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What's a fire ? 
The rapid oxidation (combustion) of a material (the fuel) releasing heat, light 
and various reaction products (adapted from standard definitions)

Contrary to many combustion devices (engines, bunsen burner,...) :
- fire is a self-sustained process,
- often uncontrolled.

1-12-S290-EPUnit 1 The Fire Environment

Fire spreading in a grass fuel Bunsen Burner (combustion device)1
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Common fuels 
All include carbon in any form (hydrocarbons, alcohols, carbohydrates)

Gasesous : methane (natural gas), propane, ethylen, ...
Liquid : alcohols, gasoline
Solid : coal, synthetic polymers, wood and other natural fibers

Wood and other biomass fuels are mostly composed of natural polymers of  
carbohydrates (Cm(H20)n) : cellulose, hemicelluloses and lignin.

instability of these compounds. Yang et al. [67] found that the
primary mass reducing reactions in hemicelluloses occurred
between 493 and 588 K, whereas those for cellulose occurred
between 588 and 673 K and lignin over a much broader range
of 433 to 1173 K. More recent studies of thermal degradation

of hemicellulose include that of Shen et al. [68] who found
two main stages of mass loss in xylan-based hemicelluloses, a
low temperature stage (around 538 K) associated with thermal
cracking of the hemicellulose chain and a high temperature
stage associated with char combustion. Gordobil et al. [65]

Table 2 Approximate analysis of
some biomass species taken from
Shafizadeh [52•], Mok and Antal
[61] and Demirbaş [62, 63].
Source: modified from [41••] with
permission from Elsevier

Sample Cellulose (%) Hemicelluloses (%) Lignins (%) Othera (%)

Shafizadeh [52•]

Softwood 41.0 24.0 27.8 7.2

Hardwood 39.0 35.0 19.5 6.5

Wheat straw 39.9 28.2 16.7 15.2

Rice straw 30.2 24.5 11.9 33.4

Bagasse 38.1 38.5 20.2 3.2

Mok and Antal [61]

Eucalyptus saligna 45 15 25 15

Eucalyptus gummifera 38 16 37 9

Sweet sorghum 36 18 16 30

Sugar cane bagasse 36 17 17 30

Populus deltoides 39 21 26 14

Demirbaş [62, 63]
Softwood (av.) 45.8 24.4 28.0 1.7

Hardwood (av.) 45.2 31.3 21.7 2.7

Wood bark 24.8 29.8 43.8 1.6

Wheat straw 28.8 39.1 18.6 13.5

Tobacco stalk 42.4 28.2 27.0 2.4

Tobacco leaf 36.3 34.4 12.1 17.2

Spruce wood 50.8 21.2 27.5 0.5

Beech wood 45.8 31.8 21.9 0.4

Ailanthus wood 46.7 26.6 26.2 0.5

a Other can consist of organic compounds such as starch or inorganic material such as salts, minerals, water and
extractives

Fig. 2 Skeletal formula of a portion of two adjacent cellulose chains,
indicating some of the intra- and intermolecular hydrogen bonds (dashed
lines) that may stabilise the crystalline form of cellulose. R and R’ indi-
cate continuation of the cellulose chain. A glucosan monomer with

carbon atom numbering convention is highlighted in green. The glyco-
sidic link between C1 and C4 of two adjacent glucosan units is highlighted
in blue. Modified from [56]

Curr Forestry Rep

Sullivan 2017

Cellulose chains
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Biomass fuels 

instability of these compounds. Yang et al. [67] found that the
primary mass reducing reactions in hemicelluloses occurred
between 493 and 588 K, whereas those for cellulose occurred
between 588 and 673 K and lignin over a much broader range
of 433 to 1173 K. More recent studies of thermal degradation

of hemicellulose include that of Shen et al. [68] who found
two main stages of mass loss in xylan-based hemicelluloses, a
low temperature stage (around 538 K) associated with thermal
cracking of the hemicellulose chain and a high temperature
stage associated with char combustion. Gordobil et al. [65]

Table 2 Approximate analysis of
some biomass species taken from
Shafizadeh [52•], Mok and Antal
[61] and Demirbaş [62, 63].
Source: modified from [41••] with
permission from Elsevier
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Hardwood 39.0 35.0 19.5 6.5
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Eucalyptus saligna 45 15 25 15

Eucalyptus gummifera 38 16 37 9

Sweet sorghum 36 18 16 30

Sugar cane bagasse 36 17 17 30

Populus deltoides 39 21 26 14

Demirbaş [62, 63]
Softwood (av.) 45.8 24.4 28.0 1.7

Hardwood (av.) 45.2 31.3 21.7 2.7

Wood bark 24.8 29.8 43.8 1.6

Wheat straw 28.8 39.1 18.6 13.5

Tobacco stalk 42.4 28.2 27.0 2.4

Tobacco leaf 36.3 34.4 12.1 17.2

Spruce wood 50.8 21.2 27.5 0.5

Beech wood 45.8 31.8 21.9 0.4

Ailanthus wood 46.7 26.6 26.2 0.5

a Other can consist of organic compounds such as starch or inorganic material such as salts, minerals, water and
extractives

Fig. 2 Skeletal formula of a portion of two adjacent cellulose chains,
indicating some of the intra- and intermolecular hydrogen bonds (dashed
lines) that may stabilise the crystalline form of cellulose. R and R’ indi-
cate continuation of the cellulose chain. A glucosan monomer with

carbon atom numbering convention is highlighted in green. The glyco-
sidic link between C1 and C4 of two adjacent glucosan units is highlighted
in blue. Modified from [56]

Curr Forestry Rep

Cellulose, hemicelluloses and 
lignin are non-soluble

Extractives (i.e. soluble) include
waxes, resin, simple sugars, 
starches, proteins, ...,
and volatile organic compounds 
(VOCs, such as terpenes)
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Fuels in 'natural' fires
All live and dead elements of vegetation + Soil organic material

