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ABSTRACT

Experimental and theoretical investigations indicate how particle shape and size influence biomass combustion
rates. Experimental samples include flake-like, cylinder-like, and equant (nearly spherical) shapes with similar
particle masses and volumes but different surface areas. These samples passed through a laboratory reactor in a
nitrogen atmosphere and a maximum reactor wall temperature of 1600 K. A separately developed computer and
image analysis system determined particle surface-area-to-volume ratios based on three orthogonal particle
silhouettes. Experimental data indicate that equant particles react more slowly than the other shapes, with the
difference becoming more significant as particle mass increases and reaching a factor of two for particles less
than 1 mm in diameter.

A one-dimensional particle model simulates the rapid pyrolysis process of particles with different shapes. The
model characterizes particles in three basic shapes (sphere, cylinder, and flat plate). With the particle geometric
information (particle aspect ratio, volume, and surface area) included, this model can be modified to simulate
the devolatilization process of biomass particles of any shape. Model simulations of the three shapes agree
nearly within experimental uncertainty with the data. Model predictions extended to a wider range of sizes
predict the effects of shape and size on yields and overall mass conversion rates. The near-spherical particle
losses mass most slowly and its conversion time significantly differs from those of flake-like particles and
cylinder-like particle when particle equivalent diameter increases. Little difference exists between the cylinder-
and plate-like particles. Low-ash fuels yield up to 95% volatiles during high-temperature pyrolysis. Both
particle shape and size affect the product yield distribution. Near-spherical particles exhibit lower volatile and
higher tar yields relative to aspherical particles with the same mass. Volatile yields decrease with increasing
particle size for particles of all shapes.

INTRODUCTION

At least two compelling forces drive global interest in renewable energy supplies: (1) increasing concern about
environmental impacts associated with fossil fuels and nuclear energy; and (2) increasing anxiety regarding the
security and longevity of fossil fuel resources. One potential strategy that addresses both concerns is the
supplementing traditional, dominantly fossil fuels with renewable biomass fuels, since biomass fuels come from
indigenous sources and can be essentially CO,-neutral (considering the carbon cycle in atmosphere) if derived
from sustainable cultivation practices. Thermal conversion (combustion and gasification) represents the most
common commercial utilization of biomass. Black liquor and hog fuel used at pulp and paper mills represent by
far the largest contributions to non-hydro renewable energy in the country. Both current and future technologies
employed in the pulp and paper industry benefit from more accurate understanding of the processes occurring in
the conversion systems. This investigation focuses on issues common to most conversion systems — particle
combustion characteristics.

Black liquor and biomass particles commonly have more irregular shapes and much larger sizes than pulverized
coal or other entrained-flow, low-grade fuels, with typical aspect ratios between 2 and 15. Larger particle sizes
establish the potential for large internal temperature and composition gradients that complicate combustion
models. At present, particle models used in computational fluid dynamics (CFD) codes and elsewhere generally
assume spherical, isothermal biomass particles [1, 2]. Furthermore, various particle shapes result in different
particle exterior surface-area-to-volume ratios, which are essential to heat and mass transfers and further affect
the devolatilization and oxidation rates. Spheres represent an extreme case with lowest surface-area-to-volume
ratios of any shape.

A substantial experimental and modeling literature for biomass particle pyrolysis processes exists, with varying
kinetic mechanisms and related parameters. A one-step global model, which is described by one global reaction



suffices for relatively simple applications [3-7]. The drawback of the one-step model is that it cannot predict the
variation of total mass or individual product yield distributions with temperature and heating conditions. Typical
wood applications use one- or two-stage multiple reaction models [8-12]. Two-step models include a primary
stage, during which wood thermally decomposes to produce light gases, tars, and chars, and a secondary stage,
during which tars undergo additional cracking to produce gases. Much more sophisticated devolatilization
models exist [13, 14], including some under development by this research group [15], and these will be
incorporated into this analysis in the future, but the present simple models are adequate to illustrate the impacts
of shape and size on particle conversion.

Intra-particle heat and mass transfer effects must be accounted for to accurately predict the devolatilization rate
of mm-sized particles and consequently heat release in the boilers [16]. Biomass particle models usually include
mass, energy, and momentum transport equations [17-30]. Few of these particle models simulate aspherical
shapes but several are suitable for incorporation into CFD codes. The paucity of experimental data suitable for
validating these model predictions compromises the potential contributions of such models to engineering or
scientific investigations.

