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1 | INTRODUCTION

Haidar Taofeeq’”

| Muthanna Al-Dahhan*

Abstract

With a Euler-two-phase (E2P) approach, through computational fluid
dynamics (CFD) techniques, a mathematical model for the prediction of the
local hydrodynamic behaviour of a gas-solid fluidized bed was implemented.
Simulations are conducted for a fluidized bed of 0.14 m internal diameter
packed with Gerdart B glass beads particles, with an average diameter of
365 pm, at dimensionless inlet velocities ranging from <¥—if>° =1.6—2.14. The
implemented model considers the multiphase and multiscale interactions
through the inclusion of three sub-models, which allows the model to have a
broad range of applicability. Predictions were compared against experimental
measurements reported on previous contributions for validation purposes. The
experimental study was conducted by implementing advanced measurement
techniques, such as a differential pressure transducer, and an optical fibre
probe for simultaneous measurement of solids holdup and velocity, developed
at the Multiphase Flow and Reactors Engineering and Applications Laboratory
(mFReal). Local radial solids holdup, solids velocity, and pressure drop profiles
were experimentally determined. Results show that the implemented model
possesses a high predictive quality, predicting pressure drops with an average
absolute relative error (AARE) between 8.6%-11.3%; solids holdup with a root
mean squared deviation (RMSD) under 5%; and solids velocity with a RMSD
under 22%.

KEYWORDS
CFD modelling, Euler-two-phase model, fluidized bed, optical fibre sensor

a deeper understanding lies in the complexity of the
multiphase interactions and the inherent multiscale

Despite the vast industrial applications of gas-solid fluid-
ized beds, such as fluid catalytic cracking, combustion
and gasification, drying, and other processes,[1‘6] the flow
structures and mixing behaviours inside these systems
are poorly understood.”®! An accurate understanding
and prediction of these hydrodynamic parameters on flu-
idized beds is of paramount importance in order to
develop scale-up methodologies and to enhance the reac-
tors’ throughput. One of the main reasons of this lack of

nature of fluidized beds.

In this sense, with different approaches, for different
length scales, and with different setups and techniques,
many experimental efforts in the evaluation of the key
hydrodynamic parameters on fluidized beds, such as
solids holdup, bubble rise velocity, bubble size and fre-
quency, and solids particle velocity, can be found in the
literature.'>>°121 However, the level of detail and accu-
racy in the description of the local scale phenomena in
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these studies is limited by the applied measurement tech-
niques, leading to systematic differences in the predic-
tions.'?!  Furthermore, most of the experimental
techniques do not allow to access the pointwise changes
in the fields (velocity, holdup, pressure) at local time
scales, and are usually limited to a restricted number of
locations inside the bed.[**?]

An important contribution to the experimental stud-
ies of fluidized beds are the works of Taofeeq
et al.,[¥1315] who extensively explored the use of optical
fibre probes and differential pressure transducer to deter-
mine local radial profiles of solids holdup, solids velocity,
bubble rise velocity, bubble frequency, bubble chord
length, and local pressure drops. In their contributions,
the effect of different configurations of immersed vertical
internals and different Geldart B solid particles materials
(glass beads and aluminium oxide, with average diame-
ters of D, =~ 360 pm) over these hydrodynamic parame-
ters was studied under different air flow rates. The use of
different configurations on the experimental setup and
application of advanced measurement techniques
allowed for the development of a comprehensive study of
the phenomena present inside the column under differ-
ent scenarios, and it was possible to obtain the time series
variation of the measured parameters. However, it is
important to note that the measurements with the 2-tip
optical probes and the differential pressure transducer
were taken at five different radial locations at three dif-
ferent heights, thus overlooking the differences in the
radial profiles at different angular positions.

An alternative and promising tool to study the local
hydrodynamic behaviour of fluidized bed can be found in
the application of computational fluid dynamics (CFD)
techniques. The application of these mathematical
modelling tools allows access to the pointwise fields
inside the bed and their changes at local times. In the
context of modelling fluidized beds, two main approaches
have been extensively explored on literature: (a)
Eulerian-Eulerian, also referred as Euler-2-phase (E2P)
or two-fluid model (TEM), 111 and (b) Eulerian-
Lagrange models, also known as CFD-discrete element
model (CFD-DEM), or discrete particle models (DPM).12>*!
The main difference between these approaches is the
treatment of the solid phase. On the CFD-DEM models,
the resolved solid particles (Lagrangian phase) are mod-
elled; solving equations of motion for each individual
particle, the fluid phase is accounted as a continuum
(Eulerian phase), and the interactions between these two
phases is accounted though interfacial exchange closure
models. Modelling real scale systems, with up to millions
of solid particles, or modelling systems with very small
solid particle sizes (O(D,) < 500 um) through CFD-DEM
becomes impractical, and usually is limited by the
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available computational resources. On the other hand, in
the E2P models both phases are treated as inter-
penetrating continuum (i.e., no solid-fluid interphase
defined), and the interaction must be included through
volumetric exchange closure models. This allows for the
modelling of larger scale systems with small solid particle
sizes, but usually requires a higher number of coupled
sub-models as closures for the multiphysics and multi-
scale phenomena.

As suggested above, when modelling the fluidized
bed by either of the CFD approaches, a proper selection
of the coupled sub-models is required, which should be
based on the underlying assumptions for their derivation
and their range of applicability. This implies an added
level of uncertainty in the mathematical modelling of
these systems that cannot be a priori assessed. Therefore,
it can be noted that though mathematical modelling of
fluidized beds can overcome the limitations discussed for
the experimental techniques, there is a fundamental need
to validate the models’ predictions and assess their pre-
dictive quality, which can be achieved by linking models
with reliable experiments. In this sense, it should also be
pointed out that scale-up and optimization extrapolation
studies as well as the study of local behaviours inside the
column can only be performed with models with vali-
dated predictive quality.

