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SUMMARY

By the use of photographic techniques, the absorption
rates of single CO, bubbles suspended in downward flowlng
aqueous monoethanolamine (MEA) solutions were determined for
various MEA and CO2 liquid concentrations. It was found that
a linear correlation of the experimental data could be ob=-
tained by plotting the mass of the bubble to the one=third
power versus absorption time. Such a correlatlion indicates
that the absorption rate per unit area 1s constant. The ab~
sorption rates were found to increase with MEA concentration
and to decrease with total absorbed 002 concentration (that
physically absorbed and chemically combined)., However, be=-
cause of excessive scatter in the experimental data, no
satisfactory correlation of the absorption rates with liquid
concentrations could be found.

Theoretical analyses of varilous absorption models were
made. Analogue and digital computers were used when the dif-
ferential equations could not be solved analyticeally., For
two normal MEA i1t was found that the best explanatlion of the

6 gm-mole/cme=-sec, was given by the

experimental rate, L4x10~
model of steady-state diffusion with simultaneous irreversible
second order chemical reaction in a stagnant film of thick-
ness 5x10'3 ecm. The differential equations involved with

this proposed model can best be solved by analogue computer.



iv

In the course of the lnvestigation several absorption
models were solved analytically. Although the results indi-
cate that the models did not apply, detalls of the analyses
are glven in Appendix A for academic interest., Appendices
B and C contaln the detalls of the theoretical analyses by

digital and analogue computers.
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CHAPTER I
INTRODUCTION

During the past two decades mass transfer research
has taken place at such a pace that the state of the art is
now on a par with that of heat transfer. Indeed; some of
the theoretlical results obtained in heat transfer are di-
rectly applicable to mass transfer, Quite often important
developments in mass transfer are not basically new but
rather applications of already developed heat transfer
principles. In spite of this now rather high degree of
sophistication in mass transfer knowledge there are as yet
some unanswered questions. The present dissertation de-
scribes and reports on the results of an experimental in-
vestigation designed to look into and answer some of these
questions. |

One of the aoften studied types of mass transfer is the
absorption of a gas by a liquid. This is no accident since
such a system lends itself well to experimentation, and
further,; there are many well known industrial applications of
gas absorption. Some exemples are distillation, gas scrub-
bing, and humidification. Industry is interested in the
economical design of equipment and this requires a knowledge
of the process, It is the quest for this knowledge that has

spurred on research in the gas absorption field for the last



decade or so, Even i1f there were no pressure from industry
there would still be incentive to carry on research in this
field; that incentive being simply trying to find out what 1s
going on when a gas is absorbed by a liquid. This 1s the
viewpoint taeken by the so-called pure scientist and is actu=-
ally the one adopted by the author in this investigation;
although the author does not claim to bela sclentist or even
a reasonable facsimile,

Two possibilities exist initlally for a gas once it
is absorbed by a liquid, One is that nothing happens and the
other is that the gas may react chemically with some compon-
ent 1n the liquld phase, The first case 1s known as physical
absorption, an example of which would be the dissolution of
oxygen in water, The second case is denoted sometimes as
gas absorption accompanied by chemical reaction or more
briefly as chemisorption.

In application, equipment utilizing chemisorption is
one of two basic types, packed towers where the liquid flows
downward over some type of dispersing medium such as Beryl
Saddles or rashig rings, and bubble plate towers where the
gas passes up through cups on the plates over which liquid
is flowing. In both cases the usual procedure 1is to have the
liquid enter the top of the tower and flow counter-currently
to the gas entering at the bottom. In the laboratory, proto-

types of these towers are built for experimentation; but
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little fundamental information i1s obtained from such investi-
gations. Results are usually presented in the form of corre-
lation of dimensionless groups of the system parameters.
Measuremert s are made only of the end conditions of the tower,
that is, of the entrance and exit streams, and thus the
effects observed are really gross effects with no inslght
as to what 1s actuelly happening inside the tower. Conse-
quently, in order to galn a more fundamental knowledge of how
the molecules move from the gas phase across the gas-liquid
boundary and into the liquid phase, the experimenter must
resort to other types of absorption apparati. They may in
fact become quite exotic in appearance and would have little
industrial application.

One of the most common of these laboratory gas ab-
sorbers 1s the falling film column. The liquid enters the
top of a vertical hollow cylinder not unlike a weir and flows
down along the inside surface in a thin film. The gas may
pass 1In eilther direction through the center of the cylindef.
Because of the known geometry, the area of the liquid ex-
posed to the gas 1s known, an obvious advantage over packed
or bubble plate contactors. Another apparatus that has come
into vogue of late 1s the laminar Jet. Here a cylindrical
stream of liquid passes vertically down through an atmosphere
of gas from a nozzle into a receiver. Again the geometry is

known so that the area of the gas-liquld interface may be



determined. Such apparati have one limitation however;
because of their rather idealized conditions, results ob-
tained from them cannot be applied directly to industrial
equipment.

With this in mind the author decided to construct an
apparatus with which fundemental knowledge could be obtained
and yet results of which could be applied to industrieal
equipment. One possibility is an apparatus contaeining a sub-
merged orifice such as a capillary tube whereby the gas 1is
emitted from the tube and rises upward through the liquid.
Some investigators have used this type of equipment. Usually
the scheme has been to take liquid samples at various times
while the gas i1s bubbling at a canstant frequency through the
uncirculating liquid. The liquid samples were analyzed for
gas concentration, It was then easy to calculate the average
absorption rate for the bubbles generated during the time
interval between samples. It was decided that the method
could be improved by measuring the absorption rate of a
single bubble,

The scheme was simply to generate a single bubble in
& down-flowing stream of liquid such that the bubble would
remain essentlally stationary in elevation. Moving pictures
were taken of the bubble and the film was analyzed to deter-
mine the absorption rate. <In order to make the conditions

analogous to a bubble rising in a still body of liquid the



flow channel was constructed iIn a special manner., Figure 1
shows a schematic diagram of the flow channel. The channel
has a rectangular cross section. According to hydrodynamic
theory (33) the velocity profile for laminar flow of a New-
tonian fluld between two very wide parallel plates will be a
parabola. But as the fluild passes into a sharply converging
section, as shown in the figure, the profile becomes rela-
tively flat over most of the channel. Thus for a bubble
trapped in the converging section the fluid velocity will be
essentially the same about the bubble, Therefore as far as
the bubble 1s concerned the fluld seems to be infinite in
extent and approaching the bubble from infinity, Or looking
at 1t another way, the situation 1s the same as if the bubble
were rising in a still body of liquid, neglecting the effects
of the container walls,

It 1s iImpossible to trap a bubble in the converging
section for if the liquid velocity is just a little too low
the bubble will tend to rise, and in so doing it will come
into a region of even less veloclty and will rise even more
rapidly until it escapes on up the column. Exactly the op-
posite effect will occur if the liquid velocity 1s too high.
The converging sectlan is thus seen to be an instable zone; 1in
contrast, the diverging section below the throat 1s a stable
zone, Here, 1f the bubble 1s trapped and the velocity 1s too

low, the bubble will tend to rise into a region of higher
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velocity which in turn will force the bubble back down and
vice versa, It is in the diverging section that the bubble
is trapped. The purpose of the converging section 1s to
provide the desired velocity profile and in the region just
below the throat this profile should persist. The bubble
should be trapped Jjust below the throat.,

The above experimental procedure was carried out in
the present investigation and this thesis is a report on the
results. Chapter II contalns a short review of the pertinent
literature. In Chapter III on theory the author discusses
some of the pertinent unanswered questions on gas absorption
referred to at the beginning of the present chapter.

Chapters IV and V contaln respectively a discussion
of the experimental apparatus and procedure and the results
of the investigation., Chapter VI summarizes the concluslons
and recommendations.

The original data, mathematical developments, and
detalls of theoretical lnvestigations using digital and

analogue computers are included in the appendices.



CHAPTER II
LITERATURE SURVEY

It is not intended here to give a complete review of
all literature on mass transfer, Nor is i1t even intended to
give a discussion on all literature germane to the present
investigation in this chapter. Comments on the work of other
investigators will be given later in the text at places where
they are pertinent to the discussion. For a general review
of mass transfer the reader is referred to the text, "Absorp-
tion and Extraction,™ by T. K. Sherwood and R. L. Pigford
(New York: McGraw-Hill Inc., 1952). This is a very excel-
lent book as evidenced by the fact that in recent literature
it is one of the most quoted references. For a catalogue of
mathematical developments in gas absorption see the doctoral
dissertation by Peaceman (3L).

As far as could be ascertained little work has been
done on the study of stationary drops or bubbles in a moving
fluid. Ledig and Weaver (2l4) in 192l studied the absorption
of a stationary gas bubble by a ligquid. Thelr system was
closed except for a caplllary tube open to the atmosphere.
When a bubble was introduced into the system the liquid in
the caplllary would rise. Thus they could determine the
volume of the bubble as a function of time by recording the

liquid level in the tube. Their bubble was held stationary
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in an inverted fumnnel device by the downward flow of liquid.
High speed photography was used to record the liquid level
but no measurements were made on the bubble itself., A
three-stage absorption cycle was detected durlng the life
of a bubble., An initial high rate was the result of the
creation of new surface. The next part of the cycle was a
steady rate, probably due to "equilibrium conditions."
Finally there was a slow rate because of the presence of
inert gas and because of decreasing bubble size,

Later Harmerton and Garner (18) studied the absorption
of a gas bubble rising in a liquid in a system open to the
atmosphere only by a capillary tube. They determlined the
bubble size by recording the liquid level in the capillary.
Motion pictures were made of the bubble in order to determine
its rate of ascent. The change in hydrostatic head was taken
into account. Their results indicate that there 1is no dif-
ference 1n the mechanism of absorption and desorption. Gar-
ner has been concerned 1n much of his investigative work with
measuring and interpreting the effect of circulation in gas
bubbles on absorption rate. In the above article it was de-
duced that circulation exists in the bubble although it was
not detected experimentelly. However, the authors noted that
circulation should not influence the absorption rate since
most of the resistance lies in the liquid film.

Garner and Lane (15) have recently conducted an
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investigation on liquid drops suspended in a gas stream. A
specially designed wind tunnel, which gave a uniform velocity
distribution, was used. Motlon pictures were used to deter-
mine the bubble size and also to detect internal circulation
in the bubble. Here it was found that, indeed, internal cir-
culation does increase the absorption rate above that due
to molecular diffusion.

It has been learned by private communication that an
investigation similar to the present one is now being con-
ducted at the Carnegie Institute of Technology. No details

have been learned, however.



CHAPTER III
THEORY

The theoretical problems involved 1n mass transfer 1n
bubble systems may be divided iInto two classes. One 1s the
diffusional mechanism involved when a molecule moves from
the interlor of a gas bubble across a gas=liquid interface
and then into the continuous liquid phase where it may or
may not react with some component in the liquid phase.
Actually the theory 1s fairly well understood. Differential
equations can be written which are thought to describe the
process accurately; but for only the very simple cases can
the equations be solved iIn closed form.

The second class of theoretical problems 1s related
to the hydrodynamics of the ebsorption process. First of all
is the question of the bubble's shape which determines the
area availlable for mass transfer. As mass transfer takes
place the bubble will of course decrease in size so that 1ts
shape may change from a mushroom configuration to an oblate
spheroid and even to a sphere 1f the gas bubble becomes quite
small. Actually the problem is not too difficult. It can be
shown that except for large bubbles little error is intro-
duced by assuming that the bubble 1s spherical even though
it may be an oblate or a prolate spheroid. (See Appendix D,

Section 3,) Thus it will be assumed from here on that the
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geometry 1is spherical.

The hydrodynamié features of the liquid immediately
next to the interface are rather difficult to describe,
Indeed, here lies, in the author's opinion, the crux of the
problem for mass transfer in bubble systems. Classically,
one of two assumptions 1s made. The first 1s that a thin
film of liquid surrounds the bubble such that transport of
matter through the film is by diffusion only. Further it is
assumed that the resistance to diffusion lies wholly within
the film, The alternate assumption that is often made 1s
that, on the contrary, no laminar film exists about the bubble
at the interface. In fact the liquld velocity 1s assumed to
vary continuously away from the interface into the liquid.
For a bubble rising in a quiescent liquid the liquid velocity
is everywhere zero and the gas 1n effect penetrates into an
essentially infinite body of liquid and the concentration of
the gas varies continuously away from the iInterface. 1In
contrast, 1f a film exists about the bubble the gas concen-
tration will vary continuously through the film until the
film thickness 1s reached where there is a discontinuity as
the concentration assumes the bulk concentration,

Whether a film‘exists or not is an important but dif-
ficult question to answer. Experimentally it may never be
proved that a film exists. It would be very thin and hard to

see even if i1ts appearance should happen to be different from
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the bulk of the liquid. It is not difficult to visualize the
existence of a film when a liquid flows past a solid surface.
It i1s thought that the liquid velocity at the surface 1s zero
so that there must be a smooth transition from zero to bulk
stream velocity., Thus there should be a region of fluid in
which the flow 1is laminar no matter whether the bulk of the
liquid is turbulent or not. At a gas=liquid interface it is
not clear whether the velocity 1s zero. Indeed the assump-
tion is probably invalid since gas is far from being -a rigid
surface, It is then likely that there 1s no layer of liquid
which 1s distinctly different from the bulk of the liquid.
Pursulng the matter further there are two cases to consider,
One is the case of a bubble rising through a quiescent liquid.
Now if a film exists it really means that the bubble 1s drag-
ging some liquid along with it. On the other hand, the
liquid may flow down past the bubble in such a fashion that
the bubble remains essentially stationary. Under this cir-
cumstance the liquid velocity may or may not remain uniform
up to the interface. If the fluid were in laminar flow then
no laminar film would exist as such, and if there 1is no flow
perpendicular to the interface, then the situation would be
the same as for the bubble rising in quiescent liquid with
no surrounding film. Actually the case of a stationary bub-
ble is only of academic interest since in practicel applica-
tions the bubble rises through the liquid. But it will be



1l
shown later that for certain flow conditions the rising bub-
ble and the stationary bubble are really one and the same.

In the following discussion it will be assumed that thé bub-
ble is rising in a stationary liquid. A further simplifica-
tion will be made by considering slab geometry, that 1is,
unidirectional mass transfer., The results so obtained can
be applied, however, to spherical geometry.

Consider &a gas contalning some component which 1is
absorbed by the liquid and then undergoes a reaction with

some component in the liquid phase., Thus in the liquid
A 4 B==— Products (3.1)

where A will denote both the absorbed gas component and its
concentration in the liquid and B denotes the absorbent com-
ponent, as well as its concentration, in the liquid. The
case of irreversible reaction will be of primary interest
here and attention will be given to zero, first, and second

order reactions,

Penetration Theory. The term "Penetration Theory"

has been generally applied to the unsteady-state absorption

of a gas by an infinite body of quiescent liquid. The situ-
ation 1s shown in Figure 2, where the concentration gradients
of A; B, and the reaction products are plotted as a function

of the distance from the interface into the liquid.
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CONCENTRATION

Figure 2. Concentration gradients,
penetration theory.
The point x = 0O represents the gas-liquid interface.
The product curve 1s dotted since it 1s not clear at this
point how 1t appears. A material balance about g small
element of liquid, dx units thick and with unit area parallel

to the interface gilves

2
QA _ Q A
< = D, = - k' AB (3.2)
OB _ 928
53 = Dy ax2 - k'AB (3.3)
where
t = time
x = distance
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o
[
]

diffusivity of component 1

reaction rate constant for the reaction

K!
: A 4+ B—> Products

The boundary and initiael conditions are

- aBJ -
A( 5 t) = A,, A = 0 .
o 1 3x x=o (3 )-l-)
and
A(x, o) = A,, B(x, o) =B, (3.5)

As xXx—>» 0o and for t=0, A and B will be the solutions of

the differential eguatlons

dA _ dB _
S F " -kfﬁB (3.6)

where, for t =0
A = Aos B = Bo (307)

In equation 3.4 the Ay 1s assumed to be a constant
equilibrium value while dB/dx = O implies that the liquid B
1s non-volatile., The initial conditions in equation 3.5
state that at the start of the absorption process the liquid
is homogeneous although the concentrations are not neces-
sarily those of chemical equilibrium. Equations 3.2 and 3.3
were derived with the taclit assumption that Fick's First Law

holds, namely, that the diffusion rate i1s proportional to a
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concentration gradient; symbolically,

%

NpoC - d (3.8)

Q-
»

where

N, = rate of diffusion of A, mass/time-area

Solutions of equations 3.2 and 3.3 are known for only very
speclial cases: pure physical absorption, i.e., k! = O and
equation 3.3 drops out; first order chemical reaction, again
equation 3,3 does not appear and k'B = new constant = k.,

A rather complete dlscussion of eqﬁations 3.2 and 3.3 may be
found in Peaceman's Ph, D. dissertation (34).

It 1is feltoby the author for reasons to be discussed
later that the penetration theory as outlined above does not
apply to the present investigation. Later it will be shown
that a modifled penetration theory might better describe the

process of gas absorption.

Film theory. It was deduced at the beginning of this

chapter that 1f the penetration theory is not applicable,
then some type of leminar film exists near the interface.
This particular problem has been investigated for some time.
In 192l Lewis and Whitman (25) proposed such amodel for ab-
sorption processes and, in fact, the theory has come to be

known as the Lewls-=Whitman film theory. Figure 3 gives a
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sketch of how the concentration gradients might look in a
film thickness Xpo Note that a discontinuity occurs at Xp

where the concentrations assume the bulk stream values A, and

Bg

CONCENTRATION
o 2]

ﬂ
B
|
|
|
J 4o
I
|
|
ﬁ
ﬂ
J

Figure 3. Concentration gradients,
film theory.

B The usual assumptions applied to the film are:

00

l. The fluid within the film is in laminar flow parallel
to the interface. Thus transport of matter through
the film is by molecular diffusion only.

2. Steady-state conditions exist in the film.

A material balance about & slice dx glves

2

dTA y
D, &8 _ AR =0 (3.9)
A dx2

d2B ha
Dp =% - kAB = 0 (3.10)
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The boundary conditions are:

dB
A(o) = Ay, = =0 (3.11)
1 dx X=0
and
Alxp) = Ay, Bxp) = By (3.12)
Actueally, AO and BQ may not remain constant since they should

react according to equations 3.6 and 3.7, but the time for
the absorption process is so short that little error 1is in-
troduced by equation 3.12. Further justification of this
point will be given later when the results are applied to
the CO,-MEA system.,

Only for the cases of zero, and first order chemical
reaction and for no chemical reaction can solutions be ob-
tained for equations 3.9 and 3.10. Peaceman (3)) has
discussed these solutions in detail.