This investigation summarizes experimental devolatilization conversion rates for sawdust particles of three
shapes in an entrained-flow reactor together with a model that predicts these data nearly within their
experimental uncertainty. A particle model is developed to simulate the devolatilization of biomass particle of
any shape. Effects of particle shape and size on devolatilization behaviors are investigated over a wider range of
conditions than are available from experimental data to evaluate overall impacts of aspherical shapes in practical
applications.

EXPERIMENTAL METHOD
Fuel Properties

The samples used in this study are sawdust particles with same volume and different shapes. Three shapes are
considered: flake-like, cylinder-like, and near-spherical. The sawdust was first separated using sieves, then
aerodynamically classified. Finally, different aspect ratios were separated by sieves again. The samples were put
in an oven at 90 °C for two hours before feeding. To measure the particle surface area and volume, three images
were taken from three orthogonal directions for the particle. The particle volume and surface area were
calculated using a 3D shape reconstruction code, which is developed in the combustion lab at Brigham Young
University. The particle volume was verified by measuring over 2000 particles with the particle density known
as 650 kg/m®. The samples are shown in Figure 1. Other data of the samples are tabulated in Table I.

(@) flake-like particle (b) cylinder-like particle (¢) near-spherical particle
Figure 1 Photographs of sawdust particles of different shape.

An entrained flow reactor is used in this study. As is shown in Figure 2, the reactor includes feeding section,
reactor body, collection section, and separation section. The feeding section consists of a syringe feeder and a
water-cooled feeding probe, which can obtain a feeding rate as low as 1.0 gm/hr. An electrically heated
preheater can heat the secondary gas up to 500 °C before it enters the reactor. The reactor body is electrically
heated using Kanthal super heating elements, providing a maximum wall temperature of 1650 K. The reactor
also provides up to 0.5 seconds residence time, and the residence time can be changed by adjusting the relative
distance between the feeding probe and collection probe. When particle reaches the collection probe at the
bottom of the reactor, it will be quenched down by nitrogen gas. The flow rate ratio of the quench nitrogen and
the secondary gas is about 7 ~ 10. Char will be collected in the first cyclone separator, which has a cutting point
of 25 um. The second cyclone separator has a cutting point of 5 um, which is capable of collecting most of the
condensed tar. Finally, the very fine particles are collected in the filter. The pore size of the filter is 1 um.



Tablel  Sample properties

Sample Flake-like Cylinder-like Equant
Volume (x10™* m®) 1.697 1.682 1.794
Equivalent diameter (mm) 0.32 0.32 0.325
Surface area (x107m?) 4.91 4.79 3.438
Aspect ratio 4.0 (width/thickness) 6.0 1.65

Experimental Setup and Procedure
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Figure 2  Entrained flow reactor schematic diagram.

With the sawdust samples prepared above, devolatilization experiments are conducted on this entrained flow
reactor in nitrogen environment. Mass loss data as functions of residence time have been collected.

Description of the Mathematical Model

When the biomass particle is traveling through the entrained flow reactor, it is exposed to both radiation and
convective heat transfer. This devolatilization process involves the heating of raw biomass or organic materials
in the absence of oxidizer, the thermal degradation of the biomass components, mass transport of the
devolatilization products in the particle by means of advection and diffusion, and blowing of the gas products at
the surface of the particle. The two-stage wood pyrolysis kinetics model, shown in Figure 3, is chosen for this
particle model since it is capable of predicting the product yields and distribution variations with temperature
and heating rate which are significantly influenced by particle shape and size.

Moisture in wood is divided into two categories: free water and bound water [31]. Moisture content above the
fiber saturation point (FSP) is considered as free water, and below as bound water. The average FSP is 30%
according to [31], which is the weight of water in the wood as a percentage of the weight of ovendry wood. Free
moisture vaporizes from the surface at a rate determined by the surface vapor pressure, the moisture in the bulk
flow and the surface area of the particle. Bound water does not vaporize in a manner similar to free moisture.



Four basic methods, including a thermal model, describe wood drying under combustion heat fluxes [32]. A
chemical reaction using an Arrhenius expression describes the release of this moisture, consistent with
recommendations from the literature. Figure 4Error! Reference source not found. illustrates the drying
scheme of moisture. The particles used in these experiments were dried prior to use to maximize the particle size
that can react in our residence-time-limited reactor. Drying of this nature removes all of the free moisture and

Light gas
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N K. moisture <> vapor
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Char
bound water.
Figure 3  Reaction scheme for thermal Figure 4 Drying scheme of moisture.

decomposition of biomass

Assumptions included in the mathematical model described below include:
all properties are assumed to be transient and one dimensional;

local thermal equilibrium exists between the solid and gas phase in the particle, so temperatures and their
gradients are the same for the solid and gas;

gases behave as ideal gases, including both relationships between pressure, temperature, and specific volume
and dependence of heat capacity on temperature only;

particle aspect ratios and shapes do not change during devolatilization — a simplifying assumption for this case
but not required by the model in general;

heat and mass transfer at particle boundaries increase relative to that of a sphere by the ratio of the particle
surface to that of a volume-equivalent sphere.

