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PREFACE

An improved understanding for the behavior of spray type con-
tactors and reactors is possible through research on single and swarms
of drops in gas phase. Studies at different stages of drop life are
necessary for this understanding to be achieved.

| In two parts,this thesis attempts to study the effect of the
surrounding gas atmosphere on the liquid content of drops forming at
a tip andb gas absorption by falling liquid drops. For both parts of
this study hydrocarbon systems were used.

I wish to gratefully acknowledge the help of various people to
whom I owe the realization of this work.

My adviser, Dr. Robert N. Maddox, had a continued interest in my
work and myself all through my years at Graduate School. I sincerely
thank him for his help and guidance.

I also thank Dr. J. B, West, Dr. J. H. Erbar of the School of
Chemical Engineering and Dr. Cunningham of the Chemistry Department
for being members of my Advisory Committee and for their suggestions.
Dr. W. Crynes' suggestions on the manuscript are also acknowledged.

I have enjoyed and profited from my association with all the
members of the Chemical Engineering faculty; to them I will always be
grateful. Here, I will like to mention Professor W. C. Edmister, Dr.
R. L. Robinson and Dr. K. J. Bell, in addition to those mentioned
above,

I thank Mr. E. E. McCroskey of the School of Chemical Engineering
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for his indispensable help in procuring, setting up and operating the
experimental apparatus. Thanks are also due to Mr. Preston Wilson and
Mr. Arlin Harris of the Research Apparatus Development Laboratory for
constructing the absorption column.

fhe School of Chemical Engineering provided and procured all of the
financial help I received throughout the duration-of this work, in addi-
tion to financing the expeimental apparatus and materials. I will always
remain grateful to the School of Chemical Engineering for its very
generous contribution.

Whatever I have been able to accomplish all through my life would
not have been possible without the encouragement and support of my
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PART T

EFFECT OF THE SURROUNDING GAS ATMOSPHERE
ON THE LIQUID CONTENT OF FORMING

HYDROCARBON DROPS



CHAPTER I
INTRODUCTION

Research on the effect of the surrounding liquid and feed rate to
a forming drop or bubble for liquid-liquid systems and bubbles has not
been extended to drops forming in gaseous atmospheres. This present
work will probably initiate further studies to explore the effects of
the variables pertinent to drops forming in soluble gas atmospheres.

Data presented here are basically on hydrocarbon systems. The
range of the data is believed to be,reasonably wide for a first study,
however by no means extensive.

The experimental results have shown that at a constant drop
formation time the atmosphere surrounding a drop could strongly affect

the liquid in the drop.



CHAPTER II
LITERATURE SURVEY

There is nb evidence in the 1it;rétﬁre that the effect of the
surrounding gas atmoépheré on theiliquid content of forming drops has
been studied. For very small drops formed by atomization, studies are
available dn the effect of pressure and temperature on the drop size
in the combustion 1iteraturé. The effect of chamber preséuré, i.e,
gas atmosphere density, on the stability of a liquid film on a sieve
tray‘énd consequently on thé!sizes of drops formed upon the break of
the film was reported by Dombrowski and Hooper (9). Smaller drops
were observed for‘denser atmospheres. This:study (9) could be con-
sidered 1obéely related to the subject of this report.

In the absenée of data on the effect of the gas atmosphere on
forming drops this literature study will be concerned mainly with the
avéiléble studiés on gas-liquid (11, 12,526, 16, 58, 60, 65) and
1iQuid-liquid systems (35, 52, 53, 54). The effect of drop formation
rate on the drop'éize will also be diécussed.

If a liquid drop is formed infinitely slowly at a tip, pointing

 vertically down, the size of the drop is governed by Equation (1)

Equation (1) is the basis of the pendant drop method for surface
tension determinations. However, if the drops do not form slowly,

the equilibrium condition assumed by Equation (1) does not apply.



The effect of formation time on the drop size was noticed by
Harkins and Brown (28), who noted that faster forming drops, from a
given tip, are larger than slower forming drops. The Harkins and
Brown data on thé effect of formation time on drop size are very limit-
ed in scope: only one liquid was used with one tip and drop weights
were determined af eight different formation times. Harkins and Brown
explained this behavior as the result of liquid streaming from the tip
forcing its way into the drop detaching from the tip.

Tip calibration curves for gas absorption experiments by liquid
drops are anothef source of data on drops forming from vertically
downward tips in contact with gas (1L, 39). In general, the literature
data show that fasterJforming drops are larger than slower forming
drops.

For all 17 tips calibrated by Dixon and Russel (1L) drop volumes
at five second formation time were smaller than the drop volumes at two
second formatiocn time. However, for tips of small internal diameters
(0.1403 mm - 1,15 mm), the Dixcn and Russel curves show a maximum in drop
volume between formation times of 0.5 and 2 seconds.

Hughes and Gilliland (39) reported calibration curves for three
tips. Two of these tips showed a decreaéing drop velume with increas-
ing drop formation time, but the third, the smallest tip
(dl.= 0.52 mm), showed the cpposite trend. Drop formation times
reported by Hughes and Gilliland ranged from 0.25 sec. to 2.2 sec.

The maxima in dreop sizes with increasing drop formation time, at
fast formation rates, observed for some tips by Dixon and Russel, were
also observed by Hayworth and Treybal (35) in theif study on drops in

liquid-liquid systems. The results of Hayworth and Treybal show that



from a nozzle velocity of 0.1 cm/sec. to about 10 cm/sec., drops
increase in size with increasing nozzle velocity (smaller formation
time) and the drop sizes decrease and become increasingly more erratic
between nozzle velocities of 10 cm/sec. and 30 cm/sec., Hayworth and

Treybal (35) correlated their results in the form of Equation (2):

2
v+ (halx wh )V}Ed_‘z - (21 x 107%) _fi “
Pafe fef
0-ThT 0.265 3/2
1 n M| (2)

Pa” Fe

(1.069 x 10'2)

Equation (2) is based on a force balance of the surface tension,
buoyant and kinetic forces acting on the drop. This force balance, if
written in terms of volumes is:

V., =V

4 r * V-V (3)

k

Hayworth and Treybal's results showed that larger drops formed at
larger tips. larger drops were also observed in systems exhibiting
higher interfacial tension and lower density difference between the
phases. To a lesser extent, systems of increased continuous phase
viscosities exhibited larger drops.

Null and Johnson (Sh)‘also studied the sizes of forming drops for
liquid-liquid systems, Their gecmetrical models depended mostly on
their measurements of drop height and the variation in the neck width
at the poiut of detachment of the drop from the liquid stream. A set
of experimentally determined correlation facters are necessary to

determine drop sizes from the correlaticn proposed by Null and Johnson.



Results of Null and Johnson and the data of Hayworth and Treybal
show larger drops for systems of high interfacial tension and low
density differences. These results are consistent with a staﬁic
balance, i.e. Equation (1), for an infinitely slowly forming drop.
However, the Héyworth and Treybal correlation, reportedly predicted
larger than actual drop sizes for two independent studies by Null (53)
and Batson (1).

There 1s a controversy on the behavior of the drop size versus
nozzle velocity plots available in the literature for ligquid-liquid
systems. The results of Null (52, 53) show only cne maximum in drop
size when plotted versus the nozzle velocliy of liquid whereas Hayworth
and Treybal (35) and Batson (1) reported two maxima in similar plots.
Vilnits and Gelperin (61) reported work on drops forming both in air

and immiscible liquid media. Their results for air were expressed as

d 0.767 1.7
v .

__i = 16.6L x 10+3 nMg ma Reg°92 (L)

dq ag
and for liquid-liquid systems

0.42
d v . 0.50k :
__i = 1,600 nHg Ma Red (5)
4 ¢ Mg * My

A recent article by Bayens and Laurence (2) reported the effect of
the direction of mass transfer on the surface area of forming drops.
The findings of this limited study showsd that mass transfer from the
liquid jet significantly decreased the interfacial area of the drops

forming from this jet. However, increased mass transfer to the jet did



not affect the interfacial area of the resulting dispersion.
Recently, attempts have been reported to predict the formation of
gas bubbles in liquids by a modified force balance (11, 12, L6, 57, 58,

69). This new trend is based on the equation
g~ b f e K (6)

Equation 6 was written for the two stages of the drop formation period
by using different expressions for Fy and By for each stage. The two
stages are hypothetical and are differentiated by the start of

necking at the drop base.

In summary, the literature data show that faster forming drops are
larger than slower forming drops. However, at very fast formation
rates (feed rate.;= 10 cm/sec.) drop sizes are increasingly erratic and
tend to get smaller with faster feed rates.

No study was encountered in the literature on the effect of the

surrounding atmosphere on size or liquid content of forming drops.



CHARTER ITI
EXPERTMENTAT. APPARATUS AND MATERIALS

Experimental Apparatus

The experimental apparatus used to determine the liquid content of

the drops in gas atmospheres of different solubility was made up of

some parts of the apparatus used for the falling drop absorption

studies (See Part II). Mainly the following equipment was used:

1-

The

3.

The drop catching assembly without the drop collection

tube, Figure 1lh.

The drop forming assembly of the absorption column, Figure 13,
including the top plaﬁe of the column but excluding valves V12
and V13 and also exciuding the lines comnecting them to the
drop forming assembly.

Rotameter R3, Figure 12, and the gas transfer lines comnecting
the gas cylinder to rotameter R3, R3 to the saturators and the
saturators to the éés inlet on the top piate.

equipment was assembled as follows:

The top plate of the absorption column was bolted to the upper
flange of the drop catching assembly and the interface sealed
by an 0 ring.

The drop forming assemblj was mounted on the top plate of the
column and attached to it as in Figure 13.

The line for the incoming gas from rotameter R3 was attached



to the entry points available on the top plate, Figure 13.

Le A 1.7 cn I.D., 7.5 cm long glass tube was fitted to the center
opening of a circular piece of one inch thick foam rubber,
which was used to replace the drop collection tube at the
bottom of the drop catching assembly. The upper end of the
glass tube protruded two centimeters into the drop catching
assembly. This glass tube was used as the exit for the liquid
drops after they detached from the drop forming tip.

Glass weighing bottles were used to catch and weigh the drops.
Stopcock grease was used to seal the ground glass Jjoint between the
 cover and the body of the weighing bottle to eliminate loss of the
absorbed gas and drop liquid prior to weighing and chromatographic

analysis,.
Experimental Materials

derocarbon liquids used for drops were n-octane, n-nonane and n-
decane. Most of the experimental data were taken using technical grade
liquid hydrocarbens. For purposes of comparison with the technical
grade liquid data, research grade n-ncnane and n-decane were also used
with some tips and scme gas atmospheres.

The gases used were technical grade n-butane, technical grade pro-
pane, pure grade ethane, pure grade methane and commercial grade Freon
12,

A1l of the experimental materials, with the exception of Freon 12,
were products of Phillips Petroleum Company, Bartlesville, Oklahoma.
Freon 12 was a preoduct of E, I. dvuPont de Nemours and Company of

Wilmington, Delaware.



CHAPTER IV

EXPERIMENTAL PROCEDURE

The following experimental procedure was used for all runs, except

for runs in air, of each of the hydrocarbon liquids used. For runs in

air there was no reason to maintain an air flow to keep out undesirable

gases from the drop formation chamber. The effect of the purge gas

velocity present in the runs nct with air was assumed to be negligible

due to its magnitude, i.e. 17-22 cm/min.

1.

Valves V16 and V17 Figure 13 being closed, about 200 ml of the
liquid was poured into the main liquid reservoir.

Keeping V17 closed, V16 was opened and the liquid holding
funnel was filled with the liquid.

The stainless steel tube helding the tip was removed from its
entry point on the top plate. The tip to be used was cleaned
by acetone, dried and attached to the lower end of the 1/8"
stainless steel tube. The tube was then remounted to its
place in the top assembly.

The flow of the gas to be used was started.

Keeping V16 open, V17 was opened allowing liquid out of the
tip to remove eﬁtrained gas bubbles in the liquid lines.
Valve V16 was closed and after the liquid holding funnel was
full of liquid, V17 was closed. The gas flow was left on for

about fifteen minutes tc completely purge the apparatus with

10



10.

11.

12,

11

the gas to be used.

Valves V16 and V17 were reopened, maintaining a liquid flow
rate through V16 faster than the flow rate through V17 to keep
the 1liquid holding funnel full of liquid at all times.,

4 weighing bottle was inserted under the glass tube protruding
from the drop fdrming chamber. The stopwatch was started and
for 110-1L0 seconds the falling drops were caught in the
weighing bottle. At the end of the measured time period, the
weighing bottle was removed, the total time of ;ampling and
the number of drops that fell into the bottle were recorded.
The weighing bottle with the sample was left open for a
determined length of time, 3 minutes for n-octane drops and

5 minutes for n-nonane and n-decane drops, to let most of the
absorbed gas escape. The weighing bottle was then closed.

The drop formation time was changed by changing the setting of
valve V17 and steps 8 and 9 were repeated for a new sample in
another weighing bottle.

After ten or eleven samples were obtained, the weighing
bottles were weighed with the drop liquid.

For a run with a different tip, the tip was changed as in

step 3 above, and steps L-11 were repeated.

A1l parts of the drop forming assembly were thoroughly cleaned by ace-

tone and dried before a different liquid was put into the system for a

new set of runs. The apparatus was then rinsed with the liquid to be

used before it was filled with it. The 1liquid in the saturators was

also changed, after cleaning them with acetone, whenever a liquid

change in the rest of the apparatus was necessary. Acetone was also
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used to clean the weighing bottles after every use.

Analyses of the weighing bottle contents were made using the
Varian Model 1200 Flame Tonization Chromatograph equipped with a
Perkin Elmer Digital Integrator. A ten foot long 1/8" Stainless steel
column packed with 10% S.E. 30 on Chromasorp P was used for separation.
The oven temperatures and carrier gas (helium) flow rates to analyze
the drops of different liquids were:

a. 110°C Oven temperature and 21 cc/min. He for n-octane

b. 125°C Oven temperature and 25 cc/min. He for n-nonane

c. 1U40°C Oven temperature and 26.5 cc/min. He for n-decane

A1l of the chromatographic analyses were performed using one
microliter samples delivered by a 10 micreliter Hamilton syringe,

equipped with a Chaney adapter.



CHAPTER V
EXPERIMENTAL RESULTS AND DISCUSSION
Experimental Results

Experimental results are presented in Figures 1 through 7. Drop
formation timés within one to ten second range was explored in this
study. Highly erratic drop weights were noticed at drop formation
times of shorter than cne second. At drop formation times longer than
ten seconds, for most systems, the effegt cf drop formation time on the
amount of liquid in the drop was rather small,

The data reported in this work as the amount‘of liquid in the
drop, are not the actual drop wéightso One would have had to correct
for the desorbed solute gas during drop collection if the actual drop
weights were to be reported. The procedures and the problems encounter-
ed to correct for this effect are discussed in the second part of this
thesis, Under the conditions of the experiments reported in this part
(Part I), the problems encountered in correcting the absorption column
results for drop collection would have multiplied. It is reasonable to
assume that the actual drop weights were higher than the measured

liquid weights due to the weight of the absorbed gas.

Effect of the Surrounding Gas Atmosphere on the

Liquid Content of a Forming Drop

13



1

The experimental data show that drops of a liquid hydrocarbon
forming at a specified formation time from a specific tip contained
smaller amounts of the liquid if surrounded by a heavier hydrocarbon
gas, €.g. n-Butane, than if surrocunded by a lighter hydrocarbon gas,
e.g. methane. Thus, for hydrocarbon-hydrocarbon systems, one could
correlate the liquid weight in a drocp with the wvapor pressure, molecu-
lar weight, molecular diffusivity, density of the gas. The solubility
of the gas in the liquid phase will also correlate the data. For ideal
Systems vapor pressures could be used to calculate gas solubilities in
the liquid phase using Raocult's law. |

Drops forming in Freon 12 had liquid contents between those drops
forming in ethane and propane. Molecular diffusivities of Freon 12
(dichlorodifluoromethane) in the hydrocarbon liquids studied are lower
than the molecular diffusivities of n-butane in the same liquids. The
molecular weight and density of Freon 12 on the cther hand are larger
than the similar properties of n-butane. However, the vapor pressure
of Freon 12 at the experimental temperature, 24°C, is between the vapor
pressures of propane and n-butane at 24°C. This point suggests that
vapor pressure might be a better correlating parameter representing the
gas phase than gas density, gas molecular weight and the molecular
diffusivity of the gas in the liquid. Furthermore, drops forming in
air contained the most 1iQuido These cbservatiouns suggest that the gas
solubilities, or abscrbéd gas“éoﬁcentration in the forming drop could
better describé the variation of drep welght with the surrounding
atmosphers. Additiomgl experimental data are necessary to establish

this point.
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Effect of Liquid Feed Rate on the

Iiquid Content of Forming Drops

Figure 8 shows the effect of liquid feed rate on the amount of
liquid present in normal decane drops forming in four different gas
atmospheres. For all systems the amount of liquid in the drops tends
to increase with increasing liquid feed rate to the drop. This
observation is exﬁlained by the Harkinsband Brown (28)vhypothesis that
at faster formaticn rates, part of the liquid stream in the tip forming
the drop, is forced into the drop during detachment. This observation
is considered to give a general picture of the actual mechanism.
Photographic studies on liquid-liquid systems show that (5L) at faster
liquid feed rates the length of the liquid jet extending out of the tip
is increased. Due to inertial forces, at higher feed rates, the liquid

vjet is broken to leave some liquid in the drop. At even higher flow
rates satellite drops form behind the main drop (35) with the snappingv
of the "neck" between the drop and the liquid jet. The presence of
satellite drops is the main reascn for the erratic literature data

(35, 54) at high feed rates (low formation times).
Correlation of Datas Force Balance

A force balance on a formiﬁg drop can be written in the form
Fg - Fyy - Bg - Fp = 0 (7)
In general ﬁhe forms of the Fg, Fyp and Fy terms, because of the nature
of'the forces involved can be represented in cne way cnly. However,
the form of Fr, which is the force due to the incoming liquid feed has
varied between investigators (11, 12, 35, L5, 57, 60, 65). In

Appendix A the basis of derivation of Fr and consequently the form of
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equation in terms of the system parameters is discussed in detail.
Thus, in terms of the system parameters, Equation (7) is written as

2
4 2

2 Pe\ %4 2
M, - g [1- T(__ Pa ¢ M, +YPIT a0 @:_ef=o (8)

Pal b b

Equation (8) above does not take into account the mass transfer
into the drops during formation. Any model which will properly explain
this condition has to take into account the proper variations in My,
'f%;and G with the transfer of mass. At the present, there are no
reliable correlations in the literature, nor data, to predict the
variations in system paraﬁeters with mass transfef; uFiom‘Fiéﬁféﬁliriﬁ“/‘
could be calculated that the fractional saturations of the absorbed
gases in the drops coculd not have exceeded 0.3 in the experiments per-
formed. Variations in My and ﬁvjbr these gas concentrations could
safely be neglected for all systems studied here.

