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The effects of freestream flow on fire spread behaviors of a discrete wooden fuel array were studied. The spacing
between fuel elements was varied, and the flame spread behavior under 1, 2, and 3 m/s forced flow velocities
was investigated. The fastest spread rate was not observed for the smallest spacing. Furthermore, increasing
spacing did not necessarily lead to a slower spread, as seen with the flame spread along the 0.75 cm spaced array
which was as fast or faster than the 0.5 cm spacing condition. At a spacing of 1 c¢m, fragmented flames were

observed at wind speeds of 3 m/s that coincided with a slower spread rate than the 2 m/s wind conditions. The
anomalies were explained using flame visualization and pitot probe measurements to determine the effects of
flow speed at different spacing conditions. It seems that a coupling between the combustion and fluid dynamics
of flow around the dowel cylinders under certain conditions strongly affects the fire spread behaviors.

1. Introduction

A variety of flame spread scenarios, such as wildland fires, urban
structure fires, and interior fires, can be thought of as complex systems
of discrete fuel flame spread. Researchers have often used arrays or fuel
beds of wooden sticks, paper strips, cardboard or other simple fuels to
simplify the study of these complex fire scenarios [1-11]. The studies
found that the fine fuels are the first to ignite and have an important
contribution to the initial fire spread, and the spread rate depends on
fuel setting and flow conditions. For example, small scale fuels on the
ground (shrubs and grass) or on trees (twigs and branches) could be
burned easier than trees in the initial stage of wildfire. Thus, research on
fire spread of small scale fuels has been extensively conducted.

Early work by Fons [1] and Emmons [2,12] took steps to model the
consecutive ignition of fuel elements in arrays and fuel beds to represent
nonhomogeneous forest fuel beds. Vogel and Williams [13] examined
the spread along short matchsticks (with the head removed) mounted on
a plate at different spacing conditions and found that the spread can be
approximated using a linear geometric model and 1-dimensional ap-
proximations to represent heat transfer. Further studies investigated
similar fuels under slow constant wind [14]. Some research, for

example, Emmons [15] and Kosdon et al. [16], explored the dynamics of
the downward propagation along single wooden dowels and the effect of
different environmental conditions on the spread rate. More recently,
Jiang et al. [17] examined the vertical spread of buoyancy-driven con-
vection along multiple configurations of 2D arrays, using a convective
heat transfer model to predict upward flame spread. Past studies have
featured differing degrees of convective flow ranging from
buoyancy-driven natural convection to flows up to 1 m/s.

Experiments with no imposed flow field [3,9] show a constant flame
spread that is successfully modeled with 1-D thermal physics or geo-
metric arguments. These models have also been shown to extend to
sloped arrays, imposing a flame angle, which has been argued to also
represent the tilting effect of wind on the flame plume [10]. Vertically
arranged array flame spread provides a slight flow (assumed to be the
induced buoyancy velocity) as the convective flow parameter, however,
because there is no overall flow field but rather slowly increasing hot
gasses from the combustion, the flow effects are minimal and each
element is treated as unaffected by upstream flow disturbances [6,8,17].
Furthermore, the approximated maximum speed of the gasses is around
1.5 m/s. Lastly, horizontally arranged forced flow studies have shown
that convection and turbulent diffusion are primary heat transfer
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mechanisms in these systems [18], but few past studies have examined
flows greater than 1 m/s, where the buoyancy effects are still compa-
rable to momentum from the imposed flow field [14].

The developed models to predict fire spread in these past studies do
not consider any coupling between the wind and flame, but rather the
wind serves to only increase flame contact and heat transfer as a laminar
flame. In order to bolster the accuracy of these models, the interactions
between flame and flow need to be investigated. The presented research
bases its premise on the past works mentioned above, with a few key
distinctions. In contrast to past studies, wooden dowels are suspended to
avoid boundary effects from a flat surface and use round instead of
square cross-sections. The array of wooden dowels is then subject to flow
speed ranges higher than previously studied. It has been reported that at
relatively high flow speeds (around 3 m/s) fire spread around the 2.5
mm diameter scale becomes unsteady [18,19]. Also, studies of cylinders
in non-reacting cross-flow have found that the inter-cylinder region
turbulence and mixing are highly dependent on the vortex shedding
behavior of the upstream cylinder [20-25]. The current study aims to
better characterize the effect of wind on fire spread in unsteady spread
regimes.

