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ABSTRACT

This thesis may be separated readily into three
sectors: firstly, the mathematical prediction of the excess
functions of some well-known systems, and -alsoc - of "some new
systems, the experimental data for which were gathered in the
course af this waork: secondly, the measurement of the excess

enthalpies and wvolumes of mixing of three systems, for

cogmparison with the predicted values: thirdly, the davelopmant/

of a method for cbtaining excess free eﬁergies of mixing by
measurement of the bubble- and dew-points of mixtures of
approximately known composition., The thesis is presented more
or less in the grder in which the work was carried out, which

was not that of the sectors Jjust described,.

The Appendix to the thesis contains details of the
numerous tomputer programmes required and written in ths
course of this work, including the major programme, for
analysis of the data from bubble- and dew- point measurements,
which yields an equation for the excess free energy in terms

of composition,

The predictive work was based on the use of two
equations of state, that of van der Waals, produced- in 1900,
and that of Guggenheim, produced in 1965, Van der Waalss own
approach tu obtaining the adjustable parameters a and b for
the mixture was empluyed, and twog different methuds fur
obtaining the mixed critical values were tested. The
measurements of both the excess enthalpies and volumes were

carried out using small, mercury- filled, batch- type devices,



the dilatometer being particularly simple, but quite accurate.

The apparatus eventually praoduced for the
measurement of bubble- and dew- points was large and complex,
and the third chapter suggests means by which the method might

be adapted for a small, semi- automatic system,
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A_GENERAL DESCRIPTION QF THE QPERATING SYSTEM_

ot -This method for determining excess enthalpies of
mixing was based upon the use of a small calorimeter, of low
specific heat, in which the liguids were mixed in the absence
of any vapour phase. The liquids tou be mixed were isclated in
two compartments, over mercury, provision for change of volume
on mixing being allowed in the form of a capillary and bulb
expansion device, The mixtures studied were all eﬁdothermic
and the process of mixing was made as nearly isothérmal as
possible by the timed release of electrical energy intb a
heater cogil 4in the calorimeter, thﬁs providing the energy to
be taken up by the mixing process, The temperaturse of the
calorimeter was monitored by observation of the off-balance
signal of an alternating current Wheatstone bridge, of yhich
two thermistors in series, on the calorimeter, formed one arm,

This signal was amplified, rectified, and fed to a pen

recorder,

The calorimeter itself was thermally 1sclated, as
far as this was possible, by containing it within a block of
expanded polystyrene fopam, this cylindrical block being
enclgsed within a Dewar vessel, with a Flangéd top. To this
flange was fitted & domed cap, through which passed ths
connectiogns to the calarimeter, The entire vessel was
protected within a tubular plastic jacket, and was immersed in
a thermostat (which was controlled to within 0,002 K of the

desired temperaturs),
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The 1liquids used in this work were of spectroscopic
grade or better, wsre purified by repeated fractional

distillation, and degassed thorgughly before use.
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_THE CALOQRIMETERS
The calorimeter finally gsgd&;n this - study was the
product of considerable experimentation with sevéral designs,

in order to solve the various problems of_filling, heating and

"monitoring.

In the Firsl - model (diagram 1), the heater was
sealed into an extension éfﬂ£H2&ﬁbint é, and a capillary and
bulb expansign device fitted to the joint b.  The véésel was
filléh;beneath the surfabevéf a bowl of”.mercﬁry, and the
liquidémminjecfed; by means of bent syrinée needles, through‘
the joint a, intog the two cﬁhcentfic compartments, The heater
~«§nd%expans}on device were then - fitted, and the calorimeter

i
b

reméved from the mercury. ;

" As may be- seen from the diagram, the-thermistars
which monitored the calorimeter temperature were cemented to
}thei exterigr surface of the body with a drop of araldite

kcemént, and bgth heater and expansion fitting were clamped in

iplace with springs.

{

Vo,
i

!

]

. drawbacks: a large

# F )

This calorimseter had numerous

ane ¥ it L TAEE]

jquéﬁtity of mercury was 6ogtaminat:h each tiﬁe_the calorimeter
gwéb jfilled, leading to .great expenditure = of ~,tiﬁe in’
inqrificétion work:'the acute angle at joint a tended to retain
tsﬁﬂll quantities of unmixed liquids after the first inversion,.
causing incomplete mixing: and the ,calorimeter was

considerably more massive than was really daéirable in view of

CHAPTER ONE PAGE 1.3



DIAGRAM |

the heat of mixing calorimeters:
‘the first model

thermistor

thermistor




i
H
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the requirement for a low specific heat: alsc the thermistors
and their wiring were expased enocugh to be prone to accidental

damage,

The second model of the calorimeter Qas an attempt
to rectify at least some of the faults of its predecessor,
Joint a and the heater fitting were replaced by a fine-walled
glass pocket in the base of the body, into which was tightly
fitted a heater coil, wound on threaded p.t.f.e. rod, and

lubricated with paraffin oil to improve thermal contact,

This calorimeter, unlike the first, was filled witH
mercury under vacuum, and the ligquid samples introduced by
mounting the vessel on a special filling rig, to wHich were
alsoc attached the micro- syringes with which the filling was

barried out,

It was found that this calorimeter was easily and
cleanly filled and gas easily excluded, but twoc problems still
remained: the thermistors were still exposed toc shock damage,
and damaged easily, and the air-space in the capillary fitting
was very difficuit to 111 without trapping air bubbles., Both

of these defects were remedied in the third model (diagram 3).

In this model the capillary device was replaced by
one made entirely from capillary rod, which prevented any
inclusion of air-bubbles and the thermistors were of a
different, sturdier type, (although of identical sensitivity),

I.T.T. Stantel G.52 rather than the previously used M,52.
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DIAGRAM 2

the enthalpy of mixing calorimeters:
the second model

thermistor

thermistor
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heate




DIAGRAM 3

the enthalpy of mixing calorimeters:
the third model

(g =

heater

2 3 4 5 cm



These were set in solder pockets on the sides of a copper-foil
belt around the body, the contact face of copper and glass
being. “lubricated with a heét—conducting 0il film, The entire
body was then coated with a hard polyurethane varnish, The
liquids were mixed by inverting the calorimeter clockwise, 180
degrees in the plane of the diagram, and returning: the

O S T

process being repeated several times,
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CALORIMETER ANCILLARY DEVICES

Calorimeter Filling Devices
Mercury Filling

The device shown in diégram 4 yas attached "~ to the
vacuum system at joint 1, Taps 1 and 2 were closed, The
vacuum system was evacuated énd jointhé connected to the
calorimeter at Jjoint b. The funnel was filled with mercury,
and tap 1 opened, When system pressure was below 0.1 Pa, tap
. 2 'was opened and the calorimster filled with merbury. Taps 1
~and 2 were thh élo§ed,}anq thew sysgem re-pressurised, The

calorimetefffhas ‘then'~remoVed”nto‘the liquid filling rig for

l;quid injection.
Liguid Filling

The liquids tou be mixed were metered into the
calorimeter on the filling rig in diagram 5, The vessel was
fitted to clamp a, at a slight angle to the horizontal, and
moved into position .in line . with the first syringe. ‘The
appropriate ad;bfor for the compartmént fo be filled was
fitted to Jjoint b, and the syringe was moved down its guide,
the need;ewug§s§ipg \iqtq;_the required compartment in the
calé}imé£é¥.mu Tﬁei eafreeéﬁuvo£;£e rd% iiﬁuid was then driven
slowly iﬁto the vessel and the syringe withdrawn, The

calorimeter was moved to the second clamp and a similar

procedure followed for the second syringe and liguid,
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DIAGRAM 4

50 mi funnel
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® 3mm "Rotaflo’ glass/ptfe taps

the mercury- filling attachment



DIAGRAM 5

framework of 1/2 inch aluminium rod

clamp a Wom’c b

(@ O5cm® AGLA micrometer syringe

Elevation of filling rig




DIAGRAM 6

Plan of filling rig



Calorimeter Supoort Jacket

The purpose of the Jjacketing system was twofold:
firstly, to seal the calorimeter from the water of the
thermostatic bath in which it was 1immersed; secondly, to

isclate the calorimeter thermally from its shrroundihgs.

These requirements were met by having a Dewar vessel
with flanged top holding the vessel,,which was already encased
in the two bhalves of the expanded polystyrene inner jacket,
firmly., The leads were passed through a flanged domed cap,
and rubber tubing, to the surface of the thermostatic bath,
The flange was lightly greased before assembly, and the whole
vessel was further protected by an guter layer of poiystyrene,
surrounded by a hard polythene tube. The entire assembly was
coated with a final layer of soclution deposited polymer to
render the assembly water-tight., The assembly was permanently
attached to the rotating wunit, only the domed cap sectiaon

being removed to allow’bemoval of the calorimeter.,

Calorimeter Rotating Device

This was a device which, like the calorimeter,
underwent considerable redesign in the. course af the
development of the equipment. The original version was as in
diagram B. Herehthe handle at»fhe top was above the surface
of the water 1in fhe thermoétat, and was tufned through 180
degrees to invert the calorimeter, ana returned, In practice

1t was found that, given the necessary locations of the rest
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DIAGRAM 7

the calorimeter support jacket

¢ is the outer polythene jacket

a and b are expanded polystyrene
shaded area is the Dewar vessel




DIAGRAM 8

the calorimeter rotating devices: |

upper
pulley : ™

lower
pulley

calorimeter

support
ves sel



DIAGRAM 9

powered invertor

drive motor

|
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i

~drive rack

pinion
driven| k=
gear [=

~ the calorimeter rotating devices: 2



DIAGRAM 10

the calorimeter "ro'toti'ng devices: 3

(L

rack
and
pinion




of the equipment, and the other Dperatidns required in the
course of a mixing, it was tooc difficult to operate the
rotatar in this furm. It was therefore: decided that a form of
invertor would: be produced which could be operated remotely
from the central.switchbgard, The resulting machine,:however,
although highly effective operationally, icaused .. very. -severe
interference with the highly sensitive electronic circuitry of
the calorimeter temperature. monitoring system,.-and this
behaviour was not acceptable,-

The final version of. the rotator. was, therefores,
designed as a -much-improved manually operated device (diagram
10), This model was driven by means of a:crank,  operating 'a
rack:. and:- pinion, turning the calorimeter vessel. Théesystem
had.a velocity ratioc-of .1:6, a movement of 30 degrees .  at K the
handle driving the vessel through: 180 degrees between positive

stops. This version was quite satisfactory in practice.:. .
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THE _VACUUM DEGAS G_SYSTEM

In this system, the 1liquid was distilled, under
vacuum, backwards and forwards between two fiask;, in grder to
rempve any dissolved gases, Oqa, of the flasks was of a
special form, such that the liquid could be sealeh in, in a
fashion suitable for multiple accessing, without ‘exposure to
atmosphere, Diagram 11 illustrates tﬁe apparaéus in which
this operation was carried ocut, After several ’distillations
(usually about ten), the liquid was alloﬁed té run into the
lower bulb of the flask; mercury was then allagéd to run 1into
the flask, from the special funnel, displacidg?the 1iquid into
the capillary, and sealing the liquid into thgklower bulb, by
filling the upper with mercury., When a samplé.Qas required, a
syringe with a long needle was passed into the lower bulb, and
; the required volume of liquid withdrawn, which was reﬁiaced by
Aumercury from the upper bulb. The dimensions of the‘ capillary
were found to be fairly critical in this work, any length much
shorter than 2 cm or diameter greater than J mm;tending to
result in’ the continuous flogw of mercury into the lower bulb,
whenever the needle was passed into the luwer bulb, this
naturally resulting in the 1laoss of muchﬁ?bf the 1liquid,
Originally, two of the systems were joined to a common vacuum
manifold, but this entire apparatus was latér,diécarded for a
much simpler attachment to the higher-vacuum bubble—point;

dew-point‘system.
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DIAGRAM 11

the vacuum degassing
system

o

i \| B1O | %

(® 3mm ‘Rotaflo glass/pt.fe taps

(X) connection to vacuum manifold



DIAGRAM [2

the storage flask for degassed liquids

B.10

| mm capillary

the shaded area illustrates the volume
occupied by mercury



THE _THERMOSTAT_TANK ANDJCDNTROL SYSTEMS

The_systém as finally operated consisted of a 40  cm
cubic tank, insulated on all fogr‘sides and the-base with a
two-inch layer of expanded polyétyrene foam, and’ on the
watef-surface ~with a 'fwo-inch thick 1layer of floating
polystyrene packing' granules. The tank was stirred,
initially,.by four shafts, having several submerged paddles on
each;.shaft. These and a circulating pump for the water, were
ell driven by a single 100 watt motor, induction type, to
avoid alectricall~{pterférence with thé‘éensitive electronics
of tﬁe calorimeter HSﬁitoring systeﬁ;'~fhe:stirrers and their
flexible Vdriyeé were mounted in ;gchanicai isclation from the
tank;“in 6rdef fo prevent tran%misggon of mebﬁanical energy to
the dalorimeter. In order to ;revéggvéficging of the mercury

in the mercury-toluene regulétor, this wés alsc mounted with

3

the stirrers, s; ;hé£ “if vib;gféé ;gentl;. The controlled
heater was fitted in Fhé'flaw—liné of tﬁe circulating pump,
being wound on the insulA£éqMQUper sdrfacef of a thin-walled
copper tube, about 8 cm in ieﬁééh. Avsmali cooling coil,
cooled with tap- water;'Qé{ él;o fitteﬁ,into this flow-line,
in order ﬁq;qshprten% temperature 6§cla fimes when operating
near to raoom tempgratu;é;ifThié éystem pfoved excellent in
use;> bontrolling’ £eméérature t; wiéﬁini 0:602 K , for many
m;nfhs, withAQf ényfﬁééﬁanical or; Ple@fricali,pfoblems. The
cir@uit diagram for the electroai;ﬁré%éy‘igégiven iﬁ diégram

13,"together‘with the component values used,
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THE _TEMPERATURE MONTITORING SYSTEM OF THE CALORIMETER

The electrical circuitry, in block diagram form, of
the thermistor-bridge temperature monitoring system, is given
in diagram 14, This circuit ,ie ‘based on one devised by
Faulkner, McGlashan, and Stubley (1965), with*numerOusjdetail
modifications. Screened cable was used throughout, withévonly
the cares conducting, and all resietance boxes were screened
also. The screens, together with the inetrument earth wires,
were all connected to .a central earth point as were all other
earthing cables and the thermostat bath. jhe oscillator was
an Advance Electronics type J2E, having two?outouts, one of 5
ohms impedance, with one side earthed, and themother of 600
chms impedance, with both ends floating, 'which wae used to
energise the bridge, while that of 5 ohms Fed the eynchronous
gate of the' phase- sensitive detector, Any change in
temperature of the calorimeter led to a change in resistance
of the monitoring)thermistors, which in turn led to an a.c.
signal being fed to the amplifier. This signal was amplified
and filteredvto,remoce any mains generated interference, then
fed to the phase-sensitive detector to be linearly rectified,
This d.c., output was then fed to a wvoltage-dividing network,
where signal strength could be attenuated to produce a
suiteble dgflectipn per degree at the chart-recorderﬂ(normally
about 1000 to 3000 cm Der degree) at this . stage the signal
could' also finally be filtered of any a.cl camponents and

noise picked up by the wiring.,
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DIAGRAM 14

Radj ~1000a

oscillator
p.s.detector —1amplifier
fi I’ter recorder

a block diagram of the calorimeter

temperature

monitoring system
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DIAGRAM 15

Filter /attenuator network

50 kaq variable

¥

4 7kn
8.2kn
~ 1000pF
I0Oka
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The final response of the pen . recorder was
relatively noise free and, by its steadiness, suggested that
thermal control of the calorimeter was - being. maintained  to
‘better than 0.0001 K., Self-heating of the thermistors led to
a slow rise in temperature of the calorimeter,.’'the magnitude
of which corresponded well with that predicted, aon the basis
of all the heat thus generated' being "abscrbed. by: the
calorimeter. For this purpose the circuit could be regarded

thus:

Total resistance = 1708,79 ohms

Total current = 0,0058521 amps

Current in thermistors:= 0,000064309 amps
Powe;jdissip.injthermistors‘=‘0.00000372 watts
Thermal capacity of calorim. = about 50 J K

Temp, rise neglecting heat losses =0,00000446 K per hour

Which was in fair agreement with that observed i.e. 0.000004 K

per hour approx.
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THE _CALORIMETER HEATER CONTRQOL SYSTEM

This heater was powered by a battery of 1lead-acid
cells, stabilised by passing a current through a ballast
resistor of about the same resistance as that of the heater,
for abogut one hour prior to the nee; for the heater, The
circuit was then switched gver to the vhgater, and, at the
appropriate time, the heater current w%s triggered through tﬁe
transistor trigger, which simultaneously (to within 0,000001
sec) triggered a digital micro-second timer (diagram 16),
Bath ‘heater and timer were switched ofF simulkanégpsly~by a
further pulse from the trigger. The heater and ballast
currents both passed through a standérq resistof of one or
one—half dhm, the voifééétabrdssbﬁﬁiéh wgé measdrédlby a ten
micro-vblf digital QOltmeter, to yleld fhe qurrentiflowing in
the circ;it. and thrgugh two resistance Boxes, whicJ could‘ be
adjusted to give the desired 'N'ri'e“é"t!éi-i’é’d}fewn'tg. (Diagran 17

shows a block diagraﬁ of this system),
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DIAGRAM 16
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DIAGRAM (7
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the calorimeter heater control system



THE EXPERIMENTAL-PROCEDURE

R The liquids were cbtained in Spectroscopic grade::or
Analar grade or- better, rand further 'rpurified by repeated
fractiocnal distillation through:a:thermgstatted Fenske column,
They were then degassed in the vacuum system and sealed into
their flaské. Samples were then extracted for the first
mixture compoéition. The calorimeter was filled with mercury,
under vacuum, and removed to the filling rig. The appropriate
guantities of liquid were withdrawn from the twoc flasks and
injected into the calorimeter. The expansion tubs was fitted
and clamped intc place, and the calorimeter carefully loaded
into the submersible vessel, the electrical fittings weré
Joined and the vessel sealed. The assembly was then fitted to
the frame in the thermostat and 1left to reach thermal

equilibrium over a period of about twelve hours,

The a.,c., bridge was then balanced, the pen recorder
set to a suitable position on the chart, and the heater
current triggered through the ballast resistor and the circuit
left for about one hour to stabilise. The chart recorder was
then set and restarted, and after a few minutes in which the
baseline was established, the heater current was triggered for
the required number of seconds, during which time the vessal
was rotated about twenty times to mix the liquids thoroughly.
After the baseline had settled, a calibration was carried ogut,
twice, to determine the energy input due to the stirring. The
calorimeter was inverted twenty times and the baseline alloﬁad

to settle. The thermal capacity calibration was then carried

CHAPTER ONE PAGE 1,14



out, by running the heater again. for :a:‘'shorter’ period and
allowing the baseline to settle finally., The calorimeter was
then removed from the thermostat, :emptied, washed. and- dried,
before .filling for the next run.” .The .results were then

calculated as shown in the results:.section,: . - -« . - . =15
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THE ANALYSIS QF THE EXPERIMENTAL RESULTS

The experimental results for this system  were
essentially in two sections: the first, a record oféheater
currents, resistances and times for the mixing and celib;Ftion
‘'section: the second, the pen-recorder~trace:of;;fgéY amplified

outbdtw from the thermistor bridge. A typical trace is shown

in diagram 18, and the heights marked on it were measured,

The calculation of the molar enthalpy of mixing, for

each liquid composition measured, was carried gut as follows:
Heater resistance = B ghms
Heater current = i amps

