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Abstract

Vertical arrays of horizontally protruding wood matchsticks, 0.25 cm in diameter and 1.91 cm long,
arranged from 1 to 5 matches across were used to investigate the in�uence of the spacing of discrete
fuel elements on rates of upward �ame spread. Vertical spacing's between the matchsticks in the array
(0.0, 0.6, 0.8, 1.0, 1.2 and 1.4 cm) were used to reveal the in�uence of separation distance on rates of
upward �ame spread, de�ned as progression of the ignition front, time to burnout and mass-loss rates.
Advancement of the ignition front was found to vary linearly with time for the 0.0 cm spacing, while
reaching nearly a t1.7 advancement with time for the furthest-spaced arrays. Rates of upward �ame spread
were found to increase dramatically for spacings between 0 cm and 0.8 cm and experienced only a slight
increase thereafter. Based on these observations, the in�uence of convective heating was hypothesized
to dominate this spread mechanism, and predictions of ignition times were developed using convective
heat-transfer correlations. Flame heights and mass-loss rates followed a similar pattern. Individual
matchstick burnout times were observed to remain nearly constant for all cases at all heights except the
zero-spacing case, which was nearly three times longer than in spaced arrays. This behavior in spaced
cases was modeled using a droplet burning theory extended for a cylindrical geometry and solving for
the time to burnout. A similar calculation was performed for the zero-spacing case relating it to vertical
combustion over a wall. The average mass-loss rate for a single matchstick was also determined and used
to predict the mass-loss rate of a spreading �re over matchsticks.
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Nomenclature

Symbols

a exponent constant (-)
A surface area (cm2)
B mass-transfer number of the fuel (-)
cp speci�c heat (J/kg·K)
d matchstick thickness (cm)
g acceleration due to gravity (m/s2)
h heat transfer coe�cient (W/m2K)
∆Hc heat of combustion (J/kg)
k thermal conductivity (W/m·K)
lth thermal penetration depth (m)
L matchstick length (cm)
ṁ fuel mass-loss rate (g/s)
ṁ′ fuel mass-loss rate per unit length, ṁ/L (g/cm·s)
ṁ′′ fuel mass-loss rate per unit area (g/cm2s)
M mass (g)
n vertical matchstick position (-)
Nud Nusselt number, hd/k (-)
Pr Prandtl number, ν/α (-)

Q̇ heat-release rate (W)
q̇′′ average heat �ux per unit area (W/m2)
rf radial �ame stando� distance (m)
rs radius of cylinder at time t (m)
R2 correlation factor (-)
Red Reynolds number, ud/ν (-)
S spacing between matchsticks (cm)
t time (s)
tspread spread time to the top of the matchstick array (s)
tṁpeak

time to peak mass-loss rate (s)
T temperature (K)
ug gas velocity (m/s)
Vp front velocity (cm/s)
w number of columns across (-)
x height (m)
YO2,∞ ambient O2 mass fraction (-)

Greek Symbols

αm mass di�usivity (m2/s)
αt thermal di�usivity (m2/s)
β volumetric thermal expansion coe�cient (K−1)
δBL boundary layer thickness (m)
ρ density (kg/m3)
ν kinematic viscosity (m2/s)
µ dynamic viscosity (m2/s)

Subscripts

b burnout
chem chemical
f �ame
g gas
ig ignition
i initial
mix mixing
p pyrolysis
s solid
∞ ambient
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1 Introduction

Arrays of wooden matchsticks have proven to be useful tools to model small-scale �re-spread phenomena
between discrete fuel elements. While characteristics of realistic, larger �res than those created in the
laboratory can vary from what is tested at the small scale, much can still be learned from laboratory
experiments, especially about the fundamental mechanisms enabling �re to spread between multiple discrete
elements. To this end, matchsticks, paper arrays, and other cellulosic fuel arrays have been utilized to
determine characteristics of �re spreading behavior by Vogel and Williams [1970], Emmons and Shen [1971],
Prahl and Tien [1973], Hwang and Xie [1984], Emori et al. [1988], Carrier et al. [1991], Wol� et al. [1991],
Weise and Biging [1994], and Finney et al. [2010].

The majority of spread experiments through discrete fuel elements have been conducted in either hori-
zontal or sloped con�gurations. Vogel and Williams [1970] were the �rst to use vertical wooden matchsticks
(with heads removed) of varying lengths and spacings to model horizontal �re spread between fuel elements,
and determined necessary conditions for �ame propagation as well as model the progression of the �re. A
theory was developed utilizing a constant ignition temperature and �ame stando�-distance pro�le, which
achieved remarkable agreement with experimental results, supporting the contention that convective e�ects
dominate in experiments at such a small scale. Emmons and Shen [1971] used a modi�cation of this mod-
eling technique measuring �re spread rates in a solid array of paper strips separated by increasing amounts
of space. Their work presented �ame-spread results through the simple geometry of paper arrays which
in�uence the spread rate. Experiments expanding on horizontal matchstick arrays adding the in�uence of
forced convection by Prahl and Tien [1973] and Wol� et al. [1991], sloped arrays by Hwang and Xie [1984]
and additional experiments on excelsior and paper arrays in similar, but larger con�gurations by Emori et al.
[1988], Finney et al. [2010] and Weise and Biging [1994] have incorporated some e�ects of buoyancy into
the experimental and theoretical aspects of �re propagation through discrete fuel elements. An analytical
analysis by Carrier et al. [1991] on wind-aided �re spread through arrays suggested that convective e�ects
dominated in this con�guration, with radiative preheating only playing a role at increasingly large fuel load-
ings. While additional �ame spread e�ects have been identi�ed, no experiments have been performed or
models developed where matchsticks or discrete fuel elements are oriented in an upward array to simulate
upward �ame spread, rather than just �ame spread through elements on a vertical slope or through windy
horizontal conditions.

