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ABSTRACT
Measurements of the liquid side cohtrolled absorption of 002 gas
by a series of oil drops moving down a vertical wire are reported.
Thevvariables studied are drop frequency, oil viscosity, wire size, and
column length. A model is proposed whicﬁ assumes the gas is gbsorbed
by the almost stagnant liquid film between and covering the drbps; the
film i1s subsequently mixed with a drop as it moves past, and the dissolved
gas is carried out of the column in circulating loops of liquid’within
the drops. The model leads to an equation of the form (PS—P)/(PS-Pi) =
e—Iﬁ which correlates the data dand gives a good approximation to the

slope of the line.
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INTRODUCTION AND DESCRIPTICN OF FLCW

‘In chemical engineering there are many processes which requireAthe
contact of a ligquid ﬁith a gas. Such contaét often.results in transfer
of heat or mass or a combination of both heat and mass. Gas absorption,
distillation and stripping are examples of contact processes of wide
industrial use and interest. Among systems of simple geometry, gas
absorption by a liguid has beeh studied.where the liguid is in the
form of a Jjet, a thin film flowing on a wall, or drops falling through
a gaseous phase. This paper will describe gas absorption by a liquid
for a situation which at one and the same time combines features
characteristic of each of these geometries.

' This study is concerned with the liquid side controlled aﬁsorption
of CO2 gas by a series of white oil drops moving dowh a vertical wire.
Adjacent drops are connected by a thin film and both the drops and film
are axisymmetric about the wire. There is evidence that inside each
drop, as viewed in a coordinate system moving with the drops, is a
circulating loop of liquid roughly in the shape of a torus. Throughout
this paper the word drop is used to mean the combination oflthe circula-
ting torus with the region surrounding it forming the observed bulge or
"drop". The term torus refers to the circulating loop only. To get a
clearer picture of the flow one may examine Fig. 1 which gives the
geometry of the flow and also Aefines the nomenclature used. In
Fig. 2c¢ a schematic representétion of the streamlines for the flow
(in a coordinate systém moving with the drops) is drawn. It may

further help the reader in visualizing the flow if, at this point, we

give some btypical dimensions. For the Number 7 white oil (density,

o= 87 gm/cmi; surface tension; o= 35 dyne/cm; viscosity, u ='.57

poise) flowing down a wire of diameter .079 om with drop frequency
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3 cms/sec. This

of 2 drops/sec, the volumetric flow rate is 9.3X10 "
value and the others to be cited depend on the size of the drop, which

 can be controlled by the geometry of the apparatus at the point of ©
drop formation.. The drops travel down the wire with a wave velocity |
of 1.9 cm/sec, The maximum drop diameter is .19 cm, the diameter of
the film is ;ll;ém, the film thickness is l.5XlO'-2 cm, the -drop length
is .35 cm, and the wave length is .74 em. The velocity at the free

" surface of the film connecting two drops was calculated b& assuming a
fully déveloped»parabolic flow having ﬁﬁé.measured film thickness. It
was found to be .17 cm/sec indicating thé% fﬁe liguid in the film moves
muich more slowly than the liguid in the circulating torus. The results

of the measurements for the other flow conditions investigated are

listed in Table IT.
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APPARATUS AND PROCEDURE

Several different grades of white oll are avallable from Standard
0il Company of Célifornia, and in this study grades Nos. 7, 9, and 15
were used. The pertinent physical properties of the olls used are shown
in Table I. The densities and surface tensions are catalogue values.
The viscosities were measured in a Haake (Couette type) viscometer and
were found to agree with the catalogue values. The saturation concentra-
tions and diffusivities of 002 in the oils were measured by methods
which will be described shortly.

