2.3. Equipment.

A flowshaet of the equipment 1s given in Fig. 2.5. All the experiments were
carried out in a vertical, cylindrical vessel of perspex (A) with an inside
diameter of 29 cm and an sutside diameter of 30 cm. The helght af the column
was 4 m.

in general it is assumed that with a column of these dimensions the information
ohtained is representative of a large-scale industrial bubble column.

Air was supplied by a compressor (B). In order to contrpol the gas flow rate,
part of the gas flow could be blown off.

To obtain air with an 0il content of less than 0.0l ppm, a filter set (C) was
installed to separate possible traces of oil. The gas flow rate was measured

by means of a rotameter (D). At the outlet of the rotameters, pressure and
temperature of the gas flow were measured (E).

As standard temperature and pressure we used 20 ¢ and 1 bar respectively.
Furthermore, the gas flow was cooled off and saturated with water vapour in a
spray-tower (F) packed with Raschig rings. asfter passing a cyclone (G) to
separate possible droplets of water, alr was led into the column through the
gas distributor (H).

The gas distributor used (diameter 28 cm} was of the spider—~type with six radial
branches. The sparger was located about 18 cm above the bottom of the vessel.
The air was fed through 60 orifices of 1.% mm diameter each. These ware directed
downwards at an angle of 45 © with the vertical axis and were distributed at

/I;»—lo vent

» G
to drai
4 F o drain 4 A
E
to draiﬁ
to vent < v
to vent

air to vent

Fig. 2.5. Equipment used for the Investigation of the hydradynamic behaviour of
a gas~-liquid-solld dispersion in a colummn. Height 4 m; inside
. diameter 0.29 m; helght of gas sparger 0.18 m; sparger diameter
0.28 m.
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equal distances aleng each branch.

Van Dierendonck et-al. [10] found that the bubble diameter is independent of
the diameter of .the orifices if the gas velocity in the orifices .is higher
than a critical veleocity:

vor ¥ Cg dg"1-8% : (2=77)
‘where:
Cg = 5.3 10° m2.65 g-1 : (2-78)

For an orifice diameter of 1.9 mm this inequality results in:
ug » 51073 g g1 (2-79)

In this work, the superficilal gas velocity always satisfied eqn (2-79).

To assure uniforwm bubbling of gas across the entire pas disperser, the
pressure drop across the orifice must be so high that changes of the static
pressure owing to fluctuations of the height of the dispersion will not
influence this uniformity. Measurement of the pressure drop across the orifice
and of the fluctuations of the dispersion taught us that uniform distribution
of gas was ensured.

2.4, Physical proaperties.

Although there is no consensus about the effect of the nature of the gas on

the behaviour of the dispersion [43,54,70,71], we used air only as the
dispersed gas phase for the sake of simplicity and safety.

The system consisted of demineralized water or an electrolyte solution, with
or without solid particles. For the demineralized water system, we applied
Hp/T values of 2.6, 6.0 and B.6.

Experiments with solid particles in the demineralized water/air system were
perfogmed with a Hp/T value of 6.2 and solids concentrations of 4, 8 and 12

kg m™?,

The electrolyte solution was made up of 17 wt % NH,NO; and 23 wt % H3 PO, .

We investigated the hydrodynamic behaviour of this electrolyte solution at a
Hgo/T value of 6.1.

Experiments with solid particles in the electrolyte solution were performed with
a Hp/T value of 6.2 and solids concentrations of 4 and 8 kg m 3,

As solld phase, we used activated carbon, Fponit ll4n from Degussa. By sieving,
we obtalned a fraction of particles with a diameter of less than 38 um. This
fraction was washed with water, dried, and stored at 120 °C. The cumulative
distribution curve of this fraction is given in Fig. 2.6. It shows that about
60 wt % of the particles has a dlameter of less than 10 pm. The particle
diameter distribution has been determined by means of micro-sieves and a
Coulter—-Counter. In Table 2.4., a survey of the physical properties of the gas,
liquid and solid phase is given.

2.5. Results.

2.5.1. Average gas holdup.

The average gas holdup was calculated according to edqn (2-2). To this end, the
height of the clear liquid and that of the dispersion have been determined
with a measuring scale on the outside of the column.

The average gas holdup of zir in demineralized water was first determined.
Clear liquid heights were 0.76, 1.73 and 2.50 m. In Fig. 2.7., the average

gas holdup 1s given as a function of the superficial gas velocity. It can be
seen that there is a tendency for €., to decrease with increasing clear liquid
helght.
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Table 2.4. Physical properties of the gas, tiquid and sclid phase used in the
experiments of the present study at 20 °C.

1.8 107° Pa s

gas phase: alr e =
pe = 1.2 ke m”3
liquid phase: demineralized water ry, = 1 1073 Pa s

pr, = 1 103 kg o3
o =72 107% N 7!

electrolyte solution n, = 1.9 1073 pa s
oL = 1.2 10% kg ™3
c =78 10" K o7l

solid phase: activated carbon Eponit 1lén Degussa

d =9,9* 5,3 pm
P
dp: = 4.1 * 2.2 um
1004 mass percentage _
cumulative undersize -
80 - ?
60 -
40
20 1
dp 106
__..b_._.......__
0 - . . Ll
1 10 100

Fig. 2.6. Cumulative undersize distriburion of carbon particles as a function
of particle diameter.

The data have been correlated by means of eqn (2-6), i.e. the reciprocal values
of £,, have been plotted versus ug. Values of b and v, are tabulated in Table
2.5., where also the maximum and the mean deviation of the data points from
the caleulated best-fit values are given.

