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Abstract 

Combinations of cumulative impacts of drought, invasive species, climate variability, and ever-

expanding wildland-urban interface make landscapes more susceptible to devastating wildland fires. To 

treat the increasing risks of wildland fires, one of the best ways is to prevent them from happening, which 

requires a solid understanding of the mechanisms driving the ignition of vegetation fuels. This can be 

achieved mainly through describing the pyrolysis and the ignition processes.  

For the pyrolysis process of vegetation fuels, there is a shortage of studies on the dynamic 

chemical evolution of pyrolysis gases. Concerning the ignition process, it is not clear how the critical 

mass loss rate and the heat release rate per unit area at ignition are influenced by different external 

conditions. 

Motivated by these challenges, two series of experiments were conducted using a modified cone 

calorimeter to understand the mechanisms driving the ignition of dead Pinus palustris needles. In the first 

set of experiments, Fourier-transform infrared spectroscopy (FTIR) was used to dynamically characterize 

the composition of the pyrolysis gases generated from the thermal degradation of pine needles exposed to 

various incident heat fluxes (20 and 30 kW/m2), and a nitrogen inflow of 50 l/min. In the second set of 

experiments, the ignition of pine needles was studied for varied incident heat fluxes (20 to 35 kW/m2) and 

air flow rates (buoyancy-induced, 50 and100 l/min forced flow).  

The results of the first series of experiments showed that methane (𝐶𝐻!), carbon monoxide (𝐶𝑂), 

carbon dioxide (𝐶𝑂"), and water vapor (𝐻"𝑂) were the main constituents of the pyrolysis gases. The 

predominance of these compounds was found to be independent of the external heat flux, while their 

concentrations were sensitive to it. The heat of combustion of the pyrolysis gas and the pyrolysis reaction 

rate were found to increase with increasing external heat fluxes. The results from the second series of 

experiments showed that the critical mass loss rate at ignition increased with both flow rates and heat 

flux, while the heat release rate per unit area at ignition was only significantly influenced by the flow 
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conditions. The analysis of the results suggests a significant contribution of smoldering combustion to the 

flaming ignition under low heat fluxes and high airflow rate conditions. 

Key words: Wildfire ignition, Pyrolysis gas evolution, FTIR spectrometry, Modified cone calorimeter 

 

  



III 
 

Acknowledgments 

I am very grateful to Dr. Juan Cuevas for his guidance and helping me revise this thesis over the 

whole year. I would also like to thank Prof. Albert Simeoni for his encouragement and guidance over the 

last two years, and Prof. James Urban for his suggestions for analyzing and presenting the results of the 

experiments.  

I must express my gratitude to the lab staff, Russell G. Lang, Brokaw Frederick, and Raymond 

Ranellone for their assistance with assembling the experimental set-up and training me on the use of the 

lab equipment. 

I also appreciate the care and support from Ms. Poirier and my friends: Abhi, Navya, Luke, and 

Jon. 

  



IV 
 

Table of Contents   

ABSTRACT I 

ACKNOWLEDGMENTS III 

TABLE OF CONTENTS IV 

NOMENCLATURE VI 

LIST OF FIGURES VIII 

LIST OF TABLES IX 

CHAPTER 1. INTRODUCTION 1 

1.1 Background 1 

1.2 Description of the Ignition Process 1 

1.3 Work of This Thesis 3 

1.4 A Brief Summary of This Thesis 3 

1.5 References 5 

CHAPTER 2. LITERATURE REVIEW AND THESIS OBJECTIVE 6 

2.1 Literature Review 6 

2.2 Research Gaps in Piloted Ignition 10 

2.3 Objectives of This Thesis 10 

2.4 References 11 

CHAPTER 3. EXPERIMENTAL METHODOLOGY 14 

3.1 Experimental set-up 14 

3.2 Sample preparation 17  

3.3 Experimental methods 18 

3.4 References 27 



V 
 

CHAPTER 4. RESULTS AND DISCUSSION 28 

4.1 Pyrolysis test 28 

4.2 Ignition tests 32 

4.3 References 41 

CHAPTER 5. CONCLUSION AND FUTURE WORK 42 

5.1 Conclusion 42 

5.2 Future work 42 

APPENDIX A. UNCERTAINTY ANALYSIS OF HEAT OF COMBUSTION EVALUATION 44 

 
  



VI 
 

Nomenclature 

ABS Absolute function 
c Specific heat (J/kg-K) 
CC Cone calorimeter 

CCP 
The product of concentration and pathlength of an FTIR 
spectrum (ppm-m) 

E Activation energy 
FMC Fuel moisture content (%) 
fps Frames per second 
FTIR Fourier transform infrared 
Hc Heat of combustion (kJ/g) 
HRR Heat relase rate (kW) 
HRRPUA Heat release rate per unit area at ignition (𝑘𝑊/𝑚") 
k Thermal conductivity (kW/m-K) 
L Absorption pathlength (m) 
LOD Limit of detection (ppm) 
m Mass (g) 
M Molecular weight (g/mol) 
𝑚̇ Mass loss rate (g/s) 
MIL Minimum instrumental linewidth (𝑐𝑚#$) 
MLRPUA Mass loss rate per unit area at ignition (𝑔/𝑚"𝑠) 
P Pressure (Pa) 
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R Ideal gas constant (J/mol-K) 
RSA Residual squared area (𝑎𝑏𝑠 − 𝑐𝑚#$) 
RWA Wavenumber accuracy (𝑐𝑚#$) 
T Temperature (°𝐶	𝑜𝑟	𝐾) 
tig Time to ignition (s) 
w Wavenumber 
X Mole fraction 
Y Mass fraction 

 

Greek symbols  
𝜌 Density (𝑘𝑔/𝑚%) 
𝜔 Reaction rate 
𝜎 Standard deviation 

 

Subscripts  
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ad After oven-drying 
amb Ambient 
bd Before oven-drying 
ch Chemical 
cor Correction 
cr Critical 
f Flame 
ig At ignition 
p Lower limit of a wavenumber range 
pyr Pyrolysis 
q Upper limit of a wavenumber range 
R Reference spectrum 
S Sample spectrum 
smold Smoldering 

 

Superscripts  
′′ Per unit area 
0 Initial 
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Chapter 1. INTRODUCTION 

1.1 Background  

There is an increasing risk of destructive wildland fires due to changing ecology as well as 

increased intermingling between human activities and undeveloped wildland. Combinations of 

cumulative impacts of drought, invasive species, climate variability [1], and the constant expansion of the 

wildland-urban interface make landscapes more susceptible to devastating fires.   

To reduce the loss from the result of wildfire, actions that can be taken include ignition 

prevention, vegetation fuel management, suppression response, and home ignition zone management [2]. 

Among these methods, one of the best ways to mitigate the risk of wildfire is to avoid unwanted ignitions, 

which requires a solid understanding of the ignition of vegetation fuels. 

In terms of ignition sources, wildland fires often occur with a pilot source where the flaming 

ignition is initiated by a localized energy supply to a mixture of gasified fuel and oxidizer. From reported 

cases, most wildland fires are caused by lighting, inappropriate fire use, smoking, and arson [3]. 

Therefore, to conduct a study that is representative of wildland fires, the topic of this thesis is the 

piloted flaming ignition of vegetation fuel. 

 

1.2 Description of the Ignition Process  

The piloted flaming ignition of the solid refers to the ignition of the fuel vapors driven off from 

the solid at the location of the pilot source. Thus, the key parameters controlling the occurrence of 

ignition are the concentration of fuel vapors released by pyrolysis, oxygen availability, and temperature. 

The pyrolysis process depends on the heat transfer in the solid phase for its decomposition [4], 

while it controls the amount of generated fuel vapor. Once exposed to an external heating source, the 

temperature of a solid will start to increase in depth, as shown in Figure 1.1. The temperature rise and 

distribution are mainly controlled by the material properties of the solid, which include the density (ρ), the 

thermal conductivity (k), and the specific heat (c). For vegetation fuels, the spatial structure (e.g., 
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porosity) also influences the heat transfer inside the solid. After the surface temperature of the solid 

reaches the pyrolysis temperature, the solid fuel degrades and producing significant gaseous fuel and 

product gases. The generation rate of the fuel vapor also referred to as the pyrolysis rate, is commonly 

described by Arrhenius-type functions, as shown in Eq (1.1) [5]. From the equation, a rise in temperature 

increases the rate of pyrolysis. 

𝜔̇ = 𝐴𝑒#
!
"#𝑓(𝛼)	         Eq (1.1) 

where 𝜔̇ is the reaction rate, 𝐴 is the pre-exponential factor; E is the activation energy; R is the ideal gas 

constant; T is the solid fuel temperature; and 𝑓(𝛼) is the kinetic reaction mechanism. 

 
Figure 1.1 Schematic of the process occurring as a solid material undergoes heating before ignition induced by an 

external  energy source [6] 

The influence of the fuel properties on the pyrolysis rate is implicitly indicated by E in Eq (1.1). For 

example, Liu et al. [7] reported values of E for different temperature ranges during the decomposition of a 

total of 16 plant species and found that E varies with the species. 

