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Abstract

In the present investigation, bedrpsity and solid holdup in viscous three-phase invéitsdized bed (TPIFB) are
determined for aqueous solutions aflmoyy methyl cellulose (CMC) system using polydéne and polypropylene as
a particles with low-density and diater (5 mm) in a (9.2 m) inner diameter with height 00 cm) of vertical perspex
column. The effectiveness of gaslocity Ug , liquid velocity U, liquid viscosityp,, andparticle densityps on bed
porosity B and solid holdupsy were deterrined. The bed porosity increases withcteasing ge velocity”, "liquid
velocity", and "liquid viscosity". 8lid holdup decreas with increasing gas, liquid velocities and liquid visitps
Solid holdup with low density particle" shows a higher numerical quantitthan that in the be" with "high
density". Levenberg-Marquardack propagatic of "artificial neural network (ANNs)Wasutilized to predict the bed
porosity and solid holdup. Theqgected values are in an excellent relationshij thie experimentevalues, where the
advanced model is high-fidelity amdvn a large capaci to predictbed porosity and solid holdt

Keywords: bed porosity, solid holdup, three phase, inverse fluidization, ANNSs.

1. Introduction

A three phase (gas — liquid selid) inverse
fluidized bed (TPIFB)is an operation whel
continuous liquid phase isitroducedfrom the
upper ofthe column in the opposite direction
the continuing flow of gas whicks introduced
from the bottom and the geles with low densit
expand downApplications of (TPIFBhave been
increased because, lowegsure drc, higher mass
and heat transfer rates, low-levagberating cost
and higher efficiency contadbetween variou
phases [1-2]Three phase fluidized beds are u
in petrochemical processing, chemical proces:
biochemical processing, hydrogeion and hydro
desulfurization of residual oil, facilitatin
catalytic and norcatalytic reactions3-4].

To understand the phenomena of three p
fluidized bed, important parameters n be
describedsuch as: bed pressure drop, minimr

fluidization velocity, bed fjorosity, gas holdup,
liquid holdup and solid holdup. Tl
hydrodynamic characteristics of (TPIFB) le
beenstudied by many researcheFluid flow rate
(as gas phase and liguphase), particle density
(as solid phase) andebt height are iportant
variables affecting the quality of fluidizati [5].
The hydrodynamics of Bhase fluidized bed w:
studied with different si:s of particle and liquid
as a continuous phase].[6t was found that the
gas floldup and bed porosity increi with
increasing gas flow rateGas holdup, minimum
fluidization velocity, physical properti of liquid
are measured for three phase fluidized system
by using a perforatedeflon plate as a gas
distributor, different types of a n-Newtonian
(pseudo plasticiquids as a liquid phase, differe
types of gases as gas phase and activated ¢
with different diameters as solid ph [7].
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Air was used as the gas phasate as liquid
phase, and low density particle (wood) as <
were employed tostudy the hydrodynam
characteristics of hase fluidized bed phe [8].
Two types of lowdensity particleswere used to
investigate the hydrodamic characteristics «
(TPIFB) [9]. In Newtonianagueoussolutions of
glycerol) and non-Newtoniataqueous solutior
of carboxyl methyl cellulose) Bhese inverse
fluidized bed, bed porosity arsblid holdup were
studied byusing polyethylene and polypropyle
particles of different diameters [JLO

A feed forward neural network, Multilay
Perceptron wasised for chemical engineeri
utilization  which  consists of multilayer
hierarchical structure, inpubutput layes, and at
least one layer called (hidden) of processing t
between themArtificial neural networks (ANNs
prepare correlation between input and ou
variables.The schematic of the MLP netwc
with two hidden layergs as shown iffigure (1).

There are a broad range of variables suc
the expansion of the bed, gdigjuid and solid
holdups for gas-liquidsolid fluidizec bed has
been used to emeralize variousrelationships
between the data of ndmear parameteir[11].

