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Abstract

Smoldering combustion in wildland fires poses hazards for both ecosystems and humans by destroying biomass, tran-
sitioning to flaming combustion, and releasing significant quantities of pollution. Understanding the parameters that
control smoldering is necessary to help predict and potentially mitigate these hazards. A challenge in identifying
these parameters is the wide variety of biomasses which occur in nature. The objective of this study is to identify the
effects of density and fuel concentration on the smoldering characteristics of cellulose and hemicellulose mixtures.
These fuels were considered because they are some of the major organic constituents within biomass. To this end,
downward smoldering propagation velocities were measured for 50%, 75%, and 100% cellulose content at densities
varying from 170 to 400 kg/m?). The horizontal smoldering propagation velocities and temperature distributions were
also determined for loosely packed samples ranging from 100% to 0% cellulose (with residual hemicellulose). Ad-
ditionally, horizontal smoldering propagation velocities were determined for systematically varied ratios of cellulose
(50% to 100%) and densities (200 to 400 kg/m3). The fuel was burned in an insulated reactor box. An infrared
camera measured the horizontal propagation velocity, and thermocouples measured the downward propagation. A
one-dimensional reactive porous media model with reduced chemistry was used to identify key processes causing the
observed sensitivities. At constant packing density, the propagation velocity increased as cellulose content decreased
because of decreased heat release with increased cellulose content and the earlier onset of hemicellulose pyrolysis.
The propagation velocity decreased with respect to packing density when the fuel content was constant because of re-
duced oxygen diffusion. The propagation velocity increased with cellulose content when the fuel was loosely packed
because of the decreasing density.
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1. Introduction

Smoldering wildland fires pose several hazards that
differ from those of flaming combustion [1]. In com-
parison, smoldering can release larger quantities of
smoke, carbon monoxide, and volatile organic com-
pounds (VOCs). The greater release of pollutants stems
from the lower temperatures and incomplete combus-
tion associated with smoldering [2-6]. Smoldering can
persist for much longer periods of time than flaming
combustion, and can transition to flaming which then
spread more rapidly [1]. The detrimental effects of
smoldering combustion have motivated research into the
sensitivity of this mode of combustion to parameters
such as density, moisture content, inorganic content, and
composition of the fuel.

Combustion limits and propagation velocities of
smoldering depend on moisture content, inorganic con-
tent, and packing density [7-10]. For example, in-
creased moisture and increased packing density (o) in
peat both decrease the propagation velocity (vj) of the
smoldering front. Similarly, in cotton increased packing
density decreases the smoldering propagation [11, 12].
However, sensitivity to density is dependent on moisture
content [10], indicating a coupling between the param-
eters that affect the propagation velocity.

Smoldering characteristics can change significantly
depending on the origin of the biomass [7, 13, 14]. This
can challenge the forecasting of smoldering character-
istics if the specific fuel and conditions have not been
evaluated. For example, samples of biomass collected
from across North America had limiting moisture con-
tents (for sustained smoldering) that varied from 40% to
higher than 100%, depending on the composition of the
plant litter [7]. Further illustrating the sensitivity to the
fuel, smoldering of cotton (p =100kg/m?) propagates
at about 1.5 mm/min, but dry peat at a similar density
propagates at velocities near 0.7 mm/min [10, 11].

A notable difference between fuels is the chemical
composition and the associated reaction characteristics.
The three primary organic compounds in plant litter
are cellulose, hemicellulose, and lignin. The ratio of
each component in the litter changes with the source of
the fuel and amount of decomposition [15]. Cellulose,
hemicellulose, and lignin have different pyrolysis and
oxidation characteristics [8], so it is expected that they
influence the smoldering characteristics of biomass dif-
ferently. Thermogravimetric analysis has shown that
lignin pyrolyzes slowest and reacts over the largest tem-
perature range of the three constituents [16, 17]. Hemi-
cellulose and cellulose pyrolyze at similar rates, but
hemicellulose has a lower activation energy and begins

to pyrolize at a lower temperature [18, 19].

