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A B S T R A C T

The gas and tar composition of a wildland fire diffusion flame from longleaf pine needles is currently relatively 
unmeasured and more data are needed to fill in the gap between pyrolysis data and smoke plume data, thus 
improving physical and chemical modeling of wildland smoke formation. A pilot experiment to measure light gas 
and tar composition of such a flame is described for three flame zones: persistent flame (flame base), intermittent 
flame, and smoke plume. Flame gases from 24 experimental fires were collected in canisters and analyzed for 
CO2, CO, H2, CH4, and C2 to C7 hydrocarbon gases. Other light gases were measured using FTIR spectroscopy. 
Condensed gas (tar) samples were collected and analyzed using GC/MS. Results from compositional data analysis 
suggest significant differences in (relative) concentration of compounds detected in the three zones. Statistical 
tests for differences in flame zones were performed using canister data. Concentration of hydrocarbons relative to 
CO and CO2 decreased from the persistent flame zone through the intermittent flame zone into the flame-free 
plume. This was likely due to oxidation reactions in the flame as well as entrainment of air into the flame/ 
plume. Partial agreement between persistent flame zone composition and pyrolysis data for a global kinetic 
model provided support for future use of the kinetics model in physically-based fire models. The identification of 
gases and tars in different flame zones supported a conceptual model of a wildland flame.

1. Introduction

The flame of a wildland fire is a buoyant diffusion flame that origi
nates from the pyrolysis of solid plant materials and combustion of the 
resulting pyrolysis gases in an uncontrolled environment resulting in a 
significant release of energy and combustion products [1]. Pyrolysis of 
plant materials yields gases, tars, ash and char [2–4]; the inorganic ash 
content can affect pyrolysis [5]. Combustion of the pyrolysis products 
yields gases, tars (which can form particulates), elemental carbon, 
organic carbon, and inorganic ash [6–8]. Methods to capture the energy 
produced by combustion of these biofuels for useful purposes has been a 
pursuit of humans since time immemorial [9]. Early work focused on the 
use of wood to produce charcoal and increase the energy density in the 
fuel. Starting with the energy crisis in the 1970 s, biofuels and methods 

to produce energy efficiently while minimizing noxious combustion 
products have been studied extensively e.g., [10]. Various processes 
such as gasification and pyrolysis (with or without O2) can produce a 
variety of gas mixtures containing H2, CO, CO2, methane, ethane, N2, 
formic acid, acetic acid, glyoxal and many other hydrocarbons [11–13] 
which are then potentially used to produce energy. These processes also 
can produce “waste” gases which can be captured and used for other 
purposes. It is generally acknowledged that these biomass processes are 
more efficient in terms of energy capture and combustion completeness 
when compared with open burning which is uncontrolled and poten
tially more variable than the controlled, optimized burning to produce 
energy.

Reaction mechanisms in the flames produced by the burning of 
biomass-derived fuel mixtures containing H2, CO, methane, CO2, and N2 
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have been studied experimentally and with chemical kinetic simulations 
[14–16]. As the motivation to burn biomass is energy production, sim
ulations have been constructed to model various combustor setups 
including stoves. Composition of gases in restricted airflow devices has 
been studied to understand conditions in enclosures. While these setups 
involving biomass pyrolysis and combustion contain common elements 
with open burning, the conditions such as air flow, oxygen level, and 
heat transfer rates differ which can affect gas and particulate composi
tion and yield. Results from these engineered processes and apparatuses 
can provide related information, but application to wildland settings is 
unknown. For example, a series of experiments compared the compo
sition of pyrolysis gases produced with low (thermogravimetric analysis- 
like) and high (wildland fire) heating rates in fuel rich (no oxygen) and 
ambient environments and found significant differences [17].

Description of the gas composition in buoyant, turbulent diffusion 
flames resulting from open burning has received less study than the 
physical aspects of these flames [18,19]. Multiple literature searches 
found very few pertinent articles describing the composition in such a 
flame (gas and particle). This contrasts with the wealth of information 
on chemical characterization of gases and particulate matter within the 
smoke plume. Wildland fire smoke is important because of its effects 
ranging from the composition of and processes in the atmosphere to 
effects on human lungs [20–22].

As a result of the importance and risk of wildland fire to humanity, 
pyrolysis and ignition of wood has been extensively studied; the product 
composition is known to be affected by temperature and heating rate. 
Less studied are the pyrolysis and ignition of vegetation foliage (fine 
fuel) which is typically the first fuel to ignite in a wildland fire [23]. Like 
wood cells, foliage cells consist of cellulose, hemicellulose and lignin 
[24]. Foliage typically has less lignin than wood [12,25] while the 
amounts of cellulose and hemicellulose are comparable. Foliage also 
includes other components such as sugars, starch, protein, pectins, 
phenols, and lipids [26].

Pyrolysis products of wood and foliage have been determined from 
samples containing all these components or from cellulose, hemi
celluloses and lignin separately. It is well-established that temperature 
and heating rate influence the composition of pyrolysis products. In the 
review by Collard and Blin [27], the similarities and differences in py
rolysis products for the components are shown graphically. For cellu
lose, pyrolysis below 300 ◦C produces H2O, CO2, CO and char, between 
300 and 500 ◦C levoglucosan (C6H10O5), furfural and tars are produced 
and above 500 ◦C, a mixture of low molecular weight gas and volatile 
products including H2 can be produced. For hemicelluloses, pyrolysis 
products are similar to cellulose’s with the addition of formic (HCOOH) 
and acetic (CH3COOH) acids. At 400 ◦C, pyrolysis of lignin and wood 
produced H2O, CO2, CO, low weight hydrocarbons and phenols [27–29]. 
Collard and Blin [27] indicate that the product yields from the indi
vidual components do not necessarily sum to the yield from a ligno
cellulosic fuel for a variety of reasons.

As vegetation begins to thermally decompose due to a flame, it re
leases pyrolysis gases into the interior of a flame envelope. Pyrolysis 
gases diffuse to the flame edge, mix and react with the air, releasing 
heat. Gases with a variety of molecular weights are released from the 
surface. The larger molecular weight species that would condense if 
cooled to room temperature are referred to as tar, whereas the lower 
molecular weight species that are non-condensable at room temperature 
are referred to as light gases. Primary pyrolysis is the release of light gas 
and tars. If the temperatures continue to increase, primary pyrolysis 
products will continue to react even in the absence of O2, and this 
subsequent reaction is referred to as secondary pyrolysis [29–33].

Tars may crack into lighter gases or may polymerize into higher 
molecular weight polycyclic aromatic hydrocarbons (PAH) leading to 
soot formation. Some of the light gases may also react to form PAH and 
eventually soot [34]. The hot, glowing soot particles produce the char
acteristic yellow color of the visible flame and radiate heat away from 
the flame to the surroundings. While the pyrolysis gases and soot react 

with O2 at the edge of the flame, some of the soot and other hydrocar
bons escape the flame zone to form smoke emissions which have been 
measured and described extensively for over 50 years e.g., [35–37]. 
Emissions have been measured and described; the various pathways by 
which a solid wildland fuel pyrolyzes to produce a suite of gases and 
char which may or may not react to form a flame have not yet been 
described or modeled.

Prescribed burning is the use of fire under defined fuel and weather 
conditions to accomplish specific wildland resource management ob
jectives. Because prescribed burning results in a planned release of 
smoke into the atmosphere, the U.S. Clean Air Act [38] requires esti
mates of the amount and composition of smoke to be produced. Current 
estimation methods use the mathematical product of the amount of fuel 
burned and an emission factor [39]. Understanding what occurs within 
the flame to produce smoke emissions and the resulting emission factors 
is needed to improve models and tools.

The interior compositions of laminar diffusion flames from relatively 
simple gaseous and liquid fuels have been studied carefully e.g., [40,41]. 
However, the composition of the interior of buoyant turbulent flames 
from solid vegetative fuels in wildland fires, i.e. the space between the 
pyrolyzing fuel at the solid surface and the smoke plume, is relatively 
undescribed [42]. While theoretical constructs of a wildland flame that 
include thermochemical aspects have been developed [43,44], to our 
knowledge, measurement of the composition of a wildland flame, i.e., 
the chemical compounds present in various parts of the flame and their 
concentrations, has seldom been done.

Most studies of diffusion flames have used devices such as burners 
which create flames from very simple gas mixtures e.g., [45]. In natural 
gas flames (principally methane, CH4) there is little oxygen (O2) at the 
base of the flame. The O2 concentration decreases through the flame 
edge with little or no O2 in the interior zone of the flame. There may be 
some penetration of O2 gas into the interior of the flame near the flame 
tip. The composition of the pyrolysis gases from biomass and wildland 
fuels is far more complex than a simple gas flame especially in regards to 
the tar compounds [e.g., [46–48]. The buoyant turbulence in a wildland 
fire and entrainment add complexity due to the turbulent eddies which 
mix fuel and O2 and introduce additional O2 [49].

In a buoyant turbulent diffusion flame, three zones have been pre
viously identified for both circular and line fires: i) the continuous flame, 
ii) an intermittent zone with pulsating flame, and iii) the plume zone 
which is generally flame free [1,50]. The composition of exhaust flame 
gases measured in devices such as the cone calorimeter and the FM 
Global Fire Propagation Apparatus has usually been restricted to CO, 
CO2, and O2 [51,52] and used to ascertain overall heat release. While the 
continuous flame has been described as “persistent”, measurements of 
CO, CO2, O2 and temperature at the base of a kerosene pool fire sug
gested that the base had an intermittent character [53]. Except for a 
study [54] where six gases were identified in a flame spreading along a 
branch of Siberian pine (Pinus sibirica Du Tour), a review of the literature 
did not find where similar measurements had been made for diffusion 
flames originating from solid wildland fuels.

