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Liquid moisture evaporation and pyrolysis of a biomass fuel slab subject to heating were computationally
investigated in a one-dimensional domain where the fuel shrinkage was accounted for. The evaporation
dynamics was separately represented by equilibrium and Arrhenius models. The equilibrium model
describes evaporation as a thermodynamic process whereas the Arrhenius model treats it as a chemical
reaction. For calculations, Gpyro, a pyrolysis computational framework, was used after its source code
was revised to include the equilibrium model. By default, Gpyro is only capable of operating with the
Arrhenius model. In the present study, also, a continuum description of mass and energy conservation
for a pyrolyzating, shrinking porous medium was provided in the form of integral-differential equations.
Such a description in the previous Gpyro works was lacking for shrinking objects and the Gpyro docu-
ments only provided a numerically discretized equation form. Here, the approximations made to develop
this form from the integral-differential equations were clarified. The model was validated against exper-
imental data of cone calorimeter experiments. Two fuel moisture contents (FMC) of 26% and 100% (on dry
basis) representing dead and living fuels, respectively, were examined. The living fuel is characterized by
a high FMC although the difference between dead and living fuels is not limited to this parameter. The
evaporation rate, liquid moisture mass fraction and temperature profiles obtained by using the equilib-
rium model exhibited abrupt changes at the evaporation front whereas those obtained by using the
Arrhenius model showed a smooth behavior throughout the slab. The drying dynamics described by
the equilibrium model was more consistent with the underlying physics of evaporation. The equilibrium
model demonstrated a distinct evaporation front, did not result in evaporation below the normal boiling
point of water and more accurately exhibited the impact of the initial FMC on the drying dynamics.
Simulation results showed that the thermochemical evolution of living fuel was appreciably more sensi-
tive to the evaporation model.
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1. Introduction

Wildland fire is prevalent in many areas of the world affecting
ecosystems in different ways [1]. This natural phenomenon may
have major detrimental impacts on wildlife, human life, air quality
and economy. On the other hand, wildland fire may have beneficial
effects such as reducing fire risk by removing accumulated organic
material, improving site productivity by releasing nutrients,
improving plant community health by eliminating diseases, and
creating favorable habitat conditions for various flora and fauna.
The fuel source for wildland fire is vegetative biomass possessing
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a wide variety of properties which influence water content and
processes such as absorption, transpiration and evaporation [2],
pyrolysis, ignition time, flame formation, and fire spread [3].
Several studies have shown that the main constituents of biomass
fuels are cellulose, hemicellulose and lignin [4] (and references
therein). Living biomass also contains sugars, lipids, proteins,
macro and micronutrients [5]. Liquid water is another constituent
of wildland fuels. The liquid water amount in a wildland fuel can
be quantified by the fuel moisture content (FMC) defined here as
the ratio of the mass of liquid water contained in the fuel to the
mass of dry fuel. In the case of living fuels, FMC ranges from around
50% up to 300% for some succulent plants while dead fuel FMC
rarely exceeds 30% [6]. Liquid moisture has a relatively large latent
heat of vaporization. As a result, the thermal load for complete
evaporation is around 30% of the sensible heat required by the
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Nomenclature

D diffusion coefficient

E activation energy

h¢ convective heat transfer coefficient

h; sensible enthalpy of the condensed phase species i
hm mass transfer coefficient

Ahe heat of evaporation

Ah heat of reaction

j’ diffusive mass flux

K number of heterogeneous reactions

M number of condensed phase species

M mean molecular weight

M, water vapor molecular weight

m’ convective mass flux

N number of gas phase species

P pressure

Qs_g volumetric rate of heat transfer from the condensed

] phase to the gas phase
" heat release from or absorption to the condensed phase
due to the heterogeneous reaction k

q" conduction heat flux

qr incident radiant heat flux

q! in-depth radiation heat flux

qy total heat flux

R universal gas constant

T temperature

t time variable

At time step

U fuel moisture content

Ve condensed phase absolute velocity
Vv gas phase absolute velocity

v; absolute velocity of the gaseous species j

Y mass fraction
z coordinate
Az size of a computational cell
V4 pre-exponential factor
Greek symbols
o surface absorptivity
€ surface emissivity
Pg gas phase density
Oy water vapor density
o Stefan-Boltzman constant
T slab thickness
v mean porosity
014 rate of formation of the condensed phase species i
(o) rate of destruction of the condensed phase species i
o rate of formation of the gas phase species j
W rate of destruction of the gas phase species j
Subscript
center of the bottom computational cell
b bottom
i condensed phase species index
j gas phase species index
P computational cell center
T center of the top computational cell
t top
Superscripts
0 value of the variable in the previous time step
* value of the variable in the reaction stage

moist particle to reach the pyrolysis temperature [7]. Therefore,
drying is a critical stage in the process of thermal decomposition
and devolatilization of living fuels and can have a significant
impact on the ignition and subsequent combustion of pyrolysis
gases. This, indeed, highlights a need for studying the role of
FMC and evaporation in wildland fuels in more details.

The influence of FMC on the thermochemical evolution of bio-
mass has been studied extensively. Bryden and Hagge [8] compu-
tationally studied the combined effects of fuel moisture content
and fuel shrinkage on the pyrolysis of a biomass particle. Liquid
moisture was converted to water vapor through a chemical reac-
tion like term and shrinkage factor was defined as the final thick-
ness to the initial thickness of the particle. They concluded that the
influence of moisture content and shrinkage depended on the
pyrolysis regime which is identified by the Biot number. For
instance, the impact of shrinkage on the pyrolysis time was negli-
gible and independent of the moisture content in the thermally
thin regime whereas both shrinkage and moisture content sub-
stantially affected the pyrolysis time in the thermally thick regime.
Moreover, it was shown that when fuel shrinkage and moisture
content were coupled, tar yield increased while light hydrocarbon
yield decreased. Ferguson et al. [9] investigated the effect of gas-
eous water released from liquid moisture evaporation on combus-
tion of gas mixtures through modeling of premixed and diffusion
flames. The flame peak temperature increased as the amount of
water vapor in the fuel stream decreased and an upper limit
existed for the water vapor mole fraction above which combustion
did not occur. Moreover, premixed flame simulations showed that
the flame speed and the peak heat release rate were reduced by

