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ABSTRACT: The pore structure of biogenic materials imbues the ability to
deliver water and nutrients through a plant from root to leaf. This
anisotropic pore granularity can also play a signiﬁcant role in processes such
as biomass pyrolysis that are used to convert these materials into useful
products like heat, fuel, and chemicals. Evolutions in modeling of biomass
pyrolysis as well as imaging of pore structures allow for further insights into
the concerted physics of phase change-induced oﬀ-gassing, heat transfer, and
chemical reactions. In this work, we report a biomass single particle model
which incorporates these physics to explore the impact of implementing
anisotropic permeability and diﬀusivity on the conversion time and yields
predicted for pyrolysis of oak and pine particles. Simulation results showed
that anisotropic permeability impacts predicted conversion time more than 2
times when the Biot number is above 0.1 and pyrolysis numbers (Py1, Py2) are less than 20. Pore structure signiﬁcantly impacts
predicted pyrolytic conversion time (>8 times) when the Biot number is above 1 and the pyrolysis number is below 1, i.e., the
“conduction controlled” regime. Therefore, these nondimensional numbers reﬂect that when internal heat conduction limits
pyrolysis performance, internal pyrolysis oﬀ-gassing further retards eﬀective heat transfer rates as a closely coupled phenomenon.
Overall, this study highlights physically meaningful opportunities to improve particle-scale pyrolysis modeling and experimental
validation relevant to a variety of feedstock identities and preparations, guiding the future design of pyrolyzers for eﬃcient biomass
conversion.

1. INTRODUCTION
Fast pyrolysis of biomass is a unique technology for converting
lignocellulosic materials into biocrude oil, char, and combustable gases. Rapid cooling of the condensable products
preserves many of the biomolecular chemical bonds before
they reach thermodynamic equilibrium and fully convert to
syngas and carbon rich char. The condensable pyrolysis vapors
can be converted into liquid transportation fuels through a
variety of catalytic processes involving vapor-phase upgrading1,2 and hydrotreating.3 The yield and quality of the bio-oil
depend strongly on the composition, particle size, and density
of biomass as well as on the reactor conditions that dictate the
heat transfer and time that the material resides in the hot
reactorwhether an inert gas or a small amount of oxygen is
used.4−6 In general, the highest oil yields and best quality are
achieved using small particle sizes that minimize intraparticle
heat transfer limitations, continuous mixing, and short vapor
residence times.7−9 As such, ﬂuidized bed and entrained ﬂow
reactors are often used for fast pyrolysis.10
Design parameters for a pyrolysis system include not only
the reactor’s dimensions and operating conditions but also
selection of pretreatments such as grinding, drying, or adding
© 2021 American Chemical Society

in a catalyst. At a fundamental level, pyrolysis models must
capture the four key translational physics that span the particle
scale to reactor scale: heat transfer, mass transfer, chemical
reactions, and phase change.11 Laboratory experiments often
isolate one of these phenomena to extract useful modeling
parameters- for example, using a thin ﬁlm of wood or cellulose
to evaluate chemical reaction rate parameters in the absence of
particle heat transfer limitations.12−14 However, the other
coupled physics must also be captured to accurately predict
conversion times which are critical to properly size a pyrolysis
reactor, which in turn contributes a signiﬁcant capital cost in a
bioreﬁnery.15,16 For example when using larger particles that
take longer to pyrolyze, reactors must accommodate a larger
volume of biomass to reach full conversion and must thus be
bigger.17 Multiscale modeling approaches that comprise
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Moreover, biomass shrinkage plays an impactful role in
pyrolytic conversion. As mass is lost from the phase-change
reactions, the density of the particle dropsbut so does the
volume of the particle. This is especially important to capture
in ﬂuidized systems wherein accurate density and particle size
is coupled to a drag model to track the particle’s location and
residence time.10 For experiments with a ﬁxed particle, the
drag model is not relevant, but shrinking still plays a notable
role in the surface area and density which imbue changes to the
convective heat transfer and internal solid thermal conductivity, respectively. Accordingly, there are many ways to
account for biomass shrinkage. Some authors have even used
3D modeling to directly resize particles during conversion,
although this approach is computationally intensive.26 In an
eﬀort to balance simulation time with key parameters impacted
by shrinkage, an implicit shrinkage model is applied in this
work to dynamically rescale the convective heat transfer
coeﬃcient and internal thermal conductivity with conversion.
This selection was made because heat transfer, internal or
external, has been repeatedly determined to control the
eﬀective pyrolysis rate under relevant fast pyrolysis conditions.21,39,40
In this work, we follow up on the work of Di Blasi et al.38 to
evaluate the impacts of physical permeability on pyrolysis
conversion behavior to understand when this transport
phenomenon is important to include in particle simulations
and, importantly, when it can be ignored. Nondimensional
analysis is used to explore the relevant parameter space and to
draw insights from comparisons to experimental pyrolysis data
for an oak cylinder.

