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IV. AXIAL SOLIDS DISTRIBUTION - ' .

Knowledge of axial solids distribution is essential to properly design a slurry bubble
column.reactor. The distribution of solid particles in a bubble column reactor has an
effect on reactant conversion and may affect product selectivify (Bukur and Kumar,
1986; Smith and Ruether, 1985). Operating conditions (i.e. gas and slurry velocity),
physical properties of the liquid medium, particle size and density, and_ column diameter
influence the axial distribution of solid particles‘ in a sfurry bubble column reactor.

In this study, the effect of particle size and type, column diameter, slurry velocity
- and gas velocity on axial solids distribution was examined. The semi-infinite dispersion
model presented by Smith and Ruether (1985) was used to analyie our results. The
theory (semi-infinite dispersion model), a summary of the average solids concentrations
in the bubble column and storage tank during each run, and results (i.e. axial solids

distributions and axial solids dispersion coefficients) from our studies are discussed.

Semi-Infinite Dispersion Model

Several variations of the one-dimensional sedimentation dispersion model, based on
different frames of reference, are available in the literature. The model presented by
Parulekar and Shah (1980) is based on the cross—sectional area of the column; whereas,
the models by Cova (1966), Kato et al. (1972), Smith and Ruether (1985), and O'Dowd
et al. (1987), are based on the cross—sectional area occupied by the slurry phase alone
(i.e. the area associated with the gas phase is not included). More recently, Murray and
Fan (1989) developed a mechanistic model to describe the solids distribution in slurry
bubble columns. In the present analysis, the model presented by Smith and Ruether

(1985) as used to analyze our experimental data. Their one-dimensional dispersion

-
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model is given by

P2 NP SR S VY S
6x[hexp 6X]+5XH(1_€S) ¢t"“"P Csl = hexp I (4.1)

where x is the dimensionless height above the distributor (based on the expanded height,
hexp). Es is the axial solids dispersion coefficient, Cs is the solids concentration in the
slurry, ug, i1s the average slurry flow rate, up is the hindered settling velocity of the solid
particles, &, is the volume fraction of liquid in the slurry, and t is the time. The solids

concentration in the slurry, Cs is defined as
Cs = wspyy (4.2)

where ws is the weight fraction of solids and pyy is the density of the slurry.

Since the volume fraction of liquid in the slurry, &, does not vary significantly with
axial position (less than 3% for our experiments), an average value may be used and is
defined as: ‘

?ﬁ =(1- S_i) (4. 3)
Ps ' ‘
where ps is the density of the solids and T is the average solids concentration in the
slurry and is given by

2G5V

C= 'V i=1toSandj=i+1 (4.4)
T A

where V1 is the total volume of slurry, V;J- is the volume of slurry between pressure
ports i and | (see Figure 2.9) and Csij is the solids concentration in the slurry between
pressure ports i and j. Note, j = 6 corresponds to the top of the column. The total

volume of slurry is

V= hexp(1 = €g) (4.5)
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where hexp is the expanded height of the dispersion and eg is the average gas holdup in

the column. The volume of slurry between pressure ports i and j is
Vj=4hj(l-e) i=ltoSandj=i+1 (4.6)

where Ahij is the distance betweeh pressure ports i and j,andy.sg,ij is th,e axial gas holfigp
in the ij section of the column. |

- For batch experiments (i.e. uy, =0) at steady stavte_(n»ol"time derivatives), and
assuming no dependency of &, on height, Eq. 4.1 reduces to

) [ -E¢ 6Cs] -8

ey 5] B [djl“PCS] =0 @

~Equation 4.7 may be. mtegrated twnce to yleld

For the semi—infinite dispersion model, the boundary condnhons are glven by Cs = 0
as x approaches lnflnlty and Cs =CB for x=0, where CB is the concentratlon of sollds
at the bottom of the dlsperswn Apphcatnon of these boundary condltlons to Eq 4.8
yields: ‘ L _
Cs = CBexp [_h;xpfg;—:x] ) o (4._9)
Solids -concentration vs. - axial position data can now .be used to obtain estimates. of
%E and the concentration of solids at the bottom -of the column, CB, using regression
analys:s

For continuous slurry flow, the SOIUthﬂ to Eq 4.1 s:

Cs—(CB+a)exp[ (upfﬁg—use) hexp ] a | .' (4.10)

