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Abstract 

Biomass char morphology affects combustion behavior at the particle scale for zone II conditions, in which 
both heterogeneous reaction and intra-particle diffusion govern the overall rate. Furthermore, particle-scale 
processes affect reactor-scale outputs, and reactor-scale simulations are sensitive to particle-scale models. 
However, most char particle combustion models employ coarse-grained, effective-continuum approaches, 
which treat all porosity at the subgrid-scale. Effective-continuum approaches are not valid or accurate in the 
presence of large, irregular pores which can approach the size of the particle. A 3-D, pore-resolving CFD 

simulation approach using real biomass char particle geometries obtained from X-ray micro-computed to- 
mography (micro-CT) is therefore used to examine the impact of morphology on zone II combustion for 
pulverized ( ∼100 μm) biomass char particles for the first time. In contrast to larger, millimeter to centime- 
ter sized particles, the sub-millimeter, high aspect ratio biomass char particles exhibited localized reactant 
penetration into the innermost regions of the particles, facilitated by the presence of large pores connected 
to the external surface. The oxygen mole fraction distributions were governed by the large pore morphol- 
ogy, were non-monotonic with distance from the surface, and achieved minima in thick microporous char 
regions surrounding the large pores. A comparison between the pore-resolving simulation and an equivalent, 
spatially resolved, effective-continuum simulation revealed that even in the microporous char, the effective- 
continuum model underpredicted reactant penetration. A careful comparison was then performed between 
30 pore-resolving particle simulations and several effectiveness factor models that employed particle-specific 
parameters. Commonly used uniform cylinder models significantly underpredicted effectiveness factors for 
these real pulverized pine char particles, while accessible hollow cylinder models achieved less than 10% rel- 
ative error when averaged over all 30 particles. 
© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Due to environmental concerns, biomass gasi- 
fication, oxy-combustion, and co-firing with coal 
have gained interest as strategies for electricity gen- 
eration [1] . During biomass combustion in pul- 
verized fuel boilers and furnaces, sub-millimeter 
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articles undergo devolatilization, producing light
ases, tars, and porous char particles, which are
ubsequently oxidized. Due to its relatively slow
ate compared to volatile production and oxida-
ion, char combustion is typically the rate-limiting
rocess. 
Char morphology has a strong impact on the

ate of combustion for industrially-relevant “zone
I” conditions [2–4] , in which heterogeneous re-
ction and diffusion in the porous particles both
overn the char combustion rate. Particle-scale
rocesses affect reactor-scale outputs [5–7] , and
eactor-scale computational fluid dynamic (CFD)
imulations are sensitive to the models used for char
articles [6–8] , even for biomass [6 , 8] with its lower
xed carbon than coal. Furthermore, the distribu-
ion of biomass particle morphologies must be cor-
ectly modeled to obtain accurate reactor-scale pre-
ictions [5 , 9] . Therefore, an understanding of the
mpact of biomass char morphology on particle-
cale combustion is needed to design and accurately
odel biomass combustion systems. 
Biomass char morphology depends on the fuel’s

ellulose, hemicellulose, and lignin content, cell
all characteristics, and devolatilization condi-
ions, such as the heating rate [10 , 11] . Irregular void
tructures, cenospheres, and dense chars have been
bserved [4 , 10–12] , as well as features not typical of 
oal char, such as high aspect ratios, large cellular
tructures, and anisotropic pores [2 , 11 , 13] . Chars
ossess a range of pore sizes, from micropores,
esopores, and macropores, to “large pores” and
voids” with sizes that approach that of the parti-
le [4] . Because the surface area on the small pore
alls exceeds the external particle area by orders of 
agnitude [10 , 14] , heterogeneous reactions occur
rimarily within the particles, even in the presence
f diffusion limitations. 
Most single particle char combustion models,

hether detailed simulations or simple 1-D mod-
ls used in reactor-scale CFD, employ the effec-
ive continuum assumption, which treats all poros-
ty at the subgrid-scale, irrespective of the pore
ize. Effective-continuum (or “upscaled”) mod-
ls solve conservation equations for a compos-
te region composed of solid and pores. However,
ffective-continuum models are only valid and ac-
urate when the size of the pores is much smaller
han the size of the particle [15] , 

