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Wind Effects on Smoldering Behavior of Simulated Wildland Fuels 13 

The current study presents a series of experiments investigating the smoldering 14 
behavior of woody fuel arrays at various porosities under the influence of wind. 15 
Wildland fuels are simulated using wooden cribs burned inside a bench scale 16 
wind tunnel. Smoldering behavior was characterized using measurements of both 17 
mass loss and emissions. Results showed that the mean burning rate increased 18 
with wind speed for all cases. In high porosity cases, increases in burning rate 19 
between 18% and 54 % were observed as wind speed increased. For low porosity 20 
cases an increase of about 170% in burning rate was observed between 0.5 and 21 
0.75 m/s. The ratio of CO/CO2 emissions decreased with wind speed. Thus, wind 22 
likely served to promote smoldering combustion as indicated by the decrease of 23 
CO/CO2 which is a marker of combustion efficiency. A theoretical analysis was 24 
conducted to assess the exponential decay behavior in the time-resolved mass 25 
loss data. Mass and heat transfer models were applied to assess whether oxygen 26 
supply or heat losses can solely explain the observed exponential decay. The 27 
analysis showed that neither mass transfer nor heat transfer alone can explain the 28 
exponential decay, but likely a combination thereof is needed. 29 

Keywords: wildfires; smoldering; cribs; bench scale 30 

Introduction 31 

Wildfire activity around the globe has increased in recent years within many different 32 

regions and ecosystems. Driving this increase are a variety of factors, including fire 33 

exclusion (suppression), land use changes, and climate change (Abatzoglou and 34 

Williams, 2016). More often than not, these factors compound, such as in the case of 35 

forests experiencing fuel regime shifts driven by climate factors (e.g. Hess et al., 2019). 36 

In regions undergoing massive tree mortality, the forest floor may undergo a shift in 37 

composition from thin fuels to large woody fuels. One such instance is the accelerated 38 

tree mortality in the Sierra Nevada range, a mountain range spanning through the 39 

central valley and eastern portions of California, which has led to the rapid 40 



   
 

   

 

accumulation of large diameter downed fuels on the forest floor (Stephens et al., 2018). 41 

The presence of these fuels represents a shift in surface fuel layer composition; from 42 

thin fuels such as grasses and debris which burn quickly in the flaming regime, to large, 43 

downed trees that burn over long durations in the smoldering regime. With the shift to 44 

large fuels which experience significant post-frontal smolder combustion, a new 45 

challenge arises for operational fire models that generally assume fuel beds are 46 

homogeneous and that fires spread through thin fuels in a flaming regime (Rothermel, 47 

1972). Even for those models which characterize fuel consumption for long-term fuel 48 

burning (Albini, 1976; Albini and Reinhardt, 1995, 1997), the influence of external 49 

winds is absent. To meet this challenge, a more comprehensive understanding of the 50 

smoldering behavior of large woody wildland fuels is required. 51 

Smoldering fires which burn in the solid, rather than gas phase, are characterized 52 

by longer burning periods and lower temperatures, heat release and spread rates than 53 

flaming fires; moreover, smoldering combustion is an incomplete mode of combustion 54 

exhibiting higher CO/CO2 ratios than flaming combustion (Rein, 2016). Furthermore, it 55 

has been shown that smoldering fires, require lower heat fluxes to ignite than flaming 56 

fires (Boonmee and Quintiere, 2002). Because smoldering fires require less energy to 57 

ignite, the transition from smoldering to flaming is often considered a shortcut to 58 

flaming ignition (Santoso et al., 2019).  Most models of wildfire spread assume that a 59 

fire primarily burns as the flaming front passes unburned fuels (see Frandsen 1971; 60 

Rothermel 1972). This is true for thin wildland fuels; however, for large woody fuels, a 61 

significant portion of burning may take place in the form of smoldering after the 62 

flaming front has passed (Keane et al., 2020).  63 

 A large number of previous studies on smoldering of woody fuels have focused 64 

on peat fires (e.g. Rein et al. 2008, Huang et al. 2016, Pastor et al. 2017, Huang et al. 65 



   
 

   

 

2017, Davies et al. 2013, Palamba et al. 2017, Yang et al. 2016, 2019; Frandsen et al 66 

1991). Peat is a porous and relatively homogeneous fuel compared to the large woody 67 

wildland fuels that are better described as a porous system made up of individual porous 68 

fuel elements. Although peat fires are structurally different than large woody fuels, 69 

lessons learned from studying fire behavior in peat highlight important features of 70 

smoldering fire behavior. For instance, Huang et al. (2016) and Rein et al. (2017) 71 

showed that wind increases spread rate and oxygen supply in smoldering peat fires, 72 

whereas Huang et al. (2016), identified increases in heat release rate in the presence of 73 

external wind. In addition to peat, other natural smoldering fuels have also been 74 

investigated. In a study of cotton bales (Xie et al., 2020) wind was observed to enhance 75 

spread rate and to promote smoldering to flaming transition.  76 

Ohlemiller (1991) examined the effects of wind on smoldering spread and 77 

transition to flaming in solid wood channels constructed from red oak and white pine. 78 

