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V. BUBBLE SIZE DISTRIBUTIONS

The overall mass transfer rate per unit volume of the dispersion in 2 bubble column
is governed by the liquid-side mass transfer coefficient (kya), assuming that the gas-
side resistéhcé is negligible. In a bubble column reactor, the variation in k,a is primarily
due to variations in the interfacial area (Fan, 1989). Assuming spherical bubbles, the
specific gas-liquid interfacial area is related to the gas holdup, €z and the Sauter mean

bubble diameter, dg, by

6e '
as=—f (5.1)

Thus, a precise knowledge of the gas holdup and bubble size distribution is needed to
determine the specific éas—liqﬁi& interfacial area.

Extensive work on bubble size measurements in two—phase systems has been re-
ported in the literature, and has been reviewed By several authors (eg. Buchholz and
Schugerl, 1979; Shah et al., 1982; Saxena et al., 1988); however, the majority of these
studies pertain to air-water systems. Bubble size measurements with molten wax as the
liquid medium are rather limited (e.g. Calderbank et al., 1963; Quicker and Deckwer,
1981; O’'Dowd et al., 1987; Bukur et al., 1987a,c; .Patel' ef al., 1990) and there is some
disagreement between bubble size data reported in these studies. The general consensus
is that some molten wax systems'débigt an unique behavior, namely, an abundance of
very small bubb;IAes is present and high gas holdups are obtained in comparison to pure
hydrocarbons having similar physical properties. The resulting specific gas-liquid inter-
facial areas could be -an order of ﬁagnitude"greater than those of pure h;drocarbons
(Quicker and Deckwer, 1981). The findings from -bubble size measurement studies with

molten waxes are summarized below.
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Calderbank et al. (1963) used a light transmission technique to measure interfacial
areas of Krupp wax at 265 °C for gas velocities less than 0.06 m/s in a 0.05 m ID column
equipped with a ball and cone type sparger. When these data, together with the average‘
gas holdup values reported by them, are used in Eq. 5.1, Sauter mean bubble diameters
in the range 2 — 3 mm are obtained. Zaidi et al. (1979) and Deckwer et al. (1980)
reported a much lower dg value, 0.7 mm, for paraffin wax usiﬁg phdtography in 0.041
and 01 m ID Slumns equippéd with 75 um porous plate spargers (T = 250 - 270
°C, ug < 0.03 m/s). Quicker and Deckwer (1981) measured ds values for FT-300
wax in a 0.095 m ID column equipped with a 0.9 mm nozzle. Sauter mean bubble
diaméters, determined by the photographic method, at 170 °C ranged from 1.3 mm
(ug = 0.01 m/s) to 0.6 mm (ug = 0.035 m/s). More recently, O'Dowd et al. (1987)
obtained dg values for a P-22 wax, and for reactor wax from run 7 in Mobil’s pilot plant
slurry reactor (Unit CT—256) using the hot wire anemometer technique at 250 °C and
1.48 MPa. Their ds values, from a 0.022 m ID column equipped with a 1 mm orifice
plat.e,'for the two waxes were in the range 2.7 to 3.9 mm for ug < 0.02 m/s, ana are
compa.rable to values reported by Calderbank et al. (1963).

The lower ds‘ values from the studi'es conducted by Zaidi et al., Deckwer et al.,
and Quicker and Deckwer, cannot be attributed to the limitation of the photographlc
techmque (| e. its bias towards small bubbles in the vicinity of the wall). This is because
all of these studies were conducted in the homogeneous bubbling regime (ug < 0.035
m/s) where the dispersion is expected to be radially uniform. Discrepanbies in results
might be due to use of different waxes in these studies. We have shown in our Iaboratory
(Bukur et al., 1987a ) that hydrodynamlc parameters obtained in experlments wnth
different waxes could differ sugmflcantly, despite similarites in physical properties of

