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Abstract. There is a dire need to improve our prediction capabilities of wildland fire

behavior in a range of conditions from marginal burning to the most extreme. In
order to develop a more physically-based operational wildland fire behavior model,
we need to improve our understanding of the effect of ventilation on burning rate of
fuel beds. In this work, wood cribs are used as a simplified fuel bed. A variety of crib

designs were tested with stick sizes ranging from 0.32 cm to 1.27 cm and porosities
ranging from densely packed to loosely packed. A pressurized box was built that
allowed for a controlled flow rate of air through the cribs from 100 LPM to 1000

LPM. The mass loss rates with forced ventilation were compared to tests conducted
outside of the box under unrestricted quiescent conditions. For the flow rates tested
here, the burning rate was generally observed to increase with flow. The amount of

air naturally induced into a crib while burning was deduced to be best related to the
vent area and the square root of the stick spacing (Avs

1/2). It was seen that the air-to-
fuel ratio inside a fuel bed burning in quiescent conditions is approximately 1.11,
indicating that over 75% of the air required to completely combust the pyrolysis

gases is entrained in the plume. When the supplied air is less than the amount nor-
mally entrained in ambient burning, the crib is under-ventilated and the proportional
reduction in the burning rate does not seem to depend on the crib characteristics.

When the crib is over-ventilated, however, the relative increase in the burning rate
does vary with crib design. Simple physical arguments were used to correlate the
data. Future work will include testing at higher flow rates, different moisture con-

tents, and with cribs built with multiple stick thicknesses.
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Abbreviations

Av Area of the vertical shafts in the crib (cm2) (Av ¼ s2 n� 1ð Þ2)
As Exposed surface area of the sticks (cm2)

b Stick thickness (cm)

cp Specific heat of ambient air (kJ/kg-K)

g Acceleration due to gravity (m/s2)

h Crib height (cm)

Dhc Heat of combustion (kJ/g)

l Stick/crib length (m)
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_ma Forced air flow rate (g/s)

_mb Burning rate (g/s)

n Number of sticks per layer ()

N Number of layers ()
_Q Heat release rate (kW)

Q� Non-dimensional heat release rate ()

s Spacing between sticks (cm)

T¥ Ambient air temperature (K)

/ Crib porosity (cm) as defined in Equation 1 or [16]

q¥ Ambient air density (g/cm3 or kg/m3)

1. Introduction

Wildfires are increasingly impacting society, injuring and killing people, burning
down structures, and/or choking large areas with heavy toxic smoke. To better
prepare for and mitigate against the worst of the impacts, accurate fire behavior
models are necessary. Current operational wildland fire models in the United
States take a semi-empirical approach to fire spread predictions [1–3], while many
other systems around the world employ strictly empirical predictions of spread
rate (for example [4] and [5]). These models have limited accuracy in both extreme
and marginal conditions [6, 7]. Examples of extreme fire behavior not captured by
operational models include fire-atmospheric interactions or ‘‘plume dominated’’
fire, vorticity-driven spread such as fire whirls or vorticity-driven lateral spread, or
mass fires [6]. Examples on the marginal end include highly discontinuous fuels,
high fuel moisture contents, and other considerations important for conducting
prescribed fires [7]. These limits in our current operational models create an
urgent need for new predictive tools for both prescribed burning and wildfire
management [7]. The development of a new operational fire behavior model is
underway to fill this need [8]. Because fire spread consists of complex interactions
between burning, airflow, heat transfer, and ignition processes, the wildfire spread
model incorporates all these processes within the context of a spreading fire [8].
By understanding the whole fire spread cycle, this model will be able to predict
not just spread rates, but will answer other very important questions like whether
a fire will even spread or not. However, there are many details about the underly-
ing processes of wildland fire spread that are not well understood [9]. One area
where understanding is lacking is the burning rate and residence time of a porous
fuel bed, especially as ventilation is increased, as with a wind. This work is inten-
ded to answer how airflow influences burning rates of porous fuel beds, such as in
wildland fires.

