CHAPTER 7

DYNAMIC GAS DISENGAGEMENT

In this chapter, a new mode! for determining bubble sizes and specific interfacial
areas in bubble columns by the dynamic gas diseigagement (DGD) technique
is developed. bzsed cn a concept of non-uniform sieady state distibution of the
bubble dispersion. Interpreting the non-uniformity in the axial direction. this
rnodel using the DGL technique gives axial gas holdup diswibutions, and by
assuming an axially homogeneous dispersion, a radial gas holdup disibution can
be obtaihed

The Sauter mean diameters and specific interfacial areas for several gas-liquid
systems have been estimated by the mode! and the DGD techaiqus. The results
in the air-water system are compared and are in agreement with those measured
by a five-point conluctvity probe technique. The obiained axiai gas holdup
distributions agree well with those measured by Menzei (1989) 2nd the radiai gas
holdup distmbuticns for the same system are also in reasonable agreement with
those measured in this work. Results are also reported for the zir-salt water, air-
aqueous propanol and air-dodecylbenzer= systems.

7.1 Introduction

A good vnderstanding of the gas holduo structure, bubble nisz veiocines anc
bubble size distribution in bubble column reactors 1s essensal for evaluatng the
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148 DYNAMIC GAS DISENGAGEMENT

performance of such reactors. For dztermining the bubbie size distribution, many
mathods have besn developed. The photographic technigue has ofien been used
beczuse of its simplicity (e.g. Towell er al, 19€5; Akita and Yoshids, 1974).
This is a direct technique. but usually limited 10 bubbles in the vicinity of the
column wall making it only suitable for low superficial gas velocities with lirtde
or no circuladca. Obviocusly. it is also limited to wansparent vessels. Cther
methods involve various electrical and optical probe techriques (Burgess and
Calderbank. 1975: Buchholz er zl., 1981; Yu and Xim, i990). These methods
can measure not only bubble sizes, but also bubble velocities and local void
fraction. However, in many cases, e.g. nca-transparent, pilot-scale anc iedustrial-
scale columns. operating condiions of high temperature or high pressure as well
as ariverse system properdes like iow conductivity and high turbidity. may make
it impossible to use these methods. In addidon. for the purpos: of obtaining
global information for 2 whole column, these methods may be costly, labonous
and time-consuming.

A convenien: method to investigate the hydrodynamics of bubble columrn
reactors. referred to as the dynamic gas disengagement technique (DGD), has
been introduced by Sriram and Mann (1977). The basic idea of the technique is
10 obtain the rise velocities and the gas holdup structure of the bubble classes
through analyzing the transient d:spersion level profiles, recorded after gas flow
is intzrrupied. If a reladonship between the bubble nse velocity and the bubble
size is known, it is possitle 1o esrimate the bubble size distribution from the
velocity datz. When only global informarion. e.g. the overall speciiic interfacial
area. is to be cbtained, this technigue may be useful and effective.

Sriram and Mann (1977 used the technique in 2n air-water system at low super-
ficial gas velocity (0.02 m/s) and low gas holdup (<5%). based on the two
assumptions that there was no bubble-bubbie interaction (e.g. coalescence of
bubbles) once the gas supply was cut off, and that the dispersion was axiaity
homogeneous prior to gas fiow interruption. However, the metned for predicting
hubble size distibutions was guite ambiguous, since the disengagement data
were firied to various bubble size distribunons by tuning the raean and ihe
standard deviation with or without consideratdon of liquid circuiation and gas
slugging. For example, without considering liquid circulauon, a log-normal dis-
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tributon of bubble sizes with a mean of 26.2 mm and a standard deviation of 8
mm was obtained by best fitting for a set of disengagement data. Considering
Iiqu:d circulation, but without considering slugging, a log-normal distribution
with a mear of 5 mm and a deviation of ! mm could be obtained for the same
disengagement data, when all bubble sizes in the column were assumed to be in
range of 3-8 mm. A normal distribution was found to be incapable of fitting the
disengagement data.

Based on the main assumptions proposed by Sriram and Mann (1977), further
work has been done by other investgators, but not ali of them have correlated
the disengagement data to bubble size distributions. Vermeer and Krishna (1981)
used the dynamic gas disengagemen: technique on the nitrogen-turpentine 5
systern at high superficial gas velocities {up 10 about 0.3 m/s). They proposed
a bimodal distnbution with a successive disengagement process of a large bubtle
class as the tansport portion and a small one as the entrained part. For the
system used, tus model showed tie large bubbles to have a high gas volume
fraction (e.g. about 1/3 of the total gas holdup} and a very high nise velocity (up
{0 1.8 m/s) in the heierogeneous flow regime.

