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ABSTRACT

I. An apparatus was constructed for the measurement of
FPick diffusion coefficients in the liguid phase under steady
state conditions at pressures up to 10,000 psi.and at tem-
peratures from 40 to 460° F. The apparatus consists of a
device for the feed of a gas at an accurately known rate,

a diffusion cell, and a device identical to the feed equip-
ment for the withdrawal of a gas. The details of construc-
tion are given and a tentative method of operation is
discussed.

IT. 1. A limited number of measurements were made of the
effect of the degree of supersaturation on the rate of bubble
formation as shown by the time for the first bubble to form
in liquid n-pentane. Data were taken at 160° and 280° F.
in ah isochoric cell and at 160° F. in an isobaric apparatus
which is described. The resﬁlts show that for a given degree
of supersaturation the times of bubble formation are widely
distributed and must be considered statistically.

II. 2. A procedure for the treatment of supersaturation
data is discussed which includes a derivation of a theoreti-
cal distribution function for the times of formation of the
first bubbles, a regression analysis based on an elementary
hypothesis for the dependence of the rate of bubble forma-
tion on the degree of supersaturation, and a study of several

pertinent confidence intervals.



ITI. 1. The volumetric behavior of four mixtures of dif-
ferent composition in the binary system hydrogen-n-hexane
was investigated at pressures up to 10,000 pounds per
square inch for eight temperatures in the interval between
40 and 460° F. The composition of coexisting phases in
the heterogeneous region was determined at seven tempera-
tures from 40 to 400° F. and at pressures up to 10,000
pounds per square inch. The results are presented in tabu-
lar and graphical form.

III. 2. Prior work on n-heptane by other investigators
was extended as a preliminary to the study of the blnary
system methane-n-heptane. The molal volume of n-heptane
is reported in tabular and graphical form as a function of
pressure up to 10,000 pounds per square inch at eight tem-

peratures covering the range from 40 to 460° F.
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I. AN APPARATUS FOR THE MEASUREMENT

OF LIQUID DIFFUSION COEFFICIENTS




INTRODUCTION

In a recent publication (5) Sage and coworkers have de-
scribed an apparatus for the measurement of Fick diffusion
coefficients in the liquid phase. A brief survey of earlier
work is also presented in this reference. Their method was
to add a gas such as methane to a guiescent liquid (e.g.
n-decane) in a constant volume container at such a rate as
to maintain a constant pressure within the cell. No mate-
rial was withdrawn and so the composition and volume of the
liguid varied throughout a run. The necessary corrections
were substantial and introduced appreciable uncertainty in
the reported coefficlents. As a result of this earlier
work, the present apparatus was designed so as to produce
data susceptible to a simple and direct mathematical analy-
sis.

The design of the diffusion cell is based in part upon
an apparatus (l) for the measurement of Maxwell diffusion
coefficients for gases at pressures up to 60 pounds per
square inch under steady state conditions. In this earlier
apparatus the less volatile component was 1ntroduced as a
liguid by an injector similar to that described herein into
the diffusion chamber through a porous glass disc at the
bottom at a rate such as to maintain a gas-liquid interface
at the top of the disc. The liquid evaporated at this inter-
face, and the vapor diffused upward through the stagnant gas.

At the top of the diffusion path the vapor was removed by
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continuous circulation of the more volatile component. This
mixture was then passed through a condenser; the less vola-
tile component was removed and the more volatile component
recirculated. The pressure difference between the upper

and 16wer surfaces of the porous disc was determined by a
manometer. A constant liguid level in the manometer indi-
cated that a steady state had been attained.

Similarly, the present equipment is to be operated
under steady state conditions. A gas 1s continuously intro-
duced above a ligquid surface at a rate equal to the rate
of solution in the liquid. This interface is the top of
the diffusion path. The bottom of the diffusion path is
established by a nest of tubes through which a liquid is
circulated. A boiler is used to remove the more volatile
component from this circulating stream. The apparatus is
designed to withstand pressures up to 20,00psi. at a
temperature of 460° F., but the diffusion cell can be
operated only in the two phase region of the system under
study and so will not generally be used at these extreme
conditions,

Only binary systems may be studied and a prior knowledge
of their volumetric and phase behavior is required. It is
necessary that the fraction of the more volatile component
of the bubble point mixture must decrease with increasing
temperature at constant pressure. At temperatures below the
critical temperature of both components, this requirement

is fulfilled. Above the critical temperature of one com-
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ponent, this requirement will not be met for all composi-
tions of the system. For example, in the hydrogen-n-hexane
system, described in another part of this thesis, at tem-
peratures above 40° F. only at very small fractions of
hydrogen does the necessary phase behavior occur,

The Fick diffusion coefficient for component k may be
defined by the following equation:*

De g =~ =55 (1)
o%

Equation 1 applies to transport in the x direction only.
The total transport of component k in one direction, assum-

ing no convective currents, 1s

M= MGy + My ), O = M0~ YRk 3n (2)

The total transport is the sum of the component transports

A

LRSI (3)

de=1
These equations may be found in an excellent summary by
Opfell and Sage (3). In the present situation there are
only two components; component 1 will be taken to be the
lighter component diffusing through the stationary com-
ponent 2. Under these conditions

.= O (4)

n = m, (5)

*
The quantities appearing in the text are defined in
the nomenclature which is located after the references.



Since

m = G (6)

G

- (7)
From equations 2 and 7
. r dG,
”“\="“"5-‘—DF,"5_—TZ (8)

Rearrangement of equation 8 yields

ILALAITY N R
R Cal

ok (9)

This exact equation may be approximated by the use of the

overall concentration difference and an average value for

the ratio {;; . The error in this approximation may be

reduced to the desired degree by the use of data taken at

smaller concentration differences and diffusion path lengths.
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GENERAL ARRANGEMENT OF THE APPARATUS

The apparatus consists of five major pieces of equip-
ment, two pressure controls Al and A2, two injectors Bl
and B2, and the diffusion cell C, as shown in Figure 1. One
pressure control and one injector are operated as a unit,
with one pair being used to supply gas at a constant rate
or pressure as desired and the other pair to withdraw mate-
rial similarly. This arrangement permits, by substitution
of other equipment for the diffusion cell, the use of the
injectors and pressure controls as a steady state flow sys-
tem. At present each pressure control can be maintained
at a constant temperature; the injectors will be thermostated
when this refinement becomes Jjustified.

In operation, two main flow paths may be distinguished.
The gas is displaced from the first pressure control A1 by
mercury from the first injector B1 through thermostated
lines into the upper chamber D within the diffusion cell
above a gas-liguld interface. The gas driven off by the
heater in the lower chamber L is withdrawn into the second
pressure control A2 by the operation of the second injec-
tor B2, which, although it performs the opposite function,
will be referred to as an "injector" because it is con-
structed identically to the first injector.

The flow within the diffusion cell is shown schemati-
cally 1n Figure 1 and may be.understood in detail by refer-

ence to Figure 2. The gas from the first pressure control
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Al enters the cell in the gas space D and dissolves in the
stagnant liquid E, the surface of which may be located by
the movable hot wire F. The bottom of the diffusion path
is continually swept by the liquid rising through the inter-
stices of the nest of tubes G and descending inside the
tubes into the header H. The gas solution enters the heat
exchanger J at the bottom, rises around the outside of the
tubes, and passes through the heater K, where the dissolved
gas 1s boiled off. The gas in the space L is withdrawn

to the pressure control A2 by the operation of the injector
82 as shown in Figure 1. The gas liquid interface is main-
tained between the upper and lower stationary hot wires at
M. The liquid passes down through the tubes of the heat

exchanger J into the internal pump N and 1s recirculated

through coil P into the nest of tubes G.



OPERATION OF PRESSURE CONTROL AND INJECTOR

Figure 3 is a schematic diagram of the pressure control
and assoclated equipment. In addition to the pressure con-
trol A and the injector B, there 18 shown the air chamber
Q, the mercury valve block R, the alr pressure valve block
S, the safety trap T, and the two pressure gauges U and V.
The alr chamber Q serves as a reservoir for oil and mer-
cury at approximately the same pressure. 01l is confined
within the internal bell by mercury in the bottom of the
chamber. The pressure of the air over the mercury outside
the bell may be adjusted by the valve block S and is indi-
cated on gauge V. The mercury reservoir is necessary be-
cause the volume of the pressure control is many times
greater than the volume of the injector. The oil 1s ﬁsed
in the compensator of the injector and is also used to
both lubricate and compensate the lower packing of the in-
jector. Movement of the plunger in the injector is pro-
duced by a motor and gearing not shown in Figure 3. The
compensator serves to balance the force exerted on the
plunger by the mercury in the injector and so to relieve
the mechanical drive from the necessity of transmitting this
force. Because the oil and mercury are at about the same
pressure the packing will keep the mercury substantially
free of oil. Recause of a slow seepage of the oil through

the packing away from the mercury and possible leakage else-
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where, over a period of time the ¢il in the bell of the air
chamber becomes displaced by mercury. When the mercury
reaches the safety trap T it groundsan electrical contact
which furnishes a warning that the oil supply must be re-
plenished.

The mercury valve block R connects the mercury suprly
in the air chamber @ to the injector B, the pressure con-
trol A, and the gauge V, which is thus operated full of
mercury. With valves 3 and 4 of the valve block R open,
mercury may be displaced from the injector to the lower
chamber in the pressure control until the plunger reaches
its maximum forward position. By closing valve 4, opening
valve 2, and withdrawing the plunger, the injector may be
refilled with mercury and the process repeated until the
mercury surface in the pressure control rises to the high-
est point to be allowed. An electrical contact in the side
of the pressure control indicates when this level 1s reached,

Figure 4 is a sectional view of the pressure control,
The interior is divided into two chambers by a stainless
steel diaphragm W, The upper chamber may be pressured by
either a gas or a liquid which will not conduct electricity
appreciably. This pressure may be considered a reference
pressure and any change in the lower chamber on the other
side of the diaphragm will be reflected in a change in
position of the center of the diaphragm. A linear trans-

ducer X is mechanically linked to the center of the dia-
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phragm and converts the displacement into an electrical
signal. In turn this signal may be utilized to operate
the injector so as to return the pressure in the lower
chamber to that in the upper chamber.

A brief description of the electrical components and
the electronic circulitry is in order. The linear trans-
ducer is a commercial unit manufactured by Crescent Engi-
neering and Research Company. The pertinent character-
istics are: linear range 0.12 inches, linearity 0.3%,
diameter 0.50 inch, and length 0.50 inch. The probe has
a diameter of 0,10 inch. It is used in conjunction with
a control system manufactured by the same company. A
standard alternating current bridge circult is utilized,
two sides of which are contained within the transducer.

A displacement of the core which is directly connected to
the diaphragm produces an increase in the reluctance of
one coil and a decrease in the other, producing an unbal-
ance in the bridge. The signal from the bridge 1s recti-
fied and may be recorded or used as an input to a control
circuit.

In the present work this signal is applied to a thyra-
tron modulating circuit and a motor control circuit, the
construction and operation of which has been described (Q).
The motor driving the injector is caused to move in such
a direction that the pressure in the pressure control is
changed and the diaphragm displaced so as to bring the

transducer bridge circult back into balance.
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DETERMINATION OF COMPOSITION GRADIENT

The ligquid composition at the gas-liquid interface in
the upper chamber of the diffusion cell is determined by
the temperature and pressure in that chamber., The compo-
sition of the liquid which continually sweeps the top of
the nest of tubes 1is determined by the temperature and pres-
sure prevailing at the gas-liquid interface in the lower
chamber., The temperature of the upper interface 1s the
same as that of the bath in which the diffusion cell is
immersed. The temperature of the interface 1iIn the lower
chamber is maintained higher than that of the bath by the
heater. The lower of the stationary wires, which are used
intermittently to check on the liquid level in the lower
chamber, is used otherwise as a platinum resistance ther-
mometer. The pressure within the diffusion cell is not
measured directly but is evaluated from a knowledge of the
pressure within each pressure control. Owing to the pres-
sure drop through the lines and the diffusion cell the
pressure in the second pressure control will be less than
that in the first. At the flow rates under consideration,
however, this drop will not be great and the average of the
two pressures establishes the pressure within the diffusion
cell with the necessary accuracy.

