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ABSTRACT

A CPFD hydrodynamic model was developed for a circulating fluidized bed system and the simu-
lation results were validated against experimental data based on particle circulation rate.
Sensitivity of the computational mesh was primarily tested and extended grid refinement was
needed at the loopseal to match the particle circulation rate with experimental data. The particle
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circulation rate was independent of the range of number of computational particles used in this
study. A 10% reduction of the particle circulation rate was observed as the particle-wall interaction
parameter was changed from 0.85 to 0.55 and 17% increment when the close-packed volume
fraction was changed from 0.56 to 0.62. The pressure constant in the particle stress model showed
the greatest impact for the circulation rate with 57% increment as the constant was changed
from 2.5 to 5. The highest absolute variation in the pressure was observed at the loop seal and

pressure values were under predicted in all sections.

HIGHLIGHTS

e CPFD simulations are efficient in analyzing fluidized bed systems.

e Manipulating of particle circulation rate is important in circulating fluidized bed.
e Pressure constant in particle stress model is the most influential factor.

e Uncertainties should be minimized prior to optimization of model parameters.

1. Introduction

Circulating fluidized bed (CFB) is one of the favored tech-
nologies in power generation industries due to its distinct
advantages of high heat and mass transfer rates, homoge-
neous reactor temperatures, extended gas-particle contact
time, low pollutant emission and fuel flexibility (Li et al.
2004, 2014; Tricomi et al. 2017). Enhanced particle mixing
in CFB prevents the generation of hot and cold spots, which
is important in gasification and combustion processes as
highly exothermic reactions are involved. CFB can be a sin-
gle/double reactor system as illustrated in Figure 1 or mul-
tiple reactor system according to the process requirement.
In a single reactor system, the reactor operates at fast fluid-
ization regime in which the particles are carried away with
the gas flow, separated with a cyclone and recycled back to
the reactor across a proper gas sealing mechanism such as
loop seal, L valve, ] valve, seal pots, etc. CFB technology is a
superior choice to exchange/circulate the same particle phase
between different reactors having distinctive reactive envi-
ronments. Continuous  operation, runtime particle

regeneration and controlled material handling some other
highlights of CFB. However, efficient and safe design of
CFB systems require accurate predictions of the gas-particle
behavior in wide range of process conditions, where the rate
of particle circulation is one of the most important parame-
ters (Klenov, Noskov, and Parahin 2017).

Experimental studies of fluidized beds are expensive in
time and cost. Observation of the interior dynamics of par-
ticles demands high-end technologies such as electrical cap-
acitance tomography, particle image velocimetry, and laser
Doppler anemometry, etc. Further, the system optimization
with a single experimental rig is challenging such as opti-
mization of geometrical shape and dimensions, particle size
and feeding positions, etc. Computational fluid dynamic
(CFD) modeling and simulation is a remarkable substitution
to mitigate aforementioned drawbacks, which have become
more realistic and efficient with increased computer power
and advanced numerical algorithms (Li et al. 2014). Single-
phase CFD simulations produce accurate results more pre-
cise than a sensor can capture. In contrast, CFD modeling
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Figure 1. Different configurations of circulating fluidized bed. Circulating fluidized bed (left). Dual reactor circulating fluidized bed (right).

of multiphase flow systems are still challenging. Modeling of
phase interactions and inter-particle collision with extended
complexities aroused due to scale differences between par-
ticles of micron range and large reactors of several meters
are the main challenges (Deen et al. 2007).

Eulerian-Eulerian (EE) and Eulerian-Lagrangian (EL) are
the two fundamental approaches of multiphase CFD, which
can be distinguished based on the treatment method of the
dispersed phase. The fluid phase is modeled with Navier
stokes equations with appropriate averaging method in both
cases. Particle phase is mathematically treated as continuous
and fully interpenetrating with fluid phase in EE modeling,
while the trajectories of each particle are calculated in LE
modeling. Kinetic theory of granular flow (KTGF) is used to
derive the particle properties in EE method where the LE
method uses Newton’s second law of motion with hard-
sphere or soft-sphere particle contact model. Empirical cor-
relations are necessary at different levels for both EE and LE
modeling (Deen et al. 2007). Even though the hydrodynamic
predictions from EE simulations are recorded to be satisfac-
tory by many researchers (Snider 2001; Chiesa et al. 2005),
the discrete nature of the particles is missing (Chiesa et al.
2005; Jiang, Qiu, and Wang 2014). As the discrete particle
method (DPM); LE method for particle systems, is con-
cerned, approximately 80% of the computational cost is used
to contact detections of particles and calculating the geomet-
ric areas of contact. Hence, increased number of particles in
large-scale reactors imposes a substantial computational cost
(Klenov, Noskov, and Parahin 2017) where DPM is not
viable for industrial reactors in the near future. The compu-
tational efficiency of DPM is possible to boost by replacing
the individual particle contacts with probabilistic strategy
which is used in multiphase particle-in-cell (MP PIC)
method (Pannala, Syamlal, and O’Brien 2011; Ma and Zhao
2018; Moliner et al. 2018).

