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Abstract

Wildfire spread in living vegetation, such as chaparral in southern California, often causes significant damage
to infrastructure and ecosystems. The effects of physical characteristics of fuels and fuel beds on live fuel burning
and whether live fuels differ fundamentally from dead woody fuels in their burning characteristics are not well
understood. Toward this end, three common chaparral fuels prevalent in southern California, chamise, manzanita
and ceanothus, were investigated by burning them in a cylindrical container. The observed fire behavior included
mass loss rate, flame height, and temperature structure above the burning fuel bed. By using successive image
of the temperature field, a recently developed thermal particle image velocity (TPIV) algorithm was applied to
estimate flow velocities in the vicinity of the flame. A linear regression fit was used to explain the observed time
difference between when maximum flame height and maximum mass loss rate occur, as a function of fuel moisture
content. Two different methods were used to extract power laws for flame heights of live and dead fuels. It was
observed that the parameters defined in the well-known two-fifths power law for flame height as a function of heat
release rate were inadequate for live fuels. As the moisture content increases, the heat release rate in the power la
needs to be calculated at the time when the maximum flame height is achieved, as opposed to the maximum mas
loss rate. Dimensionless parameters were used to express local temperature and velocity structure of live and dec
chaparral fuels in the form of a Gaussian profile over different regimes in a fire plume.

0 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Chaparral is a hardy, fire-prone plant community
characterized by evergreen sclerophyll shrubs such
Y The U.S. Government's right to retain a nonexclusive as chamise Adenostoma fasciculatum), manzanita
royalty-free license in and to the copyright covering this pa-  (Arctostaphylosglandulosa), and hoaryleaf ceanothus

per, for governmental purposes, is acknowledged. (Ceanothus crassifolius). Often, two or more species
* Corresponding author. are found interspersed with other shrulbsg( 1a).
E-mail address: Isun@engr.ucr.ed(L. Sun). Manzanita and ceanothus are species with leaves that

0010-2180/$ — see front mattét 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
doi:10.1016/j.combustflame.2005.08.008


http://www.elsevier.com/locate/combustflame
mailto:lsun@engr.ucr.edu
http://dx.doi.org/10.1016/j.combustflame.2005.08.008

350 L. Sun et al. / Combustion and Flame 144 (2006) 349-359

Fire burns large areas in living chaparral fuels in
southern California annuallfl]. The ability to pre-
dict fire spread in these fuels is limited by the fact that
current fire-spread models were designed primarily
for dead fuels and only a limited set of experimental
data exist for testing models. This problem has been
recognized for 60 yeaf,3]. Recently, in Europe and
Australia, modeling of fire spread in various live fuels
has occurre{4—8], and in the United States, there are
limited empirical and modeling tools to predict fire
spread in live fuel$9—-19].

Rothermel’s[20] semiempirical fire-spread for-
mulation forms the basis of current computer-based
operational models utilized in the United States, in-
cluding BEHAVE [21] and FARSITE [22]. It is
applicable for fuel beds dominated by dead fuel.
However, fuel moisture has long been recognized as
having a major influence on the ignition, develop-
ment, and spread of firg@3]. The moisture content
of a fuel is the mass of water in that fuel, expressed
as a percentage of the oven-dry weight of that fuel.
Thus, if the fuel were totally dry, then the fuel mois-
ture content would be zero. That being said, when a
fuel has less than 30% moisture content, it is basi-
cally a dead fuel and is treated as such. In the case
of living fuels, moisture content ranges from 30 to
around 300%. The moisture content of dead fuels re-
sponds quickly to changes in relative humidity and
temperature, whereas the moisture content of live fu-
els depends largely on physiological activity within
the vegetation and soil moisture availability. One ex-
pects a fire would behave differently in live and dead
fuels. But details of the combustion processes unique
to living vegetation are unknown and may explain the
dynamic fire behavior observed in these fuels. Fire

