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PREFACE T s s

An isochoric PVT apparatus was developed for the determination
of precise volumetric data, Compressibility factor data was taken
for methane, ethylene, and four intermediate mixtures; and virial
coefficients were derived from the data, By comparing the results
of the above determinations with empirical equations of state, improve-
ments to the equations were indicated,
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CHAPTER I
INTRODUCTION

This investigation was undertaken with a two-fold objective:

1) the design and construction of an experimental facility for the
determination of precise Pressure-~Volume~Temperature (PVT) data for

a fluid, and the subsequent operation of the facility to obtain such
data for a selected binary mixture; 2) a comparison of the resultant
data with existing virial coefficient data and with equations of
state, Thévpurpose of the comparison was to emphasize the need for
furthef equation of state improvements and to recommend future methods
for such improvements,

Volumetric data are of industrial interest in process design
calculations, The data are also of value in the calculation of derived
properties such as the thermodynamic quantities enthalpy and entropy,
and in the further development of generalized methods for estimating
thermodynamic properties fromva minimum of direct data,

In the experimental determination of PVI (or compressibility
factor) data it is generally necessary to have a simultaneous knowledge
of the following five quantities: pressure, temperature, composition,
mass, and volume, Of these five quantities, the latter two are generally
the most troublesome to measure; and their resultant measurement is
frequently the least accurate, This characteristic led to the design

and operation of a PVT apparatus that requires no direct experimental
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measurement of either of thevtwo quanticies massvor volume. The apparatus
is of the isochoric (constant volume-constant mass) type, and was
operated at temperatures from 77 to 20°F, with pressures from 260 to
2400 psia. The apparatus is-described herein.

In the study of compressibility factor data from the virial
coefficient and equation of state approach,:it was desirable tc select
for study a system whose pure component properties have been previously
reported in the literature, It was further desirable to maké a prac—
tical contribution by reporting mixture data on a system that has not been
previously studied, This led to the selection of the methane-ethylens
binary system, Methane and ethylene and their mixtures are of industrial
importance and are encountered frequently in the yétrc»chemical industry.,
Although both methane and ethylene have been widely studied, no expesrimental
investigation of the methane-ethylene binary system has been reported im

the literature,



CHAPTER II
PREVIOUS PVT INVESTIGATIONS

In this chapter various types of PVT investigations, past and
present, are discussed. These involve experimental measurements on
apparatus classified as follows:

1) constant volume-variable mass

2) constént mass-variable volume

3) variable volume-variable mass

4) constant volume-constant mass

These typeshof apparatus Qill be discussed in this order. The
constant volume-constant mass apparatus of Michels (37, 47) is quite
similar to the isochoric apparatus reported in this thesis; thus
special emphasis is placed on this apparatus.

For each type of apparatus, the operating conditions, accuracies,
and specific applications are stated, Lastly, a survey is given of

PVT determinations for methane and for ethylene,

A, General Comments Regarding PVT Determinations

The early studies‘of the effects of pressure and temperature on the
volume of a confined.gas were made at pressures and temperatures not
greatly removed from ambient conditions.

One of the earlier investigations of PVT behavior of a confined

fluid at extreme conditions of pressure and temperature was reported by



Amagat (l)lin 1893, Amagat made accurate determin#tions of the isotherms
of carbon dioxide over the temperature range O to 250°C, with pressures :s
high as 3000 atmospheres., The importance of PVT data was emphasized bf
this work, and the field has progressed rapidly throughout the present
century,

As stated above, the variables associated with the experimental
determination of PVT data are pressure, volume, mass, temperature, and
composition, Before discussing in detail the various types of PVT
apparatus, several introductory comments regarding the determination of

these five quantities are in order,

Measurement of Pressure

The pressure is determined precisely by means of the pressure
balance, or dead weight piston gage. The dead weight gage principle
is simple, consisting of a cylinder with an accurately fitted piston
which is loaded by weights. O0il is injected into the cylinder beneath
the piston until the load is balanced. The mass of the loading weights
and the known piston area are sufficient to determine the pressure, making
the necessary corrections,

Gages of this general nature may be calibrated quite accurately
over wide ranges of pressure; instruments having an absolute accuracy
of one part in 10,000 parts are commercially available.

Dead weight gages have been discussed adequately in the literature.
In.particular, gages and their characteristics have been discussed by

Keyes (28), Bridgman (8), and Johnson et al (27).



Determination of Volume

The determination of volume and mass is done éeparately in some
cases. In others only the ratio, mass/volume, is determined.

If the volume of an apparatus is to bekseparately determined, this
is commonly done in two ways, The first ﬁethod involves the direct
weighing of the volumetric portion of the apparatus when filled with
a fluid of precisely known density, such as water or triple-~distilled
mercury., The second method involves the charging of the apparatus to
a high pressure with é known mass of gas whose PVT properties have
previously been established, and measuring the pressure and tempera-
ture, The density of the gas is determined from the known PVT properties

of the gas and is then combined with the mass to determine the volume.

Determination of Mass

The mass of sample may similarly be determined in one of two ways,
The first method involves the dirgct determination by weighing. If
the sample is ; gas, the Qeighing ﬁuét’uSuailfxbe done>inia lightn
weight thin-walled glass pipet if high accuracy is to be obtaipeda
This necessitates the pressure of the gas being_approximately one
atmosphere; thus a relatively large volﬁme is required. The‘second
method assumes that the PVT properties of the sample are established
along some réference isothgrm (frequently near ambient conditions).
Further, the volume of the apparatus must be accurately known. The
sample is then charged to the apparatus at high pressure and allowed
to come to equilibrium at the temperature of the reference isotherm,
whereupon the pressure of the sample is measured. The pressure and

temperature of the sample are then combined with the known volume and



the properties of the reference isotherm to yield the mass,

Measurement of Temperature

The primary standard for temperature measuremént is the platinum
resistance thermometer. Such instruments may be calibrated with a
precision of 0,001 degree, and the ﬁlatinum metal has a high order of
stability for several years, Thermometers are calibrated by the
National Bureau of Standards (NBS) at several fixéd temperatures, and
a resulting practical working scale, known as the International Practi-

cal Centigrade Scale (65) is established.

Composition Determinations

For most investigations the composition is varied only in the
sense that samples of different fixed composition are studied in a
similar manner. In this manner the composition parameter becomes
established. Composition determinations are commonly carried out by
chromatographic or mass spectrometry methods, with compositions being
frequently reported to 0.1%., The accuracy is dependent upon the
number and type of components present. For binary mixtures higher
accuracies may be obtained with very careful work, In the experi-
mental determinations reported in this thesis, the samples were
blended and were analyzed by mass spectrometry before being
received.

The four types of apparatus will be considered in more detail

in the following.



B, Constant Volume-Variable Mass_Apparatus

The Bean Apparatus

An apparatus of the constant volume-variable mass type was reported
by Bean (3) in 1930. An unknown mass of gas was expanded in successive
increments from a high pressure bomb of known volume into a cali~
brated buret at roughly atmospheric pressure, where the volumetric
properties of the gas were presumed known, The mass of gas at each
step of the proéedure was determined by summing the increments of mass.

The compressibility of the gas in the high pressure bomb was
determined at each step of the procedure by measuring the pressure and
temperature and from a knowledge of the bomb volume and the calculated
sample mass, The mass of the gas in the buret was determined from the
known volume of the buret, the pressure of the gas in the buret (near
atmospheric), and the known low pressure compressibilitj of the gas,

A series of runs consisted of charging the bomb initially to a
high pressure and measuring the pressure and temperature, A small
increment of the gas was then expanded into the calibrated buret and
its pressure and temperature measured to determine the mass of the
increment. Then the pressure and temperature of the sample in the
bomb were again measured, and the second increment was expanded into the
pipet, In this manner the compressibilities were determined along an
isotherm,

It would have been equally feasible, at each successive increment,
to determine the pressure and temperature inside the high pressure
bomb at several different levels of temperature, thus determining the

data at constant densities as well as along an isotherm. This was not



done in the original Bean apparatus as the apparatus operated in a water
bath, and only temperatures near ambient were maintained.

There was no provision in‘this apparatus to make an independent
check of the mass. The accuracy of the mass determination obviously
depends upon the knowledge of the compressibility near atmospheric
pressure, All errors made in this.step ﬁill be reflected, since the
incremental masses are directly summed to obtain the total mass, This
factor is one of thé disadvantages of the apparatus.

Bloomer (7) reports d#ta on natural gases accurate to 0.1% at
pressures up to 1000 psi and temperatures near ambient for an apparatus

of this type.

The Solbrig-Ellington Apparatus

A similar apparatus was reported by Solbrig and Ellington (64)
at the Institute of Gas Technology. This apparatus further permitted
the independent check on the sample mass, as the mass was determined
both before it was charged into the high pressure vessel and as it was
released from it, Data was taken at constant density at several
different temperatures before expandiﬁg a portion of the sample into
the measuring buret. This reduced the effort for a given amount of data,
This apparatus has been applied to hydrogen-methane and hydrogen-ethane
mixtures, and the data have a reported accuracy of 0.1%4. The appara-
tus is applicable for the temperature range -300 to +300°F, for

pressures up to 3000 psi,

C. Constant Mass-Variable Volume Apparatus

Since the early work of Amagat (1) with a constant mass-variable



volume apparatus, several apparatus of this type have been reported.

The Michels Original Cryostat

The original Michels cryostat was described by Michels and
Gibson (40) in 1928, The gas under investigation was contained within
a glass piezometer, the piezometer being contained within a steel
pressure vessel, The glass plezometer consisted of a large reserveir
and several small reservoirs connected by narrow capillaries. A platinum
wire was sealed through each of these capillaries, and all capillaries
made contact with a second platinum wire wound around the outside of
the capillary and connected to leads. The piezometer volumes abové
each of these contacts were calibrated by weighing with mercury. The
steel vessel contained mercury for compressing the gas in the piezo~
meter, the remainder of the fluid being o0il, Pressure was applied to
the oil, forcing the mercury up inside the piezometer and compressing
the gas until the mercury surface made contact with the platinum
wires, Contact was indicated by a drop in the electrical resistance
of the platinum wire wound around the capillary,

The fixed mass of gas was determined separately by expanding the
entire sample into a large piezometer and measuring the normal‘volume of
the gas at 25°C and a pressure of one atmosphere,

A series of runs consisted of charging the apparatus to the de~
sired density and measuring the pressure and temperature at a known
volume, The density of the sample was then varied by injecting or
withdrawing oil from the system until the next selected volume was

arrived at, whereupon the pressure and temperature were again
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measured, In this manner isothermal data for a fixed amount of mass were
taken. After an isotherm had been established, the above series of
measurements could be repeated at_other temperatures.
This apparatus was operational over the temperature range 0 to
150°C and a¥ densities as high as 200 Amagat.lj
The above apparatus was limited in range of application, however,
For higher densities the apparatus had the disadvantage that either
the final volumes of the sample must be very small or the initial
volume must be very large, The first disadvantage would cause inaccurate

density measurements, the second would necessitate a large bulky appa-

ratus for withstanding high pressures,

The Michels Improved Cryostat

The above disadvantages led to the alteration of the apparatus so
that it could operate as high as 3000 atmospheres. The improved appa-
ratus was aescribed by Michels, Michels, and Wouters (43). In this
design the piezometer was filled to an initial pressure of 20 to 50
atmospheres, and the amount of gas was determined under ptessﬁteo
This assumed that data were available from a previous source for the
pressure range.20 to 50 atmospheres,

The top portion of the piezometer containing the electrical con-
tacts was similar to the origiﬁal cryostat., The bottom half was

altered to allow the piezometer to be filled under pressure and to

1/

=<' Characteristically, the Dutch and German workers express
volumetric properties in Amagat units, The Amagat volume of a given
amount of sample is obtained by dividing the actual volume of sample
by the corresponding volume at 0°C and one atmosphere, The Amagat
density is defined as the reciprocal of the Amagat volume,
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provide a contact for the determination of the normal volume, Other
general features.of the original cryostat were preserved,

This apparatus was applicable in the pressure range 70 to 3000
atmospherg§ and at temperatures from 0 to 150°C. The apparatus was
claimed by the authors to have an accuracy of one part in 2000 parts
at 3000 atmospheres, with higher accuracy at pressures lower than
3000 atmospheres.,

In both the original and later Micheisipiezometers the sample
mass was ultimately determined by measuring the pressure and tempera-
ture of the sample in a known volume and by combining the measurements
with the known PVT relations of the gas under those conditions. In

the technique described below the sample mass is determined by direct

weighing in a glass pipet.

The Beattie Apparatus

In the constant mass-variable volume apparatus used by Beattie (4)
in 1934 a known amount of sample (determined by direct weighing) was
placed within a glass liner or pipet of accurately known volume, The
glass pipet was inverted and placed within a pressure vessel, which
was so constructed as to allow a space between the pipet and the
pressure vessel., The pipet was provided with a thin glass tip which
confined the sample to the known volume, At the heginning of a
series of runs the space between the pressure vessel and pipet was
filled with mercury, and the tip of the inverted pipet was snapped off,
During the course of a series of runs more mercury was injected into
the inverted pipet via a volumetrically calibrated spoke device., The

decrease in the original pipet volume was given by the amount of mercury
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displaced through the spoke device, the necessary corrections to the
density of mercury being made, |

A "blank run" (using a gas with known compressibility factors) was
first made fof a series of pressures at each bomb temperature to determine
the effect of pressure and temperature on the apparent volume of the
pressure vessel, including the confining mercury, This was one adyantage
of the method, The apparatus operated in the temperature range 0 to
325 °C #nd at pressures from 10 to 500 atmospheres, Compressibilities
of a substance could be determined along isochors as well as iéotherms.
The overall uncertainty in the compressibility data ranged from 0,3%
at the lower pressures and temperatures to 0.1 to 0,2% at the higher
pressures and temperatures,

An apparatus after the design of Beattie has been in recent use
by Douslin et al (17) on fluorocarbons, hydrocarbons, and their binary
mixtures, This apparatus has a temperature range of from Ovto 350°C
and an operating pressure as high as 400 atmospheres, The overall
accuracy in the compressibility measurements is reported to be "0,03%
at the lowest temperature and pressure and 0.3% at the highest temper-
ature and pressure,

Also, a Beattie type apparatus has been constructed at the Univer-
sity of Texas (25). The operating temperature range is reported as
35 to 225°C, with pressures from 6 to 310 atmospheres, An accuracy
of 0,1 to 0,3% in the compressibility measurements is realized,

Other accurate versions of constant mass-variable volume type
apparatus have been reported by Doolittle, Simon, and Cornish (15)

and by Connolly and Kandalic (13).
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D, Variable Volume-Variable Mass (The Burnett Apparatus

The Burnett (9) apparatus was introduced in 1936, and is a
variable volume-variable mass apparatus, This apparatus provides an
accurate means of determining the volumetric properties of a gas
without making volume or mass measurements; only the measurement of
pressure and temperature is required. The apparatus is equally appli-
éable to pure components or to mixtures,

As will be discussed below, the Burﬁett apparatus is interrelated
with the isoéhqric apéaratus of this work, as the densities for the
isochoric runs are calculated from the experimental data from the

Burnett apparatus.

General Principles of the Burnett Apparatus

Essentially the apparatus consists of two high pressure chambers,
connected through an expansion valve, The volumes may be referred to
as VI and VII’ respectively, The bombs are enclosed in a constant
temperature medium., Chamber I is initially filled to a pressure Py
with the expansion valve béing closed and chamber II evacuated, The
pressﬁre Po 18 determinéd; then the expansion valve is opened and the
gas allowed to expand into chamber II, After the attainment of thermal
equilibrium the expansion valve is closed, chamber II is evacuated,
and the new pressure Py in chamber I is determined. The pressure
measurement, expansion, and evacuation are repeated, the result after r
expansions being Pos Pys Pos o ¢ o 5 Pr_gs Pos along an isotherm,

By making a simple material balance it may be shown that the

ratio pO/ZQ may be determined from
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P
1im prNr -2 (11-1)
P, 0 o

Here Z0 is the compressibility factor of the gas at Py and N is an
apparatus constant, determined experimentally, and defined as
N = (VI + VII)/VI. Once po/Zo has been determined for a particular

run the compressibility factor Zr may be calculated from

prNr - ;"- z (11-2)
o
Here Zr is the compressibility factor at the pressure P,

No correction for the effect of temperature on the bomb volumes
is required, as the expansions are made isothermally. The apparatus
constant N is slightly temperature dependent, and must be determined
at each isotherm of the pressure expansions, Thus the accuracy of
the Burnett appa;atuo depends primarily upon the measurement of two
quantities--presgure and temperature, The apparatus is potentially
most applicable to gases having a linear compressibility isotherm;
however, it may be applied to any gas. Measurements with a calculated
maximum error of 0,15% over a wide range of temperature and pressure
have been reported by Canfield et al (10),

The Burnett apparatus has come into prominence within the last
10-15 years (7, 48, 53, 62, 63)., Miller et al (48) determined com-
pressibilities near room temperature at pressures up to 4000 psia for
helium-nitrogen mixtures, Pfefferle, Goff, and Miller (53) applied a

Burnett apparatus at 30°C , at pressures up to 120 atmospheres, to the
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determination of compressibilities of helium, nitrogen, and carbon
dioxide. Silberberg, Kobe, and McKetta (63) reported compressibility
factor isotherms of isopentane from 50 to 200°C at pressures up to
65 atmospheres, Bloomer (7) reported compressibility isotherms,

near aﬁbient temperature, of two natural gases at pressures up to
1000 psia using a Burnett apparatus, Canfield et al (10) studied

the helium-nitrogen system at temperatures from O to -140°C and at

pressures ranging up to 10,000 psi,

The OSU Burnett Apparatus

The Burnett apparatus at Oklahoma State University consists of two
stainless steel bombs, of approximately the same volume (85 cc's each),
located in a constant temperature air bath, The bombs are of the same
design as the jacketed bomb used for the isochoric apparatus of this
work, The bombs are separated frdm the pressure measuring device by
a differential pressure indicator (DPI) cell,

The apparatus is designed for ;se at room temperature and above,
Since no low temperatures are involved, no limitatiops arise due to
the DPI cell. The DPI cell is thus situated directly alongside the high
pressure bombs in the air bath, The bomb volumes are maintained con-
stant by filling the jack;ts with high-pressure oil. The apparatus
was used for studies of the methane-ethylene system and for estab-
lishing the reference isotherm for the isochoric apparatus repérted
herein.

The pressure measuring equipment is connected between the Burnett
apparatus and the isochoric apparatus so as to serve for either appa-

ratus by the proper valving arrangement,
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E. Constant Volume-Constant Mass Aggaratus

The Apparatus of Goodwin

2/

A modified Reichsanstalt apparatus=" has been described by
Goodwin (22) for the determination of PVT and specific heat data of
hydrogen, This constant volume~constant mass apparatus consists of
a heavy-walled copper pipet situated in a cryostat and connected
through stainless steel capillary tubing to a null pressure detector
(or DPI cell), The null pressure detector, connecting valves, and
tubing are at room temperature, No temperature control arrangement is
provided for the null pressure detector and connecting valves, and |
their volumes are calibrated independently,

An experimental run consists of the measurement of a sequence of
pressure versus temperature points beginning at the lowest temperature,
The total mass of sample is determined by releasing the total quantity
of confined fluid into a calibrated volumetric system and measuring
P, V, and T at about normal conditions, Finally, the copper pipet
volume must be known in order to compute the density of the gas,

The normal (25°C) pipet volume is first determined by expanding a gas
with known PVT properties (in this éase, hydrogen) into the calibrated
volumetric system, the necessary corrections being made, The pressure
and temperature dependence of the pipet volume 1s then calculated by

conventional equations,

2/

=" The term Reichsanstalt apparatus is derived from PVT work done
by Holborn et al (24) at the Physikalische Technische Reilchsanstalt,
Berlin, around 1920, :
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The copper pipet is situated inside am evacuable cdpper can, the
copper can being inside of and soldered to a protected refrigeration
tank containing 1iquid.hydrogen refrigerant, The PVI data taken with
this apparatus was for parahydrogen from 16 to 100°K and at pressures

from 2 to 350 atmospheres,

The Isochoric Apparatus of Michels

The cdnstant mass~variable volume cryo§tats of ;he design of
Michels have been previously discussed in this chapter., Although
suitable to the measurement of properties of fluids to high densities,
this equipment was applicable only at températures of 0°C and above
largely due to the freezing of the mercury or oil which confined the.
.sample.

To allow operation at lower temperatures, a new type apparatus
was constructed (37, 47), In this case the sample (at high pressure
_and low temperature) was separated from the oil of the pressure
measuring device by a DPI cell, connected“through a fine capillary
and placed in a thermostat outside the low temperature cryostat, The
DPI cell contained a thin diaphragm whose null or zero position was
aetected electronically, As the DPI cell was always operated in its
null position the DPI cell volume, and thus the total volume of the
sample, remained constant,

A series of runs consisted of charging the system to a high den- .
sity and observing the‘pressures corresponding to a series ofvselected
temperature levels, The density of the sample remained constant

since -the sample mass and volume remained unchanged. In order to
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uniquely determine the volumetric properties of the sample along the
isochoric path it was sufficient to know values of three quantities--
pressure, temperature, and density, The pressure and temperature of the
sample were directly measured during the course of the experiment; the
density, however, was determined indirectly as follows,

The volumetric properties of the sample were presumed known from
an independent source at some reference temperature level, Reference
temperétures of 25 and 0°C were used by‘Michels. The cryostat was
initially charged.and'allowed to equilibrate at the reference tempera-
ture, whereupon the exact values of temperature and pressure were
measured, From the reference temperature and pressure, and from a
knowledge of the. volumetric propgrties_along the reference isotherm,
the density of the sample was determined.

After all desired points were taken along an isochor the cryostat
was brought back to the reference temperature level, and a small
amount of sample mass was vented from the system, thus lowering the
density, After equilibrium was achieved, the temperature and
preséure were again measured, and the new lower value of density was
computed from the known volumetric properties along the reference iso-
therm. The above procedure was repeated,

_In this manner, volumetric properties along a series of isochoric
pa;hs.were determined, For many applications it is convenient if the
data are available along‘an isotherm; for this reason the same series
of temperature levels was selectéd along each isochor so that the
final results could be presented in both isothermal as well as iso~

choric form.
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In principle there #re three corrections which must be made to the
experimental data, These are: 1) the ghange in volume of the bomb
with internal pressure, 2) the change in volume of the bomb due to
temperature changes, and 3) the mass correction for the small amount
of sample trapped in the DPI cell outside the low temperature cryostat,

The volume ghange due to internal pressure was determined experi-
mentally, The method (36) involved calculating the change in inside
volume from the measured change in external volume, The effect of
temperature on the bomb volume was calculated from the dimensions of
the bomb and the experimentally determined linear temperature coeffi~
cient of the material.

The DPI cell was located outside the cryostat, because the oil
from the pressure balance would freeze if subjected to the low tempera~
tures, Thus, corrections must be made for the amount of gas sample in
the DPI cell and interconnecting capillaries, As the volumetric
properties of the sample were presumed known at the reference tempera-
ture, it was convenient to maintain the DPI cell thermostat at or near
the reference temperature, A simple mass balance shows that the
correction may be made from two quantities--1) the volumetric
properties of the sample confined in the DPI cell, and 2) the ratio
of the volume of the DPI cell to the volume of the bomb,

To facilitate determining the volume ratio between the cells,
Michels placed a valve between the DPI cell and the bomb, The
cryostat was brought to the reference temperature, the connecting
valve opened, and the system charged to about one atmosphere with a

sample of known volumetric properties. The exact pressure and
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temperature of the bomb were nbted, and the valve was closed, The DPI
cell only was then charged to a high pressure, and its pressure and
temperature carefully noted. The interconnecting valve was then

opened, allowing the gas to expand into the bomb, and the final

pressure was noted, The knowledge of the two different pressures before
the expansion and after the expansion, combined with the known volu-
metric properties of the gas, are sufficient to calculate the required
ratio from a mass balance,

The_correction for the amount of gas in the capillary was
determined from scale drawings of the apparatus,

An apparatus of this desigﬁ has the advantage that no direct
determination of either mass or volume of the sample is necessary., The
accuracy of the technique is ultimately limited only by the accuracy
of measurement of temperature and pressure, and by ﬁhe accuracy of
the volumetric data of the sample along the reference isotherm, The
temperature and pressure may be accurately determined without undue
difficulty. The dependence of this technique on the reference iso-
therm, measured by an independent method, dictates that the technique
can, in the limiting case, never be made more accurate than is the
related independent method of obtaining the reference isotherm,

Depending upon the design of the cryostat;, the characteristic
that only one data point is taken at each temperatu?e level can cause
the data taking to proceed at a slow rate., It is mandatory that the
cryostat be completely lined out at the next temperature level before
the data point is taken, Types of apparatus that operate along an
isotherm (such as those of Beattie and of Burnett) do not have this

objectionable feature.
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The apparatus was operational over the temperature range 25 to
~180°C and at pressures from five to 1000 atmospheres. The reported
accuracy of the determinations wés'given as one part in 10,000 parts,

This apparatu; has been further discussed by Levelt (32) in an
investigation of the volumetric properties of argon in the gaseous and
liquid phases at temperatures f}om -25 to -155°C, pressures from five 15]
1000 atmospheres., This work is reported by Michels, Lévélt, and
De Graaff (41), The compressibility isotherms of'aifxwéfe determined
with this apparatus at ~25 to =-155°C at pressures ﬁp to 1000 atmos=-
pheres (deﬁsities up to 560 Amagat units)'gnd~were reported by Michels,

Wassenaar, Levelt, and De Graaff (46),

F, Existing PVT Data for Methane and Ethylene

Experimental Data for Methane

The volumetric properties of the methane system have been exten~-
sively reporte&. The.systém has been studied from =170°C (-274°F)
to +350°C (+650°F) and at pressures as high as 1000 atmospheres.

Most experimental data is reported above the critical temperature
(~115,8°F); the work of Mueller et al (49, 50), Vennix (67), and
Pavlovich and Timrot (52) extends below the critical temperature., A

summary of volumetric data for methane is given in Table I,

Experimental Data for Ethylene
The ethylene system has not been as widely studied as has
methane, one reason being that its critical temperature (+49,.8°F)

is not far removed from ambient conditions. An extensive source of
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data is that of Michels (39), extending from 32 to 302°F with pressures
as high as 45,000 psi.

No significant amount of data, except at or near atmospheric
pressure, has been taken for this system at temperatures below 32°F,

A summary of available data from the literature is given in Table II.

Experimental Data for the Methane-Ethylene Mixture
There are no vapor phase PVI data for the methane-ethylene system

reported in the literature,

TABLE 1

SUMMARY OF LITERATURE VOLUMETRIC DATA FOR METHANE

Temperature Range Pressure Range
°F psia _ Investigator Reference
57 to 212 575 = 4,400 Amagat (2)
32 to 650 220 - 5,900 Douslin (16)
36 to 68 250 - 3,150 Freeth and Verschoyle (21)
32 to 392 470 - 3,700 Keyes and Burks ‘ (29)
«94 to 392 300 - 15,000 Kvalnes and Gaddy (30)
77 to 167 30 - 12,000 Lee (31)
=260 to 500 10 - 1,500 Matthews and Hurd (34)
32 to 302 295 - 1,175 Michels et al (44)
32 to 302 270 - 5,600 Michels et al (45)
=200 to 50 40 - 7,000 Mueller et al (49, 50)
100 to 460 200 - 10,000 Olds, Reamer, Sage (51)
and Lacey
«274 to 140 150 - 2,800 . Pavlovich and Timrot (52)
32 to 302 295 - 3,400 Schamp, Mason, Richard- (61)
son, and Altman
=226 to 32 - 10,000 Vennix 67)



TABLE 1II

SUMMARY OF LITERATURE VOLUMETRIC DATA FOR ETHYLENE

Temperature Range Pressure Range
°F psia Investigator Refegfyce‘
i 32 to 70 20 ~ 60 Cawood and Patterson A(11)
j 77 to 167 . 30 - 12,000 Lee (31).
77 75 - 1,850 Masson and Dolley (33)
32 to 302 295 - 4,000 Michels et al (38)
32 to 302 240 - 45,000 Michels et al (39)
90.to 150 0o - 30 Pfennig and McKetta (54)
40.to 100 50 ~ 600 Walters et al (68)
-140 to 500 15 < 4,400 York and White (69)

ce.



CHAPTER III
THEORETICAL CONSIDERATIONS

In this chapter all theorétical relationships underlying the
treatment of the experiﬁental data (Chapter VI) are presented.

As stated in Chapter I, one of the goals of this thesis is to
emphasize the need for further development of an equation of staﬁe.
This is done by compéring experimental virial coefficients and
compressibility factors versus emﬁirical equations of state, For
this reason primary emphasis in this chapter is given to the virial
equation of state and to empirical equations of state, These
. equations are discussed with respect to both pure components and
to mixtures, ;n addition, several methods are presented for

estimating virial coefficients,

A, General Comments Regarding Equations of State

In the most general terms an eqﬁation of state mathematically
relates the pressure, volume, temperature, and composition of a
substance, For a constant composition process only a relationship
between pressure, volume, and temperature is necessary,

There have been many attempts to represent the volumetric be-
havior of substances, but no equation has been entirely successful
in accurately representing actual gas behavior over the complete

range of conditions of practical interest,

L
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The simplest equation of state is the so-called "perfect gas™
equation, i.e,, PV = RI, Here P = absolute pressure, V = molar
volume, R = the ideal gas constant, and T = temperature, degrees
absolute, No gases exactly obey this'equation; however, real gases
approach this relationship at low pressures,

Volumetric properties of gases and vapors are ftequentiy expressed
in terms of the compressibility factor, Z, defined as the ratio of the
actual specific gas volume, V, to the perfect gas volume RI/P, Only two
of the quantities P, V, and T are independent; thus the compressibility
factor may be considered to be a function only of T and P for a
constant composition system,

Equations of state generally are of the closed-form type, con-
taining several constants which are determined empirically. Such
equations may be made fairly accurate by proper determination of the
constants. In their present state of development, however, these
equations may lead to serious error if used in the treatment and
interpretation of compressibility data from a fundamental (virial
coefficient) standpoint, A more theoretical relatiomship is necessary,
The desired relationship is furnished by the virial equation of state,
This equation is of fundamental significance, and may be derived from
first principles, using the formulations of statistical mechanics,

As the virial equation forms the theoretical basis for a substantial
portion of the work reported herein it will be discussed in the
following section; a detailed discussgqn of closed~form equations

of state will be delayed until Section D, below,
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B. The Virial Equation of State

The virial equation of state is an'open-ended expression of the form
Z=1+B(T/V+COMNV+DMMN+* * " (I11-1)

where for a pure component the coefficients B(T), C(T), D(T), . . .,
are the second, third, fourth, . . . etec., virial ccefficients, which arxe
functions of temperature only,

The complete derivation of Equation III-1 is given in Chapter IIIX
of reference (23), This procedure considers interactioms between all
possible configurations of particles, both pairwise and higher-ordered
interactions. The derivation is quite lengthy, and will not be pre-
sented here, |

The virial equation may be given either as the open~ended series
in reciprocal volume (as above) or as an open-ended series in
pressure. The reciprocal volume series is said to be the Leiden form of
the virial equation, The coefficients are said to be the Leiden virial
coefficients,

The power series in pressure is given below, and is termed the

Berlin form of the virial equation,

Z=1+B'(MP+CMP2+D(MP +. .. (11I~2)

Here the coefficients are termed the Berlin virial coefficients, and
are also functions of temperature only, The Berlin form was used
extensively by the early German workers for representing volumetric

properties of a gas, while the Leiden form was used in The Netherlands.
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The Leiden form has the advantage of having theoretical signi-
ficance, Also, fewer terms are usually required in the Leiden form
than in the Berlin form to obtain the same.degree of fit to a given
set of data, Only‘the Leiden form will be considered in the following
discussions,

The virial equation of state for a mixture may also be determined
from theoretical considerations, and the result, given below, is
analogous to Equation III-1 for a pure ﬁomponent.

