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Biomass pyrolysis in the thermally thick regime is an important thermochemical phenomenon encountered in
many different types of reactors. In this paper, a particle-resolved algorithm for thermally thick biomass particle
during high-temperature pyrolysis is established by using reactive molecular dynamics (MD) and computational
fluid dynamics (CFD) methods. The temperature gradient inside the particle is computed with a heat transfer
equation, and a multiphase flow algorithm is used to simulate the advection/diffusion both inside and outside the
particle. Besides, to simulate the influence of intraparticle temperature gradient on the primary pyrolysis yields,
a multistep kinetic scheme is used. Moreover, a new tar decomposition model is developed by reactive molecular
dynamic simulations where every primary tar species in the multistep kinetic scheme cracks under high tem-
perature. The integrated pyrolysis model is evaluated against a pyrolysis experiment of a centimeter-sized beech
wood particle at 800-1050 °C. The simulation results show a remarkable improvement in both light gas and tar
yields compared with a simplified tar cracking model. Meanwhile, the MD tar cracking model also gives a more
reasonable prediction of the species yield history, which avoids the appearance of unrealistically high peak
values at the initial stage of pyrolysis. Based on the new results, the different roles of secondary tar cracking
inside and outside the particle are studied. Finally, the model is also used to assess the influence of tar residence
time and several other factors impacting the pyrolysis.

will eventually deteriorates the gasification efficiency [6]. Besides, the
utilization of bio-syngas often requires a high quality of the product gas
(e.g., fuel cells). Catalytic cracking of tar is a commonly-used method for

1. Introduction

Biomass combustion/gasification in packed or fluidized bed reactors
are important technological applications in the efforts to realize a
renewable energy system [1,2]. However, due to the complicated py-
rolysis behavior of biomass under high temperature conditions, efficient
energy utilization is still not easy to achieve despite decades of experi-
mental and numerical investigations. To name a few, those difficulties
include tar and soot formations [3,4], which may lead to disturbances
and reduced efficiency. For example, during incomplete combustion in
packed-bed or fluidized-bed reactors, tar generation leads to the for-
mation of PAHs (CgHg, C7Hg, CioHg etc.), which, under appropriate
conditions, will further convert to soot that cause air pollution [5].
During gasification, the viscous tar species can adhere to the heat
transfer surfaces of a reactor and cause fouling of the equipment that
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the gas cleaning during gasification. The organic tar compounds, how-
ever, can also condense on the catalyst surface and form coke, which
significantly reduces the catalytic activity of tar cracking in the gas
cleaning process of fluidized-bed gasification [7].

Besides the traditional issues on tar generation, the large particle size
used in a packed bed reactor results in a series of new problems that are
mainly caused by the non-negligible temperature gradient and porous
structure evolution during particle heating and devolatilization [8-10].
This issue also exposes new challenges on numerical analysis of gasifi-
cation performance. The assumption that a biomass particle maintains a
uniform internal temperature distribution during a thermochemical
conversion process significantly simplifies the modeling procedure and
is known as the thermally thin approach. However, it has long been

Received 31 July 2020; Received in revised form 30 October 2020; Accepted 26 November 2020

Available online 2 December 2020
1385-8947/© 2020 Elsevier B.V. All rights reserved.

Please cite this article as: Tao Chen, Chemical Engineering Journal, https://doi.org/10.1016/j.cej.2020.127923



mailto:tchen@chalmers.se
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2020.127923
https://doi.org/10.1016/j.cej.2020.127923
https://doi.org/10.1016/j.cej.2020.127923

T. Chen et al.

Chemical Engineering Journal xxx (xxxx) xxx

Nomenclature

Cs solid phase specific heat, J/(kg K)

Dy effective mass diffusion coefficient, m?/s

es emissivity, -

G incident radiation, kg/s®

h solid phase heat transfer coefficient, W/(m? K)
hy sensible enthalpy, J/kg

m;, m§ atom mass, solid mass, kg

M; species molar mass, g/mol

Q solid phase energy source term, W/m?>

Sp,m mass source term from virtual particle, kg/(m3 s)
Shy Sp,n» Srad  €nthalpy source terms from gas reaction, virtual particle

and radiation, W/m®

Sp,mom momentum source term, N/m>

Sp,vi> Syi species source terms from virtual particle and gas reaction,
kg/(m3 s)

Qeff effective thermal diffusivity, kg/(m s)

aj stoichiometric number, -

&g gas phase volume fraction, -

K solid phase heat conduction coefficient, W/(m K)

c Stefan-Boltzmann constant, W/(m? K*)

CELL cellulose, CgH1005

HCE hemicellulose, CsHgO4

LIGC, LIGH, LIGO lignin components, C15H;404, Co2H2509,
C20H22010

recognized that the thermally thin model is not suitable for large par-
ticles with Biot numbers larger than 0.1 [11], indicating that for such
particles, a thermally thick approach is more appropriate [12]. Early
thermally thick pyrolysis models were characterized as one-dimensional
with layer evolution, where intraparticle temperature gradients result in
the formation of moist, dry and char layers, respectively [13-15].
Chemical reactions and species diffusion in different layers are solved
with a set of ordinary differential equations. Subsequently, traditional
one-dimensional layer models were further improved by introducing
meshes in each layer. These studies can be found in the works of Di Blasi
et al. [16], Gomez et al. [17] and more recently Li et al. [18]. A one-
dimensional model is computationally efficient. However, it is not
easy to accurately account for the spatio-temporal effects of Stefan flow
and gas phase tar cracking, although some works considered the intra-
particle species diffusion [19]. The second type of thermally thick model
is computational fluid dynamics (CFD)-based particle-resolved or pore-
resolved models [20-23]. By using a CFD method, the advection and
diffusion of gas species both inside and outside the particle, which plays
an important role in the chemical reactions, can be captured in better
detail [24]. However, such direct numerical simulations usually suffer
from huge computational costs compared with the simpler one-
dimensional models.

