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Fuel on the ground, such as leaves, twigs and decomposing matter, accumulate over

time and account for a large percentage of the total fuel load in forests. In fire events,

material on the ground is often referred to as a fuel bed. The air permeability of a fuel bed

is a critical factor that influences fire behavior because it controls the amount of air or

oxygen available for combustion within the fuel bed. The aim of this study is to provide a

better understanding of the air permeability of the fuel beds in forests. The air permeability

for different fuel beds were determined using experimental and theoretical methods.

The pressure drop across the fuel bed samples were experimentally measured using

a verified permeability testing rig. The air permeability was then calculated using Darcy’s

Law or the Forchheimer equation from the pressure drop measurements, depending

on the Reynolds number. The particles in the fuel beds were characterized in terms of

particle size and shape. Based on the particle characterization, the air permeability of the

fuel beds was also calculated using the Kozeny-Carman equation. The results show that

the experimental method is preferred when determining the air permeability for natural

forest fuel beds due to the variability in the size and shape of the particles. The effect of

Reynolds number on effective permeability was aslo investigated, and it was found that

the transition from Darcian to non-Darcian flow occur at different Reynolds numbers for

different fuel particles. For example, the transition occurs at 5 and 15 for gum bark and

decomposing matter, respectively. The significance of this study is that it increases the

ability to predict the air permeability of fuel beds in forests, which is essential for modeling

wildland fire behaviors involving in porous fuel beds. All the samples were dried at 105◦C

to remove moisture in the samples.

Keywords: wildfires, bushfires, natural forest fuel bed, porous medium, air permeability

INTRODUCTION

Wildfires are a recurring issue throughout summer and the drier months in many parts of the
world. In addition to potential loss of life, wildfires cause tremendous economic loss. For example,
the cost of the 2009 Victorian Black Saturday disaster in Australia is conservatively estimated at
A$4.4 billion (Teague et al., 2010). Climate change is increasing the risk and impact of wildfires
(Steffen and Hughes, 2013), hence greater economic impact can be expected without improved
methods of wildfire mitigation. It is critical to develop a better understanding of wildfires, and
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models can be a good way to provide insights into wildfires.
Rothermel’s model investigates the influences of the physical fuel
bed properties, such as packing ratio, fuel load, bulk density,
surface area-to-volume ratio, on fire spread, and intensity
(Rothermel, 1972). These physical fuel properties also affect
permeability. As permeability affects combustion, fire behavior
in fuel beds can be better modeled by improving the physical
understanding of permeability in fuel beds.

Fuel beds account for a large percentage of fuel in forests
(Biswell, 1989) and are especially important for wildfires, as
it accounts for a large part of the fuel (Knapp et al., 2005).
Modeling of their combustion needs to consider two different
combustion regimes: smoldering and flaming (Wang et al., 2017).
The combustion regime of a fuel bed can be controlled by oxygen
availability (Hadden et al., 2011; Santoni et al., 2014; Huang
and Rein, 2016; Wang et al., 2016, 2017), which is affected by
the fuel bed’s air permeability. The air permeability of a fuel
bed, which can be considered a porous medium, characterizes
the ease with which air can pass through it. Determining the
air permeability of a fuel bed is challenging because of the
diversity of the material in fuel beds. In the literature, fuel
beds are often characterized based on particle size in order to
simplify the analysis (Anderson, 1982; El-Sayed and Khass, 2013).
Previous studies of the air permeability of biomass have been only
performed on regular-shaped particles, such as pine needles and
soy straw; which reveals a strong dependence of particle shape
on the air permeability (Erić et al., 2011; Santoni et al., 2014;
Fehrmann et al., 2017; Figueroa et al., 2019). However, to the
best of the authors’ knowledge, no research has been done on
broadleaved forest, and therefore no such data are available in
literature. Fuel moisture is a critical property that influences fire
behavior and ignition probabilities (Nyman et al., 2018). Previous
studies have shown that solar exposure is the driving force behind
forest floor drying (Nyman et al., 2015, 2018). While, the pore
sizes, and hence the permeability of fuel bed, could affect water
infiltration and the propensity of the material to ignite and burn.
Therefore, a better understanding of the permeability of fuel bed
could help explain the heterogeneity of fuel moisture as well as
propensity to burn.

The permeability of a porous medium can be determined
using either Darcy’s Law, or the Forchheimer equation,
depending on the flow regime (Bear, 2013). The fundamental
principle in determining the air permeability is based on the
pressure gradient, for a particular flow velocity (Sobieski and
Trykozko, 2014). The air permeability in fuel beds can also be
calculated using the Kozeny-Carman equation, based on the
physical properties of the porous medium. The Kozeny-Carman
equation has been widely applied to flow through soils, sands,
and synthetic materials (Mavis and Wilsey, 1937; Kyan et al.,
1970; Chapuis and Aubertin, 2003). However, the validity of
the Kozeny-Carman equation has not been demonstrated for
particles in other natural forest fuel beds like twigs and leaves.
Natural forest fuel beds are highly variable in shape and size,
which means that rather than relying on simple correlations,
experimental methods are needed to determine characteristics of
fuel beds. The results may subsequently be used as an input data
for models.

