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Comparison of Fuel Consumption Between High Intensity and
Moderate Intensity Fires in Logging Slash

Abstract

Slash burning is an inlegral ool of forest management in the Pacilic Northwest. The purpose of this study was to determine if mass-
ignited. high intensity {ires had tess luel consumption than moderate intensity fires. There was 23 pereent less woody fuel consump-
tion in high intensity burns than in moderate ntensity burns. A hyvpothetical masimum consumption rate model was derived for
high intensity fires. High intensity fires could be used to reduce emissions from slazh burning. thereby diminishing one of its adverse

ellccts,

Introduction

Thousands of acres in the Pacific Northwest are
burned each year as an integral part of forest man-
agement. Slash burning is used o prepare harvested
sites for planting and to reduce wildfire hazards.

Air quality is directly impacted by smoke from
slash fires, As a result. several studies have been
undertaken to predict the consumption of fuels dur-
ing slash burning. Emissions that are released into
the air during slash burning can be controlled by
understanding and manipulating fuel consumption,

Certain ignition techniques are shown to
decrease fucl consumption (National Wildfire Coor-
dinating Group 1985) and 1o improve air qualily
bv decreasing emissions. In a 1984 pilot study,
the Fire and Air Resource Management Project,
IPacific Northwest Research Station. LSDA Forest
Service. measured fuel consumption in rapidly ig-
nited. high intensity fires. Results from the pilot
study indicated that high intensity fires consumed
less fuel than did lower intensity fires, with the ma-
jority of consumption taking place during the flam-
ing phase.

The purpose of this paper was to further in-
vestigate fuel consumption during high intensity
fires. The objective was o determine if high lire
Intensities significantly reduce fuel consumption as
compared 10 moderate fire intensities.

A medel was developed to determine if differ-
ences in the thermal environment could explain dif-
[erences in Mel consumption between high and
moderate intensity fives,

Literature Review and Background

The majority of slash burns in the Northwest ave
ignited with hand-held torches. using strip head-
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fires. This ignition techique involves igniting one
1o several adjacent strips of fucl at onc time. As
the fire spreads, these strips burn together in the
flaming siage which is characterized by the move-
ment of visible flame through the fuel. As the flam-
Ing front passes and the fire “dies-down,” enter-
ing the smoldering stage (National Wildfire Coor-
dinating Group 1985). the next successive strips
arc igniled. The process is slow. and only small
areas of the unit are in the flaming slage at one
time. Fire intensities (heal release per area per
time) range from low to moderate, depending on
the ignition rate. This paper refers to such burns
as moderate intensity fires.

High intensity fires differ from moderate inten-
sily fires in several ways. the most abvious being
the method of ignition. A unit must be mass-ignited
to achieve a high intensity fire (Countryman 1964},
Mass ignition can be accomplished by handlighting
or by helitorch;: the ignited strips interact quickly,
and the enlire unit is simultancously in flames. The
result is longer flame lengths, which result in violent
firc behavior, fire whirls. and high intensities.
Brown and Davis (1973} discuss fire intensities in
lerms of “slalr-step or a discontinuous-lype” scale.
Thev suggest this discontinuous scale occurs be-
cause fire intensity increases rather abruptly from
one level to another level of considerably higher
intensity. Ahove this abrupl step 15 the region of
high intensity fires, often accompanied by large
conveclion columns (Byvram 1957}, This paper re-
fers to such burns as high intensity fires.

Most of the prior slash-burn consumption
studies have investigated woody fuel and duff (con-
sisting of the fermentation and humus lavers) con-
sumption from moderate intensity fires. Woody fuel
consumption studies have been completed in 1daho,




Montana, and Omtario (Norun 1977. McRac
1980, Brown et al. 1985, Reinhardt et al. 1989).
Duff consumption studies have been undertaken
in different geographic localions and forest types
(Van Wagner 1972, Shearer 1975, Norum 1977,
Sandberg 1980. Brown et al. 1983).

