4. EXPERIMENTAL DATA AND RESULTS

4.1 Fluids and Their Properties

The physical and transport properties of the fluids used in the present
studies are presented in Table 4.1. Water and Therminol-66 are used as liquid
phases, while air and nitrogen are used as gas phases.

The properties of Therminol-66 are taken from the data sheets provided by
the supplier and a brief review is given here.

Therminol-66, a Monsanto synthetic heat transfer fluid offers low
temperature pumpability with outstanding high temperature performance to
650°F. It is not classified as a fire resistant heat transfer fluid and consequently
the use of protective devices may be required to minimize fire risk. To
minimize fluid oxidation, it is recommended that systems utilizing Therminol-
66 should be blanketed with inert atmoshpere. Therminol-66 is noncorrosive to
metals.

Chemically, Therminol-66 is reported by the manufacturers as modified
terphenyl having a chemical formula of C1gHj4 with three isomeric forms and a
molecular weight of 230.29. Average molecular weight is reported as 240 by the
manufacturers. It has a boiling range 643°F or 339°C (10%) - 668°F or 353°C
(90%). The fire and flash points are 380° and 350°C respectively. Its specific
gravity at 15.5°C is 1.004. Its coefficient of thermal expansion is 0.00047 per F or
0.00085 per °C. Its calculated heat of vaporization is 114 BTU/Ib or 63 Cal/ g. The

density, specific heat, thermal conductivity and viscosity are given in Table 4.1.

4.2 Slurries and Their Properties

The properties of the slurries are estimated from the individual data of the
two phases involved and a suitable combination rule.

The mean densities are calculated from

Por = Vs p5 VP 4.1
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where v represents the volume fraction of a particular phase in the mixture, and

s and L refer to solid and liquid phases respectively.
The heat éapacity of the'slurry i given by |
CP;SL = Wg Cps + WL CpL : .‘ ) 42

where w represents the weight fraction of solids in the slurry. For estimating the

slurry thermal conductivities, Tareef [51] proposed the relation:

2k, + kg - 2V (k- kg)

kg =k 4.3
SL™ L 2k, +k - vglky - Kg)
‘The viscosities of the slurries are obta;ined from Vand's equ'atibn (521
T C25vg i
O d VW Ty -

4.3 Cas Holdup Data for Small Column

The éxperiméntal ga|s hdldup studies (both total and local) are carried out in
the .0.108 m diameter bubble cqum:n either in continuoﬁs ‘01; ba_fch mode with
respect to liquid or slurry, and in continuous mode with respect to gas phase.
The gas and liquid flows are cocurrent and the experiments are carried out at
about atmospheric pressure. The bubble column is equipped with internals of
different types and the liquids (slurries) used covered a wide range of viscosity,
density and surface tension. The ranges of properties of fluids used in the

present study are given in Table 4.1.

4.3.1 Operating Mode and a Typical Prgcedure

To determine the local gas holdup in the column, pressure profile along the

column height is established first by measuring pressure at ten locations. The
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pressure measurement and control systems are shown in Figs. 3.1 and 3.3. Ata
given location the hydrostatic head is balanced out by suitably adjusting the
purge-rotameter flow rate and only a minimum amount of gas is allowed to flow
through the pressure ports. The local gas holdup for set values of experimental
conditions is given by the following equation where the manometer readings are

converted to absolute pressure by the simple hydrostatic head technique
| ‘ ‘ -1
e'g(Ug, h)=1-AP [H {pp, - pgl] - 45

here h represents the height above the gas distributor plate; H the height of the
section; Ug , the superficial gas velocity; AP, the pressure drop across the sections;

P the density of manometer liquid; and Pg s the density of the gas.