Several studies dealing with the modelling and valida-
tion of large-scale fluidized beds with different configura-
tions can be found in the literature. One recent
contribution that can be highlighted is the work of Wang
et al.'”! In their work, they coupled an E2P model that
accounted for the turbulence through a k -¢ Reynolds-
averaged Navier-Stokes (RANS) model with a population
balance model (PBM). The PBM was included in order to
improve the bubble-emulsion drag force on the E2P
model by providing a bubble size distribution. The model
included a total of 28 sub-models, incorporating a popu-
lation balance, bubble coalescence, and bubble breakup
sub-models for the bubble dynamics, as well as three
momentum exchange closures and a sub-model based on
the kinetic theory of granular flow (KTGF) for the
multiphase interactions. The KTGF model included a set
of empirical and semi-empirical correlations and closures
as sub-models to account for the granular viscosity, gran-
ular bulk viscosity, frictional viscosity, frictional pressure,
granular temperature, solid pressure, and radial distribu-
tion. The model consisted of a 2D domain according to
the characteristics of the experimental setup used for vali-
dation. A good agreement was found between the
predicted bubble size distribution and the experimental
data of Busciglio et al*®! Similarly, Hu and Liu!®*
coupled a PBM model to an E2P model in order to
improve its predictive quality. In their model, the PBM
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was used to predict the size distribution of solid particles
clusters, rather than the bubble size distribution as in the
PBM model implemented by Wang et al.l'”! The informa-
tion of the PBM was used to modify the drag force on the
E2P model using an Energy Minimum Multi-Scale
(EMMS) theory-basedsub-model, and the PBM used the
cluster growth rate predicted by a cluster growth sub-
model that used the local flow and solids distributions
predicted by the E2P model. Their model included a total
of 13 sub-models as closures for the KTGF sub-model,
the EMMS drag sub-model, and the PBM, which
included closures for the solids pressure, granular tem-
perature, solid shear viscosity, diffusion coefficient for
granular temperature, solids bulk viscosity, solid radial
distribution, collisional dissipation of energy, and coales-
cence and breakage of the clusters. They compared the
model predictions against experimental measurements of
axial pressure profiles, and radial gas holdup and solids
velocity, reported by Zhou et al,'?”?®! and important
deviations were observed in the local trends. It should be
considered that the implemented computational domain
was also a 2D domain, which might be a source of their
reported deviations in the prediction of the radial gas
holdup.

From these two previous modelling examples, it can
be seen that the current modelling of fluidized beds
strongly relies on the inclusion of a vast number of sub-
models, which are usually a set of empirical and semi-
empirical expressions. Therefore, the predictive quality of
these models is constrained by the applicability of these
sub-models, and further uncertainties arise if these
models are desired to be used for extrapolation studies.
In addition, both models discussed above were validated
though the comparison of a single macroscopic parame-
ter (the bubble size distribution), which implies that the
quality of the predictions of other local fields, such as
holdup and velocity profiles, was not validated.

Thus, it can be seen that despite the advances in the
mathematical modelling of fluidized beds through CFD
techniques, presently there is no model that has a vali-
dated predictive quality and that does not rely on the
inclusion of a vast number of sub-models. Therefore,
there is no model that can be used to analyze the local
behaviours inside the fluidized bed, which are still chal-
lenging to measure through experimental techniques. In
an effort to overcome these major limitations in the
implemented models for fluidized beds, in this work, a
simplified model which captures the essential multiphase
and multiscale interactions is developed, implemented,
and locally validated. The simplified model is based on
an E2P formulation and includes a reduced number of
sub-models to reduce the uncertainty of its applicability
for extrapolation studies. In order to locally validate the

predictive quality of the implemented model, the mathe-
matical modelling study was paired with an experimental
study. The experimental measurements were conducted
using our in-house developed fast response 2-tip optical
fibre probes, developed at the Multiphase Flow and Reac-
tors Engineering and Applications Laboratory (mFReal)
from the Missouri University of Science and Technology,
as well as a differential pressure transducer probe. These
techniques allowed us to obtain local radial profiles of
solids holdup, solids velocity, and pressure drops on a flu-
idized bed without internals, packed with Geldart B type
glass beads of average diameter (D,) = 365 pm, as
reported in previous contributions.!**!* The reduction in
the number of coupled sub-models to capture the essen-
tial multiphase and multiscale interactions, as well as the
validation of the predictions against experimentally
determined local profiles, represent a significant advance
and a promising alternative in the development of a
highly predictive model suitable for further extrapolation
studies.

2 | CFD MODELLING

21 | Geometry

The model’s geometrical properties were set to match
those of the experimental setup reported by Taofeeq
and Al-Dahhan in previous contributions.'>'* The
geometry of the model consisted of a column with a
length of Lo = 184 cm, where a section with a
height of L?=35cm was established as the static bed
height at initial conditions. Further details of the experi-
mental setup characteristics can be seen in Figure 1, are
summarized in Table 1, and will be discussed in the next
section,

As seen in Figure 1, the experimental setup consisted
of two main sections: the fluidized column and a plenum
section for the air inlet and homogenization of the air
inflow to the column. In the implemented model, only
the fluidized column section is considered, and the ple-
num section is accounted for through a suitable bound-
ary condition at the inlet of the column.

2.2 | Mesh independency analysis

The geometry and meshing, as wells as mathematical
models, were implemented in COMSOL Multiphysics 5.4.
Mesh independent results were achieved by
implementing a mesh of 2.9 x 10> elements. Details of
the geometry with internals and the implemented mesh
can be seen in Figure 2.
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14 cm Full domain Mesh details
Optical fibre probes
P P I.5m
184 cm Static bed
i 28 cm height
[ 21 cm 35 cm 1.0m
P 10.5 cm
N 9 cm
: ANER C .
_— ~— Distribution plate
14cm | )7 ] ] 0.5m
\C Solid particles —
Plenum section
Compressed air inlet
FIGURE 1 Details of the experimental setup
FIGURE 2 Details of the geometry and mesh of the
TABLE 1 Geometrical properties of the experimental setup implemented model

and operation conditions

Geometry
D¢ (cm) 14
Lc(cm) 184
Solids (6 — phase)
Material Glass beads
L2 (cm) 35
(Dg) (um) 365
P ( % ) 2500
Operation conditions
M 1.6, 1.76, 1.96, 2.14
Vg
Vg () 0.4
P, (atm) 1

Figure 3 shows a sample of the results of the mesh
sensitivity analysis conducted for verifying the indepen-
dence in the prediction of macroscopic parameters. In
the figure, timewise results of overall pressure drops and
overall solids holdup for three different meshes are
shown. The embedded table shows the relative difference
between the prediction of an implemented mesh with
respect to the previous smaller one. It can be seen that the
relative difference in both metrics when implementing the
mesh containing 2.9 x 10> elements is under 5%,
suggesting mesh independent results.

The conducted mesh independence analysis also con-
sidered the independence of the local predictions.