different waxes.
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Numerous techniques have been used to measure bubble size distributions. Some of
the techniques which are commonly employed are photography, hot wire anemometry,
electrical conductivity, and light transmission. More recently, the dynamic .gas disen-
gagement (DGD) technique, originally developed by Sriram and Mann, 1977, has been
employed (e.g. Vermeer and Krishna, 1981; Kuo, 1985; Bukur et al‘., 1987a,c; Patel et
al., 1989). This technique was used in the present study. |
.The approach presented by Sriram and Mann has been used by several researche_rs
to ,deterrnine the holdup structure of the dispersion. In.most cases, the dispersion was
assumed to consist of one or two dominant bubble sizes. Verrneer and Krishna (1981)
applied this approach to the nierogen—‘turpentine‘S system. They assumed a birnodal
distribution with large bubbles forming the transport portion of the holdup and small,
slow rising, bubbles forming the entrained portion. Based on this assumption, they
considered the initial part of the disengagement proﬁle to be dictated solely by the.
large bubbles, with the small bubbles d|sengaglng only after all of the large bubbies
have Ieft the system. They used the resulting dlsengagement proﬁles to estimate the’
contribution to the gas holdup by the two bubble classes. Schumpe and Deckwer .
(1982), and Godbole et al. (1982, 1984) conducted experiments with highly coalescing
CMC (ca'r“b_oxymethyl cellulose) systems and used bimodal bubble size distributions to
de.termin-ev the holdup structure of the dispersion by dynamic gas disengagement. For,
such systems, they showed that the contnbutlon of small bubbles to the overall gas
holdup is negligible. ln 5|mllar experlments wnth dlfFerent concentrat:ons of surfactants
added 1o the cMC squtlon Godbole et al. (1984) showed that the contnbutlon of small
bubbles to the overall gas holdup mcreased wnth mcreasmg surfactant concentratlon (| e
decreasmg coalescence rates) whlle the contrlbutlon due to Iarge bubbles remained
virtually unchanged In expenments conducted with alcohol solutions (noncoalesclng

media) by Kelkar et al. (1983), similar results were obtained when the holdup structure
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was determined using the dynamic gas disengagement technique assuming a bimodal
bubble size distribution. For these solutions, the contribution to overall gas holdup by
small bubbles was even greater than that due to large bubbles.

More recently, Schumpe and Grund (1986) have presented results for the air-water
system, with an emphasis on some of the problems associated with the DGD tech-
nique and have proposed corrective measures which to'some extent can alleviate these
probl'en%s. The pro.blems analyzed by the authors include the subjectivity involved- in
obtaining an accurate disengagement profile during large bubble disengagement, the
“waterfall” effect or downward flow of liquid ’duriﬁg bubble disengagement and its im-
pact on the Vrise velocity of small bubbles, ‘and errors introduced by bubbles entering
the dispersion as the pressure in the plenum chamber equilibrates with the hydrostatic
pressure of the dispersion, following the interruption of the gas supply. The authors as-
sumed a bimodal bubble-size distribution in their analysis and presented the gas holdup
structure as well as bubble rise velocities for the two bubble classes. . The problems
associated with obtaining accurate disengagement profiles were also discussed. by Lee
et al. (1985), who developed a digital sensor with a computer interface that greatly
improved accuracy and reproducibility of the measured disengagement profile. .

‘Researchers at Mobil (Kuo, 1985) were the first to discretize Sriram. and Mann’s
original equation without introducing any riew assumptions other than a noncontinuous
distribution. They applied the resulting equations to disengagement profiles obtained
from experiments using molten wax as the liquid medium at low gas velocities and
assumed either unimodal or bimodal bubble size distributions. The quantities estimated
in-their study. included the gas holdup structure, bubble rise velocities, and bubble sizes.

The dynamic gas disengagement technique offers several advantages over the pre-

viously mentioned techniques. Bubble size distributions obtained from DGD .are based




215
on the entire dispersion; whereas, all other techniques mentioned above are local mea-
surement techniques. We have shown previously (Bukur et al., 1987a,c and Patel et
al., 1990) that the bubble size distribution is a function of radial position (i.e. larger
bubbles rise through the center of the column). Thus, when employing any of the
“probe” techniques or even photography, measurements must be made at numerous
radial positions to obtain an accurate estimate of the Sauter mean bubble diameter.
The major drawback with DGD is the fact that bubble sizes are not measured directly.

" The purpose: of this study was to determine bubble size distributions, and conse-
quently specific gas-liquid interfacial areas for FT-300 wax and SASOL reactor wax in
both the 0.05 and 0.21 m ID bubble columns. A description of the DGD technique,
the theory associated with DGD, and results from experiments conducted with waxes

(FT-300 and SASOL) are presented.