Just as the penetration theory might be an idealized
situation, so might the film theory. That a film exists is
one thing, but whether steady-state exists in the film is
qui te another, Such a condition would depend first of all
on how fast steady=-state is obtalned; and then on the 1life
of the laminar film. The film will exist of course no longer
than the bubble exists. As the film is first formed equations
3.2 and 3.3, with equations 3.4, 3.5, and 3.12 as the bound-

ary conditions; would apply. Such a model could be called a
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film-penetration model after Toor and Marchello (43) who used
this concept in treating the c ase of pure physical absorption.

The 1life of the film may not be anywhere near the 1life
of the bubble. It has been proposed by Higbie (19) and
Danckwerts (6)(7)(8) that the film may be periodically re-
plenished in whole or in part. Such an idea has been termed
surface renewal model. In essence it is thought that the
following happens: A small element of fluid comes to the gas
liquid interface where it resides for some period of time
during which it absorbs gas. It is then replaced by another
element of fluid from the bulk of the liquid. The process
is occurring simultaneously all over the interface and the
residence times of all of the elements may be the same (Hig-
bie distribution), or they may vary in some statistical or
random fashion (Danckwerts distribution). The surface re-
newal model has particular gpplication to packed towers where
the liquid flows down from one plece of packing to the next.,
During the period when the fluid 1s between pleces the sur-
face 1s replenished.

Extension of the idea to bubble geometry is not too
far-fetched. As the bubble rises it is continually coming
into contact with fresh liquid i1f no stable film exists. In
fact, several investigators (22)(26)(30) have proposed that
the residence time i1s of the order of the time that 1t takes

the bubble to rise a height equal to its dl ameter. The
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notion here 1s that the liquid element will start at the top
of the bubble and travel around the circumference to the
bottom where it leaves the bubble. The important point is
that except for the case of a stationary laminar film in
which steady-state exists, equations 3.2, 3.3, 3.4, 3.5, and
3.12 apply, no matter what the hydrodynamic conditions are
at the interface. For example, in the surface renewal models
one still has to talk about a small element of fluid of
finite area parallel to the interface and of finite depth
into the liquid. And while the element 1s at the surface it
will absorb gas according to the above mentioned equations.
All that 1s needed to be done 1s to solve the equatlons,
which 1s a problem in diffusion and kinetlics, and then deter-
mine the size and the residual time of each fluld element,
which 1s largely a hydrodynamic problem. The reader will
realize that the last sentence 1s a slight understatement.
The problem 1s rather complex even if it 1is properly stated.
(It will be pointed out later that there are other complica-
tions to consider.) However, in the following pages some
solutions to the diffusional phases of the problem will be
presented.

As was mentioned previously, Peaceman (3l) as well as
others (L41)(38)(37) have presented solutions for the penetra-
tion theory 1n a semi-infinite liquid and for the steady-state

absorption in a laminar film. Equations 3.2 and 3.3 as they
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stand have not been solved analytically. Thelr non-linearity
makes the solution somewhat Iintractable. Perry and Pigford
(36) have obtained numerical solutions using a digital com-
puter. Actually they started with a more complicated system
of equations in that they took into account the reversibility
of the reactions which introduced a third simultaneous par-
tial differential equation., But they did consider the
speclal case of non-reversible reaction as well as other
speclal cases such as infinitely fast reactions. Thelr
solutions were for a semi-infinite liquid. The author has
found little work in the literature for the penetration
model for a finite liquid depth. As a consequence, equations
32s 3.lbs 3.5, and 3.7 for x = xp were solved for a finite
liquid depth on the Oracle digital computer located at the
Oak Ridge National Laboratories, Oask Ridge, Tennessee, and

on a Donner 3100 Analogue Computer at the University of Ten-
nessee Nuclear Engineering Department. Although few details
were given in their article, Perry and Pigford's (36) solu-
tions were probably very accurate. They probably used aeither
some type of relaxation method or solved matrix equations.

It was mentioned that the machline computing time was about
150 hours. The computer was the Ordrac at the Aberdeen
Proving Grounds; Maryland, and this 1s a relatively slow

machine,
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Digital solutions of the diffusion equations, It was

desired to obtain solutions of equations 3.2 and 3.3 i1n the
form of concentration gradients at various times. The slopes
of the A versus x curves at x=o would give the absorption
rate by Fick?s First Law. Unfortunately, the last step was
not programmed into the computer; and the slopes had to be
determined by hand calculations. The overall objective was
to determine what sét of parameters such as DA’ DBa xp, etc.,
for a given MEA concentration would give an absorption rate
comparable to that observed in the laboratory. Since in
general the rate varies with time, it 1s necessary to talk
about an average rate which means that the contact time must
be known. The contact time can be determined for stagnant
film models but not for surface renewal models,

In order to solve the equations the region of inter-
est; namely, x=o0 to X=Xp, must be divided into equal Incre-
ments; say N in number., Thus the width of each increment
will be xf/N° Then equations 3.2 and 3.3 must be written in
finite difference form, Before performing the operation it

1s convenient to make a substitution of variables. Thus let

D
A_ p. B . X < A
°(=Ai B X 7 T ;;t (3.13)

Then equations 3,2 and 3.3 become

. g2k
g%\c “"%i—é - Klo(} (3.14)



2),

g_é = KZ(‘%E’Q' - K3D<J9 (3.15)
where |
K, = ¥ B;,)A;a,r;f2
K3 = Et-%;—-ii (3.16)
The boundary conditions now are
< (x, o) = 2_:. JQ (X, o)(0= 1 (3.17)
X (0, 7) =1 Fu.7) =1 (3.18)
X (1,7) = 2—‘1’- (%&"i)koz 0 (3.19)

In difference form equations 3.1l; and 3.15 can be

written as

K mn+l ~Kmn =°<m4-;,,n - 20y n * KAp-1,n

£=

AT (A x)2
Ky X m,,nﬁmgn (3.20)
sﬁm,n-b;_.__‘\}m.n = K J?m-t«lﬂn - %}mgn '*jm-:l,n
AT 2 (Ax) 2 V

KBMmgn}mﬂn (3.21)
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where the subscripts m and n refer to the lattice point
along the X and 7° axes respectively, Two such equations
will be written for each lattice point in the 7 - X network.
The procedure is simply to start with the values of X andj
at 7’ =0 and calculate new o's and‘/?'s for a new time at
each X value by equations 3.20 and 3.21. Then the procedure
is repeated over and over until it 1s decided to stop. The
decision to stop is arbitrary, but the criterion that was
used here is when the o and dg values did not change sig-
nificantly from one time to the next. Of course the error
involved in the solution depends on the sizes of A7 and
Axo The smaller A7 andA X arey; the more accurate 1s the
solution, but at the same time more computing time 1is
required,

Equations 3.1l and 3.15 were solved for the particular
case of absorption of carbon dloxide by aqueous monoethanol-
amine solutions, MEA. At low degrees of carbonation the
reaction between CO, and MEA can be considered irreversible.
Further, since the reaction rate is rather fast and since
the reaction is irreversible at low degrees of carbonation;
the initial COp concentration may be assumed zero as well as
the COo, concentration in the bulk of the liquid (x>»xf). In
equations 3.2 and 3.3 A denotes CO, and its concentration;

B denotes MEA and its concentration,

A total of eight cases was run on the computer. Table
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I summarizes the varlous conditlons used. Further details
concerning the mechanics of the numerical integration are

given 1n Appendlix B.

TABLE I
CONDITIONS RUN ON THE DIGITAL COMPUTER

DA x 105 Dp x 105 Xe
Case (cm@/sec) (em2/sec) (em)
I 2 0.586 3.16x10°0
IV 2 586 1072
v 1 .586 10-3
VI 2 .25 10=3
VII 1 .25 10™3
5 outputs 1 586 10=3
VIII
9 outputs 1 .25 10™3

The reaction rate constant, kﬁ is 3.3x106 cm3/gmwmole-
sec, The interfaclal concentration of 002p Ay, was taken to
be the solubllity in pure water at 25°C and one atmosphere
and 1s equal to 3,7 xlO'S gm-mole/cm3 (9). All the cases
are for B°=2x10'3 gm-mole/cm3. The mesh size was AX=2~7
and AT = 2716, |

To check on the machlne'!s accuracy the problem was

solved for K=o for which case, pure diffusion, an analytical
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solution can be obtained., The result of this computation,
denoted as Case II, is given in Figure L. Another accuracy
check was made by running Case I again but with A7 one-half
the original value., This run was labeled Case III and the
result is shown in Figure 5 along with the Case I results.
Figures 4 and 5 indicate that the machine's results are
accurate,

The diffusivities are for the respective components
in water. The MEA diffusivity was found by the correlation
proposed by Wilke (45). The CO, diffusivity was given by
Ermmert (9). It 1s not clear what is meant by the diffusivity
in the present problem, especially so for MEA which ilonizes.
A more realistic viewpoint might be to consider 002 diffusing
through a solution of MEA and water., Thus for 2 N MEA whose
viscosity is 2 cp., Dp should be about 1x10° emé/sec.
Similarly, MEA can be thought of as diffusing through a MEA-
water solution and thus D = 0.25%10~° cm2/sec. Cases V,
VI, VII, and VIII were run in an attempt to take the viscos-
ity effect into account. Case VIII is different from the
other three in that two values for Dg were employed. Here
it i1s postulated that the products of the chemical reactimm
increase the viscosity, producing in turn a proportional de-
crease in MEA diffusivity. Thus Dy is decreased by approxi-
mately one~half after five outputs. By output 1s meant the

readout from the machine after each 256 iterations. At each
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output the machine printed out results for ¢ andqu for
X=n/16, n=0,1,2,3---15, Also for each output the results
were plotted on an oscilloscope, known as a "curve plotter,"
for every X 1increment used in the computation. The
plotted polnts were photographed. Appendix B gives detalls
on the computation for 7¥ at each output.

In no case was steady-state, as defined previously,
ever reached, although it appears that for Case I (Figure 5)
the 0 curves seem to be near a steady state value for low
values of X. Some 2-1/2 hours of machine time were required
to produce 35 outputs in Case I. Frequently, however, where
the &K values at some X appear to approach a constant value,
the f values do not. In Case I which is for a rather thin
filkag decre ases only slightly in each output, but the rate
of decrease is not very different from 1 to the 35th output.
On the other hand, in Case IV which 1s for a thick filmijg
decreases rapidly while X does not change fast. Figure 6
shows some of the‘/? curves for Case IV, There 1s not
enough ¢ present to show on a plot of this scale in X. All
of the above curves were plotted from the printed results.,

As was mentioned previously, provision was not made in
the computing program for the calculation of the absorption

rates, It would have been easy to do, since

NA = -’DA %%J x=0 (3022)
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or in terms of X and X

=D, A, e

A™M @

N, = 2% -

A Xp ax =0 (3023)

The gradients were determined by measurements on the photo-
graphs of the curve plotter results. Values of X were
determined with a scale and the slopes were determined by

Newtonis formulas

%%(} x=0 r'v: [A“o BTN TRE FACHERES CEN
where A x=2“’7 and AO<O==0(1=O(O., The results are summarized
in Figure 7 where a semi-log plot of absorption rate versus
actual or real time 1s glven. The log scale i1s based on two
rather than the customary ten. Cases VII and VIII give rates
closest to the experimental value.

The results given in Figure 7 indicate that a new
definition of steady-state might be needed. Heretofore -
steady-state 1mplied that the concentration gradients do not
change with time. Such a condition was never met in the
computer work discussed here. Nevertheless, 1n Cases V, VI,
VII, and VIII, the absorption rates are essentially constant,
It appears, then, that the concentration of A at the gas=-
liquid interface rapidly assumes a steady-state value., This
leads immediately to the conclusion that the absorption

process 1s characterized by a surface phenomenon and thus
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the absorption rate should be independent of fi1lm thickness.
Further, since the time to reach steady-state is much less
than the renewal time; the question of which renewal theory
is applicable becomes a moot point.

These computer results do point out some interesting
facts with regard to existing theorlies on absorption accom-
panled by chemical reaction. As has been noted many times
previously in the text, the solution to equations 3.2 and
3.3 are at the present intractable. Recourse must then be
made to approximate solutions. One of the oldest such solu-
tions 1s that developed by Hatta (see reference (L41), page
321). Hatta assumes the existence of a laminar film in which
a gas 1s absorbed at steady-state conditions., Within the
film some component reacts with the gas irreversibly and in-
stantaneously. In other words the gas and the liquid react-
ant cannot coexlist so that there must be a region within the
film in which only the gas reactant exists and another region
in which the liquid reactant alone exists. The dividing line
between the two regions is the reaction zone; or more properly
a surface., Its position will be determined by the diffusiv=-
ities of the gas and the liquid reactant. Using simple

algebra one can show for the above model that

_ A +(Dp/Dy) B,
xg/Di

Np {3.25)
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where Bo 1s the concentration of the liquld reactant in the

bulk liquid. Equation 3.25 holds only if the gas 1s pure in
A. The concentration of the gas at the gas-liquid interface
(A7) is an equilibrium concentration corresponding to the

gas pressure and 1s assumed to be given by Henry's law

A =& (3.26)

where p 1s the gas pressure snd H 1s Henry's Law Constant.
The distence of the reactlion zone from the gas interface will
be less than the laminar film thickness but it may change as
the laminar film thickness changes. Thus 1t can be concluded
that the absorption rate will be influenced in part by the
hydrodynamic features of the system which 1s certalnly ob-
vious by the appearance of Xp in equation 3.25. The digital
computer results indicate that, first of all, some time 1s re -
quired to reach steady-state in the film; secondly, that no
reaction zone exists as such since ¢ nevers goes to zero;
and, thirdly, the conclusion as to whether the reaction be-
tween CO, and MER can be considered instantaneous depends on
the film thickness. For Case I (thin film) UB decreases
slowly and ¢ increases rather fast at any X, while in Case
IV (thick film)~j9 decreases much faster-and & increases
slowly.

Another semi=-theoretical treatment of equations 3.2
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and 3.3 was given by Atadan (1) who, in his investigation of
the solubility of carbon dioxide in monoethanolemine solu-
tions; made some absorption rate measurements. He concluded
that there exlisted a reaction zone similar to that 1n Hatta's
theory, and he denoted its thickness by Erzt. He concluded
that Erzt may be something less than xp but that 1t was not
a function of the hydrodynamics of the liquid. As a conse-
quence the absorption rate is not a function of the hydro-
dynamics, that 1s, the degree of agitation in the liquid, as
long as the surface area remains the same. A subsequent
investigation (31) has verified these conclusions. Atadan
did not assume that the COZ«MEA reaction was instantaneous
but only that it was irreversible,

Sherwood and Pigford (41, page 337) give a solution
for unsteady-state absorption of a gas accompanied by a
second order instantaneous; irreversible reaction in a stag-
nant liquid. The reaction zone starts at the interface and

moves into the liquid. They found that

A D
N, = e (7’,’;)% (3.27)
ery (/Dy)

where O( is the solution of the equation

B £ o Y X —
via exp[(ﬁz)(l -r )]erf(ﬁ)% + erf(-ﬁ-;)% =1 (3.28)
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(3.29)

=<
1
A

A significant point concerning equation 3.27 1s that at zero
time the rate 1s infinite, a result which comes up frequently
in the treatment of the penetration theory.

Further investigation of equations 3.1l and 3.15 was
made with the aid of an analogue computer. Three cases were
consldered: unsteady-state absorption with first and second
order chemical reactions and steady-state absorption with
second order reaction. The investigation was moderately suc-
cessful. Details of the analogue and digital computer work
are given 1n Appendices B and C,

Equations 3.2 and 3.3 {or a finite film can be solved
for zero and first order chemical reaction. For the first

order case one has

d2 - 04
DA axz T'E & kA (3030)

with the boundary conditions

A (o,t) = Ay (3.31)
A (x,0) = A, (3.32)
A (xf)t) = Ao (3033)

Solutions to equation 3.30 are given in Appendix A. One can
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find a solution to 3.30 from Carslaw and Jaeger (3), But it

appears that the solution given there does not fit the
boundary or the 1nitlial conditions., For that reason the
details of the solution are given in the Appendix. For
zero order reaction the kA term in equation 3.30 becomes a

constant, k" for example,

Correlation of experimental data, All of the theoret-

ical developments presented in this chapter and in the ap-
pendix use a polnt absorption rate in units of mass per time
per area., In some cases rates will be a function of a time.
For bubble geometry then the rate is integrated over the
surface of the bubble and with respect to time in order to
obtain an equation with which to correlate experimental data.

Define the gross rate as

Q=N o horr? (3034)
where
NA = gpecific absorption rate, moles/time-area
r = radius of the bubble

It will be assumed in this discussion that the bubble 1is
sphericel, It 1s shown in Appendix D that the error intro-

duced by the assumption is small. Now

-.dn
q=- 4 (3.35)
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where

n = moles of gas in bubble

If 1t 1is assumed that the gas is i1deal, then

n o= o (3036)
where
P = pressure = constant
V = bubble volume = 4/3 77 r3
&' = temperature = constant
R‘ = Gas Law constant
Since
rd = 3V
and
V = nR@ /P
then ﬁ

2 _ R 3
r ( Pn 7!’_)

Therefore combining equations 3.3l4, 3.35, and 3.36, one

obtains

2
®=-N5 um%“%%)é (3,37)

Separation of variables and integration ylelds
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t
(n]'é - no]’é} = - (LLBZI)lé (3?@;)2/3 j Np(t)dt (3.38)

0

where the functional notation on Nj is used to emphaslze that
it may be a function of time. The initial number of moles

is n In Chapter V, which contains the presentation of the

o.
results, equation 3.38 1s discussed in the light of NA for

the various absorption models.