Sasaki er al. (1986) preposed a muld-modal distribution of bubble sizes together
with an assumpuor of 2 successive disengagement process, similar to that of
Vermeer and Krishna (1981). In order to determine the bubble size, they simpiy
assumed thar the rise velocity of a bubble was proportional to iis size. The
method was used for determining bubble sizes in the system of argon and
aqueous solutions of sodium hexadecyl sulfate in a small coiume (805 mm tall
and 26 mim inner diameter), and the results were compared with data based on
the photographic techmque.

Schumpe and Grund (1986) have given a detailed discussion about how to obtain
more accurate disengagement profiles, notably for the initial period of disengage-
roent ard also how to consider effects of the pressure difference across the
dismbutor. The authors proposed a simultzneous disengagement and bimodal
distibutcn model, and assumed that a bubble class had a constant slip velocity
in both the steady state and during the dynamic disengagement process. This
model implied that the first disengagement line was made up by conmibutions
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from two bubble classes.

Pazel er ai. {19%39) considered both successive and simultaneous disengagement
models for bimodal dismributons and expzndesd these 10 multi-modal distribu-
tions. In their models, a bubble class was assumed to have a constant tise
velocity and a constamt void fracton during its disengagement process. The
authors preferred the simultaneous disengagement. although they expected the
real process to lie between the two extremes. The bubble sizes were estimated
from he cbtained rise velocity data by assuming that a bubble class would nise
as if this were the only bubble class existing in the liquid. The simultaneous
model has been used 10 determine bubble sizes in the nitrogen-molten wax
system (Pazzl er al., 1990; Delay er al.. 1992). However, the sizes of the large
bubble classes estimated by the simultaneous model for the air-water system at
higher gas superficial velociies seem too large (sometimes they might be found
to exceed the column diameizr), and the results by the successive modal wers
even worse. The resuits are also ie congadictuon withi those measured by probe
techniques (Yu and Kim, 1990), showing very low gas volume fracdons for
bubbles with such high rise velocides.

Lee ez ai. (1991) croposed a simuilaneous disengagement model for multi-modal
distributtons using the assumpdons of coastant velocity and gas hoidup. They
derived the same expression of rise velocities for the vanious bubbie classes as
that of Sasaki €r al (1986) by using a gas volume balance during the disen-
gagement process. The modesl was used for fermentation media systems in the
determinatuon of bubble velocities. but not for tubble sizes.

Unfortunately, none of the ebove models for the DGD iechnique car give a good
esumation of the bubble size diswibution or specific interfacial area in bubble
column:. The main reason may be that the basic assumption {axially and radially
homogenecus dispersion) used for the models is far from the true conditons.
especially at higher superficial gas velociues.

This chapter is aimed at developing a new model in which the non-uniformiry
of the dispersion is considerec when determuming gas holdup structure and
bubble rise velocities by the DGD techniaue.
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7.2 Experimental Technique and Data Treatment

The dynamic gas disengagement measurements were carried out in a plexiglass
column with inner diameter 0.288 m and height 4.33 m. equipped with the distri-
butor having 25G holes (1 mm i.d.) for gas and 19 holies (28 mm i.d.) for liquid.
The systems used were air-tap water (2bout 10-50 °C), air-dodecylbenzene, air-
sait warer and air-aqueous propano! solutions. A videc-camera equipped with a
umer and 2 VCR unit vas used ¢ record the drop in dispersion level during the
disengag=ment process. After achieving stéady state at a given gas superficial
velocity, the gas flow to the column was cut and the drop in liquid level was
recorded. The disengagement data were produced from frame-by-frame scanning
of the video tape. The scanming procedure was repeated several times i order
to minimize errors. However, the video-camera measuning technigue was not
successful at higher superficial gas velocittes for the air-salt water and air-
aqueous propanol soluuons as thess systems are nearly non-coalescing and easily
foaming.

During the initial period of disengagement, ai high superficial gas veiocity. the
liquid surface tended to fluctuate strongly and was ofien not clearly defined. The
common practice of fiming a straight line s thus error prone unless multiple
scanning of the tape 1s made; a procedure that is very me-consuming. Several
alternanves have been suggested in the literature for measuring the disengage-
ment profiles. Lee er al. (1985) introduced a digital dynamic gas disengagement
sensor with a wooden buov which could suppress some of the surface fluctua-
tions. Weimer er al. (1985) used a y-radiation density gauge to cbtain the height
of a fluidized bed as a function of time after cutting off gas supply. Sasaki er al.
{1986) used a pressure mansducer placed at a fixed position below the meniscus.
Recently Daly er al. (1992) aiso used a pressure wansducer for surface level
measurements in stainless steel! colurns. These above methods net only improve
measurem=nt accuracy and reduce the work load. but can also he used in cases
such as with norn-transparent columns or liquid media. and in highly foaming
systems.