intraparticle transport and the local internal/external environments that the particle experiences are key to achieving this
goal.11,18−20
Early pyrolysis models relied on low-order approximations of
heat transfer within the biomass particle and surface heat
transfer to predict conversion times and yields, for example,
Pyle’s and Zaror’s work developing nondimensional pyrolysis
numbers.21 One-dimensional (1D) models introduced intraparticle gradients and greatly improved the accuracy, especially
when using nonspherical coordinates like cylinder radius, for
example Van de Velden et al.’s work.13 Two- (2D) and threedimensional (3D) models allowed for the study of anisotropic
physical transport, which is inherent to lignocellulosic materials
that have highly directional porosity. Examples of these types
of models include the works of Di Blasi22−24 with a simplistic
biomass reaction scheme and others that can capture bio-oil
quality by using multistep, multicomponent reaction schemes
like the CRECK variants.25−28 Indeed, 3D combustion
modeling of whole logs has been performed with great
predictive capacity.29 While high in computational cost
compared to 1D or 0D models, these multidimensional
models have been coupled to high-ﬁdelity reactor simulations
either directly or indirectly as a calibration for lower-order
particle models or for other mathematical methods.10,30,31
The anisotropy native to lignocellulosic is imbued by the
porous tissue structure of the once living organism. Key
properties that emerge from this nature include particle shape
(resultant from comminution), thermal conductivity, diﬀusivity, and permeability. Predictions of thermal gradients become
more accurate as the particle geometry is represented with
greater ﬁdelity as the particle shape impacts both internal
heating depth and external surface area.32,33 Thermal
conductivity in the longitudinal direction of wood can be as
high as 3 times the radial direction with respect to grain34 and
between 1.5−2.5 times for pine.35 Many models have shown
that under relevant fast pyrolysis conditions, anisotropic
conductivity plays a key role in predicting conversion time
and yield, wherein axial heat transfer is much faster than radial
due to pore connectivity.26,36 However, there is some
conﬂicting information regarding the impact of incorporating
directional permeability into particle models. The directional
gas permeability of wood is strongly dependent on pore
structure. Comstock measured gas permeabilities in the
longitudinal direction, demonstrating some of the earliest
quantitative evidence of this phenomenon.37 Despite this,
others have concluded that permeability plays very little role in
pyrolysis simulations, and as such, many models do not
account for directional permeability.26,36 One work from Di
Blasi reports a mass source term in the Navier−Stokes
equations and found that when using tangential and radial
permeabilities convective ﬂow out of the particle due to the
pyrolysis phase-change reactions impacts heat transfer to the
particle wall, as outﬂowing gases travel counter to heat
migration.38 In this work, Di Blasi assumed that axial
permeability is 1000 times higher than radial permeability for
a 2D model to represent grain structure and compares this to a
1D model for wood with isotropic properties. The conclusion
was that as particle sizes become larger, convective heat
transfer plays less of a role than internal conductive heat
transfer. However, a systematic evaluation of the isolated
impacts of anisotropic permeability with all else in the model
remaining constant was not performed.

2. METHODS
2.1. Particle-Scale Model. A single particle model for a particle
of wood is used in this work to predict yields from the various critical
material attributes described in this work. Finite element method
(FEM) software COMSOL Multiphysics 5.6 was utilized to perform
numerical time-dependent simulations. A 2D axisymmetric model
describes a ﬁnite cylinder, which is more accurate than spherical
assumptions of biomass particles41 and allows for morphologically
relevant anisotropic transport. The model incorporates simultaneous
multispecies reaction, mass transport, and heat transport equations
with convection possible within the particle due to pressure gradients
resulting from pyrolysis phase changes. The pyrolysis reaction
scheme, species heat capacities, molecular weights, and Arrheniustype rate constants were taken from Debiagi et al.,25 as this scheme
has been validated across a variety of biomass feedstocks and can
input compositional analysis as initial values. Parametric sweeps were
performed over a variety of initial conditions describing various
temperatures, initial compositions, ash contents, initial moisture
contents, and particle sizes. The mesh for the 2D axisymmetric model
has 2064 domain elements and 220 boundary elements, as shown in
Figure 1.
Mass and Momentum Transfer Equations. The permeability
of the wood has axial and radial components. Comstock37 measured
directional gas permeabilities for pine wood. Axial permeability for
pine can be taken as 1.08 × 10−11 m2 when scaled for SI units, and the
radial permeability was measured to be 17,600 times smaller, at 6.18 ×
10−16 m2. Permeability is thus represented as a diagonal tensor and
incorporated into the modiﬁed Brinkman equation which describes
conservation of momentum for transient low Mach number
compressible ﬂuid within the porous biomass particle
20132
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Table 2. Particle Proximate Analysisa
Proximate analysis

