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SUMMARY

This dissertation ?resents the results obtained in the experi-
mental investigation of the binary hydrocarbon system, athylene-normal
butane. The pressure-volume-temperature relations at the liquid-vapor
phase boundaries and in the single phase regions were determined for four
mixtures of this Bystem. The experimental results are reported as such,
and in the form of generallzed equilibrium constants and densities.

‘ By comparison with other binary systems, it was found that the
volatility of ethylenme in butane solﬁtions is considerably greater than
that of a corresponding, but necessarily hypothetical, paraffin hydro-
carbon.

The deviations from the ideal gas law of the mixtures in the
gaseous regions were compared with those of pure ethylene and pure butane,
Jpon the bases of reduced pressures and temperatures, the compressibility
factors agreed remarkably well.

The construction and operation of the spparatus, which is

sultable without modification for the study of other gaseous mixtures, is

described.
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INTRODUCTION

The need of modern technology for more extensive and more
reliable deta than currently exist is much too well known to require
repetition here. The petroleum industry, for example, requires more
information regarding the equilibrium relationships of vapor end
liquid, critical properties and the densitles of hydrocarbon mixtures.
 As a result of meny years' effort, the behavior of mixtures of paraffin
hydrocarbons has been reasonably well, but yet far from completely,
explored. The behavior of mixtures which include unsaturated hydro-
carbons is net so familiar, It was the purpose of this study to
extend this knowledge by the investigation of the vapor-liquid phase
equilibria end the pressure-volume-temperature-composition relation-
ships of the binary system, ethylene-normal butane.

Knowledge of binary systems is frequently directly applie
cable to an industrial problem, and is always useful in developing
empirical or thermodynamie relationships which can be used to prediet
the behavior of the constituents of a binary system in a more complex
mixture. As many of the problems in the petroleum industry involve
such complex mixtures that an experimental analysis of the properties
is, from a practical standpoint, impossible, it is very desirable to
obtsin as much information as possible regarding the properties of
the various types of hydrocarbons in simple mixtures.

At the start of this investigation, it was lmown that the
results of similer work were soon to be published which would complete
the data for the three binary peraffin systems? ethane-n-butane,

12,2
ethane-n-heptane and n-butanedn—heptane(le’ ’ l). The particular



system ethylene-n-butane was chosen as the subject for this inves-
tigation to further some integration of the overall problem, and to

compare the behavior in butane of ethylene with that of the corres-

ponding parzffin, ethane.
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DESCRIPTION OF THE APPARATUS

The Piegometric Equipmeng

The sketch, Figure 1, shows the equipment used in observing
the dew and bubble points and the densities of the éamples. The
apparatus is similar to that used by Sydney Young in his classical
studies and to that later used by Kay(l’l7'21). A sample of known
weight of the hydrocarbon mixture wnder study is confined over mercury
in a Pyrex tube (piezometer). The open end of the tube was fastened
tightly in a high pressure bomb and was under a liquid seal. The de-
tails of the stuffing box and closure are also shown in Figure 1.
Onece installed, the tubes were never removed from the stuffing boxes.

In this investigation two glass tubes were used, one for
measurements at relatively high pressures, the other used in the
lower pressure ranges. The external diameter of each tube was about
15 millimeters and the internal diameters 5.0 and 1.9 millimeters,
respectively. A bulb, about 15 cublc centimeters in volume, was
blown in the base of each tube so that a gas semple charged at atmos-
pheric pressure might be large enough to result in a volume which
could be measured with sufficient accuracy at high pressures. The
overall length of the tube was about 70 centimeters. The volume of
the sample confined over the mercury was found by measuring with a
cathetometer the position of the mercury relative to a reference
point on the tube. The volume corresponding to this position was

then found by reference to a calibration of the tube, which is des-

cribed elsewhere in this report.
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The tubes were enclosed, as shown, by glass jackets, form-
ing a vapor béth and insulation. The temperature was maintained
wherever desired by the choice of the proper boiling ligquid and re=-
gulation of the pressure. The compounds used and their atmospherie

bolling points are:

Acetone 133,0°F
Benzene 176,156
Toluene 231l.1
Mono~chlorobenzene 269.0
Monowbrombenzene 812.5
Acetophenone 396.3
Methylsalicylate 432.1

The temperatures were measured by copper-constantan thermoe
couples suspended over the top of the tube, and the glass connections

were ghaped to prevent drops of cold condensate from falling on the

thermocouples.

Agitation of the sample in the tube to ensure equilibrium
between phases was accomplished by inclusion of a small steel rod in

the tube. The rod was moved magnetically by the solenoid surrounding

the tube.

The source of pressure which was elther a cylinder of com-
pressed nitrogen or a hydraulic jack filled with mercury, was connected
to a small pressure vessel filled with mercury. This vessel served
as a trap and a reservoir of mercury. The pressure in the system was
measured at this point. As the bourdon tubes were filled with oil,
an oil-filled trap was placed between the mercury reservoir and the
gages. The surge volume of gas contained in these reservoirs was
sufficient to prevent changes in pressure as a result of slight de-

viations in either room or test temperature.
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The pressure in the reservoir was transmitted to either of
the plezometers by the flow of mercury. A ball check valve was in-
serted in this line to limit surges and loss of mercury in the event
of breakage of the glass tubes. The check valve was installed with a
slight tilt so that the buoyancy of the bell would prevent sealing at
low rates of flow, and yet would close at high rates.

All tubing was 1/8-inch 0.D. steel, and the connections were of
the cone and follower type fabricated by the American Instrument Company.

A11 valves were 1/4-inch metric valves.

Pres Control stem

Thie system was designed to regulate the pressure in the
vapor baths so that the desired limit of variation in temberature,
t 0.01°F, might be attained. As, in the usable reglon, the slope of
the vapor pressure curves of the compounds used in the vapor baths
wag 6 - 10 mm mercury per degree Fahrenheit, it was necessary that
the pressure be regulated to about t 0.1 mm mercury. The system,
.illustrated by the flow diagram in Figure 2, behaved admirably; with

it the galvanometer frequently remained motionless for houras.

In essence, a surge volume of ten gallons was connected to
the vapor baths. Air was supplied to or withdrawn from this volume
continuously for operation above or below atmospherlic pressure, re-

spectively. This tendency toward a change in the pressure was offset
by intermittent leakage or venting through an electrically operated

flutter valve which was actuated by the pressure in the system.
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To follow the operation, suppose that while the vapor bath
is under vacuum, its pressure rises slightly. As a result, the mercury
level rises in the small arm of the manostat, and closes the circuit
of the miniature relay. This closes, in turn, the sscond relay and the
relay flutter valve. In the latter, a soft rubber pad was attached to
the moving arm of the relay, so placed that when the relay circuit was
closed the pad sealed the end of the vent tube. To continue the se-
gquence of events, the closure of the vent tube stopped the leakage of
air into the system and allowed the vacuum pump to reduce the pressure
to the requlred value.

The absolute pressure of the system was roughly set by mani-
pulation of the throttle valves in the vacuum pump or compressed alr
lines, and in the vent line. A fine adjustment could be made'by use of
the extra level of mercury attached to the manostat. Other refinémenta
were the reversing switch which was useful in transferring from vacuum
to above atmospheric pressure and the msnually operated auxiliary vent
valve. The use of the miniature relay, which requ;red only abou@ 15
microamperes, assured rapid response without arcing to éﬁall changes
in pressure at tne menostat. The system operated smoothly and without

hunting at all desired pressures.




To follow the operation, suppose that while the vapor bath

is under vacuum, 1ts pressure rises slightly. As a result, the mercury
level rises in the small arm of the manostat, and closes the circuit

of the miniature relay. This closes, in turn, the second relay and the
relay flutter valve. In the latter, a soft rubber pad was attached to
the moving arm of the relay, so placed that when the relay circuit was
closed the pad sealed the end of the vent tube. To continue the se-
quence of events, the closure of the vent tube stopped the leskage of
air into the system and allowed.the vacuum pump to reduce the pressure
to the required valuse.

The absolute pressure of the system was roughly set by mani-
pulation of the throttle valves in the vacuum pump or compressed alr
lines, and in the vent line. A fine adjustment could be made by usejof
the extra level of mercury attached to the manostat. Other refinements
were the reversing switch which was useful in transferring from vacuum
to above atmospheric pressure and the manually operated auxiliary vent
vaive. The use of the miniature relay, which required only about 15
microamperes, assured rapid response without arcing to small changes
in pressure at the manostat. The system operated smoothly and without

hunting at all desired pressures.
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Preparation of the Mixtures

The apperetus used In prepsring the mixtures snd introducing
mezsured samples in the tubes ig shown in Figure 3. Two glass bulbs,
cornected as shown each with its own mercury leveling bottle, were
used to make the geseous mixtures. The large bulb, with 2 volume of
approximately one and one-half liters, had about seven times the capa-
city of the smaller bulb.