A disengagement profile usuzlly tooks as shewn in Figure 7.1z, which 15 a curve
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showing the dispersion Ic vct as a functon of the time after gas flow interruption.
This can usually be fitted by a sequence of straight lines with decreasing nega-
tive slopes. The number of straight lines needed for the fiting d=pends on the
gas-liquid system and the flow regime. For low and nearly non-coalescing
systems such as air-agueous propanol solutions and air-sali water. at low superf:-
cial gas velocities (with low gas holdup). referred to as the homogeneous flow
regime, one straight line may be satisfactory. In the transition or heterogeneous
regimes, more than one line were vsually required. For systems like air-dodecyl-
benzene, at leas: three or more straignt lines were necessary.
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Figure 7.1 Skeich of the DGD profiles.

In our measured disengagement profiles, usually in the transition or heteroge-
neous flow regimes, it was found that there might exist a "buffer period” be-
tween two disengagement periods. In the buffer peiiod, the drop rate of the
liquid surface is slower than that of the subsequert period, as shown ir
Figure 7.1b. In fact, similar phenomena could also be observad when studying
previous work (especially in high viscosity systems e.g. CMC solutions used by
Schumpe and Deckwer, 1982), but they were vsually ignored by the authors.
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This phenomenon shows that liquid layers with fewer bubbles or lower void
fracticon may form during a disengage=menr process, as shown Figure 7 2c. This
layer may be the result of rapid disengagement of larger bubbles and will contain
a bubble size distribution representative of the next bubble class. although at a
lower gas fraction. Thus, this part of the holdup may simply be added into the
next disengagement period. For example, it can be considered that the second
disengagement peniod starts at height /4, and ar ume 7. as shown in Figure 7.1b.
The time difference, ¢, = 777, is the ume deiay after disengagemant period 1.
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Figure 7.2 Sketch of bubble disengagement process.

At gh gas throughput, a short buffer period may also zppear at the beginning
of the disengagement process, as shown in Figure 7.lc. Schumpe 2nd Grund
(1986) artributed this to the effect of the pressure drop through the : as diswribu-
tor openings. Cbviously, this effect will be significant only when the volums of
the distnbutor chamber is large and the orifice gas velocity is high. However,
even for a small distributor chamber at the momenz of curting off gas supply, the
system 1s switched into dynamic operation and the rising bubbles will suddeniy
experience an addigonal downward liquid flow comparad to at steady state.
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Therefore. the apparent disengagement may be slow at the beginning, somewhat
like a time delay, but wiil soon reach its mean value due to rapidly increasing
gas voud frection near the surface {the effect can not easily be observed at low
superficial gas velocities). The =ffect of the downward Liquid flow is more
significant for the bubbles at ihe top, because the surface bubbles burst with a
iower rate than the nise rate of the bubbles {Azbel. 1981). As for the other buffer
periods, this part of the holdup may be added to the first disengagement penod.
This implies that the disengagement is considered to start at ume 7 instead of
15- However, since the liquid surface often fluctuates strongly and therefore may
not be clearly defined at the beginning of a disengagement process, this time
delay can usually be disregarded. as done by the previous acthors mentioned
above.

" Information for the air-tap waler svstem measured by the five-point conductivity
probe technique {Burgess and Calderbank. 1975; Buchholz er al.. 198i) will be
used as compariscn to the results by tha DGD technigue. This technique has
relatively high accuracies for detzrmining the equivalent bubble size and the nse
velocity.

7.3 Holdup Structure and Rise Velocities

A butbie column reactor typically contains a large number of bubbles. General-
!y, when an experimental disengagement profile can be fitted by n straight lines,
n disengagement periods and n bubble classes can be considered to sxist. The
bubble classes are numbered in decreasing order cf bubble size. That is, the first
bubble class represents the largest bubbles znd the sth bubbie class the smallest
bubbles. Since a larger bubble class has a higher rise veiocity, it will disengage
from the liguid before the smal'er bubble classes. In other words. in peniod j,
only bubbles from the nth to the jth classes remain in the Liquid, while bubbles
from the j-Ith to the /st classes have escaped from the liquid befere the start of
the period.
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In the dynamic gas diserigagement technique, the first part consists of using the
data for obtaining bubble rise velocities and ihe gas holdup structure of ihe
various bubbie ciasses. reflecting ihe charactenstics of the corresponding steady
state. In order to do this, as aiready mentioned, two basic assumplions have
usualiy been used: (1) The gas holdup structure remains undisturbec by or
without bubble interacticns afier cutting off the gas supply, and (ii) the holdup
1s axially unuiformly distributed in the whole column prior to gas interruption
{Sriram and Mann, 1977; Schumpe and Grund. 1986; Patei e7 a/.. 1989).