A considerable number of studies have focused on water
and oil permeability of porous media, such as rocks and soil,
which is relevant to the field of geology (Chapuis et al., 1989;
Kamath et al., 1995; Chapuis and Aubertin, 2003). The testing
rigs presented in the literature use water as the working fluid
to determine the permeability of porous media. However, these
testing rigs can only be used to determine the permeability of
a porous medium which is not water-sensitive. For instance,
these water permeability testing rigs are not suitable for many
materials, such as biomass, coal and clay, in which the absorption
of water will lead to changes in particle volume and the fuel
bed structure. Therefore, the determination of permeability
by gaseous fluids, such as air, is needed for these materials.
However, there are only a few studies that determine the
permeability of a porous medium by air, the air permeability
of different materials, such as snow, soil, woven fabrics, and
pine litters were determined (Corey, 1957; Shimizu, 1970;
Ogulata, 2006; Santoni et al., 2014). The focus of the current
study is on natural forest fuel beds, and as these materials
are water-sensitive this study determines their permeability
by air.

The overall aim of this study is to provide a better
understanding of the air permeability of fuel beds and the
interaction between flaming and smoldering in wildland fires,
since the air permeability has significant effects on the fire
behaviors of fuel beds. First of all, it is important to find a
robust method of determining the air permeability of fuel beds.
It is also necessary to examine whether the fuel bed material
can be characterized in a way that is suitable for providing
input data into models. The experiments described in this study
were designed to investigate the air permeability of natural
forest litter layer, and the effects of particle size and particle
type on the air permeability. Due to the lack of data in the
literature, the air permeability of natural forest fuel beds will
be reported.

METHODOLOGY

Experimental Apparatus
The experimental testing rig was designed to determine the air
permeability of a fuel bed by measuring the pressure drop across
the fuel bed. The experimental testing rig consisted of three
parts: a permeability testing rig, an air supply system and a
manometer (Model 9565, TSI Inc., Shoreview, United States).
The air permeability testing rig shown in Figure 1 has top and
bottom sections. There is a dual air inlet and a bed of ceramic
beads in the bottom section to obtain uniform flow through the
fuel bed. Fuel bed samples were loaded in the top section of the
air permeability testing rig.

The input air flow in this study was supplied by an air
compressor, and the moisture in the input air flow was removed
by a dehumidifier before introducing into the air permeability
testing rig. By removing the moisture in the air, the accuracy of
the input flowrate and the pressure drop measurements can be
improved, and the uncertainties caused by the moisture in the
ambient air can be minimized.
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FIGURE 1 | Schematic diagram of the experimental testing apparatus for the

air permeability experiments (SHS, Square hollow section; Fuel bed depth

varies from 50 to 350mm).

Experimental Setup and Procedure
The input air flow rate was varied from 20 to 160 L·min−1 (42–
337 mm·s−1), with a 20 L·min−1 increment. Below the lower
limit (20 L·min−1), the error in the pressure drop measurement
significantly increases due to the range of the manometer.
Above the upper limit (160 L·min−1), the bed might start to
fluidise. The input air flow rates (superficial velocities) in this
paper were chosen to maximize the signal-to-noise ratio of the
measurements; however, based on the subsequent curve-fits,
these results are applicable at other flow velocities that would be
encountered in a wildfire. The pressure before and after the fuel
bed (Figure 1) wasmeasured using themanometer through holes
in the rig.

Prior to each experiment, fuel material was weighed and
loaded into the rig. The fuel material was carefully loaded
to create an unconsolidated fuel bed; this is to ensure the
consistency throughout the fuel bed. The pressure drop (1P)
across the fuel bed was based on a 60-s averaging period, with
a 1Hz sampling frequency.

Fuel Bed Samples Collection and
Preparation
Three categories of fuel bed samples are used in this study: glass
beads, milled biomass particles, and natural forest fuel particles.

For the milled biomass particles, pulverized and dried pine chips,
gum bark and gum leaves were used to represent the three
common fuel types on forest floors, namely, leaves, bark, and
twig. The pine chips samples are from Pinus radiata, and the bark
and twig samples are from Eucalyptus camaldulensis. To reduce
variability between samples, the pine chips, gum bark, and gum
leaves were milled and sieved into three size ranges (1–2mm;
2–3mm; 3–4 mm).

All the forest fuel bed samples used in this study were collected
from a forest in East Gippsland, Victoria (for more details about
the collecting site, refer to Possell et al., 2015). This forest is
located in one of the wildfire-prone areas of Victoria, Australia.
Within the collecting site, three permanent circular plots with a
radius of 5mwere established, at least 500m apart, within similar
vegetation types. The fuel samples were collected from these
three plots, respectively. When collecting the fuel bed samples,
especially the decomposing matter layer, attention was paid to
ensure that inorganic matter, such as soils and sands, were not
collected. After collecting the natural forest fuel bed, the samples
were separated into three types: twig, leaf and decomposing
matter. Then, the twig samples were sieved into three size ranges
(>10mm, 5–10mm, <5mm); and the decomposing matter
samples were sieved into four size ranges (4–5mm, 3–4mm, 2–
3mm; 1–2mm). To reduce uncertainty variability, and ensure
experimental repeatability, the samples were dried sufficiently
in an oven at 105◦C for 24 h prior to experiments. Throughout
the paper, the repeatability of measurements represented by ±1
standard deviation error bars.