A mixture was prepsred by filling the small bull a number of
times with one gas or the other, and emptying its conteats into the
lLarge bulb. For instance, one filling of ethylene and fouwr of butane
would result in a mixture of approximately 20 mol percent ethylense.

The swall bulb was filled to an etched reference mark, and
the pressure above or below atmospheric determined by measurement, with
a cathetometer, of the difference between the level in the sample bulb
and in the levellng bulb. The temperature, which was maintained by
tmmersion in = water bath, was measured to 0.01°F with a thermometer.
As the volume of the small buld was teken zs unity, no calibration of
the volume was necessarye.

The dencitiss and deviations from the ideal gss laws are
accurately kmowm for butane and ethylene a2t and near atmospheric tempera-
tures and pressures(3’4’5’6’8’15’16). With these known densitles the
relative weights of butane or ethylene in each of the portions of the
total mixture were easily calculated. A sémple calculation of this
sort is inciuded in the appendix.

After prepsration, a sample was thoroughly mixed by agitation

ead by standing before the piezometric tubes were filled.
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The method, used in this investigation, of determining the

welght of the sample placed in the piemometers required precise knowledge

i
ke
4

of the densities of the mixtures at room conditicns. Therefore, as a
prelude to loading the piezometers, the density of each mixture was mes-
sured over a range of pressures from 300 to 800 mm mercury at a tempersa-
ture as close to 68°F (25°C) as possible. The densities were found by
weighing the guantity of ethylene in a glass density bulb of known
volure. The customary precautions and technique of using a second bulb
as 2 counter bzlance were followed. The temperature of 68°F was chosen
ag, et this temperature, the densities of ethylene and butane are most
accuretely known.

These experimentzl densities were used to compute the szmount
of materizl cherged to a piezometer. A tebulation of the dimensionless
compressibility factors (PV/NRT) for verious pressures at 68°F, end for

the four mixtures made, fcllowss

Mol Percept E len

Pressure

mp Hg 19,85 40,78 £6.18 80,88
950 0.9677 0.9745 0.9827 0.2875
800 0.9716 0,9776 0.9850 0.9892
700 0.9746 0.9800 0.9866 0.99086
500 0.98138 0.9853 0.9202 0.9980
200 0.9925 0,9941 0.5881 0.9972

The measured densities and compressibility factors agree very
well with densities obtzined by moler interpoletion between the densl-
ties of the pure compounds. The meximum deviation between the experi-
mental and interpolated densities was 0,044%; the former was the higher
density st this point., This is in accord with the reported behavior of

butene-rentane mixtures(ls).

y



As 8 precaution against major errors in the computed composi-~
tions, each mixture was analyzed in an absorpticn gas analysis apparatus
over bromine water, Naturally, the accuracy of enealysis by absorption
is inherently far less than that of & computed analysis, only gross errors
in composition would be revealed. The snalytical and calculated composi-~

tiones agreed within one percent.

Filling the Tubes

The apparatus used to fill the tubes, which is slso shown in
Figure 3, consists of two essentisl parts, namely, the precisiocn buret
in which the ssmple is mezsured, snd the device for placing this sample
in the plezometer without loss or leakage of air.

The weight of a sample was computed from the measured volume
of vapor st a known pressure and temperature, by means of the compres-
sibility factors previously cited. In order to combine the properties
of sufficient capacity and accuracy, 2 buret was mede by blowing a num-
ber of bulbs, as shown, in a relatively small bore glass tube. About
two centimeters of straight tube were left between sdjacent bulbs. The
volure of the buret was calibrated with mercury by the same technigue
used for the piezometers. The total volume of the buret was about 35

cubic centimeters. As the measurements of height were made in the

streight sections, in which the volume was one cubic centimeter per

twelve centimeters of length, the accuracy of volume measurement should

have been comparable to thet of e cslibrated tube over 400 centimeters

10ngo
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The buret wag submerged in a water bath for constancy of
temperature. The pressure in the buret was found by measuring, with
the gathetameter, the difference in height of the mercury columns in
the buret and in the second leg which wes open to atmospheric pressure.
The internal diameters of the straight portions of the buret and the
external leg were the same. This elimineted errors caused by differ-
ences in the extemnt of capillary depression of mercury.

As for eny composition, the gaseous density was known as a
function of temperature and pressure, the conversion from volume con-
fined in the buret to weight was simple and accuraste. In practice, the
weight of sample was verified by repeating the volume measurements at
two or three pressures. No significant discrepancy was ever noticed.

The known sample was transferred to the presswre tubes through
a hypodermic needle in ths apparatus sketched in Figure 3. A cross of
large bore glass tubing was made with a cup sealed around one of the
éhort arms. This cross was mounted securely upon a frame in the posi-
tion shown, and one long arm was permanently connected to the vacuum
system, i.2., a McLeod gage, 2 mercury diffusion pump, and a Cenco Hyvac
pump.

, The pressure tube to be filled was then sealed to the upper
arm with a sleeve of rubber tubing and deKhotinsky cement. The buret
assembly was installed with the leur of the hypodermic attachment in-
gserted into the lower arm so that the tip of the needle extended well
into the bulge in the pilezometer, but was below the rim of the cup.

The leur, waich had been chosen with a close clearance in the lower arm,

was sealed in place with a rubber sleeve and cement.



The procedures used in filling a tube was as follows:

1) The cup surrounding the top arm was filled with mercury,
and the entire system was evacuated for 24 - 36 hours at an absolute
pressure of le.s than 0.1l micron of mercury. At intervals the tube was
heated to aid the removal of adsorbed gases from the glass surface.

2) Then evacuation and desorption were considered complete,
the tube was flushed with some of the gaseous mixture to be studied and
reevacusted,

3) After this second evacuation, mercury was admitted through
the long arm until the liquid level in the plezometer was Jjust below the
top of the needle.

4) The gas sample, the weight of which had been determined,
was passed from the buret through the ﬁeedle into the tubs.

5) By use of the leveling bulb, the pressure in the piezometer
was adjusted to very slightly above one atmosphere.

6) The rubber-cement joint between the plezometer and the
cross was removed. Without breaking the liquid seal, the tube was dis-
engaged from the needle.

7) In order to transport the tube to the pressure equipment

without bresking the llquid seal, a very small beaker was then fitted
under the open end of the tube under the mercury level in the cup. 4s
the mall besker formed a seal, E and the tube could be removed from
the cup and placed under the mercury level in the high pressure bomb
without air leakage or loss of sample. After this, the small beaker
was removed, the bomb closed and made rggdy for the experiments.

8) Owing to certain unavoidable features in the construction,

i+ was possible that small amounts of the gas sample might be trapped
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in.the stopcocks and connecting tubes. Before the piezometer was re-
moved, a test was made for the presence of trapped vapor by closing the
stopcock nearest the leur and reducing the pressure in the buret by
lowering the mercury level. In no case was any of the measured gas

sample so lost.
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EXPERIMENTAL TECHNIQUE

The operation of the apparatus which has been described was
basically simple. It involved the application of pressure, control of
the temperature and measurement of a volume. However, various refine-
ments, especially in determining dew and bubble points, and arbitrary
conditions of equilibrium and tightness were found necessary. These
are described here as a possible aid to further work, and as a clue to

the accuraey of the recorded data.

Leakage t,

In certain portions of the two-phase region the density or
quality of the sample was extremely sensitive to small changes in the
pressure or temperature. This was especially true near the eritical
points and in the retrograde region. Owing to this sensitivity, the
determination of dew or bubble points, and the volume was frequently
very slow. Mesintenance of pressure through eliminatiom of leakage was,
therefore, absolutely essential. Accordingly, an arbitrary standard
for tightness of the system was set: ﬁhe allowable ;ressure drop was one
percent at 1000 1b./sg.in. in twenty-four hours. This allowed two hours
for a single measurement at the maximum pressure with a loss of pressure

of but one-tenth of one percent. Actually the leakage was always less

than this. The maximum resulted in a loss of about 0.7 percent in

twenty-four hours.



Order of the Measurements

In general, measurements were made at successively higher
temperatures within the tempersture range of any one compound used in
the vepor beth, end further, successively higher boiling compounds
were used. However, zfter the range had been explered, measurements
were repeated at zpproximately the medium temperature and st the lowest
temperature tc test for eny chemicazl or physicsl changes in the sample.

In 211 cases, there was no apparent deterioration.

