uid phase. Analogous defi-
nitions for molar concentra-
tions of other species
D = liquid-phase diffusivity of
molecular chlorine, sq. cm./
sec.
Henry’s law constant for
molecular chlorine, (g.moles)
/ (liter) (atm.)
height of the short wetted-
wall column, cm.
equilibrium  constant  for
chlorine hydrolysis, (g.moles/
liter)*®
reaction rate constant, (sec.)™
liquid-phase absorption co-
efficient in the presence of
the simultaneous chemical
reaction, cm./sec.
liquid-phase absorption co-
efficient that would exist if
no chemical reaction accom-
panied the absorption pro-
cess, cm./sec.
keD/(k.)?
rate of chlorine hydrolysis,
g.moles/ (sec.) (liter)
temperature, °K. or °C.
mole fraction of chlorine in
the gas phase
mass flow rate of liquid per

l

=
Il

&
I

kL“

~
o Il

IR
i

I

unit perimeter of the col-
umn, g./(min.}) (cm.)

n = K/(CL)*

& = liquid-phase density-viscos-
ity product divided by this
same product for water at
25°C.

4’ - kL/ kLu

Subscripts

i = gas-liquid interface
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Experimental Determination of Critical

Temperatures and Pressures of Mixtures:
the Methane-Ethane-n -Butane System

J. CHARLES FORMAN and GEORGE THODOS

The Technological Institute, Northwestern University, Evanston, [llinois

An experimental unit has been designed and constructed for the study of critical phenomena
in multicomponent systems. This unit has been built to utilize a new visual PVT cell capable
of operating ot temperatures up to 300°F. and pressures to 10,000 Ib./sq. in. abs. This cell
is of the liquid piston type with mercury as the pressurizing fluid and affords unobstructed
visual observation of its contents, The dependability of the unit hos been tested on two
mixtures of ethane and n-butane. Phase equilibria data were obtained, which in turn were used

to establish the critical temperature and pressure.

Critical temperatures and pressures have been determined for six different compositions of
the methane-ethane-n-butane system. These mixtures consisted of two series, each of three
compositions differing only in methane content. The data obtained from them, in conjunction
with previously reported critical values for the binaries of this system, have been utilized to
generate the complete critical locus for the ternary system. The results for the six mixtures
of this study have been compared with critical values predicted by methods available in the

literature.

The present state of the field con-
cerned with critical constants of hydro-
carbon systems for the most part can
be divided into two main classifica-

J. Charles Forman is presently with the Devel-
opment Division of Abbott Laboratories, North
Chicago, 1llinois.
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tions. A good deal of work is reported
for binary systems (6), and for the
other extreme considerable information
is presented for complex mixtures (8).
Although all of this information is
basic and has been used extensively

A.1.Ch.E. Journal

for correlation of critical properties, a
gap exists between these two extremes.
Experimental data on three- and four-
component systems available in the
literature are limited (2, 4, 5, 16).
The majority of the critical data pre-
sented for these systems is a by-prod-
uct of vapor-liquid equilibrium studies
and frequently is not presented in a
useful manner. At this time it appears
appropriate to undertake a systematic
study of these properties as particu-
larly applied to a specific system. A
background of this type on several
systems is highly desirable in order
to bridge the gap presently existing
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Fig. 1. Schematic diagram of visual PVT cell
without closures.

between the binary and complex hy-
drocarbon systems.

EXPERIMENTAL EQUIPMENT

A survey of the literature has pre-
sented several experimental units for
the determination of critical constants
of multicomponent systems. These
units possess a common characteristic
in that they use a liguid type of piston
in order to vary the volume and thus
the pressure at constant temperature.
These can be divided into two basic
categories; the principal difference be-
tween them lies in the ability to ob-
serve visually the system confined in
the unit. Excellent examples of the
nonvisual type are those of Sage and
Lacey (18, 19, 20) which were spe-
cifically designed for volumetric and
phase equilibria studies and include
sampling facilities for analysis of the
coexisting vapor and liquid phases.
Critical temperatures and pressures
are determined indirectly by extrapola-
tion of vapor-liquid equilibrium data.

Visual types of equipment are basi-
cally the same but do not require
sampling facilities and afford direct
observation of the mixture under study.
Two foremost groups involved in this
area of activity are those of Kay and
Katz. The equipment of Kay (II) is
essentially a modification of that of
Andrews (1) and Young (22) and has
been used primarily for vapor-liquid
equilibrium and critical studies of bin-
ary systems by the dew- and bubble-
point method. This type of equipment
is restricted to binaries for vapor-liq-
uid equilibrium studies; however its
application can be extended for the
determination of criticals for systems
containing more than two components.
Katz and co-workers (9, 10, 15) have
employed a visual technique to estab-
lish the critical points of natural gas
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and gasoline mixtures and also carbon
dioxide-paraffin systems. The equip-
ment designed and constructed for
these studies is essentially of the same
basic type as that of Katz and Kurata

(9).