The values calculated from the five correlations obtained from the literature
and mentioned in Table 2.5. are in good agreement with our experimental data.
Only the correlation of Akita and Yoshida shows a gsomewhat larger deviation
for smaller clear liquid heights.

In eqn (2-6) the constants b and v, were obtained after application of a
hest-fit procedure to our experimental results. Towell et al. and Reith et al.
had chosen h = 2 and determined the value of v,. Hughmark had chosen b = 2 and

vy = 0.35 m s” L.
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Table 2.5. Best-fit values of b, £, and vgp for the system air/demineralized
water and comparison of our experimental values of Eay With those
predicted by the correlations of Table 2.1.

This work, eqn (2-6)

Hp/m vol(m s~ 1y b Ew max. dev. mean dev.
0.76 0.32 2.05 0.49 10 % 37
1.73 0.38 2.08 0.48 8 7 1%
2.50 0.36 2.40 0,42 20 % 37

Van Dierendonck et al, Hughmark, Mersmann,

eqn {2-10) eqn (2-11) eqn (2-13)
Ho/m  max. dev. mean dev. max. dev. mean dev. max. dev. mean dev.
0.76 22 % 2% 22 % 6 % 17 % g %
1.73% 11z 13 2 11 % 6 % 17 % 4 3
2,50% 30 % 16 % 16 % 9 % 10 % 4 7

Towell et al., Reith et al. Yoshida and Akita

eqn (2=9) eqn {2-12})
Ho/m  vo/(m s71)  max. dev. mean dev. max. dev. mean dev.
0.76 0.31 10 % iz 25 % 17 %
1.73 0.39 8% 2% 21 % 6 7%
2.50 0.38 20 % 7% 9 7 17

* Van Dierendonck proposed eqn {2-10) for Hn/T ¢ 3. As a consequence, 1t 15 not
allowed to epply eqn (2-10) under our experimental conditions.

83\‘ [ ]
. [ ]
0.3 % RS
oo 3 4
ss *cQau 4
[ ] »
se R
0.2 :30‘909‘
: 9 - HD =076 m
228 0 Hp=173m
A% 4 Hg=2.50m
a
0.1 ib
Ug
m s-1
0.1 0.2 0.3

Fig. 2.7. Average gas holdup as a function of superficial gas velocity for the
system air/demineralized water for different clear 1iquid heights.

Further experiments were performed with the electrolyte solution containing -
17 wt % NH,NG3 and 23 wt % H3PO,, The clear liquid height of this electrolyte
solution was 1.76 m. In Fig. 2.8., the average gas holdup of this electrolyte
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solution and that of the pure solvent are compared. No difference is observed
between the values of £,y of the electrolyte solution and those of the pure
solvent. In Table 2.6., the values.of b and v, are given as well as the maxinmum
and mean deviation of our experimental results with respect to the values
predicted by other investigators.

From Table 2.6. it is clear that all the correlations except that of Van
Dierendoneck, which was proposed for Hg/T ¢ 3 only, predict our experimental
values very well. Furthermore, it 1s found that the value of v, Increases when
electrolyte is added to a pure solvent.

Table 2.6. Best-fit values of b, £, and v, for the system air/electrolyte
solution (HO/T = 6.1} and comparison of our experimental values of
£,y with those predicted by the correlations of Table 2.l.

v/ (m s~y b Em max. dev. mean dev.

This work, eqn (2-4) 0.46 1.87 0.53 Ty 2%
Towell et al., eqn (2-9)

Reith et al., egu (2-9) 0.44 2 0.5 5 % 1 %
van Dierendonck et al., 37 k% 32 7
eqn (2-10)

Hughmark, eqn (2-11) 13 % 7%
Akita and Yoshida, egqn (2-12) 20 % 7%
Mersmann, eqn (2-13) 14 % 5 %

* Van Dierendonck proposed eqn {2-10) for Hgp/T < 3. As a consequence, it is not
allowed to apply egqn (2-10) under the present experimental conditions.

88\0‘
0.3 o0
. . O..o
.;.ﬂis
o 8°
B ..OO
0.2 te
“ o demineralized water
[ Je] ,
H o electrolyte solution
%)
014
Ug
ms-)
T T T
0.1 0.2 0.3

Fig. 2.8. Average gas holdup as a function of superficial gas velocity for the
system alr/demineralized water and the system airfelectrolyte

solution, containing 23 wt Z H,P0, and 17 wt % NH, NO3 «(Hp/T = £.1)

At a clear liquid height of about 1.80 m, we performed experiments with the
system air-demineralized water te which carbon particles were added. For
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the solid phase we used Eponit llédn from Degussa at concentrations of 4, B and
17 kg o 3. , '

In Fig. 2.9., the gas holdup of these slurry systems is given as.a function

of the superficial gas velocity. The figure shows that addition of carbon
particles up to a concentration of 12 kg w3 does not influence the value of
the average gas holdup with respect to that of the pure solvent.

In Table 2.7., the values of b and v, are listed. No comparison has been made
with other correlations because these are not intended to apply to slurry
systems.

Table 2.7. Best-fit velues of b, g, and v, for the system air/demineralized
water/carbon particles.

Eb/(kg m 3 Hp/m vol(m s~ 1y b Em max. dev. mean dev.
0 1.73 0.38 2.08 0.48 8 % 17
4 1.79 0u 34 2.23 0. 45 5 % 2 X
8 1.80 0.33 2.26 0.44 11 % 2%
12 1.80 0,34 2.33 0,43 7% 4
Eav

.34 ﬁ Hae
Hs
669688

0.2- 998?

