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Effects of fuel bed structure on heat transfer mechanisms 
within and above porous fuel beds in quiescent flame 
spread scenarios 
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Eric V. MuellerA and Rory M. HaddenA  

ABSTRACT 

Background. Further understanding of the effect of fuel structure on underlying physical 
phenomena controlling flame spread is required given the lack of a coherent porous flame spread 
theory. Aims. To systematically investigate the effect of fuel structure on the heat transfer 
mechanisms within and above porous fuel beds. Methods. Radiant and total heat fluxes were 
measured in two extended series of laboratory-based quiescent flame spread experiments in pine 
needle beds across a range of structural conditions (various fuel loadings, bulk densities, and fuel 
depths). Key results. Peak radiant heat fluxes from the in-bed combustion region were greater 
than peak radiant heat fluxes from the above-bed flame front for all of the studied fuel conditions. 
However, the magnitude and duration of radiant heating from the above-bed flame increased with 
fuel loading (where bulk density was held constant and fuel depth allowed to vary). Conclusions. 
Our study highlighted the important role of fuel structure on heat transfer mechanisms, and the 
relevance of development of semi-empirical and simplified physics-based models. Implications. 
The interdependent effects of fuel bed properties on the underlying heat transfer mechanisms 
must be considered in the further development of coherent, flame spread theories.  

Keywords: fire modelling, flame spread, fuel structure, heat flux, heat transfer, pitch pine, 
prescribed fire, thermal model. 

Introduction 

Recent decades have seen substantial developments in our understanding of flame 
spread, but there remains a need to develop a coherent theory for flame spread in 
wildland fuels (Finney et al. 2013). Improved theoretical understanding would support 
the development of modelling tools not only for use in different wildland fire scenarios 
but also to support prescribed burning (Hiers et al. 2020). Hiers et al. suggested that 
‘adequate multiscale characterisation of vegetation structure and fuels is fundamental for 
predicting prescribed fire behaviour and effects’ (Hiers et al. 2020, p. 6). However, even 
at relatively small scale and for simple, homogeneous fuel beds, the porous nature of 
wildland fuels limits the applicability of experimentally demonstrated solid surface flame 
spread theories and requires improved physical understanding (Finney et al. 2013). 

Porous fuels 

Wildland fuel beds consist of numerous discrete fuel particles forming a porous (solid: 
gas) fuel matrix. This porous fuel structure affects both the ignition and burning beha-
viour of wildland fuel beds and introduces additional complexities compared with 
continuous solid fuels. The presence of air-filled voids between fuel elements, especially 
for high porosity fuel beds such as pine needle layers, results in fuel beds with 
low thermal conductivity. The porous nature of natural fuel beds also allows numerous 
heat transfer mechanisms (e.g. radiation, convection) and combustion phenomena 
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(smouldering and flaming) to occur within the fuel bed. It is 
therefore desirable to understand and identify specific fuel 
bed descriptors to describe the effect of fuel bed structure on 
the burning behaviour both within and above the fuel bed. 

Fuel bed descriptors 

Several structural descriptors are commonly used to 
describe the structure of porous fuel beds such as pine 
needle litter layers. The fuel loading describes the overall 
mass of fuel per unit area. The bulk density is defined as the 
dry mass of fuel per unit volume. The packing ratio (β) is 
defined as the ratio between the fuel bed bulk density (ρb) 
and the particle density (ρp). 

Porous fuel beds can also be described using the dimen-
sionless value ασδ, which incorporates the fuel bed porosity 
(α), fuel bed depth (δ), and the surface-to-volume ratio of 
fuel elements (σ), and which was previously observed to be 
strongly correlated with spread rate in pine needle beds 
(Campbell-Lochrie et al. 2021). In this parameter, the fuel 
bed porosity is defined as the gaseous volume fraction 
(α = 1 − β), and is therefore a function of the packing 
ratio (β). The dimensionless parameter αβδ was also previ-
ously used by Wilson (1990) to describe porous fuel beds, 
and is therefore assessed as another relevant structural 
descriptor in a similar manner to the fuel loading, bulk 
density, and fuel depth. 

Heat transfer in porous fuel beds 

Many operational fire simulation models are underpinned 
by the semi-empirical model of Rothermel (1972), in which 
the energy conservation principle is applied to a unit volume 
of the fuel bed, with the flame spread rate described as the 
ratio between the propagating heat flux and the net heat 
required for ignition. However, during model development, 
the analytical solution of this energy balance was prevented 
because the heat transfer mechanisms were unknown, and 
instead empirical model closure terms were derived from 
laboratory experiments involving limited fuel types (½ inch 
sticks, ¼ inch sticks and excelsior). 

Several simplified physics-based models (which do expli-
citly consider individual heat transfer mechanisms) have 
been proposed over the last century. However, given a 
lack of demonstrated physical proof, none of these models 
have seen operational use (Weber 1991; Sullivan 2009). For 
this class of model, significant differences in assumptions 
around the relative importance of different heat transfer 
mechanisms highlight the limitations of our existing knowl-
edge of the flame spread process in porous wildland fuels 
(Finney et al. 2013). Several models have considered radia-
tion to be dominant, particularly in no or low ambient wind 
conditions (Emmons 1963; Albini 1967; Van Wagner 1967), 
with different importance attached to the flame and within- 
bed radiation. However, other models allow for convective 
heating to dominate, for example in the modelling of flame 

spread through a matchstick array (Vogel and Williams 
1970). Carrier et al. (1991) also described a theory for 
flame spread through a fuel bed of thin diameter, discrete 
fuel particles, in which they defined a ‘confusive’ dominant 
preheating mechanism that described convective and turbu-
lent diffusion – although a thin fuel loading limit (approxi-
mately estimated as around 2 g/cm2), above which radiation 
contributions were similar in magnitude to convective/dif-
fusion preheating, was also identified. 

