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Abstract

The effect of gas velocity, liquid-phase propertigalid-particle concentration and the static legbieight
on gas hold-upef) and mass transfer coefficient,()k were studied in a three phase internal loopfailibble
column (ILBC) (the ratio of the draft tube to colordiameter equal to 0.5). Air was used as a gasepiaater and
seven aqueous solutions of 10% concentration methathanol, NaCL, acetic acid, 50% glycerol andC%&€
were used as the liquid phase. Polyethylene-noaysssolid particles with a concentration of (50 IR@/m® were
used as solid phase. Superficial gas velocity dariem 0.01 m/s to 0.1 m/s and air dispersed ineodenter of the
draught tube by using a porous gas distributor. fEiselts showed thatg) and (K;) increase with increasing gas
velocity and decrease with increasing solid pagtadncentration, static liquid height, viscositydaurface tension

of liquid-phase.

Keywords: Alcohols; Electrolytes; Hydrodynamics; Mass transBubble columns.

Introduction

Bubble column reactors belong to the general
class of multiphase reactors which consist of thmeén
categories namely; the trickle bed reactor (fixed o
packed bed), fluidized bed reactor, and the bubble
column reactor[1,2]. Slurry columnis similar toiflized
bed columns, in that a gas is passed through antolu
containing solid catalyst particles suspendedfinid. In
slurries the catalyst is suspended in a fluid,lindfzed
beds the suspending fluid is the reacting gasf(iss4].
In (C) an attempt is made to realize intensive and
intimate contact between a gas—phase componenaand
finely dispersed solid. With respect to this pug¢sC)
are related to packed bed columns with the diffegais-
liquid flow regimes that can be realized (suchrakie
flow, pulsed flow, dispersed bubble flow etc....).sél
there is a lot of similarity with three —phase dubed
systems. The latter systems share many properiibs w
(SC), but the main difference is the fact that indllieds
with upward fluid flows the drag force acting oneth
solids by the gas and liquid flow is on the average
balanced by the net weight of the particles, winléSC)
the overall liquid —solid slip velocities are priaetly
zero and particles remain suspended by the acfitimeo
turbulence, in the liquid phase[5,6].

Deckwer and Schumpe,[7]studied the effect of
various design parameters. They found that miximg t
decreases initially with increasing gas velocityl dhen

increases in the higher range of velocity. Guetiral.,
[8]studied the effect of gas flow rate on mixingnd.
They found that the mixing time dose didn't deceeas
proportionally with the increase of gas flow redad this

is a main difference between BC and mechanically
stirred columns. Solid-mixing and solid replacersearte
important factors in cases where the solids hasbaat
lifetime[9].

Fan and Chern,[10], studied solid-mixing in a gas-
liquid-solid system .They reported three-statessalfd
mixing, these states are complete segregationjapart
intermixing and complete intermixing. Particle sire
(SC) can be small to very small, even down to the
submicron range. The effect of average particle &lp)
and solid density on the critical superficial gadoeity
(Vgo) is given as[11]:

0.95
Voa gV, a{%} (1)
L

The pressure drop i8Q) is usually more or less
independent of the gas flow and close to the hydtios
pressure. Of course there is also a pressure doppred
for the gas distributor.

Slurry columns can be classified according to the
phases where the reactants are present. Gene&lly (
can be classified according to[6]:
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a. The chemical system.
b. The contacting pattern and mechanical hold —up-
fractions devices.

Hydrodynamics of $C) includes the study of
mixing and the volumetric liquid side mass transfer
coefficient at the gas-liquid interfaceK (). For the
design of §C), whether agitated only by the flowing gas
or assisted by one or more stirrers, the conditiahs
which the particles are just suspended are vergitapt.
Therefore, generally only a minimum suspension
criterion (M.S.C) is considered[12].

Roy et al., [13] studied by applying the pressure
drop technique a large variety of gas solid andidiq

systems including non-aqueous systems and particles
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with different degree of wetting. Shah and Godbfi€]
studied the (M.S.C) for different column heightoide
found that the effect of solid particles on redgcig)
value in the transition regime is larger than tlimat
heterogeneous regime. Fuku, and Chern, [15] stutied
(M.S.C) for a column with a draft tube; they sheav
that with a draft-tube applied in the system, a Imuc
smaller volumetric flow rate of gas was required to
suspend that same amount of solid, compared with
normal column. Narayanan etal., [16]studied theSI@)

in sparged vessels with a stagnant liquid mediund, a
gave a relation to minimum gas velocity to susptrel
particles as in this equation:

V, (min, actual ) = 1.25 5 I(?Scos exp( 3Wg) V, (min, theo) for wg 0.1
Where .n =0.2...for ...d, <100 #m )

n=0.5.for.d, >200 um

The average hold-up fractions of gas, solids aadi should satisfy the equation:
E e te =1 (3)

In contrast to the three-phase fluid-beds where
the relation between the three-phase hold ups e&n b
rather complex, in slurry columns with the much Bena
particles and slip velocities, the relation betwé&ghand
(e9) is often simple as it is fixed by the feed raifcsolids
liquid phases, or liquid and solids volumes arestamt
(in batch systems). The bubble hold-up is much more
difficult to predict, first of all because of theffdrent
regimes that might prevail both in stirred vessatsl
slurry sparger columns. Shah and Godbole, [14]istud
the regimes in three-phase flow sparger. They stiowe
that there are three regimes. The regimes are:
1. Uniform is bubbling at low gas velocity.
2. Churn-turbulent-flowat higher-gas velocities,thwia
mixture of large and small bubbles.
3. Slugging in small diameter columns, where thgda
bubbles are comparable to the column diameter.
Koide et al., [17]studied the three phase flow with
different solid concentrations; they showed thateffect
of solid particles on reducing thgalue in the transition
regimes is larger than that in heterogeneous regime
Akita and Yoshida, [18]studied the gas hold up i@ B
and proposed a correlation for gas hold up in teofns
bond and Galilo numbers.

gg
m = K'BO'Ga'Fr 4)
g

Miller,[19]studied the gas hold up in three phagstem
and proposed for the churn turbulent regime inghre

phase fluidization to use the Akita equationusing
liquid/solid suspended bulk properties instead igfit
properties.

1 1

[o]e
Ln 1+8C?{&} [i} v,| ©
Ps] | P

1
£ =3

Koide and Horibe,[20]studied the eeff of
using solids in the draught tube in a solid suspdnd
bubble column. For an adequate description of mass
transfer with chemical reaction in slurry columns,
reliable data on the following two types
a- parameters which are specific for slurry colurtits
KL! KLa! KGE\)

B- Parameters which are not specific for the tyge o
reactor applied (intrinsic reaction kinetics) [3].

Akita and Yoshida, [18]showed that a better
empirical equation of,) can be obtained by usingX
instead of g) in the BC:

Koide and Horibe,[20]studied the bubble column with
draught tube. Koide et al., [21]studied BC with uiyht
tube and with gas dispersion into the annulusydiees

of (K.s) and ¢5) are much larger than those in the bubble
column without draught tube, when a liquid withtfimg
ability is used.
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Purpose

The purpose of this study is to clarif
experimentally the effects of, gas velocity andpemies
of the liquid and solid particles agand K .in the solid
suspended bubble column with a draught tube indiqu
solid batch operation.

KLo,
p.Di g

Experimental Section

A schematic diagram of the experimental setup in
this work is shown in Figureures. 1la and 1b. A Bless
column of 0.09 m inside diameter and about 1.3@ta t
height with draught tube dimensions of 0.045 mdasi
diameter and 0.09 m total height was used. Thegiitau
tube was fitted with three support legs in the upged
the lower end of the column so as to locate it aeatral
position at any distance above the base. The column
consists of two main sections namely, the gas inlet
section and the liquid recycling testing sectioheTgas
inlet section consists of a gas distributor. At Hutom
of this section, two lines are connected togettefoiie
entering the distributor section each line haslaevto be
opened or closed as required. One of these linthe iair
inlet flow. Air compressor supplied the line withet
desired amount of air needed; the amount of air was
measured using a gas meter. The other line is the
nitrogen gas inlet flow. The nitrogen gas was sigopl
from a cylinder. A gate valve was used in the &
flow, which must be shut off when the air was sgate
the column, and must be opened during the desarptio
process. The liquid testing section contains two
openings, one for liquid out-flow and the other liquid
in flow. The circulation of liquid in the column wa
achieved using a dosing pump placed in the reayclin
line. A ball valve placed in the middle of the religg
line was used to take various samples at varionsgito
measure the concentration of the dissolved oxygen
during the operation. The column was filled withtera
to the desired height above the distributor (053,&nd
0.7) m. Then the solid particles (polyethylene 3mm
particle diameter) were added to the liquid in¢b&imn.
The concentration of solid particles to each lefedtatic
liquid were (50,100) kg/frespectively. Compressed air
at (100-150) psig was supplied using a reciprogatin
compressor. The desired air flow rate was set-upgus
gate valve and the amount measured with a gas meter
The dissolved oxygen concentration in the liquichgeh
was measured using oxygen meter, which consists of
probe metal electrode. The liquid phase (batchkists
of the following systems (only water, water andidol
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water, alcohols and solids, water, NaCl and saliater,
acetic —acid and solids, water, CMC and solidsg §as
distributor (figure 1c) was constructed from a oei@
material and the type is the porous gas distribufbe
distributor has an equivalent pore diameter of fuh
and free section of 0.80%.