wt %

Moisture
Volatile matter
Fixed carbon
Ash

5.65 [0.18]
74.74 [0.79]
19.30 [0.87]
0.31 [0.17]

a

Sample standard deviation is in brackets. Analysis was repeated with
four replicates.

1 du
1
1
ρ
+ ρg (u ·∇)u = ∇·[− pI + Y ]
εg g dt
εg
εg
ij
∇·(ρg u)
Q yz
− jjjjμK−1 +
+ 2m zzzzu
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j
εg
εg z
k
{

(2)

where

1
2 1
Y = μ (∇u + (∇u)T ) − μ (∇· u)
εg
3 εg

(3)

where εg is the wood particle macroporosity, ρg ﬂuid density, u ﬂuid
velocity vector, μ ﬂuid viscosity, I the identity matrix, K the
permeability tensor for the wood particle, and Qm the mass source
term from the pyrolysis phase change. Mass conservation of the gas
phase is upheld by the relationship
dεg ρg

+ ∇·(ρg u) = Q m

dt

and for the solid phase

Figure 1. Mesh for the 2D axisymmetric particle model (left). The
software calculates transport for a full 3D volume rotated around the
axis in its calculations (3D cutaway at right) with deﬁnitions for key
anisotropic physical parameters corresponding to wood’s granular
macropore structure.

d(1 − εg )ρs
dt

ρwood_wall

ρash

Constant/calculation

density of the wood and char cell
wall (i.e., without
macroporosity)46

(1 − εp,0)yash,0 ρwood _wall

density of ash component
estimated as mass fraction of cell
wall density for wood

(1 − y )
ash ,0

kcell_wall
kchar,wall
kmoisture
kash
kradial/kaxial
Cp,ash
Kax
Dgas
Vf/V0

Qm =

(5)

∑ R jMw , j
(6)

j

Comment

1500 kg/m3

= −Q m

The mass source term Qm is determined from the wood/
intermediates/char to vapor/gas reaction rates in units of kg/m3 s

Table 1. General Parameters Used in Particle Pyrolysis
Models
Description

(4)

where j is the vapor/gas species, Rj the reaction rate of production for
species j, and Mw,j the molecular weight of species j. Porosity changes
as a function of conversion
εg = 1 − (1 − εg ,0)

ρs
ρs ,0

(7)

where the density of the solid is the sum of all solid species i densities
following the Debiagi scheme

(0.0159 + 7.36 × 10−4 × thermal conductivity of wood/char
T/0.8 [K]) W/mK
cell wall solid fraction47
1 W/m K
thermal conductivity of char wall
(est.)
0.61 W/m K
thermal conductivity of liquid
water
1 W/m K
thermal conductivity of ash in cell
wall (est. from glass)
1.78
axial thermal conductivity is higher
than radial in wood26
0.84 J/g K
heat capacity of ash (est. from
sand)
−12
2
1 × 10 m
axial permeability of wood37
3 × 10−5 m2/s
diﬀusion coeﬃcient for all gases
0.55
ﬁnal vs initial particle volume due
to shrinkage calculated from oak
pyrolysis images

ρs =

∑ CiMw , i
i

(8)

where Ci is the concentration of solid species i. The density of the
vapor phase is calculated from the ideal gas law
ρg =

pM w , vap
RT

(9)

where
Mw ,g =

∑j CjM w , j
∑j Cj

(10)

and Cj is the concentration of vapor species j, R the universal gas
constant, and T the temperature. The outer boundary condition for
the particle surface (Figure 1) was set to a constant pressure.
Heat Transfer Equations. Conservation of energy is achieved
with the following equations described in terms of temperature,
assuming ideal gas behavior and negligible viscous heating
20133
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Figure 2. Schematic of the Frontier micropyrolyzer used for the single particle experiments.
(ρg cp)eff