Development of a coherent flame spread theory for 
porous fuels requires a greater understanding of how the 
relative importance of different heat transfer mechanisms is 
altered by the flame spread scenario and fuel characteristics 
(e.g. porosity, fuel element spacing, fuel loading). This will 
also contribute to the continued development of detailed 
physics-based models. 

Identification of heat transfer mechanism(s) represents 
an essential first step in the development of a flame spread 
theory (Williams 1977), and must consider the limits of 
applicability of any assumptions as the fuel, environmental, 
or topographical properties are altered. It has been suggested 
that radiation from the above-bed flame is of secondary 
importance in porous fuels, with heat transfer mechanisms 
within the fuel bed dominating (McCarter and Broido 1965;  
Rothermel and Anderson 1966). Rothermel and Anderson 
(1966) observed sustained flame spread in a pine needle 
bed even where heat transfer from the flame to the unburnt 
fuel was blocked (by shielding the fuel). Shielding the flame 
reduced the spread rate by 39% but it is not clear whether 
just radiation or also convection were blocked. 

Past studies of the stationary burning of wood cribs have 
suggested that up to half of the radiative energy may be 
released from the within-bed burning region (containing 
glowing embers) (Fons 1963; McCarter and Broido 1965). 
More recently, using Fourier-transform infrared (FTIR) and 
infrared (IR) spectrometry to measure the emission spectra 
during the burning of various wildland fuels, Boulet et al. 
observed ‘continuous strong emissions’ from burning embers 
in the fuel bed similar to that of a blackbody at a 1000 K, 
which ‘could constitute a further contribution to fire propa-
gation in addition to overhead flame radiation’ (Boulet et al. 
2009, p. 883). 

Past laboratory-based studies of heat transfer in wildland 
fuels have employed a wide range of approaches (Fons et al. 
1960, 1962; Fons 1963; McCarter and Broido 1965; Thomas 
et al. 1965; Rothermel and Anderson 1966; Van Wagner 
1967; Anderson 1969; Fang and Steward 1969; Konev and 
Sukhinin 1977; Vaz et al. 2004; Morandini et al. 2005;  
Frankman et al. 2010; Dupuy and Marechal 2011; Silvani 
et al. 2012; Morandini et al. 2013; Overholt et al. 2014;  
Finney et al. 2015; Tihay et al. 2014; Liu et al. 2015;  
Morandini et al. 2018; Silvani et al. 2018; Campbell- 
Lochrie et al. 2018; Bu et al. 2021; He et al. 2021; Cohen 
and Finney 2022a), as summarised in Fig. 1. The position 
and viewing angle of sensors will dictate the heating sources 
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to which they are exposed, as well as determine the view 
factor between heat sources (e.g. overhead flame) and flux 
gauges. 

Few previous studies have focused on the systematic 
manipulation of fuel properties in order to investigate the 
effect of fuel structure on the heat transfer mechanisms 
involved in flame spread. This restricts our ability to draw 
broad conclusions regarding the relative importance of dif-
ferent heat transfer mechanisms and to systematically 
explore the role of fuel bed structure. 

As a result, the manner in which fuel bed properties 
(e.g. bulk density, porosity) physically affect the flame spread 
process often remains unclear. For example, previous studies 
have observed an effect of packing ratio on the spread 
rate (Fang and Steward 1969). The concept of an optimum 
packing ratio is embedded within the Rothermel model, where 
it is described as a function only of the surface-to-volume ratio 
of fuel elements (Rothermel 1972). However, the fundamental 
mechanism by which packing ratio influences the spread 
rate remains unclear (He et al. 2021) given the potential 
effects on both the fluid flow (and hence oxygen supply and 
convective heat transfer) and radiative attenuation. 

In the present study, heat transfer within pine needle 
(Pinus rigida Mill.) fuel beds (from the combustion region 
and overhead flame) was investigated experimentally, com-
plementing previous experimental investigations of the 
effect of fuel structure on the flow within and above similar 
fuel beds (Campbell-Lochrie et al. 2021). The relative impor-
tance of each heat energy transfer phenomenon was studied 
across a range of fuel bed structural conditions during two 
different experimental series. 

Methods 

Heat transfer above and within pitch pine (Pinus rigida 
Mill.) needle fuel beds during quiescent flame spread was 
investigated at a range of fuel conditions (fuel loading, bulk 
density, fuel depth) during two different laboratory-based 
experimental series. The location of heat flux gauges dif-
fered in each experimental series, allowing measurement of 
heat fluxes to the top and bottom surfaces of the fuel bed in 
the first series, and the heat flux from the in-bed combustion 
region in the second series. 

Fuel properties 

Fuel beds (1.5 m by 0.67 m) were composed of pitch pine 
needles only. This fuel type was chosen for consistency with 
an existing complementary study (Campbell-Lochrie et al. 
2021). The pitch pine needles were collected from the Silas 
Little Experimental Forest in the New Jersey Pinelands 
National Reserve (Lat. 39°54′58″N, long. 74°35′55″W). The 
dead needles were stored indoors but otherwise unconditioned 
prior to use. 

The Fuel Moisture Content (FMC) of each fuel bed was 
determined by the collection of fuel samples from each fuel 
bed prior to ignition with samples, then oven-dried at 60°C for 
24 h. The average FMC across all experiments (dry weight 
basis) was 13.2% ± 4.6% (s.d. for N = 78). The geometric 
properties were measured by random sampling using the 
methods outlined by Thomas et al. (2017), with an average 
needle density of 706 ± 71 kg/m3 (s.d. for N = 10) and a 
surface-to-volume ratio of 5063 ± 640 m−1 (s.d. for N = 10). 

