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ABSTRACT

Fluidized beds are conventional components of many industrial processes, such as coal gasification for energy
generation and syngas production. Numerical simulations help to properly design and understand the complex
multiphase flows occurring in these reactors. Two modeling approaches are usually adopted to simulate
multiphase flows: the two fluids Eulerian-Eulerian model and the continuous/discrete Eulerian-Lagrangian
model. Since fluidized beds account for an extremely large number of particles, tracking each of them could
not assure to get results within a reasonable computational time. The Computational Particle-Fluid Dynamics
(CPFD) approach, which belongs to the Eulerian-Lagrangian models class, groups together particles with
similar key parameters (e.g. composition, size) into computational units (parcels). Parcel collisions are
modeled by an isotropic solid stress function, depending on solid volume fraction. In this paper, the bubbling
fluidized bed (BFB) upstream gasifier of the EU research infrastructure ZECOMIX (Zero Emissions of
Carbon with Mixed technologies) has been simulated using a CPFD approach via Barracuda® software. The
effect of different fluidizing agent injection strategies on bed bubbling and mixing, for non-reacting cases, has
been studied. The numerical results for a reacting case have been compared to the available experimental
data, gathered during the coal gasification campaign. The model has proved to be very useful in the choice of
the more efficient injection configuration that assures a more effective contact of the gas with the solid bed
and a good bubbling fluidization regime, together with a satisfactory prediction of the outlet gas composition.
The numerical approach has turned out to be robust and time-saving and allowed to dramatically reduce the
computational cost with respect the classical two fluids Eulerian-Eulerian models.
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NOMENCLATURE

A,  pre-exponential factor Re Reynold’s number

A,  particle acceleration T particle radius

C smagorinsky coefficient Sc Schmidt number

Cp,  drag coefficient Sh energy exchange between solid and gas
Cp;  constant press. specific heat for species i Ty gas temperature

Cy  specific constant volume heat Tp particle temperature

D turbulent mass diffusion rate Ug gas velocity

D,  drag function u, particle velocity

E activation energy Uy, local mass averaged particle velocity
E, activation energy constant X particle trajectory coordinates

F rate of momentum exchange Yy species mass fraction

fp  particle distribution func. for part. vel. O™ chem et production rate of species

fo particle distribution function oy, gas mass production rate per volume
g gravity acceleration Ecp particle volume fraction close pack
hy  gas enthalpy & particle volume fraction

h; species enthalpy &g gas volume fraction
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h,  particle enthalpy
k reaction rate
MW, molecular weight of gas species i
mp  particle mass
Nug,  Nusselt number
p,Py  gas pressure
Pp  constant
0 energy source per unit volume
q gas heat flux
qp  enthalpy diffusion term
R universal gas constant
1. INTRODUCTION

ZECOMIX (Zero Emissions of Carbon with Mixed
technologies) is a European Research Infrastructure
(ww w.meril.eu) managed by the Italian National
Agency for the New Technologies, the Energy and
the sustainable economic development (ENEA). It
has been conceived to study decarbonisation
process for producing electricity and hydrogen from
conventional fuels (methane and coal). Coal
gasification, steam methane reforming (SMR),
clean-up of syngas, calcium looping (CaL) cycle for
CO:z capture and hydrogen combustion in a gas
micro-turbine, are the main processes that can be
thoroughly investigated by means of experimental
and numerical activities. In particular, this paper is
focused on the modeling and simulation of the
gasification process. Particularly, the numerical
results have been validated with experimental
results gathered during coal gasification tests.

Fluidized bed technology plays an important role in
many industrial processes (e.g. combustion and coal
gasification) for energy generation and syngas
production. In fluidized bed gasifier, coal particles
are held in suspension by oxygen (or air) and steam
flow, having the dual function of oxidizer and
fluidizing agent. An intimate mixing between the
solid particles and the gaseous mixture improves
mass and heat transfer among the two phases. The
gas bubbles formation, rising through the mass of
the bed, also promotes and improves mixing of gas
and solid materials in the bed.