∂T
+ ρg cp u ·∇T − ∇·k eff ∇T = Q̇
dt

cp , g =

(11)

where
(ρtotal cp)eff = εg ρg cp , g + (1 − εg )ρs cp , s

(12)

∑ CjMw , jkxΔHx
x

Vp,0 = πr 2L

As , f = 2πrL(1 − sr , char )(1 − sz , char ) + 2π(r(1 − sr , char ))2

(20)

where As,f is surface area for a completely pyrolyzed particle. The
surface area for an unconverted particle is
As,0 = 2πrL + 2πr 2

(15)

(21)

Conversion, α, is calculated deﬁned by the following equation
ij ρ
y
j wood , daf zzz
zz
α = 1 − jjj
jj ρ
zz
k wood , daf ,0 {

(22)

where ρwood,daf is the density of primary pseudospecies and primary
intermediates CELL, CELLA, GMSW, HCE1, HCE2, LIG, LIGC,
LIGCC, LIGH, LIGO, LIGOH, TANN, TGL, XYGR, and XYHW.25
The value for ρwood,daf,0 is at the initial conditions. The relative change
in volume at any given time t is therefore
Vp , f zyz
ji
zz
Vp , t = αjjjj1 −
j
Vp ,0 zz
k
{

(23)

while the relative change in surface area at time t is given as
ij
As , f yzz
zz
As , t = αjjjj1 −
j
As ,0 zz{
k

∑i cp , iCi
ρs

(19)

where r is particle radius, and L is particle length. The ﬁnal surface
area of the particle is therefore

(14)

where q is normal ﬂux into or out of the surface of the particle. The
surface heat transfer coeﬃcient h was calculated following the method
described by Tavassoli et al.42 for nonspherical biomass particles. A
previous study has shown that using a heat transfer coeﬃcient may be
a more appropriate method for approximating surface heat transfer
than direct numerical simulation of gases ﬂowing around the particle
due to orientation eﬀects.43
Thermal conductivities for CO, CO2, H2, H2O, N2, and C6H6 were
taken from Coker,44 Appendix C. Gas-phase thermal conductivities
are not available for the majority of the pyrolysis products, so all
unknowns were estimated to be the same as C6H6. The overall gas
thermal conductivity was density-averaged for gas phase species and
represents a much smaller thermal mass than the solids due to density.
The thermal conductivity of the solid phase was taken as densityweighted average of the wood, char, moisture, and ash contributions.
Heat capacities for each species were reported as a function of
temperature by Debiagi et al.25
cp , s =

(18)

where sr,char and sz,char are 0.224 and 0.098, respectively, scaled equally
from Bellais’ values to meet 45% volumetric shrinkage.28 At zero
conversion, the initial particle volume is

The particle surface allows for convective heat ﬂux with a heat
transfer coeﬃcient to describe heat transfer from implicit ﬂowing of
gas over the solid

− n· q = (Tinf − T )h

(17)

Vp , f = Vp ,0(1 − sr , char )2 (1 − sz , char )

(13)

where subscript s indicates solid cell wall phase and subscript p porous
gas/vapor phase; ρ is density, k thermal conductivity tensor, Q the
heat source term, T the temperature, and cp heat capacity of the gas, g,
and solid, s, fractions. The heat source term refers to the sum of the
heats of each reactions (H) of index x associated with each species j
Q̇ =

ρg

Implicit Shrinkage Model. The Bellais model for 2D shrinking45
was used in this work and is apt for the two cylindrical validation cases
utilized herein. The ﬁnal volume (Vp,f) of the particle when scaled by
the shrinkage constants in the radial (subscript r) and length
(subscript z) directions is

and
k eff = εg kg + (1 − εg )k s

∑j cp , jCj

(24)

Using these expressions, the thermal conductivity is ampliﬁed by
the volumetric densiﬁcation and heat transfer coeﬃcient h from eq 13
is attenuated by the surface area change of particle shrinking.

