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Abstract. The gas distributor region of dense gas-solid fluidized beds is characterized by enhanced momentum rates and 

high solids concentration gradients. The high gas injection velocities can potentialize unwanted effects such as the bed 

material attrition, which can become a problem, affecting the fluidization process efficiency due to drastic changes in the 

particulate material properties. The design parameters of the injection nozzles found in gas distributors systems play a 

serious role in the particulate material fragmentation. This study aims at describing a fragmentation potential, 

considering the relationship between the breakage probability and the collision frequency between two particles, in a 

Euler-Euler framework using the TFM-KTGF model. 2D-axisymmetric simulations are performed and the influence of 

the injection nozzle design parameters is evaluated through a parametric sensitivity study. Based on the significant 

variables obtained from the parametric sensitivity study, the fragmentation potential is employed as an objective function 

to be minimized in a CFD-based optimization using the COMPLEX algorithm. Through the performed analysis, it was 

possible to observe that the proposed fragmentation potential is highly influenced by the injection nozzle’s design 

parameters, mainly the orifice diameter and the tube diameter, with differences of up to 600 times between the analyzed 

test cases. Smaller orifice diameters and bigger tube diameters showed considerably smaller results for the fragmentation 

potential. This behavior is related to smaller mean velocities in the nozzle outlet and larger orifice-to-particle diameter 

ratios. During the optimization procedure, a tendency for the inlet nozzles to reach the same geometrical characteristics 

was observed, according to the geometrical restrictions employed. 
 

Keywords: Dense Fluidized Beds, Attrition, Computational Fluid Dynamics, Parametric Sensitivity Analysis, CFD-

Based Optimization  

 

 

1. INTRODUCTION  

 

Fluidized beds are employed in many industrial processes, such as coating, granulation, drying, and the synthesis of 

fuels and base chemicals. Different flow regimes are observed in fluidized beds according to the solid phase volume 

fraction and the gas superficial velocity (Lim et al., 1995), as well as the particulate material properties, identified via the 

Geldart classification (Geldart, 1973). In conventional dense fluidized beds, the bubbling, slugging and turbulent flow 

regimes are found, depending on the region observed. Bubbling and slugging regimes are predominant in the grid zone 



R. Tribess, C. M. dos Santos, W. P. Martignoni, H. F. Meier 
Particle Fragmentation in Turbulent Dense Gas-Solid Fluidized Beds Jets: F.P. Modeling, P.S. Analysis and CFD-Based Optimization  
 

while the turbulent regime mainly occurs in the gas injection region. The gas injection is made through the use of 

perforated plates or pipe grids, designed to obtain a homogeneous distribution on the cross-section of the fluidized bed 

(Sadeghbeigi, 2020). The injection of high velocity gas through orifices or nozzles can lead to the formation of jets, which 

are characterized by enhanced momentum, heat and mass transfer rates, as well as substantial concentration gradients 

(Sauriol et al., 2013). Jets play a key role regarding the fluidization as a whole, however, the high velocity impact between 

particles accelerated by the gas jet and those with lower momentum located in the dense bed can induce a harmful effect: 

the particulate material kinetic attrition. 

The kinetic attrition of particulate material can severely modify the particle size distribution and consequently 

important fluidization characteristics of the bed, affecting the equipment performance. This effect can be classified 

according to mechanisms that occur at different energy levels: abrasion and fragmentation (Vaux and Keairns, 1980). 

Abrasion happens in the dense region of the fluidized bed, on which bubbles or slugs are responsible for the gas-solid 

interactions. Particle-particle contact happens with low impact velocities; therefore, abrasion is known as a low energy 

mechanism. The high energy mechanism is known as fragmentation and takes place in the high momentum rates and 

concentration gradient regions, on which high impact velocity particle-particle collisions occur, such as the jets region 

(Yang, 2003). Several empirical correlations were developed to model the abrasion and fragmentation mechanisms for 

different operational conditions, particulate materials, and gas injection systems, such as orifices and nozzles (McMillan 

et al., 2007; Zhang et al., 2016). However, empirical correlations can only be used for the conditions employed during 

their development. In this sense, the use of a phenomenological approach can be an interesting alternative when the 

extrapolation of operational conditions and injection nozzle design parameters is necessary (Grace et al., 2020).  

With the increase in computational power during the last decades, the mathematical tool Computational Fluid 

Dynamics (CFD) has been employed in many studies regarding multiphase flows. Different approaches employing 

Eulerian-Eulerian or Eulerian-Lagrangian frameworks are available for modeling the behavior of gas-solid flows in 

fluidized beds. The appropriate approach must be chosen according to the analyzed system scale, such as the domain size 

and the amount of particulate material present therein, as well as the relation between the computational effort and the 

precision required for the flow description (Van der Hoef et al., 2008).  