The slow temperature increase inside thermally thick particles dur-
ing the initial stage of pyrolysis contributes to tar generation [25]. These
tars further decompose and form light gas species under high tempera-
ture conditions [26]. The widely used one-step first-order Arrhenius
pyrolysis models are not sufficient to take the influence of temperature
gradients into account within the thermally thick regime, due to the
prescribed stoichiometric factors for each pyrolysis product [27].
Instead, competitive pyrolysis models such as the Miller&Bellan kinetic
scheme [28] and the bioCPD scheme [29] are more suitable, in which
the amounts of tar and light gas are temperature-dependent variables.
Moreover, in high-temperature pyrolysis, the role and fate of tar are
complicated. Since the distribution of tar species in real situations de-
pends largely on material type and heating process [30], it becomes very
challenging to develop a generalized detailed tar formation model. On
the other hand, however, lumped models which represent tar merely
with a single species such as benzene or phenol may also loose accuracy
in pyrolysis simulations where the actual natures of different tar species
are important for the final product distribution. In recent years, re-
searchers in Ranzi’s group developed a multi-step kinetic scheme which
achieves good balance between computational cost and accuracy
[31,32]. This multi-step pyrolysis model is suitable for different types of
biomasses and has been validated in a wide range of applications. In low
temperature pyrolysis simulations, excellent performance has been ob-
tained using the multi-step kinetic model [33-35].

In the study of tar generation and decomposition, despite significant
experimental contributions [36], a generalized tar cracking model
applicable also at high temperature is however still unavailable.

Recently, some researchers have turned to microscale numerical simu-
lations to elucidate the tar evolution mechanisms, among which reactive
molecular dynamic (MD) simulation is believed to be a promising tool
[37]. In a reactive MD simulation, the movement of atoms is governed
by Newton’s second law of motion based on a reactive force field. Mo-
lecular structure evolution is then derived straightforwardly from the
chemical bond information between different atoms without any pre-
assumption [38]. To name a few, Castro-Marcano et al. analyzed the
structure evolution and chemical reactions of Illinois No. 6 coal by using
ReaxFF MD simulation [39], and Zheng et al. carried out MD simulations
in the study of cellulose pyrolysis [40]. In the latter work, the formation
of active cellulose, light gas, char and tar was successfully captured. In
addition, MD simulations are also reported in the study of cellulose,
hemicellulose and lignin gasification [41]. However, these studies
mainly focus on the explanation of the microscale pyrolysis mechanism.
A global reaction model that can be easily used for macroscale simula-
tions is still unavailable.

The purpose of this paper is to establish a high-temperature pyrolysis
model for thermally thick biomass particles focusing especially on
intraparticle temperature gradients and secondary tar cracking. The
work is expected to be useful in the future study of biomass gasification/
combustion in packed bed reactors and woodstoves. To achieve this
goal, a new tar cracking model based on the multi-step kinetic scheme
[31] is first developed via reactive MD simulations. The model is
thereafter integrated with a previously established particle-resolved
thermally thick algorithm [42]. Finally, the high temperature pyroly-
sis model is used to study the thermal decomposition of a centimeter-
sized wood particle. Owing to their role in the particulate matter for-
mation and fouling of equipment, the evolution of tars is a major
stumbling block in the design and operation of novel thermochemical
conversion concepts for biomass-based fuels. The ability to understand
and control the tar evolution would significantly enhance the possibil-
ities of large-scale adoption of such new, environmentally friendly
concepts.

The structure of the paper is arranged as follows. Section 2 describes
the general idea of pyrolysis modeling for a thermally thick biomass
particle and the method of molecular dynamic simulation. Section 3
shows the tar thermal decomposition by using MD simulation. The in-
tegrated pyrolysis model is then validated in Section 4. After that, the
influence of several parameters on the pyrolysis is discussed in Section 5.
Finally, some conclusions are drawn.

2. Numerical methods

In the current work, we characterize high-temperature pyrolysis as
the situation where tar cracking plays an important role, which is
approximately above 500-600 °C in operating temperature [29]. During
the high-temperature pyrolysis of a thermally thick biomass particle, the
temperature at the particle surface increases rapidly, while the center of
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the particle undergoes a slow heating process at the initial stage of py-
rolysis, which results in a large amount of tar generation. As the tar
species have to pass through a high-temperature region on their way out
of the particle, they are further decomposed both inside and outside the
particle. Therefore, in the pyrolysis of thermally thick biomass particles,
light gas and tar yields are highly dependent on the intraparticle heating
process. Besides, the feedback influence of the tar cracking on the py-
rolysis process itself should also be considered, which includes both the
Stefan flow effect and thermodynamic effects [42]. To the best of our
knowledge, the derivation of computationally viable yet accurate
modelling approaches to high-temperature pyrolysis of thermally thick
biomass particles is still an open problem. In this section, a new
modeling strategy aiming to meet the aforementioned challenges is
introduced.

2.1. Primary pyrolysis of a thermally thick biomass particle

Under both low- and high-temperature conditions, the primary py-
rolysis process includes moisture evaporation, devolatilization of the
biomass to produce light gas and tar, as well as the formation of solid
residual char. Therefore, a low temperature pyrolysis model previously
developed in our group is used here as a basis for the simulation of high-
temperature primary pyrolysis [42-45]. The model is established based
on a particle-resolved multiphase flow algorithm, which has been sys-
tematically validated for different biomass types, particle sizes, pyrolysis
temperatures and inflow velocities. The governing equations are listed
in Table 1. For conciseness, only the main idea of the model is described
here.

