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Abstract

Mixing rules are proposed and used to correlate well-mixed forest fuel bed fire spread data
from the literature using the dimensionless correlations previously developed for single-
species forest fuel bed fire spread with the help of dimensional analysis and the resulting
dimensionless groups. The mixing rules provide means to treat well-mixed fuels as pseudo
single-species fuels. As a first attempt with very limited experimental data, the dimensionless
correlations for single-species fuels may be applicable to mixed-species fuels with proper
mixing rules.
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Glossary

Cp
k
w
X
Ap
Fia

Muw
MC

Vp

fuel heat capacity (J/kg-K)

fuel thermal conductivity (W/m-k)
mass fraction (--)

volume fraction (--)

exposed fuel surface area (m2)
fuel loading density (kg/m2)
moist fuel mass (kg)

water content of fuel (kg)
wet-basis moisture content of fuel (--)
fire spread rate (m/s)

wind speed (m/s)

fuel volume (m®)

fuel bed volume (m®)

Greek symbols

a fuel thermal diffusivity (m?/s)

B fuel volume-to-surface ratio (m)
Sb fuel bed thickness (m)

&b fuel bed void fraction (--)

0 inclined angle of fuel bed (°)

p fuel density (kg/m?®)

Pb fuel bed bulk density (kg/m®)

c fuel surface-to-volume ratio (m™)
Subscripts

fuel species i in mixed fuel containing N species



1. Introduction

Fire spread along forest fuel beds is an important aspect in the study of wildland fire dynamic
behavior. Most, if not all, of the previous experimental studies have been focused on fire
spread along a homogeneous fuel bed. The experimental parameters examined mainly
included fuel type, fuel bed compactness, applied wind speed, and the orientation of the fuel
bed. Refs. [1-14] are representative experimental studies reported in the literature. Very few
studies employed well-mixed forest fuel bed. To the best of the author’s knowledge, only two
experimental studies have been published in the literature. The fire spread experiments
conducted by Catchpole et al. [15] were the first to employ mixed forest fuel composed of
two species. Viegas et al [16] later extended the mixed fuel components from two species to
four species and developed a linear model to correlate fire spread rates for the mixed species
fuel beds based on a linear combination of the fire spread rates of individual species
weighted by their corresponding mass fractions in the mixed fuel bed. The major assumption
used in the model was that the fuel species were heterogeneously distributed (i.e., well-
mixed) in the fuel bed. According to Viegas et al. [16], many actual forest fuel beds can be
found in configurations that correspond closely to this seemingly idealized fuel bed for
mixed species.

Dimensional analysis is a very useful and power tool for correlating experimental data in a
meaningful way and reducing experimental efforts. Nelson and Adkins [17] used this
technique to correlate the experimental data from their own studies and previous
investigators with some success. Pérez et al. [18] used dimensional analysis to develop
scaling laws for the effect of wind and slope on the fuel bed fire spread rate. Recently, the
author used dimensional analysis to correlate a large amount of experimental data of fire
spread along a single-species forest fuel bed from the literature with some success [19]. What
is proposed here is to examine if the correlations for single-species fuel could be used for fire
spread for mixed forest fuel bed by defining some empirical mixing rules (akin to mixing
rules used in thermodynamics for mixtures) to treat well-mixed fuel species as a pseudo
single fuel species.

2. Dimensional analysis
2.1.  Single fuel species i

In this section, the dimensional analysis for a forest fuel bed of a single fuel species is briefly
summarized to provide a preamble to the mixed forest fuel bed analysis. Detailed description
of the dimensional analysis can be found in [19] and will not be repeated here. Figure 1 is an
illustration of the configuration considered in the analysis. We start by expressing the fire
spread rate or rate of spread (ROS) under wind condition as a function of the following
controlling variables.

S, =f(A,6,,0,,M,M ,U,0) (1)

An application of the Buckingham n-theorem [20] to Eq. (1) by following the systematic
calculation procedure described in [21] using matrix operation results in six dimensionless



groups, which are used to correlate the data from the literature. The following dimensionless
correlation is obtained using multiple linear regression analysis [19].

Sy /A, 1 =1.03x107 (B/,[A,)** (M, /M) % (8,//A) °* (U A, l0)*(cos0)
@

Similarly, for no-wind condition, the ROS can be expressed as a function of the following
seven independent variables.