Addendum. It was implied previously that equations
3.2 and 3.3 with the boundary conditions 3.}, 3.5, and 3.6
may not be an accurate description of the absorption process,
One item not considered was the chemical reaction products,
As they are fomed in the film they will diffuse into the
liquid bulk. The effect of this on the diffusion of CO2 and
MEA 1s not understood. Although 1t will not be generally
true for all gas absorption systems, the products of the
reaction of CO, with MEA are more dense than the reactants,
Consequently, the resultant density gradients willl induce
liquid bulk flow perpendicular to the interface which in turn
will affect the net diffusive flow of 002 and MEA. Therefore
although the liquid film was assumed stagnant to insure that
mass transport would be by molecular diffusivity only, there
are 8till the density induced currents to consider, an effect
which seems to be inherent in the process. No doubt the

currents serve to enhance the absorption process. And the
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phenomenon 1s similar to the frequently used concept of eddy
diffusivity for mass or heat transfer into turbulent liquids,
To account for the density effect one only has to modify

equations 3,2 and 3.3 to read

2
3t=’° 9% 4 v 94 _ 3 (3.39)
22 %
i%% = D BeveB. s (3.40)
where

v = veloclity of fluld perpendlcular to
interface

.
A

It should be obvious that the equations have become con-
slderably more complicated, It 1s difficult to attach any
quantitative meaning to v. Its exact expression would ob-
viously involve knowledge of the hydrodynamics of a heavy
fluid moving through a light fluid.

Another complication not considered up to now is the
nature of the stable film that may exist about a bubble. As
the bubble becomes smaller, one of two things must happen.
One 1s that the film thickness may remain the same in which
case the actual volume of the film must decrease. If this
happens, there will be some liquid motion associated with
the removal of the excess liquid. The author 1s not sure

how to postulate a mechanism by which thls may be done and
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he is not sure whether the liquid motion will affect the
absorption rate. The other possibility 1s that the film's
volume remalins intact in which case the film thickness would
have to ilncrease. Intuitively the author feels that the
latter 1s most unlikely. It 1is easy to concelve of a situ-
ation where the film's thickness would be almost as much as
the bubble'!s radius.

For a solid sphere Tomotika (see reference (23)) has

shown that
v xfa
= constant (3.41)
ry
where
V = velocity of fluld at infinity flowing
past the bubble
Xp = film thickness about sphere
r = radlus of sphere

kinematic viscosity of fluid

If a gas bubble is not too large it might be assumed
to behave similarly to a solid sphere (this assumption is sub-
ject to debate). In the present work the fluid flows past a
gas bubble so that the bubble remains stationary., But as
the bubble size diminishes it migrates to a region of lower
fluld velocitys So as r decreases so does V &and it 1is

quite possible that the ratio V/r 1is a constant. The
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conclusion 1s then reached that =xsy will remailn constant.

There has been considerable speculatlon concerning the
interfaclal gas concentration, Ajy. It was thought for some
time that A4 would be something less than the equilibrium
value, Such a conjecture leads immedis tely to the concept
of an iInterfacial resistance to mass transfer, It would
seem that the 1nterfaclal resistance would be connected some-
how to the interfacial tension. There 1s some disagreement
emong the various investigators on thils point.

Nijsing, et al (32), state that there is no inter-
faclial resistance. Raimondi and Toor (39) and Scriven and
Pigford (40) conclude that there 1is no interfacial resistance
per se, If there 1s resistance, 1t 1s because of the collec-
tion of impurities on the gas-liquld interface. A source of
the se impuritles could well be the products of the reaction
between the gas and the liquid. Chiang and Toor (L) also
state there 1s no interfacial resistance,

On the other hand, Epstein (10) from theoretical con-
slderation concludes that surface tension will influence mass
transfer. Garner (13) says that interfacial tension "seems™"
to be important. But Kishenevskii (21) points out that Pozin
(no reference) showed that surface tension does not affect
absorption. Finally Lindland and Terjisen (27) remark that
interfacial resistance has no connection with interfacial

tension in liquid-liquld extraction.
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An investigation by McKee {29) was recently made to
see whether a change 1n surface tension with time could be
detected when MEA absorbs CO,., A DuNouy Ring Tenslometer of
falrly high sensitivity was used. No change could be ob-
served, Atadan (1) determined that for total pressures near
one atmosphere the absorption rate i1s independent of 002
partial pressure. Thils was later confirmed by Groves and
Hawkins (17).

It will be concluded from the foregolng that for the
CozmMEA system equilibrium exists at the interface, but that
A4 may be less than the equilibrium value for pure water.
There will be other specles present at interface which will
decrease the water concentration. As & consequence less
CO, can be absorbed. In the present study, however, Aj will
be taken as the equilibrium concentration of COZ in pure

water and it will be assumed that Ai remains constant,



CHAPTER IV
EXPERIMENTAL APPARATUS AND PROCEDURE

Experimental apparatus. The experimental apparatus

used in this investigation was rather simple. A flow diagram
of the setup is shown in Figure 8. As can be seen the ap-
paratus consisted of the Plexiglas absorption cell, movie
camera; lens; photoflood; electric timer, powerstat, pump,
manometer, rotameter, cylinder of carbon dioxide, and con-
necting tubing. The pump was an Eastern Industries Model

D-H centrifugal pump of stainless steel (type #316) construc-
tion., It produced a head of about 17 feet of water at a

flow rate of one gallon per minute.

All connecting tubing in contact with MEA had to be
either glass, stainless steel or Tygon tubing. The rotame-
terfs float was of stainless steel also. The carbon dioxide
valve located Just below the &bsorption cell comprised a
glass stopcock while the MEA valve; Just downstream from the
rotameter;, comprised a stainless steel needle valve which
allowed close control on the flow rate. The bubble gener-
ating tube was a glass capillary tube of 0.0jl=inch inside
diemeter, The MEA reservoir was a ten-liter glass jug.

In the line between the rotameter and the absorption cell

was placed a small wad of glass wool which effectively
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removed any dirt or lint iIn the liquid.

Noted on the dlagrem 1s a by-pass line running from
the exhaust to the intake of the pump. Thls was necessary
since the pump produced too much head for the fittings used.
The fittings generally consisted of Tygon tublng slipped
over glass or steel tubes and the connections were made tight
with hose clamps. Such arrangements are not the most satis-
factory as far as leaks are concerned, but they were expedil-
ent and economical. Certalnly the best procedure would have
been to use all stainless tubing, but this 1s rather expen-
sive and further it would make the whole apparatus rigid.

It then would become difficult to move the various components
around, which was frequently necessary., A heat exchanger was
installed on the by-pass line in order to remove the fric-
tional heat generated by the pump. During the summer when
the cooling water became warmer 1t was necessary to immerse
the reservolr in an 1lce bath.

A detalled diagram of the reaction cell is given in
Figure 9., The theoretical aspects of the cell have already
been discussed in Chapter I. The cell originally consisted
of only the lower rectangular portion, but it was felt that
better flow characteristics could be obtalned if it were made
longer. Therefore the upper cylindrical portion was added,
The cylindrical portion served as a calming section;, and it

worked very well,



L8

14

MANOMETER
TAP

~pos

1o
MEA
FEED
o
74 1R
/i;
! t
2
rtssccuce g m—ipe)
\
Jo-’..-
~
.

NOTE: ALL PLEXISLAS
OONSTRUOTION

ALL LINZAR DIMENSIONS
IN OENTIMETERS

FIGURE ® DIAGRAM OF ABSORPTION CELL



49

The lower portion of the cell was cut out on a milling
machine and thus the converging and diverging sections were
very accurately formed. It was not necessary that the con-
verging angle be exactly 30° nor the diverging angle be 7°
but 1t was necessary that the cell be symmetrical., Therefore
a single slab of Plexiglas was milled to the desired contour
and then 1t was cut 1n half to form the two sides of the
cell., The front and back of the cell, that 1s, the sldes
through which the movies were taken, were 1/L-inch slabs of
clear Plexiglas. The edges at the throat and at the begin-
ning of the converging section were rather sharp. Perhaps
better performance could have been obtained 1f the edges at
the throat had been rounded off to some extent. Even though
flow was laminar the sharp edges may have introduced some
local turbulence.

The optical system employed warrants a few comments,
The lens used was chosen by trial and error. The prism used
was a totally reflecting right angle prism. The prism and
the lens were not of especially high optical quality. Not
shown on the flow dlagram 1s a grid located behind the bubble.
The grid was simply a tracing of a sheet of graph paper in
black India ink. A six~hour photoflood was projected onto
the grid and the light was reflected through a prism and two
lenses into the lens of the camera. Adjustment of the lenses

would meke the image of the grid fall onto the plane of the
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bubble., The net effect was that the bubble was photographed
against the grid backdrop.

The electric timer was graduated in one-hundredths
of a second and time could be estimated to the nearest
one-two hundredth of a second.

The movie camera was & 16 mm Traid-70 Camera, a
modified Bell and Howell unlit. The camera was driven by a
variable speed electric motor which was connected to a power-
stat. The motor was usually run at 90 per cent of line volt-
age (110 A.C.). The film speed was 1.8 feet per second or
72 frames per second. The camera was equipped with a l-inch
f£/1.9 Taylor-Hobson lens and could focus to a minimum dis-
tance of 2-1/2 feet. However, by placing a spacer between
the lens and shutter it could be focused down to distances
of six inches and at the same time give greater magnifica-
tion. The film used was 16 rm Kodak tri-X Negative in

100=-foot rolls.

Experimenteal procedure. The test solution was pre-

pared using distllled water and 99 per cent pure monoethan-
olamine prepared by the 0lin-Mathieson Chemlical Company. The
cemera was then set up on a tripod in front of the cell. A
reflex attachment was avallable which allowed focusing
through the lens but 1t had to be removed from the camera

before the fillm was loaded. Thus it was necessary to focus
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the camera carefully and then lock the camera in place for
no adjustments could be made once the film was loaded. The
camera was focused with the absorption cell filled with the
MEA solution. Generally the lens was set at f/.0. A larger
lens opening overexposed the film and did not produce as
sharp an image. No improvement could be detected on stopping
the lens down below f/}.0, After the camera was set up and
loaded, the pump was started and the solutilon circulated
through the apparatus. A thermometer was placed 1n the
reservolr and when 1t indicated that the solution was at
the desired temperature the test was started. First, a
couple of test bubbles were generated to see wle ther the MEA
flow rate was correctly set., The MEA flow was set so that
the bubble would leave the capillary tube, rise up slowly
toward the throat and remain "suspended™ at the throat for
a few moments. The bubble would be on the verge of escaping
past the throat when it would start to move back down the
cell in the direction of flow because of 1ts decreasing size,
Two or three such bubbles were generated to make sure that
experimental conditions were satisfactory. The clock and
lights were turned on and another bubble generated. Just
before 1t left the capillary tube the camera was started and
left running until the bubble was completely absorbed or
passed from the field of view. The 1life of a bubble was on

the order of one second., Occasionally a bubble escaped up
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the cell even though several test bubbles indicated that the
MEA flow was properly set.

The photographing of the life on one bubble consti-
tuted a "take," but occasionally two or more bubbles were
photographed on one take. The bubbles would still be gener-
ated individually, however, The take was recorded by a
small number placed on the mirror reflecting the clock face.
The number appeared on the film in the center of the clock
face,

For each take the following information was recordeds
rotameter reading, manometer reading, MEA temperature, lens
setting, barometer reading, and powerstat reading. Also, a
100-ml sample of the MEA was taken, Of the above readings
the only lmportant ones are the manometer, barometer, and
MEA thermometer readings. Although the rotameter was cali-
brated with water its main use was to help in adjusting the
MEA flow. To increase the CO, concentration carbon dioxide
was bubbled through the MEA in the absorption cell while the
MEA circulated through the apparatus. As the carbon dioxide
reacts with the MEA heat 1s liberated so that 1t was neces-
sary to cool the solution.

After a suitable period of bubbling the carbon dioxide
was cut off and when the MEA had cooled down to the desired
temperature another take was made. The procedure was repeated

until all the film was used; generally a little over 100 feet.,
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Only one initial MEA concentration was used for each reel

of film,

Analysis of experimental data., The film was developed

by the author as per instructions given by the manufacturer.
A 100-foot stainless steel reel and shallow stainless steel
pans were used for developing. Film agitation was by hand.
The film was dried in a closed room on a creel. A Bell and
Howell 16 mm movie projector was used for examining the film,
The projector could be stopped on any frame so that it was
possible to analyze the flilm frame by frame. A typlcal strip
of film is shown in Figure 10, At first it was thought that
the grid might be used to measure the size of the bubbles,
but it was found easler to use a palr of drafting dividers
end scale. The measurements taken from the film for various
recorded times were the bubble's horizontal diasmeter, i.e.,
the dlameter perpendicular to the direction of flow, and the
vertical diameter parallel to the direction of flow., Usually
measurements were made from frames corresponding to time
increments of .05 or .10 of a s;condo

The 100-ml solution sample drawn off at each take was
analyzed for carbon dioxide and MEA concentration. The MEA
analysis was obtained by titration with half normal sulfuric
acld using methyl orange as indicator. This procedure gives

the total amine concentration, reacted and unreacted. The



54

Time = ,039 sec. Time = 0,058 sec.

Time = 0,076 sec, Time = 0,093 sec.,

Time = 0,107 sec. Time = 0.11ll sec.

FPigure 10, Typical frames from a single take.
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carbon dloxide analysls was obtained by the absorption of
“carbon dioxide, evolved upon the addition of concentrated
sulfuric acid, In-a tared bottle containing ascarite.

All of the above information and original data for
this Investigation are recorded in Original Record of Re-
search Notebooks, pages 23751-23800, pages 10551-10600, and
pages 15628-15650, on file in the Department of Chemical

Engineering, University of Tennessee,



CHAPTER V
EXPERIMENTAL RESULTS

The masses of the bubbles were computed assuming that
the CO, gas was ideal end that the bubbles were oblate spher-
oids., The details of the calculations involved are given in
Appendix E. A typical plot of bubble mass versus time 1is
given in Figure 1l1l. Zero time is somewhat arbitrary in that
time was measured from the time of the first measurements
of the bubble!s dimensions. As the bubble breaks away from
the orifice there is a short perlod during which the bubble's
configuration oscillates between oblate and prolate spheroids.
The motion is soon damped out and the bubble takes an oblate
~spheriodal shape with the long axis horizontal (perpendicular
to the MEA flow). At this point measurements were begun.

The mass versus time data are recordéd in Appendix E.

Though it was hoped that the bubble would remain sta-
tionary while it was being absorbed, nevertheless there was
some movement., As the bubble became smaller it moved down
the column into a lower velocity region. However the experi-
mental setup could be adjusted so that the bubble remained
in the field of view of the camera until it became of negli-
gible size. Simultaneously with the above motion the bubble
osclllated toward and away from the camera., Consequently

the apparent size of the bubble would fluctuate also. In
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Appendix D 1t 1s shown that the resulting error of thils
motion 1s on the order of 2 per cent or less, Also dliscussed
there 1s the error inherent 1n the optical characteristics
of a lens, and thls error proves to be qulte small. The
scatter 1n the data shown 1n Figure 11 1s probably the result
of elther. the above errors or the fact that the bubble's
shape 1s not always that of an oblate spheroid.

In Figure 12 is shown a plot of mass to the one=third
power versus time, The plot was made on the basis of equa-

tion 3,38,
T
1o
(n¥2 = 0¥y = - )V RGP ynar (3.38)
(¢}

which, 1f 1t 1s assumed that NA i1s not a functlion of time,

takes the general fomm
nw = a % bT (5.1)

where a and b are parameters that depend cn P, T, and
Np. All the experimental data were correlated by equation
5.1 using the method of least squares. In every case a
stralght line was obtalned but 1n some instances the data
were more scattered than in others. In general 1t was found
that less scatter was obtalned at higher MEA normalitles,
The viscosity increases with MEA concentration so that with

an increase in MEA concentration lower MEA velocltles were
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necessary to hold the bubble stationary. Therefore, at high
MEA concentration the flow was more smooth and the bubbles
did not oscillate as much, In Figure 13 1s presented another
plot of n]/3 versus T, Flgures 12 and 13 represent, respec-
tively, the best and worst scatter of data obtained. It was
found that the MEA flow for optimum results was that which
allowed the bubble;, on first forming, to rise slowly up to
the throat. There it would remain motionless for a moment,
and then because of its decreasing size would start back down
the channel. During this period the bubble would exhibit
little horizontal motion. If the MEA flow were too high the
bubble would oscillate greatly while on the other hand if the
flow were too low the bubble would escape up past the throat.,
The optimum MEA flow was rather critical, and in order to
determine 1t several test bubbles were first generated before
any plctures were taken, In spite of precautions taken,
quite a few bad takes were obtalned. One of the most fre-
quent troubles was that of the bubble escaping up past the
throat. The only explanation for this seems to be a small
decrease in the rather critical MEA flow as a result of a
decrease 1n pump speed, The pump speed probably decreased
during a take because of a drop in line voltage which was
most likely due to operation of the photoflood lamps and
camera motor,

The fact that the data can be correlated by equation
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5.1 does not reveal anything about the absorption mechanism.
At this point all one can say i1s that the absorption rate is
constant during the life of a bubble, But such an observa-
tion can fit any one of a number of theories. One of the
obvious possibilities 1s the steady-state léminar film model
(Lewis=-Whitman two film theory). But on the other hand a
surface renewal model involving unsteady-state absorption by
small elements of fluld could also be applicable. Recalling
the discussion of Chapter III about the concepts of the model

one can write

Nove = f%’ - Ny(t)dt (5.2)

Q

where N is the average absorption rate of a small element

ave
of fluid during the exposure time T', In this case Ngye
would be used in place of N 1n equation 3,38, and if T¢
of equation 5,2 1is not a function of time then equation 5.1
would be obtained. Several investigators (22,26) have pro-
posed that T'!' 1s about the time it takes the bubble to
move one diaméter° Therefore, T! would be expected to
change daring the life of the bubble, and thus be a function
of t. Even i1f this were not true; T! should be a function
of the agitation in the liquid. Atadan (1) aﬁd Mottern (31)

have observed, however, that agltation does not influence

the absorption rate of CQp by MEA; while Hutchinson and



63
Sherwood (20) have observed similar effects for other systems.
The results of the above four investigators were based
on the absorption across a plane interface of known area.
The argument can be extended to the present investigatilon,
however, by considering the Reynolds number which 1s a cri-

terion of the hydrodynamics of the MEA. By definition

(5.3)
where

= Reynolds number

o =
o
@

] I

bubble diameter

<3
L}

MEA velocity
MEA density

S

M = MEA viscosity

During the absorption process the velocity, V, remains con-
stant, but D Dbecomes small. Thus the Reynolds number
decreases. Moreover, as the bubble'; slze decreases 1t moves
down the column into a region of lower velocity, which makes
the Reynolds number decrease even more,

The MEA rotameter was calibrated with water, but be-
cause of the limited amount of solution used; it could not
be calibrated for each MEA normality. Nevertheless the cali-
bration will be sufficiently accurate to determine Ngp, for

the present purposes. As an example, for Reel 7 the MEA



6l
normality is 1.06., The density and viscosity are 1 gm/ml
and 1 cp., respectively. The flow rate for Take 3 was
103 ml/sec. Initielly the bubble's diameter was 0.127 inch
and the diameter after 1.31 seconds was 0,06l inch, Calcu-

lation reveals that

Npe = 510 t=0

NRe = 255 t

f
]

1.31 sec

In both cases the bubble was at the same vertical position
in the tube so that the effect of vertical motion was not
considered. During the take the bubble moved up and then
back down the chamnel., The bubble can move vertically about
l cme For this distance it is easy to show that the ratio

of NRe &at the throat to the Ny 1 cm downstream is
l+42s8in8

where 9=7° is the angle the walls in the diverging section
make with the vertical. The above decrease by a factor of
two in Npe 1s typical of the data recorded.

