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VL. 'FL_OW REGIME CHARACTERIZATION

Pressure signals and nuclear density.g'auge signalvs were "recorded during several
experiments in both the 0. 05 m ID and 0.21 m ID bubble columns. Statlstrcal analysis
of the pressure fluctuations and densrty gauge fluctuations was used to determine flow
regrmes and flow regrme transitions. Wall pressure measurements were made at helghts
of 0.08, 0.61, 1.22, 1.83, and 2.44 m above the distributor durrng experiments conducted
in both columns. In the O. 05“m ID bubble column, density éauge measurements were
made at a fixed height (1.5 m above the distributor); whereas, in the large diameter
column density gauge measurements were made at heights of 0.9, 1.5, and 1.7 m
above the distributor. We developed the necessary software that would allow us to do
time series analysrs of the srgnals on the Zenith-248. AT compatible computer in our
Iaboratory The same computer is also interfaced to the data acqursrtton system (see
Chapters !l and lll) that was used to record the pressure and density gauge ﬂuctuatrons
Theoretical Background ' |

Statistical analysrs of pressure fluctuations has been used in the past to determme
transitions between flow reglmes in both two-phase and three—phase bubble columns
and fluidized beds. Various techniques may be used to determine flow regimes and flow
regime transitions The two most commonty used designs involving pressure transduc-
ers are: (1) measurement of absolute pressure fluctuations and (2) measurement of
drfferentral pressure fluctuatlons For analysrs of systems which operate in the slug flow
regime, differential pressure fluctuations can provide more detarled information, and a
more accurate measure of the transition from bubbly to slug flow, slug flow to annular
flow, and annular flow to mist flow. Differential pressure measurements have generally

been limited to t\rvo-phase systems (e.g., Ishigai et al., 19653,5; Lin and Hanratty, 1987;
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Matsui, 1984; Miyazaki, et al. 1973; Akagawa, et al. 1971a, b, ¢). These measure-
ments may be used to determine instantaneous fluctuations in void fraction. The signals
returned from differential transducers have the same characteristics as those obtained
from a nuclear density gauge or a prob‘e. |

Surface pressure fluctuations may be detected with various types of pressure mea-
surement equipment (e.g., pitot tubes, surface mounted transducers, microphones,
transducers connected by an external tube, etc.). One drawback associated with surface
mounted a-nd tube mounted tranisducers is that they respond to fluctuations occurring
not only in the boundary layer, 'butvalso to fluctuations beyond the boundary Iayer.
The tube .rno:unted transducers also suffer from signal delay governed by the iength of
the tube and th‘e velocity of sound in the medium (Lee, 1983). With tube mc-unted
transducers it 1s usually difficult to obtain data over the entire range of frequencies
In general data obtamed from tube mounted transducers will be llmlted to Iow fre-
quency fluctuations in the system. For our purpose, this should be sufficient since we
are mterested in detectlng the onset of slug flow. | .

As discussed by‘GIasgow et al. (1984)., the passage of a buoyant bubble ca.n -produce
three distinct response characteristics: (1) sound of approach (observable if raprdly
rising bubbles are present) (2) pressure field around the object, and (3) wake or vortex
street behrnd the object Our pressure transducers will only detect fluctuations caused
by changes in the pressure field as a bubble passes the surface of the tube (i. . low
frequency oscnllatrons) Even if our system was sensrtrve enough to detect fluctuatrons
ca used by the wakes ot" bubbles, it would be very chffrcult, if not rmpossrble, to distinguish
between these fluctuations and those created by the pressure field around the bublble'.

'Three different stat'ist’ical technic;ues are commonly employed to determine flow
regimes and flow regime transitions from pressure transducer measurements. The sta-

tistical analysis involves the use of the power ‘spectral density function (psd), the mean
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square error ‘of the pressure fluctuations (MSE), and the probability density function
(pdf). The pdf is used extensively in the analysis of signals obtained from.differential
transducers, nuclear density gauges, and probes..Flow regimes and flow regime transi-
tions cannot be determined directly from pdf's forchia’ta obtained from absolute pressure
measurements (e.g. Fan et al., 1981; Matsui, 1984,1986; Akagawa et al., 1971a,b,c).