Heater run time = t seconds

4

Excess enthalpy of mixing = ((h1/h3)-(h2/h3))£ﬁ;z+ f&q

where subscript 1 refers to :mixing, and subscript 2 to
calibration, The mglar exceéé enthalpy then becomes this
result divided by the sum of the number of moles of bath
liquids mixed, P

Thewrmggguredylresults VWere then fitted, by a least-squares
method, to a Redlich-Kister equqtion df the’form:
Hix(1—x)(a+b(1-2x)+c(1-2xf4. . .),‘ where x w%; ithé ‘male

fraction of component 2, and HEwas the molar excess enthalpy

of mixing. A standard deviation criterion of the form;
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s.d.=square root (sum _of squares . of deviations/(number of
points -number of coefficients)) was used to determine the
number of coefficients for an ' optimum L fit. .. The camputer

programme for this fitting gperation is given in Appendix 1.
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 _THE_SYSTEMS STUDIED

The Test System n-Hexane_ + Cyclphexane At 298.15 K

This system ﬁas suggested some years ago (McGlashan
1965) as a convenient enthalpy of mixing standard, and the
system has since been studied carefully, by several groups,
(Wwatts et al. 1968, Stoeckli and McGlashan 1968, Sturtevant
and Lyons 1969, Ewing, Marsh, Stokes and Tuxford 1970, Harsted
and Thomsen 1974, amang others) with close agreement betwesn
the variocus measurements, thys suggesting that this would be a
good system with whichéto(;est é:hechalorimetric system, The
only real objection,fﬁ this mixture as an enthalpy of _ mixing
standard for calgrimetars is the fact that the densities at
298,15 K are soJSimilar (n-hexane 0,6%49 g cﬁi cyclohexane
0.7743 g cﬁﬁfthat very little i1s demanded o%ﬁthe calorime£er
in efficiency of mixing, 1in which respect £he older but
apparently less reliable standard, benze;e, + carbon
tetfachloride is preferable., The test results obéained with
the new system are recorded in Table 1.1, The opti&hm fit was
cbtained with an equation of three parameters: ’_
W /J mol” =x(1-x)[B63.78 - 241.30(1-2x) + 49.539(1-2x)]
where x is the mole fraction of cyclohexane and Hi is theimolar
excess enthalpy. Table 1,1 shaows the mole fractions, meaéured
excess enthalpies and deviations from the fitted values (ﬁfit
- H%xp) a graph showing the measured wvalues and the Fittéd
curve is given in diagram 19, The fitted curve agrees weliﬁ
with the results obtained by Marsh et al,, showing a deviatiaafz

- : o , i
of 0.1 J mol at x=0.5, 0.3 J mol at x=0,7 and a maximum
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DIAGRAM |9

cyclohexane + n-hexane at 298.I5K
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deviation  of 3.7 J mof'at x=0,3, Agreement with the results
of Stoeckli and McGlashan is similar, with slightly 1larger
deviation at higher x values, Given the standard deviation of
this set, 1.1 J mofi it seems that the agreemant betwsen these
sets ‘is close engugh to suggest that the calorimeter could be

used in the measurement aof previcusly untested systems,

CHAPTER ONE PAGE 1.19



The System Cyclohexane + Tetremethyl Silane At 298,15 K__

~ This system was chosen,vasiwas the next,‘becéuse” 6ﬁg
the near- sphericity of its molecules. The tetramethyl silane
had to be handled with care, as the boiling puint was arcund
299 K, but nao purificationgwasf~carried ocut on the sample,
specified as better thanf99 9'molég‘per cent pure, as no sign
of impurity could be found on g.l.c. analysis. The liquid was
stored over molecular sieve. The Cyclohexane was Analar grade
material, purifieq'as previously described.with the exception
thaf the liquid; was refluxed wviolently dQer mercury for 5
thrs, prior tovdistillation, to remave trac;; of sulphur,
Table 1.2 shgks the results gbtained, and the}%raph (diagram
20)’shows thegmeasured values, and the fitted 2curve. The
equatiun of this curve is: ;’
H /J mol = x(1-x)[764.50 + 110.54(1-2x) + 77.02(1- 2x)]
where x 1is the mole fraction of tetramethyl silane and H the
molér excess enthalpy. The standard deviation of the\ results

was 0.84 J molf
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DIAGRAM 20

cyclohexane + tetramethyl silane at 298.I5K
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The Svstem Negpentane '+ Cyclgohexane At 298.15 K'

The same sample aof cyclohexane was used as in the

tetrameéhylsilanéiaiitu;es; bﬁétfgéﬁ\ﬁédpéntéﬁe ‘ddéed ‘réthér
‘more problems, A sample was obﬁained from B}iflshwg;;éjﬁgbées
Lta., which was stated tdﬁhek99 moles per cent pure. This
then had to bs fractionaféa, a process{which, to avoid sétting
upttemperature controlfapparatus for tgé‘ entire system, was
carried out in tbé cold roam (274 K),:using an electrically
heated jacket for tke column, with an iqfinitely variablé
controller. Thiéf process was necessitatediby the low (circa
283 K) bgiling {Soint o% this component; "The sample was
evéntually purified to the sams standardl¥as the other
héterials, i.e. about 99,95 moles per cent, Tﬁa results of
the excess eéthalpy measurements are shown in Table 1.3 and a
graph of tha' data and the fitted curve, aga;q af three
parametersigin diagram 21. The standard deviation bf the data
is 0.69 J mol.

HE/ J molﬂ;x(1-x)[390.84 + 45.33(1-2x) - 38.10(1-2xfi5

where X 1; the mole fraction of cyclohexane in the mi*%ure and

HEis the molar excess enthalpy.

CHAPTER ONE . . .. - PAGE 1,21



DIAGRAM 21

neopentane + cyclohexane at 298.15K
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_The System Cvclohexane + n-Hexane At 298,15 K '
x(cyclohexane) H /4 mol(observed) deviation
10,300 162.9 ~+0.11

0.350 *180.5 ~=0,56"
~0.400 "197.0 ++0,80
0.450 “206,2 .=1,74
"0.500 :216,0 40,05
0,500 216.5 ~40,55
0.500 217.3 .+1.35
0.560 "220.4 40,25
0.600 219.6 40,23
- 0.650 212,7 ) ~=1,29
0,700 "202,2 c=1,13
0,750 +188.3 ++1,40
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TABLE 1.2

The System Cyclpohexane + Tetramethyl Silane At 298,15 K

x({t.m.s.) - He /J mal(exp) deviation.
0.25 157.4 -0.1
0.30 173.0 -0.5 "
0.35 182, 1 +0.9
0.40 190.1 -0.5
0.45 ' 191,1 1.1
0.50 192.9 -1.8
0.55 186.4 +0.3
0.55 186.0 +0.6
0.55 186.3 +0.3
0.65 \ 168.7 -0.8
0.70 153.7 +0.2
0.75 136.,6 +0.0
0.75 136.4 +0.2
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_TABLE 1.3

_The System Neppentane + Cvclohexane At 298,15 K_
x(negpentane) H' /4 mol(exp) deviation_
0.237 73.08 +0.00
0.334 89.49 -0.14
0.393 94.92 +0.21
0.443 97,03 +0.56
0.494 98.57 -0.74
0.544 96.67 -0.78
0.542 195,67 +0.34
0.650 . 84,06 - +0.98
0.736 70,60 -0.46
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DIAGRAM 2.1

Pressure / Composition Phase Diagram
For A Two Component Liquid Mixture




MEASUREMENT OF THE EXCESS GIBBS FUNCTION

The Dew-Pgint, Bubble-Point Method =

" "This method was first discussed thecretically by

Dixon and McGlashan (1965), and was examined in detail in thse

Ph.D. thesis of ‘the former.  The method was not, howsver,
successfully put intoc practice, owing ~ to experimental
problems, and also, 'in "lesser degres, toc computational

problems. ‘There follows a brief  ‘description of the
théoréticél ‘basis of the method, followed by a descriptiontof:
the computaticnal problems involved in the solution of the
eqﬁatiéns."'This’sédtiéﬁ;thenzcohbludes'with a dascription:of
the experimental method for obtaining bubble and dew points to

the desired accuracy. -

The Basis Of The Method -, '

The usual approaches to the obtaining of the excess
Gibbs ifuncéiohjﬂfrgm,‘yabgu}¥ pressures of volatile mixtufegi
involve eithe;:méaéurement of’ vapogur pressure, temperature,
and liduiduiand«vaﬁour compositions in a recirculating still:
or measQremént AF stétic vapour pressure and liq;id‘
composition followed Aby solution via the “Barker” method
(Barker 1953):; or,‘vléSS' frequently, measurement of total;
pressure< and liquiduk*and vapaur compositions in ’ak

gas-transpiration me?hod.,“,."
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Owing to the difficulties of bringing recirculatory
stills to equilibrium and of obtaining &8 reproducible
steady-state situatiocn in the transpiration method, the secand
method has been the most frequently used, for accurate work,

in recent years.

The relationships 1involved are as in diagram 2.2.
The only furthefirequirement is the assumption of a soifahle
functional relationship between G and x2, This may take ‘the
form, for instance, of a Hedlich—Kister equation.lf'h
ce x1(1.x2)(A1+A2(1-2x)+A3(1-2x)+. )
or, perhaps; the Myers Scott equation'

&£

G= x(1=x) (1=k (1= 2x)>(A1(1 2x)+A2(1 2x)+. . )

The more commonly used form is the Redlich-Kister equation,

which will be used throughout this work ,

31,

now | Q,xz) %&n ’Lu + X3 _ﬁ'a)o rl,_

and fraom the Gibbs-Duhem equation

(l-x,_ a_&. %&E

93‘; 3

S0 | :E | |
) pep

Ox,

® @ ®

combining 1 and 8 we obtain:
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DIAGRAM 2.2

GE% x,pf+x2p§ - @
WE= RTIn (P ¥, /R%)+(v>~B ) (P P)+ RSy ()
5= RTIn(B,/R34-8,) (2-8) + Bs.p2 @

“? are the excess chemicoi potentials
P; are the vapour pressures of the pure
components .
V' are the liquid molor volumes of the
pure components |
B,; are the second virial coefficients in
‘the equations of state of the pure
components » |
Xi,Yi ore the ||qU|d ond vopour phose mole |
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If we now consider equations 2,3,4,9 and 10, it is
clear that a relationship, albeit &a complex one, exists
between the terms on the right-hand sides of equations 2 and
3, and the Ai coefficients aof the Redlich-Kister equaticn 4 .

&

This relaticnship leads tc two equations in Ai, Pm, x1 x2
,1. y2, B11, 812, B22, deltatz, F, B, V3 V5 for each pressurs/
composition value, with cnly Pm and the ccmpcsiticn termsﬂ
changing between measurements on reny particular system,»
(diagram 2.3). This methcd:cf ecluticn, whereby a set of {énﬂ}
equations 1in n+m ,perameters, where m is the number of,Aii*?
terms, ane anancf x2 ‘eté;;meaeured, may be reduced‘:tokzné‘
equations in m unknownsibyvepprcximate elimination of the'y\;
terms between each pair cf equatiens, fcllcwed by sclution .cf'
the Jacubian’qcf?tthe set of equations in P and the Ai terms'l
which remain (diagram 2.4)." This ylelds dimproved values cft
the initially ;estimated Ai terms, which may then be used to;
calculate an imprcved ‘value of y; thez soluticn is then
repeated, with the differential elements of the Jacobian beingi
calculated fraom the improved values of the Ai terms, and the
cycle may be repeated until the values~obtained;ccnvergeftu a
solution. This method is, in effect, the "Barkef"ﬁmethcd;

In the case Ofv_th? recirculatory still, or the
tfanepireticnhtrain, Where'ccthiniend QnaEHWeli’es:P and.T are
measured, there is no need for such solution, since the excess
potentials may be calculated directly from equations 2 and 3,
and G from these values and the liquid compositions. The cass

is, in fact, overdetermined by these methods, and the

Gibbs-Duhem equation may be wused in checking the internal
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The combination of the u@:n&..o?@ with
@P:h—- @ Leads to a ..n—b.ﬁoﬁmr:v befwesn
the Riterms, Pm,V,Bii, x; and ya and Pt



DIAGRAM 2.3
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dx, PP (l-x2)
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DIAGRAM 2 .4

the N equations

in M coefficients showing

the Jacobian matrix in the ”Borker“ solution



consistency of the results (Rowlinson 1969 p.125).

The bubble point, dew-point method is a special case
of the previously described P, x method, which resulted in the
set of 2n equations in n+m unknowns, If, instead of measuring
P and x or y, we measure the bubble-point and dew-point of the
same mixture, then we have, effectively, a ;oubla set of
equations, where the liquid phase compousition at the bubbie—
point may be equated with the vapour phase composition at ;he
dew-point (diagram 2,5), This results in a reduction of the
number of coefficients involved in the equations, leadingjto
the situation shown in diagram 2.6. ‘It may be séen that %we
cbtain 4n equations in 3n+m unknowns, i.e. we have obtainea a
relationship between Géénd X, without exact control of x,. It
is also possible, ih the case af ailksuch non-linear methogs,
to solve the equations for other variables B:Q.,fvirial
coefficients, which are sufficiently determinéfé. Thistis
achieved by a process exactly like that éiregdyrusedx For' ;he
composition and Redlich-Kister coefficients, tﬁé appropriéte
differential coefficients Béing obtained,andvinsefted into the
'Jacobian, and the sol@tion being qarried out as usual. ihe

solutidn is now of 4n equations in 3n+m+v coefficients.

H
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DIAGRAM 2.5
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‘DIAGRAM 2.6
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THE SOLUT UATIONS

The first major problem now arises, in that the
equations are of exponential form after rearrangement; this
means that the set can not be solved by direct linear methods,
and that & nan-linear method must be employed, The equation
set in diagram 2.6 is that for one bubble-point, dew-point
measurement, The method employed 1is that of successive
improvement of initial estimates of the parameters by solution
of the Jacobian set of eQUations, derived fromt?thei set Cof
exponential equations, and shown in’diagram 2.7. Values of
the delta P terms are calculated using initial estimates of
the coefficients, as are the differential terms. The solution
is then obtained,kby normal linear—least-squares methods. and
the delta (coefficient) terms ‘used to increment the initial
estimates of"the"rcoefficient5° a further “cycle is then7
commenced. The process is; halted when the change in the
coefficients from one cycle to the next. reaches some suiltable
fraction of the absolute; value of the- coefficients.;( lhe
Jacobian for a set of bubble—point, dew—Point measurements is
large, and most of the elements are zeros (diagram 2,8), but
sglution with modern, powerful computers, of even (as for 10
pairs of points), a matrix of 40 equations in up to 40
cogefficients presents no real problem. For instance, for 5
cycles of such a set of equations, using the programme‘written
by the Author. the C.D.C. 7600 computer, tafter' compilation,
required only‘about 2 seconds of central processor time. The

time required on older computers, such as the Keele Elliott

4130 was much greater, up to 16 or 17 minutes, but even this
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DIAGRAM 2.7

the 4 equations in 3+M coefficients with
the Jacobian set of a single bubble-point,

dew-point pair



DIAGRAM 2.8
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is not really excessive,.

"The computational :problems spoken *:of - .in- . the
introduction to this section arose where an attempt was made
toc.reduce the amount of computer time . and -workspace.  required
for a solution., Most of the time required for the method used
here is  taken up in :the. linear- least squares solution of
large ssts of,equations,*and if saome means cauld be found to
reduce the size of these sets, some quite useful reducticns in
time and workspace used might be obtained, D.T.Dixon in his
tHesis, (1966), attempted such a saving by 1initial algebraic
elimination of the terms in concentration, followed by
solution for the terms ‘in the HRedlich-Kister parameters,
concluding by  back-substitution to obtain the concentratiaon
terms. This method reduces ‘tha amagunt of time required
considerably, but the method seemed numerically rather
unstable, and sometimes failed to converge, even when the

estimated values of the parameters seemed guite good,

.The cnly circumstances 1in which difficulties wers
encountered with the current programme were those 1involving
the calculation of virial coefficients, when the appropriate
differentials and coefficients were inserted into the equation
set, and the soclution carried out for these terms alsao. It
was found that this solution only proceeded satisfactorily
when the absclute value of the vapour pressures of the pure
components was large, 3 kPa ar greater, and the methad
therefore highly sensitive to the values of the virial

coefficients,
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‘At  pressures below 1 kPa it was found that changes
in the virial cuefficients had only very small effects on the
values of the Redlich-Kister parameters, and this caussd the
solution to become wunstable, * This 1s, -however,: no. major
problem, 'since -the ogccurrence of such non-determinacy simply
implies that:the value- of the solution 1s ‘'not. sericusly
dependent - on .the actual values of.the virial coefficients
used, and’estimateé.may therefore safely be used, . .-

T
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THE EXPERIMENTAL MEASUBEMENT OF BUBBLE- AND DEW-PQINTS

The experimental work involved attempts to measure
the bubble and dew pressures of 1liquid mixtures of
approximately known composition to the maximum accuracy
attainable with the pressure measuring systems. All the
pressure’ measuremsents in this wark were made with
thermoééatted mercury manometers, using a Precision Tool And
Instrumént Company 100 cm cathetometer, capable of being read
toc 0.01 mm, représenting a limiting pressure accuracy of circa
1.5 Pa. There were three successive versions of this
apparatus, which will be referred to as the Marks 1, 2 and 3
respectively, and although the mancometer systems differred,
all Marks sharedKa common sample preparation and metering

system, which wili‘be described first,

The iianidé‘wére first obtained in Analar grade, and
further purified,,:in the same manner as those used in the
calorimetry sectibp. The final portion of the 1liquid, for
this work, was distilled once more, under very stringent
conditions: the tharmastat of the Fenske column was - set to
anly 0.03 K below the pressure corrected boiling point of the
l1iquid, and the liquid again distilled, only the fraction
boiling within 0.017 K of the boiling point being collected, at
a reflux ratio of greater than 100:1, The liquids were then
transferred to the reservoirs 1in the vacuum system for
degassing (d;agraa ’2.9);“VThe”initial degassing was carried
out by repeated freeze-pump~thaw cycles, after which the

liquids were:lfinally totally degassed by vacuum sublimation
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DIAGRAM 2.9
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between.the twog tubes of the reservoirs three or four times,
The reservoirs were 1isclated from the system by a liquid
nitrogen trap, in order:to avoid-Culd-trapping'any" impuritiss
from  the system into the711quids.during:the sublimation, . The
liquids were finally further purified by . repeatedly. pumping
off  the vapour -above the liquid surface, in order to remove
any more-volatile impurity, and, after distillation .of  .the
liquids- slowly  across -a temperature gradient :of.some two
degrees, the pumping off of the final few cm of the 1liquid, to
reduce “the concentration’ of .  less-volatile  impurity. .-:The
liquids thus treated were only accepted for further work when
the change in vapour-pressure between bubble- and dew-points
was less ‘than.  0,1% of the absoclute vapour pressure at. the

bubble~-point.

