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Abstract

The forced flow driven flame spread behavior along an array of discrete wooden fuel elements was ex-
perimentally investigated, which could be an important step to understanding the flow-flame interactions
that govern fire spread. Fuel arrays with five different spacings (0.75, 0.875. 1.00, 1.125, and 1.25 cm) were
subject to flow speeds ranging from 2.2 to 4.3 m/s at approximately 0.2 m/s intervals. For spacing-flow speed
conditions tested in the current study, the flame spread behavior was categorized into three different regimes,
continuous, discrete, and quenching, and the regimes were presented in a flammability map. Visual analysis
of top and side view video data were used to describe the changing flame behavior and increasing discretiza-
tion of the overall flame structure as the flow speed increases. An analysis of the fluid mechanics and heat
transfer conditions revealed a correlation between the Stanton number (S?), the Damkohler number (Da),
and the onset of flame instabilities and quenching.
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Small-sized wooden sticks or dowels have been
used to represent the initiation and early buildup
of a forest fire, where the first vegetation involving
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arrays or fuel beds of wooden sticks, paper strips,
cardboard or other simple fuels to simplify the
study of complex fire scenarios [1,3-12].

Vogel and Williams [4] examined the spread
along square dowels mounted on a plate at different
spacing conditions and found that the spread can
be accurately approximated using a 1-dimensional
conduction model. Prahl and Tien [5] expanded on
the work of Vogel and Williams [4] by subjecting
a similar setup to convective flows of up to 0.9 m/s.
While Prahl and Tien [5] predicted the spread rate
of their wind-driven experiments, they could not
accurately predict the onset of no propagation for
the higher wind speed conditions. Beer [11] de-
veloped a purely geometric model for fire spread
of arrays subject to flow or slope by using similar
assumptions from Vogel and Williams [4]. In Beer’s
model, the flow (or slope) only serves to tilt the
flame but does not account for other effects of the
flow, such as quenching from high wind speeds.

Although the previous works have demon-
strated predictions and modeling of fire spread
behaviors under a flow with a relatively low speed
(below 1.5 m/s), studies for the fire spread behaviors
were relatively rare for the flow conditions above
1.5m/s, where the buoyancy effects on the flame
are still comparable to the effects of momentum
from the imposed flow. Furthermore, it has been
reported that fire spread around the 2.5 mm diam-
eter scale becomes unsteady and highly variable
at relatively high flow speeds (around 3 m/s) [13].
The propagation and flame behavior changes at
extinction conditions in fuel arrays have not been
studied previously. Studies for unsteady flames
near extinction have been conducted for single
cylinders [14] and tandem spheres [15] but not
for cylinder arrays. Extensive studies on fluid
mechanics of single cylinders, tandem cylinders
[16-18], and cylinder arrays and banks [19,20]
inform how the convective flow may interact with
the cylinders. Such interactions alter the convective
heat transfer depending on the separation distance
and flow speed. For a reacting flow, the flame-flow
coupling can cause unique flame dynamics and
spread behaviors. Finney et al. [21] suggested that
unsteady flame convection is strongly dictated by
buoyant and inertial interaction, and the find-
ings could contribute to advancing physics-based
modeling.

The current study seeks to provide further dis-
cussion on the flame-flow coupling, arguing that
the common assumptions of continuous increase in
flame contact or convective heat transfer with an in-
creasing freestream flow speed should be adjusted
if the flow and fuel setting lead to discretized flame
behavior. The flame-spread behavior of discrete
solid fuels was characterized at flow speeds above
2 m/s for multiple spacing conditions. The system-
atic classification and corresponding analysis of the
flow conditions are used to generate a flammability
map for flame spread on discrete fuels under forced

flow. For example, in an array of dowels, the igni-
tion of the dowel at position n will depend on the
flame heat transfer of upstream dowels at positions
(n-1, n-2, etc.) that further depend on the upward
and downward spread rates on each dowel based
on the flow velocity, separation distance, and mate-
rial properties. The problem is further complicated
by the flame-flow instabilities triggered at certain
flow speed-array spacing conditions. The ability to
predict the onset of such flame instabilities due to
convective conditions could be the first step in ex-
tending the accuracy of flame spread models.