For data from differential. pressure measurements and nuclear density gauge mea-

surements, the pdf has significantly different characteristics for different flow regimes.

In bubbly flow the pdf is concentrated near. a pressure difference (or count rate) cor-
responding to low gas hold-up. However, when slugs begin to appear, two peaks (or
regions) are observed on the pdf curve, one corresponding to low hold—up and the other
corresponding to high hold-up. The low hold-up region corresponds to the liquid slugs
and the high hold=up region corresponds to the gas slugs.__ln annular flow, the low hold-
up peak-disappears and only the peak corresponding to high gas hold-up is observed
(Matsui, 1984). - L C L e

As mentioned previously, the pdf of an absolute pressure signal cannot be used as
a direct measure of flow regime transitions. However, the pdf of an absolute pressure
signal will broaden as tu.rbl;:le;nce incfe‘ases (Patelz-, 1985").. —ln othe; words, the variance

of the pressure fluctuations in the column changes with gas.and liquid velocities, and

:this change is reflected by an increase or decrease in the variance of the pdf. Two

quantities which have found some use in determining flow regime transitions and changes
in turbulence are the mean square error (MSE) and root mean square (RMS) of the

preséure fluctuations. The MSE is defined as:
o 912
T(Pi-P)?/N

MSE = -
P

=1,....,N C (6.1)
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where N is the total number of data points, P; is the pressure corresponding to data

point i, and P is the average pressure defined as:

T>'=ZN_Pi i=1,.....N

Fan et al. (1984) had reasonable success in using this quantity to determine flow regime

transitions in a three—phase fluidized bed, Lee (1983) used.the RMS, defined as :
RMS = (MSE)(P) 6.2)

to obtain a qualitative description of turbulence in an air lift bubble column.

Two other statistical quantities which are sometimes used are the autocorrelation
function and the power spectral density function (psd). The psd is the Fourier trans-
form of the autocorrelation function. The autocorrelation function is the normalized
autocovariance-function. The autocovariance function gives an indication of how the
dependence between adjacent values in a stochastic process changes with lag (u) and

is defined as (Jenkins and Watts, 1968):
: 7"4”) =iE[(x(t) ‘ “)(X(t_'*' Uj - )= cc;v[x(t),x(t + u)] | | (5;3)

where E[y] is the expected value of y, cov is the covariance, u is the mean of the time
series, x is the measured quantity (pressures for our case), and u is the lag between

observations. The autocorrelation function is given by:

§

pa—

W'X-x( u

prxu) =

where yxx(u) is the autocovariance function evaluated at lag u and ~vx(0) is the auto-
covariance function evaluated at lag 0, or more simply, the variance of the time series.
Thus, the RMS is the square root of the autocovariance function evaluated at lag 0, and

the MSE is the square root of the autocovariance function evaluated at lag 0 divided
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by the mean of the time series (or, for our case, the mean of the pressure fluctuations
or density gauge fluctuations).

Fourier transforms are used to approximate the time series. A series‘ of periodic
functions may be used to approximate a non-periodic signal. One such series is the
Fourier series, in which the periodic functions are sines and cosines. Thus, the Fourier
series may be used to approximate the actual pressure signal. In essence, we are fitting
the raw signal to a Fourier series. From this type of a fit, we gain information on
the periodicity of the signal. Fourier series have the important property that an ap-
proximation consisting of a given number of terms achieves the minimum mean square
error between the signal and approximation, and also, since they are orthogonal, the
coefficients may be determined independently of one another. The sample spectrum is
the Fourier transform of the sample autocovariance function. It shows how the average
power or variance of the signal is distributed over frequency. Fourier ainalysis breaks
down when applied to time series because it is based on the assumption of fixed am-
plntudes frequencres and phases Thus, the sample spectrum of a tlme series can be
qurte erratic in nature However if we treat the sample spectrum as a random variable,
and examine |ts moments, we will be able to explain the erratic behavror The power
spectrum is deflned as the first moment, or mean, of the sample spectrum The power
spectral densnty functlon is a normallzed version of the power spectrum The psd is the
Fourier transform of the autocorrelation functlon and is defmed by (Jenkins and Watts,
1968) |

, - - | .
P(f) = /-w pxx(u)exp(-j2nfu)dy | (6.5)

Thus, all three quantities (i.e., RMS or MSE, autocorrelation and psd) are related.