In the particle model, the particle shapes are represented by a parameter n. A spherical particle is described by n
= 2, cylinder particle n = 1, and flat plate particle n = 0. Before the biomass particle enters the reactor, it is
assumed that it is filled by inert gas. So there are totally seven species are considered in the model: biomass,
char, moisture, light gas, tar, water vapor, and inert gas. The mass conservation of each species, the momentum,
and the total energy equations, as well as the initial and boundary conditions are illustrated in equations 1- 23.

The biomass temporal mass balance contains three consumption terms, one each for the reactions to light gas,
tar, and char, where all terms in this expression and most terms in the following expressions are functions of
both time and position.

0
%:_(K1+K2+K3)p5 1

Similarly, the char temporal mass balance contains two source terms, one from the conversion of biomass to
char and one for the char yield from the secondary reactions of tar
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The temporal moisture mass balance contains a loss associated with conversion to vapor and a source term
associated with water vapor readsorption into the particle, the latter having an explicit dependence on gas
velocity as suggested by the literature [32]
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The conservation equations for all gas-phase components (light gas, water vapor, tar, and inert gas) include
temporal and spatial gradients and source terms and can be written as follows

0 10 10 oY,
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where i = T for tar, G for light gas, V for water vapor, and / for inert gas and source terms are defined as follows

S; =Kyps — &K,y pr —eKspr S = Kipg + €K, oy
Sy =Kspy -Krep Y u S =0

The total gas-phase continuity equation is defined as the sum of these species and has the form
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The gas-phase velocity in the particle obeys a Darcy-law-type expression
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and My, is the mean molecular weight and the permeability is expressed as a mass-weighted function of the
individual solid-phase permeabilities
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Arrhenius expressions describe the temperature dependence of the kinetic rate coefficients for reactions 1-6
illustrated in Figure 3and Error! Reference source not found.
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and subscript i represents each of the four gas-phase components as before.

This form of the energy equation relates to standard theoretical analyses [33] for multi-component systems. In
Equation 12, the first term represents the energy accumulation; the second term represents energy convection;
the third term (first term after the equals sign) accounts for conduction heat transfer, and the last term accounts
for energy associated with diffusion of species in the gas phase,. The last term generally contributes only
negligibly to the overall equations and is commonly justifiably ignored.

The effective particle thermal conductivity includes radiative and conductive components with some theoretical
basis [34, 35] and with empirical verification for wood [26].

keff = kcond + krad 14

where the particle structure is assumed to be close to the upper limit for thermal conductivity, that is, is assumed
to have high connectivity in the direction of conduction,
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and where radiation contributes approximately to the third power of the temperature
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Initial conditions are assumed from experimental conditions for a non-reacting particle. That is, at t = 0,



P(t=0r)=P,,

T(t=0,r)=300K (typically)

u(t=0,r)=0 17
Y, (t=0,r)=1

Y;(t=0,r)=Y,(t=0,r)=Y;(t=0,r)=0

Boundary conditions at the particle center are determined by symmetry, that is, at r =0

oP =0=u(t,r=0)=0
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Boundary conditions at the particle outer surface are defined by external conditions of pressure, heat and mass
flux, and
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Yl o
or rtr, 19
k., ‘Z—T = 0,h,Rg, (T, ~T)+ Resa0(T," ~T*)
r

r=tr,

where 67 represents the blowing factor [33]. Rsa represents the exterior surface area ratio, which is the surface
area of the particle divided by the characteristic surface area as follows

Rs, = SAI(47R,7)
R, = SAl(47R,*AR) 20

R, = SAI(4R,.?AR?)

for spheres, cylinders, and flat plates, respectively

Each shape employs heat transfer coefficients developed for that particular shape. Correlations suitable for
andom particle orientation during flight appear in the literature for some particles. Where such a model is not
available the characteristic length of the particle is calculated using the average length of the particle. For near-

spherical particle, Masliyah’s prolate spheroid model [36] provides a suitable correlation, as indicated in
Equation 21.

Nu =1.05 +0.6Re®® pro3 21

Cylinders at low Reynolds numbers adopt the correlation of Kurdyumov [37] (see Equation 22). Expression for
W, and W, appear in detail in the literature [37].