Further knowledge about the smoldering characteris-
tics (i.e., propagation velocities) of cellulose, hemicel-
lulose, and lignin is needed to help develop a more uni-
versal understanding of smoldering characteristics for
a broad range of biomass. With this background and
motivation, the objective of this study is to identify the
effects of density and fuel concentration on the smolder-
ing characteristics of mixtures of cellulose and hemicel-
lulose using both experimental and computational meth-
ods. Future work will consider the influence of lignin,
but it is outside of the scope of this work. It is expected
that the key chemical and physical processes identi-
fied can ultimately provide insights into the smoldering
characteristics of biomass, depending on the density and
the concentrations of cellulose and hemicellulose.

2. Experimental Approach

The experimental arrangement (shown in Fig. 1) con-
sisted of an instrumented reactor box and an infrared
(IR) camera. The reactor box was 20cm X 20cm
X 10cm and contained the powderized fuel (cellu-
lose/hemicellulose mixtures). The walls of the reactor
box were made of calcium silicate insulation board. The
infrared (IR) camera (FLIR SC6700) acquired images
reflected off of a polished stainless steel mirror placed
75 cm above the reactor box. Polished stainless steel has
an emissivity of roughly 0.1 and is much cooler than the
fuel sample. Consequently, emission from the mirror is
minimal. The IR camera was mounted approximately
100 cm horizontally from the mirror.
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Figure 1: Experimental arrangement for measuring the smoldering
propagation velocities during smoldering combustion. The images in
the bottom right corner are visual and infrared images of the same
burn (75% cellulose, p = 250kg/m>) approximately 50 minutes after
ignition. The burned area is approximately 10 cm across.

An additional reactor was used to study downward
smoldering propagation for some of the tests. This



allowed evaluation of a one-dimensional smoldering
model and experimental comparison of downward and
horizontal smoldering. The reactor was 10cm X 10cm
X 13 cm deep. The thermocouples were placed in the
center of the reactor, and spaced 1 cm apart starting 1 cm
below the surface of the fuel.

The fuel content and density were systematically
changed to allow sensitivity of smoldering propagation
to fuel content and density to be identified. Initially,
the fuel content was varied from 100% to 0% cellu-
lose (with the remainder being hemicellulose). Cellu-
lose and hemicellulose were selected because they are
primary constituents of biomass. The smoldering char-
acteristics of lignin will be considered in future studies.

The density of the fuel inherently varied between dif-
ferent mixtures because cellulose and hemicellulose had
different loose packing densities. The density of the
pure hemicellulose (loosely packed ~720kg/m?) was
about four times greater than the density of the pure cel-
lulose (loosely packed ~170kg/m?). To isolate chem-
istry effects and minimize density effects, the density
was held constant while the fuel content was varied
from 50% to 100% cellulose by mass for some tests.
This range was selected to achieve constant densities.
When the cellulose content was less than about 40%, it
was not physically possible to achieve densities consis-
tent with the 100% cellulose case. To identify density
effects, the density was varied while the fuel content was
held constant. Fuels with 50%, 75%, and 100% cel-
lulose content were tested with densities ranging from
200-400kg/m>. While these densities are outside of the
range of natural fuels, such as peat and cotton [8, 12],
they are beneficial for helping to identify the influence
of density on smoldering behavior for the target fuels.

The cellulose evaluated was a-cellulose (obtained
from Sigma-Aldrich), sized such that less than 20% was
retained by 35 U.S. Standard Mesh (500 um), greater
than 50% passed 100 Mesh (150 um), and greater than
35% passed 200 Mesh (75 um). The hemicellulose was
powderized glucomannan extracted from konjac root
(obtained from Nutricost). The glucomannan particles
ranged from 125 to 75 um. The fuel was mixed using a
tumbler for at least 5 minutes and packed in the reactor
box to the desired density.

The fuel was ignited in the center of the reactor us-
ing a 20 W cartridge heater (diameter = 0.64 cm for
both the horizontal and vertical reactors.) The temper-
ature of the heater was controlled using a temperature
controller. The heater was placed into the fuel once it
reached approximately 400 °C and allowed to heat to
550°C. These conditions ignited the fuel the most con-
sistently. The cartridge heater was removed once the

propagation front was self-sustaining. The burns typi-
cally lasted 1-5Sh. Any fuel that adhered to the heater
was scraped back into the center of the box.