While wood pyrolysis has been studied extensively [1], recent work 
focused specifically on the foliage of vegetation [17]. Laboratory py
rolysis was performed at different heating rates (0.5 to 190 ◦C/s) and 
temperatures (500 ◦C to 800 ◦C) with a focus on early pyrolysis prod
ucts. The temperatures and higher heating rates were like conditions 
found in wildland fires [55]. The light gas yields (dry, ash-free basis) for 
a given heating rate and temperature did not vary much with plant 
species. The major light gas species (wt% of dry light gas basis) were CO, 
followed by CO2, methane (CH4), and some H2. The tar species varied 
quite a bit between plant species. If the primary tar was collected at a 
low enough temperature (500 ◦C), the tar species were generally 
aliphatic compounds plus one-ring aromatics with hydroxyl (–OH) and 
methoxy (–OCH3) moieties. If the pyrolysis gases were collected in a 
higher gas temperature environment (750 to 800 ◦C), aromatic species 
with 2 to 5 rings were observed, and the substituted species were largely 
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not present save for some phenol [46,56,57]. A reanalysis of these re
sults using the compositional data analysis approach confirmed many of 
these findings [58]. Tar was shown to contain approximately 85 % of the 
heat of combustion [59]. Related work performed extensive chemical 
analysis of the same plant species and examined the relationship be
tween the chemical constituents with specific heat capacity [26,60].

Conceptual models such as Fig. 1 suggest the composition of the 
interior of a flame; however, there is a paucity of data confirming these 
models. The heat of combustion changes with location within the flame 
due to the change in gas and tar species as well. This paper presents 
measurements of gas and tar composition made in a buoyant diffusion 
flame produced by the burning of a homogeneous fuel bed composed of 
a single wildland fuel type to determine if the interior gas composition of 

the flame differs between different zones. While a wildland flame in
cludes particles, which produce its characteristic yellow color, the 
necessary equipment to characterize particles in the present study was 
not available at the time of the study (two weeks before the COVID 
pandemic shutdown in the United States). Agreement with (or support 
for) the conceptual model was examined.

2. Material and methods

2.1. Experimental and analytical

As this was an initial look at flame composition, a simplified flame 
setup was used. Burning uniform fuel beds of wildland fuels in a labo
ratory under controlled conditions is a well-established approach used 
to study wildland fire characteristics [61–63]. Linking results from 
laboratory experiments to field conditions can be challenging and has 
been done to verify results or adjust laboratory results [64–66]. The 
heating rate of fuels in the laboratory was confirmed to be similar to the 
heating rate in prescribed fires [65]. The experiments reported here used 
a common wildland fuel with no imposed wind, and ignited the fuels to 
simulate a spreading line fire as would be done in a prescribed burn. The 
fuel moisture content was allowed to equilibrate to ambient atmospheric 
conditions; as a result, the fire behavior was like what would occur 
under similar field conditions, i.e. a low intensity surface fire.

Fuel beds of longleaf pine (Pinus palustris Mill.) needles from the 
southern United States (The Pine Straw Store, Augusta, GA, USA)1 were 
placed on a conveyor belt apparatus and ignited (Fig. 2). A mass of 1.2 
kg wet weight of dead pine needles was evenly distributed (0.5 m × 1.6 
m × 0.1 m (W × L × D)) to yield a wet fuel loading of 1.5 kg m− 2 [67]. 
Ambient temperature ranged from 25 to 30 ◦C and building relative 
humidity ranged from 10 to 18 percent. The pine needle fuel moisture 
content ranged from 7 to 10 percent dry weight basis. The elemental 
composition (dry ash-free (daf) wt%) of the pine needles determined by 
ultimate analysis was C (52.31), H (6.09), N (2.31), S (0.06) and O 
(39.23). Proximate analysis yielded ash (1.77 wt%), volatile material 
(78.3 daf wt%) and fixed C (21.7 daf wt%) percent [46]. As seen in 
Fig. 2, the conveyor belt moved the fuel bed to maintain the flame at a 
constant position relative to the sampling probes [68,69]. Twenty-four 
experiments were performed.

Sample probes were located along a vertical slice along the center
line of the flame immediately above the pyrolyzing fuel (persistent 
flame), in the intermittent flame zone and in the buoyant plume, bottom 
to top, respectively. The persistent flame zone roughly corresponds with 
Ward’s zones III, IV and VI while the intermittent zone corresponds with 
Ward’s III and V zones (Fig. 1). Gas temperatures were sampled in each 
zone at 1 Hz using type K (chromel–alumel) 0.25 mm bare wire ther
mocouples. It is well-established that temperature of a thermocouple is 
the bead temperature, not the gas temperature in a fire environment 
[70,71]. Measured temperatures were adjusted for radiation loss from 
the bead to estimate the gas temperature [72]. These measurements 
were designed simply to provide a gross estimate of the temperature of 
the gas environment in each zone.

For GC analysis gases were collected via a steel tube into an evacu
ated canister. Analysis of the canister gases was performed at the Forest 
Service’s Missoula Fire Sciences Laboratory in Montana. All canisters 
were analyzed using EPA method TO-14A [73] for CO2, CO, CH4, and C2 
to C7 hydrocarbon gases with an Agilent model 7890 gas chromatograph 
configured with two columns running simultaneously. A 3.175 mm 
diameter, 2 m Carbosphere packed column with a nickel catalyst 
methanizer was used for analysis of CO2 and CO using a flame ionization 
detector (FID) [74]. The second column, a 0.53 mm diameter x 50 m 

Fig. 1. Conceptual model for a wildland fire diffusion flame [6]. Reprinted 
from “Forest Fires”, D. Ward, Chapter 3 Combustion Chemistry and Smoke, p. 
61, Copyright (2001), with permission from Elsevier.

Fig. 2. Moving fuel bed on conveyor belt to keep flame at a fixed point to 
measure flame gas composition in three zones of a wildland fire flame. Unburnt 
fuel moves into flame from right side. Approximate locations for gas canister, 
FTIR spectrometer, tar and temperature samples shown. Setup inspired by other 
fuel bed conveyor systems [68,69].

1 The use of trade or firm names in this publication is for reader information 
and does not imply endorsement by the U.S. Department of Agriculture of any 
product or service.
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length Agilent Al/S column, separated hydrocarbons and methane. Both 
columns were analyzed by FID detectors and were run simultaneously. 
Chromatogram data were collected and processed by Agilent OpenLab 
software. For measurement of hydrogen gas, a Trace Analytical RGA3 
reduction gas analyzer was used. This is a chromatographic instrument 
with a molecular sieve column, N2 carrier gas, and a UV mercuric oxide 
detector that provides sensitive, precise measurement of H2. The mea
surement range is 0––20 ppm H2. Most samples were above this con
centration and were diluted with UHP nitrogen prior to analysis. A 10 
ppm hydrogen standard (Scott Specialty Gases) was used for calibration.

Gases were also collected by a single probe connected via 3/8 inch 
heated metal tubing (70 ◦C) to a Bruker Tensor 37 (T37) spectrometer/ 
gas cell system in static mode. The White cell was held at approximately 
55 ◦C to keep the gases and particulates from condensing inside the cell. 
The cell was coupled to a purged FTIR spectrometer (Bruker Tensor 37) 
equipped with a glow bar source, germanium on potassium bromide 
(Ge/KBr) beamsplitter, and liquid-nitrogen-cooled (N2) mercury cad
mium telluride detector. Spectra were collected from 4000 to 500 cm− 1 

at 0.6 cm− 1 resolution [75–78]. Spectral analysis was carried out using 
the MALT5 program [79] and 50 ◦C reference spectra from the PNNL 
database [80,81] as well as absorption lines from HITRAN [82]. MALT5 
fitted the assigned reference spectral lines to the measured spectrum by 
optimizing the fit of all gases ascribed to the spectral window and 
minimizing the residual. The calculation involved input parameters such 
as path length, resolution, and apodization function, accompanied by 
reference absorption cross sections and the measured spectrum with its 
associated temperature–pressure values. Both H2O and CO2 had lines 
that were saturated; these zones were eliminated from analysis. In some 
instances, absorption peaks for the gases of interest were also saturated, 
in which case the pressure in the gas cell was reduced and the mea
surement repeated. The goal of the static mode was to obtain a higher 
resolution, higher fidelity spectral “snapshot” for a given point in time of 
the burn; more interferograms were averaged at higher spectral reso
lution thus allowing for detection of more gaseous species with higher 
sensitivity.

The amount of O2 was measured with an Econox CarboProbeTM HT 
near the other sample lines (Fig. 2). The sensor required an operating 
temperature of 600 ◦C and calculated the percent of O2 based on a 
millivolt output linked to absolute temperature and two O2 partial 
pressures (in the flame gas mixture and in the pure reference air) using 
the Nernst equation [83,84]. The sensor was heated above 200 ◦C with a 
flat plate burner prior to each experiment to reduce equilibration time. 
The sensor is unheated, and its actual operating temperature (measured 
with a thermocouple) was determined by the temperature of the im
mediate flame environment. Reference air was not introduced into the 
flame leaving the local O2 concentration unaffected. Any local oxidation 
reactions occurring in the vicinity of the sensor were a result of the flame 
environment, not the sensor.

Tar samples were collected by pumping gaseous products from the 
flame zone through heated (300 ◦C) 1/4 inch stainless steel tubing into 
glass tubes containing glass wool in an ice bath in a manner similar to 
previous work in a flat-flame burner (FFB) environment [46,59]. The 
test tubes were immediately sealed after the experiment with parafilm 
for offline analysis. Tars were extracted from the glass wool and the sides 
of the test tubes using dichloromethane (CH2Cl2) as a solvent. Approx
imately 2 g of anhydrous calcium sulfate (CaSO4) were added to the 
CH2Cl2-tar solution to absorb any H2O present. To analyze the tar, 1.0 μL 
of the CH2Cl2–tar mixture was injected into a 1310 ThermoFisher gas 
chromatography mass spectrometer (GC/MS) system equipped with a 
Restek Rxi-1 ms capillary column (60 m × 0.25 mm × 1 μm). The 
temperature of the injected sample was held at 50 ◦C for 5 min, then the 
temperature was increased to 250 ◦C at 10 ◦C/min, and finally held at 
250 ◦C for 5 min. Ultra-high purity (UHP) helium was the carrier gas 
used in the GC/MS system. Tar compounds were identified by 
comparing their mass spectra with spectra from the NIST Standard 
Reference Database 1A [85]. Further analysis of tar samples showed that 
many tar compounds had low concentrations below the detection limit 

Fig. 3. Wind tunnel canister gas-sampling system used to sample pre-flame ’P’ and flaming ’F’ combustion gas samples, respectively. Planform view (left) shows 
approximate location of sample tubes in longleaf pine needle fuel bed. Side view (right) shows location of pyrolysis sampling tubes relative to flame and smoke 
plume.
Adapted from Figure 1 in [65].