Ct . oy
—-s; = .
where a= A -and uy, = zl—ig— The quantity Cf is the concentration of solids in

the feed (or storage tank). It is assumed that no settling occurs in the feed stream (i.e.,
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at x<0, u'p =0.0 and"%—(s = 0.0). In developing Egs. 4.9 and 4.10, it was assumed that
the gas holdup did not vary with axial position. The assumption of an axially uniform
gas holdup holdup profile leads to the assumptions of a constant (i.e. no axial variation)
dispersion coefficient and a constant hindered settling velocity. With the exception of
experiments in which foam was produced, axial gas holdup profiles were fairly uniform
(see Figures 2.14 and 2.15). The model also assumes a uniform particle size.

A variety.of approaches may be used to obtain values for up, Es. and CB (see
Eq. 4.10). Kato et al. (1972) assumed that E5 and up were not affected by slurry
velocity, u,. Théy used the quantity EEE‘EEE obtained from batch experiments (see
Eq. 4.9) together with two points taken from a smoothed plot of concentration versus
axial position (continuous experiment) to obtain a value for 51&«:2 from which E; was
calculated. Then sﬁbstituting the val.ues of E; and hgxp in;o EEE:—’B a value for up was
obtained. On the other hand, Smith and Ruether (1985), used non-linear regression
analysis of Eq 4.10 to obtain Eq, Qp. and 8. | |

For batch experiments, up and Es are not ﬁeparable, and in order to obtain axial
disrpersion coefficients, one must assume values for the hinderéd settling veloti'fy of the
solids, up. There are various cprrelations available in the literature for estimating the
hindered settling velocity (e.g. Kato et al., 1972; Smifh and Ruether, 1985; Zigrand
and Sylvester, 1980; and O'Dowd et al., 1987). The correlations proposed by Kato et
al., Smith and Ruether, and O'Dowd et al. are all of the form

up = au?gﬁ@d ' ) (4.11)

where uy is the terminal rise velocity of a single particle’in an infinite medium. The
numerical values of constants (a, b. ¢, and d) in Eq>. 4.10 are (1.33, 0.75, 0.25, 2.5) for
Kato et al., (1.91, 0.8, 0.26, 3.5) for Smith and Ruether, and (1.69, 0.8, 0.23, 1.28)

for O’'Dowd et al. correlation. -
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Several correlations have been presented in the literature for predicting axial disper-

sion coefficients. The correlation proposed by Kato et al. is:

_ 13Frg(1 +0.009Rep Frz08)

p 4.12
° T+ 8Fr%5 (4.12)
The equation presented by Smith and Ruether is:
Fr640.114 ;
Pe, = 9. 6[@] +0.019Re} ! (4.13)

and the equation presented by O'Dowd et al. for an unbaflled bubble column is:

ﬂ_g Q.098 11 _
Pe, = 7. 7[ Res] +0.019Re}:  (4.18)
wh‘ere Pep = g!&m.l, Reg = ELCLC?J.&, Frg. = ;dco|" and Rep = gﬂ% »The terms

containing Rep in Egs. 4.12 to 4.14 are correction factors which take into account
particle size. Due to insufficient data with different size particles, O'Dowd et al., used
the correction factor presented by Smith and Ruether. Murray a_,ntd Fan (1989) also
presen‘tedian empirical correlation for priedictiq_g axial solids dispersion coefficients, Es;

however, their correlation does not take into account the_ effect of column diameter.

Summary of Solids Concentra;ions in the Column:and Storage Tank

As mentioned in Chapter I, slurry samples were withdrawn from the storage tank
and column during three—phase experiments. Table 4.1 contains the nominal solids.
concentration for each run, as well as the range of average solids concentration in the
column and in the storage tank during each run. Also shown in Table 4.1 is the total
amount of solids charged in the storage tank and the total amount of solids accounted

for during each experiment. The experiment numbers given in the first column of Tables
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4.1a (0.05 m ID column) and 4.1b (0.21 m ID column) correspond to the experiment
numbers given in Tables 2.4 and 2.5, respectively.

