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ABSTRACT

An apparatus of Burnett-type was used for the determination
of accurate compressibility factors of ethylene and three
methane-ethylene mixtures using a multiple expansion technique.

Results were obtained in the temperature range 243 - ZQTOK,
upto 41 bar pressure for ethylene, and 223 - 2990K, upto 86 bar
pressure for the mixtures.

The experimental measurements were fitted, using a
non-linear least-squares curve fitting technique, to (i) the
virial equation for each individual isotherm and (ii) a modified
Benedict-Webb-~Rubin equation which allowed all isotherms to be
treated simultaneously.

The compressibility factors, Z, which were determined from
the 10-coefficient modified B-W-~R equation, are believed to be
accurate to *0.0003 for ethylene and agree with a maximum
difference of 0.0005 at 0°C and 0.001 at 25°C (extrapolated)

(1)

with those of Michels and co-workers. There are no
reliable dafa for ethylene available below OOC.(Z)

The accuracy of the Z values for the mixtures is estimated
at less than 0.0005 and they agree reasonably well with those of
Edmister and co—workers(g) where the temperature ranges overlap.

The results for ethylene were compared with those predicted
by the principle of corresponding states, extended to allow

(4)

for non-spherical molecules in terms of shape factors, using
methane as reference substance. The value for the acentric
factor of 0.085 found from vapour pressure measurements was

found to adequately represent the P-V-T data. The root-mean-

square deviation of predicted Z from the experimental values was



0.24-1072,

For the mixtures the extended principle was again employed
together with the so-called 'van der Waals rule', proposed by
Rowlinson,(s) for calculating the parameters of the hypothetical
equivalent single fluid. The geometric mean correction
factor, fﬁ , for the potential energies of CH4—02H4 was found
te be 0.975 (additivity of molecular diameters was found to be
adequate) and when this factor was used, the over-all RMS
deviation of predicted Z values from the experimental ones was

0.48-1072.
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CHAPTER ONE

INTRODUCTION

1-1 General

Ever since the discovery of ethylene by, among others,
the Dutch chemists, at the end of 18'th century the importance
of ethylene in the field of chemistry as one of the basic
chemical compounds has been ever increasing. The physical
and chemical properties of ethylene, however, were not clearly
understood until the end of the 19'th century when organic
chemistry was established as one branch of science and
distinguished from what is now known as inorganic chemistry.
The development of organic chemistry along with other fields
of science brought a better understanding of the chemical
properties of organic compounds as a whole, and especially of
those basic hydrocarbons such as methane and ethylene.

Unlike methane, which is abundant in nature as the main consti-
tuent of natural gas, ethylene has to be manufactured artificially
from other organic materials such as ethane, propane, alcohol

etc. Nevertheless its importance was firmly established

early in the 20'th century because of the versatility of its
che@ical reactions with other compounds due primarily to its
unsaturated double bond.

The use of ethylene on a tonnage scale as a raw material in
synthetic organic chemistry dates from about 1933 wheﬁ the
process of polymerisation of ethylene into polyethylene was
discovered in the Winnington Laboratories of ICI Ltd. by

(79)

Gibson and Fawcett. The discovery of the conversion of
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ethylene under high pressure into a solid thermoplastic polymer
was an event of outstanding significance in the development of
the petrochemical industry.

During and after World War II the demand for ethylene
increased sharply and thus the methods of menufacturing ethylene
were converted‘from non-petroleum processes, which employed
methods such as dehydration of ethyl alcohol or more expensivaly,
hydrogenation of acetylene, into petrochemical processes in
which ethylene is manufactured from light hydrocarbons such as
ethane, propane or from naphtha by catalytic cracking. The main
constituents of the 'cracked' gas are hydrogen, methane, ethylene,
ethane and higher hydrocarbons (both paraffins and olefins upto
about C4 depending on the raw material used). However whatever
is used as a raw material, methane always appears as the main
impurity in the gas mixture. Methane content too varies
according to the raw material used and when, as an example,
propane is used as a raw material, methane content in the cracked
gas is about 30% (mole per cent) whereas about 28% methane is
present as an impurity when naphtha is used.

Thus the basic problem in the ethylene manufacturing
industry is, apart from catalytic cracking of the raw material,
ethylene recovery from the cracked gas, i.e. removal of the
impurities, notably methane, from the mixture. The separation
of methane from the gas mixture, or, demethanisation as is called,
is therefore one of the more important parts of an ethylene
plant and very careful attention has always to be paid to its
design, since about 15% of the total capital cost and 30 - 40%
of the total energy needed are consumed in this part of the

plant.(79)
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Fortunately the critical temperature of methane ( 1900K)
is very much lower than that of the other constituents in the
cracked gas -ethane (306OK), propane (37OOK) ethylene (2820K)
and propylene (365OK)— and for this reason methane together with
the small amount of hydrogen present (less than 15 mole %) is
separated by condensation of ethylene etc. at about 33 bar
and 170 - 180°K. The column in which this condensation takes
place requires refrigeration and this is usually supplied by
conventional vapour compression refrigerators using ethylene
or propylene, depending on the temperature involved, as the
working fluid. These are chosen, rather than, say the fluorinated
hydrocarbons, since they are readily available from the product
streams of the plant.

Of course, the 'demethaniser' forms only one part of the
plant and in a complete plant there are other separation stages
as well, Thus 'optimum' design is usually established on the
basis of systems analysis and will involve economic as well as
engineering factors. However, such designs must be based
largely on thermodynamic consideratioﬂs and there 1is clearly a
need for precise thermodynamic data, particularly on the rather
complex mixtures involved. Unfortunately it is impracticable,
in a reasonable length of time, to make experimental measurements
on multicomponent mixtures covering the whole of the composition
range and one is forced to derive multicomponent properties
from a knowledge of the constituent binaries. (The way in which
this is done is considered below.) From the point of view of
demethanisation part of the plant, the_binary which is dominant

is that of methane-ethylene.
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Despite the facts mentioned above, actual volumetric
measurement data for ethylene and for its mixture with methane
are quite rare in the literature mainly due, it ié believed,
to the difficulties associated with accurate pressure measurement
in a low temperature system.

In the caée of ethylene the work of Michels et al,(14’15’16)
published more than two decades ago, is still regarded as the
most reliable data. Although there are some other sources of
data published (see Chapter 3), in most cases, however, the data
are believed to be less accurate than what was originally claimed.

(17) and Miller(79) have presented

For this reason both Angus
P-V-T data according to Michels work almost exclusively in their
extensive compilations 'IUPAC ETHYLENE Table' and 'Ethylene
and Its Industrial Derivatives' respectively.

The experimental range of Michels work, however, extends
only from 0°c upwards, and for this reason the region below
0°C in the IUPAC table is left blank. (see Fig 3-7).

Volumetric data for the methane-ethylene system are even
rarer and only two papers are believed to have been published(ls’lg)
and then only for two isotherms below 0°c.

In this thesis we report the results of experimental
P-V-T measurements on ethylene in the temperature range 243 -
297°K upto 41 bar pressure and for the methane-ethylene system
in the temperature range 223 - 2990K'and at pressures of upto
86 bar (the maximum pressure depending on the composition of the
mixture concerned). Thus extending our knowledge of the

thermodynamic properties to that appropriate to the design of

ethylene separation plant.
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1-2 Prediction of Thermodynamic Properties

One of the most important subjects in the field of thermo-
dynamics is the prediction or estimation of thermodynamic
properties, since it has never been possible for experimentalists
to supply all of the accurate data which chemical engineers

require in designing chemical plant.

fodern design procedures are usually computer aided,
althohgh a fully coﬁputer designed process plant is still some
time off, and clearly there is a need here for a reliable
computerised method for estimating the necessary thermodynamic
data, usually for multicomponent mixtures. Thus in the design
of the demethaniser of an ethylene plant a programme to provide
liquid vapour equilibria plus the associated enthalpies of
a mixtures containing the substances listed in the previous
section will be needed.

The principle of corresponding states has a long history
in meeting these demands, and because of its theoretical basis
in statistical thermodynamics this method is considered to be
preferable to the empirical ones. The principle is based on
the conformality of the intermolecular potential curves of
different substances. This restricts its applicability to
non-polar, spherical molecules, but in addition, until a theory
of mixing is incorporéted, the principle cannot be applied to
mixtures.

The deviation from the principle of corresponding states
in the case of a pure substance is in most cases due to the
non-spherical shape of the molecule, since the potential energy

between the molecules is function not only of the distance
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but also the relative orientations of the molecules. (We are
not considering the polar molecules here.) Departures from
the principle, however, can be allowed for quantitatively, by
introducing 'shape factors' and these in turn can be correlated

(39)

with so called Pitzer's acentric factor. Leland and co-

workers have éxpressed these shape factors as‘slowly varying
functions of reduced properties and the acentric factor.(40’53)
In the case of mixtures, by far the most successful theory
in the recent years has been the result of amalgamating a
'one-fluid model' with the principle of corresponding states.
In the simplest form of the theory, the mixture is replaced by
a hypothetical simple fluid whose intermolecular potential energy
is assumed to be conformal with the pure substances which form
the mi#ture. The method is also called the 'pseudo critical
method' since it is often expressed in terms of critical
parameters.
The extension to include non-conformal (but hon polar)

(68,69) who used

substanceé has been carried out by Rowlinson
the so called 'van der Waals rule' for calculating the parameters
of the hypothetical simple fuild, and it is this form of the

theory that is used in this work.

The van der Waals formulation for the parameters of the
.simple fluid involves the interaction parameters for unlike
molecular interactions. Since we cannot learn anything
about these from measurements on pure substances the unlike
interaction parameters must be obtained from measurements on
mixtures. Ve theéfore determine these parameters for the methane-

ethylene system from our P-V-T results.

Since the principle of corresponding states is applicable
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to both liquid and vapour, and therefore to the determination
of liquid-vapour equilibrium, we use the parameters thus derived
to investigate the accuracy with which the latter can be

estimated.

1-3 Equations of State

A large amount of thermodynamic data can be most conveniently
handled and utilized in the form of an equation of state.
An equation of state is an equation which relates pressure
volume and temperature, the simplest of which is that of a

perfect gas,

Pv = RT (1-3-1)

where V is molar volume and R is the gas constant.

The equation of state (1-3-1) has a long history and dates back

to the work of Boyle and Charles in the 17'th and 18'th centuries

when the foundations of what we now know as the perfect gas

laws were laid down.(2)
Real gases depart from perfect gas behaviour because of

the finite size of the molecules and forces between them.

The compressibility factor, Z, was therefore defined by

7 = PV/RT (1-3-2)

Z is a function of temperature and pressure (or density)
and is a convenient measure of the non-ideality of a gas because
it is dimensionless. As the pressure tends to zero then the
gas becomes more ideal and hence Z approaches the value of unity.

Many equations of state, both theoretical and empirical,
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have been proposed to express quantitatively the variation of the
compressibility factor with pressure and temperature. The
first practical equation of state to improve upon the ideal

gas law, Eq.(1-3-1), is that of van der Waals,
(P + a/v2)(v - b) = RT (1-3-3)

where a and b are positive constants which are characteristic
of the particular gas. The terms a/v2 and b are pressure and
volume correction terms respectively, which arise from the non-

ideality of a real gas, and thus this equation can be regarded as

a semi-empirical equation.(gl)

A modification of Eq.(1-3-3) but more useful from a practical

2)

point of view is that of Redlich and Kwong,(4

RT

P v -DbL

Za/(rivev + b)) (1-3-4)

Eq.(1-3-4) like van der Waals equation has only two parameters
and hence it is easy to use over wide ranges of conditions but
does not give high accuracy, especially near the critical
point.(44)
One of the most practically successful equations of state

is the empirical equation of Benedict-Webb-Rubin, which has

8 arbitrary parameters to be determined from experimental

P-V-T data;
- - Co /T —
p-RT, BeRT-A-Co/tt | bRT-G , a2
% Y; v
/v
o (1 —~=)e (1-3-5)

a, b, ¢, dand 4 are constants.

where AO, Bof Co’
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The advantage of Eq.(1-3-5) is its ability to give high accuracy
(about 0.5%) for whole fluid region (including the liquid phase)
upto 1.8 times the critical density. However this equation is
very complex compared with Eq.(1-3-3) and (1-3-4), and it is
laborious and time-comsuming to solve such an equation.

For this reason, despite its high accuracy, it has
rarely been used until recently in the field of engineering.
The difficulties, however, have been overcome by the use of
computing machines which alloﬁ one to solve quite complex
equations of state without much‘difficulty. In general the
most accurate equations are also the most complex, thus various
equations with more parameters have been proposed. Nevertheless
all these modern equations of state are modified formsofi%—W—R
equation and like it, are empirical.

In 1963 Strobridge proposed a 1l6-coefficient equation
whose parameters for nitrogen from 63 to 300°K upto about 200 bar

were determined by a least-squares curve fit.(45)

(30)

In 1970 Bender modified and further extended it to

a 20-coefficient equation which can be expressed as

L A . 2 T
P =fT{K+5f+Cf + D + BfF o+ (G4 8P exp (- Gaop )i (1-3-6)
where B, C, -+ + H are expressed as functions of temperature
containing a total of 19 coefficients. The 20 coefficients in
(29)

Eq.(1-3-6) were determined for nitrogen, argon, oxygen,

carbon dioxide and methane(go)

for the whole fluid region from
experimental P-V-T data. (see Eq. 3-3-2, section 3-3).
In 1973 Stewart and Jacobsen(46) increased the number of

parameters to 33 and determined the parameters for nitrogen and

oxygen by means of a least-squares curve fitting technique.



(47)

The same equation was used by McCarty in 1974 and the parameters
for methane were published.
These equations with many parameters were needed not so
much to improve the accuracy of the P-V-T fit as to ensure
equality of the fugacity of the coexisting liquid and gaseous
phases and thefeby reproduce the saturation line. Not all of
the parameters (e.g. 20 in Bender equation) are therefore
necessary in representing a restricted range of the P-V-T
surface. Thus in representing the P-V-T measurements made in
this work where the experimental range covered only the gas
phase with maximum reduced density of O.ng, an equation of state
such as Eq.(1-3-6) can be simplified by reducing the number of
terms in both density and temperature, and also by neglecting
the exponential term which is so-called the correction term for
the liquid region. The optimum number of the parameters can
only be determined empirically from the experimental P-V-T
data and this will be discussed in greater detail in Chapter 3.
Apart from the empirical equations of state describéd
above another important equation is the virial equation of state
which is an expansion of Z as an infinite series in powers of

density;
Z = PV/RT = 1 + Bf + Cf + D + . - . (1-3-7)

Although an equation of state of this type, but in
truncated form, was first suggested as an empirical representation
of PVT data its significance lies in its relationship with the
intermolecular potential forces which causec thé non-ideality
(82)

of a real gas.

Statistical mechanical considerations show that the second
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virial coefficient, B, is a function of the interaction between
pairs of molecules, as described in Chapter 4, the third virial
coefficient, C, is a function of the interaction between three
molecules,.and SO on. The second virial coefficient is one

of the few macroscopic properties which can provide quantitative

information on the intermolecular forces between a pair of

molecules.
For mixtures the second virial coefficient is given by(sz)
hh .
Buie = 22 %% By (1-3-8)

where X and x. are the mole fractions of i'th and Jj'th components
respectively, and Bii and Bjj are the second virial coefficients
of pure substnaces i and J respectively. Bij (i # j) is the
interactional second virial coefficient which is directly
related to the interaction between molecule i and molecule j.
Similarly,
h n h

Ch\;M = Z_Z%., Xe Xiik C&Jk (1-3-9)

LI

where Cijk is related to the interaction between the three
unlike molecules i, J and k.

Thus by measurement of the compressibility factors and
hence second and third virial coefficients of mixtures, it is
possible to obtain information on the intermolecular forces
between unlike molecules.

Although a power series in density such as the virial
equation can be used to represent simultaneously both liquid
and gas phases it has not been particularly successful in the
past, hence the use of an exponential terms in the B-W-R

4 . . . .
and suceeding equations, nor if it were so used would the



coefficients so obtained be virial Coefficients in the statistical
sense for it is believed that the statistical mechanical virial
equation does not converge at high densities.

From a practical point of view there is an important
difference between Eq.(1-3-6) and Eq.(1-3-7) in that in Eq.(1-3-6)
the compressibility factor is expressed in terms of density
as well as temperature, while in Eq.(1-3-7) .the compressibility
factor is expressed in terms only of demnsity. It follows that
the coefficients of the virial equation being functions of
temperature can be fitted to P-V-T data only for a given
isotherm, Qhereas those of Bender equation can be fitted
simultaneously to any given set of isétherms. This makes
Eq.(1-3-6) particularly valuable when handling experimental
P-V-T results which contain only a limited number of data
points on each isotherm.

In this work both Eq.(1-3-6) and (1-3-7) are used and the
compressibility factors thus produced from these equations are

compared and discussed in Chapter 3.

1-4 Other Thermodynamic Properties

An equation of state based on accurate PVT measurements
is important not only in interpolation of the data and calculation
of the compressibility factor but also, of course, in connection
with the calculation of other thermodynamic properties. The
changes in thermodynamic properties of a gas over ranges of
temperature and pressure can be calculated from the particular
equation ol state chosen by manipulating the so-called fundamental

equations and the Maxwell relations. That is, we have four
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fundamental equations,

Pav (1-4-1)

dU = TdS -

di = TdS + VdP (1-4-2)
dA =-SdT - Pav (1-4-3)
dG =-SdT + VdP (1-4-4)

and we have Maxwell relations

(27, = - (35), (1-1-5)
(%vi . (%X | (1-4-7)
(2%)1 = - (g-\%)p : (1-4-8)

Thus one can calculate, for example, the enthalpy, H, of a
gas at temperature T1 and pressure P1 from the above equations
(1-4-1) to (1-4-8). That is, by dividing Eq.(1-4-2) by dP,

keeping T constant,

S

From the Maxwell equation (1-4-8) we have

(s_ﬁ ] :4(%‘7’-)? +V (1-4-10)

Therefore the partial derivative (%%) can be calculated from
T

an equation of state of the form

f(P,V,T) = O (1-4-11)



The total derivative of ehthalpy, dH, with respect to T and P

can be expressed as,

_ [ °H oH a4
dH = (5?>pdT + (2 4P (1-4-12)
Since
Cp :(ﬂ (1-4-13)

°T P

and from Eq.(1-3-10),

o =tar v - 725), ] 4 (1-a-10

Hnece by integrating Eq.(1-4-14) in two stages

(1) from TO to T, at constant PO

1
(ii) from PO to P1 at constant T1

we have
T it
' v
He-ro = [ GaT + S §v-T(55) 7 ap (1-4-15)
To P P
Similarly
Ty T :
- S = G - oV —4-
S S,-ST?AT (FPA? (1-4-16)

where HO and SO are arbitrary values at some chosen standard
state, (PO,TO), such as at 1 atm., 0°c. Other thermodynamic
properties such as fugacity (or chemical potential), Cp and CV
can be evaluated similarly.

Thus from a knowledge of Cpo and from the equation of
state, H - HO can be calculated. Of course some accuracy is
lost in the differentiation and integration and thus high

precision is required in the equation of state and hence in the

P-V-T measurements, if the procedure is to be successful.
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FIG 1-1 BURNETT EXPANSION APPARATUS (SCHEMATIC)

1-5 Measurement of the Compressibility Factor

The compressibility factor given by Eq.(1-3-2) can be
directly determined from an equation of state chosen using
experimental P-V-T data. In virtually all methods, the gas
under investigation is contained in a well defined volume and

the pressure and temperature are measured. The general

(2)

principles of P-V-T measurement were summarised by Saville

(82)

and Mason and Spurling compiled all papers published between

1920 to 1967 which report P-V-T measurements.

(22)

In 1936 Burnett

(8}

introduced a multiple expansion method
which avoids the necd for accurate volume determination, direct
mass or normal volume measurements, absolute temperature

measurement, and the use ol mercury as a confining fluid.
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A typical Burnett multiple-expansion apparatus is shown
schematically in Fig 1-1.

Initially the unknown quantity of gas is confined at a
fairly high pressure in V,, with the expansion valve E closed,
and its pressure is measured. The gas is then allowed to

expand into V and the pressure is again measured after

B’
temperature equilibrium is achieved. Valve E is then closed
again and VB evacu_ated. This process is continued until the
lowest measurable pressure is attained. The sequence of
pressures, PO, Pl’ P2, e, Pj, SRR Pn constitute the
basic data of a Burnett 'RUN'.

Material balance is taken before and after each expansion,

i.e. the number of moles of gas, n_, in V, prior to the first

A
" expansion is given by
n, = POVA/(RTZO) (1-5-1)

where Z0 is the compressibility factor at pressure PO.

After the first expansion,

n, = Pl(VA + VB)/(RTzl) (1-5-2)
Hence by equating Eq.(1-5-1) and (1-5-2)

PO/P1 = N(ZO/Zl) (1-5-3)
where

N = (VA + VB)/VA (1-5-4)

N is called the 'cell constant' or 'apparatus constant'.

After the second expansion

P, /Py = N(Zy/Z,) . " (1-5-5)
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and after j'th expansion,

P. /P, = N(Z. ,/Z. 1-5-6)
3175 = NE5_4/25) ( ’

From Eq.(1-5-3) and Eq.(i-5-5),

p,N? = (P_/2.) "7 (1-5-7)

and generally
J _ .7 —5-
PjN = (PO/ZO) AJ (1-5-8)

Eq.(1-5-8) shows that, in order to obtain Zj at a given
pressure Pj’ N and (PO/ZO) must be known. Determination of
these values can be accomplished from either a graphical or
analytical method of data treatment. These procedures are
described in Chapter 3.

The Burnett method requires good temperature control and
precise pressure measurements. The methods of controlling
temperature and measurements of pressure and temperature are
described in Chapter 2.

As no accurate measurements of volume, mass of gas,
or absolute temperature are necessary, the method is particularly
suited to the determination of preciée values of Z2 at low
density and low pressure, where other methods may lack the
necessary precision at low pressurés, at very high temperatures

where the accurate measurement of absolute temperature is
difficult. However, as compressibility factors are not measured
directly in a Burnett apparatus, their accuracy may be affected
not only by experimental errors in measurement but also b&

such factors as the magnitude of N and hence fhe number of

expansions in a RUN, and the method of data treatment employed.
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When both vessel VA and VB in Fig 1-1 are kept at a same temper-
ature T (usuzally called an 'isothermal' Burnoti apparatus),
temperature control of two vessels at low_temperature becomes
difficult, and furthermore leakage problems can occur with
expansion valves. For these reasons a 'non-isothermal’' Burnett
apparatus may be employed, as in this work, in which volume VA
is at the experimental temperature, TA’ while volume VB

is at a temperature TB which is easily maintained constant,
such as 0°C. The Valves are also at temperature TB‘ In this

case the material balance before and after j'th expansion is

given by (ignoring the dead space between the two vessels),

+ PV /Ty(Z (1-5-9)

= PV, /T, (2 83

P 1Va/TalZp) 54 IR
The dead-space between the vessels presents a severe problem
since there also exists a temperature gradient. Thus in order
to calculate an accurafe material balance the volume and the
local temperatures must be known. To reduce the errors which
can occur in this part the volume of the dead-space must be
as small as possible.

In computation of the results from a 'non-isothermal’
experiment we clearly need also the equation of state at tempera-
ture TB so as to calculate ZB’ This can come from other

sources or from an experiment at TA = TB. The way in which

this is dealt with is described in Chapter 3.
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CHAPTER TWO

EXPERIMENT

2-1 Introduction

Determination of compressibility factors of gases and
gas mixtures by Burnett method involves a series of expansions
of the gas under investigation from one vessel(here called
the low temperature system or piezometer) to another(the
expansion vessel). Before and after each expansion pressure
and temperature are measured.

Accurate measurement of pressure, which is needed in
the Burnett procedure, can be achieved onl&‘when the temperature
of the gas is maintained at a certain value with minimum
fluctuations. Thus the non-isothermal Burnett apparatus

requires, basically,

i) low temperature system

ii) expansion vessel

iii) temperature control system

iv) temperature measurement system
v) pressure measurement system
vi) vacuum system.,

The schematic diagram of the experimental apparatus
is shown in Fig 2-1.

In order to get accurate results from the Burnett
Apparatus a high vacuum system is prerequisite, for after
each measurement the material inside the expansion vessel
should be evacuated thoroughly. Moreover temperature control
of pressure vessel is possible only when a good vacuum is
maintained between the pressure vessel and outer jacket.

throughout this work the expansion vessel was in a ice-

bath at 0°C and the pressure vessel was at the experimental
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temperature. Both vessels were double-walled so that the
pressure of the inner volume could be equalized to that of
outer volume by filling both sides with gas at the same
pressure. This reduced changes in the experimental volume
due to elastic distortion of the vessels concerned.

The gases in the inner and outer volumes were kept separate
by the Precision Pressure Gauge (P.P.G.) which was a spirai
quartz Burdon tube. The outer volume was then connegted to
the pressure measurement system so that the dead space of
actual experimental volume could be minimized.

Although it was desirable to keep exactly the same pressure
on each side of the spiral tube, practically this was difficult
especially at high pressure. Moreover the null position of
the P.P.G. itself shifted with pressure (section 2-8-5).

Thus the P.P.G. null was calibrated against pressure change

for each individual gas so that the null position could be found
at a given pressure, and the P.P.G. sensitivity was calibrated
against pressure difference between inside and outside the
spiral tube so that accurate pressure difference could be
calculated. These P.P.G. calibrations will be discussed
extensively in section 2-8-5 (c¢) and (d), since this part

could lead the largest possible error in measuring the pressure.
The temperature was measured by means of a platinum resistance
thermometer. The resistance of the thermométer was measured
either by an A.C. Precision Double Bridge (runs 17, 18, 19

and 20) or by a potentiometer with a suspension galvanometer
(all other rumns).

‘The pressure between 20 bar and 100 bar were measured
by means of an oil piston gauge and between 20 bar down to

about 3 bar were measured by means of a gas piston gauge.
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The whole apparatus was housed in a polyethylene cabinet,
in which the temperature was controlled at a few degrees
above ambient room temperature by means of a toluene regulator
with a proportionating head in conjunction with two pairs of
200 watt electric bulbs. The air inside the cabinet was
circulated by fwo 10-inch fans. The cabinet temperature.
remained constant with less than 0.1°C fluctuation during
daytime.

One experimental run normally took 2-4 days depending on
the first pressure, the experimental temperature and the

species of gases.

2-2 The Low-Temperature System

2-2-1 Introduction

As shown in Fig 2-2 the low temperature system consists
of the pressure vessel, the radiation shield, the inlet
tubing and outer-jacket. The double-walled pressure vessel is
suspended within a copper radiation shield which is again
suspended inside a brass oufer—jacket. The space between the
pressure vessel and the outer jacket was evacuated thoroughly
(lower than 10_5 torr) in order to eliminéte the heat transfer
by conduction and convection.

Ten platinum resistance thermometers, which wefe connected
in series and housed in the pressure vessel wall, were used
as a part of an automatic temperature control system which
regulated the power supply to the heater circuits wound outside
the pressure vessel, thus maintaining its temperature at a
constant value,.

The pressure vessel was surrounded by a constant temperature

environment(radiation shield) whose temperature was controlled
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at about 1°C below that of pressure vessel.

The low temperature system was thus designed such that
the heat loss from the pressure vessel was small and radiative,
giving close temperature control and small temperature

gradients within the vessel,

o

2-2-2 The Préssure Vessel

The double walled pressure vessel was made of EN58J
stainless steel. The inner vessel with 0.125 inch wall
thickness contained the gas under investigation and the
outervessel with 1 inch wall thickness was filled at a same
pressure as that of inner vessel with same gas. The inside
surface of thé inner vessel was polished to reduce adsorption
of the gas and it was assembled by electron beam welding
(by courtesy of Vickers Ltd.) to avoid any damage to the
polished surface.

10 holes of 0.125 inch diameter were drilled around
the outer wall to house temperature controlling platinum
resistance thermometers., As shown in Fig 2-3, the vessel
was provided with a central well which contained the platinum
resistance thermometer for the temperature measurement.

Two heaters (32 swg manganin), each of which consisted of three
sub-heaters connected in parallei) were non-inductively

wound along the length of the outer wall. The heaters were
electrically insulated from the pressure vessel by a layer

of nylon material which was streched over the vessel and

then painted with Formvar (a solution of polyvinyl formal

in chloroform).

A copper-constantan thermocouple was soldered to the
pressure vessel at its mid-point to regulate the radiation

shield temperature(Fig 2-11). The electrical circuits of the
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pressure vessel will be described in section 2-6,

2-2-3 The Radiation Shield

As the name implies, the radiation shield servéd to
prevent direct heat transfer by radiation between the pressure
vessel and outer brass jacket.

The temperature control of the pressure Qéssel, therefore,
largely depended on the environment provided by the radiation
shield, the temperature of which should differ from that
of the pressure vessel by a small constant amount. Cylind-
erically shaped radiation shield was.made of copper, 0.125
inch thickness, and consisted of three parts; i.e. side
cylinder, top and bottomend plates, both end plates were
fixed to its side cylinder by means of screws. Each of“end
plates had a hole at its center to lead gas inlet tubes (top)
and electrical leads from the pressure vessel (bottom).

Both end plates consisted of two copper plates between which a
manganin heater was sandwiched and insulated by mica.

Outside the cylinder there were two spiral grooves
from top down to bottom to embed two silicon-rubber
cables, one housed all the heater wires and the other housed
the thermocouple and thermometer wires,

The idea of these spiral grooves was that by having
longer wires from point B,colder (Fig 2-4), to point A,
the temperature of the wires at B would be closer to that of
radiation shield, and hence the heat transfer by conduction
Vthrough the metal wires could be prevented. Three thermocouples
were soldered on top, side and bottom parts of the shield to
monitor the temperature differences between side and both

end plates (Fig 2-11). The temperature differences were
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adjusted by means of rheostats in the heater circuits as
shown in Fig 2-12 and 2-13.

Spare wires were inclﬁded in both cables in the grooves
mentioned above to prevent re-wiring of the radiation shield
heaters in case of breakage or shorting in the wires.

Nylon stocking material was used to cover the outside of
the cylinder and was ﬁainted with formvar. This cover not
only held the two cables in the grooves but served aé an
insulant onto which six parallel heaters were wound non-
inductively. Extra insulation was provided over a 2 cm
wide band at each end of the cylinder where the soldered
connections were to be made.

All.the wires from the pressure vessel, led through
the hole at the center of the bottom plate, together with
the wires from the radiation shield itself were aligned in
two rows onto the doubly insulated end ring of the cylinder
and fixed by means of formvar except for the uncovered end
tips of the wire which were bent perpendicularly to the
cylinder surface in order to make marking and soldering of
individual wire easy.

These wire tips were soldered to appropriate wires of
the cables in the groove, and covered with nylon material
and twice painted with formvar. The wires from the groove
on top of the cylinder plus those from inlet tubes (point B,
Fig 2-4) were similarly marked, soldered and insulated.
Wires for heaters, thermocouples and thermometers were sepa-
rated and sheathed in three silicone-rubber sleevings,
which were led out of the low temperature system through
two pipes of the outer jacket.

The hole at the top plate were sealed by a teflon cap

~with two 1/16 inch dia. holes through which the inlet tubes
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passed., The other hole at the bottom end was sealed by a thin
copper plate by means of three screws. This measure was
necessary to prevent direct heat losses from the pressure
vessel through these holes by radiation.

The radiation shield was suspended from four hooks
screwed into the underside of the outer jacket by means of
several strands of nylon dental floss which served as both
thermal and electrical insulant. The pressure vessel was
suspended similarly from the top plate of the radiation
shield.

The interior of the radiation shield was covered with
thin silver foil to reduce radiation heat loss from the
pressure vessel,

Temperature control of the radiation shield together
with all the electric circuits involved will be discussed in

section 2-6-3 in detail.

2-2-4 Inlet Tubes

As shown in Fig 2-5 1nlet tube system consisted of two
stainless steel pipes (0.063 in. o.d., 0.043 in. i.d.),
11 Cu-constantan thermocouples and two heaters. These tubes
were the intermediate part between the pressure vessel,
which was at experimental temperature, and outside environment.
Unlike the pressure vessel the inlet tubes were not protected
from the radiation heat loss. Thus without a proper heating
device, the gas inside this part could inadvertently condense,
Further, temperature control and measurement were important,
as computation of the results required a knowledge of the
amount of material in the inlet tubes.

For these reasons, the two tubes were wrapped with a
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thin sheet of air mail paper and painted with Formvar.
Along the wrapped tube 11 thermocouples were attached by means
of Formvar paint. Two 32 swg manganin heaters were then wound
non-inductively on top, one covered whole length (except the
part from the radiation shield to the pressure vessel) and
the other was wound on the bottom half of the first heater,
where the temperature was the lowest along the tube (Fig 2-5).
The inlet tubes were connected to the pressure vessel
by means of 'Swagelok' couplings. Between these couplings
and the pressure vessel the tubes were coiled (9 cm) to reduce
the temperature gradient between the inlet tubes and the pressure
vessel. The inlet tubes passed through at the central support
tube of the outer jacket and came out to atmosphere through
two tiny holes in a brass adaptor and were sealed by means
of soft-soldering. The heater and thermocouple wires were
sheathed separately in two silicone-rubber sleevings and soldered
at point B (Fig 2-4) to appropriate wires which led out of the
low temperatufe system.
The number of thermocouples provided, 11, was strictly
more than were needed to determine the temperature gradient to
the required accuracy. However, this did allow experimentation
to continue when, as in this work, 3 thermocouples developed
faults.
The inner volume of the inlet tube was measured by using
mercury. A tube of known length was filled with mercury and
weighed. Then the specific volume (cc/cm of tube) was calculated

(3)

from the mercury density. After several measurements at
different temperatures the inner volume per cm was found to be

0.00954 cc.
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2-2-5 The Outer Jacket

The outer jacket was made of brass and supported by
four stainless-steel tubes which were thin-walled to reduce
heat transfer from outside to the refrigerant.

At bottom of each support tube, a brass collor had been
hard-soldered on and this brass collar was then soft-soldered
to the brass jacket. Each of the four supports then passed
through four corresponding collars provided on a 0.25 in.
brass support plate whiéh was fixed on a framework of
'Handy-Angle.

The lead out wires were sheathed in silicone-rubber sleeving
(about 1 meter long) and wound several times around a ring
which was screwed and soft-soldered to the underside of the
top of the jacket. This measure was to reduce the temperature
of the wires to nearer that of the radiation shield, thus:
reducing the disturbing effect on the temperature control of
the radiation shield.

The central support tube contained the inlet-tubes,
the second contained all the heater wires, the third contained
all the wires from the platinum thermometers and the thermo-
couples, and the fourth support was directly connected to the
vacuum system. This fourth support did not contain any
electric wires, because possible condensation of mercury from
the two diffusion pumps would cause electrical short circuits.

The cable passed through a black-waxed B29 brass cone/
glass socket joint at the top of the support tubes. Each
group of wires were led out to the atmosphere through black-
waxed B29 cone/socket seals.

The seal was made by baring the wires, embedding them

into the black wax of the socket and inserting the waxed



cone stopper with a gentle heat. The wires, which were now in
the atmosphere, were soldered to 16 swg pins, of the same
metal, mounted in a perspex disc on each stopper cone.

The inside surface of the jacket was covered with
thin aluminum foil to reduce radiation heat transfer between
the refrigerant and the radiation shield.

The jacket cylinder was soldered to its 1lid by using
low melting point (115°C) indium/tin solder.to avoid damage
to any part of electric circuits in the radiation shield.
and also to avoid melting the other soldered part of the
jacket (i.e. the soldered connection between the support

tubes and the outer jacket).

2-2-6  The Cryostat

‘The outer jacket was immersed in a cooling fluid contained
in a lérge silvered Dewar flask with a viewing strip,
through which the level of the refrigerant was observed.

The outer surface of the Dewar was wound with self-adhesive
tape in case of explosion of the double walled Dewar due
to thermal stress.

The refrigerant used depended on the temperature range
under investigation. During testing and practicing,
measurements were made of nitrogen gas with liquid N2 as
refrigerant. When experimenting with ethylene apd ethylene=
methane mixtures, solid carbon dioxide/ethanol mixture was
used as refrigerant (-80°C) due to the higher critical point
of ethylene and its mixtures than those of pure N2 and CH4.

For some of the runs above 0°C, cooling at about

-10°C from a small refrigeration unit was used. In this

case a 0.25 in. soft copper tube was coiled around the outer
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jacket and connected to the refrigerator (Grant LC 10
Civculator), in which ethanol was used as cooling medium.
With proper insulation (polyurethane) the temperature of
ethanol inside the Dewar was kept at -5°C with *0.5°C

fluctuations.

2-2-7 Low Temperature System Wires

Wires for low temperature system were chosen such that
the temperature control and measurement systems were least
disturbed electrically due to change of temperature of the
wires. Low temperature system wires can be categorized
as following.

a) Thermocouples: 40 swg copper and 36 swg manganin were
used. The sizes of wires were not changed throughout the
system to the measuring instrument, except at the pin blocks
(section 2-2-4). The ice-point junctions were soldered by
using low emf solder and housed in thin glass tubes which

were immersed in distilléd water-ice mixture in a small

dewar flack.

b) Heaters: All heaters were wound non-inductively with

32 swg manganin wire. Inside the spiral groove of the radiation
shield 32 swg copper wire was used because there would be no
temperature fluctuations in the radiation shield wall,

and the resistance would be constant.

c¢) Platinum resistance thermometer: There were 11 platinum
resistance thermometers in the pressure vessel, one for temp-
erature measurement (calibrated) and the other 10 for
temperature control of the pressure vessel. The lead out wire
was 32 swg copper in the spiral groove.

d) Inside the support tubes:  These tubes were in contact
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with the refrigerant, and the variations in the level of
liquid could cause changes in the resistance of the wires
leading to errors in temperature measurement and control.
Thus both the thermometer and heater leads were of manganin,
ﬁhose thermal coefficient of electrical resistance is much
smaller than tﬁat of copper. 32 swg manganin was used for
heaters and 28 swg manganin for the thermometers. The plat-
inum resistance thermometer wires had to have a low resistance
and 28 swg was the largest diameter that cguld be handled
in wiring the system, especially at the black-waxed cone-
socket sealing through which all the leads passed out to the
atmosphere, |
e) Outside the system: From the pin-blocks at the top of
the support tubes there were no restrictions on the size
of wires and hence, 18 swg copper wire was used for both
thermometers and_heaters° Three groups of heaters, thermo-
meter and thermocouple wire were sheathed in p.v.c. sleevings
respectively and passed through three separate 1/2 in.-
copper tube from above the pin-blocks to various controlling
and measuring instruments,

Spare leads were provided for all electrical circuits
both inside and outside the system to avoid unnecessary

labor in case of breakage of electrical leads.

2-3 The Expansion Vessel

The expansion vessel (also called the ice-bath vessel)
was made of ENS8J stainless steel and like the low temperature
pressure vessel, was double-walled and hence pressure compe-
nsated to reduce volume changes in the inner vessel with

pressure.
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The inside surface of the inner volume was polished
to reduce adsorption and assembled by precision argon-arc
welding to avoid any damage to the polished surface.

The basic difference between the expansion vessel and
the pilezometer was that the inner member of the expansion
vessel was interchangable as shown in Fig 2-6.

Originally four different inner vessels were provided
and the volumes were approximately 514.9, 385.7, 281.3 and
183.8 cc respectively.

Changing from one value for the volume of the expansion
vessel to another alters the value of the Burnett apparatus
constant N (see Chapter 3) and thereby influences the accuracy
of the results.(4’5)

In this work the optimum vessel was the smallest
(183.8 cc) and it was used throughout. This choice was
primarily determined by the low vapour pressure of ethylene
at 0°C (40.9 bar), for, when the temperature was below the
critical point at any part of the apparatus the pressure
had to be limited to about 85% of the vapour pressure to
avoid possible condensation of the gas. For pure ethylene
the expansion vessel temperature (0°C) is well below the
critical temperature of 9.5 C. The first pressufe in the
piezometer was, therefore, restricted such that after one
expansion the pressure should not exceed 34.7 bar. Thus
to obtain an adequate number of expansions during the experiment,
the smallest expansion vessel was needed.

As shown in Fig 2-6, on top of the inner vessel a round
stainless disc was welded, through which an inlet tube of

0.063 in. o.d., 0.043 in. i.d. was passed. Beside the inlet
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tube an Aminco connection thread was machined to provide
any entry for the gas used-to fill the outer annular space.
The outer volume was sealed from the atmosphere by means of
a rubber 'O' ring in the groove on the outer cylinder
onto which the disc of the inner vessel was placed. The
disc was held by means of the end-cap of the outer jacket
and eight 3/8 in. stainless steel bolts which screwed through
the end cap to provide uniform loading. The bolts were
tightened to give a leak-proof seal at the 'O' ring. The
bolts also passed through a steel ring which was connected
by means of four 3/8 in. diameter steel rods to the framework
of the apparatus and thus served to support the whole vessel.
The vessel was immersed in a mixture of distilled water
and finely crushed ice in a large Dewar flask, The water
was circulated by means of a six-bladed stirer inside a
plastic tube with holes through which water flowed upward.
A platinum resistance thermometer was provided to check
the temperature stability of the circulating water around

the expansion vessel.

2-4 The Vacuum System

A schematic diagram of the vacuum system is shown in
Fig 2-7. As shown in the diagram two seé&ate vacuum systems
were provided with appropriate interconnecting taps.

Under normal conditions one system was for evacuating
the outer jacket, and the other for the expansion vessel.
The two systems were, however, interconnected in such a
way that, one system would be used in both purposes in case
of failure of the other.

A rotary pump was connected to a mercury diffusion
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pump with two liquid nitrogen traps between which a Pirani and
an ionisation gauge heads were provided.