Fig. 4. Smoothed evolution of gas concentrations determined by FTIR spec
troscopy in a spreading fire in a longleaf pine fuel bed in a wind tunnel with no 
wind. Data from [78]. Dashed line is fuel bed temperature below sample probe 
measured by infrared thermal camera.
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of the instrument. This made identification of some of tar compounds 
more difficult. The reported mole fraction for each identified compound 
is the ratio of the area under the peak associated with that compound to 
the sum of areas under all detectable and identifiable peaks.

In addition to the 24 pine needle fire experiments on the conveyor 
belt, pyrolysis gas data from a series of wind tunnel fires were included 
in the present study [65]. These data represent some of the first mea
surements of pyrolysis gases in a fire environment under wildland fire 
conditions (intact fuels, ambient atmosphere). The gases were collected 
in advance of the flame and represent pyrolysis gases released outside of 
the flame envelope as the fuel was heating before the moving fire arrived 
(Fig. 3). Fourteen fire experiments were performed in 2.4 × 0.8 m sta
tionary longleaf pine needle fuel beds; gases were collected in canisters 
using an array of sample tubes. Moisture content of the needles ranged 
from 10 to 16 percent dry weight basis and wet fuel loading was 0.52 kg 
m− 2. With similar fuel loading and moisture content, the flame lengths 
and heat release rates were of the same order of magnitude. Gas quan
tities were determined using the same analytical chemistry techniques 
as the canister gases in the present study. The pyrolysis gas sampling 
locations for these wind tunnel data correspond to Ward’s I, IIa and IIb 
zones (Fig. 1). For all gases, gas quantities were adjusted by subtracting 
background atmospheric levels and are thus excess values, except for O2. 
Trans-2-pentene and cis-2-pentene amounts were added together as 2- 
pentene. The samples from these 14 fires represent pre-flame gases 
including the early stages of pyrolysis. The mass loss of the pine needles 
was not measured; however, infrared temperatures of the pine needles 
increased from ambient temperatures to 100 ◦C in about 120 s and then 
to maximum temperatures > 400 ◦C in 10 to 15 s indicating flame 
arrival. Since the sampling protocol involved manually opening and 

shutting the sampling tubes and the goal was to not sample flame gases, 
the mass loss due to pyrolysis that occurred before a sample inlet was 
shut was probably less than 20 % of the total mass loss. In a mass over 
time plot (Fig. E-2 in Safdari [86]), a normalized mass decrease of 
twenty percent in one second in longleaf pine needles heated by con
vection and radiation in a flat-flame burner (FFB) study described below 
was reported. In the wind tunnel experiments, which included small 
plants in the fuel bed, dynamic sampling [78] using the FTIR illustrated 
the rapidity of the evolution of gas concentration as the flame 
approached and passed the FTIR sample probe which reflected the mass 
loss rate (Fig. 4). Using unpublished data for a single plant in the wind 
tunnel experiment,2 assuming a mass loss rate of 0.2 g s− 1 per plant, 
5–10 plants immediately adjacent to the FTIR probe and a total mass loss 
of 7 g per plant, the live plants in the fuel bed would have lost 1 to 2 g per 
second (three percent) and 7 to 14 g (twenty percent) in seven seconds. 
This difference in mass changes over time between dead pine needles 
and live plants is well documented. Further details of the wind tunnel 
experiments can be found elsewhere [65].

Similarly, tar data collected during fast pyrolysis (heating rates were 
4, 180 and 195 ◦C s− 1 for radiant only, convective only and radiant with 
convective modes) of dead longleaf pine needles in a flat flame burner 
(FFB) [46] were also included (7 observations). To provide pyrolysis 
conditions and an oxygen-free environment (no combustion), the FFB 
was operated in a fuel-rich mode (equivalence ratio: Φ = 1.13). The fuel 

Fig. 5. Difference between calculated flame gas temperature [72] and Type K 0.25 mm thermocouple bead temperature. ΔTemperature = absolute difference 
between bead and gas temperatures as a percentage of bead temperature.

2 A. Aminfar, M. Princevac. 2019. Experimental Measurements of Convective 
Heat Flux Ahead of Fire. 96p. Final report for agreement PSW-16-JV- 
11272167–026, University of California, Riverside on file.
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was a mixture of methane (26.5 L min− 1) and hydrogen (16.6 L min− 1). 
Air (258.8 L min− 1) was used as an oxidizer. The samples were heated by 
convective heat transfer from the post-flame products of the burner 
(CO2, H2O, and CO). The tars were collected above the FFB onto glass 
wool in tubes and then analyzed as described above.

2.2. Statistical data analysis

Smoke and gas data from fires and plumes are multivariate and 
contain relative information making them compositional data [87]. 
While a turbulent diffusion flame may not be in chemical equilibrium, 
the gas data described in 2.1 are of such type [88]. Because wildland 
fires are buoyant and turbulent, the degree of air penetration into a time- 
averaged sample makes conventional comparison difficult, and hence 
statistical techniques from compositional data analysis (CoDA) become 
helpful. This approach filters out instrumental effects, which mostly 
determine the absolute values typically reported [89], and focuses on 
the relative values of one or several compounds to others. Pyrolysis and 
smoke data are often expressed in relative units such as mole fraction, 

mass fraction, and concentration (ppm). The relative values can then be 
expressed as ratios to other gases resulting in emission ratios (with CO or 
CO2), fuel-oxidizer ratios (O2 or air), or emission factors (relative to the 
amount of fuel burned). The canister, FTIR and tar data sets comprise 
three subsets (subcompositions) from the complete set of compounds 
produced by pyrolysis and combustion of the pine needles.

CoDA relies on log-ratio coordinate representations of relative data 
to use familiar statistical techniques such as linear regression, principal 
components analysis, and analysis of variance. One key characteristic of 
the approach is that the relative relationships between the parts of a 
composition are invariant to changes in units [90]. While the ratios and 
log-ratios between gases change as the basis (mole, mass, ppm) changes, 
the variance structure associated with them does not change, so results 
from statistical analyses based on this do not change. All data analyses in 
this study were conducted on the R system for statistical computing 
v4.4.1 (https://www.R-project.org/) [91], including the use of com
puter algorithms from some specialized packages as detailed below. 
Conclusions from statistical testing were based on the usual 5 % sig
nificance level in all cases.

Table 1 
Summary of mean and 95 percentile temperatures (Kelvin) for 0.25 mm type K thermocouples (TC) and flame gas (Gas) in three flame zones assuming flame gas 
velocities of 0.5 and 2.0 m s− 1.

Persistent Intermittent Plume
Quantile TCa Gas0.5

b Gas2
c TC Gas0.5 Gas2 TC Gas0.5 Gas2

50 725 806 779 679 741 721 578 609 599
95 1051 1419 1298 969 1233 1146 862 1027 973

a.Thermocouple bead temperature.
b.Gas temperature (G0.5) calculated following [72]. Air properties at 300 K: velocity = 0.5 m s− 1, density = 1.177 kg m− 3, thermal conductivity = 0.0261 W m− 1 K− 1, 
Prandtl = 0.712, viscosity = 1.85E-5 kg m− 1 s− 1, viscosity at 1000 K = 4.18E-5 kg m− 1 s− 1 [123], bead diameter = 0.625 mm, emissivity = 0.8.
c.Gas temperature (G2) calculated as above with velocity = 2.0 m s− 1.

Table 2 
Summary statistics for excess gas mixing ratios (ppmv) determined from canister samples by flame measurement zone.

Name VBDL a Persistent Intermittent Plume

Carbon dioxide (CO2) 0 91,307 76,373–109,161 30,891 24,789–38,495 13,312 9,559–18,540
Carbon monoxide (CO) 0 79,006 59,642–104,656 1,520.2 973.5–2,373.8 326.2 155.7–683.6
Hydrogen (H2) 0. 12,120 8,167–17,985 137.4 69.5–271.8 14.1 7.9–24.9
Methane (CH4) 0 10,277 8,653–12,206 114.9 66.9–197.3 15.9 6.7–37.6
Ethene (C2H4) 0 5,683.5 4,788.3–6,746.2 43.0 21.5–85.8 3.6 1.2–10.4
Acetylene (C2H2) 2 3,739.5 3,111.7–4,494.1 36.4 16.8–78.9 1.7 0.3–8.8
Propene (C3H6) 0 1,043.4 865.1–1,258.6 5.1 2.8–9.3 0.69 0.30–1.59
Ethane (C2H6) 0 608.8 501.3–739.4 4.0 2.4–6.6 0.65 0.30–1.43
Pentane (C5H12) 7 314.1 261.4–377.4 0.72 0.31–1.66 0.11 0.03–0.44
1,3-butadiene (C4H6) 7 202.7 168.4–244.0 1.4 0.7–3.0 0.11 0.02–0.55
Butene (C4H8) 5 151.4 121.7–188.3 0.53 0.33–0.85 0.10 0.05–0.22
Allene (C3H4) 7 93.6 78.4–111.7 0.68 0.32–1.46 0.08 0.01–0.57
Hexane (C6H14) 11 79.6 66.4–95.4 0.57 0.27–1.19 0.05 0.01–0.41
Isobutene (C4H8) 5 75.4 61.0–93.4 0.34 0.21–0.57 0.07 0.03–0.14
Propane (C3H8) 0 61.0 48.4–76.9 0.36 0.25–0.52 0.10 0.06–0.16
trans-2-butene (C4H8) 7 30.9 24.9–38.3 0.12 0.08–0.20 0.04 0.02–0.08
2-pentene (C5H10) 30 29.4 22.4–38.5 0.14 0.09–0.20 0.10 ​
Propyne (C3H4) 14 27.4 20.0–37.4 0.13 0.04–0.38 0.03 0.02–0.05
cis-2-butene (C4H8) 9 22.7 18.4–27.9 0.09 0.06–0.15 0.03 0.01–0.08
Isopentene (C5H10) 14 15.7 11.9–20.6 0.04 0.02–0.06 0.02 0.01–0.05
Isopentane (C5H12) 23 10.4 8.2–13.3 0.10 0.03–0.31 0.07 ​
1-butyne (C4H6) 23 6.2 3.6–10.8 0.07 0.04–0.15 0.07 ​
Butane (C4H10) 9 5.8 4.0–8.3 0.04 0.03–0.05 0.02 0.01–0.04
1-hexene (C6H12) 23 3.9 3.0–5.1 0.19 0.07–0.52 0.03 0.01–0.07
1-pentyne (C5H8) 30 2.7 1.6–4.5 0.09 0.03–0.27 ​ ​
Isobutane (C4H10) 25 2.6 2.0–3.4 0.02 0.01–0.03 0.02 0.00–0.07
1-pentene (C5H10) 52 0.57 0.39–0.82 ​ ​ ​ ​

a.Percentage of values below the detection limit of the measuring instrument.
b.The values in the two columns below each flame zone are the geometric mean and the lower and upper limits of the 95 percent confidence interval. Confidence 
interval not centered on geometric mean because geometric mean and geometric standard deviation are related by multiplication and division.

