of the compartment 

gas in becoming a flammable mixture before the smoke explosion. It also helps to 

further address the difference between the two types of smoke explosions based on the 

crib porosity i.e., highly packed vs loosely packed cribs. 

 

Fig. 9-15: Flammability diagram for 100-A, 100-B and 100-D experiments, based on 

compartment O2% and fuel concentration (aggregate value of CO% plus THC%). The 

intention is to demonstrate the changes of fuel and oxygen concentrations prior to the 

occurrence of smoke explosion for both porosity-controlled and compartment 

ventilation-controlled regimes. The zoomed-in plot is provided in Fig. 9-16 
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Fig. 9-16 shows a close-up view of the flammability diagram of the region of 

interest between t=5 min up until the time that the first smoke explosion occurred. The 

time that each data point belongs to is noted at datapoints. Each data point defines the 

position of the gas mixture over the flammability diagram at that time. The pattern of 

the fuel/oxygen concentration movements for 100-A and 100-B experiments that were 

compartment ventilation-controlled (blue and grey lines) are reasonably similar but 

different to the movement pattern of the 100-D experiment (porosity-controlled). 

However, all experiments that led to the occurrence of smoke explosion appear to have 

fallen into the flammability region prior to the first smoke explosion. 

The occurrence of the 100-D experiment seems to be primarily influenced by an 

increase in oxygen concentration. However, for 100-A and 100-B experiments, both 

oxygen concentration and fuel concentrations grew in different stages and eventually 

made the mixture flammable prior to the occurrence of the first smoke explosion. 

 

Fig. 9-16: Close-up view of the flammability diagram for 100-A, 100-B, and 100-D 

experiments, based on compartment O2% and fuel concentration (aggregate value of 

CO% plus THC%). The data points show the oxygen/fuel concentrations over the 

flammability diagram, and the lines indicatively (linearly) show the change of gas 

concentrations over time until the first smoke explosion (red data points) occurs. 

Fig. 9-17 shows a close-up view of the flammability diagram of the region of 

interest between the first smoke explosion and the second smoke explosion. After the 
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smoke explosion, in the 100-D experiment, the fuel concentration does not reduce 

(smouldering combustion in porosity-controlled crib fire), and the compartment’s O2% 

influences the second smoke explosion. The O2% drops as the flaming combustion 

carry on after the first smoke explosion and then transition to smouldering combustion 

that allows the increase of O2% and re-falling into the flammability diagram, hence, 

second smoke explosion. 

After the smoke explosions in 100-A and 100-B experiments, the fuel 

concentrations decreased minorly, and the O2% dropped drastically; and both 

recovered before the second smoke explosion. 

 
Fig. 9-17: Close-up view of the flammability diagram for 100-A, 100-B, and 100-D 

experiments, after the first smoke explosion and the changes of gas concentrations that 

lead to the occurrence of the second smoke explosion (red-data points) 

It is worth repeating that the fuel/oxygen mixture falling into the flammability 

limits is not the only prerequisite for the smoke explosion. Experiments 71-A to 71-C 

has had unburned fuel and oxygen mixtures that were flammable but did not lead to a 

smoke explosion. The close-up view of the flammability diagram for experiments 71-
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A to 71-C are shown in Fig. 9-18, from the time before the mixture becomes flammable 

up to a point after that. As can be seen, the fuel/oxygen concentration of the mixture 

touches the flammability diagram nose and slightly enters the flammability region 

before the oxygen concentration drops to lower than LOC and mixture falls completely 

outside of the flammability region. Smoke explosion did not occur in these 

experiments either because the mixture did not completely fall into the flammable 

region, or there was no ignition source in the vicinity of the flammable mixture. 

 
Fig. 9-18: Close-up view of the flammability diagram for 71-A, 71-B, and 71-C 

experiments, before and when they enter the flammable region, although not led to 

occurrence of smoke explosion 
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9.6 COMPARTMENT FIRE ANALYSIS 

The previous section focused on characterising the smoke explosion 

phenomenon. In this section, all experiments are assessed and compared to each other 

to further assess the fire dynamics in the compartment with two openings. 

9.6.1 HRR and MLR Analysis 

The HRR and MLR of the crib fires in different ventilation conditions drop with 

the reduction of the opening size as shown in Chapter 8. The average MLR of all 

experiments in terms of ventilation parameter normalised over free-burn mass loss rate 

(to incorporate the effect of crib’s porosity) are plotted in Fig. 9-19. The mass loss 

rates are averaged between 30% to 70% of the consumption of the initial fuel mass. 

The MLRs found by the experiments is shown to agree with Eq. 60 as before. The 

mass loss range (or pyrolysis range) is found between 1.2 to 5.8 g/s respectively for 

the compartment with 50 mm opening to 141 mm opening. The free-burn MLR is 

found between 9.8 to 12.6 g/s for the least porous crib to the most porous crib. 

It is worth noting that the linear relation between pyrolysis rate and ventilation 

coefficient is in line with the Regime I line in Fig. 2-2, as expected. 

The measured HRR of all experiments averaged between 30% to 70% of the 

initial crib’s mass consumption are plotted against the theoretical HRR for 

underventilated fire in Fig. 9-20. The theoretical HRR is measured based on Huggett’s 

constant for energy released based on combustion of air’s oxygen. Also, the air mass 

flow rate is calculated using Eq. 66 introduced in Chapter 3 and ref. [27]. The measured 

and theoretical HRR are normalised over the free-burn HRR of each type of crib as 

provided in section 9.1 to incorporate the effect of the crib’s porosity. As can be seen, 

the theoretical and measured HRR are in agreement, which means that nearly all 

incoming oxygen to the compartment is consumed during the steady-state period.  

The experiments with the most deviation between the theoretical and measured 

HRR are 100-A, 100-B and 100-D experiments that led to smoke explosions. These 

experiments had a smouldering decay period that resulted in the accumulation of 

oxygen in the compartment (not all the incoming oxygen consumed) for a time, which 

explains the deviation. For example, Fig. 8-50 (right) that compares the measured and 

theoretical HRR for the 100-A experiment, shows how the measured and theoretical 
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HRR match when crib had flaming combustion and how HRR values were different 

during the smouldering period. 

 
Fig. 9-19: MDF-crib MLR (kg/s) averaged between 30% to 70% of the crib’s mass 

loss over the novel ventilation parameter for enclosure with two openings (introduced 

in Chapter 3) normalised over free burn mass loss rate. The data points are compared 

to the theoretical pyrolysis rate introduced in Eq. 60 

 
Fig. 9-20: Measured HRR (kg/s) averaged between 30% to 70% consumption of fuel, 

versus theoretical HRR estimated based on air mass flow rate multiplied to Huggett’s 

[62] constant for combustion of air (3,000 kJ/kg), both normalised over free burn HRR. 

The agreement between theoretical and estimated value shows that the fires were 

underventilated, i.e., all incoming oxygen consumed during the steady-state HRR 
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9.6.2 Equivalence Ratio (ER) Analysis 

CO% and THC% are characterised in terms of the compartment ER for LPG 

fuel, as shown in Fig. 9-21 and Fig. 9-22. Previous researchers such as Beylers 

conducted similar studies to correlate gas yields to ER [49, 51]. Obtaining such 

relations is possible for gas fuels and liquid pool fires by measuring the pyrolysis rate 

of the fuel and the mass flow rate of incoming air to find the ER in steady-state 

conditions. However, Phi-meter appears to offer the only way to correlate the smoke 

yields to ER for the transient fire conditions and the solid fuels.  