The -small ‘quantities .of  liquid: required . for
measurement -‘werse. metered:.:.by distilling‘xslightly‘,greater
quantities of the liquids than -were cactually required. intao
tubes  graduated in 0.01 cm steps, pumping any excess to waste
with the tubes. thermostatted. -at 298 K,. then <closing the
"Rotaflo”. . taps of the tubés.y In this way, 1t was-possible to
make up mixture samples of sufficiently accurate total volume,
with mole fractions within 0.02 of any nominal value, which
was perfectly adequate for this.work, where:only a.reasonably

accuréte estimate of composition is required,

. LN
. o !
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The Mark 1 Apparatus

This apparatus consisted of two, 1 cm bore, mercury
mancmeters, the first of which was fitted with a liquid cell
and expansiaon bylb, as shown in diagram 2,10, The system as a
whole was highly complex, with the cell being sHut off by an
electromagnetically counterbalanced mercury float valve
(diagram 2.11) which allowed mercury to flow up almost to the
cell before qlosure, thus ensuring minimal dead volume. Thers
were threelifdrther float valves of standard type associéted

with the gas ballast ménometer and the sample transfer system,

The net result of the complexity of the whole system
was that it became almost impossible to operate it without
assistance. _éndw it was extremely difficult to avoid pressure

radients sufficient to Jam one or more of the float valves.
The _vaiy;s _themselves were a further source of trouble, in
tGBt(thEY'fréqﬁéntly failed to seat properly, leading to the
floodigé of :parfs o% the system with mercury; additionélly,
the pressﬁre/vacuum control system required to controlg the
valves‘ remately became very complex, greatly increasing the

possibility of failure somewhere in the system,

,éIP Qiewrof the difficulty of operating this sygtem,
it @agvfihéréfore decided that -a simpler vefsion wéuid be
brodgced,iusing TRotaflo" Teflon taps in place aof the ﬁercury
Floaf"VElveé,” thus removing many of the difficulties of

operating the system previcusly caused by pressure gradients,

R
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DIAGRAM 2.10
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DIAGRAM 2.1|
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The Mark 2 Apparatus

jThe ﬁfirst'qof the’meaningful results were obtained
with this apparatus, which in spite of faults which will be
detailed 1ater, proved reasonably straightforward to operate,
Wighrthe.entire”system at&%optimum‘_yacuum, the mercury was
raised halfway up manometers 1 and 2, and ;ai suitable
gas-ballast prBSSure applied through tap 1“ with dried

nitrogen., The tap, which was below the water surface of the

.«..,;t .

Xthermostat bath, was then closed, and the mercury in manometer
1 raised to the top. The sample was transferred into the cell
withgliouid nitrogen, and after the tap (number 2) was closed,

was allowed;to melt, and to warm to the“ temperature of the
thermostat;fﬁthe imercury level being maintained by increasing
the controlipressure, ae the vaoour presSure;’rose tg 1its
equilibrium valueEV\:After 15 minutes, the mercur; column and
meniscus heights were read and also the height of a';reference
mark éon; the} first manometer tube, after which the mercury
column was 1owered 2 cm down manometer 1, and éa further 15
minutes vallowed for equilibration. This‘orocess was repeated
6 or 7 ttmes;*so“that a graoh of pressure against volume cauld
be drawn,“and extrapolated the small distancem;to the liquid
volume ’(diagram 2,13). This pressure was'the\bubble point of

the sample;fxThe:internal volume of the apparatus was obtained

by the nitrogen compression method;

et g e Gl s

~

S

When sufficient points had been gcbtained to define
the bubble pressure' adaquately'- fhe“‘mer0ury was laowered

through the expansion bulb, and, the sample allgwed to
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DIAGRAM 2.12
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vapourise into the bulb. A further series of measurements was
then carried out, in the same way as the first, in order to
determine the dew pressure of the mixture, py SuCCessiVely

lowering the mercury down the lower tube (diagram 2,14),

The main problems arising were as follows: firstly
the;trend to equilibrium seemed very slow, and was often
incémplete even after 20 minutes, an effect, which, it was
fel{, was probably due to the small liquid surface expoused, to
"th;fharrowness of the tube to the cell, and to the 1large
unsgirred volume (750 cm) of the expansion bulb,
3Equ£11bration was much dimproved by the fitting of a
glaés—enclosed stirrer rod 4into the <cell, which could be
magéetically gperated, The liquid in the cell was stirred
;iggrously after volume adjustment, and at 5 minute intervals
thereafter. Egquilibrium was now attained in around 10-15
5miﬁJtes, in the bubble-point section, and 15-20 minutes in the
dew;point section, The next problem was the fact that the
jbgbt:le -paint graphs, instead of being straight lines, showed
marged curvature, appearing much like gas-compression curves,
Thié was not acceptable, and a great deal of fruitless effort
wasyié#paﬁded in' further degassing operatlons, befors itHwas
realised that this was not the cause of the trouble. After
cansiderable experimentation, ’it was fgogund that the problem
did not arise with refrigerants which were not‘ as cold as
l1iquid nitrogen, and it was assumed that the nitrogen had
caused any gas present in the system to be trapped 1in the

cell, with the sample.
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DIAGRAM 2.14
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The final problem was a good deal more severe, and
was a result of the egquilibrium behaviour of the liquids used,
The first system tested was benzene/cyclochexane, and 1t was
found extremely difficult to obtain a linear bubble point
graph with cyclohexane present, although no such problems
arose with the benzene elone. The cause of this behaviour was
later resolved, bot at the time it was decided to put the
problem, temporarily, ipfo ebeyanCe, and to choose a different
liquid. ‘A sample ‘oF 'n}hexane was therefore purified and
degassed for use in benéeoe/n-hexane mixtuees. At this point
another pfoblem arose:} o%hexane did not praoduce clear
dew—point results like~wbeniene; tending to produce a curve,
rather than the required sharp discontinuity, and since this
curve spread over the whole of the P/V range accessible with
this apparatus in the dew-Doint region, it was obviogusly not

gging to be possible to use n—hexane with this apparatus.

Byi this £1aéi yoinoUSly, eevefe doubts were being
entertained apout the viability of thisf method, since twe
materials, oupy~of three tested, had pfoved not to be usablese,
It was decided the;efope, that a change would be made 1in the
apparatus, such that the Qolqpe change:sample size ratio could
pbe made much greater, in bpéh‘bubble- and dew- pgint regions.,
This was done by replacingi fhei large expansion bulb by =a
larger external gas-mixiogg vessel (diagram 2.15), equipped
with a large, magnetically driven propeller stirrer. The
bubble-point measqremenpk3yes§}oarried ocut 8as before, after

which the sample was transferred with solid/liquid acetone to

a finger of the mixing bulb. The bulb was then closed off,
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and the liquids allowed. to vapourise, after which the
resulting gas mixture was stirred for about one hour. The tap
of the bulb was then opened, and a sample of the mixed gases
trapped in the bubble-point section of the manometer system,
This samplé was condensed intc the cell with the aid of cold
water and the mercury raised to the top aof the section, and a
series of P/V readings taken., It was found that the large
fféctional'volume change produced a very clear dew point
'diééoﬁfinuity, (diagram 2.16); in the system benzene/n-hexane,
and ;fter ‘a trial series of such experiments had produced &
set‘of reasonabl&‘gobd bubble- and dew-points, it was decided
that a new apparatus, the Mark 3, would be constructed to take

advantage of this approach,

The MQEE 3_Apparatus

The changes made were solely in +the manometer
sectiqn, the complex first mangmeter and the plaln second
manométer being replaced  by one small and one large plain
mancmeter, both in 20 mm bore precision tubing, thls increase
beiﬁgi made to dispo;e of the large effect of capillary
dapregsion differences in the smaller tubes, thus halving the
number? of readings required (diagram 2.,17). The lowering of
the upber level of the first tube waé carried out to allow
dew-,r;”d bubble-point pressures of mixtures with absolutse
preséu}es of less than 22 kPa to be carried out simply\ by
three ;readings: first and second meniscus and reference line,

thisﬁlétter being scratched with a diamond at the top of the

fFirst tube.
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DIAGRAM 2.17
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This final -~ model  proved highly effective in
practice, the standard deviation of the bubble-point lines and
the linear portion of the dew-point lines being reduced to 2-3
Pa, or only slightly greater than the limiting accuracy of the
cathetometer. The temperature control of the thermostat tank,
as will be seen in the next section, was: easily good enough to
prevent apparent pressure erraors due to:.temperature changss

from being measurable,
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THE_MECHANICAL' 'AND _ELECTRONIC CONTROL APPARATUS

This was 1.2 metree'tall,?bzémmétres square, with an

angle-iron frame and bracing, iron plating, ' and a 9.5 mm

£ ! & ~,
P - % H
P 4‘ [ : i

plate-glass front window. ,hfhe ftank was stirred by four

SOnLnY .
[P S I T

stirrer shafts at the corners, running the full depth of the

tank, each 'with faur,i four bladed propellers, of 10 Gem

diameter, rotated at 300 rpm.: he blades were set to cause a
) i 3 {, t} f@’ 't 13‘ . .

circulatory motion in a vertical plane, to improve homogeneity
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of temperature throughout the bath w«ﬁ
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\ This was by gmeanSx of a 1large mercury-toluene
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regulator, switching a diac—triac device, giving an adjustable
constant Dower input,-;cgmbl”ed with an adiUStﬂble switched

: ¢ ;
power input, to a

kettle-type element, soldered to a large heat sink beside one
g ' i
of the stirrers. The regulator head is shaown in diagram 2.18,

and the oirCuit diagram of the powsr; controller in diagram

i f x

2.19. The volume of toluene was approximately 250 cm® that of

R
-y l, ;‘-

mercury approximately “70--cm’, leading. to-a maovement of the

mercury surface in the capillary of 0,03 cm/mK The regulatgr

head was sealed, removing the errors which could be caused by

atmospheric

was easily . achieved,,fonce the tank had been carefully

o

insulated with a 2 inch thick layer of expanded polystyrene.
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_For operation 'at ‘or near room temperature, it was
necessary to provide cooling for the thermostat, to remove the
heatfgenerated by the stirring. This was achieved by placing
a cooling element in the tank, the flow of cold water in which
could be adjusted’'toc provide sufficient cooling such.that the
heating .system. would ‘control the .temperature.  adequately.
There . was alsc -an external, pumped circuit,  to.-allow

filtration of:the water, and the fitting of a. flow-cooler if

required..
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v ZIHE _EXPERIMENTAL PROCEDURE WITH THE MABK 3 APPARATUS

‘The Degassing And Purification OFf Liguld Samples -

The purified samples were loaded'into reservoirs 'R1
and R2, the apparatus having first been maintained atlalvacuum
of better than 10°Pa for three days ‘to remove as much adsorbed
gas as possible. - The reservoirs were “"flamed out" under
vacuum before the' ‘liquids ' were 1loaded, -:to regenerate the
molecular seive which they contained, ‘and’ remove’ adsorbed
water  from the 'walls of ‘the apparatus., ‘Trap Tr1 was then
immersed in ‘liquid nitrogen 'and the samples - subjected,
alternately, ‘to- ten: freeze-pump-thaw cycles, the reservoirs
being evacuated through taps T9 and’ T10, - "The" sam0193' were
then -further. degassed- by vacuum sublimation between:the two

tubes of the reserveirs, and further purified as previocusly

described.

Taps 2, 4, 5, 6 were then closed, and the msrcury
raised one-third of the way up the left-hand tube of Manometer
M1, the ballast pressure -having previously, if necessary, been
adjusted via T14 to some suitable value, One of the taps T7?
and T8 -was’ then' opened, and the vapour pressure allowed to
come' to its equilibrium value in the section M1-T1-T3-T7," the
mercury level being carefully maintained by use of two-way tap
TT1 ‘and  needle valve NVi, Tap T1 was then closed, the
temperature of the thermostat corrected, if necessary, to some
suitable ‘exact value, and the vapour pressure in the closed

section of the first manometer M1 measured, the volume of
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which could also be calculated., A series of . pressure/. volume
readings was then taken, between the dew--and bubble-points of
the sample’ .by raising :the mercury: in the .manometer through
successive increments, - If 'the change 'in 'vapour -pressure
between .dew- and. -bubble-points was less ‘than 0.1% of the
bubble point. pressure, then the sample was. accepted -faor
further work, and the process repeated for the second liquid.
Should the sample not have been completely degassed by this
stage, then. the ‘liquid in the reservoir was subjected to
further vacuum sublimation until the desired .standard' was
achieved., ~This failure completely to degass was the cause of
the-initial difficulty with cyclohexane, ' If, as was the ‘case
with ~the initial < sample  of .n-hexane,. the purity- of the
material -was:-shown to.:.be -inadequate, . then® the sample  was
pumped out :of .the.rreservoir, and further purification work

undertaken on a:new liquid.sampls,

The Calculation Of Mixture Quantities -

- Once-pure samples had been obtained, the - quantities
CDQId"”bB calculated for the mixtures.. In the:first mixturs
studied, n-hexane/ bénZBHE, these.quantities ' were':calculated
for the volume:of. the'gas- mixing vessel:and.a pressurs.of B85%
of the estimated dew-pressure of the sample, Calculation was
done on the basis of the second virial equation -
pPven(RT+BP) - -
where B, the second virial coefficient of the mixture, was
calculated from:. -~ ... o

2 o
Bx=>ZB +b(|x2.8l;rx:.811 o

(TS
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where. B12. was either taken from the literature, ‘or estimated
by.a corresponding states- method : (Cruickshank, Windsor and
Young . 1966).  This second.virial correction,: for the mixtures
studied, i.e. benzene/n-hexans and benzene/ cyclohexane, was
not -really necessary, since at the temperatures concerned, it
produced a difference . in n of only about . 1% .from .the :value

calculated from the ideal gas equation,

The estimation of -dew-pressure -in "a 'system of
unknown. phase behaviour would-obviously pose  ‘some::problems,
but these could be dealt with simply by taking quantities for
four samples  to. ylield, 'say, ' one-third -.of'. the '4ideal
dew-pressure, mixing in"the mixing vessel, and determining the
dew-pressures, then drawing a rough dew-point line through the
measured: points,which -could ' then be used for calculation:of
the.required'mixture‘quantities.ﬁa

. -S8ince the samples were being metsred,'not by weight,
but by volume, a knowledge of the density of the 1liquids at
the temperature of metering was required, The accuracy
required however was not great, and although for this work,
the necessary déta were available from the literature, a

simple specific gravity measurement would have sufficed.’

~ 1 .The mixtures were made by evacuating the system with
all taps, other than those of < the 'liquid  reservoirs, 'open,
’then closing taps-:T6 and T3, © T? was opened, . and'a Dewar
vessel containing very cold water  placed -on:"VT2,'’ When

slightly  more. .of - the 'liquid " had been:transferred than was
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actually required: t&BSXT7.andfTBJWere closed, and the section
bounded by T3, T5, 77, and T8 again evacuated, The process
was repeated with VT1 for the other ligquid. The cold water in:
the Dewar was replaced by water at 298,15 K, and this (clear)
Dewar was raised:to caver bath VT}Jan; VT2, T6 was apened,
and any excess liquid was pumpen away, slowly, in order to
avoid excessive temparature chénnes whilst adjusting the
quantities. T5 and. T4 were then closed T3 and T2 opened, and
when the mercury had been raised to tha top of Manometer 1,

the system was again thoroughly evacuatedj\, An acstone/solid
carbon dioxide refrigerant mixture was thentmada up and poured
intoc the special cold-trap Dewar ldiagram 2.20), Tap T1 was
then closéd and the cold trap immér;ed in the thermostat and
slipped over the-. finger cell. iTaD Té6 was then closed and
taps T4 and T5 nnened; after which tap T was - opened and - the
sample transferred to theg cell - When~ this process was
complete, T1 was closed,;and the cold—trap slawly removed the

P

mercury level being maintained by the use aof TT1 and NV1 with

the dry nitraogen pressure;supply.
_The Measurement Of Bubble And Dew Points

The sample wgg stirred ’s;me 30 times with the
magnetic stirrer, splash;ng the liquidgwell up the walls of
the cell, and then a” ?urther‘ 10 - times, at intervals of 5
minutes. After about 30 minutes the first of the bubble-point
pressure/volume readings was taken. Thé mercury was then
lowered about j cm down the tube, the liquid again stlrred 30

times,‘and/after’15'ninutés{”WitH two further stirrings, the
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second of the readings was taken (q;sgram 2.21). This process
was  repeated 4 or 5 times more, and then the liguid was
removed to the gas-mixing vessel, To do this the mercury was
lowered"ébsut“ half-way down the first manometer, and tap T6
clgsed, which had been opened after the transfer of liguid to
the cell, Tap T1 was then slightly opened and a cold-trap of
sglid/liquid acetone placed placed over the “finger" «cell in
fﬁéf niking vessel. Once all the liquid had been transferred,

_the:tap T2 was closed and the stirrer started,

After 1 hour the mercury was again raised to the top
;oananometar 1 end tap T2 opened, The required quantity of
gas\ (1arge if clear dew-points were being obtained with the
1iquids, Utherwise small) was trapped in the-shorter. .1imb of
'the; manometer by suitably adjusting the mercury level, and
closing tap T1. At this stage procedures differed slightly,
rdebending on whether the mixtures were giving clear dew=-point
discnntinuities, as with benzene/ cyclohexane mixtures, or
unclear curved results. In the latter case the volume was
slowly decreased to within about 5-6 kPa of the expected
dew-point, after which a series of compression pressure/
VoluaéJféadinés‘nés't;ken;'Unéil'vclear dive}genee  from the
virial :eurve occurred. Tﬁé’AAﬁﬁié'kas then trapped into the
cell with cold water and the mercury again raised to the  taop
of the shorter limb of the manometer, A series o% expansion
pressure/volume readings was then taken, consisting of some 5
or 6 points, producing a line to intereent the virial curve at

the dew-point, avoiding wfhe'icentral region of connecting

curvature (diagram 2.22).,
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DIAGRAM 2.22
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In the case,gf‘mixturgs g;ying clear dew-points the
mercury was raised until the pressure was about 1 kPa below
the expected dew-point and then. with very small decrements of
Q;iu;é; é series of compression pressure/ volume readings was
%aken for botﬁ‘iéhé; ;nd two;bﬁégéIpdrtidns o;;théIisotherm
(diagram 2,.23). The virial section, when this method was
Heﬁgi;yed, appeared 1linear, and computer fitting showed that
lower sfandardﬂdévi;£;;nérJgé;é‘befgiﬁéd”:by'itreating these
;esults as linear, There was no stirring in this section, and
the time interval after adjustment of voluhe was about 10

minutes in the o©one-phase region and 15 minptes in the

two~phase region,
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DIAGRAM 2.23
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.. _THE RESULTS OBTAINED
The System Benzene + n-Hexane At 298,15 K

“This system was the first to bs studied in detail
with the Mark 3 apparatus, and the results are slightly
suspect, because of the relatively high gas pressure in the
éas ﬁixing vessel, The system was chogsen because two previbus
studies of vapour pressure against composition had been
carried gut, with twgo différent apparati, yielding results
'Whicﬁ agreed very closeiy (Harris and Dunlaop 1970, and Murray
and Martin 1975). Tﬁe results obtained are shown 1in diagram
2,24; plotted against those of Harris and Dunlop, and ,in
tabular form, in Table 2.1, where the corrected value for
ﬂ{ageréll composition is listed, with the courresponding measured
valués of bubble and dew pressures and the calculated values
of egcess free energy. The standard deviation of the measurad
pressures was 14,5 Pa, and the Redlich-Kister | equation
\ oﬁéained was:

B - 2
GYRT /J mol=x(1-x)[0.65907 + 0.20084(1-2x) + 0,11888(1-2x) +

3
0.03236(1-2x)1
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DIAGRAM 2.24
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The System Benzene + Cyclghexane At 313.15 K

This system was used as a further test of the
limiting ’capability ‘ofvf Mark 3. apparatus,;“sinca much
clearer dew—points are obtained thanm for the previous system;
alsgé there are twu different measurements of this system by
diff;rent methods, ane a recirculatary still methad
gy(Scéfchard, Wood and Machel ﬂ939),vénddthe other a dew-point,
camp;sition method (Brewster and McGiéshan 1973) and the
ersuits from the twa methods agree well. It was therefors
feltLthat this providedwa good test for the ﬂgpparatus. The
' fﬁééﬁiﬁs obtained are shown in Table 2.2, andnin‘diagram 2.25

‘are &ompared with those from the two references,

b

? It may‘be‘seen from the diagram that ag}eement is
good; althoughv thase results are, perhaps, var; slightly
skewéd with resbect to the others, possibly a refleétion of
different adsbrbtivity of the two camponents, which tends to
show up in any apparatus having a large internal surface area,
The standard deviation of the measured pressures 1is 16 Pa,
which is é good deal larger than any of the errours o} the
individualAmeasurements. again suggesting Bsome roblem of
compositiun. The Redlich- Kister equation obtained was: |
§/RT. /d wéihx(1-x>to.4601021f”

and gthex fit did not improve with the additiogn of furthaf

Redlich}Kister coefficients.
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DIAGRAM 2.25
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. The System Benzene + n-Hexane A£ 298,15 K.

x{overall)
0.2245
0.2773
0.3300
0.3784
0.4317
0,4896
0.5287
0.5804

0.6722

Pbub /Pa
17305
17799
18232
18569
18909
19258
19433
19673

20024

Pd /p EE: -t
15218 350.1
15892 385.0
16562 406.9
17177 417.1
17808 418.,9
18412 410.9
18795 400,2
19221 380.1
19811 329.2
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TABLE 2.2

IThe System Benzehg + Cyvclohexane At 313,15 K
x(gverall) Pbub Pdew /Pa G /J mgl
0.2372 26758 26402 216.7
0.3179 27146 26955 259.8
0.3997 27411 27336 287.4
0.6338 27393 27296 278.0
0.7156 27118 26888 243,8
0.8145 26550 26216 181,0
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FURTHER DEVELOPMENT OF THE METHQD

..It  might, at this stage, be interesting to consider
the further development of the bubble-point, ‘dew-point method.
In the Mark 3 apparatus; we have an ‘efficient 'and accurate
method ° for obtaining excess Gibbs free energies for mixtures,
and also, incidentally, the phase behaviour of the mixtures
(since corrected- composition values are produced during the
solution), but there are still certain areas where improvement
waould be’ desirable, - The mast obviocus ‘of  these poésible
improvements are,- perhaps, the reduction of the overall size
and complexity® of ‘the system, -and the  measurement, and
possibly < the recording of pressure by sume less arducus and

tediaous methaod.