The apparatus used.to measure the absorption i1s shown in Fig. 3.
It consists of a reservoir in which the oil to be tested is stored.
The reservolr is connected to a 13 -gauge :syringe needle and thé fiow of
oii 1s controlled by a needle valve. The exit end of the syringe neeéle
was cut perpendicular to the needle axis and machined to a smooth surface.
The needle enters the absorption chamber through a three holed rubber_
stopper at the top of the column. The other two holes on the stopper
contain a gas outlet and a thermometer. The absorption chamber isl2.5
inch o.d., heavy wall glass tubing varying in lengths from 40 cm to 3
cm. At the bottom of the chamber is another three holed rubber stopper
which contains a take—qff tube in the middle flanked by the gas inlet
and a tube leading to a manometer. The take-off tube is a 3-inch long,
l/h inch i.d. plastic tube and 1s connected directly to a Van Slyke
manometric gas ahalyzer. A1l connections in the apparatus are made with
tygon tubing. A piano wire down which the drops of oil move is stretched
taut through the syringe and take-off tube. A little adjustment is
usually necessary to insure that the wire is vertical and centered at

the syringe exit so that the oil drops form and move with angular
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symmetry about the wire. Wires of 0.031 inch diameter and 0.020 inch
diameter were used.

Dissolved géses were removed :from the oils by heating the oils
under vacuum. When a sample of oil is transferred from the vessel in
which it was degassed to the reservoir of the absorption apparatus, the
oil is expoéed briefly to the air permitting some gas pickup. Precau-
tions were taken to avoid trapping alr bubbles in the oil.

01l flows from the reservolr through the syringe needle onto the
wire. The flow rate is maintained and controlled by a needle valve

quite accurately. To insure negligible gas phase resistance to the

transfer the oil is contacted with pure CO, gas. 002 was used because

2
its high solubility facilitated concentration measurements. Carbon
dioxide gas enters at the bottom of the absorption chamber. Before
the gas enters the chamber it is bubbled through a column of the test

0il. A very low flow rate of CO, gas through the absorption chamber is

2
maintained to keep the partial pressure of carbon dioxide gas at
1 atmosphere, A constant level of oil was maintained in the take-off
tube so that the column length for absorption was the same during the
run. The oll was allowed to flow through the take-~off section for
at least one complete resldence time before a sample was taken. After
this period of time a sample 1s drawn into the Van Slyke apparatus
for analysis. | |

The Van Slyke ménometric apparatus is an analytic device that
works on a simple principle. A sample of the liquid is taken into a
chamber. A vacuum is created in the chamber by controlling the level
of a mercury reservoir. At ihe lower pressure in the chamber gases

which dissolved in the liguid sample are boiled off. After boiling,

the gas is compressed to a known volume. The pressure of this

v
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coMpressed volume of gas is read on a connecting manometer. Knowing
the pressure, volume, temperature and the sample size one can easily
calculate the coﬁéentration of the dissolved gases in the liquid with
the aid of the ideal gas law. 002 can be considered an ideal gas since
the pressure is low (1 atm) and the temperature is 25°C.” Even if the
vapor pressures of the oils are significant they introduce no error
because they are subtracted out when differences are taken. Concentra-
tions are reported here as the pressure in centimeters of mercury of the
€O, gas boiled off from a 1.9 cc (a calibrated volume on the Van Slyke)
sample of liquid whén the gas is'compressed to a volume at 1.9 cc at
25°C.

The amount of CO2 absorbed was measured for each oil flowiné down
the 0.051 inch diameter wire for a series of lengths and flow rates.

Absorption into.the No. 15 oil flowing down the 0.020 inch diameter

- wire was also measured. Two separate samples were analyzed for each

r'ruh. If the measured concentrations agreed to within 5%, the average

value of the two readings was used as the concentration. If the two
values did not agree within 5%, a third sample was analyzed.

The frequency of the drops was measured by counting the number of
drops flowing past a fixed point in a given time period. The flow rate
was measured by collecting the oil, at a given drop frequéncy,vin a
graduated cylinder for a known period of time. The wave velocity was
measured by timing a drop travelling a known length of column. Three
measured values were averaged for each flow condition.

The saturation concentration of CO2 in the No. 7 oll was measured.
by bqbbling CO2 in the oilvfor several hours and analyzing the sample
in the Van Slyke apparatus. A mass transfer run with the 30 cm column

indicated that over 9% of saturstion was achieved. A run with the
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L0 em column reproduced the saturation value to within 1%. Hence mass
transfer runs with the 40 cm columns were used to measure saturation