Fuel bed construction 

Several fuel bed parameters were varied to investigate the 
effects of different fuel bed properties and the applicability/ 
limitations of existing fuel bed structural descriptors. The 
fuel loading was altered for fuel beds of constant bulk 
density by also allowing the fuel bed depth to vary. 
Similarly, the bulk density of fuel beds was varied at a 
constant fuel loading by altering the fuel bed depth (via 
compaction of the fuel bed). The interrelated effects of 
each of these three parameters (bulk density, fuel loading, 
fuel depth) on both the overall fire behaviour and the under-
lying heat transfer mechanisms could thus be investigated. 

To allow uniform construction of fuel beds, 10% of the 
overall fuel load was weighed out using a precision balance 
(±0.01 g accuracy) and distributed into an area equal to 
1/10th of the overall fuel bed area. Within each area, nee-
dles were dropped randomly, with no effort made to control 
the orientation of individual needles (however, the desired 
fuel depth was maintained for each fuel bed). Controlling 
fuel bed depth allowed variation of fuel loading without 
altering bulk density – or similarly, bulk density was varied 
by maintaining a constant fuel loading. Fuel bed depth was 
controlled by compressing the fuel bed with weighted 
sections similar in shape to the table surface, thereby apply-
ing uniform compression across the entire fuel bed. Random 
sampling of the fuel depth ensured that the desired fuel 
depth was achieved. Fuel loading and bulk density were 
defined according to the wet weight of pine needles. 

Description of the fuel bed using the parameter ασδ was 
similar to the approach taken by previous authors (Curry and 
Fons 1940; Rothermel and Anderson 1966; Wilson 1990), and 
incorporates the effects of fuel loading and fuel bed compaction 
(Campbell-Lochrie et al. 2021), which can otherwise cancel 
in similar previously suggested dimensionless parameters 
(e.g. αβδ as described in Wilson 1990). The range of bulk 
densities (10–40 kg/m3) investigated reflected the limiting 
extremes of porosity that could be easily constructed with the 
chosen fuel type, but also represented typical field conditions 
based upon available fuel loading and fuel depth data for Pinus 
rigida Mill. litter layers (Gallagher et al. 2017; Mueller et al. 
2017). For example, the fuel characteristics (including fuel 
loading and fuel bed depth) measured pre- and post-treatment 
for 22 prescribed burns and four wildfires conducted in the 
New Jersey Pinelands, as reported by Gallagher et al. (2017). 
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Flame spread table 

Both experimental series involved laboratory-based flame 
spread experiments conducted on a flame spread table 
(1.5 m by 0.67 m) in quiescent conditions (no wind or 
slope). The flame spread table had a vermiculite base and 
insulated sidewalls. Sidewalls were adjusted to a height of 
0.03 m above the fuel bed surface to prevent lateral entrain-
ment of air. 10 mL of acetone, distributed equally over a 
0.67 m × 0.02 m (l × w) strip of alumina-silica fibre, pro-
vided a line ignition source across the entire fuel bed width. 

Each experiment was recorded, allowing video analysis of 
flame height and spread rate. Flame spread rate was calcu-
lated through linear regression analysis based on the flame 
front position over time, and flame height was estimated 
from the video. 

The table was located underneath a 1 MW calorimetry 
hood, allowing calculation of the Heat Release Rate (HRR) 
by oxygen consumption calorimetry, with combustion gases 
extracted via an exhaust hood with an extraction flow rate of 
1000 L/s. Over-spilling was prevented by steel curtain walls 
on each of the four sides of the extraction hood. Three species 
gas analysis (O2, CO2 and CO) was conducted with all calo-
rimetry data logged at a frequency of 1 Hz. The HRR was 
calculated using oxygen consumption calorimetry (Janssens 
1991), assuming an energy constant of 14.15 kJ/kgO2 based 
on an average for wildland fuels (Bartoli 2011). The history 
and principles of oxygen consumption calorimetry are 
described in detail elsewhere (Babrauskas and Grayson 1992). 

Heat fluxes 

The first experimental series (Experimental Series 1) focused 
on comparison of (radiant and total) heat fluxes measured at 
the top and bottom surfaces of the fuel bed. Heat flux gauges 
were therefore positioned either with the sensor surface 
flush with the top surface of the fuel bed (±0.5 mm) or 
flush with the bottom surface (±0.5 mm) of the fuel bed 
(represented by gauge numbers 2 and 10 respectively in  
Fig. 1). The focus of the second series (Experimental 
Series 2) was the measurement of (radiant and total) heat 
fluxes transferred laterally through the fuel bed. Heat flux 
gauges were therefore positioned horizontally within the fuel 
bed (midpoint of the gauge at a height of 12.7 mm above the 
table surface) with the sensor surfaces perpendicular to the 
direction of flame spread and viewing the within-bed com-
bustion region (represented by gauge number 4 in Fig. 1). 