< AP> —=— 59 044 clements
52 —4a— 152 084 elements
(kPa) —o—293 863 elements

Relative difference
Mesh 152 084 293 863

(AP) 6% 4%

(¢.) (e) 3% 1%

FIGURE 3
for the prediction of macroscopic parameters, for a fluidized bed
operating at an inlet dimensionless velocity < Vg > o/Viye = 1.6

Sample of the mesh independency analysis results

Figure 4 shows a sample of the predicted time-averaged
local solids holdup distribution in a fluidized bed operat-

. . . . . 7 .
ing an inlet dimensionless velocity <V—”f>° =1.6, in a cut

plane at 5-=2.0, for the three different meshes tested.
From the qualitative comparison shown in Figure 4, local
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differences in the predictions are observed. In order to
quantify such differences, and to establish mesh indepen-
dency in the local predictions, Kolmogorov-Smirnov
(KS) tests were conducted to compare the difference in
the predicted distributions at different cut planes. As a
sample of the local mesh independence analysis,
Figure 5A,B shows the statistical comparison of the
results shown in Figure 4. Figure 5A shows the histo-
grams of the local solids holdup distributions shown in
the cut planes in Figure 4. For better comparison and in
order to establish mesh independence, Figure 5B shows
the cumulative distribution of these histograms, along
with the obtained KS values when comparing an
implemented mesh with respect to the previous smaller
one. Considering the KS critical value of 0.044, and as

<V >IV,716

2/D=2.0 -

ot

0.60

0.55

293 863 clements 0.50

0.45

0.40

152 084 elements

59 044 clements

FIGURE 4 Sample of the local mesh independency analysis
results, for a fluidized bed operating at inlet dimensionless
velocity < Vg > o/Vine=1.6

qualitatively seen in Figure 5B it can be noted that there
is a significant difference between the mesh with 59 044
elements and the mesh with 152084 elements, and that
there are no major differences between the finest mesh
and the mesh with 152084 elements. These results sug-
gest that the implemented mesh also allows the mesh
independent prediction of local distributions.

2.3 | Governing equations

Given that the solid particles used on the experimental
test have small average diameters ((D,) = 365 pm),
implementing a CFD-DEM model for the fluidized bed
would not be practical in terms of the required computa-
tional resources and time. By virtue of this, a time depen-
dant E2P approach was selected to model the fluidized
bed, where the air was treated as a continuous phase
(B — phase) with a dispersed solids continuous pseudo-
phase (¢ — phase). This implies that both phases, air (f)
and solids (o), are treated as interpenetrating continuum
phases and their interactions have to be accounted for
through sub-models.

The continuity equations for air and solids (# and o)
are described by Equations (1) and (2), respectively, while
Equations (3) and (4) are the momentum balances for air
and solids phases (# and o), respectively. Equation (4) is
based on the derivations of Enwald et al.,!*! which
requires the disperse phase (¢ — phase) density to be sev-
eral orders of magnitude larger that the continuous phase

( — phase) density (p, > pp):

@ +V- (pﬁsﬂvﬁ) =0 (1)

(A) (B)
C = 1.0 4—=— 59 044 elements
ount | P77 59 044 elements —a— 152 084 elements - KS=0.113
[ 1152 084 elements —o— 293 863 elements - KS=0.068
1000 | Y 293 863 elements o |KScumen=0.044
= >
(V) [V =16 i g v\, =16
8001 z/D. =2.0 I
_ 2] 0.6 4 c . /
- i) y
600 v . /-/‘/,
= Va o
S 041 64:/
4004 E o7
; 3 ' |
’ / FIGURE 5 (A) Histograms
2001 i 021 A of the solids holdup
i distributions shown in the cut
N 4 004 =L . . planes of Figure 4 and
035 040 045 050 055  0.60 0.3 0.4 0.5 0.6 (B) Kolmogorov-Smirnov test
(€4), (80, results

85UB017 SUOWWOD BAEaID (dedl|dde 8Ly Aq peusenob ae Sa(oie YO ‘8sN JO Sa|nJ 0} ARiq1T8UIIUO AB]IM UO (SUONIPLOD-PLR-SULBYW0D A8 | 1M Afeiq Ul [Uo//Sdny) SUORIPUOD pue swLe | 8L 8eS *[£202/20/22] Uo Ariqiauliuo 8|1 ‘80ueids JO AVsieAIuN 1NossIIl AQ 0.01Z80[0/200T 0T/10p/Wioo™A8|imAreiq1jeul|uo//sdny wouy pepeojumoa ‘TS ‘220z ‘X6TOBE6T



URIBE ET AL. THE CANADIAN JOURNAL OF S277
CHEMICAL ENGINEERING
de, e )=0 ) formulation of Ettehadieh et al.,!**! which is described by
ot (eovs) = Equation (5), and was derived from the experimental
al)ﬁ T 2
£Pp Fn +v5V . vg| =g5| —VP+ V. Mg Vs + (VV[;) —g(V'V/j)I +p58 +Fy (3)
data of Mutsers and Rietma.*!! This model was selected
Eapa r& +v,V- Va} = —¢,VP— G( e/j)V e+ e,V since the experiments, and therefore the derivation of the
Jt Ettehadieh sub-model, were conducted for spherical par-
. [,ueﬁ (Vv,; + (va)T” +e,0,8—F4 (4) ticles. Also, as reported by Mutsers and Rietma,®!! it was

where p; and ¢; are the density and volume fraction of
each i-phase, respectively; y; is the air viscosity; and peg
is the effective viscosity of the solid pseudo-phase
(i.e., mixture viscosity).

The model described by Equations (1)-(4) requires
the inclusion of three sub-models: one to account for the
modulus of elasticity (G(e,)) on the solids pressure term
(VP, = G(ep) V ), one to account for the drag force
(Fy), and one to estimate the effective viscosity of the
solid pseudo-phase. With these three sub-models, the
multiphase interactions and the multiscale phenomena
are incorporated in the model.

Equations (3) and (4) have important differences
compared with other models that have been
implemented for fluidized beds, such as the previously
discussed models of Wang et al.l'”! and Verma et al.,**!
and also with other E2P models that have been
implemented in the modelling of similar gas-solid fluid-
ized systems, such as the models implemented by Lan
et al.'®! for a spouted bed. The first difference that can be
noted is that on the stress tensor (viscous term) of Equa-
tion (3); the viscosity corresponds to that of the pure
phase (pure air viscosity), not a mixture viscosity. The
second important difference that can be highlighted is
that the solids stress-strain tensor is estimated by the con-
tributions of the bed elasticity plus an effective molecu-
lar/viscous interaction (e, V - [up(VV, + Vv, )DD.
Therefore, there is no inclusion of a sub-model such as
the KTGF model that further requires of a set of correla-
tions, closures, and other sub-models to estimate effective
parameters such as granular bulk viscosity, frictional vis-
cosity, frictional pressure, and granular temperature.