@mu Ep: Okgm3Hy;=173m
@lg 0 Co= 4kgm3H;=179m
0.1- &§ a Ci= Bkgmi3H;=180m
0 C,=12kgm3Hy;=180m
Ug
ms-!
0.1 0.2 0.3

Fig. 2.9. Average gas holdup as a function of superficial gas velocity for the
system air/demineralized water/carbon particles for different solids
concentrations. .

We have seen that with a clear liquid helght of about 1.8 m, addition of car-
bon particles up to a concentration of about 12 kg m™? or addition of electro-
lyte to the pure solvent does not significantly influence the average gas
holdup with respect to that of the pure liquid at the same value of the
superficial gas velocity.

However, when adding both carbon particles and electrolyre to the pure
solvent, a totally different plcture arises. The total height of the disper-
slon 1s increased enormously resulting in a value of the average gas holdup

of about 0.5. The dispersion height 1s constant for ug *» Gl m 57l and the
level of the disperslon is flat and fatrly quiet.

Tt appears that the top of the dispersion consists of a foam layer. The height
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of the dispersion without foam is measured with a float.

As 1s seen from Fig. 2.10., the average gas heldup of the dispersion without
foam increases continuously and its value is larger than that. for the other
investigated systems at the same value cf the superficial gas velocity. The
average gas holdup of the foamless part of the dispersion has been calculated
from:

4y = (Hp - Hp)/Hg (2-80)

where Hp 1s the height of the float above the bottem of the column.

The experiments were carried out at clear liquid heights of 1.79 and 1.8 m
with carhbon particle concentrations of 4 and 8 kg m ° respectively. Flg. 2.10.
shows that an increase of the particle concentration does not influence the
average gas holdup.

The values of v, and b were determined by plotting the reciprocal values of
g5y Of the foamless part of the disperslen against I/UG.

Tt is evident that the total average gas holdup (including foam) for

ug » 0.1 m sl ig given hy:

Eqv = 0.5 (2-81)
Values of b, t, and v, for the foamless part of the dispersion are given in
Table 2.8.

Table 2.8. Best-fit values of b, e, and v, for the foamless part of the system
air/electrolyte sclution/carbon particles.

Ep/(kg m3) Hp/m v/ (m s™1y b Eeo max. dev. mean dev.
4 1.79 0.35 1.02 0.98 13 % a4
8 1.83 0.32 1.17 0.85 7% 3z

£ay

0.5+

0.4

0.3 _
Co=4kgm3 Hy=1.79m
4 including foam

0.2 1 + excluding foam
C,=8kgm3 H,=183m
O including foam

0.1 1 0 excluding foam

Ug
m s-1

T T T

0.1 0.2 0.3

Fig. 2.10. Average gas holdup as a function of the superficial gas velocity
for the system air/electrolyte solution, containing 23 wt %
H43P0, and 17 wt % NH,NOj/carbon particles.
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The values of b presented in Table 2.8. satisfy the requirement that h > 1
i.80 B < 1,

It is iateresting to note that the height of the foam layer has a maximum
value at a superficical gas velocity of about D.15 m s~! a5 is shown in Fig.
2.11. The decrease of the foam height for ug > 0.15 m 57! is due to the more
intimate mixing between fecam layer and dispersion caused by, in particular,
large bubbles. This behaviour of the foam laver was also reported by De Rooy
et al. [l1].

Hp-Hg * C,=4kgm-3 Hy=179m
m OC,=8kgm3 Hy=1.83m
% .
1.0 : 'EEB\-
Q
8
[
H O\ e
{
0.5 o
oy,
\%o
S~
Ug
_ ¥ ms -1
1 T I
0.1 0.2 0.3

Fig. 2.11. Heignt of foam layer as a function of the superficial pas veloeclity
for two different concentrations of solid particles.

2,5.2. Gas-holdup distribution.

At seven heights along the calumn, provisions were made to determine the local
gas holdup of the dispersion at various radial positions. Pressure was
measured at 7, 27, 51, 80, 109, 138 and 167 cm from the bhottom.

We used glass tubes which had a sliding fit in a hole in the wall of the column.
Inside the column the tube was provided with a 0.5 mm diameter capillary tube
which could be closed by means of a stopcock at the outerside of the column.
The glass tubes were connected to manometer tubes by flexible tubings.

Before each experiment, the manometer tubes were filled with the same liquid
as was used in the column. When the stopcocks were opened, liquid from the
manometer tubes slowly flowed into the column, preventing air bubbles from
entering the manometer tubes. The difference between the manometer levels of
two successive pressure points was measured. These experiments were performed
at radial distances of 2.5, 4.5, 9.5 and 14.5 cm from the axis of the column.
From Fig. 2.12., it can he deduced that:

€a,o+t1l = Bo,n+1/2q,n+1 (2-82)
for n = 1,...,6 and that:
€g,1 =1 = hg 1/(Hp - hy) ‘ - (2-83)

with h, = 1.67 m.
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The average gas holdup for a cross—sectional area of the column was calculated
from:

R
efz) = (1/(na2))0j elr,z) rdr (2-84)

-~ T

hn.n*—1

1.67m 2, HH-;-

Fig. 2.12. Equipment used for the measurement of gas holdup distribution.

The measurements were performed with three different clear liquid helghts,

viz. 0.75, 1.80 and 2.50 m.

“In Figs. 2.13., 2.14 and 2.15, the axial gas holdup distribution in the system
air/demineralized water is given for these clear liquid heights and for three
different values of the superficial gas velocity. The average values of the
gas holdup are represented by the dotted lines.

For all clear liquid heights, it may be concluded that:

- at the top of the dispersion the gas holdup is relatively large (foam);

- near the sparger, the gas holdup 1s relatively small;

- calculation of the average values of the gas holdup from the local values
by means of eqn (2-15) gives the same values of the average gas holdup as
found by weans of eqn {2-2);

~ for the middle sectien, the value of the gas holdup ls lower than the
average value.

