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Introduction

The fundamental problem of non-equilibrium
behavior is of the utmost practical importance, but
while industry has developed a vast literature of
empirical data with which to attack the problems of
design and control of procesges involving such
phenomena as absorption, extraction, and the like,
the prediction of the behavior of even a simple two
phase gystem is not possible without considerable
knowledge of the system itself. The work described
here was performed at the direction of Dr. B. H. Sage
as a preliminary study of what might be a more fund-
amental approach to the problems concerned.

A simple system of technical importance to the
Petroleum industry might be represented by a hydro-
carbon gas dissolved in a non-volatile liquid, so a
study of the rates of absorption and evolution of the
gas for the gystem n-butane - crystal oil was begun.
After considerable data had been accumulated and
roughly interpreted a detalled mathematlical analysils
of the method used for determining the diffusion
constant for this system wes finally undertaken. The
work is described in two more or less independent
gections, since there was no time available for any

further experiments designed to check the mathematical
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treatment of the diffusion problem and possibly
recalculate the experimental results on this basls.
Part I of this thesis 1s devoted?% conslideration of
the rate measurements, and Part II to the mathematical

treatment.

PART I

Apparatus
The essential featureg of the apparatus designed

by Dr. Sage for the rate measurements are shown in
Fig. 1. The Pyrex glass cell 1, which contains the
oil 2 under investigation is 2% in diameter for some
10" of the upper portilon, narrowing to 3/8" in
diameter at the lower‘portion 3, and it rests in

a narrow ring cut out of the steel block 4 which

is mounted in the plece of steel tubing 5 rigidly
mounted on the vacuum bench. The connection between
the glass tubing 3 and the steel block 4 is made
vacuum tight with sealing wax. The block 4 carries
on its lower side a packing gland, consisting of

the oil-soaked leather washers 6, the steel follower
T, and the steel cap 8, which may be tightened
through radial slots in the tubing 5. At the lower
end of the tubing 5 is mounted the ball bearing 9,
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which is attached to the pulley 10; the split thread
thumb serew 11 holds the 1/8" gteel drill rod 12
tightly in the pulley. On léosening the thumb screw
the drill rod is free to move up or down, bringing
the stirring blades 13 to any desired position in

the cell.

The cell 1 is connected through the stopcock 14
to a mercury reservoir (not shown) from which the
mercury l5 may be forced by air pressure into the
cell to any desired height, the stopcock 16 serving
to drain the cell. 1In construction of the apparatus
the drill rod 12 with the attached stirring blades
13 was put in place through the narrow top portion
of the cell before it was sealed at 17, where the
diameter is about 7/8%., 01l may be added to the
cell through the stopéock 18, and the 4 mm. Pyrex
tubing at 19 and 20 leads to the gas measuring
and regulating system.

The entlire cell is surrounded by a glass
thermostat jacket 21 open at the top, which is
supported in the brags shell 22 filled with plaster
of Paris 23, the lower portion 24 of the jacket

being narrowed to fit closely to the lower portion
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of the cell 3. The water condenser 25 serves to
prevent an undue amount of heat from being transmitted
down to the wax joint at the block 4; the block 4

is also water cooled with a cooling coil soldered

to it (not shown), since the friction in the packing
gland during prolonged stirring sometimes produced
sufficient heat to soften the wax joint. The con-
nection between 24 and 3 is made with two pieces of
rubber tubing, and the length of 3 (the lower portion
of the cell 1) between this connection and the side
arm leading to the stopcocks 14 and 16 is so adjusted
that the thermostat jacket 21 can be lowered to permit
opening or sealinglthe top of the cell at 17. The
lower portion of the thermostat Jacket is filled

with mercury 26, and the mercury and thermostat oil 27
can be drained through the stopcock 28. In main-
taining constant temperature the thermostat oil 1is
pumped from & large constant temperature reservoir
through tﬁe copper tubing 29, the oil discharging from
the Jacket and flowing by gravity back to the reser-
voir through the copper tubing 30. The temperature

of the thermostat jacket was measured to .1° with a
thermometer (not shown), and in order to smooth out

fluctuations in temperature due to variations ih
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room temperature and rate of flow of the oil from
the reservoir, a small 100 watt heater (not shown)
wag also placed inside the jJacket, the current to
it being controlled through the ususl rglay circuit
from a three-leg mercury thermo-regulator also in
the thermostat (but not shown). The oil in the
thermostat jacket was vigorously stirred with a
stream of air from a copper tube (not shown) reaching
almost to the surface of the mercury in the Jackets.

The gas measuring and regulating system is
illustrated diagramatically in Fig. 2. The two
open end U-type manometers A and B of 6 mm. Pyrex
tubing serving to measure pressures, the stopcocks
in the bend of the U permitting the "locking' of
the manometer gso that the pressure at a particular
time might be recorded subsequently. The measuring
bulbs 31, 32, and 33, of 500, 1000, and 1000 cc.
capacity respectively, are submerged in a tank of'
water to determine thelr temperature. The butane
used was stored as a l1iquid under its own vapor
pressure in the steel bomb 34,

In addition to the apparatus 1llustrated a
mercury diffusion pump backed by a Cenco Hyvac

served to exhaust various portions of the apparatus
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low pressures being determined with a calibrated
McLeod gauge. A water asplirator was provided to
avoid the necessity of evacuating large quantities
of gas through this high vacuum system.

A small synchronous motor driving a counter
served to measure time intervals. Through some error
a 50 cycle motor was supplied for use on 60 cycle
current, and consequently time is later frequently
referred to in terms of "time units" = tys Where
1 time unit = 5/6 secondj in presenting the experi-

mental data convendent use of this unit may be made.

Calibration

The volumes of the connecting tubing and the
meaguring bulbs 31, 32, and 33 were all determined
by observations of the preséure-temperature relations
of alr, a 1000 cc. glass bulb which had been calibrated
by determining the weight of water it contained being
sealed to the apparatus for this purpose.

The volume of the cell 1 as a function of 1ts
length was gimiliarly determined, the cell length
being measured against a millimeter scale measuring
the height of the lower end of the drill rod 12 above
the base of the vacuum bench when the lowest point of

the stirrer 13 touched the surface of the mercury 15.



The volume of the measuring bulbs, which are
designated in the experimental work by the numbers
1, 2, 3, and C (the calibrating bulb) were 1020, 509,
1013, and 1051 cc., respectively. The volume of the
manifold or connecting tubing between the bulbs and
the "throttle" stopcock 35, which was 13 cc., as well
as the volumeé of the manometers A and B, which were
estimated at 0.l2 cc. per cm., are included in the
calculations throughout, though they are rarely sig-
nificant since none of the measurements were conside
ered more accurate than £0.5%.

The volume-~length calibration of the cell is
presented in Fig. 3. From the average slope the
crogs-sectional area of the cell was calculated to

be 18.45 sq. cm.

Experimental Procedure

Rate measurements were made on the system normal

butane=crystal oil for a variety of experimental
conditions, which included different amounts of
oil either stirred at different positions in the olil
(absorption and desorption) or quilescent (desorption
only) with the gtirrer at different positione in the

oil or beneath the mercury, between the saturation
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pregsures of 430, 790, and 1025 mm. at a temperature
of 37.8° ¢, (100° F.).

The quantity of olil sample was determined both
from the volume of oil before it was introduced into
the cell through 18, and from the volume of the cell
1t occupied as found from the volume-length calibration
of the cell. In any particular run the olil sample
was completely de=gassed to a pressure of 1l0-% mm.
as measured on the McLeod gauge, or saturated to the
desired initial pregsure as measured by the manometer B.

In measuring absorption, a quantity of butane from
the bomb 34 was admitted to the previously evacuated
measuring bulbs, the temperature of the water bath
noted, and the initial amount of gas determined from
the pressure as read on manometer A, The stirrer
being adjusted to the proper position, the counter
was sharted, and when 1t passed some convenient
number the stopcock 35 was opened until the pressure
of gas above the oil (as read on manometer B) reached
the desired final pressure. Throughout the run the
#throttle" stopcock 35 was adjusted as necessary to
ﬁaintain as closely as possible this constant final
"saturation" pressure above the oll. While the

pressure would be somewhat erratic for the first
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minute, 1t was found possible to conitrol this pressurs
to within +10 mm. for the first few minutes, the
variation decreasing during the run to #3 mm., it
being possible to maintain this regulation in the
later portions of the run for as long as desired with
only occasional adjustment of the stopcock.