David.R. Weise et al.                                                                                                                                                                                                                           Fuel 406 (2026) 136681 

6 



The computation of log-ratios becomes problematic when there are 
zero values in a compositional data set. This can sometimes occur when 
a particular analyte is “invisible” to an instrument, such as H2 or Cl2 to 
infrared spectrometers [92]. However, when such cases are identified as 
instances where the gas concentration was below the detection limit 
(BDL) of the measuring instrument, a sensible zero replacement by 
imputation with values below the detection threshold, if specified, or the 
minimum observed concentrations otherwise, is an accepted approach 
[93,94]. Thus, using the zCompositions package in R, the lrEM algorithm 
was applied in this study for the imputation of zeros in the canister data 
set (as a regular data set with more observations than measured gases), 
whereas the lrSVD algorithm was used for the FTIR and tar data (since 
here there were fewer observations than measured gases). Note that 
before this, any gas missing from 80 percent or more of the observations 
was considered to provide too poor information and was dropped from 
further analysis.

Each data set (canister, FTIR and tar) consisted of n samples or ob
servations from a composition of D parts (gases) denoted by x = [x1,⋯,

xD]. The sample compositions were closed (normalized) to be expressed 
in proportions by means of the closure operator (Eq. 2.1). Compositional 
summary measures included the center (mean composition) ĝ and the 
total, or metric, variance (totvar) as overall measures of central position 
and dispersion respectively [90] (Eq. 2.2) where ĝ j are the geometric 
means per part and var () refers to the ordinary variance measure. To 
estimate the mean molecular weight by flame zone for each data set, the 
center was multiplied by a vector of the molecular weights and then 
summed. This is equivalent to calculating a weighted mean. The mo
lecular weights were determined using the MolecularWeight function in 
the OrgMassSpecR R package [95], which uses the NIST Atomic Weights 
and Isotopic Compositions with Relative Atomic Masses dataset as 
reference. 

C(x) = [x1,…, xD]/
∑D

1
xj (2.1) 

ĝ = C[ĝ1, ĝ2,…, ĝD]

totvar =
1

2D
∑D

k,j=1

var
(

ln
xk

xj

)

where the ĝ j =

(
∏n

i=1
xij

)1/n

,with j = 1,…,D

(2.2) 

Multivariate data analysis consisted of principal components anal
ysis (PCA) [96], applied to all three data sets for exploratory purposes, 
and permutational multivariate analysis of variance (PERMANOVA) 
[97], used for inferential purposes on the canister data only since it was 
the most complete data set (58 samples). The FTIR and tar data sets 
contained a relatively small number of observations (9 samples each) 
and many values had to be imputed, so statistical testing results were 
regarded as not trustworthy enough for generalization. However, 
exploratory PCA on these limited data was useful to obtain some insight 
and guide future analyses for a recently started project to investigate and 
model wildland diffusion flame composition in more detail.3 PCA par
titions the total variance in the data set sequentially so that the first 
principal component accounts for the largest portion of the total vari
ance, the second component accounts for the next largest portion, and so 
on. In the CoDA context, PCA is usually applied on so-called centered 

Table 3 
Summary statistics for excess mixing ratio (ppm) of gases determined by FTIR spectroscopy for flame zones.

Name VBDLa Persistentb Intermittent Plume

Water (H2O) 0 74,865 20,456–273,992 37,402 26,044–53,712 13,437 222.0–> 300,000
Carbon dioxide (CO2) 0 65,689 16,632–259,449 30,992 8,328–115,335 8,912 37.0–> 300,000
Carbon monoxide (CO) 0 10,784 4,938.5–23,548 833.0 165.2–4,200.3 226.5 69.7–735.8
Methane (CH4) 56 2,919.3 2,683.8–3,175.4 62.3 ​ 14.4 ​
Propane (C3H8) 89 2,248.9 ​ ​ ​ ​ ​
Ethene (C2H4) 11 1,965.8 1,396.6–2,766.9 47.1 6.3–354.2 4.7 0.1–313.2
Acetylene (C2H2) 33 818.5 223.2–3,001.2 54.6 10.3–289.4 ​ ​
Propene (C3H6) 11 476.9 72.2–3,150.5 4.0 0.9–17.3 4.9 0.1–439.0
Formaldehyde (HCHO) 44 408.2 96.2–1,732.4 4.9 ​ 4.4 ​
Hydrogen cyanide (HCN) 33 399.2 119.4–1,335.1 19.3 1.0–362.2 6.7 ​
Acetic acid (CH3COOH) 11 279.6 1.6–49,175 10.0 3.8–26.3 15.1 0.00–101,607
Ethane (C2H6) 44 277.0 112.1–684.4 12.7 0.00–> 300,000 ​ ​
Acetaldehyde (CH3CHO) 33 269.1 ​ 6.7 0.78–57.8 38.0 10.9–131.7
Methanol (CH3OH) 0 179.4 66.8–482.0 5.2 1.9–14.4 1.5 0.06–36.8
1,3-butadiene (C4H6) 11 145.6 31.9–664.7 3.6 1.6–8.4 6.9 ​
Glycolaldehyde (C2H4O2) 67 100.2 1.2–8595 3.1 ​ ​ ​
Furfural (C5H4O2) 78 81.4 19.4–342.6 ​ ​ ​ ​
Furan (C4H4O) 56 62.4 0.00–> 300,000 4.6 0.00–> 300,000 ​ ​
Formic acid (HCOOH) 22 47.4 4.5–502.7 2.2 0.31–15.9 1.3 1.2–1.4
Isoprene (C5H8) 89 44.6 ​ ​ ​ ​ ​
Naphthalene (C10H8) 22 44.5 34.8–56.7 1.3 0.01–260.9 0.49 ​
Allene (C3H4) 44 38.5 13.0–114.4 1.7 0.08–36.3 ​ ​
Nitrous acid (HONO) 33 25.0 0.00–> 300,000 15.4 8.8–26.9 8.2 ​
Ammonia (NH3) 67 10.3 ​ ​ ​ 0.73 0.00–> 300,000
Methyl nitrite (CH3ONO) 67 8.1 ​ 1.5 ​ 1.7 ​
Nitrous oxide (N2O) 33 4.3 1.7–10.7 1.5 1.1–2.2 0.65 ​
Isobutene (C4H8) 89 ​ ​ 6.6 ​ ​ ​
Acrolein (C3H4O) 89 ​ ​ 3.0 ​ ​ ​
Benzene (C6H6) 89 ​ ​ 27.3 ​ ​ ​
Phenol (C6H6O) 56 ​ ​ 1.8 0.20–15.5 0.78 ​
Isocyanic acid (HNCO) 78 ​ ​ 2.2 ​ 3.7 ​

a.Percentage of values below the detection limit of the measuring instrument.
b.The values in the two columns below each flame zone are the geometric mean and the lower and upper limits of the 95 percent confidence interval. Confidence 
interval not centered on geometric mean because geometric mean and geometric standard deviation are related by multiplication and division.

3 D.R. Weise, T.J. Johnson, T.L. Myers, A. Zelenyuk, W.M. Hao, D.O. Lignell, 
B. Shotorban, S. Mahalingam, J. Palarea-Albaladejo, Project RC24-4043: From 
fuel to smoke: measuring and modeling the chemistry and composition of the 
prescribed fire flame and near-field plume, 2024. https://www.serdp-estcp.mil.
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log-ratio (clr) transformed data, with visualization of possible trends 
using a biplot graphical display [98]. For PERMANOVA, the canister 
data were represented in so-called isometric log-ratio (ilr) coordinates as 
ordinarily done in CoDA for modelling purposes [90]. PERMANOVA 
tested the global hypothesis that the gas mixtures did not differ between 
the flame zones. Pairwise comparison of the gas mixtures between the 
flame zones was performed using the pairwise.perm.manova function in R 
[99], with the corresponding p-values being adjusted to control for false 
discovery rate (FDR) in multiple testing using Benjamini and Hochberg’s 
method [100]. 

z̃k =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
rksk

rk + sk

√

ln

⎡

⎢
⎣

(∏rk
i=1x+

ki

)1/rk

(∏sk
j=1x−

kj

)1/sk

⎤

⎥
⎦, k = 1,…,D − 1 (2.3) 

To determine and facilitate the interpretation of the effect of flame 
zone on specific groups of gases, a tailored set of ilr coordinates was 
defined by sequential binary partitioning of the observed composition to 
produce scientifically meaningful contrasts (a.k.a. balances, ̃zk, Eq. 2.3) 
between subsets of parts [90] where the log-ratio term of the equation 
compares the geometric mean of rk parts in one subset (in the numerator, 
indicated with + symbol) with the geometric mean of sk parts in another 
subset (in the denominator, indicated with − symbol). The preceding 

multiplicative factor is a normalization factor formally required to 
ensure comparability of the balances. For the canister data set, these 
balances were formed between the various classes of gases and then 
compared between the different flame zones. The non-parametric 
Kruskal-Wallis rank sum test was used to statistically compare the sim
ilarity of all the flame zone median values of each balance. FDR-adjusted 
pairwise Wilcoxon rank sum tests (using the pairwise.wilcox.test function 
in R) were used to compare all pairwise differences between flame zone 
median values for each balance.