The knowledge of the volumetric and phase behavior of

the blnary system under study permits the calculation of
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the concentration difference across the diffusion path from
the temperature difference and the pressure. If the dif-
fusion coefficient is a function of the composition, use

of the overall composition difference yields an "integral"
coefficient. However, by the use of small concentration
differences and at several different compositions, the true
diffusion coefficlent and its dependence on concentration
may be established.

A knowledge of the.length of the diffusion path 1is
necessary to establish the gradient. The upper interface
is located by the movable hot wire which is described in
detall later. The lower end of the diffusion path 1is
determined by the location of the nest of tubes and by the
rate at which the liguid is circulated. The latter fac-
tor causes some uncertainty which must be considered. The
diffusion path lngth may be adjusted over a range of about
one inch. The overall concentration difference is fixed
by the temperatures in the upper and lower chambers and the
pressure of the system. If the injection rate 1s decreased,
the gas-liquid interface in the upper chamber will rise
until the diffusion rate has decreased to the value of the
injection rate. Conversely the diffusion path may be short-
ened by increasing the injectlion rate. By making two runs
or sets of runs at two different diffusion path lengths
but at the same overall concentration difference the loca-
tion of the lower end of the path may be calculated, assum-

ing that 1t does not differ in the two circumstances. This
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assumption 1s not unreasonable and may be checked by a third
set of runs, It is to be hoped that, for a givén circula-
tion rate, the location remains constant, thus making it
unnecessary for the location to be ascertained for each set

of measurements.
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DETAILS OF CONSTRUCTION

The cell itself was machined from a forging of columbium-
stabilized stainless steel (type 347, 17 to 19 percent
chromium, § to 12 percent nickel, about 1 percent columbium).
This material has the advantage of maintalning its corro-
sion resistance after heating to temperatures above 800
degrees Fahrenhelt. The cell closure, utilizing an unsup-
ported area seal, was constructed from the same material
as the cell. The gasket was made of lead and the ratio of
closure area to gasket area was 3.45.

The smaller internal parts of the diffusion cell, ex-
cepting the nest of tubes, were made from type 416 stain-
less steel which has 12 to 14 percent chromium and 0.18 to
0.35 percent sulfur for free machining. The nest of tubes
was made from stalnless-steel hypodermic tublng with an
outside diameter of approximately 0.072 inch, and consists
of 1471 tubes soldered together at the bottom by a lead-rich
solder which melted at 500 degrees Fahrenheit. The nest of
tubes was fitted into a cylinder 3.50 inches in diameter,
giving an area available for flow of 3,05 square inches
ingide the tubes and 3.79 square inches between the tubes.
The internal pump was used previously in this laboratory (2)
and was found to be satisfactory over a wide range of flow
rates. The drive for the internal pump is identical with
that described in the section of this thesis devoted to

the supersaturation apparatus.
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The internal heater was wound from 64 feet of 28 gage
Nichrome wire to give a rating of 50 watts. First a coil
3/32 inch in diameter with 2614 turns was wound; this coil
was then wound around a two-inch coll form for ten turns.
The coil form was machined from two pleces of transite
bolted together; the groove was cut on a 3/16-inch piteh,
double thread so that the two ends of the coil were at the
top of the coil form.

The use of hot wires for determining the location of
a gas-liquid Interface has been previously described (Z).
Figure 5 is a detail of the hot wire which shows the
mounting, electrical connection, and pressure seal, Fig-
ure 6 presents a schematic diagram of the electrical cir-
cuits associated wilith both the fixed and movable hot
wires. The egquipment for moving and locating the hot-
wire liquid-level indicator is a slight modification of
the standard 3/8—inch injector, a drawing of which is
shown in Figure 7. The only significant alteration of the
injector is the hollow plunger-and the electrical head as
shown in Figure 5. The plunger was sealed on the outside
by Teflon packing and lubricated by oill under full pres-
sure to prevent leakage.

The standard injector with a 3/8—inch plunger 1is
shown in a semi-sectional view in Figure 7. The piston A4,
driven by the heavy screw B, has a useful travel of 6.75
inches. Vertical movement in the screw is produced by a

rotation of the nut C which is in turn driven by the worm
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gear D. The upper end of the écrew is connected to a
plunger E. The packing F and the cylinder G are supplied
with oll at a pressure approximately equal to that in the
cylinder. The pressure in G relieves the nut C from the
necessity of transmitting large forces. Since G cohtaihs
high pressure oil, it is not necessary to compensate the
packing (not shown) for the upper plunger. The injectors
are similar to those previously described (4, 5, 6).

The pressure control cells were made from two dif-
ferent stainless steels; the first one was machined from
a forging of type 416 and the second from type 430. The
430 was undesirable from the standpoint of difficulty of
machining. Figure 4 shows three fluid connections to
the cell: a sample line at the top of the lower chamber;
a mercury line at the bottom; and interconnection between
the upper and lower chambers. Not shown is another sample
connection identical with the one shown, a connection
through a valve into the bottom of the lower chamber, and
a mercury trap which is shown schematically in Figure 3.
The unsupported area principle is utilized again for the
closure of the pressure control cell. The stainless steel
diaphragm is similar to, but larger than, one reported
earlier (8). The center of the diaphragm 1s mechanically
fastened to the probe of the linear transducer. Two of
the three seals for the electrical leads from the trans-
ducer are shown in Figure 4, Two other electrical connec-

tions are not shown: the mercury level contact in the trap
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and the side contact which indicates when the mercury has
risen to the limit of safety. The three agltated liguid
baths for the diffusion cell and the pressure controls are
simlilar to those used on many projects in the laboratory,
and a brief description may be found in the section of
this thesis devoted to the supersaturation project. The
interconnections between the two pressure controls and the
diffusion cell are constructed from small (0.072-inch
diameter) stainless steel tubing which is inside 0.250-inch
diameter copper tubing. O0il, maintained at a constant
temperature, 1is circulated in the annular space between
the tubes; the outside of the copper tubing is insulated
with asbestos strips. The temperature of the lines is not

important in itself but must be maintained constant,
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CONCLUSIONS

One of the pressure controls hereiln described has been
used for a short time to maintain a constant pressure in
the supersaturation apparatus. The supersaturation cell
is kept at a constant temperatﬁre but the volume of sev-
eral connecting lines varies with room temperature; this
variation would cause a fluctuation in pressure 1f the
pressure control were not functioning. The formation of
a bubble within the supersaturation cell also tends to
change the pressure. The brief»experience has shown that
the pressure control is capable of maintaining a constant
pressure within better than 0.1 percent at a pressure of
approximately 1000 pounds per square inch providing the
volume does not change at a rate greater than the maximum
injection rate.

The largest part of the error in the diffusion coef-
ficient will probably be contributed by the unsteadiness
of the diffusion path. Previous experience with an analo-
gous apparatus (1) indicates that if the position of the
interface in the upper chamber does not fluctuate appre-
ciably, the error in the diffusion coefficient to be ex~-
pected is of the order of 0.5 percent. The error due to
fluctuations of the liguld level is not susceptible to
calculation without a detailed knowledge of the magnitude
and frequency of the fluctuations. The apparatus must be

run so as to minimize these effects.
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Another possible source of error is convection cur-
rents in the liquid in the upper chamber. At present, no
steps are belng taken to eliminate them; lnstead, reliance
is being placed upon the density gradlent to maintain the
liquid completely stagnant. It is very probable that the
convection currents will appear only at the higher 1liquid
circulation rates and in this case a low rate of circula-
tion can be used. The convection currents are potentially
dangerous since the only way of determining their presence
is to find the measured diffusion coefficlents unreason-
able, If they are proven to exist by future measurements
it should be possible by the use of tubes or dividers in

the liquid to eliminate the convection currents.
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NOMENCLATURE

Dgh Fick diffusion coefficient of component k
sq. ft./sec,

L Component k

oy, Transport rate of component k 1b./sq.ft.-sec.
M hydrodynamic veloclty  ft./sec.
My diffusional velocity  ft./sec.

My, transport velocity of component k
1b./sq.ft.-sec.

% length in transport direction ft.
O~ specific weight  1b./cu.ft.

S, concentration of component k 1b./cu.ft.
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SUPERSATURATION IN HYDROCARBON SYSTEMS. n-PENTANE
IN THE LIQUID PHASE

W. B. Nichols, L. T. Carmichael, and B. H. Sage

California Institute of Technology
Pasadena, California

INTRODUCTION

A knowledge of the probability of the formation of
bubbles in a supersaturated hydrocarbon liguid is of tech-
nical interest in problems assoclated with the production
and refining of petroleum. Some experimental investigations
of attainable tensions in 1llquids have been made. Vincent
(46, 47) studied the maximum tension in a mineral oil while
Gardescu (14) found it was possible to maintain hydrocarbon
mixtures at pressures significantly below bubble point for
short periods of time. KXennedy and Olson (21) investigated
the formation of bubbles in ligquid mixtures of kerosene and
methane and found it was possible to maintain a supersatura-
tion of as much as 770 pounds per square inch for short
Intervals. The 1influence of s8o0lid surfaces upon the dura-
tion of a given degree of supersaturation in liquids was
investigated by Marboe and Weyl (26) whereas the effect
of viscous flow upon such phenomena was reported by Jha (gg).
The behavior of supersaturated solutions of electrolytes was
gtudied by Akhumov and Rozen (l) while the stability of salt

solutions was investigated by Tovbin and Krasnova (45). The
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attainable tension in water was measured by a number of in-
varying from 7H0 to over'S,OOO pounds per sqguare inch,

More recently cavitation in aqueous solution has been
studied in some detail (32,33,49). The thermodynamics of
such systems was considered by Glbbs (li) and extended by
Goranson (16).

Related phencmena are found 1ln gases when they are
maintained at pressures in excess of vapor pressures. The
spontaneous formation of nuclei in gases was studied by
Sander and Damk8hler (40). However, 1t has been found in
wind tunnels that the extent of such supersaturation of air
or nitrogen is small (10,27). Some study of the process
of the evolution of gas from liquids was made by Burrows
and Preece (5) while the factors influencing nucleation
in boiling heat transfer was studied by Sabersky and Gates
(QZ). The foregoing investigators have established the
fact that the time that a particular solution will remain
in a strained state must be evaluated statistically.

The theory of ligquids (7,8,23,24) indicates that there
exist significant fluctuations in the state variables -at
a point as a function of time. For this reason it is to be
expected that there will be wide variations in the time
during which a system will remain in the strained condi-
tion even though the macroscopic state is held invariant.
It 1is beyond the objective of this discussion to consider

the theory of supersaturation in liquids. Measurements of



-33-

the time that n-pentane was maintained in a strained condi-
tion were established at three temperatures, The results
confirm earlier (19) findings that supersaturation in

hydrocarbon liquids must be investigated statistically.
STATISTICS

The statistical theory of liquids is usually based
upon the Lennard-Jones and Devonshire equations of state
(24) which were improved by Kirkwood (23) and have been
considered rather intensively by Dahler and Hirschfelder
(7,8). The results of Hirschfelder follow the work of
Flrth (12,13). All of these theories of the molecular pro-
perties of liquids emphasize the fluctuations in the
properties of liqulds at a point with time. For this
reason it is to be expected that the formation of bubbles
in a strained liquid will be randomly distributed in time.
Hunt (lg) made a simple evaluation of the probability of
a bubble being formed in a given time interval.