Polyethylenehollow spheres, water and air
used experimentally i(TPIFB) to find solute
concentration and mass transfer coefficient.
using (ANNSs), thedata produced was used
providing models [12]. Four different no-
Newtonian liquids and four different polymer
solids in single and binary system inve
fluidized beds are used tstudy and develo
empirical correlation for the bed expans. A
multilayer  perceptron trained with back
propagation and Levenberg -Marquardt
algorithms ha®een used for the Artificial Neur
Network (ANN) analysis becausd#rainim is a
network trainingfunction that updates weight a
bias values according to Levenb-Marquardt
optimization. Trainlm is often the faste
backpropagation algorithm in the toolbox, an
highly recommended as a firsltoice supervise
algorithm, although it does require re memory
than other" [13].

The aim of the present waréxperimental da
was use to develop anathematic model t
estimate solid holdupna bed porosity aUg, U,
uL, andps.

2. Experimental Work

The Planned laboratory desighexperimenta
apparatus is exhibited in Figure (2).
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Practical experimentwere carrying on in a
vertical column made of Perspex0.092 m)
internal diameter and (2m) hei. The air was
introduced fromthe lower of the column via tf
gas distributar The liquid phase was fed from t
top of the column through a (3crtube from the
liquid tank. Thedistributor of theliquid holds (48)
evenly spaced holes, with diamet2.5 mm) for
each, while the gas distributholds (26) evenly
spaced holes, witldiamete of (2mm) for each.
Individual phase holdup w determined by static
pressure drop methdlased on tr cognition of
the particles heighpressure droand the physical
properties of the thrgghase. Six taps of pressure
are equally spaced21.5cm) intervalon the
exterior wall of thepart section; First tap was
placed(5cm) from the water distributor on the t
of the column.Manometers are used to meas
the pressure drop inside the col.. The pressure
drop was measured with water vety ranging
from fixed condition tofluidization. Air was
supplied by air compressor capable of delive
about (5) bar. The air veloc was measured with
Rota meter ranging from.05-0.75) m/s.

Water wassupplied by liquid reservoir wit
(0.1n7) in volume whichwas connected to water
pump with (5.4) mthr. ard (46m) H.max. The
water velocity was measured with flow me
ranging from (0.01- 0.0ém/s. Two different solid
spheres were use@ds solid phase made of
polyethylene and polyopylene beads with
average diameter ob(mm). Table (1) shows the
physical characteristicef the solid particles ¢
solid phase.As a liquid phasepure water and
three different carboxynethyl cellulosesolutions
(CMC) were applied Table (2) shows the
operating conditionsand physical characteristics
of the liquid. A brookfield synchrolectri
rotational viscometer was used to deternthe
viscosity (i) of "liquid phas". Air was used as a
"gas phase andts propertiesare shown in Table

(3).

Input Layer Output Layer

Fig. 1. Artificial Neural Network (ANNS)
(Multilayer Perceptron).
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1- Liquid column, 2- Liquid distributer, 3- gas
distributer 4- Air compressor, 5- Needlevalve,
6- Liquid pump, 7- Gas flow meter, 8- Liquid flow
meter, 9- Reservoir tank, 10- Vent line, 11- U tube
manometer.

Fig. 2. Experimental apparatus.

Table 1,
Physical Properties of Particles as Solid Phase

Solid Phase Shape Average Density
diameter (kg/m?)
(mm)
Polypropylene spheres 5 875
Polyethylene  spheres 5 969
Table 2,
Properties of Liquid phase.
Liquid Phase Density  Viscosity
(kg/m®)  *10°
(Pa.s)
Water 1000 0.97
Water-CMC (0.1 wt. %) 1001 9.5
Water-CMC (0.3 wt. %) 1004 35
Water-CMC (0.5 wt. %) 1006 495
Table 3,
Properties of Gas Phase.
Gas Phase Density Viscosity *10°
(Kg/m?) (Kg/m.sec)
Air 1.19 1.6
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Table 4,

The limit of the input parameters in ANN.
Inputs Range
Gas velocity (m/s) 0.05-0.75
liquid velocity (m/s) 0.01-0.06
Liquid viscosity *16  (Pa.s) 0.97-495
Particles density (kgfin 875 - 969

ANN is utilized to predict bed porosity and
solid holdup under using Matlab 7.10 software.
The data of experiments can be divided into two
sections, training and testing, and eventually
trains the ANNs is built according to the specific
data was trained to compute the achievement of
the training results by using mean square error
(MSE) and the linear regressionsYR 4, 15].