In this study, vertical arrays of horizontally protruding matchsticks were used to investigate the behavior
of upward �ame spread over discrete fuel elements in the laboratory. By increasing the spacing between
fuel elements, the �ame spread rate can be a�ected by increased areas of fuel exposure to the advancing
�ame front. This di�ers from previous works, which investigated �re spread between vertical matchsticks
in horizontal or slightly inclined con�gurations where direct �ame impingement was not the primary heat
transfer mechanism due to both the geometry and reduced buoyancy. Upward �ame spread is perhaps the
most important mode of �ame spread in �re safety because it is often present in the development of a �re,
and is rapid and most hazardous (Williams, 1977). Upward �ame spread over discrete fuel elements is a
common �re scenario, and therefore the results of this work may be useful in future analyses of common �re
scenarios.

2 Experimental Setup and Procedure

A series of 24 single-row experiments and 12 multiple-row experiments were performed using the experimental
apparatus shown in Figure 1. Standard kitchen matchsticks (brand name: Penley), with heads removed and
thickness d = 0.25 cm were inserted past a thin steel plate into a sheet of �berboard insulation, leaving
L = 1.91 cm of wood exposed lengthwise. This length was chosen because the top of the matchsticks were
far enough away from the steel plate to avoid a regime of pure wall burning, yet not long enough that they
�bend� so far as to touch one another while burning, as was observed in horizontal con�gurations by Vogel
and Williams [1970]. The steel plate had a thickness of 0.5 mm and was used to provide additional structural
support to the setup, although thin enough to avoid signi�cant heat losses from the array. Matchsticks were
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Figure 1: Experimental setup used to test matchstick arrays. Three array setups and a generic single-column
setup are shown in the front view for comparison.

arranged into either an equally spaced array of spacing S which was varied between 0.8 and 1.2 cm or
an equally spaced vertical column which was varied between S = 0.6 and 1.4 cm. Additionally, a vertical
column of matchsticks with zero spacing (S = 0.0 cm), essentially touching one another was also tested.
These spacings were chosen based upon preliminary experiments to represent the observed limits in �ame-
spread behavior. In arrays spaced 0.8 cm apart, matchsticks were arranged 5 wide and 11 tall, in those spaced
1.0 cm apart they were arranged 4 wide and 9 tall, and in those spaced 1.2 cm apart they were arranged 3
wide and 7 tall. Each con�guration was run at least four times to ensure repeatability of the results, and
values presented in this work are averages of the results. Additional setup parameters are provided in Table
1, with w the number of matchsticks wide, n the number of matchsticks tall, Mi the initial total mass of
matchsticks and Ai the total exposed area on the surfaces of the matchsticks. A 5 cm section of �berboard
insulation extended below the matchsticks to maintain a smooth wall upstream of the fuel array.

The experimental apparatus was placed atop a load cell which has an accuracy of ± 0.01 g and 800 g
capacity, used to measure and record the mass lost from the sample at half-second intervals throughout the
duration of the test. Video cameras recording at 30 frames per second were positioned in front of and on
the side of the apparatus to observe the pyrolysis and �ame front propagating. A fume hood above the
apparatus removes combustion products from the laboratory without a�ecting �ame behavior.

Experiments were started by igniting the outer tips of the bottom layer of matchsticks with one standard
blowtorch in the single column con�gurations and 2 blowtorches in multiple-column arrays. A steel plate
was held between the �rst and second layer of matchsticks until the entire bottom row was evenly ignited, to
avoid preheating downstream. Experimental time began once the steel plate was removed, resulting in rapid
vertical acceleration of the �ame front. The only exception to this procedure was the zero-spacing column,
which could not use the steel plate as a separator. In that case, the ignition time was de�ned by observed
�aming of the bottom matchstick (using video footage).

3 Physical Observations

Upon removal of the steel plate, the �ame extends above the �rst matchstick (or layer of matchsticks)
impinging on the next matchstick directly above and begins heating. Flames from the �rst matchstick
directly impinge across the length of matchsticks vertically above them (Figure 2a�d and f), subsequently
heating them and resulting in a rapid spread process that ignites the entire length and burns until all fuel
vapors have been released, shown in Figure 2e. Therefore, heating is accomplished by heating from �ames on
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Table 1: Experimental setup and initial conditions.
Spacing Columns Rows Initial Mass Surface Area
S (cm) w n Mi (g) Ai (cm

2)

0.0 1 31 2.05 61
0.6 1 16 1.06 32
0.8 1 11 0.726 22
1.0 1 9 0.594 18
1.2 1 7 0.462 14
1.4 1 7 0.462 14

0.8 5 11 2.38 110
1.0 4 9 1.63 71
1.2 3 7 0.775 41

both sides as well as in-between matchsticks, resulting in 3�4 surfaces experiencing �ame impingement before
ignition, which greatly increases the rate of �ame spread. The burnout process proceeds once matchsticks
have lost enough fuel to no longer sustain combustion.