Experimental Technique"s for Measurement of the Disengagement Profile

The DGD technique requires an accurate measurement of the rate at which the gas—
liquid dispersion drops once the gas flow to the'bubble column is shut off. As mentioned
previously, one of the problems associateéd with this technique is determination of the
rate at which the liquid level drops during the initial period of disengagement. The
majority of previous studies (transparent systems) utilized a video camera/VCR system
to measure the rate at which the dispersion dropped once the gas flow was shut off.
During large bubble disengagement; the top of the dispersion is not well defined because
of splashing-causéd by the disengagement of large bubbles. In the current study, a video
camera/VCR system could not be used since measurements were made in stainless steel
columns.  Thus, pressure transducers were used to measure the rate at which the
liquid level dropped during the disengagemént process. The use of pressure transducers

not only enables one to use this technique in opaque systems, but also reduces the
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subjectivity involved in estimating the rate at which the liquid level drops during large
bubble disengagement. In our previous studies (Bukur et al., 1987a,c; Patel et al.,
1990), DGD was used to obtain bubble size distributions for a variety of waxes in the
0.05 and 0.23 m ID glass bubble columns. During these studies, the rate at which the
liquid level dropped, once the gas flow had been interrupted, was recorded with a video
camera/VCR system. |

“The primary difference in the analysis of data obtained from different forms of
data acquisition (i.e. video system vs. pressure transducers) is the frame of reference.
Analysis of data obtained from visual observations (i.e. video system) is based on the
cross—sectional area of the liquid in the gas/liquid dispersion; whereas, analysis of data
obt_ainéd from pressure transducers is based on the cross—sectional area of the dispersion.
For the former, the volume of liquid in the dispersion remains constant, but the total
volume of the dispersion changes (Patel et al., 1989); whereas, for the latter, the total

volume of the dispersion below the pressure transducer remains constant but the volume

of the liquid varies.

Theory

In the following analysis, we will assume that the dispersion is axially homogeneous
and no bubble-bubble interactions occur once the gas flow is interrupted. These are
the same assumptions as those used by Sriram and Mann (1977). Deviations from
these assumptions may occur in strongly coalescing systems (e.g. air-water system) at
high gas flow rates. The assumption of axial homogeneity may also be violated with
noncoalescing systems in which there is a high concentration of fine bubbles at the top
of t.he dispersion.

For simplicity, we have assumed a bimodal distribution; however, equations are also

presented for multimodal distributions. The dispersion for a bimodal distribution may
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be partitioned into three fractions representing the liquid volume, total volume of large
bubbles, and total volume of small bubbles. Under the assumption of axial ,ho_mogén.e-v
ity, the dispersion, just before gas flow is cut off, may be represented by Figure-5.1.
Since information is not obtained for the dispersion above the pressure transducer,Avno
distinction is made between large and small bubbles in this region. The volumes of
ihe three components are proportional to the respective holdup fractions. The disen-
gagement process may be envisioned as either a constant rate process, ca-se |, where
the small and large bubbles disengage independent of one another, or as an interaﬁtive
process, case Il, where the disengagement of large bubbles retards the disengagement
rate of small bubbles. Even though the latter case is interactive, it does not account for
bubble—bubble interaction (i.e. coalescence and breakup). A third, although less likely
possi‘bility, is the case where the disengagement rate of small bubbles is enhanced by the
disengagement of large bubbles. This could occur if small bubbles adhere to the surface
of large bubbles and disengage along~wi'th them. The actual disengagement process is
expected to lie between the two extremes described above (i.e. case | and case Il).

Case I. Constant Rate Disengagement Process

Before analyzing this case, it is important to define the constant rate disengagement
process. Under this condition, the volumes repies.enting.’the large and small bubbles
(Figure 5.1) move away from the bottom of the column (disengage) at constant rise
velocities. Furthermore, if we assume each volume to be a column of gas with a constant
cross sectional area, then this constancy is preserved during the time it takes that column
of gas to disengage. At any time during tlhe first period of disengagement (Figure 5.2),
the volume of liquid passing below the pressure transducer (V) must be the same as
the volume of gas associated with the small (V;) and large (VL) bubbles which rise

above the pressure transducer. Thus, at any time t, a volume balance between the
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liquid entering and gas exiting is
V(1) = Vs(t) + V(1) | - (5.2)

Furthermore, by the definition of the constant rate dis_engagement process, the distance
between the rear of the small or large bubble swarm would simply be the product of the
respective rise velocity and the time elapsed since the initiation of the disengagement
process.