Sp:fZ(Ab’Sbia’B’M’Mw’e) (3)

Wind (U)

Fig. 1. Hlustration of fire spread along a forest fuel bed.

Following the same procedure as that used in the wind condition, the following
dimensionless correlation is obtained.

S,JA 1o=0.169(B//A) 7 (M, /M) % (8, 1,[A) " (cos0) *** 4)

2.2.  Mixed fuel species

For a well-mixed forest bed consisted of N fuel species, we have the following relations
between mixed fuel properties and individual species properties; some of these relations are
definitions, and some can be easily derived.

N

M, (5)

i=1

M

V=3V, ©)
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i-1
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Note that the void fraction of the fuel bed is related to the packing ratio (p / pb) of the fuel

bed, a term used frequently in the literature.
g, =1-(py /p)
8, =V, /A =, F,)/M
or

8, =(Fy /p) /1 (1-¢,)

MC=M,/M =iMw,i/iMi =iwi MC,
i=1

i=1 i=1
where the wet-basis moisture content for fuel species i is defined as

MC, =M, /M,
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o, =1/B; = A1V, (21)

B= 3V /3 A =3V I3, /B) =12 (x /) @
cs:llﬁziAi/iVi :ivioi/ivi zixici (23)

Mass fractions are normally given in the literature for mixed fuels, and the mass fraction of
species i can be easily converted to volume fraction by

X =V, IV = (M, 1p,) (M 1) = w,(p/ p) = W flp, > (w,/p,)] (24)

i=1

The remaining parameter that needs to be estimated is o, which can be considered as an
effective thermal diffusivity for the mixed fuel.

a=k/(pc,) (25)

In principle, some form of mixing rules for k and cp could be proposed if ki and cp,i are
known. For cp, it is reasonable to assume

N

C, =D WC,, (26)

i=1

For k, two simple empirical mixing rules have been proposed and used in the literature [22],
depending on the materials and direction of heat transfer.

k= ZN:xi k, (27)
1/k = _ZN“(xi /) (28)

Although one could have tried the above mixing rules for p, cp, k to estimate o and tested
their applicability in the correlations, no attempt was made here because the thermal
diffusivities for many selected wood species only decrease slightly with density and over a
range of moisture contents typically used in experiments reported in the literature. For
simplicity and illustrative purpose, a constant thermal diffusivity is assumed. A nominal
thermal diffusivity of 1.6 x 10" m?/s [23] was used for all the fuel species in this work.



RO RO, X~y (29)

3. Results and discussion

The mixed fuel fire spread data from Catchpole et al. [15] were used to illustrate the
applicability of the proposed mixing rules for mixed fuels. Unfortunately, the results from
Viegas et al. [16], albeit extensive and good quality, could not be used directly here because
some of the experimental parameters and conditions needed to calculate the dimensionless
groups for the correlations were not fully described or given in their paper. In addition, the
paper by Viegas et al. [16] is a culmination of many sets of fire spread experiments
conducted by several researchers over many years under many different conditions, making
educated guesses on some of the fuel bed parameters very challenging, if not impossible.

In the fire spread experiments conducted by Catchpole et al. [15], the fuel bed width was 1
m, and the bed lengths ranged from 4.7 m to 7 m. The mixed fuel beds were constructed by
uniformly distributing excelsior, cut from Populus tremuloides, throughout an array of equal-
length vertical pine (Pinus ponderosa) sticks with pre-determined spacing to control packing
ratio. The excelsior fuel was packed to a depth equal to the height of the sticks. The fuel bed
was oriented horizontally (6 = 0°). Experiments were performed under wind or no-wind
conditions. Table 1 summarizes the parameters used to correlate the fire spread data taken
from Catchpole et al. [15] or calculated using the mixing rules described above. The
parameter estimation process was also facilitated by Viegas et al. [16], who had extracted
from Catchpole et al. [15] some of the parameters that could be directly used in this study.

