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CHAPTER V
BUEBLE DYNAMICS

Bubble size distribution, swarm sise velocity, and number of bubbles were
obtarned using the dynamic gas'disengagemﬂnt {DGD) method. Theory and sample

calculation for this technique ate described in APPENDIX F.

A, Data Aecguisition

A videocamera and a VOR unit were used to record the drop in liguid Jevel
during the disengagement process. The actual heights of liquid level were obiained
frem the ruler mounted adjacent to the column. After the completicn of a run
with & giver gas x*eiucit;r, the magnelic valve was shu.t off. The liquid level
dropped sharply during the first 1 to 10 seconds, due to the disengagement of
- large bubbles. Thereafter, the level dropped slowly as the medium and the small
bublbles disengaged.

The data analysis procedure invelved replaying the video tape to obtain
different values of height {H) and the time slapsed {t} Tﬁe data were entered
directly on & persomal computer (Hp AT-compatible). Durmg thc initial period
when ihe n:lw_.l dropped rupidly, dats were recarded afler every ~ (.05 m drop in
ievel and about D.[}ﬁé m towards the end. This procednure was repeaced three times
_for each velocliv to reduce errors. Following this step. the normalized nelght was
plotted on the computer display and appropriate break points were then selected
similar to those shown in Figure 33. The elopes and intercepts of the straight line
segmients were then computed and the corresponding swarm .bubbie rise velocity

and hold-ups fractions obtained. A computer progiam was used to caleulate bubbie
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Figure 23, Change in normalized height as a function of time and velocity,

example from run B-§.
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sizes {or eact class of bubbies, the number of by bisies in each class, the Sauter mean

diameter, and fiually the specific gas-ltquic inierfacial area.

B. Procedure for Obtaining Bubble Sizes

Marruce: (1963) presented a correlation for determining terminal rise velocity

of a single bubbie from the swarm bubbie velocity as follows:

UBim = Ug; -—'"‘—"- {51)

where ¢ is Lthe bubble size .claasiﬁﬂa,tiur;, UBin 15 the terminal rise velocity of eL
bubble with size t, g5, 15 the swarm bubble velocity associated with bubbles of
class ¢, and ¢; is the average gas hold-up value due to bubbles of size 1, where the
vaiues of tr; and € were estirnated from the DGD techmique,

The application of Marruceis’s correlation is based on the assumption that,
rising bubbles are spherical and have N Re 11 the range of 1 and 30C. This correlation
Wwas nsed to estimate the rise velocity of small and medium bubble sizes ustng their
swarn velucities and their avera.ge gas bold-up values. Na attempt was made {o
caleulate the rise velocities of siugs and large bubbles from the swarm velocity..
For shags 11 is assumed that they rise at velocity egrial to terminal rige velodty
(Davidson and Harrison, 1566). In this .stud}' different correlntions were used to
obtaln bubble sizes depending on the type of liguid medis end group of bubbis gize

{small, medium, large, or slug}.
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1. Fischer Tropach Derived Waxes

Bubble sizes for waxes were obtained nsing the generalized bubble rige velgce by
tortelation presented by Abou-cl-Tiassan (1983). This correlation accounts for

Parameters affecting bubble rige velocity as well as the uteraction of bubbles,

‘The coerelation has been recommendsd for wge w

1th Newtoniaa fluids covering
the following ranges:
lignid density = 710 40 1180 kg/m?

Liquid viscosity = 0.933 ta 50 mPe.s

wnterfacial tension = 0.013 to §.072 N/m

The correlation is given by:

V = 0.75 fog(F);

where V' {velocity tumber) and T {flow uumber} are definred ae:

2/ i
v _ HBjwdntp 23 53
- IR R e (5.3)

[T

r o= B8 e - p)p (5.4
- 3,173 i

(1}
L

This correlation is valid for velocity numbers

in the range of 0.1 o 4.0 and flow

numaber in the range of 1 to 105, For bubble rise velocitjes greater than 0.15 m/s,

the following correlation by Clift ef al., 1978 was used to estimate the bubble sizes:

(2145,
Uhin, =
1'; prig;

+0.505gd g, (5.5)
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For the range of bubble rise veloctiies mob covered by the above correlations, bubble
dinrteters were obtained by inlerpolation, For example, Figure 36 presenis ine

relation between rise velority and bubble dismeter for FT-300 wax at 265 “C.
2. Pure Liquids