concentrations ofFCO2 in all three oils. The drop frequency was

14

approximately 1 drop/k sec.
The only known data on diffusivity in white oils are those
puflished by Reamer, Duffy and Sagel and Reamer and Sage2 wﬁo have
worked at elevated pressures. An extrapolation can be made for atmos-
pheric pressure, but only at the risk of a large error. After several
methods of absolute diffusivity measurements were investigated, the
following was adoptéd. A 10 cc sample of the oil saturated with CO2
was injected into a special cell under an atmosphere of COQ. The cell
is 9;5 em in diameter and 5 cm in height. The bottom is an opticélly
flat surface. Openings into the cell for titration, gas entrance and
exlt are provided at the top surface._ The cell was floated on a
concentrated cellulose-water solution. This thick, visco-elastic
liquid appeared to be very effective in damping out room vibratidhs.
Because the oils were viscous and the layers were thin and because the
gas above the layer of oil was stagnant convective currents in the oil
layer are thought to be minimized. After the oil had spread out into.é

thin film (approximately 0.15 cm thick) the CO, above the oil was

2
evacuated by pulling a slight vacuum for 1 minute. The 002 in the oil
was then allowed to desorb into air for 30 minutes. At the end of

this time period a slight vacuum was again pulled for 1 minute in brder

to evacuate the desorbed o Next & known volume of .OOu92g Ba(OH)2

X
solution was added to the cell and the oil and caustic mixture vigorously
shaken, The excess Ba,(OH)2 was titrated to the phenylphthalien end

point with 0.01 M HC1. In order to check the initial concentration the

same procedure was followed except for the 30 min desorption period.

b
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The diffusivity was then calculated from the analytical solution for
the transfer from an initially uniform slab when the surface condition

5

is suddenly changéd. There was very good reproducibility in the case
of.the 7 and 15 oil but the reproducibility was unaccountably very poor
for the No. 9 oil. The calculated values of the diffusivities are:

No. 7 oil---56cp-—3.9XlO-6 cme/sec (average of 3 runs)

No. 9 Oil-——72¢p-—l.7XlO—6 cm2/sec (average of 6 runs)

No.15 oil———l}50p--2.MXlO-6 cm?/sec (average of 3 runs)
The diffusivity is unexpectedly low for the No. 9 oil. This has been
attributed to the difficulty in the reproduction of the value, which
varied from a low value of .65X10-6 cme/sec to a high value of
2.8XJ.O-6 cme/sec. The diffusivities were plotted as a functioﬁ of
viscosity on log-log paper. A straight line was drawn connecting‘the
Nos. 7 and 15 oil values. The diffusivity value for the No. 9 oil was
obtained by interpolation. The value obtained was 3.3X10_6 cm?/sec

and this wvalue has been used in all calculations. It is interesting to

note that the extrapolation from *i: Sage and Reamer predicts a value

of 1.5—3.OX10-6 cme/sec for the Cog-white oil (56 cp) system depending

on how the curves are read.

Photographs of the drops for each flow condition were taken. A
Linhof UX5 camera with f-8, 1/400 sec settings and with ASA Loo speed |
sheet films were used. MeaSureménts of the dimensions shown on Fig. 1

were made from the negatives on a Vanguard Motion Analyzer.
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THEORETICAL MODEL

A. TFluid Mechanics

Before proposing a model for the mass transfer one should first “
understand the fluid mechanics Qf the system. Based on the external
geometry of the drop and observations of the motion of small carbon
black particles introduced into the 0il, a fairly'clear picture of the
flow pattern emerges. Three conjectured streamline patterns are shown
in Fig. 2. To reduce the patterns to those for equivalent systems in
steady state the streamlines aré drawn in a coordinate sygtem moving
with the wave velocity.

For the noncirculating flow represented in Fig. 2a‘all carbon black
particles in the oil would move upsfreém relative to the drop. . For flow
with a double circulating loop, as represented in Fig. 2b, particles,
outside the loops would mqvé upstream relative to the drop while those
within the circulating loops would travel down the wire with the drop
(i.e. with the wave velocity). Of those particles moving with the drop,
the particles caught in the circulating loop farther from the wire would
circulate counter-clockwise, as viewed in the drawing, while those caught
in the loop nearer thevwire would circulate clockwise. For the flow with
a single circulating loop.as represented‘in Fig. 2c, again those particles
outside the circulating loop would move gpstream‘relative to the drop

while those within‘the loop would travel down the wire with the wave

B

velocity. As drawn in the figure these later particles would rotate in

the clockwise direction. It is also ,possible to imagine a flow with a v
single counter-clockwise circulating loop but this is physically less