Two types of modeling approaches are possible for
multiphase flows to describe gas-solid interactions:
a continuous approach for both phases, known as
Eulerian-Eulerian model and a continuous/discrete
approach known as Eulerian-Lagrangian model
(Wang 2009, Wang et al. 2013, Lettieri and Mazzei
2009, Gidapow 1994, Gidapow et al. 2004, Deen et
al. 2007). In the Eulerian-Eulerian model, the solid
phase is treated as a pseudo-fluid. The conservation
equations for both phases are derived and correlated
by constituent relationships obtained from empirical
information and/or kinetic theory. The Eulerian-
Eulerian model has historically been used in the
simulation of multiphase flows with some
considerable limitations regarding, for example, the
physical modeling of gas-particle, particle-particle
and particle-wall  interactions.  Furthermore,
equations for each particle dimensions must be
solved to take into account the size distribution of
the solid phase.
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& particle volume fraction

Ag thermal conductivity

u shear viscosity

Us sub grid turbulent viscosity

Pg gas density

Py particle density

Ty stress tensor

Tp contact normal stress

Tp particle collision damping time
0] viscous dissipation

In the Eulerian-Lagrangian model, the gas phase is
treated as a continuous fluid, by solving Navier-
Stokes equations, while the solid phase is treated as
a particle-dispersed phase and the particle
trajectories are calculated taking into account
particle-fluid interactions, such as turbulence, heat,
mass and momentum exchanges. This approach
presents, however, some limitations. In particular, it
is assumed that the dispersed phase is sufficiently
diluted so that particle-particle interactions are
negligible and the volume of the solid phase is
much lower than the volume of the continuous
phase. Usually, the volume fraction should be less
than 10-12 %, while the mass may also exceed this
limit. The environment of a fluidized bed gasifier
may deviate much from these hypotheses.

The CPFD approach (Snider and Banerjee 2010,
Snider et al. 2011, O’Rourke et al. 2009, 2010),
based on the MP-PIC (multiphase-particle-in-cell)
method (Andrews and O’Rourke 1996, Snider
2001) is a Eulerian-Lagrangian model developed to
simulate flows with high particles load. In
particular, it introduces the concept of
computational particles, called parcels, identified as
a set of physical particles which have similar key
parameters, as composition and size. As a
consequence parcel represents a numerical
approximation of the solid phase, similar to the
concept of control volume wused in CFD
calculations, where fluid properties are considered
constant. In this way it is possible to model systems
with a high number of particles with a reasonable
computational cost, since collisions are not directly
calculated but modeled as a spatial gradient
calculated on the Eulerian grid, by an isotropic solid
stress function,  depending on solid volume
fraction, and then interpolated back on the discrete
particles. The two phases are completely coupled in
terms of mass and energy interchange.

Liang et al. (2014) simulated a bubbling fluidized
bed with the CPFD method and compared the
results with experimental data available in the
literature. They found that the model is able to
better predict solid velocity profiles than a model
based on the Eulerian-Eulerian approach. Some
open issues however still remained about bubbles
evolution. Thapa et al. (2014) modeled a bubbling
fluidized biomass gasifier with the CPFD approach,
focusing in particular on reaction Kkinetics.
Simulation results matched quite well the
experimental data with regards to the syngas
composition. Thapa et al. (2016) carried out an
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optimization study of a circulating fluidized bed
using the CPFD method and the results were
validated against experimental results. Particularly,
they found a good agreement between pressure drop
and solid circulation rate with respect experimental
data. Kraft et al. (2016) used the CPFD model to
optimize a 50 MW bubbling fluidized bed biomass
combustion chamber. The model successfully
predicted temperature distribution and deposits on
the furnace walls due to ash melting. Liu et al.
(2015) studied a 3D full-loop fluidized bed biomass
gasifier using the CPFD approach. The numerical
results in terms of temperature profiles and output
gas composition matched very well the
experimental measurements. Karimipour et al.
(2012) investigated the capability of the CPFD
method to simulate bubbling fluidized bed,
verifying that the model was able to better capture
bubbles properties when compared to the results
obtained by means of Eulerian-Eulerian approach.