C zy = LA BN+ MDD+ (111-3)
Here the subscript m refers to # mixture, The virial coefficients
are functions of both temperature and of the composition of the mixture,
Methods of determining virial coefficients are given in the

following sectionj also relationships between mixture virial coeffi-

cients and the coefficients for pure components are discussed,
C, Virial Coefficients

In this thesis second virial coefficients are determined graphi-

cally by the following rearrangement of Equation III-1,

(Z = 1)V = B(T) + C(T)/V + D(T)/V® + . . . (11I-4)

Here (Z - 1)V is plotted versus (1/V) along an isotherm. The intercept
at infinite volume (1/V » 0) equals the second virial coefficient,

After B(T) is known, C(T) ma& also be determined graphically from
the expression

lim [(Z - 1)V - B(T)]V = C(T) (I11-5)
(1/v>0)
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For the fourth virial éoefficient, using previously determined
B(T) and C(T) values,

lim [(Z - 1)v2 = B(T)V = C(T)]V = D(T) (I11-6)
(1/v-0) '

This procedure is referred to as the slope-intercept methed, and
has been employed extensively by previous investigators. This procedure
is very sensitive to inaccuracies in the experimental data, especially
in the low density region. The advantage of the procedure is that
coefficients so determined (for pure components) are functions of

temperature only,

Virial Coefficients of Mixtures
For mixtures, virial coefficients may similarly be determined
by the slope-intercept method. The second, third, and fourth virial

coefficients are determined from Equation III~3 according to the

expressions
lim (Z_ - 1)V_= B (T) (I11-7)
(1/Vm*0) m m m :
lim [(Z_ - 1)V_~ B (T)]V_= C (T) (111-8)
(1/Vm*0) m m m m m
2

lim [(Z - 1)V_ = B (T)V_ = C (T)}V_ = D (T) (I11-9)

m m m m m m m

(1/vm+0) ;

As stated previously the virial coefficients in this case are

functions of both temperature and of the compcsition of the mixture,
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It has been shown by Mayer (35) that the virial coefficients for

a mixture of N components may be expressed as

N N

B (T) = % § Bij(T)xixj (111~10)
N N N

c (1) = g § Ecijk(T)xixjxk (IT1I-11)

In this case Xiy Xy and x, are the mole fractions, respectively, of

3
species i, j, and k in the mixture, The coefficient Bii(T) represents
the second virial coefficient for i in its pure state, The term Bij(T}
represents the interaction between molecules of species i and j, and
is saidlto be the second interaction or cross coefficient between i

and j. Similér comments apply to the terms in Equation III-11. Here
Cijk(T) répresents te;nary'interactions‘between molecules i, j, and Kk,

If i = j = k, the resulting C represents the third virial coeffi-

iii
cient for component i in its bure state,

It is important to note that, although the virial coefficients
on the left sidé of Equations III-10 and III-1ll1 are functions of both
temperature and composition, the coefficients on the right side

(including the cross coefficients) are functions of temperature only.

For a binary mixture Equations III-10 and III-1l1 take the form

= 2 2
Bm(T) = xlBll(T) + leszlz(T) + szzz(T) (I1I-12)
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3 3
CalT) = %1C141(T) + x3C,0,(T) +

(1I1-13)
2

2 .
3:1326112(T) + 3:1320122(1)

Here it is assumed that 312 - Bz

permutations of the indices.

1 and that C K is the same for all

13

Empirical Relationships for Predicting Virial Coefficients

Methods of predicting virial coefficients are also of interest and
will be considered in the following. The prediction of interaction
second virial coefficients (for binary systems) will receive particular
attention.

One method for estimating second virial coefficients is based on
Pitzet'g modified theorem of corresponding states (55), Here a
characterizing parameter, w, is defined by the reduced vapor pressure

P; at TR = 0,7, The expression is as follows

()

w = = (log Pp + 1.00), (111-14)
R

0.7

In this expression Tp and Py are the reduced temperature (T/Tc) and

R
reduced pressure (P/Pc), respectively, and w is termed the accentric
factor, A simple fluid is defined as one having w = 0,0; thus w is

a measure of the deviation from a simple fluid. The compressibility

factor is then given by the relationship

Zw2% 442" (111-15)
where 2° = the compressibility factor for a simple fluid

Z' = the compressibility factor correction for deviation from
a simple fluid,
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Based upon this generalized data, an analytical expression for the
. ‘ , BP :
reduced second virial coefficient ﬁaﬁﬂ was also presented by Pitzer,
. . [ 4

The expression is as follows

BP, -
b = =S = 0,1445 + 0,073 o - (22332 0.46u)
RT T

(I11-16)
(0.1385 + 0,500 (0.0121 + 0,097w (0.0073@)
R " "R R
Another means of estimating virial coefficients was presented by
Prausnitz (56, 57). This work consists of a suitable extension to
mixtures of Pitzer's (55) generalized results, and is described as follows,

For a pure component i the second virial coefficient is given as

B Ty
vu = oy (?—, wu) : (III-17)
c 1

11

where V and T, represent the component's critical volume and
i1 i1 :

temperature, respectively, and wy is the accentric factor. The

i
function eB is given in tabular form.

The interaction second virial coefficient B,. is given by

1)
-y T |
<:1-1 ey ,

The parameters V. , T , and w characterize the interactions
cij ci.1 i3
between dissimilar species; combining rules are given by Prausnitz
for estimating these parameters. .
The third virial coefficients were also given by Prausnitz; these

coefficients are given in the form of a graph and are somewhat less
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accurate than the results for second virial coefficients,
The direct estimation of the interaction second virial coefficient

B12 from the virial coefficients B and B is also considered here,

11 22

In principle B12 may be calculated from a selected mathematical combina-

tion of B11 and 322

to yield Bm(T)° As a test of the combining rule, the calculated value

, and the result substituted into Equation III-12

of Bm(T) is then compared with the experimental value,

In addition to being of theoretical interest a reliable combining
rule of this type would be of utility in engineering calculations, If
mixture second virial coefficients could be accurately determined,
compressibility factors of the mixture could also be calculated to
moderate pressures by use of the truncated form of the virial equation
(using only the second virial coefficient). Of even greater importance,
however, increased knowledge of combining rules could be used to
provide additional insight into the development of an improved equation

of state for mixtures. Several such combining rules-for{B12 are presented

below,
The ‘linear combination of B11 and Bz2 has the form
B, =+ (B,. +B..,) (111-19)
12 2 11 227

Substituting B,, from Equation III-19 into Equation III-12, Bm takes

12
the simplified form

B, = x,B); + X,B,, (11I~20)

The square root combination is given as

B12 = VBllez | (III-ZI)
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Substituting this equétion into Equation III-12, there results
_ 2
B = (xlfhll + xZ/BZZ ) (I11-22)

The above two combining rules are the simplest expressions that

could be expected to provide a reasonable estimation of B In

12°

addition, two slightly more complex expressions are considered below,

The Lorentz combination for 312 is

/3 1/3]3

+ (B

B, = [(B, )" 22) /8 (111-23)
With this combining rule nc simplification is obtained if Equation
ITI-23 is substituted into Equation III-12, Thus the value of B12
is calculated from Equation II1I-23, and the numerical result is
substituted directly into Equation III-12 to obtain Bm.

The linear square root rule was considered only because it is
similar in mathematical form to the Lorentz combination. As far as
is known to the author this particular mathematical form has not been

previously used for equation of gstate combinations of this type.

The rule is 2

/2] /4 (I11-24)

B, = (et 4 @)
As was the case with the Lorentz combining rule, no simplification is
obtained by substituting this equation into Equation III-12,
In Chapter VI results are given for testing the four above com-
bining rules versus the experimental methane-ethylene virial coefficients,
One additional method will be considered for making empirical
estimates of vitia; coefficients, This method involves calculating

virial coefficients directly from the virial form of empirical equations

of state, The procedure will be described in Section D,
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D, Empirical Equations of State

Empirical equations of state were mentioned briefly, above,
Such equations are very numerous; in this work it is not proposed
to present a large number of equations as examples, Moreover, three
of the most important equations of state were selected for evaluation
versus the experimental data, These equations are 1) the Benedict~
Webb-Rubin (BWR) equation (6), 2) the Edmister generalized form of the
BWR equation (20), and 3) the Redlich-qung (RK) equa?ion (58). The

equations will be discussed in this order.

The BWR Equation

The BWR equation is an eight constant relationship expressing
pressure or compressibility factor as a function of demsity (reciprocal
volume). The form of the equation is a power series ending with amn
exponential density term, the coefficients of density being functions

of temperature, The equation is written as

c

P=RId + (B RT - A -_—-o-)d2 + (bRT = a)d3
o o T2
2 (I11-25)
+ aad6 + Cd3('-—l"'1 +21—-d ) exp (-de) .

T
where d = density,
In terms of compressibility factor the equatiom has the form

A c

= - R - B R
z=1+% (Bo RT 3)d + (@ RT)d
RT
(I1I-26)
aa .5 cd2 2 2
-d
+---:1RT +-—3(1+Yd)exp(Y )

RT




The empirical

35

constants Ao’ Bo' Co’ a, b, ¢, v, and a are deter-

mined' for a specific compound from PVT, critical, and vapor préssure

data,

This equation was developed primarily for hydrocarbons and

their mixtures, and provides a satisfactory representation of

experimental data for densities up to about twice the critical density,

For application to mixtures, the constants are determined from the

‘corresponding constants for the pure components by the relationships.

N
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N
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N

foa T
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Here the subscript m refers to properties of the mixture, and i refers
to properties of component i of the mixture, present at composition
Xy Although these rules are based on statistical mechanical con-
siderations, they must be regarded as somewhat empirical, Both the
linear and Lorentz forms for B° are frequently used, In some cases
these mixing rules have been sh?wn to fit the experimental data for
mixtures almost as well as the original equation of state fits the
pure component data,

| The BWR equation may be rearranged intg open-ended,vitial form

as follows, The exponential term in Equation III-26 may be expanded

into a infinite power series, giving

2 2 . y2a® 348
exp (=yd”) =1 - yd" + 15- - lgﬁ-'+ . o e (I1I11-28)

Substituting Equation III-28 into Equation III-26 and rearranging

according to increasing powers of d (reciprocal volume), there results

Ao Co a [ 2
Z2=1+ (B =-==-=——7)d+ (b -%=+=—2)d
0 RT RT3 3T RT3
(I11-29)

Comparing corresponding terms of Equations III-29 and III-1, the

second and third virial coefficients are given by the BWR equaﬁion as

Ao Co
B(T) = B = oo w —=m . (I111-30)
o RT RT3 _
a c
C(T) = b = ET'+ 3 (III-31)

RT
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It is to be noted‘that. due to the mathematiéal form of the BWR
equation, the third and fourth virial coefficients (and also other
higher ordered coefficients) are missing from Equatioﬁ I11-29,

This equation was selected for theoretical analysis as it gives
an indication of the accuracy and application obtainable from rela-

tively complex equations of state,

The Edmister Generalized Form of the BWR Equation

The Edmister generalized form (20) of the BWR equation presents
the eight constants in the equation in terms of Pitzer's (55)
modified theorem of corresponding states, Here Equation III-26 is

given in reduced form as

’ c'

Z=1+ (Bo > 03)9 + (b > )p
(111-32)
| P | - [ ]
+ &80 00 4 & 0201 4+ 4'0?) exp (~v'0d)
2] e3
RTc/Pc d PR

where p = - et @ “wwEe
, v T F_/RT, - 2T

~ = reduced density, © is defined as T/Tc = reduced temperature, and
Bos Ale Cl» b', a', ¢', a', and Y' are reduced constants,

The reduced constants were determined from the original BWR con=-
stants for 12 hydrocarbons by plotting them versus w, obtaining

straight lines, The equations of these lines are given as

' L]
Bo 0.1306

A; = 0,35 =« 0,300
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0.10 + 0,40uw

Q
O =
]

o
[}

0,031 + 0,08uw

0,036 + 0,16w (IX1~-33)

' = 0,042 + 0,105w

0
[}

. 0,0000875

Q
-
)
-
| |

0,049 - 0,05uw

The specific constants are determined from these reduced constants

by the expressions

% c (1II-34)
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Additional relationships similar to Equations III-33 above, but
giving the reduced constaﬁta as functigns of criticai compressibility
factor Zc, were also develqped by Edmister (20). These rglationships
are not.utilizgd in this work, however. | |

Due to the mﬁnner¥in‘which ﬁhe_reduced constants (Equations III-33)
Vere'determi;ed,vitlwas unnecessary to develop new combining rules for
mixtures, From Equations III-3§ and III-34 specific constants may be
determined; theée constants are combined for mixtures using the'
original BWR combining rulég (Equ#tions 11I-27),

In a similar manner the second and third virial coefficients for
the generalizéd equation are giveﬁ by the same expressions as before
(Equations Ii1-30 and III-31).

By evaluation of this equation the applicability of a generalized
relationship is dembnstrated. At the same time an opportunity is
afforded to compéré_a génerd1izéd equation directly with a similar

equation for a specific compound,vihe equations differing only in the
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value of the constants, The comparison of the two equatioms, both against
each other and against the experimental data, gives indications of

future methods for improving the equations,

The RK Equation
The RK equation is a two constant rélationship of the form

RT a

P=l -
vV-b TI/ZV(V + b)

(III=35)

with the two constants a and b given as

0.4278 RZTCZ'S

P
c

0.0867 R T
c

bs———-———

P
c

(I11-36)

For application, the equation is frequently used in the equivalent form

- 2 :
e g (111~37)

A b
1+n

where

B = et (III-38)

p - BB _ 0.0867 Py
Z ZTx

This equation was developed primarily for use at temperatures above
the critical,
For mixtures, the constants a and b are combined according to the

relations
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(III-39)

(11I-40)

The virial form of the equation is obtained as follows, Equation

II1I-35 is written as

2':
P = RT b(mien) = ol (L) (k) (III~41)
v b 1/2 'V b
l-y T 1+y

t

Expanding the terms 6—-l-50 and ( 1 b) into an infinite series, and
l === l+=
rearranging terms, the RK equation ma¥ be written as

Zml+ (bew=de) Ly b2+ 22 (l)2
RT372 v xp3/2 'V
' (I1I-42)
NS B S K |
7L

Comparing corresponding terms between Equation III-42 and

Equation II1I-1, the second and third virial coefficients are given

for the RK equation as
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B(T) = b = =i
rr3/2
- (I1I-43)
2 ab
c(T) = b° +
Y]

As contrasted to the BWR equation, all higher-~ordered virial
coefficients are present in this expansion. This equation differs
further from the BWR eduation in that the constants a and b are
functions only of the critieal propertiés of the components; the BWR
constants are somewhat dependent upon the range of data covered.

Iﬁ tﬁe past the RK‘equation'has found application where highest
accuracy was not tequited, and where relative ease of computation was
desired, |

No further aﬁtempt f6 discuss équations of state will be made
at this point, A wide variety of publications and thermodynamics
texts is readily available; in particular, applications of equations

of state are discussed by Dodge (14) and by Edmister (19),



CHAPTER 1V
EXPERIMENTAL APPARATUS

The physical description and operating characteristics of the
experimental equipment are presented in this chapter, Mathematical
equations that characterize the apparatus are presented, and the

advantages and,diiadvnntages of the appatatus are discussed,
A. Description of Equipment

General operating features of the entire system will be discussed

first, before the detailed descriptions of each section of the apparatus,

General Description of Qppitatuq‘
The apparatus to be described is of the constant volume-constant
mass (isochoric) typg; which type of apparatus for PVI measurements

has been discussed in Chapter II, This particular apparatus is

similar in design;to that of Michels (47), the principal differgnce

being in the constamt températﬁre bath, The Michels cryostat used
a stirred liQuid to insure thermal équilibtium; the present design
uses aﬁ air ther@ottat."

.The apparatus is chown’cchématicaliy in Figure 1; connections to
the interrelated Burnctt appiratﬁl—are also shown in this figure,
The‘apparatqs consists of a dbuﬁle-walled air thgrmol;at containing

a»jhcketed constant wolume cell., The controlled temperature region
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of the/therQOstat,'cbntaining the constant yolume cell, cﬁnsists of
a recirculating air stream whose témperéture is controlled by the
addition of a small amount of heat through an electronic temperature
regulating device, The double-walled vessel is placed in a dewar
vessel, containing a constant temperature refrigerated liquid such
as ethylene glycol, the liquid serving as a heat sink for the
thermostat,

The pressure of the sample is determined by means of the Ruska
Instrument Corporation piston gage. The oil of the pressure balance
system is sepérated from the gas sample by the thermostated differen=
tial pressure indicator (DPI) cell;l/ This cell consists of two
chambers, séparated by a flexible metal diaphragm, the zero position
of wﬁich is detected electronically and indicated by the DPI readout,
The DPI cell is placed outside the air thérmostat because the high
pressuré oil would.solidify if subjected to‘the prevailing low tempera=-
tures, The DPI cell was continuously maintained at a temperature
slightly ébove ambient; a temperature of approximately 95°F was found
to be practical. An interconnecting valve was placed outside the air
thermostat between the DPI cell and bomb, The necessary balancing
pressure of the oil is generated by the screw pump. | |

A hand-operated gas compressor is used for charging the cell and

its surrounding pressure jacket to the desired pressures, the nominal

L The jacketed constant volume cell will be referred to as the
"bomb", whereas the differential pressure indicator cell will be
termed the "DPI cell,” The controlled temperature region of the air
thermostat will be referred to as the "cryostat,"
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value of pressurefbeing indicated on the bourdon gage, The pressure
jacket around the bomb is used to offset any change of bomb volume
due to the stresses set up by the internal sample pressure, The gas
sample is injected inﬁo the main chamber of the bomb through the gas
line shown leading'incd the top of the bomb, Gas is injected into the
surrounding pressure jacket of the bomb #ia the gas line leading into
the bottom of the bomb,

Provision is made for subjecting the necessary portion of the
apparatus to the Vacuum system, The temperatures of the cryostat and
DPI cell are determinéd by calibrated thermocouples,

A run consists of charging the bomb and DPI cell to a high
density and observing the pressures corresponding to a pre-selected
series of temperature levels, Since the mass and volume are constant,
the run thus follows an isochor, or constantidensity path. At any
point on the isochor the simultaneous knowledge of the three quantities
pressure, temperatdre;’and density is sufficient to determine the vol-
umetric propertiés at that temperature and pressure, The density is
determined as follows.

A rgference temperature of 77°F is established; along this isotherm
the compressibility of the sample has been independently determined
frbm the Burneﬁt'apparatus. Each isochoric run includes the reference
isotherm aé.the uppef temperature; at this temperature the pressure,

temperature,‘and density are'simultaneously known, and the value of
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density foi‘the entire isochor may thus be determined,zj

Additional i;ochors are run, at successively decreasing densities.
The density for each 1sochot is establiﬁhed at the beginning of each
run by exhausting a small amount of the sample to the atmosphére.
The same series of teﬁperaturé levels is selected a;ong each isochor
so that the final results may be given as either isothermal or iso-~
choric data, Temperatures of 77, 66, 40, and 20°F were used in this
work, | |

A small correction is required for the amount of sample in the
DPI cell. A mass balance, given in Appendix N, shows that this
correction requires the value of the ratio of the volume of the DPI
cell to the vélume of the bomb, It is convenient if this ratio is
determined when the DPI cell and bomb are at the same temperature.

To determine the volume ratio the system 1s rinsed with a gas
qf known volumetric properties, evacuated, and the cryostat
temperature is -adjusted to that of the DPI cell (95°F)., The valve
between the bomb and DPI cell is closed, and the DPI cell only is
charged with a sample of the same gas, After equilibrium has been
attained the DPI cell pressure is measured, and the temperatures

of both bomb and DPI cell are measured.

2/

=" As will be shown later, the value so calculated at the reference
isotherm is not a true density, but a run constant. The difference is
due to the volume of gas in the DPI cell and capillary lines., Only the
run constant is required in the calculations along the isochor; the

true density exists as a constant known fraction of the run constant,

and could be simply calculated if desired,
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The valve is then opened, and the sample allowed touexpand into
the bomb, The system is allowed to equilibrate, and the final
pressure and tﬁe temperatures of both volumes are measured. The
known volumetric properties Qf the sample at each of the above pressures
‘allow the volume ratio to be calculated,

A small correction for the amount of gas in the capillary line is
also required, This correction is discussed in Appendix N,

For all valﬁes of pressure, the jacket pressure must be continu-
ously maintained at the proper value to eliminate the effect of
internal pressure on the bomb volume, This correction is discussed
in Appendix K. The effecﬁ of temperature on the bomb volume must be
considered, This corfection is calculated from the dimensions of the
bbmb and the linear temperature expansion coefficient for the
material; the equation is derived in Appendix H.

Additional details of specific sections of the apparatus are

"given in the following.,

Cryostat

For maintenance of low tempetatures a double-walled copper can,
© 26 inches in height and 11 1/8 inches in outside diameter, was used.
This vessel is shown in Plate I and was illustrated schematically in
Figure 1, The can was formed from a 1/16 inch sheet of hard copper
by Spincraft, Inc., of Milwaukee, Wisconsin, The double walls were
firmly braced internally by supporting strips of heat resistant Johns-
Mansville transite, before joining the walls together at the top by
silver soldering. A single steel support was located in the space

between the double walls at the bottom of the cans,
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Plate I

Double-walled Vessel with Upper Chamber
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A 1/8 inch OD stainless steel vacuum line was silver soldered
between the double walls of the can and connected to the vacuum system.
An absolute pressure of approximately 25 microns was maintained in the
space between the outer surface of the inside whll and the inner sur=
face of the outside wall, All walls of the vessel were plated with
nickel and then polished. The plating and polishing of the walls
and the maintenance of a vacuum between the wails thus 1nsufed the
desired small amount of heat tgansfet bf cohdnction and radiation
through the annular space. |

An evacuated upper chamber was fitted into the mouth of the
double-w#lledvcans. This éhamber was formed from stainless steel
and was then nickel plated and polished to minimize radiation heat
transfer, The chamber was evacuated and sealed at an absolute
pressure of about‘onevmicton. The upper portion of the evacuated
chamber serves as a container for a refrigerating ﬁedium such as
11quid>nitrogenior a mixture of dry ice and iso-octane,

The heat sink for the cryostat was maintaiuea £y an ordinary ‘
Freon-12 closed ioop refrigefatioh system, Twenty turns of 1/2 inch
OD refrigeration typé copper tubing were cbncenttically wrappéd aﬁd
éoldered around the outer surface of the outside wall of the double-
walled cans. These coils served as the evaporator for the refri-
geration system. The double-walled vessel with refrigeration coils was
then placed inside a stainless steel dewar (Sulfrian Model No. 8J-2, 76
liter, 13 inches inside diameter). The outer wall of the steel dewar
was igsulatéd from the surrounding with a layer of fibre-élass
insulating material. A four-inch thick section of atyrofoam.inlulating

material was fitted into the top of the dewar, to further minimize
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heat transfer between the surroundings and the cryostat, A disassembled
view of the insulated dewar, double-walled copper can, and bomb is shown
in Plate II.

The space between the outside wall of the double~walled vessel
and the inside wall of the dewar was filled with appfoximately three
gallons of ethylenme glycol solution which could be circulated by an
external centrifugal pump (Figure 1), The solution consisted of 60%
by volume commercial "Prestone" antifreeze and 40% by volume water,
thus providing a liquid with a freezing poiﬁt of approximately ~50°F,
The refrigeration system used a PAR 1/3 HP refrigeration compressor
unit, The 1/2 ton Freon-12 expansion valve (Plate I) was adjusted
so as to provide a suction side pressure of about zero psig to the
compressor and a discharge side pressure of about 120 psig.

The compressor was allowed to run continuously, reaching equi-
librium with the surroundings- and with the particular temperature of
the cryostat, The temperature of the ethylene glycol solution was
affected by ambient temperature and by the level of the cryostat
temperafure. Any changes in ambient temperature were gradual and
thus did not markedly upset the temperature control, The effect of
the cryostatbtemperature on the ethylene glycol qolution temperature
(Table III) gives an indication of the rate of heat transfer between
these two regions. The change in ethylene glycol solution temperature
is considerable, and is indicative of conduction heat transfer to
the ethylene glycol solution through the upper portion of the cryostat,

This has a small effect on the temperature control inside the cryostat.



Plate II

Major Components of Cryostat--Disassembled View
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TABLE III

EFFECT OF CRYOSTAT TEMPERATURE ON THE ETHYLENE
GLYCOL SOLUTION TEMPERATURE

Cryostat Temperature, °F 20 40 60 77

Ethylene Glycol ‘ .
Solution Temperature, °F -18 -13 -9 -6

The air in the cryostat was continuously circulated at atmospheric
pressuré‘by means of a squirrel-cage type air blower supported on a
mounting plate about three inches above the top of thélbomb. A view
of the bomb and the internal arrangement of the cryostat is given in
Plate III, The air is recirculated via a two-inch ID aluminum air duct,
The return air is distributed over a b;ffle located in the bottom part
of the controlled temperature region; this distributing Saffle helps
insure uniformity of temperature by thorough mixing of the return air,
The blower was rated aﬁ 100 CFM of air at no-load conditions, with a
blower speed of 1750 RPM,

Iﬁ was necegsary to place the driving motor for the{blower
completely outside'the cryoﬁtat (Figure 1)»9?\Fhe‘dissipated heat would
upset the temperature control. The mofor was.siba;afed fromlthe‘blower
by means of a s;eel_shéft, sﬁpported by/bgatinés at the top, bottom,
and center, and ;ﬁterfup;ed in the cepter by a flexible coupling.

Initially a 1/45 BP series-typg moﬁor was used. This arrangement
was found to be uns;tisfactory, as ény changes in line voltage or changes
in loadiﬁg cﬁaractgristics produced a change of speed in the mofofa

This was observed to affect the temperature control,
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Plate III

Internal Arrangement of Cryostat
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This motor was thus replaced by a 1/15 HP constant speed hystere- “
sis synchronous motor, This unit had a rated speed of 1800 RPM, and
was observed periodically Qith a stroboqcope to operate preci;ely at
rated speed, both at full ioad and at novload. |

No convenient method to measure the rate of air circulation was
available, but it was thought to be soﬁew?at less (perhaps by a factor
of 50%) than the rated circulation rate at no load (100 CFM) due to |
the pressure drop through the return air duct and across the air
distribution baffles,

- The bomb is shown in Plate III resting on aluminum supports
approximately two inches above the distribution air baffle.

The optimum con;rol of temperature is achieved by removing only
a small amount of heat from the system via ;he heat sink and by adding
a corresponding small amount of heat through a temperature controller,
The control heater consisted of approximately 45 feet of nichrome wire
(Driver Company "Tophet A" size 40) having a resistance of 20 ohms,
This control wire was supported in the main circulating air stream by
vertical glass rods (Plate III) which were located goncentrically around
the bomb; The entire amount of heat to the cryostat was added through
these contiol heaters,.no auxiliary heaters being uséd. The automatic
temperature controller for the process will be.described presently,

The location of the sensing thermocouple was quite important in
the control of temperature, The thermocouple was located in the return
air‘duct, located vertically about midway in the duct. It was found
helpfui to lag the bare thermocouple lightly with a thin piece of

absorbent cotton., With this arrangement the temperature of the cryostat
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could be maintained constant to within + 0,02°K for a period of four
to six hours, sufficiently long to make a corresponding equilibrium
reading of pressure‘and temperature,

All high préssure valves in that portion of the aﬁparatus between
the bomb and the DPI cell were 15,000 psi 1/8 inch Ermeto-type valves
(High Pressure Equipment Co.). The valves have a freely rotating
stem and turn easily under maximum pressure, All tubing, unioms,

and tees were Autoclave Engiheerihg Company 'Tubeline" series,

The Jacketed Bomb

The bomb was fabricated from type 303 stainless steel in the OSU
Research Apparatus Development Laboratory, An assembly drawing of the
bomb is shown in Figdre'Z. The bomb assembly is .circular in cross
section and is formed from three parts--a lower part, an upper part,
and the jacket, The upper and lower parts were welded together at
A and B, and the welds were machined flush to the cylinder walls,
This portion of the bémb was then tested with oil to 15,000 psi.
After pressure testing, this inmer portion of the bomb was inserted
into the pressure jacket and was welded at C and D, These welds were.
then machined flush to the wall, and the jacket portion of the bomb
was pressure tested with oil to 15,000 psi, Seats for Ruska connectors
were provided for the tubing connections for both inner bomb volume and
jacket volume, The internal dimensions of the completed bomb assembly
‘are such that the éuter jacket pressure Po should be 0,8024 times the
inner pressure Pi for the elimination of volume changes due to wall

stresses, This relationship is developed in Appendix K,
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The DPI Cell and Thermostat ‘

The DPI cell is of Ruska design (Cat, No, 2413), The cell
consists of two pressure chambers separated by a thin stainless steel
diaphragm, _The diaphragm deflects veitically as a result of any
differential pressure, andvthg deflection positions a core within a
differential transformer coil located within the upper pressure
chamber, The coil-core relationship causes an electrical output which
is a function of the diaphragm displacement. The electrical output
is detected and indicated by an electroﬁic_nﬁll indicator, or readout
box (Ruska Cat. No. 2416).