likely because then the region of highest liquid velocity would be on

the side of.the loop nearer the wire.
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When carbon black particles were introduced into the flow some of
the particles were observed to move upstream_rélative to the drop while
others moved dowﬁ the wire with the drop éirculating in a clockwise
direction (as viewed in the drawing). No counter-clockwise circulation
was observed. SincéAthe counter~clockwise circuléting loop of Fig. 2b
is closer to the outer surface of the drop, particles would have to
circulate counter-clockwise when they are introduced near the surface.
Several introductions near the surface resulted in only clockwise
circulation of particles. It is therefore concluded that in a coordinate
system moving with the wave velocity, the drops have a single circulating
loop and the circulation is clockwise, as viewed in the drawing. The
circulating fluid forms well defined tori which move down the Qiré with
the wave velocity and retain .their identity for long distances.

Carbon black particles in the film between drops or near the surface

. of a drop were observed to move much more slowly than the wave velocity,

i.e. the velocity of. the bulge and particles undergoing circulation.

This qualitative observation is given some quantitative support by
calculating the velocity of the free surface of the film under the
assuﬁption of fully developed parabdlic flow having the (photographically)
measured film thickness. The surface ve}pcity, Uy is given by the

formula

2
4 - P88
s 2u _
This calculation showed that the maximum velocity in the film is on the
order of a tenth of the measured wave velocity (see Table II). One
should also note that the thickness of the drop, as measured by (H-s),
is larger than the film thickness by about a factor of four. These two
observations, the smallneés of the velocity in the film and the thinness

of the film, indicate that the B'ulk of the liquid is carried down the
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* wire in the drops as circulating tori and the film between drops can

be regarded as essentially stagnant.

B. Mass Transfer

A model fbr‘mass transfer is presented that takes into coﬁsideration
both the film_between and covering the drops and the circulating tori.
‘Consilder the following eduation which defines the concentration of gas
in the oil being carried out of the absorption chamber, Pouﬁz

=,qFPf * APy o (1)
out 9p * Ap
where‘qF ?s the volumetric flow rate of the film (iiQuid’exclusive of
the tori), A is the volumetric flow rate §f the tori; PF is ﬁhe mixed
cup solute concentration in the film at outlet, and PT is the mixed
cup solute concentration in the tori at outlet.'_Becauée_the film
drains very slqwly and is very thin the méasured flow rate is mainly
that due to the circuiating tori. in other ﬁords, qF << qT. Consequently
one might also expect that qFPF << QTPT’ at least for moderate contact
times. Equation (1) then becomes
P ot = Pp - S ‘ (2)
It is %herefore necessary to cqncentrate mainly on the circuléting tori.
The model proposed below is an extreme c;se, assuming complete."mixing"
within a drop except for the région immediately adjacent to ﬁhe drop
surface. The extéhﬁ to which the drop can be'consideredvcompletely
| mixed is difficult to assess andeill be discussed shortly.

' In a coordinate system moving with the drop'the VOlumetriC'fldw

-rate Q, into and out of the drop is

a- e - Sumemsne Dy O)

<
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When carbon black particles were introduced into the flow some of
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. was observed. Since the counter~-clockwise circulating loop of Fig. 2b

is closer to the outer surface of the drop, particles would have to
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Several introductions near the surface resulted in only clockwise
circulation of particles. It is therefore concluded that in a coordinate
system moving with the wave wvelocity, the drops have a single circulating
loop and the circulation is clockwise, as viewed in the drawing. The
circulating fluid forms well defined tori which move down the ﬁiré with
the wave velocity and retain their identity for long distances.

Carbon black particles in the film between drops or near the surface

. of a drop were observed to move much more slowly than the wave velocity,

i.e. the velocity of.the bulge and particles undergoing circulation.
This qualitative observation is given some quantitative support by
calculating the velocity of the free surface of the film under the
assuﬁption of fully developed parabélic'flow having the (photographically)
measured film thickness. The surface ve%ocity, U is given by the

formula

2
4 = PE8
| s 20 _
This calculation showed that the maximum,velociﬁy in the film is on the
order of a tenth of the measured wave velocity (see Table II). One
should also note that the thickness of the drop, as measured by (H-s),
is larger than the film thickness by about a factor of four. These two

observations, the smallneés of the velocity in the film and the thinness

of the film, indicate that the Vulk of the liguid is carried down the
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* wire in the drops‘as‘circulating tdri and fhe film between drops . can |

be regarded as eséentially stagnant. -

B, Mass Transfer

A model erlmass_transfer is presented that takes into coﬁsideration
both the film,between and cbvering the drops and.tﬂe circulafing tori.
Consider the following equation which defines the concentration of gas
inithe oil being carried out of the absorption chamber, Pouﬁ:'

