accumulation at the top of the column is more, and ranges up to 30mm in
comparison to the increasing gas velocity mode. The solids concentration again
does not have any appreciable influence except at 523K for 40 weight percent
where the foam height decreases dramatically to 100-120mm.

For gas velocities beyond 80 mm/s, the bubbling behavior is the same but
the foaming characteristic changes. For decreasing gas velocity, the foam height
at the top of the dispersion is negligibly small while for increasing gas velocity
the foam heights up to 20 mm are observed. The accumulated foam at the top
gets dissipated and distributed in the main body of the dispérsion. These
remarks are based from the experiments con_ducted at 473K and 40 weight percent
slurry.concéntration only. The decreasing velocity mode of operation, however,
did confirm the above observations, even at 428 and 523K, i.e. no foam
formation. The nitrogen gas holdup data for the three-phase system aré_ given in
Table 4.25. | |

4.6 Heat Transfer Data for LargeiColumn

Experimental heat transfer studies were conducted in the 0.305 m diameter
bubble column in semi-batch 'rnode for two- and three-phase systems at ambient
pressure and in the temperature range 290 to 523K. The heat transfer surfaces
employed included a 19 mm diameter tube, a five-, a seven- and a thirty-seven
tube bundle. The variation of heat transfer coefficient with helght above the

distributor plate and along radial distances are also established.

4.6.1 Operating Mode and a Typical Procedure

To establish a methodology for determining T, the radial temperature
profiles are measured at various air velocities for the middle region when the
probe is located 160.5 cm above the distributor plate The results are graphically
presented in Fig. 4.60 for four typ1ca1 air velocities. It is clear that the radial
temperature profile is flat and a good estimate of T values is possible within an
uncertainty of about + 0.003K. T is obtained by averaging all the six

-

temperatures and these T, values have a standard deviation of about 0.7. The
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difference between the maximum and minimum temperatures is always less
than about 2K. A is equal to 0.02153 m2. - |

The dependence of hy on the thermal flux (Q/A) is investigated by
choosing four values of Q in the range 549.0 - 748.6 W. Computed h,, values are
listed in Table 4.29 with other relevant details. T¢ is determined by avéraging the
eight temperatures recorded by the temperature measuring probe located 10 mm
away from the heat transfer probe surface. It is inferred from these T, values that
it is not dependent on Q as the scatter is always less than the estimated
uncertainty of + 4.5%. In all subsequent measurements Q is kept at around
750W.

The heater probes (Fig. 3.17) provide the necessary thermal energy to heat
column contents to the desired temperature. At a given gas velocity and
temperature, ten instantaneous h,, values are measured in line and hy is taken

to be the mean of these ten values.

4.6.2 Air-Water-System

With the heater located in the lower, -fniddle and u.pper regions of the
column, hy, is measured as a function of time at various air velocities in the
range 2.4 - 3.7 cm/s. In the upper region, the mld-pomt of the heated test section
is located 2.188 m above the distributor plate, ‘while their heights are 1.605 and
0.523 m for the middle and lower regions respectwely. The 19 mm dlameter heat
transfer probe containing these three test sections is axially located in the
column. The hy, values computed at every two minutes from the measured Tg
and T, values by the data acquisition system are shown in Fxg 4.61. The column
temperature as established by the four thermocouples located along the column
height and those by the radial temperature probes is also shown in each case
along with the corresponding observed maximum deviation.- The column
temperature exhibits a slow increase in temperature with the passage of time.
The increase is more at lower gas velocities as expected. hy values, in general,
are found to be independent of time in view of the relatively small increase in
temperature. The continuous lines in each case are obtained from the data
points by the method of least squares. hy, values as obtained from the regression
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Table 4.29, Ex'périme.r‘\tal hw (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.

QW) T  TJAK) AT(K) hew
5490 - 2959 2922 372 6.85
6175 294 . 2923 403 . - 711
680.0 968 . 2925 4.33 7.9
7486 2975 2926 485 7.17

Table 4.30. Experimental hyy (kW/m?2K) values in different regions of the
-0.305. m bubble column for air-water system at 297 + 3K. Internal: 19 mm
single tube.

Region Lower Middle Upper Mean
Ug

0.376 6.954 6.942 7.810 7.23+ 0.48
'0.346 17018 - 725 7505 - - 7224026
0307 .+ .6825 - .. 69%. -7651. - .. 72.154052
0269 . 6795 . . 6992 7362  7.00£035
S 0239 6611 6.809 - 7.100° 6.84 +0.23
0192 6493 6618 6.702 6.60+0.10
0154 6071 - 6404 - 6692 - £38+0.30

0125 . . . 6289 . S
0.117 = . 5995 . _ 6191 . 6.12%0.16
0077 | 6254 5843 590+029
0048 0 6.411 Y5103 - 5.68+068

0024 - 6152 . - 4195 - . 520+098 -
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analysis corresponding to the middle of the time interval at each air velocity are
listed in Table 4.30 and graphed in Fig. 462. An unambiguous dependence of hyy,
on the position of the test section in the column does not follow from this plot.