Heat fluxes (radiant and total) were measured using water- 
cooled heat flux gauges (Hukseflux SBG01®, Hukseflux, Delft, 
Netherlands) calibrated up to 100 kW/m2 (<±6.5% calibra-
tion error, k = 2 coverage factor). The gauges (25.4 mm total 
diameter, 1 mm sensor diameter) have a response time of 
200 µs and an emissivity of 0.95. For radiative heat flux 
measurements, a window was attached to the gauge as 
described in ISO 14934 (2014), with an uncoated sapphire 
lens (2.3 mm thick) preventing convective heat transfer to 

the sensor element. These windows have a spectral transmis-
sion range of 0.2–5.5 µm compared with 0.2–50 µm for the 
un-windowed gauges, which may result in a slight under-
estimate of the incident radiant flux. Sapphire windows were 
used in several previous wildland flame spread studies 
(Anderson 1969; Silvani and Morandini 2009; Silvani et al. 
2012, 2018; Frankman et al. 2013; Tihay et al. 2014;  
Morandini et al. 2019; Fayad et al. 2022). Heat flux mea-
surements were recorded at a minimum of 5 Hz (25 out of 29 
experiments at 10 Hz). A zero error of ±0.12 kW/m2 was 
observed during the background period prior to ignition. 

Experimental Series 1 
In Experimental Series 1, four heat flux gauges were 

placed vertically and positioned in two pairs (radiant and 
total gauge in each pair). One pair was positioned such that 
the sensors were flush with the table surface (represented by 
Gauge Position 10 in Fig. 1), and the second pair was posi-
tioned with the sensors flush with the top surface of the fuel 
bed (represented by Gauge Position 2 in Fig. 1). All four 
gauges were located near the fuel bed centreline, at a dis-
tance of 1.3 m from the ignition line and 0.2 m from the end 
of the fuel bed, as shown in Fig. 2. Thermocouples (0.25 mm 
Type K) were located at a height of 10 mm above the table 
surface, at a distance of 0.3, 0.6 and 0.9 m from the ignition 
line, and along with the observed spread rate, allowed for 
estimation of the flame front arrival time. 

The fuel bed conditions studied in this first experimental 
series are summarised in Table 1. 

Experimental Series 2 
In the second set of experiments, only two heat flux gauges 

(radiant and total) were used. These gauges were placed 
horizontally and located within the fuel bed (represented by 
Gauge Position 4 in Fig. 1), with the midpoint of the gauge at a 
height of 12.7 mm above the table surface. These gauges were 
located at a horizontal distance of 0.9 m from the ignition line 
and 0.6 m from the end of the fuel bed (as shown in Fig. 3). 
Thermocouples (0.25 mm Type K) were positioned at a height 
of 10 mm above the fuel bed, at a distance of 0.6, 0.8, 0.85 and 
0.9 m from the ignition line, and along with the spread rate, 
allowed for estimation of the flame front arrival time. 

For this series, the flame spread table was positioned on a 
load cell (sampling frequency of 1 Hz, accuracy of ±1 g), 
allowing calculation of the burning rate. The range of fuel 
bed conditions studied in this experimental series are sum-
marised in Table 2. 

Results & discussion 

Effect of fuel bed structure on fire behaviour 

The observed fire behaviour (spread rate, flame height, 
HRR) at each fuel condition is summarised in Table 3. 
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Key
Gauge position index

General viewing direction of sensor

Above-bed
�ame

In-bed
combustion

region

Study
(Fons et al. 1960, 1962; Fons
1963)

Wood crib N/A

(McCarter and Broido 1965) Wood crib N/A

(Thomas et al. 1965) Wood crib

(Rothermel and Anderson 1966) Pine needle bed

(Van Wagner 1967) Pine needle bed
(Anderson 1969) Pine needle bed

(Fang and Steward 1969) Wood shavings

(Konev and Sukhinin 1977) Pine needle bed

(Vaz et al. 2004) Pine needle bed

(Morandini et al. 2005) Pine needle bed

Pine needle bed

Excelsior

Excelsior

Excelsior

Pine needle bed

Pine needle bed

Pine needle bed

Pine needle bed

Wooden rods

Laser-cut cardboard

Laser-cut cardboard

(Frankman et al. 2010)

(Silvani et al. 2012)

(Morandini et al. 2013)

Bluestem grass(Overholt et al. 2014)

Laser-cut cardboard
& poplar fuel
particles

(Finney et al. 2015)

(Tihay et al. 2014)

(Liu et al. 2015)

(Morandini et al. 2018)

(Silvani et al. 2018)

(Bu et al. 2021)

(He et al. 2021)

(Cohen and Finney 2022a)

(Campbell-Lochrie et al. 2018)

(Dupuy and Maréchal 2011)

Excelsior on steel rods

Unclear

N/A

N/A
N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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10

1
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Fuel bed

Fig. 1. Summary of heat flux measurement approaches in previous laboratory-based flame spread studies 
(Measurement locations indicative of view and may represent multiple angles and directions relative to direction 
of flame spread).    
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As shown in Fig. 4, a relatively linear relationship 
(R2 = 0.9) was observed between fuel depth and spread 
rate, but the bulk density and fuel loading of the fuel beds 
varied across the range of fuel depths studied. The inter-
dependence of fuel bed parameters must be considered 

along with the manner in which the fuel depth was altered 
in each case. For a constant packing ratio, increased fuel 
loading (where fuel depth also varied) was associated with 
increased spread rate in this quiescent flame spread sce-
nario, but the effects of packing ratio cannot be isolated 
from fuel loading and depth. 

This interdependence and correlation between fuel param-
eters was previously discussed by Rossa and Fernandes 
(2018). For example, they highlighted that the correlation 
between fuel depth and fuel loading (for a fixed bulk density) 
must be considered. A similar observation was made by  
Catchpole et al. (1998), p. 27, who stated that ‘the relation-
ship of spread rate with load is dependent on how the increase 
in loading is obtained’ for example whether the packing ratio 
or fuel depth is fixed. 

