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EXEQUTIVE SUMMARY

Two major tasks continued in the thirteenth quarter of the Air Praducts and
Chemicals, Inc./U.S. Department of Energy Contract, "Catalyst and Reactor
Development for a Liquid Phase Fischer-Tropsch Process”: (1) Slurry Catalyst
Development, and (2) Sluiry Reactor Design Studies. 1In addition, work, as
part of a three month contract madification, was begun to develop amd' improve
the activity and center the selectivity for diesel fuel products of a
proprietary catalyst A. This catalyst was found to produce yields in the
diesel fuel region equal to or greater than the Schulz-Flory maximum with low
rates of deactivation and good st:ablllty during previous extended pericds of
testlng

A phase two extended slurry test of a proprietary catalyst B was camnpleted
this quarter. A considerable improvement in activity was observed, making
this batch nearly four times as active as in the first phase of testing. The
selectivity far total, gasoline and diesel, fuels was over 65 wt® in both
phases of testing. The results of this test show ‘the importance of metals
loading and the need for further development work to optimize the activity and
selecthty for diesel fuel of this catalyst.

A short term (21 day) slurry test was conducted on another modified catalyst
optimized by the gas phase screening program. Parametric gas phase screening
tests were conducted on three additional catalysts. The optimum preparation
and activation methods for dlesel fuel selectxvxty will be chosen as these
tests are campleted.

Catalyst preparation far the contract modification was bequn with the
objective of determining the effect of pramoter levels on activity amd product
selectivity.

In the hydrodynamic studies, wark in the 12 inch Cold-Flow Simulator was
campleted. The following observations and/or conclusions were obtained:



e A Box-Behnken experi.nental design was utilized to determine the statistical
significance of the independent parameters studied (superficial gas
velocity, solids weight fraction, solid size, etc.) on gas holdup, as well
as, any synergistic effects. Correlatlons for gas holdup in the 12 mch
and 5 inch columns were obtamed In each column, a strong linear -
dependence on superficial gas velocity was obtained. '

e A number of solid partlcle size ranges were studled in 1soparaffm to
deternune the effect of size on the sohds concentratlon profile along the
bubble column. The smallest pa.rtlcle size range, 0.5-5 um, gave the most
umform dlst.nbutlon

e Bubble diameter data were obtained for iron oxide/isoparaffin using the hot

film double conical probe. Average and. Sauter mean bubble diameters,
average bubble rise velocity, and garmma distribution parameters were
obtained. For a wide range of operating condltlons, the Sauter mean bubble
diameter size remained in a fairly narrow range of 0.22 to 0.35 anm.

® V150051ty neasurenents on a typlcal Fxsd‘ner—'l‘rcpsdm wax frcm an extended
slurry test were obtained as a functlon of temperature and a correlat:.on
derived.

An equation for optl.mumgas holdup, as a functio‘n_of the intrinsic rate of
reaction, solids loading, mass transfer rate, and Sauter mean bub_bl_é diameter
was obtained. The sensitivity of space time yield to each of these pa.fameters
will be studied and optimm values obtained for bubble column operation.

