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Thermochemical conversion of biomass via fast pyrolysis is a proven pathway to product low-carbon
crude bio-oils. In this research, an extended discrete element method (DEM) is proposed for simulating
biomass fast pyrolysis reacting granular flows in a double auger reactor, in which particle hydrodynamics
and interparticle heat transfer processes are involved and coupled with chemical reactions in solid parti-
cles. An adaptive time step algorithm is proposed to achieve a stable coupling between the integration of
reaction ordinary differential equations and the DEM solver, and the algorithm is proven computationally
efficient. A multi-component fast pyrolysis kinetics is adopted and its modeling accuracy is assessed by
carrying out simulations of benchmark biomass pyrolysis experiments and comparing the prediction re-
sults with experimental data. The predicted product yields of bio-oil, char and non-condensable gas from
the simulation of the biomass fast pyrolysis in the auger reactor are in satisfactory agreement with exper-
imental measurements. The decomposition rates of biomass components in the reactor are revealed from
the simulation and the pyrolysis number Py is calculated from the decomposition rate of biomass and
the heat transfer coefficient. The Py number illustrates that the biomass fast pyrolysis process is limited
by the heat transfer process at particle size of 2 mm.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Biomass is an abundant renewable resource that is widely pro-
duced through photosynthesis in various plants. In recent decades,
efficient utilization of the biomass resource via thermochemical
conversion such as gasification and fast pyrolysis has been pro-
moted to reduce human carbon footprint [1-5]. Biomass fast py-
rolysis is a process targeting production of crude bio-oil with two
side products of non-condensable gas and char, which is illustrated
in Fig. 1. The crude bio-oil can be upgraded into low-carbon chem-
icals and fuels in a downstream processing. The yields of bio-oil,
char and non-condensable gas are usually subject to changes of
feedstock type, reactor temperature and heat and mass transport
process in fast pyrolysis reactors. Maximizing the bio-oil yield re-
quires a good understanding of the adopted reactor and its intrin-
sic heat and mass transport process.

Different reactor configurations have been studied for thermo-
chemical conversion of biomass. Circulating fluidized beds (CFB),
bubbling fluidized beds and auger reactors are among the com-
monly used reactors in previous research [3,6,7]. In an auger re-
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actor, mechanical forces are provided to the bed to enhance par-
ticle mixing and simultaneously achieve particulate matter trans-
port for continuous operation. Heat carrier particles could be fed
into the reactor to provide heat source for biomass particles. Some
experimental studies have shown that auger reactor systems have
similar bio-oil yield performance compared with bubbling fluidized
bed reactor systems [8,9]. The pyrolysis process in an auger reac-
tor configuration is a reactive granular flow system which involves
particle flow, heat transfer and biomass thermochemical conver-
sion reactions at the same time. Probing the physical transport
phenomena and the interplay between the physical transport phe-
nomena and chemical reactions is essential for reactor design and
optimization. While there are still a lot of challenges in experimen-
tally measuring flow information in granular flows, the installment
of internal structures in the auger reactor makes it even harder
to probe local granular flow information. Numerical simulation, as
an alternative way, is capable of predicting granular flow and heat
transfer behaviors in the reactor and providing useful information
such as particle residence time, particle mixing degree, and heat
transfer coefficient [10,11] for reactor diagnosis.

Computational Fluid Dynamics (CFD) simulation allows for
evaluating reactor-scale heat and mass transport effects on the
biomass thermochemical conversion process. Eulerian-Eulerian and
Eulerian-Lagrangian approaches are among the most advanced and
popular methods for modeling reactive particulate systems as re-
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Nomenclature
Ar reaction frequency factor, 1/s
c contact radius correction coefficient
Cp specific heat capacity, J/kg - K
dj distance between particle centers
dp particle diameter, m
D auger flight diameter, m
e coefficient of restitution
E; Young’s modulus, Pa
Er activation energy, J/mol
E* equivalent Young’s modulus, Pa
f volumetric fill level
Fy view factor between surfaces
Flf drag force acting on particle i, N
F‘l.g gravitational force acting on particle i, N
Fj; particle collision force, N
ngij normal collision force, N
Ff,ij tangential collision force, N
G; particle shear modulus, Pa
G* equivalent shear modulus, Pa
h heat transfer coefficient, W/m?2 - K
mf)’l. vapor species mass in the particle, kg
mfva[er moisture mass in the particle, kg
m* particle equivalent mass, kg
i unit vector in the normal direction
P auger pitch length, m
Py pyrolysis number
ij"”d conductive heat transfer rate, J/s
Fj"”” convective heat transfer rate, J/s
Qi‘]’,f P~ heat transfer rate by particle-fluid-particle pathway,
JIs
f}p heat transfer rate by particle-particle pathway, J/s
.r]?d heat transfer rate by radiation pathway, J/s
Re gas constant, J/mol - K
R; radius of particle, m
R* particle equivalent radius
fii liquid species production rate, kg/s
Tgas non-condensable gas production rate, kg/s
Tsi solid species production rate, kg/s
Tear tar vapor production rate, kg/s
Tyi vapor species production rate, kg/s

Tc contact surface radius, m

H gap between particles, m

I; particle moment of inertia, kg - m?2

ke fluid thermal conductivity, W/m - K

ky particle thermal conductivity, W/m - K

kw reactor wall thermal conductivity, W/m - K
L auger mixing length, m

m; particle mass, kg

mﬁ liquid species mass in the particle, kg

mfi solid species mass in the particle, kg

T; particle temperature, K

T, rolling friction torque, N - m

T tangential torque, N - m

fij unit vector in tangential direction

v; particle velocity, m/s

Vel particle relative velocity, m/s

Vi rel relative velocity in the normal direction, m/s
Ve rel relative velocity in the tangential direction, m/s
X biomass conversion

Greek symbols

os solid fraction

B damping coefficient

On particle overlap in the normal direction, m

Ot particle overlap in the tangential direction, m
AH heat of reaction, J/kg

€r radiation emissivity

" friction coefficient

Ur rolling friction coefficient

v Poisson’s ratio

o Stephan-Boltzmann constant, W/m? - K4

Treaction Teaction time scale, s
T heat external heat transfer time scale, s

Endothermic
reactions

=%

W; particle rotation velocity, rad/s
w auger rotating velocity, rad/s
Subscripts
b biomass particles
l liquid
p particle
r reaction or radiation
s solid
% vapor
Bio-oil