Althougk: the first assumptien is considered 1o be necessary in order to make the
data {rem the DGD technique represzntative of those of the correspording steady
staie, it is difficult 10 accept the concept “without bubble interactions after
interruption of ga< supply”. However, thai "the gas poidup structure remains
undisturbed by bubble interactions” may be accentable for most systems, if it can
imply that the bubble coalescence and breakup process sull rermain in balance
during the disengagement process and that they are, during the fusi period. close
to the situation in the steady state.

The second asswmption is more cniuzal except for non- or low coalescing
svstems at low superficial gas velocines (th: homogeneous flov r=gime or highly
turbulent buboling regime). Ingeed. for instance. for the air-salt water system.
when the superficial gas velocity was high, it was observed that iargs aggregates
of bubbies occarred. rising fast in the upper part of the colurnn and making the
overall gas holdup decrease. At slightly lower superficiai velocides, the gas
hoidup was found to be very high and the system became foaming. For 2 sysiem
with coalescence promoting liquids, the axia! variaton of bubble sizes is usuallv
strong in the vicinity of the dismbutor. The gas holdup may be lower at the
sparger if the gas s not umformly distributed and it ic generally higher in the
disengagement zone at the top (Schumpe and Grund, 1986). In tall columns. the
gas expansion: due to the vanation in hyvdrostauc head may also have to be
considered. The experimenial results of Ueyama er al. (1980) have shown that
there exusts a clear axial inhomogeneity in the gas holdup for the air-water
system in a column with inner diameter 0.6 m and height 3 m. This has also
been expenmentally verified by Menzel (1$89) {or both law and high coalescing
systems in a column with inner diameter 0.6 m and he:ght 5 m.
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On this background, the present model assumes that prior 10 gas interruption,
only the smaliest bubble class is axially uniformly distributed over the whole
height of the column, and that each cf the other bubbie classes has an axially
uniform dismbution only over a limited height from the top, as shown in
Figure 7.22. It should also be kept in mind that the gas holduip in reality is non-
uniformly distributed in the radial direction.

The present model assumes that the gas holdup for a bubble class is constant
during a disengagement process or, in other words, that the bubble classes
disengage independenuy of each other with censiant rise velocites, as also done
by other investgaiors (c.g. Patel er al., 1989; La= er gi.. 1991). Clearly, this is
an oversimplification. In a disengagement process, as the bubbles leave the lower
part of the columnn, their volume has to be replaced by liquid. The resulting
downward flow of liquid will affect the bubble rise velocities, especially those
of the smaller butbles. However, smaller bubbles will be carried along in the
wakes of larger bubbles counteracting the reverse liguid flow effect. Hence, the
approximation tha! the buhble classes disengage independentiy of each other with
constani vajocities, may appear reasonable considenng that the desired informa-
ticen 1s only jor a few distinct bubble classes, which in itself is a subs:iantal
simplificauon.

Thus, the total volume of bubbles disengaged in period j, -S,ALA, 1s composed
of all the bubble classes disengaging in this perioa. Corresponding to the disen-
gagement rate of bubbles from the liquid surface. the surface level drops with
velociry S, from heighr Hj_1 1o HJ within the sames tme interval. A{, =11,
Considering 2ach of the bubble classes having a constant sise velocity in the
disepgagement process, and that no bubbie class larger than the jth exists in
penod j, and 1gnonng the density difference between gas over apd below the
surface. a mcass balance for gas in the period zives

n
Y. (wispeG = ~5j.  j=li..n 7.1)
)

Here u, is the rise velocity of bubble class i and g, is its holdup, both being




CHAPTER 7 DYNAMIC GAS DISENGAGEMENT 157

constant in the whole disengzgement process.

Equation (7.1) can be rewritten as

n

- g1 _% (7.2
Zu‘-EG‘- SJ't.l EG}) {
L)

where

n
. - - r (7.3
&g, ZEG; €gi*€cim1 (7.3)
i=j

is the total gas void fraction in the top disengagement zope in period j.

A relative superficial gas velocity for each of the bubble classes (superficial
veiocity relative ta the liquid surface instead of the wall), (u-s;)€g,» can be
obtained from Equations (7.2) and (7.3) as follows

(ui—si)E'Gi = L*Si*'s,'-])(l _EGE—I) N i=1.....n (74)

where 5., =0 and g5, ; = C. Since the nsc velocity, u;, ard the gas holdup, £,
are constant for a bubble class in the disengagement process, the relative supeifi-
cial veiocity 1s 2lso a comstant. '