Fuel Characterization
Fuel material was sieved and the fuel bed samples within each
range were characterized based on physical size and projected
area. The physical size of particles was measured using a
micrometer and repeated for 20 samples of each fuel type. For
milled biomass particles, the particle shape was assumed to be
cuboid according to their apparent shapes. Hence, the length,
width and thickness of particles were measured to calculate
the specific area. For twigs, the samples were assumed to be
cylindrical; so, the diameter and the length of twigs were
measured. In the natural forest fuel particles, the projected
areas of 20 randomly selected leaves were measured in order to
determine the specific area, rather than assuming a regular shape.
The leaf litter was not sieved due to its shape. The specific area
of the decomposing matter was calculated based on the sieve
aperture rather than measurements of the individual particles.
The details of these measurements are listed in Table 1. The
particle size grouping is based on the size of the sieve used to sort
thematerial, apart from the glass beads which weremonodisperse
from the manufacturer.

The porosities of the different fuel beds were measured. For
glass beads, the porosity was measured using the fluid saturation
method, in which water was used to fill the void volume of the
glass beads bed. Then, the porosity was calculated through the
ratio of the void volume and the total volume of the glass beads

bed (ε =
Vvoid
Vtotal

, where Vvoid is the void volume and V total is the

total volume of the glass beads bed). For the milled biomass and
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TABLE 1 | Particles physical properties.

Group I: Spherical glass beads

Type Particle size (mm) Diameter, d (mm) Specific area, SV (×103 m−1) Porosity, ε(–)

Glass beads 6.1 6.07 ± 0.09 1.01 ± 0.02 0.393

5.1 5.11 ± 0.03 0.85 ± 0.01 0.389

3.8 3.83 ± 0.07 0.64 ± 0.01 0.386

2.2 2.16 ± 0.01 0.36 ± 0.01 0.362

Group II: Milled and sieved fuels

Type Particle size (mm) Length, l (mm) Width, w (mm) Thickness, t (mm) Specific area, SV (×103 m−1) Porosity, ε(–)

Pine chips 1–2 4.26 ± 1.58 1.47 ± 0.50 0.58 ± 0.18 5.74 ± 0.91 0.457

2–3 6.37 ± 1.78 2.50 ± 0.73 1.16 ± 0.43 3.24 ± 1.01 0.462

3–4 9.68 ± 2.96 3.37 ± 1.04 1.63 ± 0.48 2.26 ± 0.53 0.502

Gum bark 1–2 4.13 ± 1.28 1.20 ± 0.43 0.95 ± 0.35 4.91 ± 1.34 0.608

2–3 8.05 ± 2.44 2.25 ± 0.51 1.50 ± 0.35 2.63 ± 0.43 0.674

3–4 8.90 ± 3.53 4.10 ± 0.70 1.83 ± 0.43 1.94 ± 0.42 0.709

Gum leaf 1–2 2.73 ± 1.36 1.38 ± 0.54 0.3 9.32 ± 1.52 0.450

2–3 5.55 ± 2.40 2.35 ± 0.76 0.3 7.83 ± 0.42 0.508

3–4 10.3 ± 4.40 3.53 ± 1.45 0.3 7.42 ± 0.33 0.561

Group III: Natural forest fuels

Twig >10mm 250 11.5 N/A 0.36 ± 0.09 0.800

5–10mm 228.7 ± 57.2 6.49 ± 1.14 N/A 0.64 ± 0.10 0.828

<5mm 199.5 ± 48.5 2.45 ± 0.92 N/A 1.64 ± 0.24 0.942

Leaf N/A N/A N/A 0.3 3.55 ± 1.02 0.955

Decomposing matter 4–5mm 19.36 ± 6.36 7.33 ± 2.12 1.07 ± 0.80 2.25 0.550

3–4mm 11.95 ± 4.26 4.07 ± 1.35 0.8 ± 0.61 3.16 0.502

2–3mm 7.17 ± 3.24 3.10 ± 2.09 0.79 ± 0.64 3.46 0.462

1–2mm 4.22 ± 2.52 1.62 ± 0.74 0.40 ± 0.35 6.70 0.450

the natural forests fuel bed, the porosity was calculated based
on the weight of the fuel bed and the particle density (ε =

1 −
Wfuel bed

ρp·Vtotal
, where Wfuelbed is the weight of the fuel bed and ρp

is the particle density), as these fuel beds are all hygroscopic. The
porosity measurements are included in Table 1.

Figure 2 presents the mass distribution of the (a) twigs and
(b) decomposing matter in the forest fuel bed. The results in
Figure 2A imply that the thin twigs, with <5mm particle size,
contribute∼50% of the total mass in the twig litter. Similarly, the
majority of the decomposing matter is smaller than 5mm. Even
though much of the forest fuel bed visually appears large, the
size distribution presented in Figure 2 shows that the majority
of the particles in the twigs and decomposing matter is smaller
than 5mm. From the point view of the air permeability, these
small particles have significant effects on the air permeability of
fuel bed.

Based on the results of Figure 2, the focus of this study is
on the air permeability of small particles (<5mm) within the
fuel bed that is an unconsolidated porous medium. To better
understand the air permeability of the fuel bed, three common
biomass samples, pine chips, gum bark, and gum leaf were milled

and sieved. By milling and sieving the particles the results can be
better controlled for repeatability, but the generality of the results
still applies to the actual particles in the litter layer.

Calculation of the Fuel Bed Permeability
The air permeability of a porous medium particularly an
unconsolidated fuel bed can be determined from pressure
gradient measurements or from the fuel bed/particle properties.
In this study, both methods are used to determine the air
permeability of different porous media. A schematic diagram
outlining how the air permeability was determined in this study
is summarized in Figure 3.