Maintenspce of Steady State Conditiong

No data were recorded until steady state or equilibrium condi-
tione had been maintained for st least two minutes. The indications of
stability were no visible change in pressure, no change in the mercury
level and agreement to 0.4°F between the temperature indicated by the
thermocouples and that corresponding to the pressure of the vapor bsth.
The limit of 0.4°F wae rather high, but it was about the 1imit of
accuracy given by the combination of vepor pressure data, the menometer
end the purity of the vapor bath. The stipulation, however, insures
uniformity of temperature between the base and the top of the tube, snd

the attzinment of eguilibrium after a change in temperature.

Determinstion of Bubble Points

Bubble points were determined by approaching from the single

phase region. After the sample had been thoroughly stirred, end iso-



thermal conditions maintained, the pressure was slowly decreased by
venting nitrogen from the system until the merest bubble of vapor
appeared in the top of the tube. This was noted as the bubble point
pressure, and was repeated at least once as a check. When well removed
from the critical region, the compressibility of the liquid is low, and
the bubble point density may be measured at pressures slightly above the
bubble pressure. However, near the critical region the compressibility

is much greater, and much more care was required in measuring the density.

Det ati i

" As with the bubble points, these were best determined by approach
from the single phase region, either by isothermal increase or decrease
(in the retrograde region) of pressure. As the volume was relatively large
at the dew point, the resulting long, narrow shape of the sample made
stirring more difficuvlt., Frequently, it was necessary to augment the mag-
netic stirring device by alternate expansion and recompression.

When viewed by reflected light, the dew point was characterized
by the appearance of small black or dark spots on the glass wall. Other
jndicationsof the dew point which were slso semsitive, tut which usually
occurred after further penetration into the two-phase region, were the
appearsnce of the interference colors and the glistening of the meniscus

because of the presence of a thin film of liquid. These indications of

the dew point were very sensitive. For instance, in the tube filling
buret at the ice point, the colored film was observed to appear and dis-~

appeer with a change in pressure of one millimeter at a total pressure of

two atmospheres.
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Determination of the Critical Point

The experimentsl determination of the critical point 1s best
described by its definition, namely, the point of intersection of the
dew point and bubble point lines. In determining bubble points the
meniscus first appeared at the top, for dew points it first appeared
at the bottom of the sample. To fix the eritiecal point, msny dew and
bubble point determinaticns were made ét slight changes in temperature.
The point 2t which the meniscus seemed suddenly to appear at neither
the top nor at the bottom was judged the criticel point. It is believed
thet the critical points were determined within 0.05°F end 1 1b./sq.in.
The region of opalescence exlsted over a temperature range a&s high as

5°F,



PURIFICATION OF MATERIALS

Ethylena

A cylinder of C.P. ethylene 99% pure, cbtained from the Ohio
Chemical Company, was used in prepering the pure material for the in-
vestigation. The raw gas was dried by phosphorus pentoxide and con-
densed in the reboiler of a silvered, vacuum jacketed Podbielnisk dis-
tillation column. The fractionating medium was a wire helix about
three feet in length. The liquefied ethylene was degassed by prolonged
distillation &t essentially totsl reflux, and then was slowly frac-
tionated at a high reflux ratio. A constant boiling heart cut of about
30% was condensed in a high pressure storage cylinder. The storage
cylinder had been previously deaerated by evacuation while warm, and
was purged several times with ethylene before the purified sample was
collected., Approximately twenty cubic centimeters of liquld were puri-
fied. When tested by absorption in bromine water, the absence of any

residusl gas proved the refining process to be satisfactory.

Butane

The raw material, in this case, was a sample of C.P. n-butene
produced by the Philips Petroleum Corporation, and was reported to contain
99,64 n-butane. The pure hydrocarbon was prepered in the same fashion as
was the ethylene, that is, by fracticnation and collection of the middle,
congtant boiling fracticn. However, before distillation, the raw butane

was bubbled through fuming sulfuric acid, then through concentrated



potassium hydroxide and dried by phosphorous pentoxide. As a test of the

- purity, a portion of the finished butane was condensed in a glass tube
immersed in melting ice. As the change in pressure during the condensa—
tion process wes about 0.25 mm of mercury or less than 0.05% of the total

vapor pressure, the purification was considered to be satisfactory.

Calculation of Densitiep

A sample calculation in the appendix shows the use of the various

corrections and calibrations in computing the density of a sample in the

tube.



CALIBRATION OF THE EXPERIMENTAL EQUIPMENT

Cathetometer

The measurements of =1l levels of mercury, either in deter-
mining the density of mixtures or in celibrating the plezometer tubes,
were made by a cathetometer. With this instrument distances were
measured to 0,001 cm by using the vernier scale., To test the accurscy
snd precision of measuremént, the length of & carefully machined and
czlipered metal bar was determined by use of the cathetometer at several
locations along the meter length of the latter. The scale proved to be
accurate, as readings were precise and reproducible over the entire
rangs of the instrument. Howsver, the scale bar was rather wavy and it
was necessary to level the telescope before each reading and to focus
the lensg carefully to minimize the effect of parallax. With these simple
precautions the measurements were absolutely dependable, snd were used
directly, without correction. With care, the maximum difference betwmeen

check readings did not exceed 0.002 em, =nd the sverage difference was

less thsn 0.0CL cm.

Tharmocouples

The temperatures were measured by the combinztion of copper-
cor.ctantan thermocouples znd & Leeds and Northrup type K potentiometer.
With this arrangement, voltages were read, by interpolatioa, to 0,0001
millivolts which ecorresponds spproximately to 0.005°F, Temperatures were

recorded to the nearest 0.01°F. In fabricating the thermocouples, all the

customary precautions were observed, such as testiung for homogeneity of



the wires, using all copper leads and switches and maintaining proper

a

cold junction conditions. The instruments were calibrated by comparison
with a platinum resistance thermometer and several precision mercury
thermometers. All devices used for comparison had been calibrated by
the National Bureau of Standards,

The thermocouples were tested during and after the experiments,

and the calibrations were found to be unchanged.

Pregsure Gsges

Three pressure gages were used; the ranges werel

0 - 200 psi 6" dial
0 - 1000 pei 10" dial
0 - 5000 psi 6" disal

Nearly all the pressure readings were made with the first two
of these gages. Pressures were estimated and recorded to O.1 psi but are
probably accurate only to 0.5 - 0.4 psi. The gages were celibrated with a

dead weight tester before the experiments, and thereafter were rechecked

weekly.

Piegometor Tubes

The volume of a tube was determined by incrementel f£illing with

smell weighed amounts of mercury and by measuring the height of the mercury

coluwm after each addition. Table X shows the data obtained by this proce-

dure. The calibrations were used by plotting on a large graph, as a function
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of length, the deviations from the volume of a cylinder with.a diameter
equal to the arithmetic average diameter of the bore. This method is
extremely accurate and simple to use. It is interesting to note that the
deviations seem to follow a very rough sine curve.

Before use, the mercury was triple-distilled and degassed. The
portions were welghed to the nearest 0.00005 gram with calibrated welghts.
In measuring the length of the mercury column, two reference points were
used. These were the top of the sealed end of the tube and the end of the
bore. Either one of these points made a convenlent and visually clear
base mark. In practice four or five readings were taken of the location
of each reference, and of the top &nd of the bottom of the mercury menlscus.

During the calibration the tube was immersed inm a water colum
to maintain a constant temperature; this eliminated fluctuation in the
level and assured a uniform temperature, and therefore density, throughout
the column of mercury.

To obtain the actusl volume of the tube at any point on the
length by this method, it is necessary to allow for the volume occupiéd
by the meniscus., There afe recorded some empirical relations(ze) between
the meniscus volume, height and diameter but which, when applied to these
tubes, were obviously inaccurate. Therefore, the meniscus was assumed to
be spherical and its volume calculated as a spherical segment for the
given diameter and height. The relative volumes involved and the fact
that the height of the meniscus in calibration was so very close to that

in the system, density measurements justify this assumption.
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Stirring Roda

The small rods used as magnetic stirring devices in the piezo-
meters ware short pleces of polished iron wire, as nearly fashioned into
a cylinder as possibles The volume of each rod was determined in two
separate ways. It was calculated directly from micrometer measurements,
and it was computed from the weight of the rod by using the handbook
density. The volumes determined by these methods agreed within three parts
in one thousand.

After this comparison showed such good agréement between the two
methods, the rods were polished to round the ends and remove any sharp
edges. The final volume was then obtained from the welght.

In use the volume was corrected for thermal expansion. As an
exsmple of the size of the rod and the correction, the following velues

were given for the rod used in the high pressure plezometer.