The multiphase particle-in-cell (MP-PIC) method was
developed by Andrews and O’Rourke (1996) and later by
Snider (2001), to model dense particle flows. The actual par-
ticles are grouped into computational particles (parcels) that
contain a number of adjacent particles sharing similar prop-
erties of density, size, and velocity. The parcel dynamics are
modeled in the Lagrangian frame where the particle forces
are calculated in the Eulerian grid considering the con-
tinuum approach. This reduces the extensive computational
cost related to modeling of inter-particle collisions. Particle
stress is calculated in an advanced time step, which is
mapped back to individual particles in real-time with inter-
polation functions. Even with the superior computational
efficiency, description of rotation movement and non-spher-
ical shape of the particles are not included, which cause
lower prediction accuracy compared to DPM. Detailed gov-
erning equations and numerical procedures of the MP PIC
method can be found in the literature. (Andrews and
O’Rourke 1996; Snider 2001; Snider and Banerjee 2010;
Snider, Clark, and O’Rourke 2011; Chen et al. 2013; Jiang,
Qiu, and Wang 2014).

Barracuda VR is a commercial CPFD package that is cus-
tom designed for particle systems using MP-PIC modeling.
Tu and Wang (2018) have worked on a full loop CFB sys-
tem to compare the energy minimization multi-scale
(EMMS) and the Wen-Yu drag models with experimental
validation. Jiang, Qiu, and Wang (2014) have carried out
experiments in a six cyclone CFB and monitored the bed
hydrodynamics using the electrical capacitance tomography
(ECT) technique where the authors have carried out CPFD
simulations for the same unit to compare the accuracy of
the prediction. Chen et al. (2013) have used the CPFD tech-
nique to analyze the performance of a riser section of a CFB
and commented on the requirement of drag model opti-
mization. An extended validation of CPFD simulation has
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Figure 2. Effect of the mesh size in cell averaged particle volume fraction.

been done by Liang et al. (2014) with the experiments car-
ried out in a bubbling fluidized bed and suggested some
required improvements in the simulation setup. CPFD simu-
lations have been used to analyze the nonreactive fluidized
bed systems (Snider 2007; Qiu, Ye, and Wang 2015) and
reactive systems like combustion and gasification of biomass
and coal. (Snider and Banerjee 2010; Abbasi, Ege, and de
Lasa 2011; Snider, Clark, and O’Rourke 2011; Xie et al.
2012; Loha, Chattopadhyay, and Chatterjee 2014; Thapa
et al. 2016).

Multiphase flows exist in various forms of structures over
a wide range of time and length scales (Li and Kwauk
2003). Computational mesh/grid should be sufficiently
refined to capture these important mesoscale structures. The
effect of the mesh size for cell averaged particle volume frac-
tions is illustrated in Figure 2. Coarse grids destroy the small
particle structures while the fine grids lead to high computa-
tional cost. In contrast to the DPM, selected particle proper-
ties are calculated based on the Eulerian grid in CPFD,
which leads to definite effects from the grid size. Local small
structures cause large variations in the particle volume frac-
tion over the geometry, which impose a strong influence on
interphase momentum and mass transfer by governing the
drag force and mass transfer rate (Wang et al. 2010).
Therefore, efficient capturing of these structures is crucial in
accurate predictions in circulating fluidized bed operation.

The CPFD method further differs from DPM as it models
computational particles instead of individual particles in the
Lagrangian frame. Therefore, the resolution of the computa-
tional particles has an equal importance as the mesh reso-
lution. However, with the implementation of “global cloud
resolution” option, the number of computational particles in
the system is adjusted accordingly with the cell size and
number of cells in the initial particle patch.

Circulating fluidized bed configuration is a widespread
technology in combustion and gasification of biomass.
Biomass particles are difficult to fluidize due to their low
density and irregularity in shape (Cui, and Grace 2007) and
therefore, gasification reactors require a supporting particu-
late phase (bed material) consisting of fine fluidizable par-
ticles such as inert sand or catalysts. Despite the fact that
the CFD simulation overcomes numerous practical limita-
tions, extensive validation of hydrodynamic models is
important for guaranteed data reproducibility. The reactor
hydrodynamic is primarily governed by the bed material
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and hence, a detailed understanding of the hydrodynamics
of bed material in a non-reactive CFB system is important
for subsequent CFD analysis in a reactive environment. A
similar CFB geometry has been analyzed and presented by
Wang et al. using CPFD in two consecutive research articles
(Wang et al. 2014a, 2014b). Nevertheless, the effects of the
coefficients in particle stress model and particle-wall contact
momentum retention are not presented. The particle flow
across the loop seal happens in dense phase and as a result,
the particle weight is directly applied on the bottom and
sidewalls of the loop seal. The pipe cross-section at the loop
seal is narrow and therefore, it is expected that the wall fric-
tion exert a significant effect over a considerable fraction of
the cross-section available for the particle flow. Even though
specific values have been defined for hard and soft particles
in the technical guidance of Barracuda VR, a sharp shift
between soft and hard particles is not real. Hence, the effects
of the particle-wall collision parameters are presented, which
will be useful for those who need extended tuning. Unlike
in bubbling fluidized beds, there exists a resultant particle
flow driven by fluid drag and particle collisions against grav-
ity and contact forces (particle-particle and particle-wall).
Further, unlike in dilute phase particle flow, the dense phase
particle flow across the loop seal is greatly affected by the
inter-particle forces. Particle stress model is responsible for
calculating the particle-particle forces, which is significant as
it reaches the close packing. Therefore, the effects of par-
ticle-wall collision and particle stress model parameters are
analyzed and presented along with a comprehensive analysis
of the effects of grid size, number of computational particles,
close pack volume fraction and fluid drag model. The simu-
lation results are compared with experimentally measured
rate of particle circulation and system pressure. Barracuda
VR 17.3.0 CPFD commercial software was used in this work
with Intel(R) Core(TM) i7-5930K CPU 3.50 GHz processor.