In single rows with zero spacing and in arrays spaced closely together (S = 0.8 cm) the lack of spacing
causes the thermal boundary layer to also �ow outwards, extending the �ame to reside along the sides and
in front of the array, heating the sides and tips of matchsticks ahead of the pyrolyzing region until su�cient
fuel vapors are gasi�ed to sustain ignition, seen in Figures 2a and b. While matchsticks may ignite at the
tip and burn horizontally toward the base in these small-spaced con�gurations, the upward spread rate is
dominated by heat �ux to the side of matchsticks, igniting the entire side surface and subsequently heating
further matchsticks ahead. Because the heating is primarily on the sides of the matchsticks, this results in
only 2 surfaces heating, which results in much lower mass-loss rates and spread rates than in spaced cases.

In experiments on horizontal matchstick arrays, Vogel and Williams [1970] found that matchsticks tend
to lean slightly toward the �ame as it approaches, probably because of enhanced pyrolytic mass loss on the
exposed side. In experiments on vertical arrays, this process was not observed. However, after the �ame
has passed, burned elements bend in the direction of �ame propagation, similar to the horizontal case. The
matchsticks bend only upwards as a result of continuing energy input, which causes further pyrolysis and
mass loss on the top side. It is possible that as a result of the much more rapid combustion in the vertical
con�guration not enough time elapses for uneven combustion during early stages (with ignition times ∼
1-5 sec), but with the long burnout time (∼ 10-30 sec), enough time elapses for these processes to become
apparent, resulting in the characteristic bending upward at the end of the burning process, shown in Figure
2e.

4 Spread Rates

4.1 Experimental Results

In order to track the progression of ignited matchsticks, ignition was de�ned as a blackened underside,
determined by analyzing video footage close to the side of the burning array, frame-by-frame. This method
is similar to the determination of pyrolysis of Markstein and de Ris [1983] on thin fuels, and is possible only
at these small scales because �ames are not yet large enough to obscure a view of pyolyzing fuel from a side
view camcorder. Measurements from each of four tests in each single column con�guration were close to one
another, indicating reasonable accuracy, and they were averaged together at each time step, shown in Figure
3. Drawing an analogy to �ame spread over continuous fuels, this sequence will be de�ned as a location of
the pyrolysis front, xp. Pyrolysis fronts were not able to be tracked for arrays more than one column wide
because �ames and neighboring matches obscure a clear view of the blackening used to detect ignition in
this study. While blackening is not truly indicative of ignition, and in fact typically proceeds slightly after
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4 sec                             22 sec                         10 sec                           5 sec                       18 sec                           4 sec

4 sec                             22 sec                           10 sec                          5 sec                        18 sec                     4 sec

SIDE VIEW     (a)                              (b)                            (c)                          (d)                          (e)                           (f)

FRONT VIEW (a)                             (b)                            (c)                           (d)                           (e)                        (f)

Figure 2: Side (top) and front (bottom) video showing behavior of experiments. (a) S = 0.8 cm array,
�ame residing on face of matchstick tips, (b) S = 0.0 cm spacing single row, (c) S = 0.6 cm single row,
�ame spreading up matchsticks, (d) S = 0.8 cm single row, �ame spreading up matchsticks, (e) S = 0.8 cm
single row, matches burning out and bending upward and (f) S = 1.4 cm single row, �ame spreading up
matchsticks. Note: (b) - (f) are single-column experiments, but holes left from arrays in the metal backing
are seen in some of the front images.
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Figure 3: Progression of the pyrolysis front. Symbols indicate visual measurement of the location of the
pyrolysis front by observation of blackening of the bottom matchstick surface averaged over four tests, and
dashed lines indicate power-law �ts to these points. Points were not observable for arrays.

the �rst contribution to the �aming front, it provided the most accurate and repeatable method available
that could reasonably compare the ignition rates between di�erent spacings.

Models for upward �ame spread predict power-law dependencies between the pyrolysis length and time
of the form xp ∼ ta due to the in�uence of buoyancy, as reviewed by Fernandez-Pello and Hirano [1983].
Accordingly, upward spread experimental results, such as those by Gollner et al. [2011b] have been found to
�t well to these power-law correlations. In order to evaluate the applicability of upward �ame spread models,
as well as to compare the mechanisms in�uencing tests with varying S, a least-squares algorithm was used
to apply power-law �ts to ignition time data in Figure 3, shown as dashed curves through experimental
points. Three di�erent regimes of behavior were clearly distinguished between the 0.0 cm spacing, which
experienced a linear propagation of the ignition front with time, the 0.6 cm spacing which experienced a
t3/2 propagation rate, and the remaining spacings which �t power-laws with the exponent from 1.6 to 1.7.
As spacing increases, �ames are more easily able to directly impinge on the lower surface of matchsticks,
resulting in increased heating and shorter ignition times despite the increase in the distance between fuel
elements. With S over 0.8 cm, �ames easily impinge all around matchsticks, and the spread rate increases
with increasing spacing at a much slower rate with increased spacing.

In the 0.0 and 0.6 cm cases the observation of higher matchsticks darkening earlier than lower ones
occurs because of small variabilities in the geometry of each individual matchstick. When matchsticks are
placed close to one another, shown in Figure 2b and c small deviations in the surface of the matchstick
cause subsequent matchsticks to receive slightly more heat transfer than another, causing a faster ignition.
These changes are only signi�cant when matchsticks are very close to one another, but once they become
further spaced subsequent matchsticks lie in the far plume and the shape or deviations no longer become as
important.
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4.2 Analysis

Vogel and Williams [1970] calculated ignition times, which corresponded with �ame jump times in their
analysis of horizontal arrays of matchsticks. In the present experiments, ignition times are not the same
as �ame jump times in the horizontal con�guration because as heights increase, buoyant hot gases �ow at
greater velocities, increasing heating rates and therefore decreasing ignition times, marked by an acceleratory
behavior that was observed to proceed as t1.6 to t1.7 when the spacing is greater than 0.6 cm. Treatment of
ignition times in horizontal arrays was accomplished with the transient heat-conduction equation alone; in
contrast, in the present experiments estimates of convective heat transfer coe�cients over blunt bodies may
be used to estimate ignition times and therefore elucidate relevant heat transfer processes occurring.