Tegperatures °F  Yolume on®

70 - 140 0.00483
140 - 240 0.00484
240 - 340 0.004856

340 - 400 0.00486




EXPERIMENTAL RESULTS

In the course of this investigation, four mizturss of sthylene
and normal bulane were prepsred and their behavior studied. The compozi-
tions of these four mixtures are given in Table I. The deusities, pres-
sures and temperstures st ‘he licuid-vapor phase boundariess were determined
by the technigues previously described. The dsnsities in the single phase
region were determined at severazl isslherms for each nixture. The limitas
of the temperature rsnge explored were about §0°F, the temperature of cool-

ing wster, and 400°F. The recorded pressures veried from about 50 to 1100

pownds per square inche

The experirentsl data zre preseated graphically on the succesd-
ing pages by Figures 4 - 10, which show respectively, the pressure-temperature

relationshipe at the phase boundaries, ths saturated densities of the mixtures

and Qensities at various isotherms for each of the mixtures. The experi-

mentail points from which these plots were constructed sre shown in the plots

and are alsc listed in Tables VII = IX, which are to be found in the Appendixz.

The conditions defining the critical points, and the poiats of maximum tempera-

ture =nd pressure for sach of the mixturss are reported in Table I.

The vepor pressures of pure ethylene and butane are =2lsgo shown in

curves were selected from the literature. The

Figure 4. Data for these two
(1,8,11,14,20,25,25) 1,

(14,25) N
references ares ethylene‘™-? and normal bubtane
this figure, the critical locus is the envelope curve which terminzteg at

the criticsl points of the two pure compounds and is tangent to each of the

border curves as it passes through the respective criticel point.
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Calculations snd Accurszey of the Reported Datz

1e possible errors involved in the reported datz, and the
eceurscy of the various messurerments are summarized iﬁ the fellowlng
discussion. Two sawple calculations which show the methods of com-
puting the anszlysis of a mixture =nd the steps Invclved in converting
the origiral data to the reported values of pressure, temperature and

density are givene.

Pregsure

£11 pressures are reported as the sbsolute values. The two
most important correcticns to be made to the gage resding are the calibra-
ion of the dizl =nd the correction for the atmospheric pressure. Only
ner correction of amy consequence was requlred. As the level of

mercury in the viezometer was frecuently nigher than the recervolr to

Tw Ea

which the gages were connected, the pressure in the tube wus lower then

the gage reading by an smount ecuivelent to the head of mercury. AccorG-

ingly, this correction was zlweys made.
There were two other possible corrections to the gage reading.

These were the effect of capillary depression and of the vapor pressure of

30
rmercury. The caplllary depression of mercury hes been measured(“ ) end in

tubes 25 large as those used in this study, the correction wee negligible.

Also st sll temperatures the wapor pressure of mercury was insignificent.

The accuracy of the reported pressure reading is believed to be

0.5 percent at 200 1be/8q.ine znd to decrease linezrly to 0.1 percent at

1000 1b./5c.ine
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The seccuracy of the reporisd temperatures is believed to be

f 0,0325°F,

Compogitio;

Congidsring the possible errors in messuring the pressure and

2 given is accurats

temperature 1o meking up & mixture of gas, the zoalysi
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The zeccuraey ol the reported densities depends upon the magni-
tudez of the errcrs in the weight and volume of the sample. 2 tabulstion

of the sources snd possible mzgnitudes of error and the effect upon the

o r AN B [N .
Welght of the Scupie

Error (Z) Effect cn Rgéggﬁ

Yeesuvenent Possible

Temperature 54 0&°F 1x 1()“‘“4

Prezsure 0,08 mm Hg C.2 x 10

Cathetomeltsr 0.01 mm J.2 x 10‘4

hnelysis 2.0008 -
Possible Total 1.22 x 1074

Volume Messuremsnt
Cathetometer 0.01 zm .

Mzximum 8.5 x 107%
Mirimum 0.& x 104
Calibyation Meximum £ < 1
Minimum Op6 x 104
Pogaible Total
Haximam .

8
Minimus Co&




Since an error in either volure or weight is cerried directly

to the density, the maximum possible error in the density is very nesrly
0.l percent. The lergest source of error lies in the cathetoneter read-
ce. The accuracy of this instrument for on average of several resdings

wee token &8 & 0.0l millimeter. As the length of the piezomeier occupied

the sample varied between 16 and 38C millimetercs, it is obvicus thct
v densilies

et rich dencitiec the eccuracy wili be fer less then ot very lov
The ecslitrsticn vrocedure involves the grme source of errcr.

In view of the number of measurements ncde In colitreting the portion of

+he tule used =t the higher densgities =nd the snootbness of the res weting
plot which showed the volumetric devietion from & true cylinder, it is
probetle that the sccuwracy of the calibration curve ig better by one signi-
ficent figure then the accuracy of the cath.elometer readirg. However, to

le conservetive, it wass arbitrarily sssumed thot the error of the cali-

bration was one-third of the possible error of the cathetometer reading.

Dengities are reportec to four sifmificent figures. The accuracy

incresces epproximately linerriy from rbout O.1 percent ot a density of

0.5 gran/ce to approximetely 0.05 percent &t = density of 0.01 gram/cc.

The sample c:s sleulation shows the correction in the celitkrated

. P -8 s0
volume for thernsl expension of gless; & lineszr coefficient of 2.0 x 10 /C°F

AY
has been reported(lO' for Pyrex. As the measuring scslc was not & part of

the heated system, the volumetric ccefficient is only twice the above,

or 4.0 x 10‘6.




SAMPLE CALCULATICHN

COMPCSITICN OF A MIXTURE

PV = ZMRT
Assume vV = 1 liter
M
Then Weight per liter = Z§: = grams/liter
P S
Wrere P = Pressure atmospheres
M = Moleculer weight
T = theolute temperature °K
R = & constent - 0.08206 liter stm./9K/Mol
Then Illustrating this by spplicetion to the first recorded unit
volume of ethylene in the date below:
762,FE x £8.000 _
groms/1iter = TE3 T G.9940 » 0.08%06 x goT.Tr - i€
Component Pressure . - ,
in Unit Volume M¥m Hg Termp. K Z Graxs/Liter
Ethylene 769,32 297.77 = 0.9240 L.1674
Ethylene 829.08 297.91 0.9536 _1.£57¢6
Total R.4250
Butane 754,EC 298,00 0.96€5 2.4416
Butene T47.05 293.08 0.2668 2.4161
Butsne 752.85 298,10 0.9664 _2,4357_
Total 7.2934
i .on ethylene in mixture = £24550 = 0.2495
Weight frecticn ethyiene . . TI2750 + 7.2954
Corresponding mol fraction = 0.4078




SANPLE CALCULAT

10K

DENSITY OF SIHCLE PHASE FLUID IN THE

HIGH PRECOUL D TJUSE

Composition of Wifture
Weight of Sample in High Pr

@
323
1 #x]
£
I3
P
3
&
i

Tenparature
E.V.F, Hecpured
Correspending Tempercturs

0.98 Mol % Ethylene

2,750 volts
191.35 ©OF

Pregsure
Rseorded Pressure Reeding on 1000 psl gage 815.5 psi
Less: &) H of Mercury in Tube sbove peint

%
ressure Wn'"urerevt
b) Celibration of Gage Rending
Corrected Gags Presswe in Tube
Bsrometric Pressure
Tatal - Lbhsolute Preszure

Meglizible correcticns to Pressgurs

1o o
Vapor Eressure.of.iercurg.at L1 S8 F ~r

(Al =
4]
L]
law
ol
w
e

_2Le9

752.5 psi
14,4 psi

Tee. 7T psi

(&)
L ]

D
i
]

pasi

Czpiliary Depression of Merocury —~o

Yolume VMeasureon

Catnebo et' Ren
Reference Foin
Top of Heniscu
Gottom of Meniscu
Height of Meniscus

w

V A3
ol in Tube to Rutloo of wenisous
T.egue 3} Volune of Stirring Fod
) Volume of Vealpous
Get Yolwna of Tube ot TO°F

Thermedl Exprns
Coe?fnclepu !
'T‘o'“p:-vgvt ure HMfference f‘l’«)‘ B

or ¢f Tube

Coryected Volure at 181 L 8E°F N
(4 4,0 x 10 00 (151,85} (N.1TEIE)

L . 0.01438 -
Mo Traped 4w oFf Samnle = ==t
TTue Lehiel L"" ST Al 1—*5' 4).17(:06

(&
N

£
T

pai

2B58 cm

“49
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)
Iy

[ BRI &4
(o} C)C)CD
*
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@
o

.
<
(4]

o
i 51y N 6
u.l.kj.-.h\ Cin

0.00484
2,90045
017538
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o
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.DISCUSSION OF THE EXPERIVENTAL RESULTS

Liguid-Vaper Phage Equilibrias

The general shape of the phacge disgrans, that iz, the pressure-
tenpercture plots shown by Figure 4 is sizilar to those reported for
other binery mixtures of hydrocarbons, and the sume incresse of critical
rressure over these of the pure componects is noted. The effect of com-
position upon the criticsl constants aud the poluts of maximum tempersztiure
and pressure which define the retrograde region are shown in Figures 11
end 12. Upen compszrison with the wethsne~butane system(24’27) and the
ethane-buteane system{lg) the generzl relaticnsehip of eritiezl propertles
is verified. That is, in generzl, the greater the difference between the
normael volatilities or between the molecular weights, the larger will be
the range of vetrograde condensation and the renge of critical prescures.