The pressure gradient method is an empirical approach that
does not need any information about the particle properties
such as particle size. For the pressure gradient method, the
air permeability was directly determined from the measured
pressure gradient using Darcy’s Law for Darcian flow regime,
while the Forchheimer equation was used to determine the air
permeability and the Forchheimer coefficient within the non-
Darcian flow regime. It should be noted that Darcy’s Law is
only applicable in the Darcian flow regime, namely when the
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FIGURE 2 | Mass distribution as function of particle size for natural forest fuel bed. Particle size is based on sieve aperture. (A) Twigs. (B) Decomposing matter. *Sieve

opening sizes.

FIGURE 3 | Schematic diagram for determining the air permeability of a fuel

bed.

Reynolds number, Red < 10 (Hassanizadeh and Gray, 1987;
Chapman, 2012; Sukop et al., 2013). Here, Red = ρ·U0·d/µ, where
U0 is superficial velocity and d is the average particle diameter
(Sobieski and Trykozko, 2014). For non-Darcian flow (Red > 10),
the Forchheimer equation may be used.

For the fuel bed/particle properties method, the specific area
of particle (Sv) and the porosity (ε) of fuel bed were measured to
calculate the pressure gradient and the air permeability using the
Kozeny-Carman equation. The calculated pressure gradient was
compared with the measured pressure gradient to validate the
Kozeny-Carman equation. Similar research has been conducted
on the air permeability of pine needle fuel beds and the air
permeability of fuel bed was calculated using Darcy’s Law and

the Kozeny-Carman equation (Santoni et al., 2014). However,
both Darcy’s Law and the Kozeny-Carman equation (Equation
3.a) can only be applied when Red < 10 (Hassanizadeh and
Gray, 1987). This is because, as the air flow velocity increases, the
experimental results do not agree with Darcy’s law due to inertial
effects (Forchheimer, 1901).

Darcy’s Law
Permeability (isotropic permeability in this study) can be
determined by using Darcy’s Law (Equation 1) from the pressure
gradient and the superficial velocity. Darcy’s Law is only valid for
Darcian flow, i.e., ReD < 10, i.e., lower-velocity flow.

∇PD =
1P

L
=

µ

kD
U0 (1)

Equation (1) shows that the pressure drop of Darcian flows in the
porousmedium is proportional to the fluid dynamic viscosity and
velocity. The pressure drop of Darcian flows in porous medium
is mainly attributed to the skin friction of porous medium wall
surface in porous voids (particle surfaces of the fuel bed in
this study).

Forchheimer Equation
The air permeability of a porous medium in a non-Darcian
flow (Red > 10) can be determined based on the Forchheimer
equation (Equation 2). The difference between the Forchheimer
equation (Equation 2) and Darcy’s Law (Equation 1) is that
the Forchheimer equation includes an additional new term to
incorporate the importance of kinetic energy loss due to inertial
effects in non-Darcian flows. When the flow velocity increases,
the pressure drop due to inertial effects (for example the change
of flow cross section area in porous pores) increases and needs
to be considered when Red is larger than 10. As a result, the
relationship between the superficial velocity and the pressure
gradient is a quadratic function in non-Darcian flows. The
air permeability determined through the Forchheimer equation
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in this paper is referred to as the Forchheimer permeability
(kF), to distinguish it from the permeability from Darcy’s Law
(kD). To characterize a porous medium in non-Darcian flow,
the Forchheimer permeability and the Forchheimer coefficient
are required.

∇PF =
1P

L
=

µ

kF
U0 + β · ρ · U0

2 (2)

The air permeability can be determined by either Darcy’s
Law or the Forchheimer equation, depending on the flow
regime. These methods require the experimental data of the
pressure gradient and the superficial velocity, which means
that a similar experiment (as stated in section Experimental
Apparatus) has to be conducted before using Darcy’s Law or the
Forchheimer equation.

Kozeny-Carman Equation
For flows through unconsolidated beds of fuel particles, the
pressure gradient can be calculated from the particle and fuel bed
properties using the Kozeny-Carman (K-C) equation (Equations
3.a, b; Holdich, 2002). Equation (3.a) is for Darcian flows, while
Equation (3.b) is for non-Darcian flows. In the non-Darcian
flow condition, a modified Reynolds number, Re1 (Equation 5)
is required to calculate the friction factor term, R

ρ•U2 (Equation

4). Within the Darcian flow regime, the air permeability can
be calculated by rearranging the Kozeny-Carman equation, i.e.,
Equation (3.a.i). In the non-Darcian flow condition, the air
permeability and the Forchheimer coefficient can be calculated
by Equations (3.c.i, ii).

∇PKC,D =
1P

L
= µ(

K (1− ε)2 SV
2

ε3
)U0 (3.a)

From Equation (3.a), the air permeability can be calculated using
the following equation based on Equation (1):

KKC,D =
ε3

K (1− ε)2 SV
2

(3.a.i)

For non-Darcian flows, the friction factor can be represented
using the Carman correlation (Equation 4) and the friction can
be represented as a function of the modified Reynolds number
(Carman, 1956; Holdich, 2002).

R

ρU2
=

5

Re1
+

0.4

Re1
0.1

(4)

The modified Reynolds number (Reynolds number varies from
4.9 to 263 in this study) is calculated using Equation (5).

Re1 =
ρU0

(1− ε) SVµ
(5)

Thus, for non-Darcian flows, the following equation can be used
to calculate the pressure drop in the fuel bed.