L pores � L particles . (1)

This is not the case for many biomass chars,
hich are morphologically complex and contain
ores with sizes on the same scale as the particle
tself [4 , 11] . It has been shown experimentally and
umerically that effective continuum models can-
ot accurately predict “zone II” combustion and
asification [3 , 16–18] . 
X-ray micro-computed tomography (micro-

T), which can image the internal and external
tructure of char particles in three dimensions (3-
D), can help elucidate the impact of real morphol-
ogy during char combustion [2 , 19] . “Morphology”
refers here to geometrical features and large pores
(larger than a few microns) which affect gas diffu-
sion throughout the particle. Micro-CT (135 μm
voxels) was recently used to image the evolution
of solid density and gas temperature in large ( ∼19
mm), smoldering biomass particles in-situ, and re-
vealed the importance of biomass structure (e.g.,
cracks) on char oxidation [20] . A subsequent study
found that pore orientation affected volatile trans-
port, while char oxidation was largely confined to
the edges of 16 mm particles [21] . Micro-CT (2 μm
voxels) was also used in conjunction with zone II
experiments to qualitatively examine the impact of 
anisotropy, pore morphology, and gas transport on
the evolution of cylindrical wood char particles (2
mm) [2] . For cylindrical biomass char with large
pores ( > 5 μm) oriented along the particle axis,
gasification likewise proceeded primarily in the ax-
ial direction rather than in the radial direction. 

Micro-CT has also been used to generate ge-
ometries for 3-D, pore resolving CFD simulations
to examine the impacts of real char morphology
during gasification [17] and combustion [18] . Bitu-
minous coal char particles ( ∼100 μm) were imaged
with high-resolution micro-CT (1.6 μm voxels) to
resolve internal and external structures, including
large pores for which upscaling is not appropriate.
The large pores were fully resolved in the geome-
try and standard gas-phase conservation equations
were solved in those regions, as well as in a sur-
rounding gas boundary layer. Effective-continuum
equations were employed only in the surrounding
char (“microporous char”), where the upscaling
constraints ( Eq. (1) ) are satisfied due to the small
pore sizes. The reactant (oxygen) mole fraction dis-
tribution in real char particles was highly depen-
dent on the large pore morphology and connec-
tivity for zone II conditions, as particles with con-
nected large pores that extended to the surface ex-
perienced enhanced gas diffusion throughout the
particle [18] . To assess engineering models used
in reactor-scale CFD codes, several 1-D effective-
ness factors models were compared to effectiveness
factors calculated from volume integration of 3-D
pore-resolving data. Particles with one central void
were accurately modeled as 1-D hollow spheres, but
the behavior of more complex particles could not
be accurately predicted by the simpler 1-D models
[18] . 

In this paper, 3-D pore-resolving simulations
based on micro-CT are applied to study combus-
tion of small ( ∼100 μm diameter) biomass char
particles for the first time. The simulations are used
to examine the dependence of oxygen penetration
and temperature on real biochar morphology for
zone II conditions and for particle sizes typical of 
biomass (oxy-)combustion and co-firing in pulver-
ized fuel boilers. Results from the geometrically
faithful simulations are compared to an equivalent,
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spatially resolved effective-continuum model, and
are used to evaluate the performance of several sim-
pler effectiveness factor models which are amenable
for use as particle-scale models in reactor-scale
CFD codes. 

2. Methods and Models 

2.1. Biomass Char Preparation 

Pine sawdust from a woodworking facility
(Larrabee, Iowa) was sieved to 100 μm. Biomass
particles were dispersed in a single layer on a sheet
of aluminum foil, covered with a beaker, purged
with nitrogen, and sealed. To produce char at a high
heating rate, the inverted beaker was placed in a
pre-heated muffle oven at 1073 K for 30 s. The ini-
tial heating rate was estimated to exceed 10 3 K/s,
although it was lower than what would be achieved
in real pulverized fuel boilers. 