The following datz mey he cited:

Etbspe-Butape Ethylene-Butane HMethane-Buis
Maxiwmim Pressure
1b./sc.in. 843 978 1800

Meximum Runge of Re-
trogreds Region

ib./sc.in.
O 13 22 75

7

Tre date for the methane-butzne gystem are not complete as they
do not extend far into the methane rich region; the values given, then,
mey not necesssrily be exzctly the maxirum. It is interesting to note thet

each of the above respective maxime occurs at about the same concentration

of ethylene as ethane.
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TEMPERATURE AT POINT OF
MAXINUM PRESSURE

CRITICAL TEMPERATURE

MAXIMUM TEYPERATURE

FIGURE 11
RELATION BRTWEEN COMPOSITIOR, THE CRITICAL
TIMPERATURE, AND THE TEMPERATURE LIMITS CP
THE RETROGRADE REGION FOR MIXTURE OF
ETHYLENE AND n-BUTANR
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The interpolated temperstures, and densitiea et uniform
intervals of pressure are listed in Tables II and III for the phase

boundary curves and the locus of critical pointe, respectively.

Vapor~Liguid Equilibris

Another two dimensional representatiaﬂ of the ihree dimen-
sionai spaciel shgpg mgy‘bq‘gb$ainé&“ﬁ§éross pletting the boundary
curves of Figure 4 to show the vapor and liguid temperatures as a fune-
tion of composition at a coustant pressure. Such curves, Figures 13
and 14, are slso known zs boiling point diagrams. These plots are ex-
tremely useful for interpolating between the experimentel concentrations
so that equilibrium dats may be obtained at any composition. Inter-
poleted points from these curves sre recorded in Table Iv,

The curves in Figure 13 represent isobars up to the lowest
critical pressure in the system, that of pure butens, while in Figure 14
all the curves are at pressures greater than the critical pressure of
butene. The disgrams show the shrinkage of the area of co-existing liquid
end vepor as the pressure iz increaged. That is, at pressures sbove the
eriticsl of one or both pure compenents, there are limiting compositions
as well as limiting temperatures at each lsobar. To 1llustrete, at
500 1b./sqe.in. liquid end vapor may co-exigt at sll concentrations of
At 800 1lt./sg.in. the composition of the pbases must

either component.

be between the limits of 24.8 and 98.7 mol percent, ethylene. The two-

phase region venishes ot the point of maximum presgure, 97% 1b./sq.in.;

the composition at this polnt {s approxirately 69 mol percent ethylene.
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At pressures zbove the criticals of a pure component more points

become available for establishing the curves. Those, which are shown in
Figure 8, represent ihe temperature, pressure and the composition at the
criticals and the points of maximum temperature and pressure. The critical
pressure of the mixtures, shown as a function of composition in Figure 12,
resches a maximum value at an intermediate composition. Therefore, if the
pressure of a two-phase system is greater than the critical pressures of
either pure component, there must be for each isobar two eritical tempera-
tures and corresponding compositions.

Similarly, for each isobar there are two points at which the
pressure iz a maximum, each with its corresponding temperature and pressure.
A third set may be derived from the other limit of retrograde condensation,
the point of maximum temperature, but the pressure range does not extend =s
far as the two others. Al pressures between the criticals of ethylene and
butane, there is, of course, only one set of these three points for each
isobsr and it lies in the butane rich end of the boiling point curves.

In technical cslculations which involve vapor-liguid equilibria,
jt is customary end convenient to express the r lation between the composl-
tion of liguid and vepor in terms of the so-czlled ecuilibrium constant,

K = y/x, in vhich y and x are the mol fractions of a component in vapor and
in the liquidg, respectively. The composition of vapor and liquid 2nd the

corresponding equilibrium constants for various isotherms are listed in

Table V; the isothermel equilibrium constents asre plotted zs a function

of pressure in Figure 15.
As is the case for other systems plotted in this manner, the

equilibrium constant of the lighter component decreases continuously with

inereasing pressure to 2 value of unity at the critical pressure. As the
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pressure is increased, the constant for heavier component decrezses,
pasces through a minimum and converges with the constsnt of the lighter
conponent at the critical pressure and unity.

The congtruction of these curves demonstrates the difficulty
of obtaining, at low pressures, accurate equilibrium constants for the
lighter component when it is present in low concentrations. For instance,
at concentrations of ethylene less then, say 5 percent, the steep slope
of the bubble point curve in Figure 13 can easily cause small errors in the
interpolated compesitions. Although the absolute velue of the error is
small, 1t becomes relatlively large at low concentrations and may result in
a considerable error in the equilibrium constant. This error of inter-
polation usually does not appear in the dew point composition as the slope
of this curve is low. The relative magnitudes of the error of interpols-
tion and the concentration of butene are such that here the resulting
insceurscy is insignificant. As, in the ethylene rich regicn, the dew
point line is steep and the bubble point line 1is relatively flat. A similar
error is apt to appear in the equilibrium constant of butene. At higher
pressures the curves are not so steep and, zs mentioned sbove, there are
additional points aveilable for estztlishing the curves.

¥hen the concept of the equilibrium constant was proposed(7’29),

velues of the constants for hydrocarbons were reported and have been widely

used. These constants were besed upon fugacitles computed from deviations

frem ideal gas laws and the assumption of ideal solutions. The composition

of the solution is, therefore, not & variable. As the fugacities were com=

puted from a generallzed pP-V-T plot derived from ethylene, & comparison

between the ideal and the experimental eguilibrium constants in the binery
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mixture will indicate the extent to which this binary system deviates from
ideality. In the following tabulation, some values of the constanta(28)
computed from fugacities are'compared with the experimental constents &s
listed in Table V. The constants cited from the literature are ideal
below thé eritical pressures; at higher pressures a correction is included

to allow for the phenomenon of convergence.

Vapor-Liguid ilibrium Con t

120°F 160°F 200°F 240°F
Presswe Expt'l. Ideal [Expt'l. Ideal Expi'l. Ideal Expt'l. Ideal
300 1b./sq.in. 4.0 3.32 5440 4.2 6.15 543 8440 6.55
500 2.18 2.10 2,83 2.68  3.40 3.5 3.48  4.05
700 1.56 1.61  1.956 2.0 2.135 2.5 1.89 3.05
800 1.515  1.47 1.615 1.82  1.79 2.2 1.38 2.7

Vapor-Ligui i um C for B

120°F 160°F 200°F 240°F
Pressure Expt'l. Ideal Expt'l. Jdeal Expiil. Ideal Expt'l. ldeal
300 1be/sg.in. 0.307 0.355 0.47  0.5¢ 0,742 Q.74 0.994 0.97
500 0,275 0.5 0.372 0.44  0.560 0,61  0.782 0,76
700 0.504 0.325 0.%89 0.45  0.547 0.60  0.784 0.78
800 0.530 0.54 0,442 0.46  0.533 0,60  0.865 0.71

The agreement between the jdeal and experimental constants
is not good except in a few short sections of the curves. In general, the
" jdes]l eonstants for the lighter component are too high at pressures greater
than 500 1b./sg.in. and the deviation increases with increasing tenperature
or pressure. In other words, the discrepancy of the ideal constants is
grestest in the eritical region. The differences, of course, are the result
of departure of sthylene-butane mixtures from ideal solutions in the two-

phese regione. That is, assumptions such as no heat of mixing and additivity

of volumes nust be invalid in this case.



Except for the highest isotherm, the minimum points of the ex-

perimental butane constants are appreciably lower than those of the ideal
constants. The ideal constants again fail to show the temperatures or
pressures at the critical or convergence points.

Another way in which the behavior of a compound may be shown is
through comparison with the properties of adjaceant hydrocarbons. The
vapor-liquid equilibria of methane, of ethane and of heptane in butane
heve been reported in the literature(19’21’24’27). Because of the dif-
ferences in the temperature ranges of the two-phase systems, only the
equilibrium constants of the light hydrocarbons in butane cen be compared.
In figures 16 and 17 the equilibrium constants of methane, ethylene and
ethane are plotted at 160°F and 190°F, In order to show the volatility of
ethylene relstive to the paraffins, the equilibrium constants at constant
pressure and temperature are plotted in Figure 18 against the temperatures
of the boiling points at atmogpheric pressuree. Upon this basis, the equili-
brium constant, or volatility of ethylene in butane, is as much as 40%

greater than would have been predicted by this approximation.