© spreads successfully in live chaparral fuels at higher

Fig. 1. (@) Chaparral is a mixture of several diffierent fuel moistures than most of the experimental data
species of shrubs that grows in the Mediterranean cli- used to develop the Rothermel model. Under the in-
mate of California. (b) Litter and dead grass. (c) Foliage fluence of strong Santa Ana winds, nearly 304,000 ha
and fine branch samples of three chaparral species used were burned in southern California during Octo-
in the fire plume experiment: (1) manzanitr¢tostaphy- ber 21-November 4, 20G34]. Fuel moisture content
los parryana), (2) chamise Adenostoma fasciculatum), and in live chaparral was around 60-85% at that time.
(3) hoaryleaf ceanothugeanothus crassifolius). Coin di- Given that current operational models do not ade-
ameteris 1.9 cm. . .

quately model fire spread in chaparral fuels and that

data describing burning characteristics of chaparral
are generally ovoid in shape; however, manzanita fuels are limited, we have embarked upon an exper-
leaves are thicker than those of ceanothus. Chamise imental effort to determine burning characteristics of
shrubs range in height from 1 to 3 m with leaves that live and dead chaparral fuels. In this paper, we fo-
are linear in shapeHg. 1c). Fuel depths observed in  cus on a simplified configuration of a fire plume.
chaparral crowns (area occupied by branches and fo- The fire plume represents a front of a propagating
liage) range from 30 te-120 cm, and the crowns tend  fire and includes all the relevant physical and chem-
to be fairly porous (low packing ratio). Surface fuels ical mechanisms occurring within a spreading flame
such as litter and dead grass are often spéige 1b). front. It is basically a buoyant diffusion flame estab-
Fire spread in chaparral often occurs in the crowns lished over a finite mass of fuel in a container and
leading some to describe fires in this vegetation type characterized by three distinct regimes: the persis-
as a crown fire. tent flame, the intermittent flame, and the buoyant
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plume[25]. The quantities of fundamental importance  culture Forest Service (USDAFS) Forest Fire Labora-
in such flames are the mass loss rate of solid fuel, heat tory in Riverside, California. This facility is a metal
release rate, flame height, temperature, and velocity building 13x 13 m with 6.1-m walls and a vented,
structure. Flame height may be determined from mea- peaked roof thatis 7.6 m above the concrete floor. The
surements made from video recordings and short-time air is unconditioned and introduced at ground level to
exposure photographs. Although various definitions provide a pressure differential to force smoke through
of flame height exists, in this paper the definition pro- the roof vent. The air flow is high-volume and suffi-
posed by Zukoski et a[26] was utilized. This uses ciently low-velocity not disturb the experiment.
the 50% visible intermittency height as a characteris-
tic flame height, and is defined as the location where 2.1. Fuel collection
the flame resides above and below this threshold, 50%
of the time. Because the wavelengths of thermal emis- 2.1.1. Live chaparral fuels
sions are in the infrared (IR) range between 3 and Fuel samples were collected from living chaparral
15 pm, and thermal emission is proportional to the growing at an elevation 1160 m in an area 50 km
fourth power of surface temperature, IR cameras have east of Riverside, CARig. 1a) in spring (April) and
been used successfully to detect and map temperaturefall (September—October). Spring represents the pe-
fields within wildfires[27-33] An IR image repre- riod of growth following winter rains and fall repre-
sents a sheet of data in thez plane with they sents the dormant period during which plants mini-
(depth coordinate) varying over the image. It allows mize moisture loss. Foliage and branche3.64 cm
investigation of physical mechanisms involving fire- from chamise, manzanita, and hoaryleaf ceanothus
spread rate through use of image flow analysis. We plants comprised the fuel§ig. 1c). Plant material
recently developed a thermal particle image velocity was collected in the morning to minimize moisture
(TPIV) algorithm for nonintrusively estimating flow  loss through transpiration. Visually identified dead
velocities within the vicinity of a flame through IR wood and foliage were removed to the extent possi-
camera[34]. TPIV follows the method established ble. The fuels were then bagged and transported to the
in gradient-based algorithm28] and uses the ba-  burn facility at the Forest Fire Laboratory and were
sic idea of the PIV technique. By tracing “thermal burned on the day of collection to minimize moisture
particles” across successive IR images, the TPIV al- loss and approximate plant living conditions as much
gorithm can provide an easier and more convenient as possible.
instantaneous velocity measurement area than either
a single-point velocity measuremef35,36] or area 2.1.2. Dead chaparral fuels
velocity measurement such as PIV. In TPIV, the seed After the experiments utilizing live chaparral fuels
particles are represented by “thermal particles,” which were completed, the leftover fuels remained indoors
are assumed to be virtual particles that correspond to in the laboratory and dried out for several weeks un-
pixels of temperature values resolved in IR images. til the fuel moisture content stayed unchanged. We
The signal from a thermal particle is the irradiance treated these as dead fuels and burned them.
measured by an IR thermal camera. It is assumed that
thermal particles rotate and translate, behaving like 2.2. Experimental setup
fluid particles, and their temperatures are conserved
over the short time step between images that is re- Fig. 2 shows a photograph of our experiment and
quired for analysis. For details of the technique, see a schematic of the experimental apparatus. A fuel
Zhou et al[34]. bed was constructed by uniformly distributing a fixed
In Section 2, the experimental procedure and mass of chaparral in a circular screen container of
data collection methods are described. The measured known diameter. Extraneous vertical strands above
quantities include mass of solid fuel, flame height, the screen surface were then clipped. A paper towel
temperature, and estimates of velocity structure, all saturated with the isopropyl alcohol was placed below
as functions of time over which the fuel sample is the screen container. The diameter of the paper towel
completely burnt. The main experimental results are was the same as that of the fuel bed. The amount of
summarized and discussed in Sect®iConclusions alcohol saturated by paper was sufficient to ignite the
are given in Sectiod. fuel bed without great perturbation of the fire behavior
of the chaparral fuel bed. This quantity was deter-
mined by trial and error before the experiment and
2. Experimental details varied from 5 to 6% of the fuel (wet basis) mass. The
entire assembly rested on an electronic scale (8 kg
The experiments were carried out in the burn facil- maximum loading, 0.1 g resolution). The fuel mass
ity located at the United States Department of Agri- m(¢) was determined by recording the sample mass at
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Fig. 2. Experimental apparatus: (1) electronic scale, (2) infrared camera, (3) digital camcorder, (4) computer workstation, (5) IBM
laptop, (6) Computrac moisture analyzer.