The biomass particle is modeled with two systems. To obtain the
intra-particle temperature distribution, a heat transfer equation (Eq. 1)
is first solved by treating the particle as a continuous system. As can be
seen on the right-hand side of Eq. 1, heat conduction, heat convection,
radiation and devolatilization heat are all included. For simulating the
radiation, a P-1 radiation model is used [42]. With the mass loss, the
biomass particle becomes a porous medium. The porosity and specific
surface area of the particle evolve according to a random pore model
[45]. During devolatilization, the released pyrolysis gases move through
the porous structure by both diffusion and convection, forming the so-
called Stefan flow. Therefore, the heat and mass transfer between the
two domains both inside and outside the particle has to be considered
simultaneously in the simulation. To make a uniform algorithm for the
two domains, a particle-resolved multiphase flow model is used. The
algorithm is realized by discretizing the porous biomass particle into a
virtual particle cluster. Each virtual particle corresponds to a local heat
transfer grid cell. These virtual particles together with the surrounding
gas are treated as a multiphase flow system. In this way, the computation

Table 1
Solid phase, gas phase, primary pyrolysis and tar cracking governing equations
[42].

Submodel Governing equation
Solid phase IT. , S (@]
P Pt = VWT) + 1S (T, T) + %5 (G~ 40T!) +Q
Gas phase a 2)
P a*t(fg/’g) + V'(E’g/’g“g) =Spm
[ 3
Et(s'g/)gug) + V-(!:'g/)gugug) = —-Vp+ V~(£g'teff) + EgPeg +
Spmom
9 (€3]
Et(gg/)gE) + V-(ggug(/igE +p)) = V-(egaeVhs) + S, +
Sp.h + Smd
9 ©))
jt(ggﬂgyi) + V- (eapgugYi) = V-(egpgDeir VY1) + Sy, +
Sy,
Pri S
r;l;‘:l};sis % - Afexp< . RE‘T mt i — CELL,HCE,LIGC,LIGH.LIGO
Mi— > oM}, j = light gas, tar, intermediate species,char ~ (7)
Tar cracking M- &M, j = Hz,CH4,CO,CO; . . . (8)
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cost is reduced significantly compared with a traditional pore-resolved
CFD method. The gas phase governing equations include mass, mo-
mentum and energy conservation laws (Egqs. 2-4) as well as species
transport equations (Eq. 5).

In the simulation of pyrolysis, each virtual particle (representing a
fraction of the solid phase) undergoes a multistep thermochemical
conversion using the multistep kinetic scheme (Eq. 6). The pyrolysis
starts from the thermal decomposition of the three basic components
(cellulose, hemicellulose and lignin) which are pre-defined for a specific
biomass type [31]. Then intermediate species are formed depending on
the local temperature. Meanwhile, light gas and tar are released as
primary pyrolysis products. In the gas phase, the primary tar species
further crack into light gas and small molecules (Eq. 8). The primary
pyrolysis gas together with the secondary tar cracking product form the
source terms of the gas phase governing equations. Note that some of the
previous researchers such as Blondeau et al. [46] have pointed out that
the kinetic constants of the original multistep scheme should be adjusted
in order to give an accurate prediction under high temperatures. In our
previous work [42], we also found that the original kinetic constants
result in the appearance of an unrealistic second peak in the methane
production rate under high-temperature conditions. Therefore, in the
current simulation, the thermal decomposition of intermediate methane
into gas phase methane in the original multistep pyrolysis model is
adjusted by modifying the corresponding activation energy to the same
with that of intermediate CO, which alleviates the skewed production
rate while imposing no influence on the amount of species yield.

2.2. Secondary tar decomposition

The multistep kinetic scheme developed by Debiagi et al. [31] has
shown good performance in low-temperature pyrolysis simulations for
thermally thick biomass particles [33,42]. However, an efficient tar
cracking model that extends the application of the multistep kinetic
scheme to high-temperature pyrolysis is still missing. Although a
simplified model was developed by Blondeau et al. (Table 2) and used by
many other researchers [46], a great discrepancy with experimental
measurements was found in the application of thermally thick biomass
particle pyrolysis, where the decomposition rate and CO5 generation
were significantly overpredicted [42].

As can be seen in the simplified tar cracking model, the decompo-
sition of each tar species generates no more than three light gas species,
and the kinetic constants are the same for all the reactions. These as-
sumptions are sufficient to accomplish a decomposition into the domi-
nating permanent light gas components, but too rough to capture the
real kinetic process of tar cracking. Therefore, it is necessary to develop
a more advanced tar cracking model. In this paper, a ReaxFF molecular
dynamics (MD) method, which was originally developed by van Duin
et al. based on an atomic-scale bond-order theory [38], is utilized.
Generally, the ReaxFF force field provides a continuous description of
interatomic potential (Egs. 9-10) and is capable of describing chemical
bond formation and dissociation. In our simulation, the same ReaxFF
force field as that of Castro-Marcano et al. [39] is used to develop the
secondary tar cracking model.

Table 2

Simplified kinetic scheme of tar decomposition [46].
Reactions A (1/s, %109 E (kJ/mol)
HMFU — 3CO + 1.5CoHy 4.28 108
C3HgO — 0.5CO3 + 0.5H, + 1.25C2Hy 4.28 108
pCoumaryl — CO; + 2.5C,H, + 3Char 4.28 108
Phenol — 0.5CO; + 1.5C,H,4 + 2.5Char 4.28 108
XYLOSE — 2CO3 + Hy + 1.5CoHy 4.28 108
LVG — 2.5C0;, + 1.5H, + 1.75CoHy4 4.28 108
HAA - 2CO + 2H, 4.28 108
Glyoxal — 2CO + H, 4.28 108

Lumped Phenol — 2CO, + 3CoH4 + 3Char 4.28 108
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Fig. 1. High-temperature
biomass particles.

pyrolysis algorithm for thermally thick

midz-ji - _ dEsystem (x) (9)

dr dx

Esysiem = Epond + Eover + Eunder + Evat + Epen + Erors + Econj + Evawaats + Ecoutomp
(10)

Epong on the right-hand-side of Eq. (10) is the bond energy, E,,.r and
Eynder are coordination correction terms, Eyq, Epen, Etors and Ecopj repre-
sent the valence angle energy, penalty energy, torsional energy and
conjugation energy, respectively. The last two terms are non-bonded

Table 3
Tar species from the multistep kinetic scheme [31].
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Van der Waals and Coulomb interactions. The details of the new tar
cracking model derived from the MD simulations are provided in Section
3.