The Firc and Air Resource Management Proj-
ecl, Pacific Northwest Research Station. has con-
ducted several woody fuel and dull consumption
studies for logging slash using moderate intensity
fire in western Oregon and western Washington
(Sandberg and Cttmar 1983, Oumar 1934, and
Ottmar el al. 1985). These studies provide a
baseline against which the fucl consumption data
for this study of high intensity fires will be com-
pared. Data collected in the Fire and Air Resource
Management Project siudies were the most rele-
vant to the arca and conditions under which the
high intensity fires were studied. To simplily the
comparison between moderate intensity fires and
high intensity fircs, the same variables were
measured and Lthe same methodology was used.

Sandberg and Ottmar (1983) found that the
best predictor of large, woody fuel® consumption,
measured by diameter reduction, is the internal
moisture of large logs. In attempting to predict fuel
consumption by combustion stages ([laming and
smoldering), Ottmar {1984) did a prelimmary study
of woody fuel that focused on predicting consump-
tion during the flaming stage. Ward (1983) had
already found that emission factors differ for flam-
ing combustion and smoldering combustion.

Oumar (1984) speculates that consumption of
small fuels occurs mostly during the Mlaming stage:
and that diameter reduction of large, woody fucls
during the flaming stage is dependent on the
amount of small fuels consumed. Ottmar suggests
that the ratio of flaming versus smoldering con-
sumption (flaming proportion} for large logs is
dependent on the 100-hour® [uel consumption.

Consumption of dufl was found 10 be affected
by the burning of woody fuels. depending on duff
moisture (Ottmar et «al. 1985). Two different
moisture conditions were found to describe two
duff consumption canditions. Duff reduction for wet
duff {less than 25 davs since 1.3 em of rain) is
dependent on the total heat load supplied by the

Large. woody Tuels will refer to dead woody material between
7.6 and 22.9 em in diameler.

2100-hour refers 1o a timelag (uel class for roundwood diameters
of 2.5 t0 7.6 em (Deeniing et al. 1977).

combustion of large woody fuels. Duff reduction
for moist duff {more than 25 days since 1.3 em
of rain} is dependent on fire duration, which is
determined by diameter reduction of the large
fuels. Preliminary resulis from flaming dulf con-
sumption studies suggest that flaming dufl redue-
tHion is dependent on flaming diameter reduction

of woody Tuel (Othmar 1984).

Fuel consumption during high intensity fives is
not well documented and is primarily qualitative
rather than quantitative. The reviewed literaturce
contains discrepancies in whether high intensity
fires have more or less fuel consumption than
maderate intensity fires. Several early workers
observed that almost all fuel was consumed on high
intensity fires (Clar and Chatten 1966, Byram
1966, Brown and Davis 1973). Other obscrvations
suggesl Lhal less fuel is consumed on high intensi-
ty fires (Hurley and Taylor 1974, Otumar [personal
communication]} or that there is no diffcrence in
fuel consumption between high intensity and mod-
erate intensity fires {(McRae [personal communi-
cation|}.

What factors might exist in the thermal envi-
ronment of a high intensitv fire that would cause
a difference in fuel consumplion? One possible fac-
tor is the duration of heat supplied to woedy fuel.
Fire duration on several high intensity fires has
been ohserved as being very short: from 1 to 2
hours for units ranging from 24 1o 200 ha (Finnis
1970, Hurley and Tayvlor 1974. and Ottmar [per-
sonal communication]}). Fire duration for moderate
intensity fires ranges belween 4 1o 36 hours, with
an average of 8 to 12 hours, depending on fuel
moisture and time of year (Ottmar |personal com-
munication|).

The rate of consumption could be another fac-
tor influencing fuel consumption during high in-
tensity fires. The rate of woody fuel consumption
has heen measured in laboratory and field ex-
periments. and there appears 10 be a wide range
of consumption rates for both moderate intensity
and high intensity fires per 2.5 em of diameter
reduction. Taboralory consumplion rales varied
from 32 minutes (Schaffer 1967) to 8 minutes
(Anderson 1969, and U.S. Forest Products Lab-
oratory 1974). Ficld observations of consumption
rates ranged from 3.8 to 11 minutes on moderate
intensity fires. 10 2.5 minutes on high intensity fires
{Ottmar [personal communication| and Country-
man 1969).
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There is a disparity in previous study results

concerning fuel consumption and rates of fuel con-
sumption in high intensity and moderate iniensity
fires. This study seeks to resolve that disparity by
determining whether there is a difference in fuel
consumption between moderate intensity fires and
high intensity fires.