Densities of Hydrocarbon Mixtureg

The densities of the gaturated liquid and vapor for the four

mixtures and the two pure compounds are shown, in relation to the tempera-

ture, by Figure 5. As was reported for the ethane-heptane and the ethane-

butane systems(lsilg) there is a poiat of inflection in the density curve

at the critical density. Further, this point of inflection becomes more

pronounced with increasing ethylene concentrations. A second point of
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inflection at a lower density was found in the other two systems, but
this point is not easily discernible in the phase diagrams of the
ethylene=butene mixtures. The density curves show some irregularity
at lower coucentrations of elther component, this indicates, perhaps,
the deviation from ideality is greatest in these reglons.

In addition to the densities at the phase boundaries, the pres-
sure-volume~temperature relationships wers determined in the single phage
region. The experimental deta are reported in Tables VIII and IX. The
former table covers densities of superheated vapor, waile in the latter,
the reported densities refer to the liguid and ths fluid in the vicinity
of the critical points. The densities which were determined isothermally,
and are shown in Figures 6 - 10, were put in a more ussble or customary
form by cross plotting to show the density as a functlon of temperature
for several uniformly spaced isobars in Figures 19 - 2&.

The method of predicting or correlating densities of gaseous
hydrocarbons by the law of corresponding states has been well developed
and is highly successful(7’9’22). A8 is now well known, according to the
theorem of corresponding states, the compressibility factors, PY/NRT, of
the pure hydrocarbons &re approximately equal at identical values of re-
duced pressure and reduced temperature. These terms which must be taken

in consigtent units are identified as:

- Pressure

= Temperature

Yolume

- Number of mols considered

- Gag law constant

2o« r3 v
[}

The reduced pressure and tempersture are, of coursae, the ratio

of the existing tempersture or pressure to the respsctive criticel values.
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It has been shown that the compreseibllity factors of mixtures of
hydroearbons can be correleted with those ¢f the pure compbunds on a reduced
basis in which s hypothetical point, termed the pseudo-critical, is used
rather than the true eritical point(17). It has been further shown that for
mixtures of light hydrocarbons, the ccordinates of thae pseudo-criticsl point
mzy be tsken as the molsl average of the critical pressures and temperktures
of the individual components.

To test the validity of this procedure with mixtures of ethylene
and trutene, the compresgibility fectors were computed from the experimental
dstz, are given in Table VI and are plotted on a reduced or pseudo-reduced
basis In Figure 23.

The deusities of ethylene reported in the litarature(l’lz) were
used zg the basis of the work referred to above(7’9’22) on the generalized
properties of hydrocsrbons, and is slgo used as the basis of Figure 28.

The compressibility factors for eth lene are shown in this figure
a8 the solid line as a functicn of pressure for two reduced temperatures.
The compressibility factors of vutane and the four nmixtures are shown as
points for the same reduced or pseudo-reduced temperatures. The critical
or pseudo-critical constants end the temperatures correspanding to the

reduced or pseuds-reduced temperatures zre given in Table VI. Ir making

the graph, the compresgibility factors were computed at pressures in multi-

ples of 100 1b./sq.in. abs.

It is not possible to use & wider range of pseudo-reduced tempera-=

tures nnd show the dats for all four mixtures, for if the pseudo-reduced

tempersture of 1.10 is reduced by as little ss 14, it will lie within the

two-phase region of the ethylene rich mixture, and if ineressed over 1.20,

1t will fall cutside the experimental range of temperature for the butene

rich mixture.
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However, the data do demounstrate that deviations from the
theorsm of corresponding stetes tend to increase as the two-phase region
is =pproached. A visuel inspection of Figure 23 readily proves this, At
the higher pseudo-reduced tempersture the average deviation from the line
which represents the compressibility factor of ethylene is sbout one
percent., The similar deviation at the lower pseudo-reduced temperature,
which is nesrer the 1i§uid region, is almost three precent. Further, the
lzrgest such deviation noted, about eight perceant, ocews in the mixture
richest in ethylene at 800 1b./sg.in.sbs. and 154.7°F. At this pressure
the temperature is but 8°F higher than the dew point. However, for the
same mixture =t the same pressure the deviation falls to less than one-halfl
of one percent at 210.3°F which is about 65°F above tne dew point.

It is also to te noted that these deviations, relatlve to pure
ethylens, froé the theorem of corresponding state increase with increasing
pressure. This is part of the same effect, namely, that the disc;epancies
tend to oceur near the phase boundaries.

In gsneral, the data show that on a pseudo-reduced basls mixtures
of this type conform to the the rem of corresponding states as well as do

the two pure hydrocarbons except when near the liguid region.
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ST e

CONCLUSIOR

Four mixtures, uniformly distributed ia the composition range,
were prepsred, The pressares, temperstures and densities at the liquid-
vapor vhase boundary were determined experimentally for each of these mix-
tures in eddition to similer measuremants in the single phase region.

These data, taken with these reputed for pure ethylene and butane, enable

position of coexisting liquid and vapor as functions of pressure and
temperature throughout the entire composition range. Graphs, pressated

in thieg dissertation, show the volatility of ethylene in butane in compari-
son with reported data for methane snd ethane in tne same sclvent. The
experimental data, pressure-volune-temperatire relationships at the phase
boundary and in the single phase region, are also shown graphically for
each of the mixtwes studied. The densitlss of the gaseous mixtures are

shown to obey the theorem of corresponding states, bubt that slight devin-

tions oeccur near the two-phase boundarye.
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CRITICAL PROPERTIES OF ETHYLFNE-n.BUTANE MIXTURES

Critical
Pressure
psis

TABLEIII

Criticel
Composition
Mol &
Ethylene

§60.1
5§78
600
625
650
675
700
725
750
775
800
825
880
878
900
926
950
965
973.5
965
950
9Rs
900
8786
850
826
800
775
760
7%6

Critical
Temperature
°F

506.0
301.7
97.5
R95.&
<88.7
284.1
279.0
278.4
f67.2
260.4
2565.0
24b.4
257.6
£29.4
k0.5
_10.2
196.4
184.2
171
145.0
128.9
114.€
108.9
94.8
85.6
77.2
69.3
61.8
53.6
49.1

Critical
Density

gms/cc

0.228
0.283
0.R37
0.240
0.245
0.247
0.280
0.25%
0.256
0.258
0.260
0.2€61
0.2€2
0.c62
0.262
0.R261
0.259
0.287
0.286
0.248
0.444
0.239
0.2856
0.2515
0.227
0.22%
0.219
0.216
0.21%2
0.210 s




Ethylene

E

Mol %

o
S
10
15
20
30
40
50
60
70
80
858
90
98
100

Mol %
lene

0
L3
10
16
20
50
40
=10
€0
70
80
85
20
95
100

= A= =

T

ABLEIV

ETHYLENE-p-BUTANE SYSTEM

Temperature - Composition Curves

At Constant Pressures

100 psia
Liquid Vapor
Temp.,OF  Zemp.°F
1486.0 146.0
101.5 140.3
70.0 134.2
47.0 128.4
29.5 122.6

7.0 112.1

- 9.0 102.8
~21.5 94,1
-34,0 84.7
~45.& 70.0
-57.E 43.5
-63.5 24 .2
-69.0 - 1.8
=75.E5 =388
-80.4 -80.4

400 psis
Liquid Vapor
Temp,°F  Temp,’F

270.9 270.9
258.€ 261.5
201.% 263.8
175.4 244.C
152.4 255.7
117.6 220.1
91.2 205.2
70.3 190.4
53.4 174.3
58.7 152.6
25.8 119.9
19.7 97.2
13.6 70.2
7.6 37.5
2.5 2.5

200 psia
Liquid Vapor
Temp,°F Temp,°F
202.7 202.7
151.7 104.2
118.% 186.7
94,3 172.8
75.2 173.8
46.E 163.6
26.7 154.0
- 10.€ 148.¢2
- 2.9 150.1
-14.5 109.8
-25.0 78.4
-29.7 87.9
=34.5 52.1
-58‘5 - 005
—-42.8 ~42.8
500 psia
Liquid Vapor
Temp,°F Temp,°F
295.0 295.0
259.5 285.0
228.6 275.0
202.4 264.9
180.2 254.2
145.4 236.8
115.% 220.0
92.2 2035.9
73.8 187.8
57.¢ 166.3
43,5 132.4
37.C 110.6
30.8 84.3%
24.% 53.1
18.6 18.6