For experiments conducted with small particles, the solids concentrations measured
in both the storage tank and column were usually within 3 % (absolute) of the desired
(or nominal) concentration. However, very low solids concentrations were observed in
both the storage tank and bubble column during our initial continuous experiments with
large iron oxide particles kexperiments 19 and 20 in Table 4.1a) in the 0.05 m ID column.
FolloWing these experirr.me'nts, the entire system was inspected and approximately 50% of
the initiél amount of solids charged in the storage tank was recovered in the expansion
~ unit. The expansion unit was modified to reduce the amount of settling (see Figure 4.1).
Partitions were added inside the expansion unit to minimize the surface area‘a‘vavilable
for the deposition of solids. Experiments 26 and 27 were conducted with large iron oxide
particles at superfiéial slurry velocities of 0.02 and 0.005 m/s following the modification
of the expansion unit. There was some settling of solids during these 'exbériments;
however, the amount of s;ettling' was substantially less than that previously observed
(i.e. the solids concentration in the column was 18 - 19 %). During experiment '27'(usé
= 0.005 m/s), the overflow line from the expansién unit to the calibration chamber
(see Figure 4.1) plugged during the last gas.velocity (i.e. ug = 0.02 m/s), and the
solids- concentration in column dropped considerably(i.e. ws (column) = 19.2% at'ug
= 0.04 m/s and 9.3 % at ug = 0.02 m/s). Also, during this same experiment solids
concentrations in the storage tank were very fow (i.e. 6.9-— 8.4 wt%). Similar results
were obtained during the experiment with SASOL wax and large iron oxide particles at
a slurry flow rate of 0.005 m/s (see results for experiment 33 in Table 4.1a).

Solids accountability (large particles) was substantially better for experiments con-
ducted in the large diameter column, with the exception of experiments 15 and 16 (see

Table 4.1b). The solids concentration in these two experiments (both in the column and
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Table 4.1a. Summary of Solids Concentrations for ‘Experi‘meﬁu
in the 0.05 m ID Bubble Column

EXP. us SOLIDSY NOMINAL CONC AVG CONC  AVG CONC AMOUNT AMOUNT ACCOUNTED

No. /IN COLUMN IN TANK CHARGED TANK+COLUMN
© o (m/s) (WT %) (WT %) (WT %) (g) (g)
4 0.005 1 10 9.5-10.0 N/A 1900 N/A
L) 0.02 1 10 8.9-9.5 N/A 1900 N/A
6 00 1 10 9.5-10.2 N/A 1900 N/A
7 0.008 1 20 16.4-17.4 15.8-17.4 3910 3000-3100
8 002 1 20 17.3=17.7 . '16.9-18.3 3910 3400~ 3600
$ 0.0 1 20 18.5-19.1 19.4 3910 3200
10 0.005 1 30 284289  27.9-29.3 7282 6220-6300
11 0.02 1 30 28.5-293 | 27.6-28.6 7282 6300—6500
12 00 1 30 290.2-296  28.5-29.1 282 6325-6370
13* 0005 2 10 3.0-5.0 3.0-5.0 1768 200-650
14 0.005 3 10 9.2-10.5 8.6~94 1766 1410-1580
15 0005 - 3 20 18.9-200  18.8-192 P17 36003800
16 .0.02 3 20 17.2-18.6 18.1-19.1 4284 3400-3700
17 0.0 3 20 18.0-20.0 17.68 4284 3300=3400 .
18 0.005 3 0 26.3-28.1 25.1-27.1 7926 $100-5500
19 0.005 2 10 2.5-36 1.2-17 1816 230-370
20 0.02 2 10 §.3-6.5 4.2-52 1816 680-840
2 0o 2 20 21.4-24.0 21.2 4103 3871-3960
2 00 ‘ 20 7.5-8.2.202° 183 2800 2741
2 0.0 2 20 10.16=17¢ 19.3 4540 4120
26 0.02 ) 20 17.8-19.5 15.6~170 4540 3600-3730
27 0.008 2 20 9.21-22.¢9 6.9-8:4 4540 1780-2725
28 . 00 4 20 '17.8-18.7 19.4 3280 3050
31 0.005 1 20 17.0-21.3 17.2-18.2 1936 3180-3540
32 00 2 20 18.3-22.6 18.5 3973 3820
33 0.005 ) 20 14.6-18.3 9.9-108 973 2032-2086
34*  0.005 2 20 N/A N/A N/A