afrequency of 1 Hz using this electronic scale, and the on the volatiles released during pyrolysis of the shrub
mass loss ratemd/d: was numerically estimated us-  fuels and measured using a thermochemical analysis
ing central differencing. A Canon-ZR40 digital video in [40]. Three replications of each diameter for each
camera was used to record the experiment at a frame species studied yielded a series of 81 experimental
rate of 30 Hz. The electronic scale and the video cam- fire plumes. Fuel and ambient conditions associated
era were connected to a computer data acquisition with the various tests were recorded and are summa-
system via an RS-232 port and Labview (National In- rized inTable 1
struments Co.) software. The temperature structure of
the fire plume was measured by a FLIR ThermaCAM
SC500 IR-camera at a frame rate of 60 Hz. Therma- 3. Resultsand discussion
CAM 2000 software was used to obtain 3R@40
pixel temperature field. Fuel moisture content (oven- Branches and foliages of shrub fuel arranged in
dry basis) was determined using a Computrac mois- circular horizontal containers were burned in the lab-
ture analyzer immediately prior to burning. Sample oratory Fig. 2). By varying the diameters of the con-
dry mass was determined from the measured sample tainers and fuel conditions (live or dead), we investi-
mass and the estimated moisture content. gated a range of burning rates.

Chaparral plant moisture content generally fol-
lows a sinusoidal annual trend. In our experiment the 3.1. Masslossrate of live and dead chaparral fuels
moisture content was not controlled, but this trend

was utilized to vary the effects of live fuel moisture Due to natural fuel-bed variability and entrain-
over the course of different seasons in an annual cy- ment of environmental air, the bottom of the fuel bed
cle. Three different fuel-bed diameters £ 30, 45, could not be ignited uniformly. The fire started gen-

and 60 cm) were constructed and the fuel contain- erally from the center and then spread to the edge of
ers cooled to ambient temperatures between succes-the container. This is different from liquid pool fires,
sive experiments. A constant fuel loading (dry mass where ignition of the entire surface is rapid due to