The TFM-KTGF model is commonly employed in the description of engineering scale gas-solid flows. In this 

Eulerian-Eulerian approach, the gas and solid phases are treated as continuum and interpenetrating through the use of the 

Navier Stokes Equations combined with the Kinetic Theory of Granular Flows (Gidaspow, 1994). The CFD-DEM model 

employs a Eulerian-Lagrangian framework on which a continuum approach is adopted for the gas phase description and 

the solid phase is considered discrete, described through Newton’s law considering soft-sphere or hard-sphere approaches 

(Van de Hoef et al., 2008). The use of appropriate models for the interphase momentum exchange plays a mandatory role 

in the flow description, as well as consistent boundary conditions (Chalermsinsuwan et al., 2011).  

Pougatch et al. (2010) proposed a particle fragmentation model for the jet’s region based on a TFM-KTGF approach 

relating the granular temperature with mechanical properties of the particulate material. They evaluated the breakage 

efficiency in a coking process and the obtained good agreement with experimental data. Zhang et al. (2014) studied the 

behavior of a dense fluidized bed composed of magnetite particles and derived a collision frequency model based on a 

TFM-KTGF approach. Fulchini et al. (2017) and Ghods et al. (2019) employed a CFD-DEM approach to describe the 

behavior of the jet’s region of dense fluidized beds. Fulchini et al. (2017) employed Ghadiri and Zhang’s (2002) 

fragmentation model to account for the particle size distribution variation and validated their simulations with Scirocco’s 

standardized experimental test. Ghods et al. (2019) proposed two particle-breakage models based on the contact forces 

determined through a soft-sphere model and in the Weibull breakage probability function, also accounting for the particle 

size distribution variation. The CFD-DEM approach directly accounts for particle-particle collisions and contact forces, 

and the description of particle breakage can be easily accessed. However, its use is limited for dozens of thousands of 

particles, which is not the case for dense fluidized beds on engineering scale. Therefore, the TFM-KTGF model is more 

suitable for the study of these systems. 

Through the use of a consistent CFD model, aligned with a proper description for the studied effect, it is possible to 

propose modifications regarding operational conditions and/or design parameters aiming at minimizing or maximizing a 

variable of interest through optimization procedures. The surface response methodology was employed by Wu et al. 

(2019) and Kang et al. (2020) for the optimization of dense fluidized beds employing the TFM-KTGF model to obtain 

data for the proposed analysis. However, this methodology results are only applicable for the range of operational 

conditions or design parameters employed on their development, being used to obtain the best possible configuration of 

variables for the effect minimization or maximization. This methodology is not suitable for obtaining a global optimal 

condition (Saario et al., 2006). Optimization procedures based on the minimization or maximization of an objective 

function through the use of mathematical models or algorithms such as the COBYLA (Powell, 2007) and the Nelder-

Mead algorithm, also known as COMPLEX (Nelder and Mead, 1965; Box, 1965) is suitable for the search of the global 

optimal conditions. Sgrott Jr et al. (2015) employed the COMPLEX algorithm on the multi-objective optimization of 

cyclones, maximizing the collect efficiency and minimizing the pressure drop. Luciano et al. (2018) employed the 

COBYLA algorithm on the multi-objective optimization of multi-cyclone systems. 

In many industrial processes, the fragmentation of the particulate material is a serious problem and must be avoided. 

The present work aims at the proposal of a particle fragmentation model based on a Eulerian-Eulerian TFM-KTGF 
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approach, described as a function of the breakage probability from Pougatch et al. (2010) and the collision frequency 

proposed by Zhang et al. (2014). The influence of the design parameters the gas inlet nozzle on the fragmentation potential 

is studied through a statistical Parametric Sensitivity Analysis via the p-value analysis. The inlet nozzle orifice diameter 

(𝑑𝑜𝑟), tube diameter (𝑑𝑡), orifice thickness (ℎ𝑜𝑟), tube height (ℎ𝑡) and tube wall thickness (𝑤𝑡) are employed in a 25 

factorial experimental design, with the lower limit and upper limit based on a standard inlet nozzle geometry employed 

in the Electrical Capacitance Tomography Experimental Unit (LP-ECT) operated in the Regional University of Blumenau 

(FURB), considering values 13% below and above the standard test case, respectively. The significant variables obtained 

through the Parametric Sensitivity Analysis are employed as manipulated variables in a CFD-Based optimization through 

the use of the COMPLEX algorithm with the objective of minimizing the fragmentation potential. The constraints selected 

were also 13% below and above the standard design parameters values.  

 

2. METHODOLOGY 

 

The Eulerian-Eulerian TFM-KTGF approach is described in this section, as well as the turbulence model employed 

for the gas phase and the interfacial forces between the gas and solid phases modeling. A fragmentation potential model 

is proposed, based on a breakage probability function (Pougatch et al., 2010) and a collision frequency model (Zhang et 

al., 2014). The factorial experimental design employed in the parametric sensitivity analysis is described. The proposed 

methodology for the CFD-Based optimization consists of coupling the commercial CFD code ANSYS® Fluent™ with 

the Box’s COMPLEX algorithm (Box, 1965). 