Under identical conditions, experiments were performed with a slurry con-

sisting of carbon particles with concentrations of 4, 8 and 12 kg m™3 and

demineralized water.

No difference was found between the values of the local gas holdup of the

system alr/demineralized water with and without carbon particles. Addition of

carbon particles to deminetalized water did not change the value of the local
gas holdup at identical heights.

In Flg. 2.16., the axlal gas holdup distributlon has been given for a disper-

sion of 4 kg m™3 carbon particles in water for three different values of the

superfiecial gas velocity. The gas holdup distribution is almost identical
with that of the air/water system.
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£(2)
0.6+ = Ug = 0.28 m s’

ug =0.14 ms-!

Uug = 0.04 m s

5 4
m
T 1 T

1 2 3

Fig. 2.13. Axial gas holdup distributlon for the system alr/demineralized
water, with Hy = 0.73 m, for three different asuperficial gas

velocities.

€
0.6 (2)

ug = 0.28 m s

0.4+
ug = 0.15m s

Fig. 2.14. Axial gas holdup distributfion for the system air/demineralized
water, with Hy = 1.80 m, for three different superficial gas

velocities,

Further experiments were carrfed out with an electrolyte solution with traces

of carbon particles.

The axial gas holdup distribution is given in Fig. 2.17.

It can be seen that the average gas holdup is much higher than that found for
the pure electrolyte solution in section 2.5.1. Comparison of the results of
Fig. 2.16. and 2.17. shows that traces of carbon particles give a considerable

inerease of gas holdup.
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0.6+

ug =0.28 m s-!

—ug =0.15ms-!
0.4 ~ ug = 0.05 m s

Fig. 2.15. Axial gas holdup distribution for the system alr/demineralized

water, with Hy = 2.50 m, for three different superficial gas
velocities.

€ (2)

uz = 0.28 m s-1
0.4 G s

ug = 0.02 m s-1

— -

3I~

3

Fig. 2.16. Axial gas holdup distribution for the system air/demineralized
water/carbon particles, with Cp = 4 kg m—3, for three different
superficial gas velocities.

The value of the average gas holdup of the electrolyte golution with traces of
carbon particles is identical with the value found in section 2.5.1. for the

elactrolyte solution containing carbon particles up to a concentration of 8

kg w 3. The distribution pattern agrees with that of the distributions In the
above-mentioned systems.
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ug = 0.05 ms-
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Flg. 2.17. Axial gas holdup distribution for the system air/electrolyte solu-
tion contalaing 23 wt % H3PD, and 17 wt % NH,NC; and traces of car-
bon particles.

2.5.3. Local solids concentration. )

The local solid particle concentration has been measured by taking 25 ml
samples of the suspension in the column at seven different heights (7, 27, 51,
80, 109, 138 and 167 cm).

Each sample, taken from the dispersion with a glass tube, was dried at 120 °C
for 24 hours. The dry solids were weighed. From these results, the local solids
concentration was calculated.

The experiments were performed with the system ailr/demineralized water with a
clear liquid height of 1.80 m and at superficial pas velocitles of 0.02, 0.20
and 0.27 m 8”1, The average concentrations of carbon particles were 4, 8 and
12 kg w™ 3. ,

The concentration of solid particles 1s expressed by the ratio ¥:

v = cp(z)/Ep | (2-85)

The average concentratlon of carbon particles C, was calculated from the total
mass introduced into the dispersion divided by the liquid volume.

For all measurements ¥ ranged from 0.9 to 1.0.

Moreover, there was no difference in eolids concentratisn between top and bot-—
tom of the column,

Tn Table 2.9., the results of these measurements are given.

Table 2.9. Values of V.

Ep/(kg w3y 4 B 12

ug/{m s™1) ¥Ymean Ymin VYmax Ymean ¥min Ymax Ymean Ymin ¥max
0.02 0.9 0.9 1.0 1.0 Q.9 1.0 1.0 1.0 1.0
0.20 1.0 0.9 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.27 1.0 0.9 1.0 1.0 0.9 1.0 1.0 1.0 1.0
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From this Table it may be concluded that throughout the dispersion ¥ is 1.0
and that the solid particles were distributed homogeneously.

z
m ® _
0 Cp= 4kgm-3
‘% © C,=12kgm3
©
ug = 0.02ms1
o®
1
¢ ]

PR

0 v
o

~]e @
!

Fig. 2.18. Axial distribution of relative solids concentration in the slurry
for ug = 0,02 m s~} and average solids concentrations of & and 12
kg m™7.

2.5.4. Axial liquid-phase velocity distribution.

The liquid-phase velocity distribution was determined at a distance of 167 cm
from the bottom of the bubble column. The velocity was calculated from the
difference between the static pressure and the dynamic pressure, measured by
means of a so-called Prandtl-tube. A drawing of the Prandtl-tube and the
corresponding manometer tubes Is given In Fig. 2.19.

g%

=

Fig. 2.19. Drawing of the Prandtl-tube and corresponding manometer tubes.

7
s
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Differences between the static pressure and the dynamic pressure were
determined with the Prandtl-tube pointing downwards as well as upwards. From
Fig. 2.19., one can deduce that the difference between the dynamilc pressure

and the static pressure is given by:

bopv,? = hppg (2-86)
from which it follows that:
v, = (Zhg)k (2-87)

The experiments were performed with a clear liguid height of 1.80 m at eight
different values of the superficial gas velocity, ranging from 2 to 28 em s™1,
From eqn (2-44), the value of the velocity v, near the wall has been calculated
by means of the least-squares method._

In Table 2.10., the values of vy and v, caleculated in this way are given.