For our data, we will only use the MSE and psd to show qualitatively, the transitions

between flow regimes for.various experimental data. -




261
Taitel et al. (1981) presented various correlations for the prediction of flow regime
transitions in two—phase gas-liquid flow. By treating our three—phase system as a
‘two—phase system (i.e., using slurry properties in place of liquid properties), we can
use Taitel et al.'s cbrrelations to obtain approximate values for the transitions between
bubbly and slug flow in the 0.05 m ID bubble column. According to Taitel et al., for
our system and range of operating conditions in the 0.05 m ID bubble column, there
are two possible flow regimes which can exist, bubbly and slug flow. Taitel et al. also
‘ present a correlation for describing the entrance region in which mixing (i.e. churn flow)
will exist due to the incoming gas (i.e., in the lower section of the column there will be
churn flow, but towards the top of the column slug flow will exist).
According to Taitel et al., bubbly flow will not exist if the following correlation is

satisfied:v

p pgD | 114 , ; _
[—L—-@—] <4.36 | (6.6)
(pse = pglo

where p , is the densnty of the slurry, Dcol is the coluhnn diameter, pg is the denisity‘ of
the gas and o is the surface tension of the hqmd Note that in their onglnal correlatlon
they used the densnty of the llqund and not the density of the slurry. For the small
| dlameter bubble column, the quantlty on the left hand side of Eq. 6.6 ranges from
approximately 5.2 to 5.5, Thus for our system, according to Taitel et V5|., it is pdssible
to observe the bubbly regime. | | | | B
Assummg that the transition to slug flow occurs when the gas hold-up Is approx-
imately 25 %, Taitel et al. propose that the following correlation can be used to
determine the transition to slug.flow: '
U, =3.0Ug - 1.15[59%3—"&] e
B _ 2,

(6.7).

where U, is the superficial slurry velocity and Ug is the superficial gas velocity at which

the transition takes place. For the various systems and operating conditions used in
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this study, the transition from the bubbly to slug flow regime should occur between gas

velocities of 0.048 and 0.056 m/s.

Taitel et al. also present a correlation for predicting the entry region over which

churn flow will exist. In this region, it is assumed that short Taylor bubbles are created.
Two of these coalesce to. form.a “large” Taylor bubble (or slug).  The entry region is |

the region in which this coalescence takes place and is defined by:

col

= 40. 6[ +0. 22] o (6.8)

\/SDcol

For our system, the entry length, l;ranges_from approximately 0.7 m at a gas velocity
of 0.06'm/s to 1.0 m at a gas velocity of 0.12 m/s. Thus; if Taitel et al.’s correlations
(i.e., Eqs. 6.7 and 6.8) hold true for our system, we should observe a transition to slug
flow between gas v‘eIoicities of 0.04 and 0.06 m/s for all experiments, and furthermore,
we should not observe slugs in the lower (0.7 to 1.0 m) section of thelbubble column. -

The range of gas velocities at which the transition from bubbly to slug flow occurs
based on the correlations presented by Taitel et al., agrees with the range of velocities:
predicted by Deckwer et al., 1980 (see Figure 2.12). Based on the flow regime map
presented by Deckwer et al., the transition from the bubbly to churn—turbulent flow

regime in the 0.21 m ID bubble column occurs between gas velocities of 0.04 and 0.07

m/s.