Peebles and Garber, {19053) presented the correlation for esimmation of air
! B

bubble sizes fromn their rise veiocity in water as follows:

o w26 PL .32 @ 1.28 . n.a1 i
upiee = 0.33g (M) (=) 9 « Np, < 402G (5.8)

where

" E.U'al4
= (25)
meal

In terms of bubble rise velocity, the above equation was applcable up to bubbije
rise velocity of 0,20 m/e, whercas, for Ny 1:335 {han 2 Siokes equation (3.5) was
used to estimate the bubble sizes. The correlation by Clift et ol., 1878 [Equation
5.3) was used to estimate the bubble sizes for bubbles with mdse velocity greater
t_ha.n 0.20 m/s. (medium and large bubble sizes). For example, [igure 37 presents

the rise velocity versus bubble diameter for n-butanol using appropriale equations.

3. Aqueous Solutions of Butanol With CMO

Small and Medium Bubble Sizes

Clift ef al. (1978) presented a correlation for calculating the terminal rise

velocity on the basis of an extensive range of data as follows:
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Figure 37. Bubble rise velocity versms equivalent bubble diameter for n-

butanol.
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BBt T o MM (T 0.857) (5.7)
Aidg;
where
4
g e — gl
M=rx g :
5 BBias P
.?I'L'TRE = -r-'-ll?— »-B ...i
Fi
¢ er
4 = 0.054 HU'¢4T [2 = = e 59_3)
J = 5,472 jFh4dl l:H 5 59.3}
and
4 — Ty —D,14
H=_ F, p0ass ¢ By
3 (“WJ

for the range WM < 1072 E, « 46, and Ng, = 0.1.

This correlation was developed for predicting rise velocities of bubbles and drops
for contaminated mediums, and it has been recommended by Shah et al (1982}
and by Hagque et al {1887) for use in highly viscous ron-Newtonian Liquids as

long as the above conditions are satisfied. With the knowa values of bubhle tise

PIFTEL R EE

velociiies, the corresponding bubble sizes were calculaied. -
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Loz the vangs of 0 < 2 (smelt bubbles}, Stokes law was assumed to be vadid,
that 1s:
7
g dei (p—pe)

Fime = - Ng, = 2 {5.8]
YE 1R Re = L8

In ihis case the small bubbies are considered to be tigid spheres of the same size

and low rise velacity.

Large Bubbles and Siugs

The carrelation developed by Mendelson (1967} USINE wave anelogy to predict
bubble rise velocity for latge bubbles has been used by Acharva and Ulbrecht
{1978} and by Schiiger] (1981) to describe terminal rise velocities of large bizbbles
and slugs «: large Reynold numbers. The correlation has been recominended by the
above worliers for a.ppﬁ;::a.inIJ.s in Newionian and non-Newtonian aqueopus soliitions.

Mendelson’s correlation is piven as:

20 ¢ do;
Ui = 4= 4 y“B {5.9)
Grifr <

This correlation is applicalile o bubbles with rise velociiies gré&ter than 0,25 m/s,
Figure 38 shows equivaient bubble diameters as & funciion of bubble Tise
velocities using the above corrclations. At low terminal velocities {< 0.25 m/s),
three different curves were obtained represeniing different rheclogical properties of
tﬁe mixtures [Newtonian solutions, 1.0 and 0.5 wt % aquens snluﬂons of butanol;
and the non-Newtonian saluf.iuns._.‘ 1.0 wi % butanol with 0.1 wit % CMC solution
and 1.G wi % butanol with 0.5 wt % CMC solution) used in the present study (the

presence of UMC results in decrease in rise velocily of bubbles due to increaged
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Figure 38.
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3 2a, 2b, 2¢ Up,< 0.25 m/s GLIFT ET AL,
L 3 Upg> 0.25 m/s MENDELSON -

p1ey ot N el ool g : Ll

10™ 10° 10° 10" 10°
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Bubble rise velocity versns equivalent bubble diameter for agie-

ous soluitions.
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drag friction on the ascendine bubbies}. At Ligh bubble rise valositios £ 5 .
E g ] & )

there is (o effect of Grag friction on the ascen dine bubbles, because the motion of
the bubbles and the coalesernce rate are much bigher due to turbulent flow in the
cotumu, For the small eolumn, large hubbies develop into siugs due to coalescence;

whercas, i the large cotumn, the motion of the bubbles becomes much more vielent

(no slugs).