Regarding the modulus of elasticity (G(e)) on the
solids pressure (VP,), the model considers the

observed that the modulus of elasticity does not show a
strong dependence on the mean particle diameter, but
does show important variations when there is a large
spread in particle diameter distribution (i.e., when there
is the presence of fines), which is adequate for the
experimental setup reproduced in this work, since D,
min — <D0'> =65 pm:

G(Eﬂ) — _10—10.466/;+6A577 (5)

Even though the sub-model described by Equation (5) is
an empirical expression included in the solids momen-
tum transport equation (Equation (4)), it should be noted
that the modulus of elasticity does have a theoretical
background, and is included to account for the particle-
particle interactions.*"!

The second sub-model included is a volumetric
momentum exchange term, the drag force (F,;), which is
described by Equation (6). This term accounts for the
multiphase interactions (¢ — f# interactions) and assumes
that the drag force acting on the disperse phase is equal to
the drag force on the continuous phase but in the opposite
direction (Fys = — Fg4,). This momentum exchange term
consists of an interaction coefficient (K,;) multiplied by
the slip velocity of the phases (vy;, = v, — vy). The interac-
tion coefficient is modelled according to the sub-model
reported by Gidaspow,*?! which includes a drag coeffi-
cient (Cp). In the implemented Gidaspow model formula-
tion, this drag coefficient is estimated according to the
observations of Schiller and Naumann.**! The interaction
coefficient and the drag coefficient are described by Equa-
tions (7) and (8), respectively, where the particle Reynolds
Number is described by Equation (9):

Fy=K, (V,, —Vp) =KopVsip (6)
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3epespCh _
. %’vslm}eﬁ 265 fores>0.8 ]
" soe +1.75° 22 ug| fores<0.8 7
8/}D(2, . Dg slip p .
0.44 for Re, > 1000
Cp=< 24 8
"7\ oo (1+0.15R¢57) for Re, < 1000 (8)
Re, P
pﬂDn‘vslip|
Rep=——"— 9)

Hp

Finally, a third implemented sub-model is included to
estimate an effective viscosity of the solid pseudo-phase.
As suggested by Gidaspow,[32] this sub-model is described
by Equation (10), and is included for numerical
robustness:

&

Mo =~ (10)

The model described by Equations (1)-(4) is set to the fol-
lowing boundary conditions:

—n-vy=f(0)f (r)(Vy), (inlet) (11)
v, = 0(inlet) (12)
£,V,-n=0(inlet) (13)

& {— VP +ug (Vvﬁ + (V) - % (Vv -vﬂ)Iﬂ n=0(outlet)

(14)

P=Py(oulet) (15)
vy =0(walls) (16)
v, =0(walls) (17)
€4V, - 1= 0(walls) (18)

where n is the normal vector to the surface of the pre-
scribed boundary. In these boundary conditions, Equa-
tions (11)—(13) indicate that the inlet is pure air;
Equations (14) and (15) indicate that there is no viscous
stress of the continuous phase ( — phase) at the outlet,
and that the pressure is atmospheric, respectively; and
Equations (16)-(18) indicate that a no-slip boundary

condition is considered for both phases at the walls. It
can be pointed out that, unlike other formulations based
on the KTGF approach, this model does not include
another sub-model or require any closure parameters to
model the wall interactions, such as a particle-wall resti-
tution coefficient or a specularity coefficient.** This
allows to keep to the reduced number of coupled sub-
models. However, it should be recognized that modelling
the solids-wall and gas-wall interaction though a no-slip
boundary condition is an approximation, and that this
model does not include a fully resolved wall interaction
model. Nevertheless, as will be shown in the results,
the model exhibits a high predictive quality to reproduce
the near-wall phenomena measured experimentally.

It can be seen that the average superficial air inlet
velocity (Equation (11)) is multiplied by two functions, one
dependent on the time and one dependent on the radial
position, f(t) and f(r), respectively. The time function (f(¢))
is a smoothed ramp function from t = 0to t = 2 X 1073 s,
which is included to mimic the start-up of the system. That
is, f{t) only affects the inlet boundary condition during the
interval of 0<t<2x107s. At t>2x107 s, fit) = 1.
The radial position function (f(r)) is a function that indi-
cates that the air inflow at the inlet boundary is not homo-
geneous through all the surfaces. With this function, the
inflow profile can be assumed to be similar to that of a fully
developed flow, by virtue of the distributign achieved on
the plenum region. That is, f(r)=1— gch . The product
of these functions with the average inlet velocity (ft)f(r)
(V)o) satisfies the constraint set on Equation (19), which
indicates that the average of the superficial air inlet
velocity on the boundary at times t>2x 107> s is equal to
the average superficial air velocity indicated in Table 1:

|
—n-vzdA
Ainlet Ainle[ ﬁ

It can be noted that the implemented model has the fol-
lowing underlying assumptions:

=(Vy), (19)

att>2x1073s

1. The solids transport is mainly due to the advection,
and thus O(v, V -v,) > O(V - 7,).

2. The strain-tensor contributions that describe the inter-
action between the solids can be separated into two
contribution, modelled by a solids pressure sub-model
(VP,), by virtue of Equations (20) and (21),1**3 plus
an effective molecular/viscous interaction term:

V.r _&rxx&e,; &)Twaé‘ﬁ &’Tzz&eﬂ
o 0—)Eﬂ o"x o')e,; &]y &s,; &z
(20)
_y dude s o
T Liigey i Leigi 7
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pFALICT (21)

idep

3. The elasticity module (G(ep)) required to provide clo-
sure to the solids pressure sub-model can be estimated
by the empirical expression proposed by Ettehadieh
et al.13%!

4. The multiphase interactions can be properly estimated
by a drag force sub-model based on the one proposed
by Gidaspow.!*?!

