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Many wildfire behavior modeling studies have focused on fires during extreme conditions, where the dominant
processes are resolved and smaller-scale variations have less influence on fire behavior. As such, wildfire
behavior models typically perform well for these cases. However, they can struggle in marginal conditions (e.g.
low-intensity fire) as small-scale variations significantly influence fire physics at scales below grid resolution.
In an effort to generalize wildfire behavior models and improve their overall performance, we have developed

a new set of equations for wet and dry fuel to capture the finer-scale sub-grid variations in temperature and
moisture. We explore the behavior of these equations in simple scenarios ranging from high- to low-intensity
fire. Furthermore, we evaluate the performance against observations of surface fire. In all cases the proposed
model performs well after peak temperature is reached; however, the rise of fuel temperature at the onset of
combustion is faster than expected.

1. Introduction

Wildfire behavior and spread is influenced by many complex pro-
cesses, such as the exchange of mass, momentum, and energy through
non-linear convective and radiative heating and cooling, combustion,
and turbulence (Linn, 1997; Mell et al., 2007; Linn et al., 2002; Mell
et al., 2009; Accary et al., 2014). These interactions depend heavily
on the dynamic and heterogeneous turbulent flow fields that con-
nect fire to its environment, including the surrounding atmosphere,
fuels (dead and live vegetation) and topography. Current physics-based
fire behavior models leverage computational fluid dynamics (CFD)
techniques to represent the coupled fire-atmosphere interaction using
partial differential equations (Linn, 1997; Mell et al., 2007; Morvan
et al.,, 2018). An overview of fire models can be found in Sullivan
(2009). Since fires (both wildfires and prescribed) occur at large spatial
scales (hundreds of meters to hundreds of kilometers) and involve
complex non-linear processes occurring at a wide variety of scales
(e.g. atmospheric eddies hundreds of meters wide and reactions oc-
curring in millimeter-diameter conifer needles), it is not currently
feasible to resolve important phenomena over all these scales. Thus,
in order to simulate wildland fires at landscape scales (100s of meters
to kilometers or larger), compromises on resolution must be made

to offset computational limitations in large study areas (Linn et al.,
2002; Linn and Cunningham, 2005a). As cell sizes increase, physics-
based models are unable to resolve fine-scale, sub-grid processes and
variations that have non-negligible influences, thus parameterizations
must be developed to capture the net or aggregated effects of sub-grid
phenomena. This need is analogous to the development of turbulence
closure models that capture the net effects of variations in a flow field
that cannot be resolved.

Recent CFD-based wildfire studies have focused on understanding
the behavior of high-intensity wildfire scenarios (e.g. Hoffman et al.,
2015, 2016; Marshall et al., 2020; Banerjee et al., 2020; Banerjee,
2020; Frangieh et al., 2018). These cases pose significant risks to peo-
ple, communities, and infrastructure and are the most challenging to
manage and suppress (Martell, 2001). The characteristic length scales
of dominant fire phenomena (e.g. flame length) and fire geometry
(e.g. fireline depth) typically increases with intensity of the fire (Byram,
1959). Simultaneously, the sensitivity of fires to fine-scale variations
in the ambient environment (e.g. turbulence or fuel heterogeneity) and
the impact of fine-scale variations in fire conditions (e.g. temperature
or moisture variations) decreases with the increase in the characteristic
length scales. When environmental conditions are conducive to extreme
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Fig. 1. Conceptual examples of (a) length scales in high intensity fire and (b) length scales and cell level heterogeneity in low intensity fire within a single computational grid

cell.

Source: Figure (a) photo credit: Rex Hsieh, FPInnovations taken at Pelican Mountain (Thompson et al., 2020) and Figure (b) photo credit: Ginny Marshall, Natural Resources

Canada.

fire (i.e., hot, dry and windy Potter and McEvoy, 2021) and fires
are intense, existing physics-based wildfire behavior models are typi-
cally able to appropriately capture fire spread and fire intensity (e.g.
Hoffman et al., 2016) since the dominating processes can generally be
resolved and the impacts of sub-grid heterogeneities in temperature,
wind, turbulence, fuel and moisture are less significant. An example
of fire and fuel within a single computational cell for high intensity
fire is shown in Fig. 1la. However, during lower-intensity fires, the
spatial scales of fire behavior are smaller and the importance of finer-
scale variations in fire activity and fire environment is greater than
during high-intensity fire (Jonko et al., 2021; Linn et al., 2021; Parsons
et al., 2011; Zhou et al., 2005). As the relevant length scales (e.g. flame
length) of the fire decrease to below model resolution, physical wildfire
behavior models struggle as a greater fraction of the critical fire-
behavior-determining processes cannot be explicitly captured and must
be captured by subgrid models (Linn, 1997; Veynante and Vervisch,
2002; Im et al., 1997). For example, there can be significant hetero-
geneity in temperatures of both gases and solids within unresolved
volumes under these marginal conditions (hotter and cooler regions
with respect to the mean resolved temperature) as is illustrated in
Fig. 1b. Capturing the influences of this heterogeneity is important as
it directly relates to the drying and combustion processes and thus the
spread of fires. With increasing desire to consider the ecological effects
of fires, the role of flanking and backing fires, and the use of prescribed
fires, the importance of representing low intensity fires is increasing.
Physics-based coupled fire atmosphere models, such as FIRETEC
(Linn, 1997; Linn et al., 2002), use a series of coupled partial differ-
ential equations to track the evolution of mass, momentum, energy,
turbulence and species of gases moving around a fire, and the mass,
moisture content, and temperature of the fuel (dead and live vegeta-
tion). In FIRETEC, as well as other similar models such as the Wildland
Fire Dynamics Simulator (WFDS; Mell et al., 2007, 2009), the solution
of these coupled partial differential equations is done numerically
on a three-dimensional grid. Typical grid sizes for simulations with
kilometer-scale domains is on the order of meters for both FIRETEC
and WFDS. The temperature and moisture variations that govern some
ignition and drying processes can thus be explicitly resolved on me-
ter scales, but even at sub-meter scales there can be distributions
of temperatures and moisture contents. Currently, FIRETEC employs
the notion of a probability distribution function (PDF) of tempera-
tures within each grid cell to determine the moisture evaporation and
combustion rates. Using this approach, FIRETEC avoids having a step
function in the rate of evaporation or combustion associated with the
mean temperatures reaching critical values such as evaporation and