Wildland fuels are extremely complex, with large possible variations in fuel ele-
ment sizes, shapes, and arrangements, as well as variation in chemical composition
over the course of the growing season and between different vegetation species,
making it difficult to gain traction on the problem of understanding the different
mechanisms controlling their burning behavior. Naturally occurring fuel beds,
such as pine needle beds or individual trees themselves, will always have some
variability in the arrangement of the fuels that is uncontrollable. A simplified fuel
bed is thus needed, such as wood cribs (ordered cross-piles of single-sized wood
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sticks). Wood crib fires have already played a major role in the development of
wildland fire spread models in use. The Rothermel model [1], which is the basis of
all operational wildfire tools in the U.S. and elsewhere, was developed using cribs
with 0.64 and 1.27 cm (1/400 and 1/200) sticks as well as pine needles and excelsior.
Flame heights in crown fires in U.S. wildfire behavior models are estimated using
a relation from Thomas developed using crib fire experiments [10]. Others such as
Fons, Anderson, and Byram have also sought to understand wildland fires using
wood cribs [11–13]. Much other work has been done with cribs, particularly for
compartment fire behavior applications, with Gross, Block, and Heskestad provid-
ing the foundational papers [14–16]. Gross established that two regimes exist: a
densely-packed regime where the ventilation is limited and the burning rate increa-
ses with increasing porosity; and a loosely-packed regime where the burning rate
is more governed by heat and mass transfer processes of the individual sticks [14].
Block provided the first theoretical analysis of the two regimes [15], while Heskes-
tad [16] re-correlated the data of Gross [14] and Block [15] to generate perhaps
the most well-used description of the porosity (u, cm):

_mb

Asb�1=2
¼ fn /ð Þ ¼ fn

Av

As

� �
s1=2b1=2

� �
ð1Þ

where _mb is the burning rate (g/s), As is the exposed surface area of the sticks
(cm2), b is the stick thickness (cm), Av (cm2) is the area of the vertical shafts in

the crib (Av ¼ s2 n� 1ð Þ2 where n is the number of sticks per layer), and s is the
spacing between sticks (cm). This porosity factor is essentially an air-to-fuel ratio
inside the fuel bed. Though not as well-used in the literature, the correlation by
Thomas [17] was shown in [18] to be more accurate for cribs with thin elements
and those that deviate greatly from the more standard cubic shapes of the early
works:

_mb

Asq1 ghð Þ0:5
¼ 3:27

s
h

ð2Þ

where q¥ is the ambient air density (g/cm3) and h is the crib height (cm).
Our basic understanding of wood cribs thus comes from studies conducted in

ambient conditions (though the intended application of Heskestad’s and Thomas’s
correlations was enclosure fires). Though many other studies exist that use cribs as
fire sources in other contexts (such as tunnel fires [19] or firewhirls [20]), very few
of them were undertaken to understand the behavior of the crib itself. Previous
work in the literature has looked at the behavior in many aspects (for example
[18, 21–24]), but have struggled to examine the true effect of increasing the venti-
lation within the fuel bed itself. For example, experiments conducted in the wind
tunnel were hampered by flow effects where for certain crib geometries, the air
would flow around the crib and not through [22]. By using a chimney in [24], flow
through the crib was achieved, however, the flow was induced and therefore cou-
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pled to the burning behavior, not completely controllable, and very difficult to
measure.

The work by Harmathy [25] is one of the only that truly controls the flow
through the crib. In this work, he used a sealed pressurized box to examine if the
burning rate of cribs built from a variety of materials was sensitive to airflow. He
found that the burning rate of cribs built from charring materials did indeed
change with forced ventilation, but the burning rate of cribs built of non-charring
materials did not. Here we replicate his apparatus and expand on his work to
understand how the properties of the crib influence its response to ventilation.
Previous work has also been unable to estimate the amount of air that is naturally
induced through the fuel bed while burning in normal quiescent ambient condi-
tions [24]. This paper attempts to answer several questions: Just how much air
flows through the crib under unrestricted quiescent ambient conditions? What
happens when that flow is reduced? What happens when that flow is increased?
Do the characteristics of the crib change the behavior?

2. Experimental Methods

Cribs built from knot-free ponderosa pine wood are used as the fuel bed. Twelve
crib designs were tested, as detailed in Table 1. The stick thickness ranged from
0.32 cm to 1.27 cm, and stick length from 12.7 cm to 30.48 cm. A range of
porosities (as characterized by Heskestad, Equation 1 [16]) was tested from den-
sely-packed to loosely-packed (see Figure 1). All cribs were dried in a conditioning
chamber at 35�C and 3% RH for at least 3 days to attain an equilibrium moisture
content of about 1%.