The DPI cell will withstand a maximum overpreséurg of 15,000 psi.
The cell and readout box arrangement can detect a differential pressure
of 0,0002 psi.

For pﬁtposes of establishing the zerb reference point of the DPI
cell and readout box, an oil filled Opgn—end manometer was connected
| into the oil sysfeﬁ betﬁeeﬁ the DPI celi énd theiRusk# piston gage
(Figure 1), The manometer was constructed from approximately 30
inches of 7 mm OD soft glass tubing. A short end was sealed with
-epoxy resin into a standard high-pressure‘va}ve. By means of a
cathetometer, the exact point on the vertical section of the manometer
was located to correspond with the height of the diaphragm inside
the DPI cell, This point was marked for future reference.

The zero shift of the DPI cell with operating pressure was deter-
mined by Ruska, and a calibration curve was furnished by them., This

correction is on the order of two to three parts per million parts,
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In'ordgr to measure thé temperature of the thermostated DPI cell,
a calibrated copper-constantan adjustable pipe clamp thermo;ouple
(Conax Cat, No., CL=64=-CC) was clampled around the DPI celi near the
bottom of the cell in the section where the sample was confingd.

Sevéral turns of refrigergtion-type 1/4 inch OD copper tubing were then
clamped around the cell and pipe claﬁp thermocouple, and provision was
made to circulate controlled temperature water through the copper coils,

The entire DPI cell, thermocouple, and copper tubing were placed
inside an insulated thermostated box (illustrated schématicglly in
Figure 1), The outer walls of the thermostated box were made of
transite; the tfansite walls were then lined on the inside with sections
of one~inch thick styrofoam.

The controlled temperature water to the copper coils was circulated
via a constant temperature circulating system (Precision Scientific
Company), This unit uses a mercury-in=glass regulating mechanism
and is designed to circulate a liquid at a ratebof three GPM at a
six foot head, Using tap water as a heat sink, this bath would main-
tain a constancy of circulated water temperature of 0,05°F for.
several hours, depending on the temperature changes of the surrounding
room,

The DPI cell and éurrounding thermostat were maintained at a con-
stant temperature for all values of temperature of the pomb; thus, no
change in the cell zero point with temperature must be considered, It
is convenient to maintain,a temperature slightly above ambient condi-

tions; in this case 95°F was used,
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With this arrangement the DPI cell temperature was constant to

about 0,1°F for a period of four to six hours,

Control of Temperature

The automatic tehperature control system consists of six major
components: 1) primary element, 2) set point unit, 3) null detector,
4) current adjusting type (C.A.T.) control unit, 5) siliéon controlled
rectifier (SCR), and 6) control heaters, These are discussed in more
detail as follo&s, with reference to Figure 3.

The primary element (or sensing device) provides an emf output
proportional to the value of thglgoptrolled.va;iable (in this case,
temperature), A copper-constantan thermocouple was used for the primary
element here,

The set point unit is basically a potentiometer with anﬂemf ouﬁput
that can be set to a given signal ievelo The emf output from the set
point unit ié.connegted in series opposition with the emf output from
the primarj element, The emf difference, if any, between the primary
element and the set point unit is a measure of the deviationlof the
controlléd temperature from its set point, This emf difference, or
error voltage, is then fed into a null detector.

The réﬁge of application.of the control arrangement is determined
by the range of emf output to which the set point unit potentiometer can
ﬂe set, The subject potentiometer is setable directly to any value
within the range =10 to + 45 millivolts, The direct setability of the
set point unit is 0,0005 millivolts (mQ), which corresponds to about
0.1°K, By interpolation, the unit may be set to within approximately

0,00005 mv, or 0,01°K,
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The null detector is a high gain, high sensitivity; microvolt
amplifier, It det;cts any error voltage from the set point unit and
amplifies it to a level suitable for use as an input to the control unit,
The null detector for this system is a Leeds and Northrup electronic
DC null detector (Cat, No. 9834~2), This unit contains a variable
senéitivity and a feadout scale for the error voltage,

The control unit is a Leeds and Northrup series 60 C.A.T. model.
This unit has three modes of control action (proportional, reset, and
rate controls), and its function is to provide continuous_corrective
control action based oﬁ the sizé, rate of change, and duration of the
error voltage, It does this by providing an output current (0 to 5
milliamps DC) which is proportional to the input heat requirement
for the controlled temperature process., This output current goes to
the final control device, which is a silicon controlled rectifier umit,

It was necessary to ground electrically this portion of the
'témpetature’cbntrol system, For this purpose a 1/2 inch diameter
solid copper rod was driven 16 feet into the earth, and Qas connected
‘to an insulated 12-gauge copper lead-in wire, This wire served to
ground only the electrical gear in the Thermodynamics Laboratory.

The SCR is a Fincor power package (Model No., 1200-2,2-11A)
manufactured exclusivély for the Leeds and Northrup Co. This unit
produces.an AC output voltage that is proportional to the DC current
from the C.A.T. control unit, This output voltage supplies current to
thg process control heaters, and may range from zero to 110 volts,

For a particular application, the minimum and maximum values of the

SCR output are adjusted by means of potentiometers in the circuit,
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For this application, the output voltage varies linearly from zero to

a maximum of 40 volts,

Measurémént of Temperétufe

For the determination of témperatufe of the sample in the bomb, a
calibrated copper-consténtah thermocouple was fastened to its outside
surface, The thermocouple was calibrated over the temperature‘range
-40 to +95°F versus an NBS platinum resistance thermometer,

The temperature éf the sample in the DPI cell (nominally 95°F) was
determ?ned by the copper-constantan thermocouple fastened to the outside
surfacé of the DPI cell, The thermocouple was calibrated over the
temperature range 80 to 115°F versus the NBS thermometer, Illustrations
of the potentiometer and thermocouple circuitry are given in Figures 4
and 5,

The potentiometer is a Leeds and Northrup type K-3 universal
potentiometer; with a scale range Qf zero to 1,6110 volts, The scalen
may be read directly to 0,0005 mv, and may be read by interpolation to
within 0,0001 mv, For this application 0,000l mv is roughly equivalent
to 0,002°K, Thé galvanometer is a st;nd;rd Leeds and Northrup DC
galvanometér with self=contained lamp and scale reading device,

The accuracy of the potentiometer is 0,0005 mv o;,0.01°K.

The accuracy of the‘thermocéuple calibrations for the bomb and for
the DPI cell is estimated at 0.0l to 0.02°K, or roughly equivalent to
the accuracy of the potentiometer, Details on the NBS thermometer and

the thermocouple calibrations are given in Appendix A,
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It is necessary to make a mass correction for the small amount
of the sample contained in the capillary tube, as discussed pre-
viously, For this purpose the average temperatures of different
sections of the capillary are required, To estimate the average
temperatures, three copper-constantan thermocouples (TCl, TC2, and
TC3-=Figure 4) were fastened at equidistant intervals along the
length of the tube, Standard thermocouple charts were ﬁsed to deter-
mine the temperatures from these thermocouples, The ambient
temperature of the laboratory was determined from standard mercury-

in-glass thermometers, which were certified to be accurate to 0,05°F,

Measurement of Pressure

As stated previously, the gas sample is separated from the high
ptessure:oil system by the DPI cell, The oil pressure is generated
with the screw pump and is measured with the Ruska piston gage. The
instrument has a stated accuracy of one part in 10,000 parts over the
range six - 12,140 psi, with the calibration beihg directly traceable
to NBS, The ca11£ration data and‘specifications-for the gagé are
presented in Appendix J, A sample calculgtion of a pressure point is
given in Appendix B,

Although the assembled apparatus was satisfactorily tested at
pressures up to 12,000 psia, data was taken only to pressures ﬁf
2400 psia, In the derivation of virial coefficients by the slope-
intercept procedure it is important to have a considgrable amount of
data in the low pressure region. Points at higher pressures have little

effect on the determination of virial coefficients by this procedure,
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The oil used in the system is a specially developed oil with a
density of 0,85 grams/cc aad a viscosity of 160 SSU at 25°C. A head
correction of 0,031 psi per vertical inch of oil head is given by
Ruska for use in making head corrections,

Standard Ruska 1/8 inch needle valves (Cat No, 2005) were used
throughout - the Ruska equipment,

A 16,000 pei Acco Helicoid bourdon gage with 200 psi subdivisious
was mounted on the screwpump, Two altermate bourdon gages were coﬁnected
into the gas _side of the high pressure system. These bourdon gages
were ‘used principaliy during the charging of the bomb, and were valved
off from the system after the charging was completed. These two gages
are 1) a 20,000 psi XFO Maxisafe gage with 200 pei subdivisions, and
2) a Cresby AIH 5,000 psi gage with 50 psi subdivisions, For\clarity
the Cresby AIH 5,000 psi gage is omitted from Figure 1, All three of
the above bourdon gages were calibrated versus the Ruska piston gage,

‘The calibrations are given in Appendix D, | |

Barometric pressure was determined by means of a Texas Instruments
servo-nulling pressure gage. The instrumeat has an accuracy of 0,0154;
operating characteristics and calibration of the gage are presente&viuv

Appendix C,

Auxiliary Apparatus

The vacuum system consisted of a mechanical pump (Welch Scientific)
andra CVC type VMF-10 diffusion pump. The VMFe}O pump has ah‘ultimate
rated pressure of 10‘-6 millimeters mercury.,

The McLeod gage is a Vrrtis 5w0 miliimeter range unit., The gage

was located so as to be able to measure the absolute pressure at any
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portion of the apparatus connected to the vacuum system,

A Gaertner cathetometer was used for all vertical measurements, By
means of a vernier scale attachment, this instrument could be read
directly to 0,005 centimeters., The instrument was used for making all
Qertical measurements associated with the cal;bration‘of the apparatus.

The gas_compressor is a 15,QOO psi hand operated pump (Autoclave
Engineers), This unit was used both for charging the sample intsc the
cell, and aléo.for injecting gas into the jacket itself, The pump is &
pos;tive displacement, reciprocating pistoh type with displacement per

stroke of 0,115 cubic inches,

B, Advantages and Disadvantages of the Isochoric Apparatus

The chief advantage of the apparatus is that, given the volumetric
properties of the saﬁple along the reference isotherm (77°F), the vol-
umefrié properties at lower temperatures may be determined golely from
the experimental measurement of pressure and temperature, The temperature
may be determined to within 0,02°K,)and the pressure may be determined
to one part in 10,000 parts,

Due to the insulating effect of the gas-filled pressure jacket
surrounding the bomb,‘the temperature fluctuations in the air bath
(10.02°K) are largely damped out before affecting the inner sample
temperature. By observing the pressure fluctuations inside the cell,
it was estimated that the actual témperatﬁfe fluctuations of the
sample were approximately + 0.01°K, or roughly one~half the fluctua-

tions in the air bath,



It is of practical interest to measure the volumetric properties
of mixtures within ﬁhe two-phase and the subcooled liquid regions,
For many types of PVT apparatus (such as the Burnett apparatus) this
is difficult, due to possible non-equilibrium conditions prevailing in
the mixture, For the isochoric apparatus, an isochor may be cooled
directly into the liquid or two-phase regions, without additional
complications,

The use of the air bath, rather than the liquid bath (as used by
Michels), introduces the disadvantage of a long period of time required
to obtain equilibrium following a change of temperature; This is due
to the relatively low overall heat transfer coefficient between the
circulating air and the bomb, Also, the insulating effect of the
surrounding pressure jacket further complicates this effect. As the
data are taken isochorically, rather than isotherfnallys only one data
point is taken between temperature changes,

Each successive isochor is run as nearly as possible at the same
levels of temperature as the previous run, With the most careful
work, it is yet necessary to make a small temperature correction in
combining the volumetric observations to obtain final densities for
each isotherm,

Any inaccuracies in the compressibility factors of the reference
isotherm will introduce corresponding inaccuracies into the isochoric
data, For this reason the accuracy of the isochoric data cannot be
greater than the accuracy of the reference isotherm compressibility

factors,
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C. (Characterizing Equations for the Apparatus

All equatioﬂs that characterize the‘apparatus are developed in
Appgndix N, Thg equations will be briefiy sgmmarized in the following,
| T; determine thé isochoric run constant D the cryostat is charged

and allpwed.to reachvequilibrium at 77°F, and the temperatures and
pressures of all portions of the systeﬁ are measured., The rum>cﬁnstamﬁ

is then determined from

D = [F(TB - 95) + 0.003868]DBT + 0.@1263 DD +

0.01537 D_ + 0,01511 D

4

5 + 0,003794 (D3‘+ DZ) + {(N=20)

0,003273 D1

DBT is the density of the sample in the bomb at 77°F (determined from

the compressibility factor from the reference isotherm).,  The quantities

D are densities representing the correction for

De 1

the amount of sample in the DPI cell and exposed capillary line, The

DSD D49 D3, D29 and D

function F(TB = 95) is the correction for the effect of temperatqre on
the bomb volume, |

The quantityuD is constant along the isochore From a knowledge of
D, the comgressibility factofs at other temperatures along the isochor
aré determined from

F(TB - 95) + 0.003868 .

P
Zgr = &P _ [ " DEN }

BT

(N=21)
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where

DEN =D - 0,01263 DD - 0,01537 DS -

(N-22)

0,01511 p, - 0,003794% (D3 + DZ) - 0,003273 Dl

4

The densities DD’ DS' D,y D3, D2, and D1 involve the unknown

compressibility factors ZD' ZS’ 24,‘23, ZZ’ and Z1 at the temperaturesg
TDD ng T4, T3, T2, and Tl’ respectively, These temperatures lie
approximately in the range from ambient temperature to 0°F. Since

the terms involving these demsities are relatively small compared to
the other terms, Equations N~20 and N-21 are first solved using the

approximation ZD =2, = Z4 =2,=12, =12, =unity. From the assumptions

5 3 2 1

a value of D may be calculated at the reference isotherm from

Equation N-20; then values of ZB may be calculated over the experi~

T

mental témperature range of 77 to 20°F, using Equation N-21, From these

calculated values more accurate values of ZD’ ZS’ ZA’ Z3, ZZ' and Z1 may

be interpolated and used to recalculate values of D and ZBT from

Equations N-20 and N-21,
This iterative procedure is continued until no significant change

in the calculated value of D and ZBT occurs., Since the terms involving

D D59 D4, D3, DZ’ and D, are small, normally about two iterations are

D? 1

sufficient for this convergence, A sample calculation is given in

Appendix F,
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D, Experimental Difficulties

The Heat Sink Temperature

Initially it was desired to maintain temperatures from ambient down
to about the sublimation temperature (~78°C) of dry ice, A mixture
of dry ice and liquid iso-octane was used as a heat sink in the space
between the outer wall of the copper can and the inner wall of the
dewar, This arrangement was found to be unsatisfactory for periods
of time in excess of about two hours; as the dry ice began to sublime,
considerable temperature gradients formed in the cold liquid, up-
setting the temperature control,

The installation of the mechanical refrigeration system with
copper evaporator coils helped considerably in elimating these tempera-
ture gradients, A thermistor-operated on-off unit was initially
placed in the compressor circuit, controlling the temperature of the
refrigerant ethylene glycol solution; however, the on-off cycle of the
refrigeration unit Qas observed to upset the temperature control
system, The on-off control unit was thus abandoned, and the refrigera-
tion unit was allowed to operate continuously, This arrangement was

found to provide the most satisfactory heat sink,

Vibrations in the.Blower Shaft

The excessive length (about 20 inches) of shaft between the air
blower and motor was found to cause pronounced vibrations in the shaft,
To overcome this problem it was necessary to support the shaft at the
top with a close~fitting "oil-lite" type bronze bearing, and at the

bottom and center by steel roller bearings, Between the center and
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upper bearings the shaft was interrupted by a steel flexible universal-

joint type coupling.,

Temperature Control

Considerable difficulty was encountered in the temperature control
of the cryostat due to small voltage fluctuations within the automatic
temperature control system, These fluctuations were principally due to
two separate factorss i) the rélatively high inherent electriéal
"noise" in the primary temperature circuit, and 2) the instability
of the automatic reference junction compensa;ofo These disturbanceﬁ
are discussed as follows,

The éléctrical noise in the circuit results in improper correctious
being made to the output voltage to the final‘control device, With
reference to Figure 3, the emf output from the set point unit is
connected in series opposition with the generated thermocouple emf,
The emf difference is continuously monitored, and is.used to determine
the output coptrql voltage, fPr the range of temperapurg_encountered“
in this wdrk the geﬁerated the;mocouple emf was.between -0,2 and +1,2
mv, When compared to this relatively low value of emf, the electrical
noise level in tHe primary circuit was su f ficiently high to affect
the proper operation of the engire temperature controcl system, The
problem of the inherently high electrical noise level in the system
was never eliminated. Temperature control of within +0,02°K cou;d be
achieved with this arrangement, |

The automatic reference

junction compensator between the sensiug
thermocouple and the set point unit was observed to be sensitive to

rapid fluctuations in ambient temperature. A fluctuation in ambient
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temperature caused'by opening-a door into the main laboratory was
observable almost immediately on the null_dgtecting device, This
problem was largely overcome by insulating the automatic reference
junction compensator with fibre glass insulation. Alsc, the installa=-
tion of additional air conditioning equipment helped damp out rapid

changes in the ambient temperature,

Elimination of High Pressure Leaks

| Considerable effort was required to eliminate all leaks in the
gas side portion of the system, Separate portions of the éystém were
successively isolated and charged to a high pressure, The pressure
was then measured and the system allowed to stand for 24 to 48 hours,
whereupon the pressure was remeasured. These tests were quite time
consuming, and were further complicated by any day=-to=-day change‘in
ambient temperature, especially in the portions of the apparatus

containing the exposed capillaries, All leaks were eliminated,



CHAPTER V
EXPERIMENTAL PROCEDURE

The preliminary adjustments to the automatic temperature control
system are discussed at the first of this chapter, as this phase of the
experimental work was quite importanto
| This ié followed by a discussion of the experimental details of
the measurement of pressure and temperature, Considerable attentiom
is given to the operation of the Ruska piston gage.

Next, the preparation of the apparatus for takiﬂg a data point
is discussed, followed by the details of the actual taking of the data
point and the lining out of the apparatus for the next data point,

Lastly, the experimental determination of isochoric volumetric

.properties in the two-phase region is discussed,

A, General Experimental Details

Adjusting Automatic Temperature Control System to the Process

The automatic temperature conﬁrol system is illustrated schemat-
ically in Figure 3, The control unit uses three modes of control
action-=proportional, reset, and rate modes of control., The combined
settings for these modes of control establish the characteristics of the
heat input to the cryostat; the proper setting of each particular mode

of control action is determined separately,

Zﬁ‘
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The proper setting for the proportional mode of control was first
determined, For the determination of this setting, the reset and rate
modes of control were set to zero, The "proportional band" setting
is a measure of the amount that the controlled variable (temperature) .
must change (from its set point position) in oxder to produce a full
scale change in the output voltage to the control heaters.

In adjusting the proportional band it is desirable to start with
a fairly wide setting and then decrease the setting inia st.epwise
fashion until the optimu@'value is‘reached. It is géﬁérally desirable
to use a relativély narrow prOportionél band, thus making the
temperature contrpl system sensitive to smail temperature variations,

At each successively lower setting of the proportiornal band, small
"upsets" were thrown inﬁo the pfécess by slightly moving the level
of the set point temperature, If the effect of suéh an ;pset caused
the controlled temperatu;e to "cyéle" excéssivély, Ehebproporﬁional
band setting was too narrow, The optimum setting is the lo&est value
that ﬁay be continuously used without introducing a cycling tendency
into the process, |

For thiéiapplication a proportional band of about 40%;ﬁas
found to be adequate. There was no observable ch;gge.in the
reqpiréd proportional band withkthe level of tgmpe?ature; thus the
40% setting was used exclusively, |

Afterbselecting the proper proportional bgnd, the setting for
the rate mode of control é;tion was determineda‘ Here'the proportional
band was maintained at its 407 position and the reset centrol actiom

remained at zero. Rate control setting involves the proper determinaticn
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of the "rate time," expressed in minutes., The effect of rate control
action is to produce a magnitude of change in the output voltage

that is proportional to the rate of deviation of the controlled temper-
ature from the set point,

The proper procedure for determining the rate time setting is to
increase the rate time sétting (in a stepwise fashion) from its zero
position, At each setting an upset is manually introduced into the
process to detect any tendency to cycle, The rate time should be set
as high as possible without inducing cycling, In this case the rate
action was observed to introduce some cycling tendency at low rate
times of 0,05 to 0,10 minutes, This was indicative that, due to the
physical nature of the process, rate action was undesirable, Accord-
ingly the rate time setting was permanently turned back to its zere
position,

After selecting the proper settings_for proportional band and
rate time, the setting for the reset mode of control was determined,
In reset control, the rate of change of the control voltage is com=
tinuously proportional to the magnitude of the deviation of the con-
trolled temperature from its set point, The "reset rate” is expressed
in repeats per minute, i,e,, the number of timés per minute that the
effect of the proportional control is repeated by the control actionm,
Reset action is commomly used for temperature control application,
and imparts a stability to the process,

The reset rate should be as high as practical without causing the
controlled variable to cycle continuously. A reset rate of from 0,1

to 0,3 repeats per minute was found to be adequate for this



78

application, after the process had become completely "lined out," During
the period of time when the system was rapidly approaching thermal equi-
librium (after a set point change), reset rates as high as 1.0 repeat/
minute were used with the 407 proportional band setting, In this case
the higher reset rate helped significantly in stabilizing the process
and in bringing the process to equilibrigm more quickly., The reset
rate was then gradually decreased to 0,1 to 0,3 repeats per minute,
when the system had attained equilibrium, |

The variable sensitivity of the null detector (Figure 3) has a
maximum setting of ten units, The proper setting is that in which the
output control voltage is as steady as possible, considering all
upsets encountered by the entire control system., A setting of 7.5 to
8,5 units was found to be optimum., Initially the maximum setting of
ten units was used; occasionally, however, this setting was observed
to produce an increased fluctuation in the control voltage, resulting

in instability of the system,

Adjustment of DPI Cell Temperature

| In general, very little attention was required for this portion
of the system, Since the insulated lead-in lines from the circulating
water bath would absorb a small amount of heat from the surroundings
(depending upon the ambignt temperature) it was pericdically necessary
to adju;t the set point temperature of the water bath. Regulation of
the temperature level was accomplished by simply adjusting a ieveling

screw in the mercury-in-glass mechanism,
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Operation of the Ruska Piston Gage and DPI Cell

Periodically, it was necessary to check the zero position of
the DPI cell and readout, The'oil-filled reference manometer for this
purpose was described in Chapter IV, The procedure is given as follows,

After bleeding the oil system and making certain that no air was
present, the gas side of the DPI cell was opened to the atmosphere via
the exhaust valve (Figure 1), With the DPI readout set at a low
sensitivity value, the oil of the pressure balance system was main-
tained at about one atmosphere pressure via the screw pump, and the
valve to the reference manometer was opened.,

The oil was brought to the reference mark of the manometer, and the

DPI readout was zeroed at low sensitivity by means of the '

'zero adjust"
knob. The sensitivity was then increased to its normal operating
range (about 3/4 maximum sensitivity) énd the readout was more finely
zeroed, After the zeroing procedure was completed, the isolating
valve betweeﬁ the manometer and the high pressure system was closed,

The shift of the DPI cell zero point with operating temperature
did not have to be considered, as the DPI cell remained at the same
temperature level for all values of the cryostét temperature, As a
high overpressure of the DPI cell might tend to shift the zero point,
the DPI cell was always overpressured from the same side (the oil side),
and the overpressure was held to within 100 psi in most cases,

The zero point was redetermined each time the entire system was
opened to the atmosphere; generally this occurred each time a new

sample was charged to the system. Any change in the zero point was

observed to be negligible,



Initially, in the determination of a pressure, the valves between
the screw pump and Ruska piston gage were closed (Figure 1) then the
DPI cell was balanced at low sensitivity versus the screw pump, The
necessary balancing pressure of the o0il was then read as accurately as
possible from the calibrated bourdon gage atop the screw pump; and the
DPI cell, containing the high pressure oil, was also valved off,

The screw pump was then brought back to atmospheric pressure, and
the valve to the piston gage opened. Proper masses were added to the
piston gage, and the gage balanced versus the screw pump, until the
same o0il balancing pressure as above was indicated by the calibrated
bourdon gage,

The pressure of the oil of the piston gage was then approximately
equal to the oil pressure of the isolated DPI cell; thus the valve
separating the piston gage and the DPI cell was opened carefully. The
approximate balance was then indicated by the readout box, At this
point the masses of the piston gage were set in rotation, with the
readout box xemaining set at low sensitivity,

By increasing the readout box sensitivity, with the masses in
rotation, it could be determined whetﬁer mass needéd to be added or
subtracted from the piston gage, In general the masses of 0,01
pound and below were directly placed on (or taken from) the gage,
without stopping §he rotation,

For masses larger than 0901 pound it was necessary to use the
following procedure in adjusting the amount of mass. The DPI cell
{at approximate balance) was valved off, the rotation of the masses

wiz stopped, and the masses on the gage were lowered with the screw
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punmp. After the necessary adjustments to the amount of mass were made,
the masses were again raised, the valve to the DPI cell was reopened,
andkapproximate balanée was again confirmed on the readout box, The
masses were then placed in rotation again.

As the DPI cell was balanéed at each value of sensitivity setting,
the sensitivity was:increased and the above balancing procedure repeated,

The DPI‘cell was assumed to be completely balanced. and the ptéasuze
point was taken, whenever the DPI readout was maintained at balance_for
fifteen minutes at normal oﬁerating sensitivity (3/4 maximum) with the
masses being in rotation. The pressure was always determined at 3/4
maximum sensitivity, since the DPI zero point was determined at this
setting,

The point. was taken with the line on the rotating sleeve weight
corresponding as néa;ly as possible with the engraved reference mark on
the index post of the éiston gage.

The piston gage temperature was then read and recorded to the
nearest 0,1°C, and a reading was made of the Texas Instruments baro-
meter and its temperature,

The calculational procedure for the pressure determination,
including correcgions for the head of oil, gives the absolute pressure,
psia, at the level of the diaphragm of the DPI cell, The sample
calculation of an experimental pressure point is presented in

Appendix B,

Measurement of Température
The following temperatures were measured with thermocouples,

using the K-3 potentiometer,
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1) T the temperature of the DPI cell
2) TBT' the temperature of the bomb

3) T3, Ty and T,, the temperatures along the capillary tube,

1.
A diagram of the thermocouple circuit and potentiometer is given
~in Figures 4 and 5; the thermocouple calibrations ére discussed in
Appendix A, The temperatures TD and TBT were determined both before
and after a pressure measurement, and an average value was taken,

The potentiometer standard cell was zeroed before each indivi~-
dual measurement, and normal balancing procedures were followed with
the potentiometer.,

The temperatures T4 and T5 were determined from ordinary mercury-

in-glass thermometers.,

Volume Ratio Calibration

The significance of the ratio of the volume of the DPI cell to the
volume of the bomb has been discussed previously. The experimental
details of‘this'determination will be given below,

This determination requires that a gas of kno@n volumetric properties
be available, Airco prepurified nitrogen was used in this case; specifi-
cations and purities‘for this gas are presénted in Appendix E, .Also
it was convenient if the ratio was determined with the bomb and DPI
cell at the same temperature; the cryostat was thus adjusted to a
temperature of 95°F,

The entire gaseous portion of the system, including the'gaS'
compressor, was successively evacuated (to 100 microns or less) and
rinsed with the nitrogen; finally the interconnecting valve bétween
the bomb and the DPI cell was closed and the gas compfessor was filled

with the nitrogen,
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The DPI cell was then charged to about 2500 psi, After equili-
brium was attained the pressure of the gas in the DPI cell was
measured with the piston gage, and the small residual gas pressure in
the bomb (about 100 microns) was measured with the McLeod gageoé/
Temperatures of all portions of the system were read and récorded9 and
the barometric pressure was noted, The interconnecting valve was then
opened, allowing the nitrogen to expand into the bomb,

After the system had again reached equilibrium the pressure was
determined on the piston gage; from this reading the proper bomb jacket
pressure was determined, and gas to this pressure was admitted to the
pressure jécketO The calibrated 5,000 psi Crosby bourdon gage was
used to determine the jacket pressure,

After the bomb had again attained equilibrium, the system pressure
was again determined, and all temperatures were measured, The barometer
was again read and recorded,

From the above readings and the known volumetric properties of
the nitrogen, the volume ratio VD/VB was then determined from Equation
N-=10, After several such calibrations the average value (VD/VB =

0,01263) was determined, A sample calculation is given in‘Appendix E,

{jﬁ/ Caution must be exercised in the use of the glass McLeod gage,
especially when one portion of the system is open tc the McLeod gage
and the other portion of the system is under a pressure, For safety an
auxiliary needle valve was placed between the McLeod gage and the system,
The valve remains closed unless the gage is being used,
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r a Data Point

Estimation of Charging Pressures

In the treatment of the experimental data, the isochoric com-
pressibility factors are presented as isotherms. In the theoretical
treatment of the data the points along the isotherm should, for
convenience, be spaced at approximately equal intervals of demsity.,
As the cell is charged for each isochor to a known pressure (as
indicated by the bourdon gage), rather than to a known demnsity, the
required charging pressure may only be estimated,

In this series of meésurements the Redlich-Kwong equation of
state was used to estimate the charging pressures required to produce
compressibility factors at equally spaced values of density, The com=
pressibility factor Z was first calculated as a function of pressure
P along an isotherm, Secondly, the compressibility factor wés calculated
as a function of the density along the same isotherm, Two plots were
then made~-one of Z versus P, the second of Z versus densityé 'The
calculated compressibilities corresponding to evenly spaced values of
density were read from the first ploty then the‘preSSures aorrespending
to each of these values of compressibility factor were read from the
second plot, The pressures so determined were used as the‘experimental
charging pressures for the isochoric determinations, |

The same proceduré was used for each system studied, For the
four intermediate mixtures the conventional mixing rules (Equatién
111-39) were used, It should be emphasized that any inaccufacies in
the RK equation do not affect the accuracy of the experimental

measurements, This procedure only represents a simple approximation
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for spacing the compressibility factors equally with respect to

density,

Charging Procedure

Prior to charging the system for an isochoric measurement, the
gas compressor was rinsed, evacuated, aﬁd filled with the sample
from.the gas supply bottles, The entire gaseous portion of the
system was then rinsed and evacuated, and the cryostat temperature
was adjusted to the'referepce temperature (77°F)., With the
interceonnecting valve remaining open the bPI cell and bomb were
charged to the pre-selected initial pressure, The required pressure
fbr the jacket of the bomb was determined (as described in Appendix K}
and was admitted to the jacket, This pressure was measured with the

5000 psi calibrated bourdon gage,

£ Takiqg;a Data Point

After the bomb had been allowed to line out for about ten hours,
a data point was taken, The actual taking of the data point
requires

1) determination of the temperature of all portions of the
system,

2) measurement of the system gage pressure, and
3) measurement of the barometric pressure,
f
The operation of the pressure and temperature measuring apparatus

was discussed above., Details of the operation of the Texas Instruments

barometer are given in Appendix C,
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Thébtotal time required for determination of the pressure with the
piston gage was from 30 minutes to one hour. Due to this expiration
of time the temperatures were determined both before and after the
pressure measurement, and the average value taken,

The data point at the reference temperature was used tc compute
the run constant, D, for that isochor, using Equation N=20, The
measurements at the other temperature levels on that isochor were used

in Equation N-21 to compute the compressibility factor at that temperature,

D, Preparing Apparatus for Next Data Point

After completing the Faking of a data point, the temperature of
the cryostat was changed to the next value as follows,

The senéitivity of the null detector portion of the control system
was set to a low value (about three units), and the set point unit was
set at the proper value corrgsponding to the desired temperature, The
reset rate of the control unit was increased from its normal operating
value of abQut 0,2 repeats per minute to a higher value of 1,0 repeat
pei minute, The proportional band setting was unchanged from its normal
operating value of 407%, With these settings, the control system
exhibited an increased stability during the period that the circu-
lating air temperature was changing répidlyo

As the air temperature began to closely approach the set point
tempera;ure (as indicated by the nﬁll détector) the null detector
sensitivity was increased in a stepwise fashion, allowing time for

the system to stabilize after each sehsitivity increase., With each



87

sensitivity increase the reset rate was decreased, also in a stepwise
manner, until the normal reset rate setting was again reached.