i




1.0

2.0

3.0

5.0

TABLE OF QDNTENTS

INTRODUCTION
OBJECTIVE

SUMMARY AND CONCLUSIONS

3.1 Task 2 - Slurry Catalyst Development
3.1.1 Sub-Task 2a - Background Studies

3.1.2 Sub-Task 2c - Catalyst Preparation anmd
Slurry and Gas Phase Reactor Testing

3.2 Task 3 - Slurry Reactor Design Studies

ACKNOWLEDGEMENT'S

RESULTS AND DISCUSSION

5.1 Task 2 - Slurry Catalyst Development

5.1.2 Sub-Task 2c - Catalyst Preparation and
Slurry and Gas Phase Reactor Testing

5.2 Task 3 - Slurry Reactor Design Studies

5.2.2 12 inch Cold Flow Simulator

111

PAGE



6.0

7.0

8.0

9.0

EXPERIMENTAL

6.1 Task 2 - Slurry Catalyst Development

6.101

Sub~Task 2c - Catalyst Preparation and Slurry
and Gas Phase Reactor Testing

6.2 Task 3 - Slurry Reactor Design Studies

REFERENCES

FIGURES

v

PAGE

18

18

18

21

22

27




TABRLE

LIST OF TABLES

Independent Variables in 12 inch Cold
Flow Simulator Study

12 inch Cold quw Similator- Uncorrelated
Bubble Diameter Data Summary

12 inch Cold Flow Simulator- Corrected
Bubble Diameter Data Summary

Optimun Gas Holdup and Gas Velocity Case
Study

12 inch Cold Flow Simulator -- Gas Holdups
and Solids Fraction Data

PAGE

22

23

24

25

26



FIGIRE

LIST OF FIGURES

12 inch Cold Flow Simulator- Gas Holdup
vs. Superficial Gas Velocity

Viscosity of Fischer-Trospch Wax vs.
Temperature

12 inch Cold Flow Simulator -- Solids
Weight Fractio_n vs. Column Height

Plexiglas Bubble Probe Calibration
Chamber

Representative Bubble Trace Profile

Vi

PAGE

27

28

29

30

31




1.0

INTRODUCTION

Coal liquefaction will be an important source of transportation fuels in
the future, and can be accamplished by both a direct route (hydrogenation of
coal in a donor solvent) or by an indirect route (gasification of coal
followed by the Fischer-Tropsch reaction). .

The product selectivity of the Fischer-Tropsch reaction has been the
focus of extensive research for many years, yet still remains a prime target
for technical innovation. Fischer~Tropsch technology, as it is currently
practiced cammercially for liquid fuels production, provides a broad range of
hydrocarbon products which require costly downstream refining.

Selectivity can be influenced by variations in the catalyst camposition
and process conditions. Yet, in spite of the extensive effort devoted to this
problem, a suitable catalyst has not previcusly been developed for producing a
narrow range hydrocarbon product, such as gasoline or diesel fuel, without the
coproduction of lighter and heavier undesirable products.

The Fischer-Tropsch reaction is exothermic, and improved heat transfer
would also be expected to have a major beneficial effect on product
selectivity. Slurry phase reactor operation improves heat transfer and
temperature control, and results in greater selectivity to liquid products,
usually through lower methane production. However, considerable differences
have been reported in the space-time yield, catalyst life and ease of
operation of slurry ;hase reactors.

In addition to improved product selectivity, slurry phase operation
offers the advantage of ease of scale-up and the ability to directly utilize
the carbon monoxide-rich synthesis gas produced by cval gasifiers. The full
potential of the slurry phase Fischer-Tropsch process has not yet been
realized, and its further development is an important part in our country's
program to establish viable technology for converting coal to hydrocarbon
fuels. ’

Air Products, under contract to DOE, has undertaken a program in catalyst
and reactor dévelo;me.nt for a élurry phase Fischer-Trdpséh process, and this
report describes the work accamplished during the eleventh quarter.



2.0 OBJECTIVE

The overall objective of this program is to evaluate catalysts and slurry
reactor systems for the selective conversion of synthesis gas into
transportation fuels via a single stage, liquid phase process.

Task 1 - To establish a detailed Project Work Plan. This task was
completed in the first quarter.

Task 2 - To evaluate and test catalysts for their potential to convert
synthesis gas to gasoline, diesel fuel, or a mixture of transportation fuels
suitable for damestic markets, and to quantify catalyst activity, selectivity,
stability and aging with a target process concept involving a single stage,
liquid phase reactor system.

Task 3 - To evaluate, through the use of cold flow reactor simulators, the
flow characteristics and behavior of slurry reactors for the production of
hydrocarbons fram synthesis gas. This includes (1) defining heat, mass an
mamentum transfer parameters which affect the design of slurry reactors, (2)
establishing operating limits for slurry reactors with respect to system
physical parameters, (3) developing or confirming correlations for predicting
the flow characteristics and heat/mass transfer of slurry reactors, and (4)
defining the necessary requirements far the design of larger smle reactors.

Task 4 - To develop a preliminary design for a bench scale slurry phase-
Fischer-Tropsch reactor.

Tasks 5, 6, and 7 - To develop and improve the performance of catalyst A.
The specific objectives.are (1) to determine the critical factors controlling
the activity and product selectivity of this catalyst and in so doing (2)
increase its activity, amd (3) center its selectivity to maximize diesel fuel
production.




3.0

3.1

3.1.1

3.1.2

3.2

SIMMARY AND QONCLUSIONS

Task 2 - Slurry Catalyst Development

Sub-Task 2a - Background Studies

A canputerized survey of available literature and patents dealing with

the conventional amd slurry phase Fischer-Tropsch processes, amd the
hydrodynamics of three phase slurry reactors, was continued.

Sub-Task 2¢ - Catalyst Preparation and Slurry and Gas Phase Reactor Testing

This section contains potentially patentable material arnd has, therefore,
been issued in a supplementary report marked "Not for Publication”.