3973

% 1:0-5 um iron aude
2. 20 = 44 um ron oxide
30-5umulia
4: 20 - 44 ym ulicn

20 wt% at ug = 0.12m/s

€10 wt% at ug = 0.02 m/s

d 9 wih-at Ug = 0.02m/s

* Pump shut down duning the expenment
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Table 4.1b. Summary of Solids Concentration for Expenments
in the 0.21 m ID Bubble Column -

- e ]
EXP. Uy SOLIDSYT NOMINAL CONC  AVG CONC - AVG CONC ~ AMOUNT AMOUNT ACCOUNTED

No. - =~ ’ © INCOLUMN  IN TANK ~ CHARGED TANK+COLUMN
(m/s) (WT %) (WT %) " (WT %) (g) (s)

6 00 1 10, . 9:7-101 9.2 13620 13260

7 00 1 20 18.0-19.9 20.6 30418 30640

8 0005 1 20 20.2-20.7 20.4-20.9 30418 28550-29940

9 002 1 .20 20.2-212 | 209-21.2 30418 ' 28400-30300

10 00 1 20 19.0-21.2 - 203 30418 - 29680 -

11 0005 1 20 20.3-21.0 19.7-21.1 30418 28500-29140

12 00 1 20 20.4-22.1 -19.5 30418 ©o2m310.

13 00 1 30 . 29.0-30.7 28.7-29.9 an216 4580044970

14 0005 30 29.3-30.3 29.5-300 . 47216 39400-43400 :

15° goos 2 10 6.4-85 71-7.5 14272 8210-10120

16> 002 2 100 0677 22-86 142m2 1900-5160

17 oo0. 2 20 17.2-22.2 211 Coa01e . 41467

18 0005, 2 20 - 20.9-249 . 18.0-20.9 41016 134310-39770

19 002 2 20 S 227=237 . 207-224 41016 4041041100

20 00 . 2 20 185229 . . N/A 41016 N/A -

21 00 2 20 14.9.23.0~24. s‘ N/A 41016 N/A

2 o0 2 30 365374 - 294 68710 63823

23 0005 2 30 ©34.3=35.1 30.5-32.1 68710 59750-69240

24 002 2 30 . 33.1-36.6 324-349 68710  59750-69240

26 00 4 20 23.7-26.7 . 238 37358 c " 39400 .

27 0.008 ‘ 20 ; 19.0-201°  19.9-21.6' 37388 31900~34100 -

28 002 4 20 ,18.3-23.0 19.5-21.8 37355 31970-34400

29 0005 4 30 336354 334340 60764 6089062470

3 00 2 20 13:0°204-21.2  N/A 30645 » N/A -

34 0005 2 20 v 17.2-207 . 13.7-174. . 3064 . 21550-27704
2 20  15.85.19.9-215 14.4.18.0-19.7 13709 25320-35650

s 0.005

31 0-5umiron ande
2: 20 = 44 um ron omde
4: 20 - 44 um silica
b Poor solids suspension in the storage tank : :
¢ Low wolids concentrations at ug = 0.02 m/: was due to settiing in the bonom of the eolumn i
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-
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TOP VIEW -

I \ 8’ To Calibration
S | Unit

FIGURE 4.1. Schematic diagram of modified expansion unit.
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storage tank) was considerably lower than the nominal wt% solids. After these runs, the
system was shut down and inspected. It was found that the majority of solids had set-
tled at the bottom of the storage tank. In order to improve mixing in the storage tank,
a new propellier was installed. Following this modification, solids concentrations in the
storage tank and bubble column were similar to the desired (or nominal) concentration.
During three of the experiments with large particles (i.el. experiments 21, 33, apd 35in
Table 4.1b), solids settled in the bottom of the column at a gas velocity of 0.02 m/s.
Since we were unable to account for these solids, the measured solids concentrations in
both the bubble column and storage tank were low at this gas velocity.

Following each batch of experiments, the slurry (wax + solids) was removed from
the system and weighed. For experiments in the small column, approximately 90 -
95% of the slurry charged Was recovered. And, for experiments in the large column,

approximately 95 — 99% of the slurry charged was recovered.

Results and Discussion

Solids concentration profiles obtained from batch experiments in the 0.05 m ID col-
umn with large (i.e. 20 - 44 um) iron oxide and silica particles were analyzed using the
one—dimensionalvsedimentation dispersion model to obtain axial solids dispersion coef-
ficients, Es. Due to operational problems with both the pump (i.e. inability to maintain
a constant flow rate) and settling of solids in the expansion unit, solids concentration-
data from experiments conducted in .the continuous mode of operation i>n the small
column were not analyzed. Data from both batch and continuous (one) experiments in
the 0.21 m ID column with large particles were analyzed to obtain axial solids dispersion
coefficients.