A considerable time was required for changing temperatures within
the bomb itself. After the set point temperature was changed by 20°F
the circulating air would restabilize within an hourj the temperature
of the sample within the bomb, however, required a much longer period.
The most sensitive test of constancy of temperature within the inner
portion of the bomb was the pressure change as indicated by the DPI
readout, Experimental observations of the DPI readout after a 20°F
temperature change indicated that about six to eight hours were required
for complete equilibrium to be attained. It was desirable to take the
data according to a regular schedule; hence it was decided to take one
single data point each 12 hours, This schedule allowed roughly two
hours for taking the data point and changing the temperature of the
circulating air to.;he next level; the remaining ten hours were utilized

for obtaining equilibrium inside the bomb,

Expansion to the Next Isochor

The above procedure was continued until all temperature levels
on the isochor had been covered, The experimental procedure for the
first isochor had then been completed. The density for the next isochor
was obtained by exhausting slowly a small portion of the sample to the
atmosphere, via the exhaust valve,

In this case there are two convenient temperatures at which this
expansion may be made,

1) The bomb may be returned to the starting temperature of the
reference isotherm (77°F) and the expansion of ;he sample to the

second isochor made at this temperature,
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2) Alternately the expansion may be made at the existing lower
temperature (20°F): the second isochor is then run in the reverse
direction of.the first, starting at 20°F and increasing the temperature
stepwise to 77°F, thus including the reference isotherm as the last
point on the isochor.

‘Several attempts were made to raise the temperature to 77°F
from 20°F before making the expansion, These attempts showed that
the apparatus was more difficult to restabilize after this large
change in temperature, This was thought to be due to the insulating
effect of the gas in the surrounding pressure jacket, Thus, the
second, fourth (and all even-numbered) isochors were determined
starting from 20°F and increasing the temperature to 77°F, The
first, third, fifth (and all odd-numbered) isochors were determined
in the normal manner, starting at 77°F and decreasing the temperature
to 20°F,, The temperature at which the expansion is made has no effect
on the data;zj the only requirement is that the reference isotherm be

included on the isochor.

E, Combining of Data to Isotherms and Isochors

Isotherms
The temperature levels along each isochor were maintained as

closely as possible to the even temperature levels 77, 60, 40, and

2/ An exception is made for the case of the two-phase region.
See Section F, below, '
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20°F, After all isochors had been determined for a given sample it
was desirable to combine the experimental data points into isotherms,
This made necessary the correction of the compressibility factors to
the exact even temperature levels, Normally this correction was on
the order of 0.1 to 0.2°F,
If an experimental compressibility factor ZPsT is determined at
pis

.pressure P and temperature Tx, the compressibility factor ZP r 8t
o
0
pressure P and the exact temperature level TO is given by

m
(]
3z -
vA =7 + [ =5 dT (Vv-1)
P,T P,T_ T aT P,I_

As the temperature TX was very close to the temperature T09 Equation

V-1 is written as

3Z
Zpr = fpr t G (T, = TP (v-2)
o X P,T
x
v 97 .
The term Gg? was evaluated graphically from the data,
P,T

At each pressure largé plots of Z versus T were made, and the slope
of the line read off at each of the temperatures 77, 60, 40, and 20°F,
These slopes C%%:P . were then plotted versus pressure at each of
the above four temée%aturesv and smooth curves drawn through the
points. This procedure was quite satisfactory, as the last term of

Equation V-2 is small compared to the other two terms in the equa-

tion,
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Isochors

Due to the effect of the sample in the exposed capillary line,
the experimental data does not follow an exact isochor. For use in
future equation of state development the isothermal data (from above)
was also smoothed to isochors. By using a procedure similar to that
above, the compressibility factor ZTo’px (at temperature To and density
ox) was corrected to the compressibility factor ZTo’p (at temperature
To and the exact value of density p for the sample at the reference

isotherm) from the equation

97
z =z + (=) (0 = 0.) (V-3
TosP TorPy % To,px x

As with the corrections to isotherms the last term in the above
: . oz . .
equation was relatively small; thus the term (3;0 was satisfactorily

T 40
evaluated graphically from the data, ° %

F, Special Procedure for the Two-phase Region

As has been discussed in Chapter IV, no theoretical reason exists
why the isochoric apparatus may not bé used for determining volumetric
properties of pure components or of mixtures in the two=-phase region,

In general the éxperimental procedure is the same as for a
sample above its critical temperature, except for the temperature of
expansion to the next isochor, For a pure compound, after an isochor has
been run into the two-phase region, the sample must be heated back to
the single-phase region before changing to the next isochor by

removal of a portion of sample, This is because there is no change in
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the sample pressure with the expansion in the two-phase region; thus
there is no way to ascertain from the pressure measurements when the
desired demsity has been reached. For a mixture this expansion must
also be made in the single-phase region, to avoid composition changes

of the sample,



CHAPTER VI
PRESENTATION AND CALCULATIONAL TREATMENT OF EXPERIMENTAL DATA

In this chapter the experimental compressibility factor data from
the isochoric measurements is presented, The data for methane, ethyiene,
and four intermediate mixtures covers the range 260 to 2400 psia at
temperatures of 20, 40, 60, and 77°F, For the pure ethylene, the
measurements extend into the tvoéphase region, The 77°F data repre-
sents the reference isotherm from the Burnett apparatus,

The compressibility factors were compared versus the BWR equa-
tion (6) and the Edmister generalized form of the BWR equation (20),
The second and third Leiden virial coefficients were derived by the
slope~intercept method, and were used to calculate interaction second
virial coefficients. The experimental second and third virial coeffi-
cients were compared versus the BWR equation (both original and
generalized forms) and the RK equ@tion (58), Four empirical rules

were evaluated for estimating B., from the pure component virial

12

coefficients B and B

11 22°

A, Presentation of Data

Volumetric Data
The experimental compressibility factor data is shown in Tables IV

and V, The reference isotherm (77°F) data from the Burnett apparatus

92
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TABLE 1V

METHANE~ETHYLENE COMPRESSIBILITY FACTOR DATA

| 99.0 per cent methane

P z (Zz - 1)V 1V

psia ££3/1b mole 1b mole/ft3

77.00°FY 2346859 0.8230 -0.3575 0,49513

2106.929 0.8241 -0.3962 0.44392

1787.913 0.8352 -0.4434 0,37170

1521,457 0.8523 ~0,4765 0.30996

1233,124  0.8742 -0.5136 0.246492

920,962 © 0,9023 -0.5513 0.17722

643,814 0,9295 -0.5862 0.12027

294,144 0.9672 -0,6212 0.05281

60.00°F 2198.660  0,8002 -0.4056 0.49270

1973.511 0.8044 -0.4447 0.43995

1685260 0.8183 -0.4921 0.36931

1440,195 0,8379 -0.5258 0.30819

1172,875 0.8631 -0.5619 0.24370

879,878 0.8955 -0,5933 0,17619

617,179 0,9241 -0.6337 0.11976

283,240 0.9653 -0,6591 0.,05261

40,00°F 2040, 432 0.7695 -0.4662 0.49453
1841,992 0.7763 ' -0,5056 0.44251

1575,790 00,7945 -0.5555 0.36986

1355.413 0.8176 -0.5901 0.30918

1109, 302 0.8465 -0,6282 0.24440

837,025 0.8832 -0.6609 0.17674

589,651 0.9156 -0.7027 0.12010

272,087 0.9616 -0.7282 0.05277

20,00°F 1876944 0,7337 -0.5358 0.49695

1698. 841 0.7440 -0.5771 0.44359

1464.,603 0.7663 -0.6295 10,37132

1266.041 0.7934 -0.6665 0.30999

1043,526 0,8267 ~0,7068 0.24522

792,452 0.8681 -0, 7440 0.,17735

560,900 0.9049 ' -0.7895 0.12041

260,247 0.9560 -0.8329 0.05289

b,

Reference isotherm data (31).
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TABLE IV (CONTINUED)

78.8 per cent methane

P z (z - 1V 1/v
psia ££3/1b mole 1b mole/ft3
77 00°pL/ 2316,386 0.7492 -0,4672 ~ 0.53684
: 2008,996 0.7538 -0,5320 0.46276
“1758.562 0,7678 -0.5839 0.39769
©1498,063 0,7907 -0.6362 0.32897
1238.213 0.8196 -0.6877 0,26232
969,847 0,8552 -0.7350 0,19684.
694,161 0,8949 -0,7803 0.13469
319,019 0,9513 -0,8360 0,05820
60,00°F 2140,096 0.7194 -0,5260 0,53342
1868,855 0,7282 -0.5906 0.46017
1643,159 0.7458 -0,6435 0.39508
1408,976 0,7725 -0,6956 0,32706
1170,654 0,8047 -0,7487 0,26087
922,510 0,8440 -0.7958 0.19598
663,507 0.8873 -0,8405 0,13409
306,943 0.9486 -0.8855 0.05802
40,00°F 1956.938 0.6804 -0.5958 0,53637
1717.497 0.6937 -0,6633 0,46170
1521,246 0.7154 -0,7177 0,39657
1313,980 0,7464 -0,7724 0,32829
1099,708 0,7833 -0,8276 0,26181
872.425 0.8273 -0.8780 '0.19665
631,520 0.8753 -0.9266 0.13455
294,121 0.9431 -0.9777 0,05816
20,00°F 1761,730 0.6358 -0.6766 0.53826
1562,079 0,6545 -0,7452 0.46365
1393.956 0.6805 -0,8028 0,39792
1214,260 0,7160 -0,8620 0.32945
1026,410 0.7577 -0,9208 0,26317
821,081 0.8072 -0,9758 0.19762
598,192 0.8609 -1,0307 0.13499
280,963 0,9358 -1,1010 0,05833
1/

=~/ Reference isotherm data (31).
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TABLE IV (CONTINUED)

57,2 per cent methane

P z (z - 1)V 1y
psia ££3/1b mole 1b mole/ft3
77.00°FY/ 2227,785 0.6564 ~0,5831 0.58930
. 1952, 979 0.6602 ~0.6616 0.51363
1712, 099 0.6746 -0,7384 0.44067
1526559 0.6968 -0.7971 0,38040
1229.021 0,747 -0,8854 0.28564
988. 482 0.7949 -0.9499 0.21592
675.034 0.8609 ~1.0217 0.13615
349,326 0.9292 -1.0855 0.06518
60.00°F 2041,475 0.6186 ~0.6445 0.59175
1804 ,906 0.6268 ~0.7228 0.51635
1592,594 0.6449 -0,8019 0.44283
1432,770 0.6698 -0.8609 0. 38359
1160, 848 0.7268 ~0,9539 0.28639
941,507 0.7788 -1.0206 0.21679
647,201 0.8504 ~1.0964 0.13647
337,506 0.9243 ~1.1563 0.06548
40.00°F 1817.319 0.5690 ~0,7236 0.59563
1618, 876 0.5817 -0.8060 0.51901
1445,548 0.6057 ~0,8859 0.44509
1309, 766 0.6333 -0.9507 0,38568
1079,373 0.6977 ~1.0477 0.28849
882,112 0.7554 ~1.1232 0.21777
613,304 0.8348 ~1.2057 0,13701
322,507 0.9161 ~1,2782 0,06565
20.00°F 1584.,507 0.5124 -0.8117 0.60078
1428, 087 0.5305 -0.8978 0.52300
1293, 648 0.5587 -0.9811 0.44978
1186.067 0.5913 ~1.0489 0.38969
988.770 0.6642 -1.1612 0.28920
819,825 0,7282 -1.2427 0.21870
577,547 0.8164 -1.3361 0.13744
307.065 0.9057 -1.4316 0.06586

Y

Reference isotherm data (31).
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TABLE IV (CONTINUED)

38.4 per cent methane

P Z (z ~ 1)V /v

psia ££3/1b mole 1b mole/ft3
77.00°Fl/ 2142,716 0.5677 -0,6596 0.65536
1967.034 0.5608 -0,7211 0,60903
1515,253 0.5871 -0,9214 0,44813
1471,531 0.5947 -0,9433 0,42964
1211,778 0.6557 -1,0730 0,32089
1013,872 0.7121 -1,1628 0.24739
738,983 0.7961 -1.2651 0.16118
412,744 0.8907 -1,3584 0,08046
60.00°F 1911,035 0.5204 -0,7283 0.65843
1768,497 0.5165 -0,7875 0.61398
1386,246 0,5523 ~0,9947 0,.45008
1353.163 0.5605 -1,0153 0.43291
1129,740 0.6279 -1,1534 0,32265
956,435 0.6899 =1,2475 0.24860
704,301 0.7806 -1,3563 0.16180
397,772 0.8828 -1,4509 0.08080
40,00°F 1636.795 0.4583 -0,.8133 0.66607
1519,081 0.4584 -0,8764 0,61797
1230,777 0.5048 ~1,0891 0,45471
1203,197 0.5145 -1,1132 0.43612
1028.869 0.5902 -1.2605 0.32509
882,701 0,6589 -1,3654 0,24984
661,690 0.7589 -1,4829 0,16261
378,107 0,8706 -1,5974 0,08099
20,00°F 1343,923 0.3895 -0.,9108 0.67035
1266,777 0.3927 -0,9691 0.62664
1065,.097 0.4516 -1,1969 0,45814
1046,383 0.4624 -1,2229 0.43957
919,727 0,5472 ~1,3868 0,32653
805,823 0.6226 -1,5011 0,25146
615,589 0.7330 -1,6366 0.,16315
358,209 0.8558 -1,7738 0,08132
1/

Reference isotherm data (31).



97

TABLE IV (CONTINUED)

18.4 per cent methane

P z 52 - 1)V /v
psia _ ££3/1b mole 1b_mole/ft3
77.00°F » 2285,548 0,4648 -0.6269 0.85379
1894,508 0.4363 -0,7477 0,75394
1537,437 0.4401 -0,9231 0,60656
1287,002 0,4757 -1,1161 0,46976
1154,221 0.5210 -1,2453 0.38466
1072.243 0.5588 -1,3243 0,33317
765,436 0.7120 ~1,5450 0,18630
454,276 0.8422 ~1,6849 0.09366
60.00°F 1931,400 0.4038 -0,6951 0,85773
’ ' 1620,145 0,3810 -0.8118 0,76244
1332,245 0,3916 -0.9973 0.61004
1139,865 0.4296 ~1,1989 0,47573
1041,131 0.4802 -1,3370 0.38874
980, 449 0.5181 -1,4202 0,33936
721,265 0.6910 -1,6511 0,18718
435,270 0.8298 -1,8093 0,09406
40,00°F 1526.336 0.3277 -0.7740 0.86868
1279,820 0,3098 -0,8960 0,77030
1082.616 0.3259 -1,0881 0,61955
953,565 0.3699 ~1,3093  0,48195
900,272 0.4246 -1,4551 0,39546
855,580 0.4694 -1.5610 0,33992
/665,797 0,6586 -1,8108 0,18852
410,818 0.8117 -1,9954 0,09439
20,00°F ~ 1108.631 0,2448 -0,8583 0,87992
- 936,589 0.2317 -0,9784 0,78530
827,228 0.2577 -1,1904 0,62358
771.330 0,3088 -1,4243 0.48532
742,455 0,3637 -1,6046 0,39654
715,113 0,4030 -1,7319 0,34469
604,362 0.6212 -2,0043 0.18902

385,233 0,7896 -2,2200 0.09478
by '

Reference isotherm data (31)



TABLE IV (CONTINUED)

ethxlene

77.00° P~/

60,00°F

40,00°F

20,00°F

Y

P
psia

1669,761
1259,190
1037.278
925.779
753.259
469,314

1311,832
1001.621 -
870,902
826,468
698,690
447,465

911.012%4
688.266>
682.022%4
680, 794>
629.469
419,560

524.620%/

524.30&%5
527.6193

3/
528,809
519,9203/

389,754

/ Reference isotherm data (31),
= Single-phase liquid point.

0.3714

0.3252
0.3437
0.4523
0.6071
0.7931

0.2992
0,2630
0,2932
0.4103
0,5746
0,7776

0.2118
0.1846
0.2306
0.3450
0.5326
0.7553

0,1257
0.1452
0.1842
0.2742
0.4563
0.7281

(z - 1)V

£t3/1b mole

"'0. 8052
~-1.0037
-1,2524
~1,5411
-1.8237
-2,0137

-0,.8914
-1,0792
-1.3270
-1.6326
-1,9510
~-2,1554

-0.9824
-1.1725
"'1 ° 3949
-1,7798
"'2 ° 1206
-2,3621

-1,0780
-1.2185
"1 94663
-1,9374
-=2,4563
-2,6146

98

v
1b mcle/ft3

0.78063
0,67232
0.52402
0.35540
0.21544
0,10275

0,78624
0.68294
0,53264
0.36120
0.21803
0,10318

0,80233
0.69545
0,55159
0,36803
0.22040
0,10359

0,81109
0,70155
0,55632
0,37462
0.22135
0.10399

The critical temperature and critical

pressure of ethylene are 49,82°F and 742.1 psia, respectively (69).
3/ Two~-phase point,



TABLE V

METHANE~ETHYLENE DATA, SMOOTHED TO ISOCHORS

- 99,0 per cent

methane
60.00°F
1/v&/ P
1b moles/ft3 _psia yA
0.49513 2208,985 0,8000
0.44392 o 1989,944 0,8038
0.37170 1694,801 0.8176
0.30996 1447,351 0.8373
0.24492 1178,.207 0.8626
0.17722 884,553 0,8950
0.12027 619,614 0.,9238
0,05281 284,264 0.9652
78.8 per cent
methane
0,53684 2152,893 0,7191
0.46276 1878.003 0.7277
0.39769 1652.208 0.7449
0.32897 1415.769 0.7717
0.26232 ' 1176,041 0.8039
0.19684 925,724 0.8433
0,.13469 - 666,190 0.8869
0,05820 307,824 0.9484
1/

Density values correspond to those of the reference isotherm, Table IV.

40,00°F
P

psia Z
2042,749 0.7694
1847,.183 0,7760
1582,344 0.7939
1358,408 0.8173
1111,457 0.8463
839,014 0.8829
. 590,417 0.9155
272,304 0.9616
1958.346 0.6803
1720,.858 0.6935
1524.738 0,7150
1316.124 0.7461
1101.383 0,7830
873.004 0,8271
632,101 0,8752
294,323 0,9431

20,00°F
P

psia Z
1870,758 0.,7340
1699.895 0,7439
1466.009 00,7662
1265,902 0,7934
1042,384 0.8268
792,016 0,8682
560,283 0,9050
259,883 0,9560
1757.811 0,6361
1559.793 0,6548
1393,693 0.6806
1212,981 0,7163
1023.942 00,7583
818,300 0,8076
597.093 0.8612
280,385

0,9359

66



57.2 per cent
me thane

v
1b moles/ft3

0.58930
0,51363
0,44067
0.28564
0.21592
0.13615
. 0,06518

38.4 per cent
methane

0.65536
0,60903
0.44813
0.42964
0.32089
0.24739
0.16118
0.08046

1/

= Density values correspond to those of the reference isotherm, Table IV.

TABLE V (CONTINUED)

60,00°F
P

psia Z
2033.643 0,6188
1802,013 0,6291
1586.591 0,6456
1424.539 0,6715
1158.565 0,7273
938.635 0,7795
645,925 0,8507
336,090 0.9246
1901.246 0,.5202
1756.495 0,5169
1381.779 0.5529
1345.372 0,5615
1125.807 0.6291
953,341 0.6910
702.291 0,7813
396.348 0,8833

40,00°F
P

_psia Z
1800.855 0.5699
1605.142 0,5828
1435.500 0,6075
1297.,914 0,6363
1071,550 0,6996
876,460 0,7570
610,845 0,8367
320,395 0,9167
1609.844 0.4581
1502,983 00,4600
1218.306 0.5070
1190.613 0.5168
1020.879 0.5933
877.384 0,6614
657.458 0,7607
375,916

10,8713

20.00°F
| 4

psia Z
1561,022 0.5146
1408.,961 0,5329
1276,873 0,5629
1169.204 0,5971
980,579 0,.6669
812,258 0,7308
573.219 0.8179
304,215 0,9067
1313.845 0,3895
1246,474 0.3974
1050.,048 0.4552
1031.493 0.4664
911.467 0.5518
798,713 0.6272
610,400 0,7357
355,071 0.8573

00T



TABLE V (CONTINUED)

18.4 per cent

.methane
60.00°F : _40.00°F 20,00°F
1w P P . P
0.85379 1918,387 0,4029 1495,697 0.3267 _ 1054,348 0.2399
0.75394 1601,953 0,3810 1252,454 0,3098 899,219 0,.2317
. 0,60656 1325,336 0,3918 1065,844 0,3277 816,173 0,.2614
0.46976 1131,219 0,4318 944,103 00,3748 763,160 0,3156
0.38466 1035,696 0.4828 890,230 0.4316 735.991 0.3717
0,33317 974,354 0.5244 850,923 0,4763 ‘710,361 . 0,4142
0.18630 719,067 0,6921 660,925 0.6616 599,659 0.6253
0.09366 433,792 0.8305 408,409 0,8132 _3&1.889 0,7921
ethxlene
0.78063 1291,.232 0.2966 863.970 00,2064 524,002 0.1309
0.,67232 986,097 0.,2630 680,505 0.1846 519,815 0.1502
0.52402 867.068 00,2967 681,964 0,2427 526,539 0.1952
0.35540 823.326 0.4154 675.580 0,3545 527.808 0,2896
0.21544 694.692 0.5782 625,328 0.5413 516,348 0,4656
0.10275 446,096 00,7785 417.247 0.7573 © 386,900 00,7315
1/

Density values correspond to those of the reference isotherm, Table 1IV.

10T
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is shown in Table IV, Table IV represents the data before smoothing to
exact isochors; in Table V the data (at 60, 40, and 20°F) has been
smoothed to the densities of the reference isotherm. The data was
smoothed to isochors, as isochoric data is frequently used in equation
of state development. All calculations‘reported herein, however, were
based on the data of Table IV, -

An error enaiysis‘of the data isugiven in Section C belowp.and a
sample caicuiation of a compressibiiitp factor is presented in

‘Appendix F, o

Second Virial Qoefficients
_Leiden;second viriai coefficients. were determined from the data
using thenslope—intercept technique; described previously.

Initiaiiy, values of B(T) were determined at each temperature as
'intercepts on a plot of (Z - 1)V versus 1/V (Equation III--4)o These
initial va1ues of S(T) were improved somewhat in the determination of
third virial coefficients. This is explained as follows, According
to Equation III—S p1ots of {z - 1)V - B(T)]V versus 1/V were constructed
the intercept being the third virial coefficient. At each temperature
several values of B(T) were assumed using the initia1 value of B(T)
as a starting. value. The adjustments to B(T) were made in stepwise |
fashion, with increments of 0.001 ft /1b mole (approximately O, 06 '
cm /gm mole). It was found that a smellwadjustment in B(T) resulted
in a consideraile'change in the function:I(Z - 1)V = B(T) ]V, This
,procedure w;; continued until the'ualue'of B(T) was determined,tnat
would produce the most linearity of the function [(Z - 1)V =~ B(iS]V

at low densitieQ; The maximum revision:in B(T) from the initial value
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was +0.5 cm3/gm mole, This revigion cor:egponds to approximately iﬁ}3
to +1,2%, depending on temperature and composition, |

| The second virial coefficients were determined in units of
ft3/1b mole, and were then converted to units of cm3/gm mole for analysis,

The virial coefficients representing the 99,0% methane are compared

beIOW‘(Table V1) with the published values of Douslin (16)Afor
methane, Déuslin's data is given in 25°C intervals, the lowest tempera~-
ture being 0°C, The only direct comparison is at 77°F, Values for
comparison at the other temperatures were determined by carefully
plotting Douslin's data on large (22 inch x 34 inch) sheets, and
interpolating the values, Errors introduced by this procedure are
éstimated fo be less that 0,1 cm3/gm molé. The estimated accuracy of

Douslin's data is 0,1 to 0,7 cm3/gm mole,

TABLE VI

COMPARISON OF METHANE VIRIAL COEFFICIENTS

~B(T), cm3/gm mole

T, °F ' Douslin (16) This Investigation
77 42,82 41,14

60 : 46,50 ' 44.64

40 51,24 49.32

32 53.35 -

20 56,65 54,94

per cent methane 99,994 99,0
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From the composition analysis (Appendix G) the chief impurity in the‘
methane sample is seen to be nitrogen (0,6%) with lesser amounts of the
impurities carbon dioxide, ethane, and propane.

1n principle the eféect of impurities is described by Equationm 11I-10,

given as

N N :
Bm(T) = g § Bij(T)xixj (111-10)

For tﬁe 99.0% methane sample only the coefficients involving interactions
with methane (methane-nitrogen, methane-carbon dioxide, methane=-ethane,
and methane-propane) need be considered, the sum of all other terms being
leés than the total correction by at least two orders of magnitude,

All of the above coefficients were avai}able from the literature
with the exception of the methane-nitrogen coefficients. These
coeffigients were evaluated:by the‘method of Prausnitz (56, 57) discussed
previously. A sampié calculation is given in Appendix M,

Using Equation III-10 and the above interaction coefficients the
composition corrections to the 99,0% methane coefficients (Table VI)
were evaluated, The calculation produced a negligible correction to
the coefficient at each temperature level. As an example, the total
correction at 77°F was +0,13 cm3/gm mole, In this case the correction
is of the incorrect sign; to explain the difference between the
experimental valué and Douslin's value (at 77°F), a total correction
of -1.68 cm3gm mole would be required. It was generally concluded
that the difference between experimental (99.0%) coefficients and

Douslin's coefficients cannot be explained by Equation III-10,
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From the above comparisons the experimental coefficients are con-
sistently higher (algebraically) than Douslin's values by an average
of approximately 1,8 cm3/gm mole, Considering the accuracy of Douslin's
values, the experimental coefficients are estimated to be accurate to
appro#imatéiy 1,5 cmalgm mole,

For the ca1cu1ati§na1 analysis of the virial coefficient data
(Section B) the pure component virial coefficients Bll (méthane) and
B22 (ethylene) aré combined empirically to obtain estimates of the

methane-ethylene interaction coefficient B In order to make reli-

12°
able test§ of these empirical rules it was desired to avoid intro-~
ducing any uncertainty due to differences in theﬁpure component
coefficients, Accordingly, the virial coefficient data of Douslin
was used to represent the pure methane, both for second and third
virial coefficients, |

The ethylene virial coefficients were also determined by the slope-
intercept method, The critical temperature of ethylene is 49.82°F (69});
thus it was seen (Table IV) that a considerable portion of the low
temperature ethylene data (at 20 and 40°F) consists of points in the
two-phase region, Aﬁ these gsub-critical temperatures the slopeal
intercept ﬁrocedure proved unsatisfactory, and the virial coefficients
could not be determined. A plot of the function (Z - 1)V versus
1/V exhibits pronounced curvature through the two-phase region, making
extrapolation to the origin impossible,

As the 77 and 60°F isotherms lie close to the critical isotherm,

these points also exhibit a certain degree of curvature, This is

to be expected, It was possible, however, to determine the virial
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coefficients at these temperatures by the slope-intercept method.

