
Bu bble-Size Distribution in Fisc her-Tropsc h- 
Derived Waxes in a Bubble Column 

Bubble sizes were measured for molten wax-nitrogen systems using 
photography and dynamic gas disengagement. The effects of operating 
conditions, system geometry and wax type were studied in 0.05- and 
0.23-m-diameter by 3-m-tall bubble columns. Both techniques were 
used with FT-300 wax, while only the dynamic gas disengagement tech- 
nique could be used with reactor waxes due to their dark color. For FT- 
300 wax, Sauter mean diameters obtained from photographs taken near 
the column wall were significantly lower than those obtained from photo- 
graphs taken near the center. The d,  values obtained from dynamic gas 
disengagement and photographic (near the column center) methods, for 
this noncoalescing medium, were in the range 0.5- 1.6 mm in the large- 
diameter column. For reactor waxes, d, values were significantly higher 
(1 -2 mm for Sasol and 1-5.5 mm for Mobil’s reactor wax) and are in 
agreement with results reported in earlier studies with similar waxes 
(d. = 2-4 mm), where different experimental techniques (light transmis- 
sion or hot wire anemometry) were employed. 
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introduction 
The advantages of using a slurry column for Fischer-Tropsch 

synthesis have been elaborated by several researchers in recent 
years (e.g., Deckwer et al., 1980; Kdlbel, and Ralek, 1980; Sat- 
terfield and Huff, 1980; Bukur et al., 1987a). In the slurry bed 
process, very small catalyst particles are suspended in a molten 
wax, and a mixture of H2 and CO (synthesis gas) is passed 
through in the form of gas bubbles. Bukur et al. (1987a, b) have 
summarized the findings of studies related to the hydrodynam- 
ics of Fischer-Tropsch synthesis in a bubble column reactor. The 
overall mass transfer rate per unit volume of the dispersion in a 
bubble column is determined by the liquid-side mass transfer 
coefficient (kpa), assuming that the gas-side resistance is negli- 
gible. In a bubble column, the variation in kpa primarily results 
from variations in the interfacial area (Fan, 1989). The specific 
gas-liquid interfacial area is related to the average gas holdup 
and the Sauter mean bubble diameter, d,, by 

6t a=--?! 
d,  

Corrapondence concerning this p p c r  should be a d d d  to D. B. Bukur. 

Extensive work on bubble-size measurements in two-phase 
systems has been reported in literature and has been reviewed by 
several authors (e.g., Buchholz and Schugerl, 1979; Shah et al., 
1982; Saxena et al., 1988); however, the majority of these stud- 
ies pertain to the air-water system. Investigations on bubble-size 
measurements with molten wax as a liquid medium are rather 
limited (e.g., Calderbank et al., 1963; Quicker and Deckwer, 
1981; O’Dowd et al., 1986), and there is some disagreement 
between bubble-size data reported in these studies. Previous 
work with this medium has dealt mainly with overall gas holdup 
and its dependence on operating conditions and system parame- 
ters (e.g., Deckwer et al., 1980; Kuo et al., 1985; Sanders et al., 
1986; Bukur et al., 1985,1987a, b; Bukur and Daly, 1987). The 
general consensus is that some molten wax systems depict an 
unique behavior: that is, an abundance of very small bubbles are 
present and high gas holdups are obtained in comparison to 
other hydrocarbons having similar physical properties. The 
resulting specific interfacial areas could be an order of magni- 
tude greater than those for the other hydrocarbons (Quicker and 
Deckwer, 198 1). The findings from bubble-size measurement 
studies with molten waxes are summarized below. 

Calderbank et al. (1963) used a light-transmission technique 
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to measure interfacial areas for Krupp wax at  265OC for gas 
velocities less than 0.06 m/s in a 0.05-m-diameter column 
equipped with a ball and cone type sparger. When these data, 
along with the average gas holdup values reported by them, are 
used in Eq. 1, Sauter mean bubble diameters in the range of 2-3 
mm are obtained. Zaidi et al. (1979) and Deckwer et al. (1980) 
reported a much lower d, value, 0.7 mm, for paraffin wax using 
photography in 0.041 - and 0.1-m-diameter columns equipped 
with 75-pm porous plate spargers (25O-27O0C, ug 5 0.03 m/s). 
Quicker and Deckwer (1981) measured d, values for FT-300 
wax in a 0.095-m-diameter column equipped with a 0.9-mm 
nozzle. Sauter mean bubble diameters, determined by the 
photographic method, at 170OC ranged between 1.3 mm (at 0.01 
m/s) and 0.6 mm (at 0.035 m/s). More recently, O’Dowd et al. 
(1986) obtained d, values for a P-22 wax, and for reactor wax 
from run 7 in Mobil’s pilot-plant slurry reactor (Unit CT-256) 
using the hot wire anemometer a t  25OOC and 1.48 MPa. Their d, 
values, from a 0.022-m-ID column equipped with a I-mm ori- 
fice plate, for the two waxes were in the range of 2.7 to 3.9 mm 
for ug 5 0.02 m/s and are comparable to values reported by Cal- 
derbank et al. (1963). 

The lower d, values from the studies conducted by Zaidi et al., 
Deckwer et al., and Quicker and Deckwer, cannot be attributed 
to the limitation of the photographic technique, i.e., its bias 
towards small bubbles (in the vicinity of the wall). This is 
because all of these studies were conducted in the homogeneous 
bubbly regime (Quicker and Deckwer, 198 I ) ,  where the disper- 
sion is expected to be radially uniform. A possible cause for the 
differences could be the behavior of the medium itself. Bukur et 
al. (1987b) have shown that, despite similar physical properties, 
different waxes have dissimilar hydrodynamic behavior. This 
was attributed to differences in the coalescence-promoting prop- 
erties of the various waxes. 

The objective of this study was to iiivestigate the effect of 
operating conditions, system geometry, and wax type on bubble- 
size distributions. The measurements were made using two dif- 
ferent techniques, photography and dynamic gas disengagement 
(DGD). We investigated the effect of radial position on d, by 
taking photographs of the dispersion near the column wall as 
well as near the center of the column through a special viewing 
port. The effect of wax type was studied using FT-300 wax (a 
noncoalescing medium), and reactor waxes (i.e., high-molecu- 
lar-weight hydrocarbons produced during the synthesis). 