Discussion Of Results

:Wall pressure fluctuations and nuclear density gauge fluctuation measurements were
made in both the small diameter and large diameter stainless steel bubble columns. Raw
output (i.e. voltages) from the density gauges and pressure trénsdu_cers were recorded
on the Zenith AT personal computer.. The data were then analyzed to obtain the MSE,
pdf, and psd: The spectral density functions, psd, were obtained using the IMSL routine
PFFT. , . ‘ o
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Figures 6.1a and 6.1b show typical raw signals from the nuclear density gauge -
obtained during experiments in the 0.05 m |D bubble column at gas velocities of 0.02 -
and 0.06 m/s, respectively. The large peaks in each figure correspoﬁd to the passage
of large bubbles across the beam path of the density gauge. The regularity of the large
peaks is significantly different at the two gas velocities. At 0.02 m/s, the large peaks
appear randomly and also are less frequent; however, at a gas velocity of 0.06 m/s, they
appear at an increased regularity, and also have a relatively higher intensity (amplitude)
than those at 0.02 m/s. This regularity ind‘ic-ates the presence of slugs in the dispersion
at. a g’as'velocityk of 0.06 m/s. At the lower gas velocity (‘0.02 m/s), the bubbles are -
smaller and are randomly dispersed in the flow field. Additionally, the lower amplitude
of the oscillations at this gas velocity is indicative of the larger liquid fraction at-0.02
m/s relative to that »at-‘0.0G m/s. Figure 6.2 shows typical density gauge fluctuations -
during experiments in the 0.21 'm ID ‘column.” The large peaks in Figures 6.2a and
6.2b correspond to the passage of large bubbles through the beam .of radiation at gas
velocities of 0.02 and 0.12'm/s; respectively. The fluctuations at a gas velocity of 0.02
m/s in the 0.21 m ID column appear similar to those in the 0.05 m ID column at the .
same velocity. However, -at a gas velocity of 0.12 m/s in the 0.21 m 1D column, peaks
appear randomly; whereas; in the 0.05 m ID column the peaks occur regularly during
slug flow (see Figure 6.1b). This non-regularify in peaks at a relatively high gas velocity
indicates the presence of the churn-turbulent flow regime. At a gas velocity of.0.12.
m/s, the amplitude of tvhe peaks is higher than at a gas velocity of 0.02 m/s, thus
indicating the presence of either larger bubbles or swarms of bubbles at this velocity.
"Figures 6.3 and 6.4 show typical probability density functions of the pressure signals
in the 0.05 and 0.21 m ID column, respectively. Figures 6.3a and 6.4a correspond: to
the homogeneous bubbiy regime. The homogeneous bubbly regime is characterized by a

narrow density distribution function. As the gas flow is increased, the pressure variation
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increases. As the gas flow ts increased to 0.04 m/s, the variation in pressure begins to
increase in the 0.21 m ID column (see Figure 6.4b). This slight ir'\creaske may correspond
to the transition regime between bubbly and churn-turbulent flow. At gas velocities
of 0.06 and 0.09 m/s in both columns,vthe vér.iétion in pressure increases significantly,
indicating the presence of slug flow in the small diameter column and churn—turbulent
flow in the large diameter column. | -

Typical probability density functions from the nuclear density gauges, associated
with experiments in the small diameter and large diameter bubble columns, are shown
in Figures 6.5 and 6.6, respectively. As mentioned previously, nuclear density gauge
fluctuations correspond to fluctuations in gas holdup. The distribution at a gas velocity
of 0.02 m/s in both columﬁs has the shape of a normal distribufion and can b; associated
with the homogeneous bubbly regime. As the gas velocity is increased in the small
diametér column, the Gaussian distribution becomes skewed to the right (e.g. ug=0.04
m/s). At a gas velocity of 0.06 m/s, the formation of a second peak is evident at
the right hand end of the distribution, a‘rvjd this is exemplified at 0.09 m/s (see Figures
6.5c and 65d) An increase in péak intensity ﬁoriesponds to an increase in the volume
fraction of gas. Thus, the second peak at gas velocities of 0.06 and 0.09 m/s corfesponds
to the presence of slugs. In the large diameter column at gas velocities of 0.08 and
0.12 (see Figures 6.6b and 6.6¢, respectively), the distribution becomes skewed to the
right a]sé. However, the second peak is not fofrn'éd. This is expected, since in the
churn=turbulent flow regime, the passage ‘o.‘f‘wla:rg‘e. bubbles is not as regular as it is in
the slug flow regime. |

