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Flame and mass loss data for chaparral, a mixture of shrub plants from the Mediterranean climate zone
of southwestern North America, from five previously reported experiments were used to evaluate several
published models relating flame characteristics to mass loss and heat release rates. These data are unique
with fuel moisture content ranging from 0.36 to 0.94 (dry basis); the study used mass loss rates which
included water loss. Fit of the data to Froude number correlations developed by Albini, Byram, Nelson
and Thomas and heat release rate—flame length correlations by Heskestad, Zukoski, and Yuan/Cox for
axisymmetric and line fires were examined.

Chaparral fuels configured as circular cribs and burned in this fashion behaved similarly to other “pool
fire” configurations. Scaled flame lengths generally agreed with heat release correlations developed for
other fuel types; however, limited agreement for line fire data indicated potential for improvements that
can be made. A strong relationship between mass loss rate and flame length in these live fuel beds ex-
tends this well-established relationship to these fuel types. The fitted exponent lends support to Byram’s
derivation that flame length is related to Fr®> and not Thomas’ derivation of Fr?3. Live foliage particles
still retain significant moisture at the time of ignition suggesting that moisture content may be an im-

portant parameter to include in these correlations if they are to be applied to live wildland fuels.

Published by Elsevier Inc. on behalf of The Combustion Institute.

1. Introduction

The wildland fire flame is the visible manifestation of com-
bustion processes in wildland fuels. This primarily turbulent dif-
fusion flame is a heat source affecting its immediate surroundings.
Energy transferred from a flame to the environment can impact
plants, animals, soil, water, air and cultural resources in a variety
of ways (e.g., [1-7]). Flame size is an important metric that is used
in determining fire suppression action and firefighter safety zone
size. Fire intensity (which has been correlated to flame length) has
been used to predict probability of house survival during bush-
fires [8]. Flame length is often used as a metric to determine the
size of fire control lines [9]. Flame height coupled with distance
from the flame has been used to predict the heat flux exposure for
wildland fire fighters [10]. Perhaps because of the importance of
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a fire’s flame to man, there is a large body of knowledge related
to flame structure and there has been a significant effort in de-
riving flame models and developing correlative relationships with
other fire characteristics [11]. While convective and radiant heat
transfer mechanisms in fuel beds have long been recognized and
included in physical fire models (e.g., [12]), recent visualization of
the details of flow within fuel beds is aiding our understanding of
the subtleties and complexities of convection in wildland fuel beds
(e.g., [13-15]).

In the United States, G.M. Byram was a pioneer in wildland
fire research and contributed in many areas [16]. He developed
fire intensity (I) as a measure of heat release and correlated flame
length (L) with the simple relation L = 0.07751946 [17,18]. The ap-
plicability of this correlation has been evaluated in many different
wildland fuel types in both laboratory and field settings [19] for
spreading fires. Flame data from spreading laboratory fires in the
present study were previously compared to Byram’s original re-
lation as well as four other statistically-derived correlations for
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Nomenclature

Roman symbols

Cp specific heat (k] kg~ K1)

D characteristic length: leaf diameter (D;), pan diame-
ter (Dp), flame depth (Dy),

Fryy Froude number based on flame characteristic length

x and wind velocity y

g gravitational acceleration (m s~2)

H flame height (m): Hy - calculated from flame angle;
Hy - calculated from flame angle and slope angle

he heat content of fuel, low heat of combustion
(k] kg1)

I fireline intensity (hem”R) (kW m~1)

L flame length (m)

ly characteristic flame length (L or H)

my oven-dry fuel mass consumed in flaming front (kg)

my oven-dry mass loss rate (kg s—1)

Z oven-dry fuel loading (kg m~2)

m;" oven-dry bulk density (kg m—3)

mg green fuel mass (includes water) (kg)

Mg green fuel mass loss rate (kg s~1)

mg green fuel loading (kg m~2)

My water mass in fuel (kg)

M moisture content of solid fuel (my/my)

MAE mean absolute error

MB mean bias

N mass fraction of unburned fuel in gas mixture; stoi-

chiometric air/fuel mass ratio=kN where k is a fuel
specific constant [1]

Nc Byram'’s convection number: N. calculated with U,
Nee calculated with effective wind speed U,

NMAE  normalized MAE

p probability associated with value of test statistic

NMB normalized MB

Q.,Q; dimensioned (kW) and dimensionless rate of heat
release for circular fuel bed, respectively

Q.Q; dimensioned (kW m~!) and dimensionless rate of
heat release per unit length, respectively

R mean resultant length (magnitude) of resultant vec-
tor for a sample of a circular variable, 0 <R <1
r Pearson product moment correlation coefficient, r2

is the coefficient of determination
RMSE root mean squared error

S rate of spread of line fire (m s=1)

T absolute temperature (K)

U horizontal wind velocity (m s—1)

Ue effective wind velocity combining U and ¢
[60] (m s~1)

Uy characteristic wind velocity (U or Uc)

1% vertical velocity in flat flame burner (m s=1)

Z non-dimensional number derived from modified

Froude number; denoted N in [76]

Greek symbols

o angle of flame from vertical [cos~1(H/L)] (degrees)

B fuel gas mass produced per unit of fuel bed mass
loss

y linear regression coefficients

1) fuel bed depth (m)

¢, n entrainment coefficients, ¢, denoted « in [58]

0 o + ¢, sum of flame angle and slope angle (degrees)

K, L concentration parameter and mean of von Mises

distribution, respectively

nonlinear regression coefficients

v kinematic viscosity of air (m? s~1)
o density (kg m—3)
Pc measure of model fit for circular regression
v circular standard deviation
1) angle between horizontal and axis of tilted fuel bed
(slope) (degrees)
bserved—predicted)® . L
X2 y~ {observed_predicted)” Ser‘;erediiréd‘“e )~ chi-squared statistic
Subscripts
a ambient conditions

similar shrub fuel types [20]. The chaparral data were found to be
most similar to Galician shrublands [21], while the other models
underestimated L. Additional work by Byram included the devel-
opment of scaling laws [22-24] for the fire plume in crossflow by
proposing a dimensionless convection number N, which is a ratio
of the power of wind and power of the fire as a measure of the
potential for a wildland fire to “blow up” Eq. (1). The quantity N
was subsequently shown to be proportional to a Froude number
based on flame height (U2g~'H-1) [25-29]. Byram used ambient
atmospheric properties of density, temperature and specific heat
(par Ta, Cpa) in this derivation.