In view of our estimated uncertainty of about 5% in these values, a mean set is
recommended on the basis of all the data points. This set is represented by the
continuous lines in each case are obtained from the regression analysis
corresponding to the middle of the time interval at each air velodty are listed in
Table 4.30 and graphed in Fig. 4.62.

| Experimentally measured heat transfer coefficient values from probe P1 of
the seven-tube bundle (Fig. 3.17C) as a function of air velocity at temperatures of
303, 313, 323, 333 and 343K for air-water system are presented in Fig. 4.63 and
smoothed va]ues. are listed in Table 431 at round values of air veloeiﬁee greater
than 0.1 m/s at a particular temperature. On the other hand, the dependence is
more pronounced and increase is apprecnable at a particular veloc1ty with
increase in temperature.

* Heat transfer coefficient values measured for four different locations in the
thirty seven tube bundle are shown in Fig. 4.64. The data are taken for air-water
system with decreasing velocity mode at four temperatures and are given in
Table 4.32. ; .

In each case, the heat transfer coefficient is largest for the probe location 3
and lowest for the probe location 1. This would suggest that the heat transfer
coefficient increases along with column axis region with increase in column
height above the distributor. The comparative dependence of heat transfer
coefficient at locations 2 and 4 is somewhat involved and depends primarily on
the value of air velodity. At lower air velocities, heat transfer coefficient values
at location 2 are smaller than at location 4, but at higher gas velocities the
differences are relatively smaller and these are weakly dependent on
temperature. At the lowest temperature (298K), position 2 gives slightly higher
coefficients and this trend somewhat reverses at the highest temperature (343K).
It will be tested on the basis of data where measurements are possible over a
wider temperature range. Figure 4.64D, also shows that under similar conditions

heat transfer coefficients at position 2 are greater than at position 1.
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These heat transfer data suggest that in the column, the coefficient increases
with height above the distriﬁ.'utor and at the same height it also increases with a
radial distance from the column axis except in a region very close to the column
wall. This is in accordance with the column hydrodynamic picture detailed by us
elsewhere. At higher elevations resulting in greater churning of the liquid with
increasing height above the gas distributor plate. The liquid drculation is more
with increasing radial distance from the column axis where coalesced bubbles
rise up the column while the liquid descends in the regions away from the
column axis. This motion is perturbed by the probes. Near the column wall
liquid motion is feeble as the bubbles have the tendency to move away from the
column wall. Thxs explams why heat transfer coefficient increases with the
radial distance from the column axis but is somewhat lower in a region close to

the column wall.

4.6.3 Nitrogen-Therminol System

Heat transfer eoefficients are measured for probes 1 and 3 of the thirty-seven
tube bundle at two tem?erarures and for three values of Q in each case as a
function of Ug with the results displayed in Fig. 4.65. It is concluded that hy is
not dependent on heat flux in this range and in our subsequent work we have
chosen Q equal to 45W for the two lower temperatures, and 122W for the next
four higher temperatures. - . o

In Fig. 4.66, the heat transfer coefflcrent values measured for the two-probe
locations 1 and 3 are presented as a function of gas velocity at several
temperatures. These data are employed to investigate the dependence of hy on
the location of the probe in the bundle. From Fig. 4.66, it is clear that hy, values
at lower position (Pl-)'" are sialler than at higher vertical position (P3) in the
- nonfoaming regime (Fig. 4.66.a - c). On the other hand, in the foaming regime
(Fig. 4.66 d and e) there is an involved dependence of hy on probe location.

The experimental hy; data for probes 1 and 3 are presented in Fig. 4.67 to
highlight the mﬂuence of temperature on heat transfer coefficient. In each case

an unambxguous mcrease in the value of hy with increase in temperature is
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observed. The smoothed hyy values are given in Table 4.33.