Sugars, Light
oxygenates (acid,
furan, alcohol),

Phenols
Biomass: L0
Cellulose CO, H,, COy,
Eigr:ii:ellulose CH,, CoH4
Char, Ash

Fig. 1. A schematic description of biomass fast prolysis.
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viewed in [12-14]|. Eulerian-Eulerian approaches were developed
in [15-21] for biomass gasification and fast pyrolysis modeling in
fluidized beds. In this approach, both gaseous and solid phases
are considered as continua. Separate transport equations are de-
veloped for each particle phase, which has the same mechanical
and thermochemical properties. Momentum, heat and mass ex-
changes between two phases are properly accounted for by in-
teraction models. Xue et al. [17,22] and Sharma et al. [18] simu-
lated biomass fast pyrolysis in a same two-dimensional (2D) flu-
idized bed reactor system with MFIX software from the National
Energy Technology Laboratory (NETL) and ANSYS FLUENT version
14, separately. Comparing with the experimental results, both sim-
ulations could satisfactorily predict tar yields although simplified
biomass pyrolysis kinetics were adopted in their research. CFD sim-
ulations of auger reactors were also successfully carried out in
[23,24] and the biomass conversion process were reasonably pre-
dicted. Eulerian-Eulerian approach is one affordable modeling ap-
proach which could perform simulations at the pilot or industrial
scale but this method becomes challenging when a description of
particle size distribution or multiply particle types is necessary
[12].

Modeling of particle phase by Discrete Element Method (DEM)
could naturally overcome the difficulties met in the Eulerian-
Eulerian approach since the dynamic and thermochemical proper-
ties of each single particle are numerically solved separately and
the averaging concept is avoided in this approach. Representative
research could be found in [25-33]. Despite the merits mentioned
earlier, some limitations of the approach are noticed in the liter-
ature which requires further development. First, the interparticle
heat transfer models are not well developed and validated. For ex-
ample, in the Eulerian-Lagrangian simulation of wood gasification
in a fluidized bed, Gerber and Oevermann [27] suggest that the
discrepancy of the predicted reactor temperature from the experi-
mentally measured data might result from neglecting the interpar-
ticle radiative heat transfer in the simulation. Second, simulations
are often carried out with limited amount of particles [27,30,33] or
for short simulation time [28], which prevents the approach from
applying to real operational conditions even for pilot-scale simula-
tions. A recent study by Yang et al. [32] has managed to simulate
approximately 250,000 sand particles in a three-dimensional (3D)
simulation of a fluidized bed gasifier for 20 s physical time. A care-
ful examination of the scalability of the developed approach and
algorithm is necessary for modeling real-size systems with par-
allel computing techniques. In our research, we aim to develop a
generalized DEM approach which implements well-validated heat
transfer models and has a good scalability performance. Moreover,
a novel adaptive time step algorithm is implemented to achieve
efficient and stable coupling of particle dynamics simulation and
kinetic reaction integration.

The following first describes the simulated auger reactor system
and presents the developed DEM approach for biomass fast pyroly-
sis simulation. Next, the simulation predictions are to be compared
with experimental results for validation. Thereafter, the simulation
results are presented and conclusion is given at the last part show-
ing the main findings in this research.

2. Reactor system and model description
2.1. Double auger reactor

Fig. 2 illustrates the geometry of the double auger reactor sys-
tem, which has the same dimension as used in the experimental
study by Brown and Brown [34]. The mixing and continuous trans-
portation of solid particles is facilitated by the rotating augers in
the trough. As shown in Fig. 2 (a), the left auger rotates in the
clockwise direction while the right auger rotates in the counter-

clockwise direction, which design is found to have an overall better
performance [35]. Biomass particles (red oak) is fed into the reac-
tor at inlet 1 and sand particles fed at inlet 2 are used as the heat
carrier, which is proven to improve the heat transfer coefficient in
the reactor [11]. The biomass particle has a particle size range of
300-710 pm in the experiments and is fed into the system at the
ambient temperature. The sand particle either has a particle range
of 250-600 um (fine sand) or 600-1000  pm (coarse sand) in
the experiments and is fed into the system at high temperature
depending on the reaction temperature requirement. The auger ro-
tation speed varied from 20 RPM to 60 RPM in the operation of
the reactor [34].

Multiple physical phenomena are observed in the reactor sys-
tem including particle mixing and heat transfer. Moreover, the
biomass undergoes pyrolysis reactions as the system reaches fast
pyrolysis condition. In the experiments [8,34], vacuum pressure is
applied at the exit of the reactor to quickly extract vapor prod-
ucts and effectively prevent the secondary cracking reactions in gas
phase. Since the transport of the vapor products has trivial influ-
ences on the primary decomposition reactions in the solid biomass
particles, the vapor products are assumed to leave the reactors im-
mediately after production in this research and no computational
models are applied to simulate the vapor transport process in the
reactor. Therefore, this research focuses on the simulation of the
biomass primary decomposition reactions. The influences of the
secondary cracking reactions in the gas phase can be investigated
by adding a CFD model for the gas phase in future study.

2.2. Extended DEM approach for biomass thermochemical conversion

The extended DEM approach is capable of resolving particle dy-
namics, interparticle conductive and radiative heat transfer, and
particle thermochemical conversion reactions, which enables mod-
eling of reactive granular flows with this approach.

