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5. DISCUSSION OF EXPERIMENT AND THEORY: GAS HOLDUP
5.1 Available Data and Correlations for Two-Phase Systems

Akita and Yoshida [53] measured gas holdup (air, helium,oxygen and carbon
dioxide) in liquids (water, glycol, methanol, carbon tetrachloride and sodium
chloride and sodium sulfate solutions) in the temperature range 283-303 K for
gas velocities of 0.007-0.15 m/s in a column 0.152 m in diameter equipped with a
single nozzle (5 mm diameter) gas distributor plate. They also report limited
data in a 0.60 m column. They found negligible influence of gas density on gas
holdup. The effect of liquid velocities up to 0.044 m/s was found to be negligible
on gas holdup. On the basis of their data, they [53] proposed the following

correlation:

eg=Q (1-eg)d Bol/8Gal/12Fr

where C" is 0.20 for nonelectrolytes and is 0.25 for electrolytes.

Hughmark [54] measured the air holdup in a 2.54 cm column for water,
sodium sulfate solution, kerosine, and a light oil in the bubbling regime. Air
velocities ranged up to 0.305 m/s, and liquid velocities up to 0.09 m/s. His

correlation is

€ = 5.2
2 + (0.35/Ug)[(pL/pw)(oL/ow); 13

for semibatch operation and zero liquid flow velocity. For continuous operation

when the gas and liquid are in co-current flow, he found

U6 = ss[K/e"8)-(VL/1-€"g)] 53

On the basis of other workers data, he concluded that the column diameter has
an effect on gas holdup as long as its value is less than 7.62 cm and is

independent of its value for values greater than 10.2 cm.
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Hikita et al. [55] measured gas holdup in a 10 cm diameter column with
single-nozzle gas sparger at temperatures in the range 283-304 K. They used
seven gases (air, hydrogen, carbon dioxide, methane, propane and the mixtures
of hydrogen and nitrogen) and six liquids (water, sucrose solutions, methanol, n-
butanol, aniline and i-butanol). They also employed nine electrolyte solutions
with air. They determined gas holdup for three sections of the column and
found it to be constant throughout the column height except for the lowest
section (15 cm) where its value was lower due to larger gas bubbles and jetting gas
stream. They found e g to be dependent on gas density but assumed it to be
independent of nozzle opening, column diameter and ungassed liquid column

height. Their correlation is:
sg-0.672 (ug nL/ol) °-578-™ g/pL a8) ™ "31 (pg/pl) 0'062(p8/pL) ° 17 54

Reilly et al. [56] measured gas holdup in a 0.3 m diameter column for three
different gas spargers at temperatures in the range 288-313 K. Three different
gases (air, helium and argon) and three different liquids (deionized water, Esso
Solvent Varsol DX 3641 with and without the addition of an antifoam agent, and
a technical grade trichloro-ethylene) were used. They proposed a correlation
which could represent their data as well as the literature data within + 20 percent.
The correlation is:

eg = 0.009 +296 Ugl 44 p 0 o t° Pg” 55

Zahradnik and Kastanek [48] reported air holdup data for air-water system as
obtained in two columns for diameters 0.152 and 0.292 m equipped with
perforated plate air spargers with hole diameters ranging from 0.0005 to 0.003 m
with corresponding open plate area ranging between 0.1 to 1.0 percent. The air

flow rate ranged form 0.031 to 0.276 m/s. Their results were correlated by:
eg="Ug/ (0-3 + 2.0 Ug) 5.6

For a two-phase, gas-liquid, system Smith et al. [57] proposed the following
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correlation:

0.31 -1
0.379 PL°L 0.016

cg= 225 + “uT172 5.7

Kumar et al. [59] generated air holdup data in columns of diameters 5.0, 7.5,
and 10.0 cm and orifice plate distributors having 21-49 holes of diameters in the
range 0.087 - 0.309 cm. As liquids, they employed water, kerosene and 40 percent

glycerol, and air velocities in the range 0.2 - 13.83 cm/s. Their correlation is:

eg = 0.728 Ug’- 0.485 Ug2 + 0.0975 Ugh 58

where

U'g = Ug[pf/jJOL(pL-Pg)g}]1/4 59

Sada et al. [60] introduced the effect of gas density on holdup by modifying
the correlation of Akita and Yoshida [53] on the basis of their data as

eg = 0.32(1-eg)4 Bo0'121 Gal 086 Fr(pg/pL)0 068 5.10

The data were obtained in a 7.3 cm diameter column provided with a single
nozzle gas sparger of diameters 1.5, 2.7 and 5.7 mm. Helium and nitrogen were
used as gases; and water, sodium nitrate, methanol, and a mixture of lithium
chloride and potassium chloride as liquid media. The experiments were
conducted in the temperature range 298-723 K for gas velocities in the range
0.005-0.11 m/s.

Hills [61] measured air holdup for air-water system in a 150 mm diameter
column equipped with either a single 51 mm diameter orifice of a cylindrical
sparger cap with 60 holes 3.1 mm diameter arranged in five rows with twelve
holes in each row. The air velocity was varied in the range 0.07-3.5 m.s and that
of the liquid in the range 0-2.7 m/s. For liquid velocities less than or equal to
0.3 m/s, he found that
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(ug/s'g) - (VL/(-E-g) = 024 + 40 "2 5.11

and

eg = Ug [024 + 4.0 eNT2]” 512

Correlations of Grover et al. [62] and Zou et al. [63] were developed to
correlate the gas holdup data at elevated temperatures for the two-phase systems.
Both these groups of workers [62, 63] realized that the temperature dependence of
the gas holdup cannot be simulated only through the dependence on
temperature of thermodynamic and transport properties of the phases involved.
Grover et al. [52] correlation is a modification of Hikita et al. [55] correlation and
has the same dimensionless groups and an additional term containing vapor
pressure of the liquid at that temperature. Grover et al. [62] measured the gas
holdup for the air-water, and air-aqueous solution of NaCl (or CuCl2) in the
temperature range 303-353 K. A 10 cm diameter bubble column, 1.5 m in height,
was used in the semi-batch mode for air velocities up to 0.045 m/s. A sintered
glass disc with a mean pore size of 100-120 |im was used as an air distributor
plate. They [62] found the air holdup to decrease substantially with increase in
temperature up to 323 K and the influence was only marginal beyond this
temperature. They determined the six constants of the correlation on the basis of

their experimental data. The correlation is:

5.13

where
a=11x10*,and b=5x 104
Zou et al. [63] also developed their correlation on the basis of the Hikata

et al. [55] correlation after dropping the density and viscosity ratio terms of the

two phases involved and adding a term containing vapor pressure of the liquid
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and the total system pressure. They [63] represented their data by such a
correlation by adjusting four parameters. Zou et al. [63] have employed a
stainless steel bubble column, 0.1 m in diameter and 1.05 m in height. The gas
and liquid were introduced in the column by a single nozzle of 10 mm inside
diameter. Data were generated in the continuous mode with gas and liquid
flowing in concurrent streams. The gas and liquid velocities ranged up to
0.16 m/s and 0.007 m/s respectively. Air-water, air-alcohol and air-50% NaCl
systems were studied and the maximum temperature range was 298.2-369.7 K.
They [63] found the air holdup to increase with increase in temperature at all air

velocities. Their form is:

5.14

The temperature dependence of air holdup given by the correlation of Eq. (5.14)
is opposite to that of the relation of Grover et al. [62], Eq. (5.13).

5.2 Available Data and Correlations for Three-Phase Systems

Some of the important gas holdup correlations developed for three-phase
systems are due to Reilly et al. [56], Smith et al. [57], and Roy et al. [64]. All these
correlations have been developed by considering the data for two and three-
phase systems. It is clear from these expressions that the correlations of Reilly et
al. [56], and Smith et al. [57] predict negligible dependence of gas-phase holdup on
temperature, and their predictions at best can be regarded as only in approximate
agreement with the experimental data.

Roy et al. [64] on the basis of their fractional gas holdup data for three-phase
systems (air-water-quartz, air-compressor oil-quartz, air-light diesel oil-quartz,
and air-water-coal) proposed two-regions of gas holdup characterized by

Reynolds number based on the column diameter, Rec = Dc G/Hg as

eg =3.88 x I0"Rec (aw / ajl/3(1 - vs)3]0 ** for Rec < 350 5.15
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and

eg = 1.72x 10" Rec(ow/ ojl ~(1 - vs)3] 0,44 for Rec > 500 5.16

where
(w, /D)

(ws / ps) + (wL / pL)

These authors [64] found that the fractional gas holdup values decreased
with increasing concentration of the solids in the system. However, for coal the
e g values were considerably higher than those for the systems containing quartz.
This was attributed to the very different solid-liquid interface behavior for coal
than for quartz. Ying et al. [65] found that the reduction in e g values because of
the presence of solids in the column was dependent on the column diameter.
The effect was negligible for a 2-in. diameter column, but for a 5-in. diameter
column, e g values decreased in the presence of solids.

On the basis of works by Hughmark [54] and by Smith and Ruether [66],
Smith et al. [57] have proposed for three-phase bubble columns:

5.17

Barnea and Mizrahi [58] correlation was used to estimate the slurry viscosity

from liquid viscosity, JIL, according to the following relation:

(5/3) vs 5.18
(1 -vs)

MsL = ML exp

psL and p-L are in centipoise.
Roy et al. [56] correlation given in the previous section will also be
employed here for the analysis of three-phase systems. This is in view of their

[56] recommendation that solid particles have only negligible influence on gas

holdup. They also felt similarly for gas and liquid viscosities and hence did not
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include them in their correlation.

5.3 Comparison of Present Two-Phase Data with Theory

The effect of initial liquid column height on e g is presented in Fig. 4.2 and
for five Hs values in the range 70-99 cm. A weak dependence of e g on Hs is
found mostly within an average deviation of £5%. The e g increases with
increase in Hs. Holdup is also measured for increasing and decreasing air
velocities in the range 3.2 to 33.2 cm/s [67-69]. In most cases, a pronounced
maximum and minimum is observed for increasing air velocity, and a
monotonic variation of increasing e g with increasing Ug is found for decreasing
air velocity. This hysteresis effect has been observed by other workers [48, 70-72],
and as discussed earlier by Saxena [67] this is primarily due to the formation and
accumulation of foam at the top of air-water dispersion, and secondarily due to
the foam accumulation in the column.

Saxena and Verma [69] have found that for semi-batch mode operation
(VL =0), the influence of heat transfer probe internal on € g is negligible. This is
not surprising as the internal occupied only four percent of the column cross-
section. Saxena and Vadivel [73] on the other hand with a five-tube bundle in
the column found the gas holdup to be larger than for an unbaffled column
under otherwise identical conditions. This is explained on the basis that the
bubble size is smaller in a baffled column in comparison to that in an unbaffled
column. Consequently, the holdup is larger in the former than in the latter for
the same conditions of operation.

For co-current flow of air and water (velocities in the range up to
12.2 mm/s) it is found [67, 69] that the effect of liquid flow rate on gas holdup is
small. The averages of four sets of experimental values differ on the average by
about 8 percent from the individual values. Saxena et al. [68] have found that
the e g values do not exhibit any systematic variation with changes in liquid flow
velocity in the range 3.73 to 8.92 mm/s. The air holdup values with liquid flow
are smaller than the corresponding values with no liquid circulation for air

velocities greater than 7 cm/s. For air velocities smaller than 7 cm/s, the effect is
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negligibly small. For runs in the continuous mode, no foam formation is visible
and the hysteresis effect is absent. The gas holdup variation with gas velocity is
found to be monotonic.

The local air holdup, 6 'g, at a particular gas velocity, Ug, and and at a
particular height above the air distributor plate, h, is obtained by measuring the
pressure drop, AP, across a section of known height, H, of the air-water
dispersion and the relationship given by Eq. (4.5).

Saxena [67] has found the gas holdup to be similar along the column height
with and without the single probe for various decreasing air velocities. Saxena
and Verma [69] have found similar result for increasing gas velocity. This result
which is in agreement with the result for total gas holdup is indeed not
surprising and the two sets of observations for local and total holdup are
consistent with each other as expected.

These workers [67, 69] have observed certain qualitative trends of variation
in e'g values and the same are explained on the basis of prevailing bubble
dynamics in the column. In the lower section of the column, h < 50 cm, the
bubble coalescence becomes increasingly pronounced as the air velocity is
increased. This behavior causes the air holdup to decrease with increasing Ug in
this region of h < 50 cm. For 50 < h < 120 cm, the air holdup is relatively
constant over the entire air velocity range. For the column region
120 < h < 150 cm, the air holdup increases with h, the increase is relatively more
pronounced for higher air velocities. This was attributed to the foam formation
in the column. It is emphasized that the formation and breakup of foam takes
place in the major portion of the column, h > 50 cm, and more so for higher gas
velocities.

The uncertainties in the measurements of total and local holdups are
estimated as follows. In the e'g values, it is about 4% at the highest gas velocity
and decreases with decrease in gas velocity, being about 0.5% at the lowest gas
velocity. The uncertainty in e'g is dependent on the air velocity as well as on the
value of air holdup. At the top end of the column, the air holdup is large due to
foam formation and the pressure difference uncertainty was relatively large
because of the small magnitude of the pressure difference. The uncertainty is

estimated to be +5% at the top section at the lowest air velocity and £50% percent
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at the highest air velocity. In the remaining portion of the column the
uncertainties are £5 and +35 percent for the lowest and highest air velocities
respectively.

Additional new data on air-water system are taken and these are displayed
in Fig. 5.1. Two different procedures are adopted for measuring the air holdup.
In one procedure, an initial unaerated water column of 1.10 m in height (Hs) is
employed and the holdup is determined as a function of decreasing air velocity.
In this case the expanded height (He) of the air-water dispersion is different at
each air velocity. In the procedure, the air holdup was measured for an
expanded aerated water column height of 1.70 m and again for decreasing air
velocity. Typical results of these two procedures are* shown in Fig. 5.1 as set A
and set B respectively. The two sets of air holdup values agree with each other
for air velocities up to about 0.08 m/s and thereafter set B is consistently greater
than set A for the entire air velocity range.

Uniform bubbles, spherical in shape, moving almost vertically up in the
column are observed up to air velocity of 0.05 m/s. At the air velocity of about
0.05 m/s, air bubbles are observed to move downwards near the column wall in
small sections of upper column region (h > 0.5 m). This establishes a cellular
flow pattern in the column. The overall region of liquid circulation in the
column descends further down with increase in the air velocity, and it extends
up to 0.3 m at the air velocity of 0.08 m/s. For air velocities greater than 0.08 m/s,
the bubble coalescence is observed and at column heights of greater than | m, the
coalesced bubbles escape from the middle of the column. The region of
coalescence in the column increases with air velocity and more bubbles are
observed to be swept down in the local circulating water eddies. The opposite
influence of coalescence and circulating eddies on air holdup almost balance for
the range of air velocities between 0.10 to 0.17 m/s, and a somewhat constant
holdup is observed for set A. The degree of coalescence increases with an
increase in air velocity , and the coalesced bubbles almost slug the top portion of
the column for air velocities greater than 0.3 m/s. However, the number of
bubbles and their residence time in the column due to water circulation is such
that the increased holdups are consistently observed with increase in air velocity

over the entire range. The higher holdup values of set B data than that of set A
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Reference
Akita and Yoshida
Hughmark
Hakita et al.
Reilly et al.
Zahradnik —

and Kastanek
Smith et al.
Kumar et al.

Present work

Ug(m/s)

Fig. 5.1. Comparison of experimental and computed air holdup values for the
air-water system as a function of superficial air velocity at 309K.
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are partly due to a larger water column height and associated bubble dynamics.
Our systematic measurements of air holdup for unaerated water column heights
between 70 to 110 cm reveal that air holdup increases with increase of the water
column height. Repeated measurements corresponding to sets A and B did
represent some scatter and the dashed curve represents only the extreme values.
The degree of foaming observed in the column has also varied in these runs and
this also has partly been responsible for variation of the air holdup at the same
air velocity. Our present holdup data are compared with the predictions of the
air holdup values based on different correlations listed in section 5.1.

The computed values based on Akita and Yoshida's [53] correlation, Eq. (5.1),
are shown in Fig. 5.1 as curve 1. Except for the very low air velocities
(< 0.04 m/s), the computed values are generally smaller than our measured
values. Hughmark's [54] correlation of Eq. (5.2) leads to values shown as curve 2
in Fig. 5.1, and these are systematically smaller than our measured values. The
differences are significant and this correlation is not considered adequate for
predicting the present air holdup values. Predictions based on Hikita et al.'s [55]
correlation, Eq. (5.4), are shown as curve 3 in Fig. 5.1. This correlation like that of
Hughmark's [54], underestimates the measured values of air-water system, and
are systematically smaller than the computed values based on Akita and
Yoshida's [53] correlation. For electrolytes, the air holdup is found to be greater
than given by the above correlation and a multiplicative factor is introduced to
represent the experimental data. Computed values from Reilly et al.'s [56]
correlation, Eq. (5.5) are graphed in Fig. 5.1 as curve 4. These predictions are in
better agreement with our data than those based on correlations of
Hughmark [54], and Hakita et al. [55]. However, Akita and Yoshida's [53]
correlation is relatively better in reproducing our data than that of Reilly et
al.'s [56]. Zahraknik and Kastanek's correlation [48] based values are shown as
curve 5 in Fig. 5.1 and these represent our data nearly as well as that of Eq. (5.1) by
Akita and Yoshida [53]. Calculated values from Eq. (5.7) of Smith et al. [57] are
shown as curve 6 in Fig. 5.1. These values are also lower than our measured
values. Smith et al. [57] have examined the relation of Eq. (5.7) on the basis of
data taken in a 0.108 cm diameter column for nitrogen and four liquids (water,

silicone oil, glycol and aqueous ethanol). Calculated values from the correlation
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of Kumar et al. [59] are shown as curve 7 in Fig. 5.1 and set B is reproduced well
by this correlation. Predictions based on Sada et al.'s [60] correlation, Eq. (5.10),
are almost identical with those obtained from Eq. (5.9). Hills's [61] correlation
based values, Eq. (5.12), are shown as curve 8 in Fig. 5.1, and these consistently
underestimate our data.

Lastly, we examine the approach of Nicklin [73] for correlating the gas
holdup data in two-phase systems using the concept of drift velocity, Wallis [75].
This approach in the absence of liquid flow yields [74]:

eg = ug [Ug + Uo]-! 5.19
Here, U0 is the drift velocity and in the churn turbulent regime. O'Dowd et

al. [75] have proposed to express it as

Uo = Ug + Ub,, 5.20

Uboo nray be identified with the terminal rise velocity of bubbles and we have
treated it as an adjustable parameter in correlating the gas holdup data. Equation

(5.19) may then be written as

5.21

The extreme sets A and B of experimental gas holdup data are examined in
Fig. 5.2 on the basis of Eq. (5.21) and a constant value of 0.241 m/s for This
parity plot of gas holdup well substantiates the approach for correlating the data
outlined here and the implicit assumption in Eq. (5.20).

In summary, we find that most of the correlations predict values of air
holdup which are generally smaller than those obtained in our repeated
measurements. We think that the column hydrodynamics plays a significant
role and in particular the presence of a 19 mm axial probe in the column and the
air sparger plate design has increased the residence time of bubbles, and hence

the larger air holdup. Unaerated water column height and the mode of
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(Calculated)

Air + Water
T. 309K
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€y (Experimental)

Fig. 5.2. Parity plot for gas holdup.
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measurement (sets A and B) also influence the data significantly as the air
velocity is increased. The air holdup knowledge is important for characterizing
the column and in this perspective we attach special significance to such
measurements. Heat transfer data reported later are taken for such a column
operation as discussed above.

The knowledge of bubble size and bubble size distribution is particularly
useful not only in interpreting the gas holdup data but also in establishing the
magnitude of interfacial area. This parameter is essential for computing the
mass transfer from bubble to the liquid phase. We [77] have taken limited data
using high speed photographic and an image carrying fiber optic probe
techniques. Saxena et al. [78] have reviewed the different techniques employed
to obtain bubble size distributions in multiphase reactors. Patel et al. [79] have
recently discussed the dynamic gas disengagement technique used to obtain these
parameters. Obviously considerable research and development work needs to be
done in this area to assist the development of a variety of chemical and
biochemical processes performed in such bubble column reactors. Some relevant
results obtained in our preliminary effort [77] are quoted here. In Figs. 5.3
through 5.8 are given the various measured bubble size frequency distributions
and histograms. Based on these data, following conclusions may be drawn.

(a) The bubble size does not vary much with gas flow rate, at least in the air
velocity range of 3.6 to 9.2 cm/s. A mean value of 6.1 + 0.3 mm for air bubble
diameter in water at ambient temperatures seems appropriate. This conclusion
is based on the measurements made on the larger 30.5 cm diameter column.