Notably, the intended application of his work were fires occurring in the built 79 

environment. Their experiments examined smoldering spread under the influence of 80 

wind speeds in the range of 0.8 to 2.2 m/s. At the lowest wind speeds examined 81 

smoldering combustion successfully propagated until the point of extinction whereas at 82 

the highest wind speeds, smoldering to flaming transition was likely to occur.   83 

Wood cribs have long been used as a canonical configuration to model both the 84 

steady burning behaviour of fires (Gross, 1962) in structures and the spread of wildland 85 

fires. Foundational work by Fons et al. (1963), Byram (1964) and a collection of work 86 

led by Thomas (1964, 1965, 1967, 1971) contributed to our understanding of wildland 87 

fire spread, some of which was built upon by Rothermel (1977) in his widely used 88 

model for fire spread. Although previous work using wooden cribs occasionally 89 

addressed wind, (Thomas, 1965), this work primarily focused on wind’s effect on fire 90 



   
 

   

 

spread in the flaming regime – not steady burning or its effects on smoldering 91 

combustion.  92 

McAllister and Finney (2016) more recently extended past work on wooden 93 

cribs and applied it to understanding burning rates during flaming combustion of 94 

wooden cribs incorporating different geometries under wind. The results showed 95 

correlations with classical flaming burning rate models including those by Gross (1962) 96 

and Heskestad (1973), who first defined a crib porosity parameter, which is function of 97 

the crib geometry (2016, 2019). Their study showed the effect of wind, fuel bed 98 

porosity and crib stick width to length ratio on flaming burning rate. For densely-packed 99 

cribs under the influence of wind for instance, burning rate increases of up to 69.9% 100 

were observed as wind speed was increased (2016). 101 

The Burnup model (Albini, 1976; Albini and Reinhardt, 1995, 1997) is perhaps 102 

the best known of the burning rate models for wildland fuels. The burning rate model in 103 

Burnup, resulting from a heat balance between the rate at which fuel reaches a critical 104 

burning temperature and the rate of heat transfer, was developed under the assumptions 105 

of flaming fires in still air. A recent review by Hyde et al. (2011) highlights works on 106 

coarse woody debris (Rostami, Murthy and Hajaligol, 2004; Souza and Sandberg, 107 

2004); however, something currently missing in the literature is a delineation of the 108 

smoldering burning rate behavior in woody fuels under the presence of wind. 109 

Knowledge of such behavior could help advance fundamental understanding of 110 

smoldering fire behavior in large woody fuel beds in the wildland.  111 

In this study we aim to fill voids in understanding of smoldering burning 112 

behavior of woody wildland fuel beds by approximating them as wood cribs. Wood 113 

cribs have been widely used in the study of structural fires because they provide a 114 

means to control the void fraction and geometrical arrangement of the fuel elements. 115 



   
 

   

 

Similarly, they can be used to describe a wildland fuel bed in a controlled geometrical 116 

arrangement that approximately mimics that of real large wildland fuels and permits the 117 

systematic variation of the fuel bed porosity and fuel load characteristics. Thus, we 118 

focus on quantifying the smoldering burning rate of wooden fuels at various porosities 119 

under the influence of wind. To this end, a series of experiments were conducted in a 120 

bench scale wind tunnel where fuel beds were simulated using wooden cribs of different 121 

porosity.  122 

Materials and Methods 123 

The experimental approach was to burn wood cribs that simulated wildland fuel beds in 124 

a bench scale wind tunnel with a focus on the smoldering, post-flaming combustion 125 

regime. A schematic of the experimental apparatus is shown in Figure 1. The apparatus 126 

consists of a bench scale wind tunnel with a test section where the fuel bed is mounted 127 

on a platform attached to a load cell located outside of the tunnel. The tunnel test 128 

section is 55 cm long with a 13 cm by 8 cm cross section with windows on the sides for 129 

optical access. In a similar approach to that in McAllister (2019) porous wildland fuel 130 

beds were modeled using small wooden cribs with different porosities. Thus, cribs 131 

represented a porous fuel bed. The cribs were formed with square cross-section wooden 132 

sticks fabricated from commercially available poplar dowels. It is worth noting that in 133 

this study, the porous system of focus is the fuel bed not the wood; thus, wooden stick 134 

density variations are not considered.  135 

Dowels were prepared for crib construction by cutting them to size with a saw, 136 

deburring edges with a carbon steel flat file, and drying them at 105 oC for at least 24 137 

hours. The moisture content (MC) was measured after removing the dowel pieces from 138 

the oven using a moisture analyzer to ensure a moisture content of less than 1%.  To 139 



   
 

   