The aim of the work is to study the upstream
gasifier of the ZECOMIX plant using Barracuda®
software, which is based on the CPFD approach.
The study is divided into two parts. In the first
section, the fluidization of the non-reacting olivine-
coal particles bed is analyzed for different gas mass
flow rate and different gas injection configurations.
In a second section, a reacting model is used to
simulate the syngas output, which is compared to
the gasifier outlet composition experimental data,
the only available at the moment. The CPFD
method can take the advantage of Graphics
Processing Units (GPUs) to parallelize particles
computation. The simulations have been carried out
on a ENEA CRESCO® 2 CPU quad-core Intel®
Xeon® E5620 machine, equipped with a NVIDIA
GPU TESLA K40, for 2880 CUDA cores, 1.43
Teraflops of double precision and 4.29 Teraflops of
single precision peak performance.

2. GOVERNING EQUATIONS

The CPFD approach is based on the finite volume
method. Scalars and momentum equations are
calculated on a staggered grid. Turbulence is
modeled by the Large Eddy Simulation (LES)
model and the sub-grid viscosity is calculated
according to the Smagorinsky model (Smagorinsky
1963). Pressure, velocity and density are coupled by
a pressure equation, directly derived from mass
conservation and the ideal gas equation of state is
used for the pressure—density dependency. While
other models calculate particles collisions using a
spring-damper model and direct particle contact, the
MP-PIC method models collisions by the particle
normal stress function and makes use of spatial
gradients, calculated on the Eulerian grid and then
interpolated to discrete particles, treating particles
as a continuum. The particle stress is derived from
the particle volume fraction calculated from the
particle volume mapped to the grid. The modified
continuum particle stress model of Harris and
Crighton (1994) has been modified in the
denominator of Eq. (13) to prevent singularity at
the close pack ([ is on the order of 107). Particles

are assumed to have inner uniform temperature and
the heat release due to chemical reactions does not
contribute to particle energy balance. The basic
governing equations for the gas and particles are
reported in the following. For more details see
Snider (2001), Snider and Banerjee (2010), Snider
etal. (2011).

Fluid mass conservation equation
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Particles distribution function (O’Rourke and
Snider, 2010):
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Drag model (Wen and Yu 1966)
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The solid velocity is expressed as:
dxg
dc _Up
(12)
Particles collision normal stress
B
L= Bep
max[(scp - 910)' 6(1 - gp)]
(13)
Particles volume fraction
mp
& = —ff fp— dmy,du,dT,
Pp
(14)
Momentum transfer between phases
A
F=—[Ilf {mp [Dp(ug —up) - i +
am
u, d—t”} dmy,du,dT,
(15)
Particles energy equation
dT, 1 AgNug,
var w2, T T)
(16)
Conservative energy exchange term
2 darT,
Sh = fﬂfD {mp [Dp(up _ug) - Cvd_t][J -
am 1 2
L[y +2 (u, — ug)’| dmydu,dr, }
a7
Chemical reactions kinetics
k= A,mET%exp (—E +E, )
o'''p RT 0
(18)

T is the temperature of a particle gas film, obtained
by averaging the particle temperature and the gas
temperature.

3. GASIFIER DESCRIPTIONS

The aim of oxygen-blown gasifier is the production
of a synthetic, nitrogen-free fuel gas (syngas) via
coal steam gasification. The gasification chamber
has a variable cross section area and is 3.5 m high.
Figure 1 shows the geometrical model used in the
simulations. Details of the experimental protocol
are reported in Stendardo et al. (2016).