Experimental Equipment and Methods 

Apparatus 
Two glass bubble columns (0.05-m-ID and 0.23-m-ID, 3-m- 

tall) and a stainless steel column (0.24-m-ID by 3-m-tall) were 
used in this study. Similar setups were used with each column, 
and a detailed description of the apparatus was given elsewhere 
(Buker et al., 1987a, b). The 0.24-m-ID stainless steel column 
was equipped with a viewing port located at  a height of 1.4 m 
above the distributor. The port was indented into the column to 
a depth of 0.03 m from the center of the column. A 40-pm sin- 
tered metal plate (SMP), and 2- and 4-mm-orifice plate distrib- 
utors were used in the 0.05-m-ID column, whereas a 1 9 x 2  mm 
perforated plate distributor was used in the large columns. 
Majority of the experiments were conducted at 265OC and 
atmospheric pressure, and a few were made at  2OOOC to study 
the effect of temperature. Gas velocities in the range 0.01 to 

0.15 m/s were employed in this study. This range includes the 
homogeneous bubbly flow regime (low gas velocities), and the 
slug flow regime (0.05 m ID column) or the churn turbulent 
regime (0.23 m ID column) at  higher gas velocities. 

The average gas holdup for experiments in the glass columns 
was calculated using visual observations of the expanded (in- 
cluding any foam present) and static liquid heights. In the stain- 
less steel column, differential pressure measurements from pres- 
sure transducers located along the column height were used to 
estimate the average gas holdup. For a given set of operating 
conditions, holdup was measured three times. For gas velocities 
less than 0.05 m/s readings were taken every 30 minutes, 
whereas for higher gas velocities readings were taken every 20 
minutes to ensure that steady-state conditions were achieved. 
Foam level a t  the top of the dispersion tends to rise with time. 
Also, sufficient time must be allowed for small bubbles to propa- 
gate into the bulk of the dispersion; otherwise, erroneous holdup 
and Sauter mean bubble diameter values would be obtained. 
Photographic and/or dynamic gas disengagement measure- 
ments were taken following the last set of readings at  a given gas 
velocity. 

Photographic technique 
A Canon, AEl / P  (SLR) camera was used with Canon auto 

bellows and a 135-mm Canon lens with a polaroid filter to take 
photographs. The camera was also equipped with a Vivitar 
Model 283 flash unit. The optimal arrangement for the 0.05-m- 
ID column consisted of two 1,000-W Colortran lights placed a t  
angles of 90” with respect to the front of the column in a stag- 
gered position (i.e., one 0.15 m above the field of view and the 
other 0.1 5 m below the field of view). A shield (flat black metal 
plate) was placed between the lower light and the field of view. 
Milar paper was placed between the field of view and the light a t  
the top in order to reduce the glare. Photographs were taken at  
all gas velocities (0.01 to 0.12 m/s) a t  heights of 0.5, 1.2 and 2.0 
m above the distributor, except when foam filled the entire col- 
umn (photographs were taken only at  1.2 m for such cases). The 
flash was used for photographs in the large columns. It was 
mounted at a distance of 0.25 m from the column at  an angle of 
45O with respect to the front face of the column. At low gas 
velocities (50.05 m/s) the Canon 135-mm lens mounted on the 
auto bellows with an extension of 110 mm was employed, 
whereas at higher velocities (>0.05 m/s) a 50-mm lens with an 
extension of 70 mm was used. An f/stop of I6 was found to pro- 
duce the best results. Photographs were taken for all gas veloci- 
ties at heights of 0.4, 1.1 and 2.0 m above the distributor in the 
glass column and through the viewing port in the stainless steel 
col um n. 

A minimum of four photographs were taken at  each condition 
and location, using Kodak’s 400 ASA Tri-X Pan film. The area 
of the column photographed was kept a t  a minimum (15 x 20 
mm) in order to reduce distortions due to the curvature of the 
column wall. A reference mark, attached to the column wall and 
in the field of view of the camera, was used for image scaling 
purposes. Selected photographs were enlarged to 8” x 10” and 
analyzed on a Zeiss image analyzer equipped with a digitizer 
and a light pen. The analyzer allowed interactive editing of the 
image, which made it possible to separate overlapping bubbles. 
The area equivalent diameter was estimated for each bubble, 
and the bubble size distribution was obtained. Each distribution 

94 January 1990 Vol. 36, No. I AIChE Journal 



consisted of 60 to 65 bubble classes or groups based on the area 
equivalent diameter. 

The Sauter mean diameter, which is the volume to surface 
area ratio of the bubbles in the distribution, assuming spherical 
bubbles, is estimated using 

N 

i- I 

Dynamic gas disengagement technique 
A videocamera and a VCR unit were used to record the drop 

in liquid level during the disengagement process. A vertical ruler 
mounted next to the coIurnn (in the camera's field of view) was 
used to obtain the actual heights. After the completion of a run 
at  a given gas velocity, the gas flow was shut off using a solenoid 
valve and the drop in liquid level recorded. Detailed description 
of the procedure was given elsewhere (Patel et al., 1989). 

The technique has been used by several researchers to deter- 
mine the gas holdup structure and bubble rise velocities in bub- 
ble columns, and was subsequently extended to also include the 
estimation of Sauter mean diameters (Kuo, 1985; Patel et al., 
1989). We have used the technique to determine Sauter mean 
bubble diameters in  several systems including pure n-butanol, 
and aqueous solutions of n-butanol or n-butanol and carboxyme- 
thy1 cellulose (Bukur and Patel, 1989), and the air-water system 
(Patel et al., 1989). The DGD technique, first proposed by Sri- 
ram and Mann (1977), assumes that the dispersion is axially 
homogeneous at  the instant when gas flow is interrupted and 
that there are no bubble-bubble interactions. Patel et al., (1989) 
have presented a detailed discussion on the theory for this tech- 
nique, based on two limiting cases: 

I .  A constant rate process, where the different bubble classes 
disengage independent of one another. 

2. An interactive process, where disengagement of large bub- 
bles retards the disengagement of smaller bubbles. 

In the present work, analysis is based on the constant rate pro- 
cess. Only the relevant equations, for analysis of data obtained 
from DGD measurements, are given here. 

The experimentally measured disengagement profile is plot- 
ted as normalized height (HIH,)  vs. time, and approximated by 
a series of straight line segments (2 - 3). Each line segment 
represents a different bubble size class. The slopes ( s i )  and inter- 
cepts (b i )  for the different line segments are estimated using 
linear regression and used in the relationships given below. The 
first line segment (i = 1) represents the disengagement of all of 
the largest bubbles and some of the smaller bubbles from the 
remaining classes, whereas the last line segment ( i  = N )  repre- 
sents the disengagement of the smallest bubbles. 

