21

Based on average bubble dimensions (Fig. 5) taken at 75 cm from the
bottom of the bed at a gas velocity of 177 cm/s, the gas-liquid inter-
facial area a was calculated as a function of superficial gas velocity
as:

a = NA/Vexp (21)
where
N = total number of bubbles in column
A = average area per bubble
Vexp = total column volume
and
Vex £
N=-SXP 9 (22)
V .
where
V = average volume per bubble.

A plot of gas-liquid interfacial area as a function of superficial gas
velocity without solids is shown in Fig. 6. The expression:

0.977 : (23)

a-= 1.003 Ug

was fitted to the data for no solids with a correlation coefficient of
0.993.

The extent of sedimentation of catalyst in the BCSR was determined
from experiments in which slurry samples were taken from ports in the
side of the reactor. The volume fraction of catalyst calculated for
two axial positions and three superficial velocities are summarized in
Table 5. The uniform catalyst concentration profile is in agreement
with the findings of Dyer et al. (12). In their study, performed with
nitrogen sparged through 45-to-53-um iron oxide particles suspended in a
Tiquid carrier of isoparaffin, a uniform catalyst concentration profile
was observed through the column for a similar range of gas velocities.
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Table 5. Catalyst sedimentation in the BCSR

Catalyst (volume %)

Ug (cm/s) :
21.6 cm above frit 50.8 cm above frit
0.49 8.6 8.3
0.95 : 8.2 8.0
1.3 4.8 o 4.8

The reason for the lower volume fraction of catalyst at a superficial
gas velocity of 1.3 cm/s cannot be adequately explained without further
study. The rise velocity of a swarm of nitrogen bubbles in n-hexane
was calculated from seven experiments to be 13.0 + 0.22 cm/s.

6. DISCUSSION OF RESULTS
6.1 Experimental Data

Figure 3 shows the observed increase in gas holdup with gas velocity
for the 20-um frit with no suspended solids. The dependence on gas
velocity is roughly linear.

The plot of gas holdup as a function of superficial gas velocity
with suspended sand (Fig. 4) exhibits a flattening at higher gas
velocities; this behavior was not seen with solids absent. The slope
begins to decrease at 1.4 cm/s, close to the region where a transition
in flow regime (1.5 to 1.75 cm/s) was observed.

Small particles reportedly can cause bubble coalescence. Larger
coalesced bubbles decrease gas holdup [Eq. (21)] (20).

The predominant flow regime seen in mockup experiments without
solids was homogeneous bubbly flow and some swirling-bubbly flow, char-
acterized by a helical bubble path above about Uy = 1.8 cm/s. No slugging
or churn-turbulence was seen. The smooth gas ho?dup over the range of
superficial gas velocities studied (Fig. 3) is further evidence of
uniform flow regimes.

With sand present at 13 wt % with a 25- to 45-um particle-size
distribution, a transition to larger bubbles with more irregular flow
was observed at a gas velocity of about 1.5 to 1.75 cm/s. This change
in flow regime is evidenced by the marked change in sTope for the curve
of Fig. 4. This transition in observed flow regimés has implications
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for BCSR modeling: (1) the interfacial area affects mass transfer from
gas to liquid; and (2) the transition in flow regime indicates that
holdup and interfacial area must be measured in the presence of solids.

- Bubbles were photographed in mockup experiments in the absence of
solids because the 25- to 45-um particles darkened the slurry and made
photographs impossible.

In Table 2, gas velocity had 1ittle effect on bubble size, as
reported by Deckwer et al. (8). Bubble size increased with position
up the columns from coalescence and interaction. The increase in bubble
size, because of changing gas-distributor pore diameter from 20 to
100 um (Table 4) caused a 50% increase in bubble volume and a 30% increase
in bubble area.

6.2 Comparison with Literature Data

6.2.1 Gas Holdup

Gas holdup and bubble size were compared with literature correlations
and values to determine their applicability to the system used in this
study. A1l literature correlations used were based on a column diameter
of 0.1 m or greater.

Our data for gas holdup with no solids were fit to a power-law
expression of the form: ) _ .

n ' .
EgaUg ' : ‘ ‘ (24.)