Flow Regime Transitions Based on the MSE

MSE were calculated from the raw pressure signal data for all runs conducted in the
0.05 m ID column. In general, the MSE increased with increasing gas velocity and with

increasing height above the distributor, but decreased with increasing liquid velocity.
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Figure 6.7 shows the MSE obtamed at a helght of 1. 2 m for experlments conducted
with 0 =5 um silica particles at slurry velocities of 0, 0. 005 and 0. 02 m/s. At low gas
velocmes (i.e., ug < 0.06 m/s, the MSE of the pressurg fluctuatlons is essentially the
same for all three experiments. However, at gas velocities of 0.09 and 0.12 m/s the
MSE of the pressure fluctuations are significa"nAtly different for the various experiments.
The MSE for the experiment conducted in the;bétch mode of operation is significantly
higher tHan those for the other two.runs, which were _'clqﬁ-duc‘:tjed in the continuous mode
of operation. This increase in MSE for the batch experiment may be attributed to
an increase in turbulence at the top of the dispersion due to flﬁctuatioh§ causetj-by
slugs exilting the slurry. The MSE for the exp’erifnent conducted using a superﬁ‘cial
slurry veiocity of 0.005 m/s was higher than tﬁét'for'the experiment conducted using a
superficial slurry velocity of 0.02 m/s. Incre#sing’-therliquid velocity causes a decrease
in pressure fluctuations. This decrease in“the.vavria'vr.w'ce of pressure'ﬂuctuéiions With
mcreasmg slurry flow rate may be attributed to two' factors: (1) the relative velocny
between the gas and slurry decreases with increasing slurry veloc1ty and (2) the static
height of the slurry above a given pressure port does not fluctuate as much during a
continuous run as it does during a batch run. In Figure 6.7 there is a distirjct“c‘}:\ange n
the slope of the curves between gas velocities of 0.02 to 0.04 m/s and 0.06 to 0.12 m/s
- (i.e. the slopes of curves between gas velocmes of 0 06 and 0.12 m/s are  greater than
the slopes of the curves between gas velocmes of 0 02 and 0.04 m/s).. Th|s change in
slope may be attnbuted to a change in the ﬂow regnme from bubbly to slug flow. It
appears that the transition occurs ‘somewhere between gas velocities of 0.04 and 0.06
m/s for all three exiperimentsk. Similar trends were observedin all other experiments
conducted. This result agrees with the transition velocities predicted from Taitel et al.'s

correlation (i.e., Eq. 6.7).
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Figure 6.8 shows the effect of height above the distributor on the MSE at various gas
velocities for the batch experiment shown in Figure 6.7. In general, the MSE increases
with increasing ug for all pressure transducers. One intéresting trend was the decrease
in the MSE between heights of 0.08 ‘and 06 m anve the distributor. Wev cannét be
certain of the cause for the decrease in MSE at gas velocities of 0.09 and 0.12 m/s.
One possible explanation is that the increase in oscillations at a height of 0.08 m is
due to the increase in turbulence near the distributor caused by the increase in the gas
velocity. The sharp changes in the slope of the MSE curve between heights of 0.6 and
1.2 m at gas vel'.o_cities of 0.06, 0.09, and 0.12 m/s indicates that slugs begin appearing
in the column somewhere between these heights. At gas velocities of 0.02 and 0.04
m/s, there’:is a slight change in the slope of th‘e MSE curve between heights of 1.2 and
1.8 m, indiéating tﬁé presence of large bubbles. This result agrees with the prediction
of Eq. 6.8, i.e., slugs will not develop in the bottom part of the column. B
Figure 6.9 show the effect }of supérﬁc;ial gas velocity on the MSE of the press;ure '
fluctuations for the same experiment. At heights of 0.08 and 0.6 m, we do not observe
a transi_tiobn to slug flow; however, the change in slope of the MSE curve for at a height
of 1.2 m between"gas velocities of 0.04 and 0.06 m/s indicates a transition to slug flow
between these velocities. On the other hand, the.slope'of_the MSE curve at a height of
1.8 m above the distributor does not change significantly, 'indicating that large bubbles
are pré;en; at all velocities at-this height. | o
Résult‘s obtained from experiments with large iron oxide pérticles_shc.';Qved similar
trends in the MSE v(rit'h‘gas velocity and height above the distributor. In general, for all
experiment's in which pressure fluctuations were obtained, the transition between bubbly
and slug flow occurred somewhere between g'avs velocities of 0.04 and 0.06 m/s. Also,