PP PPN FLEE - P

B KT I Ly



101

CHAPTER VI

SAUTER MEAN BUBELE DIAMETER

A, FT Derived Waxes

1. Effcct of Operating Temperature

Figure 39 presents the eflect of temperature and superficial gas V&lot;it}’ on
d,. The Sauter values decreased as the lemperature increased. Similar trends were
observed for all types of waxes. Moreover, the Sauter mean diameter increased
as Lhe gas velocity incressed, therefore results for Sasol wax are discussed below.
| Al low superficial gas veloéities {ug between 0.0 and 0.03 m/s} the Sauter mean
_diameters for Sasol wax at 200 °C and at 265 *C were about 3.0 mm and 1.0
mrm respecﬁvcl}n However, the difference increased as the superficial gas velocity
increased and ai 0.0Y m/'s the Sauter mean diameters a.t.ZU[] *C were about iwice
those at 265 °C (4.7 mun compared to 2.0 ram).

The significant difference in d, at 200 and 263 °C for these waxes can be due
to the difference iz viscosities at the two temperatures. At 200 °C, the viscosities
of these waxes were about 50 to 65 % higher than viscosities at 265 °C. These
observations are in agreement with results reporied by Schurgel {1981} and results
obtained in this study with non-Newtonian liquid mediums, where it was observed
that tncreasing liquid visvosity makes the liquid medium more eoalescing, therefore
iarge bubbles are formed in this process resul.ting in high Satter mean bubble

diameters,
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2. Effect of Distributor Type

Figure 40 shows results from experiments conducted with mobil reactor wax
using 1.85 mm orifice plale and SMP distribuiors at 265 °C. The sauter mean
diarneter increased with superficial gas velocity from 1 mim at 0.01 m/s to about
5. mm at §.12 m/s using lhe 1.85 mm otifice plate distributor. These values are
aboul 20 % higher than those obtained with the SMF distributor al most velocities.
Similarly with Sasol reactor wax, lower values of Sauter bubble diemeters were
obtained with SMP distributor compared to those from the 1.85 mm orifice plate

distributor.

3. Effect of Wax Type

Figure 41 compares Sauter mean diameters for three different waxes: FT-300
wax, Sasol reactor waz, and Mobil reactor wax, Runs were made in the 0.051 m
ID colusan using & 1.85 mm orifice plate distributor at 265 °C. The decrease in d,
for FT-300 as u, iocreases from 0.01 to 0.02 m/s may be due to change in flow
regime, from bubbly flow to the foamy regirae. However, at high gas velocities, d,
is almost constant, about 1 mm. Whereas, d, for reactor waxes increased ag the
gas velocity increased. Sauter mean diameters for Sasol wax increased from about
1 mm at 0.01 m/s to about 2 mm at high gas velocities, and those of Mobil wax
increased from about 1.5 mm o about 5.5 mm at high gas velocities. The steady
inerease in d, for r;:a{:i;or waxes as the gas velocity is increased is due to the ahsence

of foam and increase in coalescence {concentration of large bubbles is increased).
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B. Pure Liquids

1. Bffect of Distribuior Type

Fignre 42 compares Sauter mean bubble diameters for n-butanol in the 0.051

m ID column (data for distilled water are noi available). d, for the 1.85 mm

crifice distributor decreased from about 9 mm at 1,01 m/s to a constant value of

about 6 mm at high superficial gas velocities (> 0.05 m/s). Whereas, for the SMP
distribudor d, increased from about 5 ram at .01 /s to a constant value of aboul

. ¥ mm at high superficial gas velocities.
These results show thai, in the fully developed slug flow regime, there is no
significant cflect of distributor type on ;:1,1 Similar trend was observed with reactor
waxes (e.g. Figure 40), where in the slug flow regime the d, for the SMP and the

1.85 orifice plate were about 5 Lo 6 mm.