After pyrolysis occurs, a sufficient concentration of fuel vapor and energy is required for ignition 

to occur [8]. 

The concentration of the fuel vapor generated from pyrolysis is required to be within the 

flammability limit, which depends on the given mixture of fuel vapor and air, to achieve the ignition 

conditions [8]. The generated fuel vapor from the pyrosis process for vegetations mainly consists of CH4, 

CO, CO2, and H2O [9, 10] and the amount of each gas product is influenced by the plant species [10] and 
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the pyrolysis temperature [11], and the availability of oxygen [12]. The air also influences the 

flammability of the resulting pyrolysate fuel and air mixture in terms of its velocity field and oxygen 

concentration [13, 14]. Therefore, the flammability limit of the fuel-air mixture is a function of the fuel 

properties, the pyrolysis temperature, the air velocity field, and the oxygen concentration. 

Finally, having the fuel-air mixture within the flammability limit, ignition is initiated with a pilot 

source, which can be a flame, a spark, or a hot spot that is capable of providing a high temperature to 

achieve the ignition [15]. 

 

1.3 Work of This Thesis 

The aim of this thesis is mainly to investigate the mechanisms driving the ignition of Pinus 

palustris needles under different flow, external heating, and oxygen concentration. Based on the ignition 

description in section 1.2, the focus of this work is on understanding and describing how the pyrolysis 

process and the ignition of the fuel vapor from pyrolysis are influenced by different heating fluxes of and 

air flow rates.  

 

1.4 A Brief Summary of This Thesis 

Chapter 2 starts with a brief literature review of pyrolysis and the occurrence of the ignition of the 

solid (section 2.1). Then, certain gaps are listed according to the literature (section 2.2). Finally, driven by 

the existing gaps, two main objectives of this thesis are identified (section 2.3). The first objective is to 

characterize the pyrolysis process of dead Pinus palustris needles by modifying the setup of the cone 

calorimeter and adding FTIR Spectroscopy. The second objective is to characterize the ignition process of 

the same fuel using the modified cone calorimeter. 

Chapter 3 first introduces the design of the experimental set-up (section 3.1). The modifications 

made from the original design of the cone calorimeter and the connection of the FTIR spectrometer to the 

modified cone calorimeter are introduced in detail. Then, the fuel properties, obtained after drying the fuel 
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in an oven are estimated (section 3.2). Lastly, the experimental method is described in detail, including 

the apparatus calibration, test design matrix and test procedures (section 3.3). 

Chapter 4 presents the analysis of the experimental results. The whole analysis is divided into two 

parts based on the two types of tests that have been conducted. The first part (section 4.1, corresponding 

to the pyrolysis tests) is the analysis of the pyrolysis process. The influence of varying external heat 

fluxes on the evolution of the pyrolysis gas is investigated. The second part (section 4.2, corresponding to 

the ignition tests) is the analysis of the ignition process. The influences of varying external heat fluxes and 

airflow rates on the position of the flame at ignition, time-to-ignition, the critical mass loss rate, and the 

heat release rate per unit area are discussed. 

Chapter 5 presents the conclusions on the results from Chapter 4 for the pyrolysis and the ignition 

tests, respectively and points out the potential of quantifying the smoldering contributions to the flaming 

ignition at the bench-scale (section 5.1). Then, future work in which the primary aim is to better 

understand the role of smoldering on the flaming ignition is briefly discussed (section 5.2). 
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Chapter 2. LITERATURE REVIEW AND THESIS OBJECTIVE  

2.1 Literature Review 

In this section, a brief review of the ignition of solid fuels is presented through heating, pyrolysis, 

and the occurrence of flaming ignition. 

2.1.1 Heating 

In this work, the heating stage refers to the time during which the solid fuel is exposed to an 

external heating source before pyrolysis occurs. The temperature rise and distribution inside the fuel are 

influenced by its material properties which include density (ρ), thermal conductivity (k), and specific heat 

(c). However, it is difficult to measure these properties for thin biological fuels because the measurement 

of thermal properties such as k and c involves heating the sample, which leads to changes in properties 

and damage [1]. For example, Liu et al. [2] reported that the mass loss of a vegetative fuel sample was 

about 10% during the heating phase, due to evaporation of water prior to pyrolysis. Also, the heating 

process also causes the shrinkage of vegetation fuels, such as leaves [3]. To avoid large temperature rises 

inside the solid fuel, which may change the material properties, the photothermal technique has been 

developed to determine the values of k and c where the temperature rise is negligible (only a few mK) 

inside the solid fuel during the measurement [4]. Briseño-Tepepa et al. [5] successfully applied this 

technique to measure the thermal properties of plant leaves. 

2.1.2 The pyrolysis process 

To describe the pyrolysis process of a solid, it is necessary to characterize both the kinetic of 

thermal decomposition for the solid and the chemical evolutions with respect to atmosphere and 

temperature [6]. 

The mode of thermal decomposition, which is a function of temperature, oxygen availability, and 

kinetic parameters, has been explored by abundant studies [7-14]. There are three primary approaches to 

studying the thermal decomposition: (1) modeling, (2) the free-model method, and (3) the hybrid 

approach. The modeling method, in general, requires identifications of a reaction mechanism, a kinetic 
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law (usually in an Arrhenius form), and a function of conversion. Liu et al. [15] developed a kinetic 

thermal decomposition modeling for eight species of biofuels. This paper first identified a three-step 

reaction mechanism by DTG investigation on mass loss and mass-loss rate, then assumed a modified 

Arrhenius relationship as a representation for mass loss kinetics and found the first-order reaction fit best 

the proposed model. Kinetic parameters, "E" and "A" were extracted from the best fitting curve. This 

model was verified by reconstructing the mass loss data for each species. 

As shown in [16,17] using the model-free approach experimentally derived the values for "E" and 

"A" using a differential thermal analysis (DTA) for mineral materials. The principle behind this approach 

is that the peak temperature shown on the DTA curve is the temperature corresponding to the maximum 

reaction rate. Meanwhile, the limit of this model-free method is the applicability only for one-reaction 

decomposition or fully separated reactions. 

The University of Corsica conducted a more advanced thermal decomposition studies on 

Mediterranean shrub species [18]. The authors exercised a hybrid approach to establish the decomposition 

modeling with experimentally developed kinetic parameters. Despite the attainment of a good match 

between the modeling and these micro-scale experimental results, great care should be taken here is the 

suitability of the Arrhenius law on describing the mass loss kinetics, which takes place in the condensed 

phase. Furthermore, scaling-up experiments are vital to decoding the decomposition mechanism beyond 

the microscale level in real cases. However, issues arise when scaling up the experiments due to the 

difficulty of controlling the boundary conditions and of obtaining accurate material properties for each 

reaction step. Despite the good match between the experimental results and the models developed by the 

literature mentioned above, the suitability of the Arrhenius type equation to the decomposition of the solid 

needs to be checked [19, 20]. 

Unlike the thermal decomposition mode, the chemical evolutions of the pyrolysis process 

received less attention and there are only a few studies available that investigated it. In terms of the 

pyrolysis products that mainly include the tar, char, and light gases, [21-23] studied the influences of the 

temperature on their yields; it also measured the average concentration of each component in the 
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pyrolysis gas for the plant biomass with FTIR spectroscopy. Ningbo et al. [24] investigated the effects of 

heating temperature and solid residence time on the average concentration of each constituent in the 

pyrolysis gas of pine sawdust with a gas chromatograph. However, despite a good identification of the 

pyrolysis gases by these studies, there is a lack of focus on the dynamic evolution of the pyrolysis gas 

components. Consequently, it is challenging to quantify the flammability [25] of the fuel vapor-air 

mixture in the gas phase where combustion occurs. 

2.1.3 The occurrence of flaming ignition 

The occurrence of flaming ignition can be identified when a sustained flame is observed based on 

test standards [26, 27]. However, few studies reported the position of the observed flame at the ignition. 

Kwon et al. [28] recorded the flame onset and its propagation for PMMA using a high-speed camera with 

250 fps and found that the ignition points occur in the gas phase but could migrate away from the 

radiation heater as the heating source temperature increases. Nakamura and Kashiwagi [29] simulated the 

non-piloted ignition of methylmethacrylate and showed the ignition always occurs in the gas phase. 

Besides the visual observation, two criteria define the ignition occurrence [23]: one for the gas 

phase and the other for the condensed phase. For the gas-phase ignition criterion, the minimum fuel/air 

ratio, which supports the combustion reaction, must be determined at the pilot location. The criterion was 

rarely applied because of the difficulty of quantifying the corresponding flow field [30].  

The condensed-phase criteria,[16], including ignition temperature (𝑇&') [31], critical mass loss 

rate (𝑀𝐿𝑅()) [32, 33], and heat release rate at ignition (𝐻𝑅𝑅&') [32], are more likely to be measured and 

thus more frequently used. Moreover, all of these criteria should combine material properties and specific 

environmental conditions [34].  