slugs were not observed below a height of 0.6 m above the distributor.
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MSE were calculated from both nuclear density gauge signals and raw pressure sig-
nals in the 0.21 m ID column for several experiments. In general, the MSE increased
with increasing gas velocity but decreased slightly with increasing height above the dis-
tributor. Figure 6.10 shows the effect of superficial gas velocity on MSE for nuclear
density gauge fluctuations at liquid velocities of 0.005 and 0.02 m/s using the perforated
plate distributor and 0.005 m/s using the bubble cap distributor with. SASOL reactor
wax. An increase in the MSE of nuclear density fluctuations indicates an increase in the
variation of gas holdup. For the experiments with the perforated plate distributor there
is essentially no effect of liquid flow rate on MSE. However, the MSE of the densit)r
gauge 1}"'Iuc:tuations from the experiment conducted with the bubble cap distributor were
significently Iewer than those obtained during the experiments with the perforated plate
distributor at gas \relocities of 0.06 and 0.09 m/s. The lower MSE associated with
the bubble cap disfributor,indicate the presence of a more uniform distribution (i.e.
fewer larger berbbles). The;e results help substantiate the claim that smaller bubbles
are formed wifh the bubble cap distributor due to its geometry. MSE from all exper-
iments were essentlally the same at gas velocities of 0.02 and 0.04 m/s. There is a
change in the slope of the curves between. .gas velocmes of 0.04 and 0.06 m/s for the
expenments conducted with the. perforated plate dlstrlbutor and between gas velocmesv
of 0.06 and 0.09 m/s for the expenment conducted with the bubble cap drstrlbutor
The change in slope indicates the transition from the homogeneous bubbly regirﬁe to
the churn-turbulent flow regime. Slmllar trends were observed i in other expenments |
The transutlon velocmes from the bubbly to churn-turbulent flow regime are within the
range of velocities given by Deckwer et al. (1980).
Figure 6.11 shows the effect of axial position on the MSE of the pressure fluctuations
for the batch experiment conducted with SASOL wax in the 0.21 m ID column. At gas

velocities of 0.02 and 0.04 m/s, the MSE of the pressure fluctuations was essentially
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the same at all heights, indicating the presence of the homogeneous bubbly regime.
At gas velocities of 0.06 and 0.09 m/s, we observed a slight decrease in the MSE of
the pressure fluctuations between heights of 0.08 and 0.6 m above the distributor. A
similar trend was observed in the small diameter column (see Figure 6.8). However, in
the small diameter co|umn the MSE increased significantly between heights of 0.6 and
12m above the distributor, but in the large diameter column, it remained essentially
constant. The lack of variation in the MSE with column height indicates that there is a
minimal amount of axial variation in the flow patterns. We also observed uniform axial
gas holdup profiles and bubble size distributions in the large diameter cdlumn, which
agrees wi%h these results. This type of behavior is representative of the churn—turbulent
flow regime. |

The effect of superficial gas velocity on the MSE of pressure fluctuations is sHown
in Figure‘-6.12>f¢>r the batch experiment with SASOL wax in the 0.21 m 1D column. As
expected, there is an increase in the MSE with increasing gas velocity. The change in
slope between gas velocities of 0.04 and 0.06 m/s may be attributed to the transition
from the bubbly to the churn—turbulent flow regime. These results are in agreement

with those obtained from MSE analysis of nuclear density fluctuations.

