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The heat transfer characteristics of different particles during coal pyrolysis process are of fundamental impor-
tance in a downer reactor, where hot sand particles often serve as the heat carrier for heating cold coal particles.
Despite its urgent practical demands, fundamental studies on this topic were still very limited so far. To this end,
this work carried out computational fluid dynamics (CFD) investigations of heat transfer behavior of binary gas–
solid flow in a downer reactor using multifluid model. A modified gas–solid drag model and a modified Gunn's
gas–solid heat transfer coefficient model were used to address the critical role of particle cluster structure. Fur-
thermore, the effects of constant or temperature-dependent air properties, particle–particle drag force, and par-
ticle–particle heat transfer aswell as the different choices of kinetic theories of granular flowwere systematically
evaluated, and then the optimizedmodelswere identified. CFD simulationswith the optimizedmodels show that
CFD simulation has the ability to qualitatively capture the key heat transfer features in downers, based on the fact
that a fairly good agreementwith the available experimental data in the literature can be obtained and be further
improved by taking the specific shape of inlet distributor into account.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

With deeper understanding of gas–solid flow behavior in fluidized
beds in recent years, downer reactor has been increasingly applied in
energy industry, primarily due to its prominent advantages of more
uniform gas–solid flow, lower solid back mixing and shorter residence
time, when compared with riser flows [1–4]. These important charac-
teristics offer the possibility of devolatilizing coal particles under a
rapid and uniform heating condition, which makes the downer to be a
very attractive reactor for coal pyrolysis [5–7].

In coal pyrolyser, inert particles (such as sand) and reactant particles
(coal powder) coexist and therefore form a binary mixture system. The
inert particles are usually used as solid heat carriers to transport heat to
coal particles during pyrolysis reaction process, and meanwhile as coke
carriers to carry generated coke away from reactorwall [5,8,9]. Thus, the
heat transfer characteristics between hot and cold particles are of great
importance in pyrolysis reaction. However, a great amount of attention
in the past has beenmainly paid to the hydrodynamic behaviors of bina-
ry mixture in downer reactors [10], segregation/mixing behavior
[11–13], and other accompanying aspects [14]. The studies focusing
on the heat transfer in downer reactors with binary mixture have
seldomly been reported. To the best of our knowledge, only Fushimi

et al. [11] have investigated the solid–solid mixing behavior between
the injected hot particles and circulating cold particles in a downer
through a mixing index based on the temperature distributions. Al-
though the primary purpose in their study was to measure the mixing
quality of particles by experimentally measured temperature, the de-
tailed temperature distributions at different heights were also reported.

The existence of particle cluster structures in downer reactors has
been widely recognized [6,15,16], in spite of its more common occur-
rences in riser flows [17–22]. Most experimental studies have shown
that particle clustering plays a key role in determining not only the hy-
drodynamics but also heat and mass transfer characteristics of downer
reactors [6,15,16]. Therefore, it is necessary to consider the effects of
particle cluster structure in computational fluid dynamics (CFD) studies
of downer reactors, which undoubtedly have become the powerful re-
search tools in chemical engineering. In fact, CFD has been extensively
employed to study the hydrodynamics of downer reactors. For example,
the hydrodynamic behaviors of particles and particle axial and radial
solid holdup distribution in downers have been studied using a CFD–
DEMcoupled approach [23,24]; particle clustering phenomena and par-
ticle residence time distribution in both riser and downer have also
been examined by Eulerian–Lagrangian CFD models [25] and
Eulerian–Eulerian CFD models [26]; and flow properties of both mono-
disperse system and binary mixture system have been well-predicted
by Eulerian–Eulerian CFD models for gas–solid flow in downer reactors
[10,27,28]. More recently, our previous works have used CFD methods
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as a promising approach to investigate the hydrodynamic behavior and
segregation/mixing behavior of binary mixture system in downer reac-
tors [12,29,30].

In this work, a multifluid model was chosen to investigate the heat
transfer characteristics between cold and hot particles in a coal
pyrolyser. The main purpose is to evaluate the effects of various avail-
able model inputs, including temperature-dependent air properties,
gas–solid and particle–particle drag coefficient models, gas–solid and
particle–particle heat transfer coefficient models and kinetic theories,
and then find the optimal CFD models. The established model was fur-
ther validated quantitatively against the experimental data from
Fushimi et al. [11], such as temperature distributions.

2. Mathematical model and simulation layout

A multifluid model, as summarized in Table 1 was used to inves-
tigate the hydrodynamic and heat transfer behavior of binary gas–
solid flow in a downer in this work. The primary phase was air, and
the secondary phases were sands with different inlet temperatures
(283 K for cold sand and 323 K for hot sand). It should be noted
that hot sand is treated as a substitution for coal. The properties of
both particles and gas were tabulated in Table 2. In the heat flux
term of energy conservation equations, the real thermal conductivi-
ties of gas and particles were used instead of effective conductivities
as have been used in the study of Patil et al. [31]. The gas properties
can either be constants or vary as a function of bed temperature by
the correlation of Flamant [32] (see Section 3.1). From Table 1 it
can be seen that the extended Gidaspow's drag model [33] as well
as two cluster-based drag models [29,34] were used for calculating
the drag coefficient (see Section 3.2). The Gunn's heat transfer
model [35] which has been widely used in previous simulations
[11,16], and a modified Gunn's model considering the effect of parti-
cle clustering were used to investigate the effect of gas–solid heat
transfer (see Section 3.3). The effect of particle–particle heat transfer
coefficient was investigated by the model of Chang et al. [36] (see
Section 3.4). A KTGF developed for binary gas–solid system with its
corresponding particle–particle drag coefficient [37] as well as the
default KTGF available in commercial software FLUENT were tested
(see Section 3.5), and the effect of particle–particle drag force was
studied by the theory of Chao et al. [37] and the model of Syamlal
[38] (see Section 3.6).