On the other hand, the disengaging dispersion can be considered to consist of
several distinct moving layers containing different numbers of bubble classes at
any tme. For instance. there are two distinct Javers ic the case of Figure 7.2.
The first layer cont2ins two bubble classes. Each of the layers rises with an
appareit velocity equaling the average nise velocity in the corresponding period,
since both the nise velociues and the holdup are constant. Thus the apparent
velocity can be expressed by

1 -g,;
o~ -5 Ol (7.5
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If the velocities cf any two adiacent layers {or peniods) are equal, the disengage-
ment dispersion is contnuous, as shown wn Figure 7.2b. Otherwise, a layer of
nearly bubble-free mixtire wili be formed, as showrn i Figure 7.2¢c (see the
discussion in the above secticn). The veleciues will have the {ollowing relation-
ship

(= )3y = g (7.6)

i ]

where 1, = 0 has been used and 2, is the time delay after disengagemert period
i, which can be determined as shown in Figure 7.1b. Both sides cf the above
equation represent the thickness cf the bubble-fres layer.

Combining Equatiens (7.5}, (7.3) and (7.6), the void fractor for bubble class i

18

-5. ’
{ - 7
€6i-i 7.7

O s (g I

Then the rise velocity for the bubble class, u;, can be determined by the above
equation and Equation (7.4):

(=s;+5 M1 ~Eg;u ) [ -5, ~u; (1 *15:10] s
.

- il (7.8)
=5 (1 -€g ) -y 8 (142, /1)

u; -

Equatens (7.7) and (7.8) indicaie that the void fraction and rise velocity for
bubble class i can be calculaied from the total void fraction and the apparent
velocity in the next disengagement peniod, £, ; and Z,_,, if they are known.

For the smallest bubble class, it rises irom the botiom and has ravelled a

distance H_ art the end of a disengagement process. Hence, its rise velocity can
n gag P

be determined by

u, - u, - HI, 7.9)
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Then. the void fraciion cf the smallest bubble class can directly be calculated
from Equaton (7.3):

_Sn!r.
€n ~ Ecp 5 (7.10)
n'n

a
In Equations (7.9) and (7.10), it has been assumed that the last layer contains
only the smallest bubble class. Hence the rise velocity and void fractior for this
bubbie class are squal 1o the apparert rise velocity and total void fraction in the
last cisengagement pericd.

7.4 Non-Uniferm Distribution

A coefficient for the non-uniformity of gas holdup is introduced to describe the
onginzlly axia! distribution of a bubble class in the column. The coefficient, £,
1s defined such that a bubble class i is disuributed in the distance, Hyk, . from the
top prior to the gas interrupuon. Knowing the rise velocities and void fractions
for all bubble classes. these ceefficients can be calculated. The assumption that
the smallest bubbis class is distributed over the whole height of the column
direcdy gives & = 1.

According to Equation (7.4). the disengaged volume for bubble class i can be
calculated by

voi = Adl=sie5 ) (1-E5, )Y Ar (7.11
=1

where At = 117 ;. For 2 disengagement profile without any "buffer period” or
delav time, as described in the experimental section. the term in the above
equauon, Z.Ar} will equal .. Hence, the disengaged volume can be simplifizd to

be




- velocity. u,. as given by the aralysis presented above. and the downward liguid
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v = A5, vs )1 -E5,. ), (7.12)
Then the void fraction for a bubble class can be expressed as

_te (7.
A HyG,

T-a
)
—

£Gi

This equation is also used to determune the non-untform distmbuton coefficient,

G- when £, s known.

7.5 Bubble Size and Specific Interfacial Area

Having obtained nise velocities for the n bubble classes from the above analysis,
it may be possible 10 estimate the corresponding bubble size for each of them
if a relationship between the nse velocity and the terminal velocity can be found.
Pate] er al (1989) used the nise velociues of the bubble classes obtained by their
DGD model as those of a bubble swarm in guiescent liquid at steady stare, and
then corrected them 10 the corresponding terminai velociues of single bubbles
pased on a relationship proposed by Marrucci (1995). This estmation method is
simple, but may be questionzbie, since the veiocizies are directly obtained from
the dynamic state where the effect of the downward flow of liguid is added
compared 0 the corresponding steady state.

it mzay be more reasonabie to think that the relative velocity between bubbie and
liquid for a givern bubble size is the same in beth e dynamic and the steady
state. The relauve velocity of a bubbie class can be calculated from its rise

flow rate. However. the real downward liquid ficw rate around the bubble class
:s unknown. A way [o solve the problem is to substirute the average downward
liquid flow rate, which is known but varies with disengagement period (e.g.. the
average downward velocity of hiquid is -s; in period i), for the real one.
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A3 already stated, the present model assumes a constant nse velocity for the
whole disengagement process. Hence, in order to be cousistent. the relative
velocity of a single bubble class must be taken as the average relative velocity
over ail pertods. when the average downward liguid flow rate is used. A simple
considerauon 1s 10 tzke the ume averaged velocity of a bubble class relative to
the average downward velocii: of liquid in the whole disengagement process as
the characteristic reladve velocity of the pubble class. This gives