Fine elements (< 6 mm) drive fire spread

Larger fuels, even trunks, may burn (at least partially)
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Self-sustained burning
Fundamental processes

1-12-S290-EPUnit 1 The Fire Environment

Combustion
(Heat release)

Heat
transfer

Thermal 
degradation of fuel 

Ignition
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Self-sustained burning

Ignition

Fuel

Heating

Thermal 
degradation

Combustion

Heat
released

Reactants

Drying

Oxygen

Initial heat source

New fuel enters
the cycle
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Thermal degradation

Fuel

Levoglucosan Volatiles degradation of 
long molecules,
i.e. pyrolysis

distillation
VOCs
CO2, CO, Chars

Under heating, fuels undergo drying, distillation and pyrolysis

drying
Water <= 100°C

<200°C (mostly)
>200°C (mostly) 

>280°C
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Thermal degradation

initial glycosidic thermolysis is endothermic, the subsequent
decarboxylation, decarbonylation and dehydration reactions
result in a net exothermicity. This reaction path has a relatively
low activation energy (Ea≃110–200 kJ mol−1 [96, 97]) and a
reaction enthalpy of ΔH ≃ −1–2 kJ g−1 [85, 98].

For detailed descriptions of the chemical processes in-
volved in the thermal degradation of cellulosic biomass, see
reviews such as [41••, 81••, 82, 90, 99, 100].

The desaturation of the anhydrous cellulose to charcoal
species is visually apparent by a shrinkage in the substrate
and a change in its colour. The colour change is similar to that
of the browning of cooking food, a result of the glycosidic
reaction between reducing sugars and free amino groups in
proteins [101] and first described by Maillard in 1912.
Saturated hydrocarbon compounds absorb light only in the
ultraviolet [102, p. 330] and so appear white in the visible
spectrum. As the number of carbon-carbon double bonds in
the compound inc r ea s es t h rough dehyd ra t i on ,
decarbonylation or decarboxylation, the electronic absorption
spectrum broadens and shifts toward the infra-red into the
visible [103, 104]. This results in the absorption of more
visible spectrum light and a darkening of the substrate.
This can proceed until only carbon black remains. The
discoloration process is also evident in the yellowing
and weakening of acidic paper through acid hydrolysis
[105], which is essentially the same process as charring
only much slower.

The key morphological difference between the two com-
peting thermal degradation pathways is that fuel that has un-
dergone the charring process retains the morphology of the
original substrate [106]—i.e. one can still discern the form
of the virgin fuel in the char. The cross-linking reactions
that occur during charring act to retain the original
shape of the fuel. Fuel that has undergone volatilisation
does not retain any of the original fuel’s structure and
becomes amorphous.

Figure 4 shows a stylised thermogravimetric analysis for
cellulose that illustrates the changes in mass of a sample under
a fixed heating rate of about 10 K/min. Combustion reactions
do not begin to make much impact on the overall mass of the
sample until the sample temperature exceeds 550 K. At this
point, initial thermal degradation reactions involving conver-
sion of cellulose to activated or hydrolysed cellulose (precur-
sors for the charring pathway) do not change the massmuch. It
is only when the thermolysis reactions occur, leading to the
release of products such as levoglucosan under volatilisation
and water and carbon dioxide under dehydration and decar-
boxylation, that the mass begins to decrease significantly. As
the volatilisation and charring reactions are occurring in
competition, it is very difficult to determine the primary
cause of mass loss in cellulose from thermogravimetric
analysis without a good understanding of the processes
involved [107].

Gas Phase Oxidation Reactions (Flaming)

The most apparent reaction involved in the combustion of bio-
mass is the oxidation of the thermal degradation products. It is
these reactions in the gas phase (involving levoglucosan and its
decomposition products) and solid phase (involving char) that
result in what we describe as ‘fire’—the release of heat, light
and the appearance of flame. While much of the study of com-
bustion in wildland fire research has concentrated on the transfer
of heat from flames to adjacent unburnt fuel, understanding the
source of the energy in flames is critical to correctly determining
the rate and magnitude of the transfer of this energy.

Gas phase oxidation of the volatilised levoglucosan and its
derivative products appears as flame. The oxidation reactions
are highly complex and disordered due to both the chemistry
involved and the susceptibility of the reactions to turbulence
in the oxidant and fuel flows. Studies of emissions from com-
bustion of wildland fuel (such as [95, 108, 109]) show that the
number of oxidation products is quite considerable and often
the result of many intermediate reactions. The simplest stoi-
chiometric reaction for levoglucosan oxidation is:

C6H10O5þ6O2→6CO2þ5H2O: ð6Þ

However, this reaction assumes that intermediate reactions,
consisting primarily of oxidation reactions of derivative prod-
ucts (produced through sequential thermal degradation), are
complete (and also assumes that intermediate reactions can be
expressed in terms of only initial and final products). But the
number of pathways that such reactions can take is quite large,
and not all paths will result in completion to carbon dioxide
and water.

Fig. 4 Stylised thermogravimetric analysis for cellulose that illustrates
the changes in mass of a sample under a fixed heating rate of about 10 K/
min. Initial thermal degradation reactions involving conversion of
cellulose to activated cellulose or hydrolysed cellulose do not
commence until about 560 K. Significant mass loss does not occur until
the thermolysis reactions and charring reactions begin to dominate
between 580 and 620 K

Curr Forestry Rep
Thermo-gravimetric analysis

Sullivan 2017

(in oxygen
atmosphere)
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Thermal degradation (details on pyrolysis of cellulose)
Cellulose (usually 40 to 50% of material) has been studied extensively

Two main pathways : char formation and volatilisation

Cellulose Levoglucosan (LG) 

Cellulose CO2 + CO + H2O + Char + Heat

Char formation at low temperature (< 280°C) : 

Heat

Char formation at high temperature : 

Cellulose + H20 CO2 + CO + H2O + Char + Heat
Heat

Hydrolysed cellulose 

Volatilisation (high temperature): 

Flammable Volatiles + Tars (~LG)  

Heat

Heat Heat

Char formation is slightly exothermic
Volatilisation is slightly endothermic
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Ignition
Ignition is the appearance of combustion, generally accompanied by a flame.

