velocity and slurry concentration. The holdup increases monotonically with
increase in mtrogen velocity md:catmg the absence of foaming and strong liquid
circulation patterns. The slurry concentration effect is negligibly small for 19.0
and 50.8 mm probes. For 31.8 mm probe, an increase in slurry concentration
decreased the holdup. For this probe in Fig. 4.16, we have attempted to highlight
the influence of particle diameter in the slurry on holdup. We conclude on the
basis of these two figures, that nitrogen holdup is independent of slurry
concentration and powder particle diameter in the slurry. In both these figures,
the continuous curves are the smooth plots representing the most probable
values. In Fig' 4.17, these data are plotted for 36 6 'um powder slurries at four
concentrations to hlghllght the effect of probe diameter which is found to be
sufficiently weak. Smoothed mtrogen holdup values are reported in Table 4.4.

4.4 Heat Transfer Data for Small Column

Experimental heat transfer studies were carried out in serru-batch mode for
~two- and three-phase systems at ambient condmons Some heat transfer data are
taken in the continuous mode also to establish the influence of liquid velocity
~on hy,. The heat transfer surfaces’ employed include three single tubes of
different diameters, a five-, and a seven-tube bundle. The variation of hy with .

location is also established for a given internal.

4.4.1 Og‘eraring Mode and a Typical Procedure

A' series of measurements are taken to 'establish the exjoerimental
' methodology for measunng heat transfer probe surface and the surrounding air-
water dlspersmn hy, is computed from the knowledge of the heat flux, Q,
surface area of the probe, A, and the temperature difference between average
probe surface, Tg , and average bulk temperature of the dispersion, T , on the

basis of the following equation:

Q= hywA(T-TY =1V~ T a0

To establish T accurately, radial temperature profiles are measured
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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):
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corresponding to the midpoint of the heat transfer probe surface and at several
radial'locations. Tc is given by the arithmetic mean of the temperature values -
on the flat portion of the profile of the plot of temperature versus radial distance:
A typical plot of radial temperature profiles measured at distances of 0.5 to 44.5
mm from the heat transfer probe surface and in the dispersion temperature
range of 316 - 325 K is shown in Fig. 4.18.

' The column temperature is found fairly uniform all along the radial
distance and the degree of variation is dependent on the air velocity when it is
less than 0.1 m/ s. The variation in radial temperature is + 0.4°C for Ug <01m/s
and * 0.2°C for Ug > 0.1 m/s. ‘

Experiments are also conducted to 1nvest1gate the dependence of hyy; on heat
flux.(Q = 468, 607, 813 and 943 W) in the air velocity range 0.04 to 0.42 m/s and
the hy, values are given Table 4.12. These measurements revealed that hy, to be
almost independent of the heat flux. hy, varies by about 1.2% only.

The variation of heat transfer coefficient with time is established to
ascertain the steady state conditions in the column at a given gas velocity. Such
variations are shown in Fig. 4.19. It is clear that the steady state sets in early as
the gas velocity is increased. The steady state conditions are established typically
between 10 - 20 min in the present studies. It is also established that the
variation of h,, with time remained the same for continuous operating mode
and the results are shown in Fig. 4.20. After these preliminary inveétigations hy
values are measiired only under steady state conditions. Once the‘.étéady state
conditions are attained at a given gas velocity, ten instantaneous values of hy
are caiculated by the computer on-line and- the hy, is taken to be the mean of

these ten values.

4.4.2 Air - Water system

Heat transfer data measured in the 0.108 m bubble column between
immersed surfaces and the surrounding air - water dispersion in semi-batch

mode and for decreasing air velocities are presented-in this section.
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Table 4.12. Experimental values of hy (kW/m2K) for different electrical
power inputs to the heater at a fixed column temperature To. Column
diameter: 0.108m, Internal: 19 mm single tube. System: Air-water.

TR QW) b, GW/m? 10
327 + 08 468 5915 + 0.089
3126 + 06 670 5779 + 0216

3138 & 11 813 5937 + 0082
3120 + 14 943 6.003 + 0.340

Table 4.13. Experimental hy (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.