The thermocouples took temperature readings with a
frequency of 1 Hz. The ignition temperature (rather than
peak temperature) was used to determine the propaga-
tion velocity to avoid bias from changes in peak tem-
perature with depth. The vertical propagation velocities
reported are the average values determined from 3-6 cm
below the surface of the fuel. An exception is the prop-
agation velocity for 100% cellulose at 300kg/m?. It is
averaged from 3 to 4 cm below the surface, as the smol-
dering front extinguished below 4 cm.

Data was collected using the IR camera at a frequency
of 0.1 Hz. The IR camera (FLIR SC6700) had an inte-
gration time equal to 4.8 x 10~* ms for each image. The
IR camera was sensitive to wavelengths from 1 to 5 pm.
The spatial resolution was typically 0.335 mm/pixel.

Horizontal smoldering propagation velocities were
determined from the infrared images. The fuel was con-
sidered to be smoldering at a pixel if the photon count
surpassed 1800. This value was selected because it was
determined experimentally that this photon count corre-
sponds to the temperature necessary for the smoldering
front to self-propagate. Once a pixel “ignited” it was
considered ignited for the duration of the burn to ac-
count for regions that cooled after burning. The area
of the burn was determined for each image based on
the number of pixels indicating smoldering. As Fig. 1
illustrates, the burned area approximates a circle. A ra-
dius was determined from a circular fit to the burned
area, and the velocity was determined from the change
in radius with respect to time. One experiment was per-
formed for each data point. For a few conditions, multi-
ple tests were performed, and these are reported as mul-
tiple data points. The results reported do not include
the first 20 min to account for transient effects. The bias
uncertainty of the mean propagation velocities is esti-
mated at 2% based on the error in the calibration and
linear fit. The errors in cellulose content and density are
approximately 0.5% and 10 kg/m?, respectively.

3. Numerical Model

A one-dimensional reactive porous media model was
developed using the open-source software Gpyro [20,
21]. Gpyro solves one-dimensional transient equations
which include condensed and gas-phase mass conser-
vation and species conservation, as well as condensed-
phase energy and gas-phase momentum equations.
Thermal equilibrium is assumed between the gas and



solid phases. The reaction rates are expressed in Arrhe-
nius form. The governing equations solved by Gpyro
come from Lautenberger et al. [20]:
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where p is the density, M is the number of condensed-
phase species, @’ is the reaction rate, Y; is the jth
species mass fraction, £ is the enthalpy, Q" is the volu-
metric rate of heat release/absorption, ¢/ is the radia-
tive heat-flux, ¢ is the porosity, K is the permeabil-
ity/number of reactions, M is the mean molecular mass
obtained from local volume fractions of all gaseous
species, R is the universal gas constant, D is the diffu-
sion coefficient, and P is the pressure. Subscripts f, d,
i, j, k, s, and g are formation, destruction, condensed-
phase species index, gas-phase species index, reaction
index, solid, and gas (respectively). The overbar over h
indicates averaged value weighted by condensed-phase
mass fraction. The overbar over p, ¥, K, k indicates an
averaged value weighted by condensed-phase volume
fraction.

Temperature, reaction rates, mass fractions, and oxy-
gen content were calculated by solving these governing
equations. Downward propagation velocities were cal-
culated using the location of the ignition temperature
wave and compared with the experimental downward
propagation. While the computational model shows all
oxidation occurring at or near the highest temperature
(rather than the ignition temperature), the ignition tem-
perature was used to match the method used for exper-
imental propagation. The average propagation velocity
between 3 and 6 cm below the surface is reported.

The bulk densities of the cellulose and hemicellu-
lose were assumed equal to the bulk density of the en-
tire fuel. The densities of char and ash were calcu-
lated using the relation pehar = 0.25 X pguer [22] and
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Pash = IC/100 X 10 X pgye [23], where IC is the natural
inorganic content. The ICs for cellulose and hemicellu-
lose were set to 0.3% and 1.7% [24]. The values of the
pore diameter, permeability, and parameter controlling
the radiation heat transfer across pores of condensed-
phase species were calculated using relations provided
by Huang and Rein [8]. Other thermo-physical proper-
ties, which include solid density, thermal conductivity,
and heat capacity of cellulose, hemicellulose, char, and
ash, were obtained from literature [8, 25-29].