The vacuum inside the outer-jacket was kept below
10_5 torr on ionisation gauge throughout this work.
Evacuation of the expansion vessel to less than 10_4 torr
on the ionisation gauge took normally less than one hour.
However, the vessel was evacuated for more than one hour,
since the pressure inside vessel could be higher than that
of indicated value on the gauge because of small diameter of

the inlet tube of the expansion vessel.

2-5 The Gas Storage System

The gas storage system was provided as an economy
measure. Since the compensating gas was the same as the
experimental gas, it was possible to collect the gas in a
storage pressure vessel and to use it again.

The schematic diagram of the system was shown in Fig 2-8,.
As shown in the diagram the gas vented from the expansion
vessel was collected in the storage vessel with a pressure
switch. The pressure switch was adjusted such that, when
the pressure inside the vessel exceeded, 150 atm., the
pressure switch closes the solenoid valve circuit and
hence energized the valve which, in turn, opened the
pneumatic valve by means of NZ gas. The solenoid valve
circuit was open when the pressure reached about 80 atm.
and hence shut the pneumatic valve again.

The inside volume of stainless-steel vessel was about
1.5 liter. The vessel was sealed by means of a silver-
plated metal 'O' ring, seated in the groove on top of the

vessel. An end plate was placed on the 'O' ring and pressed

by means of an end cap with eight-3/8 in, stainless steel
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bolirs,

The vessel was held in a handy-angle framework outside
the polyethylene cabinet. When ethylene was used, the vessel
was immersed in a large Dewar—-flask with a solid CO2/vthunol

mixture to collect more ethylene by condensation.

2-6 Temperature Control Systems

2-6-1 Introduction-

Two independent temperature control systems were
provided for the low temperature system, i.e. one for the
pressure vessel and the other for the radiation shield.

As shown in Fig. 2-9 the principle idea of temperature

Y

AMPLIFIER

ERROR |DETECTER CONTROLLER
SIGNAL .

POWER

FIG 2—-9

control of the pressure vessel was that 10 platinum resistance
thermometers, which were connected in series and housed in
vertical wells drilled around the outer wall of the pressure
vessel, comprised one arm of a Wheatstone bridge, the off-
balance signal from the bridge formed an input to an electrical
control system in which the unbalance signal was detected,
amplified and supplied to the heaters around the pressure
vessel.

In the case of the radiation shield, the unbalance
signal came from thermocouples soldered on the surfaces of

the radiation shield and the pressure vessel.
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The e.m.f. from the thermocouple was compared with a
micro-volt source set sucﬁ that, at the control point, the
temperature of the radiation shield was kept at lower temp-
erature than that of the pressure vessecl.

The radiation shield needed a larger power supply unit
than the pressure vessel because of the large temperature

difference between the shield and the brass outer-jacket.

2-6-2 The Temperature Control Of The Pressure Vessel

Ten platinum thermometers (De Gaussa type P5), each of
nominal 100 ohm at 0°C, were housed in ten equally spaced
vertical wells around the outer wall of the pressure vessel.
Each thermometer had silver extension leads which were connected
in series, thus giving 1000 ohm at 0°C and a temperature
coefficient of resistance of about 4 ohm/ C.

As shown in Fig 2-10, a compensation lead was provided
in the variable resistance arm of the bridge_(RS).

The ratio arms R, and R, were set to 1000 ohm, which

1 2

was close to that of R4. The variable resistance R, consisted

3
of five decade boxes, giving maximum resistance of 10,000
ohm with a minimum increment of 0.1 ohm, thus the R3 could
be preset to the nearest 0.1 ohm, corresponding to 0.025°C.
When the resistance (R4) of the platinum thermometer

was exactly same as that of the pre-set variable resistance,

i.e, R1 =’R2 (pre-set)

R, = R, or R/R, = Ry/R,  (2-6-1)

the bridge was balanced.

When R3 # R4 or the bridge was off-balance the resistance
of the thermometer changed to R4 + dR4,
across A and B (Fig. 2-10) existed. This output voltage

and hence voltage
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forms the input signal to the control circuit.
The output sensitivity of the bridge may be calculated

from

AV = fceo - V. c{f:-;_

(2-6-2)
(tooo + Ry )

where dR4 is the unbalance resistance.

Three 2.5 V—ba?tery (Alkaline Batteries, Model Alkad),
connected in series, were used for the bridge circuit.

At O°C,0.001°C change in temperature caused 0.004 ohm change in
resistance of the thermometer and hence from eq(2-6-2)

gave 7.5 microvolts output voltage across A and B. This

output voltage formed an error signal to an electronic

D.C. Null Detector (Leeds and Northrup, model 9834-2).

This instrument was a high-gain, low-noise operational amplifier,
giving an output voltage of from -0.5 to +0.5 volts, displayed
on a front panel.

The output from the null detector was controlled and
further amplified by a Curreht—Adjusting—Type Control Unit
(Leeds and Ndrthrup, Series 60), which gave from 0 to 5 mA
output. This instrument had three-action control; a propor-
tional,,integral and rate control.

Thus the voltage output from the current controller

could be described as

Voor = A- Vi + ij-v,, dt + ¢ AV (2-6-3)

where A, B, C = constants
Vin = input voltage from the null detector to the
current controller,

Vout = output voltage from the controller.

The proportional control functioned in rapid response
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to Lhe input.error signal and amplified the input voltage to
A'Vin volts.

The integral control provided an extra restoring output
to maintain the control point.af the correct set pasition
at which the error signal was zero. The rate control
supplied a further restoring signal in proportion to the rate
of change of temperature. The output from the control unit
was finally amplified by a power Supply-Amplifier (Hewlett-
Packard, model 6823a), which gave a maximum output power
of 10 watts at 20 volts D.C. and 0.5 amp. The output from
the Supply-Amplifier formed the power supply to the heaters
wound outside the pressure vessel. It could be also used
manually as a direct power supplier independent of the current
controller, and was used in this way when rapid heating was
needed, Two 80-ohm-heater, each consisting of three sub-
heaters connected in parallel, were wound alternately on the
pressure vessel and connected in parallel, thus giving an
over-all resistance of 40 ohm, consistent with the Power
Supply-Amplifier rating. (10 watts, 20 volts).

Further, in case of failure in one of the two 80-ohm
heaters the other could be used although at half power,
without rewiring the heater circuits of the pressure vessel.

When the temperature was under control the fluctuation
of the Null Detector was normally *0.2 division/hour, which
corresponded to 10.001°C/hour change in temperature.

However the temperature was constant within 0.0005°C (0.1
div. on the null detector) when actual measurement was taken,
this normally taking less than half an hour.

Before expansion the system was set to manual and the

pressure vessel was heated rapidly_because of rapid temperature
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drop was taking place due to the Joule effect while expansion.
After regaining the original temperature by manual heating,
the system was again set to ‘'auto'. It took normally 1/2

to one hour to reach a stable temperature under Automatic

Control.

2-6-3 Temperature Control of The Radiation Shield.

Temperature control of the radiation shield was, in
principle, same as that of the pressure vessel except for
the method of producing the error signal.

As shown in Fig. 2-11, the thermocouple between.the
pressure vessel and the radiation shield together with
the micro-volt source produced the error signal. The micro-
volt source was connected to the thermocouple in series, thus
the combined e.m.f. was the input to the Null Detector.

The source was made of a mercury-cadmium cell and 1 mega-ohm
resistor, Between the cell and the 1 mega-ohm resistor

several terminals were provided between which various small
resistors were connected in series, thus giving various e.m.f.'s
ranging from 50 to 250 micro volt (equivalent to 1.5-7.5°C).

By choosing appropriate terminals the radiation shield
temperature could be pre-set from 1.5 to 7.5°C below that of
the pressure vessel.

Both the Null Detector and the Current-Adjusting Controller
were of the same types as those of the pressure vessel control
system. The power Sypply-Amplifier having a maximum output of
50 watts at 1 amp., supplied the power to the radiation
shield and the inlet tube heaters. Four 600-ohm-heaters
were wound along the side of the radiation shield and

connected in parallel thus giving 150 ohm resistance.
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The top and bottom plates each had one 45-ohm heater.

Two thermocouples between éide wall and hoth end plates

(B-C and B-D, Fig 2-11) were provided to monitor the temperature
differences, whose e.m.f.'s were indicated by means of two
10-ohm suspension galvanometers, By manual adjustment ol the
three rheostats (Fig 2-12) all three parts could be maintained
at the same temperature.

The heater circuits were connected to a change-over
switch thus the radiation shield could be heated either by
a parallel or a series heater circuit. Both circuits in
series and parallel together with the change-over switch
were shown in Fig 2-12 and 2-13.

The inlet tube heater (90 ohm) was also connected in
parallel to the other heater circuits with an on-off switch
which was provided to prevent overheating at thé?gf the
inlet tubes if rapid heating of the radiation shield was
required before filling the gas. The radiation shield tempera-
ture was controlled to within O.1°C, corresponding to
* 0.3 microvolts in the output of the differential thefmocouple
(A-B).

With a solid-CO2/ethanol mixture as refrigerant,
the maximum practical experimental temperature was near
300°K since at about 300°K the heating level of the radiation

shield was nearly 1 amp and temperature control was becoming

difficult.

2-7 Temperature measurement

2-7-1 Introduction

The temperature of the pressure vessel was measured by

means of a platinum resistance thermometer (Tinsley type



<

5187L, No. 193958). It was of the type of having a helium-
filled outer platinum sheath and both resistance and potential
leads, with a nominal resistance of 25 ohm at 0°c.

It was calibrated at the National Physical Laboratory
with respect to the International Practical Temperature
Scale of 1948.

The temperature was given by the Callender van Dusen
equation,
3

GFE")({2> (2-7-1)

where t = temperature in degree C (IPTS 1948)

t=feml o (G- D))+

Ao Too fo0

R resistance of the thermometer at t°c

t

R

o resistance of the thermometer at 0°C

The constants of the equation (2-7-1) were calibrated as,

]

24.8370 ohm
= 0.00392617
0 for t > 0°C

= 0.1096 for t<o0°C

e N
i

= 1.4936

jThe differences between IPTS 48 scale and the IPTS 68
scale were given by Hust§6) These differences in the range
150 - 325°K were fitted to a polynomial inAtemperature and
the resultant equation was used to change the measured
values to the IPT3 68 scale. The maximum difference between
the scales in this range was 0.04°K.

Eq (2-7-1) was solved by means of Newton-Raphson iteration
method using first approximation of t = (Rt - RO)/ dRO
in a computer program (section 3-5).

The resistance of the thermometer was measured by
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means of
1) an A.C. Precision Double Bridge for runs 17, 18
19 and 20

S~

ii a Potentiometer with two Automatic Current Controllers

for the rest of the runs.

2-7-2 Resistance Measurement by an A.C. Double Bridge

The instrument was an A.C, Precision Double Bridge
(Automatic Systems Laboratories Ltd., model H8). The ratio
arms of the bridge were balanced by means of a 'quadrature'
control and an 'in-phase' control. In principle the A.C,.
bridge compared the resistance of a standard resistor with
that of thermometer and displayed the value of the ratio
(r) on the front panel by adjusting eight decade switches.

Y = Rt/ (Re +Rs) (2-7-2)

resistance of thermometer

where Rt

R
S

0

Resistance of a standard resistor

The standard resistor used was of nominal 50 ohm resistance
(Tinsley type 1659, No. 175884). The resistance of the standard
resistor at temperature t°C was given by

gg = 50.0008 -}-.('CS..Q_O). '0-€ OL\MS (2-7-3)

Coaxial wire was used to avoid electrical noise and all
the cdnnections were‘made by means of low-noise plug with
gold plated pins, to which the leads were soldered using
low e.m.f. solder.

The bridge was equipped with a changeover switch which
could change the positions of the ratio arms, thus giving a
check on the accuracy of the banance position. Difference

between the 'normal' and 'check' positions were usually
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equivalent to about 0.001°C. The bhridge sensitivity was

. o) . 4
equivalent to 0,0005°C. The over-all accuracy ol the absolut

. e}
temperature measurement was estimated as ¥ 0.0057K.

2-7-3 Resistance Measurement by a Potentiometer

Except for runs 17, 18, 19 and 20 thermometer resistance
was measured by means of a Thermo-electric Free Potentiometer
(Diesselhorst Pattern, Tinsley Type 3589 R/AUTO) . together
with two Automatic Current Controllers (Tinsle&, Type 5750).

Unlike the A.C. Double Bridge the potentiometer displaye
the voltages across a 10 ohm standard resistor (Tinsley,

Type 3504 B) and the platinum thermometer by adjusting five
decade switches on the front panel. As shown in Fig 2-14
two Automatic Current Controllers (Tinsley, Type 5750)

were used; one for the potentiometer current the other for
the thermometer and the standard resistor.

The resistance of the standard resistor of nominal
10 ohm at 20°C was given by

Rs = 1o + (20-t) -7-45- 107" (2-7-4)

where t = temperature of the resistor °C.

The auto-current controller was to give a stable current
(stability, 2 parts in 106) with a rangebof 10 to 50 mA.
The voltage across the standard resistor and thermometer
were adjusted by means of a 50 ohm suspension galvanometer
(Tinsley, Type 4500), having a sensitivity of 500 mm of
deflection per micro amp. Two thermometers and the standard
resistor were connected in series, having about 3 mA of
constant current from the current controller and connected

to the galvanometer by means of a Thermometer Selection

G)

d
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Box (Cambridge Instrument). (Fig 2-14)

Having about 3mA current across the thermometer the
maximum error of 0.75 micro volt (75 mV-lO‘S) corresponded
to about 0.3 mm deflection on the 50 ohm galvanometer.
which corresponded to less than 0.005°C

The overall absolute error in temperature measurement

was estimated as less than * 0.01°C.

2-8 Pressure Measurement

2-8-1 Introduction

The pressure of the gas in the outer volume of the
pressure vessel was measured by means of either an oil-
piston gauge or a gas operated piston gauge depending on the
magnitude of the pressure. A Precision Pressure Gauge
(P.P.G.) was then used to measure the pressure difference
between inner and outer volumes of the pressure vessel and
hence calculated the pressure within the experimental system.
Since it was necessary to allow for the pressure generated
by the various 'gas heads' it was convenient to divide the
apparatus into several parts and to number them for computational
purposes, and thr_oughout this work these numbers refer to
the particular part of the apparatus shown Fig. 2-15.

In the computations the reference pressure was taken,
for convenience, as the value at the position of the top-most
thermocouple in the inlet tubes (Fig 2-5).

As mentioned earlier, without careful calibration,
the P.P.G. could lead to a large error in pressure measuremént,
because of its null position shift with pressure. The

calibration of the P.P.G. is discussed in section 2-8-5.
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A Differential Pressure Cell (D.P.C.) was used to
separate the oil [rom the gas being investigated. Below

20 bars pressure measurement with the oil-piston gauge became

66

difficult due to friction between the niston and the cvliander,

Thus, in this range the pressure was mecasured by means of
a gas operated piston gauge. The gas piston gauge was
calibrated against the o0il piston gauge where their ranges

overlapped and a calibration equation of the form
P=oa+bm (2-8-1)

was used to calculate the gas piston pressure. The minimum
measurable pressure with this gas piston gauge was about 2.5
bar, below which the friction increased considerably and
measurement was again difficult.

In the following sections,
i) préssure measurement with piston gauges
ii) pressure correction in tﬁe P.P.G.
iii) pressure correction due to gravitational effect
will be discussed.

A computer programme was written for calculating the
pressures in the various parts of thezmménnms and the
results were represented in bar (106dyne/cm2) throughout

this work.

2—-8-2 Pressure Measurement with an 0il Piston-Gauge

The pressure is defined as

F_ m-] el
N A (2-8-2)

where m mass

acceleration due to gravity

!
I
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A = area upon which the force exerts.

Thus accurate measurement of pressure depends on the
values of m, g and A, and efforts were made to get these
values as precisely as possible.

The schematic diagram of pressure measurcment for oil
system is shown in Fig 2-16.

(a) 0Oil Piston-Gauge

The gauge used was Budenberg oil piston gauge with a
piston-cylinder unit, No. K231, having 0.125 in.2 nominal
piston area. The characteristics of this piston gauge were
described in detail by Bett€7) who calibrated it against a
standard mercury column., The piston/cylinder unit (Fig 2-17)
was submitted to the National Physical Laboratory for calibration
of the effective area of the piston against a primary stand-
ard piston-gauge.

The calibrated effective area at P bar and 20°C was

given by
Ao = A (1+ bP) (2-8-3)
where Ap = piston area at P bar and 20°C in cm2

A, = 0.806424 * 0.000013 cm”.

b = 4.0-10"7 bar '

The effective area at temperature t was given by

= - 2.8.4
A = Arfl-r aa (t 20)} ( )
whree A = piston area at P bar and t°c

d=11.5-107° °c7t

The 0il used during the calibration was a mixture of

Shell 'Diala-B' and Shell 'Talpa-30' in the ratio of 3:2.
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The same mixture was used in this work.

The excess of pressure of the o0il over atmospheric
pressure was cod}er—balanced by means of balancing disc
weights which were supported on a stainless-~steel carriers.
This carrier rested on a stainless-steel ball bearing on top of
the piston-cap. The pressure was taken when the piston was
suspended in the middle of the movable length of the piston
and rotated freely at the rate of 35 - 40 r.p.m. Since the
disc weights only went up in steps of about 0.15 bar,
additional analytical weights were used to balance to the
nearest 0.01 gm. Thus total mass (m) was the sum of the mass
of the disc weight, the extra weights, the carrier, the ball
bearing and the piston. |

Apart from the gravitational force there existed some
other forces, i.e. the upward force due to buoyancy in air and
oil, and down ward force dwo to surface tension.

The total force in eq(2-8-2) was, therefore, given

by

F=Mg-F, -F +F_ (2-8-5)

where M total counter balancing mass

g = acceleration due to gravitation

Fa= upward force due to buoyancy in air

FO= upward force due to buoyancy in oil

Fs= downward force due to surface tension at the

01l meniscus at the top of the piston
Thus the pressure at the oil piston gauge was calculated
by dividing this force F (eq 2.8.5) by the effective area of

the piston A (eq 2-8-4).
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(i) The Acceleration due to gravitation
The absolute values of the acccleration due to gravity

was determined at the National Physical Laboratorygs)

g = 981.182 cm/sec2 (2-8-G-a)

The value was also determined at the Department of
Geophysics, Imperial College in 1971 by using a comparative

gravimeter. The value was given as

g = 981.202 cm/se02 *0.006 cm/se02 (2-8-6-b)

This value was used for this work.

(ii) The Mass of the Balancing Weights.

The balancing disc weights were calibrated with a 10 kg
balance (Stanton Instrument) against rhodium-plated brass
analytical weights.

Prior to weighing the disc weights, the analytical
weights were calibrated against a standard weight. This
standard was a chromium-plated brass and calibrated at the
National Physical Laboratory in 1951, and the calibrated
value was 6653.759 gm to the nearest 0.001 gm: This value
was assumed to be correct, since the mass had been carefully
preserved and used only a few times. A combination of
analytical weights of 6653.76 gm was balanced againsf the
standard mass and balanced again with the nominal weight on the
other side of the balance. The geometric mean of the two
readings was determined as 6653.7635 gm, giving less than
0.0036 gm of error in nominal weight of G653.76 gm, and
thus no corrections to these values were necessary. The
balancing of the disc weights was carried out by means of

substitutional method. Before balancing each weight the mid-



point and the sensitivity of the balance was determined bv
the method of oscillation and found to be 0.002 gm/division.

The buoyancy effect in air for the balancing analyvtical
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weights was considered in calculating true mass of the objectis

being weighed, thus

M= My {1 f0g - 501 (2-8-7)

where M = true mass

Mb

d = density of the object being weighed

nominal mass of the analytical weights

db= density of the brass analytical weights

{ = density of air.

The densities of the materials concerned were given by

cast iron 7.10 g:m-cm—3
steel 7.83 "
S/S 7.90 "
brass 8.40 "

The value for the oil-blacked cast iron disc was that
determined by Bett,(7) and the density of air was taken from
tables of ambient air density given by Kaye and Laby.(9)

The true masses of the disc weights, the piston, the
carrier and the ball bearing are given in Table 2-1.

Several weights were re-weighed a few days later and

they were found to be reproducible to within 0.005 gm.

The buovancy effect amounted to about 0.15 gm for the largest

weight and the error in this correction was estimated less

than 0.005 gm.



TABLE 2-1

Masses of Piston-Gauge Disc Weights, Carrier and Piston

Weight Number Mass (gm.)

18 6668.41

19 6669.29

20 6669.40

21 6669.54

22 6670.28

23 6669.97

24 6668 .86

25 6669 .27

60 2666.51

61 2666.48

62 2666.50

64 1333.05

65 1333.06

66 666.21

67 666.52

69 (steel) 266.70

7 (C " ) 266.73

141 ¢ " ) 266.50

72 C ") 133.34

73 ¢ " ) 133.19
Piston Unit (steel) 45.17
Carrier (s. steel) 1130.86

Ball (s. steel) 2.04



Thus the maximum probable error in the measurement of the

veights was estimated as less than 0.01 gm.

(iidi) The Buoyancy Effects and Other Corrections.

There were two Kinds of buoyvancy effects in the piston/
cylinder unit, i.e. one in air above level A (Fig 2-17)
and the other in o0il between levels A and B. The upward

force due to buoyancy in air is given by

T (2-8-8)

Il

where d.
i

f

density of individual mass above level A

density of air

- The mass of the piston and the piston cap above level B
was estimated from the total mass and the dimensions.
The tables of ambient air density(9) in the ranges of 25 -
32°C and 730 -780 mm Hg atmospheric pressure were represented

for computational purposes by the following equation,

f :{(J?O—»on45 (t-17)+ moo:k(h-?bf}}x o (2-8-9)

the air density, gm-cm—3

1l

where f

t o

Il

temperature, C

h

]

atmospheric pressure, mm Hg.

The error in the value of disc weight density was estimated
as less than 1.5% and the error in the calculation of air
density by eq 2-8-9 was estimated as less than 0.5%, thus
giving total 2% error in the calculation of the air buoyancy,
which corresponded to an error of 4 parts in 106 in pressure.

The buoyancy effect in oil is given by
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5 = j~ Var * T (2-8-10)
where fo = upward force due to oil buoyancy between levels
A and B
Vab= the volume of the piston between A and B

fo = density of the oil

Since the reference level was chosen at B when it was
calibrated at the National Physical Laboratory a downward
force due to the hydraulic head of the oil between A and B

was taken account into the calculation of fo, i.e.

T,

T fo-Vas = 9fo-A-hag = TFo{ (Vac+ Vea) - A haa}

= J o { Ves + A (hpc - l’\AG).i (2-8-11)
where A = cross-sectional area of the piston
fo = the 0il density
Vcb= the volume of the part of the piston between
C and B, and estimated as 0.947 cm3 from its
dimension.
h .- hab = 0.992 cm, also estimated from the dimension.

The Eq.(2-8-11) was used in the computation of the
0il buoyancy and the maximum error due to uncertainty in
Vcb(i0.015 cm3) was estimated as 0.0013 N which corresponded to
1.6-10"% bar in pressure.

Finally the effect of surface tension was estimated by

the National Physical Laboratory at the time of the calibration.
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I = 0.0096 N (2-8-12)

Thus total downward force was computed from Kg.{(2-8-5).

agiving the pressure at level B (Fig 2-17).

(iv) Hydraulic Head of 0il

In the oil piston-gauge system the o0il was separated'
from the gas by the diaphragm of the Differential Pressure
Cell (D.P.C.). The gas pressure was nulled at this level
by an electronic null detector. Thus the calculated pressure
at level B in Fig 2-17 was different from the gas pressure

by the hydraulic head of oil between level B and the diaphragm

Hence
AP = 9. F? A (2-8-13)
where f; = the density of the oil at pressure P
h = the height from the diaphragm and level B.

The diaphragm position was marked (by the manufacturer)
on the’oupside of the D.P.C. and the distance between level A
and the diaphragm, h + hab’ was measured by means of an accurate
cathetometer.

The mean of several measurements was,

h + hab = 34.46 cm or h = 30.744 cm (2-8-14)

The maximum error in h was due to the uncertainty in
the exact diaphragm position and was estimated as 0.05 cm.

The density of the oil at atmospheric pressure was

measured by Roe(l) and given in Table 2-2.
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TABLE 2-2

Density of 3:2 Mixture of "Diala B waad
Talpa 30 0il

Temperatures (OC) Density gm/nmu 2t 1T arm.
20.0 (N.P.L.) 0.8840
25.1 | 0.8792
26.6 0.8779
27.5 0.8772
28.6 0.8765
29.8 0.8757
32.0 0.8744

The density change with pressure was calculated by the

equation,

%= f. C1tpP) (2-8-15)

where {p

&

The compressibility ( ) was calculated from the measured
(

0oil density at pressure P

compressibility of the oil, 9.1079 par~1

values for mineral oils of similar constitution to the mixture

used.<10)

This leads to a total maximum possible error in
PP of 0.0015 gm/cm3 at 100 bar or 0.2%. Combined with the
error in h, the maximum possible error in &P was

about 0.35% of AP at 100 bar, or 0.0001 bar.

(b) The Differential Pressure Cell

The Differential Pressure Cell (RUSKA) together with an
electronic Null Indicator served to separate the oil from

the gas and to equalise the pressures of the two media.
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As shown in Fig 2-18, the D.P.C. consisted of two
pressure chambers separated by a thin diaphragm. A
difference in pressure in the two chambers caused a deflection

I

of the diapnragm and a resultant signal to the electronic

circuit. The signal was obtained as the output of a differen-
tial transformer whose movable core was attached to the diaphragm.
It was amplified and displayed on a Null Indicator which had

a maximum sensitivity of 0.0003 bar pressure difference for

full scale deflection. The null position itself was subject

(2)

to change with pressure and was calibrated by the maker,

AP =p-2-10"6 bar (2-8-16)

This value was not very muéh different from that found by
Roe(l) (P-2-1O~6) and Eq.(2-8-16) was, therefore, used to
estimate the null shift with pressure. The upper chamber of
the D.P.C. was filled with gas and had much larger volume
than the lower chamber which was filled with oil.

Before pressurising both chambers, the upper chamber
was open to air, and the lower chamber was open to the oil
level indicator (Fig 2-18) outside the D.P.C., thus giving
null position on the detector by adjusting the oil level
to the mark of the diaphragm position.

When operating the D.P.C. care was taken to make sure
that the pressure in the upper chamber (gas) did not greatly
exceed that in the lower chamber, because this could cause a

permanent null shift of the D.P.C.
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2-8-3 The Gas-Operated Pision Gauge

Pressure below 20 bar was measured by means ol a Gas-
Operated Piston Gaupre (Budenberg) having nominal piston
area of 0,125 inz.

As shown in Fig 2-19, the piston/cylinder unit was
lubricated by oil, which separated the gas from the air
outside the piston/cylinder unit.

This gauge was calibrated against the mass on the piston
carrier by using the oil piston gauge in the range of 7.5 -

30 bar. Nitrogen gas was monitored to both piston-gauges

from the expansion vessel. The gas pressure was measured by
the o0il piston gauge and the mass on the gas piston carrier was
recorded. It was found that the relationship between P and
mass on the carrier was very linear between 10 - 38 bars

and was represented as

P=a+b'm (2-8-17)

where m mass on the carrier of the gas piston gauge

P

pressure in bar

a, b = constants.

The constants a and b in Eq.(2-8-17) were determined

by means of a least-squares curve fit, and found to be,

0.68840 bar

o
fl

0.00121615 bar-gm_1

o
I

The mean value of the pressure differences between

the o0il piston pressure and the one calculated from the

Eq.(2-8-17) was estimated as less than 2-10—4 bar.
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With reference to Fig 2-19, a plastic sel{-adhesive
marker was attached to the outside of the cylinder in order to
keep constant floating height of the piston when pressure was
measured. This measure was necessary to avoid the variation of
buoyancy effect of the piston in oil. The leakage of the
lubricating oii (3-in~-1 o0il) through the clearance between the
piston and cylinder caused variation of the o0il level in the
cylinder, hence a change in buoyancy. Therefore o0il was
refilled through the filler plug (Fig 2-19) after each
measurement. A box of 12 weights was supplied for the gas-
piston gauge and the mass of each individual weight was
calibrated in the same way as those of the 0il piston gauge
(section 2-8-2, ii). The masses 6f the 12 disc-weights were

given in Table 2-3.

TABLE 2-3

Masses of Gas-Operated Piston-Gauge Weight

Weight No. Material Mass, gm.
1 steel 5670.97
2 " 5671.00
3 " 5670.94
4 " 2835.58
5 " 2835.54
6 " 2268.21
7 " 1134.05
8 " 1134.02
9 " 567.20

10 " 283.48
11 S/S 113.46
12 " 113.45
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A temperature change caused variations in the piston
area and also in buoyancy, and these effects had to be taken

acount into Eq.(2-8-17), thus giving,

_ afl- (fitﬁal} + bm{ - JKié?-}

I + 2.3-10°5 (t-1To)

P (2-8-18)

where . = air density at the time of calibration,
0.001197 gm/cc

temperature at the time of calibration, 26.5°C

-
I

)
[

air density at t°C, computed from Eq.(2-8-9).

=)
o
1]

average density of the carrvier and piston,
4.0 gm/cc
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d = average density of the weights, 7.8 gm/cc

W
The sensitivity of the gas-piston gauge was about 10_4

bar, having reproducibility of about 2'10_4 bar. These were

checked by using P.P.G. When pressure was measured the

carrier was rotated freely at about 20 - 35 revolutions per

minute, the direction of rotation being immaterial.

2—-8-4 The Atmospheric Pressure

Atmospheric pressure was measured by means of a standard
Fortin Barometer having 13 mm bore diameter. The pressure was

then calculated by the equation,

Pt =t g h + 27 (2-8-19)

where g = acceleration due to gravitation, 981.202 cm-sec"2
Pt= density of the mercury in the barometer at
barometer temperature t°C, gm-cm_3
h = barometer reading, cm
oP = atmospheric pressure difference between the baro-

meter and the apparatus.
Mercury density, {t’ was calculated by the equation,

- fr _§-
fe = e (#7820)

where £, = 13.54588 gm-cm_3, mercury density at 20°C

and 1 atm. taken from the table given by Bigg.(ll)

1.8159-104 OC_l, volume thermal expansion

o
Il

coefficient of mercury.



The reading of the mercury column, h, was corrected for

capillary depression, according to values given by Bould

and Vickers,(12) and for the scale expansion of the brass

tube of the barometer.

Thus
h = _h *2h (2-8-21)
(1 + dAt)
where h' = reading from the barometer, cm.
h = capillary depression of mercury, cm.

-5 o,.-1

A = 1.84:10 C 7, linear thermal expansion

coefficient of bhrass

t =t - 20 oC, the brass scale was calibrated at
20 °c.
t = barometer temperature.

The maximum possible intrinsic error in reading h'

was estimated as 0.02 cm, or 2.6-10—4 bar.

2—-8-5 The Precision Pressure Gauge

(a) Introduction

In order to reduce the 'dead space' between the pressure
vessel and expansion vessel, a quartz spiral Bourdon tube
was used as a null manometer which separated the experimental
gas from the reference gas, whose pressure was measured by
the piston gauges as described in the previous sections.
During pressure measurement of the reference gas,
there was inevitably a pressure difference between the
experimental gas and the reference gas although it was kept

as small as possible.



Thus the quartz spiral Buordon tube was used not only
as a nulling device but as a means ol measuring the small
pressure difference between the two sides (i.e. by using the
mecnanical device provided for measuring the angle of rotation
of a light beam reflected from a mirror on the quartz spiral).
The main advantage of using the quartz spifal tube as a null
manometer was the almost absolute constant volume of the
quartz tube (volume changes by less than one part in 1010
at about 100 bar),

As shown in Fig 2-20, the quartz Bourdon tube consisted
of a several turn helicoil, 7 cm long and 1 cm in diameter,
made from a quartz tube of about 2 mm diameter and of the order
of 0.1 mm wall thickness. One end of the coil had a rigid
mounting and the-other end was suspended torsionally between
two quartz fibres to reduce effect due to vibration. A
mirror was attached at the free end.

The characteristics of this type of null manometer was
summarised by Saville.(z)

The instrument used in this work was a Precision Pressure
Gauge (P.P.G.), made by Texas Instruments, Model 145 with a
Type 4 Stainless-Steel Capsule, rated at a maximum pressure
difference of 8.5 bar at total pressure up to 136 bar.

The principle of the P.P.G. was that a light beam from
a source passed through a sapphire window of the capsule
and was reflected from the mirror attached to the quartz
spiral. The image was focused onto two silicon photocells.
When the image was divided equally between the two photocells

the output from each cell was equal and opposed and no current

flowed through the ammeter on the front panel of the P.P.G.
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A pressure difference between the two parts caused a distortion
of the spiral tube and hence change in the position of the
mirror. This in turn changed the position of the focus on

the photocells, which gave rise to a deflection on the

ammeter accordingly.

The optical system, including photocells, was mounted
on a worm-gear turntable that rotated about a central
vertical axis. A digital counter was operated through a
system of gearing from the turntable, giving a reading of
300.000 for the full-scale 100° rotation. When the operat-
ional mode of the P.P.G. was changed from 'METER' to
'SERVO', the output from the photocells formed a signal
to an electrical motor which automatically drove the turntable
until the light beam focused evenly on the two main photocells.
Supplementary photocells provided the restoring signal for
the servo-system when the light-beam moved 'off' the central
photocells. The capsule was maintained at a constant temperature
of 45°C by means of heaters wound around the outside of
the capsule.

The two ports were nulled at atmospheric pressure by
opening the two ports to the atmosphere and rotating manually
the turntable until no electric current flowed through the
ammeter.

It was found that the null position of the P.P.G.
depended on the total pressure and also on the particular
gas in the capsule. This null-shift, however, could be
characterised as follows.

(i) The shift was nearly proportional to the total pressure.
(idi) At constant pressure, the null position was almost

constant.
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(iii) The magnitude of the shift depended on the particular
gas in the capsule;

This last phenomenon was due to the variation of the
refractive index of the gas in the capsule with pressure
change.(l)

It was also found that the digital counter reading was

not proportional to the pressure difference but showed a

periodic deviation from the linear relationship. This fact

was due to mechanical imperfection of the gears in the P.P.G.

Thus two different calibrations were made, i.e.

(i) the calibration of null shift with pressure change,

87

(ii) the calibration of the P.P.G. sensitivity with pressure

difference between the two ports.
The P.P.G. was also modified in two ways, i.e.

(1) automatic safety device for the quartz spiral in the
event of an excessive pressure difference across the
tube (8.5 bar),

(ii) the modification of the original pressure port of the

capsule in order to reduce the 'dead space' volume.

(b) Modifications to the P.P.G.

The original pressure port of the cépsule was modified
in order to reduce the dead space at the entrance of the
capsule. As shown in Fig 2-21, a stainless steel tube
(0.125 in. o.d., 0.03 in. i.d.) was hard-soldered through
the center of the brass filler which was then machined to

seat the entrance of the port above the quartz spiral.
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2 cm3 to less than 0.1 cm3.
Another modification to the P.P.G. was to protect
the quartz spiral from breakage due to excessive distortion
ol the spiral (i.e. excessive pressure difference across

the quartz spiral).
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As shown in Fig 2-22 pressure port and reference port
were connected to a gas operated pneumatic valve (Autoclave
Engineers). The pneumatic valve was controlled by means of
a 24 volt D.C., 3-way solenoid valve (ASCO.). When the
solenoid valve was energised, N2 gas (50 - 60 psig) was
passed through the solenoid to the upper chamber of the
pneumatic needle valve, and subsequently the two ports were
separated.

A switching device, which controlled the solenoid valve,
was designed and constructed by the Electronics Workshop.

The principle of the automatic safety device was that
when the reflected light beam from the mirror was on either
side of the photocells, position A in Fig 2-22, the current
from the photocell formed a signal to the automatic switch
which amplified the signal and energised the 24 volt D.C.
solenoid. If, on the other hand, the reflected beam fell
outside the photocell (i.e. the spiral rotated beyond the
limit of the rated angle), position B in Fig 2-22, the
automatic switch received no signal and hencé cut off the
current to the solenoid valve. This caused depressurisation

of the N2 gas in the pneumatic valve chamber (valve opened).

(c) The Calibration of The P.P.G. Null Shift with Pressure

The P.P.G. null position change with pressure was due to
the variation of the refractive index of gas in the reference
port of the P.P.G. gapsule.(l)

As will be shown in the next section the sensitivity

of the P.P.G. depended on the angular position of the turntable.

Thus after nulling the P.P.G. at atmospheric pressure by
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"'setting' the digital counter at '000.000' this position
was "locked permanently’.
The null shift with pressure was almost linear for N2

and 1ts mixtures with CH

and CH4, but in the case of C2H4 4

it showed smooth curves.

Before calibration the pneumatic valve (Fig. 2-22)
was open and gas was filled upto about 100 bar. Pressures
were measured at an interval of 3.5 bar and the corresponding
null values were recorded. The null shift with pressure for
the experimental gases in this work is shown in Fig 2-23.

The relationships, null v. pressure, were determined

by means of a least-squares polynomial curve fit,

2

null - 1000 = C1 + C2-P + C3-P (2-8-22)
where Ci = constant
P = absolute pressure, Dbar

Because of the variation of curvature (Fig 2-23)
the pressure range calibrated was divided into two parts,
(i.e. higher pressure part and lower pressure part) and
the constants in equation (2-8-22) were determined accordingly

and given in Table 2-4.

TABLE 2-4
GAS  DRESSURE (bar) c c, c,

C H, 3.1 - 26.8 ~.338694 -.024110 -.168468-1075
6.8 — 47.6 ~.477550 -.013618 -—.369572.1073

MIX1 3.2 - 50.8 -.335402 -.017166 -.514425-10 %
50.8 - 98.5 -.354011 -.016683 -.552990-10 %

MIX2 3.5 - 50.7 ~.043741 -.020025 -.676438-10"%
50.7 -103.4 ~.083842 -.016769 -.116941-10"°

MIX3 3.3 - 53.3 ~.145473 -.019253 -.154133-10 2
53.3 - 94.8 _.536285 -.002735 -.324677-107°
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The mean differences between the calculated P.P.G.
reading from Eq.(2-8-22) and the true value were less
than 000.001 division (about 10—4 bar) for ethylene and

000.002 for the mixtures.

(d) The Sensitivity of the P.P.G.

The P.P.G. was used not only as a nulling device but
as an instrument to estimate the small pressure difference
across the quartz spiral.

The pressure difference could be calculated, in principle,
from the digital counter reading by multiplying by an
appropriate factor.

However, apart from the P.P.G. null-shift with pressure,
the sensitivity itself was found to be a function of the
angular position of the turntable due to the worm gear
eccentricity which transmitted the angular orientation of
the turntéble to the digital counter reading. Hence it was
necessary to calibrate the sensitivity within a range of
null-shift of the P.P.G. From the relative values of null-shift
of nitrogen (999.000) and CH4 (998.500), it was decided to
calibrate within a range of *005.000 divisions which
corresponded to *0.5 bar.

A U-tube mercury manometer (10 mm i.d.) was used to
measure the heights of the mercury columns by means of a
precision cathetometer (The Precision Tool and Instrument Co.),
the accuracy of which was less than *0.005 cm (6.6-10—5 bar).

After setting null at atmospheric pressure by opening
both ports to the atmosphere the reference port was connected

to one side of the manometer and the other side of the
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manometer was open to the atmosphere. The two ports of the
P.P.G. was separated by the pneumatic valve (Fig 2-22) énd
the reference port was pressurised with N2 gas at about 0.5
"bar. With reference to Fig 2-24 the pressure difference
across the quartz spiral was corresponding to the height

difference

Ah = (h2 + hm2 + hc2) - (h1 + hm1 + hcl) (2-8-23)
where hml’ hm2 = meniscus heights
hcl’ hC2 = capillary depression.

The capillary depression (hc) was taken from a table given

by Gould and Vickersslg) in which the capillary depression was



related to the surface tension of mercury used and the meniscus
heights (hm). After each measurement of hl’ hl', h2’ and

1]
h2’

about 2 cm difference in A}L and when the pressure port

the reference port pressure was reduced with an interval of

pressure was higher than that of reference port, the pressure
drop was made by evacuating the reference port, thus ah

was measured from +44.198 cm (0.587 bar) to -43.416 cm
(-0.576 bar) with an interval of about 2 cm.

The pressure difference was then calculated by the equation,

aP=fe g ah 1o (2-8-24)

981.202 cm-sec—2

where g
fe

AP

3

density of the mercury at temperature tOC, gm-cm

H

reference port pressure - pressure port pressure,

bar.

‘The density of the mercury at temperature t°C was taken
from the table given by Bigg.(ll)
The pressure difference was then plotted against corres-
ponding P.P.G. reading, Gexp.’ and is shown in Fig 2-25,.
Though the relationship between AP and Gexp. seemed to be
linear from Fig 2-25, this is due to small scale of the
graph and as will be shown in Fig 2-26, there was a certain
periodicity about this straight line.

A linear equation of Fig 2-25 was determined by means of

a least-squares polynomial curve fitting,

G,y =2 * b- AP (2-8-25)

where Gcal.

’ 1000.0014136

calculated gauge reading as a function of AP

i

a
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b = -9.16312726

aP= pressurc difference, bar.

The difference between Gexp (observed) and G (Eq 2-8-25)

cal.
was theun ploilted against AP (Tig 2-26-2; and o periodical
deviation of AG was shown clearly in this graph.

The maxima of AG in Fig 2-26 occurred approximately at
an interval of 0.3 bar of AP which corresponded to one
full turn of the worm gear between the turntable and the
digital counter (see Fig. 2-20) in the P.P.G.