In Fig. 2.20., the present experimental values are compared with the best—-fit
curves calculated from eqn (2-44). Up to a superficial gas velocity of about
20 cm 57! the agreement between experimental results and model 1s good. For
higher values of the superficilal gas velocity, the agreement is less at

r/R = 0.7. Recently, Riquarts [64] proposed a relation for the liquid velocity
in the centre of the column:

Ve = 0.21(gT) % ugpr /(mpe) ) 1/8 (2-88)

In Table 2.10, the experimental veloclty near the wall determined with eqn
(2-44) is compared with calculated values of the velocity in the centre of
the column according to eqn (2-88), _

The agreement between the values of v. calculated with the eqns (2-44) and
{2-88) is good, particularly at low values of the superficial gas velocity.
The difference in values of v, becomes larger with increasing superficial gas

veloclities.

v, Ug
1.0{m s m s-1
0alh o 0.28

L3N o 0.11
064, 2o s 6.02

b
0 44:chkxi5€u
. im0

0.2- bsoﬁ
0-4

0.2 W

'0.4" bg
-0.6 4 \
-0.84 \, -
R
-1.0 T T
0 0.5 1

Fig. 2.20. Comparison between experimental values and the best-fit line
calculated from eqn (2-44).
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Table 2.10. Values of the velocity Uw near the wall calculated from eqgn (2-44)
and comparison of these values with the ones predicted by
Riquarts [64].

present work, eqn (2-44) Riquarts, eqn (2-88)
ug/(m s~ v/ (m 5T Vol (m 571 Yo/ (n s7h)
0.02 -0.36 0.36 0.35
0.05 -0.49 0.49 0. 49
0.07 =0.55 0.55 0.55
c.11 =0,60 0.60 Q.65
0.15 -0.64 0.64 0.74
0.20 -0.71 0.71 0.82
0.26 -0.76 0.76 0.90
0.28 -0.78 0.78 0.93

2.5.5. Sauter mean gas bubble diameter.

Pictures of the dispersion have been taken by means of a photocamera placed tust
outside the perspex vessel at a helght of 1 m above the bhottom of the column.
The diaphragm of the lens was 11 and the depth of fleld was 4 mm.

Each plcture showed an area of 24 x 36 mm of the dispersion. A reference tube
of 2.00 mm diameter was attached to the inside of the wall.

After development of the film, enlargements were made, in which the bubbles
were counted and classified into seven groups. The arithmetic mean

bubble diameter of each group was used to calculate the Sauter mean hubble
diameter according to eqn (2-50).

This method cannot be used for determining the bubble diameter in sytems con-
taining carbon particles because then mo single hubbles can be distinguished.
In this section, the results will be presented for the Sauter mean bubble
diameter of the system air/demineralized water with clear liquid heights of
0.74, 1.69 and 2.51 m and of the system air/electrolyte solution with a c¢lear
liquid height of 1.78 m.

In Fig. 2.21., the Sauter mean bubble diameter for the alr/demineralized water
system 13 given as a functlion of the superficial gas veloclity.

There i{s almost no difference between the values of dg for the clear liquid
heights of 0.74 m and 1.6% m. In these cases, the Sauter mean bubble diameter
is between 3 and 3.5 mm. For the clear liquid height of 2.51 m, the value of
the Sauter mean bubble diameter is about 3 mm.

Furthermore, the bubble diameter decreases somevhat with increasing super—
ficial gas velocity. This tendency 1is identical with that predicted by the
correlations mentioned in Table 2.2.

For the system alir/demineralized water, the correlation of Mersmann gives a
constant value of 4.9 mm for the Sauter mean bubble diameter.

The correlation proposed by Van Dierendonck et al. gives very low values. This
phencmenon might be caused by a different gpecification of the demineralized
water used by Van Dierendonck.

Although the correlation of Aklta and Yoshida was proposed for ug < 0.04

m s} only, it predicts our exgerlmental values well, even at a superficial
gas veloclty of about 0.3 m s7-.

Further, we determined the Sauter mean bubble diameter of air in an
electrolyte solution containing 17 wt % NH,NO; and 23 wt % H3P0,. The experimen—
tal values of the mean bubble diameter as a function of the superficial gas
velocity are represented in Fig. 2.22. The Sauter mean bubble diameter is
between 0.4 and 0.5 mm.
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Fig. 2.21. Sauter mean gas hubble diameter for the system alr/demineralized
water as a function of superficlal gas velocity.

The value of the Sauter mean bubble diameter decreases considerably when

an electrolyte is added to the pure solvent.

According to the correlation of Mersmann, a value of 4.6 mm is predicted.
The values calculated from the correlation of Van DMerendonck et al. show a
smaller deviation from our experimental values. It 1is important to note that
the correlation of Van Dierendonck et al. is only valid for Ho/T < 3.

De Rooy et al. [11] also found dg = 0.5 mm in an electrolyte-containing
aqueous solution for ug » 0.05 m s~!,

5 dg; 103
1" m ——This work
- Van Dierendonck (Hg/T<3)
. Hp=1.78 m (Ho/T=61)
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Fig. 2.22. Sauter mean bubble diameter for the system air/electrolyte
solution as a function of superficial gas velocity.



2.5.6, Specific interfacial area.

When pictures were taken of the dispersicn as described in sectiomn 2.5.5., the
average gas holdup of the dispersion was measured too, so that the specific
interfacial area could be caleculated with eqn (2-58).

In Fig. 2.23., experimental values of the specific area for rhe pure solvent
and the values calculated with the correlation of Van Dierendonck (eqn (2-59)}
are plotted versus the superficlial gas velocity.