2.3. Integrated algorithm of the pyrolysis model

Fig. 1 shows the integrated high-temperature pyrolysis algorithm for
thermally thick biomass particles. The model is established as follows.
Firstly, a new tar cracking model is developed through MD simulation. A
molecular pyrolysis system for each of the representative tar species
(Table 3) in the multistep kinetic scheme [31] is constructed. Then, the
thermal decomposition products and the corresponding kinetic rate of
the new tar cracking model are derived from the instantaneous infor-
mation of the pyrolysis system. The integrated pyrolysis model is
implemented in the OpenFOAM software [47], and constitutes an
extended version of the low-temperature pyrolysis algorithm of our
previous work [42]. During each time step, the solid phase energy
equation is solved first. The intraparticle temperature distribution is
then transferred to the virtual particle system based on which primary
pyrolysis occurs. The released products from primary pyrolysis are used
to update the source terms of gas phase governing equations. After the
new information is updated in the flow field, secondary tar decompo-
sition is computed according to the MD tar cracking model. Note that in
Fig. 1, the tar cracking module can be switched off based on a user-
defined temperature threshold (e.g. 500 °C), which could save compu-
tational costs in low-temperature simulations. The implementation of
the whole algorithm is based on the standard second-order spatial and
temporal discretization algorithms in OpenFOAM. Besides, an MPI
strategy is used for parallelization of the simulation.

3. Tar decomposition model

In this section, MD simulations are carried out to construct a tar
decomposition model. Before the MD simulation, a periodic computa-
tional cell with the density of 0.1 g/cm® containing 1000 molecules are
created for each tar species by a procedure similar to that in Zheng et al.
[40], where the following three major steps are implemented. First, the
molecular geometry is optimized by using a conjugate gradient algo-
rithm in the Materials Studio software [48], based on which the cell
system is constructed. Then, an annealing procedure with a temperature
variation from 300 to 500 K is carried out for the periodic system.
Finally, the system is equilibrated at 500 K in the LAMMPS software
[49]. The ReaxFF MD simulation is also implemented in LAMMPS by
using NVT ensemble (particle number (N), system volume (V) and
temperature (T) are conserved), and Berendsen thermostat is used to
control system temperature. To derive the pre-exponential factor and

CH,0O HCOOH CH3;OH CoH,0, C,HsOH
=0 OH —OH o S
OJ \/\O HO
C5H304 C6H6O C6H503 C6H1005 C7H80

o
OoH OH Z oH
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HO OH s o oH
0
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)

OH o]
=
@A - -
N o o/
OH
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o
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Fig. 2. Energy change during the geometry optimization (particle type: blue - H, red - O, black - C). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

activation energy of the thermal decomposition rate, MD simulations are
run under six temperature conditions ranging from 2000 to 3000 K with
an interval of 200 K. For the reaction rate, a first-order Arrhenius type
equation is assumed. The derivation of the kinetic constants is shown in
Eq. (11), where Ny and N; are the initial tar molecule number and the
equivalent left molecules at time instant ¢, respectively. A and E are pre-
exponential factor and activation energy.

K InNy — InN,

E
! — —_
A7 = Aexp( )

RT an

As shown in Table 3, the primary tar species from the multistep ki-
netic scheme include phenol, xylose monomer and so on. Here, all of the
pyrolysis products except for Hy, CH4, CO, CO5 and CoHy are considered
as candidates to experience secondary decomposition under high tem-
perature condition. Considering the computational efficiency in the
subsequent CFD simulation and the uncertainty about possible in-
fluences of the elevated temperature on the reaction dynamics, the
current work is not primarily aimed at a detailed (intrinsic) tar cracking
model. Instead, a lumped global cracking mechanism is established. In
the new model, tar species decompose partly into steam, light gases
including Hg, CH4, CO, CO2, CoHy4 and the smaller hydrocarbon mole-
cule CH50. The remaining decomposition products from the MD

(a) Ops

simulations are lumped as CoH,. The stoichiometric factors of light gases
and CH0 are determined by averaging the MD simulation results under
different pyrolysis temperatures, while the values for steam and CyH»
are obtained by ensuring mass conservation between product and
reactant.

Note that the methodology of performing the MD simulations at
elevated temperatures (in comparison to the typical process tempera-
tures) is a commonly used strategy to accelerate reactive dynamics to
avoid unacceptably long simulation times [50-53]. For example, Che-
noweth et al. [53] raised the simulation temperature to above 2000 K in
the pyrolysis simulation of JP-10 fuel. They found that the derived
activation energy from MD simulation is very close to the experimental
measurement (58.4 kcal/mol predicted vs. 62.4 kcal/mol in experi-
ment). However, the derived pre-exponential factor is much larger than
the experimental data. Strictly speaking, the kinetics may indeed be
different at different operating temperatures [54], which may affect the
product distributions [50]. Nevertheless, temperature acceleration has
been shown to produce good qualitative results for the initial decom-
position process and reaction products in previous studies [40,52],
attesting to the feasibility of this strategy. In the current work, we choose
to remain agnostic about whether the high-temperature kinetics directly
correspond to the actual kinetics, and by varying the temperature

(b) 100 ps

Fig. 3. Snapshots of phenol thermal decomposition at 2600 K (particle type: blue - H, red - O, black - C). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 5. Fitted thermal decomposition rate from MD simulations.

elevation we extract the initial decomposition behavior in the high-
temperature limit. The method as such contains no fitting to experi-
mental data and we thus propose that its success or failure should be
evaluated on the basis of the predictions it produces in the integrated
algorithm.