In order to express this periodic deviation mathematically,
a smooth line, which passed the maxima of AG in Fig 2-25,
was drawn (Fig 2-26-a) and the deviation of 4G from this
'tangential' curve, AG', was plotted against 4P (Fig 2-26-b).

This pfocedure was repeated until the geometry of each
cycle in Fig 2-26-b was identical so that when a Sine curve
was superimposed on this periodic curve ( AG' v. A4P)
the deviation in AG' was less than 0.002.

The Sine curve equation was determined from Fig 2-25-b

and was given by

86 = 0.00bq Sim{sox (8P + 0.02) } - 0.00 b9 (2-8-27)

and

ap = LOat —A) o Qe - A (2-8-28)
18} B

where A, B = constants (Eq. 2-8-25)

A correction function Gcor was determined in connection
with Eq.(2-8-27) such that AP could be represented as a

polynomial function of G
cor,
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P=2¢C, +C,G + C,°G o (2-8-29)
whore
Geoe = ( Gegp - 1999) = 0. 0069 Sim{ 2044 (Qerp - 991 447) 3 (2-8-30)

The constants in Eq.(2-8-29) were determined by means of a

least-squares polynomial curve fitting,

c, = .1810659
C, = -.1099359
Cy = _.1424411-1073
Cy = .8847937-107°
Cg = -.1278373.107°

The pressure difference across the quartz spiral
were then '"calculated" from the P.P.G. reading by using
Eq.(2-8-29) and (2-8-30), and the differences between observed
and calculated 4P (Eq 2-8-29) were normally less than 10_4

bar which corresponded to the smallest division (000.001)

in the digital counter.

2-9 The Pressure Gradients Due To Gravitation

The gas system of the apparatus was divided into several
parts for computational purposes, and shown in Fig 2—15..
As shown in the figure there were present various pressure
'heads' due to vertical height difference. The reference level
was taken to be that of the top thermocouple in the inlet
tubes.

The pressure gradient due to gravitation between two

point separated by a vertical distance dl, in a gas column
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at temperature T is given by,

dP = £ 3dh (2-9-1)
or

P-M i

ae = 2-9-2

P=9 T TR a8 ( )

Except for those parts where temperature gradient was

present (e.g. V., V and V_.), temperature and compressibility
2 5

3B
factor could be regarded as constants to a good approximation,

thus

ap = 92 02 (2-9-3)

Equation (2-9-3) was used to calculate the pressure

gradients for all of the heights except for h2’ hSB and

h5. - For those parts where temperature gradients existed,
linearity in T and Z was assumed between two points (Tl,Zl)
and (T2,Z2), then temperature and compressibility factor

at height 1 from point 1 could be given by,

3
fl

T, + (T, - T,)-1/h (2-9-4)

7 = Z1 + (Z2 - Zl)-l/h (2-9-5)
where h = distance between 1 and 2

By substituting Eq.(2-9-4) and (2-9-5) into Eq.(2-9-2),

9PM™M 4L

dp =
{T. +(T-,,- T -—f—‘--} iZ"“ (Z;"'Zn)‘i‘—} R

(2-9-6)
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By integrating Eq.(2-9-6)

P+

CUAR ‘3M5k 4 (2-9-7)

po P P {Tr(n-m) A} {7, +(Zo- 204

Hence

£ P+aP _ 9Mh l T.Z, (2-9-8)
F; R T"'Z| —TI Zz T 11

By series expansion of left hand side of Eq.(2-9-8),

%P'_;)A-_P_ ~ A; (P> ap) (2-9-9)

Hence pressure gradient along a gas column, where temperature

gradient was present, could be given by,

= th Pl 'T-:.Z.-
AP R(T’LZ|—T\Z'&.) ﬂm TIZ1.

(2-9-10)

Eq.(2-9-10) was used for calculating pressure gradients
between each pair of thermocouples of the inlet tubes.
Since 4P in Eq.(2-9-10) was small compared to P, the error

introduced by Eq.(2-9-10) was negligible.

2-10 Calibration of Volumes and Pressure Distortion of

The Vessels

In order to calculate the amount of gas, the system
was divided into eight sections (Fig 2-15) and each volume
was calibrated accurately except for V1 and V6 which were
actual experimental volumes and whose ratio Vl/VB was
estimated with acé}acy in the treatment of Burnett data.

For this reason V1 and V. were estimated from the

6
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measured dimensions of the vessels and the values used as

Iirst approximations in the computer programne were,

377.2 cmS at 0°C (2-10-1)

<
il

<
Il

183.7 cm® at 0°C (2-10-2)

Except for V1 and V all other volumes were dead spaces.

6’

Between these vessels the connections were made in such a

way that the 'dead space' volume was kept as small as

possible: i.e.

(i) Inside the 0.25 in. tubing (0.07 in. i.d.) which
was connected to the expansion valves by an
Aminco-type fitting; 0.063 in. o.d. stainless-steel
rods were inserted to reduce the internal volumes
of 0.25 in. tube and that of valves.

(ii) Short lengths of the 0.25 in. tubing described in (i)
were connected to 0.125 in. o.d., 0.027 in. i.d.
stainless tube by 'Swagelok' couplings.

(iii) The entrance to the pressure port of the P.P.G.

capsule was modified. (see section 2-8-5, Fig 2-22).

(iv) The 0.063 in steel rods were used wherever necessary.

The inlet tube volume per 1 cm length was calibrated

by using mercury described in section 2-2-4.
volume/cm = 0.00954 cms/cm (2-10-3)

The other dead space volumes were calibrated by Roe(l)
using a gas burette in conjunction with the P.P.G. as a

pressure measurement instrument.
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The results were,

V3 = 1.972 cm3

V4 = 0.882 "

V5 = 0.026 "
VBA = 0.592 "
VBB = 0.107 "

The estimated maximum possible error was 0.0015 cm3
The volumes of all pressure vessels are subject to change
with pressure, i.e. pressure distortion. The pressure distortion
of an infinitely long thick-walled cylinder, in which the
vessel is not constrained by the ends in a radial direction,

is given by,(ls)

A s (R BU-E a0 -

(5-4D) rsz,] (2-10-4)

where dV = volume increment due to pressure

A

volume at Zero pressure
r., r = internal and external radii of the vessel

v Py

i

Pi internal and external pressures
V = Poisson's ratio
E

= Young's modulus of elasticity

For real pressure vessels Eq.(2-10-4) is an approximation,
since end-effects are present.

When Pi = PO, however, egquation (2-10-4) reduced to

dv - _3(1=-2V) p. - _L7P. 10—
- = Py kP (2-10-5)

and this equation is 'exact' and independent of the 'shape'



of the pressure vessel.

Thus pressure compensation to the outside of V1 and
V6 not only reduces the magnitude of the pressurec distortion
but enables it to be calculated nceurat=i:.

For the pressure vessel and expansion vessel (EN58J S/S

1.954 bar at 20°C

=
i

0.255 at 20°C

Hence,

(AV/V) = -0.7626-10"°.p (P in bar) (2-106)

For all thé other dead spaces including inlet tubes
the external pressure was very small compared with the

internal pressure and equation (2-10-4) reduces to

4V - Pi R 2 _ _
v TE(rr-vh f3 -2 + 20140) % (2-10-7)

[ 9
Eq.(2-10-7) was used to calculate the pressure distortion of
all dead spaces and the results were,

(i) for inlet tubes;

av/v = 1.51-107%.p (2-10-8)

(ii) for the narrow-bore 0.0625 in. o.d. tubing,

dv/Vv = 1.38-10"6-P (2-10-9)

Eq.(2-10-9) was also used to calculate the pressure
distortion of all other 'dead spaces’'.

The effect of temperature on the pressure vessel volume
is small compared with that of pressure distortion and the

errors introduced by using Eq.(2-9-10) in calculating other

101
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dead space volume distortion was believed to be negligible
compared with the uncertainty of compressibilities in that

part.

2-11 Errors in Pressure Measurement

Errors in pressure measurement can be categorized in

three basic types,

(i) Systematic errors proportional to the pressure (type 1).
(ii) Systematic errors independent of pressure (type 2).

(iii) Random erros (type 3).

Because the accuracy in calculating the compressibility
factors from the Burnett procedure depends largely on the
successive pressure ratio (Pn/Pn+1) instead of individual
absolute pressure, type 1 errors are much less important than

those of type 2 and type 3 errors.

(a) Type 1 errors

The largest source of this type of.error was the uncertainty
in the calibrated effective area of the oil piston gauge (2 parts
in 105). Others were from the uncertainties in the acceleration
due to gravitation, in the masses of the disc weight, in the
calculating buoyancy effects and uncertainties in various
heights of the apparatus. These errors were estimated as less
than 2 parts %n 105.

In the case of the gas piston gauge, however, the errors
due to the calibrated equation (2-8-17) was estimated as
5 parts in 105 at lowest pressure and reduced to 2 parts

in 10% at about 100 bar.

Thus maximum probable type 1 error was estimated as about
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9 parts in 100, although probable errors would he less than

this.

(b) Type 2 errors.

The systematic errors independent of pressure were
difficult to estimate. This type of errors were due to the
intrinsic error in the scale of the barometer (0.02 cm,
3-107% bar), the P.P.G. null-drift (2-10"% bar) and the
errors in the correction for the hydraulic head of oil
(10_4 bar at 100 bar pressure). Thus total type 2 errors in
pressure measurement was estimated as a maximum of about

5.10"4 bar.

(c) Type 3 errors.

There were many sources of this type error (random)

such as;
(i) temperature fluctuation in control system (5 parts
in 10%)
(ii) uncertainties in floating position both in the
oil and gas piston gauges (1‘2-10"4 bar, max.)
(iii) D.P.C. null shift (3-10"% bar).
(iv) P.P.G. null shift calibration error (10—4 bar).
(v) P.P.G. sensitivity calibration (2-10_4 bar max.).
(vi) errors in barometer reading (3-10—4 bar max.).

The maximum random erros in pressure measurement was,
. -3
therefore, estimated as about 10 bar.
Apart from these errors there was one systematic error

that could not be determined; i.e. the error due to the
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extrapolation of gas piston-gauge pressure below the calibrated
pressure, It is helieved to be only significant at pressures

below about 3 bar.

2-12 Experiment

An experimental 'RUN' of the Burnett apparatus consisted
of several expansions of the experimental gas from the pressure
vessel to the expansion vessel. The pressure vessel was kept .
at experimental temperature while the expansion vessel was at
0°C throughout this work.

Before starting a Burnett run following preparatory
procedure was taken, i.e.;

(1) Cabinet temperature was controlled by the toluene
regulator a few degrees higher than ambient temperature
outside,

(ii) The ice bath was.remade with freshly crushed ice
and distilled water. The pressure vessel refrigerant
was kept at a constant level at all times.

(iii) The gas system was flushed with experimental gas
and then evacuated.

(1iv) The pressure vessel was then cooled/heated to a
few degree below the experimental temperature. When
a2 rapid cooling was necessary small amount of helium
gas was introduced in the brass jacket as a heat
transfer medium. When experimental gas was in the
system, however, helium was not used to avoid any
condensation of gas in the inlet tubes due to over-

cooling.
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(v) Once the temperature ot the pressure vessel reached
the desired value (and that of the radiation shield
accordingly), the apparatus was ready for filling
the gas. Before filling with gas, the oxpansion
vessel was isolated from the pressure vessel.

With the pneumatic valve opened, the gas was introduced
slowly into the pressure vessel (both inner and outer
volumes). The vessel temperature rose by the amount
which corresponded to heat capacity of the gas in the
vessel.

(vi) Having the gas in it the temperature of the vessel
was controlled and both automatic current controllers
were set to 'AUTO'.

(vii) The D.P.C. was nulled with both chambers (upper and
lower) open to atmosphere and then the upper chamber
was flushed with experimental gas to remove air.

After having sufficient weights on thé piston guage,
both chambers of D.P.C. were pressurised.

(viii) The pressure port was then sepaé&ed from the reference
port (P.P.G.) by means of the pneumatic valve, and

the D.P.C. was connected to the reference port.

Thus the apparatus was ready for measurement.

Reference gas pressure was adjusted such that the
pressure difference across quartz spiral was as small as
possible. This reference pressure was then balanced by the
piston gauges.

When the piston floated at exact position and the

D.P.C. was at its null position with full sensitivity (in case
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of oil piston gauge) following were then recorded,;

(i) Weight numbers on the piston carrier together with
extra weights.

(11) The voltages across the stuandard resistance and the

| platinum resistance thermometer by means of the
potentiometer.

(iidi) The P.P.G. reading.

(iv) The piston temperature.

(v) Cabinet temperature.

(vi) Inlet tube thermocouple e.m.f.'s.
(vii) Barometric height.

(viii) Barometer temperature.

Aftervthese measurements the expansion vessel was isolated
from the vacuum system and the ice bath temperature was checked
by means of the platinum thermometer provided in the ice
bath dewar.

Before expansion the inlet tubes, pressure vessel and
radiation shield were heated manually, since during expansion,
temperature fell sharply due to Joule's effect.

The fine control valves, which were placed between the
pressure vessel and the main expansion valves were half
turn opened.

The flows of the gases from both volumes of the pressure
vessel were controlled by the fine control valves in such a
way that pressure difference across the spiral guage was
kept as small as possible during the expansion.

The temperature equilibrium in both vessels were regained

after one to two hours depending on the temperature and pressure
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of the experimental gas. The expansion valves were shut
and the measurcment was repeated while the gas Ln the
expansion vessel was vent and evacuated.

This procedure was continued until the pressure reached
to the lowest measureable value (about 3 bar).

One 'RUN' consisted of normally 6 to 9 expansion (2 -
4 days) depending on particular kind of gas under study

and its temperature and pressure.

2-13 Preparation of Gas Mixtures and Gas Analysis

Pure ethylene used in this work was supplied by The
British Oxygen Co. Ltd., Special Gases Division. Its purity
is believed to be more than 99.85 mol% (analysed by the
suppliers) with 0.1% methane as impurities. The analysis
also shows very small amount of other impurities such as
hydrogen (20 VPM), acetylene (10VPM) carbon monoxide (20 VPM)
etc., but they are expected to have a negligible effect on
the results of this work.

Pure methane used for making mixtures was Matheson
ultra-high-purity (99.99%). The analysis, provided by the
syppliers, shows that the impurities are ethane (0.0038%),
nitrogen (0.0016%) and traces of propane, oxygen and carbon
dioxide. Both gases were analysed by the analytical service
laboratory of this department by using a mass spectrometer.
The results confirmed the purity of ethylene to be not less
than 99.9% and that of methane 99.99%.

Threce different compositions of methane--ethylene mixtures
were prepared by using a gas compressor to fill a gas cylinder

with the required amount of each gas.
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Nominal compositions of these mixtures were 75%, 50% and 25%
methane and, for convenienée, they were named as mixture 1,
mixture 2 and mixture 3 respectively.
In order to analyse these mixtures accurately a standard
sample of a gas mixture was prepared and the composition of
this standard sample was calculated to the nearest X0.015%
by weighing. That is, ethylene and methane were blended and
compressed in a stainless-steel pressure vessel, the volume
of the vessel was approximately 1000 cc and the maximum
rating was 1800 psia. The vessel was thoroughly evacuated
and weighed before methane was introduced upto about 54 bar
and ethylene was mix_ed to this gas upto 110 bar.

The sample vessel was weighed before and after filling

the gases by means of the 10-kg Stanton balance (see section

2-8-2). The amount of each gas in the vessel was found to be

CH4 = 39.516 gm

CZH4=201.018 gm

and thus giving the standard composition of,

CH4

02H4

25,583 mol %

74.417 mol %

The uncertainties in the reproducibility of the balance
(5 mg), errors in the nominal weights (less than 5 mg) and
errors in reading the scale (less than 5 mg) could lead to
the maximum probable error of 10.015%.

The gas mixtures 1, 2 and 3 were analysed using a gas-
chromatograph (PYE Model 104) by comparing the ratio of the
methane-ethylene peak area against that of the standard

sample.



Using avrgon as a carrier gas (25 ml/min.) through a

silica column (60-80 mesh, BOOC), methane was separated irst
(retention time = 1 min. 10 sec.) and the ethvlene peak

appeared 5 scco, later (2 min. 45 sec.). The ovrput voling:e

from the detector (Katharometer) was recorded on a DVM “magnetic

tape casette logger' provided by the departmental analytical
laboratory with an interval of 1 second. The peak areas were
then calculated by Simpson's rule by means of PDP 11/10 computer.
Thus the compositions of the three gas mixtures were determined
by comparing the ratios of the peak-areas to that of standard
sample.

The measurement was repeated 4 - 5 times for each gas
sample and the mean value was taken as the composition of eadh
gas.

The area ratio of the standard sample (2.00665) was
reproducible to }10.002 and that of mixture 3 (2.1504), for
example, was f0.004; thus leading to possible errors of
*0.02% and 0.04% respectively in the results. Thus combining
with the errors from the standard sample weight (0.015%),
the maximum probable error was estimated as less than 0.1%.

The results are;

mixture 1: 69.55 mol % methane 30.45 mol % ethylene
mixture 2: 45.18 " 54.82 "

mixture 3: 24.19 " 75.81 "
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CHAPTER THREE

TREATMENT OF EXPERIMENTAL DATA AND DISCUSSIONS

sy

3-1 Introduction

The estimation of compressibility. factor from the
Burnett apparatus data (P and T) is possible either graphically
or analytically. Burnett introduced a graphical method in
1933(22 to obtain Z from the 'isothermal apparatus' (i.e.
both pressure and expansion vessels were at the same temper-
ature). Unlike an analytical method the graphical method
needs no assumed eqguation of state, thus the compressibility
can be obtained from the experimental pressure and temperature
without using a computing machine. This method, however,
involved extrapolations at zero pressure and, as will be
shown in section 3-2, a small error in this extrapolation can
lead a large error in the value of Z.

The alternative approach is to use an analytical method
of data reduction. This requires én adequate equation of
state whose coefficients can be determined by means of a non-
linear regression analysis.

In this work the compressibility factor was determined
by the analytical method, using two different equations, i.e.,
(1) the truncafed virial eauation of state (see Eq. 3-3-1),
(ii) the modified Bender equations (Eq. 3-3-2 and 3-3-3).

In the case of the virial equation the calculation was
based on each 'isothermal' run, since the virial coefficients
B, C, etc. are functions of temperature only. Thus the

coefficients are determined at the experimental temperature
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from the series of pressures PO, The infinite

1)1’ S pn'
series of the virial equation was truncated at the third

virial coefficient because of the limited number of expansions
in one run due to low vapour pressure of cthylene and its
mixtures. Although it is desirable to know accurate values

of the virial éoefficients which can be directly related to

the molecular forces the infinite power series does not converge
at high density, thus the equation itself is useful only.in
the‘dilute or at most the moderately dense gas.(28’50)
For this reason the truncated virial equation is regarded as
an inadequate equation of state at high pressure. The Bender
equation was therefore chosen as an alternative, for with

20 coefficients it was found to represent reasonably well the
whole fluid region for several other substances, namely,

argon, oxygen(29) carbon dioxide and methane.(SO)

The equation
was modified by reducing the number of the coefficients,

since this work dealt only with gas phase in which region

not all the 20 coefficients of the original Bender equation

were considered to be necessary (see section 3-6-3).

It is important to note that in fitting modified Bender
equations (Eq. 3-3-2 and 3-3-3) all data points, i.e. for all
temperatures, are treated simultaneously. }

Thus in the following sections the general description
of least-squares method will be followed by the two different
treatments of the data. The results are listed in tables (3-1)
to (3-5) and in the last section of this chapter they are compared
and discussed from the point of view of least-squares principle.

The best compressibility factors chosen were then compared with

those of other workers wherever possible.
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3-2 The Method of Data Reduction

In order to simplify the description of the methods of
data treatment the 'isothermal' Burnett apparatus will first be
considered, in which case both pressure and expansion vessels
are at the same experimental temperature, T. It is assumed
also that the volumes are independent of pressure. The
treatment of the non-isothermal Burnett apparatus will be
considered in section (3-4).

From a sequence of pressures in a experimental run,

Py, Pys Py, - 0 P . (3-2-1)

one can derive the two basic equations from which the corresp-
onding compressibility factors,

Zgs Bys Doyttt B | (3-2-2)

are to be determined.

The two equations are,

Fis -y Zio (3-2-3)
Pi Zj |

and

AV = () 4 (3-a-0)

©

where N = (VA~+ VB)/VA, the apparatus (or cell) constant

(PO/ZO) = the run constant.

In order to determine the compressibility factor, Zj’
at pressure, Pj’ from equation (3-2-4), the apparatus constant,
N, and the run constant, Po/Zo’ must be known.
There are essentially two different methods of data
reduction, namely the graphical method and the analytical

method.
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Although the graphical method was not adopted in this
work the busic idea of this method will be introduced
briefly so thar the advantages and the disadvantages of the

two methods can be compared.

3-2-1 The Graphical Method of Data Reduction

In the original graphical method proposed by Burnett(zz)

the apparatus constant, N, was determined from equation (3-2-3)
by extrapolation of the plot of Pj—l/Pj against Pj'

It may be seen from Eq.(3-2-3) that as,

r?j—>ol Z"l

)

Hence from Eq.(3-2-3)

lim _EEL.: Lo N.Exz_ = N (3-2-5)
Pi—o & Z;\ Z;

The run constant is then determined by another extra—
polation of the plot of PjNJ against Pj' From Eq.(3-2-4)

it may be seen that as Pj approaches zero PJ.NJ approaches

Po/Zo’ i.e.,

%1“0 PN :%rl (20) zZ, = [;o (3-2-6)

Thus from Eq.(3-2-4) one can calculate the compressibility
factor Zj at pressure Pj‘ The extrapolations of equations
(3-2-5) and (3-2-6) are shown schematically in Fig (3-1) and
(3-2) as an example for air at SOOC, extracted from the
Burnett's original paper. In Fig (3-3) the extrapolation of
pressure ratio against pressure is shown for Helium at

0°c and 50°c.
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As N appears to the j'th power in Fq.(3-2-1) small orroes
in N accumulate and lead to large evrors in the compressibility
factors. As shown in Fig (3-1) the first approximatioh of
N does not give the accurate value requived unloss rhe gos
under study is near-ideal. An improvement due 1o Canfield(SL)
involves the adjustment of N, within the error of the first
extrapolation, to give final values of Zj such that Zj has
the correct limiting behaviour at low density, i.e. Zj—l/fj
is linear with Pj at low density.

* The comparison of Fig (3-1) and Fig (3-3) suggests that
N can be obtained accurately from a calibration run with
helium, which is very close to ideal at normal temperatures
and for which Pj—l/Pj is remarkably linear with pressure
(Fig 3-3), hence enabling the extrapolation to be performed with
accuracy. However, there is the possibility of real changes in
N between runs (Fig 3-12), particularly if the apparatus
is subjected to temperature cycling.(24)

The major advantage of the graphical method is that unlike
all analytical methods no equation of state need be assumed.

On the other hand this method requires very precise measurements
at low pressures where the graphical plot in Fig (3-1) is
expected to be nearly linear. With an analytical method

it is not necessary to have any low pressure points to

obtain results.

3-2-2 The Analytical Method of Data Reduction

Any analytical method of P-V-T data reduction requires
a supposition that the experimental data can be suitably

represented by an equation of state,
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P = (T, f ;BysRg, 0 oA, R ) (3-2-8)

2
For an individual isothermal Burnett run temperature, T,
becomes a constant while pressure and density remain as
variables., This can be regarded as special case of equation
(3-2-6) and a simpler form of equation of state for each

individual run can be described as
Zj= Z('Fj yalyazy : ak’ *a )

Zy= 2(Py Lag,ag, -+ oap, * a) (3-2-7)

In this work, as mentioned previously, the experimental data
were treated as a whole using equation (3~-2~6) as well as
individually using Eq.(3-2-7). 1In both cases, however, the
principle of the analytical data reduction is same, thus the
description of the method will be based on the case of the
individual Burnett run for the sake of simplicity.
In section (3-3-2) the data treatment by Eq.(3-2-6)
will be discussed, in which case the equation of state
-is described as a function of temperature as well as density.
From the equation of state (3-2-7) the m parameters
together with the apparatus constant, N, and sometimes the
run constant, PO/ZO, are determined by means of a non-linear
regression analysis which is based on the principle of least
squares. The basic principle of the least-squares procedure
is that the m parameters ag, g, ° - a  are best-fit
to the equation of state when the objective function, S,
which is defined as the sum of the weighted squares of the

residuals, is a minimum with respect to the m least-squares

parameters,
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n
AN : (3-2-8)

In Eq.(3-2-8) ; is a weighting factor which 1is defined as the
reciprocal of the expected variance in the j'th residual,

I/R; , Rj is the residual of j'th data point and n is the
number of data points. The res%dual, Rj’ is defined as the

difference between an observed dependent variable, Yj’ and

its adjusted value, Yj.
R. =Y. - Y_' (3-2-9)

The adjusted value, Yj', is calculated from the equation of

condition with m least-squares parameters,

a a ) =20 (3-2-10)

f (Yj y X k' T 3

j)al)azs

where X‘j represents one or more independent variables. This
is the general formulation of the least-squares problem as

described by Deming.(sz)

Eq.(3-2-9) shows that by defining
the residual as (Yj - Yj') it is necessary that experimental
error occurs only in the observed dependent variable, Yj’ and
that these errors are randomly distributed.

In some previous work on Burnett apparatus(23’33’34)

the objective function was chosen as,
n .
'
S =2 w (P - Pi) (3-2-11)

where Pj is the observed pressure and Pj' is the adjusted
pressure which is calculated from the equations of condition,
i.e. equations (3-2-4) and (3-2-7),

Pj‘-NJ = (P,/2,)-25" (3-2-12)



121

and
- P] ’ o
7= ——— =7(f", &, a, ... a4 ... an) 3-2-13)
' RTfj 3
The adjusted pressure, Pj‘, is solved by an lterative

method from equations (3-2-12) and (3-2-13). The M least-

squares parameters are a a - - a N and Po/Zo‘

10 22 k’ m’

This formulation of objective function requires an assumption
that errors occur only in the observed pressure and that’

they are randomly distributed. In most cases, however, errors
occur in the other variables, such as temperature, and there
are normally present systematic errdrs in pressure measurement
mainly due to the uncertainty in the piston area. For

these reasons it is unlikely for any Burnett data to fulfill

the supposition of Eq.(3-2-11).

Another form of objective function can be derived from

Eq.(3-2-3),
PSP_' = N 7—12-.\ (3-2-3)
) J
S . ( P- Zi- \
=) w2 o N Zin (3-2-14)
> !Z' i | fi Z; )

In this case the pressures, Pj—l and Pj are experimental
values and not adjusted ones. The equation of condition is

now the equation of state,

Pj

R A TEUENEREEU O R

Here the M least-squares parameters are a a

17 8g. 0 7 Ay

and N. This type of objective function has been criticised(35)
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on the ground that it involves the sum of the squares of a
Mmetion of pressure rathe} than a true pressure residual. The
criticism is however based on an assumption that all systematic
@errors arve absent.

In treatment of Burnett data the objective function of
Eq.(3-2-14), which is expressed in terms of pressure ratio,
is considered to be superior to that of Eq.(3-2-11) in two
ways. Firstly since Eq.(3-2-14) involves a pressure ratio,
Pj—l/Pj’ any systematic error;propotional to the pressure
will be eliminated. Secondly by avoiding the iterative
computation of the adjusted pressure, Pj', from Eq.(3-2-12)
and (3-2-13), considerable computing time is saved, and this
is especially so in the case of the "non-isothermal" Burnett
apparatus.

For the reasons given above the objective function of
Eq.(3-2-14) was chosen for use in the treatment of the
experimental data of this work.

Another objective function can be derived from Eq.(3-2-3)
by eliminating N between the expression for successive

expansions, 1i.e.

> P, Zy.y L;
P .%FEH - ) ‘Z;’m (3-2-16)
Hence
¢ - é w; ( Piee Bt Z;. Z'm)z (3-2-17)
i P ;i

|

Now N is eliminated in Eq.(3-2-17) at the expense of

one data point. A comparison between this and Eq.(3—2-14)(1)
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showed little differénce in the computed least-squares
parameters.

After having chosen the objective function, the non-linear
least-squares procedﬁres from two different equations of state
(i.e. the virial equation and the Bender eguation) are described

in sections (3-3-1) and (3-3-2) respectively.

3-3 The Non-Linear Least—Squares'Procedure

All analytical methods of data treatment have one disad-
vantage; that is, no matter what form of objective function
or least-squares procudure is employed, an adequate form of
equation of state must be provided. It is desirable to have
an equation of state which is able to represent the experimental
compressibility factors with an accuracy greater than that
inherent in the experimental pressure measurements. At low
or querate density ranges the equation chosen is usually

the Leiden expansion,

Z= 1+ af + ufts - Ohfk+ Ce ﬂmfm ' (3-3-1)

The coefficients of the m'th-order polynomial are not
identical to the corresponding coefficients, B, C, * * etc.
of the virial equaiton, which is infinite power series of
density. The value of m that gives the 'best-fit', in a
least-squares sense, to the data does not necessarily provide
the best estimates of the second and third virial coefficients.
Also, a least-squares fit to all the data points in one
Burnett run will not necessarily provide the best estimates of

(1)

all the compressibility factors.



For the reason given above another form of equation
of state is provided, namely Bender eguation, in which the
compressibility factor is expressed in terms of temperature

as well as density,

P=PT{R + 06f +cf" + pf* + €f* +Ff° »

(G + HP™) P exp (- s f’)] (3-3-2)

where = 0 - Ouf7 - Q3 /7> - Ga /13 - Qs /74

B
c= Ov+ /7 +Qsf/p
D

= 0Nq + RolfT
E = Qu + Guft
F = Qn/y
G = Pua/rs + Quisfps + Ou/fvs
H= Ga/ft> + QefT% + Giaf75

In the data treatment the basic difference between Eq.(3-3-1)
and (3-3-2) is that, while the’truncated virial equation (3-3-1)
deals with the data points from each isothermal run once
at a time, the Bender equation deals with.all the different
isothermal runs as a whole, since the density coefficients,
B, C, etc., of Eq.(3-3-2) are expressed as a function of
temperature. In the case of Eq.(3-3-1) actual manipulation
beyond the third coefficient term was impractical because of the
limited number of data point in one isothermal Burnett run.
With Eq.(3-3-2) one can handle higher density terms, simply
because more data points are available, thus giving more
reliability in the calculated compressibility factors especially
at high pressure region.

As will be discussed in section 3-6-3 not all 20 coefficients



of Eq.(3-3-2) are needed to represent the data points of this
work., As a preliminarvy test the Iondor conation was modified
into a series of equations, each having different number of
coeflicionts of 6, 9, 10 and 13. The exponentiai term. or
correcction term, of the equation was out of consideration

in this investigation, since this term was considered to be
unnecessary in the gas phase. As will be seen, the 10-
coefficient equation was good enough to represent all data
points of this work. 1In order to compare the results from the
different equations, 6 and l0-coefficient equations were
chosen and the experimental data were treated according to

these two equations.

The final forms of the two equations are,

P=fT{R+ (A= Cotr—tsfp) P+ (Gax a5/ +04> ] (3-3-3)

and

P:{’T{K-\- (Gi=Oufy - Gy /1> —=Gaf3)P + (Gs 4+ A/t +ch/T~~)f1 +

(G +Ga/p)P> + Guof* ] (3-3-4)

As is shown in section (3-4) the least-squares procedure
requires the first approximation to the values of the M-
least-squares parameters and the convergence of the least-squares
procedure depends on the "goodness" of these first supplied
values. In the case of the virial equation the first
approximate values were taken from the published virial

00(16,26,27)

equation data for ethylene down to -10 and the

values at below -10°C were estimated by the extrapolation
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from above values. TFor the mixtures the volues were approximated
fvom the eguaition,
n — , ») =
. = x,B, + x.,B 3-3-5
mix 171 2°2 ( )
Nt Ny Ng 7 compositions of each component
Bl’ B2 = 2nd virial coefficients of each component.

These measures were proved to be adegquate for supplying
the approximate values of the least-squares parameter. In
the case of the modified Bender equations, however, neither
the orders of magnitude of the first few dominant coefficients
nor their signs were known. Also, the least-squares computer
programme would not converge with arbitrary values. We defer
until section 3-5 the method used to obtain those first

approximations.

3-3-1 The Non-Linear Least-Squares Procedure for Virial

Equation

The virial equation deals with the data points from each
isothermal run, one at a time, thus the data to be treated
are temperature T and a series of pressures. The model
equation of state for these data is
7. = —P:‘—.: 1+ af +azf-x+--0f-k+---0m'9'm (3-3-6)
where j goes from 1 to n which is the number of data points in

1

a Burnett run at temperature T. First approximate vaues
are assigned to the coefficients aqs az, . - ak, s a ,

m
which are m least-squares parameter and the implicit function

.? .

$ , -and hence Zj’ are solved by an iterative procedure

from j =1 to j = n.
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A and VB were calculated from the measured

dimensions of the vessels and having fixed the volume V

The two volumes V
B’

VA was taken as the M'th least-squares parameter (M = m + 1).
This is equivalent to taking (VA + VB)/VA, or N, as the

M'th parameter.

The object function to be minimized is

S=0 wig | (3-3-7)

The residuals, RJ'S, were already defined as functions of the
observed dependent and independent variables as well as

functions of the least-squares parameters,

R. = f(Y_,X a a 3-3-8
j (¥ ) ( )

jr2q-89; k' " 2np

For the 'isothermal' Burnett apparatus, Rj was derived as,
(3-3-9)

In the case of the 'non-isothermal' Burnett apparatus
the two vessels are at different temperatures and there
normally are 'dead spaces' between the two vessels, hence
the objective function cannot be expressed as equation (3-3-9).
As will be shown in section (3-4) the objective function in
this work was formulated in terms of the number of moles of
the gas, in which the gas in the dead spaces was taken acount
into the calculation of the residuals Rj's. This alteration of
the 'form' of the residual R‘j in Eq.(3-3-9), however, does
not alter the definition of the residual in a physical sense,
since the amount of material in each part of the apparatus

was calculated from the observed dependent (P) and independent
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variable (T) using the equation ol condition (3-3-G) as
descerived in section (3-2-2)., Fq.(3-2-14).

The actual formulation of the residual for the non-
i=sothermal asparatus will be shown in section {(8-4).

Now the objective function, S, is to be minimized with

respect to each of the M least-squares parameters,

2S5
o0y

=0 (3-3-10)

for k=1, 2, - +« k, = - m, M.

By substituting Eq.(3-3-7) into (3-3-10)

(] 2B (3]
or
;me (3 =o (3-3-12)

This set of M equations are known as the normal equations
and they are non-linear in the parameters.. The non-linear
normal equation (3-3-12) can be linearized by means of the
Gauss—-Newton method of linearization. In this method it is
assumed that there exist the approximate values of the para-

meters, ak', such that

Ok = O + &0 (3-3-13)
The residual, Rj’ may be expanded as a Taylor series about its

value when S is a minimum,

&'(a(,a;..ag.. o) = Ri(aiar, - ay, - an) + (Aar%i-+ Aalaaz+

G : L 2 © ? ¥
B O = 3!2] + J!(AG,M‘ A0 M“anH) &+ (3-3-14)

“imM



By assuming Aa, be small enough so that the terms highev

k
than the first devivatives in Fag.(3-3-11) mav be negleatod,
R\ (ag.a), .. a0 - ad) =R"(C\.,ﬂ1,-- O, - - QOu) &
aa, 28 4 aa 284 .. a0, 2R (3-2-13)

'3(/\‘ '3“-1 'EGH

or by rearranging Eq.(3-3-15),

B (00, av, -« A, --0u) = K (a7 ), - Ge, - al) -
R 2R DR
a, e A . A _
{ A h[_ac‘l) + 40, (3(\15 -+ aH(—Faﬂ,ﬁ> } (3_3 ]6)

This residual, which is now expressed in terms of the

1

K is substituted into Eq.(3-3-12),

approximate values, a

ZN ('aﬂg {Rj’(al’,at’,‘_.ak"... aP") _

o Bj 8 R -3
(Aﬂ,,a—a" vam I, . ?a;)} o (3-3-17)
Hence
n Ri . n
Aa.;wl(%a—’p)(g—z’j + AGL; ,(_22;)(%‘1: coo - Ao ;vw °F )(%%l;
= 2w(3R) B (e e o, ad) (3-3-18)
=

for k=1, 2, - - M.

These are the linearized normal equations. 1In order to
solve fhe unknowns, Aal,ﬂaz, - 'AaM, from the M
simultaneous equations (3-3-18) the followiﬁg were calculated
first:

(i) The approximated residual, Rj‘, was calculated
basically from the Eq.(3-3-9) together with the equation

' instead of a

of condition (3-3-6) using ay K-
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As owns mentiouod previously agrua] formulation ol the residual
ior the non-isothermal apparatus will be deferved until
saction (3-4).
Cii) oo tae welshting fuctors.,

J

The weighting factor for each residual is given by the

reciprocal of its expected variance,

W; = I (3-3-19)
T
3
1 'BRJ 2 2 BR! 2 2
W el . (Y g

The expected variance in Pj is given by
=€ + 4P (3-3-21)

From the error analysis of experimental pressure in Chapter
two eta and gamma in Eq.(3-3-21) were aé&gned as

€ =0.69-10"% bar and ¥ =0.1.107% respectively.
The partial derivatives ( ‘aRJ./ BPj_l) and (o RJ./'B Pj) were
determined by straightforward partial differentiation.
(iii) (?BRJ/‘aak) ; The calculation of the partial derivatives
in Eq.(3-3-18) is in principle impossible without knowing
true residual Rj' Thus the derivatives (’aRj'/:Bak') were
calculated and used as approximations to (1)Rj/‘aak).
This approximation, however, is exact at the convergence
point, that is, when Aak = 0.

Having calculated all the elements in Eq.(3-3-18)

the M unknowns are solved by following fashion.

In matrix notation, Eq.(3-3-18) are

X 4a = Y : (3-3-22)
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uhere /.f_w,(%,&,)(%‘f;—,) InBEER) - Zull (2‘4,.)\
2o (B (52) , 2 321( 25580 (52
X = |
2, T, - 29BREY)
thus X is a (M x M) square symmetric matrix,
29 (25 R (o, e, o ad) \
v - Z‘*’j(%—i) i (ar, al, o ad)
ZuiG) (a0 e o0y )
and '
44,
AQ,
da =
A Oy

By multiplying both sides of Eq.(3-3-22) by the inverse

matrix of X,

X' x-sa = x'Y (3-3-23)
ﬁence
a0 = X'.Y - (3-3-24)

Eq.(3-3-24) is the solution to Eq.(3-3-22). After having
calculated the solution of Eq.(3-3-24) the new approximation to

a, is given by,

k

Op = O - 80 (3-3-25)

These new values of ak are used in the calculation of Rj’
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in Eq.(3-3-14) and the solution of the normal rquations
(0-53-22). The iteration was continved until all the Aak
have converged to predetermined accuracies of each parameters.

The  varionces and covariances of the parameters are

given, approximately, by
O; - O .th (3-3-26)

where xk 1 is the element of k'th row and 1'th column of the

inverse matrix §—1 and (¥ is the variance of the data,

an estimate of which is

AR

s T

(3-3-27)

Thus the variance of the k'th parameter is

2

2 ij R
0 = Sy, (3-3-28)

(34) that,

It has been shown by Barieau and Dalton
except for models with a high degree of non-linearity in
the parameters, Eq.(3-3-28) is a very good approximation to
the variance of the k'th parameter. However the presence of
systematic error can lead to misleadingly small values of
akgl) For this reason the errors in ak (in this case the ak's
are the 2nd and 3rd virial coefficients) were estimated from
their relative values which were determined from different

number of data point in one run (see section 3-5-3).



-3-2 The Non-Linear Least-Squares Procedure for the

Beoder Equation

As was mentioned previously the basic difference between
rhe virial equation and Bender equation is ot in Bendoar
cquation the compressibility [actor is expressced in terms of
temperature and density, while in the virial equation the
compressibility factor is expressed as a function of density only.
Therefore in the case of Bender equation all data points from
different isothermal Burnett runs can be treated as a whole.

The principle of least-squares procedure, however, is
exactly same as in the case of the virial equation except
for the mathematical notations, in pressure, Pij’ residuals,
Rij’ and weighting factors, Wij’ etc. which now have double-
subscriﬁts; i stands for the different Burnett run and j,
as in the case of virial equation, stands for individual
data point in the i'th run.

In section (3-3) two modified Bender equations were given

in Eq.(3-3-3) and (3-3-4) which have 6 and 10 coefficients

respectively,
£ =t {f (A=t - Ol + (“++°s/—r;)'?§,‘ + “H’?,‘ | (3-3-3)

Py= fg T R+ (0= Oufpy = O /rr = e )y + (85w aurr, + Oa i) By
t{8er 00 )0 4+ a0t (3-3-4)

The objective function, S, to be minimized is,

n ng

S = ZZ W Fc} (3-3-29)
€]
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vhoere n o i= the number of the isothermal Burnett run and ni

ix the numher of expansion in 1'th run. The residunls, Rii’

are functions of the observed dependent and independent

variabltes and m ieast-squares parameters,

g"j :{' (Yt'j . X{S', A, , Gy, - - C\m) (3-3-30)

For the ‘'isothermal apparatus', Rij is

R = Jhimt LN Ziin (3-3-31)
L Zi

Actual formulation of the residual, Rij’ for the
'non~-isothermal apparatus' will be shown in section (3-4-2).

The equation of condition are the equation of state (3-3-3)
for 6 coefficients and (3-3-4) for 10 coefficients. As shown
in Eq.(3-3-31) the apparatus constant for i'th run Ni is
independent of any data of non-i'th run. Thus M least-squares

parameters for Bender equation are a am,N N - « N

1°22; 1727 n
(M=m+n), where m is the number of parameters of the equations
of state (either 6 or 10) and n is the number of isothermal
Burnett runs.