2. Experimental and CFD model set up

Model validation is based on experimental studies per-
formed in a full loop CFB unit, which is illustrated in
Figure 3. Detailed experimental procedure is given in the
work of Thapa et al. (2016). Sand with particle density of
2650kg/m’ and mean diameter of 150 um was used as the
particle phase and air was used as the fluidizing medium.
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Figure 3. Circulating fluidized bed experimental rig.
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Figure 4. Particle size distribution of the bed material.

The particle size distribution was ranged from 50 to 250 um
and illustrated in Figure 4. The geometrical dimensions
were adopted from a scaled drawing. The diameter of the
standpipe and the recycle pipe are 30 mm. The horizontal
section of the loop seal is 70 mm long and has a cross-sec-
tion area of 30 mm X 30 mm. The height of the recycle pipe
before the sharp bend is 135 mm. The riser section is 50 mm
in diameter and 1700 mm in height. The technical terms
related to loopseal sections are defined by Basu and
Butler (2009).

A summary of the boundary values, particle properties,
and modeling parameters are given in Table 1. The bound-
ary conditions, computational mesh, and initial particle fill-
ing are depicted in Figure 5. The fluidizing air to the riser
was implemented as a uniform flow boundary throughout
the bottom plane of the column and loopseal aeration with

r4

= Cyclone

Riser

F3

Siphon
P12—
P13 —te
Pla—e V
PI5—*
TButtam air

Table 1. Simulation data and model parameters.

Particle mean diameter 130 micron
Aeration gas Air

Riser fluidized air 20Nm?/h
Loop seal aeration 1Nm’/h
Particle mass 0.58-0.6 kg
Close pack volume fraction 0.6
Collisional momentum redirection 40%
Normal-to-wall momentum retention 0.85
Tangent-to-wall momentum retention 0.85

Initial time step 0.0005 s

injection boundaries as illustrated in Figure 5(b). The initial
particle patching was implemented as illustrated in Figure
5(c) and pressure-monitoring points were implemented at
P1, P2, P3, P6, and P15 as illustrated in Figure 3. Two flux
planes along the standpipe and the recycle pipe were posi-
tioned to monitor the particle circulation rate.

Particle stress model was used with default parameters of
1, 3, and 10°® for P,, B, and &, respectively. The “blended
acceleration model” (BAM) was activated, as the particle
phase had a size distribution in the range of 50-250 microns.
BAM prevents unrealistic particle segregation by absorbing
the sustained particle contacts that is prevalent in dense par-
ticle systems. A considerable effect was expected related to
particle-wall interaction and hence, the diffuse bounce coef-
ficient (a measure of deviated angle from ideal after colli-
sion) was set to 3. Turbulence was modeled with large eddy
simulation and the numerical scheme used was Partial
Donor Cell (PDC) method, which is a weighted average for-
mulation of central difference and upwind schemes.
Courant-Friedrichs-Lewy (CFL) condition is a measurement
of the stability of the numerical solver whereas of 0.8 and
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1.5 were used for minimum and maximum values, respect-
ively. The grid sensitivity analysis was carried out using
Wen-Yu-Ergun drag model. The particle-wall interaction
coefficients were taken as 0.85 for both normal and tangen-
tial collisions as specified by Barracuda VR for hard par-
ticles. The closed-pack volume fraction was set as 0.6. The
grid convergence (grid sensitivity analysis) test and the effect
of computational particles were performed to identify the
optimal grid having less computational time with sufficient
accuracy. The hydrodynamic model with optimized grid and
computational particles was subsequently analyzed for differ-
ent particle-wall interaction coefficients for perpendicular
collisions. The model was subjected to further analysis to
identify the effect of the closed-pack volume fraction of par-
ticles, pressure constant of particle stress model and four
different fluid drag models.