 

construct the cribs, the wooden sticks were stacked in multiple layers with each layer 140 

oriented perpendicularly to the adjacent layers. No adhesives or nails were used. The 141 

crib porosity was calculated by using formulations first proposed by Gross (1962), and 142 

later refined by Heskestad (1973). Porosity, φ, as defined by Heskestad (1973) is a 143 

function of stick placement within the crib and is defined by, 144 

𝜑 = 𝑠
!
"𝑏

!
" %
𝐴#
𝐴$
' 	 (1) 145 

 146 

where s is spacing and Av and As correspond to the area of the vertical shafts in the crib 147 

and exposed stick surface area respectively, and are defined by,  148 

																					𝐴$ = 4𝑏𝑙𝑁𝑛 -1 −
𝑏
2𝑙 1

𝑛 − 1 −
𝑛
𝑁2
3 (2) 149 

																																							𝐴# = (𝑙 − 𝑛𝑏)" (3) 150 

Equations (2) and (3) correspond to original equations by Gross (1962) reformulated by 151 

Croce and Xin (2005), where b is the stick thickness, n is the number of sticks per layer, 152 

l is stick length, and N is the number of layers. Three porosity values were chosen for this 153 

study based on keeping the initial mass of the crib constant and the geometry determined 154 

by the thickness of the sticks; a summary of the crib parameters is presented in Table 1. 155 

Notably, porosity acts here as a proxy for both the void fraction  and permeability of the 156 

system. The permeability of the wooden cribs is on the order of mega-Darcy which means 157 

the fuel beds are very permeable.  The porosity was estimated at the beginning of the 158 

experiments, as a change in porosity was observed in some experiments. To obtain 159 

instantaneous mass readings, cribs were placed on a false floor of the wind tunnel test 160 

section which is secured to the top of the load cell. Compressed dry air was flowed 161 



   
 

   

 

through the wind tunnel at calibrated centerline velocities equal to 0.5 m/s, 0.75 m/s, 1 162 

m/s, and 1.25 m/s at the leading edge of the fuel for all tests. At several times during the 163 

test campaign the velocity was also measured along the vertical and longitudinal axes of 164 

the test section to assess uniformity of the flow, with variations of less than 10% found. 165 

It should be noted that these flow velocities are near the fuel bed surface and consequently 166 

correspond to significantly higher air velocities at tree canopy level (Albini, 1979). The 167 

air flow velocity is one of several parameters affecting the crib smoldering process; it 168 

affects the rate of oxygen supply to the surface of the fuel but also cools down the wood, 169 

thus affecting the rate of smoldering within the crib. To understand the effect of crib 170 

design on fire behavior, three crib configurations corresponding to low, medium, and high 171 

porosity were used. Non-dimensional porosities for the low, medium, and high porosity 172 

cribs, as calculated by Equation (1) were 0.002, 0.043 and 0.296, respectively. Table 1 173 

summarizes the geometric properties for each crib configuration. Each crib configuration 174 

was burned under the four different wind speeds, thus resulting in 12 experimental 175 

combinations. Each experiment was repeated at least three times for a total of 61 176 

individual experiments. 177 

The cribs were ignited in the flaming regime and allowed to naturally transition 178 

to smoldering, mimicking conditions that would occur as a flaming fire front moves 179 

over large woody fuels and a post-fire smoldering bed remains. Specifically, the cribs 180 

were ignited by soaking them in alcohol (5 ml) and igniting the alcohol with a propane 181 

torch.  Flames would spread throughout the crib and eventually the fire would transition 182 

to a smoldering state. The moment of transition was recorded as the time at which the 183 

last flame was visually present over the dowels. Experiment videos recorded at 30 184 

frames per second, obtained using a camera oriented through a side-view window of the 185 

wind tunnel test section, were used to confirm the time of the full transition from 186 



   
 

   

 

flaming to smoldering. During flaming combustion, the lid of the wind tunnel was kept 187 

open and there was no forced airflow in the wind tunnel, limiting emissions 188 

measurements described below during the flaming regime. The wind tunnel was then 189 

closed, and the air was switched on after the transition to smoldering (an air flow before 190 

a full transition could have caused reignition of the fuel bed into a flaming mode). It is 191 

worth noting that the experiment was not initially designed to examine the mechanisms 192 

producing flaming to smoldering transition, with flaming combustion was only used as 193 

a means to initiate smoldering combustion.  194 

The emissions of combustion products were monitored using an ENERAC 700 195 

emissions analyzer. The ENERAC 700 captures CO, NO, NO2, SO2 and Hydrocarbons; 196 

the device includes a moisture condenser which prevents condensation in the sampling 197 

tube. Sampling was conducted downstream from the crib by inserting the sampling 198 

probe by the exhaust duct of the wind tunnel. The probe was placed along the midplane 199 

of the wind tunnel (see Figure 1). Sampling was conducted at 1 Hz. During the flaming 200 

portion of every experiment, when the wind tunnel was open and the wind was off, 201 

emissions built up along the length of the tunnel, which were all flushed out at once 202 

when the wind was switched on after the smoldering transition. For this reason, the 203 

emissions data was considered to be supplemental information, while the primary data 204 

(mass variation) was recorded by the scale. 205 

The mass was measured using the Radwag PS 1000.R1 precision balance with a 206 

readability of 0.001g which is useful for capturing precise measurements near the end of 207 

the smoldering phase. The mass of the crib was measured for the entire duration of the 208 

experiment (both flaming and smoldering phases). The load cell was connected to a 209 

computer where all of the data, sampled at a rate of 240 Hz, were saved automatically. 210 