2. Experimental design and methodology
2.1. Experimental design

Fig. 1 shows the experimental setup and relevant parameters. For
this study, 3.2 mm diameter pine wooden dowels cut to 26 cm in length
were used. The thickness chosen is similar to prior studies [3,4,6,8]
examining fire spread in discrete elements, which are also representative
of the small-scale fuels that dive fire spread. Prior to testing, the dowels
were dried until they reached 5% moisture content. The dowels were
placed in a linear array suspended on both ends approximately 12 cm
above the wind tunnel floor where outside the boundary layer of the
flow. Thus, interference effects from the wind tunnel wall boundaries
could be eliminated. Furthermore, the test conditions could more closely
represent suspended twigs and small branches on trees. The suspended
dowels were placed 3 m downstream of the test section inlet of a wind
tunnel (Fig. 1). The tunnel is composed of a 5 m long diverging section
and two fans capable of providing uniform flow up to 8 m/s and a tur-
bulence intensity up to 20% at the test section inlet. The test section,
with a flow cross-sectional area of 1.5 m x 2.26 m, has a total length of 6
m and features large transparent windows capable of enduring direct
flame contact with temperatures up to 1200 K for an hour. The trans-
parent windows allow optical access to the test section for flame visu-
alization and optical measurements.

The first dowel in the array was wrapped with a jute rope coil soaked
with 0.3 ml of Kerosene to provide a pilot ignition. The freestream flow
was blocked during pilot ignition for 30 s to ensure that the kerosene was
burned away and interference from transient flow features during tunnel
fan start-up were eliminated. The flame propagation of the 10-element
dowel array was studied for five spacings (0.5, 0.65, 0.75, 1, and 1.15
cm) at three freestream flow conditions (1, 2, and 3 m/s). Fire spread
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was captured using a GoPro Hero5 camera at 60 frames/sec. A pitot
probe was used to measure pressure fluctuations in the non-reacting
flow behind the dowel array approximately 6 cm above the bottom
attachment point. The probe was connected to an Omega PX-275 dif-
ferential pressure transducer sampling at 1 kHz.

2.2. Ignition characterisation

Ignition of a dowel was experimentally determined by analyzing
captured flame spread video and flame locations. The minimum flame
jump time from one dowel to the next is about 0.5 s. The video captures
at 60 frames/s. Thus, it allows approximately 30 images to calculate the
flaming ignition of one dowel to the next in detail. The methodology
used to process the images is shown in Fig. 2. Where the ignition
determination procedure for a representative 1 cm spacing and 3 m/s
freestream velocity is used. To determine when a dowel is ignited, the
pixel intensity values were measured along a vertical column near the
surface of the dowel of interest where it is expected to ignite. The pixel
values are examined frame by frame until a jump is seen as compared to
the previous frame and confirmed with the image. The frame corre-
sponding to the spike in pixel values is marked as the time of ignition.
The ignition determination procedure is repeated for all the dowels in
the array and across five repeated experiments providing a maximum
experimental uncertainty of +0.5s. The uncertainty is based on the time
difference between the image frames prior to and at ignition. In Fig. 2,
subfigures (a), (b), and (c) correspond to dowel positions 3, 5, and 7 in
the array. The first image of each subfigure is the time just before
observed ignition of the center dowel. The middle image is at the time of
ignition, and the last image is 1 s after ignition. Pixel intensity plots
along the vertical dashed line are shown on the right of each image
triplet for the corresponding time stamps. The results from the ignition
determination provide time and location of ignition. Thus, ignition and
flame propagation characteristics such as critical spacing for ignition
and flame spread rate can be obtained.