5. The interaction between the air and walls, and solids and
walls, can be described by no-slip boundary conditions.

It is important to highlight that a model with these
characteristics requires only the inclusion of three sub-
models. Hence, its applicability could be restrained to the
applicability of these sub-models selected to give closure
to the solid-solid interactions and the solids-fluid interac-
tions. This represents a remarkable advantage of the
implemented model in this work in comparison with
other models found in the literature, which require a vast
number of sub-models. However, the implemented
model in this work does not allow for the evaluation of
parameters related to the bubble geometry, such as bub-
ble size and bubble frequency, nor the parameters related
to the cluster formation and growth since the actual
solids-air interphase is not predicted. Despite this, as will
be shown in the results, the model possesses a high pre-
dictive quality in terms of local radial profiles, such as
solids holdup, solids velocity, and pressure drop.

For all tested cases, the considered time was 10 s with
time steps of At = 1 x 10~ s. Preliminary tests considering
longer times were conducted; however, it was found that
there were no significant differences in the predicted fields
when considering longer times for the time averaging. Fur-
thermore, the magnitude of the considered time is in agree-
ment with other works found in the literature."”*>>* Time-
averaged profiles were estimated ((w), =
tmll_3s ;;‘”"’u/dt;y/ = any fleld variable) ignoring the initial
3 s due to start-up effects. In the preliminary tests it was
also determined that for all the tested cases, the start-up
effects were mostly present during the initial 3 s. However,
it should be pointed out that under different conditions,
such start-up effects might extend for longer times, and
hence the integration bounds would need to be modified.

3 | EXPERIMENTAL STUDY
3.1 | Experimental setup

The experimental setup used to validate the predictive
quality of the implemented model corresponds to the

THE CANADIAN JOURNAL OF $279
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setup reported by Taofeeq et al. in previous
contributions.!"*13715] The setup consisted of a Plexiglass
column with internal diameter of Do = 14 cm, and a
height of L- = 184 cm, packed Geldart B type glass beads
of an average diameter of (D,) = 365 pm, and a density
of pG:ZSOO%. Details of the experimental setup are
shown on Figure 1.

Experiments were conducted at superficial gas inlet
velocities between (V), =0.15—-1.12, in order to cover
all the different flow regimes (packed bed, bubbling, slug-
ging, and turbulent), as reported in our previous contri-
bution."! From this range of superficial inlet velocities,
cases within the bubbling and slugging flow regime were
selected in order to conduct a detailed experimental study
to determine the local radial solids holdup, velocities and
local pressure drops. The selected cases corresponded to

relative gas inlet velocities of (%) 1.6, 1.76, 1.96 and

2.14. Where the minimum fluidization velocity was found
to be Vi = 0.4%, according to the experimental observa-
tions.'>* Further details of the operation conditions
and a summary of the geometrical characteristics of the

setup are shown in Table 1.

3.2 | Measurement techniques

An advanced optical fibre probe was used to measure the
local key hydrodynamic parameters. Optical probes have
been widely used in several experimental studies reported
in the literature.*’~*°! However, the commonly used opti-
cal probes cannot simultaneously measure the solids con-
centration and velocities."*“**! In order to overcome this
major drawback, a new generation of sensors has been
continuously developed through the last decades.[*>**!
Despite such developments, simultaneously measuring
the solids holdup and velocity with a high accuracy and
time resolution has been a challenge. In our laboratory,
we developed a data and signal processing algorithm to
simultaneously obtain highly accurate time-resolved
solids holdup and velocities, using an optical probe man-
ufactured according to our specifications. This new probe
was manufactured by the Institute of Process Engineering
of the Chinese Academy of Sciences, and consisted of two
sub-probes, with a dimension of 3 mm in diameter. The
major difference in the developed probe consists in the
arrangement of these two sub-probes that contained sev-
eral layers of light emitting and receiving layers of small
optical fibres. Each of these sub-probes has a diameter of
1 mm and are separated 1 mm from each other. The
development, calibration, and processing of the registered
signals of the optical fibre probe has been discussed in
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previous contributions.'*'*! Radial solids holdup, solids
velocity profiles, and other bubble hydrodynamic
characteristics, at three different bed height locations,
Dic =0.75,1.5,2.0 ) were measured. Details of these loca-
tions can be seen in Figure 1.

A differential pressure transducer was used in order
to obtain the radial local pressure drop profile and the
overall pressure drop for the different tested cases. Loca-
tions for the pressure transducer probe were selected to
be at 4.5 cm and 30.5 cm from the distribution plate.

Coupling these measurement techniques in the exper-
imental setup allowed reliable benchmarking data of the
key macroscopic solid dynamics parameters (overall pres-
sure drop and overall holdup) and detailed radial solids
holdup, velocity, and local pressure drop profiles to be
obtained. Such information allowed for the validation
of the macroscopic and local predictions of the
implemented model. Nevertheless, it should be kept in
mind that the validation of the model, as will be pres-
ented in the following section, corresponds to a practical
validation, rather than a full validation.*> This means,
that the model exhibits a high accuracy in the predictions
and can be reliable for studying unexplored conditions,
as long as the intended extrapolation conditions are not
highly dissimilar to the tested conditions. In fact, in gen-
eral terms, a model can only be claimed to be validated
under the limitations, assumptions, and conditions that
have been tested for its validation; and thus, its applica-
bility with confidence on the accuracy of its predictions is
considered to be constrained to similar conditions. For
this case, it can be considered that the model is con-
strained to fluidized beds packed with Geldart B particles,
operating under bubbling and slugging conditions.

In this sense, in a recent contribution by our research
group,[46] we implemented a similar mathematical model
as the one proposed in this work for a spouted bed
packed with Geldard D particles. Despite that the general
E2P model followed the same model described by
Equations (1)-(4), the coupled sub-models for the drag
force and the modulus of elasticity required to be modi-
fied to be applicable for Geldart D particles. In this con-
tribution, the model exhibited a high accuracy in the
predictions of experimentally measured solids holdup
profiles under different inlet velocities, particle sizes, and
static bed heights. This shows that the model has high
flexibility to be adaptable for different gas-solid systems,
and that it can provide highly accurate predictions as
long as it is coupled with suitable sub-models. In this
sense, the fact that only two sub-models need to be
selected in order to enable the application of the model
for different gas-solid systems can be considered an
important advantage.