Tig, the most common piloted ignition criterion in engineering modeling and calculations, is a 

function of material properties, incident heat flux level, solid initial temperature, and experimental 

conditions. Li et al. [35] evaluated Tig values for biomass fuels through the peak of corresponding TGA 

curves and found it varies with fuel moisture content and particle size. Cordova et al. [36] measured 
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ignition temperature for PMMA samples using the LIFT apparatus and reported Tig would increase with 

heat flux levels and flow velocities. Besides the actual measurements, the value of Tig can also be 

identified with a simple theoretical model [37] based on the measurements of the minimum heat flux for 

ignition, whose value can be obtained more easily. However, the validity of this derived Tig needs to be 

checked before it is put into the model for predicting the ignition due to the assumption that the solid is 

treated as inert [38] before ignition. Therefore, the derived critical surface temperature may not be 

suitably selected as an ignition criterion for materials that can undergo smoldering prior to ignition. For 

example, the experimental measurements of Tig for wood range from 250 ~ 400 °C [39]. 

The piloted ignition can also be predicted by a critical mass flow, 𝑚̇()
** , of volatiles, which is a 

function of ambient temperature, test conditions, and material properties. Lyon and Quintiere [32] 

considered critical mass flow rate as a good predictor for transient and sustained ignition of combustible 

polymers and found that fuel vapor's critical mass flow rate for sustained ignition is about three times 

greater than that for transient ignition given free convection conditions. A potential explanation is that 

there is a transition from burning at the lean flammability limit for the flash point to burning at 

stoichiometric conditions for the fire point. Mcallister et al. [40] reported that the critical mass flux at 

flaming ignition is positively correlated to the moisture content and external heat flux for woody 

materials. The dependence of O2 concentration on the critical fuel mass flux was reported by [26] and 

[34]. Rich et al. [42] reported the influence of material properties, flow velocity, and oxygen 

concentration on the critical mass loss rate.  

As another ignition indicator, the heat release rate per unit area at ignition can then be derived 

from the critical mass flux. Unlike the critical fuel mass flux at ignition, the heat release rate at ignition is 

independent of material properties as it implies the minimum energy that can support a flame, but its 

value is still subject to ambient temperature and convection rates [32]. 

However, the suitability of these criteria needs to be checked and verified because it has not been 

verified over the broad ranges reported in the literature mentioned above. 
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2.2 Research Gaps in Piloted Ignition 

As reviewed in Section 2.1, despite the abundance of studies on piloted solid ignition, gaps exist 

when describing both the pyrolysis process and the occurrence of the flaming ignition. For the pyrolysis 

process, it is essential to scale up the experiments with properly controlled boundary conditions from the 

micro-scale experiments (e.g. TGA and DSC studies) to investigate the kinetics of the mass loss (the 

thermal decomposition of the solid fuel) more like the real cases. Meanwhile, it is necessary to investigate 

the dynamic chemical evolution of the pyrolysis process together with the thermal decomposition of the 

solid to fully explain the pyrolysis process of the solid. 

Regarding the occurrence of flaming ignition, the relative positions of the flame with respect to 

the pilot source should be reported to better understand the gas-phase ignition. The solid-phase ignition 

criteria, specifically the critical fuel mass flux and the heat release rate per unit area at ignition, should 

also be investigated for different test conditions (e.g., convection rates) and various fuels. 

 

2.3 Objectives of This Thesis 

Motivated by the current technique and the challenges, based on the focus of the thesis 

(mentioned in 1.3), the objectives of this work are dual. 

 The first objective is to explore the influence of the external heat flux on the pyrolysis process of 

dead Pinus palustris needles by connecting an FTIR spectrometer to a modified cone calorimeter. The 

pyrolysis gas evolution is expected to be characterized and quantified by FTIR spectroscopy. Meanwhile, 

the mass evolution of the fuel bed in the pyrolysis process is recorded.  

The second objective is to investigate the influence of different experimental conditions on the 

two solid-phase ignition criteria (critical mass loss rate and heat release rate per unit area at ignition) for 

porous pine needle beds using the same modified cone calorimeter. Measurements include the time-to-

ignition, the flame position at ignition, the critical mass loss rate, and the heat release rate per unit area at 

ignition (see Chapter 3).  
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Chapter 3. EXPERIMENTAL METHODOLOGY 

3.1 Experimental set-up 

The cone calorimeter is a bench-scale fire testing apparatus, which has been developed by NIST, 

to measure the flammability of materials. A cone calorimeter consists of the following components: a 

conical radiant electric heater, capable of horizontal or vertical orientation; specimen holders, different for 

the two orientations; an exhaust gas system with oxygen monitoring and flow measuring instrumentation; 

an electric ignition spark plug; a data collection and analysis system; and a load cell for measuring 

specimen mass loss. The apparatus schematic is shown in Figure 3.1. When testing, specimens are burned 

in ambient conditions with a predetermined heat flux, which can be set up to 100 kW/m2 [1]. The test 

permits the ignition either with or without the spark igniter. The measurements include the oxygen 

concentration, mass-loss rate of the specimen, time to ignition and smoke obscuration. 

 

Figure 3.1 Schematic of the cone calorimeter for its original design [1]  

The calorimeter used in this work was modified to study the pyrolysis and ignition mechanisms 

of pine needles, as shown in Figure 3.2. The modifications consisted in adding a custom-designed 

cylindrical testing chamber that allows an inflow of air or nitrogen through the sample with desired flow 

rates, adding a sampling probe on top of the testing chamber connected to a Fourier-transform infrared 
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(FTIR) spectrometer to collect and characterize the pyrolysis gases for the pyrolysis tests, and a radiation 

shield to avoid the preheating of the fuel.  

 

Figure 3.2 Experimental apparatus: modified cone calorimeter allowing for gas inflow through the sample and 

pyrolysis gas measurement. 

The 304 mm tall testing chamber consists of one layer of a 6-mm-thick ceramic bucket, one layer 

of 25.4-mm-thick ceramic insulation wool, and one layer of 3.05-mm-thick stainless-steel shell. The 

stainless-steel hard shell with inner and outer diameters of 146.30 mm and 152.4 mm, respectively, is 

placed outside the insulation wool to attach the air inlet tubes and to protect the middle layer of insulation 

wool from wear. The high-temperature resistant ceramic bucket with inner and outer diameters of 140 

mm and 146 mm, respectively is the innermost layer of the testing chamber. At a height of 50 mm from 

the bottom of the testing chamber, four holes are drilled evenly along the circumference. Four 6.35 mm 

gas tubes are inserted through the holes to introduce nitrogen or air with desired flow rates. A circular 

stainless steel perforated disk with a diameter of 146 mm and a porosity of 48% was fixed inside the 

testing chamber and placed 40 mm above the gas tubing to mix the introduced gases. A sample basket 

holder, made of a stainless-steel shaft and a platform with 48% porosity stands in the center of the testing 

chamber, connecting the load cell to the sample basket.  
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The radiation shields consist of a 203 mm × 203 mm square steel sheet with a thickness of 1.91 

mm covered by a layer of 1.91 mm-thick ceramic insulation paper. The shield is supported by a stand, 

which allows the shield to be positioned beneath the bottom of the conical heater to prevent the 

preheating of the sample and is removed when the test is started. For the pyrolysis tests, a 20 mm-high 

stainless-steel collar with a 145 mm-diameter is attached to the steel sheet to avoid the oxidization of the 

pyrolysis gases during their transportation to the sampling probe. 

A 6.10 mm diameter stainless steel sampling probe, fixed inside a steel funnel that sits just above 

the conical heater and completely covers the opening of the heater, is used to collect the pyrolysis gas. A 

50 mm-diameter WHATMAN HEPA-vent filter is added to the outlet of the sampling probe to prevent 

soot clogging. The pyrolysis gas is sampled right above the conical heater using the sampling probe and 

pumped into the gas cell of the FTIR spectrometer (Nicolet iS10) with a sampling rate of 2 l/min. 

The cone heater consists of an electrical heater rod that is wounded into a truncated cone and is 

capable of producing irradiance to the sample surface up to 100 kW/m2. The irradiance of the cone heater 

can be kept at a preset level through a temperature controller whose range is 0 to 1000 °C and three type-

K stainless steel thermocouples [1]. The thermocouples are connected in parallel, looping around the 

heating element, with the beads touching the heating element. This arrangement was found to give quick 

and stable control for the cone temperature when the specimen flame impinges on the cone [2]. 

The exhaust gas system of the cone calorimeter consists of an exhaust fan, a hood, an exhaust 

duct for the fan, a gas sampler, a gas analyzer, a thermocouple, and an orifice plate. It monitors O2, CO, 

and CO2 concentrations, as well as measures the temperature and flow rate of the exhaust flow.  

The digital collection system records the outputs from the oxygen analyzer, the orifice plate, the 

thermocouples, and the load cell with a 1 Hz frequency. The heat release rate is determined based on the 

readings from the oxygen analyzer and flow rate from the exhaust system [2]. 
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3.2 Sample preparation 

The vegetation fuel used in this thesis was dead needles from Pinus palustris that are mainly 

distributed in the southern US and are of high flammability [3]. An oven-drying process was followed to 

determine the moisture content of the pine needles for 24 h at 60 °C [4, 5]. The conditioned needles were 

stored in sealed containers before testing. The fuel properties, determined before the tests, include 

moisture content (FMC) on a dry basis, density (𝜌+,,-.,), and bulk density (𝜌/0.1). These properties were 

computed according to Eq (3.1) - Eq (3.3) and listed in Table 3.1. The uncertainty of these fuel properties 

was determined by one standard deviation of the fuel samples prepared for each test. 