Needs fuel, heat and oxygen, but the conditions are more drastic :

1- Most biomass fuels do not burn when O2 concentration is below 15% 
(atmospheric air normally contains 21% oxygen in volume)

2- Gaseous flammable products (released by distillation and pyrolysis of solid fuel) 
have lower and upper flammability limits, i.e. they don't ignite outside these limits

3- Fuel heating must be enough, and fast enough, to get a sufficient flow of 
flammable products to exceed the lower flammability limit when mixed with the air

In practice, ignition may happen if the woody fuel is "rapidly" heated to a critical
temperature:

- 300-350°C with a pilot flame (pilot-ignition temperature)
- a higher threshold (600°C) with no pilot (spontaneous ignition temperature) 

10

JL Dupuy - INRAe URFM



JL Dupuy – INRAE URFMJL Dupuy - INRAE URFMJL Dupuy – INRAE URFMBasic fire processes

Pre-heating of the solid fuel elements
Prior to ignition, fuel must be pre-heated to ignition temperature 𝑇𝑖𝑔
Both the dry material and the water of the fuel must be heated from ambient 
temperature 𝑇𝑎 (300 K) to 𝑇𝑖𝑔 (~600 K)

Dry material : 𝑄𝑑𝑖𝑔 = 𝐶𝑝𝑑 𝑇𝑖𝑔 − 𝑇𝑎 = 390 J/g (g of dry material) 

Liquid water must be heated up to 100°C (𝑇𝑏𝑜𝑖𝑙 =373 K) and then vaporized:
𝑄𝑤 = 𝐶𝑝𝑤 𝑇𝑏𝑜𝑖𝑙 − 𝑇𝑎 + 𝐿𝑣 = 2560 J/g (g of water)

𝐶𝑝𝑑 is the specific heat of dry matter (1.3 J/K g)
𝐶𝑝𝑤 is the specific heat of liquid water (4.18 J/K g)
𝐿𝑣 is the latent heat of vaporization of water (2257 J/g)

If the water content of fuel is FMC :
Fuel Moisture Content=mass of water /mass of dry fuel

Then the heat of pre-ignition of the fuel is :
𝑄𝑖𝑔 = 𝑄𝑑𝑖𝑔 + 𝐹𝑀𝐶 𝑄𝑤

11
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Ignition tests

MIT f (FMC)
("données 1990" et 2008 et postérieures)
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Compare species samples
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Combustion
Flaming combustion :

- Products of volatilisation (gaseous fuels) react with oxygen in the air
- Fast reaction controlled by mixing of gaseous fuel and oxygen

Glowing or smouldering (low temperature) combustion :
- Oxidation of chars
- Slower reaction controlled by oxygen diffusion to char surface
- Incomplete combustion, especially smouldering

Flaming

Glowing Smouldering

13
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Combustion products
Complete combustion (theoretical):

- CO2 and H2O are the only final products
- O2 consumption may be computed if fuel composition is known

Combustion is largely incomplete in wildland fires, which is measurable thanks to 
the Equivalent Oxygen to Fuel Ratio (EOFR):

EOFR= )*+,- *. */01,2 34563++0 4*2-6),7
)*+,- *. */01,2 4*2-6),7 82 4*)9+,5, 4*):6-58*2

Type of combustion : Complete Flaming Smoldering

EOFR 1.00 0.93 0.80

Water (H2O) 559 546 523

Carbon dioxide (CO2) 1821 1632 1283

Carbon monoxide (CO) 0 90 257

Methane (CH4) 0 3 9

Other hydrocarbons 0 2 6

Particulate matter (PM) 0 9 25

Typical emission factors of wood combustion (g per 1000 g of fuel)

In Fire Science,
Springer, 2021

95% of carbon
released in 
CO2, CO and 
CH4
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Combustion products

Significance : impacts to the atmosphere, air pollution

CO2 is the most abundant species by far, but relatively inert

Other, less abundant, products raise specific concerns :
- CO:  toxicity
- CH4:  high global warming potential
- NMOCs*, Nitrogen molecules, Sufur dioxid (SO2) :  toxicity, impacts on atmospheric
chemistry
- PM : toxicity, impacts on radiative forcing

*NMOCs : Non-methane organic compounds, a number of molecules each representing very low
contribution 

15
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Combustion products

Prescribed fires Wildfires

Northwest 
conifer forest

Western 
Shrubland

Grassland Northwest 
conifer forest

Boreal forest

MCE 0.906 0.935 0.947 0.883 0.917

Carbon dioxide (CO2) 1598 1674 1705 1600 1641

Carbon monoxide (CO) 105 74 61 135 95

Methane (CH4) 4.86 3.69 1.95 7.32 3.38

NMOCs 47.3 24.6 23.9 59.6 38.3

PM < 2.5 𝝁m 17.6 7.06 8.51 23.2 21.5

Nitrogen molecules 3.75 3.93 3.68 3.66 2.2

Modified Combustion Efficiency (MCE)  and emission factors (g/kg) for different fire types

MCE = CO2/(CO2+CO), an indicator of smoldering vs flaming activity

Orders of magnitude are similar among fire types, but significant differences appear
(uncertainties reported in Urbanski 2014) :

e.g. more efficient combustion in grasslands and shrublands (see next Figure)

Data from airborne or tower-based measurements above fires (Urbanski 2014)

16
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Combustion products

contributes only to RSC. However, the actual partitioning of emis-
sions from the consumption of these fuels types is likely to be
highly dependent on fire characteristics and atmospheric conditions
and therefore highly variable and difficult to accurately predict. We
do not provide recommendations regarding the weighting of the
EFlofted and EFRSC for particular fire types. Guidance on the relative
importance of flaming and smoldering combustion and biomass
consumption by fuel class according to fire characteristics and
vegetation type may be found in Ottmar (2014), Weise and Wright
(2014), Hyde et al. (2011), de Groot et al. (2009) and Brown et al.
(1991).