3. Results and analysis
3.1. Critical spacing

For horizontal flame propagation along discrete fuels under no
freestream velocity, the fire spread from element to element has been
found to be constant [10,13,14,26,27], relying on the flame from one
element to make contact with the next element to initiate ignition. The
increasing spacing between elements only serves to slow down the fire
spread due to the reduced flame contact with the next element. How-
ever, when a freestream velocity is applied, the most immediate effect is
to tilt the flame causing much earlier impingement on the adjacent fuel
elements, leading to faster forward flame propagation. In addition,
spacings where flame propagation is not possible under natural condi-
tions (zero free stream velocity) can now sustain flame spread as shown
in Fig. 3 where regions that flame does and does not propagate with
varying spacing and flow velocity are depicted. As spacing is increased, a
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Fig. 1. Schematics of wind tunnel and experimental setup showing edge-to-edge spacing (s = 0.5,0.65,0.75,1,1.15 cm), dowel diameter (d = 3.2 mm), freestream
flow (U, = 1,2,3 m/s) and length (1 = 26 cm). The dowel position numbering scheme utilizes 0 for the pilot dowel, then 1, 2, up to 9.
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Fig. 2. The ignition determination procedure is shown for early (a) mid (b) and late (c) stages of fire spread along a 1 cm spaced array at 3 m/s flow speed. Pixel
intensity plots for each time stamp along the vertical dashed line are shown on the right of each image set.

higher free stream velocity is needed to sustain continuous flame spread.
The spacing beyond which the adjacent element fails to ignite and
thereby stopping forward propagation is defined as the critical spacing.
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Fig. 3. Critical spacing for 3.2 mm dowel array. The line marks the marginal
propagation threshold for which arrays at larger spacings do not see
flame spread.

At the no flow conditions, the flame is purely buoyant, and the flame
front extends to a limited distance. Thus, conduction and radiative heat
transfer are the main heat transfer modes for pyrolysis and ignition of
downstream dowels, and the critical spacing for the no flow conditions is
less than those with a freestream flow. When a freestream velocity is
applied, the flame tilts and contacts downstream dowels. In this manner,
flame buoyancy is decreased by the effects of convective flow on the fire
spread. Furthermore, because of the increased flame contact and flow
advection, the rate of heat transfer increases as both convective and
conductive effects from flame are increased in addition to the radiative
heating. Consequently, the critical spacing increases in the presence of
the cross-flow.

At low velocities, the convective flow and the flame’s buoyancy have
a comparable influence on the flame shape forming a steep angle. At an
intermediate velocity, the convective flow plays a dominant role in the
flame angle, forming a shallower angle, but overall the flame retains a
similar shape as the 1 m/s case. Eventually, the flow speed becomes
strong enough to flatten the top of the flame, and the flame takes on a
different shape than the slower speeds. Based on the changes in the
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flame shape and tilt angle, it can be assumed that the convective heat
transfer could be significantly changed compared to a no flow scenario.
Heat could be gained or lost to the freestream flow through convective
heating or cooling, respectively. Additionally, the flame impingement
area is increased due to a wind. Therefore, there could exist a competing
effect between the flame and the flow. Lastly, the fluid dynamics
induced by the interactions between the flow and the array elements
subsequently affect combustion. Initially and up to 2 m/s, the addition
of wind allows the flame to spread at higher spacings when compared to
a no flow condition. However, increasing the flow speed to 3 m/s hin-
dered the spread because flame fluttering increases, convective cooling
increases, and the burned gas resident time becomes smaller. Thus, the
critical spacing is decreased as seen in Fig. 3.

3.2. Fire spread rate

Using the method described in section 2.2, the ignition times for each
spacing and velocity case were extracted from the fire spread video data.
Each experimental case was repeated five times to ensure repeatability.
The averaged ignition times for each dowel position in the array are
plotted in Fig. 4. The shaded regions indicate the range of the experi-
mental results. Although some cases have better repeatability to others,
there exists a wide range of the results due to the nature of stochastic fire
behaviors similarly observed in other studies [6,7]. The data is arranged
such that the t = 0 s corresponds to ignition of the dowel following the
pilot dowel.

Due to observed non-linearities in the results, especially in the later
stages of the spread and in larger spacing configurations, a quadratic
regression was fit to the data in order to compare the results. The min-
imum regression R? value for all the cases was 0.98. Taking the deriv-
ative of the regression equations, the average rate of spread at the time
of specific dowel positions can be evaluated. The spread rates for dowel
positions 3, 5, and 7 are shown in Fig. 5. These three dowel positions
represent the early, mid, and late stages of fire spread along the array.