2. Experimental setup

Wooden dowels with a diameter (d) of 3.2 mm
and a length of 14cm were arranged into in-line
arrays. Mounting plates with drilled holes at the
desired spacings were manufactured, and the
dowels were press-fit to the holes. The mounting
plate was then placed in a small wind tunnel with
a test section that has a cross-sectional area of
15.25cm by 15.24cm and length of 81.28cm, as
schematically illustrated in Fig. la. Flow condi-
tioning screens were utilized to achieve a uniform
flow profile across the height of the wind tunnel
and minimize fluctuations to less than 5% of the
mean flow. A pilot ignition using a small cotton
wick soaked in 0.1 ml of dodecane initiated the
fire 1cm ahead of the first dowel as shown in
Fig. 1b. The pilot was ignited after turning the flow
on in order to avoid flow unsteadiness from the fan
startup. Because the pilot ignition could affect the
flame propagation, the ignition method was kept
consistent for all experiments.

Flame propagation was measured with two
cameras, a GoPro camera facing the dowel array
and a Sony DSCIII facing downward. The side
camera visualized the flame propagation behavior
while the downward-facing camera captured the
flame wake. The flame propagation behavior was
studied for 5 spacings (s =0.75, 0.875, 1.00, 1.125,
and 1.25cm) under freestream flows of 2.2 to
4.3m/s at approximately 0.2m/s increments. The
smallest spacing (0.75cm) was selected based on
the flame size without wind, at which the flame
barely touches the next dowel. The buoyancy
currents exit the test section before they impact
the ceiling with the flow speeds chosen in the
current study, minimizing ceiling effects. For each
spacing-velocity combination, the experiments
were repeated 3 times. In addition to the flame
spread experiments, a hot-wire anemometer was
utilized to measure the mean flow speed and tur-
bulent intensity behind dowel 5 of the array in cold
flows. Measurements were taken approximately
6 cm above the base of the tunnel at the centerline
of the cylinder longitudinal axis. Flow data was
collected at a half-spacing distance away from
dowel 5 at all spacing conditions.
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Fig. 1. (a) Schematic of wind tunnel and (b) dowel array setup inside the wind tunnel test section.

3. Results
3.1. Flame propagation behavior characterization

From the time the pilot is ignited, the very
first dowel is in contact with the flame. The first
dowel will then begin to char and eventually ignite.
The ignition kernel is observed in the wake of the
dowel. Subsequent ignition of downstream dowels
then depends on contact from the upstream ignited
fuel elements. As the flame propagates through
the array and more dowels are burning simulta-
neously, the flame spread accelerates and reaches
a steady-state around the 4th dowel position. By
the time the last dowel position ignites, upstream
dowel positions in the early stages of spread have
been consumed and are no longer flaming.

At each spacing-velocity test condition, the
flame propagation behavior was classified into
three regimes; continuous flame spread (I), discrete
flame spread (II), and no propagation (III). Fig. 2
depicts the key differences of each regime classifi-
cation for various flow speeds at a fixed spacing of
1 cm. It should be noted that dowel bending does
occur, affecting the dowel spacing. However, dowel
bending typically occurs at the later stages of flame
propagation. When bending is observed, the flame
has already reached a few dowels downstream, and
it would have a minimal effect on the quantities
reported.

In the continuous regime (I), each flaming dowel
contributes to an overall flame that encompasses
the array. The largest flame areas are seen in this
regime, and typical flame angles are in the range of
25° to 30°, lower than Prahl and Tien [5] who ob-
served 40° to 70° As the wind speed increases, the
large flame brush breaks down into discrete flames
(IT) attached to each dowel, and the discrete flames
do not combine into one flame structure. The flame
length is also reduced. The increased flow momen-
tum causes the flame angle to decrease from ap-
proximately 25° to 10°. As evidenced by the shorter
char height (b), the overall flame contact area is also
reduced compared with the continuous regime (I).
For regime II, the flame length around each dowel
shortens to an extent, and a noticeable gap (Ay)
is observed between the flame and the adjacent
dowel. With further increase in the flow speed, the
flame length is further reduced, and Ay increases.
The increase in Ay results in reduced heat transfer
from one dowel to the next which reduces the global
flame spread rate. The flame also flickers laterally.
The combination of the reduced flame length,
high flickering, and reduced flame area leads to an
arrest of flame propagation past the first few dow-
els after the pilot and eventually quenching. The
velocity-spacing condition leading to quenching is
classified as the quenching regime (I11).