Equation (23) is in agreement with Shah et al. (20), who report an n of .
0.7 to 1.2 for bubbly flow. Empirical correlations for gas holdup in
bubble-column reactors are given by several authors. The correlations

of Hughmark (16), Akita and Yoshida (3), Hikita et al. (14), and Bach

and Pilhofer TE) include a dependency on the surface tension, density,
and viscosity of the 1iquid. For the properties of hexane, the gas
holdup as a function of gas velocity was calculated for each correlation.
Sample calculations are shown in Appendix 10.1. 1In Fig. 7 these predic-
tions are compared with data from our study.. For gas velocities less
than 1.5 cm/s, gas holdup as predicted by Bach and Pilhofer (4) is
within 6% of our data. For gas velocities greater than 1.5 cm/s, the
Bach and Pilhofer correlation poorly predicts our experimental gas
holdup; at 3 cm/s a 27% difference is seen. The correlations of Akita
and Yoshida (3), Hughmark (16), and Hikita et al. (14) differ among
themselves by only 25% at 3 cm/s, but all three fail to predict the
experimental data for our study specific to the F-T synthesis. The rapid
decline in the slope of the holdup curve at higher velocities for the
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Hikita et al. and the Bach and Pilhofer correlations can be explained’
because the exponential dependence n on gas velocity is lower (0.578 and
0.69, respectively) than in our correlation. A lower value of n qualita-
tively indicates a lower holdup at the same gas velocity.

The discrepancy between literature data and our data can be
partially explained by studying the ranges of parameters suggested
for each correlation. The column diameter for our study was only
5.08 cm, which is smaller than the 10 cm recommended for all the general
correlations. Also, rheological properties of the liquid (surface
tension, viscosity, and density) are slightly lower than the recommended
range for the literature correlations. :

Deckwer et al.-(9) and Calderbank et al. (6) studied the hydro-
dynamics of Fischer-Tropsch reactor at elevated temperatures for a
paraffin with similar physical properties to the hexane (simulated
n-octacosane) in our study. A comparison of our data with that of
Deckwer et al. and Calderbank et al. is shown in Fig. 8. Calderbank
et al. (Q) reported that gas holdup was virtually linear with gas velocity;
however, it was 40% lower than that measured in our study. Their work
was done with a ball-and-cone sparger. Agreement between our data and
the data of Deckwer et al. is very good, within 10% at all velocities;
the data of Deckwer et al. was obtained with a 10-cm bubble column and
a 75-um frit. This suggests that liquid properties (surface tension,
density, and viscosity) are the important factors for the inability of
the correlations of Akita and Yoshida (2), Hughmark (16), and Hikita et al.
(14) to accurately predict gas holdup in our system.

As shown in Fig. 9 the gas holdup with solids is nedrly the same
as that without solids for gas velocities below 1.4 cm/s. This observa-
tion was also made by Adiington and -Thompson (1), who reported that the
presence of solids had littie effect on gas holdup below gas velocities
of 1.5 cm/s. Above a gas superficial velocity of 1.5 cm/s, a transition
of flow regime accompanies a coalescence of bubbles caused by the
presence of solids. The result is that the gas-holdup as a function of
ve]ocit{~d§creases sharply. Similar results were reported by Imafuker
et al. (17). o

For gas holdup with solids present, empirical correlations from
Kato et al. (18), Begovich and Watson (5), and Deckwer et al. (9) were
compared with data from our study. In Fig. 10, a comparison of these
three empirical correlations with our data is shown. The sharp decrease
in slope at higher gas velocities was not predicted by any of the '
correlations. The Deckwer et al. correlation, the only correlation
specific for a Fischer-Tropsch system, agreed well with our data up
to a gas velocity of 1.5 cm/s. The correlation of Kato et al. agrees
up to a gas velocity of about 1 cm/s.