combustion temperatures. Instead, by accounting for the existence of
a distribution of temperatures allows for a crude representation of
the fact that a small fraction of the fuel might be hot enough to
evaporate water or begin to combust. This approach has shown promise
for some high-intensity fire scenarios based on model agreement with
observations. However, the current formulation, which assumes a static
subgrid temperature distribution shape, still presents challenges for
low-intensity fire due to the significance of the sub-grid temperature
variations which is greater than in high-intensity fire scenarios. For
example, during high-intensity fire, which is characterized by highly
turbulent flow and mixing (Clements et al., 2008; Seto et al., 2013;
Clements and Seto, 2015; Clark et al., 2020), and flame lengths much
larger than a single cell, the entire control volume (computational cell)
would be relatively well mixed after the flame front has moved through
the cell and combustion will occur in most (if not all) the fuel. In these
cases, the cell size is small relative to the size of the flames and fireline
depth. Conversely, during low-intensity fire, where flame lengths are
much smaller than the cell and mixing is much lower, there can be
regions of cool unburned fuel, regions of hot burning fuels, and regions
of burned cooling fuel (Desai et al., 2021). As the importance of fine-
scale variations increases with decreasing physical scales of the fires
(lower intensity), the need for a more dynamic and scenario-dependent
representation of the distributions of sub-grid variations increases.

The current FIRETEC formulation explicitly tracks a mean solid
fuel temperature and allows an assumed temperature variance. The
combination is used to determine how much of the fuel is hot enough
to evaporate water and to begin combusting as the temperature of the
mean fuel increases. For example, by including the notion of the distri-
bution of temperatures within a cell (some hot locations and some that
might be still at ambient) water can start being evaporated in some hot
regions while the temperature is still at ambient levels in other parts of
the cell. What is missing in the current/original formulation is scenario-
dependent methodology for determining the width of the distribution,
which will be determined by environmental factors such as wind speed,
gas temperature variation, and even initial moisture content levels.
Furthermore, the current formulation does not distinguish between
wet fuels and dry fuels individually, but instead tracks only a single
fuel mean fuel with a dynamic average moisture content. In reality,
simultaneous processes could occur within a control volume, in which
water evaporates from wet fuel to produce dry fuels, while at the same
time, dry fuels may be subject to pyrolysis and combustion. In lower-
intensity fire regimes, where the coincidence of drying and combustion
occurring in the same cell increases, it is challenging to represent the
influences of temperature distributions with a single energy equation
for the solid fuel.
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In an effort to improve the representation of subgrid processes
related to temperature and moisture variation within a computational
cell, we are working as part of a larger research initiative toward the
implementation of a new set of equations describing the evolution of
the variation of gas temperatures and both wet and dry solid tem-
peratures. Particularly in this manuscript, however, we develop and
propose a new set of equations that incorporate the conservation of
mass and energy for the dry and wet fuels, individually, to ensure
the model can better represent sub-grid combustion and evaporation
processes simultaneously. This sets the first step towards completing
our larger research initiative. To this end, the current manuscript is
structured such that we outline the derivation of these new equations in
Section 2, followed by a description of the proof of concept simulations
in Section 3. We then present the results from a set of simple scenarios
in Section 4. Main conclusions are presented in Section 5.

2. Model formulation
2.1. Equations for temperature of wet and dry fuel

Critical processes governing the spread of wildland fire depend on
the temperature of the combustible material. In most natural scenarios
the fuel is initially a combination of combustible biomass and water.
The amount of water in the fuel is expressed as the fuel moisture
fraction, which we define in the context of this manuscript as the mass
of water divided by the mass of the oven-dried combustible biomass (or
moisture content which is the moisture fraction written as a percent).
This fuel moisture influences the temperature dynamics of combustible
material because it adds significant thermal mass to the fuel and adds
an energy sink associated with the evaporation of water. The initial
water content of live fuels depends largely on plant physiological
processes, which respond to a variety of environmental factors, such
as seasonality, and available water in the ground (Jolly et al., 2014).
The ambient water content of the dead fuel is a dynamic quantity that
depends on the history of the local humidity and the size and shape of
the biomass. Fine fuels equilibrate with the atmospheric moisture levels
rapidly (<1 h), whereas thicker fuels take 10s, 100s or even thousands
of hours to equilibrate (van der Kamp et al., 2017). Since wildland fire
spread is heavily dependent on the fine fuels such as foliage, grasses or
twigs our attention is currently focused on the dynamic conditions of
this subset of the biomass, but future work will be needed to include
larger fuels in this formulation as they are important for determining
fire emissions, fire effects, and the sustaining of ignitions.