Ag soon as possible after the proper "saturation"
pressure, as indicated on manometer B, was reached, |
the time would be noted and the"locking" stopcock at
the bottom of the U of manometer A closed simultan-
gously, the tlme and pressure of the gaé remaining
in the measuring bulbs then being recorded. Meas=-
urenents of the quantity of gas would be repeated as
often as practicable with reasonably careful control
of the pressure of gas above the oll during the early
part of the run, or as often as observable differences
in pressure could be detected on the manometer in the
later portions of a run. In measuring the rate of
evolution of gas the procesg was, of course, reversed;
the measuring bulbs being evacuated initially and the
gas being permitted to flow in the opposite dirsction
past the throttle stopcock and measured in the bulbs.
Care was always exercised to assure that any reading

of the quantity of gas coincided with the "saturation®
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pressure of gas above the oil being exactly the desired

final value as indicated by the reading of manometer B.
To insure = more uniform accuracy throughout a

run, whemever possible the gas was measured in ons

bulb at a time, the gas being led into (or out of)

a second bulb when the pressures in the first bulb

approached the constant pressurqﬁbeing maintained

above the oil; The "switching":from one bulb to

another was accompliéhed by clbsing the throttle stop-

cock momentarily, measuring the pressure of gas in

the bulb being used, closing the stopcock leading

to this bulb, opening the stopcock leadlng to the

next bulb, agaln reading the pressure, and then opene

ing the throttle stopcock to continue the flow. This

double measuring process could usually be accom-

plished without any serious deviation from the desired

pressure above the oil in the cell, and it provided

an additional check on the quantity of gas remaining

in the manifold, which was actually, of course,

measured twice and had to be subtracted from the

subgsequent calculated amaunta of gas.
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Materials

The normal butane used in this investigation was
that obtained for an earlier 1nvestigation1 from the
Phillips Petroleum Company, who submitted a specilal
analysis of 99.7 mol per cent n-butane and 0.3 mol
percent iso-butane, and it was used without further
purification. The crystal oil was also that used in
an earlier investigation® and was a water-white
parrafin-base oil refined from Pennsylvania crude
stock, Its specific gravity at 100° F. relative to
water at its maximum density was .8244, and its
viscosity-gravity factor® was found to be .7979.
For further detalls of the materials and thseir prop-

erties the references cited may be consulted.

Incidental Meagurements and Data

In addition to the rate measurements themselves,
considerable data concerning the n-butane - crystal
oll system studied were necessary; the measurements
and data will be described here.

The density of the crystal oll used, as a

15age, Webster, and Lacey, Ind. Eng. Chem., 29,1188 (1937).
®Sage, Inman, and Lacey, ibid., 29, 288 (1937).
SHill and Coats, ibid., 20, 641 (1928).




=15=

function of temperature, was determined by R. C.
Nellis and his dafia are presented in Fig. 4. The
average molecular weight of the crystal oil, as
determined by J. Sherbourne from its frsezing point
lowering in benzene, was 342, and its vapor pressure
was of the order of 10™% mm. of mercury.

The deviations of n-butaﬁe from the perfect
gas laws 1is appreciable even at the low pressures
used, and the measured pressure values were always
corrected with the z factor, defined by z = PV/NRT,
and measured by Sage® which are shown in Fig. 5.
For use in calculating,a table of the z values at
variouvs temperatures and pressures was constructed
from this data.

The volume change of solutions of butane in
'this crystal oll was calculated from the average
of the many measurements of the volume of solutions
in the cell when saturated at different pressures
of butane. The final values uged are shown in
Fig. 6, where the molal volume of solutions of
butane in erystal oil has been plotted as a2 function
of the mol fraction of butane. The circles indicate
the averages of observed values, and the function

wasg assumed to be the straight line given by the
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gquation ¥ = 414.84 - 299,74 N, , where ¥ is the
molal volume in cc. of the solution, and N, }s the
mol fraction of butane. This equation may bem B
transformed for later use to the form

v = .00l98l7 m + 1l.2134 g (L)
where v 1ls the volume 1n cc. of solution containing
g grams of oil in which m milligrams of butane are
disgsolved. From this analytical expresgsion the

values of Table I were calculated.

Table I
Volume of Solution

Normal Butane in Crystal Oil at 100° F.

Tnis] trasess H.] (coufaram)
0 1.2134
430 1.2094
790 C 1.3946
1025 L. 4756

The solubility of butane in thls crystal oil
was determined from those runs which were carried to
completion together with a special sgeries of measure-
ments in which a definlte quantity of gas was run
into the cell, the throttle valve closed, and the

final equilibrium pressure determined after contin-
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vous sgtirring for at least an hour indicated no
further change in pressure. Since the later cal-
culation of various quantities is dependent directly
on these values, every effort was made to push the
accuracy of the determination to the limit of the
apparatus, but at the highest pressure (1025)mm.)
the reproducibility of the measurements was rather
poor. This is principally due to the large per-
centage error involved in measuring small differences
in pressure at high pressures, the difficulty of
preventing slow leakage out through the stopcocks,
and the fact that at these pressures small temperature
variatlons have a very'great effect on saturation |
pressures; Sage® found for a similar eryatal oil-
butane system that the saturation pressure varied
by nearly 25 mm. per °C at pressures around 1000 mm.
The data obtained experimentally are indicated
by the points-in Fig. 7, where the saturation pressure
1s plotted against the mol fraction of butane.
Data for the solubility from the smooth curve; and
concentrations calculated using the data of Table I

are pregsented in Table I1II.

*Sage and Lacey, Ind. Eng. Chem., 28, 106 (1936).
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Table 1II

Solubility of Butane in Crystal Oil at 100° F.

Butane Pressure| Solubility Concentration of
(mm.) (milligrams / gaturated solution
gram of oil) (milligrams /
cec. solution)
430 43.39 33439
790 ol.44 65457
1025 132,30 89,66

The value of the diffusion constant for butane

in this crystal oil was also measured a 1l00° F. at

variousgs pregsures of butane by simply measuring the

rate of absorption of the gas into qulescent oil by

the method used by Pomeroy®.

In using this method

the differential equation for diffusion based on

Fick's hypothesis (and assuming no volume cchange

takes place and that the diffusion constant 1s in-

dependent of the concentration) is integrated.

The value of the concentration gradlent at the surface

1s then obtalned by differentliation,and the diffusion

constant calculated from the rate at which the gas

dissolves, The details and assumptions inherent

in this method are discussed in the paper referred

SPomeroy, Lacey, Scudder, and Stapp, Ind. Eng.
Chem., 25, 1014 (1933).
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and in other papers and theses from this laboratory
which will be disd?sed more fully in Part II of this
thesis, The experimental values obtained by the
simple treatment of Pomeroy will be given here,
gince these values were used in treating the exper-
imental rate values,

To calculate the diffusion constant Pomeroy used
the equation

1Tm3
4A2(cs‘ Gq)®

where D = diffusion constant (in sq. cm./sec.)

D= (2)

A = gurface area of the oil (in sq. cm.)

cg = concentration of the solution corresponding
to the pressure of gas maintained above
the solution
¢, = Initial concentration of the solution
and m = %.3? is defined as the slope of the straight
line which 1s obtained when @, the total quantity of
gas absorbed at any time after the beginning of
diffugion, 1s plotted against Jt, the square root
of the time (in seconds) after the beginning of
diffusion. Since § and (cg=- cy) appear as a ratio,
any convenient unit may be used to désignate both
the quantity of gas absorbed and the quantity in a
cec., of solution,

Four measurements gave the values of m and D

in Table III.
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Table III
Diffusion Constant
Butane in Crystal Oil at 100° F.

Pressure Concentration| Slope |Diffusion Mean
(mm. ) (mge/cc.) (ng./ | Constant | Conc.
sac.)| (em?/gec.) | (mg./cc.)

init.| sat'n|init.|[sat'n

Co cg m Dx10°% c
0| 430 0 |33.39 1.666 «5T4 16.69
430 | 790 [ 3339|6557 L.990 | .823 48,48

430 | 1025 | 33.39|89.66 3,859 1.085 61l.52
790 | 1025 | 65.57| 89.66 1.871 L.392 77.61

It is obvious that the diffusion constant varies
almost threefold over the concentration range evolved,
contrary to the assumption made in Pomeroy‘'s treatment,
but any error thus introduced was originally to be
ignored and the value of the diffusion constant at
the mean concentration of the range over which the
diffusion constant was measured.

The values were thus plotted against the mean
concentration as in Fig. 8, and the value of the
diffusion constant over the range was taken as being

represented by a linear equation indicated by the
solid line

D x 10% = ,440 + .0097 c (3)
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where ¢ is the concentration of the solut ion in
milligrams of gas per ce. of solution.