increasing the water vapor mole fraction in the fuel mixture. Bates
and Ghoniem [7] studied the impacts of external source tempera-
ture, particle size and FMC on biomass torrefaction. They intro-
duced a drying sub-model based on the Arrhenius kinetic rate
which neglected structural changes. The results indicated that
the biomass heat up time increased linearly with FMC and quadrat-
ically with the particle size and it exhibited more sensitivity to the
change in FMC for larger particles. The mass loss evolution of the
small particle was insensitive to FMC. Shotorban et al. [10] inves-
tigated the effects of FMC on pyrolysis and ignition of a cellulosic
leaf-like fuel element subjected to convective heating. They mod-
eled evaporation as a kinetic process added to the overall reaction
scheme. Volume change of the element was ignored. Results
showed that as the FMC decreased, the temperature and the
decomposition rate increased. Around the ignition point, water
was fully vaporized while it remained elsewhere. Substantial vol-
ume fraction of water vapor both nearby and away from the com-
bustion zone indicated that evaporation and ignition could occur
simultaneously.

Researchers have used three approaches to model liquid mois-
ture evaporation in vegetative and biomass fuels. The most com-
mon approach is the Arrhenius model [11,8,12,13,14]. In this
model, the evaporation rate is governed by a first order kinetic
equation based on the well-known Arrhenius law, which makes
it a computationally straightforward approach. Indeed, the basis
of the Arrhenius model is a physical chemistry principle which
states that removal of liquid water from a moist particle can be
explained by applying the activation energy concept [15]. Then
reaction engineering can be used to determine the rate of water
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removal. As it will be shown in Section (4), liquid moisture evolu-
tion determined by the Arrhenius model exhibits smooth gradi-
ents, which facilitates numerical stability. This favorable feature,
however, is achieved at the expense of some drawbacks. Most
importantly, this model treats evaporation as a kinetic process
whereas in reality it is a thermodynamic process. Moreover, a
unique set of the kinetic parameters, i.e. the pre-exponential factor
and the activation energy, appropriate for liquid moisture evapora-
tion, cannot be found in the literature [11,16,17]. Also, the large
gradients of the liquid moisture and the steepness of the evapora-
tion front which are characteristics of high temperature and/or
high heating rate drying scenarios [18] are not captured by the
Arrhenius model. Lastly, it does not predict the low temperature
behavior accurately since it results in evaporation of considerable
amount of the liquid moisture at temperatures below the water
normal boiling point [19]. Similar to the Arrhenius approach, the
reaction engineering approach (REA) [15,20,21] treats evaporation
and condensation as competitive reactions. In this approach, the
evaporation process is assumed as a zero-order kinetics and the
condensation process is assumed as a first-order kinetics with their
corresponding activation energies. The L-REA and S-REA are suit-
able for thermally thin and thick samples, respectively.

Another approach is the heat sink model [22-26], which
assumes that evaporation takes place at a fixed boiling tempera-
ture. When the temperature reaches the boiling point, all supplied
heat is used to completely vaporize water. Indeed, evaporation
behaves like a heat sink. In the heat sink model, evaporation is
completely controlled by heat transfer [27] by assuming that there
is no resistance to water vapor mass transfer and it immediately
leaves the particle as it is formed. One way to implement this
model is to assume the evaporation front to be infinitesimally thin
and divide the particle into a wet and a completely dried zones
[28,29]. To incorporate this approach in computations, one needs
to track a moving boundary that separates the dry and wet zones
which is not trivial to deal with. On the other hand, the assumption
of infinitely thin evaporation front is not necessarily valid as the
front can have a finite thickness comparable to the particle size
[16]. Another way to implement the heat sink model is to use a
conditional energy equation [27], in which when the temperature
reaches water boiling point, the time derivative of temperature is
set to zero and the evaporation rate is calculated. The condition
can also be placed on the equation that calculates the evaporation
rate [24,26]. This approach is not computationally efficient since
the condition introduces a sharp discontinuity to the equations
[19,27].

The third approach called the equilibrium model [30-36] is
based on the fact that evaporation is a phase change process and
probably, the most significant physical aspect of such process
which is neglected by the previously discussed models, is the sat-
uration condition at which both phases (here liquid moisture and
water vapor) exist at thermodynamic equilibrium. Since this
approach is physically more robust it does not exhibit the down-
sides of the Arrhenius and the heat sink models. However, the
implementation of the equilibrium model in the computations is
significantly more involved.

The Arrhenius and the equilibrium models use two different
methods to calculate the evaporation rate and the water vapor
density. Treating the evaporation akin to a chemical reaction, in
the Arrhenius model the evaporation rate is calculated by the well
known Arrhenius kinetic equation and expressed in terms of
apparent density of liquid moisture and temperature. Subse-
quently, the water vapor density is obtained from the correspond-
ing mass conservation equation. On the other hand, in the
equilibrium model, the water vapor density is no longer an inde-
pendent variable and indeed constrained by a thermodynamic
equilibrium equation which correlates the vapor partial pressure

to the local temperature and moisture content [37,38]. Then, the
evaporation rate is obtained using the water vapor mass conserva-
tion equation. The constraint, which is in the form of an algebraic
equation, is coupled to the conservation law equations, which are
in the form of differential equations. Hence, a system of
Differential-Algebraic Equations (DAE) [33,27] represents the
whole thermochemical process. Some researchers [39,33] solved
this DAE system, using the DASSL program [40]. Di Blasi [31], how-
ever, utilized the method of operator splitting to solve it. The basis
for this method is to “split” the time evolution of the process into
partial steps, each accounting for a specific sub-process [41]. For
example, the operator splitting technique is common in numerical
solution of coupled reaction-diffusion-advection problems such as
reactive flow and air pollution problems [42,43]. Alternative to the
method described above on computing evaporation rate when
equilibrium condition prevails, one may assume that the evapora-
tion rate is proportional to the difference between the equilibrium
and the instantaneous water vapor densities and then find the rate
by using an appropriate proportionality constant [34,35,38].
Although Wurzenberger et al. [34] and Zobel [35] still classify this
method as an equilibrium approach, Massman [38] who introduces
a dynamic condensation coefficient into the rate equation, refers to
this method as a non-equilibrium approach.