The experiments in this study exhibited periods of con-
stant Mass Loss Rate (MLR), and the average MLR across this 
period was therefore reported. This is in line with the 
approach discussed by Viegas et al. (2018). MLR was calcu-
lated as the derivative of the mass over a given timestep 
with a 5 s moving average applied. 

At most fuel conditions the onset of quasi-steady state 
flame spread involving a single, linear flame front was 
quickly observed, but this was not the case at the lowest 
fuel loading (0.2 kg/m2). In this case, visual observations 
(shown in Fig. 5) also highlighted the absence of a smoul-
dering region behind the flame front (present at all other 
fuel conditions). In all other cases studied, the continuous 
flame front width was equal to the fuel bed width (0.67 m), 
with the flame front remaining largely perpendicular to the 
direction of flame spread. 

These variations in the flame spread behaviour may 
reflect the importance of individual particle effects at this 
lowest fuel loading, where the fuel bed visually displays 
greater discontinuity. However, further systematic study at 
these low fuel loadings is required before conclusive find-
ings can be drawn regarding the importance of particle 
effects (and the responsible mechanisms) in this scenario 
and fuel type. 

Flame spread behaviour at the individual particle scale 
has been studied by previous authors (Weber and De Mestre 
1990), with Lai et al. investigating the mechanisms respon-
sible for the effect of inclination angles on fire propagation 
along wooden rods (Lai et al. 2020). Fang and Steward (1969) 

Table 1. Experimental matrix for Experimental Series 1.       

Fuel loading 
[kg/m2] 

Bulk density 
[kg/m3] 

Fuel bed 
depth [m] 

α ασδ   

0.2  20  0.01  0.972  49 

0.4  10  0.04  0.986  200 

0.4  20  0.02  0.972  98 

0.6  20  0.03  0.972  148 

0.8  10  0.08  0.986  399 

0.8  20  0.04  0.972  197 

0.8  40  0.02  0.943  96 

1.2  20  0.06  0.972  295   

1.5 m

0.6 m 0.3 m

0.01 m

0.2 m 0.05 m

Flame spread direction

Exposed total heat �ux gauge (horizontal)
Windowed radiant heat �ux gauge (horizontal)

Thermocouple (above fuel bed)

Ignition region
(0.02 m)

0.67 m

Fig. 3. Schematic of instrumentation for Experimental Series 2.   

Table 2. Experimental matrix for Experimental Series 2.       

Fuel loading 
[kg/m2] 

Bulk density 
[kg/m3] 

Fuel bed 
depth [m] 

α ασδ   

0.4  20  0.02  0.972  98 

0.8  10  0.08  0.986  399 

0.8  20  0.04  0.972  197 

0.8  40  0.02  0.943  96 

1.6  20  0.08  0.972  394   

1.5 m

1.3 m

0.3 m 0.3 m 0.3 m 0.
01

 m

Flame spread direction

Exposed total heat �ux gauge (vertical)
Windowed radiant heat �ux gauge (vertical)

Thermocouple (within fuel bed)

KeyIgnition region
(0.02 m)

Flush with
fuel surface

Flush with
table surface

0.67 m

Fig. 2. Schematic of Instrumentation for Experimental Series 1.   
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also observed a significant increase in spread rate through 
excelsior fuel beds (of fixed voidage and fuel loading) as the 
particle length was increased (and thus the connectivity of 
fuel elements altered). 

Further understanding of the interaction of the individual 
fuel particle properties and the resulting fuel bed structure, 
including the connectivity of particles, is required. For 
example, Dupuy previously suggested a term to estimate 
the characteristic distance between pine needles as a func-
tion of packing ratio and surface-to-volume ratio (Dupuy 
1995). The effect of other fuel bed parameters (e.g. fuel 
loading) may require consideration when estimating this 
average separation distance and the influence of this term. 

Effect of fuel structure on heat fluxes 

The typical heating profile consisted of an initial steady 
growth period as the flame front approached the gauge, 

with a subsequent sharp rate of increase followed by char-
acteristic peak-decay behaviour, as illustrated in Fig. 6. Peak 
(radiant and total) heat fluxes are summarised in Table 4, 
where average values (and max/min range) at each fuel 
condition are reported for each measurement location. 
Where the peak total heat flux was greater than the maxi-
mum of the calibration range (100 kW/m2), its absolute 
value should be interpreted with caution. 

Table 3. Summary of fire behaviour results for each fuel bed condition (burning rates measured only in Experimental Series 2) N = total no. of 
experiments conducted at a given fuel condition.              

Fuel 
loading 
[kg/m2] 

Bulk 
density 
[kg/m3] 

FMC 
[% ] 

α β δ 
[mm] 

ασδ N Flame spread 
rate [mm/min  

± Max/Min] 

Flame height 
[m ± 0.05 m] 

Peak HRR 
[kW ±  

Max/Min] 

Mass loss 
rate [g/s ±  
Max/Min]   

0.2  20  10.3  0.972  0.028  10  49  2  82 ± 17  0.05  4.5 ± 2.4 N/A 

0.4  10  10.2  0.986  0.014  40  200  2  168 ± 16  0.23  24.5 ± 5.0 N/A 

0.4  20  13.9  0.972  0.028  20  98  4  114 ± 24  0.13  15.6 ± 1.7 0.38 ± 0.10 

0.6  20  10.2  0.972  0.028  30  148  2  139 ± 20  0.29  19.5 ± 5.0 N/A 

0.8  10  13.6  0.986  0.014  80  399  4  195 ± 37  0.55  38.3 ± 1.0 1.35 ± 0.03 

0.8  20  12.7  0.972  0.028  40  197  5  149 ± 30  0.36  31.7 ± 1.8 0.99 ± 0.05 

0.8  40  15.3  0.943  0.057  20  96  4  122 ± 47  0.34  20.7 ± 1.0 0.67 ± 0.01 

1.2  20  9.9  0.972  0.028  60  295  2  198 ± 18  0.55  69.2 ± 6.9 N/A 

1.6  20  16.2  0.972  0.028  80  394  4  206 ± 67  0.74  120.3 ± 12.3 2.43 ± 0.14   
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Fig. 4. Comparison of Rate of Spread (RoS) with fuel bed depth 
(Error bars show max/min).   