It is postulated for present purposes that the times
of formation of bubbles are distributed at random. Such
a situation is referred to as a '"discontinuous stationary
stochastic process" (2,25,35). Under these conditions the
Poisson distribution has been shown to apply by a well
established proof (11, 22).

With such a distribution the probability of n bubbles

forming in the time interval from O to © is given by:



W
P (Oe)=giel_e"ke (1)
m m!
In Equation 1 RO 1is the expected number of bubbles
formed within the time interval. The probabillity of no
bubbles forming in the interval from O to & may be es-

tablished from

- kO
QR(oe)=¢€ (2)

The mean value of times for the first bubble to form may be

evaluated from the following equation (11):

_ *° Y
5= - [ woe®de - £ (o-1) - 4 &

o

The reciprocal of the rate of bubble formation may be

equated to the mean time for the first bubble to form
J&‘Mb (4)

Probability of the first bubble forming between © and 6+d8

is given by

hy O

Plo.6+d6)=rmye " ab (5)
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The associated variance may be described by (11)

oD

mp8
do = —

x —_—, - \
(o‘i)= g(e-e\mbe Ay (6)

o

From the foregoing it follows that the standard deviation
is the reciprocal of the rate of bubble formation as indi-

cated in Equation 7, dﬁb always being positive,
S =, (7)

Integration of Equation 5 followed by rearrangement results
in the following relation between the cumulative distri-

bution and the time:

DM,[l-P(D,GSJ= —/);le (8)

In accordance with Equation 8, a plot of wf[i\- ®lo,6Y-

as a function of time should yileld a straight line if the

formation of a bubble is randomly distributed in time.
The work associated with the formation of a stable

spherical bubble may be approximated by the expression (15),

Y= 3Py (9)

In the derivation of Equation 9 the variation of interfacial
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tension with radius (44) was neglected.

It might be expected that the rate of bubble formation
might follow the general theory of Arrhenius. Under this
hypothesis the number of bubbles formed per unit time in
the volume would be approximated by

Ae

my= (10)

From Equation 10 it would be expected that the natural
logarithm of the mean time for the formation of the first
bubble would be a linear function of the reciprocal of the
sguare of the supersaturation pressure, as indicated in

the equation,

O AB, = D, + QA =— 1
b b (3P (11)
Equation 11 has been used to correct some of the experimental
data to a fixed supersaturation pressure, ( FL—-PQ ), by

assuming that

. e
2.8, - 0nB, BT~ ot (12)

The following approximate equation was used to correct the

small deviations of the experimental data from conditions
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of constant strain:

Bo

(6y) 5. (»-p
- ble _ e b= 45
P= s, 94.(?.,~P)*{ = (13)

o

The integral in equation 13 was evaluated graphically. The
relation of the mean time &, for the first bubble to
form with pressure is given by Equation 11,

In accordance with the central limlt theorem (29) for
a population with a finite variance o and mean K, the
distribution of the sample mean approaches the normal
distribution with variance {%: and mean A as the sample
size n increases. As a consequence of this theorem, the
05% confidence interval for the mean rate of bubble for-
mation of n points is asymptotically + %E%g times the
measured rate.A Thus for a sample of 100 points, the 95%
confidence interval 1s + 19.6% of the measured rate.

It should be emphasized that the above discussion leaves
much to be desired from the standpoint of classical statis-

tics but appears to yield a simple means of analysis of

the experimental data obtftained.
MATERIALS

The n-pentane used in this investigation was obtained
as pure grade from the Philips Petroleum Co. and was re-
ported to contain not more than 0.01 mole fraction of

materlial other than n-pentane. It was used for these pre-
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liminary measurements without purification except for deaer-
ation by prolonged refluxing at reduced pressuré. The
deaerated sample showed a specific weight at atmospheric
pressure of 38.775 pounds per cubic foot at 77° F. as com-
pared to a value of 38,791 pounds per cubic foot at a
temperature of 77° F. reported by Rossini (36). An index

of refraction at 77° F. of 1.35475 was obtained for the
D-lines of sodium as compared to a value of 1.35472 reported
by Rossini for an air saturated sample. The vapor pressure
at 160° F. was found to be 42.4 pounds per square inch and
at 278.94° F. it was 183.6 pounds per square inch, which

agreed satisfactorily with accepted values (39).
METHODS AND EQUIPMENT

In principle, the method employed in this investiga-
tion involved maintaining one relatively small portion of
the system at a somewhat higher temperature than the re-
mainder thus locallzing the region in which supersaturation
occurred. Such an arrangement permitted the configuration
of the system subjected to strain to be relatively simple,
wilithout interfaces, packing glands, and acute angles which
might have a significant influence upon the time-strain
relationships of the system.

Figure 1 portrays schematically the nature of the
equipment employed. It consists of the pressure vessel A
provided with a stainless steel thimble B. The three-

stage centrifugal pump C is utilized to circulate the fluid
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from the entrance of the pump upward through the tube D lo-
cated at the center of the thimble B. Mercury is intro-
duced or withdrawn from the vessel at E. A multi-lead
copper constantan thermocouple is used to determine the
temperature of thimble B relative to the bath K shown in
Figure 3, and the leads are shown schematilcally at F and

Ft in Figure 1. An electric heater G, is used to maintain
the temperature of the thimble at desired values up to 40°
F. above that of the pressure vessel A,

The system is brought to equilibrium at some predeter-
mined temperature and is maintained at a pressure well
above the bubble-point pressure for a specified time, usu-
ally several hours. During this period the pump C is
operated only intermittently. The temperature of the
thimble B is then raised a predetermined amount in order to
bring the bubble-polnt pressure of the fluld within the
thimble B above that of the main body of liguld. The pres-
sure 1s then carefully reduced to a value just above the
bubble-point pressure of the main body of liquid by the
withdrawal of mercury. The situation existing under these
circumstances is shown in Figure 2, in which the equili-
brium vapor pressure of n-pentane is shown as a function
of temperature. The pressure within the vessel is indicated
at P corresponding to the equilibrium temperature Te‘ The
vessel A is maintained at ’I‘A and thus the state H corre-
sponds to the conditions within the pressure vessel A. The

temperature at B of Figure 1 is shown at state J. The
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equilibrium bubble-point pressure at TB is above the pres-
sure in the vessel thus yielding a supersaturated or
strained state at J. The magnitude of the supersaturation

pressure is given by
P=F,-P (14)

It is apparent from consideration of Figure 2 that the
equipment described herein is only suitable for use with
systems in which the equilibrium bubble-point pressure in-
creases with an increase in temperature.

Figure 3 shows the general arrangement of the associ-
ated equipment. The pressure vessel A of Figure 1 is shown
within the agltated silicone bath X of Figure 3. The
thimble B 1s located above the three-stage centrifugal
pump C and the tube D serves to introduce the fluid from
the pump into the thimble. The bath K is provided with
an impeller L which is driven by means of gears through
the packing gland M, Rotation of the impeller circulates
the silicone fluid within the bath upward around the out-
side shell and downward around the vessel A. A mercury-
0ll interface is provided in N so that the pressure can be
measured by the balance P (38).

The quantity of mercury within the pressure vessel A
is controlled by the chamber R which is connected to it
by means of stainless steel tubing approximately 0.09

inch in inside diameter, as is shown in Figure 3. A bell
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S is provided within the chamber R to supply o0il to the
compensated shaft-cylinder combination T (6) which seals
the shaft driving the im@eller of the pump C. Gauges and
valves at U permit the introduction and withdrawal of
mercury and fthe determination of the'approximate pressure
in the vessels A and R.

The temperature of the agitated silicone vath K is
controlled through a modulated circuit which has been de-
scribed (34). Temperatures are related to the international
platinum scale by means of a strain-free platinum resistance
thermometer (28). For the ready determination of pressure
as a function of time, a strain gauge type of transducer
V is provided to ald in control of operations, whereas the
mechanlical injector W is used to maintain isobaric condi-
tions.

The system is brought to physical equililibrium at a
pressure markedly higher than P shown in Figure 2 and the
thimble heated to an appropriate value T,. The pressure
is then gradually decreased to a chosen value P which yields
a known degree of supersaturation. The supersaturation of
the state is determined from the temperature of the thimble
B and the pressure as determined by the balance P of Fig-
ure 3. These data, together with a knowledge of the vapor
pressure of the compound as a function of temperature,
permlt the supersaturation pressure to be calculated. The
transducer V is employed to follow the small random vari-

ations in pressure as a function of time. The dependent
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variable is the time at which the strained state returns
to equilibrium by the formation of a bubble.

Details of the pressure vessel A and thimble B are
shown in Figure 4. The vessel was constructed of a chrome-
nickel steel. It was found advantageous to employ a dif-
ferent type of stalnless steel for the closure in order to
avoid galling between closely mating parts which were im-
mersed in silicone. A three-stage centrifugal pump C|con-
structed of chrome-nickel steel was used to attain
equllibrium. The location of the thermocouple leads of
Figure 1 is shown at F and F!., An electric heater G was
used to maintain the thimble B at the desired temperature.

The details of the shaft-cylinder combination are
shown in Figure 5. A clearance of approximately 2 x 10"5
inches was provided between the shaft X and the cylinder Y.
The cylinder was 80 arranged as to yield some pressure com-
pensation by elastlc deformation which reduced the clear-
ance at the higher pressures. The introduction of oil at
Z in a lantern near the middle of the cylinder permitted
the virtual elimination of leakage and resulted in negli-
gible contamination of a particular sample over a period
of several months residence in the equipment.

For a number of preliminary measurements a spherical,
isochoric vessel was employed. The primary equipment con-
sisted of a spherical stainless steel shell provided with

a flexible diaphragm of the aneroid type through which the
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pressure within the vessel was measured as a function of
time. Details of construction of this vessel and the
assoclated temperature control equipment were described
earlier in some detail (41). The vessel was filled with
n-pentane liquid at a temperature of approximately 4% m,
When heated, the presSure rose to about 1000 pounds per
square inch above vapor pressure where 1t was held under
nearly isobarilc, lsothermal conditions for several hours.
The temperature was then gradually lowered until the pres-
sure within the vessel was an approprliate amount below

the vapor pressure of n-pentane and the system was then
maintained under isothermal conditions until a bubble was
formed. The associated rapid rise in pressure to substan-
tially the vapor pressure at the temperature in question
was used as an indication of bubble formation. It was
found that even careful control of temperature with re-
spect to time during adjustment to the prescribed value was
not sufficiently precise to avoid marked variations in the
pressure with respect to time during the perilod of strain.
For this reason the equipment was not found suitable for
extensive investigation of the phenomena of supersaturation

in hydrocarbon liquilds.
EXPERIMENTAL RESULTS

A typical set of experimental results obtained with the
isochoric equipment for n-pentane is shown in Figure 6. The

points shown correspond to the pressures measured with the
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balance P of Figure 3 as a function of time. 1In addition
nearly a continuous record of pressure was obtained by
means of the strain gauge transducer V. From the data of
Figure 6 the supersaturation pressure or strain was com-
puted and depicted in Figure 7. In this instance an
average supersaturation pressure of U4.54 pounds per square
inch was maintained for a period of 8630 seconds or appro-
ximately 2.4 hours before a bubble was formed. A considera-
tion of Figures 6 and 7 indicates that the technique in-
volving an isochoric vessel leaves much to be desired in
the way of maintaining a constant value of supersaturation
pressure for an extended period. Also some difficulty

was experienced in bringing the supersaturation to a pre-
determined value as the temperature was gradually reduced.
As a result the supersaturation was changing with respect
to time for a significant part of the totallperiod. Such
behavior still further complicated the statlistical analysis
of the results.

The results of some twenty measurements of n-pentane
with the isochoric equipment are recorded in Table I for
temperatures near 160° and 280° F. In this instance the
average values of supersaturation pressure and time of
strain have been indicated. The standard deviation of
the variation in pressure with time was included as well
as the uncorrected time of strain. The details of the
calculation of the average pressure and the corrected time

of strain for lsobaric conditions of strain were discussed
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in an earlier section. A total volume of 0,00876 cubic
foot and a surface area of 0.22245 square foot were in-
volved.