∇PKC,F =
1P

L
= (

R

ρU2
)
SV (1− ε)ρU0

2

ε3
(3.b)

By substituting the Carman correlation (Equation 4) into the
friction factor, R

ρ•U2 in Equation (3.b), Equation (3.c) shows

Equation (3.b) in Forchheimer form:

∇PKC,F =
1P

L
=

5(1− ε)2SV
2

ε3
µU0

+ [
0.4 (1− ε)1.1 SV

1.1µ0.1

ρ0.1ε3U0
]ρU0

2 (3.c)

From Equation (3.c), the air permeability and the Forchheimer
coefficient can be calculated using the following equations based
on Equation (2):

kKC,F =
ε3

5(1− ε)2SV
2

(3.c.i)

βKC =
0.4(1− ε)1.1SV

1.1µ0.1

ρ0.1ε3U0
(3.c.ii)

To overcome the discrepancy between experimental results and
Darcy’s law, Forchheimer (1901) suggested adding a kinetic
energy term to Darcy’s Law. In this study, for the cases
with Red >10, the air permeability was calculated using the
Forchheimer equation. To calculate the air permeability of fuel
bed using the Forchheimer equation, the pressure drop across
fuel bed is required. The pressure drop can either be measured
experimentally or calculated using the function of pressure
gradient and superficial air velocity. Similarly, the Kozeny-
Carman equation can be modified to account for non-Darcian
flow (Equation 3.b).

Computational Fluid Dynamic Modeling
ACFDmodel of the testing apparatus for the air permeability has
been developed and then been employed to simulate the flows
in the testing apparatus with different fuel particles. For further
details, please refer to Supplementary Material Part A.

RESULTS

Spherical Glass Beads
Due to the diversity and complexity of natural forest particles,
benchmarking experiments using well-controlled particles are
first presented. These not only verify the reliability of the
experimental testing apparatus, but can also be used as a reference
for the natural forest samples. Hence, a set of experiments were
conducted using the experimental testing apparatus for regular-
shaped spherical glass beads.

Figure 4A shows that, for spherical glass bead particles, the
pressure gradient calculated using the Kozeny-Carman equation
shows good agreement with the measured pressure drop. The
results in Figure 4A demonstrate that the experimental testing
apparatus is reliable and gives an approximate value for the
pressure gradient that may be expected for forest fuels of a
similar size.

The air permeability and the Forchheimer coefficient of glass
beads were calculated using the Forchheimer equation, because
at all of the measured flowrates in this study, the flow is non-
Darcian (Red > 10). The comparison in Figure 4B between
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FIGURE 4 | Spherical glass bead particle results. (A) Pressure gradient as a function of air flow velocity for various sized particles. MP* is the measured pressure

gradient and CP* is the calculated pressure gradient calculated using the Kozeny-Carman equation. (B) Air permeability measurement compared with previous

studies (Ward, 1964; Ahmed and Sunada, 1969).

the air permeability from the current results and previous
studies (Ward, 1964; Ahmed and Sunada, 1969) gives further
confidence in the experimental apparatus. Worth noting is that
the permeability in the current study is with air as a working
fluid, whereas the previous studies used water. Permeability
is a fundamental property of a porous bed and ought to be
independent of the fluid (Green and Ampt, 1911), which is
demonstrated in Figure 4B. The equation of the quadratic fitting
is k= 7.02E−4 · d2 – 5.34E−11 · d, and confidence level is. 0.9616.
According to Equations (3.a.i) and (3.c.i), the permeability is in
inverse proportion to the square of specific surface area (Sv). For
glass beads, the specific surface area is also inversely proportional
to the diameter of glass beads. Therefore, the permeability of glass
beads fit with particle size in a quadratic function. Note that the
pore sizes of the fuel beds in the study are much larger than the
mean free path of air particles so the Klinkenberg effect can be
safely neglected for air flows (Tanikawa and Shimamoto, 2006).

The air permeability can be calculated using the Kozeny-
Carman equation (Equations 3.a.i or 3.c.i) if the specific area
is known. In the case of a sphere of diameter D, the specific
area, SV =

6
D . In both Equations (3.a.i) and (3.c.i), the

permeability is inversely proportional to the square of the
specific area. On this basis, Figure 4B includes a quadratic curve
fitting which shows a good agreement with the experimental
results. Hence, this confirms that a quadratic relationship
between the air permeability and particle size may be used for
subsequent analysis.

The Forchheimer permeability and the Forchheimer
coefficient of glass beads are listed in Table C.1. The results of the
Forchheimer coefficient show that an increase in the particle size
of glass beads decreases the Forchheimer coefficient. According
to the Forchheimer equation, the increase in the Forchheimer

FIGURE 5 | A comparison between the Darcy law and Forchheimer equation

on 2mm spherical particles.

coefficient implies that the kinetic energy loss of air is higher in
small particles than that in large particles.

Table C.1 also includes measured air permeability of soy straw
(Erić et al., 2011) and pine needles (Santoni et al., 2014), which
are other fuel beds reported in the literature. Although the size
of soy straw was not reported in the paper (Erić et al., 2011),
the size of soy straw particles is typically smaller than 6mm.
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FIGURE 6 | Measured pressure drop as a function of the fuel bed depth for (A) 1–2mm, (B) 2–3mm, (C) 3–4mm milled pine chip particles across a range of air flow

velocities.

FIGURE 7 | Pressure gradient measured directly (markers) and calculated from the direct measured specific area (lines) as a function of fuel bed depth for pine chips

over a range of air flow velocities. Error bars denote the calculated pressure drop based on the measure specific area through the Kozeny-Carman equation. Particle

size ranges: (A) 1–2mm, (B) 2–3mm, (C) 3–4mm.