The discrepancies may be caused by the different particle sizes
used to develop the correlations. Deckwer et al. (9) used a particle
with an average size less than 5 u. Because of the small particle
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size, the siurry was likely pseudohomogenous and was unaffected by the
transition in flow regime at about 1.5 cm/s. Begovich and Watson (5)
and Kato et al. (18) used particles about 1 mm in diameter, which were
much larger than those in our study. The larger particles probably
caused bubbles to break, increasing holdup. No decrease in slope of
gas holdup as a function of gas velocity is seen at 1.5 cm/s. The
sharp transition in flow regimes at a superficial velocity of about
1.5 to 1.75 cm/s was eliminated by these larger particles. Further
study on the effect of particle size and concentration needs to be
conducted.

6.2.2 Gas-Bubble Size

In Table 6, the volume-equivalent bubble diameter from this study
js compared with that taken from literature data.

Table 6. Gas-bubble size

Source Bubble diameter (cm)
Our study 0.28 to 0.3}
Akita and Yoshida (2) - 0.43 to 0.55
Deckwer et al. (9, 10) ‘ 0.07
Dyer et al. (12) : 0.27 to 0.35

The range of diameters shown represent the largest variance at the
velocities studied (0.47 to 3.04 cm/s). The data from our study falls
within the range of the data reported by Dryer et al. They performed
their experiments with an isoparaffin which is similar to n-octacosane.
The prediction of Akita and Yoshida gives a s1ightly larger bubble size
than any of the experimental values. It is likely that the low value
reported by Deckwer et al. is because of the presence of surface-active
species (such as aldehydes and acids) in the molten wax, which could
affect bubble-size (15).-

The equivalent diameters listed in Table 2 for various gas velocities
indicate that bubble diameter is unaffected by increasing gas velocity.
This agrees with observations made by Deckwer et al. (9). The mild
influence of gas-sparger pore size shown in Table 4 on bubble size is
also in agreement with Deckwer et al. (8). On the other hand, Akita
and Yoshida (2) observed that gas-bubble size was independent of orifice
size. However, because their study was performed with a single-o6rifice
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sparger, the applicability of their observation to our study, performed
with a fritted gas distributor, is questionable.

6.2.3 Interfacial Area

Gas~liquid interfacial area for Fischer-Tropsch systems as a
function of superficial gas velocity is compared with literature correla-
tions in Fig. 11. The correlation for Deckwer et al. (9) was regressed
from reported data. They used 4.1- and 10-cm-ID bubble columns, with
nitrogen sparged through a 75-um-pore gas distributor into a paraffin
wax that contained up to 15 wt % solids at 503 K. The plot of this
correlation (Fig. 11) shows much greater specific interfacial areas than
those for our study. This is because the bubble reported by Deckwer et
al. was 0.7-mm diameter, considerably smaller than that determined in _
our study of about 3 mm. The data of Calderbank et al. (6) agree closely
with our data up to a gas velocity of about 1.3 cm/s, even though they
used a ball-and-cone gas sparger. '

6.3 Reactor Modeling

From the mockup study, the following conclusions can be drawn for
the range of gas velocities 0 to 3 cm/s: = '

1. The catalyst is well dispersed. This was verified by the sedimenta-
tion experiments in which no axial concentration gradient of
catalyst was seen.

2. The gas travels through the liquid in plug flow. At gas velocities
of about 1.5 cm/s, with solids present, a transition in flow regime
was observed, from bubbly flow to semiturbulent. However, semi-
turbulent flow was judged not to cause significant gas-phase mixing.
Generally the assumption of the liquid phase as well-mixed is made
(10) for columns with low L/D ratios. This assumption can be
verified by performing experiments in which a dye or solute tracer
is used to determine the extent of backmixing in the 1iquid phase.

7. CONCLUSIONS
1. With no.solid particles suspended, gas holdup was a linear
function of superficial gas velocity.
2. With 13 wt %, 25- to 45-um sand particles, a transition in flow

regime from homogeneous bubbly to semiturbulent flow was observed between
gas velocities of 1.5 to 1.75 cm/s.
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3. General gas-holdup correlations are not applicable to Fischer-
Tropsch systems.

4. Gas-bubble size is affected by distributor pore size and axial
position. Bubble area increased 32% upon increasing frit size from

20 to 100 um. At a gas velocity of 1.8 c¢m/s, gas-bubble size increased
throughout the column, suggesting coalescence.