Study Areas and Methodology

Sites were selecled using the criteria of Sandberg
and Ottmar (1983) and Qumar et al. (1983). Six-
teen clearcut units were selected for high fire in-
tensity broadeast burns, which included three units
that were burned for the 1984 pilot study on high
intensity fires. Sites were localed on lands belong-
ing to the U.S. Forest Service, the 1.5, Bureau of
lLand Management. the Oregon Department of For-
estry, and cooperaling privale companies. One site
was located in Idaho, one in Montana, six in
Oregon, and cight in Washington.

Thirteen unils were cable-varded and the re-
maining three were tractor-logged. Second-growth
Douglas-fir { Pseudotsuga menziesii [Mirb.] Franco)
and western hemlock (Tsuga heterophyvila [Ral]
Sarg.) were the main species on 13 of the units.
Twao units consisted of lodgepole pine (Pinus con-
torte Dougl.) and onc unit was predominantly

subalpline fir (dbies lasiocarpa [Hook.| Nutt.).

The same variables collected in the Sandberg
and Ottmar studies (Sandberg and Ottmar 1983,
Ottmar 1984, and Ottmar et al. 1983) were col-
lected for this study of high intensity fires. These
variables were moisture content of woody [uel
material; diameler reduction for both flaming and
total consumption; large and small woody fuel con-
sumption; and duff reduction, during both the flam-
ing stage and in total.

Five of the sixleen units were eliminated from
the study after the burns were carried out becausc
of high finc fuel moistures which impeded the
spread of the fire; or because of sustained winds
during the smoldering stage. which increased fuel
consumption (Sandberg and Oumar 1983). The
remaining eleven burns were used for statistical
comparisens of fuel consumption between high in-
tensily, moderate intensity. and non-attainment
fires. Non-atlainment [lires are fires that did not
reach high intensities. These fires are defined as
non-attainment fires until it can be determined
statistically if they are moderate intensity fires or
outliers. The moderate intensily fires used for fuel
consumption comparisons are [rom studies by
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Sandberg and Ottmar (1983}, Ottmar (1984} and
Ottmar et al. (1985).

Averages for each of the four variables in the
high intensity, moderate intensity, and non-
attainment fires were determined. These averages
were then tested for significant differences using
the Z-ailed. tlest at o = 0.05 between non-
attainment and moderate intensity fires, and he-
tween high intensity and moderate intensity fires.

The procedures from Qttmar and Sandberg
(1981} and Ottmar {unpublished manuseript.
Flaming censumption rates for moderate intensity
fires. On file with, USDA For. Ser.. Firc and Air
Res. Mgmt. Proj.. Seattle.) were used to measure
flarming duration and flaming consumption rates.
Flaming duration was determined by visually
estimating the percentage of the arca involved in
the flaming stage and the time that the area was
flaming. Flaming consumption rate was calculated
by dividing flaming duration by flaming diameter
reduction.

A hvpothetical maximum flaming consumption
rate for high inlensity fires was derived from the
conduction equation discussed in Jakeb and
Hawkins (1957). The measured high intensity and
moderate intensity [ire consumption rates were
compared to the hypothetical maximum consump-
tion rate. If the measured high intensity fire rates
approach the hyvpothetical maximum consumption
rate hut do not exceed i1, and there appears to be
a break or step between the moderate and high
intensity fire consumption rates, there would ap-
pear to be a difference in the thermal environment
for high intensity fires.

Results

Of the 11 fires used for this studyv, 7 burned at
high inlensity. The remaining four fires did not
burn at high intensity, and are referred to as non-
attainment fires. Fuel consumption and flaming
consumption rates for the high intensity and non-
attainment fires are reported in Table 1.