Vi{em/s)=0.0

Vi(cm/s)= 6.8 VL

U : (cm/s)=11.9

(:VS) by €y . by e | w 3
0.135 531 020 - . 5.22 0.233
0.203 562 0240 5.64 0.305 576 0295
0273 | s7@ 0301 | 59 0338 572 03%
0.344 572 0339 592 0.379 5.88 0.361
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4.4.2a Effect of the Location of Heat Transfer Surfaces

The 19 mm diameter heat transfer probe is axially placed and has three
individual heat transfer surfaces whose midpoints are located at 0.522, 0.875 and
1.181 m above the gas distributor plate. The steady state hy, values measured at
these three locations in the column (lower, middle and upper regions) are
presented in.'Fig. 4.21 and in Table 4.14. It is seen from this plot that hy, values
increase with an increase in Ug (Ug'<' 0.15 m/s) initially and attain a constant
value for Ug > 0.15 m/s. The variation of hy, with location of heater surface is
negligibly small.

Similar heat transfer data for the 19mm diameter-heat transfer probe are
measured in the middle region. Four sets of data obtained are presented later in
Fig. 6.2 and given in Table 4.15A. Smoothed hy, values based on the above
measurements are given in Table 4.15B.

Similar heat transfer data are measured at three heater locations in a seven-
tube bundle ‘and are presented in Fig. 4.22. The influence of slumped liquid
“height (or dispersion height) on hy, for the axially located middle heater is
shown in Fig. 4.23.

The results indicate that hy, is smaller in the bottom region of the column
compared to the middle and upper regions. The variation in hy, values could be
due to different circulation patterns that may exist in the upper and lower
regions of the column which represent varying degrees of liquid circulation. A
comparison of hy, values for a single tube and seven-tube bundle in the middle
region indicate that the influence of neighboring tubes is to enhance hy. The

experimental hy, values are given in Table 4.16.

4.4.2b Effect of liquid velocity

A series of experiments is conducted to establish the influence of
continucus phase (water) flow rate on hy. The conditions were similar as
described above and the liquid velocity was varied up to 11.9 mm/s. The hy
values at 307K are presented in Fig. 4.24. The influence of liquid velocity in the
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Fig. 4.21. Variation of the heat transfer coefficient and average air holdup as a

function of air velocity for three heater locations in the column.
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Table 4.15. Experimental (A) and smoothed (B) hy (kW/m2K) values for
air-water system at 309K. Column diameter: 0.108 m, Internal: 19 mm
single tube. ' '

SET - 1 SET -2 o SET-3

Usg hy Ug - hy U hy

(m/s) (kW/m2ZK)  (m/s) (kW/m2K)  (m/s) (kW/mZK)
A

0.0086 2.77 0.0130 2.80 0.033 411

0.0170 3.10 0.0215 3.27 0.066 472

0.0258 3.66 00301 3.67 0.099 5.17

0.0344 419 00344 3.90 0.132 537

0.0430 4.30 0.0387 415 - 0.166 5.42

0.0473 4.64 0.0430 4.30 0.199 5.70

0.0516 452 0.0473 436 0233 5.71

0.0560 454  0.0560 4.52 0266 5.80

0.0602 4.72 0.0645 4.74 0300 5.87

0.0645 4.72 0.0688 4.75 0333 579

0.0688 477 0.0730 482 ”

0.0730 498 00774 . 484 . SET - 4

0.0817 4.85 0.0817 484

0.0860 4.95 0.0832 5.09 0.0086 2.45

0.116 533 0099 5.25 0.0130 2.85

0.148 5.34 0115+ 542 0.0258 3.80

0.181 550 0.132 5.58 0.0301 398

0214 5.70 0.148 5.66 0.0387 434

0.247 5.78 0.181 5.75 0.0430 456

0.281 5.77 0214 875

0.313 5.59 0.247 5.85

0333 548 0.281 571
B 0313 5.82

Ug hw | Ug hy U hw
0.009 2.66 0.045 447 0.085 4.98
0.012 282 0.050 458 0.090 5.02
0.015 2.96 0.055 467 0.095 5.08
0.020 3.24 0.060 472 0.10 5.12
0.025 3.57 0.065 - 477 0.15 5.50
0.030 3.86 0070 - - 480 0.20 5.68
0.035 4.08 0.075 4.86 0.25 5.76
0.040 4.28 0.080 492 0.30 5.78

