fiven = Dimodsl distribution with 500 bubbles of 0.5 -m dlazeter and _
bunble L0 nw 1z diape=er, the Szuter masn diameter iz 4.7 mm (using Zqua-
~iom !¥-33%. Eowsver, given 500 bubkles of 7 m irn diameter ant 1 bubbie iC
mn it dfapszsr, the Saure= mesn diamecsy is 2.3 mn, Thess resulcs show thel
tar  a eistrimation contalning smeller Twitibles (0.3 mmY. che Sauter mean
buulble dicmeter I8 siznifisently greater saah the distributieon contalining
_arger bubbles (1 mm}, Z.e.  &4.F wm for the former versas .5 nx fer the

larter : The obvious Steblazm is the praseace of tne vpne lavge 7170 mm} hubble

giced Instead

11k

in each of the distributisns.  TF 100,030 small bubbles wer
of iU, only thsm o2 “he wvalue of ds approactes 0.7 mz Tor the first case
and 1.0 —w fur —ue seannd, For the molten wem - nitrogen cystem the problem
iz furtker aggraveied because cof vhe lafge nuthar of fine bubbles prasent
*n the dispevasiocn, wheseas enly a few lerpe bubbles are wisible, Therefore,
by cownting ealy & relacively small nucher of chese fine bubbles the
ealealesed values for thae Saucer mean diemetor will e larger than the
aetual wvslues. The wsrgin of <his type of erzor san e reduced by
increasing the bubSie czunt {Ty anelvzing move than one Phu:GEraph per
cunditicon). HBewevzr, thisz is an ardutes Easi,

2,1, PBubbls S5ize Digcribuamiop Jeing <ke Dynamic Gas Dicerpagenenc Ve o

Lobble size pezsuremencs wers mades using thas cyaanic fas disengagement

tecbmigue (0FD)  develozed By Srivem and Mann {71577}, Exzerimsnts ware

concieced ‘n the 0.051 & ID and the 3.229 m D glass csluammes in oerder o
study  Lhe effect of operating tspperature (00 end £€3°0), distvibuner
tvoe,  solumn  diameter.  awl wax Tywpe.  Majoriny of The ewssriments weve

" =

concéverad din Tho 2 U1 m 1D eclamn uwsing FT-20T ¢ad, EORE rEACTOT WENLE

v
--1
o

T




(Sasol's Arge reactor wax and Mobil's reactoer wax). A few measurements were
made in the 0.229 ﬁ,ID column with FT-30C wax. The 1.85 mm and 4 mm orifice
plare, and the 40 pm SMP distributors were used in the small column, while
the 19 X 1.85 mm perforated plate distributer was used in the 0.229 m ID
column.

The major highlights of these investigations are:
. 1.85 and 4 mm orifice plate distributors gave similar values for ds

with FT-300 wax, while measurements could not be made with the 40um

SHP distributor due to excessive foaming.

. Column diameter did not have a2 significant effect on the ds value for
FT-300 wax,
. The presence of foam had a strong effect on ds values. At 265°C the

Sauter wmean diameter for FT-300 wax was approximately 0.5 mm,
irrespective of the amount of foam (or hold-up). However, results from
the DGD method obtained in the presence of foam should be interpreted
with caution.

* Temperature had a significant effect on the Sauter ﬁean bubble
diameter (ds), with values at 200°C being significantly larger than
values at 263°C for all wax fypes, despite relatively  small
differences between hold-up values at the two temperatures,

. Distributor ﬁype (SMP  and 1.85 mm orifice plate) did mnot have a
significant effect on ds for reactor waxes, however, values with the
SMP distrigutor were consiétently lower than those with the 1.85 mm
orifice plate distributor.

. War type had a significant effect on ds values, with the smallest

bubbles being produced by FT-300 wax and the largest by Mohil reactor

et
“~d
=1



wax. The =rends weze similar aL boll 200°0 aud st . 26570, At 265°C
Sauter onean diamsters for FT-300 wax wers around 0.8 Em for
suzerficial pas welacities greater than {003 m/=; whils those for
Smzal raactor wax apﬁraached 2 mr oand Mobil -eactor wax  pgave values

arcund £ wo 5 wm.

P.2a, Theory

Sriram and Hamnn {1977) cevsloped the dymanie gas diseneagemcnt  (DOD}
techniene for obrtaining tha: "wbhie rige velocity and ths bubdle =ize
digtrinution it bubble columms. This techrnique requiree the knowladge of
the change In liquid level a=s a functicn of “ipe, onee the gas flow te the
buﬁble colunr ie shu:r off.