The holdup attributed to bubbles in a given class is estimated 
using 

and the rise velocity of bubbles in a given class is estimated 
using 

The volume fraction of bubbles in a given class is estimated by 
normalizing the holdup attributed to that class of bubbles, i.e., 

Bubble sizes are estimated from the knowledge of the termi- 
nal rise velocity by using appropriate correlations. The correla- 
tions used to determine bubble sizes in the present study are 
summarized in Table 1. For the range of rise velocities not COV- 

ered by these correlations, bubble diameters were obtained by 
interpolation. Figure 1 shows the curve used to determine bub- 
ble sizes for FT-300 wax at  265OC, with the broken line indicat- 
ing the interpolated region. For the systems investigated in this 
work, less than 5% of the rise velocities were in this intermediate 
region. The correlation by Abou-el-Hassan (1983) was used to 
estimate small bubble diameter for FT-300 wax, whereas the 
Peebles and Garber's correlation (1953) was used for reactor 

Table 1. Correlations for Estimating Bubble-Size from Bubble Rise Velocity 

Reference Correlation Range of Applicability 

Peebles nnd Garber (1953) 

Clift et al. (1978) 

Abou-el-Hassan ( 1  983) 

2.1 4uQ + 0.505gdb 

V = 0.75[/0g ( F ) ] *  

V = velocity number 

[;;I -O.*I4 2 5 Re 5 4.02 - 

dh > 1.3 m m  

710 c pp s 1,180 kg/mJ 
0.233 5 ~l~ 5 59 mPa-s 

0.01 5 5 ug 5 0.072 N / m  

0.1 5 V s  40 
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I Llquld FT-300 Wax 
- Temperature 265OC 

Velocity h / s )  Reference 

1 <0.15 Abou el Hassan 
2 >0.20 Clift et al. 
3 0.15<ub<0.20 Interpolated 

10’’ I I 

16’ too 1 0’ loz 
Bubble Diameter brim) 

Figure 1. Bubble rise velocity vs. bubble diameter corre- 
lation for FT-300 wax. 

waxes. The ranges of applicability for these correlations (Table 
1 )  were satisfied in all cases, except for wax density at 265°C. At 
this temperature, densities of the three waxes were in the range 
655 to 681 kg/m3, and these were slightly below the range of 
applicability of the Abou-el-Hassan correlation. Finally, the 
Sauter mean bubble diameter is estimated from 

Materials used 
The liquids used in this study were FT-300 wax (average 

molecular weight of 730) from Dura Commodities Co., New 
York, reactor wax from Sasol’s Arge fixed-bed reactor, and the 
composite reactor wax from runs 9, 1 1 and I2 in Mobil’s pilot- 
plant slurry reactor (Unit CT-256). Physical properties for 
these waxes are summarized in Table 2. Surface tension values 
for the three waxes have not been reported; however, for a vari- 
ety of similar waxes, the surface tension values are between 
0.021 and 0.027 N / m  (Bukur et al., 1987b). We have used a 
constant value of 0.024 N/m in the present work. 

Experimental Results and Discussion 

Bubble-size measurements using photography 
Molten FT-300 wax is clear and has a water-like appearance 

in the absence of foam, making it possible to use the photo- 
graphic technique to measure bubble-size distributions. Photo- 

Table 2. Physical Properties of Waxes 

Temp. Density Viscosity 
Wax Type (“C) ( k g / d  (rnPu.s) 

FT-300 Wax 200 122 4.2 
265 68 I 2.1 

Sasol Wax 200 70 1 2.9 
265 655 2.0 

Mobil Wax 200 716 3.8 
265 674 2.3 

graphs were taken at several axial locations in both the 0.05- and 
0.23-m-ID glass columns. In the 0.24-m-ID stainless steel col- 
umn, photographs were taken through the specially constructed 
window, which was located at a height of 1.4 m above the dis- 
tributor. Results from these measurements are discussed here in 
terms of the various effects investigated. 

Eflect of Disrriburor Type. Figure 2 compares cumulative 
bubble-size distribution curves obtained with the 2-mm-orifice 
plate distributor and the 40-pm sintered metal plate (SMP) dis- 
tributor in the 0.05-m-ID column. The measurements were 
made at a superficial gas velocity of 0.07 m/s and at a height of 
1.2 m above the distributor. These results show that the S M P  
distributor produced smaller bubbles than did the orifice plate 
distributor. Comparisons at lower gas velocities are difficult 
because of the excessive foam produced with the S M P  distribu- 
tor. 

Bhavaraju ct al. (1 978) have defined three regimes of bubble 
formation at the distributor, based on the gas flow rate (or the 
orifice Reynolds number, Reo). For the range of gas velocities 
used in our study with the 2-mm-orifice plate distributor, Re, is 
in the range of 3,350-40.200. and the jet or turbulent regime is 
applicable for this range of Reynolds numbers. Heijnen and 
van’t Riet (1984) have stated that in  this regime the Sauter 
mean bubble diameter at the orifice (d : )  is weakly dependent 
on the gas flow rate and its value is between 4 and 6 mm. Fur- 
thermorc, they stated that da is not influenced by the coalescing 
or noncoalescing properties of the medium. Studies conducted 
by Miyahara et al. (1983) show that at high gas flow rates the 
size of bubbles i n  the vicinity of the distributor is independent of 
the orifice diameter, gas flow rate and the physical properties of 
the medium. 

Studies with porous plates (Heijnen and van? Riet, 1984) 
indicate that dj; values for bubbles formed at the distributor in  
noncoalescing media with these plates are in the order of 0.5-1 .O 
mni. These studies also show that the size of these bubbles is 
invariant with gas flow rate. 

As the above studies indicate, bubbles produced at  the distrib- 
utor are significantly smaller for the S M P  distributor than those 
produced with the orifice plate distributor. In  a noncoalescing 
medium, where bubble size is dictated predominantly by break- 
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Figure 2. Effect of distributor-type on bubble-size distri- 
bution determined by photographic method (at 
the column wall). 
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Figure 3. Effect of superficial gas velocity and height 
above distributor on Sauter mean bubble diam- 
eter determined by photographic method (at 
the column wall). 

age, i t  intuitively follows that the bubble-size distribution at  
locations further away from the distributor would also show the 
effect of distributor type. Therefore, the smaller bubbles and the 
narrower bubble-size distribution observed with the SMP dis- 
tributor, compared to the distribution with the 2-mm-orifice 
plate (Figure 2), is in  agreement with literature findings. When 
photographs of the foam were analyzed, it was found that d,  for 
foam was consistently around 0.5 mm. The bubble-size distribu- 
tion for foam is relatively narrow and reveals no effect of the 
type of distributor used. 

Eflect of’ Axial Location and Superficial Gas Velocity. Fig- 
ure 3 shows results from photographs taken in the 0.05-m-ID 
column equipped with the 2-mm-orifice plate distributor. Re- 
sults are shown for three different superficial gas velocities, 
0.01, 0.03 and 0.09 m/s. Approximately 400-500 bubbles were 
catalogued and sized at each condition. These results indicate 
that d ,  does not vary significantly in the lower half of the column 
(up to about I .2 m above the distributor); however, d,  decreases 
above this point. The maximum drop in d ,  is a t  a gas velocity of 
0.03 m/s, from 1.7 mm at  a height of 1.2 m to 0.8 mm at  a 
height of 1.9 m above the distributor. This velocity also coin- 
cides with the condition where the greatest amount of foam is 
produced at the top of the dispersion, and a sharp drop in d ,  near 
the top of the dispersion would be expected. 