464 Air-Water-Silica Sand sttem

In Fig.- 4.68, the heat transfer data are presented for the air-water-sand system
at three ‘temperatur'esi'(297,"323 and 343K) and two slujrry‘.;oncentrations as a
function of air velocity. The data for air-water sjrs_ter'n at the same temperatures
are also shown for comparison. Again certain trends of practical signficance are
obvious. The heat transfer coefficient increases with air velocity but the increase
with temperature is much more pronounced.  The influence of slurry
concentration on heat transfér coefficient is prob‘ably‘ more pronounced. The
influence of slurry concentration on heat transfer coefficient is probably nominal
except in the discrete bubbling regime where it Appea;_s to be relatively more
pronouﬁced due to the inadecjuate mixing of the sliu‘rry phase at relatively
smaller air velocity. The measurements at 323K and for 10 weight percent slurry
are cons_ider_ed,unr‘e]iable_‘and could not be repeated due to malfunction of the
column. At lower air velocities, the sand corild not be suspended uniformly and
it got settled on the air dis'tr'ib'i‘itdr“ plate‘and it plﬁgged it partially, and the
experiment had to be discontinued. Smooth values of heat transfer coefficient

are reported in Table 4.34.

4.6.5. Air-Water-Glass‘ Bead Sysfefn

The heat-transfer coefficient data for slurry of 143.3 um average diameter
glass beads in water, at three slurry concentrations, are i:resentéd in Fig. 4.69A at
three temperatures. Also shown in this figure are the air-water system data.
Several interesting qualitative trends follow from.these plots. In general, the
three-phase data follow the same qualitative trends mentioned earlier for the
two-phase system. In addition, it may be noted that at a given air velocity and
temperature the solids concentration has a negligible influence on heat transfer
coefficient. This conclusion is well valid even when the solids concentration is
zero. It may be emphasized that the large ‘in'creas‘e in the ‘obser'ved heat transfer

coefficient values with temperature for the air-water system is well substantiated
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by the data of air-water-glass bead system, both qualitatively and quantitatively.

Figures 4.69B and 4.69C present the heat-transfer data for smaller size glass
bead slurries of average diameters 90 and 50 um respectively. The slurry
concentration in both cases is 5 weight percent. The differences in the two- and
three-phase values seem to be appreciable at room temperature. The differences
decrease considerably as the temperatufe,increases. All other characteristic
trends are similar to those as seen in the case of Fig. 4.69A. Figure 4.69D is a
graph of the heat-transfer coefficient values at each temperature, averaged for the
various solids cqncentrations (including zero) and particle sizes. The vertical
bars represent the range of maximum variation. We have employed these
averaged values to assess various theoretical models and correlations discussed
later in this report. )

The srﬁoothed values of heat-transfer coefficient for air-water and air-water-
glass bead system at each of the temperatures, as a function air velocity, are
reported in Table 4.35 for slurries of three different average particle sizes. The
values for 143.3 pm particles are averaged for all the three slurry concentrations

Heat transfer coefficients measured at probe locations 1 and 3 in the thirty-
seven tube bundle for air-water-glass bead system are reported in this section.
The parameters considered include gas velocity, temperature, particle size and
slurry concentration.

The influence of the operating parameters on heat transfer coefficient is
pxjeseﬁted in Fig. 4.70 - 472. In Fig. 4.72A the data for air-water system are
presented as a function of air velocity at three te‘mpér‘atures. Similar data for air-
water-glass gean system are displayed in Fig. 4.72B. The values for probe 3,
shown by unfilled symbols, are always greater than the corresponding values for
probe 1, shown by filled symbols. The magnitude of the the difference between
the two sets‘depends on the operating conditions. The filled symbols are
smoothed by a continuous curve while broken curves smooth the unfilled
symbols. The heat transfer coefficient values in all cases increase with air
velocity. The increase is rapid in the-beginning but the same slows down with
increase in air velocity and the heat transfer coefficient approaches to almost
" constant values at higher air velocities. The heat transfer coeff1c1ent increases for
a particular system and operating conditions as the temperature is increased. In
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Fig. 4.70. Variation of heat transfer coefficient for the aii-water-glass bead
system with superficial air velocity and temperature for heat transfer probes 1
and 3 and slurries of 125 pm particles at two concentrations. -
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Table 4.34. Smoothed hy (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.

Heat transfer coefficient, hy, (kW/mZK)
I.Jg Solids conc. =5wt % | Solids conc. = 10 wt %
“(m/s) (dp = 65um) : {dp = 65um)

297K 323K 343K 297K 3231( 343K

002 | 487 - 900 | 472 610 911
003 | 519 671 940 | 500 665 10.00
005 | 550 715 1045 | 538 755 1150
007 | 580 767 1100 | 552 818 1225
010 | 607 821 1155 | 570 879 1240
015 | 630 88 1190 | 600 975 -
020 | 648 920 1210 | 641 1032 -
022 | es2 927 1211 | 651 1058 -
0.25 . 930 iz.1s 1 - - 1080 -
0.27 X - 1215 T
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further consideration of the dependence of heat transfer coefficient on operating
and system parameters, data obtained from probe 3 are only considered.
Smoothed h,,, values for probe 3 and given in Table 4.36.