Now the objective function, S, is to be minimized with

respect to each of the M least-squares parameters,

S

- =0 3-3-32
? Qg ( )
for k=1,2, - - m,(m+1),(m+2), - - M

[ANATY

) n Ny _ a . fag".
0% [ ZZ Wi ch] =~ 2 Z%Nq Ry ﬁf‘ =0 (3-3-33)
‘)

!
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V)
73

LW R (_L) =0 (5-3-534)
‘ i

This set of M equations is equivalent to Eq.(3-8-12) and Llhese
too are non-linear in the parameters. Thus Fq.(3-3-34) was
normalized by means of Gauss-Newton method and in matrix

notation,

X a6 = X (3-3-35)

Eq.(3-3-35) is same as Eq.(3-3-22) except for the double
summation in each element of X and Y instead of one as in
the case of Eq.(3-3-22). Thus an element of k'th row and

1'th column of matrix X is now,

(%er) = Zcéwij (B—it)(a—%) (3-3-36)

The calculation of Rij and wij are exactly same as those in

the previous section. 1In calculation of the derivatives,
2R
0 0Qg
the derivatives with respect to the parameters of the eqation

however, they are divided into two groups, i.e.

(k£m) and the derivatives with respect to the apparatus

constants Nl’ 90 . Nn (k»m). In the latter case the
derivatives,fﬂ%L , were set to zero for i # k - m, since,
R

as mentioned earlier in this section, the apparatus constant
Ni is independent of non-i'th run.
Thus the (MxM) square symmetric matrix X in EFq.(3-3-35)

is, in fact,
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/ T ) ) .):l 29 ’ ’ ) ) j(l ™M

Lim : : Ay ; ’ : K i

A ] ) . _’(ﬂm

where all the elements, X in the two triangles are zeros.

k,1°

3-4 Treatment of Experimental Data for the Non-Isothermal

Burnett Apparatus

In the previous sections the objective function was set

up on several assumptions, i.e.

(i) the Burnett apparatus was isothermal (TA = TB),
(ii) there were no dead-spaces between the two pressure
vessels,

(iii) both volumes, VA and VB’ were independent of pressure,
(iv) after expansion the pressures in both vessels were

absolutely identical.

In the case of 'real' non-isothermal Burnett apparatus,
however, following factors must be encountered in calculating
the objective function, i.e.

(i) the expansion vessel is at temperature 7° (OOC)
with compressibility factor Z(B)j,
(ii) the gas in the dead space,

(iii) pressure dependence of the volume of the vessel,



(iv) pressure differences in each part of the apparaius

due to the hvdranlic heod of gas.

For these reasons the objective function was calculated
tn ioerms of tho grenticy of the gas by oquuiing numbor of
moles before and after the j'th expansion. This, however,
does not change the physical meaning of the objective function,
Eq.(3-2-14), since the calculation of the number of moles of
the gas was based on the equation of conditions of the objective
function. (see sections 3-3-1 and 3-3-2).
As was mentioned in Chapter Two, the apparatus was
divided into 8 sections of volumes, V, to V and shown inv

1 8’
Fig 2-15. (V1=VA and V6=VB in previous notation). With
reference to Fig 2-15 each subscripted number refers to
the particular part of the apparatus. The final form of the

residual at j'th expansion was chosen as,

n = PZMOL(j-1) - {PZMOL(j) + EVMOL(j)} (3-4-1)
J EVMOL( )

where PZMOL is number of moles in piezometer (Vl) and in the
dead spaces upto the expansion valve and EVMOL is number of
moles in the expansion vessel (VG) and in the dead spaces
upto the expansion valve. (j - 1) refers to the gas before
J'th expansion and (j) refers to the gas after j'th expansion.
Actual formulation of the residual (3-4-1) for the cases of
virial equation and the modified Bender equations will be

described in sections (3-4-1) and (3-4-2) respectively.



A-d-1 Calculation of the Residual [rom the Virial Fquation

With reference vo Fig 2-15 and Eqg.(3-4-1) the residual,

R., ¢an he written as,

(o + m'}-)_\ - (h|+h\'4 oo+ ‘r\t'))

- | (3-4-2)
(hk '*‘“b,)j

10 g = no. of moles in both vessels V1 and V6

The amount of gas in each part of the apparatus was

calculated as following

(1) n1

N - PV 4
i < (55, a0
and

- (_P - . YL " —4-
Zyj = (W).,j SR T Gnfrj (8738

where ay,89, ° 2, are the m least-squares parameters.

(1ii) ng

ho(y) = (_ﬂ/_) _ (3-4-5)
and

P ) _ 8 n
.= = a . 0, f. + . - . Q ) 3-4-6

Z("J ( FTf ‘7'] l + ! PBJ + If‘j n P‘l ( )
where T6j = constant = 273.15
and ay, g, etc. are the virial coefficients of the gas

at 0°C. They are supplied in the computer programme and are



not subject to changs in the leasti-squares procedure.  Thus
atter treatment of all the 'isotheoerms' . the vivinl coatf Cicionis
were plotrted agalnst temperature so that the values at e
could be recdijustied. The data were Then verres:od usias

these new values at 0YC untvil theyv were internally consisient.
3, Dy and ng

In the dead spaces V3, V4 and V8

assumed to be constant and the no. of moles were calculated

(iii) n

the temperatures were

from the equations corresponding to Eq.(3-4-5) and (3-4-6).
(iv) ng and n,

Although there were temperature gradients in V5 and
V7 the volumes were very small and the temperature differences
were not very wide. Thus the temperature gradients in these
regions were assumed to be linear and their 'effective’
temperatures, T5 and T7, were taken as the mean values of the
temperatures at their extreme ends,
e.g. T5 = (T4 + TG)/2 and T7 = (T3 + T8)/2.
Using these temperatures the no. of moles were calculated in
the same way as in (ii).
(v) n,
As was mentioned in Chapter Two there éxisted a temperature
gradient along the inlet tubing. 11 copper-constantan
thermocouples at 3-cm interval were used to measure the
e.m.f.'s which were converted to temperatures by means of a
polynomial fitting to the relevant calibration curve. The
no. of moles of the gas between k'th and (k+1)'th thermoccurles

was calculated by assuming linear gradients in temperature

and compressibility factor between the thermocouples.
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Cons-idor two adjoacent thermocoeples koand (K+1)

separated by oo distance 1L (Fig 3-4). Then the number of moles

of eas in dy ot oa distance x from thermocouple kK is given by,

f d X
where A =

cross-sectional area of the inlet tubing.

T = (Tor = T ) (3-4-8)
- X
Zx' (Zk-H - Zk)—k— (3-4-9)
— . K1r Integrating equation (3-4-7),
X "
dn =
Ll
118111081 ::_T__ adX
« K+l i
g fe A 4X (3-4-10)
A ° R{TR*"}(TM-T,.)}{Z;ﬁ—}(lk“—-Zk)}‘
FIG 3-4 or
hk - Pk AL Tk Zk+) (3__4__11)
R(Zk.,_"Th - Tkﬂlk) Zie Teat
Thus
N, =zk_ Mg (3-4-12)
The pressure gradient hetween k and k+1 is given by,
£F =P91 (3-4-13)
wvhere
F - _NrM

(3-4-14)
A Y ‘
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Substituting Eq.(3-4-11) and (3-4-13) into (3-4-14),

Fo9 My TeZlkr -
2R = ﬁ? !  ——— (3-4-15)
f: (\Z;‘:*l ‘I-;{ - T;—HZRJ ZpTenm

Eq.(3-4-13) was uscd to calculate the pressure gradient between

a pair of thermocouples due to gravitational effect.

3-4-2 Calculation of the Residual from the Bender Equation

In this case the residuals, Rij’ can be written as,

(“«*““)ikl - (ne+n/+ ne+ nd)q

R = (3-4-16)

3 { h§.+|1;)¢j

Eq.(3-4-16) is equivalent to Eq.(3-4-2) and the notation
used are same as in Eq.(3-4-2) except for the extra subscript i
which stands for the i'th isotherm.

The basic difference between the two Eq.(3-4-2) and (3-4-16)
is that ny and n6 in Eq.(3-4-16) were evaluated from the same
equation whose coefficients were the least-squares parameters,
while ng in Eq.(3-4-2) was evaluated from the fixed coefficients

of the equation of state.

Thus n1 and ng in Eq.(3-4-16) were calculated from

neCay) = Fole) - vite) (3-4-17)

hela3) = £y - Vel o)) (3-4-18)

The densities, ﬂ and fg, were calculated by an iterative

method from the modified Bender equations, for example,

P = FT { R+ (al —a'v,/-]- —a’i/’f")‘f + (Ci4+ QS/T') ?1—\- C\t,-t’z} (3-4-19)

The number of moles in the dead spaces between the
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two vessels were coalculated as in the nrevious section using
couations covresponding to (3-24-5) and (3-4-6). The nuuber
of moles in the inlet-tubing were calculated from Eqg.(3-4-11)

and the pressure gradients from Fq.(3-4-15) (so0e secrion 3-4-1).

3-5 The Computation and the Results

3-5-1 Introduction

The computer programs were written in FORTRAN IV language
for use on the Imperial College CDC 6400 and CYBER-73 computers.
There were two separate main progrms (one for the virial
equation and the other for the modified Bender equations),
together with their relevant SUBROUTINE's. The main programs
consisted of two parts, i.e. in the first part of the program
all the necessary data for the least-squares procedure were
calculated from the experimental measurements before iteration
started, and in the second part of the program actual least-
squares procedure was carried out. In this respect the two
programs are the same in principle, and thus both progéﬁs
are described in one flow-chart together with their SUBROUTINE's
in Fig (3-5). As was mentioned in section (3-3) in both cases
first approximated values of the least-squares parameters
must be supplied before the iteration commences: In the case
of the coefficients of the virial equation reasonably accurate
values of the coefficients were calculated from the published
P-V-T data (see section 3-3).

In the case of the modified Bender equations no information
was avallable as to the values of these coefficients. Thus

the first approximate values of the coefficients were determined



From the experimental pressures and temperatures togoether with
the densities which had beon determined previonsoly trom b
virial equation by the least-sguares procedures for all the
Busnett o isotherms. Thus Trom N opoints of data o Z0L of
equations were established according to the equation chosen,

for example,

Ce=feTe §R+ (o -pp - G3/12 )Py + (04 + as/r) fr

roaefe ) (3-5-1)

for k=1, 2, - - N (for N is greater than 6)

or
P R Q, a., Pl T
_ % )= = a, - - Gaf, + 0.~ + @ 3-5-2
(f’.T.R )f. ' T, = T +fi S5 fi ( )
P F a. 03 p ‘f L
_ - a- - + G0+ 0. 40
(fﬂ‘r,.& )_ﬁ N Ta + u s T at

Eq.(3-5-2) can be written in matrix notation,

Y VS (Y. O I R (z,-1) %. (3-5-3)
l - ‘/T-:. - l/T: f’- f."/T-:. A (Zz- I) -%-
. (13 .
| =T, "'/T,: fu {N/TM (Z“-I) —‘?;‘
or |
X A=Y (3-5-4)

where X is a (N x 6) matrix and both A and Y are column matrices.
By assuming that all the P-{ -T data in the matrices
X and Y were 'exact', the least squares solution of A in

Eq.(3-5-4) is straightforward;



sty (3-5-5)

et

e a

[
L
11
R

!

wheve 87 = transpose of matrix X, thus (X -X) boecomes a

(6x6) squave matrix.

S L S R

T ,.-1 T T o\ -1

(X7 (X KA = (XX XY (3-5-6)

or

A= (KT-K)—l'z-X (3-5-7)
T -1 . : . . T

where (X" -X) is an inverse matrix of (X" -X).

The colﬁmn matrix A was solved (for which a computef program
was written) and the a's were supplied as the first approximate
values of the least-squares parameters.

For 9 and 10 coefficients same method was used for their
first approximate values. In Fig 3-5 a flow chart for both
main programs is shown in connection with their relevant
SUBROUTINE's at various parts of the main programs. The
routines are described in section (3-5-2). In section (3-5-3)
the computed results are listed for both the virial equation

and the modified Bender equations.

3-5-2 Description of Computer Program

As is shown in the flow-chart (Fig 3-5) the following
subroutines were called in the main programs before the start

of the actual least-squares procedure.

(1) PROIL
The experimental pressures were calculated as described
in chapter two, the hydraulic heads of the gas between the

D.P.C. (or the gas piston gauge) and the pressure vessels were
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taken account into the final values at both vessels., This
subroutine was written for the calculations of the pressurve
sequencoe of each isotherm, Pj, thus the pressures were dimensioned

«

osins e sreay .

(i1i) PISTON

SUBROUTINE PROIL was modified such that by calling PISTON
once this routine calculated the pressures, pij’ for all
i's and j's, thus dimensioned in a double array.
(iii) TEMTEM

In the main program the resistances across the platinum
resistance thermometer was calculated from the voltages
across the thermometer and the standard resistor measured
by means of a potentiometer. By calling TEMTEM the resistance
was converted to the temperature from a solution of the
Callender-van-Dusen equation by means of a Newton-Raphson

iteration method. This temperature was then converted to the

IPTS68 scale as described in sections (2-7-2) and (2-7-3).

(iv) VIRCO

In the case of the virial equation this routine not only
supplies the virial coefficients for the ice bath and dead
spaces for use in calculation of (ZZ).j - (Z8)j, but also
provides the first trial values of the least-squares parameters
at temperature T. In the case of the Bender equations, however,
this routine was called only for the virial coefficients of the

gas in the dead spaces.

(v) ZEST
The compressibility factor at temperature T and pressure P

is calculated from the solution of



Z = ,P = ]+ Ao f\--fl"‘ S A (3-5-8)

7R ‘

The diterarive solution of this equaiion was obtained by

Newton-Raphson method.

(vi) Do I1TY
This routine is for the calculation of density from the
modified Bender equation, (thus equivalent to SUBROUTINE ZEST)

by means of Newton-Raphson method.

(vii) MSSTUB

This routine calculates the number of moles of gas in the
inlet tube by means of Eq.(3-4-11) and at the same time it
evaluates the pressure gradient along the inlet tube by means
of Eq.(3-4-15). The compressibility, Zk’ at thermocouple k

was calculated by first calling VIRCO for temperature Tk and

calling ZEST for temperature T, and pressure P

k k-’

Thus having all of the information assembled, the non-
linear least-squares procedures, as described in sections (3-3)
and (3-4), commenced.

As shown in the flow-chart the residuals were calculated
by calling PRAT (For virial equation) or RESID (for Bender
equation). These two routines are identical except for the

equation of states used in the routines. For the first calling

of PRAT (or RESID) only the weighting factors, Wj (or Wi.),

J
were calculated according to equations (3-3-19), (3-3-20) and
(3-3-21), setting 4 =10"° and £=6.8-10"% bar. The

2%

derivatives, , were determined numerically by changing

20

each value of 2, by 0.001% in turn and recalling ZEST (or
+%

DENSITY) and PRAT (or RESID). The normal equations were then

solved by calling MATRIX, which solves a set of simultaneous
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Linear equations (upto 100 equations) by means of a Gauss-

Jorvdan double-pivotal elimination. The calculated éuk's hy

MATRIX were then compared with predetermined values of accuracies,

3 ]

. P . . . . - -
For oxoample PAa, (10 for the virvial cguation and fZo 10
: 1 '

for Bender equation. When the Aak's were larger than the
accuracies new approximate values were calculated according to
equation (3-3-13) and SUBROUTINE's ZEST (or DENSITY) and

PRAT (orRESID) were recalled again.

Thus the iteration continued until the Aa, 's were converged

k
within the ranges of the accuracies required.

3-5-3 The Results

The computational results from the least-squares procedure
are listed in this section in Table (3-1) to (3-5). 1In these
tables (v) refers to the virial equation (6) and (10) refer to
6- and l0-coefficient modified Bender equations. Thus, for
example, Z(V) is the compressibility factor evaluated from the
virial equation. 1In each table the data are chosen and tabulated

in following manner:

(i) Table 3-1

In this table the 6 and 10 coefficients of the modified
Bender equations, (3-1-2) and (3-1-3), are listed together with
the ranges of the experimental pressure and temperature, from

which the coefficients were determined.
(ii) Table 3-2

This table contains the 2nd and 3rd virial coefficients
which were evaluated from both methods. In the case of the

virial equation the equation used in the least-squares procedure
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was a truncated polynomial equation and not the true virial
equétion which is the infinite power series of density.

Although the problem of relating the coefficients of this
truncated series to the corresponding virial coefficients
had been considered by some workers,(33’36’37) the treatment
was, in order to simplify the statistical analysis, normally
based on the assumption that the experimental values of Z
were subject to random errors but the values ofAthe density, f ,
were known exactly. In practice, however, it is unlikely for

any experimental P-e -T data to meet the above condition due

—_ ) B= - 6885

o -68FL

=

L 3 I T T 7 .

© -69 S e e e

()

S -70t

m

P(MAX) [ ) 3 | 2 N ) |

P(MIN) 9 9 9 8 8 7 7 6
FIG3-6 MIX.I RUN 39 ( 288.8)

to the errors in the density and the presence of the systematic

errors in pressure measurement and hence in the values of 7.
For this reason the second and third virial coefficients

were chosen from several values which were determined simulta-

neously from different sets of pressure sequences. That is,

in the computer program the non-linear least-squares procedure

was in a 'DO' loop such that the least-squares parameters were

determined from different sets of pressure sequences, i.e.
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Y > . op > PN ane > - . ST
(J(j.] | “x))’ (pl,l o Pn) ind (Pl, 12, prr*l) et
with Lthe equation of state
7 = P = | + BF + cf‘ (3-5-9)

RTo |

This process

gave several values of a4 (=B) and 2, (=C),

and the mean values of these a, are presented in Table 3-2 as

the second virial

1

coefficients. Fig 3-6 shows a typical variation

of B together with its calculated standard deviation according

to Eq.(3-3-28), for mixture 1 at 288.8%K isotherm.

The evaluation of the virial coefficients from the Bender

equation is quite
section (3-6) the
the best equation

coefficients were

straightforward. As will be discussed in
10-coefficient Bender equation was chosen as
of state and thus the second and third virial

evaluated from this Eq.(3-1-3) only.

Eq.(3-1-3) is of the form of

P=PT(R+ CGP +Gf c3f3+ Ce P¥) (3-5-11)
where Cl = A, - a"/T - U3 /T" - “4/1’3
C, = Os + Qg/y + G /2
CS = Qg "'a‘i/T
N
C, '
Re-arranging Eq.(3-5-11)
P ¢ C. ot ¢y 3 C4 4
= + = + = + + — 3-5-12
TR ( g f ¢ § R0 e f ¢ )
or
3
Z = 1+ Bf + cf + PP o+ EfF (3-5-13)
where B = (G - Oa/q - Qsfg™>- Qafp3) /p (3-5-14)



C = (s + G/ + /) /R
D= (av .« UQ/T>,/p
E = C‘lr/—r

L o=-5=15; can e regarded st frunnenyea vt o cunaiion
and thus B and C were calculated according to Eg.(3-5-14) and

presented in Table 3-2.

(iii) Table 3-3

This table contains the densities determined from the
least-squares procedure by using the virial equation, f(V),
and the modified Bender equations, f(6), and € (10).

In both cases the densities were solved by iterative

methods.

(iv) Table 3-4
Compressibility factors at all the experimental points were

calculated using

P.
Zi = —5—— (3-5-15)
bR

where Pj and Tj are the experimental values and fj are the

values solved in (iii).

(v) Table 3-5

The 10-coefficient Bender equation was used to calculate
the compressibility factors of the experimental gases in the
temperature range of 230°k - 295°K at an interval of 5°K and
5 bar - 55 bar at an interval of 2.5 bar. In this table the
values inside the box represent the values within the experi-
mental range and the values outside the box are therefore

extrapolated ones.
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However, as will be shown in section (3-6-8) the comparison
between Michels' experimental Z at 298°K and the extrapolation
from Eq.(3-1-3) shows that the values in Table 3-5 at 295°K

for ethylene are believed to be accurate within 0.001.

3-5-4 The Interactional Second Virial Coefficients of

Methane-Ethylene System

The 2nd virial coefficient of a mixture can be written as§76)
¢ c : ‘
Bimin = J 2 X B (3-5-16)
[ _
or for a binary mixture,
: _ .2 2
Brix = X1B1g ¥ 2%1%Byg * XgByy (3-5-17)
where kl’ Xg = mole fractions of components 1 and 2 in the
mixture, thus Xg = i - Xy

Bll’ B22 = 2nd virial coefficients of components 1 and
2 at temperature T.

B12 = interactional 2nd virial coefficient of a hypothetical
substance with intermolecular interactions

equal to that of the unlike interactions between

components 1 and 2 at temperature T.

.

As in the cases of B11 and B22 which are related to the
intermolecular forces between like-molecules, B12 is related
to the potential energy between unlike-molecules. Thus B12
is an important source for information on the potential enefgy
between unlike molecules, and therefore, accurate 2nd virial

coefficients for mixtures are important.

By rearranging Eq.(3-5-17), B12 can be expressed as
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B = (B . - sz

2
12 mix ~ ¥1B1 * XgBg)/(2xyx5) (3-5-18)

In methane—éthylene system of this work, the subscript 1
refers to methane and 2 refers to ethylene. Since there are
three mixtures in this work three values of B12 can be calculated
at a given temperature T using Eq.(3-5-18). The calculated
values of B12 at T from different mixtures differ from one
another since the uncertainties in B12 depend on the uncertainties
1° BZ’ Bmix and Xq -

From Table 3-2 the maximum probable errors of 2nd virial

in the values of B

coefficients are estimated as follows.

.GAS : g
ethylene 8 1.6. cc/mole
mixture 1 (0.6955 CH4) "
mixture 2 (0.4518 CH4) 2.3 "
mixture 3 (0.2419 CH4) 4.8 "

The uncertainties in B12 propagated from the errors in Bmix can

be expressed as

o8B
5w __ I ov 88, = 48
'DB‘M.V): 2X| X; . 27(, X.,_

Thus the maximum error, for example, of B12 calculated from
mixture 1 is estimated as about 5.4 cc/mole.
-B12 in Eq.(3.5.18) were calculated from 240 to 300°K with
an interval of 5OK. B (ethylene) and B_. were calculated
22 mix
from Eq.(3-5-14) using the coefficients given in Table (3-1).
B11 (methane) were calculated from the 20-coefficient Bender

equation using coefficients determined by Chapela.(57)
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The expected variance of each BlZ can be expressed as,

) = (222 OBu Vo, (2Bt . (B
( ) ( aeh) Os, * ('ax.)o;' (ae..) O;. (3-5-19)
wher . - N
© %:a , Oﬁu, and 0, > 0O =o

Maximum errors in X4 are estimated as less than 0.1 mole %

(see section 2-13), and hence CQ = x4 v 0.001.
1
The derivatives, LAY and ,;2‘“©re determined analytically from
T ~1
Eq.(3-5-18). B12 at a given temperature was averaged from the

three mixtures, i.e.,

2 )W 8,2z

B, = (3-5-20)
Jw
‘where the weighting factor w is given by
| .
® = — ~ (3-5-21)
812

In Table 3-6 three values of B for three mixtures are listed

12

together with B,, from Eq.(3-5-20). The results from mixture 3

12
differ substantially from those from the other two but since
they are of lower precision they contribute little to the

mean. The uncertainty in §12 is estimated at 5 - 10 cc/mole.



TABLE 3-1

BENDER COEFFICIENTS FOR EQUATIONS (2-6-2) AND (3-6-3)

ETHYLENE (FUR EXPERIMENTAL RANGE, SEE FIG 3-7)

>rP P> >>
L X W W W
N s N Ve e Nt

DODON

> >r >
N~ o~
0 M
— e

-

- A(E)

MIXTURE 1 (28 - 299 K

A(1)
A(2)
A(2)
A(4)
A(E)
A(€g)
A(7)
A(g)
A(g)
A1)

EQR(3-6-2)

-G, 72815396ERE+ 24
~Z.4313535711E+27
7, 1672398E2LE+ 10
~P.2EEE3E4218E+LE
Z. 1836241516 +129
B, 1146379717k + 28

EQ(3~-6~2)

2, 4493 1E5784SE+ 124
Z. 19163923 11E+E7
Z. 296ESEEBAGEFEY
~FZ.2192712419E+ (6
Z. 14€E323220E+ 79
£, 1£237515633E+27

UPTO 86 BAR)

EQ(3-6-3)

0. 9Z3SE7B5L2E+EE
8. 7122365977 1E+£E
-B. 17642072776+ 14
. 163264BC65E +13
-@. 769929¢853E+E7
B. 45391C1816E+ 16
-B. 62744645 45E + 12
-@. 6888533651E+£8
G. 947 146559B6E+ 16
Z.6392976579E + 10

EQ(3-€-3)

B. 61271874876+ 24
Z.379940C524E+07
~0.32626CEBET7E+L9
P. 644753C2E0E+ 11
PBe 2C994EECE21E+ZE
-0.5072847388BE+EE
B. 23781€998FE+11
~Z.B8BR23934CCE+E7
. GALGES64375E+£9
B. 695361622EE+L£9
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TABLE 3-1 (CONTINUED)

BENDER COEFFTCIENTS FOR EQUATIONS (3-6-2) AND (3-6-3)

MIXTURE 2 (223 - 29B K UPTO 75 BAR)

A(1)
A(2)
A(3)
A(4)
A(S)
A(6)
A(7)
A(8)
A(9)
A(19)

MIXTURE 3 (238 - 288 K

>PPP>D>D>D>>>
NN N ey PN P T NN TN N
S QONOOHBLWN -
T e Sl s o e S e N

EQG(3-6-2)

#+6391514815€E+04
g+3121851302E+@7
B+ 3B57796375E+E9
-3+293166238CE+06
B+2255934578E+€9
~0+-7682106729€+@7

EQ(3-6-2)

-@+6939995923E+33
- +8834357568E+06
B+1032899753E+10
~B+3928687813E+06
@-2768136164€E+09
-Z+5032477524CE+07

UPTO 78 BAR)

EQ(3-6-3)

@+ 66E880909ZE+P4
@-4548709537E+07
~P+4574791637E+09
B.9947286392E+11
@B+-3618375C66E+L6
-2+ 12963843P9E+09
#-366B8416G957E+11
~@3.2132551187E£+08
B.1042089782E+11
~-@+1392842948E+10

EQ(3~-6-3)

B#.3382251471E+085
g-279180B551€+08
-3+6625648183E+10
B8+6992368626E+12
-@+5997243180E+86
#.2553447944E+09
-£.8322260283E+18
$+3221485193E+08
B+1134034679E+11
-B-5560P64826E+18
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TABLE 3-2

THE 2ND AND 3RD VIRIAL COEFFICIENTS

BAS T 8. cudnoLe-l 8. cudmoe~! ¢, cmBwoLe 2
(K) (EQ 3-6-1) (EQ 3-6-3) (EQ 3-6-3)

ETHYLENE
24246 -211+16 -212.69 8389
247 1 -205.67 -206+54 8677
251+ 1 -199.59 -199.93 8940
254+ 3 -194-98 -194.92 9101
25849 -187-60 -18€+ 10 9266
266+ 6 -176-25 ~177 .50 9381
270+ 4 -171-36 -172.58 9372
2738 -167-49 -168+31 9331
2788 -161-38 —-162+25 9220
283+ 1 -151-69 -157 .21 9%78
2888 -149.7¢ -150+71 8836
2926 -146-40 -146+48 864 1

MIXTURE 3
228-5 —177+29 -174+66 413
2513 ~159« 1 ~154+26 3531
259+ 3 ~15¢ .28 -143.57 3250
266G+ 1 ~141-80 -135+31 3ge3
272.9 —-134-97 -127.72 - 2805
o8¢+ 9 -126-40 -119+53 2560
288+ 4 -119-5@ -122.73 2349

MIX lURE 2
2233 -159-7¢ ~162+¢2 6189
229.9 —-151+ 00 -152.23 5890
2373 ~143.1¢ -142.28 559 ¢
2442 -133-60 -133.83 5340
252+ 2 —126 .68 ~12491 508 1
259 + 4 -119 50 -117+59 4874
266+ 2 ~-143+10 -111.2¢ 4698
273+ 1 -106+97 -105.2¢ 4536
279+23 -101-24 -100+ 16 4403
287+ 4 -95.63 -94.27 4252
2934 -91.39 -89.83 4142

2989 '~87.58 -86-16 4253



GAS

MIXTURE 1

THE 2ND AND CZRD VIRIAL COEFFICIENTS

T
(K)

2Z8. 1
215.7
223. 4
23@.7
238.2
245.8
253. 3
262, 3
268, 2
278.6
283. 7
288. 8
294. 1
299. ¢

TABLE 3-2 (CONTINUED)

B, CM3M0LE“1
(EQ@ 3~6-1)

-138, 182
-128, 58
-129o1ﬁ
-112, 90
-1@5052
—-098.42
—92.4@
-87.22
—B8@.78
~77«27
=71.71
-68. 85
-66.,39
-63.5@

B, CMSMOLE ™
(EQ@ 3-6-3)

—14@.34
-130, 18
-12{,. 95
=113, 24
-1085.65
-98. 82
~92. 65
—-87.33
-81,79
—76.99
-72. 11
-69. 23
—66.36
~63., 83

1
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C, CMGMULE"Z
(EQ 2-6-3)

6199
5845
5526
5255
5625
4777
4575
4413
4227
4877
392¢
3842
3758
3684



RUN
NUMBER

19

22

23

T
(K)

273.80
27379
273+ 79
273.7S
273479
273.79
273479
273.79

270+ 44
270+ 45
272. 44
270,45
270« 44
270. 44
273+ 45
270.44

26€. 61
2€66.60
£66. 62
266. 602
2€6., 59
266. 62
2€6.8
26€. 59

TABLE 3~3

"EXPERIMENTAL DATA, DENSITIES

PRESSURE
(BAR)

35. 116
27.363
20. 236
14. 481
1. 149
7.214
4,827
3.270

33. 647
26. 420
19.674
14. 164
9.979
6. 932
4.770
3. 2€4

33 6103
27. 122
2B, £96
15,336
18. 723
7. 518
5. 214
3. 592

 (ETHYLENE)

RHO(V)
EQ 3~6~1

« BP23722
« BB15533
« BR1E708
« ZBE7 199
« BEEABAZ
«BPB3256
« BEE2191
«BER1472

« 323226
« 2815610
« 22 105EA
o BEE7143
«2BR4BZE8
« BPRE3262
o BPB2204
«B2B1489

« 0224512
«EZ16E21
°« BE11490
« 0227820
« EZ25324
- ZEE3618
o EZRZA57
« ZBB1€E69

RHO(6)
EQ 3~6-2

o BE23694
« B315913
« BB1L697
« BBE7193
. BBr4839
. B3B3255
2082191
0081472

« BR230B9
- BP15596
«BE16559
«BRRB7140
. B02AB27
. P2E3262
. BPE22E3
. 22214889

«BE24514
-0p16828

.« BB11492

«2DE7821
. 305324
«P2P3E18
« BEE2457
« 2B 1669
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RHUO( 12)
EQ 3~6-3

«BE23729
« 82159365
«BB1E710
. BBBT7202F
« E@E4843
. ZBB3256
. 2Bg2191
+BEB1473

. BB23E240
«BZ15616
+EZR18571
«BBB7146
. CB0AB3CE
. C2B3263
2Bp22C4
«B281489

. BB24546
«BB16846
«2B11ER2
«Z2EB7627
« £BB5327
- BBE3620
2RBE2458
. EB11669



RUN
NUMBER

28

29

3

T
(K)

251+ 15
251. 14
281, 14
2%1.14
251, 13
281,13
281. 13

247.ES
247.E£9
247.18
247. €9
247. 28
247. 8
247.28

243. 66
243. 66
243, €6
243, 66
243, 67
2434 65

TABLE 33 (CONTINUED)

EXPERIMENTAL DATA, DENSITIES

PRESSURE
(BAR)

206 256
15,377
11.383
B.243
5,881
4. 154
24915

16.581
12. 515
9. 169
6, €42
4,738
3. 352
24387

15. 426
11.664
8. 568
6.230
4. 461
3. 169

 (ETHYLENE)

RHO (V)
EQ 2-6-1

«BEZ 12648
« £ZEZBB79
« BZEE6198
« CEEA312
« LEEZ2993
« EEE2E75
« 2021437

« Z1PEB1
o G716 1
. 218124578
« EEP3479
« 2122426
«BEB1656
«0BB1176

«BEZE9435
« CELE6T79
« BEEAT785
«BEE33E3
« ZEE2314
«ZEZE1619

RHO (6)
EQ 3-€-2

«PZ12645
« B0PBBER
« BBA6199
 BEZA312
« BPF2993
. BEB2ET75
« BEZ 1437

. 0@1CEE8
«BBET71EE
. B32B49€1
. BEE34EL
. BER2427
«BER1ESE
«2BB1176

« BEE9A42
« BEB66BE
« BBE4718
« BEEZ33ES
- A0@2315
- 2BB1E2E
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RHO (1C)
EQ 3-6—-3

«BB12646
« BBECEBT79
. BEELE198B

. .BPpr4A312

« B2P2993
«BEB2075
« PBE1437

. BE210EB6
cBEET7IEA
« BEE4979
« BBE3479
«BBL2426
«BEL 1696
L1476

«0B7Z9440
. BEEE66B2
«BEB4ATET
«PEE33E4
+BLE2315
BBE620



RUN
MUMBRER

31

32

T
(K)

254,35
254, 35
254, 3&
254,33
254,34
254,33
254. 34

288, 89
258. 89
258, SF
258. S
258, 89
288, 90
258,89

278, €6
278, 85
278, 84
278,85
278, E3
236,84
278,83
278.84

TABLE 33 (CONTINUED)

EXPERIMENTAL DATA, DENSITIES

PRESSURE
(BAR)

21.831
16. 735
12, 382
8. S50
Ge 369
4., 484
3. 135

23. 782
18. 185
13. 4C13
9. 638
6. 822
Le 777
3.321

34.219
28. 774
8. 6E8
13. 67S
9. 237
6. 17E
4. 189
2. E29

{ETHYLENE)

AHO (V)
EQ 3-6-1

. 2213810
« BZE96A9
o ZEEZE7E5
« BZEZ4644
« BEE321E
o BEZ2215
« BEB1E28

« £B14966
« B1E3€E9
« CEE7153
« BEEAS21
. BEE3380
o ZEEZ231S

T« B0121590

« B£21238
. B2 14783
« BEB9374
« BEP6E51
« D114 173
«BEZ2783
« BER1862
« ZEEZ1245

RHO(€)
EQ 3~6-2

. B213EE5
« BEE 9647
e COEGT704
« BEZAGAS
« BEBE32C9
e B2E2215
« BEE 1528

.« BB 14952
« BEI1E36E
. BEE7153
. BEEA4A921
« BER33E0Q
« B2B2319
«BBBI5SE

«BRE21215
«B214p72
« BEEOZE9
«BBLEZ48
« DEB4A1T71
« CZE2386
«BEGIE62
«BEE1245

161

RHO (1)
E@ 2-6-3

«£0138E£8
«ZEBS648
«BERET704
. BZE4A644
. BBE3269
-BEE2215
0B 1528

«BE14964
«LEBAE372
«EFE7155
« BBE4922
«EBE33EA
« EBE2319
«ZEZ1590

« ZE21258
«BENLESR
« ZBB9379
e CBEGZES
«BEE4174
«BEL27886
«ZEBABER
«ZBE1245



RUN
NUMBER

34

35

T
(K)

283, 15
283, 15
283, 18
283, 14
283. 15
263,14
283, 14
2836 13

2E8, E4
288, 83

- 288,82

288, B2
288, 27,
=88, 84
288,81
288,83

292, 89
292,56
292,57
292, €8
292.58
2924 56
292.58
292, 58

TABLE 3-3 (COMTINUED)

"EXPERIMENTAL DATA, DENSITIES

PRESSURE
(BAR)

37.899
28,556
20,575
14. 414
9.918
6. 746
4. 554
3. 259

41, 184
3. 652
21.857
15. 168
160 GBI
6.987
4. GEZ
3.119

41.282
3. 165
214 233
14,593
9.872
6,616
4.4E4
24923

- (ETHYLENE)

RHO(V)
EQ 3-6-1

« PE23927
0 BZ15€45
. BE1E314
« BEEZ6B26
« 04526
o BEE3ERS
« BBE1996
« 82031327

«BR25678
cBE164€3
. DB18723
« BEDT7027
o BFRLALRD
« BBE3RA6
« DEEZEEY9
« BBEA325

-« B@24722

«BE1A57E5
« BB1E156
«BREZEENT
«BERA326
« BER2835
«BEe1B61
« £2E1223

RHO (6)
EQ 3-6-2

3323898
-« @B15€27
« 2012324
«BEBEE21
«20R4524
« PEB3BE3I
0 BEE 1996
« BEB1327

« BB25673
316469
«B318724
. BRE7E26
« BUT4621
« BZP3PA6
« BEE2E09
- BEB1325

« 124673
« DE15688
«BE18146
° BEEG6613
. BACZ4323
. BCP2834
« CEB18ER
« BBE1223

162

RHO(11)
EQG 3-6-3

« BE23937
. 30165648
« 0016316
. BEEB27
«EBEZA527
«BEE3PAS
. BBB1997
. BEB1327

. BE257E8
BB 16485
« 212733
JOBET7A3A
« PLE4ACEA
« BEEB3E€A4A7
. BEB2616
«BEB 1325

« BE24694
« 3215695
«BE1AE2151
.CBE6616
« 224325
. 2822835
.2E@186H
2081223



RUN
NUMBER

37

38

39

T
(K)

299, 13
295.082
295,02
299. 033
299. 82
295G, 22
299. @2
299. B1

294, 1¢
294, 28
294,19
294, €9
294, ge
294, 28
294, @8
294,08

288.82
288, 83
288, 83
288. 86
288,85
288. 82
288. 4
288, E5

TABLE 3-3 (CONTINUED)

EXPERIMENTAL UATA., DENSITIES
« 345 ETHYLENE)

(MIXTURE 1,

PRESSURE
(BAR)

61, 156
41.52¢
27.872
18. 555
126 2703
8. #8172
5. 3E6
36477

62,0359
42. 656
2B8e 935
19,428
12. 554
8. 588
5. 676
3743

6G. 944
42,411
29,2717
19, 692
13+ 231
8.840
5.€884
3. 9E€

RHO(V)
EQ 3-6-1

« Z229126
« BE1B6S5
«BEA2278
« BEZE7837
« BERERBSE
« ZEE3318
« BEE2163
o BEZ1411

« BA3PBE36
« BB19757
. B@128E3
« ZBEB391
« BBREE4AS2
« BEL3596
« 1222358
« BED1547

« BE3E877
«BB2@ 165
o LZ 13226
« BZEBEST7
« EEE5729
« ZEE3777
«BEE2492
« BU21€645

RHO(6)
E@ 3-6-2

« 3229118
- @18682
« PEA2B7C
« BEE7833
« BEEEBS4
- BEB3318
«BOE2163
«BBB1441

« 237521
« BEZA974P
«BE12844
. BBC8386
« BEE5459E
« HBR35985
«BRE2357
- BBB1546

. E2308879
«BE20158
13222
« CEDBE94
« BER5727
« BEB3777
«BEP2492
« 0261645

163

RHO( 12)
EQ 3-6~3

«PBB29146
.BE18699
-BB12p78
« EEB7837
+BBESESE
«BEB3349
.BEea2164
«C0B1411

«RE3B547
«B@19755
. 212852
. BEEB390
«BEEE4S2
«2EB3596
«BEE2358
«EBE1546

. Bp3A9E2
J2E22171
«BE13229
.ZCpeecoe
«LBEET729
. B@@37786
sBEE2492
E0B164E



RUN
NUMBER

AR

41

42

T
(K)

283. 72
283,72
283. 70
2R3, 7T
283, 71
283, 69
283. 71
283. 6E

283,70

275. €L
275468
275. 58
278456
275. 87
275.56
275.56
278.5€
275,56

268, 23
2€ER,. 23
268. 22
268,22
268. 22
268.21
2€B. 21
268. 2172
268, 16

TABLE 3-3 (CONTINUED)

EXPERIMENTAL DATA, DENSITIES
«3C45 ETHYLEMNE)

(MIXTURE 1,

PRESSURE
(BAR)

B5.897
61. 733
43, 586
27,276
2P« EBS
14,227
9.449
6.331
4. 234

754 €67
5545853
39. 844
28.1212
19. 413
13.314
9.£267
6. 143
4. 149

75,250
E6.€32
41,570
29, ELK
23, G86
14.589
1. £73
60903
4.710

RHO(V)
EQ 3-6-1

« BEASERT
« 31632476
2221426
77 1414G
« ZEES372
«DEE6216
« 27024128
«ELB2737
« EE0B1818

« EBA45E79
o ZE3E172

. BE2E2E5

« ££43542

- « BEEFG77

« BEEL61ZB6
« EBEAZE3
« E2E2738
« BEEZ1836

« CEATSE0
. 232681
« LE222E9
« BEASKT7E
2 BE183215
« BEI26917
« BEEA691
+BR23176
«2E2A21508

RHO(6)
EQ@ 2~6-2

o £249536
° DE32476
« BR21396
° FF‘I'V.'V]A
« B2B9369
«BEE6214
« Z2B4125
« CEPB2737
. BBE1818

o PP45E8 1
« BE3E167
« BE2B2E
« BZ 13538
« BEESETE
« CEE6LEG
o BEE4LB2
« 2222738
- EEB1836

. BBABED3
. £332723
« BE222231
«BBA579
< 2218219
<EEE6919
- BOBAE92
. BEB3176
. BEE2150

164

RHU(12)
EQ 3~6-3

« 49568
«EE32491
21477
«ZB1415¢
« LEL9372
- PBEE216
«PPE4A126
« BER2737
. BBE1818

«Z245118
« EB3E 177
«BE2E2E6
«B1313542
« BEESRT77
«BELEEBT
«EEPBALES
PEL2738
«BBR1836

«CBAER26
BE32727
«BE22231
« Z21511ED
EE1E22E
«EEEE926
«EZEC4693
«CRE3177
«BEE2150



RUN
NUNMBER

43

4€

T
(K)