Assuming 0.625 as the value of Y in Equation (8)(from Harkins and
Brown (28)), the predictions of Equation (8) were compared with the
data. The comparisons showed that even though reasonably good values
could be predicted for the hydrocarbon-air systems at formation times
of about ten seconds, in general the predictions varied considerably
. from the data for shorter formation times. Equation (8) predictions
seem to be almost unaffected by flow rate between ten and one second
formation times, but the predicted drop weights rise sharply for drop
formaticn times of less than one second. Literature mcdels (11, 12,

L6, 60, 65) medified for the case studied here also showed similar
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trends,
The deviations of Equation (8) from data in the manner described
above led the author to believe that an excess flow effect term,‘ﬁ;ge%

should be incorporated into Equation (8).

2 2
Mg -e 1—"'-—7(—ﬂiefMd“Pﬂdid——PdVefﬂbg—_o (9)
£

pal b

This excess flow effect term seems to explain the unhindered growth
ability of drops forming in a gas atmosphere as compared with the drops
forming in liquid and bubbleé forming in{liquids,.the growth of which
are slowed by viscous forces.

) Upon.this modification, Equation (9) was fitted to the data (15,
50) and.gb and Y values evaluated for each tip and system studied.
These curve fits were performed using two different values for the
effective surface tension (Ff term). One series of curve fits was
made using the.sﬁfféee téﬁs&én of fhe.pure hydrocarbon liquid and
another wifh the surface tension of ﬁhe solute.gas saturated hydro-
carbon liquid. The hypothesis for the second type of fit was that a
gas saturated‘drop surface exists ail around the drop including the
point of contact of the drop and the tip.

Mixtﬁre surface tensions were calculated using the method proposed
by Deam (13), from puré component surface tensions calculated from
eéuations of Ferguson (16) and Brock and Bird (). The Brock and Bird
equation is a corresponding states type general equation, whereas the
Ferguson equation contains specific constants for different compounds.

The constants for the Ferguson equation are not available in the
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literature for all systems used for the present work. Mixture surface
tensions calculated in this manner are given in Table I.

Table IT shows the values of ¢ and 'Y} obtained from the curve
fits. The values of ¥ for the fits using a gas saturated liquid sur-
face tensions vary from Y of pure component‘ surface tension in the
ratio (p/a (Figure 9). However, the values of $ from both types of
curve fits are about equal for each tip and system. Thus, it appears
that‘ the effective surface tension is that of the pure liquid. This
fact could be explained if one considers the forming drop as a slow
liquid jet and the new area formed is near the nozzle. Thus, it is
conceivable that even though most of the surface of the drop is satu-
rated by the solute gas, the surface near the nozzle is not.

Variations in values (pure liquid surface tension) are probably
due to different drop diameter to tip diameter ratios as shown by
Harkins and Brown (28), Furthermcre, it is conceivable that the heats
of solution of the gases in the liquid phase and the small changes in
the liquid properties with the absorbed gases also vary"P . In fact
the VY values could be plotted as a function of ¢, Figure 10, as
well as a function of gas solubilities, using the tip diameter as the
parameter,

In general, the @ values show an overall relationship to @,
values as well, showing larger @ values for smaller Cfm. This trend
is more definite for tips 2, L and 5 than for tip 7. A possible
explanation fer this' trend could be that with decreased surface tension
over most of the drop surface the expansion abilities of the drop with
the incoming fluid'is enhanced., Furthermore, larger ¢ values were

obtained for larger tips. Thus, larger drops and smaller surface to
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TABLE I

SATURATED MIXTURE SURFACE TENSIONS AT 23°C

( Deam's (13) Mixture Method )

Systém (dm )BB (Um )F
(dymesslem) ~ (dynes/cm)
Methane-nDecane 23.28 23.17

Ethane -nDecane 22,26 -

Propane~nDecane 18.76 19.20
nButane-nDecane 7.00 -
Freonl2-nDecane . 16.77 -
Methane-nNonane 22.21 22,12

Ethane -nNonane 21.31 -
Propane-nNonane 18.08 18.27
nButane-nNonane 7.25 7.7k
Freonl2-nNonane 16.39 --
Methane-nOctane 21.30 -
Ethane -nOctane 20.L5 -~
Propane-nOctane 17.41 --
nButane-nlctane 7.31 -

Freonl2-nOctane 15.8L -

((j& )BB - Pure (J's from Brock and Bird (L) @ T, of mixture

(g ), - Pure('s from Ferguson (16) @ T, of mixture
n F r



‘TABLE IT

VALUES OF EQUATION (9) CONSTANTS FROM CURVE FITS

USING PURE LIQUID AND GAS SATURATED SURFACE TENSIONS

Tip

NN

Ul Ul vl Ul \uUl Ul Ul Ul Ul U =

~N

~N N

Gas

Air
cl
nCh

Air
c2
C3

Air
Cl
C3
F12
nClL

Air
c2

Air
C3
nChL

Alr
Cl
C3

Air
Ci

C3
nCh

Liquid

nCqg
nClo

nCip

an
nC9
nC9

nC10
nC10
nC 10
nC 10

nC 10

an

nﬂg
nCg
nCs
nCB

nCg
nCg
nCg

nC 10
nC 10
rC10
nCio

Ye

0.6791
0.6721
0.604L3

0.6407
0.6221

0.5941

0.6199

0.6150 -

0.5778
0,5881

0.5LL5

0.6229

0.6000

0.6237

0.5723
0.6105

0.5971
0.5835
0.5620

0.5934L
0,5865
0.5553
0.5293

Ve

0.6791
0.6850
2,0478

0.64L07
0.6575
0.7L42

0.6199

0.,6245
0.7281

0.8290
1.8422

0,6229
0.6LC0

906237
007058
1.793

0,5971
0.5876
0.6928

.0.593L

0.5976

0.6997
1.7960

Dr

0.01201

0.,01517
0.03808

0.0L412
0,06L43
0,10479

0.06601

0.097hh
0.11530
0.260L6

0,17013

0.06187
0.11081

0,04618
0.12942
0,093L5

0.27151
0.96L71
0.7L866

C.30031
052066
0.66517
0.58386

P

0.01201
0.009764L
0.03807

0.0L412
0.06450

0.1047L

0.06601

0.0974LL
0.11527

0.26042
0.,16942

0,06187
0.11082

0.0,L618
0.12941
0.093L5

0.27151
0.96491
0.7L90L

0.30031
0.5208),
0.66542
0.58382
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volume ratios suggest that for a given surface tension, the excess flow

effect is more pronounced for larger drops.
Correlation.of Data: Dimensional Analysis

In an attempt_ﬁo explain the data by means of a generalized
equation a dimensional analysis approach was also tried. The background
information on the hydrodynamics and mass.transfer aspects of the drop

formation machanism led the author to assume the following relationship:

Py

d P - bl
(0 @) ) 1 o6 )71 (10

8% . constant

(‘Md) 1
Madazr, %2 |

Using dimensionalvahalysis a number of dimensionless correlations
‘were obtained from Equation.(10). Forms of the dimensionless groups' -
making up each of thése dimensionless correlationé were dependent upon
the choice of the exponents, P;, chosen.to be determined from data.
The dimensional analysis to .obtain Equation (11) which was found to

correlate the data is given in Appendix B. Through this analysis

M) | -Plgg?'PPz 4 & P3Dmf1'37
d’g,0r _ constant i £ 3 1d > l’)d‘ .d. (11)
CMd)air, a d2 /Md /Md /Md

was obtained. The values of the constant and the exponents Pys Py,
, P3 and P7 were obtained by fitting the equation to experimental

data by a nonlinear regression‘programwQIS),based on the method of
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Marquardt (50). The liquid properties, ¢, D4 and /Ad were cbtained from
Rossini, et. al. (63) and the liquid phase molecular diffusivities, D,
were calculated from the Wilke-Chang (71) correlation. The values deter-

mined for the equation constant and the exponents were

constant = 6.787

P, = 0.281336
P, =-0.0338679
Py =-0.0403296
P, = 0.117188

The curve fit had an absoiute average deviaﬁion of 1.3. percent with
maximum deviations of 5.98 énd -5.26 percent.

, Weights of the liquid in the drops, (Md)g,Of’ varied about three-
fold over the range of the experimental conditions. However, the ratio,
as presented in Equation (11) varies only from 0.85 to 1.07. This fact
raises the qﬁestions about .the usefulness of the fit obtained.

To obtain a more more meaningful result, the groups‘on the right

hand side of Equation (11) were used to fit only the (Mg) data,

g,9r
Calculations on this model resulted in Equation (12),

P P P P

2 2 . 3 7

QfFFd) dy ¢ ?d) | Dy {)d) (12)
3 2

My M M4

| 4y

(Md_)g,gf= constant .d_..g. |
where constant = 00,8865
Py = 7.3697

P2 '-‘-090113111188

P, =-0,0808437

= 0,0858291
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Equation (12) fits the data with an absolute average error of L.07'

percent. Errors of all points range.between 20 bercent and -6.7 percent.

Combining the exponents of variables in Equation (12), one obtains

7.2896 0.085829 0.29572

dl D
d) 0. = 0.8865 o Ma N (13)
€s>°f 7.36967 0.16698 0.0434h9 0.043LL48B

d v 0p Pa

2
Equation (12) was refitted to the data using the mixture surface =

(M

tensions. The fit was not improved. The average absolute percent devia-
tion was h.88‘and the range of errors. was within 18.60.percent and -10.
percent.

This result is in agreement with the mechanism postulated earlier
by the force balance, intthat the controlling surface tension at the

drop-nozzle interface is that.of the pure liquid.



CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

The data presented in this work show that liquid drops forming
from a tip at constant formation times have varying amounts of liquid
in the drop depending cn the gas atmosphere surrcunding the drop during
formation. For normal paraffinic gas-liquid systems the amount of
liquid in the drop.decreases with increasing solubility of the sur-
rounding gas atmosphere, at a given drop formation time. vFurthermore,
data show smaller drops at longer formation.times for a specific tip
and gas-liquid system.

These data were correlated and analyzed invterms of a force
balance on the forming drop as well as a dimensionless correlation.

Two parameters contained in the force balance were evaluvated from the
data. One of these parameters was of the type ﬁsed by Harkins and
Brown (28) to account for the undetachsd portion of the drop liquid
from the tip. lThe values of this parameter, evaluated from the data,
are within the range of the Harkins and Brown values and correlate with
the surface tension of the drop liquid saturated with the surrounding
gas for each tip. The second parameter is incorporated with the excess
flow term and for é given system, is a function of the tip size.

The dimensionless correlaticn derived to represent the data
accounts for the mass transfer as well as the flow effects for all

tips and systems studied.

35
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The analysis of the data has shown that the controlling surface
tension at the drop formation tip is the surface tension of the pure
liquid.

Future work should include studies to determine the effect of the
absorbed gas on the physical properties of the drop liquid during drop
formation. An experimental procedure based on the modification of the
procedures used by Constan and Calvert (7) or Groothuis and Kramers (23)

could be used for this purpose.



PART IT

GAS ABSORPTION BY FALLING LIQUID DROPS:

HYDROCARBON SYSTEMS
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CHAPTER T
INTRODUCTION

Study of gas abscorption by liquid drops has not attracted nearly
as much attention as the related subjects, mass transfer between gas
bubblés and liquid drops in a continuous liquid phase. Single drop gas
abéorption studies available in the literature show ﬁhat most of the
data have been taken for water drops. Data on liquids other than water
are scarce. Some of the available studies attempted to experimentally
isoiate mass transfer during different stages of dreop life, i.e. forma-
tion, fall and collsction, others did not, |

At the present time, a rough picture of drop hydrodynamics exists.
However, the volume and quality of the available data do not yet permit
one to accurately relate hydrodynamics to the mass transfer phenomena.
'in this respect, informaticn available from studies of related subjects
could be used to serve as guidelines.

Industrial application of gas absorption by liquid drops is seen
almoSﬁ‘totally in spray equipment. Spray type contactors have some
advantages over stagewise contactors. The advantages are: very low
pressure drop and no packing or trays. However, spray equipment has
generally been considered to be less efficient and uneconcmical when
compared to tray or packed columns and mechanically agitated gas-liquid
(bubble) contactors. For pracfical applicaticns, where multi-drop

systems exist, direct application of single drop data should be made
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with care,
The goals of the present study weres
1. To gain an understanding of gas absorption by liquid drops,
2. To obtain and evaluate gas absorption data for some hydro-
carbon systems, and
3. To devise and study various end effect correction procedures
for gas absorption by liquid drops.

For this purpose a ten fcot tall absorption column was designed
and constructed. Drops were collected in a drop catching unit remotely
similar in design to that constructed by Garner and Kendrick (19).

The experimental results were analyzed and explained according to
the theories and experimental data available in the literature. The
experimental results of this study were also analyzed in terms of the
different end effect correction procedures used.

This study is a first attempt to deterwine the gas absorption co-
efficients for hydrocarbon systems using a pure hydrocarbon gas, ncormal
butane, in the gas phase. Thus, this study is alsc a first attempt in
the use of pure highly soluble gases in gas absorption studies.

Experimentally, a problem 1o surmount was presented in the choice
of an acceptable blanketing agent for the hydrocarbon systems used.
Blanketing agents used by the earlier investigators in the drop
cellection stage were excluded from use here due to the low densities

of the hydrocarbon liquids,



CHAPTER II
LITERATURE SURVEY

Available published studies on gas absorption by single drops are
concentrated on water drops. Even though there are studies available
on other liquids, these liquids seem to have been chosen randomly, In
fact, some of the liquids used were industrial materials, which were
mixtures of several chemically distinct compounds. This fact alone
shows that a rigorous hydrodynamic understanding of the liquid drop in
a gaseous atmosphere 1s not yet available. In the absence of a
correct hydrodynamic picture, the available mass transfer results
should be considered valuable in their own range, giving only a rough
idea of the true picture.

A summary of the basic features of experimental studies on gas

~absorption by drops is given in Table III, at the end of the chapter.

Hydrodynamics of Liquid Drops in a

Gas Atmosphere

Space does not permit one to include here a detailed survey of the
literature available on the hydrodymamics of liquid drops in a gasecus
atmosphere. However, the following points are given in an effort to
summarize and evaluate the present state of the subjects

Fall velocities and drag coefficients are availéble for water

drops at their terminal velocities. However, the results of these

Lo



L1

studies do not show an overall consistency (17, 38). In any case,
terminal velocity is seldom reached by the drops employed in absorption
studies. Thus, the resulté of these hydrodynamic studies are not
directly applicable,

For accelerating drops, velocity and/or drag coefficient data are
very scarce. Dabta from accelerating solid spheres in liquids have been
used to calculate fall times of drops in gases (17, 38). Some recent
data (5) on drops of a variety of liquids in accelerated fall contra-
dict the sclid sphere data (34). This recent study shows that
acceleration alone does not affect Cp as reported earlier. Liquid
properties and impurities present in the liquid are reported to have ;
strong effect on drop hydrodynamics, and thus on Cp for accelerating
drops.

Internal circulation has been studied (7, 17, 20, 21), however,
the experimental methods used give large errors (7, 17, 20, 21). The
equation

- ;

U, = ———————m (1L)
2 (1 (Me/ug))

derived from the Hadamard-Rybczynski theory of internal circulation
(27, 6&) has been shown to give fair agreement with experimental
data (20). |

Oscillation of liquid drops has been investigated for drops sus-
pended on a tip (7) and for drops in wind tunnels (17, 20, 21). Lamb's
(L7) equatisns for the frequency of oscillation, also (3), Equation
(15), and ﬁhe time dependency of the oscillation amplitude, Equaticn

(16), are in fair agreement with puwblished data (7, 17, 20).
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8-0 \* (15)
£f= | —
37T My

B =3B, exp (-2 00y/(p, di)) (16)

The shapes of falling drops, with equivalent spherical diameters
(dg) between 1 and 5 mm, are of two semi;ellipsoids of revolution.
These seﬁi-ellipsoids have equal major and unequal minor axes, the
flatterbellipsoid being at the front of the drop (17, 20, 62). For
drops which have 1.0<2a/b<Z2.1 and 1£E;4£ 8.2, Garner and lane (20)

proposed

a_ = ,
B - 1+ 0,130 Ex (17)

and Reinhardt (62) proposed
a L= + ll]l.} . T1 ) (18)
5 Tl 5T R
Other correlations are also available (See (17) and (38) for a review).
In general, the deviation between the surface area of the distorted
drop and the surface area of an equivalent sphere is about 5% (21).

In conclusion, the hydrodynamic investigation of liquid drops in a
gas atmosphere is not complete. One should try to gather information
from studies on gas bubbles in liquids and from liquid-liquid drop
systems (Ll) to predict the hydrodynamic behavicr of liquid drops in

gaseous atmospheres,
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General Theory of Gas Absorption by Liquid Drops

Early researchers (14, LO, 69) assumed that gas absorption by

liquid drops is a steady-state phenomenon. This assumption resulted in

- ¢ (19)

for the liquid side mass transfer coefficient. ILater it became evident
that such an assumpticn was not valid for all cases and a non-steady-
state approach should also be used. Such an assumption results in the

well known expression

.Vd

k. = - — log, (1-F) (20)
CR ,

where, the fractional saturation F is defined as

c - CO (21)
P o= _—
¢" . Co
For spherical drops, Equation (7) becomes,
deg
kp o - log, (1-F) (21)
6 e,

To calculate the gas side mass transfer coefficient, one has to know
the partial pressure of the dissolved gas rather than the concentration
in the liquid phase.

Most liquid drop studies reported in the literature are not for
perfect spheres. However, for the purpose of mass transfer coefficient
calculations for falling drops, the drops are usually assumed to be
spherical and the diameter of a sphere of equal volume is employed.
Such an approximation (~-5%) seems to be within the overall scatter of
data., However, the frountal area of the drops i1s more active than the

back area with respect to mass transfer. On this basis the error in
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K, could be magnified to about 15% (18).

For forming drops‘the drop surface area and volume should be cor-
rected with respect to the formation rate. Dixon and Russel (1L)
experimentally determined the surface areas of forming water drops from
seventeen tips., Their results showed that the ratio of the volume to
the surface area of the drop'is approximately constant.