These  desired = improvements are, '* in ~ fact,
complementary, ‘in-that-the replacement of the manometers as a
means of measuring’® pressure’ -would,  in itself, ' lead to 'a
considerable- simplificétion' gnd reduction in :size of the
system, in’ particular of  the thermostatted  section. The
system ‘which will now be described seems, 'on the basis of the
experience with the preceding “‘systems, -prubably the most
straightforward solution’ of the ‘'above ‘problem. - The main
constraints placed upon-the design ‘were, firstly, that the
product be ‘as simple to construct- as possible, even at the
expense of © requiring .same specialist  engineering - work,
secondly,* that ‘the praoduct be:'as simple”'to operate as
possible, finally, that the operation of the system require as

1ittle direct attention from the operator ‘as possible:” The
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estimated cost of the system, which-1s largely the cost of the
electronic . equipment, is around 2500 Pounds Sterling at .the
time of writing (July 1976), but this'is not toc unreascnable,
in view of the results which might be obtained and of the
pressure and temperature range over which the system could:be

operated, .

The operation of ~the -system 1s< based: :upon the
stepwise compression - of “a: gaseocus sample,..through . the
two-phase region, almost to,the liquid . region. .The  apparatus
is of piston and cylinder form, where the.seal is obtained by
the use of p.t.f.e. sealing rings between piston and.cylinder,
both of which are constructed.in stainless steel and.  highly
polished., :The sample preparation and metering system is much
simplified and depends upon-the use of storage flasks: similar
to those used in the calorimetry work, and modified:-micrometer
syringes: having p.t.f.e., sealed pistons, ' The vacuum demanded
is higher than-that for the Mark 3 system, but.with so. small
and - simple a system the Edwards F203A. diffusion pumps used in
this work should be adequate,:-as, with suitable working.fluid,
the limiting:vacuum attainable is of:.the order of 10 °Pa,. The
pressure . igiwmeasured with-an electraonic. pressure transducer,
for example one of the National Semiconductor models, by means
of .a :Solartron Master . Series . digital:. vaoltmeter, on-line
calculator . and thermal -printer‘or;punChed paper-tape coutput
device. The operation of i .the. . /system,. .once: the sample . is
sealed into',thefcompression:cylinder,;is‘enfirely automatic,
with:the compression steps and -read/print. pressure commands

pbeing controlled by a synchronous drum timer.- . This means: that
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the system could be loaded (a relatively brief task with this
apparatus), and then left to run the bubble-point, dew-point

€

measurenent unattended, e.g.fovernight.

lee now; considerj the” detailed construction of the
equipment. The'thermostat may be small, since the powered
compression vessel is itself small, but should be cgntrollable
to better than 0 005 K, and be capable of operating over a
Wide range of temperature. fThe liguids are pre-purified as
fori the current dew-point, bubble-point work and loaded into
the double flasks after degassing in the apparatus shown 1in
diagram 3.1, § éThe valves are all stainlsss stesl
bellous-sealed tyoes having extremely low 1leak rates, The
apparatus is connected toghioh vacuum, thoroughly degassed,
and flamed out to remove adsorbed gas and water, after which
the 1iquid is loaded into flask A From Funnel F, with the aid
of a solid/liquid acetone cold trap., The frozen solid is then
sublimed with continuous pumping onto the cold-finger T, V3 is
closed and the 1iQuid is transferred back to flask A This
process is twice repeated whioh should be sufficient to
‘ensure oonplete degassing (Murray and Martin 1975), then the
sample is allowed to melt, and run intoc the doublef %1ask D,
and 1is sealed by‘mercury\vhich is run in from f“bOEI,F' The
flask is then removed and the process repeated for;the; second
liquid. The modified miorometer syringes are elsoishown in
diagram 3.1: these ‘oonsist of standard "Agla" 3 (Wellcome)
units, 1in which the ground syringes are replaced py Youngs or

Hamilton D.t.f.e. sealed wunits of considerably l greater

capacity, which ymust af ‘course be calibrated. The filling

CHAPTER THREE " PAGE 3.3



DIAGRAM 3.1

a )

p.t.f.e’.V‘o"ring joint

- the degassing system



procedure involves the flushing of the syringes with two small

samples to remove air, followed by extraction of the main

S

sample.

2 ¥

The 1liguids are shen fed to the sample preparation
vessel shown in diagram 3. 2-!at this stage all of - tﬁéf valves
(all stainless steel bsllons—types)iare open‘and,the;system
thoroughly evacuated, %aiVes 2 an353  ars‘ithen¢;closed, the
syringe needles passed: thfough 'fhe’ oles in the injaction
fitting I and the samples injected when the needles touch the
sinter disc. This sinter disc of porousity 4 or 5 will allow

liquids of low surface tension to pass under vacuum, but will

¢ f

prevent the passags Jof‘inersury,, thus forming an ideal
vacuum-sealed injsction pon{. The trap between between V2 and
v3 is partiall& filled and V2 progressively opened, with
furtnérr additions of coolant until all the liquid has been
%fsnsfefsz;  The coolant 1s removed from ﬂtns’ trap i"d the
liquid alloked to warm to room tsmneratnre. Valves 1 ann 5
are then clossq and 3 copened, Théfliquia;sprays intoc the bulb
where it vapou;ises. The liqqid is then trapped 1into the
finger below V4’kandN(V4 is"cléssd. | Tne system 1is then
re-evacuated, and a pnséess of’ ”evéndfation, stirring,
condensation, and evacuatidnvrapeated seversl times to ensure
the final degassing of the sample. With Vv1, v3 and V5 closed
the sample 1is then stirred for about 30 minutes, then V5 1sg
opened. A sample of gas is now trapped over the pistan in the

compression unit by opening, then closing, V6. The automatic

measuremsntfﬁsy>then'be;startéd. o
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DIAGRAM 3.2
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Thejrdrive screw of the;piston is machined from rod
with opposed flats, and passes through & shaped block designed
to prevent movement of the piston in the rotatory sense, It
is driven by a captive nqu;n the end of a tube, into which
passes the SCrew, thé tube‘izéqlf bging driven by a reversible
induction motqf >gearad ;Hown,;ipféféfgbl; with a planetary
gearing systeﬁ; to tgrnfag édef 3'r;bfﬁ::;and fitted with a
ratchet overload de;ice. i In this design the maximum
compression volume 1s abo;t 50 cm and the minimum, including
the transducer, abouti 1-2 ?cm, such that the increase ' in
pressure of the re;idual?gas, at the design vacuum, between
maximum and minimum vquQE willhnot bejggasurable. The drive
of the motor is ssﬂ ;rrangédl‘thaﬁv‘itj;ohiy 6o¢pletes one
revolution of the ‘finél,vdriva shaft after each starting
impulse, before th% p?ﬁéfisupply is cut off by a cam—-operated
microswitch, in thi; w%fke%sﬁring that the decremental volume
can be strictly ;on};;1£e€ and related to the recorded

pressure, far fittiﬁg bufpdsés. A diagram of the compression

unit is shown in diagram 3.3.

i :

CHAPTER THREE ‘ PAGE 3.5



DIAGRAM 3.3
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THE_MEASUREMENT OF_ THE EXCESS_VOLUMES OF MIXING

The excess volumes were measured with @& small
batch-type dilatometer, illustrated in diagram 4,1, The same
thermostat was ,useq as in the measurement of excess
enthalpies, but the pump was replaced by a more powerful,
glandless, magnetically driven type, as the original one was

becoming badly worn,

The preclsioéi bore capillary tubing of the
dilatometer, speei%ieéé to be 0,86 mm in diameter, was
calibrated by fillingrldifferent sections with mercury,
fhermostattiﬂgo meeeering the thread length, and weighing the
mercury. lthe borei;es feeﬁdﬁte ”bé‘ edeetant'ffeiiiithih the
limits of experimental accuracy, and to be 0,8520 mm with an

uncertainty, BXDPESSEd by the standard error of several

measurements, of 0.0002 mm.,

The proeedere,efor,‘enfkexcesezevolume measurement
commenced with the?ceiculation of the wvolumes of the two
liquids required, these being scaled so that the larger was 2
cm’, the largest quantity of liquid which could be delivered
with sufficient accuracy by the micrometer “syringgs, and
2contained safely in one arm af ,tHe dilatometer. fThe é 10
joint\‘was lightly greased at the top, and fitted to the same
mercury:}illing atgachmentﬁ on the bubble-point,i dew-point
system @as hed‘»eeeﬁ used>for the filling of the celorimefer,
and the dilatometsr baéy was filled with mer(;u,-y.:_Q,Irt \ae then

transferred to a clamp on a stand, where the 1liquids %were
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DIAGRAM 4|

the dilatometer

precision bore | capillary

X

reference mark




injected through. bent syringe needles, after removal of the
grease, Mercury was then added to bring the 1level to about
half-way up the B,10 jqint, and the capillary cone and tube
fitted tiéhély;'wifhéﬁ;iafeaée, iénd clémped in place with
springs wusing the 1lugs shown, The dilatometer was then
transferred to the thermostat to equilibrate roughly, then the
mercury level in the capilliary was adjusted, and the system
1eft to equilibrate properly. If the rumn was to be carried
out at above the boiling point of one or both components at
atmospheric pressure, as for example with neopentane mixtures,
then the filling of the dilatometer was carried out in the
cold room (273.7 K), and same of the more volatile liquid was
injected 1into the "finger"’at the top of the capiilary tube,
pefore assembly, to balance the pressure increase as the
temperature rose, and Drevehf.the formation of vapour bubbles
in the apparatus during the fun. The dilatometer was fitted
to the rocking device, and immérsed in the thermostat to come
to equilibrium. In this casé, ocbviously, no adjustment of the
mercury level was possible  at thermostat temperature and

allowance had to be made for expansion during filling.\

When the system had reached equilibriﬁm, the heights
of all the mercury menisci were measured, relative tc a
reference mark on the capillary, with the cafhetohater, and
recorded, The ‘dilatometenl was then rocked gentl& béckwards
and forwards through about 70 degrees betweenj pagsitive stops
about 10 times, and the ;}quid levels in the arms adjﬁsted to
be approximately 1evel} after re-equilibratiaon tha‘new heights

of the menisci were measured, and recorded. = For changes 1in
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DIAGRAM 4.2
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me;cury levels of greater than about 1 cm the change in volume
had to be corrected for compressibility changes, and the
formula below was arrived at after two assumptions had been
made, ‘gne,  .that the isothermal compressibility of a mixture
was was the sum of volume fraction isothermal compressibility
products - for - .the - pure: liquids: and two, that the
caompressibility of the mercury could be ignored, A S
: AV‘,,,,P" (‘Lﬂ/ '0) 2[ V-k' ("‘: ‘kco + Vssz',-l'C;)]-[ (V. k,-\llk.)(k,;— “")J% '

‘where k; is the isothermal compressibility of caomponent 1, d-is
the density of mercury at the thermostat temperature, g is the
.local value of gravitatianal acceleration, h, and h, are the
heights. of = the mercury .in  the capillary before and after
mixing,.hc, hc, and hm aré*the;heights of the mercury in  the
arms :-of - the dilatometer before and after mixing, measured in
cm, relative to the reference mark on the capillary, and Vvi.is
‘the volume of component i, The calculated values, corrected
.also for cathetometer column expansivity, were then fitted to
a Redlich~-Kister equation by the same programms as that used

for the excess enthalpy data,
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© _THE'RESULTS DBTAINED

) A test fol ﬁhe dilatometer was carried cut on the
system benzene + Cycluhexane at 298 15 K, the excess vglume of
which has been measured many times. A summary of these
re;ults has been made by Dickinson, Hunt, and MclLure
L(1§75),and the results from this dilatometer lay very close to
.théir own results, all within gne standard deviation of their
fifted curve (0.003 cmamofﬁfﬂxTha~rasu1ts were fitted tg the
Hedlich-Klster squation 4;Cﬁ. '“Q

\v /cm mol=x (1-x)[2.5722~ 0.1105(1-2x)40, 0110(1 2x )]

This agreement was considered perfectly good encugh ta Justify
kfurther work in measuring the excess vaolumes bf the systems
n;%o; which the exﬁess enthalpies had already been gbtained,
E;The results obtained are shawn in Table 4,1, and were fitted

| to Redlich—Kister equatians, as fallows: |
V%Cyclchexane + tatramethyl silane:

vE /cm molsx(1—x)[—4 3653-0,5509(1-2x)-0, 1612(1-2x)]

,with a standard deviation of 0,002 cm’ mul. where xtwas the
v‘moie fractiaon of cyclohexane ; ‘
Cyﬁlohexané + necpentane: “
V?/cmamoILx(1—x)[-5.3209 -1.0251 (1-2x) =-0,0220 (1-2x;]

«nwith o standard deviaticn of 0.002 cm’®mol’}, where x was .the

mulé Fréction of cyclchexane,
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DIAGRAM 4.3

benzene + cyclohexane at 298.I15K
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DIAGRAM 4 .4

cyclohexane + tetramethyl silane at 298.I5k

x Cyclohexane)
4 6 8 .

T 3 T




DIAGRAM 4.5

cyclohexane + neopentane at 298.15K
and 200kPa

2 X (cyclohexane)

L | {
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~JABLE 4.1

_The System Cyclohexane + Tetramethylsilane At 298.15 K

x_(cyclohexane) V' /em’ ol Vexo -VGalg mimt
0.6990 -0.8788 +0.0011
0.5997 -1.0206 -0.0025
0.4996 -1,0930 +0,0016
0.3996 -1.0757 +0,0003
0.2998 -0.9676 -0,0005
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The System Cyclohexane + Negpentane At 298,15 K
x_(cyclohexane) v /em mol  Vexo =vEalger
0.6987 -1.0345 -0.0005
0.5989 -1.2309 +0,0007
0.4997 -1,3301 +0.,0003
0.3621 -1.2935 -0.0015
0.2996 -1.2044 +0,0012

CHAPTER FOUR PAGE 4.6



CHAPTER FIVE -




-_THE _PREDICTION_OF THE EXCESS EUNCTIONS

At the beginning of this work it -was . decided that
efforts = would be made to. predict “the "values .measured,
developing 'in the process ‘a ' general --methad for - ths
quantitative prediction of ngn-ideal behaviour in at least the
quasi-spherical group of liguid mixtures, It was hoped that
this method could then be sextended to mixtures of this group

with other non-electrolytes, forming a fairly general

predictive method.

The first requirement was a chgoice of. - the  general
approach :to«be~used,bi.e. whether specific equaticns.of state
would be used, or experimental equations of state'derived fraom
fitting of.state daté'ofzthe‘compounds of interest, or a less
direct = methad, - working- ' :-from some - assumed Fofm af
intermolecular potential, or a statistical approach, . ‘A survey
of 5‘;”;18-1:;1’,t:he:r'ta(:rsnt'publicaticms‘zw'm'imf‘azz'm2?535.0)5<~ field suggested
that ‘the  most accurats of the statistically based approaches
ylelded results only slightly-better than thase. obtained:. by
the ‘relatively. simple state-equation ~methods, : and._ it was
therefore decided that‘therfirst atteths~at the predictiaon of
the mixing functions would: be made using;a«similar'approach tp
that employed by Marsh, McGlashan, and Warr (1970), Two state

equations would be chosen: the simple van : der Waaléawequation,

and "the: rather more‘complex.Guggenheié¢%quation (Guggenheim
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These equations may be Expressed in a caoammaon- form:
PY/AT = F(y) ~a/RTV

where.F(y) is a function appraximating the Compression.factor,
PV/RT, of a hard-sphere gas, where sphere volume is b/aL=yv/L,
where L is the Avogadro constant,  For: the van der: Waals
equation -
Fly)=(1-4yY,
and for the Guggenheim squation

Fly)= (1=yJ¥

For. any such equation:the values gof a and:b fgr the
pure compaonents may be calculated by equating -the first .and
second differentials ;QF P w.r.t.. vV at constant T, with zerag,
for the criticél values of the pure components, The,re5ulting
equaticons are then solved far a and b. -In.the case of the van
der Waals equation-a =9(HL%)/8 and b=\/3 and in the case gf
the :Guggenheim . -equation a= 1.350833 (RTV,) and 5:f%/7.89898.
In grder -that the state equations 'may.be used .. fgr mixtures,
two further steps are required: firstly, a relationship
between the ‘"interaction parameters. a- and- b: -for “like
interactions, and: those for unlike‘interactians: secondly, a
relationship defining the relative importance of the 1like and
unlike K interactiaons in -the overall interaction at a:.given
composition,’ In order that such.relatianships may. be derived
it 1s necessary,.first, to examine the nature of the equations
of 'state  more ‘closely.. The equations of stats may, if we
wish, be expressed in a ‘“reduced" farm, where. pressurse,
volume, 'and - temperature are- replaced by the reduced terms,

that:is,. the state functions divided by their corresponding
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critical values. The use of these reduced functions produces
a general equation, without variable parameters. For any
equation of state involving two adjustable parameters, such a
reduced equation may be abtained, and the only difference
between such eguations is in the relationship of the numerical
values‘fof the reduced terms., The result of this feature is
that for;any such equation, any substances having the same
reduced pressures at a given reduced temperature will have the
same reduced ‘valume. Under such oonditions. such substances
are saidlto be in “correspondingﬁsgates", or “"conformal”, and
the above }elatiooship is one statement of the "corresponding
states law*, If we consider mixtures of substances obeying
these requirements,‘sit shguld be possible to apply such
two_parameter equations to the prediction of the pruperties aof
the mixtures, and this possibility is the soufoe- of the
suggestion, at the begioningw of this chapter, that an
experimental two-oafametebis%ete edoefionimiéef'Beuderived far
compounds and mixtures of interest from suitable reduced data,