Fig. 9-23 and Fig. 9-24 show the production of CO% and THC% of the MDF 

fuel cribs to the ER of the compartment fire. As can be seen, despite having different 

ventilation conditions and crib types, the production of hydrocarbons and carbon 

monoxide increases linearly with the increase of the ER. The CO% growth rate is 

higher than THC% with the increase of ER for MDF fuel which is also confirmed in 

individual gas plot results presented in Chapter 8. 

The maximum ER found for the MDF crib experiments was 3. The growth of 

CO% and THC% with ER continues linearly, up to ER ≈ 3. The rate of increase of 

THC% and CO% could be getting plateaued at ER’s of higher than 3. 

 
Fig. 9-21: CO% as a function of ER for LPG fuel based on the experiment conducted 

in a compartment with two 100 mm openings and increasing LPG flow rate. A linear 

averaged value is presented with an R2 error function of 94%. 
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Fig. 9-22: THC% as a function of ER for LPG fuel based on the experiment conducted 

in a compartment with two 100 mm openings and increasing LPG flow rate. A linear 

averaged value is presented with an R2 error function of 96%. 

 
Fig. 9-23: CO% as a function of ER for MDF fuel based on various experiments with 

multiple types of cribs and compartment ventilation opening. Each data point is the 

ER, and CO% is for two minutes moving average. A linear averaged value is presented 

with an R2 error function of 85%. 
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Fig. 9-24: THC% as a function of ER for MDF fuel based on various experiments with 

multiple types of cribs and compartment ventilation opening. Each data point is the 

ER, and THC% is for two minutes moving average. A linear averaged value is 

presented with an R2 error function of 78%. 

Based on the CO% and THC% linear growth rate correlation with ER, Le 

Chatelier’s law can be used to determine the minimum ER in which the unburned fuel 

mixture in the compartment (aggregate of CO% and THC%) exceeds the fuel 

mixture’s LFL. The minimum ER found to form a flammable fuel is 1.7, which is in 

line with the observations of finding ERs of between 1.5 to 2.0 before smoke 

explosions. 

No smoke explosion occurred above ER=2 despite having a fuel-rich 

compartment, which is due to insufficient oxygen concentration within the 

compartment, i.e., O2% < LOC. This is verified by plotting the O2% to ER for various 

experiments conducted in this study. 

Fig. 9-25 shows the O2% in relation to the compartment ER for various MDF-

crib experiments. As can be seen, the data points that fall into the region of ER>1.5 

(i.e., flammable fuel) and O2% > 9% (i.e., O2% exceeding LOC and sufficient for 

ignition) belong to the experiments that led to smoke explosions, i.e., 100-A, 100-B, 

and 100-D. The other close data points to the flammable region are experiments 71-B 

and 71-C, in which the pre-mixed compartment gases were believed to be flammable 

and examined by a naked torch flame at the time of experiments. 
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Moreover, Fig. 9-25 shows that the O2% is less than LOC for all datapoints when 

ER exceeds 2. Therefore, oxygen insufficiency is the reason that no smoke explosion 

occurred for ER of higher than 2. 

 
Fig. 9-25: O2% as a function of ER for MDF fuel based on various experiments with 

multiple types of cribs and compartment ventilation opening. Each data point is the 

ER and O2% is for two minutes moving average.  

9.7 REPEATABILITY 

Due to the complex nature of the gas conditioning system of the experiments and 

various instruments required to work simultaneously during the experiments, there 

have been times that an instrument did not log correct data. An instrument stopping to 

log correct data during an experiment has happened several times due to multiple 

reasons listed in section 6.9. When such a problem was encountered, the test was 

continued to the end as other instruments were generally working fine, and the 

compartment fire and occurrence of the smoke explosion was unaffected. After solving 

the issue of the instrument that encountered a problem, the experiment was generally 

repeated. Repeating multiple experiments due to unforeseen instrument problems 

enabled assessing the repeatability of the experiments.  

A total of 19 MDF-crib compartment fire experiments were conducted as part of 

the study which 5 of them were repetitions as noted in Table 6-5. The results presented 

in Chapter 8 were the final tests with all instruments working. Table 9-3 provides a 

summary for consistency between the repeated experiments.  
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The experiments leading to smoke explosions were found repeatable except for 

the 100-D experiment, which once led to smoke explosions, but another time did not. 

As noted, the experiments with highly packed cribs were found more affected by the 

crib’s ignition and close-out time of the compartment hatch than loosely packed cribs. 

The inconsistency in the occurrence of smoke explosion for the 100-D experiment 

could be related to such uncertainties. The experiments with more porous cribs that led 

to smoke explosions (i.e., 100-A and 100-B) were found repeatable. Experiments 141-

A and 100-C were consistently not led to smoke explosions. 

Table 9-3 also provides deviations between HRR, MLR, temperature (mid-

height thermocouple in the rear thermocouple tree) and equivalence ratio (ER) 

between the repeated experiments for the period between 30% to 70% of the initial 

fuel mass was consumed. The deviations were relatively low, indicating consistency 

between the results of the repeated tests.  

Table 9-3: Summary of repeatability assessment for the repeated experiments  

Experiment 

Code1 
S.E. Repeatability? 

Deviation2  

HRR  MLR  Temperature ER 

141-A Yes - Not occurred in both 1% 15% 1% -3 

100-A Yes - Occurred in both 5% 7% 2% -3 

100-B Yes - Occurred in both 8% 21% 7% 1% 

100-C Yes - Not occurred in both  1% 11% 6% 1% 

100-D No – Occurred in one 8% 8% 1% 11%4 
1 Experiment that is repeated with the same crib and ventilation conditions are listed in this table. 
2 Averaged deviations (errors) between the repeated tests, in terms of percentage (for the period of 

mass loss between 30% and 70%). 
3 The equivalence ratio of the first test is not measured well by Phi-meter due to clogging of the lines; 

therefore, the test was repeated. The deviation of ER is not measured, but other parameters are 

consistent between the repeated tests. 
4 A considerable deviation in ER could have affected the inconsistency in the occurrence of smoke 

explosion.  

Fig. 9-26 to Fig. 9-28 compare the MLR, temperature, HRR, equivalence ratio, 

and compartment gas concentrations for the 100-B experiment completed twice, i.e., 

100-B-i and 100-B-ii. The 100-B test led to the occurrence of smoke explosions both 

times. The 100-B-i test (red lines in Fig. 9-26 and Fig. 9-27) led to a single smoke 

explosion, after which the flaming combustion established and continued until the 

burnout. The flaming combustion was sustained after the smoke explosion, and the 

oxygen concentration remained low. The MLR, temperature, HRR and ER were 

consistent and of the same range in both tests. The trends (not fluctuations) for both 
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experiments were similar except after the first smoke explosion, as 100-B-ii led to 

three other smoke explosions. Following the fourth smoke explosion of 100-B-ii, the 

combustion transitioned to flaming combustion and continued until the burnout.  