Combination of egqns (2-6) and (2-58) results 1in:

a = bug{(vy + bugddg) ™t (2-89)

Substitution of v, = 0.35 m s, b= 2 and dg = 3.3 mm leads to the solid curve
in Fig. 2.23.

77a 102 .
m-1 a o
6 - % . a
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4 e
5 This work, eqn (2-89)
31 ——-Van Dierendonck (Hg/T<3)
«--Reith etal. {Hg/T=5.5)
21 ° Ho= 0.74m
0 Ho= 1.69m
1 & H0= 2.51m ug
—— i —
0 m s-1
)] g.1 0.2 .3

Fig. 2.23. Specific iInterfaclal area for the system air/demineralized water as
a function of superficial gas velocity.
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Fig. 2.24. Specific interfacial area for the system air/electrolyte solutfon
as a function of superficial gas velocity.
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Our experimental values for the system air/demineralized water are much lower
than those predicted by the correlation of Van Dierendonck et al. This is
probably due to the much smaller bubble diameter as well as the higher average
gas holdup which were found by Van Dierendonck. Our results with demineralized
water agree with the experimental data given in the work of Reith et al. [41]
for ug € 0.2 m 7! and Hp/T = 3.5 with T = 0.29 m.

In Fig. 2.24., the experimental values of the specific area for the systenm
air/electrolyte solution and the values calculated with Van Dierendonck's
cerrelation {eqn (2-59)) are plotted versus the superficial gas velocity.
Substitution of vy = 0.46 m s™l, b = 1,87 and dg = 0.45 mm leads to the solid
curve in Fig. 2.24.

2.5.7. Dynamic gas disengagement.

In this section, the results of the dynamic gas-disengagement experiments are

presented. These experiments were performed with four different systems:

{a)~ air/demineralized water (Hy/T values of 3.4, 6.0 and 8.5);

(b)- air/demineralized water/carbon particles (Hp/T = 6 and Cp values of 4, 8
and 12 kg m~3);

(e)- air/electrolyte solution (Hp/T = 6); _

(d)- air/electrolyte solution/carbon particles (Hp/I = 6 and Cp = 4 kg n3).

For the systems (a) and (c), the experimental values of both the Sauter mean
bubble diameter and the specific interfacial area obtained from dynamic gas-—
disengagement experiments were compared with the results from pictures of the
dispersion {see sections 2.5.5. and 2.5.6.).

In Fig. 2.25., the experimental set up is shown.

In the bubble column, a float A swims in the upper layer of the gas-liquid
dispersion. The float 1s guided by two vertical ropes By and B; so that it
can only move along its vertical axis and horizontal movement is excluded.
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Fig. 2.25. Experimental set up for the gas—disengagement experiments.

A. float D. counterweight
B, and B,. rTopes E. chain-wheels
C. chain F. potentiometer

G. recorder
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The float is connected by means of a chain C with a counterwelght D outside
the column.

At the top of the bubble column the chain drives a chain-wheel E. The chain-
wheel turns a potentiometer by means of a gearbox with three different
transmission ratios.

Depending on the height of the collapse, the correct transmission ratio was
chosen to make use of the complete range of the potentiometer.

With the potentiometer a signal was sent to a recorder on which a curve was
drawn representing the height of the dispersion as 2 function of time.

Eqn (2-73) can be approximated by:

v(t') v(t")
(H(E") = Ho) ey = H(T')] £ (w)aw = ") wf){w)hw (2-90)
0 0

In Fig. 2.26., a typical experimental gas-disengagement curve is shown.
We found that the float falls about 30 % of the height Hp - Hg within two
seconds after cut-off of the gas supply.

height of
dispersion

expertimental curve

Fig. 2.26. Typical gas-disengagement curve, showing the height of the disper-
sion as a function of time.

From this curve it can be deduced that:
(Hy — Hp)/eay = B1E (vg)bw — tyvgf, (vplaw (2-91)
Rearranging of eqn (2-91) and substitution of vy = Hp/ty gives:

H, = Hp tg

fi1{vy)aw = (2-92)
€ Hitg = HOtl

av

Further, it can be found from Fig. 2.26. that:
(Hz - Ho)/ﬁav = Hz{fl(VO)ﬂW + f]_.(Vl )QU} - t2{V0fI (Va Yhw + vy f] (Vl )AW}

(2-93)

40



Rearranging of eqn (2-93) and substitution of vy = Hy/t) glves:

(H2 _'HU}/EaV - Hzfl(vc)ﬂw + tzﬂofl(vo)ﬂwfto
£1(v))dw = (2-94)
HQ = tZHl/tl

In general, eqn (2-94) reads:

Y-l Ji-1
(Hi+l - HO)/EaV - Hi+16 fl(W)AW + t1+lg wfl(w)Aw

fl(vi)&w = (2-95)
' Hiv1 ~ ti+1Hy/tyg

in which:

Vi) T Hi"l/t.i.-l (2-96)

With eqns (2-92) and (2-95) we are able to find a volume fraction distribution
as a function of the velocity of tise of the gas bubbles.
In Flg. 2.27., a typical histogram is drawn.
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Fig. 2.27. Typical gas-disengagement histogram, showing the volume fraction
distribution as a functlon of the velecity of rise of the gas
bubbles (system air/demineralized water, Hy/T = 8.6, ug = 0.26 m s~ !,
Eqv = 0.25).

For caleculation of the Sauter mean diameter and the specific interfacial area,
it is necessary to transform the volume distribution as a function of the
velocity of rise Into a volume distribution as a funectiom of gas bubble
diameter.