In the;method employed here, we have not produced a
fitted étate eqdation, bUt; as Dreviously stated, have chasen
two state equations of predetermined form ' kﬁléhﬁ avolids the
Fit;ing process. and the need for sultable data, This process
is, essentially, a oresetting " of the form of the
intermalecular potential function, which is then cunsidersed to
apply to?the conformaljliquids, and their mixtures. The form
of the .van der ; aals potential function is illustrated in

diagram 5 1, and reoresents the behaviour of a pair of hard

spheres of the volume already defined,
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DIAGRAM 5.1

the van der Waals function

v " 20/56_

the Lennard-Jones function



The extensign of the curresponding states principle
to mixtures requires some model for - the " behaviogur of the
mixture, -and the two most cocmmonly employed are the one-, and
two-fluid models., In the former it is assumed that . the
mixture is a single fluid, conformal with the pure components,
In the -latter, it is assumed that the mixture comprises two
fluids, each of which is conformal with the pure fluids, and
in the same molar ratio, Since both of the foregouing require
crltical values for ‘the unlike’ interactions in the liquid, an
expression- must ‘also_“be qerived to praoduce such critical
values, from which may 5e calculatéd/the @ and b constants for
the unlike‘intérabtions, which may then be used in the model
chasen For‘ the mixture, Hudson and McCoubrey (1960),
employing a potential function of the.form

B - ke [@-f]

where 2&1@2 is the collisiaon diameter and epsilon the depth of

the . potential well (cammonly known 8s the Lennard-Jones 12-6
DOtentlal)' ands the L°”d°” theoryv of dispersion forces,

! i

arrived at an expressicn for the mixed critical temperaturs of

72,_ (T'T;)dzf(;-ai)/én*‘r)Jz.':ZCI:LJ /(?*13)]
which reduces to the Berthelot?) expression::
% (1D

1 the ionisstion potentisls ‘end colltston stemeters are
equal, Both the Berthelot approximation and the more precise

Hudson—McCaubrey equation have been ‘usad in this work, . From

the values of T and Mzmay be calculated the mixed tarmsva ,and

qi The second requiremEnt, that of Dbtaining the a, and b,
parameters for 5°1Uti°"5 at given compasitions, is dependent

on the’éhoice"bf sbme mddel‘for thewéolution, e.g. ane, twa,
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or threé"Fluid,‘and as it had been shown (Leland, Rowlinson,
and Sathef~1968)(that\the van der Waals "one-fluid relaticns”
and the equivalent two-fluid relations (van der Waals, (1900)
- extension of his\équation of - state « ta fhikt&res)“produced
better . agreement with experiment than the random mixing
approxiﬁ;tion employed by Prigogine (1957) and others, these
were employed in this work,

2 2 z
E q.x = x, a-” + x,xza—'l"' x’.azz

one-Plid

o bas ztby + 2xpubut x2by
CGyp T XAy + R,
Qix* Xzt X, - .+wo—eu°.\&.
emilarly for bix b

The final requirement is for the calculation of the
excess functions from the equations of state. ‘In this work
this was  done by first calculating the “"residual” functians,
defined as’ v e T

f"f*f s
VA, (ax) - gx J‘
v vk |

e

then cambining these as below, to obtain the excess. functions

for one- and twog fluid thegries o

X% XU(T ax ba) - 2, XF (Ta,./s,,) x,_X (Ta, bu one puc\

; X, [ X (Talx) uc) X‘( ‘L“/b").-]

cao LuuL
+ X3 Exké—oqvazé) )<R<T-q71/¥%%2] p

‘the residual functiocns for the van der Waalsg equation were::
R

Gl =RT Lege (Vo-b) - /v,
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H*s ~a /Vim

vk. +Vm+consT
and For the Guggenheim equation-'ﬁf

= "RT% (vob) -1> 3'H“/(\f 'b)+39RT/52(V-5)'J+L‘RT/(3@M.L)’] . /v

HR': -q/\/m S

VA ‘Vm+Cons‘t' a
Where the term V is Ubtained by solution of the state eQUation
k/concerned,' as > P tends ' to zero.' selecting tthe yroot
correspondlng ‘to a rational isotherm,”rather than one ”ot\i;he
spurlous,'mathematically 1nduoed values.- The rBQUired‘gighd :
terms for ‘the liquid model and combining rules in- question are

“ised in this solution. T
fhe"‘methode of kComputing jexceeeﬁfunotione}:given
vabove, were wfttten intoyoomputert programmeek'in‘;Fortfen 4,
“fwh;cht are-1115¥;d in Appendix one.:' These pfoofemmeé4were
teéted on the mixtures previously used by McGlashan (1969) and
“%Marsh, McGlashan and Warr (1970), uSing their data, with the
'adaifign;‘of "ionisation potentieiéwgghen from the literature,
with the results shown in Table 5 1. From ‘this %lt ‘may be
seen, Firstly,- that the two fluid models genErally.gavejbatter
‘feeulte ‘than the ‘one Fluid models,;VeSpecially for excess
volumesv though‘less reliably for excess enthalpies' secondly,
that the Guggenheim equation generally gave better fesults
than the van"der Waals' thirdly, that the Hudson-McCoubrey
comblning rules almost incefiably produced much more accurate
predictions “éfr* the values than ?the Lorentz-> Berthelat

versions.f The next Step was to use the methods~ so far

developed o’ prediCt‘ the ~ excess functions faor the systems

»
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being measured, and.alsu any similarleStems‘cf interest, .The

results of these predictions are given in Table 5.2,

Once again, the Hudson- McCoubrey 'Combining rules

appear tof’produce the better predictions, when combined with

the Guggenheim equation, although the most accurate
predictions ndlldncer seem to be produced consietently.by‘tha
rtwo‘f1U£d'60deié,'and the excess Vclumes are,:in; one  or atwo
cases, better predicted b} the van der‘waalsbécuation; e

£

sy Clearly, in the transition from the simpla mixtures,

such as Ar/Kr, to the more complex molecules involved here,
there has been some loss oF predictive capability (see: Table
5.4). What is mare surprising, perhaps, is that this is just

3

as marked in the cases where gogd agreement might have been
expected,‘e;g. neopentane + tetramethylsilane, where the moldr
volumes and lonisation potentials are similar, and where the
otatlon of the moleculee might be BXDected to lead tdl:their
behaving;’as approximate1y Spherical entities, as -16 the

ecyclchexane mixtures, where the slight differenca in ;educed

volumes might have been expected to lead to some inaccuracy.

‘A\ study of the’reduced vapour pressure,volume, and
temperature, plotted against reduced temperature, (diagrams
5. 2 5 4) ksuggests that the behaviour is reasonably conformal,
except in the previously mentioned case of vclumes where the
tetramethyls appear to form a seoarate group. This might, as
suggestad beforE. be expected to lead tao scme loss of accuracy

in a corresponding- states ‘method, where substances from the
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DIAGRAM 5.4
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different volumé groups weré considered, but we see that, in
fact, the agreement here is no worse than that for intra-group
miXtur?sf@ Th;s perhapslsugqasts;that the difference observad:
is not of an order torgenerate major inaccuracies, but that
some other factor is cleérly’dSing s0. Rawlinsun (1969, page
244),concldd;é that the Lorentz- Berthelot combining rules
prgducé 'Qéiués ’Af“mr"j ;ﬁfef%ol;dulé; potentia17 energy and
collision diameter withhan accuracy of abuut 2 per cent, but

points out that this cadses major inaccuracies: in- prediCtion“"q

of excess functions. . A numerical test aof.such 2 per cent - °

errors: ih the system Ar/Kr, for the van der Waals equation,
showed the extreme sensitivity of thg excess functions to
ﬁhese ;élues, kwifh a qhaximumF'CFange ‘in \predicted vaiues
'ﬁccurring when both errors were of the same sign and
magnitude, this change being of the order of 200 per cent of
the oriéiﬁal value. The results‘of these tests ars shown in
table 5.3,‘where it can be seen that the predicted values are
generally closer‘“to thqi experimentalh‘valhes when baoth the‘“
potential' anafeaiétanae terms are soﬁeﬁhat ’reducad. ‘Tﬁéi
Hudson- McCoubrey combining rules obvicusly go some way
”tdﬁards:imgroving;matterS,;but-are by nc means perfect, and a
sossible direction for improvement would be the madification
of the Lorentz .rule, which 1is- taken as accurate in the ..

derivafiah of the rules.
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TABLE 5.3

variation of predicted excess functions
with €,and o,

- van der Waals’ ‘equation
‘system Ar+Kr at [16K x=05
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APPENDIX 1

THE COMPUTER PROGRBAMMES
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The Redlich-Kister Curve-Fitting Programmes

This programme fits excess function/composition data
to a polynomiael equation of the form:
Hix(1—x)(a+b(1-2x)+c(102xf4. . W)
wﬁere( the excess function is fitted to equations with numbers
of coe%ficientsAincreasing from.1 (a), to n=1, where n is the
: nuhber of points, or 7, whichever 1is the smaller, For each

«equétiﬂn the deviations of each point are calculated, as 4is’
the overall standard deviation, The standard deviation is
vcalculatad with allowance for the decreasing number of degress
of freedom as the number of coefficients increasss, and this
permits the selection of the equation which gives the smallest
standard deviation as that of “best fit", The fitting is
carried out by & matrix method, The set of equations
resulting from the individual Hix values 1is normalised, and
the resulting square matrix inverted, The 1inverse 1is then
pgstmultiplied by the normélised left~hand sides, to yield the
coefficient vector. The final subroutines “"Tester"” is a graph
drawing routine, used to produce the fitting diagrams shown in

this thesis.
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C REPLICH-KISTFR CURVE FIT USING FeAoH. K e e *
DIMFNSTON W(SG:17);V2(7:E;)F oo MATRIX SET SIMFON
MAXN=3R " ‘
RFADC 75 30N
IF(MAXN.LT.NY O TO |
CALL MAINCWCl 1) WCl,%) 5 kiC ) |
1("2(1:39))%'?(}:5!’5),&32(1,a7):;;z;"!(:’IA;’IS;J‘/?(]’]):‘A?(l:.’*])o‘l?(],?ﬂ(),
co TO 2
1 WRITF(2,4m)
2 FORMATC(I2)
2 FORMATC(RAHTON MANY POINTS FOR DIMENSIONS)
2 STOP o - : 8
FND



40
50

34

&0
85

99
100
124

SURPOUTINF MAIN(F;X}H)PUNPITPNFNF:QQMT PRN -
d NG NCs & Y™ - .
DIMENSION F(N»?):X(N>,H<N>,FUNC(N.?);%RNFQPZ%TS?fLSQ?;Q'gg
’ PRRG A » ’

]PRODMT(7’1)’COFF(7»])sC(7)7))R(7:7))D(7,7)

INTFGFR P

NG 49 J=t.N
READCT7s SAIYHCII 5 X ()
FORMATCFR <3, FEe4)
IF(NGRFE8IP=T N
IF(N.LF«T)P=N=-1

DO € J=1,¥¢

PO A 1=1,N
FOI,J)=XCID* (T oB=-X (1))
TECINETY FOL, 2RI d) %1 oB=20%X (1) ) xx( Jmu1))

CONTINUE
WRITE(2,90)
DO 8BS K=1,F

WRITE(2,120)
CALL TRFLEMCFs FUNCsHs NS Ks TRNENGS PRODM T, SOMT, COEF, €y R )

DO KRG Jd=1,K
DCY>KI=CAFFCI» 1)
WRITF(2,120)DC1I,K)
CONTINUE

CALL FITFST(DsH»X»N)
CALL TFSETFR(NSK» X, Hy )
FORMATCIHISIEKCOFFFICIFNT MATRIX)
FORMAT(IPF2M .%)
FORMATC /)

RETIREN

END



and
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QUPROHTIVV FITFSTCE,H, X\
DIMENSTON HONDYLXI(N),LGC(T,7)
DO 30 K=1,7 ‘
WRITE(L2, 100
VRITF(2,280)K

SIMSO=0.0

WRITF(2,200)

DO 20 I=1,N

HT=p.D

DO 10 J=1,K
U=sCClJaKI*XCII*C] a(AeX (1))

IF(J NF-I)U U*(IUQ",- * -
13 HT=HT+0 CeDXkXCIIINkn(J=1)
DIFF=HT-HC(I)
DIFFSO=DIFrx%2
WRITF(?,A@Q>X(I),H(I):HT,DIFp
20 SIMSO=SIIMSO+DIFFSD
P=N~-K
STDPDEV=SORT(SUMSH /P)
WRITE(2, 502)
32 WRITF(2, é0D0)STDDFV
103 FORMATC(IHL, I &K NO«OF COFEFS=)

2AG FORMAT(20X,13//)
FORMATCSX, SSH MOLE FRACTION  EXPT.Ex.FING. CALC. . b v DLF§
. -l P . L} . ‘) FDF'\‘{:

agn

1F »77)
4000 FORMAT(IX s FE«4, 88X, F7T. 3,8X5 k7. ";,gx,FH.A/)
SAA FORMAT/IAX, 18H STD.DEV.=

L0 FORMAT(P2X, Fe.3)
RFTIRN ~
FND :



o]

10
20

40

50

SURROVTINF TFSTFR(NSKsXsH, ()
DIMENSION HOND 5 XCNY L, CONS 7Y HETRUFCT O ), X Gl i\ Fe

DATA TITLE/&H COFF, ®HFICTFNTS /

DO SO L=1sK
DD 40 M=1,101

[=M-1 , .

IF (I1.FD.A) GN TO 10

P=FLNATC(I) Z100.0

cO TO 20

P=FLOATCD)

HT=0 e

PO 3¢ Jd=1,L -

H=ClJsL)*P*(10-P)
TFCJNFeIDUZURC] of =2 0AxP ) %% ()= 1)
HT=HT+1J :

HCURULF(MI=KT

XCURVE(M) =P

CALL GSTART(A,0,11.4)

CALL CDARFAC] +0,1+0,7.0,%.0)
XRANGF=1 0 o
SCALFX=XRANGF/7.00

CALL CGXSCAL(SCALFX)

CALL CXTICK(B.2,7.0/5.0)

CALL GSCALY(HCURVE, 101)

CALL CGAXFS

CALL CLINF(XCURVF, HCURVES 101, -1)
cALL CNATACX>H,>N»1)

CALL GINTL(L>3.7,10.0)

CALL CTFXTCTITLE,2)

CALL GCLOSE

CONTINVIFE

RETURN

END

A1) TITLEC2)



Parabolic Fitting Prggramme

- This programme was generally used in the fitting of
near-linear experimental data, such as density/temperature
results, or log (vapour opressure)/temperature, The fitting
was 'to an equation of the form: y=a¥bx+cxn, and the matrix
routines employed were the same as those of the previous
programme, The programme was alsa used, in modified form, to
fit the virisl portions of dew-point measurements, if this was

necessary, as in the case gf benzene/n-hexans mixtures,
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G PARAROLIC FIT USING FuA.H. MATRIX SFT SIMFON

MAXP TS=2 5
READCT» 1OINOPTS

10 FORMATCIZ) ; :
IF(NOPTS.GT.MAXPTS)I GO TO 2@
CALL MATSOL CWll1s1),kClsa), , i
!Z(i,RIJ»Z(I’SA):VOPTS)’ K 5Y 2110, ZC1,26),2C1227), 201,30,
GO TO 30 L

of WRITF(2,40)

23 STOP

40 FORMATCSSH NOWOF PTS. S ki N T ‘
FOR EE: OF PTS.TO0 BIC FOR CURRENT DIMFNSIONSFXFC.HALTFD .5



‘C A -
:ﬁyiﬁﬁ?gin MATSOL CFUNCMT, RHSVARS VARLHS s TRNFENC»PRODMT > SOMT,COEF»Cs
DIMENSTON FHVCMT(NGPTH,B)JRHK\AR(NOPTC),\A LHS(NOPTS) 5
; S ( SN ' ' i
lggN;;Cig;?gzzT;;PP)DWT(?:l):%OMT(?.Q),COFF(?,l),C(G»Q),R(R,s)
10 RFAD(T,20) VARLHS (1) RHSVARCT) i
20 FORMATC(F13+6s 5K, F13.6) b
WRITF(2,2€)
2€ FORMATCIHT)
DO 37 J=1,NOPTS
FUNCMTC(J»1)=1.0
CFUNCMT (5 2)=RHSVARCD)
FIINCMT (. J» 3)=RHSUBR(J) %2
30 VQITF(?,AO)VARLHS(J),FUNCMT(J;I):FUVCMT(J,?),FHVCMT(J,Q)
40 FORMATC F13e6€s 5K F134e652XsF13+6:2X5F1346) )
CALL SIMFQ'\](FUN(‘MT’NOPTS»B’ VARILHS , TRNENC i ¥ -
PRI TE(R,BO) ‘Tﬁ.f C>PRODMT, SOMT,COFF»CsR)
WRITEC 9:7%)(CDEF(I;1):I—1,3)

70 FORMAT(1@XsF13+6)
&@ FORMAT(///7Xs19H COEFFICIFNT \ECTOR//)

calLL DF\/(COFF:\/—\R’LHS:PHK\AQ,\JOP]S)
CALL GRAPH(RHSVAR, VARLHSSNOPTS»COFREF) .
RETURN s
END .