0.33 5.77
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Table 4.16. Experimental h, &W/m2K) values for air-water system
at 309K. Column diameter: 0.108m, Internal: Seven-tube bundle.

Ug(m/s) | hw&W/m?K)
0.011 3.14
0.022 4.46
0.033 4.53
0.044 . 4.92

- 0.055 4.61
0.066 4.82
0.077 5.05
0.088 532
0.099 5.38
0.110 5.43
0.126 5.25
0.169 5.99
0.212 6.17
0.256 6.99
0298 .| . 7.03
0.340 7.35
0.383 7.37
0.426 7.59
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present experiments seems to be negligibly small as the scatter is always within
the experiment uncertainty of +5 percent. The experimental hy, values are listed
in Tabie 4.13.

4.4.3 Nitrogen - Therminol system

The influence of internals on hy is investigated for nitrogen-Therminol
system with three different size single tubes and with a seven-tube bundle. The
hyy results are presented in Fig. 4.25 and these indicate that hy, increases rapidly
with increase in nitrogen velocity up to 0.1 m/s and almost approaches a
constant value thereafter for all internals. The dépéndence of hy on the
geometry of internals appears to be involved and it is 1nterest1ng to note that the
two internals (smgle tube, 50.8 mm; and the seven-tube bundle) having the same
blockage area in the column but different geometry exhibit similar influence on
hy. On the otherhand, the smaller size internals (19.0 and 31. 8 mm) having
lower but different blockage areas have similar hyy values. The smoothed hy

data are given later in Table 4.21.

4.4.4. Air-Water-Red Iron Oxide SYsterﬁ

Heat transfer data are measured for the air-water-red iron oxide system in
the 0.108 m column equipped with a 19 mm single probe and the experiments
are conducted in the semi-batch mode. The hy, values are plotted as a function
of air velocity at a constant temperature of 313 K in Fig: 4.26. The two-phase and
three-phase hy, values correspondmg to the lowest concentratlon of solids are
almost identical and hence only the latter results are shown in Fig. 4.26. The
hyy values increase with air velocity and approach a constant value at higher air
velocity values. At a g_iven air velocity, hyy value decreases with increase in
slurry solids concentration. These qualitative trends apply only to the range of
variables covered in Fig. 4.26. .

Results similar to those of F:g 4.26 are displayed in Fig. 4.27 for red iron
oxide powder of mean diameter 2.38 um. The qualitative features of these data
are the same as those of the powder of 1.02 pm. These results are also in
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Fig. 4.26. Variation of heat transfer coeffident with air velocity at three
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complete accord with the results of Fig. 4.26 and follow the same qualitative
trends of variation in relation to air velocity and slurry concentration. The
experimental hy, values are presented in Table 4.17.

Similar data are obtained with a seven-tube bundle in the semi-batch mode
for decreasing air velocity [130]. The measured heat transfer coefficient values for
the central innermost tube in the bundle are graphically displayed in Fig. 4.28 as a
function of air velocity. Concentrations of iron-oxide :(meah particle diameter
1.02 and 2.38 pm) in water having the values of 0, 5, 10, and 20 weight percent in
the slurry have been investigated. Repetitive runs have been made for the
air-water system and the shaded area in Fig: 4.28 represents the range of
maximum variation. The continuous curve is a smooth plot through the
experimental points. This figure clearly demonstrates two interesting qualitative
results. First, hy, increases with increase in air velocity for both two- and three-
phase systems. The increase is rapidrixi the beginning but slows down as the air
vélocity is increased. Secondly, the hy, values do not significantly change with
the addition of iron-oxide in water; but as the concentration of the powder
increases in the slurry the hy, values decrease at a given-air velocity, Ug . The
most concentrated slurry for 1.02 um powder has hy, values which are about 6
percent smaller than the .corresponding two-phase values at higher air velocities.
The data for 2.38 um size powder slurries (0, 5, and 10 wt.%) show negligible
influence of slurry concentration on hy, . g