Effect of superficial gas velocity and axial position on d ,  for 
experiments conducted in the 0.23-m-ID glass column equipped 
with the 19x2 mm perforated plate distributor is illustrated in 
Figure 4. Approximately 1,500-1,700 bubbles were catalogued 
and sized at each condition. These results indicate that the 
Sauter mean diameter decreases initially as gas velocity is 
increased and then approaches a constant value at  higher gas 
velocities. At 0.4 m above the distributor, d ,  decreases from 
approximately 1.2 mm a t  0.01 m/s to 0.5 mm a t  0.03 m/s. At 
heights of 1.1 and 2.0 m above the distributor, d,  approaches 0.3 
mm at a gas velocity of 0.09 m/s. Visual observations of the dis- 
persion support these findings. The sharp drop in d,  as ug 
increases from 0.01 to 0.03 m/s is due to the increased amount 
of foam present at ug = 0.03 m/s. Results from the work by 
Quicker and Deckwer (1981) with FT-300 wax in a 0.095-m-ID 
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column are also shown in Figure 4. They took photographs of 
bubbles along the column wall for experiments performed in the 
homogeneous flow regime. Their results show that d ,  is around 
1.5 mm at  low gas velocities (0.005 m/s) and it decreases to 
about 0.5 mm at  a gas velocity of 0.035 m/s. d ,  values from the 
current study at  a height of 0.4 m above the distributor are in 
good agreement with the results of Quicker and Deckwer. Also, 
Zaidi et al. ( 1  979) and Deckwer et at. (1 980) have reported d ,  
values of about 0.7 mm for molten paraffin wax in bubble col- 
umns equipped with porous-plate spargers. 

Bubble-size distributions obtained from photographs taken 
near the column wall are not representative of the distribution 
averaged across the column cross-section. Liquid circulation 
patterns in the bubble column consolidate the small bubbles 
near the column wall, whereas the larger bubbles remain in the 
central core of the dispersion. Experiments conducted by 
Ueyama et al. (1980) confirm this limitation of the photo- 
graphic technique. To offset the bias of the technique towards 
small bubbles, photographs were also taken through a specially 
constructed window in the 0.24-m-ID stainless steel column. 
The window is offset into the column to make it possible to pho- 
tograph the dispersion near the center of the column (approxi- 
mately 0.03 m from the center of the column). Special care was 
taken, while designing the window, to minimize the disturbance 
caused to the flow field in the column. A skirt, directly below the 
window, formed a hollow cavity that trapped bubbles that were 
in the dispersion between the wall and the skirt, while allowing 
bubbles outside this region to rise freely. The trapped gas was 
released once the cavity was full. The dispersion was photo- 
graphed during the interval between successive releases of the 
trapped gas. 

Figure 5 shows results from photographs taken through this 
window. Approximately 1.500-1,700 bubbles were catalogued 
and sized from two photos a t  each velocity. The vertical bars in 
Figure 5 join Sauter mean diameters from the individual photo- 
graphs, and the solid circles represent d ,  values obtained when 
results from the two photographs were combined. These results 
represent the bubble-size distribution in the dispersion near the 
center of the column (as opposed to distributions of the disper- 
sion near the wall of the column, when photographs from the 
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Figure5. Effect of superficial gas velocity on Sauter 
mean bubble diameter (at the column center). 
Vertical bars join Sauter mean diameters from individual photo- 
graphs, while solid circles represent Sauter mean diameters when 
results from the two photos were combined. 

glass columns were analyzed). The Sauter mean diameter 
reaches a maximum value of 1.5 mm at  a gas velocity of 0.03 
m/s  and then stabilizes at 0.8 mm for higher gas velocities (up to 
0.12 m/s). Sauter mean diameters from individual photographs 
compare satisfactorily considering the limitations of this proce- 
dure. At low gas velocities (0.01-0.03 m/s), there is some 
coalescence, which causes the bubble size to increase. However, 
as gas velocity is further increased, the transition to the churn- 
turbulent regime takes place and is accompanied by intense 
mixing, resulting in relatively small bubble sizes. 

Akita and Yoshida (1974) and Smith et al. (1983) have 
shown that the log-normal distribution function adequately rep- 
resents cumulative bubble-size distributions. The log-normal 
distribution is given by 

The Sauter mean bubble diameter for such a distribution can be 
estimated from the ratio of the third and second moments of 
such a distribution, which follows from the definition of d, (Eq. 
2). The final expression for d, is 

d, = exp(p + id) 

The mean ( p )  and standard deviation (u) of the distribution are 
estimated from a plot of In (db) vs. cumulative density on proba- 
bility paper (which should be a straight line). Thestandard devi- 
ation is obtained by taking the inverse of the slope of the straight 
line, and the mean is obtained by first locating the bubble size 
corresponding to a cumulative density of 0.5, and then taking 
the natural log of this value. These estimates for p and u can 
then be used in Eq. 8 to determined,. 

When bubble-size distributions obtained from photographs 
taken at  the viewing port in the 0.24-m-ID column (combined 
results from two photographs at  each condition) were plotted on 

probability paper [i.e., In (db) vs. cumulative density], straight 
lines were obtained for all cases. The mean and standard devia- 
tions for each of these distributions were estimated, and d, val- 
ues were determined using Eq. 8.  These results are in good 
agreement with d,  values obtained from the original data, using 
Eq. 2, as shown in Figure 5. 

In general, d ,  values from measurements made in the 0.05- 
m-ID column (e.g., Figure 3) are greater than those obtained in 
the 0.23-m-ID column (e.g.. Figure 4). We believe, this is 
caused, to some extent, by the differences in techniques used in 
the two columns, rather than by the differences in column diam- 
eter alone. It is expected that the fewer bubbles sized from pho- 
tographs in the smaller-diameter column (1 photograph per con- 
dition, 400-500 bubbles), compared to the number of bubbles 
sized in the larger diameter column (two photographs per condi- 
tion, 1,500-1,700 bubbles), caused a disproportionate number 
of larger bubbles to be included in the bubble-size distributions 
for the small column. This would result in a larger d,  value for 
the 0.05-m-ID column. 

Effect of Radial Position. Results obtained from photo- 
graphs taken in the 0.23-m-ID glass column (near the column 
wall) are compared to those obtained from photographs taken in 
the 0.24-m-ID stainless steel column (near the center of the col- 
umn) in Figure 6. 