Following the description of Fernandez-Pello [1995], estimation of an ignition time for a solid must
incorporate chemical, mixing and pyrolysis processes, tig = tchem + tmix + tp, however the chemical time
for the ignition of cellulosic pyrolyzate can be estimated and is on the order of 10−4 s and is negligible in
this process. An order-of-magnitude estimate of the mixing time, tmix can be accomplished by assuming a
laminar boundary layer over the surface of the matchstick, approximated as a cylinder, where δBL ∼ d/

√
Red.

The Reynolds number, Red was estimated to be between 50�500 for the present experiments depending on
height. If the time for di�usion to occur across the boundary layer is δBL ≈

√
αmtmix, with αm the mass

di�usivity of gas, a mixing time can be approximated on the order of 10−1 second for laminar �ow, and is
much smaller than the pyrolysis time that will be estimated.

The ignition time for a thermally thin material, i.e. one without internal thermal gradients, can be
estimated when the heat �ux to the material is assumed much greater than the losses to be

tp ≈ ρscp,sd(Tp − T∞)/q̇′′, (1)

where ρscp,s, the product of density and solid speci�c heat capacity, is a constant material property, d is
the fuel thickness, Tp is the pyrolysis temperature of the fuel (Tp ≈ Tig), T∞ is the ambient temperature
and q̇′′ is an average heat �ux per unit area imparted to the unignited matchstick while the �ame resides
around the surface. In these experiments, an assumption of thermally thin behavior is reasonable because
the thickness of the fuel is considerably less than its thermal penetration depth, lth ∼ ks(Tig−T∞)/q̇′′ ≈ 0.1
mm, which is found using heat �uxes from convective correlations that match data. For a transient ignition
process, the average heat �ux in Equation 1 can be estimated from correlations for cross �ow over a blunt
body or laminar convection along a vertical plate.

The heat-transfer process is assumed to be dominated by convection, described by a heat-transfer co-
e�cient, h which will be determined by a Nusselt number correlation for S > 0, and a Grashof number
correlation for S = 0. Typically, for a buoyant �ow a Grashof number correlation should be used, but when
S is su�ciently larger than d, an upper cylinder will lie in the �far wake� of a lower cylinder. Marsters [1972]
found this to occur near S/d greater than 2. Because details of any lower cylinders become unimportant in
this far wake, the �ow is approximated as cross-�ow over a cylinder. Therefore, a Reynolds number must
be estimated in order to use a forced-�ow correlation, Red = ρgugd/µg, where ρg and µg are the density
and viscosity of gas, respectively and ug is a buoyant velocity estimated from the height of the matchstick,
ug ≈

√
gx. A correlation that can be used to describe heat transfer from �ames to individual matchsticks

with spacing S > 0 in this study is

Nud = 0.344Re0.56d , (2)

where Nud = h̄d/kg is the average Nusselt number of the �ow. This simpli�ed correlation for cross-�ow
over cylinders was used by Albini and Reinhardt [1995] to describe heat transfer from vertical �ames to
cylindrical, woody fuels and fairly accurately predicted ignition times in such cases, motivating its use in the
present experiments. While the correlation geometry is similar to the con�gurations with spacings it is not
the same for the zero spacing case where matchsticks touch one another and �ames reside on the sides of the
array. The zero spacing case is more akin to a heated, buoyant �ow along two sides of a vertical wall. Heat
transfer, which still occurs in a laminar regime due to small heights, can be described with a correlation for
heat transfer to a vertical wall that occurs at an approximately constant rate,
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Figure 4: Calculated ignition times using convective heat transfer correlations (symbols) are compared with
power-law �ts to experimental data (dashed lines).

Nux = 0.59(GrxPr)
1/4, (3)

where Grx = (gβ(Ts − T∞)x3)/ν3 is the Grashof number, x is the height of the matchstick from the
base of the �ame, Pr is the Prandtl number, Pr = ν/αt, β ≈ 1/Tg is the volumetric thermal expansion
coe�cient and ν is the dynamic viscosity. In Equation 3, when calculating the heat �ux from the �ame
to the surface, Nux = h̄x/kg must be multiplied by 2 because the �ames propagate over 2 sides of the
matchsticks, contributing to heating. Equations 2 and 3 can be used to �nd the average heat �ux to a single
matchstick, q̇′′ = h̄(Ts − T∞), assessing correlations at the height of the matchstick. This heat �ux is then
used in Equation 1 to �nd an approximate pyrolysis time for each matchstick.

Figure 4 shows the calculated advancement of the pyrolysis front, xp as a function of time, compared
with power-law �ts to experimental data shown in Figure 3. The zero-spacing case (Equation 3) matches
power-law �ts to experimental data well. While the slope of the �t is slightly greater than the power-law �t
to experimental data, indicated by dashed lines, the calculation is well within experimental variation.