In this work, both the drying and pyrolysis of a moist shrink-
ing biomass slab exposed to radiant heating were numerically
investigated. The liquid moisture evaporation from the slab was
studied using both the Arrhenius and the equilibrium models. A
detailed comparison was performed between the two aforesaid
methods at two different FMC’s corresponding to dead and living
fuels to examine the effects of the evaporation modeling
approach and FMC on the drying dynamics and thermal decom-
position of a biomass particle. Here, Gpyro [44], an open source
computer model, was used for computations. Gpyro describes
the thermal responses of materials to heating while accounting
for heat and mass transfer within the material and pyrolysis of
the condensed phase. The heterogeneous chemical reactions,
which involve the destruction of a condensed phase species to
form gases and/or additional condensed phase species, can be
set up in Gpyro using input chemical kinetic parameters. To rep-
resent moisture evaporation using the Arrhenius method in
Gpyro, it was treated as a heterogeneous reaction in the current
study (see Section 2.2.1) with kinetic parameters given in Sec-
tion 3. The Arrhenius approach was also used for moisture evap-
oration with Gpyro in the previous studies of smoldering
combustion [45-47] and bench-scale pyrolysis of lignocellulosic
biomass [48]. To equip Gpyro with the equilibrium model (see
Section 2.2.2) for moisture evaporation, substantial changes were
made in the source code in the current study, as illustrated in
Section 2.4. Also, a continuum description of mass and energy
conservation for a pyrolyzating, shrinking porous medium was
provided in the form of integral-differential equations (see
§§2.1). Such a description in the previous Gpyro works was lack-
ing for shrinking medium, and under the shrikage assumption,
the Gpyro developers [13,44] only provided a numerically dis-
cretized equation form. Here, the approximations made to derive
this form from the integral-differential equations were clarified in
Section 2.3. It is noted that there are also differential equations
given under no volume change (no shrinkage or swelling)
assumption by the Gpyro developers [49,44]. However, Refs.
[45-47] presented these differential equations as the governing
equations while assuming and discussing the shrinkage. Presum-
ably, this contradiction was the consequence of an oversight in
identifying and/or presenting what equations the Gpyro software
solved under the shrinkage assumption. Hence, the data gener-
ated by Gpyro in these references may not have been in conflict
with this assumption.
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2. Mathematical and computational approaches
2.1. Mass and energy conservation equations

The mass and energy conservation laws for a pyrolyzing, shrink-
ing (or swelling) porous medium are shown in this section. Here,
the (macroscopic) spatial variation of the medium is assumed to
only occur in one dimension, corresponding to the z coordinate.
The transport of the liquid phase is assumed negligible. Both solid
and liquid phases are referred to as the condensed phase. The
assumption of negligible liquid transport is reasonable when the
pressure inside the porous medium does not considerably exceed
the ambient pressure. However, when high internal pressure is
developed inside the medium, the transport of the liquid phase
becomes significant [50].

Let z:(t) and z,(t) represent the material coordinates (Lagran-
gian coordinates) of two arbitrary points (top and bottom points)
on the condensed phase at time t. Conservation of the condensed
phase mass for a domain limited between these two points, as a
control mass (system), is expressed by

d Zy(t) d 2y(t) od )
— pdz = — whdz, 1
dt /zm p /zmr) % (

where d/dt is the material time derivative (Lagrangian derivative),
p is the weighted bulk (overall apparent) density of the condensed
phase and @y = fled)}g_k is the net mass reduction rate (destruc-
tion minus formation) of the condensed phase per unit volume.
The notation used for variables in this subsection is consistent with
thatin [44]. In Eq. (1), &, is the volatilization rate in the heteroge-
neous reaction k. It is noted that the direction of positive z axis is
from top to bottom. The equation for conservation of mass of the
condensed phase species i follows a similar form

d 2z () Zp(t)
a / Yipdz = / w'dz, (2)
t Jzw (1)

where Y;p is the density of the species i (mass of particles of the
species i per unit volume) and @' = &f — @y; is the net mass for-
mation rate of the species i per unit volume. The conservation of
energy for the condensed phase reads

i/zmﬁ’dzf —qt|, o +al, . - 0 Q" dz
dt S, e PAT R ) F
K Zp(t) M 2Zp(t)
S andz+ Y / @'hidz, 3)
k=1 /() i=1 Jz(0)
where h = Y™, Y;h; is the total sensible enthalpy, g/ is the combina-
tion of conduction and in-depth radiation fluxes. Here, G ¢ g isthevol-
umetric rate of heat transfer from the condensed phase to the gas
phase and Q, is the heat release from or absorption to the condensed
phase due to the heterogeneous reaction k. In Eq. (3), the contribu-
tions of kinetic and potential energies, and work done are ignored.
For the gas phase, the conservation of mass equation is
expressed for a control volume limited between z:(t) and z,(t)

z(t) " 4
= ldz,
z(t) -/z[u) % @

d o wd A% A%
— Z J—
dt /n(t) PV Azt Ve 2(0) pyiVr
where V, =V -V, is the gas phase velocity relative to the con-
densed phase velocity, y is the mean porosity of species, and pg is
the gas phase density. Similarly, for the conservation of mass of
the gaseous species j, one will have

Z(t) "
= w!dz, (5
Z(t) /z[ J ( )

d 2z () B B _
i / Yip dz + p Yl vjr i PV “

z(t)

where Y; is the mass fraction of the gaseous species j, vj, = v; — V. is
the velocity of the gaseous species j relative to the condensed phase
velocity and @}’ = @f — @ is the net mass formation rate of the
species j per unit volume. The gas phase is assumed to be in thermal
equilibrium with the condensed phase; hence, a separate energy
equation for the gas phase is not solved. It is noted that the gas
phase continuity Eq. (4) is not directly solved. Instead, it is com-
bined with the ideal gas equation of state and the Darcy equation
to give a pressure evolution equation. When pressure is calculated
form this equation, the gaseous mass flux is obtained using Darcy
equation [44].