Table 1
Crib Designs Tested. Porosity was calculated using relation from
Heskestad [16] (Equation 1). Cribs with porosity under about 0.05 cm
are considered densely packed

Crib

design

#

Stick

thickness

(b, cm)

Stick

length

(‘, cm)

Number of

sticks per

layer (n, [])

Number

of layers

(N, [])

Exposed sur-

face area (As,

[cm2])

Heskestad

porosity

(u, cm)

Packing

description

([])

1 1.27 12.7 5 10 2661.29 0.0215 Dense

2 1.27 20.3 6 14 7432.24 0.0390 Dense

3 1.27 25.4 4 21 10,077.40 0.1202 Loose

4 1.27 25.4 11 2 2519.35 0.0625 Transition

5 0.64 20.3 3 45 6757.25 0.1213 Loose

6 0.64 20.3 10 16 7177.41 0.0270 Dense

7 0.64 25.4 6 10 3658.06 0.2110 Loose

8 0.64 25.4 10 10 5806.44 0.0725 Transition

9 0.64 25.4 14 15 11,504.80 0.0213 Dense

10 0.64 30.5 8 14 8090.31 0.1210 Loose

11 0.32 25.4 14 30 12,487.10 0.0252 Dense

12 0.32 30.5 6 40 9055.63 0.1215 Loose
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The experimental apparatus consists of a 1.2 m 9 1.2 m pressurized box seen in
Figure 2, similar to that initially used by [25]. The crib is placed on a 0.86 m by
0.86 m weighing platform consisting of a 3.2 mm-thick aluminum sheet with six
sheets of 3.2 mm-thick ceramic paper insulation. The gap between the weighing
platform and the box walls is sufficient to allow the air to flow in from the bot-
tom and around the platform with minimal noise in the data. The crib sits on
7.62 cm steel risers which was shown in [18] to provide sufficient room for airflow
underneath the crib (shorter risers resulted in reduced burning rates for the same
crib designs tested here). The height of the lid is adjustable so that the top of the
crib sits flush with the ventilation hole in the lid. A variety of inserts for the lid
adjust the size of the ventilation hole to match the size of the crib being tested.
The air flow rate through the crib is controlled by pressurizing the box with dry
house air set by mass flow controllers. A rubber gasket on the base of the table en-
sures that the airflow must pass through the bottom and sides of the crib and out
the ventilation hole at the top. As the volumetric flow through the crib can be
controlled, conditions ranging from under-ventilated to over-ventilated can be tes-
ted. Airflow into the box was varied from 100 LPM to 1000 LPM (1.75 to 17.5 g/
s assuming the elevation-adjusted air density is 1.05 kg/m3) for all crib designs,
with higher flows prevented by house air capacity limitations. Note that only the
volumetric flow rate through the crib is controlled, not the velocity of the air
through the horizontal or vertical shafts. A set of experiments was also conducted
outside of the box to establish the burning rate of each crib design in unrestricted,
quiescent ambient conditions.

Figure 1. Example cribs. From left to right: densely-packed crib (crib
design #9), transition (crib design #8), and loosely-packed crib (crib
design #3).
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The burning rate is defined here as the change in mass of the solid fuel. The
weight of the crib is recorded at 10 Hz using three 6-kg load cells, calibrated to
0.01%, contained within the box (Figure 2). Contact between the load cells and
weighing platform is via ball bearings to minimize heat conduction to the load
cells. The cribs were ignited by briefly dunking them in 99% pure isopropyl alco-
hol and allowing them to drain so that the amount of alcohol used was less than
10% of the crib weight. This alcohol was visually confirmed to burn off quickly
and did not likely contribute to the reported peak burning rate results. Sufficient
time between tests was given to allow the walls of the box to be cool to the touch.
All test conditions were repeated at least three times (308 total tests) and the
results averaged.