The objective of the statistical analysis was to
determine (1) if the four non-attainment fires had
the same fuel consumption as the moderate inten-
sity [ires, and (2} if the seven high intensity fires
had different fuel consumption from the moderate
intensity fires. Woody and duff consumption from
the two groups of fires, high intensity and non-
attainment, were compared 1o the woody and duft
consumption data from the moderate intensity fires,




TABLE 1. Summuary ol woody fuel and duff consumption.

hameter Flaming Duff Flaming Duff Flaming
Reduction Proportion Reduction Reduetion Consumption Rate

Name {cm) (%) {enn (LA {minutes/2.5 em)
High Intensity Fires
Lirde Deschutes 1.8 1.0 3.0 1.2 *
Twin Harbors 4.0 1.0 4.0 1.9 *
High Divide 2.3 1.0 1.6 0.6 *
Winston #5 2.7 1.0 1.8 * *
Summit Lodgepole 7.4 0.9 3.6 2.4 3.1
Low Donovan 4.7 0.9 2.5 1.0 2.8
Sprucedale 4.8 1.0 4.9 2.0 2.8

AVERAGE 1.0 1.0 3.1 1.5 2.9
Non-atratnment Fires
Davis Creek 4.7 0.6 2.9 0.9 5.0
Sweethome Arca #2 1.8 0.6 3.9 1.3 *
Sweethonie Area #3 8.1 0.9 4.5 1.9 #
Creel Rock 6.2 0.5 4.4 1.4 1.3

AVERAGE 6.0 0.7 3.9 1.4 1.7
*Data not collected

The four fuel consumption variables used for Discussion

comparison between the groups were diameter re-
duction, flaming proportion {proportion of flaming
diameter reduction to total diameter reduction),
duff reduction, and flaming duft reduction. Di-
ameter reduction is dependent on fuel moisture,
flaming proportion is dependent on 100-hour time-
lag fuel consumption, duff reduction depends on
large woody fuel consumption, and flaming duff
reduction is dependent on flaming diameter reduc-
tion. Because of these dependencies. only those
moderale intensity ires which fell within the range
of the independent variables for either high inten-
sity fires or non-attainment fires were used.

All four consumption variables for non-
aliainment fires were determined to have no signifi-
canl differences from moderate intensity fires
{Table 2). and are assumed to belong to that group.
High intensity fires had significanty higher flam-
ing proportion and significantly less diameter
reduction than modcrate intensity fires (Table 2).
Hence. woody fuel consumption was 23 percent
less for high intensity fires than for moderate in-
tensity fires. Flaming and total duff consumption
for high intensity fires are statistically the same as
those {or moderale intensity fires for the range of
large woody fuel consumplion investigated.

Flaming proportion was higher for high intensity
fires than for moderate intensity fires. This sug-
gests there is very little smoldering during high in-
tensity fires because flaming proportion is depen-
dent en 100-hour consumption, which primarily
takes place during the flaming stage. Yet, the sta-
tistical analvsis suggests that total fuel consump-
tion is less (Table 1). What is limiting fuel con-
sumption during high intensity fires? Brown and
Davis (197 3) suggest that heat conduction controls
consumption of fuel in logging slash. Based on this
assumption, a model of heat conduction into large
fuels during high inlensity fires was developed for
this study.

The variables that control conduction on an in-
finitely thick wooden slab during a sudden change
in temperature are time, temperature, and diffusiv-
ity {Jakob and Hawkins 1957). Tt is assumed that
diffusivity will not change between moderate in-
tensity fires and high intensity fires. Average sur-
{ace lemperatures of logs fluctuate in high intensi-
ty fires, which affects the conduction equation, but
the equation is not overly sensitive 1o changes in
temperature. Therefore, it is hypothesized that
time — how long heat is supplied to the surface of
the large fucl—must be the main limiting variable.
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TABLE 2, Summary of stalistical t-test resulls.

Signiflcant

Difference
Sample  Meun talpha =
Size leml 0.03)
Diameter reduction
Non-alluinment fires 1 5.9 na
Moderale inlensity fires T3 6.3
High intensity fires 7 3.6 ves
Moderate intensity fires 10 6.1
Flaming Proportion
Non-atlainment fires 1 0.63 he
Moderale intensity fires 11 0.68
High intensity fires 7 .98 ves
Moderate intensity fires 17 (.55
Duff Reduction
Non-attainment lires 4 3.9 no
Moderate intensity fires 3] 3.1
High intensits f(ire= 7 3.1 no
Moderate intensity fires 19 2.3
Flaming Duff Reduction
Non-atrainment fires 4 1.1 no
Moderate intensity fires 9 1.5
High intensity fires ] 1.5 no
Moderale intensity lires 13 1.4