 

2.1. Transport Equations 

 

The mass and momentum conservation equations for the gas and solid phases are obtained by ensemble averaging of 

the Navier-Stokes equations. A monodisperse approach is employed for the solid phase and heat and mass transfer are 

neglected. 

 
𝜕

𝜕𝑡
(𝛼𝑔𝜌𝑔) + 𝛁 ∙ (𝛼𝑔𝜌𝑔𝒗𝑔) = 0;                                

𝜕

𝜕𝑡
(𝛼𝑝𝜌𝑝) + 𝛁 ∙ (𝛼𝑝𝜌𝑝𝒗𝑝) = 0                   (1a,b) 

 
𝜕

𝜕𝑡
(𝛼𝑔𝜌𝑔𝒗𝑔) + 𝛁 ∙ (𝛼𝑔𝜌𝑔𝒗𝑔𝒗𝑔) = −𝛼𝑔𝛁𝑃 − 𝛁 ∙ 𝛼𝑔𝜯𝑔 + 𝛼𝑔𝜌𝑔𝒈 − 𝑭𝑔𝑝        (2a) 

    
𝜕

𝜕𝑡
(𝛼𝑝𝜌𝑝𝒗𝑝) + 𝛁 ∙ (𝛼𝑝𝜌𝑝𝒗𝑝𝒗𝑝) = −𝛼𝑝𝛁𝑃 − 𝛁𝑃𝑝,𝑠 − 𝛁 ∙ 𝛼𝑝𝜯𝑝 + 𝛼𝑝𝜌𝑝𝒈 + 𝑭𝑔𝑝       (2b) 

 

𝑡, 𝛼, 𝜌, 𝒗, 𝑃, 𝜯, 𝒈 and 𝑭 represents the time, volume fraction, density, velocity vector, pressure, effective stress tensor, 

gravitational field and gas-particle interaction force, respectively. The sub-index 𝑔 represents the gas phase and the sub-

index 𝑝 the solid phase. 𝑃𝑝,𝑠 represents the solid phase pressure, described by the KTGF model. The 𝑘 − 𝜀 turbulence 

model is employed to resolve the gas phase effective stress tensor, which is written in Eq. (3). The turbulent viscosity 

(𝜇𝑔
𝑡) is written as a function of the turbulent kinetic energy (𝑘) and the dissipation rate of turbulent kinetic energy (𝜀). 

 

𝜯𝑔 =  𝝉𝑔 + 𝝉𝑔
𝑡 = −(𝜇𝑔 + 𝜇𝑔

𝑡) [𝛁𝒗𝑔 + (𝛁𝒗𝑔)
𝑇

−
2

3
𝑰𝛁 ∙ 𝒗𝑔] +

2

3
𝜌𝑔𝑘𝑰;           𝜇𝑔

𝑡 = 𝐶𝜇𝜌𝑔
𝑘2

𝜀
                 (3a,b) 

 

𝜇𝑔 represents the gas phase dynamic viscosity and 𝐶𝜇 = 0.09. The transport equations for the turbulent kinetic energy 

and the dissipation rate of turbulent kinetic energy are given by: 

 

𝜌𝑔 [
𝜕𝑘

𝜕𝑡
+ 𝛁 ∙ (𝒗𝑔𝑘)] = 𝛁 ∙ [(𝜇𝑔 +

𝜇𝑔
𝑡

𝜎𝑘
) 𝛁𝑘] + 𝐺𝑘 − 𝜌𝑔𝜀                (5) 

 

𝜌𝑔 [
𝜕𝜀

𝜕𝑡
+ 𝛁 ∙ (𝒗𝑔𝜀)] = 𝛁 ∙ [(𝜇𝑔 +

𝜇𝑔
𝑡

𝜎𝜀
) 𝛁𝜀] + 𝐶𝜀,1

𝜀

𝑘
𝐺𝑘 − 𝐶𝜀,2𝜌𝑔

𝜀2

𝑘
           (6) 

 

the term 𝐺𝑘 related to the production of turbulent kinetic energy, given by Eq. (7).  The constants are listed: 𝜎𝑘 = 1.0, 

𝜎𝜀 = 1.3, 𝐶𝜀,1 = 1.44 and 𝐶𝜀,2 = 1.92. 

 

𝐺𝑘 = (𝜇𝑔 + 𝜇𝑔
𝑡) [𝛁𝒗𝑔 + (𝛁𝒗𝑔)

𝑇
: 𝛁𝒗𝑔]                 (7) 

 

The granular temperature (𝛩) is used to model the turbulent energy fluctuations for the solid phase considering that 

the particle movement induced by particle-particle collisions is analogue to the movement of gas molecules promoted by 

temperature increase (Grace et al., 2020). The granular temperature transport equation is written in Eq. (8).  
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3

2
[

𝜕

𝜕𝑡
(𝜌𝑝𝛼𝑝𝛩𝑝) + 𝛁 ∙ (𝜌𝑝𝛼𝑝𝒗𝑝𝛩𝑝)] = (−𝑃𝑝,𝑠𝑰 + 𝜯𝑝): 𝛁𝒗𝑝 + 𝛁 ∙ (𝑘𝛩𝑝

𝛁𝛩𝑝) − 𝛾𝛩𝑝
+ ϕ𝑔𝑝        (8) 