In the S = 0.6 cm case, the calculated ignition times closely match a power-law �t to the experimental
data. The �ow in this case encompasses the space between matchsticks as well as the outer surface, bathing all
the outer surfaces with �ame, which is why the heat transfer correlation for cross-�ow over a cylinder matches
well in this case. The spacing between the matchsticks results in increased exposure to �ames, decreasing
ignition times from the zero-spacing case. As �ames reach matchsticks at greater heights, buoyancy results
in hot gases �owing faster, ug ≈

√
gx, thus leading to an acceleratory behavior that roughly matches the

acceleration observed during experiments. While this increase could also be hypothesized to be caused by
increased radiative heating, the successful use of convective correlations to describe the heating process points
to convection and not radiation as the dominant mechanism at this small scale. Carrier et al. [1991] also
concluded convective heat transfer was dominant in the case of wind-aided �ame spread along horizontal
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arrays of matchsticks. As spacings further increase the acceleration will cease once spacings are greater than
the maximum �ame height from a single matchstick. This limit was not reached experimentally due to limits
in the experimental facility, but could conceivably found with a high enough test apparatus.

5 Burnout Times

5.1 Experimental Results

Burnout was observed using side video recordings during experiments because the side view camera was
positioned closest to the matchstick array. The burnout time was de�ned as the time between the observation
of blackening on the underside of a matchstick and the end of any yellow �ames present, often coinciding
with the end of �bending� of a matchstick. Average burnout times as well as the time to ignition after �ames
impinge on the surface of a match, tf,ig are provided in Table 2. Burnout times for matchsticks are also
shown in Figure 5 as a function of height. The average time is found to be fairly constant in con�gurations
with S > 0, but signi�cantly longer for the zero-spacing case. In the spaced cases, with S = 0.6 to1.4
cm, the average burnout time from Table 2 and Figure 5 is approximately 10 seconds. In the zero-spacing
con�guration, the time to burnout is an average of 29 seconds, almost three times the average burning
time from the spaced cases. Two possible mechanisms may contribute to this e�ect. In the zero-spacing
con�guration, matchsticks are physically positioned to touch one another on the top and bottom surfaces,
limiting these surfaces exposure to �ames and heating, as well as limiting the out-�ux of pyrolysis vapors
from those sides. Looking at averaged burnout times in Table 2, there is also a trend of increasing burnout
times with decreasing spacings. Another possibly contributing mechanism, a reduction of oxygen available
during the combustion process, may explain this observation. Due to the close proximity of matchsticks
to one another, it is possible that not enough oxygen is entrained into the �ow �eld in order to sustain
complete combustion of the fuel. The observed increase in burnout times, from 8.2 seconds in the S = 1.4
cm con�guration to 12 seconds in the S = 0.6 cm con�guration is almost within experimental uncertainty
(seen as scatter in the points in Figure 5), however the fact that this increase is observed along all spaced
tests points to reduced oxygen being at least a contributing mechanism in the process.

Table 2: Experimental results. tf,ig is the median time to ignition measured after the �ame �rst impinges
on the surface of the matchstick and tb is the average burnout time for an individual matchstick.

S (cm) tf,ig (s)a tb (s) tspread (s) tṁpeak
(s)

0.0 5.0 29 27 27
0.6 2.9 12 22 16
0.8 1.5 10 13 13
1.0 1.4 10 10 11
1.2 2.1 9.5 11 10
1.4 2.1 8.2 10 11

The time to ignition after �ame impingement, tf,ig was also found to remain nearly constant throughout
all spaced con�gurations, within experimental uncertainty, shown in Table 2. A possibly signi�cant increase
in the time to ignition after �aming in the zero-spacing case, which was nearly double the time to ignition
in the spaced cases is explained due to the physical con�guration present in the zero-spacing case, where
less surface area is exposed to heating from �ames. The time for the ignition front to spread to the top of
the array, tspread was extracted from data in Figure 3 and is also shown in Table 2. Because tspread is not
very di�erent than tb in most cases, burnout is not observed during the majority of the spread process and
therefore a steady state spread rate is not achieved during the experiments. Matchsticks in the S = 0.6 cm
case, however start to burnout after reaching about halfway through the array. The time for experiments
to reach the peak mass-loss rate, tṁpeak

is also provided based on mass-loss rate measurements in Figures 7
and 8, described in Section 6.1. For all except the S =0.6 cm case, the peak mass-loss rate occurs at nearly
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the same time all matchsticks have ignited. This peak mass-loss rate is achieved where the most matchsticks
are still burning, so for the S = 0.6 cm case this occurs at a time between the �rst burnout of a matchstick
and the time to spread to the top of the array.

5.2 Analysis

The burnout times in Figure 5 are similar among all spaced cases and considerably longer for the zero-spacing
case, regardless of height. The burnout time, therefore, might be adequately considered in two limiting cases.
First, where the spacing is zero and second where the spacing is large enough so that each matchstick burns
as an individual element (S →∞).

The case of zero spacing is nearly similar to combustion over two sides of a vertical wall, so that heating
from the �ame to the solid occurs by conduction from the �ame to the fuel surface, q̇′′ ≈ kg(Tf − Ts)/yf ,
where kg is the average thermal conductivity of the gas between the �ame (Tf ) and fuel surface (Ts) and yf
is the �ame stando� distance. If the half-thickness of the fuel, d/2 remains small enough to assure thermally-
thin behavior and if it is assumed that the stando� distance of the �ame is fairly uniform along the length
of the surface, then a balanced equation of energy is

2

ˆ tb

0

kg
Tf − Ts
yf

dt = ρscp,s(Ts − T∞)d−∆Hpρsd, (4)

where ρs and cp,s are the density and thermal conductivity of the solid, respectively, d is the thickness of the
fuel in meters and ∆Hp is the heat of pyrolysis of the solid. Integrating and solving for the burnout time, tb
then yields
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tb =
yfρsd[cp,s(Ts − T∞)−∆Hp]