2.2. Micro-CT Imaging and Meshing 

Dozens of biomass char particles were imaged
simultaneously using a high-resolution micro-CT
(GE v|tome|x s 240) operating at 60 kV and 190
μA, with a voxel size of 2.00 μm. The resolution
was chosen to balance the need to image many par-
ticles at once, with the need to resolve pores larger
than a few microns which violate the constraints
for upscaling and cannot be treated at the subgrid-
scale. Following reconstruction, the TIFF stack
was imported into ScanIP (Synopsys, Mountain
View, USA). Thirty particles were able to be sep-
arated and segmented from one another and from
the support. For each particle, a recursive Gaussian
filter was applied, and grey-scale thresholding was
used to segment the resolved “large pores” from the
“microporous char” which was comprised of car-
bonaceous solid and unresolved porosity. 

To focus on the impacts of morphology, all
particles were isotropically scaled by a small fac-
tor such that the total volume of each char par-
ticle (which includes the volume of microporous
char and resolved pores) was identical. Morpholog-
ical measurements for each particle were then per-
formed (Table S1). Individual biomass char parti-
cles were placed in the center of a spherical domain
with a diameter of 1300 μm, which was meshed
with tetrahedra using Scan IP’s “+ FE Free” algo-
rithm. Approximately two million mesh elements
were used for every biomass char particle and its
surroundings, based on a mesh convergence study
[18] . The meshes were fine in and around the 3-D
particles and became progressively coarser with dis-
tance from the particles into the surrounding gas
boundary layer. 
2.3. Pore-Resolving Simulations 

The 3-D pore-resolving simulation approach is 
outlined here, as it has been detailed elsewhere 
[17] and in the Supplementary Material (with a 
nomenclature in Table S2). Far-field boundary con- 
ditions (1373 K and mole fractions of 12% O 2 , 10% 

H 2 O, 74% CO 2 , and 4% CO) were applied at the 
edge of the domain and were based on experimen- 
tal conditions just outside the volatile flame in a 
100 kWth pilot-scale furnace [22] . Particles were 
assumed to be perfectly entrained in the flow, so 
no relative (slip) velocity was imposed, although 
the boundary velocity was free to adjust itself ac- 
cording to Stefan flow effects arising from heteroge- 
neous reaction. Due to the very small length scales, 
the flow remains laminar. 

A cross-section of a typical segmented and 
meshed particle is shown in Fig. 1 . The large pores 
(blue regions), which violate the size constraints 
for an effective continuum treatment, were fully 
resolved in the geometry, and standard gas-phase 
conservation equations (mass, momentum, species, 
and energy) were applied in those regions. The 
same first-principles conservation equations were 
applied in the gas boundary layer surrounding the 
particles (green regions). For the “microporous 
char” (red regions), which contain much smaller 
micropores, mesopores, and macropores that sat- 
isfy the size constraints for upscaling ( Eq. (1) ), 
effective-continuum conservation equations were 
applied (for mass, momentum, species, and energy). 
It is noted that source terms are present in all 
effective-continuum conservation equations, even 
the mass conservation equation, which contains a 
source term to account for gas species generated 
due to heterogeneous reaction, which occurs on 
the surface of unresolved pores in the microporous 
char. The ideal gas equation of state was employed 
for these high-temperature, atmospheric pressure 
combustion simulations. 

Char oxidation was modeled using a first-order 
rate expression (see Table S3) [14] . Submodels for 
transport in the microporous char accounted for 
both Knudsen and molecular diffusion [17] . Molec- 
ular diffusion coefficients were calculated using the 
mixture-averaged formulation and viscosity and 
thermal conductivities were calculated using ki- 
netic theory and standard mixing rules. Homoge- 
nous reactions were neglected due to the small par- 
ticle size, which minimizes their importance [23] . 
Radiation was neglected because it is assumed to be 
dominated by particle-particle radiation amongst 
nearby particles of similar temperature. Gasifica- 
tion reactions were not considered because they 
are orders of magnitude slower than oxidation at 
the conditions simulated. To focus on the impact 
of morphology, the unresolved porosity, and the 
sub-grid-scale surface area per unit volume of the 
microporous char regions were the same for every 
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Fig. 1. Cross-section of a portion of a meshed simulation domain for a typical biomass char particle, showing the sur- 
rounding gas (green), microporous char (red), and resolved pores (blue). 
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article, as were all transport, thermodynamic, and
inetic parameters. Isotropic properties were em-
loyed at the subgrid-scale to avoid imposing any
ssumptions about the morphology beyond what
ould be resolved. 
Species and temperature distributions in and