2.1. Governing equations

The drag model is one of the crucial parameters that gov-
erns the particle behavior. The riser operates in the dilute
phase while the standpipe of the loop seal (dip leg from the
cyclone) is supposed to operate in dense phase at either
minimum fluidization or packed bed. The Ergun equation
has been extensively analyzed and proved for its high accur-
acy in the dense particle phase and therefore, the Gidaspow
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drag model, which is a blended formulation of the Wen-Yu
and Ergun drag models, was used for the initial simulation
works. The Wen-Yu drag model is used at gas volume frac-
tions higher than 0.8 (Patel, Pericleous, and Cross 1993;
Jayarathna et al. 2019).

Py |Ug — |

Pp Tp

3 _
Dwen—yu :g Cd o 265

24

Ci= —, (Re<05
i= 2 (Re<05)

4
=2(1 +0.115Re"%7),
Re

Ca (0.5 < Re < 1000)

Cy= 0.4, (Re> 1000)

C; is the drag coefficient, Re is the particle Reynolds
number and r, is the particle diameter. As the gas volume
fraction decreases below 0.8, the Ergun correlation is used
(Ergun 1952; Jayarathna et al. 2019),

C] O(p

DErgun =0.5 + C2 & M
ogRe Py T
The default values for the laminar and turbulent coeffi-
cients in the Barracuda VR are 180 (C,) and 2.0 (C,) where
those are 150 and 1.75 in original Ergun formulation. The
particle Reynolds number is given by:

1
2p,|ue — uy| (3V, /s
Re — 2Prl¥s P( p)
Ky 47

The gas phase mass and momentum conservation are
modeled with continuity and time-averaged Naiver-Stokes
equations (Snider 2001):

9(%pg)

o + V x (OgPglg) = 0

8(ocgpgug)

o + V x (AgPgUglig) = —VP — F+V X (0,4Tg)

+ ogpeg

Where oy, p, and u, are gas phase volume fraction,
density, and velocity, respectively. F is the total momentum
exchange with particle phase per volume, g is the gravita-
tional acceleration, P is the pressure, and 1 is the gas phase
stress tensor. The stress tensor the gas phase is given by,

2
Tg= U {(Vug + AugT) —gv X ugl]

1, refers to the shear viscosity that is the sum of the lam-
inar and turbulent components. The large eddy simulation
is used for the large-scale turbulence modeling while the
subgrid scale turbulence is captured with the Smagorinsky
model:

Mt = CspgAz’VI/lg + Aug‘
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Table 2. Properties related to different grid configurations.

Grid Cells Cell size (Ax, Ay, Az) (mm) Computational particles Computational particles to cell ratio
01 136,000 75x75%x75 5x 10 0.367
02 242,592 6Xx6 X6 9.2 x 10* 0.379
03 338,541 5x5x5 133x10° 0.392
Refined grids at loop seal (*the grid sizes at the loop seal)
04 323,830 3.75 x 3.75 x 3.75* 1.86 x 10° 0.574
05 401856 3.75 x 3.75 x 3.33* 2.35 % 10° 0.584

The default value for the model constant C; is 0.01. A is co = 0.1118, ¢; = 0.01794, ¢, = 3305, n; = 0.6567,
the sub-grid length scale and calculated by, n, = 1.8148, ns = 0.5743

1
A = (6x0ydz) >
. . 3 Yl‘
The interface momentum transfer is calculated through K; K, = 10"("log®)”

the viscous drag force:

F=”f{mp

Subscript P refers to the particle phase properties where
m and u symbolizes the mass and velocity, respectively. D,
is the drag function. The particle phase dynamics are
derived using the particle distribution function (PDF) calcu-
lated from the Liouville equation given as (Snider 2001):

of

VP
Dp(ug — up) — e
»

}dmpdup

+ V(fup) + Vuy(fAy) =0

ot
Where A, is the particle acceleration and is expressed by:
0 (Up) VP Vg,

P =g ~ De(tg=tp) ——————

o, is the particle volume fraction. 7, is the particle stress
function, which is used to formulate the interphase interac-
tions of particles (Snider 2001; O’Rourke and Snider 2014).

oy = ij%dmpdup
p

B 10P.cl)
- max[ (o — %), (1 — )]

P; is a constant with the units of pressure, o, is the par-
ticle volume fraction at close packing, f is a constant
between 2 and 5. ¢ is a very small number in the order of
1077, which is used to avoid the singularity as particles
reach closed pack volume.

Turton-Levenspiel drag model (Turton and Levenspiel
1986):

Tp

pod g e st
8 Py Ty
24 0.413
Ca=—0p > [(1+0.173Re") 4 ———
e e U ¢ )+1+16300Re0-657

Nonspherical Ganser drag model (Chhabra, Agarwal, and
Sinha 1999) where o is the particle sphericity:
24
>|Re KiK,

_ —2.65
Cd = OCP

24c
(1+ co(ReK Kp)™) 4 e
1+ ReK, K,

T 1+20 95

Nonspherical-Haider-Levenspiel drag model (Chhabra,
Agarwal, and Sinha 1999):

24c,exp(nym)Re

24
e _[1 Re)m )| 4 SZERBITE
d =0 +¢o exp(mo)(Re) * Re + coexp(nsw)

Re

co = 8.1716, ¢; = 3.0704, ¢, = 5.378, n; = 4.0655, n,

= 0.0964, n3 = 0.5565, ny = —5.0748, n; = 6.2122
Richardson-Davidson-Harrison drag model follows the
Wen-Yu drag model excluding the functionality of the effect

of particle volume fraction.