The values at 77 and 60°F are shown in Table VII, compared with the
results of Hichg;s (39)., As with Douslin's methane data the only exact
comparison between these two sets of data is at 77°F., Michels' value
at 60°F was determined graphically, by interpolation of the data;v
The error introduced by this procedure is less than 0.l cm3/gm mole,

As was the case with the methane data the values from this investigation
are higher (algebtaically) than the literature values, From these
comparisons the ethylene coefficients are estimated to be acéurate to

approximately 1.4 cms/gm mole,

TABLE VII

COMPARISON OF ETHYLENE VIRIAL COEFFICIENTS

=-B(T), cm3/gm mole

T, °F . , Michels (39) This Investigation
77 140,33 139,0
60 149,95 ' 148.4

As stated above, the virial coefficients at 40 and 20°F could not
be satisfactorily determined from the isochoric data. For this reason the
results of Michels were used at these temperatures. For the calculational
‘analysis of the data (Section B) it was decided to also use the values
of Michels at 77 and 60°F, in order to preserve all possible internal

consistency of the data,
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The second virial coefficients for the four intermediate mixtures
wefe determined by the slope-intercept procedure. The impurities in
the intermediate mixtures are all hydrocarbons that are similar in
characteristics to the methane and ethylene, The largest impurity is
the 0,4% propane that is present in the 78.8% methane/ZO.?i ethylene
mixture, The correction for the impurities was made using Equation
I11-10., For this correction the required interaction coefficients
are available in the literature, with the exception of the ethylene-
ethane and ethylene-propane coefficients., These coefficients were
estimated from the method of Prausnitz; the total correction ranges
from +0,69 to +1,70 cm?/gm mole, The resultant coefficients are
shown in Tabies VIII and IX, both before and after making the com-
position corrections,

The second virial coefficients from Table IX (corrected for impur-
ities) are illustrated graphically in Figures 6 and 7. In Figure 6
the virial‘coeffiéiénts are plotted versus temperature at constant
composition; in Figure 7 the coefficients are plotted versus composi=

tion at constant temperature,

Third Virial Coefficients

Leiden type third virial coéfficients were determined, using
the slope-intercept technique (Equation I1II-5), The derivation of
third virial coefficients is similar to that of second virial coeffi=-
cients in that the initial estimate of the third coefficient is
fur;her improved via deriving fourth virial coefficients, and adjusting
thirds to obtain reasonable fouiths. In each case slightly different

values of C(T) (in steps of +0.005 ft6/1b molez; or approximately



TABLE VIII

METHANE-ETHYLENE SECOND VIRIAL COEFFICIENTS, UNCORRECTED FOR COMPOSITION

per cent methane _Q0.0l/ 78.82/ 4§7.22/ ing.ba/ :18.421 0.02/
-Bm, cm3/gm mole

I, °F |
77 42,82 54,81 71.36 90.71 114.06 140,33
60 46.50 58.87 76,47 .97.20 121.61 149,95
4d~ 51.24 64.61 84,03 106,38 133,22 162.58
20 56.65 71.54 93.08 117.43 145,52 175.95

\
Y Doustin (16),
'fj This investigation,

Mibhels (39), ethylene,

80T



TABLE IX

METHANE-ETHYLENE SECOND VIRIAL COEFFICIENTS, CORRECTED FOR COMPOSITION

per cent methane _Q0.0l/ 79;23/ 57.431 38.53/ LQL#%/ 0.02/
=B » cm3/gp mole
I, °F

77 | 42,82 53,44 70.17 90,02 114,06 140,33
60 ' 46,50 57.41 75.19 96.45 121,61 149,95
40 51.24 63.03 82,65 105,57 133,22 162,58
20 56.65 69.84 91.58 116.56 145,52 175,95

1/ Douslin (16).

2/ This investigation,

3/

Michels (39), ethylene.

60T
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0.2 x 102

cmﬁ/gm nolez) were assumed at each temperature, using the
original value as an initial estimate; |

Due to conniderpblc scatter of the values of the term
((z - 1)V2 = B(T)V = C(T)]V in the plot versus 1/V it was difficult
to determine reliable values of the fourth virial coefficients. By
proper choice of the third virial coefficient, the values of the
iuﬁction [(z -‘1)?2 -B(T)V =~ C{T)]V were deﬁermined which exhibited
the most systematic vafiation with both temperature and composition.
Although this method was valuable in improving the third virial
coefficients, the tenglting fourth virial coeffi#ients exhibited
considerable lcatter;‘ Thus thé fourth v;rial coefficients are not
reported,

The maximum adjustment to the third virial coefficients by this

2 cm6/gm molez

procedure was‘z.o x 10 . This value corresponds to
roughly 2.0 to 8,02, depegding on temperature and éomposition. The
absolute accﬁracies of the third virial coefficients are difficult to
evaluate, as these cpefficients are quite sensitive to errors in both
compressibility factor data and second virial coefficients.

In principle, correction for impurities in thg third virial
coefficients can be made by use of Equation III-11, This correction was
not made in this case, as a sufficiently reliable means is not avail-
able for estimaﬁing the interaction third virial coefficients.

Values of the third virial coefficient are presented in Table X.

The values were determined in units of fts[}b molez, and were then

converted to cmplgm mole2 for analysis,



TABLE X

METHANE-ETHYLENE THIRD VIRIAL COEFFICLENTS

per cent methane ;go.ol/ 78.82/ 57.231 .38.4-/' 18.431 70.02/
‘ - Car ca®/gm mole? x 1072 . | |

L_F
77 23.70 28,2 34,7 45,5 60.0 76,43
60 24,60 29,2 36.6 48.5 62,8 80.5
40 25.60 36.9 40,0 53.3 68,3 - 85.9
20 26,85 3_3,_6 44.5 39.0 74,6 91.7

1/ Douslin (16).

23—? This investigatiom,

Michels (39), ethylene.

CCIT
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‘B, Theoretical and Calculational Analysis of Data

In this section the data is treated from four separate viewpoints,
These are:

1) the theoretical determination of B, from Equation III-12,

12
2)v'eﬁp1ricalzm¢thods of estimating B,y
3) cémparisqns of compresaibility factors versus equations of state,
and 4) comparisons of virial coefficients with equations of state, The

viewpoints are discﬁssgd in this order,

Thgoretica; Determination of 312

As discussed in Chapter III the virial coefficients for a mixture
are expressed in terms of the pure component coefficients and 1n£er—
action coefficients by Equation II1I-12, As mixture coefficients and pure
component coefficients are known, the interaction coefficients may‘be
calcul#ted directl&.

For these calculations the virial coefficient data of Table IX was

used, Equation III-12 was rearranged to the form

2 2.
By~ *1B11 = %85,
12 2x1x2

and values of Blz-were calculated at each temperature for each composi-
tion. The results are given in Table XI,

Theoretically B,, is a function of temperature only, In Table XI

12

the B, are geen to vary slightly with composition, This variation is

12



TABLE XI

METHANE-ETHYLENE INTERACTION SECOND VIRIAL COEFFICIENTS

units cm3/gm mole

X,, mole X,, mole 1/ 2/ 3/
fr;ction f r;ction Bm ' 312-' 312- Bm_ Bm differgnee
méthane ethylene (experimental) ' (lms) (calculated) ~_(calc - exp)
77°F 1,000 0.000 -42,82 - - - -
' 0,792 0,208 =-53.44 -62,25 -63.38 -53,81 -0,37
0,574 . 0.426 =70.17 -62.25 =70.57 -0,40
0.385 0,615 -90,02 -64,61 -89,.43 0.59
0.184 0.816 -114,06 -63.84 -113,92 0,14
0.000 1,000 -140,33 - - - -
60°F 1,000 0.000 =46,50 | -- - - -
0,792 0.208 =57.41 -66,03 -67.59 -57.92 =0,51
0,574 0,426 -75.19 -66,78 -75.59 -0,40
0,385 0.615 =96,45 =-69.35 =-95,62 0.83
0.184 0.816 =121.61 -67.24 =121.72 -0.11
0.000 1.000 =149.95 - - - -

1/ Calculations based on Equation VI-1 and data of Table IX,

2/ 1east mean squares value,

3/ From Equation III-12, using Blz(lms)°

1t



40°F

20°F

units cm3/gm mole

TABLE XI (CONTINUED)

X1, mole X9, mole ,
f%action f%action B B, B2 Bm, B difference

methane ethylene (experimental) (lms) . {calculated) {calc - exp)
1,000 0,000 =51.24 - - - -
0.792 0.208 -63,03 -72,40 ~75.28 -63,98 -0.95
0.574 0.426 -82,65 -74,15 -83.20 -0,55
0,385 0.615 -105.57 -77.04 -104,73 0.84
0,184 0.816 -133,22 - =77.36 ~132,60 0.62
0,000 1.000 -162.58 - - - -
1,000 0.0600 -56,65 - - - -
0,792 0,208 -69,84 -81,02 -85.31 ~71,25 ~-1,41
0.574 0.426 -91.58 -83,81 -92,32 -0,74
0,385 0,615 -116.56 -87.88 =-115.35 1.21
0,184 0.816 -145,52 -88.06 -144,.69 0.83
0.000 1,000 -175,95 - - — -

standard deviation =

0.74 cm3/gm mole

91T
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not unexpected, however, and is relatively small for interaction
coefficients determined in this manner,

Values of B o Were also calculated from Equation 1I1I-12, using

1

the method of least squares, The resulting values are also shown in

Table XI, Using these least squares values of B, , values of Bm were

12

recalculated from Equation III-12, The values so calculated are seen
to agree reasonably well with the experimental values of Bm, for all
temperatures and compositions., The agreement between the experimental
data and Equation III-12 is indicative of a fairly high degree of

internal consistency in the data.

Empirical Estimations of B12

Several methods were evaluated for estimating B., from the pure

12

11 and B22. The different empirical methods were discussed

in Chapter I1I; they will be briefly summarized below,

component B

linears B12 = %(Bll + B22) (I11I=19)
square root: 312 = /EIIﬁ;; (111-21)
1/3 1/3,°
Lorentz: B,, = [(Bu) + (322) ]17/8 (11_1-23)
1/2 1/2.2
linea; square root: B12 = [(Bll) + (B22) ] /4 (111-24)

The results of the empirical estimations are shown in Tables XII
through XV, The B12 values so estimated were uséd in Equation III-12
to recalculate values of Bm' These Bm values were then compared versus
the experimental values of Bm' Using this procedure the bgst fit to

the experimental values was provided by the square root combining rule;

this rule gave a standard deviation of 6.2 cms/gm mole, In order of



TABLE XII

LINEAR COMBINING RULE ESTIMATION OF B12

units cm3/gm mole

X1, mole X,, mole 1/ 2/ 3/ .
figction f%;ction ' Bnr. Bli_ Bﬁ. Bm difference
methane ethylene "~ (experimental) - (linear) (calculated) (calc ~ exp)
77°F 1,000 0.000 -42,82 — - -
0,792 0.208 =53, 44 -91,57 -63.10 ~-9,66
0.574 0.426 -70.17 -84,36 -14,19
0,385 0.615 =90,02 -102.79 -12,77
0,184 0.816 -114.06 -122.39 -8,33
0,000 1.000 =140.33 - [ — —
60°F 1.000 0,000 -46,50 -— - -
0,792 0.208 -57.41 -98,23 -68.02 ~10.61
0.574 0.406 -75,19 «90,57 -15,38"
0.385 0.615 -96,.45 -110.12 -13.67
0.184 0.816 -121.61 -130.92 -9.31
0,000 1.000 =149.95 - - -
'y Table IX.
2/ , _
=' Equation TTT-19.
3

2/ Equation III-12,

S1IT



40°F

20°F

1,000
0.792
0.574
0.385
0.184
0.000

1,000
0.792
0,574
0.385
0.184
0.000

0,000
0,208

"0.426

0.615
0.816
1,000

0.000
0.208
0.426
0,615
0.816
1.000

TABLE XII (CONTINUED)

-51.24
-63.03
- -82.65
-105.57
-133.22
-162.58

=56.65
-69.84
-91.58
~-116,56
-145,52
-175.95

-116.30

-74,40

-98.67
-119.71
-142.09

-81,46
~107.47
-130,02
-154.00

~11.37
-16.02
-14.14

~-8.87

-11,37
-15.89
-13.46

-8.48

-

standard deviation =

12,4 cm3/gm mole

6TT



77°F

60°F

(SO [ { ]
o 1 |

~

~

SQUARE ROOT

units cm3/gm mole

TABLE XIII

COMBINING RULE ESTIMATION OF B

12

X1, mole X9, mole 1/ 2/ 3/ .
fiaction fE;ction Bﬁ_ B12 Bm Bm difference

methane ethylene (experimental) (square root) (calculated) (calc - exp)
1,000 0.000 -42,82 - - -
0,792 0,208 -53.44 ~77.52 =58.47 -5,03
0.574 0.426 -70,17 -77.48 -7,31
0.385 0.615 ~-90.02 ~96,13 -6,11
0,184 0.816 ~-114,06 -118.17 -4,11
0,000 1,000 -140,33 - - -
1.000 0.000 -46,50 - - -
0,792 0.208 =57.41 -~83.50 -63,17 -5.76
0.574 0.426 -75.19 -83.37 ~8,18
0.385 0,615 ~96,.45 -103.15 -6,.70
0.184 0.816 -121.61 -126.49 -4,88
0,000 1,000 -149,95 - -— ——

Table IX,

Equation III-21,
Equation III-12,

0ct



40°F

20°F

1,000
0.792
0.574
0.385
0,184
0,000

1,000
0,792
0,574
0.385
0,184
0.000

0,000
0.208
0.426
0.615
0.816

1,000

0.000
0,208
¢ 426
0,615
0,816
1,000

TABLE XIII (CONTINUED)

-51.24 -
-63.03 -91.27
~-82,65

-116,56

-133.22

-162.58 -

-56.56 -
-69.84 -99,84
-91,58

-116.56

-145,52

-175.95 -

-69,25
-91.02
-112,31
-137.40

~-76.04
-99,42
-122,22
-149.06

-6.22
-8.37
-6.74
-4,18

-6.20
-7.84
-5,66

-3.54

standard deviation =

6,2 cm3/gm mole

Tt



TABLE XIV

LORENTZ COMBINING RULE ESTIMATION OF BIZ

units cm3/gm mole

X1, mole X2, mole 1/ 2/ 3/
fraction fraction Bm B12 B Bm difference
methane ethylene (experimental) (Lorentz) {calculated) (calc - exp)
77°F 1,000 0.000 ~42,82 - — -
0.792 0,208 -53.44 -82,17 -60,00 -6.56
0.574 0.426 -70.17 -79,76 -9,59
0.385 0.615 -90,02 -98. 34 -8.32
0.184 0.816 -114.06 -119,56 -5,50
0.000 19000 —140033 - —— ——
60°F 1,000 0,000 -46,50 . - -
0,792 0.208 =57.41 ~-88.38 -64,77 ~7.36
0,574 0.426 =75,19 -85.75 -10,56
0,385 0.615 -96.45 ~105.46 -9,01
0,184 0.816 -121.,61 -127,96 -6.35
0‘.000 1&000 "'149095 - - -—
-1-/ Table IX,
2/ Equation III-23,
3/

=<' Equation III=12,

gct



40°F

20°F

1,000
0.792
0.574
0,385
0.184
0,000

1,000

0.792
0.574

0.385

0.184

0,000

0,000
0,208
0.426
0.615
0,816
10000

0.000
0,208
0.426
0,615
0.816
1,000

TABLE XIV (CONTINUED)

=51.24
=-63.03
-82 ° 65
=105.57
-133,22
-162.58

=56.65
-69,84
-91.58
-~116.56
~-145,52
-175.95

-105,29

-70.95
"'93 [ 56
-114.76
-138.95

~77.84
-102,09
-124,81
-150.69

-7.92
-11.00
-9.19
-5.73

-8,00
-10,51
-8.25
=5.17

standard deviation =

8,3 cm3/gm mole

cet



TABLE XV

LINEAR SQUARE ROOT ESTIMATION OF B

12
units Cm3/gm mole
x1, mole X5, mole 1/ 2/ 14 3/
fraction fraction Bm B12 (Llngar .Bm Bm difference
methane ethylene (experimental) square root) (calculated) ‘(calc - exp)
1.000 0,000 -42,82 - - -
0.792 0,208 -53,44 -84.55 -60.79_ -7.35
0.574 0,426 -70.17 -80,92 - =10.75
0.385 0.615 -90,02 -99,46 =9.44
0,184 0.816 ~114,06 -120,28 -6,22
0,000 1,000 _5140.33 - - —-—
1-000 OaOOG -46.50 - | - -
0a792 09208 -57541 -90.86 "65.59 -8;18
0,574 0.426 -75.19 -86,97 -11.78
0,385 0.615 =96.45 -106,64 -10,19
0.184 0.816 -121.61 ~128,70 -6,22
0.000 1,000 -149.95 - - -
l/ Table IX,
2/ Equation III-24,
3/

Equation III-12,

HZl



40°F

20°F

1,000
0,792
0.574
0.385
0.184
0.000

1.000
0.792
0.574
0.385
0,184
0.000

0.000
0.208
0,426
0,615
0,816
1.000

0,000
0.208
0.426
0.615
0.816
1.000

TABLE XV (CONTINUED)

=51.24
-63.03
-82.65
-105,57

- =133,22
-162,58

~56.65

-69.84

-91,58
-116,56
-145,52
-175,95

~99,09

-71.82
-94,85
-116.01
-139.75

~78.75
~103,45
-126,12
~151,53

-

-8.79
-12.20
-10,44

=6,53

-8,91
-11,87
-9.56
-6,01

standard deviation =

9.3 cm3/gm mole

A
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increasing standard deviations the remaining three methods are arranged
as Lorentz (8.3 cm3/gm mole), linear square root (9.3 cm3/gm mole), and
linear (12.4 cm3/gm mole), The poor fit given by the linear method is not

surprising, as this method represents an oversimplification.

Comparisons of Compressibility Féctors Versus Equations of State

The experimental compressibility factors (Table IV) were compared
versus the BWR equatioﬁ and the Edmister'generalized BWR equation, fhe
results are shown in Table XVI,

For the BWR equation the constants, in English units, as tabulated
by Benedict et al (5) were used for the hydrocarbons. For the 99.0%
methane sample the constants for carbon dioxide as tabulated by Eakin
and Ellington (18) were used, For the mixtures the constaﬁt B° was
determined by the linear combining rule, For use in the generaTized
BWR equation the accentric factor for ethylene was required. This value
was determined from the definition (Equation I¥I-14), using the vapor
pressure data of York and White (69), The resulting value was w = +0,087,

From Table XVI it is seen that both of the equations generally
predict compressibility factors that are lower than the experimental
values., For the 99,0% methane sample and the four intermediate mixtures
the generalized BWR equation provides>a slightly better fit than does
the original BWR equation., For the ethylene sample the original BWR
equation provides the better fit, Considering all of the data points
together, the standard deviations from the experimental coﬁpressibility
factors are given as 0,015 for the generalized BWR equation and 0,022

for the original equation,



TABLE XVI
COMPARISONS OF COMPRESSIBILITY FACTORS VERSUS EQUATIONS OF STATE

99,0 per cent methane

1/V.

1/ 2/ Z difference 3/ Z difference
1b moles/ft3 Z{exp)= Z (BWR )= {calc~exn)- Z{GEN BWR)= {calc—-exp)
77.00°F 0.49513 0.8230 0,8143 -0.0087 0.8176 -0,0054
0.44392 0.8241 0.8176 -0,0065 0.8222 -0,0019
0.37170 0.8352 0.8288 -0,0064 0.8347 -0,0005
0.30996 0.8523 0.8443 -0.0080 0.8506 -0,0017
0.24492 0.8742 0.8663 ~0,0079 0.8725 -0.,0017
0,17722 0.,9023 0.8954 -0,0069 0.9007 -0.0016
0.12027 0.9295 0.9245 ~0.0050 0.9287 -0,0008
0.05281 0.9672 0.9645 -0.0027 0.9666 -0,00086
60,00°F 0.49270 0,8002 - 0,789 -0,0108 0,7928 -0.0074
0.43995 0.8044 0,7954 -0.0089 0.8002 -0,0042
0,36931 0.8183 0.8101 ~0,0082 0.8161 -0.0022
0.30819 0.8379 0.8285 ~0.0094 0.8350 -03,0029
0.24370 0,8631 0.8537 -0.0094 0,8600 -0.0031
0,17619 0.8955 0.8862 -0,0093 0.8917 -0,0038
0,11976 0.9241 0.9181 -0,0060 0.9224 -0.0017
0.05261 0.9653 0.59617 ~0,0036 0.9638 -0,0015
l/ Table 1V.
2/ Equation II1I~26,
3/

Equation III-32Z,

AN



40,00°F

20,00°F

0.49453
0,44251
0.36986
0,30918
0.24440
0,17674
0.12010
0,05277

0,49695
0.44359
0.37132
0.30999
0.24522
0.17735
0.12041
0.05289

0,7695
0.7763
0.7945
0.8176
0.8465
0.8832
0.9156
0.9616

0.7337
0.7440
0.7663
0.7934
0.8267
0.8681
0,9049
0.9560

TABLE XVI (CONTINUED)

0,7575
0.7663
0,7854
0.8073
0.8366
0.8735
0.9094
0.9577

0,7226
0,7346
0,.7580
0,7840
0,8176
0.8594
0.8996
0.9534

standard deviationsv

-0.0120
-0.0100
-0.0091
-0,0103
-0,0099
-0,0097
-0.0062
-0,0039

-0,0111
-0,0094
-0,0083
-0.0094
=0.,0091
-0,0087
-0,0053

-0,0026

0.008

0.7610
0.7712
0.7916
0.8140
0.8431
0.8792
0.9138
0.9600

0,7263
0.7399
0.7646
0,7911
0.8245
0.8654
0.9043
0.9557

-0.0085
-0,0051
-0,0029
-0.0036
-0,0034
-0.0040
-0,0018
-0,0016

-0,0074
-0,0041

-0,0017

~-0,0022
-0,0027
-000006

-0,0003

0.004

9ct



78.8 per cent methane

77,00°F

60,00°F

TABLE XVI (CONTINUED)

1/v Z difference Z difference
1b moles/ft3 Z(exp) Z(BWR) (calc—-exp) = Z(GEN 'BWR) {calc~exp)
0.53684 0.7492 0.7317 -0,0175 0,7328 -0,0164
0.46276 0.7538 0,.7383 -0,0156 0.7427 -0,0111
0.39769 0.7678 0.7524 -0.0154 0,7588 =-0.0090
0,32897 0,7907 0.7757 -0,0150 0.7832 -0,0075
0.26232 0.8196 0,8062 -0,0134 0,8139 -0,0057
0,19684 0.8552 0.8437 -0,.0115 0,8508 -0,0045
0,13469 0.8949 0,8860. -0,0089 0.8917 -0,0032
0,05820 ° 0.9513 0.9470 -0.0043 0.9499 -0,0014
0.53342 0.7194 0.6995 -0,0199 0.7013 -0,0181
0,46017 . 0,7282 0.7102 -0.0180 0.7152 -0,0130
0.39508 0.7458 0.7281 ~-0.0177 0.7351 -0,0107
0.32706 0,7725 0.7551 -0,0174 0.7632 -0.0093
0.,26087 0.8047 0,.7895 -0.0153 0.7976 -0,0071
0,19598 0.8440 0.8307 -0,0133 0.8381 -0,0059
0.13409 0.8873 0.8770 -0,0103 0.8829 -0.0044
0.05802 0.9486 0.9430 ~0.0006 0.9459 -0,0027

62T



40,00°F

20,00°F

0.53637
0.46170
0.39657
0,32829
0.26181
0.19665
0.13455
0,05816

0.53826
0.46365
0.39792
0,32945
0.26317
0.19762
0.13499
0.05833

0.6804
0.6937
0.7154
0,7464
0.7833
0.8273
0.8753
0.9431

0.6358
0.6545
0,6805
0.7160
0.7577
0.8072
0.8609
0.9358

TABLE XVI (CONTINUED)

0.6583

0.6735

0.6955
0.7272
0.7664
0.8128
0.8643
0.9373

0.6134
0.6333
0.6598
0.6964
0.7405
0.7926
0.8502
0,9310

standard deviations:

-0 a0221
-0.0202
-0.0199
-0.0192
-0.0169
-0,0145
-0.0110
-0,0058

-0.0224
-0,0212
-0,0207
-0,0197
~0.0172
-0.0146
-0.0107

-0.0048

0,016

0,6608
0.6795
0.7033

0.7360

0.7752
0.8207
0.8706
0,9405

0.6171
0.6404
0.6687
0.7061
0.7501
0.8012
0.8570
0.9344

-0,0196
-0.0143
-0,0121
-0,0105
-0.0081
-0.0066
~0,0047
-0,0026

-0,0187
-0,0143
-0,0118
-0.0099
-0,0076
-0,0060
-0.0039

-0 o 0014

0,010

0¢T



57.2 per cent methane

77.00°F

~ 60,00°F

TABLE XVI (CONTINUED)

Z difference

1/v Z difference
1b moles/ft3 Z{exp) Z{BWR) {calc-exp) Z{GEN BWR) (calc~exp)
0.58930 0.6564 0.6346 -0,0218 0.6320 -0,0244
0,51363 0.6602 0.6385 -0.0218 0.6415 =0.0187
0.,44067 0.6746 0.6546 -0,0200 - 0.6613 -0.0133
0.38040 - 0,6968 0.6768 ~0.0200 0.6853 -0,0115
0.28564 0,7471 0,7279 -0.0192 0.7375 -0,0097
0.21592 0.7949 0.7780 -0,0169 0.7870 -0,0079
0.13615 0,8609 0.8484 -~0,0125 0.8553 =0.0056
0.06518 0.9292 0,9225 -0,0067 0.9263 ~0,0029
0.59175 0,6186 0,5935 -0,0251 0.5918 -0,0268
0.51635 0.6268 0,6012 -0,0256 0,6051 -0.0217
0.44283 0.6449 0.6212 -0,0237 0.6288 -0,0161
0.38359 0.6698 0.6461 -0,0237 0.6555 -0,0143
0.28639 0,7268 0.7042 -0.0226 0.7146 -0,0122
0,21679 0.7788 0.7590 -0,0198 0.7686 -0,0102
0.13647 0,8504 0.8360 -0,0144 0.8433 -0,0071
0.06548 0.9243 0.9161 -0,0082 0,9202 -0,0041

T¢T



40,00°F

20.00°F

0.59563
0.51901
0.44509
0,38568
0,28849
0.21777
0.13701
0.06565

0.60078
0,52300
0.44978
0.38969
0.28920
0.21870
0,13744
0.06586

0.5690
0,5817
0,6057
0,6333
0.6977
0.7554
0.8348
0.9161

0.5124
0.5305
0,5587
0.5913
0.6642
0.7282
0.8164
00,9057

TABLE XVI (CONTINUED)

0.5412
0,5538
0.,5786
0.6075
0.6727
0.7344
0.8196
0.9080

0.4841
0.5017
0.,5307
0.5638
0.6389
0,7070
0.8014
0,8988

standard deviations:

-0.,0278
~0,0279
-0,0271
-0,0258
-0,0250
-0.0210
-0.0152
-0.0081

-0,0283
-0.0288
~0,0279

-0,0275

-0,0253
-Oa 0212
~0,0150

-0.0069

0,022

0.5409
0.5593
0,5877
0.6184
0.6843
0.7450
0.8276
0,9124

0.4857
0.5092
0,5418
0,5765
0.6520
0.7188
0,8102
0,9036

-0,0281
-0,0224
-0.0180
-0,0149
-0.0134
-0.0104
-0,0072
-0,0037

-0.0267

.""On 0213

-0,0169
-0,0148
-0,0122
-0,0094
~0,0062

=0,0021

0,015

2¢T



38.4 per cent methane

77.00°F

60,00°F

TABLE XVI (CONTINUED)

i/v 3 Z difference Z difference
1b moles/ft Z{exp) Z(BWR) (calc-exp) Z(GEN BWR) (calc—-exp)
0.65536 0.5677 0.5461 -0,0216 0.5374 =0,0304
0,60903 0.5608 0.5408 -0,0200 0,.5379 -0,0229
0.44813 0.5871 0,5686 -0,0185 0,5780 -0,0092
0.42964 0.5947 0.5760 -0,0187 0.5861 -0,0086
0.32089 0,6557 0,6373 -0,0185 0,6494 =0,0063
0.24739 0,7121 0,6962 =0,0159 0,.7079 -0,0042
0,16118 0.7961 .0,7837 -0,0124 0.7930 -0,0031
0.08046 0.8907 0,8835 -0,0072 0,8889 -0,0018
0,65843 0.5204 0.4957 -0,0247 0.4882 ~0,0322
0.61398 0.5165 0.4932 -0,0233 0,4915 -0,0250
0.45008 0,5523 0,5302 -0.0221 0.5410 -0,0113
0,.43291 0.5605 0.5380 ~0,0225 0,5495 -0,0110
0.32265 0.6279 0.6064 -0,0216 0.6198 -0,0081
0,24860 0.6899 0.6708 -0,0190 0.6836 -0,0063
0,16180 0,.7806 0.7661 -0,0145 0,7762 -0,0044
0.08080 0.8828 0.8740 -0,0088 0,.8799 -0,0029

¢St



40,00°F

20.00°F

0.66607
0,61797
0.45471
0.43612
0.32509
0.24984
0,16261
0.08100

0,67035
0,62664
0.45814
0.43957
0,32653
0,25146

0.16315
0.08132

0.4583
0.4584
0.5048
0.5145
0.5902
0.6589
0.7589
0.8706

0.3895
0.3927
0.4516
0,4624
0.5472
0.6226
0.7330
0,8558

TABLE XVI (CONTINUED)

0,4322
0,4329
0.4802
0.4897
0.5663
0.6383
0.7431
- 0,8620

0.3628
0.3668
0.4260

©0,4368
0.5229
0.6016
0.7177
0,8483

standard deviations:

-0.0261
-0.0255
-Oe 0246
-0,0248
-0,0239
-0.,0206
-0.0158
-0,0086

-0,0267
-0,0259
=0,0256
-0,0256
-0,0243
-0,0210
-0,0153

~0.0075

0.021

0.4261
0,4332

0.4931

0.5034
0.5816
0,6526
0,7542
0.8685

0.3594
0.3693
0.4416
0.4530
0.5405
0.6178
0,7301
0.8554

-0.0322
-0,0251
-0,0117
-0.0111
-0.0086
-0,0063
-0,0047
-0,0021

-0,0301
-0,0234
-0,0010
~-0,0094
-0.0067
-0,0048
-0 10029

=0,0004

0.015

HeT



TABLE XVI (CONTINUED)

18.4 per cent methane

1/v 3 Z difference Z difference
1b moles/ft Z(exp) Z(BWR) (calc-exp) _  Z(BEN BWR) ' (calc-exp)
77.00°F 0.85379 0.4648 - 0,5795 0.1147 0.5229 0,0581
0.75394 0.4363 - 0,4709 0.0346 0,4456 0.0093
0.60656 0.4401 - 0.4317 =0.0084 0.4336 =0.0065
0.46976 0.4757 0,4637 -0,0120 0,4772 0.0015
0.38466 0,5210 0.5096 -0,0114 0.5258 0,0048
0.33317 10,5588 - 0,5477 ~0.0111 0.5641 0.0053
0.18630 0,7120 0.7023 -0.0097 0.7150 0,0030
0.09366 0.8422 0.8361 ~-0,0061 0.8436 0.0014
60,00°F 0.85773 0.4038 0,5061 0.1023 0.4496 0.0458
0.76244 0.3810 0.4090 0.0280 0.3836 0.0026
0.61004 0.3916 10,3787 -0.0129 0.3824 ~0.0092
0.47573 0.4296 0.4175 -0,0121 0.4328 0.0032
0.38874 0.4802 0.4685 -0,0117 0.4865 £,0063
0.33936 0,5181 0.5075 -0.0106 0.5257 0.0076
0.18718 0.6910 10,6785 -0.0125 0.6925 0.0015
0.09406 0.8298 0.8231 -0.0067 0.8312 0.0014

6ot



40,00°F

20.00°F

0.86868
0.77030
0.61955
0.48195
0.39546
0.33992
0.18852
0.09439

0,87992
0.78530
0.62358
0.48532
0.39654
0.34469
0.18902
0,09478

0.3277
0.3098
0.3259
0.3699
0.4246
0.4694
0.6586
0.8117

0.2448
0.2317
0.2577
0.3088
0.3637
0.4030
0.6212
0.7896

TABLE XVI (CONTINUED)

0.4213
. 0,3281
0.3110
0.3590
0.4144
0,4619
- 0,6472
’ 00 8063

0.3262
0.2422
0.2385
- 0,2971
0.3596
0.4076
0.6134
0.7872

standard deviations:

0.0935

0.0183
-0,0149
-0.0109
-Oa 0102
-0,0075
-0.0114
~-0.0054

0,0814
0.0105
-0,0192
-0,0118
0.0046
-0,0078

-0.0024

0.037

0.3628
0.3036
0.3167
0,3771
0,4351
0.4827
0.6628
0.8153

0.2662

0.2170

0.2476
0,.3187
0.3837
0.4315
0.6310
0.7973

0.0351
-0 [ 0062
-0,0092

0,0072

0.0105

- 0,0133

0,0042
0,0036

0,0214
-0,0147
-0,0100

0,.0099

0.,0200

0.0285

0,0098

0,0077

0,017

9¢T



ethylene

77.00°F

60,00°F

1/v

TABLE XVI (CONTINUED)

Z difference

Z difference

1b moles[ft3 Z(exp) Z(BWR) (calc-exp) _Z(GEN BWR) (calc-exp)
0.78063 0.3714 - 0,3773 0.0059 0.3485 -0,0229
0.67232 0.3252 0,3226 -0,0026 0.3208 =0,0044
. 0,52402 0.3437 0,3435 -0,0002 0.3606 0.0169
0,35540 0.4523 0.4468 -0.0055 0.4687 0.0164
0,21544 0.6071 0.6053 -0,0018 0.6227 -0,0156
0,10275 0.7931 0.7887 -0.0044 0,7984 0.0053
0.78624 0.2992 - 0,3033 0.0041 0.2750 ~0.0242
0.68294 0.2630 0.2591 =0.0039 0.2578 -0,0052
0.53264 0.2932 0.2889 -0,0043 0.3080 0.0148
0.36120 0.4103 0.4010 -~0,0093 10,4254 0,0150
0,21803 0,5746 0.5725 -0,0021 0.5917 0.0171
0.10318 0.7776 0,7722 =0,0055 0.7828 0,0051

LET



40.00°F

20,00°F

0,80233
0.69545
0,55159
0.36803
0.22040
0.10359

0.81109
0.70155
0.55632

0.37460

0.22135

Total standérq.deviations (all compositioné):

0,2118
0,1846
0.2306
0,3450
9.5326
0,7553

0.1257
0,1452
0.1842
0.2742
0,4563
0.7281

TABLE XVI (CONTINUED)

0.2159

Oo 1775

0.2156

0.3425

0.5309
0,7507

0.1116.