8. RECOMMENDATIONS

1. Measure the mass-transfer resistance kLa for a Fischer-Tropsch
system in the presence of solids. This can be done in a dynamic study
with a soluble gas.

2. Perform gas-holdup studies to determine the effect of particle
size and density on gas holdup and flow regime. :

3. Examine liquid backmixing to determine the extent of dispersion
in the liquid phase. Several experiments in this area have been per-
formed by past Practice School groups; their results should prove
helpful. ' ‘ ; a

4. Improve the design of the reactor by: (a) decreasing the
length of transfer lines between the reactor and the product traps;
(b) pressure-testing the reactor to eliminate leaks; and (c) repairing
the on-Tine gas chromotograph so that rapid compositional analysis of
the off-gas is possible.
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'10.  APPENDIX

10.1 Sample Calculations

10.1.1 Gas Holdup

The gas holdup ¢4 in the expanded column with no solids present is
given by Eq. (15). Fgr an expanded column height Hgyp OF 105.7 cm and
an unexpanded {stagnant) height H, of 91.6 cm, the gas holdup is:

_105.7 cm - 91.6 cm _
g T05.7 cm = 0.133

€

10.1.2 Volume and Area of Ellipsoidal Bubble

The volume of an ellipsoid is given by Eq. (18). At a superficial
gas velocity of 1.77 cm/s and a pasition 75 cm from the gas distributor,
the major axis a' and minor axis b were measured as 0.2 and 0.12 cm, |
respectively. The volume of the ellipsoid is:

V= %-(n) (0.2 cm)? (0.12 cm) = 0.0201 cm’

The eccentricity ¢ of an ellipsoid is given by Eq. (19); and for the
same dimensions, the eccentricity i;:

2 2
- /fb.2 cm).- (0.12 ecm)® _
e = 0.2 cm 0.80

The area of an ellipsoid is given by Eq. (19) and equals:

1+ 0.80 2

A = 2n (0.2)‘2 + 1:;' (0.]2)2 ]n<]—_-—6—._8—6> = (0.255 cm

10.1.3 Gas-Liquﬁd Interfacial Area

Interfacial area can be calculated from Eq. (21). The volume of
gas in a bubbling bed Vg can be found from the gas holdup and the
expanded bed height as: _
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67 % Vexp (25)
where the expanded bed volume Vexp can be calculated from:

Y
Vexp T3 DC Hexp

The number of bubbles in the column can be éa]cu]ated from Eq. (22).
For a gas holdup Eq of 0.135 and an expanded bed height Hexp of 106 cm,
the volume of expanded bed is:

- ™ 2 _ 3
Vexp = 106 cm 2 (5.08 cm) 2140 cm

The number of bubbles is

3
v < (0.135) (21403Cm L = 14,400 bubbles
0.0201 cm

and interfacial area is

2y
a = (14,400 bubbles 50.255 cm”) | 1.69 cm”!
2140 cm -

10.1.4 (Correlations for Gas Holdup Without Solids

Gas holdup was calculated from four‘different cofrefations for no
solids. Parameters used for calculating holdup with these correlations
are Iisted in Table 7.

Gas holdup calculated with Eq. (7) from Hikita et al. (14) at a
gas velocity of 0.01 m/s is:
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Table 7. Parameters used in sample calculations

Liquid properties

oL = 660 kg/m3
b = 3.1 X 1074 Kkg/m-s
v = 4.70 X 1077 w/s

5 =1.86 x 1072 kg/s?