Results and Discussion
Gas holds up (gg) and solid hold up (&)

The average gas hold upg was calculated from
equation (7) Usingthe data of the static slurnghe{H,)
and the height of the aerated sluriye)X which were
determined by visual observation:

go=_HeH
’ HF_(Vi/SO) o

(Vi /So) In equation (7) is a correction term for the

volume of the draft tube[21].
The solid hold up was calculated from equation (8)
Using the data of static liquid heightl,() and the height

of slurry after adding solid particlés$, .

®)

The experimental gas hold up was found by
measuring the difference between initial liquid gii
and final liquid height. Since it was rather difflt to
read directly the level of the aerated liquid tladues of
gas hold up thus obtained probably involves anresfo
about 5%, established via repeated measuremengtg.eFi
(2a) shows the effect of gas velocity for watertasys
with and without solid particles. The gas hold was
found to increase with increasing gas velocity cause
the large bubble holdup increases with increasiag g
velocity leading to the increase of the overall dupl.
But the effect without solid particles is largeaththat
with solid particles. When the gas velocities above
0.01m/sec and the liquid phase without solid pkegic
bubble size is independent of gas flow rate. Theyhat
force of the bubble is opposed by viscous draghef t
fluid, and if bubble size is independent of gasflate,
the velocity of bubble rise will show similar
independence. Hence increased gas flow rate will
increase the gas hold up, and ultimately the liquil
see to be filled with bubbles. Figure (2b) shows, i
slurries the presence of solid particles in thaitigmight
enhance bubble coalescence into larger bubbles and
therefore reduces the value of gas hold up. Thal sol
particles retard the bubble rise velocity and pn¢ve
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increases in bubble size. Figure (3a) shows, tfeetedf

the static liquid height on gas hold up. It is cléiaat
increasing the static liquid height will decreake gas
hold up. As the static liquid height is increaséide
bubbles have time to coalescence further and uigiyna
reduce gas hold up. In our experimental studies the
maximum static liquid height used was 0.70 m. In
slurries the presence of solid particles in thaitigmight
enhance bubble coalescence into larger bubbles and
therefore reduce gas hold up. Figure(3b) showstieet

of using different liquid phase (alcohols and elglgtes)
respectively, on gas hold up. Low electrolyte
concentrations have no noticeable effect on théaser
tension of the solution. However the ionic forcesthe
liquid bulk reduce the bubble rise velocity and lthable
coalescence. As a result, the gas hold-up incrdase.
high electrolyte concentration, the interfacial siem
increases, resulting in increased bubble size addce
gas-holdup.

Mass transfer coefficient
The physical absorption of oxygenhe &ir by

the liquid was employed to determine the mass feans

coefficient. A material balance of oxygen in tlguld

gives:

Ca -G

zmmh—gg—gJLﬂg

La = (9)
t Cs —C,
Rearranging equation (9) gives:
C, -C K
LOg Sa i — La (10)

= 1
Ce-C  2303(1-¢, - &)

Plotting the left hand side of equation (10) with the
average slope of the plot will give the term

K,_a/ ZSOil-sg -gs).the values of &) and ¢) were

determined as mentioned in (7) and (8) respectithbn
(KLa) can be calculateffigure (4a) shows that the mass
transfer coefficients increase with increasing gas
velocity. The axial dispersion coefficient® ) increase
with increasing gas velocity and therefore incre@seg).
Figure (4b) shows the effect of solid particle
concentration onK ;). The presence of solid particle in
the liquid will decrease the axial dispersion ciédht
and it enhances bubble coalescence. The bubblevdize
be larger and occupying larger space in the colamth
therefore reducesK(,). At a higher gas velocity (0.1)
m/sec, the effect of solid particles o §) will be less
than in low gas velocities (0.03m/sec). Figures) @=zd
(5b)show the effect of static liquid height on thmass
transfer coefficient. As the static liquid heighs i
increased, however the bubble has time to coalesce
further and ultimately decreases the axial dispersi
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coefficient and the mass transfer coefficient. Fégu
shows the effect of liquid phase properties Kp) As
mentioned before, the ionic forces in the liquidlkbu
reduce the bubble rise velocity and the bubble
coalescence, so that the mass transfer coeffident
increased.