(b) The bubble size is found to be dependent on the column diameter as
judged from the data on the two columns at one gas velocity, 3.2-3.6 cm/s. The
bubble diameter is smaller in the smaller baffled column than in the larger
column where the baffles are relatively much less congested. O'Dowd et al. [76]
have reported smaller bubbles in a baffled column than in the unbaffled column
at lower gas velocities.

(c) The bubbles at the column wall are relatively smaller in size as recorded
by the fiber optic probe than those farther away from the wall as observed in the
photographic film. This is in agreement with detailed measurements made

using a conductivity probe (O'Dowd et al. [76]), though in this technique bubble

243



NUMBER OF OCCURANCES

BUBBLE DIAMETER (MM)

Fig. 5.3. Bubble size frequency distribuHon in the 10.8 cm diameter bubble
column for the air-water system. Air velocity = 3.2 cm/s.
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Fig. 5.4. Histogram of bubble-size distribution in the 10.8 cm diameter bubble
column for the air-water system. Air velocity = 3.2 cm/s.
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Fig. 5.6. Bubble size frequency distribution in the 30.5 cm diameter bubble
column for the air-water system. Air-velocity = 3.6 cm/s.
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Fig. 5.7. Bubble size frequency distribution in the 30.5 cm diameter bubble
column for the air-water system. Air velocity = 5.8 cm/s.
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column for the air-water system. Air velocity = 9.2 cm/s.



size distribution is measured at a point.

In Fig. 4.4, we have presented the data of holdup for the small column
equipped with a single probe and a seven-tube bundle. The presence of a tube
bundle inhibits to some extent bubble coalescence and therefore the holdup is
larger and is independent of the initial column height. The models and
correlations developed for unbaffled column operations will not be appropriate
to represent these data. Additional data for air-water system are taken by Saxena
and Patel [80] in this smaller bubble column equipped with a single 19 mm probe,
and with a seven-tube bundle, and these have been correlated following the
drift-flux theory of Wallis [75] as discussed by Zuber and Findlay [81] and detailed

earlier in this section. This leads to values listed in Table 5.1, and

experimental gas holdup values are shown compared with the calculated values
in Fig. 5.9. The agreement of theory and experiment is considered reasonable.

The experimental air holdup data taken at various temperatures in the
larger column are compared with the predictions of available correlations in Fig.
5.10. In view of our experimental results, only those correlations which exhibit
temperature dependence are considered. The correlations of Reilly et al. [56],
Sada et al. [60], Hikita et al. [55], Smith et al. [57] and Kumar et al. [59] reproduce
the present data rather poorly. All these correlations predict a dependence of gas
holdup of less than 5 percent for the temperature range of our data. However,
the experimental data suggest a more pronounced dependence, particularly for
the range of air velocities where liquid circulation sets in, in the bubble
coalescing regime at lower temperatures. It follows from this comparison of
experiment and theory that the temperature dependence of gas holdup cannot be
predicted only through the temperature dependence of the thermodynamic and
transport properties used in the development of these correlations. This is not
suprising as these correlations have been developed and tested mostly on data
around 300 K or for a narrow band of temperatures around this value.

Grover et al. [62], and Zou et al. [63] have developed correlations to predict
gas holdup for temperatures up to 370 K. Zou et al. [63] have reported the air
holdup to increase with an increase in temperautre at all air velocities. This
temperature dependence of air holdup is opposite to that found by Grover et al.

[62], and also to that observed in the present experimental work. The predictions
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Fig. 5.9. Comparison of experimental and calculated gas holdup values.
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Fig. 5.11. Parity plot for the air-water system aas holdup data. Calculated eg
values are according to Eq. (5.21).
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based on Zou et al. [63] in Fig. 5.10 are seen to be in poor agreement with our data
and an opposite qualitative dependence of air holdup on temperature is obvious.
It appears that gas holdup data for well defined two-phase systems as a function
of temperature will be very useful to develop a quantitative correlation.

Computing values of e g with Uboo as an adjustable parameter are compared
with the corresponding experimental values in Fig. 5.11. Uboo values are also
listed in this figure for the four temperatures of measurement and it is noted
that U”oo values monotonically increases with increase in temperature. This
increase in Uboo values with temperature suggests larger coalesced bubbles which
result in smaller gas holdup. These results are in accordance with the visual
observations of bubble size and the measured gas holdup values.

Experimental gas holdup data taken in the larger column with thirty-seven
tube bundle as shown in Fig. 4.47 are compared with the predictions of
correlations due to Grover et al. [62], Zou et al. [63], Reilly et al. [56], Smith et
al. [57], and Roy et al. [64] in Fig. 5.12. The continuous curve | is a smooth plot
through the four sets of experimental data points at four temperatures.
Grover et al. predictions are always appreciably greater than the experimental
values and exhibit a different dependence on air velocity. Zou et al. predictions
are much lower than the experimental values at 298 K and increase with the
increase in temperature much more rapidly than the experimentally observed
trend according to which the values decrease with increase in temperature.
Reilly, et al. and Smith et al., correlations lead to similar values than the
experimental data and further these exhibit almost no temperature dependence
in contradiction to the observed trend. Roy et al.correlation does predict the gas
holdup values which decrease with increase in temperature in agreement with
the observed trend. However, the absolute magnitude of values is appreciably
different than the measured values. The drift-flux theory approach, as outlined
above, leads to values which are in good agreement with experiment . These are
shown in Fig. 5.13 where U. values are also listed.

The experimental data of gas holdup for nitrogen-Therminol taken in the
small column [82] with the 19 mm probe presented earlier in Fig. 4.6 are
compared with the predictions of three correlations [56, 57, 64] in Fig. 5.14A.

Figure 5.14A shows a poor prediction by all the three correlations and the Smith

253



0.00 0.05

0.10
Ug(m/s)

0.15

0.0
0.20 0.00

0.6
0.5
0.4
0.3
0.2
0.1

0.05

0.10
Ug(m/s)

0.15

0.20

Fig. 5.12. Comparison of the four sets experimental data of air holdup of air -

water system with the predictions of different models at four temperatures
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6 - Roy et al.).
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Fig. 5.13. Comparison of experimental air holdup data with the predictions of
modified Nicklin's model for air-water and air-water-glass bead systems.
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Fig. 5.14. Comparison of 19 mm probe internal nitrogen holdup data with the
predictions of correlations for nitrogen-Therminol system: (A) without and (B)
with solids.
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et al. [57] correlation is the best of all though it overpredicts the data over the
entire velocity range. It appears that liquid viscosity is not adequately accounted
in these correlations; Reilly et al. [56] and Roy et al. [64] correlations do not have
any liquid viscosity term while Smith et al. [57] correlation has only a very weak
dependence on liquid viscosity. The drift-flux theory approach leads to
satisfactory agreement with experimental data as seen in Fig. 5.15. The Uboo
values obtained for the four different internals in the column are listed in Table

5.2.
5.4 Comparison of Present Three-Phase Data with Theory

Saxena and Patel [80] have correlated their data. Fig. 4.9 and Table 4.8, on the
drift-flux theory approach with the results reported in Fig. 5.9. The
corresponding Uboo values are listed in Table 5.1. The agreement between theory
and experiment is satisfactory. The wvarious correlations are found to be
inadequate for this purpose.

The air holdup data taken in the large column for the air-water-glass bead
system are compared with the three correlations [56, 57, 64] in Figs. 4.51 and 4.52.
The Reilly et al. [56] correlation exhibits practically no dependence of air holdup
on temperature, while those of Smith et al. [57] and Roy et al. [64] predict an
increase and decrease of 3 and 5 percent, respectively, in air holdup with increase
in temperature in the range of our present measurements. Thus, even the
qualitative dependence of air holdup for these systems is not reproduced by these
correlations. The quantitative dependence is poor for all the correlations and
particularly inadequate for the case of Roy et al. [64]. These correlations
developed from data mostly around ambient conditions are incapable of
explaining the dependence of gas holdup on temperature and solids
concentration. The failure of the Roy et al. [64] correlation is mostly due to the
fact that it has column diameter as one of the parameters while measurements,
present as well as those available in the literature, have shown that gas holdup is
almost independent of column diameter, as long as it is greater than about 10 cm.
Further, the correlations due to Reilly at al. [56] and Roy et al. [64] do not include

slurry (or liquid) viscosity as a parameter, while our present work suggests it to
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Fig. 5.15. Comparison of experimental nitrogen holdup data for 19 mm probe
internal with the predictions based on the drift-flux theory.
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Table 5.1. Values of based on Eq. (5.21) and determined from

experimental gas holdup data for air-water and air-water-glass bead systems
at 309K in 0.108 m bubble column.

Single-tube configuration

dp (jim) 0 50 119 143
ws (%) 0 10 10 10
Uboo (m/s) 0.314 0.433 0.420 0.473

Seven-tube bundle configuration

dp (“m) 0 50 50 119 119 143 143 143 143

ws (%) 0 5 10 5 10 5 10 20 30

Uboo (m/s)  0.205 0236 0255 0224 0233 0222 0218 0291 0.41
Table 5.2. Values of based on Eq. (5.21) and determined from

experimental gas holdup data for nitrogen-Therminol and nitrogen-
Therminol-red iron oxide systems in 0.108 m bubble column at ambient
temperature.

Internal solids concentration (weight percent)

0 15 30 50
19.0 mm 0.864 0.998 1.08 1.07
31.8 mm 0.798 0.956 0.841 0.858
50.8 mm 0.796 0914 0.791 0.749
7TB 0.718 0.812 0.709 0.682
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be one of the important parameters in a realistic correlation. The solids
concentration in the slurry and temperature seem to be somewhat related
parameters as judged from the data of Figs. 4.51A, 4.51B and 4.51C. Slurry
viscosity could link all these parameters together and it would follow that sound
knowledge of the properties of the phases involved are crucial in the
development of an accurate correlation. Experimental data of the nature
produced here will help in identifying these parameters.

In Figs. 4.52A and 4.52B are given similar comparisons of theory and
experiment for slurries of particle diameters 90 and 50 pm and 5 weight percent
respectively as in Fig. 4.51 for slurries of 143.3 pm particles. The disagreements
between correlation based air-holdup values and the experimental data are of the
same nature as those in Fig. 4.51. None of the three correlations have particle
diameter as a parameter, while our data at 297 K show that the gas holdup
changes significantly when the size is reduced. In Fig. 5.16, we present the data
for the 5 weight percent slurries of two smaller size particles as averaged for the
particle size and temperature ranges. The experimental values are consistently
smaller than the correlation based values for the entire air velocity range. Smith
et al. [57] correlation is most successful of all the correlations in reproducing the
data. The Roy et al. [64] correlation leads to a very poor reproduction of
experimental data. A modified form of Smith et al. [57] correlation will be
appropriate to develop for slurries involving particles smaller than 100 pm as
more three-phase data become available.

In Fig. 5.17, these data are shown compared with computed values obtained
on the approach based on modified drift-flux theory detailed in section 5.3. It is
to be noted that data are well reproduced within +10 percent. The Uboo values are
also listed in these figures and these again increase with temperature as observed
for the two-phase, air-water, system.

The corresponding data [112] of air holdup with thirty-seven tube bundle,
reported in Figs. 4.53-4.57, are shown compared with these model predictions in
Fig. 5.18. Roy et al. [64] correlation based values are systematically greater than
the experimental data, and their dependence on slurry concentration is more
pronounced than that observed in the experiments. Reilly et al. [56] predictions

are underestimates for air velocity values greater than about 0.07 m/s, and
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Fig. 5.16. Comparison of the averaged air holdup values for a range of particle
sizes, slurry concentrations and temperatures as a function of air velocity with
the predictions of different correlations.
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Fig. 5.17. Comparison of experimental air holdup data with the modified drift-
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Fig. 5.18. Comparison of experimental air holdup data with the predictions of
different models for the air-water-glass bead system (1 - Experimental, 2 - Reilly
et al.[56], 3 - Roy et al.[64], 4 - Smith et al.[57].)
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predict no dependence of slurry concentration. Smith et al. [57] values are
systematically smaller than the experimental values and exhibit a very weak
dependence on slurry similar to that implicit in our measured values. These
data are shown compared with the modified drift-flux theory approach in Fig.

5.13. The Uboo variation with temperature is the same as obtained with data on

seven-tube bundle.

A comparison of experimental air holdup data for air-water-magnetite
system in the small column with a single 19 mm heat transfer probe [105] with
the computed values from the three correlations [56, 57, 64] is presented in Figs.
4.10A through 4.10F. In all cases, we find that Roy et al. [64] correlation based
values (curves 1) reproduce rather poorly the experimental data and are always
greater than the experimental values, the disagreement increases with increase
in air velocity. We think that the inclusion of Reynold number based on
column diameter is responsible for this discrepancy. Further, this correlation
suggests a decrease in the value of gas holdup as solids concentration is increased
in the slurry.

Reilly et al. [56] correlation which is based only on gas and liquid properties
lead to values (curves 2) which are in fair agreement with the experimental data
for slurries of smaller particles and small concentrations over the entire range of
air velocities. The reproduction is relatively poorer for larger particles and for
higher slurry concentrations. The small dependence of gas holdup found here
on particle diameter and slurry concentration is implicitly built into this
correlation for data of this nature were employed in the development of this
correlation. We recommend this correlation for estimating the upper bound of
the gas holdup for three-phase systems based on the present work.

Smith et al. [57] modified correlation of Hughmark [54] leads to values
which are underestimates of data for small particles but the reproduction is better
as the particle size increases and particularly for the bubbling regime. This
correlation also gives a weak dependence on slurry concentration, the gas holdup
decreases as the concentration of solids increases in the slurry. Again, based on
present data, it appears that this correlation is a good estimate of the lower bound
of the experimental gas holdup data.

Computed values from the drift-flux theory approach are shown compared
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with the experimental values in Fig. 5.19. The corresponding Uboo values are

listed in Table 5.3. Data of this nature can help in understanding the dependence

of Ub<>0 on dp and W However, work in this direction could not be lpursued in

the current contract period.

The experimental data on the larger column. Fig. 4.58 and Saxena et al [113],
are shown compared with the predictions of all the four approaches [56, 57, 64
and 76] in Figs. 5.20 and 5.21. It is clear that the correlations of Reilly et al. [56]
and Smith et al. [57] predict negligible dependence of gas-phase holdup on
temperature, and their predictions at best can be regarded as only in approximate
agreement with the experimental data. The correlation of Roy et al. [64] predicts
the experimental data rather poorly though it has the right qualitative
dependence or. temperature. The main reason of the failure of this model is due
to the inclusion of column diameter in the correlation. The computed values
based on O'Dowd et al.'s [76] approach are given in Fig. 5.21. The agreement
between the theory and experiment is good. Uboo values determined from the
experimental data are also reported in Fig. 5.21. These are dependent on
temperature for a given slurry-gas system, and at temperatures above the
ambient these are also apparently dependent on slurry concentration and particle
size. Uboo values increase with increase in temperature (as in the two-phase
system), but decrease with increase in solids concentration in the slurry. The
influence of particle size cannot be uniquely established from these data.
Probably Uboo may increase with increase in particle size and further
experimental work will be useful.

The air holdup data for the air-water-silica sand system of Saxena et al. [114]
graphed in Fig. 4.50 are compared with the computed values based on these four
approaches [56,57,64 and 76] in Figs. 5.22 and 5.23. The nature of disagreement
between the theory and experiment is almost identical for the two slurry
concentrations. The Smith et al. [57] correlation based values give the best
agreement with experimental values though these systematically overpredict
them.

Reilly et al. [56] values are greater than the experimental results by larger

magnitudes than the Smith et al. [57] values. Roy et al. [64] correlation based
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Fig. 5.19. Parity plot for gas holdup, e g (calculated) are
according to the relation of Eq. (5.21).
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Table 5.3. Values of based on Eq. (5.21) and determined from experimental gas

holdup data for air-water magnetite system in 0.108 m in bubble column equipped with a

19 m tube. The data was measured at 308K for particles in the size range 35.7 - 137.5 pm
and slurry concentrations in the range 10-30 wt%.

Table 1. Values of Determined from Experimental Gas Holdup Data

dp 357 49 5869 69 90 90 90 1155 1155 1155 1375 13751375

ws(%) 20 10 10 10 20 10 20 30 10 20 30 10 20 30

Uboo 0.260 0.265 0.330 0.250 0.275 0.320 0.360 0.410 0.353 0.375 0.450 0.400 0.425 0.460

Table 5.4. Values of based on Eq.(5.21) and determined from

experimental gas holdup data for nitrogen-Therminol-magnetite system
for different internals in 0.108 m bubble column at ambient temperature.

Internal Solids concentration (weight percent)
(mm) 0 15 30 50
19.0 0.864 0.875 0.800 0.785
31.8 - 0.888 1.000 1.300

50.8 - 0.800 1.070 1.000
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Fig. 5.21. Comparison of experimental and calculated air holdup values on
Nicklin's approach.
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Fig. 5.23. Parity plot for the air-water-silica sand system gas holdup data.
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Fig. 5.24. Comparison of experimental data ( o 0%, O 50%) for the 19.0 mm
probe with the predictions of correlations.
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values are in poor agreement with the experimental data both qualitatively as
well as quantitatively. This is probably because of the involvement of column
diameter as one of the parameters in the correlation.

The drift-flux approach leads to satisfactory results for the air-water-sand

system also. The Uboo values, listed in Fig. 5.23, are again found to be

temperature dependent, but these are much less pronounced for the three-phase
system than their corresponding two-phase gas-liquid system.

A comparison of nitrogen holdup for the nitrogen-Therminol-red iron
oxide system as obtained by Saxena et al. [82] is presented in Fig. 5.14B with the
predictions based on the models of Roy et al. [57]. Smith et al.'s correlation [57] is
the best of all and reproduces the data satisfactorily. Figure 5.15 presents the
comparison of these data with the drift-flux theory [76] which is quite successful.

The Uboo values listed in Table 5.2 exhibit a clear dependence of on slurry

concentration and its variation with the internal geometry of the column is
consistent with its physical meaning.

A comparison of nitrogen holdup data as reported in Figs. 4.15 through 4.17
for nitrogen-Therminol-magnetite system (Saxena et al. [114]) are compared with
the model predictions in Fig. 5.24. Two points are to be noted. The experimental
data are considerably smaller than the computed results. Further, Roy et al. [64]
and Smith et al. [57] correlations predict a larger slurry concentration dependence
(0-50 weight percent) than is experimentally observed. Reilly et al.'s correlation
[67] has no slurry dependence. It appears that these correlations are not adequate
for systems involving highly viscous liquids. A similar shortcoming was
observed for nitrogen-Therminol-red iron oxide (1.7 jim) system. Smith et al.
[57] correlation gives the best reproduction both as regards to the gas velocity and
slurry concentration variations. It may be pointed out that the holdup
predictions for less viscous systems, air-water-magnetite [105], by Smith et
al.'s [57] correlation were much more satisfactory.

In Fig. 5.25 are presented the computed nitrogen holdup values as compared
to the experimental values obtained by following the procedure outlined by

O'Dowd et al. [76]. The is treated as a disposable parameter and adjusted on

the basis of experimental data. These values are listed in Table 5.4 for different

size probes and slurry concentrations. The plots in Fig. 5.25 are separated from
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Fig. 5.25. Comparison of experimental and calculated nitrogen holdup values
based on drift-flux theory.
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one another only to avoid overcrowding. It is clear that this approach could
correlate the data within an estimated uncertainty of about ten percent. It
appears to be a reasonable approach for data correlation at the present time.
Saxena et al. [115] have also measured the nitrogen holdup for the nitrogen-
Therminol-magnetite system in the small column equipped with a seven-tube
bundle at ambient conditions and for slurries in the range 0-50 weight percent.
These data are compared with the three models [56, 57 and 64] in Fig. 5.26, and
with O'Dowd et al.'s [76] approach in Fig. 5.27. In all cases, the models predict the
data rather unsatisfactorily. The computed values are much larger than the
experimental values and will be poor estimates for any design work. Roy et

al.[64] and Reilly et al. [56] fail to predict even the dependence of e on w . Gas

holdup correlations must be developed by taking into account the effect of liquid
viscosity. The reproduction by the drift-flux theory is good but real confidence in
this theory will have to await a good physical interpretation of the terminal rise

velocity of a single bubble in an infinite medium (U, ) which has been treated

here as an adjustable parameter.
5.5 Conclusions and Recommendations

The measurements of gas holdup reported here for two liquids of widely
different viscosities in bubble columns equipped with internals of different
configurations and employing solids of different sizes and concentrations reveal
certain interesting trends, which are mentioned here. Viscosity has a profound
influence on gas holdup which decreases as the viscosity increases. The presence
of solids also decreases the gas holdup. The temperature has an involved
dependence and our data suggest that with increase in temperature the holdup
decreases and the magnitude of this decrease reduces with increase in
temperature for less viscous liquids. For liquids of high viscosity the above
mentioned qualitative trend changes at some temperature beyond which the
holdup increases with increase in temperature. These trends can be explained
with the changes in the rheology of the system and hence proper knowledge of
viscosity for the system under consideration is essential. Viscosity of the

suspension influences the bubble dynamics in the column and hence the gas

273



0 & 502
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Fig. 5.27. Comparison of experiment and theory [76] for e g.
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holdup. Internals are found to influence the bubble coalescence and thereby the
gas holdup. Holdup data in bubble columns are insensitive to column diameter.