Figure 8 shows typical results for n-pentane obtained
with the heated thimble equipment described above. In
this instance the sample is maintained under isothermal
conditions throughout the period of strain. Only a total
of 0.000411 cubic foot of sample with a surface area of
0.0567 square foot within the thimble is subjected to the
strain and the conditions are nearly isobariec. For this
reason it 1s possible to obtain the results for a particular
set of conditions directly from a series of experimental -
measurements such as the one submitted in Figure 8. A sum-
mary of the experimental results obtalned with the heated
thimble equipment is recorded in Table II.

Utilizing the information of Table II, adjusted by
Equation 11 for small deviations from isobaric conditions,
there 1s obtained and shown in Figure 9O the natural logar-
ithm of the time of strain as a function of the supersatura-
tion pressure. In order to show the applicability of equa-
tlon 11, the natural logarithm of the tlime of strain is
shown as a function of the reciprocal of the square of the
supersaturation pressure in PFigure 10. As predicted by
Equation 7, there is a marked deviation from the stralght
line fitted to the data by standard statistical methods
(30). The data of Figures 9 and 10 are based upon a tem-

perature of 160° F. and were obtained from the thimble
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equipment. The data from the isochoric equlpment were ob-
tained over a significant range of strains while those for
the heated thimble apparatus were restricted to two to
three rather narrow ranges of supersaturatlon pressures.
The results of the corrections for non-isobaric conditions
are recorded in Table I. It should be emphasized that
these corrections, which were made by iterative applica-
tion of the methods of analysis described earlier, are
only approximations that permit the experimental results
to be compared under the conditions of constant strain.
Utilizing the corrected data, there is shown in Fig-
ure 11 the probability of a bubble not belng formed under
one typical condition of strain as a function of time. To
calculate the ordinate of this figure, the probability of
a bubble forming up to a given time was approximated by the
ratio of the number of trials with supersaturation times
less than that of, but including, the trial in question to
the total number of trials. This approach to the evalua-
tion of probability leaves much to be desired (17,18) but
affords a simple means of presenting the nature of super-
saturation phenomena. As was indicated earlier the confi-
dence limits for such an anal&sis are poor with the small
number of investigations reported here for each set of
conditions. A straight line was fitted to the data shown
by the points of Figure 11 by the method of least squares.
In accordance with Equation 8, the line should pass through

the origin with a slope equal to the negative reciprocal of
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the mean time. The intercepts and slopes were compared
with "Student's t test" (50) and no significant difference
was found. The standard deviation of the times from the
mean time was computed and is shown in Table III. The agree-
ment is good for the number of points involved. A '"chi
squared test" (50) of the frequency of occurrence of points
within various intervals does not indicate any significant
discrepancy between the data and the theoretical distribu-
tion, but it does point up the need for a large amount of
data under constant conditions. These results indicate
that the proposed distribution is followed by these data and
indicate that the formation of bubbles is random with re-
spect to time as was predicted from the theory of liquilds
(19).

Utilizing the data of Table III, the probability of
a bubble forming as a function of time for a given degree
of strain is shown in Figures 12 and 13. The rather poor
confidence limits described earlier apply to the information
of these figures. For this reason rather wide disagree-
ments from such prediction are to be encountered for a
particular case.

The data obtained with the isochoric equipment in-
volved nearly 21 times the volume of n-pentane and nearly
L times the surface area that was employed in the investi-
gation with the heated thimble equipment. Each set of
measurements was corrected to a unit volume basis for in-

clusion in the summary of experimental data presented 1n
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Tables I and II. It 1s of interest to note that after mak-
ing this correction there is little to choose in a statis-
tical sense between the experimental data from the two
pieces of equipment. The data from the two types of equlp-
ment are in rough agreement when compared on a unit vol-

ume basis. The data are insufficient in number to establish
the effect of surface on bubble formation.

These preliminary results serve to indicate that a
large number of experimental trials are required for the
determination of the statistical behavior of supersaturated
hydroccarbon liguids. Furthermore, the data of Figure 13
indicate a marked shift in the probability function as the
temperature increases. The probability of a bubble being
formed at a given degree of supersaturation was much greater
for a particular time of strain at 280° F. than was the
case at 160° F. It remains for further experimental work
to establish whether or not these trends which have been
indicated by this limited study are reflected in the gen-

eral behavior of supersaturated hydrocarbon liquids.
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NOMENCLATURE

frequency factor in Arrhenius rate expression
specific gas constant

differential operator

base of natural logarithm

parameter in Poisson distribution

natural logarlithm

statistical sample size

rate of bubble formation, bubbles/sec. cu.ft.
pressure 1b./sq.in.

bubble point pressure 1b./sq.in.

fixed supersaturation pressure 1b./sq.in.
supersaturation pressure 1lb./sq.in.
probability of bubble being formed
probability of bubble not being formed
temperature degrees Rankins

work necessary to form stable spherical bubble,
ft. 1b. or Btu

61T 8> . \2

correction factor

interfacial tension 1b./ft.

difference

time, sec.

mean time for first bubble to form, sec.

time of strain to first bubble, sec.
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6, time of strain to first bubble adjusted to fixed
supersaturation pressure (Pb-PO), sec.

Dl

b mean time to first bubble for specific conditions,
sec.

corrected time to first bubble for non-isobaric
conditlons of strain, sec.

—~
o O
3 &~

mean time corresponding to a given value of super-
saturation pressure, sec.

/L statistical mean
G,l

standard deviation

Superscript

time average of quantity during run
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TABLE II, SUMMARY OF EXPERIMENTAL RESULTS FOR n-PENTANE IN
HEATED THIMBLE EQUIPMENT

Identi~  Number of Supersaturation Standard Bubble Rabte of Bubble
fication Experimental Pressure Deviation Formation Formation
Points Time
Lb./sq. Lb./sq. Sec. Bubbles/Sec.
Inch Inch Cu.Ft.
160° F.

19078 2 18.29% 0.0000 olip 10.05k
19078 28 13.21 0.5653 29265 0.083
19082 7 18.99 0.2286 10345 0.235
19082 14 13.74 0.4930 14854 0.164
19086 7 19.23 0.2673 12023 0.202
19086 23 13.47 0.3376 23735 0.103
19090 2 23.05 0.0000 h37 5.568
19090 17 8.91 0.4050 20062 0.121
19096 3 23.14 0.0000 1457 1.670
19102 21 9.02 0.1844 41250 0.059
19104 3 22.78 0.8520 4805 0.506
19104 6L 8.96 0.4405 126900 0.019
19107 3 26.56 0.1155 1418 1.716
19107 2 27.04 0.7778 1899 1.281
19107 3 13.51 "0.2754 341y 0.713
1911k 5 31L.34 1.0663 5454 0.446
19118 1 31.65 0.0000 682 3.568
19120 2, 36.27 0.2121 246 9.891
19120 2 37.42 0.7071 480 5.069
19130 2 35.10 0.2828 540 . 506
19130 2 36.75 0.0707 823 2.956
19135 2 35.57 0.1kh2 hho 5.505
19135 2 34,92 0.7071 62k 3.899

a .
Average supersaturation pressure.
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II. SUPERSATURATION IN HYDROCARBON SYSTEMS

2. STATISTICAL PROCEDURES FOR SUPERSATURATION DATA
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INTRODUCTION

An apparatus for the measurement of rates of bubble
formation in hydrocarbon systems 1s described elsewhere in
this thesis together with the first data taken with the
equipment. The description there of the numerical pro-
cedures for the handling of the data is necessarily brief.
It is the purpose of this section of the thesis to elabo-
rate upon these procedures and to consider possible addi-
tional methods. For the sake of clarity, the derivation
of the distribution function of times for the first bubble
to form which was presented in the preceding part of this
thesis is reproduced here in slightly extended form.

The present treatment is based upon a simple picture
of the mechanism of bubble formation (5) and follows the
suggestions of Hunt (&). In a supersaturated solution,
that is, a liquid which is at a pressure which is less
than the bubble point pressure, there is a critical size
of bubble, generally microscopic. If a bubble is formed
in the liguid which is less than this critical size, the
bubble will collapse. If the bubble is larger than the
critical size it will grow until equilibrium is attalned.
These bubbles are created by local fluctuations in the
state properties of the system. Thus a supersaturated
solution will remain in a non-equilibrium state until a

fluctuation occurs which is of sufficient magnitude to
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form a bubble of critical size. Since these fluctuations
are random, the formation of bubbles should be randomly

distributed in time.
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THE BASIC DISTRIBUTION FUNCTION

Without any assumption with regard to the effect of
surface or volume on the rate of bubble formation, it is
postulated that the probablility of a bubble forming in
any given time interval in a fixed system is the same for
all time intervals of the same size. Data points distri-
buted in such a manner are referred to as "individually
at random" (2). In an idealized situation where the
formation of a bubble does not affect the probability of
another bubble forming (not attained experimentally in
this work), the probability of bubbles forming in a given
time interval 1s independent of the number of bubbles
forming in any other time interval which does not inter-
sect the given interval. Such a set of data points is said
to be distributed "collectively at random" (2). For points
distributed individually and collectively at random, the
probablility of n peoints lying within a subinterval of
length is given by the Poisson distribution (2)

k.(0e) = g%?)f e (1)

where £O is the expected number of bubbles formed within
the time interval. The probability of no bubbles forming

in the interval from O to © may be established from

@(Qe) = e—Ja.B (2)
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Eqguation 2 has a simple interpretation. The quantity
represents the probability of no bubble forming in a time
interval of unit length. Since this probability is the
same for all unit intervals, the probability of no bubble

-k O S 1)
forming up to time 6 is ( Q'k) or €

. This result fol-
lows directly from the postulate that the bubbles are
distributed "individually at random." Under the experi-
mental conditions herein reported only the first bubble
1s of interest and so the collective randomness postulate
is not pertinent.

The probability of no bubbles forming up to & , as
given by equation 2 is equal to the probability of the

first bubble forming at some time later than 6, and so

0 2]
e""6= Sﬁ(eﬂ@ = | —f-Fce)d_e
8 (7]

where He) 1s the distribution function of times for the
first bubble to form. The second equality follows directly
from the definition of a distribution function. Upon dif-

ferentiation, equation 3 yields

—-&e'“: - £(8) (4)

fo1= ket (5)

The mean time for the first bubble to form is given by
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o0

6= geﬁ(e)w : ﬁee"‘aie = ‘I | (6)

o o

The variance 1s

(o 2]
o= g;— é)‘—?(e)d;e = g(e‘—‘z_e B.38)5(0)d8

o
__J4?t R . =
e C 2 R SO 5
The standard deviation is therefore

"% (8)

Under conditions in which the formation of the first
bubble doces not affect the provablllity of the formation of
another bubble (this situation may be approximated in an
0oil field), the reciprocal of the mean time for the first
bubble to form is the rate of bubble formation for the

given volume
. 1
My =5 =k (9)

If the bubble forms at random throughout the volume of the
sample, a rate of bubble formation per unit volume may be
calculated by dividing nhbby the volume of the Sample.

The probability of no bubble forming in the interval

~Je &
from O to @ is given by equation 2 as € . The probability
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of the first bubble forming in this interval must then be

-bk& -Mm, G
P(o,0)= I-¢ =l-e ° (10)

Rearrangement of equation 10 yields
W ft-€(0,0)]=-m 0 (11)

In accordance with equation 11, a plot of I[I-®(0,86)]) versus
© should vield a stralght line with a slope equal to the
negative reciprocal of the mean time,

As a first approximation, the Arrhenius equation may

be applied to the rate of bubble formation.
m_ = Ae (12)

The exponential form arises from the equilibrium distribu-
tion of embryos derived from a consideration of the mechan-
ism for embryo formation (7). The work necessary to form

a bubble of critical size (the size past which the bubble
will continue to grow) corresponds closely to an activation
energy. An expression has been derived by Gibbs (i) for

this work.