Since this equation 1s to be used throughout
the treatment of the experimental results it might
be well to indicate here that a closer approximation
such as the dashed line of Fig. 8 might better have
been uged, but that it would not materially affect

the nature of the conclusions regarding the rate
measurements. Equation (3) was originally found
for slightly different values of the diffusion
constants as calculated using incomplete incidental
data of the saturation concentration values, etc.,
and under the pressure of getting some sort of
information as to the meaning of the rate measurements
(which were nearly completed before the final
dterminations of various incidental measurements),
the equation (3) was used throughout. It was
expected that the final values of the diffusion
congtant as calculated in this way would be used to
recalculate all of the experimental data, but at
this time the plan of the investigation was finally
reoriented to include a detailed investigation of
Just this point, the variation of the diffusion

constant with concentration, and consequently the
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recalculation on this empirical basis would have
been but a waste of time. Unfortunately time did
not permit any verification and application of the
congiderations, developed in Part II of this thesis,
to the diffusion measurements used in the treatment

of the rate measurementse.

Experimental Data

29 complete and acceptable rate measurements
were made under the varlous experimental conditions;
in 13 of which the oil was stirred continuously
throughout the run, while in the remainder the
gtirrer was gtationary either beneath the mercury
in the cell or at some fixed point in the crystal
oil. In the stirred runs the stirrer speed was
approximately constant at 300 revolutions per minute;
a study of the effects of different gstirrer speeds
was pfoposed but not made. Considering the enormous
number of 1ndiv1dual observations, no attempt will
be made to give the complete exverimental data for

all runs, and course of the runs will be presented
in the forms of graphs; however, to illustrate
clearly the details of the experiments, the complete
set of ebserved data and calculations for one typlcal

run is presented in Table IV,
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Table 1IV

Complete Data for a Typlcal Run.

Run 54 Stirred Pressure change T90-430 mm,
Barometer 867.1 Initial pressure 525.2
126.8 474.8
T40e 5 mme Zg.E
T .;
Rod Reading: 790.7 mme.
Top of oil 21.80 = 128 cc.
Top of Hg. 25.00 Throttle pressure
5420 T4063
' desired 430.0
Stirrer at 23.80 310.3
65043

420.2
observed 309,

mg. = .00299 PV/z = ,00299 x T90 x 128/.974 = 310
.00299 x 430 x 128/.986 = 165
15mgo

Initial Conditions:

L 2 3 4 5 6 7 8
Time Pressure
anAts Man.A| Bulb Gauge | Abs. Z V |Amg. |=2mg.
0 1+3
240 T40.3 0 -145
70 | 840.3 696.1 | 44.2| .998 | 2046 | 284| 139
144,2
125 | 829.0 E 663.0 TTe3 | «997 " 4o6 | 351
166.0 , A
200 | 815.0( " 634,0 | 106.3 | 996 " 683 | 538
181.0
065 |805.0| " | 613.8|126.5| .005| v | six| 669
191.2|




. o

Tablaam (con*d)

1l 2 % 6 7 8
E;Tgs Man.A Bulb c}gﬂ;zsuf@s. z V Amng. Zmg.
400 g?f.g ézg 575.5 164.8 ,994 2047 11062 O9l7
450 Zig:g o 562.9 177.4 .995 " 1145 1000
500 ZZ;'% " 55L.1 189.2 w1221 1076
630 Zggzg " 525.7 2146 .992 % 1386 1241
700 ZZ%:Z " 512.9 22T " "o 1469 1351
750 ZZ%:% " 505.5 234.8 .991 " 1518 1373
800 Zg?.g " 497.5 24238 " 1570 1425
850 ggg.% " 489.8 250.5 " "o 1620 1475
920 TALO ¢ 48L.0 259.3 .990 " 1678 1533
1000 ggizé L 471.3 269.0 " "o LT4L 1596
1110 Zgg.g o 460.4 279.9 " 1811 1666
1200 Zggzg " 451,6 288.7 .989 " 1870 1725
1300 ggg.g " 4434 296.9 L " 1923 LT78
1400 Zgg.g " 436,0 304.3 " " 197L 1826
1630 712,5 " 422,9 31T7.4 .988 " 2058 1913
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Table IV (cont'd)

1 2 3 4 5 6 7 8

Time Pregsure

units e il Gauge Abs. z Vv amg. Znmg,

1800 T708.9 143 415.1 325.2 .988 2048 2110 1965
203,8 24°

2020 T05.0 W 407.8 332.5 " " 2157 2012
297.2 "

2200 T02.5 b 402.4 33T7.9 .987 " 2194 2040
300 ° 1: .

2400 T00.8 o 398.,9 341.4 " # 2217 2072
301.9

2600 698.9 " 395.0 345.3 ,987 " 2243 2098
303.9

2800 697.5 " 392.,5 347.8 # " 2259 2114
305.0

3000 696.8 " 390.7 349.6 " " 2270 2125
306.1 . .

3225 696.0 n 389.,2 35l.1 i " 2280 2135

Referring to Table IV, which 1s the data calculated
and recorded in the notebooks, we see that Run 54 was
stirred, the pressure drop of from 790 to 430 mm.
indicating that gas was evolved. The barometric
pressure just before the beginning of the run (as
obsérved by evacuating manometer A to @ vacuum of
10°% or better) was T40.3 millimeters, and thus the
actual initial saturation pressure over the oll as

obgerved on manometer B was T790.7. The desired
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"throttle” pressure as calculated to the value of
310.3 is the desired mean reading of the differences
of the heights of the mercury in manometer B after
the beginning of the run; it is thus calculated

for convenience, since during the early part of th

a run considerable agility 1s required to maintain
anywhere near the proper value and still make readings
of the amount of gas coming out or going into solution.
The value of "obgerved” as 309.8 mm. indicates that
at some time later in the run, when the rate of flow
of gas was slower, both sides of the manometer B

were actually read to check that the mean pressure
being maintained was actually somewhere near the
desired value and that no gross error in estimating
the desired reading had been}made. The scalse
reading of the top of the 0l1l before starting the

run was 21.80, which from Fig. 3 indicates a free

gas volume in the cell of 128 cc. The scale read-
ing of the top of the mercury was 25.00, indicating
the oil occupied a depth of 3,20 cm. in the cell

(it was from theaverages of these observed values
from all runs that gave the three points on the
volume change of gsolution curve, Fig.6). For this
run the scale reading for the position of the stirrer

during the run was 23.80. The "Initial Conditions"
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are simply the calculations based on the free gas
volume of the cell, which determine the amount of
gas above the oil which will flow out of the cell
when the throttle valve 1s opened to reduce the
preassure above the oil to 430. mm. This gas will
of course be measured, but must be subtracted from
the calculated amounts of gas coming out of the cell
at any time to give the actual amount of gas evolved
from the oil.

In the tabular recording we find in Column 1
the time ( actually the counter reading and therefore
in ty = 6/5 seconds), in Column 2 the readings of
manomter A, and in Column 3 the bulb or bulbs 1in
which the gas 1is being measured and the temperature
(°C) of the water bath around the bulbs. Column:

4 gives the calculation of the manometer readings

to absolute pressure. In this, before opening the
throttle valve the pressure in bulbs 1 and 2 was O;
at TO t, after opening the throttle valve, 44.2 mm.;
after 125 %, 77.3 mm., and so on. In Column 5

are given the z values of butane for the temperature
of the bulbs and the pressure of gas, in Column 6

the volume of the entire system in which gas is being

measured (in this case 1020 + 1013 + 13 cc., the



33

volume of the two bulbs and the connecting manifold),

and in Column 7 the milligrams of butane as calculated

from the relatlon ng. = PVvw
* 760 RTz

P being the pressure in mm., V the volume in cc., W
the molecular weight of butane (58.08), R the gas
constant (82.07), T the absolute temperature (°X),
and z the factor for the deviation of butane from the
perfect gas laws (Cf. Fig. 5). This calculation,
which had to be made for each individual measurement,
was gimplified by constructing a table of factors
for the group of quantities W/760RT. In Column 7
are found the final values of the total amount of gas
evolved from the oil, obtained by subtracting from
the values in Column 6 the quantity of gasm inltially
over the oll which expands on lowering the pressure,
in this case 245 milligrams.