An equation for the evolution of the temperature of the solid
(combustible fuel and associated water content) at a single point can
be achieved by beginning with the equation for the conservation of
internal energy of the solid (Linn, 1997). Then we subtract the conser-
vation of mass equation multiplied by the temperature of the solid, T,
and specific heat, Cp> which is a mass-weighted specific heat capacity
of the combined wood (c, , = 2500 ] kg~! K=!) and water Cppuer =
4200 J kg~! K=1). For this purpose, the temperature of the biomass and
water content are assumed to be the same value since the fuels are
thermally and moisture thin. Equations of this sort are currently used
in physics-based wildland fire models such as FIRETEC, as is shown
in Eq. (1) (Linn et al., 2002; Linn and Cunningham, 2005b). In this
equation, the bulk density of the solid, p,, is treated as the sum of the
bulk density of water, py, ¢, and fuel, p,. The combined internal energy
of the fuel and water is the product of p,, T;, and the mass-weighted
specific heat, c, .

T,
¢, 05— = 4ha (T=T )+ Fy (H O~cy TopicN )= Fyyo (it 0 ¢ Toap)

(€Y

In Eq. (1), ¢ is time, ¢ is the net radiation heat transfer rate per unit
volume, h is the convective heat transfer coefficient, a, is the area
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per unit volume of the fuel in a cell, T, is the local temperature of
the gas, F, is the mixing-limited reaction rate as described by Linn
(1997), H; is the heat of combustion of the fuel, © is the fraction
of the reaction energy that is deposited directly back to the fuel, T,
is a critical local temperature for pyrolysis (taken to be 600 K in this
manuscript, which is consistent with the critical temperature currently
used in FIRETEC), N f is a stoichiometric coefficient for the net burning
reaction as described by Drysdale (1985), Fiy,0» is the rate of water
evaporation, Hy ¢ is the heat of vaporization of liquid water, and T,
is the temperature of water vaporization at standard pressure. For a
single location, Fy o only has a non-zero value when the temperature
of that location is T,,, and above this temperature the moisture content
is zero. F; begins (is non-zero) at the critical temperature, but it
can persist at higher temperatures since combustion depends on other
factors, such as oxygen concentration and mixing.

There are challenges associated with applying this equation in
numerical simulations, where computations are not performed at every
single point but are instead used to describe the mean temperature in
a control volume or computational cell. In the case of models designed
for landscape-scale fires, length scales in these control volumes can be
on the order of meters. In such volume sizes, there can be a mixture
of states (e.g. distribution of temperatures and a mixture of fuels that
are wet and have begun drying) that are not explicitly resolved (Linn,
1997). For example, it is possible to have fuel that is wet, drying, dried
and heating up, and combusting all in the same computational cell,
especially in the context of low-intensity fires. In an attempt to account
for the fact that there was likely a range of temperatures within the
control volume, the concept of temperature distribution or PDF was
introduced (Linn, 1997) in the reaction rate and later to the moisture
evaporation. This concept, which captures the presence of both warm
and cold fuel within a volume, allowed moisture to begin to evaporate
before the mean temperature reached vaporization temperature and for
combustion to start even before all of the moisture was evaporated.
In the original implementation of FIRETEC (Linn, 1997; Linn et al.,
2002), however, there was no mechanism that allowed for the PDF
width or shape to dynamically evolve based on the fire environment
(i.e., the distribution is fixed and does not evolve and adapt). This
presents challenges to the generality of the model and its applicability
to portions of low-intensity fire since it cannot be assumed that the
distribution is universal in all fire-scenarios.

In order to increase the generality (flexibility or range of scenarios
that are applicable) of this approach, it is necessary to incorporate
a dynamic PDF that adapts to the fire environment. During the de-
velopment of the original formulations (Linn, 1997) and subsequent
model improvement efforts, attempts to derive the governing equa-
tions for the dynamic width, or standard deviation, of the PDF for
the solid temperature distribution ran into challenges related to the
phase change threshold associated with moisture evaporation. The
equations for a variance of the temperature distribution were tractable
for temperatures above and below the temperature of evaporation. In
this original formulation, the amount of moisture associated with the
fuel was tracked and one could back out the fraction of the solid that
was wet and dry, but it was not possible to track the temperature of
the wet and dry components separately and thus it was difficult to
estimate the fraction of the fuel that was hot enough to combust and
the fraction that still had moisture to evaporate. Thus, in order to better
track the distribution of temperatures, the evaporation of water, and
the potentially simultaneous combustion processes that occur within a
control volume, we propose a new alternative approach to capture the
evolution of wet and dry solids.

For this newly proposed approach, we partition the solid fuel into
two categories or states; wet and dry. The wet fuel is the biomass that
has the initial moisture content (determined by the ambient conditions
pre-fire) and dry fuel is the biomass that has had the moisture driven off
as a result of heating by the fire. Using this construct, the bulk density
of the fuel-moisture mixture, p,, is the sum of dry fuel, p,, and wet fuel,
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P> and water, PH,0- This is illustrated in Eq. (2), where wet fuel and
water can be combined to obtain the bulk density of the wet solid, that

is Psw = Puw t+ pH20’