2.2.1. Forest fires
We have compiled best estimate forest fire EF for three types of

prescribed fires – temperate conifer forests in the Southeast,
Southwest, and Northwest, and two types of wildfires – mixed-
conifer forests of the Northwest and boreal forests. Fire average
MCE for these datasets are shown in Fig. 6. The availability of field
data was greatest for the Southeast prescribed fires with the recent
study of Akagi et al. (2013) providing EF for >70 NMOC, while that
for Northwest wildfires was the most limited, with EF available for
only CO2, CO, and CH4. When field measurements were not avail-
able for NMOC, we estimated the EF based on the fire type MCE
(Fig. 6 and Table 1) using the approach described in Section 2.1.
The accuracy of this method was evaluated by comparing esti-
mated EF (EFest) with field measured EF (EFfield) for 69 NMOC from
4 Southeast prescribed fires from Akagi et al. (2013) (Block 6, Block
9b, Block 22b, Pine Plantation of their Table A.1). Compared with
their 4 fire average EF our EF

P
NMOC was low by 0.64 g kg!1

(5%) and the mean absolute error of the 69 EFX was 0.08 g kg!1.
Best estimate EF for forest fires are given in Tables 1 and A.1. Our

Southeast prescribed fire EF differ from the conifer understory rec-
ommendations of Yokelson et al. (2013) in that we include airborne
measurements from Akagi et al. (2013) and tower based measure-
ments from Urbanski et al. (2009) and we have not included the

Sierra Nevada Mountain fires of Burling et al. (2011). Tables 1 and
A.1 provide reference lists describing the origin of each EF.

2.2.2. Western shrublands and grasslands
Field data for fires in shrublands and grasslands is extremely

limited. Yokelson et al. (2013) synthesized laboratory and field
measurements to provide best estimate EF for semiarid shrublands
(chaparral and oak savanna). We are not aware of any additional
studies that could be used to update or improve their compilation
and we believe their synthesis provides the best estimate for Wes-
tern shrubland prescribed fires. Urbanski et al. (2009) report EF for
a limited number of species for prescribed fires in grasslands and
these measurements were combined with the semiarid shrubland

Table 2
Estimated MCE and EF (g kg!1) for RSC prone fuels. Numbers in parentheses are estimated uncertainty (see Section 2.1).

Species Stumps and Logs Temperate forest duff/organic soil Boreal forest duff/organic soil

EF Note EF Note EF Note

MCE 0.796 (0.037) 1 0.752 (0.047) 6 0.790 (0.028) 11
Carbon dioxide (CO2) 1408 (48) 1 1305 (157) 6 1436 (33) 11
Carbon monoxide (CO) 229 (46) 1 271 (51) 6 244 (43) 11
Methane (CH4) 13.94 (3.89) 1 7.47 (5.79) 7 8.42 (3.36) 11P

NMOC 45.25 (36.78) 2 68.67 (67.79) 2 54.33 (42.84) 2P
Unidentified NMOC 39.65 (30.78) 3 179.00 (179.00) 8 129.29 (129.29) 10

PM2.5 33 (20) 4 50 (16) 9 20.6 (20.6) 10
Nitrogen oxides as NO (NOx) 0 (0) 5 0.67 (0.67) 10 0.67 (0.67) 10
Ammonia (NH3) 0.48 (0.38) 5 2.67 (2.67) 10 2.67 (2.67) 10
Nitrous oxide (N2O) – (–) 12 – (–) 12 – (–) 12
Sulfur dioxide (SO2) – (–) 12 1.76 (1.76) 10 1.76 (1.76) 10

Notes:
1. Average of ground-based measurements of Akagi et al. (2013) and Burling et al. (2011) (CL – unit ME samples 1–4), and Hao et al. (2007) (logs and stumps from Southeast
and West).
2. Sum of NMOC from Table A.2.
3. Sum of unidentified NMOC estimated based on MCE using regression equation derived from the laboratory data of Yokelson et al. (2013) (see text).
4. Estimate based on linear regression of EFPM2.5 vs. MCE using data from Burling et al. (2011) and Urbanski et al. (2009) (Southeast and West conifer forests), Hobbs et al.
(1996) and Radke (1991) (Myrtle/Fall Creek, Silver, and Mable Lake fires). Regression statistics: slope = !212.25 (21.93), intercept = 210.77 (20.18), residual standard
error = 4.10, R2 = 0.64, n = 54.
5. Average of ground-based measurements of Akagi et al. (2013) and Burling et al. (2011) (CL – unit ME samples 1–4).
6. Average of ground-based measurements of Geron and Hays (2013) and Hao et al. (2007) (duff from Southeast and West).
7. Average and standard deviation of ground-based measurements of Hao et al. (2007) (duff from Southeast and West).
8. Sum of Unidentified NMOC from Table A.1 (Organic Soil) of Yokelson et al. (2013) adjusted by the ratio (68.67/49.61). In the ratio 68.67 is our estimate of identified
EFNMOC and 49.61 is the sum of identified EFNMOC from Table A.1 (Organic Soil) of Yokelson et al. (2013). Uncertainty is estimated as 100%.
9. Average of ground-based values reported by Geron and Hays (2013) (Table 1, ground fire). Uncertainty estimated as half their range of reported values.
10. Value is from Table 2 (Organic Soil fire type) of Yokelson et al. (2013) with uncertainty estimated as 100%.
11. Average and standard deviation of ground-based measurements of Hao et al. (2007) (Alaska duff).
12. A best estimate EF could not be provided due to lack of data.