The reaction parameters of the global reactions used
to represent smoldering in cellulose and hemicellulose
come from the model for peat given by Huang and
Rein [8]. For cellulose smoldering the value of stoi-
chiometric coeflicients (v) were obtained from Kashi-
wagi and Nambu [30]. The stoichiometric coefficient
of char from hemicellulose was obtained from Mori-
ana et al. [24] while stoichiometric coeflicients for ash
were obtained by using the relation IC = vy Vs q-co =
Vg hoVap—co for which the subscripts a, hp, ho, and co
stand for ash, hemicellulose pyrolysis, hemicellulose
oxidation and char oxidation, respectively. The val-
ues for vp, , were calculated using the relation vo,x =
AH/(-13.1) MJ/kg [9, 31, 32].

The global chemical reaction model used was also
obtained from Huang and Rein [8]:

C — vyp a-Char, + v, ., Gas ®)

C +v0,.c0 02 — Vg B-Char, + v, ., Gas ©)
a-Char, + v, cao O2 — Vacao Ashe + Vg cq0 Gas (10)
B-Char, +vo, g0 O — V480 Ash, + v, 5, Gas (11)
HC — v, a-Char, + v, ,Gas  (12)

HC +vo, 4o O — vgp, B-Chary, + v, ,,Gas  (13)
a-Chary, + vo, a0 O2 — Vajiao Ashy, + Vg a0 Gas (14)
B-Chary, +vo, g0 O2 — Vappo Ashy + vy e, Gas (15)

where C and HC stand for cellulose and hemicellulose
respectively, v is the stoichiometric coefficient, @ and 8
indicate char produced from fuel pyrolysis and oxida-
tion reactions, respectively. Subscripts g, O», a, c, h,
o, p, @o, o are gas, oxygen, ash, cellulose, hemicellu-
lose, oxidation, pyrolysis, @-char oxidation, and B-char
oxidation, respectively.

The boundary and initial conditions are as follows:
the ambient pressure and temperature were set to match
the experiments: 1atm and 293 K, respectively. The
sample was ignited by setting a heat flux of 15kW/m?
at the top surface for 15 minutes, after which the flux
stopped. At the top boundary the heat transfer coeffi-
cient and mass transfer coefficient was set to 10 W/m?K
and 0.02 kg/mzs, respectively [32]. The bottom surface
was modeled to be insulated by setting a heat transfer



coefficient to 3 W/m?K in order to take into account a
small amount of heat transfer across the insulator. The
mass flux across the bottom surface was set to zero [32].

4. Results and Discussion

4.1. Downward Smoldering
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Figure 2: Temperature profiles calculated (solid lines) and measured
(dashed lines) for three 2 cm depths for the duration of the burn, for
75% cellulose fuel with density at 300 kg/m>.

Figure 2 compares calculated and measured temper-
atures at varying depths below the surface. Peak tem-
peratures less than 600 °C are observed for both exper-
iments and computations as a smoldering front propa-
gates downward. In particular, the peak temperatures
are similar at the depths closest to the surface. It is noted
that peak temperatures increase with depth for the com-
putational profiles, but decrease slightly for the experi-
mental case due to heat losses. The slope of temperature
profiles decreases with depth for both experimental and
computational values.

Calculated and measured propagation downward ve-
locities as the density and cellulose/hemicellulose con-
tent were varied are shown in Fig. 3. Downward smol-
dering tests were performed for 100%, 75%, and 50%
cellulose fuels at densities ranging from 170-400 kg/m?
for experiments and 275-400kg/m? for computations.
A larger total range of densities were evaluated experi-
mentally because of physical imitations in the packing
densities that could be achieved. As a result, a wider
range of densities were necessary to obtain a similar
change in density for the three fuel mixtures Two trends
in the propagation velocities are apparent for both ex-
perimental and computational results. First, the veloci-
ties decrease with increasing density. Computationally,
the propagation velocities reduce by roughly 40% over a

50% increase in fuel densities. The experimental prop-
agation velocities decrease by about 50% for a 70% in-
crease in density. Second, the velocities decrease with
increasing cellulose content. Irrespective of density, the
computational propagation velocities decrease by about
40% from 25% cellulose to 100% cellulose. Experi-
mentally, the velocities change more: the propagation
velocity decrease by roughly a factor of three from 50%
to 100% cellulose. The larger sensitivity to fuel content
and density in the experimental propagation velocities
indicates that the model does not fully capture changes
in the physical or chemical properties of the fuel, par-
ticularly for 100% cellulose. Nevertheless, the 50% and
75% cases fall within 20% of the computational veloc-
ities, indicating that the model generally captures the
smoldering behavior. This is further supported by the
similar trends in the experimental and computational
propagation velocities.
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Figure 3: Computed and experimental vertical propagation velocities
at varying cellulose content and densities.