800 psia
Liquid Vapor
Tenp,°F Temp.°F
241.2 241.2
196.6 252.6
164.4 224.5
137.1 217.C
115.% 209.9
86.2 197.8
65.8 185.7
48.% 172.1
32.8 156.2
18.7 134.6

5.9 102.4
- 0.1 80.€
- 6,0 55.E
-1107 24.4
-17.1 -17.1
550.1 psie
Liguid Vapor
Tegp.°F  ZTemp,°F
306.0 306.0
273.2 294.8
242.8 284.0
216.3 2735.8%
193.6 262.8
156.% 243.1
126.4 224,17
102.8 208.1
83.4 - 192.8
66.8 171.4
52.4 137.2
45.3 124.9
39.0 89.1
32.3 59.0
25.7 25.7



TABLE IV
(Continued)

ETHYLENF-;-BUTANE SYSTEM

Temperature - Composition Curves

At Constant Pressures

600 psia 700 psia 800 psia
Mol % Liquid Vepor Mol % Liquid Vapor Mol % Liquid Vapor
Ethylene Temp,°F Temp,°F Ethylene Temp.°F Temp.°F Ethylene Temp.°F Temp.°F
a) 4.0 297.5 297.5 a) 13.3 279.0 a) 26.2 253.0 25%.0
b) 3.6 297.7 b) 13.3 276.8 b) 24.7 242.5
5 288.8 297.7 15 £64.0 279.2 50 219.7 248.1
10 257.2 288.0 20 237 .4 272.4 40 179.8 234.9
20 208.1 268.3 30 192.6 252.3 50 154.4 220.7
30 168.3 247.8 40 157.1 234.9 60 1352.8 202.8
40 136.9 229,.2 50 132.2 218.8 70 113.2 180.0
50 112.2 213.1 60 112.2 200,7 80 95.3 1492.4
60 92.3 197.2 70 95.1 179.0 20 78.1 105.8
70 75.4 175.3 80 78.9 146.9 95 69.5 T2
80 61l.5 141.8 90 62.5 103.3 a) 95.3 69.3 69,3
20 46.9 94,7 100 44,8 44.8 b) 96.0 69.5
95 39.6 65.5
100 32.3 32.3
900 psia 950 psla
Mol % Liguid Vapor Yol % Liquid Vapor
Ethylene Temp,°F Temp,°F Ethylene Temp.°F IempJF
a) 42.6 220.5 220.5 8) 54.4 196.4 196.4
b) 39.2 218.5 b) 51.2 196.8
40 208.7 221.7 6 182.5 196.5
50 179.8 213.8 €0 171.0 184.0
60 155.1 200.1 70 146.5 175.0
70 133.0 179.3 80 138.6 1%9.0
80 113.8 148.2 a) 79.9 128.9 128.9
85 105.9 102.9 b) 8l.2 131.5
a) 86.9 103.9 103.9
b§ 87.8 107.6

a) OCritical Point
b) Temperature

and Pressure a

t Point of NMaximum Pressure




120°F

160°F

200°F

240°F

TABLEY

ETHYLENE-n-BUTANE SYSTEM

Vapor-Liquid Compositions and Equilibrium
Constants at Constant Temperatures

Pressure
psi

9% 70.8
200
800
400
500
600
700
800
900
956

842

Mol ¥ Ethylene
In Liguid In Vapor
0 0
10.8 65.7
18.7 75.0
28.7 80.0
58.2 83.0
46.6 86.1
55.8 86.6
66.5 87.2
76.€ 85.&
82.¢% 82.5
o 0
8.7 335.7
10.7 57.8
18.2 67.0
26,2 72.2
32.5 75.1
39.1 76.3
47.% 76.8
57.9 76.8
64.4 74.4
64.7 64.7
0 0o
0.18 1.45
4.6 28.2
10.2 45.6
156.8 52.7
1.8 58.4
28.% €0.8
54.2 61.5%
42.4 60.0
52.7 52.7

0 0
0.1 0.65
5.8 17'4
8.1 28.2
18.2 54.1
19,8 36,9
26.2 56.2
82.8 2.8

Vapor-liquid
Equilibriym Constent
Ethylepe  n-Butane

6.8 0.38
4.0 0.507
2.8 0.28
2.18 0.276
1.82 0.280
1,56 0.5C4
1,316 0.580
1.115 0.€18
1 1l
- 1
9.05 069 0.3
5.40 0.47
5.66 0.402
2.858 0.872
2.%4 0.%69
1.956 0.589
1.615 0.442
1.828 0.556
1.15 0.719
1 1
- 1

1 0.988
6.15 0.742
4.28 0.628
$.40 0.560
2.68 0.552
2.1856 0.547
1.79 0.588
1.418% 0.694
1 1l

6.5 1
6.40 0.994
4.59 0.860
3.48 0.782
2.48 0.759
1.892 0.784
1.5%8 0.865
1 1
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TABLEVI
PSEUDO-CRITICAL CONSTANT

Pseudo~

Critical

Mol % Pressure

Ethyleye @  _psls

0 o 550.1
19.85 587
40,78 625
66.18 673
80.88 700

100 756

Pseudo-
Critical
Temp .
oF

$06.0
256.4
201.7
136.%
98'6
49.1

Temperature at

Ir =21.]10

58R.€
526.5
268.2
196.4
154.7
100.C

Ir = 1.80

459.2
398.1
334.4
256.C
210.§
150.9




- A-10 -

TABLE VII
E-nm- e . :

Actual Measurements of Pressures, Temperatures
and Densities at the Phase Boundaries

19.85 Mol % Ethylene

Pressure Temp. Density Pressure Temp.
psia ggs[cc psia
57.1 85.22 0.90882 7555 265.12
81.5 108.74 0.01185 756.1 264,24
87.3 113.70 0.01251 75645 262,79
12%.2 138.57 0.91726 7546 261.31
163.5 158.62 0.02231 7543 262.06
221.9 182.65 0.03079 7540 260.02
223.3 184.07 0.93137 753.5 260.04
2495 193,20 0.03526 74845 258.2,
P 201.73 0.94003 7514 257.20
279.2 202.94 T4h2.2 © 254,28
282.,5 202.90 T01.5 253.42
282,7 : 204.79 0.04243 ' T4l 4 251.02
318,1 215,55 0.04936 738.5 250425
363.2 230.63 - 0.06142 720.1 Ryl e 22
398, 5 235.34 0.06603 701.8 240.26
450.7 246.21 0.97795 690.7 235.68
510,2 257.29 0.09442 658.3 226,62
557.6 264433 0.1102 635.1 219427
627.3 270.55 0.1437 609,.2 212.0/
657.0 271.95 0.1619 578.8 202.53
680, 2 27254 0.1782 545.0 192.78
703.5 272.47 0.1905 513.1 183.71
725.2 271.26 0.2120 505.3 182.25
730.5 270.63 0.2168 412.7 159.17
735.5 270.01 0.2258 416,2 - 159.32
740 269.23 0.2328 414.8 " 157.05
44 268,61 0.2392 381.4 146.54
74845 267.59 0.2477 338.7 131.25
751.9 267.02 0.2529 340.9 131,18
*752.8 266.51 0.256/, 316.2 119.53
752.6 266.52 0.2572 281.0 108,67

7545 266,03 0.2505 220.9 84.80

Density

ggsz ce

0.2707
0.2752
0.2881
0.2994
042940

0.3056
0.3148
0.3207
0.3339

0.3392
0. 3504
043477
0.3632
0.3713
0.3785
0.3937
0.4047
0.4154
0.,4278

0.4392
0.4490
0.4586
0.4587
0.4712

0.4947

0.5046
0.5132
0.53‘01




TABLEVII

(Continued)
ETHYLENE.n-BUTANE SYSTEM

Actual Measurements of Pressures, Temperatures
and Densities at the Phase Boundaries

L 40.78 Mol % Ethylene

Pressure Temp. Density Pressure Temp.