Discarding for the moment the concept of fluild ele-
ments moving from the top to the bottom of the bubble the
residence time for the surface renewal theory should be a
functlion of the hydrodynamics of the liquid. Thus a decrease
in Npe would mean an increase in residence time. The con-

cept 1s analogous to the Prandtl mixing length in convectional
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heat transfer,

The above remarks imply that, barring surface phenom-
ena, the absorption mechanlsm involves a stagnant film sur-
rounding the bubble., Consequently, the absorption rate can

be represented functionally as
]
NA = f(A, B, Xf, Aig kg Bo) (50}-‘»)

the exact nature of the function depending on the solution
of equations 3.2 and 3.3, It should be pointed out that 1%
1s quite possible that the absorption rate will vary over the
surface of the bubble because of the variation of xp about
the bubble. Nevertheless the absorption rate stipulated here
(Ng) 1s that which was measured in the laboratory, and thus
isthes rate averaged over the surface of the bubble., Likewise
the film thickness used in equation 5.l must be some average
thicknesse.

In the present investigation the observed absorption
rates were correlated in various ways in an attempt to find
the functional relationship of equation S.4. Figures 1l
through 18 summarize the experimental portion of this investi-
gation. There the rates are plotted as a function of total
C0, concentration, €. (or, degree of carbonation); for ini-
tisl MEA normalities of 1.49, 1.95, 2,97, 1.06, and 6,06
respectively. The data are very scattered. The rates were

calculated from the slope (b} of equation 5.1, From equation



o)
O

F 1,49 md

les/11 ter

-
o

o

Absorption Rate x 106, 1b-moles/ftsec

n
o
-

2 3 & 5 6
‘Total COp Concentration, grams/liter

T 8

Figure lh.. Rate versus CO2 concentration; Reel 3.

99



Absorption Rate x 1069 lb-moles/ft-sec

O

(@]

-

Total CO, Concentration, grams/liter

Figure 15; Rate versus CO, concentration, Reel L.

B, = 1.p5 molesl/liter
(@) @)
O
(@) O
O
Lo
O
‘ O
2.5 5 1.5 10 12.5 15 17.5 20

L9



11

O | By, = 2497 moles/liter

)
O

qo

ON®)

0]
Q

Absarption Rate x 108, 1b-moles/ft2-sec
~
O

O
| O
)

0 5 10 15 20 25
Total CO, Concentration, grams/liter

Figure 16. Rate versus COp concentration; Reel 6.

89



-~

n

Absorption Rate x 106, 1b-moles/ft2-sec
o

=

P

Bo = 1,06 m¢

les/liter

(@)

2

3

L 5

Total CO, Concentration, grams/liter

Figure 17. Rate versus COp concertration, Reel 7.

69



100
(3]
® o By = 6.06 moles/[Liter
(\].
»
—
59
3
H O O
Q O
~ o,
o 0 o
a8 o)
K
p # ol o
O
o o
g ®) (@]
37
»
o,
: ?
0
<
6
0 S 10 15 20 25

Total CO» Concentration, grams/liter

Figure 18, Rate versus COp, concentration; Reel 8.

30

0.



T1
3,38 1t can be seen that

N, = -b (3/497 )73 (p/Ret)¥3

It was hoped that some clue on the absorption mechanism could
be obtained from the above mentioned figures,

Of some value perhaps 1s a comparison between the
measured rate and that predicted by theory. For discussion,
the results for 1.,95N MEA (Figure 15) will be used. At zero

6 lb-moles/

COé concentration the experimental rate is 8x10"
ft2-sec or hxlO'6 gm-moles/cm2-sec. The latter figure has
already been recorded on Figure 7, so that an interpretation
of the digital computer results could be made. Further com-
parison can be made with approximate solutions to the d4if-
ferential equations.

Hatta's theory (equation 3.25) states that

_ Ay + (Dg/Dy) B
A - xf/-DA (3025)

Substitution of the appropriate values gives

0.01 cm

Na 20.5x1076 lb-moles/ft2-sec for Xp

6.u8x10'u lb-moles/ft2-sec for x¢ JO«316JI:10"3 cm

Na

Another approximation i1s to assume that the process 1s a
first order chemical reactlon and at steady-state in the film.

Thus, from Appendix A
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cosh (V'k/Dy xg)

N, = A, VKD (A.82)
A 1 A sinh (V k;DA Xf)
which gives ultimately
Ny = 2.,83x10“'5 lb-moles/fta-sec for xp = 0,01 cm
Np = 2.83x10"5 1lb-moles/ft2-sec for xp = 0.316x10"3cm

The true test for the proposed theory should come from
figures 1l through 18. Equation 3.25 (Hatta theory) predicts
that N, should vary as the first power of the COp concen-
tration or really By - B where By 1s the MEA concentra-
tion at zero CO, concentration. On the other hand; equation
A.82 (first order reaction) predicts that Np should vary
as (Bg - B)%. But the data as can be seen ware disappoint-
ingly scattered, and the scatter is not the result of any
temperature effects, Reel 3 (Figure 1ll;) was made at a con-
stant temperature of 27°C. The scatter 1s just as bad as for
Reel 8 (Figure 18) when the temperature was varied as much
as one degree, Notice in Reel 8 at a CO» concentration of
25.85 g/1 the rates differ by 1.65, or 25 per cent of the
lower value. The temperatures were the same. Figures 19,
20, and 21 show the dependence of the rate on the free MEA
concentration to the one-=half power assuming that carbon di-
oxide and monoetheanolamine react in a one to one ratio,

Reels L4, 6, and 8 are probably the best data taken in this

investigation., It appears that the rate does not vary
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linearly with the free MEA concentration as suggested by

equation 3.25. Indeed, notice that the curves for Reels |
and 6 seem to exhibit a maximum as in Figures 14 and 15,
Reel 8 does not have a maximum. Only the data for 25°C are
plotted in Figures 18, 19, and 20.

Figure 22 shows a plot of the rate versus temperature

from Reel 8,
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Figure 22. Rate versus temperature, Reel 8,

All that one can say is that the rate appears to increase
with temperature as would be expected. The diffusivity in-
creases with temperature. It 1s not clear how the rate
should depend on di ffusivity, because it 1s not clear what
is meant by the diffusivity of COp. Is the CO, diffusing
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through water alone, through water and MEA, or through water,
MEA and reaction products? In the last two cases the diffu-
sivity would depend not only on temperature but on MEA and
reaction product concentrationg,for each of these specles
will change the viscosity of the medium through which the CO,
is diffusing. Comstock (5) shows that the viscosity in-
creases linearly with 002 concentration. He presents data
for only two MEA normalities, 2.00 and 7.86. From equation
A.82

NgoCVE D (5.5)

but
k = k? (Bo = C) (506)

and according to the best data available for liquids (L45)
DA = constant = G (5.7)

at constant temperature. The viscosity can be represented

by
AU =h+ 50 (5.8)

where h and J are constants, and for six normsl MEA
/a = 3 + 1.250 (509)

The number 1.25 1s only an educated guess based on Comstock's

work, Combining equations 5.5, 5.7, and 5.9, one finds that
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B. = /
Nyl (3 +°1°2(5’G_)% (5.10)

Figure 23 gives a plot according to equation 5.10 for Reel 8
(B = 6.06). Again the temporary leveling off or plateau,

as in Flgure 17, persists. The analysis did not help much

in correlating the data.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

An experimental technique was developed for determin-
ing the absorption rates of single gas bubbles suspended in
a downward flowing liquid. From motion pictures of individ-
ual bubbles the mass of the bubbles was determined as a
function of absorption time., The experimental data were
found to correlate linearly on plotting the bubble mass to
the one-third power against absorption time. The correlation
is 1In agreement with the theoretical eguation based on the
assumptions that the bubbles are spherical and that the ab-
sorption rate per unit area of bubble surface 1s constant and
uniform over the whole surface, The absorption rates were
calculated from the slopes of the straight lines.

Theoretical analyses of several absorption mechan-
isms were made in an effort to find a model that explained
the experimental data., In general the theoretical model in-
volved a small element of fluld of finite thickness next to
the gas~liquid interface across which the gas was absorbed.
For this situation pure physical absorption and absorption
with simultaneous chemical reaction -- zero, first and second
order -- were considered, For the second order chemical re-
action case the solution of two simultaneous second order

non-linear partial differential equations 1s required. The
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unsteady-state case was solved on both digital and analogue
computers, and the steady-state solution was found on an
analogue computer, (See Appendices B and C for details.)

The zero and first order reaction cases were solved analyti-
cally (Appendix A) and an analogue solution of the latter
was also obtained (Appendix C).

It is recognized that each and every fluid element at
the gas=liquid interface may retain its geometrical shape
end position (leminar film model), or each element may be
periodically replaced (surface renewal model). A study of
the above possible models indicates that the absorption mech-
anism is best explained by steady-state physical absorption
and simultaneous second-order chemical resction in a stagnant
film of constant thickness surrounding the bubble., The dig-
ital computer results indicate that the time required to reach
steady~state for thin films is much shorter than surface re-
newal time, which fact supports the above proposal, For this
steady=-state mechanism an analogue solution of the two simul-~
taneous non=linear total differential equations was found

for variqus film thicknesses., Far two normal MEA:

Xp = 3.16x10'u cm, NA = lxlo-5 gm-moles/bmz-sec
Xp = 5x10'3 cm, NA = Lp:lo'6 gm-moles/cma-sec
Xp = lxlO"'2 emy NA = 11{10-6 gm-moles/cmzwsec

The experimental value was L|.J:lO-6 gm-moles/cme-seco Therefore
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a film thickness of SJILlO"‘3 cm would appear to explain the
experimental results., However, not too much significance
can be given to this exact value because of the uncertainty
of the proper values of CO, and MEA diffusivities. Alsoy
the kinetics of the 002°MEA reaction i1s not completely under-
stood,

A satisfactory correlation of absorption rate as a
function of total 002 concentration in the liquid was not

found, The data were too scattered to permit reasonable

interpretation,
RECOMMENDAT IONS

1, Additional steady~-state solutions should be run on the
analogue computer at other MEA normalities, When the
theoretical absorption rates are equal to the experi-
mental values obtained in the present investigation the
same film thickness may not be the same as reported
herein, It is conceivable that the film thickness will
be a function of liquid viscosity and hence MEA concen=-
tration,

2, Experimental data on the diffusivities of CO, and MEA
in aqueous MEA solutions are much needed,

3. The kinetics and the dependence of the reaction rate
constant for the CO,-MEA reaction should be studied in

more detail,
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4. Additional rate data at high CO, pressures (3 to 5
atmospheres) might be useful in clarifying the absorption

mechanism,



NOMENCLATURE
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NOMENCLATURE

A = gas component absorbed by liquid; also 1its concen-‘

tration; also bubble area

A1 = concentration of A at interface

X = Laplace transform of A

AB = true bubble diameter

A'B! = gpparent bubble diameter

B = 1iquid component which reacts with absorbed gas,
and its concentration

Bo = Initial concentration of B

C = total CO, concentration (physically absorbed and

2
chemically combined)

C15 Co = constants of integration
Dy = diffusivity of component 1

F, F* = correction factors for bubble shape

H = Henry's Law constant

I4 = photographic image of point 1

AT = parallax error

Ky = k'Bgxs2/Da

K> = DB/Dp

K3 = k'Ayxp2/Dy

NA = aﬁaorption or diffusion rate per unit aresa
NRe = Reynolds number

Q = gross or total absorption rate

R = gas law constant



)

K & P T

k!

¢ B8 0" B

<

xr

NS e gy

fluld element residence time; time

bubble volume; also bulk liquid velocity

dimensionless distance

parameter; also bubble radius or semi-axls

"
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viscosity parameter; distence between film and lens

viscosity parameter

first order reaction rate constant

second " " n
third " " "
bubble méss | m

pressure (also P is used)
bubble radius

time

point fluid velocity
distance

laminar film thickness

dimensionless concentration
n "
temperature

absolute temperature

liquid viscosity

kinematic viscosity

liquid density
dimensionless time, Dat/xfa

’ A/Ai
» B/Bg



LIST OF REFERENCES



9e

10.

11.

12,

13.

l).{.o

88

LIST OF REFERENCES

Atadan, E. M., "Absorption of Carbon Dioxide by Aqueous
Monoethanolamine Solutions,"™ Unilversity of Tennessee
Thesis (Ph.D.) 1954.

Calderbank, P. H. and I. J. 0. Korchinski, "Circulation
in Liquid Drops," Chem. Eng. Sci. 6, 65 (1956).

Carslaw, H. S. and J. C. Jaeger., Conduction of Heat in
Solids. Oxford: Oxford Clarendon Press, 19&7.

Chiang, 8. H. and H. L. Toor, "Interfacial Resistance in
the Absorption of Oxygen by Water,"™ A.I.Ch.E. Jour.
5, 165 (1959).

Comstock, C.S., Yale University Thesis {(Ph.D.} 1935,

Danckwerts, P. V., "Significance of Liquid Film Coeffi-
cients in Gas Absorption,™ Ind. Eng. Chem. L3, 1460
(1951).

, "Gas Absorption Accompanied by Chemical Reac-
tion," A.I.Ch.E. Jour., 1, 1413 (1955),

Danckwerts, P. V. and A. M. Kennedy, "Gas Absorption
with Chemical Reaction,™ Trans. Inst. Chem. Engrs,

S, 325 (1954 ).

Emmert, R. E., University of Delawars Thesis (Ph.D.)
1954.

Epstein, P. S. and M. S. Plesset, "On the Stability of
Gas Bubbles in Liquid-Gas Solutions," J. Chem. Phys.
18, 1505-1509 (1950).

Erdeyli, A.. Tables of Integral Transforms. Vol. 1.
New York: McGraw-Hill Book Co., 195k,

Falkovskiil, V. Bsy, U. I. Preluikov, and A. V. Vetrovs,
"Dynamics of Chemisorption in Bubbling Columns,"
Zaur., Prik. Chem. 30, 1760-1763 (1957%o

Garner, F. H., "Mechanics of Drops and Bubbles in Dif-
fuslon Processes;" Chem., and Ind., No. 8 (1956).

Garner, F, H. and D, Hammerton, "Circulation Inside Gas
Bubbles," Chem, Eng., Sci. 3, 1-11 (1954).




15.

16.

17,

18.

19.
20.

21.

22,

23.

24,

25.

26.

27.

89

Garner, F. H. and J., J. Lane, ™Mass Transfer to Drops
of Liquid Suspended in a Gas Stream, Part I and II,"
Trans., Inst. Chem. Engrs. 37, 155-172 (1959).

Griffith, R. E., "Rate of Absorption of Single Bubbles
of 002 in Aqueous MEA," University of Tennessee
Thesis (M.S.) 1954.

Grovesy, D. W. and W. Mc. Hawkins, "Steady-State Absorp-
tion of Carbon Dioxlide in Aqueous Monoethanolamine
Solutions at Pressures Greater than Atmospheric,"
University of Tennessee Thesis (B.S.) 1959,

Hammerton, D, and F, H. Garner, "Gas Absorption from
Single Bubbles,"” Trans., Inst. Chem. Engrs. 32, 518-

523 (1954).
Higbie, R.,, Trans, Am., Inst. Chem., Engrs. 31, 365 (1935).,

Hutchinson, M. H. and T. K. Sherwood, "Liquid Film in
Gas Absorption," Ind. Eng. Chem. 29, 836 (1937).

Kishinevskii, M. Kh., "Two Approaches to the Theoretical
Analysis of Absorption Processes,™ Zhur. Prik. Chem.
28, 927-933 (1955).

Kishinevskii; M. Kh. and L. A. Mochalova, "Mechanism of
Bubble Absorption," J. App. Chem. 29, 170-175 (1956).

Knudsen, J. G, and D, L. Katz;, "Fluld Dynamics and Heat
Transfer,” University of Michigan Eng. Res. Bull,

37 (1953).

Ledig, P. G. and E. R. Weaver, "A Method for Studying
the Rapid Absorption of Gases by Liquids,"” Jdo Am,
Chem. Soc. L6, 650 (192L),

Lewis, W. K. and W. G. Whitman, "Principles of Gas Ab-
sorption," Ind. Eng. Chem. 16, 1215 (192).

Lightfoot, E. N., "Steady-State Absorption of a Spar-
ingly Soluble Gas 1n an Agitated Tank with Simul-
taneous Irreversible First-Order Reaction," A.I.Ch.E.

Jour. 4, 499 (1958).

Lindland; K. P. and S. G. Terjersen, "The Effect of a
Surface~-Active Aﬁent on Mass Transfer in Falling
Drop Extraction,”" Chem. Eng. Sci. 5, 1=12 (1956),




26.
29.
30.
31.

32.

33.

3L4.

36.
37.

38.

39.

Lo,

90

Mickley, H. S.; T. K. Sherwood, and C. E. Reed. Applied
Mathematics in Chemical Engineering. New York:
McGraw Hill Book Company, 1957,

McKee, R. J., "Surface Tension by the Ring Method in a
Non-Equilibrium Liquid-Gas System," University of
Tennessee Thesis (B.S.) 1959.

Mochalova, L. A. and M. Kh. Kishinevskii, "Concerning
the Kinetic Mechanisms for Absorption bg the Bubble
Method,™ J. App. Chem. 31, 533-542 (1958).