Visual PYT Celfl

The cell utilized in this investiga-
tion is shown schematically in Figures
1 and 2, and a photographic view is
presented as Figure 3. The essential
features of this cell include a stainless
steel body 6 in. in diameter and clo-
sures rated at 10,000 1b./sq. in., a full-
length glass window mounted in a tool
steel hold-down bar, an unsupported-
area (Bridgman type) closure, and an
O-ring pressure seal for the glass view-
ing window.

The working volume is cylindrical,
1 in. in diameter and slightly more
than 10 in. in length, of approximately
145-cc. volume. The hole is bored oft-
center to prevent pressure distortion
of the cell which could put undue
strains on the glass. The window is
Herculite tempered glass. This win-
dow fits in the hold-down bar with
tolerances of the glass, and the copper
and tool steel shims kept within 0.001
in. of the depth of the slot in the hold-
down bar.

The pressure seal between the glass
window and the cell body is made
with an O-ring, which sets the upper
temperature limit of 300°F., located
in a groove surrounding the slot for
visual observation. To affect a tight
seal nitrogen pressure is applied be-
hind the O-ring and is always kept at
least 1,000 Ib./sq. in. higher than the
internal cell pressure. A cross-sectional
view of the cell showing the O-ring
and its pressure connection is shown
in Figure 2.

The Bridgman type of end closure is
presented in the cross-section view of
the head shown in Figure 2. This type
of closure possesses the excellent fea-
ture of sealing tighter with increasing
pressure, since increased pressure re-
sults in greater compression of the
Teflon gasket. Each piece of the clo-
sure was machined from a different
type of stainless steel to minimize the
possibility of galling. In addition all
pieces were coated with molybdenum
disulfide-graphite lubricant.

Auxiliary Equipment

The entire layout of the experimen-
tal unit is presented schematically in
Figure 4. The basic pressurizing sys-
tem consists of a mercury pump (250-
ce. capacity, 25,000 1b./sq. in.) used
to introduce and remove mercury from
the PVT cell via the charging cell.
Pressures are measured with two 16-
in. gauges. The low-pressure gauge,
to 2,500 lb./sq. in,, can be discon-
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and
stesl shims

nut and belt

Fig. 2. Detail drawing of visual PVT cell.

nected by closing valve G-1. The
gauges were calibrated with a dead-
weight tester, connected through valve
G-5. The details concerning calibra-
tion and height differentials of mer-
cury are presented elsewhere (7).

An auxiliary pressurizing system
supplies compressed nitrogen behind
the O-ring seal in the visual PVT cell.
This is accomplished by compressing
nitrogen with mercury delivered from
the Ooing pump into the nitrogen-
mercury separator.

Evacuating facilities are provided
by a mechanical fore-pump in con-
junction with a mercury diffusion
pump. Absolute pressures are meas-
ured with a vacuum thermocouple
gauge. The vacuum system can be
tied into either the main pressurizing
system through valve V-4 or the O-
ring pressurizing system through valve
V-5.

Air bath facilities are used to main-
tain constant temperature around the
PVT cell. These thermostating facili-
ties consist of two insulated chambers,
one inside the other, provided with
hinged doors. Each door is provided
with a long window of Herculite plate
glass to afford a visual observation of
the PVT cell contents. The PVT cell
is mounted on a rocker trunnion in
the inner chamber. The main heat is
supplied in the outer chamber by
twelve 500-w. (maximum) strip heat-
ers, manually controlled by autotrans-
formers. Control in the outer chamber
is effected with an on-off controller
operating a 500-w. heater. This ar-
rangement enables maintenance of
temperature within * 2°F. in the
outer chamber. The inner chamber
operates with a 200-w. heater a few
degrees above the temperature level
of the outer chamber. This 200-w.
heater is controlled by a sensitive tem-
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perature controller utilizing a resistance
thermometer located in the inner
chamber; this arrangement enables
maintenance of temperature within
0.1°F. Air circulation in the outer
chamber is accomplished with a cen-
trifugal blower and duct work. The
inner chamber was provided with fan
blades mounted on rotating shafts.
Temperatures in the experimental unit
are measured with 14-gauge copper-
constantan thermocouples, three of
which are inserted in deep holes
drilled in the visual PVT cell and four
located in the constant temperature
baths. These thermocouples are con-
nected to an L and N type K-2 poten-
tiometer, external galvanometer, and
an ice point reference junction. Cali-
bration of these thermocouples was
made with a National Bureau of
Standards certified platinum resistance
thermometer used in conjunction with
a precision bridge.