Existing correlations are extensively tested and are found to be inadequate to
reproduce or predict the gas holdup. The modified drift-flux theory approach is
found successful in correlation the experimental data and this success suggests
that a more basic approach to develop a sound theory for the evaluation of Uboo
in terms of system and operation parameters is in order. The information
generated here will help in achieving this goal. Gas holdup data are important
to characterize the slurry bubble column operation, and in establishing the mass

transfer and mixing characteristics.
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6. DISCUSSION OF EXPERIMENT AND THEORY: HEAT TRANSFER

6.1 Available Data and Correlations for Two-Phase Systems

Heat transfer in air-water system has been widely investigated and serves as
an important basis for assessing the relative accuracies of different
measurements. All the available data along with smoothed values [83] are
displayed in Fig. 6.1. Curve | represents the data of Kolbel et al. [84] taken in
columns of diameter 19.2 and 29.2 cm fitted with a porous plate distributor and a
cylindrical heater of length and diameter 10 cm and 3 c¢m respectively at 313 K for
air velocities in the range 0.0035-1.10 m/s. The present data are in good
agreement with their values except for air velocities smaller than about 0.025
m/s. Fair et al. [85] data at 300 K in a 0.457 m diameter column, referring to
column wall and air-water dispersion, are shown as curve 2 in Fig. 6.1.
Stationary baffles comprised of perforated plates with holes of varying diameters
and spacing were placed in the column and water flow of 10 to 13 gallons per
minute was maintained. When the baffles were given a reciprocating rapid
motion (1050 cycles per minute), heat transfer coefficient values were
consistently higher than those shown in Fig. 6.1. Data were also obtained for a
1.07 m diameter column fitted with forty-two tubes of 0.038 m diameter in two
concentric circles of diameters 0.98 and 0.88 m. One of the tubes of the bundle
served as a heater. Their graphical plot of heat transfer coefficient values showed
an appreciable scatter but there was an overall general agreement in the two sets
of experimental values which they have represented by simple correlation. They
point out a greater uncertainty in their low air velocity data. From Fig. 6.1, it is
clear that their data are consistently greater than the present data, the
disagreement is about 20% at lower air velocities and it decreases to about 5% at
higher air velocities. At least part of this systematic disagreement may be
attributed to the liquid flow and presence of baffles in the heat transfer rates for
the column wall and an immersed surface.

Burkel's data [86, 87] referring to an immersed surface (coil) in a 0.19 m
cylindrical column are shown as set 3 in Fig. 6.1. At higher air velocities his data

are differing by about 10% from the present work and this difference is about 15%
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Fig. 6.1. Comparison of the present experimental heat transfer coefficient
values with the measurements of other workers for the air-water system as a
function of superficial air velocity and temperatures in the range 300-344 K.



at lower air velocities. His values are considered unreliable on the whole in
view of their general disagreement from all the available data sets, and their
qualitative trend of variation with air velocity. Set 4 of Fig. 6.1 refers to the data
of Hart [88] at 344 K taken in a column of 9.9 cm diameter and equipped with a
single nozzle of 6.35 mm diameter. Water was allowed to flow with a constant
velocity, and column wall to air-water dispersion heat transfer coefficient was
measured. The apparent disagreement of these data from present work is due to
a higher temperature to which these refer. Hart [88] has empirically correlated
his data to show their general agreement with the data of set 2. This will imply
that these data [88] like set 2 are consistently greater than sets | and 7. Further,
this disagreement increases with decrease in air velocity.

Steiff and Weinspach [89] employed a 19 cm diameter column fitted with a
sintered plate distributor and measured heat transfer coefficient between the
heated column wall and the air-water dispersion at 313 K. The latter was
obtained by the cocurrent flow of air and water through the column. These data.
Set 5, are consistently greater than all the other data sets. The disagreement with
set 7 is 40% at the lowest air velocity and decreases to 10% at the highest air
velocity. This disagreement if not attributed to the difference between the
measured column wall and an immersed surface heat transfer coefficient in
view of the above discussion, then it would suggest that the way these workers
have averaged their heated surface temperature and column water temperature
might have given rise to systematic error in their computed heat transfer
coeffcient values. The inference that these data are not reliable is, however,
more conclusive and evident from the analysis of Fig. 6.1.

Kast [80] has reported heat transfer coefficient for 28.8 cm diameter column
wall and air-water dispersion as a function of air velocity in the range 0.02 to 0.6
cm/s. His data shown as set 6 in Fig. 6.1, appear to be consistent with the data of
Fair et al. [85] (set 2) and probably with Hart [88] (set 4), but are systematically
smaller than Steiff and Weinspach [89] (set 5) and greater than Kolbel et al. [84]
(set 1). However, for Ug smaller than 0.008 m/s, the bubble induced liquid
mixing in the column is sensitive to the column diameter and the nature of the
air sparger. As a result one could expect significant differences in the heat

transfer values measured for the column wall for an immersed surface. We
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think that this is the reason for appreciable differences in the heat transfer rate
values reported by different workers in this low air velocity region shown in Fig.
6.1.

The heat Transfer coefficient values obtained as a function of air velocity in
the present work and shown in Fig. 6.2 by curve are compared with the
predictions of various available correlations and models. Fair et al. [85] on the
basis of their data in the air velocity range 0.023 to 0.107 m/s proposed the

following empirical correlation:

hw = 8849 U(?'ZZ 61

The expressions leads to values, curve b in Fig. 6.2 that are in poor agreement
with our measured values both at low and high gas velocities . Further, this
form for hw is incapable of reproducing the qualitative feature of heat transfer
coefficient according to which hw approaches a constant value at higher
velocities.

Mersmann [91] proposed a correlation for the heat transfer in bubble
columns in analogy to the phenomenon of free convection by replacing the

Grashof number with the Archimedes number. His [91] final result is
hw = 0.107 kL (g/vLoc)1/3 Prl 226 6-2

2
Computed values of hw at 308 K from Eq. (6.2) is 4.21 kW/m K is independent of

air velocity. The constant hw value which is invariant with respect to air

velocity on the basis of our data is 5.8 kW/mZK. Thus, it is clear that Mersmann
[91] theory predictions are appreciably smaller than the measured values.

Zehner [92] heat transfer model assumes a thinned thermal boundary layer
on the heat transfer surface when bubbles are present. The length of the
boundary layer was taken to be the same as the distance between successive
bubbles, 1, and its values was assumed to be constant as 7 mm. The heat transfer
through the boundary layer is described as that over a flat heated plate. His final

expression for gas velocities up to about O.lm/s is
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Fig. 6.2. Comparison of experimental heat transfer coefficient with various
computed sets for air-water system as a function of superficial air velocity at

309 K.



hw = 0.18 (1 -eg) [k* pj Cp,. Vj/I 173 63

HL
Where
/= db(7C/6€g)1/3
6.4
1/3
I PL - P« 6.5
VE = . 8 Dc Ug
PL
and
Eg = Ug / [0.25exp (5 €g)
6.6

Computed values from these relations are shown as set C in Fig. 6.2. In the
lower air velocity range (<0.06 m/s), his values are greater than our measured
values, but are in good agreement for the range (5.06 to 0.10 m/s. At higher
velocities his values approach to a constant value for heat transfer coefficient
which, however, is smaller than the experimentally obtained values. The
difference is about 8 percent. One important factor to note in this theory is that
hw is dependent on column diameter. Several workers have claimed hw to be
independent of column diameter.

Hikita et al [87] proposed the following empirical correlation based on their
data for several liquids having widely different values of viscosity and surface

tension for temperatures (295 to 318 K) and air velocities (5.3 to 34 cm/s):

hw Cp, HL|2/3 _ 0411 Ug HL ,-0.851 HLg 0.308

pL Cpi, Ug OL PL/L)

6.7

They also show that if the influence of <L on hw is ignored, the above relation

can be simplified to:

/.83 -0.303
hw /CpL [iL »2/3 0.268 UtgPL
PLCPtUg' kL e PLg 6.8
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Alternatively

St = 0.268 [Reb Fr Pr2-16]°0303 6.9

The computed values of hw form Eq. (6.7) are consistently greater than the
experimental values over the entire air velocity range by about 60%. The reason
for this large discrepancy lies in the fact that these workers [87] have used their
own data in the development of Eq. (6.7). Their data are much higher than the
experimental values found by other workers and it could be due to the small size
of the heater they have used on the column wall. We adjusted the numerical

constant in Eq. (6.7) on the basis of our data to obtain the following relation:

PL CpL Ug 6.10
Computed values of Eq. (6.10) are shown in Fig. 6.2 &s set d. The data are poorly
reproduced in the low as well as in the high gas velocity range.

Kast [90] and many other workers [86-89, 93-%] after him have proposed the

calculation of hw based on an expression of the following general form:

St = Q [Reb Fr Pr02]'03 6.11

Different values of Cj, C2 and C3 have been recommended. A critical study of

Deckwer [93] show that a good compromised choice is.

St = 0.1 [Reb Fr Pr2]*0 25 6.12
when gas velocity is less than 10 cm/s. Computed values of hw are shown as
curve ¢ in Fig. 6.2. The calculated values are consistently greater than the
experimental values, the disagreement increases from 8% at 0.03 m/s to 19% at
0.20 m/s. The form of Eq. (6.12) also does not lead to values which approach to a

constant hw at higher gas velocities.
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Joshi and Sharma [97] in contrast to Deckwer [93] have argued that the input
gas energy is dissipated and consumed mostly in the wakes of the bubbles and
only less than 10% is used to create liquid motion in the bubbly flow regime.
Assuming ideal invisdd flow behavior and the presence of multiple interacting
cells in the axial direction, they have derived the following expression for the

average liquid circulation velocity in the bubble column:

Ve = 131 [gDc(u8 - €g Ub 13
The average axial component of this liquid velocity is:

Va = 1-18 [gDc(ug - eg Ub-)]

Substituting this value of Va in the Sieder and Tate equation, Joshi et al [98]

proposed the following relation for the calculation of hw

I De Et,-33g./3(ug-cgUl#8pL TV ~~0-14
0.031
PMT Wy 6.15

as shown in Fig. 6.2, computed values based on this relation, curve f, are

consistently and significantly greater than the experimental values.
6.2 Available Data and Correlations for Three-Phase Systems

Smith et al. [99] have presented an extensive tabulation of existing
correlations for three-phase reactors of column wall or immersed surface to a
three-phase dispersion. However, here we will discuss only those correlations
and models which are appropriate to mimic the operation of a slurry bubble
column in which the continuous liquid phase is either stagnant or moving
rather slowly and the turbulent mixing and solids dispersion is caused by the gas
bubbling through the column.

Kolbel et al. [100] have measured the heat transfer between a heated probe

immersed in water with sand particles and air bubbling up to a maximum
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velocity of about 12 cm/s. Samples of sand were used with average particle
diameter (dp) as 0.04, 0.075,0.11 and 0.2 mm. Based on these data, it was proposed

that for laminar flow

Nu =2278 Re016 (dp/do)0'5 6.16

and for turbulent flow,

Nu =350.8 Re0108 (dp/do)° 05 6.17
These correlations were recommended for

1 < (dp/d0) <5 6.18
with do = 0.04 mm.
Further, Nu and Re are defined as [101]

Nu =hw dp/V* 6.19
and

Re = Ug pgdp/ |1g 6.20
For the present system and operating conditions, the correlation of Eq. (6.17) is
applicable. However, the calculations yielded much greater values than the
corresponding experimental values. In view of the involvement of dp and do in
the correlation, we consider it only of historical importance and do not use it for
detailed calculations and comparison with our experimental data in this work.
Further, some ambiguity exists about the calculation of Nu and Re, and these are
also defined in terms of the diameter of the heating element in one of their

works [102].

For two-phase bubble and droplet columns, Mersmann et al. [103, 91] have
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recommended that the maximum heat transfer coefficient, hw , 1s given by

=0.15j62PLI"  pjpg 3
‘W max PL I o 6.21
L

Here all quantities are in SI unit system. For the applicability of this relation, the

following condition must also be satisfied.

22
Ar -Pr> 1Q* 6
where
4(P|/P8)gpl 6.23
AT = )
“L
and
PL CpL
Pr= 6.24

For air-water system in the churn turbulent regime, the product of Ar and
Pris 3.3 x 107 for d* = 7 mm [104, 77]. This validates the applicability of the above
correlation to the present work. Calculations revealed that the value of hyy ~x
is about 4.43 kW/m2K. Our measurements give a value of about 6.2 kW/m2K.

For three-phase systems it is being proposed [105] to examine the validity of this
correlation in the following revised form:
T |
, €2 PPe? (kpCp] 6.25
v/

where all the quantities now refer to the three-phase suspension and are

hw max ~ 0-1

computed according to the following relation listed in [51]:

P=wvs pS+ vL pL 6.26
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. 6.27
(1 +4.5Vj)

jA=k 2KL + ks - 2vs (kL - ks) 6.28
L 2kt + ks - vs (kt - ks) |

Cp - ws Cps + WL CpL 6.29

Following the reasoning given by Deckwer [93] for heat transfer from an
immersed surface to liquid agitated by gas in a bubble column, Deckwer et al. [51]
have proposed that the heat transfer coefficient from an immersed surface to a

three-phase dispersion may be given by the following relation:

St =0.1 [Re Fr Pr2]"0'25 6,12

This expression is valid for gas velocities up to *I0 cm/s and thereafter hw

asssumes a constant value. Here

6.30
St~ hw/p Cp Ug
Re =Ug dp p/p 6.31
Fr = U"gdp
6.32
and
Pr=Cpp/k 6.33

p, P, k and Cp in the above equations are as defined by relations of Egs. (6.26) -
(6.29).
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Pandit and Joshi [106] while reviewing the heat transfer literature in three-
phase gas sparged reactors have mentioned that the difference between heat
transfer coefficient for small particles (<100 nm) for gas-liquid and gas-liquid-
solid systems is nominal. However, this difference was found to increase with
an increase in the solid-phase holdup. hw increases with dp and levels off for dp
greater than 3mm. A maximum value of hw occurred at a specific value of e s.
This value of e s depends upon the value of dp. hw is found to be practically
independent of the value of column diameter. They [106] also remarked that the
hw value is the same for the column wall and for a surface immersed in the
reactor.

For the case of small particles (<100"m) and in the absence of liquid flow.
Pandit and Joshi [106] have proposed the following explicit relation for the

estimation of hw:

hw”"OWOJg-egUk.rV26208 Cp”jT-033 k 066 D?V'M 6.34
Here hw = 0.087 in kcal/m2* C h, Ug is in m/s, e g is fractional gas holdup, is

the terminal rise velocity of a single bubble in m/s, g is the acceleration due to
gravity in m2/s, p defined by Eq. (6.26) is in kg/m3 , Cp defined by Eq. (6.29) is in k
cal/’kg.°C, p defined by Eq. (6.27) in kg/m s, k defined by Eq. (6.28) is in kcal/m'C s,
Dj is the column diameter in m, and pw is the viscosity of water in kg/m s. The

gas-phase holdup was correlated by an equation of the following type.

e 6.35

8 a+bl,

for each value of e s. The constant a was identified with Ub«- They have
prepared a table listing the constants a and b as a function of particle diameter
and solid-phase holdup.

Kim et al. [107] have synthesized the data of two-phase (liquid-solid) and
three-phase fluidized-bed heat transfer on the basis of the following correlation
which implies the heat transfer model of the surface renewal type with isotropic
turbulence.

hw =

0.0722 (h PLCrL{[(UL+ Ug )(egpg + e LPL +esps ) - ULpL]g(e = }2)

2 6.36
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For a slurry bubble column with UL = 0, the above relation reduces to:

hw = 0.0722(ki. piCpt | [Wg(Ggpg+ eLPL  sps J Jg(Gmt) 1}5 637

Deckwer et al. [51, 93] relation of Eq. (6.12) as applied to two-phase (gas-
liquid) bubble column can be rearranged to obtain the following explicit relation

for the heat transfer coefficient:

hw = 0.1 (L PL Cn.) (Pv/PL)? 6.38

where energy dissipation per unit volume, pv;, is.

pv = gUgPt 6.39

Suh et al. [108] have derived a similar relation for liquid fluidized beds and
proposed the following relation for the energy dissipation term for three-phase
fluidized beds:

P,={(UL+Ug )(ssps + 6p. +e gPg) - ULPL J]g/€L 640

Kim et al. [107] in deriving Eq. (6.37) have used the relation of Eq. (6.40). Suh et
al. [108] proposed a numerical coefficient of 0.0647 in Eq. (6.37) instead of 0.0722.
A recent analysis of Suh and Deckwer [109] shows that the form of Eq. (6.38) with
pv given by Eq. (6.40) is appropriate for slurry bubble columns as well as for three-
phase fluidized beds with Newtonian and non-Newtonian fluids. For bubble

columns with =0, the expression of Eq. (6.40) for pv is simplified to

pvV “Ugje.ps + eLpit+egpg) lg/el 6 41

Combining Egs. (6.38) and (6.41), we get the hw equation of Suh and Deckwer [109]

for a slurry bubble column as follows:

AN

\ 1 6.42
hw = 0.1 (kt ptCpij [ug(es ps + e LPL +e gPg ) Jg(eiR>"

\ -\
/5) ;5
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Suh and Deckwer [109] also proposed that PL  Egs. (6.38) and (6.42) represented
the apparent effective bed viscosity (p*,)/ an<* f°r the case  three-phase systems
in Eq. (6.42) PL be replaced by Pb- They [109] further suggested that Pb be computed
by the theoretical expression derived by Vand [52], Eq. (4.4). Equation (6.42) is
indeed similar to Eq. (6.37) except for the numerical constant and mb instead of
UL

Kato et al. [110] have reported values of heat transfer coefficient between the
column wall and fluidized beds of air-water-glass beads. The fluidized beds used
were 5.2 and 12.0 cm internal diameter transparent acrylic columns and glass
beads of diameter 420 pm, 660 pm, 1.2 mm and 2.2 mm. The heat transfer
section for the 5.2 cm column consisted of a 3 cm long and 2 mm thick copper
pipe, while for the 12.0 cm column it was 10 cm long and 1 mm thick copper
pipe. The heater section was located 25 cm above the distributor and sheath
nichrome wire was wound around the outer surface of the pipe. The heat flux
through the copper surface was calculated from the power consumption of the
electric heater. The temperature difference between the heat transfer surface and
the fluidized bed was 0.8 - 3 K. The temperature of the heat transfer surface was
maintained close to the ambient temperature and the temperature at the
entrance of the bed was 283-301 K, and was kept constant during the experiment
to + 0.12 K. The water velocity was varied in the range 0.3 to 10 cm/s while the
air velocity was chosen at 2.0 and 10 cm/s.

In the 0.12 m internal diameter column, the influence of gas velocity, liquid
velocity and particle size on heat transfer coefficient for gas-liquid-solid fluidized
beds was investigated. With increasing liquid velocity, the heat transfer
coefficient initially increased, passed through a maximum and a minimum,
increased rapidly, and then the degree of the increase in heat transfer coefficient
decreased with further increase in liquid velocity. In this region, the flow state of
the gas-liquid-solid fluidized bed was stable. The liquid velocity at which the bed
became stable was represented by U13. The small of Ul3 increased with increasing
particle size and gas velocity for small particles, but it was hardly influenced by
gas velocity for large particles.

The heat transfer coefficient for liquid velocities greater than Ul3 was

influenced by the gas flow velocities. The influence was significant at lower
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liquid velocities as the gas flow induced a significant contribution by creating an
internal circulation of liquid flow. The data were correlated by the following

relation:

Nu' = 0.044 (Re' Pr)078 + 2.0 Fr017 643

Here

Nu* = hwdpG L/ki, (1-e L) 6.44

Re‘= pLUIdp/jiL(1-el) 6.45

fr = CpLUL/ICL
6.46

and Fr is defined by Eq. (6.32). For zero superficial liquid velocity, the above

relation simplifies to the following:

Nu'=Z0Fr™M7 6.47

or

2.0kL(1-eL) U° 34
6.48

The relation of Eq. (6.48) will be examined for its appropriateness in representing
our heat transfer data for slurry bubble column with zero liquid flow velocity. It
can be seen a priori that Eq. (6.48) will not be very appropriate for reproducing the
experimental data in view of its pronounced dependence on dp while

experimentally determined hw values are almost independent of dp.
6.3 Comparison of Present Two-Phase Data with Theory: Air-Water System
Our extensive heat transfer data for the air-water system as obtained in the

smaller column with a single probe [67 - 69] are discussed [83] and the same are

reported in the previous section 6.1. Saxena and Patel [80] have taken similar
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data for the seven-tube bundle and these values are systematically greater than
single tube values. Fig. 4.23. The analysis presented in section 6.2. clearly
demonstrated the inability of the existing correlations to reproduce these
experimental data. Our analysis revealed that power and semi-logarithmic
functions can correlate the data satisfactorily. Figure 6.3 presents this analysis

with the following explicit expressions for the two functions.