per unit of fuel bed area) of 2.12 km? was used. high flame-spread rates. After ignition of the fuel bed,
As the higher fuel height would lead to taller flame the mass loss rate reached a maximum value. This is
height because of the increased fuel loadiBd], illustrated inFig. 3, in which the mass loss rate (curve

the fuel bed depth was kept constant and equal to fit) of live and dead shrub fuels for container diam-
the height of the container (20 cm). Particle den- eter 45 cm is plotted. In all cases, the fuel loading
sity was determined using the “water displacement was kept constant at 2.12 kg2, as was indicated in
method.” Measurements of the high heat of com- Section2. Generally the mass loss rate of live shrub
bustion of live and dead shrub samples using stan- fuelsis higher than that of dead shrub fuels because of
dard oxygen bomb calorimetry methods have been their higher moisture content. Biswédl1] noted that
reported[38,39] Since both the foliage and less than chamise is generally considered to be highly flam-
0.64-cm size class had nearly identical average high mable compared to other chaparral species, while
heats of combustion, we used an averaged value of ceanothus resists fire well when young. Comparing
20.89 kJg based on their measurements. A low heat the time when the maximum mass loss rate of these
of combustion value of 14.71 kd was used, based three dead shrub fuels is attained, we found that
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Table 1

Fuel and environmental conditions

Species status Date Moisture content (%) Density Relative Ambient

mm/dd/yy Mean s (kg/m3) humidity (%) temperature (K)

Live? Chamise 04/21/03 90 ) 662 45 292
Manzanita 04/17/03 91 6 674 40 284
Ceanothus 04/25/03 90 3] 599 50 300

LiveP Chamise 09/18/03 53 2 662 45 305

Live® Manzanita 10/25/04 79 .8 674 42 295
Ceanothus 10/26/04 78 3B 599 50 295

Dead Chamise 12/02/03 12 51 801 45 292
Manzanita 12/03/03 9 0 639 45 292
Ceanothus 12/03/03 9 0 554 45 292

@ Shrub fuels collected in April (spring season).

b Chamise fuels collected in September (fall season).

¢ Manzanita and ceanothus collected in October (fall season).
d Standard deviation.
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Fig. 3. A comparison of mass loss rate of live and dead
chaparral fuels during different seasons (noted in the figure)
in an annual cycle.

Fig. 4. Maximum mass loss rate versus container diameter
of dead chaparral fuels.

heat flux used to ignite the fuels is minimized by using
chamise reached the maximum mass loss rate fasterthe minimum amount of alcohol necessary for igni-
than manzanita, while ceanothus was slowest. This tion; our external heat flux falls into the low-external-
result is consistent with Biswell conclusion. From heat-flux region. The entire combustion process may
Fig. 4it is seen that the species type weakly affected be subdivided into three phases. The first phase, corre-
the maximum mass loss rate and the maximum mass sponding to early times, involved completion of com-
loss rate increased with the container diameter be- bustion of the ignition source and the moisture loss
cause more fuel mass was involved. Koseki and Yu- of shrub fuels. Due to the relatively high moisture
moto[42] and Chatris et a[43] conducted large-pool content of live shrub fuels in spring and fall seasons,
fire experiments (the maximum container diameter a large amount of white smoke was visible during
reached 6 m) and observed that the maximum mass this phase. The second phase involved mainly igni-
loss rate increased with container diameter. Chatris tion and subsequent combustion of pyrolysate gases
et al. mentioned that the maximum mass loss rate released from the heated solid surface of shrub fuels.
would reach a maximum value at a certain diameter, Little carbon was burned. Under control of buoyancy
which remains constant for larger diameters. Di Blasi forces, combustion of the pyrolysate formed a fire
et al.[44] discussed that under low external heat flux, plume above the fuel bed. The initial ignition time
as the moisture content of the fuels increases, mois- was longer (about 36 s) than that for dead shrub fu-
ture evaporation and wood pyrolysis processes occur els (about 6 s) (seBig. 5). At the region above the
sequentially[44]. In our experiments the external top of the flame, black smoke with flash soot was
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Fig. 5. Time evolutions of mass loss rate and corresponding
flame height of live chamise fuels (a) in spring, (b) in fall
and (c) dead chamise fuels.

visible. In this paper, the reported fire plume prop-
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volatile gas, the final burning phase was the com-
bustion of carbonaceous residue at a reduced burning
rate. The mass loss rate decreased slowly and finally
reached zero. The total combustion process was then
completed.