Fig. 6. MCE for different fire types from Table 1. SE = southeast, SW = southwest,
NW = northwest, and WF = wildfire. Error bars are 1 standard deviation.

S. Urbanski / Forest Ecology and Management 317 (2014) 51–60 57

MCE = CO2/(CO2+CO) in products, an indicator of smoldering vs flaming activity
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Combustion products

Stumps and Logs Temperate forest
duff/soil

Boreal forest
duff/soil

MCE 0.796 0.752 0.790

Carbon dioxide (CO2) 1408 1305 1436

Carbon monoxide (CO) 229 271 244

Methane (CH4) 13.9 7.47 8.42

NMOCs 84.9 247 183

PM < 2.5 𝝁m 33 50 20.6

Nitrogen molecules 0.48 3.34 3.34

Modified Combustion Efficiency (MCE)  and emission factors (g/kg) for smoldering fuels
Data from ground-based measurements (Urbanski 2014)

As expected, pollutants are much more represented over these smoldering fuels than
above flaming fires with a significant convection column transporting smokes to the 
upper atmosphere.
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Combustion products

Peat fires release huge amount of carbon and pollutants,
with significant impacts to the carbon cycle (feedback) 
and the human health (haze)

Rein and Huang, 2021 - Current Opinion in Environmental Science and Health

Ozone (colors)
Smokes (white) Nasa

Peat fires, 1997, Indonesia
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Combustion heat release
The heat released by combustion may be computed when reactants and products
are known. By convention, energy release (exothermicity) is negative

Net energy release (𝝙H) =
Energy to form the bonds of products + Energy to break the bonds of reactants

4 C-H 
bonds 

2 O=O 
double 
bonds 

2 C=O 
double 
bonds 

4 O-H 
bonds 

Another way to compute the heat of combustion is to use the enthalpies of 
formation of products and reactants. 

20

<0 > 0
= – "bond energy" =  "bond energy" 

Example : combustion of methane

CH4 +      2 O2 CO2 +         2 H2O  
Reactants Products

𝝙H = – 2 x 804 – 4 x 460 + 4 x 413 + 2 x 497 = – 802 kJ/mol = – 50.1 kJ/g

C=O O-H C-H O=O
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Combustion heat release
The heat of combustion of woody fuels  can be computed considering the following
reaction, where C6H9O4  represents an average composition of the dry fuel :

C6H9O4 +     6.25 O2 6 CO2 +      4.5 H2O

In mass:
145 g  woody fuel  +  200 g oxygen 260 g carbon dioxid + 81 g water

High heat of combustion : 𝝙HHfuel = 20.1 kJ/g, when the final state of water is liquid

Low heat of combustion : 𝝙Hfuel = 20.1 − 1.4 = 18.7 kJ/g, when the final state of water is
vapor

Incomplete combustion releases less heat.

But it is better to measure the heat of combustion, as the exact composition of the 
material is usually unknown
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Combustion heat release
The heat of combustion of a burning material depends on the material (composition) and 
on the fire conditions (temperature, oxygen supply, water content).
Indeed, both influence the proportion of pyrolysis products, which have different heats of 
combustion

Pyrolysis product High heat of combustion
𝝙HH  (kJ/g)

Chars (C) 32

CO 10

CH4 50

Levoglucosan 17
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Combustion heat release
The heat of combustion of woody fuels  varies with their composition and the proportion 
of char produced (data from Rothermel 1976)

Substance Proportion of char 
produced

Higher heat of 
combustion 𝝙HH  (kJ/g)

Cellulose and hemicellulose (50-75%) 0.092* 16.1

Lignin (15-35%) 0.624 24.5

Extractives (0.2-15%) 0.285 32.3

Minerals tend to inhibit flaming combustion, promoting char formation.

*the amount of char produced increases when silica-free minerals are present.
Extractives include volatile organic compounds, which are highly flammable substances
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Combustion heat release
Combustion characteristics of different fuel elements (from Susott 1982)

Fuel type Ash content (%) Fraction of char 
(%)

Higher heat of 
combustion 
(kJ/g)

Energy for 
volatiles (kJ/g)

Energy for char 
(KJ/g)

Grasses 6.5-9.5 22-25 19.4-20.2 12.0-12.2 7.1-8.2

Foliage 1.5-7.1 25-34 20.6-23.3 10.9-15.8 7.5-10.6

(Small ) Stems 2.2-6.1 22-28 20.0-22.4 10.9-15.2 7.2-9.1

Wood 0.2-0.6 15-24 19.6-21.0 12.6-14.6 5.0-7.6

Rotten wood 0.2-0.2 21-41 20.3-23.1 10.4-13.6 6.8-12.6

Bark 0.5-17.7 28-47 21.5-24.0 7.7-12.8 8.9-14.3

Duff 31.2-34.1 35-39 20.3-23.3 8.9-11.1 11.4-12.2

Note that the heat of combustion is not so variable
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Combustion heat release
Combustion characteristics of 
Mediterranean fuels (from Madrigal 
et al 2011)

thermocouples (type K, 1.6 mm diameter), was added to the MLC (650 mm above
the holder surface). The thermopile output is first calibrated by use of a methane
burner (Figure 1c) and a flowmeter, and then used to quantify heat release [3, 14].

The MLC standard sample holder used for building materials contains low den-
sity ceramic wool to ensure correct positioning of the samples, 25 mm from the
conical heater, and the sample is placed on aluminium foil. A specific porous
holder adapted to forest fuel samples was designed [16] to simulate rapid flaming

Figure 1. a General view of the MLC device. b Detail of the
thermopile. c Detail of methane burner used to calibrate thermopiles.
d Porous holder with Pinus pinaster dead litter, immediately before a
test.