8rirar and Harn showed that thes gas helc-op, fg{t}, affer a gime. ¢,

ig giwen by

ﬁgft) -t :(ﬂB] L 1 - | cid_; V-5

g0 LA B

m
e [0 221 .
C

ML)y is the fraction of the wvolume [raciisn o[ bubbles

whare {l-tu{dB};

remaining in the dispersion aXfer s elapsed time, &, iz tho avorage

¢
i
gac hold-up at time zera, f:ﬂu}d(dﬁ} iz Lhe walumz [raclion ol Llwe huybahles
hawing =izt berween dB and dB -+ dde?. anc u{dB] is rthe 7vize  —relogity
Asgoolalad with a lwbble of size dﬂ. Biuatior {¥-&}, bas=d on & theovetlcel
approach, implies +that the bubble =ize Jigtrinutian is ILnitizlly awiallvy
Lhomogurneosns  and  that sigrificant babble interactions do not accuw  duving

the cdisenpgafement process.

I.3a.l. Discretizetion for b @lasses of Bubbliasm

A Ee:*_ue.r'-_'.]_izr—_:c'f rhn:-er:-r:_f Lo nhtf."l—l'ing_ the hoahle size distrihacion  From

DER is Gevaloned herse. Eguations for the spaeifie caces 1awelwing bElmodal

15E
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and trimodal distributions (most commonly encountered in the present work)
are presented in APPENDIX C, together with examples and sample <dalcu-
lations. Equation (V-8) is valid for a continucus bubble size distribution,

and 1ts discretized version for N classes of bubbles is given by

eg(t) = Egoi T

N ) tuBi
TE | 1- v-7)
1

=1
where i represents the individual bubble classes, fi is the volume fraction
of bubbles in class I, and Up s is the rise wvelocity associated with this
class of bubbles. It 1is assumed that class N comprises of the largest
bubbles and class 1 contains the smallest bubbles.

After a time, t;, all of the bubbles in class N will have disengaged
along with some bubbles in the other N-1 classes. Similarly, after a time

tz.(t

P
S

5 > t]) all of the bubbles in class N-1 will have disengaged, and so

on (see Figure V-64). By this assumption, the term (l-tuBN/H) becomes zero
A wx

at time tl, the term (1-tuBN_1/H) becomes zero at time t,, leading to the

following general equation for the dynamic hold-up, eg(t):

lch 1-33—5—3 t* | >t>t* {(V-8)

1 N-k+1% N -k i

g0,

€ (t) = ¢
g .
Equation (V-8) can be rearranged so as to relate the normalized liquid

level (H/Ho) t0 time elapsed (t) to obtain the following equation (see

APPENDIX € for details of its derivation):

k
. = . .
H Hs/hD -1 EgoluBl - "
EI k " r K 1 Wox+1ZTE7 % g
1l -Z ¢ oi Ho 1 - =z €0t (V-9)
i=1 & L i=1 8



vhete fni = % ofi‘ ar.d Hs 5 the height o ths unzassac liqguld {or static

sccording  to  Equastien (Y-G9 & plet of the normelized 1igquid level
{HfHG] versus 2ime slapsed () weould +=esult is o scries of straigat  Lines,
ere  Sor eack of the time interwals, with intersecticns [or Wreak noints)

. i +*
acturring at times c,, t

g and so on. This ic graphiecally illustrated in

Flpure V-84,

raininr ¢ u_,_and =
i—

- goi*—E 1

I

[.3a.2, Zrreedurs In

1
7

assuning that the experirental normalized iigquid leve. versus time

elapsed data can be represented by ¥ ctraipht lines, ag shewn in Figure V-

82, the following prceedure car be used to obtaln estimatves for Egni and
LR Tr. Flpure V-B4, t; raprasents tre TClme whew all hubhles hawve dicen-
gazed from tThe lijuid, therefers, ths2 stralight line beyond tg -reprasents
the stacic 1iguid lewvel. The slape of this lins is zero (sG=D} and the

fmtercept Is BH SH (1i.e. b =FK /= 7.
Pt hs = - u] s"'f r:n:I

The £irs: sts

M

Is o sotalin the slopes =nd  dntercezts of the H

straight line segments (gee Fipgure T-54). Let 5, to B *ppresent the slopes
e L

of thesz lires, and let b. to bﬁ Tesrzasnt the intercepbs ol Chese lines,
L L

igeaticon (V-3 rean be usaed To obtain the euprecsciems Tor the =2leps:  and

intercept o trhe strzight lines. CGensral egustions Zor estimating EEG; anc.