The different components of a mix-
ture are charged into the charging
cell. A sampling system for withdrawal
of small samples for analysis is pro-
vided and consists of glass expansion,
leveling, and sampling bulbs. The
charging and sampling procedures are
described in some detail below, and

Mercury
Reservoir

Liquid Volume Per Cent

Fig. 5. Liquid volume per cent isotherms for Charge 2.

the entire experimental unit and pro-
cedure is described in greater detail
elsewhere (7).

EXPERIMENTAL PROCEDURE

After the PVT cell and main pres-
surizing system are completely evacu-
ated, the hydrocarbon constituents are
introduced by means of the charging
cell. The heavy components are
charged first, usually as liquids, fol-
lowed by noncondensable gases avail-
able in high pressure cylinders. After
charging, mercury is pumped into the
PVT cell. The temperature of the sys-
tem is then adjusted to the desired
value and allowed to reach thermal
equilibrium overnight.

Actual phase equilibria measure-
ments are commenced by first pres-
surizing the system with mercury until
a homogeneous single phase is ob-
tained. The pressure is then decreased
decrementally into the two-phase re-
gion. Volumetric data are taken for
the total system and the liquid present
at any one pressure. Details of the pro-
cedure used to establish the volu-
metric data are presented elsewhere

VISUAL
PVT CELL

U 0-Ring Mercury
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Fig. 4. Schematic diagram of experimental unit for studies in the
critical region.
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(7). After each decrease in pressure
the cell is rocked on its trunnion to in-
sure equilibrium, and the temperature
and pressure are recorded. The de-
crease in pressure is continued until
the mercury reaches the bottom of the
PVT cell. With the same charge this
procedure is repeated at different tem-
peratures until enough isotherms are
obtained to completely define the
phase diagram of the mixture in the
critical region, in a manner similar to
that used by Katz and Kurata (9, 13).

Upon completion of phase equilib-
ria measurements the temperature in
the cell is raised somewhat above the
cricondentherm prior to sample with-
drawal for composition analysis. Also
all lines bounded by valves P-4, V-4,
S-1, and the vent are heated by means
of insulated heating tapes. This pre-
caution is taken in order to avoid the
possibility of phase separation when
the pressure is decreased. The pres-
sure of the system is decreased by
withdrawing the merucry completely
from the cell to valve P-4. Samples are
then trapped in the evacuated line be-
tween valves P-5 and S-1 and are then
expanded into the sample expansion
bulb. After the sample has been ade-
quately mixed by raising and lowering
the mercury level in the expansion
bulb, the gas is introduced into the
evacuated sample bulb at slightly
above atmospheric pressure. These
samples are then analyzed for compo-
sition with a mass spectrometer.

EXPERIMENTAL INVESTIGATIONS

In order to test the reliability of the
equipment the critical region phase
behavior of two mixtures of the ethane
—n-butane system was investigated.
This system was selected because it
was previously studied by Kay (12)
and also because it represents one of
the binaries of the methane—ethane—
n-butane system to be investigated in
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TaBLE 1. CriTicAL TEMPERATURE AND PRESSURES FOR
METHANE-ETHANE-n-BUTANE MIXTURES

Mole fraction

Charge Methane Ethane
1 0.095 0.626
2 ¢.141 0.582
3 0.190 0.360
4 0.112 0.372
5 0.216 0.321
6 0.452 0.229

this study. The first mixture, of 0.602
mole fraction ethane, yielded a critical
temperature of 207°F. and a critical
pressure of 837 Ib./sq. in. abs.; the
second, of 0.874 mole fraction ethane,
produced critical values of 130°F. and
814 lb./sq. in. abs. Neither of these
compositions was among the five stud-
ied by Kay. However from a plot of
Kay's data critical values were ob-
tained of 204°F. and 832 Ib./sq. in.
abs. for the first mixture and 131°F.
and 806 1b./sq. in. abs. for the second.
The good agreement found here showed
the equipment to be operating reliably.

The Methaone-Ethane-n-Butane System

The minimum guaranteed purities
of the hydrocarbons were as follows:

mole %
methane 99.59
ethane 99.9
n-butane 99.91

The normal butane was charged first
as a liquid; the ethane and methane,
available at high pressure, were
charged directly as gases.

In order to systematize the study of
this ternary system two series of mix-
tures were investigated. Each series
consisted of ‘three different composi-
tions differing only in methane con-
tent. The second and third mixtures of
each series were obtained by adding
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Fig. 6. Phase diagram for establishment of
critical temperature and pressure of Charge 2.
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n-Butane Te, °F.  P.lb./sq.in.abs.
0.279 162 1,017
0.277 146 1,065
0.250 130 1,118
0.516 225 992
0.463 192 1,218
0.319 114 1,700

methane to the initial charge to the
system. Although all precautionary
steps were taken in sampling and anal-
ysis, the ratio of the ethane and n-
butane mole fractions of the two series
of mixtures analyzed showed a slight
variation.