Sauter mean diameters from the stainless steel column, taken 
at  a height of 1.4 m above the distributor, are compared with 
values obtained in the glass column at  a height of 2.0 m above 
the distributor. Values obtained at  a height of 2.0 m were used 
because only limited data were available a t  a height of 1.1 m in 
the glass column. Furthermore, d, values a t  the two heights for a 
given gas velocity are similar (Figure 4). In Figure 6, the varia- 
tion of d, with normalized radial position, for different gas veloc- 
ities, is shown. These results indicate that d, is significantly 
affected by radial position at  all gas velocities, except a t  0.01 
m/s. At 0.01 m/s, the Sauter mean diameter is approximately 
the same at  the two locations, indicating that the homogeneous 
bubbly flow prevails under these conditions. At higher gas veloc- 
ities (20.01 m/s), circulation patterns begin to develop, and the 
large bubbles rise in the center of the column, while the small 
bubbles are entrained in the liquid moving down along the col- 
umn wall. Ueyama et al. (1980) and Smith et al. (1984) have 
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Figure 6. Effect of radial position on Sauter mean bubble 
diameter determined by photographic method. 
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found similar gradients in bubble size for the air-water and the 
aqueous ethanol-nitrogen systems, respectively. 
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Bubble-size measurements using dynamic 
gas disengagement 

The dynamic gas disengagement technique was used to esti- 
mate bubble sizes and the holdup structure of the dispersion 
with FT-300 wax and reactor waxes. The photographic tech- 
nique could not be used with reactor waxes because of their dark 
color. The measurements were made in both the 0.05- and 0.23- 
m-ID glass columns with FT-300 wax, and only in the 0.05-m- 
ID glass column with the two reactor waxes. It was not possible 
to use this method with FT-300 wax for experiments with the 
40-pm SMP distributor because of excessive foaming. Foaming 
was also observed at lower gas velocities (50.05 m/s) during 
runs with FT-300 wax when the orifice-plate distributors were 
used, as shown in Figures 7 through 10, but the amount of foam 
produced was much smaller than in experiments with the S M P  
distributor. The broken lines in the holdup curves shown in these 
figures represent the foam breakage process. 

Effect of Temperature. Figures 7a, 7b and 7c show the 
Sauter mean diameters, large bubble volume fraction, and aver- 
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Figure 7. Effect of temperature on hydrodynamic charac- 
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Figure 8. Results from multiple runs in the large column 
using DGD. 

age gas holdup, respectively, for experiments conducted with 
FT-300 wax in the 0.05-m-ID glass column. Results from exper- 
iments conducted at  200 and 265°C are compared in these fig- 
ures. Two experiments were conducted at  265OC to check repro- 
ducibility of results. Rise velocities for the different bubble 
classes and the corresponding bubble sizes for one of the runs a t  
265°C ((32-2) are given in Table 3. 

Sauter mean diameter values for FT-300 wax a t  265°C are 
consistently lower than those at  2OO0C, except a t  a gas velocity 
of 0.01 m/s. In runs at  26SoC, foam was present a t  the topof the 
dispersion for the gas velocity range 0.02-0.05 m/s (Figure 7c). 
In this ranged, at 2OOOC is 50% higher than that a t  265OC (0.75 
mm vs. 0.5 mm). This difference increases with increasing gas 
velocity, and at  a gas velocity of 0.12 m/s, d, a t  2OOOC is approx- 
imately twice as large as the value at  265OC (2 mm vs. 1 mm). 
The difference between d, values a t  the two temperatures is due 
to the difference in the foaming tendency of the wax a t  the two 
temperatures. In  the runs at  265OC, a significant amount of 
foam was present a t  the top of the dispersion at  lower gas veloci- 
ties (50.05 m/s), whereas no foam was observed at  2OOOC (Fig- 
ure 7c). For gas velocities greater than 0.05 m/s, the layer of 
foam collapsed in the runs at  265°C; however, fine bubbles con- 
tinued to be present in the dispersion and d, values remained 
lower than those obtained at 20OoC. It is believed that the higher 
viscosity of FT-300 wax at 2OOOC (Table 2) prevented the for- 
mation of foam at  this temperature. Results reported by 
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Figure 9. Effect of column diameter on hydrodynamic 
characteristics determined by DGD. 
0 Run G9-3; Run G2-2 

Schiigerl ( I98 1 ) for experiments conducted with glycerine solu- 
tions show a similar effect of viscosity on bubble diameter. 

Sauter mean bubble diameters a t  2OOOC were greater than 
those at 265OC as a result of two effects: 

I .  The diameter of small bubbles at 200°C (-0.5 mm) is 
greater than that a t  265OC (-0.3 mm). 

2. The dispersion had a greater fraction of large bubbles a t  
200°C than that at 265OC (Figure 7b). 
At both temperatures, the volume fraction of large bubbles 
reached a minimum at  a gas velocity of 0.02 m/s and increased 
with increasing gas velocity, reaching as high as 80% at  a gas 
velocity of 0.12 m/s at 2OOOC (mainly due to slugs). On compar- 
ing the trends in d, and volume fraction of large bubbles (Fig- 
ures 7a and 7b), it is clear that the gradual increase in d, with 
increasing gas velocity is caused by a shift in the holdup struc- 
ture from smaller bubbles a t  low gas velocities (0.02 m/s) to the 
larger class of bubbles a t  higher velocities (0.07-0.12 m/s). 

Figure 7 also illustrates reproducibility of d, values for the 
two runs conducted at 265OC. Results from the two runs are in 
very good agreement, except for discrepancies in d, values a t  gas 
velocities of 0.01 and 0.05 m/s. The difference at  the gas veloc- 
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Figure 10. Effect of wax type on hydrodynamic charac- 
teristics determined by DGD. 
Run G2-2 used for FT-300 wax 

ity of 0.05 m/s is because of differences in the amount of foam 
present. Foam had broken for Run (32-3, whereas it was still 
present in  Run (32-2 (Figure 7c), causing d, to be lower for the 
latter case. The discrepancy at  the gas velocity of 0.01 m/s could 
be attributed to errors in the measurement process (small drop 
in height a t  low gas velocities). 

The effect of temperature on d, was also investigated with 
reactor waxes (Sasol's reactor wax and wax from Mobil's pilot- 
plant bubble column slurry reactor). Trends with these waxes 
were qualitatively similar to those obtained with FT-300 wax: 
i.e., larger d, values were obtained a t  the lower temperature (Ta- 
ble 4). 