 

𝑰 is the unit tensor, 𝑘𝛩𝑝
 represents the granular temperature diffusive coefficient, 𝛾𝛩𝑝

 represents the collisional dissipation 

of granular energy and ϕ𝑔𝑝 represents the granular energy production. The solid phase pressure is given by Eq. (9): 

 

𝑃𝑝,𝑠 = 𝜌𝑝𝛼𝑝𝛩𝑝[1 + 2𝛼𝑝𝑔0(1 + 𝑒𝑝)]                 (9) 

 

𝑒𝑝 denotes the particle-particle restitution coefficient and 𝑔0 a radial distribution function, described in this work with the 

Lun et al. (1984) model. 

 

𝑔0 = [1 − (
𝛼𝑝

𝛼𝑝,𝑚𝑎𝑥
)

1

3
]

−1

                     (10) 

 

𝛼𝑝,𝑚𝑎𝑥 = 0.63. The stress tensor for the solid phase is given by Eq. (11): 

 

𝜯𝑝 = 𝜇𝑝 [𝛁𝒗𝑝 + (𝛁𝒗𝑝)
𝑇

] + (𝜆𝑝 −
2

3
𝜇𝑝) 𝑰 ∙ 𝛁 ∙ 𝒗𝑝                        (11) 

 

𝜇𝑝 is the solid phase shear viscosity and 𝜆𝑝 the solid phase apparent viscosity. The shear viscosity is a function of the 

collisional viscosity (𝜇𝑝
𝑐𝑜𝑙), the granular viscosity  (𝜇𝑝

𝑘𝑖𝑛) and the friction viscosity (𝜇𝑝
𝑓𝑟). The collisional and granular 

viscosities are given by Syamlal et al., (1993) model and the friction viscosity is described by Schaeffer (1987) model. 

 

𝜇𝑝 = 𝜇𝑝
𝑐𝑜𝑙 + 𝜇𝑝

𝑘𝑖𝑛 + 𝜇𝑝
𝑓𝑟;                  𝜇𝑝

𝑐𝑜𝑙 =
4

5
𝜌𝑝𝛼𝑝

2𝑑𝑝𝑔0(1 + 𝑒𝑝)√
𝛩𝑝

𝜋
             (12a,b) 

 

𝜇𝑝
𝑘𝑖𝑛 =

4𝜌𝑝𝛼𝑝𝑑𝑝√𝛩𝑝𝜋

6(3−𝑒𝑝)
[1 +

2

5
(1 + 𝑒𝑝)(3𝑒𝑝 − 1)𝛼𝑝𝑔0];     𝜇𝑝

𝑓𝑟 = 𝑃𝑝,𝑠,𝑓𝑟 (𝑰 −
𝑠𝑒𝑛(∅𝑝)

√𝐼2𝐷
𝑫𝑝)              (12c,d) 

 

𝑃𝑝,𝑠,𝑓𝑟 represents the frictional pressure, given by Johnson et al. (1990) model. ∅𝑝 is the friction internal angle, equivalent 

to ∅𝑝 = 30,00007°, 𝑫𝑝 is the strain rate tensor and 𝐼2𝐷 the second invariant of the strain rate tensor. 

 

𝑃𝑝,𝑠,𝑓𝑟 = {

0, 𝛼𝑝 < 𝛼𝑝,𝑡

0,05
(𝛼𝑝−𝛼𝑝,𝑡)

2

(𝛼𝑝,𝑚𝑎𝑥−𝛼𝑝)
5 , 𝛼𝑝 ≥ 𝛼𝑝,𝑡

, 𝛼𝑝,𝑡 = 0,615;  𝑫𝑝 =
1

2
[𝛁𝒗𝑝 + (𝛁𝒗𝑝)

𝑇
]             (13a,b) 

 

The solid phase apparent viscosity and the collisional dissipation rate of granular temperature are given by Lun et al. 

(1984) models and the granular temperature diffusive coefficient is described by Syamlal et al. (1993) model. The 

production of granular temperature is given by Gidaspow (1994) model. 𝛽𝑔𝑝 represents the drag coefficient. 

 

𝜆𝑝 =
4

3
𝜌𝑝𝛼𝑝

2𝑑𝑝𝑔0(1 + 𝑒𝑝)√
𝛩𝑝

𝜋
 ;  𝛾𝛩𝑝

= 12(1 − 𝑒𝑝
2)

𝜌𝑝𝛼𝑝
2𝑔0

𝑑𝑝√𝜋
𝛩𝑝

3

2;       ϕ𝑔𝑝 = −3𝛽𝑔𝑝𝛩𝑝             (14a,b,c) 

 

𝑘𝛩𝑝
= 15

𝜌𝑝𝛼𝑝𝑑𝑝√𝛩𝑝𝜋

4(41−33𝜂)
[1 +

12

5
𝜂2(4𝜂 − 3)𝛼𝑝𝑔0 +

16

15𝜋
(41 − 33𝜂)𝜂𝛼𝑝𝑔0] ,    𝜂 =

1

2
(1 + 𝑒𝑝)               (15a,b) 

      

2.2. Interfacial Forces 

 

Only the drag force is considered among the interfacial momentum exchange forces between the gas and solid phases. 