260,32
260. 62
26M.61
2€E. 2
260.63
26E. 62
260, €2
2€M. 62
26, 62
260,62

253,32
2583. 30
253. 36
253. 30
283,31
253,30
253, 29
253. 3¢
253. 31
253,31

245.89
245, 88
245,88
245,87
245.88
245,87
245,87
245,87
245. 87
245.86

TABLE 3-3 (CONTINUED)

EXPERIMENTAL DATA, DENSITIES
- 3045 ETHYLENE)

(MIXTURE

PRESSURE
(BAR)

73711
57.368
43. 254
31. 714
22,766
16. 9B
11.2E5
7.829
5.392
3. 718

€67.€686
53. E88
41.416
3. 6802
224492
1€6. 1112
11. 4722
B. 2024
£.585
3.882

64.642
53, 134
a2, p2n
32. 167
23,862
17, 413
12.518
8.908
6.295
4,428

1o

RHO(V )
EQ 3-6-1

BE51171
« BR36611
« PE24610
« 2216929
«BE11616
« BBET7557
« ZAB5446
. BBB3722
. 2EA2544
+ZERZ1739

« 5249448
« (235764
« B2246(8
+PBEA71€3
«BE11918
« ZEAB2E4
« CEGBETET
o BRRE3941
« BEB2719
+ ZEB1876

+ 8051495
« 51237347
« 126711
2@ 18922
« 3213321
. ZEE234E
« BEEEE31
« BEEA557
« BEE3 177
+2ER2214

RHO(6)
EQ 3-6-2

« BEE51335
«BB3561E
« B324613
«B216923
«Z211613
« BBA7954
« BBE5445
«BEE3722
. BBpE2544
«C2P1738

«B2429477
«BE35E99
«AL24626
e BE1Y7171
«2211921
« CEEER5E
- BBES7E8
« 2203941
« BEB272¢
8281876

« ZE51E39
«BE37397
« £B26736
- BB18G35
«B43327
« EPE9342
«B2EE532
« CZEA4A558
« ZBB317E
« BEE2214

165

RHO ( 12)
EQ 3-6-3

«BE51346
« BE356L6
« 3824598
« 2016921
«PB11613
« B2137954
«ZBEE445
«BBE3722
« BEE2544
«BEE1738

. B242474
«ZB3ELE4
« EI224616
«BE171€6
-BE11919
« EELEZED
- E2PD57E8
« B2E35941
«2EB2720
«BEL1876

«@B51517
- BB37375
« B526720
«BE1E8927
«2B1C2324
«BEES341
ELE6531
«ZECA45E8
2123178
«PEC2214



RUN
NUMBER

47

48

5@

T
(K)

238. 18
238, 18
238, 17
238, 17
2384 17
238. 16
238, 17
238,17
238, 16
238. 16

230. 71
230,20
230, 7¢
23170
23F. 69
23F. 69
230. 69
237 69
23F. 70
23 7

223.38
223. 39
223,38
223. 39
£23.39
223,39
223.38
223, 38

TABLE 3-3 (CONTINUED)

EXPERIMENTAL DATA, DENSITIES
«3P@45 ETHYLENE)

(MIXTURE 1,

PRESSURE

(BAR)

6124979
51.948
42. 458
33.397
2E, 462
18+ 959
13.877
12. 232
7. 190
5. 120

53.936
464757
38, 885
31.259
24,226
18. 133
13. 442
S.E36
7. 129
5. 133

36. 236
29,282
£3.215
17. €31
13, 251
G.8217
7.224
5. 246

RHO(V )
EQ 2-6-4

« £1353849
- BZALLE6
» BE29277
«EB2112€
« 30151806
«BEAB731
« BEE7E96
0 BEEZS3E3
« ZEZB3779
«BER2659

« BEAS923
« BR37771
« BE28E31
0 EEZ2E5HE9
0 BZ 14855
QpIz682
« PERT7646
« BBE5456
« CEP3EB4
«BRE2761

« 2227318
. BE20276
« 14884
«CE1CESS
« CEB7856
« OEAE6E3
«BREAR75
« P2122926

AHO (6)
EQ 3-6-2

« BB53912
«PBEACAIE
«BE292S7
«BE21126
« BE151E2
«BB16731
o PBE7556
« BE@E3E3
« BBE3779
« EEE2659

- BR5ERE2
« BE3779C
« BE28E32
« 2020505
« 3314851
« BB1E6ER
« BBR7645
«0B5456
. BEE3884
« BER2761

« BB27332
« BE2E266
e EE14E92
«BEZ1EBA3
« BEE78E3
« B2E5665
« ERZ4R75
«Bpp2527

166

RHO(12)
EQ 23-6-3

«0£53862
«BE4ABEES
. 329278

-« PE21116

«BE15698
«BBAE730
«BEB7596
«BEEH362
« LEB3775
« BBE26ES

. 2649981
«ZE377786
.Br2BEz22
« BR2E5ED
. 3214849
«EE1C679
«BEL7645
«BBL5456
. BEZ3884
. BEE2761

«BE27342
0B20294
BE14B96
+2C 12845
«EBE78E4
«EEEEGES
JBECABT76
«BEE29c7



RUN
NUMBER

51

T
(K)

215,73
215,66
215.67
215, €7
215. 66
215,67
215, 66
215.66

2@8. 13
208, 14

2¢8. 13
208+ 13
208. 13
2284 14
208,13

TABLE 3-3 (CONTINUED)

EXPERIMENTAL DATA, DENSITIES
« 3045 ETHYLENE)

(MIXTURE

PRESSURE
(BAR)

28. 848
23.257
184219
13. 564
13e 531
7. E4E
5.797
4,256

2Z.G1¢
15.772
120 179
S.2€3
6. 964
5. 193
3.849

RHO(V)

EQ@ 3-6-1

o« 2221531
G 16E278
« Z211889
¢ EEE8732
. BBZ6ZE2
« CEZ4EAR
o LEE3377
BBE2449

«ZZ142032
«BBIBELE
- QEB7868
« BEESEES
« ZEBA2T72

.« ZEE313E

o LLE2296

RHO(6)
EQ 3-6~2

- BE21526
« B2 16292
2119031
« ZERB740
« BEPRE387
« EEEAES
« B2Q337¢
« Bl2E2450

«2014199
«B21C6E8
« BBE7876
- BEPEE11
o Bi1AA273
« B2MB3136
« BEE2296

167

RHO(1g)
EQ 2-6-3

« 22155

» 216118
«EBR119ES
« 2228744
«CGEE3EY9
«EERAGSE2
« ZBE3379
« CBE2450

«BE14227
«EZE1E623
- ZBE7878
+ERESETS
« ZBE4276
. 2BB3137
. 2022297



RUN
NUMBER

54

55

T
(K)

298, 89
298,87
298. 85
298, 86
298. 87
298. 87
298. 86
298. 85

293. 46
293. 44
293.45
293. 44
293, 45
2934 46
€93, 43
293. 43

2874 17
287. 16
287. 15
287. 15
287. 14
287. 13
287, 15
287, 14

TABLE 3-3 (CONTINUED)

' EXPERIMENTAL DATA, DENSITIES
« 5482 ETHYLENE)

(MIXTURE 2,

PRESSURE
(BAR)

69,743
4B.772
33,485
22,624
15. 118
1B.B23
€.€14
4, 34€

68. 783
A9,F25
34, 169
234361
18770
12.552
7. 218
4,645

69, 6E3
5. 982
36.279
5. 228
17.259
11.678
7. BA43
5.242

RHO(V)
EQ@ 3-6-1

« ZE38187
o EB24128
« BEZ 15376
« BRIE9922
« BEZBEA3S
«ZERANEA
« BEE2726
« BE@1777

« BP35326
s EE25051
« BB161E3
« BE12530
« CEP6ERE
s BBEABMS
. PEBEA2954
« ZEZZ1938

« ZZA26E6
«BE275ES
« EE17997
«ZF11818
« BEZ7784
- BIR5136
o ZEE3393
. BBZ2243

RHO(6)
EQ 362

« BE38349
«Br241C2
o 2718414
0 ZEES9939
. BEp64AR
o BEBAIET
° BEE2727
. AEEA4A77€

« BB39525
« 2225151
« BE16232
« BZ1£553
2Zpeeeg
. ZBEA510
. BEE2956
- BEE1939

«BE42949
« BE277€3
«BE1BET7D
« B711853
. BEE76618
- BBR5144
« BZE3396
° 20B2245

168

RHO ( 1)
EQ 3-6-3

- BB38139
«B@239E4
- BE1563E
«ZEAGI1H
.BPB6429
« 2EE4981
«BEE2725
«BEGA777

. BB39285
s DE25013
JABI61€1
.2B018518
« CECEET4
«PBR4ELS
«ZEE2952
« 2201937

. B8342657
227536
s EB17678
« 2011827
. B6EB7778
«2BRE134
«Z2E33C2
. PEB2243



RUN
NUMBER

56

57

58

T
(K)

279+ 37
27937
279.38
279,37
279.36
27935
2759435
279435

€73 12
273418
273¢ 12
273, 10
273.C9
273+ 12
273.£8
273. 28
273.£8

266, 24
26€. 23
266, 22
266,22
266,22
2€6,.,21
266, 22
2€6. 22
266421

TABLE 33 (CONTINUED)

EXPERIMENTAL DATA, DENSITIES
« 5482 ETHYLENE)

(MIXTURE

PRESSURE
(BAR)

74059
E6. 750
41,961
3C. 0372
21. 267
14,529
. 921
6.724

74.985
55.847
45.878
33. 831
24,239
17215
11. 78¢
8. 280
5. 528

74,217
62. 187
SE. 226
38. 3599
28,383
2Ce 416
14.417
12+ €48
6.942

2

RHO(V)
EQ 2-6-1

« 31251934
« 834213
« BE22EES
« BE1SLEETS
«BEZARIB3E
« BELEEA
o BZZA469
« BBE2984

« £@59175
« BE39516
¢ BR26E6Y
«BZ180EB
«BE121E9
ZEEZBI1ER
« BEES573
« BRE3723
«BLEZ2491

« 3267867
o 20047438
« B1332€78
« BE22361
«EZ1E248
e BEAE377
« EEE7E56
« BEZEAT793
« BEEZ32E4

RHO( 6)
EQ 3-6-2

. 3252385
«ZE34442
« £A2279C
«EEZ15132
«BE1ERE8
« BZZ67EB
e B2PA4475
«BEE2987

« 21359709
« DE4Y174
«BEE7EEL
«EC18143
3212195
«PEZEENS7
. 2BES5511
« BEB3T7C6
. 2202493

- BE6B7E1
«GZAT778CS
« BE32ER2
o ££22474
« BE1E3EE
cZB124ALE
«2eE2e71
« ZEBATI9
«ZZE3257

169

RHO( 12)
EQ 2-6-3

. 2BE1984
« 2034191
. B222646
«ZB1EGET
cEBIRAE31
« ZBE669O0
«EEEA467
« EEEZ29E3

.B@59212
. 0039850
. BR26611
«ZE1EE27
cBZ12141
. BBEB170
. EAE5498
«CEZE37C0
ERR249E

«BEGBETD
« LB47363
«E32621
0022320
.0@15223
«BE1E363
«ZOE7C49
«BEE4789
. BBEP3252



RUN
NUMBER

59

68

61

T
(K)

259, 41
259. 41
2E9.41
259,41
259,40
259, 4%
259,36
259,39

25G6.38

252,24
282425
252.24
£52.23
252,22
2E2, 22
252,22
252.23
282.23

244,25
244, 2€
244,22
244.21
244,22
244,23
244,23
244, 2¢

TABLE 3-3 (CONTINUED)

EXPERIMENTAL DATA. DENSITIES
« 5482 ETHYLENME)

(MIXTURE 2,

PRESSURE
(BAR)

61.6E88
52.216
41.962
32. 176
23.82¢
172G
12. 2029
Bs £65
5.960

48.831
434327
31. 663
24.915
17.566
Ze €55
8e 995
6. 334
4.433

37.553
3. 183
23.273
17. 4G5
12. 740
9. 185
6.555
4. 644

RHO(V)
EQ 361

« 254343
«B238598
« BE27C026
« 2218719
« 30312511
. BEEBB76
« BEREES2
«BEE4175
« BEE2860

«BE3BE73
«PE27539
« 3219416
e 22141583

.« BRR9A4AEA

« ZEZAEE6
. BAEA4544
« EZ(G3143
s BEE2173

«BR27246
« E219537
. 713884
+CEESEEA
. BER6ERT
«ZE4B28
« BEEZ3378
« BZA2361

RHO (6)
EQ 3-6-2

. 254788
. 3238813
o BB27141
. 8218795
. 5012951
yoliuisisiels
. JEB61B2
. PB2418E
«0p2862

. BE38794
« BE27698
«B@419518
. 2314338
« RPROALE2
« BEE6575
« BBLASEA
« BEB3147
«2B@2174

« BE27346

«BE19642

« £613956
0 BZEZ9842
«BEEEF 1A
« BEEZAB39
« E£E3383
« B2B2363

170

RHO (1)
EQ@ 36-3

- 854238
«BE38496
«BP26940
.BEC18678
«AB12887
. A2EB8BE3
«B2Bp6eLes
«0ER4172
. 20226859

« ZB3BENT
JEB275E6
« 319395
«B142€5
« BZB6556
«BER4542
. DEE3142
JBEE2172

B227127
«BE 19536
« 8313891
« EEEOBEE
. CEE6B92
« EEZABEY
« ZB23378
« BBE2361



RUN
NUMBER

62

63

64

T
(K)

23737
237. 39
237. 36
237.36
237.32
237.33
237.36

229. 93

229. 54
229. 53
229,94
225,94
229 93

223.27
223,27
223+.27
223.27
223, 27
223. 26

TABLE 3-3 (CONTINUED)

'EXPERIMENTAL DATA, DENSITIES
« 5482 ETHYLENE)

(MIXTURE 2,

PRESSURE
(BAR)

29. 256
22.843
17. 378
12.912
9.436
Gs E1E
4,€82

2B. 383
15. &M
11. 743
8.667
6e324
4,575

18. £85
14. 408
1G. 916
8. 135
5, 992
4,376

RHO (V)
EQ 3~6-1

« 3319876
« 81214327
«EZB16240
« 2227278
0 LEES1E5

-« BER3EAN

«ZER2567

«ZZ13145
« BEES5133
«BEEEB3M
« BZZABED
« BBEB3450
° ZEN2486

«ZA 12359
«BEEYE3E
« DEZGEE4
«CERZA4737
«BEB3413
«BEE2453

RHO (6)
EQ 2-6-2

« 3219932

« B0 14366

«BP1E26E
« PEE7291
- BEESY62
«DEE3645
« BEE2E6D

«BR13186
° PELEI9S32
«B2L6ea7
«DEE4E98
« BEB3495
«BEg2488

+B212378
« DERSIASE
 GEE6EECT
«BBE4745
« BBE3417
«BEE2456

171

RHO (112)
EQ 3-6-3

« 0219851
« PB14310
«BEAL231
«BBE7272
-BBB5152
« BEE3639
«BEER566

. 2313162
«BEE9SHEY
.BBR6824
. EBR4890
- BBE3491
. BRE2486

. 2B12366
«E@E9E37
«BEFESE9
«BEEAT4E
«BEE3414
«E2B24E4



RUN
NUMBER

€6

€6

69

T
(K)

288. 15
288, 13
2€8. 14
2ge8. 12
288, 12
28E. 112
288. 1€
288. 37
288.12

2B, 56
28, 93
28F. 93
2B%,GE
28E. G2
280. 98
28%. G4
28F. 56

272,56
27296
272455
272.95
272.94
272495
27254
272494
272455

TABLE 3-3 (CONTINUED)

EXPERIMENTAL DATA, DENSITIES
. 751 ETHYLENE)

(MIXTURE 3,

PRESSURE
(BAR)

69. 294
£3.261
39. 4121
28e 2G1
19.£24
13. 344
S.221
6. 255
4,248

49,3712
37.387
27. 1412
19. 146
13+ 257
9.867
6. 1582
4. 154

4,884
45,498
35.352
26, 199
18.8£2
13.211
9. 15E
6. 287
4,252

RHO (V)
EQ 3-6-1

- B£53578
« BIAZ3214
«BE21237
A2 13852
ol tisluacio
« BRI2E9BS
« BEE3948
« EEE26E8
«BEE1725

« BE318E6
«BE2ESEA
B2 13883
s BEEZS221
. BEB6137
«BEBALES
«BEA2726
« 22121820

« BEA5817
« BE3FEE44
o ZEL216781
» 31213998
« BEZGE9426
« BEAE247
« BLEART75
« ZEIZ28B 1
« EEE1942

RHO(€)
E@ 3-6~2

« BP53E635
« BE33L5E
«BZ212E7
- 2313879
« EBES1E2
«BEE5991
«PEE39E1
° BRE2ELD
«BBE172E

«BG31898
o BE2ES9Y
« BB139E2
< ZEEO231
BRE6142
«ACEAES1
o BBB2727
«BECIB2E

«BE45944
238893
.Bg2ue1e
« 2014015
« BEE943E
. BBE6352
«ZELA278
Jgegeee2
CEG1942

172

RHO (12)
EQ@ 3-6-3

« 2053038
« 2£32768
«BB214CH

«BEA13776

«BEPOEER
«BEEEOECE
«BEE3939
«EBE26EA
. BB21723

« B3 1597
«BE2EE6
«BE13799
«BEP9177
. EBB6115
«ZEBABT78
« BEER2722
. BL01817

« 3245387
e PBIELEL
«BR2C628
«EB139L9
« ZEA9378
«PEA6323
«EZBr4A2€4
« EEA2875
«EBL 1939



RUN
NUMBER

72

71

72

T
(K)

2664 13
266+ 11
266+ 11
266. 11
2664 172
2664 12
2€6. 16
266+ 11

259, 32
25G. 3¢
259. 29
255, 29
259. 28
259.c28
259.29
2565. 28

251.34
251.34
251.33
281.36
251.3E
251,35
251, 3€

TABLE 3-3 (CONTINUED)

EXPERIMENTAL DATA, DENSITIES
. 7584 ETHYLENE)

(MIXTURE 3,

PRESSURE
(BAR)

44,585
36. 29
27516
20.216
14, 4€8
1G. 16812
7.281
4.8E9

37.842
37318
23. 286
16.978
12. 199
Be €29
G240
4. 156

28.689
224 346
16+ 755
12 239
E.785
66231
4,384

RHO(V)
EQ 2~6-1

2233219
. BE22852
« B215637

BEAGEGE

«BEELT7261
« BEIZA4939
« BEE3358
«CEE2283

2227174

« 2218965
« 2213133
AN ulujuielulope
«BEE6223

e AEBA271

« LER2929
o DEWZEEG

« 3318969
o 2213364
« B07Z9349
« BREES10
« BEEAS22
« B2(23135
BEE2172

RHO(€)
EQ 362

« 0333291
«BE22917
« B2 15674
- BB1E26E5
. B0B7276
¢ BER4943
- BBE336E
.EEE2284

. 0227220
«AZASE 11
«BA131€0
«BEE9REE
« BEEE23E
« BRP4A274
- 8232930
« BEE2EET

. B319¢54
«BG1342C
« B2B93ED
- BEE6525
« BEZA53E
«BEE313¢
« LEE2174

173

RHO( 18)
EQ 3-6-3

. 8032968
. BE22766
«BE15546
BEIE614
. BEE7233
«BEEAS25
. BBE3351
. BEE22ED

e AE2697E
« 3018643
«BE13BE2
2CESR12
JEZERECEZ
« ZB124A261
. PEE2924
« BBR2EBE3

« 22188957
«2@13322
« ZBEO325
« BELE4ASE
«BREA54E
«BEM3131
« 2BE2170



RUN
- NUMBER

74

T
(K)

238B.46
238447
238447
2384 47
238447
238.47

TABLE 3-2 (CONTINUED)

"EXPERIMENTAL DATA, DENSITIES
. 7581 ETHYLENE)

(MIXTURE 3,

PRESSURE

(BAR)

16,352
12,642
G.329
6. 781
4.874
3. 487

ARHO (V)
EQ 2~6-1

« ER1E242
« BBE7295
«A2E517¢
« ZZA36E4
« BEB2575
- BAG1813

RHO (6)
EQ 3-6-2

«B216273
« ZE@7315
. BEEE182
« BBB3659
« BEE2538
« 0231814

174

RHO(1¢2)
EQ 3-6-3

«EB1p222
« PEE7285
BEES5165
«BEE36E1
« BBE2573
«BEE1812



RUN
NUMBER

19

22

23

EXPERIMENTAL DATA, COMPRESSIBILITY FACTURS

T
(K)

273. 81
£73.79
27379
273479
27379
27379
273.79
273+ 79

272 44
2704+ 45
27G.44
27C. 45
27044
270.44
270445
270+ 44

266. 60
2€6. 602
266, €0
266. 60
266. 59
266. €2
26€.£8
266, 59

PRESSURE
(BAR)

35. 116
27+ 363
2. 236
14. 481
3. 149
7.814
4,807
3. 270

33. 647
26.420
19. 674
14. 164
9.979
6. 932
4,770
3. 264

33. €102
27. 122
2%, E9€E
18. 236
13, 723
7.E18
5.214
3. 8592

TABLE 34

» (ETHYLENE)

z(v)
EQ 3~6-1

«65C3
. 7544
« 8301
« 8836
. 8207
« 9463
« 9636
« 9765

+ 64598
« 7527
. 8282
. 8818
« 9192
« 9450
« 9626
« 9746

«£186
« 7274
+ELE6
« 8673
« 9086
« 9373
« 9872
. 9708

z(6)
EQ@ 3-6-2

« 6510
« 7554
« 8318
«B8E44
« 9213
« 9467
0 9639
« 9757

« 6503
« 7833
« 8286
. 8821
0 9194
« 9451
« 9628
¢« 9747

«6185
« 7271
. 8288
« 8673
« 9086
« 9374
« 2572
« 9709

175

z(19)
EQ 3-6-3

«6501
« 7843
. 83060
. 8835
. 9206
« 9462
« 9636
« 9754

« 6494
7524
« 8277
«EE14
« 918E
9447
« 9624
« 9745

« 6177
« 7263
«8£78
« B667
« 9280
« 9370
« 9569
« 9706



RUN
NUVBER

28

3

EXPERIMENTAL DATA, COMPRESSIBILITY FACTORS

T
(K)

281, 15
251. 14
251. 14
2581, 14
251, 13
251.13
251,13

247. G5
247. %9
247,138
247.69
247. L8
247, 28
247428

243. 66
243. €€
243. 66
243. 66
243. 67
243. €5

TABLE 3-4 (CONTINUED)

PRESSURE
(BAR)

2%. 696
15.377
11,383
80 243
5.881
4, 154
2. 91E

16. 581
12. 816
9. 199
6. 642
4. 738
3. 352
2¢ 357

15.426
11. 664
8+ 5SG8
6.230
4,461
3. 169

_(ETHYLENE)

Z(v)
EQ 3-6-1

« 7609
« 8293
« 8798
« 91556
¢« 9410
» 9589
« 9715

«BER6
8579
.B995
<9294
. 955
.« 9654
«9759

« 8070
« 8620
« 921
« 9309
« 2514
. 9661

Z(6)
EQ 3-6-2

« 7611
« 8293
« 8794
« 9184
« 94129
« 9589
9714

« BEEE
« 8573
«899¢
. 9290
« 9513
» 9652
» 9758

«B264
«B8E13
. 9015
« 2304
« 9511
« 9657

176

Z(19)
E@ 2-6-3

« 7640
«E294
» 8795
« 9185
« 9410
» 9589
« 9715

.8gE2
« 8575
«B8592
. 9292
. 9504
« 96863
« 9758

«BE6S
8616
« 9018
« 93037
« 9812
« 9658



RUN
NUMBER

31

32

EXPERIMENTAL DATA, COMPRESSIBILITY FACTORS
~ (ETHYLENE)

T
(K)

284.35
254,35
254.35
28433
284,34
284,33
284,34

258. 89
258. 89
258. 90
258, S
258,89
258. 96
258. 89

278.86
278485
c78.€E4
278. 85
278,83
278.84
2784 E3
278.84

TAHLE 3-4 (CONTINUED)

PRESSURE
(BAR)

21.831
164738
12382
B. 952
6. 369
40484
3¢ 135

23.782
18. 185
13. 460
9. 638
6.822
44777
3.321

34.219
25. 774
18. 628
13.£79
S 237
6. 175
4,189
Z.829

z(v)
EQ 3-6-1

« 7475
« 821
« 8732
<2114
« 9383
« 9573
« 9724

7285
« 8147
« 8722
« 9098
« 9376
«957C
° 97034

« 6949
« 76894
« 8562
. 9024
e 5342
« 9557
« 9763
« 9EF1

2(6)
EQ 3-6-2

« 7478
.8202
« 8734
«911E
« 9384
« 9573
« 275

° 7387
8148
« 8783
. 9£98
« 9376
« 9570
« 9704

6957
« 7920
« 8567
« 9(29
« 9345
« 9563
« 9704
« 9802

177

Z (1)
EQ 3-6-3

« 7476
8262
. 8734
« 9114
. 9384
+ 9573
« 9704

» 7383
« €145
. B7GP
« 9L96
« 2375
« 9869
9763

« 6945
. 7889
8557
. 9221
« 2339
« 9855
« 97821
« 9799



RUN
NUMBER

34

)
[9)]

36

EXPERIMENTAL DATA, COMPRESSIBILITY FACTORS

T
(K)

283+ 15
283, 15
283. 15
283, 14
283. 15
283. 14
283. 14
283. 13

288. 84
28E. 83
288, 82
288.82
288, 88
288, 84
Z88. 81
288. 83

292. 9
292. 56
292457
292. &8
292.58
292.55
292, 58
292.58

TABLE 3~4 (CONTINUED)

PRESSURE
(BAR)

37.899
2B. 556
2Z.E75
14.414
9.918
6. 746
4,EE4
3.059

41. 184
30. 652
21. 857
15. 168
e 350
6. 987
4,682
3. 119

41,282
3C. 165
21. 233
14. 593
9.872
6.616
4. A4
2,923

 (ETHYLENE)

z(v)
EQ 3~6-1

. 6728
« 7753
. 8473
« B9708
. 93C8
« 9537
« 9691
. 9794

. 6682
« 7753
. 8488
« BOEG
« 9326
« 9552
« 9703
« 98033

« 6869
« 7896
« 8594
« 9265
« 9381
« 9591
0 G738
« 9823

Z2(6)
EQ 3-6-2

«£736
7762
« 8481
« 8976
« 9313
« 9541
« 9693
« 9795

« €679
. 775E
« 8487
. 8989
« 9327
« 9552
« 97C3
« 9804

« 6878
« 7985
« 862
« 9272
« 9386
« 9594
« 9732
« 9823

178

z(1p)
EQ 3-6-3

« 6725
« 7751
« 8472
. 89568
.« 93037
« 9536
« 9690
¢« 9793

. 6670
« 7742
. 8480
. 8983
« 9322
« 9549
« 9701
. 98082

. 6872
«79E1
« 8598
« 9C67
. 9382
« 9592
. 9736
« 9822



RUM
NUMBER

37

38

EXPERIMENTAL DATA, COMPRESSIBILITY FACTORS

T
(K)

299. 23
2959. 22
299,62
299, @3
299. 22
299, B2
299,22
299.81

294. 1
294,178
294. 29
294,29
294. 28
294,178
294, 8
294,08

£8g.82
288, 83
2B8E. 83
2886. 86
288, 85
288,82
288. 84
288.E5

TABLE 3~4 (CONTINUED)

(MIXTURE

PRESSURE
(BAR)

61, 156
41,520
27.872
18.5E5
12 270
8. zeg
5,366
3e A77

€2. £59
42. 656
28. 935
19. 428
12.954
8. 588
5.676
3.743

€G. 944
42,411
29,2712
19. 692
13231
8.8402
. 884
3. 906

F ]
[N]

. 3245 ETHYLENE)

Z(\v)
EQ 36-1

« 8445
« 8933
« 9282
« 9E23
« SE€B5
0 9796
« 9864
» 9911

« 8311
. 8830
.« 92027
« 9469
0 9647
« 9766
» 9846
« 9898

« 8219
« 8758
« 91862
9428
« 9617
¢ 9745
« 9838
. 98E8

zZ(R)
EQ 3-6-2

« 8447
« 89329
° 9288
° 9527
. 9688
« 9795
« 98685
« 9912

«8315
« 8837
9213
« 9474
« 9650
¢ 9769
9847
« 9899

8218
«E761
« 91656
e 9431
« 9619
« 974€
«9E31
. 9868

179

YA
EQ 3~6-3

« 8439
« 8931
« 9282
. 9522
. 9684
« 9792
. 5864
« 9911

. 83L8
« BE31
. 92(8
« 9469
. 9647
« 9766
. 9846
« 9898

« 8212
« 8755
« 9150
9427
«9€16
« 9744
« SB3E
« 9E87



RUN
NUMBER

A0

a1

42

EXPERIMENYAL DATA, COMPRESSIBILITY FACTORS

I
(K)

283, 72
283. 72
283. 70
283. 722
283. 71
283, €9
283,71
283, €8
283. 76

275.60
275. 60
27E.58
275.5€
2754857
275, 5€
275.E6
275456
275.56

268,23
268. 23
2€8, 22
2€8. 22
268, 22
268. 21
2€8.21
268, 2L
268, 19

TABLE 3-4 (CONTINUED)

(MIXTURE 1,

PRESSURE
(BAR)

85.897
61,733
A3, 582
3C.229
2. €89
144227
9.449
64331
4.234

75. €67
55,553
39.844
28,017
19.413
13.314
S. 167
6. 143
4,149

75. £50
56, £32
41.57¢
29. 82
2L« 9BE
14, £€9
10. 873
6.5£3
4,710

.3045 ETHYLENE)

z(v)
EQ 3F-6-1

« 7368
+BE58
« B631
« 957
« 9358
e 9567
« 9704
« 98L6
. 9870

« 7325
«BR35
« 8606
. 5030
« 9334
« 9847
» 9693
« 9792
« 9861

. 7218
« 7770
« 8393
«8867
9212
« 9458
9628
« 9746
9827

z(6)
EQ Z-6-2

« 7381
« 8059
« 8635
« 9060
° 2361
« 9569
« 9711
« 9827
« 9871

« 7325
- BA36
« 8668
« 9033
« 9336
« 9548
« 9694
¢ 9793
« 9861

« 7010
« 7768
8385
« 8861
« 9209
« 9455
« 9626
« 9745
« 9827

180

z(18)
£EQ@ 3-6-3

« 7346
.8854
8630
. 9056
. 9358
¢ 9567
« 9709
. 98@5
« 9876

¢ 7320
. 8034
« 8606
« 9030
» 9334
« 9546
. 9692
. 9792
« 98606

. 7287
« 7759
« 8384
. 8861
. 92018
« 9454
« 9625
« 9744
. 9826



RUN
NUMBER

43

45

EXPERIMENTAL DATA, COMPRESSIBILITY FACTORS

T
(K)

2€e.32
26(. €2
260+ 61
2€0. 62
26€. 63
2€L. 62
260, 62
260, €2
268. 62
2ep.62

253, 32
253. 30
2E3. 3
283,36
253+ 31
253. 30
253. 29
2E3., 30
253. 30
253. 31

247,80
245. EE
245, 88
245, 87
245,88
245,87
245,87
245, 87
245.E7
245, 86

TABLE 3-4 (CONTINUED)

(MY.XTURE

PRESSURE
(BAR)

73« 711
57.3€8
43. 254
31.714
22. 7€6
16. 290
11,258
7. EE9
5,392
3.71¢

€7.6E6
53. 888
41.416
3d.e8¢
22.492
16. 1108
11.4¢2
8. 204
5.8685
3. 882

€4, 642
B3, 134
42,1722
326 127
23.BE2
17.413
12. 518
Be CE8
6. 298
4,428

1e

« 23345 ETHYLENE)

zZ(v)
EQ 3-6-1

« 6655
« 7434
8111
« EEAE
. 844
93332
+« 9E37
« 9681
0 9781
« 9849

0 6499
« 7297
« 7991
« 8843
«8961
« 9267
« 9487
» 9643
« 9752
. 9828

« 6140
« €959
« 7€95
. B3CE
« 8769
«912¢
« 9376
« 2861
0 9692
. 8784

Z(€)
EQ 3-6-2

» E634
e 7434
«8113
« 8648
« 9347
« 93356
« 9639
. 9682
« 9782
« 985

6495
« 729C
+ 7985
«BE39
«B959
« 9266
« 9486
« 9642
« 9752
. 828

« 6135
« 6951
. 7688
« 8295
«E7686
9118
« 9375
« 660
« 9691
« 9784

181

z(10)
EQ 3-6-3

« 6632
« 7435
«8115
«BEASY
« 9247
« 9335
» 9539
« 9682
« 9781
. 9850

« 6496
« 7293
+ 7589
. 8541
. 8960
« 9266
. 9486
9642
. 9751
» 9E28

« 6137
« 69564
. 7€92
« 8298
. 8768
« 9119
¢« 9375
¢ 9560
« 9691
« 9784



RUN
MUMBER

47

48

EXPERIMENTAL DATA, COMPRESSIBILITY FACTORS

(K)

236. 18
238. 18
238, 17
238. 17
238. 17
238. 16
238.17
238. 17
238. 16

'238. 16

230.71
230 70
23B.70
232, 70
23F. €9
23R, 69
230. 69
23LC. 69
23C. 70
2302. 7

223,38
223.39
223. 38
223,39
223.39
223. 39
223.36
223. 38

TABLE 3—4 (CONTINUED)

(MIXTURE 1,

PRESSURE
(BAR)

€le 979
51. 540
42, 458
33397
25, 462
18, 859
13.877
e 332
7. 152
5.12¢

53. 236
460797
38. E8E
31. 259
24.22€
186 133
13442
9.836
70129
5. 133

36.836
29,282
23. 218
17.631
13. 281
9. 820
7.2C4
5,246

. 3745 ETHYLENE)

z(v)
EQ 3-6-1

« 5718
« €546
0 7323
« 7985
«8515
. 8922
° 9225
« 9447
« S6E8
« 9722

o BE32
« €459
« 7232
« 7898
« 8432
. +E850
« 9165
» 9398
« 9568
« 9691

« 71E2
7775
«8325
« 8758
. 9ZEB
« 9336
« 9519
« 9653

z(6)
EQ 3-6-2

«5711
+« EE39
«7318
* 7983
« 8514
«8922
« 9225
« 9447
« 9668
« 9723

« 5623
« GAEG
« 7232
« 7897
«B84324
« 88E2
« 9166
« 9399
«9E69 .
« 9692

« 7098
« 777C
« 8321
« 8754
« 9(8E
« 9334
« 9517
« 9652

182

z2(16)
EQ@ 3-6-3

« 5717
.+ 6543
« 7323
« 7986
.8816
« 8923
« 9226
« 9448
« 96E8
« 9722

« €25
. 6458
« 7234
« 7899
« 8435
. 8882
« 91€6
« 9399
« 9E69
o 9692

. 7096
. 7768
. 8219
. 8752
. 9084
. 9332
«9516
. 9651



RUN
NUMBER

51

52

EXPERIMENTAL DATA, COMPRESSIBILITY FACTORS

T
(K)

215,73
215.66
215.67
215.67
2154 66
215,67
215.66
215,66

2¢8. 13
228. 14
2ZB8. 13
278, 13
2@8. 13
2728+ 14
2@8. 13

TABLE 3-4 (CONTINUED)

(MIXTURE 1,

PRESSURE
(BAR)

28.848
23¢ 257
18.219
13. 964
1. 531
7.848
5.797
4.255

20. 0182
16,772
12 179
9. 263
6.564
5. 193
3.849

«2FA5 ETHYLENE)

Z(v)
EQ 3-6-1

«747C
« BI267

- «BE46

«8918
«92K2
«941E
« 9573
« 9669

«8142
« E593
«E945
« 9215
¢ 9419
« 9872
« 9685

z(6)
EQ 362

«7471
« 8B6EE
» 8537
« 8910
« 9195
« 9410
« 9569
« 2686

« 8144
«B591
<8942
« 9212
¢« 9416
0 9570
« 9684

183

z (1)
EQ 3-6-3

. 7461
"+ B531
« BOLG6
« 9192
. 9437
9567
« 9684

.8128
« 8579
« 8933
« 9265
« 9411
« 9E6G6E
« 9681



RUN
NUMBER

53

54

55

EXPERIMENTAL DATA, COMPRESSIBILITY FACTORS

I
(K)

298, 89
298, 87
298, 85
298. 86
298.87
298. 87
29B. E6
298. 85

293,46
293.44
293, 45
293+ 44
293.45
293. 46
293.43
293.43

287417
287. 16
287. 15
287+ 1€
287, 14
287. 13
287+ 15
2B7. 14

TABLE 3~4 (CUNTINUED)

(MIXTURE 2,

PRESSURE
(BAR)

€S, 743
A48, 772
33. 485
22+ 624
15.118
10,223
6.614
4,348

68, 783
45,225
34. 159
23.361
15,776
12, E582
7.215
4,645

69. 653
5E.582
36.279
25. 228
17.259
11.€78
70843
5.242

«E482 ETHYLENE)

zZ(v)
EQ 26-1

° 7349
«8168
«B764
« 9176
« 9455
9641
0 9764
« 9845

7168
« 8121
« B651
« 9293
« 9395
» 9599
« 9735
« 9825

« 6B34
« 7748
« 8443
« 8941
« 9287
« 9523
« 9662
« 9788

Z(6)
EQ 3~6-2

« 7318
«8143
« 8743
« 9166
9444
« 9633
0 97E9
« 9842

« 7132
¢ 7989
«B8625
« 9673
« 9381
« 9589
« 9728
. 982¢

e 6792
. 77028
+ 8409
« 8915
« 9268
«95E9
« 9672
« 9782

184

Z2(1p)
EQ 3~6-3

. « 7358

«8183
« 8777
9187
o 9463
e 9647
« 9768
+ 9848

. 7176
. 8033
« 8663
« 91£3
« 94F3
« 9€6LA4
« 9739
. 9828

« 6839
« 7756
. 84L2
- 8949
« 9294
« 9528
« 9685
« 9791



RUN
NUNMBER

57

EXPERIMENTAL DATA, COMPRESSIBILITY FACTURS

T
(K)

279437
27937
279.38
27937
279. 36
279 C85
279. 36
279.35

273. 12
273+ 18
2736 1E
273. 18
273+ %5
273 112
2730 EB
273. 28
273. 08

266. 24
2€€, 23
266, 22
266, 22
266.22
26€. 21
2€6. 20
266. 22
266.21

TABLE 3-4 (CONTINUED)

(MIXTURE 2,

PRESSURE
(BAR)

74,059
56, 750
41.9€1
3. 272
21. 67
14. 529
S.921
6. 724

74.S85
59. 847
45,878
33. 831
24.2329
17.215
11. 7802
8. 280
5.5(£8

34. 217
62. 187
5« £26
38.C59
28.383
22,416
140 417
18. 248
6. 942

. 5482 ETHYLENE)

2(Vv)
EQ 3~6-1

+ 6139
e 7141
« 7976
« 8591
« 9235
« 9345
0 9882
« 9702

. 5580
« 66(3
¢ 7522
« 8246
8786
» 91602
« 9428
«9€11
« 9737

. 4940
5922
0 6916
+ 7758
« B4ES
« EBBY
0 9231
« 9471
« 9€38

2(6)
EQ F6-2

« 6L86
¢ 7893
« 7927
« B556
° 9BEB8
0 9326
« 9544
¢« 9693

« 5530
« 6560
« 7482
«821%2
» 8753
« 9142
° 9414
« 9601
« 9730

. 4880
« 5878
0 6873
« 7719
« 8377
«88€4
« 9213
« 9488
« 9629

185

2(1e)
EQ 3~6-3

« 6133
7146
« 3977
« 8598
. 9042
« 9350
. 9562
« 97(E5

« 5576
«6614
. 75636
«B2605
« 8793
9172
« 9436
« 9617
« 9741

« 4925
« 5931
« 6928
« 7772
« 8423
« 9240
« 9479
« 9643



RUN
NUMBER

59

6m -

61

EXPERIMENTAL DATA, COMPRESSIBILITY FACTURS

T
(K)

259. 41
255.41
255, 41
25941
259, 40
255.46
259, 36
259,39
259,38

252. 24
252. 25
252.24
262. 23
252,22
252, 22
252, 22
252.23
282.23

244,25
244, 26
244,22
244,21
244, 22
244,23
244,23
244, 20

TABLE 3-4 (CONTINUED)

(MIXTURE 2,

PRESSURE
(BAR)

61.€88
52.216
41. 962
32. 176
23.8202
17.2C8
12.2{9
8.E€5
5.9607

48.831
40.327
31 €63
24,915
17. 866
12+ 655
8. 995
64334
4.433

37. 5653
3. 183
23+ 273
17. 405
12, 74¢
9. 185
6. 555
44 €44

. 5482 ETHYLENE)