2.2.1. Particle dynamics

The particle dynamics is modeled by the traditional DEM ap-
proach. When two spherical particles collide, the particles are
deformable at the collision point. Contact models such as the
linear spring-dashpot model and the Hertz-Mindlin nonlinear
model [36] are accountable for modeling the collision physics. Sub-
sequently the contact forces are calculated from the local deforma-
tion and particle collision history. Particle displacement and veloc-
ities are updated by numerically integrating Newton’s and Euler’s
equations for a spherical shape particle, written as

dv,

midft":ZFfjJrF{JrF?, (1)
J
dw;
Iidftl = Z (Tt,ij + Tr,ij)v (2)

J

where, m; and J; (=2/5miR1.2) are mass of particle i and moment of
inertia of the particle, respectively. v; and w; are translational and
rotational velocities of the particle. The forces in Eq. (1) include
the contact force Ffj between particle i and surrounding particle
j that collides with particle i, drag force acting on particle i by a
fluid F]f , and the gravitational force Fl.g. The torques acting on par-
ticle i includes both Tj; and T,;. Torque T.; is generated by the
tangential force F;; which is the component of the contact force
Ffj with direction parallel to the contacting surface between parti-
cle i and j. Torque T, called rolling friction torque, is generated by
the asymmetric distribution of the normal contact force F,C“-j, the
other component of Ffj with direction perpendicular to the con-
tact surface. In this research, the drag force is ignored in the bed
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Fig. 2. (a) Geometry of the double auger reactor and (b) Biomass solid residue prediction. Biomass particles are fed into the reactor at inlet 1 and sand particles are fed into
the reactor at inlet 2. The ratio of the length L to the auger flight diameter D is 10. The ratio of the auger pitch P to the auger flight diameter D is 1.25. Both biomass and

sand sizes in (b) are 2 mm and the augers rotate at the speed of 40 RPM.

Table 1
Models for calculating contact forces and torques in DEM.

Table 2
Models for calculating conductive and radiative heat transfers.

Force or torque Equation Primary equations
Normal force F; 1B VRS 2y — /éjﬂ(m*E* /R*(gn)l/Zv"‘re‘ Conduction flux: Qf"”d B(FPTJrTfo"
Conduction through contact surface: Qf" = M
i P.J

Tangential force Ff;;  —8G*\/R8, [ &:F;; — / 23—0/3(4m*6*\/R*8,,)1/2v,>,e,
R; x Ff,ij
_%,u'rE*R*m(SS/zwrel/lwrel‘

_ =) V) 09 4
E G

Torque T,
Torque T,;

1 _ 1, 1 1,1
where, o =g+ 5. =g T =

W» B =In(e)/v/In*(e) + w2 fiy; = (x; — %;) /1% — Xj|, Vi = V; —Vj +

@; % R — @ x R}, @ = 0 — 0, Vnrer = Wyey - Aij)iij, Vp ot = (Ve x 15) x i,
tij = U ret/|Veretl. Ri = —Rifi;; The integration of tangential overlap [ 8{;; is
truncated to fulfill |Ff‘ij| < /,L|Fﬁvij\.

1

— Z(Z*Vgl(lﬂh) +

of the auger reactor since the major forces arise from mechani-
cal torques by the shaft. The mechanical forces are transferred by
particle-particle contact/collision and particle-wall contact/collision
in the bed. The equations for calculating forces and torques acting
on particle i are summarized in Table 1.

The mass of biomass particles is not a constant and varies in
the process of thermochemcial decomposition of the biomass ma-
terial. Biomass is originally composed of four major components:
hemicellulose, cellulose, lignin and moisture. In the pyrolysis pro-
cess, solid, liquid and gas species are involved and a variety of
intermediate species are produced and consumed as illustrated
in Fig. 1. The particle mass is composed of all solid species and
liquids including biomass original components, intermediate solid
species, solid products and liquid water. Gaseous species include
products such as water vapor, non-condensable gases and tar va-
por. The produced water vapor, non-condensable gas and tar vapor
emit for the particle surface immediately and cause the reduction
of particle mass. In the pyrolysis of a biomass particle, the thermo-
chemical conversion process progresses gradually into the biomass
core from outside. When the particle is small, this process is very
fast and negligible. In the current DEM simulation, the mass loss
of the biomass particle is considered uniform across the particle.
The mass change rate of particle i is formulated as

dm; dmP . .
d_tl = %m — T'gas — Ttar, (3)
where, the first term on the right hand side accounts for the water

evaporation from the particle, fgqs and f¢q are the production rates

Conduction through interstitial fluid: Q,‘]’fp (
Radiation flux Qirj‘"’:
Secondary equations
c= (E*/Ex)'

)f Sf 2mrdr
Tsij Is-(1/kpi+1/kpj)+lg/kg
U(TA;,?)

=€)/ (€riA)+(1—€rj)/ (€ jA)+2/ (A (1+E;))

Iy =2[(R+H) —/(R? - 1?)]

H = (dij —2R)/2 Iy = VR =12 —r(R+H)/r
_1 Ry
rij = 0.560R(1 — €)™ 3 Igp = \/ﬁ
ryj =t ifH<0 ,J_Cl(”)CZ+C31fH>0
rij=0if H=0 Fj=04% 402150, - 0.42 if H <0
C; = 0.1755 + 6.6505 G, = —0.9373 — 2.8990;
as=1-¢ G = —0.2923 + 0.24870

for non-condensable gas and tar arising from the biomass pyroly-
sis.

2.2.2. Interparticle heat transfer

In current approach, the intraparticle transport phenomena are
not resolved for particles and the particles are considered as
isothermal. The energy equation for particle i is written as

Z cond + Z Qir]gd + Q}g?nv _ Z AHTWT1 (4)
j r

where, c,; is the mass-weighted specific heat capacity of the solid
species, QIFJP"d and %"d are conductive and radiative heat transfer
between particle i and j, respectively. AH; and w; are the heat of
reaction and the reaction rate of reaction r. The fluid movement
relative to the particles is ignored in the auger-driven moving bed
and, as a result, the convective heat transfer Q" between the
fluid and particles i is not included. The heat transfer models for
predicting Q,Fj"”d and Qg‘d have already been described in our pre-
vious research [11]. The heat transfer models accounting for the
heat conduction through interstitial fluid and the heat radiation
between two spheres are based on the double taper cone model
[37,38]. Therefore, the geometry parameters (seen in Table 2) such
as radiating surface area A; are defined therein. Property parame-
ters such as kp, E and ¢; are specified in Table 3. Parameters € and

mcpl
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o are defined as local porosity and solid fraction, separately. The
equations for the heat transfer model are organized in Table 2.

It is worth mentioning that the validation of the heat transfer
models are already discussed in our previous paper [11]. Interested
readers could refer to this paper for more details.