The particle to gas density ration is big enough for the lift, virtual masses, Basset, Saffman and Magnus forces to be 

negligible (Grace et al., 2020).  

 

𝑭𝑔𝑝,𝐷 = 𝛽𝑔𝑝(𝒗𝑔 − 𝒗𝑝)               (16) 

 

The drag coefficient is given through the Shah et al. (2015) EMMS model, considering different coefficients according 

to different volume fractions of the solid phase. 
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𝛽𝑔𝑝 = {
150

𝛼𝑝
2𝜇𝑔

𝛼𝑔𝑑𝑝
2 + 1,75

|𝒗𝑝−𝒗𝑔|

𝑑𝑝
𝜌𝑔𝛼𝑝,   𝛼𝑔 < 0,6

3

4
𝐶𝐷,𝑔𝑝,𝐷

|𝒗𝑝−𝒗𝑔|

𝑑𝑝
𝜌𝑔𝛼𝑔𝛼𝑝𝑓(𝛼𝑥),    𝑥 ≥ 𝛼𝑥

           (17) 

For 0,6 ≤ 𝛼𝑥 ≤ 0,8,            

(𝛼𝑥) = 1449,20𝛼𝑔
4 − 4692,40𝛼𝑔

3 + 5722,40𝛼𝑔
2 − 3117,20𝛼𝑔 + 641,1  

For 0,8 < 𝛼𝑥 ≤ 0,98,       

𝑓(𝛼𝑥) = 124,77𝛼𝑔
4 − 474,59𝛼𝑔

3 + 681,97𝛼𝑔
2 − 439,94𝛼𝑔 + 108,15        (18) 

For For 𝛼𝑥 > 0,98,  
𝑓(𝛼𝑥) = 30,739𝛼𝑔 − 29,739  

 

𝐶𝐷,𝑔𝑝,𝐷 is the drag coefficient for an insulated particle, 𝑅𝑒𝑝 is the particle Reynolds number and 𝑑𝑝 is the particle Sauter 

diameter. 

 

𝐶𝐷,𝑔𝑝,𝐷 = {
0,44                                 ,     𝑅𝑒𝑝 > 1000
24

𝑅𝑒𝑝
[1 + 0,15𝑅𝑒𝑝

0,687],     𝑅𝑒𝑝 < 1000
    ;   𝑅𝑒𝑝 =

𝜌𝑔𝛼𝑔|𝒗𝑔−𝒗𝑝|𝑑𝑝

𝜇𝑔
             (19a,b) 

 

2.3. Fragmentation Potential Modeling 

 

The fragmentation potential is written based on Pougatch et al. (2010) breakage probability function, considering 

binary particle-particle collisions. This approach considers the particulate material mechanical properties with a breakage 

constant (𝐶𝑏𝑟) in the form of a breakage activation energy, the particle diameter (𝑑𝑝) and the particle velocity (𝑣𝑝). The 

higher the velocity impact, closer to 1.0 is the breakage probability function value. The breakage probability is combined 

with Zhang et al. (2014) collision frequency model, described as a function of the flow field and solid phase properties.  

 

𝐹𝑝𝑜𝑡 = 𝑓𝑐𝑜𝑙𝑙𝑃𝑏𝑟;     𝑃𝑏𝑟 = 𝑒
−(

𝐶𝑏𝑟
𝑑𝑝𝑣𝑝2)

;              𝑓𝑐𝑜𝑙𝑙 = 8,4853(1 − 𝛼𝑔)
𝑣𝑝

𝑑𝑝
  (20a,b,c)

    

A value of 𝐶𝑏𝑟 = 0.21 m3/s2 was estimated for coal particles by Pougatch et al. (2010). The particulate material 

analyzed in the present work is FCC catalyst and no data regarding the breakage constant was found, therefore, a value 

of 𝐶𝑏𝑟/100 is employed in the present work with the objective of simulating the fragmentation potential a particulate 

material with a much smaller mechanical resistance than the original coal sample. The fragmentation potential spatial and 

time averaged value is employed in the analysis performed in this work in order to investigate the influence of different 

injection nozzle design parameters on the particle breakage. The fragmentation potential value in cell is integrated on the 

domain volume following Eq. (21a) and the accumulated value in time is calculated through Eq. (21b). The sub-index 𝑒 

represents the computational cell, the sub-index 𝑗 the evaluated time-step and 𝑉 the cell volume. To compare the results 

obtained with each test case, the mean value of 𝐹𝑝𝑜𝑡𝑗
 is calculated by Eq. (21c). 