Ne = 28l/[ pacpaTa(U = $)*] = 2ghem”’S/[ pacpaTa(U — 5)°] (1)

Over 50 years of experiments and modeling have established
the correlation of a scaled flame height (H/D) with the Froude
number using burner diameter or flame depth (Dy) as the char-
acteristic length (D) for axisymmetric and linear fires, respectively
[26,30-33]. Flame data from wildland fuels have been included in
this development; however, the wildland fuels have typically been
dead fuels such as wood and cast foliage—not living fuels such as
shrubs and trees. Nelson [27] cited examples where N, had been
applied to spotting (embers) and crown fire spread—by definition
crown fires typically spread through live fuels. Recent work has ex-
amined and modeled Froude-based flame geometric relationships
in European shrub lands [34-37].

Wildland fuels include living vegetation and the dead foliar and
wood components that are either retained on the plant or de-
posited on the ground. While the emphasis on wildland fuels has
been on the dead component, fires burning in living vegetation are
a significant portion of the wildland fires, which occur worldwide.
In regions of the world where Mediterranean climates occur, wild-
land fuel often consists of shrubs, which can exhibit significant
fire behavior. Shrub fuels are not restricted to Mediterranean re-
gions and include sagebrush in the interior western United States
and southern rough in the southeastern U.S. Chaparral is a plant
community containing many species of shrubs that grow in the
Mediterranean climate region of the U.S. located in California and
northern Baja Mexico [38].

As part of a larger program studying fire spread mechanisms
in live fuels with an emphasis on chaparral vegetation, experimen-
tal work has been conducted at Brigham Young University (BYU),
the University of California at Riverside (UCR), and the USDA For-
est Service Forest Fire Laboratory (FFL) in Riverside, CA, USA since
2001. Work at BYU developed a flame angle («)—Froude number
correlation for single live and dead leaves in cross-flow for a va-
riety of shrub species [39] and work at UCR examined the rela-
tionship between H and heat release rate for pans of live and dead
foliage and branches from chaparral species [40]. While fire spread
experiments have been conducted at both the fuel bed and field
scale in chaparral fuels [41-43], the relationships between flame
characteristics and heat release or mass loss have not been ex-
plored extensively across this range of scale. This paper compares
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laboratory data ranging from single leaf to fuel bed scale exper-
iments with several existing relationships developed for wooden
cribs and dead foliage. High water content is an important charac-
teristic of live fuels. When the moisture content (M, dry mass ba-
sis) of living vegetation exceeds 56%, the majority of a fire plume’s
water vapor comes from vaporization of water and not the wa-
ter produced by the combustion reaction [17] so the mass loss
rate used in this study is based on the green fuel (myg), not dry
fuel (my). The experiments that generated the chaparral flame data
(Section 2.1) and the models evaluated or developed with the
data are described (Sections 2.2, 2.3). Results for flame length—
mass loss relationships (Section 3.1); wind velocity effects on flame
length, height, and angle (Section 3.2); flame length and heat re-
lease rate (Section 3.3); and convection number and Froude num-
ber correlations (Section 3.4) follow. A nomenclature is provided.

2. Methods
2.1. Experimental setups

Materials for all chaparral experiments at BYU, UCR, and FFL
were collected at the North Mountain Experimental Area located
50km east of Riverside, CA at an elevation of 1160 m. Data used
in this paper are available through the USDA Forest Service Re-
search Data Archive (https://www.fs.usda.gov/rds/archive/). Sam-
ples of chaparral were cut and sent by express mail to BYU. Four
species were examined: Eastwood’s manzanita (Arctostaphylos glan-
dulosa Eastw.), scrub oak (Quercus berberidifolia Liebm.), hoaryleaf
ceanothus (Ceanothus crassifolius Torr.) and chamise (Adenostoma
fasciculatum Hook. & Arn.), representing a wide range of physical
characteristics for species comprising chaparral. Flame height (H)
and mass loss rate (1) data in the present paper were estimated
during the steady burning period of each set of experiments. The
mass loss data recorded in all experiments included green fuel
mass (mg). Our previous work has shown that live fuels such as
leaves contain significant amounts of water at the time of ignition
[44,45]. In the BYU and UCR experiments, the fuel bed slope ¢ was
zero.

The experimental apparatus at BYU was designed to closely re-
semble the conditions of a forest fire flame front [46]. The fuel
sample (a leaf or branch (chamise)) was attached to a stationary
horizontal rod connected to a cantilever-type mass balance. A flat-
flame burner (FFB) was positioned on a moveable platform to sim-
ulate the flame front. The platform was pulled at a constant ve-
locity toward the fuel sample. The post-flame gases from the FFB
provided heat transfer by convection. The post-flame gas vertical
velocity V was 1m s~! and the gas temperature was 1273 K. Us-
ing leaf diameter (D;) as the characteristic dimension D resulted
in the Reynolds number (VD/v) for the vertical flow over the leaf
ranging from 46 to 721 indicating that the leaves were heated by
forced convection that was laminar in character. A video camera
and mid-wave infrared (MWIR) camera recorded each experiment.
The infrared imagery was used to estimate the surface tempera-
ture of the leaf; the flame was not visible in the MWIR. Flame
height was determined by averaging measurements of maximum
flame height from still images taken from the video.

To examine the effects of horizontal wind velocity (U) on flames
from green and dry leaves, the FFB apparatus was modified by
adding a fan in a square duct with a honeycomb mesh to provide
cross flow of 0.77 to 2.8 m s~! [39]. Assuming these cross-flow ve-
locities only and an average gas temperature of 800K produced a
range of Reynolds numbers of 126 to 795 indicating that the hori-
zontal cross-flow velocities over the leaf were also laminar in char-
acter. While the work at BYU included other species common to
Utah and the southern U.S. [39,44,47], we used only data from the
green manzanita leaves, a chaparral species, in the present study.

Fig. 1. Circular crib fire created by burning solid fuel composed of chamise
branches and foliage.