Figure 2. Left: Air box with lid up. Air enters the box through via
PVC piping underneath the table. A rubber gasket prevents air from
escaping downward from the box. Also seen are four
adjustable supports that control the height of the lid. The weighing
platform is covered in white ceramic paper insulation and sits on
three (silver) load cells (one visible). Right: The lid is adjusted so that
the top of the crib sits flush with the ventilation hole, ensuring that
the airflow passes through the crib.
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Figure 3 shows a sample of the raw mass data (blue). The orange line in Fig-
ure 3 is the continuous burning rate as measured as the mass loss rate. The con-
tinuous burning rate is calculated as the numerical derivative of the mass data
using a spline fit with ten degrees of freedom to smooth out the noise in the data
from numerical derivation, as well as from experimental sources like the ignition
of the alcohol vapors and the collapse of the crib (seen in Figure 3 at 150 s). All
tests followed the same temporal evolution of the burning rate, where the burning
rate gradually increases to a maximum, then decreases until the visible flaming
ceases. The reported burning rates are found by taking the slope of the best fit
line through the mass data and are the maximum rates achieved during each
experiment.

3. Results and Discussion

3.1. Burning Rate with Ventilation

Figure 4 shows the average peak burning rates for all crib designs as a function of
the forced flow rate. The burning rates were normalized by the burning rate in
unrestricted quiescent ambient conditions. The error bars indicate one standard
deviation between replicate tests, which tended to increase with thinner sticks (and
thus crib design number). This increased variability is possibly due to the
increased numbers of sticks used per fuel bed, so variations in the dimensions and
density of the sticks and how the beds were assembled compounded. More vari-
ability is also seen in most crib designs at 100 LPM, likely due to the somewhat
marginal burning conditions. The average variability is 5.5% of the mean peak
burning rate, and ranges from 0.63% to 23.12%. Given this mild variability, in
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general, the burning rates are seen to increase with the air flow rate. There are
two main reasons for this increase. For ventilation-limited cribs, an increase in the
ventilation improves the air–fuel ratio, increasing the heat released and heat feed-
back to the solid fuels (for example [14, 15, 23]). This holds when the ventilation
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Figure 4. Variation with airflow of average peak burning rate
normalized by the unrestricted quiescent value. Error bars indicate
one standard deviation between replicate tests.
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is limited either because the cribs are densely packed or because of insufficient
supplied airflow. Even if the cribs are not ventilation limited, increased airflow
increases the char oxidation rate and therefore the mass loss rate of the solid fuel
increases [25, 26].

There are some exceptions, however, to this increasing trend. For example, the
apparent increasing trend for crib design #1 is very weak, as the measured peak
burning rates are not statistically different from one another (p values > 0.05).
An important note is even though they are not different from each other, the mea-
sured peak burning rates of crib design #1 at all flow rates except 400 LPM
(which, for this crib design, had the largest experimental standard deviation of
5.4% of the mean) are statistically different from the unrestricted quiescent case.

An additional exception to the general monotonically increasing trend is the
burning rate of crib design #4. For this case, the normalized burning rate
decreased for flow rates above 600 LPM, indicating that the balance between heat
release and heat losses had shifted. As the flow through the crib is increased, con-
vective heat losses increase [27]. Additionally, the flames themselves get pushed
upward, away from the solid fuel, likely reducing the heat feedback that con-
tributes to the burning [23]. This non-monotonic behavior of the burning rate

Table 2
Crib Characteristics and the Estimated Entrained Airflow into the Crib
During Peak Burning in Unrestricted Quiescent Ambient Conditions.
Porosity was calculated using the relation from [16] (Equation 1).
Cribs with porosity under about 0.05 cm are considered densely
packed. The reported ambient burning rate is the average peak mass
loss rate. The dimensionless heat release rate (Q*) (Zukoski number)
in unrestricted quiescent conditions is calculated from Equation 3. The
estimated airflow into the crib is the amount of airflow required to
match the unrestricted quiescent burning rate. The starred estimated
air flow rates indicate those that occurred just outside of the tested
flow rates

Crib

design

#

Stick

thickness

(b, cm)

Heskestad

porosity (u,
cm)

Crib

height

(cm)

Ave initial

crib mass

(g)

Ambient

burning

rate (g/s)

Estimated

Q* ()

Estimated air-

flow into crib

(LPM)