The six different samples of oll which were used
are described in Tabls V. In the table are given
Roman numerals which were used to refer to these
samples, the weights indicated are derived from the
observed volumes using the data of Fig. 4, and will
later be used in the calculations, the volume given
1g the approximate volume of the dry oil at room

temperature.
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Table V
01l Samples Used
01l Sample Run Nos. ?giggg V?ég??
Ia 10-17 20,85 25
Ib 18-25 20.85 25
11 26-27 62,95 75
113 | 28-40 62,45 75
v 41-48 42,08 50
v 49-63 44,65 50

In Figures 9-21 are presented the graphs of the
time (in t,) against the milligrams of gas absorbed
or evolved for the stirred runs. Each figure has
included on it the pertinent data for the run;
including the pressure change (i.e., the drop or
increase in pressure above the oil); the approximate
volume of oil; and the scale readings for the top
of the olil, the mercury surface, and the position
of the stirrer.

In Runs 33 and 36, (Figs. 1l and 14) the actual
values of the amount of gas evolved indicated by the
points and dotted lines have been corrected to the
gsolid cures. The gross experimental error was due

to leakage, the runs are absorption runs, measuring
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the gas absorbed between a lower pressure and the
high pressure of 1025 mm. for 75 cc. of oil. This
necessitated storing gas in the measuring bulbs at a
presgsure much greater than 1025 mm., and in each
awitech of the flow from one bulb to another a definite
quantity of gas apparently leaked out through the
gtopcock. Since the breaks in the curves appeared
only at the points that thgse switches were made, and
the points for any particular bulb fell on a smooth
curve, it was felt that the correction made by
extrapolating the curves through the sets of points
and measuring the displacement was justifiable.

In Fig. 22 is presented a graphical illustration
which may be found convenient for reference, showing
for all of these stirred runsg the relative vosition
of the gtirrer in the oil, and the height of the oil
at the initial and final pressures drawn accurately
to the vertical scale, The stirrer, indicated by
the shaded portions of the figure, is shown as
tapering off at the top to indicate the fact that the
nut holding the blades and the threaded portion of
the drill rod projected some distande above the
actual top of the blades themselves,

In Figs. 23 - 34 the unstirred runs are also






=50-

T G S Y
. f ! : ;

| N / ! ; R
A AT TN :Wﬂll i B A P
ol o 1 ; ] . 1

5 4 H : | ; i E

W

T

; o .
80 1
I i, il !
s R R o iy
i5 B . : el
Tt AN W - i
gaat v pamen
wiehd - o [l
¢ et N . Ty
Eas! ! e
s ! - e
Lr‘_.* 1 - » 4 s

_ i
[+ . 5
1 : 2k
3 z y
& § aie e} 2 e
s T 3 = =
o3 2 T & Se Sl g i
: ] o -
T
+ ERES S SN ) x
T 4 111 4 iy
T :
g kpiugh gt
O D
VTI.“ 7]. H. “ Y
3 ERAATE; AR
e =
i e
e
RRY SUNER NE i s
BRauEHas :
SN @] B
s T i It
b .

T
T




-51=

Wi e 7 P EDESE R EETE] SR O EEASY R PESR R EEEET I o e s I T
M H IS AT AT St [ o | rae 4 o ! i t
I o s Cr Lyl e o : 2! 2 ! i “
R SRR R RE SS e i 0 ey ;.,x;...f..:,m:tﬁgx, i o .v.”.w:e\& e IR SR i ‘W 13 P2
| N L el T -, T R R L e T By B o F o e ke ol RO o 2 F7 1 ek I 5
M e ol e R W el A0 SN O PR e R S T o0pk | . OQO.N m i

i
|
i
i

DS Y

j}V).pf ;;“;:._v,,

4 i
,,;S‘H,J,ng,g

s = : fo T
| =, ” !
H w ........ ., ,, ey
e R s P BRI N o
Lt R b 2 1 )
BB ot R il o i o et ]
2 R [N~ | ;
: | bt :
e Dl . G S
ST | i '
||r.l.‘ i $im
| i 0
e i ,, ! 5
-t H v
S TURHE PR EEESY POEbe Ebo: H e |
I . ! i
1 4 i 1
f ; S| (o § S
S
| , ] ,. ik
S (N i (IR S0 B0 o LEEER T S P ELE
i IRIE P v




-y NS T FOSs i g
i 4 2 mes ol t
- 4 {

; fiesin S

i ek

i3 Fote Tt B R R R R Il S S B S e S el s ol s D F RS RIS B

53 RS R EE MR IS N SRS BT TR RN TR 5 T
B bt e o oo T § EARS TR TR
P BN (i B s A P Am S fo e N e paa P e T 5 KERRR Ty
sl oot b : s

3 Ebe i i o L ! i |
e T b iz i e EEEE Eo R R R
SE3 o 6 A s A1 B




/!

P ERpes B T o i i
Gessniiuiy meonh cEgR SERE %
 EDS a s
R < Bl bs: t =t
” - . - 1
B ot .
ooteny IR
o £25TT sl hiatl Ll
“;.‘.A__: i PR gt :
‘..0* ] oy e
P TEE Al
? P B S ..o PR
. 7 i s B i
1 rEh - s prb TOER
w H f SRS TR
1. . DS B 45




i ! i
. i
i .H ;
PaS o a S ot I
L. E t
| i i e
R SN I (PR T Kt SR =5 Bl (B
o}
o il Ju
i |
i

=5l

] - unls ”
‘ ; o A 5
i = o i
i i et :
: : y ¢
iteealal (N - AL
o N
15 S
i )gm,f 1
OoUC 33—
e R
S R . :
m MR L
¥ T s By
f e Lokl
{ : o !
~o

f9n




04

-
vis :

1

paYEA




! i - <ol | ! - ’ ! ; A [ |
! i ! | : ! ] f i | ! | ! H
! i i ) i ; ] { i i ! ! i | ! ; i
= e e o e e e e fea e e e e e R e S R A e e
” i ! ; { ; i I : | | H
) A () sy e 2] j
i

i
b e ” : . A “ — : A
! 8 i ! : ! ; i ; | '
i ! i i ' o : i ] ! ! !
_ b T o T o B s st i ~ : | L i~ .
| i . i . TR | : ! i 3 H ! §
! ; ' : i i egze Q:QIW sy, BRI JERR __ i _r 5 :
B i (i TR e i s o o S :,%hr%mr iuwcww.iU!: o e iy e i o = S e T TR
| ! ; , : ww QN 710! 2049/ ..;G.w 8| | | v
f-- e ¢ e R R B ! =ioe = e - f——t - -k -
i [ o w - i 8»0+ MO Fwolep m i [ g
i i ! : | {1 | | v = “ ! H |
NS s et ey et E&Qmml %micttw;wéw.@r _ _ ; S RS,
| oo . an _ o d
! ' ! = ey A | i
| i J : ] LA 009 -
| e H w " T ; vy
i | ” b gt > 3. i
e g - . = 1 - e B — — ."”‘
1 H 1
s smteesr il y.v:I* e T By = it :
b MR _ foss of i N
: b ! bl : P N
.4 N TR LR ~ T N Ty . ==
i i f 4 : ” H ~ wb
i T LT fu B ool i I I SRR . | S, 4
b b { ! iE ™
e - e = 45 -
A “ . i e _ ! : ic
! i § = | i DO >
T ! o > 1 R A7
X T . o . N ; : | B Y
e - iRl SRR e _ e e e - =l e R S e B S T - R
Ml IV 8 i 081 oo it LIRS LN R - | | |
| | | R i o |
k i : . z ! u i
T ETSISEONE METSS TR o T T h s wwi! E "
” o | ; : i: p et EEN f £
SN LINE FIENEES I (BRI, A1 ; BENE RSN L - , S Y T 8 A S £ LI S LR S
W o o e T
1Y I B G o S0 Pk SECHE: WS Bt L1 e ® 10 T PR S
P SRS - Shan N ! e | i
“ ! i 4 I e 4 : ' i _
- < RS e e e M
g | = e “ e , | . _ 3
= - f feeeed s S AN SN LEC S RS L] L O LIS L O TR S [ e e
s ; et ] i . i
! ; I i ok § 1 ' 1 ; ' i
i i b | (R SO | [ { ! i | Lol | i 4 i i !
bt BT P Beala obon s dal Aw RN 0 (I TR S S L BN
Fu | ; i bl e ! | , s | _ i i _ !
L | N SN R PO CUSCH S P N e o It Tt
fon o i - R i T T R . i :
| i o : i ke ’ ! 1 l i _ ! ! i . . H * :
ol i L I LR ¢ T N L RS 1 BEX S EE ‘:n-.-q*,s.ru«..‘:.;fm. S0 5 DA< 9 S D S
¥ ! s i i 1 i 5 : R e = Ty e P :
# i i i _ i w _ 3 . Qo : SR A o “ #
" - i - | feoeal {001 v_ | i iq g i g i I b




i




!
]

T =) S T
¥ By e g i ! :
4. B e S R S 4 —1 e — e ———— e —
tee : . ' - i '
- _ ¢ ]
i ( !
)8 1 I i
T ; :
| 1 t
i

2o ,_i ) (DS

{ i i

i i .
i

¢ i

i 5

i i d

4 | i

g S 1
T

: i

} i

i i




——e e

A

—‘1
i
|
|

-t

i

l
SRR =
|

I

/’)p

g




U Sebels |, e S

-2 P N e T

SEARgem ) BRI RS

1
1

{

_:;.».Q_.'_T.ii,:- M _




-61-

A
3
Il W : ] =
53 O T
IR

w1y

Siyp

o

Lo

= | i Lo

| 3_

| .“p“

| S
et am “lliv RS Wi i y
| '
Ll

e




-62-

presented graphically. In these runs the stirrer may
be below the surface of the mercury in the cell, or at
gsome point in the oil as indicated.