6.49
hw = 10,050 Ug®-28

and

hw = 7,710 + 1.10 In Ug
6.50

Heat transfer coefficient taken in the larger column with a single probe [116]
are displayed in Fig. 6.4, set g These are compared with five different
correlations as a function of air velocity. In general, the agreement between the
experimental (curve g) and theoretical values (curves a-f) is poor in as much as
neither the qualitative nor the quantitative dependence of hw on air velocity is
accurately reproduced. The predicted values based on correlations of Fair et al.
[85] and Hikita et al. [87], shown as curves a and b respectively in Figure 6.4,
under- and over-estimate the experimental data respectively. It would be very
useful to develop an accurate correlation which could reproduce the
characteristic variation of experimental hw, viz. a rapid increase in hw values at
lower values of Ug and approaching a constant value at higher values of Ug,

The curve ¢ based on Deckwer's model [93] and strictly valid for values of Ug
up to 10 cm/s only, gives a poor reproduction of experimental data. The latter
values are consistently underestimated and the model does not have even the
qualitative feature of the variation of hw with Ug. Joshi and Sharma [97] have
proposed a circulation cell model, and Joshi et al. [98] have presented two
correlations based on analogies with mechanically agitated contactors and with
flow pipes. Predictions based on these two correlations are shown as curves d
and e respectively in Figure 6.4. In these computations is taken as 0.23 m/s

following Joshi and Sharma [117] which is based on bubbles of diameters in the
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Fig. 6.3. Parity plot of  (kW/m2K) for air-water system:

and (B) logarithmic function. (A) power function
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range 6 to 7.2 mm and Ug in the range 0.05 to 0.30 m/s. eg is estimated from the
relation developed by Mashelkar [118] for the air-water system. Both sets of
values fail to reproduce the experimental data satisfactorily. The set f values are
based on the model of Zehner [92, 119] wherein a constant value of 7 mm is
assumed for the length of the boundary layer, I. Zehner [92] proposed to use his
correlation only up to about O.Im/s and assumed hw to be constant thereafter.
This model also poorly reproduces the experimental results and the difference
between the two sets of values is considerable.

The heat transfer measured with the seven-tube bundle in the larger
column [111] at several temperatures are compared with the predictions of
relatively successful correlations due to Hakita et al. [87], Pandit and Joshi [106],
Kim et al. [107], and Suh and Deckwer [109] in Figure 6.5. The computations
performed at the two extreme temperatures, 297 and 343 K, are shown in Figure
6.5, to avoid over crowding. The computed values based on Hikita et al. [87]
correlation lead to values which are in poor qualitative agreement with the
experimental data. The calculated values of heat transfer coefficient, while
smaller than the experimental values at the lower temperature. The Pandit and
Joshi [106] correlation based values are considerably smaller than the
experimental values at the higher temperatures over the entire air velocity
range. On the other hand, at the lower temperature, the computed values are
smaller than the experimental values at low air velocities and this trend reverses
with the increase in air velocity. In general, the correlation would appear to be
inadequate. The Kim et al. [107] correlation predicts values which are
consistently smaller than the experimental values, and the disagreement seems
to increase rapidly with increase in temperature. The qualitative shape of the
dependence of heat transfer coefficient on air velocity is adequately reproduced.
However, this correlation will need substantial refinement before reliable
predictions may be possible. One such effort was made by Suh and Deckwer [109].
This did improve the agreement between theory and experiment but still the
differences are large enough to warrant further refinement of theory. We think
this will be in order as some more data on different systems become available.

Zehner [92,119] proposed a heat transfer model for two-phase systems in the

discrete bubbling regime and computed values of heat transfer coefficient from
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Fig. 6.5. Dependence of heat transfer coefficient for the air-water system on

air velocity and temperature. Comparison of experimental data with the
predictions of different correlations.



his expressions for the data of Fig. 6.5 are much smaller than the experimental
values. At 303 K, the values range between 0.578 to 4.13 kW/m2K for the air
velocity range of 0.01 to 0.30 m/s. For the same air velocity range at 343 K, the
values range between 0.765 to 5.47 kW/m2K. Thus, the predicted values are an
order of magnitude smaller at low air velocities and are about half as large at the
highest air velocity. One would have expected a better agreement at lower air
velocities and the agreement to deteriorate as the air velocity increases due to
bubble coalescence and increasing turbulence.

The Mersmann [103] correlation developed for the maximum heat transfer
coefficient in analogy to the phenomenon of free convection predicts values in
this temperature range which vary from 4.22 to 4.87 kW/m2K. These values are
somewhat smaller than our experimental values and the difference increases as
the temperature increases. This conclusion is in agreement with our [83] earlier
finding at ambient temperature in Figure 6.1.

It may be recalled that hw data for single, five and seven-tubes do not diffei
much from each other as also evident from the data plotted in Figure 4.63. This
is understandable because the tubes occupy only a small fraction of the column
in the center. This will not be the case for the thirty-seven tube bundle where
the baffling is appreciable and is uniform throughout the column cross-section.
In Figure 6.6A, these hyy data are displayed at 25° C where values for the thirty-
seven tube bundle are different and more importantly exhibit a different
dependence on air velocity. A similar trend in general is evident at a higher
temperature shown in Figure 6.6B at 70°C. It appears that increasing temperature
bring about relatively more pronounced changes in hw as compared to ambient
temperature operation. In contrast to gas holdup, heat transfer coefficient is
influenced more by the liquid mixing and liquid circulation patterns established
by bubbles as the bubble diameter decreases with increase in the number of tubes
in the column. Small bubbles inhibit liquid circulation to some extent in a well
baffled bubble column.

In Fig. 6.7 the heat transfer for air-water (probe 3) are compared with the
predictions of Kim et al. [107], Deckwer [93], Suh and Deckwer [109], and Pandit
and Joshi [106]. These data are reported in greater detail in Fig. 4.72A and Fig.
474. The models poorly estimate the data and always underpredict the
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Fig. 6.6. Comparison of hyv for a bubble column equipped with tube bundles
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Fig. 6.7. Comparison of experimental heat transfer coefficient data (probe
3) of air-water system with the predictions of different models at four temper-

atures. (1-Experimental, 2-Deckwer, 3-Suh and Deckwer, 4-Kim et al., 5-
Pandit and Joshi).
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experimental values. This failure of theory is in conformity with the seven-tube
bundle data. These heat transfer data are correlated with a power function in Ug
with the results reported in Fig. 6.8.

In Fig. 6.9A the hw data for 19 mm probe, reported in Fig. 4.38, are compared
with the predictions of theoretical expressions due to Deckwer et al. [51], Suh and
Decker [109], Kim et al. [107], and Pandit and Joshi [106]. The theoretical
expressions of Deckwer et al. [51] and Suh and Deckwer [109] are identical for two-
phase systems and hence curves | and 2 are the same in Fig. 6.9A. However,
these models [51, 109] overestimate the experimental data while models of Kim
et al. [107] and Pandit and Joshi [106] underestimate the data. The departure of
theoretical curves for the three-phase system (treated here as an effectively two-
phase system) from the experimental data are presented in Fig. 6.9 B and these
are similar to those found for the two-phase system in Fig. 6.9 A. The Suh and
Deckwer [109] correlation based values reproduce the data satisfactorily. This,
however, is to be regarded as somewhat fortuitous as this model fails in Fig.
6.9 A. Hence , the need to develop a reliable heat transfer model is obvious. In
this context an empirical approach is adopted here following Saxena et al. [120]
and is briefly discussed in the following.

The 19 mm heat transfer probe data up to Ug = 0.15 m/s are fitted to an

empirical relation of the following type

h* = aUg 6.51

for nitrogen-Therminol system. This yielded a = 1.204 and b = 0.316. Similarly,
the three-phase system data for slurry concentrations of 15, 30 and 50 weight
percent could be represented by Eq. (6.51) except a and b values are different for
each set. Figure 6.10 presents a comparison of these four sets of experimental
values with corresponding computed values. One set of a and b values could not
represent the entire data for the four sets. This for such fine powder slurries as
discussed earlier [120] is due to the changing viscosity of the slurry with the
changes in slurry concentration. Hence following our earlier approach, we

correlated the data for the four sets by the following relation:
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Fig. 6.8. Comparison of experimental heat transfer coefficient data for probe 3
with the predictions of the proposed semi-empirical correlation.
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Fig. 6.9. Comparison of experimental hw data for the 19 mm probe internal
with the predictions of different correlations.
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Fig. 6.10. Comparison of experimental data for 19 mm probe internal
with the predictions based on Eq. (6.51).
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Fig. 6.11. Comparison of hyy for 19mm probe internal with those based on Eq.
(6.52).
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hw = 1024 KlInsL)~ U316 6.52

where

= + 4-5vs)
6.53

In the limit when 4sL = [iL/ Eq. (6.52) reduces to Eq. (6.51). Figure 6.11 presents a
comparison of all the four sets of data with the computed values based on Egq.
(6.52). The good agreement between the computed and experimental values is a
good testimony of the fact that slurry rheology is an important feature in
correlating heat transfer data for three-phase systems.

Nitrogen-Therminol system heat transfer data of Saxena et al. [121], Fig. 4.66,
for the thirty-seven tube bundle are synthesized in Fig. 6.12 on the basis of an
empirical equation of the type (6.51). The exponent b is seen to be dependent
upon temperature and decreases monotonically with increase in temperature.
This effectively implies that our present data are not adequately represented by
the theory of Deckwer et al. [51,93].

6.4. Comparison of Present Three-Phase Data with Theory

The experimental data of Saxena et al. [122] for the air-water-red iron oxide
are reported in Figs. 4.26 and 4.27 for a single probe in the small column at
ambient conditions. In Figs. 6.13, these data are shown compared with the
predictions of four models. On the whole, agreement between theory and
experiment is poor and inadequate.

It is clear from Fig. 6.13 that none of the models can represent even
qualitatively the experimental variation of hw with U& The experimental
values clearly display a trend of decreasing rate with increasing Ug and may even
approach a constant value as the value of Ug is further increased. On the other
hand all the models suggest an initial rapid and then a relatively gradual
increase in hyy values with increasing Ug values. This failure of theory to

predict even the qualitative trend of hw dependence on Ug for slurries involving
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Fig. 6.12. A plot of heat transfer coefficient (probe 1) versus nitrogen velocity
shown in logarithmic coordinates at different temperatures. Solids concen-
tration = 0 wt%.
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Fig. 6.13. Comparison of experimental hw values as a function of Ug with the

predictions of four theoretical models for slurries of two different average size
particles at concentrations of (A) 107 and 108, (B) 231 and 238, and (C) 383 and

404 kg/m3.
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fine powders is a significant indicator for probing the differences in mechanistic
details of heat transfer for slurries of small and large particles.

The quantitative predictions of these models are also in unsatisfactory
agreement with the experimental values of heat transfer coefficient. The
computed values based on Deckwer et al. theory (curves 1) are consistently and
systematically greater than the corresponding experimental values. The degree
of disagreement increases with increase in velocity beyond 0.1 m/s where the
three-phase dispersion is in churn turbulent regime. Pandit and Joshi [106]
correlation based values (curves 2) are always greater than Deckwer et al. [51]
correlation based values for experimental values. However, their trend of
reproduction of experimental data with respect to slurry concentration and gas
velocity is disturbing. At the lowest slurry concentration, the computed values
underestimate the experimental results over the entire air velocity range; at a
still higher concentration in Fig. 6.13B the experimental data are somewhat
satisfactorily reproduced; while at the highest slurry concentration in Fig. 6.13C,
the calculated values (curves 3) overestimate the experimental data over the
entire air velocity range.

Several empirical forms have been examined to represent the experimental

data sets. The two successful empirical forms are those of Eq. (6.51) and

hw = ¢ + d In Ug 6.54

Heat transfer data for each slurry concentration and particle size were
synthesized by the method of least-squares for the above mentioned two
functional forms. The two constants a and b of Eq. (6.51) and ¢ and d of Eq. (6.54)
thus obtained are listed in Table 6.1 along with the range of air velocity. Also
shown in this table are the values of average percentage absolute deviation and
the range of percentage absolute deviation for hw in each case. From the
magnitudes of these deviations, it is clear that both of these functions are
appropriate to represent the present data. The adequacy of these two functions to
represent the heat transfer data is shown by the two parity plots of Figs. 6.14 and
6.15. In all cases, the heat transfer data are adequately represented by these tr x

functions within the limits of experimental uncertainty of + 5 percent.
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Table 6.1.

probe.

System dp
(pm)

Equation 1:

Air - Water -1.02
Iron oxide 1.02
(313 K) 1.02

2.38
2.38
2.38

Constants of Egs. (6.51) and (6.54) as determined from the
experimental hy/ values for air-water-red iron oxide system at 313K and

measured in 0.108 m bubble column equipped with 19 mm heat transfer

Q
(kg/m3)

hw =
108

238
404

107
231
383

Velocity range

(m/s)

a Ub

0.108 - 0.362
0.108-0.362
0.108-0.362

0.108 - 0.362
0.108-0.362
0.108 - 0.362

All Data Based Global Constants

Equation 2:

Air - Water -1.02
Iron oxide 1.02
(313 K) 1.02

2.38
2.38
2.38

108
238
404

107
231
383

hw = ¢+d InUg

0.108 - 0.362
0.108 - 0.362
0.108 - 0.362

0.108 - 0.362
0.108 - 0.362
0.108 - 0.362

All Data Based Global Constants

307

Constants

a b
6.97 0.103
6.09 0.093
6.34 0.228
7.09 0.134
6.52 0.139
5.64 0.164
6.42 0.144

C d
6.88 0.610
6.04 0.490
6.02 1.000
6.95 0.770
6.39 0.726
5.48 0.706
6.29 0.716

% Abs. Dev.
Avg. Range
0.91 0.32-2.43
3.74 0.09 - 8.50
111 0.19 -2.38
0.36 0.01 -0.73
0.80 0.17 - 2.06
1.10 0.04 -2.12
10.6 0.83-24.4
0.88 0.22-235
3.72 0.10-8.64
1.09 0.30-1.96
0.39 0.02-0.83
0.80 0.02-1.96
0.97  0.00 - 2.00
10.5 0.01 -25.3
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Fig. 6.14. Parity plot of hw (kW/m2K) for air-water-red iron oxide based on
Eq. (6.51), power function, with the values of the constants listed in Table 6.1.
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Fig. 6.15. Parity plot of h"* (kW/m2K) for air-water-iron-oxide based on Eq.
(6.54), logarithmic function, with the values of the constants listed in Table
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Next, an attempt was made to represent the entire data referring to two
particle sizes, three concentrations for each particle size, and over the entire air
velocity range by the two functions of Egs. (6.51) and (6.54) but with only one set
of constants for each function. This yielded the results graphed in Fig. 6.14A for
the power function, and in Fig. 6.16B for the logarithmic function. The constants
a and b, and ¢ and d are listed in Table 6.1, and are referred to as global constants.
It is clear that the reproduction is poor and unsatisfactory. The maximum
deviation ranges up to as much as twenty-five percent.

To discover the reason for this large discrepancy we examined the role of
suspension rheology in heat transfer process. Particles smaller than 10 “m but
closer to 1 pm are generally considered colloidal and these remain more or less
dispersed in suspension under gravity, Probstein and Sengun [123]. These
authors have proposed that the rheology characteristics of a suspension is largely
controlled by the volume fraction of the colloidal particles. Hence, it will be
appropriate to introduce the suspension viscosity term in the above empirical
expression to account for the changing heat transfer behavior as the slurry

concentration is altered. Hence Eq. (6.51) is rewritten in the following form:

hy 6.55
Here, the suspension viscosity, pSL/ is defined in terms of the liquid phase
viscosity, PL, by the relation of Eq. (6.27). A regression analysis of the entire data
leads to the following explicit relationship:

hw = 8.13(pL/ps)M4 yO-14 6.56

The adequacy of the proposed relationship of Eq. (6.56) is to be judged by the
parity plot of Fig. 6.17 giving the calculated and experimental heat transfer
coefficients.

Air-water-glass bead system data [69, 127], as obtained in the small column
with a single probe and for slurries of different size particles and concentrations
is compared with the predictions of different models in Fig. 6.18. Kim et al. [107]

correlation based values (curve 3) are always smaller while those of Pandit and
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(calculated)

hw (experimental) hw (experimental)

Fig. 6.16. Parity plot of hyy (kW/m2K) for air-water-iron-oxide system with
global constants: (A) power function, and (B) logarithmic function.

T-313 K

A 1.02nm
0 238jim

hw (experimental)

Fig. 6.17. Parity plot of hw (kW/m2K) for air-water-iron oxide system based
on Eq. (6.56).
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Fig. 6.18. Comparison of hw data for air-water-glass bead system with
different models.
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Joshi [106] correlation based values (curve 2) are almost always greater than the
experimental values. Deckwer et al. [51], and Suh and Deckwer [109] correlations
lead to values which also fail to reproduce the experimental data except the
former [51] does slightly better than the latter [109]. However, the agreement
between the experimental data and the predictions based on Deckwer et al. [51]
correlation consistently worsens as the solids concentration in the slurry
increases. In view of the failure of existing correlations, Saxena et al [125]
synthesized these data on the basis of Egs. (6.51) and (6.54) with the constants a, b,
¢ and d listed in Table 6.2. This approach as shown in the concentration and
particle dependence of these data on the four constants is rather insignificant and
therefore a global fit was tried with the results reported in Table 6.3. The accuracy
with which these constants can reproduce the data is also outlined in the last two
columns.

Additional data taken for this system for a single probe and a seven-tube
bundle [80] were also analysed in a similar fashion with the results reported in

Table 6.4. The global constants yielded the following relations:

hw = 8.723 Ugl-1%4 6-57

and

hw = 8.108 + 1.508 In Ug 6-58

Here, hw is in kW/m2K and Ug in m/s. Comparison of the 130 experimental
data points with the corresponding computed values from Egs. (6.57) and (6.58) is
presented in Figs. 6.20 and 6.21 respectively. The agreement is certainly
satisfactory in view of the simplicity of relations and neglect of powder size and
slurry concentration.

Saxena and Patel [126] have reported data for three single probes of different
diameters and correlated the same on the basis of Eq. (6.58). They have proposed
a correlation of their data involving a dimensionless hydraulic diameter and air

velocity. The final form is:

hw = 9.5 [1 - (DT/D©)10-25 Ug0.20 6.59
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Table 6.2. Values of the constants of Egs. (6.51) and (6.54) as determined from the experiemntal h\y values for

three different systems in the temperature range 308 - 316K and measured in 0.108 m bubble column equipped
with 19 mm heat transfer probe.

System dp Cs Air Velocity Range  Equation (1) Equation (2) % Abs. Dev. in hw
(pm)  (kg/m3) (m/s) a b c d Avg. Range

Air - Water 0.103-0.353 6.92 0.099 1.04 0.7-2.6
- - 0.103 - 0.353 - - 6.84 0.578 1.03 0.1 -2.5

Air - Water 43.6 107 0.108-0.362 7.48 0.109 - 1.34 0.2-3.0
Magnetite 167 0.108 - 0.362 8.21 0.164 . - 1.50 0.1-3.4
258 0.108-0.362 7.94 0.131 - - 1.84 0.3-4.9

43.6 107 0.108 - 0.362 - - 7.39 0.691 1.32 0.2-3.0

167 0.108 - 0.362 - - 8.00 1.042 1.52 0.2-3.6

258 0.108 - 0.362 - - 7.79 0.837 1.78 0.4-4.9

Air - Water -  50.0 108 0.103 - 0.353 7.97 0.145 . 1.11 0.4-1.9
Glass Bead 108 0.103 - 0.353 - - 7.77 0.901 0.97 0.2-1.7
117.6 104 0.103 - 0.353 7.77 0.142 - - 1.35 0.4-1.8

104 0.103 - 0.353 - - 7.59 0.867 1.34 0.5-21

143.3 104 0.103 - 0.353 7.61 0.126 - - 0.92 0.2-1.6

214 0.103 - 0.353 7.81 0.126 - - 0.60 05-2.7

312 0.103 - 0.353 8.07 0.137 - - 1.01 03-1.5

143.3 104 0.103 - 0.353 - - 7.46 0.769 0.85 0.3-1.4

214 0.103 - 0.353 - - 7.66 0.791 0.50 04-2.6
312 0.103-0.353 - - 7.89 0.875 0.89 0.3-1.3
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Table 6.3. Global constants of Egs. (6.51) and (6.52) as determined from the
experimental hyv values for air-water-magnetite and air-water-glass bead

systems in the temperature range 308 - 316K and measured in 0.108 m bubble
column equipped with 19 mm heat transfer probe.