2.2.3. Mass equation of species

Fig. 1 illustrates the thermochemical conversion from biomass
components to gaseous and solid products. Since particles are as-
sumed to be isothermal, gaseous products leave the solid particles
immediately after production and no intraparticle transport is in-
cluded.

For solid species, the mass balance is written as

omk
8t

where, mfi is the mass of solid species i, f; is the net production
rate of the solid species. For liquid phase, a similar mass balance
is written as

=fg i=1,...,n (5)

“—f'ﬁ i:],...,nl, (6)

where, m;; is the mass of liquid species i, i}; is the net production
rate of liquid species i. For vapor species, the accumulated mass
leaving a particle is calculated as

8mm -
ot v
and m,; is the accumulated mass of gaseous species i emitted from
a particle, ,; is the net production rate of gaseous species.

i=1,...,n, (7)

2.3. Pyrolysis kinetics

Adopting mechanistic kinetics could provide detailed reaction
information of the biomass conversion process but requires exten-
sive computational time. To balance the reaction detail and com-
putational time, a multiple-component reaction scheme that was
proposed by Calonaci et al. [39] is adopted in this research. This re-
action kinetics assumes the decomposition processes of the hemi-
cellulose, cellulose and lignin are independent and the pyrolysis of
biomass is modeled via a superposition of cellulose, hemicellulose
and lignin kinetics. The reaction pathway is illustrated in Fig. 3 and
the reaction parameters are available in Table A.1 in the Appendix.
The heat of reaction parameter is over-estimated in [39] and the
refitted parameter from their another research [40] is used. In this
research, we focus on the biomass primary decomposition kinetics,
the secondary reactions occurring in the gas phase are not mod-
eled.

All the kinetic reactions are first order. The reaction rate of re-
action r is written as

Wr = A, exp ( RET )m" (8)
elp

where, Ay, Er and Rg are the frequency factor, the activate energy
and the gas constant for reaction r, m? is the mass of reactant in
the particle. The production rate of each species is written in terms
of reaction rate w; accordingly.

2.4. Particle properties

In the biomass pyrolysis process, biomass properties such as
particle porosity and thermal conductivity are functions of biomass
conversion process and temperature. Biomass conversion degree is
formulated as

mp

X=1-—, 9
— (9)

cellulose ———m» active cellulose

| PAN

char + H20 LVG char + tar + gas

hemicellulose ———m= 0.4 HCE1 + 0.6 HCE2

| NN

char+gas  char + gas
char + H20 xylan +tar +tart
LIG-H ﬁ |_> Char + gas
LIG-OH —l
LIG-O —4 tar + gas
LIG + char
A
LIG-C —» LIG-CC — |
tar + gas

tar + gas +char
+char

Fig. 3. Illustration of biomass pyrolysis scheme developed in [39].

where, my is the initial biomass mass. The biomass particle ther-
mal conductivity is written as

kpp = (1 —X)kp + XKepar. (10)

In the equation, k;, and k., refer to the biomass and char (solid
product) thermal conductivities, respectively. The thermal conduc-
tivities for biomass and char remained 0.2 and 0.1 W/(m - K).
The specific heat capacities for the biomass components and solid
products (char) are [41]:

Cpp = 1500 + Ty, (1)

Cp.char = 420 + 2.09T, + 6.85 x 1074T,2. (12)

Other physical and thermodynamic properties of biomass and sand
materials such as Young’s modulus, Poisson’s ratio, coefficient of
restitution and thermal emissivity are listed in Table 3. Proper-
ties such as Young’s modulus and Poisson’s ratio are expected to
change with particle structure and composition but both parame-
ters remain constant in current DEM simulations for simplicity.

2.5. Initial and boundary conditions

The inlet mass flow rate of biomass particles is varied from
1 kg/h to 3 kg/h for instigating the effects of volumetric fill level

Table 3
Red oak (biomass), sand, and steel mechanical and thermal properties in DEM.

Material* Red oak Sand Steel

Material mechanical properties
Initial Density p (kg/m?3) 550 2680 -

Young’s Modulus E (Pa) 6.0 x 106 6.0 x 106 6.0 x 106
Original Young’s Modulus E, (Pa) 1.2 x 10'© 7.0 x 101 2.0 x 10"
Poisson’s ratio v 0.29 0.25 0.3
Coefficient of restitution e 0.4 0.65 0.65
Coefficient of friction p 0.2

Coefficient of rolling friction p, 1x10*

Material thermal properties

Conductivity k (2¢)? 0.2 13 38
Specific heat capacity ¢, (pag) 1500 + T, 830 490
Emissivity €, 0.9 0.8 0.8

3 The fluid thermal conductivity is 0.039 W/(m - K).
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on the biomass fast pyrolysis process. However, the comparisons
of predicted product yields with experimental measurements are
conducted based on the inlet mass flow rate of 1 kg/h, which re-
mains the same as the biomass feeding rate in experiments [8,34].
Different sizes of biomass particles are adopted in simulations in
order to investigate its effects on the fast pryolysis process. Inlet
temperatures of biomass and sand particles are set to 300 K and
848 K, separately. Based on energy balance analysis in ideal mix-
ing scenario, the ratio of inlet sand mass flow rate to inlet biomass
mass flow rate is determined to be 15:1 in order to achieve an
optimal fast pyrolysis reaction temperature, which is reported to
be around 788 K [8,34]. The size of sand particles is identical to
the size of biomass particles in all simulations. Initially, there is no
biomass or sand particle present in the reactor.

The initial composition of the red oak biomass is 42.75 wt% in
cellulose, 26.325 wt% in hemicellulose, 20.925 wt% in lignin and
10 wt% in moisture for all simulations. The mass percentage distri-
bution among cellulose, hemicellulose and lignin in red oak is ex-
tracted from [42] without inclusion of extractives. The lignin mass
percentage is assumed to evenly distributed among three types of
lignins: carbon-rich lignin (LIGC), hydrogen-rich lignin (LIGH) and
oxygen-rich lignin (LIGO), which gives 62.4 wt% C, 32 wt% O and
5.6 wt% H in lignin. While this treatment generates a satisfactory
approximation to the elemental analysis of lignin reported in [43],
the inconsistent results of different lignin extraction methods make
it very difficult to quantify the real distribution of LIGC, LIGH and
LIGO in red oak biomass.