(b)

(a)

Fig. 5. Snapshots of typical flame spread behaviour for (a) lowest 
fuel loading (ασδ = 49) and (b) highest fuel loading (ασδ = 394) cases. 
Brightness threshold applied to images for clarity.   
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For all fuel bed conditions, radiant heating from the 
above-bed flame to the fuel bed surface remained low 
(max. of 11 kW/m2 and less than 5 kW/m2 for the majority 
of the studied fuel conditions). A maximum peak radiant 
heat flux at the top surface of the fuel bed of 11 kW/m2 was 
measured for the fuel bed of 1.6 kg/m2 fuel loading. 
It should be considered, however, that past studies have 
shown that even relatively low imposed radiant fluxes can 
significantly influence the flame spread rate (a summary of 
studies in various fuel types was previously provided by  
Drysdale (2011)), although further investigation and under-
standing of the heating response of vegetation particles is 
required (see for example (Cohen and Finney 2022a)). 

Peak radiant heat fluxes were similar to those previously 
measured in both pine needle beds (Morandini et al. 2005) 
and laser-cut cardboard fuel arrays (He et al. 2021). At the 
lowest fuel loading (0.2 kg/m2), a negligible radiant flux 
(0.2 kW/m2) was measured at the top fuel bed surface. 
However, this may partly reflect the dependence of the 

flame proximity to the gauge on the structure of individual 
needles given the greater average separation distance 
between pine needles at this condition. 

Peak radiant fluxes measured at the top surface of 
the fuel bed increased with increasing fuel loading (for a 
constant packing ratio with fuel bed depth allowed to 
vary), with a relatively linear trend observed (R2 = 0.95 
for 20 kg/m3 fuel beds of various fuel loadings with fuel 
depth allowed to vary), as shown in Fig. 7. As fuel loading 
increased from 0.4 to 1.6 kg/m2 (for 20 kg/m3 fuel beds, 
fuel depth varying from 0.02 to 0.08 m), peak radiant heat 
fluxes measured at the top surface increased by 450%. Little 
effect of bulk density (or packing ratio) on the radiant heat 
flux at the top surface of fuel bed was observed (for fuel beds 
of fixed fuel loading and varying fuel depth). Over the 
widest range of bulk densities (10–40 kg/m3 for 0.8 kg/m2 

fuel beds with fuel depth varying from 0.08 to 0.02 m) an 
initial increase in surface radiative flux occurred as the bulk 
density increased (10–20 kg/m3), followed by a decline as 
the fuel bed was further compressed (20–40 kg/m3). 

Peak total heat flux measured at the top surface of the fuel 
bed also increased with increasing fuel loading (for a constant 
bulk density with fuel depth allowed to vary). A negligible peak 
total heat flux (0.1 kg/m2) was measured for the lowest fuel 
loading (0.2 kg/m2), with the peak total flux at the top surface 
gauge increasing as the fuel loading was increased from 0.4 to 
1.6 kg/m2 (for 20 kg/m3 fuel beds with fuel depth allowed to 
vary). As with radiant fluxes, variations in total peak heat 
fluxes – measured at the top surface of the fuel bed of different 
bulk density (but constant fuel loading with fuel depth 
allowed to vary) – are typically within the range of experi-
mental uncertainty; however, a sharp decline was observed 
for the highest bulk density case (0.8 kg/m2, 40 kg/m3). 

As previously mentioned, caution is required when inter-
preting these peak total heat flux magnitudes because the 
convective heat transfer is dependent upon the gauge prop-
erties and does not represent the actual convective heat flux 
experienced by a pine needle. The response to heating of 
particles will depend upon the particle properties (Cohen 
and Finney 2022b). Peak total heat fluxes measured by the 
gauges at the top surface of the fuel bed were greater than 
the peak radiant heat flux for all fuel bed conditions other 
than the lowest fuel loading (0.2 kg/m2), where both were 
negligible. For the other fuel conditions, ratios of peak 
total to peak radiant heat flux at the top surface ranged 
from 1.5 to 4.5. 

Compression of fuel beds (increasing the bulk density by 
reducing the fuel depth) also reduces the average distance 
between fuel elements. For 0.8 kg/m2 fuel beds, the peak 
radiant flux transferred horizontally through the fuel bed to 
the gauge was reduced by 48% as the bulk density was 
increased from 10 to 40 kg/m3. A slight increase in radiant 
heat fluxes (within the experimental error) was observed for 
the intermediate bulk density case (20 kg/m3). Therefore, 
further investigation of this non-linear behaviour is required. 
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Fig. 6. Characteristic total heat flux profiles relative to flame front 
arrival time at each gauge location for fuel beds of (a) ασδ = 98 and 
(b) ασδ = 197.   
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Relative contribution of above-bed flame and 
within-bed combustion region 

Significant variations between peak heat fluxes measured at 
each gauge location for a given fuel bed condition can 
also be observed in Table 4 and Fig. 8. This allows the 
relative importance of the within-bed heating and above- 
bed heating to be explored as a function of fuel structure. 
The greatest peak (radiant and total) fluxes were measured 
by gauges at the bottom surface of the fuel bed or 
the horizontal gauges located within the fuel bed, which 
primarily measure heat flux transferred from the within-bed 
combustion region. 