- Gas Properties .

o = 1.07 kg/m°

g
UL = 1.7 x ]0-5 kg/m_s
Miscellaneous
D = 0.0508 m
g =9.8 m/s2

dp = 37 X,]O-B'm
. = 0.672|{0:00 W/s)(3.1 X 1074 kg/m-s) [0-578
) 1.84 x 1072 kg/s

(3.1 x 1074 ka/m-s)*(9.8 m/s) -0.131 (1o n3\0-062

660 ko/m(1.88 x 107% kg/s)’ 660 kg/m°

0.107- -
‘0.017 cp -
X <0.31 cp 0.0543

The Bach-Pilhofer (4) correlation [Eq. (8)] yields a gas holdup as a
function of gas velocity of:

3 0.23
€ U

T‘TEE"= 0.115 2 ,
9 (4.70 x 1077 mé/s)(9.80 m/s°)

(660 - 1.07 ka/m")
660 ka/m>
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€

T—L— = 1.9425 y 0-89

For-a superficial gas velocity Ug of 0.01 m/s, the gas holdup is:

_ 1.9425 (0.01 m/s)°-69
S 14+ 7.9425 (0. 01)O 63

= 0.0749

£

For the Hughmark (16) corre]at1on given in Eq (9), gas holdup can
be calculated as a function of gas velocity:

= ' 1
e =

P2+ 0.35/U [(660 ka/m®)(1.84 x 1072 ka/s)/7231/3

1
2+ [0.19338/U;]

For a superficial gas velocity Ug of 0.01 m/s, the gas holdup is:

1
€9 ¥ Z¥ [0.7933970.01 W] = 0. 0469

From Akita and Yoshida's (3) correlation of Eq. (6), gas holdup
as a function of gas velocity is: :

"9 . g o{9-8m/s% 0.0508 m 660 Jka/m )”8
(1 - €g) k 1.84 x 1072 kg/s® VAR
[148 m/s )(o 0508 1 3)}]’8 Yg
7 2
(4.70 x 1077 m%/s) /9.8 n/s? (0.0508 m)

= 4.324
4.3247 U
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This is a fourth-order polynomial in gas holdup and can be solved if ,/”/
Ug is specified. For a superficial gas velocity of 0.01 m/s, gas =
holdup is:

g = 0.0372

10.1.5 Correlations for Gas Holdup with Solids

Gas holdup with solids was calculated from three corre1afions.
From Begovich and Watson (5) [Eq. (10)] gas holdup as a function of
gas velocity is: :

-0.125 u 0.72

9

m
\

1.612 (37 x 1078 m)?-158 (0.0508 m)

0.4213 ug°'72

For a gas velocity Ug of 0.01 m/s, gas holdup is:

cq = 04213 (0.01 m/s)0: 7% = 0.0153

From Deckwer et al. (9), gas holdup with‘solids:can be expressed as
in €q. (11). For a gas velocity of 1.0 cm/s, the gas holdup is

cq = 0.053 (1.0)'-1 = 0.053

10.1.6 Correlations for Bubble Sizé

From Akita and Yoshida (2), bubble size can be expressed as Eq. (12).
With the values in Table 7, effective bubble diameter deff as a function
of gas velocity is: o ‘ .
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9.8 m/s%)(0.0508 m)2 660 kg/m3]‘°'5
(1.84 x 1072)

) [(9.8 m/sz)(g.ogos g)3]'°-12< Ug - )-0.12
(470 x 107" m/s) : /.8 m/s% (0.0508 m)

- (
defs = 26 (0.0508 m)[

= 0.0028314 ug"“2
For a gas velocity of 0.01 m/s, the effective bubble diameter is:
i ' -0.12 _ ;
deff = 0.0028314 m (0.01) .= 0.00492 m

10.1.7 Correlations for Inter%acia] Afeé'

Interfacial area can be estimated by Eq. (13), according to Akita
and Yoshida (2). - From parameters in Table 7, interfacial area a as-a
function of gas holdup eq is: '

(9.8 m/s)(0.0508 m)(660 kg/m3)]°'5'

a=1/3 (o.osoa’m)[ e
1.84 x 107% kg/s

) [(9.8 m/s%) (0.0508 m)3](L] 113
(4.70 x 1077 w/s)? g

- 1872 891;13

For a superficial gas velocity of 0.01 m/s, gas holdup from the Akita-
Yoshida correlation [Eq. (6)] is 0.0372. Interfacial area is thus:

a = 1872 (0.0372)V:13 = 45:4 5!
10.2 Original Data

Table 8 shows gas holdup as a functidn of‘éas‘superficial velocity
for different-size frits, with and without solids. ‘ o