C. Aqueous Solutions of n-Butanol

1. Effect of Distributor Type

Figures 43 and 44 show Sauter mean byubble diameters for runs in 0.051 m ID
column with 0.6 wt. % and 1.0 wt % butanol in distilled water {non-coalescing
media) using different kinds of gas distributors: SMP, 1.0 mm orifice plate (not
used for 0.5 wt % butanol solution), aﬁd 1.85 mm orifice plate, In both cases Sauter
mean diameters decreased as the superficial gas velocity im.:re:a,sech the d, valnes
obtained from the .5.5 wi % butanol solution {see F igure 43) showed no significant
effect of distributor type on ds. The d, values decreased from about 5 mm at (.01
m/s to about 1 mm at al 0.12 m/s, whereas the d, values obtained from the 1.0

wi % n-butancl solution decreased sharply at low superficial gas velocities (0.01

e ar e P S O T AT P T R g v £, et
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_ COLUMN ID: .05t m
- LIQUID: n-BUTANOL -
a TEMPERATURE: 24°C

DISTRIBUTOR TYPE
' O=1.85 mm Single OrHice
- & SMP -

; ] . ] . | : l . ;
0.00 0.02 004 0.08 0.08 010 0.12 0.4
SUPERFICIAL GAS VELOCITY (m/s)

Effect of distributor t¥ype and superficial gas velocity on Sauter

‘mean bubble dizmeter {C-Ran B-1; & -Run B-2).
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H - 4 | 1 ' 1
COLUMN ID: 0.051 m 1
LIGUID: 0.5 wt % n-BUTANOL |

| |
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{ DISTRIBUTOR TYPE
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i O Awm SMP : |
3 & ]
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f O a 1
i A ~
0 l

. |- | . | . H . | .. 1 .
0.00 0.02 0.04 a.08 0.0e 2.10 012 0.14
SUPERFICIAL GAS VELOGITY {m/s)

Effect of distnbutor type and superficial gas velocity on Sauter

wean bubble diameter (2 -Run B-T. & -Run B-81,
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COLUMN [D: 0,051 m
. LIQUID: 1.0 wi % n-BUTANOL .
I _r‘_ TEMPERATURE: 24 C .
L O i
DISTRIBUTOR TYPE -
U= 185 mm Single Criflze 1
A= SMP i
+ =00 mm Slngle Orlflce
.- + H-'I"'--—E— _:'
X .&"-Iq.‘-_‘-‘-‘& —— ] .
H&"‘-—-— 4
N ) ) . : N N N N N . N N | . . 1
G.an 2.0z 0.04 . 0.08 _ 0.os

SUPERFICIAL GAS VELOCITY (mis)

Effect of distributor type and superficial gas velocity on Jauter

mean bubble diameter {C-Run B.3, A -Run B-3, - -Run B-5).
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to 0.03 m;s) from about B mm to about 2 mm for the orifice plate distributors
{sce Figure 44}, while the Sauter mean diameiers for the SMP dropped a lizile,
from 1.5 mm to abont 1 mm. It was not possible to obtain Sauter mean diarmeters
for superficial gas velocities higher than 0.0% mys due to Turmation of foam which
made the DGD method impos.sible lo use. Urifice plates produced Sauter mean
diameters which were higher than those produced iy SMP. the difference was more
proncunced in the bubbly flow regirne. However, upon emdering the transition to
foamy regime {0.03-0.04 m/s) d, values for all distributors were abou*g_ 1 to 2 mm.
Thece values of d, {near the foamy regime) were higher ihan those ohserved with
FE-300 wax (at 265 °C), where d, in the foamy regime {0.02-0.04 m/s) were about
0.5 mm. This diiference is probably due to different physical properties of ench

B¥sierm.

I, Aqueous Soletions of n-Butanel With CMC

1. Effeci of Distributor Type

Figure 45 shows Sauter mean diameters for a strong coalescing media {aqueous
mixture of 1 wt % butanol and 0.5 wt % CMC) in the 0.051 m ID column using
three difierent distributors: SMP, 1.0 mm orifice plale, and 1.8% mm erifice plate.
At low gas velocities SMP distributor produced higher Sauter mean diameters than
the orifice plates. The Sauter mean diameters for the SMP distributor were about
20 mm at 0.01 m/s; whereas, for the orifice plates Sauter mean diameters were
about 18 mm and 15 mm for the 1 mm amd; 1.85 mm orifice plate distributors,
respectively. At a superficial gas velocity of 0.02 m/'s all distributors gave the same
Sauter mean diameter of about 15 mm, At.high superficial gas velocities {>> (.07

m/s} d, values were fairly constant, the 1.85 mm orifice plate distributor produced

RIS
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v 1 v I [ | v I |
- COLUMN ID: 0.051m
L LIQUID: 1.0 wi % BUTANOL + 0.5 wt % CMC
- TEMPERATURE 24°C

DISTRIBUTORA TYPE
O= 1,85 mm 3ingie Orifice
Lo BMP
+=1.00 mm Single Criflce

i

L m
| \ - _|
' + A e &
+ L

] | L : . | . !