To identify what causes the sensitivity of downward
propagation velocity to fuel content, Fig. 4 shows the
calculated pyrolysis and oxidation reaction rates and
temperatures for varying fuel content with constant
packing density. These reactions were evaluated be-
cause they are the dominant reactions in the smoldering
simulation. The results are for 3.5 cm below the original
surface; similar trends were observed at other depths.
The density was held at 300kg/m* for 50% and 100%
cellulose (with remainder hemicellulose). The 50% cel-
lulose case reaches its higher peak temperature more
quickly, indicating a faster propagation velocity. Cellu-
lose loses more mass during pyrolysis than hemicellu-
lose, so more heat is released during oxidation[ 18] when
more hemicellulose is present. The higher temperatures
allow more heat to be conducted to the unburned fuel,
increasing the propagation velocity. Hemicellulose also



pyrolyzes at a lower temperature and requires a lower
activation energy for char [18, 19]. Thus larger con-
centrations of hemicellulose cause earlier mass loss and
alpha-char production. This combined with the higher
temperatures allows the fuel to oxidize more readily and
propagate more quickly, as Fig. 4 shows.
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Figure 4: Reaction rates and temperatures of smoldering mixtures
with a density of 300 kg/m? for 50% and 100% cellulose. The results
were determined computationally.

To better understand the sensitivity of propagation
rates to density, the reaction rates and temperatures were
calculated for varying packing densities with constant
fuel content, as shown in Fig. 5. Two different densi-
ties (300 and 275 kg/m3) were evaluated for a mixture
of 50% cellulose and 50% hemicellulose. The pyrol-
ysis and oxidation at the lower density occur quicker
than the higher density case. Note that the higher den-
sity has higher peak temperature as a result of lower
heat losses relative to heat released. Despite the slightly
higher peak temperature, which would increase prop-
agation velocity, the propagation velocity actually de-
creases with density. This decrease in propagation ve-
locity with density is attributed to changes in porosity
and permeability, which limit oxygen diffusion. The
less-dense fuel has a larger pore size, which allows oxy-
gen to transport further into the char. This results in the
fuel reacting earlier. The higher density also decreases
the thermal diffusivity of the fuel, inhibiting heat trans-
fer into the unburned fuel.

The decrease in smoldering propagation velocity with
density is consistent with trends reported in litera-
ture. The sensitivity of smoldering propagation in cot-
ton and pine needle beds to density is attributed to
changes in permeability. At lower densities, air trans-
ports more readily through the porous fuel. As the fuel
is compressed, the space between fuel particles becomes
smaller, reducing oxygen availability below the surface
[33, 34].

600

1500

»

P08 T ~
E 1400 &
2 )
0 06 5
2 1300 &
o —
s I3
5 04y 1200 §
o} [
o

o
o

1100

Time (hrs)

Figure 5: Computed reaction rates and temperatures for 50% cellulose
and 50% hemicellulose at densities of 275 and 300 kg/m?.

4.2. Horizontal Smoldering

Three-dimensional burns were conducted in an effort
to identify the horizontal propagation characteristics of
cellulose and hemicellulose, and to allow comparison
with the downward smoldering propagation. The cel-
lulose content was changed from 0 to 100% and the
density was allowed to naturally vary during the first
phase of testing. The resulting density varied from 175—
725kg/m>. Figure 6 shows the horizontal propagation
velocities for these tests. The velocity increases linearly
with cellulose content, from about 0.3 mm/min with no
cellulose to 1 mm/min for 75% cellulose (with remain-
der hemicellulose). However, the propagation velocity
plateaus between 75 and 100% cellulose. This general
trend of increased propagation velocity with cellulose
content opposes that for downward propagation veloc-
ities. For comparison, the horizontal propagation ve-
locity of peat (15-20% cellulose and 15-30% hemicel-
lulose [35]) with a density equal to 116 kg/m? is near
0.7 mm/min [10], while the propagation velocity of cot-
ton (90% cellulose) with a density equal to 100 kg/m? is
between 1.3—-1.5 mm/min [11].