round reacting char particles are approximately
uasi-steady at most times [24 , 25] , so a transient so-
ution is closely approximated by a series of steady-
tate solutions at different levels of char conver-
ion. This has been confirmed in the context of 
ore-resolving simulations of real coal char par-
icles [18] . Although, in reality, the morphology
hanges as carbon is consumed, the change is rel-
tively gradual for entrained particles and may be-
ome abrupt only late in conversion. Steady-state
imulations therefore provide accurate solutions for
 given morphology, since transient solutions would
ssentially correspond to a series of slightly dif-
ering morphologies. Steady-state simulations were
erformed in Fluent (Ansys, Canonsburg, USA)
sing the pressure-based solver and the fully cou-
led algorithm. To ensure that the CFD simula-
ions were comparable to the simpler models out-
ined below ( Sections 2.4 and 2.5 ), the simulation
as been verified using an ideal geometry and com-
aring the numerical results with an analytical so-
ution. 

In analyzing the interplay of reaction and diffu-
ion in porous particles, the effectiveness factor, η,
s a key metric that represents the ratio of the ac-
ual, diffusion-limited reaction rate integrated over
 particle’s volume, to the ideal reaction rate in
he absence of any diffusion limitations. In reactor-
cale CFD codes, particle models calculate the ac-
ual reaction rate by solving a simple, analytical
odel for η and multiplying by the ideal reaction
ate which can be computed using Eulerian-phase
ata for the CFD cell containing the particle. Be-
ause many Eulerian-phase source terms are pro-
ortional to the reaction rate, the accuracy of the
article-scale model can significantly affect the per-
ormance of reactor-scale CFD [5 , 9] . Therefore,
o assess the accuracy of simple models for real
biomass char morphologies, pore-resolving simula-
tions can be used to calculate the “true” 3-D effec-
tiveness factor using numerical integration, 

η3 −D = 

∫ ∫ ∫ R actual ( x O 2 , T ) dV 

∫ ∫ ∫ R ideal ( x O 2 ,s , T ) dV 

(2)

The actual reaction rate, R actual , employs oxy-
gen mole fraction, x O 2 , data for each location in
the microporous char, whereas the ideal rate, R ideal ,
is calculated using a uniform mole fraction equal
to the (surface averaged) value at the particle’s sur-
face, x O 2 ,s , which would prevail in the absence of 
internal diffusion limitations. Both actual and ideal
rates use temperature, T , data for each local posi-
tion in the char. 

2.4. Spatially Resolved Effective-Continuum 

Model 

Spatially resolved effective-continuum simula-
tions (1-D, 2-D, or 3-D) are too expensive for
particle-scale models in reactor-scale codes but are
used as stand-alone models to study combustion
fundamentals with arbitrarily complex submodels.
The spatially resolved effective-continuum model
treats all porosity at the subgrid-scale and employs
the same effective-continuum conservation equa-
tions used for the microporous char regions of the
pore-resolving simulations. All submodels and pa-
rameters for transport and reaction are identical
to those used in the microporous char in the pore-
resolving simulations, except for the subgrid-scale
porosity, which is larger in the effective-continuum
model, because the large pores are lumped into
the subgrid-scale. The boundary conditions and
solvers were identical to those used for the pore-
resolving model. A finite cylindrical particle with
uniform porosity and identical total volume to
the pore-resolving particles (see Section 2.2) was
meshed. The total porosity and aspect (length-to-
radius) ratio, β, were chosen to be identical to one
of the biomass char particles described in Section
3. 
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2.5. Effectiveness Factor Models 

Analytical solutions for effectiveness factors
have been developed for slabs, spheres, and cylin-
ders, and approximations are available for more
complex geometries. Due to the fibrous nature of 
many biomass feedstocks, cylindrical models may
be best suited to the shape of many biochars, such
as the pine char analyzed here, and are outlined
concisely below, omitting long expressions available
elsewhere. 