Regardless of the slurry flow rate, particle type, or column diameter, axial solids

distributions were fairly uniform at all gas velocities for experiments conducted with
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small (i.e. 0 - Sum) p‘a_r‘_ticlesi vFig‘uresl _4.2_a and,.4.2;b 'shoz\)y’axia__l_éblids concentrations
(wt%) from batch experiments conducted with slurries’ c.ohta_in‘in‘g 20 wt% small iron
oxide and small silica particles, respectively, in the 0.05 m ID column. The decrease in
axial solids concentration-at a height of 2.2 m is due to the inability of the foam to
suspend the solids. Solids concentrations from a batch experiment with 0 — 5 um iron
oxide barticles (20 wt%) in the 0.21 m ID column are shown in Figure 4.2¢. Axial solids
concehtfatiioﬁs fo.rbex.p:eriments with smal’ particles varied by less than 2 Wt% (actual)
across the entire. cldllen during -all continuous experiments.

Solids concentration profiles from batch experiments with 20 wt% 20 --44 um
iron oxide and silica particles in the 0.05 m ID column are shown in Figures 4.3a and
4.3b, respectively. During these experiments, significantAgrédients in the axial solids
distribution were observed. Our results from the continuous experiments with large
iron oxide particles show that a slight upward slurry velocity (0.02 m/s),sigﬁificanﬂy
improves tﬁjé {suépénéicin of solids (see Figure 4.3c). During this experiment, there were
some problems witih the pump, and the actual slurry velocity ranged from approximately
0.01t00.03 m/s. How_ever, these results indicate that solids suspension, which does not
show any noticeable’.i'mprovement when gas velocity is increased (see Figures 4.3a and
4.3b) improves significantly with the introduction of a-small upWarc)l“'SIurry 1"Iow. This is
expected since the terminal settling velocity for large iron oxidg particles is ?bout 0.001
m/s and that for silica particles is 0.0004 m/s. Both o"f.these“yalp‘es.ar'e well below the
slurry c‘:i'ré;ula't:i‘o:n‘_veléciity (0.01 - 003 m/s). . . o |

Figures 4.4a and 4.4b show solid concentrationb profiles for batch expériments con-
ducted with large iron oxide particles in the 0.21 m ID bubble column with the perforated
plate (PP) and b:ﬁbble cap (BC) dis"trib'u_tpr,s,' refsp'ect‘ive‘ly. _Axial solids concentration
profiles from experiments with the PP and BC distributors were similar. Solids con-

centration gradients in the small column for batch experiments with large particles (see
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‘gure 4.2. Effect of axisl position and superficial ges velocity on solids concentrations

(20 wt%, O - 6 um particies, ug) = 0.0 m/s: (a) iron oxide, 0.06 m ID
column; (b} silica, 0.05 m ID column; (c) iron oxide, 0.21 m ID column}.
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Figure 4.3. Effect of axial position and superficial gas velocity on solids concentrations
(20 - 44 um perticies, 0.06 m ID bubble column; (a} iron oxide, ug™0 m/s;
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Figures 4.3a and 43b) were Sfeeper than those obéerve‘dAi‘n the,large,-colﬁmn for ex-
periments conducvte'd bin. the batch mode of operation with Ia}ge péﬁicles (see Figures
4.4a and 4.4b). This trend is expected since intense c;rculation patferhs develop in the
large diameter column which help to suspend the solid particles. A similar trend was
observed with large silica particles in the 0.05 and 0.21-m ID columns.‘

Solids .conce'ntration profiles were fairly uniform for experiments .‘conducted with
both large iron oxide and !arger silica particles in the continuous mode of operation in
the 0.21 m.ID column. For experiments conducted with a slurry velocity of 0.02 m/s,
the solids concentration profiles were essentially uniform (i.e. ws varied by less than 2
wt% (actual) across the entire column). During the experiment conducted with‘ 30 wt%
large iron oxide pa‘rt‘ic'les_. at a slurry'velocity of 0.005 m/s, a slight solids concentration-
gradient was observedj (see Figure 4.5a). Results from other experiments with largej
iron oxide particles at a superficial slurry velocity of 0.005 m/s also indicated a slight‘
decrease in solids concent‘ration with increase in height above the distributor; ‘however[
during these runs, the solids concentration profiles in the column below a height of
2.2 m fluctuated with axial position (see Figure 4.5b). Thus, the.onI-y data (i.e. axial
solids con;entraﬁons’) from avz‘cénti'nuous experiment that were analyzed, were from the
experiment conducted with 30 wt% large iron oxide particles at a slurry velocity of 0.005
m/s.