The mass data were then analyzed to find the burning rate for experiments of different 211 



   
 

   

 

porosities and wind speeds. Each crib configuration (low, medium and high porosity) 212 

was burned under the four different wind speeds indicated by Table 1 thus resulting in 213 

12 experimental combinations.  214 

Results 215 

The experiments presented here followed the typical sequence depicted by Figure 2. 216 

There it can be seen that, upon ignition, the initially alcohol-soaked crib was allowed to 217 

become fully engulfed by flames. During the flaming portion of combustion, the overall 218 

crib structure typically remained stable with the exception of individual sticks 219 

experiencing deformation; in some instances, sticks would fall off the main structure, 220 

likely due to stick deformation, reduced density, and both ambient and fire-induced 221 

winds. As the flame receded and combustion transitioned to the smoldering regime, the 222 

sticks continued to burn and depending on the crib design, some cribs collapsed from 223 

the center as smoldering combustion progressed. 224 

Figure 3 shows the variation of the crib mass in time, as well as the relative mass loss 225 

rate, for a representative experiment conducted under a 0.75 m/s wind speed using a 226 

crib with medium porosity (see Table 1). The initial mass of the crib in the smoldering 227 

phase is about 6 g; the mass is halved in the first 200 s of the experiments, and then it 228 

takes about 400 s to further reduce the final mass value. The mass loss rate decreases in 229 

time in a similar fashion, decreasing more than five times in the first 200 s of the 230 

smoldering phase.  231 

Figure 4 shows the raw mass loss data from the experiments as function of wind 232 

speed (columns) and porosity (rows). Even under the same conditions, repeated 233 

experiments often start with different initial masses and the burning times, thus it is 234 

difficult to compare the results from different tests. Nevertheless, all experiments seem 235 



   
 

   

 

to follow the same general pattern. They start at a relatively high initial mass at the end 236 

of the flaming ignition period and then decay to lower final mass (see Figure 4). The 237 

rate of decay slows as time goes on. This indicates that after the flaming ignition 238 

transition into smoldering, the smolder burning rate decays toward a semi-constant 239 

value. As it was pointed out above, the flaming ignition of the fuel followed by the 240 

transition to smolder, represents the event that would occur after the passage of a frontal 241 

burning wildfire (post-frontal smolder combustion). Thus, this smolder rate decay is 242 

expected to occur after the passage of the wildland flaming fire front leading to a semi-243 

steady, or residual smolder (Rein 2016) with a burning rate determined by the 244 

characteristics of the woody fuel bed and the environment. 245 

We normalized the experimental data to facilitate the comparison between the 246 

different tests which reveal that this pattern takes place in all the tests and is represented 247 

by an exponential decay as shown in Figure 5. The mass loss and time were normalized 248 

as 249 

𝑚∗ =
𝑚(𝑡) − 𝑚&

𝑚' −𝑚&
	 (4) 250 

and 251 

𝑡∗ =
𝑡
𝑡&

(5) 252 

where 𝑚∗ is the normalized mass, 𝑚& is the final residual mass at the end of the 253 

experiment, 𝑚' is the initial mass at time 0, 𝑚(𝑡) is the mass, 𝑡∗ is the normalized time, 254 

𝑡 is time in seconds and 𝑡& is the final time. We were then able to fit to all data an 255 

exponential decay in the form of Eq. (6) with an R2 value of over 0.96 for each 256 

experiment. We only removed one extreme outlier at a windspeed of 0.5 and medium 257 

porosity. The normalized mass was then fit as an exponential function, 258 



   
 

   

 

𝑚∗ = exp(−𝜆𝑡∗) 	 (6) 259 

where 𝜆 is the exponential decay constant.  260 

The exponential decay was obtained using a burning rate function derived from the half-261 

life via Eq. (7).  262 

�̇�(.* =
𝑚' −𝑚&

𝑡&
0.5
𝑡(.*∗

=
𝑚' −𝑚&

𝑡&
0.5𝜆
ln 2 , (7) 263 

where �̇�(.* is the burning rate based on half-life and 𝑡(.*∗  is half-life.  264 

Figure 6 shows the burning rate for each experimental configuration, with the 265 

relative values reported in Table 3. The mean for all experiments in each experimental 266 

configuration is represented by a dot. Colors represent porosity and the dot size denotes 267 

mean mass loss rate (g/s) with a larger dot corresponding to a greater mass loss rate. 268 

Mean mass loss rate is presented in this plot as a function of wind speed and porosity, 269 

where porosity is on the y-axis, therefore all dots at a particular y location are the same 270 

color; wind speed is presented on the x-axis. This arrangement allows for visualization 271 

of the effect of wind speed and porosity on burning rate. As can be seen in the figure 272 