Color imagery of some of the combustion behavior revealed inter-
esting phenomena during the heating, ignition and burning of the
green leaves, such as bursting and boiling not typically observed in
dead fuels [44,48].

At UCR, cribs of green and dry chaparral fuels were placed in
circular pans on an electronic scale and ignited (Fig. 1), [40]. Pan
diameters (D) of 0.3, 0.45, and 0.6 m and a constant dry fuel load-
ing mg of 2.12kg m~2 were used. These fuel beds differed from
traditional fuel cribs in that the arrangement of the fuels was not
regular (e.g., [49,50]). A constant pan depth of 0.2m resulted in
constant bulk density m of 10.6kg m—3. Each pan was ignited
using an alcohol-soaked paper towel placed in the bottom of the
pan under the chaparral fuel. The amount of alcohol-saturated pa-
per, determined by trial and error, was sufficient to ignite the fuel
bed without great perturbation of the fire behavior of the chaparral
fuel bed [40].

A height marker placed adjacent to the scale provided a refer-
ence scale. A video camera and thermal infrared camera recorded
each experiment. Flame height was determined by averaging mea-
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Fig. 2. Components of the diffusion flame resulting from the burning of wildland
fuels for a fire spreading on sloped ground.

surements of maximum flame height from still images taken from
the video after the alcohol and paper were consumed. For these
experiments, characteristic dimension was Dj.

A set of experiments performed in an open-topped wind tun-
nel at FFL examined the effects of bulk density, wind and ignition
location on fire spread in individual shrubs [(dataset) 51,52]. Hos-
seini et al. [53] provide a detailed description of the fire laboratory
and wind tunnel characteristics are available elsewhere [54,55].
Twenty-four individual chamise shrubs were ignited with a line
fire or spot fire and with or without a 1.5m s~! cross-flow. The
moisture content M of the live fuel sample was estimated using an
Arizona Instruments MAX® 1000 Moisture Analyzer!. Shrub mass
was measured by an electronic balance. A video camera captured
images at a frequency of 30 Hz. Because of fluctuations in the mass
data, maximum mass loss rate (mg) was calculated by averaging
10 adjacent data points centered about the maximum. L and «
were obtained from analysis of at least three video camera images
per experiment using AutoCAD. Based on measurements of shrubs
harvested to develop bulk density-height models for manzanita
and chamise, we calculated the geometric mean of crown diam-
eter measurements yielding D = 0.6m for these experiments. Some
aspects of these experiments have been modeled [54,56,57] using
LES (large eddy simulation).

The effects of wind (U), moisture content (M), fuel bed
depth (§) and slope angle (¢) on flame propagation in live
fuel beds were studied at FFL (Fig. 2) using fuel beds (2.0m
long x 1.0 m wide x various depths) constructed of live branch ma-
terial <0.64cm and foliage material [41,42, (dataset) 58]. The fuel
beds were elevated above the surface of a tilting platform by 0.4m
to simulate an aerial fuel. Air could be entrained from the ends of
fuel beds; metal sheeting prevented air entrainment from the sides
to reduce the curvature of the flame front and simulate a line fire.

T The use of trade or firm names in this paper is for reader information and does
not constitute endorsement by the U.S. Department of Agriculture of any product
or service.

Plant material was generally collected in the morning so as to min-
imize moisture loss through transpiration. Dead fuel was removed
to the extent possible. Dry bulk density m:j" ranged from 6.26 to
14.01 kg m~3; reported natural bulk density of chaparral canopies
ranged from 0.4 to 3kg m~3 [59]-values significantly lower. The
slope (100tan¢) of the fuel beds ranged from —60 to 70% where
negative values indicate fire spread downhill [29,42]. A fuel bed
was ignited along the 1m side with an ignition zone of 50cm
depth. Between 0.3 and 0.4kg of excelsior and a small amount
of isopropyl alcohol were added uniformly in the ignition zone
to initiate and sustain the ignition. A video camera recorded each
experiment and several images during the steady burning phase
(near 1m) were digitized to measure flame characteristics includ-
ing height, length, depth, and angle. Mass loss rate mg was esti-
mated by combining green fuel loading mg, rate of spread S and
flame depth (Dy) (Eq. (2)). For the fuel bed data, the characteristic
dimension was flame depth Dy. The effects of slope angle ¢ were
incorporated by calculating an “effective wind speed” U, [60].

g = mySD; (2)

When aggregated, the five data sets contained 576 observa-
tions of fire behavior in chaparral fuels. However, some of these
studies examined the differences between green and dried foliage
[39,40,61] so only data in which M > =0.35 (nominal M for satu-
rated dead woody fuel) were included in the present study. The
interested reader is referred to [62] for a good review of the differ-
ences in moisture relations between dead and live fuels; [63] pro-
vides the theoretical development of drying in dead fuels which
formed a basis for fire danger rating in the United States.

2.2. Flame relations

The relationship between mass loss rate and flame length was
examined initially. Scatterplots suggested potential statistical rela-
tionships which we fit using linear and nonlinear regression. We
compared observations with predictions from the empirical mod-
els of Byram [22] (Eq. (3)), Fons et al. [64] (Eq. (4)) and Thomas
[65] (Eq. (5)) as reported in [[26], Eq. 40-42]. Note that the re-
sults for Eq. (3)-(5) were converted to SI units after calculation.
The sources of these equations did not specify that mass was oven-
dry mass; however, that may have been an unwritten assumption.
In order to evaluate the application of Eqgs. (3)-(10))\ to flame char-
acteristics from live fuels, we used green fuel mass loss rate (rg)
for mass loss rate (m).

L =3.22m%4 (3)
L =3.13m?3 (4)
L =3.94m%?3 (5)

For wind-driven fires on flat ground (¢ = 0), Albini [26] pre-
sented correlations for flame dimensions from Thomas [25] and re-
ported good agreement between observed and predicted of H and
o for dead pine needle fuels using modeled thermochemical prop-
erties [66]. These correlations are:

H = 101 mu—0A74D70,13

L = 10.25m0A86u—0.22D—0,18

o = COS—I (4.38Th0‘14U70’78D0’]8) (6)
Since these correlations resulted from fire spread in wooden

cribs with wind we used fuel bed data with U;=2 m s™!

to evaluate these correlations. The BYU individual leaf data (all

plant species) [39] have previously been compared to other ex-
isting flame angle—Froude number correlations [26,29,67-69]. For
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a given wind velocity, these models derived from single leaf data
tended to predict greater flame angles (more deflection from ver-
tical) than the model based on larger-scale data.