11

B irem 5, and b, zre daveicpsd here.

n

|4

Fer tre w'th straight line the Zolilewing sxpressisns  represent  the

slrpr and the inmtercept:

e
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=
e .
1=1 go1uEl
Slopew: 5 = - ST - (-0
k \ k
1 1 -2« .
o |_ L. Eol
Hsfho
intercact: = = : (V-11)
K K
1 -2« o
i=1 ®

These equatlong czn be manipalated to obiain the Following sxpressiohs

Zor e_ _ and u_, f{a=s APPENDIX T feor datizils).
ol S
H, ; ] 1
Hy [Pi%2.1 bi-151]
u - A 3 e Li—- =1 M-L3)
Bi Ji bi-l

Emuarions w-12% erd (V.13 can now te used to estimate ¢, and  u, .,
: N E
zel i

for che 1 oclasase of bhabhles sizss, The frastion of bobbhles in #_ass 1. f

5 piver as!
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D.3a.3. Procedure for Obtaining Bubble Size (dBi)_gnd Number of Bubbles (nil

There are several correlations available in literature for .obtaining
bubble sizes based on the bubble rise wvelocity. Two of these correlations
were selected for use in this study.

Abou-el-Hassan (1983} has presented a generalized bubble rise velocity
correlation based on dimensionless groups that account for the parameters
affecting bubble rise vglocity as well as bubble interaction. It is inde-
pend;nt of flow regimes and is appl;cable for Reynolds numbers between 0.1
and lOa. The correlation is in good agreement with literature data for air-
bubble motion in Newtonian fluids and covers the following range of condi-
tions:

liquid-phase density = 710 to 1180 kg/m3

liquid—pﬁase vigcosity =« 0.233 to 59lmPa.s

interfacial temsion = 0.015 to 0.072 N/m
The correlation is given by:

V= 0.75 [log(F)]° (V-15)

where V {veloclty number) and F (flow number)} are defined as:

u3d52/39£2/3 |
V= _ : S (V-16)
- RYERVE

8/3, 2/3
gdy " T (py gg)pﬂ

RYERYE

F = {(V-17)
The correlation 1s wvalid for velocity numbers in the range of 0.1 to 40 and
flow numbers in the range cf 1 to 106.

For bubble rise velocities greater than 0.15 m/s it was found that the

correlaticn failed. another correlation was used to determine the bubble
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size for bubble rissz welocities gregrer than 0.2 rmse (Clifrt et al., L3783,

)

] e (v-12)

. ¥ 2.1l40 -
4, = l—d + 6308, |

B £1%E

The egquazlon was developed from sxperimental data  for alr bubiles

rizsing in distilied wates, znd lg velid for huahte zizes greater tham 1.3
i

For the range of bubble rise welocitiess not movered by ths atove Cwo

correlations, bubbiz diameters were obtalmed by interpe_ation. Tigure ¥-65

shows the relation between =ise velacisy and bubble dlsmeler Eor FT-300 wax

= 265°7, with the intevpaiated walues indicatsd by the breken Line. Thece

n

sorreiations =enm 1o% be usad to estimste d . wsknes using bubble rise

Bi

velacities {uﬁii coteired From the procedure outlines In tha previous

zection.

The rmumber of bubales :ni} of =izc SYRLLE he gzleulzsed az  follows.

The overall or average gas hold-uo is glven fay:
'|Jg
- T
Egﬂ vT (V-1

WwieTre ﬂg iz the voliwe of gas in the gss-liquid dispersior and V. is the

expanded veluors . Zcuatlen {V-2157 car e rewrltten as:

)
Ega =_E. ni"'r.{."ﬁrT (V-200

=1
whara L. iz The sumber of Cubzles of size dEi end ?i is —hea wpiume asso-
gizzed with this proup of burbhles., Therefnre,  ihe hold-up ﬂh!—.i"_ll'_'i:ﬂ.tf:d with

bubbzes aof size dB' oot b cworesoed as!
Y

- ]
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) i
goi VT
o
E .vT
n, = —Egi—— .22
i

