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A Computational Particle Fluid Dynamics (CPFD) model, which has the ability of revealing the coupled flow-
reaction behaviors on the scales ranging from an individual particle to the whole reactor, was developed for
studying the gas-solids circulating fluidized bed (CFB) riser reactor handling Geldart A particles. The model
was validated against available experimental data with respects to the hydrodynamics (e.g. distributions of solids
holdup and solids velocity) and the reaction behaviors (e.g. distribution of ozone concentration for ozone decom-
position), and acceptable agreements were achieved between the modeling results and the experimental data.

Keywords:

CF};;SEI. The CPFD model was further extended for analyzing the gas-solids flow hydrodynamics and the cracking reac-
FCC tions in an industrial Fluid Catalytic Cracking (FCC) riser reactor. Modeling results indicate that the volume of
CPFD gas in the CFB riser will vary due to the presence of interphase chemical reactions (e.g. catalytic cracking reactions

Geldart A particles in FCC), which can significantly influence the gas-solids flow hydrodynamics. It was demonstrated that the CPFD

model can be applied to quantify the relationship between the flow hydrodynamics and the chemical reactions in

multiphase flow-reaction systems.

© 2017 Published by Elsevier B.V.

1. Introduction

Circulating fluidized beds (CFB) with fine Geldart A particles have
been widely applied in various industrial processes, e.g. FCC process in
refinery, coal combustion, etc. The performance of the CFB is closely re-
lated to the complex gas-solids flow hydrodynamics and reaction char-
acteristics inside the CFB riser reactor, which has attracted extensive
academic researches through the world [1]. Owning to its advantages
of efficiency, convenience and low-cost and its ability in providing
more comprehensive and crucial information [2], the Computational
Fluid Dynamics (CFD) has gradually become a reliable and effective
tool for troubleshooting, designing and scaling-up [3] of the CFB riser
through investigating the complex hydrodynamics and reaction charac-
teristics inside the CFB riser.

In most of previous CFD simulations, both Eulerian-Eulerian two-
fluid model (TFM) [4] and Eulerian-Lagrangian discrete element
model (DEM) [5] have been used for studying gas-solids fluidized
beds [6,7]. Despite that the TFM model treating gas and solid phases
as two interpenetrating continua can deal with large-scale industrial
systems, it cannot accurately consider the realistic characteristics of par-
ticles. Due to the pseudo-fluid rheological properties of solid phase es-
pecially for fine Geldart A particles [8], the reliability and accuracy of

* Corresponding author at: State Key Laboratory of Heavy Oil Processing, China
University of Petroleum, No. 18, Fuxue Road, Changping District, Beijing 102249, China.
E-mail address: lanxy@cup.edu.cn (X. Lan).

https://doi.org/10.1016/j.powtec.2017.10.003
0032-5910/© 2017 Published by Elsevier B.V.

some of the empirical relations for describing the strong interparticle
forces [9,10], including interfacial friction, shear stress, and cohesive
force, are still in dispute in the TFM, which is a limitation of the TFM.
In contrast, the DEM model can individually track each particle by solv-
ing the Newton equation [11,12], which indicates that the detailed par-
ticle flow behaviors in fluidized beds can be predicted in DEM [13].
However, the huge computational requirements of DEM in describing
dense particle-particle interactions are proportional to the number of
particles simulated [13], which makes it difficult for the DEM in describ-
ing a large-scale industrial CFB riser with billions of particles [14].

Currently, in order to overcome the limitations of TFM and DEM, the
CPFD model, which is based on multi-phase particle in cell (MP-PIC)
method and is in Eulerian-Lagrangian scheme, proposed by Snider and
his colleagues [15] has been applied to simulate gas-solids fluidized
beds through defining the concept of ‘parcel of particles’. Each computa-
tional parcel contains a number of particles with identical properties
such as density, volume, size, shape and velocity. Due to its unique fea-
ture, the CPFD method is capable of simulating large commercial CFB
risers containing billions of particles by applying millions of computa-
tional parcels [6], and it can serve as a candidate to achieve quick and ef-
ficient simulation of industrial gas-solids systems.