We also compared the fuel bed data to Albini’'s wind-driven
flame model [26] given by:

H = 122NBmU,™"

o = tan~'(0.0036U,H~1/?) 2

Since modeling results have shown that the presence of water
vapor in the combustion gas mixture reduced maximum tem-
perature of the flame and reactions were quenched when the
water mole fraction exceeded 0.65 [70], we incorporated the
effect of moisture content M on the fuel gas production ratio
B and the stoichiometric air/fuel ratio N using the curves for
manzanita and chamise foliage [66] which are available only
graphically. Linear regression models for § and N of the form
B(orN) = yo + 1M + y,M? were fit to visually-estimated data
points measured from the published curves. This model has an
additional term when compared to the simple linear equations
for white and ponderosa pines [26]. Albini [66] assumed a linear
relationship for moisture content M over the range of 0.02 to 0.15
[71,72]. In the case of chaparral fuel beds M ranged from 0.26
to 0.91; Albini’'s thermochemical curves [66] contain significant
curvature over this range. Linear correlation between observed
and predicted flame dimensions was estimated using the Pearson
product moment correlation coefficient (r) [73].

2.3. Heat release rate

For buoyant diffusion flames from circular burners and square
cribs, flame height H has been correlated with the heat release rate
(Qc) by several authors [11,74]. In the present study, we chose two
correlations which have been developed for a wide range of fuels
(Eq. (8) [31,75], Eq. (9) [11,76,77]). In these approximate axisym-
metric configurations, the characteristic length D is burner diame-
ter. For a line burner (or line fire) with turbulent flames and heat
release rate greater than 30kW m~!, heat release rate (Q;) and
H have been correlated by Eq. (10) [33]. The pan and shrub data
(see Section 2.1) have previously been compared with ng [40,57].
Note that Byram’s fireline intensity I [17] which is calculated for
a spreading wildland fire has the same units as Q;. Further note
that Byram developed a correlation H = 0.0775[%46 = 0.0775Q 46
[17] used in operational fire spread models in the United States
[78,79]. which is not dimensionless; the exponent is closer to 2/5
than to 2/3. We evaluated the fit of Eqgs. (8) and (9) to the leaf, pan
and shrub data and the fit of Eq. (10) to the fuel bed data assum-
ing air properties at 25 °C, an effective heat of combustion h; =
Ahg off = a—0.057M where a=16.77 and 16.31K] g~! for chamise
and manzanita, respectively, in place of 16.52 in Babrauskas’ orig-
inal regression fit for Douglas-fir trees [80] and Q = hcrh [40,66].

Qc heri
H/D=Q’ = = (8)
PooCpTooy/8D D2 pooCpTs+/8D D?

5 1/5
H/D = —1.02 + 15.62"/5 = —1.02 + 15.6|: CplooQ ]

gp2,D5 (he/N)?
~ —1.02 +3.7Q*° 9)

. 2/3 2/3
) . Ql I
H/D =3.460"%3 =346 —— =346 —————
< pcpT\/gDD pcpT/gDD

(10)

Prior to carrying out an analysis of the flame angle correlations,
the statistical properties of o were examined. Summary statistics
were calculated and the fit of the Von Mises distribution (“circular
normal”) to the data was tested [81]. The exploratory data analysis
indicated that the fuel bed and shrub data could be modeled by
the Von Mises distribution, but the leaf data could not. As a result
the equality of @ between fuel sizes was tested using a multiple
comparison procedure based on the Mardia-Watson-Wheeler uni-
form score test and adjusting the probability levels to take into ac-
count the number of comparisons to control experiment-wise error
rate at 0.05 [82]. This test was also used to test equality of flame
angle predictions and observed data.

All correlations presented above assume a horizontal orienta-
tion of the fuel bed or ¢ = 0. While extensive work has exam-
ined fire spread on vertical surfaces, this seldom, if ever occurs
in wildland fires. Recent work by Nelson [83] applied to the re-
sults reported by [34] presented Froude numbers modified to take
into account the combined effects of U and ¢ using an effective
wind speed Ue =U + (Zgl/,oacpaTc,)”3 sin(¢) [60]. Figure 2 reflects
this geometry. The relationships between various Froude numbers
based on L, H, and H¢ coupled with U and U and flame an-
gle were examined using the fuel bed data and the general form
of the Froude number Fryy = (Ux — S)z/gly. For Uy —S < 0, Fryy =0
and N.=oo. Typically the Froude number has been related to the
tangent of the flame angle using a simple linear regression of
the formtan(6) = yy + y1Frxy where 6 = o + ¢. Analysis of circular
data has advanced to the point that a circular variable can be re-
gressed on linear variables through a link function involving tan—!
so we fit the linear-circular model 6 = yy + y;Fryy using circular-
linear regression [81,84].

Goodness of fit of the regression models was assessed using a
variety of measures. Mean absolute error (MAE), normalized MAE
(NMAE), mean bias (MB), normalized MB (NMB) and root mean
squared error (RMSE) provide measures of agreement [20,85]. The
commonly-used coefficient of determination (r2) is not appropriate
to use with nonlinear regression or regression through the origin
models [86,87]. To describe the variation accounted for by the fit-
ted models which were not traditional linear regressions, an alter-
native r> was calculated: rZ, = Z?ﬁ/ZYf =1— (SSE/SST) where
SSE and SST are the residual and total sum of squares, respectively.
Statistical analyses and graphing were performed using R version
3.4.1 [88].