The average gas holdup for a set of liquid and gas flow rates is computed
from known values of initial slumped height (Hg) of liquid (or slurry) and the
expanded héight of the dispefsibn (He). For continuous operation, the
dispersion height (He) is fixed at 1.72 m, and the overflow is collected in a
reservoir and eventually recirculated. For semi-batch operation, the gas holdup
is obtained for both increasing and decreasing modes of gas velocity. For a typical
run the dispersion height is noted after allowing the system to run for a périod of
time at the steady-state condition usually 10-15 min. , and the gas flow is cut off
' to establish the bubble-free settled height (Hg) of liquid (or slurry). While notmg
' the settled height (Hg), care is taken to prevent liquid from leaking through the
gas distributor plate by appropriately pressurizing the gas calming section. From
the measured values of Hp and Hg, the total gas holdup is calculated from the

following relation:

He(Ug) - Hg(Ug)

e gUp= 46

4.3.2 Air-Water system:
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4.3.2.a Effect of Hg

Air holdup data are measured in the 0.108 m bubble column as-a function of
air velocity for slumped heights of liquid in the range 0.80-0.99 m. It is observed
from the results in Figs. 4.1A  and 4.2A that-air holdup depends both on the
initial liquid column height and the manner in which the air velocity is varied.
The air holdup dependence is predominantly on the degree of foaming. The
. local air holdup data obtained under similar conditions are presented in Figs.
4.1B and 4.2B. These suggest that the local holdup values are also influenced by

the manner in which the air velocity is varied.

4.3.2.b Effect of VL

Air holdup values are measured for continuous mode of operation for air-
water system thh both air and water in cocurrent upward flow. In these runs
the expanded helght of the dlspersxon is kept constant at 1.702 m, and the
- corresponding Hg value at a given air velocity 1s obtamed my 51multaneously
stopping the air and water flows. The results are presented in Fig. 4.3, and it can
be seen that both liquid velocxty and the manner.in which the air velocity is
changed‘_has little influence on air holdup for Ug < 0.07 n'_t/s. At higher air
velocities, Ug > 0.07 m/s, the air holdup for both increasing and decreasing Ug is
negligibly influenced by liquid velocity and the hysteresis effect present at zero

liquid flow velocity is also absent.

4.3.2.c Effect of Internals

The bubble size is influenced by the presence of tube internals in the
column. A comparison of data from Figs. 4.1 and 4.2 revealed that the holdup is
significantly larger for tube internals in comparison to unbaffled column for

otherwise under identical operating conditions. The dependence of € g on Hg
(Fig. 4.2A) is viewed as due to the limitation of bubble breakage by baffles at

greater values of Hg.
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A similar study of the influence of internals on air holdup is done with a
seven-tube bundle for decreasing air velocity. In the first mode, the initial
" unaerated height of the water column is kept constant at 1.1m. In the second
mode the expansion height of the dispersion is maintained constant at 1.7m and

the corresponding Hg value is measured by cutting off the air supply.

In Fig. 4.4, are shown for comparison the air holdup data taken for the two
modes when only a single tube instead of the tube bundle is present in the
column. For both the modes, the values for the single tube are smaller than the
corresponding values for the tube bundle. The differences are particularly
appreciable in the region of air velocities from 0.1 to 0.3 m/s, where the bubble
coalescence and cxrculatmg cells play a significant role. The seven-tube bundle
conﬁguratmn prevents the formation of larger coalesced bubbles and hence the
air holdup is larger. The smaller holdup values for the single tube and first
mode of operation is due to the differences in the pattern of formation of

circulating liquid cells.

The data of Fig. 4.4 clearly demonstrate that the nature of internals plays
only an insignificant role in the free bubbling and slugging regimes. On the
other hand in the coalescing bubble flow regime where circulating liquid plays an
| “important role, the nature of baffles is very important and it significantly

influences the value of gas holdup at a given gas velocity.

Three independent sets of the gas holdﬁp data obtained for air-water system
in the small. cd_lumn equipped with a 19mm heat transfer probe are given in
Table 4.2. Similar data obtained with a seven-tube internal are presented in
Table 4.3.