Each flow-spacing condition was categorized
into the corresponding regime based on the flame
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Fig. 2. Images and sketches of the continuous (I), discrete (II), and quenching (III) flame spread behaviors observed in a

1 cm spaced array.

behavior visualized by the side-view camera, and
the results are shown in Fig. 3. Experimental
results from Vogel and Williams [4] and Prahl and
Tien [5] are also plotted. In Fig. 3, each regime is
delineated by hand-drawn lines to qualitatively de-
scribe the trend of the boundary change for various
normalized spacing (s/d) and Reynolds number
(Re) based on the dowel diameter (d). It should
be noted that transition conditions (solid gray
circle) between the continuous and discrete flame
spread regimes are also shown in Fig. 3, at which
both continuous and discrete flame spreads were
observed within 3 repetitions of the experiments.
When the flow speed and spacing are low, the
flame spread is in the continuous regime (I), where
the flow tilts the flame, thereby touching the next
fuel elements. When the spacing is comparatively
small (s/d < 4.15), continuous flame spread persists
even at high flow speeds (greater than 3 m/s) known
to cause instabilities in flame spread at larger spac-
ings [13,22]. Once the spacing is increased greater
than approximately s/d=4.15 (1cm spacing),
continuous flame spread is difficult to sustain
above Re=1500 (2.5m/s). Further increase in the
flow speed or spacing causes the flame on each
element to shrink, such that it no longer touches
the adjacent dowel, and discrete flame behavior
(regime II) is observed. Note that the discrete
regime can also occur at low flow speeds with
larger spacings. Thus, it is reasonable to presume
that at a large enough spacing the only possible
sustained flame spread would be discrete. Likewise,
at a small enough spacing only continuous flame
spread would be observed for all flow speeds below

the blow-off limit. When the flow speed or spacing
becomes sufficiently large, sustained propagation
in the array becomes impossible (regime I11).

The current experimental data combined with
data from the literature suggests that the thresh-
old boundary for quenching seems to take on a
hyperbolic shape, with the vertex approximately
at s/d ~7.5 and between 1.5 and 2m/s. Within
regime III for flow slower than 2 m/s, the quench-
ing is because of spacing being too large for the
upstream flame to overcome and ignite the next
fuel element, which is more akin to extinction. For
flow speeds above 2 m/s, the flow introduces flame
instabilities and highly fragmented flames, and here
the propagation cessation is more akin to blow-off.
It would be natural to assume that the discrete
propagation boundary, similar to the quenching
boundary, would also follow a hyperbolic trend
(dashed-line) although further investigation is
needed to delineate the boundary.

3.2. Flame structure

Each flame propagation regime has a distinct
flame structure, and both the flame shape and prop-
agation are strongly affected by the flow and spac-
ing. In order to analyze the effects of increasing
flow on the flame shape, images of the side and top
view are compared. Fig. 4 shows schematics of the
flames and flame images of the side and top views
at the time of ignition of dowel 5 for a constant
spacing (1.00 cm) and 4 flow conditions, 2.42, 2.82,
3.27, and 3.63 m/s (Re =486, 570, 660, and 740).
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Fig. 3. Flame spread regime map showing Continuous (I), Discrete (II), and Quenching/Extinction (III) regimes as a

function of flow and spacing of discrete fuel array.

The schematics in Fig. 4 illustrate the behavioral
trends of the flame from dowel 4 as it interacts
with, and ignites, dowel 5 for increasing flow
speeds. At flow speeds of 2.42 and 2.82 m/s, within
the continuous flame spread regime (I), the flame
attaches on the leading edge of the upstream cylin-
der (dowel 4 in Fig. 4) forming a flame envelope
that extends past the downstream cylinder (dowel
5) through the wake region and impinges on the
leading edge of the downstream cylinder. As the
flow speed increases from 2.42 to 2.82 m/s, the wake
width (W) increases while the length (L) decreases,
similarly observed in other forced convection stud-
ies [5,23]. Additionally, the standoff distance in
front of the upstream dowel reduces, and the flame
envelope begins to recede. For the discrete flame
spread (regime II, 3.27 m/s), the wake is widened
significantly. Also, the length of flame is further
decreased, barely passing the downstream cylinder,
and the standoff distance reaches zero attaching
onto the leading edge of the cylinder. The length
of the flame fluctuates, but the wake flame remains
in the inter-cylinder region rather than going past
the downstream cylinder. As the velocity continues
to increase, the length continues to decrease until
it is only sustained in the inter-cylinder region. The
length will keep decreasing correspondingly with

the increasing flow speed. The most fragmented
flames are present at the flow speeds just below the
quenching (regime III) threshold, the flame enve-
lope previously observed transitions into a wake
flame as seen in the far right images under a flow
of 3.68m/s in Fig 4. The changes in wake width
and length are further described in Fig. 5 which
shows the width to length ratio of the wake flame
(WIL) around dowel 4 at the time when dowel 5 is
igniting. It should be noted that the effect of spac-
ing on the flame shape does not seem to be linear.
However, in general, W/L increases and reaches an
asymptotic value as the wind speed increases. A
high W/L is indicative of highly discretized flame
behavior.