 
Fig. 9-26: Plot of MLR (left-side) and temperature (right-side) for the 100-B-i and 

100-B-ii experiments (repeated experiment). The MLR is averaged over 2 minutes to 

eliminate the noise. The temperature plot is the temperature recorded from the mid-

height (550 mm height from floor) in the rear thermocouple tree 

 
Fig. 9-27: Plot of HRR (left-side) and equivalence ratio (right-side) for 100-B-i and 

100-B-ii experiments (repeated experiment) 

 
Fig. 9-28: Plot of O2, CO2, CO and THC gas concentrations for 100-B-i and 100-B-ii 

experiments 
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Fig. 9-29 to Fig. 9-32 compare the MLR, temperature, HRR, equivalence ratio 

and compartment gas concentrations for the 100-D experiment. This experiment was 

inconsistent in terms of smoke explosion occurrence. In the 100-D-i test (red lines in 

Fig. 9-29 and Fig. 9-30), no smoke explosion occurred; however, the fluctuations on 

the temperature curve show the presence of instability and ghosting flames within the 

compartment. It is understood that if at this stage the fire became smouldering, the 

rapid increase of oxygen concentration and mixing with the unburned fuel within the 

compartment could led to the occurrence of a smoke explosion, as happened in  the 

100-D-ii experiment (black lines in Fig. 9-29 and Fig. 9-30). 

As can be seen, the temperatures in both experiments were consistent (mid-

height) prior to the smoke explosions. The air MFR for 100-D tests are shown in Fig. 

9-31. As can be seen, the air inflow rates are consistent as the buoyancy-driven air 

inflow to the compartment is a function of the compartment temperature. The other 

observation is that the HRR of 100-D-ii was slightly higher prior to the smouldering 

decay that led to smoke explosions. Before the smouldering decay, the fire detached 

from the crib and moved like a ghosting fire, causing the fluctuations before the 

smouldering decay on the HRR plot (for 100-D-ii).  

The main difference between these two experiments with crib D is that the ER 

of 100-D-ii is lower than 100-D-i almost throughout the experiments (Fig. 9-30 right). 

Also, according to the compartment gas concentrations plot (Fig. 9-32), the THC% of 

the 100-D-ii experiment is lower than the THC level of 100-D-i, while other gases 

seem to be reasonably matching. 

In 100-D-i, the O2, CO2, and CO gas concentrations were not correctly recorded 

throughout the test. As can be seen, they are plotted for the period between t=9 to 27 

min which is when they measured concentrations correctly. The encountered issue was 

that the chiller of the analyser froze before and after the plotted period, blocking the 

sampling tube. For the period that O2%, CO2% and CO% are recorded, the 

concentrations and their trend match 100-D-ii. The THC% is measured correctly in 

both tests (measured through a separate analyser set).  

Higher concentrations of unburned fuel in 100-D-i (compared to 100-D-ii) are 

in line with the ER plot (Fig. 9-30 right) and slightly higher burning rate (Fig. 9-29 

left).   
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Fig. 9-29: Plot of MLR (left-side) and temperature (right-side) for 100-D-i and 100-

D-ii experiments (repeated experiment). The MLR is averaged over 2 minutes to 

eliminate the noise. The temperature plot is the temperature recorded from the mid-

height (550 mm height from floor) in the rear thermocouple tree 

 
Fig. 9-30: Plot of HRR (left-side) and equivalence ratio (right-side) for 100-D-i and 

100-D-ii experiments (repeated experiment) 

 
Fig. 9-31: Plot of air mass flow rate of the incoming air through the bottom opening 

of the compartment overtime for 100-D-i and 100-D-ii experiments 
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Fig. 9-32: Plot of O2, CO2, CO and THC gas concentrations for 100-D-i and 100-D-ii 

experiments 

Although the compartment fire properties seem to be repeatable and have minor 

deviations between repeated tests, the occurrence of smoke explosion for compartment 

fires with highly packed cribs appears to be inconsistent. This inconsistency is also 

apparent from comparing the results of the crib D experiments to Chen’s experiments 

results [25]. The inconsistency of occurrence of smoke explosion in porosity-

controlled fires could be triggered by the inconsistency of ignition, fuel material, 

ambient condition and the compartment hatch closing time after ignition. 
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Chapter 10: Conclusions 

The incentive of this thesis was to understand the smoke explosion phenomenon 

and the compartment fire conditions that led to its occurrence. This study started with 

a comprehensive review of the previous compartment fire experiments at the 

University of Canterbury on this topic [24, 25]. After reviewing the results of the 

previous experiments, it was concluded (based on the available data) that the MLR and 

HRR (excluding the possibility of smoke explosion occurrence) are nearly independent 

of the fuel elevation but depend on the ventilation parameter. 

The ventilation parameter in the enclosure fire textbooks (introduced first by 

Kawagoe [34]) is for compartment fire with a single opening. In this study, a novel 

ventilation parameter �H2∆ℎ�3  is introduced for the compartment with two openings 

as explained and derived in detail in section 3.3 and 3.5.3 [27], where A is the opening 

area, and ∆ℎ� is the distance between the centres of the two openings. The HRR and 

MLR of the underventilated fire are found to be proportional to this novel ventilation 

parameter as: 

Q+ = 4,000�H2∆ℎ�3        (kW) Eq. 87 

I+ . = 0.40�H2∆ℎ�3       2(;/<3            Eq. 88 

For an underventilated fire in a compartment with two openings when all 

combustion occurs inside the enclosure (no flames exist outside the opening), the air 

mass inflow rate is found as below with the assumption that all incoming oxygen is 

consumed inside the compartment: 

I+ � = 1.33 �H2∆ℎ�3      2(;/<3            Eq. 89 

The above mass flow rate of incoming air found experimentally for the 

compartment with two openings agree with the theoretical air inflow rate found by 

using vent flow correlations (as below): 

I+ �,Fn = 1.26�H2∆ℎ�3     2(;/<3 Eq. 90 

As the experimental and theoretical air inflow rates almost match, the 

assumption that the air inflow rate is independent of the gas temperatures inside the 
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enclosure (for gas temperature ranging between 600 to 900 K) is valid. This finding is 

also verified by the experiments conducted in this study, as reported in Chapter 8. As 

noted, the air inflow rates were constant throughout the tests, excluding the growth 

period for highly packed (non-porous) cribs, i.e., crib porosity of less than 0.05 cm.  

The transition between the porosity-controlled crib fire (Regime 3) to surface 

controlled crib fire is found to occur between P=0.03 to 0.05 cm, which is in line with 

Croce and Xin’s study [43]. When the crib fire in the compartment is porosity-

controlled, the air inflow rate to the compartment is generally controlled by the airflow 

rate into the crib. As the fire spreads to the external surface of the crib and becomes 

surface controlled, the air inflow rate grows and reaches the steady-state air inflow rate 

(independent from compartment temperature), which is proportional to the 

compartment ventilation factor.  

Attempts were made to characterise the smoke species and equivalence ratio of 

combustion products of timber fuel to their flammability limits, which has been found 

challenging. Instead, the flammability limits and flammability diagram 

(underventilated conditions) of MDF and plywood pyrolysate gases extracted in 

anaerobic conditions are found. The flammability test is conducted via a novel smoke 

generating apparatus using the flammability tube test similar to the U.S. Bureau of 

Mines flammability apparatus [56, 57]. The flammability diagrams are plotted in Fig. 

5-6 and Fig. 5-8. The flammability limits, LOC, gas concentrations and stoichiometric 

fuel to air ratio of the MDF fuel pyrolysate gases are determined as reported in Table 

5-5. Moreover, it was found that the flammability limits of the aged pyrolysate gases 

slightly reduce over time. 