2kg(Tf − Ts)
(5)

for S ≈ 0.
For the case of in�nite spacing, the burning rate theory for combustion of a single spherical fuel droplet

can be extended to a cylindrical geometry, similar to the analysis of Lee [1978]. To solve for the mass-loss
rate of a horizontal fuel cylinder a Schvab-Zeldovich formulation with a �ame-sheet model and a correlation
for �ame stando� distance is employed following Lee [1978]. Assuming the matchstick is nearly cylindrical
with initial radius ri = d/2, the mass-loss rate per unit length for the cylinder becomes

ṁ′ = − d

dt
(ρsπr

2
s) = 2πrsρs

drs
dt

= ṁ′(rs), (6)

where ṁ′ is the mass-loss rate per unit length of the cylinder and rs is the radius of the cylinder at time t.
The burnout time, de�ned as the amount of time necessary to deplete all available fuel in the cylinder

can be found from

tb =

ˆ ri

0

2πrsρs
ṁ′(rs)

drs. (7)

Replacing ṁ′(rs) with the solution for the mass-loss rate of a cylindrical fuel surface (Lee [1978]),

ṁ′(rs) =
2πkg

cp,g ln(rf/rs)
ln(1 +B), (8)

where B is the mass transfer number of the fuel, B ≈ [YO2,∞∆Hc − cp,∞(Tp − T∞)]/∆Hp and integrating
Equation 7, the burnout time for a fuel cylinder (S ≈ ∞) is

tb =
ρscp,gr

2
i [2 ln(rf/ri) + 1]

4kg ln(1 +B)
. (9)

The ratio of �ame stando� distance to initial radius in Equation 9, ln(rf/ri) is estimated from a corre-
lation, ln(rf/rs) = 0.2(d/2)−0.75, with d in cm, determined from experimental measurements on polymethyl
methacrylate cylinders by Lee [1978]. The �ame stando� distance found in the vertical wall case, Equation 5,
however was estimated from video footage to be approximately yf = 5 mm. The rest of the parameters used
to estimate tb from Equations 5 and 9 are presented in Table 3. Using these values, the burnout times for
zero and in�nite spacing were calculated to be 27.4 seconds and 9.3 seconds, respectively. These predictions
are shown as dashed lines in Figure 5 and are well within experimental uncertainty for both cases.

Both the theoretical and experimental results in this study compare favorably with previous experimental
data. Clements and Alkidas [1973] performed experiments on wood (birch) cylinders and square segments
in methanol �ames. Their experimental data of burnout times for di�erent wood diameters was curve �t
to �nd a relationship between burnout time and initial diameter, tb ≈ 81(d)1.6, where tb is in seconds and
d in cm. Using this correlation, for birch rods or square segments the burnout time is estimated to be
8.8 seconds. This value is remarkably close to the average measured for square pine matchsticks measured
in this study, which will undoubtedly have some di�erent properties due to the di�erence in species of
wood. Steward and Tennankore [1981] also measured the mass-loss rate and burnout time of an individual
dowel in a uniform fuel matrix, under steady and forced convection conditions, similar to the experiments
conducted here. Their test surface, however was oriented horizontally. The average burnout time for the
0.25 cm diameter birch dowel in their experiments was found to be approximately 9.3 seconds, very close
to the experimental and theoretical values determined for pine matchsticks above. It is important to note
that Steward and Tennankore measured mass-loss rates and burnout times while varying the �ow velocities
around the dowels and found little or no change with a variance in wind velocity. This agrees with the
experimental observations of a constant burnout time with increasing height in these experiments, in which
increasing height also constitutes increasing �ow velocities due to the naturally buoyant �ow surrounding
matchsticks.

12



Table 3: Properties used in burnout time and mass-loss rate calculations.
Property Quantity Citation

B Mass transfer number 1.75 Annamalai and Sibulkin [1979]a

cp,g Speci�c heat of the gas 1000 J/kg·K Incropera and DeWitt [2002]
cp,s Speci�c heat of the fuel 2400 J/kg·K Simms and Law [1967]b

d Diameter 2.5× 10−3 m
∆Hp Heat of pyrolysis including losses 2.43 J/kg Annamalai and Sibulkin [1979]a

kg Thermal conductivity of gas 0.06 W/m·K Incropera and DeWitt [2002]
L Length of matchstick 1.91× 10−2 m

ln(rf/rs) Flame to surface radius 0.9 Lee [1978]
Tf Flame temperature 2270 K
Ts Surface temperature 650 K Simms and Law [1967]b

T∞ Ambient temperature 300 K
yf Flame stando� distance 5× 10−3 m From video

YO2,∞ Ambient O2 mass fraction 0.23 Annamalai and Sibulkin [1979]
ρs Density of solid 500 kg/m3 Simms and Law [1967]b

aFir Wood
bColombian Pine

Charring is not speci�cally addressed in the analysis of the burnout time, because matchsticks are thin
enough that the charring has little e�ect on the mass-loss rate. Burnout times possibly would lengthen a
little as charring would slow the burnout process, but this is a small e�ect, and the mass remaining in the
char is small compared with the initial mass.