Axial solids dispersion coefficients for iron oxide and silica were estimated using
solids distribution :prp_files'frpim batch mode experiments in both the 0.05 m and 0.21
m 1D bubble columns via Eq. 4.9. A total of t_hree b_atéh experiments with large iron
oxide particles were conducted i.n the 0.05 m ID bﬁbble column, two with FT-300 wax
as the liquid medium and the other with SASOL wax as the liquid r.nediu}vrr‘\. Two batch
mode experiments were also conducted in the small diameter column with large silica

particles suspended in FT-300 wax. A total of four batch mode experiments with large
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Figure 4.5. Effect of axial position and superficial gas velocity on solids concentrations
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iron oxide particles were conducted in the large diameter column, three with SASOL
wax and the other with FT-300 wax as the liquid medium.

Figure 4.6 shows the effect of superficial gas velocify on the quotient EE— fwﬁich was
estimated by fitting solids concentration (g/cc) vs. normalized axial height data to Eq.
4.9. Figures 4.6a and 4.6b correspond to values of %% obtained from batch experiments
in the small diameter column with large iron oxide and large silica particles, respectively.
Figure 4.6¢ shows results from batch experiments with large iron oxide particles in the
0.21 m ID column. Values of %E obtained from different experiments with large silica
particles in the 0.05 m ID column were similar (Figure 4.6b); whereas, there was some
variation in the values of E obtained from different experiments with large iron oxide
particles in the small column, particularly at a gas velocity of 0.02 m/s (Figure 4.6a).
up / Eg values obtaiﬁed from different ex#erimentﬁ with large iron oxide particles in the
large column were comparable (see Figure 4.6¢). |

As noted earlier, for batch mode experiments, the terms up and Es are not separable,
and hindered settling velocities must be assumed in order to estimate the“dispersion
coefficients. Hindered settling velocities and axial solids dispersion coefficients were
obtained from the experiment conducted at a superficial slurry velocity of 0.005 m/s
with 30 wt%, 20 - 44 um iron oxide particles in the large diameter column dsing non-
linear regression analysis (NLIN on SAS) of tEe experimental data (i.e. fit data (solids
concentration vs. normalized height) to Eq. 4.10). The solids concentration of the
feed, Cf, was assumed to be equal to the average s;olids conéentration in the storage
tank. Thé values of up from this experiment agréed with the values predicted using
the correlation presented by Kato et al. (1972); whereas, the correlations presented
by Smith and Ruether (1985) and O'Dowd et al. (1987) overestimated the hindered

settling velocities (see Figure 4.7). Thus, the correlation presented by Kato et al. (Eq.
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4.11) was used to calculate the hindered settling velocities needed to obtain the axial
solids dispersion coefficients for experiments conducted in the batch mode of operation.
Axial solids dispersion coefficients, Eg, for batch experiments in both columns were
calculated using EE (from least square fit of egperimentalv data) and up (frqm Kato et
al.’s correlation). The following correlation for the particle Pectlet number, Pey, which
is similar to the ones presented by Smith and Ruether (1985) (Eq. 4.13) and O'Déwd
et al. (1987) (Eq. 4.14) was developed .