_.qFPf' * Apfy

where qF is the volumetric flow rate of the film (liquid exclusive of

(1)

the tori), A is the volumetric flow rate of the tori} PF is the miied

cup solute concentration in the film at outlet, and P is the mixed

cup solute concentrétion in the tori at outleti',Becausé the film

drains very slqwly and is very thin the‘méésured flow rate is mainly

that due to the circuiating tori. in other words, qF <L qT' Conseqﬁently
~one might also expect that qFPF <L qTPT’ at least;for moderate contact.
times. Equation (1) then becomes |

P ~Pn. | | (2)

It.is Eherefore necesséry to cqncentrate,mainly on the circuléting tori.
The model proposed below is an extreme c;éé, assuming compiete "mixing"
within a drop except for the région immediately adjacent to thé drop
surface. The extéﬁt to Whichbthe drop cah be considered coméleﬁely
vmixed is difficult to assess and.will be discussed shortly.
" Ina coordinate system moving With the drop the VblumetriC’fldw
_ rate Q, into and out of the drop is |
Q= ﬂ[(s+8)2 - sg_] U = 2mss(1+ 5%)_'_11 | DR . (3)

-
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where s is the wire raaius,ﬁ is the fily thickness; and U is the wave
“velocity. Inherent in this equation is‘the assumption that the film is
essentially stagﬁént. Ifbthe film becomes satufated before a drop‘
reaches it, a mass balance on the well mixed drop gives |

dPV
Tae

= Q(P_-P) = -v 5 (P,-F) (%)
where P is the concentrétion of the solute in the drop, PS is the |
saturation concentration of the'solute;-e is the contact time of drop,
and V is the volume of the drop. Here any gas absorﬁed through the
surface of the drop is counted as béing'part of the film from the
preceeding drop. With the boundary condition '

at ©=0, P = P, . . S (B)

Eq: (&) .canbe drtegrated to.yield . '/

P -P
s =

P -P,
s 1

- o (48] . ENGE

The contact time of the drop, @ , is the ratio 'of the column length, I,
to the drop velocify, U. Substitution of this relation and Eq. (3)

into Eg. (6) results in the following:

P -—P T st C ’ . '
s 271s% e} , A
—-r;-S—_-P; = exp [- 7 (1+ §-S_) L ‘:] . (7)

Two important questions arise in thié model. (1) Does the film
become Saturated? (2) Is the drop well mixed? |

(1) Does the film become satufated befwéen the passage of successive
drops? The criterion for determining whether or not a film is satura%ed
with the solute is given by determining the value aféég where 0 is the
‘molecular diffusivity; t is.thé exposure time befween successive dréps
and 8 is the film thlckness If the value of the group is greater than

unity, then the film is essentlally saturated. The extreme values for
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the above quantities in this study are:

- 2 '
A = 3.9X10 6 cm”/sec
_N_32:5 _ ‘
t = 7 =15 sec = 2.§Asec
S
5 = 1.5X10°° cm
With the above velues, 225 ~ 6X10™2. This is far below the required

value of unity for saturation. 'This implies that the. film is‘far from
saturétion‘and in.fact penetration theory seems'applicablé.
Since the film is not saturated the differential equation describ-
ing the mass bala@ce becomes

%l:Q(P"-P),V . B

where P' represents the average solute concentration in the film before
entering the drop and is expected to be.given‘by an equation of the form

P_-P'
S

~ f (_.0_)_\') =B . . v ‘ (9)
PP e |
Equation (8) now becomes
q(PS-P) o ) : .
V=g = QUPSE)-(P )] = a1-p)(PF) (10)

which when integrated with the same bogndéry condition as before gives

P _-P
s

P _-P,

T8 i

= exp ["Q(l.-ﬁ)@/_v] . | ; (l'l')

Since the film is essentially stagnant and @ penetration £heory-is

appliceble the exact form of B can be determined easily. The well known

result is
(1p) = (B2 oyt

™ | s U
This should be corrected by a factdr, A;‘whichiacéounts for the greater

area of that part of the film which surrounds thé drop. Treating the

i e Mt i 8

»
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drop as an ellipsoid of revolution having major diameter DLfand minor

diameter 2H gives the correction.