466 Fire Technology 2011

Measurements :
GHC (MJ/kg) : Gross heat of combustion (high heat of 
combustion measured with bomb calorimeter)
PHRR (kW/m2) : peak heat release rate
THR (MJ/m2) : total heat release
TTI (s) : time to ignition of the sample
FD (s) : Flaming duration
MLR (g/s) : peak mass loss rate

Note :
The initial sample load is 10g/100 cm2, i.e. 1kg/m2.
Thus, THR can also be expressed as MJ/kg and 
compared with GHC.
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Combustion heat release
GHC (MJ/g) : Gross heat of combustion
(high heat of combustion measured with bomb calorimeter)
PHRR (kW/m2) : peak heat release rate
THR (MJ/m2) : total heat release

basis) obtained for the selected Mediterranean fuels (10 MJ/kg to 19 MJ/kg) were
consistent with the normal range for forest fuels [12, 13, 15, 20, 23].

The AEHC values for dead fuels are significantly higher than those for live
fuels (t-test, p< 0.01; average 15.55 MJ/kg for dead fuels and 13.72 MJ/kg for
live fuels). Results confirm the differences between dead and live fuels obtained by
Madrigal et al. [14] in the adapted MLC device and the important implications of
the presence of dead fuel during flaming combustion, taking into account that
these differences were detected on a dry weight basis. The results therefore suggest
that dead fuel may not only affect combustion process from the point of view of
fuel moisture content. Nevertheless, the differences were not significant
(p = 0.4534) for GHC (average 21.07 MJ/kg for dead fuels and 20.65 MJ/kg for
live fuels). Madrigal et al. [14] detected differences between Pleurozium schereberi
and Quercus coccifera in the AEHC values obtained with the MLC device,
whereas no significant differences between GHC were detected with the oxygen
bomb calorimeter. These results may confirm the effect of fuel structure in rapid
flaming combustion properties. By contrast, the oxygen bomb calorimeter uses
ground material to determine the GHC, and therefore overlooks the effect of the
forest fuel structure on combustion characteristics [13]. Thus, the differences in
GHC are caused by phytochemicals [24], and the values did not differ significantly
between fuel types.

Figure 3. Heat release rate (HRR, grey line) and Mass Loss Rate
(MLR, black line) for one of the tests (test no. 5) in the Pinus pinaster
dead litter series tests (Heat flux of 50 kW/m2, bulk density of
20 kg/m3). Vertical lines show time-to-ignition (continuous) and time
to end of flame (discontinuous). MLR has been smoothed by moving
average method (5 s period).

470 Fire Technology 2011
TTI (s) : time to ignition of the sample
FD (s) : Flaming duration
MLR (g/s) : peak mass loss rate
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Combustion heat release
Combustion characteristics of Mediterranean fuels (from Madrigal et al 2011)

Table 1
continued

Species Growth form Plant parts collected

Bomb calorimeter
Mass loss calorimeter

GHC (MJ/kg)
PHRR
(kW/m2)

THR
(MJ/m2)

TTI
(s)

FD
(s)

MLR
(g/s)

Dead fuels
Brachypodium retusum Herb, perennial Dead stalks and leaves 19.59 264 16.86 3 98 0.065
Pinus halepensis Tree Needle litter 22.5 495 25.8 4 60 0.072
Pinus pinaster Tree Needle litter 21.54 472 26.07 8 53 0.064
Pinus pinea Tree Needle litter 20.47 375 19.65 6 68 0.064
Ulex europaeus Shrub Twigs and leaves litter 20.23 260 16.89 4 54 0.057
Ulex europaeus Shrub Aerial dead twigs and leaves 22.09 512 27.39 8 98 0.065

E
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bustion
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F
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ing
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bustion
465

Table 1
Forest Fuel Sample Characteristics and Combustion Characteristics Measured Using an Oxygen Bomb
Calorimeter (Repeatability Limit 150 kJ/kg According to ISO 1716) and Mass Loss Calorimeter Device
(Repeatability Criteria According to [2, 17, 18])

Species Growth form Plant parts collected

Bomb calorimeter
Mass loss calorimeter

GHC (MJ/kg)
PHRR
(kW/m2)

THR
(MJ/m2)

TTI
(s)

FD
(s)

MLR
(g/s)

Live fuels
Aparagus acutifolius Herb, perennial Green stalks and leaves 20.25 326 18.54 3 57 0.056
Cistus ladanifer Shrub Green twigs and leaves 21.24 390 23.93 12 65 0.054
Cistus laurifolius Shrub Green twigs and leaves 21.44 303 19.48 5 68 0.06
Crataegus monogyna Tree, shrub Green twigs and leaves 19.96 284 16.84 3 29 0.06
Cynodon dactylon Graminoid, annual Green leaves 17.66 238 14.47 2 40 0.059
Cytisus scoparius Shrub Green twigs and leaves 21.05 426 21.85 12 49 0.046
Daphne gnidium Shrub Green twigs and leaves 19.93 353 25.87 3 82 0.061
Erica arborea Shrub Green twigs and leaves 22.86 359 19.19 7 47 0.06
Eucalyptus camaldulensis Tree Green twigs and leaves 19.87 349 20.01 2 46 0.059
Eucalyptus globulus Tree Green twigs and leaves 22.42 397 20.33 4 48 0.06
Juniperus oxycedrus Tree, shrub Green twigs and leaves 20.34 367 19.63 4 57 0.063
Lavandula stoechas Shrub Green twigs and leaves 20.99 343 17.81 4 62 0.06
Quercus coccifera Tree, shrub Green twigs and leaves 19.95 353 17.73 11 38 0.062
Quercus ilex Tree, shrub Green twigs and leaves 19.81 438 23.94 17 35 0.061
Rubus ulmifolius Shrub Green twigs and leaves 19.14 327 17.82 11 64 0.058
Ulex europaeus Shrub Green twigs and leaves 21.43 507 25.98 11 94 0.059
Pinus halepensis Tree Green twigs and leaves 21.34 356 23.18 4 65 0.062
Pinus pinaster Tree Green twigs and leaves 21.37 389 15.81 13 61 0.049
Pinus pinea Tree Green twigs and leaves 20.37 331 12.81 9 81 0.063
Pinus sylvestris Tree Green twigs and leaves 21.68 375 20.39 6 62 0.06