0,0883
0.1430
' 0.2786
0.4868

0.7264

standard deviatipns:

0,0041

~0,0071

-0,0150
-0,0025
-0.0046

-0,0141
-0,0569
-0,0412
0.0044
0.0305

-0,0017
0,017

Z(BWR
0.022

0.1855
0.1772
0.2369
0,3701
0.5525
0.7625

0.0820
0.0911
0,1683
0.3102
0.5113
0,7398

-0,0263
-0.0074
0,0063
0.0251
0,0199
0.0072

-0.0541
-0.0159
0,0360
0.0549

0,0117

0,024

Z(GEN BWR
- 0,015

Q¢T



139

Comparisons of Experimental Second Virial Coefficients with Equations
of State

In Table XVII the experimental second virial coefficients are com-
pared with the coefficients from the BWR equation, the Edmister generalized
form of the BWR equation, and the RK equatiom,

For the original and the generalized forms of the BWR equation both
linear and Lorentz combinihg rules for Bo were used, For all equations
the coefficients were calculated in units of ft3/1b mole, and were then
converted to cm>/gmmole for analy}s:l.s;.‘ The tabulated experimental
coeffigients correspond to those in Table IX, corrected for impurit:l,esg
To make a direct comparisonm, thetefOte, the mixing rules for a twoi,
component system were applied in all of the above eqhations. |

The Edmister generalized form of the BWR equation is seen to provide
a better fit than the other equations tested. Using the linear combining
rule for Bo' the standard deviation from the 24 experimental data points
was 3,14 qmalgm mole, Using the original BWR equation the corresponding
standard deviation was 5,99 cm3/gm>mole (linear Bo), and for the RK
equation a value of 7,37 cn3/sm mole resulted.

The agreement of the generalized BWR equation is quite good,‘
although the value of 3,14 cnagm/mole is larger than the estimated
error of the experimental virial coefficients (1.5 cm3/gm mole), Both
for the generalized and original forms of the BWR equation the linear
combination rule'fOt Bo appears to be slightly better tham the Lorentz
rule, The difference in standard deviations between the two combining
rules is small, however (0,08 cm%km mole for the generalized form, and
0.10 cmjlgm mole for the original form) and does not represent a signi-

ficant improvement,



TABLE XVII

SECOND VIRIAL COEFFICIENTS FROM EQUATIONS OF STATE

-Bm, cm3/gm mole

: 2
Composition, s/ BWR Generalized?/ Generalized
. (Linear (Loxrentz :
mgthgggr I, fz Experimental o : 0 (Linea:-Bg) (Lorentz Bg) RE='
100,0 77.00 - 42,82 43,60 3/ 43,60 40,70 - 40,70 45,43
: ' ' ‘ (-0.78)= (-0.78) : (+2,12) (+2.12) (-2,61)
60,00 46.50 47.13 47.13 44,14 44,14 49.15
40,00 51,24 51,69 . 51,69 48,59 48.59 53.93
. : (~0,45) (-0.45) (+2,.65) (+2,65) (-2.69)
20.00 56.65 56.76 ° 56.76 53,52 53,52 59.21
(-0.11)_ (=0.11) (+3.13) - (+3.13) (-2,.56)
79.2 77.00 53.44 59,02 - 59,12 55.62 55.74 61.71
' (-5.58) (=5.68) (-2.18) (-2.30) (-8.27)
60,00 57.41 63.63 63.72 60,08 60,20 66.34
(-6.22) (=6.31) (~2.67) - (=2.79) (-8.93)
40.00 63.03 69.61 69.71 65,86 65.99 72.29

(-6.58)  (=6.68) (-2.83) (=2.96) (=9.26)

Y Table IX,

2/ Equation: I1I-30,
3/ Diffe:encg (calcglated - experimental).
4/ Zquation I1I-43, |

ol



57.4

38.5

20.00

77.00
60.00
40,00

20.00

77.00
60.00
40,00

20,00

69,84

70,17
75,19
82,65

91,58

90,02
96,45
105,57

116.56

TABLE XVII (CONTINUED)

76 .31
(-6.47)

77.92

(-7 . 75) :

83.88
(-8.69)

91,65

100,40
(~8.82)

96,58

(=6.56)

103.89

113.46

(-7.89)

124,28
(-7 ° 72)

76.41
(‘6. 57)

78,07
(-7 .90)

84,02
(~8.83)

91.79
(-9.14)

100,55
(-8 . 97)
96.72
(~6.70)

104,02
(=7.57)

113,60

124,42
(-7 . 86)

72.33

 (=2,49)

73.84
(-3c67)

79,56

(-4. 37)

87.02
(=4.37)

95.39
91.78
(-1.76)

98.76

107.88
(-2,31)

118,16
(-1 060)

72,45
(=2.61)

74,03
(-3.86)

79.75
(~4.56)

(=4.55)

95.58
(~4.00)

91.96
(-1.94)

98,94 -

(=2.49)

108,06
(-25 49)

118,34
(-1.78)

78,87
(=9.03)

80.94
(—10.77)

86.62
(-11,43)

93,94

(-=11,29)
102,02

(~10.44)
99.39

(-9 . 37)

106.09
(~9.64)

114.70
(-9.13)

124,22
(-‘7 [ 66)

THT



18.4 77.00

60.00

40,00

20,00

0.0 77.00

60,00

40,00

20,00

114,06

121,61

133,22

145,52

140,33

149,95
162,58

175.95

standard deviation, cm3/gm mole:

TABLE XVII (CONTINUED)

118,74
(-4068)

127.67

139.40
(-6.18)

152,71

(-7.19)

141.11
(-09 78)

151.69
(-1.74)

165,64
(~-3.06)

181.49
s-50542

5.99

118.83

(-4.77)

127.75

139,49
(-60271

152,80
(7.28)
141,11
(-0,78)

151,69
(=1.74)

165,64
(=3.06)

181.49
‘-5 ov542

6,09

113,03
(+1,03)

121,52
(+0,09)

132,64
(+0.58)

145,21
(4+0,31)
134,46
(+5.87)

144,47
(+5.48)

157.62
(+4.96)

172,53
(+3.42)

3.14

113,15

(+0.91)

121.63
(-_0. 02)

132,75
(+0,47)

145,33

~(+0.19)

134,46
(+5,.87)

144,47
(+5.48)

157,62
(+4.,96)

172,53

(+3.42)

3.22

120,84
(+6.78)

128.70
(-7309)

138,81
('?-59)

149,98
(~4,46)
142,13
(~1.80)

151.14
(-1.19)

162,72
(-0. 14)

175.52°
(+0.43)

7.37

ahl
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The experimental virial coefficients are compared graphically versus
the three equations of state in Figures 8, 9, and 10, Due to the small
difference between linear and Lorentz forms of Bo' only the linear form
is shown,

Comparisons of Experimental Third Virial Coefficients with
Equations of State o

In Table XVIII the experimental third virial coefficients are
compared with the above three equations of state,

The expregsions for the third virial coefficient from these equations
are given by Equations III-3l and III-43, For both forms of the BWR
equation the third virial coefficient is independent of the liﬁear and
Lotgntz combining rules,.as the constant Bo dpes not appear in the
expression,

The experimental third virial coefficients were not corrected for
impurities, In order to make a direct comparison with equations of state,
therefore, the mixing rules were written so as to include the impurities.
This procedure involves expanding the mixing rules to N terms (N being
the number of components in the systém), each term contaihing a composi=
tion term and a pure component constant, From Appendix G the maximum
value of N = 4 for both the 57.2% methane and the 78.87% methane system,

As with the second virial coefficients the ovgrall fit of the Edmister
generalized form of the BWR equation is better than that of the other
equations, For the 24 experimental points the standard deviations were
2,1 x 102 cm6/gm mole2 (generalized BWR), 3,7 x 102 cm6/gm mole2

2 cm6/gm mole? (RK), In Figures 11, 12,

(original BWR), and 12,8 x 10
and 13 the experimental coefficients are compared graphically versus

coefficients from the equations of state,
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Cm’ cm6/gm mole2 x 10

Composition,
per cent
methane T, °F
100.0 77.00
60,00
40,00
20,00
78.8 77.00
60.00
L rable x,
2/ gquation III-31.
3/
4/

Equation III-43,

-2

Exgerimentall/

23,70
24.60
25.60

26,85

28.2

29,2

Difference (calculated - experimental),

TABLE XVIII

26,6

(+1.00)

27.6

(+0.75)

32.5
(+4.3)

33.6
(+4.4)

THIRD VIRIAL COEFFICIENTS FROM EQUATIONS OF STATE

Generalizédzl

BWR

- 22,3

22.7
(=1.90)

23,4
('2020)

24,3
(-2.55)

28.7
(+0.5)

29,7
(+0e 5)

&/

31,1
(+7.40)

32.2
(+7.60)

33,6
(+8.00)

35.2
(+8.35)
40,4

(+12.2)

41.9
(+12.7)

T



57.2

38,4

40.00

20.00

77.Q0

60,00

40.00

20,00

77.00
60,00
40500

20,00

30.9

33.6

34,7
36.6
40.0

44,5

45,5
48.5

33.3

59.0

TABLE XVIII (CONTINUED)

35.3
(+4.4)

37.3
+3.7)

41.4
+6.7)

43,5

(+6.9)
46.4

(+6.4)

50,0
(+5.5)
51.1
(+5.6)

54,2
(+5.7)

58.7
(45.4)

64.1
(+5.1)

31,3
(+0.4)

33.2
(_0.4)

37.1

.'(+2;4)

39,0

(+2.4)

41,8

45.3
(+0.8)

46,4
(+0,9)

49.4:
(+0.9)

53.7
(+0.4)

58.9

(-oe 1)

43.8
(+12.9)

45,9

(+12,3)
51,1

(+16.4)

53.0
(+16.4)

55,6
(+15.6)

58,3
(+13.8)

61.9
(+16,4)

64.3
(+15.8)

67.4

(+14,1)

70.8
(+11.8)

gt



1844 77.00

60.00

40.00

20,00

0.0 77.00
60.00
40,00

20,00

standard deviation, cm6/gm mole2 x 10 “¢

60,0
62.8
68.3

74.6

76,43

80,5

185.9

91.7

-2

‘TABLE XVIII (CONTINUED)

63.4
(+3.4)

68.0
(+5.2)

74,6
(+6,3)

82.6
(4#8.0)

77.27
(+0,84)

. 83.7
(+3.2)

92,6
(+6.7)

103.6
(+11,9

3.7

58,6
("’1 04)

63,1

69.4
(+1.1)

77,0
(+2.4)
72,65

78,8
(-1 . 7)

87.4

(#1.5)

97.8
(+6.1)

2,1

74,8
(+14,8)

77.8
(+15.0)

81,6

’(+13.3)

85.9
(+11,3)

88,48

. (+12,05)

92.1
(+11,6)

96.7

(+10.8)

101.8
(+10.1)

12,8

641
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General Remarks on Equation of State Comparisons

For the compressibility factor comparisons it was seen that the
generalized BWR equation provides a better overall fit to the data than
does the original BWR equation, For the pure component points the
generalized‘equation provides the better fit to thq methane data, while
the original BWR equation provides a better fit to the ethylene data.
The fact should be emphasized, however, that the above comparisons repre-
sent only one binafy system over a fairly narrow temperature range, The
generalized equation should be tested for other binary systems before
additional conclusions can Se reached,

The oﬁjective of the comparisons was to determine and emphasize the
need for further work on methods of improving equations of state, Ome
criteria for an equation of state is the accurate prediction of virial
coefficients. For this reason, experimental vitial coefficients were
cbmpared directly veisus coefficients predicted by equations of state,

For the second §1t1A1 coefficients (Table XVII) the original ﬁWR
equation provided the best fit to the pure coﬁponent data. Considering
pure component and mixture dhta.together, however, the generalized
BWR equation provided the best fit. This difference is due in large
part to the form of the mixing rules (Equationi I111-27), Although -
‘based on theoretical considerations these rules are still sqmeﬁhat
empirical,

For the third virial coefficients (Table XVIII) the generalized
BWR equation provided the best fit, both for the pure compohents and
for the mixture#. For the pure component points the standard deviations

2 2

were 3,04 x 102 cm6/gm mole2 (genetaliged BWR), 5.04 x 10 cﬁﬁ/gm mole
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(6riginal BWR), and 9,66 x 102 cm6/gm m.ole2 (RK), Considering all points
together the standard deviations were also lowest for the generalized equa-
tion,

For both the second and the third virial coefficient comparisons,
the fact should be pointed out that the constants for the original BWR
equation were determined largely from compressibility factor data;
the equation was then expanded into virial form, A small adjustment in the
constants could produce a relatively large change in the calculated virial
coefficient,

From the above comparisons several approaches were suggested for
future equation of state improvéments. These approaches are presented

in the following.

Comments on Further Improvements of Equations of State

One criteria in the development of a closed-form equation of state
is that it should accurately predict the second and third virial
coefficients. Ideally the equation would accurately predict higher-
ordered coefficients also, but these coefficients are seldom available fou
compaiison° With this approach in mind several arguments may be given’
in favor of the BWR (generaliied or original) form of equation rafher
than the RK form,

The second and third virial coefficients in the BWR equation have

the form
Ao Co
B(T) = B e e o oeomas (IIIM:;Q:B
o RT RT3
= b = mon e (] e
c(T) b =T + 3 (I111=31)
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It is important here that the constants Bb, Ao’ and Co appear in
Equation III-30 whereas the different constants b, a, and c¢ appear
in Equation III-31. For this reason the consgtants Bo’ Ao, and CO
may be adjusted to fit experimental second virial coefficients with-
out any effect on the exp}ession for the third virial coefficients,
and conversely,

For the RK equation the second and third virial coefficients are

given as

a

B(T) - —t
rp3/2

b

(Y1I=-43)
2 ab

LY

RT

C(T)

The second virial coefficient contains only two constants, and appears
to be an oversimplification, even if the expression were fit directly
to second virial coefficientidata.’ In a&dition, the third virial |
coefficient is uniquely aependent upon the constants chosen for the
second coefficient, |

It is of.further importance that ﬁﬁe BWR expressions for B(Tj‘and
C(T) do nof contain the constants avaﬁd.fl, It would be possible to
determine the six constants in Equations?iII-BO and III-31 from virial
coefficient data (either experimentél or generalized values). The
equation could then be recombined into the normal closed form, given

below,
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0 co a, .2
—'-—s)d + (b - iﬁ?d

Z=1+ (Bo - RT -
(111-26)
aa .5 cdz : 2 2
+ T d” + =3 (1 + vyd”™) exp (=-vd")

RT

In this equation the remaining unknown constants a and y could be
determined by regression analysis so as to produce the best fit to a
set of_comprgssibility factor data, | —

In principle both the generalized form and the original form
of the BWR equation could be evaluated in this manner, The primary
goal, howevef, is the development of an lmproved equation that would
be of value from an engineering standpoint, particularly for binary
and multicomponent mixtures. For this purpose the generalized form

would have greater application.

C, Error Analxsis of Data

In this section the accuracy of the data and of the isochoric
apparatus is examined from two different viewpoints. These are:
1) making mathematical estimates of the error of the isochoric apparatus
from the estimated errors of each measured quantity (such as temperature
and pressure), and 2) - comparing the resultant data directly with
gorresponding values from the literature, These two approaches are

discussed in this order,



Estimated Experimental Error

Estimates of the experimental error in the compressibility factors
were made by the method of propagation of errors (60). This method
enables the estimation of the error in a function of directly measured
quantities, provided that individual errors may be establisheﬁ for
each of the directly measured quantities. As described previously the

isochoric compressibility factors Z . are determined from Equation -2

BT
after first determining the isochoric run constant D from Equatiom N~-20,
For this calculation estimates were made of the error in each of the
measured quantities in these equations. The errors in these quantities
were then combined to estimate the resultant‘error in’thevcompressibility
factors.ZBT,

Fractional errors were estimated for the measured quantities in the
equations as (s shown in Table XIX,

The most important remaining factors are the measured pressure and
temperature of the sample inside the bomb, the determination of the
isochoric run constant D, and the correction fo? the sample in the DPIL
cell and exposed capillary line, The correction for the sample in the

capillary line and DPI cell is given by the terms 0.,01263 D_, 0,01537 D53

DB
etc,, in the equations, Errors of 0.01% in the pressure measurements
and 0,02°K in the temperature TB of the sample inside the bomb were used
in the calculations, The error in the run constant D is dependent upon
the error in the compressibility factor from the reference isotherm.

The run constant is also affected by errors due to the capilléry line,

- In order to make error calculations it is necessary to assume

errors in the reference isotherm., Three different fractional errors
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TABLE XIX

ESTIMATED FRACTIONAL ERRORS

Average

Velume Ratios Fracticnal Errors

Vy/Vy 0,012
v /v, 0.021
v,/ 0,021
LA 0,028
A 0,028
A 0.028

Temperatures of Capillary
Lines and DPI Cell

T, 0,00018 (0,10°F)
T 0.00018 (0,10°F)
T, | 0.00018 (0,16°F)
T, 0,0021 (1,0°F)
T, 0,0021 (1.0°F)
T, 0,0021 (1.0°F)

Miscellaneous Constants

R 2 x 1070

o &/ 0.05

1/ Coefficient of thermal expansion for the bomb, Equation H-3,
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were assumed and the corresponding error in the isochoric compressibility
factor was estimated, Results are given in Table XX for the ethylene
sample at 698,690 psia and 60°F; similar results are obtained if other

mixture compositions or temperatures on the isochor are used.

3

TABLE”XX

RESULTS OF ERROR ANALYSIS

1

i{;ﬁé)'/ ap, 2/ AZ 3

2 708 Ny 60w
(assumed) (calculated) (calculated)
0.0000 0.0005 0,0007
0.0010 0.0011 . 0,0013
0,0050 0,0050 0,.0050

1/

=’ Reference isotherm,

2/ Run constant,

3/ Isochoric compressibility factor,
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As an estimate of the limiting accuracy of the isocho?ic apparatus
an error of zero was assﬁmed in the feference isotherm, The correspond~
ing fraétional error in the run constant was 00,0005, and the error in
the isochoric compressibility factor was 0.0007. In this case
eséentially ali of the error (both in the run constant determination
and in the final compressibility factor) was:shown to be due to errows
contributed by the sample in the caéillary line an@ DPI cell,

The éssumption of a fractional error of 0.0010 in the reference
isotherm produced an error of 0,001l in the run constant, with a
final fractional error of 0,0013 in the compressibility factor, The
error in this case was attfibuted approximately équally to errors in
the reference isotherm and errors caused by the capillary line, The
agsumed errors of 0.01% and 0,02°K in the pressure measurement and
bomb temperature, respectively, have only a small effect here,

For the assumed fractional error of 0,0050 in the reference isoc-
therm the error in the run constant and final compressibility factor
was essentially all attributed to the reference isotherm error., These
calculations illustrate the fact that the accuracy of the isochoric
apparatus will never exceed the accuracy of the compressibility factor

from the reference isotherm.

Comparisons with Published Methane Data
In Figure 14, the methaﬁe data of Table IV are compared with the
published data of Mueller et al (50) and Matthews and Hurd (34)
| The data of Mueller were taken over the interval -200 to +50°F,
with préssures from 40 to 7000 psia, The compressibility data is

stated to be accurate to 0,13%. By using a large sheet of graph
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paper the data was interpolated to the temperatures 60, 40, and 20°F,

The maximum error introduced by the interpolation procedure was estimated
as 0.1%; the errors in the interpolated data points are thus 0.2% or
less.,

The superﬁeated methane data of Matthews and Hurd cover the temper-
ature range -260 to +500°F, with pressures from 10 to 1500 psia. These.
data represent a compilation of the data of Kvalnes and Gaddy (30)
and of Olds, Reamer, Sage, and Lacey (51). The &ata of Kvalnes and
Gaddy cover the temperature range -70 to +200°C, with pressures froﬁ
300 to 15,000 psia; The data are reported accurate to 0.2%. The
temperatures of the Sage and Lacey data (+100 to +460°F) are higher
than the temperatures of this investigation; the corresponding
pressures are from 200 to 10,000 psia, with the reported accuracy of
the data being 6.22. From an examination of Figure 14 the data of
Mueller et al and Matthews and Hurd are seen to be in agreement to
ﬁithin the stated accuracy (0,2%) from both sources.

From a large plot similar to Figure 14 the above literature values
were compared at even values of pressure with the data of this investi-
gation, For the Matthews and Hurd data 17 corresponding data points
were compared at pressures up to 1560 psia (the limit of the Matthews
and Hurd data)., For each pair of points the data of this investiga-
ﬁion were consistently higher thgn the literature values, with the
average deviation being 0.7%Z.

For thg comparison with the Mueller data, the 24 data points of
this investigatidn were higher in each case than the literature values.

The average deviation was approximately 0,7%.
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Comparisons with Published Ethylene Data

In Figure 15 the vapor-phase ethylene data from Table IV are com=-
pared with the literature data of Walters et al (68) and York and White
(69).

The data of Walters cover the range +20 to +l100°F, with pressures
from 50 to 600 psia, The data are presented in the form of an equation,
which has an eéﬁimated accuracy of 0.25%, The data of York and White
cover the range =140 to +500°F, with pressures fromv14.7 to 4400 psia,
These data represent an interpolation and extension of the data of
Michels (38). Anm accuracy of 0,3% is.claimed by York and White, From
Figure 15 the literature values from the two sources are seen to agree
within the accuracy (0.25 to 0,3%) claimed by both investigatdrs.

Using a large piét similar to Figure 15 these literature values
were cémpared at even values of pressure with the data of this investi-
gation. In all cases the data of this investigation were higher than
~the literature data, The average difference between compressibility fac-
tors was approximately 0,6%. The York and White data above 600 psia were
not used in this direct comparison, as these data below 77°F represent
an extrapolation by York and White of the data of Michels.

The pronounced curvature of the 60°F isotherm in the region 700 to
1200 psia deserves some comment, The curvature arises since the points
are in the neighborhood of the critical point (49.82°F, 742.1 psia).

Considering fhe accuracy of the published literature data and the
differences between the literature data and the data of this investiga-
tion, the following conclusion can be made, The data of this investiga-
tion appear high by as much as 0.4 to 0.5% for methane, and are high

by 0.3 to 0.4% for ethylene,
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CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

The purposes of this investigation were:

1) to develop and operate an experimental PVT apparatus for the
determination of precise volumetric data for a binary system,

2) to compare the resultant data with existing virial coefficients

and equations of state in an effort to determine and emphasize

the need for further work on methods of improving these equations,

Experimental data were taken for the methane-ethylene binary system,
and virial coefficients were derived. The data were compared with
equations of state and with theoretical virial coefficient relationships,

Conclusions and recommendations from this'investigation are summarized

in the following, -

A, Calculational

Conclusions

1, The experimental compressibility factors were compared versus the
original BWR equation and the Edmister generalized BWR equation. The
standard deviations from the experimental values were determined to be
0.015 for the generalized BWR equation aﬁd 0.022 for the original BWR
equation,

2, Experimental second and third virial coefficients for the
methane-ethyleﬁe system were compared with the BWR equation (6), the

Edmister generalized form of the BWR equation (20), and the RK

165
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equation (58), The Edmister generalized form fits this system-better than
do the other two equations tested, Forvsecond virial coefficients,
standard deviations from the experimental data are summarized as BWR

(5.99 cm3/gm mole), generalized BWR (3.14cm3/gm mole), and RK (7.37 cm3/
gm mole), For thi:d virial coefficients, the resultant standard deviations

are BWR(3.7 x 102

cme/gﬁ molez), generalized BWR(2.1 x 102 cm6/gm m.olez)a
and‘RK(12;8 x 162 cm§/gm molez). |

3. For each of the six systems investigated- the reference isotherm
data from the Burnett apparatus <31) was used., The densities for the
isochoric runs were determined directiy from the reference isotherm,
Indications are that this data is somewhat hiéh; the data is subjéct
to a later revision, |

4, No accurate methods were found for the estimation of the inter=
action coefficient 312 from the pure component coefficients, The
estimated values were used in Equation III-12 to rgcalculate values
of Bm; the resulting Bm were compared versus the expefimental\Bm. 0f
the methods tested the square root method (Equation III-21) gives the
lowest standard deviation (6.2 cm3/gm mole) from the experimental an

5. Least squares values of the interaction coefficient B._ were

12
determined by fitting Equation III-12 to the experimental data. The

values of Bm were then recalculated using the least squares B The

12°
Bm so calculated agree with the experimental coefficients to within
the estimated accuracy (1.5 cm3/gm mole) of the coefficients, The
standard deviation from the experimental data was 0,74 cmB/gm mole

over the entire range of temperature and composition, This method

is quite useful in evaluating the internal consistency of the data,
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6. The above conclusions indicate the need for further development
of an equatiqn of state, For practicality in calculations and for
maximum utility in the application to mixtures, the equation should be
generalized and in closed form, To conform with theoretical considera-
tions, the equation should be expressable in "open-ended" form, and the
resultant second and thi?d‘virial coefficients should agree with
experimental data.

~ 7. The derivation of virial coefficients by the slope-intercept
wethod was discussed in Chapter III, In this investigation a modifica~
tion to the method was uéed in whicﬂ the originallapproxima;ion to the
second coefficient was significantly improved upon in the derivation
of third virial coefficients, This procedure has been used by previous
invest;gators, but its use has not been extensive, The method is

sufficiently useful to be re-emphasized at this point,

Recommendations

1. Additional calculational work should be undertaken toward
the development of an improyved equation of state, The developmental
procedure outlined below should be tested on a preliminary basis,
using only selected systems for which data is available over an
extended range of conditions,

a) The second and third virial coefficients in the
BWR equation (Equation III-30 and I1I-31) should be
fitted to experimental pure component virial coefficients,

thus evaluating the constants Bo’ A Co' b, a, and c,

O’
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b) Using the above values of the constants, the re-

maining constants o and y should then be determined by

fitting the closed form BWR equation (Equation III-26)

to the experimental compressibility factor data.

c) The resulting BWR constants should then be

generalized by plotting versus w, as was done by

Edmister in the present genefa}ized form of the BWR

equation,

2, The new generalized equation should be tested against mixture
compressibility factor data, using the standard mixing rules (Equation
I1I-27). No attempt should be made to improve upon the mathematical
form of these mixing rules, however, until definite values are
established for the consﬁants for pure components,

3. Programs undgrtaken to develop ;mproved equations of state
should be concentrated only on the generalized BWR eqqgtion mentioned
above, The two-constant RK equation has éhe disadvanéage that the
second and third virial coefficients (Equafions 111;43) are not

independent, as both equations contain both of the constants a and b,

B. Eggerimental

Conclusions

l. The isochoric method is satisfactory for the experimental
determination of compressibility factors. The only significant
requirement is that the reference isotherm be established from an
independent source. The apparatus is suited to determinations in

the gaseous or two-phase region; this particular apparatus was
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satisfactorily operated over the temperature range 77 to 20°F, with
pressures froﬁ 260 to 2400 psia, |

2. The long time required to attain thermal equilibrium between
successive experimental points is an inherent disadvantage of the
procedure. During normal operation, data is taken at the rate of
one point per 12 hour period; thus, in order to take a significant

amount of data a period of several months is required.