9.00 002 004 0068 008 019 012 O.M
SUPERFICIAL GAS VELOCITY {m/s)

Eftect of distributor type and superficial gas velocity on Sauter
mean bubble diameter (C -Run 3-13, & -Run B-14, + -Run
B-15).
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Saunter values of about 3 mm, whereas, Sauter mesn diameters for the 531 and
the 1.0 mum orifice plate were about 3 mm.

The Santer mean bubble diameters from the solutions containing CMC were
higher than the d, values obtained in a 1.0 wt % n-butanol solution {for the same
type of distributor), the d, values were about 3 inin for the viscous mixture and
about 1 mm for the foamy mixture. These resulis iliustrate thal increasing the
viscosity of the liquid renders the liguid coalescing, thus larger bubbles are formed

in the proccess,

2. BEffect of Column Diameler

Effect of column ID on Sauter mean diameters was studied using a mixture of
1.0 wt % butanol with 0.5 wt % CMC (strongly coalescing mixture). Runs were
conducted 1n the 0.051 m ID column and the 0.229 m ID column using I mm
and 1.85 mm holes diameter orifices, results of this investigalion zre presexted in
Figure 46. At low gas velocities (< 0.03 m/s) the d, values from toe small eolumn
were slightly higher than those from the large column. The d, values in the small
column were about 14 mm and 11 mm {at u,=0.03 m,'s) for the runs with 1.83mm
orifice and 1.0 mm orifice plates, respectively. Whereas, the corresponding Sauter
diamneters in the large column were about 9 mm and 3 mm, respectively. This
might be due to high rate of bubble coalescence in the small eolumn (limited flow
area, resulting in slug formation) than in the large column. 4% high gas velocity
{(ug=0.07 m/s), no significant efect of column diameter was observed, the Sauter
mean diameters for the 1.85 mm distributor were about 5 mm and about 2 mm for

the 1.00 mm distributor.
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LIQUID: 1.0 wt % BUTANOL + 0.5 wt % CMC

TEMPERATURE 24°C

INCREASING GAS YELOCITY
E 200 | ]
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B-2{. »x -Run B-21).

LN PP RS T TLIP



In suptgary, ihe effect of colume diameter on d, s more signiiicant at low
superficial gas velocity (bubbly flow regime), once o churp-turbulent ilow regime

or siug flow regime there is no sipnificant effect of column diameter on d,.

3. Effect of Physical Properues

Figure 47 shows the Sauter mean diameters for various aqueous solulions: 0.3
wt % butanol, 1.0 wt % butanol, and 1.0 wi “ n-butancl wiih 0.5 wi % CMC,
using 1.835 mm orifice plate distributor in the 0.051 m ID column.

The Sauter mean diaineters increased _with increase in liguid viscosity. That
is, a3 the viscosity of the liquid increa,.sed._, the more cnﬂescencﬁng Hguid mixture
became and larger bubbles were formed. At superficial gas velocity of about 0.03
m,'s the foaming mixture had d, of about 2 mm, whereas the highly viscous mixture
had d, of about 10 mm. Similarly, at high gas velocity (0.12 m;s} the foaming
mixture had d, of about ! mm and the viscous mixture had d, of avcul ¥ mm.
| In summary, This confirms that increasing the viscosity of the liguid results
in increase in d,. Similar observation ##'ET;: nhéerved with F'T derived waxes when
the temperature was decreased from 265 °C to 200 °C higher values of d, were

observed {viscosity of wax increases with decrease in temperature).
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Figure 47. Effect of butancol and CM concentration on Sauter mean bubble

diameter {71 -Ruan B-3, & -Run B-7, + -Run B-13).
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