An enhanced Phi-meter apparatus is developed for the smoke explosion 

experiments to measure the real-time averaged ER of the combustion. The Phi-meter 

correlations are developed by following Babrauskas et al.’s [100] method when CO2 

and CO gas analysers are present. The benefits of the enhanced Phi-meter are 

explained, including increased accuracy for severely underventilated fires and 

eliminating the need to have Ascarite chemical sorbent for CO2 removal. The enhanced 

Phi-meter is calibrated by measuring ER of known methane/propane fuel and air 

mixtures. The Phi-meter is used to correlate the CO and THC yields for MDF and LPG 

fuel fires to the ER. The CO and THC yields correlated to ER can be used in 

compartment fire modellings. The Phi-meter is also used to verify the stoichiometric 
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fuel to air ratio of the MDF fuel as a solid fuel that its chemical formula would change 

continuously while undergoing pyrolysis. The same procedure is suggested to identify 

the stoichiometric fuel to air ratio of unknown fuels and solid fuels. 

LPG gas fire tests were conducted in the compartment with two openings, and 

the maximum equivalence ratio that was reached was 2.0. In the ER between 1.5 to 

2.0, frequent rapid flame propagations through the bottom vent occurred in the 

compartment. These propagations were somehow similar to the smoke explosion 

(although the smaller flame length and pressure rise) as was unforeseen with no change 

of compartment ventilation condition. The compartment temperature was found near 

700 °C, and the CO% and THC% were well above fuel mixtures LFL. The THC% was 

higher than CO% for LPG gas fuel, which is generally in contrast to MDF crib fuel 

compartment fires. 

The MDF crib fire tests are completed both in the compartment and in free-burn 

conditions.  

Smoke explosions occurred in five experiments out of 14 various variations of 

crib type and compartment ventilation. Out of those five experiments with smoke 

explosions, two (141-D and 71-C) had relatively low pressure-rise, and the gas 

concentrations of the upper layer were not forming a flammable mixture. Prior to the 

weak smoke explosions, combustion was flaming. In these two experiments, the 

unburned fuel mixture could have become flammable locally (like a ghosting fire 

flame movement) and not the entire compartment filled with unburned fuel gases 

within flammable range. These two tests were considered as false-positives and despite 

the similarity to smoke explosions in terms of the flame ejection, they have considered 

propagations caused by other events, e.g., flashover or ghosting flame propagations or 

plume ignition similar to Fig. 9-2. Therefore, three experiments led to actual smoke 

explosion, which where 100-A, 100-B and 100-D.  

It was concluded that both highly packed timber cribs (crib D) and porous cribs 

(crib A and B) could lead to smoke explosions. Also, it is confirmed here that a 

smouldering decay is crucial to happen prior to the smoke explosion with MDF crib 

fuel. The smouldering decay causes the oxygen concentration to rapidly increase as 

the combustion’s consumption of oxygen (and HRR) drastically drop, but the 

incoming air (and oxygen) to the compartment remains steady (as proven in Chapter 3 

and confirmed by experiments). The increased oxygen concentration within the 
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compartment and mixing with the unburned fuel (primarily CO and hydrocarbons) 

could form a flammable mixture, i.e., O2% > LOC and fuel concentration exceeding 

the fuel mixture’s LFL. While in the MDF crib experiments, smouldering decay caused 

smoke explosions to occur, a broader conclusion would be that the fuel geometry is 

influential in the occurrence of smoke explosion. 

Although both densely packed cribs (crib D) and loosely-packed cribs (crib A 

and B) can lead to the occurrence of smoke explosions, the conditions before the smoke 

explosion are different and can be distinguished based on cribs porosity. Different 

behaviours are described as follows: 

• For the densely-packed cribs, the fire within the compartment is porosity-

controlled, and the concentration of the unburned fuel is higher (than the 

more porous crib fires). Therefore, after the fire transitions to smouldering, 

O2% exceeds the LOC, and oxygen and fuel mixture becomes flammable 

that led to smoke explosion. The duration of the smouldering decay stage 

prior to the smoke explosion was lower than 70 seconds, for 100-D 

experiment. 

• For the more porous cribs (100-A and 100-B) fire scenario, crib fire is 

surface controlled, and the compartment ventilation condition controls the 

overall burning rate in under-ventilated fire conditions. The rate of 

generation of excess pyrolysate and unburned fuel is found lower than the 

fire scenario with less porous crib. Following the transition to the 

smouldering decay, oxygen concentration exceeds the LOC, but the fuel 

concentration is insufficient to form a flammable mixture. During the 

smouldering decay, the concentration of the unburned fuel gradually 

increases and eventually forms a flammable mixture leading to a smoke 

explosion. The smouldering decay duration in these experiments was 

generally long (about 8 minutes for 100-A and 100-B experiments). The crib 

with higher porosity would have a longer smouldering decay stage prior to 

the occurrence of smoke explosion. 

Such difference in the behaviour between porous and non-porous crib tests can be 

observed by comparing the gas concentration trends in Fig. 8-52 and Fig. 8-78. Also, 

the gas concentrations are depicted in the flammability diagram, which shows the 
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difference in the trend of concentration changes before falling into the flammable 

region (Fig. 9-15) and causing smoke explosions. 

There were other smouldering experiments that led to having a flammable 

mixture within the compartment but did not lead to smoke explosions (71-A to 71-C). 

In these experiments, during the period where the compartment gases were within the 

flammable range, compartment temperature (mid-level rear thermocouple) was less 

than 300 °C. For experiments with smoke explosions, the compartment temperature 

immediately before the occurrence of smoke explosions was at least 330 °C. The 

MLRs of the experiments that led to smoke explosions were between 3.5 to 4.0 g/s, 

which was about twice the MLR of 71-A to 71-C experiments. However, the HRRs 

difference was smaller than the MLR deviation.  This can be interpreted that the rate 

of accumulation of unburned fuel in the compartment for 71-A to 71-C experiments 

was lower than the experiments that led to smoke explosions. A robust justification for 

why the 71-A to 71-C experiments did not lead to smoke explosion has not been found. 

When the gas mixture is envisaged flammable, the exhausting gas is ignited using a 

naked torch flame and found flammable. 

The occurrence of smoke explosions in more porous cribs (crib A and B) is 

relatively consistent and repeatable. This consistency for loosely packed cribs is unlike 

the densely packed cribs, as it appears the less porous cribs are influenced further by 

the experiment uncertainties, e.g., cribs ignition. In less porous cribs, the occurrence 

of smoke explosions was found inconsistent, which could be related to the 

uncertainties in the ignition, consistency of material, ambient condition, and the time 

the compartment hatch is kept open to allow the fire to be established. The less porous 

cribs burning behaviour would be affected by ignition uncertainties as the fire is 

generally within the crib in the fire growth stage, and partial collapse or change in the 

crib’s geometry could affect the incoming air into the crib and the burning rate. 

Different combustion scenarios experienced in the tests are plotted in Fig. 9-12 

based on the crib’s porosity and compartment openings diameter. The smoke 

explosions and the weak propagations (similar to smoke explosions) occurred in the 

borderline between the region that the crib had flaming combustion (throughout the 

experiment) and smouldering combustion (throughout the test). The temporary 

transition from flaming combustion to smouldering combustion has led to the 
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occurrence of smoke explosions. Again, such transition can occur in crib types that 

would have porosity-controlled or surface-controlled fires. 

The averaged equivalence ratio of the compartment immediately before the 

occurrence of smoke explosions were found between 1.5 to 2.0. These ER’s were in 

line with the ER of the LPG gas fire when flame propagations ejecting the bottom vent 

occurred. Where ER was higher than 2.0, the oxygen concentration was insufficient 

(O2% < LOC) to form a flammable mix. Also, in ER’s of less than 1.5, the fuel mixture 

was lower than LFL of the fuel mix. 