1 1.27 0.0215 12.70 434.9 1.92 4.17 100*

2 1.27 0.0390 17.78 1174.0 6.16 4.13 341

3 1.27 0.1202 26.67 1477.6 10.69 4.10 800

4 1.27 0.0625 2.54 401.7 2.66 1.02 105

5 0.64 0.1213 28.58 480.2 10.32 6.92 908

6 0.64 0.0270 10.16 596.8 6.82 4.57 400

7 0.64 0.2110 6.35 264.9 6.07 2.33 800

8 0.64 0.0725 6.35 483.9 7.00 2.68 300

9 0.64 0.0213 9.53 996.5 7.38 2.83 305

10 0.64 0.1210 8.89 610.2 12.35 3.00 1000*

11 0.32 0.0252 9.54 544.9 8.94 3.43 332

12 0.32 0.1215 12.72 369.3 16.95 4.12 1000*
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with flow rate was also observed by Harmathy in [25] and in previous work using
a chimney to induce flow through the crib [23]. Unfortunately, there is no one
parameter that seems to characterize this ‘‘turning point.’’ For example, crib #8
has a similar porosity (see Table 2), but its burning rates still increases with air-
flow in the range tested. The initial crib mass is another parameter that would be
logical to suggest, but no relation with this parameter was found either. As seen
from Table 2, crib designs #1, 5, 8, and 12 have similar initial masses, and crib
design #7 weighs considerably less. The forced flow rate for crib #4 is about six
times that naturally induced in normal ambient conditions (see discussion below
in Sect. 3.2), but crib design #1 also had an equally low naturally induced flow
with no clear decline in burning rate seen for the flows tested here. Crib design
#1, however, is very dense (Table 1) so one could argue that its burning rate has
more ‘‘potential’’ to increase with forced flow whereas crib design #4 is normally
not ventilation limited. Crib design #4 is the shortest crib so the air inside the crib
would likely have a lower temperature, providing more cooling to the stick sur-
faces, as well as the shortest residence time to participate in combustion. The non-
dimensional heat release rate (Q*), a.k.a. Zukoski number, could also be consid-
ered. Similar to the square root of the Froude number, the Zukoski number is fre-
quently defined as [28]:

Q� ¼
_Q

q1cpT1g1=2l5=2
¼ _mbDhc

q1cpT1g1=2l5=2
ð3Þ

where _Q is the heat release rate (kW), q1 is the density of the ambient air (kg/
m3), cp is the specific heat of the ambient air (kJ/kg-K), T1 is the ambient air
temperature (K), g is the acceleration due to gravity (m/s2), l is the crib length
(m), _mb is the burning rate (g/s), and Dhc is the heat of combustion (kJ/g). The
heat of combustion is assumed to be 14.1 kJ/kg [29]. Since Q* is related to the
Froude number, smaller values would suggest that the momentum of the fuel
gases exiting the fuel surface is very slow in unrestricted quiescent conditions, and
a forced airflow would easily overwhelm this buoyant fuel flow. Crib design #4
has the lowest Q* in unrestricted quiescent conditions (Table 2), but not drasti-
cally, so it is unclear what is driving this behavior without seeing at which flow
rates the ‘‘turning points’’ occur for the other crib designs. Harmathy [25] saw this
curvature explicitly for two of his crib designs (W-1–1 and W-1–2 is his notation).
His Figure 5 is reproduced here in Figure 5. Unfortunately, a direct comparison
to his data can’t really be made. In his setup, the cribs were placed on a screen
directly on the liquid fuel ignition tray, effectively blocking off airflow from under-
neath the cribs. It was shown in [18] that placing the crib directly on the platform
can reduce the burning rate by as much as 90% compared to when sufficient
space is provided, such as was done in this work. Despite this, if one calculates
the Q* for his cribs using Equations 2 and 3 (for unrestricted ambient conditions),
it would appear that the turning point for his cribs occurs at higher flow rates as
Q* increases (see Figure 5), suggesting that this parameter may indeed at least
help explain this behavior.
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3.2. Induced Airflow in Unrestricted Conditions