(and from the values listed in Table 3), high porosity experiments exhibited a gradual 273 

and substantial increase in burning rate with wind speed. For these cases, the burning 274 

rate increased by 45% between 0.5 m/s and 0.75 m/s, by 18% between 0.75 m/s and 1 275 

m/s and by 54% between 1 m/s and 1.25 m/s. In the case of the low and medium 276 

porosity experiments, there is a more modest increase in burning rate with respect to 277 

wind. The low porosity cribs show a much larger increase in burning rate from 0.5 to 1 278 

m/s (about 170%) compared to the case of the medium cribs (about 41%), but they both 279 

show very little variation above 1 m/s (7% and 4%, respectively, for low and medium 280 

porosity cribs). This slight increase in burning rate with the porosity could be a result of 281 

enhanced burning efficiency as oxygen has easier access to the reaction side, and 282 



   
 

   

 

products are transported away. More intense visible glowing during the experiments 283 

provides additional evidence for this hypothesis.  284 

  To assess completeness of combustion, a CO/CO2 ratio was obtained for each 285 

experiment. Only results for the smoldering combustion are presented. The time 286 

dependent CO/CO2 emissions data were averaged for each experiment to obtain average 287 

CO/CO2 ratio for each experimental configuration. The average smoldering combustion 288 

emissions for all experiments for each wind speed is presented in Figure 7. The different 289 

colors in the plot represent the crib porosity values (low, medium, high). Despite the 290 

large standard deviation between the data points, which is something relatively common 291 

for realistic smoldering investigations (Hakes et al., 2019), some observations can be 292 

made. Trendlines were fitted across experiments of equal porosities in order to 293 

understand the effect of wind speed. With this approach it was observed that, in general, 294 

CO/CO2 emissions decreased with wind speed. Furthermore, for wind speeds of 0.5 295 

m/s, 0.75 m/s and 1.25 m/s, the mean CO/CO2 ratio increased with porosity. The 296 

greatest increase in mean CO/CO2 ratio with respect to porosity occurred for the lowest 297 

wind speed, 0.5 m/s. 298 

Theoretical Analysis 299 

We will concentrate here on deriving a physical explanation for the exponential decay 300 

of the mass loss rates observed in the experiments reported in the previous section.  The 301 

analysis describes the decay in the smolder rate that would be expected to occur after 302 

the passage of the wildfire flaming front.  303 

Ohlemiller (1985) argued that smoldering systems are controlled by two physical 304 

processes: oxygen supply and heat losses. These results were derived for porous fuels, 305 

which differs from our novel experimental set-up that resembles a porous system with 306 



   
 

   

 

porous fuels within.  Concerning the controlling mechanism proposed by Ohlemiller 307 

(1985) the two physical processes are related, since the oxygen supply will determine in 308 

part the burning and heat release rate, and the heat losses the balance of energy that 309 

sustains the smolder burning. In this section, we will test the hypothesis that the 310 

interplay between the oxygen supply and the heat losses can explain the observed 311 

exponential decay. If a process is controlled by oxygen supply, which means the rate of 312 

reaction is limited by the supply of oxygen, then we will call the process mass transfer 313 

controlled/limited. If a process is controlled by heat losses, which means the rate of 314 

reaction is limited by the temperature at the reaction front, then we will call the process 315 

heat transfer controlled/limited. To this end, we will first derive a simple analytical 316 

model for oxygen supply followed by a simple model for heat losses.  317 

For the first case, a mass transfer, or shrinking-core, model, we will assume that 318 

if the burning of a single stick in the crib is mass limited then the process of the whole 319 

crib burning is limited. To this end, we will approximate a single wooden stick as a 320 

porous cylinder (called a pellet) in which the grains are also of cylindrical shape (called 321 

grains). This set-up allows us then to use the shrinking-core model by Sohn and Szekely 322 

(1972). To use their model, we implicitly assume that smoldering takes place only at the 323 

surface of the grains, that diffusion mass transfer within the pellet is limiting, and that 324 

the reaction rate is fast compared to mass transfer (Froment, Bishoff and De Wilde, 325 

2011). These assumptions allowed Sohn and Szekely to derive Eqs. (8-10),  326 

𝑡+,-. = 1	 − (1 − 𝛼)(.* + 𝜎" %𝛼 + (1 − 𝛼) 𝑙𝑛(1 − 𝛼) +
2𝛼
𝑁$/

' , (8) 327 

 328 
 329 

where 𝛼 is called conversion and defined in Eq. (9)  330 

𝛼 = 1 −𝑚∗	 (9)  331 

and 𝑡+,-. is the normalized mass that can be converted to 𝑡∗∗ using Eq. (10) 332 



   
 

   

 

𝑡∗∗ =
𝑡+,-.