As shown in Table 4, peak heat fluxes measured at the 
top surface of the fuel bed are significantly lower than at 
either of the other two measurement locations. Greater 
heat transfer is observed from the within-bed combustion 
region than from the overhead flame. Across all fuel 
bed conditions, the ratio of peak total heat flux at the 
bottom surface to that at the top fuel bed surface ranged 
from 2.2 to 14. This agrees with previous qualitative 
observations in pine needle beds and wood cribs (McCarter 
and Broido 1965; Rothermel and Anderson 1966), and 
with previous measurements of within-bed and above- 
bed radiant fluxes in wood shaving fuel beds (Fang and 
Steward 1969). 

For the studied fuel conditions, the ratio of peak radiant 
heat flux transferred horizontally through the fuel bed from 
the within-bed combustion region to the peak radiant heat 
flux at the top surface of the fuel bed ranged from 2.8 to 6.0 
(excluding the lowest fuel loading case). This is similar to 
previous observations in wood shaving fuel beds (Fang and 
Steward 1969), where radiant heating through the fuel bed 
(from the ‘burning embers’) was greater than the overhead 
flame heating with the ‘burning zone transfer(ing) about 
three times the radiant energy to the unburnt to the unburnt 
fuel at short distance of one inch or less’ (Fang and Steward 
1969, p. 396). 

In a similar manner to earlier work (Fang and Steward 
1969), the radiant heat flux from the overhead flame and 
burning zone are each shown relative to the distance ahead 
of the flame front in Fig. 9. For each fuel condition, a 1 s 
moving average was applied to the radiant heat flux profiles 
from each experiment. The average profiles (established 
relative to the time at which the peak heat flux occurs) 
are reported for each fuel bed condition with the position 

Table 4. Summary of peak (radiant and total) heat fluxes measured at each measurement location (±max/min with min. of two repeat 
experiments at each condition).            

Fuel 
loading 
[kg/m2] 

Bulk 
density 
[kg/m3] 

δ 
[m] 

ασδ Peak total 
heat flux @ 
top surface 
[kW/m2] 

Peak rad. 
heat flux @ 
top surface 
[kW/m2] 

Peak total 
heat flux @ 

bottom 
surface 

[kW/m2] 

Peak rad. 
heat flux @ 

bottom 
surface 

[kW/m2] 

Peak total 
heat flux 

within-bed 
(hzntl) 

[kW/m2] 

Peak rad. heat 
flux within- 
bed (hzntl) 
[kW/m2]   

0.2 20 0.01  49 0 ± 0 0 ± 0 4 ± 2 5 ± 1 N/A N/A 

0.4 10 0.04  200 3 ± 2 2 ± 1 42 ± 3 28 ± 5 N/A N/A 

0.4 20 0.02  98 8 ± 6 2 ± 1 41 ± 0 8 ± 3 35 ± 2 10 ± 2 

0.6 20 0.03  148 7 ± 3 3 ± 1 69 ± 19 18 ± 5 N/A N/A 

0.8 10 0.08  399 14 ± 6 4 ± 0 64 ± 9 32 ± 5 44 ± 1 21 ± 0 

0.8 20 0.04  197 16 ± 2 7 ± 3 78 ± 5 35 ± 14 67 ± 1 24 ± 5 

0.8 40 0.02  96 18 ± 10 4 ± 1 39A 17 ± 6 42 ± 1 11 ± 2 

1.2 20 0.06  295 24 ± 2 9 ± 1 86 ± 3 15 ± 10 N/A N/A 

1.6 20 0.08  394 25A 11 ± 2 N/A 37 ± 6 108 ± 12 41 ± 0 

Horizontal measurements conducted only for a subset of fuel bed conditions (1 s moving average applied). 
AIndicates value from a single experiment given.  

0 0.5 1 1.5 2

Fuel loading [kg/m2]

0

5

10

15

20

P
ea

k 
ra

di
an

t h
ea

t f
lu

x 
[k

W
/m

2 ]

Linear: R2 = 0.95

Fig. 7. Comparison of peak radiant heat flux to top surface of fuel 
bed for beds of different fuel loading but constant bulk density of 
20 kg/m3 (fuel bed depth allowed to vary).   
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of the flame front established based upon the average spread 
rate at each fuel condition. 

As the flame front approaches the heat flux gauge, the 
difference between the magnitude of radiant heating from 
the burning zone and from the flame region increases. The 
ratio between flame and burning zone radiant heat flux varied 
with fuel loading and bulk density (where in each case fuel 
depth was allowed to vary). This is important because fuel bed 
structure (including fuel loading) was not considered in this 
context by Fang and Steward (1969), who presented a radiant 
heating plot for a single, unidentified fuel bed of wood shav-
ings; however, in the present study, the influence of fuel 
loading, bulk density and fuel depth are observed and the 
interdependence of fuel parameters must be considered. 

Effective heating distance 

The flux density distribution ahead of the flame front was 
calculated using the observed flame spread rate and the 
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flame arrival time at the thermocouple locations. This 
allowed calculation of the effective heating distance (the 
distance ahead of the flame front at which the radiant heat 
flux received by the gauge first exceeds background levels). 
The maximum effective heating distance was less than 
250 mm. However, the peak heat flux occurred after the 
initial flame front arrival. This is partly due to an extended 
heating duration after the initial flame front arrival, when 
the trailing flaming and smouldering regions continue to 
propagate over the gauges. 

