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� Integrated CFD and chemical kinetic
simulations on biomass fast pyrolysis
were conducted.
� Both fluidized-bed and auger reactors

were studied.
� Simulation results agree well with

experimental data and effects of
operating conditions were
characterized.
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a b s t r a c t

Fast pyrolysis is an effective means of converting solid low-energy density biomass to intermediate
energy products, such as bio-oil. In this study, computational fluid dynamics (CFD) simulations of the bio-
mass fast pyrolysis processes in both the fluidized-bed and the auger reactors were conducted. The
numerical results were validated by experimental data. Materials of all phases were modeled as interpen-
etrating continua by use of a multi-fluid model. Chemical reactions were simulated using a multi-step
reaction mechanism that considers multiple compounds in biomass and various gaseous species in the
reactor. In the study of biomass fast pyrolysis in the fluidized-bed reactor, CFD simulation results were
analyzed to obtain the average residence time of materials in the reactor. This residence time was used
as the time for chemical reactions in estimating the final product yields. The estimated product yields
agreed well with the experimental data. To simulate the complex geometry and fluid dynamics in the
auger reactor, a numerical approach based on a rotating reference frame was incorporated into the mul-
ti-fluid model to account for the auger rotation. Good levels of agreement between the predicted and
measured product yields were obtained. A parametric study was conducted to characterize the effects
of operating conditions on product yields. The study shows that the optimal wall temperature for max-
imum tar production was approximately 823 K. The tar yield decreased with increased pre-treatment
temperature of the biomass feedstock. It was also found that increased inlet nitrogen flow rate was ben-
eficial to tar yield, while increased biomass feed rate had a negative effect on tar production.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Developing alternative and clean energy sources has become
increasingly urgent because of environmental concerns. Biomass,
because of its abundant supply and low life-cycle carbon

emissions, is an important renewable energy source. Fast pyrolysis,
a thermochemical process that decomposes low-energy density
organic materials in the absence of oxygen, is a promising
approach to converting raw biomass into high-energy density
bio-oil and combustible gases [1]. Because of this attractive fea-
ture, biomass fast pyrolysis has received great attention from both
industry and the scientific community [2]. However, because of the
complex nature of biomass fast pyrolysis in chemical reactors, cur-
rent technologies for converting biomass to bio-oil via fast
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pyrolysis still face many challenges. The multiphase flow in the
biomass fast pyrolyzer is highly complex, and it is rather difficult
to optimize the reactor operating conditions for desirable product
yields [3]. In addition, because of the multiscale nature of the bio-
mass feedstock, the performance of a reactor depends significantly
on the geometrical characteristics of the biomass particles [4].

Computational fluid dynamics (CFD) simulations, in which
conservation laws and equations are employed to describe the
complicated multiphase fluid dynamics and chemical reactions,
has helped develop understanding of the complex multiphase
flows and biomass fast pyrolysis process [5–22]. Compared with
experimental approaches [23–25], CFD can effectively provide
detailed information on the processes occurring in the reactor.
Considerable costs and time can be saved by use of CFD for reactor
design, optimization, and scaling up. Moreover, CFD has the advan-
tage of being useful in exploring detailed processes occurring in
harsh reactor environments that have posed great challenges to
researchers.

For biomass fast pyrolysis simulation, CFD has been applied
mainly to the fluidized-bed reactor because of the simple geometry
and widespread applications of this reactor [26–36]. Fluidized beds
can provide excellent gas–solid mixing and heat transfer. Because
of the simple geometry, temperature control and operation of
fluidized beds are more straightforward than for other types of
reactors. Therefore, in the research discussed in this paper, we con-
tinued our previous studies [37–39] on CFD simulation of biomass
fast pyrolysis in a bubbling fluidized-bed reactor and conducted
further analyses of the simulation results to characterize the pyrol-
ysis product yields.