464
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Flame - mixing
The locations where the combustion of volatiles occurs (reaction zone) 

It is visible in fires thanks to the formation of soot particles radiating in the 
visible wavelengths (yellow color) at high temperatures

Flames in fires are diffusion flames, i.e. mixing of oxygen and flammable gas
realized thanks to molecular and turbulent diffusion 

Laminar Highly turbulent

Turbulence increase

28
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Flame - mixing
Molecular diffusion : driven by concentration gradients of oxygen and gaseous fuel

Turbulent diffusion : driven by eddy chaotic motion
-> much more efficient for mixing than molecular diffusion

Mixing (which ensures oxygen supply) is fundamental in wildland or natural fires, 
as it controls the rate of combustion (the speed at which fuel or O2 is consumed)

Laminar Highly turbulent

Turbulence increase
Only

molecular diffusion 
Dominated by 

turbulent diffusion 
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Flame - temperature

Intermittent
flame

Persistent 
flame

Theoretical (adiabatic) flame temperatures
are above 2000°C

But actual temperature are much lower due 
to heat losses :

typically 800- 1000°C in average in the 
core of the flames

Local, instantaneous values fluctuate a lot

Average temperature decreases above the 
persistent flame, and radially

𝑍 =
𝑧
𝐻
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Flame - temperature
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Fully-developed flame
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Flame - temperature

10

100

1000

0.1 1 10
Normalized height Z

T-Ta (°C)

500

0.75

Slope : -0.9

Slope : -2.2

Persistent 
flame

Intermittent 
flame

Plume

Slope : - 5/3
(plume theory)

1.250.2 2

𝑍 =
𝑧
𝐻 H is mean flame height

Vertical profile of time-averaged temperature
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Radial profile of time averaged temperature
16Forest fuel burner: radial profile of temperature
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Temperature recordings in a spreading fire

Flame - temperature

Discussion

Slope and fuel bed width effect on fire spread

Overall, 208 and 308 upslope fires showed a pointed fire shape.
This was observed in Dupuy (1997) for two different fuel types
(Pinus halepensis, Pinus pinaster) and two different fuel loads
(0.5, 1.0 kgm!2). This shape was also observed on the same
bench using excelsior fuel beds (J.-L. Dupuy, J. Maréchal,
D. Portier and J.-C. Valette, unpubl. data). More recently,
Viegas (2002) reported similar shapes in Pinus pinaster fuel
beds, and such pointed shapes were reported in the field in some
of the wind-aided grass-fire experiments conducted by Cheney
et al. (1993). Photographs of upslope fires in shrublands
showing this same shape were also obtained in Gestosa
experiments (IFFN 2000). Finally, prescribed burning

practitioners often report this pointed shape for upslope fires.
Therefore, the pointed fire shape reported herein is not specific
to the fuel bed or laboratory conditions of the present study, but
is a typical result of fire spreading upslope.

Fig. 10 shows the spread factor as measured in 1, 2 and
3m-wide fuel beds, together with the spread factor as computed
by three empirical or semi-empirical models of fire spread,
namely the Rothermel model, the McArthur Fire Danger Meter
and the Canadian Fire Behaviour Prediction System (FBP). In
the FBP system, the spread factor is calculated according to
an empirical relation established by Van Wagner (1977) from
several sources of data. In particular, these data incorporated
Rothermel model predictions for pine needle fuel beds
and McArthur (1966) index predictions. As pointed out by
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Fig. 9. Time–temperature traces as measured by thermocouples at 5 and 25 cm heights after 4m of propagation, for 308 upslope fires and 1m-wide fuel beds:

(a) test 44: thermocouple was reached by fire head at 132 s (cotton break); (b) test 53: thermocouple was reached by right fire flank at,180 s (fire head was

,10 cm to the left of the median axis of the bench).

Slope effect on fire behaviour Int. J. Wildland Fire 283

38Fire spread experiments on DESIRE

� Also observed in natural fires
spreading over a sloping terrain

Head fire (flame)  reaches
the thermocouple 

Top view of fire lines
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Buoyancy and fire-induced flow

Buoyancy force

Fire-induced downdraft

Hot air is much less dense than fresh air (ambient a), 
generating a buoyancy force :

𝐹 = 𝑔 (𝜌𝑎 − 𝜌), 𝑔 is gravity and 𝜌 is density
(F expressed as forced per unit volume of air)

Rising hot air and gas must be replaced by fresh air
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Buoyancy and wind interactions

of the flame to the scale of the atmospheric boundary layer.
Turbulence in the form of eddies or rolls is frequently generated
in the shear between two flows, such as a fast flow next to a
slower flow. The interaction of the rising buoyant gas with an
air flow can lead to turbulence in the flow [39•] (Fig. 3, see also
‘Radiant Heat Transfer’ section below).