_terrx3
¥ =36, oy (13)
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The variation of surface tension with radius has been dis-
cussed (8) and the effect on the work expression was

shown (1). From equations 12 and 13,

. _ ey
or
_ Qs
b, + A = m (15)

It is desirable during the course of the experimental pro-
gram to make groups of runs at varlous chosen degrees of
supersaturation. As the supersaturation pressure could not
be set exactly, equation 15 was used to adjust the data to
a chosen degreé of supersaturation by takling the factor

to be constqnt from one point to another. For adjustments
of the order of two pounds per square inch, equation 15
should ve gulte adequate; its validity over a much wider

range has not been proved.
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REGRESSION ANALYSIS

In accordance with equation 15, the following hypo-
thesis will be made:

afs

b . = 6
h/_ﬁ_'_ - s pam @l (16)

AL

where S: has been written for P.,-P and //—; for the & cor-

responding to TL—P . The density may be put in the form
b o
TP o
= —-—-'C
S;u) M (17)

by denoting the time for the first bubble to form by X; .

Substitution of equation 16 into equation 17 yields

sl _(t*ie-usi)
Sa=Lte e (189
The likelihood (6) is
s
~ s (ame )
L={=¢ ¢ (19)

A=t

The logarithm of the likelihood has its maximum at the
same point as does the likelihood and 1s simpler to maxi-

mize. A

RS [CTy WSy

L=t
o . " _d_sz‘- ( 20 )
—— ? — — J— .
..-Ejogg mba a’ijjae
A=l

A=
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By differentiating separately with respect to a and
and setting both derivatives equal to zero the maximum
may be located.

-2

o Su L e _L,m' -0
-_Z-Q. Zi}ﬁ = 0

S a:-ua (21)
Solving for o
- LY 4™
= w LR (22)
o~ ~ oLSq—
L o_ - - =0t
aa-a‘;‘ _—Zs& -+ Z*;S* =0 (23)
A= A=
m s _V—S;l
DRI I (24)
A=t A=y
A combination of equations 22 and 24 results in
M - ~t ~
A oL N _0eS; -1)
X o .
A - m(‘zj';qe )(Z: s (25)
A=) 4= A=

Equation 25 must be solved by a lengthy trial and error pro-
cedure; a value for ol is chosen and the sums are calculated.
Different values for & are tried until one is found for
which egquation 25 is satisfiled. Equation 22 is then used

to calculate the corresponding value for a .,
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CONFIDENCE LIMITS

Two somewhat different methods for making a run have
been considered. The most straightforward procedure is to
continue a run until a bubble has formed and to record the
time of the run. This is the method which was used to
obtain the data reported herein. An alternative procedure
is to select the total time for each run in a series and,
at the end of this time, record only whether a bubble has
formed or not; these results may be analyzed statistically
by the use of the binomial distribution. The latter pro-
cedure has the advantage of simplifying the experimental
program. Providing some estimate of the mean time is
avallable, a cut-off time may be chosen which is conven-
ient for the operation of the equipment. The former method
has the important advantage of obtaining more informatidn
per run., Thus, if the same number of runs are made by
each plan, a more accurate estimate of the mean will be
obtained by allowing each run to go to completion, but
the time involved for the runs will be much greater. For
confidence intervals of the same length, the complete run
program requires many fewer runs, and somewhat less total
time for the runs. The preparation time for each run is
at the disposal of the experimenter, but, since it might

well be a significant variable and must be studied even-
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tually as part of the experimental program,* the prepara-
tion time may be of the order of the time for alrun. For
this reason it is an important advantage to keegﬂthe num-
ber of runs as low as possible, and so the complete run
procedure was adopted.

The pertinent confidence intervals will be calcu-
lated in Jjustification of the foregoing conclusions. The
exact confidence intervals for the parameter of a binomial
distribution has been given by Mood (6). The 95 percent
confidence upper limit £ is given by the value of.p for

which

27: ('g)p'&(_\-.pf-‘a = 0.00.5 (26)
%=O

and the lower limit {%_is the value of,P for which

Z ((g)'f)%(l -«fﬂm—3= o.0LS (27)

The value 0.025 was chosen so as to equalize the error at
each end of the distribution. These partial binomial sums
may be found by the use of Pearson's tables of the incom-

plete beta function since

;(’p *P%(l-.p)m—‘a =\1- F(p; 2,m-2-1) (28)

¥

Recently an investigation of both preparation time
and procedure was inaugurated 1n connection with studies
on the methane-n-decane system.
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and

me

g(’;f')ﬂﬂ-@“’% = Flpsa-1,m-2) (29)
%"—'

For large values of M beyond the range of Pearson's tables
the normal approximation to the binomial distribution may

be used. Again for the 95 percent confidence interval,

@[1’5 - .90 -‘?—S\‘ﬁ) < p< {5 *\.9‘:0,‘/[2—,(::_@-‘]% 0.95 (30)

where.$ is the maximum likelihood estimator for.P and 1s
simply the fraction of successes (runs with bubble forma-
tion) found experimentally. The confidence interval for
the parameter may be converted to a confidence interval
for the rate of bubble formation by the use of equation 11;

the result for egquation 30 is

G)F.{ 4P+|9GO ] } <5 "o h{l-f—ﬂ(vbl £O-P) } =0 (31)

ﬁm{l ‘fb} o ..wa{l —p}

In accordance with the central limit theorem (4) for
a population with a finite variance 6" and mean M s the
distribution of the sample mean approaches the normal

by
distribution with variancef%-and mean /b as the sample size
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m increases. Thus, for the rate of bubble formation as

estimated by the method of complete runs,

@[@-'jﬂi:,°)<%_z<(l+%ﬂé 0.95 (32)

As a numerical example, take 50 trials in which a
bubble forms 25 times. The 95 per cent confidence inter-

val for.p 1s
(P[O.bSS <p<Loeds|= 095 (33)

Converting by equation 11,

PR
— ALl =
Ploes < ,,b<( 9:] 0.95. (34)

For a probability of a bubble forming of 0.5, the cut-off
time should be taken as BA2 or 06938 . Thus for fifty
runs the total time of the runs is (50) (0.6938 ) = 34.78.
The length of the confidence interval is 1.492-0.632 =
0.860. From equation 32 twenty-one runs must be carried
to completion to establish the rate within this confidence
interval; the time for these runs is directly 21§. For
somewhat shorter cut-off times, the discrepancy in times
is slightly less, but the difference in number of runs
becomes much greater. Since the preparation time for a
run 1s large, the method of complete runs is highly ad-

vantageous from the standpoint of time.
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The outstanding disadvantage of adopting the policy
of complete runs is the absolute necessity of completing
a run once it is commenced. For example, the equipment
in the laboratory is shut down each week by 8 AM Saturday.
If a run is stopped before completion it cannot faill to
bias the data, since the interrupted run is more likely
to be a long run than a short one. Some information is
furnished by the uncompleted run, but not as much as by a
normal run. By taking less information from the complete
runs, that is, by consideriling only whether a bubble has
formed by the time at which the incomplete run was cut
off, the data may be treated in a statistically sound man- -
ner; this procedure 1s, however, just the same as the
binomial method but without the advantage of a suitably
chosen cut-off time. If the run 1s completely disregarded,
the remaining dataare obviously blased; similarly, but to
a smaller degree, if all the information furnished by each
run is used, the data are biased because in the aggregate
the longer runs have been given less weight than they have
deserved, Probably the best solution to this problem is
to refuse to start a run when 1t is desirable to stop the
apparatus sooner than 2.3 times the mean. time of the previ-
ous runs; only one out of ten runs would be expected to
exceed this value. By a suitable choice of this time, the
fraction of runs which would exceed the time may be held
to any level desired. It would seem that the savings in

time indicated above are sufficient justification for the
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loss of time caused by shutting the apparatus down sooner

than otherwise necessary.
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CONCLUSIONS

1. A simplified treatment of the theory of liquids
indicates that the times for the first bubble to form are
distributed according to

NSNS Yaa (5)

2. The effect of the degree of supersaturation on the
mean time for the filrst bubble to form may possibly be

given by an equation of the form of
—_ oL
é-b- = l
2By + S ) (15)

3. The line which best fits the data when plotted ac-
cording to equation 15 can be found by a trial and error
procedure,

4, The procedure whereby the runs are allowed to con-
tinue until a bubble forms 1s more efficient than the
method of stopping each run at the end of a gilven time;
that is, the time necessary to establish a mean rate of
bubble formation within a certain percentage by the former

method is much less than by the latter.
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NOMENCLATURE

A frequency factor in Arrhenium rate equation
a reciprocal of A

% specific gas constant

| ,2 o~
F(,p;!?.,m\ S-KEL"‘:L"_Q— £ (\-£) A , the incomplete beta
) 2t
function

£(6) distribution function of time for the first
bubble to form

running index

A
Ak parameter in Poisson distribution
L likelihood function

2

number of runs in which bubble forms before cut
off time

number of sample points; the nth sample point
rate'of bubble formation '
pressure

bubble point pressure

probablility of n bubbles being formed

probability of bubble being formed before
cut-of f time

m
Mo
P
Py
Y probability; probability of bubble being formed
G
.f
4 upper confidence limit for

- lower confidence limit for £

3 degree of supersaturation (B,-P)
for ith sample point

T absolute temperature

time for the first bubble to form for ith
sample point

o
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o 8
ILT

interfacial tension 1b./ft.
time for the first bubble to form

population mean of times for the first bubble
to form

sample mean of times for the first bubble to
form

mean time corresponding to S

standard deviation

maximum likelihood estimator
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VOLUMETRIC AND PHASE BEHAVIOR IN THE HYDROGEN-n-HEXANE SYSTEM
W. B. Nichols, H. H. Reamer and B. H. Sage
California Institute of Technology

Pasadena, California

INTRODUCTION

Only limited investigations of the volumetric and phase
behavior of binary systems involving hydrogen and hydro-
carbons at high pressures are available. The phase behavior
of the hydrogen-n-propane system has been investigated (g)
and the solubility of hydrogen has been determined 1in a
number of hydrocarbons (4,5). These limited data do not
permit a general correlation of the effect of the charac-
teristics of the hydrocarbon components upon the phase be-
havior of such systems of the partial volume (Z) of hydrogen
in hydrocarbon liquids.

In order to extend the knowledge of the volumetric
and phase behavior of hydrogen-hydrocarbon systems, an ex-
perimental study of the hydrogen-n-hexane system was carried
out at temperatures between 40° and 460° F. and for pres-
sures up to 10,000 pounds per square inch. The investigation
included a direct evaluation of the composition of the gas
phase in heterogeneous mixtures of these components as well
as measurements of the specific volume of four mixtures as

a function of pressure and temperature.
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The volumetric behavior of hydrogen has been investi-
gated in detail and it is beyond the scope of the present
discussion to present a review of these data. However,
for present purposes the measurements of Wiebe and Gaddy (15)
and Deming and Shupe (3) were employed. The labter data ap-
peared to describe the volumetric behavior of hydrogen within
the above-described range and temperatures with an uncertainty
less than 0.2%. Recently the volumetric behavior of n-hexane
has been studied (lﬂ). This work is in good agreement with
the earlier measurements of Kelso and Felsing (Q). The meas-
urements of the volumetric behavior of n-hexane in the liquid
phase are known throughout fthe range of pressure and tem-
peratures of interest with an uncertainty of approximately
0.25%. There is no experimental information available except
at pressures above atmospheric to describe the volumetric
behavior of n-hexane in the gas phase except £0r states at
temperatures above the critical, where some measurements
are reported by Kelso and Felsing (6).