Flow Regime Transitions Based on the PSD

" Pressure signals and n.uclear density gauge signals required high pass fil'teriﬁg. Slow
changes in the mean of the signal, unrelated to higher frequency hydrodynamlc phenom-
ena, gave rise to a heavy low frequency bias in the psd and autocorrelation functions
(Welmer et al., 1985) . To avoud this, the first difference of the time series correspond-
ing to Ehe fluctuations was used before spectra. were obtalned. The first difference is

defined as (Jenkins and Watts, 1968):

Pt =Piiar - Pt (6.9)
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where P corresponds to the pressure or nuclear density gauge signal and At ﬁcérr_espgndé
to the time difference between two suc-cessive measurements. For example, lf data 'anr.s
‘acquired at a rate of 100 Hz, then At would correspond to 0.01 sec. Tbe psd was
obtained from‘the new time series, Pi. The psd of data from experiments' with'_‘,s;ma"l_l
silica particles and large iron particles in the small diameter column were obtained. The
results from these calculations were used to determine flow regime transitions a‘bd slug
frequencies. Likewise, the psd of data from experiments in the large diameter colvumn in
the absence of solids were obtained. These results were used to determine the transition
from the bubbly to churn—turbulent flow regime.

Figure 6.13 show spectra of pressure signals obtained at a height of 1.8 m at different
gas velocities in the 0.05 m ID column at a superficial slurry velocity of 0.02 m/s. The
psd are fairly broad at a gas velocity of 0.02 and 0.04 km/s, with frequencies ranging
from 2.5 to 10 Hz. For ug > 0.06 m/s, the dominant frequency is in the range 2.5 to 5
Hz. The shift in frequency is indicative of the onset of slug flow between gas velocities of
0.04 and 0.06 m/s. Also, the intensity of the psd increases with increasing gas velocity;
a similar trend was observed with the MSE (i.e. MSE increased with increasing gas
velocity).

The spectra from transducers at heights of 0.6, 1.2, and 1.8 m above the distributor
at a gas velocity of 0.12 m/s for the batch experiment conducted with 20 wt% 20 - 44
pum iron oxide particles in the 0.05 m ID column are shown in Figure 6.14. The dominant
frequency observed at a height of 0.6 m above the distributor is .5 Hz; whereas, the
dominant frequency at heights of 1.2 and 1.8 m is 2.5 Hz. This shift from 5 Hz to
at the bottom of the column to 2.5 Hz at the top of the column is an indication of
coalescence which may be taking place. Similar results were observed for the batch
experiment with small silica (see Figure 6.15). For experiments conducted in the glass

column we observed slug frequencies in the range 2 to 3 Hz at the top of the column
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for gas velocities of 0.07, 0.09, and 0.12 m/s. At the bottom of the column, we have
more frequent, smaller slugs, whereas, towards the top of the column, two small slugs
coalesce to form a single large slug. This type of behavior has been observed visually
in our two—phase experiments conducted in the glass column. This also agrees' with
the description proposed by Taitel et al. (1981) which was used. in their correlation for
determining the entry region over which churn flow exists.

Thus, for experiments conducted in the small sta.inIeSS steel colunrn in the batch
mode of ooeretion, the domvinanr sIu-'gj frequency is approxinﬁately 2.5 Hz at the top of
the column. Coalescence of small slugs to form large.slugs occurs between a height of
0.6 m and 1.2 m above the distributor.

Figure 6.16 shows the effect of superficial gas velocity on the psd of the. m‘Jclear'
density gauge fluctuations from the batch experiment with FT-300 wax (without solids)
in the small diameter column at gas velocities of 0.02, 0.04, 0.06, rand 0.09 vm/s The
four plots at the four different gas velocrtles indicate the progressive movement of the
dominant frequency to the Ieft (towards !ower values) with an increase in gas velocrty
These results show that the spectra are narrower at higher gas velocities (ug=0.06 and
0.09 m/s) than they are at lower velocities. This behavior in the frequency spectrum IS
indicative of the change in flow regime in the bubble column. At low gas veloeities, the
homogeneous bubbly regime prevails and goes through a transition before approaching
the slug flow regime at a gas velocity of 0.06 m/s. The dominant frequency at a gas
velocity of 0._02 m/s is in the range 7.5 to 10 Hz, and .tshif‘ts to the rénge"2.5 to 5
Hz at 0.04 m/s, and finally approaches 2.5 Hz as slug flow develops at 0.06 m/s. The
definite shlft in the domrnant frequency observed between gas velocmes of 0 04 and 0 06
m/s which was observed in all’ expenments mdrcates that slug flow beglns somewhere
between these two velocities. As mentioned previously, the same transition region was