3. Results and discussion4

For the 24 fires, the ambient air temperature was 24.9 to 30.2 ◦C with 
relative humidities of 10 to 18 percent. The calculated ambient H2O 
content was 2586 to 5650 ppmv. Fuel moisture content of the longleaf 
pine needles was 7.3 to 10.1 percent. A total of 58 gas canisters, 9 FTIR 
gas samples, and 9 tar samples were collected from the experimental 

Table 4 
Summary statistics for tars and permanent gases sampled from persistent and intermittent flame zones in longleaf pine needle fuel beds. Sampling method did not 
capture any tars in the plume zone.

Name VBDLa Persistent Intermittent

Carbon dioxideb (ΔCO2) 0 10.03 8.51–11.82 3.48 2.37–5.11
Carbon monoxide (ΔCO) 0 6.74 5.18–8.78 0.24 0.07–0.83
Hydrogen (ΔH2) 0 1.27 1.07–1.51 0.01 0.00–1.68
Methane (ΔCH4) 0 0.94 0.73–1.21 0.02 0.00–0.11
Biphenylene (C12H8) 67 12.74 0.83–195.5 ​ ​
Fluorene (C13H10) 33 10.99 4.47–27.00 ​ ​
Ethyl iso-allocholate (C26H44O5) 0 9.07 4.23–19.45 23.29 6.09–89.13
9,10-Ethanoanthracene, 9,10-dihydro-11,12-diacetyl- (C20H18O2) 78 8.69 0.01–6415 ​ ​
Phenanthrene (C14H10) 22 8.13 0.79–84.2 5.06 4.49–5.69
3-methylphenol (C7H8O) 33 6.83 5.38–8.67 ​ ​
Bicyclo[4.4.1]undeca-1,3,5,7,9-pentaene (C11H10) 33 5.15 1.55–17.13 ​ ​
Caprolactam (C6H11ON) 22 5.13 1.63–16.17 11.79 5.39–25.78
Phenol (C6H6O) 44 4.82 2.66–8.75 ​ ​
Acenaphthylene (C12H8) 44 4.05 0.45–36.47 4.02 0.21–76.88
2-ethenylnaphthalene (C12H10) 56 3.58 0.41–30.87 ​ ​
Catechol (C6H6O2) 56 3.50 2.28–5.37 ​ ​
Biphenyl (C12H10) 33 3.49 1.18–10.35 ​ ​
6-Methylenebicyclo[3.2.0]hept-3-en-2-one (C8H8O) 33 3.19 1.75–5.83 ​ ​
Azulene (C10H8) 89 2.73 ​ ​ ​
4-ethylphenol (C8H10O) 56 2.30 0.69–7.69 ​ ​
2,2,4-trimethyl-1H-quinoline (C12H15N) 33 2.07 1.31–3.28 10.20 4.52–22.98
1,2-benzothiazole (C7H5NS) 22 1.61 0.74–3.49 7.75 0.00–674,379
Propoxur (C11H15NO3) 67 1.22 0.28–5.23 ​ ​
2-methylphenol (C7H8O) 56 0.99 0.24–4.04 ​ ​
3,4-dimethylphenol (C8H10O) 67 0.79 0.01–49.59 ​ ​
Cyclopropanebutanoic acid, 2-[[2-[[2-[(2-pentylcyclopropyl)methyl]cyclopropyl]methyl]cyclopropyl]methyl]-, 

methyl ester (C25H42O2)
78 0.50 0.00–1,414,291 ​ ​

1-methylideneindene (C10H8) 78 0.46 0.00–9636 ​ ​
1-heptatriacotanol (C37H76O) 44 0.36 0.035–0.36 5.77 0.35–95.05
6,7-epoxypregn-4-ene-9,11,18-triol-3,20-dione, 11,18-diacetate (C25H32O8) 67 0.29 0.14–0.60 ​ ​
3-ethylphenol (C8H10O) 89 0.24 ​ ​ ​
Secalciferol (C27H44O3) 56 0.18 0.00–1165 1.99 0.11–37.30
Ingenol (C20H28O6) 78 0.17 0.00–462,802 ​ ​
1-ethyl-3-methylbenzene (C9H12) 89 0.12 ​ ​ ​
3-ethyl-5-(2-ethylbutyl)octadecane (C26H54) 67 ​ ​ 12.55 6.19–25.47
5,9-Dodecadien-2-one, 6,10-dimethyl-, (E,E))- (C14H24O) 78 ​ ​ 2.39 0.00–15,114
1-(3-methylphenyl) ethanone (C9H10O) 78 ​ ​ 5.37 0.00–167,298
2-ethylhexanal (C8H16O) 89 ​ ​ 26.77 ​
2-octadeca-9,12-dienoxyethanol (C20H38O2) 78 ​ ​ 4.01 0.20–79.13

a.Percentage of values below the detection limit of the measuring instrument.
b.Values for excess mixing ratios (Δ) for CO2, CO, H2, CH4 from canister samples for fires on which tar samples were collected.
c.The values in the two columns below each flame zone are the geometric mean (mole percent) and the lower and upper limits of the 95 percent confidence interval. 
Mole percent calculated as ratio of area under peak for a compound and sum of areas for all compounds. Confidence interval not centered on geometric mean because 
geometric mean and geometric standard deviation are related by multiplication and division.

4 The data for gas composition and experimental conditions have been sub
mitted to the Forest Service Research Data Archive for permanent storage. The 
tar data are embargoed temporarily because they are part of Mahsa Alizadeh’s 
dissertation.
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fires. The chemical and spectroscopic analyses identified 27, 31 and 34 
compounds in the canister, FTIR and tar samples, respectively. The 
ranges of molecular weights (amu) of chemical species detected in the 
three data sets were 2.016 to 86.18, 16.043 to 128.169 and 94.111 to 
536.999, respectively. The measurements and summary statistics are 
presented in Section 3.1, the PCA and PERMANOVA results in Section 
3.2, and the estimated effects of flame zone on selected balances for the 
canister data are discussed in Section 3.3.

As anticipated, the difference between the thermocouple bead tem
perature and calculated flame gas temperature increased as temperature 
increased (Fig. 5). As the assumed vertical velocity of the flame gases 
increased from 0.5 to 2.0 m s− 1, the difference between the gas tem
perature and the thermocouple temperature decreased. The highest 
temperatures were observed at the base of the flame and decreased 
vertically through the flame and plume (see supplemental information). 
The gas sampling locations were 10, 34, and 58 cm above the fuel bed 
surface for the persistent, intermittent and plume zones, respectively. 
Temperature fluctuated appreciably so the 50th (median) and 95th 
percentile values were computed for all 24 fires for both the thermo
couple and gas temperatures (Table 1). Using an assumed gas velocity of 
0.5 m s− 1, in the persistent zone, median gas temperature (G0.5) was 
approximately 80 K higher than the thermocouple temperature and 360 
K higher at the 95th percentile. The 95th percentile gas temperature for 
the persistent zone was nearly 400 K higher than the plume zone. With 
an assumed velocity of 2.0 m s− 1, the gas temperatures (G2) were in
termediate between the bead temperatures and the 0.5 m s− 1 gas 
temperatures.

To determine O2 concentration, the oxygen sensor must achieve a 
temperature of 600 ◦C (873 K). For the 0.5 m s− 1 gas velocity, the 
percentile values for 873 K were 55, 65 and 86 for the persistent, 
intermittent and plume zones, respectively. The percentiles only 
changed slightly using the higher gas velocity. These percentile values 
suggest that the necessary sensor temperature was achieved for suffi
cient time for the persistent and intermittent zones. With this assessment 
of the reliability of the O2 sensor, O2 concentration was 0 percent in all 

persistent flame zones (11 fires) and 6 of 9 fires for the intermittent 
flame zone (see supplemental information). The persistent zone corre
sponds to the fuel rich interior in the conceptual model (Fig. 1). Oxygen 
was not depleted below atmospheric concentration in the plume zone. In 
the persistent flame zone, O2 was depleted up to 100 s or more while the 
time for depletion in the intermittent zone was much shorter (10 s of 
seconds). In [54], the amount of O2 also decreased to near 0 for at least 
10 s as the flame base passed by the sample probe. This trend in O2 
concentration is in agreement with the vertical change in relative con
centration for O2 in a typical diffusion flame (Fig. 4 in [6]) which shows 
no O2 in the region where pyrolysis occurs with an increase in the region 
where oxidation reactions occur and then further increase to atmo
spheric levels above the reaction zone.

3.1. Summary statistics

The center (geometric mean) and 95 percent confidence interval 
based on the geometric standard deviation [101] for the measured 
quantities for the canisters, FTIR and tar samples are presented in 
Table 2, Table 3, and Table 4, respectively, by flame zone. Given the 
nature of the confidence interval for a geometric mean, many of the 
confidence intervals overlapped. This observation by itself, however, 
was not sufficient to state differences between compounds or flame 
zones. These values do not include the additional wind tunnel or FFB 
data. The three major gases (CO2, CO, and CH4) had the highest 
observed amounts in all flame zones in the canister and FTIR data while 
H2 was the fourth major component in the canister data. The tar data set 
did not include these gases. The mean amounts of the major gases 
decreased from the persistent flame to the intermittent flame to the 
plume. In the canister data set, the percentage of observations with BDL 
values ranged up to 52.3 percent for 1-pentene. The number of gases 
observed in only a single sample or not at all was lowest in the persistent 
flame and greatest in the plume. This could be due to concentrations 
below detection levels or the gas not being present due to reactions in 
the flame.