6 Mass-Loss Rates

6.1 Experimental Results

Mass-loss histories were recorded for all spacings, averaged together and polynomial, least-squares �ts applied
of order 6. All �ts applied had an R2 value of at least 0.99, indicating a good degree of �t. The choice of a
6th order polynomial �t was best in this case because it captured the behavior of the burning process while
smoothing over �uctuations on the order of 0.03 g that are not representative of the general behavior, and
probably are caused by air currents as noted by Gollner et al. [2011a]. Derivatives of the �ts were taken,
resulting in mass-loss-rate pro�les shown in Figures 7 to 9. Alternative methods to polynomial �ts, such as a
�nite-di�erence scheme coupled with smoothing and a smoothing spline were also used to test the accuracy
of this method, and were found to follow the same curve, reach the same peaks and troughs, but included a
more �jagged� behavior due to these small air currents or deviations that hide the behavior of the burning
process.

The mass-loss rates shown in Figures 7 to 9 increase over time in the region of upward spread and begins
to decrease as matchsticks burn out. Spaced tests have a similar mass-loss rate over time, however, the
single-column test with zero spacing increases its mass-loss rate much slower. This is due to only half the
matchstick area being exposed to �ames compared to other tests in which all sides are exposed to �ames. The
initial peak in the mass-loss rate for the zero spacing test shown in Figures 6 and 7 is due to a post-ignition
transient.

The mass-loss rate per unit area for single-column tests, shown in Figure 6 was calculated by dividing the
mass-loss rate pro�les in Figures 7 and 8 by the area burning, estimated by observing blackening of material
in consecutive frames of video footage. Because the area burning could not be observed in the array tests,
the mass-loss rate per unit area is only shown for single column tests. For spaced tests, once approximately
the same number of matchsticks are burning the mass-loss rate per unit area reaches a steady value, between
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Figure 6: Mass-loss rate per unit area of single-column tests, found by dividing the mass-loss rate by the
area burning. Symbols represent experimental data and only regions of upward spread are shown for clarity.

2 to 2.7 g/cm2·s. The mass-loss rate per unit area for the zero-spacing case again is much lower than spaced
tests because the �exposed� area more appropriately is only the two sides of the matchsticks, half the area
exposed in spaced tests. It is therefore sensible to understand that the mass-loss rate per unit area for the
zero-spacing test is about half the average of the spaced tests.

6.2 Analysis

In order to predict the mass-loss rate of single rows and arrays, the mass-loss rate of a single matchstick must
�rst be estimated. As a �rst approximation, a single matchstick may be assumed to burn at a constant rate,
¯̇m from the time it ignites until it burns out. This average mass-loss rate can be estimated by multiplying
Equation 8 by L, where relevant parameters such as the mass transfer number of the fuel, B have already
been provided in Table 3. Equation 8 assumes that the fuel's surface is cylindrical, with an area equal to
2πrL. In reality, the matchstick's surface is planar with a surface area of 2 × (4rL). A correction for the
surface area can be used multiplying ¯̇m by 8/2π. Using Equation 8 and the surface area correction, the
average mass-loss rate is estimated to be 3.8 mg/s.

The average mass-loss rate of a single matchstick was also measured experimentally. The several arrays
were weighed before and after combustion, as well as each individual matchstick being weighed before and
after combustion. Dividing the weight loss by the time burning provides a reasonable approximation of the
average mass-loss rate, which was found to be between 3 to 5 mg/s, within the accuracy of experiments. The
high degree of variability occurs because matchsticks do not all burn evenly, the accuracy of the scale was
just enough to detect the mass loss changes of an individual matchstick, and char tends to fall o� during
combustion. The theoretical value lies within the experimental data and will therefore be used in subsequent
analysis.
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Figure 7: Mass-loss rates of single-column tests (S = 0.6 to 0.8 cm) determined by di�erentiating polynomial
�ts to mass lost data over time. Symbols represent experimental data while solid lines represent theoretical
predictions.

The mass-loss rate of a row or array is determined by assuming that once ignited, matchsticks burn at
a constant rate, ¯̇m until they burnout. Predictions for the time to ignition and burnout time depending on
spacing have already been presented (Figures 3 and 5). The total mass-loss rate of an array of matchsticks
is determined by summing the number of burning matchsticks at each time step and multiplying this by ¯̇m.
The result of this procedure is displayed in Figures 7 and 8. The same concept can also be applied to arrays
with multiple columns, multiplying the mass-loss rate times the number of columns, the result of which is
shown in Figure 9.

Figures 7�9 display mass-loss rate measurements as symbols and theoretical predictions for mass-loss
rates as solid curves which were formed by taking a Gaussian �t through the predicted values. The predicted
mass-loss rate in single columns reaches a similar maximum value to experimental observations, however the
initial rise in mass-loss rate is somewhat slower than observations and the burnout time is somewhat over
predicted. It seems clear, therefore that the predicted burnout time used in the mass-loss rate prediction,
12.2 seconds is longer than the actual value, and in fact it is larger than the test average in Table 2 (∼ 10
seconds). Despite the rough �rst-order estimation used, the predictions do seem to roughly capture observed
phenomena in single-column tests. In array tests, the shift in time is more pronounced, and the peak mass-
loss rate for the S = 0.8 cm test is over predicted. This may be due to the close spacing, limiting the
entrainment of oxygen and therefore slowing the rate of burning for individual matchsticks, especially as the
number of matchsticks involved increases.