With the exception of Runs 57 and 58, in all of
the runs involving evolution of gas there was observed
a formation of foam or bubbles on the surface or in
the body of the oil immediately upon decreasing the
initial pressure of gas over the oil, the quantity of
foam and formation of bubbles decreasing during the
course of the run., Runs 57 and 58, made under identical
conditions with the stirrer beneath the olil, are
plotted tozether in Fig. 3l. In Run 57 there was
obgerved only one bubble at the beginning of the run
as the throttle stopcock was opened, one bubble sgome
700 time units later, and no further bubbles until
1500 t,,, when there was a sudden formation of foam
gimiliar to that usually observed at the beginning of
rung. In Run 58 no bubbles at all were observed until
400 t,» When one or two bubbles were noted at the edge
of the surface of the o0il, and no further bubbles were
obgerved until approximately 900 tu, when there began
a peculiar surface boiling phenomena, one or more
bubbles forming very slowly at the surface, increasing

in size, and then bursting, the process being repeated
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throughout the rest of the run. Run 57, after the
burgt of foam at 1500 t,, was more or less normal
though this suface boiling phenomena occuﬁ%d to some
extent, It must be remarked in this regard that
the congtant attention required by the manual control
of the throttle valve permitted only rare observations
of the behavior in the cell. A simple device for
automatically controlling the throttle valve wag
suggested early in the experimental program, but it
was decided that the ten or twelve hours necessary
for 1its construction should be utilized in making
more runs. Runs 57 and 58, when plotted on the large
scale which was used in plotting all of the runs for
later use, which was three to five times the scale
of the figures reproduced here, showed quite definite
evidences of inflectlons corresponding to the
evolution of the bubbles observed, while the curves
for all other unstirred® runs seemed quite smooth,
and within the experimental accuracy lacked any sudden
changes of curvature.

The density of a solutlion of butane in crystal
01l decreases with the amount of butane digsolved,
8o the less concentrated solution near the surface

during runs involving evolution of gas 1s denser
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than the main body of the solution. Since the
index of refraction is also a function of the
concentration it was possible to clearly obsgerve
the streaming of this heavier oil to the bottom

of the solution in all the unstirred runs.

Reproducibllity of Data.

In Figs. 19, 23, and 24, several runs, made
under identical conditions and during which no
differences in behavior were noted, were plotted
together, and serve to indicate the reproducibility
of the measurements. In these runs the points fall
quite closely together, and in the three figures
shown the best curve through all of the points was
uged in later calculations, and in referring to the
combined data the highest run number in the group
will be usedes Runs 56 and 63 (Figs. 30 and 34)
should also show the same behavior but the rates are
considerably differenty the rate curves are qui te
smooth, however, so the discrepancy mey be due to

gome difference in behavidr which escaped observation.

Theoretical

A simple way of consldering the process of the

absorption or evolution of a gas from aglitated



golutions 1s to assume that the main body of the
solutions 1s of uniform composition and that the
sole rate limiting procesgs 18 the diffusion of the
gas through very thin layers of 1liquid and gas at
the surface of the solution. It 18 a well recognized
fact of hydrodynamics that there do exist thin
boundary regions An turbulent fluids where the flow
is laminar in nature (i.e., regions where there 1is
no component of velocity normal to the surface) and
it is thus clesr that through this portion of the
fluids any transfer of material across the layers
must take place by diffusion. Such g layer is not,
of course, a definite layer separated from the
turbulent portion of the fluid by a sharp boundary,
but it is convenient to consider that it is, and
then define an "effective film thickness" as the
thickness such a layer would have if it did have a
sharp boundary.

In applying this concept to a gas liquid system
it 1g possible that two films mey be present, a
gas film and a liquid film, but it is frequently
posgible to assume that anly one of these is effective

in any pgrticular case, Thus in the experlments

which have been described there was no inert gas
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present above the oil, and the vapor pressure of the
oil used was of the order of 10™% mme., which may be
taken to indicate that any effect of a gas film may
be ignored, and only a liquid film need be considered
in this interpretation of the process.

It has been established that the thickness of
a laminar layer is a functlion of the velocity of the
main body of fluid adjacent to it, but it 1is not
easy to calculate from a knowledge of hydrodynamic
behavior the effective thickness of the laminar layer
for a guitable experimental apparatus, and so in these
experiments this value, together with the diffuslion
constant, cannot be used to predict the rate of
solution or evolution of the gas. However,.it is
possible to calculate qulite readily the "effective
thickness" of the film from a knowledge of the rate
of solutibn or evolution and the diffusion constant,
and this has been done for all of the experimental
rate measurements made, The method of calculation
and the asgumptions involved are described in detail

below,.

Calculation of Effective Film Thickness.

Since, as was shown, the diffusion constant D
i1g a function of the concentration, it might be best

to write it D(c), so that the usual equation which
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defines the diffusion constant after Fick reads

(&)

when g = quantity of diffusing material passing
across the particular plane x = a of area
A perpendicular to the direction of
diffusion.

- A D(c,) (g_%)a (4)

t = time
¢ = concentration of diffusing material

D(cg) = value of the diffusion constant for
concentration at x = a

x = dlstance in the direction of flow

rate at which diffusing material crosses
a the plane x = a

16/}
(o)
T
S——"
il

and (ac) = concentration gradient at the plane x = a
. .

If x is measured in cm., A in sqg. cm., t in seconds,
and ¢ is concentration per cc., D has the units of
Sde. CmMe per gsecond, providing g and ¢ gre measured in
identical mass unitse. .

Considering the particular experiments described
we may agsume (a) that there exists at the surface of
the solution a very thin layer of thickness 1 through
which the gas moves by diffusion, this diffusion
determining the rate of absorption or evolution of
the gas, and (b) that the concentration gradient

across this layer is a linear function of the thickness,



We may then write Lc for a5 but since Ac

T 0x), °
may have a very wide range of values, we must assume,
(c), that the concentration for which the diffusion
constant applies 1s cp, the mean concentration of

the layer 1, and so for (4) write

da _ _ Lc
3t = - A Dlep) T (5)

where %% is now the rate of absorption of evolution
and A the surface area of the oil solution.

If now we assume (d) that the concentration in
the main body of the solution at any time, Cyys is
uniform up to the inner edge of the boundary layer,
and define cg as the concentration of the gas at the
liquid surface, we may write Ac = (cg - cp)es e
may further quite readily assume (e) that cg 1is
the equilibrium concentration corresponding to the
pressure of gas malntalned above the solution, which
in these experimental measurements was maintalned at
a constant value during a run.

Using the value of the diffusion constant found
in equation (3) and noting that ¢ = (cgy + cb)/2,
we may now write for (5)

AL.440 + (.00485) (e, + cg)] (o, - cg) X 107°
dg/dt

1 =
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which simplifies to

R =Cg( 440 +.00485 cg) + ci (440 + 00485 c
dg/at x 10°

(g

cb may, of course, be calculated from the amount of

gas that has been absorbed or evolved, for

ey = Q=-at =-r .4 ey = Q4+ at = r (7)
Vt-vs Vt-Vs

for evolution and absorption, respectively,

where Q = total quantlity of gas originally in
solution,

r = the quantity of gas in the surface layer,

qt = gquantity of gas evolved or absorbed at a
particular time,
vt = total volume of solution at the same time,

and vs = volume of the surface layer at that time.

