Calculations agre also performed where a(x,}-) is calcuiated from

conservation of mass equation for the gas phase:

o= (e up) ﬁ ST (raups= (4.28)

The advantage of prescribing the e-profiles instead of determining them
from Eq.(4.28) is ‘that all the computational uncertainties in solving Eq.(4.28),
such as numerical diffusion are eliminated. Further, the former makes it
possible to investigate the influence. of various a-pfofiies on the circulation
patterns.

The boundary condition for «(0,r) at the inlet of the bubble column is
'determined by the constant gas volume flow rate Qa given by Eq.(4.27), where
«(Q,r) is prescribed as é step function, such as

2(0,r} = ac for 0 < r/R % rgo/R

«{0,r) = 0 for rgo/R ¢ r/R € 14 o (4.29)
where rgs represents the location of the last row of hoies on the distributor
plate. The boundary condition for «{L,r) at free surface is also determmed by
EqQ.(4.27) to satisfy the continuity.
4.4 NUMERICAL METHOD

The form of equations for tHe continuous liquid phase (Egs.4.9 and 4.10) is
amenable for using theAfinite volume technique (e.q. Patankar, 1980) which has
been successfully used for solution of steady, incompressible, single phase,
récircu!ating flow problems. This formulation takes into ‘account density
variation (say due to buoyancy effects} in space which is suitable for the
‘present problem where the microscopic density s constant but the
macroscrpic density varies according to Pi1=pe(1-a).  The so called "SIMPLE"

algorithm of Patankar (1980) is employed 1o calculate the pressure field

iteratively. However, modifications have been made to account for the modified .
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gravity term, pressJure gradients {‘.-n]é_'E',fax and (1-a)epjer, ang sdditicnal
momeantum source terms, ~amely F1gtu;:_'-1.1] gnd Fiziwvz-vy). Tnase madifications
Fave been mcarporated in o a readivy avaitable computer code, TEASR {(GOsSman
and Ideriah, 1975, Burst and Llcy, 1334} snd the modifisd versisn has besr
+588d for the present calculations.

Thna "nybrid” differsnce schems is used for discretization cf the equaticns.
This scheme kas the. property that it switcnes from ceptral to upwing
diffarencing “cr high Pecklat umbers (Pe=gqizurlee) for the convectve ferms;
for the diffuslve terms, the central differencing is employed at all times, Fo-
the presant apellcation the rr.axim_;.m Pa nad a1 order of magntuce of 1.0
That '3, the flow was mainly deominated by viscous forces, and the centra:’
differencing is usen for most of tha flow region. This is an important feature
oF the method especially for caiculating the void, fractior distributior from
Eq.[4.28) Hhich. has no physical diffusion, Since the cantral dfferanding 1s 2
second p-der accu-ate scheme, it minimizes the truncaton errors and herce

rhe numerical d: ffusion,

Boundary Conditions

No slip eonditicn was enfarced for the liquid velocities at the wallz snd at
the air intet (distributor plate); at the centerli-e I{r'=.1:i} symmetry conditiong
were Imposed. The frze surface was assumed 15 be undisturped at which ihs
amial-velceity, ug, was set aqual zerc {i.e. ng liquid fiud through the gurfacel,
The radial velocity, v, at the free sirface was zalgulated from the cendition
dve/dx=l: this ie a gomswhnat arbitrary condition used as a first approxitmatcn
sinca no other information s avalable on v,

Soundary conditicns arg needed for = wnen 1t is calcuiated from Eq.[4_258°%.

Simcs-thare i3 no mass flux through the walls #o/2r=0 was used at the side
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walis; the same céndition applies at the centerline due to symmetry. At the
inlet, a uniform distribution @=ap wWas assumed, and oy was estimated from the
number of holes on the distributor plate, i.e., co=IA /A, j=1,2,...,N, Aj ‘is the
area of an individual hole, A is the total cross-sectional area of the inlet, ang
N is the numbe‘r of the holes. Then from Eq.(4.27) the gas velocity is
calcutated for a given air flow rate, Qa. |

- The « values at the free surface are not needed for the calculations, a=zi
was imposed at the grid points just outside the free surface. The present
method uses a staggered grid arrangement in which the wvelocities are
staggered and the scalar quantities are storsd at centers of main grid cells.
The gas velocity at the free surface is calculated from Eq.(4.27) to satisfy

cantinuity once o was determined there.