Nu =W, (Re)Pr®*+ W, (Re) 22

The heat transfer coefficient of flat plate is shown in Equation 23

Nu = 0.644Re%° Pr®%* 23

The kinetic parameters for wood pyrolysis found in literatures vary over a wide range. They are usually
measured at low to moderate temperature (usually < 900 K). No high-temperature Kinetic data for the two-stage
scheme have been reported. Font et al. [9] presented kinetic data for the three primary reactions that are found to
be comparable to what Nunn et al. [3] reported for the single reaction kinetic data for hardwood in the high-
temperature range (573 ~ 1373 K). Font et al.’s results are used in this model. The pre-exponential factors,
activation energy, and heat of reactions of all the reactions used in this model appear in Table II.

Table Il Kinetic parameters of wood pyrolysis process
Reaction no.  frequency factor activation  reference  Heat of reference
(sh energy reaction
(kJ/mol) kJ/kg

1 1.52x10’ 139.2 [9] -418 [17]
2 5.85x10° 119 [9] -418 [17]
3 2.98x10° 73.1 [9] -418 [17]
4 4.28x10° 107.5 [38] 42 [39]
5 1.0x10° 107.5 [40] 42 [39]
6 5.13x10" 88 [32] -2,440 [32]
7 T<95°C K;=125cm™ [32] 2,440 [32]

T>95°C K;=0cm*

The physical properties of the biomass particles significantly affect the heat and mass transfer process [23, 41].
In this work, temperature-dependent heat capacity correlations are used for all species. The heat capacity of
biomass and char adopt the model suggested by Merrick [42]. Gronli et al. [27] suggested a correlation for tar
heat capacity, which is based on some typical pyrolysis tar components (closely related to benzene). All
physical properties are listed in Table I11.

Table Il Physical properties of biomass particles

Variable Value Reference

Wood density pg 650 kg/m’

Porosity € 0.4

Emissivity w 0.75

Permeability n ns=0.01 Darcy [27]
nc=10 Darcy [27]

Thermal conductivity k Kgas = 0.026 W/m.K [43]
ks =0.11 W/m.K [44]
ke =0.071 W/m.K [44]

Pore size dpore 3.2x10°m [26]

Molecular weight M M7y = 145 kg/kmol [26]
Mg = 31 kg/kmol [26]
M, =28 kg/kmol
M, = 18 kg/kmol

Viscosity y Hgas = 3%10° Pa.s [43]

Diffusivity Des Desr= 1.0x10°° m%s for all [17]

Heat capacity Cp (J/kg.K) Cp. — (lOOORg ][ [@j . zg[@ ﬂ [42]

® 7.72 T T

Cp; = [lii(f ‘ ][g(gj + zg[@j} [42]




Where, 900 = _x’e*

(e -1y
Cpr = -100+4.4xT-0.00157x T? [27]
Cpe = 770+0.629x T-0.000191xT°  [27]
Cp, = 950+0.188x T [27]
CpM =4180
Cpy = 2220

The mass conversion equations of biomass, char, and moister are solved using fourth-order Runge-Kutta method.
Control volume (finite volume) [45] method is applied to solve the gas species mass conservation equations and
energy conservation equations. A power-law scheme and the SIMPLE algorithm are used to accelerate the
convergence of the solution procedure.

RESULTS AND DISCUSSIONS

The wall and gas temperatures measured by type B thermocouples during sawdust pyrolysis experiments appear
in Figure 5. Based on these average temperature profiles of reactor and gas, the mathematical model simulates
the devolatilization process of the sawdust particle with the specific shapes described in the sample preparation
section. Figure 6 illustrates the mass loss history of the three samples. Both the experimental data and model
predictions show that the near-spherical particle losses mass most slowly compared with the other two shapes,
while the flake-like particle devolatilizes slightly faster than cylinder-like particle. For each of the three samples,
the slope of the model prediction is found to be steeper than that of the experimental data. This can be explained
by the fact that an imperfect size and/or shape distribution of the sample may exist, even though the samples are
considered to be very uniform after the delicate sample preparation procedure. These variations in shape and
size tend to smooth the observed curve of mass loss vs. time as the small particles react faster than the larger
particles.
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Figure 5 Reactor wall temperature and gas temperature at center

The data and the model agree quantitatively that near-spherical particles react more slowly than do less
symmetrical particles. The mass losses differ by as much as a factor of two during most of the particle histories
based on both the predictions and the measurements. These data indicate that at these relatively small sizes,
asphericity plays a significant role in overall conversion.