Effect of Distributor Type. Dynamic gas disengagement 
measurements were made using the 2- and 4-mm-orifice plate 
distributors in the 0.05-m-ID glass column with FT-300 wax as 
the liquid medium. It was not possible to employ this technique 
for the run conducted using the 40-pm sintered metal plate dis- 
tributor because of excessive foaming. All experiments were 
made at  a temperature of 265OC. Results from these experi- 
ments (Table 3) showed that orifice diameter (2 mm or 4 mm) 
had no effect on either the holdup structure nor on d, values. 
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Table 3. Dynamic Gas Disengagement Results for Selected Runs with IT-300 Wax 

Rise Velocities (m/s) Bubble Sizes (mm) 

u,(m/s) bS UbM* ubL dbs dbM* dhL d,(mm) d,(mm)** 

0.01 
0.02 
0.03 
0.04 
0.05 
0.07 
0.09 
0.12 

0.10 
0.03 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

Run G2-2, 265'C. 0.05 m I D  column, 2 mm orifice 

0.23 0.8 1.8 
0.30 0.4 
0.3 1 0.3 
0.30 0.3 - 
0.38 0.3 
0.36 0.3 
0.47 0.3 - 
0.5 1 0.3 

- 

__ 

- 

__ 

- 

9 
17 
18 
17 
29 
25 
44 
48 

1.4 
0.4 
0.4 
0.4 
0.5 
0.1 
0.9 
1 . 1  

Run G2- 1 

2.3 
0.7 
0.7 
0.8 
1 .o 
1.5 
1.7 
2.3 

0.01 
0.02 
0.03 
0.04 
0.05 
0.07 
0.09 
0.12 

0.08 
0.04 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

0.13 
- 

- 

0.06 
0.05 

Run G2-4, 265'C. 0.05 m ID column, 4 mm orifice 

0.20 
0.38 
0.42 
0.43 
0.40 
0.43 
0.41 
0.44 

0.7 
0.4 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 

1.4 
- 

- 
0.6 
0.5 

7 
29 
35 
37 
31 
37 
34 
40 

0.9 
0.5 
0.4 
0.4 
0.5 
0.6 
0.9 
1.1  

0.0 I 
0.02 
0.03 
0.04 
0.05 
0.07 
0.09 
0.12 

0.10 
0.03 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

Run G9-3. 265OC. 0.23 m ID column, 19 x 2 mm orifice 

0.12 0.21 0.9 1.1  7 
0.06 0.48 0.4 0.5 46 

42 - 0.46 0.3 
52 - 0.51 0.3 - 
53 - 0.51 0.3 
58 - 0.54 0.3 
63 - 0.56 0.3 - 

0.06 0.54 0.3 0.5 58 

- 

__ 
- 

I .5 
0.5 
0.4 
0.5 
0.6 
0.7 
0.1 
0.7 

*For cases where medium-size bubbles were detected 
**Run conducted at 20O0C 

This is consistent with the findings of Miyahara et al. (1983), 
who showed that, for orifice plate distributors, even in the vicip- 
ity of the distributor bubble sizes are independent of the orifice 
diameter. 

We were able to use the DGD technique for experiments con- 

ducted with reactor waxes a t  265OC in the 0.05-m-ID column 
equipped with the 40-pm SMP distributor. These waxes are 
highly coalescing, relative to FT-300 wax, and do not have a ten- 
dency to foam (Bukur et al., 1987b). Sauter mean diameters 
with the SMP distributor were lower than d, values obtained 

Table 4. Dynamic Gas Disengagement Results for Selected Runs with Reactor Waxes 

0.0 I 
0.02 
0.03 
0.04 
0.05 
0.07 
0.09 
0.12 

0.04 
0.04 
0.04 
0.04 
0.04 
0.03 
0.03 

0.13 
0.07 
0.07 
0.07 
0.07 
0.06 
0.07 
- 

Sasol wax, 265-C. 0.05 m I D  column, 2 mm orifice 

0.34 0.4 1.1 
0.33 0.4 0.6 
0.36 0.4 0.6 
0.38 0.4 0.6 
0.41 0.4 0.6 
0.40 0.3 0.5 
0.51 0.3 0.6 

23 1 .o 
21 1.1 
24 1.1 
29 1.4 
34 1.5 
32 1.8 
53 1.9 

200oc 

3.3 
1.7 
2.9 
3.0 
3.8 
3.8 
4.5 
4.6 

0.01 
0.02 
0.03 
0.04 
0.05 
0.07 
0.09 
0.12 

0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.04 

0.16 
0.10 
0.08 
0.09 
0.12 
0.10 
0.17 
0.17 

Mobil wax. 265'C, 0.05 m ID column, 2 mm orifice 

0.29 0.4 3.1 
0.38 0.4 0.9 
0.38 0.4 0.7 
0.40 0.4 0.7 
0.42 0.4 1.4 
0.49 0.4 1.1 
0.52 0.4 3.9 
0.49 0.4 3.9 

16 
31 
31 
32 
36 
47 
52 
47 

1.3 
1.3 
2.0 
2.2 
2.9 
3.2 
4.1 
5.5 

200oc 

1.9 
2.7 
3.1 
3.1 
5.2 
5 .o 
7.5 
8.2 
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with the 2-mm-orifice plate distributor. The difference was less 
than 20% at most velocities. This behavior is typical for males- 

of d, with gas velocity in the two columns: i.e., in the large col- 
umn (Figures 8a and 9a), d, is essentially constant as gas veloc- 

cing media, where bubble sizes in fully established gas-liquid 
dispersions are independent of distributor type (e.g., Akita and 
Yoshida, 1974; Mersmann, 1978). 

Efect of Column Diameter. Figures 8a and 8b show d, and 
average gas holdup values for three runs conducted with FT-300 
wax in the 0.23 m ID column at 265OC using the 19 x 2 mm 
perforated-plate distributor. Foam was produced in two of the 
three runs (G9-1 and G9-3), both of which were conducted in 
the increasing order of gas velocities, whereas foam was not pro- 
duced in the experiment conducted in the decreasing order of 
gas velocities (Run G9-2). This hysteresis behavior in holdup 
often occurs in systems with foaming capacity (Bukur et al., 
1987a. b). The differences in the holdup results are also 
reflected in the Sauter mean diameters for the three runs. Run 
G9-2, where foam was not observed, gave the highest d, values 
as might be expected. Sauter mean bubble diameter values were 
similar for the two runs in which foam was present, even though 
the corresponding gas holdup values were different. These 
results show that d, values for FT-300 wax in the churn turbu- 
lent flow regime (ui z 0.03 m/s) are between 0.5-1.3 mm, 
depending on the amount of foam present. 

The hysteresis behavior in gas holdups, like that depicted in 
Figure 8b, has been attributed to differences in the extent to 
which impurities are axially distributed in the liquid phase for 
increasing vs. decreasing order of gas velocities (Anderson and 
Quinn, 1970; Bukur et al., 1987b). Brief interruptions in gas 
flow, for recording the dynamic gas disengagement profile, do 
not affect the extent to which these impurities are dispersed in 
the column. This is because the only way, in which the impuri- 
ties can be redistributed in the absence of gas flow, is through 
molecular diffusion, which is a slow process in liquids. 

Figures 9a, 9b, and 9c illustrate the effect of column diameter 
on d,, volume fraction of large bubbles, and average gas holdup, 
respectively, for experiments conducted with FT-300 wax at 
265OC using the 2-mm-orifice plate in the 0.05 m ID column 
(Run G2-2) and the 19 x 2 mm perforated-plate distributor in 
the 0.23-m-ID glass column (Run G9-3). The two distributors 
are dynamically similar: i.e., for a given gas velocity the two give 
the same orifice Reynolds numbers (Re,). 