5 sin™"e
Eﬂh(x-DL) + 2nH 4 Dy e

ey (13)

A=

where e =,-~/l—(2H/DL)2 . This leads to corrections between 5 and 30%
depending on the drop-frequency._ Fof the volume of the mixed part of

the drop, V, we have taken q/n (see the disciission). The wave velocity,

U, is related to the wavelength, N\, and the drop frequency, n, by U = n\.

When these results and Eq. (3) are substituted into Eq. (11) we obtain

' upon simplificatilon

P_-P - x .
e s exp[‘- Ry (1 52) A (L2 ] = EES

s 71

(2) Is the drop.well mixed? Although good circulation is observed
inside the drops it i1s difficult to Jjudge whether the drops can be considered
well mixed. The flow is certainly laminar, and by mixiﬁg we do not mean
the drop to be turbulgnt or stirred or éven of uniform concentration;
rather, the drop is a region of intensified diffusion. Estimates, after

>

the method of Kronig and Brink,” of the time characteristgc of circula-
tion show it to be very much less than a time chéracteristic of molecular
diffusion. Thus the streamlinés within the torus should also be lines
of constant congentration. Because it is probable that the streamliﬁes
are compressed on the side of the torus near the wire it is probable

that there ﬁill be large concentration gradients there acéompanied by ‘
rapld diffusion. On the other hand, thé expansion of the streamlines

on the side of the torus far from the wire will facilitéte transfer

into the torus from the film. When a drop must fall through several

drop lengths before occupying the position of the preceding drop mixing
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(as we understand'it)’is_facilitated_sd-that the aséumption should . be

best at low drop. frequencies.

(&)
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EXPERTMENTAL RESULTS AND DISCUSSION

The results of the flow and photographic measurements are listed
in Table IT. Tybical dimensions have béen cited already. The accuracy
of all measurements is ébout 10% excepﬁ'for the drop length} DL? which
is somewhat less accurate becausé the gradual merging of the drop with
the film made 1t difficult to pick off a unique length. For a given oil
and wire (and entrance geometry) only the wave length and volumetric flow
rate varied significantly with the drop freqﬁency. The wave- velocity,
the torus volume, and the other geometrical factors were very nearly
independent of drop frequency. In additioﬁ, for the .031 inch diameter
wiré, the geometry of'the drop itself was‘roughly the same for all
three oils. The wave velocity decreased as the viscosity incréaééd, and
it was observed that the dimensionless group uU/o was a constént hav?ng
the leuec'.OBI. One should note that the product nA was not precisely
equal to U as was assumed above, the deviation being within 15% for all
except two cases.

The results of the mass transfer experiments are listed in Téble 11T,
Remember that the concentrations are reported in terms of the pfeséure
of the gas boiled off from a 1.9 cc éamble Wheh that gas is‘compressed
to 1.9 cc.at 25°C. ' The reproducibility of the runé was generally about
5, but it was sgmewhat poorer at the lower flow rates.’

‘The data for each flow condition was plotted as (l—P/PS) versus

column length. A typical plot,'for No. 7 oil on Ehe .OBi inch wire at
a drop frequency of 2 drops/sec, is shown in Fig. hf This method of
plotting gave decent straight lines and when extrapolated fo Zero
column length indicated end effects ranging from 20 to 60% of saturation.
The tendency was for the end effect to increase as the drop frequenéy

decreased, i.e. as the time of formation increased. To suppress the
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P P :
end effects the datavmme replotted as PS-P vs L where P.and P are

the measured concentratlons for two column lengths dlfferlng by the
amount L. This method of plottlng also gave stralght lines hav1ng the

same slope as before but with somewhat greater scatter and now passing

P P , .
through PS s—=1atL=0. See Fig. k. The data for all flow
s i P P
conditions studied was then plotted as =2 ys L¥* where ¥ is the

P P

dimensionless column length suggested by the model:

2rs 5 Loy 1/2
Lt 52 A (=077 L

This is shown in PFig. 5.
The model does an adequate job in coalescing the data and in

predicting the slope of the line. In coming to this conclusion ene

»should keép in mind the large tolerance on the ordinate permitted by’ .

the %% accuracy of the concentration measurements. The permissable’
error is shown in FPig. 5 by vertical lines for several arbitrarily

 chosen points. Although the correlations for most flow conditions

individually are somewhat better than the overall correlation presented

A in Fig. 5, there is no significant trend with changing flow rate, eil
viscosity or wire size not already takenbinto account. The eonsensus
'of the data is that the model ﬁnderestimates the column length fequired
for a given amount of transfer by about'BO% This may be pavtlally due
to. underest1mat1ng the drop (mixing) volume by us1ng the torus volume.
Estimation of the drop volume from the photographlc measuremente 1q O
; difficult ow1ng to the uncertainty in DL
measured shapes gave volumes about 20% larger than q/n However it is

likely that not all of the drop volume,; and espe01ally the liquid

adjacent to the wire and the free(surface; is.effectiﬁely mixed. There

Graphlcal 1ntegratlon of the’
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is also a practical advantage in using é/n.v In this way everything
needed in fhe final equation can be determined by flow measurements
alone, except fofvtwo minor corrections. ,’ wl

The value of the modei.proposed here can ﬁe Judged by comparing
it with the data and with alternétive reasonable models. We have just
seen that the proposed model correlates the data and predicts the right
magnitude of column length for a given amount of gas absor?tion. Other
models were considered. These included treéting the drops as unconnected
volumes with the absofption given the equation developed by Kronig and

Brink5

for circulating drops, and treating the system as unrippled flow
down a vertiqal wall (with volumetric flow rate -g and wall pefimeter
21s) as discussed by Emmert and Pigford.6 These models all prédiﬁted
column lengths more than én order of magnitude larger than the observed
column length. - Tﬁus,.although the proposed modei is admittedly crude

and many refinements might be suggested, it seems to properly account

for the essential features of the mass transfer process.
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Table I. Physical properties of the -0ils at 25°C

Symbol Property . ) No.T No.9 No.15

P Density, gm/cm5(A) 0.870 10.878 _0.868 S
o Surface tension, dyne/cm (A) L35 36 36
i Viscosity, poise (B) . 0.566 0.716 1.3k
P CO, saturation concentration 60.57 60.54 61.9h'
s em“Hg /1.9 emd (C)
o Diffusivity of €O, 3.9 3.5 (E) 2.k
2 .
oy 00 (D) -
sec

(A) Catalogue value
(B) Measured in Haake viscometer

(C) Measured in Van Slyke apparatus, in equilibrium with Co, at
1 atm. pressure

(D) Measured in diffusion cell

(E) Interpolated value from measured diffusivities of No. 7 and No. 15
olls - ‘ _
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Table II. Calculated and measured results from
photographic and flow measurements

No. 7 o0il, 0.031 inch wire No. 9 oil, 0.031 inch wire
n— 1 drop/ 2 drops/ 3 drops/ 1 drop/ 2 drops/ 2.5 drops/
sec sec sec sec sec sec
q x 100 5.6 9.3 1k, 5.3 9.6 - 13.
cmB/seE
U cm/sec 2.0 1.9 1.9 1.5 1.6 1.7
U em/sec .16 17 .25 .29 o2 .15
v X 100 5.6 k.7 L.8 5.3 L.8 5.0
cm ‘ .
2s cm 079 . .079 ..079 079 .079 079
2H cm 21, .19 19 .19 .21 : .21
2h em 11 .11 12 .12 12 11
5 cm 015 .015 018  .022 019 .016
Aem 2.0 0 LTH B2 LT .80 .63
D cm 35 . 35 | .34 .41 .39 . 37
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~ Table II... (Continued)

No. 15 oil, 0.031 inch wire No. 15 0il,
| - , _ ' 0.020 inch wire
n— 1 drop/ 1 drop/ 1 drop/.. 1 drop/ 1 drop/ 1 drop/
sec Ll- secC 2 sec sec 2 sec sec

g x 10° 1.1 1.7 2.7 5.0 6.1 12.
cmB/sec _ '