(16)

and
20134
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Chemical Species Transport Equations. The Debiagi reaction
scheme25 utilizes pseudospecies to represent cellulose, hemicellulose,
lignin, and extractives with stoichiometric balance, heat of reaction for
each step, and Arrhenius style rate constants. Bio-oil yields were taken
as the sum of the 23 “bio-oil” assignments, gas yields from the six
“bio-gas”, and biochar as a sum of all the solid and metaplastic species
and ash remaining in the solid.
Initial concentrations for each solid pseudospecies (cellulose,
lignins, hemicelluloses, and extractives) were calculated with respect
to the density of the dry wood cell wall
Ci ,0 = (1 − εg ,0)ρwood _wall yi /M w , i

water in the air) and the mass recorded. After the mass was recorded,
the samples were put into a tray and sealed for future analysis.
While the pyrolyzer was operated at a constant temperature of 500
°C (analytical interface temperature of 350 °C), large temperature
gradients were measured in the system. Using the gas inlet as the
datum reference (i.e., distance = 0 mm, designated as carrier gas ﬂow
path in Figure 2), only a small region was determined to be
isothermal. Thus, eﬀorts were made to consistently suspend the
particles between a distance of 70−85 mm from the gas inlet
(temperature 500−510 °C) to achieve ±20 K thermal gradient.
Triplicate experiments were performed for each of the ﬁve time steps:
0, 5, 20, 60, and 90 s.

(25)

In the solid domain, the solid species do not advect or diﬀuse, so
the equation describing their transport is

∂ci
= Ri
dt

Article

3. RESULTS
3.1. Model Validation: Oak Cylinder Pyrolysis at 500
°C. Red oak dowels, 12 mm long and 3 mm diameter, were

(26)

where Ri is consumption or production of each pseudospecies i. Ash is
considered to all remain in the solid, and water is assumed to be
adsorbed and unable to diﬀuse until evaporated, treated as a chemical
reaction in the Debiagi scheme. For the bio-oil, water vapor, and
biogas species, the following equation describes transport in the
porous void fraction of the wood
−∇·Deff , i ∇ci + u ·∇ci = R i

(27)

where

Deff , i = εg Di

(28)

and Di is the ﬂuid diﬀusivity tensor within the granular porosity.
Within the porous ﬂuid phase, the radial diﬀusion is slower in the
radial direction than axial due to the pore directionality of biomass
and char and is set to the same tensoral ratio as the permeability, Krat.
The outer surface of the particle as assigned a uniform ﬁxed-gradient
Robin boundary condition:
n·Di∇ci = 0

Figure 3. Red oak cylinder particles pyrolyzed for 0, 5, 20, 60, and 90
s.

(29)

Table 3. Parameters Utilized in Models for Oak Cylinders
and Various Pine Simulations

Further parameters used in the simulations are listed in Table 1.
2.2. Oak Cylinder Pyrolysis. To provide consistent particles for
experimentation and model validation (versus heterogeneous particles
from a hammer mill), red oak dowels were prepared. The starting
“feedstock” was 5/16 in. red oak dowel rods from Baird Brothers Fine
Hardwoods in Ames, Iowa. By starting with prefabricated dowels,
feedstock preparation was simpliﬁed. Using a dowel plate and drill
press, the 5/16 in. dowels were trimmed to a diameter of 3 mm. Then,
the 3 mm diameter rods were cut to a length of ∼12 mm producing a
set of uniformly sized single particles. The proximate analysis for this
sample is shown in Table 2.
A Frontier micropyrolyzer (PY-3030) was used to conduct the
single particle experiments. Modiﬁcations were made to the system
allowing for quenching of the pyrolysis products as outlined in the
work of Lindstrom et al.48 Flow into the reactor was controlled by a
mass ﬂow controller (Alicat: MC-500SCCM). For all experiments,
helium was used as the reference gas in the ﬂow controller.
For the experiments, the particles were dried at 105 °C for 5 h to
drive oﬀ any moisture. Then, the particles were weighed and
measured (height and diameter). The particles were then placed in a
desiccant container to avoid absorbing any moisture from the ambient
air. Immediately preceding the experiments, a single particle was
removed from the desiccant container. Then, a stainless-steel metal
harness was prepared holding the particle. This harness was used to
suspend the particle in the reactor zone. The particle was lowered into
the reactor using the micropyrolyzer’s sample holder.
After rapidly lowering the particle into the reactor zone, it was kept
in the heated furnace for a predetermined time. After the set duration,
the particle was dropped into a either a water bath or a water
saturated Kimwipe to prevent smoldering of the hot char in air. The
particles were then dried at 105 °C following these quenching
reactions for 4 h to drive oﬀ any moisture absorbed. The samples were
then weighed immediately after this drying (to avoid saturation from