The CO and THC yields are determined as a function of ER for both LPG and 

MDF fuels in the compartment fire with different ventilation conditions, and r-squared 

errors are provided (Fig.9-21 to Fig. 9-24) 

The fuel concentrations (sum of CO% and THC%) were found above 7.8% in 

all cases immediately before smoke explosions (Table 9-2); i.e., above the LFL of the 

fuel mixture. Unlike what was suggested in the previous studies [25], both CO and 

hydrocarbon yields are found crucially important for smoke explosions to happen. The 

O2% before smoke explosions varies between 6.9% to 10.3% but is found generally 

higher than 9%, which is what proposed in this study as the LOC of MDF pyrolysate 

gas (Table 5-5). In the tests with multiple smoke explosions, the first smoke explosions 

happened when oxygen concentration was between 9.1% to 9.6%.  

The development of fire and smoke explosion in the underventilation 

compartment fires of this study using MDF-crib fuel is as per the flowchart shown in  

Fig. 10-1, which used the same classification used in Fig. 9-12. 
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Fig. 10-1: Flowchart of development of fire and smoke explosions of this study 
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Chapter 11: Insights and Future Studies 

Future research efforts that would expand the findings of this study are 

recommended here: 

i. In Chapter 4, the configuration of a smoke generator apparatus is described 

that is utilised to assess the flammability of timber pellet smoke product of 

combustion reaction that at times found flammable. Such a smoke generator 

apparatus can be further developed to characterise the smoke species and 

equivalence ratio of combustion of various fuels and assess their flammability. 

When conducting the exploratory experiments with the smoke generator 

apparatus described in Chapter 4, the Phi-meter and gas analysers were not 

available.  

Future work could focus on modifying the revised smoke generator to quantify 

the generated smoke flow. The generated smoke could be analysed to quantify 

THC, CO, CO2, and H2O continuously. Such measurements would allow 

plotting the flammability diagram of smoke for various fuels. Similar to the 

diagrams developed by Zabetakis [56] for pure gas mixtures. A phi-meter 

could be used in this setup to measure the real-time equivalence ratio instead 

of measuring the air inflows, which are found challenging to measure. 

Measuring the ER of the combustion process in a small flexible apparatus 

while checking the flammability of the smoke products would assist in 

characterising the flammability of smoke of different products based on the 

ER.  

ii. In Chapter 5, the flammability limits and flammability diagram for MDF and 

plywood pyrolysis gases are determined in anaerobic conditions. The 

flammability limits and LOC found here is for pyrolysis gases, and moisture 

and aerosols are removed from the gas sample used for the flammability test. 

As the flammability diagram is developed in anaerobic conditions, the effect 

of water vapour, soot and aerosols that are filtered from the system are 

neglected. A subsequent study on gas yields measurement of the pyrolysate 
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gases (hydrocarbons, CO, CO2 and H2O) prior to the flammability test using a 

TGA/FTIR methodology is suggested for more accurate results. 

iii. Modern methods to calculate flammability limits of smoke mixtures under 

combustion conditions can be designed and used further to investigate the 

effect of smoke in fire spread. The experiments conducted in Chapter 4 and 

Chapter 5 of this study could be insightful for future studies assessing the 

flammability limits of smoke mixtures under combustion conditions. 

iv. In Chapter 5, the pyrolysis chamber has heated up with a constant HRR to 

reach a pyrolysis temperature of between 300 to 450 ºC. Investigating the 

effect of the burner heat release rate and pyrolysis temperature on the 

flammability limits of the pyrolysate gases need further investigation. Multiple 

burner heat release rates can be examined, and the pyrolysis chamber can be 

improved to accommodate thermocouples to estimate the pyrolysis 

temperature for thermally thick materials. As noted in section 5.2.2, Li and Li 

reported that MDF pyrolysis could be split into three stages, characterised by 

temperature, mass loss of the MDF fuel undergoing pyrolysis [86]. The 

flammability limits of the pyrolysate gases generated in different pyrolysis 

temperature regimes are suggested to be examined in future studies.  

v. In Chapter 5, the flammability of pyrolysate gases is characterised for MDF 

and plywood fuels. Future studies could consider using the pyrolysate gas 

generator apparatus for various other fuels, e.g., polyurethane foam, to analyse 

the flammability limits of their pyrolysate gases. 

vi. In Chapter 6, the smoke explosion setup and instrumentation were described. 

The compartment gases are sampled via a sampling tube below the ceiling 

(smoke layer). Another set of gas analysers and Phi-meter could be used (as 

well as another sampling probe in the lower level) to measure the gas 

concentrations in the lower level and assess the formation of flammable 

mixtures and O2% in the lower height of the underventilated fire conditions. 

Analysing spatial gas concentrations in the compartment could be considered 

in future research of the smoke explosion. 

vii. Experimental challenges encountered during the smoke explosion 

experiments are listed in section 6.9. In future compartment fire tests, care 
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should be given to mitigate the risk of sample lines clogging for dirty samples. 

Also, methods like pressure vacuum testing could be used before each test to 

ensure the compartment is sealed prior to each experiment. Due to the high 

temperature at the crib, the acetone pool fire tray used for ignition was slightly 

deformed and required hammer smithing. The levelling of the pool fire tray 

may affect the burning behaviour of densely packed cribs, and care must be 

given to the design of such a tray in future to increase consistency. 

viii. In Chapter 7, the development, correlations, and application of the enhanced 

Phi-meter are explained. The enhanced Phi-meter can be further utilised for: 

• Characterising the combustion yields including CO, and THC in terms 

of equivalence ratio for various fuels. 

• Characterising the external flame size through the compartment vent 

for underventilated compartment fires. This could be useful in 

optimising the spandrels design for multi-storey buildings [108]. 

• Characterising equivalence ratio of compartment fires before the 

occurrence of other types of compartment deflagrations, e.g., 

backdraft. 

ix. Chapters 8 and 9 describe the test results conducted in this study. The effect 

of crib location of the compartment fire behaviour and its effect on smoke 

explosion is not investigated further in this study, although the results of 

Chen’s study are analysed (Chapter 3). The effect of crib location (primarily 

height) as well as various fuel geometries that are more practical e.g., 

compartment timber lining on smoke explosion could be investigated.  

x. A mathematical model for under-ventilation compartment fire can be 

developed to obtain theoretical quantities for pyrolysis rate and gas 

temperatures compared with the experimental values developed here. Such 

theoretical studies could provide insight for predicting the quantity of 

unburned fuel exhausting the compartment, which can be utilised to determine 

the dimension of external flames and help optimise geometries of building 

features, e.g., spandrel and aprons. Moreover, developing a model that can 

estimate the unburned fuel within the compartment may help knowing if the 
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concentration of the unburned fuel could be within flammability limits and 

phenomena like smoke explosion and backdraft are likely.  

xi. Computational fluid dynamics (CFD) models (e.g., FDS pyrolysis model) can 

be used to model the propane and MDF crib fires to assess the validity CFD 

model results based on the experimental measurements. 

xii. The smoke explosions' intensity, dimensions, and flame speed can be 

characterised based on the duration of the smouldering decay, gas species 

concentrations, and ER within the compartment. This assessment requires 

finding a more comprehensive range of experiments that lead to smoke 

explosions. 
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Appendices  

Appendix A 

Examiners Comments 

The thesis has been examined by two external examiners and examiners report 

was submitted to the author before the oral examination. The authors response to the 

external reviewers’ queries was prepared prior to the oral examination session and 

discussed in the oral session. In this amendment, the examiners comments and the 

author’s responses are provided: 

I. Questions by the first examiner 

Question Answer 

1. How did you apply 

experimental methodology 

in your work to define the 

test matrix in your tests? 