For fire spread in the continuous flame regime
(I), although the cylinder leading edge shows some
charring, ignition occurs at the trailing edge of
the cylinder where the local flow speed is slowest,
resulting in the maximum residence time. In con-
trast, for regime II, the ignition typically occurs
near the two flow separation points of the dowel
cylinder, as shown in Fig. 4. At this location,
the flow is at an intermediate speed between the
faster freestream and slower wake region, and
the surface temperature would be higher as the
upstream flame shortens. Similar ignition location
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Fig. 5. Wake flame width to length ratio (W/L) for a
range of flow speeds and array spacings. The filled mark-
ers represent discrete flame behavior at those conditions.

behavior has been observed in droplet combustion
by Fernandez-Pello and Law [23].

It is important to note that the regime classifica-
tion was based on the side view flame images. The
drastic change in flame shape between 2.82 and
3.27m/s is evident from Fig. 4. The discrete flame
cases have little to no cohesion in the overall flame,
with each dowel burning independently, along
with a significant decrease in the flame contact
area. The decrease in the flame contact area is
also in contradiction with some fire propagation
models [5,11] that are based on the assumption
that faster flow speeds increase the contact area.
Thus, there may be a limit to the applicability of
the assumption that faster flow leads to greater
flame contact. Although not shown, at a constant

flow speed, increasing the spacing has the same
effect on the overall flame shape as increasing the
flow speed for a fixed spacing.

3.3. Regime boundary prediction

Ignition of a solid fuel requires sufficient heat-
ing to be pyrolyzed such that the pyrolyzates mix
with an oxidizer to create a flammable mixture.
Then, the mixture can be ignited. Because the
pyrolyzing process is the slowest process, the pyrol-
ysis time scale could be regarded as the time scale
for ignition. In the current study, by considering
the size of the flame and flow settings [4,7,13],
it is assumed that convection is the dominant
source of heat transfer and radiative heat transfer
is much smaller than the convective heat transfer.
For a forced flow environment, enough heat must
penetrate the boundary layer along the surface
to increase temperature of the solid fuel, which
also needs accounting for ignition prediction. The
heat transfer through a boundary layer is typically
quantified by using the Nusselt number (Nu). The
Nusselt number (and correspondingly the heat
transfer coefficient) was calculated by using an em-
pirical correlation for cylinder banks in crossflow
[17] shown as Eq. (1),

Nu = 1.367[0.25 + 050/ (s/d)**"* Re' /> Pr'/?

hd
== M
where, Re, Pr, h, and k are Reynolds num-
ber, Prandtl number, convective heat transfer
coefficient, and thermal conductivity, respec-
tively. Pr was assumed to be 0.7, and k of
2.624 x 10> kW/mK was used similar to other
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studies with the same fuel [4,7]. The values of
h calculated from Eq. (1) were used to estimate
the boundary layer length (85.) by following the
method outlined in Quintiere [24], as shown in
Eq. (2). In this study, the local mean flow velocity
behind dowel 5, as measured with a hot-wire
anemometer, was utilized instead of the freestream
velocity for calculations of the boundary layer. The
boundary layer length is then used to approximate
the mixing time (7,,;,) from Eq. (3). The mass dif-
fusivity (D) was assumed to be the value of CO at
600 K since CO would be the dominant gas species
in combustion products, and 600 K is typical fuel
pyrolysis surface temperature [24].

k
" @
81
tmix = 3
2 3

Although the Nusselt number (more specifically
h) gives an idea of how much convective heat trans-
fer is delivered to the dowel surface, it cannot ac-
count for convective cooling at higher flow speeds.
Therefore, the Stanton number (S?) is utilized,
which can be thought of as a modified Nusselt
number, the ratio of convective heat transfer to the
heat capacity of the fluid shown as Eq. (4),

Nu h h/ Uy

= = = , 4
RePr @)

St
pUxcp oCy

where p and ¢, are density and specific heat of the
gas, respectively. Therefore, when the flow velocity
increase, the amount of heat that the fluid can
absorb instead of transferring to the solid fuel
also increases. Note that the Stanton number (St)
was identified by Quintiere [24] as a pertinent
dimensionless quantity and can be defined as
St=hlpc,(gl)"” when buoyancy is dominant.