The effect of superficial gas velocity of d, in the two columns 
is qualitatively similar, with values becoming constant at higher 
gas velocities (u8 > 0.05 m/s). The flow regimes in the two col- 
umns are different at gas velocities greater than about 0.03 m/s, 
i.e., slug flow in the small diameter column, and churn turbulent 
flow in the large diameter column. This difference manifests 
itself in the shapes of the curves shown in Figures 9a and 9b. The 
results shown in Table 3 indicate that the diameter of small bub- 
bles was essentially the same in the two columns and did not 
vary much with gas velocity. However, the holdup structures in 
the two columns were different. The volume fraction of large 
bubbles (Figure 9b) in the 0.05-m-ID column increased steadily 
with gas velocity and reached 70% at 0.12 m/s, whereas in the 
large column it reached a constant value of around 50% for gas 
velocities above 0.05 m/s. Slugs in the small column are stabi- 
lized by the wall and continue to grow in length with an increase 
in gas velocity, with a concomitant increase in volume fraction 
of large bubbles. Large bubbles in the 0.23-m-ID column do not 
grow markedly with an increase in gas velocity (Table 3). This 
explains the differences in the trends observed for the variation 

ity increases from 0.07 m/s to 0.12 m/s, while d, in the small 
column shows an increase with gas velocity (Figure 9a). 

EHect of Wax Type. Figures IOa, 10b and 1Oc show the effect 
of wax type on d,, volume fraction of large bubbles, and average 
gas holdup, respectively. Holdup values for the two reactor 
waxes were very similar (Figure IOc), whereas higher holdups 
were obtained with FT-300 wax due to foam produced in the 
velocity range of 0.02-0.05 m/s. Rise velocities and bubble 
diameters for the reactor waxes are shown in Table 4. 

Sauter mean diameters for the three waxes are significantly 
different as illustrated in Figure 10a. FT-300 wax shows a 
decrease in d, as gas velocity is increased from 0.01 to 0.02 m/s 
and stays at about 0.5 mm when foam was present (0.02-0.05 
m/s). It increases to about 1 mm with an increase in gas veloci- 
ty. Sauter mean diameters for Sasol wax are around 1 mm at a 
gas velocity of 0.01 m/s and approach 2 mm for gas velocities 
greater than 0.05 m/s. With Mobil’s reactor wax, d, grows con- 
tinuously from around 1 mm at a gas velocity of 0.01 m/s to 5.5 
mm at 0. I2 m/s. The volume fraction of large bubbles (Figure 
1 Ob) clearly distinguishes between the noncoalescing FT-300 
wax and the highly coalescing reactor waxes. With reactor 
waxes, the concentration of large bubbles increases with gas 
velocity due to bubble coalescence. Whereas with IT-300 wax a 
large fraction of small bubbles remains entrained in the disper- 
sion for gas velocities up to 0.05 m/s. However, at higher gas 
velocities, slugs begin to dominate and the holdup structure 
shifts to these large bubbles. 

Despite similar holdup values and similar holdup structures, 
the two reactor waxes gave significantly different d, values. 
Physical properties of the three systems are similar (Table 2), 
thus the differences in results may be attributed to differences in 
the concentration and/or nature of surface active impurities in 
these waxes (Bukur et al., 1987b). For experiments conducted 
with the three waxes at 200°C there were no differences in gas 
holdup values, but the Sauter mean bubble diameters followed 
the same trend as that observed at 265OC: i.e., d, (FT-300 
wax) < d, (Sasol wax) < d, (Mobil wax) (Tables 3 and 4). For 
each of the three waxes, d, values at 2OOOC were greater than the 
corresponding values at 265OC due to the higher viscosity of the 
liquid medium. 

Comments on the DGD technique 
The Sauter mean bubble diameter is strongly influenced by 

the size of the smallest bubbles. Since the DGD technique relies 
on available rise velocity correlations to translate disengage- 
ment profiles to bubble-size distributions, the sensitivity of d, to 
the type of correlation used was investigated. Two different cor- 
relations were used to estimate small bubble diameters and the 
resulting d, values. The results from this analysis are shown in 
Table 5. The correlation proposed by Abou-el-Hassan (1983) 
resulted in d, values that were consistently lower than those 
obtained when the correlation by Peebles and Garber (1953) 
was used. The sensitivity of d, to the correlation used was less for 
FT-300 wax than it was for the reactor waxes. However, we 
believe that the variation in d, with the type of correlation used 
is not significant considering the errors associated with such a 
technique. The overall effect of wax type on d, is the same, irre- 
spective of the correlation used. 
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Table 5. Sensitivity of d, to Rise Velocity Correlation Used 
for Estimating Small Bubble Size* 

FT-300 Sasol Mobil E 
E 

2.6 - 
- 

u, 4 ds 4 4 4 ds b 2.0 

(m/s) (mm)** (mm)t (mm)** (mm)t (mm)** (mm)t 

0.02 0.4 0.6 1.1 1.6 1.3 1.6 
0.03 0.4 0.4 1.1 1.6 2.0 2.4 
0.04 0.4 0.4 1.4 2.1 2.2 2.8 
0.05 0.5 0.5 1.5 2.2 2.9 3.7 
0.07 0.7 0.8 1.8 2.7 3.2 4.0 
0.09 0.9 0.9 1.9 2.7 4.1 4.5 
0.12 1 . 1  I .2 - 5.5 6.3 

(0 

0.01 1.4 I .9 1 .o I .3 1.3 1.6 1.6 

- 

1.2 

1.0 

Liquid FT-300 Wax Temperature: 266OC 
Column ID: 0.23-0.24 in Distributor: 18 x 2 mm PP 

Liquid: FT-300 Wax Temperature: 7.65% 
Column 1 0  0.23 m Distributor: 18 x 2 mm PP - 

Technique 
Photos (Glass; Wall; at 2.0 ml 
Photos (SS; Center; at 1.4 ml 
DGD (Glass1 

0 
N 

'Data taken from runs conducted at 265OC. in the 0.05-m-ID column with the 

**Using Abou-el-Hassan (1983) correIation for small and medium bubbles 
tUsing Pebbles and Garbcr (1953) correlation for small and medium bubbles 

2-mm-orifice plate 

Visual observations of the dispersion a t  gas velocities greater 
than 0.05 m/s indicate that large bubbles (slugs) are present in 
the dispersion in the 0.05-m-ID column. However, the large 
bubble rise velocities shown in Tables 3 and 4, for this range of 
gas velocities, do not conform with these observations. The ter- 
minal rise velocity for a slug in this column should be 0.25 m/s 
(Patel et al., 1989); however, ubL values shown in Tables 3 and 4 
are significantly higher than this value. The implications are 
that large bubbles observed in the molten waxes are not impeded 
by the wall as would be expected, instead they continue to rise as 
if  the wail drag was absent. Buchholz et al. (1978) also reported 
a similar enhancement of large bubble rise velocities in the pres- 
ence of small bubbles with carboxymethyl cellulose (CMC) 
solutions in a 0.14-m-ID column. When the same technique was 
used with the tap water system (Patel et al., 1989). large bubble 
rise velocity stabilized a t  0.28 m/s once slugs appeared in the 
dispersion, as expected. The primary difference between the dif- 
ferent systems is the presence or absence of fine bubbles. It 
appears that small bubbles have an effect on rise velocities of 
large bubbles, and further studies are required to clarify these 
observations. 