Fig. 2 presents the energy change during the geometry optimization
of C¢HsOH and C11H1204 molecules. It is seen that the molecular energy
converges very quickly within 100 optimization steps, and the corre-
sponding molecular structure also reaches an optimized conformation.
The configurations of the phenol system at t = 0 and 100 ps at the
temperature of 2600 K are shown in Fig. 3. In Fig. 3a, phenol is the only
species present, whereas in Fig. 3b, small molecules such as CO and CoH,
can be identified. Furthermore, some large molecules like C;HgO are
also formed, which will likely contribute to the formation of soot pre-
cursors. However, soot formation is a challenging issue which lies
beyond the scope of the present research. All such polycyclic aromatic
hydrocarbons are therefore lumped into C;Hy and steam. Fig. 4 shows
the evolution of CO molecules for Cc¢HsOH and C;1H;204 under different
temperatures. Fig. 5 gives the kinetic constants of C¢HsOH and
C11H1204 decompositions derived from the linear curve fitting of the MD
simulation results. It is seen that a good linear correlation is obtained

24
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Fig. 6. Fitted cellobiose pyrolysis rate from MD simulation and comparison
with that of active cellulose [46].
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between the logarithm of reaction rate and temperature reciprocal.

To demonstrate the influence of the temperature elevation strategy
on the derived pyrolysis kinetics, an additional MD simulation of
cellobiose (C12H22011) pyrolysis is carried out, which is studied as a
model compound of active cellulose [55]. The simulation system is
constructed by using the same procedure as that described previously.
Fig. 6 presents the fitted cellobiose pyrolysis kinetics and the compari-
son with that of active cellulose. It is shown that the derived activation
energy is 160.5 kJ/mol which is very close to the value 150.5 kJ/mol of
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active cellulose. However, the pre-exponential factor is about two orders
of magnitude larger than the literature data [46]. We note here that the
pre-exponential factor, although constant over limited temperature in-
tervals, typically has a temperature dependence and increases with
temperature. It is also known to vary several orders of magnitude with
conversion in e.g. pyrolysis of various biomasses [56] or thermal
decomposition of biodiesel constituents [57]. We therefore attribute the
discrepancy in the rate mainly to the uncertainty in the determination of
the pre-exponential factor caused by the temperature elevation strategy
and the focus on the initial decomposition behavior. It is also not
impossible that the accuracy of the reactive force field used in the MD
simulation plays a minor role, but this represents an intrinsic problem of
reactive MD methods and is beyond the scope of the present study.
From the above comparison and the work of Chenoweth et al. [53],
one can see that, at an elevated temperature, the MD-derived activation
energy is trustworthy, while the pre-exponential factor needs to be
adjusted. Actually, we also found that the derived tar cracking rate from
the MD simulations is much higher than the available literature values in
high-temperature situations. Therefore, we modified the kinetic rates of
tar decomposition by scaling the pre-exponential factors with a constant
coefficient in the subsequent CFD simulations. Fig. 7 compares the
modified phenol decomposition rate with that of simplified mechanism
[46] and Su et al. [58] when the scaling factor is set to 1.0e-3. It is shown
that, after the scaling, the MD tar cracking rate lies between the litera-
ture values. The new tar cracking model together with the modified
reaction rates for all of the tar species are summarized in Table 4. The
influence of the pre-exponential scaling factor on the pyrolysis yield will
be further discussed in Section 5. Note that the new tar cracking

Table 4
Lumped tar cracking mechanism from MD simulations: Tar — a;H20 + azHy + a3CHy + a4CO + asCO3 + agCoHy + a;CoHy + agCH20.
Species H,O H, CHy4 cO CO, CoHy CoHy CH,0 A (1/s, x10%) E(kJ/mol)
CH,O 0 1 0 1 0 0 0 0 9.58 248.12
HCOOH 0.6 0.2 0 0.4 0.4 0 0 0.2 12.11 192.40
CH30H 0.5 0.3 0.35 0.15 0 0 0.075 0.35 79.44 244.76
CoH,04 0.4 0.15 0 1.2 0.1 0.25 0 0.2 15.58 211.99
CoHsOH 0.5 0.7 0.2 0.2 0 0.2 0.45 0.3 5.57 196.27
CH3CHO 0.3 0.45 0.2 0.55 0 0.4 0.15 0.15 18.85 226.64
CoH40, 0.7 0.25 0.1 0.7 0.1 0.25 0.1 0.4 3.68 166.73
C3HgO 0.2 0.55 0.5 0.7 0 0.55 0.3 0.1 15.10 202.59
CsHgO4 1.2 0.75 0.2 1.9 0.3 0.95 0.2 0.3 33.11 234.95
CeHeO 0 0.35 0.1 1 0 2.45 0 0 1.74 172.68
CeHgO3 0.3 0.7 0.2 2.5 0.1 1.6 0 0 2.40 165.05
CeH100s 1.6 0.85 0.4 2 0.5 1.35 0 0.4 6.89 169.96
C7HgO 0 0.85 0.1 1 0 2.95 0 0 14.18 229.68
CoH;002 0 1.35 0.1 2 0 3.45 0 0 47.16 252.39
C11H1204 0 2.2 0.2 4 0 3.4 0 0 2.85 167.44
I
|
I
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(a) Computational domain.