4 | RESULTS AND DISCUSSION

4.1 | Validation of the macroscopic
parameters

Predicted and experimentally measured overall pressure
drops can be seen in Figures 6 and 7. Figure 6 shows the
time series of the predicted pressure drop by the model.
This time series is evaluated as described by Equa-
tion (22), where A7 is the transversal area of the column.
In these time series it can be seen that an important
effect of the start-up is present during the first second of
the considered time, and that at larger times this effect is
diminished, even though the fluctuations are always pre-
sent. The coefficient of variation (COV: g”,;t) of the
predicted time series pressure drop is also shown in
Figure 6 for the different inlet dimensionless velocity
cases. The estimated values of the CoV suggest that the
considered time for the simulations is large enough, and
thus the evaluated time-averaged profiles can be repre-
sentative of the steady state operation of the column:

1
-_J PdA
z=45 Ar Ar

(AP) = iJ PdA (22)

T

z=30.5

Figure 7 shows the time-averaged overall pressure drop
from Figure 6 in comparison with the experimentally
determined pressure drop. In both series from Figure 7,
the error bars represent the time SD (o,, ). It can be seen

—=—<V> /V,,=1.60 - CoV =4.5%
t ——<Vp W, =176-CoV=35%
1 ——<vpm,=196-CoV=53%
—— <V /V,,=2.14-CoV=6.1%

il

() -\IA T T T T T
0 2 6 8 10
£(s)
FIGURE 6 Average pressure drops time series for the different

tested cases
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FIGURE 7 Predicted and experimentally determined time-
averaged overall pressure drop at different dimensionless inlet
velocities

that there is a good agreement in the predicted pressure
drop at the different inlet velocities, despite a higher
deviation being observed for the case of %0 =1.6. Never-
theless, the absolute relative error (ARE:%) for
this case is of only 7.5%.

Figure 8 shows a comparison between the experimen-
tally measured and model predictions of the time-
averaged overall gas holdup ({eg),), for superficial gas inlet
velocities between 0.4-1.0 m/s. This velocity range covers
bubbling and slugging flow regimes, according to our pre-
vious studies. In Figure 8, it can be seen that the predic-
tions for the values and the trends of the overall gas
holdup is in close agreement with the experimental mea-
surements. In these, the average absolute relative error

lvExpi—vcrp,i \)

AARE=Y", —( —

o was estimated to be 5.2%.

Figures 7 and 8 suggest that the model has a high
accuracy in the prediction of these two key macroscopic
hydrodynamics parameters in the fluidized bed. These
two parameters are essential for scale-up and design tasks
of fluidized beds, and thus, a model capable of reliably
predicting such parameters is desirable. However, the
mathematical model for the fluidized bed cannot be
claimed to be validated merely by the comparison of the
macroscopic parameters. In order to provide a more com-
prehensive validation of the implemented model, in the
following sub-section, the comparison of the local predic-
tions and measurements is presented.

04 05 06 07 08 09 10

<Vﬂ >0 (m/s)

FIGURE 8 Predicted and experimentally determined time-
averaged overall gas holdup profiles at different inlet velocities

(ap),"” T10%
kP T AT
( C;.)O- — [ {I /
281 ﬂ %/ L
T =10%
24 1 I
. ] <V,B> /me: 1.6
o <V WV,=176
2.2+ ¢ <V /W, =196
v <V W,=214
20 24 26 28 3.0
(AP)™ (kPa)

FIGURE 9 Parity plot of the predicted and experimentally
determined time-averaged local pressure drop for different
dimensionless inlet velocities

4.2 | Validation of the local profiles

The experimental measurements from the optical fibre
probes and the differential pressure transducer probe
allowed the radial profiles of the solids holdup, solids
velocity, and local pressure drop to be determined, as
reported in previous contributions.'*'* These profiles,
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however, correspond to measurements in the radial
direction at a single angular position, and thus, overlook
the asymmetric behaviour that might be present in the
bed. In order to properly compare with the predictions of
the implemented model, it is convenient to compare the
measurements with the predicted profiles averaged on
the angular direction. This means that the following
reported radial profiles from the model correspond to
radial profiles averaging the asymmetry of the different

angular positions ( (y), =3 J; wd&) ; for time-averaged
0.48 -
CFD
(%o,
0.45 -
0421 0.75
’ 0
-10%
0.39 - -
P ——
T o <V >V
0364 < TALS 5 V=
i B / o <Vp /W, =176
o <V, =196
0.33 vV /W, =214
0.33 0.36 0.39 0.42 0.45 0.48
EXP
(&),
FIGURE 10 Parity plot of the predicted and experimentally

determined time-averaged solids holdup at the different axial
locations of the bed (z/D¢ = 0.75, 1.5, 2.0) for all tested cases

profiles, the angle and time averaging of the field is con-
sidered to be ((y/) = mit—m o b dedt)

A comparison between all measured radial positions
for the cases shown in Figure 7 and the corresponding
predictions by the implemented model can be seen in the
parity plot shown in Figure 9. In this, the dashed lines
represent deviations of +10%. It can be seen that for all
tested cases, the deviations from the predictions are
within +10%. Results from Figures 7 and 9 suggest a good
predictive quality of the overall and local pressure drop
by the implemented model.

Figure 10 shows a parity plot of the predicted time-
averaged solids holdup ((g,)s,) against the experimental
measurements at the three different axial locations of the
bed (Dic =0.75,1.5,2.0 ). In this, it can be seen that for all
cases, the model overpredicts the solids holdup, with
deviations in the majority of the predictions under 10%.
The estimated AAREs are estimated to be 8.7%, 11.3%,

9.8% and 8.6% for <K—”f>° =1.6, 1.76, 1.96, and 2.14,

respectively.

A comparison of the predicted and experimental local
radial time-averaged solids holdup profile for the case of

<Zﬂ> =1.6 can be seen in Figures 11A-C, for - -=0.75, 1.5,

and 2.0, respectively. It can be seen that for all three axial
locations, the predicted profiles by the implemented
model exhibit a good agreement in the trends. At the
location closest to the distribution plate (7 =0.75

can be noted that the model overpredicts the solids
holdup in the region close to the column walls, while for
the location at 5~ = 2.0, a good agreement is shown in the
region close to the wall, but overpredictions are seen in
the centre of the column. In the middle location
=1. 52 , a constant overprediction can be observed.