Ps = Pg + Py + PH0 = Pa + Py 2

The conceptual division between the wet and dry fuel is based on the
notion that fuel is initially wet and then it is dried to generate dry
fuel. We assume that all fuel within a control volume has the same
initial moisture fraction, or ratio, r,.; (Fn.is > 0), which remains
constant for the wet fuel. While it is possible to have multiple fuels
with differing moisture contents co-existing within a single cell, for
simplicity we adopt only one representative fuel with a single moisture
fraction. Additionally, the moisture fraction of the wet fuel remains
constant since the water evaporation in a fuel particle results in the
creation of dry fuel (and consistent removal of wet fuel). Thus, we
are tracking moisture in the cell through the shifting mass balance of
wet fuels, which remain at the initial moisture level, and dry fuels,
which always have zero moisture. The total moisture fraction of the
cell (mass-weighted average moisture combining wet and dry fuel
components) will evolve and decrease with evaporation. Furthermore,
there is initially no dry fuel since even dead fuels (e.g. dry needles
and dried grass) have a non-zero equilibrium moisture content with
the atmospheric humidity (even in extremely dry conditions dead fuel
moistures are typically above 0.03 or higher, however, moistures can
be as low as 0.01 or lower (Aguado et al., 2007)). Thus, the bulk density
of the wet solid is the same as the bulk density of the solid, p,,, = p;,
at the initialization.

With this in mind, the conservation of mass equations for the water
and the wet fuel based on the rate of evaporation of water per unit
volume, Fy,o, are:

apHZO
120 = o €)
9w _ _ Fmo @
ot rmoist,w

where the moisture fraction of the wet solid is given by:
PH,0
Pw ’

The term r,,,,, , must be greater than zero since the wet solid fuel
will never be completely dry, but r,,, , can be larger than one which
simply indicates that the mass of the water is larger than the mass of
the biomass. For example, a live deciduous leaf could have a moisture
fraction of 2, meaning the mass of water contained in the leaf is twice
that of the dry mass.

We assume that py,, approaches zero at a rate proportional to
the rate that wet mass becomes dry. Thus, r,,, , remains a constant
even when water is completely evaporated. We can then form the
conservation of mass of the wet solid and its moisture, py,,:

(5)

rmoisl,w =

9P < 1
—r = _FI_170 1+ s (6)
ot - P moist,w

where mass loss from the wet fuel conservation equation corresponds
to a mass source in the conservation of dry fuel equation:

dp, Fy,0
7 = —Ffo + .

@)
rmoixt,w

The additional sink term in Eq. (7), —F; N, corresponds to the mass
loss rate due to the burning of dry fuel. Using the definition of the two
different categories of solids, we can then write conservation equations
for the internal energy of both wet and dry solids respectively,

0

Cpyus PswTw

Py = q,+ha,, (T,-T,)+F/H,0,

Cpf
_FHZO <CPH20 + P Tvap - FHZOHHZO (€)]

moist,w
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and
6cpf paTy

o =qq+ha, T, —Ty)+ F H0,

c

+ FHZO TUGP - Ff Nprf T ombust ©

T, moist,w

where ¢, pop = PH0C o T O Puws Cp is the mass weighted specific
st ) 5w
heat capacity of the wet fuel, 7, is the dry fuel temperature, T,, is

the wet fuel temperature, 7, is the gas phase temperature, 0, and
O, are the fraction of combustion energy that is directly deposited on
the wet and dry solid respectively, T,,,.: 1S the temperature at which
combustion occurs and solid fuel mass is converted to gaseous products,
and & is the convective heat transfer coefficient, which is assumed to
be the same for wet and dry materials given they are the same shape
and size. a,, and a,, are the area per unit volume of the wet and
dry fuel, which are calculated based on their respective bulk density,
., the material density, p,,;.,, and size scale (radius of cylindrical fuel
particles), s, of the fuel particles:
2p,

av,x SsPmicro (10)
where the subscript x indicates either wet fuel (abbreviated sw) or dry
fuel (abbreviated d) bulk density.

In both Egs. (8) and (9), the first terms on the right side of the equa-
tion are net radiation, the second terms are convective heat transfer,
and the third terms are deposition of energy deposited via the combus-
tion processes. The fourth terms on the right side of these equations
represent the transfer of energy associated with the movement of mass
from the wet state to the dry state and the loss of the mass of the
water from the wet state. The final terms in the wet internal energy
equation (Eq. (8)) represents the endothermic evaporation process. It is
important to note that the evaporation rate goes to zero as the density
of wet fuel goes to zero. The final term in the dry internal energy
equation (Eq. (9)) accounts for energy loss from the dry state due to the
mass losses associated with gaseous products in the combustion process.

Since the wet fuel temperatures are expected to change less than
100 K and the moisture fraction of this fuel is held fixed at the initial
level, we treat the specific heat of the wet fuel as constant throughout
the simulation. Thus, we can subtract the product of the specific heat,
the temperature of wet fuel, and the conservation of wet mass equation
(Eq. (6)), that is

c
Cpszwai;% = _FHZO <CP1—|20 + %) T, an

moist,w
from Eq. (8), to arrive at:

o7,

CpowPsw —a;" = gy +ha, (T, = T,) + FyH 0, — Fy,oHy,o

Cc
+ FHZO <C1’H20 + I?f ) (Twéwet - Tl:up) . 12)
moist,w
In Eq. (12), é,,, (defined in Eq. (13)) has been added to account for the
fact that water evaporation only occurs when 7, = T,,,,, which means
that Fy,o # 0 when the wet solid temperature is T,,,. Thus, the final
Fy,o term will cancel since we assume there is no evaporation when
the temperature is below 7,,,, and when any portion of the wet fuel
reaches T,,,, the water is immediately evaporated (assuming standard
pressure). The newly dried fuel is now tracked in the dry fuel equation.

r

0, T,<T,
Buper =13 13
wet { 1, Tw =T ( )

vap

For the dry fuels, we similarly subtract the term , Tu %”, defined
as:
ap Fy,0

d _
? = —CprdeNf + Cprd

c, Ty 14
br " moist,w
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from Eq. (9). Thus, we arrive at:

oT, Fy,0
CppPa :qd+hav,d(Tg_Td)+Ffo@d+ ¢
moist,w

oy (Toap = Ta)

+ FfocPf (Td(sdry - Tcombusr) . (15)
Analogous to §,,, in the wet temperature equation, §,,, is added, that
is

0, T,#T,
5a'ry - { y Tj iTcombust (16)

combust*

Thus, the last two terms in Eq. (15) now cancel each other. It is worth
noting that T, is not a fixed value, but it is the temperature at
which combustion is taking place at any given location or instant.