The auger reactor, a novel type of reactor, has attracted much
interest for biomass fast pyrolysis application [40,41]. Auger reac-
tors can be operated continuously with little or no carrier gas.
Along with the rotation of one or multiple screw conveyors in
the reactor, materials of different phases are mixed to enhance
heat transfer among solids, gases, and the reactor wall. The result-
ing biochar particles are mechanically transported toward the
reactor exit by the rotating screw to empty the reactor such that
subsequent biomass particles can be fed and pyrolyzed. Because
of the rather complex geometry and motion of the screw, the
numerical analysis of biomass fast pyrolysis in auger reactors is
very rare in the literature. It appears that there has been no
report on multi-dimensional CFD simulation of biomass fast pyrol-
ysis in auger reactors using comprehensive numerical models.
Nonetheless, CFD simulation is highly important for the design
and optimization of auger reactors to achieve effective biomass fast

pyrolysis, since it is very costly to conduct comprehensive
experiments. Therefore, in this paper, numerical models are
introduced for simulating a laboratory-scale auger reactor using
CFD.

In this work, a multi-fluid model (MFM) was employed to
simulate the multiphase fluid dynamics and a multi-component
multi-step reaction kinetics mechanism was applied to describe
the biomass fast pyrolysis reactions. The rotation of the screw in
the auger reactor was simulated based on the concept of a rotating
reference frame. The numerical results were compared with
experimental data, and the effects of operating conditions were
quantified.

2. Numerical models

2.1. Multi-fluid model

On the basis of our previous studies [37–39], a multi-fluid
model was used to simulate the hydrodynamics and heat transfer
in the fast pyrolysis reactor. In a MFM, all phases are treated as
interpenetrating continua, and the governing equations for mass,
momentum, and energy conservations are solved to obtain the spa-
tiotemporal evolutions of the phase volume fraction, velocity, tem-
perature, and species mass fraction. The conservation equations
are summarized in Table 1. Various numerical models for gas–solid
drag force and heat transfer are summarized in Table 2. A detailed
description of the model used in this study can be found in previ-
ous publications [37,39].

2.2. Rotating reference frame

The motion of the rotating screw in the auger reactor was mod-
eled using the so-called rotating reference frame (RRF) [42]. In a
RRF, the velocity and acceleration of a rotating object in an inertial
coordinate can be expressed by the corresponding velocity and
acceleration obtained from a rotating coordinate. The idea of RRF
can be described as follows. For a rotating axis with a constant
angular velocity x, the velocity and acceleration of a point at a dis-
tance r from the rotating axis can be expressed in the following.

U inertialðr; tÞ ¼ Urotatingðr; tÞ þx� r; ð1Þ
dU inertialðr; tÞ

dt
¼ dUrotatingðr; tÞ

dt
þ 2x� Urotatingðr; tÞ þx� ðx� rÞ

Based on Eq. (1), the momentum equation, as listed in Table 1,
for the gas phase in the rotating coordinate can be written as

Table 1
Governing equations of the MFM in this study.

Gas phase Solid phase

Continuity equation Continuity equation
@agqg

@t þr � ðagqg UgÞ ¼ Rg
@asmqsm

@t þr � ðasmqsmUsmÞ ¼ Rsm

Momentum equation Momentum equation
@ðagqg Ug Þ

@t þr � ðagqg UgUgÞ ¼ r � sg � agrpþ
PM

m¼1bgsmðUsm � UgÞ
þ
PM

m¼1wgsm þ agqg g

@ðasmqsmUsmÞ
@t þr � ðasmqsmUsmUsmÞ ¼ r � ssm � asmrpþ bgsmðUg � UsmÞ

þ
PM

l¼1;l–mbslmðUsl � UsmÞ þ wgsm þ asmqsmg

Stress–strain tensor: Stress–strain tensor:
sg ¼ 2aglgDg þ agkgtrðDgÞI ssm ¼ �psmI þ 2asmlsmDsm þ asmksmtrðDsmÞI

Solid phase properties obtained using KTGF [51]
Energy equation Energy equation
@ðagqg Cpg Tg Þ

@t þr � ðagqgCpgTgUgÞ ¼ r � qg þ
PM

m¼1hgsmðTsm � TgÞ þ Hg
@ðasmqsmCsmTsmÞ

@t þr � ðasmqsmCpsmTsmUsmÞ ¼ r � qsm þ hgsmðTg � TsmÞ þ Hsm

Conductive heat flux: Conductive heat flux:
qg ¼ agjgrTg qsm ¼ asmjsmrTsm

Species equation Species equation
@agqg Ygk

@t þr � ðagqgYgkUgÞ ¼ jgk þ Rgk
@asmqsmYsmk

@t þr � ðasmqsmYsmkUsmÞ ¼ Rsmk

Diffusive flux:
jgk ¼ agqgDgkrYjk
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