3. Results and discussion

Combining the five data sets resulted in a total of 496 obser-
vations for chaparral fuels (Table 1). Moisture content M ranged
from 0.36 to 0.94; the minimum is lower than the minimum ob-
served in the Los Angeles County live fuel moisture data (0.56)
[89]. We attribute this difference to moisture loss in transport and
sampling variability [90]. The range of observed wildland fire be-
havior in chaparral occurs over the range of M in the present
study [91]. Mass loss g ranged from 0.001 to 68¢g s~! and flame
length L ranged 0.015 to 4.82m. The line fires spread at rates up
to 0.03m s~! which is in the lower range of reported S for cha-
parral wildfires [92,93]. Heat release rate (Q) ranged from 2 to
1555kW m~2 for the axisymmetric flames and fire line intensity
up to 1768 kW m~! for the line fires. The flames in the leaf tests
were primarily laminar while the pan, shrub and bed tests pro-
duced turbulent flames. Comparison of this data set with data for
other fuel types [19] indicated that the range of data for the pan,
shrub, and fuel bed fires were comparable to other laboratory and
field studies. Unlike the present study, the fuels in the comparison
studies consisted of a mixture of live and dead fuels.
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Table 1
Summary of some characteristics of chaparral fuel experiments. Values are the minimum and maximum
observed.
Source  Size n? U(ms™) mg(gs™) L (m) o (%) Qb
Pickett  Leaf 123 0 0.006 0063 0015 0.085 0 2 36
Cole Leaf 250 0.8 2.8 0.006 0.063 0.025 0.102 32 78 4 39
Sun Pan 48 0 34 52.2 0.47 222 0 145 972
Li Shrub 24 0 15 9.1 68.0 0.69 4.82 -16 40 211 1555
Zhou Fuel bed 51 0 2 0.7 50.6 0.55 2.80 -12 36 54 1768
Note: Head fire data only.
2 Number of experiments.
b For Pickett, Cole, Sun, and Li, units are kW m~2; for Zhou and comparison studies, units are kW m~!.
5 4
(@ - (b) o
log(L) =—0.92+0.47 log(rng) x
L=05m* X 1 ?=0.96 X
44 g ”
r,=0.86, n=454
« X 0 4
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Fig. 3. Relationship between flame length (L) and mass loss rate (ry) fitted as a power function using nonlinear least squares (a) and as a log-log model using ordinary
least squares (b). The grey band illustrates the 95% confidence interval about each fitted regression.

3.1. Flame length (L) and mass loss rate (myg)

A plot (Fig. 3a) of L versus mg suggested a significant relation-
ship for the ¢ =0 subset of the data. Using nonlinear regression to
fit the general model L = )\Orhg“, we fit the equation L = 0.5m%*.
The intercept and exponent terms were statistically different from
0 (p<0.00001), the 95% confidence intervals for Ao and A; were
(0.45, 0.56) and (0.37, 0.43), respectively. The nonlinear regression
accounted for 86% of the total variation (r%R) in L. We previously
reported significant regressions of L as a function of Q%4 which
implied m°* since we assumed a constant h; for the pan data
[40]. For leaf data for a wide variety of species, flame height was a
power function of mass loss; however, the model did not account
for much of the variability [61]. For the fuel bed data, we previ-
ously fit a similar nonlinear equation (L = 0.2[934) relating flame
length to fireline intensity based on m; [20]. In the present study
a log-log plot revealed a significant linear relationship (Fig. 3b) ac-
counting for 96% of the variation in L after correcting for mean L
(r?). The goodness of fit measures (error metrics) for the nonlin-
ear regression and the linear regression of the log-log transformed
data were similar (Table 2). The goodness of fit measures for the
log-log linear regression were calculated by transforming the pre-
dicted log (L) back to L in order to be comparable with the mea-
sures for the nonlinear model. Normalizing the flame length data
using the appropriate D did not reduce the scatter of the data.

Of the three empirical flame equations, Byram’s (Eq. (3)) fit the
data best with the smallest error metrics (Table 2). Thomas and
Fons tended to over predict the data due to the greater exponent
(2/3) which Albini [26] reported for his data (Fig. 4). The fuel
moisture M for the wooden cribs ranged from 0.04 to 0.16—a
typical range for dead fuels that burn [64,65]. As noted earlier in
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Fig. 4. Comparison of existing flame length-mass loss correlations (Eq. (3)-(5))

using laboratory-scale fires in chaparral fuels.
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Table 2

Summary of goodness of fit of various equations for laboratory-scale fire behavior data from burning
chaparral foliage. Mean absolute error (MAE), normalized MAE (NMAE), mean bias (MB) and root mean
squared error (RMSE) defined in [20]. Normalized MB (NMB) is MB/y where y is the measured flame length
L. MAE, MB, and RMSE have units, NMAE and NMB are proportions.

Correlation MAE NMAE MB NMB RMSE
L= oAsmg‘* (m) 0.13 0.35 0.02 0.06 0.30
log(L) = —0.92 + 0.47 log (ri1g) (m) 0.11 030  -0.02 ~0.05 0.31
Byram (Eq. (3)) My (m) 0.50 132 0.49 1.30 1.06
mg  (m) 0.33 0.86 0.31 0.84 0.72
Fons (Eq. (4)) g (m) 1.04 2.77 1.04 2.75 2.66
My (m) 0.68 1.80 0.65 1.72 1.76
Thomas (Eq. (5)) Mg (m) 1.40 3.72 1.40 3.72 3.52
my (m) 0.93 2.46 0.91 242 2.39
Fitted Byram g (m) 0.11 030 -0.02 ~0.05 0.31
Thomas (Eq. (6)) L (m) 0.34 040 -030 -0.36 0.95
H (m) 0.37 0.54 -0.37 -0.54 1.08
a  © 37 071 37 0.71 39
Albini (Eq. (7)) H  (m) 0.16 073 -0.16 -0.73 0.44
o4 ) 34 0.66 34 0.66 36
Table 3 Table 4
Summary of fitted regression models to estimate fuel gas mass (8) Summary statistics of observed and predicted flame angles

and the stoichiometric air/fuel mass ratio for fuel gas (N) using Al-
bini’s thermochemical model [1]. The general regression model was
Property = yo + 1M + y2M? where M is moisture content.