_psia _ orF gus/ce _psia OF

4 65.4 76.21 0.00885 885.2 225,72

: 108.5 107.61 0.01352 887.2 225,08

e 110.3 114.52 0.01491 * 889.3 224,47
144.9 129.05 0.01814 884.2 222,87
154.1 130.22 0.01856 897.7 221,28
197.5 152.10 0.02497 881.9 226.39
217.8 159.67 0.02760 888.7 224,57
278.2 178.74 0.05602 89l.1 228,49
855.0 194.253 0.04490 895.5 221.72
547.2 194,55 0.04507 896.5 220,73
557.8 196.76 0.04680 898.7 220,71
361.2 197.51 900.3 219.74
566.1 197.41 906.2 218,52
393.4 208,19 0.05213 907.5 217.01
396.5 202,27 906.8 215.69
431.1 209.48 0.05827 908.4 214.58
522.% 220,92 0,07491 909.5 212.24
540.5 223.17 0.07945 907.5 210.51 -
609.6 228.7 805.5 208.50
601.2 228,72 0.09556 890.2 203.75
633.8 230.41 0.1056 893.1 202.19
683.5 233.04 0.1279 878.5 196.82
699.1 233,27 0.1364 870.7 194.765
704.5 234,02 0.1408 856.2 190.62
726.0 234.66 0.1561 825.4 182.21
792.8 233,38 810.1 178.78
789.9 254,09 0.1982 783.8 172.92
683.1 253,04 722.4 159.36
698.8 233.31 686.5 152.20
704.5 234,08 627.3 140.55
792.8 235.95 547.7 124.24
798.6 234.17 0.1982 504.5 114.46
815.0 285,20 0.2079 500.2 118.61
856.2 250.21 0.2815 472.8 107.51
868.6 228,68 0.2412 412.5 92.03

875.5 227.66 0.2469 358.2 78.19

Density
gmglgﬁ.

0.2558
0.2597
0.2617

0.26875
0.2667
0.2763
0.2758

0.2776
0.2849
0.2892
0.2948
0.3009
0.5042
0.%5121
0.5178
0.3245
0.5345

0.3426
0.3567

0.3706
0.3869

0.4016
0.4197
0.4277
0.4401

0.4548
0.4622
0.4641
0.,4695
0.4811
0.4910




T ABLETVII
(Continued)
ETHYLENE-n-BUTANE SYSTEM

Actual Measurements of Pressures, Temperaturss
and Densities at the Phase Boundaries

66.18 Mol % Ethylene

Pressure Temp. Density Pressure Temp. Density

_psta . °F_  gmafoc —psla_ °F _ gmgfec
101 77.3 0.01285 968 - 179.17 0.2152
121 88 968.4 177.24 0.2238
121 87 969.5 176.42 0.2275
124 89.0 971 175.27 0.23%28
132 - 92.2 0.01963 974.5 172.86 0.2402
185 118.8 0.02162 973 172.81 0.24086
226 124,38 973 171.92 0.2446
217 124,58 0.02558 973 170.01 0.2508
251 133.86 0.02901 978 168.24 0.2517
285 140.72 0.0322 973.5 170.55
363 155.70 0.04081 973.5 169.04
413 164.5%5 0.04656 * 973.5 169,02 0.2541
432 167.02 0.04926 973 168.6
526.3 179.15 0.06453 972 167.0% 0.2598
589 184.39 0.07726 970 165.17 0.2672
680 188.12 0.09688 970 164.359 0.270%
699 188.57 0.1006 967.3 162.11 0.27T7
728 188.43 965.5 160.72 0.2820
782 189,61 0.1187 963 158.65 0.2885
802.5 189.54 0.1241 952.1 155.60 0.2971
845 189.53 0,13356 941.6 152.48 0.35059 .
887 189.45 0.1514 209.2 142.31 0.5324
202 189.20 0.1587 862.4 132.75 0.3560
028 188.2% 0.1615 849.1 129.47 0.3627
934.5 187.29 0.1764 815.2 123.62 0.3745
950 185.08 0.1880 732.0 107.54 0.3989
958 182.51 0.2011 684.8 97.87 0.4108
980 181.53 0,2063 639.1 89.41 0.4211
964 178.06 0.2197 575.6 77.42 0.4346

967 178.31 0.2185




Pressure
psia

128.3
132.2
153.9
214.0
238.1
305.8
543.7
418.5
418.9
421.3

461.8
550.2
626.7
648.1
645.6
686.7
714.8
8l6.4
876.1
878.7

905.2
915.2
920.0
926.6
953.2
941.1
944.5

- A-13 -

TABLEVII
(Continued)

ETHYLENE-n-BUTANE SYSTEM

Actual Measurements of Pressures Temperatures
and Densities at the Phase Boundaries

80.83 Nol % Ethylene

Temp. Density Pressure Tenmp.
Of gmg/cc peia oF
51.86 0.01302 947,2 137.58
60,27 0.01538 948.7 135.46
79.52 0.02290 950.3 134,34
BS.69 0.02516 951.5 132.83

100.81 0.03487 951.5 131.21

107.66 0.03871 8949.5 129,01

119.32 0.04827 945 128.88

117.60 0.04743 949.2 128,29

121.85 0.05162 947.5 127.29

125.25 0.06488 944 . 126.12

154.18 0.06995 * 945.7 125.97

140,62 0.08193 945 125.19

141,537 0.09614 943.5 124.65

142.28 0.1008 940.5 122.80

144.25 0.1123 925.8 117.51

145.09 0.1182 875.5 107.85

147.44 0.1352 822 99.24

147.12 0.1387 741.0 85.71

147.09 0.1445%5 706.8 79.45

145.69 0.1549 597.5 60.14

145,535 0.1575 555.6 52,75

144.16 " 0.1620 550.2 51.07

143.%0 0.1701 55R2.7 52.02

142.98 0.17256 545.8 51.95

140.66 0.1814 947 126.52

139.02 0,1862 937 121.85

Density
as/ee

0.1208
0.13501
0.2001
0.2047
0.2115
0.2179
0.22871
0.2296
0.2314
0,2389

0.2596
0.2429
0.2468
0.2492
0.2589
0.2820
0.3146
0.3525
0.5625
0.3741 .

0.3915

0.,4043
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- A-19 -

TABLE IX

ETHYLENE-n-BUT ANE SYSTEM

Actual Measurements of Temperatures, Pressures
end Densitiesg in the Ligquid and Critical Regions

19.85 Mol % Ethylene

Temp.

84.£8
84.8¢8
84.88
84.88
84.88

118.9¢
118.92
118.92
118.92
118.82
118.9%

159,38
159.3¢8
159,58
159.37
159.87

202.56
202.70
202.70
202.70

R66.E1
266,51
266,51
266,50
£66.561

Pressure

~pele

431.%
€05.0
761.5
864.1
977

516.2
409.2
486,9
656.€
808.2
930,%

455,0
512.7
625.0
798.0
9%4,1

602.4
736.0
840.7
925.°

775.8
857.1
930.9
980
1012

Density
e

0.6821
0.5357
0,.5596
0.5432
0.5455

0.5066
0.5068
0.5097
0.5122
0.5145
0.5182

0.4728
0.4796
0.4776
0.4823
0.4862

0.4276
0.4407
0.4492
0.4563

0.2751
0.29265
0.5248
0.3682
0.5774

Temp .

OF_ _pale

72.04
72.04
72.04
72.06
72.04

140,20
14‘0.21
140.20
140.20

190.€4
190.62
190.€2
190.63

202.78
202.78
202.79
203.11

208.56
208.56
208.58

215.87
215.87
215.87
215.88

40.78 Mol & Ethylens

Pressure

408.¢
624.7
755.1
€91.9
988.4

695.4
780.2
856,%
981

875.2

910.7

9635
1003

896.5
951
995
990

987.3
965
1016

945
967
285
991

Density

0.4972
0.85008
0.5029
0.5059
0.5071

0.4451
0.24465
0.4480
0.452%

0.2744
0.3785
0.3840
0.3221

0.%5418
0.3586
0.8758

5742

0.3325
0.5897
0.8595

0.%187
0.3301
0.53824
0.3545




Temp.

71.70
71,70
77.68
77.58
77.58

123.62
125,78
130.86

145,07
145,08
145.07

163.21
165.22

TABLE IX

(Continued)
ETHYLENE-n-BUTANE SYSTEM

Actual Measurements of Temperatureé, Pressures
and Densities in the Liquid and Critical Regions

66.18 Mol % Ethylene

Pressure

~psls

5956.9
660.9
720.%
815,8
874.8

819.3
942,7
892,.1

913.4
986.7
9291

979
994

Density

0.4862
0,4365
0.4286
0.443%6
0.4454

0.3750
0.3750
0.5643

0.3251
‘0.8288
0.3%85

0.2784
0.2863

Temp.
2F

£l.86
51.86
Sl.86€
51.86

79.7C
79.66
79.66
79.6€
79.67

117.861
117,50
117.5C
117.50

122.84
122.84
122.84
122.84

134.%4
134.38
154.38
134.386

80.88 Mol % Ethylene

Pressure

—Rals

614.6
698.5
870.%
924.6

753.0
800.4
865.5
930.9

1007

958
965
281
998

949
976
979
296

957.5
969
98%
996

Density
suelge

0.4142
0.4157
0.4168
0.41935

0.38728
0.5781
0.35el1s
0.5885
0.%9272

0.2824
0.2847
0.2875
0.2926

0.2625
0.2702
0.2751
0.2794

0.2098
0.2162
0.2187
0.£286
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