2.2. Evaporation models

The basics of the Arrhenius and equilibrium models are illus-
trated in the following two subsections.

2.2.1. Arrhenius model

In the Arrhenius model, liquid moisture is converted to water
vapor through a first order chemical reaction-like process in which
the rate is calculated by the Arrhenius equation:

. —E
0 = iy exp (). 6)

where p, is the density of liquid moisture. Here, @? and @/ are
used interchangeably, noting that the subscript i = 1 is for liquid
moisture. Also, Z; and E; are pre-exponential factor and activation
energy, respectively, in the heterogeneous reaction k=1 corre-
sponding to “evaporation reaction”.

2.2.2. Equilibrium model

This model hypothesizes that the water vapor is in equilibrium
with the liquid moisture at the local temperature. Moreover, at the
saturation condition, the model assumes the water vapor partial
pressure P, is correlated with the water vapor saturation pressure
Pys by

Py = ay(T,U)Pys, (7)

where a,, (T, U) is the water activity which is a function of temper-
ature and fuel moisture content [51]. An analytical expression based
on the Clausius-Clapeyron equation, dPys/dT = PysAhy,p/ (RT?) is
used for the saturation pressure. Here, Ah,,, is the enthalpy of
vaporization assumed to be a linear function of temperature, viz.
Ahy,p = A — BT [52]. Hence,

Pyy(T) = CT-exp (;—?) ®)

where A=5.72 x 10* k] kmol ', B = 45 k] kmol ' K™ and
C =6.05 x 10*® N m~2, determined from steam tables [52]. Water
activity is the ratio of water vapor pressure in the material to the
pure water vapor pressure at a specific temperature. Its value
ranges from zero to one with the upper limit corresponding to pure
water. In other words, the water activity coefficient acts as a damp-
ing coefficient as it reduces the vapor pressure compared to the
vapor saturation pressure when the FMC of the material falls below
a value corresponding to the fiber saturation point. The following
empirical correlation [18,30] was used for the water activity:

aw(T,U) = exp { 17.884 — 0.1423T + 23.63 x 10 °T?

5\ 92U
><<1.0327767.4>< 10 T) } 9)

for U > 0 and T < 423.48 K. This upper limit of temperature corre-
sponds the upper limit of water activity, which is unit, in Eq. (9). To
determine the evaporation rate, o/ first, water vapor density is cal-
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culated from the water vapor partial pressure through the ideal gas
equation of state. Then, the mass conservation equation of the
water vapor is applied. More details on this method are described
in Section 2.4.

2.3. Computational methodology

The computational methodology utilized in this work is dis-
cussed here. Details on the equilibrium model computations are
provided in Section 2.4. The discretized equations given in Gpyro
[44] for shrinking one-dimensional objects are based on a finite
volume method (FVM) formulation of Egs. (1)-(5) with the cell size
set to Az(t) = z,(t) — z(t), the integrals approximated with a mid-
point rule and the material time derivative approximated with an
implicit Euler scheme. Fig. 1 shows a sample grid used by Gpyro
with the cell center indicated by P. Cell P is surrounded by top
and bottom cells, indicated by T and B, respectively. The subscripts
t and b are used to denote the top and bottom faces of cell P,
respectively.

With this notation, the discretized form of Eqs. (1)-(5) are:

B e 0
% _ 7(%&)[), 1o

pYiAz), — (pYiAZ)S ..,
(p )PAt(p )P — (wi AZ)P, (11)

_T _7 0
(phAZ)P - (phAZ)P _ Al ol 8q’r/ oY
A =", +4"; - (gAz)P - (QS*gAZ)P

K M
+ 3 (QuAz) + (o hiaz),, (12)
k=1 i=1

(peiez), - (peiaz),

e, — (o), v
) B 0
(0F72), (090, o,
= gi|, +Jf] + (opaz) . (14)

where At is the time step, the superscript 0 indicates the variables
in the previous time step, and ¢” and g are conductive and in depth
radiation heat fluxes, respectively, noting that q; = ¢’ +q". Egs.
(10)-(14) are identical to those given in Ref. [44] for one dimen-
sional objects experiencing shrinkage. An additional assumption
which is used in Egs. (13) and (14) but not stated in Ref. [44] is that
V and v; > V,, i.e, the motion of the condensed phase is much
slower than the gas phase. The velocity of the condensed phase is
implicit in the Lagrangian derivative. Here, m” = pgx]/V and

Top half cell —F—— I z=0
Te .
t #—||(Az),
(Az)p Pe
b % (AZ)b
Be Y
Bottom half cell — T——

Fig. 1. Control volume system used for finite volume formulation.

p Yy = m"Y; +j/, where ]]" = —p,¥DAY;/0z is the diffusive mass
flux.

2.4. Incorporation of the equilibrium model in Gpyro

An operator splitting technique, which was developed in this
work to incorporate the equilibrium model in Gpyro, is illustrated
here. Since the time integration scheme is implicit, the time dis-
cretization results in a system of nonlinear equations, which is
solved iteratively in every time step. Each iteration consists of
two stages, the reaction stage, which handles the evaporation
and reaction terms, and the transport stage, which handles trans-
port terms [31]. In the notation used, the variables calculated in
the previous time step are denoted by superscript 0, the variables
in the first stage are denoted by superscript * and the variables in
the second stage are indicated with no superscript.