Property  Species Yo Y1 12 2

B Chamise 1873 0.0207 —1.0E-4 0.925
Manzanita 1.938 0.0168 —6.7E-5 0.876

N Chamise 2.357 —0.0484 2.9E-4 0.944

Manzanita  2.235 —0.0462 2.8E-4  0.940

this section, M for the chaparral fuels ranged from 0.36 to 0.94 -
the upper value is within the upper value for the annual moisture
cycle in these live chaparral fuels. Using my instead of mg reduced
the errors but did not change the relative order of the correlations
(Table 2). Note the close agreement between the Eq. (3) exponent
from [17] and the exponent of the transformed log-log fitted
equation (0.46 versus 0.47). Changing units and transforming the
fitted log-log equation (Fig. 3b) resulted in L = 3.6mm34’ (Fig. 4).
The 95% confidence interval for the exponent 0.47 was (0.46, 0.48).

Note the circled point above the legend. This point was exam-
ined as a potential outlier; this data point had the greatest L with a
low value of mg but no obvious reason for excluding the point was
noted. The shrub was selected in the field randomly and its at-
tributes other than mass were comparable to other shrubs which
were harvested from the same area. Given the inherent variation
observed in structure and condition in chamise shrubs at the sam-
ple location [94], we chose not to eliminate the data point.

3.2. Wind velocity (U) and flame measures (L, H, «)

A total of 257 data points were available to evaluate the rela-
tionship between U and flame properties for chaparral fuels with
¢ =0. While the regressions to estimate the properties 8 and N
for Albini’s flame model [26] for chamise and greenleaf manzanita
(Arctostaphylos patula Greene) (Table 3) did not account for all of
the variability in the visually-extracted data, they captured most
of it. These equations can potentially be used in other applications
such as [55] where it may be desirable to predict thermochemical
properties of live fuels.

Flame height H was consistently underestimated by both
Egs. (6) and (7) (Fig. 5a, b) as indicated by negative MB (Table 2).
Analysis of variance and Tukey's HSD multiple comparison test
[73] indicated that NMB differed between the fuel sizes; the leaf
data had the greatest NMB (—0.94, —0.99) and the shrub data had
the smallest NMB for both Egs. (6) and (7) (-0.34, —0.58). Al-

(o, °) for chaparral fuels. © =[2(1—R)]'> where R is the mean
resultant length [84].

Statistics Leaf Shrub Fuel bed
Sample size 233 12 12
Observed mean & 55 29 22
Standard deviation U 0.19 0.10 0.09
Concentration parameter & 27.6 85.8 144.4
Thomas (Eq. (6)) & 89 86 88
Thomas U 0.005 0.004 0.004
Albini (Eq. (7)) & 88 31 68
Albini O 0.02 0.10 0.10

bini estimates of H (Eq. (7)) for the leaf data were an order of
magnitude smaller than Thomas’ estimates. Similarly, the NMB for
Thomas’ flame length L differed between fuel sizes. NMB of the
shrub data was much closer to 0 than the other two fuels (—0.11
or 11% underestimation versus —0.43 and —0.87 for shrub, bed, and
single leaf fuels, respectively). The dotted line corresponds to ob-
served values equaling predicted values (Fig. 5) and the solid line
illustrates the fitted relationship between observed and predicted
values. Although the predictions for H and L were biased, signif-
icant linear relationships between observed and predicted values
were evident suggesting a method to correct the bias.

Observed mean and standard deviation of o varied between
fuel types (Table 4). The multiple comparison test indicated
that « differed significantly between the shrub and fuel bed
sizes (p<0.03) and between the leaf and other two fuel sizes
(p <0.0001). In contrast, Thomas’ correlation (Eq. (6)) consistently
predicted large « for the chaparral fuels and was insensitive to fuel
size. Its standard deviation was an order of magnitude smaller than
both the observed data and Albini’s correlation (Eq. (7)). The over
prediction and insensitivity of Thomas’ correlation for a was con-
sistent with results reported previously by Albini [26]. The Mardia-
Watson-Wheeler test indicated that Albini’s predictions of flame
angle differed significantly between fuel sizes (p <0.0001). Com-
parison of observed « with Eq. (7) predictions revealed signifi-
cant differences for the leaf and fuel bed data (p <0.0001), but
not for the shrub data (p> 0.9). Mean difference was 33° and 46°
for the leaf and fuel bed data, respectively, but only 2° for the
shrub data (Table 4). The normalized bias and absolute errors for
the leaf and fuel bed data were 0.61 and 2.10 (61 and 210%), re-
spectively (Table 5). Normalized values for the shrub data were
much smaller. When fuel size was not considered, the bias and
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Fig. 5. Comparison of observed and predicted flame sizes for chaparral single leaf, shrubs and fuel beds in cross flow using Albini's approximations of Thomas’ correlations

(Eq. (6)) for H (a) and L (c) and Albini’s flame model (Eq. (7)) for H (b).

Table 5
Summary of goodness of fit of two wind-flame angle (°) correlations by fuel
size. Measures defined in Table 2.

Fuel size  Correlation MAE NMAE MB NMB RMSE
Leaf Thomas (Eq. (6)) 34 0.62 34 0.62 36
Albini (Eq. (7)) 34 0.61 34 0.61 35
Shrub Thomas 57 194 57 1.94 57
Albini 17 0.16 17 0.05 18
Bed Thomas 66 3.01 66 3.01 66
Albini 55 2.10 55 210 56

error of Eq. (7) was 33° resulting in normalized bias and error of
62% (over prediction) (Table 2).

Overall, both Thomas’ and Albini’s predictive equations of flame
angle as a function of wind velocity had similar bias, absolute and
root mean squared errors (Table 2). However, when separated by
fuel size, the performance differed (Table 5). For the leaf data, per-
formance was similar. For the shrub data, performance of Albini’s
correlation was superior to Thomas with much smaller bias, abso-
lute error and root mean squared error. In the fuel beds, bias and
error of Albini’s correlation increased but was still smaller than
Thomas’ correlation. The use of 8 and N for green chaparral fuels
resulted in « closer to the observed values than Thomas’s equation
did.