The concept of wet and dry fuel for this formulation is associated
with wet and dry fuel particles or even wet and dry sections of length of
fuel particles in the case of thin fuels, which is our focus here. In future
formulations, this can be expanded to handle gradients of moisture
within thicker fuels as the outer shell can be dried while the inner core
might still be wet. For the current case, however, we only considered
the case of thermally thin and moisture thin fuels, which constitutes
homogeneous temperatures and moisture fraction throughout the fuel
particle thickness. In development of a new model, it is reasonable to
start with the more simplified, but still realistic conditions, such as the
one considered here. The areas per volume of the wet and dry mass,
a,, and a, 4, can be related to an aggregate area per volume. That is
if we assume that the difference in wet versus dry fuel is predominantly
due to position in the cell (i.e., one spot has been dried out, while
another spot is still wet),

Psw
a =aq,—— a7
v,sWw Upd + P
and

Pa
a,,; =a,———. (18)
o v Pd + Psw

This follows a reasonable observation that heating will begin on just
one side of the cell as wind and turbulence initially advect and mix hot
gases into the cell from one direction.

The fraction of combustion energy returning directly to the solid,
O,, can be split into a fraction that is deposited directly on the dry
and wet fuels. In such a spatially segregated paradigm, however, we
are in principle assuming that the energy returning to the solid is
predominantly to the dry solid, where combustion is occurring. Thus,
we approximate these terms as ©, = ©; and 0, = 0.

2.2. Mean temperature equations

To derive the equation for the mean temperatures of the wet and
dry solids, we decompose the quantities of Egs. (12) and (15) into
mean (denoted by an overbar) and fluctuating parts (denoted with ’).
Then, we take the ensemble average of these equations similar to the
development of mean velocity equations in turbulence modeling (Daly
and Harlow, 1970). Thus, we get the following two expressions:

g !
_odT, 9T

_— 77— (T _7 T ! !
GplPag tra | =t ha, 4 (Tg - Td) +h ("U,dTg’ - au,de)

+ a5 (WT] - 1'T})

+1d, (T Td)+h’a" T/ -Wd T)
v,d

Ld d
+ Ff(Hf@d)
+ Fiyo (Tyap = Tal = FloTy (19)
rmot st,w rmmst,u
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Ty y o\ Loy o (To -,
pr psw? Psw ot = dy Ay sw\ g w

r_ g ’
+h< U,s ng aU,SlUTbU)

+ Ty (WT] - W)

W, (T, -T)

+Wd T —Wd T

vsw' g v,sw” d

+F;H 0, — Fy,oHy,o. (20

If we consider the solid density distribution or density variation to be
somewhat dominated by the presence of, or the lack of, a fuel particle
at a specific location and thus bimodal, then we can neglect m
terms. This implies that both positive and negative dry fuel temperature
fluctuations exist, where there is fuel (positive density fluctuation),
and neither are relevant in locations where there is no dry fuel. We
extend this argument to wet fuels as well. Additionally, if we assume
that fuel particles do not change their radius while they burn, but
rather shrink in their length (and local density) until they disappear,
then the correlations between a; , and ), can be neglected. This
approximation is consistent with previous work, in which the size
scale of particles does not change with combustion, for example Linn
(1997) and Linn et al. (2002). Thus, the correlations between o’ d and
temperature are minimal even if the radius was changing. It is also
reasonable to assume changes in the heat transfer coefficient are not
due to changing solid temperature, but rather due to properties of the
air, i.e., temperature or velocity, since the heat transfer coefficient itself
is a function of air properties (see Eq. (23)). As a first approximation,
therefore, we assign /'T; = 0 and A'T) = 0. Finally, we neglect
third and higher-order correlation terms for this initial approach at the
dynamic PDF for simplicity.

With the above simplifications, we are left with the following
expressions:

_aT, _
 Pa st = T+ hag (T Td) + A WT] + F(H,0,)
+F (T,,, — T, — rr @1
H,O r. . vap d . H,0"d
moist,w moist,w
__oT, .
pxu pYM/ a - qll. + h'aL Sw (T T > + aU,Swh,Tg,

+F;H 0, — Fy,oHy,o. (22)

These expressions are not in a closed form due to two terms: nT;

and FI’{ o ". We now try to address this closure problem. Beglnnlng
with the covariance between the heat transfer coefficient and the
gas temperature, we first consider the equation for the heat transfer

coefficient used in FIRETEC, that is

A
= (0.25)(0.683) Re%406 —4L (23)
SS
as was described by Incropera and DeWitt (1996) for forced convection
over tubes with the local Reynolds number defined as:

Us,
Re = T 24

In these equations, A, is the thermal conductivity of air, U is the local
velocity (including contributions from mean and fluctuating compo-
nents), and v is kinematic viscosity.