Convergence and Grid Independence

To ensure properly 'converged numerical solutions, not only the total
residuas of differénce equations were checked, but also the net liquid
circulation, Qnet and the maximum relative change'in the axial wvelocity,
iugnax/“max- The net tiquid volume circulated should be zero for the present

problem. This is normalized by the recirculated liquid volume, Qgjr, given by
Qcir = 2= jr°(1-a) Ug r dr = ~2= JR (1-a) ug r dr (4.30)
@ 0 To ‘ ‘

where rg is the zero cross point for u, After about 300 iterations, both
lUmax/Umax and Qnet/Qcir values were less than 10-5 which are shown in
Fig.4.3 and Fig.4.4, respeﬁtively. Caiculations were continued another 200
iterations tc ensure complete convergence. |

Two uniform grid distributions were used, namely a coarse grid of 23x12

{ix=4cm, airzitcm), and a fine grid of 42x23 (ax=2cm and ir=0.5cm). The
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diffarence in liguig velocity from the ccarse grid and Fine gmd soiutiors was
lass than 1% The fing grid solutions are gresented in this paper un-2s8
stated otharwise,

4.5 RESULT AND BISCUSSION

Recults with Prescribed « - Profilag
v -

The resulis of the salculatians using a cozing profils “or the shace of «ir)
diztribution are depicted in Figs. 4.5a through &4.Ed, Tne predictad
streamiines plotted in Figc. 4.5a show the commonly chserved circu atian

pattarn with a dow~ward fiow near the walf and an uoward flow hear the

“cemter of the reactar. The stream function is caicu{ated from

ﬁ. : .
vz o= f S srusrer (4.31)

The total volume of the circulatad ligu.c can be read off fram =ig. 4.%a as
Qcira:}.15m3,ﬁs. The center of the circulat on Zonz iz gredicied to be cioge fo
the “ree surface. As it wiil pe discussed |ater, the circulation patitarn is &
direst result of the wvoid-fraction distribution. The corresponding =
distribution is shown in Fig. &.5b. Though the shape of the a-distr.Duton is
assumed, itz magnituda is calcubatad as part of the sslutior, Fiy., 4,50 shows
that « decreases w«ith the axial distance. This occurs as a rasult of the
increase in the gas velocity towards e free sarface; to satisfy cont'nuity
Eq,lid..z?} as the mean wvaiue &f uy increases, that of = shculd deacrease. ~he
predicted liquid velecity profiles are shown in Fig. 4.5c, The predicted. valug
of centerline velccity, ugc=22 om/fs, at x/L=0.5 is congiderably highar than the
measured value of upeS10.5 cm. The boundary of the reverse flow where
ur=D is predicted as ryR=0.5Q whicn ié in good agreement with axperirants.
The agreemant is also good fer tha maximum reverse Yow valocities whith are

seen to be 3-4 and 3-5 cm/s for experiments and oredicticons, respactiveiy. nl
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TouTse, these quantities do changs with axial distance and with the prescribag
bubbte-straet radius, ro

The influence of Jditferent voig fractisn-prefile shapes on the resuitc wera
also investigated where the gas flow rare and the bubble-street giametar werg
fizad, Fig. 4.I5p shows the resuiting of liauid velocity distributlon with
prescribad linear o distribution and Fig, 4.7b shows the resuilting of tiguid
velocity distr.bution with prescribed parabolic « distribution. The linear and
parabolic a-profiles doss not influence the rasults very much. The revarge
flow boundary and the masimum reverse fow velocitias are affected the least,
The canterline Hguid velocity is somewhst higrer for the parabolic profiie
compared to the others, Thess results show that it ig the magnitute of the
o-digtribution ind the bubbla-street diamsoter which primarily affect the fiow

. pattern In & oclemn reastor.