E (u,-5,)Ar
w, -3 - u s (Hy-H), (7.14)

Z ;\:J

el

When the relatve velocity, k... is considered as the terminal velocity, the cerre-
sponding equivaler: diameter may be calculated by kmown correlations about
rerminal velocities of singie bubbles. The terminal velocity correlation proposed
by Fan and Tsuchiva (199C) is used in this work, since it covers a broad bubble
size range. The comrelation 1s

e e (e
i “ Mo Y3k, . | 2%, 4, \ ' (7.15)
d i 3= ! L 5 —2_ } I
l.\ e J < / J
where
(’ it e N2
. P Pr€ | 17.16)
ur-utE::! M de-de "_‘_5_'
\ow /' Le /’

The parameters &, k, and «, are system dependent. For instance. Fan and
Tsuchiva (1990) recommend &, = 37.2. k, = 1.2 and &, = 0.8 fer the air-tap

waler svstem.
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Knowing the bubbie sizes and holdups for vanous bubble classes, the Sauter
mean diameter and the specific gas-hquid inte:facial area can be calculated by

E VG n v
d -2 a-6yY 4 (7.17)
n :’T HﬂAcdeé
Z leldn

=1

7.6 Resulis and Discussion
7.6.1 Bubble size and interfacial area

As an example, the relaiive velocites. holdup soucture and egquivaient bubtle
sizes calcuiated from the DGD darta of the ajr-tap water system, according to this
model, zre shown in Table 7.1. It is found that at low superficial gas vaiocities.
rwo bubble classes are usually obtained. At high superficial gas velocites, a
division into more than two bubble classes is required (the air-salt water system
is sirmlar). The higher the superficiai velocities, the larger the gas holdup and
the sizes of the large bubble classes. However, the holdup for bubbles larger than
i0 mm is alwavs smail. and most of ihe bubkles arz in the size rangs 4-6 mam.
This agrees with the results mez2survd by the probe technique (Yu and Kim,
1990: Yzo er al. i991).

The Sauter mean diameters and the specific inierfacizl areas ai various superfi-
cial gas velocities for the air-tap water sysiem are calculated from the DGD
model and are shown in Figure 7.3 and Figure 7.4. The results are compared
with our measured results from the five-point prote technique and calculated
results according to the correlations of Akita and Yoshida (1974) These correla-
tioas are based on the photegraptuc techpique and thierefore kncwi to be suitabie
oy 1 the homogeneous regimz (Deckwer, 1992). This is also verified by the
fhigures.
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Table 7.1 Reiative velscities, bubble sizes and holdup structure for the
air-tap water system by the DGD techmique.

) [

P - d, A
(cmus) (em/s; I (mm) {7y
2.23 s E 591
251 hai ! 5.65
4.51 22z 221 518 473 266
sS4 226 2 l 6.12  3.09 4.8
570 229 225 224 592 a3z 341
763 258 226 23 6.19 529 [ I, 35
9.3: 271 222 Xy 510 432 1. 228
12.3 296 28.6 222 11.6 501 | 23 1.57
14.3 31.6 281 221 143 515 1 261 429
17.0 337 328 224 208 580 | 2. 6.08
8

o

e — e —

Sauter mean diameter, mm
[ ) is
-

Air-tap water systemn {127)

o Calculated from DGD data
=— Measured by probe techniquc
-«=--- Calculated from Akitz and Yoshida (1974)

Q

Gas superficial velocity. cmv's

Figure 7.3 Sauter mean diamesers obtained bty the DGD technique and
measured by the probe technique for the ar-tap water system.
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Ailr-tap water sysiem (12T)
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Gas superficial velocity, cm/s

Figure 7.4 Specific inierfacial area obtained by the DGD technique
and measured by the probe technigue for the air-tap water system.

At low superficial gas velocities, both the Savter mean diameters and the specific
interfacial areas obwined from the three methods aré close. However, at high
superficial gas velocities, the results estimated by the present DGD model and
measured bv the probe technique are in fair agreemsent, while the Sauter mean
diameters obtained from the correlation of Aldta and Yoshida (1974) are too
smzll, and thereby the specific interfacial areas oo iarge.