Fi810107 g -
Reg] = YeCcol . (4.15)

PeP=84[ Es

for 0.014< Frg <0.271 and 283< Reg <7140. The estimated parameters-» (i.e. 8.4 and
0.107) in Eq. 4. 15 are comparable to those given by Smlth and Ruether (9 6 and 0. 114)
and O'Dowd et al. (7 7 and 0. 098)

Figures 4.8a and 4.8b show results‘for axial dispersion coe;ﬁcients ﬁo’m e'xpériments
cond-uctéd with large particles in both the 0.05 m and 0.21 m ID columns, respectively,
togethér with the predicted dispersion coefficients obtained using Eq. 4.15. The cor-
relation overestimates the measured axial solids dispersion coefficients at gas velocities
greater than 0.06 .m/s in the large diameter column and underestimates the axial aisper-
sion solids coefficients in the small diameter column at gas velocities less than 0. 06 m/s.
szal sollds dispersion coefficients obtained from the expenment in the large diameter
column with the bubble cap distributor were con5|stent|y lower than those obtamed
from experiments wuth the perforated plate distributor at high gas ve!ocmes

Figure 4.9 compares predicted and measured axial solids concentrations (g/cc)
The predicted solids concentrations ‘were obtained using Eq. 4.15 to predict the axial
solids dispersion coefficient, Es, and Kato et al.’s (1972) correlation to predict the
hindered settling velocity, up. These quantities were then used in Eq. 4.9 to obtain the

solids concentration at a given axial location for batch mode experiments. The solids
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concentration at the bottom of the column, CB, was assumed to be the same as that
obtained in the original analysis. For the experiment conducted.in the continuous mode,
the solids concentration profile was obtainéd using Eq. 4.10 with CB and C{ being the
same as determined in the original analysis. As shown in Figure 4.9 there is excellent
agreement between the predicted and measured solidsx'concentrations in-both the small
and large diameter columns. o |

As mentioned previously, no attempt was made to obtain ekial edlidé dispersion .co-
efficients for experiments conducted in the batch mode of operation with small particles
because of the uniform solids concentration profiles. Theoretical solids concentration
profiles for iron oxide and silica at gas velocities of 0.01, 0.12, and 0.30 m/s (Figures
4.10a and 4.10b, respectively) v;:ere determined. These profiles were obtained using the
normalized (with respect to the solids concentration at the bottom of the column, CB)
form of Eq. 4.9. The axial solids dispersion coefficients were obtained from Eq. 4..15
and the hindered settlihg'Velocity were calculated from Eq. 4.11 using the constants
given by Kato et al. (1972). The expanded height, hexp was assumed to be 3 m. _As
shown in Figure 4.10, the solids concentration profiles for both iron oxide and silica are
fairly uniform, and show very little effect of gas velocity. Similar trends were observed
with our experimental data (see Figures 4.2a and 4.2b).

The effect of particle size (iron oxide) on the theoretical solids concentration distri-
bution at gas velocities of 0.01, 0.12, and 0.30 m/s is shown in Figures 4.1'1a,v4.11b,
and 4.11c, respectively. Particle sizes of 3 and 30 um are representative of the average
size of the partncles used in the present study The predlcted trends (i.e. mcreasmg
solids concentration gradnent with | mcreasmg partucle size) are in agreement with those
obtalned from our experuments (symbols n anure 4, 11b). An increase in gas velocny

decreases the concentration gradient along the height of the bubble column. However,
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even for a gas velocity of 0.30 m/s, there is stil'l approximately a 58 % decrease in the
solids concentration along the height of the reactor for 30 um particles.

Figures 4.12a and 4.12b show the effect of slurry flow rate on solids (20 - 44
pm iron oxide particles) suspension in both the 0.05 and 0.21 m ID bubble columns,
respectlvely Also shown in F:gure 4. 12 are data obtarned from batch experrments
in the small and large diameter columns. The results presented in Frgure 412 were
obtained from Eq. 4.10, using Eq. 4.15 to estimate Es and Eq. 4.11 to estimate up
(Kato et al.’s constants) The solids concentrations were normalized with respect to
the concentration at the bottom of the column, CB There is excellent agreement in
the solids concentration obtained from the theory and those measured experrmentally
in both columns (ug, = 0 m/s). At a slurry velocity of 0.02 m/s'in the small colurrrn,
the solids concentration profule is essentlally uniform, whrch agrees with the results from
our. study (see Frgure 4.3c). The theory predrcts that a concentration gradrent will exist
in the small,dramet/er column at a slurry velqcrty of 0.005 m/s with large iron oxide
particles (see Figure 4.12a). However, due to operarienal problems with our pump, we
were not able to obtain data at this slurry velocity. In the large diameter colr'.mrn, th_ere
1s very little effect of slurry flow rate on axial solids d‘istribution; whereas, irr the small
diameter column, there is a significant effect. At a slurry velocity of 0.02 m/s the solrds

concentratron profile in both columns is essentially umform
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