"MSE = 1/n Y0 (Tj = ¥;)* " . Q)

ZI(TJ'_YJ')Z] " (2)
% () B

(T) act as a target value, where (Y) act as an
output value, and (n) act as a pattern.

For present work, Levenberg-Marquardt
backpropagation training algorithm is in use to
train the network, for training artificial neural
networks 270 of 384 data are in use and for testing
aim 114 data are in use with log-sigmoid hidden
neurons and linear output neurons. 3- Layers feed
forward network are in use as the network, one for
input layer, tow for hidden layer, and one for
output layer. The input layer has 4 neurons (gas
velocity, liquid velocity, density of the particles
and liquid viscosity), as in the case of hidden
layers distributed 8 neutrons in the first one,rfou
neutrons in the second layer and output layer has
two neurons (bed porosity and solid holdup). The
network was then trained to predict the bed
porosity and solid holdup as outputs. Table (4)
presents the limit of the input parameters in ANN.

Neurons are placedt the input layer in the
feed forward networks towards output layer so
that layers and transference from first layer to
another one. The obtained data are change
position from the beginning from input layer to
the tow hidden layers and in the end sent to the
output layer to be there to deal with the data for
the final results and then sent out. Figure (3)
exhibit a feed forward ANN for two hidden layers
as utilized in present study.

HRZ =1_
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Fig. 3. Multilayer neural network.

3. Results & Discussion
3.1 Effect of Superficial Gas Velocity (ly)

In the present study, the variations of |
porosity (B) with superficial gas velocity (y)
are shown in figures (8} using polyethylene
particle with liquid phase viscosity 9.5*° and
49.5*10° Pa.s respectively. The bed expan:
and the total volume of fluidized bed increa
with an increase in airflow ratéherefore the be
porosity also increased in inverse three p
fluidized bed. The accepted explanation is
follows the bubbles are broken by the la
inertia of particles. Typical examples of &
porosity can be seen in figures-7) for

29

polypropylene particles with liquid pha
viscosity 9.5*10° and 35*1(° Pa.s respectively
and figures (8) for polyethylene an
polypropylene patrticles with pure water as lig
phase respectively. The values of the
porosity of light particles are smaller than th
for heavy patrticles [3, 16, and 1

The effects of | on thees are shown in
figures (1011) for polyethylene particles wi
viscosity of 9.5*10 and 49.5*1% Pa.s of liquid
phase respectively. The bed in the colt
expands when the JJ increases, therefore
increasing in thdiquid and gas holdups whic
results decreasing in tkes. As can be seen in
these figures, the polypropylenowns solid
holdup greatethan that of the polyethylene. Tt
is because the polypropyleihas density lower
than that of the polyethylene. This phenome
is due to the bedsf light particles which cann
expand easily in THIFBecause of the influence
of the buoyant force ffecting the particles.
Typical examples of solid holdup can be see
figures (1213) for polypropylene particle wi
liquid phase viscosity 9.5*7% and 49.5*1G Pa.s
respectively and figures (-15) for polyethylene
and polypropylene particles with pure water
liquid phase respectively [2,5,16,1
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Fig. 4. Influence of Ug on Bp
Particle: Polyethylene;ps = 969 [kg/n;
g = 0.95 x 1F [Pa.s].
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Fig. 5. Influence of Ug on Bp
Particle: Polyethylene;ps = 969 [kg/n;
U = 4.95 x 1C [Pa.s].
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Fig. 6. Influence of Ug on Bp
Particle: Polypropylene; ps = 875 [kg/n);
g = 0.95 x 1¢ [Pa.s]
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Fig. 7. Influened Ug onBp
Particle: Polypaylene; ps = 875 [kg/n]
W = 3.5 x 10 [Pa.s].
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Fig. 8. Influence of Ug oBp
Particle: Polyettene; ps = 969 [kg/n;
Pure water; jx 0.097 x 16 [Pa.s].