We utilize a simple linear relationship with gas temperature for both
viscosity and conductivity, such that v = C,T,~C, and 4, = C3T,+C,.,
where C; = 1.66x 1077, C, = 3.37x107°, C; = 555%x 1075, and
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C, = 9.59 x 1073, Incorporating these new equations into Eq. (23) we
arrive at

0466 C,T, + C,.

N

(25)

Usg
h = (0.25)(0.683) <C T_C )
11g = %2

s

Formulating the convective heat transfer coefficient as a function of

T, allows us to determine % and estimate the correlation #'T] using:
&
T = T’
h Tg = o, Tng. (26)

Based on the approximated equation for 4, we find

oh _ (0.25)(0.683)(U)0460 1 e
aT, 5,053 T, -G, }
46 G T, 2
- (0. 6)W(C3 e tCH|- 27)

The correlation between the fluctuations in water evaporation rate
and the temperature of the dry fuel, that is —Fl’ion[;, is nonzero in
the case where the mean dry temperature is above the temperature
for vaporization and there is still additional mass being moved from
wet to dry fuel state. In this scenario, a positive fluctuation in the
evaporation (as the mean temperature of the wet fuel will always be
less than the evaporation temperature) results in additional mass source
for the dry fuel at a temperature lower than the mean dry temperature
(a negative temperature fluctuation). If the evaporation rate is non-
zero, but the mean dry temperature has fallen below the temperature
for vaporization, we expect a positive fluctuation in the evaporation
rate to coincide with a positive fluctuation in the dry temperature as
we are adding dry fuel at a temperature that is higher than the current
mean dry temperature. The correlation is expected to increase with the
width of the distribution and scale with the mean evaporation rate.
Thus, we model this correlation as

- T,-T,

! ’ _ 1! 4

~F 0T = —FHZO\/TdeT—. (28)
d

2.3. Equations for temperature variance

Evolution of the width of the probability density functions for the
temperatures of the wet and dry solids within a volume is tracked
based on a similar approach as the development of turbulence transport
equations (Daly and Harlow, 1970). Similar to velocities and pressure
in turbulence modeling, the quantities of Eq. (15) are decomposed
into mean and fluctuating parts. Then, both sides of the equation are
multiplied by the fluctuation of the temperature, followed by ensemble
averaging of the entire equation. Starting with the dry temperature
equation, this process results in the following expression:

T T, T’
—r__d ’ d v 1 d
S (Palay +Tara= +Taka,

T 7 1t
_qud+ha,,,d(TdTé—Tde)

! T T . ! ! 1!
+ hTjd, <Tg —Td> +h (aU,dTéTd —auydeTd)

+ G (TyHT, + TYWT, =TT, =TT,

! ’ T T ! ’ ! ’ !
+Tjhd, (Tg - Td) +T)hd, T) - TjW'd, T,

—_ cl’f R
1 nl s ald
+ T} F}H 0 - Fyo——T,T

moist,w
P — o
J ! 4
+ ——Fy o, (Tm —Td)
moist,w
Cp/ —_—
! e sl
— FHZOTde. (29)
moist,w
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Rearranging Eq. (29) and applying the assumptions described above
for the mean temperature equations, we arrive at an equation for the
variance, T)T):

Ty _ 2 '"T! + ha, (T'T' = T'T")+T'F.H,0
o — [4g1q T NAp Lyl =140y a1y
! CprPa
Sy —— = b
+ ——F, T, (TM,,—Td)—r L FaoTyTy |- (30)
moist,w moist,w

Here, we have three unknown terms: ¢/, T}, T‘;Tg’, and TF} that we
need to address to close Eq. (30). The correlation between the evap-
oration rate and the dry temperature, F;IZOTJ, was discussed in the
previous subsection. _

For the correlation between radiation and dry temperature, qt’iTa’,,
we assume the net heat transfer will depend only on the energy
emitted from the dry fuel. This is a simplification, but lab studies
have shown (Cohen and Finney, 2022a,b) that in thermally thin fu-
els, convective heating plays a larger role in pre-heating the fuels,
thus we omit radiative energy gains at this stage in development.
Leveraging approaches used in variable density turbulence (Besnard
et al.,, 1992) and the Stefan-Boltzmann law for blackbody radiation
emission (e = apecT* (Incropera and DeWitt, 1996)), we can
approximate the dependence of a perturbation of the emitted radiation
on the temperature of the dry fuel with ¢/ . = = 4aveoT3T’ . In these
equations, ¢ is the Stefan-Boltzmann constant, ¢ is emissivity, and we
include an added view factor correction, y, for scenarios where fuels are
compacted in the bottom of a computational cell as is the case for litter
or grass layer (the value of y is 1 when the fuel is distributed throughout
the cell). This view factor can be thought of as a correction on the area
per unit volume. Since emitted radiation is a net negative radiation
contribution, this term will act as a sink from the T)T equation.
Furthermore, neglecting ¢’ terms due to the assumed constant radius
of the fuel particle, we arrive at