Aesults wWith Yarirg Street Ciametars

Comparisons of ive results were made by varying the bubgle sfreet radii
3% rgo/R=0.27, 0.45, ard 0.65. The results for rg/R=0.27 and 0.65 sre shown in
Fig. 4.5 and Fig. 4.3, These figures show that a decreaze in Fen CAUSEE ar
increase in & wvalues, thus zn increase in the liguid YRIoTITy and vise versa..
This aiso a™ects the opouncary of the reverse flow z2ome. For example, for
rg/R=0.B5, the pradicted centerline velacity is about 18cm/s and for Fon/R=0.27
it s about 26 cmfs gt the m.c-height of  the cclumn. Consegquantly, the
uncertginties in measuring the region whers «=D (i.e. no air bubbles) will

Fesult in differences hetwasr the sxperiments and predictions,

Rasults wltk Pragicted s - Distribution

Further resuits of the predizstions ara depicted in Figs. 1G-13 where

215



a-distrioution was calculated from EqQ.(4.28) dirsctly. Tne Subrouting Caloal is
modified fo- the purpose of = calculation, The inlet boundary cordition was a
gtep furction as Cescribed by EQ.{423), where &mﬂ for F/R <res/R ard o=0
atharwise. Fge/R i the value of the cut-off ﬁnint tar the = - stap fungtlon at
£=0, e/ = chosen  as C4R, DG, 0.7 amd D.El_ for the :nwvesTigating the
nf uence of air distribution et the distributor plate. Fig. 410, Fig. 417,

Fig. 4.2 and Fig. 413 show the results of rge/R=C.45 0.5, 0.7 and 0.9
respechive'y, Fig. 4.108, Fig, 4&11a, Fig. a.72a and Fig. 4138 are the profiles
=f a dlstributions for the four cases at 3*ffe-ent section along the coumn. The
resulting r-emrcula'_:mn patterns showr in Fig. 4.10b, Fig. 4.11h, Fig. 4.13% and
F.g. #13b are nuite different. The center of the recircuiation zoqe moved
tawards .the bottem of the reactor as the wvalue af rgo/R increases. Ry
compariing *ne rasu:ts from the predicted awdi.s‘trihutiﬂn shown in Fig., 4.10a
with the results from prescribed cosing e o stributio~ as shawn in Fig, 4.5a.
It car be seem that with the same street diameters, the overall magritude of o
'$ lower in Fig. 4.1Ca than tnat in Fig. 4,53, and it dees not vary muchk in the
axial direction (see also Fig., 4.10c).  On the othar hand, tha centarline-gas
velogity firgt increases and then decreases with the axial distance (Fig. 4.10f}
reman g fairly flat near t=a mid-height of the columm,  Fig. 4104 also shows
that rarrow bubble strest prescribed at the nlet is dispersed radigily :nwarg
a~d outwa~d ag a result of canvective gas velocities in this direction. The
contour plote of a-gdistrisution for rgo/R=0.45, 0.6, 2.7 end 2.2 shown in Figs.
s.10e, 4.9te, 4.12e, and 4,132 indicate that first, the bubples are convected
towards the center of the tube ‘near inlet thar outwards towards the wall nsar
tha fresa surface, h-'here the radial qas veccity { =liguid velocity]l is inward
and gutwa-d, respectively, Thiz is in conformity with the usual sxperimental

chservations (e.g. Freedman and Davideon, 1869). In this case there iz a muzn
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c'oser agreemen! betwean the measured and predictag velogity profile -at
x/L=0.5 as anown in Fig. £,10c. The location of the measuremerts s re_par'r.ed
{Rietema and Ottengraf, 1270) to be near the mid-height of the column. The
magritude of the predicied Uy values decrgases becausz the overaill o valjes
are 'owar and hgrme tess graz force is impactsd on the |iquid by the gas
Flow,

The wvalues of the cuit-off poirg rso.-"ﬁ Tor the a-gtep function at x=0 were
chuser‘-'arhitrariiy. Thiz crings the guestion of what axactly =Fiz value should
Ee? Strictly speaking, this should be the location of the last row of injection
noles an the disTributor pla‘te, but this information waz rot available from the
expariments considsred here. A further increase of this parameter to rg./R=C.7
resilted in much cleser agresmert between the measured ano predictsd siguid
velocitres (Fig., 4.12¢), but tha center cf tha resirculaton 2ore moved further
dewn towards the inflet (Fig. 4.12a), The results show that, increesing the
va.ue of rga/9, decreases the (lquid wvelocity at the centeriine. as shown in
Fig., 4,13¢, liguid wvalocity has a small \-zalue when the air fow is discributed
aver 30% of the inlet area, For the same case, Fig. 4.13b shows very iittle
variazcn in « digtribution in the axal direction from that prascribed at the
nlet. The results dep:cted in Fig.uraa 4143 and 4d.1db show that the
circulation is negligibly small when a is aniformly distributad over the whooe

cross-saction of the inlet area
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