The absorption time can be accurately determined for forming
drops. However, for falling drops information is scarce on the veloci~
ties and drag coefficients of liquids in accelerating fall (See (17)
and (38)). Fall times were calculated from Equation (38), page
by some (1L, 2L, 25, 67), thus accounting for the effect of gravity
only and neglecting the drag resistance and the buoyant force. More
recently,gresearchers have attempted to compensate for the effects of
distortion and acceleration on the velccity and drag coefficients of
the drops (5, 17, 29, 62). As discussed earlier, accelerating drop
hydrodynamics is not yet fully understood.

Studies of the effects of concentration level on the absorption
coefficients (62), the additivity of individual phase resistances (39)
and mechanism of interfacial resistance (19) are available for the

general case of mass transfer and gas absorption,
Theory of Gas Absorption by Forming and Supported Drops

For'absorption of carbon dicxide by forming water drops Dixon and

Russel (1) postulated that

K =

(23)
L 0.
0,08

In Equation (23)951‘ is the overall mass transfer coefficient obtained
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from Equation (19) using an arithmetic average for the gas concentration
in the liquid for the formation time. They postulated that (2/431),
which is proporticnal to tﬂe square root of the liquid feed rate into
the drop, is a measure of turbulence inside the drop.

Groothuis and Kramers (23) based their theory of sulfur dioxide
absorption during the formation of hydrccarbon drops on the penetration
theory. This results in

C-C o< A S Dy O (2L4)

C"=- ¢
o) vd m

for the liquid side coefficient.
Constan and Calvert (7) studied mass transfer to supported drops
which had internal circulation and oscillation. Frossling's (18)

equation for the gas side mass transfer

Ly
it

1+ 0,276 Re" (25)

2.0 Dy /2 - 1/3
s amen )
de
coefficient gave results in fair agreement with the experimental over-
all gas side mass transfer coefficients, The data for the gas side
coefficients were cbtained by measuring the sublimaticn rates of
naphthalene spheres in air currents. For the liguid side mass transfer
coefficients, Constan and Calvert noted that, for a given drop and
fractional saturation, the ratio of Dy to Dy is dependent on the film
thickness, which in turn is a function of the internal circulation
velocity in the drop. Their theory for supported drops was based on
nén-steady state mass transfer.
Constan and Calvert's (7) attempts to explain gas absorption by

drops with coatrolled forced circulation through the drop were not very

successful, Fresh liguid was introduced and old liquid was constantly
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withérawn from the drop. Equation (19) was used for drcps with con-
. trolled forced circulation to calculate mass transfer coefficients,
postulating constant drop concentration.

Hughes and Gilliland (39) extended Dixon and Russel's (1L) work.
They added the effect of drop oscillation on mass transfer to forming.
drops in addition to the effect of the intermal circulation caused by

fresh liquid feed. Hughes and Gilliland proposed

d 2(31-n) d1n2n d2m—%
(k) 7 a2 s e (26)
dy 1-n o
Qf £

where the first term shows the effects of internal circulation and the

second term shows the effects of oscillation. From Equation (26) they

derived
2(1-n)
¢ -¢C o, d n i-m g q d
° ¢ | a [T L T o0 Pae (27)
= 1 |— £t by *f 3
% do Mg
- C -
(o]

where n and mx 0,2 - 0.k and ai’ big a' and b" are constants
In summary, absorptiocn by forming drops can not be considered purely a
steady-state phenomenon. A correct approach must consider the depend-
ence of drop gas conbehtration on ébsorption and also cn the rate of
fresh liquid introduced into the drop. For supported drops which have

been formed prior to the start of the absorption period, an unsteady-

state approach should also be used.
Theory of Gas Absorption by Falling Liquid Drops

Some of the earlier workers, specifically Whitman et al. (70),

Dixon and Russel (1L) and Johnstone and Williams (LO) used an equation
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of the form of Equation (19) to evaluate mass trénsfer coefficients. A
steady state assumption inherent in Equation (19) is not valid for
absorption by falling drops. However, for Johnstone and Williams' (LO)
work, the_uée of a constant driving force could be warranted. In their
work (L0O), the absorbed gas reacted with a reagent present in the drop
liquid and lost its identity. If care is taken and an excess of
reagent is present and the reaction rate is high, this absorption could
be considered as steady state. Johnstone and Williams used this method
for the determination of gas side coefficients,

For the liquid side mass transfer coefficients of falling liquid
drops, the only correct approach is to use the unsteady state assump-
tion as given in Equétion (20).

An attempt to explain the effects of system variables on the
reported mass transfer coefficients is an important task. For the gas
side mass transfer coefficient, Hatta, et al. (31, 32) proposed

kg = AUn (28)
where, U is the drop fall velocity,xg and n are constants which were
found to be 0.000097 and 0.25, respectively. This equation is based
on the assumption that the gas film thickness is inversely proportional
to UM, Shabalin (66), for drops at terminal velocity, found n to be
between 0.75 and 0080° Johnstone and Williams (LO) used

VD /4,

Kk = (2g1 ) (29)
| l15RT
for a spherical drop falling a distance L from rest. They also
accounted for the effect of the countercurrent gas velocity by

\/ Dm/ de [( Ug +2 gk )3/2 _ Ug3/2 ]

1.5R T (sz);é

(30)

kg =
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where Uy is the gas velocity. Recently Plit (56) proposed a dimension-

less correlation
aéofs

e e ]

for absorption of ammonia by water drops of'large“diametero

Mo = 0.128 x 1070 ( Dy |

Dy Pr

(31)

Liquid side mass transfer mechanisms of different systems in drops
of varying sizes could be compared on equal basis in terms of the
ratios of effective to molecular diffusivities, i.e. De/D. This ratio
also gives an idea of the internal drop hydrodynamics. The major draw-
back of this method is that molecular diffusivities of gases in liquids
are not well known for all systems. Himmelblau (37) recently presented
molecular diffusivity data for several systems in a review article.

Effective diffusivities of gases in liquid drops could be calcu-

lated from

C -¢C had
- © =1 .¢( 64(2) E: ﬁl/nz) exp ( - b n®x? D 6y / di ) (32)
n-i

C" - C
o]

Equation (32) is for diffusion into a sphere with constant surface
concentration; a condition which is satisfied by absorption of slightly
soluble gases and also by absorption of pure gases. Equation (32) is
énalogous to the classical solﬁtion for heat conduction into a sphere
of constant surface temperature. Solutions for'the mass transfer case
are available in the literature (8, 55).

Equation (32) is for a stagnant. sphere. Departures from the
stagnant sphere case are handled by substituting an effective
diffusivity, De for Dy, where

= Dy + D, | _ (33)
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fkt the present, an exact quantitative relationship relating the
drop hydrodynamics to the liquid side mass transfer coefficient does
not exist. However, some trends are evident from literature data. In
general, the liquid sidekmass transfer coefficients are higher for
hydrodynamically less stable drops. This is exhibited by higher De/DM
values. Internal circulation decreases the stagnant film thickness of
the drops and thus increases the mass transfer rate. However, intermal
circulation currents tend to have a smaller effect on the mass transfer
to large drops. In large drops, due to the higher degree of deforma-
tion, large volumes of liquid in the drop are bypassed by the internal
circulation currents (21).

Small drops and drops of high surface tension and low viscosity
liquids tend to have more hydrodynamical stability (17, 20, 21).
Furthermore, as the drops age, i.e. longer absorption times, they tend
to gain more stability. Oscillations and intermal circulations present
in the forming drop are magnified by the detachment of the drop from
the tip and the snapping of the drop tail to the drep bedy. Periodic
eddy shedding also affects oscillations (17, 20, 38). However, since
these motioné dissipate energy, they tend to die down with drop age.

Equation (16) was proposed (L7) for the decay of the
- 2
B =B exp (- 20my/ (P, a3)) - (16)

amplitude of oscillations due to viscous action.

Experimental Apparatus and Methods for Gas Absorption

by Liquid Drops

Two major types of experimental apparatus have been used to

determine gas abscrpticn by liquid drops; namelys
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a. Absorption tubes and chambers with slow cr zero gas
velocity in which drops form and/or fall,

b. Wind tunnel studies used to support formed drops or to
suspehd detached drops during the absorption periocd.

Whitman et al. (69) used an apparatus‘which consisted of an
absorption tube 60 cm. long and 6.5 cm. in diameter. The drop liquid
was stored in a constant head tank. The drops formed in the absorption
tube from a tip in contact with the solute gas at constant time inter-
vals. The detached drops fell 52 cm. into the drop collection tube and
were blanketed from the solute gas by a layer of kerosene in the
collection tube. The solute gas was saturated with the drop liquid to
prevent evaporation from drops. The absorbed gas concentration in the
liquid was chemically determined. Hatta, et al. (31, 33) and Dixon and
Russel (1L) used apparatus basically similar to the apparatus of Whit-
man, et al.v However, they varied the drop fall height. Guyer, et al.
(24, 25) also used the same type of apparatus with fixed (2L) and
variable height (25) experiments for the desorption of CO2 from CO2
saturated water drops into gas streams.

In an effort to experimentally isolate the absorption during drop
formation from absorption during fall, Johnstone and Williams (LO)
altered the top section of an apparatus which was similar to that used
by Whitman., In this new version the drops were formed in an insoluble
gas atmosphere (air) and made contact with the soluté'gas after they
began to fall. This type of apparatus was also used by Shabalin (66),
Hughes and Gilliland (39) and Rabovskii and Shinyaeva (59). Jéhnstone
and Williams and Robovskil and Shinyaeva slso varied the gas velocity

in the absorption tubs.,
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‘Shabalin used an absorption apparatus which had a ten meter inert
gas section above an abscrption tube of variable heightc In the ten
meter inert gas section, drops attained velocities equal or very close
to their terminal wvelocities

Garner and his coworkers (20, 21) used a wind tunnel, constructed
by Garner and Kendrick (19) for their mass‘transfer studies. In this
eqﬁipment the drcps were formed.in an inert gas chamber and after de-
tachment from the tip were held for the desired time length in the wind
tunnel by a gas stream. To be able to held the drop staticnary, the
gas stream had a velocity equal in magnitude and opposite in direction
to the terminal velccity of the drop used for the experiment. At the
end of the desired length of the absorption period, the gas flow was
terminated by the introduction of the drop catching unit into the wind
tunnel. The drop catching design of Garner and Kendrick (19) was also
unique in that an inert gas (air) blanket was used to isclate the
Splashiné drop from the solute gas. The amcunt of abscrbed gas was
volumetrically measured after desorption from the collected drops.

Constan and Calvert (7) alsc used a wind tunnel for their study of
drops supported on capillaries. These drops were formed outside the
absorpticn chamber on hypodermic capillaries and then introduced into
the chamber in a shield. The shield was then removed arcund the tip,
exposing the drop to bthe gas str‘eaﬁl° At the end of the absorption
pericd, the ligquid drop which had absorbed some' sulfur dioxide was
dipped into a hydrogen peroxide scluticn. The éonductivity of the
solution was measured tc determine the amount of sulfur dioxide absorb-
ed by the drop. Gonsﬁan and Calvert alsc prepared drops with constant

internal circulaticn by suspending the drep from the tip of two
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concéntric tubes, Fresh liquid was forced into‘the drop from the cen-
tral tube and liquid was withdrawn from the annulus. The amount of
absorbed gas was determined volumetrically from readings on a gas
syringe holding the solute gas supply. A similar set up was also used
by Groothuis and Kramers (23) for the study of gas absorption by form-

ing drops.

Comparison of Experimental Results with Theoretical

Predictions: Forming and Supported Drops

Whitman, et al. (69) calculated mass transfer coefficients for
forming drops by extrapolating their data for drops forming and falling
in a solute gas atmosphere. The values they report for the mass
transfer coefficients are lower than expected and indicate the absence
of turbulence in the drop. However, their mass transfer coefficilents
for falling dropsvindicate the presence of turbulence in the drops.

| Dixon and Russelt's (1) data for forming drops‘were correlated as
a function of the time of formaticn of the drop and the reciprocal of
the internal tip diameter as shown in Equatiocn (23). This correlation
gave a fair fit to their data.

A modification of thé Dixon and Russel model is the Hughes and
Gi1liland model for forming drops, Equations (26) and (27). Equation
(27) indicates that the first term on the right hand side, which shows
the effect of internal circulation, governs for large values of d2/d1;

For small dp/dy (dp/dj« 5), the second term governs and kp is strongly

affected by Tif = (}hi gf:/’( Pa d%))-.

This model agrees well withvthe Dixon and Russel data (1L).

Groothuis and Kramers (23) attempted to correlate their fractional
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saturation data for forming drops with respect to dimensionless time,
i.e (uDM@/dgj%. The equivalent spherical radius, rg, used by Groothuis
and Kramers was obtained from Dixon and Russel data to be 0.061. The
r, values from Dixon and Russel data vary between 0.50 and 0.6k, most
of the r, values being in the 0.58-0.6k range. The approximate value
used for rg could partially explain the deviation between the data
and the correlation proposed.

Gas side mass tranfer coefficients obtained by Costan and Calvert
(7) for suspended naphthalene spheres show fair agreement with the
predictions of Equation (25) proposed by Frossling (18). The resulﬁs
show that the effect of oscillations on the external mass transfer
coefficients is not pronounced for oscillation velocities less than
the gas stream velocity. They also observed that this result is in
agreement with the results of,reléted heat transfer studies.

For the liquid side mass transfer coefficients of supported liquid
drops Constau and Calvert used the conventional log-log (hDeQ/dg) VS.
ffactionalvsaturation, F, plot. For the propylene glycol-sulfur dioxide
system, the oscillating drop data showed higher F values than the stag-
nant drop data, both data being higher than the curve predicted by
Equation (32) for the case of molecular diffusion. For the ethylene
glycol-sulfur dioxide and glycerine-sulfur dioxide systems, data
‘showed no significant differences between ﬁhe stagnant and oscillating
drops. For these systems the data fell very near the curve predicted by
Equation (32); in fact for (hDe@/d§)>'10°2 the majority of the data
points were lower in fractional saturaticn than the values predicted
for molecular diffusion. Since the drops were formed outside the

absorption chamber, the model used is adequate. Errors in de and
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Dy Wéﬁld affect the experimental and predicted Deg/rézvalues equally.
The reason for this very unusual behavior o¢f data could be the fact
that Constan and Calvert did not correct their dissolved gas concen-
trations for gas desorption from the drop liquid during removal from
the absorption chamber. The data could be "corrected? for this effect
aposteriori by assuming that the lowest experimental F wvalue is equal
that predicted by molecular diffusion alone., The proportionality
factor thus determined could then be used for correcting other data.

The scatter of Constan and Calvert data is about * 30%.

Comparison of Experimental Results with Theoretical

Predictions: Falling Drops

Whitman, et al.'s (69) absorption data show that at longer drop
formation times (8¢ = 5-6 sec.) up to 52% of the absorption took place
during drop formation. Thus, the overall mass transfer coefficients
reported by Whitman, et al., if considered for fall only, are wrong.

Hatta, et al. (3L) committed the same error as Whitman. For the
liquid side mass transzfer ceoefficients they reported De/DM values of
60 to 70. They were not able to relate these'high De values, at least
in part, to the results of an earlier theoretical work (33) where they
had studied the effects of internal circulation and oscillations on the
mass transfer coefficients.

For the gas side mass transfer coefficient, the model proposed by
Hatta, et al. (31) which reportedly fits Hatta's (32) and Shabalin's
(66) data was also found to fit Johnstone and Williams' (LO) data when
U was taken to be the gas wvelocity, For the expocnent Hatba reported an

average value of 0.25 {0.22 - 0.28) and Shabalin 0.75-0,80. Johnstone
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and Williams' data was found to give about 0.25. These results sub-
stahtiate the hypothesis that the gas film thickness is an inverse
function of the interfacial velocity as also predicted by Frossling's
equation, i.e. Equation (25), (18).

Shabalin's drops were at terminal velocity and drops used by the
other researchers, (32, LO) were not. The discrepancy among the values
of the exponent in Equation (28) could be due to the fact that Shabal-
in's value could be considered to be a point value at terminal velocity
and the other values are averanges for the total fall period with
acceleration. The variation in the expcnent values as reported by
Hatta could be an indication tc a relationship between the value of
the exponent and the interfacial velocity. Values of‘ﬂ seem to be de-
pendent on the system and also on the drop size.

Hughes and Gilliland (39) corrected their absorption results for
the additional gas absorption by the liquid drops from the kerosene
blanket in the drop catcher, before the drop liquid was remowved for
analysis. Their article (39) indicates that they believed they were
the first to find that the drop liquid could pick up additipnal carbon
dioxide from kercosene before sample removal, With this in mind they
attempted to correct the data reported by Shabalin for the effect of
the liquid cover. In fact, Shabalin (66) had noticed the disadvantage
of a kerosene blanket and replaced the kerosene with transformer oil.
His experiments showed that carbon dioxide solubility in transformer
0il was negligible. However, Garnér and lane (20) showed that carbon
dioxide does dissoive in'drops of transformer oil in a wind tunnel,
thus Shalalin's results did probably need correction.

Hughes and Gilliland were not able to explain their data in terms
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of drop hydrodynamics via eddy diffusion approach., Their proposed
explanation was in terms of Sherwood number. They noted that:
1. Sh « oscillation amplitude, and
2. Stagnant £ilm thickness in drop: O.1-0.5% of drop
diaméter.
Thus, with drop age, according to Equation (16),.the oscillation
amplitude decreases, in turn increasing the amount of stagnant liquid

in the drop. Thelr data were correlated as

Sh = 106 5ct/3 exp (-20 Ti) (3L)

Garner and Lane (20) cdrrected their carbon dioxide absorption
data for desorption to the inert gas blankét they employed in the drop
catcher. An ékplanation as to how these'correction factors were
determined was not found in Garner‘s published work (20, 21). The
correction factors indicate that 26 - 30% of the actual carbon dioxide
absorbed by the drobs in the wind tunnel was lost to the inert gas
blanket.,

Drops studied by Garner and Lane achieved a wide range of
fractional saturations, i.e. betweén 0.126 and 0.935, for different
systems. Their results were repoftéd in terms of point'ratiosiof
De/Dm versus absorpticn times. The absorption time ranged up to 20
seconds, beiﬁg exténded:by the use of the wind tunnel, The results
show that for all systems the diffusivity ratio is initially low,
basses through a maximum and then.decreases, reaching an asymptotic
value of between 1 and 2.5 at longer absorption times. The asymptotic‘
values 1 and 2.5 are in agreement with the thecretical considerations

of pure molecular diffusicn and a completely circulating drop as
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DPredicted by Kfonig and Brink (45). The authors expléin the initially
low values of the diffusivity ratio via the hypothesis: ‘uThe inert gas
that éurrounds the drop dufing formation has te bebreplaced by the CO»o
for the absorption‘to Start; Aftér this displacement, up.to two
seconds are required for the establiéhment of a concentration gradient
between the drop surface and the inside,"‘ The maximum De/bm values
reportéd by Garner and Lane are Eetween 9 and 83, A (Dg/Dplpax = 9 Was
reported for transformer oil drops and (Dg/Dp)max = 83 was reported for
water‘drops.'iDrops of other liquids studied exhibited (De/Dp)max
values between 9 and 83. “ |

"Tests on,contaminated and uncontaminéted keroséne drops showed
that contaminated kerosene drops stoppedzcirculating; lziDe/DmAQ, after
- 2-10 seconds of absOrption time, whereas uncontéminated.drops showed
higher mean diffusivity ratios after 10 seconds., This observation is
in paréllél with Buzzard's (5) observations.an the drag coefficients of
falling drops. Thésé observations support the theofy which states that
surface-active agents tend to decrease the hydrodynamic stability of
liquid d}ops. Furthermore, Lamb's theory (47) of the decay of drop
oscillétioﬁs with timé, Equation (16), is also substantiated by the
evidence that shows a decay in diffusivity ratié with time.