4.3.3 Nitrogen - Therminol system

The experimental total gas holdup studies are conducted in the 0.108 m
bubble column equipped with one of the either three single tubes or a seven-tube
bundie in batch mode. The system studied involves a highly viscous fluid,
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Table 4.2. Experimental air holdup values for air-water system at 309K,

Column diameter: 0.108 m, Internal: 19mm single tube.

SET-1

Ug
{m/s)
0.0086

- 0.0130
0.0170
0.0215
0.0258
0.0301
0.0344
0.0388
0.0430
0.0473
0.0516
0.0560
0.0602
0.0645
0.0688
0.0730
0.0774
0.0917
0.0860

(-)

0.039
0.057
0.070
0.076
0.083
0.098
0.107
0.116
0.117
0.126

0.127

0.132
0.133
0.136
0.136
0.148
0.149
0.153
0.154

SET -2

(m/s)
0.0130
0.0215
0.0301
0.0344
0.0387
0.0430
0.0473
0.0560
0.0645
0.0688
0.0730

-+ 0.0774

0.0817
0.0860
0.0832
0.099
0.115
0.132
0.148

'0.181

0.214
0.247
0281
0313
0.333
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0.327

SET -3

(m/s)
0.0086

-0.0170

0.0258
0.0344
0.0430
0.0473

- 0.0516

0.0560
0.0602

0.0645

0.0688
0.0730
0.0817
0.0860
0.116
0.148
0.181
0214
0247
0281
0313
0333

(-)

0.003
0.045
0.088
0.102
0.132
0.125
0.155
0.164
0.172
0.173
0.186
0.189
0.213
0205
0.248
0.246
0.252
0.262
0315
0325
0.326

. 0351



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

Air velocity Air holdup ,
(m/ s) Set 1 Set 2
0.022 " 0.074 0.077
0.044 - ) 0.147 0.150
0.066 . . - 0.201 0.206
0.088 0.238 0.245
0.110 - 0.267 0.267
0.128 - 0.304 0.301
0.192 0.338 0.310
0.256 0.350 0.331
0.319 - - 0376 0.360
0362 . - 0.378 -
0.384 - 0.380
0.426 o . 0.404 -

84



Therminol-66, and the experiments are conducted at about ambient conditions of

temperature and pressure.

4.3.3.a Effect of H -

Six different sets of nitrogen holdup, five for decréasing and one for
increasing gas velocities, at different slumped Therminol column heights (Hg)
are taken with the results reported in Figl'4.5. All the five sets taken with
decreasing gas-'veloc_ity- are inv godd agreement with each other. The gas holdup
data for increasing nitrogen velocity appear to have a tendency of greater holdup
values. This trend is more obvious at higher Ug . No foaming is observed and
the nitrogen holdup is computed from the knowledge of the liquid column

height for a finite and zero value of the gas velocifc}?. ’

A few remarks about ‘the bubbling and bubble coalescence phenomenon
observed in the column are in order. At low nitrogen velocities (< 3 cm/s)
bubbles are formed at the distributor plate frorﬁ varying region of the plate
having an initial size of 4-5 mm diameter. Thése bubbles in discrete identity rise
through the liquid column ( > 9 an/s) to a size as big as 15 mm diameter. No
liquid circulation is observed in the column. Bubble coalescence is predominant
in the velocity range 3 < Ug < 8 cm/s and bubbles as large as 40 mm are observed
at about 8 cm/s. With further increase in gas velocity the bubble size increased to

70 mm at about Ug = 20 cm/s.
4.3.3.b Effect of Internals

The effect of internals on gas holdup is presented in Fig. 4.6. It is observed
that the internals has negligible influence on bubble coalescence behavior and

hence on the total gas holdup.

Smoothed values of nitrogen holdup for the nitrogen-Therminol system
for the single tubes are presented in Table 44 and for a seven-tube bundle in
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Table 4.5.