System a b c d % Abs. Dev. in hw
Avg. Range

Air - Water - 7.89 0.136 - 1.8 0.02 - 6.2
Magnetite - - 7.74 0.865 1.8 0.01-6.1
Air - Water - 7.84 0.135 - - 1.7 0.10-4.0
Glass Bead « 7.68 0.841 1.7 0.01-4.2

Table 6.4. Values of the constants of Egs. (6.51) and (6.54) as determined from
the experimental hw values for air-water and air-water-glass bead systems at

393K and measured in 0.108 m bubble column equipped with a 19 mm single
tube and a seven-tube bundle.

dp ws . K s Abs Dev. . q x Abs. Dev.
(urn) <> Avg. Range Avg.  Range

- 0 §224 0.193 4.188 1.44-6.85 7.55 0958 3224 1.68-6.01

50 10 7645 0.170 0.902 0.09-2.28 7.269 0.890 1.297 0.03-2.85
119 10 8611 0.181 0.990 0.04-2.40 8 156 1.052 1373 0.10-2.94
143 10 8516 0.172 1.433 0.03-3.07 8.08 0.994 1.046 002-2.16

- 0 8645 0.197 3.101 1.12-6.84 8.00 1.050 1.780 0.02-4.53

50 5 8.706 0.190 2.067 0.33-5.68 807 1.021 1.135 0.19-4.48
50 10 9207 0.203 2.793 0.41-5.87 8.446 1.113 1335 0.10-4.51
119 5 8980 0.205 2.335 0.31-5.12 8291 1.127 1.400 0.22-3.79
119 10 8953 0.194 2.027 0.17-4.59 8360 1.105 2082 0.1 1-3.78
143 5 8732 0.195 2060 0.16-4.94 8.099 1.052 1214 0.18-3.85
143 10 8.619 0.193 2.137 0.54-4.54 8.036 1.044 1175 0.03-2.97
143 20 9263 0.208 2.618 0.07-5.58 8.444 1.135 1.818 0.31-3.92
143 30 9.189 0.209 2.334 0.01-5.37 8.401 1.144 1.827 0.57-4.28
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(calculated)

(experimental)
hw (experimental)

FIG 8.

Fig. 6.19. Parity plot of hyv (kW/m2K) for air-water-glass bead system: (A)
power function, and (B) logarithmic function.

+10%

Fig. 6.20. Comparison of experimental and calculated heat transfer coefficient
values with global constants for power function, Eq. (6.57).
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~(Experimental)

Fig. 6.21. Comparison of experimental and calculated heat transfer coefficient
values with global constants for semi-logarithmic function, Eq. (6.58).

Air-Water-Glass Bead System

Tube Diameter
0 19.0 mm

o 31.8 mm
A 50.8 mm

-10%

hw(Calculated)

Fig. 6.22. Comparison of experimental and calculated values of heat transfer
coefficient on the basis of the proposed correlation.
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Comparison of data with the corresponding predictions based on Eq. (6.59) is
presented in Fig. 6.22.

In the larger column air-water-glass bead system has been investigated [111,
112] with seven- and thirty-seven tube bundles, and the same are presented in
Figs. 4.69 through 4.74.

The heat transfer coefficient values for the seven-tube bundle averaged over
the slurry concentration and particle size range, as shown in Fig. 6.23, are
compared with the predictions of four models. The Pandit and Joshi correlation
[106] has the same deficiency for this three-phase system at all the three
temperatures as discussed earlier for the two-phase (air-water) in connection
with Fig. 6.5. The correlation underpredicts the data and has an improper
qualitative dependence on air velocity. The Deckwer et al. correlation [51] leads
to values which are increasingly smaller than the experimental values as the
temperature increases. However, the shape of qualitative dependence of heat
transfer coefficient on air velocity is well reproduced. The Kim et al. model [107]
leads to values which are still smaller than the predicted values based on the
Deckwer et al. correlation [51]. Attempts of Suh and Deckwer [109] to improve
the correlation of Kim et al. [107] seem to be only partially successful. This
correlation does reproduce the qualitative shape of the dependence of heat
transfer coefficient on air velocity, and quantitatively leads to values which are
in the best agreement with the experimental data of all the four correlations.
However, the degree of disagreement between theory and experiment is large
and the predictions are systematically smaller than the observed values. It
would be appropriate to refine this model as more data become available.

Kolbel et al. [100] and Kato et al. [110] have proposed correlations which also
include the particle size. We discuss these correlations for slurry bubble columns
because our measurements suggest very small dependence on particle diameter.
Both these correlations predict much higher values than the experimental data.
The Mersmann et al. correlation [103] as generalized by Saxena et al. [105] for the
three-phase systems leads to the maximum heat transfer coefficient values
which are smaller than the experimental values. The disagreement, which is
about 35 percent at 303 K, increases to about 60 percent at 343 K. In summary, the

available heat transfer models and correlations are inadequate to predict the
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experimental data, particularly as the temperature increases above the ambient.

The heat transfer data obtained for the thirty-seven tube bundle are
compared with the four model predictions in Fig. 6.24. In all cases, the
theoretical values are consistently and appreciable smaller than the experimental
values. The models either predict very small or no dependence on slurry
concentration. In view of the failure of models, a semitheoretical correlation is
presented in Fig. 6.8. The computed values are in good agreement with the
experimental values in all cases and it is recommended as a good empirical
correlation.

The comparison of hw values [105, 128] for the air-water-magnetite system
for a single probe in the small column. Fig. 4.34, are compared with the
predictions of five models in Fig. 6.25.

Computed values of hw from Deckwer et al. correlation [51] are shown in
Fig 6.25 (curves 1) as a function of air velocity and for two extreme compositions
of the solids in the slurry. The computed values exhibit a continuous increase in
the values of hw with increase in Ug. For values of Ug greater than 0.1 m/s, the
experimental values are almost constant, and therefore the agreement between
the experimental and calculates values worsens with increase in air velocity.
The experimental data show almost no dependence on solids concentration in
the slurry while the calculated values exhibit an increase in the value of hw with
increase in solids concentration over the entire range of air velocities. The
theory is a reasonable representation of experimental data at air velocities
smaller than 0.1 m/s.

Computed values of heat transfer coefficient from the correlation of Pandit
and Joshi [106] are shown in Fig. 6.25 (curves 2) as a function of air velocity. hw
values increase with Ug for all particle sizes in disagreement with the
experimental data which exhibit an almost constant value for all velocities
greater than 0.1 m/s. The computed data also show a dependence on solids
concentration, hw values are greater for slurries containing a larger weight
fraction of solids. This difference in hw values is also dependent upon the size of
solids and increases appreciably for slurries containing particles of average
diameter of 90.5 pm and greater. The reproduction of hw by this model is

inferior to that of Deckwer et al. model [51] over the entire air velocity range.
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Fig. 6.24. Comparison of experimental heat transfer coefficients with the
predictions of different models for the air-water-glass bead system, (1-
Experimental, 2-Deckwer, 3-Suh and Deckwer, 4-Kim et al., 5-Pandit and
Joshi).
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Fig. 6.25. Comparison of heat transfer data with the predictions of different
models.
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The qualitative shape of hw dependence on Ug for air velocities smaller than 0.1
m/s is different as predicted on this model than found in present experiments.

Computed values of hw from Kim et al. correlation [107] as a function of air
velocity are shown in Fig. 6.25 (curves 3), and these are in unsatisfactory
agreement with the experimental values. The correlation based values exhibit a
dependence on solids concentration in the slurry, the values exhibit a
dependence on solids concentration, the increase is more for particles of average
diameter 90.5 pm and greater. These trends are not exhibited by the
experimental data. The calculated values are invariably smaller than the
experimental values over the entire air velocity range. This correlation which is
primarily developed for liquid fluidized beds appear to be inadequate for slurry
bubble columns.

Computed values from Suh and Deckwer [109] of hw (curves 4) are in
somewhat better agreement with experimental data at lower air velocities
(smaller than 0.1 m/s) than from Kim et al. correlation [107]. At higher air
velocities, the computed values are greater than the experimental values, while
those based on Kim et al. [107] are smaller than the experimental values. Other
trends for the two sets of values are indeed identical.

It can be seen apriori that Eq. (6.48) will not be very appropriate for
reproducing the experimental data in view of its pronounced dependence on dp
while experimentally determined hw values are almost independent of dp. In
Fig. 6.25 are graphed the computed hw values from Eq. (6.48) for different
experimental conditions as a function of air velocity. In each case the calculated
values are poor representation of the experimental data. The calculated hw
values increase much faster with air velocity and fail completely to reproduce
the experimental data. The relatively better reproduction of the experimental
values as the particle size increases is a consequence of the procedure adopted in
developing the correlation. In general, this correlation is regarded as inadequate
for representing the experimental heat transfer data for slurry bubble columns.

Computed values of hw max from the relations of Eq. (6.25) for 10, 10 and 30
weight percent of solids in the slurry are 4.50, 4.64 and 5.03 kW/m2K. The
corresponding experimental values range between 6.0 to 6.4 kW/m2K. This

agreement of theory and experimental is regarded as fair and reasonable but not
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satisfactory.

In view of the failure of these models to represent hw data, the empirical
Egs. (6.51) and (6.54) were employed to correlate the data with the results reported
in Table 6.5 and in Figs. 6.26 and 6.27. The agreement of theory and experiment
is quite good, the deviations between the two sets of values are always within the
estimated uncertainty of 5%. The maximum percentage average absolute
deviations for the 102 data points are 1.4 and 1.3 respectively for the power and
semi-logarithmic functions. @ The corresponding percentage maximum
deviations are 4.3 and 4.1 respectively. Experimental hw data are considered up
to a maximum gas velocity of 0.15 m/s where hw invariably gets to a constant
value.

Since the constants of Egs. (6.51) and (6.54) so not differ significantly with the
change of particle size and concentration in the slurry, a global fit based on the

entire data was tried with the following results:

hw = 9.206 2233 6'60

and

hw = 7.805 + 1.056 In Ug 6.61

Based on these two relations, comparison of experimental and calculated hw
values is presented in Figs. 6.28 and 6.29. The functions of Egs. (6.60) and (6.61)
are adequate to estimate hw data within an average absolute and maximum
deviations of 2.9 and 2.7, and 15 and 12 percent respectively. This is quite
remarkable as the small dependencies of hw on dp and ws are ignored in this
correlation.

From Table 6.5, this exponent has an average value of 0.244 for slurries
containing particles of 69 pm average diameter and smaller, while its value is
0.20 for slurries having average diameter of 115.5 pm and larger. This would
suggest that for at least larger particles the assumed energy dissipation by viscous
forces due to micro-scale eddies in the radial direction which are locally isotropic

is not completely valid. Further, as pointed out by Deckwer and coworkers the
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Fig. 6.26. Parity plot for heat transfer coefficient (kW/m").
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Fig. 6.27. Parity plot for heat transfer coefficient (kW/m”). Calculated values

are based on Eq. (6.54).
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Table 6.5. Values of the constants of Egs. (6.51) and (6.54) as determined from
the experimental hw values for air-water-magnetite system at 308K and

measured in 0.108m bubble column equipped with a 19 mm single heat
transfer probe.

("m)

35.7
49.0
69.0
69.0
115.5
115.5
115.5
137.5
137.5

137.5

WS

(%)

10
10
10
20
10
20
30
10
20

30

9.92

9.07

8.69

9.50

8.47

8.44

9.21

8.40

8.69

8.92

0.274

0.236

0.218

0.249

0.201

0.1%

0.223

0.193

0.200

0.203

Avg.

1.67

1.06

1.12

1.45

1.72

1.62

1.55

0.75

1.63

1.74

% Abs. Dev.
Range

0.16-4.3

0-3.3
0.13-2.2
0.34-3.6
0.19-4.2
0.03-3.9
0.05-4.1
0.27-1.6
0.09-3.9

0.19-3.8
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7.93

7.64

7.49

7.86

7.49

7.49

7.94

7.60

7.80

7.98

1.164

1.039

0.974

1.0%

0.940

0.925

1.059

0.959

1.008

1.036

% Abs. Dev.

Avg.

1.08

1.15

1.34

1.13

1.65

1.48

1.39

0.64

1.76

1.75

Range

0.22-3.7
0.03-4.1
0.03-4.1
0.05-3.8
0.67-3.1
0.35-2.5
0.40-3.7
0.11-1.8
0.18-3.8

0.27-2.8
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Fig. 6.28. Comparison of experimental and calculated heat transfer coefficient
(kW/m2K) based on Eq. (6.60).
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Fig. 6.29. Comparison of experimental and calculated heat transfer coefficient
(kW/m2K) based on Eq. (6.61).
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heat transfer for large particles can be augmented by the direct participation of
solid particles which will enhance the exchange frequency of fluid elements at
the heat transfer surface. On the other hand for small particles the suspension is
more homogenous and the variations in hw will be caused more by the changing
thermophysical properties and the experimental work, with micron-size
particles, seem to indicate that viscosity of the slurry plays an important role and
an empirical multiplicative term is essential.

The air-water-magnetite data [122] for 43.6 pm particles are shown compared
with the predictions of various models. It is clear from Fig. 6.30 that the models
are inadequate. The empirical Egs. (6.51) and (6.54) could reproduce the data
satisfactorily as seen from Table 6.2. The global constants given in Table 6.3 could
reproduce the data as shown in Fig. 6.31.

Experimental data taken for this system in the larger column with a seven-
tube bundle are compared with the predictions of various correlations in Figs.
6.32 and 6.33. The experimental data are almost considerably greater than the
model based values and both the qualitative and quantitative agreement
between theory and experiment is totally unsatisfactory. The empirical relation
of Eq. (6.51) on the other hand accomplishes this satisfactorily as shown in Fig.
6.33, which also includes air-water system. The values of the two constants are
listed in Table. 6.6.

The experimental data taken in the small column for nitrogen-Therminol-
magnetite for a 19 mm single probe [114] are shown compared with the
predictions of four models in Fig. 6.34. Deckwer et al. [51] model predicts the data
reasonably well. Suh and Deckwer [109] reproduce the two-phase data but fail to
reproduce the slurry concentration dependence. Kim et al. [107], and Pandit and
Joshi [106] fail to reproduce the experimental data completely in as much as the
predictions are too low and the concentration dependence is much less than
what is observed experimentally. In Fig. 6.35, the experimental data are
compared with the predictions of an empirical Eq. (6.51), where a and b are listed
in Table 6.7 for each slurry concentration and three single probes. The
reproduction is considered satisfactory.

Next an attempt was made to correlate all the data for the three-probes by a

single correlation involving properties of the system and dimensions of the
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Fig. 6.31. Parity plot of hw (kW/m2K) for air-water-magnetite system: (A) power
function, and (B) logarithmic function.
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Fig. 6.32. Comparison of averaged experimental heat transfer coefficient with the
predictions of different correlations at (A) 297, (B) 323, and (C) 343K.
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Fig. 6.33. Correlation of heat transfer data on Eq. (6.51) for (A) air-water, and (B)
air-water-magnetite systems.
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Table 6.6. Values or the constants of Eq. (6.51) as determined from the
experimental hyy values for air-water and air-water-magnetite systems and

measured in 0.305 m bubble column equipped with a seven-tube bundle.

Constant  Air-Water System Air-Water-magnetite System
297K 313K 343K 297K 323K 343K
a 732 1127 1587 8.77 11.42 15.41
b 0.11 020 0.16 0.16 0.16 0.15

Table 6.7. Values of the constants of Eq. (6.51) as determined from the
experimental hw values for nitrogen-Therminol-magnetite system at 306 -

312K and measured in 0.108 m bubble column equipped with three single
heat transfer probes.

Probe =0 ws = 15 ws = 30 ws =0
Diameter
mm a b a b a b a b
19.0 0913 0283 0969 0266 1.037 0.261 1.265 0.276
31.8 0810 0.238 0.856 0.287 0933 0.295 1.284 0.340
50.8 0.656 0268 0.800 0.295 0.745 0242 1.016 0.340
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Fig. 6.34. Comparison of experimental data (00%, 0-50%) for 19.0 mm probe
with the theoretical predictions. A: Deckwer et al. [51], B: Suh and Deckwer
[109], C: Kim et al. [107], and D: Pandit and Joshi [106].
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Fig. 6.35. Comparison of experimental and computed hw values according to Eq.
(6.51).
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Fig. 6.36. Comparison of experimental and computed hw values according to Eq.
(6.62).
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baffled bubble column. Calculations revealed that such properties as thermal
conductivity, density and heat capacity change in such a fashion that their
product is approximately constant. Hence viscosity essentially plays a dominant
role. Further, on the basis of Table 6.7 a mean value of 0.27 was taken for the

exponent of Ug, This yielded a correlation of the following form:

hw = 1.05 ( HL/HSL> #*-6 (Ug) 0-27 [ (D¢ - D) / Dc ] 0-65 6 62

Explicit comparison of experimental data points with the predictions of Eq. (6.62)
is shown in Fig. 6.36 and it is regarded as quite satisfactory.

The experimental data for the seven-tube bundle and magnetite powders of
average diameters 27.6 and 36.6 nm [115] are shown compared with the model
predictions in Fig. 6.37. Again, the models fail to predict the experimental data.
The form of Eq. (6.51) on the other hand could synthesize the data as shown in
Fig. 6.38. It is seen that the exponent of Ug varies appreciably and the coefficient
of Ug even more. The latter is because of the changes in the rheology of the
system and Deckwer's theory [51, 93] does not simulate these changes in slurry
properties with composition.

The experimental data for the nitrogen-Therminol-magnetite (dp = 36 |im)
system taken in the larger column with thirty-seven tube bundle [121] are shown
plotted in Fig. 6.39 as a function of Ug in log-log plot. Each data set referring to a
particular temperature can be represented by an empirical relation of the type of
Eq. (6.51). The values of the two constants are listed at each temperature in Fig.
6.39. b is strongly temperature dependent and much different from 0.25. It
increases with temperature in the foaming region (T>423 K) and decreases with
temperature in the nonfoaming region (T<423 K).

The experimental data [114] for the air-water-silica sand system are reported
in Fig. 4.68 for a seven-tube bundle in the larger column at three different
temperatures and two slurry concentrations. In Fig. 6.40, the data are shown
compared with the predictions of four models. The nature of disagreement
between the calculated and experimental hw values is dependent on temperature

and it gets poorer as the temperature increases.
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Fig. 6.37. Comparison of hw with Fig. 6.38. Comparison of experimental
model predictions. A-[SIL B-[109], C- hw values with a semi-theoretical
[107], D-[106] and P- Present work. correlation(Eq.6.51).
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Fig. 6.39. A plot of heat transfer coefficients(probe 1) versus nitrogen velocity
shown in logarithmic coordinates at different temperatures. Solids
concentration = 40 wt%.
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A semi-empirical approach based on Eq. (6.51) has been tried mainly to
understand the nature of dependence of b on the system properties. The values
of a and b obtained by regression analysis are given in Table 6.8. It is to be noted
that the values of b varies over a range and are significantly different from 0.25.
It may also be emphasized that the values of a are dependent on temperature and
slurry composition for the system. Comparison of experimental and computed
values is shown in Fig. 6.41. According to Deckwer [93], and Deckwer et al. [51]

hw is given by:

hw(kW/m2K) = 0.0001 (kpCp)sL(Pg/~SL ~g25 6.63

= a' Ug0-25 6.64

Attempts to correlate the hw data at each temperature on the basis of Eq. (6.64)
yielded results reported in Table 6.8. It is clear that a choice of 0.25 for b is
inappropriate as it fails to reproduce the experimental data. Calculations
revealed that for the present systems (kpCp)sL varies only within + 2 percent.
The major changes in hw creep in through changes (pg/p)sL- Matching

experimental data with Eq. (6.63) suggests the following relation for hw:

hw(kW/m2K> = 3.5 x 10-* (kpCp” (pg/|D)sL U®'25 6.65

Equation (6.65) reproduces the data with an average absolute deviation of 13
percent, the range being 3 - 26. The corresponding numbers for Eq. (6.63) are 29
and 6-55 respectively. In summary, the existing theory of Eq. (6.63) is not
substantiated by present data both for a or a', and b.