The simulated downer geometry was the same as that used in the
experiment [11] as shown in Fig. 1. Cold sand (a substitution for coal)
was fed into the system from the top of downer uniformly, while the
air and hot sand were fed into downer through a horizontal nozzle in
normal or tangential arrangement. The exit of downer was set as an
atmosphere pressure outlet. The hexahedral mesh was finer near the
wall than those in the center. Tetrahedral mesh was generated and
converted into polyhedral mesh in 3D geometry of the nozzle and
solid inlet regions. The detailed size information of downer and
input parameters was exhibited in Table 3. No-slip boundary condi-
tion was set for gas phase and the Johnson and Jackson's model
[39] was used as the solid-wall boundary condition, following the
choices of our earlier simulation [12]. More detailed parameters used
in FLUENT (ANSYS, Inc., Canonsburg, PA) were also listed in Table 3. In
order to improve accuracy and reduce numerical diffusion, the
discretization schemes were the same as in our previous studies [12,
30]. The second-order upwind schemewas used for solvingmomentum
equations, energy equations and granular temperature equations. The
volume fraction equations were discretized using the QUICK scheme.
The maximum packing limit of each solid phase was 0.54, which was
calculated from the ratio of particle bulk density to particle density.
The air velocity in the nozzle was set to 20 m/s, calculated from the
gas velocity of 1.25 m/s in downer with the inner diameter of 0.1 m.
The velocity of hot particles was 19.85 m/s calculated from the Hinkle
modified IGTmodel [40] for horizontal pneumatic transport of particles.

The calculatingmethod for velocity of cold particles followed our previ-
ous work [12] and the velocity was 4.9 m/s. The inlet solid concentra-
tion (εs) was calculated by εs = Gs/(ρpup). Furthermore, the exact
value of input parameters (restitution coefficients (e, ew) and specular-
ity coefficient (ϕ)) were hard to be determined [41–43], the present
choice of those parameters followed our previous works [29,30]. Note
that in principle any continuum model for gas–solid flow should have
turbulent or turbulent-like model regardless of Reynolds number, be-
cause there always has velocity difference around particles, when they
are averaged to obtain continuum model, a term similar to Reynolds
stress always exists [44]. However, in our model, we have neglected
the effect of this term as in most of the previous continuum modeling
of gas–solid flow [12,29,45].

A standard case was set for the evaluation of different model inputs
and settings, each aspect ofmultifluidmodel studied in Part 3was based
on the standard case and only the corresponding parameter was
changed. In the standard case, the geometry waswithout inlet distribu-
tor; air properties were the default constant parameters in FLUENT; the
Peng et al.'s gas–solid drag coefficient was chosen, with the use of par-
ticle–particle drag coefficient model of Syamlal [38]; and the Gunn's
heat transfer coefficient and default KTGF in FLUENT were used.

3. Parametric study

3.1. The effect of air properties

Although the air properties were actually affected by tempera-
ture, in CFD simulation, they are usually set as constants. We there-
fore presented simulations using constants and temperature-
dependent air properties (see Table 2) for evaluation. The effect of
air properties on interphase momentum and heat exchange with
and without temperature changes was assessed firstly. Figs. 2 and 3
plotted the effect of air properties on the Peng et al.'s drag coefficient
and Gunn's heat transfer coefficient. In both figures, the drag coeffi-
cient and heat transfer coefficient are plotted as functions of slip ve-
locity usi (between 0 and 5 m/s) and operating bed temperature T
(between 270 and 340 K) under a voidage of 0.98. Once air proper-
ties keep constant, the drag coefficient and heat transfer coefficient
will only vary with slip velocity usi. When the air properties vary
with bed temperature, the effect of air properties on drag coefficient
was not as obvious as on heat transfer coefficient as these figures
show. It can be observed from Fig. 2 that the drag coefficient surface
based on temperature-dependent air properties is slightly above the
one based on constant air properties. Until usi and T both reached rel-
atively high values, an intersecting line can be seen clearly. Only
when usi is close to zero and T is relatively high, a visible difference
can be found between the two drag coefficient surfaces. Different
from the effect of air properties on drag coefficient, the effect on
the heat transfer coefficient is somewhat significant as shown in
Fig. 3. Around 10% higher heat transfer coefficient can be obtained
by the temperature-dependent air properties than that with con-
stant air properties. It can be explained that only two properties of
air included in drag coefficient correlation, viscosity μg and density
ρg, not vary so much with temperature, which leads to a nearly
temperature-independent drag coefficient. Meanwhile, two addi-
tional air properties, thermal conductivity λg and specific heat Cpg in-
cluded in the heat transfer coefficient correlation are more affected
due to temperature change, which results in large differences ob-
served in Fig. 3.

The analysis above has been confirmed by CFD simulation results
shown in Fig. 4, where the temperatures of hot and cold sands are closer
due to the higher heat transfer coefficient caused by the temperature-
dependent air properties, whereas the solid holdups of both sands are
not influenced so much. Therefore, temperature-dependent air proper-
ties will be chosen for modeling optimization instead of constant air
properties, as they should be.
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