3.2. Flame height of chaparral fuels

A common definition for flame height is that of
the visible edge of flame luminescence. Following
this rule, we measured flame heigty from the vis-
ible images. Due to the existence of smoke around
the upper part of flame, the uncertainty in measuring
flame height was estimated to B&%. Fig. 5 shows
the mass loss rate and corresponding flame height
of live (in spring and fall season) and dead chamise
at a sampling rate of 1 Hz over all three phases of
the entire combustion process. Several observations
can be made from this data set. First, we saw that
the flame height was reached maximum a few sec-
onds after ignition. It remained steady frer80 s for
dead chamise fuels to-45 s for live chamise fuels
burned in spring. This quasi-steady-state showed that
a fully developed flame was reached and we defined
the maximum flame height as the moving average
value over 4 s during this stage. A video recording
rate of 30 image&s was used to display and calcu-
late this value. Second, it is evident that the times
at which maximum mass loss rate was realized and
maximum value of flame height occurred were dis-
tinctly different. This difference in tim& is defined
asAr =t — ty, wherery andry denote the times at
which mass loss rate and flame height attain their re-
spective maxima. Ifrig. 58, when live chamise was
burned in spring season, the maximum mass loss rate
was reached-30 s earlier than the maximum flame
height; inFig. 5o when live chamise was burned in
fall season, the maximum mass loss rate was reached
~20 s earlier than the maximum flame height; in
Fig. 5c, when dead chamise was burned, the maxi-
mum mass loss rate was reache@ s earlier than
the maximum flame height. The relationship between
moisture contend/ of shrub fuels and the time shift
At can be expressed by a linear fit,

At =0.4(M —0.4), (1)

as illustrated irFig. 6.

In general, the maximum flame heights of dead
shrub fuels were higher than those of live shrub fu-
els because the flame height depends strongly on the
heat release rate of the fif26]. The heat release rate
is simply defined as

Qf = —h(dm/dr), @

erties such as maximum flame height were averaged where for the low heat of combustioln, as men-

over this steady burning period. After the burning of

tioned previously in Sectio@, an averaged value of
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Fig. 6. Time shift versus moisture content of live and dead
shrub fuels.
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Fig. 7. Maximum flame height versus maximum heat re-
lease rate for live and dead chaparral fuels (method 1) and
two-fifths power law from earlier studies is also shown for
reference.

h = 14.71 kJ/g was used. Here we used two differ-
ent methods to calculate the mass loss ratg/di.
First it is calculated as the maximum mass loss rate
Mmax shown inFig. 3 (method 1). Using this value,
three power laws for flame heights were derived using
a linear least-squares fit (also 9€g. 7):

H =0.170043, ®)
Hq=0.180942, (4)
Hp=0.150944, (5)

Equation (3) describes maximum flame heigl#,
against maximum heat release rade for chaparral
fuels burned in fall season. Equati¢4) was derived

for dead chaparral fuels and E§) was obtained from
chaparral fuels burned in spring season. Earlier the-
oretical and experimental studi§®5,26,45,46] in-
cluding Dupuy et al.'§37] study for oven-dried solid
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Fig. 8. Maximum flame height versus maximum heat re-
lease rate for live and dead chaparral fuels (method 2) and
two-fifths power law from earlier studies also is shown for
reference.

fuels show a two-fifths power law for maximum flame
height (Hmax) and maximum heat release ratnfax)

in the case of buoyant diffusion flames:
Hmax = 0.202/3, (6)
They calculated the maximum heat release ﬁaﬁax
using maximum mass loss rafémax. Apparently
they all show some deviation, especially Ef) for
high-moisture-content live fuels. This is understand-
able because the maximum mass loss rate obtained in
spring season is mostly due to vaporization of a large
amount of water vapor appearing as white smoke
from the foliage and surface layers of branches, and
not because of combustion of pyrolysate from the
heated solid surface. Hence it is argued that it is inap-
propriate to use maximum mass loss rate to calculate
maximum heat release rate for live fuels.