∫ 𝐹𝑝𝑜𝑡𝑡
𝑑𝑉 = ∑ 𝐹𝑝𝑜𝑡𝑒,𝑡

|𝑉𝑒|𝑛𝑒
𝑒=1 = ∑ 8,4853 (1 − 𝛼𝑔𝑒,𝑡

)
𝑣𝑝𝑒,𝑡

𝑑𝑝
𝑒

−(
𝐶𝑏𝑟

𝑑𝑝𝑣𝑝𝑒,𝑡
2)

|𝑉𝑒|𝑛𝑒
𝑒=1                             (21a) 

 

𝐹𝑝𝑜𝑡𝑗
= ∑

1

𝑡𝑡

𝑛𝑡
𝑡=1 ∫ 𝐹𝑝𝑜𝑡𝑡

𝑑𝑉;  𝐹𝑝𝑜𝑡,𝑚 =
1

𝑛𝑡,𝑠𝑖𝑚
∑ 𝐹𝑝𝑜𝑡𝑗

𝑛𝑡,𝑠𝑖𝑚

𝑗=1
               (21b,c) 

 

2.4. Test Setups 

 

The analyzed dense fluidized bed is based on the LP-ECT unit constructed on the Blumenau Regional University 

(FURB). The inner diameter and the considered height of the equipment are respectively 𝐷 = 100 mm and 𝐻 = 1000 

mm. A scheme of the LP-ECT unit is shown in Fig. 1.a. The inlet nozzle region is amplified and the gas inlet configuration 

is shown if Fig. 1.b. and the inlet nozzle design parameters are summarized in Fig. 1.c. The particulate material employed 

in the analysis is equilibrium FCC catalyst with a Sauter mean diameter of 𝑑𝑝 = 65 μm and a particle density of 𝜌𝑝 =

1500 kg m³⁄ , being classified as a Geldart A type particle. The static bed height considered is 𝐻𝑏 = 400 mm, which 

results in a bed mass of 𝑊𝑏 = 3205.21 g and a bulk bed density of 𝜌𝑏 = 1020.25 kg/m³. Air is injected in the system at 

ambient temperature and atmospheric pressure at a volumetric flow rate of �̇�𝑔 = 60 L/min, which results in an orifice 

inlet velocity of 𝑣𝑜𝑟 = 33.55 m/s and a superficial gas velocity of 𝑈 = 12.73 cm/s. The original inlet nozzle design 

parameters are listed in Tab. 1, as well as the values calculated for the parametric sensitivity analysis (PSA), 13% below 

and above the original values, resulting in a total of 32 numerical experiments (25 factorial design). The bed properties 
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and the gas inlet flow rate are kept constant throughout all test cases performed on the parametric sensitivity analysis and 

CFD-based optimization.  

 

      
 

 

Figure 1. (a) LP-ECT unit scheme. (b) Inlet nozzle region. (c) Inlet nozzle design parameters. 

 

Table 1. Inlet nozzle design parameters – original and employed in the designed numerical experiments for the PSA.  

 

Design Level 𝑑𝑜𝑟  (mm) 𝑑𝑡  (mm) ℎ𝑜𝑟  (mm) ℎ𝑡  (mm) 𝑤𝑡  (mm) 

0 6.1600 8.1800 2.1000 50.0000 1.2500 

− 5.3592 7.1166 1.8270 43.5000 1.0875 

+ 6.9608 9.2434 2.3730 56.5000 1.4125 

 

2.5. Numerical Setup 

 

A 2D-axysimmetric approach is employed on the spatial discretization of the proposed domain through the use of the 

Finite Volume Method (FVM). The numerical mesh is constructed considering a maximum element size of 𝑙𝑒 = 10𝑑𝑝 at 

the analysis region (the jets region), in order to properly capture the gas-solid interface and therefore represent accurately 

the studied effect (Andrews et al., 2005). The mesh has element sizes of 𝑙𝑒 = 0.2 mm on the inlet nozzle region,  𝑙𝑒 =
0.75 mm in the freeboard region and 𝑙𝑒 = 0.2 mm − 0.7 mm in the jet’s region, as shown in Fig. 2. 

 

      
 

Figure 2. Numerical mesh at different regions (a) Freeboard. (b) Jet’s region. (c) Inlet nozzle. 

 

The Phase-Coupled SIMPLE algorithm is employed on the numerical model solution (Patankar and Spalding, 1972; 

Vasquez and Ivanov, 2000). The boundary conditions considered are: gas inlet mass flow of  �̇�𝑔 = 1,25 × 10−3 kg/s, 

pressure outlet on the top of the equipment, no-slip wall for the gas phase and a specularity coefficient of ∅𝑝,𝑠 =

0,1, a particle-wall restitution coefficient of 𝑒𝑤 = 0,6 for and a particle-particle restitution coefficient of 𝑒𝑝 = 0,99  for 

the solid phase (Chalermsinsuwan et al., 2012; Loha et al., 2013; Loha et al., 2014). A symmetry condition is employed 

in the height of the equipment, starting from 𝑦 = 0 and the time-step used was ∆𝑡 = 2 × 10−5 s. 