Below a brief description of this procedure is
reported.

The gasifier can be fed approximately with 1.4 ton
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of anthracite/day (0.5 MWth) and it operates at 800
°C and 111460 Pa. The experimental campaign has
been divided into five main consequentially steps:

1. Gasifier heating up: the reaction chamber is
heated up to 500 °C via an auxiliary methane
burner. During this step steam is produced to keep
the piping warm enough, preventing any potential
steam condensation during the injection in the
gasification step.

2. Bed material feeding: when the temperature
reaches 500 °C, olivine with a certain amount of
coal is fed in order to build up the bed.

The flow rate of olivine is adjusted in order to keep
a bed temperature in the range of 500-530 °C.
When the temperature of the gasifier reaches the
ignition temperature, heat released from coal
combustion increases reaction chamber
temperature, improving combustion efficiency;

1

Gas
outlet

Adiabatic walls

P=111460Pa

Coal injection port

His

*initial hold-up
200 kg olivine

Gas injectors
Fig. 1. Gasifier 3D model.

1. Fluidization: the particulate matter composed of
olivine, ash and unburnt coal particles is fluidized
by 120 kg/h of air, heated up to 200 °C in a heat
exchanger by the flue gasses exiting the gasifier;

2. Coal feeding: coal feeding starts when the
temperature of the gasifier is approximately 520 °C.
The coal is fed via a gravity feeding system at a
flow rate of 8 kg/h; the auxiliary methane burner is
turned off and coal burns in the fluidizing air;

3. Gasification: when the temperature reaches 700
°C the air flow rate is progressively decreased while
both the flow rate of oxygen and steam are
increased. Oxygen coming from a cryogenic vessel
is heated up to 100 °C via an electric heat
exchanger Simultaneously, the feeding rate of coal
is increased up to 50-60 kg/h. The temperature
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during the gasification test is approximately 800 °C.
The particle bed is directly heated by the thermal
energy released by the combustion of part of the
coal and pyrolysis product, supplying the necessary
heat for the endothermic gasification reactions.

Syngas is then cleaned of fine matter in a cyclone
and cooled down to 600 °C in a heat exchanger
used to heat up the gasifying medium. The cooled
syngas is then

c2

c3

Fig. 2. Fluidizing gas injector s position.

scrubbed in a three-step spray water system and
burnt with air in a flare. The gasifier injection
system is composed of 23 staggered injectors (Fig.
2), placed at the bottom of the reactor, protected by
metal elements (Fig. 3), which help to prevent
possible obstructions caused by a flow of the
particles.

4. RESULTS

A parametric analysis with regards to the injection
strategy has been carried out and the main results
have been reported in this section. The fluidization
analysis has been conducted for the three possible
injection configurations (Fig. 2) and for different
fluidizing gas mass flow rates. In the configuration
C1 only the 9 injectors placed near the right wall
are fed. In the configuration C2 the other 14
injectors are fed. In the configuration C3 all the
injectors are fed at the same time. Since the overall
mass flow is distributed among the injectors, the
configuration C1 presents higher injection velocity,
while the configuration C3 presents the lower ones.
The complete set of simulations is reported in Table
1. In Barracuda® fluid injectors are treated as point
injections since the minimum mesh cells dimension
is limited by particles size, i.e. a cell must be large
enough to contain a sufficient number of particles.
Then several simulations have been carried out,
with the aim to calculate a correct injection velocity
for each mass flow rate used for the CPFD
simulations. These series of simulations have been
performed by Ansys-Fluent® software, using a
tetrahedral computational grid. As it is clearly
reported by Fig. 3, the flow exiting from the injector
is deviated and guided by the cover elements
toward the particles bed. The insertion angle is
determined by the elements covering the injection
gas, while the velocity magnitude has been
calculated averaging the velocity distribution on the
effective cross section surface.