The uniform finite cylinder (UFC) and uniform
infinite cylinder (UIC) models treat particles as
porous solid cylinders with uniform properties and
exclusively subgrid-scale porosity. For the UFC, the
geometry is 2-D and the analytical solution for the
effectiveness factor, ηUFC , involves an infinite series
and Bessel functions (see Eq. (12) in [26] based on
[27] ) and depends on the particle’s Thiele modulus,

φUF C = R 

√ 

k(1 − θvoid ) 
D e f f 

(3)

and on the cylinder’s aspect ratio, β. 
The effective diffusivity, D e f f , and the intrin-

sic reaction rate constant, k, which incorporates
the subgrid-scale surface area, were evaluated us-
ing identical submodels and parameters as used in
the pore-resolving simulations for each real par-
ticle. The temperature (used in calculating k and
D e f f ) for a particle was obtained from a volume
average over the microporous char region from
that particle’s pore-resolving simulation. (It will be
seen in Section 3 that temperatures were nearly
spatially uniform.) To ensure that the mass, vol-
ume, and subgrid-scale surface area of carbon in
each 2-D UFC particle with subgrid-scale porosity
matches that of its respective 3-D particle with re-
solved porosity, θ void , the term (1- θ void ) is included
in Eq. (3) , as discussed in [18] . 

To ensure a faithful comparison with the pore-
resolving simulations, the radius, R , used in the
Thiele modulus for each particle was obtained from
morphological measurements based on micro-CT
for each specific particle. The particle’s total volume
is known (Section 2.2) and a bounding box method
was used to measure its aspect ratio, β, defined as
the ratio of the bounded length, to the bounded ra-
dius. The bounded length is taken directly from the
length of the bounding box, and the bounded ra-
dius is approximated as half the average of the box’s
width and depth. Using the expression for the vol-
ume of a cylinder, the radius of the UFC particle is
then: 

R = 

(
V Tot / πβ

)1 / 3 
(4)

The length of the particle is then given by 

L = βR. (5)

By using the bounding box method to obtain
the dimensionless β, with its overestimation in both
length and radial directions, and then calculating R 

by matching the volume of the cylinder to that of 
the real 3-D particle, a more accurate correspon- 
dence of geometric parameters is obtained than 
by taking R directly from bounding box measure- 
ments. 

For the 1-D UIC model, which assumes a cylin- 
der of infinite length, the classical expression for 
the effectiveness factor, ηUIC , involves Bessel func- 
tions of the first kind [28] and depends on the 
Thiele modulus, φUIC , which is given by the expres- 
sion in Eq. (3) . Again, to ensure a faithful com- 
parison with the pore-resolving simulation for each 
biomass char particle, the radius, R , is obtained for 
each particle from Eq. (4) and all subgrid-scale pa- 
rameters were identical to those used in the pore- 
resolving simulation. 

Analytical solutions for hollow cylinders have 
also been derived since these geometries are of- 
ten relevant to catalyst particles. In contrast to 
the UFC and UIC, which treat all porosity at 
the subgrid-scale, hollow cylinder models resolve a 
large, central cylindrical pore. Based on the work 
of Gunn [27] , Buffham formulated analytical solu- 
tions for hollow finite cylinders and hollow infinite 
cylinders [29] . For a 2-D hollow finite cylinder, an 
“accessible” inner surface model will be considered 
(AHFC), such that the interface between the annu- 
lus and inner pore is exposed to the same concen- 
tration of reactant as the external surface (the same 
Dirichlet boundary conditions). For the 1-D hol- 
low infinite cylinders, solutions for both accessible 
(AHIC) and inaccessible (IHIC) inner surfaces are 
available. For the IHIC, a no-flux boundary condi- 
tion is applied at the inner surface and a fixed con- 
centration is applied at the outer surface. 