The wolute zssceoizted with bubbles of size d i is given by

B
3
UEL
Vit e v-zh)
#ad  the tetal volums 1s:
rd EHF
V. o= z— CV-%8Y

vhere dc i the column dicmetor, Substizuting Equations {W-23% ard (V-24%

Iote Igquaticn (V-23) viw o=

n, - - : (v-28)

whieh may be used to czleuwlate the numher 2f bubhles of =ize dB"
i

D.3a 4. EBauter Mogm Dicmeter

Ir defimition, th: Sauier mean bubble diameter, d |, is:

H -
— a
T on.d_.,
. 1 A1
4 = i=1 i \
5 % - V28
noad, ~
.« 1'Li
i=L_
Sumesriturinyg  Ecusaltlon (VY-23) inte Eguzciern {V-26), vieids upon Feerrenge -

cent:

.




N
Z Egoi
R - T (V-27)

s N
= /d

i-1 1

€ -
gol

D.3b. Experimental Procedure

A viaeocamera and a VCR unit were used to record the drop in liquid
level during the disengagement process. A vertical ruler mounted next to
the column (in the camera’s field of view) was used to obtain the actual.
heights. After the completion ef a run with a given gas velocity; the gas
flow was shut off using a sclenoid valve and the drop iIn liquid_ level
recorded. The level dropped rapidly during the first 5 to 10 s after the
gas flow was shut off, due to the disengagement of the large bubbles,
Thereafter, the level dropped slowly as the medium size and small bubbles
disengaged from the dispersion. The recording was completed whénrthe level
reached a stzationary value (corresponding to the static heightﬁ. Towards
the end of the recording periocd, a large numher of very tiny bubbles could
be seen rising through the dispersion.

The data analysis procedure involved the analysis of the video tape
followed by the data redgction procedure. The video tape was scanned and
the time elapsed (t) recorded for different values of height (H) as the
level dropped during the disengagement process. The data were recorded
directly into a personal computer. The frequency at which time was recorded
ranged from every 0.05 m drop in level (dpring.the initial period when the
level dropped rapidly) to every 0.005 m drop in level (towards the end when
tiny bubbles were disengaging). This procedure was repeated three to four
times Zfor each wvelocity to reduce errors. Fellewing this stép, the

normalized 1liguid level (H/HO) plot was directly displayed on the screen.
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ﬁﬁFIO?riatc brealt pointe ware then selecied by the uvser and ploets similar
te  <hese shown in Figare 0-1 (AZDPENDIX €3 obtalosd. The slopes and inzer-
cepts of rwhe s=ralgnt line segments were thken computed and “h: corre:z-
poncing rlse wvelocitles anéd hold-up fvactioms aobtalned. The comouter chen
calculzTed buobblie cizss for gich clase of mukblae, *he murher of bukbles in
gsch clasz ard firally the Sauter mean dianetax. & summary dea shaet  for
zveyy wun, slnllsr toc those showe in APPEHADRIX [, vas <hon pricted our.

0,3z, Zyperimental Results

NETY weasremslts welre nade after a minimum of ona and a 221f bhoutr per
velocity for velecitlas between 0.0l cod 0 35 mfs,  ard & minimum ef 1 heur
for welceirias gresver then 0.07 w/c except for a few runs az clicussed
below. It was n=cessary to weit fer tals duration to ersure that steady
state was achieved, parcizularly whern foam vas present. Summary of rezults
for selected rune arz included in APPENDIN 3.

D.3¢. 1., Effact of QOpsrating Tenperarure

Fipare V-60a is a plot of <he Sauter mesn bubole dizmeter ids} AE a
functien of superficial gas welecily For espeviments soncusrfed with FT-300
wvax  In the 0,031 m ID celuen ueivg s 1,85 rm orifice plste Jistribursor.
dversge  gas  hold-un welues fa these vuns sre shown in Figura V-55b.
FTEHrHH W-fla  znd Ve6Et show simitar regulte for rums  coméusted  with
Sasel’'s MATEe wex,

Sauter nzan dismescer values for FT-300 wax 9= 265°C (Fizure V-4Ea; are
consisztsntly Lowsy Chﬂﬂ1VﬂLu25 st 200°C Zor all welceitbies. excezt 2z DM

QR=s iz &0

5]

mSs. LT ooz aressmse of fozm (ug =202 12 305 mfed, ds 3

highar  than ﬁs sl ZE3"C {0.75 ma czmpared to areund O3 oml.  This
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