In Figure 4, the burning rates have been normalized by the burning rates obtained
in normal unrestricted quiescent conditions. Because the box is sealed with a finite
and relatively limited initial supply of air that is likely largely consumed during
ignition, normal entrainment of air into the fuel bed is suppressed during a large
part of the burning duration. Consequently, when plotted as in Figure 4, the air-
flow that is naturally induced through the fuel bed can be inferred by finding the
flowrate that corresponds to a normalized burning rate equal to one. Where nec-
essary, linear interpolation was used when the match was achieved between two
tested flow rates. For example, by re-examining Figure 4, we see that the normal-
ized burning rate for crib design #6 is 1 (indicated by the horizonal blue line)
when the flow is 400 LPM, thus the airflow induced in quiescent conditions is
inferred to be 400 LPM. Similarly, using linear interpolation, the normalized
burning rate for crib design #2 is 1 for a flow rate of 341 LPM. In some cases,
this was not clearly achieved in the range of flow rates tested here. For example,
crib design #1 appears to draw in less than 100 LPM of air into the fuel bed itself
while burning in ambient conditions (at 100 LPM, the normalized burning rate
was 1.10). On the other hand, crib designs #10 and 12 seem to pull in just over
1000 LPM into the fuel bed while burning in unrestricted quiescent conditions. At
1000 LPM, their normalized burning rates were 0.99 and 0.97, respectively.
Unfortunately, testing at higher flows was limited by constraints on the house air
supply, so the trends cannot be reliably extrapolated to confirm a more accurate
estimate of the matched value. Because the normalized burning rates are very
close to 1, a rough estimate of 1000 LPM seems like an acceptable first rough
approximation. For flow rates less than 100 LPM, it was observed with crib
design #8 that the outflow is so weak through the ventilation hole that there is a
possibility that air can be pulled into the box from above. This results in much
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higher uncertainty of what the flow actually is through the fuel bed, so no further
testing at lower flow rates was conducted. Table 2 shows the values of the esti-
mated naturally entrained flow rate into the body of the crib while burning at the
peak rate in unrestricted quiescent conditions. Note that these are estimates of the
amount of air only within the fuel bed and do not include the air that would be
entrained into the fire and smoke plumes.

Intuitively, this air flow rate that is naturally entrained through the fuel bed
under normal unrestricted quiescent ambient conditions generally increases with
the burning rate. Figure 6 shows this estimated entrained flow into the crib as a
function of the burning rate predicted by Thomas [17] from Equation 2. As men-
tioned earlier, the Thomas correlation [17] provides a better prediction of the
burning rate for a wider variety of cribs than the Heskestad correlation [16] in
Equation 1 [18]. This is confirmed here in Figure 7 which demonstrates agreement
of the Thomas correlation with the experimental data to within 22%. The linear
regression in Figure 6 suggests that the air-to-fuel ratio within in fuel bed is
approximately 1.11. However, Quintiere and McCaffrey in [30] estimate that the
stoichiometric air-to-fuel ratio for wood cribs is 4.92. By comparing these air-to-
fuel ratios (1.11/4.92 = 0.23), it would seem then that the majority (> 75%) of
the air required to consume the pyrolyzed fuel is therefore entrained in the flame
with only a small portion (< 25%) passing through the fuel bed.

The path that the entrained flow takes through the crib was shown in [24] to be
a complex problem where the resistances to flow in the horizontal and vertical
directions are strongly dependent on the crib structure. In particular, as the aspect
ratio (stick length divided by the stick thickness, l/b) of the crib increased, more
and more of the airflow was shown to originate from below the crib. In [24], it is
argued that for aspect ratios of 20 or larger (l/b ‡ 20), such as for crib designs
#3–12 tested here, limited airflow is likely through the sides. If inadequate space is
provided below the crib, the burning rate will drop [18, 24], though it is unknown
whether the entrained airflow through the horizontal sides of the crib will follow
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Figure 6. Estimated entrained air flow rate in unrestricted quiescent
ambient conditions is related to the burning rate predicted by the
Thomas correlation (Equation 2) [17].
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the same trend with the burning rate as reported here. It is possible that the sug-
gested air–fuel ratio within the fuel bed is only applicable for cribs with unre-
stricted access to flow from underneath.

To define crib porosity as an air-to-fuel ratio, there have been at least two dif-
ferent methods of estimating the airflow through the crib. To develop his porosity
factor, Heskestad estimated the air flow rate as Avs

1/2 [16]. In [14] and [20], the
volumetric buoyant airflow up through the crib vents was assumed to be related
to Avh

1/2. Figure 8 compares the experimentally determined air flow rates induced
during unrestricted quiescent conditions to both relations from the literature.
Interestingly, both relations correlated with the experimental values equally well
and also as well as the predicted burning rate (Figure 6) (which is essentially Ass/
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h1/2), at least based on the r2 value. In [16], Heskestad argues that Avs
1/2 fits the

data better than Avh
1/2, however, this is not clearly seen here. Though the r2 value

is about the same, the data visually look more scattered when Avh
1/2is used. How-

ever, if crib design #12 is omitted, which is the rightmost point in Figure 7 and
likely had an induced air flow rate above the 1000 LPM assigned (see above dis-
cussion), the r2 improves to 0.9711 for Avs

1/2 but remains relatively unchanged at
0.9356 for Avh

1/2 (orange lines in Figure 8). This suggests that Avs
1/2 may indeed

be a better term to use for the air flow rate as suggested by [16].