Based on their measurements of drop internal circulation veloci-

‘ties, Garner and lane (17) éalculated internal Reynolds numbers. The

data were correlated as

I:J
; " =51 . " )
log [(De'Dm) x 10 ] = coustant + iog [(Re)internal] (35)
This correlation is also in fair agreement with Constan and Calvert's
data (7) on drops with constant internal circulation.

In similar experiments Garner and Lihou (21) noted that a plot of
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fractional saturatiGn vefsﬁs drop size showed a maximum at dg = .51 for
the'COZ-water system. This supports the hypothesis that intefnal
circulation in large deformed drops is less effective in increasing the
mass transfer than in smaller drops.

Studies on absorption of water vapor from various gases by drops
of water soluble liquids, i.e. glycols, etc., showed trends similar to
other gas absorption results.(ZOﬁ 21). Garner and Lane (20) show lower
maximum De/Dm values, 1.7 - 4.0, and also slower rate of dampening of
hydrodynémic activity of the glycol‘drops than the CO, absorbing water
drops. These lower De/Dm values are partially due to relatively high
gas phase resistancé, about 30%, in water vapor absorption. Rabovskii
and Shinyaeva (59) varied fﬁé iﬁﬂerfécial velocity between fhe drop and
the gas by varying the gas velocity in the columm, O.L - 3.0 m/sec.
Their results for kg and the average interfacial velocity, Ugy were
plotted according to Equation (28), and sl@pes‘varying between 0,98 and
1.80 were cbtained. These values are nearer to Shabalin's (66) values
than the values from other sources (32, L0). This seems reasonable
since at a gas welocity of about 3.0 m/sec., ths interfacial velocity
is near the terminal vélocity of the dfops, as was the case with the
drops used by Shabalin, When considered in terms of De/Dys the
Rabovskii and Shinyaseva data are in the range of Garner and Lane (20)
data, i.e. 1.2 Dy/Dy 10. The majority of the data is near
Dg/Dy = 2.5, the value predicted by Kromig and Brink (L5) for fully

circulating drops.
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List of Abbreviations

Column L STAGE

cl - drop collection stage

fl - drop fall stage

fm - drop formation stage

( ) - area of study was of minor interest in this work
Column 5: MASS TRANSFER MECHANISM(S) STUDIED
ABS - gas absorption by liquid drops

DES - gas desorption from liquid drops

EVA - evaporation of drop liquid

SUB - sublimation from solid sphere

Column 63 HYDRODYNAMIC MECHANISM(S) STUDIED
acc - acceleration effect on mass transfer
icl - internal circulation (presence/absence)
icv - dinternal circulation velocity

osa - .drop oscillation amplitude

osc - drop oscillations (presence/absence)
osf - drop oscillaticn frequencies

shp - drop shapes

vel - drop fall wvelocities

Column 73 VARIABLES STUDIED

abt - absorption time (wind tunnel experiments)
dfh - height of fall of drops

dsz - drop size

gsc - solute concenbration in gas phase

gyl - gas welociby

tem - system temperature

Ofm - drop formation time
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CHAPTER III
EXPERIMENTAL APPARATUS AND MATERIALS

A sketch of the apparatus used for the study of gas absorption by

falling liquid drops is given in Figure 12.

Absorption Column

Main Body of the Absorption Column

The main body of the absorption colﬁmﬁ was made of }%Iinch I,D.
Lucite'tubing. The column was made of five, two-foét;sections. Each
piece had % inch thick flanges, eight inches in‘diameter, at both ends.
These pleces were bolted together at the flanges and sealed with O-ring
seals to form‘the qolumn. Two, three, four -and five of these pieces
were used for runs at different fall heights.

A1l of the column sections had truncatedlcirclé cross sections,.

A truncgted circle shape was chosen over thé more conventional circular
shape in an effort to offset the disadvantages of a circular column in
case of a probable future photographic studjul A circular column gives»
é deformed drop image. For photographic studies a rectangular colu&n
could havé been used; but such a column is harder and more exﬁensive to
COnstfuét, | |

Six gasvsampliﬁg pofts; designated as GP in Figuré 12, were
located at different parts of the column to cbtain gas samples for the

gas phase concentration determinations. Four of these gas sampling
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ports were connected to a manometer to measure the pressure in the
“column. .

The upper suction fing, 1ocated in the lower paft of section 1 of
the column, was also constructed of Lucite and cdnsiéted of tﬁoffowé of
holes drilled on 1% inch long 2 inch I.D, Lucite tubing. The suction
ring was closed at both ends by 1% inch I.D., Lucite baffles. Gas
coming out of the upper suction fing was cafried away in 3/8 inch 0.D.
copper tubing, passed through rotéméter RS and discharged into the hood
from the vacuum pump. Thé'ceﬁter of the upper suction ring was 2-3/8

inches above the lower face of column section 1.

Drop Forming Assembly

Figure 13 shows the drop forming assembly 1OCéted'at the top of
the column. A glasé vessel_of 200 ml. volume was used as the main
1iquid reservoir (MLR). MLR was connected to.the'constant liquid head
reservoir‘(dLHR) by % inch Tygen, copper and glass tubing. The glass
tubing wés an extension of the CLHR body, copper tubing was used to
conneét valve Vié and from the valve to the MLR; Tygon tubing was used. .
Valve V16 was a 20 tﬁrn, 1/8 inch Ideal needle valve with a bronze body
and a‘18-8 stainless steel needlé.dehé orifice opening of the wvalve
was 1/16 inch:in‘diameter. Valve V16 was used to regulate the liquid
flow from the MR to the CLER.

The sheli’of the constant liquid head feservoir was made of 60 mm.
0.D. glasé tﬁbing and it was 1.5 cm, 1oné from base to the ﬁop. The
- liquid h@lding funnel (LHF), which was in the CLHR, was also'made of
glass. It was 3.5 cm. 10ﬁg from base to tip and had a 3.5 cm. diameter

at the base. ILiquid coming from the MLR through valve V16 entered the
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CLHR from the L-shaped glass tubing at the upper right hand corner and
dripped into IHF. |

During experimehtal runs, the liquid holding funnel was kept fuil
by maintaining a faster slow rate into it than the rate of formation :
of the drops at the tip. The excess liquid which spilled from the LHF
was collected in a 200 ml. volumetric flask placea under the bottom
CLHR exit. - | |

Liquid from the 1iquid:holding funnel passed through the % inch
copper tubing comnecting the CLHR to:V17, which regulated thelliquid
flow rate to tﬁe dropiforming tip. Valve V17 was eXacti& of the same

| type as V16;” However, a vernier scale was attached to‘the valve stem .
of V17; to eﬁablevan.easier resetting ef the valve at the desired

drop forming rate. A 12.é cm. 1eng 1/8 ‘inch 0.D. 1/16 inch I.D. stain-
less steel tube was attached, with a compression fitting, to the exit
end of V17. Thie.stainlese steel tube.was attached.to the top center
of the absofption column via a 1/8 inch NPT male adapter and a Lucite
adaptef. The 1ower end of the stainless steel tube was 1- 5/8 1nches
below the bottom face of the. top plate. ‘The vertlcal dlstance between
the lower end of the stainless steel tube and ‘the top of the LHF s
22-1/8 inches. ‘The stainless’steel.tube had a tapered lower end made
;to fit the standard luer hubs of the drop forming tips. The lower end
‘of the tips tlerve."‘Bl inches below the bottom face of the top plate.

The Lucite”adapter, connecting the dfop:forﬁing aséémbly with the
top plate of the absorptlom column, was attached to the column top
plate with a threaded JOlnt and sealed with two rubber O-rings.

A Tucite gas distributing ring was attached to the lower face of

the column top plate arcund the 1/8 inch stainless steel tube entrance.
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This gas distributing ring was used to introduce nitrogen to the top
section of the column as a blanket gas for the absorption runs. For
the cup eorrection factor runs, some of the hydrocarbon gas entering

the column was introdueed through the distributing ring.

.Drop Catching Assembly

Figure 1L shows a sketch of the drop catching assembly attached
-to the bottom end of the absorption column main body. The drop cetch-
ing assembly was made of two parts. The upper secticn was used for the
entrance of the hydroearbon.gas and the 1ower‘blanket'gas, i.e. Freon
12, and‘eleolfer'thevexitvof these two gases by suction. This upper
- section was mede‘ofAﬁz:ineh'I,D, Lucite tubing (circular cross seCtiqn)'
~and was flenged'to the lower end of column SectionAS. Thebinterior
partitions of;thiS'section, as seen in Figure 1k, were also made of
Lucite. The secohd part of the drop eatching assemblykwas really the
| part_that:caughtjthe drops and was mainly an open end (top) 9 cm. long
 50 mm;hO'D 'glass fuhing. At the lower end of the drop catching tube
were two greund glass ball-socket joints and a rubber septum socket
used as a gas sampllng port, i.e. GP7. The ground glass ball 301nt on
theyside of fhe;drhp catching tube was used for the imtroduction ef‘
Freon 12 when a fast Freon 12 erge of the drep catcher was needed.
The ball JOlnt at the’ b@ttom of the drop catchlng tube was used to
draw the liquid samplewout In order not toldisturb'thehgas prefile in
the column, whlle the qu01d sample was bein g drawmn out, V20, a Teflen’
stopcock with a3 mm. bore, was attached to the sample exit of the
drop catching tube by means of a ground glass socket matchlng the

ground glass ball Jelmt,en the drop catching tube. To the other end
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of‘thgiétopéock'é‘7;6‘6m.'1ong:piece of§ﬁ inch §téin1és§wstee1 tube was
attached. Tygon ends of the sample vials were connected to the lower
‘end of this'étéinleéé'steél'tube during sample:removai;‘

The dfop catching tube was attached to a Lucite édapterﬁﬁhich
fitted tight;y around the‘glass.tube. This éonnection was sealed with
two d-rings., The Luciﬁe adapter.wasvaﬁtached to the bottom pld&e of
Athe absqution colﬁﬁn, Which was attached to the boﬁtom df the'hpper
isection of the drop catching assembly via a threaded joint. An O-ring
sealed’the'threaded joint between the Lﬁcite adapter‘and the bottom
: plate of the abéorption column;‘ The open eﬁd of‘the drop catching tube
eiﬁendedrl.é cﬁ:‘into fhe upper par£ of the:drop catching assembly and
'Was surrounded'by'a gas diétribuﬁor ring, This gas distributor‘ring
‘fwas,made of Lucitpiand was attacﬁed to the‘absorptian column bottom
mplate..’The lower blankét gas, i,e.‘Ffeon 12, Was introduced into the
'drop cétching assembly fromvthis distributer ring.

]

- Auxiliary Equipment .

Thé'fdlldﬂingvéquipment was also used with the absorption equip-
hént{‘

1. Drop Forming Tips: Seven different tips were available,’

'although:nOt all of these seven tips were used for each
liquid. Specifications of all of!these seven tips are given

‘bélow:
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Drop Forming Tip Dimensiohs

| ‘Tip No.  Gage 0D, (mm) I.D, (mm)

T1 18 1.2l 0.8l
i I} 2.10 1.60
T3 12 2,76 2.16
Tl 11 3.05 2.38
TS 1w 3.0 2,68
6 o L.o7 3.20
17 s 5,38 L.53

All of the tips were méde’of stainless Steelg Wére L, em. long and
had 90° ends. Tips Tl through TS5 were commercialiy‘available hypoder-
mic.needlés.‘ Tip Tl was made from a Yale 18 gage'standgrd tapered end
hypodermic needle by carefully filing the long.needie to the‘desired
length and then palishing'it with a vefy'fine émory cloth to a smooth
finish. Tips T2 through TS were Hamilton hypbdérmic needles with 90°
ends.i Tips_T6 and T7 were ﬁanufactured in the 0.,S.U. Research
Apparatus Dévelbpmént Laboratéry from staiﬁiess steel tubing énd
ﬁguhtéd on S£andérd luer hubs. |

- 2. Roﬁaﬁé%érsﬁ zAll.af thé‘rotameteré'uéed for gas flow measure-

ments ﬁére Matheson 600 series rotameters of the following

g . kinds:
" Rotameter No. ~ Matheson No.
n o 603
R2. 602
R3 : 603
RY 603.

RS N
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Valves'Vh'and”V6‘were fine neédle valves that céme attached to

rotameters R1 and R3, respectively. Valve V5 was an Ideal

| needle valve ekactly‘similér to V16 descfibéd.abdve; Valvés‘

V7 and V8 were 1/L inch stainless steel needle valves. These
valves were not fine metering valves. | |
Saturators: The saturators were used to saturate the column
gases with the.liquid‘under study.l They were 60 cc.liquid
holding capacity side-arm Pyrex test tubes. These test tubes
wefe‘closed by Neoprene Stdpﬁers at thé top, through‘which‘an
8 mm. 0.D. glass tube extended almost to the bottom of the
ﬁest tube; Each saturator was about half filled with liquid.
Three éatufators in series:were used for all gases entering

the column. For the hydrocarbon gas, however, a 1iquid trap

‘was connected in series, after the saturators and before the

rotameter valwve, to knock out the entrained liquid. Each set
of three saturaﬁors were’connectéd to each other by heavy wall
1

% inch Tygon tubing.

‘Glass T's, equipped with rubber septa were comnected to

- the gas lines jﬁst before the'rotametér valves to obtain gas

samples.

Maaneter'Maniféld fof Coluﬁn Preséure Measurement: A water-

filled U-tube manometer was used to measure the column
préssuré at‘fQMrlof the’gasvsampliné p@rtsg i.e.‘GPl,‘GP23‘
'GPh and GP5, ‘Valvés Vi2 - V15, used for the isolation of eéch
preésure tap, were 1/8 inch spring loaded valves, Valve V11
1

4 inch stainless steel wvalve used to equalize the

pressure in the manifold when needed,
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5. Vacuum Pumpz A Welch Model 3402 Dua Seal Vacuum Pump was
used to dfaw the gases out of the absorption column. The
vacuum pump was placed in the hood to enable a safe exhaust of
the column gases, A mercury-filled U-tube manometer was
connected between the exit gas fotameters Rl and R5 and the
vacuum pump to measure tﬁe suction generated by the pump.

" 6, QOther Auxiliary Equipments

a. Valve V1 was a 1/8 inch valve used to turn the hydrocarbon
gas flow on to the drop forming assembly for the correc-
tion runs to saturate the liquid with the gas.

b, Valves V2 and V3 were 1/8 inch valves, used to regulate
the flow of the hydrocarbon gas to the main liquid
reservoir and to the constant liquid head reservoir during
correction factor runs.

¢, Valves V9 and V10 were§% inch valves used to divert the
Freon 12 flow directly to the drop catching tube entrance
from its usual distributor ring entrance.

7. Gas Transfer Lines: Gas transfer lines were mostly of % inch

copper tubing with flared fittings; Whenever fleXibility was
needed in the lines, % inch I.D. Tygon tubing was used, The
hydrocarbon gas line to the drop‘catehing assembly was mostly

of Tygon tubing.

Saﬁpling Equipment

Drop Sample Containers

Drop samples were transferred from the drop catching tube into

- small (2.5 ml.) glass vials by a 5.5 cm. long piece of Tygon tubing



fitted to their open ends. The vial-Tygon tubing connections were

sealed with an epoxy glue.

Szzinges

Hamilton Series 1000 gas tight syringes were used to obtain gas
samples from the absorpticn column for chrematographic analysis. Two
of these syringes were of 2.5 ml. volume and one was of 1 ml. volume.
Twenty-two gage 2.5 inch long standard tapered tip Trylon hypodermic
needles were used with the gas tight syringes.

A loju£ Hamilton syringe with a Chaney adapter attachment and a
fixed needle was used for taking liquid samples from the vials for

chromatographic analysis.
Analytical Equipment

Gas chromatographs were used for both the liquid and gas analyses

[

necessarﬁ for this work. For analysis of the column gases to determine

the column gas profile, a F&M Model 500, thermal conductivity type gés

chromatograph was used. A 7 ft., 4% inch column, packed with 50-80 mesh

Poropak Q was used with this chromatograph.

For the analysis of the liquid drops a Varian Model 1200 Flame

Ionization gas chromatograph equipped with a Varian backflush valve was

used.  The colwm in the Varian 1200 was a seven ft. long, 1/8 inch
diameter bolumn packed with 100-120 mesh Poropak Q.

Both chromatographs were equipped with Honeywell strip chart
recorders, Perkin Elmer Model D2 Digital Integrators and Kienzle

digital printers.
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Experimental Materials

All hydrocarbons, liquid and gas, used for the experiments were
products of Phillips Petroleum Company,iBartlesville, Oklahoma. The
liquid hydrocarbons used were nocrmal-octane, normal-nonane and normal-
decane; all were technical grade. Technical grade normal-butane was
used as the hydrocarbon gas. Water washed nitrogen was used as the
blanket gas in the drop formation area and commercial grade Freon 12
was used as the blanket gas in the‘drop éatching agsembly.

Helium was used as the carrier gas for both chromatographs. For
the flame ionization chromatograph (Varian 1200) hydrogéﬁ and compressed

alr were used to obtain the hydrogen flame at the detector,



CHAPTER IV’
EXPERIMENTAL PROCEDURE

Five different.types of experimental runs were made for gas
absorption:measureménts by liquid drops. The differences between these
runs mainly were the types of gases thatvoccupied different sectiéns of
the column. Table IV shows the gases that occupied different sections
of the column for each typé of run, as well as the purpose of the run.