Dc
Similar behaviours are obtained for the other inlet
(A) (B) ©)
<gn_ >,, ¢ Experimental <55 >9 ¢ Experimental <gﬂ_ >g ¢ Experimental
" ] —— Model prediction " ] —— Model prediction " ] —— Model prediction
064 (V)/Vor = 064 Vo)V = 064 V)/Vor =
z/D. =075 z/D. =15 ] z/D. =2.0 I
I ,
/’ T/[
05 ] }L 05 /}L { 05
)
I ) / -
04 I/+'/ 0.4 }"’/I/ 049 | N/_{m_/i
b 1 I I
00 02 04 06 08 1.0 00 02 06 08 10 00 02 04 06 08 1.0
r/r. r/r. r/re
FIGURE 11 Predicted and experimentally determined radial solids holdup profile at (A) z/D¢ = 0.75, (B) z/D¢ = 1.5, and (C) z/

D¢ = 2.0 for the inlet dimensionless velocity < Vg > ¢/Vie= 1.6
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velocities cases. Despite these observed deviations,
when estimating the root mean squared deviation

RMSD = [Z{’zl (WEXP,,-—WCFDJ)Z]O'S for all velocity cases at all
the axial positions, deviations are found to be under 5%.
A summary of the obtained RMSD for the predictions of
the solids holdup is shown in Table 2. These results sug-
gest that the implemented model also has a high predic-
tive quality for the overall and local time-averaged solid
holdups predictions. To a certain extent, such deviations
observed in the near-wall region might arise from the
assumption made on the wall boundary condition. The
inclusion of a sub-model for the wall interactions might
improve the predictions for such regions, however, it
would add further uncertainty for extrapolation studies,
as previously discussed.

Similar to Figures 11A-C, Figures 12A-C show a
sample of the predicted and experime{‘l/t lly determined
solids velocity profiles for the case of %f" =1.96 for 5-
=0.75, 1.5, and 2.0, respectively. In these, the axial com-
ponent of the predicted velocity profile (v, ) is shown for
a proper comparison with the experimental

TABLE 2
averaged solids holdup profile predictions

Root mean squared deviation (RMSD) of time-

THE CANADIAN JOURNAL OF 5283
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measurements. From Figure 12, it can be seen that the
predicted trends from the implemented model exhibit a
fairly good agreement with the experimental measure-
ments, despite local deviations being observed. For the
case shown in Figure 12A (7= =0.75), it is observed that
both the trend and the local values are in agreement
between the experiments and the model predictions. On
the other axial positions (Figure 12B,C), it can be seen
that the model predicts higher velocities in the centre of
the column, and back-mixing in the wall regions. A
nearly perfect agreement is observed in the prediction of
the back-mixing region close to the wall. Similar observa-
tions can be pointed out for the other velocity cases.

A comparison of the predicted time-averaged solids
velocity profiles for all cases at all the radial and axial
locations can be seen in the parity plot shown in
Figure 13. From Figure 13, it can be seen that high devia-
tions (ARE > 20%) are found between the experimental
and the model predictions. It can be noted that the
model, in most cases, overpredicts the velocity profiles,
and that the model properly predicts the regions of back-
mixing, despite the deviation in the velocity magnitude.

In order to properly compare the predictions with the
experimental measurements, Table 3 shows the RSMD
for all velocity cases at all axial positions. In these results,
it can be seen that for all cases the RSMD is under 22%,

(y),, \{‘I/ISh an average (RMSD) down to 11.8% for the case of
mf .
!0 = 1.6. These values of RSMD could be considered to
= 1.6 1.76 1.96 214 Vg )
Dc : : : : be within an acceptable range and would imply that
0.75 2.2% 4.8% 4.3% 5.8% despite deviations being in the predictions, there is, to a
1.5 5.6% 3.7% 2.8% 3.3% certain extent, an agreement in the predicted trends.
2.0 4.5% 5.29% 4.0% 5.39 A source of the observed deviations in the compared
(RMSD) 41% 4.6% 379 4.8% time-averaged fields (sohds. holdup, solids Ve.10c1ty, and
RMSD) — S RMSD, pressure drop) can be attributed to systematic effect of
< )= i the measurement technique that is not fully captured by
(A) B) ©
¢ Experimental VNIV . =196 ¢ Experimental VNIV . =196 ¢ Experimental VNIV . =196
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FIGURE 12 Predicted and experimentally determined radial solids velocity profile at (A) z/D¢ = 0.75, (B) z/Dc = 1.5, and (C) z/

D¢ = 2.0 for the inlet dimensionless velocity < Vg > ¢/Vie = 1.96
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FIGURE 13 Parity plot of the predicted and experimentally

determined time-averaged solids velocity for all radial and axial
location on the tested cases

TABLE 3 Root mean squared deviation (RMSD) of time-
averaged solids velocity profile predictions

(Vi)

Vg
= 1.6 1.76 1.96 2.14

(e}

0.75 2.3% 8.3% 7.6% 11.3%
15 11.8% 21.2% 23.7% 26.8%
2.0 21.3% 26.0% 27.4% 26.6%
(RMSD) 11.8% 18.5% 19.6% 21.6%

the implemented model. Despite the implemented mea-
surement technique having a validated precision in its
measurements, ' it should be considered that this is an
invasive technique, and can thus have an unmeasured
effect on the phenomena in its surroundings. In the
implemented simulations, the effect that the immersed
probe could cause is not incorporated. Despite the probe
having small dimensions, mathematically in the model
this would represent a local source of non-linearities due
to the wall-solids and wall-air interactions through the
probe surface.

Another possible source of such deviations can be
attributed to limitations in the incorporated sub-models.
From Tables 2 and 3, it can be seen that the deviations in
the model predictions increase as the superficial inlet
velocity increases. In this regard, it should be noted that
the solids pressure sub-model was developed by

macroscopic/overall pressure drop and solids holdup
experimental measurements,Bl] and thus overlooks the
local scale interaction phenomena. That is, in order to
improve the model predictive quality of the local scale
phenomena, an enhanced solids pressure sub-model
must be developed with a mechanistic or phenomenolog-
ical approach considering the local scale phenomena,
therefore overcoming the empirical nature of the cur-
rently available solids pressure sub-models. Nevertheless,
it should be noted that the model discussed in this work
has the flexibility of incorporating other solids pressure
models with enhanced predictive quality, and is suitable
for different systems. This was observed in our recent
contribution where this model was adapted for a spouted
bed packed with Geldart D particles, and a similar high
predictive quality was obtained.!*°!