3.3. Normalized Burning and Air Flow Rates

Figure 9 replots the normalized burning rate, this time against the air flow rate
normalized by the estimated entrained air flow rate in unrestricted quiescent con-
ditions from Table 2. Figure 9 demonstrates that the data collapse to a single
curve when the forced flow is below the naturally entrained flow (normalized flow
rates below 1). In these ‘‘under-ventilated’’ conditions, the burning rate is clearly
controlled by access to air only, and the relative reduction in the burning rate
does not depend significantly on the characteristics of the fuel bed. This is seen
more clearly in Figure 10 which zooms into the ‘‘under-ventilated’’ region to take
a closer look, demonstrating an exponential increase up to unrestricted quiescent
conditions. However, for ‘‘over-ventilated’’ conditions, the data do not collapse to
a single curve, indicating that the fuel bed’s response to increased ventilation isn’t
as straightforward, and the characteristics of the crib influence the relative
increase in burning rate in this regime.

To understand how the fuel bed’s characteristics might influence the burning
behavior in the ‘‘over-ventilated’’ regime, Figure 11 plots the data in a similar
manner as Harmathy [25]. In this figure, the dimensioned burning rate ( _mb, g/s)
and air flow rate ( _ma, g/s) are scaled by the exposed surface area of the sticks (As,
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cm2) (Table 1) so that both are in terms of a mass flux. Plotted this way, each crib
design that Harmathy tested followed its own curve (as in Figure 5). However, in
manipulating the data, it was noted that there is a slight dependence on the stick
thickness (b, cm) and the crib porosity (u, cm) as defined by Heskestad (Equa-
tion 1) [16]. By including these slight dependences and scaling the burning rate by

the additional non-dimensional parameter b=/ð Þ0:25, all of the data appear to gen-
erally collapse to a single curve:
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_mb

As

� �
b
/

� �0:25

¼ 0:002321 1� e�1984
_ma=As

� �
ð4Þ

In the literature [14–16], the burning rate is frequently scaled by Asb
-0.5, as this is

the ‘‘idealized’’ burning rate expected from an individual stick. The dependence on
the stick thickness isn’t quite as strong here though (exponent of 0.25 instead of
0.5). The inclusion of the porosity factor (u) is logical as it accounts for the natu-
ral air-to-fuel ratio of a particular crib. Dense cribs with a smaller porosity have
more potential to increase their burning rate with forced flow. It is important to
note that the x-axis in Figure 11 includes only the total exposed surface area, not
how that surface area is arranged, hence the need for a parameter that describes
the compactness of the fuel bed in the y-axis.

Returning to this notion of air-to-fuel ratios, Heskestad [16] correlated the
burning rate normalized by the ‘‘idealized’’ value for an individual stick (Asb

-0.5)
as a function of the air-to-fuel ratio (u, where the fuel quantity is also given by
Asb

-0.5). To pursue a similar approach, the ‘‘idealized’’ value of the burning rate
for both axes is taken instead as the predicted quiescent burning rate (Equation 2
with constants inserted: 0.00119Assh

-0.5). Figure 12 shows the mass loss rate rela-
tive to this ‘‘idealized’’ value as a function of the ratio of the ‘‘forced’’ air-to-fuel
ratio ( _ma/0.00119Assh

-0.5) to the quiescent air-to-fuel ratio (u). The x-axis is
therefore an ‘‘equivalence ratio’’ of sorts. The line of best fit in Figure 12 is a
slightly better fit to the data when treated this way (r2 improved to 0.7990):

_mb

0:00119Assh�0:5
¼ 1:4864 1� e

�0:1013 _ma
0:00119/Assh�0:5

h i
ð5Þ
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Note the general similarity of the shape of the curves in Figures 9, 10, 11 and 12
and form of Equations 4 and 5 to that found in Gross [14], Block [15], and Hes-
kestad [16] (for fit equation see [18]). This implies that there is a similar split into
two regimes. When the airflow into the crib is small, the burning rate is controlled
by the access to air. In this regime, the scaled burning rate (whether by As(b/u)

-0.25

or the quiescent burning rate) increases dramatically with airflow. At some point,
the scaled burning rate begins to level off at some new ‘‘idealized’’ burning rate
with further increases in airflow, before decreasing at high flow levels. Logically,
this new ‘‘idealized’’ burning rate under forced flow would be sensitive to some
parameter characterizing the crib’s denseness (u, s, or Av) and a parameter related
to ability of air to promote char oxidization (As).