Perhaps the most important reason for the deviation between observed and predicted phenomena is that
in reality matchsticks do not burn at a constant rate. Steward and Tennankore [1981] measured the mass-loss
rate and burnout time of an individual dowel in a uniform fuel matrix, under steady and forced convection
conditions, similar to the experiments conducted here, however horizontal. The mass-loss rate curve that
was measured for a 0.25 cm diameter dowel was found to be approximately Gaussian. The peak mass-loss
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rate was between 4 to 5 mg/s, but varied between 2 mg/s and the peak value between ignition and burnout.
At ignition, matchsticks increase in mass-loss rate while the entire surface is igniting, but very quickly start
to decrease in mass-loss rate because of charring and a reduction in surface area that is not accounted for in
the average value used in this prediction. Incorporating these e�ects would ultimately increase the accuracy
of such predictions.

7 Conclusion

Investigation of vertical arrays of horizontally protruding matchsticks have revealed the in�uence spacing has
on the advancement of the �ame and pyrolysis front, mass-loss rates, and correlations often used in �ame
spread modeling. The �uid dynamics of the �ow �eld surrounding matchsticks is believed to signi�cantly
in�uence the heat transfer downstream, thereby in�uencing heating rates and spread times. Standard heat
transfer correlations for observed �ow scenarios were adapted to predict ignition times for matchsticks, which
in turn revealed the controlling mechanism of convective heat transfer being responsible for ignition at this
small scale. Burnout rates were predicted using a burning rate theory for a cylindrical geometry and for
combustion of a vertical wall. Mass-loss rates for spaced arrays were also predicted using spread rates and an
estimation of the steady mass-loss rate for a single matchstick. Results from arrays of matchsticks that were
multiple columns across were di�cult to assess, however single column results may be useful in designing
multiple-column tests in the future that could be used to distinguish these limits in larger arrays, possibly
incorporating scale modeling in the future. Future experiments may bene�t from improved methods of
detecting the ignition front through arrays, use of a more standardized fuel that does not char and variation
of the geometry with a range of known heat transfer correlations.
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Appendix

A Flame Heights

Flame heights were determined by importing videos into a Matlab program written to analyze �ame heights
similar to one used previously by Audouin et al. [1995]. The front view was used to measure �ame heights
because it o�ered a wider �eld of view to capture the entire length of the �ame than the side view, which
was positioned close to the matchsticks to observe burnout. Images were extracted from the video, cropped,
and an image of the background was subtracted from the current video frame. This method highlighted only
changes in the video over time, i.e. the presence of a �ame. All videos were calibrated with an object of
known dimension at 3 separate locations on the screen, and analysis was run every 5 frames, resulting in 6
frames per second of image analysis. Images were then converted into grayscale, normalized to a scale where
0 is black and 1 white, and a threshold of 0.5 - 0.6 was applied to the image, distinguishing all intensities
greater than this threshold to be white or ��ame�. This threshold was chosen for each test depending on
the average background lighting, which varied depending on the time of day of experiment and intensity of
�ames produced. Flame heights were shown to �uctuate frequently, but between the threshold and removal
of any disturbances that were 3 mm or less in diameter, a very accurate and repeatable value was taken, and
con�rmed with visual measurements of the �ame front for all tests. The result of this method is shown in
Figure 10 with each point averaged between three frames.
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S = 0.0 cm

S = 0.6 cm

S = 0.8 cm

S = 1.0 cm

S = 1.2 cm

S = 1.4 cm

~

Figure 11: Flame height, xf versus mass-loss rate, ṁ where the mass-loss rate is proportional to the heat-
release rate shown only during regions of upward spread. The dashed line represents a linear �t to spaced
tests.

Following a trend similar to mass-loss rates, �ame heights are generally greater over time for tests in
which matchsticks are spaced further apart, on exception of the S = 1.4 cm test. Flame heights progress
faster for the S = 1.0 and S = 1.2 cm cases, while the S = 1.4 and S = 0.8 cm cases have similar but
lower �ame heights. This again is due to a slower rate of progression of the pyrolysis front, caused from a
matchstick spacing that is farther than the initial �ame length above an ignited match in the 1.4 cm spaced
case. Because they are spaced further than this length, it takes an additional amount of time for �ames to
reach matchsticks above, and this subsequently reduces the �ame height over time.

Power-law �ts to �ame heights reveal that most spaced �ts, S = 1.0 to 1.4 follow a trend of xf ∼ t1.6

with R2 values of 0.98 or higher. These agree with �ts of pyrolysis height data of the same spacings, where
xp ∼ t1.6−1.7, indicating �ame and pyrolysis heights follow a linear trend with one another. Fits of the
S = 0.0 to 0.8 cm tests follow a trend of xf ∼ t with R2 values of 0.97 or higher, which is expected for the
zero-spacing case but rather unexpected for the S = 0.6 and 0.8 cm cases. A non-linear relationship between
the �ame and pyrolysis height may occur here.

B Relationship Between Flame Height and Mass-Loss Rates

Because �ames reside mostly away from the wall supporting them, entrainment of air is not restricted due
to geometry and should mostly resemble that of a typical jet-di�usion �ame as described by Roper [1977].
Without a limitation on air entrainment into the combusting plume, �ame heights should therefore be found
to scale linearly with fuel mass-loss rates, shown to agree in Figure 10. A linear relationship of nearly the
same slope is observed for most tests within the accuracy of the data. Fitting a line through all spaced test
data provides the relationship xf ∼ 265(ṁ), shown as a dashed line in Figure 11. The zero-spacing test,
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however has a greater dependence of �ame height on mass-loss rate compared with other tests. This may
be due to some degree of limited entrainment because no air�ow is capable of crossing through the column,
which may increase �ame lengths. Within the degrees of accuracy of the measurements, however, a nearly
linear pro�le is observed. Slight deviations from linear behavior toward higher mass-loss rates may also be
caused by the onset of matchstick burnout toward the end of tests.
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