𝐹𝑀𝐶	(%) = 	2$%#2&%
2&%

× 100        Eq (3.1) 

𝜌+,,-., =
2&%
3&%

          Eq (3.2) 

𝜌/0.1 =
2&%

3$&'()*
          Eq (3.3) 

Where 𝑚/-   and 𝑚4- are the sample masses before and after oven-drying; 𝑉4- and 𝑉/451,6  are 

respectively the net sample volume after oven-drying and the sample basket volume. By immersing a 

known mass oven-dried pine needles in a known volume of water, the 𝑉4- is determined based on the 

volume displaced by the fully immersed needles. 

Table 3.1 Fuel properties 

Sample FMC (%) 𝜌+,,-.,(kg/m3) 𝜌/0.1(kg/m3) 
Pinus palustris pine needles 4.6 (± 2.8) 526.9 (± 16.8) 38.5 (± 0.2) 

 

For the experiments, 20 g of conditioned pine needles were placed in a cylindrical sample holder 

12.6 cm in diameter and 3 cm in depth. Two different types of sample holders were used. For the 

experiments with no inflow of oxidizer being fed through the bottom of the combustion chamber 

(buoyancy-induced flow), a sample holder with 0% porosity was used. On the other hand, for experiments 

with a forced inflow being supplied, a sample holder with 63% porosity was used. A porosity of 63% 
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rather than 48% was chosen to allow for a more uniform flow within the sample holder [6]. Figure 3.3 

presents images of the test samples used for both types of experiments. 

 

Figure 3.3 Fuel samples for the tests with (a) buoyancy-induced flow using the basket of 0% opening and (b) forced 

flow using the basket of 63% opening 

3.3 Experimental methods 

3.3.1 Apparatus Calibration and Validation 

Two apparatuses used in this work are the modified cone calorimeter (CC) and an FTIR 

spectrometer. Both experimental apparatuses are required to be calibrated or validated before tests to 

ensure that the testing results can be confidently viewed as accurate and reliable.  

For the modified cone calorimeter, calibrations of the heat flux, oxygen analyzer, heat release 

rate, load cell, and smoke obscuration measuring system are performed in accordance with section 10 of 

ASTM E 1354-17.  

The heat flux calibration is conducted by placing a reference Schmidt-Boelter heat flux sensor 25 

mm away from the base plate of the conical heater at the same height where the upper surface of the fuel 

sample bed will be placed during testing. The irradiance level of the cone heater is controlled by the cone 

calorimeter temperature controller and the three K-thermocouples that are connected to the temperature 

controller. The measured voltage of the pre-calibrated heat flux sensor has a linear response to the 

(a) (b) 
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irradiance level of the conical heater. The actual radiant heat flux received by the heat flux sensor is 

obtained by multiplying the regression factor of the linear response (provided by the supplier) with the 

voltage output. The resultant heat flux calibration curve for the modified cone calorimeter is shown in Fig 

3.4. The temperature in the plot is the average value of the readings from the three thermocouples of the 

conical heater. 

 

Figure 3.4 Cone heater heat flux calibration 

The calibration for the oxygen analyzer consists of a daily verification for the accuracy of O2 

volume concentration measurements and the checking for the analyzer delay time, 𝑡-. The daily 

verification for the measurement accuracy is made by adjusting the analyzer responses using O2 with 

volume fractions of 0% and 20.95%, respectively. With a 5 kW methane fire supplied by the burner, the 

delay time of the analyzer (𝑡-) is determined, by the time difference between the time when the 

temperature reading changes more than 8°C and the time when O2 volume percentage varies greater than 

0.75% [1], as 31s. During the whole period of the experimental campaign of this work, this delay time did 
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not vary. Therefore, the O2 measurement during testing (𝑋7+_2,45) is corrected based on the delay time 

(𝑡-). The O2 reading after correction at time t (𝑋9+_(7)(𝑡)) is shown in Eq (3.4).  

𝑋9+_(7)(𝑡) = 𝑋7+,)&'
(𝑡 − 𝑡-)        Eq (3.4) 

The calibration of the heat release rate is required at the start of testing each day to evalute the 

performace of the flow meter. The procedure is to obtain a calibration constant, C by introducing pure 

methane with a flow rate corresponding to 5 kW to the calibration burner. The constant obtained from the 

calibration should not be more than 5% different from the previously calibrated one, and will be used to 

calculate the heat release rate of a testing material, shown as Eq (3.5) [1]. 

𝐻𝑅𝑅(𝑡) = L∆;-
).
M (1.10)𝐶O∆<=)

(?/+
0 #?/+(6))

$.$BC#$.C?/+(6)
      Eq (3.5) 

Where (∆;-
)0

)  is 13.1 × 103 kJ/g, representing the heat released per 1 kg of oxygen consumed by a 

hydrocarbon fuel; C is the resultant constant form the heat release rate calibration; ∆𝑃 and 𝑇, are the 

pressure differential and absolute gas temperature measured from the orifice meter; 𝑋9+
B  and 𝑋9+(𝑡) are 

readings from the oxygen analyzer at the initial and time 𝑡. 

The load cell has a 0.01g accuracy and is calibrated with six different standard weights: 0 g, 50 g, 

100 g, 150 g, 200 g, and 230 g. The laser calibration is performed using four different neutral filters with 

0%, 30%, 80%, and 100% transmission. 

The validation of the FTIR spectrometer includes [7]: 

• system configuration identification,  

• limit of detection (LOD) check,  

• wavenumber accuracy check,  

• system response time evaluation.  

The system configuration contains a set of parameters that guarantee the result’s reproducibility 

for a particular FTIR system. This set includes the minimum instrumental linewidth (MIL) that is a 

measure of instrument resolution, the absorption pathlength (The spectrometer with a 2-meter absorption 
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pathlength is used in this work.), the apodization function modifying the generated interferogram, the gas 

temperature, the gas pressure, the zero-filling factor added to the end of a measured interferogram, the 

measured wavenumbers of two specific water absorption bands, the reference spectra sources, the 

integration time over which the selected number of scans is executed (16 scans for each spectrum in this 

work), and the detector type. The FTIR system configuration in this work is listed in Table 3.2.  

 Table 3.2 FTIR spectrometer system configuration 

Spectrometer Nicolet iS10® 
MIL 1.69	𝑐𝑚#$ 
Resolution 2	𝑐𝑚#$ 
Absorption pathlength 2 meters 
Apodization function N-B strong 
Gas temperature 28.5 ºC 
Gas pressure 301.6 ± 5.8 mmHg 
Zero filling factor 2 
Wavenumbers of water bands 1652	𝑐𝑚#$ and 3744 𝑐𝑚#$ 
Reference library sources EPA spectral database  
Integration time 26.3 seconds (16 scans) 
Detector type MCT 
Detector gain 4.0 

 
The LOD check, fundamental to further quantitative analysis of analyte concentrations, requires 

the values of residual squared area (RSA) for each analyte in corresponding analytical regions from a 

workspace air spectrum. The RSA reflects the noise level in each analytical region of a spectrum and is 

calculated by Eq (3.6). Combining the calculated RSA values and characteristics of both reference and 

sample spectra, the LOD can be determined based on Eq (3.7).  

	𝑅𝑆𝐴 = 	 [E1#E2]
G#HI$

O∑ (J3)+

G#H
&KG
&KH          Eq (3.6) 

𝐿𝑂𝐷 =	 (LL<)(JMN)
ON"

          Eq (3.7) 

Where 𝑤H to 𝑤G (unit: cm-1) is the wavenumber range for an analytical region; p to q is the number of 

data points in the range of 𝑤H to 𝑤G; 𝑅& is the absorbance value from a residual spectrum in the 

corresponding analytical region; 𝐶𝐶𝑃 (unit: ppm-m) is the product of the concentration and pathlength of 
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the reference spectrum; 𝐿	(unit: m) is the absorption pathlength of the sample spectrum; and 𝐴J(unit: abs-

cm-1 where “abs” means absorbance) is the absorbance area of a reference spectrum in the corresponding 

analytical region. 

To obtain the discrete absorbance value 𝑅& in Eq (3.6) for an analytical region, a residual 

spectrum is required, which can be formed by subtracting the scaled reference spectra from a workspace 

air spectrum. For each analytical region, the determination of the scaling factor should meet the 

requirement of minimizing the absorbance in the resulting difference spectrum. Considering the 

components present in the workspace air, the selection of the references in this work is the spectra of 

water vapor and carbon dioxide. 