After the BDL values were imputed (replaced with estimated values), 
and the canister data (58 observations, 27 gases) were closed (Eq. 2.1), 
CO2, CO, H2 and CH4 still had the highest relative amounts (Table 5). 
CO2, CO and H2 varied considerably between the flame zones and 
contributed 98.8 percent to the total variance with CO2 accounting for 
63 percent. When plotted by flame zone, the amounts of the canister 
gases (Fig. 6A) suggested some possible differences between the flame 
zones. The previously published wind tunnel data where the sample 
taken directly in front of the spreading flame from a similar pine needle 
bed will be referred to as the “pre-flame” zone. The order of the relative 
values on some gases appeared to change. The measured amounts of 
many of the hydrocarbons, CO and H2 increased appreciably from the 
pre-flame zone to the persistent flame zone while the relative amount of 
CO2 decreased. This is consistent with the model in Fig. 1 (zone IIa, IIb, 
III and IV) due to the rate of pyrolysis increasing as the spreading flame 
approached heating the unburnt fuel. The relative amounts of all gases 
except CO2 decreased from the persistent zone to the intermittent zone. 
The intermittent zone is not shown in Fig. 1; however, it has been 
described as the zone where “clumps of flame are seen to rise periodi
cally from the continuous flame zone with a regular frequency of a few 
Hz” [50]. This intermittency would result in a lower quantity of flame 
gases being sampled relative to CO2 which has a higher concentration in 
the atmosphere. The intermittency could be a result of an increasing 
stoichiometric air/fuel mass ratio and/or fluid dynamics related by 
turbulence, vorticity and entrainment [44,49,102,103]. The relative 
amount of many gases in the plume either decreased further or were 
similar to the intermittent zone.

For the FTIR data set (Table 3) which contained 9 fires, H2O, CO2 and 
CO had the greatest mixing ratios in all three flame zones. In addition to 
measuring some of the same hydrocarbons that were identified in the 
canister GC samples, the FTIR data set contained several oxygenated 

Table 5 
Compositional summary statistics for gas mixing ratios determined by GC/FID 
from canister samples. CO2, CO, CH4, H2 are excess mixing ratios adjusted for 
atmospheric concentrations.

Name Center Variance contributiona

Carbon dioxide (CO2) 8.51E-01 6.3E+01
Carbon monoxide (CO) 1.13E-01 2.9E+01
Hydrogen (H2) 1.60E-02 6.4E+00
Methane (CH4) 1.17E-02 7.3E-01
Ethene (C2H4) 4.54E-03 2.7E-01
Acetylene (C2H2) 2.48E-03 1.6E-01
Propene (C3H6) 5.97E-04 6.3E-03
Ethane (C2H6) 5.27E-04 2.8E-03
1,3-butadiene (C4H6) 1.19E-04 2.0E-04
Butene (C4H8) 8.14E-05 1.4E-04
Pentane (C5H12) 7.95E-05 5.0E-04
Propane (C3H8) 6.18E-05 7.6E-05
Isobutene (C4H8) 4.81E-05 3.2E-05
Allene (C3H4) 3.49E-05 4.3E-05
Propyne (C3H4) 2.64E-05 3.2E-04
2-pentene (C5H10) 2.43E-05 5.3E-06
trans-2-butene (C4H8) 2.15E-05 5.9E-06
Hexane (C6H14) 1.77E-05 3.1E-05
cis-2-butene (C4H8) 1.49E-05 2.8E-06
Butane (C4H10) 9.51E-06 5.0E-05
Isopentane (C5H12) 5.99E-06 4.2E-06
Isopentene (C5H10) 4.66E-06 1.7E-06
Isobutane (C4H10) 3.62E-06 3.8E-04
1-hexene (C6H12) 2.71E-06 1.0E-07
1-butyne (C4H6) 2.52E-06 4.6E-07
1-pentene (C5H10) 1.66E-06 2.4E-07
1-pentyne (C5H8) 1.50E-06 4.6E-06

a.Percentage of variation that the gas contributed to the total variance (totvar), 
totvar = 0.105.
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hydrocarbons as well as nitrogen compounds. Mixing ratios in general 
decreased from persistent to intermittent to plume zone. The number of 
gases below detection limits also increased along this same gradient.

After imputation, the FTIR data set contained 9 observations of 26 
gases. On a relative basis (Table 6), H2O and CO2 comprised 97 percent 
of the mean gas composition measured by FTIR while CO comprised 2 
percent. Similarly, H2O and CO2 accounted for 94 percent of the total 
variance while CO accounted for 4.9 percent. The relative amount of 
H2O and CO2 did not appear to change between the flame zones while 
CO decreased from the persistent flame to the intermittent flame and 
plume zones (Fig. 6B). The relative amounts of several gases decreased 
between the persistent and intermittent zones while other gases 
increased.

Quantitative tar yields were not measured, although the largest 
amount of tar was collected at the flame base, followed by tar from the 
intermittent zone. Only a negligible amount of tar was collected in the 
plume, likely due to low concentration in the plume due to entrainment 
and/or combustion. Thirty-four tar compounds were identified in the 
persistent and intermittent zones (Table 4) in a total of 9 fires. The 
samples from the plume zone did not contain any detectable com
pounds. Eighty percent of the tars in the persistent zone were aromatic 
while only 29 percent were observed in the intermittent zone. In the 
absence of O2 and as gas temperature increased, one would expect the 

tar to either (a) polymerize to form higher molecular weight com
pounds, eventually forming soot, or (b) crack to form lower molecular 
weight compounds. In the intermittent zone, however, it was likely that 
O2 was in contact with the pyrolysis products, and oxidation of these 
pyrolysis products occurred. The lower aromatic content of the tars from 
this analysis suggested that either the aromatic tars were cracked or 
oxidized preferentially to non-aromatic species, or that the tars formed 
aromatic species that were of higher molecular weight than could be 
analyzed in the GC/MS system. Tar samples collected in the persistent 
zone were rich in phenolic compounds (Table 4). Following the general 
trend of decrease in concentration of aromatic compounds as sampling 
height increased, mole percent of phenolic compounds decreased as the 
sampling height increased. Twenty-one percent of aromatics present in 
the persistent zone contained phenolic compounds while almost no 
phenolic compounds were detected in the intermittent zone. Ethyl iso- 
allocholate was the only tar identified in all 9 fires. With the large 95 
percent confidence intervals around the geometric means for the tars 
due in part to the small sample size, it is premature to draw conclusions 
about differences in tar composition between the flame zones even 
though trends are suggested by the mole percent plot (Fig. 6C). More tar 
compounds were observed in the persistent flame zone than in the 
intermittent zone (Table 4). Of the tars identified previously in the high 
heating rate FFB [46] data sets, only nine were measured in the present 

Fig. 6. Measured gases and tars in different zones of a diffusion flame in longleaf pine needles (A) from canister samples analyzed by GC/MS, (B) static samples 
measured by FTIR spectroscopy and (C) tar samples determined by GC/MS. Note that the pre-flame samples (A) were collected in advance of the flame in a wind 
tunnel [65] and the FFB samples (C) were generated by heating the needles in the post-flame hot gases of a flat flame burner [46].

David.R. Weise et al.                                                                                                                                                                                                                           Fuel 406 (2026) 136681 

10 



data set.
After imputing values to replace the BDL values, the tar data set had 

16 observations and 19 compounds that occurred in more than 20 
percent of the observations (Table 7). The relative amount of ethyl iso- 
allocholate in the mean composition (center) was largest followed by 
C26H54, fluorene, caprolactam and 3-methylphenol. C37H76O, secalci
ferol, C11H10 and biphenyl accounted for 34 percent of the total vari
ance. The amounts of some tars increased while other tars decreased 
when all three flame zones were considered (Fig. 6C).

The average molecular weight of the compositions by zone was 
estimated for the tar data set by multiplying the center (mean) of the 
composition for each zone (not shown) by the molecular weights. The 
mean molecular weight of the tars reported in the FFB pyrolysis data set 
was 133.86 [46] while the mean molecular weight of identified tars in 
the present study was 200.53 and 287.88 for the persistent and inter
mittent flame zones, respectively. The increase in molecular weight from 
the persistent zone to the intermittent zone is consistent with the 
pathway to soot formation [104] which is important for flame radiation 
and fine particulate matter (PM2.5) in smoke.

3.2. Principal components analysis (PCA) and PERMANOVA

For the canister data, a plot of the first two principal components 
suggested potential differences in the gas composition of the flame zones 
(Fig. 7A). The persistent flame zone composition appeared to be distinct 
from the other three zones. The intermittent and plume zones over
lapped appreciably and many of the pre-flame observations fell outside 
of the 95 percent confidence ellipses about the persistent, intermittent 
and plume zone means. The PERMANOVA indicated that the flame zone 
was statistically significantly associated with the canister gas composi
tion (p = 0.001). The six pairwise comparisons also indicated that the 
mean canister gas composition in the four flame zones (persistent, 
intermittent, plume and pre-flame) each significantly differed from the 
others (FDR-adjusted p < 0.004).

Due to the small sample size for the FTIR data set, a 95 percent 
confidence ellipse about the mean composition could only be estimated 
for the intermittent flame zone (Fig. 7B). Both measurements from the 
plume zone fell within this ellipse while the three measurements from 
the persistent flame zone fell outside of the confidence ellipse, sug
gesting that the observed persistent flame gas composition differed from 
the other two flame zones.

Like the FTIR data set, due to the small size of the tar data set, a 95 
percent confidence ellipse could only be constructed for the persistent 
flame zone (Fig. 7C). All intermittent flame zone data points fell outside 
of this ellipse suggesting a difference in tar composition between the 
zones.

3.3. Flame zone effects

The canister data set consisted primarily of unoxygenated hydro
carbons (Table 2). The nine tailored balances for this data set compared 
the relative amount of CO and CO2 to all hydrocarbons, the amount of 
CO to CO2, the amount of saturated hydrocarbons (CH4, C2H6, C3H8, 
C4H10, C5H12, C6H14) to unsaturated hydrocarbons, and the amount of 
each saturated hydrocarbon relative to its pyrolysis products. For 
example, the balance for CH4 formed a log-ratio ̃zCH4 that compared the 
relative amount of CH4 to the relative amounts of H2 and C2H6. Simi
larly, the balance z̃C2H6 compared the amount of C2H6 with H2, C2H4, 
C2H2 and C4H6 (Table 8). If a balance’s value was greater than zero, the 
numerator was relatively larger than the denominator and vice-versa 
when the value was less than zero. The Kruskal-Wallis test suggested 
that the median values for eight of the nine balances statistically differed 
significantly between flame zones (p < 0.003) (Fig. 8). The p-value for 
the Kruskal-Wallis test of the balance of saturated hydrocarbons to un
saturated hydrocarbons was 0.054 which did not meet the a priori 

Table 6 
Compositional summary statistics for excess mixing ratio (ppmv) of gases 
determined by FTIR spectroscopy. CO2, CO, CH4, H2O are excess mixing ratios 
adjusted for atmospheric concentrations and humidity.