In the non-reacting fluidization simulations the
initial bed is composed of 200 kg of olivine and 70
kg of coal, with size distribution reported in Fig. 5
and 6 and the initial temperature is 800 °C. The
fresh coal injection has been neglected here. A
small amount of particles (5 kg) acting as tracer and

829

having the same characteristics of the coal has been
added as a thin layer on the top of the bed, to study
the mixing effectiveness of the different
configurations. A pressure condition has been set at
the reactor outlet.

Table 1 Non-reactive simulations summary.

Gas mass flow rate (kg/h)
Low Medium High
Cl 75 96 -
C2 75 96 -
C3 75 96 144

The model simulates the gasifier under adiabatic
condition while the operating pressure is 111460
Pa. The fluidizing gas mixture, injected as mass
flow point injections through the system described
above, is composed of 50 % of oxygen and 50 % of
water vapor by mass at 400 °C. The computational
Cartesian grid (Fig. 4) is made of 485000 uniform
cells and the grid is automatically adapted at the
boundary walls. The numerical grid does not take
into account the cyclone. A schematic of the
boundary conditions adopted is reported in Fig. 1.
The unsteady non-reactive simulations have been
carried out for few seconds of simulation time, until
no significant variations have been observed in the
tracer mixing. The solver auto adjusts the time-step,
up to a maximum imposed limit (0.01 s). No
validation has been conducted for the cold-flow
analysis due to the absence of measured data.

Fig. 3. Injector simulation. Velocity map.

Regarding the influence of the active nozzles and
the mass flow rates of the fluidizing gas in all the



A. Di Nardo et al. / JAFM, Vol. 11, No.4, pp. 825-834, 2018.

investigated cases, it is evident that the mass flow
rates ensure a bubbling fluidization regime avoiding
the entrainment of solid particles (Figs. 7-9).
Furthermore, when the nozzles are activated in the
C1 and C2 configurations, the gaseous flow exhibits
preferential paths that do not allow the gas contact
with the whole solid mass. This is evident in
particular in the case C1, for which the gas flows
completely along the wall. In this case for the
higher mass flow rate, there is a consistent
splashing of the lighter particles on the walls of the
gasifier. The C3 configuration is the only one which
guarantees a more effective contact of the gas with
the solid mass and a better bubbling fluidization
regime, although the general lower injection
velocity for the same mass flow. Due to the
geometrical configuration of the gasifier and to the
direction of the nozzles, the part of the bed adjacent
to the leaning wall is not crossed by the gas flow.

Fig. 4. Fluidization cases mesh detail.

This is more apparent from the tracer position (see
right panel of Figs. 7-9), which mixes within the
bed mainly along the vertical wall in the C1 cases,
while is more distributed for the C2 and C3 cases.
Only the C3 configuration was further simulated at
144 kg/h, since in the other ones the discharge
velocity from the nozzles would have been
extremely high.

5 3 8
T

Cumulative (%)

]
[=]

0.001 0002 0,003 0.004 0.005 0.006
Diameter (m)

Fig. 5. Coal particlessize distribution.

0

Gasification is a complex process involving a series
of reactions which are currently under investigation
in the scientific literature. The kinetic equations
adopted in this work are reported below along with
the related chemical reactions. This set of equations
have been implemented in the Barracuda® code,
with the reaction rate r expressed in mol/(m?s).
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Fig. 6. Olivine particles size distribution.
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1) Steam Gasification (Syamlal and Bisset 1992):
Ciy +H,0 - CO +H,
rip = 6.36m Texp (Z22) [H,0]

(19)
€O+ Hy > Cisy + Hy0
= 5218 10"*m T2exp (~o —
17.29) [H,][CO]
(20)
2) CO, Gasification (Syamlal and Bisset 1992):
Cis) + €O, > 2C0
ryr = 6.36m Texp (<22 [CO,]
(21)
200 - Ci5) + CO,
= 5.218 - 10~*m T ?exp (2= - 0.92) [CO]?
(22)
3) Methanation (Syamlal and Bisset 1992):
r3p = 6.838- 1073 mCTexp( 78— 7.087) [H,]
(23)
0.5CH, — 0.5C(s) + H,
= 0.755m,T°> Texp ( 13578 0.372)
[CH4]0 S
(24)
4) Combustion (Yoon et al. 1978):
2C(s) + 0, = CO, + H,
7 = 4341070, Texp (222 [0,]
(25)