Despite the particle size of the fuels being in the same range as the
glass beads, the permeability was much higher. Hence, the results
imply that particle shape has an effect on the air permeability
and, therefore, needs to be determined for the irregular-shaped
particles encountered within the fuel bed.

A comparison between the Darcy law and Forchheimer
equation on 2mm spherical particles is shown in Figure 5. The
Forchheimer fitting (R2 = 0.999) in Figure 5, shows a better
agreement with the experimental data than the Darcy fitting (R2

= 0.9612). This is because the Darcy law is only valid under
Darcian flow (Re < 10); while most of the flows in this study are
not in the Darcian flow regime. Hence, the Forchheimer equation
should be used to determine the permeability of fuel beds.

Milled Fuel Particles
After verifying the reliability of the experimental testing
apparatus using regular-shaped particles (section Results), a set
of similar experiments were conducted for milled and sieved pine

chips. Compared with glass beads, the milled biomass particles
aremore irregular in shape, and the behavior of a porousmedium
made from them is expected to be more complex than that of the
glass beads. In the case of spherical particles, it is accepted that
the pressure gradient is independent of the bed depth. In the case
of the irregular biomass fuel particles, this independence has not
yet been confirmed in the literature. Hence, Figure 6 assesses the
linearity of the pressure drop measurements, as a function of bed
depth, for a range of different particle size milled pine chips.

Overlaid on the experimental data points in Figure 6 are
lines of best fit. It is apparent that the pressure drop across
fuel bed is indeed linear with the fuel bed depth, which
means that the pressure gradient of fuel bed is constant with
a specific superficial velocity. In other words, the pressure
gradient of fuel bed is dependent of fuel type, particle size,
and superficial air velocity. Hence, the pressure drop only
needs to be measured at a single fuel bed depth, and can
be inferred for other depths. For the remainder of the tests,
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FIGURE 8 | Comparison of the direct measurement and the measurement

through pressure gradient of the specific area under the different particle size.

only the deepest fuel bed was used, so as to maximize
the pressure drop and thus minimize the uncertainty in the
pressure gradient.

In Figure 7, the experimentally measured pressure drop
is plotted (as per Figure 7) and overlaid with the calculated
pressure drop using the Kozeny-Carman equation based on
the direct measured specific area of the particles and porosity
(Table 1). The error-bars on the lines are determined from
the resultant variability in the specific area, i.e., one standard
deviation of the mean. Even accounting for the large error-
bars, the calculated pressure drop based on the Kozeny-Carman
equation is consistently higher than the measured values. The
discrepancy between the calculated and measured pressure drop
implies that the direct measured specific area is not the actual
specific area of particle. This is because the direct measured
specific area assumes a regular shape, which is unlikely to
be the case for the biomass fuel. The specific area and the
pore structure of the actual fuel bed are different from that
of the bed of regular spheres, leading to different energy
losses and, therefore, different pressure drops as shown in
Figure 7.

Based on the results of Figure 7, it is deduced that the
Kozeny-Carman equation is not able to accurately predict
the pressure drop of the actual fuel bed. This could be
due to the errors in the assumptions used to determine
the specific area. Instead, based on the measured pressure
drop, the Kozeny-Carman equation (Equation 3.c) has
been used to back-calculate the specific area. The results
of this deduced specific area are compared to the direct
measurements in Figure 7 for the various particle types
and sizes.

Figure 8 shows the comparison between the direct
measurement of the specific area and the deduced specific

area, based on the Kozeny-Carman equation and pressure
drop measurement, for the milled particles. The deduced
measured specific area in Figure 8 is the average of the
specific area calculated at the different superficial velocities.
Hence, the specific area cannot accurately be determined for
small particles, which are also the ones responsible for the
majority of the pressure drop (Figure 4) and mass distribution
(Figure 2) in a forest fuel bed. Therefore, to determine the
pressure gradient using the Kozeny-Carman equation a
correction of the direct measured specific area of the particles
is required.

Figure 9 presents the measured pressure gradient (markers)
and the calculated pressure gradient (lines) against the superficial
velocity. The consistency between the measured and calculated
pressure gradients show that the relationship between the
pressure gradient and the superficial velocity is quadratic for
the milled biomass fuel beds, as the pressure gradient in
the Kozeny-Carman equation is a function of the square of
the superficial velocity. The results in Figure 9 also show
that for the same particle size and superficial air velocity,
milled gum leaf particles have the highest pressure gradient
and milled gum bark has the lowest pressure gradient. The
difference in pressure gradient implies that fuel type has
significant effects on the pressure gradient of a fuel bed,
as different fuel type results in different shapes of milled
particles.

The results in Figure 10 show that the air permeability of
the fuel bed with small particles (<4mm) is much less than
that of the fuel bed with large particles (∼15mm). Furthermore,
small particles contribute much more mass in natural forest
fuel beds (Figure 2). Hence, small particles are expected to
dominate the permeability. As discussed in section Spherical
Glass Beads, the relationship between the air permeability and
particle size is quadratic according to the Kozeny-Carman
equation. The results shown in Figure 9 imply that the Kozeny-
Carman equation is applicable for the milled biomass particles.
So, theoretically, the air permeability of the milled biomass
fuel beds can be presented as a function of the square of
particle size. The air permeability can be calculated from either
pressure gradient or the particle/fuel bed properties. However,
the pressure gradient needs to be obtained by conducting the
experiments because the measured specific area of particles is not
robust enough for the Kozeny-Carman equation. Alternatively,
the air permeability of the milled biomass fuel beds can be
estimated based on the average particle size, as it is easier to
measure the particle size.