We used the relation describing the correlation between diameter and terminal
velocity of rise:

ndyp’408/6 = CundpZprv,?/8 (2-97)
with:
Cy = 18.5/Re,”+% for Rep < 500 (2-98)

41



and:
Cy = 0.44 for Rey, » 500 ' {2~99)

From the equs (2-97), (2-98) and {2=99), we find that:

dp = (13.875 v 0+6y 1-4/g}0-82% for Rep, < 500 (2-100)
and:
dyp = 0.33 v,?/g for Rep > 500 (2-101)

The value Rep = 500 for the system alr/demineralized water corresponds with a °
velaclty of rtise of 0.25 m s~! or a bubble diameter of 2 mm.

In Fig. 2.28., we present a typical histogram as a function of the gas bubble
diameter.

1.0 1X iz(db) A db

!

0.5 -
dy, 10°
0 m
1 | 10 100

Fig. 2.28. Typical gas-disengagement histogram, showing the volume fraction
distribution as a function of the gas bubble diameter (system
air/demineralized water, Hg/T = B.6, ug = 0.26 m 7!, g5y = 0.25).

The Sauter mean bubble dlameter is given by:

dg = § ngdg /] nydy? (2-102)

i i

in which dy is the arithmetic mean dlameter of a bubble of class 1.

The number of bubbles in class 1 is found from:

ny = 6(£5(dp)Ady) Vg7 (7dy ) (2-103)

Substitution of eqn (2=103) into eqn (2-102) yields:

dg = | (£a(dp)adp)s/{} ((fz(db)ﬁdb)i/dij} = [§ ((£2(dp)ady)1/dy)]™  (2-104)
i i i

Finally, the specific interfaclal area can be calculated from:

a = Begy/dg (2~105)

42



It should he pointed out that all calculations presented in this section are

performed under the restriction that:

- the correlation between bubble diameter and terminal velocity of rise is
given by eqn (2-97);

- only the volume fraction of those bubbles whose diameter is smaller than
that calculated from eqn (2-52) is taken into account. For the systems
(a) and {b) this implies dp € 8 me and v, < 0,49 m s7L,

First, we have performed gas-disenpagement experiments with the system

ajr/demineralized water with clear liquid heights of 0.98, 1.75 and 2.46 m.

In Figs. 2.29., 2.30. and 2.31.,, the experimental values of the Sauter mean

bubble diameter are drawn. In these figures, the experimental data for the

Sauter mean bubble diameter as obtained from pictures of the dispersion and

discussed in section 2.5.5. are given toe. The figures show that there is a

good agreement for the bubble diameter obtained from both metheds for clear

liquid heights of 1.75 and 2.46 m. For a clear liquid height of 0.98 m, the

results of both methods differ by about 10 - 20 Z,

0
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Fig. 2.29. Experimental values of the Sauter mean bubble diameter as a

function of the superficial gas velocity for the system air/demi-
neralized water, Hp/T = 3.
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Fig. 2.30. Experimental values of the Sauter mean bubble diameter as a

function of the superficial gas velocity for the system air/demi-
neralized water, Hp/T = 6.
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Fig. 2.31. Experimental values of the Sauter nean bubble diameter as a
: function of the superficial gas veloclity for the system air/demi-
neralized water, Hp/T = B.6.

In Figs. 2.32., 2.33, and 2.34., the experimental values of the specific
interfacial area are given for beth methods.
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} .
o) o
5 (o) © .
o 8 s
8(3 L}
o) 08 *® * P . L ]
o] LY
6 .
o) . o ¢ Ug
® m 5-1
0 T T T
0 0.1 0.2 0.3

Fig. 2.32. Experimental values of the specific interfaclal atea as a function
’ of the superficial gas velocity for the system air/demineralized
water, Hy/T = 3.

The values of the specific interfacial area obtained from the pictures are
somewhat higher than those from the gas-disengagement experiments. This
difference is due to the difference in gas holdup value used. For calculating
the specific interfacial area from the plctures, we used the visually observed
height of the dispersicn, so including a small reglon near the level of the
dispersion with a relatively high gas holdup. :

In the case of the gas-disengagement experiments, we made use of the height of
the dispersion, excluding the small foam layer, determined graphically by
means of the fleat.
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Fig. 2.33. Experimental values of the specific interfaciazl area as a function
of the superflcilal gas velocity for the system air/demineralized
water, Hg/T = 6
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Fig. 2.34. Experimental values of the specific interfacial area as a function
of the superficial gas veloclty for the system air/demineralized
water, Ho/T = 8.5.

Further experiments were carried out with a clear liquid height of about

1.7 = 1.8 m with the system air/demineralized water/carbon particles.

The concentration of solid particles in the liquid was 4, 8 and 12 kg m 3.
In Fig. 2.35., we compare the values of the Sauter mean bubble diameter

for three different concentrations’ df carbon particles.

For the sake of clarity, the values for a solid concentration of 8 kg w3
have been omitted.

It 45 obvious that there is no difference in Sauter mean bubble diameter for
the three different solids concentrations, which means that addition of
carbon particles to the system air/demineralized water does not influence the
value of the gas- bubble diameter.

In Fig. 2.36., the values of the specific Interfaclal area are compared.
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Fig. 2.35. Experimental values of the Sauter mean bubble diameter as a function
of the superficial gas velocity for the system air/demineralized
water/carboa particles, Hy/T = 6.
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Fig. 2.36. Experimental values of the specifle interfaclal area as a function
of the superficial gas velocity for the system air/demineralized
water/carbon particles, Hp/T = 6.

The value of the specific interfacial area for the system with a sollds
concentration of 12 kg m~? tends to be somewhat smaller than that for the other
concentrations.