For the 2-D AHFC, ηAHFC is given by a complex 
expression involving several Bessel functions (Eq. 
(50) in [29] ) and is omitted for brevity. The solution 
requires specification of inner and outer radii ( R in 

and R out ), the cylinder length ( L ), and depends on 
the nominal Thiele modulus, 

φAHF C = R out 

√ 

k 
D e f f 

(6) 

To ensure a valid comparison between pore- 
resolving simulations and the hollow cylinder mod- 
els, k , and D e f f were obtained using identical pa- 
rameters and models, and the resolved porosity for 
each particle, θvoid , was taken directly from volume 
integration of segmented particle data from micro- 
CT. The outer radius, R out , equals R , which was 
obtained from measurements of each particle, as 
shown in Eq. (4) , L was obtained from Eq. (5) , 
and R in was calculated such that the core porosity 
equals the value of θvoid measured for each biomass 
char particle, by using 

R in = R out θvoid 
1 
2 (7) 
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Fig. 2. Top row: 3-D geometries for a cylindrical effective continuum particle (column a) and fiv e real, segmented biomass 
char particles (columns b, c, d, e, and f) showing microporous char in red and resolved pores in blue. Second row: cross- 
sections of the same particles. Third row: oxygen mole fraction distributions for the particle cross-sections, calculated from 

the simulations. Fourth row: temperature distributions for the particle cross-sections, calculated from the simulations. 
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Effectiveness factors for the 1-D AHIC and
HIC models are given in [29] (Eqs. (29) and (56)
herein) and involve Bessel functions of the first
nd second kind, as well as the ratio of R in to R out .
he nominal Thiele moduli are identical for the
HIC and IHIC models and are given by the ex-
ression in Eq (6) . 
To ensure a valid comparison between 3-D pore-

esolving simulations and the 1-D AHIC and IHIC
odels, the resolved core porosity for each particle
as set equal to its measured θvoid . Thus, R out equals
 , which was obtained from particle-specific mea-
urements and Eq. (4) and R in was again calculated
sing particle-specific θvoid and Eq. (7) . Geometric
arameters for all models are in Tables S1 and S4.
onvergence of all series solutions was verified. 

. Results and Discussion 

Zone II combustion of 30 biomass char parti-
les with geometries obtained from high-resolution
icro-CT was studied using the pore-resolving sim-
lations. Fig. 2 shows the 3-D segmented geome-
ries (top row) for fiv e representative particles as
ell as an effective-continuum cylinder (column a)
nd cut-away views of the same segmented parti-
les (second row). The particles are generally long
nd thin, with a mean aspect ratio of 6.25. This sug-
ests that simple models based on cylindrical parti-
les, rather than spherical particles, are more appro-
riate for this biomass char, as observed for many
iomasses. It is also noted that even particles which
appear externally non-porous can have significant
internal porosity. For the 30 particles, the resolved
(large pore) porosity, θvoid , ranged from 6.3% to
27.5%. In Lester’s nomenclature [4] , these chars
would be classified as high-aspect ratio, porous (as
opposed to cellular) structures. 

Fig. 2 also shows distributions of oxygen
mole fraction, x O 2 (third row) and temperature
(fourth row) for the same cross-sections, which pass
through the center of the biomass char particles.
It is noted that the x O 2 distributions for the real
biomass char particles are highly dependent on the
morphology, as observed for coal chars undergoing
zone II combustion [18] . Local minima in x O 2 occur
in the thick microporous char regions, irrespective
of the distance from the particle surface. The large
pores facilitate enhanced oxygen transport from the
particle surface to its interior regions. This is some-
what similar to the impact of mm-scale cracks in
larger biomass particles [20] , but differs from the
general observation that char oxidation is confined
to the edges of mm-scale particles [21] . It is noted,
however, that despite the significant porosity ob-
served for “Particle B” (see Fig. 2 , second row),
x O 2 is only slightly elevated in this particle’s inte-
rior. This highlights the fact that large pores facili-
tate enhanced gas transport only if the pores pen-
etrate the particle’s external surface, which is only
minimally the case for Particle B. 