SURROITINE DFVCWK 1 VARLNL, RHS VAR, NOPTS)
DIMENSION kK1 (NIPTS) , VARLNY (NOPTS) s RHSUAR (NOPTS)

WRITF(2,10)
SUMSO=0+ 0
DO 5 I=1,NOPTS
CALVAL=WKT1 (1) + LK1 (2)*RHSUVARCI Y+ WK (¢ LS LAL
DIFF=CALVAL=-VARLNWCI) T3 FRHSVARCI) %22
DIFFSO=DIFF*#?
SUMSO=S!IMSD+DI FFSO
CONTINUF
STPDFV=SCRT(SUMSO/FLOAT(NOP TS=2) )
STNFRR=SOKT(SUMSO/FLOAT(NOP TS (NOPTS=2) ) )
WRITFC(2»30)STDDFV
WRITF(2s 40)STDERR
1® FORMAT( 7//3%s €HVARLNY, 11X, €HCAL Y | ,
20 FORMAT(FIB.G;SX.FIB-6;?%;E]3€2%;§Eé};T243?1FF,I1x’FHDIFFSO s
43 FORMATC /10X, &HSTDDEVE , E134 6) '
40 FORMATC 7/ 10X &HSETDFRR=»F13.6)

RETURN

END

[



D

10

20

SURRQUTINFE RRAPH (X,YsNsCV)

DIMENSTION AN Y (N, CUCNI S XEQCLOA) s YFOCTAG)

EMTVAL=X(1)
GTSvAL=X(1)
DO 18 I=)sN

"TECXCLI) e GTCTSVALYETSVAL=X(])

TFCXCI) oLToSMTVAL) SMTVAL=X (1)
CONTINUF

RANGE=GTS VAL - SMTLAL
SRANCGF=SMTVAL-RANCF/ 4.0
HRANCE=GTSVAL+RANCE/ 4.0

VALINC= (RRANCF=SRANCE) /100« 3
XEQC1)=SRANGF

YEQC1I=CUCII+CUCR) #SRANCF+CL(3) % SRANC Fhk %D

PO 20 J=2,101
YEQCJ)=XFOCJ=-1)+VALINC
YEOCJ)= CV(])+CV(?)*XFO(J)+C\(?)*AFO(J)**)

CONTINIF

cALL GSTART(O, ﬂ;ll.ﬂ)

CALL CDARFAC] o051 03 7e0s&.00)
CALL GSCALS(XFO,YFO,100)
CALL GAXES

CALL CLINF(XFO,YEO,102,=-1)
CALL CDATACX,YsNs 1)

CALL CCLOSE

RFTURN

END



The Matrix Set SIMEQN

This set of routines was writtén as a gsneral,
non-weighted, high precision solution for sets of simultaneous
eﬁuations. It was thé.first programme set of this type which
the Aufhorrhad written, and the methgd employed, while quite
accurate, 1is rather inefficient. This is no real problem for
the programme in which they were normally employed, as the
matrices involved were generally small, but where 1large
matrices were involved, as in the bubble-point, dew-paint

programme, the faster routine SIMEQ4 was used,
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192
20

1

SURROLUTINE SIMEGN CFUNG»>N»KsHs TRNENGs PRODMT, SOMT» COFF» Gy R)
DIMENSION FUNCCNsK)» TRNFNG (K5 N) 5 PRODMTCKs 135 SOMTC(Ks KD » COFF Ky 19,
CCKsKIsRCKsK) s HIND ~ o

CALL TRNSPSCFUNGs TRNFNC, NS K) :

CALL MATMPY CTRNFNCsH»PRODMTs KN, 1) 2

CALL MATMPY (TRNENCs FINC, SOMT, KN, KD |
IF(K.FQ.1> GN TO 1@

CALL INVFRT(SOMTLRK, (K=1),0) y
cAaLL M‘A\TMPY(C:PRODMT: COFFsKs»Ks 1) ¢
GO TO 20

COFF(1,1)=PRODMTCL,1) /7SOMTCL, 1)

RETURN

END



10

SURROUTINE TRNSPS (AMATRX, TRNMAT, NORAKS» NOCOL € )
DIMENSION AMATRX (NOROKS,NOCOL NM e
DO 101 N=1,NOROWS 522 TRNMATINOCOL S» NOROWS)
DN 10 M=1,NOCOLS
TRNMAT(M» N =AMATRX (N, M)
CONTINUE
RETURN
FND -



20

SURROUTINE MATMPY (AsF,CslsJ,K)

DOUPLE PRECISION DOUR ,
DIMENSION ACI»J)sRCJ>K)sC(I>K)
DO 300 N=1,1
DO 3% M=1,K
DOUR=@ .7
DO 20 L=1,J
DOUR=A (N5 L) *R(L,M) +DOUR
CONTINUFE
C(N>M)=DNUR
CONTINUE
RETURN
FND



SURROUTINE INVERT (ALRBsNsNI1LCOFACT)
DIMENSION ACNsN)YsBINILN1I)>COFACTINSN)
DO 47 L=1,N
_DO B K=1sN
DO 20 J=1,N
NO=J
TFCJ«CGELINO=J+1
IFINOCT.NICO TO 209
DO 1@ I=1,N
M=1
TF(L«GEKIM=T+1
IF(MGT.NXEO TO 10
o R(I»J)=A(MIND)
10 CONTINUE
20 CONTINLUE
- CALL DETERM (R>(N=1),COFAC)
"COFACT(KSLI=COFAC*FLOAT(C(-1)%%xCK+L))
30 CONTINUE
40 CONTINUF
DO 44 I=15N
PO 42 J=I.N
HOLD=COFACTC(J» 1)
COFACTC(J>1)=COFACTC(I»J)
COFACTC(I»J)=HOLD
42 CONTINUE
44 CONTINUE
caLL DETERM (AN, DET)

DO €A I=1sN
DO 50 J=1,N
COFACT(J»I)=COFACTCJ, 1) /DET
50 CONTINUE
£ CONTINUE
RETURN
ENN



v
{

10

20
an

40
50

8%

QUPROUTINF DFIFPM(A:N,DFT)
DIMENSION A(NsN)
DOURLE PRECISION DFTA
DETA=1 .01
ISIGN=1
IF(NEOQ.1) DET=A(151)
IF(NEO 1) 0 TO en
IF(N.FO.2) GO TO 58
DO 40 L=1,N
X=10xx(=202)
DO 3 I=L,N
DO 1 J=LsN
IF((AQS(A(J,I))).CT X) G0 rq 5
CONTINUE
CONTINIIE '
WRITE(2, &) : ' i ~
FORMAT(32HNO FLFMFNT§ CPFATFR THAN 1m**-§m;

STOP
IFCI «FQ LI GO TO 7
DO 6 K=L,»N :

HOLD=ACK,L)
ACKSLI=A(K, 1)
ACK,1)Y=HOLD
CONTINUE
ISIGN==-1SIGN
IF(J<FQO.LYGO. TO 9
DO 8 K=LsN
HOLD=AC(L,K)
A(LsKI=ACIK)
ACJ,K)=HOLD
CONTINUF
ISIGN==ISIGN - - .. . . .
J=L+] -
DO 10 M=J,N. o
ACMSLIZACMSL)Y ZACL,LY "
CONTINUE
DETA=DETA/ZACLSL)
ICOUNT=L+1
DO 33 K=ICOUNT.N
DO 20 I=ICOUNT,N
A(IJK):A(I)K)'(A(I,L)*A(L,K))
CONTINUF
CONTINUE
IF(LFO.N=2)C0 TO 57

CONTINUE
DEACN=1,N=1)I%ACNs NI =ACNSN=1)%ACN=~1,N)

DET=D*FLOATC(ISIGN) /DETA

RETURN
END



The Pressure—Volumé Calculatigon And Fitting Prggrammes

The first of these programmes wused thermostat
temperature and room temperature to convert measured mercury
vcolumn heights and reference mark positions into pressures and
volumes, in Pa and cm’ correctéd for mercury density and
cathetometer column expansivity. The results were both
printed and output to & disc file, whsere they could be
accessed by Fhe succeeding programmes. In some cases the data
for both;onef and two- phase regions of the dew-point sector,
as well as ‘the‘ bubble-point sector, could be fitted by the
‘straight line fitting programme, in others the gas reglion of
tHe dew—point sector was fitted by the third programme, that
iderived Ffom the :previbusly 'described parabolic fitting
,progrémme, which Solved the fwo equations producsd, the one

linear, the other parabolic, simultaneously, for the point of

intersection, the dew-point,
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PRESSURE AND VOLUME CALCULATION FOR MARK 3 DeP.R.P. APPARATIS

15
20

37

110

120

130

140
150

Ao
850
9na

DIMENSION P(30), V(3™
READC7,15) NUMRUN
FORMAT (13>
RFAD(7,20) RMTEMP, TSTEMP
FORMAT(F4el s 1XsFT763)
RFADC(7,30) NOPTS
FORMATCIZ2)
A=l T723F~5
PI=3.14]1592¢
1S= . -
?ggg: 9;?.?gzﬂ 2E€T295FE-2*xTSTFMP+ .37229 4F - 6*T<TFMP**?

WRITE(2, 118)NUMRIIN
FORMATCIHI» 12H RUN NUMRFR ,13)

WRITE(2,120) RMTEMP, TSTEMP
FORMAT(//712H ROOM TEMP =, k4. g ,

DO 157 N=1,NOPTS Tels DX5 18H THERMOSTAT TEMP =, F7.3/)
READ(T7s 13A)HI»H2, HREFsH3,H 4

FORMATCS(1Xs FEa3))
PIN)=(H2=H1+HA4-H3) * (1 +B~-Ax(RMTEMP -
VCNY=(HREF=H1) 4P T+ 4459 4 200D I *HEDENS*CACCN /10 .0
FRITE(2,» 140)H1 s H2,HREF,H3sH 4
FORMAT( SX,SC1X,Fé€¢3))
CONTINUFE ‘
WRITF(2,800)

WRITF(2,850)
WRITEC 2,900 CPCI)> V(I 1=1,NOPTS)

WRITF(SA»9AM) (PCI),VCI),I=1,NOPTS)
ENDFILE S0

FORMATC(//7/20H  PRESSURE VDL UME /)
FORMAT(23H Pa CM**x3 ///)
FORMAT(?X) FBals Xy FTe3) B
sSTOP

END



C STRAIGHT LINF FIT

102

9@

22

25

35
47

IR
INXNIND

134}
70
80

DIMENSION X(25),Y(25)

DO. 107 N=1,3

READCT> 10INPTS

FORMAT(I3)

ITF(NPTS.CT29C0 10 €0

SUMX=0 .0 ’

SUMY =0 .0

SIMXY=0.0

SUMXSG=0 .0

SUMY SO=0 .0

SUMDFEV=0.0

SImMDSO=0 .0

DO 22 M=1,NPTS
READCSA,900)Y (M), X (M)
FORMAT(2Xs F&el5 4X5 FT743)
SEUMX=X (M) +5HMX
SUMXSO=X (M) *X (M) +SUMXSQ
SUMY =Y (M) +SUIMY

SUMY SQ=Y (M) *Y (M) +SUMY 80

SUMXY =Y (M) *X (M) +SUMXY
CONTINUE
DET=FLOAT(NP TS) *SUMXSO=-SUMX %42
CRAD=FLOAT(NP TS) *SUMXY /DET-SUMX*SUMY /DET
CONST=SUMXSO*SUMY /DET=SUMX*SUMXY /DET B

R=(SUMYSO-2 A% CRAD¥SUMXY =2 4 A% CONS THSUMY +2 o 0% €
+CRAD**2*S[MXSO+FLOAT(NPTS)*CONST**23/FE&Z?EZ??;ES?ST*SUMX

G= FLOAT(NPTS) #R/CFLOAT(NPTS) #SUMX SO=SUMX ¥ *2)
T=SUMXSQ*R/CFLOATCNP TS) *SUMX S0 = SUMX #%2) '
WRITE(2,25) CRAD,CONST )

FORMAT C1H15,15H EOQUATION IS Y=,C13«€,2H*X22X» 1H+,CG13.6€57/77/)

WRITEC(2,33)
FORMATC(9Xs THXs 17X5 1HY > 1 5X» 4HYNEVS 1 5
DO 40 M=1,NPTS YNEW, 1 5X5 3HDEV, /7).
YNEW=X (M)*GRAD+CONST
DEV=Y (M) =YNEW
SUMDEV=ARS(DEVW) +3SUMDEV
SIMDSO=DEV**2+5UMDSO
WRITF(2,35)X(M)5Y (M), YNEW,DEVY
FORMATC4CE13.€53X)5 /)
CONTINUE
DVMEAN=SUMDFV/FLOAT(NPTS)
DVSTD=SORT(SUMDSD/FLOAT(NPTS-1))
FRRETG=SORT(S)
FRRSTC=SORT(T)
WRITF(2, 57)DVMFAN
WRITE(2s SSYDVSTD
WRITF(25, 57T ERRSTG
WwRITF(2, SRIFRRSTC
FORMATC /1 €K MEAN DEVIATION=5C13.6)
FORMAT(C /1 €H STD. DEVIATION=,C13.6)
FORMAT( 725H STD. FRROR OF CRADIFNT =,C13.6)
FORMATC /25H STDe. ERRAOR 0F CONSTANT =5 G130 )
CONTINUF
WRITF(éﬂ,Rm)cRAD,CONST
REWIND 52
REWIND €9
STOP
WRITTE(2,7)
FORMAT(3AHTOO
FORMAT(2F20 «8)
STOP

END

MANY . POINTS FOR DIMF&SIONS )



C VIRIAL SFECTION FIT USING FeAoK. MATRIX SET SIMEGN o ,
DIMENSION P(23)s V(20), FUNCC2023)5 TRNFNCC(R,2@) PRODMTC(351)»
1 SOMT(R,3),CO0FF(35,13,C(3,3),RB(3,3) )
READCT, 12)NOLINE :

18 FORMAT(I3)
READ(SO,2M) (A A N=1,NOLINE)

20 FORMAT(2X» FBels 4X5 FT743)
READ( 7, 30)NOCURV
36 FORMAT(I3)
CALL SOLVF(P, Vs FUNC» TRNFNCsPRODMT, SOMT, COEF, Cs Ry NOCURL)
STOP
END




SURROUTINE SOLVE(P, \s FUNCs TRNFNG» PRODMT» SOM’ : i
DIMENSION P<uocugv>,v<chumb>,Fﬁwgfggﬁﬂéi?ﬁfjﬁgﬁﬁgggi'gggy&¥>
| PRODMT (s 155 SOMTCA, 302 COBECAr 135 6C 3000 BCAr Y
READ( 50, 40) (PIN)» VIN) ,N=1,NOCIR V) )
40 FORMAT(2Xs FRols4Xs F743)
DO €0 M=1,3
DO 58 N=1,NOCURU
FUNG NS M) = VOND %% (M=1)
50 CONTINUE
€0 CONTINUF
WRITF(2,70)

70 FORMATC1HI)
WRITEC2,80) (PIN) 5 VN s N=1,NOCUR L)

&0 FORMAT(I10Xs FBels 4XsF €e2)
CALL SIMEQNCFUNCsNOGURV, 3,P, TRNENG,PRN
WRITE(2,90) C>PRODMT, SOMT, COEF5 05 R)

9@ FORMATC///7)
VRITF(2,100)I(N>COEF(Ns1)5N=1,3)

FORMATC 10X, 1 THCOFFFICIENT,I2,2H =, E20.8/)

WRITE(2590)
CALL DEVIAT(NOCURV,COEF»3,P, \)

RFETHRN
FND

134



10

20
an

40

52
1245

SURROUTINE DEVIAT(NP1Ss COEFs NCOFSsPs \)
DIMENSION COFF(NGOFSs1)5P(NPTS)» VINPTS)
WRITF(2,10)

FORMAT (13X, 1K 1605 THU 175 4

FORMATC 1% HPFIT.}SK s 3HDE Vs 77)
DO 30 N=1:NPTS o
PFIT=COFF(151)+COFF(2, 1) % V(NI +COFFC(3s 1) LIN) %2
SPFUSO= (PFIT=P(N))*42+SDFUSO

A=P(N)=PFIT

WRITEC220) (PINY» V(N ,PFI T, A)
FORMATC ZAC5X s Gl 407))

CONTINUE ‘

STDDEV= SORTCSDEVSO /¢ FLOAT(NP 15-2) ) )
WRITF(2,40)STDDEV

FORMATC/// 5X»1 €HSTD. ‘ -,
FORMATC/// EHSTD« DEVIATION =,C14.7)
B=COFF(2,1)

C=COFF(351)

READ ( €3,&3) GRADs CONST

G= GRAD

CL=CONST
V1=(G=B-SORTCIR=-CI**2-4.0%C*x(A-CL)))I/(2.0%()

U= (G-R+SORTC(R~CI*¥2-4.Q4«C*(A-CL))
) /

[FCUL+GTe15.0)DV=12 27(2.0+C)

IFCU2.GTe15.2)D\= V1

PR=C*DV+CL

WRITE(2s SA) PR
FORMATC/ /7 S5Xs14HDEW PRESSIIRE =, Gl 4.7)

FORMATC(2E20 .8)

RETLURN
END



The State Eguation Programmes

These programmes were written to calculate
thermodynamic excess functions according to various state
equations, one- &and two-fluid 1liquid models and various

combining rules.

APPENDIX ONE ' PAGE APP1,6



C THIS PROGRAM FEVALUATES FXCRSS FUNCTI |
S “FESS FUNCTIONS, FROM UA: S ,
C EMPLOYING ROTH ONF=,AND TW0-FLUID LIOUID ;g;Fgéu UPR WAL S EOUATLON

c
C
c

OOO{-)

je]

TReNe!

D00 OOO

OO0

10
20

RFAD CRITICAL TFMPERATURFS AND
“MP ERATURFS VOLILMES
READCT, 10) TCA, VCAS TCR, \CR R

READ FVALUATION TEMPERATURE
READCT>27) T

FORMATCA4CFE.0))
FORMATCF€.00)
R=82 .0 53

CALCULATE COMMON FAGCTORS A11,811, 022,802, A12,8125 FOR ROTH MODFL S

ALEI=TCA*VUVCAX*R%x] .125
A22=TCR*VCR*R%x1.]125

B11=VCA/3.p

R22=VCR/3.0

X=1«125xR*xSORT(TCA*TCR)

Y=(C(COVCAXX (L o0/,

A12=X*YC 1e@/7 ﬂ))+(VCB**(1,@/3.@)))/2.a)**3)

R12=Y/3.8
UMXOB=CALT1/C2.0%R*T))* (1.0 IRTC] e@m 4 ”*RTI*R*T/Alz)
KR o )

-s0
VMXT= (AR /(2 OXRXTII A (1 20-SORT(1 0~ 4.0xR2pxR%T/ADD ) )

ONE FLUID MODFL

BX=R11/4.0+R12/2.0+R22 /4. p

Two FLUID MODFL

RI1X=(RB11+8B12)/2.0
R2X=(R22+B12) /2.0

CALCULATE EXCFESS FUNCTIONS WITH VARYING X1 FACTOR

WRITFE(2,3
WRITF (2, 47)

WRITE(2,45)
FORMATCINI 20X, 43HEXCESS FUNCTIONS FROM yan DER WAAL EQUATION, ///)
N o el AW S W yJ

FORMAT( SX» 24X 15 18X, 1 3HEXCESS v U
|BHEXCFSS FREF ENERCY, //) - UMES 18X, 1 SHEXCESS ENTHALPY, 18X,

1
FORMATC1 €X5 3CAX, GHONE FLULDs 9K, 9HTVO FLUID, 1%, £/
- e 2

DO £ 1=90,100

XI=FLOATC(IY/Z1e0.0

ATX=CAT1+A12%X]) /2.0

A2X=CAR2+A12%X]I) /2.0
VMX@S:CAX/(?’Q*R*T))*(I'ﬂ‘SQRT(lvﬂ‘doﬁ*RX*p*T/Ax))

VFEX1FL=UMXQ5-UMXA /D .0 UMX 1 /O .3
HEX1FL=(=AX/UMXAS+A1 1 /CUMXA %D D) +A22/C UMX | &
. . - * ¥2.0)) /9,
GEX’FL:‘('R*T*ALOG(VMX“S‘RX>+(R*T/2-0>*ALOG<vmxg-gl?;?+(n*(T/p 0
’ ' ! M.L)*

1ALOGCUMX 1 =R22))) /9 o5 69+ KEX ] FL

TWO-FLUID SECTION
VYSCATX/C2e0%R¥TIIACL0-SORT(] +P~ 4. 0%RE T*RIX /41X ) )



and
d01ls
ANNILNOO

- s v (7 €(XLI*Lid)y (L vd *XL)I1lviwy0d
HSXHE) T IXAD T SXAR T IXAH T SKAN 4 1A TN s <8I LTAA

6756/ (D87 (XI=7I)+WU* &/ (M) =AD))="14EX3Y
(ZV/7X3T)  =(XZd=2N)JUluxlen=- =2I

CAV/7X1v) - (X1lH=AA)I0TuxL *x et~ =A:)'

CIXWN /38U = (3= I XN DI0 Tuxl*xe~ =XU

) (UXWAZ LTy ) =L ld=UXnA 2J0 TuxLl xd=- =MY
63826/ CCG* S/ CCUXWN/3EY=)=7H) ) +C* 27 (CUXWA/ Llu=)=A)) ) =14 SXAH
IN/XEv==27H

AN/ X1v==AH

WS/ CIXWA =2\ ) +0° 27 (UXinh = AN ) =71 SKAN

XU/ XCHA L a2 7 = L)L AOS =0 D) ((L*2x° )/ XSVI=IN

ORI/ X el xaix0 7 =3 1) LHOS =0 L) ((L#2xg* )/ X1IVI=AN

NCILIO4S dInT4=-04L

[ Y &)



:‘)O(‘):‘)non

QO O00

v NoRe)

[ EeNe

lo e Ne]

THIS
EMPL

10
20

37

4R
1

45

1

PROFRAM EVALUATES EXCFSS FINCTIONS FROM GHEGE -
OYING ROTH ONF AND TWO=FLUID LIQUIB ;ggp'Z?GEEVHFIMS FOUATION,

READ CRITICAL TFMPFRATIRFS AND VLALIMES
PFADCT7, 1) TCA, LCA, TCR, LOR

READ FVALUATION TFMPERAT(RE

o

READC(7+27) 1

FORMATC4AC(CF€.00))
FORMATC(F €M)