𝑡+,-.(𝛼 = 1)
. (10) 333 

The parameter 𝜎 is a function of the surface areas and volume of the grain and pellet, 334 

the rate constant, the diffusion coefficient, and porosity. The parameter 𝑁$/ is the 335 

modified Sherwood number, which is assumed to be equal to three. Further details on 336 

the derivation, their assumptions, and limitations can be found in Sohn and Szekely 337 

(1972) and Froment, Bishoff and De Wilde (2011).  338 

In Figure 8, we present a comparison between the experimental results and the 339 

shrinking-core model (Eq. (8) – (10)) with the two limiting cases of 𝜎 → 0 and 𝜎 → ∞. 340 

The figure shows that the shrinking-core model is able to reproduce the exponential 341 

trend but cannot quantitatively capture the smoldering behavior of the crib. In fact, the 342 

experimental data lie outside the theoretical limit—that is the experimental curves are 343 

on the left of the shrinking-core model with 𝜎 → ∞, which suggests that mass transfer 344 

alone does not control this smoldering process.  345 

The second hypothesis we tested is that heat losses control the decay parameters. The 346 

underlying physical explanation is that we had a strong ignition that is followed by 347 

weak smoldering. This means that the smoldering isn’t self-sustained and feeds from the 348 

residual heat of the ignition process.  To test this hypothesis, we made the following 6 349 

assumptions:  350 

(1) Each stick burns individually and can be modelled as a cylinder of char.  351 

(2) The rod can be assumed to be at a uniform temperature throughout (lumped 352 

capacitance assumption) 353 

(3) The rod burns uniformly with 𝑟 → 0 and 𝑙 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 354 

(4) No heat is generated, as generation of heat during smolder is small compared to 355 

the loss of heat to the surrounding.  356 



   
 

   

 

(5) The shrinking rate (dr/dt) is controlled by a one-step chemical kinetic reaction 357 

(6) Mass transfer is infinitely fast 358 

These assumptions lead us to effectively model a cooling shrinking cylinder. We can 359 

write that the change in thermal energy in the cylinder is given by Eq. (11), 360 

𝑑𝑄
𝑑𝑡

= 𝑐0𝑚
𝑑𝑇
𝑑𝑡

= 𝑐0𝜌𝜋𝑙	𝑟"
𝑑𝑇
𝑑𝑡
. (11) 361 

where 𝑄 is the thermal energy, 𝑐0 the heat capacity, 𝑙 the length of the cylinder, 𝑟 is the 362 

current radius of the cylinder, and 𝑇	the temperature of the cylinder.  363 

The heat losses are then given by Eq. (12).  364 

𝑑𝑄
𝑑𝑡

= −ℎ𝐴	𝛥𝑇 = −ℎ2𝜋𝑙𝑟	𝛥𝑇	 11 +
𝑟
𝑙2
	 (12)	 365 

where ℎ is the convective heat transfer coefficient adjusted for radiation, A is the 366 

surface area of the cylinder, and Δ𝑇 the temperature difference between the cylinder and 367 

environment.  368 

We can then equate Eq. (11) and (12) to get Eq. (13) 369 

𝑑𝑇
𝑑𝑡 = −

2ℎ
𝜌𝑐0𝑅

	%1 +
1
𝜄 	
𝑟
𝑅'

1

1𝑟𝑅2
	𝛥𝑇	 (13) 370 

where 𝜄 is the aspect ratio, 𝑅 is the initial radius, and Δ𝑇 = 𝑇 − 𝑇1 with 𝑇1 being the 371 

ambient temperature. Introducing a new variable 𝛼 given by Eq. (14), 372 

𝛼 = 1 − 1
𝑟
𝑅2

"
	 (14) 373 

we can then define the shrinking of cylinder by Eq. (15) and express the whole equation 374 

in terms of r using Eq. (14).   375 

𝑑𝑟
𝑑𝑡
= −𝜂(1 − 𝛼) = −𝜂	 1

𝑟
𝑅2

"
= −𝐴	𝑒𝑥𝑝 %−

𝐸
𝑅2𝑇

' 1
𝑟
𝑅2

"
	 (15)	 376 



   
 

   

 

Where 𝜂	is the rate constant, A the pre-exponential factor, E the activation energy, and 377 

𝑅2 the universal gas constant. Eq. (15) can be expressed completely in terms of r/R by 378 

multiplying both sides by 1/R to get Eq. (16). 379 

𝑑 1𝑟𝑅2
𝑑𝑡

= −
𝐴
𝑅
	𝑒𝑥𝑝 %−

𝐸
𝑅2𝑇

' 1
𝑟
𝑅2

"
	 (16)	 380 

After solving Eq. (13) and (16) numerically, we normalized the time following Eq. (5). 381 

The parameters used are given in Table 2, but we found that after the normalization of 382 

time the choice of parameters has an insignificant influence on the result.  383 

Figure 8 illustrates the comparison between the heat transfer model (Eq. (13) 384 

and Eq. (16) with the experimental data and the mass transfer model (Eq. (8)). Just as 385 

the mass transfer model, the heat transfer model can reproduce the exponential trend. In 386 

fact, the two models encapsulate most of the experimental data. This encapsulation 387 

suggests that the experiments are a result of the interplay between mass transfer and 388 

heat losses as predicted by Ohlemiller (1985). Neither mass transfer nor heat transfer 389 

alone can explain the exponential decay, but likely a combination thereof is needed. 390 