In the reaction stage, the vapor saturation pressure Pys and the
vapor partial pressure P, are calculated, using Eqs. (7)-(9). Then,
water vapor density and mass fraction are calculated from
0;, =Pu,My/RTp and Y, = p; /p, where p, is obtained from
the ideal gas equation of state with the variables values available
from the previous iteration. Here, the subscript v is used to indicate
water vapor, which is equivalent to j = 1 as the index of the gas-
eous phase species. Then, the mass conservation equation of water
vapor (see Eq. (14)) is used to calculate the evaporation rate of lig-
uid water while excluding the transport terms:

(p,¥AZ); — (pleAZ)?,‘

(A2), = =

(15)

where  and Az from the previous iteration are used to calculate
(p,WAz),. After calculating the evaporation rate, Egs. (10) and (11)
are used to update (pAz), and (pY;Az), for all condensed phase spe-
cies. It should be noted that since the condensed phase mass and
species conservation Eqgs. (10) and (11) have no transport terms,
their calculations are not split. Therefore, the starred value and
the updated value of the variables computed from Eqs. (10) and
(11) are the same, i.e. (pAz), = (pAz), and (pYiAz); = (pYiAz),.
Condensed phase species mass fractions, bulk density and cell size

are updated, using Yip = (pYiAzZ),/(pAZ)p, pp = (ZiY,;p/pi),,> ' and
(Az), = (pAz),/pp, Tespectively, where p;, is the bulk density of
the condensed phase species i. To calculate the mass fractions of
the rest of the gaseous species, i.e.,j = 2,...,N, in the reaction stage,
the following equations are used:

_ * _ 0
@M%JM@%WW% (16)

<pgnZYjAz>P — (ng/YjAz)
At
Specifically, Eq. (16) is multiplied by Y}, and then subtracted from
Eq. (17). Afterward, the resultant equation is solved for Y;,. The
energy equation for the reaction stage is given as:
(phAZ); — (phAz),? _< ZK: oYU AZ) +
p

s,k
At =

0
P_ (d)j’.”Az)P. 17)

M
(@'hiAZ),,. (18)
—1

From the equation above, phAz ;; is found and consequently the
bulk enthalpy of the condensed phase associated with the evapora-
tion and pyrolysis processes is calculated as: hj = phAz ;/(pAz)P.
The gaseous species mass fractions and the condensed phase bulk
enthalpy calculated in the reaction stage are used in the solution
of the equations in the transport stage.
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In the transport stage, to solve for all the gaseous species mass
fractions i.e., j = 1,...,N, the gas phase continuity Eq. (19) is mul-
tiplied by Y;p and then subtracted from the gas phase species con-
servation Eq. (20)

(pgl/_/AZ>P B (pgl/_/AZ)
At

*

1

P+m//‘b_m

=0 (19)

(peb¥iaz), — (ped¥it2),
At

P + m//yj}b _ m//yj|[ _ _j// (20)

b+]

t

To solve for the temperature, the energy Eq. (21) is first solved for h
after expressing the conductive heat fluxes in terms of enthalpy and
then the temperature is extracted from the enthalpy

(pFlAZ)P - (ﬁﬁAz); Al ol oY/ aq;,
P G - (@), - (e

(21)

More details on the numerical methodology are given in [44].

3. Problem description

To validate the presented model, the experiment performed by
Shen et al. [53] was set up in the modified Gpyro framework devel-
oped in the previous section. In the experiment, moist samples
100 mm x 100 mm x 15 mm in size were placed in a cone
calorimeter apparatus and heated up by a radiant heater on one
side while the other sides were insulated. Several thermocouples
were placed at the surface and different points within the sample
(1,7 and 14 mm) to measure the temperature. Shen et al. [53] also
simulated this experiment by a mathematical model (henceforth:
Shen’s model). They used the Arrhenius model for liquid moisture
evaporation. Few, yet significant, differences exist between the
present model and the Shen’s model. First, the present model
accounts for the transport of the gas phase by both convection
and diffusion mechanisms while this is neglected in Shen’s model.
Moreover, unlike Shen’s model, volume change is accounted for in
the present model. Third, the energy Eq. (12) in the present
model can take into account the effects of convective cooling due
to the flow of volatiles and the in-depth radiation. These terms
are lacking in Shen’s model. The pyrolysis of wood to char and
gases is described by a global two-stage reaction and is given in
Table 1.

In this work, when the Arrhenius model was used for liquid
moisture evaporation, the kinetic parameters were specified as
Z=513x10"s"1 E=88klmol ' and Ah,=—2260k] kg ' for
the corresponding reaction [10]. Shen’s model used the same val-
ues for the pre-exponential factor and the activation energy but a

slightly different value of —2440 k] kg ' for the enthalpy of vapor-
ization which was observed to have insignificant influence on the
results of this study.

Fig. 2 shows a schematic of the computational setup. The con-
densed phase mass and species conservation equations do not
need boundary conditions (BC) since they are treated in the
Lagrangian framework and no spatial derivative terms appear in
these equations. The top face BC for the condensed phase energy

Table 1
Reactions and kinetic parameters for pyrolysis of wood [53].
Reaction Z(1]s) E (kJ/mol) Ah (KkJ/kg)
wood — char 7.38 x 10° 106.5 —420
wood — gases 1.44 x 10* 88.6 —420

equation was achieved by establishing energy balance between
contributing heat fluxes at the exposed surface:

=0T _ .
K| =he(Tw = Tlo) + ea (T, - 74\ ) + o, (22)

7-0 z=0

where k is the bulk thermal conductivity, h, is the top face convec-
tion heat transfer coefficient and equal to 10 W m2 K™!, T, is the
ambient temperature, € is the bulk emissivity, o is the surface
absorptivity, ¢ is the Stefan-Boltzman constant and ¢.” is the inci-
dent radiant power supplied by an external source. The bottom face
of the slab is insulated therefore zero heat flux condition was
applied as the BC:

aT

5| =o (23)

=T

For the gaseous species mass conservation equation, the BC at the
top face was obtained from the balance between diffusive and con-
vective mass fluxes of the species:

B
*lﬁPgD& L

= (Y5 = Yil.o). (24)

where h,, is the mass transfer coefficient estimated as the ratio of
the top face convection heat transfer coefficient to the gas phase
specific heat capacity as hc/c,; and Y;* is the mass fraction of the
jth species in the ambient. The bottom face of the slab was assumed
to be impermeable and the corresponding BC was:

oYyl _
), = (25)