Conclusions

(i) The presence of suspended solid particles in the
bubble column with a draught tube and the ratio
of the draught tube diameter to column diameter
equal to 0.5 reduce the values of holdypnd
the volumetric liquid-phase mass transfer
coefficientk .. The reduction of;andk values
due to an addition of solid particles to the
column increases with increasing solid
concentration and liquid phase (water, glycerol
and solids, Newtonian and water, CMC non-
Newtonian) viscosity.
The gas hold-up and mass transfer coefficient in
bubble column with a draught tube, where gas is
dispersed into the center of the base of the inner
draught tube using a pours multi hole distributor
increase with increasing gas velocity, fdg
equal or less than 0.1m/sec, only for the case of
(water, glycerol and solids) system, the mass
transfer coefficient reaches its maximum at gas
velocity of 0.02 m/sec.
When the static liquid height is increased, the
bubble has time to coalesce further and
ultimately decreases the axial dispersion
coefficient and reduces both gases hold up and
mass transfer coefficient.

(ii)

(iii)
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Nomenclature

G Concentration of dissolved oxygen at any time,m.p.

Co Initial concentration of dissolved oxygen, p.p.m

Cs,  Saturated concentration of dissolved oxygen, p.p.m

Cs Solid particle concentration,dm®

Dc Column diameter, m

D, Diffusivity of oxygen in solution, fisec

D.  Axial dispersion coefficient (liquid), ffsec

D, Average particle size, m

g Acceleration of gravity, mfs

H,  Static slurry height, m

Her  Level of aerated slurry, m

|TF Level of liquid phase & solids, m

KL Liquid phase mass transfer coefficient, m/s

K Overall mass transfer coefficient, based on aersitedy
L2 volume, 1/s

< slurry column

t Time, min

Vg Gas velocity, m/sec

V,.  Critical gas velocity, m/s

Ws  Mass of solid, /kg liquid

Greek symbol

&g Gas hold up

& Solid hold up

p.  Liquid phase density, kg/fn

ps  Solid phase density, kgfm

U Liquid phase viscosity, CP

VL Kinematic viscosity of liquid phase, éfa

oL Liquid phase surface tension dyn/cm

Dimensionless groups

Bo  Bond number, (G.E.p.)lo
Fr  Froud number, Vg/ (9.8
Ga Galilo number Vg.°.pi/ 2
Subscripts

G gas

L liquid
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Table 1. Physical-properties for pure liquids afT=20°C

P W c VL

(Kg/m®)10® CP dyn/cm cnf/sec
Water 0.998 1.002 72.86 1.004
Methanol 0.791 0.584 22.61 0.738
Ethanol 0.789 1.200 22.27 1.520
Glycerol 1.261 1.005 6304 0.796
Acetic-Acid 1.049 1.219 27.6 1.162
NaCL 2.165 1.295 72 0.598
CMC 1.008 K=0.012 ps's 73 1.23

n=0.8

The solution of CMC (carboxy methyl cellulose) slsomon Newtonian, pseudo plastic behavior, whichbmadescribed
by the power law of Ostwald and deweale:
t=Kxy"

Where:-

K: Ostwald factor (consistency index)

n: flow behavior index

¥: shear rate 1/sec

T: shear stress

Hefi= F

where | effective liquid phase viscosity Pa.s
Y = 5000 Vg [22]

Where Vg: gas velocity m/sec.

Table2. Physical properties for mixtures used withvarious concentration atT=20C.

P 01 o VL

(kg/m’)10° CP dyn/cm cnf/sec
Water-Methanol 10% 0.9815 0.795 22.63 0.8226
Water-Ethanol 10% 0.981 0.910 22.64 0.9400
Water-Acetic acid 10% 1.026 0.916 22.225 0.8932
Water-NaCL 10% 1.0216 0.9247 48.375 0.9051
Water-glycerol 50% 1.126 6.00 64 0.8905
Water-CMC 2% 1.009 K=1.320 69 0.09051

Pasn=0.5
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Fig.1.(a) Experimental apparatus; (b)column; (c) ga distributor.
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Fig.2.(a) Gas hold-up versugas velocity for water system; (b) Gas hold up veus solid concentration for water system fo
various gas velocities.
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Fig. 3.(a) Gas holdup versus liquid height for water system for varios solid concentrations; (b) Gas hold up versus gaslocity
for different liquid phase system.
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Fig.4.(a) Mass transfer coefficient versus gas velity for water systems; (b) Mass transfer coefficiet versus solid concerration
for water system for various gas velocitie
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