The volume of liquid passing below the pressure transducer at any time t may be

expressed as

V(1) =Vo-V(1) | (5.3)

where Vo is the volume of liquid above the pressure transducer immediately prior to
interruption of the gas flow and V(t) is the volume of liquid above the pressure trans-
ducer during the disengagement process at time t. Substituting Eq. 5.3 into Eq. 5.2

and expressing volumes in terms of heights yields upon rearrangement:
He(t)Ax = He(0)Ax — t{upAs + uy A ] (5.4)

where Hy(t) is the height of liquid above the pressure transducer at time t, Hy(0) is
the initial (i.e. at steady state) height of liquid above the pressure transducer, A, is
the cross—-sectional area of the column, Ups is the rise velocny of small bubbles, As is
the cross—sectlonal area of the column of small bubbles (see Figure 5.1), uy is the rise
velocity of large bubbles, A, is the cross-sectional area of the column of large bubbles,
and t is the time. The cross—sectional area of bubbles of size i (i = s or L) divided by the
cross—sectional area of the column represents the volume fraction of gas corresponding

to bubbles of size i. Thus, dividing Eq. 5.4 by Ay yields

He(t) = Ht(o)‘t[ubsfS°S+UbLGgOL] (5.5)
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where €gos is the volume fraction of small bubbles at steady state conditions and eg;,_
is the volume fraction of large bubbles at steady state conditions. The above equation
s valid as long as large bubbles are present below the pressure transducer (i.e. for
t< Hpp /up, where Hpp is the height of the pressure transducer above the distributor).

Similarly, a balance equation for the liquid entering the section of the column below
the pressure transducer during the second period of disengagement (Figure 5.3) may be

written as
V(1) = Hi(t)Ax - Hi()Ac = upAs(t - 1)) t> Hpp /uy, (5.6)

where-t) corresponds to the time at which all large bubbles passed by the pressure
transducer (i.e. t; = Hpp /uy ), He(t) is the height of liquid above the pressure. .
~transducer at time t and H,(t;) is the height of liquid above the pressure transducer at
the beginning of period 2 (i.e. small bubble disengagement). Dividing Eq. 5.6 by the .

cross—sectional area of the column, Ay yields upon rearrangement

He(t) = Hu(t)) - upgegs(t - t1)  t>Hpp /uy (5.7)

.For a multimodal distribution, the following expression is used to describe the rate -

at which the level drops during the disengagement of bubbles of size j

He(t) = Hi(ti) = D_upiegi(t-t)  k=j-1, t, <t<Hpp/uy (5.8)
| i § - o

where n is the total number of bubble classes. Note j =1 corresponds to the first -

period of disengagement and j = n corresponds to the last period of disengagement -

(i.e. disengagement of the smallest bubbles). Also, for k = 0 (i.e. j = 1),t=0. .
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Estimating Bubble Rise Velocities and Gas Holdups During Constant Rate Disengage-
ment

Equation 5.8 implies that a plot of height of liquid above the pressure transducer,

H¢(t), versus time, t, should yield a series of straight lines (Figure 5.4) which may be

used to determine the rise velocities and volume fractions of bubbles in the dispersion.

Since we assumed that the bubbles disengaged from the bottom of the column at a

constant rate, the rise velocity associated with bubbles of size j is simply

Hpp

Ub' =
. o) ot
. tJ L

(5.9)

where t is the: tbme at WhICh the Iast bubble of size j, passed above the _pressure
transducer. Once the rise velocmes of the bubbles are determlned the gas holdup
corresponding to ‘bubbles-_of size j can be obtained from Eq. 5.8, and is expressed as

- follows

n
-sj - Z Ubi€goi

oo i=j+1 :
€goj = ™y o (5.10)

where 5, is the slope of the disen:Lgagementl curve corresponding to the disengagement
of bubbles in period j (seve F;gure; 5.4). Eq. 5.10 is ;olved recursively beginning with j
=n (i.e». last period of disengagefnent). Note, for j=n, €gon = -Sn/uy,.
Estimating Bubble Diaméters and the Specific Gas-Liquid Interfacial Area

Bubvl';le rise velo.ciities ’are.e;ti%a'téd _f'rdv}m-.‘ty“lv'lne ar‘ia]y'sis‘ presvented‘,abdve. HdﬁéVek,
* this analysis does not take into account any radial variations in the riﬁe \‘/elocities due
to the presence of cnrculat:on patterns. ThlS hmttatlon of the DGD technlque has
been acknowledged in: prevuous studies. (eg Srlram and Mann 1977; Schumpe and
Grund, 1986), although no ) effort has been made to mtroduce any corrective measures.
Based on our visual observations using DGD in the glass columns, the dispersion is

fairly uniform once all the large bubbles have disengaged. However, during large bubble
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disengagement, it is possible that strong circulation patterns still exist in the column
and the large bubble rise velocities obtained from DGD may not be accurate.