4. Results and discussion

Fig. 3 displays the temporal variation of the slab surface tem-
perature for two sets of the results obtained in the current study
with the equilibrium and Arrhenius models for liquid moisture
evaporation. Additionally, Shen’s modeling and experimental
results [53] are included in this figure. The effect of the external
radiant heat flux on the time evolution of the surface temperature
is illustrated in Fig. 3(a)-(c) for heat fluxes of
30 kW m—2,40 kW m~2 and 60 kW m~2, respectively. The slab ini-
tial FMC was 15.3% in this case. For heat fluxes of 30 kW m~2 and
40 kW m~2, the match between the three models and the experi-
ment was very good. For the highest heat flux level, all three mod-
els were still in a good agreement with the experiment, yet
exhibiting some discrepancy. Fig. 3(d)-(f) depicts the impact of
the slab initial FMC on the temporal variation of its surface temper-
ature for FMC values of 5%, 15.3% and 26%, respectively when the
external heat flux was 40 kW m~2. Evaporation is an endothermic

Radiant heat
source

Insulated surface

Convection

Iz=0

Fig. 2. A moist biomass slab with initial thickness of 7o = 15 mm exposed to an
external heat source on the top face while the bottom face is insulated.
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Fig. 3. Time evolution of the slab surface temperature for external radiant heat fluxes of (a) 30 kW m~2, (b) 40 kW m~2 and (c) 60 kW m~2, for initial FMC of 15.3%; and for
initial FMC of (d) 5%, (e) 15.3% and (f) 26% for external radiant heat flux of 40 kW m~2; experimental data (x) and Arrhenius model (dashed-dotted line) of Shen et al. [53], and

equilibrium model (solid line) and Arrhenius model (dashed line) of the present study.

process. Hence, it is expected that as the initial FMC increases, the
surface temperature decreases because a larger fraction of the
thermal energy supplied by the external source is consumed by
evaporation rather than being used for sensible heating. This
behavior was observed in all three modeling predictions as well
as in the experiment. In Fig. 3(d), from the beginning to 5s and
from 15 s to the end, Shen’s model produced a better prediction.
From 5 s to 15 s the present model displayed a better match with
the experiment. For the initial FMC of 15.3% and 26%, as seen in
Fig. 3(e), (f), all models produced excellent predictions with respect
to the experimental data. It can be seen in Fig. 3 that the surface
temperatures for both equilibrium and Arrhenius models were vir-
tually the same, which was attributed to the relatively low values
of initial FMC in the simulations of this figure.

Fig. 4(a)-(c) shows the time evolution of the slab temperature
for the same models and experiment at 1 mm,7 mm and 14 mm
below the surface, respectively, for an initial FMC of 15.3% and
an external heat flux of 20 kW m~2. Note the good agreement
between the experimental data and the predictions of the equilib-
rium and Arrhenius models in the present study at z=1 mm and
z =7 mm. At z = 14 mm, the Arrhenius model exhibited excellent
agreement with the experimental data up to 300 s; it then deviated
slightly. At this location, the equilibrium model was the only model
that exhibited the same trend as the experiment throughout the
simulation.

In fact, the radiation heat flux supplied by the heater in the
experiments is non-uniform over the slab surface because it is
observed that in the cone calorimeter experiments, initially igni-
tion occurs only within a fraction of the slab exposed surface and
then after several seconds flame spreads over the whole surface
[54]. In the models, however, the external heat flux is assumed
to be uniform over the sample exposed surface. Moreover, the dis-
crepancy could be attributed to the uncertainty in the char density
which was not provided in Ref. [53]. In the present work, char

density reported in Ref. [49] was used. The char density affects ther-
mal diffusivity of the fuel and in turn the temperature distribution.

Following the satisfactory validation study, Gpyro equipped
with the operator splitting technique was used to provide a more
detailed insight into the problem. An experiment in Ref. [53] for
which the heat flux is 40 kW m~2 and the initial FMC is 26%, was
chosen for further investigation. Another case with the same heat
flux but with the initial FMC of 100% was also examined to extend
the study to living fuels. Simulations were conducted using both
equilibrium and Arrhenius models for liquid moisture evaporation.
Therefore, a thorough quantitative comparison could be performed
between the two evaporation models.

Fig. 5 shows spatial variations of evaporation rate, liquid mois-
ture mass fraction and temperature at different times. In Fig. 5(a),
(b), when the equilibrium model was used, the evaporation rate
attained non-zero values only within a narrow region of the slab
which was slightly widened as time elapsed. In contrast, evapora-
tion rate profiles obtained by the Arrhenius model were broad and
smooth which was a result of the exponential term in the mathe-
matical expression of the corresponding rate Eq. (6). Although this
smooth behavior is advantageous regarding numerical stability of
the simulation, it doesn’t have sound physical basis. Both models
exhibited the same trend of decrease in the maximum rate as the
distance from the exposed surface increased. This is because at
the slab surface and the points close to it, the external heat transfer
was dominant whereas at the points deeper within the slab, the
internal heat transfer was dominant. Rates were larger for higher
initial FMC because more liquid moisture was available to be
vaporized. This behavior was more pronounced for the equilibrium
model. On the other hand, evaporation front proceeded faster in
the slab with lower initial FMC. At a fixed initial FMC, front velocity
was virtually the same for both evaporation models. The liquid
moisture mass fraction profiles are depicted in Fig. 5(c), (d). It is
seen that, unlike the Arrhenius model, the equilibrium model
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Fig. 4. Time evolution of temperature at (a) z = 1 mm, (b) z= 7 mm and (c) z = 14 mm for initial FMC of 15.3% and external radiant heat flux of 20 kW m~2; experimental
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exhibited a steep evaporation front. For example, in Fig. 5(c) at
t =250s, the evaporation zone extended from z=6.2 mm to
z="7.1mm (or a 0.9 mm thick zone) for the equilibrium model
while the zone extended from z = 5.8 mm to the bottom face of
the slab (implying a 7.4 mm thick zone) for the Arrhenius model.
With the equilibrium model, evaporation took place within a thin
region that could be approximated as a slice, compared to a thick
region where evaporation took place in the Arrehnius model.
Fig. 5(e), (f) displays the temperature profiles. When the equilib-
rium model was used, an abrupt change in the slope of the temper-
ature profiles was observed. This was due to the endothermicity of
the evaporation process and was associated with the location of
the evaporation front. Between the exposed surface and the evap-
oration front, temperature gradients were more pronounced, indi-
cating internal heat transfer was the dominant mechanism. In the
wet zone where the liquid moisture mass fraction was equal to its
initial value, temperature gradients were very small because of
high thermal capacity of water. When the Arrhenius model was
used, evaporation commenced at temperatures below the normal
boiling point; e.g. it started from about 50 °C at t = 50 s for both
cases. This is another drawback of the Arrhenius model for high
heating rate problems [19]. At a specific time, the Arrhenius model
predicted lower temperature. This observation was more notice-
able for the higher initial FMC, specifically through the region with
small temperature gradients. According to Fig. 5(c), (d), in this
region, the equilibrium model displayed no evaporation whereas
the Arrhenius model showed evaporation. As an endothermic pro-
cess, evaporation lowered the temperature as seen in Fig. 5(e), (f).