The specific interfacial area is found to increase with the superficiai velocity up
to 2 maximum and then 1o decrease. At superficial velocities above 10 em/fs, the
interfacial area becomsas almost constant. The reason for this is the fast incrzase
i the overail gas holdup with superficial gas velocity in the homogeneous flow
regime (hete u; < 5-6 cm/s), while the Sauter mean diameter remains nearly
constant or increases only slowly in this rzgime. As the superficial gas velocity
increases further. the overall holdug stzabilizes and goes down whereas the Sauter
mean diameter increases fast due to the effect of coalescence in the transinon
regime (5 < ug; < 10 cm/s). leading to a fast reduction in the specific interfacial
area. In the heterog=neous regime it again stabilizes due to the renewed increase

R . §
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in overall gas holdup ard the continued increase of the Sauter mean diameter.

Fizure 7.5 gives the bubble rise velocity and the cumulative volume percentage
measured by the five-point conductivity prcbe technique at two levels of superfi-
cial zas velocity in the air-water svstem. Comparing the figure to Table 7.1, it
is found that the bucble nse velocities measured by tixe probe are higher than
those esumated by the DGD technique. This is not surprising since the velocities
measursd by the probe include the effect of liquid or wake velocities, while the
estimated ones by the DGD model are the relative velocities between the bubbles
and the liquid.

S®mug=17.0 cm/s
—-—- OAUs= 942 cmis
Alr-tap water svstem

iy
T

o ——

Filled symbols —= ‘/',
~— Open symbols 7

Bubble rise velocity, m/s

bd
-

Cumulative volume percent

. L . i 1]
o 5 10 ] 20

Bubble diameter, mm

Figure 7.5 Bubble volume fraction and rise velocity measured by the
probe technique and compared to the results by the DGD technique.

The classification of bubble sizes for the DGD techmque is founded on bubble
sizes grouping by sinularity in bubble rise velocity. Figure 7.5 shows that the
resulis rmeasured by the five-point conductivity probe technique for the air-water
system suppor: this classificaton. For example for i; = 17 cmys, the volume
fracuon of the smallest bubble class {2, = 5.8 mm) is about 67%, calculated from




166 DYNAMIC GAS DISENGAGEMENT

Table 7.1. According to the results of the probe technique, this percentage ident:-
fies the bubble class consisting of the bubbles smaller than 9.8 mm with a nearly
constant rise velocity of about 50-57 cmvs. The volume fraction of the largest
bubble class is 8.7% and this bubble class comprises bubbles larger than 12.8
mm with a nearly constant rise velocity of about 90 cm/s. The second bubble
class (volume fracton 24.5%) is in the size range 9.8-12.8 mm with rise veloci-
ties varying between 32-89 cm/s. For u; = 9.4 cm/s, the smallest bubble class
has 83.4% of the total gas volume and correspondingly covers bubble sizes up
to 11 mm with a nearly constant rise velocity of 48-52 cm/s. The largest one has
5.7% of the total gas volume and contains bubbles larger than 12.6 mm with a
constant nise velocity 80 cm/s. The second bubble class covers bubble sizes of
11-12.6 mm. In fact for this gas flow rate, the second bubble class from both

~ Figure 7.5 and Table 7.1 can be incorporated into the first one, according to the

velocity classification. For both of the gas velociues, the classificanons in bubtle
size according to Figure 7.5 and Table 7.1, are seen to compare well, in particu-
lar for the lower gas flow rate.

For the air-dodecylbenzene system, the disengagement profiles are closer to
continuous curves and thereby more fined straight lines are necessary (usually
4-6 lines). The calculared Sauter mean diameters and the specific interfacial
areas for various superficial gas velocities are shown in Figure 7.6. The Sauter
mean diameter increases with the superficial gas velocity throughout the whole
range tested. The specific interfacial area increases with the gas velocity at low
velocities, but levels off and decreases at high superficial gas velocites. The
reason is similar to that for the air-tap water system. Both the Sauter mean
diameter and the overall gas holdup increase with the superficial velocity. The
increase in the Sauter mean diameier is slow at low superficial velocity. Howev-
er, unlike in the air-tap water system, this system has no trans'tion regime, that
is. the overall gas holdup does nct decrease with the gas velocity. At high
superficial gas velocity. the increase in the overall gas holdup becomes slower,
whereas the Sauter mean diameter increases faster. This makes the interfacial
area decrease.

The Sauter mean diameter and the specific interfaciai area for the air-salt water
solution sysiem are shown in Figure 7.7. This is a typical non- or low coaiescing
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system. When the superficial velocity is low, the overnl] gas holdup, as usual,
Increases with the superficial velocity. However, the Sauter mean diameter
decreases wiih the superficial gas velocity in the homoeeneous flow regime due
to the increzse in turbulent intensity and thereby in bubble treakup. Hence. the
specific interfacial arsa increases fast. At superficial veiocities abave aboui 3
cm/s, the systemn became foaming and the visual DGD techniqus failed tc give
results. However, when the superficial velocity was increased to about 10 cmys.
the overall gas holdup decreased due te the formation of large bubble aggregates
in the upg=r portion of the colun:n. This made measurements possible again and
e interfacial area was found to decrease. ‘
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Figure 7.6 Specific interfaciaj area and Sauter mean diameter obtained
by the DGD techrique ior the air-dodecvlbenzene sysiem.