In Fig. 429A, these data are dlsplayed to hlghl:ght the mﬂuence of particle
size, dp ,on hy, for relatively dilute dispersions. No effect on hy, is evident.
This is understandable when it is recalled that heat removal occurs via liquid or
slurry elements and the rheology of such dispersions is not likely to be
influenced appreciably by changes of the solid phase propertles by as small
amounts as involved here. ‘

Lastly in Fig. 4.29B, h,, values for the tube bundle are compared with the
single tube values for otherwise u'n'd[er’iden‘t’ical conditions for the slurries of two
powders. It is interesting to note that the tube bundle configuration leads to hy,
values- which are about ten percent larger than the corresponding single tube
values. It appears that the bubble size is smaller and liquid mixing is better with
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Table 4.17. Experimental hy (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. - |

Slurry Cs\Ug 0.108 0.145 0.181 0217 0.253 0289 0325 0.362

honOxide 108 550 570 580 610 610 615 610 625

(dp =1.02pm) 238  4.84 510 520 564 560 < - 575
404 375 415 440 443 460 475 493 502

lron Oxide 107 525 550 560 580 585 600 610 620
(dp=238um) 231 480 495 515 520 550 550 560 5.0
383 385 410 435 440 460 460 465 470

Magnetite o 550 567 58 597 607 615 618 622
(dp = 43.6 um) 107 615 600 620 640 650 650 680 650
167 570 600 625 650 645 650 675 7.20
258 585 615 640 660 655 710 680 670
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slurry.
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the tube bundle in the column in comparison to the case when only a single

probe is present.

4.45. Air-Water-Glass Bead System

Heat transfer coefficients between a 19 mm diameter vertical axially located
probe and slurries of glass beads of different sizes (50.0, 117:6 and 143.3 pm) and
concentrations (108-312 kg/m3) are measured in the semi-batch mode in the
0.108 m bubble column and are given in Table 4.18. The variation of hy, with air
velocity and a slurry concentration of 0.104 kg/m3 for 50.0 and 117.6 pm particles
are shown in Fig. 4.30A and 4.30B respectively. The results indicate that h,,
values for -t.hree phase systems are greater thar' for the corresponding two-phase
system valués. 7 |

h, values are measured for three solids concentrations for dp, = 143.3 um

“and Cg = 104, 214, and 312 kg/m3 as a function of air velocity and are shown in
' Fig. 4.30C. The qualitative trends observed for the two other particles are further
confirmed here. hy, values increase with an increase in air velocity and approach
to a constant value as the air velocity is increased. At the same air velocity, hy
increases with an increase in solids concentration. The average increase over this
velodty range, with an increase in Cg values is about 5.5, 8.5, 10.0 percent from
the co}responding values for Cg = 0. It would thus appear that the increases in
the Cg values cause lonly a small increase in the hy, values. These S‘mall increases
in hy, values also suggest that probably the individual phases do not play an
important role in altering the heat transfer rates. This is further discussed later.

- The effect of dp on hy, is explicitly displayed in Fig. 4.31 where the
experimental data are plotted as a function of air velocity for all the three
particles at a constant value of Cg = 104 kg/m3 and T = 313-316 K. It is clear that
the dependence of pérticle size on hy, in the size range investigated here (50.0 to
143.3 um) is negligibly small when it is recalled that the estimated uncertainty of
" hyy values is about + 4.5 percent.

A similar étudy with a seven-tube bundle revealed negligible influence of

“slurry concentration on hy, for a given particle size. The results are presented in

Fig. 4.32. A cross plot of hyy as a function of Ug for different particle sizes at 10
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Table 4.18. Experimental h, &W/m2K) values for air-water-glass bead
system at 315K. Column diameter: 0.108m, internal: 19mm single tube.