Details on the operating states of the different components of
the experimental apparatus for different types of experimental
apparatus are given in Table V. Table V is based on the sketch of
experimental apparatus in Figure 12. Information in Table V on the
opefating states of V10, V20 and V12 through V15 may need more explana-
tion. Vaive V10 was used for a fast purge of the drop‘collection
chamber whenever necessary and waé ébéhed for this purpose between
runs. While the drops were falling, valve V10 was always kept closed;
Valve V20 was alsolopened to facilitate a fast purge of the drop
collection chamber. Furthermore, V20 was also used to control transfer
of the drop liquid collected in the drop ccllection chamber to the
sample vial., Thus, V20 was closed for part of the run time, i.e.
sampling period, and open for the rest, i.e. transfer period.

Spring loaded valves V12-V15 were used to chéck the column
pressure. Thus they were intermitﬁently opehed and closed. Since

there was 1little pressure deviation along the column, usually the

76
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TABLE IV

EXPERIMENTAL.RUN TYPES (CLASSIFIED ¢
BASTIS OF THE GASES OCCUPYING COLUMN SECI

Col'n

Sec'tn

Run
Type

Formation | Fall | Collection Parpose of Run

No HC Fl2 To determine the amount of
solute gas absorbed by
falling drops--not correct-
ed for desorpbtion during
collection.

®
¥

HC HC Fl2 - To determine the amount of

golute gas desorbed during
~collection in Fl2; used to
correct coefficient from A
for collection effect.

No HC HC To determine the amount of
golute gas absorbed during
fall and during collection
in HC gas. Correct for
enllection effect from D,
or extrapelate to zero
fall height to obtain ab-
sorption for fall only,

Ko No | HC | To determine the amount of
solute gas abscorbed by
liguid during coliection
in HC gas.

HC HC HC ‘ To determine the absorp-
tion during drop formation
and stabilization.

Nitrogen
Freon 12
Eydrocarbon Gas {(n-butans)

For B type runs, the drop liquid was initially saturated
5 p

" with the sclute gas, il.e. valves Vi, V2 and V3 open.



Run Type
i : A B C D E
- Component
. Gas Cylinder
. Connected to: }
Gas Line A HC HC HC No HC
. "Gas Line B Fl2 Fl12 - HC -
Gas Line C N2 - No - -
Gas Carried.
- by Rotameter:
R1 HC HC - HC - “HC
R2 F12 Fi2 - HC -
R3 No HC No No HC
RL HC &F12 HC & F12 - N2 &HC HC
R5 HC & Np HC HC & Np - HC
. Valve V1 C 0] C C C
: Ve C 0] C C C
V3 C 0] C C C
vl 0] 0] 0] 0] 0]
5 0 0 C 0 C
V6 0] 0 0 0] 0]
V7 0] 0 C 0 0
V8 0 0 0 C 0]
V9 0 0 0] 0 C
V10 c/0 c/0 c/0 c/0 C
V12-V15 INT INT INT INT INT
: V16 0 0 0 0o 0]
. V17 -0 0] 0 0] 0]
. V18 C 0 C 0] 0]
V19 0] C 0 C C
V20 c/0 c/0 c/0 c/0 c/0
V2l 0 0 0 C 0
‘Codet HC - Hydrocarbon Gas
No - Nitrogen Gas
F12 - Freon 12 Gas
0 - Open ‘
C - Closed
C/0 - Closed and Open during a Run
INT -

TABLE V

OPERATING STATES OF THE EXPERIMENTAL APPARATUS

COMPONENTS AS SHOWN IN FIGURE 1

78

Intermittently Closed and Opened duriung a Run
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reading from V1l was recorded,

The procedure for an experimental run was as follows:

1.

3.

70

Set the operating states of the experimental apparatus
compoﬁents as given in Table V.

With V20 open, turn on the vacuum pump and initiate gas
flow, starting the flow of the hydrocarbon gas last (See
Appendix D for gas flow rates).

Slowly close V20, while observing the column pressure read-
ing from manometer with V1L open. Regulate the rotameter
settings to obtainva column internal pressure 1-5 cm, of
water above atmospheric.

Take gas samples, about 1 c¢c, from the various gas sampling
ports along the column and analyze in the FM 500 chromato-
graph to determine the gas concentration profile in the
column,

If the chromatographic analysis shows undesirable miiing of
gases in the column, e.g. hydrocarbon gaé‘in the collection
chamber in type A runs, regulate the gas flow rates in and
out the column., If necessary, purge the drop collection
chamber by diverting most of thefgas flow through V9, to
eliminate mixing of gases in the column.

After the desirable éas~gas interfaces have been established
in the column, start:forming drops,,i.e. open V16 and‘V17,
at a constant rate, with V20 closed.

After a constaﬁ% drbp réﬁe has been established, recheck the
column gas profile.‘ If the gas profile in the column is

found satisfactory, attach a sample vial to the stainless
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10.

11,

12,
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steel stem of V20, Open V20 and transfer the co11ected drop
liquid into the éample vial. Close V20,\start timer and
discard the liquid. |

Attach a clean sample vial, from ice box storage, gas tight
to V20 stem via a screw type hose clamp.

With V20 closed, collect liquid above it for the desired
length of sampling period. At the end of the sampling
périod, open V20 permitting the collected liquid to flow.
into the sample vial, Close V20 at the end of the desired
transfer period., Start collecting the next sample. Dis-
connect sample vial from the stem of V20, discard this first
sample,

Attach a new vial on to V20 stem as described in step 8.
Position a screw type pinch clamp loosely on the Tygon tube’
section of the sample vial, between the vial glass part and

V20-Tygon tube attachment. Proceed as in step 9 above to

* collect and transfer sample into vial. However, after

transferring the sample into fial, close the pinch clamp

cn Tygon tubing tightly. Disconnect vial from V20 stem énd
close the open end of‘the‘Tygon tube with a gas tight rubber
septum. Mark the vial fof.identification and.place it in
ice.

Attach a new sample vial to the stem of V20 and repeat steps
8, 9 and 10 for duplicate and/or triplicate samples at the
same sampling and transfer period.

After duplicate or triplicate samples havé been collected

from a given tip, stop drop liquid flow by closing V16
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and Vl?.

13. To changé tips, loosen the 1/8 inch compression fitting, i.e.
7 in Figure 13 and 1/8 inch NPT male adapter, 8. Remove the
1/8vinch stainless éteel tube holding the drop forming tip.
Replace with a new tip, already cleaned with acetone. Re-
asseﬁble the tip holding assembly.,

1L, Open V16 and V17 and let liquid run out from tip fast until

all air bubbles are removed.

15. Perform steps 6-1l above to obtain a new set of drop samples
with the new tip.

Preliminary experiments showed that 75 seconds and 15 seconds
should be used as the 1engths of sampling and transfer periods,
respecfively. This conclusion was based on the following considera-
‘tionss

1, The éampling and transfer periods should be the same for
all tips and all liquids.

2. Enough Samplevshould be collected even from the smallest
tip, for an easy sampling for chrbmatographic analysis.,

3. Sampling and transfer periods should be long enough to
enable the operator to work at a fast, but not at an overly
hurried pace, while changing vials, etc. Reasonable slack
time should be available in case of minor mishaps while
changing vials.

When it was necessary to change the liquid phase, the liquid in
the drop f@fming aésembly and the saturators was drained. After drain-
ing, all glassware and all liquid lines>in-££é ﬁrgﬁ férmiﬁéAéssembly,

including V16 and V17, were cleaned with acetone and dried, New liquid
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was then put in the saturators and the drop forming assembly. Step 1k,
above;:was then performed to eliminate any trapped air bubbles from the
liquid lines below the liquid holding funnel in the constant‘head

reservoir,
Liquid Sample Handling and Sample Removal for Analysis

~Sample vials containing samples of liquid drops were closed gas
tight as in stép 9 above, marked for identification and kept in ice.
To obtain a iiquid sample'from t@e vial for chromatographic analysis,
the sample vial was removed from ice, the pinch clamp was loosened,
permitting the liquid access to the upper end of .the Tygon tube
éttached to the sample vial. The.contents of the vial were then agi-'
tated by shaking and inverfing the vial a few times to ensure sample
homogeneity. Then, the syringe.needle was introduced into the vial
through the rubber septum at the end ‘'of the Tygon tubing to obtain a
sample for analysis. One microliter liquid samples were used for
chromatqgraphic analysés. After a sample was removed from the sample
vial, the vial was put‘back into ice for the period of anal&sis.
Usually;duplicate and sometimes triplicate anélyées were made of a
sample. The sample was Kept in ice un£11 the end of the last analysis
and then discarded. The sample vials were drained and cleaned by

acetone before being reused in a new run.



CHAPTER V
EXPERIMENTAL RESULTS AND DISCUSSION

This chapter commences with the'presentation of the experimental
data in the form of observed solute gas concentrations in the analyzed
liquid samples. This is followed by é discussion of the methods used
in handling the experimental data to evaluate‘quantities indicative of
the mass transfer rates and mechanisms involved. The calculated values
of these quantities are also presented, as well as a comparison of the
different methods used for correction for the end effects.

From available theory and literature data, mass transfer coeffi-
cieﬁts are predicted for the systems studied.. These values are then
compared with those obtained experimentally. The chapter is concluded

with a discussion of the experimental errors involved.
Experimental Results

Thevresults of various types of runs performed on the abéorption
column are given in Table VI, The run types, as noted in the first
column of Table VI, are characterized by the gases occupying different
sections of the column. Differenceé beﬁween run types were summarized
in Table IV. In Table VI, column five shows the number of samples
taken from the drops formed by a given tip and, in parenthéses, the
total number of chromatographic analyses performed on all the samples.

of that tip. The sample concentration was taken to be the arithmetic

83



TABIE VI .

EXPERTMENTAL RESULTS ~ ABSORPTION COLUMN

Run Column System Tip Samples & Drop Gas Exp. Error
Type Length : No. (Analyses) Conc. Avg. Abs.
(Ft) . (Wt. Fr.) (%)
A 6 nC),- 1 33(7) 0,0085 7.5
2 3;(6) 0.0104 3.8
nCio 5 3;(7) 0.0118 3.2
7 3;3(5) 0.0136 4.0
A 6 . nQ- 1 3;(6) 0.0137 12,
: 2 3;(6) 0.02L49 13,
nCy 3 3;(6) 0,017h 3.3
5 3;(7) 0.0196 2.6
7 2;(L) 0.0191 3.9
A 6 nGj,- 1 3;(6) 0.0201 11.
2 3;(6) 0.0257 6.1
nCg 5 3;(8) 0,026l 1.0
7 3;(6) 0.0355 3.9
B 6 ng),~ 1 25(5) 0.0243 22,
2 3:(6) 0.0362 L.l
, 7 33(7) 0.0680 6.3
B 6 ng),~ 1 33(6) 0.0230 13..
2 3;(6) 0, 0209 7.8
nCg 3 3;(6) 0.065L 2.0
: 5 33(6) 0.0645 3.8
7 35(5) 0.0759 2.1
B 6 nCy,- 1 35(5) 0.0311 10.
: 2 33(6) 0.0481 9.4
nCg 5 3;(6) 0.0719 3.8
. ' 7 35(6) 0.0687 2.7
c 10 ng),~ 1 25(3)% 0,0773 4,0
1 23(2 )¢ 0.1030 0.78
nCyq 2 35(k) 0.1138 L.3
3 35(L) 0,1170 2.7
5 35(L) 0.1257 2.1
7 35(L) 0.1260 3.7
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TABLE VI (Continued)
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TABIE VI (Continued)

E I néh~ 1 2;é3; 0.1075 0.30
2 25(2 0.1245 2.6

nCq, 3 25(3) 0.1195 1.9

5 25(2) 0.1238 1.9

7 25(2) 0.1328 1.0

(#¥) =~ Only one sample was taken

é-)(—)e) - Two Samples were taken

196t) - A three way valve was used as V20 for this run (Figure III),
to minimize the contact between the sample liquid and the
drop catcher atmosphere. .
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average of the analysis values when moré than one analysis was made on
2 sample. The reported concentrations for each tip are the averages of
'sample concentrations. Average absolute experimental erroré are
vreported in éolumn seven of Table VI to indicate the scatter among the
observed sample concentrations. ,

A11 the ?eported weight fractions of tﬁe absorbed hydrocarbon gas
(n-C);) are on Freon 12:free basis. Freon 12 was used as the blanket
gas at the’&rop‘collection chamber and has no effect on the absorbed
normal butaneaconcentration in the drop at the termination of the drop
fall. Equations (26) and (29) discussed below, have been developed to
correct the observed n-butane concentration in the 1iduid sample for

- desorption to the blanket gase

Handling of Experimental Data for Mass

Transfer Coefficients and Related Calculations

The length of the absorption period is a common parameter to all
of the calculations made using the experimental data to calculate mass
transfer coefficients and effective diffusivities. Lengths of the ab-
sorption pefiods used‘iﬁ this study were not experimentally measured,
but calculated. A discussion of the method used to calculate this
parameter is‘presented below, prior to the discussion on the calculation

of mass transfer coefficients and other related calculations.

Calculation of the Absorption Periods

For all types of runs, with the exception of Type E runs, the ab-
sorption perieds involved in this work were taken as the lengths of the

perieds the falling drops of different sizes were in contact with the
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solute gas, i.e. n-butane. Thus, this period is equal to the time it
required for a liquid drop to fall between upper nitrogeﬁ-n—butane
interface and the lower n-butane - Freon 12 interface.

Drop fall times were calculated from

N : - p)
c_l_l_.z e e (pa p) (6/8) cy £¢ (,_quéf | (36)

-Equation (36) was obtained from Hughes and Gillilgnd (38). A
fourth order_Ruﬁge-Kutta method was used for the integration of Equa-
tion (36) along the length of the column. However, as briefly dis-
cussed in Chapter II; there is coﬁsi&erable controversy in the litera-
ture on the proper value of CD‘for falling drops..'Some recent works by'
Buzzard and Nedderman (5), Harper, et al. (30) and Kenning (L1) have
cpntributed considerably fo the available krowledge in the subjeét.
Harper, et al. (30) and Kennig (L1) note that for liquid dropslfallingv
in gas, the drag coefficient should be rather insensitive to surface
effects, The experimental data given by Buézard and Nedderman (5) show
that for uncohtaminated iiquids Cp could be éomsidered constant for
Re N 1000 and for contaminated liquids Cp could be cénsidered constant
‘fof He B 1600: Based on this information and also on a drag coeffici-
}ieﬁt versﬁs Surface tension plot given by Buzzard and Nedderman, a
value of 0,55 was used for the liquid drops encountered in this project.

Table VII shows the fall times and Reynolds numbers at different
points along the absorptiocn column for Cp = 0.45, 0.50, 0.55, 0;60,
0.65;, 0,70 for a n=Cig drop in n-C) formed from Tip 5 at 2.7 seconds,
(dg = 0.3L8 cm.). Column 8 of Table VII is for Cp calculated from

Cp = %% + 0,60 (37)



TABLE VII

EFFECT OF DRAG GOEFFICIENT Cp ON DROP FALL TIME

Cpy 0.L5 0.50 0.55 0.60 0.65 0.70 Eq.(37) Eq.(38)
L 0 6 Opa1 0, = 0 ) 0 0
(m.)  (o2dF (B2 (el (fad ey (fal fal
25 0.231 0.231 0.231 0.232 0.233 0.233 0.23L 0.226
50 0.33L 0.332 0.333 0.334 0.335 0.336 0.337 0.319
100 0.480 0.48Y4 0.L86 0.L488 0.493 0.L96 0.498 0,452
150 0.605 0.610 0.615 0.620 0.62L 0,632 0.631 0.553
200 0.7Wh  0.724 0.733 0,742 0,750" 0.757 0.756 0.639
250 0.821 0.833 0.8LL 0.857 0.868 0.880 0.873 0.71L
300 0.922 0.937 0.953 0.963 0.983 0.999 0.992 o._782

S o~
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as suggested by Hughes'and Gilliland (38) for accelerating drops.
Column 9 of;Table VIT shows the fall times calculated by the assumption
of zero drag from

or F\/Z (38)

Mass Transfer Coefficients and Ratios of Effective to
Molecular Diffusivities for Falling Drops from Type A
and Type B Run Results - (Corrected for End Effects)

i

Mass transfer coefficients and effective-to-molecular-diffusivity
ratios for falling drops calculated from the results of Type A and
Type.B runs érekgiven in Table VIII. The fractional saturation concen-
tration of the dissolved n—butane in the drop liquid at the end of the
fall period was calcﬁlated from the fractional saturation concentrations
obtained from Type A and Type B runs for the given liqﬁid, drop size and

fall height from Equation (39)

Ca c‘:
¢ - 5 | (39)
G C
S

Equation (39) is derived in Appendix F. The saturation.concén—‘
trations of n-butane in the liquids used were determined chromato-
graphically and checked by Racult's Law predictions (See Appendix E).

The mass transfer coefficients were calculated from

d
= @ Jdogs (45 -
gI, ol ogg (1 -F) (LO)

An overall absorﬁtion coefficient based on the liquid side is used
on the left hand side of Equation (LO) instead of the more commonly
used liquid film coefficient., For the case of this study Equation (LO)

should be wvalid since the gas phase consisted of pure solute gas
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TABLE VIIT

KL AND De/Dm FROM TYPE A AND TYPE B' RUN RESULTS = SIX FOOT COLUMN

Tip No 2 Type A Type B Corrected

d K D_/D
(cm‘i (sec) F cm/s%'c e m
nC)-nCyy System (C*, = 0,246 wt. fraction nCLL in nCio)
1 0,264 0,365 0.0346 0.0989 0.350 0.052 32.6
2 0.308  0.355 0.0423  0.1L47 0,288 0.0493 29.5
5 0.351 0.347 0.0480 0.201 - 0.239 0.0461 25.9
7 0.403 0.340  0.0553 0.277  0.200  0.0L39 23.2

0.262 0.366  0,0496 0.083L 0,595 0.111 93.5

1
2 0,305 0,355  0,0901L 0,0757 - - - -

3 0.329  0.353 0.0630 0.237 0.268 0.0480 23.5
5
7

0.348 0.347  0.0710 0.23L  0.303  0.0603 35.2
0.400 0.342  0.0692 0.275  0.252  0,0583 31.3

e S o S N N oy Sy S S S gt b v ) Ry e 0 e SEL SV SN e Gm S I e S S e et P SRR G TR S e ey SRS = gmt v R an S

S D WD A M 0t T et OBt WD 2 e O g RS Gy T et B T T v A R Rt e e S D S b gy T S S S e P G 7O AR S o S R S TS e S W

1 0.259 0.369  0.0676 0.105  0.645  0.121 92.0
2 0,302 0.357 0.,0865 0,162  0.534  0.108 78.9
5 0.3y 0.349  0.0890 0.242 0.368  0,0755 " L3.3
7 0.395 0.344  0.120 0,232  0.517 0,139 129.2
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saturated with the drop liquid and, therefore, the gas film resistance
could be neglected.