Figures 2 and 3 show the dimensionless correlations based on Eg. (2) and Eq. (4)
respectively for the two-species fuel beds used in Catchpole et al. [15]. Single species fuel
results summarized by Yang [19] are also plotted in Figs 2 and 3 for reference and
comparison. For single species fuels, a total of 334 data points for wind condition (Fig. 2)
and 319 data for no-wind conditions (Fig. 3) from various sources [1-14] were used. Note
that the best fits in both figures do not include the data from Catchpole et al. [15]. The
correlation under wind condition correlate the experimental data slightly better than the no-
wind condition; this could be due to the fact that less information needed to evaluate the
dimensionless groups was given or available in the studies with no-wind, and more nominal
values and informed estimates had to be used for some of the parameters in the calculations
[19]. In addition, the fire spread rates measured under wind conditions are more pronounced
and less ambiguous, thus reducing the measurement uncertainties.



Table 1. Parameters used to calculate the dimensionless groups for the correlations
extracted from Catchpole et al. [15].

Fuel W1 W2 Ap db(m) B(m) Mw /M U(@m/s) Sp(mls)
excelsior 1 0 5.85 0.15 1.32E-04  0.055 0.9 1.15E-01
sticks 0 1 5.85 0.15 1.59E-03  0.070 0.9 2.28E-02
mixture 0469 0531 585 0.15 2.45E-04  0.063 0.9 3.20E-02
excelsior 1 0 5.85 0.15 1.32E-04  0.055 1.8 1.33E-01
sticks 0 1 5.85 0.15 1.59E-03  0.070 1.8 3.78E-02
mixture 0469 0531 585 0.15 2.45E-04  0.063 1.8 6.13E-02
excelsior 1 0 5.85 0.15 1.32E-04  0.055 2.7 2.25E-01
sticks 0 1 5.85 0.15 1.59E-03  0.070 2.7 5.67E-02
mixture 0469 0531 585 0.15 2.45E-04  0.063 2.7 9.02E-02
mixture 0469 0531 585 0.15 2.45E-04  0.063 0.9 6.07E-02
mixture 0469 0531 585 0.15 2.45E-04  0.063 1.8 8.92E-02
mixture 0469 0531 585 0.15 2.45E-04  0.063 2.7 1.46E-01
excelsior 1 0 5.85 0.075 1.32E-04  0.055 1.1 1.19E-01
sticks 0 1 5.85 0.075 1.59E-03  0.070 1.1 3.78E-02
mixture 0469 0531 585 0.075 2.45E-04  0.063 1.1 5.22E-02
excelsior 1 0 5.85 0.15 1.32E-04  0.055 0 1.98E-02
mixture 0469 0531 585 0.15 2.45E-04  0.063 0 1.05E-02
excelsior 1 0 5.85 0.15 1.32E-04  0.055 0 1.98E-02
sticks 0 1 5.85 0.15 1.59E-03  0.070 0 4.83E-03
mixture 0469 0531 585 0.15 2.45E-04  0.063 0 1.35E-02
excelsior 1 0 5.85 0.075 1.32E-04  0.055 0 1.45E-02
sticks 0 1 5.85 0.075 1.59E-03  0.070 0 2.17E-03
mixture 0469 0531 585 0.075 2.45E-04  0.063 0 1.17E-02




107
106 |

S 4, fa 105 |

104 | © -
E & O Yang[19]
Best fit
@ Catchpole et al. [15]
103 L L L PR R R | L 1 L PR R A | 1 L P W T W 1
10t 1012 101 101

(B/JA) (M, I MY PS5, 1 [4,)7 (U4, / a)*2(cos 0) >

Fig. 2. Dimensionless correlation for forest fuel fire spread under wind conditions.
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Fig. 3. Dimensionless correlation for forest fuel fire spread under no wind conditions.

4. Conclusions

Mixing rules are proposed and used to correlate mixed forest fuel bed fire spread data from
the literature using the dimensionless correlations previously developed for single-species
forest fuel bed fire spread with the help of dimensional analysis and the resulting
dimensionless groups. The mixing rules allow mixed fuels to be treated as pseudo single-
species fuels. The dimensionless correlations correlate the fire spread rates reasonably well
for single-species and multiple-species fuels in the light of the wide range of uncertainties
associated with some of the parameters used to obtain the dimensionless groups for the
correlations. With proper mixing rules for the fuel bed properties to estimate the
dimensionless groups, the correlations for the single-species fuel spreads could be extended
and directly applicable to mixed fuel spreads.
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