The intent was to keep the variables minimised as the nature of the 

experiments were complex enough. 

We had data from Chen that MDF crib 30-6-12 in the compartment with 

100 mm opening sizes led to smoke explosion. We intended to keep this 

arrangement as a benchmark and proposed variations to this arrangement 

in terms of fuel and ventilation to see how they affect SE occurrence. 

To change the fuel, we kept the crib material and mass similar i.e., MDF 

and L=30×6×12=2160 cm of 3 cm × 3 cm profile MDF 

Other cribs are also: 

L=36×4×15=2160 m of 3 cm × 3 cm profile MDF 

L=36×5×12=2160 m of 3 cm × 3 cm profile MDF 

L=36×6×10=2160 m of 3 cm × 3 cm profile MDF 

This way, although we changed the porosity of the crib, but with kept the 

mass identical. However, another variable that appeared here was the 

height (and width) of the crib that changed with the porosity. We 

understood the height of the crib may affect the occurrence of SE, 

however based on the assessment we have done on Chen’s results 

(Chapter 3) we demonstrated that the effect of fuel elevation (hence fuel 

height) is minor and more affect the incipient phase. Higher fuel location 

makes the incipient phase longer. Also, the crib height is factored in the 

crib porosity for constant crib mass. 

Therefore, crib fuel is chosen to cover the various regions of the below 

curve, described in Chapter 2: 
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The experiments of this study are to have similar ventilation openings 

used in previous studies, i.e., 50 mm, 71 mm, and 100 mm diameter 

openings as well as 141 mm which is additional to previous studies. 141 

mm is added as 100 mm vent size led to smoke explosions, so a larger 

ventilation size (than 100 mm) is considered to be examined. The 

ventilation diameters are chosen in a way that each makes a ventilation 

area twice of the lower size e.g., ventilation area of opening with 141 

mm diameter is twice the size of 100 mm diameter opening. 

2. What would be 

implications if not circular 

vents would be used but 

square or rectangular? 

Would the uncertainty 

increase? 

Two circular vents were used as idealised openings so to be able to 

measure the inflow and outflow rates directly by pressure difference 

measurements and using orifice flow coefficient.  

This is to reduce the uncertainty of direct flow measurements compared 

to having rectangular or square shaped openings. For circular openings, 

the fluid mechanics textbook correlations for orifice plates can be used to 

estimate the C-factor based on the Reynolds number, e.g., Fox and 

McDonalds Fluid Mechanics textbook [65]: 

� = 0.5959 + 0.0312��.! − 0.184�Þ + 
!.à!��.�
��»�.��   

3. What was your 

contribution in the different 

papers of your work? Can 

you explain that shortly for 

me? 

Underventilated compartment fire with two vents Paper [27]: 

Reanalysing the results of Chen’s experiments and analysis of the 

collected data, preparation of the published paper. 

Flammability of timber pyrolysis paper [29]: Undertaking the 

experiments specially for diluted mixtures, analysis of the collected data, 

plotting the flammability diagrams, comparisons to biofuel studies and 

preparation of the publication 

Enhanced Phi-meter paper [30]: Undertaking methane calibrations as 

well as LPG gas and MDF crib experiments, analysis of the collected 

data for my experiments, reviewing pool fire experiments by Anthony 

Parkes and analysis of his data, and preparation of the publication 
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Smoke generator Apparatus conference paper [28]: Undertaking the 

experiments, proposed deviations to the setup, analysis and preparation 

of the publication, also presentation in Interflam 2016 

4. Would it possible to 

further improve your two 

smoke generating 

apparatuses or do you 

believe one should focus on 

the work performed in 

chapter 5 with the pyrolysis 

gas generators? 

There are still improvements that can be done to the smoke generator 

apparatus to measure flammability of smoke. The benefit of the smoke 

generator apparatus is to measure flammability of combustion smoke 

compared to the pyrolysis gas generator which generates pyrolysis gas 

(more artificial). When we started experimenting with the smoke 

generators, the gas analysing system was not ready. A real-time gas 

analysis and ER measurements using Phi-meter through the exhaust of 

the smoke generator could give valuable datapoints about flammability 

of smoke of various fuels.  

A setup with smoke generator and FTT would be ideal, however we 

could not find a feasible arrangement of smoke generator and 

flammability tube that can easily run. Also, care should be given to the 

delay time of the measurements and the flow required for measurement 

that must be extracted from the system continuously.  

While there are challenges, focusing on smoke generator may be 

beneficial in characterising the flammability of smoke of various 

material based on ER and gas concentrations.  

Smoke generator may need to be upscaled so to have higher burning rate 

and higher smoke generation rate allowing to take sufficient sampling for 

measurement without affecting its flammability. 

Pyrolysis gas flammability analysis is the far end of the spectrum. Using 

this method, measurement of flammability of smoke may have less 

uncertainty. 

5. Is the use of pellets a good 

way to represent MDF? 

What could be the 

differences? 

Pellet would be more consistent to MDF as MDF density changes over 

its thickness. Pellet does not have formaldehyde and could be formed 

from various wood types and be better for testing, but we used MDF for 

smoke explosion experiments to be consistent with previous SE research. 

Timber pellets that are generally made from compacted timber waste are 

chosen to have relatively consistent fuel characteristics. The timber 

pellets used for this study are made of a mixture of pinus radiata and 

Douglas fir with a bulk density of less than 650 kg/m3.  The pellets are 

typically held together by the natural lignin in the wood—typically no 

binder glue is needed. MDF composed of hardwood fibres (89.3%) and 

urea-formaldehyde resin (10.7%).  

Using pellets is not a good way to represent the MDF as MDF has appx. 

10% of the mass made of formaldehyde resin. However, the intention for 

the exploratory experiments were to build a purpose-built smoke 

generator that can be used for various solid fuels and timber pellets used 

as representation of a timber fuel as a broader fuel range. The experiment 

was not continued using MDF blocks/chips. 

The difference could be similar to the findings Pyrolysis chapter in 

which LFL of MDF is found higher than plywood (although plywood 

have glue as well) for fresh gas. The LFL of the aged gas is lower than 

the fresh gas which may imply that following condensation of the 
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aerosols in pyrolysis gas, the LFL diminish. Therefore, the LFL of 

pellets may be lower than MDF. 

6. Is your test set-up for 

flammability of pyrolysis 

gases from wood also 

applicable for other 

materials e.g. non charring? 

Non-charring fuels such as PU foam are believed that could be used in 

the pyrolysis chamber for flammability test. A future study is suggested 

to use such fuel. However, we have not experimented this. 

7. Have you considered to 

use also other apparatuses 

such as TGA or the FAA 

micro calorimeter? 

Not as part of this study. However, using TGA/FTIR methodology is 

suggested for future study to complement this study. 

The original intent of the study which was to find flammability of timber 

pyrolysis gas, LOC and CO and THC gas species for MDF pyrolysis gas 

are found using the current methodology. However, moisture and 

aerosols are removed from the gas sample used for the flammability test. 