4.3.4 Air-Water-Red Iron Oxide System

The air holdup data is measured for the three-phase system as-a function of
air velocity and slurry concentration for two different size powders. The holdup
values are measured for decreasing air velocity and 19 mm single-tube internal.
The average values of solid and liquid holdup are also determined and are

shown plotted in Fig. 4.7. These values are computed using the following

relationships:
He-Hg
€g = i 4.7
Hg-Hp
- TR
1-¢€; -H
' Hs
and |
Hp
ELS o
L He
=l:eg-es o - 49

It is obsérvéd that air holdup decreases with increasihg Cg, signifying the
coalescence promotmg nature of the slurries, with increasing concentration.
These results are consequence of the increase in- apparent viscosity of the slurry
due to the presence of solids.

Foaming is observed in the two-phase (air-water) system, but it disappeared
when iron oxide powder was added. This is‘_s_h.own in Fi_g._4._7,_where €gisa
monotonically increasing function of increasing air velocity for all values of Cg

except zero. The air holdup data is presented in Table 4.6.
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Tflble 4.5. Smoc_)thed 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 pum.

Nitrogen Nitrogen Nitrogen Holdup

Velocity holdup 27.7 um 36.6 um
(m/s) (-) 0-15% 30-47%  0-15% 30-50%
0.02 0.031 0.030 0.020 0.036 0.028
0.04 0.075 0.060 0.044 0.059 0.048
0.06 0.097 0.080 0.063 0.081 0.065
0.08 0.113 0.105 0.080 0.100 0.082
0.10 0.130 0.125 0.098 0.119 0.099
0.12 0.145 0.139 0.114 0.134 0.115
0.14 0.160 0.155 0.130 0.149 0.128
0.16 0.175 0.169 0.144 0.162 0.138
0.18 0.187 0.180 0.157 0.175 0.148
0.20 —_ 0.190 0.167 0.188 0.156
0.22 — 0.200 0.177 0.198 0.165

0.24 —_— 0.210 0.185 0.210 0.170
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4.35 Air-Water-'Class‘ bead Sx‘ stem

The air holdup data for the air-water-glass bead system with a 19 mm single-
tube internal are shown plotted in Fig. 4.8 as a function of Ug ,_dp and Cg. Itis
clear that the particle size in the slurry is not influencing the air holdup and its
‘ values are smaller than the ‘corrr‘esponding air-water system values over the
entire velocity range. This result is to be understood from the fact that bubble
coalescence is predominant in the preserice' of solid particles due to the increase
in apparent viscosity. "

Similar air ‘holdup data are measured with a seven-tube bundle and as
functions of Ug, dp and Cg- The air holdup results are presented in Fig. 4.9 and
these indicate that Cg has little influence for the range less than 10 wt.% but
results in decreased holdup for values greater than 10 wt.%.

Expermental air holdup data corresponding to Fig. 4.8 are presented in Table
4.7. Similarly, air holdup data obtained under identical condltlons but using two
types of internals are presented in Table 4.8. The data for the three-phase system

smoothed over particle size range are also presented in this table.

4.3.6 Air-Water-Magnetite System

The air holdup is measured for air-water-magnetite powders as a function
of air velocity and solids concentration. The data sets are graphed in Figs. 4.10 A-
F. In Table 4.9 are given the values of sohds concentration, weight fraction
percentage and the range of air velocity used in expenments with each powder.
One to three concentrations of the magnetite powder in the slurry are employed.
In each case the data for the two-phase (air-water) systeni, taken in the same
fashion, are also shown (curve 4) for comparison. The following general
conclusions from these measurements are eﬁideht.. '

(a) The air holdup at a given velocity in the two-phase system- does not
differ appreciably from that in the three-phase system. The differences between
the-two sets of values tend to increase with the concentration of solids in the

slurry, and it appears that-such differences may increase with the size of the solid
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particles in the powder, the three-phase system values being always smalier than
the corresponding two-phase system values. The differences between the two
sets of values are felatively more pronounced in the bubbling regime where
coalescence is insignificant than at higher air velodties. For the air-water system,
the former regime is encountered with air velodities smialler than about 0.08 ms-1.
In this region the differences between the two sets of values are up to about 25%
for slurrieé of particles smaller than about 100 um, and these increase to 40% for
powders with particle sizes greater than 100 um. For air velocities greater than
0.08 ms-1, and for all the powders, the differences in the air holdup values for the
two sets range between 7% and 15%.