Task 3 - Slurry Reactor Design Studies

Final gas holdup measurements in the 12 inch Cold Flow Simulator (CFS)

~ were obtained on the iron oxide/isoparaffin system over a range of particle

sizes, without heat transfer internals. The data agree well with the Akita
and Yoshida® correlation as illustrated in Figure 1.

A Box-Behnken experimental design was employed to analyze the .effects of
the eight imdependent variables listed in Table 1, as well as their
synergistic effects, on gas holdup. An exponential model was developed
relating gas holdup to four parameters:

2 /1 - * = 0,483 vgt -0/, 220058, 0.049, ()
(R? = 0.91)
gy, = #/1L = WIL = /5 )] = Slurry density, o/an’
g = Solid density, g/am
Vg = Superficial gas velocity, ft/sec
V;, = Liquid velocity, ft/sec
HS = Distributor hole size, in



A similar correlation was obtained using the 5 inch CFS data:

(1 -a)¥ = 0.36 vgo'%dpo'lo/wro'” (2)
(R = 0.94)

In both the 12 inch and 5 inch columns, the same linear dependence on
superficial gas velocity was obtained. Also, the effect of solids loading was
similar, i.e., an increase in solids concentration lead to decreased gas
holdup. The distributor hole size and liquid velocity did not have a
significant affect on gas holdup and as such do not appear in the 5 inch CFS
correlation. Equation 1 will be used in subseguent bubble column camputer
similations.

Solid concentration profiles were measured for a number of iron oxide
particle size ranges in isoparaffin. The conclusion of these tests, as
determined previously, was that particle size is the primary determinant far
solids distribution with the smallest particle size giving the most uniform
profile.

Bubble diameter measurements were campleted for the iron oxide/
isoparaffin system using the hot film double conical probe. As illustrated in
Table 2, the uncorrected bubble diameters remained relatively constant over
the entire range of operating conditions. After calibrations were conducted
for lag amd dwell times, the Sauter mean bubble diameters were found to be in
the range 0.22-0.35 cm as illustrated in Table 3. Thus, given a reliable
correlation for gas holdup, it is possible to obtain a reliable correlation
for interfacial area by the eguation:

a = 6a /dB (3)

Because of the lower surface tension of the isoparaffin medium an3 higher
observed gas holdup, it can be reasonably argued that in isoparaffin the
bubble diameter should be smaller than in water. The lower end of the bubble
size range agrees well with the Calderbank2 correlation which predicts a
Sauter mean bubble diameter of 0.23 am at Fischer-Tropsch operating
conditions. This apprximate size was also confirmed by photographic stuc




oconducted in Task 3 on the 5 inch CFS. The following interfacial area
correlation will be used for determining the gas to liquid mass transfer
coefficient in a bubble column:

a=60a/0.23 = 26.09 (am?) (4)

Viscosities of Fischer-Tropsch wax obtained fram an extended catalyst
run, were measured as a function of ‘temperature by an outside contractor. The
data is plotted in Figure 1. 1n addition, viscosities of a 20 and 30 wtt
loading of 0.5 to 5 um Fe203/wax slurries were measured at 260°C and are
included in Figure 1. For camparison, values fram a Deckwer carrelation 3
are also plotted. Correlating the liquid viscosity data using the de
Guzman-Andrade relation gave:

w, = exp (2399/T - 8.115) (R = 1.00) (s)

This is very similar to the correlation used by Deckwer:
Wy = exp (3266/T - 9.862) (6)

The Air Products' correlation has been incorporated into the Deckwer bubble
column simulation model.

Using kinetic rate expressions for hydrogen consumption at the catalyst
surface coupled with the rate of hydrogen transport across the gas-liquid
interface, results in an equation describing the rate of hydrogen. consumption
as a function of the intrinsic reaction rate, the catalyst loading, the gas to
liquid mass transfer rate, and Sauter mean bubble diameter. The derivative of
this expression may then be taken with respect to gas haldup amd set equal to
zero to obtain the optimum gas holdup to maximize the reaction rate or the
space time yield in a bubble column:

aopt = 1/[1 + (6K (1 + U)/Rowda)l/?'] 7

Table 4 summarizes the results for a opt far same Air Products catalysts.
Note the sensitivity of a opt on bubble diameter; a doubling of gas hecldup is



required to offset a threefold increase in bubble size. The superficial gas
velocity and space time yield were calculated using the Air Products'

correlation for gas holdup and Deckwer's bubble column simulator for the five
cases in Table 4.