Figure 7.8 shows the calculated Sauter mean diarpeters and the intecfacial areas
for the nirogen-dimethylbenzere system from the data of Ullaland (1991}, The
data were analyzed according to a2 bimodal distribution (only two bubble classes
exists in the system). The Sauter mean diameter initally decreases with the
superficiai gas velocity and then becomes siable. The interfacial area increases
with the gas velocity.
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Figure 7.7 Specific interfacial area and Sauter mean diameter obtained
by the DGD technique for the air-salt water solution system.
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Figure 7.8 Specific interfacial area and Sauter mean diamneter obtained
by the DGD technique for the nitrogen-dimethylbenzene system.
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It should be pointed our that all bubble sizes for the above systems are calculated
based on the terminal velociry correlation of Fan and Tsuchiya {1990). In this
correlatuon. the parameters, ky. k. and k,, are system dependent and only those
for the air-tap water system have been verified by them. For the other systems,
the parameters used are calculated using the methods given by the same authors.

7.6.2 Non-uniform distribution

According to the concept of an axial non-uniform distribution coefficien:, £, the
holdup distribution can be calculated and is shown in Figure 7.9. It indicates thar
the higher the superficial gas velocity. the larger discrepancy from a uniform
disribution in local gas holdup. The experimental results of Ueyama er al
(1980) also showed that high non-uniformity of the dispersion appeared at high
superficial gas velocities.
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Figure 7.9 Axial dismibution of gas holdup estimated by the DGD
technique.
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in order to compare the gas hoidup distributons with those obtained by other
techriques, the data measured by Menzel (1989) using the one-point conductvity
probe techingue for the same system in a column of 0.6 m inner diameter and
5 44 m height with the same type of disinbutor are directly plotted in Figure 7.9.
Although the column diameter used by Menzel (1989) is different from that used
in this work. the resulis may be comparabie since the column diameter has a
smalj effec: on the gas holdup with column diameters larger than 0.1 m (Akita
and Yoshida, 1974; Hills. 1974; Hikitz er al, 1980; Ueyama and Miyauchi,
1979). The irend of increasing gas holdup with the height is shown 1o be similar
- for the data from the DGD model and the measurements of Menzei (1989).
Although discrepancies scem to exist according to Figure 7.9, Menzel (1989) has
concluded that the gas holdup data measured by the one-point conductivity prode
were underestimated by about 20%. It the corrected data of Menzel {1989) wers
showr: in Figure 7.9. 2 good agreement would be found.
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— Figure 7.1¢ Radial distribution of gas void fraction estimsated by the
DGD technique.
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instead of interpreting the inhomogeneily in the axial direction, according to
Equation ({7.12), one may assume an ax:ially uniform dismibution over the whole
height of the cclumn, and then the coefficient, &, may be eguivalem to indicate
a noa-uniform distribution in the radial direction. This means that bubble class
i 1s distributed in area LA, from the central axis and thereby E_:-m = r/R {dimen-
siouless radial positon in the cross-secton). Figuare 7.10 shows examples of the
holdup dismibution in the radial directicn based on the above concept and
comparisons with the results measured by the five-point conductivity probe
technuque. The calculated radial non-uniform distributions of gas holdup are seen
tc conform reasonabiv well with the measured results.

7.7 Conclusion

A new model to be used with the dynamic gas disengagement technique has
been developed. based on the concep: of ncn-uniform steady state gas holdup
and bubble size distribution. The model is shown tG predict the distribution of
bubble classes. and ‘r.l:,ereby gas holdup. in agreemen: with experimensal data.
The distributicn of gas holdups can be interpreted either as axial or as radial
distributiors, both cf which agree reasonably with distributions determined bv
other experimental msthods.

The present model shows that the classification of bubbles according to ihkeir rise
velocities. which is the basis of the DGD technigue, is reasonable and effective.
Thus 1s also verified by the results rmeasured by the five-point conductivity
techruque.

The bubbie size dismibution and the specific interfacial area have been deduced
tased on the assumpiion of a constant rise velocity for a given bubble class
through the whole disengazement process. Integrating this as the swarm terminal
velocity, Sauter mean diameters and specific interfacial areas couid be deter-
mined in fair and good agreement respectively with those found experimeatally,
over a wide range of gas velocities (2-18 cmfs).
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The Sauter mean diameter and interfacial area dererminations are however
sensitive to the accuracy of the relarionship between bubbie size and swarm
term:nal velocity and improved correlations for systems other than the air-water

are needed.