For the effective-continuum cylindrical particle
(Particle A), all porosity is modeled at the subgrid-
scale, and it is uniformly distributed. In this fre-
quently used approach, large pores cannot facili-
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Fig. 3. Oxygen mole fraction as a function of effective radius, for the pore-resolving simulation and the spatially resolved 
effective continuum simulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tate oxygen diffusion into the particle interior, lead-
ing to a monotonic x O 2 distribution, with the high-
est oxygen mole fraction at the external surface
and the lowest oxygen mole fraction on the parti-
cle’s central axis. It is noted that the total porosity
of Particle A is identical to the total porosity (re-
solved + subgrid-scale) of Particle E, highlighting
the importance of large pores in enhancing gas dif-
fusion throughout the particle. 

In contrast to x O 2 , temperature distributions
within all particles (effective-continuum and real
biochar) are nearly spatially uniform throughout
both the large pores and microporous char regions.
Small temperature gradients are observed near the
edges of the particles, but most of the gradients ex-
ist in the surrounding gas (the far-field boundary
is at 1373 K). This is similar to the situation for
pulverized coal char [18] and is due to the small
particle sizes and high thermal conductivity result-
ing in small Biot numbers. Although temperature is
relatively uniform within each particle, differences
between particles are non-negligible. The effective-
continuum particle has the lowest spatially aver-
aged temperature (1609 K), whereas the particle
with the highest oxygen penetration (Particle F) has
the highest spatially averaged temperature (1680
K). Increasing levels of large porosity connected to
the external surface led to higher oxygen penetra-
tion, higher char oxidation rates, more heat release,
and higher temperatures. 

To further examine the impacts of large pores
and to compare oxygen penetration in real mor-
phologies to effective-continuum predictions, Par-
ticles A and E, which have the same total poros-
ity, were compared. Fig. 3 shows the directionally
averaged oxygen mole fraction as a function of ef-
fective radius, which is calculated for the approxi-
mately cylindrical Particle E in the following man-
ner. A set of 3-D iso-surfaces were created between 
the particle center and edge such that each point on 
an iso-surface is the same normal distance from the 
particle’s edge. Then, the effective radius was de- 
fined using the relation between the surface area of 
a cylinder and its radius and length. First, the sur- 
face area of each irregular iso-surface layer, S layer , 
is measured using surface integration. The aspect 
ratio of each layer, β layer , is identical and is equal 
to β ( Section 2.5 ). The effective radius, r eff , for each 
iso-surface is then calculated by rearranging the ex- 
pression for the area of a cylinder 

r e f f = 

√ 

S layer 
2 π ( 1 + β ) 

(8) 

The oxygen mole fraction was then area- 
averaged over each iso-surface in two different 
ways. In the first method, the averaging was per- 
formed only over the microporous char regions, 
while in the second method, averaging was per- 
formed over both the microporous char and re- 
solved pores (all regions). 

When averaging over all regions, it is seen in 
Fig. 3 that the real biomass char particle has a 
higher x O 2 in the particle interior than the effec- 
tive continuum particle, as expected from the en- 
hanced oxygen penetration in the large voids, seen 
in Fig. 2 . However, even in the microporous char, 
x O 2 is higher for the real particle than the effec- 
tive continuum particle, despite the porosity of the 
microporous char being lower for the real particle 
(since the total porosity of the two particles is the 
same and the effective-continuum particle lumps all 
porosity at the subgrid-scale). The reason is likely 
that the elevated x O 2 in real biomass char pores and 
the large interfacial area between those pores and 
the microporous char leads to enhanced penetra- 
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Fig. 4. Effectiveness factors for 30 particles calculated by 3-D pore resolving simulation and five analytical models. 
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ion into the microporous char. The characteris-
ic length-scale for diffusion is thus decreased for
he real biomass char particles. In contrast, for the
ffective continuum particle, oxygen must traverse
he entire radius of the particle from its outer edge.
inally, it is noted that the higher x O 2 at the outer
dge for the effective continuum particle is likely
aused by its higher porosity in the microporous
har regions, as mentioned above. In the edge re-
ions of both particles, oxygen diffuses primarily
rom the particle surface and the higher subgrid-
cale porosity in Particle A leads to higher oxygen
oncentrations. 
To assess the accuracy of particle-scale mod-