Time histories of evaporation rate, liquid moisture mass frac-
tion and temperature at different locations are presented in
Fig. 6. It is seen in Fig. 6(a), (b) that the rate peak values for the
equilibrium model were appreciably larger. Furthermore, the rate
peak value increased as distance to the heated surface decreased.
The impetus for evaporation was the heating source and locations
closer to the surface realized the effect of the source more signifi-
cantly. Note that in Fig. 6(b) at z= 14 mm, for the equilibrium
model, the rate value was zero at all times while for the Arrhenius
model, it had non-zero, yet very small values. The rate time histo-
ries from the equilibrium model illustrated that evaporation
started later at a specific location for the higher initial FMC due
to higher fuel heat capacity. Consequently, it took more time for
a location to reach a temperature at which evaporation com-
menced. This physical behavior, however, was not observed in
the rate time histories predicted by the Arrhenius model. Fig. 6
(c), (d) shows that when the equilibrium model is implemented,
at a specific location, the biomass slab lost its moisture more
rapidly because of higher vaporization rates. Moreover, it can be
seen that at a given location, the drying time increased with the
initial FMC since the liquid moisture mass was larger for larger ini-

tial FMC. It was observed in Fig. 6(e), (f) that as the distance from
the exposed surface increased, the thermal resistance increased
and consequently, the temperature decreased. Moreover, it is seen
that the temperatures predicted by the Arrhenius model were
slightly lower and the difference between the solid and the dashed
lines became more apparent with increasing depth from the
exposed surface. The reason is that when the Arrhenius model
was used, the evaporation process at a specific location took a sig-
nificantly longer time which increased as the distance from the
fuel surface increased, as could be seen in Fig. 6(a), (b). Also, since
evaporation is an endothermic process, the endothermicity effect
of the evaporation prevailed longer, which resulted in lower tem-
peratures. This effect is more visible for higher initial FMC as
shown in Fig. 6(f). Note in this figure that for the Arrhenius model
and at z = 14 mm, the slab temperature was quite below the water
normal boiling point at all times, yet evaporation took place which
was inconsistent with the physics of evaporation.

Fig. 7 displays dry fuel and char mass fraction profiles at three
different times. After exposure to the external heat source, the slab
surface temperature rose and heat was transferred inward by con-
duction and radiation. Meanwhile, the liquid moisture began to
vaporize at the surface, leading to the formation of an evaporation
front that moves inward. When the surface temperature was suffi-
ciently high, biomass degradation commenced and a pyrolysis
zone was formed. As the pyrolysis zone moved inward, a char layer
was formed and this layer thickened. As observed in Fig. 7(a), in the
equilibrium model, five zones existed simultaneously within the
particle: (i) the char layer where dry fuel mass fraction was zero,
(ii) the pyrolyzing zone where dry fuel mass fraction varied from
zero to one, (iii) the dry zone where dry fuel mass fraction was
one, (iv) the drying zone where dry fuel mass fraction decreased
from one to its initial value, and (v) the wet zone where dry fuel
and liquid moisture mass fractions were equal to their initial val-
ues. In Fig. 7(b), the char layer has not been formed yet because
of the higher initial FMC resulting in lower temperature and in turn
lower reaction rate. In the Arrhenius model, the drying zone was
significantly widened and no wet zone was observed, as shown
in Fig. 7(a). The equilibrium model results were more consistent
with those of previous works [55,8,29]. In Fig. 7(c), (d) at a specific
time, the equilibrium model predicted a slightly higher char yield
because of a higher predicted temperature, as seen in Fig. 5(e),
(f), resulting in a larger reaction rate. Nonetheless, char distribu-
tion within the slab was found insensitive to the evaporation
model compared to dry fuel distribution.

The mass loss rate (MLR) of the fuel slab is shown in Fig. 8. The
MLR exhibited two peaks: the first was attributed to the liquid
moisture evaporation and the second to the dry fuel pyrolysis.
For the cases with higher initial FMC, the first peak attained a
higher value since evaporation occured with higher rates, as shown
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Fig. 5. Profiles of (a,b) evaporation rate (c,d) liquid moisture mass fraction and (e,f) temperature for external radiant heat flux of 40 kW m~2, initial FMC of 26% (left column)
and initial FMC of 100% (right column); EM: Equilibrium Model, AM: Arrhenius Model.

in Fig. 5(a) and (b). For these cases, the second peak had lower val-
ues because it was mainly influenced by pyrolysis with a rate
depending on the slab temperature, which was lower for the cases
with higher initial FMC. Additionally, the peaks occurred at later
times when the initial FMC increased. It can be argued that it took
longer for the slab to reach the temperatures at which evaporation
and pyrolysis started. For a given initial FMC, the first peak was
higher for the Arrhenius model since the fuel initially lost more
moisture in this model, as seen in Fig. 5(c), (d). In contrast, the
equilibrium model for 100% FMC showed a higher value for the
second peak because this model resulted in higher temperatures
and in turn greater pyrolysis rates, as could be seen in Fig. 5(e), (f).