3. Results and discussion

The particle circulation rate had been experimentally calcu-
lated by interrupting the loopseal aeration and measuring
the time to build up a certain amount of particles (the bed
height) in the standpipe (Thapa et al. 2016). This might sub-
stantially influence the particle hydrodynamics in the riser,
as the particles are not fed to the riser from the loopseal. A
precise measurement of the particle height in the standpipe
is challenging during fluidization conditions. The particle
circulation rate is highly fluctuating and local measurements
might not represent the long-standing average of the system.
Further, the system needed to be operated for a certain time
to achieve the steady-state conditions prior to taking the
measurements where a slight fraction of the particle mass
can be escaped. Hence, there can be a discrepancy in system
mass between experiments and simulations.

Moreover, uncertainties related to the CPFD model set
up might lead to deviations from the actual settings. CPFD
requires to feed the envelope density’ and however, the
apparent density of 2650 kg/m’ was used due to insufficient
data of particles. Assumption of spherical particles and
uncertainty of the particle size distribution might lead to

'Absolute density is excluding volume of open and close pores of the grain
(absolute volume of the particle material) while apparent density is excluding
only close pores. Envelope density is calculated by taking average shape of
the particle (i.e. including narrow open pores) whereas, inter particle voids are
also included in bulk density measurements.
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Figure 6. Particle volume fractions at 30th second of the simulation for different grid configurations.

deviations in hydrodynamics of fluidization followed by par-
ticle circulation rate.

3.1. Grid sensitivity

The solid circulation rate and the system pressure were ana-
lyzed with five different grid configurations. Grid 01, 02,
and 03 were constructed using uniform grid option. Grids
04 and 05 were constructed by refining the cell structure
simply at the loopseal of Grid 01 and 02, respectively.
Table 2 summarizes the number of cells, grid size, and num-
ber of computational particles of each grid configuration.

As the number of computational cells is increased, a sim-
ultaneous increment of computational particles can be
observed. The graphical representation in Figure 6 illustrates
the computational particles (i.e. not the real particles). A
gradual increment of computational particles towards fine
mesh grids is clearly visible from Grid 01 to 05. The ratio
between the computational particles to the number of cells
is nearly equal in Grid 01, 02, and 03 while Grid 04 and 05
show considerably higher values. As the number of cells is
high at the loopseal in Grid 04 and 05, more computational
particles are included by the model setup.

Particles tend to accumulate along the standpipe in the
coarse grids 02 and 03. Bubbles cannot be observed and
hence, the particle bed is either at the packed bed regime or
at minimum fluidization conditions. This results in less par-
ticle concentration in the other sections of the system,

especially in riser. In contrast, Grid 04 and 05 show rigorous
fluidization at the loopseal. The gas jet penetration length at
the loopseal aeration was also observed. In the coarse grid
simulations, the gas jet dissolves near the injection and does
not move much in the direction of the injection. In contrast,
the penetration length is high in the refined girds, which
might lead to different hydrodynamics at the loopseal and
consequently affect the particle circulation rate. Whenever
the grid structure changes, the number of parcels, parcel size,
and consequently, the number of parcels per cell are changed.

3.1.1. Particle circulation rate

The particle circulation rate is analyzed across the flux plain
defined at the recycle pipe (Figure 5). The averaged values
over 30th second for different grid configurations and the
experimental value are illustrated in the right upper chart of
Figure 7. The circulation rates, averaged over two-second
intervals of the simulation, are depicted in the right middle
plot of Figure 7. Grid 01 shows extremely low circulation
rate of 30kg/h and the grid resolution is insufficient to cap-
ture the particle hydrodynamics. A significant improvement
of the particle circulation up to 220kg/h was achieved by a
uniform grid refinement towards Grid 02 and 03. However,
a substantial difference between Grid 02 and 03 could not
be observed even with 100,000 more cells in Grid 03 than in
Grid 02. With the observed particle accumulation at the
standpipe, successive grid refinements at the loopseal were
performed for detailed analysis. Grid 04 and 05 are the
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Figure 7. Particle circulation rate and pressure profiles for different grid configurations.

restructured meshes at the loopseal of Grid 02 and 03,
respectively. A sensible improvement can be observed in
both of the grids 04 and 05 having average circulation rates
of 325kg/h and 315kg/h, respectively, which is approxi-
mately equal to the experimental results. Apart from the
extreme deviation at the 25th second, Grid 04 and 05 follow
a similar behavior and finally reach a near steady value
around 320kg/h. The circulation rate at the recycle pipe was
compared with the additional flux plane defined at the
standpipe to verify the steady-state operation. A slight differ-
ence between the two flux planes was observed in Grid 01
and 02 whereas Grid 03, 04, and 05 had equal values.