Center Variance contributiona

Water (H2O) 5.39E-01 5.1E+01
Carbon dioxide (CO2) 4.34E-01 4.3E+01
Carbon monoxide (CO) 2.10E-02 4.9E+00
Acetylene (C2H2) 1.30E-03 2.1E-02
Ethene (C2H4) 1.05E-03 1.7E-01
Methane (CH4) 7.86E-04 2.8E-01
Furfural (C5H4O2) 7.33E-04 3.7E-04
Hydrogen cyanide (HCN) 3.82E-04 1.1E-02
Acetic acid (CH3COOH) 3.00E-04 2.3E-03
Formaldehyde (HCHO) 2.45E-04 8.3E-03
Methanol (CH3OH) 1.84E-04 1.2E-03
Ethane (C2H6) 1.74E-04 3.1E-03
1,3-butadiene (C4H6) 1.71E-04 1.5E-03
Nitrous acid (HONO) 1.61E-04 2.4E-05
Propene (C3H6) 1.50E-04 9.0E-03
Acetaldehyde (CH3CHO) 1.38E-04 3.7E-03
Glycolaldehyde (C2H4O2) 8.27E-05 5.9E-04
Allene (C3H4) 5.12E-05 7.0E-05
Formic acid (HCOOH) 4.56E-05 4.7E-05
Furan (C4H4O) 3.88E-05 2.6E-04
Naphthalene (C10H8) 3.00E-05 1.1E-04
Isocyanic acid (HNCO) 2.67E-05 4.2E-06
Methyl nitrite (CH3ONO) 2.17E-05 7.3E-07
Nitrous oxide (N2O) 1.80E-05 3.0E-07
Phenol (C6H6O) 1.22E-05 6.1E-07
Ammonia (NH3) 5.84E-06 4.2E-06

a.Percentage of variation that the gas contributed to the total variance (totvar), 
totvar = 0.025.

Table 7 
Compositional summary statistics for the relative amount of tar compounds 
sampled from a diffusion flame in longleaf pine needles. The sampling method 
did not capture any tars in the plume zone. All compounds are solid at ambient 
conditions.

Tar compounda Center Variance contributionb

Ethyl iso-allocholate 1.74E-01 3.6
C26H54 9.27E-02 1.4
Fluorene 7.41E-02 5.9
Caprolactam 7.02E-02 3.4
3-methylphenol 6.90E-02 0.9
Phenanthrene 5.81E-02 4.9
C20H18O2 4.61E-02 0.6
Biphenylene 4.51E-02 2.8
Phenol 4.04E-02 0.7
C12H15N 3.85E-02 4.3
C11H10 3.25E-02 7.8
C20H38O2 2.89E-02 0.8
Acenaphthylene 2.86E-02 2.1
Catechol 2.77E-02 0.4
C8H8O 2.68E-02 2.9
C9H10O 2.66E-02 2.3
1,2-benzothiazole 2.41E-02 4.9
Biphenyl 2.25E-02 7.3
2-ethenylnaphthalene 1.58E-02 4.9
4-ethylphenol 1.40E-02 1.8
C14H24O 1.29E-02 1.8
C37H76O 9.87E-03 10.6
Propoxur 6.57E-03 0.9
2-methylphenol 4.96E-03 2.4
Secalciferol 2.31E-03 8.2
C25H32O8 2.03E-03 0.4
1-methylideneindene 1.95E-03 1.2
3,4-dimethylphenol 1.77E-03 6.2
C25H42O2 1.64E-03 2.2
C20H28O6 5.32E-04 2.5

a.Refer to Table 4 for names and chemical formulae.
b.Percentage of variation that the gas contributed to the total variance (totvar), 
totvar = 30.7.
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significance criteria established. This balance estimated the relative 
reactivity of the mixture; saturated hydrocarbons are less reactive than 
unsaturated hydrocarbons, so reactivity increases as the balance de
creases. In all cases, the balance value was greater than 1 indicating that 
relatively more saturated hydrocarbons were present in all zones sug
gesting that the gas mixture had lower volatility. For the other balances, 
at least one of the flame zone median values differed from the others 
(Table 7).

Examining the median values for the balance of CO2 and CO with all 
hydrocarbons, there was relatively less CO and CO2 in the persistent 
flame compared with the other zones and in the intermittent flame 
compared with the plume (difference in balance values < 0). For the 
same balance, the plume had more CO and CO2 than the pre-flame zone. 
More CO relative to CO2 was measured in the persistent zone compared 
to the other zones (difference in balance values > 0); the intermittent 
zone also had more CO relative to CO2 in the plume. Significantly less 
ethane, propane, and butane relative to their pyrolysates and more 
pentane and hexane relative to their pyrolysates were measured in the 
persistent zone than in the plume. Less methane relative to H2 and C2H6 
and more pentane relative to its pyrolysates were found in the persistent 
zone compared to the intermittent zone. In most comparisons, more 
hexane and pentane relative to their pyrolysates were measured in the 
persistent flame zone compared to the other flame zones.

Many pyrolysis experiments have been performed at slow heating 
rates and low temperatures, such as in a thermogravimetric analyzer 
(TGA), to determine the product yields, composition and kinetics asso
ciated with wildland fuels. Some fast pyrolysis experiments [e.g., 17] 
have used heating rates observed in wildland fires and found differences 
in gas composition between non-oxidizing (fuel rich flat flame burner) 
and ambient atmosphere (wildland flame) environments; the difference 
between composition was mainly attributed to the CO-CO2 log-ratio.

In the present study, the experiments measured an open burning 
wildland fuel flame with realistic flame temperatures and heating rates 
[65]. Some wildland fire simulation efforts have started to include 
combustion schemes with simple representative, often global, gas 
compositions [16,105,106]. Others are attempting to model smoke 
formation [107,108] rather than using an empirical smoke yield 
(emission factor) as in [109]. The heat of combustion changes with 
location due to the change in gas and tar species as well. Such im
provements to simulations will require measurements of gas and tar 
yields and species within different areas of a flame.

The chemical composition of a wildland flame is complex and dy
namic. From a simple mass balance using the ultimate analysis results 
and assuming complete combustion of the pine needles (based on 
observing only residual inorganic ash in the experimental fires), 1 kg of 
dry needles would yield 1.92 kg CO2 and 0.54 kg H2O. Assuming pine 

Fig. 7. Measurements of gas concentrations represented in the first two principal components (PCs) space suggesting differences in gas composition between zones of 
a diffusion flame from longleaf pine needles. Measured gases were from (A) canister samples analyzed by GC/MS, (B) static samples measured by FTIR spectroscopy 
and (C) tar samples determined by GC/MS. Note that the pre-flame samples were collected in advance of the flame in a wind tunnel [65]. The ellipses are 95 percent 
confidence ellipses about each zone mean.
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needle moisture content (dry weight basis) of 10 percent would yield 
0.64 kg H2O. The log-ratio based on CO2 and H2O ppm expressed as a 

balance, 
[

1̅ ̅
2

√ ln(CO2/H2O)

]

[90], would be 0.896 and 0.777 for dry and 

10 percent moisture content pine needles, respectively. For the excess 
mixing ratios for the FTIR (Table 3, Table 6) in the persistent flame zone, 
this log-ratio was − 0.09 indicating that less CO2 was produced in this 
zone relative to H2O which indicates incomplete combustion which is 
further corroborated by the presence of the many C-bearing compounds, 
especially the CO. Note that the log-ratio in this instance is 
[

1̅ ̅
2

√ ln(ΔCO2/ΔH2O)

]

where Δ indicates that the ambient ppm amounts 

were subtracted. The ambient mixing ratio for CO2 was approximately 
414 and ranged from 1612 to 3456 for H2O based on the temperature 
and relative humidity which could affect the ratio. If values from the 
compositional center (Table 6) were used, 
[

1̅ ̅
2

√ ln(ΔCO2/ΔH2O)

]

= − 0.15 indicating the same result. For the 

intermittent and plume zones (Table 3), 
[

1̅ ̅
2

√ ln(ΔCO2/ΔH2O)

]

was 

− 0.13 and − 0.29, respectively. The mean log-ratios of the aggregated C 
gases to H2O were − 0.08, − 0.11, and − 0.26 for the persistent, inter
mittent and plume zones, respectively. This indicates that the amount of 
C decreased slightly in dominance relative to H2O as distance from the 
combustion zone increased. However, the large variability in the FTIR 
measurements, particularly in H2O and CO2 (Table 3, Table 6) makes it 
difficult to determine how close the measurements were to the theo
retical ratio. While it is standard practice to adjust measured smoke 
emissions for ambient conditions [110], appropriateness of this 
approach for measurements from a combustion zone is unknown. For 
instance, measurements of O2 in a combustion zone should not be 
adjusted for obvious reasons.

Of the non-H2O flame gases, CO2 was the most dominant. Dominance 
can be quantified using different indices (Table 9). The ratio of CO2 and 
CO has long been identified as an important index related to combustion 
efficiency or completeness [111]. Another commonly used index, 
modified combustion efficiency (MCE), defined as the ratio between CO2 
and the sum of CO and CO2 [62,66,112] is constrained between 0 and 1. 
MCE has often been improperly correlated with smoke emissions in 
statistical analyses [87]. A CoDA-based index (the simple log-ratio be
tween CO2 and CO) can also describe the relative dominance of CO2 to 
CO. These 3 measures changed between the different flame zones. In the 
persistent flame zone, more CO was present relative to CO2 while more 
CO2 relative to CO was observed in the other zones. In the FFB, less CO2 
relative to CO was observed compared to the persistent flame. It is 
important to note that the log-ratio of CO2 and CO takes the relative 
nature of the compositional data into account. While it has been shown 
that the ratio of CO and CO2 can be related to the amount of O2 present, 
this has not been examined with the present data sets due to the chal
lenge of comparing the O2 time series with the time-integrated gas and 
tar samples.