N [ y—
q’T‘; = —4a, eyoT, T;Té' 31

The correlation between the temperature of the dry fuel and the
reaction rate, T‘; F’, is important in cases where the mean temperature
is below the combustion temperature but the combustion rate might
be nonzero, such as in instants or locations in which there is a positive
temperature fluctuation reaching above the mean temperature. To this
effect, positive temperature fluctuations are associated with positive
fluctuations in the reaction rate and contribute to the increase in the
variance of dry temperature, T,T),. Similarly, when the mean temper-
ature is greater than the minimum combustion temperature (i.e., the
reaction is occurring in more than half the available fuel), negative
temperature fluctuations (or cooler temperatures in the distribution)
can represent locations and instances at which the localized tempera-
ture is not sufficient to support the reaction, i.e., it is too cold to react.
Thus, there is a negative fluctuation in the reaction rate. However, there
are other contributions to the variations in reactions, such as localized
mixing and oxygen concentrations, with increasing fraction of the
volume above the critical temperature. Although the correlation, T} F},
is expected to be positive, it will decrease with decreasing fraction
of the temperature distribution above the critical temperature. This is
conceptually shown in Fig. 2. Here, we expect the correlation to be
closer to zero when R,,,,;,,» Which is the fraction of dry fuel that is
hot enough to react, is large. However, we anticipate the strongest
correlation when less fuel is above the critical temperature (R
small). Considering this, we approximate the correlation as

combust 18

T[;F} = CTd FF_/' T[;T,; (1 - Rcombusr) . (32)

where ¢y, is taken to be 0.7. This constant must be empirically
determined and here we estimate it to be 0.7 using the little fire data
we have available. However, we will return to this constant in future
studies.
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F}!Té C(l - Rcombust)

R combust

Fig. 2. Conceptual plot of the covariance of the reaction rate and dry temperature,

T, F}, versus the fraction of dry fuel reacting, R, c is a function of the temperature

and the reaction rate.

combust *

The final unclosed term in Eq. (30), TTK’, is the correlation be-
tween fluctuations in dry fuel temperature and gas temperatures. The
correlation between these temperatures are largely related to the rate
of convective heat transfer, which lower the temperature difference
between adjacent gases and solids. When the convective heat transfer
rate is high, perturbations in dry solid temperature are strongly related
to the gas temperature perturbations. Since TTg’ is symmetric in T[;
and Tg’ , so should be the modeled term. This covariance is expected
to increase depending on the magnitude of the variance of both the
dry fuel and gas temperature (due to its symmetry), as well as the
strength of the convective heat transfer. As the convective heat transfer
coefficient increases, there will be greater energy transfer between
the gas and solid phases and thus a stronger correlation between the
fluctuations. To this end, we propose the following expression for the
dry fuel and gas temperature covariance:

h T'T' +T'T'
) 88 dd (33)

I e
ha, 4 (T;Tg’) = ha, <1 —e "lnorm 5

In this equation, A,,,,,, is the normalization constant for the convective
heat transfer coefficient, which is the approximate background value
before ignition or heating. In the current study, h,,,, is assigned the
value of 25.0 W m—2K~! which is representative of the ambient value
of h in FIRETEC before fire and during low wind conditions, and ¢, = 5.
The constant, ¢, was determined by comparing modeled fire behavior
over a variety of values ranging from 1 to 5 (not shown) for simple
scenarios. This constant must be determined using empirical methods
and we estimate it using the little fire data we have available. However,
we will return to this (and other constants) in future work.

We now apply the same decomposition and derivation to the in-
stantaneous wet solid temperature equation (Eq. (12)). Thus, taking the
ensemble average of the expression yields:

o, ——dT, . T,
cpqw pSwTwT-f_TM. vw7+Tw‘05w7

= Thdly + gy (TLT7 =TTy, )

+ h(T’ a

w o u,sw

T, +T)dl T’)

w u,sw

1 (Thd T +Tha Ty

w v,sw w
+ Ty (T T, +T’h’T’>
l/lM)

(T WT,+T' T h’)

+a  WT), (Tg -T,)

T, h,a{} SM T, h,a:) SLUTI,:.)
+ F}T;UH/.@ — o Tl Hyo- (34
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Now, applying analogous simplifications that were discussed previously
for the dry fuel equation returns:

aT':)TI':) 2 !’ ’ ! !’ !
= =T, + hay (TUT] =TTy, ) + FT,H 0,
Psu sw
_FI:bOTwHHzO] : (35)

Since we assume that the fraction of energy from the combustion
process deposited on the wet fuel, ©,, is negligible, F’ T! H0, wil
have no contribution. Combustion is not occurring in the wet fuels
and so the local retention of heat at the site of the reaction is not on
the wet fuels. Thus there should be little to no energy from the com-
bustion process directly contributing to wet fuel temperature changes.
This assumption does not preclude the reaction from heating the wet
fuels. In this proposed version, the reactions can heat the wet fuels
because elevated-temperature dry fuels heat the gases and the gases
convectively heat the wet fuels. Ultimately, when this model is fully
implemented in FIRETEC, the wet fuels will also be heated by the
dry fuels directly via radiation heat transfer but this mechanism is not
in the current formulation. Thus, the only term left to complete the
closure is the covariance of wet fuel temperature and evaporation rate,
F;I o7, Using the radiation and convection heat transfer rates, we can
formulate the rate at which energy is added to the wet material. When
the energy gained by the wet fuels causes the upper limit of the wet fuel
distribution to reach or exceed the vaporization temperature (without
enforcing the phase change on water or removing the energy of vapor-
ization), evaporation of water begins. The energy available to evaporate
water, E,, is related to the evaporation rate by Fy,o = E,,/Hy,o. We
define a theoretical ratio for the fraction of wet fuel mass, Ry, which
would have risen above the evaporation temperature if evaporation had
not commenced, assuming the distribution of temperature is symmetric
about the mean (for simplicity). Thus, we have:

T, -T,
Ryo = —. (36)
CPdf TwTw

where C,,, is a constant with a value as the ratio of halfwidth of
the temperature distribution to the standard deviation and 7,,  is the
maximum temperature in the cell. Moreover, this constant depends on
the type of distribution that would be assumed. The mean evaporation
rate is therefore determined to be:

Wy,

Tu
J77 Fy,o(T)dT
—. = Fy,o- (37)
f u'max dT

Wmin
Here, Fy,o(T) is the evaporation rate associated with fuel at any
specific temperature, 7" and Ty, 18 the minimum temperature in the
cell. Now, we define a normalized evaporation rate, F* as:

Fy,0(T)
e 2
H0 = T—— (38)
H,0
where
0, T, <T<T,
Fio=y . T <T<T, 39
2 Rigo® var = Whnax*
This yields unity for the mean normalized vaporization rate:
Wmax ¥ Tvap wmax __1
/TW F*dT f ' 0dT + /n e dT
F, o= = - =1. (40)
2 /Tu max g —
Whnin ZCPd ! TwTw

Decomposing F; , into its mean and fluctuating components reveals:

*_ ’ _ ’
Fﬁzo F]_lzo + F;;20 =1+ F;‘IZO. 41)
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Using these definitions we can compute F}, (T} as:
2

LiT— ’ Twmax ¢ ’ !
e F o TdT I (F;;zo—l)deT

7 ’ Win o Wmin
o1y = Fu,0 =Fy0

H,0 w Ty, dT 2 —
'max |7
'/Twm,,, 2CI’df TwTw

where the temperature range of the wet solid is

Ty —Cpas\/TLT! < T,y < T,y + Cpy s \/TLT). (43)

Given the definition of F; o’
2

Cpar V T, T 1 ! '
[ — —1)T/dT
Toap=Tow Ry, 0 w

2C,, T, T,

vap—tw
Using Eq. (36) in the lower limit of the integral we arrive at:
F T =Fpo| —— -1
H,0 w 2 RHZ o
—\2 — —\2
(Cr VT2 = (Cpur VITL = 2R0s0Coas VT
4C, /T T),

Manipulating and rearranging these terms, we arrive at:

—_— — 2
0Tt = FiryoCous \ TUT,, (1 - RHZO) . (46)

2.4. Final equations

(42)

this simplifies to

(44)

!/ -
F 0T = Fino

X

(45)

The following subsection presents a summary of the new model
equations with the closure completed for all terms.

o _ [q—m,—(F 7))+ LT +
- = — |94 vd \1g —1d ey vd fHfEd
ot ¢y, Pd aT, &8
— ¢ — c[’/ _T_d_Tvap
+ Fuyo (Tvap_Td) = Fo——\T)T)—— (47)
rmoist,w rmoixr,w Td
T, U | — = =\, Ohm ——
S T +hy (Tg - Tw>+—_TngaU’Sw—FHZOHHZO (48)
¢y, Pow oT,
or'T’ _
—4d 2| geoyT, TIT)
ot Cp,Pd
_ (T'T' +T'T") & _
F: a4 d d c,
+ha, — 1—e " Fnorm -TIT,

P Cl’/ JE—
+chFFf Ta:Td’ (1 - Rcambust) (Hf@d) - FHZO r_T‘;T‘;

moist,w
T'T 2 C
Viata (= p
- FHZO — (Td - Tvap) L (49)
T, T moist,w
and
6T’ T/ 2 —_3—
w’ w —_— 2
= = [—4avqxweo‘yTw T)T)
_ T'T' +T'T’ e J—
+hy o, % <1 — ¢ M norm > -T!T!

— — 2
~Fu,0Car VLT, (1 - RHZO) HH20:| (50)

where % is described in Eq. (27).
8
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3. Proof of concept simulations

The new approach described here is intended to capture sub-grid
variability in temperatures, and thus increase the generality of wildland
fire simulation capabilities. This enables properly simulating high- and
low-intensity fires. This formulation constitutes the first stage in the
development of a multi-phase coupled fire/atmosphere model, which
has so far been confined to the solid phase. Since solids are not moving
(no advection or spatial diffusion terms), we can study the performance
in asingle 1 m x 1 m x 1 m control volume where the externally-driven
conditions are prescribed, e.g. wind speed, upstream gas temperature,
upstream oxygen concentration, and initial fuel moisture. In order
to understand the performance of the proposed models (Egs. (47)-
(50)), we developed a series of idealized tests by varying initial fuel
moisture conditions, wind speeds and upstream gas temperatures. The
wet fuels (fuels at their initial moisture state) are assigned an initial
bulk density of 0.5 kg m™ and moisture fractions of (a) 0.05; (b) 1;
and (c) 2. These correspond to fuel conditions similar to (a) dry dead
needles and fine brachwood or matted dead grass; (b) live conifer fine
branchwood and needles; and (c) live deciduous fine branchwood and
leaves, respectively. Wind speeds have constant values of 0.1 m s~!, 1
m s~! and 2 m s7! as this is a plausible set of wind speeds very near
the ground (height below 1 m) in the vicinity of a surface fire. For a
special case, we apply a wind speed value of 4 m s~!, which constitutes
a high-intensity fire. In these proof-of-concept simulations, we aim to
explore a range of plausible scenarios by varying some of the primary
driving factors for fire: wind, moisture and upwind temperatures. These
factors are important for determining fire intensity and spread. For the
purpose of this paper, we define the range of wildfire intensity as low-
intensity fires that have depths and flame lengths 10s of centimeters,
up to intense fires that have burning zones of 10s of meters and flame
lengths of similar size.

Even though the focus of these proof-of-concept simulations is mod-
eling the solid phase temperatures and their variations, it is necessary
to vary the local gas temperature for the closure of the convective heat
transfer terms. For this purpose, a simplified evolution equation is de-
veloped that combines the prescribed velocity and upwind temperature,
the convectiv