Mottern, J. W., "Steady-State Absorption of Carbon Di-
oxide by Monoethanolamine Solutions," University of
Tennessee Thesis (M.S.) 1957.

Nijsing, R. A. T. 0., R. N. Hendriksz, and H. Kramers,
"Absorption of CO, in Jets and Falling Films of
Electrolyte SolutIons with and without Chemical
Reaction;" Chem. Eng. Sci. 10, 88 (1959),

Pai, Shih-I. "Viscous Flow Theory,"™ Laminar Flow.
Vol, I, p. 24l4. Princeton, N.J.: D. Van Nostrand
0009 InCOp 1956.

Peaceman, D. W., "Liquid Side Resistance in Gas Absorp-
tion with and without Chemical Reaction," Massachu-
setts Institute of Technology Thesis (Ph.D.) 1951,

Peebles; F. N. and H. J. Garber, "Studies of the Motion
of Gas Bubbles in Liquids," Chem. Engr. Prog. L9,
88 (1953).

Perry, R. H. and R. L. Pigford, "Kinetics of Gas-Liquid
Reactions," Ind. Eng. Chem. 45, 1247 (1953).

Pilt, I. G., Kinetics of Gas Absorption," Zh. Priklad.
Chemo ll_g 5)_‘.-60 (1958)o

Potter, O, E., "Chemical Reactions in the Laminar Bound-
ary Layer-Instantaneous Reaction," Trans. Inst.

Chem. Engrs. 36, 415 (1958).

Raimondi, P. and H, L. Toor, "Interfacial Resistance in
Gas Absorption," A.I.Ch.E. Jour. 5, 86-92 (1959).

Scriven; L. E. and R. L. Pigford, "On Phase Equilibrium-
at the Gas-Liquid Interface During Absorption,”



.

,_‘_20

L3.

91
A.I.Ch.E. Jour. L, 439 (1958).

Sherwood, T. K. and R. L. Pigford. Absorption and Ex-
traction. New York: McGraw Hill Book Company, 1952,

Toor, H. L. and S. H. Chiang, "Diffusion-Controlled
Chemical Reactions,” A.I.Ch.E. Jour. 5, 339 (1959).

Toor, H. L. and J. M. Marchello, "Film Penetration Model
for Heat and Mass Transfer," A.I.Ch.E., Jour. L, 97
(1958).

Whitman, W. G. and W. K. Lewis, "Principles of Gas Ab-
sorption," Ind. Eng. Chem. 16, 1215 (1924).

Wilke, C. R., "Estimation of Liquid Diffusion Coeffi-
clents," Chem. Eng. Prog. 45, 218 (1949).

Worthing, A. G. and J. Geffner, Treatment of Experi-
mental Data. New York: John Wiley and Sons, Inc.,

1943.




APFENDICES



APPENDIX A

SOLUTIONS OF EQUATIONS 3.2 AND 3.3



SOLUTIONS OF EQUATIONS 3.2 AND 3.3

9L

It was mentioned in Chapter III that equations 3.2 and

3.3 cannot be solved analytically. However, they can be

solved for particular simplifying cases.

I. Zero Order Reaction.
A. Unsteady state.
The differential equation now becomes

J4

= - "
ot =Da D x2 k

where k" = the zero order reaction rate constant.

boundary conditions remain unchanged, that is

A(x,0) =0
A(O,t) = Ai
A(xf,t) =0

It 1s convenient to make the variable substitution
A' = A + k" t

So that

O%A' _ A

and the boundary condltions become

A'(x,0) =0

(A.1)

The

(A.2)

(Ae3)
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Av(0,t) = &4 + k"t (A.L4)
At (xp,t)= k"t

which are time dependent. The primes will be dropped from
the k for convenlence, Because of thils time dependence,

it 1s necessary to use Duhamel's Theorem (5) to obtain a
solution. The mechanics of the solution are given in section
IT.A. of thls appendix where the solution is worked out for
the first order reaction case., Thus Duhamel'!s Theorem states

(co.f. equation A.25) that

t
A =...g_t.j Va7 [+ 2(e-7] a7 (A.5)
(o]

where V(x,t) is given by equation A.}9. Consequently the

solution to equation A.l can be written down immediately:

| 2x2
b [ e ater] o -3 [T R
° o

n=1

e Z72DA

sin nzfx dr-% Z *sin—%—j (t-7)e a7

n=l (Rob)

Carrying out the integration and subsequent differentiation

one obtains
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2,2
Xp=X [ 244 1 -1 Dj
At = Ay + kt] - == E in BZX 7 ¢
x n xf x -
£ m = f
Lk Y o xg n” 7Dy e
= aln ¢ e ) t
< Xp n 7)’ DA [1 * Xp te xfg -
2 _2
_n T DA ] 2,2
o —2L R ¢ Lk 1 nfx -9 Dy |
X2 + 5 n8in Txp~ |te— = ¢ (A.7)

Since QA/Jdx = QA'/Jx, then

22,2
A _ 2A il Dp
%i]xzo”*i-?kt-——iz ot _ Lk

b 4 Xf
£ n=l xf
2 2..2
Sl -]
l nZWZDA n?"”z xf§ (AOB)
Thus
2_2
_ N 21 -0 Dy
N, = -D, %?] D, [Ai +2ut 4 T2 e TxZ .
x=0 —
n=1
2
Xp _n22723A
% Z 2.2 (l - 8 x 2 t) (Aog)
n=1 © T2, f
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I. Zero Order Reaction (continued)

B, Steady state.

The differentlial equation now 1s

DA —5-k=0 (A.10)

The boundary conditions are

A(0) = Ay
(A.11)
A(xf) = 0
Integration of A.10 gives
dA _ k
ix 5;; + Cl (A.12)
A = %X x2 4 Cix + Cp (4.13)
From A.11l, the constants of integration are
02 = Ai (AolLI-)
2
DK X~ & Ai
CL = ~ (A.15)
*r

Therefore

A= %I x° - S %+ Ay (K.16)
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and
2
_d-;] - = Xf (A017)
X=0
Thus
k x.2 ¢ D, A
dA i A 1
N==D = - — o
A & % (A.18)

The above solutions are only of academic interest in
that they have little application to the present investiga-
tion because the COZ-MEA reaction is elther a first or second

order reaction,

JI. PFirst Order Reaction.
A. Unsteady state.
l, Series solution.

The differential equation is

0°h _ Q4 _

with boundary and initial conditions

A(x,0) =0
A(O,t) = Ay (A.20)
A(xp,t) =0

and
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In the following the subscript A will be dropped

from D. Let
A = U exp (-kt) (A.21)

then A.19 and A.20 become respectively

J U
D 32 = %_t. (A.22)
and
U(x,0) =0
U(0,t) = Ay exp(kt) (A.23)
U(xf,t) =0

Since A.23 involves time dependent boundery conditions
the solution of A.22 must be obtalned in & special menner.
One way is with the help of Duhamel!'s Theorem (5) one form
of which states that if V 1s a solution of A.20 with

boundary conditions

V(x,0) =0
v(o,t) =1 (A.20)
V(xf,t) =0

then

t
e J

U= Ay exp(k (t =7)) V(x, T )d7 (4.25)
A%



Let
V = R+ W

where R satlisfies the equations

4°R 0
ax

R(If) = 0
R(0) =1

and W satisfies the equations

aszﬁ

ELEP
W(x,0) = -R
W(0,t) = 0
W(xpst) = 0O

The solution to A.27 and A.28 is

xf-x

R =
Xy

For W assume that

W = X(x) T(t)

Therefore from A.29

X7'=DX"T . -

100

(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

(&+31)

(A.32)

(A.33)
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or
Tk -B° (A.31)
Thus
%} = mﬁz (4.35)
and
D % = =ﬁ2 (A.36)
The solution to A,35 1is
T = exp (~f2 t) (A.37)
and for A.36
X = C; cos f x 4 C, sin v x  (A.38)

VD D

Or, from A.32

W = exp (,,Jg2 t) [Cl cos %x + Co sin%x]

(A.39)
Since, from equation A.30,
W(0,t) =0
and
C;p =0 (A.l0)
then

W(ngt) = 0 = Cp sin 7-5 Xp (A.L1)



Therefore
%sznWQ n=0319233gnooooo
or
P _n VD
Xp
Thus

2?2
W(x,t) = exp(- E—Zé—g t) ¢ sin a7

o X
X
Xf £

and. at t=0

Xp - X
W(x90)=,--£—""- ZC sinﬁx

Xr n=o

which can be recognized as a Fourler Series if

Xr
Cp = & (2= Xf) s1n BZ 5 g x
£ xf £
o

It should be noted that Cgo = O,
From A.L6 one obtains

C =

2
n -'rl_ﬁ'-g n=1929390000009

Consequently

292
n D
W= = E exp (= -—Egz‘t) sin Eif

o

102

(A.L2)

(A.43)

(A.Lh)

(A.L5)

(A.L6)

(Aly7)

x (A.48)
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Therefore substitution of equations A.};8 and A.31 into equa-

tion A.26 gilves

2,2
- X=X 2 1 _n 2‘ D n7x
V = < = exp ( = t) sin £ (A.49)

X

H

This in turn must be substituted into equation A.25 to obtain

U, that is
t
=X 2y 2
o= g [ n e[ - £ 5 o200
n=1 £
o
sin n7x x] a7 (4.50)
xf

which gives

?af F(f;)[exp(kt)=1]= chs ;;cp(kt) Zl sin BZZ

n=1 xf
2 2
1l - exp(= [XW k]t)}
f
(A.51)
29r2
E;Z%%ll * K

xf

Now by A.21 one obtains for A after differentiating

2

X
xf_ 2A1 Z nx !
{(—— = sin X5 | n277 2D + x,2 0

A= Al
n=1l
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29r2p 292
[k * —-—--7—72— exp( —;%—D— + k] ’c)] (A.52)

The next step 1s to find the absorption rate by Fick's Law,

Thus
A x.2
gaz__g_mzkiz Zcoan?x( £ )
2or 2 2
x T Xf nereD 4 x° k
Loapd Lo 2
D n“7 D
[k-»---»”ﬁ . exp(w[mg +k]t] (A.53)
Xe Xe
end at x=
A Ay 2hy %2 2972
‘3";;] s T x T X, 221 2k[k* 2
x=0 f £ To PTD *x xr
nZZZD
exp (- [ £5= + k] t) (A.54)
xr
from which on application of Fick's Law
DA 202
N O S, P <
n=] B D4 xe™ k Xp
2ol
exp (- [9—-7%—9 * k] t) (A.55)
X

Of interest is the amount absorbed after a time T has
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elapsed. Consequently

T
_ DA, k T xp2 n7” Dpxs?
Npav=x-T+e 22 77 Y L2, 2 2 "
£ n“ D + xr° k (n“7r °D + x72 k)
o n=1
27r2
(1 - exp {} [E—zg—g + k.] ?})J (A.56)
x

l. Laplace Transform Method.

Equation A.55 1is not convenient for analysis of
data because of the uncertalnty i1n the convergence of the
series., Some interesting results can be obtained if equation
A.19 1s solved by the Laplace Tm nsform Method. In the fol-
lowing & (x,p) will denote the transform of A (x,t) with

respect to the kernal p. Thus be definition

A (x,p) = foeXp(-pt) A (x,t) dt (A.57)

(o]

The inverse transform was found from the tables compiled by

Erdelyi (11).
The transform of equation A.l19 1is

D—?da‘-I+A(xo)=kK (A.58)
d x P ’ -

There are two possibilities to consider here; A (x,0) =0
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or A (x,0) = A,>0, in which case

A (xp,t) = Ay exp(-k t) (A.59)

If the reection 1s truly first order, then A can never be

zeroy but keeping In mind that the results must be applied

to the COo-MEA system where 1t 1s possible that A can be

zero, the first situation may glve an approximate picture of

what 1s taking place. Nevertheless the latter case will be

solved first, amd the solution for the former wlll be deduced

as a special case of another set of boundary conditions,

Thus the transformed boundary conditions for A.S58 are

A

k(0,p) = %
A(x,0) = %? (A.60)
Alzpp) = 5'5-3—1;

The solution to A.58 is

_ A
A = C; exp (Rx) + C, exp (-Bx) + p?*k (A.61)

where

RS = 2—%—5 (A.62)

By equation A.60 the constants of Integration (C; eand C))
may be found so that finally

JYAYY + A k sinh R(Xf -x)
P (p + k) sinh R xg (A.63)
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where

AA = Ay - A (A.6L)

Differentiation of A.63 gives

Ok _ PAA + Ay k cosh R(xe - x)
o0x  ~ plp + k) sinh R xp (A.65)

or at the interface (x=0)

(A.66)

az] _ PAA + Ay k cosh R xp

0 *Jx=0 DA? p(p+k)% sinh R x¢p

after substitution of equation A.62.

Unfortunately the inverse of equation A.66 cannot be written
explicitly. The solution 1lnvolves the evaluation of the con-

volution integrals

t
2 I xp2n2 xp2n2 1 1202
exp (~kU) BIfESE exp(-‘B;ﬁ‘) - 56375 exp(="DU ) (dU

o n=-2o9 (A.67)
and
= 2 2 2 2 2
o X" n 1 Xpc 2
%!, géiajéA uo/2 °XP ('“ﬁz“ﬁ* " 5u3/2 GIP(“ﬁ;’ﬁ‘i‘dU (A,68)

which cannot be evaluated in closed form and which nevertheless
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appear to diverge at the lower limit.
But the inverse of A.66 can be found for the special

case of p large. Thus

1m QX _ _plA + A1k

(A.69)
P—>oo axx=o \/_Dp"_T"p "

Notice that p does not have to be too large for

$-1005 "
)2 >—3— ° 10 (A.70)

(Rtk)® _ (p+
D 2« 107

(for 2 normal MEA) and

cosh 104

inh 10i

ne
[

The limit of A.69 corresponds to t—=0 and thus the in-
verse wauld be applicable to short ebsorption time a real-

istic condition for the present investigation.
Taking the inverse of equation A.69 one obtains

Jd A = . _1 | AA exp(=kt) {expg-ktl % 3 %}
E_x]x,,o fﬂ[ = e fAik( E + k% Erf(k®t?)

(A.71)

which gives immediately for the absorption rate

¥po = - Da

QA:I = D{AA exp(=kt) , k{expf-kt) +
H MR T O
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k% Erf (fE?i} (A.72)

Recall that Erf 1s the error function defined thusly
x
= 2 2
Erf x = exp(-u~) du (A.73)
i
o

If now the boundary conditions to A.1l9 are modified

to read

A(O,t) = Aq
Alx,0) = A, (A.7h)
A(Irgt) = AO

which precludes any reaction in the bulk of the 1liquid then

one can obtaln by an analysls simllar to the above that

=D Ap exp(-kt) :}
N=4D + A Vk D Erf ( kt) Ao

¥or the speclal and more reallstic case Ay = O one has

N =\/'1§;L Ay [2259_&____)_ ,7": £t) 4 1k Err ( kt)] (A.76)

For an absorption time T the average absorption rate is

given by

Nave = g N, dt (A.77)
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From A.76

T
fNA f&zﬂ:lf_t_dt+Ai\/DA fEerert

o
(A.78)
Finally

n+l TT n=-1 2
(2n+l)(n==l)lj

oo
Nave = Aim ‘/;—'f" exp(-kt) + Lk Z (~1)
n=1

‘ T 1 .
Ay D4 X [Erf (Vkt) + /k77*'1‘ oxp(-kt) - - Erf (»fkT)}

(A.79)
II. First Order Reaction (continued)
B, Steady state,
The differential equation now becomes
2
d“A
DA dxz = kA = O (AoBO)
end the boundary condlitions are
A(0) = A4
(A.81)
A(xf) = 0 (for CO,-MEA system)

The solution to equation A.80 is easily obtained, thus:

N = A VR Do cosh (\/k?DA X¢) (A.82)
A= ™ A sinh (\)ijA xr)
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DETAILS OF DIGITAL MACHINE SOLUTION

OF EQUATIONS 3,2 AND 3.3

It is not intended here to go into the coding of the
problemy; but rather to present the overall calculation scheme
end certain other pertinent points which will prove to be
interesting., In Chapter III, equations 3.20 and 3.21 are the

finite dif ference form of the unsteady-state equations.

X m, n+l ”O(m,n - A mél,n ~ 20(‘an + X m-1.n

AT (Ax)2
Kle(mgnd&mgn (Bo1)
\nggn-i-l “’ng,,m = x J9m+ls,n - 2\ﬁmmn +ng=algn
AT 2 (AX)°
K3c><m;.,n ugmgn (B.2)

The canstants Kl” K29 and K3 were defined in the text. Equa-

tions B.l and B.2 can be solved explicitly for CA and

my,n+l
ﬁmsn*l_ the X andJB after a time A7 has passed. Thus

X m,n#l T &1 (X p-1,n *O<m+l,,n) + (ap = alﬁ mgn)o(mgn
(B.3)

‘JB m,n+l - &) (ﬁm-l,n ‘*‘ﬁm-i-l,n) + (ag - 8¢ X mgn)ﬁ m,n
(Bo4)
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where now

a, = AT
1 (AX)2
aZEIDZAT__
(AX)2
2
8.3 = KlA’;’ = k IB):xf AT
_ AT _ D5 AT
= K2 A% T T (B2
K, AT D AT
=1 .02/ _ 4 _.-,_2
a5 =1 2(&){)2 1 2DAW
k A x .2
ae=K3A7'=m--—;AfA7’

In words one can deséribe the machine computation as follows:
for each x increment, new X 's anng 's were computed
from the old A !'s andﬁ 's by equations B.,3 and B.l.
The process 1s fepeated o{rer and over untlil 1t 1s decided to
stop. The boundary conditions for equations B.3 and B.l were
O(o,,n = 1, which corresponds to X (0,T) =1, X m0 = 0,
which corresponds to®X (X,0) = 0, ﬁogn =ﬁ13n s Which cor-
responds to aaﬁX]- = 0, and fm,o = 1, which corresponds
to f (X,0) = 1, %o

For Case 1 AT was 2°

16 end A X was 2~1, The ques~

tion lmmediately arises as to whether these values are the

optimum values. In Case 3 AT was one-half of that in Case 1
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and it was found that the results remain unchanged. Conse-
quently the lattice size must be small enough. On the other
hand during the computations it sppeared that the cXt!s and
f‘s were approaching steady state values very slowly, which
suégested that AT could be increased in order to decrease
the computing time. The author, using a desk calculator,
duplicated the computator's work by the machine for A7 = fmo
After the first A7 X 1 = 1, but after the second AT it
decreases to =2.016 and then at the end of the third time
increment it has increased to 7.925. Similar behavior was
obtained at the other X values., Of course the above be-
havior is not realistic in terms of the physical nature of
the absorption process., But when equations B.3 and B.l are
used the absorption proceeds in a syncopated fashion. During
the first time Increment the liquid absorbs the gas, but no
chemical reaction takes place as evidenced by the fact that
ﬁ does not change. The liquid absorbs more gas during the
secand time iIncrement, and chemical reaction occurs between
the Vl? and the ©{ absorbed in the previous time incrsment.
Thus the effect of making A7 too large is that the absorp-
tion process goes on toc long before chemical reaction can
start. The above comments will apply to subsequent time in-
crements and at each X,

=15

Computations were also made for A7) = 2 and

X= 2x 2“"7 so that A‘r remained constant. The same
a ZAX;Z
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behavior was obtained but not nearly as extreme as before.
In fact no matter what size A7 1s used the effect of X
first increasing then decreasing will be observed. For ex-
ample, for Case L, X 1,1 = 0.25, <><l,2 = 0.249, X 1,3 -
0.,2649, and X continues to increase. A similar momentary
dip occurs at the other X values.