Therefore, the results may deviate to the flammability limits of smoke in 

a compartment fire. This impact of moisture and aerosols removed from 

the fuel sample will be further investigated in subsequent studies. 

8. Any further specific 

advices for other researchers 

on your final test set-up. 

What would you have has 

highest priority? 

Having sample measurements at low level to see how the spatial 

dimension affect the gas concentrations. This would reveal further 

valuable data. 

9. What are the uncertainty 

levels for the Phi-meter your 

developed? 

Phi meter was calibrated firstly by having a measured mixture of 

methane gas and air as section 6.10.1 and 7.4. The theoretical and 

measured ERs were in agreement and error was <5% in all cases where 

the gas sampling tubes were clean. 

The enhanced Phi-meter formula is as below: 

∅ = 1 − B+2
�3B+2
�34 1 − B+2
�341 − B+2
�3 − B+2�
�3
+ 1B+2
�34 B+2
�3) − B+2
�341 − B+2
�34 1 − B+2
�341 − B+2
�3 − B+2�
�3 

Where B+2
�3)  is the oxygen mole fraction with extra oxygen added before 

the experiment, i.e., no fuel. Therefore, the uncertainty of the Phi-meter 

is dependent on the uncertainty level of the O2 and CO2. The uncertainty 

of the instruments used for Phi-meter are as below table, based on their 

manufacturer datasheets: 

   

While no comprehensive uncertainty analysis is conducted, Babrauskas 

et al. [100] demonstrated that the uncertainty of the Phi-meter is 

expected to be < 5%. Below are the snips from Babrauskas paper 
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regarding uncertainty analysis. It is understood that the uncertainty of the 

enhanced Phi-meter would be lower than the 5% uncertainty reported by 

Babrauskas et al.:  

10. Your tests on cribs have 

been using MDF. What 

would be the implications if 

one should have used solid 

wood? 

Processed timber has isotropic texture whereas natural wood typically 

has orthotropic pattern. Study by Baroudi et. al.1 compared the topology 

of crack patterns observed on the surface of charred wood and particle 

fibreboard. As observed, for fir wood, the cracks are formed as a 1D 

pattern perpendicular to the wood grain direction. The distance between 

the cracks is roughly constant in each of the experiments. However, 

MDF showed 2D-patterns with mirror symmetries across the diagonals 

of the square samples. Therefore, timber crib made with MDF sticks 

would have a more consistent burning behaviour compared to wood crib, 

where macro cracks formed around the nodes may lead to major cracks 

and early crib collapse. 

Although MDF’s density may change through its thickness, but wood 

may still cause more inconsistencies between similar experiments due to 

its change of texture (e.g., nodes etc.). This could influence the 

occurrence of SE specially in the ventilation-controlled crib fires. In 

ventilation-controlled fires, the oxygen was above LOC at SE and SE 

occurred when fuel exceeded the LFL.  

In porosity-controlled regime, O2% is lower than LOC and fuel conc. Is 

above LFL. Transition to smouldering causes O2% to rapidly rise and 

cause SE.  

 

 
1 D. Baroudi, A. Ferrantelli, K. Y. Li, S. Hostikka, “A thermomechanical explanation for the topology 

of crack patterns observed on the surface of charred wood and particle fibreboard”, Combustion and 

Flame, 2017 
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In most experiments the crib remained intact and kept its form 

throughout the length of the experiment, as described in Chapter 8. 

11. If you would have 

mixture of different 

materials or products in the 

room, would it be possible to 

apply your theories and 

equations? Which one could 

be applied, Which ones not? 

Vent flow theories and equations for compartment with two openings are 

derived with the assumption of underventilation fire in the compartment 

temperatures of between 600 to 900 K, as well as having uniform 

temperature. Compartment temperature is affected from compartment 

ventilation, fuel burning rate and compartment properties e.g., insulation.  

Therefore, the introduced theories would not apply for well-ventilated 

conditions i.e., large openings, or fuels/combustion with low HRR. 

Moreover, the simplified theory is applicable for compartment fire 

conditions having uniform temperature of between 600 to 900 K. Based 

on this simplified theory and these assumptions, it is shown in Chapter 3 

that the HRR is independent of the fuel location and type. 

12. Would the novel 

technique of the vent flows 

also be applicable for vents 

with different diameter? 

Yes, same approach could be applied if the air inflow and smoke outflow 

are unidirectional through vents i.e., neutral plain is between the 

openings. Considering different size openings: 

 I+ � = I+ � + I+ . 

�_£_ÁΔp_Á = ��H�|Δp�|+ I+ .  

considering I+ . = 0 and æ� and æú being respectively the top and 

bottom vent opening areas, the pressure difference (hence the air inflow 

rate) is proven to be nearly constant for compartment temperatures 

between 600-900 K: 

ÁΔp_Á = |Δp�| ÎtÎÈ oæúæ�b�
                                            (1) 

|Δp�| + ÁΔp_Á = :� − _>;∆ℎ�                           (2) 

|Δp�| = � ;∆ℎ� ![ÔtÔÈ!�ÔÈÔtoæúæ�b� 

For compartment temperatures between 600-900 K, i.e., 2 < 
�È�t < 3: 
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The error in such method would increase if area of top vent is more than 

twice the area of incoming air (top curve). 

13. Do you feel the thermal 

insulation of the rooms 

could have a high impact on 

the onset of a smoke 

explosion? 

Based on our simplified theoretical analysis, which is also supported by 

the experiments, the air inflow is independent from compartment 

temperature, when the compartment temperature is uniform and between 

600 to 900 K. When crib fire is compartment ventilation-controlled, as 

long as insulation does not affect the temperature to go beyond 900 K, or 

under 600 K, the air inflow rate and HRR would not change much.  

The minimum compartment temperature (middle rear thermocouple) 

prior to occurrence a smoke explosion is found 330 °C (600 K).  

Based on above finding we expect that the insulation of the compartment 

not majorly affect the occurrence of smoke explosion as the air inflow 

(O2%) and pyrolysis rate are found to be independent of the compartment 

temperature (within 600 – 900 K range). 

Moreover, the effect of temperature on the LFL of the hydrocarbon fuels 

is also minor as depicted in the below diagram found by Zabetakis [56].  

 

14. What would you 

consider as the major 

contribution to the field of 

FSE? 

Our contributions to the wider community of the Fire Safety Engineering 

inclusive of the academic society are: 

- Awareness of the smoke explosion phenomenon and how it is 

different from backdraft,  

- Explaining the process of the occurrence of smoke explosion and 

some of its pre-requisites such as equivalence ratio of the 

compartment prior to the occurrence of smoke explosion 

- Developing an enhanced Phi-meter considering using CO2 analyser, 

- Providing flammability diagram for MDF and Plywood pyrolysis 

gases 

- Introducing an experimental setup for analysis of flammability of 

smoke or pyrolysis gas 
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- Introducing a novel ventilation parameter and developing a 

technique for calculating the vent flows in the compartment with 

two openings  

15. With your results in hand 

now, what would you do 

differently? 