During a high intensily lire, a given amount of
flaming consumption occurs during a shorter pe-
riod of time than during a moderale intensity five:
the flaming consumplion rate is faster. High inten-
sity fires arc mass-ignited, so small fuels burn
rapidly, producing high intensities. Thercfore, the
surface of the large fuels is intensely heated lor
only a short time. creating a stcep temperalure gra-
dient within the log, This steep temperalure gra-
dient causes moisture to be driven aff and the log
surface to be consumed almost simultancously.
Once the small fuels are consumed. the {laming
stage is over and consumption of the large fuels
slops beeause consumplion to the depth 10 which
moisture was driven off has already occurred.
Because the flaming consumption rate is faster and
consumption is limited 1o the laming phase, there
is less total woodv fuel consumplion.

Conversely. during a moederale intensity fire,
a given amount of flaming consumption occurs dur-
ing a longer period of time. Thereflore, the flam-
ing consumplion rate is slower than during a high
intensity fire. Heat is supplied to the surface of the
large tuels over a longer period of time and a deep-
er lemperature gradient is developed, drying the
log to a greater depth. When the small fuels stop
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burning in the flaming stage, the larger fuels con-
tinue Lo smolder to the depth to which they have
heen dried. This is due to a slower flaming con-
sumption rale, so consumplion occurs not only dhar-
ing the flaming phase but during the smoldering
phase as well. Consequently. there is more total
fuel consumption.

A hypothetical maximum econsumplion rate
model was developed for high intensity fires, us-
ing the Jakob and Hawkins (1957) conduction
equation. to quantitatively determine if time is
limiting consumplion.

The equation is deemed appropriate for use
with high inteasity fires even though slash burn-
ing may violale some of the assumptions. For ex-
ample. heat is not being conducted into an infinite
slab. Also, the 1emperature al the log surface is
nat constant but is widely fluctuating. The equa-
tion is considered sufficiently robust to overcome
these inconsistencics.

To develop the model of maximum consump-
tion rale, a minimum depth or thickness must be
determined to which a log must he preheated
before the initiation of Taming combuslion. Frand-
sen (1973) describes an effective heating number
which yields the proportion of the particle (thick-
ness of the shell) that has to be heated before
ignition as a funclion of particle size. Frandsen's
equation predicts that, as particle size increases,
the effeclive heating number decreases. The pro-
portion or thickness of the shell necessary to heat
the particle can be graphed against the diameter
of the particle using Frandsen’s equation. As the
size of the particle increases, the thickness of the
shell rises sharply, peaks. then gradually decreases,
Howcever. Frandsen only collected data for particles
less than 1.3 ¢ in diameter, the diameter at which
the curve of the graph peaks. For the thickness 1o
actually decrcase does not make intuitive sense and
was determined only mathematically, nol empirical-
Iy. I propose—in a physical sense of the problem —
that the thickness sharply increases, reaches a
peak. and levels off. At this leveling-off point, the
thickness ranges from 0.08 to 0.18 em. depend-
ing on whether the particle is heated from all sides
or from one direction. Assuming that this value
holds true for all particles larger than 1.3 cm, the
average of 0,08 cm and (.18 cm was used as the
minimum thickness to be heated hefore ignition.

The conduction equation is as follows (Jakob

and Hawkins 1957}




L1 X
— = erl{ ),
t,— 1t 2\#".01”]1

where the variables are as follows:
t; is initial surface temperature hefore heating,
1, is temnperature Lo which the surface is raised,
1, is temperature at the depth x in the log,
o is diffusivity of wood.
x is the radial distance into the log from the
surface,
erli ‘7) . is Gauss® error integral, and

2yaT

T is the time il takes to reach x at a specified t,.

To develop the maximum consumption rate. the
lollowing values are assumed:

t, = 21°C,

t, = 925°C, an cstimaled average tempera-
turc for the surface of the log during the
laming stage for high intensity fires.

t, = 343°(, minimum temperature at which
flames appear when rapid heating takes
place (Brown 1951),

o = L.6%107%em? per second (U.S. Forest
Producis Laboratory 1974).