The machine reported results after 256 iterations and
for every eighth X 1increment. For Case 1, 1t took about

2-1/2 hours to produce 35 outputs. Since

D
T2y

sz
then
2
xp
Lt =5—AT
A
and
AT = 2716

Substitution of Dy = 2x10"> end AT = 2-16 glves

At = ;8:3 X 2

as the change in real time per iteration. Thus for 28 iter-

ations and 25 outputs the time elapsed 1is

t = xfa o 105 ° 2‘"1“-
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If xp = 10" the time is 5/8 second, end for x.2 = 1077,
the time is 1/600 second.
Table II contains a typical set of outputs as pro-

duced by the machine for Case 1,
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TABLE II

CONCENTRATION GRADIENTS FROM THE DIGITAL COMPUTER
CASE 1

Xx16 A B < B

Qutput 1 Qutput 5
0 1,00000000 0,99856741 1.,00000000 0.99283151
1 0.45365186 0,99922278 0,659,516 0.99389,12
2 0.14385650 00.99982215 0.41690378 0,99598653
3 0,03020820 0.99997517 0,25007698 0,99778213
I 0.00L060LL 0,99999757 0.14105355 0.99892365
5 0.00034155 0,99999969 0.07425102 0.99952767
6 0.,00001765 0.99999982 0,03625657 0.99980909
7 0.,00000053 0.99999982 0.01634318 0,99992818
8 0,00000000 0,99999982 0,00677477 0.99997459
9 0,00000000 0,99999982 0.00257485 099999130
10 0,00000000 0.99999982 0.00089506 0.9999968L
11 0.,00000000 0.99999982 0.,00028398 0.99999853
12 0,00000000 0.99999982 0.00008206 0.99999900
0,00000000 0099999982 0.00002152 0.99999912
0,00000000 0099999982 0.,00000506 0099999921
0,00000000 0.9999998L 0.00000100 0.9999994,7
Qutput 10 Qutput 15

1,00000000 0,98625692 1.00000000 0,980244105
0.68915719 0.98752132 0,69653181 0.981641436
0,46955882 0.990350L6 0.48301942 0.9849LL86
0.31518348 0.99331538 0.33300531 0.98866943
0.20765347 0.9957,4768 0.22788661 0.99202583
0,13379113 0.997U7526 0.1545315, 0,99469009
0,08400501 0.99858323 0.10364280 0.99662506
0.05123461 0.9992,411) 0.0686188L 0.99793750
0.03026,457 0,99960917 0.,04475869 0,998780L9
0.01727042 0.999805.7 0.02870693 0,99929871
0.0094.9940 0.99990603 0,01806678 0.99960617
0,00502619 0.99995569 0,01112885 0.99978342
0,00255233 0.99997939 ° 0.00667891 0.9998832
0,0012374l 0099999037 0,00385831 0099993861
0.00055946 0099999547 0.00205969 0.99996948
0,00020309 0.99999616 0.000858) 0.99998792




TABLE II (continued)

]

O o~NoN\nfFEwmMPhH

X A
Qutput 20
1.00000000 0.97467791
0.69926577 0.97618820
0.48787670 0.9798L4361
0.33941890 0.98414043
0,23530720 0,98821396
0.16243410 0.99164732
0,11155045 0.99431616
0,07613081 0,99626552
0.05157182 0.99761927
0.03462,86 0.99852104
0.,02299481 0.99910142
0,01515675 0,999 6479
0.,00965566 0,99968767
0,0059601 0,99982309
0,00337688 0.,99990652

0.,00144561

0,99996167
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APPENDIX C

ANALOGUE SOLUTION OF EQUATIONS 3.2 AND 3,3
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ANALOGUE SOLUTION OF EQUATIONS 3.2 AND 3.3

A Donner 3100 analogue computor located in the Nuclear
Engineering Department of the University of Tennessee was
used to investigate the nature of equations 3.2 and 3.3 for
several different cases, The cases considered were first
order chemical reaction, second order reaction and the steady

state solution of the second order case,

l., Filrst order chemical reaction.

The equation 1s

-

dA _n 224 _
<8 D % k A (Co.1)

with the boundary conditions

A(x;,0) = 0
A(0,8) = Ay (C.2)
A(xf,t) =0

It 1s convenlent to define a new variable

= A
X =4

so that equation C.1l becomes

9% _ 2
a_t =D a - kO( (003)

X
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and the boundary conditions are

O((XSO) =0
KX (0,t) =1 (Coly)
cAlxr,t) = 0

Since the computer integrates with respect to only cne vari-
able one of the derivatives must be approximated in finite
difference form. For this purpose it 1s convenient to think
of the region of interest, namely 0 x £ xfr, to be divided
into N equal increments A x wide., The variable x then
can take on only discrete values XosX)19Xp9X3y00000XpngooeoXNy
with &Ax = Xn41 = Xpe The parameter N 1s the number of

increments. Thus for any n » 0 but < N one can write

9% n _ D
& tn - (AK)Z (O(n-bl - 20(‘1’1 *0<n‘=’l) - kan
(Co5)

There will be N-1 such equations for each interior point in
the lattice. There 1s no need to write equations for the
points x, and xy since these are boundary points and X
at these points 1s known and fixed. The width of the incre-
ments, A x, 1s xf/N and the greater N 1s the more accu-
rate the solution.

A solution to C.3 was determined for the following

conditions:
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N =1l

Bo = 1,87N MEA

D =2 x 107 cm2/sec

Xp = 0,01 cm
Thus

2 =5

D DN 196)(2 10
5 = 2:( )(xz)z”oz (C.6)
(xf) xf (0001)

and

o
%;Ep& 39,2 (CKn*l) + C&nul) - (78.4 + 6,32 x 103)0(n

It 1s convenient to define a new variable

T = (78,4 + 2/3 o 104) & (CaT)

which has the effect of slowing the solution down., Finally,

equation C.5 becomes

! .
Oci')'n =61 x 1070 (X ) v o) oL,

For N = 1, thirteen equations must be solved simul-

{C.8)

taneously. In Figure 24 1s shown a schematic diagram of a
portion of the network employed in the amalogue setup. In
the sketch {I:> denotes an amplifier used as an inte-
grator and [:) denotes an amplifier used as a summer

or in the case here it 1s used as a sign changer and signal
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multiplier. The symbol<:> denotes a coefficient multiplier.
The numbers lmmedlately above the feed lines to the amplifiers
denote the factor by which the input signal is multiplied in
the amplifier., The coefficient multiplier, or "pot, setting

is Indicated by the number below the symbol. There were

000610(}1.}_/
l.
20061 Xn-s ‘]\ —XAn M 0.1 00061 oK
1 ./
| .061

Figure 2. Schematic diagram, first order case.,

thirteen such networks for each of the thirteen interior
lattice polnts. For n=l theo(° is fed into the 1ntegrator
from a constant voltage source., On the other hand, for n=N-1,
CXN = 0, and thus that lead does not appear. The initial con-
ditions on all of the integrators were zero, The solutions
are given as plots of K versus t for each x. A set of
typical plots is given in Figure 25, The pot settings were,
incidentally, set on 0,062 instead of on 0.06l. The effect

i1s to change the time scale slightly. Three solutions were
run for three different pot settings: 0,062, 0,01, and 0.62.
A change 1n the pot settings corresponds to a change 1n By,

the 1nitial MEA concentration, because



12}

100 1.0
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FIGURE 25 CONCENTRATION- TIME CURVES FROM AN’ 'OGUE
COMPUTER
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2
DN (C.9)

21 1
xf2[k30+2-§-§-2—] 0

Pot setting =

and all the values except B, 1n the expression on the right
are taken to be constant. The pot settings 0.062, 0.01l, and
0.62 correspond respectively to By equal to 1.82, 11.7k,
and 0.17. Figures 25, 26, and 27 show the results of the
three experiments. The dimensionless concentration, o, de-
creases very rapidly away from the interface. The results

show that steady-state is reached quickly (10=3 seconds).

2. Second order chemical reaction.

The equations to consider here are the dimensionless

forms of equations 3,2 and 3.3 given in Appendix B.

) y2o
= - K o f ‘o
= =S - L/ (c'1)
2E 228
-a——-—- = K2 ""‘"a"_"i'é' - K3 ﬁ (doe)
Recall that for xleo-z cnm
k Boxfz B, g Yo o 5 ’
Ky = Ty "% 10" =% 10 (C.3)

where

No = initial MEA concentration in moles/liter
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FIGURE 26 ANALOGUE RESULTS
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D
. _ B _1 !
K2 - FA- - E (Cou.)
and
K3=—,— = %" 1° (c%.5)

In Appendix B, A; was assumed to be 3«78){10”5 gm moles/cm3,
In the present section, Ay was L|.xlO"’5 so that K3 = 2/3x1030
Now d.l and 0/.2 are written in finite difference

form

9% n

1
gt = (Ax)z (O(n-..]_ = 2c><n + o(n-al) - Klunuﬁn
(c6)

: K
o;ﬁtn = (A ;E)é' (\ﬁn-lrl - 2.f n +'}n=l) - KBO(ndBn ,
(C.7)
with two such equations written for each interior point in
the region of interest (0 X < 1), Notice that a function
multiplier 1s needed for each palr of equations. The computer
used has only four multipliers so that the number of incre-

ments must be no more than five. The problem was run for the

case N=5, The boundary conditions were

X (T)=1
X 5(7’) =0
K (0) =0 (c.8)
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N
3
$

NN

85 W ’
o X
i [ S
noon
-

If now the substitutions

O( %‘6 (C/og)
H

= ‘£-5 (c’.10)
and

£ = 1007 (¢.11)
are made, then equations 3.2 and 3.3 become

]
QA n : ‘ ' 10 B,
L R R e R
(c"12)

J«}Q'n 0,25

97T & [lﬁm-l 2<ﬁ2n+ftn-l]w3_o°<gnfn (C.13)

after assigning the proper values to the constants Kj, K,

and KB‘ The boundary conditions are modified to the extent

that
K o (T) = felT) = F (0) = 100
Figure 28 shows the schematic diagram of the network
for one pair of equations. The symbol denotes a func-

tion multiplier. An operating feature of the multipller is
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that its output is minus one hundredth of the product of the
inputs. The coefficlient potentiometers only multiply by
number less than or equal to one., In equation C.8 the co-
efficient 10 Bo/é is generally greater than unity so that
it was necessary to use a speclal network to perform this
operation. It is located in the network after the function

multiplier on the feedback to the X integrator,

!
~N

e

Sné L———L ~Xn [\ /0%An
0(}?‘} 7

o~

i A o O

o —

Figure 28, 8chematic diagram for analogue solu-
tion, second order case.

Solutions were presented iIn the form of plots of o f
anduﬂ ' yersus t at each x in the liquid. A solution was

obtained for B, =1l. Figure 29 shows the result for B, = 1.
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3. Steady-state solution of second=order reaction case.

For this analysis a Pace Analogue Computer (Model 221R)
located in the Department of Chemical Engineering was used.

The differential equations for steady-state absorption are

42

= K, & (1)
—2 =0
. 612‘ "
) T‘fz = 1{3C><‘/>7 (c.15)

with the following boundary conditions

X QL
-~ Lo
(o (@)
~  ~
i "
(@) o

(.16)

In order to obtain a solution the initial values of dC*/cix
andb/? must be known. Combining equations C.1ll and C.1l5, one

obtains
a2k KK, 42/ ,
a2 K axz (C.17)
which may be integrated twice to give
x =58k C; X + Cp (C.18)

Ky

where C; and 02 are constants of integration. From the
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boundary conditions C.16 1t is seen that

_ a4« /
C, = dXL(=O (C.19)
and K+ K -
o, = - 2 - &7 (d.20)
=0
Thus
deX KXo /
- I . o+ .
-a—f‘X:O ; [1 ﬁi} 1 (C.21)

whereb}?i 1s the value oiljg at X=0., Equatlon .21 was in-

cluded in the network so that when V/&‘ was set Jifs was

d X|y=
simultaneously computed and set. The analogue solutioﬁ-gn-
volves trial and error in that the propeI\JBi must be found
so that & (1)=0 andb/?(l)=l° Onceg/fi was found it was easy
to compute the absorption rate. Figure 30 shows the circuilt
diagream,

The parameters Kl’ K>, and K3‘9 and thus the various
pot settings, depend on the values assigned to the physical
factors. In this analysis only the film thickness was varied.
The diffusivities, reaction rate constant and interfacial
concentration of 002 were the same as used in Cases 1 and
4 of the digital computer analysis.

Figure 31 shows & typical set of curves for 2 normal

MEA, The film thickness used included the ones used in Cases
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1l and L, mentioned above. For

xf=3,16x10°u ecm, Np = 1x10~° gmmmoles/cma-sec (Case 1)
xf=lx10"3 cm, Ny = 8x10-6 gm-moles/cmzwsec
xf=5x10°3 cmy; Np = 14.Jt10““6 gm-moles/cmé-sec

xf=lx10“2 em, N = 1x10-6 gm-moles/cme-sec (Case L)

The above results are to be compared with the experimental
value of ux10-6o

For academic interest, the steady=solution was found
for Cases 5, 6, and 7, run on the digital computer (See

Table I for a summary of the cases). It was found that for

Case 5, N = t’).t’:L‘.JILIO"’6 gm=moles/cm®-sec
Case 6, Np = 5‘,163:10“'6 gm-moles/cme=sec
Case 7, Ny = h.hxlo’é gm-moles/cme=sec
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ANALYSIS OF ERRORS IN DETERMINING BUBBLE SIZE
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ANALYSIS OF ERRORS IN DETERMINING BUBBLE SIZE

l: Optical error.

In the following 1t will be assumed that the camera's
lens can be represented by a plane. Figure 31 shows a sketch
of the optical paths in which conditions have been slightly

exaggerated for the sake of clarity.

< 1, —>1€ x >-1{Bn

Figure 32. Optical view of bubble.

The film dlstance h can only be approximated since
the lens 1s actually a system of lenses one behind the other.

The other quantities are

AB = true bubble diameter = 2R
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A'B' = apparent bubble diameter
Iy = image of point 1
IA“B' = 1mage of apparent bubble diameter

image of true bubble diameter

The lines Ip;0B'" and Ips OA': were drawn tangential to
the bubble and represent the light ray paths. It can be seen
that the true bubble diameter 1s not photographed and the

error is represented by the distance
IAIA'gl—éT[B'EZIA—IA'= Ix2

To determine I the small angle © - 8' must be determined.

Now

sine'=_—=R__ | cos o= X (Do1)(D.2)

VxZ + B2 V2R |

and

sin @ = % , cos @ = LEEE:—EE (d.3)(D.L)
But

sin (6 - 8') = s8in 6 cos ©' - cos © sin o (D,5)
so that

_ Rx - RYx? - R?
sin (8 - ') = — (D.6)

Some typical values for R and x are
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x = 5% in.
R = 0,06 in,
which makes
sin (6 - 6t) = 1.205 x 10”6 radians (D.7)
Thus
AI = h (6 - oY)
h = 1l in,
AI = 1.2 x 1076 1in,

For percentage error a value for IA‘B' = 0,04 in. will be
used, It was determined directly from the film using cali-
pers eand a scale.

Therefore

% Error = 1.2 x 10~9/0,04 x 100

0,003

which may be taken as insignificant.

2. Bubble motion,

While the pictures were being taken the bubbles would
oscillate toward and away from the column. In so doing the
apparent image would become correspondingly larger or smaller.

Again with reference to Figure 31, 1t can be seen that

Iag _ AB
45 - & (D.10)
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or
h » AB
d I, = dx .10
AB T T 2 (D.10)
Ay =228 Ax (D.11)
X

Using the numbers from Section 1 of this appendix

Aln ¥ - {1 1in.) » (2 » 0,06 in.) Ax
A2 (5.5)% 1n.2

Al,z = 0.004 Ax

During the worst cases the bubble would oscillate across the
depth of field which was about 9/16 in. or 9/32 in. on each
side of the midpoint.

Thus

Alyg = 0,004 x 9/32 = 1,1 x 107 in,

The

1.1 x 1072

0,04

% Error = x 100. = 2,8

which 1s significant., Remember that this i1s the error in the
detemination of the diameter of a bubble. The next step 1s
to determine the subsequent error in the detemination of the
mass of the bubble. Recall that the mass of the bubble was

calculated assuming that the bubble was an oblate spheriod.
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horizontal radius of bubble

o
]

o
]

vertical radius of bubble
then the volume of a bubble 1is

v = volume of bubble = L/3 77 a%b

142

The mass of the bubble (n) will be some constant

times the volume; 1.e.;

n=kx ab
whe re
k = constant
But of interest here 1is
o173 2 /3 L a2/3 4 W13

Differentiation gives

1/3 2/3
b da a db
a3y = 3@ P e PG

or

and thus

(D.12)

(D.13)
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{b
s
ot =)
‘.—l
wl ™.
(WS ]
]
wiro
d
)
+
\WV | o
o‘!b
o

(D.14)
But
La _A4b
a b (D,15)
there fore
1/3,
ALn’°) _Dda_ Ab (D.16)

175 & T F

which says that the error in nl/3 1s equal to the error in

the horizontal or vertical diameter, that 1s, 2.8 per cent.