Pyrolysis alone does not dictate the ignition
of the solid fuel and flame propagation along
the array. Therefore, using St alone may not be
sufficient for prediction. As seen in Figs. 2-4,
quenching occurs although the pilot flame still
provides the necessary heat to pyrolyze. Therefore,
other transport phenomena could also play a
role in ignition and flame propagation. The mass
transport of the flammable mixture with respect to
chemical reactions also affects ignition and flame
propagation. Therefore, the Damkohler number
(Da) is used to predict the flame propagation
boundary in addition to Stz. In the current study,
the mixing time scale is used to represent the mass
transport time scale. Eqs. (5) and (6) presents
the Damkohler number definition and chemical
time scale, with Eq. (3) used as the mixing time
scale.

tmix
Da=—, (5)

Lehem

A 0.623kT
dem = [EJ(RT)]AAh.eEIRT)’

(6)

Here, a (1.25x 1077 m?/s), Ah. (16.3kl/g), T
(1600K), E, R (E/RT=16), A (10" g/m3s) are
the thermal diffusivity, heat of combustion, flame
temperature, activation energy, gas constant, pre-
exponential Arrhenius constant, respectively. For
the chemical time, estimates for the constants were
taken from literature for wood [7,24]. In the current
study, the chemical time is constant. Thus, Da is
changed due to the changes in the mixing time.
Da is multiplied by d/s to account for the effects
of spacing on ignition and flame propagation.
Fig. 6 shows a plot of the Stanton number (S?) vs.
scaled Damkohler number (Da(dls)) similar to a
functional St — Da relationship used by Quintiere
in describing flame propagation on a solid block.
A full range from St =0 to 0.1, is shown in Fig. 6a,
with a zoomed-in view of the current experiments
shown in Fig. 6b [24].

The flow-spacing conditions used in this study
collapse reasonably onto a fitted logarithmic re-
gression line (Fig. 6a). Da(dls) decreases as either
flow speed increases or spacing increases. Thus,
quenching could occur at low enough Da(d/s) val-
ues. It seems that Da(dls) approaches an asymp-
tote as St increases. At lower wind speeds, mixing
would generally be weak and not sensitive to the
flow speed. By manually inspecting flame images,
it was observed that there is less fluctuation of the
flame, which indicated less mixing as flow speed de-
creases. Since flow speed decreases as St increases,
the mixing or Da(dls) becomes less sensitive to the
flow speed. Also, when the spacing becomes small
enough, the discrete solid fuel array would behave
like a continuous fuel. Thus, the flame propagation
behavior also becomes less sensitive to the flow
as the spacing decreases, especially when St is
higher.

The boundaries of the onset of both discrete
flames (regime II) and flame spread quenching
(regime III) are reasonably well captured by
St (Fig. 6b). A lower St corresponds to faster
flow speeds and ultimately flame quenching due
to insufficient heat delivered to the next unignited
dowel. For the current experiments, St below 0.028
and over 0.033 correspond to the quenching regime
(IIT) and the continuous regime (I), respectively.
For a comparison, numerical data of a single
PMMA cylinder in crossflow by Yang and Tien
[14] is shown alongside the experimental data. The
flame blowoff conditions found by Yang and Tien
[14] agree with the St threshold for quenching of
the current experiments. As St increases, between
approximately St values of 0.028 and 0.033, the
convective cooling effects decrease such that prop-
agation is sustained but in a discrete regime (II).
When St is greater than 0.033, the flow is slow
enough that flame propagation is in the continuous
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regime (I). Further experiments are needed to
validate the applicability of the shown regression
at both larger and smaller St values.

4. Conclusion

Three fire spread behavior regimes were identi-
fied for a fuel array under a range of flow and ele-
ment spacing conditions. These regimes correspond
to how each individual flaming dowel contributes
to the overall flame spread, whether the flame is
continuous (regime I), discretized (regime II) about
each dowel, or propagation is unsustained (regime
IIT1). The flame shapes within the propagating
regimes showed how initially the upstream flame
extends past the downstream cylinder. As the flow
speed is increased, the flame begins to encroach and
lie in the inter-cylinder region. The ignition loca-
tion also shifts from directly in the wake where the
mixing time is longest due to slower flow speed to
the flow separation points along the cylinder where
the surface temperature is higher. The side view
showed how the overall flame shape changes and
the contact area is reduced with increasing flow
speed. The analysis of the time scales, fluid dynam-
ics, and heat transfer revealed a correlation between
the Stanton number and Damkohler number. The
correlation exhibits a threshold that corresponds to
the onset of the three flame spread regimes. Fur-
ther work is required to fill in the gaps and so-
lidify the assumed boundaries of the flame spread
map (Fig. 3). Additionally, the scaling of the flow
regimes for other dowel diameters and orientations
needs to be explored. However, this study suggests
that assumptions of continuous increase in flame

contact or convective heat transfer with increasing
free stream flow should be adjusted if the flow and
fuel setting lead to a discretized flame behavior.
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