3.3 Tasks 5, 6, and 7 - Contract Modification

Activity in this task contains potentially patentable material and has,
therefore, been described in the supplementary report marked "Not for ‘
Publication"
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5.0 RESULTS AND DISCUSSION

5.1 Task 2 - Slurry Catalyst Development

5.1.2 Sub-Task 2c - Catalyst Preparation and Slurry and Gas Phase
Reactor Testing

This éection contains potentially patentable material ‘and has,
therefore, been issued in a_supplmentary report marked "Not for
Publication”.

5.2 Task 3 - Slurry Reactor Design Studies

5.2.2 12 Inch Cold Flow Simulator

(i) Gas Holdup

Gas holdup measurements in the 12 inch Cold Flow Similator (CFS)
were obtained on the 0.5-5, 45-53, and 90-115 um iron
oxide/isoparaffin systems without heat transfer internals. The
“results, listed in Table 5 and illustrated in Figure 1, agree well

‘with the Akita and Yoshidal correlation.

The independent variables in Table 1 were analyzed to determine
their effects on gas holdup. In order to efficiently quantify the
effects of these variables, a Box-Behnken experimental design was
employed. The experimental design allows for each variable to be fit
by a quadratic relationship. It also allows the effect of
interactions, or synergistic effects, between two variables to be
quantified. If every variable amd interaction were statistically
significant, the correlation would have 44 terms! Each of these 44
terms was analyzed and 6 of the 44 were found to be statistically
significant. The following statistical correlation for predicting gas



holdup in the 12 inch CFS was obtained:

a=0,0581 + (0.595 - O.SOSVG)VG - 0.221 WT
+ 0.002 dp + (0.333 - 0.007 pL)HS (8)

with R® = 0.88

R
"

Gas holdup, volume fraction

Vg = Superficial gas velocity, ft/sec
WT = Solid weight fraction

dp = Solid size, um

e, = Liquid density, lbm/ft>

HS = Distributor hole size, in

Subsequent to this analysis, several improvements were made to
the gas holdup analysis. A mare accurate gas velocity value was
determined taking into account the expansion and temperature drop of
the gas through the orifice meter. A mare accurate surface tension
relationship 'incorporating the effect of solids loading on surface
tension was alsc developed. Lastly, slurry density and viscosity were
used instead of liquid properties. These improvements were used to
fit the gas holdup correlation to an exponential model, equation (1):

4 2‘26380'056\1 0.049
L

a/(1-0)% = 0.483v.1:03/;

G SL

o =pp/(1 = WEl=pr/pe)) ;
PSL,s = Slurry-density, salid, g/cm

<
I

= Superficial gas velocity, ft/sec.

Liquid velocity, ft/sec
Distributor hole sizes, in

o o]
wn
"

For v, = 0 experimental runs, a value of V; = 0.0001 was used.
These improvements enabled gas holdup to be better described

(having a higher Rz) using only four parameters instead of five
parameters as in eguation (8). Camparing equation (1) to the silicon

10




(ii)

oxide/agueous correlation obtained in the 5 inch CFS, equation (2):

. (1_0)4 - 0.36VGO'96690'10/WI‘0'27
we see that both correlations have the same linear dependence on gas
velocity. Slurry density, ; SL, incorporates solids loading only,
therefore, , SL or WI appearing in each correlation show the same
decrease in gas holdup with solids loading. Hole size was. not a

variable in the 5 inch CFS study, thus it does not appear in that

correlation. Solid size appears in egquation (8), but not in equation

(l); its effect is smll.

There are several advantages to fitting the data to a
statistical mcdel like equation (8). The statistical correlation
shows that there is an interaction between the liquid (denoted by
liquid density) and distributor hole size. This is not surprising
since the two liquids studied have vastly different surface tensions.
Surface tension, in turn, has an effect on the bubble size that a
given distributor will produce. This interaction cannot be modelled
by a linear exponential correlation. Also, the statistical
correlation can easily handle zero values such as no solids or zero

‘liquid velocity whereas the exponential model requires transformation.

The transformation will tend to change the value of the exponents in
the correlation. The exponential correlation has received wide
acceptance and is, therefore, the one that is being employed in the
bubble column camputer simulation.

Solids Concentration Profiles

Solids concentration profiles were measured for the 0.5-5,
45-53, amd 90-115 um iron oxide/isoparaffin systems in the 12 inch
CFS and are listed in Table 5 and illustrated in Figure 3. As shown
previously, particle size was the major determinant of solids
distribution. Also, the smaller the particle size range, the more

~uniform the solids distribution.