3, Oblate spherold versus gpherical geometry.

Equation 3.38 in Chapter III was derived with the as-
sumption that the bubble was a true sphere., However, as was
pointed out there, the bubble 1s actually an oblate spheroid.
It 1s desired to see the error introduced into equation 3.38

by the assumption of spherical geometry.

Let A = area of oblate spheroid
Ag = area of sphere
V = volume of oblate spheroid

Vg = volume of sphere

Then, using the notation of the previous section:



by

A=277[a2+**\/_z*%_%_§ 1n\/;?:bb§+a] (Da17)
Ay = 4 77 &° (D.18)
V=L/3 9 e (D.19)
Vs = L4/3 77 &> = L4/3 7 b3 (D.20)

Now a>b but a/b=1+A where A 1s less than 1. This
is an experimental fact and of course 1s not generally true,

Equation D.1l7 can be rewritten in terms of A

A=27 bz[l +2A + A%+ w-ﬂ'-i;é-? 1n(\/2A+A?~+1+15)]
V2a +A ,
(D,21)
or
A=2Ta2 [1+ = In (V2A44% 1 +4)
(1+A) V244 4A°
(D.22)

Now if the area of the sphere 1s based on a (rather than b)

A,=5§[1+ 1 1In (V24 +4°2 +1+A)]
2 (l+A) Y2a + 4

{D.23)
For convenlence; define
1

F= 14 In (V24+242 41 4+4)
(142 ) V24 + A2 X
(D.2

Referring back to equation 3.3L4, the starting point for the
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derivation of equation 3.38,

dn . _y. . Area (D.25)
A

dt

where D.25 now becomes

2
B=-n, CU/EI (D.26)

Before Integration, a must be written in terms of the
volume as before. Now, however, the volume of the ellipsoid

must be used,

v =(4/3) 7 &% (D.27)
while
Ve =(4/3) 77 &3 (D, 28)
but
b = a8/l +4A (D.29)
and
(VL)Y R
v Y T3 A (D.30)
Now introducing the ldeal gas law one can solve for azp
W3 e’ _nre
v W) > (D.31)
and

/2 2/3 2/3
82 = (9—%—-@-) /3 (L +4) (3/4.77) (D.32)
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Substi tution of D.32 into D.26 gives

' 2/3 2/3 2/3
LM 27 @RS asa) T Zn T L
(D.33)

If one defines F! = (1 +A )2/3 F, integrating D.33 will

give

Pt =2 B 3 me (
D.3l)

only 1if F! 1s a constant. In Table III are presented the
2 and b values and the /\ values for Take L Reel 6. The
take was chosen without design, and it 1s believed to be
typical of the results obtalned 1n the present investlgation.
Notice that the A 's range from 0,27 to 0.04. The arithmetic
average 1s 0,12, For A = 0.27, F' = 2,02 and A = 0.0l,
F* = 1,987, a deviation of 1.7 per cent with an average value
of about two. The reader will notice that the slope in equa-
tion D.34 apart from the F! factor 1s one<half that in equa-
tion 3.38; so that the value of two for F! cancels with the
one-half and the slope remains unchanged. In Table IV are
recorded the ¥! values for each A glven in Table III.
Consequently the conclusion 1s made that the assump-
tion of spherical geometry introduces 1little error into equa-

tion 3,38, Further, the nl/3 was computed by u/3;§’a2b 30



TABLE III

APPARENT HORIZONTAL AND VERTICAL DIAMETERS AND

THEIR RATIO, REEL 6 TAKE |
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Time

AHD¥ AvD®

AHD
102 sec 10”2 inch 102 inch A = 1+4
0 86 67.5 1.27
4 76 69.5 1,09
7.5 76 6L 1.19
10 75 67 1.12
15 (n 6l 1.16
20 70.5 62 1,14
25 68 60 1.14
30 65 59 1.10
35 62,5 55 1.1l
Lo 59 SL.5 1.09
Ls 56 52.5 1.07
50 55 50 1.10
55.5 51 L7 1.09
60 L7.2 Ls 1,05
66 L5 L3.5 1.04
70 43.5 41.8 1.05
75 L1 38.5 1,06
80 37.5 36 1.0
85 35. 33 1.0
90 33,2 32 1,04
100 29 27.5 1,05
110 26,5 25,5 1,04

0.27
.09
019
012
.16

o1l
olo
o1l
.09
.07
olo
.09
005
.05
.06
Oog
0Ol
.05
Ol

#AHD = apparent horizontal diemeter.
AVD = agpparent vertical dlameter.
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TABLE IV
Ft* VALUES FOR REEL 6 TAKE |

Time

1/100 sec A F!
0 0.27 1.99
N .09 1.99
7.5 019 2,00

10 012 2,01
15 016 2,16
20 o1l 2,02
25 o1l 2,02
30 .10 2,01
35 L1h 2,02
40 .09 1,99
I 007 2.00
50 .10 2,01
55.5 .09 1,99
60 .05 2,00
66 - Ol 2.01

70 .05 2.00
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that the results obtained from the plots are a little better

than inferred from equation 3.38.



APPENDIX E

SAMPLE CALCULATIONS AND EXPERIMENTAL DATA
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SAMPLE CALCULATIONS AND EXPERIMENTAL DATA

All of the original data are recorded on pages 15628-
15650, 23751-23800, and 10551-10600 of Original Record of
Research Notebooks located in the office of Professor H. F,
Johnson, Department of Chemical Engineering, University of
Tennessee,

The mass of the bubbles was determined assuming that
the bubbles were oblate spheroids. An oblate spheroid 1s a
surface generated by the rotation of an ellipse about its
minor axis., In the case here the mlnor axls was vertical or
parallel to the MEA flow. In the notebooks the following

nomenclature was used:

\'f = volume of bubble

AHD = apparent horizontal diameter

AVD = apparent vertical diameter

THD = true horizontal diameter

TVD = true vertical diameter

ACD = apparent capillary tube diameter
TCD

true capillary tube dliameter

The capillary tube appeared in the photograephs, and
its diameter was measured so that the magnification factor
could be determined. The true diameter was taken to be the

average of ten measurements, namely 0.2547 inches. Thus
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9:§§%Z x AHD (E.1)

THD

and

VD = OoigDT x AVD (E.2)

PFor an oblate spehroid

L/3 7r (TED/2)2 (TVD/2)
7 /6 (THD)2 (TVD) (E.3)

\Y%

\Y%

Substi tution of E.1l and E.2 gives finally

2
V = 5,006 x 10-6 {AHD)}” (AVD) .3 (Eoly)
(ACD)3

For computation of the mass the i1deal gas law was

assumed so that
n =2 (E.5)

whare

mass of gas in bubble;, pound-moles

w B
n

pressure of gas, cm Hg

absolute temperature, °R or °K

©
0 “y
il ]

gas law constant

8ince the manometer tap was located about 7% inches above the
bubble the hydrostatic head caused by this column of liquid

had to be teken into account, Therefore
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P, +A Py - APg (E.6)

o
i

where
PA = barometric pressure

/A Py = manometer pre ssure

and the factor &4 Po comes from the above hydrostatic head

eand the MEA in the manometer arm connected to the absorption
cell. The factor will vary somewhat for different MEA solu-
tions because of the change in density.

Finally

n = 906 x 1070 (Py -APy -APg) (AHD)Z (AVD) (E.7)
e’ (acD)3

1f o' 1s in OR. Occasionally AVD was greater than AHD
as the bubble's shape fluctuated. Equation E.7 was still
used, however,

The procedure was to first determine ACD, AHD, and
AVD from the film, These values are recorded in the note-
books mentioned in the first paragraph, but they are not in-
cluded in this report. By equation E.7 the mass of the
bubbles was computed and these values are recorded in Tables
I11, Iv, V, VI, VII, VIII, and IX, where B, 1s the initial
MEA concentration in moles per liter, @ 1s the temperature

in degrees centigrade; C 1s the COp concentration in grams

per liter, T 1s time in seconds and n 1s in pound moles.,
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TABLE V

EXPERIMENTAL DATA
REEL 3, B, = l.49

%102  nx107 72102  nx109 7%x10°  nx109
sec lb=-moles sec lb-moles sec lb-moles
Take 3 Take S{cont'd) Take 7(cont'd)
g=2 500
C=1,25 gms/1 18 o573 110 0116
23 ;18 115 . 081
> i°§gs §E 432 Take 9
o o aKe
6 1.68 L0 o34 e=2[ ,59C
13 1.45 L8 . 294 C=3,30 gms/1
16 1,405 53 +1697
22.5 1.39 58 o145 o 1,38
28 1.12 66 145 3 1.43
33 0.81 71 + 145 6 1,345
38 0917 18 o 1li5 10 1.21
L3 2956 15 1.025
L9 .618 Take 20 0,995
53 .388 e=2l1. E 25 . 891
58 547 C=,240 gms/l 30 .86l
63 0515 38 o 137
68 .515 0 1.025 Ls . 728
73 0292 3 1.27 52 .602
78 031l 9 1,08 59 o470
83 o349 11.5 l.142 63 180
88 .268 14 l.41 70 o417
93 01925 17 1,11 75 0322
98 0220 25 0,65 80 +307
103 2156 30 .65 85 .29
108 0213 35 <59 90 .261
113 01l42 Lo 053u 95 02
118 0197 L5 100 o1
50 °3u9 105 0150
Take °s5 - 349 110 0160
e=21, 65 239 115 .1508
C=1.70 gms/1 71 .298 120 .1072
T7.5 027 125 .085
0 1.22 85 .30 130 .1182
2 1.045 90 0192 135 .05C
6 0.81 95 151 138 06
11.5 .69 100 .128
15 0673 105 2159




TABLE V (continued)
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P — e ]

nx10°?
lb-moles

72102  nx107
sec lb-moles
Take 11
e=2L,5°C
C=li.lib gms/1
0 1.39
3 1.105
10 0,965
18 0796
23 . 682
28 « 660
33 .60l
38 0635
39 .510
43 .510
48 <4lS
53 o400
58 0368
63 0282
68 0256
73 0226
78 0160
83 o111
Take 1
=21 ,50
C=5,.73 gms/1
0 1.4
3 1.3
8 l.22
13 1,13
18 0.954
23 2970
28 .8L0
33 o721
38 o748
L3 «735
L7 .582
51 0550
55 o573
58 0501
63 436

Tx10
sec

2

Take 15(cont'd)

Tx102 nx10?

68 0.3935
73 o345
78 0237
83 0236
88 0249
93 .204
98 2193
103 .158
108 o145
113 .0965
118 ,0872
Take 17
e=2l.5°C
C=6.,85 gms/1
0 1.68
3 1.315
9 1,205
1L 1,07
19 1,01
25 0,829
29 o761
3L 626
39 0670
LL 2399
L9 461
53 o433
56 0298
g9 035l
6l o433
79 0313
89 0236
99 0222
104 21595
109 .215
119 .150

sec lb-moles
Take 21
0=2L,5°C
c=8,85 gms/1
0 l.42
5 1.035
15 0,943
20 0982
25 834
30 0725
35 .585
40 .5L43
45 »520
50 .520
55 Lli6
60 o417
65 1419
70 0376
75 o346
80 301
85 .2L49
90 0261
95 2236
100 o173
105 01735
110 .196
115 o146
125 011l
130 o125
134 2097
140 070
155 .0342
161 2051l
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TABLE VI

EXPERIMENTAL DATA
REEL 4, B,= 1.95

%102  nx109 Tx102  nx10? Tx10°  nx10°
sec lb-moles sec lb-moles sec lb-moles
Tage 2 Take 3(cont'd) Take li{cont?d)
9=25°C
C=1,07 gms/1 9 0.890 67 J2l22
13 .810 72 .2L48
o 1.44 18 . T11 75 »202
0.5 1,38 2 .622 77 .201
3 1,379 2 o5l1 82 2156
8 1.149 33 o504 87 12
9 1.20 38 -403 92 .0905
13 1,095 43 0369 98 .078L
18 1,058 L8 0334 102 .0622
19 1.025 53 0254
23 0.799 58 2Ll Take 6
28 - 791 63 .196 ©=259¢C
33 o737 68 o147 C=5.01 gms/1
Lo 0603 73 .138
43 .1480 77 0130 0 1,15
45 oLy 3 93 .078 2 1.07
48 42 98 ,0658 6 1,006
53 o3 132 20350 11 0,955
ge .glz 17 °356
9 032 Take 22 001
63 0326 0=250¢C 27 0697
68 e 270 C=2066 EE!S‘l 32 0625
72 .2237 37 .508
7 0193 0 1,380 L2 o496
83 .1586 2 1.269 L7 o430
88 01206 7 1.027 52 0371
93 01128 15 00,911 57 0331
98 .0830 18 .870 62 0295
108 20518 . 22 818 67 0236
o A I -
8Ke ° 0
=250 37 .581 81 2173
Cc=1,92 gms/1 y2 0517 86,5 «139
L|-7 ) om 92 0113
0 1,231 52 412 97 »100
1 1.164 57 2339 107 <0673

5 0.9724 62 0291 117 .0548
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TABLE VI (continued)

Tx102 nx109 Tx102 nx10? Tx10° nx109
sec lb-moles sec lb-moles sec lb-moles
Take 8 Take 1l(cont'd) Take 1
@=250C 0=260C -
C=7.90 gms/1 65 . 257 C=12,55 gms/1
70 267

0 1,066 75 0223 0 1.526

L 0,818 80 .182 2 1,480
11 o724 8% 2170 7 1,187
1% 662 93 °13% 12 1olgo
1 0631 106,.5 .0960 17 0,963
23 o543 125 0063L 22 2935
28 0526 27 .815
31 L5 Take 1 32 .819
3 oL‘-,.].O e= C 37 0691
3 o374 C=10.73 gms/1 L2 582
L3 o3U3 L7 oSTh
L8 2339 0 1.302 52 L79
5 0236 % 1,225 57 ouly2
5 022 1,086 67 o377
63 018 12 0,963 17 0308
68 0157 17 0921 87 242
78 0150 22 .885 97 0202
83 .115 28 o 73l 107 0137
88.5 2077 32, 0652 117 20921

Take 11 ﬁZ °§%§ Take 17
axe ° aKe
0=250C L6 o489 o= C
C=9,97 gms/1 52 o429 C=13,96 gms/1
58 0362

0 1.353 62 0331 0 1.226

2 1.225 67 0268 1,5 1.218
5 1,176 72 0252 S 1.126
10 0.940 77 0228 10 0,977
15 0797 82 018 15 <979
20 .805 87 015 20 2962
25 .667 92 0142 25 .722
30 .581 97 .0938 30 . 708
35 o574 105 - 0843 35 .618
) .521 117 .0532 ) 0563
L5 62 122 201138 L5 0532
50 416 50 1427
55 0365 55 o423

60.5 -30L 60 . 389
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TABLE VI (continued)

7x102  nx109 7102  nx107 72102  nx10’
sec lb-moles sec lb-moles sec lb-moles
Take 17(cont'd) Take 21 Take 2
e=259C ezigﬂﬁ“‘i
65 °3%1 €=15,60 gms/1 €=20,31 gms/1
73.5 0207 :
85 . 207 0 0.833 0 1,365
95 .178 6 .865 10 1,037
105 0137 8 0763 16 0.910
115 .105 26 0536 25 o761
125 00763 36 0393 35 0645
135 2053 LS .358 L6 50l
55 .298 3 o410
Take 18 65 0222 6 o3
@=250¢C 75 0165 80 .289
€=15,01 gms/1 85 126 90 .2L0
95 .0931 100 0169
0 1,071 105 . 052l 109.5 2117
10 0.849 120 ,091%
15 «833 130 0646
20 681
25 694
30 NN
40 .552
50 M)
60 o343
65 . 268
70 0261
80 2190
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TABLE VII

EXPERIMENTAL DATA
REEL 6, Bp= 2,97

H

Tx102  nx109 Tx102  nx109 Tx102  nx109
sec lb=-moles sec lb-moles sec lb-moles
Take 2 Take 3(1)(cont'd) Take lL(cont'd)
.—:2700 .
C=2,18 gms/1 61 0,0830 10 1,122
67 00630 15 1,043
0 1.436 71 . 0550 20 0,917
7.5 1,115 76 20430 25 .826
10 1,071 30 o742
15 0,98) Take 3(2) 35 «639
20 0772 e@=270C 140 .565
25 0649 C=2,.80 gms/1 L5 -1490
30 0597 : 50 oLI.SO
35 0}4-25 0 1026 5505 036,4
39 e 5 1.02 : 60 0299
L5 o343 10 0,952 66 0262
50 0278 15 839 70 .235
55 0231 20 . 688 75 0193
59 2206 25 .592 80 .151
65 0l52 30 «551 85 .12l
71 0110 35 o409 90 »105
75 00952 140 o374 100 .0688
85 »0553 L5 «299 110 20533
90 ,0039 gg ,222
\ 0l Take 5{12
Take 3(1 60 .209 e=279C
o= 66 0159 0=9,29 gms/1
Cc=2.80 gms/1 70 0135
75 .118 0 1,358
0 0,652 80 .0869 3 1,200
8.5 512 85 00712 9 0,999
11 0513 90 -0ll1 13 1,003
15 o411l 100 2039 17 008%2
5 320 Tele L 5 ore
° axe °
31 0263 e=270C 33 °58%
37 0222 C=l,38 gms/1 38 45
40.5 o178 L3 0399
L6 .138 0 1,486 48 0322
51 .110 N 1,195 53 .29

6.5 ..0958 7.5 1,100 58 0202
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TABLE VII (continued)