Parameter
Tgas,reactor, °C
Tparticle, t=0, °C
gas environment
pgas,reactor, kPa
εg,0
ρparticle,0, kg/m3
rparticle, mm
Lparticle, mm
moisture content
ash content
CELL
GMSW
LIGC
LIGH
LIGO
TANN
TGL
h, W/m2 K
Vf/V0
sr_char
sz_char
μg, Pa s
kthermal,g W/m K
cp,g, J/mol K

20135

Oak cylinder (experiment) Pine, various (theoretical)
500
120
He
101
0.49
765
1.5
12
0
0.0031
0.44
0.34
0
0.11
0.11
0
0
359
0.46
0.224
0.098
3.85 × 10−5
0.1513
12.5

500
N2
143
0.56
656
1.53 × 10−4 to 0.08
10 × radius
0.06
0.006
0.39
0.25
0
0.18
0.11
0
0.06
92.5
0.46
0.224
0.098
3 × 10−5
0.057
31.2
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Figure 4. Residual mass fraction vs time for oak cylinder pyrolysis
with two permeability tensor ratios.

Figure 6. (A) Pyrolysis regime map corresponding to select test case
simulations in this work. Bi > 1, is Py1 used; Bi < 1, Py2 is used.

pyrolyzed in a micropyrolyzer and weighed at 5-s intervals up
to 30 s, then 30-s intervals up to 90 s with a ﬁnal char yield of
16 wt %. 95% conversion based on equilibrium char yield was
achieved by 25 s. Figure 3 shows photographs of particles at
these time steps. The model was parametrized according to the
values presented in Table 3. Two simulation cases were
performed: one with isotropic permeability and diﬀusivity (1 ×
10−12 m2 and 6 × 10−6 m2/s with ep0, respectively, in all
directions) and one with the radial permeability and diﬀusivity
attenuated by a quotient factor of 17,600, as reported in gas
permeability measurements by Comstock. The transport of
momentum and species increase with increasing porosity as the
biomass pyrolyzes, so permeation and diﬀusion accelerate with
conversion. Simulation results show that while the anisotropic
simulation captures mass conversion time within 5 s error, the
isotropic simulation (Krad=Kax) reveal a dramatic underprediction of conversion as a function of time, as depicted in
Figure 4.
Di Blasi49 noted that isotropic permeability is unrealistic as it
does not reﬂect the directional porosity of real biomass, for as
vapors are formed during pyrolysis they will eject from the side

walls of a particle. This eﬀect is especially ampliﬁed here by
high L/D ratios of 4, wherein the surface area of the side walls
account for 8 times that of the particle ends. The isotropic
simulation does not even reach equilibrium pyrolysis
conversion by the 90 s mark with residual mass of 45%
remaining. Further exploration of this phenomenon can be
seen in Figure 5 comparing the ﬂuid velocities and surface
temperatures for both simulations at the 20 s mark. While the
ﬂuid velocity reaches as high as 0.22 m/s (Umax) leaving the
anisotropic simulation primarily directed toward the particle
ends, the ﬂuid velocity is directed in all directions for the
isotropic simulations and maximizes at 5 × 10−3 m/s. This
outward moving convective ﬂow of evolved pyrolysis gases
absorbs heat along its path outward. This eﬀectively suppresses
the heat conducting through the solid radially, and indeed, we
see that the temperature throughout the particle is
approximately 100 K lower for the isotropic simulation. It
should be noted that the Biot number is 1.7, Py1 0.03, and Py2
0.06, which places it in the intermediate noncontrolled regime
but close to the conduction-controlled domain. Further
discussion on these nondimensional numbers can be found

Figure 5. Temperature gradient (left) and intrapore ﬂuid velocity (right) for the simulation of a pyrolyzing oak pellet at the 20 s mark for two
diﬀerent permeability conditions: isotropic (Krad = Kax) and anisotropic (Krad = Kax/17,600).
20136
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Table 4. Case Studies for Particles Pyrolyzing under Diﬀerent Conditions as Reﬂected in the Nondimensional Numbers
r (m)
1
2
3
4
5
6
Oak validation

L (m)
−4

3.4 × 10
2.5 × 10−3
1.5 × 10−4
5 × 10−5
1 × 10−2
2 × 10−4
3 × 10−3

−3

3.4 × 10
2.5 × 10−2
1.5 × 10−3
5 × 10−4
0.1
2 × 10−3
2.4 × 10−2

h (W/m2 K)