To isolate chemistry effects the fuel content was var-
ied and the density held constant. The fuels were tested
at densities of 300 and 375 kg/m? with cellulose content
ranging from 50 to 100%. Figure 7 shows the propa-
gation velocity for these conditions. Note that it was
not possible to test with a single density over the entire
range of fuel contents because of physical limitations
in packing. In general, propagation velocities decrease
with increasing density and cellulose content, which is
consistent with the trends in downward propagation ve-
locity. Fuels with a density of 375 kg/m? typically prop-
agated at velocities 10 to 20% lower than those with a
density of 300 kg/m? with the same fuel content. The
velocity decreases by roughly 35% over a 50% change
in cellulose content (o = 300 kg/m?). This trend, which
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Figure 6: Experimental horizontal smoldering propagation velocities
and densities for samples with cellulose content ranging from 0 to
100% (remainder hemicellulose). Triangles are propagation velocities
and circles are densities.

is opposite of that observed when the density is allowed
to vary naturally, is significant because it indicates that
density is the dominant parameter causing the trends ob-
served in Fig. 6. Specifically, as the cellulose content
increases, the density of the mixture decreases and as
as result the propagation velocity increases. The largest
change in the propagation velocity occurs between 90%
and 100% cellulose. This observation indicates a transi-
tion in the physical and chemical processes controlling
smoldering propagation. This is not observed for the
375kg/m? case because it could not be tested at cellu-
lose contents greater than 75%.
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Figure 7: Experimental horizontal smoldering velocities at two densi-
ties for varying cellulose content (remainder hemicellulose).

To further isolate the effects of density on propaga-
tion velocity, experiments were conducted varying the
density of samples with 100%, 75%, and 50% cellu-
lose content (and the residual hemicellulose). Figure 8
shows the propagation velocities for these tests. For all

three mixtures, the smoldering propagation velocity de-
creases with increasing density. However, the 100% cel-
lulose case is much more sensitive to density changes
than the other two fuel concentrations, as the propa-
gation velocity decreases by approximately 40% over
a 50% increase in density. In comparison, the propa-
gation velocity decreases by roughly 20% for the 50%
and 75% cellulose cases, indicating that the presence of
hemicellulose reduces the impact of changs in density.
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Figure 8: Horizontal propagation velocity determined experimentally
for three mixtures of cellulose and hemicellulose at varying densities.
Triangles = 100%, circles = 75%, and diamonds = 50% cellulose (re-
mainder hemicellulose).

Figure 9 compares the experimental downward and
horizontal smoldering propagation velocities. In gen-
eral, the fuels smolder at least a factor of three faster
horizontally than downward because of greater oxygen
availability. Propagation velocities in either direction
decrease with increasing cellulose content and density.
Additionally, the 100% cellulose cases have the largest
changes in propagation velocity with density in both di-
rections. These similar trends with density and fuel con-
tent indicate common parameters controlling both hori-
zontal and downward propagation.

5. Summary and Conclusions

The downward and horizontal smoldering propaga-
tion velocities were determined experimentally for bi-
nary mixtures of cellulose and hemicellulose with sys-
tematically varied densities. These fuels are of inter-
est because they are major constituents within biomass.
A one-dimensional computational model was used to
determine corresponding downward propagation veloc-
ities and identify key physical processes.

Our specific conclusions from this work are as fol-
lows. 1) Smoldering propagation velocities of hemicel-
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Figure 9: Measured horizontal and vertical propagation velocities de-
termined experimentally for varying fuel content and densities.

lulose and cellulose decrease as the density of the fuel
increases. Pure cellulose is more sensitive to changes
in density than mixtures. The density sensitivity is at-
tributed to changes in oxygen diffusion through the fuel.
2) Propagation velocities decrease with increasing cel-
lulose content at a fixed density. This is attributed to
the decreased heat release with increasing cellulose con-
tent, as well as cellulose’s higher activation energy and
slower pyrolysis compared with hemicellulose. 3) Prop-
agation velocities increase as the cellulose content in-
creases and the density of mixtures is allowed to vary
without packing. This occurs because the effects of de-
creasing density dominate changes in propagation ve-
locity as the cellulose content increases.
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