3.3. Heat release rate (QZ, Qf,1) and scaled flame dimension (LD,
H/D)

The relationship between QF and L/D for the circular config-
urations appeared to differ by size. The pan data matched the
correlation derived by Heskestad [77] well; however, this correla-
tion under-estimated the shrub data and over-estimated the leaf
data (Fig. 6a). Padhi’s correlation for a statistically stationary mod-
eled fire developed from the shrub data-4.5Q;%45 [51,52,57] fit
these data better and we successfully fit the model L/D = )\OQ:M =
1.93Q;037 = 1.9Q:%/ to the leaf data. The 95% confidence inter-
vals for the As were ( 1.80, 2.06) and (0.33, 0.41). The exponent
on Padhi’s correlation is close to 2/5 but a confidence interval for
the exponent estimate was not reported [57]. While the coeffi-
cients (Ag) differed between the present study and earlier stud-
ies [40,57] using live chaparral data, there appeared to be support
for Q*2/5. Zukoski [74] identified two regimes: for QF > 1 the 2/5
slope (exponent) suggested that L is not affected by D, for Q} < 1
L is dependent on D and an empirical fit of Q'jmwas developed.
For our data, 11 leaf, 11 pan, and 6 shrub fires had @} <1 and
352 leaf, 37 pan, and 18 shrub fires had Q; > 1. The fitting of a
simple linear model to the pan and shrub data did not produce a
significant regression (p > 0.10) so a segmented regression was per-
formed which estimated the breakpoint where slope would change
[95]. For these data, the slope changed appreciably at Q;‘ =049
where (0.36, 0.61) was the 95% confidence interval of the estimate
(Fig. 6b). The previously identified (Section 3.1) circled shrub data
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Table 6

Summary of goodness of fit of non-dimensional flame length (m) - heat release rate
correlations by fuel size. Measures defined in Table 2.

Fuel size Correlation MAE NMAE MB NMB RMSE
Leaf Heskestad (Eq. (9)) 2.1 0.69 21 0.69 235
Padhi [57] 5.0 1.63 5.0 1.63 6.37
1.9Q;%° 0.7 0.24 0.2 0.05 0.96
Pan (3) Heskestad 0.7 0.24 0.4 0.13 0.81
Padhi 24 0.85 2.4 0.85 2.55
1.9Q;%° 0.8 0.27 -0.7 -0.23 0.95
Shrub (4)  Heskestad 13 0.34 -0.8 -0.20 0.81
Padhi 17 0.44 1.2 0.31 2.14
1.9Q;%° 18 0.47 -1.8 —0.45 2.42
All Heskestad 14 0.41 0.5 017 1.78
Padhi 3.0 0.92 2.9 0.87 3.56
1.9Q;%° 11 0.34 -0.8 -0.23 1.61

point was statistically influential; removal of this data point re-
sulted in Q¢ = 0.67, (0.50, 0.85).

Goodness of fit measures of the Heskestad, Padhi and fitted cor-
relations indicated that the fitted correlation (1.90*2/5) was best
for the leaf data, an unsurprising result (Table 6). For the pan and
shrub data, the Heskestad correlation produced the smallest errors
even though the Padhi correlation was developed from the shrub
data. To provide equal weighting between fuel sizes (Table 1) to
calculate the overall goodness of fit measures, 1000 random sam-
ples of 24 observations were drawn from the data for each size
class, the measures were summed individually and the mean of

each measure was calculated. The fitted leaf correlation had the
smallest error measures overall, followed by Heskestad (Eq. (9))
and Padhi’s correlation. On a log-log plot, Heskestad fell between
the leaf and pan/shrub data (Fig. 6b). For Q} < 1, the empirically
fit exponent for Q; was 1 which differs from Zukoski’s empirical
2/3.

There was little to no evidence of a linear relationship between
Q; and L or H, (Fig. 6¢c) for the fuel beds that spread on level
ground (¢ =0) as indicated by non-significant F-statistics. For these
data Hy = Lcos(a). Nonlinear regression estimated models of the

form )\OQI*A‘ for L, Hy, and Hy where Hy = Lcos(a + ¢) to incor-
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Fig. 7. Relationship between flame angle and Byram’s convection number calculated using ambient wind (U,) and effective wind (U, ) velocity for N. <10 (a) and N, > 10
(b). Ne was calculated using wind velocity U, and N was calculated using effective wind velocity U.. Note the difference in range of N. and Ne.

porate slope angle [60]. The coefficient estimates were similar for
L, Hy, and Hg, the t-tests of the estimates were most significant
for Hy, and the 95% confidence interval for the Hy regression in-
cluded the curves for L and Hy. While nearly all of the data fell
on or below the “line fuel bound"(3.46Q,*2/ 3), the fitted exponent
(1/3) was significantly different for the fuel bed data. The 95% con-
fidence intervals for the As were (2.54, 3.65) and (0.15, 0.50), re-
spectively. Q; (and I) ranged from 68 to 2297 kW m~! [20] which
is well above the minimum heat release rate for the “line fuel”
correlation [33]. While the pan data supported the basis for the
flame sub-model used by Balbi et al. [96,97], future development
of this model should consider using the “line fuel bound” model
since it provided an upper bound to the fuel bed data. The ge-
ometry of the flame is also more consistent with the assumptions
made [96].

3.4. Byram’s convection number (N¢) and Froude numbers with
flame angle o + ¢

Forty-one fires from the Zhou data set with ¢ > 0°, U, >0 were
available for these analyses. The convection number N (open tri-
angles in Fig. 7a) calculated with U, was finite for fifteen of the
forty-one fires and ranged from 0.6 to 5.3 which meant these
fires fell into the intermediate region defined in [83] where heat-
ing prior to ignition was a mixture of convection and radiation
heat transfer. For the remaining 26 fires, N. = co. Use of the ef-
fective wind speed U, [60] significantly increased the range of N,
(0.6 <N <108) and the number of fires with finite N to 27. For
fires with no wind and a positive slope ¢, U. >0 and N ranged
from 28 to 108 due to the effect of slope alone. Following [98] we
used N.=10 as the breakpoint and regressed tan(« +¢) on vari-
ous powers of N: and Ne. For the fires with N <10, we examined
N:72 and NZ!/? with no intercept term. The slope estimates for
N(_T”2 andNC’e]/2 of angle 0.52 and 0.50 did not differ statistically
based on 95% confidence intervals; however, the residual error of
the N data was smaller due to the shift of data points resulting
from the use of U, (Fig. 7a). Assuming a slope estimate of 0.5 for
the chaparral data yielded an entrainment constant 7 = 0.13 which
differed from n=0.71 for fuel beds of pine litter and palmetto
fronds [98, eq. (23)]. One important difference between the pine
litter/palmetto fuel beds and the chaparral fuel beds is that the
pine needle-palmetto fuel beds were contiguous with the ground
which restricted air flow from underneath the burning vegetation.