The instant variations of the solid circulation rates
between Grid 04 and 05 can be due to different grid struc-
tures in the riser, loopseal and cyclone followed by a differ-
ent number of computational particles at each setup. Large

variations in the cell sizes over the domain are not recom-
mended and further, the lengths in X, Y, and Z directions of
a certain cell should be uniform if possible. Further, a sharp
change in the cell size should be prevented by implement-
ing a gradient in the direction of change. The number of
computational particles is defined based on initial particle
patching and the cell sizes in the patching volume. The
number and volume of computational particles remain
constant in time (for a closed loop system). Whenever
computational particles of different sizes exist in the sys-
tem, the largest should be fine enough to enclose in the
finest cells in the domain. The difference in the cell sizes
between the loop seal and the rest of the domain is higher
in Grid 04 compared to Grid 05. Especially, the meshing
near the walls of the cyclone cylindrical section is relatively
coarse in Grid 04. This might lead to a slight excess
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prediction of particle circulation when using Grid 04. Grid
05 delivers exactly the same particle circulation rate as that
in experiments.

The loopseal aeration had been achieved by two injection
points and however, measured by a single flowmeter (during
experiments). A slight difference in the pressure at two par-
ticular locations could be observed and hence, the related
flowrates could be different from each other. Implementing
narrow injection pipes in the computational setup requires
very fine meshing at the loopseal. Therefore, each aeration
point was implemented using injection boundary conditions
(in contrast to the standard flow boundaries) with half of
the total measured loopseal airflow. The CFB setup has nar-
row pipes and passages and therefore, minor errors/uncer-
tainties related to lengths might lead to considerable
deviations in the simulations results. Due to these uncertain-
ties and simplified implementations in the CPFD setup, the
hydrodynamic behavior in the simulations can deviate from
the experimental results.

The gas flow behavior across the recycle pipe was also
monitored at the same flux plane used to monitor the par-
ticle circulation. The results are illustrated to the right at the
bottom of Figure 7. The cumulative gas flow after 30 seconds
of simulation was compared between the different grids.
According to the proper functionality, gas is not expected to
pass from the riser through the loopseal to the cyclone.
Instead, part of the loopseal-air flows towards the riser,
which gives a negative flux in Z direction. Grid 01 displays
a positive flux, which is not the expected flow behavior. The
rest of the grid tests show an approximately equal negative
flow of 0.0115kg during 30seconds. The calculated cumula-
tive airflow at the loop seal from the injection boundary
conditions is 0.01122kg, which is nearly equal to 0.0115kg.
However, a slightly higher airflow can be observed in Grid
04 and 05 compared to Grid 02 and 03. The particle circula-
tion is substantially high for these grids and therefore, an
additional amount of gas is carried along with the particles.
The particle flow in the loopseal is mainly driven by the gas
drag and not by the pressure exerted by the standpipe par-
ticle inventory.

3.1.2. System pressure
The system pressure at selected locations is plotted in Figure
7 and the simulation results represent the averaged values

ds. The numbering of pressure locations is referred to
Figure 3. Grid 2 shows the highest deviation of the pressure
compared to the experimental results whereas P; shows the
highest local variation when all the grid configurations are
considered. The pressure data obtained from the simulations
follows the same trend as experimental values except for P;.
P, is higher than P, during the experiments, whereas P; is
lower than P, in all the simulations. This deviation might be
related to the uncertainty of the geometrical dimensions;
especially the height of the recycle pipe and pipe diameter
of the loopseal. The instantaneous pressures values at P; for
Grid 04 are illustrated in Figure 8 and high fluctuations
between 15 and 45 mbar can be observed. The simulation
results reach the experimental value at certain times and
therefore, it is recommended to average the pressure data
over an extended time (in experiments and simulations).
Assumption of spherical particles, uncertainty related to
particle size distribution and implemented closed packed
volume fraction followed by deviations in the particle inven-
tory and geometrical dimensions can be the root cause for
the pressure deviation between simulation results and
experimental data. Further, the particle volume fraction of
the riser varies between 0 and 0.1 (Figure 6). The Wen-Yu
correlation is used to calculate the fluid drag force at lower
particle volume fractions according to the model definition.
The drag model for dilute phase flows has not been exten-
sively validated as for the dense phase systems such as
packed beds or bubbling fluidized beds. Hence, the low
pressures in the riser can be due to reduced particle loading
where this particular variation effects on the other sections
as well. On the other hand, the Ergun correlation has been
developed using Geldart B particles. However, the used par-
ticle mixture was at the margin of the Geldart A and B par-
ticles, where a fraction of the mixture is classified as Geldart
A particles. Therefore, the linear coefficient of the laminar
component of the Ergun correlation can be deviated from
the original value of 150, which can exert a considerable
effect on the pressure profile, especially at the loopseal.