The experimental data and model predictions also show that the near-spherical particles yield slightly lower
volatiles relative to the other shapes. This is caused by a combination of different particle temperature histories
due to the particle shape and longer average path lengths for tars to travel in spherical particles compared to the



aspherical counterparts. The flake-like and cylinder-like particles have larger surface area and smaller thickness,
which result in a higher heating rate and faster heat and mass transfer to the particle. The predicted surface and
center temperatures for the three samples are illustrated in Figure 7. As expected, the near-spherical particle
heats up slower than the other two shapes.
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Figure 7 Particle temperature history comparison

The composition gradients inside the near-spherical particle are predicted using the model, as shown in Figure 8.
Both the biomass density and the char density changes are illustrated at the particle center and surface boundary.
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Figure 8 Composition of the near-spherical particle as functions of time

The particle size of the samples used in the experiment is limited by the reactor length since it can only provide
a maximum residence time of about 0.5 seconds. However, the model developed and validated against the
nominal 300 um particle data can provide estimates for larger particle behavior. Assuming the same aspect
ratios for all of the three particles with different shapes, the conversion times predicted as a function of
equivalent diameter appear in Figure 9. Pyrolysis conversion time increases with increasing equivalent diameter
as would be expected. Additionally, conversion time difference between spherical and aspherical particles
increases with increasing particle size. In addition, the effects of particle shapes and sizes on volatile yields are
investigated using the model. As shown in Figure 10, the volatile yield of near-spherical decreases with
increasing particle size. Both flake-like and cylinder-like particles behavior similarly.

The effect of particle shape on conversion time and product distribution should be more apparent for large
particles than small particles. Large particles that sustain substantial internal temperature and composition
gradients transfer heat and mass at rates that scale with surface area. Spheres have the lowest surface area to
volume ratio of all shapes and should therefore transfer heat and mass at slower rates than aspherical particles of
the same volume/mass. By contrast, particles with little or no internal temperature and compositions gradients
transfer mass and heat at rates proportional to total particle volume. These typically small particles are less
sensitive to shape than are larger particles of the same material in the same environment. These data and the
analyses quantify these theoretical trends and indicate that particles as small as 0.3 mm equivalent diameter
experience significant differences in conversion rate. This renders spheres poor choices for many if not most
biomass fuels. This concept is similar to but not identical with using a Biot number to determine when internal
temperature (and composition) gradients are significant. The Biot number determines when internal temperature
(and composition) gradients can be ignored (Bi < 0.1) but does not in itself help determine how to treat the
impacts of shape on such gradients when they shouldn’t be ignored.
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Figure 10 Volatile yields comparison of various particle shape and size

CONCLUSIONS

Both experimental and theoretical investigations indicate the impact particle shape and size have on overall
particle reactivity. Experiments conducted on biomass particles at relevant temperatures and a variety of well-
characterized shapes indicate that particle shape impacts overall reaction rates relative to those of spheres with
the same mass/volume by factors of two or more at relatively small sizes. Theoretical models developed and
validated against the data indicate that the impact of shape increases with increasing size and is much greater at
sizes relevant to black liquor and biomass utilization in the pulp and paper industry. Generally speaking,
spherical mathematical approximations for fuels that either originate in or form aspherical shapes during
combustion poorly represent combustion behavior when particle size exceeds a few hundred microns. This
includes a large fraction of the particles in both biomass and black liquor combustion.



NOMENCLATURE

A; pre-exponential factor, s Si source term

AR aspect ratio, T temperature, K

Cp heat capacity, J.kg™®.K™ u gas velocity, m.s™

dpore pore diameter, m Y mass fraction,

Do effective diffusivity, m2s™ Greek symbols

E; activation energy, J.mol™ £ porosity,

hy heat transfer coefficient, W.m™.K* u viscosity, Pa.s

)t enthalpy, J.kg™ 0 density, kg.m™

k thermal conductivity, o BOItZ_?"a'_L constant,
w.mLK* W.m".K

ermeability, m? w emissivity,
Z, Eate constar?{ s -H heat of reaction, J.kg™
1 1 .

M molecular weight, kg.kmol™ Subscript .

My gas average molecular weight 0 initial value or reference state
kg.kmol™ ' B biomass

n shape factor 1,..,7 riactlon

Nu Nusselt number, c char

P pressure, Pa con conductivity

Pr Prandtl number % (iq_ashphase

r radius coordinate, m | light gas

Re Reynolds number M Inert gas

Ry universal gas constant, mo!stl_Jre
Jmolt K1 rad radiation

Rp particle radius, m ¥ water vapor

Rsa surface area ratio, tar”

t time, s w wa

SA surface area
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