Given the dual influence of view factor and fuel bed 
attenuation, the radiant heat flux transferred through 
the fuel bed to the gauge varies as a function of the distance 
from the flame front. The view factor will vary by gauge 
location, depending upon the geometric arrangement of 
the gauge and the radiator (flame or combustion region). 
A view factor can be estimated for each gauge location by 
assuming the radiator to be well-approximated by a rectan-
gle (as described by McGuire (1952)). The heat flux gauge 
orientations used in this study can be represented by either a 
parallel or perpendicular discrete element receiver. The 
resulting view factors, as a function of distance between 
gauge and radiator and also fuel bed depth, are shown in  
Fig. 10. It should be noted that while the peak view factor is 
significantly lower for the perpendicularly aligned gauge, the 
presence of the radiator directly in front of the gauge surface 
at the arrival time means that it may be more appropriate to 
describe both gauge orientations as parallel to the radiator at 
the time of flame/combustion region arrival. 

Heat flux duration 

Comparison of the effective heating distance is complicated 
by the variation in spread rates between the different fuel 
conditions. Considering the radiant flux as a function of time 
(rather than as a function of distance ahead of the flame 
front) provided greater insight into the heat flux duration, 
which is important for understanding the heating and igni-
tion of fuel particles. 

The overall heat flux duration was calculated by applying 
a threshold of 1 kW/m2 to the measured heat flux values. 
This period in which radiant heating is observed can then be 
plotted as a function of time from the initial radiant heating 
onset time. As shown in Fig. 11, for fuel beds of fixed bulk 
density, altering the fuel loading by varying the fuel bed 
depth also affected the overall radiant heat flux duration at 
the top surface of the fuel bed. The overall radiant heat flux 
duration at the top surface of the fuel bed increased with 
increased fuel loading (for fuel beds of constant bulk density 
with fuel depth allowed to vary). For 20 kg/m3 fuel beds, the 
overall radiant heat flux duration (above the 1 kw/m2 

threshold) to the top surface of the fuel bed increased 
from an average of 57 ± 10 s for a 0.4 kg/m2 (0.02 m 
depth) fuel bed to 164 ± 11 s for a 1.6 kg/m2 (0.08 m 
depth) fuel bed (±max/min). This increased overall radiant 

heat flux duration occurs despite the increased spread rate 
with greater fuel loading (for fuel beds of constant bulk 
density with fuel bed depth allowed to vary). 

A similar trend was observed for the duration of radiant 
heat flux (above the 1 kw/m2 threshold) for the gauge posi-
tioned flush with the lower surface of the fuel bed. For 
20 kg/m3 fuel beds, the overall radiant heat flux duration 
(above the 1 kw/m2 threshold) to the bottom surface of the 
fuel bed increased from an average of 41 ± 6 s for a 0.4 kg/m2 

(0.02 m depth) fuel bed to 135 ± 25 s for a 1.6 kg/m2 (0.08 m 
depth) fuel bed (±max/min). 

Conclusions 

Two experimental series, involving different heat flux mea-
surement locations, address an existing need for experimen-
tal observation of the effect of fuel structure on the heat 
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transfer in natural, porous fuel beds, and the resulting flame 
spread rate and fire behaviour (flame height, HRR, burning 
rate). Heat flux gauges measured the heat flux from the 
above-bed flame and the within-bed combustion region at 
each fuel condition. Heat transfer through the fuel bed (from 
the in-bed combustion region) was dominant for all fuel bed 
conditions. 

The contribution from the above-bed flame typically 
increased for higher ασδ values or higher fuel loadings 
(for a fixed packing ratio with fuel depth allowed to vary). 
However, it remained low across all fuel conditions (max 
radiant heat flux of 11 kW/m2 at max fuel loading and 
highest flame height case, and less than 5 kW/m2 for the 
majority of fuel conditions). The overall duration of radiant 
heat flux (above a 1 kW/m2 threshold) at the top surface of 
the fuel bed also increased for higher fuel loadings (for a 
fixed packing ratio with fuel depth allowed to vary). 

As stressed throughout this study, the interaction of dif-
ferent fuel parameters (e.g. fuel bed depth also varies when 
the fuel loading is altered at a constant packing ratio) must 
be remembered when considering these conclusions. The 
approach taken in this study therefore offers additional 
insight to supplement observations from related previous 
studies that have often simultaneously varied fuel loading 
and packing ratio. Flame height was also observed to vary 
with fuel loading (for a fixed bulk density where fuel depth 
was therefore also varied) and with bulk density (for a fixed 
fuel loading where fuel depth was therefore also varied), 
affecting the above-bed heat transfer and effective heating 
distance. However, radiant heat fluxes from the combustion 
region also varied non-linearly with bulk density (for a fixed 
fuel loading with fuel depth allowed to vary), with a 48% 
lower peak radiant flux for a compressed 40 kg/m3 fuel bed 

compared with a higher porosity 10 kg/m3 fuel bed of equal 
fuel loading (0.8 kg/m2). 

At all but the lowest fuel loading (0.2 kg/m2), the peak 
total heat flux to the gauges exceeded the peak total radiant 
flux. However, in this study, the dependence of the convec-
tive heat transfer profile on the gauge properties must be 
considered because the response of fuel particles would 
differ. The interdependence of the different fuel bed param-
eters (fuel loading, bulk density, fuel bed depth) should also 
be considered when interpreting these results, given that 
previous authors have highlighted the potential for regime 
changes as the fuel loading (and/or fuel bed depth) 
vary. Additionally, the role of fine-scalefuel bed structure 
(e.g. inter-needle connections, needle orientation) requires 
further investigation given the observed effects of needle 
sparsity at the lowest fuel loadings investigated in this study. 
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