11



(iii) Bubble Diameter

Bubble diameters were obtained for the iron oxide/isoparaffin
systems above using the hot film double conical probe. The average
and Sauter mean bubble diameters, the average bubble rise velocity,
and the gamma distribution parameteré were obtained for all runs anmd
are listed in Table 2. In spite of the wide range of operating
conditions, the uncalibrated bubble diameter size range remained
fairly nmarrow fram 0.28 to 0.44 an. The average bubble rise velocity
was also in a very narrow range of 25.6 to 35.7 an/sec. Both the
uncorrected average bubble diameter and bubble rise velocity. are
slightly larger than that expected from the literature4. The reason
for this is discussed by Rowe and Massons. They observed that a
probe shaped similar to the one used in this study caused bubbles to
accelerate as they were transected. Probes, in general, also caused
bubbles to elongate making measured chord lengths appear longer than

| they would be in an undisturbed bubble. It was, therefore, necessary
to calibrate the bubble diameter probe; the calibration method is
discussed in Section 6.2.

The calibration studies did show that smaller bubbles are slowed
down to a much greater degree than larger bubbles. This effect
acoounts for the mean bubble sizes being smaller at the column center
than at the column wall, contrary to expectation. The difference,
however, is not statistically significant expect in run 86. The
radial profile is less pronounced at the lower gas velocity, as

expected.

The corrected Sauter mean bubble diameters, listed in Table 3,
were in the 0.22 to 0.35 om range. Calmierbank2 predicted a Sauter
mean diameter of 0.23 am at Fischer-Tropsch operation oconditions.
This approximate size was also confirmed by photographic studies
~conducted in Task 3 on the 5 inch CFS.

12




{iv)

(v)

Fischer-Tropsch Wax Viscosity

Liquid viscosity of an actual Fischer-Tropsch wax, taken fram
the catalyst A extended test of the catalyst development program, was
measured by Contraves AG of Zurich, Switzerland. The data are plotted
as a function of temperature in Figure 2. To the liquid wax, 0.5-5
pm I-‘e203 was added to make a 20 wtt and 30 wtt slurry. The
viscosity of these slurries were measured at 260°C and are included
on Figure 2. For camparison, the Deckwer3
plotted on Figure 2 and appears to be in good agreement with the Air

Products' catalyst-free data.

correlation was also

Engineering Evaluation

in bubble column operation there exists an optimum gas holdup
which will maximize column space time yield. Gas holdups higher.than
this optimum will be reaction rate limited while those lower than this
will be mass transfer limited. The optimum gas holdup will be
affected by bubble size, the intrinsic kinetic rate, catalyst weight
loading, and the rate of mass transfer across the gas-liquid

interface. In the slurry phase, the rate of hydrogen consumption at
the catalyst surface expressed as:

r=r, =rCD+H/(1+AU)

2 2

Kow(l -0 )C/(1 + 1) (9)

is equal to the rate at which hydrogen is transported across the
gas-liquid interface:

*
r = KLa (C -C) (10)

Interfacial area, a, is related to gas holdup and bubble size by
equation (3): h

a=6cz/dB

13



Solving equation (10) for C and substituting it and equation (3) intc
equation (4), eliminates the hydrogen concentration in the liquid
phase, C: |

r = (6KLC*/dB)G/(,1 + (6KL(1 + U)/Kode)a/(l -a) (1)

To find the gas holdup, a , which allows for the maximum consumption
rate of hydrogen, the derivative of equation (11) is taken with
respect to ¢ and the resulting expression is set equal to zero:

2
dr/de=0 = (1 - 6K (1 + U)/KOWG-B)a opt
-2 go0pt +.1 (12)

Solving equation (12) gquadraticly yields ore physically realistic
solution:

opt = 1/(1 + (6K (1 + U)/xode)1/2> a3

In equation (13) it is observed that increasing the intrinsic
kinetic rate constant, the catalyst loading or the Sauter mean bubble
diameter all result in increasing the optimum gas holdup value.
Conversely, as the rate of mass transfer, K . increases, the optimum
gas holdup decreases.

It is interesting to note that while C*, the hydrogen
solubility, directly increases the space time yield, it does not
affect the optimm gas holdup value.