The Forchheimer permeability and the Forchheimer
coefficient of milled biomass fuel are listed in Table C.2. The
results in Table C.2 show that for the same particle size, the
air permeability of the pine chips beds is similar to that of
the gum bark beds. The similar air permeability between the
pine chips and gum bark beds is because the shape of these
two fuel particles is also quite similar. The air permeability
of the gum leaf beds is much lower (approximately one fifth)
than those of the pine chips and gum bark beds for the same
particle size. The shape of the milled leaf particle is flaky,
which makes it easier for the leaf particles to create a more
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FIGURE 9 | Pressure gradient as a function of air flow velocity for particles: (A) pine chips, (B) gum bark, (C) gum leaves (Marker, measured pressure gradient; Line,

calculated pressure gradient based on deduced measured specific area).

FIGURE 10 | Permeability (k) by K-C Equation as a function of particle size for the milled particles (*average sieve opening size) (A) pine chips, (B) gum bark, (C) gum

leaves.

compact fuel bed compared to the milled pine chips and
gum bark. Hence, these data imply that the particle shape
has a significant effect on the air permeability, and this effect
could be much higher than the effect of particle size on the
air permeability.

Natural Fuel Particles
The results of the three milled biomass particles are shown in
section Conclusions, where the fuel particles were broken down
into small sizes using a mill. However, fuel particles in the
real world are broken down through the natural decomposition
processes so the shape of particles in forests may be quite
different from the milled fuel particles. As discussed in section
Conclusions, the particle shape has a significant effect on the
air permeability. Therefore, it is important to determine the air
permeability of the natural forest fuel particles.

The results in Figure 11 suggest that it is necessary to calculate
the specific area for the twig particle no matter the size of the
twig particle, as the deduced specific areas do not agree with
the measured specific areas. The twig samples were assumed
to be cylindrical when calculating their specific area; while the

twig samples are so diverse that they cannot be represented
by a cylindrical particle. For the decomposing matter particles
(Figure 11), the deduced specific areas are in good agreement
with the measured specific areas.

Figure 12 shows the measured pressure gradients (markers)
and the calculated pressure gradients (lines) against the
superficial velocity for the natural forest fuel particles. The
calculated pressure gradient was calculated using the Kozeny-
Carman equation (Equation 3.c) based on the deduced
measured specific area. The results in Figure 12 show that
the measured and calculated pressure gradients are in good
agreement, and this implies that the fuel bed made of the
natural forest fuel material can be represented using the
Forchheimer equation and the Kozeny-Carman equation. In
comparison to the milled biomass, for the same particle size,
the pressure gradient vs. the superficial velocity curves of the
decomposing matter beds are similar to those of the pine
chips beds.

Based on the quadratic function of the pressure gradient and
the superficial air velocity, the pressure gradient for each natural
forest fuel bed particle size at a given superficial air velocity
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FIGURE 11 | Comparison of the direct measurement and the measurement

through pressure gradient of the specific area under the different particle size.

DM, decomposing matter.

can be calculated. Similarly, the Forchheimer permeability
was calculated based on the Forchheimer equation and the
function of the pressure gradient vs. the superficial velocity.
However, similar to the milled biomass fuel particles, it is
also difficult to measure the specific area of the natural forest
fuel particles.

Figure 13A shows that the particle size does not have a
significant effect on the air permeability for the twig particles
in the range of particle sizes investigated in the current study.
Figure 13B shows that decomposing matter shows a similar
trend to the milled particles, i.e., a decrease in particle size
decreases the air permeability. This is because the porosity of the
twig fuel bed is much larger than that of the decomposing matter
fuel bed. As shown in Figure 12B, the Kozeny-Carman equation
is validated for the decomposing matter. Hence, the relationship
between the air permeability of the decomposing matter beds and
particle size is quadratic.

The Forchheimer permeability and Forchheimer coefficient
of the natural forest material are listed in Table C.3. The
results in Table C.3 show that the Forchheimer permeability
of the twig and leaf samples are much higher than that of
decomposing matter, which are up to 512 times and 123
times higher for the twig and leaf samples, respectively. In
comparison with the results of the milled biomass particles
(Table C.2), it was found that for the same fuel type, the
change in particle size has less effect on the air permeability
than the fuel type. In the natural forest material, different fuel
types have different particle shapes implying that the particle
shape has a significant effect on the air permeability. Therefore,
it is expected that fire behavior will be different within the

different fuel beds of a natural forest due to differences in
air permeability.

DISCUSSION

Darcy’s Law and the Forchheimer equation are the two basic
equations used to determine the air permeability of a porous
medium, depending on flow regime. The Darcy permeability is
not always equal to the Forchheimer permeability. Theoretically,
the Darcy permeability can only be used to characterize a porous
medium in Darcian flow; while the Forchheimer permeability
is to characterize a porous medium in non-Darcian flow. In
Darcian flows the superficial velocity is very low, leading to a
small pressure drop which is difficult to measure accurately.
Furthermore, the transition from Darcian to non-Darcian flow
in a porous medium is vague. The transition from Darcian to
non-Darcian flow can occur over a range of Reynolds number
from 1 to 10 (Hassanizadeh and Gray, 1987; Tindall et al., 1999;
Chapman, 2012; Bear, 2013).