It is important to note that these lines are likely to curve downward for higher
air flow rates as in Harmathy [25], so that this curve is only applicable over a cer-
tain range of airflows. However, for most crib designs, it was not possible to test
sufficiently high flow rates here to observe this curvature, so it is still unknown
exactly where this curvature occurs and what best predicts it. This is thus not
accounted for in the approaches considered above. As mentioned earlier, unfortu-
nately, a direct comparison to the data of Harmathy [25] where this curvature
does occur can’t really be made because his setup likely reduced the airflow under-
neath the crib which could have a major influence on the resulting burning rate.

4. Conclusions and Future Work

In this work, a pressurized air box was built to examine the effect of the fuel bed
characteristics on the burning rate in response to ventilation. For the flow rates
tested here, the burning rate was generally observed to increase with flow. The fol-
lowing questions were posed and answered in this work:

� How much air flows through the crib under unrestricted quiescent ambient con-
ditions? By comparing the burning rates under a range of flows to the burning
rate in unrestricted quiescent conditions, the amount of air naturally induced
into a crib while burning was deduced and was found to be best related to the
vent area and the square root of the stick spacing (Avs

1/2). It was seen that the
air-to-fuel ratio inside a fuel bed burning in quiescent conditions is approxi-
mately 1.11, indicating that over 75% of the air required to completely combust
the pyrolysis gases is entrained in the plume above.

� What happens when that flow is reduced? When the supplied air is less than the
amount normally entrained in ambient burning, the crib is under-ventilated and
the proportional reduction in the burning rate does not seem to depend on the
crib characteristics and is controlled only by the access to air.

� What happens when that flow is increased? Do the characteristics of the crib
change the behavior? When the crib is over-ventilated, the relative increase in
the burning rate does vary with crib design. It was shown that if the non-di-
mensional factor b=/ð Þ0:25 was included when examining the variation in the
burning rate per stick surface area (fuel mass flux) with the air flow rate per
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stick surface area (air mass flux), the data generally collapse to a single curve.
An examination of the air-to-fuel ratios also correlated the data reasonably well
for just simple physical arguments.

Unfortunately, higher flow rates were not possible with the current setup but
there is a need to test higher flows to examine the conditions under which the
burning rate begins to decrease with air flow rate. In order to capture some of the
more extreme fire behavior, future wildland fire models will need to include the
interactions between the fire and the atmosphere [31] that can produce very strong
local winds on the ground [23], separate from wind due to weather. Understand-
ing when the wind is strong enough to reduce the burning rate could be a needed
natural limiter in future wildland fire models to avoid ‘‘runaway’’ spread rates.
Note that directly translating these imposed airflow rates to a relevant wind veloc-
ity requires some assumptions and calculations to determine how the flow pene-
trates the fuel bed, especially for surface fuels. Future work will need to include
the effect of moisture content. The combustion efficiency in conditions ranging
from under- to over-ventilated is important for understanding the emissions of
wildland fires. Measurements should be made to examine the CO and CO2 pro-
duced in the full range of ventilation conditions. Though wood cribs have been
used to understand wildland fire behavior for quite some time [1], a concerted
effort is still required to link relevant crib properties to realistically measurable
properties of wildland fuels. Because wildland fuels are not composed entirely of
homogenously sized fuel elements, cribs with mixed fuel element thicknesses are a
logical next step to start bridging the gap to the more complex wildland fuel beds.
Though this work is motivated by the need to better understand wildland fire
behavior, care should be exercised when applying the findings of this work to the
wildland fire context to carefully consider the boundary conditions used here (fuel
raised above the ground with somewhat uniform flow throughout, axisymmetric
plumes) compared to those of wildland fuels (typically in a line fire configuration).
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