The evaluated deviations in the fields could also be
attributed to the asymmetrical behaviour of the fluid-
ized bed. Figure 14 shows a snapshot of the predicted
local solids holdup profiles at the three considered axial
locations DLC:O.75,1.5,2.0 and at the inlet, at time
t = 9s for the four considered inlet velocities. Figure 14
clearly shows that the predicted fields for all cases are
asymmetric. Furthermore, it can be seen that the distri-
bution of the solid phase is highly affected by the inlet
velocity. This effect is not only on the overall values of
the field, but on the distribution of the field on the radial
and axial locations (i.e., bubbles distribution). This phe-
nomena has been acknowledged in the litera-
turel®14192532l. powever, in  the  experimental
measurements, only a radial distribution in one angular
position was measured. This implies that the fields used
for comparison and validation of the implemented model
do not properly consider the asymmetry of the phenom-
ena and thus could explain the evaluated deviations. Nev-
ertheless, it is important to note that the experimental
measurements considered sampling times between
65-160s, which is large enough to capture, to a great
extent, the chaotic behaviour of the momentum transfer
phenomena.

5 | REMARKS

Simulations for a fluidized bed system experimentally
studied in previous contributions were conducted. The
implemented model considered an E2P approach, with
three closures for the multiphase and multiscale interac-
tions. Experimentally determined local solids holdup,
solids velocity, and pressure drop were compared against
the model predictions, in order to validate the predictive
quality of the implemented model. The following results
were found:

85UB017 SUOWWOD BAEaID (dedl|dde 8Ly Aq peusenob ae Sa(oie YO ‘8sN JO Sa|nJ 0} ARiq1T8UIIUO AB]IM UO (SUONIPLOD-PLR-SULBYW0D A8 | 1M Afeiq Ul [Uo//Sdny) SUORIPUOD pue swLe | 8L 8eS *[£202/20/22] Uo Ariqiauliuo 8|1 ‘80ueids JO AVsieAIuN 1NossIIl AQ 0.01Z80[0/200T 0T/10p/Wioo™A8|imAreiq1jeul|uo//sdny wouy pepeojumoa ‘TS ‘220z ‘X6TOBE6T



URIBE E AL. THE CANADIAN JOURNAL OF 5285
CHEMICAL ENGINEERING
t=9s _ _ _ _
<Vp>/me— 1.6 <Vﬁ>/me— 1.76 <Vp>/me— 1.96 <Vp>/me— 2.14
— ‘— -
2/D.=2.0

2D, = 15—

Z/DC =0.75
Inlet——»
0.05

&
0 0.1

02 03 04 05 06

FIGURE 14 Predicted local solids holdup profile at the three considered axial locations (z/D¢ = 0.75, 1.5, 2.0) for the different

dimensionless inlet velocities att =9 s

« Pressure drop was predicted with an AARE between
8.6%-11.3%.

« Local solids holdup profiles were predicted with an
RMSD under 5% for all the tested cases at all the com-
pared locations inside the bed.

« Solids velocity was predicted with an RMSD between
2.3%-27.4% for all the tested cases at all the compared
locations inside the bed.

The obtained predictions, when compared with the
experimental measurements, suggest a high and consis-
tent predictive quality of the implemented model. This
can be clearly observed in the constant overprediction of
the local solids holdups and local solids velocity by the
model. The predictive quality of the model can be attrib-
uted to two main factors: (i) the model considers the
multiphase and multiscale interaction through the inclu-
sion of few sub-models, which results in a robust model
with a broad range of applicability (i.e., the applicability
of the model is only limited by these sub-models’ valid
conditions) and (ii) the experimental advanced measure-
ment techniques allowed local key hydrodynamic param-
eters profiles to be measured, and thus allowed the
model predictions of the local phenomena to be properly
compared, rather than with macroscopic parameters.
These two characteristics of the present study represent a
paramount advantage in comparison with other works
reported in the literature.[7:1:2¢)

The implemented model, with the discussed charac-
teristics and limitations, has the capability for extrapola-
tion studies, such as optimization and scale-up studies

aided by the model, for fluidized bed systems packed
with Geldart B particles operating under bubbling or
slugging flow regimes. Further comparison to validate
the predictive quality of the model for a different kind of
solids particle packing and the effect of immersed vertical
internals is still required. It should be noted that the
model has the advantage of having a high flexibility to be
adapted for different systems, provided that suitable sub-
models are selected, as shown in our recent contribu-
tion.[*®! In this sense, the inclusion of a reduced number
of sub-models can be considered as an advantage that
enhances the flexibility of the model, as only two sub-
models need to be selected in order to enable the applica-
tion of the model for a different gas-solid system. A new
solids pressure model, which is developed considering
the local multiphase interaction phenomena and that has
a mechanistic or phenomenological basis, must be devel-
oped in order to overcome the empirical nature of the
available modulus of elasticity sub-models, and therefore,
to enhance the predictive quality of the model.
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NOMENCLATURE
ARE Absolute relative error

AARE  Average absolute relative error
AD Absolute deviation
A; Area of section i

CFD Computational fluid dynamics

85UB017 SUOWWOD BAEaID (dedl|dde 8Ly Aq peusenob ae Sa(oie YO ‘8sN JO Sa|nJ 0} ARiq1T8UIIUO AB]IM UO (SUONIPLOD-PLR-SULBYW0D A8 | 1M Afeiq Ul [Uo//Sdny) SUORIPUOD pue swLe | 8L 8eS *[£202/20/22] Uo Ariqiauliuo 8|1 ‘80ueids JO AVsieAIuN 1NossIIl AQ 0.01Z80[0/200T 0T/10p/Wioo™A8|imAreiq1jeul|uo//sdny wouy pepeojumoa ‘TS ‘220z ‘X6TOBE6T



URIBE ET AL.

S286 THE CANADIAN JOURNAL OF
CHEMICAL ENGINEERING

CoV Coefficient of variation

D¢ Column diameter (m)

D, Solid particle diameter (m)

E2P Euler-two-phase

F, Volumetric drag force (N/m?)

G(e,) Elasticity coefficient

Lc Column length

P Pressure (Pa)

Re Column radius (m)

RMSD Root Mean squared deviation

Vi Superficial velocity of phase i (m/s)

v; Superficial velocity vector of phase i (m/s)

V gip Slip velocity (m/s)

Vi Jj component of the superficial velocity vector of
phase i (m/s)

Super/subscripts and averages

CFD Model prediction

EXP Experimentally determined quantity
mf Minimum fluidization

0 Initial conditions

total Total measuring time

Average quantities
() Average quantity

()  Time-averaged quantity

()¢  Angle-averaged quantity

()o: Angle and time-averaged quantity
Greek symbols

p Gas phase

& Volume fraction (holdup) of phase i
Wi Dynamic viscosity of phase i (Pa s)
p;  Density of phase i (kg/m?)

o Solid pseudo-phase

o, Time SD of variable y

7, Solid stress strain-tensor (N/m?)

W Any field variable
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