Z(v)
EQ@ 3-6-1

« 5263
« 6272
« 72054
0 7969
« 8554
« 8985
« 9293
«9511
« 9662

« 6D36
« 6582
« 7776
« 8396
« EBEA
« 9197
« 9438
o OEE9
« 9728

« 6787
« 76157
« 82565
« 8746
09107
« 9369
« 9555
« 9688

z(e)
EQ 3-6-2

« 5220
« €237
«716E
« 7937
« 8528
« 8965
9278
. 9568
« 9665

« EBE2
« 6542
« 7737
» 828B€
« 8834
9178
« 9424
« 9669
« 9721

« 6762
o 7566
«8212
«E71EF
« 9E79
+ 9348
« 954F
9677

186

z(1p)
EQ@ 3-6-3

«5273
« 6289
7222
. 7987
« 8570
« 8998
« 9303
« 9518
« 9668

« 6345
« 6990
« 7784
« 8328
. 8868
«92(4
« 9443
« 9613
e 9731

6799
« 76E7
« 250
« 8741
«910G4
« 9367
« 9554
« 9687



RUN
NUMBER

62

63

64

EXPERIMENTAL DATA, COMPRESSIBILITY FACTORS

T
(K)

237437
237.39
237.36
237.36
237.32
237,33
237.36

229. 93
225. 54
225.93
229. 94
229.94
229.53

223.27
223,27
223. 27
223.27
223. 27
223. 26

TABLE 3-4 (CONTINUED)

(MLXTURE 2,

PAESSURE
(BAR)

29. 256
22,843
17.378
12.912
9,436
6,815
4.E82

2f.383
15, 650
11. 743
Be 667
6. 324
4.575

18.585
14, 4(8
12.916
Be 135
5.992
4,376

. 5482 ETHYLENE)

z(Vv)
EQ 3-6-1

¢ 74087
.8E78
« 8599
. 8996
5277
« 9486
« 9636

<8111
+E614
« 8993
« 9273
9478
« 9627

«8100
« 8598
«8971
9252
«945€
« 96039

Z(6)
EQ 3-6-2

« 7386
« BEEG
« 8578
« 8973
« 9264
¢« 9476
« 9629

. 8@85
. 8588
« 8971
9256
« 9465
« 5617

.E(@B8
«8577
. 8953
« 9236
« 9446
« S6EE

187

z(1@)
EQ@ 3-6-3

7416
.65287
« 8606
«B996
. 9282
« 9490
+» 9E39

«81€6
. 868
« 8588
« 9270
. 9476
« 9625

«80@96
. £E5E8
+8964
. 9246
» 9454
« 96036



RUN
NUMBER

66

(o2

69

EXPERIMENTAL DATA, CUOMPRESSIBILITY FACTORS
(MIXTURE

T
(K)

288, 15
288, 13
288. 14
288, 12
2€8. 12
288. 18
288. 162
288. 17

288, 12

281, 96
28%. 53
280. 93
28L. 95
280,92
28k, 95
28E. 94
28F. 96

272.96
272.56
272.95
272,58
272.94
272.98
272. 94
272.94
272.98

TABLE 3-4 (CONTINUED)

PRESSURE
(BAR)

69.0294
53. 261
39. 421
28+ 791
19. 524
13.344
2.221
€.855
4,148

4G, 371
37.387
27 140
19. 146
13+ 257
9. 267
6. 152
4.154

54.884
45,498
36,382
26,199
18. 602
13.211
9. 188
G. 287
4,292

2

. 7581 ETHYLENE)

Z(Vv)
EQ@ 3~-6~1

« 5382
0 6734
07744
« EAGS
«B966
« 9308
« 9538
« 9693
« 9796

« 6634
« 7635
« 8369
. EE88
« 9248
« 9493
« 9€6E
e 9772

- 5278
« GECE
¢ 7496
« 8247
«B7¢E
. 9171
« 9436
« 9617
« 97414

Z2(6)
EQ 3-6-2

« 5377
«6719
7726
«B449
« 8954
« 9299
¢ 9532
« 9689
« 9793

« 6626
7622
» 8358
. EBEBE
« 9241
« 9489
« 9656
« 9770

« 5263
« €489
« 7484
« 8237
« 8781
« 9165
« 9431
« 9614
« 9738

188

Z(10)
EQ@ 3-6-3

« 5437
« 6785
« 7794
« 8512
. 9085
« 9338
« 9566
. 9768
« 9807

» 6689
«7€89
+ 8426
« 8931
« 9281
« 5518
« 9677
. 9784

. 5328
« 6551
« 7552
«E3E0
« 8834
« 9206
« 9461
« 9635
« 9754



RUN
NUMBER

7¢

71

72

EXPERIMENTAL DATA, COMPRESSIBILITY FACTORS

T
(K)

266,13
2664 11
2664 11
2664 11
2664 1€
2664 1€
266. 182
266411

259, 30
259,32
259.29
259.29
255.28
289, 28
289.29
2659, 28

2E1.34
251.34
251.33
251.36
2514 3E
251.35
251.3€

TABLE 2-4 (COUNTINUED)

(MIXTURE 3,

PRESSURE
(BAR)

44,585
36. (229
27.816
2l.216
14.468
1. 180
7.081
4.889

37.842
3. 318
23+ £8B6
16. 978
12 169
B. 629
6. 240
4, 196

28. €EY
22346
16,755
12.239
8.7€E5
6. 231
4,384

. 7581 ETHYLENE)

z(v)
EQ 3-6-1

0 6B65
« 7125
« 7953
. 8566
. 9206
« 9316
« 9831
« 9680

« 6459
¢ 7415
«8154
« 8700
« 9294
« 9372
o 9E66
0 9702

« 7237
. BEE2
«8576
« 8996
0 9296
«95L9
« 9659

z(6)
EQ 3-6-2

«6G52
«7125
« 7934
« 8551
«8995
« 93[8
« 9525
« 9676

« 6448
« 7387
8137
« B687
« 9BESD
« 9364
« 95€1
» 9658

« 7205
« 7968
« 8548
+ 8975
« 928
« 9458
« 9650

189

z(18)
EQ 3-6-3

«6112
7171
«BRED
« 8608
« 9C47
« 9342
» 9550
« 9693

« GEEB
« 7463
- .B8198
«8739
«9124
« 5395
« 9563
« 9714

« 7264
. 8027
« 8599
« 9215
« 9311
« 9521
« 9667



RUN
NUMBER

74

EXPERIMENTAL DATA, COMPRESSIBILITY FACTORS

T
(K)

238,46
238,47
238.47
238447
238.47
23E.47

TABLE 3-4 (CONTINUED)

(MXXTURE 3,

PRESSURE
(BAR)

16.752
12. €642
9.329
6. 781
4,874
3. 487

.7581 ETHYLEME)

Z{V)
EQ 3-6-1

«8249
«B74E
«91CE
« 9361
« 9548
« 96E1

z(e)
EQ 3-6-2

.8225
«B8716
« 90BEC
« 9345
« 9536
« 9672

190

z(10)
EQ 2-6-3

. 8265
«8752
9116
« 9368
« 9563
« 9685



T p
(K) (BAR)
2339
5.0
75
139
12+5

2352

NOTE: THOSE VALUES INSIDE THE BOX ARE WITHIN THE EXPERIMENTAL
RANGE OF THIS WORK:

TABLE 3-5

MIXTURE 1 MIXTURE 2
+ 9697 +9590
+ 9541 +9374
+9382 *+9151
+9220 +8918
+ 9054 + 8675
- 8883 +842¢0
+B87¢9 +8151
- 8530 + 7865
+8345 + 7559
+8155 + 7227
+79E8 +6859
+77E5 + 6442
*7543 + 5944
+7323 + 5277
«7¢92 + 1733
+ 6849 + 4727
*+6593 + 1494
+ 6321 + 1534
« 65131 ~+1166
+ 5721 —-+1224
+ 5392 -+1282
* 9717 +9618
+9572 +9418
+ 9425 +9211
+ 9274 + 8997
*9121 + 8774
+ 8964 + 8542
+ 88934 « 8300
+8640 + 8344
+8473 + 7774
+ €391 + 7486
+8124 + 7175
+ 7942 + 6836
+7755 + 6456
+ 7561 + 6817
+ 7361 + 5473
+ 7153 +4654
* 6937 -+10336
+ 6713 + 1459
+ 6478 + 1567
*+ 6233 + 1696
+ 6979 -+ 1264

CALCULATED COMPRESSIBILITY FACTORS
FROM EQ 3-6-3

COMPRESSIBILITY FACTORS
MIXTURE 3

* 9477
+9195
+8895
+85675

+8228

+7848
+7422
+6926
+6305
+ 5308
* 1476
1273
+ 1370
*+ 1467
+ 1563
—+1659
-+4755
-+1851
-+1947
—+2139

*9516
+ 9257
+8984
+ 8694
+8384
-8@58
+7683
+ 7272
+6795
+62820
+ 5267
-+1262
-+1357
-+1453
-+1549
-+1644
-+1739
-+1834
-+1929
-+2324
-+2119

EVHYLENE

+9339
+B958
+ 8662
+8098
+7675
+6932
+ 5985
+@978
+ 1083
+1188
* 1293
+ 1397
+ 1500
+ 1693
<1706
+ 1898
+1919
«2011
+2112
+2213
+2313

*»9379

+9@38
+ 8670
+ 8267
+7814
+ 7285
+6619
+ 5508
*+ 1131
<1240
+ 1347
+ 1454
*+ 15661
+ 1667
+ 4772
+ 4877
+ 1981
+ 2284
+ 2187
+ 2298
+ 2392

191



T P
(K) (BAR)
2400
5.0
7.5
1¢.0
12+5
15+0
17+5
208
225
25+
27+5
3d-0
32.5
350
37+5
ag+@
42+5
45403
47+5
502
525
55+0
245
5.0
75
198
12+5
15+ 8
175
202
2245
25+0
2745
380
32+5
35+0
375
400
42+5
450
4745
50«0
525
55«

NOTE: THOSE VALUES INSIDE THE BOX ARE WITHIN THE EXPERIMENTAL

TABLE 3-5 (CONTINUED)

COMPRESSIBILITY FACTORS

CALCULATED COMPRESSIBILITY FACTORS
FROM EQ 3-6-3

192

RANGE OF THIS WORK-

MIXTURE 1 MIXTURE 2 MIXTURE 3 EIHYLENE
<9735 + 9643 +9552 +9422
<9691 «9457 +9313 + 9108
+9463 +9265 * 9362 «8772
+9324 -90368 « 8798 « 8409
+9182 - 8863 +8519 - 8039
* 9737 + 8651 -822¢ +7558
- 8390 +8431 + 7898 +7026
« 8749 - 8201 « 7546 + 6339
- 2586 « 7959 + 7153 +1186
- 8430 « 7705 + 6699 + 1297
- 8278 « 7436 <6141 - 14738
+ 8126 « 7147 +5314 + 1518
«7938 + 6835 -+14345 « 1627
« 7766 + 6493 - 1448 + 1735
«7593 + 6108 -+1534 + 1843
+ 74928 * 5658 -+1629 + 1950
<7221 *E093 -+1723 « 20856
« 7029 <4219 -+1847 « 2161
- 6831 - 2787 ~+1911 « 2266
« 6627 « 1609 -+2005 «2379
- 6418 « 2421 -+2399 - 2474
<9753 <9666 <9583 ~9460
« 9625 +9493 +9362 «9179
+ 9498 + 9315 +9132 -8861
+ 9369 +9132 + 8890 -8531
+9237 «8943 +8636 +8173
«91¢3 «8748 - 8367 « 7779
+ 8967 «8547 - 8r81 +7332
- 8829 +8338 «7772 + 6800
- 8688 <8124 +7436 + 6097
- 8545 +7894 « 7063 + 1366
- 8403 + 7656 <6637 <4479
« 8251 « 7425 +6123 + 1591
+ 8120 + 74139 +5413 <1702
« 7945 « 6855 -+ 1426 <1812
+7788 - 6547 -+ 1523 + 41921
. 7627 « 6210 -+1613
« 7462 + 5833 - 17037
+7294 +5398 -+18¢8
« 7122 «487¢ . =+4893
* 6947 <4487 -+1986
« 6768 +3438 -+2078



TABLE 3-5 (CONTINUED)

CALCULATED COMPRESSIBILITY FACTORS
FROM EQ 3-6-3

COMPRESSIBILITY FACTORS

193

T P
(K) (BAR) NMIXTURE 1 MIXTURE 2 MIXTURE 3  ETHYLENE
250 ¢
5.0 9768 9687 9611 9495
745 - 9650 9525 9407 9224
100 9531 -9360 <9194 8940
12+5 9410 9190 8972 .8638
152 -9287 9015 8739 -8314
175 9163 -8836 8495 7963
200 + 9237 +8651 8238 +7576
22:5 8910 + 8461 7964 +7135
25+ 8782 8263 - 76703 - 66P9
275 -8649 .8059 +7352 5902
3¢+ 2 8516 « 7846 - 7081 - 1567
32+5 -828¢ - 7625 - 6605 + 1680
350 -8243 -7393 -6138 1791
37+5 8123 +7148 +5535 1931
ag-p 7961 -6890 -+1505 2010
425 7817 6615 -+ 1598 2118
45+ 7678 -6320 -+169¢ +2226
4745 - 7521 + 5999 -+4782 -2333
508 +737¢ +5647 -+1875 -2439
52.5 7216 5254 -+1956 .2544
55+ - 7260 -4813 -.2058 + 2648
255+
5.0 9782 9707 9637 9526
745 19672 9555 <9446 19274
180 -9569 9401 9249 9810
12.5 9448 9243 9p44 -8732
150 9334 -9¢81 -8831 +8437
175 9218 8915 8608 8121
208 9121 -8745 -8374 -7778
22.5 -8983 8570 8128 « 7403
25.0 8864 8390 7868 - 6969
275 8743 - 8205 7590 + 6455
3¢ 0 8620 8013 - 7290 +5761
32+5 -8496 -7815 6962 - 1800
350 8371 - 7689 6597 1906
37-5 8244 -7395 -6178 2812
ag.2 8115 «7172 +5667 2118
425 - 7984 -6938 4936 2224
45+0 - 7852 6692 -+ 1674 .2329
47+5 +7719 £ 6432 -+1765 . 2434
50+ @ 7584 - 6157 -+ 1856 »2538
525 7447 + 5864 -+ 1947 2642
55+ -7309 -5551 -+2038 2745

NDTE: THDSE VALUES INSIDE THE BOX ARE WITHIN THE EXPERINENTAL

RANGE OF THIS WORK-



T P
(K) (BAR)
26@-2
5.8
7+5
19-8
12+5
159
17+5
208
22+5
250
27+5
3g-d
32+5
35+0
375
40-8
425
a5-0@
475
5¢-0
525
55+8
2650
5.0
7+5
10-4@
1256
15-¢
1745
232
225
25+¢
27+5
380
32+5
35-8
37+5
409
42+ 5
450
47+5
502
52+5
558

NOTE: THOSE VALUES INSIDE THE 80X ARE WITHIN THE EXPERIMENTAL

TABLE 3-5 (CONTINUED)

COMPRESSIBILITY FACTORS

CALCULATED COMPRESSIBILITY FACTORS
FROM EQ 3-6-3

194

RANGE OF THIS WORK-

MIXTURE 1  MIXTURE 2 MIXTURE 3 EIHYLENE
9796 9724 9668 9554
9692 9583 9483 9318
-9588 9439 9299 9073
9482 9291 +911p 8816
9376 *9141 <8913 8545
9269 -8987 8728 8258
9160 -8830 -8495 <7951
«9E5P - 8669 -8272 7618
8940 8504 8038 7251
-8828 -833 +7791 6834
8745 - 8164 7529 6338
8601 - 7981 7248 5679
- 8486 7797 <6944 2086
- 8370 - 7607 6611 2172
8252 7419 -6237 2264
8134 - 7206 5801 -2359
8314 - 6995 « 5257 2457
7893 6775 4381 2555
<7774 6546 ~+1838 2654
7649 » 6307 -+1928 2753
7526 - 6058 -.2018 2853
- 9828 9741 9682 9589
19714 9608 +9516 9359
9613 9473 9345 9130
9514 9336 <9169 8891
+9415 9195 8986 8641
9315 9053 8798 -8379
9214 8907 8603 8100
-9112 -8758 8399 7803
- 9@99 + 8606 8187 7482
8976 -8451 7965 7128
8801 8292 7732 6729
8696 -8129 7486 6259
8590 7962 <7225 5659
- 8483 <7791 6945 - 4306
48376 7616 6642 - 25@8
8267 +7435 - 6309 2560
8158 7250 5935 2631
- 8048 - 7058 5502 2712
+7938 <6862 4962 2798
7827 + 6659 4402 - 2887
+7716 + 6450 -+1998 2977



(K)
2788

27508

NOTE: THOSE VALUES INSIDE THE BOX ARE WITHIN THE EXPERIMENTAL
RANGE OF THIS WORK-

P ~,
(BAR)

5.8

75
199
125
158
175
209
225
25-8
27+5
398
32+5
35-38
375
ag.@
425
458
475
5@-0
52+5
55.0

5.0

75
190
125
159
175
2g@-a
225
25-9¢
275
30-8
32+5
352
375
432
42-5
451
47-5
590
52+5
559

TABLE 3-5 (CONTINUED)

CALCULATED COMPRESSIBILITY FACTORS
FEOM EQ 3-6-3

COMPRESSIBILITY FACTORS

195

MIXTURE 4 MIXTURE 2 MIXTURE 3 E!HYLENE
+ 9819 * 9756 +9781 *9624
+ 9728 + 9632 * 9546 +9396
* 9636 +95@5 *9386 +9182
*+ 9844 +9376 *9222 + 8960
+9451 + 9245 *9p53 + 8728
+9357 *9112 * 8879 - 8487
* 9263 + 8977 *B699 + 8233
*+9168 + 8839 +8512 +7964
+ 90373 + 8699 »+ 8319 +7678
+ 8977 + 8556 +8118 * 7369
+ 83883 + 8410 + 7909 + 73314
+ 8783 + 8261 +7690 * 6653
+ 8685 + 81029 «7460 +6214
+8E86 + 7955 + 7217 + 5666
* 8487 + 7796 + 6964 + 4825
*£388 +7634 *+6686 + 3019
+ 8288 <7469 +6390 *2929
+ 8483 + 7380 - 6867 * 2945
- 8087 * 7427 * 5709 +2993
+ 7986 + 6951 * 5383 + 3058
+7885 * 6771 +4820 + 3131
+98308 + 9770 *+9719 *9626
+ 9744 +9653 *9574 *+ 9431
+ 9658 * 9534 +9424 +9239
+ 9571 +9414 +9271 9@22
+9484 + 9291 *9114 - 8808
+ 9397 *+ 9167 + 8952 + 8584
+93@9 + 9341 + 8786 « 8351
+9220 +8913 +8614 + 8196
*9131 + 8783 «8437 + 7848
+ 9842 * 8651 + 8254 +7574
+£952 *+ 8517 +8064 + 7279
+ 8852 » 8380 +7867 + 6959
+ 8771 + 8241 + 7662 *6634
+ 8687 +81¢¢ +7448 +6198
+ 8589 + 7956 + 7224 +5713
+ 8497 + 7819 - 6988 « 5069
« 8495 + 7661 +6740 * 4315
+ 8313 + 7510 * 6477 *+ 32418
« 8221 » 7356 6196 + 3312
- 8129 + 7230 +5894 + 3395
+ 8337 + 7041 + 5567 *+ 3336



TABLE 3-5 (CONTINUED)

CALCULATED

T P COMPRESSIBILITY FACTORS

COMPRESSIBILITY FACTORS
FROM EQ 3-6-3

196

(K) (BAR) MIXTURE 1 MIXTURE 2 MIXTURE 3 E'HYLENE
e8¢
5.0 + 93843 + 9783 +9735 +96G46
75 + 9759 +9673 + 9599 + 9463
18- 2 + 9678 + 9562 + 9459 .9274
12+5 + 9597 + 9448 +9316 - 9180
15+0 +9515 +9334 +9169 +8880@
1745 « 9433 +92148 +9@19 +8673
202 +9351 * 9109 + 8865 +8458
22+5 -9268 +8981 +8706 +8233
250 +9185 - 8860 + 8543 +7999
2745 +9132 +B8738 +8375 « 7752
300 - 90318 + 8614 8202 « 7490
32-5 «8934 -8488 -8823 7211
350 - 8850 *8365 +7838 +6909
37+5 + 8766 + 8231 * 7647 +6578
ag-g + 8681 +BE99 + 7448 « 6208
425 8597 + 7966 « 7242 5781
458 + 8512 + 7834 727 + 5263
4745 + 8427 + 7695 - 68032 46142
53.0 +8343 « 7556 + 6568 + 3996
525 + 8258 + 7416 +6322 «3728
55.8 +8173 7275 *6263 +3643
2858
5.0 +9849 +9796 + 9751 + 9666
75 «9773 + 9692 +9623 +9493
1208 + 9697 + 9587 + 9492 +9316
125 «962¢ «9480 +9358 +9134
15.0 +9544 +9373 +9221 + 8947
175 +9467 29264 + 9780 +B8754
200 +9390 +9154 +8937 + 8555
225 +9312 - 9943 +8790 +8348
250 +9235 +8931 *8639 +8434
2745 +9157 +8817 -8484 « 7939
380 « 9879 8782 +8325 7674
32+5 931 + 8585 8162 * 7426
35.98 «£923 + 8468 +7994 + 7163
37+5 +8845 +8348 « 7821 + 6880
a9 +B766 -B8228 +7643 + 6574
42+5 -8688 « 8106 + 7459 + 6238
a5+ +861¢ +7983 72708 - 5862
475 +85314 « 7859 + 70874 * 5434
5@« +B453 «7733 +6871 + 4950
52+5 +8375 + 7687 +6661 <4472
550 + 8297 + 7479 « 6444 «4448

NOTE: THDSE VALUES INSIDE THE 80X ARE WITHIN THE EXPERIMENTAL

RANGE OF THIS WDRK-



f
(x)
29¢-¢

2950

NOTE:

P
(8AR)

5.9

7+5
190
125
1502
175
202
22+ 5
259
2745
38-0
32+5
358
375
408
42+5
450
475
5@.£
525
- 558

5.0

745
18.2
12:5
152
175
280
22+5
250
275
38.8
32+5
358
375
40-0
4245
459
475
58-0
52+5
55+0

THOSE VALUES INSIDE THE 80X ARE WITHIN THE EXPERIMENTAL

TABLE 3-5 (CONTINUED)

COMPRESSISILITY FACTORS
MIXTURE 3

MIXTURE 1 MIXTURE 2
+ 9857 +98E7
+9786 *9709
*9714 9610
*9642 +951¢
+ 9578 +9409
+ 9498 + 93037
*+9426 + 9205
+9353 *9101
+ 9281 + 8996
+9208 + 8890
*9135 +8783
* 90363 *+8675
+8999 + 8566
*8917 + 8455
+ 8844 +8344
+ 8772 +8232
+ 8699 *8128
+ 8626 +8L06
+ 8554 + 7891
* 8482 *7776
+ 8410 + 7661
* 9865 +9818
+ 9798 + 9725
+9738 +9632
*+ 9663 +9538
+ 98095 +9443
+ 9527 *9347
+ 9459 + 9251
*+9391 +9154
+9324 +9@55
+ 9256 + 8957
+ 2188 + 8857
9128 +8756
+9@52 *+ 8655
+ 8984 + 8553
+8916 + 8451
+ 8849 + 8347
+ 8781 +8243
+8714 + 8139
8647 + 8234
+ 8589 +7929
+ 8514 +7823

RANGE OF THIS WORK-

CALCULATED COMPRESSIBILITY FACTORS
FROM EQ 3-6-3

+9765
+9645
+ 9522
+9396
+ 9268
+9137
+90803
+8866
+8726
+8584
+ 8437
- 8287
+8134
* 7977
+7815
+ 7650
+748¢
+ 7306
+7128
6944
+ 6757

*9779
*9665
+9549
+9431
+9311
+9189
*9@64
+8937
+8807
+8674
+8539
+8401
+8260
*8116
+ 7969
+7819
+ 7666
+7518
+73508
*7187
«7821

ETHYLENE
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+9684
+9521
+9355
*9184
* 9039
+8829
+8644
+8453
+ 8256
+ 8051
+7838
+7614
+ 7388
+7133
+ 68740

+ 6588
+6284
+ 5952
» 5590
+ 5203
+4823

*97@1
+9548
+9391
+9231
*9p67
+89008
+ 8727
+ 8550
+ 8368
*8179
+ 7984
+ 7782
+ 7571
+7351
+7119
+6875
+6617
+ 6341
+ 6048
+ 5736
+5413
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(k)

249
245
250
255
262
265
278
275
280
285
2992
295
304

TABLE 3-6
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THE INTERACTIONAL SECOND VIRIAL CCEFFICIENTS OF
THE METHANE — ETHYLENE SYSTEM

B12
MIXTURE

-118-1
-113-2
-128+5
-184-9
997
~-95+7
-91-9
~-88+3
-84-9
-81+6
-78+5
-75+6
-72+9

B12
1 - MIXTURE 2

-118-6
-113-4
-188+5
—-1@83-7
-99-2
~-94-9
-9@3-9
-87-1
-83°+6
-BB+3
-77-2
=74-4
-71-8

B12
MIXTURE 3

-114-2
-106-7
=998
-93-4
~87+5
-82-1
~-77-2
~72+7
-68+6
-64-9
-61°+5
-58-+6
-55-9

B12(MEAN)
EQ 3-5-27

-118+1
-112-8
-187-8
=-183-1
~-9B+6
-94-4
-90-4
-86°7
-B83-2
=79+9
-76+8
-74-0
=713
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3-6 Discussion

3-6-1 Introduction

In the previous section the compressibility factors,
densities and 2nd and 3rd virial coefficients of pure ethylene
and three methane-ethylene mixtures were presented. As describedj
in sections (3-3) énd (3-4) different methods or different
equations of state in the non-linear least-sguares procedure
produced different results (see Table 3-4).

Thus in this section the compressibility factors in Table
3-4 are systematically compared each other (i.e. Z(V), 2(6)
and Z(10) ) and this comparison will be followed by a discussion
on the way to choose valid values (and hence how to choose
valid equation).

In the experimental range of this work few other worker's
data are available for making comparisons. Although Miéhels'

original data for ethylene(1%:15,16)

are still regarded as

the most acceptable values, the experimental temperature range
was from 0°C upwards with an interval of 2500, between which the
critical point (9.50C) lies.

For this reason in the IUPAC Table 'ETHYLENE, 1972',
compiled by Angussl7) the region below 0°C for the gas phase
is left blank.

‘Thus Fig 3-7 shows that this work covers a region between
245 - 293°K under saturation line and hence duplicates to that
of IUPAC ethylene table in the range of 273 - 293°K between
which only 8 Michels' experimental daté points exist, on the
0°C isotherm.

In the case of methane-ethylene system McMath and Edmister

published vapor-phase compressibility factors at -7, 4.5 and
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(18)

15°C and pressures from 17 bar to 151 bar. Lee and Edmister

reported on the same mixture at 25, 50 and 7500 upto about

800 bar.(19)

3-6-2 Comparison of the Compressibility Factors

Table 3-4 shows three sets of compressibility factors for

all data point from three different equations of state,

. Pv _ 2
Z= Tﬁ: = | + E)f-!- c¢ | (3-6-1)
P=f1 (R + Bf + cp‘+ Df’) (3-6-2)
where B = O, - ﬂm/T - Qs /Tt
C = 04 + ﬂs‘/T
cC = QO
P= PT(R+ BP + cp +Dp? +E47) (3-6-3)

where B = O - O/ - Oa/pr - P4fp

C= Qs+ Qufy + O/7t
D = Gg + Ga/p
E= &,

(The a's in Eq. 3-6-2 and 3-6-3 are in Table 3-1)

From the Table (3-4) one can see considerable differences
in the compressibility factors (i.e. Z(V), Z(6) and Z(10) )
for mixture 3 (nominal 75% ethylene) especially at high pressures.
Also it is seen that the magnitudes of the deviations for
mixture 2 (nominal 50% ethylene) are smaller than those in the
case of mixture 3, and in the case of mixture 1 (nominal 25%
ethylene) they are much smaller again than those of the other

two mixtures, i.e.
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A(mixture 3)| > ld(mixture 2)! > |A(mixturel)

where A Z(V) - 2(10)

or A= Z(V) - Z(86)

This systematic trend.in the differences of the computed
Z from different equations of state, (3-6-1), (3-6-2) and
(3-6-3), suggests that the capabilities of the equations to
represent the‘P~£ -T data are different especially in the
highly non-ideal region (Z = 0.5 ~.0.6),

Thus in order to choose the best equation among the three
(hence choosing the best values of Z) modified Bender equations
will be compared with each other and these will be then compared
with the virial equation. The discussion is based on the
‘principle of least-squares and as a starting point the results
of mixture 3 for the 6-coefficient Bender equation will be
considered first.

‘The compressibility factors of ethylene in Table 3-4 are
not considered in this discussion, since the_maximum experimental
pressure of the gas (41 bar, 2920K, Z ¥ 0.6872) is much
lower than those of the mixtures (70 bar, 288°K, 72 % 0.54 for
mixture 3). Thus the comparison between the results of

ethylene and the other mixtures is considered to be unrealistic.

3-6-3 The Compressibility Factors of Mixture 3

Using the 6-coefficient Bender equation (3-6-2) the
computation of the least-squares procedure converged after 14
iterations from the first approximate values of the least-squares
parameters which were determined as described in section (3-5-1).

The values of the objective function, S, decreased rapidly
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in each iteration and the final value was,

nl

n
2 -
S, = W,.-R..” = 0.23044-10
6 %‘j ij "ij

5 (3-6-4)

"where n = number of isotherms
n'= number of expansion at i'th isotherm.

V..
1]

R, .
1]

weighting factor defined in Eq.(3-3-19)

residuals defined in Eq.(3-4-16)

After the 6 coefficients were determined for mixture 3
the residuals, Rij’ for all i's and all j'th, were again
computed by means of Eq.(3-4-16). Here two matters need to

be considered,

(1) the order of magnitude of the objective function,
(ii) the random (or systematic) variation of the residuals

with the pressures and temperatures.

From the point of view of the least-squares princiﬁle
the bétter equation is considered to be the one which gives
a smaller value of objective function, no matter what form
of equation of state is used, provided that the definition of
the residual, i.e. Eq.(3-4-16), remains ﬁnchanged.

A more important métter to be considered here is the change
of residuals as functions of pressure and temperature.
Thus when the residuals, Rij’ were plotted against the experim-
ental pressure (before expansion) a distinetive systematic
'pattern' was found in all seven runs for mixture 3 (2380K -
288°K) .

In Fig 3-8, by way of example, the residuals were plotted
against the experimental pressure (before expansion) for

three isotherms.
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The figure shows that

the pattern of the residual change with pressure is a
downward parabola witﬁ positive values in the middle
pressure range andmnegative values at both ends,

the values of Rij at the low pressure range are more or
less the same at pressures below-lo bar, e.g. at

about 5 bar Ry, % 2.0-1072 % constant,

at pressures higher than 10 bar the magnitudes of

Rij increase with pressure,

at lower temperatures the parabola becomes sharper and

shifts to the right hand side.

These facts suggest that the equation of state (3-6-2) is

unable to represent the experimental P-V -T data in two senses.

(1)

(ii)

Firstly, from the parabolic shape in Fig 3-8, the
systematic behaviour of the residuals with respect to
pressure indicates that the equation of state used in
the least-squares procedure was not able to handle
adequately all fhe experimental pressures. Thus the-

equation is considered to need more density terms.

Secondly, the increase in magnitude of Rij at lower
temperature suggests that more temperature terms are
needed in order to present all the experimental data

points in one equation.

In these regards the 6-coefficient equation was altered to 10-

coefficient equation, i.e.
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from

-0
]

PT{R+ (& - @uir~ 0/ps [ g »
( 8+ fsp [ )p* +
(e [ )p 1} (3-6-2)

to

1
]

PTLR + ( &= &/ - as/pr -[efp) P &

(awae/wm)f +

((ae + |aarr]) p® + [a. } (3-6-3)

Before evaluating the 10 coefficients in Eq.(3-6-3)
the first approximate values to these coefficients were determined
by using all experimental data points as explained in section
(3-5-1).

Determination of 17 least-squares parameters, i.e.
ay,8g9, " " alO’Nl’NZ’ .o N7, took, as expected, more cémputing
time and more iterations. After having converged ( aay (0.1),

the objective function, S, and the residuals, Rij’ were

>eva1uated for every i'th run and every j'th expansion.

The value of S from Eq.(3-6-3) is now

04

W, 1j2 = 0.22770-10°° (3-6-5)

LMo,

Compared to the value from the 6-coefficient equation this
value, S,,, is about 10 times less than Sg (0.230'10_5).
Thus it has been proved that Eq.(3-6-3) is 'better' equation
than Eq.(3-6-2).

However this fact alone does not tell whether equation
(3-6-3) is 'adequate' to repreéent all the experimental data
points, until the magnitudes and the behaviour of the residuals

in each run have been examined.
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Thus the residuals, Rij’ were again plotted against the experim-
ental pressures and Fig 3-9 shows three of them, which are the
same isotherms as those in Fig 3-8. Comparison between these
two figures shows that thé magnitudes of the residuals for
Eq.(3-6-3) decreased sharply and also the systematic pattern
(the parabola in Fig 3-7) had disappeared and shows a random
behaviour. Thus, from the facts considered so far, it can be
concluded that;
"In the case of mixture 3 (nominal 75% ethylene) the 10-
coefficient Bender equation (3-6-3) is not only 'better' than
Eq.(3-6-2) but also 'adequate' to represent all the experimental
data points of this work."

Finally the compressibility factors from the virial
equation, Z(V), in Table (3-4) are compared with Z(6) and
Z(10). As the table shows the deviations of Z(6) and Z(V)
from Z(10) are similar and somewhat systematic with pressure

changes. A typical example is shown in Table (3—63 for RUN 66

(288.19%).
TABLE 3-6'
* %k
P(bar) 7(10) 27(6)F A 7(V)
69.09 .5437 .0060 .0055
53.26 .6785 - .0066 .0051
39.40 . 7794 . 0068 .0050
28.09 .8512 .0063 .0047
19.52 .9005 .0051 .0039
13.34 .9338 .0039 .0030
9.02 .9538 .0028 .0022
6.06 .9708 .0019 .0015
4.05 .9807 .0014 .0011
x  AZ(6) = Z(10) - 7(6)
*%  AZ(v) = Z(10) - Z(V)
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As Table (3—63 clearly shows, the deviaﬁbns are ranging
from about 1% at 70 bar (%=0.5437, AZ=0.0055) to 0.1% at 4 bar
(Z=0.9807, 47=0:0011), which means that the changes of
deviations, AZ(6) and AZ(V), are systematic with pressure
changes. 1In Fig 3-10 the deviations, AZ(6) and AZ(V), are
plotted against the experimental temperature for RUN 66,

From the graph one can notice that at pressures below 40 bar
both A47Z(6) and AZ(V) decrease with pressure systematically.
The regularity however disappears at pressures above 40'bar
which is regarded too close to the vapour pressure of this
mixture at the expansion vessel at OOC.(ZO)

In order to examine the characteristics of the virial
equation (3-6-1) and to compare this with Eq.(3—6—3) the
compressibility factors at first pressure of each run were
considered rather than the pressures themselves, because
the temperatures as well as the pressures were taken account
into the estimation of the compressibility factors. Thus
RUNs 703 72 and 74 (Table 3-7) were chosen and the deviations,

AZ(V), were plotted against the experimental pressure in

Fig 3-11.
TABLE 3-7
RUN T(K) P ., (bar) Z(10)
70 266.1 44 .59 .6112
72 251.3 28.69 .7264

74 238.4 16.75 -.8265
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It can be seen in Fig 3-11 that the magnitude of the
deviation, A4Z(V), depends on the compressibility factor at
maximum pressure of Burnett run, i.e. the further from the
ideality at first pressure (RUN 70, Z=0.6) the larger the
deviation AZ(V). This fact suggests that the virial equation
with only 2nd and 3rd virial coefficients was not good enough
to calculate the compressibility factors and thus needed
higher density terms especially at high pressure region,
since the contribution of higher terms becomé significant
at high pressure regiqn where the non-ideality is great.

For example, the contributions of the third coefficieht
term (Cfi) to Z were estimated at two extreme pressures for

RUN 66 (288°K).

TABLE 3-8
P(bar) P Z Cft
69.10  0.5304-10"2  .5437 0.0661
4.04 0.1723-10"°  .9807 0.6976-10" 2

* The density is in gm-mole/cc

Table 3-8 shows the contributions of'C{"L term to Z
at 69 bar is almost 12%, while the contribution at 4 bar is
negligible (0.007%).

For this reason the deviations iﬁ Fig 3-11 can be regarded
as the intrinsic error due to the inadequacy of the virial
equation (3-6-1), i.e. too few density térms.

Nevertheless the equation was not altered throughout

this work, since the number of data point in one run was
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normally no more than 8 and the least-squares procedure for

more than four parameters (i.e., B,C,D and N) from this

limited number of data was considered to be unrealiable.(21)
The superiority of 10-coefficient equation (3-6-3) over

the 6—coeffi¢ient equation (3—6—2) has already been discussed

and from comparison between equations (3-6-1) and (3-6-3)

it can be concluded that the compressibility factors estimated

]
from equation (3-6-3), Z(10), are the most accq}able values

among the values in Table 3-4.

3-6-4 The Compressibility factors of Other Mixtures.

So far the discussion has been concentrated on the results
of mixture 3 which contains the largest amount of ethylene
émdng the mixtures and hence showed distinctive disagreements
between Z(V), 72(6) and Z(10). In the previous section the
disagrgements were discussed from the point of view of the
non-ideality which was large due to the presence of a large
proportion of ethylene gas. Thus smaller values of AZ for
mixtures 1 and 2 than those'of mixture 3 can be expected.
Table 3-4 showslthat the deviations of Z(V) ffom 2(10) of
both mixtures are not only smaller than those of mixture 3
but they show more or less random behaviour.

Hence it is believed that the characteristics of the
two equations (3-6-1) and (3-6-3) can no more show such
apparent differences in compressibility factors as in the
case of mixtﬁre 3.

In order to compare Eq.(3-6-2) with (3-6-3) the objective
functions were evaluated from the two equations and they are

listed in Table 3-9 together with those from mixture 3.
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5k
TABLE 3-9

* %

Se S10 S6/510
mixture 1  0.4249-107° 0.3769-107° 1.1
mixture 2 0.3191:107° 0.6001-107° 5.3
mixture 3  0.2304-10"° 0.2277-107° 10.1
h Ay 9
* S =le2 WoRy g

SG: estimated from 6;coefficient eqﬁation (3-6-2)

S estimated from 10-coefficient equation (3-6-3)

10°
** The objective functions for one mixture in this table
cannot be compared with that for another, since they

were determined from different number of data points

and least-squares parameters.

It can be seen that the objective functions, S. and S

6 10
are not as different for mixtures 1 and 2 as in the case of

mixture 3.

3-6-5 The Compressibility Factors of Ethylene

In the case of ethvlene the first experimental pressures
were much lower than those of the mixtures because of its
high critical temperature (9.5OC) and hence most of the
exp?rimental isotherms were below this critical temperature.
Although the inlet tubes were heated by two heaters (section
2-2-4) there were always possibilities of condensation of the
gas especially during expansion at highrpressures.

Thus the maximum experimental pressures used were
less than 85% of the vapour pressure of the gas at the
experimental temperature. (see Fig 3-7). Consequently the
first compressibility factor, Zo’ in each run was nearer to

1 than those of the mixtures.
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The objective functions in this case were,

S S

6

S10

This small difference in fhe objective functions suggests

0.1223-10"

5

0.1151-10"

that the two equations are comparable within the experimental
pressure and temperature ranges investigated.

The residuals too showed né sign of any systematic
pattern as was shown in the case of m;xture 3. Table 3-4
‘shows that the compressibility factors from Eq.(3-6-1), Z(V),
differ {from Z(10) no more than the uncertainties in Z themselves
except for runs 23 and 30.

In these particular two RUNs the deviations, Z(10) - Z(V),
were more than twice the values which might be expected from
the other runs, although the maximum differences in both
cases were less than 0.001.

‘These large deviations were due to following reasons.

(1) RUN 23.

From the fact that the 3rd and 4th residuals from both
Eq.(3-6-1) and (3-6-3), were exceptionally larger than the
other residuals in this run (Table 3-10), it is believed that

there is a large error in 4th pressure measurement.

TABLE 3-10
R, (Eq. 3-6-1) R, (Eq. 3-6-3)
0.1437-10°° -0.1700-10"3
~0.9972-10"° ~0.1852-10"°

x 0.2478-10" 2 0.2812-10"2

**x  _0,2599-102 ~0.2692-1072
0.4313-107° 0.1690-1073
0.1067-10"° 0.6422-10~°

0.4226:107° 0.9017-10~3
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(ii) RUN 30

The first pressure of this run was only 15.4 bar due to
its low temperature (244OK) and the number of experimental
data points was only six. Therefore the estimation of three
least-squares parameters (B,C and N) out of six data points

is regarded as unreliable.

Thus.we consider that in both runs the experimental errors
are more likely to be reflected in the viriél coefficients
than the Bender coefficients, and the differences, Z(10) - Z(V),
in runs 23 and 30 are regarded ag errors from fhe virial -

equation and not from the modified Bender Equation.

3-6-6 Errors in the Compressibility Factors

The basic differences in determining the compressibility
factors between the virial equation and the Bender equation

are:

(i) In the case of the virial equation the compressibility
factor of the gas in fhe ice bath (OOC) was estimated
from the prefixed virial coefficients at 0°C and
unchanged throughout the least-squares procedure of
each run. Thus after having completed the experiment
with one gas the virial coefficients were readjusted
graphically by plotting the virial coefficients
against the temperature. Then the entire runs were
retreated with these new virial coefficients at 0°C.
This procegs was repeated until the values were consistent.