Recommendations

1, For future use in equation of state and virial coefficient
work, addifional data should be taken with the apparatus. A binary
hydrocarbon system is preferable for study, as the resultant data
would be of greatest value for comparisons with equations of state,

2. If the data is to be used primarily in the derivation and
analysis of virial coefficients, primary emphasis should be placed
~on the region 100 to 3000 psia, Experimental data taken outside
this range has little effect on the determination of virial coefficients
by the slope~intercept method, The reference isotherm temperature (77°F)
is satisfactory for the upper limit of temperature. The lower tempera-
ture limit, however, should be extended. A lower temperature of =50°F
is recommended; this temperature would provide a considerably larger
temperature range, thus allowing a more thorough theoretical analysis
of the resultant data,

3, For the pure components as well as the mixtures, samples of
the highest purity should be obtained., Analyzed mixtures of "prep

grade" gases are readily available from commercial suppliers.
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For future use of the ;pparatul the following modificatiohs'ara
recommended“ | |

4, Using the existing.mechanicai téftigeration systeh (containing
Freon=12) the appaxaﬁus may be operated as ldﬁ as 0 to 10°F, This
‘operating rahge could be.exténded as low as =50°F or below by using a
system containing a differentA;efrigerant such as Freon 22 (B,P, =41,4°F)
or possibly Freéeon 13 (B.f. —116;§°F). A clo;ed loop'system of this
type has the advantage of both con&nnidncé and economy as compared
to liquid ni;rogen-cooled oyitéms.

| 5. As a circulating liquid in the anﬁulat space containing the
copper ref?igeration coils, the use of the 60% ethylene glycol/40% 1
water sblution.shouid‘bg~continued. The flammasbility characteristics
of other frequently?used liQuids, such as 1so-féntane or iso-octane,
make their use undesirable, .

6. If the attainment_of temperatures signifiéqntly below =50°F
is desired, the use of liquid nitrogén (B.P. -322fF) should be
attempted, The direct use bf acetone and dry ice (sublimation
'point_-112°F)'forvlong periods of time was found to give poor tempera-
ture‘;ontréi inside the cfyostat, This was due tb considerable
thermal gradients that occurred in the acetone solution. -

7. One source of experimental error was the DPI cell, which
contained a small amonnt of gas and was located outside the low
tempgréture cryostat (?igure 1,_Ch§pter IV). This partigular'tyﬁe
DPI cell was designed for operating temperature no lower than +40°F.
considératioﬁ should be given to replacing thi§ cell with a cryogenic

type cell, whichvcoﬁld be placed directly inside the cryostat, Such
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cryogenic cells have recently been developed by Ruska, and are similar
to the Ruska cell used in the present investigation, With the cryogenic
cell sitﬁated inside the low-temperature cryostat it would still be
necessary to separate the fluid in the upper portion of the DPI cell
from the oil in the Ruska gage by means of ; high pressure mercury
u~tube, The fluid in the DPI cell must have.a freezing point below

the lowest temperature ihvestigated. For this application methyl-
cyclopentane (freezing point -=224°F) is recommended,

8. In this investigation the DPI éell and the bomb were connected
via 1/8 inch OD stainless sféel tubing. As the inner volume of ;his
tubing is significant, the tubing should be replaced by 1/16 inch
oD tuBingu

9. In the present apparatus the measuring thermometer and thermo=-
couple wefe located in the controlled temperature air batil9 immediately
adjacent té the bomb, For increased accuracy in temperature measure;
ments, it is recomménded that a calibrated platinum thermometer be
installed inside the bomb. The mounting of this thermometer inside
the bomb (Figure 2, Chapter IV) could be accomplished by using special
packing glands developed by the Conax Corporation, Buffalo, New York,
The glands may be mounted through the wall with ordinary 1/4 inch
NPT mounfing threads, and will withstaﬁd temperatures as low as
=300°F at working pressures up to 10,000 psi,

A metal-enclosed platinum thermometer is available from the Leeds
and Northrup Company (Catalog No. 8160)‘that would likely serve for
this application for temperatures as low as =40°F, For much wider
ranges of application (-436° to +900°F) platinum resistance tempera-

ture sensors are available from the Sostman Company,
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Cranford, New Jersey. These sensors have a reported temperature stability
of 0,001°C and could easily be calibrated over the desired working range

The entire platinum thermometer and packing gland assembly could
thus be mounted into the bomb through its top part, This would require
a modification to the upper part of the bomb due to the 7/64 inch drill
and due also to the seat for the Ruska connector.

10, The bottom and center bearings on the steel blower shaft
(Plate III, Chapter IV) should be replaced by bearings designed for
continuous operation at lower temperatures,

11, As mentioned previously, the temperature control inside the
cryostat was affected by rapid fluctuations in the laboratory air
temperature, For future work the apparatus should be located so that
temperature control of approximately + 1°F could be attained in the

immediate vicinity of the cryostat,
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APPENDIX A
THERMOMETRY STANDARDS AND THERMOCOUPLE CALIBRATIONS

Calibration of Thermocouples
Tbe copper-constantan thermocouple bg was connected to the potentig~

meter through a double pole-double tbrqw (DPDT) switch as is illustrated
in Figure 4. The thermocouple snd platinum resistance thermometer
were situated in the cryostat (Figure 1), directly beside the bomb To
further insure thermal equilibrium between the thermocouple and thermo-
meter, a small glass container was filled with liquid iso~octane, and
the thermocdupleAand platinum thermometer were immersed into the liquid
at a distauce of separation of about one inch,

 The tberuocouple was calibrated at spprekimately 40°F increments
over the temperature range e40 to +95°F, Tweuty readings of thermocouple
output (mv)'iersus thermometer resistance (absoiute ohmsj were made at
eacb successiue temperature level. The calibration is expressed over

the above temperature range as.

T°F = 29,382 + 45,938(POT) ?-0.49224(P0T)2 + 0.59268(POT)3 (A-1)
where POT = the thermocouple output, mv, with reference to an ice bath,
The accuracy of the calibration is estimated as 0.0l to 0.02°K,

The DPI cell thermocouple was connected to the potentiometer as

shown in Figure 4., For purposes of calibration, the thermocouple
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and platinum thermometer were placed ingide an insulated, high~temperature
air thermostat, This th;rmostat was in use for phase equilibria determi-
nations, and was located adjacént to the isochoric apparatus, Thermal
equilibrium was inquted by immersing both the thermocouple and thermo=-
meter ig a beaker containing heavy hydrocarbon oil.

The thermocouple was calibrated at three temperature levels over
the range 80 to 115°F, with tventy calibration points being taken at
each temperature level, The calibrétion is expressed over the abové

temperature range as

 T°F = 24,987 + 56.861(POT) - &.8565(POT)> (A-2)

The accuracy of the calibration is estimated as 0,01 to 0,02°K,

Reference Junction

The reference junction thermocouples (Figure 4) were maintained
inside a covered, one liter, vacuum type flask filled with an equilibrium
solution of water and ice, Distilled waﬁer for preparing ice was
obtained from a Barnstead still located in the laboratories of the
School of Ciyil Engineering, ‘

The vacuum flask was periodically cleaned with scap and water and

then rinsed with ethyl ether to remove amy traces of impurities,

Platinum Resistance Therﬁometér

The resistance thermometer is a Model 8163 Leeds and Northrup four
lead instrument (Serial Number 1576919). The thermometer was calibrated
by NBS on May 7, 1964, for the temperature range =190 to 445°C, The

temperatures are given in degrees Celsius (centigrade) on the
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International Practical Temperature Scale of 1948 (65). The calibration
points are the ﬁriple point of water, the steam point, the sulfur point,
and the oxygen point, These points are measured with a continuous
current of 2,0 milliamperes through the platinum element, The
thermometer was certified by NBS to be a satisfactory defining standard
for temperature in accordance with the text of the International Practical

Temperature Scale, The calibration is defined by the following formula,

R -R 3

b ® ke - 1yt 4 peete o 1) (et -
t= ako + 6(100 1)100 + 8(100 . 1)(100) .(A 1)

where t is the temperature, at the outside surface of the tube protect-
ing the platinum resistor, in degrees Celsius; and Rt and Ro are the
resistances of the platinum resistor at t° and 0°C, respectively,

The following values are givem for the four constants,

o 0.003925284
8 1,49164

0.11033 t below 0°C
B‘ 0 {t above 0°C
R, 25,5168 absolute ohms

Temperature Bridge

The temperature bridge is a Leeds and Northrup Mueller temperatﬁteb
- bridge (Cat, No., 8069-B), The operating ramge of the bridge is from
zero to 111.111 ohms, the bridge balance being obtaired by six step-by-
step dial switches to within 0,0001 absolute ohms, The null detector
for the bridge is a Leeds and Northrup high sensitivity ballistic

galvanometer (Cat, No. 2284~d), used with a Leeds and Northrup lamp
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and scale reading device (Cat, No. 2170), The galvanometer was located

atop a concrete vibration-free pedestal which was sunk into the earth.



 APPENDIX B -
'SAMPLE CALCULATION OF PRESSURE

_The pressure to be calculated is the absolute pressure, psia, in
the lower chan‘er of the DPI éeil.' |

The nassel are listed by Rnska ai "Apparent Mass versus Brass,"
or the mass uA vhich they appear to havc when conpared in air under
normal conditions agatnst normal brass ltlndltdl (no correction

being made for the buoyant effect of the air),

The approximate'reiationohip:
Waok o Ay (8-1)
is recommended by lnoka as being accurate to within one part per million,
Here W = the actual weight load on the piston, 1b

the density of air at Houston = 0,0012 gm/cc

p.AH-
pp = the denoity of . braoo = 8.4 gn/cc o
g = the acceleration_due to grqvity-at-Stillwaterl/ = 979,777 cm/sec
the standard acceleration due to gravity = 980,665 cm/sec2

..
0
[}

Y See Appendix L,
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The calibration data for the Ruska masses, M,, 1s tabulated in Appendix
I, |

The pressure P at the reference mark on the Ruska gage is given by

P= (B-2)

1y
vhere P = pressure, psig

AE = the effective area of the piston at P psig and t°C,
The area of the, piston nust be corrected for thetnal expansion and
for pressure distortion. The following equations are recommended
by Ruska,

Abt - Abtl + C(t - 25)])

(8-3)

‘AE - Ab (1 + bP)
LA

Here Ao = area of piston at 25°C and zero psig

coefficient of thermal expansion for the piston
t = Ruskas tenperature, ‘é' ”

A = area of piston et,zero pressure and t°c

coefficient of pressure distortion.
The-oil head correction HCORR between the reference mark on the

Ruska gage and the diaphragm of the DPI cell is given by

HCORR = hp- ‘ (B=4)

where h = height, inches, between the reference mark and level
. of diaphragm, - -

= ,031 psi/vertical inch of oil height, as recommended
by Ruska,
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From Figure N-1, h = =(13,819 = 2,0) inches; thus HCORR = = (13,819 =2,0)
(0.031) = -,366 psi, |
The zero shift of the DPI cell with prélaure was determined by Ruska,
' The results may be expressed Sy the linear relationship

6

P =P+ 2,08 x 1075 = (1 + 2,08 x 10°%)p (B-5)

L
where P = the presaure,.psi, of the upper chamber of the DPI cell, and
P, = the pressure, psi, of the lower chamber of the DPI cell,

Combining the above corrections with Equation B-2 gives

B, = (W/A - 0.366) (L + 2,08 x 107°) pstg, oxr = (8-6)

P, = (W/Ag = 0.366) (1 + 2,08 x 10°%) + ATU psta (8-7)

where ATM = the bgrometriq'preésure, as determined by the Texas Instru-
ments barometer.>.
A sample calculation is givenvbg}ow.w_The required data 1is 11?5%4;1“
 Table B-I, -
For the low range cylinder |
A, = 0130219 tn?
C=1,7 x 10” / c
b = =5,4 x 10-8/psi

From Equation B-1

979.777 (1 . O oo12
= 980665 1 - 5.4 ,

= (0,99895176) (231,22625) = 230,98387 1b.
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From Equation B-3

0.130219 [1 + 1,7 x 1073(25.9 = 25.0)](1 = 5.4 x 107°(1788)]

g

0.1302084 in.

'~ From Equation B=? |

) "L"""g ‘1’33333% - 0,366) (1 + 2.08 x 107%) + 14,172

'U
[ ]

1787,765 psia.

TABLE B-I
DATA FOR PRESSURE CALCULATION

“Run No. 9A - - . Cylinder: Low Range

v Apparent Mass Versus Brass
Masses ' (MA) pounds

26,03509
26,03537
26,03571
26,03570
26,03536
26,03592
26,03603
26,03558
13.01794
5.20714
2.60359
1.30181
0,02604
0,00260
_ ‘ 0,00130
Low Tare - ' : 0,78107

MA = 231.22625

WENOXNROMNUOW>

(o]
™ to
D e
L]

t = 25,9°C

ATM = 14,172 psia



APPENDIX C
OPERATING CHARACTERISTICS OF THE TEXAS INSTRUMENTS BAROMETER

A Texas Instruments ler§o¥nu111ng‘precision pressure gage (Model
No, 141A) was used for detetnining barometric pressure,

Thiq gage consists éf a zero to 100 ch—ﬂg raﬁge fusedv(low hysteresis)
quartz bourdon tube contained within a capsule, ‘A small mirror is-
suspended from the lower portion of the bourdon tube, An optical trans=-
ducer is mounted’on & gear which travels éoncentrically aroyn& the
suspended mirfor. Light reflecﬁedAfrom the.mirror falls on a pair of
.balanced photocells.which are connected to a microammeter readout'sCale.
A closed-loop motor;driven servo syd£em continuou;1y accomp1isheq the
'ﬂhlling by'éutpﬁitically poéi;ioning‘thengear sd_thét'tﬁévﬁicféammeter
reading is zero, | |

Thé tuBe has full scale rotftion of 100 degrees, and the corre-
sponding position of the gear is digitally pfesented on a counter
readqut} The null position is constantly maintained fo; minute vari-
ations in the pressure béihg measured, The counter reading may then be
multiplieﬁ by a scale factor (qetermined by calibration) ;o’detefmine
the gage pressure.A As this instrumgnt is used exclusively fof the
measurement cof absolute pfessuré;,fhe capsule surrounding the bourdon

tube 1s permanently evacuated.,
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To dqtgrnine the baroyctric’prelsure only two readings are necessary;
1) the counter reading, and 2) thc temperature of the instrument (for
making a small cotrcctioh for very precis§ readings) .,

\ The ihlttuncut has been cali‘tatqd,ovqfsthe euiire range (zero to
100 curﬁg) versus a Texas Instruments dead.weiihtvgage. The dead weight
gage has an accuricy of“o;OISZ, with a‘calibtation that is directly
traceab}e to NBS, Aa~recouncudgd4py Texas Instruments, the calibra-
tion datas waa_fittedltq an empirical equation, The equation is

P = 0,019336842 [1 + 1.3 x 10'“(3-;—%3-?2 - 24.0)] -

£c-1)
[0.03167 + 9,9358826 R - 0,8743147 x 10>R - 0,16175319 x 10™°R%]
where P = psia

R = gcale reading (qppggx;n;te) co-Hg

T = temperature at gqg@, °r.



. APPENDIX D

CALIBRATION OF BOURDON GAGES
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TABLE D-I

CALIBRATION OF REFERENCE BOURDON GAGES -

v 1/ . Acco lelicoid XFO Maxisafe

Ruska Pressure= Bourdon Gage Bourdon Gage
—ptia psia psia
610 790 705
1140 | 1310 1225
1950 : 2155 2045

Y All units psia., Barometric pressure determined by Texas Instru-
ments barometer.

TABLE D-II1
CALIBRATION OF CROSBY BOURDON GAGE

Ruska Pressure - —‘v>Cfésby AIH‘Bburdon Gage

psia psia_
165 . | 200
280 '_ | 305
365 390
465 495

1010 | | 1005
1515 | 1500

2010 ‘ 1985



APPENDIX E
SAMPLE CALCULATION OF VOLUME RATIO V,/V,

The determination of the ratio of the vplume vp of the DPI cell
to the volume v of the bomb was discussed in Chapter IV, A sample
calculation of this ratio is given as follows. N

Before the expansion the temperature at each section of the
apparatus was deterﬁined, and the pressure Pﬁ at the diaphragm of
the DPI cell was measured, Pressures fot each section of the
apparatus were corrected for heads of gas using Equations N-14
through N-16, and the corresponding compressibility factors for the
nitrogen were deﬁermined froﬁ the literature values of Michels (42).

" Afrco prepurified nitrogeﬁl/'waé used, The results are tabulated

as follows.

Y The prepurified nitrogen was obtained from a local supplier.
The maximum oxygen content was given as 0,001%, and the moisture
- content was 0, 00122 with a trace of argon, The remainder was
nitrogen,
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TABLE E-I
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DATA, BEFORE EXPANSION, FOR DETERMINATION OF VOLUME RATIO

Run #4
.
‘TD(YF)

93,875
1]
PD(psia)

2052,353

'
zD

1,0328

]
Ts

72.7

[ ]
Ps

2052, 387

[ ]
Zg

After the

[ ] | [ ]
T T3
72,7 79.73
[ ]

P4‘ P3
0.00;51 0.0015}
[ ] [ ]

24 23

1.0 1.0

]
T2

83.24

[ ]
P

0,00151

'.
Zy

1.0

[ ] [ ]

T T
86,76 93,799

[ ] []

P Py
0.00151  0,00151
[ ] ]

31 Zg

1.0 1.0

expansion the results are given as follows,

TABLE E-I1

DATA, AFTER EXPANSION, FOR DETERMINATION OF VOLUME RATIO-

"Run #4
T, (°F)
93,967

PD(pgia)

54,11103

1,0057

T4 T3
73.2 80,07
P4 P3
54,11195 54,11331
z, z,
1.,0053  1,0055

54,11427

1,0055

T, T,
86.95 93,828
P Py

54.11514 54,11686

Z) Z3

1.,0056 1.0057
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Equation N=10 was used to determine the volume ratio,

v, { [F(T -95) + 0, 003868)[ZT - (ZT) ) T+ 0. °1537[(zr) - (ZT)]5
— = +
v
B P P ..
(& - ('z"i")' 1
D
] .
0.01511[(2%) - (E?f) ]4+ 0.003794{((-2-%)-'(%)] + ((7%)'-(2%)'11}
3 ..
N - @10y
0.003273 [(ZT) - (ZT) ]
1
=}
where F(TB - 95) is given by Equation N=9,
BT -6
F(TB - 95) ='1§; = [1 + 9.§ x 10 (TB = 95)] (N=9)

Substituting the data from Tables E~I and E~II in Equation N-10,

[F(TB - 95) + 0,003868] x

54,11686 0.00151
M m
({T700577(93.828 + 439.670) ~ 1.0(93.799 + 459.670)) = 0.098822



192

54,11195 2052, 387

001337 I0T75053) (73.2 + 459.670) ~ T.0243(72.7 ¥ 439,670)] = 0036296
54.11195 - 0,00151 +0.001526

0.01511{3=5553775.2 + 459.670) ~ 1.0072,7 + 459,670)) "

54,11331 —:00151
o.oos794{[3733§3136733'37259.370) - T1.0(79.73 + 459.670)) *

*IM“--——-QJ;%_— -
[170055(83.51 + 459.670) ~ 1,0055(83.51 + 759,670y = 0.000754

54,11514 0.00151 )
0.003273[775556 (86,95 + 459.670) ~ 1.0(86.76 + 450.670)) - 0:000322

54.11103 2052, 353 -
[175057(93.967 + 459.670) ~ 1.0328(93.875 + 459,670)1 ~ —>+492721

0,098822 ~ 0,056296 + 0,001526 + 0,000754 + 0.000322
-3,492721

V) /Vy = 0,01292

The corresponding results for additional determinations are given

as follows,
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-

TABLE E-I1Il1

TABULATION OF VOLUME RATIOS

Run No, Vp/Vs
3 0.01267
4 0,01292
. VD »
‘ B
avg

The average value, 0,01263, was used in all determinations in this

thesis.



APPENDIX F
SAHPLE CALCULATION OF A COMPRESSIBILITY FACTOR

“In Appendixlﬁ Equations N-20 and N-21 are derived for calculating
the final compressibility factors from experimental daﬁg. A sample
calculation is présented below for the 57,2% methane system,

For different temperaturé levels along the isochor, pressures and
temperatures corresponding to each section of the apparatus are given

in Table F=-I,

TABLE F-1

DATA FOR COMPRESSIBILITY FACTOR CALCULATION~--FIRST ITERATION

Isochor number 36 Sample; 57.2% methane
TB = 77°F (PB = 675,035 psia) ZB(REF) = (0,8609
(-]
T, °F T, '1'2 o T, T, T, T,
88.74 61.53 64,81 76.4 76.4 95.696
P, psia P1 Pz P3 P4 P5 PD

675,009 675,000 674,991 674,978 674,978 674,969
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T, = 60°F (P = 647,201 psia)

° ' | . | .

T, °F T, T, T, T,

80,49 - 58.64 64.00 74.2

P, psia P, ?, P, ?,
647.175 647,167  647.158  647.145

z, Z, z, 2,

1.0 1.0 1.0 1.0

T, = 40°F (P, = 613,305 psia)

° ' . ,

T, °F T, T, T, T,

71,20 57.23 64,90 74.8

P, psia P, P, P, 7,
613.279  613.272  613.263 613,251

2, z,. Zy z,

1.0 1.0 1.0 1.0
Ty = 20°F (P = 577.547 psia)

T, °F T T, T, T,

61,53 55,24 65.74 74,3

P, psia P, P, P, P,
577.522  577.515 577,507  577.495

% 2 2, -z,

1,0 1.0 1.0 1.0

195

T

95,242

Pp

647,137

1.0

T
95,385

Pp

613,243

1.0
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Here the value of ZB(REF) = 0,8609 (77°F and 675,035 psia) was
taken from the reference isotherm data from the Burnett apparatus (31),
All temperaturés given above vére determined from the thermocouple
calibrations given in Appendix A g’sample calculation of a pressure
point is given in Appendix B, For the first iteration the values
of zl, z2, 23, 24, zs,vand ZD wvere assumed to be unity, as shown.,

Equation N-20 was determined to be

D= [F(IB - ?5) + 0'003868]DBT + 0.01263_DD + 0,01537 D5

(N-20)

+ 0,01511 D 1

4A+ 0.QQ3794(D3 + Dz) + 0,003273 D

where D D, D D4, D3, D2’ and D1 are dengities, In a similar

BT®* "D* 75°?
manner Equation N-21 is given as

F(TB - 95) + 0.003868

o P
2o = (Tm) [ ] (N-21)
BT RIBT : DFN _
where
DEN = D - 0,01263 D, - 0,01537 D -
. , (N=22)
0.01511 D4 - 0,003794 (D3 + Dz) - 0,003273 D1

The first step in the calculation is the determination of the run
constant, D, This determination is made at 77°F, The values of
TB(77°F), P;(675,035 psia) and Zy (REF), from above and all correspond-
ing values of T, P, and Z are substituted in Equation N-20, The

resulting value of the run constant is

D = 0,14390 (F-1)
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Using this value of D, the'cdmpressibility factors on this same isochor
are calculated at the lower temperature levels 60, 40, and 20°F by
sqbstituting the ;bove values of temperature and pressure into

Equation N=-21, The results are summarized in Table F-II,

TABLE F~1I

CALCULATED COMPRESSIBILITY FACTORS~-RESULTS OF FIRST ITERATION

Isochor number 36 Sample: 57.2% methane
T, °F Py, psia ' z
77 675.035 0,8609 (REF)
60 647,201 0.85035
40 613,305 0.83478
20 } 577.547 0,.81638

This procedure was repeated for all other isochors for the 57,2%
methane system, and the results were used to interpolate improved values
of Zl, ZZ' 23, Za, 25, and ZD for use in the next iteration, The inter-
polation was performed by cross-plotting the data, and the results are
given in TablerF-III.

TABLE F-III

DATA FOR COMPRESSIBILITY FACTOR CALCULATION--~SECOND ITERATION

Isochor number 36 Sample: 57.2% methane
TB = 77°F (PB»- 675.035 psia) ZB(REF) = 0,8609
-}
T, °F T, T, T, T, T, T,
88.84 61,53 64.81 76.4 76.4 95.696
P, psia P, ’ Pz P3 P4 P5 Py

675.016 675,006 674,995 074,979 674,979 674,969

Z) 4 Z4 Z, Zg Z,

0,8692 0.8450 0,8489 0,8602 0,8602 0,8730



‘T, °F

P, psia

T, °F

P, psia

T, °F

P, psia
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TS = 60°F (B = 647,201 psia)

T, T, T, T, T, T,
80,49 58,64 64,00 74.2 74,2 95.242
P, P, P, P, P, B
647.182  647.172 647,162  647.147 647,147 647,137
z, z, z, 2, z zy
0.8692  0.8450  0,8489  0,8602  0.8602 0,8730

T, = 40°F (Py = 613,305 psia)

T T, T, T4 Ts Ty
71.20 57,23 64,90 74.8 74.8 95,385
P, P, P, P, P P,
613.285 613,276  613.266  613.252 613,252 613,243
Zy Zy Z, Z, Zg Zy
0.8702  0.8466  0.8646  0.8973  0.8732 0.8867

T = 20°F (PB = 577,547 psia)

Tl TZ T3 Ta’ TS TD
61.53 55,24 65.74 74.3 74.3  95.182
P, P, P, P, P P
577.529  577.520  577.510  577.497  577.497 577.488
Z Z, 2, Z, Zs Zp
0.8700  0,8633  0,8740  0,8808  0.8808 0,893
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Using these improved values of compressibility factor, all above
calculations were repeated., From Equation N-20 the value of D was

determined to be
D = 0,14390 (F-2)

This value agrees to five significant figures with the original
qalculation of D (Equation F=1),

Using this value of D the compressibility factors at lower tempera-
tures on the isochor were recalculated, using Equation N-21, The resulis

are given in Table F-1IV, below,

TABLE F-1V

CALCULATED COMPRESSIBILITY FACTOR--RESULTS OF SECOND ITERATION

Isochor number 36 Sample: 57.2% methane
T, °F P, psia z Z (rounded)
77 675.034 0.8609 (REF) 0.8609 (REF)
60 647,201 0.85037 0.8504
40 613.304 0,83481 0.8348
20 577.547 0,81637 0.8164

In this case the maximum change in Z was three units in the fifth
significant digit, which is negligible. Also, very small changes in PB
arise since the pressure correction due ;o the difference in head is
dependent on the compressibility factors. Generally the rounded
compressibility factors after the second iteration agreed to four signi-
ficant figures with the results of the first iteration, In a few cases
the calculations were taken through the third iteration in order to
obtain results consistent to four significant figures. In the fourth
column the final compressibility factors are shown rounded to four

significant figures, All compressibility factors given in Table IV

(Chapter VI) were determined in this manner,



APPENDIX G
FUNDAMENTAL CONSTANTS AND MIXTURE COMPOSITIONS

The lgtest defined value of the universal gas constant R is given
(59) as 82.6567 cm3 -atm/deg K-mole, Converting this value to
engineering units, R = 10,731496 (psia - fta)/(lb mole °R).

The most recent (65) definition of absdlute temperature is expressed
as T(°K) = t(°C) + 273,150, Converting this expression directly to the
absolute Rankine scale gives T(°R) = t(°F) + 459,670,

The six gas samples used in this investigation were blended and
analyzed by the donor, Phillips Petroleum Company, Bartlesville,

Oklahoma, The samples were Phillips "pure grade." The Phillips'
analyses were performed by mass Spectrometfy and were reported to the
nearest 0,1 mole per cent, The 99,97 ethylene sample and the 99,07
methane sample were independently analyzed by gas chromatography in the
laboratories of.the School of Chemical Engineering, For each of the
components in the two samples the results of these independent analyses
differed by less than 0.1%. Results of the entire analysis are given

in Table G-I below; all molecular weights were based on the Carbon 12

International Scale of Atomic Weights (26).
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TABLE G-1

COMPOSITION ANALYSIS OF MIXTURES

Phillips Petroleum Company Sample Transmittals
No. 44043 through 44048

Average Phillips
Components Mole 7% (Methane % -~ Ethylene %) Molecular Weight Cylinder No.
Methane Trace 0 - 100 28,054 MG-3943
Ethylene 99.9+ '
Ethane Trace

Total 100,0

Methane 18.4 20 - 80 25.844 MG-4174
Ethylene 81.6 °
Ethane Trace
Propane Trace

Total 100,0
Methane 38.4 40 - 60 23,474 MG-1605
Ethylene 61.4
Propane 0,2
Ethane Trace
Propylene Trace

Total 100,0
Methane 57.2 60 - 40 21.234 MG-576
Ethylene 42,4
Propane 0.3
Ethane 0,1
Propylene Trace

' Total 100,0

T0<
&



TABLE G-I (CONTINUED)

‘ Average Phillips
Components Mole 7 (Methane % - Ethylene %) Molecular Weight Cylinder No,
Methane 78.8 80 - 20 18.656 MG-4083
Ethylene 20.7
Propane 0.4
Ethane 0.1
Propylene Trace
' Total 100,0
Methane 99.0 . 100 - 0 16,213 MG-265
Nitrogen ' 0.6 ’
Propane 0.1
Ethane 0.1
Isobutane Trace
Carbon Dioxide 0.2
Total 100,0

<Ce



APPENDIX H
CALCULATION OF EFFECT OF TEMPERATURE ON THE BOMB VOLUME

The effect of temperature on the bomb volume is determined by
assuming the inner volume of the bomb (Figure 2) to be a cylinder of
’ -]
circumference CBT and length LBT at temperature TB( F).