Figures 5 and 6 represent the re-
sults for one of the six compositions
studied. Figure 5 represents the data
as obtained directly from visual obser-
vation of the liquid level in the PVT
cell. Figure 6 represents a cross plot
of Figure 5 onto the pressure-temper-
ature plane and expresses the two-
phase region in parameters of constant
liquid volume per cent. The critical
point is determined from Figure 6 as
the point where all the liquid volume
per cent lines converge. In a phase
diagram of this type retrograde con-
densation is possible in the region be-
tween the critical temperature and the
cricondentherm. With a similar pro-
cedure for the other five mixtures, the
critical temperatures and pressures
presented in Table 1 were obtained.
These values should be reliable to
within 1°F. and 2 1b./sq. in. abs.

Treatment of Data and Final Correlation

In order to obtain integral values of
critical temperature and pressure the
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Fig. 7. Critical temperature-composition rela-
tionships for methane-ethane-n-butane mix-
tures.
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critical data resulting from each series
of three charges were plotted in Fig-
ures 7 and 8. Since the ethane to n-
butane ratio was held constant for
each series, it was possible to utilize
the composition parameter of Carter,
Sage, and Lacey (4)

X2

X; + %,

C =

where x, and x, represent mole frac-
tions of ethane and n-butane, respec-
tively. This parameter effectively re-
lates the ethane and n-butane present
in the ternary mixture; in the limit
when no methane is present, it be-
comes simply the mole fraction of
ethane in the binary system of ethane
—n-butane. Accordingly the points on
the ordinate axes at zero methane
mole fraction were obtained from the
information available for the binary
system ethane—n-butane (12) at
mole fractions of ethane equal to the
parameter C for each of the two series
investivated (C = 0415 and C =
0.687).

The information of Figures 7 and 8
has been used to comstruct the final
correlations presented in Figures 9 and
10. The points shown in these figures
were obtained directly from Figures 7
and 8 and follow two straight lines
converging to the methane vertex,
representing the constant values of the
parameter C. The critical data for the
three. associated binaries of the system
(8, 12, 17) have been utilized to ex-
tend the available information to the
sides of each triangular diagram. In
order to complete these correlations,
lines were drawn through the area rich
in methane for temperatures below
100°F. by joining the points of the
binary systems in a manner consistent
with the behavior observed in the re-
gion above 100°F. Figures 9 and 10
thus define the critical temperatures
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Fig. 8. Critical pressure-composition relation-
ships for methane-ethane-n-butane mixtures.
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system,

and critical pressures for any composi-
tion of the ternary system methane—
ethane—n-butane.

Comparison with Literature Methods

Many methods for the predictiop of
critical temperatures and pressurés of
hydrocarbon mixtures are available in
the literature. Of these, three methods
are applicable to simple mixtures of
known composition, such as those of
this study. The methods used were
those of Smith and Watson (21I),
Kurata and Katz (13), and Organick
and Brown (I4). Critical values were
calculated by these methods and com-
pared with the experimental critical
temperatures and pressures of this in-
vestigation. Comparison showed that
the method of Smith and Watson pro-
duced critical temperatures closest to
those actually determined, with an
average deviation of 1.8%. Deviations
of 2.8 and 4.49 were obtained from
the methods of Kurata and Katz and
Organick and Brown, respectively. All
correlations predicted critical temper-
atures invariably higher than the ac-
tual values. Comparison of critical
pressures showed greater deviations
than found for critical temperatures.
Of the three methods, that of Organ-
ick and Brown gave the lowest devia-
tion for the critical pressure, amount-
ing to 5.0%. The Smith and Watson
procedure yielded a 5.5% deviation,
while that of Kurata and Katz pro-
duced a deviation of 7.99%. For the
most part these methods produced
critical pressures that were lower than
those actually encountered; the agree-
ment was poorest for mixtures with
the highest methane content.

The final correlations, Figures 9 and
10, were also checked against the sug-
gestion of Hadden (8) that a linear
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relationship can exist between critical
pressure and a weight composition
parameter, at constant critical temper-
ature. The weight composition param-
eter W is defined in the same manner
as the parameter C defined previously,
except that weight fractions are em-
ployed instead of mole fractions. The
comparison between the experimental
results of this study and Hadden’s sug-
gested linear relationship has been
made. It was found that agreement
was almost exact at higher tempera-
tures, whereas at lower temperatures
deviations were noted with decreasing
temperature. The poorest agreement
occurred for low values of parameter
W at lower temperatures; these again
corresponded to mixtures with higher
methane content.

These comparisons indicate the need
for more experimental data on mix-
tures of the type examined in this in-
vestigation, especially systems contain-
ing methane.
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