Alr Velocit - dp=143.3 pm
(m/ss) | G Og/md G, (kg/m?)
=Q =104 =214 =312
0103 552 5.66 584 584
0173 577 620 628 6.44
0.245 6.18 636 6.60 672
0.281 6.04 6.53 6.68 6.76
0353 6.20 6.60 6.78 6.92
Alr Velocity dp=50pm dp =90 jam
~(m/s) Cs (kg/m?)
=Q =108 =104
0.103 5.52 5.68 5.65
0.173 5.77 6.20 5.95
0.24% 6.18 660 6.45
0.281 6.04 6.68 660
0.353 6.20 6.72 660
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wt.% solids concentration is shown in Fig 4.33. It is of interest to note that
particle size has negligible influence on hy, for a seven-tube bundle and this
result is similar to that observed for a srngle tube (Fig. 4. 31) The smoothed hyy,
data are given in Table 4.19. '

4.4.6 Alr-Water -Magnetite System

A more exhaustive study of heat transfer is conducted with a 19 mm axially

located single probe in the 0.108 m bubble in the semi- batch mode. The measured
values of heat transfer coefficient for the air-water-magnetite system as a
function of air velocity, particle size, and solids concentration in the slurry are
- reported: here through typical plots of Fxgs ‘434A-F. A cntlcal exammahon of
these figures léad to the following general conclusions.
(a) A comparison of the heat transfer coefficient values for the two-phase (air-
water) and the three-phase (air- water- magnetite) systems is mtereshng in as
much as the latter values are greater than the former values at the same air
velocity. The differences in the two sets of values; are relatively more
pronounced at higher air velocitie's For air velocities less than 0.08 m/s, the
deviations are usually within 3 percent wh1le for larger air velocities the
deviations are usually in the range 5 to 7 percent except for the case 90.5 pm
particles where it is about 13 percent. . '

This qualitative trend of heat transfer coeffncrent values can be well
understood on'the mechamstlc pxcture of the heat transfer ‘process. It is generally
believed, and our exper1ments on temperature history of a heated element in the
dispersion have confrrmed that heat removal from an immersed surface is
carried out by the elements of dispersion which visit the heat transfer surface in
a periodic fashion. Depending upon the degree of bubbling and/or turbulence in
the column, these elements periodically and continuously visit the surface and
exchange thermal energy while in contact with the heated surface. The amount

of energy removed depends upon the properties and residence time of these

- elements -at the surface. From the three-phase system, these drspersmn elements

have magnetite particles which by virtue of their large thermal conductwrry (70
W/m K) in comparison to air (0.026 W/m K) and water (0.6 W/m K), and large

137



Hest Transfer Coefficient, kW/mEK

' hd L] LS i L - N . L] il Ll i
A fre] £l e
- . - ’ Tr a— - -
! //"r’— el ’ﬁ/‘
./ E (Y
) .‘/- o E (14 N 1
I /n 3 A
b /}, ’ ‘ ' 3 ';‘
] 5 s} . / B o
[ 1 4 - E
E ’ L
Alr-Water-Glass Bead System . 2/ Air-Water-Glass Bead Sysism
ap e 309 K - § -8 a4t & 305 K )
’ W 7TB 50 pum (5%} * a 7TBHI9 um (5%)
[ e 7TB S0um (10%) " * TTBII9 um (10%)
A - i Il " L P L . 3 A . b & L L
:u.o 0.1 0.2 0.8 T 04 0.8 a.0 0.1 0.2 0.3‘ 0.4 0.
Velocity,m/s ~ Velocity,.m/s
s —r— S—
c 7 .
» L. a
5%
E 5l ,g.-—'-*'i""'l =
3 - : ‘/' * e
= | . R
r Y o
3 st ' "’;,o ‘ i
5 o |
3 y
. & st Alr-Watar-Glasss Beaad smm'
$ o ]
B B 7TB 143 ym (5%)
g 4l ® 77T 143 um (10%)
i p & 778 143 pm (20%) ‘
[ o 7TB 143 ym (30%)
3‘ . M o i M A_I‘A A .
0.0 0.1 0.2 0.3 0.4 0.5
Velocity,m/s ‘