The volume V . at temperature Té is thus given by

BT
2
C. L
BT “BT :
VBT = " in (H-1)
and the volume V, at 95°F is
2
V. = EB-iE
B 4n (H=-2)
where CB and LB represent the circumference and length, respectively,
at 95°F-

The effect of temperature on the circumference and length of the

inner volume is expressed by

Cyp = Cyll + a(Ty - 95)]
(H-3)

PBT = LB[l + a(TB - 95)]

Here a is the coefficient of thermal expansion, (°F)-1.
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The exptessions for C

BT and LBT may be substituted into Equation H-1

to give
2
V. = s Ly
BT 4n

[1+ a(xy - 95)]° (H-4)
Dividing Equation H-4 by Equation H=2 gives

v
= = [1+ a(ry - 95)]1° (H-5)

B

The value of a for type 303 austenitic steel (0 to 600°F) is

9.5'x 10-6 (°F)-1. Substituting this value into Equation H-5 gives
Ver -6 3
< - [1 +9,5x10 (TB - 95)] = li‘('l‘B - 95) (N=9)

B



APPENDIX J
RUSKA PISTON GAGE CALIBRATION DATA

The Ruska piston gage is a dual range instrument (model 2400HL),
The instrument uses two piston-cylinder combinations (low range 6 -
2428 psi; high range 30 - 12,146 psi), Ruska calibrated the gage
versus a Ruska laboratory master dead weight gage (No, 7544) which was
itself calibrated to an accuracy of one part in 10,000 parts versus
an NBS controlled-clearance piston, The NBS identification numbers
for the calibration are P6694A/2.6/161365 and P6694B/2,6/161365,

The instrument uses a total of 32 type-303 stainless steel
loading weights, their masses being determined by Ruska. The final
mass éalibtation data is given in Table J-I, The calibration is
reported to a precision of one part in 50,000 for masses greater than
c.1 #ound, one part in 20,000 for mas#es 0.01 to 0,1 pound, and
one part in 10,000 for masses 0,001 tol0.0l pound, Additional gage
specifications are given in Table J~II, and a sample pressure calcula-

tion is given in Appendix B,
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TABLE J-I

RUSKA MASS CALIBRATION DATA

Calibration--Pressure Gage Masses
" Calibration date 3-22-63
Ruska Serial No. 10381
Job No. A3567/C2630

Apparent Mass
versus Brass

Designation (MA) pounds

Low Tare 6 psi 0.78107

High Tare 30 psi 0.78107
A 1000 200 26,03509
B 1000 200 26,03537
c 1000 200 26.03571
D 1000 200 26,03570
E 1000 200 26,03536
F 1000 200 26,03592
G 1000 200 26,03603
H 1000 200 26,03558
1 1000 200 26.03563
J 1000 200 26,03608
K 1000 200 26,03568
L 500 100 , -13,01794
M 200 40 5,20714
N 200 40 5,20715
0 100 20 2,60359
P 50 10 1.30181
Q 20 4 0.52072
R 20 4 0.52074
s 10 2 0.26035
T 5 1 0,13020
U 2 0.4 0,05208
v 2 0.4 0.05209
W 1 0.2 0,02604
X 0.5 0.1 0,01302
A 0.2 0.04 0.005203
A 0.2 0.04 - 0 005202
B 0.1 0,02 0.002601
c 0.05 0.01 0.001301
D 0.02 0,004 0,000520
D 0,02 0,004 0.000521
E 0.01 0.002 0.000260
F 0,005 0,001 0,000130



Absolute accuracy
Resolution

Piston area
25°C; 0 psig

Coefficient of
thermal expansion

" Coefficient of
pressure distortion

Cylinder No.,
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TABLE J~-II1

RUSKA GAGE SPECIFICATIONS

1:10,000
5:1,000,000

Low Range Piston~cyl High Range Piston-cyl

0.130219 in? 0.0260440 in?
1.7 x 1079/°¢ 1.7 x 107°/°
B ST
-5.4 x 10 “/psi =3.6 x 10 "/psi
LC-142 HC-133



APPENDIX K

DETERMINATION OF BOMB JACKET PRESSURE REQUIRED

FOR ELIMINATION OF PRESSURE DISTORTION

The inner chamber of the bomb is assumed to be a'cylinder with

inner radius a containing a gas at pressure P, psia, The bomb is

i

P,

Figure K-1

Drawing of Bomb and Surrounding Jacket

208
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surrounded by a thin ecylindrically shaped jackeﬁ with inner radius b, and
confining a gas at éressure Po psia, (See Figure K-1),

Making a freé—body diégram across a horizontal section of the bomb
{See Figuré K-2, below) and summing hp the forces on . an element in the

radial direction gives

4P

Figure K-2

Free Body Diagram Across Section of Bomb
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do

' X
vorrd¢ + otdrd¢‘- (or + o dr)(xr + dr)d¢ = 0

(K-1)

¢_ = normal radial stress acting on the differential element

normal hoop stress acting on the differential element

Q
]

2]
i

radius of the differential element
¢ = angle between sides of the differential element
The weight of the element is neglected here,
Neglecting small quantities of higher order,

do

X -
ot - or - el 0 {K=2)

Let u be the deformation of the cylinder in the radial direction at
radius r, The deformation of the cylinder in the radial direction at

r + dr is thus u + %% dr, and the total elongation on the element is

du
I dr,
The strain in the radial direction is thus e, = %% » and the

strain et in the circumferential direction is

u )
€. =7 (K—&).

The stresses in terms of strains are given (66) by the relationms

= el (48 u -
cr = . 2 (dr + u r) - (K 4)
1 -
E u du ,
0t = 1 - u2 r +tu dr) (&-3)

where
E = modulus of elasticity in tersion and compression

4 = Poisson's ratio,
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Substituting Equations K~4 and K-5 into Equation K-2, the following

equation results

2 .
du ., 1l du u
s o . S e m— gy 0 (K_é)
d,:2 r dr r2
which may be solved to give
C2 ,
u = Clt + ey (K7}

Here C, and C2 are constants to be determined from the following condi-

1
tions on the inner and outer surfaces of the bomb,

E l -

l- uz r
t 2'71 2 2
- 4 r .
(6)) =-P, (o) =-P,
r=b I=a
Solving for C1 and C2 glves
1-u a2Pi - bzP :
¢, &) 7T (k=9
b” - a
1+ azbz(Pi "'Po)
c (=—==) = (K-10)
2 E 2 2
b” - a

Substituting Equations K-~9 and K~-10 into Equation K-7 gives the deforma-

tion of the cylinder as

2 2 2b2
1 - a P1 -b Po 1+ a (P1 - Po) 1
ws EEH TP g T (K-11)

b -
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The deformation u due to the axial stresses ¢, must be added to the

L
deformation given by Equation K~-11

2

P.a~ - P b2
0

(K~12)

& - (.E.)—-————-—-o r (K=13)
YL BT 02 5

Here €y is the axial strain, u, is of opposite sign to u in Equation

L
K~11 above, as it is in opposite direction to the deformation u, The

total deformation from both Equations K-11 and K-13 is

_ 2 2 2.2 2 2
uzl-uapi"bpor+(l+u\ab(Pi'Po)..1__ (Pia"Pob.)r
4 — .
E w2 - a%) E % - a?) r B 2 .2
(K-14)

At the inner radius r = a this deformation must be zero,
u=0atrs=a (K-15)

This gives

2 2 2 2 2
0=(1L~-wu)a Pi - b Po) + (1 + u)b (P1 - Po) - u(Pia - Pob )

(K~16)
which may be rearranged to
2

2, '
Po - a (1 -222) + b°(1l + u) . p (K~17)
b7(2 - W) ‘
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For a = 1/2", b = 1 1/4", and p = 0,3 (for type 303 stainless steel),
» » .

Equation K~17 becomes

Po = 0,8024 P (K~18)

i



APPENDIX L
ACCELERATION DUE TO GRAVITY AT STILLWATER, OKLAHOMA

The local acceleration due to gravity ie given by Condon and

Odishaw (12) as

g = 978.0524[1 + 0,005297 sinZ ¢ -

0.0000059 sinZ (2¢) + 0.0000276 cos® ¥ cos

2(A + 25°)] - 0,000060 h (L~1)

where
P = latitude

A = longitude (positive east of Greewich)

h = feet above sea level

At Stillwater, y = 36°7' N,, A = 97°4' W., and h = 930 ft, This

gives a value for g of .

g = 979,777 cm/secz

21h



APPENDIX M
ESTIMATION OF INTERACTION SECOND VIRIAL COEFFICIENTS

In correcting tﬁe experimental second virial coefficients for
impuritiés (Chapter VI) it was necessa:y'to estimate interaction second
virial coefficients B, for the following molecular pairs: 1) methane~-
nitrogen, 2) ethylene-ethane, and 3) ethylene-propane. The

estimations were made using the method proposed by Prausmitz (56, 57).

Sample calculations are given below,

Sample Calculation of Methane-Nitrogen Coefficient

The following equation was presented in Chapter III,

——il-— = T ?
v OB(TC @
ij ij

ij) : (I11-18)
Cc

The combining rules for estimating the interaction parameters V ’

1

T , and w

1

13 were given by Prausnitz as
V. -1 (v, +V )
. 2

w, -% (w; + o) M-1)

=3
i
"
-~
0
%

215
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where the temperature correction factor k,, is presented graphically as

i}
a function of the critical volume ratio Vc /Vc .
' i
Denoting methane by subscript i and nitrogen by subscript j, there
results . |
v, =1,578%
c .
i ,
Vo = 1.443
h
V. =3(1.578 + 1.443) = 1,5105
c 2
ij
V. /v =1,578/1,443 = 1,09
c,' ¢
i 73 : o
w, = 0,013
1 .
w, = 0,04
! 1
wij =-§(0.013 + 0.04)'- 0,0265
From Figure 1 of reference (56), using a value of V. /Vc of 1.09,
_ - i3
k1j = 0,99
T = 343,89 T = 226,71
c , c
i _ : h)
' T, = 0,99/(343,89)(226.71) = 276,0
ij ‘

L/ In the following calculations all units will be ft3/1b mole,

psia, and °R unless otherwise stated,
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The generalized function (-GB) is given in tabular form (56) as a

function of T/Tc and w

1 1]
. . _ 536,670 _ . i
At T = 536,670 (77°F), T/T_ -%7335- 1.95; and uy, = 0,0265.

ij
From graphs of the tabular values of (-GB), GB = ~0,202,

Substituting into Equation I1II-18,

Bij = ngcij = (-0,202)(1,5105) = -0,305

Converting to cgs units,

Byy = (62.428)(-0.305) = -19.1 cm>/gm mole

Results for all temperatures are summarized as follows.

TABLE M=-1

Methane~Nitrogen Interaction Coefficients

B2

I°F cmalgm mole
77 -19,1
60 -22,0
40 . =25,.3

20 _2900

For the ethylene-ethane and the ethylene-propane ccefficients
the same calculational procedure was used, The results are summarized

below,
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TABLE M~-II

Ethylene-Ethane Interaction Coefficients

B2
T°F cm3 m mole
77 "'1500
60 ~-162,
40 "'1751

TABLE M~III

Ethylene-Propane interaction Coefficients

B2
T°F cm3 m mole
77 —2009
60 _216e
40 -234e

20 -2540
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The results for the ethylene-ethane and ethylene-propane
coefficients are markedly lower (algeb;aically) than the results for
the methane=nitrogen coéfficients. This difference is to be
expected, however, and is largely due to the fact that the critical
temperatures df ethylene, ethane, and propaﬂe are considerably higher

than those for methane and nitrogen,



APPENDIX N
 DERIVATION OF CHARACTERIZING EQUATIONS FOR THE APPARATUS

Determination of the Volume Ratio VD/VB

The determination of the volume ratio was discussed in Chapter 1V,
The equation for this ratio is developed in the following.,

Basically, the bomb and DPI cell are allowed to reach equilibrium,
the interconnecting valve between the two cells is closed, and the bomb
is rinsed with nitrogen and evacuated, The DPI cell is riﬁsed and is
then filled to about 2500 psia with the nitrogen,

The temperatures and pressures of all portions of the system are
measured and the interconnecting valve is then opened. After the gas is
allowed éo equilibrate throughout the system, the temperatures and
pressures‘of all portions of the system are again measured, This
information is sufficient to détermine the volume ratio as is discussed
below,

The dimensioned schematic diagram of the cryostat and DPI cell is
shown in Figure N~-1; the following quantitiesvare defined with reference

to this figure,

VBT volume of bomb at T°F

Vﬁ = volume of bomb at 95°F
v, = volume of DPI cell and capillary tubing contained within:

the DPI cell thermostat at 95°F,
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V5 = volume of capillary and fittings extending from the outside
of the DPI cell thermostat to the interconnecting valve, as
shown : '

V, = volume of capillary and fittings extending from the inter-
connecting valve to the bottom of the connecting union, as
shown '

V3, V,, and V. = volumes, respectively, of the sections of the

~ Capillary extending from the bottom of the connecting union
to the baffle immediately above the bomb

Va = volume of capillary between the baffle and the bomb

Before opening the expansion valve,

Pi' = pressure, psia, of gas in volume Vi

Ti = temperature of gas in volume V,

Zi = compressibility factor (PV/RT) at Ti and Pi
n{ = moles of gas iﬁ volume V,

n' = total moles of gas in system? = Z ni

Before the valve is opened, a material balance gives

T o '= 1 1 1 1 1 1 1 1 -
n' = z ng oo + g, + n5 + n, + n3 + n, + ny + n (N-1)
P!V! !
Making the substitution n' = =F L = (Pv ), we have
& i ° ZIRT ZRT? *
i i i
PV ! PV ! PV ' PV !
nt e G+ E + E G
ZRT BT ZRT D ZRT 5 ZRT 4
(N-2)
PV ' PV ' PV ' PV '
+ (ZRT)3+ (ZRT)2+ (ZRT)1+ (ZRT)a

After opening the valve, a material balance gives

n=} o, =mgo+np+ng+n, +ng+n, +'?1 +n, (Nng)
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where n, = moles of gas in volume V

i i after opening the valve,
n = total moles of gas in system after opening the valve, = z ..
P,V; PV '
=#=——
Making the substitution n, ZiKT] (ZRT)i' we have

PV PV PV PV
n= ) + () + G G
ZRT BT . “ZRT D ZRT 5 AZRI 4
(N=4)

PV

) PV
ZRT

PV Py
+ (G Y GRp Y GRP
3 2 1 a

+ (

Since the total amount of gas in the system is constant, both before and
after opening the expansion valve, we may write n' = n, Thus the right~

hand sides of Equations N-2 and N-4 may be equated,

- PV Py ' . PV.' PV.' . PV.' PV.'. PV.' . PV '
ZRD T+ (ZRT)D + (ZRT)S + (ZRT)4 + (ZRT)3 + (ZRT)2 + (ZRT)1 + (ZRT)a =

PV PV PV PV PV PV PV PV
G TG T EER Y EE TG Y Y GR) f G
ZRT BT ZRT D lZRT 5 ZRT 4 ZRT 3 ZRT 2 ZRT 1 ZRT a
(N=5)
Multiplying both sides of Equation N=5 by R/VB, we have
A A \ \ \ \) \

P ' BT P.'D P.''5 P.' 4 P! P .'"2 1N
PT R @R TR T @R @ @
BT B D B 5 B 4 B 3B 2 B 1 B
@i. 'Va = & ZEI (P ) ZQ.+ (2_9 Zé.+ (2_9 Xﬂ + (2_9 XQ.+ (2_9 X£=+
ZTa VB ZTBTVB ZTD VB ZT5 VB ZT4 VB- ZT3 VB ZT2 VB»

\' \'
P 1 P a
=) == + (=) =— (N=6)
ZT1 VB ZTa VB

Equation N-6 may be rearranged to the form
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(&) vBTr.)c)va [()()1V
v + (&) - >+ - . =
R N7l 'V 2’ " Zm st Vg T I V
B
& - &)
T D
\'} -V, "
3 2 P P.'
[<>-<ZT>1 B+r<ZT>-<ZT> )T IGD - G )y
. ,

P P.*
((ﬁ) - GP ]D

P P.' a
(&P - (ﬁ) ] ’}'\',"B‘
+ 2 } (N=7)

P P!
“'z'f) - ('E'f) ]

D

The pressure and temperature of the capillary volume Va is assumed
to be the same as the pressure and temperature of the bomb both before
and after the expansion valve is opened. Also, V3 = V2 (Figure N-1),

This allows Equation N-7 to be written as

\'/ v v v
P BT a P P.' 5 P P.' 4
VD . T ZT BT VB _ VB T T 5 VB T T 4 VB

P__ P,y
Iz - GP ]
2T~ 7 )

v v
P P’ 3 P | N 1
-G i+ G-G ) P E-G )T
+ = } (N-8)

P P’
- G )
2T = tZr’ o



In order to calculate the required ratio from Equation N-8, the

volume ratios VBT/VB' Va/VB, VS/ g Vv /V Vg, and VI/YB must be

Vy/
known, As these ratios are relatively small the accuracy of their
determination does not have to be as great as with other directly
measured quantities such as pressure and temperature.

The volume ratio V,./V, is by definjition the effect of tempera-

ture on the volume of the bomb, It is shown in Appendix H that

\ 3

BT _ -6 - - _
V;_ = [1+9,5x10 ('I‘B - 95)] F(TB 95) (N-9)

The volumes Va, V5, V4, V3, and V1 were determined by direct
measuring of the length of capillary tubing between the DPI cell and
the bomb, The inner volume VB was determined from the scale drawing

(Figure 2) of the bomb, The results are given in Table N-I, Using

these ratios the final form of Equation N~8 is thus .

[F(T, - 95) + 0.003868] (2= - &) 1 + 0.01537[%= - (ZT) ]
BT 5

= —{ +
B 5 - G ]D

<IU<

P P.' P P.'
0, 01511[ZT - (RT) 14+ 9.093794_{[35 - G ]3+ 57 - &P ]2}

+
P P .'

G- G )

ZT T D

0. 003273[ZT - (ZT) ]
1

} - (N-10)
2= - (%)']D
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Volumes

TABLE N-I

 VOLUMES AND VOLUME RATIOS FOR CAPILLARY CORRECTIONS

V3 Y Vs A V3 v, \]
cubic inches 5,1542 0,01994 0,07923 0.07794 | 0,01956 0.01956 0,01687
Volume va/vB v5/\_lB \ 4/VB v3/vB Vz/VB v‘l/v]B
ratios 0.003868 0,01511 0.003794 0,003794 0.003273

0.01537

922
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Equation N~-10 was used in this work to determine the volume ratio,
A sample calculatibn is given in Appendi# E.

The smaller terms in the expression such, as 0.01511[%5-- (%EO'] s
represent the correction for the quantity of gas in the interconnect:ng
capillary, In order to evaluate these terms it is necessary thatvthe
compressibility factors 2 |

23, Z,, and Z1 be known. For the

50 2y 2
volume ratio calibration these compressibility.factors are also
determined from the known volumetric properties of nitrogeﬁ.

It is worthwhile to point out that the ratio VD/VB is a constant
for the apﬁaratus and does not change with temperature or with each
particular sample as different isochors are being‘run.

After the volume ratio determination has been completed, the

interconnecting valve is allowed to remain'open for all further com-

pressibility determinations with the apparatus,

Pressure Corrections for Differences in Vertical Height

The pressure as determined at the rgfeﬁence mark of the Ruska
piston gage (Figure N=-1) is corrected by th; factor -0,366 psi (discussed
in Appendix B) to yield the pressure at the level of the diaphragm of
the DPI cell, The pressure correction for tﬁe head of gas between the
diaphragm level and each separate section of the high pressure gas system
is discussed as]follows. |

Thé pressure correction AP between any two points 1 and 2,

separated by a vertical displacement h, is given by

By h
0P = E= [ odh =&~ [ pdh (N-11)
B h 8 o

1
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where p = the density of the gas between points 1 and 2, and
g/gc = the correction to local acceleration due to gravity, -
If the density is assumed to be constant over the interval h,

Equation N=11 may be written aé

AP = Eph (N-12)
o By
. ' P (MW .
The density of a gas is given by p = ZRT  * Combining this expression
with Equation N~12, it is seen that '
AP = hPOMW) g (N-13)

(12)3zrT 8¢

where AP = the pressure correction, psi

h = the vertical displacement between the two points, inches
P = pressure, psia |

MW = the molecular weight of the gas
T = temperature, °R

With reference to Figure N-1, it is seen that the pressure P_ of

5

the gas in the capillary volume V. may be calculated from a knowledge

5
of the pressure PD at the diaphragm, and the expression

6.0 P, (M)
P5_= PD + g
1728 2,RT, 8c
(N=14)
6. 0(MW) g
= P [l + ]
D 1728 ZSRT5 B,

Similar expressions for the pressures at volumes V4, V30 Vz, and V1

of the capillary are given by
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P, = B
Py=P 1+ 13052 - =, (N-15)
373 Pc

) 6,375 (W)

By = B3Il + 1558 Z.RT, g
o 272 "¢

- 5.832(MW) g

Py =PIl + 9775 Z,RT, 5]

In each case the vertical distance to the centroid of each particular
section is used,

Finally the pressure P, at the centroid of the bomb is given by

B

11,500 (MW)

P = P.[1+ 1
1 1728 ZBRTB g,

B (N=16)

In the application of the above equations (Equations N-14 through
N-16) for the calculation of pressufe corrections, it is seen that
these corrections are very small, In the application of Equations

N-10, N-20, and N-21, the above equations are utilized,

Development of Equations for the Compressibiiity Factors

As was discussed in Chapter IV, the volumetric properties of the
sample aloné each isochdric path are determined by utilizing the known
volqmetric,prOperties of the sample at the reference temperature,

The cryostat is maintained at 77°F, the system is rinsed and
evacuated, and is then charged to the desired dens;tvaith the sample.
After equilibrium has been aftained the temperatures and pressures of

all portions of the system are measured,
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Since the interconnecting valve of the system is open, Equation

N~4, derived previously, applies:

n = (ZRT)BT+ (ZRT)D+ (ZRT)5+ (ZRT 4*'

(N-4)
@Dt @t @& Y R
3 2 1 a
Dividing both sides of Equation N-4 by VB gives
v v, v v
n P BT 2 2 P 4
e =+ 6 TG TG Tt
VB ZRT BT VB ZRT D VB ZRT 5 V ZRT 4 VB
(N=17)
T ;'3' + (Gxp Zz + G :1 + (Gxp ;é
3 B 2 B 1 - a B

The expression for VBT/VB has been given in Equation N-9, The

value for VD/VB is known from calibration, using Equation N-10, Values
v V4 V3 V2 v, Va

VOV VYV Vo and v, are given in Table N-I,
B B B B B B

of the volume ratios

- Equation N-17 may thus be written as

Vv
.o _ B . +
D === Grp_[F(Ty - 95) + 0.003868] + <ZRT>D 7t

0,01537 ( T) + 0,01511 (== ) + 0,003794 [(ZT) + (ZT) ] +

ZRT

0.003273 (7= (N~18)

ZRT 1

The quantity D (defined as n/VB) was mentioned in Chapter IV. D is
not a true density, but a run constant, since the number of moles n

applies to the entire system, including the DPI cell, whereas VB
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represents the volume of the bombﬁonly. Although D is not a true density
it does have a constant value along an.isochor since the total number of
moles n of the system and the volume VB remain constant, In the
equations that follow, the overall density for the entire system
(including thé‘DP; céll) is not required,

'A more convenient form of Equation N-18 is obtained by making the

substitutions

P
Gep) ™
ZRT" . BT

[
|~

P
G
ZRT" D

P
ZRT 5 5

<;§—T>4 =D (N-19)

(G==) =D

ZRT 3

P )
(E§592 =D,

P
=) =D
ZRT 1

The quantities D D4’ DB' D2' and}D1 are true densities

pr* ’pr P50 .
by definition, and are not to be confused with the quantity D. With

these substitutions, Equation N-18 thus becomes

D= [F(TB - 95) + 0.003868]DBT + 0.01263 D, + 0,01537 D

+ 0,01511 D (N-20)

4

+ 0,003794 (D3 + DZ) + 0,003273 D1
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Equation N-20 was the form used in this work for the determination
of the.quantity D from the reference isotherm.
For the determination of compressibility factors along the iso-
chor at lower temperatures; it is convenient to reﬁrrange Equation
N=-20 to the form |
F(T, - 95) + 0.003868

P
Zpr = &) ]
BT ~ "RT . DEN

(N=-21}

Here DEN represents the denominator of the expression in brackets
and is given by

DEN = D - 0,01263 DD - 0,01537 D_ - 0,01511 D

5 4

0,003794 (D3 + D2) - 0,003273 D1 (H-22)

The quantity D appears in the denominator of Equation N-2l. Thus

corresponding values of P T and TBT (the pressure and temperature in

B

the bomb) are sufficient to calculate the compressibility factor ZBT

for any point on the isochor, Equation N-21 was the form used in

this work for the experimental determination of compressibility factors.

i



NOMENCLATURE

a, A, a', A' = constants in empirical equations of state

o °
Abt = area of ﬁiston at t°C and zero psig
AE = effective area pf piston
ATM = barometric pressure
b, Bo' b', B’
.B(T) = Leiden second virial coefficient
B'(T) = Berlin second virial coefficient
Bij(T) = interaction secoﬁdvvirial coefficient
b = coefficient of ﬁressure distortion
= reduced secdnd virial coefficignt
c, C» c', C; = constants in empirical equations of state
c(T) = Leiden third virial coefficient
Cc'(T) = Berlin third yirial coefficient
Cijk(T) = interaction thi;d virial coefficient
c = coefficient of thermal expansion for Ruska piston
d . = density, = 1/V
D(T) -‘Leiden fourth virial coefficient
D'(T) = Berlin fourth virial coefficient
DBT ‘a true density as defined by Equation N—19
DD | = true density as defined by Equation N-19
D5 » = true density aé defined by Equation N-19

233
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o3l

= true density as defined by Equation N-19

true density as defined by Equation N-19

true densigy as defined by Equation N-13

true density as defined by Equation N-19

isochoric run constant, n/VB, defined by Equation N-18
modulus of elasticity in Equation K-4

volume correction of bomb, defined by Equation N~9
local acceleration due to gravity

standard acceleration due to gravity

parameter in RK equation, = BP/Z

ver;ical displacement in Equation N=l1

oil head correction, Equation B-4

temperature correction factor, Equation N-1

Ruska masses as "apparent mass versus mass"
molecular weight

number of moles

number of components

initial value of pressure for Burnett apparatus
(Equation II-1)

r-th value of pressure for Burnett apparatus
pressure

inner pressure of constant volume bomb in
Equation K~-18

jacket pressure of constant volume bomb in
Equation K-18

reduced vapor pressure

pressure of lower chamber of DPI cell, Equation B-5



POT

Zl
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potentiometer reading

universal gas constant

scale reading of Texas Instruments barometer
resistance of platinum resistor at temperature t
resistance of platinum resistor at 0°C
temperature

cylinder deformation in Equation K-3

molar volume

volume of capillary as shown in Figure N-1
total volume of bomb at 95°F

total volume of bomb at T°F

volume of DPI cell and capillary tubing

total volumes, respectively, of the Burnett
apparatus bombs

volume 6f)cap111ary tubing as shown in Figure Nl
volume of capillary tubing as shown in'Figu:g N-1
volume of capillary tubing as shown in Figure N-l1
volume of capiliary tubing as shoﬁn ianigure N-1
volume of capillary tubing as shown in Figure N-1
actual Veighﬁ load ;n Ruska piston

composition

 compressibility factor, PV/RT

compressibility factor at pressure P, for Burnett
apparatus

compressibility factor for a simple fluid in
Equation III-15

compressibility factor correction in Equation III-15



" Greek Letters

o

Subscripts

avg
B,BT
Cc

D

constant in

coefficient

constant in

constant in

constant in

constant in

constant in

constant in

2%6

BWR equation of state

of thermal expansion in Equation H-5
plati;um ihermometer calibratopm
general;zed BWR equation of state
platinﬁm thermometer calibration
BWR equation of state

generalized BWR equation of state

platinum thermometer calibration

finite change in a quantity

reduced temperature,vT/Tc

function in

Equation III=17

‘longitude in Equation L-1

Poisson's ratio

density

normal radial stress in Equation K-1

normal hoop
summation

latitude in

stress in Equation K~1

Equation L~1

accentric factor

average value

bomb

critical property

DPI cell



i'. j., k

5, 4, 3, 2, 1

Sugerscrigts

237

effective
components of a mixture
mittureA

number of expansion for Burnett apparatus
(Equation II-1)

reduced property

properties of exposed apparatus sections 5, 4, 3,
2 and 1, respectively (Figure N-1) '

propert} of apparatus before opening expansion value



VITA
Henry Grady McMath, Jr.
Candidate for the Degree of

Doctor of Philosophy

Thesis: VOLUMETRIC PROPERTIES AND VIRIAL COEFFICIENTS OF
THE METHANE-ETHYLENE SYSTEM, USING THE TECHNIQUE
OF ISOCHORIC CHANGES OF PRESSURE WITH TEMPERATURE

Major Field: Chemical Engineering
Biographical:

Personal Data: Born in El Dorado, Arkansas, January 29, 1939,
the son of Henry Grady and Fannie Lou McMath., Married to
Sara F, Adcox of El Dorado, Arkansas, on July 2, 1960,

Education: Attended elementary school in Strong, Arkansas;
attended high school in Strong, Arkansas and El Dorado,
Arkansas, graduating from El Dorado High School in 1956;
received the Bachelor of Science degree in Chemical
Engineering from Louisiana Polytechnic Institute in
January, 1961; received the Master of Science degree in
Chemical Engineering from Louisiana Polytechnic Institute
in June, 1962; completed the requirements for the Doctor
of Philosophy degree at Oklahoma State University in
May, 1967,

Professional Experience: Employed in the Technical Service
Department of Monsanto Chemical Company the summers of
1960 and 1961, Currently on active duty with the United
States Air Force, serving as Project Officer, Ultra-Energy

Concepts, Air Force Rocket Propulsion Laboratory, Edwards
AFB, California, '