Tx102 nx107 Tx102 nx107 Tx1032 nx109
sec lb-moles sec lb-moles sec lb-moles
Take 5(1)(cont’d) Take 6(cont?d) Take 8
e=279C
63 0,176 28 0,532 C=17.4l gms/1
68 0135 31 -1498
73 - 0945 36.5 «395 0 1.262
83 ,0503 L1 1419 L 1,051
93 00289 ).I.Z 038L|. 9 00917
L6 o 3l 14 .871
Teke 5(2 c1 0263 20 . 785
8=27°C 56 249 2l o711
€=9,29 gms/1 61.5 .196 29 7274
67 .169 3L 2636
0 1.557 71 «140 39 0538
6 1,162 76 .0988 L 2506
11 1,133 81 .0750 49 458
16.5 0,950 86 .0608 sh 2370
22 .80 96 .0356 60 031
26 07L|>L|. 2“- 5 027
31 %70 Take 7o 234
36 0560 0=27%C 4 2191
Ll 486 C=13,62 gms/1 79 016
6 456 85 013
1 0361 0 1,21 89 0119
3 280 15 o+ - B o 07hb
66 «235 15 .783
71 « 206 20 .758 Take
76 0173 2L 0673 o=
81 0130 3005 0519 Czlt o}_.él._. ngZl
86 0110 36 - .483
91 .0998 Il L2l 0 1,273
96 0713 L5 044103 I 1,069
L49.5 2363 9.5 0,939
Take 6 55 « 314 15 805
e=270C 61 274 20 816
C=12,38 gms/1 65 <239 27 o« 71l
70 .212 3L . 627
0 1,296 75 .157 39 :562
6 1.013 81 o134 nn U6l
11 0.876 85 .121 49.5 1416
17 o81L 90 .0981 55 0363

21 .695 95 20765 60 2356




TABLE VII (continued)
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eva———

Tx10°
sec

——rH—

nx10?
lb-moles

Tx10°
sec

nxlO9
lb-moles

Tx10°
sec

nx10°?
lb-moles

Take 9 (cont'd)

Take 12
©=270¢C
C=20,88 gms/1

Take 13(cont’d)

6L 0,314
69 o216
yn 0205
79 o179
8y o143
89 0119
oL ,0823
100 .0511
Take 11
@=270C
C=20,20 gms/1
0 1.229
3 1,206
9 0.94
13 019
18 802
23 .827
33 60
s
o497
48 0502
53 «393
23 SR
6895 ° 25
73 0245
7805 0216
8L «186
89 0156
9 0128
98,5 0118
112 . 06040
113 00639
120 .0502

1l.292

0
1 1,183
6.5 1,061
9 0.979
1l .892
19 0738
2l 0696
29 . 683
31 0651
35 648
L2 .525
L9 1429
5
o3
6,4-05 0296
70 0259
75 . 206
79 016
8y 15
90 o140
9 0110
99 00883
105 .0812
109 . 0705
Take 1
e=§766“2
C=2).88 gms/1
0 1.270
L 1,085
9 0,960
lLl»-S 08b.9
19.5 0792
25 0717
30 686

0592

LL4.5 0,510
50 o485
55 22
60 «353
6“-05 0308
69 «295
e . 261
82 .201
89 «169
95 0122
99 . .121
104 2106
109 . 0866
Take 1
@=270C
€=21,,88 gms/1
0 1.526
6 1,328
10 1,220
15 1.239
20 1,222
25 1.045
30 0,913
3505 0996
L0 .853
45.5 .719
50.5 069
55 Nann
60 0539
65 0520
70 o431
76 0369
80 0362
8505 0320
90.5 0294
97 0257
105.5 2203
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TABLE VII (continued)

Tx10°  nx109 7x10°  nx10° 7x10°2  nx10°
sec lb-moles sec lb-moles sec lb-moles
Take 1) {cont'd) Take 16(1) Take 16(2)
L 952736““L“” e=270C
110 0.17 C=28,06 gms/1 c=28,06 gms/1
116 o1l
131 .100 0 1.229 0 1.487
137 .0736 10 .981 10 1,236
145.5 059 15 .919 20 0.863
20 .723 2% 1.00L
Take 15 25 754 L 0,614
e=27°C 33 .625 55 -L8Y
C=28,06 gms/1 1,0 .578 60 0517
L8 486 6l o429
0 . 0,916 55 -394 70 o 36l
3 .953 60 «360 80 «260
9 .916 70 26 90 »205
15 . 780 80.5 «195 985 .18l
20 736 91 .152 100 o172
26 .598 96 .128 105 .135
32 «557 . 100 C e117 110 ,0929
39 0523 11005 00886
U445 417 120 .0638
5L .BM% 130 20397
59 «29
65.5 267
73 0213
79 0182
89 143
94 <117
99 «105
105 .088L
109 .0649

11l . 0L 60




TxlO2 nxlO9
-sec lb-moles
Take 2
@=250C
C=15,5l gms/1
0 1.775
% 1.770
éu.5 l.hﬁo
‘ 1.341
39 1.457
L 1,296
59 1.232
iy 1,102
‘89 1,012
104 0.845
114 o721
124 0736
134 . 786
145 689
15, °6%8
164 «589
174 .5%5
9L o161
Take
=25,
C=0,87 gms/1
0 1.6
9 0.9
19 .8L43
39 682
I .655
59 0606
70 0503
79 o420
89 0391
100 026l
109 0217
119 022
130 od7
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TABLE VIII
EXPERIMENTAL DATA
REEL 7, Bp= 1,06
7x10°  nx10? 7102  nx10?
sec lb-moles sec lb-moles
Teake U Take 6(cont'd)
8=250C 36 0,866
C=1,55 gms/1 L «759
Sl 617
O ln75L'- 6% 0706
7 1,062 6 0617
17 1.098 h 0533
27 0,887 84 Llly
37 .6L0 93 370
7 .566 104 « 306
2 1166 114 0239
12t olgé
Take 5 13 o1
e= ° C 139 ol).l.o
C=2.05 gms/1 1) 21140
0 1,309 Take 7
2 1l.413 8=26%C
12,5 1.209 €=1.77 gms/1
23 0,951
32 0726 0 1.373
L2 0634 11 1.112
53 0’-.-5,4 22 008,-'-5
62.5 21402 31 0631
72 0367 L1 566
82 0316 51 1185
92 0229 61 » 350
102 2204 66 «331
127.5 0152 71 0318
88,5 0230
Take 6 101 0152
C=2.05 gms/ 8(1)
C=2.05 gms/1 Take 1
0=260GC
0 2,010 C=2,67 gms/1
L 1.493
14 1.229 0 1.798
19 1,161 1.5 1,671
2l 1,055 L 1.443
29 0,952 1 1,210
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TABLE VIII (continued)

Tx102  nx10? 7102  nx10? 7102  nx107
sec lb-moles sec lb-moles sec lb=-moles
Take 8(1){(contfd) Take 9(cont'd) Take 12
e=279C
2l 0.839 60 0.313 C=5,28 gms/1
3L « 739 70 . 206
L .695 80 .168 0 0,886
sh .606 10 .827
6l 0578 Take 11 20 .669
i .506 e=279C 30 610
8L 2398 C=3,73 gms/1 140 .50
101 . 306 9.5 .508
104 2310 0 1.882 0 L6
114 23h 10 1.658 70 »330
12l 2191 21 1,029 78 2301
5 ioos oegﬁz 96 ozgg
Take 8(L) 0 . 110 ol
6=265C ! 50 o TL7 120 .131
C=2,67 gms/1 60 676
70 .628 Take 13(1)
0 2,203 80 149 =26,50C
4.5 1.89 90.5 L1 C=5,28 gms/1
9 1.48 100 2336
18.5 1,403 110 :276 0 1.571
39 1.095 120 240 10 1,323
L9 0.829 130 0175 20 1,062
59 »679 140 0172 30 0.862
69 .638 150 0156 Lo o TU9
79 .520 160 .122 50 .701
89 o2 170 2107 60 610
99 322 70 . 565
109 .20
129 +139 Take 13(2)
@Eﬁgtgﬁﬁ‘i;
- Take 9 C=5,28 gms/1
8=26,80C
C=3,35 gms/1 0 1,582
9 1.1
0 0,967 19 0,808
10 «798 29 . T0L
20 o654
30 o579
e o445

50 376
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TABLE IX

EXPERIMENTAL DATA
REEL 8, Bp= 6,06

Tx102 9 2 9 2 9
x10 nxlo0 Tx10 nxl0 Tx1l0 nxl1l0
sec lb-moles sec lb-moles sec lb-moles
Take 1 Take 3 Take L{2)(cont'd}
0=259C e=25,5¥C
C=0,65 gms/1 C=5,80 gms/1 16,5 1,092
O 1 190 LL 3 27 00821
° O lo 1 37 o? 9
9.5 0,868 5 1.149 L7 . 656
15 o772 10.5 0,868 57 .530
25 0617 15 . 888 67 1126
35 452 19,5 o757 17 «311
LS 314 25 2590 87 0196
55 0178 30 0578 9705 olu-)-l-
65 0137 35 0526 107 ,102
75 .0931 %g @%27 .
o ake
Take 2 65 022 ©=250(C
=250(C 75 0155 C=12,36 gms/1
C=2,56 gms/1 85 .0932
0 - 1.509 Take 1 6 1.336
5 1,201 8=211,59C 9.5 1,114
10 1,091 C=12,36 gms/1l 20 1,051
15 0.978 30 0,883
20 TT7 0 0,989 35 787
25 ein 16 «750 Lo . 709
30 . 610 27 0739 50 .583
35 0566 36 . 608 60 160
Lo 486 L6 o471 70 349
Ls U458 56 o416 80 2270
50 03604 67 0269 90 .5 o173
56 0304 76 0197 100,5 .106
60 0271 86 0131 111 . 0800
64.5 0211 96 0977
70.5 .179 Take 6
81 .10L Take (2 ©=2[;0C
90 ,0608 =21}, 50C C=15,53 gms/1
C=12,36 gms/1
0 1.6L7
0 1.625 9.5 1,076

7 1,194 20 0.940
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TABLE IX (continued)

Tx102  nx10? Tx102  nx109 Tx102  nx10?
. sec lb-moles sec lb-moles sec lb-moles
Take 6(cont'd) Take 8(1)(cont'd) Take 9{2
) 9=257C
30 0,673 50 0.497 €=19.82 gma/1
L0 2533 60,5 21407 |
50 o455 70 .316 0 1.573
60,5 0316 80 0253 5 1,330
70,5 .183 90 .183 15 1,108
80 .155 95 ollyly 25 0,915
90 o011l 105 0112 35 .759
Tak Take 8(2) 22 °ﬁ%3
aKe aKe 0
e=2l .5YC e= c 65.5 » 355
€=15,.53 gms/1 C=15,52 gms/1 75 .289
85 0210
0 1,971 0 1,686 95.5 0151
S 1,527 10 1.455 105 6129
10 1.246 20 1,101
20 0,977 30 1,000 Take 11
25 .845 40 0,776 e=280¢
30 . 790 50 0616 C=23,03 gms/1
39.5 °632 60 .506
50 .560 70 «397 0 1.683
g .501 80 0311 5 1,339
60 oli16 90 + 200 10 1,125
70 0276 100 .165 20,5 0,955
80 0231 110 ,109 30 . 750
90 16 , L0 . 668
100 .10 Take 9(1 9,5 +531
110 070k o= 0 4l
C=19,82 gms/1 70 2325
Take 8(1 80 0216
o= 0 1,137 90 .161
€=15.53 gms/1 10 0,810 100 .115
18.5 .723
0 loSOLI. 2805 6610 Take 12
5 19355 3895 °L|>77 8=260C
10 1.119 48,5 «391 c=2l,62 gms/1
16 1,027 58.5 2298
20 0,955 68.5 0221 0 1,584
30 .782 78.5 <149 S 1,202
L0.5 636 88,5 0885 10 1,167
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TABLE IX (continued)

7%x10°  nx109 Tx102  nx109 7x10°  nx109
sec lb-moles sec lb-moles sec lb-moles
Take 12 (cont'd) Take 13{(2)(cont'd) Take 1L{2)(cont'd}
20 1001,4» 3505 00868 9805 00129
30 0.,8291 45.5 676 109 ,0822
40 o Th6 55 053
) 2590 65 036 Take 15(1)
59,8 .1418 75 .239 =25,50C
80 .282 85 o149 C=25,.85 gms/1
90 0175 95 .08l 7
100 .116 0 1oﬁg7
110 0700 Take 1 3 1.450
@=265g 8 1.157
Take 13(1) =25, s/1 13 1,010
9=27 C : 18 Oa993
C=2l.62 gms/1 0 1.505 28 «679
.5 1.238 38 .590
0 1.688 11 1.036 48 .32
2 1.489 20.8 0.973 58 0334
5 loul7 31 073}4 68 °21+2
10 1.074 Ll 0599 78 0153
15 1,051 51 o479 88 0116
20 0,989 61 .385 98 ,0837
25 .887 71.5 .298
30 « 795 81 .22l Take 15(2)
L1 o Th1 91 .16l e=25,50C
%9 0652 100 05 0123 G=25 085 gIﬂS/l.__‘
0 . 555 111 20863
go .%37 N " 2 1.;0%
0 0331 ' Take 1L(2) 1.50
90 0252 e=269C 10,5 1.374
100 o172 C=25,85 gms/1 15 1,237
110 o12l 25 1,000
0 1.601 35 0.858
Take 13(2 9.5 1.154 us 706
o= 19 1.061 55 061l
C=2l,62 gms/1 28,5 0,801 65 oL5h
39 o T70L 75 0371
0 1,612 L9 . 550 85 .278
S 1.,49%5 59 o436 95 0213
11 1,191 69 340 105 .163
15 1.147 79 0229 115 0111

25 0,904 89 o172
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TABLE IX (continued)

Tx102  nx10’ Tx102  nx109 7x10°  nx10?
sec lb-moles sec lb-moles sec lb-moles
Take 16 Take 17(1) Take 17(2)
e=2li°C @=250( @=250¢C
c=25,85 gms/1 C=26,28 gms/1 C=26,28 gms/1
0 2,150 0 1,738 0 1.646
1.5 1,868 1.5 1.605 S 1,313
6 1.655 5 1.453 10 1,097
10 1.349 10 1.216 20 0.985
15 1.157 1.5 1,083 30 . 752
20 1,029 20,5 1.046 40 .655
30.5 0.862 29.5 0,781 50.5 0598
39,5 .820 40 =70 60 .502
50 .695 50,5 059 70 0366
60 521 60 472 80 « 290
85 0259 70 1408 90 0209
90 022l 80 0326 100 .170
109.5 0163 90 2Ll 110 2108
120, 011 99,5 0167
110 0116

120.5 20791

H
1]
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In Table X are recorded the a and b values of the
equation

nl/3 = a + bT

for each take, The constants were determined by the least

squares method which states ultimately that

212 $n - 31 $mn

o = (E.8)
N S8 - (51)°

p= NZ2Tn-3T73n (E.9)
NZT2 - (S1)2

where N = number of polints.
Since the absorption rates N, were determined from
b, 1t 1s desirable to know how reliable the b values are.

The variance p(b) 1is given by

(02 = —pln )

E.10
ST - (S T)/N (E10)

and p(n1/3) i1s the varliance in the nl/3 values defined

by

1/3)2 - __Z (nl/3 - a = bT)2

p(n

These equations may be found in any text on statistics
or texts devoted to treatment of data. See for example (28)

and (46). The variance was not calculated for every b but
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TABLE X

LEAST SQUARES PARAMETERS a AND b
AND THE PERCENTAGE VARIANCE IN b

ax103 —bx103

Reel Take lb-moles lb-moles/sec % p(b)
3 3 1.186 0,605
5 0,980 0693
7 1.069 .548
9 1,116 053l
11 1.073 <667
15 1,118 o573
17 1,073 512
21 1.04L 451
N 2 1,107 0.680 5.3
3 loooo 0611 -
2 1,089 . 681 1,0
1,041 +599 -
8 0,970 0612 1.0
11 10038 05.65 303
13 1.077 .61l 0.0
15 1.110 o572 -
17 10052 o 2 i
18 0,918 o5L6 -
21 0956 o5hl 2.2
23 10053 0508 o
6 2 1.100 0,871 1,0
3(1) 0,861 +699 0,0
3(2) 100’-]»3 0755 200
L 1.107 « 699 0.0
5(1) 1,090 .851 1.k
5(2) 1,111 °723 -
6 . loOLl.g 07 5 105
7 1,029 .6L41 -
8 1,056 .629 -
9 1,064 .6L8 0,0
11 1.057 o576 0,0
12(2) 1,056 «609 1.5
13 loOLl»g 0560 hnd
1l 1.146 2530 -
15 1,019 +581 -
16(1) 1.043 o552 -

16(2) 1.126 0590
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TABLE X (continued)

5
~
()

o
S~

~r~—

H
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O O o @

~~P A~~~ A~~~
~— e

PEOCMDHEMNDHFMODEHEMDHMDHEODHENOCNIDHEWMND -

HHE HPHRpHHEH
~~ . U Eww
C” N Ve sl s S s

ax103 -bx103
lb-moles lb-moles/sec % p(b)
1,190 0,218 -
1.000 0365 0.0
1,043 . 508 -
1,086 1489 0.0
1.149 .1459

1.075 «559

1,132 o6 88
1.245 57 8
0.992 055N 0
1.139 1418 8l
0,967 .378 500
1.045 0,816

1,108 .788

1.066 el

0.911 .66

1.085 «596

1.155 .69

1.031 « 699

1,06l .68

1,1§2 ogau

1,183 .

0,95 oégé

1009 0628

1.138 . 658

1.137 0639

1,167 .600

1,165 .685

1,160 059

1.06l 2630

1.043 . 696

1.173 .607

1,083 .556

1,087 »550

1,076 0557
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those that were calculated are reported in Table X. The
results are given in percentage of the value b quoted.

The percentage variance is denoted simply by % p(b).



VITA

The author was born in 1931 in Johnson City, Tennessee,
where hé attended the public schools. After a year at East
Tennessee State College in Johnson City, he transferred to
the University of Tennessee, Knoxville, where he obtalned
his B.S. and M.S. degrees in Chemical Engineering. During
his graduate studles the author had an opportunity to take a
somewhat abstract mathematics course in group and matrix
theory under Dr. J. A. Cooley. He chanced to meet in that
course hermetian matrices;, abelian groups, and Miss Joyce
Glllenwater, a blue-eyed blond who sat right between the
author and Dr. Cooley. The following year they were married.
This occasion is taken to point out that Math. 15 was one
mathematics course which proved to have very practical
results,

The author wishes to express hls heartfelt gratitude
to his wife, Joyce, for her patience, help end understanding
during the preparation of thls dissertation. To hils parents,
Mr. and Mrs. R. C. Mottern, the author will always be grate-
ful, for no matter what hardship it incurred, they never
denied his selfish wish for an education,



	University of Tennessee, Knoxville
	Trace: Tennessee Research and Creative Exchange
	6-1960

	Interface Phenomena During Gas-Liquid Mass Transfer Operations
	John Wallace Mottern
	Recommended Citation


	tmp.1413479603.pdf.WWlI_