The effective permeability was calculated using Darcy’s law.
The effective permeability (markers) and the Darcy’s permeability
(lines) are presented in Figure 14. The results in Figure 14 show
that the effective permeability starts to decrease when Reynolds
number is over 10, which is the upper limit of Darcy’s law. This
is because when Reynolds number is equal to, or below 10, the
effective permeability is equal to the Darcy permeability of fuel
bed. For the samples with low air permeability (gum leaf and
decomposing matter), the upper limit of Darcy’s law is slightly
higher than 10. This finding is also reported by Sobieski and
Trykozko (2014). For these cases, the Darcy permeability is equal
to the effective permeability within the Darcian flow regime.

As mentioned previously, it is difficult to measure the pressure
drop across the fuel bed in Darcian flow, as the pressure drop is
too low to measure. Darcy’s law requires the pressure gradient
to determine the Darcy permeability. Hence, a different method
is needed to determine the Darcy permeability. One method is
to calculate the Darcy permeability using the Kozeny-Carman
equation. In this way, the Darcy permeability of a porousmedium
is calculated based on the specific area of particles and the
porosity of the porous medium (Equation 3.c). The measured
and calculated Darcy permeability for all samples is listed
in Table C.3. Comparing the Darcy permeability in Table C.3

with the Forchheimer permeability in Tables C.1, C.2, and C.3,
the Darcy permeability of the decomposing matter particles is
close (with a maximum difference of 25% at 3–4mm) to the
Forchheimer permeability for the same size, which means that
the Darcy permeability can be assumed to be the same as the
Forchheimer permeability for the decomposing matter particles.

It has been reported previously that an increase in the
moisture content of soy straw fuel bed significant decreased
the permeability of that fuel bed (El-Sayed and Khass, 2013).
As all the samples was pre-dried in this study, it is expected
that the actual permeability of fuel bed in a forest will be
lower than the permeability reported in this study due to higher
moisture contents.
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FIGURE 12 | Pressure gradient as a function of air flow velocity for particles: (A) twig, (B) decomposing matter (DM), (C) leaf. (MP*, measured pressure gradient; CP*,

calculated pressure gradient based on the deduced measured specific area).

FIGURE 13 | Permeability (k) as a function of particle size (*Average sieve opening size) (A) twig, (B) decomposing matter (DM).

CONCLUSIONS

This paper investigated the air permeability of fuel beds in forests,
from the perspective of its effect on the combustion of fuel beds.
An experimental testing apparatus was designed and developed
to investigate the effects of particle size and type on the air
permeability. Three common biomass fuel types: pine chips, gum
bark and gum leaf were milled and sieved into three sizes (1–
2mm; 2–3mm; 3–4mm). The air permeability of milled biomass
fuel was also determined by experiment and calculation. The
results show that the calculated pressure drop (Equation 3.c) is
not in good agreement with the measured pressure drop. This is
because it is difficult to accurately measure the specific area of
particles due to their irregular shape. Hence, the air permeability
of the porous medium made of the milled biomass particles can
only be determined by experiment.

Natural forest fuel bed samples were separated into three
categories: twig, leaf, and decomposing matter; and the twig

and decomposing matter were sieved into three (0–5mm; 5–
10mm; >10mm) and four sizes (1–2mm; 2–3mm; 3–4mm;
>4mm), respectively. The air permeability of a natural forest
fuel bed was determined by experiment and calculation. Similar
to the milled biomass fuel particles, the results show that
the calculated pressure drop (Equation 3.c) does not match
with the measured pressure drop due to the inaccuracy of
the specific area estimations. The air permeability in natural
forest fuel varies in different fuel types. For example, the air
permeability of the twig layer is much larger (∼500 times)
than that of the decomposing matter layer. Particle size does
not have a significant effect for twigs, and the relationship
between the air permeability and particle size is quadratic for
decomposing matter.

In most of the cases, it is difficult to run the experiments
with a Darcian air flow because the pressure drop is too
low to reliably measure. By determining the effective
permeability, the results show that the upper limit of
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FIGURE 14 | Effective permeability (keff ) as a function of Reynolds number.

PC, pine chips; GB, gum bark; GL, gum leaf; DM, decomposing matter.

Darcy’s law for the low air permeability fuel bed is slightly
higher than 10. The Darcy permeability was calculated
using the Kozeny-Carman equation and the results show
that the Darcy permeability is similar to the Forchheimer
permeability. More research is needed to better understand the
relationship between the air permeability and the combustion
of the forest fuel beds. The data presented in this paper is
intended to be used for validation of subsequent models.
The model can then be used to model the air flow in forest
fuel beds.
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NOMENCLATURE

d Glass bead diameter [mm]
k Air permeability [m2]
K Kozeny constant (about 5) (Holdich, 2002)
l Length of the fuel particle [mm]
L Length of the fuel bed [m]
R Drag force in Equation (4) [N]
Re Modified Reynolds number in Equation (5)
SV Specific surface area [m–1]
t Thickness of the fuel particle [mm]
U0 Superficial velocity [m·s–1]
U Interstitial velocity [m·s–1]
w Width of the fuel particle [mm]
1P Total pressure drop [Pa]
∇P Pressure gradient [Pa/m]
Greek symbols

β Forchheimer coefficient [m–1]
ε Porosity of fuel bed [-]
µ Dynamic viscosity [Pa·s]
ρ density of air [kg·m–3]
Subscripts

D Darcian flows or Darcy’s Law
DM decomposing matter
F Forchheimer Law
GB gum bark
GL gum leaf
KC Kozeny-Carman equation
PC pine chips
t twig.
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