observed in experiments with the silica particles using MSE analysis (see Figure 6.9).
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Hence, both MSE 'and psd analysis ma)r be used te determine the transrtien from bubbly
to slug flow. In ,a;ddit’ion, the psd may be used to determine slug frequen,cy_. Results
obtained from statistical analy'sis: results are in agreement with predictionsvfrom Taitel
et al.’s correlations. Also, they are consistent with our visual obser,vatiens i'n' the small
glass column. | |
The effect of superficial gas velocity’ oh the power s.pec‘tra for pressure signals ob-
tained from the batch experiment with SASOL reactor wax (no solids) in the 6.21 mID
column at heights of 0.08 and 1.8 m above the distributor are shown rn Figures 6.17 and
6.18, respectively. In the vicinity of the distributor, two characteristic ped peaks are ob-
served (see Frgure 6.17). The brmodal distribution may be indicative of the coalescence
near the d:strlbutor The mtensnty of the low frequency peak Increases sngmflcantly wrth
increasing gas velocity, which implies the formation of larger, less frequent bubbles in
the vicinit§ of the distributor. At a height of 1.8 m above the distributor, a single Apeak
“in the psd is observed. The single peak is representative of a stable-ﬂow nattern‘(i.e.
stable bubble size). As the gas flow rate is increased from 0.02 to 0.04 m/s, there is
2 definite shift in the frequency of the psd (12 Hz at 0.02 m/s to 8 - 10 Hz at 0.04
and 0.06 m/s). This shift in the dominant frequency between gas velocities of 0.02 and
0.04 m/s represents the transition from bubbly to the churn~turbulent flow regime.
Figures 6.19 and 6.20 show the effect of height abotre~the distributor."on the psd
for the same experiment at gas velocities of 0.02 and 0.06 m/s, respectrvely At both
velocities, the bimodal dlstnbutlon prevails at helghts of 0. 08 and 0.6 m. As mentioned
above, the bimodal distribution is characterlsticbf the entry region over which bubble
_coalescence"_and‘brleak'up occurs. At _he‘ights‘qfﬂl‘.Z and 1.8 m above the distributor,
we no longer observe the bimodal aistribut‘io'n,' thus indicating the presence of fully

developed flow.
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Figure 6.21 shows the effect of superficial gas velocity on the psd of nuclear density
gauge fluctuations from the batcﬁ experiment with FT-300 wax in the 0.21 m ID column
at a ﬁeight of 1.5 m above the distributor. At a gas velocity of 0.02 m/s, the psd is

fairly broad, which indicates the presence of the homogeneous bubbly regime. As the

gas velocity is increased, the psd appears to become narrower and there is a shift in the

dominant frequency towards the left (i.e. lower frequency). In the homogeneous bubbly
regime, there is not a dominant frequency; however, in the churn~turbulent flow regime,
large bubbles are produced which pass by the transducer at regular intervals (i.e. the
-dominant frequency). At a gas velocity of 0.02 m/s the frequency primarily ranges from
6 to i2 Hz; whereas, at gas velocities of 0.04 and 0.08 m/s, the dominant frequency
is approximately 6 Hz. This shift in the frequency of the psd r'epresents‘ a transition
from the bubbly flow regime to the churn—turbulent flow regime. The transition to the
churn—turbulent flow regime in the neighborhood of 8.04 m/s is in agreement with our
results obtamed using the MSE approach. Also, the transition velocnty is within the

range of ve!ocmes presented by Deckwer et al. (1980)
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