Using equation (13), the optimum gas holdup and resulting gas
velocity for a variety of values of KO' W, and dB are given in
Table 4. Going fram a bubble size of 0.07 an as measured by
Decbver3 to 0.23 as used by Satt.erfield6 results in roughly
doubling of the optimum gas holdup value. Increasing the Qeight
loading by a factor 3 results in roughly a 50% increase in the optimum

gas holdup value. Thus, it is seen that K, W, K, and 4, all

14




have an important affect on the reactor space time yield. The

superficial gas velocity ard space time yield were calculated, using
Deckwer's bubble column simulator and Air Products' correlation for
gas holdup, for the five cases listed in Table 4.

15



Namenclature

o

g

LT

— Molar consumption rate, mol sec .

2 3

— Interfacial area, an® surface area am

expanded
slurry. :

— Concentration of hydrogen gas in liquid phase, mol H2

on3 slurry.:

— Equilbrium concentration of hydrogen gas in liquid

3

phase, mol H, am - slurry.

— Probability of observing a bubble chord length less than

A.

— Mean bubble dimeter, am.

— Sauter mean bubble diameter, anm.

— Mass transfer coefficient am sec t.

1

— Intrinsic reaction rate, sec wtal. .

— Lag time, sec.

1

— Cumulative gamma distribution parameters.

— Rate of disappearance H,, mol a3 slurry

-1
sec .

— Rate of disappearance CO + H2, mol cm-3 slurry

secl .

_ NCO/NHz' usage ratio.
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volume of expanded slurry, cm3.

Variables of integration.
Catalyst weight loading, wtt.
Gas holdup, volume fraction gas.

Bubble chbrd length, anm.

17



6.0

6.1

6.1.1

6.2

EXPERIMENTAL

Task 2 - Slurry Catalyst Development

Sub~Task 2c - Catalyst Preparation and Sluriy and Gas Phase

Reactor Testing

This section contains potentially patentable material and has, therefore,
been issued in a supplementary report marked "Not for Publication”.

Task 3 - Slurry Reactor Design Studies

(i) Bubble Diameter

The double conical probe was calibrated in the plexiglas calibration

chamber.

(a)

(b)

Calibration Chamber Description

An isometric view of the plexiglas calibration chamber is shown
in Figure 4. The chamber is roughly a 5 inch outer diameter cube.
This shape minimized photographic aberration. The probe was
inserted fram the back face. The single bubble distributor could be
inserted fram either the bottam face or fram the rear face.

Pictures could be taken fram either the front or top faces. A
verticle reference stick denoting 1/64th inch was placed the same
distance as the probe fram the camera.

Calibration Procedure

A GenRad Model 1531 stroboscope was used along with a polaroid
camera with adjustable shutter speed and F stop to obtain
stroboscopic pictures of a stream of bubbles impinging on the double
conical probe. Adjusting the strobe 'froze' the bubble stream.
Three to four bubbles were captured in the picture to obtain bubble

rise velocities.

18




As the strobe frequency became an integer or. half integer
multiple of the bubble frequency, the action was frozen. It was
important that the correct setting be used. Starting at a low
strobe frequency, 300 rpms, the strobe rate'was increased until
freezing the action produced more bubbles in the picture than had
been seen at the previous freeze frequency. The strobe was then
dialed back down to that previous lower freeze point, and pictures
were taken at that setting. The shutter speed was low enough to
allow two strobe flashes.

Bubble rise velocities are calculated as follows:

Vg = SF(DX) | (16) .

Where:

Vp = Bubble rise velocity, anw/sec

SF -1

Strobe frequency, sec

DX

Distance between bubble tops, am

The distance between bubble tops was measured because, for larger
bubbles, bubble tops were not observed to deform.

It was necessary to place the gas sparger near’emugh to the
probe to assure a consistent hit, about 3/4 inch. At this distance
it was doubtful that the bubble had reached a steady state rise
velocity. In spite of this, agreement with Calderbank dat.a2 was
good.

The effect of the bubble probe in slowing down the bubble was
greatly influenced by bubble size. The smallest bubble studied, 0.8
mm, was slowed down 20-25% upon hitting the probe. The largest
bubble, 8 mm wide, experienced no reduction in velocity before and

19



after hitting the probe. The intermediate bubble size of 2.2 mm F ~
its velocity reduced roughly 10% before and after hitting the probe.

A rep'resentative bubble trace is shown in Figure 5. The beginning
and end of each bubble was taken at the point in which the
derivative of the trace changed sign. The larger the bubble, the
clearer this transition.

20
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Figure 4

Calibrotion Chamber
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Figure 5
BUBBLE TRACE FROM DOUBLE CONE PROBE
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