 The analytes of interest in this work are the pine needle’s pyrolysis gas constituents that are found 

to consist of CH4, CO, CO2, and H2O based on their characteristic bands (See chapter 4). Each of these 

constituents at least shows one unique characteristic band in an FTIR spectrum. Each characteristic band 

corresponds to an analytical region. However, only the ones having the most obvious absorption peaks are 

selected and used for quantification analysis in this work. According to the reference spectra of these four 

constituents from the EPA database [7] (see Figure 3.5), the selected analytical regions, RSAs, and LODs 

for these pyrolysis gas constituents are selected, computed, and listed in Table 3.3.  
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Figure 3.5 Reference spectra for CH4, CO, CO2, and H2O from the EPA spectra database [7] 

 

Table 3.3 RSA and LOD analysis for target pyrolysis constituents 

Analytical 
region 
(𝑐𝑚#$) 

Species 

Reference Spectra System Configuration 

File name CCP 
(ppm-m) 

Absorbance 
area  
(𝑎𝑏𝑠 − 𝑐𝑚#$) 

RSA  
(𝑎𝑏𝑠 − 𝑐𝑚#$) 

L 
(m) 

Estimated 
LOD 
(ppm) 

2880~3180 𝐶𝐻! ch4300.spc 50.4 0.18 1.97E-07 2.0 2.69E-05 
2010~2250 𝐶𝑂 co300.spc 37.5 0.39 2.38E-07 2.0 1.14E-05 
2290~2390 𝐶𝑂" co2300.spc 7.5 0.77 2.87E-09 2.0 1.39E-08 
1390~2020 𝐻"𝑂 h2o300.spc 6 0.07 1.34E-05 2.0 6.13E-04 
3500~3998 0.05 4.39E-06 2.0 2.72E-04 

 
A Wavenumber accuracy (RWA) check helps to determine if the wavenumber scale of an FTIR 

system is appropriate for comparison with reference spectra when requiring quantitative analysis. The 

detailed procedures of RWA check are described as the following five steps: 

• (Step 1) Prepare a workspace air spectrum and a reference water vapor spectrum. 

• (Step 2) From the workspace air spectrum, determine the wavenumber values of two 

water vapor absorption features as wS1 and wS2 in the corresponding analytical regions; 
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The wavenumbers of wS1 and wS2 are required to be at least 500 cm-1 away from each 

other.  

• (Step 3) From the reference water vapor spectrum, using the same absorption features 

that have been applied to determine wS1 and wS2 from the workspace air spectrum in Step 

2, determine the wavenumber values of two water vapor absorptive features as wR1 and 

wR2. 

• (Step 4) Calculate RWA values according to Eq (3.8). The calculated result is listed in 

Table 3.4. 

𝑅𝑊𝐴 = 𝐴𝐵𝑆(𝑤J& −𝑤M&)      Eq (3.8) 

where 𝐴𝐵𝑆 means the absolute function. 

Table 3.4 RWA check for the FTIR system configuration 

𝑤J& 𝑤M& 𝑅𝑊𝐴 RWA/MIL 
1652.396 1652.766 0.370 - 
3744.664 3744.276 0.388 23.0% 

 

• (Step 5) Based on the identified FTIR system configuration, compare the maximum ratios 

of RWA/MIL, and check if the value is greater than 2%. If (RWA/MIL) max is greater than 

2%, the sample spectrum needs to be shifted accordingly to match the wavenumber of the 

reference spectrum [5]. Since the computed RWA/MIL is 23.0%, the sample spectrum 

should be moved forward 0.38 cm-1 when comparing to a reference spectrum. 

 The FTIR system response time is the minimum time required for the system output to accurately 

reflect a sudden change in the sample gas composition. To identify the system response time, pure N2 is 

first use to purge the sampling line and corresponding sample spectra are recorded at a 30 s interval. Then 

pure CH4 with a flow rate of 2 l/min is suddenly introduced into the sampling interface together with 50 

l/min of N2. Finally, the system response time is the duration required to generate a sample spectrum from 
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which the measured CH4 concentration reaches 95% of its final concentration. In this work, the response 

time was determined as 26.3 s. 

3.3.2 Test design and procedures 

Two series of experiments were conducted using the modified cone calorimeter to understand the 

mechanisms driving the ignition of dead Pinus palustris needles. In the first set of experiments, Fourier-

transform infrared spectroscopy (FTIR) was used to characterize the composition of the pyrolysis gases 

generated from the thermal degradation of pine needles when the fuel bed was exposed to incident heat 

fluxes of 20 and 30 kW/m2, and a nitrogen inflow of 50 l/min. The main constituents of the pyrolysis gas 

were identified by the characteristic bands shown in FTIR scans and were quantified by applying Beer-

Lambert’s law [7, 8]. The test procedure for the pyrolysis test is shown in Table 3.5. 

Table 3.5 Pyrolysis test procedure 

Test time Event 

Pre-test 
preparation 

Check the CC load cell reading; make sure the pump and the exhaust fan are on. 
Open the valve for compressed air, set the flow rate as desired (0, 50, and 100 l/min). 
Place the sample basket on the sample holder and adjust the height of the sample so that its 
surface is at the same level as the top edge of the testing chamber. 
Cover the testing chamber with the modified radiation shield to prevent the sample preheating. 
Turn on and set the temperature controller to the desired value, then wait until it stabilizes (5 min 
at least). 
Prepare the video recording using a high-speed camera with a 240 fps frame rate. 
Use the entire FTIR system to record an absorbance spectrum of N2 to verify the absence of 
contaminants in the sampling system and infrared absorption cell. 
Open the valve between the sampling line and the FTIR gas cell and wait until the temperature 
and pressure of the gas cell stabilize. 

0 s Start CC data collection for ambient and collect a sample spectrum. 

90 s Remove the radiation shield and slide the spark igniter so that the spark is activated directly 
above the center of the fuel bed. 

100 s Start the continuous pyrolysis gas FTIR spectrum collection with a 2 𝑐𝑚#$ resolution (the 
collection time for each spectrum is 26.3 s).  

480 s Stop the FTIR spectrum collection. 
600 s  Stop CC data collection. Turn off the cone heater. 

 
In the second set of experiments, the ignition of pine needles was studied for varied incident heat 

fluxes (20 to 35 kW/m2) and air flow rates (buoyancy-induced, 50 and100 l/min forced flow). A high-

resolution high-speed camera acquiring videos at 240 fps was used to accurately determine the time-to-

ignition (tig), and the exact location of ignition. In these tests, the time-to-ignition (𝑡&'), the critical mass-
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loss rate at ignition (𝑚̇()
** ), and the heat release rate per unit area at ignition (𝐻𝑅𝑅𝑃𝑈𝐴&') were evaluated. 

The corresponding test procedure is shown in Table 3.6. 

Table 3.6 Ignition test procedure 

Test time Event 

Pre-test 
preparation 

Check the CC load cell reading. Make sure the pump and the exhaust fan are on. 
Open the valve for compressed air, set the flow rate as desired (0, 50, and 100 l/min). 
Place the sample basket on the sample holder and adjust the height of the sample so 
that its surface is at the same level as the top edge of the testing chamber. 
Cover the testing chamber with the modified radiation shield to prevent the sample 
preheating. 
Turn on and set the temperature controller to the desired value, then wait until it 
stabilizes (5 min at least). 
Prepare the video recording using a high-speed camera with 240 fps frame rate. 

0 s Start CC data collection at the ambient temperature and the video recording. 

90 s Remove the radiation shield and slide the spark igniter so that the spark is activated 
directly above the center of the fuel bed. 

600 s Stop CC data collection, video recording and turn off the cone heater. 
 

For all the experimental conditions tested, three repetitions were performed. Table 3.7 presents a 

summary of the experimental conditions. 

Table 3.7 Experimental matrix. 

Species Sample mass (g) Type of test Heat flux (kW/m2) Flow rate 
(l/min) 

Atmosphere 
(vol. %) 

Pinus palustris 20.52 ± 2.17 
Pyrolysis 20, 30 50 100% N2 

Ignition 20, 25, 30, 35 0, 50, 100 Lab air 
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Chapter 4 RESULTS AND DISCUSSION 

In this chapter, the results of the experiments conducted are analyzed. For the pyrolysis tests, the 

pyrolysis gas of dead pine needles is characterized in terms of constituent composition and concentration 

under different external heat fluxes (20 and 30 kW/m2) and a constant flow of 50 l/min nitrogen. For the 

ignition tests, the variation of the ignition position, time to ignition (tig), mass loss rate per unit area at 

ignition (𝑀𝐿𝑅𝑃𝑈𝐴&'), and heat release rate per unit area at ignition (HRRPUAig) under different external 

heat fluxes (20 to 30 kW/m2) and flow conditions (buoyancy-induced, 50 and100 l/min forced flow) are 

discussed. 

 

4.1 Pyrolysis tests 

4.1.1 Pyrolysis gas component identification 

Figure 4.1 presents the FTIR spectra of the pyrolysis gas samples collected during the 

experiments conducted at incident heat flux of 20 and 30 kW/m2, respectively. The strong characteristic 

bands at 2880-3180 cm-1, 2010-2250 cm-1, and 2290-2390 cm-1 indicate the formation of CH4, CO, and 

CO2. The characteristic bands at 1390-2020 cm-1 and 3500-3998 cm-1 represent the occurrence of H2O. 