A brief discussion of the advantages and disadvantages of express-
ing mass transfer results in terms of D_e/Dm was given in Chapter II,
Effective diffusivities calculated from Equation (19) (Chapter II),
using the corrected fractional saturations of the drops.and the calcu-
lated absorption timés, are presented as the ratics . = De/Dm' The
molecular diffusivities uéed for these calculations were calculated
from the Wilke-Chang correlation (71)

0 - ‘10 ! (o i)
. = T.hx 10 —— (41)

Mo g’
The physical properties of the system in Equation (Ll) were obtained
from Reid and Sherwood (61). The molecular diffusivities calculgted
from EquatiOn (L1) for the systems studied, at 2L°C., ﬁere:
D, (nC)-nC10)
Dy, (nC), - nCy)
D, (nCL-ﬁnCB)'

1.9L x 10-5 cm.2/sec.

2.38 x 10"5 cm.z/sec.

2.91 x 10-5 cm.2/sec.

Mass Transfer Coefficients for‘Falling Drops from Type C
and Type D Run Results - (Corrected for Fnd Effects)

Table IX contains the corrected drop fractional saturations, the
absorption times and the calculated overall mass transfer coefficients
KL§(based on ﬁhe 1iqUid side) for the nCh-ncg system from the results
of Type C anleype D runs., Equation (L2), derived in Appendix E was

used
6= (Co -/ 1- (G (L2)



93

to convért the observed saﬁple compositions to the drop composiﬁibns at
the end of the fall period. The mass transfer coefficients were calcu-
lated from Equatibh (LO). Effective-to-molecular-diffusivity ratios
are not reported in Tablé IX. In particular the drops of Tips 1, 2 and
3 exhibited very low.corrécted fréctional saturations. At these very
low concentrations, for the system and fall heighté studied, Dg/Dy
ratios of less than one were obtained. |

Mass Transfer Coeffidients for Falling Drops from the
‘Results of Type C Runs - (Corrected for End Effects)

Table X shoﬁs that Type C runs were made.at varying column
.lengthg, i.e. varying absorption times. For runs made in this manner
a classical method of end effect correction is the extrapolation of the
observed solute concentrations to zerc absorption time. Figure 15
shows thé extrapolation as well as the data. The extfapolation wa.s
made to the time?itvtakes each drop to fall from rest to the uppef
suction fings where the inert gas blankeﬁ and the solute gas formed an
interface. The solute gas concentration determined from this extrapo-
lation was then subtracted from the obserﬁed sample concentrations to
determine the solute éonCentration'in the drop at the end of the fall
period. Table X shows the abé@rption_peri@ds for each drop for differ-
ent column heights as well as the overall mass transfer coefficients K -
(based on the liquid side) calculated from Equation (ho) as previouslj.
Ki's for Tips 2, L and 5 at the 6 ft. column height were not calculated
since, due to the scatter, the data points fell below the concentration
determinedEby the extrapclation procedure. Ratios of Dg to D were
also not repgrtedj.since due'té the very low fracticnal saturatiqns ob-

tained with this correction procedurs, De/Dp values of less than one
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TABLE IX

MASS TRANSFER COEFFICIENTS FOR SIX FOOT COLUMN FROM
"TYPE C AND TYPE D RUN RESULTS: ‘thJan'.;’SYSTEM

- Tip No d S, F F iF

oo K
(Cﬁ) (sec) Type C Type D q.(L2) (cm/é'ec)
1 0.262 0.366 9,572  0.533  0.0855 0020107
2 0.305 0.355 0.435 0.416 0.0312 0.00L54
3 0.329 . 0.353 0.507 0.475 0.0620 0.00096
5 0.348 0.347 0.518 0.431 0.153 0.00277
7 0.400 0.3L2 0.435 0.343 0.133 0.00279
| TABLE X
MASS TRANSFER COEFFICIENTS FROM TYPE C RUN RESULTS;
CORRECTED FOR COLLECTION EFFECT BY EXTRAPOLATION TO
ZERO CONTACT TIME: nch-nclo SYSTEM
L, ft. Column — 6 ft. Column IQ £t. Column

T3 Nv d e K e K e, - K
T () (o) (enbeo) (wed) (enBee)  (sBo) (embeo)

0.26L4 0,211 0.004L 0.365 0.0148 0.638  0.00L49

0.308 0.207 0.0119 0.355 - 0.615 - 0.00358
0.332 0.205 0.00297 0.351 0.00216 0.605  0.00055
0.351 0.203 ~ 0.00935 0.347 . - 0.598  0.00042
0.403 0.202 0,0101 0.340 - 0.582 0.00518

~\viw
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were obtained.

Comparison of the Results of Different

Cup Correction Procedures Used

Experimentally obtained overall liquid phase mass transfer co-
efficients, KL, for falliﬁg drops under different experimental condi-
tions have already been bresentéd, in Tables VIII, IX and X. A
comparison of these values show differences in terms of Kl_values,
obtained via differént collection cup correction procédures. These
procedures were discussed in the preceding section and also in Appendix
F. The choice of one of these corréctionAprocedures as ﬁhe correct one
should be based on a cénsistency test between the data and available
theory. Such a check is attempted in:the latter part of this chapter
and a choice is made. However, it shouid be recognizéd from the values
given‘in Téblqs VIIT, iX and X; that in general, the Ky values decrease
with increasiﬁg drop diametef. As will be discussed later, this trend |
is not in accord with most of the presently available knowledge in the
subject. |

Figures 16, 17 and 18 show thé data presented in Tables VIII,‘IX
and X as Well'as'some theoretical predictions of the related Ky values.
A discussion of this compariéon will bé.made later. o

A comparison of the expefimentally determined Ky's on the basis of
»ﬁhe cup correctién prbcedures Shows that the cup correction procedure
involving.Equation (L42) and that involviné extrapolation of Type C
results to 8, = O result in Ky 's of similar magnitude. Use of Equation
(L2) .involves Type C and Type D run results fof similar size drops of

the same system. However, the K; values cbtained from the correction
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of Type A and’ Type B run results, via Equation (39) are con51derably
higher than the others,

The closeness of the Ky's in Table IX and Table X could be based
on’thelrQSults of Type C runs, which are common to the two cup correc-
tion procedures used‘to acquire these results. This point will be
discusséd later when comparing the expérimental results with those
theoretically prediéted. |

Figure 19 shows a plot of De/Dmvvalues.versus de as given in
Table ViII. In general, for a given drop diameﬁer De/Dm values
increase with decfeasing molecular weight. Also the surface tensién of
the liquids studied decrease with decreasing molecular weight; This
~indicates that Dg/Dy is higher for iiquids of lower surface tension,
indicating a higher drop instability for dfops lower surface tension.

The trend ofDe/Dm with respect to drop size will be discussed
later in detail. However, Dg/Dy ratios consistently largér than 2,5
from‘Type A TypévB run results indicate intefnally circulating drops on ’
the basis of the Kronig-Brink model ( )s a situation expected in fall-

ing drops in the size range studied.

Predicted Mass Transfer Coefficients

for Falling Liquid Drops

One has to first predict gas and liquid film mass transfer co-
efficients, i.e. k¢ (kg = k¢/RT) and ki, respectively, from available

theory, to.be able to predict KL or Kg. The overall liquid and gas

-~

phase mass transfer coefficients K1, and Kg are related to the film co-

efficients, on the basis of the two film theory (70), as follows:

1 1 . :
= ¥ Koke | (L3)

Ky,
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-1, Ke : |
fe " i Ty - | | (LL)

At this poiht the inclusion of ko, the gas film mass transfer co-
efficient may look unnecéssary since the gas phase did not include an
intentionally added inert diluents with the solute gas. However, in
Type A, C and D runs the liquid drops were formed in a nitrogen atmos-
phere and fell in this atmosphere a distance of'about 47 cm. It has
been suggested by Garner and Lane (20) that such drops, upon entering
the solute gas region retain a thin layer of the inert gas around them,
éarner and Lanévsuggesfed a period of about ﬁwo seconds for complete
displacement of such a blanket; Thus, it would also be proper to in-
cludeJa gaé film reéistance term to the present set of proposed calcu-
lations to account for the.probable presence of a nitrogen blanket
around the drop as it falls through the n-butane atmosphere.

The gas film massitransfer coefficients for the systems studied
were calculated from Frossiing's equation (18)

ke = 2 ¥ [1'+ 0.276 Rel/2'8c1/3 ] (25)
) de

Equation (12) has been used with confideﬁce in the liﬁerature for k,
preaictions and hés been found‘to give good agreement with data (7.
Gas film mass transfer coefficients calculated frdm Equation (25)‘for
the nch‘-ﬁclo, nC),-nCg and nC)-nCg systems at the 6 £t. colum height
arevtabulated in Table XI; vAverage drop velocities, in the absorption
region, thé'been used‘for Reynolds Number calculations in‘Equation‘
(25). The molecular diffusivity of n-butane in the hypothesized
nitrogen shroud around the liquid drop has been calculated from.the

ideal gasbapproximation‘of.the'ChapmanwEnskog equation (61) to be



TABLE XI

PREDiCTED MASS TRANSFER COEFFICIENTS FOR SIX FOOT HEIGHT OF FALL

‘Tip No d (k,), (k) (k ) (K)o, )2 (K.) K
(o) ' cm?seu) (cm}'sec) ) sgg) (cm/SeC) (cm sec) }'sgc) (cm}‘sec) e
nCu—nCi System
1 0.26) 6,09 0.0082 0,0066 0.185 0,0082 0.0066 0.0868 2.10
2 0.308 5.67 0.0083 0,0062 0.17k 0.0083 0.0062 0,0816 2.10
5 0.351 5.33 0.008L 0,0058 0.16L 0.008L 0.0058  0,0769 2,10
7 0.403 5,00 0.0085 0,0055 0.155 0.0085 0.0055 0,0727 2.10
nCh—nCé System ‘
1 0.262 - 6,08 0,0091. 0.0082 0.205 0.0091 0.0082 0.0948 2.13
2 0,305 5.70 0,0092 0,0078 0,193 0,0092 0.0078 0.0892 2.13
3 0.329 5.50 0,0093 0,0075 0.186 0,0092 0,0075 0,0859 2,13
5 o.3u8 5.35 0.009) 0,0073 0,182 0,0093 0.0073 0.0841 2,13
7 0,400 5.03 0,0095 0.0069 0.172 0,009 0,0069 0:0795 2.13

n_nunnuu_— 8 s 0 i s B e G € P8 D P e A T e R D M B8 Gk N S BT e 3 3 G P e e g e 3 v B W €3 O e g O D G SNy S NS et SRS D KD S ) S ey SN e BN T N ) At € D i D e N e D g A D G o S e e e

1 0.259 6.10 0.,0100 - 0.0106" 0.227 0.0100 0.0106 0.103 2,16
2 0.302 5.70 0,0102 0.0098 0.21L 0.0101 0.0098 0.097L 2.16
5 0.34h 5.37 0,0103 0,0093 0.203 0.0103 0.0092 0.0923 2.16
7 0.395 5.03 0.010L 0.0088  0.191 0.0104 0.0087 0.0869 2.16

Yol
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0.0625‘cm.2/sec. The molecular parameters pertinent to this calculation
have been obtained frem Reid and Sherwood ((61). |

Prediction of liquid fllm.mass transfer coefficients, kp, for the
systems studied were based on the pen etratlen (36) surface renewal (10)
theories. As tabulated in Table XI, three sets efkﬁ\values were calcu-

lated from the assumed model

~
)
i
%’
g

Tiec

The discrepancy between the three sets inﬁg values arises from
the assumptions made in calculating 6¢, the contact time. The follow-
ing are the assumpﬁions made in 8¢ caiculetiensg | |

l. B¢ is the total time fhe drop was in contact with the solute
gas durihg fall, i.e. B = ea‘ The @cl designations in
‘Table XTI and the correspondlng(kL)ﬁ§e81gnatlens in Table
.XI refer to this assumption. On the basis of the surface
renewal theory, this assumptien means that the drop surface
was remewed only once durlng fall, This precedure was
followed recently by Makino and Takashima (L9).
2o ©c is the time it takes f@r an internal circulaticn current
to sweep the perimeter of a cirdle with a diameter equal to
‘the drop diameter, i.e, éc=:déyﬁ{0“, &he internal circula--
tion velocities of the drops were calculated from Equation
(1L)
. :
Uie = ' | (1L)
2 (1+ M/ ;%)

derived frem'the Hadamard-Rybczynski model (27, 6h);j
Average drep ve1001t1es, U, during drop fall in contact

with solute gas were used in Equatlon (1h). ©¢'s
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calculated in this manner are designated as 6.2 in Table XIIv
and the corfesponding;{kﬁ)ezAin;TableHXI;Fe e
3« The third assumption made for ©¢ calculation is a classical '
assumption to similar calculations for gas buBbies and
liquid-liquid systems., This method assumes that the surface
renewal time 6 isvﬁhe time it takes the drop to travel a
distance of oﬁe diémetér, ices 6, = Gé/(1¢8é1). The fall
velocities of the 1iquid drops are much higher than the
velocities attained by bﬁbbles‘in liquid or by liquid-
liquid systems. Thus, the surface renewal times calculated
:in. this way for liquid drops falling in gas are very short.
O3 and(kLﬁgsdesighations are used in Table XIT and Table XI,
pespectively,.for the . values obtained from this assumption. |
Liquid phase mo;écﬁlar diffusivities, Dy, used in Equafion (45)
were calculated from the Wilke-Chang correlation (71), Equation (L1).
. Vapdr-liqgid.equilibrium constgnts,gﬁﬁ,used in Equations (30) and
(31) er.n-butane in n-decane, in n-nonane and in n-octane were of the

form : .

r
=

mHim‘

., - (16)

and were calculated from equilibrium vapor and liquid compositions.
The overall liquid phase mass transfer coefficlents calculated
using Kki>cl, (kL)02 and (kL)CB and common (k). values are given in

Table XI and designateg as (KL)cl’ (KL)C2 and (KL)CB? respectively.
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Comparison of the Experimental Results with
Theoretical Predictions and Available

Literature Information

A compariéon of the predicted and ekperimentally-Obtained'Kl_

.: values for the nC)-nCyp, nC)-nCg and nC)-nCg systems at the six foot,
column length ere given in Figures}lé, 17 and 18, Figures 16 and 17
also include a line which indicatee the predicted KL values for a solid
drop. Solid drop KL.values were calculated from Equation (LO).

The calculated absorptlon time during fall, ©5, for drops of
diameter dg was used in Equation (LO). The fractional saturations, F,
were calculated for each drop for the given Og from Equation (32),
presented earlier. This line based en molecular diffusivity only
establishes the lower limit of the Kijs for the nCh-annand nCh-nCio
systems for the féﬁée»of drop sizes shown. This theoretical lower
" 1limit suffers from the errors introduced into its calculation by the
Dm prediction by Equation (hl);'ea prediction end the assumption of
drop spherieit&.f Thie uncertainty could be as much as 20%._

However, ﬁoét of the K's from extrapolated Type C results are
more than 20 percent lower than the predicted theoretical limiting
value. A possible partial explenetion for this discrepancy could be
found in the extrapolation ﬂechﬁiﬁue. vThis end effect correction pro-
cedure,'though widelyfused, inherently assumes eimila# drop hydro-
dynamics at all’peintsvaleng the colum during fail. lThe fact that the
hydrodynamiee of the drop changes during(fall hag been well established
(17, 20, 21, 38). , | |

The (KL) 1;and QKL) 3 lines are close together since (Gc)l and

(Gc)g for these drops and systems were found to be close together (see

t



KL - Overall Mass Transfer Coefficient Based on the Liquid Side (cm/sec)
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-
© Type A and Type B Run Results, Eq(26)
B Iype C Run Resillts- Extrapolation
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Figure 16. Experimental and Fredicted KL'S for nCh=nclo Systenm
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O From Type A'and Type B Run Results - Equation (26)
g From Type C and Type D Run Reésults - Equation (29)
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TABLE XIT

SURFACE RENEWAL TIMES , INTERNAL CIRCULATION VELOCITIES AND OSCILLATION FREQUENCIES
FOR DROPS IN THE SIX FOOT COLUMN

System Tip No d. . 0 .=0 e e , U. f
Y P (cr(rex) (cs:;le'c)a (sg%) (seg% (cm/3€c) (1/sec)
nch'nCiO 1 0.26L 0.365 0.575 7.24 1.4 58.0
2 0.308 0.355 0.653 8.22 1.48 L6.1
5 0.351 0.3L47 0.730 9.16 1.51 37.9
7 0,LC3 0.3L40 0.822 10.30 1.54" 30.8
ng) -1 1 0.262 0.366 0.450 7.20 1.83 58.1
? 2 0.305  0.355 0.50L 8.1L 1.90 6.1
3 0.329 0.353 0.541 8.74 1.91 L1.2
5 C.348 0.347 0,566 9,08 1.93 37.9
7 0.400 0.342 0.638 10.27 1.97 30.8
nCh-nCB 1 0.259 0.369 0,330 7.18 2.37 58.0
- 2 0.302 0.357 0.387 8.11 2.45 46.0
5 0.3L4 0.349 0.432 9.02 2.50 37.9
7 0.395  0.3L4 0.L485 10.21 2.56 30.7
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Table XII). The author believes that the €  calculation is inherently ’
weak since it assumes a surface renewal time to é drop irrespective of
the drop liquid properties butvdependent solely on the fall time. The
apparent error behind the assumption 1eadipg to the 602 calculation may
well be distributed between the equation used for internal circulation
velocity, Uic, calculation, i.e. Equation (1L), and the assumption
itself. Equation (1l) is based on the HadamardéRybczynski (27, 6L4)
model which is generally not applicable under actual conditiong (L8)
and has been found to give order of magnitude deviations from data (20).
Furthermore, the assumption basic te ecg calculation is that the dropé
are spherical, which is not valid for the systems studied. ‘Equation

(18) was used

1.1h

1]
55 Eo (18)

to calculate the degree of deformaticn in the drops of the systems
studied. These calculations have shown that the value of a/b, for the

drops in this study is in the range

a
b

showing well deformed drops. As noted in Chapter II, in deformed drops

1524 £ £ 1.7

the effects of the internal circulation velﬁc?tieé on massvtfansfer are
weaker than in sphericai or in siightly deforﬁed drofs.

Thus, on the basis of the above discussion cne is led to believe
'that the cup correction procedure employing Type C and Type D results,
Equation (42) and the cup correcﬁion procedure employing the classical

extrapolation technique both yielded unrealistic correction factors.

This auther, however, beliewes that it is hard to discard these cup
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correction proéedures on the basis of the relatively 1imited amount of
data;. The results shown for the sgix foot column height for fhe nCj,~
nCyp system from fhe extrapolation method are supported by similar
results for the four and ten foot column heights (Table X).‘ The cause
of the apparent weskness in those two procedures might he a systematic
error in Type C runs. The results of the Type C runs are common to
both of these correction procedures. This author believes,'however,
that this is very ﬁnlikely.