6.5. Conclusions and Recommendations

Our extensive results of heat transfer coefficient measurement from

simulated heat transfer surfaces of tubes of different diameters and tube bundles
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Fig. 6.41. Comparison of experimental and calculated (Eq. 6.51) hw (kW/m2K)
values for the air-water-silica sand system.
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Table 6.8. Values of the constants of Eqs. (6.51) and (6.64) as determined from
the experimental h\y values for air-water and air-water-sand systems at

several temperatures and measured in 0.305 m bubble column equipped with
a seven-tube bundle.

T (K) Equation (5) Equation (7)

. b % Abs. Dev. N % Abs. Dev.

Avg.Range Ave.  Range
Air-Water System
303 7.59 0.119 2.0 0.1-9 11.3 8.4 3-16
313 8.99 0.125 4.1 3-8 12.5 9.8 2-14
323 1123 0.178 6.1 1-9 14.8 9.6 2-16
333 12.68  0.166 5.7 2-9 17.1 79 2-17
343 13.01  0.177 5.1 3-8 19.6 5.8 2-18
Air-Water-Sand System (5-10 Wt%)

297 7.85 0.125 25 0.8-3 114 8.9 1-15
323 13.38  0.199 4.1 2-8 15.6 5.6 2-12
343 1721 0.160 4.7 1-7 23.7 8.7 2-30
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of different configurations and sizes in two bubble columns as a function of gas
velocity at different temperatures and involving dispersions of two different
liquids (water and Therminol) and solids of different physical properties, sizes
and size ranges, have lead to results which may be synthesized in terms of
several general conclusions. The scope of this section is to briefly enumerate
them and also include the information generated regarding the ability of model
expressions and correlations to predict heat transfer coefffcient for design and
scaleup purposes. This summary is to precipitate certain concrete
recommendations for future research in the area of heat transfer in slurry bubble
columns

For all two-phase and three-phase systems, the heat transfer coefficient is
found to increase monotonically with air velocity, first rapidly and then slowly
and finally approaches to a constant value in the fully developed churn-
turbulent flow regime. The heat transfer coefficient is temperature dependent
and in general increases with increase in temperature . Similarly, the influence
of liquid phase viscosity is pronounced on heat transfer coefficient and it is
found to decrease appreciably as the viscosity increases. The difference in hw for
systems involving water and Therminol-66 is more than an order of magnitude.
It would be interesting to investigate several liquids of distinctly different
viscosity values and at several temperatures. Such data are essential because of
the unknown and involved relationship between the viscosity of a liquid and
temperature . A good knowledge of the understanding of the viscosity of a liquid
on different parameters characterizing its structure and temperature is essential.

The dependence of heat transfer coefficient on the nature of solids present
in the three-phase systems is interesting. For fine micron-size range iron oxide
powders, it is found that the presence of solids increases the heat transfer
coefficient, and increased concentration of solids in the slurry augments the heat
transfer coefficient relatively more than in dilute concentrations. It is
considered, based on limited data, that the heat transfer rate enhancement occurs
through the changes in the rheology of the suspension. For larger particles, the
heat transfer coefficient increases but this increase is much more pronounced for
slurries involving a liquid of higher viscosity, Therminol-66 versus water. The

heat transfer rate augmentation now probably occurs through the direct
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participation of the solid phase. Again this is an important feature from a
practical stand point. In direct coal liquefaction plants, catalyst particles of a size
range are employed and concentrations can be quite high and the temperature of
operation is high so that all the three interacting parameters (viscosity, particle
size, or size range and slurry viscosity) must be considered to establish the heat
transfer rates. At the present time, not enough knowledge exists to resolve these
interacting parameters and their influence on heat transfer rates in a unique
manner and both theoretical and experimental research is required for the
proper understanding.

The influence of internals present in the column on heat transfer rates is
also complicated and significant. Experiments have indicated that the presence
of tube bundles present in the column increases the heat transfer coefficient by
improving the liquid circulation and mixing in the bubble column so that the
heat transfer surface is bathed more frequently and more efficiently by the liquid
or slurry suspension elements or packets. The same circumstance is created by
an increase in the column diameter and hence we have seen an appreciable
increase in heat transfer rates of unbaffled columns as the column diameter
increases from 0.108 m to 0.305 m. However, the present work also suggests that
well baffled bubble columns (columns with tighter tube bundles) will exhibit
only feeble dependence of heat transfer coefficient on column diameter. Small
diameter bubble columns with single probes can be modelled on the basis of
dimensionless hydraulic diameter. The tube-bundle pitch effect could not be
established on the basis of present work and to resolve this feature a well
planned more elaborate experimental effort will be in order.

The present experimental effort has clearly demonstrated that heat transfer
rates increase with increase of solids in the column as long as these can be
uniformly suspended, and the presence of heat exchanger surfaces further
augments the heat transfer rates by improving the degree of liquid mixing. This
is a very useful result and at least qualitative guidance can be drawn from our
work for the design of practical slurry bubble column. For quantitative
simulation more detailed experimental work will be in order. This is
particularly interesting because the available correlations and model-based

experssions fail both qualitatively as well as quantitatively to represent the body
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of data generated in the present program. We have found an empirical approach
to correlate experimental data but to put it on a more fundamental basis further

research is needed which is beyond the scope of the present contract.
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7 GENERAL CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK

In the earlier sections, a detailed discussion of the heat transfer data generated
for individual systems under varying operating conditions and column
configurations is presented, and the conclusions derived on the basis of these
individual systems are also noted. The inadequacy and paucity of the literature
available data are emphasized. The general inability of the theoretical correlations
to predict reliable values is universally observed for all the systems. A brief
mention of general conclusions emerging from this work is made in the section on
executive summary. Here, in the following we list the general conclusions in the
context of the need they indicate for future research work both experimental and
theoretical. We discuss heat transfer from simulated heat transfer surfaces in the
slurry bubble column first and then the gas holdup. This is because the major thrust
of the present work is on the former and the latter is considered only to characterize
the bubble column operation so that our heat transfer data may be appropriately
selected for the design of larger-scale production systems.

A major portion of our effort has concentrated with aqueous systems
involving air as the gas-phase. This is primarily due to the operational convenience
as we conducted a variety of experiments to disentangle the effect of gas velocity,
liquid column height, temperature of operation, solid phase physical properties,
solid particle size and size distribution, and slurry concentration. In addition, the
column diameter effect and the influence of column internals, size and
configuration, are also investigated. These elaborate experimental studies have
provided a number of interesting and useful characteristics of significant value in
judging the slurry bubble column behavior and these are briefly enumerated in the
following.

The heat transfer coefficient increases rapidly as the gas velocity is increased
and the column hydrodynamic behavior shifts from discrete bubbling to bubble
coalescing regime, and the liquid mixing in the column improves. The rate of heat
transfer increase in the chum-turbulent flow regime is much slower and it gets to a
constant value as the flow becomes fully developed and liquid mixing is at its
optimum state. In this context in an unbaffled column, the heat transfer coefficient

is relatively larger for a column of greater diameter than for a narrower column
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(less than about 10 cm) as the liquid mixing in the former is much better than in the
latter. Certainly, this is dependent on the gas sparger design and our literature
analysis has revealed that single nozzle air spargers are inadequate and lead to poor
liquid mixing and smaller heat transfer rates. Our above comments and subsequent
analysis assumes that the gas is introduced in the column through judiciously
spaced nozzles or bubble caps, or through a perforated plate of appropriate pressure
drop. This will bring about a well distributed uniform gas flow through the slurry
in the bubble column. As a rough guide, a linear gas velocity of about 12 cm/s will
bring the heat transfer coefficient at its maximum optimum value. Unfortunately,
the existing models and correlations do a poor job in predicting this value and
particularly so for nonaqueous systems involving liquids of higher viscosity. A
good basic theoretical study oriented towards improving the ability of a design
engineer to estimate this maximum heat transfer coefficient in general will be
superbly appropriate and is an essential component in the art of understanding the
bubble column behavior.

The influence of temperature is pronounced on heat transfer rate.
Qualitatively, heat transfer coefficient increases appreciably with increase in
temperature at the same air velocity. The increase is enough to influence any
design and economic study. Quantitatively, none of the existing theories can even
approximately predict these values. We have presented only a semitheoretical
approach which has the potential to correlate the data at a given temperature only.
The scheme is uncertain for its ability to synthesize data at different temperatures or
predict the same. We recommend, that a thorough theoretical effort focused in this
direction will be extremely useful and rewarding. The experimental data generated
in this effort will be useful in providing guidance for the development of this
theory as well as will constitute a basis for testing it.

The influence of internals on heat transfer rates at different temperatures is
quite involved. Based on limited data generated in this effort it appears that at
room temperature at all Ug values, a loosely packed configuration of internal tubes
will not influence the heat transfer rates. A tightly packed column with tube
internals on the other hand gave lower heat transfer rates for velocities smaller
than those where churn-turbulent regime sets in and higher rates for larger

velocities. This can be understood on the basis of liquid mixing. At a higher
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temperature (70°C) the behavior is different. Increasing tubes in the column leads to
decrease in heat transfer rates. This would suggest relatively less efficient liquid
movement at the tube surfaces as the temperature is increased. Holdup data suggest
larger number of smaller air bubbles for thirty-seven tube bundle which will impede
liquid circulation rate and hence the heat transfer coefficient. More experimental
effort will help if it is supplemented with the measurement of bubble diameter also.

Our heat transfer rate measurements conducted in the lower (0 - 0.7m) and
upper (1.0 - 1.7 m) sections of the column revealed that the same are independent of
the height in the column for the seven-tube bundle while for the thirty-seven tube
bundle rates are higher for the upper section than for the lower section. These data
are presented in Fig. 7.1 to 7.3 and these also suggest that these variations in heat
transfer rates are not dependent on temperature.

The addition of a third solid phase changes the heat transfer rates only in a
minor way as compared to the rates for the corresponding two-phase system. This is
highlighted in Fig. 7.4. Our work from micron size range particles to as high as 140
pm suggest only a weak dependence of particle size on heat transfer coefficient. The
solid phase concentration increase influences the heat transfer only feebly at solids
concentration by weight up to thirty percent but the increase thereafter is more
pronounced as the weight fraction of solids in the slurry is increased. The physical
properties of the solids such as density, specific heat and thermal conductivity have
a relatively weak influence on the heat transfer characteristics. Fig. 7.4. More
detailed investigations of these aspects do indicate some trends which are only of
limited importance to a design engineer. However, the available models and
correlations fail to simulate any of these observed features.

The empirical approach to correlate the experimental data by a power
function in gas velocity successfully employed in this work need to be further
investigated. Attempts will be in order to develop explicit expressions for the
constants a and b of the empirical model in terms of the operating parameters and
system characteristics in the light of existing theory of Deckwer and coworkers along
with Kolmogoroffs theory of isotropic turbulence. A detailed tabulation for these
constants generated in this work for different systems and parameters will be
particularly useful in this endeavor.

Slurry bubble column dispersion rheology plays a very important role in heat
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Fig. 7.1. Variation of hw with air velocity and probe location.
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Fig. 7.2. Variation of hw with air velocity and probe location.
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Fig. 7.3. Variation of hw with air velocity and probe location.

350



100

)
| |
CN
b4
—~ 10
|
ull

7t i-rp

Air-Water-Sand
Air-Water-Magnetite
Air-Water-Glass bead

Air-Water

~ ~70°C

7-Tube bundle

Fig. 7.4. Variation of hyv with air velocity and temperature for different

systems.

351



transfer process through the prevailing hydrodynamics. To establish this explicitly a
much more viscous heat transfer fluid, Therminol-66, was investigated.
Experiments somewhat analogous to aqueous systems have been performed though
on a relatively smaller scale. These experiments on the whole have indicated a
qualitative dependence on different parameters which is identical to that observed
for aqueous systems. Quantitatively the differences are appreciable and significant.
Thus, as displayed in Fig. 7.5, hw for Therminol-66 systems are more than an order
of magnitude smaller than aqueous systems. This brings to light the importance of
the liquid phase properties in establishing heat transfer rates in slurry bubble
columns.

The dependence of such systems on different parameters is in some cases
distinctly different in relative magnitudes than what is observed in aqueous
systems. For example, addition of solids enhances the heat transfer rates much
more than in an aqueous system, and this enhancement exhibits a systematic
increase with increase in solids concentration. In Fig. 440, a similar result is
displayed for single tubes of different diameters. The temperature increase reduces
this enhancement in heat transfer rates with increase in concentration. This will
suggest that liquid viscosity plays a very significant role. With increase in
temperature, the viscosity decreases and the system tends to behave"mOre like an
aqueous system. At 523K the viscosity of Therminol-66 is about the same as that of
water at 323K. The thermal conductivity of Therminol-66 is much smaller (by a
factor of five) than that of water while it is comparable to that of solids. It would
therefore suggest that solids will have more influence in removing heat in
Therminol-66 than in water. Similarly, the specific heat of water is more than twice
that of Therminol. This will again suggest that water will play a dominant role in
removing heat than Therminol in the presence of solids. Solids specific heat is
about one-sixth of water and about one-half to one-third that of Therminol. It
would be appropriate to undertake some work on heat transfer with liquids of
different viscosities to understand and quantify the heat transfer rates in terms of
the properties of the system. The single tube internals at room temperature exhibit
a bit more pronounced effect than found for aqueous systems. This need to be
further investigated.

A similar body of data is generated for the gas holdup. For aqueous systems.
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the gas holdup increases rapidly in the discrete bubbling regime, the increase slows
down in the bubble coalescence regime, and further slows down in the churn-
turbulent regime. The hysteresis effect is encountered whenever foaming is
observed and we have taken data with decreasing air velocity. The influence of
slow (< 1.0 cm/s) cocurrent liquid flow influences the holdup insignificantly in
relation to the values obtained with decreasing air flow velocity in the absence of
foam. The existing correlations are found to be inadequate in predicting these
experimentally observed air holdup values. A modified drift-flux theory approach
has been successful in correlating the data.

The presence of internals (tube bundles) enhances the air holdup and
eliminates the hysteresis effect. At room temperature, with either a single tube or a
seven-tube bundle, the air holdup is found to be independent of column diameter,
0.108 and 0.305m. The effect of temperature on air holdup is to decrease it with
increase in temperature, and above 323K it is almost constant. In Fig. 7.6., it is
demonstrated that at room temperature, the air holdup is about the same for a
seven and thirty-seven tube bundle, while at a higher temperatures in the range 50 -
70°C, the thirty-seven tube bundle gives a higher value than the seven-tube bundle.
This would suggest that bubble diameters be measured in baffled columns as a
function of temperature to mechanistically understand this phenomenon.

The addition of solid particles of different physical properties and sizes (1 to
140 pm) always decreases the gas holdup as compared to the corresponding values
in the absence of solids. The air holdup increases with increase in air velocity, and
decreases with increase in slurry concentration. The hysteresis effects are negligibly
small and particle size has a weak dependence. Our detailed work with air-water-
magnetite system indicates that with increasing particle size in the powder, the air
holdup decreases. The dependence for air-water-glass bead system for air holdup on
powder size is not evident. If these differences are realistic, it appears that particle
density and wettability play an important role. The air holdup for the magnetite
system is smaller as compared to the glass bead system. Further careful work will be
essential to resolve these observations. Data obtained at room temperature with
internals indicate that holdup increases with internals in the column. This is
obviously because of the smaller bubbles. The influence on holdup by the presence

of internals seem to decrease as the particle size in the slurry increases.
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The temperature has an appreciable effect on air holdup for three-phase
systems as the temperature is raised above the ambient. For aqueuos systems, the
air holdup decreases as the temperature increases to about 50°C and thereafter the
decrease is negligibly small as the temperature rises to about 70°C. At higher
temperatures, the influence of slurry concentration on air holdup is not appreciable
and this has been confirmed with measurements using internals of varying sizes in
the column. The available models have generally not been successful except the
correlation uses a slurry viscosity expression and its reliability needs to be
established. In this context, it may be pointed out that measurements of slurry
viscosity are essential to fully establish the potential of these two correlations. The
drift-flux theory in its modified form has been generally successful in at least
correlating the data which at best can be regarded as an empirical approach at the
present time. More theoretical work is in order in this direction.

The three-phase systems involving more viscous fluids than water have been
investigated with a particular system nitrogen-Therminol-magnetite (or red iron
oxide). At room temperature with red iron oxide, the nitrogen holdup is influenced
to a small extent (+ 5 percent). The holdup decreases at smaller nitrogen velocities
(<0.08 m/s) as the red iron oxide powder is added up to 50 weight percent, but this
decrease reduces at the higher nitrogen velocities where the holdup becomes almost
identical to that for the two-phase system. The presence of internals (seven-tube) in
the small column has decreased the nitrogen holdup in sharp contrast to low
viscous slurries where the holdup increased with internals. This would suggest that
the influence of internals on gas holdup is viscosity dependent. It implies that
bubble dynamics of systems with internals involving relatively more viscous fluids
need to be investigated and properly correlated with the geometry of internals. For
magnetite powders in the average size range, 27.7 - 45.5 pm, the influence of particle
size on gas holdup is negligible. A similar conclusion is reached about the slurry
concentration for all the internals investigated. Unlike small red iron oxide
particles here the holdup for seven-tube bundle is not much different from the data
for these single-tubes. The reason for this may be in the nature of slurry rheology
involving fine and large particles.

It is interesting to compare the relative values of gas-phase holdup for less

and more viscous fluid systems. In Fig. 7.7 such a comparison is presented. It is
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important to note that the holdup for viscous systems is much smaller than for less
viscous systems. This result is valid both for two and three-phase systems, and the
effect of slurry concentration is more for less viscous systems than for viscous
systems.

The influence of temperature on systems involving viscous fluids is
investigated in the large column with thirty-seven tube bundle and 36 pm
magnetite powder. For nitrogen-Therminol system, the nitrogen holdup increases
with nitrogen velocity but the influence of temperature is involved. The holdup
slightly decreases as the temperature is raised from 296K to 309K and thereafter it
increases with temperature up to 428K. At this temperature and beyond up to 523K,
the foam formation is observed and holdup remains constant. For three-phase
systems a monotonic increase in gas holdup is observed with increase in
temperature in the nonfoaming regime. In the foaming regime the holdup is
constant. The addition of solids at room temperature decreases the holdup, while
the change is negligible at higher temperatures till the foaming sets in. In the
foaming regime (428 - 523K), the influence of solids concentration is negligible up to
thirty weight percent but the holdup decreases as the solids concentration is further
increased. It would be very useful to launch a careful experimental program of
research involving such viscous fluids over a temperature range encompassing

both the foaming and nonfoaming regimes.
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8. NOMENCLATURE

A cross-sectional area, m2
a,b.c.d numerical constants of Egs. (6.51) and (6.54)
CpL liquid heat capacity, J/kg K

CP or cp. SL slurry heat capacity, J/kg K

solids heat capacity, J/kg K

Q solids concentration, kg/m”*

db bubble diameter, m

do particle diameter as defined in Eq. (6.18), m
dp particle diameter, m

dpi mean particle diameter in the range dpj.i to dpi, m
Dec column diameter, m

Dr heat transfer probe diameter, m

G mass flow rate, kg/m?2s

g acceleration due to gravity, m/s2

H section height, m

He expanded dispersion column height, m
"5 slumped liquid column height, m

HSI slumped slurry column height, m

HI, H2, H3, H4 heaters

h height above the gas distributor plate, m
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hw heat transfer coefficient, W/ m2 K

hw, max maximum value of heat transfer coefficient, W/m2 K
[ current through the heating element, A

KL liquid thermal conductivity, W/mK

ks solid thermal conductivity, W/mK

k or kSL slurry thermal conductivity, W/mK

l distance between successive bubbles, m

p total pressure, Pa

Pv vapor pressure. Pa

Pv =g Ug PL/ energy dissipation rate per unit volume, kg/ms3
AP pressure drop across a section. Pa

PI, P2, P3,P4  heat transfer probes

Q power input to heat transfer probe, W
Te column temperature, K

Ts surface temperature, K

AT temperature difference, K

Uboo bubble terminal rise velocity, m/s

ug superficial gas velocity, m/s

Uo drift velocity, m/s

USL superficial slurry velocity, m/s

v electrical voltage, V
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Ve liquid circulation velocity, m/s

VL or UL superficial liquid velocity, m/s

va axial component of Vc, m/s

VF eddy velocity as defined in Eq. (6.5), m/s

VL volume friction of liquid in slurry, dimensionless

VS volume friction of solids in slurry, dimensionless

WL mass of liquid in slurry, kg

Ws mass of solids in slurry, kg

wlL mass fraction of liquid in slurry, dimensionless

WS mass fraction of solids in slurry, dimensionless

xi mass fraction solids of average size, dpi, dimensionless

ITB, 5TB, 7TB, 37TB 1,5,7, or 37 tube bundle

Dimensionless Numbers

Ar db3 (PL “ Pg) g PL / ML2/ Archimedes number
Bo g Dc2 PL / CL, Bond number

Fr Ug? / d* g, Froude number

Ga g Dc3 PL2 / pL2, Galileo number

Nu hw dp / kL, Nusselt number

Nu' hw dp EL / LL(l - E L), Nusselt number
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Pr WL Cp, L / kL or MSL Cp, SL / kSL/ PrandU number

Re Ug dpPL/ or Ugdp P/ 11, Reynolds number
Re ULdp PL/ lIL U« CL)/ Reynolds number
St hW / PL CpL Ug or hw / PSL Cp/SL Ug, Stanton number

Greek Symbols

average gas holdup, dimensionless

‘8
eg local gas holdup, dimensionless
e'g gas holdup in continuous mode of operation, dimensionless
el average liquid-phase holdup, dimensionless
Gs average solid-phase holdup, dimensionless
Ph apparent effective slurry viscosity, kg/ m s
jig gas viscosity, kg/m s
jiL liquid viscosity, kg/ m s

Jior jigL slurry viscosity, kg/ m s

PSL, W slurry viscosity at surface temperature, kg/ m s

pg gas density, kg/ m}
PL gas density, kg/ m3
m manometer liquid density, kg/ m3
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ps solid density, kg/ m3
P orpsL slurry density, kg/ m3
Pw water density, kg/
liquid surface tension, N/m

Gw water surface tension, N/m
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10. LIST OF FIGURES

Fig. 3.1. Schematic of the 0.108 m diameter bubble column along with air supply
loop, temperature and pressure measuring circuits and liquid circulation loop:
(1) air compressor, (2) surge tank, (3) refrigerator drier, (4) oilscer filter, (5)
pressure regulator valves, (6) gate valves, (7) rotameter, (8) pressure gauge, (9)
one-way valve, (10) bubble cap distributor, (11) perforated-plate distributor, (12)
stainless steel wire cloth, (13) water inlet, (14) thermocouples, (15) Plexiglas
column, (16) water outlet, (17) disengaging section, (18) liquid drain, (19)
purgemeters, (20) trap bottles, (21) manometers, (22) data acquisition system, (23)
computer, (24) keyboard, (25) disc drive, (26) monitor, (27) printer, (28) plotter,
(29) liquid storage tank, (30) liquid circulation pump, (31) stirrer and (32)
venturimeter.