5) Water gas-shift (Bustamante et al. 2004, 2005):

CO0 + H,0 - C0, + H,
rep = 7.68 - 101°exp( 3“‘“’) [€01°5[H,0]

(26)
COZ +H, - CO + H,0

= 6.4 10%xp (Z22) [H,]°5[C0,]

@7
In order to contain the computational cost, a coarser
mesh has been adopted for the gasification analysis.
The initial and boundary conditions are the same for
the non-reactive simulations in the Cl1
configuration, for 48 kg/h of fluidizing gas mass
flow rate (50 % Oz, 50 % H20 by mass ), at 150 °C.
In addition, a fresh coal mass flow rate of 45 kg/h is
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fed to the reactor from a discharge port located gaseous species released in the model as a function
above the bed and is treated as mass flow point of temperature, according to:
injection (Fig. 1). The high-rank anthracite coal m = 0.05T,e >0 Tokg/s (28)

used is composed of 89.3 % of char, 1.7 % of water
and 9 % of ash, water vapor is then the only

75

kg/h
0.8 025
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.48 —0z2

o ~0175
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Fig. 7. Particlesmass fraction (left), particles volume fraction (middle) and tracer volume fraction

(right), case C1.
75
kg/h
02y
[0225
—0z
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015
96 o3 01Es
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034 0.1
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W06 0025
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Fig. 8. Particlesmassfraction (left), particles volume fraction (middle) and tracer volume fraction
(right), case C2.
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s 0.025

Fig. 9. Particles massfraction (left), particles volume fraction (middle) and tracer volume fraction
(right), case C3.

Then there are no reactive volatiles species
considered in the model. The unsteady simulation
reaches a steady state after several minutes of
simulation time for what regards the output gas
composition and temperature, starting from an
initial bed temperature close to the regime
temperature. As it is clear from the Fig. 10, as the
time proceeds, the coal, which is lighter than
olivine, stratifies in the upper part of the bed also
because it is consumed by reactions in the lower
part. The output gas composition obtained from the
simulation is comparable with the experimental data
(Fig. 12). The deviations between calculated and
measured data are -12.5 %, 12.5 % and 0 %, for
CO, COz and Ha, respectively. Figure 11 reports the
oxygen distribution inside the gasifier. It is clear
that oxygen is consumed by the combustion
reaction among the first layers of the particle bed.

5. CONCLUSIONS

In this paper, the coal oxygen-blown gasifier of the
ZECOMIX research infrastructure has been studied
and simulated by means of the CPFD approach.
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Fig. 10. Coal (blue) and olivine (red) particles
distribution.
The proposed method has resulted as a powerful
and efficient approach for fluidized bed simulation
where a huge number of particles has to be taken
into account.
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In the non-reacting fluidization cases, the different
injectors configuration have been evaluated with
respect to bubbling and mixing effects.

In the reacting cases, the evaluation of the syngas
composition has resulted in a good agreement with
the available experimental data collected in the
ZECOMIX research infrastructure.

The research infrastructure is composed of other
types of fluid-bed reactors, such as the calciner and
the carbonator, which can therefore enjoy the same
computational advantages offered by the numerical
approach used in this work, and which are currently
being studied.

Cutplane O2.nl
036
0029
LE

—0F5F

~0.2Z18

-

Fig. 11. Oxygen volumetric concentration.

50
40
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_ 30 M Numerical
S
3
*20
10
0

Fig. 12. Experimental and numerical output
syngas composition comparison.
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