Bubble sizes are estimated from the terminal rise velocity by using appropriate |
correlations. The correlations used to detérmine the bubble sizes in the present study are
presented in Table 5.1. For the range of rise velocities not covered by these correlations,
bubble diameters were obtained by interpolation. Figure 5.5 shows the curve used to
determine bubble sizes for FT-300 wax at 265 ©C, with the broken line indicating the
interpolated region. The correlations by Abou—el-Hassan (1983) and Clift et al. (1978)
were used to estimate bubble diamelters. The (angés of applicability for these correlations
were satisfied for all cases, except for the wax density at 265 ©C. At this terﬁperaturé,
the densities of the waxes used in this study (i.e. FT-300 and SASOL) were in the
range 660 ~ 680 kg / m3, and they are slightly below the range of applicability of the
Abou-el-Hassan correlation. |

’_'Once fhe bubble sizes are known, the Sauter mean bubble diameter may be calcu-
lated. The definition of the Sauter mean bubble diameter assumes spherical bubbles
and is given by

> ndd

ds==L S (5.11)
[

> ”idz'i

, =1
where N is the total number of bubble classes, and n; is total number of bubbles of size

dg;. The number of bubbles of size dg; may be estimated as follows. The overall gas

holdup may be defined as

N
N Z "iVi . | .
g= €= '=1Vt . o (5.12)
=1 :
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Thus, the number of bubbles in a given bubble class may be written as _

m=-g1 (5.13)

!
where V, is the volume corresponding to a bubble of size dg; and V1 is the total volume
of the dispersion below the pressure transducer. Since the volume of an individual

bubble is ﬂ'd:’éi / 6 and the total volume of the dispersion below the pressure transducer

isbwdzolHDp /4, Eq. 5.13 may be rewritten as
- 3eud2 H »
n = _6%0*’ ' (5.14)
L "o Bi . _

Substituting the expression for n; (Eq. 5.14) into the definition of the Sauter mean
bubble diameter, Eq. 5.11, the following expression for the Sauter mean bubble diameter

is obtained upon rearrangement
ds = —N—EL— | o (5.15)
Y€/ dp; | |
o=l

Data Acquisition and Reduction Procedures

Pressure transducers located at heights of 0.6, 1.3, and 1.9 m above the distributor
were used to measure the rate at which the liquid level dropped during the disengage-
ment process. By obtaining data at different heights, knowledge of the axial variation
in bubble size distribution may be obtained. After achieving steady state at a given
gas velocity (~ 1.5 hours), the gas flow to the column was shut off using a solenoid
valve and the change in the output voltage from the preSsuré transducer indicators was
‘recorded via the data acquisition system described in Chapter 1l. Based on our previous
work (Bukur et al., 1987a) disengagment was complete within 2 minutes; thus, dur-
ing the present studies, disengagement data (i.e. output voltages) were acquired for

" approximately 2 minutes at a sampling frequency of 10 Hz once the gas flow to the
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column was terminated. The output voltage from each pressure indicator was converted

to pressure (inches of water) using the calibration curves (see Chapter i)
P (inches of water) = SLOPE « (OUTPUT VOLTAGE) + INT (5.16)

The pressure, P, may be expressed in “inches of wax” by

P (inches of wax) = P (inches of water) (5.17)

S¢
where s, I1s the specific gravity of wax. Numerically, the pressure (inches of wax)
corresponds to the height of liquid wax above a given pressure transducer.

Typical output voltage versus time data at heights of 0.6, 1.3, and 1.9 m above
the distributor from the batch experiment with ‘FT-300 in the 0.05 m 1D column at a
superficial gas velocity of 0.06 m/s are shown in Figures 5.6a, 5.6b, and 5.6¢, respec-
tively. The disengagement profiles at heights of 1.3 and 1.9 m are well defined, but
their is a significant amount of oscillations in the disengagement curve acquired at a
height of 0.6 m above the distributor. The variation in the disengagement curve at a
height of 0.6 m are due to oscillations in the pressure caused by the disengagement of
large bubbles from the dispersion. Due to the uncertainty in the disengagement curve
at a height of 0.6 m, data obtained at this height were not analyzed.

The original disengagement curve was smoothed by dividing it into 120 equally
spaced intervals. This was done by averaging the output voltage for every ten data
points, with the exception of the five points at the beginning.and end of the disen-
‘gagement curve. Following this, the slope between successive points were calculated.
If successive Slopes varied by less than 0.5 %, then the slopes of the two lines were as-
sumed to be the same, and the point common to both lines was omitted, thus reducing
the number of bubble classes by one. In general, this.reduced the 120 bubble classes to

approximately 10 to 20. The output voltage of each data point was then converted to
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Raw pressure transducer signal for DGD analysis from the experiment
with FT-300 wax in the small diameter column at heights of

‘ () 0:6 m: (b) 1.3 m; and (c) 1.9 m above the distributor.
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