It is expected that increasing the flow speed will increase the spread
rate due to increased flame tilting and convective heat transfer. How-
ever, Fig. 5 shows this is not always the case. Specifically, the cases of 1
and 1.15 cm spacing show faster spread rate under a 2 m/s freestream
velocity compared with 3 m/s. It should be noted that although 1 and
1.15 cm spacings have a faster spread rate at 2 m/s, only the 1 cm case

s=0.50cm

s=0.65c
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has an overall faster fire spread at 2 m/s than 3 m/s as seen in Fig. 4. It
would also be expected that smaller spacings between dowels result in
the faster flame spread because of reduced distance that the flame must
overcome to contact the next array element. Indeed the 0.5 cm spacing
condition exhibits the fastest spread rates, but the 0.75 cm spacing
spread rates under 2 and 3 m/s wind conditions are comparable to the
0.5 cm case, at most within 8-9% of the 0.5 cm rates despite the
increased distance between dowels. Similar trends are seen in the flame
propagation under a 1 m/s wind, which seems to be only slightly
affected by the increasing spacing, as compared to higher flow speeds.
Higher flame buoyancy effects at 1 m/s coupled with the slow flow
speed create the biggest flame area of the three velocities, which could
contribute to the decreased effects spacing has on the flame spread.
However, a large part of the flame is directed upwards in contrast to the
other two flow speeds leading to slower spread overall when compared
to faster flow speeds. There is a consistent drop in the spread rates
throughout the three stages of fire spread when the spacing is increased
to 1 cm or greater. Note that 1 cm is the critical spacing for the no flow
condition, or where marginal flame propagation is observed as shown in
Fig. 3.

Studies on the fluid mechanics of tandem cylinders in crossflow show
the existence of various wake flow regimes, and it could be used to
explain the observed fire spread rate behavior [23-25,28,29]. When
cylinders are placed in a tandem array, the wake and corresponding
vortical structures are dictated by cylinder spacing and Reynolds num-
ber (Re). The spacing and Re used in this study correspond to the con-
ditions outlined in literature [24,25], in which a significant change in
the vortex shedding pattern was observed. The increased spacing be-
tween cylinders and faster flow speed lead to the wake vortex shedding
affecting the inter-cylinder region rather than extending past the
downstream cylinder. The size and fluctuations of the wake and vortex
structures could act to inhibit or hinder fresh air entrainment and mixing
from the surrounding freestream flow into the reaction zone. Under
favorable fire spread conditions, air entrainment results in
partially-premixed conditions leading to a higher flame temperature.
The increased flame temperature enhances heat transfer and compen-
sates the convective cooling due to the entrained cold air. At unfavorable
conditions, the induced vortical structures block fresh air entrainment to
the reaction zone. Consequently, combustion reactions occur at rich
conditions reducing the flame temperature. Furthermore, increased
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Fig. 4. Fire spread for (a) 0.50, (b) 0.65, (c) 0.75, (d) 1.00, and (e) 1.15 cm spacings under 1, 2, and 3 m/s freestream flows. The markers are averages of 5 data
points with the experimental range shown as the shaded region. The plotted line represents a quadratic regression of the data points.
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Fig. 5. Fire spread rate at dowel positions 3, 5, and 7 for multiple spacings under 1, 2, and 3 m/s freestream flows.

velocity accompanies convective cooling from the surrounding cold air. 3.3. Flame visualization
The reduction in flame temperature from less partially-premixed con-
ditions and increased convective cooling could hinder the flame spread
and lead to longer ignition times. More discussion will be provided in the
later sections by analyzing flame visualization.

Although the spread rate analysis gives some insight into the fire
spread behavior, the deviations from expected behaviors need further
explanation. These deviations are mainly the drop off in spread rate at
spacings greater than 0.75 cm and the subsequent acceleration of the fire
propagation under 2 m/s flow that generates faster fire spread than the

Late
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. .w;.
;'“ £498.7 s

Fig. 6. Images of early, middle, and late stage fire spread at 0.75-1.15 cm spacings for 2 and 3 m/s. Early stage images are taken at the ignition of dowel 3. Mid stage
images are at the ignition of dowel 5. Late stage images are taken at the ignition of dowel 7.
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3 m/s case. To provide further understanding, direct flame images were
compared. Fig. 6 shows representative images from the fire spread ex-
periments at the time of ignition of dowel positions 3, 5, and 7 repre-
senting the early, middle, and late stages of fire spread along the array,
respectively. It should be noted that the early, middle, and late stages are
not the same for each spacing and flow speed condition. They represent
stages of the fire spread for each tested condition. The actual time of
ignition is marked in each picture in Fig. 6. Images of the 0.75, 1, and
1.15 cm spacing arrays are presented for 2 and 3 m/s. It should be noted
that the fire spread could be affected by initial ignition processes. Thus,
to maintain the consistency in experiments, the ignition methods was
kept consistent for all experiment, and the experiments were repeated to
ensure repeatability.