- Improving the gas conditioning system incl. identifying and lagging 

the gas conditioning system cold points, replacing the inner tube of 

heated sample lines with steel tubes (instead of PTFE which 

melted/choked) on a few occasions, using larger flanges and filters, 

using MFC of better resolution depending on the expected flow rate, 

using larger hood and longer down-stands for HRR  

- Using other fuel configurations such as compartment linings or pool 

fires with expected HRRs and ERs similar to the ventilation-

controlled experiments that led to SE to see if SE occurs 

- For MDF crib fires, narrowing down the experimental matrix further 

around the porosity and ventilation 

- Complement the compartment fire setup with sample lines in the 

lower level, potentially with a valve so that we can measure the gas 

concentrations in low level 

- Enhancing the setup of smoke generator apparatus so to analyse the 

smoke gas and have it connected to the flammability tube and the 

gas conditioning system  

16. What would be your 

priority if you or somebody 

else wants to continue with 

the work? 

- Spatial gas sampling and measurements within the compartment 

- Change of fuel to non-crib fuels (e.g., could be compartment linings) 

as crib porosity brought in further complexity to the inherently 

complex experimental setup. This study shown that SE can occur for 

both porosity-controlled and surface-controlled fuels, so my 

suggestion would be to further focus on surface-controlled fuels to 

reduce uncertainty of the experiments  

- Using pool fires with expected HRRs and ERs similar to the 

ventilation-controlled experiments that led to SE to see if SE occurs 

- Further use of the enhanced Phi-meter for various applications such 

as characterising the external flame dimension in underventilated 

fires as a function of ER 
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II. Questions by the second examiner 

Question Answer 

1. For a manuscript that is 

focused on the 

experimental 

characterization of smoke 

explosions including the 

development of 

instrumentation there is a 

noticeable lack of 

discussion of experimental 

uncertainty. This is of 

particular importance 

when presenting thresholds 

for where a smoke 

explosion can/cannot occur 

or for comparing 

measured/theoretical 

values. I would like to see 

some additional 

commentary on expected 

uncertainties in 

measurements and how 

that may or may not 

impact some of the 

conclusions. 

The occurrence of SE was recorded for each experiment on cameras and was 

related to fuel and ventilation condition. A comprehensive consistency 

analysis considering all variables such as ambient conditions, ignition, fuel 

texture and accumulated soot on compartment surfaces etc., are unfeasible. 

However, parameters we had controlled over such as ignition, sampling lines, 

fuel moisture content, etc., were attempted to be kept constant in different 

experiments. Therefore, the uncertainty of the experiments in terms of the 

occurrence of SE is considered minor. Such minor uncertainty is impractical 

to measure.  

The smoke explosion is considered as the propagation event with external 

flames ejecting from the compartment (visually determined), and pressure rise 

in excess of 50 Pa. As the pressure rise between the false-positives and smoke 

explosions where considerable (at least 400 Pa), the uncertainty of considering 

or not considering propagation events as smoke explosions is negligible. 

The uncertainties of the instruments and measurements were as below 

(discussed in Chapter 6 of the thesis): 

- HRR: the orifice plate discharge coefficient is calibrated before each test 

by running a 30 kW (propane) gas fire under the hood for a minimum of 

15 minutes. The C-factor was then calibrated before each test to have a 

measured HRR of 30 kW and orifice flow correlation in its general form 

is used to find the flow rate in the HRR duct. The orifice C-factor is found 

to vary between 0.5 to 0.7 at the beginning of each test. This change of 

the C-factor is mainly owed to the accumulation of soot at the orifice 

plate of the duct used for HRR calculation based on oxygen depletion 

method.  

Also, while completing the initial gas fuel tests, it was found that the 

HRR measurement and their fluctuations were quite coarse owing to the 

rough oxygen concentration measurements. It was found that the oxygen 

concentration measuring range is auto-calibrated to cover the range 

between 0% to 100%. By refining the range of oxygen measurements to 

between 0% to 21%, the oxygen measurements were found to be about 

five times finer, resolving the coarse measurement of HRR.  

While the accuracy of the measured HRR was found to be agreeing with 

the theoretical HRR in the LPG calibration test, we expect that the actual 

experiments have additional HRR uncertainty as all the exhaust smoke 

was required to be captured by the HRR hood, but at times it was 

apparent that pockets of smoke would escape the down stand installed 

underneath the hood. 

While a thorough uncertainty analysis is not conducted for the HRR 

measurements, considering the propane HRR test prior to HRR 

measurements, the uncertainty of HRR is estimated to be ±10%. Such 

accuracy is deemed to be sufficient for the purpose of this study. 

Moreover, the HRR measured using oxygen depletion method is 

generally found to be in agreement with HRR measurements found using 
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air inflow measurements and heat of combustion of air’s oxygen as 

described in Chapter 8. 

- Phi-meter: Uncertainty of Phi-meter is described in response to Question 

9 of the other examiner. 

- The uncertainties of FID analyser are very low (<0.1%) but the more 

significant uncertainty of THC measurements was expected to be caused 

by flow measurements i.e., flow meter and MFCs. The MFCs were set 

and calibrated to a constant volume of diluent nitrogen. However, the 

flow meter measuring sample intake could have had minor fluctuations 

over time with soot build up. In a few times the flowmeter was filmed 

through the entire experiment. The error is believed to be < 10% in all 

cases. 

- Ultramat/Oxymat variation expected to be < 0.75%. 

- MLR measurements error < 0.1%. 

Of more significance is the air inflow and smoke outflow measurements. This 

is because of having an orifice plate measurement. During an experiment, the 

gas temperature changes, a bit of tar could form at the orifices and gas species 

and their properties changed. The pressure was measured in the same expected 

barometric plane which could be different to the actual pressure at the 

opening. Expected error was expected to be lower than ±20% because of the 

agreement of the HRR measured using air inflow rate in underventilated 

conditions, in comparison to HRR direct measurements. 

2. For the experiments 

where a smoke explosion 

occurred, there was 

sufficient excess fuel at 

elevated temperature such 

that all that was needed 

was O2. In these 

experiments, that was 

provided via natural 

ventilation. Do you foresee 

a potential to set the inflow 

air with a mass flow 

controlled such that smoke 

explosions could be forced 

to occur in the scenarios 

where they did not occur 

naturally? 

Fig. 9-7 can be used for describing the answer to this question. As noted, 

smoke explosion could occur in two distinct scenarios.  

a. Ventilation-controlled scenario (e.g., 100-A and 100-B experiments): SE 

happened in ventilation-controlled condition when O2% > LOC and fuel 

concentration raised to exceed LFL; then SE occurred. In this case, forcing air 

into the compartment will dilute the fuel concentration and prevent the 

occurrence of SE. 

b. Porosity-controlled scenario (e.g., 100-D): SE happened in porosity-

controlled condition when O2% < LOC and fuel concentration exceeded LFL. 

If forced air into the compartment is just enough so O2% exceeds LOC, while 

at the same time fuel concentration does not drop to lower than LFL; SE is 

likely to be forced to occur. Smoke explosion is defined in this study as a 

deflagration occurring with no change of ventilation. Therefore, whether such 

a forced deflagration can be called smoke explosion or not is debatable. 

3. Do you see an extension 

of this work to additional 

fuels/configurations? The 

closed thing we see to a 

wood cribs in the build 

environment are pallets but 

the spacing and design is 

different. 

Yes. Timber pallets could be used in larger scale experiments, but careful 

design is required to obtain potential ERs of between 1.5 to 2 within the 

compartment in the steady period, so the compartment fire may lead to SE. 

Moreover, medium scale experiments with fuels as compartments linings or 

even simpler fuel arrangements could be used, with the aim to create sustained 

compartment fire conditions in a fuel rich compartment (ER between 1.5 to 2). 

Using densely packed cribs or pallets would benefit experimenting the 

porosity-controlled compartment fire regime. 

 