Bi

Py1

Py2

Regime description

92.5
1
92.5
200
400
1E4
92.5

0.22
0.02
0.10
0.07
29
12
1.7

3.3
0.06
16
149
3.7 × 10−3
9.4
3.1 × 10−2

0.73
0.001
1.6
10.7
0.11
116
2.0 × 10−5

Isothermal reaction
Convection controlled
No control
No control
Conduction controlled
Reaction controlled
No control

Figure 7. Residual mass fraction vs time excursions for case studies 1−6 across the pyrolysis regime map to elucidate the impacts of isotropic
(dotted curves) vs anisotropic (solid curves) permeability assumptions on predicted conversion.

in the next section. While Di Blasi concludes that anisotropic
permeability eﬀects are minimal for particles in this regime,
these results with high L/D show the contrary. WardachŚwiȩcicka and Kardaś50 noticed in their simulations of wood
that the advection of gases leaving wood particles during
pyrolysis greatly reduces the particle heating rate compared
with ignoring the critical phase change phenomenon. However,
this work did not incorporate anisotropic pore structure via a
permeability tensor.
3.2. Pyrolysis Regimes That Are Most Impacted by
Anisotropic Permeability. While the large oak particle

validation demonstrates the importance of anisotropic
permeability, it is important to consider that this is a relatively
large particle at 3 mm diameter and 12 mm length. In typical
bench-scale ﬂuidized bed reactors, 0.5−2 mm diameter
particles are more common in fast pyrolysis experiments.
However, particle size alone does not determine the so-called
“pyrolysis regime”. In order to determine the pyrolysis regime,
three nondimensional numbers are commonly calculated based
on the particle size and environmental conditions. First, the
Biot number Bi characterizes the ratio of convective heat to
conductive heat
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map that is useful here, as illustrated in Figure 6, for wood
particles pyrolyzing at 500 °C. Case 1 is a small particle with
high convective heat transfer coeﬃcient (h) in the isothermal
reaction domain. Case 2 is a medium-sized particle with low h
placing it in the convection-controlled regime. Cases 3 and 4
are small particles in the “noncontrolled” regime. Case 5 is a
large particle with high h in the conduction-controlled regime,
and Case 6 is small particle with high h that places it in the
reaction-controlled regime. Under this framework, the oak
particle lies in the “noncontrolled” regime, between convection
and conduction control. Table 4 lists complete values and
assigned regimes for each case.
Results shown in Figure 7 from the case studies (Table 4)
expose the strongest inﬂuence of anisotropic permeability for
the conduction-controlled parametrized model, wherein the
99% conversion time in the Krat = 1 case is more than ﬁve
times that of Krat = 17600; the latter case is considered more
physically relevant, as this permeability ratio has been
measured experimentally for pine. Because internal conduction
is the limiting heat transport mechanism for this large particle,
convective ﬂow of heat within the particle plays a larger role
than for other cases. If just-reacted gases are advecting radially
out of the biomass particle in the opposite direction as heat
ﬂux, this counteraction slows the rate of temperature rise
driving the pyrolysis reactions. Cases 2−4, close to the
convectively controlled regime, show minimal impact of
specifying the permeability as isotropic vs anisotropic. Case 1
shows approximately 50% overestimate of conversion time for
the isotropic case vs Krat = 17600.
In order to further elucidate a regime map for conditions
where accurate prediction of conversion time requires the
inclusion of anisotropic convective transport properties, 79
cases were run with Krat equal both to 1 and 17,600 for pine.
Simulation parameters are shown in Table 3, while the heat
transfer coeﬃcient, particle radius, and density were modulated
to span Biot and pyrolysis numbers from 10 × 10−2 to 10× 102.
Conversion times at 99% wood loss were interpolated into a
color map shown in Figure 8.
From these results we can make the following general
conclusions. (1) The inﬂuence of anisotropic permeability
plays a notable role in conversion time when the Biot number
is above 0.1 for all pyrolysis numbers, as well as when Py2 is
less than 20. Here, using isotropic properties instead of
anisotropic properties predicts more than 2 times the
conversion time. (2) Pore structure most signiﬁcantly impacts
pyrolytic conversion time when the Biot number is above 1
and the Py1 number is below 1. Here, conversion time is
overestimated by more than 8 times when isotropic properties
are used. This eﬀect is ampliﬁed as Bi increases and Py1
decreases together. These nondimensional numbers reﬂect the
natural phenomenon that when internal heat conduction limits
the overall rate of pyrolysis, oﬀ-gassing eﬀectively lowers
surface heat transfer rates by keeping the surface at the
temperature that the gases escape. (3) This work aﬃrms Di
Blasi’s insights that internal conduction dominates pyrolysis
when the Biot number is high, and here is where pyrolysis
models are sensitive to directional porosity.49 However, the
domain of signiﬁcance is herein extended to where Biot
number is greater than 0.1 and pyrolysis number is less than
20. No signiﬁcant impact of pore structure was noticed when
the Biot number is less than 0.1 or when the pyrolysis number
is greater than 20 (Figure 8). Table 5 summarizes these results.