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

138



1L ors 059 ) %9 L 0L ®L "9 %9 9. oo
orz we vy 99 %9 17" 0L e oy §3°9 0y %0
v 7 569 3 o9 w9 w: | we | ore | @y | ow9 0e9 60
%9 ) 179 s9 ) ws |. wy WL e | w9 w9 0
08y ) a9 @ | w9 | & | o9 | ey | w9 | e | s 2)
09 oy . 06§ o9 | 9 009 sy | w9 oS 9 0 | o
%y %9 s %9 059 o wy | o5y s 619 ws | 9o
wy %S ®©5 009 w9 @y | o06s §19 s (24 s | o
"3 05's %y 05s 07's 05's s s “r | ors s 800
Y owr | om wy 06y SCY sy swr | or | s | ov | wo
oy owor | ost s6¢ | ooy oy oy wy | we | ose osc | wo
umd gpi’s11°0s | wrl gvi'6nt Cwmos o oru | aory | aamy] aory | wory | oy | aomy c.a! .
@ oy WMy wr €31 w611 wr 0g o ak Ao
(%IMOT) speag SSeLO-SNeM-ITV (%IMO1) speag ssepD-s2leM-1TY . . iy . ay

'3lpunq aqni-uaass pue aqny ajduis wnu a 'S[euwIayuy
‘Wt gL' ._ouoEa__u uwniod  Meos E Ew,mhm peaq sse|3-1djem-Ire IOJ SANJeA (Mpwl/ 35 My pagioowss "6y alqel,

138




A o  Air-water-magnetite
! ,DC=O.108m
— 19mm Single probe
N/ I | -
A |
2
%
“x AR WATER
O 357 20%
O 49 10%
2 ) "._' . 1 N . ll .' 1 _. - -
u.0 0.1 .02 0.3 0.4
. Ug (m/s)
8 e l' S . T —r =T —T
B Air-wa;er-magnetite |
DC = O]OBm
- J19mm Single probe
N4 Qg 8
o g , N
E 6 8 ? x x
S
3 xx
4 XX
e x
S AF x -
. o x AIR WATER
x 0O s58um 10wt%
( O 58um 15wWt%
2 _—y I .‘ i 3 g 1 "
u.0 0.1 02 03 0.4
Ug (m/s) .

Fig. 4.34. Dependence of hy, on Ug and wyg for magnetite particles of different
sizes. '

130



8 T . T — —
| C Air-water-magnetite
7 Dg=0.108m 4
- 19mm Single probe
% 6 F @) 9 4
£ g x
~.

g rsg& _ {
£ 4f ]
| x AIR WATER

| O 69um 10wt% |
X - O 69um 20wWt%
2- i 1 , 1 - . _
u.0 1 0.2 0.3 0.4
| | Ug(m/s) |
5 D ' | Airj-Watér—mTagneﬁite
- : De =0.108m
Igmm Single probe
o , & &
o 6F o
2 g 8 B &
S
g x>
X, X
.r.:3 ar ) x AIR WATER .
0 90.5um 10wt% -
0O 90.5um 20wt%
[ * @ 00.5um 30wt%
2‘ Ny 1 i
u.0 0.1 0.2 0.3 0.4
U (m/s) '

Fig. 4.34. Dependence of hy, On Ug‘ and wg for magnetite particles of different

sizes.

141



h,, (kW /m?K)

hy (kW/ mZK-):

A-i,r-water-magnet'-ite'
Dc =0.108m
19mm Single probe

PLE

AIR WATER
115.5um 10wt%
115.5um 20Wt%
115.5um 30Wi%'

e O[] x

1 . 1

:

]

0.1

0.2 0.3
Ug (m/S)

0.4

Air-'water-m"agnet'ite
Dc=0.108m
18mm Single probe

x AR WATER

0

@)
)

137.5um 10Wi%
137.5um 20Wt%
137.5um 30wWt%

0.1

0.2

0.4

2 . .
v.0 0.3
. Ug(m/s)

Fig. 4.34. Dependence of hy, on Ug and wg for magnetite particles of different .
sizes.