The same pyrolysis gas components of plant species are also found in the literature [1-4]. However, the 

presence of small amounts of heavier hydrocarbons (such as ethane and ethylene that are found in [4] 

with very low concentrations) cannot be excluded as they share the same absorption characteristics band 

as CH4 and are difficult to distinguish. Nevertheless, these heavier hydrocarbons are not considered in the 

quantification process (Section 4.1.2) because the total hydrocarbon measurement is insensitive to those 

hydrocarbons that are present in only very small amounts [5]. 

The spectra of the pyrolysis gases at different heat flux levels have similar absorption bands but 

different absorbance levels. This observation suggests that varying incident heat fluxes does not change 

the constitution of the pyrolysis gas but significantly change the percentage of each component in it. From 

the two spectra sets, most of the pyrolysis gas yields (except for H2O) significantly increase with external 
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heat fluxes. The peaks for the characteristic bands of CO, CO2, and CH4 are higher at 30 kW/m2 than 

those at 20 kW/m2 which, according to Beer’s law, reflects a greater release of these components at a 

higher heat flux. This trend was also reported by [6-8].  

(a) 

  
(b) 

  
Figure 4.1 Pyrolysis gas FTIR spectra at 50 l/min N2 and (a) 20 kW/m2, 50 l/min N2 and (b) 30 kW/m2. 
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4.1.2 Quantification of the pyrolysis process 

Figure 4.2 shows the evolution of the volume concentration of the different gas species identified 

in the pyrolysis gas samples collected at both heat flux levels. The evolution of water vapor is omitted in 

the plot to highlight the variation of the carbon-based compounds, but its share to the pyrolysis gas 

composition is still taken into account when estimating the concentration of each gas component. All the 

results are averaged from three repetitions. The uncertainties are determined by ±1𝜎 of three repetitions. 

It is essential to highlight that the calculated concentration of each component at each moment is not the 

instantaneous concentration at that moment, but the average concentration over time of the data collection 

(26.3 s). Therefore, in the following discussion (specifically Figure 4.2), the concentration of each gas 

component at ignition refers to the average concentration over a period close to the time of ignition rather 

than the instantaneous one at ignition. 

  

(a) (b) 

Figure 4.2 Pyrolysis gas volume concentration evolution at (a) 20 kW/m2, 50 l/min N2 and (b) 30 kW/m2, 50 l/min 

N2. The concentrations of each gas species at 𝑡'( were determined by combining the observed time-to-

ignition values in the ignition tests (See section 4.2). 

In addition to H2O (which has been omitted from Figure 4.2 to highlight the values of carbon-

based gas species), the major pyrolysis gas products are CO and CO2 at both 20 and 30 kW/m2. The 

average volume concentrations of CH4, CO, CO2, and H2O in the pyrolysis gas obtained under 20 and 30 

kW/m2 are listed in Table 4.1. The low proportion of CH4, and the high account of CO and CO2 in the 

pyrolysis gas of vegetation were also reported by Amini [2] and Fu [3]. 
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Table 4.1 Average concentration of each gas component in the pyrolysis gas (vol.%) 

Heat flux Ave. X (𝐶𝐻!) Ave. X (𝐶𝑂) Ave. X (𝐶𝑂") Ave. X(𝐻"𝑂) 
20 𝑘𝑊/𝑚" 5.1% 10.3% 9.6% 75.1% 
30 𝑘𝑊/𝑚" 7.5% 12.4% 11.8% 64.9% 
 

The results of Ningbo et al. [6] suggest that the changes in concentrations with the heat flux are linked to 

the secondary cracking of the pyrolysis vapors or the decomposition of the long chains of carbon, 

hydrogen and oxygen compounds in biomass  into smaller fragments at a higher pyrolysis temperature. 

Furthermore, combining the results presented above with the time-to-ignition results from the 

second set of experiments (see Section 4.2), it is possible to evaluate the composition of the pyrolysis 

gases at ignition. The volume concentrations of CH4, CO, and CO2 in the pyrolysis gas at ignition are 

listed in Table 4.2 for the incident heat flux of 20 and 30 kW/m2. 

Table 4.2 Concentration of each gas component at ignition (vol.%)  

Heat flux 
X (𝐶𝐻!)  
at ignition 

X (𝐶𝑂)  
at ignition 

X (𝐶𝑂")  
at ignition 

X (𝐻"𝑂)  
at ignition 

20 𝑘𝑊/𝑚" 3.8% 8.5% 9.9% 77.8% 
30 𝑘𝑊/𝑚" 8.1% 19.6% 22.0% 44.1% 
 

Thus, the effective heat of combustion of these pyrolysis gas mixtures (𝐻(_HP)) can be evaluated 

as the weighted sum of the heats of combustion of each flammable species, defined by Eqs. (4.1) and 

(4.2). 

𝐻(_HP) = 𝑌L9 ∙ 𝐻(_L9 + 𝑌LQ4 ∙ 𝐻(_LQ4        Eq (4.1) 

𝑌& =
?3R3
∑?3R3

          Eq (4.2) 

where 𝑋&, 𝑀&, 𝑌&, and 𝐻(_& are the mole fraction, molecular weight, mass fraction, and heat of combustion 

of a given gas species, respectively. The reference values of the heat of combustion of CH4 and CO are 

50.1 and 10.1 kJ/g, respectively [9]. 

The resulting heat of combustion of the pyrolysis gases was evaluated to be respectively 2.6 kJ/g 

and 6.4 kJ/g for 20 and 30 𝑘𝑊/𝑚"with the details of  uncertainty analysis presented in Appendix A. This 
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result is in general agreement with the range of heat of combustion values for pyrolysis gas of vegetative 

fuels (from 4.62 to 5.38 kJ/g) reported by [10]. The variation of the heat of combustion for different heat 

fluxes indicates that the pyrolysis gas obtained at a higher heat flux is of greater energy. 

 

4.2 Ignition tests 

4.2.1 Visual observations at ignition 

Figure 4.3 shows the position of the flame at ignition under different experimental conditions. For 

the experiments conducted with no forced inflow of air through the sample holder and for all incident heat 

fluxes tested, the ignition of the fuel bed occurred within the vicinity of the spark igniter. For the 

experiments conducted with a forced inflow of air and for all incident heat fluxes tested, the ignition of 

the fuel bed occurred at the surface of the fuel bed. 

   
0 L/min air @ 25 𝑘𝑊/𝑚" 50 L/min air @ 25 𝑘𝑊/𝑚" 100 L/min air @ 25 𝑘𝑊/𝑚" 

   
0 L/min air @ 30 𝑘𝑊/𝑚" 50 L/min air @ 30 𝑘𝑊/𝑚" 100 L/min air @ 30 𝑘𝑊/𝑚" 

   
0 L/min air @ 35 𝑘𝑊/𝑚" 50 L/min air @ 35 𝑘𝑊/𝑚" 100 L/min air @ 35 𝑘𝑊/𝑚" 

 

Figure 4.3 Flame location at ignition captured for heat flux ranging from 25 to 35 𝑘𝑊/𝑚! with air flow rates from 

0 to 100 L/min. 
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The most direct observation of the flame position during ignition shows that the type of energy 

source (spark ignitor and smoldering points) changes with different test conditions, which may reflect the 

variation of the fuel-oxygen mixture at the spark ignitor with the experimental conditions. The occurrence 

of smoldering spots before ignition indicates that the fuel vapor generated only by the pyrolysis process is 

insufficient to support the ignition at the spark ignitor under forced flow conditions, which will be 

discussed in more detail in sections 4.2.2 to 4.2.4. 

4.2.2 Time-to-ignition 

Figure 4.4 shows the mean ignition time, 𝑡&' measured at external heat fluxes ranging from 20 to 

35 kW/m2, and airflow rates of 0, 50, and 100 l/min air.  

 

Figure 4.4 Mean ignition time (𝑡'() for heat flux ranging from 20 to 35 𝑘𝑊/𝑚! with air flow rates from 0 to 100 

L/min 

 From the plot, it can be seen that 𝑡&' increases when increasing the airflow rate and decreases 

when increasing the magnitude of the external incident heat flux over the fuel bed. Since 𝑡&' can be 

expressed as the sum of the pyrolysis time for the fuel to achieve pyrolysis temperature and generate 

sufficient fuel vapor (𝑡HP)), the transport time for the fuel vapor and oxygen to reach the pilot (𝑡6)4+5), 

and the chemical time for the flammable mixture to proceed to the combustion reaction at the pilot 
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location (𝑡(;,2), the variation of 𝑡&' on different flow rates and heat fluxes can be analyzed from the 

variation of 𝑡HP), 𝑡6)4+5, and 𝑡(;,2 with the different testing conditions.  

When increasing the magnitude of the external heat flux over the fuel bed, a greater amount of 

energy is available to promote the pyrolysis reaction, increasing its rate. Thus, less time is required 

(which means a decreasing 𝑡HP)) until a sufficient fuel rate for ignition is achieved. The generated fuel 

vapor mixes with the air and transports to the pilot location where the combustion reaction occurs. This 

transport time (𝑡6)4+5) can be estimated as the ratio of the distance between the fuel bed surface and the 

spark igniter position to the inflow velocity, as shown in Eq (4.3). When increasing the heat flux, 𝑡6)4+5 is 

considered to keep constant with the same rate of inflow applied. Finally, the variation of 𝑡(;,2 with heat 

flux at flaming ignition is negligible, since it is only of the order of 10-4 s [11], which is far below the 

order of magnitude of 𝑡&' observed in this work. 