As an alternative, we considered using the mean
value of the mass loss rate corresponding to the same
time period when the maximum flame height was
reached to calculate the mass loss rate (method 2). We
hypothesized that the maximum heat release rate due
to combustion and maximum flame height occurred
at the same time. Using this method, three different
power laws given by Eq$7)—(9)were extracted from
the data to express the relationship between heat re-
lease rate and flame height for live fuels burned in fall
and spring season and dead shrub fuels, respectively
(also sed-ig. 8). These correlations are given by

Hy =0.200240, @)
Hy =0.190%40, (8)
Hp = 0.200%40, )

where Eq.(7) describes the maximum flame height
H_ and corresponding heat release rapg for



356

chaparral fuels burned in fall season, Eg8). was ob-
tained for chaparral fuels burned in spring season,
and Eq.(9) was derived for dead chaparral fuels.
Also shown in the figure is the two-fifths power law
(Eq. (6)) from earlier studies for reference. It appears
that the two-fifths power law is now reasonable for
live and dead fuels. Our results demonstrate that the
parameters defined in the two-fifths power law only
fit for dead or dry fuels. For high-moisture live fuels,
we need to use the heat release rate corresponding to
the maximum flame height to derive the power law.
Then the simple power law to fit the entire set of our
data can be written as

H=020%"°. (10)

In the fire literature a dimensionless heat release
rate term, introduced in the 1970s by Zuko§kv]
and others, is the square root of a Froude number
(Uz/gD), whereU is the velocity of the gases) is
the diameter of the container, apds the acceleration
due to gravity used to classify fire types and correlate
aspects of fire behavior, such as flame height. Assum-
ing fuel densityp, and heat of combustion of the fuel
vapor of A He, the initial velocity of the fuel vapors
can be expressed as

_ Y

"~ AHep(mD2/4)’
Then the dimensionless heat release rate can be given
as

11)

* Q
Poo ToonooDZ«/g_D,

where ¢p00, To, and p are specific heat, tem-
perature, and density of ambient air. The results of
Zukoski [26] suggest thatQ* is one of the most
important parameters in controlling the geometry of
fire plumes. The dimensionless flame height is scaled
as Zj/D. Using the second method to calculate the
heat release rate, the dimensionless flame heights are
shown inFig. 9in the form of a scatterplot aff /D
versusQ*. For comparison, the dimensionless result
of Zukoski obtained for gas fue[26] and a unified
analysis for fire plumes over a wide range@f [48]
are also plotted in this figure. In the figure the dimen-
sionless flame heighty /D increases withp*. The
dimensionless flame height in the case of chaparral
fuels is nearly consistent with the ZukoqRi6] cor-
relation for gas fuels but is underpredicted by the
unified analysis of Zukosk48]. The dimensionless
results agree with the dimensional power-law results.

(12)

3.3. Temperature structure

Assuming a Gaussian profile for time-averaged
temperature differenceAT = T(r,z) — T, @S a
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Fig. 9. Normalized flame heights of three live and dead shrub
fuels are scattered versus normalized flame heat release rate
(method 2). The result from Zukoski is also illustrated as a
solid line.
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Fig. 10. Radial profiles of normalized excess temperature in
the persistent flame region.

function of the radial coordinate, the normalized
temperature can be expressed as

T(r,z2) — Teo
Tm(2) — To
whereT (r, z) is the time-averaged temperature at a
specific radial location and heightabove the bottom

of the fuel bed,Tim(z) is the maximum temperature
at that height, and@’x, is the environmental tempera-
ture. The quantityR; is the Gaussian half-width for
temperature profiles at a specific height. The quality
« is a parameter that can be estimated from temper-
ature profiles. The time-averaged temperature value
was defined as a moving average value over 4 s in
the fully developed flame regioifrig. 10shows nor-
malized temperature profiles of chaparral fuels in the
intermittent region above the surface of the container.
The estimated parametessin this region for dead
and live chaparral fuels are shown in the figure.

—exp[—a(r/Rp)?], (13)



L. Sun et al. / Combustion and Flame 144 (2006) 349-359

= L LN LLARS EREE EEEEE AR

!