R=82 .083

C121 A /A aTAN2K39T

CR=7.KIHPTI ¢
CALCHLATE COMVMON FACTORS AV1,R11,A22,R22,A12,R125 F0r ROTH MADFLS

AT1=TCAx\CA*R*(]
A22=TCR*x VIB*R*(]
R11=\VCA/C2

B2P=VCR/C2
x=Cl *R*SORTCICAXTCR)
Y=CCOCUCAR* (1 e /300))+CAMRA% (140 /3.0))) /2 e0) %% 2)

A12=XXY
R12=Y/C2

CALL \MCUMKO, A 1,R11,T)

CALL UM(AUMX1,A00,PP2,T) 5

ONF FLUID MODFL

RX=R11 7404+ P12/2.0+R22 /4.0
TwO FLIMID MADRFL

RIX=(R11+R12) /0.0
ROX=(P22+R12) /20

CALCULATE FXCESS FUNCTIONS WITH (ARYING ¥1 FACTOR

WRITE(Z2,3M)
JRITF(2, 40)

WRITF(25 45)
FOPMATCIHT 20X, 43KFXCFSS FUNGCTIONS 5, o ] .
FO?MAT(5x,2Hy1,jgx,13uran55 Iégn;Fffgr,fgggﬁppgiMivEQHAIIOV_,///)
| KHFXCFSS FREF FNEKCY, 7/) : HEXCFSS THALPY s ] &
ORMATC1 €Xs 3CAXIRONF FLULDS 9X» 91 Th e
;o €3 12905100 HTWO FLUID, 1X), 7/
XI=FLOATCI) 71000
A)(--'A] 1 //Joﬂ#Al?*XI /2 RA+ADD S0
AL X=CAT1+A12%XT) /2.0
ADPX=(APP+B12%XT) /2.0
CALL iVt ( UMXPAS, AXsRX, T)
UFX] FLEUMXA 5= WMXA /2 = \MX ] /2 .0
HEX T FL=C=AX/UMXO5+ATT /CUMXAK2 eQ) +A2D /7 (UMX 1 #2.01)) /9 & ¢9
G1=-RAT+ALOGCAMXAS=RX)+3 0*kBY *R* T/ ( \MXAS=RX )43 AkRx* D4R 4T /

(2 (% CUMXOS=RXI¥42) +BX Xk IXR*T/ (3 oMk CUMXO5=FEX) 4£3) = AX £\ MXA S




G2==RATHALOCCUMAP-RI1)+3.0%B11*R* T/ (\MXA-R11)+3.0%R] 1 %42 4Rk T/
] (2,04 (WMXO-RI1I*¥2)+R11 ¥ 3¥R*T/ (0% (\MXA=RI 1) *%3)=A1 ] 7\Mx7)

C3=-RAT*ALOCIAMI] =B22)Y+3 0 *ROD*R* T/ (\MX1=R22)+3.04BOO*# DR T/
(2e0* (UMXT=RO2)*4D) +RP2x 3R+ T/ (3o 0x (LMX] =R22) %%3) =ADD /1 Mx |
GEXIFL=(G1I =0 e 5% 2=V 5%(3) /9 .K €9

1

TwO=-FLUID SECTINN

OO0

CALL UIMOLY»AIXL,R)IX,T)

CALL VM ( \ZsAPXSROX, 1)

VEX2FL=(lY ~LMXM) /72 o1+ (W~ \Mx 1) /0.0

HYy==-AtX/7\Y

HZ=~A2X /2

HEXPFL=C(CCHY = (=AT T ZAMXDI) /200 + ((HZ=C=APDP /UMX 1)) 794000 ) /9 K ¢9
GL=0P .

Cx=C3
CY=-RETHALOCCVY =BEX)+ 3 cORRIR*A R T/ OVY =RIX) $ 300X RY X4 4D kR T/

(2e# (LY =PUX)* 4P SR KA BHRL T/ CRA A (\Y=RIX) £ #3) <A1 X /1Y
CZ==ReTH¥ALOCCLZ=RIXI 43 OXPP X« RAT/(\/=ROX)+3 . A+ROXx 4% D AR % T /

(P PHCUZ=FRX ) RAD) +F2 XK FAR KT/ (R QK (\/=RPX) % 43)=0DX /\ 7
CEXPFLE( QY =Cl) /D oA+ (L =CX) /D) /9 o & €9

1

1

C
WRITFC(2s S XTs VFXTFLs \EXPFLoHEX T FLs HEXP FlLs CFX1FlLa (FX2 FL
5 FORMATCTXs F&4e2s X, €CF134 653X, /)

£ CONTINUE
STOP
FND




digd
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gl U1 09

A=TTvTHLA

WS CL CJd (R-dwuss*471* 4410041
TuIsinNscrr IV IHIN=-A ) =44 14

HH (G U xa U/ Larnky xxTIvIHLA ) =A
et an=Tiv [ HLN

vt on=x
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The Bubble-Point, Dew-Point Programme -

- This programme first genera?es the  Jacobian of  a
matrix of  simultanecus expunential equations, consisting aof
blocks of four . such equations berg experimental bubble-point,:
dew-point pair, . The general construction:of such a Jacobian
has - been shown :earlier (diagram_. 2.,8). ', .The . differential
elements arejobtained, not by the ngrmal-algebraic method, but
by @ process of approximate numerical:differentiation, since

this is a: good deal easier to programme, and sufficiently

accurate,

The generationwof,thavJacobian is carried out by:ths
subroutine :ASEMBL, which, in turn, uses-the function routines
DIFFL and PCALC,:  "The initial  estimates of  the . coefficients
are read-in. by the main.subroutine MAINSB, as data, and:these
are used in generating the:Jacobian for the first cycle,. The
assembledﬁ;Jacobian;and the delta P vector, also calculated by
ASEMBL, are then . transferred to: the simultaneous- equation
solution:routine, SIMEG4, .. The weights given to each: point are
also required by this routine.: The:solution is carried out- by
first . normalising and weighting:: both_ .right- and.left-hand
Sides,.by.premultiplication by-the welghted transpose ;of;‘tha
Jacobian, - The weighted transpose is nesver actually assembled
as & mafri*,ias7this:would<simp1y3 waste -space, -the praoduct
elements;ﬁbaing,transferred,directly to the:mafrifoNDHM.;;Tha
set 1is: then: reduced - by, . pivotal. :condensation,. -which «1isg
effectively the elimination of one coefficient at a-time, with

the eliminated rows being stored 1in the workspace of the

APPENDIX ONE PAGE APP1,.7



Jacobian, which is no longer required. Once the final element
is ‘reached, and  the relevant coefficient evaluated,  the
remaining coefficients" can - be evaluated by . successive
back-substitution into the stored rows,.,® Should the 'matrix faor
any reason be singular, this shows up at the stéﬁe of -the
reduction: to the final. element, when’ the- - result . 0O=0 is
produced, . If." this = should ° occur, . :the . programme . is
automatiﬁallyi -halted, and ‘control .returned -to. the 'main
subroutine, MAINSB, which determines which. point 'is causing

the. trouble, and identifies‘it,

If .the  solution 1is’ successful, the. coefficient
vector is returned to MAINSB, and is -handed .toc the routine
COFCOR, which.increments the initial:estimates.and checks the
~values of the coefficients -for convergence to a solution.. It
also -examines” coeffiéientsterived from virial coefficients,
jf these are beingicalculated, to ensure that the method 1is
sufficiently determinate 1in these terms to allow of a
45uccessfu1 solution. If all the coefficients are
satisfactory, and convergence to the required accuracy has not
peen obtained, then the coefficients are handed back to the
main subroutiné MAINSB, and another cycle commences, the
process continuing until convergence occurs, or a limiting
number of cycles, read in as data, is reached, Ths programme
is then halted, by the setting of the cycle counter NOCYCL to
the limiting cycle number, and the excess Gibbs free energy is
calculated for the corrected composition values, and also for

a set series of compasition values, from x=0.,1 to x=0.9,

APPENDIX ONE PAGE APP1,.8



It should be pointed out ,in qonclusion, that as a
self-consistent set of units is required for such calculation,
the pressure input to this programme should be in Joules per
cubic centimetre and volumes and virial coefficients in units
of cubic centimetres. The J cm’is aone million (16) Pascals,
The units of the HRedlich-Kister coefficients should be
selécted such that a value for G?HT results from the fitting:
these estimates are rgad as‘phgvyector ASTART, which contains
NORKAS elements., The values of the virial coefficients are
fead' in as VCCOE&EF, and if thaSe are known the corresponding
‘element Df VCTEST should be set to 1, otherwise the value of
vctest can be; set to 0’ andj an estimate given in the
corfesponding element of VCCQEF of‘its yalue. Thé integers
NOPTS, NDCOEF, NOEQNS, and NORKAS refer respectively to the
number of bubble-point,dew-point pairs, the total number of
coefficients, the total number of equations, and the number of

Redlich-Kister coefficients to be calculated,
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ok ok ook Kok R K K K KRR KRR R kK Kk ok ok K R K KKK KK K KR R kR kKRR K K K ROk kR R X
THIS PROGRAMME EVALUATES THE CONSTANTS FOR A REDPLICH-KISTFR TYPFE OF
RFLATIONSHIP RETKFEN FXCFSS CIBRS FINCTION AND MOLE FRACTION, X, OF IHF
SFEOND COMPONENT IN THF LIOULD PHASE, FOR THE PRFSSIRE/COMPOSITINN
RESULTS ORTAINED FROM RURRLE=POINT,DFV-POINT EXPERIMENTS

THE MAIN PROCRAMME 1S FFFFCTI VFLY A Dimmy s AN AKRRANCFMENT USED TO
GIMPLIFY THF PROCFSS OF AMENDING THE DIMENSTONALITY NF THF PROCRAMME

IF THIS IS NFCESSARY.

THE DIMFNSIONS SHOULD RE SFT 10 AT LFAST:
SP1(C4xNDOF POINTS)» (C4xNOOF POINTSI+5))
Cppo ((NDOF POINTSY» 1

Cpa(C4kNDOF POINTSY» (4%xNNOF POINTS)Y)
o ok ke s o o K Kok R ok K R OR KKK K kKR kK kK R kR Ak Rk Rk R K R R R Rk R R kA Rk by

DIMENSION SP1CENS €55, SP2015,14),8P3C €A, €2)
RFADCT> 1@)NOPTS»NIOCOFF> NOFONS, NORKAS
PRITEC(2,10)NOP TS, NOCOFF,NOFQNS, NORKAS

10 FORMATC(4C1X,12))

IF(NOPTS+GT+15)G0 TO 15
CALL MAINSRCSP1(1,1)5SP1C1s2),SP1C1,3),SP1C154),5P1C155),SP3C1,

1)sSP2C1,1),5P2C1,2),SP2(153),5SP2C154),S8P2(155),S8P2C1, €)
»SP2C1sT)»SP2(1sK)585P2(1,9),SP2(151@),SP2C01511),5P2(1,
’ 1?)’SP?(1’IR)’SP2(]’IA)’:\’OPTS’NOCQFF;‘\)OFQ\)S,\lf)};;.([\Q)

‘60 TO 2D

15 WRITF(7,2M)
o FORMATCAIH TOD MANY POINTS FOR DIMENSTONS)

¢

W N -

2 STOP
FND
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THIS

NRND
ROU
o kK

19

ae
as

[

49

50

0

119

129

137
1 40

142
145

146
147

S”QPO”TI”F MATNSEC(COFFs bT5 DFLTAR, RENORM, JCRT AN, ANORM, PRUS, PDF
XrY:7;hFIFHT A(\’IAL(]’PPP'")}}‘\P[)FV,H),LY R/:))‘A I;‘]
! »

1
RASTRTs NOP TSoNOCOFE, NOEONSHNNRKASL)

2

s e s ok sk ko K ok sk sk ok ok ok ok ok K ok ok ok ok ok ok ok ok K Kk okok stk ok ok e sk ok ok Kok k ok
i . ko * kK
S SURRAUTINE IS THF MAIN EXCHANCFE ROUTINF.IT RFADS DATA*§Z§§****‘
FRS THF TRANSFER OF DATA AND RFSIILTS RFETWFFN e ‘

ReESUNL DS R H NOFSS N
TINES THE PROCFSSING |

***************************************«******************* *
Rk ok k

INTFGFR \FTFQT:CYFCTP

REAL JCRIAN
DIMF{\JQI O\j VCCOFFCRY> VOCTFSTCR)LPRIIRINAPTSIHSPNFR(NOP TS )Y » XI(NDRPTR)

:(zgfl:;,i(NOPTk),lFICHT(VOPTQ),PPDHQ(NOPTQ),RPD¥V(MOHIK o
) RXCN A‘ikézzgéxthQ;oiiiVOPTﬁ),RVFIHT(NOPTK),ASTAWT(Vnn .
NOR , NOCOEF» 1), RHNOARMCNACOFF» 135 W1
(N
OFONS Y » DEL TAP (NOFONS» 15 JCRIANCNIEONS s NOCOEF ) » ANOF A
FF»NOCOFF) » RUCOFFC3) I RIENAED

DO 10 1=1,NOPTS
READ(7,30) PRURCID,PDENCIY, kETCHTCI > X (1) ,Y (1252 (D)

WKITF(?’QS)X(I):Y(I)’Z(I)
CONTINUF
REAﬂ(7Jdﬂ)(ASTART(I)’I—I’NORKAQ)
MRITE(?)AM)(A S TARTCIDN > I=1sNORKAS)
READ(?,Qﬂ)(VFCOFF(I),\CTFQT(I);I=1:3)
WPITF(?’%m)(\CCOFF(I)’VCTES1(I))I—].?)
READ (75 €BIYP1P2, V1225 T, CYCSTP
WKITE(QJ(@)PI’PQ’VI:\p»T:CYCSTP
FORMAT(?(]X: FReEY» 4CI X2 Fa2))
FORMAT (3C(1X, FéE4))
FORMATCF13. €)
FOF?MAT(‘X} F715s2X511)
FOPMAT(?(PX: F& . 6))3(?7() FEe ?):?X:I?)
NacYCL=0
DO 110 - M—IIVOPKAQ

RASTRT(MI=ASTART(M)

CONTINUE
D0 120 M=1,NOPTS
RPRUR(M) =PRIR(M)
RPDEW(M)=PDEK(M)
RX(MI=X (M)
RY (MY=Y (M)
RZ(MI=Z (M)
RWETHT(M)=WFIGHT(M)

CONTINUE
no 134 M=1,3
R\COFF(M)’\CCOFF(M)

CONTINUE
DO 145 M~1:NOCOFF
DA 142 N=15NOFONS
JCRIAN(N, M) =00

CONTINUE

CONTINUE

ICOUNT=0

po 147 M=1s NOPTS T . _ ; N

DO 14¢€. L=1s4 : ;
ICOUNT=TCOUNT+] ,
WT(ICOUNT)=WFICHT(M)

CONTINUE

CONTINUFE
pO 148 NCOUNT=1,3

NN W -



QOO O

IFCARS(RVCOFFANCOUNT) =VCCOFFINCOUNTY ) « GTo ARSCALCCOEF (NCOUNTY

1 23.8)) WRITF(2,149)
IFCARS(RVCOFFINCOINTY-VCCOER ! SIS
| 5.5y RETURN CCOEFINCOUNTI) « CTARSCVCCOEF(NCOUNT)Y /7

148 CONTINUF
1249 FORMATC/70H VIRIAL COFF TERM NOT DFTERMINATE.SHAULD RF PRESFT 10 A

| SUITARLF VALIIF)
CALL ASEMEL(P15P2, V1,42, \CTEST»RVCOFF,»RPRUR, K
< PDFLIRX W7,
R RASTR T, NORKAS, DELTAP,JCRIAV,NanFF anqqé?§§ £2NOP TS,
CALL DFVPOI (NOCYCL,NOFOVS, DELTAR , RASTRT» NOKKAS » NDGOFF)
CALL QIMED 4CCRTAYS DELTAP S b T» NOEONS » NOGOFF » ANARM» RHNARMS COFF» 1 TES 1
1 , ) S OF 298
[FCITFST.EO«1) WRITE(241 €0
WRITF(2s1 €S
WRITE(2,170) RVCOEF
WRITF(25155)
LRITF(2,150) COFF
FORMATC(TF13+.6)
FORMATC //19H COFFFICIFV] VECTOR /)
FORMAT(/74¢H SOLUTION OF FOUATIONS SATIS »
FORMAT( 772@H VIRIAL COFFFICIFNTS/) TISFACTORY THIS CYCGLE)

170 FORMATCEIZ. £)
FORMATC1 éH SINCGULAR MATRIX)

MmN NN
NI

18O
IFCITFSTNE.D)GO TO 257
********************************************** '
THE FOILOVINF RFPTION FXTRACTS ANY POINT CAUSI3;*:;::3CZ;;;;*;:*§:‘~
SYSTEM E
********************************************************#*#******#*##
WRITF(szRﬂzP‘ bo,
cALL A FMBL 2 Vs V2> VCTESTsRVCOEFIRPRUR,
1 . PAQ]RT’MORKAQ’DF'TAP’JCPIAN:NOFJE:?SBEEQQR¥;R7’qu}b’
NOCYCL=G"
NUMDUF=0Q
NUMDPT=0 -
DO 230 I'l:NOPTS
L=C(l=1)%4
DO 200 J =1,4
: L=L+1
v DO 190 K=1>NOCGCOEF
/ ...« ANORMCJ,K)=JCRIANCL,K)
190 : FOMTINUF ]
o0 CONTINUE
' M=(I=-1)%*3
A=ANORMC(1,M+2)
R=ANORM(2:M+2)
C=ANORM(3,M+3)
" D=ANORM( 45 M+2)
po 210 N—I:NOFOFF
. . ANDRMC1sNI=ANORM(CY, \ND)#R
ANORM(2sNI=ANORM (2, N) xA
ANORMC1,N)=ANORMC] s N) =ANORM(2,N)
ANORMC 3 NISANORMOI P NI *D
ANORM( 45 NIY=ANOKM( 4, N)Y *x(C
ANORM(3sNI=SANORMC I, NI =ANDEM( 4y N)
210 .CONTIMUF .
F=ANORM(1,M+1)

F=ANDRM( 3, M+1)
DO 22 11=1,NOCOFF
ANORMC15T1)=ANORMCT, T1) %F




o NeRe]

220
230

2 80
243

244

245
247

A A A

250
P A0

P65
270

280

290
300

310

320
330

340
345

350

ANORM(3,T1)=ANORM(3, T 1) *E
??O?M(l:ll):ANDRM(l:Il)-ANORM(S;I])

(I1CGTe(M+3) «AND., . . J

e s ]nggmll LE«(M+3+NIRKAS) sAND.ANOFMO T, 1)
NUMDUF=NUMDUF +] |
NIMDP T=NIMDP T+ 1
DFLTAF(NUMDP T, 1)=FLOATCI) +A .5

N 10 230
CONTINUFE
CONTINUF
WRIT F(2,24)NUMDUF
FORMATC1H THERF ARF »I13s1#H SINCGULAR POINTS)
WRITE(2,243) ~
FORMATC(18H THOSE POINTS ARE-/)
WRITF(2,244)
FORMATCTH NUMBER /)
Do 2a7 NERITF=1,NUMDIUF
NUMRFR=INT(DFLTAP(NRRITF, 1))
- LPRITE(2,245NIMRFER
FOPMAT(/IS)
CONTINUE
RETURN

ok s ok ok kKKK KK R R KKK Kk KKk Ak A ok bk ok ok oKk sk ok kKK K R ok &
' ; ok kK