𝑡6)4+5 =
-
T
          Eq (4.3) 

where 𝑑 is the distance between the fuel bed surface and pilot location, taken as 1.3 cm here [12]; and 𝑣 is 

the velocity of the pyrolysis gases evolved from the fuel bed.  

In short, the decrease in 𝑡&' with increasing heat flux is mainly caused by the decreasing 𝑡HP) with 

negligible changes in 𝑡6)4+5 and 𝑡(;,2.  

 On the other hand, when increasing the airflow rates, the net heat delivered to the fuel bed 

decreases due to an enhanced convective cooling through the fuel bed, which cools down the temperature 

over the fuel bed, thus reduces the pyrolysis reaction rate of the fuel bed and the quantity of the released 

fuel vapor. Resultantly, it takes longer time for the solid phase to reach the pyrolysis temperature and 

obtain enough fuel vapor for the flaming ignition. Moreover, the generated fuel vapor through the 

pyrolysis is diluted in the gas phase by the incoming airflow. Consequently, to achieve at least the lean 

flammability for the fuel vapor-air mixture in the gas phase which makes the ignition possible, greater 

amount of fuel vapor needs to be pyrolyzed from the solid phase. Therefore, given an increasing airflow 

rate, to reach the ignition conditions, more time is needed for the solid phase reaching the pyrolysis 
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temperature and a greater fuel generation rate (which means an increasing 𝑡HP)). The time for transporting 

the fuel-oxygen mixture to the pilot location (𝑡6)4+5), however, decreases with increasing airflow rates. 

According to Eq (4.5), 𝑡6)4+5 is estimated to be 0.27 and 0.14 s for airflow rates of 50 and 100 l/min, 

respectively. But due to the order of magnitude of 𝑡&', any changes of both  𝑡6)4+5 and 𝑡(;,2with varying 

flow rates are negligible. Therefore, the increase in 𝑡&' with the increasing airflow rate primarily results 

from an increase in 𝑡HP).  

4.2.3 Mass loss rate per unit area at ignition (𝑀𝐿𝑅𝑃𝑈𝐴&') 

The results of mass loss rate per unit area at ignition (𝑀𝐿𝑅𝑃𝑈𝐴&') are shown in Figure 4.5. The 

uncertainties of the results are determined by one standard deviation of three repetitions for each test.  

 

Figure 4.5 Mass loss rate per unit area for sustained flaming ignition (𝑀𝐿𝑅𝑃𝑈𝐴'(). 𝑀𝐿𝑅𝑃𝑈𝐴)*+ was determined 

by combining the observed time-to-ignition values in the ignition tests with the mass loss rate measured 

from the pyrolysis tests. 

𝑀𝐿𝑅𝑃𝑈𝐴&' was found to increase with both flow rate and external heat flux although the trend of  

𝑀𝐿𝑅𝑃𝑈𝐴&' with external heat fluxes is less pronounced. This agrees with the trend found by McAllister 

[13]. Under natural flow conditions, the value of	𝑀𝐿𝑅𝑃𝑈𝐴&'	is about 3.8 g/m2s for heat fluxes between 

20 and 30 kW/m2, however, when the heat flux increases to 35 kW/m2, 𝑀𝐿𝑅𝑃𝑈𝐴&' suddenly increases 
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from 3.8 to 7.2 g/m2s. In 50 l/min ambient air, 𝑀𝐿𝑅𝑃𝑈𝐴&' is about 4.9 g/ m2s at 20 kW/m2 and is about 

8.2 g/ m2s for heat fluxes between 25 and 35 kW/m2. In 100 l/min ambient air, 𝑀𝐿𝑅𝑃𝑈𝐴&' is around 10.0 

g/ m2s for heat fluxes from 25 to 30 kW/m2 and is 16.9 g/ m2s at a heat flux of 35 kW/m2.  

Two mechanisms mainly drive the mass loss of the fuel bed at ignition. One part of the mass loss 

is due to pyrolysis while the other one is due to the smoldering combustion of the fuel bed.  

When increasing the external incident flux with the same flow condition, the mass loss due to the 

pyrolysis increases while the mass loss due to the smoldering is likely to be decreased.  

Both pyrolysis and smoldering reactions have been found to increase their rate when provided 

with more energy [14]. Thus, increasing the magnitude of the external incident heat flux over the fuel bed 

increases the pyrolysis reaction rate, and the smoldering combustion reaction rate. Nevertheless, besides 

the reaction rate, the thickness of the reaction zone also has an influence on the mass loss for both 

mechanisms. The pyrolysis thickness of the fuel bed is controlled by radiative heating [15] and convective 

cooling (if any flow applied) where the depth of radiative heating is mainly a function of fuel volume 

faction and surface-to-volume ratio. Namely, the change in thickness for the pyrolysis zone is negligible 

when increasing the external incident heat flux at the same flow conditions. Consequently, the mass loss 

due to pyrolysis is to increase with the external incident heat flux. On the other hand, the thickness for the 

smoldering zone possibly decreases with increasing heat flux due to the fact that fewer smoldering area 

was observed during the tests. Miller and Bellan [16] also reported a similar trend that the final char yield 

during biomass pyrolysis decreased with increasing pyrolysis temperature. Thus, it can be assumed that 

there potentially exists a “best” condition, a balance between the smoldering combustion reaction rate and 

thickness of the reaction zone that will lead to an extreme mass loss of smoldering combustion for a 

certain heat flux.  

 The reason for the increase of 𝑀𝐿𝑅𝑃𝑈𝐴&' when increasing the airflow rate is due to the dilution 

of the flammable mixture. As the chemical reaction at flaming ignition is near stoichiometric [17], the 

fuel vapor concentration needs to increase with the airflow rates so that the actual equivalence ratio meets 
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the requirements for ignition. Therefore, to obtain sufficient fuel vapor for ignition, the pyrolysis reaction 

rate needs to be increased through longer heating time . The pyrolysis reaction rate can also be locally 

increased by the appearance of smoldering spots, which is consistent with the observation that smoldering 

was detected before ignition for all tests conducted under forced flow conditions. 

4.2.4 Heat release rate per unit area at ignition (HRRPUAig) 

The results of the heat release rate per unit area at ignition (HRRPUAig) for sustained ignition are 

shown in Figure 4.6. The uncertainties of the results are determined by one standard deviation of three 

repetitions for each test.  

 

Figure 4.6 Heat Release Rate per unit area at ignition (HRRPUAig) for sustained flaming ignition 

The HRRPUAig increases from 52 kW/m2 for a buoyancy-induced flow to 91 kW/m2 under a 100 

l/min forced ambient airflow. The values measured under natural flow conditions are consistent with 

those reported by Lyon and Quintiere [17]. The trend of HRRPUAig under forced flow conditions can be 

explained by the energy balance for the gas mixture within a control volume near the location of ignition, 

as shown in Figure 4.7.  
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Figure 4.7 Selected control volume (outlined by the red dashed rectangle) for the energy balance analysis at flaming 

ignition 

For sustained flaming ignition, the heat gained from the combustion reactionis sufficient to 

support a nascent flame while the flame loses heat to the surroundings by convection and radiation. The 

threshold condition for ignition is the heat provided by the chemical reaction and the ignitor can just 

balance out the heat loses of the system, as shown in Eq (4.4). 

𝑄̇(;** − ℎ6764.b𝑇U − 𝑇42/c = 0        Eq (4.4) 

Where 𝑄̇**(;  is the energy per unit area provided by chemical reactions happening at ignition; ℎ6764. is 

the total heat transfer coefficient of the control volume and equals to the sum of the radiative heat transfer 

coefficient and the convective heat transfer coefficient, which can be significantly enhanced by increasing 

flow rates [18]; 	𝑇U and 𝑇42/ are the critical flame temperature below which the flame cannot be 

sustained, and the ambient temperature respectively. 

Solving Eq (4.4) for 𝑄̇(;** , delivers the following expression that allows for evaluating the 

minimum chemical energy per unit area required to support the flaming ignition as a function of the 

participating heat fluxes. 

𝑄̇(;** b𝑜𝑟	𝐻𝑅𝑅𝑃𝑈𝐴&'c = ℎ6764.b𝑇U − 𝑇42/c       Eq (4.5) 

Where 𝑇U	can be taken as a constant, 1600 K [18]. 

Therefore, the independency of 𝑄̇(;** on the external heat fluxes shown in Figure 4.6 is possibly due to the 

insensitivity to parameters in Eq (4.5) to the heat flux range investigated in this work. On the other hand, 

the increase in 𝑄̇(;**  when increasing the airflow rates is mainly due to the enhanced convective cooling 

through the control volume, which leads to an increase in ℎ6764.. 
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Furthermore, according to the visual observation that the degree of smoldering is found to be 

variant with the external heat flux, the contribution of smoldering to the flaming at ignition is to be 

investigated in this section on the energy level.  