We may assume (f) that r is very much smaller than
Q =+ 9, and v, is very much smaller than vt and obtain
Q=~-q Q + q
cb = ——";——‘-b-, or cb = """;"_'tlo (8)
t t

We have in equation (1) an expression for the volume
of the solutlion which may likewise be 1ncluded in this
expression, so that again neglecting the quantity of

gas dissolved in the surface layer}

Q + dg
o 0015817 (3 & ap) + L.oishg O

the plug sign being used for absorption, the minus



=

gign for evolution of gas. Substituting in (6)
<440 (Qxq4)

~Cq(.440 + .00485cs) + GBTGBIT (aza,)+ L.213%s
1 =A
dq/dt x 10°
| .00485(Q+9+) ®
. .0019817(0xat) + 1.213%4¢] (10)
dg/dt x 10®

The computation of a very large number of individual
valuegs with this equation was simplified by writing
S for part of the numerator of equation (l0) to
obtaln the form

1 =248 (11)

and calculating the factor S for a series of values
of (Q+q4) and for each set of values of cgy and g that
were used. S was then plotted on a large seale
against Qg (the curves were very close to straight
lines), and values of 8 for a long series of values
of q could be found readily by interpolation along
the proper curve.

The film thickness 1 may now be determined from
the value of d¢» the amount of gas abgorbed or
evobved at a particular time, and dg/dt, the slope
of the rate curve at that point. It is now apparent
why the values of time as recorded in tu were not

recalculated to seconds, since we may write



T

- A S
1= g2 A8 i (12)

and take the slopes directly from the rate curves

as shown in the figures previously reproduced.

In using all these equations only the absolute

value of 1 need be considered since the concantration
gradient will change sign depending .on whether the run
is absorption or evolution, while 1 has been
considered as positive in direction Ainto the solution,
it will consequently as calculated by (12) have 2
negative value for ebsprption runs, unless -=Ac 1is

used in (5) and the equatlons thereafter.

The Agssumptions Involved.

To a considerable extent any examination of the
validity of the assumptions made in this treatment
must await the results obtained. Assumption (a) is
the fundamental hypothesis we are endeavoring to
establish more clearly, and since 1 cannot be readily
calculated by any other meang, it is hoped that the
quantitive behavior of the film thickness may to
some extent indicate its validity. Assumptions
(p) and (e¢) would appear to be the only way to avoid
extensive mathematical treatment and calculations
and there has been noopportunity for any closef ex-

amination of these points. Assumption (d) is very
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closely approximated in the stirred runsg, and the
observation of the convection currents in the
unstirred runs indicated that there was appreciables
stirring. With regard to assumption (e), the
agsumption in this form may be avolded by merely
defining the liquid irterface as that point at which
the cohcentration does correspbnd to the equilibrium
pressures. Since the oil has such a low ¥apor
pressure, and only butane gas 1s present above the
golution, the surface as defined in this manner will
only differ from the actual snrface as identified in
gsome other manner by an amount of the order of
molecular sizes, introducing an error in 1 which

may certainly be neglected any treatment such as
this. Assumption (f) may be examined very simply
by considering equation (7) numerically. The
thickest calculated film was 0.2 mm., and in the cell
this would occupy a volume of 0.37 cc. in comparison
to the total volume of about 25 cce., and would contain
at the highest concentration of gas used, 34 milligrams,
in comparison to the smallest total quantity of gas
possible in the solution (Q - qt) of some 800 milli-
grams, giving a maximum error of 5%. Since the

total quantity of gas in solution under these condlitions
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(absorption; surface at high concentration ,

body of liquid at low concentration) would be
increased to at least twice this value within 100
geconds, the maximum pessible error due to this
agssumption for any calculated thickness would be
about 2%, and in the majority of runs, where larger
quantities of oil were ugsed and where the calculated
film thicknesses are much smaller, the error is
certainly less than O,5%

To indicate more fully the way in which the
calculations of the film thickness were made the
complete numerical calculations for one point of
Run 55are given below in Table VI. The values
indicated iIn the table as taken from figures which
are shown are actually those obtained from the
large scale plots of the data which were actually
ugsed in making the calculatlions of film thickness.

It is difficult to fix the accuracy of these
calculations of 1 exactly, but as may be seen from
equation (12) they directly depend on dq/dty.

Since this 1s determined graphically from the slope
of the rate curﬁes the values both at the wvery
beginning of the runs and when approaching the final

saturation pressure are not to be relied upon, since
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Table VI
Sample Calculation of Effective Film Thickness
for Run 55, at t, = 625

From Data obtained
Flg. 3 A = 18.45 sg.cm.
Table V g = 44,65 g. 011l

Fig. 19, pressure change: 430 to 1025 mm.

and Table II at 1025 mm. e, = 89.66 mg./cc.
wooomw w430 mm, = (43.39) (44,65}
= 1937 mg.
Fig. 19, at tu = 625 qt = 2100 mg.
therefore Q + q, = 4037 mg.
= 2,334

" ] ] dq/dat
| | therefore dq/dtu = 2.801
Equation (9)

B g2 4037
b T (.0018817) (2037) + (L.2134)(44.65)

= 4037/61.96 = 65017
Equation (6)

S x 10° = - 89.,66(.440 + .00485 x 89.66)
L 65.17(.440 + .00485 X 65017)

= e 29.26

(Value of 8 from the curves used 1ng
(the calculations = - 29,35

Equation (11)

2.801 x 1o° - _"o0L9=% om.
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the experimental accuracy is very poor at the
beginning of a run and the slope is changing rapidly,

and near the saturation pressure a very small

experimental error may make a very large change in
the slope. For these reasons no values of the

film thickness are given 1in these reglons.

Interpretation of the Regultsg.

To assgist in the interpretatlion of the calculated
values of the film thickness, the wvalues for each run
were plotted against the concentration of the main
body of the solution as ghown in Figs. 35 - 38.

In all these figures if the curve for a run doces not
crosg the line at 790 mm. pressure the run was madse
between thatpressure and 430 or 1025 mm.; when the
curve crosses thisg line 1t was made between the
pressures of 430 and 1025 mm,.

In Fige, 35 the arrows on each cur&e indicate
the direction of the run (i.e., whether the gas was
going into or out of solution; obviously the concen=-
tration decreases for'out¥ runs and increases for
"in" runs) and the other different experimental
éonditions are indicated as shown. Examinatilon

of the figure suggests several interesting
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correlations, which tend to indicate the validity
of the basic assumption. The fact that anywhere
near constant values for the film thickness are
obtained (especially the remarkably constant set
for run 55, where the values from which the curve
was drawn differ from the average by less than 1%)
indicates thatfilm thickness is not a function of
the concentration, so that the observed rate could
be attributed to the diffugion process through this
constant thin filn. An additional indication that
the fllm thickness 1s solely a function of the
configuration conditions is found in Runs 61 andb54,
which indicate that the film thickness 1s not a
function of the concentration gradient across the
film; for the later portion of 61 and the early
portion of 54 are at nearly the same concentration,
but the concentration gradlents are very different.
The various differences of film thickness
with differing configurations are explalnable on
the basis of hydrodynamic laminar layers. Thus,
increasing the effective velocity of the main body
of the liquid by raising the height of the stirrer
in the solution decreases the film thickness as 1in

Runs 36 and 33, and Runs 43 and 60. However,
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Runs 25 and52, and Runs 23 and 61 do not exhibit
the proper behavior in this regard.

The fact that the film thickness 1is always
smaller in the "out" runs (where gas 1s being
evolved) than in the "in" runs may be attributed to
the additional convecﬁioh set up both in the body
of the solution and in the film as a result of the
greater density of the solution at the surface than
in the main body of the liquid. In the early
portions of the runs, this difference could also
be attributed to the formation of foam, which,
increasing the effective area of surface (A in
equation (5)) would make the value of the calculated
film too gmall, possibly by a factor of several
fold, or to convection set up by bubbles rising
through the main body of the oil. However, it was
noted that the foam and bubbles had usually disap-
peared long before the calculated film thickness
begins to increase, and 1t is hardly possible that
Runs 23 and 25 could be brought into agreement by
thegse assumptions. If we are to consider that the
additional convection due to the density difference
is a factor as was suggested above, it can then be

gaid that in Run 25, where the difference is much
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greater than in 23, a smaller film would be expected.
But on this basis the later portion of 61, where the
density difference 1s very small, and the early part
of 54, where it is large, would be expected to differ,
which they do not, and the only alternative is to say
that convection due to density difference can only

be appreciable when a small quantity of oil is present
in these stirred runs. This explanation 1s further
justified if Runs 53 and 54 are considered, since here,
where 50 cc. of oil was used, the film thickness is
very nearly the same, the convection existing in Run
54 being only enough to lower the film thickness
slightly.