ls amenable for use in reactor-scale CFD, "true"
ffectiveness factors from 3-D pore-resolving sim-
lations ( Eq. (2) ) for all 30 particles are com-
ared to those predicted by the analytical models
 Section 2.5 ) in Fig. 4 . It is recalled that for each
article, the analytical solutions employed the par-
icle’s specific morphological parameters obtained
rom micro-CT imaging. Particles are arranged on
he abscissa by particle number (one to 30) in order
f increasing external void fraction, EVF, which is
he fraction of the particle’s external surface that
s penetrated by large pores (or “voids”). EVF was
ell-correlated with η3-D for coal char particles [18] ,
ut neither EVF nor any single measured morpho-
ogical parameter (e.g., porosity, aspect ratio, sur-
ace area, etc.) correlated particularly well with η3-D 
or these biomass chars. It is noted that although
ach particle had identical size (total volume,
ee Section 2.2), η3-D ranged between 34.1% and
1.5%. 
As seen in Fig. 4 , the two purely subgrid-

cale porosity models, UFC and UIC, predict
imilar effectiveness factors, which is due to the
igh aspect ratio of the pine char particles. Both
odels significantly underpredict the effective-
ess factors, due to their neglect of the im-
act of large, connected pores serving as reac-
tant conduits. The uniform models thus overes-
timate the characteristic diffusion length and the
level of diffusion limitations. The relative errors
averaged for all particles for the UFC and UIC
are 38.6% and 39.0%, respectively. For these types
of biomass particles, employing typical (subgrid-
scale) uniform porosity effectiveness factor mod-
els for cylinders in reactor-scale CFD codes would
lead to significant underprediction of the reaction
rate. 

Based on Fig. 2 , hollow cylinders appear to ap-
proximate the morphology of the pine char parti-
cles with greater accuracy than uniform cylinders.
While the IHIC model severely underpredicts η3-D
(average relative error 33.1%) since the inaccessi-
ble inner surface forces oxygen to be transported
across the entire annular thickness, the AHIC and
AHFC models, with accessible inner surfaces, re-
produce the effectiveness factors for the pine char
particles with better accuracy. As expected, the 2-
D AHFC predicts slightly higher effectiveness fac-
tors than the infinite (1-D) AHIC. Both of these
models capture the reduced length-scale for oxy-
gen diffusion, which is now approximately equal
to half the annular thickness. Although “fully ac-
cessible” models overestimate the level of x O2 on
the interface between large pores and microporous
char, based on Fig. 2 (which leads to overestima-
tions of η), they also underestimate the interfacial
area and overestimate the local thickness of mi-
croporous char regions. These two factors would
lead to underestimations of η, counteracting the
impact of the fully accessible assumption. The av-
erage relative errors for the AHIC and AHFC are
9.0% and 6.0%, respectively. In contrast to mm-
scale particles with many parallel pores that experi-
ence diffusion primarily in the axial direction (i.e.,
slab behavior) [2] , these smaller, μm-scale char par-
ticles contain fewer, more irregular large pores, ex-
perience significant radial diffusion ( Fig. 2 ), and
are more accurately modeled as hollow cylinders
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( Fig. 4 ). For particle-scale modeling in reactor-
scale CFD codes, the use of a 1-D accessible hollow
cylinder model (AHIC) could provide an accurate
and computationally-efficient solution for pulver-
ized pine char particles and other similar biomass
chars. 

4. Conclusions 

Geometrically faithful, pore-resolving, zone II
combustion simulations have been performed for
real pulverized biomass char particle morpholo-
gies for the first time. Pine char particles imaged
with high-resolution micro-CT had anisotropic,
porous structures and exhibited non-monotonic
oxygen mole fraction distributions facilitated by
enhanced diffusion in large pores that were con-
nected to the external surface. Effective-continuum
simulations underpredicted reactant penetration
into the particle, even in the microporous char
regions that surround the large pores. Similarly,
uniform effectiveness factor models, which are of-
ten used as particle-scale models in reactor-scale
codes, significantly underpredicted the effective-
ness factors compared to results from the geo-
metrically faithful simulations. Hollow cylinder ef-
fectiveness factor models with fully accessible in-
ner surfaces exhibited better agreement with re-
sults for the real particles, although these mod-
els incorporate assumptions with counterbalancing
inaccuracies. 
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