Nitrous acid (HONO) is a gas of interest due to its impact on atmo
spheric chemistry. Several studies have examined HONO formation in 
smoke plumes and in urban areas [113–116] and found a significant 
amount of HONO and other organic acids in “fresh” smoke. The presence 
of H2O (as relative humidity) has been shown to have an effect on HONO 
formation on soot [117] so both the H2O present in the air as well as the 
relatively large amount of H2O measured in the persistent and inter
mittent zones may be important to consider in modeling. While soot was 
not measured in this study, it is a well-known constituent of the flame 
and smoke [42]. In experiments conducted at the Forest Service’s Mis
soula Fire Sciences Laboratory, “fresh” smoke was typically collected 15 
m above a burning fire approximately 5 s after being emitted from the 
flame. While the FTIR sample size was relatively small in the present 
study, the FTIR measurements documented the presence of HONO at 

Table 8 
Summary of pairwise comparisons of selected log-ratio balances of gases 
collected in canisters by flame zone. ** indicates adjusted p-value ≤ 0.05.

Pairwise Comparisona

Balance Per-Int Per- 
Plm

Per-Prf Int- 
Plm

Int-Prf Plm- 
Prf

CO, CO2 vs all 
hydrocarbons

− 3.8** − 4.6** − 3.1** − 0.8** 0.6 1.5**

CO vs CO2 1.9** 2.3** 1.6** 0.4** − 0.3 − 0.6
Saturated vs 

unsaturated
0.0 − 0.6 − 0.5 − 0.6 − 0.5 0.1

CH4 vs 
pyrolysatesb 
(

z̃CH4

)

− 0.2** − 0.2 0.3 0.0 0.5** 0.5

z̃C2H6 0.4 − 0.6** 0.2 − 0.9** − 0.2 0.7
z̃C3H8 0.4 − 0.9** − 0.3** − 1.3** − 0.6** 0.7
z̃C4H10 0.2 − 1.9** − 2.5** − 2.1** − 2.8** − 0.7**
z̃C5H12 1.4** 1.9** 3.0** 0.5 1.7** 1.2**
z̃C6H14 − 0.1 1.2** 4.2** 1.3** 4.3** 3.0**

a.Per, Int, Plm, and Prf indicate persistent, intermittent, plume and pre-flame 
zones, respectively. Values are difference between flame zone median values 

for a balance 
(

z̃k

)

. P-values adjusted to control false discovery rate [100].

b.Balance ̃zCxHy denotes the log-ratio balance between a saturated hydrocarbon 
CxHy (numerator) and its pyrolysates (denominator). Pyrolysates are those gases 
which could be produced by pyrolysis of the saturated hydrocarbon. The satu
rated hydrocarbons CH4, C2H6, C3H8, C4H10, C5H12 and C6H14 had 2, 4, 9, 14, 
21, and 24 of the measured unsaturated hydrocarbons, respectively, as 
pyrolysates.

Fig. 8. Comparison of median values for selected log-ratio balances 
(

z̃k

)

of 

gases collected in canisters by flame zone. Balance z̃CxHy denotes the log-ratio 
balance (Eq. 2.3) between a saturated hydrocarbon CxHy and its pyrolysates. 
Statistically significant differences between zones for all balances except the 
saturated vs unsaturated balance according to Kruskal-Wallis test (p-value <
0.003). Note that the pre-flame samples were collected in advance of the flame 
in a wind tunnel [65].
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higher concentrations in the persistent and intermittent flame zones. 
The average temperatures in these two zones were more than 400 ◦C 
(673 K). There are not sufficient chemical species data to speculate on 
the exact reaction or reactions that formed HONO; the NIST Kinetics 
database [118] lists over 448 possible reactions that produce HONO. 
These results show HONO formation in the flame in addition to prior 
measurements of HONO in the smoke column [113,114,119].

Comparison of the results from the present experiment with experi
mental mixtures measured in a tube furnace [120] which were used to 
formulate a global kinetic model [16] showed similarities and differ
ences. The gases were emitted by a Mediterranean pine (Pinus pinaster 
Aiton) and two shrub species (Erica arborea L., Cistus monspeliensis L.): 
CO, CO2, H2O, along with saturated and unsaturated hydrocarbons CH4, 
C2H4, C2H6, C3H6, C3H8, C4H6, C4H8, and C4H10. Of these gases, a sub- 
composition of 10 was also measured in the present study (Table 2, 
Table 3) and in pre-flame samples in a wind tunnel [65,121]. For the 
pines (Table 10), visual inspection of the mole percents suggested that 
the amount of CO in Tihay et al.’s results [120] fell between the amount 
in the canister and FTIR samples of the persistent flame. Measurements 
of CO in other portions of the flame were similar. Pérez-Ramirez et al. 
[16], used the ratio of hydrocarbons to CO to formulate the experi
mental mixture to calibrate their global model. The ratio for the FTIR 
samples in the persistent zone (0.73) is similat to their data (0.69); 
however, the ratio for the canister data in the persistent zone is much 
smaller (0.23) due to the presence of a relatively greater mole fraction of 
CO. It is important to remember that the mole fractions reported in this 
table are relative and will change if other gases were added or removed 
[87]; this supports the need to use statistical methods that are appro
priate to the nature of the data.

Assuming that the oxygen sensor values were accurate, the lack of 
oxygen in the persistent flame zone would indicate that this is a fuel rich, 
oxygen-deficient region corresponding to the “fuel rich interior” of 
Fig. 1. Oleoresins are resins, waxes, fats and fatty oils that are produced 
by plants and include alcohols, aldehydes, ketones, acids, and esters. 
Fragmentation of the oleoresins into C2H2 units is suggested in the 
model in zone III. The canister and FTIR samples showed decreases in 
the relative amount of C2H2 from the persistent flame zone to the plume 
zone with corresponding increases in CO2 and H2O which is consistent 
with the production and combustion of C2H2. We note that this is 
congruous with the time-resolved FTIR measurements of [78] in which 
C2H4 was rapidly generated and consumed during the pyrolysis and 
combustion phases, respectively. Several alcohols, aldehydes, ketones, 
acids, and esters were also observed in the gas and tar measurements 
supporting the conceptual model of the appearance of these partially 
oxidized organics; however, due to the small sample size for the tar and 
FTIR samples, it was not possible to determine differences between 
flame zones. More of the aromatic compounds were detected in the tar 
samples from the persistent zone as expected. The increased relative 
amounts and higher molecular weight compounds suggest synthesis of 
the aromatic compounds as indicated in zone V occurring in the 
persistent and intermittent flame zones. While the Ward model is 
qualitative in nature, many of its components are supported by the data 
in this paper. Further validation of this model is planned with new, more 
detailed gas and particulate data.

4. Conclusions

While the present study was fundamentally exploratory, the data 

Table 9 
Measures of dominance of CO2 in gas composition by flame zone for different data sources.

Flame Zone

Measure Methodd Pre-flamee FFB Persistent Intermittent Plume
CO2/CO a Canister 16.49 1.16 20.32 40.80

FTIR 6.09 37.21 39.35
​ Tarsf 0.35 1.49 14.60 ​
CO2/(CO + CO2)

b Canister 0.94 0.54 0.95 0.98
FTIR 0.86 0.97 0.98

​ Tars 0.26 0.60 0.94 ​
1̅
̅̅
2

√ ln(CO2/CO) c Canister 1.98 0.10 2.13 2.62
FTIR 1.28 2.56 2.60

​ Tars − 0.75 0.28 1.90 ​

a.Using mole ratio [112].
b.Using modified combustion efficiency [113].
c.Using simple log-ratio approach.
d.Canister and FTIR methods used excess mixing ratios (adjusted for ambient atmospheric concentrations while the FFB measurements were adjusted to account for the 
CO and CO2 content of the post-flame gases in the flat-flame burner.
e.Pre-flame canister samples were collected in advance of the flame in a wind tunnel [65].
f.For the Tars data set CO and CO2 values from [46] were used to estimate the FFB values and CO and CO2 from the canister data for the subset of fires where tars were 
collected were used to estimate the persistent and intermittent flame zone values.

Table 10 
Comparison of the molar fractions of common gases sampled in pyrolysis and various locations in and adjacent to a diffusion flame for two pine species.

Source CO2 CO CH4 C2H4 C3H6 C2H6 C4H6 C4H8 C3H8 C4H10
∑

CxHy/CO d

Pinus pinastera 0.64 0.21 0.04 0.008 0.001 0.014 0.054 0.018 0.009 0.005 0.69
Pinus palustris ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
Persistentb − Canisters 0.48 0.42 0.05 0.030 0.006 0.003 0.001 0.001 3.E-04 4.E-05 0.23
Persistent − FTIR 0.82 0.11 0.03 0.02 0.004 0.003 0.001 0 0.02 0 0.73
Intermittent 0.95 0.05 0.00 0.001 2.E-04 1.E-04 5.E-05 3.E-05 1.E-05 2.E-06 0.11
Plume 0.97 0.02 0.00 3.E-04 5.E-05 5.E-05 1.E-05 2.E-05 7.E-06 3.E-06 0.07
Wind tunnelc − Canisters 0.73 0.06 0.01 0.004 2.E-04 4.E-04 7.E-05 8.E-05 7.E-05 1.E-04 0.20
Wind tunnel − FTIR 0.92 0.07 0.003 0.003 6.E-04 1.E-04 1.E-04 0 0 0 0.09

a.Data for crushed Pinus pinaster needles. [121].
b.Data from this paper.
c.Data for Pinus palustris needles from wind tunnel measurements in advance of flame. [65].
d.Ratio of sum of hydrocarbon mole fractions to CO mole fraction.

David.R. Weise et al.                                                                                                                                                                                                                           Fuel 406 (2026) 136681 

14 



suggest meaningful differences in the gaseous composition between the 
three zones of the flame. The mole fractions of hydrocarbons relative to 
CO and CO2 decreased from the persistent flame zone above the pyro
lyzing needles through the intermittent flame zone into the flame-free 
plume. The concentration of tars also decreased over this same 
gradient which could result from chemical reactions occurring in the 
flame as well as air entrainment into the flame/plume. Partial agree
ment of the gas composition in the persistent flame zone with the gas 
composition used to formulate a global kinetic model of the combustion 
of evolved gases in a wildland fire provides support for the future use of 
this kinetics model in physically based fire models in U.S. wildland fuels. 
The identification of different gases and tars in the different flame zones 
supported the conceptual model of a wildland flame formulated by 
Ward. More detailed and synchronized measurements of gas and par
ticulate composition in these flame zones are underway to improve 
physically based fire models.
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