A fixed temperature boundary condition is applied at the reac-
tor trough wall and the auger walls are treated as adiabatic. The re-
actor trough wall temperature is determined to be the same as the
calculated fast pyrolysis reaction temperature, which is determined
to be T, = 788 K. The same boundary condition was also adopted
for the reactor wall in previous experimental studies [8,34].

2.6. Numerical algorithms

The implementation of the extended DEM is based on the
LIGGGHTS software [44]. A fixed time step of 2.5 x 1076 s for up-
dating particle position and temperature is adopted which could
guarantee the time step is less than 20% of critical time step de-
termined from the Rayleigh wave speed of force transmission [45].
The critical time is formulated as

_ TR [P
At= 0.8766 +0.1631vV G’ (13)

The Verlet integration method is adopted for integrating par-
ticle motion equations. The runge-kutta-dopri5 ordinary differen-
tial equation (ODE) solver in the odeint code [46] is incorporated
in the algorithm to integrate the reaction ODEs. Considering the
large variation of time scales of different reactions, the time step
for ODE integration is adaptive as shown in Fig. 4. In general,
the reaction ODE integration takes a larger time step (m times
larger) than particle motion integration. However, reaction inte-
gration time step is automatically reduced when the temperature
change due to the heat of reaction source (see Eq. 4) exceeds a
set point in one time step. Significant amount of heat sink or
source was found to cause instability in the temperature predic-
tion from the energy equation. The proposed adaptive time step
method could prevent the stability issue and reduce the compu-
tational burden of adopting a smaller fixed time step for all the
particles in the whole simulation time.

3. Results and discussion

The biomass fast pyrolysis process is affected by particle prop-
erties such as particle size and moisture content, and operating

particle i
time step n n+1 n+m
Xn+1,
Xn, Vn
’ Soft sphere model Vntl —_—
Tn Heat transfer Energy " Tn+1
model s >
[
n+2/pm n+m
A
Reaction model mj,ntm
. mj,n+m
Reaction model

Fig. 4. Implemented algorithm of adaptive time step size for the reaction model.
The reaction model takes mAt time step size at the beginning of each integration,
where At is the DEM time step size. If the integration condition AT;/At;|sp, < 1073
is not met, the integration time step size At, for the reaction model is decreased by
half and the time step reduction continues recursively until the integration condi-
tion is met. p is the resultant number of steps for reaction integration within mA¢t
time.

conditions such as heating rate and volumetric fill level in the re-
actor. However, the current research is not intended for a thor-
ough parameter study. Instead, the applicability of the approach
to simulating biomass fast pyrolysis is examined in this section,
which covers the validation of the kinetic model, the comparison
of numerical predictions of biomass thermal decomposition kinet-
ics with experimental measurements, and the scalability perfor-
mance of the approach in modeling different system sizes. The ro-
tational speed of the augers in current research is fixed at 40 RPM
and the mass feeding ratio of biomass to sand materials remains
1:15. Simulation results reveal that the reactor reaches steady state
in 30 s, after which the results presented in the following were
extracted. The influences of two parameters, particle size and vol-
umetric fill level, are evaluated on the biomass fast pyrolysis pro-
cess, which provides useful insights on the heat and mass trans-
port process in the reactor.

3.1. Validation of Ranzi’s kinetic model implementation

As mentioned, Ranzi’'s kinetics is adopted to predict biomass
thermal decomposition dynamics. The implementation of the ki-
netic model is first validated by comparing predictions of cellulose,
hemicellulose, hardwood and softwood pyrolysis process with ex-
perimental results, as similarly carried out in [47]. The simulations
were conducted on a static single biomass particle, which is heated
up at prescribed heating rates as specified in Fig. 5. The model ac-
curacy is assessed by a mean deviation parameter that is defined
as [24]

18
MD = E Z |Xexp,i _Xmodel.i|a (14)
i=1

where n is the number of data points and Xpgge;i and Xeyp; are
the same variable predicted by the DEM model and measured in
experiments, separately.

In the simulation, the hardwood composition is accounted for
by 49.8 wt% cellulose, 33.2 wt% hemicellulose and 17.0 wt% lignin
while the composition of the softwood is 40.1 wt% cellulose,
26.7 wt% hemicellulose and 33.2 wt% lignin, according to [47].
Fig. 5 shows comparisons of the solid residue profiles measured in
experiments [48-50] and predicted by the model in the pyrolysis
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Fig. 5. Comparisons of Ranzi’s kinetic model predictions and experimental data. (a)
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pyrolysis of softwood. Lines in all figures are from numerical predictions and points
are experimental data from [48] in (a), [49] in (b), and [50] in (c) and (d), sepa-
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of cellulose, hemicellulose, hardwood and softwood biomass. The
variations of the solid residue with the temperature are satisfacto-
rily predicted based on visual check, especially for the hardwood
biomass. Some discrepancies are observed at high temperatures,
which mostly inherits from the original kinetic model as seen in
the comparison study [47] and some other differences might come
from the slight modification of the kinetics [39]The calculated MDs
for cellulose predictions are 0.081 for 100 K/min heating rate and
0.056 for 1000 K/min heating rate. The MDs of hemicellulose pre-
dictions are 0.057 for 5 K/min heating rate and 0.04 for 20 K/min
heating rate. The MDs of hardwood predictions are 0.0405 and
0.0364 at the heat rates of 10 K/min and 60 K/min separately,
while the MDs are 0.07 and 0.061 for softwood predictions at the
same heating rates as for the hardwood. The quantitative assess-
ment of the Ranzi’s kinetic model suggests that this kinetic model
gives satisfactory performance in the prediction of hardwood py-
rolysis.