The gituation 1§/}egard to the ungtirred runs in
which the stirrer waﬁ-tbaneath the mercury is shown in
Fig. 36, and of course all of these runs are for the
evolution of gas. Runs 62 and 56 indicate roughly
a lack of dependence on the concentration gradient,
but 56 and 63 were made under exactly similiar cone-
ditions, and should agree closely. As mentioned before
ingufficient opportunity for observation of the cell
itgelf dAuring the course of a run makes it impossible
to determine whether there was any difference 1in bubble

or foam formation in these two runs. Digregarding
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Run 63 a consideration of the convection currents
in the solution guggests an explanation for the
behavior between the different runs. In these runs
the only stirring of the solution is by the convection
currents, which may be due to bubbles of gas rising
through the oil, or to the obgserved downward "streaming"
of the denser ligquid. Since bubbles were observed
only in the early portions of the runs, convection
due to them would rapidly disappear (though it might
account for the initial low values of Run 62), but
the gradual increase of the film thickness during
the whole course of a run may be considered as
naturally resulting from the decrease in convectlon
due to the decresase of the density difference as
the body of the solution becomes less concentrated.
The increase in film thickness with increasse in
volume of olil as observed would be expected, since a
large volume of oll would be less effectively stirred
than a small volume by identical amounts of displaced
liquid.

In Fig. 37 are four unstirred runs in which
the gtirrer was at the position in the oil indicated.
In both cases the run with the larger volume of oil

has a smaller film thickness; this might be explained
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by a consideration of thne stirrer heights, as in
Runs 30 and 59. In 30 the gtirrer is much closer
to the surface, and it might then be expected that
the convection currents set up by the density-
difference considered previougly would be deflected
horizontally by the stirrer blades, resulting in a
larger proportionate amount of stirring near the
surface and consequently a smaller film thickness
than in Run 59. However, it was noted that in

Run 24 and Run 59 the bubbles always seemed to be
fofming on the surface of the oil, while in Run 28
and Run 30 the bubbles formed either on the stirrer
or the mercury surface; in the latter case this
would naturally result in additional convection

and consequently lower the film thickness while
bubbles were being formed in the early part of the
runs. The fact that the initial film thicknesses
are widely different for the two pressure drops 1is

a conasquence of either the larger quantity of foam
which would be found in the runs with the large initkal
praessure drop (Runs 24 and 28) or more probably a
greater convection throughout due to greater density
difference. As was the case with the runs in Fig.36,

the increase in film thickness throughout the course
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of these runs 1is to be attributed to the gradual
decrease in convection as the density difference
decreases.

In Fig. 38 the film thicknesses for the anomalous
Runs 57,58 are shown. The sudden drop of film
thickness in Run 57 at the point when vigorous
evolution of gas began 1s clearly to be expected,
but actually it was observed that only 1/8 of the
surface of the oll was still covered with foam at
the time when the concentration was about 60 mg./cce,
yet the film thickness does not increase correspond-
ingly until much later, again leading to the pos-
sibility suggested earlier that foam formation itself
does not appreciably affect the film, and that the
gsole factor 1s the turbulence of the main body of

liquj.do

Summary
A study of the rates of absorption and desopption

of butane in crystal oll has indicated considerable
evidence for agsuming that the rate limiting process
is golely the diffusion of gas through a thin layer
of solution at the surface of the oil which 1is
affected only by the velocity of the adjacent liquid.
Some details might be better established if further
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expariments of thés type wers desirgable, but
te@%tively it appears that the thickness of the
layer required by the observed rateginot - affected
by the concentration of the solution of the
concentration gradient across it, and further it
is affected only as would be predicted for the
laminar layer known to exist at the boundaries of

moving flulds.
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PART 1II

The Measurement of the Diffusion Constantg.

The method of measuring the diffusion constants
by the procedure used by Pomeroy,®’® which was
briefly described in Part I, has been used by other
investigators?: 8 9>1° 4in this laboratory. In their
treatment the assumptlion 1s made that the diffusion
constant as defined by the Fick equation was not a
function of the concentration of the solutlion, and,
neglecting any changes in volume, there results the

differentlial equation

dc ?® .
ot = 2o i

which is solved for the boundary conditions
c =0 X 70 t=o0
9 9 (14)

c=c¢cgy, Xx=0, tpo

where cg 1s the concentration corresponding to the

SPomeroy, Ph.D. Thesis, California Institute, 193L.

‘Both Mc¢ Bain, Zeit. phys. Chem,, 68, 471 (1909)
and Friedman and Kraemer, J.A.C.S., 52, 1298
(1930) made treatments similar to that of Pomeroy.

7Hill, Ph.D. Thesis, California Institute, 1934.
®Hill and Lacey, Ind. Eng. Chem., 26, 1324 (1934))
°Hill and Lacey, ibid., 26, 1327, (1934).
1OBertram and Lacey, ibid., 28, 316, (1936).
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saturation pressure maintained sbove the oll. By
making a change of variable,

- X

“ T ant bL5)
The equgtion and boundary conditions may be transformed

and the solution written

2 2.
¢ = cs(l - -\,%-f o di\) (16)
o]

This solution is then differentiated, and since

dx dz dax 2 Jypgr 4ax
(sl_c.) = ___1__(915) - _=2¢g_ (18)
dx/o 2 ypsldx o 2 Jw Dt

and substituting in the Fick equation (4) (but

congidering D a constant, of course) we obtain

an expression for the rate at which gas crosses the
surface. Integrating from ¢t = o to &+ = t we obtain

_ 2 A cglD
Q= ——-ﬁr::——-—ﬁ : (20)

where Q is the total quantity of gas that has dissolved
since the beginning of the process, and this is the
equation that wasgs used in the referemces cited. If
the initial conditions had been

C = Cgq» X > 0, =0

(21)
c=cy, xXx=0, t2o0
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where ¢4 1s the initial concentration of the solution,
the various equations could easily be transformed by
putting
et = ¢ - ¢4 (554
cgt=cg = co
and equation (1l3) conditions (14) would be obtained
with ¢' and cg' instead of ¢ and cg. (20) woulad

then be obtained as

2 Alegq - ¢o) VD
Q = = Jt (23)

which was also used when the oil is initially at
concentration ¢, and is transfemed to equation (2)

merely by writing m for the slope dQ/dJ%t

The Effect of Concentratlon on the Diffwysion Constant.
Although the variation of the diffusion constant

with concentration was not appreciable for many of
the systems previously studied using this method,
Hill® showed a threefold change of tle value of D
for the systems propane-kerosene and propane-spray
oil as calculated from the simple solution of (13),
and he did not discuss any alternatives. If the
diffusion constant 1s a function of the concentration,

equation (13) should be written



o

p) 2 p ]
- bx(.D

2t d ) ekl

=

as may be found in textbooks. No general solution
of this type of equation 1is known, but gimilar
equations have been extdnsively tresated for specifiec
problems in various ways. Hidaka' hag carried the
gsolution of the equation occuring in heat transfer
problems

cofol(l +80)2L = % (ko(l +m9).§.§) (25)

with the boundary conditions

6=0, x%0, t =0,

6=, x=0, t7O,
and where & and ﬂ are small constants,to a third
approximation. After putting z = %% Qﬂ%- he assumed

o

a solution of the form,

=01 -8(z) + a®F(z) + BO Uy(z) + 42O X (2)
+4BOX{z) + 2PN (z) + ¢ - ]

and found the values of the functions ¥,'I,x which

(26)

appear.
If we transform (25) to the form of (24) we have

g_g_ =§—a§[ko(l +4 0)5‘9% (27)

lHidaka, Geophysical Magazine, Tokio, 5, 361 (1932).




and we are representing D by a linear function of
the concentration, D = ko(l +X ¢). This may not be
even a rough approximation for all diffusion proc-
esgses, since in the case of electrolytes diffusing
in water, and for various organic liquids diffusing
among themselves and in water, the variation is by
no means linear. However, in the case of such
non-polar substances as hydrocarbons the approxim-
ation may be falrly close. 1In addition the constant
X must be small if the solution by sucm ssive
approximations ig to be valid, and the rough approx-
imation of (3) indicates this condition will be
moderately well satisfied.
» Transforming (26) to correspond to the form of
(27) and its boundary'conditions we obtain

5 = cs[l -$(2) +dcgP(z) +a®cg®X,( Z)] (28)
where z = x/2{k_t and which we may now treat in

exactly the same manner as in (16)-(20). Then

(%%)o - g_ﬁ CS[ '(g:g 0+ L (%%)o* LS (%)l hosd

and from Hidaka's paper we finde

& (2) =-J%__-/ozc—7td/l (30)
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and X((z) = - [1-3(2)] $(2) + 2[3@ -ZAN)]:g,(a)aA
-z[o%-ﬂaa;\f}sa[l -%(9)] 9,(s)ds
-4]:!.8-12(1&]‘23688[’1 -3 (s)] $,(s)as
-[2[AL -7 (]2, (Aar (32)
2f e a1 -3 (s1] T (s)as
-4[:2-125.1_[22658[_1 -%(s)] L(s')ds]