40

Table 8. Gas holdup as a function of
gas superficial velocity

Ug (cm/s) Ho (cm) Hexp (cm)

20~um frit; no solids present

0.411 91.0 93.4
0.822 90.7 - 96.5
1.19 90.0 98.9
1.51 91.8 102.9
1.69 91.0 103.1

1.87 91.3 105.6
1.93 91.6 105.7

2.38 88.6 104.6
2.83 87.0 106.8
3.18 86.7 107.3

100-um frit; no solids present

0.485 83.7 85.5
0.929 ' 91.1 . .93.2

1.094 95.2 101.9.
1.472 95.1 103.9

2.089 94.9 108.4
2.393 94.1 109.2
2.878. 94.5 114.5
3.223 ‘ - 92.9 113.3

20-um frit; 13 wt % sand (25 to 45 mm)

0.403 86.0 88.0
0.773 85.7 89.3
1.07 85.3 90.7
1.37 84.5 92.3
1.76 85.7 94.1

2.14 85.5 94.8
2.34 85.0 95.3
2.7 . 84.2 95.4

10.3 Error Analysis

10.3.1 Gas Holdup

Error in calculating the gas holdup for any experiment comes from
two sources: (1) measurement of the gas flow rate; and (2) measurement
of expanded-bed height. Error in the measurement of gas flow rate
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resulted from the use of a timer to record flow through a wet-test
meter. For ten experiments, a standard deviation 2.0 + 0.07 L/min
resulted which corresponds to a superficial velocity of 1.65 + 0.07 cm/s.

10.3.2 Gas-lLiquid Interfacial Error

The primary error in calculating the gas-liquid interfacial area
results from the estimation of average bubble size. Error in the gas
holdup measurement propagates ‘to the specific area calculation. Vari-
ance in the bubble size s introduced from three sources: (1) random
variation because of distribution of bubble size; (2) approximation of
an irregular bubble by a regular ellipsoid; and (3) .coalesence through
the column. The error of bubble irregularity and size distribution
is accounted for in the error shown ‘in Tables 2, 3, and 4.

10.3.3 Catalyst Sedimentation

The primary error in measuring the volume percentage of catalyst
in slurry samples taken from the reactor resulted from incomplete
centrifugation of the sample. Solidification of the slurry in the
centrifuge (melting point of n-octacosane, 338 K) prevented centrifuga-
tion for longer than 5§ min. Rather than a sharp boundary between ,
catalyst solids and carrier supernatant, a diffuse zone of about 0.1 mi
was seen. The error introduced from this reading error of +0.1 ml

amounted to about 0.8 vol % catalyst.
10.4 Location of Original Data

Data for experiments run on the mockup and BCSR can be found in
ORNL databook A-9913-G, pp. 30-65. Complete calculations are on file
at the MIT School of Chemical Engineering Practice.

10.5 Nomenclature

a Gas-liquid 1nterfacia1 area, cm-1

a' Ellipsoid semi-major axis, mm

A - Average area per bubble, cm?l‘,‘

b | EffipSoid semi-ﬁ%ndf axis, mm{

deff Effective bubble diameter, m

d Partit]e'diameter;‘m a - :
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D¢ Column diameter, m. .
g Gravitational acce]eration; m/S2

AH Heat of reaction, kJ/mol

Hexp Equnded bed height, m
Hor Unexbanded bed height; m |
kL vb Gas;liquid mass-transfer-coefficient, cm/é
n o Exboneﬁt in power-law expression
N Total number of bubblés in column
Ug " Superficial gas velocity, m/s
Vexp Expanded bed volume, cm3 |
VG' Volume of‘gés in expanded béd, cm3
v o Averagevvolume per bubble, cm3
g Gas holdup |
e 'E11ipso{d eccentricity
Pg Gas density, kg/m3 ‘
o,  Liquid density, kg/m3
o Surface tension, N/m
v Liquid kihematic‘viscosity, m2/s~
“g Gas viscosity, kg/m-s
g Liquid viscosity, kg/m-s
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