(ii) Since the compressibility factor from Bender equation

is expressed in terms of temperature as well as density,
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'same coefficients' were used to determine the number
of moles of the gas in the ice bath as well as in the

pressure vessel.

Thus the largest error in case (i) could be induced from
the uncertainties in the virial coefficients at 0°C. Other
sources of errors in both cases were uncertainties in ice
bath temperature (O.OZOK), dead space volumes, dead space
temperature and the uncertainties in the number of moles in
the inlet tube. It can be seen in Table 3-4 that apart from
mixture 3 (see section 3-6-3) the compressibility factors are
.yery consistent with each other in both cases, despite the
‘different approaches used in determinating the compressibility
factors. Therefore the differences between Z(10) and Z(V)
are considered to be within the experimental errors due to
various sources mentioned above. The errors in the compressi-
bility factors from Eq.(3-6-3) are thus estimated as less than
*0.0005 for all mixtures. In the case of ethylene the errors
are estimated as less than *0.0003 for all values of Z with
a pfobable maximum error of *0.0005 in some cases at high
pressures.

Runs 30 and 23 were excluded in estimating the errors
for reasons given .in section (3-6-5).

It is well known that gas adsorption can lead a significant

(2)

error in P-V-T measurements, especially when the experimental
pressure approaches the vapour pressure at experimental
temperature. The magnitude of the error due to the gas

adsorption depends on several factors i.e. the polarity of

the molecule, the size of the molecule and most important of all
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the condition of the surface of the vessel with which the
experimental gas comes into contact.

Previous work in this laboratory on Ar and Kr has shown
that although there is a émall amount of adsorption on an
unpolished copper vessel wall when the pressure approaches
that at saturation, this can be virtually eliminated, as far as
P-V-T measurements are concerned, by polishing to a mirror
finish.(23’24)

Since neither methane nor ethylene is a polar substance
and both pressure and expansion vessels were polished (chapter 2)

it is assumed that there was no adsorption of the gases on the

wall throughout this work.

3-6-7 The volume of the Pressure Vessel

In the course of the least-squares procedure for the
Bender equation each volume of the pressure vessel was determined
as wéll as the coefficients of the equation (section 3-4).
This measure corresponds to the determination of the volume
ratio, N, or run constant. Since the least-squares procedure
for Bender equation treated all data points for all Burnett
runs, in the case of ethylene, for example, 12 volumes were
determined for each of 12 isothermal runs.

The magnitude of the vessel volume for a particular run,
however, was independent of data points for all other runs.

For this reason the derivatives —%5%- was determined

such that only when the run number (i) in Rij and the volume

number (k) in V., were equal, the derivatives were calculated

k

and other wise, i.e. 1 # k, the derivatives were set to zero.

For 3-12 shows, as an example, the variation of the
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pressure vessel volumes (least-squares curve-fit) with

respect to the experimental temperature.

3-6-8 Compressibility Factors of Other Workers

(i) Ethylene

-As was mentioned earlier in this chapter few P-V-T data
below 0°C of this gas have been published. Above 0°C the
principal data, which have been available for many years,
are due to Michels and his co-workers of the van der Waals
Laboratory. The data produced by the laboratory, however,
are limited in temperature range from 0°C to 15OOC, although
ranging widely in pressure, from 16 to 3042 bar. Michels,
de Bruyter and Niesen published in 1936 density measurements
along isotherms from 0°C to 150°C at 25°C intervals measured

(14)

at pressures from 16 to 274 bar. In 1942 Michels and

(15)

Geldermans corrected the previous data due to inaccuracy

of the thermometer used in their experiment. There is a

group of 16 points from the Kammerlingh Onnes Laboratory

in the range of 272 - 293%K and 22 - 38 bar.(25)

(17)

However
Angus criticised the accuracy of the data due to lack of
self-consistency. Butcher and Dadson reported the experimental
virial coefficient of ethylene by using a Burnett type

apparatus in the range of 263 - 4730K.(26)

In this paper the
authors dealt only with the virial coefficients and did not
present actual experimental P-V-T data. Besides, the second
virial coefficient at 0°C (-161.4 cc/gm-mole) differs from
of Michels (—167.84)(27) and of this work (-169.11).

Thus the comparison was made between this work and that

(15)

of Michels and co-workers at two temperatures, 0°C and
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25%¢.

The density of Amagat unit and pressure of atm. unit
of Michels data were converted into gm-mole/cc and bar
respectively using following conversion factors, i.e. _
1 atm = 1.01325 bar (3-6-7)
1 Amagat = 538.73 cal/mole = 22245.719 atm-cc (3-6-8)

At each experimental pressure and temperature the density
was calculated according to the Bender equation by Newton-
Raphson iteration method.

The results are listed in Tables (3-11) and (3-12), and
the differences in compressibility factors at both temperatures

are shown in Fig 3-13.

TABLE 3-11"

Comparisons of {and 2 at 0°c

P - o Zn Zy Zp~2n
16.7623  .85596-10"°  .85641-10"°  .8623  .8618 -.0005
20.1766  .10714-10"2  .10715-1072  .8295 .8291  -.0004
23.2977  .12864-10°2  .12868-10"2  .7974  .7972 -.0002
26.0739  .14968-10"2  .14973:10"2  .7669  .7667 ~-.0002
28.7094  .17184-10"2  .17186-10"%  .7358  .7355 -.0003
31.0450 .19373-10"2  .19376-10"2  .7056 .7055  -.0001
33.0846 .21521-10"%  .21523-10"2  .6769  .6768 -.0001
34.9196 .23711-1072 .23709-1072 .6484 .6485  +,0001

%k

The subscripts m stands for Michels data and b stands for

the Bender equation (3-6-3).

P =

P =

density, gm-mole/cc

pressure,

bar.
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* %
TABLE 3-12

The comparison of { and Z at 25°C

P fm _3 ) b _9 Zn Zb Zy=2p,
18.785  .85593-10 :85552+10 .8853  .8857  .0004
22.785  .10711-10"2  .10702-10"2  .8581 .8588  .0007
26.525  .12864-10"2  .12852.10"2  .8318  .8325  .0007
29.933  .14968-1072  .14953-10"2  .8067 .8075  .0008
33.270 .17180-1072 .17160-1072 .7810 .7819 .0009
36.323  .19373-1072  .19348-10"%2  .7563  .7573  .0010
37.816  .20509-1072  .20481-10"2  .7438  .7448  .0010
39.102  .21512.1072  .21496-10°2  .7329  .7338  .0009
41.716  .23711-1072  .23681-10"2  .7097  .7106  .0009

** The values Fb and 7, in Table 3-12 were evaluated from

the Bender equation (3-6-3) by extrapolation.

Table 3-11 (OOC) shows that thevdifferences in compress-
ibility factors are within the range of the expected error
in this work (max. probable error of i0.00055. The discrepencies
at 25°C (Table 3-10) are somewhat larger than those of OOC
(maximum of 0.001). However, as shown in Fig. 3-7, the maximum
experimental temperature of this work was 293°K so that
the values in Table 3-12 were, in effect, evaluated by extra-

polation using the Bender equation (3-6-3).

(ii) Ethylene-Methane Mixtures.

P-V-T results for this system have been reported in
two paper by other workers. McMath and Edmister(ls) published
isochoric measurements of P-V-T properties at 20, 40, 60
and 77°F with pressures in the range 260 to 2220 psia for

four different mixtures (78.8%, 57.2%, 38.4% and 18.4% methane).
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The method used was to confine the gas mixtures in a constant
volume vessel (calibrated at the reference temperature 77°F)
and to measure the pressure and temperature. After taking
the measurements the vessel was heated/cooled to another
temperature and the P and T were measured again.

(19)

Lee and Edmister reported data on the same mixture
(same compositions as those of the above work) at 25, 50
and 750C with pressures upto 12,000 psi using a Burnett type
apparatus.

Although the temperature range of McMath and Edmister's

work overlaps this work in part, its pressure range (Pm =18 bar,

in
c.f. 2.5 bar of this work) and its interval () 30 bar) differ
greatly. In the case of Lee and Edmister's report, only one
isothefm at 25°C can be compared with this work.

In Fig. (3-14) to (3-17) compressibility factors for
all four isotherms (McMath and Edmister) are plotted against
the pfessure with compositions as parameters. Similarly in
Fig (3-18) the compressibility factors at 25°C isotherm
(Lee and Edmister) are compared with those of this work. In
these graphs Z of this work were calculated from Eq.(3-6-3)
using the coefficients given in Table 3-1.

Due to the different compositions used in this Work and
in Edmister et al, direct comparison of Z cannot be made,
that is, the figures (3-14) to (3-18) show only qualitative
behaviour of Z with respect to the compositions of the mixture.

Nevertheless they can be compared quantitatively by
examining the compressibility factors of theimixture as a

function of composition at given temperature and pressure.

The pressure chosen for each isotherm was either 40 bar (298.150K)
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or 30 bar (288.7, 277.6 and 266.5°K) according to the experimental
ranges.

It can be seen from Fig (3-20) that at 288.7°K (McMath
(

and Edmister 18)) the deviations are positive and increasing

with methane content, and thus giving an extrapolated value

.of pure methane about 0.95 which is about 0.01 (or abour 1%)

larger than the calculated value from the 20-coefficient

Bender equation using Chapela's coefficients.(57)
Fig (3-21) shows that at 277.590K the values of Z are

randomly scattered about the smootﬁ line drawn through the

valués from this work, whereas only one point (18.4% CH4) at

266.6°K is below the smoothed curve by about 0.015 (about 2%).
Except for the points mentioned above, which are believed

to be the érrors in the isochoric measurements, the agreement

is good to within the uncertainties in the graphical interpolation

of 2 from figures (3-14) to (3-18).

> (19)

Lee and Edmister used same mixtures (exactly same
compositions) as in the previous work but using a Burnett
apparatus. The agreement is good and is as seen in Fig (3-23)

within 0.2% deviation from the smooth curve.
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CHAPTER FOUR

PREDICTION OF COMPRESSIBILITY FACTORS

4-1 Introduction

There have been numerous methods proposed in the
literature for calculation of accurate compressibility factors
and other thermodynamic properties of pure gases as well as
multicomponent mixtures.

Methods for the brediction of unmeasured properties fall
into three main categories. |

Firstly we have the method using corresponding states
principle and its extension which is the basis of the compres-
sibility factor charts and tabulations in use todaygss’sg)
The method has been extended to include mixturés by including
the hypothesis of a 'one fluid model' as put forward to
Leland et al,(40) and Rowlinson and co—workers.(GS’Gg)

Secondly there are methods which employ an empirical
equation of state whose coefficients are determined empirically
for each gas under investigation. This is no mére than a
convenient method of interpolation if it is applied to a pure
substance, but becomes a method of prediction for mixtures
once empirical rules are established for describing the dependence

(29)

of the coefficients on composition. .It can, however,

become dangerously inaccurate when used in unfamiliar situation§41)
" The best known equations of this class are those of

Redlich and Kwong(42)
43
y. (43)

and Benedict, Webb and Rubin (or simply
B-W-R equation

The Redlich—Kwong equation is based on the van der Waals
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equation but gives greater numerical accuracy. However,

since it contaiﬂs only two arbitrary constants, it cannot
reproduce the P-V-T behaviour of widely different types of
fluids over extensive ranges of density with an accuracy
approaching that of experimental measurement. Its utility
stems from its simplicity, and the fact that, like the van
der Waals equation, it is a well-behaved function which can

be used to represent vapour phase properties over a wide range

of pressure with moderate accuracy.(44)

However this equation
is no better than the van der Waals equation in the region of
the critical point.

The B-W-R equation has 8 parameters and gives a satisfactory
representation of the fluid properties, except immediate vicinity
of the critical point, within an average accuracy of 0.5% at
densities up to 1.8 times the critical value. The accuracy
of the equation at higher than 1.8 times the c¢ritical point
has béeh improved by adding more tempefature dependent parameters
such as was done by Strobridge (16 coefficients)g45) Bender

(29,30)

(20 coefficients), and as recently as 1973 Stewart

and Jacobsen used a 33-coefficient equation for oxygen and

nitrogen.(46) (47)

McCarty used the same equation and determined
the 33 parameters for methane by a least-squares curve fit of
published experimental P-V-T data.

Thirdly we have a mixed method which uses the principle of
corresponding state and the empirical equation for different
parts of the problem. This method mitigates some of disadvantages
- of the first and second methods.(48’49)
The first method is used in this work to correlate the

measured compressibility factors of ethylene and ethylene-methane
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mixtures, since, as is shown in next section, its theoretical
basis on statistical thermodynamics gives one the hope that
it can then be used to predict other thermodynamic properties

of this system with high accuracy and wide application.(41)

4-2 The Theoretical Basis of the Principle of Corresponding

States

Statistical thermodynamics provides us the linkage between
the mic;oscopic molecular information and the macroscopic
tﬁermodynamic properties.

The starting equation is the relationship between the
Helmholtz free energy and the canonical ensemble partition

function,

A = -kT1n(2) . (4-2-1)

where A Helmholtz free energy

16 1

Boltzmann's constant, 1.38044:10 ~ erg-K °

> o (4-2-2)
<

k

Z

Z is called the 'phase integral' or the 'partition function'.
Once the free energy A is known all other thermodynamic properties
can be derived from the relationships of the four 'fundamental
equations' of U, A, H and G.

The pressure and the internal energy, for example, can be

expressed as

U= A-T ({Ti)v = kT (%"?riv (4-2-4)

Thus the problem is to calculate the system energy, Ey» (Eq.4-2-2),
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and in turn the partition function, Z.

In the case of perfect gas each molecule can be treated
independently in calculating the energy, since, by definition,
no intermolecular force egists between molecules. The total
energy of each molecule is the sum of the translational,
rotational, vibrational and electronic energy. For example
a monatomic molecule has only translational energy states
(electronic states are normally its ground state provided the

temperature is not too high) and is given by

Ergr = h (P1 B Y‘) (4-2-5)

8 m or b\ c\.

6.62517-1027 erg-sec., Plank's constant

Where h

. m mass of the molecules
p,q,r = quantum numbers pz21l, qz 1, rz 1l

a,b,c = dimensions of sides of a rectangular container.

.FrOm Eq.(4-2-1) .and (4-2-5) one can derive thermodynamic

properties of N identical molecules, such as,

A

SNET o ( QQ/ ( zw:th)”*] (4-2-6)

e,
n

NKT/V (4-2-7)

where e is the base of natural lograithm.

In the case of a real gas, however, apart from the molecular
energy described above there exists an additional force between
molécules, namely 'the potential energy of the intermolecular
forces'. When molecules are closely packed together their
mutual forces of attraction can lower the energy by amounts

large compared with NkT. The clearest menifestation of this
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energy is the latent heat of evaporation which is the enthalpy
needed to separate the molecules of a liquid and disperse them
as a gas of much lower density. This potential energy is a
smooth function of the mutual separations of all N molecules.
Thus the energy involved in calculating the partition

function is now,

E=E , +U(r) (4-2-8)

where Emol is the molecular part energy such as translational,
rotational and vibrational energy of N molecules and U(r) is
the potential energy or also called the 'configurational energy'.
In U(r) r represents all the vectors Tys ° Ty needed to
specify the positions of N molecules in a volume V.

Ed.(4-2—8) suggests that the partition function can be
divided into two parts, (i) a molecular part and (ii) a confi-

gurational part. Thus, for example, the partition function of

a monatomic gas can be expressed as,

A ,

Z = (2"_":1'”_) Q= Zay - Q (4-2-9)
where
|

Q = - g 5 .S‘MF[_U(,)/kT] T T (4-2-10)

In order to calculate the partition function, Eq.(4-2-2),
the configurational integral Eq.(4-2-10) must be solved, and
two difficult problems arise here. That is,

(i) The potential energy U(r) is not known accurately as a
function of r,

(ii) even if U(r) is known, the evaluation of the integral
in Eq.(4-2-10) is, in practice, not possiBle because it

is a 3N-fold integral where N is the order of 1023.
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It is, however, a reasonable approximation that U(r) is
a sum of the independent interaction of molecules in all
possible pairs, that is, for example, the pofential energy
between three molecules is assumed to be U123 = U12 + U23 + U13

and thus for N molecules,

N+ o

U = 27 ulrgm) | | (4-2-11)
1<m

where u(rlm) = potential energy between a pair of molecules
1 and m which are separated by a distance T
Fig 4-1 shows the functions for a pair of argon atoms

aﬂd for a pair of krypton atoms. Other molecules behave
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qualitatively in a similar way, that is u is large and positive
at short separations (repulsive force), it then becomes negative
with a depth comparable with kTC, and finally goes rapidly to

. (44)

zero, being proportional to r_6 as it does so.

Thus by substituting Eq.(4-2-11) into Eq.(4-2-10),

@] L FI (o cuwmfen) A (4-212)

Although it is still impossible to evaluate Eq.(4-2-12),

by defining a new function, f. , such that

Im

flm = exp(—ulm/kT) -1 . | (4-2-13)

the partition function can, at least, be broken down into parts
and the infinite series virial equation can be derived by

differentiating the Helmholtz free energy with respect to volume,

(PV/NKT) = 1 + B(N/V) + C(N/V)2 e . (4-2-14)
where
o ‘
B = —;.—g '?u 4'"‘1: O\YL. - : (4__2_15)
i
€= 3 Sgg {-" {"! fu B N ¥y oy ddVia d iy dv, (4-2-16)

Eq.(4-2-14) is the virial equation which is expressed
in molecular unit and equivalent to Eq.(3-6-1) which was exﬁressed
in molar unit.

As is shown in Eq.(4-2-15) and (4-2-16)'the virial equation
is theoretically important, since the virial coefficients, B, C,
etc. are directly related to the intermolecular forces. However,
its use is, in practice, restricted to a moderately dense gas.

Another disadvantage of the virial equation is that the virial
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expansion cannot be used beyond the 3rd coefficient term
because it is practically impossible to evaluate the 4th,
5th coefficients etc. with any accuracy.

Thus we examine an aiternative way of evaluating the
configurational integral, namely the principle of corresponding
states, in which the configurational integral of one system (or

gas) is related to that of another by correlating with the

intermolecular potentials of the two systems involved.

4-3 The Principle of Corresponding States

Fig 4-1 shows that the intermolecular potentials of Ar-Ar
and Kr-Kr are different but of the same form. This suggests
that by simple change in scale of one potential the two curves
can duplicate one another. The scaling factors can then be the
collision diameter 0~ and the well depth of the potential energyf
< . A set of substances which have same functional form of
potential energy but only differ in the‘values of ov and €
are called 'conformal'. That is, if substances 0 and 1 are
mutually conformal, then the potential energy of substance 1

can be obtained from the potential energy of substance 0 by

multiplying by the appropriate scaling factors as defined by

- 3 _a_

ul(r) = fl,OuO(r/hl,O) (4-3-1)
where uy = potential energy between species 1

u, = potential energy between species 0

£ = & /gk (4-3-2)

1,0 °
* 3
hy o =(5"70;%) - (4-3-3)

Eq.(4-3-1) shows that potential energy between two molecules

N
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of species 1, u;, can be obtained from that of species 0 by

fl,O and hl,O which are defined

in Eq.(4-3-2) and (4-3-3). (Substance 0 will hereafter called

using the two scaling factors,

a reference substance, since its potential is assumed to be
known. )

If N molecules of reference substance, 0, are confined in
a volume V and at a temperature T and N molecules of substance 1
are confined in a geometrically same but different volume of
V'h1,o and at a temperature T'hl,O’

of the molecules of reference substance there is a corresponding

then for each configuration

configuration of those of substance 1, i.e., from Eq.(4-3-1),

Ulnhee, - -+ &h'] o Urn, - - T
R (T $..) RT

(4-3-4)

Eq.(4-3-4) enables us to calculate the configurational integral
of substance 1 from the configurational integral of reference
substance and, therefore, the fundamentgl theoretical basis of
the principle of corresponding states lies here.

From Eq.(4-2-10)

QO[V.T] :—:“—S’ .v. g MP(‘UL(“,‘ ST /bT] ary, « - dry (4-3-5)

Q]_(V k"o ’ T.fl.o]

| . '3 'y
-},Ti s. .v . I‘ Mr[-U‘ ( Y’( “l.v , v Yﬂ kl,o )/kT'fl.o] drn'l‘\l,o A drﬂhl.o

I
= (T
M )
Ny

N wpl-uiine, - ) kT g, dn - - an
v

(4-3-6)
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Hence
N
Q.ChioV, £.T) = h,o G (v, T] (4-3-7)
or by replacing V and T by V(h )_1 and T(f )—1
y rep g y 1,0 1,0
@, Cv, T3 =hie @ Lvhre , T2 | (4-3-8)

Thus using Eq.(4-3-7) or (4-3-8) the configurational part of
the free energy of substance 1 can be determined from that of

substance 0, i.e.

A=Apo1 * Aconfig (4-3-9)

where Amo arises from the molecular part of Z in Eqg.(4-2-9)

1

and Aconfig from the configurational integral Q. Hence from

Eq.(4-2-1) and (4-3-8)

(Acrmgeg), (v, ™) = kT In (@, (v, T] | (4—3-10).
( Am-(,g,j, (Vhio, T52)

=k (T F2) (@ (Vhie, T$o)] (4-3-11)
and hence

( ACm{,ij)I (V, 'T)

= Fio (Aeagis), (Vhio, THY ) = NET fuhio (4-3-12)
Since P = -(%%LT
Pv.r) = (o hn) A Whio, T2 (4-3-13)

Eq.(4-3-12) and (4-3-13) enable us to calculate the presumed

unknown properties of substance 1 from the presumed known
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properties of a conformal reference, 0. Moreover Eq.(4-3-13)
shows that the P-V-T surface of one substance is related éo

that of another conformal substance macroscopically by means of
the two scale factors, h and £, which were defined microscopically
from their potential curve. That is, Eq.(4-3-13) clearly

shows that a P-V-T surface of substance 1, in a three dimensional

space, can be reconstructed from substance 0 by multiplying
1 1

the volume scale by h™ ~, the temperature scale by f ~ and

the pressure scalé by f-h_l. Thus if an equation of state

of a reference substance is expressed as

Fo(PfV’T) =0 (4-3-14)
then that of substance 1 can be expressed as

F AP fuo his, Vhio. TH,0)=0 (4-3-15)
Thus

E( P.Av, ™N=F (Pfiohie, Vhio, Tf..) (4-3-16)
or more frequently

F(Cv. ™Y = B (Phuo §.00, Vhio TH. (4-3-17)

Eq.(4—3—17) implies that all singular points on the P-V-T
surface, for example, the triple point, and the critical point,
have the values of P,V,T in the same ratios of those scaling
factors. If we choose the critical point as a characteristic
parameter, then their ratios of P, V, T also have same values of
scaling factors, i.e.

. mC ,mC _ . -3-18-
fy o= Tl/To» or T{ =T -f (4-3-18-a)
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hy o= vi/ve or V= vgghl,o (4-3-18-Db)
£ o/t o = pf/pg or p§'= Pg°f1,o/h1’o (4-3-18-¢)
By combining Eq.(4-3-17) and (4-3-18),

Fo(p/pg , V/Yg , T/T) = Fl(P/Pi ,AV/vi , T/Ti) (4-3-19)

Similarly the compressibility factors can be related as

Tt ) (4-3-20)

Zo(V,T) = Z;(Vhy o, TE; |

or by choosing P and T as parameters instead of V and T

Zo(P,T) = Zy(P £y /hy o, TEy ) (4-3-21)
or

—_— - -1 — —
Zy(P,T) = 2 (P-hy /f, o, T o) (4-3-22)

‘Hence the compressibility factor of substance 1 can be
calculated from that of reference substance by using either
Eq.(4-3-20) or Eq.(4-3-22) according to the parameters chosen.

There are, howevef, two restric_tions on this simple form
of the principle, that is,

(1) Eq.(4-3-19) holds only over restricted sets of substances
such as Ar, Kr, Xe or, with less accuracy, for example,
to the set of isomers of hexane.

(ii) The principle applies only for pure substances.

The first restriction in effect limits its use to spherically
symmetrical and non-polar molecules. If we exclude polar
molecules, the departure from the principle of corresponding

states is due to the shape of molecules since the potential
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energy between molecules are functions not only of their
distance apart but of their orientation. Therefore the potential
energy given by Eq.(4-2-11) does not hold for non-spherical
molecules. However this departure is not random and can be
characterised by adding a third parameter such as Pitzer's
acentric factor w .(39’51)

Since this work dealt with ethylene (non-spherical) and
its mixtures with methane, direct application of Eq.(4-3-22)
was not possible. Hence in section (4-4) the departure from
the corresponding states principle for pure gas will be discussed
in connection with the acentric factor and Leland's shépe

factors.(ss)

The predicted values of compressibility factors
for ethylene will be compared with experimental values. 1In
section (4-5) the extension of the principle for the mixtures
will be described for one fluid model and the predicted results

will be compared with experimental values of mixture 1, 2, and

3 of this work.

4-4 Departure from the Principle of Corresponding States:

The Compressibility Factors of Ethylene

If the molecules are not spherically symmetrical, the pair
potential energy is a function not only of the scalar distance, r,
but also of the relative orientations of the two molecules.

Hence the parameters h and f are also functions of orientations.
Thus the non-spherical molecules need the third parameter to
characterise the potential energy in Eq.(4-2-8).

A convenient but empirical method for distinguishing

quantitatively between simple fluids such as Ar, Kr, Xe and
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‘non-simple fluids is by comparison of the reduced wvapour
pressure at a common reduced temperature. Pitzer therefore
introduced as the third parameter the 'acentric factor',

based on the observation fhat the reduced vapour pressure curves
of non-spherical molecules depart from that of simple fluids
such as Ar, Kr, Xe, in such a way that the more non-spherical
the molecule, the further is the departure. The acentric

factor is defined as,

W= - Loﬂ —%} - 1.0 (4-4-1)

where P, = vapour pressure at Tr = 0.7.

Tr = 0.7 was chosen purely for convenience since the reduced
vapour pressure of the simple fluid at this temperature is
almost exactly 0.1, thus w= 0.0 for the simple fluids. The
values for other materials can be found from the list by Reid
and Sherwood.(54)

If the acentric factor is less than about 0.2 then the

departure from corresponding states is approximately linear in

w hence the compressibility factor can be written

Z = Z(Pr’Tr’ w ) (4-4-2)
or more conveniently

Z(Pr’Tr) = Zo(Pr’Tr) + u)Zl(Pr,Tr) (4-4-3)

where ZO is the compressibility factor of a simple fluid as a

function of pressure and temperature,

P, = P/P_ and T, = T/T, (4-4-4)

and Z1 is an auxiliary function which must be found empirically.
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Both tabulations and graphs of Zo and Z1 can be found in the
1iterature.(55’56)
As an alternative to determining the auxiliary function

d.(53) If substance 0 and 1

Zl’ 'shape factors' can be use
have similar but non-identical reduced équations of state
(Eq.4-3-19) then the parameters, h and f are slowly varying
functions of V and T, but which are always close to the ratio of

critical values. The departure of h and f from the critical

éhstants can thus beincorporated into slowly varying functions,

@ and ¥ which Leland et a1(40) called 'shape factors'.
That is,

T |
£io (Vi, T.) = (_1?) 6, (v, T5) (4-4-5)

v g ] .
hrotn, ) = () B (05T (4-4-6)

‘The functions 8, ,and 3 can be combined to produce a
factor'Qﬁpwhich modifies the critical pressure Pi , thus
- Plc [ 4 R

1',0(?!, Tu) ‘( C> -Lp;'o (F; , T| ) (4_4_7)

°

The shape factors § and § are functions of temperature
and volume, and the dependence of these factors on Ti and
V; might be thought to'be specific to the pair of substances
1 and 0 under consideration. However, from the fact that
departures from the principle of corresponding states are not
random, the shape factors in Eq.(4-4-5) and (4-4-6) can be

characterized by one additional parameter, such as Pitzer's

acentric factor, (», and Leland and Leach(4o) have shown that
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61,0 and §,m can be written, at least for non-polar substances,

T .
1 and the difference ( w,- w,).

as unique functions of Vr, T
They found that when methane is the reference substance, the

two shape factors are given as follows,

81,0 = | + (w‘-w;)[onSQZ - 0.8493 b~Tf + (03063 - 0.450b /1)
(V|g"0.S)]
(4-4-8)
.o =1 V+ (0-w,)(03203 (vf = tom) - 0.9462 ( vF- 0.9683)

[
a1 F ]} (%) (4-4-9)

In order to calculate the shape factors from Eq.(4-4-8)
- and (4-4-9) the reduced volume, Vi, and temperature, T{, must
be known. In general, pressure and temperature are measured
rather than volume and temperature and hence an iterative
method is involved in solving for these factors.

Thus the sequence for predicting the compressibility factor
of substance 1 (in this case ethylene)vat a given pressure and
temperature, from the equation of state of substance 0, can

be summerized as follows.

(i) Problem to be solved is. the equation of state of the

reference substance, i.e. from Eq.(4-3-17),
h B
1,0 -1
F (P+——, Vh ,
o] fl,O 1,0

for a given P and T.

-1 _
Tfl,O) =0 (4-4-10)

(ii) The scaling factors, fl 0 and h1 o are given in Eq.(4-4-5)

and (4-4-6) for non-spherical molecule.

(iii) The shape factors in Eq.(4-4-5) and (4-4-6) are given in
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Eq.(4-4-8) and (4-4-9) as functions of volume and
temperature.
(iv) Since volume is not known the shape factors (and

therefore the volume) are solved by an iterative method.

In this work methane was chosen as a reference substance
and the Bender equation (3-3-2) was used as the equation of
state, whose 20 coefficients for methane were determined by
Chapela(57) by means of least-squares procedure using recently
published experimental data.(1’58—63)

In predicting the compressibility factor of ethylene from

the equation of state of methane, the actual computational

procedure was as follows.

(i) Before iteration starts both shape factors are set to
unity, i.e.
Bi.o=1.0, $,.,=1.0 (4-4-11)
(ii) The scaling factors, fl.O and hl,O’ are then calculated
according to Eq.(4-4-5) and (4-4-6).
(iii) With known values of P and T and the scaling factors,
h1,0 and fl,O which are determined in (ii), the equation
of state (4-4-10) is solved. In this case the reference
pressure, Po’ is P-hl’o/fl,O and the reference temperature

?

To’ is T/f Thus the solution of Eq.(4-4-10) gives

1,0°
Vo or V/h1 0 The Bender equation used in this work is
an implicit function of density (and hence volume),
therefore the reference volume, VO (=V/h1 0) too is

solved by an iterative method.

(iv) The reference volume, V/h1 0’ is multiplied by h1 0
b b
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to give the predicted volume V.

(v) The shape factors, ¢, and g, are now calculated
using V evaluated in (iv) according to Eq.(4-4-8) and
(4-4-9).

(vi) The shape factors are compared with those of previously
assumed values. If the differences are greater than
pre-set accuracies, new values of euﬁnd §h°are
determined by means of Newton-Raphson method using
previously calculated volume V.

(vii) These new values are supplied to (ii) above and thus
the interation continues until the conditions in (vi)

satisfied.

The computer program of the iteration method involved the
above procedure was provided by Saville564) who modified the
Newton-Raphson method in such a way that the 3jteration starts
with.fhe Newton method until it converges to a certain accuracy,
then the computation is switched to secant method in order to
'speed up' the computation at the last Stage of the computation.

As was mentioned in section (4-4) the acentric factor, ¢y,
- was introduced in order to correct the departure from the principle
of corresponding state for non-spherical molecules and was
defined in terms of reduced vapour‘pressure at 0.7-T°. However,
it does not necessarily follow that the value of u). determined
in this way is the value most appropriate for the whole fluid
region. We therefore decided to examine empirically the
suitability of the value of w determined in the traditional
way. |

From the vapour pressure data(17) using Eq.(4-4-1) the
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acentric factor w was calculated as about 0.085, whereas

Reid and Sherwood determined w from the normal boiling point

as 0.073.(65) Thus ) was varied from 0.073 to 0.13 with an
interval of about 0.005. The compressibility factor and other
thermodynamic functions (e.g. S and f*/P) were calculated using
different values of ( , and the deviations of these calculated
values were compared each other by means of the root-mean-square
deviation which is of the form of,

(Rusy, - /zux-:m)/x] Cao12)

The aim was to choose the best value of w such that the
root-mean-square (or simply rms) deviations were as small as
possible for Z and for the other thermodynamic functions both
inside and outside the experimental range of this work.
‘Considering first values within the pressure and temperature range
investigated experimentally in this work, the rms values of 2
were calculated for all experimental data points and
entropy, S, and the fugacity-pressure ratio, f*/P, for three
isotherms (273.15, 278.15 and 283.15%K) each at 10, 20 and
30 bar pressure. The rms values of S and f*/P were calculated
from the values of IUPAC Table according to Eq.(4-4-12).

It was found that as the value of ® increases the (rms)Z

decreases while (rms)S and (rms)f/P increase, i.e.

W (rms)Z (rms)S (rms)f/P
0.073 0.286~10‘2 0.110'10‘2 0.320-10"2
0.085 0.239-10‘2 0.123-10"2 0.330-10‘2

2 2 2

0.130 0.127-10" '0.444-10" 0.340-10"
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When @ was 0.073 the calculated Z were systematically
larger than those of the experimental values and thus resulted
the largest (rms)Z. Although (rms)f/P was minimum at ®W=0.073
the differences were small compared with (rms)Z and (rms)s.

For these reasons W=0.073 was discarded in choosing the
optimum value of acentric factor and the values between 0.085 and
0.13 were compared further with values outside of our own
experimental range taken from the IUPAC tables.

The entropy and fugacity-pressure ratio were célculated
at four isotherms (293.15, 323.15, 373.15 and 423.150K) with
12 pressures ranging 40 to 3000 bar. The (rms)S and (rms)f/P

for 48 points were;

W ‘ (r_ms)S ‘(rms)f/P
=9 _2

0.085 0.415-10 0.839:10
0.130 1.008-102 1.749-1072

Finally vapour-liquid equilibrium temperatures (Tg)
were calculated for pressures from 0.1 to 40 bar and the (rms)T
e

for different values of acentric factors were as follows,

W (rmS)Tf
0.073 0.378-10 2
0.085 o.190-1o‘2
0.130 1.032-102

The results above show that although a value of @ nearer

0.13 gives a better fit with our P-V-T measurements than does
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0.085, the errors are in any case quite small for both values.
However, the.larger values of w 1leads to substantially larger
errors at values‘of P and T Well outside our range. Thus

we consider 0.085 to be close to the optimum and we shall
continue to use this value in what follows.

In table 4-1 the 'calculated' (or predicted) values of the
compressibility factors for all our experimental P and T are
presented together with the experimental compressibility factors
(that is, determined from the 10-coefficient Bender equation
3-6-3) and individuél per cent deviation of each predicted Z
from the experimental value.

The root-mean-square deviation of predicted Z was, as

mentioned earlier, 0.239-10_'2 or less than 0.24% on average.
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COMPARISON OF EXPERIMENTAL AND PREDICTED COMPRESSIBILITY FACTORS

RUN
NUMBER

19

22

N)

W

.
(K)

273. 86
273+ 79
273475
273.79
273,79
273.79
27379
273.79

270 44
270. 45
2708. 44
272+ 45
27C. 44
2703. 44
2724 45
278. 44

266. 60
266,60
2€6. 60
266. €0
266,59
266. €R
2€6. 8
266,59

PRESSURE
(BAR)

35. 116
27,363
2@, 236
14, 481
13. 149
7.214
4. 8C7
3.27¢

33. 647
26, 420
19,674
14, 164
9e 579
6. 932
4.778
3.264

33. 610
27. 122
20« 596
15. 236
1. 723
7.518
5.214
3. 692

(ETHYLENE)

YA
EQ 3-6-3

06581
» 7543
« 8327
« 8838
« 92026
« 9462
« 9636
« 9754

« 6494
. 7524
« 8277
8814
« 218E
« 9447
« 9624
« 9745

« 6177
« 7263
« BE78
« 8667
« 9€8%
« 9370
« 9869
« 97086

Z
PREDICTION

« 65E9
« 7568
» 8328
«EB59
. 9225
« 9478
« 9645
« 9761

« 6510
« 75E8
« B3EE
» 8837
« 92E6
« 94€0
¢ 9634
« 9752

« €201
« 7291
«81L6
« 8691
<9108
« 9384
« 9E8E
9714

DEVIATIUNS
(PER CENT)

-+ 1338
-+ 3357
-.33087
-. 2681
- o 2€724
-. 1436
-« 1G0G6
-, 2693

-.2394
-.3543
- «332E
-+ 2663
-, 1987 .
-+ 1426
- 1EEZ1
-06693

-. 3912
-.38E9
-.3514
-.2828
-.213¢
-« 1541
-. 1089
-.759
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COMPARISON OF EXPERIMENTAL AND PREDICTED COMPRESSIBILITY FACTURS

RUN
NUMBER

28

29

3£

T
(K)

251. 18
251. 14
251. 14
251.14
251, 13
281,13
281, 13

247. 69
247.29
247,28
247, 29
247. 28
247.18
247, 78

243. €6
243. 66
243. 66
243, 66
243, €7
243,65

PRESSURE
(BAR)

2@o £96
15. 377
11.383
8.243
5.881
4, 184
24515

16. 581
12,515
S. 199
6. €42
4,738
3. 352
20357

15.426
11.664
8. £98
6.230
4,461
Je 169

(ETHYLENE)

Z
£EQ 3-6-3

« 7616
« 8294
« 8795
« 9155
o 9410
« 9E89
« 9715

- BEB2
« 8575
« 8992
« 9292
« 9504
« ©653
« 9758

«ErGE
8616
. 9218
« 9327
9512
« 9656

Z
PREDICTION

« 7654
« E32E
. 8818
« 9172
¢ 9422
« 9598
« G721

« ER43
« 86034
«9€13
« 9307
« 9814
« 9661
« 9764

«8111
« 8647
« 9E39
« 9322
« 9523
« 9665

DEVIATIONS
(PER CENT)

-« 5775
- 3799
- 2642
-+ 1£57
-« 1304
-02913
-+ E637

-«5171
—.3382
- 2316
-« 1£99
-« 1113
- 0775
-. 2539

—+ 5581
—.3566
—e¢ 2391
-+ 1637
-+ 1131
—.£785
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COMPARISON OF EXPERIMENTAL AND PREDICTED CUMPRESSIBILITY FACTORS

RUN
NUMBER

31

32

33

T
(K)

264,35
284. 35
254. 35
254.33
284,34
254,33
254.34

258. E9
2EB.EQ
258. 502
2EE. 90
288, BS
28E. 508
2E8B. 8%

278.E6
278.85
278. 84
278. 8
27E.83
278,84
278, 83
278.84

PRESSURE
(BAR)

21.831
16. 735
12,382
8. 5502
6. 369
4. 484
. 3. 138

23.782
18. 185
13.4€0
9. 638
6. 822
44777
3. 321

34.219
254774
18.€LE
13. 279
9. 837
6. 175
4. 189
2829

(ETHYLENE)

z
EQ 3F6-3

» 7476
.B82¢2
«8734
« 9114
« 9384
0 9573
« 9724

« 7383
«B8145
8708
« SBCE
« 8375
« 9569
« 9783

« 6945
« 7889
« 85E7
. 9221
« 9339
« 98EE
« 9701
« 9799

Z
PREDICTION

« 7517
« 8233
. 8757
« 9132
« 9397
« 9582
« 9711

« 7419
. 8175
« 8724
«9114
« 938€
« 9578
.« 9718

« 695E
« 7915
« 85683
« 9243
« 93565
« 9567
« 9709
« 9885

DEVIATIONS
(PER CENT)

-« 5529
-.3775
—-. 2698
« 1928
. -+ 1365

-.E959

—.E67E

-. 4888
-+ 3638
—-. 27208
-+ 1987
—. 1422
-, 12683
—.3701

-. 1812
« 3345
-. 3696
« 2426
-« 1776
-. 1288
-.EBBB
-.£8594
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COMPARISON OF EXPERIMENTAL AND PREDICTED COMPRESSIBILITY FACTORS

RUN
NUMBER

34

35

36

T
(K)

2834 15
283. 1E
283, 15
283. 14
2834 1€
283. 14
283. 14
2B83. 13

2B8. 84
2E8. €3
2B8.E2
288, E2
288. 80
2688. 841
288, 81
£88. 83

2924 E9
292. 56
292. 57
292. 58
£92. 58
292. £9
292,58
292. £

PRESSURE
(BAR)

37.899
£8. 556
206 875
14.414
9. 518
6.746
4. 554
3. 259

41.184
3%.€652
21. 857
15. 168
12. 3502
6.987
4. 682
3. 119

41. 282
3. 165
21.233
14,593
9.872
6. 616
4,404
Z2e 923

(ETHYLENE)

Z
EQ 3-6-3

« 6725
« 7751
« 8472
« B968
« 9307
« 9836
» 9650
« 9793

. 6670
. 7742
« 848E
. 8983
. 9322
. 9549
.« 2701
. 98E2

. €872
« 7501
« 8668
« 9267
« 9382
« 9592
« 9736
« 9822

Z
PREDICTION

« 6727
e 7775
« 8458
« 8991
« 9324
« 9548
« 9659
« 9799

« E663
« 7764
« 85(5
« 9CES
« 9339
« 9561
¢« 97089
« 98EE

« 68E2
. 7521
8622
. 9Z8E
« 9398
. 9602
« 9738
« 9827

DEVIATIONS
(PER CENT)

-02242
—.3L91
-« 3139
-+ 2531
-0187E
-+ 1324
—-.£916
—06624

. 1067
—.2723
—. 2987
-. 2447
-+ 1815
-+ 1282
—.[2EB4
—-.B5G9

« 2477
- 2606
—e 2746
-. 2220
-+ 1631
-« 1145
-. 2784
-. 3529
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4-5 The Extension of the Principle of Corresponding States;

The Compressibility Factors of Methane-Ethylene mixtures

The prediction of thérmodynamic properties of mixtures is
one of the most important fields in the application of>therm0—
dynamics to chemical engineering, since, practically, it is
impossible to measure the P-V-T properties of every pure substance
and every multi-component system of interest to the chemical
engineers.