The above-described experimental information concerning
the volumetric behavior of hydrogen and of n-hexane suffices
for present needs and permits the experimental data for
their mixtures to be smoothed with respect to composition.

The behavior of hydrogen and n-hexane are not reported here.
METHODS AND APPARATUS

It 1is the purpose of this investigation to determine
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the specifilc volume as a function of pressure and tempera-
ture for a series of mixtures of hydrogen and n-hexane of
chosen compositions. In principle, the experimental methods
involved the confinement of a sample mixture of known com-
position and weight in a stainless steel pressure vessel
over mercury.

Effective volume of this chamber was varied by the
introduction or withdrawal of mercury. Mechanical agita-
tion was provided to hasten the attainment of physical
equilibrium within and bvetween the phases. The details of
the experimental apparatus used for this purpose have bveen
described (13). Pressures were measured by means of a
balance utilizing a piston cylinder combination (13). This
instrument was calibrated against a vapor pressure of car-
bon dioxide (1). Recent experience with such an instru-
ment (ll) indicates that the pressures within the apparatus
relative to the vapor pressure of carbon dioxide at the
ice point were known within 0.2 pound per square inch or
0.10%, whichever was the larger measure of uncertainty.

The stainless steel vessel containing the hydrocar-
bons under investigation was immersed in an agltated liquid
bath the temperature of which was controlled with a resist-
ance thermometer through a modulating electronic circuit
(}9). The temperature of the agltated liquid bath was re-
lated to the international platinum scale by means of a
strain-free platinum resistance thermometer of the coiled

filament type (§). This unit was compared with the indi-
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cations of a similar instrument which had been calibrated
recently by the National Bureau of Standards. The tempera-
ture of the contents of the pressure vessel was known
within 0.02° F. of the international platinum scale through-
out temperature interval between 40° and 460° F.

The n-hexane was introduced by welighing bomb tech-
niques (13) and the hydrogen by volumetric methods involv-
ing the measured change in volume of constant pressure
under isothermal conditions.

The weight of the mixtures was known within 0.05% for
all four compositions investigated. Experience with the
equipment indicates that the relative probable error in
specific volume at pressures below 5000 pounds per square
inch was approximately 0.25%. Thls probable error increased
gradually at the higher pressure to a relative value of
0.5% at 10,000 pounds per square inch. The larger uncer-
tainties, at the higher pressures resulted from difficulties
in obtaining reproducible calibrations of fthe instrument
under these conditions.

Some difficulty was experienced from. thermal rearrange-
ment of the n-hexane at temperatures of 400° anda 460° F.

The existence of this thermal rearrangement was indicated
by comparison of the equilibrium volumetric behavior near
the bubble point for samples at 100° F. which had been sub-
ject to investigation at 400° and 460° F. An increase in
bubble point pressure of as much as 10 pounds per square

inch was experienced in the case of the mixtures rich in
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n-hexane. For this reason it should be emphasized that in
the vicinity of bubble point, measurements at 400° and 460° F.
are subject to an additional uncertainty beyond that Just
described. However, this thermal rearrangement did not
significantly modify the volumetric behavior in the con-
densed liquid or in the heterogeneous reglon at specific
volumes several times that of bubble point.

In order to establish the composition of the gas phase
of heterogeneous mixtures of hydrogen and n-hexane it was
found desirable to determine the mole fraction of each of
the components by direct measurement. It was not found
desirable to utilize volumetric measurements at constant
~composition to obtain these data. The small change in com-
position which was experienced at dew point with large
changes in pressure throughout the greater part of the tem-
perature interval covered by this investigation render
measurements at constant composition ineffective.

As a result of the marked difference in volatility
between the components partial condensation at liquid nitro-
gen temperatures was employed. The sample of the gas phase
was removed from the heterogeneous mixture under isobaric-
isothermal conditions and passed through a special welighing
bomb (13) which was maintained at liquid nitrogen tempera-
tures. To insure that all the n-hexane was removed the
hydrogen was passed through a second weighing bomb also
maintained at liquid nitrogen temperatures., The total quan-

tity of hydrogen involved was determined by volumetric meas-
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urement in a large glass vessel maintained at 100° F. The
change 1in pressure wilthin this vessel was determined by
means of a mercury-in-glass manometer used in conjunction
with a cathetometer. The n-hexane and a small guantity

of dissolved hydrogen were permitted to warm to room tem-
perature in the weighing bombs and then were re-cooled to
liquid nitrogen temperatures and the hydrogen removed by
prdlonged evacuation. No difficulty was experienced in
obtaining measurements reproducible within 0.001 mole frac-
tion n-hexane. Measurements upon samples of known compo-
sitions yielded results within this error. The techniques
developed for partial condensation should have permitted
the composition of the gas phase in heterogeneous mixtures
of hydrogen and n-hexane to be determined within 0.002 mole

fraction.
MATERIALS

The hydrogen was obtained from a commercial manufac-
turer and was prepared electrolytically. It was reported
to contain less than 0.002 mole fraction of material other
than hydrogen and water. The gas was passed through liguild
nitrogen, a chamber containing platinum wire heated to ap-
proximately 800° F., and again through a coil immersed in
liquid nitrogen. This treatment was followed by contact
with activated charcoal and anhydrous calcium sulphate. The
foregoing processes were carried out at the pressures in

excess of 500 pounds per square inch. Mass spectrographic
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analysis of hydrogen so purified indicated it to contain
less than 0.001 mole fraction of material other ‘than hydrogen.
The n-hexane was obtained as research grade from the
Phillips Petroleum Company which reported it to contain
not more than 0.003 mole fraction of material other than
n-hexane. This hydrocarbon was dried over metallic sodium,
and solidifed at liquid nitrogen temperatures. It was main-
tained at a relatively high vacuum in the solid state for
an extended period to complete the removal of noncondensable
gases. A value of 40.871 for the specific weight at 77° F.
was obtained for the air-free sample as compared to 40.878
reported by Rossini (12) for an air saturated sample at the
same temperature. The index of refraction relative to the
D-lines of sodium at 770 F. was 1.37225 as compared to

1.37226 reported by Rossini (12) for air-saturated n-hexane.
EXPERIMENTAL RESULTS

Measurements of the volumetric behavior of four mix-
tures of hydrogen and n-hexane were investigated. A large
sample of each mixture was first introduced and measure-
ments made for pressures from approximately 1000 to 10,000
pounds per square inch. The sample was then brought to a
single phase state and approximately 80% of 1t removed.

The remaining smaller sample was then Investigated over the
same temperature interval to obtain data for pressures

below 1000 pounds per square inch. Flgure 1 shows the
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experimental information obtained for a mixture relatively
rich in n-hexane. Similar experimental information was ob-
talned for each of the three other samples inwvestigated.

The detailed record of experimental data obtéined in fhe
course of this volumetric study is availlable (). Only

three of the mixtures are reported. Because a different
method for loading the sample was used for the mixture con-
taining 2.98 mole percent hydrogen, the error in the molal
volumes for this mixture was much greater than the uncertainty
connected with the others.

The composition of the coexisting phase as determined
from condensation analysis of samples withdrawn under iso-
baric-isothermal conditions from the gas phase of hébterogene-
ous mixtures of hydrogen and n-hexane 1s shown in Figure 2.
The scale of the figure in the vicinity of pure n-hexane
was enlarged markedly in order to illustrate the behavior
of the gas phase in somewhat greater detail. The points
shown for the liquid phase were obtained from discontilnuities
in the isothermal first derivative of specific volume as a
function of pressure. The data obtained in the course of
the measurement of the composition of the gas phase in
heterogeneous mixtures of hydrogen and n-hexane are also
available (9).

Figure 3 presents the product of the molal equilibrium
ratios for hydrogen and for n-hexane as a function of pres-
sure for each of the several temperatures investigated. The

use of the product of pressure and the equilibrium ratio was



-101-

employed in order to present the behavior in greater detail
than is possible by the use of the equilibrium ratio alone.
The equilibrium ratlio for n-hexane in the hydrogen-n-hexane
system is shown plotted on a logarithmic scale versus pres-
sure in Figure 4. The equilibrium ratios shown in Fig-
ures 3 and U4 were computed from the information presented
in Figures 1 and 5. Figure 5 is a pressure-temperature
diagram for this bilnary system. The rapid increase in

the 1initial pressure with a decrease in temperature from
the critical state of the pure hydrocarbon was previously
noted in the hydrogen-propane system (g). The maxcon-
dentherm locus shown in Figure 5 is the locus of points
representing the maximum condensation temperature for a
system of constant composition.

Figure 6 shows the molal volume as a function of
composition at 400° P. This temperature was chosen to
1llustrate the behavior of a composition rich in hydrogen.
For lower temperatures the dew point line lies much closer
to the right hand axis. The requirement that the isobars
in the heterogeneous region be straight lines on a plot
such as shown in Figure & was used to smooth the volu-
metric data taken in this region.

Table I records the molal volume for even values of
pressure and temperature for the three experimentally
studied compositions. In the liquid phase a standard esti-
mate of error of 0.000036 cubic feet per pound mole was

found for the experimental data from the smooth curves from
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which the information of Table I was obtained. The standard
estimate of error in the heterogeneous region was 0.00044
cubic feet per pound mole. The much larger deviation in
the heterogeneous region probably results from a lack of
strict attainment of equilibrium, particularly at states
remote from the bubble point. The standard estimate of
error assumed that all the uncertainty existed in specific
volume and none was associated with the evaluation of
pressure, temperature, and composition. The data of

Table I are smooth with respect to composition within the
small uncertainty assoclated with graphical operations
involving volumetric data-for n-hexane, hydrogen, and the
three experimental mixtures reported.

Table II presents the compositions and molal volumes
of the 1ligquid and gas phases of heterogeneous mixtures of
hydrogen-n-hexane for seven temperatures between MOO and
400° F. In addition the molal equilibrium ratios for
hydrogen and n-hexane for each temperature were included.
Table III records a number of the properties at the unique

states in the heterogeneocus region,
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TABLE II. PROPERTIES OF THE COEXISTING GAS AND LIQUID PHASES IN THE

HYDROGEN-n-HEXANE SYSTEM

Pressure Mole Volume Mole Volume Equilibrium Ratio
Lb./Sq.Inch Fraction Cu.Ft./Lb. Fraction Cu.Ft./Lb.
' Hydrogen Mole Hydrogen Mole Hydrogen n-Hexane
Dew Point Bubble Point
o Lo° F.
1.107 0 - 0 2.06h - 1.0000
500 0.996 - 0.028 2.022  35.19 0.0041
1000 0.998 5 0.05k4 1.980 18.53 0.0026
1500 0.998 3.80 0.078 1.945 12.88 0.0023
2000 0.998 2.914 0.099 1.912  10.0k4 0.0022
2500 0.998 2.381 0.120 1.880 8.288 0.0023
3000 0.998 2.023 0.140 1.850 7.103 0.0023
3500 0.998 1.768 0.160 1.818 6.238 0.002k
4000 0.998 1.577 0.179 1.790 5.562 0.002k4
4500 0.998 1.hk29 0.199 1.754 5.024 0.0025
5000 0.998 1.311 0.218 1.721 4.588 0.0026
6000 0.998 1.132 0.256 1.659 3.904 0.0027
7000 0.998 1.007 0.294 1.598 3.391 0.0028
8000 0.998 0.9150 0.334 1.531 2.988 0.0030
9000 0.998 0.84h9 0.376 1.472 2,654 0.0032
10,000 0.998 0.7920 0.ho2 1.414 2.365 0.0035
. 100° F.