142



1',1"‘1“"'11ﬁ1“‘11'I‘I_"ll"]I'UI‘I

l_‘llllll‘lllllLlAlll‘l

F o'

4 o

NE S. AIR-HATER-MAGNETITE

N . CURVE  d pn

=< 6 1 98,7

ff 5 2  %8.0 .

3 4 _3 69.0 3

c %3 4 - 90.5 ]
A S 115.9 3
v 3 137.5 -

3. ,

S A I Ui I
B8 . 8.1 " 8.2 8.3

Fig. 4.35. Dependence of heat transfer coefficient on partlcle dlameter in the
slurry as a f-uncnon of air veloaty

143



volumetric heat capacity are relatively more efficient in removing.thermal
energy at a faster rate. Note that this process is even augmented by the
omposmon of the liquid elements in three~phase systems as for such systems
the air holdup is smaller than for the corresponding two-phase system (gas-
liquid only) at the same air velocity, as discussed above. The smaller holdup
~ implies relatwe]y larger bubbles in the column and these could create more
turbulence and hence shorter residence tlme of the 11qu1d elements at the heater
surface. as a result the heat transfer coeff1c1ent will increase.
(b) Frgures 4.34B-E portray the mﬂuence of slurry concentratlon on heat
: transfer coeff:aent for a given partrcle size as a function of air velocity. It appears
that the effect of slurry concentranon on heat transfer coefficient is particle size
dependent and it is more for larger particles. For slurries containing particles
smaller than about 100 Hm, the effect of slurry concentration is small for the
range 1nvest1gated here and no systematlc trend is obv1ous The heat transtfer
coefficient values may be represented by an average curve havmg a deviation of
less than + 3 percent For slurries of particles greater than 100 um, the heat
transfer coefficient initially increases with the increase in solids concentration (10
to 20 Weight percent) but thereafter further increase (20 to 30 weight percent)
~ produces only negligible increase in the heat transfer coefficient values. Usually,
::th1s increase in heat transfer coefflcrent with the initial increase in _solids
concentration is ‘more at hlgher gas velocmes and decreases, with decrease in gas
velocity. _ _ A

This small mfluence in sohds concentratzon in the slurry on heat transfer
coefflaent can be explamed on the basis that increases in solids concentration in
the dispersion element does not 51gmf1cant]y alter and improve the effidency of
heat transfer. The heat transfer 'rate process is determined by the relative
contributions of two cdmpeting processes; Viz., the residence time or renewal
" rate of the dispersion element which alters those physical properties which are
basically effective in removing heat. At lower gas velocities, the former has more
significance and hence the composition of the element does not alter the heat
transfer rates. At higher ges velocities the latter is relatively more important and
hence veriaticm in slurry concentration .shows a greater influence. However, it

appears that the dispersion element properties in general have a smaller
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contribution on heat transfer rate after a oertam concentrahon of sohd is reached
" in the dispérsion element. ' '

 (c) The effect of magnetite parucle diameter i in slurry on heat transfer rate at a
given air velocrty is exphcrtly d.rsplayed in Figs. 4.34A-E, and 435 In the latter
‘plot for slurries of different part:cle sizes, the data refernng to either 20 werght
“percent or to the mean of 20 and 30 weight percent are plotted. A very weak
dependénce on particle diameter is evident and the maximum variation in the
" heat transfer coefficient values is about 4 percent for all partrcles studied here. A
more closer examination suggests inconclusive but probable trend that heat
' transfer rates ‘may mcrease shghtly with mcrease in slurry partrcle size. The
rnagmtude is within the range of our expenment error (_ + 4.5 percent) and hence
~ our present effort is incapable of conclusrvely establrshrng this small trend wh1ch
“is probably real. The symptom of this trend is presentrm our data by a small
systematic difference in heat transfer coefficient v=a.1ues when slurries of different
particles sizes are studied in a consecutive order. The smoothed hw data values
| for a given dp, and Cg are given in Table 4.9. '