U em/sec 67 .79 .88 .85 1.9 2.5
u_ cm/sec  .051 A1 0 L10. 0 .066  .OWT .19
Vv X 100 6.5 67 . 5.3 5.0 1.2 1.2
o ST . |
2s cm 079 079 .. .0T9 .079 051 % .05
2H cm S99 200 .21 1 _.23 . .26
2h cm .10 ”  Jd2 L1 1 - L0735 ..099

em . .013 'i.018 _  .018 .01k 012 - 02L
A cm 3.7 3.0 LT . .6l 3.4 . 2.6
D, cm | 33 3L | .36 31 36 43
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Table JIT. Mass Transfer Data

a. No. 7 oil, 0.031 inch wire;:PS = 60.57

1 drop/ 2 drops/ 3 drops/
sec sec sec
L(cm) P(cm) P (cm) P(cm)
16.0 -~ 52.30 k9, 8L b5.15
10.5 u8.91 46.09 . 10.82
6.0 4z 25 38.66 - 32.59
3.0

32.29 31.67 25.78

b. No. 9 oil, 0.031 inch wire; P_ = 60.5k

1 drop/ 2 drops/ 275 drops/
sec sec sec
L(cm) P(cm) P(cm) P(cm)
10.3 51.91 48.20 L .04
5.5 - 43,92 36.91  33.5h4
3.6 37.80" 31.h2 25.8L

A for column length 4.3 cm
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‘c." No. 15 oil, 0.031 inch wire; P_ = 6.9k

1 darop/ 1 drop/ ’l'drop/ ‘1 drop/
6. sec hisec = 2 sec . sec

L(cm) _ P(cm) P(em)  P(cm) Plem)

20,00 mmeene 505 52.86 k7.2

6.0  5k.L6 .65  18.88 h1.72
3.0  ";h9.ou_ 4313 38.36 . 35.3h4

~ d. No. 150il, 0.020 inch wire; P_ = 61.9%

L drop/> : L drop/.
2 sec ' sec ' -

-L(cm) 'v: P(cm) ' P(cm) _‘7

16.0 39.07 - 36.61
- 10.0 32.88 . 33.62
60 znse 2991

3.0 2505 . 2L20 -
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FIGURE CAPTIONS

L R PO P SV Py

SN UURIROS VS

-Geometry of the flow‘ofverPS‘travellingvon,a'vertical wire.

Possible streamlines in a coordinate system moving with the

wave Velocity. The arrows indicate the direction of flow in

this coordinate system,

(a)
(v)
(e)

No .circulating loop

Double circulating loop

Single circulating loop

~ Schematic diagram of experimental apparatus.

Gas absorption as a function of colum length for No. 7 oili_

~moving down the ,031 inch diameter wire with a frequency of

' 2 drops/sec.

0 Teking Pi = 0 and L as the total length of tolumn

lengths differing by the amount L.

- @ Taking P and Pi»as the measured concentrations for two column.

Overall correlation of gas absorption as a function of

dimensionless column length.
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Number
Number
Nunber
Number
Nunber
Number

Nomber
Number
Nunber

Number

Number
Number-

7 oil,
7 oil,
7 oily
9 oil,
9 ecil,
9 oil,

15 0il,

15 oil,
150il,
15 0il,
15 oil,
15 oil,

0,031-1in.
0.05%1~1n.
0,031~1in.
0.031~1in.
0.031~1n.
0.051-11,:

0.0%1-in,

0.031~-in,

0,031-in.’

0,031~in.
0,021i-in.

0.020-in.,

wire,
wire,
wire,

wire,

wire,
wire;
wire,

wire, -
‘wire,
wire,

wire,
wire,

1 drop/sec
2 drops/sec
3 drops/sec
1 drop/sec
2 drops/sec

2.5 drops/sec -

drop/6 sec
drop/k see

=

,drop/sec{
drop/2vsec

R e

‘drop/2 sec

“drop/secd - |
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Reservoir

Glass coils
Z

i
~
f Needle valve
il Syringe needle
' yring

0= —* Gas outlet

| —Wire

Gas inlet

L--—— Absorption chamber

Coalescence tube

J_*—Monometer
To Van Slyke
analysis
chamber
&/

Gas saturator

Note: All conections are made
with Tygon tubing.

MU-3593¢

Fig, 3
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This report was prepared as an account of Government
. sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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