NOCYCL=NOCYCL+1 |
CALL COFCOR(NDPTS, NORKAS, COFF, VCTEST, RVCOEF, RXsRY,RZ RASTRT. NDEONS
< A I ¥ 3 et ' Ts CON

I,NOCYCL:CYCSTP:NOCOEF»ICRASH)

I FCICRASH.EO-1) RETURN
WRITF(2,270)

WRITE(2,280) |

pn 265 1 =1,NOPTS
WRITE(2,3SIRXCIIRY (1), RZ(D

CONTINUE
FORMATC///15H MOLE FRACTIONS/)

£ ORMAT( SXs THXs €Xs 1HY, TX5 1HZ)

I FCNOCYCL-LT.CYCSTP) GO TO 140

WRITF(2,320) ' o

DO 310 IGIRPS=1,9
XMF=FLOATCIGIRRS) /10 .0
GE:(XMF-XMF**?)*RASTRT(])
[ F(NORKAS.FO.1) €GO TO 300

po 299 NORK =2 s NORKAS
CE=CF+ (XMF=-XMF*x*x2) *RASTRTINORK)I %(] +A=2A*xXM})

*k {NORXK=1)
CONTINUE
CF=CGE*8.3143*T
WRITF(2,330) XMF,CFE

CONTINUFE
FoRMAT(lHl,///?H X»B&Xs3H CGE/Z/)
FORMAT(IX.FS.A,SX,GIR.é/)
WRITF(Q:BQM) )
DO 352 IGIRRS=1,NIOPTS
‘ xM=RX% (I GIBRS) ,
CE= (XM=XM*#2)*RASTRTC1)

I FCNDRKAS.EO.1) €O TO 345
NO 340 NORK=2,NORKAS
CE=CF+ (XM-XM#k2) #RASTRTCNORK) ¥ (1402 =2@*XM) *4 (NORK=1)
CONTINUE - : ‘ »
GF=GF*B8.3143%T
WRITE(2,330)XMs CE
CONTINUE
RETURN
eND
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SHURROUTINE ASFMRBRL(P1sP2s V1 \2,\CTESTs \CCOEF>PRIRIPDFE ks XY, Z s NP 5;
1 6 NORKAS, DFLTAP s JCRIAN,NOCOFFsNFQOS, T)
******************;*********«***************************************
THIS SURROUTINFE FMPLNYS TRE FINCTION ROUTINES DIFFL AND PCALC,TO

CONSTRUCT THE DFLTA P VFCTOR AND THE JACORIAN OF THF DIFFERENTIALS

********************************************************************

INTFGFR VCTEST

REAL JCRIAN
DIMFENSION VCCTFSTC3X» \CCAOEFC(RIHLPRURINPTS) s PDEW(NP TSI X (NP TSI» Y(NP TS

1 Y»ZINPTS)H» ACNORKAS) s JCRIANICNFOSs NOCOEF)Y» DELTAP(NFOS, 1)

NOROWM=1
NOCOLM=0
NOROWA=1
NOCOLA=3*NPTS
NOROW V=1
NOGCOL V= 3%NP TS+NORKAS
15UM=0
DO 10 N=1,3
ISUM=ISIM+VCTESTON)
13 CONTINUF
ISUM=3-181M
no 108 1=1,NPTS
DO 90 J=1,4
TF(J.GT.2)0N TO 40
PC=PCALCIP1,P25 V15 V25 VCCOEF, PRIRCIILX (I, Y(I)5Z (1),
AsNORKAS, TrJ)

! pP=PRURCI)
DFLTAP(NORNDWM, 1)=P=-PC
GO TO 50
400 PC=PCALC(P1,P25 1 V2 VCCOFFSPDERCIIX(IDLY (1) ZC1),
”1. A, NORKAS, T»J)

P=PDFW(I)
DELTAP (NOROWM, 1)=P-PC
50 DO €A K=1,3
‘ NOCOLM=NOCOLM+1
IFC(JLTe3.ANDK«FQ+3) GO TO €0
IF(JCT+2+ANDKFO2) CO TO €0
JCRIANI(NOROWM,s NOCOLMI=DIFFL(P1,P2, V1, \2, \CCOREF»
1 PsXCIDXeYCI)SZC1)5A
2 NORKASs T>Jr K> @,0,PC)
CONTINUE :
€2 ~ PO TH K=1,NORKAS
NOCOLA=NOCOLA+1
JCRIAN(NOROWA, NOCOLAY=DI FFLCP1,P2, V1 \2, \CCOFE,
, PsXCID)sYCID)»ZC1)sA, )
,1 : : NORKAS, Tads 4s K1, P
2 CONTINUE '
% DO ®OA K=1,23
NOCOL \=NDCOL L+1
IFCVCTESTCK) « FOL1INOCOLVENOCOL V=]
IF(VCTESTIK) «FQ.1) GO TO RO ,
JCRIANINOROWV, NOCOL D =DI FFL(P1,P2, U1, \2, \CCOREF,
PaXCI)»YC(I)sZCId A,
1 NORKAS» TsJs 5s 0, K5 PC)

2 ' CONTINUFE
89 NOCOLM=NACOLM=3
NOCOLA=NOCOLA-NORKAS
NOCOL Vv=NOCOL V=-ISIM
NAIRNDLM=NORO M+ ]




NOROVASNORDWA+]
: NOROKL=NIROK U+ 1
90 CONTINIE
NOCNLM=NNCOLM+ 3
100 CONTINUE
RETURN
END
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FU'\!(‘TIO\) DIFFLPLI,P2s Vs V25 VCCOFEFsPsXsYsZsAsIsTsNDsICHCCFsNOREKS |
NOVCO,PCALCO)

sk o ok kK K R KK K K ok ok kR KK KK K K ok kKKK K K K ok kR KKK R KRR R K KKK K kKR ok ok ok ko
THIS SURROUTINE ORTAINS THE DIFFERENTIALS OF P M.R-T.THE COMPOSITION
TFRMS, THE RFALICH-KISTER A’S ,AND,IF NECESSARY, THE VIRIAL COEFFICIENTS
1T DOES THIS BY A NUMFRICAL MFTHODLUSING PCALC TO ORTAIN A \ALME OF P,
THEN CHANGING THE VARIARLE VALUE RY A SMALL FRACTION AND RECALCULATING

P, THUS ORTAINING THE APPROXIMATE DIFFFRENTIAL COFFFICIENT
s o o ok sk K oK ok ok ok ok o ok oKk ok ok ok e ok ok oK ok ok ok oK K K K ok K sk ok sk o ok ke ek ko ok sk ok kK Ok K koK K sk ok ok koK ok

n W

12

15

2e

40

DIMENSION RKCCIM), VCCFRCAILA(LIY> VCCOER(2)
IFCICHGCF.LE.23)YGO TN 3

IFCICHGCF.FR.4)GN TO 20

IFCICHCGCF.EQ«S)CGD TO 32

GO TN (Ss105s15),ICHCGCF

VINCR=X+X*1 P F=~ €

RINCRE= VINCR-X
PNEW=SPCALC(P1sP2s V15 V23 \CCOEF»Ps VINCRLYS>Z>A51»THNO)

co TO 4P

VINCR=Y+Y %] oI FE~ €
RINCR=VINCR-Y

PNEW=s PFALC(PI:PZ, \/l:\/gt VCCOEF:P:X: VINCRsZsA»I,T>ND)

GO0 TO 49

VINCR=Z+Z %] «OE- €

RINCR=VINCR=-Z

PNEW=PCALC(P1,P2, V1, V2s VCCOEF»PsXsYs» VINCR»A»1sT>NOD

GO TO 40 ;

po 25 NUM=1,1 - ,
RKCI(NUM)=ACNIM) ' ‘
IF(NUM.FO. VORK)RKP(NHM)-A(VUM>+A(NHM)*1.ﬂF €
I FCNUMCEQ «NORKDIYRINCR=RKC(NIIM) =A (NUM)

CONTINUF

PNEW=PCALCC(P1sP2, V1, V25 VCCOEFsP»X5Y»Z5RKC» 15 T5NO)

cO TO 40

DO 35 NUM=1,3

VCCFR(NUM) = VCCOEF C(NIM)

IF(NIMED NOVCOIVLCOFR(NUMI=\VCCOFF(NUM) + LCCOFF(NIMY %1 «OF = €

IF(NUMEQNOVCOIRINCR=AVCCFRI(NUM)Y = \CCOEF (NUM)

CONTINUE

PNEW=PCALCC(PI,P2, V1,2, VCCFRsFPsXsY»Z,A,15TsNO)

pIFFL=(PNEW-PCALCO) /RINCR

RETURN

END

o 2 B B
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FUNCTINON PCALC(P1,P25 VUl 25 VCCOFFsPsXaYsZsAs1TsNOQ)

s ok ek oK ok ok ok ok ok ok e sk ok ok sk ok R sk ok ok sk ok sk ok ok ok ko ko ok oKk Sk sk kok ok Ok KK ok ok ok ok o ok sk ok ok R ok ok ok ok K
THIS SURROUTINE CALCULATFES DFL=,0R RIRBLF-POINT PRESSURE FROM THE FOUR
DEW-POINT, RURRLE-POINT, FOUATINNS ] .

o ok ok ok ok ok ok sk ok sk ok ok ok ok skok sk ok ok ok ok o sk sk sk ok sk e Sk ok sk ok sk ok ok ok sk sk ok ok ok ok ok sk ok ok Kook ok ok ok sk ok ok ok ok kok kok Kk k

PDIMENSINN ACI), VOCORF(3)
DFLT12=VECOFF(2)42.A=VOCOEF(1) =VCCORF(3)
AGax , uea ,
RC=Y
IF(NOGT.2) AC=7Z
IF(NO.GT.2) PC=X
SUM1I=0.0
SUM2=0 +0
PO 10 N=1,1
IFC NeEOW1) SUMI=ACI)* (AC-AC**2)
IF(N«GT«1)SUMI=

1 SUMI+AC(NDI *C(AC-AC*k*2) %k (] « =2 s *kACI k% (N=-1)
IF(NEQS1) SUM2=AC1)* (1 «.R~-2.0*AC)
IF(NEN.2) SUM2=S{M2+A(2) % (1 eD=2+O%ACI*%2=-2 . N*A(2) *
1 (AC=AC**2)
IF(NGT.2) SUM2=SUM2+A(NI % (1 Q=2 Q*AC) ¥ *kN~2 A% FLOAT(N=1) *
1 (AC-AC*k*2)% (] «@=2.O*ACI*kx(N=2) *xA(N)

14 CONTINUE
GE=SIMI *8+.3143*T
DOEDX=SIM2%8 431 43%T
FMUI =CE-AC*DGEDX
EMU2=CF+(1 +@=AC) *DEEDX
IF(ND.EQ2:0RNO.EQ«4) GO TO 20 _
PCALC=EXPCCEMUTI=(V1=VCCOFF(1))*(P1~P)=-DELTI2*P*BC**2) /(8.3143%T)) *
1 P1*C(1.0-AC)/C1.0-RCH)
RETURN ) ‘
5@ PCALC=EXPCCEMI2=-(V2-VCCOFF(3)I*(P2=-P)=-DFLTI2*P*(1.0=-RC)**2) /
1 (8e23143%TY)YXP2%x(AC/RE) ‘
RETURN
END
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SUBRNUTINE SIMEO2(AMATs RHVEC, WTs NEONSNCOEF, ANORM, RENORM, COFF, T FALL

)

********************************************************************
THIS SURROUTINE WEIGHTS THF SETS 0OF FOUATIONS,NORMALISES THEM, THEN
ORTAINS A SOLUTION RY A GALISSIAN PIVOTAL CONDENSATION, PIVOTING ALWAYS
AROUT THE LARGEST REMAINING FLEMENT OF THE MATRIX:THE MATRICES WT AND

AMAT ARE OVFRERITTEN RY THE ROUTINF
e 4 ok sk ok ok R ok oKk kK kK ok ks ok R R ok K ok ok sk sk ok ok ok sk ok ok sk sk ok ok ok kKKK K ok ok sk kR R K kK K koK Kk K ok K

10

29

40

50
60

70

1%

90

DOURLF PRECISION DSUM

DIMFNSIOV AMATINEQNs NCOEF) » RHVECONEQNS 1), WTINEOGN ) » ANORMINCOFFsNCOF

FYs REHNORMINCOEF, 1) COFF(NCOFEFs 1)

DO 4@ N=1,NCOEF

DO 28 M=1,NCOEF

DO 12 L=1,NEON
DSUM=DSIM+AMAT(L, D *AMAT(L>MI*WT (L)

CONTINUFE
ANORM{N,M)=DSUM

CONTINUE

PSUM=0 .0

DO 32 L=1,NEQN
DEUM=DSUM+AMATC(L > NI *RHVEC(L, 1) *xWTC(L)

CONTINUE

RHNORM(NL 1)=DSUM

CONTINUE
NO=NCOFF

Do

110 K=1sNCOEF

GTST=0.0
DO A M=1,N0O
PO 50 N=1,N9
I FCARSC(ANDRM(NLM)) « CT.ARSCGTSTY) I=N
IFCARSCANDRM(NSM) ) « GT.ARS(CTSTY) J=
IF(ARSCANORM(N,M) ) « GT«ARSCGTST))Y GTST=ANORMON, M)
CONTINUE '
CONTINUFE
IF(K.FQONCOEF) (0O TO 120
DO 70 M=1,N0
AMATC(K s MI=ANORMCI » M)
CONTINUE
RHVEC(K;s 1 )=RHNORM(I51)
WT(KI=FLOATCJI+B 5
DO 99 N=1,NO
IF(NLEQ.IY GO TO 90
FACTOR=ANORM(N>J) ZANORMCI »J)
DO &2 M=1,NCOEF
ANORM(N,M)=ANORM(Ns M) - ANORM(I,M)*FACTOR
CONTINUE
RHNORM(N, 1) =RHNORM(N, 1) =RHNORM(I» 1)*xFACTOR
CONTINUE
DO 103 M=1,NCOEF
ANORM(IM)=0 .0
ANORM(M>» J)=0 0
CONTINUF
RHNORM(I,1)2=0.0

CONTINUE
PO 130 M=1,NCOEF

COFF(M,1)=Q.0

CONTINUE
I FCRHNORMCI»1) vED P eB+0RANORMCISJ) «EQ+Q.0) WRITE(D,1 €M)



140

150

1 €2
170

1FAIL=0
1F(pum0mw(1,1) FOeMeP e IR GANDRM(LI» ) e FQ R FY CO TO 172
COFFCIy1)=RHNORMCI» 1) Z7ANIRM(TI» J) e
NFIN=NCOFF-1
DO 157 N=1,NFIN
NLUM=NCOFF-N
NIM2=INT(HTONIM))
DEIM=R .
PO 147 K=1,NCOFF
DSIM=DSIM+COFF(K, 1 Y XAMATONIM, K)

CONTINUE
FOFF(VHM?:1)—(RH&FC(VHM,1)-DSUM)/AMAT(NHW:NHWQ)
CONTINUF
1FAIL =1
FORMATC -1 éH SINGUHLAR MATRIX)
RETURN

FEND

i cam
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SURROUTINE'DFVPOI(NOCYCL,NFOS;DELTAP,A,NORKAS,NOCOEF)

¢ sk o ok ok ok ok ok ok ok ok ok KR ok Rk ok ok sk ok sk ok sk ok KoK Kk ok ok Kk K K ok K K K R R oK ok sk ok Kk K Ok ok ok ok ok K ok K
THIS ROUTINE CALCULATES THE STANDARD DEVIATION OF THE P S FROM: THE

DELTA P VECTOR
o ok ok koK kR KK ROk R oK K ok sk ok sk ke sk sk ok ok koK ko ok ok ok sk ok ok ok ok K kK K Ok Kok Kok Kok K

19

15
20
32
35
37
40

DIMENSION DELTAP(NFOS, 1), ACNORKAS)

SpPSQ=A.4
DN 19 N=1,NFOS .
SDPSQ=SDPSO+DEL TAP (N 1 ) **2
CONTINUE
SPDEVP=SERT(SDPSO/FLOAT(NFAS-NOCOEF))
WRITE(2,15)
WRITE(2,20) NOCYCL
WRITE(25,32) SDEW
WRITE(2,35)
WRITE(2,37)
WRITE(2,40)CAINI»N=1,NORKAS)
FORMATCIHL //7)
FORMATC( /771 éH CYCLE NUMRER > 13D
FORMAT(///715H STDDEVe P = 5 CG13.6)
FORMATC///42H COEFFICIENTS OF REDLICH-KISTER EQUATION )
FORMAT (/9X:2HA]:]7X:?HA2:17X,2HA3:17X»2HA4;17X:?HAS§
FORMATC( /5(5Xs G134 6))
RETURN
END
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SUBROUTINF COFCOR (NPTS,NORKASsCOEFs VCTEST» \CCOFF»X5>Y,»Z,A,NEQS,
1 NOCYCL,CYCSTP»NOCOEF, ICRASH)

ks ok Kk ok ok Kk sk skok ok sk sk St ok ok ok sk ok Kk sk ok sk ok e sk ok ke sk okook sk sk sk ok ook sk e 3k sk ok ok Kk sk ok ROk ok ok ok ok sk ok ok ok ok
THIS ROUTINE INCREMENTS THFE COEFFICIENTS,AND . TESTS THE VALUES FOR

CONVERCGENCE TO A SOLUTION
s ok ok oK Ak ek kK ok ok ok ok sk ok o ok ok ok ok ok ok ko ok sk sk ok ok ko o ok ok ok ok ke ok ok ok sk e ok ok ok ROk sk ok ok R K KOk ok ok ok ok ok ok ok ok

INTEGFR VCTEST>CYCSTP
DIMENSION VCTEST(3)s A(NORKAS) , COEFI(NEQS, 1) s XINPTSYsYI(NPTS)»Z(NPTS)
1 : » VCCOEF(3) '
M=3*NPTS
ICOIUNT=1 .
DO 10 N=1,NPTS
XN =X(N)+COFF(ICOINT, 1)
Y(NI=Y(ND+COEFCICOUNT+1,1)
ZONY=Z(NDY+COFFCICOUNT+25 1)
ICOUNT=ICOUNT+3
18 CONTINUE ,
CTSTCF=0.02
DO 23 N=1,NORKAS
A(NI=A(NI+COEFCICOUNTS 1)
IFCARS(COEFCICOUNTS» 1)) e GToGTSTCF) CTSTCF=COEFCICOLNT, 1D
ICOUNT=ICOUNT+1
20 CONTINUE . .
IF(ARS(CTSTCF) LT«1.0FE-&)NOCYCL=CYCSTP
IF(ABSCGTSTCFYLTs10F-6) WRITE(2, 40)
NOVC= ?*MPTS+NORKAS+1
ICRASH .= , -
DO 30 N—l;?
I F(NOVC «GT«NOCOEF) GO T 30 - ;
IFCVCTEST(N) «EQ @  «AND<ARSCCOEFI(NOVC» 1)) « GTe

1 ARSCVCCOEFI(N)Y/3.4)) WRITE(2,50) N
ITFCVUCTESTIN) «EQ 3  «ANDSABSC(COEFINDOVC,» 1)) «CGT.
1 ~  ABSCVCCOEF(N)Y /3.0))INOCYCL=CYCSTP ,
IFCUCTESTIN) «EQ e «ANDSARSCCOEF(NOVC+1)).CT.
1 . 0 ARSCVCCOFRF(N) /73.2))ICRASH=1

IFCUCTESTIND «EQ.0) VCCOEF(N)=VCCOEF(NI+COEF(NOVG, 1)
3@ CONTINUE
47 FORMATC///47H CONVERGENCE TO 10%x-¢ IN A PARAMETERS ORTAINED)
5@ FORMATC/20H VIRIAL COEFFICIENT »I3,1€6H NOT DETERMINATE)
RETIRN
END
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