Further experiments were performed with the system air/electrolyte solution

with an% without carbon particles. The concentraticn of solid particles was

4 kg w7,

In Fig. 2.37., the values of the Sauter mean bubble diameter are given for the
different systems Ilnvestipated.

It 1s obvious that there 1s a large difference between the values obtained from
pictures and those calculated from rche gas—disengagement experiments.

From Fig. 2.37., the conclusion can be drawn that for the system air/felectrolyte
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Fig. 2.37. Experimental values of the Sauter mean bubble diameter as a func-
tion of the superficial gas velocity for the system air/electrolyte
solution with and without carbon particles, Hg/T = 6.
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Fig. 2.3B. Experimental values of the specific interfacial area as a function
of the superficial gas velocity for the system air/electrolyte
solution with and without carbon particles, Hg/T = 6.

solution the value of the Sauter mean bubble diameter obtained from

gas-disengagement experiments fs much higher than the values of dg obtained

from pictures. This value of d; obtained from gas-disengagement experiments is

about the same as for the system air/demineralized water with and without carben

partlicles. .

This difference could be caused by the following:

— pictures taken from outside the bubble e¢olumn represent only a small layer
of the dispersion just near the wall of the colimn., This layer may not be
representative of the bubble size distribution, which may result in too
small a calculated value of dg.

= the decrease of the height of the dispersion per unit of time at the end of
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the gas-disengagement experiment 1s small. This causes relatively large
errors in the calculated values of the volume fraction and the bubble
diameter. .
When carbon particles were added to the electrolyte solution, the value of the
Sauter mean bubble diameter obtained from gas-disengagement experiments was
about the same as the value of dg for the system alr/electrolyte sclutian
without carbon particles as obtained from pictures.
In Fig. 2.38., the corresponding values of the specific interfacfal area are
given.

2.6. Summary and conclusions.

In this chapter, experimental values for the average gas holdup, the gas-
holdup distribution, the solids concentration distribution, the axifal liquid-
velocity distribution, the Sauter mean bubble diameter and specific interfacial
area of both a bubble column and a slurry column have been given. The experi-
mental results have been compared with correlations propesed in the literature.

With respect to the average gas holdup, we way conclude that:

~ our experimental results are in agreement with relations found in the
literature for the system air/demineralized water as well as for the system
air/electrolyte solution;

- additien of electrolytes or carbon particles to demineralized water does not
influence the value of the average gas holdup as long as the superficlal gas
velocity remains the same;

- the correlation between average gas holdup in aquecus solutions and
superficial gas velocity can be represented by

eav = ug/{vg + bug) (2-106)

with b = 2 and v, = 0.35 m 87%;

- addition of both carbon particles and electrolyte to demineralized water
increases the average gas holdup to about 0.5 for ug » 0.l m gl and causes
the formation of a foam layer whose height decreases with increasing super-
ficial gas velocity;

- the clear ltquid height influences the value of the average gas holdup only
slightly provided that Hg/T » 3.

With respect to the gas holdup distribution, it was found that:

- for the major part of the dispersion (middle section, see Flg. 2.1.), the gas
holdup 1s lower than the average gas heldup;

- the local gas holdup increases in the direction from the bottom to the top of
the dispersion;

- the gas holdup near the sparger is lower than the average gas holdup;

- in the foam layer the gas holdup has a much higher value than the average one;

- qualitatively, there is no difference between the varilous aqueous systems as
to the axial gas holdup distribution patterns.

With respect to the solid carbon particle concentration (dp < 30 pm), we may

conclude that:

-~ the concentration of solid carbon particles 1s constant throughout the
dispersion and deviates by less than 10 % from the mean solids concentration
even at a superficlal gas velocity as low as 2 cm gL,

In section 2.2.4., 1t was shown that:

- the axial liguid velocity in the dispersion can be approximated by:

v, (r) = 2, [(z/R)? - %} (2-107)
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— both literature data and experimental results of the present work are in
good agreement with eqn (2-107);

- for ug *» 0.2 m 57!, the experimental values of the local liquid velocity
for r/R = 0.7 slightly deviate from the best-fit values;

— the liquid velocity in the centre of the dispersion is in good agreement with
values calculated from the predictlon equation (2-88) from the literature
[64].

With respect to the Sauter mean bubble dlameter, it can be noted that for the
system air/demineralized water:
= the value of d; was between 3 and 3.5 mm and decreased slightly with

increasing superficial gas velocities;

— our experimental values of d_ were somewhat smaller than the values predicted
by the correlation of Akita and Yoshida;

— the correlation of Van Dierendonck et al. gives too low values for dy for
‘this system, probably due to a different specification of "demineralized
water”.

With respect to the Sauter mean bubble diameter, It can be noted that for the

system air/electrolyte solution:

= the value of dg was between 0.4 and 0.5 mm and almost constant;

— our experimental values of d; were smaller than the values predicted by the
correlation of Van Dierendonck et al.

With respect to the speciftc interfaclal area, 1t can be concluded that:

- for the system air/demineralized water, our experimental values of ar, were 1In
agreement with the experimental values of Reith et al. but not with those
of Van Dierendonck et al.;

- for the system air/electrolyte solution, our experimental values of ay, were in
agreement with the values predicted by the correlation of Van Dierendonck

et al.

With respect to the experimental results of the gas-disengagement experiments

for determining d, and ap, it was found that:

- for the system air/demineralized water, the values of d, and aj, were in good
agreement with those obtained from the plctures; _

- addition of carbon particles to the system air/deminerslized water did not
influence the value of dg or ag;

- for the system air/electrolyte solution, the experimental values of dg and ag
were of the same order of magnitude as for the system air/demineralized water
with and without carbon particles and differed from those of the pictures of
the system air/electrolyte solution without carbon particles.
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