 

2.6. Parametric Sensitivity Analysis 

 

As described in Tab. 1, 32 different inlet nozzle configurations are analyzed on the PSA. A total flowtime of 7 s is 

calculated for each test, with all the numerical experiments starting from the same initial condition, consisting of 10 s 

flowtime for the original inlet nozzle configuration. The first 2 s are not considered on the results evaluation. Several jet 

cycles occurred during the evaluated flowtime. The software STATISTICA® 8.0 is used on the data analysis, with a 

confidence interval of 95%. The mean value of the accumulated fragmentation potential is used on the comparison, 

calculated through Eq. (20c). The p-value is calculated and the design variables of the inlet nozzle that have a 

significant influence on the fragmentation potential are obtained.  

𝑦 

(a) (b) (c) 

(a) (b) (c) 

𝑥 
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2.7. CFD-Based Optimization 

 

The significant inlet nozzle design variables found on the PSA are used as geometric restrictions on the COMPLEX 

algorithm (Box, 1965) and the mean value of the accumulated fragmentation potential is used as an objective function 

to be minimized. The algorithm is described in details in the work of Sgrott Jr et al. (2015). The objective function 

and the lower and upper restrictions employed are described below for a generic case on which all of the design 

variables are significant. 

 

Minimize   𝐹𝑝𝑜𝑡,𝑚(𝑑𝑜𝑟 , 𝑑𝑡 , ℎ𝑜𝑟 , ℎ𝑡 , 𝑤𝑡),  

restrictions {

𝑑𝑜𝑟,𝑙𝑜𝑤 <𝑑𝑜𝑟<𝑑𝑜𝑟,𝑢𝑝

𝑑𝑡,𝑙𝑜𝑤<𝑑𝑡<𝑑𝑡,𝑢𝑝

ℎ𝑜𝑟,𝑙𝑜𝑤<ℎ𝑜𝑟<ℎ𝑜𝑟,𝑢𝑝

ℎ𝑡,𝑙𝑜𝑤<ℎ𝑡<ℎ𝑡,𝑢𝑝
𝑤𝑡,𝑙𝑜𝑤<𝑤𝑡<𝑤𝑡,𝑢𝑝

.            (21) 

 

The geometrical restriction values employed on the optimization procedure are the same as the ones employed on the 

PSA, except for the non-significant variables, on which the standard value is considered. A total flowtime of 1.5 s is 

considered on this analysis, with every analyzed case starting from the same initial condition, the same employed on the 

PSA. The optimization procedure is described on Fig. 3. The initial SIMPLEX is composed by the standard test, the tests 

that obtained the worst and best results for the fragmentation potential (higher and lower) and two random cases. The 

index 𝐾 represents the iteration. 

 

 
 

Figure 3. CFD-Based optimization solution procedure. 

 

The convergence criteria/tolerance used is the absolute error between the previous (𝑧 − 1) and the current iteration 

(𝑧) obtained results for 𝐹𝑝𝑜𝑡,𝑚. A value of 𝑇𝑜𝑙 < 1.0 × 10−3 is employed. 

 

𝑇𝑜𝑙 =   1 × 105 |𝐹𝑝𝑜𝑡,𝑚𝑧
− 𝐹𝑝𝑜𝑡,𝑚𝑧−1

|            (22) 

 

3. RESULTS AND DISCUSSION 

 

The results obtained in the PSA and CFD-Based Optimization are presented in this section. The significant variables 

obtained in the statistical analysis developed in the PSA are employed as geometrical restrictions on the optimization. 

 

3.1. Parametric Sensitivity Analysis Results 

 

Firstly, the 𝐹𝑝𝑜𝑡,𝑚 values obtained for the 32 analyzed inlet nozzle geometries are presented in Fig. 4.a. The red 

dashed line indicates the result obtained for the standard test case. The test cases with the upper and lower limits for both 

orifice diameter and tube diameter obtained results on the same order of magnitude - 𝑑𝑜𝑟
+, 𝑑𝑡

+
 and 𝑑𝑜𝑟

−, 𝑑𝑡
−

, tests 1-8 

and 25-32, respectively. Tests 9-16 resulted on higher values for the analyzed variable, showing that the combination 

𝑑𝑜𝑟
+, 𝑑𝑡

−
 is not suitable when the minimization of the fragmentation potential is desired. On the other hand, tests 17-24 

showed smaller values for the studied variable, therefore, the combination 𝑑𝑜𝑟
−, 𝑑𝑡

+
 is interesting. The inlet nozzle 

geometry for the tests that obtained the worst and best results regarding the mean value of the fragmentation potential are 

drawn in Fig. 4.b. Test 15 showed the worst result, with 𝐹𝑝𝑜𝑡,𝑚 = 3,6 × 10−3, while test 19 showed the best result, with 

𝐹𝑝𝑜𝑡,𝑚 = 5,68 × 10−6. The mean fragmentation potential value obtained by test 15 is aproximately 633 times bigger than 

the value obtained with test 19. This difference is mainly related with the gas velocity at the the inlet nozzle exit, highly 

influenced by the presence of the orifice, with values of 𝑣𝑡 = 26.3 m/s for test 15 and 𝑣𝑡 = 18.1 m/s for test 19. 