Fig. 3.2. Design details of the bubble column cap air distributor plate for the
calming section (A), and of the air distributor plate for the slurry bubble column
(B). All dimensions are in an.

Fig. 3.3. Schematic of the pressure measurement and control systems.

Fig. 3.4. Design details of the heat transfer probe (A), mounting clamp (B),
orientation of the five-tube bundle (C), and bubble column with the tube-bundle.

Fig. 3.5. Design details of the 31.8 mm heat transfer probe (A), and of the heated
section (B). All dimensions are in mm.

Fig. 3.6. Design details of the 50.8 mm heat transfer probe (A), and of the heated
section (B). All dimensions are in mm.

Fig. 3.7. A sectional top view through the center of the probe bundle comprising
of seven simulated heat transfer probes arranged in an equilateral triangular
configuration. (1) heat transfer probe, (2) ring damp, (3) spacer plates, (4) locating
stud, (5) telescopic locating stud, (6) column surface, (7) Teflon rounded cap, (8)
stainless steel spring, (9) locking pin, (10) calrod heater, and (11) brass tube.

Fig. 3.8. Design details of the radial thermocouple probe. (1) copper-constantan
thermocouples, (2) thermocouple well, (3) Silicone rubber, (4) Acrylic tube, (5)
column wall, and (6) Swagelodc connector. All dimensions are in mm.

Fig. 3.9 Design details of the thermocouple probe: (1) copper constantan
thermocouple, (2) thermocouple well, (3) copper cement, (4) Teflon plug, (5)
stainless steel tube, (6) column well, (7) Swagelodc connector, (8) front ferrule,

(9) back ferrule, (10) shrink tube, (11) thermocouple leads. All dimensions are in
mm.
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Fig. 3.10. Schematic of the D. C. power supply system for the heater probes.
Fig. 3.11. Detailed schematic of the temperature measuring system.

Fig. 3.12. Schematic of the 0.305 m diameter slurry bubble column along with air
supply loop, temperature and pressure measuring circuits. (1) air compressor, (2)
refrigerator drier, (3) oilscer filter, (4) pressure regulator valve, (5) rotameters, (6)
pressure gauge, (7) gate valves, (8) one-way valve, (9) liquid drain, (10) conical
section, (11) bubble-cap distributor plate, (12) perforated plate distributor, (13)
stainless steel wire cloth, (14) metal inserts, (15) glass column, (16) diverger
section, (17) trap bottles, (18) purgemeters, (19) manometers, (20) pressure sensor,
(21) pressure monitor, (22) on-off valve, (23) data acquisition system, (24)
computer, (25) key-board, (26) disc drive, (27) monitor, (28) printer, and (29)
plotter.

Fig. 3.13A. Design details of the bottom end assembly of the 0.305 m diameter
slurry bubble column. (1) gas inlet pipe, (2) Teflon coated nut, (3) liquid drain
adapter, (4) liquid drain, (5) gaskets, (6) flanges., (7) soft inserts, (8) conical glass
section, (9) bubble cap distributor plate (10) cylindrical holder, (11) perforated
plate distributor, (12) stainless steel wire doth, (13) spacer studs, (14) locating pins,
and (15) metal insert. All dimensions are in mm.

Fig. 3.13B. Arrangement of the bubble-caps on the distributor plate. All
dimensions are in mm.

Fig. 3.13G. Design details of the perforated gas distributor plate for the 0.305 m
diameter slurry bubble column. (1) perforated distributor, (2) stainless steel wire
cloth, (3) bottom conical section, (4) flange, (5) gasket (6) metal insert., (7) soft
inserts, and (8) glass column. All dimensions are in mm.

Fig. 3.13D. Design details of the diverger section at the top end of the 0. 305 m
diameter slurry bubble column. (1) stainless steel perforated plate, (2) diverger
section, (3) gaskets, (4) flange, and (5) glass column. All dimensions are in mm.

Fig. 3.14. (A) Three-arm locating clamp, (B) single heat transfer probe, (C)
orientation of thermocouples for the 0.305 m diameter bubble column. All
dimensions are in mm. (A): (1) ring damp, (2) screw, (3) radial arms, (4) Teflon
rounded cap, (5) column surface, (6) telescopic arms (7) spring, (8) locking pin,
and (9) front end of the telescopic arm.

Fig. 3.15. Design details of the radial thermocouple probe. (1) copper-constantan
thermocouples, (2) thermocouple well, (3) Silicone rubber, (4)

ceramic tube, (5) column wall, and (6) swagelodc connector. All dimensions are
in mm.

Fig. 3.16. Design details of the radial thermocouple probe. (1) copper-constantan
thermocouples, (2) thermocouple well, (3) Silicone rubber, (4) stainless steel, (5)
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column wall, and (6) swagelok connector. All dimensions are in mm.

Fig. 3.17. Orientation of heater and heat transfer probes in tube bundles. Single
heat transfer probe (A), four heater and single heat transfer probe (B), three
heater and four heat transfer probes (C), location of heater section in the single
heat transfer probe (D), and location of four heater sections in the four heat
transfer probe bundle (E).

Fig. 3.18A. Design details of the heated section of the heat transfer probes and
thermocouple locations used in the thirty-seven tube bundle.

Fig. 3.18B. A sectional view of the tube bundle through plane aa in the Figure,
not to scale. All dimensions are in mm.

Fig. 3.18C. The plan view of the thirty-seven tube bundle.

Fig. 3.18C. A photographic view of the thirty-seven tube bundle.

Fig. 3.19A. Design details of the radial thermocouple probe. (1) copper-costantan
thermocouples, (2) thermocouple well, (3) copper cement,, (4) ceramic tube, (5)
column wail, and (6) Swagelok connector. All dimensions are in mm.

Fig. 3.19B. Design details of the radial thermocouple probe. (1) copper-
constantan thermocouples, (2) thermocouple well, (3) copper cement, (4) ceramic
tube, (5) column wall, and (6) Swagelok connector. All dimensions are in mm.
Fig. 3.19C. Design details of the radial thermocouple probe. (1) copper-
constantan thermocouples, (2) thermocouple well, (3) copper cement, (4) ceramic
tube, (5) column wall, and (6) Swagelok connector. All dimensions are in mm.
Fig. 3.19D. Design details of the radial thermocouple probe. (1) copper-
constantan thermocouples, (2) thermocouple well, (3) copper-cement, (4) ceramic

tube, (5) column wall, and (6) Swagelok connector. All dimensions are in mm.

Fig. 3.20. Block diagram of the heater controllers including switches and
thermocouple connections.

Fig. 3.21. Block assembly representation of the data acquisition and analysis
system.

Fig. 3.22. Schematic of gas supply system to the two slurry bubble columns.

Fig. 4.1. Variation of gas holdup with increasing and decreasing air velocity for
different slumped water column height (A) average, (B) local.

Fig. 4.2. Variation of air holdup with air velocity and slumped water column
height (A) average, (B) local.
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Fig. 4.3. Variation of average air holdup with air and liquid velocities.

Fig. 4.4. Dependence of average air holdup on air velocity and tube bundle size.

Fig. 43. Variation of Gg with increasing and decreasing U at various V.

Fig. 4.5. Variation of average air holdup for increasig and decreasing nitrogen
velocity and diferent slumped liquid column height..

Fig. 4.6. Dependence of nitrogen holdup on decreasig nitrogen velocity for heat
transfer probes of different diameters and seven-tube bundle.

Fig. 4.7. Variation of average red iron oxide, water and air holdups as a function
of decreasing air velocity in the column at 295K with a coaxial heat transfer probe
(A) dp = 1.02 pm; and (B) dp = 2.38 pm.

Fig. 4.8. Variation of average solids, liquid and gas holdup as a function of
decreasing air velicty and solids concentration for glass beads of (A) 50.0 pm, (B)
117.6 pm, and (C) 143.3 pm.

Fig. 49. The effect of slurry concentration on air holdup for the 7TB
arrangement: (A) 50 pm, (B) 119 pm, and (C) 143 pm.

Fig. 4.10. Dependence of air holdup on air velocity and slurries of different
particle sizes and concentrations. Data are also compared with the predictions of
three models.

Fig. 4.11. Dependence of air holdup on particle diameter in the slurry as a
function of air velocity.

Fig. 4.12. Dependence of air holdup on air velocity, particle diameter and
concentration in the slurry.

Fig. 4.13. Dependence of nitrogen holdup on nitrogen velocity and slurry
concentration as determined in a bubble column equipped with heat transfer
probes of different diameters and a seven-tube bundle.

Fig. 4.14. Variation of holdup for nitrogen-Therminol-red iron oxide system for
different internals and nitrogen velocity.

Fig. 4.15. Influence of nitrogen velocity and solids concentration on nitrogen
holdup for the nitrogen-Therminol-magnetite (36.6 pm) system for the three

probes. - - - 0, -———-- 50, weight percent smooth plots.

Fig. 4.16. Effect of particle diameter on nitrogen holdup for the 31.8 mm probe
internal at solids concentration in weight percent of (A): 15, (B): 30, and (C): 50.
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Fig. 4.17. Effect of probe diameter on nitrogen holdup at different solids
concentrations in weight percent of (A): 0, (B): 15, (C): 30, and (D): 50.

Fig. 4.18. Variation of column temperature as a function of radial distance from
the probe surface at various air velocities.

Fig. 4.19. Variation of heat transfer coefficient with time at different air velocities
at two different locations in the column: (A) 0.57m, and (B) 1.18m above the
distributor plate.

Fig. 420. Variation of the heat transfer coefficient with time at different air
velocity for the water flow rate of 6.8 mm/s (A), and 11.9 mm/s (B).

Fig. 421. Variation of the heat transfer coefficient and average air holdup as a
function of air velocity for three heater locations in the column.

Fig. 422. Dependence of heat transfer coefficient for the central tube in the
bundle on air velocity.

Fig. 4.23. Dependence of heat transfer coefficient on heater location in the bundle
and air velocity.

Fig. 4.24. Variation of the heat transfer coefficient at 307K with air velocity at
different water flow velocities.

Fig. 4.25. Dependence of heat transfer coefficient on the nature of internals in the
column.

Fig. 4.26. Variation of heat transfer coefficient with air velocity at three
concentrations of slurry of 1.02 pm mean iron oxide particles in water at 313K.

Fig. 4.27. Variation of heat transfer coefficient with air velocity at three
concentrations of slurry of 2.38 pm mean iron oxide particles in water at 313K.

Fig. 4.28. Dependence of heat transfer coefficient on air velocity and solids
concentration for particles of diameter (A) 1.02 pm, and (B) 2.38 pm, in the

slurry.

Fig. 429. Heat transfer coefficient dependence on (A) particle size and solids
concentration in the slurry, and (B) nature of internals in the column.

Fig. 4.30. Variation of heat transfer coefficient with superficial air velocity for
slurries of different solids concentrations and particle size.

Fig. 431. Variation of heat transfer coefficient with superficial air velocity for
slurries of different particle sizes at the solid concentration of 104 kg/nA

379



Fig. 4.32. Influence of slurry concentration on heat transfer coefficient for
particles of mean diameter (A) 50 nm, (B) 119 pm, and (C) 143 *im.

Fig. 4.33. Dependence of heat transfer coefficient on air velocity and particle
diameter in the slurry.

Fig. 4.34. Dependence of heat transfer coefficient on air velocity and slurry
concentration for particles of different sizes.

Fig. 4.35. Dependence of heat transfer coefficient on particle diameter in the
slurry as a function of air velocity.

Fig. 4.36. Dependence of heat transfer coefficient on air velocity and particle
diameter for slurries of (A) 10 weight percent, and (B) 30 weight p>ercent.

Fig. 437. Dependence of heat transfer coefficient on air velocity, particle
diameter and slurry concentration.

Fig. 4.38. Dependence of heat transfer coefficient for nitrogen-Therminol-red
iron oxide on nitrogen velocity and slurry concentration as determined in a
bubble column equipped with heat transfer probes of different diameters and a
seven-tube bundle.

Fig. 4.39. Dependence of hy on the nature of internals.

Fig. 4.40. Influence of nitrogen velocity and solids concentration on heat transfer
coefficient for the nitrogen-Therminol-magnetite (36.6 pm) system for three
probes.

Fig. 4.41. Effect of particle diameter on heat transfer coefficient for the 31.8 mm
probe at solids concentrations in weight percent of (A): 15, (B): 30, and (C): 50.

Fig. 4.42. Effect of probe diameter on heat transfer coefficient at different solids
concentrations in weight percent of (A): 0, (B): 15, (C): 30, and (D): 50.

Fig. 4.43. Variation of average air holdup with air velocity and initial water
column height.

Fig. 4.44. Variation of air holdup in different sections of the larger column with
air velocity.

Fig. 4.45. Influence of configuration of internals on air holdup as a function of
air velocity and temperature.

Fig. 4.46. Influence of bubble column diameter and internals on air holdup at
297K as a function of air velocity.
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Fig. 4.47. Variation of air holdup with decreasing superficial air velocity for the

air-water system at four temperatures. o SET1, = SET2, O SETS3,
- SET4.

Fig. 4.48. Dependence of air holdup on air velocity and temperature for the
column with thirty-seven tube bundle and air-water system.

Fig. 4.49. Variation of nitrogen holdup with increasing ( O / o / A )and
decreasing ( = , m , A ) velocity at different temperatures and solids
concentration.

Fig. 4.50. Dependence of air holdup on air velocity, temperature and slurry
concentration.

Fig. 4.51. Dependence of air holdup as a function of air velocity and temperature
on solids concentration, and its comparison with the predictions of different
correlations. The concentrations of glass beads (dp = 14.3 pm) in the slurry is (A)

five (52 kg/m?), (B) ten (110 kg/m3), and (C) twenty (249K kg/m3) weight percent.

Fig. 4.52. Dependence of air holdup on air velocity and temperature for (A) 90
pm, (B) 50 pm, and (C) 50-90 pm, average size pewders. Experimental data are
also compared with the predictions of different correlations.

Fig. 4.53. Variation of air holdup for the air-water-glass bead system with
decreasing superficial air velocity and temperature for slurries of 125 pm
particles at two concentrations.

Fig. 4.54. Variation of air holdup for the air-water-glass bead system with
decreasing superficial air velocity and temperature for slurries of 212 pm
particles at two concentrations.

Fig. 4.55. Variation of air holdup for the air-water-glass bead system with
decreasing superficial air velocity and temperature for the large column with
thirty-seven tube bundle.

Fig. 4.56. Effect of particle diameter on air holdup at different temperatures for
two slurry concentrations.

Fig. 4.57. Effect of slurry concentration on air holdup at different temperatures
and slurry particle sizes.

Fig. 4.58. Dependence of air holdup on air velocity, temperature, particles size
and slurry concentration.

Fig. 4.59. Effect of temperature on nitrogen holdup at different solids

concentrations in the slurry. 0=298K, o =328K, A =378K, = =428K,
+=473K, m =523K.

381



Fig. 4.60. Radial temperature profile at various air velocities.

Fig. 4.61. Variation of heat transfer coefficient with time at different air
velocities for lower (A), middle (B) and upper (C) regions of the column.

Fig. 4.62. Variation of heat transfer coefficient with air velocity for different
regions of the column at 297K.

Fig. 4.63. Dependence of heat transfer coefficient with temperature, air
velocity and tube bundle configuration.

Fig. 4.64. Variation of heat transfer coefficient with decreasing air velocity for
air-water system at four locations in the column and at four temperatures.
| Probel, m Probe2, O Probe3, < Probed4.

Fig. 4.65. Dependence of heat transfer coefficient on thermal flux as a
function of gas velocity and column temperature: (A) probe-1 and (B) probe-
3

Fig. 4.66. Axial and radial variation of hyy with Ug at different temperatures.
Solids concentration = 0 wt%.

Fig. 4.67. Variation of heat transfer coefficient with gas velocity and
temperature for (A) probe-1, and (B) probe-3.

Fig. 4.68. Variation of heat transfer coefficient with air velocity, temperature
and slurry concentration.

Fig. 4.69. Dependence of heat transfer coefficient on air velocity, temperature
and slurry concentration for powders of mean diameter (A) 143.3pm, (B) 90
pm, (C) 50pm, and (D) 50-143 pm.

Fig. 4.70. Variation of heat transfer coefficient for the air-water-glass bead
system with superficial air velocity and temperature for heat transfer probes |
and 3 and slurries of 125 (im particles at two concentrations.

Fig. 4.71. Variation of heat transfer coefficient for air-water-glass bead system
with superficial air velocity and temperature for heat transfer probes 1 and 3
and slurries of 212 pm particles at two concentrations.

Fig. 4.72. Variation of heat transfer coefficient for (A) air-water and (B) air-
water-glass bead systems with superficial air velocity and temperature for heat
transfer probes | and 3.

Fig. 4.73. Effect of particle diameter on heat transfer coefficient at different
temperatures for two slurry concentrations and heat transfer probe 3.
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Fig. 4.74. Effect of slurry concentrations on heat transfer coefficient at
different temperatures and slurry particle sizes for heat transfer probe 3.

Fig. 4.75. Dependence of heat transfer coefficient on air velocity, temperature,
particle size and slurry concentration. (A) 50 pm and 3 wt %; (B) 90 pm, 5 and
10 wt %.

Fig. 4.76. Axial and radial variation of hw with Ug at different temperatures.
Solids concentration = 15 wt %.

Fig. 4.77. Axial and radial variation of hw with Ug at different temperatures.
Solids concentration = 30 wt %.

Fig. 4.78. Axial and radial variation of heat transfer coefficient with nitrogen
velocity at different temperatures. Solids cone. = 40 weight percent. O = probe 1,
O =probe 2, A = probe 3, + = probe 4.

Fig. 4.79. Variation of heat transfer coefficient (probe 1) with nitrogen velocity
and solids concentration at different temperatures. O = 0 wt%, O = 15 wt%,
A =30 wth, # =40 wt%.

Fig. 4.80. Effect of temperature on heat transfer coefficient at different solids
concentrations in the slurry. Q =298K, o =328K, A =378K, = 428K,
# =473K, m =523K.

Fig. 5.1. Comparison of experimental and computed air holdup values for the
air-water system as a function of superficial air velocity at 309K.

Fig. 5.2. Parity plot for gas holdup.

Fig. 5.3. Bubble size frequency distribution in the 10.8 cm diameter bubble
column for the air-water system. Air velocity = 3.2 cm/s.

Fig. 5.4. Histogram of bubble-size distribution in the 10.8 cm diameter bubble
column for the air-water system. Air velocity = 3.2 cm/s.