3.2. Effect of the number of computational particles

Even with the analogous pressure profiles, Grid 01 results in
reduced particle circulation with unrealistic gas flow behav-
ior and therefore, further analysis was discarded. A
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substantial growth in the particle circulation (approximately
40%) was observed when the grid was refined from Grid 03
to 04. The number of computational particles is a function
of the grid that encloses the initial particle patching and it
remains unchanged during the simulation unless the system
mass is changed. The successive grid refinements from 01 to
05 caused increasing number of computational particles and
therefore, supplementary analyses were necessary to verify
whether the increased circulation was achieved due to the
grid refinement or the increased number of computational
particles. Two additional simulations were performed for
Grid 03 with 1.84 x 10> and 2.34 x 10° computational par-
ticles, which are the same number of particles used in the
original Grid 04 and 05, (Table 2).
Computational particle convergence analysis was carried out
for Grid 04 with two subsequent simulations having
2.8 x 10° and 3.73 x 10 particles.

The simulation results are depicted in Figure 9 and there
was not observed any considerable change in the average
particle circulation with increased number of computational
particles. However, local differences of the circulation rates
can be observed for both grids. Therefore, it can be con-
cluded that the bed hydrodynamics has not been affected by
changing the number of computational particles. Further,
the pressure profiles follow similar characteristics

respectively
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Perpendicular Particle - wall coefficient

irrespective of the computational particles. Therefore, Grid
04 with 1.86 x 10° computational particles was used for fur-
ther analysis.

3.3. Effect of the particle-wall interaction coefficient

The particle-wall interaction is modeled with three parame-
ters of perpendicular collision, tangential collision, and dif-
fuse bounce. The default recommended values for the
perpendicular and tangential collision are 0.3 and 0.99,
which have been used by many researchers. The effect of
these parameters are minimal for vertical fluidized beds. The
pipe diameter at the loopseal is narrow and the horizontal
passage operates at dense phase where the particle weight
directly applies on the pipe walls. Hence, loopseal operation
can be considerably affected by particle wall interactions and
consequently, the particle circulation rate. Hard particles can
be modeled using 0.85 for both coefficients as recommended
by Barracuda VR. The perpendicular coefficient was changed
from 0.45 to 0.85 (keeping tangential coefficient constant at
0.85) and the particle circulation rate was monitored. The
diffuse bounce was set to 3 for all simulations, which carries
the information of scattering angle related to particle-
wall collisions.

The plots in Figure 10 reflects the instantaneous and
30 second averaged particle circulation rates. The circulation
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rate increases proportionally with the particle-wall inter-
action coefficient in the range of 0.55-0.85. The circulation
rate is more sensitive to the coefficient at low values and
becoming less sensitive at higher values.

3.4. Effect of the closed pack volume fraction

Closed pack volume fraction carries the information about
the degree of maximum packing. The higher the value, the
more the resistance for the fluid to penetrate through and
hence, the pressure drop is increased. In contrast, the fluid
drag correlation is a function of particle volume fraction.
Further, the particle stress model uses the closed pack volume
fraction in calculating the force exerted from particle colli-
sions. These factors influence the particle hydrodynamics and
hence, the closed pack volume fraction is one of the most
important parameters in MP PIC modeling. The close pack
volume fraction is simply calculated by bulk density to par-
ticle density ratio and however, only particle size distribution
and absolute density were available. Therefore, the particle
circulation rates for different values of closed pack volume
fraction were analyzed and the results are given in Figure 11.

A proportional increment in circulation rate can be
observed. Referring to the time dependent rate, higher fluc-
tuations can be observed as the closed pack volume fraction
is increased and however, the fluctuations are minimum at
0.59. The loopseal pressure readings slightly increased with
high close pack volume fractions. As the close pack volume
fraction is involved in both drag model and stress model,
the observed effect of increasing circulation has two roots.
Therefore, extended simulations were conducted changing
the pressure constant in stress model equation.

3.5. Effect of pressure constant in particle stress model

The modeling of particle-particle interactions is crucial in
dense particle systems, which requires a strong four-way
coupling. The loopseal section is at dense phase in standard
operating conditions and hence, the particle stress model
can have a greater impact on hydrodynamics. As the par-
ticles reach close pack volume fraction, the denominator of
the stress function reduces to a low number and conse-
quently, the stress is increased generating high forces. The
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pressure constant itself contribute to increase the particle
stress. As the loopseal operates at dense phase flow regime,
this increased force can improve the circulation.

As mentioned in the section “Experimental and CFD
model set up”, loopseal aeration was implemented as injec-
tion boundary conditions where the mass flowrate and the
injection velocity should be defined. The injection velocity
showed a considerable impact on particle circulation rate
and it was adjusted during grid sensitivity analysis. The opti-
mized value was used for the following simulations in sec-
tions of “Effect of the particle-wall interaction coefficient”
and “Effect of the closed pack volume fraction”. However, as
the pressure constant was changed from 1 to 5, the particle
circulation rate increased unrealistically. As the main uncer-
tainty appeared in loopseal aeration, the injection boundary
was changed into flow boundary having an identical value
to the inner area of 6 mm pneumatic pipe connection. The
pressure constant was needed to increase beyond 4.5 to fix
the circulation rate with experimental data as depicted in
Figure 12. The pressure constant vs. particle circulation
curve becomes flat between 3.5 and 4.5, however, the circu-
lation increases proportionally with the pressure constant.
The system pressure remained nearly similar irrespective of
the different pressure constant values.