* The experimental data and the observed trends as explamed above point to
the fact that the mechanism of heat removal is by the elements of dispersion
- ‘which periodically visit the heat transfer surface. The role of solid parucles in the

dlspersmn element though not insignificant in mﬂuencrng the heat transfer
‘rates, is also found to be only of secondary importance. This conclusion is based
“on the observed effect of solids concentration and particle size on heat transfer
rates. This would also suggest that the heat transfer process is not'b)} direct
participation of the solid parricles but only through a dispersion element which
is composed of all the three phases present in the column It is, therefore,
inferred to develop a mechamstrc theory of heat transfer from an immersed
surface in a slurry bubble ¢olumn along this line by defrmng as best as. possible
the'likely changes of thzs element propertres with changes in the propertres of
~ the three phases. o '

' The heat transfer coefficient data [129] corresponding to seven-tube bundle
and slurry concentrations of 10 and 30 weight percent are shown in Fig 4.36. The
“heat transfer coefficient has a small dependence on the concentration of solids in
the slurry. The two-phase data for thé air-water system are also shown in this
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figure. These data collectively interpreted seem to suggest that the heat transfer
coefficient decreases slightly as the concentration of solids ‘in the slurry is
increased. The influence of slurry concentration is more explicitly displayed in
Fig. 4.37. In both cases we find that the dependence on particle diameter is weak,
if any. The continuous curve represents the mean values. Also shown in these
figures are single tube data which are also independent of particle diameter. The
shaded area represents the scatter of the data. The recommended experimental
data are given in Table 4.20. The single tube data are systematically smaller than
the tube bundle data. A quantitative interpretation of hw in terms of bubble
coalescence phenomenon including entrance effect, and its'r,ole in heat transfer

process will be presented later in Section 5.4.

4.4.7 NitrOgen-Thermingl-Red Iron Oxide System

Heat transfer studies are conducted in the semi-batch mode in the 0.108 m
column equipped with one of the three different single axially located heat
transfer probes of diameters 19.0, 31.8 and 50.8 mm or a seven-tube bundle.
Therminol, fine red-iron oxide powder (1.7 um) and nitrogen gas are used as the
three phases. | '

A detailed preseritation of hy, in Fig. 4.38 shows its dependence on Ug and
C; for the four internals. The h,, values, in all cases, increase with Ug and Cg.
The increase in hy, with increase in Ug is rapid for Ug < 0.1 m/s and hy, attains
almost a constant valge at Ug > 0.2 m/s. The influence of Cg on hy,is nominal at
lower concentration, but is significant in some processes since higher
concentration levels result in higher conversion levels in an. actual plant
operation. | .

To examine the effect of the nature on hy,, the data for 50 wt% are shown in
a cross plot in Fig. 4.39. The dependence of hy, on the geometry of internals
appears to be somewhat involved and the results are similar to their
~ corresponding two-phase data shown in Fig. 4.25 and Table 4.21. The marked
dépendence of hy, on the size of internals (hyy for 19.mm is greater ma.n"_SO.S or
seven-tube bundle) is attributed to the existing liquid drculation pattern which is
restricted in case of larger size internals.
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Table 4.20. Smoothed h. &W/m2K) values for air-water-magnetite
system at 309K. Column diameter: 0.108m, Internal: Seven-tube bundle.

hw&W/mZIO
U, (m/s) | Al Sizes 37.5,905, 137.5 um
| 10wt% J0wWt%
0.025 . 380 = 410
0.05 465 5.00
010 . 560 | 590
ons 615 | 6.40
020 6.45 6.80
025 | 55 7.05
©0.30 665 210
-0.35 6.70 715
0.40 6.65 : 7.10
0.45 . 660 | 720
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