As described in section (4-3) the theoretical foundation of
the principle of'corresponding states is a simple relation
between the configurational integrals of two substances, one of
whose properties are known, and the other one whose properties
are to be calculated from the known properties of the other
substance.

‘Thus in the case of mixtures the problem is now to relate
the configurational integral of a mixture to those of C individual
components from which the mixture is composed, so that, from
the knowledge éf the properties of the individual component,
the properties of the mixture can be estimated.

From Eq.(4-2-10) the configurational integral of a mixture

can be written,

i
&= th! X-V-S-wa[—quﬁ/kT] day, dvy - - dry (4-5-1)
where
c
2 Ng =N (4-5-2)

The potential energy U(r) in Eq.(4-5-1) now depends not
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only on the comfigurations of N molecules but also on the
assignment by species to these éonfigurations. In a pure
fluid U(r) is a function only of the positions and not of the
assignment of the 'indistinguishable' molecules to these
positions. (For the sake of simplicity the N molecules are
assumed to be spherical as in Eq. 4-2-10).

In a mixture of m components there are mCZ or % m(m+1)
different pair potentials_of the kind of uij(r). That is,
in a pure component, i, only a single potential uii(r) exists
whereas in a binary with components, i and j, there are three

different pair potentials, i.e. u,.(r), u.j(r) and u,.(r).

ii J 1]
These cross-terms, uij(r), etc. cannot be known from the knowledge
of the potential of pure i and pure j alone, and even if all
the potentials are known, the dependence of U(r) in Eq.(4-5-1)
on assignment-by-species precludes the use of the simple dimensional
arguments in section (4-3).
Thus two problems arise here, i.e.
(i) the calculation of uij(r)
(ii) the calculation of Q@ of the mixture.
In the case of an isotopic mixture, that is, U is
independent of the assignment to the configurations of N molecules,
and the pair potentials u(r) are the same for every species,
then, the difference between Helmholtz free evergy of the
mixture, AmiX(V,T).and that of any one of the same number of

molecules of one of the pure components, AO(V,T) can be written$44)

= bt pm RN4! (4-5-3)

. - b= Q
AINW(V,T) -AQ(V.T)- kl«p/h Q, N!

By applying Stirling's rule, i.e. for large N,

In(N!) = NIln(N) - N ' (4-5-4)
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Eq.(4-5-3) can be rearranged as

Amix (V, T) = Ao (v, 1) = NET Z Ax In Ay (4-5-5)

where %y is the mole fracfioh of component d .

Eq.(4-5-5) was derived for an 'isotopic mixture', whose
potentials depend only on the configuration and not on the
assignment. In the case of a real gas mixture, Eq.(4-5-5) is
hardly applicable, since any difference in u(r) arising from
differences in molecular size, shape, polarity etc. leads to
deviations from ideality in Eq.(4-5-5).

Nevertheless Eq.(4-5-5) suggests that by manipulating U(r)
in Eq.(4-5-1) appropriately, AO(V,T) can be replaced by an
'equivalent free energy term' for the mixture. One way of

~doing this is to take an average value of U for over all possible
assignments for each configuration so that the potential energy
U is again a function only of the configurations of N molecules.

By substituting this average potential into Eq.(4-5-1),
Amix (v, T) = Agy (v, T) = NRT 2 X by (4-5-6)

Aav(V’T) in Eq.(4-5-6) is the free-energy from the configurational_
integral which is, in turn, related to the average potential
energy.

Thus by comparing Eq. (4~5-5) and (4-5-6) it can be said that
the configurational free energy of the mixture, after sub_traction
of the ideal mixing term, can be replaced by that of a single
eqﬁivalent substance. This hypothetical 'single fluid' will
be different for each mixture and is denoted by the single

subscript x.
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Thus,
(Aeonfdmix = (Aempdx + NRT Z M dnXu (4-5-17)
where
|
(Aconf)x = —lean =-ﬁT g;'YQMfE:Uxhq/hT]dr" . dvu (4-5-8)
and
' N-Y N o |
U, () = %Z Ux (Yam) : (4-5-9)
n

A set of equations (4-5-7) to (4-5-9) is called an 'one
)

fluid approximation', since (A is calculated from a

conf ‘mix

configurational free energy of a hypothetical single component.
The principle of corresponding states is now introduced, so
that if the potential U in Eq.(4-5-9) is conformal with
those of the pure components from which mixture is made, U,y
ujj etec., then QX in Eq.(4-5-8) can be related to QO (o refers
to a reference substance) in a similar manner as in Eq.(4-3-7)

and (4-3-8).
Qx = he Q. [Vhy', T '] (4-5-10)

and hence

(Acong)y (V> ) = fx (Bcongde (Vhe', TH) = NETIn he (4-5-11)
where

£ = T§ /Tg h = vg /vg (4-5-12)
u (r) = f%'uo(r-h;%) - (4-5-13)

Thus fx and hx are the parameters of the equivalent substance
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C

X with respect to the reference substance o. Tx

and v,
are the pseudo-critical temperature and volume of the hypothetical
fluld, and therefore this model is also calledAthe pseudo-
critical approximation. |

A similar but alternative method is the so called 'two-
fluid model' in which each real substance is replaced by an
'equivalent component’' and each of these equivalent components
are assumed to mix ideally to form the mixture.(41)

“Thus in this case the equations (4-5-7) and (4-5-11)

are replaced by

(Aconfdmix = 2% { (Reng)y + RT B} | (4-5-14)
and

-1 -t
(Acnf )y = $oo (Aung), (Vhao » THo ) = RT bnha,o (4-5-15)

(66)

" 'Watson and Rowlinson compared the two models in
predicting the bubble-point temperature and vapour compositions
of Ar—N2—02 system and found only small differences between the
two methods but with a small preference for the one fluid model.
In this work, therefore, the one-fluid model was adopted for
predicting the compressibility factors of methane-ethylene system
using Eq.(4-5-7) and (4-5-11) with methane as a reference
substance.

Thus in order to calculate (A ). in Eq.(4-5-11) fX and

conf’x

hx’ or, from Eq.(4-5-12), Ti and V; must be known, One of

the crude estimation of T; and Vi, which is widely used in

chemical engineering calculation, is the kind which was introduced

by Kay(67) as



266

T T NS = TP (4-5-16)
[ t

or from Eq.(4-3-18) and (4-5-16)

Z. % fi
2 ety by

- "
t

(4-5-17)

'fizz.‘x‘fii hy =

Although this kind of apppoximation is widely used mainly due

to its simplicity, it is a crude approximation, since fx and hX

in Eq.(4-5-17) are calculated only from fii and hii and hence

the dependence of fx and hX on the forces between unlike molecules,

that is fi and hij (i # j) is ignored.

J
Among others the so called van der Waals recipe is

(68,69)

considered to be the best approximation and this is

expressed as,

3L %%y hi

£, = 4-5-18)
b4 [ (
Z Z A X k.‘j
¢}
< C .
ha= D2 XA b | (4-5-19)

¢ ]
where ¢ is the number of components in the mixture. Those
for the like-interactions fii’ hii etc. are calculated from the
critical constants by Eq.(4-3-18). However, in the case of the

unlike terms fij’ h (1 # j), it is assumed that fij and hi'

ij J
can be expressed as some kind of average of the like-terms, i.e.

j =

fo =5 U 4;)" (4-5-20)

'/3 Y3 3 »
hij = 7 (ha + 3 by ) (4-5-21)

The use of geometric mean (Eq. 4-5-20) and arithmetic
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mean (Eq.4-5-21) is purely empirical and the correction factors
Efi and 74 afe to be determined from experiment. In the
absence of direct information it is recommeﬁ%d that one puts

74 = 1.0 but takes 'iqas slightly less than unity.(44)
Some typical values of §q for binary systems are given in the
literature.(70-73)

Thus having all necessary information (except for fq and

7q which are to be determined empirically) the calculation of

the compressibility factors of methane-ethylene mixture can be

summarised as follows.

(i) By differentiation of Eq.(4-5-11) with respect to volume,

the pressure can be written as
- -1 -1
Pe(v, )= (,he ) B (vhe, Tf,) (4-5-22)
Thus equation of state to be solved in the mixture is now
-1 -1 -1
T (Pv,T)=F (Phe $c', Vhe , TH) (4-5-23)

Here P and T are given.
(ii) In Eq.(4-5-20) and (4-5-21) subscript i refers to methane
which is the reference substance of this work and j refers
to ethylene. Thus both jii andvhii are unity and f_.

JJ
and hjj (or equivalently f and h in the previous

1,0 1,0
section) are calculated in exactly same way as described
in section (4-4) for given T, P and w (=0.085).
Thus the cross-terms fij and hij are calculated by means
of Eq.(4-5-20) and (4-5-21). The choice of optimum

values of the correction terms, . Eq and 74 , will be

discussed separately, thus for the time being, they are
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fixed, e.g.  $i5= Ji = 1.0

(iii) fx and hX are now calculated by means of Eq.(4-5-18) and
(4-5-19).

(iv) Given P, T, fx and hx; the equation of state of the

reference substance is solved, i.e.

E(Phefc  vh', Tf¢ ) =0 (4-5-24)

’

As was mentioned in section (4-4) the equation of state
(Bender equation) is an implicit function of density,
henée Eq.(4-5-24) is solved by the iterative method.

(v) The solution is Vh;l, thus the 'predicted' volume of
the mixture at P and T is (thl)-hx, and the calculation
0of the 'predicted' compressibility factor is straight-

forward, i.e. Z = PV/RT.

"For simplicity, the above account ignores the shape factors
introduced in section (4-4) to allow for the non-spherical nature
of the molecules involved, ﬁarticularly ethylene. In practice
however all calculation on mixtures were made with shape
factors included. This in no way affects the general procedure.
It only increases the numerical complexity.

AThe above procedure was repeated with different values of

.Eq and 7& in order to find out the optimum values of the
correction factors which could give the minimum value of root-
mean-square deviations defined in Eq.(4-4-12).

In Fig 4-2 the root-mean-square deviations are plotted against
EG ranging from 1.02 to 0.92 with a fixed value of 7q= 1.0.

The graph shows that the three minima occur at different
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values of %, , i.e.

gas E,_i rms
0.6955 CH, 0.965 0.32:10"2
0.4518 " 0.976 0.46-10"2
0.2419 " 0.985 0.29-1072

and thus there appears to be a small composition dependence
of Eq.

Although the maximum difference of %q from the mean
value (= 0.975) is less than the probable uncertainties in the

(44)

.§q of most other systems it is nevertheless des%?ble to

try to bring all those minima closer together by varying 7ﬁ

The sahe procedure was therefore repeated with different values of
Vq’ and the rms's are plotted against Eﬁ in Fig 4-3 with a
fixed Qalue of %;=0.99 and in Fig 4-4 with %;=1.01.

Thesé graphs show the same trend for thé variation of optimum

Eﬁ with composition the only difference being a small shift in
the abscissa of the minimum of 0.005 per 0.001 of 7q.

Thus, for thfs éystem at least, Eq and 7q appear to be
correlated such that both cannot be treated as independently’
adjustable.  We therefore take ?ﬁ= 1.0 and for the moment at
least, accept the slight composition dependence of iq.

One way of further examining the dependence of ﬁq on
composition is to check the behaviour of 'quor the phase
equilibrium in the methane-ethylene system. There are,
however, few other workers' equilibrium data available; for

(74,75)

this binary system, and our investigations lead us to

believe that errors in the data are larger than the sensitivity
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of the principle of corresponding states as used in this work.
For example Tully and Edmister(75) have published vapour-liquid
egquilibrium data with an accuracy of 0.2% in the temperature
measurement. We found that the predicted bubble point temperature
for 0.408 (molar fraction) methane mixture (226.80K determined
experimentally) varies from 226.34°%K ( Eq = 1.0, 7q =1.0) to
226.07°K ( 7@ =1.0, Eq = 0.99), and hence the change in the
predicted temperature by changing iﬁ by 0.01 is about 0.12%
which is much smaller than the experimental error.

Therefore whether Eq shows an apparent variation with
composition is considered to be subject for further investigation.

For reason given above the optimum value of Eqin this work
was taken as the minimum value of the average rms of the three

mixtures, i.e.

%4 = 0.975 +0.01
and
ﬁq =1.0

Using these factors the predicted compressibility factors for
all experimental data points were calculated and they are listed
in Table 4-2 together with experimental Z and the individual
deviations in %.

The root-mean-square deviations are

mixture 1 rms = 0.52-10_2
mixture 2 rms = 0.47-10—2
mixture 3 rms = 0.45-10_2

The over-all average deviation was estimated as about

0.48-1072,
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TABLE 4-2

274

COMPARISON OF EXPERIMENTAL AND PREDICTED CUMPRESSIBILITY FACTORS
(MIXTURE 1, £.3@45 ETHYLENE)

RUN
NUMBER

37

38

39

T
(K)

299, 31
299. 23
299. 22
299.02
299, 3
299, 2
299. k2
299. 132
299.F1

294. 129
294, 1¢
294,08
294. 29
294,129
294,078
294.148
294. (8
294.¢8

288, 79
2g88.E2
288, 83
2688. 83
288. 86
288, E5
2E88. 82
2Bt. €1
288. 85

PRESSURE
(BAR)

89.274
€1. 156
41.520
27.872
18. 855
12.270
8. 0ER
5.306
3. 477

89, 252
€2.1259
42, €56
28, 235
19. 428
12, 854
8. £88
5. €76
3. 743

8€. 269
€Z. 944
42.411
c29. 276
19, 692
13. 231
8. 840
5. 884
3. 926

Z
EQ@ 3-6-3

7802
« 8439
« 8831
. 9282
« 9522
« 9684
« 9792
« 9864
« 9911

« 7€45
. 8308
« 8831
« 9208
« 9469
« 9647
« 9766
« 984€
« 9898

7529
« 8212
« 8755
« 91502
9427
« 9616
« 9744
«583¢
. 9887

Z
PREDICTION

« 7760
« 8434
« 8941
« 9295
« 9534
« 5693
« 9799
« 9BE8
9914

« 7594
. 832¢
. 8840
« 9221
« 9481
« 9656
« 9773
. 9850
« 9902

7474
8222
« 8764
« 9163
« 9439
«9€26
« 9751
« 9835
« 9891

DEVIATIOUNS
(PER CENT)

« 5396

« 3554
-+ 1129
-+ 14069
-. 1212
-« £917
-. 3652
—-.02449
- B3E3

« 6584

« 1263
-. 1823
—e 1436
—. 1278
-« 2985
-« £7(39
—«0B493
—. B335

« 73038

* 1255
=« £967
—+ 1458
-« 1325
=« 1£34
—e 2752
_08527
-, 3361



TABLE 4-2 (CONTINUED)

275

- COMPARISON OF EXPERIMENTAL AND PREDICTED CUMPRESSIBILITY FACTORS
%.3C045 ETHYLENE)

RUN
NUMBER

40

41

42

T
(K)

283,72
283,72
283. 72
283. 712
283. 71
283. 69
283, 71
283. 68
283. 70

275.6¢
275460
275. 58
275456
275.57
275.E6
275,56
275,56
275.56

268,23
268. 23
2€8, 22
268, 22
268,22
268,21
2€8. 21
2€8, 2¢
2€8. 19

(MIXTURE 1,

PRESSURE
(BAR)

B5.897
61,733
43. 6E0
3P.225
2@+ 689
14, €27
9.449
€331
4, 234

75667
£5,553
32, 844
28,0817
19.413
13.314
9.267
6. 143
4. 149

75. 252
£6.632
41,570
29,82
2. 986
14. £89
18. £73
6. 9C3
4., 712

Z
EQ 3-6-3

« 7346
« 8254
«BE31
« 956
« 9358
«9E67
« 9709
« 9805
« 9870

. 7320
«EE34
o BEZS
« 9738
« 9334
« 9546
«9€92
« 9792
« 9866

0 70G7
« 7759
« 8384
. 8861
« 92028
« 9454
« 8628
9744
. 5B826

Z
PREDICTION

. 7280
+B239
« 8637
« 9078
9371
« 9577
« 9717
« 9811
« 9874

7261
« 8022
« 8614
« 9044
0 9347
« 9557
« 97008
» 9798
« 98€4

« 6929
« 7738
« 8389
<8874
9222
« 9466
¢ 9635
« 9751
» 9831

DEVIATIONS
(PER CENT)

« 8944
1925
-.3775
-« 1462
~. 1394
~+«1113

. —e. 822
-.£582
-« 040(3

« 863

« 1496
=+ 2933
-.1518
~e 1420
-+ 1133
-.Z841
—.EGGB
~+. 2419

1. 1163

« 2786
=+ 2537
-+ 1498
—e 1532
-« 1271
—. 2968
-0E764
~.[3498



TABLE 4-2 (CONTINUED)

276

COMPARISON OF EXPERIMENTAL AND PREDICTED COMPRESSIBILITY FACTORS
7,3045 ETHYLENE)

RUN
NUMBER

43

45

46

T
(K)

262432
26F. 62
26k. 61
26Z. €2
26F. 63
26Z. 62
260G, €2
26, 62
26E. 62
26F. 62

253,32
283, 36
253.3E
253,38
253, 31
253.38
2563.29
253. 3¢
253. 30
253.31

245,89
245,88
245,88
245.87
245,88
245,87
245.E7
245,87
245,87
245,86

(MIXTURE 1,

PRESSURE
(BAR)

736711
57.368
43. 284
31.714
220 7GE
16. 250
11. 285
7.829
5.362
3.71€

67. 68€
53.888
41.416
36.e87
22. 452
16+ 111
11.482
8. 224
5.585
3. €82

64.€42
53. 134
42, 2217
32. 127
23. 882
17.443
12.518
8. 928
6e 295
4,428

z
EQ@ 3-6-3

« 6632
¢« 7435
«B8115
«BE4Q
« 947
0 9335
« 95639
« 9682
« 9781
« 9850

« 6496
« 7293
« 79€9
« 8541
. B96R
« 9266
« 9486
« 9642
« 5751
. S828

6137
. 6954
«7€92
» 8258
« 8768
« 9119
« 337E
« 986F
« 9691
« 9784

Z
PREDICTION

« 6528
o 74E0
« 8114
«B661
« 90€2
«934E
« 9549
« 969F
. 9787
« 9854

« 63912
« 7256
. 7587
. 8554
8975
« 9286
« 9497
« 9651
« 9758
« 9833

« 6007
« 6903
« 7684
« B3ES
. £784
« 9134
» 93868
« 957¢
« 9699
« 9789

DEVIATIONS
(PER CENT)

1. 5665

« 4689
118
-+ 1397
-+ 1639
-+ 1435

. =« 1125
-+ £835
—.ZED1
—. 2425

1. 6243
"« E15

« 2199
—+ 1436
- 1729
-+ 1536
~. 228
. B91€
~. 0666

2e 1169
« 7311
1848

-+ 1275

-. 1842

-. 1735

- 1421

-. 129¢

—EBE7

-.£585



TABLE 4-2 (CUNTINUED)
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COMPARISON OF EXPERIMENTAL AND PREDICTED COMPRESSIBILITY FACTORS
@.3245 ETHYLENE)

RUN
NUMBER

47

48

od

T
(K)

238, 18
238. 18
238. 17
238. 17
236. 17
238. 16
238617
238, 17
238, 16
238. 16

232, 71
23%. 70
236. 7¢
23EC. 70
23L. 69
Z308. 69
23%. €9
23¢. 69
23C. 71
238. 78

223438

223,39
3, 3R

2234 3

223,39
223439
223. 39
223. 38
223.38

(MIXTURE 1,

PRESSURE
(BAR)

€. 979
51.94pP
42,4858
33,397
250462
18. 959
13.877
18. 232
7. 158
5. 12¢2

53. 936
46,797
38. 885
31.859
24.026
18. 133
13. 442
9.836
7. 129
5. 133

36. 236
29, 282
£3e. 218
170 631
13. 251
9.82¢
72034
S.246

EQ@ 3-€&-3

« 5717
« €543
» 7323
« 7986
« 8516
» 8923
« 9226
« 9448
. 9608
9722

« 5625
« 6458
7234
« 7899
«B43E
« 8852
+ 9166
« 9399
¢ 9569
« 9692

« 7€96
7768
« 8319
« 8752
« 9284
« 9332
« 9516
« 9651

Z
PREDICTION

« 5554
« 6472
0 73E6
* 7994
« 85633
« 8941
« 9242
° 9460
« 9617
« 9738

« 5475
« 6396
« 7222
e 7910
« 8454
. 8872
« 9183
« 9413
« 95BF
« 9700

« 7089
« 7783
8341
«8775
« 91E3
« 9348
« 9528
« 9660

DEVIATIONS
(PER CENT)

208513
1. 2785

« 2382
—. 952
-+ 1952
-« 1990
-+ 1695
—. 1334
—.1E@6
--E74E

2. 6719
« 9497
« 1670

—. 1383

-+ 2253

—e.2222

—. 1881

—+ 1483

-+ 1124

—.P833

o £998
=« 18EE
—e 2661
= 2568
-.2158B
-« 1303
—.2973



TABLE 4-2 (CONTINUED)

278

COMPARISON OF EXPERIMENTAL AND PREDICTED COMPRESSIBILITY FACTORS
@,3045 ETHYLENE)

RUN
NUMBER

51

52

T
(K)

215. 73
215.66
215,67
215. 67
215.66
215. €7
218, €6
215,66

2r8. 13
2e8. 14
228+ 13
228, 13
2P8. 13
2@8. 14
208+ 13

(MIXTURE 1,

PRESSURE
(8AR)

28, 848
23, 257
18. 219
13,964
10. £31
7.848
5. 797
4. 258

2B.210
15, 772
12. 179
9. 263
6. 964
5. 193
3. 849

z
EQ 3-6-3

7461
« E052
« 8531
« 898€
« 9192
0 9437
« 9567
« 9684

. 8128
«8E79
8933
« 9205
«9411
0 9566
« 9681

Z
PREDICTION

« 7478
« 8078
. 8558
. 8938
« 9212
« 9423
« 9579
« 9694

« 8162
«861@
« 8962
. 9227
9428
« 9579
« 9691

DEVIATIONS
(PER CENT)

- 2704
-« 1671
—e« E94F

—. 3681
—«3E15
—+ 2371
—. 1372
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COMPARISON OF EXPERIMENTAL AND PREDICTED COMPRESSIBILITY FACTOURS
f.5482 ETHYLENE)

RUN
NUMBER

54

55

T
(K)

298.89
298, 87
298,85
298,86
298.87
298,87
298, E6
258,85

253, 46
293. 44
293.,4E
293. 44
293.45
293, 46
293.43
293.43

287. 17
287.16
287. 15
287. 15
287. 14
Z87.13
287.15

287, 14

(MIXTURE 2,

PRESSURE
(BAR)

€9, 743
48.772
33. 485
22,624
16. 118
1Z. 223
6.€14
4,348

68, 783
49,228
34. 189
230361
18. 770
13. 652
7.815
4.645

6S. 653
57,82
36.279
25,228
17.259
11.678
7.843
5. 242

Y4
EQ 3-6-3

« 7358
8183
« 8777
« 5187
« 9463
» 9647
. 9768
« 9848

« 7176
« 8233
«BE63
« 9123
¢ 94033
« 9604
« 9739
. 9828

» 6839
¢ 7756
« 84852
«E949
« 9294
. 9828
. 9685
» 9791

Z
PREDICTION

« 7377
«8219
«8811
¢ 9213
« 9481
« 9659
« 9777
« 9854

71293
. 8070
. 8699
« 9131
« 9423
+ 9618
« 9748
« 9834

. €881
¢ 7794
«8491
. 8980
» 9316
« 9544
« 9696
« 9798

DEVIATIONS
(PER CENT)

-.2534
~+4355
-~ . 38061
—.2786
-+ 1920
-+ 1288
-. (854
=. 2563

—.2431
—-.4598
-+ 4E95
-, 3034
-, 2166
~-. 1423
_0@949
-. 03629

-. 1756
—.4843
-. 4597
-.349¢
—. 2455
-+ 1673
-, 1125
-.£751



TABLE 4-2 (CONTINUED)
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COMPARISON OF EXPERIMENTAL AMD PREDICTED COMPRESSIBILITY FACTORS
#.5482 ETHYLENE)

RUN
NUMBER

56

57

T
(K)

279437
275,37
279,28
27937

279.36

279,35
275.35
279. 35

273. 12
273. 102
273 12
273. 1€
273. 29
273. 182
273. 8
273. 128
273.E8

266,24
266,23
2€6.22
266, 22
266,22
266,21
2€6,218
266,22
2€6.21

(MIXTURE 2,

PRESSURE
(BAR)

74.8289
56.75¢
41. 961
3%2. 272
21. 267
14, £29
9. 921
6. 724

74.98E
£9,847
45.878
33. 831
24,239
17.215
11, 780
B. Z802
5.E£8

744217
€2. 187
EZ, 226
38.399
cB8. 383
200. 416
140417
1G.C48
6.942

Z
EQ 3-6-3

6133
« 7146
« 7977
. 2598
« 0242
« 93502
« 9862
° 970E

« 5876
e 6614
« 7536
«B2€G
« 8793
« 9172
« 9436
« 9617
9741

. 4925
« 5931
« 6928
« 7772
« 8423
«BOLE
. 9240
9479
« 9€43

Z
PREDICTION

«6129
. 7178
«BE2¢
« B637
« 90671
« 9372
« 2576
« 9715

« 5562
« E63E
« 7582
« 8385
- 8829
« 9198
5454
« 9630
« 975E

° 49€1
« 5544
« €974
« 7824
» 8468
« 8935
« 9265
« 9496
« 965€

DEVIATIONS
(PER CENT)

3618
-.4516
-+.5478
—-.4488
—~. 3265
- 2268
—~. 1546
—01GA3

« 2624
- +3693
—0611g
-« 5421
- AB76
—-.2881
—~. 1984
-, 135P
-.£914

« 4886
=« 2100
—. EE02
—. 6690
-. 5295
-+ 384¢
—. 2686
-+ 1848
—-. 1262



TABLE 4-2 (CONTINUED)

281

COMPARISON OF EXPERIMENTAL AND PREDICTED COMPRESSIBILITY FACTORS
P.5482 ETHYLENE)

RUN
NUMBER

59

6

61

T
(K)

259. 44
259, 41
259, 41
255, 41
255. 41
255. 40
25G. 402
259, 36
259,39

255.38

2€2.24
282.25
252. 24
282. 23
282,22
282,22
2562. z2
252,23
252,23

244,25
244,26
244,22
244,21
244, 22
244,23
244,23
244.20

(MIXTURE

PRESSURE
(BAR)

70, 259
61.€EEE
52.216
41,562
32, 17¢
23.82¢
17. 2EE
12. 2E9
B. 565
5.9€0

48. 831
402,327
31, 663
24,915
17.E66
12. 655
B.965
64334
4,433

37.8E3
30. 183
23. 273
17.4E5
12. 740
9, 185
6.555
4. €44

e

EQ@ 3-6-3

« 4363
« 8273
« 6289
7222
« 7987
«8E7C
. 8998
« 9303
« 9518
« 9668

« €245
« 6590
« 7784
. 8328
- 8868
« 9224
¢ 9443
« 92613
« 9731

« 6799
« 7€87
« B2ER
« 8741
« 9124
« 9367
« 9554
« 9687

Z
PREDICTION

» 4328
0 5279
« 6333
. 7281
. 8041
«B613
. 9032
« 5326
« 9534
« 9679

« 6126
° 7068
« 7847
. 838¢
«B9L5
« 9231
« 9463
» 9626
« 9741

« 6885
« 768E
. B83€8
« 8785
« 9126
« 9389
. 89571
« 9699

DEVIATIONS
(PER CENT)

« 8298
-+ 1696
- 7110
—+B162
-. 6843

T =4 5@79
-« 3608
-. 2512
-+ 1731
-+ 1188

-1.215¢
-.9927
-. 8058
-« 6285
—~.4227
-+ 2956
- e 2351
~e 1417
-« 2978

—1.26E6
-+ 9586
—. 6998
—~ 4977
-~ 3454
-+« 2438
-+ 1698
-+ 1182
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COMPARISON OF EXPERIMENTAL AND PREDICTED COMPRESSIBILITY FACTORS
Z. 5482 ETHYLENE)

RUN
NUMBER

62

64

T
(K)

237437
237. 39
237436
237,36
237.32
237,33
237436

225463
229.94
229,93
225,54
229, 54
229.53

223,27
223. 27
223+ 27
223,27
223.27
223. 26

(MIXTURE 2,

PRESSURE
(BAR)

29. 256
22,843
17.378
12,912
9.436
6.815
4,882

20, 387
15. €50
11 743
Be 667
6.324
4,875

18. 585
14,428
10.916
8. 138
5. 992
4,376

Z
EQ@ 3-6-3

¢ 7416
« BEB7
. 8606
« 8996
« 9282
« 9490
0 9639

«BAE
« 86E8
« 8988
« G270
¢ 9476
¢ 9625

« BE96
« €588
. BG64
« 9246
« 9454
« 96E6

- Z
PREDICTION

« 75E2
« 8154
« 8657
«9E34
«93E9
« 95E9
0 96E3

8179
« 8663
-« OE29
« 9299
« 9497
« 9640

« 8176
«BG4E
« 9EE9
« 9278
« 9477
« 9623

DEVIATIONS
(PER CENT)

~1.1561
-. 5886
- A4144
-~.291¢
-.2040

- .B8986
-. 6341
—.4474
~+ 3155
- —.2226
- 1573

—-. 9878
—-.6965
-~ 4927
-+3493
—-.2482
-+ 1765
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COMPARISON OF EXPERIMENTAL AND PREDICTED COMPRESSIBILITY FACTURS
(MIXTURE 3, Z.7581 ETHYLENE)

RUN
NUMBER

6€

68

69

T
(K)

286, 15
288, 13
288, 14
288, 12
288. 12
288. 1€
288. 1¢
288,07
288. 12

280, 9€
288,93
28F. 93
28+ 55
28[. 92
288, 9
280 94
28&096

272,96
272.56
272495
272,55
272.54
272.95
27254
2724 54
272. 55

PRESSURE
(BAR)

€9, @94
53, 261
39, 421
28, 791
1G. E24
13. 344
9. 221
6. B5E
4. 1248

49,3712
37.387
£7. 147
19. 146
13.257
9. £67
€. 162
4. 154

£4,.,884
45, 498
35.3&82
264 199
18. 802
13.211
9. 158
6. 287
4,292

Z
EQ 3-6-3

« 5437
«6785
07794
« 8812
« 9EF5
« 9338
« 9560
« 9708
° 9667

« E689
« 7689
« 8426
« 8931
« 9281
« 9518
« Q€77
« 9784

« 5328
« €551
» 782
. 8302
« 8834
« 9206
« 9461
« 9635
« 9754

Z
PREDICTION

« 5445
« 6797
« 78C€
+ 8516
« 9EB@5
« 93358
« 9658
« 9706
» 98E5

6714
« 7729
o 8430
« 8934
» 9281
« 9516
° 9676
« 9783

» 5397
« 68697
. 7582
+ 8316
. 8842
« 9269
« 9462
0 9636
« 9753

DEVIATIUNS
(PER CENT)

-+ 1428
—~. 1848
-+ 1535
- 533
« L2336
- B240
268
« 228
« 3475

- . 3850
-. 2511
-+ 1125
-.B8343
-.E2R2E1

A6

AG3

«2115

-1.36814
-+ 6971
-« 3979
- 1991
—-. 2890
-. 2348
-. 2107
- CEH9

« 2024
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TABLE 4-2 (CONTINUED)

COMPARISON OF EXPERIMENTAL AND PREDICTED COMPRESSIBILITY FACTORS
(MIXTURE 3, ©.7581 ETHYLENE)

RUN T PRESSURE Z Z DEVIATIONS
NUMBER (K) (BAR) EQ 2-6-3 PREDICTION (PER CENT)
70
2664 13 44, 585 «6112 « 6192 -1,.,32E5
266,11 36. 229 « 7171 « 7221 -+ EEOQ
266411 27.516 « BZBE « 8229 -+ 3633
2664 11 20@. 216 « 8628 « 8624 -. 1856
2€6, 102 14, 4€8 .9@4@ « 9349 -« 2925
266, 1@ 1Z. 1812 « 9242 « 2346 —. 2455
266. 10 7.881 « 9556 « 9562 —. 2222
2664 11 4. 889 « 6593 « 9694 -.B1E9
1
259, 30 37.842 « EELB . 602 =1.4467
259, 3¢ 3E.318 « 7463 «7518 =. 7412
259,29 3. 26 « 8158 + 231 —+ 3977
259, 29 16,978 «B739 <8758 ~e 216L
259, 28 12, 199 « 9124 « 91385 -.1192
259, 28 8. €29 « 5395 « 9401 ~.£671
259, 2% 6. £40 « 95E3 « 9587 -, 2387
259, 28 4,196 « 9714 « 9716 -.0231
72
251,34 28. 689 7264 « 7350 -1.1789
251.34 22+ 34€ « BE27 « BE78 =+ 6426
251.33 16. 785 « 8599 « 863C -+ 3667
251. 36 12.239 « 915 « 9835 -. 2151
251. 35 B. 785 « 9311 « 5324 -« 13E1
251,35 6.231 « 9521 « 9528 -.28C7

251.36 4,384 « SE67 « 9672 —.@512
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COMPARISON OF EXPERIMENTAL AND PREDICTED COMPRESSIBILITY FACTOURS
(MIXTURE 3, @#.7581 ETHYLENE)

RUN
NUMBER

74

T
(K)

238. 46
238. 47
238,47
238, 47
238,47
238,47

PRESSURE
(HAR)

16.752
12. €42
9,329
6. 781
4.874
3. 480

Z
EQ 3-6-3

« 8265
« 8752
«91112
+ 9368
« 95563
« 9685

Z
PREDICTLION

« 8337
« 8799
« 91406
« 9389
« 96567
« 9694

DEVIATIONS
(PER CENT)

-+B663
-+5317
—.2194
- 1454
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4-6 The Application of the Principle of Corresponding States

to the Second Virial Coefficients

It has been shown in section (4-3) that the principle of
corresponding states provides us with a way to correlate-the
macroscopic properties between conformal substances with
microscopic molecular information such as the collision diameter,
0-*, and the potential-well depth, &%. It follows that,
at a given P, V and T, the reduced equations of state are
all identical for conformal substances, or, analogously,
the reduced potential energy curves all over-lap one another

(in fact, this is the definition of the principle), that is,

% - .u(%) | (4-6-1)
e © )

where u is the same function for all conformal substances.
Thus from Eq.(4-3-17) and (4-3-19) the characteristic quantities

can be related as

[ <

z* - ;%? (4-6-3)
1

Ve A
: 2 (4-6-4)

R )3 - (_‘,:*)3
A different approach to the principle of corresponding

states from that of the previous sections is to examine the

second virial coefficient, since, as seen in Eq.(4-2-5),

B is related to the pair potential and is a function of

temperature only. Following Guggenheim and McGlashan,(77)

we define the 'reduced second virial coefficient', Br, as
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T

B" = B/Vv® (4-6-5)

Then according to the principle of corresponding states, that is,
Eq.(4-6-1) and (4-6-2), the dependence of B on the temperature

is of the form
B/V® = & (1/1%) (4-6-6)

where ¢ denotes the same function for all conformal substances.

Thus for conformal substances 1 and 2
c _ c c _ c
B,/V] = ¢(T/T1) and By = $(T/T,) (4-6-T)

Eq.(4-6-7) clearly shows that if the function ¢ is known

either empirically or theoretically from B, as a function of

1

temperature, then B, can be determined by the same function ¢

2
and this is analogous to the reduced equation of state (4-3-19)
which is expressed in terms of reduced P, V and T.
"In the case of a mixture of 1 and 2 the principle can be
extended by assuming that the interaction energy €,, between
two molecules of different kinds depends on their distance

apart r by the relation

12
8'; -u ( YT ) . (4_6_8)
Cn YI:

* *
where r12 and 812 are the collision diameter and the well-

depth of the potential energy curve between unlike-molecules.
Since u in Eq.(4-6-8) is the same function in Eq.(4-6-1) and
(4-6-2), Eq.(4—6—8) implies that the potential energy between

1 and 2 is conformal to those of pure substances 1 and 2
respectively and hence it follows that the critical temperature

* *
and volume of the mixture can be related to € and T'ig

12
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as in Eq.(4-6-3) and (4-6-4), i.e.

* * *
5o/ €15 = T3/ €1 = To/ €, ’ | (4-6-9)

ng/(r;Z)B = V;/(I‘:)B = Vg/(r;)3 . (4-6-10)

It then follows by an immediate extension of the argument for

single substances that
c _ c —-6-
B12/V12 = ¢ (T/le) (4-6-11)

where B12 is the interactional second virial coefficient of
a mixture of 1 and 2, which arises from the interactidn between
unlike molecules, 1 and 2 (see section 3—5—4).

Eq.(4-6-11) shows that the cross second virial coefficient
B12 can be obtained from the 2nd virial coefficient of the
conformal substance 1 or 2 provided Viz and sz are known.
Thus problem is now reduced to that of predicting the values of
the characteristic quantities ng and Viz as in the case of
the previous section.

Guggenheim and McGlashan used the so-called 'Lorentz-

* *
Berthelot mixing rule' for r and 812, that is,

12

* * *
rig = (r; + 1,)/2 (4-6-12)
€15 = (€1 - €5 (4-6-13)

These are identical to Eq.(4-5-20) and (4-5-21) except for the

presence of the correction factors, E.. and 7.., in estimating
ij ij

fij and hij in the previous section, or analogously, the above

equations (4-6-12) and (4-6-13) are regarded as special cases

with {ij = 7ij = 1.0.
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Combining Eq.(4-6-9) and (4-6-13)

C Cc

Ty = (1% - Tg)f | (4-6-14)

and similarly from Eq.(4-6-10) and (4-6-12)

1/3 c\1/3

= 1/3
= 3V

(V15) + 3(VS) (4-6-15)
The arithmetic mean in Eq.(4-5-21) and (4-6-15) would be true
if the two kinds of molecules are regarded as rigid spheres.
The geometric mean in Eq.(4-5-20) and (4-6-13) is mainly regarded
as an empirical rule. However, when the potential energy of

the mixture is dominated by the 'London dispersion forces'(79)

(

Mason and Spurling 76) have shown that 812 in the mixture can

be expressed as,

3

SR SR AR ETRUTRE) s

where E1 and E2 are mean characteristic energies of atoms 1 and

2 in calculating the first coefficient of the London force,

U(dispersion) = - c'/r6 - c"/r8 - . (4-6-17)

From Eq.(4-6-16) it follows that, if the arithmetic mean rule

*
for Ti9 holds, then from the fact that the arithmetic mean is

always larger than geometric mean,

. * ko X9
(1) rl-rz/rlz £1

. . . . ) 2 2
(ii) similarly 2(E1E2) /(E1+E2) £ 1

hence

£I2£(£: '.82)2 (4-6-18)
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* *
Thus in this case too the geometric mean 612 and hence le

in Eq.(4-6-14) are corrected and the correction factor is subject

to be found empirically, that is, Eq.(4-6-13) and (4-6-14)

are now
x - % Y
En = Eu (8| : 81. ) (4—6—19)
A
Ta =%, (%5 T°) (4-6-20)

The correction factor zij is, in principle, same as in Eq.(4-5-20),
but we now propose to determine it from the interactional 2nd
virial coefficient B12'
In this case the subscripts 1 and 2 correspond to methane
and ethylene respectively and their 2nd virical coefficients at
temperatures ranging 240 to 300°K are listed in Table 3-6.
The interactional 2nd virial coefficients at same temperature
range were calculated from the three mixtures using Eq.(3-5-20)
and also listed in Table 3-6.
In Fig (4-5) B/Vc is plotted against T/TC for methane and

ethylene and for methane-ethylene mixture, that is, B12/V§2 v,

c

T/T12

for three values of iij (1.0, 0.975 and 0.95).
It can be seen from Fig (4-5) that the functions¢5 defined
in Eq.(4-6-6) for methane and ethylene are not identical.

However this discrepancy is not unexpected since the principle as

introduced in this section (i.e. smma¢) holds only for the

conformal substances. Fortunately the differences are not too
large, and it is possible to examine the variation of Biz with
respect to the correction factor E i3 Although we are prevented

from obtaining highly accurate values of Eij due to the

disagreement of ¢CH and ¢C gy it can be seen, however,
: 274



that, when iij is either 1.0 or 0.95, B{z is far from either

r r - . T
BCH4 or BC2H4 whereas iij 0.975 gives the values of By,
which are reasonably close to both BT and BE .

CH4 C2H4

Moreover from the faéts that
(i) the disagreement between ¢CH4 and ¢C2H4 is mainly
due to the non-spherical shape of ethylene molecule, and
(ii) Pitzer and Cur1(80) have shown that the second virial
coefficients can be expressed as a function of the acentric
factor, w , defined by Eq.(4-4-1) in section(4-4),
(the change in BY in Fig 4-5 is approximately same order of
magnitude which can be expected from the Pitzer's corre-
lation between B and w ),
one can expect the reduced second virial coefficient of the
hypothetical fluid, B{z, or ¢12 in Fig (4-5) may have the values
in between ¢1 (or ¢CH4) and ¢2 ( ¢C2H4)’ and this was the
case when the correction factor '£12 was 0.975 as seen in
Fig (4-5).
This qualitative result of E12 = 0.975 agrees well with
~that obtained in the previous section and hence can be considered

as confirmation of the correctness of this value for the

methane-ethylene system.
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