Fig. 9(a) shows the slab’s total shrinkage against the external
heat flux, where it is calculated as 7o — 7r /7o x 100% where 7o
is the slab initial thickness and 7y is the slab final thickness. Over-
all, the total shrinkage increased with the heat flux level because at
a higher heat flux, more liquid moisture was vaporized and more
dry fuel was degraded and converted to char and pyrolysis gases.
For a specific heat flux, the Arrhenius model showed a slightly
higher shrinkage since when this model was used, overall the slab
lost more moisture (see Fig. 5(c), (d)). The effect of initial FMC on
the slab total shrinkage is depicted in Fig. 9(b). It is observed that
the total shrinkage increased with the initial FMC. It can be argued
that the slab with higher initial FMC has more liquid mass which is
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Fig. 6. Time histories of (a,b) evaporation rate (c,d) liquid moisture mass fraction and (e,f) temperature for external radiant heat flux of 40 kW m~2, initial FMC of 26% (left
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released as the water vapor and thus causes more shrinkage. For
initial FMC below 30%, both evaporation models predicted a nearly
equal amount of total shrinkage whereas for initial FMC above 30%,
the difference in the predicted shrinkage between the models was
appreciable and increased with initial FMC.

The slab total shrinkage is a consequence of change in the size
of computational cells. According to the condensed phase conser-
vation of mass (Eq. 10), when a cell experiences any mass loss by
means of evaporation, pyrolysis or both, its size changes. In this
work, size change occurred only in the form of shrinkage. The rel-
ative change in the cell size was called the local shrinkage and cal-
culated as (Azg — Az)/Azy x 100% where Az, and Az were the
initial size and the instantaneous size of the cell, respectively. Local

shrinkage is plotted throughout the slab at different times in
Fig. 10. At an early time; e.g. t = 50 s, the slab temperature was
not high enough for pyrolysis to occur. Thus, shrinkage was caused
only by liquid moisture loss. At this time, cells that were com-
pletely dried experienced a ~15% reduction in their size while cells
in the wet zone experienced no shrinkage. At later times, wood
decomposition and char formation occured within a portion of
the slab, resulting in further shrinkage in the corresponding cells
(locations). The cells on, and close to, the surface attained the most
shrinkage, which was about 40%. Generally, the more char formed
in a cell, the more shrinkage occurred. The evaporation models did
not exhibit a significant difference in the local shrinkage where
evaporation had completed. Both models showed that when a cell
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lost its liquid moisture, its size shrank to 85% of its initial size.
However, because the Arrhenius model resulted in a broader evap-
oration zone, more locations experienced shrinkage. For example,
at t =250s, when the Arrhenius model was used, every single
location throughout the slab underwent shrinkage whereas when
the equilibrium model was used, a region in the slab that spanned
from z=7 mm to the bottom face (the wet zone) observed no
shrinkage.

In the apparatus used to conduct the experiment, the fuel slab
was situated on a fixed sample holder. Therefore, as it was heated
and underwent shrinkage, its top face moved downward and
receded whereas its bottom face remained stationary. In the simu-
lation, however, the top face was assumed fixed as the origin of the
coordinate system. Thus, the bottom face moved toward the top
face as the slab evolved thermochemically. Nonetheless, the
shrinkage rate defined as the rate at which the top and bottom
faces approached each other was independent of the choice of
the coordinate system. As shown in Fig. 10, at a specific time dur-
ing the simulation, a fraction of computational cells shrank in size
and as a result, the distance between the top and bottom surfaces
reduced. The surface recession rate, is shown as a function of time
in Fig. 11. At the beginning, the recession rate increased rapidly
and attained a local maxima which was due to evaporation. This
peak value occurred at a later time for higher FMC since in this
case, evaporation progressed more slowly. After a few minutes,
the recession rate exhibited the second local maxima which was
attributed to dry fuel pyrolysis. The fuel slab with higher FMC
attained a higher surface recession rate since during simulation,
it shrank more, as seen in Fig. 9(b). Furthermore, as long as evapo-
ration significantly contributed to the overall mass loss, the sensi-
tivity of surface recession rate to the evaporation model was
noticeable for higher FMC.

5. Summary and conclusions

The thermochemical evolution of a moist shrinking biomass
slab subject to radiant heating was investigated after extending
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Fig. 10. Local shrinkage for external heat flux of 40 kW m~2 and initial FMC of 26%;
EM: Equilibrium Model, AM: Arrhenius Model.

an existing pyrolysis computational framework, Gpyro to include
the equilibrium model for liquid moisture evaporation. In the pre-
sent study, also, a continuum description of mass and energy con-
servation for a pyrolyzating, shrinking porous medium was
provided in the form of integral-differential equations. The model
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Fig. 11. Time history of the fuel surface recession rate for external heat flux of
40kW m2 and initial FMC of 26% and 100%; EM: Equilibrium Model, AM:
Arrhenius model.

was favorably validated against cone calorimeter experiments con-
ducted by Shen et al. [53] by comparing the simulation results with
the experimental data for temperatures at different locations of the
fuel slab. Drying dynamics in the fuel slab with moisture content as
simulated by the equilibrium model and the widely used Arrhenius
model were studied. The equilibrium model took into account the
saturated condition at which evaporation occured whereas the
Arrhenius model simply assumed that evaporation occured
through a chemical reaction. The study examined two initial FMCs
of 26% and 100% representing dead and live fuels, respectively. The
propagation of a steep evaporation front where evaporation rate,
liquid moisture mass fraction and temperature profiles exhibited
large spatial gradients characterized the equilibrium model. The
Arrhenius model, however, exhibited a smooth behavior through-
out the fuel particle as a result of the mathematical expression of
the evaporation rate. The comparative study of the evaporation
modeling approaches illustrated that the equilibrium model much
better represented the underlying physics of evaporation. The
equilibrium model demonstrated evaporation as a surface phe-
nomenon, did not exhibit evaporation below the normal boiling
point of water and properly showed the impact of the change in
the initial FMC on the drying dynamics. Furthermore, in the equi-
librium model, a distinguishable wet zone characterized by mois-
ture content equivalent to the initial FMC, was observed in the
slab. The presence of such zone during the thermochemical con-
version of biomass has been reported in the previous works
[55,8,29]. The Arrhenius model was not able to capture this zone.
The choice of evaporation model had an insignificant impact on
the amount of shrinkage in the low-FMC fuel and an appreciable
impact in the high-FMC fuel. The simulation results also demon-
strated that regardless of the evaporation model, the fuel shrinkage
increased when the external heat flux or the initial FMC increased.
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