3.2. Biomass temperature and mass loss profiles

Fig. 6 shows the biomass temperature and mass loss profiles
along the axial direction of the reactor from two simulations with
different particle sizes. The biomass residue mass is composed of
fresh biomass components (cellulose, hemicellulose and lignins)
and intermediate species of each component (CELLA, HCE1, HCE2,
LIGCC, LIG and LIG-OH in Table A.2), and is scaled by the original
biomass mass mg in the Figure. As expected, the biomass temper-
ature is gradually heated up as the biomass is transported in the
axial direction by the augers in both cases. However, the degree of
the pyrolysis process is noticeably different. In the simulated sys-
tem with particle size of 2 mm, 8.6 wt% of intermediate species is
not converted into final products at the end of the reactor. Com-
parison of the profiles in Fig. 6 (a) and (b) indicates that decreas-

ing particle size could improve both biomass heating rate and fast
pyrolysis process.

The volumetric fill level in the auger reactor has noticeable in-
fluences on the particle mixing and heat transfer process as dis-
cussed in our previous paper [10,11]. The volumetric fill level is
calculated from the total volume of particles and the void space in
a representative reactor element, which is defined as

o mwd3N/6
0.56V ’

where, N is the averaged particle number and V is the volume of
the void space in a reactor element. Since the reactor geometry re-
peats itself in an auger pitch length in the axial direction, the rep-
resentative reactor element is chosen to be an auger pitch length
segment in the middle of the reactor. The packing density of par-
ticles is characterized by the solid fraction parameter, which is es-
timated to be close to very loose random packing value of 0.56.

The effect of the volumetric fill level on the pyrolysis pro-
cess is evaluated and predicted results are compared in Fig. 7, in
which the biomass temperature and mass loss profiles at two dif-
ferent volumetric fill levels are shown. The result indicates that the
biomass temperature slope decreases at increased volumetric fill
level and, as a result, the biomass fast pyrolysis process is slowed
down. Our previous research observes that the heat transfer coef-
ficient (h) remains constant when x/D > 6 under the same oper-
ating conditions [11]. It is interesting to notice that the biomass
mass loss curve is very close to a constant when x/D > 6 in both
Fig. 7 (a) and (b). The observation suggests that the biomass de-
composition process is linearly related with the heat transfer co-
efficient and the biomass fast pyrolysis process at particle size
dp =2 mm is dominated by the heat transport process.

To quantitatively evaluate the limiting factor in the biomass fast
pyrolysis process, a Py number is defined as

(15)

Treaction h
_ , 16
Theat 1Y Cplc kr ( )

where, T ection Tefers to the reaction time scale and Ty, is the
heat transfer time scale; h is the heat transfer coefficient for
biomass particles; [ is the characteristic length of the particle and
is equal to the particle diameter dp; kr is the mass loss rate of
biomass defined as d(m/m,)/dt with m, being the biomass original
mass. With extracted heat transfer coefficient h = 103 W/(m? - K)
and mass loss rate k. =0.1875 s~! from the simulation, the Py
number is estimated to be around 0.22 at the operating condition
in Fig. 7 (a). The Py number indicates that the time scale for the
heat transfer is much longer than the reaction time scale and the
biomass fast pyrolysis process in the reactor is heat transport dom-
inated process at particle size d, =2 mm.

Py =

3.3. Thermochemical decomposition dynamics of biomass components

Fig. 8 shows the averaged mass loss rate of biomass major com-
ponents: moisture, hemicellulose, cellulose and lignin. The hemi-
cellulose mass is composed of origin hemicellulose and activated
hemicellulose, the cellulose mass is the summation of origin cel-
lulose and activated cellulose, and the lignin mass is composed of
three original lignin forms (oxygen-rich lignin LIG-O, hydrogen-rich
lignin LIG-H, carbon-rich lignin LIGC), carbon-rich lignin (LIGCC),
OH-rich lignin (LIGOH) and lignin (LIG).

It is observed that the moisture starts to evaporate at the
biomass feed inlet position (x/D = 2.0) and shows a peak before
the sand feed inlet position (x/D = 4.0) when pyrolyzing biomass
particles with size of 1 mm. For biomass particles with size of
2 mm, the moisture evaporation reaches the peak around x/D =
4.0 at both high and low volumetric fill levels. However, the du-
ration of moisture evaporation at higher volumetric fill level (f =
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0.37) increases. While the moisture evaporation is well separated
from biomass thermochemical decomposition in Fig. 8 (b), the two
processes have overlaps in both Fig. 8 (a) and (c). A smaller par-
ticle size is adopted in Fig. 8 (a) and a faster heating rate is
observed, which causes the overlap of moisture evaporation and
biomass solid species decomposition. The non-ideal particle mix-
ing and particle mixing oscillation (seen in [10]) at higher volumet-
ric fill level result in nonhomogeneous heating process of biomass
particles. As a result, the overlap of the moisture evaporation and
biomass solid species decomposition is observed in Fig. 8 (c). Both
hemicellulose and lignin decomposition start around 480 K and
cellulose starts to decompose around 600 K as read in Fig. 8 (b).
This prediction is consistent with experimental observations in
[51]. The mass loss peak for hemicellulose and cellulose occurs
around 600 K for particle size of 1 mm while the peak is around
650 K for particle size of 2 mm as shown in Fig. 8 (a) and (b). The
initial decomposition temperature for cellulose seems to be lower
in Fig. 8 (c), which is apparently caused by the nonhomogeneous
heating process at higher fill level. A fraction of biomass particles
reach the cellulose decomposition temperature while the average
temperature is still below that temperature as a result of nonho-
mogeneous heating process. The decomposition of all three com-
ponents has a wide temperature range due to heat transfer and
reaction time limitations. The result also indicates a higher mass
loss rate with a smaller particle size by comparing Fig. 8 (a) and
(b), and decreasing volumetric fill level is favorable to the biomass
pyrolysis.

3.4. Product yield

Two simulations of red oak fast pyrolysis in the double auger
reactor were conducted at the biomass feeding rate of 1 kg/h with
particle size of 1 mm (Fine particle) and 2 mm (Coarse particle),

separately. Other initial and boundary conditions are specified in
Section 2.5. As the biomass is gradually pyrolyzed along the axial
direction, vapor products are released from solid biomass and fi-
nally condensed into products of bio-oil and noncondensable gas
(NC gas) at room temperature. In the process, char is also pro-
duced and remains in the solid state. The major components of
each product are listed in Table A.2 in the Appendix. Fig. 9 shows
the accumulated mass percentage profiles of tar vapor (condensed
into bio-oil) and noncondensable gas releasing from biomass par-
ticles, and char mass percentage profiles along the axial direction.
In the figure, the water vapor is excluded from tar vapor in order
to show the moisture evaporation process and the char product
includes all the solid species except the original biomass compo-
nents. The results confirm that reducing biomass particle size is
favorable for speeding up the biomass decomposition process in
the auger reactor.