The chaparral fuel beds were elevated; lateral entrainment was
blocked, but air flow under the fuel bed was possible. Model sim-
ulations demonstrated this flow was significant for fires spreading
up slopes [42] which would potentially alter the entrainment con-
stants for these fires.

For N.> 10, Nelson et al. [98] suggested NC’EZB. Reexamination
of the fits of the two regressions in their Fig. 2a and b indicated
that the 95% confidence intervals for the slope estimates (3.931
and 4.119) overlapped and thus did not differ statistically. The fit-
ted regression (Fig. 7b) for the chaparral data (slope=6.42) bet-
ter described the data than the regressions in Nelson et al. [98].
We used nonlinear regression to estimate both the slope and the
exponent from the chaparral data; both powers (—1/2, —1/3) de-
rived by Nelson et al. for N. < 10 fell within the confidence interval
[-0.51, —0.11] of the exponent estimate (—0.31). Recall that these
chaparral N¢ values were based solely on slope.

Six Froude numbers were calculated based on L, Hy, and Hg
with Ug and Ue.: Fryy, Fry,, Fry,u, Fra,u,. FrH¢U, and FTH¢ue- The
Froude numbers all occurred in the range O <Fryy <0.6; Froude
numbers reported for fires in shrub fuels in France fell in the range
0.13 <Fr<0.45 [37]. For the no wind fires, the Froude numbers
based on U were all 0 and there was no linear relationship be-
tween flame angle and Froude number (Fig. 8). Froude numbers
based on U, had non-zero values resulting in a linear trend be-
tween flame angle and the Froude number. For the circular-linear
regressions of the fires with wind, the slope coefficients were
highly significant for all Froude numbers with probability values
<4E-7 (Table 7). Use of the effective wind speed improved the fit
of all regressions as indicated by smaller MAE, NMAE and RMSE
measures. On average, the NMAE was reduced by 0.043 (4.3%). The
error metrics for Froude numbers based on L were slightly larger
than the error measures for H-based Froude numbers; however,
when normalized by the mean flame angle, we observed little dif-
ference in the predictive capability for flame angle between the
Froude numbers based on L versus H.

For the leaf and pan data, there is strong support for the well-
established Froude scaling for these live fuels using the mass loss
rate that includes water. It may be possible to reduce the scatter
in the data by identifying the relationship or characteristic length
that will improve the correlation. Fuel moisture, fuel particle shape
and thermochemical characteristics are potential variables. The fuel
bed data includes non-zero slope and wind effects which may con-
tribute to the scatter. Nelson’s recent formulation of Froude num-
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Table 7

Summary of circular-linear regressions of flame angle with various Froude numbers for
chaparral fuel beds burned with wind. Mean absolute error (MAE) and root mean squared
error (RMSE) expressed in radians, normalized MAE (NMAE) is a proportion.

Intercept (yo) Y1 MAE

NMAE  RMSE

0.431 0.071 0.188 0.087
0589 0.054 0.144 0.070
0.371 0.065 0.174 0.082
0.507 0.049 0130 0.062
0.402 0.064 0.169 0.079
0.481 0.047  0.126 0.061

Fry Effective wind velocity
Friy 0.138
Fruy, Y 0.024
Fry,u 0.154
Fryu, Y 0.049
Fru,u 0.134
Fry,u, Y 0.062
90 Il Il Il Il
u RMSE
68 - -
~
o
N
< 45 -
+
3
23 -
0

0.8

Fig. 8. Circular-linear regressions of flame angle « corrected for slope ¢ and Froude
numbers based on flame length L for chaparral fuel beds burned with and with-
out wind velocity. The x-coordinate of the Froude numbers based on U, has been
dithered. The RMSE values in the figure are expressed in degrees.

bers for fires spreading under wind and slope effects [83] im-
proved the correlation with flame angle; Froude numbers based
on flame height generally performed better. This limited test cou-
pled with previous results on the effectiveness of U, in dead fuels
[60] suggests that a Froude number based on U, might be a use-
ful scaling parameter for experiments examining wind and slope
effects on fire behavior. If the pan data and the fuel bed data are
viewed as cribs, scaling laws developed for wooden cribs based on
the fuel particle length might be used to scale the laboratory re-
sults to field scale [99]. Factors such as fuel moisture and varying
fuel particle shape are perhaps characteristics unique to wildland
fire. Most correlations appear to have been developed from fuels
where free water in the fuel is not an important component.

4. Conclusion

Chaparral fuels configured as circular fuel beds and burned in
this fashion behaved similarly to other “pool fire” configurations.
Scaled flame lengths generally agreed with heat release correla-
tions developed for other fuel types. Due to complex topography,
changing fuel types, and the vagaries of local meteorology, a wild-
land fire is seldom a stationary circular fire or an idealized line fire

except in small segments. The flame model for a line fire devel-
oped by Albini in the late 1970s and early 1980s has seen little val-
idation and development since its introduction. To our knowledge,
this is the first time that the parameters developed for chaparral
fuels have been tested with limited success. The limited agree-
ment of the heat release rate correlation for a line fire by Yuan and
Cox [33] with the chaparral fuel bed data indicates that there are
still improvements that can be made. The chaparral fuel bed data
were originally collected as part of a study examining marginal fire
spread. Only about half of the fires which were ignited spread the
entire length of the fuel bed. Several factors were found to be re-
lated to fire spread success in these fuel beds; wind velocity was
the most important [20]. These marginal conditions and the fact
that the fuel beds were elevated resulting in additional entrain-
ment may have contributed to the poor agreement with the data.

The strong relationship between mass loss rate and flame
length in these live fuel beds extends this well-established rela-
tionship to these fuel types. The fitted exponent lends support to
Byram’s derivation that flame length is related to Fr%° and not
Thomas’ derivation of Fr2/3, Live foliage particles still retain signif-
icant moisture at the time of ignition [44,45] indicating that the
treatment of moisture and its transport in live fuel particles needs
to be changed. The amount of water present in fuels may be an
important parameter that should be included in these correlations
if they are to be applied to live wildland fuels.
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