. 954 0 - 0 2.148 - 1.0000
500 0.986 - 0.03L 2.095 31.81 0.0144
1000 0.992 -5 0.059 2.050 16.81 0.0085
1500 0.99k4 k. ok 0.08% 2.015 11.83 0.0066
2000 0.995 3.24 0.108 1.975 9.209 0.0061
2500 0.995 2.643 0.131 1.940 7.595 0.0058
3000 0.995 2,242 0.153 1.900 6.503 0.0061
3500 0.995 1.958 0.175 1.870 5.686 0.0061
4000 0.995 1.74h 0.196 1.830 5.077 0.0062
4500 "0.995 1.578 0.217 1.800 Lk ,585 0.0064
5000 0.995 1.4k5 0.238 1.772 4.181 0.0066
6000 0.995 1.245 0.279 1.698 3.566 0.0069
7000 0.995 1.104 0.322 1.620 3.090 0.007h4
8000 0.995 1.000 0.366 1.545 2.719 0.0079
9000 0.995 0.9221 0.412 1.461 2.415 0.0085
10,000 0.995 0.8607 0.461 1.390 2.158 0.0093

aVapor pressure of n-Hexane
bVolumes at dew point calculated

Coritical state
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TABLE II. (Cont.)

Pressure Mole Volume Mole Volume Equilibrium Ratio
Lb./Sq.Inch Fraction Cu.Ft./Lb. Fraction Cu.Ft./Lb.
Hydrogen Mole Hydrogen Mole Hydrogen n-Hexane
Dew Point Bubble Point
a 160° F.
15.82 0 - 0 2.256 - 1.0000
500 0.961 - 0.034 2.195 28.69 0.0k403
1000 0.978 - v 0.06k4 2.140 15.28 0.0235
1500 0.983 4 .66 0.092 2.090 10.68 0.0187
2000 0.986 3.56 0.119 2.041 8.286 0.0159
2500 0.987 2,902 O.14h4 2.000 6.854 0.0152
3000 0.988 2.460 0.169 1.960 5.846 0.014k
3500 0.988 2.14k7 0.193 1.920 5.119 0.0149
4000 0.988 1.912 0.216 1.880 L.57h 0.0153
%500 0.988 1.728 0.239 1.840 b.13% 0.0158
5000 0.988 1.581 0.262 1.798 3.770 0.0163
6000 0.988 1.359 0.309 1.710 3.197 0.0174
7000 0.988 1.202 0.356 1.630 2.775 0.0186
8000 0.988 1.084 0.405 1.543 2.440 0.0202
9000 0.988 0.9968 0.456 1.460 2.167 0.0221
10,000 0.988 0.9290 0.51L 1.380 1.933 0.0245
a 220° F.
39.87 0 - 0 2.391 - 1.0000
500 0.90k4 - 0.036 2.321 25.11 0.0996
1000 0.946 - 4 0.070 2.256 13.51 0.0581
1500 0.960 5.07 0.102 2.195 9.412 0.04k45
2000 0.966 3.87 0.132 2.137 7.318 0.0392
2500 0.969 3.16 0.160 2.082 6.056 0.0369
3000 0.971 2.677 0.187 2.032 5.193 0.0357
3500 0.973 2.334 0.215 1.984 . 526 0.03h4k
Looo 0.97h 2.078 0.241 1.931 L. okl 0.0343
4500 0.97h4 1.898 0.267 1.882 3.634 0.0355
5000 0.974 1.718 0.293 1.835 3.32h4 0.0368
6000 0.974 1.475 0.345 1.740 2.823 0.0397
7000 0.97k 1.300 0.396 1.648 2.460 0.0430
8000 0.97h 1.170 0.450 1.552 2,164 0.0473
9000 0.97h 1.070 0.508 1.448 1.917 0.0528
10,000 0.973 0.9990 0.570 1.347 1.707 0.0628
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TABLE II. (Cont.)

Pressure Mole Volume Mole Volume  Equilibrium Ratio
Lb./Sq.Inch Fraction Cu.Ft./Lb. Fraction Cu.Ft./Ib.
Hydrogen Mole Hydrogen Mole Hydrogen n-Hexane
Dew Point Bubble Point
, 280° F.
8k.93> 0 - 0 2.565 - 1.0000
500 0.797 - 0.038 2.489 20.97 0.2110
1000 0.886 - 0.078 2.400 11.36 0.1236
1500 0.91k4 -y 0.115 2.321 7.948 0.0972
2000 0.927 h.17 0.149 2.250 6.221 0.0858
2500 0.934 3.40 0.181 2.185 5.160 0.0806
3000 0.939 2.887 0.213 2.120 4 408 0.0775
3500 0.942 2.520 0.2hk4 2.060 3.861 0.0767
4000 0.94k 2.240 0.274 2.000 3.445 0.077L
4500 0.945 2.025 0.304 1.940 3.109 0.0790
5000 0.946 1.854 0.334 1.882 2.832 0.0811
6000 0.946 1.595 0.393 1.765 2.407 0.0890
7000 0.945 1.411 0.451 1.660 2.095 0.1002
8000 0.94k 1.270 0.511 1.545 1.8k47 0.1145
9000 0.941 1.168 0.576 1.4ko 1.634 0.1392
10,000 0.931 1.095 0.649 1.332 1.435 0.1966
340° F,
160.28% 0 ' - 0 2.806 - 1.0000
500 0.606 - - 0.037 2.726 16.22 0.4091
1000 0.772 - 0.086 2.615 8.977 0.2495
1500 0.826 - b 0.132 2.510 6.258 0.2005
2000 0.851 k.45 0.172 2.423 L.ohk83 0.1800
2500 0.865 3.63 0.210 2.340 4.119 0.1709
3000 0.873 3.08 0.249 2.254 3.506 0.1691
3500 0.878 2.690 0.285 2.170 3.081L 0.1706
4000 0.882 2.394 0.322 2.096 2.739 0.1740
4500 0.884 2.166 0.359 2.020 2.h62 0.1810
5000 0.885 1.986 0.394 1.942 2.246 0.1898
6000 0.884 1.720 0.461 1.800 1.918 0.2152
7000 0.880 1.539 0.528 1.657 1.667 0.25h2
8000 0.865 1.410 0.597 1.522  1.h4k9 0.3350
9000, 0.815 1.325 0.691 1.382 1.179 0.5987
9200 0.768 1.333 0.768 1.333 1.000 1

.0000
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TABLE ITI. (Cont.)

Pressure Mole Volume Mole Volume Equilibrium Ratio
Lb./Sq.Inch Fraction Cul.Ft./Lb. Fraction Cu.Ft./Lb.
Hydrogen Mole Hydrogen Mole Hydrogen n-Hexane
Dew Point Bubble Point
4oo° F
277.53% 0 , 0 3.23 - 1..0000
500 0.310 - 0.032 3.15 9.688 0.71.28
- 1000 0.568 - 0.103 2.980 5.515 0.4816
1500 0.656 - b 0.165 2.8ko 3.967 0.4120
2000 0.700 k.61 0.224 2.700 3.125 0.3866
2500 0.722 3.78 0.283 2.581L 2.55L 0.3877
3000 0.736 3.22 0.341 2.460 2.158 0.4006
3500 0.745 3.82 0.396 2.355 1.881 0.h42p2
4000 0.749 2.523 0.448 2.250 1.672 0.45hT7
4500 0.750 2.292 0.500 2.1h47 1.500 0-. 5000
5000 0.747 2.105. °  0.555 2.060 1.346 0.5685
5920° 0.688 1.870 0.688 1.870 1.000  1.0000
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TABLE III

ESTIMATED PRCOPERTIES AT THE UNIQUE STATES IN THE

HYDROGEN -n-HEXANE SYSTEM

Mole Pressure Temperature Pressure  Teuperature
Fraction Lb./Sq.Inch °F. Lb./Sq.Inch °F.
Critical Maxcondentherm

0.0 A33.9b u5u.6b 433.9 L5k .6
0.1 690 452 620 452
0.2 1000 Lho 840 Lho
0.3 1430 bys - 1150 Lhe
0.4 2000 439 1500 Ll
0.5 2790 432 2010 L35
0.6 4050 k19 2750 Los
0.7 6300 396 3660 11
0.8 - 277 4590 382
0.9 - - 5450 327
1.0 188.1° ~399.8° 188.1 -399.8

& These data are much more uncertain than the directly measured

quantities

b Critical of n-Hexane

€ critical of Hydrogen
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III. VOLUMETRIC AND PHASE BEHAVIOR OF HYDROCARBON SYSTEMS

2. n-HEPTANE
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Reprinted from INDUSTRIAL AND ENGINEERING CHEMISTRY, Vol. 47, Page 2219, Ociober 1955
Copyright 1955 by the American Chemical Society and reprinted by permission of the copyright owner

Phase Equilibria in Hydrocarbon

Systems
VOLUMETRIC BEHAVIOR OF n-HEPTANE

W. B. NICHOLS, H. H. REAMER, AND B. H. SAGE
Cealifornia Institute of Technology, Pasadena, Calif.

lNFORMATION concerning the influence of pressure and
temperature upon the specific volume of the lighter parafiin
hydrocarbons is of interest in a number of industrial opera-
tions. Rossini (?7) summarized the physical properties of .n-
heptane at atmospheric pressure. Beattie (1, 10) and others
studied the volumetrie behavior of n-heptane at elevated pres-
sures. FEduljee, Newitt, and Weale (4) investigated the volu-
metrie behavior of its liquid phase at temperatures below 140° E.
and at pressures up to approximately 75,000 pounds per square

inch. Gilliland and Parekh (5) determined the effect of pressure
upon the enthalpy of this hydrocarbon for pressures below 1000
pounds per square inch. Stuart, Yu, and Coull (13) caleulated

_the thermodynamic properties from existing data for pressures

up to 300 pounds per square inch. The freezing point of n-
heptane was determined by Streiff (12) and others and the boiling
point was established by S8mith and Matheson ().

All these data established the volumetric behavior of this
compound with fair accuracy, despite disagreement of the

Table I. Experimental Volumetric Measurements for n-Heptane
(Sample weight 0.2486606 1b.)

Pressure, Specific Pressure, Spesifio
Lb./Sq. Inch Volume, Lb./8q. Inch Volume,
Abs. Cu. Ft./Lb, Abs. Cu. Ft./Lb.
. 40° F. 100° ¥,
9979.7 0.021575 9494.7 0.022280
9536.9 0.021636 9073.2 0.022324
8955.4 0.021695 8059.2 0.022459
8083.0 0.021786 7077.5 0.022598
6965.7 0.021915 6081:1 0.022741
5927.6 0.022055 5033.9 0.022904
4968.6 0.022193 3932.6 0.023093
3942.3 0.022330 . 2896.7 0.023292
2911.7 0.022480 1964.5 0.023175
1911.5 0.022744 868.5 0.023724
913 .8 0.022826 103.2 0.023911
36.5 0.022977 36.7 0.023939
25.2 0.022981 21.9 0.023941
160° ¥, 220° F,
9874.3 0.0228061 10011.5 0.023486
9485.7 0.022922 9471.2 0.0235533
9037.2 0.022990G 9002.0 0.023653
8015.0 0.023152 8006.0 0.023839
7065.0 0.023308 7070.0 0.024042
5015.2 0.023498 8057.7 0.024265
5006.9 0.023692 5001.5 0.024518
3956.2 0.023903 4007 .1 0.024800
3033.8 0.024137 3018.7 0.025107
2014.7 0.024110 2012.3 0.025436
047.8 0.024732 978.9 0.025852
34.4 0.025023 34.1 0.026378
24.1 0.025031 25.9 0.026388
17.9 0.029025
17.6 0.062025