Figure 4.73 emphasizes the dependence of slurrjr particle diameter on heat
transfer coefficient. Slurries of smaller particles (125 pm) have a slightly smaller
heat transfer coefficient than for slurries of larger particles (212 um). This
difference fades out and the values are almost tﬁhelsame for the slurries of two
particle sizes as the concentration of solids in the slurry increases from 5 to 15
weight percent. This particle dependence seems to be almost independent of
temperature in the range 298 - 353K.

The influence of slurry concentration is displayed in F1g 4.74. The dashed
curve represents the average values obtained from experimental data for the air-
water system. For small particle slurries (125 um), the increase in slurry
concentration results in. an increase in the heat transfer coefficient values at all
temperatures. This increase is more at ambient temperature and decrease with
increase in temperature but then remains constant with further increase in
temperature.. For slurries of larger partlcles (212 pum), the increase in slurry

concentration has only nominal effect on hw temperature_s and over the air

velocity range.

4.6.6 Air-Water-Magnetite System .

Heat transfer data measured at the cerrtrally located heat transfer probe in
seven-tube bundle con'figurat.ion_are'preéented for the air-water-magnetite
system in Fig. 4.75. Some .interesting conclusions are evident from these
graphical presentation of data. First, the variations of hy with Ug and T, are
similar to those for the airfwater‘sysrem.. Secondly, the influence of slurry
concentration on hyy is negligibly small, and values for the air-water system may
be regarded approximately"toﬂbe same as t}re eir-water-magrietite system. Thirdly,

the effect of slurry particle size in the range of present investigations on h_,

nominal and may be neglected. These averaged and smoothed hyy values
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are reported in Table 4.37 as a function of temperature and air velocity.

4.6.7 Nitrogen-Therminol-Magnetite System

From Figs. 4.76 - 4.78, it is cleaf that the heat transfer coefficient measured at
lower vertical positions (I’1 and P2) are grea't'er‘ than at higher vertical positions
(P3 and P4). In the nonfoaming regime (Figs. 4.76 a - ¢, 4.77 a~ ¢, 478 a-c), hy is
not dependent on the redial f)osition Probes 1 and 2, and probes 3 and 4 give
identical results. On the other hand in the foammg reglme (Figs. 476 d - f, 4.77 d
- f and 4.78 d - f) there is an involved dependence hy, increases with the increase
in radial position and this increase is less as the vertical height increases. A
slightly different trend exhibited .in Fig. 4.78f is due to the unique behavior of
foaming observed at 523K as mentioned before. To further investigate the

dependence of hy, on different parameters, data corresponding to probe 1 only
are considered and for most cases this is the upper bound for hy-

In Fig. 4.79, the heat transfer’'data are -diéplayeq to highlight the dependence
of hy, on solids concentration and nitrogen velocity at different temperatures. In
each case h,, increases monotonically with Ug, 'the,lix'lmcrease being rapid at lower
velocities and less rapidly as Ug increases: It appears that hy, increase with
increase in soli.'ds.concentretien, the increa‘senis‘ not always quite explicit and
sometimes the treﬁd seems to. reverse for values of wg below 30 percent. The

data correspondmg to 40 percent are in almost all cases dlstmctly greater than the
correspondmg values at lower concentrations. .

In Fig. 4.80, the experimental heat transfer data are presented to highlight
~the influence of temperature o;i- heat transfer coeffiéient. In each case, we see an
‘unambiguous increase in the \:{elﬁee of hy with'increase in temperature at the
same solids concentration and{igas velocity. Smoothed hy, values for different

probe locations are given in Table 4.33.
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Table 4.37. Smoothed hw (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%. -

Ug Air-Water System Air-Water-Magnetite System

m/s | 297K | 313K | 343K 297K | 323K | 343K

0.02 | 0.067 | 0.046 | 0.035 0052 |0.054 | 0054
003" | 0100 | 0.063 | 0.051 0.100 {0083 | 0.072
005 | 0152 | 0101 | 0oso | o180 jo132 | 0105
007 | 0187 | 0132 | 0.108 0250 |0168 | 0132
010 | 0233 0173 | 0142 | 0280 0185 | 0157
015 | 0243 | 0205 | 0.190 0265 |0.220 | 0197
020 | 0267 | 0240 | 0218 | 0280 |0255 | 0230 |
022 | 0280 | 0255 | 0232 | 0295 |0272 | 0245
024 | - |o0270 | 0265 . |o2s0 | 0260
026 | - - | 0263 - lo200 | 0270
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Fig. 4.79. Variation of heat transfer coefficient (probe 1) with nitrogen
velocity and solids concentration at different temperatures. O =0wt%, O =

15 wit%, O =30 wt%,

¢ = 40 wt%.
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