The transition to turbulence flow from laminar flow is in-
dicated by the non-dimensional Reynolds number, the ratio of
the inertial forces to the viscous forces: [40, p. 67]

Re ¼ ϱuL
μ

; ð5Þ

where Re is the Reynolds number, u is the relative velocity
between a fluid flow and surface (m s−1), L is the characteristic
length scale (m), and μ is the kinematic viscosity (m2 s−1). At
small Reynolds numbers (e.g. <≃10), the flow is dominated
by viscosity and is laminar. At high Reynolds numbers (e.g.
>≃1000), the flow is dominated by the inertial forces and is
turbulent. In between, the flow is transitional between the two
flow regimes. The exact Reynolds number for transition from
one flow regime to the other depends on attributes of the fluid
and scale being considered. For the atmosphere, the Reynolds
number is in the order of 60,000–90,000, which is considered
highly turbulent [41].

Non-linearity produces eddy motions of smaller and small-
er scales until viscous dissipation causes the cascading of en-
ergy to smaller scales to stop [42, 43]. Interaction of the flow
with elements on the earth’s surface, such as terrain, vegeta-
tion or structures, through the effect of drag and mechanical
disturbances, can increase the rate at which energy is cascaded
down the scales [44] (see ‘Atmospheric Effects’ section for a
more comprehensive discussion).

Turbulence acts to mix heated volatile with ambient air
and thus increase the rate of oxidation and flaming com-
bustion. It also acts to mix the heated gases with unburnt
fuels, heating them toward thermal degradation.
Turbulence also affects the transport of burning solid
fuels, such as firebrands, in the process of spotting (see
‘Solid Fuel Transport (Spotting)’ section). It can also act
to increase the rate of glowing or smouldering combustion
by improving the exchange of oxygen in the air with the
reacting solid-phase char and removing insulating ash.

Where turbulence is generated by the interaction of
buoyancy and advection in the flame zone of a fire, it is
called convective turbulence [31] (Fig. 3). Complex fluid
structures such as vortices have been observed within the
flame envelope in even low-intensity flames burning in
calm conditions [45, 46]. Convective turbulence immerses
fuel in flame and thus leads to greater heat transfer and
increased fuel ignition rates [33, 47]. This aspect of tur-
bulent buoyant flow in and around the fuel is critical to
understanding the behaviour of wildland fires, particularly
in complicated fuel structures [22•]. Convective turbu-
lence also acts to extend the range of heating from the
flame zone downwind over unburnt fuels which increases
with wind speed [31].

Radiant Heat Transfer

Oxidation of the gas-phase volatiles is the primary mech-
anism for the generation of the heat required for sustained
propagation of a wildland fire, forming the flames we
associate with such a fire. The gas-phase oxidation occurs
via turbulent diffusion, where the hot gases from
volatilisation mix diffusively with the oxygen in the

Fig. 3 A stylised two-
dimensional representation of the
three-dimensional turbulence
generated from the interaction of
the buoyancy of the flame and the
ambient air flow around it.
Convective turbulence acts to in-
crease rates of mixing and com-
bustion of volatiles and to im-
merse fuel ahead of the fire front
in flame

154 Curr Forestry Rep (2017) 3:150–171

Inertia force (wind)
Buoyancy
force
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Fire-induced drafts
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Heat transfer
The process by which heat (thermal energy) is exchanged between two objects
or two parcels of matter of different temperatures

3 modes :
- conduction
- thermal radiation
- convection
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Conduction
Conduction is the transfer of heat from one molecule of matter to another by 
direct contact

In fires : relatively slow transfer, operating within solid fuels and soil layers

A B

Heat flux q

TA > TB

𝑞 = −𝜆
𝜕𝑇
𝜕𝑥

Thermal conductivity 𝜆 :
- copper : 400 W/m K
- dry wood : 0.1-0.2 W / m K
- dry air : 0.02-0.03 W / m K
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Fourier law

(kW/m2)
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Thermal radiation
Thermal radiation  is the transfer of heat energy by electromagnetic waves from
a heat source to an absorbing material

(Emissive power of grey bodies, W/m2)𝐸𝑒 = 𝜀 𝜎 𝑇4

𝜀 is body emissivity (=1 for a black body, 0 for a non emitting surface)
𝜎 the Stefan-Boltzman constant 

Semi-transparent bodies (the air) allow the waves to pass, so the transfer

Any body emits radiant energy due to its temperature T (Stefan-Boltzman law): 

Any non-transparent body absorbs incident radiant energy according to   
𝑞𝑎 = 𝛼 𝑞𝑖𝑛𝑐 (absorptivity 𝛼 = 𝜀 for diffuse - grey bodies) 

The heat flux decreases with the square of the distance to the source
𝑞𝑒 𝑞𝑖𝑛𝑐𝑟

(two parallel unit areas)
𝑞𝑖𝑛𝑐 =

𝑞𝑒
𝑟2
=

𝐸𝑒
𝜋 𝑟2

(W/m2)
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Convection (convective heat transfer)
Convection is the transfer of heat resulting from the motion of a fluid. 
In fires : the fluid is air or hot gases (flame, smoke).

The fluid transports heat and exchanges it (by conduction) with the solid body, 
mnamely, in fires, the fuel elements

𝑞 = ℎ (𝑇 − 𝑇𝑠)
Fluid (U, T)

Solid body (Ts)

The convective heat transfer coefficient ℎ depends on U (fluid velocity), T (fluid
temperature), and other fluid properties, as well as on body geometry

This is a very efficient way of heating, especially when flame is in contact with fuel.

40

Newton's law for convection

Note : the term convection is also widely used to designate the natural movement
of fluid due to fluid density differences, for example above a fire ...
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Dominant heat transfer in horizontal fire spread

1-17-S290-EPUnit 1 The Fire Environment

Head Fire         Backing Fire
Wind and/or slope affect 
fire spread with radiant 
and convective heat.

Conduction/radiation within 
fuel bed is dominant factor 
in fire spread.  Much less 
dependent on wind and slope.

Wind
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Dominant heat transfer in vertical fire spread

Convection above the fire
heats and may ignite tree
foliage
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Dominant heat transfer in glowing embers
Radiation, and conduction within charring material
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