In order to compare with experimental results, the predicted
yields of bio-oil (with reaction water), char and NC gas are calcu-
lated as mass percentage of dry biomass and are shown in Fig. 10.
The model predictions are compared with the experimental data
reported in [8], in which two sand particle sizes were used with
fine sand in the size range of 250-600 pm and coarse sand in the
size range of 600-1000 pm. It is observed that the predicted prod-
uct yields are very close to the experimental results, especially in
the comparison with fine particle simulation results. The mean de-
viations are 2.49 wt%, 1.68 wt% and 1.42 wt% for the bio-oil, char
and NC gas yield predictions, separately. The yield predictions are
in reasonable agreement with experimental results considering the
limitations of the biomass pyrolysis kinetics available in the liter-
ature. It is worth knowing that no error bar is added to the sim-
ulation result since trivial deviations are obtained in the statistical
analysis of simulation results.
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3.5. Scalability performance

The scalability test was carried out by fixing the same operat-
ing conditions while changing the system size (the amount of par-
ticles). At low volumetric fill level f = 0.1, the influences of par-
ticle mixing on the heat transfer and biomass pyrolysis are very
limited, which is suitable to serve as the base operating condition
in the test. Three different systems containing approximately 5000,
52500 and 531,000 amounts of particles are generated by varying
the particle size parameter but maintaining the same volumetric
fill level. The integration time interval of reaction ODEs is set to
50 times of DEM time step interval in all test cases. The simula-
tions were conducted using 16 cores on a cluster node containing
two 2.0 GHz 8-core Intel E5 2650 CPU. Moreover, the simulations
were all run with the same uniform partition in x and y direc-
tions. Fig. 11 presents the elapsed CPU time per 10,000 simulation
steps in terms of system size after the system reaches steady state
in the simulation. A linear augmentation of computational cost is
suggested when the system size increases. The result is helpful to
estimating the required CPU times in the simulation of different
size systems. To make a comparison with previous research [28],
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the CPU time required to simulate a system of 800,000 particles
for 5 s is estimated to be around 10,000 CPU hours with our devel-
oped approach, while a 32 times higher CPU time was reported in
[28] for 5 s simulation of a fluidized particulate system. Although
the simulated systems are different and a direct comparison is not
carried out, the comparison result still reflects the merit of the
adaptive time step algorithm, considering that the heavy compu-
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Fig. 11. Scalability performance of the extended DEM approach. Different system
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dition: volumetric fill level f = 0.1, biomass moisture content 10%.

tational cost is usually on the DEM side in a computational fluid
dynamics (CFD) and DEM coupling approach.

4. Conclusion

In this research, an extended DEM model is proposed for simu-
lating biomass fast pyrolysis reacting granular flows in a double
auger reactor, in which particle hydrodynamics and interparticle
heat transfer processes are involved and coupled with chemical re-
actions in solid particles. An adaptive time step algorithm is pro-
posed to achieve a stable coupling between the integration of re-
action ODEs and the DEM solver, and the algorithm is proven com-
putationally efficient.

The proposed method was applied to simulating biomass fast
pyrolysis process in a double auger reactor. The implementation
of the kinetic model is first validated by carrying out benchmark
simulations of a single biomass particle heated at prescribed heat-
ing rates and comparing predicted mass loss profiles with exper-
imental data. The comparison indicates that the Ranzi’s kinetic
model has a satisfactory performance in modeling hardwood py-
rolysis process. Moreover, the product yields predicted from sim-
ulating the red oak fast pyrolysis in the reactor are in reason-
able agreement with the experimental results, which evidences
that the extended DEM approach is capable of modeling biomass

pyrolysis process in the double auger reactor. The analysis of
the pyrolysis number Py suggests that the limiting factor in the
biomass fast pyrolysis arises from external heat transfer to the
biomass particles. The hemicellulose and cellulose decomposition
temperatures are predicted to be around 480 K and 600 K sep-
arately and the predictions are in agreement with experimental
studies.

The biomass fast pyrolysis process in the auger reactor is signif-
icantly influenced by the heat of reaction parameter in the kinetic
model. In future work, careful calibration of the heat of reaction
parameter is necessary for improvement of biomass fast pyrolysis
kinetic models. The approach reported in [52-54] can be adopted
to carry out parameter estimate of the heat of reaction.

In current study, the biomass particle is assumed to have a
spherical shape and the predicted product yields are in agreement
with experimental results. In reality, the biomass particles usually
have nonsymmetric shapes. Modeling the complexity in the hydro-
dynamics of nonspherical particles and the interparticle heat trans-
fer process is overwhelming but necessary in future research.
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Table A1
Biomass pyrolysis kinetics.