Fig. 5.5. Histogram of the bubble-size distribution in the 30.5 cm diameter bubble
column for the air-water system. Air velocity = 3.2 cm/s.

Fig. 5.6. Bubble size frequency distribution in the 30.5 cm diameter bubble
column for the air-water system. Air-velocity = 3.6 cm/s.

Fig. 5.7. Bubble size frequency distribution in the 30.5 cm diameter bubble
column for the air-water system. Air velocity = 5.8 cm/s.

Fig. 5.8. Bubble size frequency distribution in the 305 cm diameter bubble
column for the air-water system. Air velocity = 9.2 cm/s.
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Fig. 5.9. Comparison of experimental and calculated gas holdup values.

Fig. 5.10. Comparison of experimental air holdup values as a function of air
velocity at different temperatures with the predictions based on different
correlations.

Fig. 5.11. Parity plot for the air-water system gas holdup data. Calculated eg
values are according to Eq. (5.21).

Fig. 5.12. Comparison of the four sets experimental data of air holdup of air -
water system with the predictions of different models at four temperatures

(1- Experiment, 2 - Grover et al., 3 - Zou et al., 4 - Reilly et al., 5 - Smith et al.,
6 - Roy et al.).

Fig. 5.13. Comparison of experimental air holdup data with the predictions of
modified Nicklin's model for air-water and air-water-glass bead systems.

Fig. 5.14. Comparison of 19 mm probe internal nitrogen holdup data with the
predictions of correlations for nitrogen-Therminol system: (A) without and (B)
with solids.

Fig. 5.15. Comparison of experimental nitrogen holdup data for 19 mm probe
internal with the predictions based on the drift-flux theory.

Fig. 5.16. Comparison of the averaged air holdup values for a range of particle
sizes, slurry concentrations and temperatures as a function of air velocity with
the predictions of different correlations.

Fig. 5.17. Comparison of experimental air holdup data with the modified drift-
flux theory approach.

Fig. 5.18. Comparison of experimental air holdup data with the predictions of

different models for the air-water-glass bead system (I - Experimental, 2 - Reilly
et al.[56], 3 - Roy et al.[64], 4 - Smith et al(57].)

Fig. 5.19. Parity plot for gas holdup. €g (calculated) are according to the relation
of Eq. (5.21).

Fig. 5.20. Comparison of averaged experimental air holdup values with the
calculated values.

Fig. 5.21. Comparison of experimental and calculated air holdup values on
Nicklin's approach.
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Fig. 5.22. Comparison of air holdup values for air-water-silica sand system over a
range of slurry concentrations and temperatures as a function of air velocity with
the predictions of different correlations.

Fig. 5.23. Parity plot for the air-water-silica sand system gas holdup data.
Calculated values are based on Eq. (5.21).

Fig. 5.24. Comparison of experimental data ( 0%, O 50%) for the 19.0 mm
probe with the predictions of correlations.

Fig. 5.25. Comparison of experimental and calculated nitrogen holdup values
based on drift-flux theory.

Fig. 5.26. Comparison of e g with model predictions. A - [64], B - [56], C - [57],
and P- Present data.

Fig. 5.27. Comparison of experiment and theory [76] for e g.

Fig. 6.1. Comparison of the present experimental heat transfer coefficient values
with the measurements of other workers for the air-water system as a function of
superficial air velocity and temperatures in the range 300-344 K.

Fig. 6.2. Comparison of experimental heat transfer coefficient with various
computed sets for air-water system as a function of superficial air velocity at 309
K.

Fig. 6.3. Parity plot of hw (kW/m2K) for air-water system: (A) power function
and (B) logarithmic function.

Fig. 6.4. Comparison of the variation of heat transfer coefficient as observed in
the larger column for the air-water system at 297K with the predictions of the
available correlations and models as a function of air velocity.

Fig. 6.5. Dependence of heat transfer coefficient for the air-water system on
air velocity and temperature. Comparison of experimental data with the
predictions of different correlations.

Fig. 6.6. Comparison of hw for a bubble column equipped with tube bundles of
different sizes.

Fig. 6.7. Comparison of experimental heat transfer coefficient data (probe
3) of air-water system with the predictions of different models at four temper-

atures. (l-Experimental, 2-Deckwer, 3-Suh and Deckwer, 4-Kim et al., 5- Pandit
and Joshi).

Fig. 6.8. Comparison of experimental heat transfer coefficient data for probe 3
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with the predictions of the proposed semi-empirical correlation.

Fig. 6.9. Comparison of experimental hw data for the 19 mm probe internal with
the predictions of different correlations.

Fig. 6.10. Comparison of experimental hw data for 19 mm probe internal with
the predictions based on Eq. (6.51).

Fig. 6.11. Comparison of hw for 19mm probe internal with those based on Eq.
(6.52).

Fig. 6.12. A plot of heat transfer coefficient (probe 1) versus nitrogen velocity
shown in logarithmic coordinates at different temperatures. Solids concen-
tration = 0 wt%.

Fig. 6.13. Comparison of experimental hw values as a function of Ug with the

predictions of four theoretical models for slurries of two different average size
particles at concentrations of (A) 107 and 108, (B) 231 and 238, and (C) 383 and 404

kg/m3,

Fig. 6.14. Parity plot of hw (kW/m2K) for air-water-red iron oxide based on Eq.
(6.51), power function, with the values of the constants listed in Table 6.1.

Fig. 6.15. Parity plot of hw (kW/m2K) for air-water-iron-oxide based on Eq. (6.54),
logarithmic function, with the values of the constants listed in Table 6.1.

Fig. 6.16. Parity plot of hw (kW/m2K) for air-water-iron-oxide system with global
constants: (A) power function, and (B) logarithmic function.

Fig. 6.17. Parity plot of hw (kW/m2K) for air-water-iron oxide system based on
Eq. (6.56).

Fig. 6.18. Comparison of hw data for air-water-glass bead system with different
models.

Fig. 6.19. Parity plot of hw (kW/m2K) for air-water-glass bead system: (A) power
function, and (B) logarithmic function.

Fig. 6.20. Comparison of experimental and calculated heat transfer coefficient
values with global constants for power function, Eq. (6.57).

Fig. 6.21. Comparison of experimental and calculated heat transfer coefficient
values with global constants for semi-logarithmic function, Eq. (6.58).

Fig. 6.22. Comparison of experimental and calculated values of heat transfer

386



coefficient on the basis of the proposed correlation.

Fig. 6.23. Comparison of averaged heat transfer coefficient values as a function of
air velocity with the predictions of different correlations at (A) 297, (B) 323, and
(C) 343K.

Fig. 6.24. Comparison of experimental heat transfer coefficients with the
predictions of different models for the air-water-glass bead system, (1-
Experimental, 2-Deckwer, 3-Suh and Deckwer, 4-Kim et al., 5-Pandit and Joshi).

Fig. 6.25. Comparison of heat transfer data with the predictions of different
models.

Fig. 6.26. Parity plot for heat transfer coefficient (kW/m2K). Calculated values
are based on Eq. (6.51).

Fig. 6.27. Parity plot for heat transfer coefficient (kW/m2K). Calculated values
are based on Eq. (6.54).

Fig. 6.28. Comparison of experimental and calculated heat transfer coefficient
(kW/m2K) based on Eq. (6).

Fig. 6.29. Comparison of experimental and calculated heat transfer coefficient
(kW/m2K) based on Eq. (7).

Fig. 6.30. Comparison of experimental hw values with the predictions of four
theoretical models for slurries of 46.6 pm average size magnetite particles at
concentrations of (A) 107, (B) 167, and (C) 258 kg/m3.

Fig. 6.31. Parity plot of hw (kW/m2K) for air-water-magnetite system: (A) power
function, and (B) logarithmic function.

Fig. 6.32. Comparison of averaged experimental heat transfer coefficient with the
predictions of different correlations at (A) 297, (B) 323, and (C) 343K.

Fig. 6.33. Correlation of heat transfer data on Eq. (6.51) for (A) air-water, and (B)
air-water-magnetite systems.

Fig. 6.34. Comparison of experimental data (D-0%, 0-50%) for 19.0 mm probe
with the theoretical predictions. A: Deckwer et al. [51], B: Suh and Deckwer
[109], C: Kim et al. [107], and D: Pandit and Joshi [106].

Fig. 6.35. Comparison of experimental and computed hw values according to Eq.
(6.51).
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Fig. 6.36. Comparison of experimental and computed hyy values according to Eq.
(6.62).

Fig. 6.37. Comparison of hw with model predictions. A - [511, B - [109], C - [107],
D - [106] and P - Present data.

Fig. 6.38. Comparison of experimental data with a semi-theoretical correlation
(Eq. 6.51).

Fig. 6.39. A plot of heat transfer coefficients (probe 1) versus nitrogen velocity
shown in logarithmic coordinates at different temperatures.  Solids
concentration = 40 wt%.

Fig. 6.40. Comparison of the concentration averaged heat transfer coefficient

values as a function of air velocity with the predictions of different correlations
at temperatures of 297(A), 323(B) and 343K(C).

Fig. 6.41. Comparison of experimental and calculated (Eq. 6.51) hw (kW/m2K)
values for the air-w'ater-silica sand system.

Fig. 7.1. Variation of hw with air velocityand probe location.
Fig. 7.2. Variation of hw with air velocityand probe location.
Fig. 7.3. Variation of hw with air velocity and probe location.
Fig. 74. Variation of hwwith air velocity and temperature for different systems.

Fig. 7.5. Comparison of hw data for two systems with widely different viscosities
for the liquid phase.

Fig. 7.6. Variation of air holdup for air-water system with air velocity at different
temperatures for a column equipped with either a five-tube, a seven-tube or a
thity-tube bundle. Dc = 0.305m.

Fig. 7.7. Variation of nitrogen holdup as a function of nitrogen velocity in
slurries of different concentrations of 50 pm average diameter powder.
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11. LIST OF TABLES

Table 3.1. Size distribution of glass beads.

Table 3.2. Size distribution of silica sand.

Table 3.3. Size distribution of red iron oxide.
Table 3.4. Size distribution of magnetite powders.
Table 3.5. Properties of solids.

Table 4.1. Properties of fluids.

Table 4.2. Experimental air holdup values for air-water system at 309K.
Column diameter: 0.108 m. Internal: 19mm single tube.

Table 4.3. Experimental air holdup values for air-water system at 297K.
Column diameter: 0.108 m. Internal: Seven-tube bundle.

Table 4.4. Smoothed nitrogen holdup values for nitrogen-Therminol-
magnetite system at 306K. Column diameter: 0.108 m. Internals: 19 mm,
31.8 mm, and 50.8 mm single tubes. Solids concentrations: 0, 15, 30 and 50 wt
0/0-

Table 4.5. Smoothed nitrogen holdup values over a concentration range for
nitrogen-Therminol-magnetite system at 306K. Column diameter: 0.108 m.
Internal: Seven-tube bundle, particle diameters: 27.7 and 36.6 |im.

Table 4.6. Experimental hw (kW/m”K) and air holdup values for air-water-

red iron oxide system at 295K. Column diameter: 0.108 m. Internal: 19 mm
Single tube. Particle diamters: 1.02 and 2.38 pm. Solids concentrations: 0, 10,
20, 30 and 40 wt%.

Table 4.7. Experimental air holdup values for air-water-glass bead system at
313-316K. Column diameter: 0.108 m. Internal: 19 mm Single tube, Particle
diameter: 50,117.6 and 143.3 pm. Solids concentrations: 0,10, 20 and 30 wt%.

Table 4.8. Smoothed air holdup values for air-water-glass bead system at
309K. Column diameter: 0.108 m. Internals: 19 mm Single tube and seven-
tube bundle. Particle diameters: 50, 119 and 143 pm. Solids concentrations: 5,
10, 20 and 30 wt%.
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Table 4.9. Smoothed heat transfer coefficient and air holdup values for air-
water-magnetite system at 308K. Column diameter: 0, 108 m. Internal: 19
mm Single tube. Particle diameters: 35.7, 49, 58, 69, 90.5, 115.5 and 137.5,
Solids concentration: 0,10,15, 20 and 30 wt%.

Table 4.10. Experimental air holdup values for air-water-magnetite system at
309K. Column diameter: 0.105 m. Internal: Seven-tube bundle. Particle
diameters: 35.7, 90.5 and 137.5 pm. Solids concentrations: 10 and 30 wt%.

Table 4.11. Smoothed nitrogen holdup values for nitrogen-Therminol-red
iron oxide system at 301-309K. Column diameter: 0.108 m. Internal: 19, 31.8,
50.8 mm single tubes and seven-tube bundle. Particle diameter: 1.7 pm.
Solids concentrations: 0,15, 30 and 50 wt%.

Table 4.12. Experimental values of hyy (kW/m2K) for different electrical
power inputs to the heater at a fixed column temperature Tc. Column
diameter: 0.108m, Internal: 19 mm single tube. System: Air-water.

Table 4.13. Experimental hw (kW/m2K) and air holdup values for air-water

system in the continuous mode operation at 307+1K. Column diameter:
0.108 m. Internal: 19 mm single tube.

Table 4.14. Experimental h"y (kW/m2K) and air holdup values at different

heater locations for air-water system at 315+ | K. Column diameter: 0.108 m.
Internal: Seven-tube bundle.

Table 4.15. Experimental (A) and smoothed (B) hw (kW/m2K) values for

air-water system at 309K. Column diameter: 0.108 m. Internal: 19 mm
single tube.

Table 4.16. Experimental hw (kW/m2K) values for air-water system at 309K.
Column diameter: 0.108 m, Internal: Seven-tube bundle.

Table 4.17. Experimental hw (kW/m2K) values for air-water-red iron oxide

and air-water-magnetite systems at 313K. Column diameter: 0.108 m.
Internal: 19 mm single tube.

Table 4.18. Experimental hw (kW/m2K) values for air-water-glass bead
values at 315K. Column diameter: 0.109 m. Internal: 19 mm single tube.

Table 4.19. Smoothed hw (kW/m2K) values for air-water-glass bead system

at 309K. Column diameter: 0.108 m. Internals: 19 mm single tube and
seven-tube bundle.
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Table 4.20. Smoothed hyv (kW/m2K) values for air-water-magnetite system
at 309K. Column diameter: 0.108 m. Internal: Seven-tube bundle. Particle
diameters: 37.5, 90.5 and 137.5 “m, solids concentrationds: 10 and 30 wt%.

Table 4.21. Smoothed hw (kW/m2K) values for nitrogen-Therminol-red

iron oxide system at 301-309K. Column diameter: 0.108 m. Internals: 19.0,
31.8, 50.8 mm single tubes and seven-tube bundle.

Table 4.22. Smothed hw(kW/m2K) values for nitrogen-Therminol-

magnetite system at 306K. Column diameter: 0.108 m. Internal: 19.0, 31.8
and 51.8 mm single tubes. Particle diameters: 26.6, 37.7 and 45.5 [im.

Table 4.23. Air holdup values smoothed over-concentration range for air-
water and air-water-glass bead systems for different particle diameters and at
different temperature levels. Column diameter: 0.305 m. Internal: Seven-
tube bundle.

Table 4.24. Smoothed air holdup values for air-water system at different
temperature levels. Column diameter: 0.305 m. Internal: Thirty-seven
bundle.

Table 4.25. Nitrogen gas holdup values smoothed over the solids
concentration range for nitrogen-Therminol-magnetite system at different
temperature levels. Column diameter: 0.305 m. Internal: Thirty-seven tube
bundle. Particle diameter: 36.0 pm, solids cone. : 0, 15, 30 and 40 wt%.

Table 4.26. Smoothed air holdup and hyy (kW/m2K) values for air-water-

silica sand system at different temperature levels. Column diameter:
0.305m, Internal: Seven-tube bundle.

Table 4..27. Smoothed air holdup values for air-water-glass bead system at
different temperature levels. Column diameter: 0.305 m. Internal: Thirty-
seven tube bundle.

Table 4.28. Air holdup values smoothed over particle size and the solids
concentration range for air-water-magnetite system at different temperature
levels. Column diameter: 0.305 m, Internal: Seven-tube bundle. Particle
diameters: 50 and 90 pm. Solids concentrations: 3, 5 and 10 wt%.
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Table 4.29. Experimental hyy (kW/m2K) values as a function of power input
to the probe at Ug = 0.376 m/s. Column diameter: 0.305 m. Internal: 19 mm
single tube. System: Air-water.

Table 4.30. Experimental hyy (kW/m2K) values in different regions of the
0.305 m bubble column for air-water system at 297 + 3K. Internal: 19 mm
single tube.

Table 4.31. Smoothed hyy (kW/m2K) values for air-water system at different

temperature levels. Column diameter: 0.305 m. Internal: Seven-tube
bundle.

Table 4.32. Smoothed hyy (kW/m2K) values for air-water system at different

temperature levels in different regions of the tube bundle. Column diameter:
0.305m, Internal: Thirty-seven tube bundle.

Table 4.33. Smoothed hyy(kW/m2K) values for nitrogen-Therminol-

magnetite system at different temperature levels. Column diameter: 0.305
m. Internal: Thirty-seven tube bundle. Particle diameter: 36.6 pm. Solids
concentrations: 0,15, 30 and 40 wt%.

Table 4.34. Smoothed hyy (kW/m2K) values for air-water and air-water-silica

sand systems at different temperature levels. Column diameter: 0.305 m.
Internal: Seven-tube bundle. Particle diameter: 65.0 pm.

Table 4.35. Smoothed hyy (kW/m2K) values for air-water and air-water-glass

bead systems at different temperature levels. Column diameter: 0.305 m.
Internal: Seven-tube bundle. Particle diameters: 50, 90 and 143.3 pm.

Table 4.36. Smoothed hyy (kW/m2K) values for air-water-glass bead system

at different temperature levels. Column diameter: 0.305 m. Internal:
Thirty-seven tube bundle. Particle diameters: 125, 168 and 212 pm.

Table 4.37. Smoothed hyy (kW/m2K) values for air-water and air-water-

magnetite systems at different temperature levels. Column diameter: 0.305
m. Internal: Seven-tube bundle. Particle diameters: 50 and 90 pm. Solids
concentrations: 3, 5 and 10 wt%.

Table 5.1. Values of U”oo based on Eq. (5.21) and determined from

experimental gas holdup data for air-water and air-water-glass bead systems
at 309K in 0.108m bubble column.
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Table 5.2. Values of based on Eq. (5.21) and determined from

experimental gas holdup data for nitrogen-Therminol and nitrogen-
Therminol-red iron oxide systems in 0.108 m bubble column at ambient
temperature.

Table 5.3. Values of based on Eq. (5.21) and determined from

experimental gas holdup data for air-water magnetite system in 0.108 m in
bubble column equipped with a 19 m tube. The data was measured at 308K
for particles in the size range 35.7 - 137.5 pm and slurry concentrations in the
range 10 - 30 wt%.

Table 5.4. Values of based on Eq.(5.21) and determined from

experimental gas holdup data for nitrogen-Therminol-magnetite system for
different internals in 0.108 m bubble column at ambient temperature.

Table 6.1. Constants of Egs. (6.51) and (6.54) as determined from the
experimental h\y values for air-water-red iron oxide system at 313K and

measured in 0.108 m bubble column equipped with 19 mm heat transfer
probe.

Table 6.2. Values of the constants of Egs. (6.51) and (6.54) as determined from
the experiemntal h\v values for three different systems in the temperature

range 308 - 316K and measured in 0.108 m bubble column equipped with 19
mm heat transfer probe.

Table 6.3. Global constants of Egs. (6.51) and (6.52) as determined from the
experimental h\v values for air-water-magnetite and air-water-glass bead

systmes in the temperature range 308 - 316K and measured in 0.108 m bubble
column equipped with 19 mm heat transfer probe.

Table 6.4. Values of the constants of Egs. (6.51) and (6.54) as determined from
the experimental hyy values for air-water and air-water-glass bead systems at

393K and measured in 0.108 m bubble column equipped with a 19 mm single
tube and a seven-tube bundle.

Table 6.5. Values of the constants of Egs. (6.51) and (6.54) as determined from
the experimental hyy values for air-water-magnetite system at 308K and

measured in 0.108m bubble column equipped with a 19 mm single heat
transfer probe.

Table 6.6. Values of the constants of Eq. (6.51) as determined from the
experimental hyy values for air water and air-water-magnetite systems and

measured in 0.305m bubble column equipped with a seven-tube bundle.
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Table 6.7. Values of the constants of Eq. (6.51) as determined from the
experimental h\y values for nitrogen-therminol-magnetite system at 306-

312K and measured in 0.108m bubble column equipped with three single
heat transfer probes.

Table 6.8. Values of the constants of Egs. (6.51) and (6.64) as determined from
the experimental h\y values for air-water and air-water-sand systems at

several temperatures and measured in 0.305m bubble column equipped with
a seven-tube bundle.
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