07 -

06 |

0.5

0.4 | =—4=—1JL-0.01
—a—UL-0.02
—e—=lL-0.03

0.3 —~—UL=0.04
—pJL-0.05
—e—UL=0.05

0.2 L .

0 0.1 02 03 0.4 0.5 06 07 (0J:3
Ug (m/s)

Fig. 9. Influence of Ug oBp
Particle: Polypropyleneps = 875 [kg/n;
Pure water; = 0.097 x 16 [Pa.s.
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Fig. 10. Influence of Ug orgg
Particle: Polyethylene;ps = 969 [kg/n;
t = 0.95 x 1C [Pa.s].
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Fig. 11. Influence of Ug oreg
Particle: Polyethylene;ps = 969 [kg/n;
U = 4.95 x 1C [Pa.s].
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Fig. 12. Influence of Ug oreg
Particle: Polypropylene; ps = 875 [kg/n];
t = 0.95 x 1 [Pa.s].

3.2 Effect of Superficial Liquid Velocity

(Uo)

The effect of superficial liquid velocity ()
on the bed porosity (f} is represented ifigures
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Fig. 13. Influence of Ug gy
Particle: Polypropgne; ps = 875 [kg/n];
u=4.95 x 10 [Pa.s].
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Fig. 14. Influence of Ugh&g
Particle: Polyethylene;ps = 969 [kg/r];
Pure water; = 0.097 x 10 [Pa.s].
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Fig. 15. Influence of Ui &g
Particle: Polypropyleneps = 875 [kg/n;
Pure water; p= 0.097 x 16 [Pa.s].

(16 — 17) for plyethylene particls with liquid
phase viscosity 35*10 and 49.5*10 2 Pa.s
respectively.As can be seen from these figui
the bed porosity increases with  increa:
superficial liquid velocity This can be due to the
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fact that the gasholdup and liquid holdt
increase gradually with increasitg in a given
gas velocity This event could be due to the f
that the liquid phase flows moving dowgainst
the buoyance force aoh the particle: A similar
trend is observed in the figures8(119) for the
beds of polypropylene particlegth viscosity of
35*10° and 49.5*1G Pa.s of liquid phas
respectively and figures (20-Rfor polyethylene
and mlypropylene particles with pure water
liquid phase respectively.

In the present study, figures (2223) give the
variation of solid holdup with uperficial liquid
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Fig. 16. Influence of Y on Bp
Particle: Polyethylene;ps = 969 [kg/n;
i = 3.5 x 107 [Pa.s]
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Fig. 17. Influence of Y on Bp
Particle: Polyethylene;ps = 969 [kg/n;
i =4.95 x 1F [Pa.s].

velocity for mlyethylene particls with liquid
phase viscosity 35*10 and 49.5*1G Pa.s
respectively. In theseidgures, the §;) decreases
with increasing Y, as a resul of increased liquid
and gas holdups [2, 5The same trend can be
seen in the bed ofobypropylene particle witl
liquid phase viscositg5*10° and 49.5*10° Pa.s
respectively in figures @25) and in figures (26-
27) for polyethylene and polypropylene partic
with pure water as liquid phase respectiv
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Fig. 18. Influence of Y on Bp
Particle: Polypmylene; ps = 875 [kg/r];
W = 3.5 x 10 [Pa.s].
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g. 19. Influence of Y on Bp
Particle: Papyopylene; ps= 875 [kg/n];
U= 4.95 x 10 [Pa.s].
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Fig. 20. Influence of Y on Bp
Particle: Polyethylene;ps = 969 [kg/n];
Pure water; i = 0.097 x 16 [Pa.s]
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Fig. 21. Influence of Y on Bp
Particle: Polypropylene;ps = 875 [kg/n’|
Pure water; 4 = 0.097 x 1G [Pa.s].
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Fig. 22. Influence of Y oneg
Particle: Polyethylene;ps = 969 [kg/n;
u. = 3.5 x 10 [Pa.s].
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Fig. 24. Influencé 0, on g
Particle: Polypropylene; ps = 875 [kg/nT];
g = 3.5 x 10 [Pa.s].
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Fig. 25. InBlace of Y on g
Particle: Polypropylene; ps = 875 [kg/nT];
(L= 4.95 x 10 [Pa.s].
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Fig. 27. Influence of Y on &g
Particle: Polypropylene; ps = 875 [kg/n?)