At 1 cm spacing, it seems that the fire spread at 2 m/s is the more
vigorous spreading case than that at 3 m/s. At 2 m/s, the flame is slightly
segmented by each dowel, but the flame is largely merged. As the flame
spreads downstream, the flame grows and engulfs multiple dowels
simultaneously (mid-stage). Eventually, a large merged flame is
observed in the late stage, with the earliest dowels burned through. In
contrast, at 3 m/s, early in the fire spread the flames are like the 2 m/s
but markedly slower, suggesting that the effects of the flow are present
in the 2 m/s case but not as prevalent. The flame structure becomes more
fragmented instead of merging as the flames move to the middle stages
of the array. Towards the end of the array, the flames remain small and
almost seem to burn independent of each other. In contrast, at the 2 m/s
case the fire includes 6 burning dowels contributing to the overall flame.
At 3 m/s, it seems that the flow confines the flame close to each ignited
dowel instead of aiding the flame to contact the next unignited dowel.
The flame confinement then slows down the overall fire spread.
Although most prevalently seen in the 1 cm case, the flame confinement
may be present for all spacings at 3 m/s since the upward flame spread
along each dowel at other spacings is greater compared to 2 m/s, sug-
gesting a longer residence time at each dowel position.

Flame images also show significant flame behavior changes from
0.75 cm to 1.15 spacings. As discussed in the previous section, a spacing
change from 0.75 cm to 1 cm causes a significant decrease in a spread
rate, and at 1.15 cm spacing, the flame spread is comparable or faster
than those at 1 cm spacing. It would be expected that the 3 m/s behavior
would be similar to that of the 1 cm case at 1.15 cm. However, the flame
at 1.15 cm spacing resembles the 0.75 cm case instead, as seen in Fig. 6.

From the flame images (Fig. 6), the 1 cm spacing case shows unique
flame behavior in response to the higher flow speed of 3 m/s. At 2 m/s
the flame created at the 1 cm condition resembles that of the other
spacings. The flow tilts the flame and creates an oblong shape stretching
in the downstream direction. In contrast, at a flow speed of 3 m/s the
flame shape is completely changed for the 1 cm condition in comparison
to the flames at other spacings. Additionally, the 0.75 cm cases have the
most intense flames in comparison. It seems that the flow has multiple
effects; tilting the flame and increasing the flame contact surface to
dowels and inducing the vortex shedding around the dowel cylinders
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which change the mixing conditions (air entrainment) in the inter-
cylinder region. The vortices also are interacting with the flame itself
to either confine or stretch the flame and increasing or decreasing the
heat delivered to unignited dowels. Although it is not the focus of the
current study, flow field measurements could provide further details for
the vortex shedding effects on the fire spread behaviors.

3.4. Cylinder wake frequency measurements

By performing a discrete Fourier transform (DFT) of the pressure
data collected from the pitot probe measurements, characteristic peaks
may reveal pressure fluctuation oscillations related to the vortex shed-
ding. Fig. 7 shows the DFT for the 1 cm spacing case. At 1 m/s flow
speed, there is a slight peak around 30 Hz. A peak develops around 35 Hz
when the velocity is increased to 2 m/s indicating slow but persistent
oscillations in the pressure measurements at that frequency. Once the
velocity is increased to 3 m/s, the 35 Hz peak remains, with a second
peak around 75 Hz and a third smaller peak at approximately 250 Hz.
The presence of the additional peaks at 3 m/s could be evident of faster
or more aggressive vortex-induced oscillations. As discussed previously,
the higher frequency oscillations together with array spacing variations
could combine to provide faster flame propagation, as seen in the 0.75
cm case, or hinder and quench the flames, seen in the 1 cm spaced array
when subject to a 3 m/s flow. Although these flow measurements are
preliminary and not the focus of the current study, further investigation
of the flow field is underway that could provide insight on the vortex
shedding effects on the fire spread behaviors.