0.00 0.02 0 0 4  0.06 0 0 6  0.10 0.12 014 
Superficial Gas Velocity fm/s) 

Figure 11. Comparison of Sauter mean bubble diameters 
from the photographic and the dynamic gas 
disengagement techniques. 

near the column wall). Furthermore, the larger bubbles (greater 
than 15 to 20 mm in diameter), present in the dispersion at  
higher gas velocities (20.05 m/s), were taken into consideration 
in the DGD results, whereas they were not included in the 
photographic data. This is because only an area of 15 x 20 mm 
was photographed. The d, values from DGD at  lower gas veloci- 
ties (50.04 m/s), where foam was present, are lower than those 
obtained from photographs taken near the center of the column. 
Results from DGD and photography suggest that the Sauter 
mean diameter for FT-300 wax a t  265OC is in the range of 0.6- 
1.5 mm. Furthermore, a t  265"C, d, value from DGD in the pres- 
ence of foam is consistently around 0.5 mm, which is the same as 
that obtained when photographs of pure foam were analyzed. 

Figure I2 compares the size of small bubbles obtained from 
DGD with those obtained from photographic measucements 
near the column wall in the 0.23-m-ID column. The photo- 
graphs were taken just after the large bubbles had left the dis- 
persion following the shutting off of gas flow to the column at  a 
given gas velocity. Visual observations indicate that the disper- 

Comparison of bubble-size measurement techniques 
The dynamic gas disengagement technique gives an average 

value of the Sauter mean diameter for the entire column, 
whereas the photographic technique provides point estimates for 
4. 

In  Figure 1 1  d, values obtained for FT-300 wax in the large 
columns (0.23-m-ID glass or 0.24-m-ID stainless steel) using 
the DGD technique are compared with those obtained from pho- 
tographs taken near the wall and near the center of the column. 
Results from the DGD method are represented by the shaded 
region in Figure 1 1  to indicate the variability in d, values (see 
Figure 8). These results show that Sauter mean diameters 
obtained using photography a t  the column center lie in the range 

- 
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0.2 

Technique 
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of values obtained using DGD for gas velocities greater than 0.01 " " " " " ' ' .  I 
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 

Superficial Gas Velocity (rn/s) 0.04 m/s. However, d, values obtained from photographs at  the 
column wall, for the same range of gas velocities, fall below the 
range of values obtained from DGD. This is as expected, since 
DGD gives an average Sauter mean diameter for the entire dis- 
persion (i.e., it accounts for bubbles near the center and those 

Figure 12. Comparison of small bubble diameters esti- 
mated from the photographic and the dynamic 
gas disengagement techniques. 
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sion consists of onlv the small bubbles. Arithmetic average bub- d, = column diameter, m 
I 

ble diameters are used for values taken from photographic mea- 
surements. The excellent agreement between small bubble 
diameter estimates from DGD and photography (for gas veloci- 

do = orifice diameter, mm 
d, = Sauter mean bubble diameter, mm 

d: = Sauter mean bubble diameter a t  the orifice, mm 
F = Row number 

ties greater than 0.01 m/s) indicates the viability of the DGD g = acceleration due to gravity, m/s2 
technique as an alternative to the photographic method. 

Summary and Conclusions 
Our results show that systems having similar physical prop- 

erties can have vastly different holdups and/or bubble-size 
distributions. This has been demonstrated using molten wax- 
nitrogen systems, which are of interest in slurry-phase Fischer- 
Tropsch synthesis. At low gas velocities (50.05 m/s), FT-300 
wax has a tendency to foam, and d, values for this medium are 
considerably lower than those for reactor waxes. However, a t  
higher gas velocities (>0.05 m/s), holdups for the different 
waxes are similar, but d, values are significantly different. FT- 
300 wax has the highest specific gas-liquid area, while Mobil’s 
reactor wax has the lowest area available for mass transfer. 

Sauter mean diameters obtained with FT-300 wax are in good 
agreement with literature values. Also, there is very good agree- 
ment between results obtained by photography and those 
obtained by dynamic gas disengagement for this wax. In the 
presence of foam, both techniques gave d.% values of about 0.5 
mm. Sauter mean diameters a t  higher gas velocities (>0.05 m/ 
s) are in the range of 0.6-1.3 mm for FT-300 wax at  265OC. Our 
results also indicate that, for ug z 0.03 m/s, radial profiles ford, 
are no longer uniform, implying that the photographic technique 
at  these velocities may give erroneous results if  used only at  the 
wall. The holdup structures in the 0.05- and 0.23-m-ID columns 
reflect the differences in flow regimes for the two columns. The 
volume fraction of large bubbles in the small column increases 
as the gas velocity increases (growing number and size of slugs), 
whereas it remains fairly constant in the large column (churn- 
turbulent flow regime). Sauter mean diameters for Sasol’s Arge 
reactor wax at  26SoC, determined by the DGD method, 
approach 2 mm at  gas velocities greater than 0.05 m/s, and 
those for Mobil’s reactor wax increase with increasing gas veloc- 
ity and reach a value of 5.5 mm at  a gas velocity of 0.12 m/s. 
These values are comparable to those obtained in the earlier 

H = dispersion height, m 
H, = static or ungassed liquid height, m 
n, = number of bubbles in class i 

Re = Reynolds number, dNubpn/pn 
Re,, = orifice Reynolds number, d , u g p / p ,  

s, = slope associated with the ith line, s ’ 
t = time, s 

ub = bubble rise velocity, m/s 
uh, = rise velocity for bubbles in the ith class, m/s 
ub = terminal rise velocity of a single bubble or slug, m/s 

tig = superficial gas velocity, m/ s  
u, = gas velocity through the orifice, m/s 
V = velocity number 

Greek letters 
cp ego = average gas hold-up 

e,, = hold-up associated with bubbles in the ith class 
p = viscosity, mPa.s, or mean 
p = density, kg/m’ 
u = surface tension, N/m, or standard deviation 

Subscripts 
g = gas 
!? = liquid 
L = large bubbles 

M = medium bubbles 
o = at time t = 0, related to the orifice 
S = small bubbles 
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