Fig. 26. Influence of Y on g Particle: Polyethylene;
g W ong yermy Pure water; p = 0.07 x 1(?[Pa.s].

ps = 969 [kg/n];
Pure water; p_ = 0.097 x 1¢[Pa.s].

velocity led to the increasing in the porosity of -
bed forthe inverse fluidizd bed.
ligu Effects of liquid viscosity on the solid hold
in the bed are showrn figures (30-31)for
polyethylene and glypropylene particle The
particles could bespread ot easily by increasing
theyp, ; thusthees decreases with increasiy [1,

3.3. Effect of Liquid Viscosity ()

Typical plots of bed porosity against
viscosity are shown in figuwr¢28 — 29) for
polyethylene and gdypropylene particle at 0.35
m/s for the gas velocityAs a result of the increa
in drag force on the particles when increasing

viscosity of the liquid,gas velocit and liquid 18].
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Fig. 28Influence of p_ on Bp
Particle: Polyethylene;ps = 969 [kg/n;
Ug = 0.35 m/s.

Fig. 3fluence ofp_ on &g
Particle: Polyethigne; ps = 969 [kg/n];
4= 0.35 m/s.
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Fig. 29. Influence ofp. on Bp
Particle: Polypropylene; ps = 875 [kg/n;
Ug = 0.35 m/s.

w* 10n3 (Pa.s)
Fig. 31. Influence ofu. on &g

Particle: Polypropyie; ps = 875 [kg/nT];
= 0.35 m/s.
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3.4. Artificial Neural Network Model

A three layer ANN was used, a tangent sigmoid
transfer function (tansig) at hidden layer and a
linear transfer function (purelin) at output layer.
Feed forward Levenberg- Marquardt back
propagation network was used. Inside the input
layer 4 neurons either in the first hidden layer
there are 8 of neurons, as well as there are 4
neurons in the second hidden layer and output
layer has two neurondn the NN bed porosity
model shown in figure (32 (a, b)), for training
data set the FRvalue is 0.990 and for testing

a Training set

R* = 0.990

0 0.2 0.4 0.6 0.3 1
Experimental Bed P orosity (-)

b Testing set

2
al R<=0981 o

] 0.2 0.4 0.6 0.8 1
Experimental Bed Porosity (-)

Fig. 32. The graphical output of the experimental
bed porosity plotted versus neural network
predicted bed porosity

4. Conclusions

The bed porosity and solid holdup of viscous
three-phase inverse fluidized bed were
experimentally investigated for gas velocity (from
0.05 to 0.75 m/s), liquid velocity (from 0.01 to
0.06 m/s) and liquid viscosity (from 0.97 *3@o
49.5*10° Pa.s) :

1. Solid holdup decreases (from 0.69 to 0.07) with
increasing |, U andp.

B, increases (0.31 to 0.93) with increasing U_
andy, .

ANNs were used to predict the bed porosity and
solid holdup.

The expected values are in an excellent

2.

3.

35

data set is 0.981, where the mean square error
(MSE) values are 9.4610*ftand 1.9099*10 for
training and testing data respectively. The ANN
solid holdup model is illustrated in figure (33 (a,
b)), the R values are 0.999 and 0.982 for training
and testing data sets respectively. MSE values are
3.8676e*10 for training data set and 1.9099*10

for testing data set. Figures (32 and 33) show
the ANN exhibit a close prediction supported on a
high value of R and low value of MSE. As a
result, the developed NN bed porosity and solid
holdup model successfully improve the prediction
possibility of bed porosity and solid holdup value.

& Training set

=
o]
T

=
=]
T

Predicted Solid Holdup ()

0 0.2 0.4 0.6 0.8 1
Experimental Solid Holdup (-}

b- Testing set

o RE=0OQ82
S:H.DS I
=
=
=
jm il 1 S
= o
=
o2 Dd L
=
an
=
g 0.2F 2
o= o
D 1 ' ' 1
0 0.2 0.4 0.5 0.8 1

E xperimental Solid Holdup )

Fig. 33. The graphical output ohie experimental
solid holdup plotted verswuneural network
predicted solid holdup.

relationship with the experimental values, where
the advanced model is high-fidelity and own a
large capacity to predict bed porosity and solid
holdup. Training data set for bed porosity model,
the R value is 0.990 and for testing data set is
0.981, where the mean square error (MSE) values
are 9.4610*18 for training data set and
1.9099*10" for testing data. For solid holdup
model, the R values are 0.999 and 0.982 for
training and testing data sets respectively. MSE
values are 3.8676e*TF0for training data set and
1.9099*10" for testing data sets.
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