Chen et al. [6] studied the applicability of the CPFD method for sim-
ulating gas-solids flow hydrodynamics in a CFB riser containing Geldart
A particles. They indicated that the drag forces calculated by the conven-
tional drag model including Wen-Yu model, Ergun model, Wen-Yu/
Ergun model and Turton model in the CPFD method overestimated
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Table 1
Detailed governing equations in the simulation.

Fluid phase continuity equation

®fec+ V- (Brpyug) = 0 (T1-1)

Gas phase momentum equation

0L V- (Orpgusus) = —0¢VP + Ockt V2ug + 0rppg—F (T1-2)
Momentum exchange between gas and particle phases

F = [[{fVopp[D(us —up) — 5-VpldV,pdp,duy (T1-3)

Liouville equation for finding particle positions

34 V(fuy) + Vi, (fA) = 0 (T1-4)

Particle acceleration

A= D(uffup)fplpr +8—55-Vrp (T1-5)

Oppp
Particle normal stress model
P
Tp = “ma((Bep =) £(T=0y)] (T1-6)

Particle volume fraction in each cell
0p = JIIfV,dVpdppduy, (T1-7)
Drag model (Gidaspow model)
Ca=207*%  (Re<0.5)(T1-8)
Cq=2(1+0.15Re"®)92%  (0.5< Re<1000) (T1-9)
Cq=0.440; 2% (Re>1000) (T1-10)
Dy = 0.75C4 2l (11-11)
P P

Re = Pedelti=t] (T1_12)
ug

Dy = (e +2) priz el (T1-13)

D=D, (6,<0.756,,) (T1-14)
D = gt 209 (Da=D1) + D1 (0.750cy <0, <0.850cp) (T1-15)
D=D, (6,>0.856,) (T1-16)

Drag model (EMMS model)
B3 =3 Cp 2EPUU=t Hp (T1-17)

o= % ( Rep<1000) (T1-18)

Co=0.44 (Re,>1000) (T1-19)
Re, = Sr(’r\“l:’—”u\dv (T1-20)
Hp=a(Re, +b)° (T1-21)
For the CFB riser under Gs = 200 kg/(m?-s), Ug = 7 m/s

exp(0.5120 + 471.7406¢>° + 116.8694 ) 0.457<£¢<0.8
1
@= 9 (0.5690+11201.4430 InZs, —00001EGS) 0.8<£;<0.9997 (T1-22)
1 0.9997<g¢<1
(005570 exp(— exp(§29004—209 28235, T+ 9-4089 0.457<¢£¢<0.48
—0.8456 exp(— exp(141.1489—281.1403¢;)) + 0.8560 0.48<£¢<0.6
b= (Ing;+0.2708) (T1-23)
—0.001343 exp(L 6027087 ., 0,06095 0.6<£;<0.98
0.6141—0.5982 exp(—361.6032¢,1177:6292) 0.98<£¢<0.9997
0.5498 . 0.457<£;<0.622
((1+ exp(23.4547—44.0615¢ ) 03687 )
€= 0.9387—0.3931(% 917 ~0.4291 exp(zy) + 2% 0.622<¢;<0.9997 (T1-24)
0 0.9997<g¢<1
For the CFB riser under Gs = 300 kg/(m?-s), Ug = 7 m/s
exp(—14.5750 + 312.7533¢,2 + $8420%x, 0.457<£¢<0.8
— ] 21611001925 0.8<£<0.9997 (T1-2
a (16348+ Cfponr)’) ! ( 2
1 0.9997 <g<1
335829.8019—58503.7150¢ —346197.6827 5t — 2832431637 0.457<£;<0.48
b— ] —0.9062 exp(— exp((5;734%37)) 1 0.9105 0.48<£¢<0.6 (T1-26)
—0.05969¢ ;441159 —0.01195g, 200629 | (0 0490 0.6<£¢<0.98
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For the industrial FCC riser
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