These differences can be explained and understood on the basm of the
rheclogy of the two- and three-phase dispersions. The presence of magnetite
powder in water increases its viscosity, and this increase is greater if the weight
fraction of the powder in the slurry increases. The increasing viscosity of the
suspensionl increases the bubble size and hence the bubble velocity. The
decreased residence time results in the decreased air holdup. '

(b) The holdup data in Figs. 4. 10A and 4.10B explicitly demonstrate the
influence of slurry concentration on air holdup as the air velocity is varied over
the range 0.017-0.333 ms-l. In general, the holdup is nominally altered by an
increase in solids in the dispersion, at least in the 'i-ar{ge 10-30 wt.%. _‘ For slurries
containing particles smaller than about 100 pum, the air holdup decreases as the
slurry concentration is initially increased but the slurfy concentration effect
becomes negligibly small as the concentration is further increased. With slurries
containing particles greater than 100 um the slurry concentration has a
negligibie' influence on the air holdu_p-e-ver the entire air velocity range. It
would appear that for most desxgn purposes the influence of slurry concentratxon
on air holdup may be neglected without any serious error.

This trend can be easily explained by the fact that bubble size depends on the
magnitude of solids concentration in slurries of parncles smaller than about 100
pum, and does not significantly change with concentration for slurries of particles
larger than about 100 pm. | ' | : |

(©) The influence of parncle 51ze in the slurry on air holdup is dlsplayed in
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Fig. 4.11, where for each size in the slurry a mean set of air holdup values is
considered over the entire concentration range.

On careful examination the results in Fig. 4.11 suggest a trend. The air
holdup values decrease as the particle size in the slurry increases. The influence
is more pronounced at lower air velocities and becomes relatively smaller at
higher air velocities. At an air velocity of 0.08 ms-1, the difference in the extreme
values is about 12% which diminishes to about 5% at the highest air velocity.
Small increments in the values of the particle diameter produce changes in the
holdup values which are within the range of experimental uncertainty, and
apparent trends opposite to that described may be exhibited.

In conclusion, it may be emphasized that small changes in particle size may
not significantly influence the air holdup values, but relatively large changes
will probably decrease the air holdup. |

Experiments have been conducted for this bubble column with a seven-tube
bundle to measure the air holdup at 309 K. The air holdup was measured for
decreasing air velocity, with constant slumped height (1.1 m) and over a wide
Tange of dp and Cs. The holdup data is presented in Fig. 4.12 as a function of Ug
for three different particles and two concentrations. The holdup data for the
two-phase, air-water, is also shown for comparison. It is interesting to note that
the holdup decreases with the increase in slurry concentration and the decrease
is more for larger size particles. The experimental air holdup data is presented in
Table 4.10.

4.3.7 Nitrogen - Therminol - Red Iron Oxide System

The nitrogen holdup was measured for decreasing gas velocities in the 0.108
m bubble column equipped with an internal and in slurries of red iron oxide up
to 47 wt. % concentration. The internal used was either a single tube of 19, 31.8
or 50.8 mm diameter or a seven-tube bundle of 19.0 mm tubes. |

The values of nitrogen holdup as a function of nitrogen velocity and slurry
concentration for the four cases are shown in Fig. 4.13 and given in the Table
4.11. In each case several concentrations of the slurry are examined and nitrogen
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velocity is varied from 0.01 to 0.24 m/s covering the different flow regimes,
namely, discrefe bubbling, bubbly churn turbulent and slugging regimes. |