0.08+0.18
x = 72 = (.13 cm. minimum thick-
ness needed before flaming combustion,
X t.—t,
Since erfl——) = = (0.6438,
2'\-‘"011‘ L, — 1
X
then ~ = 0.63.
2\."IC{T
Solving for T:
XZ
= 1.6%

Substituting the values for x and a:

T = 6.0 seconds.

The hypolhetical maximum consumption rate
for high intensity fires is 0.13 ¢m of diameter
reduction in 6.0 seconds, or 2.5 ¢m of diameler
reduction in 2 minutes,

Plotting this maximum consumplion rate on a
graph with moderate intensity flaming consumption
rales shows that the high intensity flaming consump-
lion rates are approaching, but not exceeding. the
maximum high intensity flaming consumption rate
(Figure 1). As a group, moderate inlensily rates are
stower than the measured high intensity group and
hypothetical maximum high intensity rates, There
is. thereflore, a ditfercnt consumption rate —faster—

for the group of high intensity fires than for the
moderate intensity group. This supports the quali-
tative interpretation made previously, However, this
model cannol he tested against the observed high
intensity fire rates due lo insufficient data.

No evidence was found for the discontinuous
jump in intensity suggested earlier between mod-
erate intensity fires and high infensity fires. Ex-
amining the graph shows no stair-step or break he-
tween the moderale intensity fires group and the
high intensity fires group, but rather there scems
to be a continuous range of variation. This indicates
that, as the Maming rate of consumption increascs,
the tolal fuel consumption decreases, depending
on a subjective classification of increasing inlensi-
Ues,

The results from this study were based on only
seven high intensity fires. This small sample size
suggests that it is difficult to achicve high intensity
fires under the moderate moisture conditions used
in this study. The reason lor this may be that many
variables affecting a burn cannot be controlled.
One example is the difficulty in having a large area
in the flaming stage simultancously. Another ex-
ample s that many weather variables. such as
wind, rain, fuel moisture, and atmospheric stabil-
itv. can affect the way a slash fire will buen,

Conclusion and Recommendations

Mass-ignited, high intensity fires are difficult to
achicve. For this veason, the results of this study
were based on a small sample size. Mass-ignited,
high intensity fires are shorter in duration and have
a faster flaming consumption rate than moderate
intensity fires. This faster laming consumption rate
suggests that the thermal environment for high in-
tensity fires differs from that for moderale inlensi-
ty fires. Because of this difference. high intensity
fires have less fuel consumption than moderate in-
tensity fires.

These unils were operational burns where a five
manager had determined the burn plan. As in all
operational burns, it is difficult to control all the
variables that determine whether a high intensily
fire will be achieved. Evidence of this [act was that
only 7 out of 16 burns reached high [lire intensities,

Still. 1 believe that the method of burning with
high inlensity fire is a viable tool which the land
manager can usc to reduce fuel consumption. Tt
could be possible for the manager o evaluate sev-
eral variables thal would detcrmine what level of
intensity is needed to achieve a high inlensity fire.
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Figure 1. Flaming consumplion rates.

From these variables, a classification of intensities
could be determined which would he a factor in
the calculation of fuel consumption. Size of unil,
ignition method, length of time to ignite unil, fine
fuel moisture, and the formation of 4 large con-
vection column are the variables needed. Because
there is less fuel consumption during high intensi-
tv fires this would lead to a reduction in the re-
ported total fuel consumption. Since this method
reduces fuel consumption. this hurning technique
could be used by air quality personnel to give credil
for less emissions.

Several of the assumptions made in this study
could be further investigated. One such assump-
lion was the minimum thickness derived from
Frandsen’s effective healing number. A better ap-
proximation of minimum thickness needs to be in-
vestigated because the number was extrapolated
from particles thal were smaller than those used
in this study. | would suggesl conducting a lab-
aratory study for determining the minimum thick-
tess needed to be heated before ignition for larger
particle sizes.
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Since the measure of intensities was very sub-
jective, another approach for delermining fire in-
tensities should be studied. A more quantitative
approach for determining the thermal cnvironment
surreunding large, woody fuels should be devel-
oped. One possible approach would be to measure
the radiation to which the log is subjected and from
this measurement the intensity of the fire could be
determined.

Knowledge of a fire’s intensity would provide
managers with yet another tool 1o estimate fuel con-
sumption for prescribed burning.
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