Based on what has been discussed in sections 4.2.1 through 4.2.3, the chemical energy released at 

ignition (𝑄̇(;) is divided into two parts, as shown in Eq (4.6), to analyze the contribution of smoldering 

under forced flow conditions. 

𝑄̇(; = 𝑄̇HP) + 𝑄̇527.-         Eq (4.6) 

where 𝑄̇HP) and 𝑄̇527.- 	are the energy released by the combustion of pyrolysis gas, and smoldering. 

Combining the results from pyrolysis tests, 𝑄̇HP) is able to be calculated based on Eq (4.7), where 𝑚̇HP) is 

the mass loss rate due to pyrolysis; 𝐻(_HP) is the heat of combustion for the pyrolysis gas. 

𝑄̇HP) = 𝑚̇HP) ∙ 𝐻(_HP)              Eq (4.7) 

Figure 4.8 shows the mass loss rate evolution for pyrolysis and ignition tests conducted with the 

air or nitrogen flow rate of 50 l/min, under incident heat flux of 20, 30 𝑘𝑊/𝑚". From the plots, it is 

reasonable to consider the mass loss due to pyrolysis at flaming ignition (𝑚̇HP)) equals the total mass loss 

rate (MLR) just before the glowing starts. The implicit assumption is that smoldering does not interact 

with pyrolysis. Therefore, the values of 𝑚̇HP)  under 20, 30 𝑘𝑊/𝑚" incident heat flux and 50 l/min 𝑂" 

are respectively 0.009 and 0.024 g/s. Accordingly, as another part of the mass loss at ignition, the values 

of 𝑚̇527.- under 20, 30 𝑘𝑊/𝑚" and 50 l/min 𝑂" are respectively 0.069 and 0.081 g/s. Based on the 

values obtained from the pyrolysis tests, the heat of combustion for the generated pyrolysis gas (𝐻(_HP)) 

are 2.6 and 6.4 kJ/g for incident heat flux of 20 and 30 𝑘𝑊/𝑚", respectively.  



40 
 

  
(a) (b) 

Figure 4.8 Mass loss rate evolution (MLR) for tests conducted with (a) 20 𝑘𝑊/𝑚!, 50 l/min 𝑁! and 𝑂!, and (b) 30 

𝑘𝑊/𝑚!, 50 l/min 𝑁! and 𝑂! 

Substituing the values of 𝑚̇HP) and 𝐻(_HP) into Eq (4.7), the contribution of pyrolysis gas at ignition, 

𝑄̇HP) in Table 4.3, is quantified while the energy provided by smoldering at ignition can be determined 

based on Eq (4.6) by combing the computed 𝑄̇HP) and 𝑄̇(;	obtained from experiment measurements. The 

results presented in Table 4.3 show that energy provided by smoldering combustion (𝑄̇527.-) under 50 

l/min ambient air is the dominant contribution to the ignition. When increasing the external heat flux from 

20 to 30 kW/m2 given the same flow rate, the percentages of smoldering to the total chemical energy 

drops from 98.47 % to 81.84 % due to the increasing reaction rate and flammability of the pyrolysis gas. 

Therefore, the contribution of smoldering combustion to the ignition decreases with increasing external 

incident heat flux, which is consistent with the fact that less smoldering was observed for higher heat flux.  

Table 4.3 Energy provided to the ignition by pyrolysis gas combustion and smoldering combustion for 20 

and 30 kW/m2 under 50 l/min ambient air 

Heat flux 

(𝑘𝑊/𝑚") 

𝑚̇HP) 

(g/s) 

𝐻(_HP) 

(kJ/g) 

𝑄̇HP)  

(kW) 

𝑄̇(;  

(kW) 

𝑄̇527.-  

(kW) 

(𝑄̇527.-/𝑄̇(;) 

(%) 

20 0.005 2.60 0.013 
0.848 

0.835 98.47 

30 0.024 6.42 0.154 0.694 81.84 
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Chapter 5 CONCLUSION AND FUTURE WORK 

5.1 Conclusion 

Two types of tests were conducted to investigate the pyrolysis process and the ignition behavior 

of Pinus palustris needle beds. 

In the pyrolysis tests, the influence of different heat fluxes on the pyrolysis gas composition was 

investigated. The primary components of pyrolysis gas were found to be CH4, CO, CO2, and H2O. The 

composition of the pyrolysis gas was not affected by the experimental conditions. However, the 

percentage of these components was found to vary with the magnitude of the external incident heat flux. 

The results showed that (1) the pyrolysis reaction rate increases when increasing the external incident heat 

flux over the fuel surface, and (2) the pyrolysis gas is of greater heat of combustion at a higher external 

heat flux. 

In the ignition tests, the influence of the external heat flux and air flow rate on the time to ignition,  

the mass loss rate, and the heat release rate at ignition was analyzed. The analysis of the time-to-ignition 

results indicated that decreasing heat fluxes and increasing airflow rates extend the ignition time mainly 

by extending the pyrolysis time. The analysis of the mass loss rate and the heat release rate at ignition 

suggest significant contributions of smoldering combustion to flaming ignition under low heat fluxes and 

high airflow rate conditions. In addition, the degree of smoldering at ignition on a bench scale can be 

indirectly evaluated by quantifying the chemical energy released by the combustion of pyrolysis gas. 

5.2 Future work 

For the pyrolysis tests, further experiments should be conducted with broader ranges of incident 

heat flux levels and flow rates in atmospheres of both pure nitrogen and the mixture of nitrogen and 

oxygen. The focus is to investigate (1) the influence of irradiance level on the reaction rate, and the heat 

of combustion of the pyrolysis gas; (2) the role of diffusion on the pyrolysis rate and the heat of 

combustion of the pyrolysis gas; and (3) the influce of oxygen presence on the pyrolysis rate and the heat 

of combustion for the pyrolysis gas. 
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It is worth noting that technical issue may arise for the pyrolysis tests conducted under higher 

inflow rates when the FTIR spectroscopy is applied to analyze the pyrolysis gas. This is due to the 

difficulty of dynamically capturing pyrolysis gases at high inflow rates (“short “residence time) while 

maintaining sufficient instrument resolution (“long” scan time) to ensure that pyrolytic compounds can be 

detected. 

For the ignition tests, the focus should be using a wider range of incident heat flux and flow 

conditions to investigate (1) the influence of flow on the ignition time in terms of cooling and mixing 

(oxygen supply) effect with varying external incident heat flux; (2) the influence of external heat flux and 

flow on the mass loss due to pyrolysis as well as smoldering; and (3) the relationship between the heat of 

combustion for the pyrolysis gas and the contribution of smoldering combustion by combining the 

pyrolysis test results. 
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Appendix A UNCERTAINTY ANALYSIS OF HEAT OF 

COMBUSTION EVALUATION 

Estimates of uncertainty are evaluated using the method descried by Taylor and Kuyatt [A.1]. A 

series of measurements, denoted by 𝑦, can be expressed as a function (𝑓) of its associated independent 

variables, 𝑥&, as shown in Eq (A.1) 

𝑦 = 𝑓(𝑥$, 𝑥", 𝑥%, … 𝑥+)         Eq (A.1) 

In the case that all input parameters are uncorrelated, the combined uncertainty is given by Eq (A.2), 

referred to as the law of propagation of uncertainty (also called as “root-sum-of-squares”). 

𝑢((𝑦) = O∑ (WU
WX3

∙ 𝑢(𝑥&))"+
&K$         Eq (A.2) 

where 𝑢((𝑦) is the combined uncertainty; 𝑢(𝑥&) is the uncertainty of each input parameter and determined 

by one standard deviation. 

Therefore, combining the Eqs (A.2) and (4.1), the uncertainty of computed heat of combustion 

(See section 4.1, chapter 4) can be expressed below as Eq (A.3) and, consequently, Eq (A.4). The results 

for the uncertainty evaluation of pyrolysis gas heat of combustion are presented in Table A1. 

𝐻(_HP) = 𝑌L9 ∙ 𝐻(_L9 + 𝑌LQ4 ∙ 𝐻(_LQ4        Eq (4.1) 

𝑢( L𝐻(256M = ij
WQ-256
WY7/

∙ 𝑢(𝑌L9)k
"

+ j
WQ-256
WY784

∙ 𝑢b𝑌LQ4ck
"

    Eq (A.3) 

𝑢( L𝐻(256M = iL𝐻(7/ ∙ 𝑢(𝑌L9)M
"
+ l𝐻(784 ∙ 𝑢b𝑌LQ4cm

"
     Eq (A.4) 

Table A1. Uncertainty analysis of evaluated heat of combustion for the pyrolysis gas 

Heat flux 
(𝑘𝑊/𝑚!) 𝑌"#,  𝑢'𝑌"#,(  

𝐻$_"#, 
(kJ/g) 𝑌"&  𝑢(𝑌"&)  

𝐻$_'() 
(kJ/g) 

𝐻$_'() 
(kJ/g) 

𝑢'𝐻$_'()( 
(kJ/g)  

20  0.043 0.02 
50.1 

0.11 0.02 
10.1 

2.6 0.14 

30  0.085 0.01 0.21 0.02 6.4 0.12 
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