 The influence of the nozzle design parameters is statistically analyzed with the p-value test. Fig. 5 summarizes the 

pareto chart considering three-way interactions between the variables employed on the analysis, with an 95% confidence 

interval, obtained with the software STATISTICA® 8.0. The obtained coefficient of determination has a value of 𝑅2 =
0.9910. 
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Figure 4. PSA test cases results comparison. (a) All tests comparison. (b) Worst and best results obtained. 

 

As expected from the results analyzed in Fig. 4.a, the orifice diameter and the tube diameter have the most influence 

on the fragmentation potential. The tube height (ℎ𝑡) and tube wall thickness (𝑤𝑡)  also have a significative influence on 

the analyzed effect, with 𝑝 < 0.05. The only variable with no significant influence, according to the p-value test, is the 

orifice height (ℎ𝑜𝑟). The significant inlet nozzle design parameters 𝑑𝑜𝑟 , 𝑑𝑡, ℎ𝑡 and 𝑤𝑡  are then employed as geometrical 

restrictions and variables to be optimized on the CFD-Based Optimization procedure. 

 

 
 

Figure 5. Pareto chart obtained. 

 

3.2. CFD-Based Optimization Results 

 

As mentioned before, the significant variables obtained through the PSA are employed as geometrical restrictions on 

the optimization procedure. The lower and upper limits are considered the same values employed on the PSA analysis, 

described in Tab. 1, except for the variable ℎ𝑜𝑟 . The initial SIMPLEX is composed by 5 points: the test cases that obtained 

the worst and best results for 𝐹𝑝𝑜𝑡,𝑚, 15∗ and 19∗, respectively; the test cases on which all the variables have the upper 

limit value and the lower limit value, 1∗ and 32∗, respectively; and the standard test case. The COMPLEX algorithm is 

fed with a wide range of results for the objective function and therefore a fast convergence is expected. Fig. 6a. shows 

the objective function evolution for 25 COMPLEX algorithm iterations.  

 

   
 

Figure 6. (a) Objective function evolution. (b) 5 last COMPLEX algorithm results compared to test 19∗. 

(a) (b) 

(a) (b) 

Test 15 Test 19 
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The dashed red line represents the 5 points of the initial SIMPLEX, on which big variations between the 𝐹𝑝𝑜𝑡,𝑚 values 

are observed. For the analyzed results, test 19∗ showed the smaller value for the objective function and it is expected that 

the optimized inlet nozzle design parameters will approach this test case values. The behavior of the cumulated value of 

the fragmentation potential for the last 5 COMPLEX algorithm iterations is shown in Fig. 6b, comparing them with test 

19∗. 

Fig. 7. shows the evolution of the manipulated variables according to the COMPLEX algorithm iteration. The lower 

and upper limits are presented as dashed lines, as well as the standard test case value. The orifice diameter tends to reach 

a value close to the lower limit imposed and the tube diameter is almost immediately locked at the upper limit value. The 

tube height tends to reach a value equivalent to the lower limit, while the tube wall thickness stays in between the values 

of the upper limit and the standard case. The values observed up until the present iteration are close to test 19∗ parameters, 

except for the tube wall thickness. The tendency observed is that lower velocities at the inlet nozzle exit results in lower 

𝐹𝑝𝑜𝑡,𝑚 values.  

 

 
 

Figure 7. Manipulated variables evolution. (a) 𝑑𝑜𝑟 . (b) 𝑑𝑡. (c) ℎ𝑡. (d) 𝑤𝑡 . 

 

4. CONCLUSIONS 

 

The proposed TFM-KTGF based fragmentation potential model is sensible to variations on the inlet nozzle design 

parameters and the flowtimes simulated were sufficient to account for the effect of multiple jet cycles even when short 

times were considered (1.5 s). On the PSA, high sensibility of the fragmentation potential to the orifice and tube diameters 

was observed, being this mainly related to the nozzle outlet velocity. The difference between the worst (test 15) and best 

(test 19) results was of 633 times. All inlet nozzle design parameters have significant influence over the fragmentation 

potential, except for the orifice height, as shown in the PSA statistical analysis through the p-value test. The initial 

SIMPLEX proposed for the CFD-Based Optimization procedure helped at the COMPLEX algorithm convergence, 

however, for the analyzed iterations (25), the tolerance was not achieved. The best result obtained for the fragmentation 

potential on the optimization procedure is for the test 19∗ and the results from the last 5 iterations show a tendency for 

the manipulated variables to meet test’s 19∗ values, except for the tube wall thickness, that’s currently found in between 

the standard test and the upper limit values.  
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