Fig. 8. Computational setup for the pyrolysis simulation of the beech wood particle [42].

(b) CFD computational grid system.
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Table 5
Component mass fraction of the beech wood particle (%) [31].
Biomass Lignocellulose
moisture 0.0 cellulose 48.85
ash 1.01 hemicellulose 21.01
lignocellulose 98.99 LIG-H 5.51
LIG-O 18.65
LIG-C 4.97
9200
750
600
8
< 450 +
=
300
150 Center
—— Surface
(===t il N L N 1 . 1 N
0 50 100 150 200 250

t(s)

Fig. 9. Particle temperature evolution history.

mechanism does not include PAHs and char species as shown in the
simplified model (Table 2), since in the MD simulation, we are only
focused on the initial stage results, where soot and char have not formed
yet. The formation of soot or char species (which usually happens in the
final stage of soot formation) from tar cracking can be realized by either
simply considering the thermal decomposition of CaH» into carbon and
hydrogen or using a more complex mechanism [59,60]. These works
will be carried out in our future research.

4. Pyrolysis of a beech wood particle

In this section, the integrated high-temperature pyrolysis model
based on the MD tar cracking mechanism is used to study the pyrolysis of
a centimeter-sized beech wood particle in a nitrogen atmosphere [61].
We stress that the current work mainly focuses on the influence of tar
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cracking, and thus other phenomena such as catalytic effects from
inorganic ash constituents and soot formation are ignored. Our main
ambition is to test the hypothesis that the herein outlined MD approach
can be used to derive a useful kinetic scheme for the secondary tar
cracking during biomass pyrolysis. Moreover, due to that the enthalpy
changes of pyrolysis reactions measured in experiment vary a lot
depending on different experimental conditions [62], devolatilization
heat is usually determined empirically in numerical simulations [33,46],
which is rather arbitrary when it comes to the multistep pyrolysis model
with many reactions. Therefore, the devolatilization heat is not
considered in the current simulations. Besides, the reaction heat due to
secondary tar cracking is automatically calculated by the standard
OpenFOAM chemical reaction solver based on the thermophysical
property of each gas species.

Fig. 8 shows the simulation setup and grid system. The computa-
tional grid inside the particle is used for the computation of both solid
phase heat transfer equation and gas phase governing equations. Be-
sides, to save computational cost, a two-dimensional simplification
which has been systematically validated is used [42-45]. Grid inde-
pendence studies can also be found in these works. The component
analysis of the biomass material is listed in Table 5. In the simulation,
the initial porosity of the particle is set to a uniform value of 0.2 [33,42].
The corresponding parameter uncertainty study, which is not replicated
here for conciseness, can be found in our previous work [45]. Besides, in
order to fit the heating process with the experimental measurement, the
initial specific surface area is assumed to be 6000 m?/m®, which is
equivalent to the value obtained by scaling up of a micron-sized porous
biomass particle [63] (a commonly used strategy in pore-resolved direct
numerical simulations [64]). Moreover, instead of introducing a sec-
ondary cooling flow in the downstream region of the furnace, as used for
tar collection in the experiment, an inflow velocity of 1.0 m/s is assumed
in the simulation to realize a short residence time of tar in the high-
temperature domain. The influence of inflow velocity, and thus tar
residence time, as well as the initial specific surface area on the pyrolysis
product distribution will be further discussed in the following section.

The pyrolysis simulation is first carried out at 800 °C, which is set as
a base case in this study. Fig. 9 shows the comparison of the particle
heating process with the experimental measurement, in which the sur-
face temperature is accounted by averaging the circumferential values at
2 mm from the particle surface [61]. Initially, a fast temperature rise is
observed near the particle surface, while the particle center temperature
remains around 27 °C for nearly 50 s. After that, the center region
heating process is accelerated and the surface temperature increase is
slowed down due to the Stefan flow effect caused by both primary

Y

h,

(a)r=100s

(b)t=150s

Fig. 10. Particle temperature distribution.
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Fig. 12. Light gas production history (ginit: initial particle mass with the unit of gram).



T. Chen et al. Chemical Engineering Journal xxx (xxxx) xxx

(a) Without tar cracking (b) Simple tar cracking model (c) MD tar cracking model

Fig. 13. CO mass fraction distribution at t = 50 s.

(al) (a2) (a3)

(b1) (b2)

(c1) (c2) (c3)

Fig. 14. Mass fraction distributions of (a) C¢H100s, (b) CsHgO4 and (c) C11H;204 at t = 50 s (x1: without tar cracking model; x2: simple tar cracking model; x3: MD
tar cracking model).
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Fig. 15. Product yields at different pyrolysis temperatures.

pyrolysis and secondary tar cracking. At the end of pyrolysis, a rapid
temperature increase in the particle center is also captured by the
simulation. In general, the predicted particle center and surface tem-
peratures correspond well with the experimental data. To get a further
insight on the heating up process, Fig. 10 presents the temperature
contours inside the biomass particle at t = 100 and 150 s. It is seen that
the temperature distribution is almost symmetric in the circumferential
direction during the heating process.

To assess the results of the MD tar cracking model, Fig. 11 compares
the predicted pyrolysis yields and light gas generation with those of the
original, simple tar cracking model. The char yield is computed by ac-
counting for the complete solid content left after pyrolysis, which in-
cludes both carbon and ash. Gas species contain Hy, CH4, CO, CO2 and
CoHy, while the tar yield is obtained by a differencing method. From
Fig. 11a, both the simple and MD tar cracking models predict the same
char yield of 17%, which is a little bit higher than the experimental
result. For the light gas yield, the prediction of the simple tar cracking
model increases from 18% to 73% due to secondary tar decomposition,
which is more than double that of the experimental measurement (31%).
The predicted value with the MD model is 42%, thus showing a signif-
icant improvement compared with the simpler model. Besides, it is also
seen that the MD model produces a much better prediction of the steam
yield. These improvements also result in a more reasonable prediction of
the overall tar yield. In Fig. 11b, it is clearly observed that the MD model
greatly improves the prediction of light gas composition. Specifically,
the CO yield increases from 6% (without considering tar cracking) to
23%, which is close to the measured value of 17%. For CO,, the MD tar
cracking model also predicts a similar yield compared with the experi-
mental data. However, the simple tar cracking model overestimates the
CO4, yield by nearly a factor of three. Besides the main gas contents, the
MD model also shows an improved yield prediction of Hy, CH4 and
especially CoHy.