The general trend of the Kijvalues from Type A and Type B runs
- values for

L

larger drops. A similar trend is exhibited by the predicted KL

i.e. (KL)CB, for the three systems (Table X1)., This trend is contrary

(concentrations corrected via Equation (39) show smallerk

values,

to the trend éxhibited by the curve predicted by the assumption of only
molecular diffusion. Furthermore, it is the majority belief in the
related literature (20, 21, L) that ¥y should increase with drop in-
Stabilit& which increases with drop size. |

A plot of Dg/Dy versus dg is given in Figure 19 for the corrected
resulfs obtained from Type A and Type B runs. The trends in this plot
are very similar to those observed in Figures 16, 17 and 18.

Oscillation frequencies of the drops used for the syétéms shown in
'Figures 16, 17, 18 and 19 were calculated from an equation proposed by
Lamb (L7) and Bond and Newbton (3)

1.

2

8q
37T M,

(15)

These frequenciss are tabulated in Table XII and show higher
oscillation frequencies for smaller dreps. Thus, if it can be assumed

that the oscillation amplitudes for different sized drops of a system
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are ﬁhe same, the smaller drops having higher frequenéies of oscilla-
tionjﬁend to show higher degrees of instability. It has been argued in
the literature that falling drops‘tend to act like solid spheres soon
after the start of fall (38), however some available data (17, 20)
contradict this approach; The data obtained in the present study indi-
cate drops with internal circulations and with surface oscillations of
small amplitudes énd varying frequencies. The low oscillation ampli-
tudes, exhibited by most of the drops studied here, may be due to the
retarding effect of surface éctive agents which may be present on the
drop surface. The data obtained in this study are in accord with the
data presented by Rabovskii and Shinyaeva (59) who also show lower mass
transfer coefficients and lower De/Dm values for longer surface renewal
times. According to their assumption, which was made in the CKLjCB
calculation, longer surface renewal times are analogous to larger
drops.

It was nmted earlier that both the KL_and De/Dm data showed some
scatter Wheﬁ plotted against drop diameter., On the baéis of the above
discussion cne can hypothesize that, if in fact S©me.forces do exist on
the drop surface which dampen the oscillation amplitudes, after a
critical drop size has beeﬁ reached for a given system, they are over-
come by the "latent" instability of the drop.

A comparison of the ¥z, data versus '(KL)cjlines indicates to
this inherent instability since n-cctane drops show thé highest Kp
values and n-decane the lowest. The author would like to add
immediately, however, that more data are necessary to establish the
validity of, or te reject, the above discussion.

It is hard to decide from the results of Type A and Type B runs
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the magnitude of the gas\film resistance to mass transfer. The calcu-
lated gas and liquid resistances tabulated in Table XI all indicate
“that the controlling stepvmust have been the liquid film mass transfer.
1Comparison of the (KL)CB'values with the experimentally obtained values
indicate that the surface renewal mechanism chosen for the 903 calcula-
tion is near the true mechanism that existed in the drops. A shroud of
inert gas probébly éxisted around the falling liquid drops in the
solute gas region of ﬁhe column.

A quantitative comparigbn.of the Type D and Type E results (Table
VI) to determine the mass transfer coefficients during drop formation
and during the initial fall'period is not possible. Type D runs were
made in a six foot long column using the nC),-nCy éystem with drops
forming in nitrogen. Type E runs were made in a four foot column fully
occupied with n-butane. It was hoped that even under these conditions
Type E runs will exhibit higher solute gas concentrations in the liquid
sample than the Type D runs dué to gas absorption during formation.
The results do not confirm these expectations, eicept for drops formed
from Tip 7. |

As discussed in the first part of this thesis, drops forming in n-
butane are smaller than those forming in nitfogen (from a given tip at
the same drop formation time). Using n~deq5ne rather than n-nonane

should have corrected for some of this effect.
Discussion of Experimental Error

The uncertainties in the"KI‘values'calculated from experimental
data result from errors in the -determination of the parameters of

Equation (LO0)
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- d
K o= _° log, (1-F) (LO)

T :
6 6, .
Experimental errors observed in the liquid sample solute gas con-

centration are tabulated in Table VI. All Type A and Type B runs show
larger errors for small drops than they do for larger drops. This
trend is not followed by the results of Type C, D and E runs. The
average absolute percent error for all Type A and Type B runs is 6.1%
and for all runs is L% on the solute gas concentration in the liquid
sample. This error is due partially to chromatographic analysis, vari-
ations in drop formation times (2.6 - 2.8 seconds), system teméerature
(22.0 - 21;.0°C,), column pressure and sampling time and procedure. In
Appendix G data are presented showing the effect of sampling time on
the solute gas concentration in the sample liquid. Based on these data,
the variations in the sample sclute gas concentration would be negli-
gible even if the sampling times varied * 5 seconds.

From Type C runs marked with (%) (Table VI) the effect of double
sampling for Tip 1 drops on the observed gas concentrations is seen to
be csﬁéide?able, However, in general, double sampling for Tip 1 drops
was necessary to obtain=en©ugh samﬁle. Type A and Tyﬁe B Tip 1 runs
were treated similarly, thus they should not have been affected. This
effect of d@ublé sampling would affect only the Type C runs corrected
for cup effects by éxtrapclationa The éffect of continuous sample re-
moval from the drop catghing assémbly versus the sample‘removal tech-
nique used for most runs (90 sec. sampling time) can be seen by compar-
ing the results of (%) marked Type C rums (Table VI) with the two
previous Type-C runs atiidenﬁical conditions. This comparison shows

that the sampling procedure does not strongly affect the results. The
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reason for this is that the sample liQuid, even though not in the
collection cup, is still in cOntadt With the gas in the éollection
chamber which haé now entered the sample vial.

Variations in dg due to possible.variations in drop formation time
or due fo variations in drop size itself at a given drop formation time
were determined to be within 1%. Variétions in drop surface area due
to non-sphericity from the spherical drop assumption are known to be
+ 5% (17, 21).

Variations in the dfop fall times and consequently the absorption
periods have iong béen accepted to be within 2-3% (38). However, this
is a biased error. |

The degree of reproducibility of the experimentally determined
- fractional safuration values, based on the Type C run‘duplicates is in

the range of 0.0h%;to 17.9%. An evident trend of decreasing percent
error with increasing drop size accompany these reproducibility runs.
.Since‘the chances for a drop landing out of the drop catching unit were
.higher for small drops than the larger drops, the variations in sample
sizes were'larger for smaller drops. !Howéver, since the contact area
in the drop catcher for all samples cbllected was about the same, the
contact area to sample volume rati@ in'tﬁe drop catcher varied much
more for smaller drops. It is believed that this fact ﬁas the major
factor causing a smaller degree of reproducibility in the measured con-

centrations of smaller drops.



CHAPTER 'VI
CONCLUSIONS AND RECOMMENDATTONS

The fol;dwing are concluded on the basis ¢f the experimental data
obtained and the discussion presented in this thesis:

1. The usually overlcoked, or rather carélessly considered
coliection stage end effects in dropwise gas absorption can have a very
strong efféct on the mass transfer coefficients calculated for falling
drops.

2. Of theithree methods stu&ied to correct for gas absorption
during drop éollection in an apparatﬁs using a gas blaﬁket at the
coliecﬁion point, the methéd employing Type A and Type B runs and
Equation (26), develbpéd in Appendix B, gave results most consistent
with available theory.

.3. The overall mass transfer coefficients based on the liquid
side, calculéted from Type A éndvape B run data for falling drops of
nCg, nC9 and nCio in nC), were in the range 0.0L - 0.1k cm./sec.‘ Rafios
of‘éffective to molecular diffusivities for these data were found to be
in the 23 -130 range. In general, higher mass transfer coefficients
and higher ratios of effective and molecular diffusivities were
observed fqr drops of lighter hydrocarbons, i.e. lower surface tensions.
These data iﬁdicate fully cifoulating drops which may also have
oscillations. |

L. The analysis of the data shows that surface renewal times in

11
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falling drops, for the systems studied, could be approximated by
assuming one surface renewal for each diameter distance along the travel
path.

5. Generally lower ratios of effective to ﬁolecular diffusivities
for larger drops as indicated by the data could be the result of
dampened oscillation amplitudes caused by the "hardening" of the drop
surface by the probable presence of éurfaCe active agents. Thus, these
larger drops being elipsoidal would benefit less from the internal cir-
culation currents of the drop which are semi-spherical. However, the
high Dg/Dy, ratios cbtained for the largest nCy and nCg drops indicate a
pbssible overcoming of the surface hardening by the comparatively
stronger osciilatory forces in thesé lower surface tension drops.

6. The analysis of the data from Type A and Type B runs show that
there is evidence to the lingering of a thin 1ayef of inert gas around
a drop falling in £he solute éés atmosphere, if the drop was formed in
an inert gas atmosphere. This phenomenon was first hypothesized ‘by
Garner and Lane (20).

The following are recommended for future worker on this subjects

1. The effect of the collection stage could be decreased if the
liquid sample is collected in a drop catching cup with a funnel like
cross~éecti©n and desigﬁed toxkeep the exposed area of thé liquid
sample probortional to the sample size at all times, Furthermore, the
liquid sample should be withdrawn from this receptacle continuously and
as fast as possible with a large, gas tight énd refrigerated syringe to
decrease the amount of gas desorbed from the sample. The sample can
then be pfessured with an inert gas and analyzed as a liquid or it could

be evaporated and analyzed as a vapor. The choice of the method of
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analysis will depend on theasystem studied.

2. This precject should be extended to use other gases and liquids
as well as mixtures.

3¢ Research involving study of the hydrodynamic parameters perti-
nent to falling drops still lacks data and attention. Even though
recently photoelectfic cells have been used to measuré drop fall times
and velocities (5), the author believes that a highly accurate tech-
nique to measure drop fall times and velocities could be developed using
a high speed movie camera, an accurate electronic timer and a combina-
tion of mirrors and lenses. In this technique, the mirrors andvthe
lenses are used to make the drop image fall, at different points aloqg
the édlumn, on a stationary point, which is consﬁantly being photo-
graphed by the camera. Such studies, though tedious, will reveal

accurate data on the drop hydrodynamics during acceleration.
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APPENDIX A
DERIVATION OF EQUATION (8)

A force balance on a forming llgquid drop' hanging vertically down<

ward is of the form

Fg - Py - Fg- Fg = 0 - (A=1)

=
4

g gravity force = ’,Vd Fd g

=
o
i

= bué)yant'force = V50 8

Fo = surface tension force at the tip =77 dp O .
' A(My vy)

Fp = force due to flow of fluid into the drop = %5

Harkins vand Brown (28) have shown that when a liquid drop detaches
from the tip mot all of the hanging liquid leaves with the drop. For
this purpose a correction favc"tor,\{/ , was used to account for the liquid

remaining on the tip. Thus,

Fr=Yano o (a-2)

‘The flow force Fy is of the form -

Foo WMave) Ly o dwn s dMg (4-3)
a9 | a0

However, since the liquid Flow velocity Vyp into the drop 1s constant,
‘the force due to the incoming fluid which is enlarging the drop is of
the form

Fe = "Vp ﬂg : | (a-k)

deo

09
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The drop weight M is governed by the feed rate Q into the drop,

thus

Pa f TR %Pa (4-5)
Thus, Equation (A-l)'can be written as
Vdng-Vd(ﬂcg-'f':ﬂdzd‘—vn /DdQ=O (A-é)_
However |
Vg = My/Pa ‘; Q= My rina1/(fy O¢) and %fn = L /(7 di) (A-7)

Thus, Equation (A-6) becomes

Mg (1= (P/pa)) = Yoo » (my00)® (w/(mds py  (a-8)

and upon rearranging
M - [mdi/u) Pa @i g (1- (Pa/pe)) ]Md }/(d{diﬂ P 65 = 0 (4-9)

2
Equation (A~9) is quadratic in M; and has two real roots. However,
the value of one of these roots is very much different, i.e. orders of
magnitude, from the drop weights experimentally encountered and

therefore has no practical significance.



APPENDIX B
DIMENSIONAL ANALYSIS FOR FQUATION (11)

Starting with the assumption

P2
(M )g’gf &

= constant (

o) ) 1 (o PPl 7

one proceeds to express the factors in Equation (B-1) in terms of their

(Md)a:.r oS dp

dimensions:
P Py
(-) = Constant (-) (g) (L) (M/(L @)) (y/92) (M/L ) 6(L2/O) 7. (B-2)

Equating the exponents of similar dimensions on each side of Equation

(B2)
8: P -P -2P, -P, =0 (B-3)
vobos T (B-1y)
L: Py-F - 3R +2P=0 i
(B-5)

=

: P # P, +P, =0
Fu* ¥ " %%
Equations {B-3),(B-L)and(B-5) involve six unknowns. If one decides to

evaluate Blye P_S_' axd: P4 in terms of Py2: Py and Py one obtains

‘= - —_ _ ) (B-6)
P)-L 3P1 2P3 P7

iz o Lo B...
Py = 2P .+ Py ‘ (B-7)
o R B-8
Pg = Py + Py + Py (B-8)

Substituting Equations - (B-5) , (B-7 ), ( B-g) into Equation (B-1):ana

collecting the factors with similar exponents yields

123
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M) g ARY: 2 \FL1 Py \P
7___Ei_£ - constant | = uEE;Ezﬁéli dlcjzjd Dmﬂ)é ! (B-9)
(Md)a.ir,oo , %2 U d ’ud Ha

Equation (B-9) is in terms of dimensionless quantities. Exponents
Pl-! "P2 ’P3’ and HP7 are to be determined from the data.

Several other dimensicnless equations were obtained on the basis
of Equation (B-1) by choosing exponents other than the. Py, Py and Py

combination. However, when fitted to the data, Equation (B-9) gave the

best fit.



APPENDIX C

CONSIDERATIONS FOR THE DESIGN OF THE DROP CATCHING ASSEMBLY

AND THE CHOICE OF FREON 12 AS THE BLANKET GAS

Initially a drop catching unit, very similar in design and
dimensions to the one described by Garner and Kendrick (19) was con-
structed of glaés. After a long trial and error period varying the
blanket gas inlet and exit rates, the mixing of hydrocarbon gaé (Type A
and Type B runs) with nitrogen, which was used as ﬁhe blanket gas, was
eliminated in the drop catcher. However, high nitrogen flow rates had
to be emploﬁed to compensate for the lower molecular weight of nitrogen
' than the hydrocarbon gas above it., These tests indicated that this
design and method had the following drawbacks: | |

1. Thewhigh nitrogen flow rates that had to be employed intro-
duced considerable amounts of nitrogen in the absorpticn section of the
column.

2. Even though this drop éatchef had been successfully tested
with Water dréps and found to catch about 90 - 95% of the falling drops
of water, it failed‘to catch more than 20% of the falling liquid hydro-
carbon drops. Surface tensions of the hydrocarbons used are about 1/3
to 1/L4 that of water. Evidently drops of low surface tension liquids
tended to oscillate more than the waﬁef drops, resulting in an impact
point scatter which ﬁas not handled with the 3/8 inch top opening of

this drop catcher.

10
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A new drop catching unit with a larger top' 6pening was designed
and constructed from Lucite and glass, Figure 12, Freon 12 was chosen
'as the blanket gas due to its high molecular weight and relatively low
solubility in the hydrocarbon liquids used. Using Freon 12, a
relatively low gas rate was sufficient to obtain an almost perfect gas-

gas interface at the suction ring of the drop catching assembly.



APPENDIX D
GAS FLOW RATES IN THE ABSORPTION EXPERIMENTS

The gas flow rates into the absorption column, as read from rota-
meters Rl, R2 and R3 are given belcw. The rotaméter readings varied a
‘maximum of + 0.2 centimeters between runs.

The gas flow rates, in milliliters per minute, were cbtained from
the calibration curves supplied by the manufacturer. For Freon 12, the
flow rates were calculated from the n-butane curves using the rotameter
equation and assuming that the discharge coefficients were the same for
both n-butane and Frecn 12.

The gas rétes for R4 and R5, the exit gas rotameters, are given as
direct readings (centimeters), since in most cases the gases 1eaviﬁg
the column were gas miktures of unkﬂown compositions. Furthermore, the
exit side preésure of these rctameters were considerably lower than
atmospheric due to the presence of the vacuum pump>used for suction,
thus eiiminating the use of the curwves.

Since the gas velocities in the column were low, smail variations
in the gas rates were not critical to the results of the experiments,
i.e. interfacial gas wvelocity on the drop surface was unaffected. The
reported readings were varied within the + 0.2 cm. range to form and
maintain éharp gas-gas.interfaces, |

The gas flow rates given below for each type of run are in the

forms (1) Run Type; (2) Rotameter Number; (3) Rotameter Tube Number;
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(L) Gas in the Rotameter; (5) Rotameter Reading (cm.); (6) Rotameter

Float Giving the Reading (ss - stainless steel, py;-pyrex); (7) Gas Flow

Rate (milliliters per Minute).

(1)

A

(2)

- Rl

R2
R3
RL
R5
Rl
R2
R3
RL
R5
Rl
R3
RS

Rl

R2

R3

RL

Rl

R3
Rl
R5

(3)
” %63:E'

602
603
603
6ol

- 603

602

603

603
60L,
603
603
60k
603
602
603
603
603
602
603
60

(L)
“ney,
F12
No
nC),+F12
ne),*Np
nC),
F12
nC),
nC)+F12
nC),
nC),
Np
nC) +No
nC),
nC),
Ngv
N2+nC),
nC),
nC),
nC),

nCh

(5)

4.0
L.0
6.5
7.5
5.9
L.0
L.2
6.6
7.2
7.0

3.9

2.0
2.6
Tel
7.0
1.6
1.2
1.2

1.2

(6)
SS

SS

s

by

S8

S8

S5

S8

by

S8

S5

S5

S8

by

by

S8

S8

by

Py

Py

Py

(7
1900

730
1600

1880

730
1400

2200
1600
0O
500

2800

300



APPENDIX E
CHROMATOGRAPHIC CALIBRATIONS

The chromatographs used for the analysis of the column gas of the
drop were calibrated using two different procedures. The details of

these procédures and results are given below for each chromatograph.
Calibration of the Varian 1200 Chromatograph

The Varian‘IZOO-gas chroﬁatogfaph, equipped with a flame joniza-
.tion detector, was used to analyze the liquid drops from both Parts I
and II of this study to determine the cﬁncentration of the dissolved
gas in the drop liquid sample.