Figure 8. Regime map for relative 99% conversion time of simulations
with isotropic porosity properties (tiso) over more realistic anisotropic
properties (taniso) based on 158 simulations with an interpolated color
map. Log base 10.

Table 5. Summary of Domains Wherein Grain-Oriented
Oﬀ-Gassing Impacts Predicted Conversion Times during
Wood Pyrolysis
Bi
<0.1
>0.1
>1

or
and
and

Bi =

Py

Impact from grain-oriented oﬀ-gassing on
pyrolysis conversion rates

Py1/2 > 20
Py1/2 < 20
Py1 < 1

Minimal to negligible
Notable impact
Signiﬁcant impact

hconvr
kcond

(30)

Next, the two pyrolysis numbers developed by Pyle and
Zaror21 compare heat transfer with an eﬀective reaction rate at
the external set ﬂuid temperature. The ﬁrst pyrolysis number
Py1, eq 31, compares conductive heat transfer to the eﬀective
reaction rate as estimated by the Di Blasi single step primary
devolatilization rate51 with A = 4.38E9 1/s and Ea = 148 kJ/
mol. The single step di Blasi constants were chosen as a
lumped approximation for the overall reaction rate constant
required for this nondimensional analysis.
Py1 =

kcond
kdiBlasiρpart Cpr 2

(31)

A single-step pyrolysis reaction scheme is used here for
simplicity rather than a multicomponent reaction scheme. The
second pyrolysis number Py2, eq 32, compares surface
convective heat transfer with the eﬀective reaction rate:
Py2 =

hconv
kdiBlasiρpart Cpr

Article

(32)

Six hypothetical cases representing a variety of pyrolysis
regimes were explored to evaluate the impacts of anisotropic
permeability, as shown in Table 2, by running two simulations:
one with Krat = 1 and another with Krat = 17,600, the measured
value for pine as reported by Comstock.37 Mettler et al.40
expanded Pyle’s and Zaror’s work to a 2D pyrolysis regime
20138
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4. CONCLUSIONS
Historically, simpliﬁed biomass pyrolysis models ignore the
mass source term of pyrolysis vapors being released inside the
particle and advecting out of the biogenic and dynamic pore
structure. While experimental results may often match the
model well, this does not fully capture the nature of the
concerted, coupled transport phenomena that occur during
devolatilization. The present study provides some insights into
nondimensional regimes where capturing the anisotropic pore
structure is extremely important to ensure valid predictions,
namely, the conduction-controlled regime and other regimes
where it may be less important to capture this. These results
can be used to simplify some modeling assumptions or even to
revisit models that may have incorrectly acknowledged this
eﬀect. The authors recommend future investigations by the
ﬁeld to explore common but unique pore structures like
biomass pellets, as well as to understand the dynamic evolution
of pore structure and permeability during pyrolysis. The ﬁnal
pore structure of char may not have a major impact on
devolatilization prediction accuracy, but when an oxidizer is
present like in autothermal pyrolysis,6,52 gasiﬁcation, and
combustion,29 the char’s porosity may strongly control particle
oxidation. Kluska et al.53 recently concluded that radial
porosity is created during pyrolysis that allows gases to escape
through the radius with particle experiments in the noncontrolling regime. Further studies should also incorporate
direct thermal measurements of biomass particles to evaluate
the selection of internal thermal conductivity models.
Ultimately, the anisotropic, feedstock-speciﬁc nature of
permeability and heat transfer phenomena occurring during
pyrolysis hold signiﬁcant implications beyond the particle
scale, inﬂuencing reactor design, unit throughput, and even
capital intensity of the broader bioreﬁnery. The conclusions
reached in this study unravel yet more complexity behind these
highly dynamic conversion strategies.
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