3.6. Effect of the fluid drag correlation

The Wen-Yu-Ergun drag model was used for all the prior
simulations. The main drive to select this particular model
was due to the existence of both dilute and dense phase in
the system. Several inbuilt drag functions are available in
Barracuda VR, where few models are equipped to model
non-spherical particles. The Turton-Levenspiel,
Nonspherical-Ganser, Nonspherical-Haider-Levenspiel, and
Richardson-Davidson-Harrison drag models were compared
with the Wen-Yu-Ergun model based on particle circulation
rate. An additional simulation using the Wen-Yu-Ergun
model with modified laminar and turbulent coefficients of
180 and 2, respectively (Barracuda default values), were car-
ried out. The results are presented in Figure 13. The
Richardson-Davidson-Harrison model showed extremely low
circulation of nearly 150 kg/hr where more particles accumu-
lated in the standpipe section of the loop seal. The
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nonspherical Haider-Levenspiel model showed 300 kg/hr
where all other drag models resulted in increased circulation
above 300 kg/hr reaching the experimental data. Particle vol-
ume fractions and particle Reynold number (Re) are greatly
varied over the reactor. High Re and low particle volume
fractions can be observed in the riser whereas low Re and
high particle volume fractions in the loop seal section. The
Richardson-Davidson-Harrison drag model is not a function
of both parameters at high Reynolds number where the par-
ticle volume fraction is excluded in the full range of Re,
which can be the reason for the large deviation. The particle
sphericity was taken as 0.9 for models with sphericity as a
parameter (Rorato et al. 2019); Nonspherical-Ganser and
Nonspherical-Haider-Levenspiel. Both of the models are a
function of Re in the full range of Re, which is not the case
for Wen-Yu model as the drag turns into a constant at high
Re. These differences might lead to varied results for particle
circulation. The laminar and turbulent coefficients of the
Ergun model have been subjected to continuous modifica-
tions depending on particle properties (i.e. Geldart’s classifi-
cation, particle shape, etc.) (Olatunde and Fasina 2019;
Ozahi, Gundogdu, and Carpinlioglu 2008). As the coeffi-
cients are increased, both bed pressure drop and fluid drag
change proportionally, which is clearly illustrative with
increased particle circulation with modified coefficients. The
system pressure followed the same trend and approximately
same results as depicted in Figure 7.

Pressure constant (Ps) in stress model
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4. Conclusion

The main objective of the research work was to develop a
hydrodynamic model for a circulating fluidized bed system
using the Barracuda VR CPFD package, which uses the MP-
PIC modeling. Effect of the grid resolution and selected
simulation parameters were compared with experimental
results and the rate of particle circulation was considered as
the primary parameter. The system pressure was
also monitored.

The grid resolution near the loopseal showed a great
influence over the particle circulation rate and grid refine-
ments at the particular section was needed to capture the
particle hydrodynamics. Nearly, 40% increment of particle
circulation rate was achieved analogous with loopseal grid
refinement. Computational Grid 04 and 05 were successful
in achieving the particle circulation similar to the experi-
mental data. The system pressure predictions from the simu-
lations were lower than the experimental data, which could
be due to associated uncertainties of geometry and particle
properties. The number of computational particles defined
by the default software settings was observed to be adequate
and further increment did not make considerable changes in
the circulation rate. The particle circulation rate increased
proportionally by 17% as the closed pack volume fraction
was changed from 0.56 to 0.6. The effect of the particle-wall
interaction coefficient was less significant compared to
closed pack volume fraction where approximately 10%



difference was observed from 0.55 to 0.85. Pressure constant
in the particle stress model showed the greatest impact on
the particle circulation rate with an increment of 57% as the
pressure constant changed from 2.5 to 5. The Wen-Yu-
Ergun and Nonspherical Ganser drag models resulted in the
highest particle circulation rate where Richardson-Davidson-
Harrison model under predicted the circulation.

Precise information about the particle properties will be
useful in further analysis and concrete validation of the
hydrodynamic model. Model validation for different materi-
als with different size and density will improve the reprodu-
cibility of the simulation data. If the experimental unit is
equipped to measure the particle loading over different sec-
tions, it will be useful for further comparison. Whenever the
Ergun equation is used, it is a good practice to optimize the
linear coefficient experimentally, especially for the particles
not grouped within Geldart B. The uncertainties and meas-
urement errors should be minimized to optimize the model
parameters. The developed hydrodynamic model is possible
to analyze system behaviors against different oper-
ational conditions.
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