Reaction A(s™1) E (kfmol-')  Ah (k] kg~1)
1 CELL — CELLA 8 x 1013 192.5 0
2 CELL — 5 H,0 + 6 Char 8 x 107 133.9 -1913
3 CELLA — 0.95 HAA + 0.25 GLYOX + 0.2 CH3CHO + 0.25 HMFU 1% 10° 1255 620
+0.2 C3HgO + 0.16 CO, +0.23 CO + 0.9 Hy0 + 0.1 CH, + 0.61 Char :
4 CELLA — LVG 4T 41.8 364
5 HCE — 0.4 HCE1 + 0.6 HCE2 1 x 10'° 129.7 100
6 HCE1 — 0.75 G{H,} + 0.8 CO, + 1.4 CO + 0.5 CH,0 + 0.25 CH30H 3 % 10° 113.0 Y
+0.125 ETOH + 0.125 H,0 + 0.625 CH4 + 0.25 C;H4 + 0.675 Char ’
7 HCE1 — XYL 3T 46.0 588
g HCE2 — 0.2 CO, + 0.5 CHy +0.25 GoHy + 0.8 G(C02} + 0.8 G{COHz} | 010 1381 12
+0.7 CH,0 + 0.25 CH30H + 0.125 ETOH + 0.125 H,0 + Char ’
LIGC — 0.35 LIGCC + 0.1 pCOUMARYL + 0.08 PHENOL + 0.41 C;Hy
9 +H,0 + 0.495 CH, + 0.32 CO + G{COH,} + 5.735 Char 4> 100 2029 -490
10 LIGH — LIGOH + C3HgO 2 x 10" 156.9 100
11 LIGO — LIGOH + CO, 1 x 10° 106.7 446
LIGCC — 0.3 pCOUMARYL + 0.2 PHENOL + 0.35 C3H40, + 0.7 H,0
12 40.65 CHy + 0.6 C3Hy + G{COH,} + 0.8 G{CO} + 6.4 Char 5 x 10° 1318 -503
LIGOH — LIG + H,0 + CH350H + 0.45 CH4 + 0.2 C;H, + 1.4 G{CO}
13 +0.6 G{COH,} + 0.1 G{H,} + 4.15 Char 3 x 10° 1255 -120
14 LIG — FE2MACR 8T 50.2 686
LIG — H,0 + 0.5 CO + 0.2 CH,0 + 0.4 CH30H + 0.2 CH;CHO
15 +0.2 C3HgO + 0.6 CHy + 0.65 CoHy + G{CO} + 0.5 G{COHy} + 5.5 Char 2 * 10° 1255 -470
16 G{CO,} — CO, 1x 10° 100.4 0.0
17 G{C0} - CO 1 x 1013 209.2 0.0
18 G{COH;} — CO + H, 5 x 101 272.0 0.0
19 G{H,} — H, 5 x 101 3138 0.0
20 H,0(l) > H,0(g) 543 x 10 880 2440

Table A2

Solid, liquid and gaseous species in Ranzi’s pyrolysis model.

Species

Name

Atomic composition

Solid species

Solid biomass components:

Table A2 (continued)

Species Name Atomic composition
ETOH Ethanol C,HgO
H,0 Water vapor H,0

Noncondensable vapors (gas products):

H, Hydrogen H,

CELL Cellulose CeH1005 co Carbon monoxide co
HCE Hemicellulose CsHgO4 CO, Carbon dioxide CO,
LIGC Carbon-rich lignin Ci5H1404 CHy4 Methane CHy4
LIGH Hydrogen-rich lignin CyH,509 CyHy Ethylene CyHy
LIGO Oxygen-rich lignin CyoH2,019
Solid products:
CELLA Activated cellulose CgH1005
HCE1 Activated hemicellulose 1 CsHgO4
HCE2 Activated hemicellulose 2~ CsHgO4 References
LIGCC Carbin-rich lignin 2 Ci5H1404
LIG Lignin Cy11H20g [1] C. Stevens, R.C. Brown, Thermochemical processing of biomass: Conversion
LIGOH OH-rich lignin Cy9H,, 08 into Fuels, Chemicals and Power, John Wiley & Sons, 2011.
G{CO,} Trapped CO, CO, [2] H. Goyal, D. Seal, R. Saxena, Bio-fuels from thermochemical conversion of
G{co} Trapped CO co renewable resources: a review, Renew. Sustain. Energy Rev. 12 (2) (2008)
G{COH,} Trapped COH, COH, 504-517. ) , ) )
G{H,) Trapped H, H, [3] R Ven@erbos;h, W. Prins, Fast pyrolysis technology development, Biofuels Bio-
Char Char C prod. Biorefining 4 (2) (2010) 178-208. )
Liquid species [4] A ll_nran, E. Bramgr, K. Seshan,_ G. Brer_n, et al, _An overview of catalysts

in biomass pyrolysis for production of biofuels., Biofuel Res. ]. 5 (4) (2018)
H,0(1) Moisture H,0(1) 872-885.
Gaseous species [5] HKS. Panahi, M. Tabatabaei, M. Aghbashlo, M. Dehhaghi, M. Rehan,

A.-S. Nizami, Recent updates on the production and upgrading of bio-crude
Condensable vapors (liquid products): oil from microalgae, Bioresource Technol. Rep. 7 (2019) 100216.

6] E. Butler, G. Devlin, D. Meier, K. McDonnell, A review of recent laboratory re-

HAA Hydroxyacetaldehyde CaH10; (el search and commercial developments in fast pyrolysis and upgrading, Reﬁlew.
CLYOX Glyoxal GH,0, Sustain. Energy Rev. 15 (8) (2011) 4171-4186.
C3Hg0 Propanal (acetone) C3Hg0 [7] A.V. Bridgwater, Review of fast pyrolysis of biomass and product upgrading,
C3H40, Propanedial C3H40, Biomass Bioenergy 38 (2012) 68-94.
HMFU 5-Hydroxymethylfurfural CeHgOs3 [8] TJ. Daugaard, D.L. Dalluge, R.C. Brown, M.M. Wright, Effect of thermophysi-
LVG Levoglucosan CgH10s cal properties of heat carriers on performance of a laboratory-scale auger py-
XYL Xylose monomer CsHgO4 rolyzer, Fuel Process. Technol. 176 (2018) 182-189.
pCOUMARYL  Paracoumaryl alcohol CoH190; [9] S.-S. Liaw, Z. Wang, P. Ndegwa, C. Frear, S. Ha, C.-Z. Li, M. Garcia-Perez, Effect
PHENOL Phenol CgHgO of pyrolysis temperature on the yield and properties of bio-oils obtained from
FE2MACR Sinapaldehyde C11H1204 the auger pyrolysis of Douglas Fir wood, J. Analyt. Appl. Pyrolysis 93 (2012)
CH,0 Formaldehyde CH,0 52‘62‘ . . . . L
CH5OH Methanol CH,O [10] F. Qi, TJ. Helndel, MM erght: Numerical study of particle mixing in a lab-s-
CH5CHO Acetaldehyde C,H40 cale screw mixer using the discrete element method, Powder Technol. 308

(continued on next page)

(2017) 334-345.
[11] F. Qi, M.M. Wright, Particle scale modeling of heat transfer in granular flows
in a double screw reactor, Powder Technol. 335 (2018) 18-34.
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