The differentiation of (30) end (31) is obvlous,

giving
ag) _ 2 a®) _om- o2
(a'z)c = o (a"‘) N (33}

but it appears that (32) as it is given here fronm
Hidaka's paper contzins at least one typographical
error, in that $(z) should appear outside the last
group of terms in the square bracket. To avold the
arduous labor of carrying out the evaluation of

the integrals which 1s necessgsary if this is so, as
well as to save the trouble of completely checking
the full solution, a graphical differentiation was
used. Hidakz gives numerical values for all of the
functions in his solution for values of 04z 3.0,
which he determined using Simpson's rule, and by
plotting the values of X, against z and determining
the slope 1t was found that

(9.7_‘1) = =0.59 + 0.02 (34)
az J
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For convenlence -0.59 was written as ;ﬁi%?’ which
value is within the limits of error of the deter-
mination of the slope, and then putting (33) and (34)
in (29) we obtain

(gg) _cg [-27+ 2dc_(n - 1) + qgcsz(B-zm)]
dx /o ~ 2 kot Wi (37)

which of coursge reduces to the form (18) when o = O.

Proceeding as before we now substitute in the Fick

defining equation, which should now be written

(%%)o = -Ak, (1 +«cs)(§-§)o (38)

the value of cS appearing since this is the value of
¢ at the point x = O, and we obtain after integration
from t =0 to t = %,

i 2044 Jicy (1 rae I[n-ac (@ - 1)-afc ®(3/2 -'ii)]J_t__
T 0T

Q

and finally

aQ . 203A5E6[1_“c (1-1/%)+aacsa(l-3/2“ﬂ [L4ac ) (40)
aft V@ ®

This is similiar to the equatlion used previously, and
dQ/a{t is the m in equation (2) if ¢, =0, so the
diffusion congtant may be readily calculated.

If the initial conditions are as in (21), a
transformation similiar to the one indica ted there may

be made, ore.



et = ¢ = 0., etz =6, ,
° w0 (41)
ko' = kK (1 +olc,) a' =a/(L +dcy)
to transform to the form of (27) with prim s
throughout, but the reduction of (40) then leads %o

a complicated form,

Application of the New Solution

Since the gimplest form (40) is applicable to
the case where the initial concentration of the
solution ig zero, and since only four runs had been
made in determining the diffusion constant for the
gystem gtudied in Part I, an immediate ap plication of
this solution to Hill's data for propane in kerosene
was made. Hisg data for zero initial concentration

was of course calculated from the equation

D = -—l'..in.._?’._ or m = M
4Aacsz - i

and writing (40) in equivalent form, with numerical
values for some of the expressions involving q; we

have

k= T
©  #a%c.® (1-.6817& ¢y +.5225a%c,)® (L+ac,)®

It takes, of course, two meagurements of the diffusion

congtant at different saturation concentrations to
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determine both o and K° experimentally, but instead
of uging the wvalues of m, A, etc.sfound by Hill

it 1s more convenient to use hls final values of

D and write for (42) (replacing cg by 8 and & by x
for convenience in writing)

Dy

kg = (43)

(1+.3183x8;-.1592x% 84 ® + .5225x%8.°%)®

which shotld hold for each value of D and s (s= his Bg)
which he determined. From Tablgfof Hill's paper®
five different values of 8 and D for his measurements
on the propane-kerosene system at 86° F. have been
gelected, and these values, together with some of

the coefficlients in equation (43) are presented in
Table VII. There 1s some sort of discrepancy in

the data he has presented, since he gives more than
one value 6f C4, the saturation concentration, cor-
responding to the same saturation pressure; in

these cases the values were averaged.

We may now take the runs which we have numbered

1 and 5 and substitute in (43)

D . — R 2 . ~6pB
{:é _ 1430.35x ~2408.5x° +.9723x107°x° _ . o,
VD, 1+ 8.00%x —100.,9x% — .826 x10"*x®
which reduces to the equgqtions:
x3-2,3325%°% +28,036x - 549,767 = o (45)

and x%-2.5996%% +52,03x% + 2552.6 =0 (46)
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Table VII
Averaged Data from Hill® Table II

Run g 31833 |.15928® |[.52258% | Dx10° | Dx10%3#
x10%

251 8.00 100.9 «826 | 1.68 1.2961
26,9 8.56 115.2 L.017 | 1.84 1.3569
40.7 | 12.96 259.0 34523 | 2.25 1.5000
58.0 | 18.48 535.5 | 10.194 | 2,60 1.6125
123.0 | 39.35 | 2408.5 | 97.230 | 3.94 1.9849

v & W NN e

Ingpectlon discloses that for x —» =1 ko-”w, so we
omit any values of x which are negative. (46) has

two imaginary and one negative root and is consequently
discarded. (45) has two imaginary and one real root
x = +,007791, which is the value of & , from which K,
is found to be l.495, giving

True Diffusion Constant = 1.495(1 + .CO7T79Ll c) (#7)
To gee how well this corregsponds to the experimental
measurement, these values of k, and & were used to
calculate a value of D for the remaining three measure=-

gelected, to obtain the wvalues in Table VIII.

Table VIII
Run prs. Dpalc. Difference
2 1.84 1.69 8.1%
3 2,25 1.81 19.5%
4 2.60 2.01 22, 7%
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It is now obvious that the treatment 1is not wholly
applicable. While the discrepancy i€ large, 1t must

be noted that these values of D are very sensitive

calc.
to slight changes of ( ; thus if { = .0C0778 the value

of D for Run 4 changes by 10%, while the values

calc.
for Rung 1 and 5 differ from the values used to
determine & by only 1%.
2 ffec vy a f Volume

It is possible that these discrepancies may be
completely resolved, and by introddcing'the effect of
the volume change of solution into the differential
equation in gome manner the method of determining the
diffusion constant by this method may be made more
exact. Unfortunedely there has not been time to
carry the analysis of this problem further, but it may
be pointed out here that in a simple treatment where
the velocity of expansion of the ligquid solution is
denoted by u, which 1g congidered as a function of

¢ alone, the differential equation (24) takes the form

¢ _ o P}
2t é'?c(D - u £'(u) 5'%) (48)

and consequently the value of k, and { as calculated
above have also to some extent adjusted for this effect.
A rough attempt to include the volume change effect

in the differential equation was made in which it was
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agsumed that within a particular fixed volume of
golution each component was diffusing through the

other, and obtaining (24) for each component:

on
L o o éﬂ% and 8 = [Deax ) (49)

5t " 5x (P 5%

where the concentfation of the twe components are
are expressed in terms of mols/cc., and the two difé#
flusion constants D; and B, are fpr the diffusion of
component 1 through 2,and 2 through 1, respectively.
Within any fixed volume of golution a relation may
be obtained between the cuantities of components 1
and 2 which must be present from the volume change
of the solution, and in the case of propane in kerosene:
the relation was given quite closely by

ng= 004T7L - .3044n, - 20.3%3n:%. (80)
If the two equations (49) are subtracted from each
other, and equation (50) differentiated with respedt

to x and t, QEE and EEF. may be replaced by values

X
from (50) and there is obtained the equation

(1-A)[1-~ 2 nq = ‘){ D;-D24) [1- —-3]—3—3]32} (51)

where A = -.3044 and B = -40.66., This is similar
to the equation solved by Hidaka, with g habing a
known value, and the complete approximation with A

may be uged. The complete treatment was carried out



i

as above, and the discrepancy betwseen the Dobs

and D,,;,. reduced slightly to 7.6%, 15%, and 16%
for the three runs 2, 3, and 4, but it is doubtful
if thls simple approach is justifiable. At present
it appears that some analysis following that of Hill”
would be the most fruitful in obtaining a form for
the differential equgtion similiar to that treated
by Hidake and im which the constant 3 1s known from
the volume change of the solution, but the lack 8f

time has prevented any further treatment of this

phase of the problemn.

Summary
The correct form of the diffusion equation

where the diffusion constant 1ig a linear function of
the concentration has been applied to the work of other
investigators, and it has been shown that the proper
mathematical treatment in this case may be readilly
utilized in determining a much better value of the
true diffusion constant by the method in which the
rate at which gas 1s dlssolved in a quiesceéﬁﬁtg
determined. It 1s suggested that the differential

equation wich was used im this treatment may also

be uged to include consideration of the effect of

the volume change of solution.
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