Fig. 12 presents a further comparison of the time-resolved species
yield history, as observed at the outlet boundary. From Fig. 12a, a high
peak value which is nearly double the experimental measurement in CO
production rate is observed for the simple tar cracking model. After
about 25 s, the curve drops sharply below 0.8 mg/ginit.s which is much
lower than the experimental data. At the same time, the MD tar cracking
model gives almost the same CO generation rate as that in the experi-
ments after 50 s. In general, although the MD model also overpredicts
the CO production rate, its result is much better than that of the simple
model. In Fig. 12b, the MD tar cracking mechanism slightly increases the
CO; yield in comparison with the simulation without secondary tar
cracking, which corresponds well with the experimental result. How-
ever, the simple tar cracking model remarkably overpredicts the CO5
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production rate with the maximum difference reaching more than ten
times the expected value. A similar trend is also seen in Fig. 12d for the
CyH4 yield. Moreover, in Fig. 12¢, the MD tar cracking model also
captures the increase of the CH4 production rate due to secondary tar
cracking more reasonably than the simple tar cracking model. The above
comparison illustrates that the developed MD tar cracking model
significantly improves the accuracy of high-temperature pyrolysis
simulation for thermally thick biomass particles under the tested
condition.

To attain a clear understanding of the influence of tar cracking on the
pyrolysis product yields, Fig. 13 presents the mass fraction contour for
CO, and Fig. 14 shows that of levoglucosan (CgH;00s), xylose monomer
(CsHgO4) and lumped-phenol (C11H1204) at 50 s, respectively, which
are typical light gas and tar species generated from the primary pyrolysis
of cellulose, hemicellulose and lignin based on the multistep kinetic
scheme. In Fig. 13a, for the primary pyrolysis only case, a high CO
concentration can be observed near the leeward side of the particle.
When tar cracking is considered, the CO mass fraction inside the particle
slightly increases, while outside the particle, much higher concentra-
tions are observed, especially for the MD tar cracking model (Fig. 13c).
From Fig. 14al-a3, one can see that the levoglucosan mass fraction
reaches 0.3 in the char layer for the primary pyrolysis case. When a
simple tar cracking model is used, levoglucosan almost completely de-
composes outside the particle, and the high concentration inside the
particle also decreases. For the MD tar cracking model, the decomposi-
tion rate of levoglucosan is a little bit lower than that in the simple
model. As a result, small amounts of levoglucosan can also be found in
the gas phase outside the particle, but decrease rapidly in the high
temperature flow field. For the xylose monomer distributions in
Fig. 14b1-b3, the simple tar cracking model again predicts very fast
decomposition both inside and outside the particle, while the MD tar
cracking model gives rise to higher concentrations outside the particle
(Fig. 14b3). This difference is likely caused by the variation of the
intraparticle heating process due to the change of gas phase thermo-
physical properties (e.g., density and heat capacity) from tar cracking,
which is in line with observations from our previous work [42]. Actu-
ally, the variation also results in flow-field unsteadiness outside the
particle, which can be seen from the fluctuations in the species yield
history (Fig. 12). The lumped-phenol distribution in Fig. 14c1-c3 also
illustrates that the tar cracking outside the particle is very fast at 800 °C.
Another interesting observation from Fig. 14 is that the tar species inside
the particle do not show a uniform distribution. Some tar species such as
levoglucosan and lumped phenol are mainly concentrated in the char
layer, while other species like xylose monomer is mainly found in the
central area of the particle.
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With the new algorithm, pyrolysis simulations under higher tem-
peratures are further studied beyond the base case. Fig. 15a presents the
char, gas, tar and water yields at 850, 950 and 1050 °C, respectively.
Fig. 15b compares the CH4, CO and CO; yields with increasing tem-
perature. It is shown that the predicted species yields correspond well
with experimental measurements both qualitatively and quantitatively,
which are similar with that of the base case (800 °C). The above analysis
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demonstrates the feasibility of the MD tar cracking model, and the
sensitive coupling between the tar decomposition and the advection/
diffusion and heating processes inside the porous particle. In the high-
temperature pyrolysis simulation of a thermally thick biomass parti-
cle, the coupling effect between devolatilization, tar cracking and heat
transfer should not be ignored. This is one additional reason to conclude
that, the simplified tar cracking model with a unified reaction rate is not
suitable.