The samples used to calibrate the chromatogfaph were of two kinds:

a. Samples of hydrocarbon liquid with dissolved hydrocarbon gas,
b. A mixture of two normal paraffinic hydrocarbon liquids.

Samples of type (a) were prepared by bubbling the hydrbcarbbh gas
through soﬁe hydrocarbon liquid held at constant temperature in a con-
stant temperéture bath,

Samples of type (b) were prepared by adding known quantities of
different hydroéarbon liquids into a sealed flask. The amount of each
liquid added was determined by a Mettler balance.

Table XIII shows the calibration data. For binary liquid mixtures,
the ratio of area counts of a component peak to the total peak area

counts for the sample deviates about 1% from the actual compositién
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expressed as wéight fraction. For the binary mixtures where one com-
ponent was a dissolved hydrocarbon gas, i.e. n-butane, the dissolved
gas fractions, as calculated from peak count ratios, deviate somewhat
more from the "actual" compésition than in the case of binary liquid
mixtures. The "actual" compositions for the.dissolved gas binaries are
predictions from Raoult's law, and they are consistently higher than
the compositions calculated from peak ratios. Thus, the evident dis-
crepancy between the two compositions.may well be due to Raoult's law
assumption.

The data presented in Table XIII shows that the degree of repro-
ducibility of an.analysis was quite good. Based on the binary liquid
mixture analyses, and also on ﬁhe analyses of the n-butane - 1liquid
hydrocarbon samples, the decision was made to use the ratio of compon-
ent peak area to the total sample area as the compositibn of the
sample, in weight fraction, for the hemologous series of the paraffinic

hydrocarbons used in this study.
Calibration of the FM-500 Chromatograph

The FM-SOO chromatograph, equipped with a thermal conductivity
‘detector ﬁas used to anai&ze the gas samples obtained from the absorp-
tion column through the gas sampling ports.

In the early stages of the experimental work it seemed almost
impossible to eliminate the mixing of the blanket gases, i.e. Freon 12
and nitrogen, with the hydroéarbon gas occupyling the column. Thus, it
‘looked as if it would be necessary to accurately determine the composi-
tion profile of the column gas to be able to evaluate the mass transfer

coefficients for gas absorption. This led to the calibration of the
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TABLE XIIT

CALIBRATTON DATA FOR THE VARIAN 1200 CHROMATOGRAPH
: (FLAME IONIZATION DETECTOR)

System Counts Counts Gomp 1 _%gt%g} Deviation
Comp 1 Comp 2 Comp 1 Comp 2 Counts C1+0Cp .

Percent

Comp 1

Column: 10% SE30 on Chromasorp P (50/60 mesh)(1/8" x 10 ft.)
Gas Rates: LO cc/min. He, 25-27 cc/min. Hy (at 150°C. column)
Sample: lyuf; Attenvation = |

nCg  nGy, 805 1954 0,291k
817 1986 0.2917
Tsample = 23.5°C 822 2000 0,2913
819 1989 0.2917
Teolumn= 205.°¢ 809 1966 0.2915
Avg 0.2915 0.2883 1.10
T e P L78™" """ 2075°"""7" §.Ig7s~"TTTTTTTTT T TTT T TTT T
T 160 201, 0.1860
“sample.= 23,5°C )69 20,8 1 0.1865
T . =170,°¢ 506 2129 0,191k
column " ~ Avg 0.1880 0,1910  -1.57
nC;  nGy L50 2l79- 0,1538.
L62 252} 0.15L8
Tcoihﬂnn = 1500 C Li.58 2&82 _C)o 15156 ‘
Avg 0.15L) 0.1520 +1.60
N T
, 507 1852 0,219
Teolgmn = 130°C 512 1838 0,280
Avg 0.2188. 0,2210  -1.00

“Uolumn: Poropak Q (100/120 mesh)(1/8" x 71)(with back flush valve)
Gas Rate: LO ce/min. He, 25-27 cc/min. Hy (at 150°C. column T)
Sample: 1/uf.; Attenuation = L

nC), nCg L4826 12121 0.28)4
T = 23 050 G LJ.LI.62 11150 _O:gﬁé‘
sample 0.285 0.296%
aey noe 4085 11698 .29
4202 - 12107 0.257
Tsample = 23.5°C  LL19 1289) 0.255
L381 12507 0.259

- - o e D G Y - - - - Cn ©8 e O o e K O3 P S 8 £ T e o e o e Ot s i e e R - -
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TABLE XIII (Continued)

System Counts Counts

Actual
Comp 1 wt. Fr. Deviation

Comp 1 Comp 2 Comp 1 Comp 2 Counts

C1+C2  Comp 1 Percent

nCy, nCqq 3523 11990 0.
3528 12168 0.
Tsample = 23.5°C 3760 12748

o.

2265
22148
2272

O,

2262 0.2L2(3¢)

(#) Calculated from Raoult's law using vapor pressures from Antoine

equation (API Project LL(63)).
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chromatqgraph for the gases present in the column.

The calibration procedure comprised of injecting different size
samples (0.1 -1.5 ml.) of pure gases into the chromatograph. The peak
obtained for each gas varied linearly with the sample size. From these
data, response factors were determined for Freon 12, n-butané, and pro-
pane relative to nitrogen. |

Conditions of the calibrations for the N-nC), - Freon 12 system and
the relative response factors obtained were:

Column: 50-80 mesh Poropak Q; % inch x 7 feet

Column Temperature = 175°C.; Detector Block Temperature = 180°C.
and Injection Port Temperature = 2l2°¢C.

Carrier Gas: Helium L45.5 ml./min.; Current: 117 mA and

Attenuation = 32

1.770
1.L68

‘Relative Response Factor (Freon 12/nitrogen)

|}

Relative Response Factor (n=butane/nitfogen)
For the nitrogen-propane-Freon 12 system the conditions of cali-
bration and the evaluated response factors were:
| Column: 50-80 mesh Poropak Q; % inch x 7 feet
Column Temperature = 90°C.; Detector Block Temperature = 122°C.
and Injection Port Temperature = 2L0°C.
Carrier Gas: Helium L45.5 ml./min.; Current: 120 mA and
Attenuation = 32
Rélative Response Factof}(Freon 12/nitrogen) = 1.927
Relative Response Factor‘(Propane/nitrogen) = 1,560
The relative response factors when used to predict the composition

of a,gas mixture of "known" composition, gave acceptable predictions.

However, in general the Freon 12 values checked the best (within 1%).
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.The predicted nitrogen concentrations were in general iowef ( 74) than
the actual and the predicted n-butane concentrations were in general
higher than the actual ( 5%). For ihe}nitrogen-probane-Freon 12
system the predicted and abtual compositions compéfed much more favor-
ably ( 0.5%).

The gas mixtures of known compositions were prepared in the
1éboratory by introducing different amounts (partial pressure) of
nitrdgen, Freon 12 and propane or n-butane into an initially evacuated
flask. Thevrelative response factors ﬁere applied to the peak ratios
to predict the composition of the mixture in mole fractions.

. Howevér, it was later possible to Virtually eliminate the mixing‘
of the blanket gases into the hydroéarbon gas in the célumn during a

“run, Thus, the calibrations on the FM-500 chromatograph were not used

°

Any gas mixing noticed during absorption runs were not more than two-
three counts per thousand counts. In most of the runs the chromatographic

analysis showed no gas mixing at all.



APPENDIX F

CORRECTIONS FOR MASS TRANSFER DURING SAMPLE COLLECTION

(DERIVATIONS)

The mechanism governing the liquid and the surrounding gas
atmosphere in the drop collection chamber of the absorption column is

described by the mass balance

__d<d@990> -k AAC+ Qey (7))

Equation (F-1) approximates the periodic addition of the drops to the
sample liquid in the drop collection cup with a constant liquid feed

rate (). The liquid feed rate, ) is defined as
N
@ = - > (@) (F2)
0; 7 -

Fﬁrthermore, Equation (F-1) also assumes that the collected sample is

perfectly mixed at all times during sampling.

Derivation of the Cup Correction Factor from

the Results of Type A and Type B Runs

For thevliq%&g samplé collected in the drop catcher during Type A
and Type B runs Equation (F-1) takes the form
©d(QOC) - _ g A(C-C,)+ QG (F-3)
ab

The minus sign preceding the first term on the right hand side signi-

fies desorption. Rearranging Equation (F-3) one obtains

425
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C + 0dC _ _(kAVc 4 [RANC, +Cy (Fu
15 - ( [2 ) + ( 0 ) 4 + L )
Letting M1 = klA/Q and rearranging:to integrate
Cs 6
dc . [de ()
(MIC?+C¢)—(/+M/)C AN
(o]

where Cg is obtained from the chromatographic analysis of the liquid
 sample. The lower limit of the right hand side integral in Equation
(F-5) haé to be greater than zero, since at zero time there is no
liquid in the collection cup. If time units are chosen small, e.g.
milliseconds, a limit of i could be used without introducing an appre-
ciable error to the calculations.

Integrating Equation (F-5) one obtains

| fn [MICp+Ca =~ (Am)CL | _ 4, 0, (F-C)
| +M1 MICy +Ch — (14m1)cd |~

Rearranging and taking the exponential

~(tm) (14 K1
MICy +Coq = (14M/)Cs 2] /,: 2“«2 )0_-,,4,)

M| Cq +Cd — (1+m1) Cd

In Type A runs, Cq is unknown, Cg will be replaced by Cg to
A
identify the type of run and Cg will be replaced by Cg todesignate the
origin of the analyzed liquid sample. Thus, for Type A runs, Equation

(F-6) becomes

I

~(1M1) —//fﬁﬁ )

4
MIC; +Ca —(1+M1) Cg g, = & & (r7)

M) Cg’ +Ca — (1+M1) C4

In Type B runs, Cg is equal to C%, the equilibrium concentration
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of the hydrocarbon gas in the drop liquid at run temperature and pressure.
Furthermore, in Equation (F-T7) Cg is replaced by Cg and Cg by Cg to

obtain 5 -, » s At
M/ Cy® + C7 — (r+me) C5 5—(/4,41/ -2 Eoa (F-X)
micf sox - T T F
Drop formation rates and sampling times are held the same for both

type A and type V'B runs, thus Q has the same value‘in Equation (F-7) and
in Equation (F-8). The transfer area A is constant since the samples are
collected in the tube above valve V20.
Assuming that the transfer coefficient ky is constant for both runs,
i.e. Iy is independent of concentration, the right hand sides of Equations
(F=7) and (F-8) become identical in value. Thus, equating the left hand
side terms of Equations (F-7) and (F-8) one obtains,
MICL o Ct—(14m1) & MICE £ CF = (14m)CS
M/ C; + Cq— (/+M1) CA - M/cja_f_c*'_(/-fﬂ/)cfx
Rearranging Equation (F~9) and selving for C4q» the unknown, one obtains
Cd = /C}'g[m(mw)cg"],« C;,“[M/(M/-f/)c“—/w/(mn)cf]_
Ml (mI+1) C*Cf]/{M/ (M1+7) C;‘?e MM+ /)65‘7 (F-/o)
dividing by ML(ML+1)

ce=[CP+ c;(c*—c;?)~c“c;]/[cj"-c;]  (=11

Tmms, knowing Cp, c3, ¢, c“g‘ and cg

However, assuming that the concentration of the hydrocarbon gas in the

(77

experimentally one can determine Cd‘

Freon 12 atmosphere is negligible, i.e. Gggy'o.o, Equation (F-11) becomes

A
C4 = ﬁs_) c’ (F-12)
< .
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Derivation of the Cup Correction Factor from the Results of

Type C and Type D Runs

For the liquid sample collected in the drop catcher during type C
-and type D runs, Equation (F-3) takes the form
d(ROC) _ 4 A(c*-c)+ @cd (73
d6 ]
where, C* is the equilibrium cdncentratioﬁ of the hydrocarbon gas in the
film of the collected sample in contact with the hydrocarbon gas in the
drop catcher. The plus sign preceding the first term on the g?ght hand

side of Equation (F-13) can be brought to the integrable form, with

M2= k, 4/ Q

4
/C’ JC _ 7 (7-1¥)
y, (M2 c*+Ca) = (1+m23C T ) 8

Upon integrating Equation (F-1L) and taking the exponential of both sides,

one obtains ‘
' c -(1+M2)
Mz Ct +Co = (M24/)Cs - & (F~/5)
Mz C* +Ca — (M2+/) CA

In type D runs Cd= 0.0, since the drops fall in nitrogen until they

splash in the hydrocarbon gas atmosphere of the drop catcher. Setting

Cd = 0,0 and replacing CS by Cg in Equation (F-16) one obtains

. P —{(/
w2 c* ~ar)cs gl (F417)
M2 c*
Following the same arguments previously stated,
Ma = (M2r1)EsS MK (M2t 1)Es° (718
My CK +CA — (M2+1) C g ma c*

Upon simplification of Equation (F-18) one solves for Cy to obtain
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C 2
Cq = Cs_ -Cs (7-19)
/= (&s2/c*)

Closing Remarks

Equations (F-12) and (F-19) derived from Equation (F-3 ) and
Equation (F-13),respectively, can alsc be cbtained from Equations (F-20)

and (F-21) respectively, assuming C_=0.0 in Equation (F-20). However,

g
Equations (F-20) and (F-21) do not give a true picture of the mass trans-
fer mechanism during drop collection. They assume that all through the
sampling period, including time zero, a liquid sample of volume equal to
to the final liquid sample volume VS of .concentration Cy is present in
the drop ¢atcher, Equations (F-20) and (F-21) are integrated with the
assumption that during the sampling period the sample gas concentrations
change from the initial concentration Cg4 to the final concentration (ob-
Served)‘CS. Furthermore, solution of Equation (FQZO) can not be used to
take into account the hydrocarbon gas concermbtration in the Freon 12
atmosphere, if such a measurement is made and found significant. This
type of problem could easily be solved using EQuati@n (F-12) which is the
result of the general approach.

For the special case dictated by the assumptions used, both mecha-
nisms, i.e. simple and general, give identical cup corretion factors.
However, the difference between the two approaches becomes evident when
one compares Equations (lez) and (F-19) and the solution of Equations

(F-20) and (f-21), which is of the form

dc _ _ 44 (c-<, | (7-20)
VS d—é = % [ ;—) ] v
Vs 4 - 44 (- ) (r-21)
do

/ﬁge /.:(AC)/ /(AC)1 [ )‘9‘ (F-ZZ)



APPENDIX G

EFFECT OF DROP LIQUID SAMPLING "TIME

‘ON OBSERVED LIQUID COMPOSITION

Observed solute gas concentrations in the liquid sample are
plotted in Figure 20 as a function of the sampling time. These runs
with a four foot long column at the Type E run conditions for the nC),-
nC10 system using Tip 3. The results show that a small variation inl
the sémpling time (like t 5 seconds) would have almost neglibible effect

(¢ 0,001 weight fraction nC}, in nC1p) on thé sample compositicn.

.
N
\

_.
L2

9)4 in nClO Samp
i
° .

\G\

,g’

o)

IS .08

8

év

:‘.3'

.06

o .

=, 0 30 60 90 120 150

84 - Sampling Time (seconds)

Figurq20” Effect of Samplinngime on Sample Solute Gas Concentration
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APPENDIX H
NOMENCLATURE

Drop surface area (22)

Ma jor axis of ellipsoidal drop (L)

Drop oscillation amplitude (L)

Initial Drop Oscillation Amplitude (L) -

Minor axis of ellipsoidal drop (L)

Solute gas concentration in liquid at any time © (M/M)
Saturation solute gas concentration in drop (ﬂ/ﬂ)
Initial sclute gas concentration in drop (M/M)

Drag coefficient for falling drcps (-)

Drop sclute gas concentration at the end of drop fall
period (M/M)

Gas phase solute gas concentration (Mﬂﬂ)

Liquid sample solute gas concentrations Type A runsu(M/M)
Liquid sample solute gas‘coﬁcentration: Type B runs (M/M)
Liquid sample solute gas concentration: Type C runsi(M/M

Liquid sample solute gas concentration: Type D runs (M/M)

Solute gas concentraticn in Collection Chamber gas
(Type A runs) (/M) '

Eddy diffusivity (12/@)
Effective diffusivity (32/9)
Molecular diffusivity (Liquid Phase)(L%/@)

Molecular diffusivity (Vapor Phase)(L?/9)



Internal tip diameter (L)

- Diameter of equivaleﬁt'spherical &rop (L)

Surface tension force (E£/§2)

‘Mass transfer coefficients in drop catcher (M/ng)

i

External tip diameter (L)

Edtvos Number, (fa-=/%)dezg/7‘
Fractional saturation (-)
Buoyant force (M&/@E)

Force due to flow (ML/6°)

Kinetic Force

Drop oscillation frequency (1/8)
Amount of absorbed gas (M)
Gravitational acceleration (2/92)
Conversion constant (Force-Mass)
Vapor-Liquid equilibrium constant

Overall mass transfer coefficient based on the gas side

(11/L28)
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Overall mass transfer coefficient based on the liquid side

(M/(129))

Gas film mass transfer coefficientv(g/ézg)

C

Liquid film mass transfer coefficient (ﬂ/ézg)

Mass transfer coefficient (M/22§)>

Drop fall distance (L)

Drop mass (M)

Molecular weight of discontinucus phase

K dg

Nusselt number

ET gas film mass transfer coefficient

D



Prandtl numbér (/ﬂd/ edDIn)

Liquid feed rate (L3/8).

Gaé constant

Reynolds number (deUfcéﬂc)
InternalIReynoids number (deUichéﬂd)
Schmidt number = Prandtl number
Sherwood number = Nusselt number

Tempe ra ture

a®/(fa de?)

Drop velocity (L/8)

Gas velocity (L/©)

Drop internal circulation velocity

Drop volume (£3)

Drop volume equivalent to kinetic force (LB)

Sample volume from drop catcher (£3)

Drop volume equivalent to surface tension force (23)
Drop volume equivalent to buoyant force (L3)

Nozzle (tip) fluid flow rate (L/0)

Continuous (solute) phase molal‘volume (£3/ﬂ)

Saturation solute concentration in liquid

Saturation solute concentration in vapor

Greek Letters

-~ 3 § 7

Association parameter
Surface tension
Viscosity

Density (M/L>)
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8 - Time (g)

8, - Absorption time ()

6, - Surfaée renewal time (8)
8 - Drop formation time ()

877 - Drop fall time (e)
8s - Sampling time (©)
{/ - Constant in Equation (9)

Constant in Equation (9 )

=N
1

Dimension

=

.= Mass

It

-~ Distance

- Time

O

Subscrigts

c - Continuous phase (gas)
d - Discontinuous phase (liquid)
g ~ Gas phase

m ~=- Saturated gas - liquid mixture
‘e - Time

0 - Long time (8+e0 )
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