Pressure, Specifie Pressure, Specifie
Lb./Sq. Inch Volume, Lb./8q. Inch Volume,
Abs. Cu. Ft./Lb. Abs. Cu. Ft./Lb.
280° F. 340° F.
9604.0 0.024162 10028.1 0.024764
9032.2 0.024266 9586.7 0.024861
7163.8 0.024725 9160.2 0.024977
5348.3 0.025246 8046.1 0.025253
3081.5 0.025932 7072.6 0.025538
931.9 0.027127 6011.5 0.025877
122.9 0.027839 5024.3 0.026252
61.2 0.027941 4023.5 0.026690
39.9 0.034996 2998.9 0.027214
39.3 0:059339 1962.7 0.027858
884.5 0.028834
340.2 0.029494
132.0 0.029855
85.7 0.037815
84.7 0.055259
84.3 0.074289
400° F. 460° F.
9768.3 0.025501 9879.2 0.026153
9549 .2 0.025549 9527.0 0.026295
9105.6 0.025678 9099.0 0.026304
8079.7 0.025986 8089. 8 0.026761
7171.9 0.026300 7044 .6 0.027194
6057.0 0.026741 5935.3 0.027753
4982.8 0.027229 4984.5 0.028286
4006.4 0.027805 3921 4 0.029032
2087.9 .0.028501 2947.6 0.029921
1968:1 0:029420 1919.5 0.031284
934.9 0.030856 1404 .2 0.032270
446.2 0.031808 . 886.6 0.033731
241.7 0.032540 493.5 0.035590
158.3 0.037729 390.6 0.036364
155.3 0.054006 263.7 0.050854
154.7 0.075550 262.4 0.064656
260.9 0.088502
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Figure 1. Molal volume of n-heptane in liquid phase
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Figure 2, Deviation of Beattie’s measurements from
present investigation

Figure 3. Deviation of Newitt’s measurements from
present investigation

measurements of Newitt with those of Beattie (10)., As it was
desired to establish partial volumetric behavior for binary mix-
tures involving n-heptane, the influence of pressure and tempera-
ture upon the molal volume of n-heptane was studied at pressures
up to 10,000 pounds per square inch in the temperature interval
between 40° and 460° F,

METHODS AND APPARATUS

Methods and equipment employed were the same as those
used in the study of n-nonane (3) and n-hexane (11). The pro-
cedure involved confinement of a sample of n-heptane of known
weight over mercury in a stainless steel chamber and measure-
ment of the volume of the system occupied by the hydrocarbon
as a function of state. A detailed description of the equipment
is available (8).

Temperature of the sample was determined from the indica-
tions of a platihnum resistance thermometer of the strain-free
type (6) which had been compeared with the indications of a
reference instrument ecalibrated by the National Bureau of
Standards. Experience indicated that the temperature of the
sample was related to the international platinum scale with a

probable error of 0.02° F.
Pressures were measured with

2 balance involving a piston-

Table II. Molal Volumes of n-Heptane in Liquid Phase cylinder combination which

Pressurs,
Lb./8q. Inch

Abs. 40° T, 100° F. 160° F.
(0.825)¢ (1.58) 5.11)

B.p. 2.302 2,897 . 508
200 2.208¢% 2.393 2.502
400 2.295 2.388 2.495
6no 2.291 2.384 2.489
800 2.287 2.378 2.484
1,000 2.284 2.373 2,477
1,250 2.279 2.367 2.468
1,500 2.274 2.380 2.461
1,780 2.260 2.3566 2.454
2,900 2.266 2,352 2,446
2,250 2.262 2.347 2.440
2,500 2.258 2.342 2.434
2,750 2.254 2.338 2.427
3,000 2.250 2.333 2,421
3,500 2.243 2.324 2.410
4,000 2.234 2.315 2.308
4,500 2.228 2.308 2.886
5,000 2.220 2.298 2.3"8
¢,000 2,207 2.282 2.356
7,000 2.195 2.267 2.387
,00 2.184 2.252 2.320
9,000 2.172 2.238 2.302
10,000 2.160 2.222 2.286

@ Values in parentheses represent bubble point pressures expressed in pounds per square inch,

b Volume expressed in cubie feet per pound mole.

220° F. 280° F.

2.6 2.804
2.631 2.779
2.620 2,762
2.608 2,745
2.508 2.728
2.588 2,716
2.577 2.701
2.567 2.688
2,567 2.673
2,547 2.661
2.540 2.649
2.533 2.636
2.525 2.626
2.517 2.615
2.500 2.594
2.485 2.577
2.471 2.558
2.457 2.540
2.432 2.509
2.400 2.483
2.389 2.458
2.369 2.4356
2.351 2.416

was calibrated against the
340° T, 400° P, 460° F vapor pressure of carbon
dioxide at the ice point (2).

(83.20) (151.4) (257.8)

3.01 3.32 3.87 The pressures were known

2.978 3.28 ithi

2003 5.28 5 ‘68 within .0.1% or.0.2 pound per

g ggg gﬁi g'i? square inch, whichever was the

g SZS gjgg g[% larger uncertainty, Agitation
). . . i i

2. 5aa 3-03 351 of the sample was prov1de‘d in

gggg" g.g’i?_, g‘}g order to hasten physical

2772 gjg é§ gjgg equilibrium. The volume of the
5 . . 3 1 -

2.758 3.5 E system occuplet_i by n-heptane

z Egg 2.858 3.32@ was known with a probable

2.670 gj-;gg gjggé error of 0.25% at pressures
332 - (0 - r

2.953 2758 2-838 !Jelovs 5000 pounds per square

3.591 g gso 2.777 inch and 0.4%, at higher pres-

% §§§ g‘.g?é gjégg sures. The weight of n-heptane

3.508 e R was determined by weighing

bomb tecbniques (8) and by
comparison of volumetric
measurements at atmospheric
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sober 1985

pressure (7) with critieally chosen values of specific weight, with
a probable error of less than 0.05%.

MATERIALS

The n-heptane was purchased as research grade from the
Thillips Petroleum Co. and was reported to contain 0.0006 mole
fraction of impurities. It was fractionated once at reduced pres-
sure in a column containing 16 giass plates at a reflux ratio greater
than 20. The first and last 109% of the overhead was discarded.
After passage of the liquid through activated alumina and deaer-
ation by prolonged refluxing at reduced pressure, it was dried
over metallic sodium.

The specific weight of the sample of n-heptane at 77° F. was
42,4232 pounds per cubic foot, which compared with 42.4195
pounds per cubie foot reported by Rossini for an sir-saturated
sample at the same temperature. The index of refraction for
the deaerated sample relative to the D-lines of sodium was
1.3853 as compared to a value of 1.3851 reported by Rossini for
an air-saturated sample. A comparison of these data indieates
that the sample employed for these measurements probably
contained less than 0.0005 mole fraction of material other than
n-heptane, Tt is believed that the impurities are primarily iso-
merie hydrocarhons.

EXPERIMENTAL RESULTS

The measurements of the volumetric behavior of n-heptane
are given in Table I. No results were reported for the two-phase
region, since the vapor pressure was already wel. established
(1, 7, 10). The experimental results are depicted in Figure I.
The standard deviation of the experimental points from the
smoothed curve was 0.0016 cubie foot per pound-mole.
Smoothed values of the molal volume of n-heptane for each of
the temperatures investigated are recorded in Table TI. The
bubble point pressures included in this table were taken from
the critically chosen values of Rossini (7) at the Jowe* tempera-
tures and the measurements of Beattie (I, 10) at the higher
temperatu-es.

The deviation of Beattie's volumetric measurements from the
present investigation is shown in Figure 2. The standard devia-
tion of 45 experimental points obtained by Beattie (10) from the

INDUSTRIAL AND ENGINEERING CHEMISTRY 2221

This corresponded to 0.23%, deviation based upon the average
molal volume. This variation is within the probable errors of
the two sets of measurements, Figure 3 shows the deviation of
Newitt’'s measurements from the present data. In this instance
the standard deviation from the information presented in Table
IT was 0.0043 cubic foot per mole, which corresponds to 0.199;
deviation based upon the average molal volume of n-heptane.
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Volumetrie data for purc hydrocarbons arerof interest
in many industrial applications. Beeause such data for
n-héptane sre not available for the higher temperatures
and pressures, the effect of pressure and temperature upon
the molal volume of n-heptane in the liquid phase. was
studied.

Measurements were made st pressures up to 10,000
pounds per square ineh in the temperature interval be-
tween 40° and 460° F. The results are presented in
graphieal and tabulax form.

Data obtained were in good agreement with an earlier
investigation by Beattie at states where the two investiga-
tions overlapped. Satisfactory agreement with an English
investigation was found at 100° F.

Praxeen 1y Ul 5. A,



Propositions

1. The following expression was used in correlating the
times for the first bubbles to form in supersaturated solu-
tions.

21 - 8o,8)) = -, @

In evaluating (06), the probability of a bubble forming u
to time O, the use of m/n+1 is more satisfactory than m/n,
where m 1s the number of runs in which a bubble formed up to
and including time 6 and n 1s the total number of runs.

2. The "heated thimble" apparatus described in this thesis
is believed to be highly satisfactory for the measurement of
the rates of bubble formation in supersaturasted solutions.
The construction of another "heated thimble" of different
dimensions is proposed in order to study the effect of volume
and surface on the rates of bubble formation. The addition
of large (1/8 dia.) spheres of the same material as the
thimble 1s suggested to make large changes in surface and
volume. ~

3. If the rate of bubble formation is being measured in a
liquid which is contaminated with foreign nuclei, the first
bubble may preferentially form on one of the nuclei. If the
nuclei vary 1n tendency to form bubbles, extreme value theory
(1) may be of use in explaining the effect of volume on the
mean time for the first bubble to form.

4, The following expression was derived in this thesis for
the Fick diffusion coefflecient.

— A, L
} d_o—'
I}
- 8

this coefficient may easily be calculated for each run. It
is proposed to consider this coefficient to represent the
"differential" coefficlent at the concentration given by

U
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\
f = %%
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5. Pings (2) has suggested that curve fitting by the method



of least squares is formally no more difficult if the method
1s modified so ag to minimize the sum of the squares of the
relative deviations. This proposal is numerically feaglble
if the relative deviation is deflned as the difference be-
tween the experimental value and the corresponding value on
the regression line divided by the experimental value. The
method reported by Ergun (3) for fitting famlliles of straight
lines may be similarly modified.

6. Abietic acid can be converted to retene by catalytic de-
hydrogenation. It may be possible to produce phthalic an-
hydride in good yields from retene by catalytic oxidation.

It is proposed that this sequence of reactlons be investigated.

7. Air containing a small amount (1-2%4) of nitrogen dioxide
is frequently the product of a nitration process. Satis-
factory methods for removing the nitrogen dioxide are 4iffi-
cult to find. It might be practical to use a process '
(physical and/or chemical) operating at a temperature below
the bolling point of nitrogen dloxide to accomplish this
objective.

8. Chang, Schoen, and Grove (4) present some data on the
distribution of bubble sizes in foams in order to demonstrate
a method of obtaining this data. A further treatment of the
data reveals some interesting features not pointed out in the
original presentation.

9. An experimental investigation is proposed for the chemi-
cal engineering laboratory on the application of the thermo-
dynamics of irreversible processes to corrosion. Van
Rysselberghe (5) has presented the basic theory, and Johnson
and Babb %é) made a simple calculation of an interaction co-
efficient using some preliminary data of Schwerdtfeger and
McDorman (Z). The experlmental equipment is not extensive
and the program might be carried out by students at the first
year graduate level. The data may be treated simply in an
approximate manner or much more elaborstely.

10. a. Both games of a baseball doubleheader are more likely
to be won by the same team than to be divided between the two
teams. '

b. The winning team in a major league baseball game will
score at least twice as many runs as the losing team more
often than not.

¢. The most probable number of games played in a World
Series is six.



Nomenclature

Dg;, Fick diffusion of component 1
Q diffusion path length

m number of runs in whlch a bubble formed
mm, transport rate of component 1
m total number of runs

My rate of bubble formation
@) probability of a bubble forming up to time O
= distance along diffusion path

6 time

o2 specific welght

Sy concentration of component 1

O concentration of component 1 at top of diffusion
path

Sy concentration of component 1 at bottom of
diffusion path
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