LS LS LARES REEES LUARS I

.....

\\A

co b e by by e by

' FEE

. ) 01 02 02 -0.1 0 0.1 02
X (m) X (m)
(a) (b)

Fig. 11. (a) Instantaneous and (b) time-averaged velocity
fields of live chamise in fall season.

3.4. Ve ocity structure

Using the digital temperature images captured by
the IR camera, the velocity field of the fire plume was
estimated via the TPIV algorithfi34]. Because each
IR thermal image is averaged over a significant depth
into the flame front, the estimated velocity compo-
nents are representative for similar depth. Apparent
motions in the image may contain motions into or
out of the image, whereas we estimate only those that
project onto the two-dimensional distorted sheet.

To estimate the velocity field, the TPIV algorithm
with a patch size of 1% 13 pixels was applied to
a sequence of 240 temperature images, which corre-
sponds to a time period of 4.0 s. For container diam-
eter 45 cm, an instantaneous velocity vector field and
time-averaged velocity vector field of live chamise fu-
els burned in fall are shown ifigs. 11a and 11b
respectively. The vector illustrates the magnitude and
the direction of the velocity. Although the velocity
field shown inFig. 11a is estimated over three im-
ages, because the time period is short (0.03 s), the
velocity field is still assumed to be instantaneous. The
time-averaged velocity is calculated over 4.0 s. Be-
cause of the turbulent nature of the flow, the instan-
taneous velocities reveal large scale rotating vortices
and large fluctuations from the time-averaged values.
There is an accelerating central core in the fire plume
and strong rotation at the center and the edge of the
plume. This is consistent with the vortex observed vi-
sually during the experiment. It is known that the fire
vortex leads to strong radial inflow of ambient air into
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Fig. 12. Radial profile of normalized vertical velocity versus
normalized radial position.

the core of the fire. The estimated velocity field is use-
ful to describe the small temporal and spatial scales
involved in the fire vortices that help to determine
fire spread. The estimated peak value of instantaneous
vertical velocity is about 2.8 pis and the averaged
value is 0.7 nfs.

With the increase of container diameter from 30 to
45 to 60 cm, analysis of successive velocity data sug-
gests that the puffing frequency decreases from 2.64
to 2.42 to 2.16 Hz, respectively, which is essentially
in agreement with observations made by Zuk¢2k&i
and Pagn[49].

Similarly to temperature profiles, the shape of
time-averaged vertical velocity profile is also close to
Gaussian. ZukosKR6] assumed that the normalized
velocity is given by

ool (5)]

wherew denotes an averaged flame velocity at a ra-
dial location,wm is the maximum averaged velocity
at that downstream location, amtj, is the Gaussian
half-width for velocity profiles. Using the velocity
data estimated from the TPIV algorithrrig. 12il-
lustrates the plot of the normalized vertical velocity
versus the normalized radial position for chaparral fu-
els. It can be noticed that all chaparral fuels can be
represented by one fitted Gaussian profile. Validation
of the TPIV algorithm was done by comparing the
results from this simple fast method to an accurate
method of measurement, namely particle image ve-
locimetry[50].

(14)

4. Conclusions

Chamise QAdenostoma fasciculatum), manzanita
(Arctostaphylos glandulosa), and hoaryleaf ceanothus
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(Ceanothus crassifolius) are among the most haz-
ardous shrub fuels that grow in the mountains of
southern California and throughout the coastal ranges.
This paper focuses on a comparison of overall burn-
ing characteristics of these three live and dead shrub
fuels by investigating the mass loss rate, flame height,
temperature, and velocity structure over a fire plume.
In all cases, constant fuel loading was utilized. Not-
ing that the time when the maximum mass loss rate
is attained is the lowest, it is concluded that chamise
is the most flammable of the three species examined
in this paper. An empirical relationship was found to
fit moisture content of shrub fuels and time shift from
maximum mass loss rate to maximum flame height.
It was observed that flame height increases with heat
release rate. Two different methods were used to ex-
tract scaling laws to describe a relationship between
flame height and heat release rate for both live and
dead chaparral fuels. In method one, maximum mass
loss rate was used to obtain a power law for maximum
flame height and maximum heat release rate. In the
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