One limitation of the heat transfer model is that it never fully converts to 𝛼 = 1 as the 391 

heat losses cause the reaction to slow down to much as 𝛼 → 1. We were, therefore 392 

forced to normalize the curve to 𝑡(𝛼 = 0.98).   393 

Discussion 394 

At first glance, the theoretical results appear trivial as they have been shown 395 

previously for other smoldering systems. These other smoldering system are categorized 396 

by Torero et al. (2020) as either a solid porous fuel (e.g., a block of wood, foam, etc) or 397 

as condensed fuels in an inert media (e.g., tar in sand) (Torero et al., 2020). Our system 398 

is neither of those two, as we have a smoldering wood crib which presents a porous 399 



   
 

   

 

system (the crib) made out of a porous fuel (the wood). The system is, therefore, novel, 400 

but our analysis suggest that it can be modeled using the same tools as for traditional 401 

smoldering systems.   402 

The mean burning rate across all experiments is presented in Figure 6, where it 403 

can be observed that, overall, the mean burning rate increased with wind speed. This 404 

increase in burning rate is likely a consequence of enhanced oxygen transport bolstering 405 

the reaction process as found for other smoldering systems (Ohlemiller, 1985; Rein, 406 

2016). This is a general trend in all smoldering fuels, where for instance in polyurethane 407 

fuels, wind is likely to affect smoldering fire behavior through altering oxidizer supply 408 

and heat transfer to and from the fuel (Torero et al. 1993). In woody fuels, the presence 409 

of an external wind flow enhanced smoldering behavior by promoting char oxidation 410 

and heat release rate (Ohlemiller 1991). Although this effect offsets initially the increase 411 

in heat losses with wind speed, as the wind is increased further the heat losses become 412 

dominant and the smolder burning rate decreases with the wind (Torero and Fernandez-413 

Pello, 1996)  414 

With respect to the emissions measurements, increases in wind speed served to 415 

decrease the CO/CO2 ratio in most cases. Being that CO/CO2 is generally a measure of 416 

completeness of combustion, this parameter’s increase with wind could be attributed to 417 

an increase in oxygen supply which acted to promote the smolder oxidation process. 418 

Further, as indicated by Rein (2013) CO2 will typically increase with increased oxygen 419 

access while CO will decrease, thus corroborating decreases in CO/CO2 with increased 420 

wind speed. In the case of the experimental results here, one may tie together the 421 

burning rate and emissions measurements by observing that increasing the wind speed 422 

served to promote the smolder combustion process as exhibited by the increased 423 

burning rate and decrease the CO/CO2 ratio. Furthermore, the hydrocarbon emissions 424 



   
 

   

 

from the ENERAC 700 were analyzed to reveal that these emissions were negligible at 425 

almost all points of the experiment. The only spike in hydrocarbons was experienced 426 

right after ignition in the flaming region due to the presence of the alcohol. In the 427 

smoldering regime, the hydrocarbons were within the accuracy of the ENERAC 700, 428 

which is 4 PPM. 429 

Summary and Conclusions 430 

We studied the smoldering burning behavior of simulated wildland fuels through 431 

bench scale wind tunnel experiments. Woody wildland fuels were simulated using cribs 432 

which are wooden structures constructed by stacking layers of sticks.  Three crib 433 

designs were tested, these corresponded to cribs with low, medium and high porosity. 434 

The effect of wind on burning behavior was tested by imposing 0.5 m/s, 0.75 m/s, 1.0 435 

m/s and 1.25 m/s winds.  Results showed that overall, the mean smolder burning rate 436 

increased with wind speed and porosity, but the latter provides a very weak trend for the 437 

present experiments. Further, the ratio of CO/CO2 emissions decreased with wind 438 

speed. In this way, increasing the wind speed likely served to promote the smolder 439 

combustion process thus increasing the burning rate and decreasing the CO/CO2 ratio.  440 

Analysis of time series mass data surfaced an exponential decay behavior across all 441 

experimental conditions tested. A theoretical analysis found that, although both the heat 442 

and mass transfer models reproduced the exponential decay trend, both had some 443 

limitations in completely matching the experimental data. Thus, the analysis showed that 444 

neither mass transfer nor heat transfer alone can explain the exponential decay. It is 445 

therefore proposed that instead, a combination of both mass and heat transfer could be 446 

driving the exponential decay. This result is consistent with the consensus of the literature 447 

on other smoldering systems.  448 



   
 

   

 

It is worth noting that the results here are representative of the conditions tested.  449 