Although it is preliminary, changes in shedding frequencies could be
explained by Re and Strouhal number (St) relations [30]. Re calculated
based on the dowel diameter freestream air for 1, 2, and 3 m/s flow
speeds are 203, 406, and 610, respectively. Corresponding St of a cyl-
inder for Re = 203, 406, and 610 are approximately 0.17, 0.18, and 0.20
(from Fig. 3 in Ref. [30]). Thus, the characteristic frequencies of the
wake for 1, 2, and 3 m/s flow speeds are calculated as 5.3, 11.3, and
18.8 Hz, respectively. The discrepancies between the measured and
estimated frequencies could be caused by different dowel settings. Since
the current study used an array instead of a single cylinder, the shedding
characteristics could be shifted. However, the tendency of increasing
shedding frequency for a higher flow speed remains the same.

The regime of vortex shedding for Re = 203, 406, and 610 is the
transition range [30]. For Re = 203, the vortex is in transition rage, and
the vortex street becomes fully turbulent for Re = 406 and 610. Thus,
mixing is enhanced as Re increases, and a spread rate increases (see
Fig. 5). However, when the spacing is long enough (beyond 1 cm),
mixing by vortex shedding increases cooling by bringing more cold
freestream air into the reaction zone, which reduces the gas temperature
and spread rate. Furthermore, enhanced mixing results in a further
decrease in gas temperature due to the increased cooling. This enhanced
mixing and cooling effects could describe the inversion fire spread rate
between 2 and 3 m/s at 1 cm spacing. With further experiments and

10 o _ 3mis
~35 Hz

DFT

~75 HZ
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Fig. 7. Discrete Fourier transform (DFT) of pressure signal behind array at 1 cm spacing for (a) 1, (b) 2, and (c) 3 m/s flows.
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measurements, a more rigorous thermal and fluid dimensional analysis
will be possible in the future.

4. Conclusions

The fire spread behavior along a suspended array of wooden dowels
was investigated for a range of spacings (0.5, 0.65, 0.75, 1, and 1.15 cm)
and wind speeds (1, 2, and 3 m/s). The spread rate for all cases was
modeled with quadratic regressions due to slight flame spread acceler-
ation. At fixed spacings, the spread rate generally increases with faster
flow speeds. However, deviations from expected propagation behavior
occur. Namely, at the 1 cm spacing conditions, the faster spread is
observed when subjected to a flow of 2 m/s rather than 3 m/s, in
contrast to the other spacing conditions. Furthermore, increasing the
spacing between dowels does not always lead to slower ignition times,
with the 0.75 cm spacing cases showing spread rates comparable to
those of 0.5 cm at 2 and 3 m/s flow speeds. Flame visualization showed
smaller discrete flames formed in the 1 cm spacing array when subjected
to a 3 m/s flow. The higher frequency vortices measured with pitot
probes developed from each dowel cylinder are changing the gaseous
mixing conditions as well as stretching or constricting the flame in a way
that fluctuates the heat transfer. As a consequence, there exists a shift in
the spread rate trend between the 0.75 cm and 1 cm spacings. Flow
effects seemed to be minimal for the spacings below 0.75 cm. At 0.75 cm
spacing, the mixing and flow conditions are such that an optimal com-
bination is achieved leading to fire propagation as fast as the 0.5 cm
spacing cases. Once past 0.75 cm spacing, the fire spread was slowed
down significantly. In the future, flow field measurements around the
cylinder array will be performed to further investigate the confined fire
behaviors at 1 cm spacing at 3 m/s and reduced spread rates at 1 cm
spacing. A more refined study of the flame behavior at fixed spacings
with gradually increased flow speeds should identify clearer trends in
the flame propagation behavior need to be conducted. Additionally,
turbulence intensity measurements at select points in the array should
characterize the changes in the mixing behavior as flow speed is varied.
Lastly, experiments with arrays of more fuel elements will be conducted
in order to fully characterize the nonlinearities observed in the fire
spread.
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