From Fig 4.13; it is clear that nitrogen holdup increases steadily with
‘increase in nitrogen velocity over ‘the whole gas velocity ‘range. The rate of
~ increase of holdup with increase in gas velocity, is large in the beginning and it
decreases with furthet increase in nitrogen velocity. A few remarks about the
flow regimes, and bubbling phenomenon are’essential to explain the results of
Fig. 4.13. No hysteresis effect was observed for nitrogen-Therminol system in
contrast with the air‘water system. Also no foaming is observed for systems
involving Therminol. At low' nitrogen velocities (< 3 cm/s), bubbles were
formed at the distributor plate from varying regions of the plate and having an
initial size of 4-5 mm in diameter. These bubbles in discrete ideritity rise through
the liquid column and coalesce only -at the top section of the liquid column (>'0.9
‘m) to a size as big as 15-mm in’ diameter. No liquid circulation is observed in the
"column. With further increase in nitrogen velocity bubble formation occurs over
increasing portion of the distributor plate.- Bubble coalescence also takes' place
over a larger section of the column. The coalesced bubble at a nitrogen velocity of
about 8 cm/s are as large as 40'mm. The liquid circulation is observed but bubbles
are- not swept into these local ‘circulating eddies to move downwards. With
further increase in nitrogen gas vélocity, the bubble coalescence occurs
" throughout the column, and’the bubble size grows up to 70 mm at velocities
“approaching 17" ¢m/s. The liquid is well mixed and churned but any cellular
‘liquid -circulation pattern'is not observed and bubblés always move upwards. At
velocities greater than 17 cm/s, slugs are formed at the upper séction of ‘the
column whose size depends upon the nature of internals. |

The initial rapid increase of gas holdup for nitrogen velocities up to about 8
cm/s referred to the discrete bubbling and initial coalescing flow regimes. Here,
bubbles are relatively smaller and - their number increases with increase in
nitrogen velocity. At nitrogen velocities greater than 8 cm/s, the bubble size
increases with flow rate due to coalescence and hence the holdup increases less
rapidly than for velocities smaller than 8 cm/s. For nitrogen velocities greater
than 17 cm/s, the increase in holdup is very slow due to the large slugs formed

in the column which move through the dispersion at a relatively much rapid
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rate.
Figure 4.13 also highlights the influence of slurry concentration on nitrogen
holdup. The data suggests a small dependence (£ 5 percent of the mean holdup)
of solids concentration on hold up. At smaller velocities (< 0.08 m/s) the holdup
decreases with increase in slurry concentration while at higher velocities (> 0.08
m/s)‘- the holdup increases with increase in slurry concentration. The
experimental uncertainty also increases with increase in slurry concentration as
the powder coated the column wall making it much more difficult to estimate
the slurry height in the column. The variation of holdup is also dependent on
the nature of internal. We estimate our experimental uncertainty to be about * 5
_percent and this is quite comparable to the variation observed in holdup values
with concentration. We, therefore, conclude that for such small size powders
(micron size range), the influence of changes in slurry concentration on holdup
is small and can be neglected in most design studies. Table 4.11 lists the
~smoothed experimental holdup values for different configurations as-a function
of slurry concentration and nitrogen velocity. . .

To highlight the . dependence of nitrogen holdup on the size and
‘configuration of 1nternals, the experimental data are displayed in Fig. 4.14.
Figure 4.14 presents the data for nitrogen-Therminol for the four internals. The
holdup values for the tube bundle and the two larger probes are,ébout the same
while for the smallest internal the corresponding values are smaller. The
‘addition of solids in general has negligible influence on holdup. Pronounced
bubble boalescence.was_observed and slugs formed in the upper region of the

column. This resulted in lower gas holdup.

4.3.8 Nitrogen - Therminol - Magnetite System

Nitrogen gas holdup measurements were taken with three single tubes and
a-seven-tube bundle for decreasing nitrogen velocity in the batch mode. Three
different particles of magnetite (27.7, 36.6.and 46.0 pm) are used in the slurry
concentration range up to 50% weight precent. .

In Fig. 4.15 are presented the nitrogen holdup data as a function of nitrogé'n
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Fig. 4.14. Vanahon of holdup for nitrogen-Therminol-red iron ox1de system
for different internals and nitrogen veloc1ty
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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.
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