In this study, fuel uniformity was achieved by using commercially available poplar 450 

dowels, visibly free of imperfections that were oven-dried to reach a moisture content of 451 

less than 1%. Maintaining fuel uniformity allowed for increased experimental control. In 452 

this regard, we recognize that the fuels in this study are representative of idealized woody 453 

fuels and that real fuels will likely exhibit characteristics such as higher moisture contents 454 

and, in the case of downed trees, these fuels may be covered in layers of bark depending 455 

on the period of time that has progressed since tree death (Maser et al., 1979).  Thus, to 456 

continue advancing towards greater understanding of smoldering behavior in real woody 457 

fuels will require addition of new parameters to progressively capture the influence of 458 

fuel properties on burning behavior. Further, the scale of the cribs in this study, although 459 

of similar scale as that of surface fuels, was much smaller than that encountered in real 460 

fires, necessitating future studies with larger-diameter fuels and systems. Despite these 461 

limitations, in this study we have identified the extent to which wind and porosity affect 462 

smoldering rate in dry woody fuels, forming the basis for future experiments which may 463 

examine a wider variety of woody fuels under different moisture contents, geometries, 464 

and at larger scales. This knowledge may eventually be useful to incorporate the effect of 465 

wind on smoldering of woody fuel beds in practical models, as it is clearly shown in this 466 

work that wind effects burning rates and CO/CO2 ratios that would influence results 467 

describing post-frontal combustion from these practical models.  468 

The results here represent first steps in understanding the burning behavior of simulated 469 

woody fuels experiencing post-frontal, residual smolder combustion in a wildland fire. 470 

We have shown that wind speed affects burning behavior and that fuel porosity will 471 

influence the degree to which wind may enhance the burning behavior. The theoretical 472 



   
 

   

 

analysis conducted here pointed to a combustion process governed by both mass and 473 

heat transfer as well as chemical kinetics, to an extent.  474 
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Table 1. Summary of crib configurations 579 

Configuration Stick Length 

(in., mm) 

Stick Width 

(in., mm) 

Sticks per 

Layer 

Number of 

Layers 

Porosity 

Low 1.33, 33.7 0.25, 6.4 12 3 0.002 

Medium 2, 50.8 0.38, 9.7 3 3 0.043 

High 2.65, 67.3 0.50, 12.7 2 2 0.296 

 580 

Table 2. Overview of the input parameters to the heat transfer model (Eq. (11) and 581 

(14)). The material properties are taken from the char of softwood, the geometry 582 

parameters are measured, and the kinetic parameters are taken as the kinetic parameters 583 

for the oxidation of char. 584 

 585 

Parameter Value Units Reference 
𝜌 361 kg/m2 (Richter and Rein, 

2020) 
ℎ 20 W/m2-K Assumed 
𝑐0 2300 J/kg-K (Richter and Rein, 

2020) 
𝜄 5.3 - Measured 
𝑅 0.01 M Rounded average 

stick width 
log 𝐴 9.75 log 1/s (Richter and Rein, 

2020) 
𝐸 1600 kJ/mol (Richter and Rein, 

2020) 
𝑇1 300 K (Richter and Rein, 

2020) 
 586 
Table 3. Average burning rate values shown in Fig. 5, as function of wind speed and 587 
crib porosity. 588 
Wind speed (m/s) Porosity Burning rate (g/s) Standard deviation 

(g/s) 

0.5 0.002 (low) 0.00586 0.00385 



   
 

   

 

0.5 0.043 (medium) 0.00908 0.0037 

0.5 0.296 (high) 0.00456 0.000614 

0.75 0.002 (low) 0.0129 0.00485 

0.75 0.043 (medium) 0.00963 0.00507 

0.75 0.296 (high) 0.00659 0.00126 

1 0.002 (low) 0.0162 0.00941 

1 0.043 (medium) 0.0121 0.00426 

1 0.296 (high) 0.00779 0.00156 

1.25 0.002 (low) 0.0174 0.00499 

1.25 0.043 (medium) 0.0126 0.00182 

1.25 0.296 (high) 0.012 0 

 589 

 590 

Figure 1 Schematic of experimental apparatus. 591 



   
 

   

 

 592 

Figure 2 Evolution of a typical burn where 1) is the pre-burn period, 2) is the flaming 593 

combustion period, 3) is the smoldering period and, 4) is near the end of the experiment.  594 

 595 

 596 

Figure 32 Representative results for a smoldering crib exposed to a wind speed of 0.75 597 

m/s (and medium porosity) in terms of mass (left) and mass loss rate (right) variations 598 

in time. The raw data (blue dots) are smoothed to obtain the orange lines. 599 

 600 
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 602 

Figure 4 Overview of the mass loss in the smoldering region at four windspeeds 603 

(columns) and three porosities (rows). The data are raw (no smoothing), and the times 604 

reset to 0 to start at the beginning of smoldering. The start of smoldering was observed 605 

visually in the experiments.   606 
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 608 

 609 



   
 

   

 

 610 

Figure 5 Overview of the raw data normalized with respect to the experimental time and 611 

total mass loss. The data show an exponential decay after the normalization. Each 612 

column represents one windspeed and each row represents one porosity. 613 

 614 

 615 

Figure 6 Average mass loss rate by varying porosity and wind speed. 616 
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 620 

 621 

Figure 7 Average CO/CO2 measured with the ENERAC 700 during the smoldering 622 

phase of the cribs. 623 



   
 

   

 

 624 

 625 

Figure 8 Comparison between the experimental results and the two derived models for 626 

heat transfer and mass transfer respectively. HT stands for heat transfer model which is 627 

the numerical solution of Eqn. 11 and 14. MT stands for the mass transfer model which 628 

is Eqn. 5, and the number behind (0 and 106) are the values of 𝜎. 629 
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