5. Discussion

In real applications of biomass combustion, the competition between
tar cracking and oxidation plays an important role in the final product
yields. From the comparisons in Fig. 14, it is clear that tar species with
different cracking rates need different time to decompose, which in-
fluences the spatiotemporal development of their concentrations inside
and outside the converting particle. Therefore, the residence time of tar
in the flow field also influences the light gas generations. In this section,
the effect of different inflow velocities on the pyrolysis product is dis-
cussed. Fig. 16 presents the pyrolysis yields at 800 °C under inflow ve-
locities of 0.5, 1.0 and 2.0 m/s, respectively. It is shown that the light gas
yield increases almost linearly with the increase of tar species residence
time. Besides, for each light gas species, a similar increasing trend is also
observed in the simulation (not shown). Fig. 17 further compares the
species yield history of CO, CO,, CH4 and CoHy4. Generally, the species
evolution histories are very similar under different residence times. With
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Fig. 17. Light gas production history under different inflow velocities.
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(a) CO distribution for Viz=0.5m/s  (b) CsH100s distribution for /;»=0.5 m/s

(c) CO distribution for Viy=2.0 m/s  (d) CsH;00s distribution for 1;,=2.0 m/s

Fig. 18. Species mass fraction distributions at t = 50 s under different inflow velocities.
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Fig. 19. Influence of pre-exponential scaling factor on the pyrolysis.
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the increase of inflow velocity, the convective heating process is pro-
moted, resulting in a faster devolatilization. However, the maximum
formation rates of light gas species are almost the same under different
inflow velocities. After the first releasing peak at around 25 s, the light
gas yield is apparently promoted under a low inflow velocity (i.e. longer
residence time). Fig. 18 compares the species distributions at 50 s for
inflow velocity of 0.5 and 2.0 m/s. It is observed that, inside the particle,
both light gas and tar yields do not show significant variations under
different inflow velocities. However, the mass fraction outside the par-
ticle decreases much faster under a high inflow velocity.

Figs. 19-21 present the influence of several model parameters on the
pyrolysis yields, including the pre-exponential scaling factor, the devo-
latilization heat and the initial specific surface area of the particle. For
the impact of the pre-exponential scaling factor (Fig. 19), three cases (i.
e., 0.5e-3, 1.0e-3 and 1.5e-3) are studied. It is seen that, when the scaling
factor increases from 0.5e-3 to 1.0e-3, the tar yield decreases from 32%
to 30% resulting in an approximately 2% increase in the light gas yield,
while the char yield remains almost constant. The CO production rate in
Fig. 19b shows a similar increasing trend to that of the total gas yield in
Fig. 19a.

For the impact of the devolatilization heat (Fig. 20), three cases are
compared: 1) distributed devolatilization heat, where the reaction heat,
either endothermic or exothermic, is different for each of the biomass
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components (the values are taken from Gentile et al. [33]); 2) uniform
devolatilization heat for all the pyrolysis reactions, where the reaction
heat for each biomass component is set to a uniform value of 10 kcal/
mol, which is of the same order of magnitude as that of Gentile et al.
[33]; and 3) the current work without considering the devolatilization
heat. The pyrolysis yields in Fig. 20a depict that the current prediction
without considering the devolatilization heat is very close to the case of
the distributed reaction heat, while the uniform case predicts a slightly
higher tar yield and a lower light gas yield. The CO production rate in
Fig. 20b illustrates that the endothermic characteristic of the pyrolysis
reaction delays the heating process inside the biomass particle and thus
results in a longer devolatilization period.

For the impact of the initial specific surface area (Fig. 21), three
values of 3000, 6000 and 9000 m2/m? are compared. Fig. 21a shows
that the change in the specific surface area only causes a minor influence
on the char and steam yields, while the tar yield decreases slightly from
30% at 3000 m?/m?® to 29% at 9000 m?/m>. The reason can be inferred
from the CO production rate curves (Fig. 21b), where it is seen that, with
increasing the initial specific surface area, the heating rate inside the
particle is increased, changing the competitive pyrolysis reactions and
thus resulting in a higher light gas yield. The above discussion provides
important insight into the role of some of the key factors on the thermal
decomposition of tar species in high-temperature pyrolysis, which lays a
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Fig. 21. Influence of initial specific surface area on the pyrolysis.
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valuable foundation for further investigation of tar evolution in com-
bustion and gasification.

6. Conclusions

A multistep kinetic scheme previously used and validated for low-
temperature pyrolysis simulations is extended to high-temperature sit-
uations. The main contribution of the current work lies in the develop-
ment of a new tar cracking model by using reactive molecular dynamic
(MD) simulations. Each primary tar species from the multistep kinetic
scheme is used to construct a microscale periodic pyrolysis system. The
thermal decomposition of this microcell is then studied using NVT
ensemble under different temperatures. From the information obtained
during the initial stage of the decomposition, a one-step first-order
Arrhenius-type tar cracking model is derived for each primary tar spe-
cies. Thereafter, this MD tar cracking model is integrated with a ther-
mally thick pyrolysis algorithm to form a particle-resolved high
temperature pyrolysis model.

With the new algorithm, pyrolysis of a centimeter-sized beech wood
particle at temperatures from 800 to 1050 °C is studied. In the base case
(800 °C), the primary tar yield is reduced by nearly 50% due to sec-
ondary tar cracking (compared to simulations not accounting for sec-
ondary tar cracking). The predicted light gas yield reaches 42% of the
initial mass, which is a little bit higher than the experimental mea-
surement. Compared with the simple tar cracking model where a uni-
form reaction rate is assumed, the MD tar cracking model significantly
improves the prediction accuracy of the pyrolysis yields. Especially, the
relative difference in CO; yield reduces from more than 300% to 18%.
Moreover, the error in the maximum light gas production rate is also
greatly reduced. Simulations based on the MD tar cracking model reveal
several details of secondary tar cracking in a thermally thick biomass
particle that are difficult to observe in experiments. For example, it is
shown that primary tar species such as levoglucosan and lumped-phenol
mainly concentrate in the char layer and decompose very fast outside
the particle, while other tar species like xylose monomer mainly
concentrate in the center region of the particle and decompose slowly in
the wake flow. In addition, simulations also illustrate that secondary tar
cracking influences the diffusion/advection characteristics inside the
particle and thus the heating process is also affected. The proposed
model can be used to elucidate the formation and transformation of tar
species from thermochemical conversion of biomass. This information is
of great value in the process of better understanding and mitigating
problems related to particulate emissions, surface degradation and
overall process efficiencies.
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